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FOREWORD 

':'his is the initial submittal of the Solar 
Pilot Plant Preliminary Design Repo~t per 
Contract Data Re:quirement List Item 2 of 
3RDA Cont~a=t Ef04-3)-ll09. The re?ort is 
::;ubmitted f:)r review and approval b~{ ERDA. 
This is Volume III of seven volumes. -
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ABSTRACT 

The HoneywEll collector subsystem features a low­
profile, m~ltifaceted heliostat designed to provide 
high reflectivity and accurate angular and spatial 
positioning of the redirected solar energy uLder.all 
conditions of wind load and mirror attitude ~ithin 
the design operational envelope. The heliostats 
are arrange1 in a circular field around a cavity 
receiver.on a tower halfway south of the field 
center. A ~alibration array mounted on the receiver 
tower provides capability to measure individual helio­
stat beam location and energy periodically. This 
information and weather data from the collector fiel~ 
are transmi~ted to a computerized control subsystem 
that addresses the individual heliostat to correct 
pointing errors and determine when the mirrors need 
cleaning. This volume contains a detailed subsystem 
design description, a presentation of the design 
process, and the results of the SRE heliostat test 
program. 



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



v 



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



Foreword 
Abstract 

vii 

TABLE OF CON'J'ENTS 

10 Megawatt Solar Pilot Plant 
List of Illustrations 

ii 
iii 
v 
XV 
XXV List of Tables 

Section 

1 

2 

3 

INTRODUCTION 1-1 

Background 1-1 
Phase I Program Scop& 1-l 
Organization of the Preliminary Design Report 1-3 

SUMMARY COLLECTOR SUBSYSTEM DESCRIPTION 2-'1 

General Overview 2-2 

Heliostat Overview 2-2 
Field Overview 2-4 
Command Computer Overview 2-6 
Calibration Array and Instrumentation 

Overview 2-7 
Overview Conclusion 2-8 

Requirements and Specification Summary 
System Operation Summary 
Ana~ysis Summary Description 
SRE Test Results Summary 
Comparison Between the SRE and Pilot Plant 

Collector Subsystem 
Comnercial Plant 

Conclusion 

DETAIL SUBSYSTEM DESCRIPTIOK SUMMARY 

Introduction 
Documentation Tree 
Col:ector Subsystem Schematie 
Hel~ostat Detail Mechanical Description 

Heliostat Foundation and Post 
Frame 
Mirror Modules 
Heliostat Inner Axis Drive 
Heliostat Outer. Axis Drive 

2-8 
2-8 
2-11 
2-13 

2-14 
2-19 

2-19 

3-1 

3-1 
3-4 
3-4 
3-11 

3-11 
3-15 
3-17 
3-20 
3-25 



v·iii 

TABL3 OF CONTENTS (Continued) 

Section Page 

3 DETAIL SUBS:YSTEI-1 DESCRIPTION SUMMARY (Continued) 

Initialization Switches 
Heliostat We~ght 
Parts Cou::1t 
Heliostat Electrcnics, Detailed Operation 

Heliostat Electronics, Overall Operation 
Tr3.cking Mode 
Init~alization Mode 
Other Functions 
Heliostat Electronics Cornmunicat~ons 

Interface Details 
Up/Down 2ounter and Counter Control 

Circuitry 
Control Computer Updates 
Incremental Encoder Updates 
Di-gital to Analog Converter 
Servo Output Amplifier 
Incremental Encoder 
Initialization 
Outer Axis Two Motor Synchronizer 
Timing Generator 
SRE Heliostat Power Supply AC Power 
DC Power 
SP£ Manual Operation 
SRE Special Test Equipment 
Electronics Packaging 

3-29 
3-32 
3-32 
3-35 

3-35 
3-35 
3-.37 
3-37 

3-37 

3-38 
3-39 
3-39 
3-39 
3-41 
3-43 
3-45 
3-47 
3-48 
3...:.51 
3-51 
3-52 
3-52 
3-54 

Comparison of Electronics for SRE and Pilot Plant 3-57 

Address Decoder 
Uninterruptable Power 
Other Fail-Safe Feature Additions 
Power Sequencing to the Heliostat 

Electronics 
Su:nnary of Differences Between Electronics 

fe-r SRE and Pilot Plant 
Future Plans for the Heliostat:Electronics 
All Digital Gimbal Control Serves 
Elimina-:ion of the ±15 Volt Pov.-er Supply 
Sutstitution of a Third Control Loop for 

the Two Motor Synchronizer 
Lor;g Term Improvements 
s·.1tunary of Electronic Improvements 

3-57 
3-57 
3-57 

3-57 

3-59 
3-59 
3-59 
3-60 

3-60 
3-62 
3-62 



Section 

3 

4 

ix 

TABLE OF CONTENTS (Continued) 

DETAIL SUBSYSTEM DESCRIPTION SUMMARY (Continued) 

Power Analysis and Discussion 
Collector Field Arrangement 

Power Wiring 
Control Signal Wiring 
Field Instrumentation and Calibration 

Array Wiring 
Overall Operation 

Comm:tnd Control Arran·~ement 

Computer System Overview 
Computer Ar~hitecture 
Timing 
Software 
Operational Program 
Executive Modules 
Test Data Reduction Programs 

Conclusion 

PERFORMANCE ANALYSIS AND TRADE STUDIES 

Analysis Summary 
Structural States and Dynamic Analysis 
Aerodynamic Analysis 
Coll~ctor Subsystem Pointing Accuracy Analysis 
Thernal Considerations of Heliostat Design 
Drive System Analyses 
Mass Properties Analysis 

Inner Axis Bal~nce Analysis 

Solar Research Experiment Image Analysis 
Coordinate Transformations Analysis 
Motor Sizing Analysis 
Control Loop Stability Analysis 
Servo Analysis and Si~ulation 
Heliostat Servo Output AMP Small Signal 

Simulation and Analys·is 
Analysis of Heliostat Response to Environmental 

Effects 
Analysis and Prognosis for Commercial Plant 

Changes 
Calibration Array Analysis 
Helicstat Location Analysis 
Trade Off Studies 

3-63 
3-64 

3-64 
3-66 

3-66 
3-70 

3-71 

3-73 
3-81 
3-81 
3-82 
3-82 
3-86 
3-89 

3-90 

4-1 

4-1 
4-3 
4-11 
4-11 
4-19 
4-21 
4-29 

4-29 

4-33 
4-38. 
4-44 
4-48 
4-52 

4-54 

4-56 

4-63 
4-65 
4-68 
4-71 



X 

TABLE OF 20NTENTS (Continued) 

Section . Page 

4 PEHFOIWJANCE A~!AL'!SIS AKD TRADE STUDIES (Cont:.nued) 
( . 

Parametric Trade Study 
Foam Ver:::us Honeycomb Mirror Modules 
Linear Actu~tor.Trade Offs and Selectio~ (Ball 

Screw Ve~sus Machine Screw) 

Pl.:.l::;e Operation 
Com?res=.ive .Spring Rate 
Co~:.unn Buckling Stress 
Gea!r' Ratio 
Self-Locking 
Side Loads 
DyJl31Tlic Range 
Power Distribution Trade-Off 

4-71 
4-78 

4-79 

4-81 
4-82 
4-82 
4-82 
4-82 
4-82 
4-83 
4-83 

Calorime":ry Versus Calibratio-n Array Measurements 4-86 

5 

Sensible Heat Absorption Calorirreter 
Thermo-Electric Calorimeter · 
Optical Calorimeter 
Calibra~ion Array Grid Spacing 

Command •:::c·mpu ter Choice 
Interrup~ Structure 
Bus Band·..,idth 
Number of Buses in Basic System 
Bus Memor-~i Addr-ess Range 
Number of Contr-oller/Device Addresses 
Conclusi::m 

OPERA.TION, INSTRUHENI'ATION AND CONTROL 

Introduct:..on 
OperatioL and Control Arrangement 
Operaticn Instrumentation and Controi 
Operaticn Instructions 
Instrumen~~ticn · 
Calibration Array and Electronics 

Cal Array Mechanical 
Photodetector Operation 
Multiplexer Operation 

Two Year Special Tests 

Special Long Term Tests 
Special One-Time Tests 

4-86 
4-87 
4-88 
4-89 

4-93 
4-94 
4-94 
4-95 
4-97 
4...:.98 
4-99 

5-l 

5-l 
5-1 
5-16 
5-16 
5-18 
5-19 

5-22 
5-25 
5-29 

5-33 

5-33 

, 



xi 

TABLE OF CONTENTS (Continued) 

Section Page 

5 OPERATION, INSTRUMENTATION AND CONTROL (Continued) 

6 

Maintenance and Logistic Support 
Availability 
Logistical Support of Level 6 Computer System 

Mean Time to Repairs (MTTR) 
Unit MTTR Goal - 1 Hour 
Preplanned Diagnosis - 30 Minutes 
Maximum, 90 Percent Effective 
Replacement of ORU - 15 Minutes Haximum 

Conc:..usion 

SUPPORTING DATA 

Fielc Assembly Process 
Heliostat Focusing and Alignment Procedure 

Assembly and Alignment Procedure 
Alignment Procedure Rationale 

Mirrcr Cleaning !-tethod 
Degradation Rates 

Contour Change 
Permanent Reflectivity Degradation 
Temporary Degradation 

Infant Mortality Avoidance 
Method of Safe Control of Reflected Light 
Fail Safe Features 

Heliostat Battery 
Power Loss Detector 
Communications Loss Detector 
Motor Overtemp Detector 
Manual Control 
Non-Reversing Gears 
Redundant High Voltage Power Feej 
Summary of Fail Safe Features 

Ma~e '.or Buy Analysis Potential 
Procurement Plans 
Reference Documentation 
TCL List 
Conclusion 

5-34 
5-35 .- ~ 
5-3;7 

5-39 
5-39 
5-39 
5-39 
5-40 

5-4J 

6-1 

6-1 
6-10 

6-10 
6-12 

6-22 
6-22 

6-24 
6-24 
6-2=· 

6-26 
6-31 
6-32. 

6-33 
6-33 
6-33 
6-33 
6-33 
6-34 
6-34 
6-34 

6-34 
6-35 
6-38 
6-40 
6-49 



Section 

7 

X~~ 

TAELE OF 20NTENTS (Continued) 

SRE TEST RESULTS 

SRE System Des~ription 

Honeywell DDP516 Computer with l2K 
Memory and Peripherals 

Two 7-Trc.ck Magnetic Tape Units 
One _!\SR-3·5 
Special RS232C Interface Box 
so::t·;.vare 
Heli::>stats 
Engineering Model 
Experirr.ental Model 
Test Support Hardware 
Calibration Array 
Weather Data 

Test Appr·::>ach 
Component and Subassembly Level Testi~ 

Mirror Modules 
Ply~ood Mirror Module (MMl) 
Variable Focus Mirror Module (~12) 
Foarr. Filled Mirror Modules (r1M3B) 
Alurr.inum Honeycomb Mirror Modules 
Tapered •:ross Section Honeycoml::: 

Mirror Module 
Rectangular Cross Section Mirrcr Hodule 
Test Method 
Data Dis::::ussion 
Mirror Adhesive Bond 
Mirror Module Reflectance 
Motor Characterization 
T~ermal Gradient Test 
Heliostat Actuators and Outer Gimbal· 

Drive Characteristics 
Machin3 Screw Actuators 
Ball S~rew Actuator - Comparison with 

Hachir.e Screw 
Ball S::::rew Actuator Scale Factors 
ou-=er Frame Lash 
Outer Frame Assembly and Balance 
In:13r Drive 
Inn3r Drive Lash and Torsion 

Characteristics 
Inner Drive Power and Slew Ra~e 

Performance 
Electron.ics Performance 
Helio~tat Electronics 
Test Equipment Electronics· 
P·:>wer F:::-equency Variation 

7-1 

7-1 

7-1 
7-2 
7-2 
7-7 
7-8 
7-9 
7-9 
7-9 
7-12 
7-12. 

7-17 
7-21 
7-21 
7-23 
7-31 
7-31 
7-45 

7-45 
7-48 
7-51 
7-51 
7-61 
7-61 
7-66 
7-73 

7-79 
7-79 

7-82 
7-88 
7-97 
7-97 
7-101 

7-101 

7-108 
7-112 
7-112 
7-113 
7-115 



Section 

7 

Appendix 

xiii 

.TABLE OF CONTENTS (Continued) 

Electronic Breadboard Test Data 
· System Level Testing 

Foundation and Post Stability 
Movement During Gimbal Travel 
Long Term Foundation Stability 
System Level Tracking 
Engineering Model Heliostat 
South Site Experimental Model Heliostat 
North Site Experimental Model 
East Site Experimental Model 
Toe-In Strategy 
Initialization .. 
Calibration of Heliost.3.t Parameters 
Initial Calibration 
Periodic Calibrations 
Operational Slew Rates 
Control Software Update 

Environmental Testing 

Wind 
Background Discussion 
Results to Date 
Redirected Energy Measurement 
Background 
Insolation Recording 
Lightning 
Cold Weather Testing 

Error Budget Comparison 

REFE~ENCE LOCATIONS OF DATA LISTS 
OPER;TING CHARACTERISTICS 
DESIGN DISCUSSION 

A 
B 
c 
D 
E 
F 

-HELIOSTAT Pm\'ER CONSUMPTION ANALYSIS 
PROG~M LIS~ING HELIOSTAT CONTROL PROGRAM 
MATE~IALS E!JGINEERING LABORATORY TEST REPORT ON 
MATE~IALS AtJD PROCESS. DESIGN FOR MIRROR MODULE 
ADHESIVE 

7-115 
7-117 

7-117 
7-117 
"7-118 
7-120 
7-120 
7-123 
7-137 
7-140 
7-142 
7-146 
7-148 
7-148 
7-149 
7-149 
7-150 

7-153 

7-153 
7-153 
7-154 
7-156 
7-156 
7-176 
7..:..176 
7-177 

7-177 

A-1 
B-1 
C-1 
D-1 
E-1 

F-1 



THIS PAGE 

vVAS INTENTIONALLY 

LEFT BLANK 



F"igure 

1-1 

1-2 

2-1 

2-2 

2-3 

2-4 

2-=· 
3-1 

3-2 

3-3 

3-4 

3-5 

3-6 

3-7 

3-8 

3-9 

3-10 

3-11 

3-12 

3-13 

3-14 

3-15 

3-16 

3-17 

3-18 

3-19· 

3-20 

3-21 

3-22 

XV 

LIST OF ILLUSTRATIONS 

Title 

Honeywell Team.for Phase I Solar Pilot Pla~t Program 

Chronology of Phase I Solar Pilot :Plant Prcgram 

Honeywell Solar Energy Heliostat 

Collector Subsystem Overview 

Pilot Plant Heliostat 

Array Data Flow 

Simulated 13.4 M/S Wind Load 

Collector Subsystem Tower 1/2 South Field Layout 

Pilot Plant Collector Subsystem Block Diagram 

.Top Level Collector Subsystem Documentation Tree 

Drawing_ Trees of the Collector Subsystem 

Drawing Trees of the Collector Subsystem 

Collector Subsystem Control Subsystem 

Calibration Arrays and Their Associated Electronics 

Collector Subsystem Interconnection One Line 
Diagram (Pilot Plant) 

Collector Subsystem Interconnection One Line 
Diagram (Commercial Plant) 

Heliostat 

Heliostat Foundations 

Installing Posts to Foundations 

Heliostat Frame (Pilot Plant. Preliminary Design) 

Heliostat Frame (Latest Concept) 

Aluminum H~neycomb 120 by 120 Inch Mirror Module 
(14 Procur~) 

Mirror Mod~le Assembly Details 

Heliostat Inner Axis Drive (Spur Gear Cover 
Removed fo~ Clarity) 

Inner Drive Gear Box 

Inner Drive Cover and Seals 

Taper Lock Interface 

Heliostat Outer Axis Drive 

Heliostat hctuator 

~ 
l -. -L. 

1-2 

2-l 

2-3 

2-5· 

2-12 

2-15 

3-2 

3-3 

3-5 

.3-6 

3-7 

3-8 

3-9 

3-10 

3-12 

3-13 

3-14 

3-l4l 

·3-16 

3-18 

3-19' 

3-21 

3-22 

3-22 

3-23 

3-24 ·-::= 

1.' 

3-26 

3-26 



Figure 

3-23 

3-24 

3-25 

3-26 

3-27 

3-28 

3-29 

3-30 

3-31 

3-32 

3-33 

3-34 

3-35 

3-36 

3-37 

3-38 

3-39 

3-40 

3-41 

3-42 

3-43 

3-44 

3-45 

3-46 

3-47 

3-48 

3-49 

3-50 

3-51 

3-52 

xvi 

LIST OF ILi.USTRATIONS (Continued) 

Title 

Ball Screw Actuator 

Initialization Switch SRE Units 

Initialization Pilot Plant Units 

Heliostat Weight. Est:_mates 

. Heliostat ElEctronics Block Diagram 

Heliostat Comnr.micc. tions Interface Schema ti::: 
Dia<;ram 

Heliostat Counter Control/Up-Down Counter 

Heliostat Serve Output Amplifier 

Heliostat Incremental Encoder 

Initialization Electronics 

Schematic Diagram Outer Axis Two Motor Synchronizer 

Timing Generator Heliostat Electronics 

SRE Heliostat Power Circuits 

Schematic Di"' :-.-=>m Manual Mode Operation 

Solar Test Box Schematic Diagram 

Heliostat Elec~~onics Package 

Power Sequenc:_ng Mechanization 

Replacement Circuitry 

Field Layout Sh:)wing Low Voltage Feed On Left Side 
and High Voltage Feed on Right 

Heliostat Ccmmunica";:ions Signal Interconne·:::t 
Diagram and Corrwnur:ica tions Wiring Summa ti·::>n 

Location and Interconnect Diagram Pilot Pl3nt 
Collector Subsystem Field Instrumentation 

Calibration Array and Electronics 

Communication Interface 

Co.::..lector SubSJ:"Stem Operators Console 

Megabus 

Rack Mounted Computer and Peripherals 

Floor Space Plan 

Sofware Ove~view 

Program D~velopment Sequence 

Interrelati:)n$hips of the Ex~cutiv~ Modules With 
the Heliostat Control Computer Tasks 

Page 

3-27 

3-30 

3-31 

3-33 

3-36 

3-38 

3-40 

·3-42 

3-44 

3-46 

3-49 

3-50 

3-52 

3-53 

3-54 

3-55 

3-58 

3-61 

3-65 

3-68 

3-69 

3-72 

3-74 

3-75 

3-76 

3-77 

3-78 

3-87 

3-87 

3-88 



Figure 

4-1 

4-2 

4-3 

4-4 

4-5 

4-6 

4-7 

4-8 

4-9 

4-10 

4-11 

4-12 

4-13 

4-14 

·4-15 

4-16 

4-17 

4-i7a 

4-18 

4-19 

4-20 

4-21 

4-22 

4-23 

4-24 

4-25 

4-26 

·4-27 

xvii 

LIST OF ILLUSTRATIONS (Continued) 

Title Page 

Summary Heliostat Deflections and Stresses Heliostat 
in Horizontal Position lG Static Load 4-6· 

Summary Heliostat Deflections and Stresses, Heliostat 
at 75 Degrees Outer Axis Rotation 4-7 

Modal Shape Heliostat in Stowed Position 4-8 

Deformed Plot - Heliostat Horizontal - Fir\t Mode -
Mirror Modules Displacement Case 1 4-9 

Wind Forces and Moment on Mirror-Torsion Tube 
Assembly 4-12 

Heliostat Rotation Fiames 4-18 

Circula.r I-lirror Images 
. 2 

Site Images - 10M _Square Facet 

Sun's Spectral ·Distribution at Sea Level 

Sun's Cum~lative Distance 100% = 850 W/M 2 at 
Sea Level 

Reflectance ·of 0~25 Inch Float Glass, Secont 
Surface Silver 

Reflectance Times Sun's IR Radiance/0.1 

Cumulative Specular Reflectance 

Heliostat Pointing Error Flow Diagram 

Computational Frames 

Circle Dia·Jram 

Functional Block Diagram 

Simulation Results Showing High Gain Loop Response 
to Step 834#-FT Wind Torque and 6 MR Step Command 
Inputs 

Gimbal Control Loop Model Used in Simulation 

Small Signal Model 

Heliostat Servo Bode Plot 

Percent Energy Losses Versus Line-of-Sight 
Distances for Humidity .55 Percent 

Ray Blocking During Heliostat Calibration 

Array Analysis Model 

Calibration Array Frame 

Heliostat Evaluation Process 

Gimbal Configuration 

Parametric Analysis Flow Diagram 

4-34 

4-34 

4-36 

4-36 

4-36 

4-36 

4-3·6 

4-:-40 

4-42 

4-42 

4-49 

4-49. 

4-53 

4-'55 

4-55 

4-62 

4-66 

4-67. 

4-69 

4-72 

4-73 

4-74 



Figure 

4-28 

4-29 

4-30 

4-31 

4-32 

4-33 

4-34 

4-35 

4-36 

4-37 

4-38 

4-39 

5-1 

5-2 

5-3 

5-4 

5-5 

5-6 

5-7 

5-8 

5-9 

5-10 

5-11 

5-12 

5-13 

5-141 

6-1 

6-2 

6-3 

6-4 

6-5 

xviii 

LIST CF IL~USTRATION (Continued) 

Title 

Flow Chart for Tllt-~ilt Heliostat Computer Program 

Sensitivity to Area 

Sensitivity to Pointing Accuracy 

Effective Cost Versus Heliostat Wind Speed C~pability 

Sensitivity to Mirror Module Spacing 

Ball Screw Actuator 

Machine Screw Actuator 

AC/DC Power Distritution 

Block Diagram for Sensible Heat Absorption 
Calorimeter 

Block Diagram for Op~ical Calorimeter 

Concentrated l::nage Using Coefficients·: 

Flat ·Distributicn Using Coefficients 

Standby PositioL 

Standby Pattern 

Single Facet CUrved ~irror 

Four Facet Mirror 

Zone of Concern 

Flux Versus Distance 

Barrier Concept 

Location and Inter·::::cnnect Diagram Pilot Pla:1t 
Collector Sybsyste:n Field Instrumentation 

Field Instrumentaticn nata Processor and Transmitter 

Calibration Array a~d Electronics 

Receiver and Calibrction Array 

Photodetector Circuit 

Cal Array Electronics and Multiplexer Swi~o:::::hing 
Diagrams 

A Three Tiered Mult~plexer with 756 Channel Capacity 

Concept of Do-.lble Gantry for Assembly of :'~:;ames 
to Posts 

(Tl) Frame Pi-..rot F.xis Leveling and Azimuth .Measuring 
Tool 

(T2) Actuator Pivot Bracket Alignment Tool 

(T3) Actuator Pivot Axis Alignment Tool 

(T4) Fixed Length T.cammel Tool 

Page 

4-75 

4-76 

4-76 

4-77 

4-77 

4-80 

4-80 

4-84 

4-87 

4-88 

4-91 

4-92 

5-2 

5-4 

5-8 

5-11 

5-12 

5-13 

5-15 

5-20 

5-21 

5-23 

5-24 

5-26 

5-30 

. 5-32 

6-4 

6-15 

6-16 

6-17 

6-18 



Figure 

. 6-6 

6-7 

6-8 

6-9 

6-10 

6-11 

6-12 

7-1 

7-2 

7-3 

7-4 

7-5 

7-6 

7-7 

7-8 

7-9 

7-10 

7-11 

7-12 

7-13 

T-14 

7-15 

7-16 

7-17 

7-18 

7-19 

7-20 

7-21 

7-22 

7-23 

xix 

LIST OF ILLUSTRATIONS {Continued) 

Title Page 

{T5) Mirior Module Clamping Tool 5-19 

{T6) Precision Beam Level 5-20 

{T7) Tooling Pin 6-21 

Semiautomatic Mirror Cleaning Concept 6-23 

AQL Levels on Functionality Versus Board Rework Rates 6-28 

Relative ~ailure Rate Versus Time 6-28 

Collector Subsystem Vendors 6-36 

Research Experiment Collector Subsection Functional 
Diagram 7-3 

Aerial Photograph, Honeywell CompJ.ex 

SRE Computer Facility 

ASR Output 

EngineerinJ/Model Heliostat Assembly and Ali:jnment 

EngineerinJ Model in Stowed Position 

Engineering Model Tracking 

Experimental Model Heliostat Assembly 

East Experimental Model During Operation 12/17/76, 
1930 GMT 

Calibration Array Facing North, 9/27/76, 
Engineering Model Image 

Backview of Calibration Array 

Weather Tower at Experimental Model Heliostat 

Data Collection System 

Plywood Mirror Module Construction 

Contour Data Plywood Data 

Contour Data Plywood MM 

Contour Data Plywood MM 

Contour Measurements Via Theodoli t.e With Mirror 
Module Under Solar Loading 

Plywood Mirror Module Focused on North Side of 
Building E-2 · 

Scattered Image from Plywood Mirror Module 

Drawing of Cracks Developed in Plywood MM as of 
5/4/76 

Variable Focus Mirror Module Under Test 

MM2 Contour Data 

-;-5 

-;·-6 

/-7 

/-10 

7-11 

7-11 

7-13 

7-14 

7-15 

7-16 

7-18 

7-19 

7-24 

7-25 

7-26 

7-27 

7-28 

7-29' 

7-29 

7-30 

7-32 

7-33 



Figure 

7-24 

7-25 

7-26 

7-27 

7-28: 

7-29 

7-30 

7-31. 

7-32A 

7-32B 

7-3:;. 

7-341\. 

7-3~B 

7-35 

7-36 

7-37A 

7-37B 

7-3EA 

7-39B 

7-39A 

7-39B 

7-40A 

7-40B 

7-41 

7-42 

7-43 

7-44 

XX 

LIST OF I~LUSTRATIONS (Continued) 

Titte 

MM2 Beam on Photodetector Array Range: 
Aprroximately 500 ?t. Date: 4/28/76 

Mirror Module l-i!BB End View 

Foam Blocks Being :arved 

Engineering Model Heliostat Showing Effect of 
Foa~ Mirror Module 

Contour Data (Replot) 

Contour Data ( Repl.ot) 

Contour Data 

Contour Data 

Edge Load Mir~or Module Torsional Test 3et-Up 

Crank Arm Torsi~nal Test Set-Up 

Deflection Measurement Due to Edge Load 

Aluminum Honeycomb ~25 by 125 Inch Mirr::>r Module 
( 2 Procured) 

Aluminum Honeycomb 120 by 120 Inch Mirror Module 
(14 Procured) 

Contour Data - Parson's Mirror Modules (Tapered 
Cross Section) . 

Contour l'-1easurement:; with Piano Wire 

Contour Deviations·?arsons Mirror Modt:.le, SN 005, 
Loaded and Unleaded 

Contour Deviations Parsons Mirror Modt:.l!e, SN 005, 
Loaded and Unloaded 

Contour Deviations Parsons Mirror Modu]e, s~ 005, 
un:..oaded 

Contour Deviations !Parsons Mirror Module, SN 005, 
Unloaded 

Contour Deviations Parsons Mirror Module, SN 001, 
Unloaded 

Contour Deviation;:; :Parsons Mirror Modu:;_e, SN 001 ,· 
Unloaded 

Co~tour Error Mirrcr Surface Down 

Co~tour Error Sol~r Load 

Mirror Contour Da.ta 

Mirror Contour Data 

Edge Load Deflecticn Test Set-Up 

Cr~nk Arm Torsion Test Set-Up 

7-34 

7-35 

7-35 

7-37 

7-38 

7-39 

7-40 

7-41 

7-43 

7-43 

7-44 

7-46 

7-46 

7-47 

7-52 

7-53 

7-53 

7-54 

7-54 

7-55 

7-55 

7-56 

7-56 

.7-57 

7-58 

7-59 

7-60 



Figure 

7-45A 

7-4!;)B 

7-4'{> 

7.,-47 

7-48 

7-49 

7-50 
(A-I) 

7-51 

7-52 

7-53A 

7-53B 

7-53C 

7-55 

7-56 

7-57 

7-58 

7-59 

7-60 

7-61A 

7-61B 

7-62A 

7-62B 

xxi 

LIST OF ILLUSTRATIONS (Continued) 

Title 

Typical Reflectance Measurement on Dirty Mirror 
Module Fc.cet-Mirror Module SN POOl 

Typical Reflectance Measurement on Clean Mirror 
Module Fa.cet 

SN 001 Dirty Mirror Module 

Water Drcplets 26 Minutes After Light Rain 

100 In-02 Motor Characterization 

Stall Torque - Inland Motor Tl8 0.6-H (No. 1) -
·As a Function of Time 

200.In-Oz Inland Motor (P/N Tl811-B) Characteri­
zation Data Taken at 1, 2, 3, 6 Af,1pere in CCW 
and CW Direction 

Motor Thermal Response Characteristics 

Engineering Model Heliostat Temperature Monitor 
Points 

Typical Thermal Time History for Selected Eeliostat 
Points 

Typical Thermal Time History for Selected Heliostat 
Points 

Typical Thermal Time History for Selected Heliostat 
Points 

Engi~eering Model Heliostat Machine Screw 
Actuator !No. 1 

Engineering Model Heliostat Machine Screw 
Actuator No. 2 

Engineering Model Heliostat Front (Tung End) 
Frame Drive Motor Roc = 6.66 

Engineering Model Heliostat 
Motor Roc = 8.06 Ohms 

Engineering Model Heliostat 
Frame Drive Motor 

Engineering Model Heliostat 

Engineering Model Heliostat 
Actuators 

Outer Axis Slew Rate 

Outer Axis Slew Rate 

Ohms 

Rear Frame Drive 

Front (Tung End) 

Rear Frame Drive 

Ball Screw Linear 

Motor 

Ball Scre-~~ Linear Actuator Power Response During 
OA Slew (+25° to -70°) 

Machine S~rew Linear Actuator Power Response During 
OA Slew (+30° to -70°) 

7-63 

7-64 

7-65 

7-65 

7-67 

7-68 

7-69 

7-72 

7-74 

7-76 

7-77 

7-78 

7-80 

7-81 

7-83 

7-84 

7-85 

7-86 

7-87 

7-93 

7-94 

7-95 



Figure 

7-63 

7-64 

7-65 

7-66 

7-67 

7-68 

7-69 

7-69A 

7-69B 

7-70 

7-71 

7-72A 

7-72B 

7-72C 

7-72D 

7-72E 

7-72F 

7-72G 

7-72H 

7-72I 

7-72J 

7-72K 

7-72L 

7-73 

7-74 

7-75" 

7-76 

7-77 

7-78 

7-79 

xxii 

LIST OF ILLUSTRATIONS (Continued) 

Title 

Outer Frame Mounting 3haft 

Cracke-d Frame Pivot Pillot Block Engineering 
Model Heliostat 

Engineering Model Heliostat Imbalance About Frame 

7-98 

7-99 

Axle (Linear Actuators Not Connected) 7-100 

Engineering Model Heliostat Gear Driven MM 7-'-102 

Experimental I1.odel ~nner Drive Gear Box Last/ 
Spring Rate Test Se~-Up 7-104 

Mirror Module Rotation Versus Moment Loads 7-10.7 

Engineering Model Heliostat Mirror Module C:r~ve Motor 7-109 

Experimental Model Inner Drive Results 7-110 

Experimental Model Iruner Drive Results 7-111 

Foundc.tion 1-io•Jement Orientation .7-117 

Top of Post Rotatio::1 [)ue to Outer Axis Frame Position 7-119 

Engineering Model Open Loop Tracking Resul tE. 

Engineering Model 01_:>en Loop Tracking Resul tE-

Engineering M·:::>C.el 0-:>en Loop Tracking Results 

Engineering M·:::>C.el 0-:>en Loop Tracking Results 

Engi::1eering H·:::>C.el 0-:>en Loop Tr.;tcking Results 

Engi::1eering 1-l,:::>C:el 0-:>en Loop Tracking Results 

Engi::1eering t-l:::>C.el O·:Jen Loop Tracking Results 

Engi::1eering I-I:::> eel O?en Loop Tracking Results 

Eng i::1eer in·g M:::>C.el O;>en Loop Tracking Results 

Engi::1eering 1-bdel O?en Loop Tracking Results 

Engi.:1eering 1-bdel O?en Loop Tracking Results 

Engineering 1-bdel Oi?en Loop Tracking Results 

Cali:::,ration Array I:nage 

I mag·= Horizontc,l Cent.roid Track, South Site_. 
Second Day oi Operation 

Imag= Vertical Cent~oid Track, South Site, 

7-124 

7-125 

7-126 

7-127 

7-128 

7-129 

7-130 

7-131 

7-132 

7-133 

7-134 

.7-135 

7-136 

7-138 

Second Day of Operation 7-139 

Mirr:Jr Module ~oe-In Angle Representation 7-144 

Image Centroid Variation Least Squares Fit E3st Site 7-155 

Sens:J~ Bandwidth Versus Cost ·7-157 

Photodetector Directional Sensitivity Measu~ements 7-158 



Figure 

7-80 

7-81 

7-82 

7-83 

7-84 

7-85 

7-86 

7-87 

7-88 

7-89 

7-90 

7-91 

7-92 

xxii.i 

LIST OF ILLUSTRAT:ONS (Continued) 

Title 

Photosensor Directional ~e~sitivity 

One Sun (DNI) Flux (Before Repairs) 

Tracking Pyrheliometer and Silicon Photocell 

Typical Level of Residual Calibration Array Readout 
with no Redirected Insolatio.:1 

Energy Losses 

Energy Lo~ses 

Energy Losses 

Energy Losses 

Energy Losses 

Percent Energy Losses Versus Line of Sight [•istances 
for Humidity 55 Percent 

North Site - March 1977 Flux Map 

Flux Map, North Site December 17, 1976 

Flux Map - Single Mirror Module, North Site 

7-159 

7-161 

7-163 

7-16.5 

7-167 

7-168 

7-169 

7-170 

7-171 

7-172 

7-173 

7-174 

7-175 



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



Table 

2-1 

2-2 

3-1 

3-2 

3-3 

3-4 

3-5 

3-6 

3-7 

3-8 

3-9 

4-1 

4-2 

4-3 

4-4 

4-5 

4-6 

4-7 

4-8 

4-9 

4-10 

4-11 

5-l 

5-2 

s~3 

XXV 

LIST OF TABLES 

Title 

Satisfaction of Specification 

SRE Versus Pilot Plant 

Co:11.parison of Mirror Modules 

Heliostat D/A Converter Operation 

ComparisoL of Measured and Predicted Values o= 
Po~er Sup~ly Current Drains 

Gimbal Update Power Requirements 

Heliostat Low Voltage Power Wiring 

so:ar Computer Complex for Pilot .Plant or 
One Commercial Plant Module 

Pr:.ority Levels 

Nominal Level 6/43 Execution Times 

Performanc= of Scientific Instructions (Normal Memory) 

LGE016B Heliostat Assembly Survivability Stress 

Torsional Stiffness Parameters 

Miiror/Heliostat Response to Static Wind Loads and 
Wir:d Turbulence 

Err~r Budget Comparison 

Independent Error Sources 

Inner Drive Backlash Summary 

Stress Margin Versus Inner Axis Moment Loading 

Calibration Array Parameters 

Ind::>or.Build 

Outdoor Build 

Centroid Computation 

Focal Area 

Flux Versus Slant Range Four Facets 

Comnand Initiation 

2-9 

2-16 

3-19 

3-41 

3...,.63 

3-64 

3-67 

3-79 

3-80 

3-83 

3-84 

4-11 

4-13 

4-14 

4-15 

4-16 

4-17 

4-60 

4-68 

4-85 

4-86 

4-93 

5-10 

5-14 

5-J!.7 

5-4 Solar Pilot Plant Preliminary MTTR and MTBR Predictions 5-3.6 

6-1 "Enbanced-~ality" Vendor Process Programs 6-29 

7-1 Engineering Model Mirror Module Test Data Summary 7-22 

7-2 Mirror .Hodule Static Stiffness Due to MM3P SNPC·l 
Taper Locks Torqued to 150 Ft-Lbs 7-49 



Table 

7-3 

7-4 

7-5 

7-6 

7-7 

7-B:.A 

.7-83 

7-S.A. 

7-9B 

7-2.0. 

7-.::..1 

7-12 

7~i3 

'7-14 

·7-15 

7-16 

7.;....::..7 

7-18 

.}-19 

xxvi 

LIST OF TABLES (Continued) 

Title 

Mirror Hodule Stc. tic Stiffness MM3P SNPOl ·Tar:er 
Locks Torqued tc 200 Ft-Lbs 

Edge Load Deflection 

Deflection Due to Cr~nk Arm Load 

Reflectances at Various Wave-Lengths for Parsons 
Mirro::- Samples 

Thermal Gradient Data 

North Site, 28 October 1976, 200 . In-Oz 
Using Machine ::crew Actuator No. 1 

North Site, 28 Octocer 1976, 200 In-Oz 
Using Machine Screw Actuator No. 2 

North Site, 3 Novemter 1976, 200 In-Oz 
Using Ball Scre"l Actuator 

North Site, 3 November 1976, 200 In-oz 
Using Ball Sere·.., Actuator 241847 

Backlash Compon:nts a-=. ±870 In-Lbs 

Spring Rate· Contributions 

Mo-=.or. SN 

Moto::-, SN 

MotO::::"w SN 

Motor-,. SN 

Post and Foundation Movement During Gimbal T.ravel 
of 0 Degree to -70 De~rees 

No. 3 

Nb. 4 

No. 3 

No. 4 

Compc.rison of Buffere:l Refraction Correction Algorithm 

23 November 197E Close Loop Track Data 

24 November 1976 Close Loop Track Data 

TIL99 Phototra~sistor Gain Calibration 

Typical Time History of Photocell/Pyrhel~ome-=.er 
Comparison · 

Energy Balance Comp~rison 

Erro::- Budget/Result Comparison 

7-50 

7-59 

7-60 

7-61 

7-75 

7-89 

7-90 

7-91 

7-92 

7-106 

7-106 

7-118 

7-121 

7-141 

7-143 

7-160 

7-162 

7-172 

7-178 



BACKGROUND 

1-1 

Section 1 
INTRODUCTION 

Supplies of most conventional fuels are being depleted rapidly. con­
sequently, it is necessary to identify alternate sources of energy 
and to develop the most promising to ensure availability when needed. 

An alternative with great potential is the conversion of sunlight to 
energy. One asp:ct of this usage is generating electricity through 
solar energy. A goal of the national energy program is to demon­
strate the technical and economic feasibility of a central receiver 
solar power plan~ for generating electricity. Pursuant to that goal, 
the Energy Resea=ch and Development Administration (ERDA), on 1 July 
1975, awarded Honeywell Inc a two-year contract for Phase I of such 
a program. 

The initial program phase, which is the subject of t~is report, con­
sisted of developing a preliminary design for a 10 mw(e) proof-of-

1 concept solar pilot plant. The second phase will consist of building 
and operating the pilot plant and projecting the information gained 
to larger scale plants. This phase is scheduled to be completed in 
the early 1980s. The third phase will consist of designing, building, 

.and operating two 50-100 mw(e) demonstration plants. The final phase, 
will consist of building and operating plants in the 100-300 mw(e) 
range. 

PHASE I PROGRAM S:OPE . 
The Phase I progr:un consisted of developing a pilot plant preliminary 
design by first d:veloping a preliminary baseline design to meet spec-
ified and assumed performance requirements. The baseline was then 
refined through a~alysis and experimentation, and evaluated by testi~g 
key subsystems, i.e., collector, steam generator, and thermal energy 
storage. 

The comple·xi ty of the undertaking dictated a team approach· to provide 
the technical and managerial skills required. The Honeywell team is 
identified in Figure 1-1. 

'A unique feature of the test plan was the use of selected facilities 
of an operating power plant, Northern States Power's Riverside Plant 
in Minneapolis, Minnesota to.test the steam generator and thermal 
energy storage subsystems. An ERDA-directed change from latent heat 
(phase change) stcrage to sensible heat storage cancelled the storage 
portion of the test plan. The steam generator was tested using a solar 
array to simulate the insolation required to generator steam. The 
collector subsystem hardware, one mobile and three stationary full 
scale 4-mirror ~nits, was field tested for perfo~mance and reaction 
to operation environments at Honeywell's Avionics Division facility 
in St. Petersburg, Florida. 
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The information obtained frorr, t.he subsystems tests was used to com­
plete the pilot plant preliminary design, and to proje:::t performance. 
and cost of a l(oO mw(e) plant to ·facility long range planning. 

The chror:ology of the work done in Phase is summarized in Figure 1-2. 

HO!JEYWELL • PROGRAM MANAGEMENT 
ENERGY • SYSTEMS ENGINEERII'>'G 
RESOURCES • STORAGESUBSYSTE~ • 
CBlTER DESIGN FAB AND TES' 

• STEAM GENERATOR EST 

l I l l 
HONEYWELL 

I BABCOCK & NORTHERN STAES AVIONIC! SU~CK & VEA TCII RESEARCH INC. 
DIVISION WiLCOX POWER COMPANY 

COLLECTOR •· !ELECTRICAL • STEAM • SOLAR • TEST FACILilriES 
SYSTEM •GENERATOR .!£NERATOR SIMULATOR TEST SUPPOH DESIGN, FA6 SUBSYSTEM ~SIGN AND • 
AND TEST RECEIVER FAB 

• SUBSYSTEM· • TIEST SUPPORT 

• NSP TEST 
FACILITY 
DESIGN SUPPJR'f 

Figure 1-1. :ioneywell I'earr. for Phase I Solar Pilo': Plant Program 
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.ORGANIZATION OF THE PRELIMINARY DESIGN REPORT 
The preliminary design and supportive data resulting. from the Phase I 
work are presented in seven volumes: 

I - Executive Overview 

II - System Description and System Analysis (3 b~oks)* 

III - Collector Subsystem 

.IV - Receiver Subsystem 

V - Thermal Storage Subsystem 

VI - Electrical Power Generation/Master Control Subsystems and 
Balance ,of Plant 

VII - Pilot Plant Cost/Commercial Plant Cost and Performance 

Abstracts of volumes other than the one in hand and Volumes I and VI: 
are on the following pages. 

* Book 2 is Central Receiver Optical Model Users Manual 
Book 3 is pynamic Simulation Model and Computer Program Descriptions 
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Section 2 
SU:'1MARY COLLECTOR SUBSYSTEM DESCRIPTION 

The objective of this report is to present in a clear logical fashion 
the preliminary design of collector subsystems for bJth the pilo~ 
plant and a commercial scale plant. Basis for most iesign decisions 
was work performed on the SRE contract. Manifold references to ~he 
results from the SRE will reveal the reasons why we ~ave confidence 
that our design will perform successfully. 

It is useful to keep in mind that this is a preliminary design which 
is to ·be followec by a detailed design phase. Our emphasis has been 
on the heliostat because of the sensitivity of the power plants to 
cost and performEnce of this most critical element o= the collector 
subsystem. Our }-_eliostat built and tested during the SRE is shov.rn in 
Figure 2-1. Other elements of the collector subsystem are less well 
defined than the heliostat but all have been adequately demonstrEted 
during SRE tests. 

CRANK ARM 
(B P.EQUIRED) 

TIE ROD 

MIRFOR MODULE 
(4 FEQUIRED) 

(6 REQUIRED) 
POST AND 
FOUNDATION 
(2 REQUIRED) 

INNER DRIVE 
(1 REQUIRED) 

OUTER DRIVE 
ACTUATOR 
(2 REQUIRED) 

FRAME 
(1 P.EOUIRED) 

Figure 2-1. Honeywell Solar Energy Heliostat 
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GENERAL o-VERVIEW 
The Hor:ey,.,rell Collector Subsystem consists of (1) the helio:;tats, 
(2) the c~llector field, (3) computer command controls, and (4) in­
strumentation and wiring equiprrent. Each of these items is shown in 
Figure 2-2 and ~ill be discussed in summary below. 

Heliostat Overview 
The heliostat is the hear-t of the collector subsystem 3.nd must provide 
high reflectivity and ac~urate angular and spatial positioning of the 
reflected energ1· under all conditions of wind load and attitude of the 
mirrors. The four facet. tilt-tilt, low profile, open loop, fixed 
focus, second surface glass mirrored heliostat developed by Honeywell 
during tt.e SRE satisfies these requirements and ot~ers in several 
unique wc..ys. The first of these unique ways is the low profile aspect 
of the heliostat combined with the placement of all mcv~ng parts three 
feet above the ~loor of ~he desert on which the heliostats will be 
placed. These ~eatures ar:d the face down stowability assures a maxi­
mum cleanliness of both mirrors and working moving parts while at the 
same t~me reducing the area of the heliostat exposed to high wind en­
vironmen~s. Another uni~ue way the Honeywell heliostat satisfies the 
requirements is in its ability to resist overturning moments. through 
the use of more than one foundation support assembly. The Honeywell 
design s~ands on two posts with the center of gravity of the heliostat 
midway between them. Other designs for heliostats have a cantilever 
arrangement rather than two support foundations, thus the overturning 
moment requires much larger foundations and much more ajditional sup­
port tha~ does the Honeywell design. The last unique solution to 
satisfying the collector subsystem requirement is tha~ the Honeywell 
second surface glass mi:::rors have actually no load imposed upon them 
except the weight of the silvered glass as affected by gravity in 
several attitudes. This is achieved by virtue of a s~tstrate structu~e 
which is light\o:eight an•:. yet very stiff. This struct·.11:e is an aluminum 
honeycomb sandwich panel -,.,rith steel faces and two hubs. Contour is 
achieved by machining an auxiliary surface bonded to t~e face of the 
sandw:.ch panel. The sandwich panel, which weighs 600 pounds, also has 
requi:rerr.ents that it shall not deflect more than 1 milliradian under 
worst case wind loads. 

Another singular feature of the Honeywell heliostat is the use of de 
motors and a battery which reduces peak load on t~e electrical distri­
butio~ system to the heliosta~ field. These motors, while simple in 
construction and high in reliability, provide a minirr.un number of 
piece parts and a torque level inversely proporti~nal to speeds from 
stall (naximum torque) tc- naximum speed (minimum tor~ue) . Similar 
motors are now employee widely in electric drills anc other portable 
battery powered hand toJls. 3attery power, in addition to peak load 
shaving. provides aux-iliary power in the event that station power 
fails for any reason. Thus, 3. degree of reliability, ~ot possible to 
obtain ~hrough other means, is afforded in a very redu~dant fashion 
such that no failure o£ a central component can remove pm'ler from all 
helio:;t3.ts simultaneously. This choice also places the heliostat in 
a position to employ more 3.dvanced batteries as they become available 
from ERDA efforts to ir.prove storage hardware. 
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Figure 2-2. Collector Subsystem Overview 
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Field Overview 
The field of 1598 heliostats is distinguished by the following fea t ures: 

• Collectors surround the tower located halfway south of center . 

• Heliostats are oriented in a polar fashion (i.e., longest axis 
normal t~ a radial line from the tower). 

• Non-unifo=rn spacing between rows of heliosta~s (higher densi t y 
near to we::-) . 

Each of these i~ems is briefly discussed to indica~e some of the im­
porta~t advantages resulting from this unique arra~gement: 

• Collectors surrounding the tower provides the benefits of using 
a symmetrical steam generator thus averaging "hot spots" is 
effected. The tower situated in the south hal~ of the field 
permits taking advantage of the more efficie~t north field 
heliostats without losing steam generator ad~antages of averag­
ing and symmetry. 

• Polar heliostat orientation generally simplifies the axis con­
trol laws. With this arrangement mirror mod·.1le (MM) axis rota­
tion moves the beam across the tower. Ball 3crew travel moves 
the beam up and down the tower. 

• Non-unifo.::-m spacing is established to eliminate interference of 
one heliostat with another heliostat in the form of shading and 
blocking ~he suns rays to or from the mirrors, respectively. 

Thus it can clearly be seen that the collector field is disturbed 
only ~y a single access road south from the tower. ~he otherw: 3e 
unbro:-cen array of the mirror field provides high per:::ormance as 
described els.ewhere by ray trace analysis. More data on the field 
layout and its wiring and orientation may be found in Section 3. 

The pilot plant heliostats reflect the research experiment experience 
and test results. The pilot plant heliostat is a ~i~t-tilt gimbal 
configuration with 40 square meters of mirror surface. The unit has 
four mirror assemblies 3.05m x 3.28m spaced five meters on centers. 
Helio3tat weigh~ at outer axis bearings is estimated at 3,454 kg 
(7,60J pounds). See Figure 2-3. 

Each mirror module assembly supports a 3mm second 3Urface float glass 
mirror with a built-in focal length of 418 meters ~hich is the longest 
line of sight in the pilot plant heliostat field (1,372 feet). The 
support structu.::-es are aluminum coat·ed steel skinned sandwich panels 
using Clluminum honeycomb core. Stub shafts at eac:1 end interface 
beari~gs and drive components. Tooling points are included in the 
mirror modules. 
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The second mirror module from one end is supported and driven by an 
assembly ·which includes a de motor, 2-sta e gear reducer, 16 inch 
pitch 6ianeter sp~r gear, initialization switch and support bearing. 
This assembly is sealed against dust and dirt. The reducer is self­
contained, sealed and lubed adequate for the proposed 30 year life. 

The other three ·mirror modules are slaved with rigid tie-rods and 
crank arms which provide full circle range and face down stowage. 

The reinforced I-beam frame has pivot pins located at the center of 
gravity of the rotating mass. Angle sections provide the stiffness 
required under one "g" loading at high (75 degree) gimbal angles. 

Two synchronized ball screw linear actuators control frame tilt and 
provide 105 degrees of rotation freedom allow{ng use of common actua-
tors in any field location. · 

Reinforced concrete footings control rocking modes as well as support 
the heli~stat ~eight. 

This heliostat with its reinforced I-beam frame and i,ts strategically 
spaced rrirror modules standing on two posts with ball screw drive for 
the frarr:.e resulted from a comprehensive and thorough trade study to 
develop the stiffest conponents per unit cost using a specially de­
veloped computer trade-off analysis tool. This trade study between 
the azimuth ele~ation versus ~ilt-tilt heliostat concepts was used 
to assure the stiffest struct'.Ire (under wind and g' loads which vary 
with attitude) for each dollar spent. Though quite expensive in the 
performance of the Solar Rese~r.ch Experiment contract., this trade 
study resulted :..n a design which has been thoroughly analyzed and 
evaluated and has proven worthv:hile through the deta::..led design build 
and test phases of the SRE contract. More data abou~ this tra~e study 
and other desig~ ratio~ale may be found in Section 4. Thus, after 
evoluti~nary changes, exhaustive trade studies, and ·:::areful consider­
ation of all :re=Juiremer-ts, Honeywell has developed a unique heliostat 
design which satisfies tnose requirements while at the same time pro­
viding opportunity for very low cost. More information can be found 
on the heliostat and collector field in Page 3-7. 

Command Compu~er Overview 
The computer ccmmand control scheme which Honeywell has configured for 
the pilot plant and cornrr.ercial plant preliminary de~ign consists of a 
Honeywell Level 6/43 c,:::>roputer providing commands to all heliostats in 
the given field. These computers have the capability to address more 
than 25,000 heliostats simultaneously. At the same time they perform 
numerO".lS calcui.a tions of sun position and pointing direction as 
well as compensation for fixed known errors. Part of a system known 
as cistributed processing,the computer design provides a fail-safe 
design when supplied wi~h ur.interruptable power. This reliable and 
safe design ap?roach results from the use of several modular elements 
(CPUs) which can check one another and which use only the best calcu­
lated data available from all elements. Capable of much more than ful­
fillir.g the pilot and commercial plant requirements, the Level 6/43 is 
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enjoying wide success in industry today and is shown in Figure 2-2(c). 
More data on the corrunand control design may be found in Pages 3-73 
and 3-74 as well as Section 5. 

Calibration Array and Instrumentation Overview 
A~ong w1th the h~liostat and the command control computer is a list of 
m1scellaneous eq~ipment needed to insure proper operation of the col­
lector subsystem. Included in this list are (1) a calibration array, 
(2) an instrumen~ation set and (3) an operator's cohsole shown in 
Figt1re 3-46. 

Calibration Arrav. The calibration array (cal array) provides a unique 
·means of test1ng helio·stats. It is an array of s~nsors mounted to a · 
gridwork support structure. This array of sensors mounted to a 
centroid of the 6 Spot" which is defined to be the center of the beam 
of reflected-light. The device was designed and built during the 
SRE and has performed well. This design was chosen over laser beams 
or mechanical means of measurement as the calibration array measures 
heliostat performance more like the actual performance. Lasers or 
other means of performance measurement must be scanned across the 
facets of the heliostat rather than taking a "snapshot" of the image. 
This calibration array approach has provided capability to accurately 
measure both beam location and amount of energy in t~e beam. In the 
pilot and corrunercial plant designs, the calibration arrays will be 
mounted at the tcp of the towers and will be used to correct minor point-. 
ing errors as well as to determine when mirrors neeq washing. The 
SRE calibration array is shown in Figure 7-10. More information about 
the calibration array is contained in Section 5. 

Instrumentation Set. Operation of the pilot and commercial plants 
requires some knowledge of the weather and solar radiation. To provide 
this data Honeywell plans to provide a number of remote weather sta­
tions located in the collector field. These stations will transmit 
data back to the computer and control room. The data will be used to 
decide when to s~w the heliostats as well as to determine effects of 
insolation passin3 through the atmosphere (that is refraction, atten­
uation, and scattering). Cloud data will also permit control of the 
plant in the presence of clouds blocking certain sections of the 
field causing changes in the heliostats to become necessary. More 
information about the instrumentation may be found o~ Page 5-21. 

Operator Console. The Honeywell preliminary design provides an opera-· 
tor's console which permits the operator to control the collector sub­
system. The console contains miscellaneous switches and a CRT display 
which is used to display data and performance information from the 
computer. The console also provides alarms like audible buzzers and 
=lashing lights to cue operator action. More information on the 
operator's console is contained on Page 5-17. 

The miscellaneous equipment described above provides an extraordinary 
degree of flexibility to accommodate different design changes yet it 
keeps costs down and provides for man-in-the-loop control and super­
vision of the collector subsystem. 
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Overview ConclusiGn 
The heliostat and its ass~ciated control equipment have been suffi­
ciently evaluated in the SRE thrcugh analysis and test that technical 
risk to the pilot plant is mini:m:m. The pilot plant requirements 
have been satisfied in several ur:ique fashions which contribute to 
an effective pile-: plant design of the collector sub:;ystem. 

REQUIREMENTS AND SPECIFICATION SUMMARY 
The collector subsystem i.s constrained by numerous requirements/speci­
fications which generally fall into four categories: 

l. Maximizing energy into receiver for minimum life cycle cost 

-2. Operating in or surviving environments 

3. Interfacing other subsystems 

4~ Safety 

Table 2-1 provides an ov=rview of the major requireneEts by category 
along vith the approach Honeywell has selected to satisfy _them. 

The co.=:.lector subsystem has three major components; collector field, 
computer control complex and calibration array, each ~ith areas of 
major cost sensitivity to the above requirements. 

The cciJ..lector field cost driver is the heliostat. :-Ieliostat cost is 
driven by the need to pcint the reflected rays accura-:ely by not 
deflecting in the preseLce of specified wind. Howeve~, recent changes 
to the survival ~ind re~uirement (40 m/s at 10 degree; of attack) will 
cause some items to .be :::ized by stress considerations which were pre­
viously sized by deflection requirements. 

The computer co~~and control system is most affected by wiring costs, 
the need to command large numbers of heliostats and the various modes 
it mu~t operate in to satisfy t~e interface requirements with the 
receiver and the master plant c~ntroller. 

The c~libration array f=ames must withstand high winds and acceleration 
forces due to tcwer ampLification of seismic inputs. The photodetector 
assembly design is driven by 10 - sun flux levels ~approximately 

10 kw/m2) expected from a single heliostat. 

SYSTEH OPERATION SUMMARY 
The heliostat and its ccntrol system, called the collector subsystem, 
is made up of three operating blocks. They are the Control Computer, 
.the Heliostat and the Calibration Array. A normally operating sys-
tem functions as follows. 

The Control Computer is the heart of the control system. Using WWV 
as a timing reference, the ccmputer calculates th~ ·time dependent sun 
position at 1 second intervals from which gimbal angle tracking in­
formation is computed for all of the field heliostats. As required 
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Table 2~1. Satiofaction of Specification 

Spec Requirement 

Reflectivity 90 percent min 

Clear reflective surface 
w/o degradation 

95 percent of redirected 
en~rgy into aperture 

Pointing accuracy 2 mr la 

Optical accuracy 1 mr la 

Interchangeable heliostats 
for all field positions 

Easily maintained 

30 year life 

Operating Wind: 13.5 m/sec 
at lOrn height 

Survival Wind: 40 m/sec 
at lOrn height 

Operating Temperature: 
-20°F to 120°F 

Seismic: NRC 1.60 spectrum 

Lightning: No effect due 
to transient 

Moisture 

How Satisfied 

Low iron 2nd surface £loat glass mirror 

Sealed mirror edges and periodic cleaning 

Focused panels (f = 418m) 
MM spacing - 1.6 x panel width 
Variable qrounn r.mrPr rn t io 
Toe-in strategy: March 21 noon ·sun position 
Frame axis perpendicular to radial from tower 

Budgeting of deterministic and stochastic errors 
Periodic calibration with photodetector ~rrays 

Machined contour (836m spherical radius) mirror 
module; Sandwich panel construction 

Common design 

Monnlnr nPSil]'n 

Scheduled maintenance 

Design components to budgeted spring rates 

Design components to allow stress; stow mirrors 
face down,· horizontal 

Match expansion coefficients in critical areas 
Structural compliance in noncritical areas 
Shaded electronics (all elements) have high 
reflectance paint 

Design for acceleration induced stress 

Zeners, gas discharge tubes 
Grounding and shielding 

Sealed bearings, drives, electronics 
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Tabl& 2-l. Satisfaction of Specification (Con~inued} 

Spec Requirr.mcnts 

Operating Modes 

Initialization 
Offset Tra.ck (Standby 

ued...r: receiver) 
Startup Segueuce 
Track Receiver 

Calibrate at photodector 
array 

Emergency Defocus 
Chutdown- Sequence 
Stow 
Limit contrul 
Manual Control 

Safe1:y 

How Satisfied 

Electro-optical switches on gimbals 

SoftwRrP./Elcotronics 
Mn~tcr Control Interf~r.P 
Software/Electronics (incremental digital} 
Aim stra~egy 
Software/Electronics (incremental digital} 

2 axis high rate, batteries 
~a~ter control interface 
Electro-optical switches, batteries 
f1coh stops (OA only): motor thermostats 
Manual control box and portable aux motors 

Enclosed gearing, shield on llOV 
Software Beam Control 
Opaque Fences 
Redundant Computers 
Comm Loss Detectors 
Power Loss Detectors 
Uninterruptible Power Supply 
Battery Powered Heliostats· 

N 
I 

1-' 
0 
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to maintain track, updates, in the form of incremental gimbal an~le 
step commands, are sent from the computer to the field heliostats. 

·oata is transmitted in serial digital fashion over 18 buried twisted 
shielded lines. 

At the heliostat the information from the computer is received by 
the heliostat electronics which decodes the data and executes the 
required gimbal incremental commands. Gimbal updates are 1 or 15 
step increments. A step is a gimbal drive motor shaft revolution 
which corresponds to ~81 arc-seconds of gimbal travel. One step 
commands are used for fine tracking while 15 step commands are used 
for controlled speed slewing. All the information for a complete 
2 axis update is contained in a single 8 bit command word. In the 
tracking mode, the computer commands the redirected beam to track the 
receiver aperture, or secondary targets which can simply be points in 
space. 

In addition to the tracking mode just described, the computer also 
commands the heliostat to initialize. Initialization provides the 
means to drive the two heliostat gimbals to known reference positions. 
It is used to reestablish known gimbal positions (mirrors level glass 
down) in the computer should they for some reason be::::ome lost. All 
the hardware to accomplish initialization is contained at the helio­
stat. Initialization is commanded by the setting of a single bit 
ih the command word. The heliostat also contains co~unications and 
power line monitors which will automatically initiate a stow (mirrors 
level glass down: maneuver should interruptions occu1r for a suffi.­
ciently long time period. 

The calibration array is used to make periodic measurements on the 
redirecteQ beam. By commanding the redirected beam to the calibra~ 
tion array and reading out the array's photodetector.:;, .the comF'1ter 
can dete.J;"IT~ine differences between the predicted and measured positions 
of the beam and nake appropriate corrections. This .information can 
also be accumulated to help identify possible variations in long 
term effects such as foundation drift and can also be used to help 
predict when washing may be required. Array data is multiplexed to 
the computer over a twisted shielded pair. See Figure 2-4. 

Operating detail~ of the heliostat and its control system are con­
tained in the en~uing paragraphs of this report. 

ANALYSIS SUMMARY DESCRIPTION 
Analyses of various types and to different degrees have been conducted 
during the pilot plant collector subsystem preliminary design. The 
results are covered in detail in the appropriate sections of this 
report. The data presented here summarizes some of the more signifi­
cant results. 

Power and Thermal Analysis. The power required for operation of a 
.solar research experiment heliostat was 35W with 23.4W in the elec­
tronics package. The air within the electronics package was calculated 



2-12 

CALIBRATION ARRAY O.e77-53 

1 . MAKE SAMPLE MEASUREMENTS ON 
REDIRECTED rBEAM 

2. MULTIPLEX DATA TO COMPUTlER 

·CONTROL COMPUTER HEllOS-AT 
1. CALCULATE SUN POSITION 1. EXECUTE CO~MA~DS OF 2. CALCULATE GIMBAL ANGLE UPDATES · .. COMPUTER 3. TRANSMIT COMMAND TO HELIOSTAT 

p 

2. AUTO STOW IN -HE EVENT 4. EVALUATE CAL ARRAY DATA OF DETECTED MALFUNCTION 5. COMMAND INITIALIZE 

Figure 2-4. Array Data Flow 

to be a maximum of 59°C (138°F) for ambient temperature. of 49°C (120°). 
The power required for operation of a pilot plant heliostat will be 
47W with 38W in the electronic package. The air withip the electronics 
package was calculated to reach a maximum temperature of 64°C (148°F) 
with ambient temperature of 64°C (148°F). This data. shows satisfactory 
thermal environment of less than 70°C (148°F), the temperature allow­
able for components. The analysis showed that the electronics would 
overheat if exposed to direct solar radiation. An awning is proposed 
to provide shade for the ~ackage to prevent direct solar radiation. 

r;1otors selected v.·ere Inland Mo-::.ors model Tl806H with 0. 077 kg-m ( 0. 56 
ft-lbs) torque, 1241 rpm and model Tl804 with 0.144 kg-m (1.04 ft-lbs) 
torque, 812 rprr,. Thermal analysis and testing were conducted.to 
prove motor maximum temperature of 122°C (252°F) compared to limit of 
155 °C ( 311 °1;) , 

Parametric Analysis. A major ~arameter trade study was conducted ·to 
optimize the type of heliostat, its physical properties and design 
requirements tc arrive at the most cost effective des~gn. The pur­
pose of this study was to minimize the cost of energy at the input 
to the receiver ($/MWH). The 3tudy results gave the following helio­
stat parameters: 

Tilt-Tilt Heliostat Configu~ation 

4 Mirror Mocules per Heliostat 

40m2 of Mirror Surface per Heliostat 

2 mr Pointing Accuracy (la) 

Mirror to Mirror Spacing Ratio of 1.6 
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13.5 m/sec Wind Velocity 

Mirror Module Aspect Ratio of 1.0 

Structural Analysis. In depth static and dynamic structural analyses 
of mirror modules and heliostat assemblies were conducted. In all 
but very special cases, such as the crank arm in survivability en­
vironment, the complete heliostat design was deflection limited. 
The following results were obtained: 

Mirror Modules 

Margin of saf~ty at maximum stress point - 2.8 

Linear deflection at operating winds - insignificant 

Torsional deflection- 0.7 mr at maximum torque. 

Heliostat 

Static 

Horizontal - Stress margins of safety - 2.47 

75 degrees - Stress margins of safety - 1.0 

Dynamic 

Lowest natural frequency- 2.7 Hz 

Stress margin of safety - 0.3 (crank arm) 

Error Analysis. Analyses of over 30 collector subsyste~ errors have 
been made and budgets for various sources established. Deterministic 
error sources such as wind, temperature, and the effect of gravity, 
along with independent error sources such as build and assembly 
tolerances and control errors have been considered. Page 4-15 uf this 
report presents details of the error budget analysis. The significant 
results were as fol~ows: 

Solar R~search Experiment Heliostats 

Pilot Plant Heliostats 

3a 

1.8 mr 

1. 82 mr 

la 

1.15 mr 

1. 22 mr 

These results show total error within the 2 mr, la requirement. 

These and other analyses have shown that the heliostat is suitable 
for the pilot plant, will meet necessary pointing accuracy require­
ments, and is compatible with the utility company practices. 

SRE TEST RESULTS SUMMARY 
SRE tests were made to assure the components and system was ready for 
detail design. Test. results show the heliostat performance is su­
perior to requirements. Both correlation of subsystem level test 
results with the detail design review error budg.et (Page 7-179) and end 
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to end system l2vel testing show that a 2 mr operational tracking. 
accuracy can te maintainej under open loop trackin3 ~ith the present 
heliostat confi:ruration and control software. 

The structural rigidity of the mirror modules under 3.11 simulated 
environmental l::>ads surpassed -:he contour control requirements. 
Under operational wind loading the outer axis (verti::al image move­
ment) oombined deflections did not exceed ±0.6 mr. Inner axis de­
flections under gusts have exhibited instantaneous extremes of 2.9 mr 
but a rr:ore nominal average of !1.3 mr centroid deflections can be 
expected across a field average. 

A two part calibration scheme ~as devised where measured heliostat 
unique parameters will consist of site geodetic constants, outer drive 
scale. factors, and initial ini~ialization offset constants. The 
periodic calibrations via the calibration array will remove trending 
errors. The SRE test program demonstrated a weekly ::>r longer interval 
requirement for periodic calibrations during which offset constants 
will be updated. 

Different mirror module tuild techniques were evaluated. Both alumi­
num ho~eycomb tacked structure3-- a tapered cross-section and a 9-inch 
thicJ:: rectangular cross-sectio.:1-- met all contour control and tor­
sional deflection strength req~irements under a simulated 13.4 M/S 
wind load as shown in·Figure 2-5. Uniform, solar, and 'g' loading 
showed no significant contour ::hanges. 

Results and incicated prcblems from the test progr·am gave direction 
to many suggested hardware modifications such as initialization mech­
anization, mirror module shaft interface to the i~ner drive, actuator 
types, motor sizing and housin:r, production and a~ sembly improvements, 
etc. These results are reflected in this pilot plant collector sub­
system prelimir.ary design, including subsystem control techniques and 
impact of environmental influences. A technique vas developed and 
implemented for directly determining the redirected energy via con­
tinuously calibrating the calibration array outputs with respect to 
absolu~e insolation levels (pyrheliometer). 

Additional and more detailed test results may be fo~nd in section 7. 

COMPAR=SON BETWEEN THE SRE ~.NC PILOT PLANT COLLEC'='OF: SUBSYSTEM 
'I'able 2-2 titled "SRE Versus Pilot Plant" describes some of the 
important differences between the SRE and the Pilot Plant Collector 
Subsystem elements. The differences between the heliostats begins 
with the mirror modules which are slightly different in form factor 
and .size between the t:1ree exr:erimental models and the pilot plan::. 
units. The difference in dimensions results from the fact that the 
vendor has a press for bonding sandwich panels wh:..ch has a 120 inch 
limi-: in one d:..mension. Thus, in order to keep the same area we have 
increased the other dimension to 120 inches resul-:ing in a 10 square 
mete= mirror module area for each unit but with a 10 foot by 11 foot 
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Figure 2-5. Simulated 13.4 M/S Wind Load 

dimension on the mirror mo:::lule. Additionally, the units built to 
date have had 9 facets of glass on each mirror module whereas for the 
pilot plant we anticipate using two facets of very large pieces of 
glass. Another difference between mirror modules consists of the ~ub 
material. In the SRE cast aluminum was used and was found to be u:-.­
sat~sfactory from the standpoint of galling and shearing under the 
loads imposed by the tafer locks. Thus we plan to use steel hubs 
for the pilot plant to avoid this problem. An added ~enefit is th~ 
inc=eased stiffness of the steel to resist torsional loads on the 
hubs. 

Prese::1tly we plan no differences between the pilot pla.r.t and the SRE 
frame. The inner drive for the pilot plant is the sa~e as the inn~r 
drive used on the SRE although some changes are plann2d to improve 
the waterproof and dustproof characteristics of the drive. Outer 
drive ball screws are sealed and have a standard iron tube to cover the 
back end of the ball screw. This iron tube, which is heavy, and e)<:­
pensive, will be replaced by a lightweight tube which will be lower 
cos::. The motors will be >veather tight while on the t;:>ilot plant e;,;en 
thoug:1 this is a difference from non-weather type mot·::>rs used on the 
SRE. The electronics differences are all minor and are planned to 



Item 

Mirror Modules (MM) 

Frame 

Inner Drive 

Outer Drive (Ball 
Screws) 

Electronics 

Table 2-2. SRE versus Pilot Plant 

SRE 
") 

Engineering Model lOrn~ 
3.18 x 3.18m- 2 units 
(125 x 125 inches) 2 Experimental Models 9.3m 
3.04m x 3.04x - 14 units 
(120 x 120 inches) 

Radius of Curvature 670m 
(22 00 fee t) 

9 facets second surface 
2.36nun" (0.093 inch) -glass 

Factory mounted glass 

Hubs cast aluminum 

25. 3cm ( 10 inch) ~lF I-Beam 

Inside I-Beam 

Under hub of MM 

Not weather tight 

Bellows sealed 

Iron tube - heavy 

Motor not weather tight 

3 electronics cards 
Hand wired 

Unscreened parts 

Commercial 115vac power supply 

Dedicated communication lines 

No sun roof 

No fail-safe circuits 

Pilot Plant 
") 

All units - lOrn ... 
3.04m x 3.3m 
(120 x 130 inches) 

Radius of Curvature 836m 
(2742 feet) 

2 facets second surface 
2.36rrun" (0.093 lnc.;h) yld~~ 
Low iron content 

Field mounted glass 

Cast steel 

25.3cm (10 inch) WF I-Beam 

Inside I-Beam 

Under hub of MM 

Weather tight seals 

Bellows sealed - improved 

Lightweight tube 

Weather proof motor 

4 electronics cards 
Printed circuits 

Screened parts 

24 vdc commercial power supply 

Address decode 

Sun roof 

Motor over temp, power and 
communication loss detector 

*This is -nominal 3mm- glass but experience shows actual numbers are these. 

N 
I 

...... 
0"1 



Table 2-2. SRE versus.Pilot Plant (Continuedr 

Item 

Electronics 
{Continued) 

W.i1:ing 

Computer 

Data Link/Rate 

Wire Length (max) 

Initialization 

Foundation 

Heliostat Area 

SRE 

2 gray boxes, weathertight 

Commercial auto batteries 
· {unsealed) 

. Separate mounting 

Commercial charger (Universal) 

Indoor conduit - rsP 
DDP-516 - Honeywell 

TSP/4800 bps - 1 tap (H/S) 

314m {1,031 feet) 
Underground Conduit 

Add on bracket optopair 
supports 

Inadequate adjustment 
provisions· 

0.914m (3 ft) x 1.524m (5 ft) 
x 3.05m (1 ft) Fla. sand 
No seismic consideration 

37m2 

Heliostat Quantity 4 

Lon~est Line of Sight 335m 
and Focal Length 

Number of Heliostats 1 
per Command Line 

Heliostat None 
Instrumentation 

Pilot Plant 

1 white box, .weathertight 

Industrial stationary battery 
(sealed) 

Post mounted 

Commercial trickle charger (Special) 

Outdoor conduit - TSP 

L6/43 - Honeywell baseline or 
equivalent 

TSP/4800 bps/average 90 taps (H/S) 

2,087m (6,850 feet) 
Underground Direct Burial 

Redesigned optopair bracket support 

New micrometer tool adjustment 
provision!:; 

1.83m (6 ft) x 3.05m (10 ft) 
x 0.305m (l·ft) 
With seismic consideration 

40m 2 

1598 

418m 

90. 

18 units with shaft encoders 
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improve the producibility of the electronic assemblies. The screened 
parts provide a better life and lower infant mortali~ies. Printed 
circuits are substituted for hand made wire wrap interconnections. 
The 24 volt de commercial power supply is to operate off of the battery 
whereas the SFE could r.o~ function totally on the ba~tery due to the 
fact that some voltages were derived from 115 volt ac power supplies. 
Thermal characteristics in the desert indicate that a sun roof to 
cast a shadow on the electronics box will be necessary. Although no 
sun roof was·used on the SRE, a sun roof is planned fer the pilot 
plant to cast a shadow during th~ peak parts of the day~ thus reducing 
the temperature of the ·electronics inside the weather tight box. 

Additionally, the electronics differ in that the watchdog timer, motor 
overtemp, power and communication loss detector circuits will be in­
cluded in the pilot plant but these were not required for the SRE. 

Another difference bet\~en the SRE and the pilot plant is the wiring 
on th·= heliostat. On the SRE: units indoor conduit wi. th twisted 
shielded pairsinside was used whereas on the pilot p:!..ant an outdoor 
harness with twisted shielded pairs is planned. 

The DDP-516 computer used in the SRE is being replaced by the Level 
6/43 Honeywell computer as a baseline. This is not the only computer 
which can be used so a11y equivalent machine which is capable of dis­
tributed processing canoe used. However, we have baselined this 
machi:1.e as being most s.ui table and as being a lowest cost machine 
available to use. The data link and data rates are the same for the 
SRE and for the pilot plant with the exception that the data link for 
the SRE has only one tap while the pilot plant will have an average 
of 90 taps on each twisted shielded pair. 

The wire length for the SRE w~s established at an early time at 314 
meters which i3 the one way distance maximum to a heli8stat in an 
earlier tower centered =onfiguration. For the pilot p~ant current 
plans are to have a maximum signal wire run of over 2,000 meters 
which includes the dist~nce from the computer out through the helio­
stat field and then back to the computer so that an entire loop is 
formed which will allow checking at the end of the line of all signals 
which are put on the start of the line. This is another approach and 
a lower cost approach t-:::> reliability of the command control scheme. 

The initialization hardware is different since the bra~kets which 
supported the opto-pair for the SRE had merely slotted holes and 
these were found to be a very coarse adjustment such t~at actually 
bending the bracket was necessary to provide the accuracy necessary. 
For the pilot plant this bracket and adjustment provision is completely 
redesigned so as to allow a tool similar to an inside micrometer to 
be used in adjusting the loca~ion of the opto-pair which indicates 
the stow or initializaticn positions. 

The foundation for the SRE was roughly 3 feet by 5 feet by 1 foot thick 
in the Florida sand .and considered no seismic loads. rl.fter some analy­
sis, it was determined ~hat the pilot plant foundation will need to 
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be twice as big in order to carry the seismic loads as well as to 
comply with the lower modulus soil at Barstow, California. 

Generally speaking the differences between the SRE and the pilot piant 
are of a minor nature and no problems are anticipated during detail 
design in completing these design changes on a short schedule and 
within reasonable costs. There is no technical risk that is foreseen 
in any of these changes in terms of performance. There is obviously 
some technical risk from the standpoint of iiT'.pact on cost. Most cc-st 
impacts will be in the nonrecurring rather than the recurring areas. 

COMMERCIAL PLANT 
The commercial plant is merely a scale up of the pilot plant (PP) 
using four fields (modules) larger than the PP. Thus, each of the 
four modules for tl::e commercial plant will have its own heliostat 
field, computer corrmand control scheme and other assoc~ated equipment. 
Thus, there are 4 towers, 4 calibration arrays, 4 computers, and 4 
heliostat.fields fer the commercial plant. The heliostats, the com­
puters, and the calibration arrays are merely scale-ups or identical 
to the pilot plant, heliostats being identical and calibration 
arrays being scalec up. The computer is identical with the software 
being revised in order to address the larger number of heliostats in 
the one commercial plant module size facility. 

Conclusion 
Honeywell's work on the collector subsystem for the solar thermal 
electric pmr.Ter system can best be categorized as immature but pro­
gressing. Many aspects of the design and performance have been 
checked, evaluated and proven during the preliminary design contract. 
However, many worthwhile areas of the design were give~ cursory 
treatment by necessity of cost and schedule consi"derations. The fore­
going summary should show some of the areas which need minor aduitional 
work, as well as those which may need substantial effort in the design 
phase. That the Honeywell collector subsystem is ready for detail 
design should be readily apparent from the balance of this report. 
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Section 3 
DETAIL SUBSYSTEM DESCRIPTION SUMMARY 

The detail description of a system as large and conplex as the 
collector can be tedious in the extreme. This section introduces 
the subject through several overall tools including a system sche­
matic and drawing trees. Description of the mechanical hardware is 
undertaken next and is followed by the electronics hardware and field 
wiring. The final descriptive section is the command computer and its 
software. A conclusion paragraph closes the section. 

INTRODUCTION 
The pilot plant collector subsystem field consists of 1598 tilt-tilt 
configuraticn heliostats with 40M2 reflective surface area per 
heliostat. The field is a circular layout with the receiver located 
1/2 of · the radius south of the center as shown in Figure 3-1. Eight 
zones are defined. Field power, instrumentation, grounding and com­
munication wiring schemes are laid out in these zones ~nd explained 
in more detail on pages 3-64 through 3-70. 

Figure 3-1 is drawn from a computer tabulation which spaces the helio­
stats both radially and tangentially to minimize shadowing and 
blocking. As can be seen some radial lanes were maint~ined to ex­
pedite cable routing and vehicle field access. The area cover ratio 
of mirror surface area to field area is 0.29. 

Diameter of the field is 535m (1756 feet) with a radial distance of 
50.3m (165 feet) from the tower center line to the nearest heliostat 
for a LOS distance of 140.4m to the target. 

The northern most heliostat is 40lm (1315 feet) from the tower center 
line for a LOS distance of 418m to the target. 

A perimeter fence circles the field to provide plant security, re~ 
directed beam safing, and help minimize the adverse influence of 
direct winds upon the outer heliostats. Barriers within the field 
are erected as required to prevent hazard to personnel and equipment 
due to redirected beam travel. 

The eight calibrat~on arrays will be fixed atop the re8eiver tower 
for pilot plant applications. The control facility (computers, dis­
plays, etc.) will be housed within buildings near the base of the 
receiver. 

Figure 3-2 is a functional block diagram of the pilot plant collector 
subsystem. The main intent of this diagram is to show the func­
tional interfaces ~hat are associated with the control and heilo­
stat portions of t~e collector subsystem. The control arrangement 
is further described on pages 3-71 and 3-72 while the individual 
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heliostat site electronics cont~ol is defined on page 3-35. The 
collector subsystem is further civided into three add~tional major 
subsystems: 

HGB652Al Collector Field 

BGB251Bl Control Subsystem 

LGB015Bl Calibration Subsystem 

DOCUMENTATION TREE 
The pilot plant documentation tree is shown in Figure 3-3. Each major 
element of the collector subsystem is further broken down in the 
drawing trees shown by Figure 3-4. 

The collector field (Figure 3-4: is broken into five major subelements: 

• Heliostat assemblies 

• Field instrumentation for control and performa.n~e monitoring 
purposes 

• Heliostat assernbl.Y and calil?ration procedures 

• Field wiring (powe:::- and communications) 

• Logistical support elements 

The LGB016Cl tilt-tilt gimbaled heliostat assembly itself is further 
broken down into its mai~ parts in Figure 3-5. Ei~hteen pilot plant 
heliostats (LGB016C2) are instr~mented to provide precise inner and 
outer axis orientation information back to the collector subsystem 
control computer networks for c~mparison with commended position. One 
heliostat per data bus will be instrumented to detect any improper 
motio::1. 

Figure 3-6 shows a top level breakdown of the control subsystem, 
which consists primarily of t~ree level 6/43 CPUs, control software, 
post-test and performance monitoring programs, control console, storage 
and display peripherals, and .!logistical support elements. Two proc­
essors with 96K of memory will be used on line whi~e one level 6 
processor with 64K of memory ~.vill remain ready as backup and be used 
primarily for post-test data reduction and analysis. 

The eight calibration arrays ar.d their associated electronics are 
depicted under the LGB015Bl calibration subsystem (Figure 3-7). They. 
will be mounted at the top of the receiver housing and measure 
approximately B.5m wide by 7.3m high (28 feet by 24 feet). 

COLLECTOR SUBSYSTEM SCIIEMJ\TIC 
Figure 3-B shows the pilot pl<.mt flow of information from the computer 
counterclockwise out to the heliostats which then "feed back" position 
data ~rom shaft encoders and solar energy to the calibration array or 
boiler. This results in different information being input to the 
computer such that comparisons with commands can be made as a special 
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check for pilot plant only. Figure 3-9 shows the commercial olant 
flow which does not have special instrumentation used on the pilot 
plant. It is intended in the collecto'r subsystem design to maintain 
as much commonali~y as possible between pilot plant and commercial 
plant. This simplifies the commercial plant definiti::m task as well 
as eliminates risk. 

HELIOSTAr DETAIL mECHANICAL DESCRIPTION 
The Honeywell heliostat concept (LG8016) was determined by a par·a­
ni.et~ic cost trade study. The results of this study indicated the 
Pilot Plant Tilt-Tilt gimbal arrangement is superior. The resulting 
low profile heliostat contains four mirror modules each with 10m2 of 
surface mounted in a 15.65m long frame. The heliostats are positioned 
on a series of arcs of constant radius about the tower. Each helio­
stat has its long axis perpendicular to a radius from the tower. This 
long axis or frame axis is also known as the outer axis and is mounted 
on bearings at the top of the two posts allowing frame rotation (or 
Tilt) of up to 75 degrees toward the.tower and 30 degrees away from 
the tower. . Two ball screw actuators, one at each post·,. are used to 
position this outer gimbal (frame). They point toward the tower. The 
inner gimbal is formed by each of the four mirror modules rotating 
(or tilting) about an axis perpendicular to the outer axis and in the 
plane of the frame. This is also known as the inner axis. The four 
mirror modules operate from a single gear drive through a series of 
crank arms and tie rods. A photograph of a heliostat with major 
components identified .is presented in Figure 3-10. In the following 
paragraphs the major components of the heliostat will be discussed in 
detail. 

Heliostat Foundation and Post 
The w1de stance, two-post and slab 
bility of .the Honeywell Heliostat. 
two-stage con.struc tion process. 

configuration is key to the sta­
Figures 3-11 and 3-12 show the 

The stub posts are. 25.4 em x 3. 8 em channels extending 0. 5 meter 
above the surface of the concrete. They are welded into a two-level 
mat of 13 mm steel reinforcement bar. These weldments are lowered 
into prepared rectangular holes 0.2 meter deep and he~d with I-beams 
and cribbing dur ir..g concret~e pour. The two foundations are 10 .16m 
(33 feet, 4 inche~} on centers. Reinforcement bars are covered with 
the minimum thickr.esses of concrete recommended by the American Con­
crete Institute fer corro$ion protection. The size of pilot plant 
foundations are 1 .. 83m ( 6 feet) x 3. 05m (10 feet) based on seismic lqads 
and properties data supplied for the Barstow site. The slabs are 
designed to limit soil bearing pressure under combined horizontal 
and vertical accelerations specified plus dead weight. 

Other slab design ·criteria such as rocking spring rate and over­
turning moments under wind load are lesser requirements. 
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The post weldments·are assembled to the foundations after a one 
week minimum cure time. Slotted holes are provided for vertical 
adjustment to assure the tops of the two posts are level. The up­
rights are fabricated from the same channe~ sections with stiffeners 
as required. Two diagonal braces are used to control pointing 
errors under wind loads. 

Post height is determined by the clearance required for full mirror 
rotation under a~l frame orientations. Each post weldment supports 
1643 kg and has been analyzed to assure adequate stress margin for 
column loading. 

The "split. post" design was selected because of its s:y'!Tiffietrical 
support of both the actuator and the frame cross rail. This design 
also facilitates the 75 degree frame rotation required by some 
heliostats to track for a full day. 

Frame 
Although gimbal structures are critical in precision pointing devices, 
the heliostat frc.me has been designed to be compatible with the 
capabilities of !:-tee! fabricators. Use of special (but simple) tools 
and techniques d~ring field assembly minimizes the need for close 
dimensional control during frame fabrication. 

The frame design driver is the bending stiffness required to limit 
mirror rotations under wind induced moments. A secondary driver is 
the stress induced by the weight of the mirror modules when the 
frame is rotated 75 degrees from level. 

The dual actuator drive system eliminates the need for torsional 
rigidity over the 15 meter length of the frame allowing significant 
economies. 

The Honeywell frame minimizes the dependence on cantilever type 
structures inherent in competitive designs by supporting both ends 
of each mirror module. The syrr~etry of the frame about its axis 
facilitates gimbal balancing and minimizes its sensitivity to varying 
"g" loads at different angles. 

The frame length (15.5m) has been $ized by an optimization study to 
obtain maximum optical efficiency at minimum cost. As the mirror 
module axes are mJved closer together they block both incident and 
reflected rays frJm each other. If they are spread beyond the opti­
mum, dispersion !Jsses increase. The design driver in this case is 
·optical efficiency; frame costs were found to vary only slightly 
over the range of interest. 

The frame baselined for the preliminary design is shewn in 
Figure 3-13. It is fabricated entirely from standard structural 
shapes. !-beams of various weights are used for the main members. 
Angles and plates relieve stresses in critical areas. 
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Recent optical studies using Honeywell's ray trace software have 
provided a key to frame simplification. They have shown that the 
mirror module axes can be lowered down to the center of the frame 
side rails without significant loss of reflected energy due to frame 
shading and blocking. Figure 3-14 shows a new frame concept with 
centered MM axes. The new frame is also expected to provide signifi­
cant reductions in cost and weight. 

Thermal effects are controlled by passive design techniques. White 
paint is used to minimize temperature rise above ambient. This also 
controls differential temperatures which otherwise would induce 
pointing errors. Absolute expansion of the frame over its length 
due to the ambient temperature range is of concern only with respect 
to the soil. The post is designed with compliance in this direction 
to control stresses induced on the foundation/soil. 

Mirror Modules 
The m1rror modules are square sandwich type structures with 3nu.1 
float glass seco~d surface mirrors providing the reflective surface 
(see Figure 3-15). The top surface of the mirror module for the 
Engineering Model and Solar Research experiment were contoured to 

• 677.9m (2224 feet) spherical radius before bonding the glass mirrors. 
The pilot plant heliostat design is contoured to 836n (2744 feet) 
spherical radius to match dimensions of the field. This technique 
provides a focused image of the sun from the heliostat at the maximun 
distance (line of sight) from the receiver. The change to mirror 
contour will be made by a simple tooling change. The design and pro­
duction concepts have already been proven. Ray trace studies have 
shown that mirror module efficiency is not significiently effected by 
using a focal len::rth for all units of the maximum line of sight 
distance. These :malyses have also been confirmed by test results. 
Mirror modules us:d at line of sight distances less t.han their focal 
length do not produce images significiently larger than optimum. 

A total of 18 mir=or modules have been fabricated for engineering 
development and t:1e solar research experiment programs. Two of these 
mirror modules we=e designed and fabricated by Brunswick Corporation 
using urethane foam as the core material. The performance of these 
units was not satisfactory. The results of tests are presented in 
other portions of this report. The remaining 16 mirror modules wer~ 
designed and fabr~cated by Parsons Corporation. Two engineering 
development modules were fabricated to the original design. ·A second 
similar design with some cost saving features was used for 12 units 
on the solar research experiment plus two units to replace the foam 
.:ore units on the Engin·eering Model. The Parsons designs both ex­
hibited superio~ performance; however, this discussio:1 will limit 
itself to the design developed for the solar research experiment. 

Complete requirements for mirror modules are contained in Honeywell 
Drawing 34026575. A summary of these for the Enginee=ing Model and 
Solar Research Experiment are given in Table 3-1. The requirements 
for the engineering model mirror modules and for the solar research 
experiment mirror modules differed only in that the area of the solar 
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Table 3-1. Compariscn of Mirror .Modules 

Engineerin;J Ex peri menta 1 PHot Commercial 
Units Model ( 4 )" Mod~l (14)* Plant Plant 

Area m2 10 9.3 10 10 

Dimensions m 3.17 X 3.17 3.05 X 3.05 3.05 X 3.30 3.05 X 3.30 
in 125 X 125 120 X 120 120 X 130 120 X 130 

Mirror Surface 
Contour 

Spherical Radius m 677.9 677.9 836.0 1,496 
ft 2,224 2,224 2,744 4,908 

Allowable Tolerance 
Static Load mr 1.0 1.0 1.0 1.0 

Dynamic Loads mr 1.0 1.0 1.0 1.0 
-

Maximum Torsional 
Deflection 
(79 rg torque) mr 1.0 1.0 1.0 1.0 

Design Load kg/m2 9. 77 9. 77 9.77 9.77 
1 bs/ft2 2.0 2.0 2.0 2.0 
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research experiment mirror modules was slightly smaller to permit 
better utilization of existing facilities. An exploded view of the 
solar research experiment mir~or module is shown in Figure 3-16. The 
same construction technique will be used for pilot plant mirror 
modul:s. 

Heliostat Inner P..xis Drive 
Angular positLonLng of the four mirror modules is accomplished by two 
separate systems. The first consists of a de motor ~nd gear train 
which drive one mirror module. The second is a link~ge assembly 
which gangs or slaves the remaining three mirrors to the driven 
mirror. 

The gear train (shown in Figures 3-17 and 3-18) is driven by a 100 
ounce-inch de motor/encoder assembly~ The motor dri\·es a two-stage 
1600:1 reductor designed by Spiroid Division of Illinois Tool Works. 
The final stage is a 10.1:1 spur gear pass which allows preloading 
(235 pounds) for backlash control with a small (3 percent) reduction 
in dri~e efficiency. The spur gear (16 inch pitch d~ameter) is 
secured to the stub·shaft of one mirror module. 

The gearbox has a two stage helical gear set which is self-locking; 
that.is, cannot be driven by mirror torques when the motor power is 
off. This assures that pointing reference is not lost during storage 
or between computer updates during tracking. 

The final gear ratio is 16158:1 from which one motor revolution (that 
is, one computer command) rotates the mirror modules 80.2 arc-seconds. 

The motor/gear box assembly is a sealed, field replaceable module. 
It is mounted to the frame with a spherical sleeve b::!aring to allow 
the spur gear and reductor OLtput pinion to self-aliJn. This assures 
uniform stress across the wiC.th of the teeth. A standard die spring 
and bolt set the anti-backlash preload. 

The two-piece cover assembly s:"lown in Figure 3-19 will protect the 
spur gear mesh from sand and d·.1st. The width and hardness of the 
spur teeth are specified to provide 30 year·life under expected 
loads and speeds. 

The linkage assembly is siml_ar to that of a steam locomotive with 
cranks set 90 degrees apart t:::l avoid lock-up. This system was 
selected because of its inherent stiffness, repeatatility and con­
tinuous rotation capability. 

The eight crank arms are secured to the ends of the 4 inch diameter 
stub shafts using the taper lock shown in Figure 3-20. This approach 
allows quick assembly and removal of crank arms as well as adjustment 
of mirror module toe-in. The 24 inch crank arm length was selected 
to keep errors resulting from rod end clearances within acceptable 
limits. The crank arm section is designed to control bending in 
three axes as well as tvJist. 
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The junction between crank arms and tie rods is provided by rod end 
ball joints. Tte spherical bearing surface of these units is a 
glass-filled, ir.jection-molded nylon with molybdenun disulfide for 
lubricity. The 1/2 inch units selected have a radial load capacity 
of 7000 pounds. 

Tie rods are made from rolled, welded seam tubing and weigh approxi­
mately 45 pounds with rod ends. The cross section area is sized for 
simple compressive spring rate. The diameter is sized to limit 
lateral deflection under combinations of lg and end loading. The 
tubular design also makes them insensitive to outer gimbal elevatio~ 
angle. The rod ends are used to adjust tie rod lengths at the top­
dead-center position of the crank arms. 

Lock-up at top-dead-center (crank arm horizontal) is not possible 
due to the high mechanical advantage of the crank arm and the com­
pliance of the tie rod. 

Heliostat Outer Axis Drive 
The outer axis crive consists of two linear actuato~s, each driven 
by a 200 ounce-inch motor/encoder assembly. The de motor drives a 
worm gear set wt.ich in turn drives a bearing suppor:ed nut. Rotation 
of this nut causes the screw to translate in or out depending on the 
motor direction for a distance of nominally ±0.0118 inch per motor 
revolution. 

The actuator, frame, and post form a nonright triangle which the com­
puter solves to obtain the desired screw length as a function of 
gimbal angle (see Figures 3-21 and 3-22). 

Linear ball screw actuators provide a rigid, repeat~ble drive system 
with adequate backlash control. Actuator mounting Jeometry is common 
for all heliostats in the field as shown in Figure 3-23. 

The heliostat outer axis drive consists of two linear actuators as 
shown in Figure 3-22 developed for use on the pilot plant heliostat. 
Two screws are used to provide torsional rigidity over the frame's 
51 foot length. The selected attachment geometry for the actuators 
is based on the following considerations: 

• Operating range of 105 degrees makes one geometry suitable for 
any field location. 

• Screw length of 72 inches allows maximum use of 144 inch 
standard length. 

• Standard backlash values for screw/nut and fittings are within 
error budget allotment. 

• Easy access to gear box and motor assemblies for initial align­
ment and maintenance. 

• Field replaceable unit. 
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Figure 3-23. Ball Screw Actuator 
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• Post twist eliminatet by symmetrical mount. 

• Ground clearance for tip of cover tube. 

Standard commercial screws were modified slightly f·:)r the pilot plant 
design. Actuator vendors are: 

Pow-R-Jac Division 
Limitorque Corporation 
King of Prussia, Pa. 

Templeton, Kenly & Co. 
Broadview, Illinois 

Po~-R-Jac ball screw actuators are baselined in the preliminary 
design. The ball screw has high efficiency and hig~ side load 
capability. 

Screw actuators were selected for the heliostat ou~er axis ·drive for 
the following reasons: 

• Inherent stiffness 

• Low backlash 

• No spring prel, ·· __ quired 

• Accuracy and repeatability 

• Life 

• Standard commercial parts requiring minimum nodification 

• Require only one gear pass 

Figures 3-21 and 3-22 show the complete outer axis drive system. 
Figure 3-23 shows the operation of the ball screw ~ctuator. The de 
motor/encoder (200 ounce-in:::h stall torque) assembly drives the worm 
directly. The 40:1 worm ratio is self-locking and controls reflected 
ine~tia load on the motor. The combination of gear ratio, screw lead 
(0.474 inch/turn) and pivot geometry provides effective gear ratios 
from 11,000:1 to 18,000:~ depending on gimbal angle. 

Pointing accuracy of t~is system has been proven d~ring SRE testing. 
Lot control and assembly/calibration techniques allow the use of 
standard rolled thread screws for minimum cost. Sc~inaw Steering Gear, 
div:..sion of General Motors, supplies the ball screw and nut assembly 
use1 by Limitorque. 
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INITIALIZATION SWITCHES 
The position of each heliostat throughout the day is not directly 
monitored in the open loop control scheme sucessfully developed by 
Honeywell. The system accuracy is maintained through very precise 
response of the heliostat to commands from the control computer. To 
accomplish this, a known starting point for each axis o= the heliostat 
is required. This is known as initialization position and has been 
defined as both gimbals horizontal with the mirrors face down. ThiE 
is also the normal storage position for the heliostats. The error 
budget has set a maximum error of 0.45m+ (3 sigma) for this condition. 
At start up, or other times when required, each heliostat is commanded 
to go to initialization position. Switches on each axi3 define when 
this conditicn has been obtained. These switches are set to the 
required position during heliostat assembly. These low cost switches 
are ·less expensive than shaft encoders. 

The initialization electronics is packaged with the other electronics. 
The switches were comprised of a sensor wheel and two opto-pairs. One 
switch assembly is integrated into the inner axis drive. Two assem­
blies are used for ~he outer axis, one mounted at the top of each 
post to sense rotation of the frame support pins. The sensor wheel3 
are 18.44 em (7.26 in.) in diameter. They interrupt the light path of 
the opto-pairs and ~hen decoded by the logic determine when initial­
ization has been reached. Prototype units have been fabricated and 
installed on the fo~r heliostats presently in operation. These units, 
while not packaged for use in a production system, produced test re­
sults consistantly ~ithin the error allowable. Figure 3-24 is a 
photograph of one of the initialization switches used for development. 

Initializat ion switches for the pilot and commercial plant heliostats 
will continue to utilize a sensor wheel and two opto-pairs. One unit 
will be integrated into the inner drive assembly and two units will 
continue to be used for the outer axis. All units will be located 
inside sealed assemblies to protect them from the envi:ronment (one 
fact learned from SRE tests was that condensation affects opto-pai~ 
performance) . The sensor assemblies are very similar ~n design anc 
construction altho~gh the packaging is different for the inner axiE 
and outer axis assemblies. Both units are fabricated and adjustmer.ts 
made to locate the opto-pairs exactly at the edges of the detents on 
the sensor wheel before shipment to the assembly site. A small micro­
meter tool will be used to make these settings. After the settings 
are made the assembly is locked in place until assembled into the 
heliostat. A defiLite procedure of assembly and adjus~ment of the 
heliostat has been detailed in Page 6-1 of this report. When this 
procedure has been followed, initialization switches i~stalled and 
the heliostat at correct position, the initialization 3Witches may be 
unlocked (that is, shipping chocks removed) thus obtaining proper ad­
justment. A sketch of the switch portions of these assemblies is 
presented in Figure 3-25. 
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Figure 3-24. Initialization Switch SRE Units 
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Figure 3-25. Initialization P.ilot Plan.t Units 
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HELI,JSTAT 'WEIGHT 
An estimate of the heliostat component weights is presented in Figure 
3-26. This presents gimbaled weight plus the weight of support struc­
ture separately to arrive at a total weight for the complete heliostat 
including foundations. It should be noted that the foundation weight 
is dependent upon site soil properties. The value used is based on 
the solar research experiment data at Honeywell's Flcrida Facility. 

PARTS COUNT 
A.parts count has been conducted based on the solar research experi­
ment heliostat. The count.is cursory in that some p~rchased assemblies 
are counted as one part and small hardware, that is, nuts, bolts, 
washers, wire, have not beero counted. The parts cmmt obtained are 
as follows: 

Electrcnics 

Power Supplies 

Diodes 

Tra.nsistors 

DIP 

D/A Converter 

Dual Inline Receiver 

Oscillator 

Relay 

OP Amp 

Capacitor 

Resistor 

Circuit Boards 

Opto Pairs 

Connectors 

Bat-:.eries 

Bat-:.ery Chargers 

Weather Proof Enclosure 

2 

29 

34 

81 

2 

1 

1 

2 

22 

53 

133 

3 

12 

2 

2 

2 

1 
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Solar 
Research 

Revised(!) Experiment 
Model and Pilot .cormnercial 

Pilot..Plant (2) Pl c.nt . Plant 

Frame 3,923 lbs 1,725 lbs 1,72:5 lbs 

Mirror Module 2,600 2,600 2,50.0 . 

Mirror Module Bearings 168 25* 25* 

.crank Arms 220 180 180_ 

Tie Rods 258 230 230 

Inner Axis Drive 75 105* 100* 

(TOTAL. GIMBALED ~EIGHT) 7,244 lbs 4,865 lbs 4,76:> lbs 
(3,286 kg) (2,207 kg} (2,159 kg;l 

Post Assembly 260 250 250 

Outer Axis Actuators 170 . 150 150 

Foundation 5,800 5,800** 5,800** . 

(TOTAL WEIGHT) 13,474 lbs 11,065 lbs 10;960 lbs 
( 6 '112 kg) (5,019 kg) (4,971 kg) 

* Inner Axis Drive Contains the Mirror M6dule Bearings for one of eight posittons 

** Site Dependent 

(1) Estimated after producibility study 

(2) Before producibi1ity study 

Fi~ure 3-26. Heliostat Weight·Estirnates 
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Heliostat Electronics Overall Operation 
lA block diagram o= the Heliostat Electronics (HE) is shown in Fig­
ure 3-27. Two computer controlled operating modes are provided, 
(1) Initialize and (2) Track. The Initialize Mode provides the means 
for the gimbals to drive to a known reference position, namely outer . 
axis horizontal, mirror normal face down. Once a set of known gimbal 
angles is acquired by the computer, the Track Mode is used to incre­
mentally update the gimbal positions a.s required. Initialization is 
initiated by the setting of a single bit in the 8 bit command,word 
sent by the control computer to the heliostat. Incremental update 
commands are coded in combinations of 6 bits in the oommand word. 

A Manual Mode is also provided which allows an opera·tor at the helio­
stat site to assu.."tle command of the gimbals bymeans of a set of panel 
switches. The Manual Mode is used for special testing and for gtmbal 
control in the event of a failure in the control hardware. 

Tracking Mode 
Asynchronous incremental gimbal angle update information is ~eceived 
by the HE from the DDP H-516 where it is converted to parallel farm 
and stored until used. These registers are periodically scanned by 
the counter control circuitry and new update information is loaded 
into an up/down counter. The counter is counted up or down 1 or 15 
steps depending on the direction and amount of gimbal movement being 
commanded. One count corresponds to one motor shaft revolution which 
is approximately 81 arc-seconds of gimbal travel. 

The output of the counter is converted to an anaiog level by a D/A 
converter and becomes the error signal to the analog servo amplifier. 
The gimbal torque motor is driven in accordance with the sign and 
magnitude of the error signal. As the motor shaft is driven,· an incre­
mental encoder produces an output pulse per motor shaft revolution on 
one of two output lines, depending on the direction the shaft is turn­
ing. These pulses are fed to the counter control circuitry where they 
are used to update the up/down counter-. One motor shaft revolution 
will count the counter down one step. When the counter output reaches 
zero the command has been executed and the servo stops driving. 

Two sets of control electronics are provided, one each for the inner 
and outer axes. The outer axis control electronics differs from the 
inner in that a two motor drive system is required for the outer axis 
as compared to only a single motor for the inner. Because of this 
the outer axis requires two power amplifiers and incremental encoders 
plus some added circuitry to maintain speed sync between the two motors. 
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Initialization Mode 
When commanded to initialize, the heliostat transfers control of the 
gimbal drives to the initialization switches. These are optically 
coupled switches consisting of an infra-red emitting diode and a 
phototransistor operated by a coded disc mounted ori the gimbal. The 
switches provide the error signal and direction sense to achieve the 
initialization position by the shortest path. The initialization 
position is accurate to within 100 arc~seconds. 

Since two motors are used to drive the outer axis, separate initiali­
zation switches.are ~sed for each motor. This assures that both ends 
of the outer axis frame will be leveled to within the initialization 
position accuracy ever.y time the heliostat is initialized after which 
the two motor synchronizer circuits maintain the relationship. 

Other Functions 
The inner and outer ~xes control electronics share a common communi­
cations receiver, tilling control generator and power sup?ly. Power­
on resets are used extensively to assure that the logic ·:::omes up as 
desired after power turn on. 

The 24 volt supply used to provide the heavy motor currents consists 
of two 12-volt automobile batteries connected in series. 115 vac, 
60 Hz power is brought to each site to power the battery charger, 
the low voltage regulators, and any on-site test equipment that might 
be desired. 

Gas discharge tubes and resistor-zener diode combinations are used 
on the communications lines for protection against EMP associated 
with lightning. To further enhance lightning protection the helio-
stat frame, support posts, and electronics boxes are all connected 
with heavy cable to 24 feet deep ground rods. 

Subsequent pages describe in detail the operation of the HE on a 
function by function basis. 

Iieliostat Electronics Communications Interface Details 

I 

A schematic diagram of the Heliostat Communications Interface is shown 
in Figure 3-28. A standard 8820 differential line receiver is used 
as an input buffer bo accept asynchronous 8 bit serial digital data 
from the computer output circuits. The output of the line receiver 
feeds a Universal Asynchronous Receiver Transmitter (UART) which con­
verts the serial data to parallel and stores it in 8 output registers. 
When data is availacle, the UART generates a data ready signal which 
is used to condition the counter contrOl logic. When data has been 
accepted by the HE, a data ready reset pulse is generated by the 
counter control circuitry to reset the UART output register.s. A com­
plete data word is- actually 10 bits in length formatted as a start 
bit, 8 data bits, and one stop bit. Data bits are assigned as shown 
in the figure. Data rate is 4800 bps. · 

The direction of gimbal rotation is according to the following conven­
tion. A "1" for the inner axis direction bit corresponds to a clockwise 
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The conununica-::.ions link between the computer and the heliostat is a 
buried twisted shielded ?air up to 5800 feet in length. Because of 
this, transient suppression circuitry is used on ~he lines. Transient 
suppression occu::::s in two stages. First a 90 volt gas discharge tube 
is used to clip ~he transient -::.o a reasonable level. Resistors and 
zeners further reduce this tc a level that is harmle:;s _to the logic~ 

u /Down Counter and Counter Control Circuitr 
The up own counter keeps track of the commands until they can be 
implemented by a given axis in the heliostat control servo. The 
counter contrcl circuitry provides updates to the up/down counter by 
continuously cycling between· UART outputs, looking for new conunand 
information from the control computer, and incremental encoder outputs, 
looking for evidence of implementation of previous conunands. The cap­
acity of the up/down counter is 8 'bits. (127 counts) to provide some 
reserve capacity beyond the 15 coun¢ maximum command requirement. 
Counter contr61 cycle time is 104 microseconds. 
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Control Computer Updates 
Updates from the cor_trol computer to the up/down counter are controlled----=-­
by a 4 bit clock co~nter in the following manner. A Data Ready (DR} -­
signal from the UART signifies that a data word has been rece~ved from 
the computer and is available at·the UART outputs. The DR signal is 
clocked into the HE to synchronize the cormnand data with the HE timing. '_. 
The leading edge of the clocked DR signal is used to reset the 4--bit 
clock counter to z~ro. Should a 1 or 15 step·cormnand bit be present 
in the data word, the appropriate gate monitoring the clock counter 
output is armed. During that half of the 104 microsecond counter con-
trol cycle time that is reserved for command computer updates, 153.6 
kHz clocks are allowed to flow to the up/down counter. The direction 
bit determines whether the count is up or down. The same clocks a·re 
·also counted by the clock counter. When the gate monitoring the.out-
put of the clock counter detects that the cormnanded number of step 
counts has been inputted, clock flow to the up/down counter is ter­
minated. When all clock counter monitors for both axes are closed 
signifying all data has been accepted, a DR RESET pulse is generated 
to reset the UART output holding registers to await receipt of the 
next word. 

A power-on reset is provided to the up/down counter to insure the 
output is set at ze.ro counts at power turn on. 

Incremental Encoder Updates 
As stated earlier, the incremental encoder provides an output pulse 
for every revolution of the gimbal motor shaft. Since the pulses are 
asynchronous and only 10 ·microseconds in width, they are temporarily 
stored in the counter control circuitry by means of a latch. The cut­
put of the latch is then synchronized to HE timing by a clocked flip­
flbp. During that half of the 104 microsecond cycle time.reserved 
for encoder updates, the contents of the flip-flop are gated into the 
up/down counter. Separate circuits are provided for encoder cw.or ccw 
pulses which.determines whether the count is up or down. After an 
Update·has been made to the up/down counter, the temporary storage 
latch is reset to await later inputs from the encoders. If the mo~or/ 
gimbal overshoots, an extra pulse from the encoder causes the up/down 
counter to not be ''zero" thus the motor is cormnanded to "back up" . 

Digital to Analog Converter 
The heliostat D/A converter transforms the digital output of the up/ 
down counter to a bipolar analog signal for use by the servo amplifier. 
The converter is a 10 bit offset binary type from Analog Devices, 
Part No. DAC-lOZ-3.. Since only 8 bits are required-to read the up/ 

·down counter, the "::wo LSBs of the converter are fixed to a "0" input. 
The transfer function of the e,ncoder is 78 MV/count. l'laximum outp•Jt 
is 10 .volts. Input codes for outputs of zero and for the first and 
full count positive and negative.output values are given in Table 3-2 • 

. I 



CONTROL LOOP "2 --- ----­

DATA READY RESET--------~ 

15 STEP OIT 

1 STEP 31 T 

OIRECTION BIT D '] 

FF 
74 

CJ 
DATA READY 

Figure 3-29. 

+ 

. I 

a 

D S 
122 

a 

a 

C2 

FF 
74 

c 
Cl 

FF 
74 

c 
~1 

D 

D 

POWER ON 
RESET 

Heliostat Counte.r Control/Up-Down Counter 

'os-:6-338 

TO ~ A 
CONVERTER 

w 
ENr:ODER I 
cw """ 

C3 

ENCODER 
ccw 

0 



3-41 

Table 3-2. Heliostat D/A Converter Operati:m 

M L 
s Input Code s 
B B Output Volts 

1 1 1 1 1 1 1 1 +9.922 

1 0 0 0 0 0 0 1 +0.078 

1 0 0 0 0 0 0 .o 0.000 

0 1 1 1 1 1 1 1 -0.078 

0 0 0 0 0 0 0 0 -10.000 

Servo Output Amplifier 
The servo output a~plifier interfaces the D/A converter and the init­
ialization processing electronics with the gimbal drive motors. The 
circuitry consists of a scaling amplifier, a pair of PET analog 
switches, and an output power amplifier. A schematic of the servo 
output amplifier is shown in Figure 3-30. Operation is as follows. 

The scaling amplifier is a noninverting operational amplifier stage 
with a gain of 14.3 V/V. This in conjunction with the D/A converter 
and power amplifier provides for one half peak motor \·ol tage (one 
quarter motor torque) for a 1 step command. 

Two FET analog switches provide for the selection of the track or 
initialize modes of operation. The switches are 2N4858 field effect 
transistors operated from LM101A operational amplifiers configured as 
comparators. A "1" for the initialization bit in the command wore. 
turns on Q2 and allows information from the initialization processing 
electronics to drive the gimbal torque motor through the output power 
amplifier. A "0" for the I-Bi t turns off (J2 and allows track informa­
tion from the out~ut of Ql to control gimbal drive. 

Ql is threshold sensitive. The two comparators which control it moni­
tor the output of the scaling amplifier. Ql is turned on orily i.f the 
output of the scaling amplifier is greater thi:m 0. 75 of the analog 
weight of one cour,t in the up/down counter. This prevents loop offset 
from uselessly dissipating power in the motor and eliminates the pos-

. sibility of a limit cycle oscillation condition existing between loop 
offset and a one count in the up/doWn counter. 

The I-Bit used to select the.initialization mode by turning on Q2 
also sets the output of the up/down counter to an.analog equivalent 
of zero volt. Under these conditions the threshold detectors con­
trolling Ql keep Ql off and effectively prevent Ql and.Q2 from eyer 
corning on together. 
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The output power amplifier is a linear H switch config~ration con­
sisting of a pair of solid state switches and a pair of gated linear 
power amplifier stages, with the motor winding floated between opposing 
switch/amplifier pairs. The polarity of the input signal determines 
which switch/amplifier pair is chosen. When a pair is selected, the 
switch ties one _side of the motor winding to ground while the other 
side is driven by the linear amplifier with a positive drive signal. 
Reversing the input polarity causes the other switch/amplifier pair 
to be chosen which reverses the grounded and driven ends of the motor 
winding. This permits bidirectional motor currents to be driven from 
the one heavy positive supply available, the 24V battery. This is a 
very efficient mettod for linearly driving de motors eliminating the 
parts and losses aesociated with generating a high cur~ent negative 
voltage required by a more conventional power amplifier. Also, because 
·the battery is such a good low impedance source, no heavy 24 volt line 
filtering is required. 

High gain operational amplifiers are used in the feed forward path of 
the power amplifier to provide good linearity and low threshold. Fre­
quenc~ response is controlled such that step function inputs of revers­
ing polarity cannot cause both ·amplifier switch pairs to be driving 
simultaneously. Voltage £eedpack is used to take advantage of the 
damping effect of the back EMF of the motor. Gain of the amplifier 
is 10 V/V. The power amplifier is designed to drive the 4.4 and 6.7 
amp peak currents of the inner and outer axes motors respectively 
without any modifications or value changes. 

Incremental Encode= 
The Incremental Encoder provides the control mechanism by which the 
gimbal motor is aliowed to turn the number of revolutions equal to 
the count stored in the up/down counter. It does this by generati.ng 
an output pulse fol:" every revolution of the motor shaft which is fed 
to the counter control circuitry to update the up/dowL counter. As 
mentioned earlier, when tne counter output is reduced to zero, gimbal 
drive is removed and the motor stops. 

The Incremental Encoder consists of a coded disc, two optical pairs 
and some logic to decode the outputs· of the opto-pairs. A schematic 
of the encoder and a picture of the coded disc is shown in Figure 3-31. 
The disc is mounted on the motor shaft with the edge allowed to rotate 
between the two optical pairs. The pairs are Texas Instruments Part 
Number TIL148 and consist of an IRED and a phototransistor mounted 
facing each other in a U-shaped plastic housing. When the hole in 
the disc appears between the pair, a s.ignal is generated in the photo­
transistor. This output is latched by an LM~ll with hysteresis whose 
output is wired to interface·directly with T L. The ::ollo-w-on logic 
decodes the output of the. two optical pairs to genera~e the 1 pulse/ 
revolution output. 

Since servo operation is bidirectional, the incremental encoder must 
not only be able to detect rotation but direction of rotation as 
well •. The key to determining direction of rotation lies in the fact 
that the holes in the coded disc are offset with respect to the· posi­
tioning of the optical pairs. This results in a time sequence fo= the 

I 
\ 
'. 



Figure 3-31. Heliostat Incremental Encoder 
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outputs of the optica:.. pairs during disc rotation that reverses when 
the rotation of the disc is reversed. This is used by the encoder 
logic to determine directio~ of rotation. The encoder generates pulses 
for cw shaft rotation on one line and pulses for ccw rotation on a 
sepa::::-ate li::1e. Encoder outi=ut pulses occur async:tronously and are 
negative pulses (+5 to 0) 10 microseconds in width. The encoder logic 
is so arranged that the disc can be reversed at any time without 
ambiguity. 

The coded d~sc and optical p~irs are mounted in the motor housi~g. 
The comparators and follow on logic are contained in the Heliostat . 
Electronics weatherproof box. 

Initialization 
In the concept of incremental heliostat control, t:'le co:nputer generates 
and issues a set of incremen~al gimbal angle update com~ands based upon 
current data, updates all records in accordance wi~h the commands 
issue~, and uses the new records as a data base for calculating the 
next command set. For the S}'Stem to operate properly, a proper set 
of conditions must be initially identified or reestablished if for 
some reason they are lost. Initialization fulfills this requirement 
by providing the means by which the heliostat gimbals can be driven 
to a set of predetermined positions which can be used as a reference 
starting point. All hardware to accomplish this is contained at the 
heliostat. The computer simply commands the maneuver and waits. No 
gimbal angle readouts or encoders are necessary and no return communi­
cations link to the computer is required. The initialization position 
is defined as outer axis horizontal, mirrors face down. 

Initialization is commanded by the setting of a single bit in the com­
mand word. Upon receipt by the heliostat of a "1" for the !-bit, the 
electronics (1) sets the track servo up/down counter to zero which 
opens the track loop ny means of the threshold dete•::tors in the servo 
amp and (2) switches control of the gimbal motors to the initializa­
tion circuitry. 

The initialization hardware consists of a coded disc, two optic~! pairs, 
and some processing electronics, all shown in Figure 3-32. The 
optical pairs are identical to those used in the incremental encoder 
described earlier. The coded ·disc is different from the incremental 
encoders and is mounte~ to anc rotates with the gimbal, passing 
between the IRED and phototransistor of the optical pair. Depending 
on the position ·of the gimbal, the optical pairs generate two state 
outputs which combine to define gimbal status according to the fol-
lowing Truth Table. · 
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Truth T~tle - Gimbal Status 

Out::mt 
Opt·:)-Pair 

:.ow 

High 

Low 

2 Status 

+ Drive required to achieve 
initialization or Etow position 

- Drive required tc achieve 
initialization or stow position 

Ini tiali za tion pos.ition and 
stow position 

The outputs of t.he optc-pairs are fed to a pair of LM211 comparators 
designe::i with a small amount of hysteresis to sharply define the 
switching point. At this :;)Oint the initialization mechanization 
differs somewha-::. for the O'.lter and inner axes. For -:he outer axis 
the com:;>arator·outputs are fed directly to a·differen-::.ial.amplifier 
stage w:1ich generates the required tri-state output. For the inner 
axis, the comp~rator outputs ~:re gated to the differential amplifier. 
When the mirror modules are a considerable distance from the initiali­
zation position, full m::.>to::- tm::que is applied to achieve initialization 
in the shortest possible time. However, when the mirrors are near the 
initial~zation position as defined by the appropriate ~egative edge 
from :::me of the opto-pairs, t:.e error is gated to the differential 
amplifier at a 20 perce,t duty cycle as determined by -::.he on-off ratio 
of a free runniLg multivibrator. This is required o~ the inner axis 
to prevent limit cycle oscillations through the narrcv.· dead zone caused 
by the lower to:rque requirements, backlash, and play ·Of the inner axis 
drive. A negative edge discr~minator circuit is used to distinguish 
the "appropriate" negati..ve edge, that l.s, the negative edge associated 
with :::-eaching initialization as opposed to the negative edgeassociated 
with leaving the stow position. 

The initialization circuitry also contains the logic to generate a dis­
crete when the gimbal is in the initialization posi ti::>r:.. This is used 
by the outer axis control elect:::-onics to reset the tw.:) :motor sync 
counters so that the outer axis motors are individually initialized 
and S}'DC reestablished every tine initialization is reguested. Two sets 
of initialization elect:ronics are required; one for tje inner axis and 
two for the oute.r. Ini tializat:.on accuracy is 100 arc-second for all 
gimbals. 

Outer Axis Two ~otor Synchronizer 
The motors used to drive the Heliostat gimbals are de s~rvo motors 
whose speed is ~ function o= the load. Since two motors are required 
for the outer ax~s drive, some means must be provided to keep the two 
drives tracking within limits. 'The Two Motor Synchronizer does this 
by keepimg trac:-c of the .revolutions of both outer axiE motor shafts. 
Should one get too far a:1.ead of the other, the dd.,ve iE removed from 
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the leading motor ·to allow the lagging motor to catch up which effec­
tively keeps the two motors tracking. A schematic of the Two Motor 
Synchronizer is shown in Figure 3-33. Detailed operation is as follows. 

The inputs to the Two Motor Synchronizer are provided by the two incre­
mental encoders associated with the outer axis drives. As with all 
helio'stat incremental encoders, the transfer function of the encoder 
is one pulse/revolution with ~ach revolution equal to :81 arc-seconds. 
The encoder pulses are synchronized to heliostat timing and gated 
into an up/down counter. Should the motors track perfectly, the out­
put of the up/down counter will remain essentially at zero. Should 
one motor rotate faster than the other, the counter ou-tput will 
become unbalanced. 

The output of the counter is monitored by 4 NAND gates·set to sense 
±2 and ±3 count positions from zero. A two count sensor is used to 
prevent high speed coasting from reenabling the leading motor drive 
before the lagging motor catches up. Should the counter monitor 
detect a two count unbalance, a drive inhibit signal is generated and 
routed by the direction gates to the proper 24 volt control relay. 
Since lagging and leading are terms relative to the direction of the 
drive, the polarity of the analog servo error signal is used to con­
dition the direction gates. The drive inhibit signal deenergizes 
the relay which removes power from the appropriate povrer amp thereby 
disabling drive to the leading motor. Drive is restored when the 
lagging motor closes to within 1 revolution of the leading. motor. 

The up/down counte~ of the synchronizer is reset to zero at every 
power turn-on whether or not the outer axis frame actuators are equally 
positioned. However, as explained in the section on initialization, 
the proper counter output and the positions of the twc gimbal drives, 
are reestablished automatically every time initialization of the Helio­
stat is commanded. 

Timing Generator 
The Timing GeneratJr provides the timing control signals for the Helio­
stat Electronics. It consists of a crystal controlled oscillator·, 
countdown logic, and gates for generating clocks. A schematic of 
the Timing Genera~r is shown in Figure 3-34. 

The frequency of the crystal oscillator is 1.536 MHz. Crystal con­
trol is used to provide the frequency accuracy and stability required 
to synchronize the timing between the Heliostat Communications 
Receiver, a UART, and the Computer I/0 Transmitter, a.:.so a UART .. 
No common clocks cr timing signals are required between computer 
and heliostat. · 
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The oscillator output is diviced by 10 to 153.6 kHz and further 
divided by four subsequent binary stages to provide frequencies o= 
76.8 kHz, 38.4 kHz, 19.2 kHz, and 9.6 kHz. 78.6 kHz is used by the 
UART, which requires a clock at 16X the data rate_. providing for 
data reception at 4800 bps. 'I.he lowest four frequencies are also 
combined in 4 NAN.D gat=s to 9enerate 4 clocks of :..o~ microsecond 
period, 6.5 microsecond widt~ spaced at 90 degree iLcrements. These 
clocks are used by the Heliostat Electronics for ger:.eral timing 
control functions. 

SRE Heliostat Power Supply AC Power 
Each fixed SRE heliostat site has 115 vac, 60 Hz, 20 amp service wired 
to i~. The ac is used to poye~ the battery charger, the Heliostat 
Electronics regulared power su?plies, and any auxiliary test equi1=ment 
that may be required at the site. A·minimum of 4 ac auxiliary outlets 
is available at each SRE site. At power is ground fault isolated for 
safety reasons. 

DC Power 
Four de voltages are requiree by the Heliostat Electronics. The volt­
ages and their primary use are: 

1. +5 vdc to power the logic elements 

. 2. ±15 vdc to power the operational amplifier stages· 

3. +24 vdc to supply gimbal motor drive. 

The +5 volt supply on SRE helicstats operates from the 60 Hz line and 
is a modular supply fro~ AC/D: Electronics Inc. Part Number is 
IC5N2. 7-1. Supply ratin<; is 2. 7 amps at 40°C. Actual load is less 
than 1 ampere. DimensioLs are 6.3 by 11.1 by 14.1 em. 

The ±15 volt supply operates from the 60 Hz line and is a modular 
supply from Burr Brown. Supply rating is ±200 rna. Actual load on 
+15 volts is 150 rna, -15 rna volts 100 rna. Dimensions are 8.9 by 6.3 
by 3.3 em. 

The +24 volt supply is made up of two 12 volt Die Eard automobile 
batteries connected in series. Two 12 volt battery chargers are pro­
vided at each heliostat site in order to be able to recharge the 
batteries from the 110 vac line. The chargers are from Sears, Part 
No. 28.K517. Batteries may be charged while ·the sys:te~1\ is running. 
The batteries and charger.:; are oounted in a separate ventilated 
wooden box. · 

An on-off switch for low voltage power is provided on the Heliostat 
Electronics panel. 

See Figure 3-35, SRE Heliostat Power Circuits. 
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SRE Manual Operation 
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A set of panel sw~tches is provided at each heliostat which allows an 
operator to assume control of the gimbal motors. Drive for the motor 
is taken directly from the battery such that no Heliostat Electronics 
is required. Axes may be driven individually or simultaneously in 
either direction. Manual control is useful for certain coarse posi­
tioning tests, manually checked speed tests, or in the event of a 
control system failure. A schematic of the manual control mode is 
shown in Figure 3-36. 

For the SEE~ the manual control was located in a separate box. For 
the pilot plant a single box will house both m~nual controls and elec­
tronics but batte~ies will be housed separately. 

SRE Special Test Equipment 
A special piece O·f test equipment called the Solar Test Box is pro­
vided which permits an operator to provide the inputs required to 
exercise all.of the Heliostat Electronics except for the communications 
interface. The box contains 8 SPDT switches which represent the 
8 bits in the command word. The switch setting determines whether the 
respective data bit is a "1" or a "0". A "transmit" button switch is 
provided which when pressed generates a data ready signal which allows 
the heliostat to accept the data locked in the switches. Any combina­
tion of data bits available to the control computer can be selected 
by the test box. Data can be changed between "transmissions". 
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The interface between the test box and the HE is by means of a 40 pin 
dual-in-line carrier: which plugs into the 40 pin UART socket. The 
5 volt power required by the test box is also accessed through the 
carrier. Test box jirnensions are 22.9 by 17.8 by 5 ern. One test box 
was built in the SRE program. 1\. schema tic of the Solar •rest I3ox is 
stown in Figure 3-37. 
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Figure 3-37. Solar Test Box Schematic Diagram 

Electronics Packaging 
The electronics for the solar research heliostats was ?ackaged in 
two separate units. Most of the electronics was packa9ed in a metal 
weather sealed box (NEMA-12 type) that was installed at one end of 
the heliostat. The batteries and chargers were packaged in a 
separate wooden box to prevent corrosion of electronics by battery 
outgassing. All the electronics were mounted to a foldout panel 
to provide easy access. A photograph of an electronics assembly 
is shown by Figure 3-38 with major parts of the electronics indicated. 
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Cooling inside the electronics package was accomplished by free con­
vection. A detail discussion of this is contained in Page 4-19. Ther­
mal analysis showed temperature inside the package below component 
maximum rating of 7occ (158°F) for all environments exce?t with exte=­
nal heating from direct solar radiation. Actual operating experience, 
without extra protection, indicated no excessive temperatures oper­
ating in the Florida environment. In a desert environment the package 
along with heliostat structure, would need to be painted white to 
minimize solar absorption. Direct shade will also be pr~vided during 
high solar intensity periods of day by incorporating an overhanging 
"roof" above the package. 

The packaging technique used for Engineering Model and Solar Research 
experiment contained three circuit boards for mounting circuit elements. 
Interconnection was made on the back side of the circuit board using 
wire wrap technique. Most of the semiconductor devices were mounted 
in plug in sockets. The circuits boards had edge card connectors and 
were held in place by plastic card files. Power output transistors 
for motor drives were mounted to heat sinks. The ±15 vclt and 5 volt 
power supply, and tw·~ relays were mounted directly to t~e fold out 
panel. 

Electronics packagin~ proposed for the pilot and commercial plants ~~11 
remain in two separate boxes. One NEMA-12 type will be used for all 
the electronics including the battery charger function. A second, 
separate box, will be used for only the batteries because of their 
special needs. All the electronics including power supplies and bat­
tery chargers will be special designed circuits mounted on two sided 
printed circuit boards. It is more economical to package commercia~, 
prepackaged, power supplies and battery chargers as an integral part 
of the electronics in quantities required for the pilot and commerc~al 
power plant. 

All electronics components, except high power dissipati~g devices for 
power supplies, motor drives and battery chargers are m~unted on one 
of four two sided printed circuit boards. All components will be 
mounted on one side. Cards suitable for automatic component insertion 
will be used. Edge card connectors will provide interc~nnection and 
card files will be used to mount the units. Cooling of the four 
printed circuit boards will be by free convection. The high power 
dissipating components are mounted directly to heat sinks which will 
be integrated into ~he package to dissipate heat directly outside t~e 
weather sealed box. This allows cooler operation of the complete 
electronics. The package external surface will be painted white anc 
provided with a sun shdde to minimize solar radiation load. During low 
temperature periods with temperatures of -29°C (-20°F), it will be 
necessary to provide controlled heaters to maintain ambient temperature 
above the 0°C (32°F) component rated ninimum temperature. 

Sealed batteries ar= included in the pilot and commercial plant helio­
stat. They are mounted, by themselves, in a special battery box 
designed for use in an outdoor environment. 
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COMPARISON OF ELECTRONICS FOR SRE AND PILOT PLANT 
Some additions and differences will be required to be made to the SRE 
Heliostat Electronics for operation at the pilot plant level and 
beyond. These are listed below. 

Address Decoder 
Ded1cated communications lines were used to carry the commands from 
the cont7ol compu~er to the heliostat for the SRE. For the pilot plant, 
many hel1ostats w1ll share the same data bus which will require that 
an identifying address be used to identify the heliostat being sent 
the command. An address decoder and data gate is therefore included 
at each heliostat for the pilot plant. 

Uninterruptable Power 
Although a large capacity rechargeable battery was used for the SRE, 
it only supplied the heavy currents to drive the gimbal motors. The 
low vol taqe power supplies which wP.rP. n~Pn t-n P0' . .,~r the processing 
electronics used the 115 vac line for their source of power. The 
power supply was mechanized in this fashion strictly as a matter of 
cost and schedule convenience because the ac operat'ed supplies were 
readily available. For the pilot plant and beyond, all power to 
operate the heliostat will be drawn from the heliostat battery. The 
battery will be trickle charged from the ac line to maintain capacity. 
In the event of a failure in the ac grid, the heliostat battery will 
be able to supply all'heliostat operating power for up to 19 hours. 

Other Fail-Safe Feature Additions 
A communications loss detector, an ac power loss detector, and gimbal 
drive motor overtemp detectors will be added as fail-safe features to 
the pilot plant HE. The communications loss detector is a simple 
retriggerable one shot which will initiate a stow maneuver should com­
munications be lost for 45 seconds. The ac power loss detector will 
be an ac detector and timer which will initiate a stow maneuver should 
the ac grid power be lost for ~20 minutes. The motor overtemp detector 
will remove drive power from a gimbal motor when a temperature thresh­
old is exceeded so as to prevent damage to the motor winding in~ulation. 
Such a condition could result if full rower were being applied to 
drive a stalled motor either aqainst the qi~bal stop or because of a 
mechanical failure. 

the Hcliostat ~lectronics 
For t e SRE, a togg e sw1tch was prov1 e at each heliostat site to 
turn power ON or OFF. For the pilot plant, this function will be 
performed automatically as part of the normal operating procedure. 

A block diagram of the power up and power down sequencing mP.~hani~ation 
for the Heliostat Electronics for the pilot plant is shown in Figure 
3-39. The mechanization features the following characteristics: 

o Individual heliostats or groups of heliostats may be turned on 
or off as desired·under the control of the operator in the tower. 

• No additional control lines to the heliostat are required. 
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• The mechanization permits charging of the heliostat battery 
without the load of the heliostat electronics such as may be 
desirable after operating hours. 

• In the event of an emergency such QS the loss of ac power or 
communications beyond programmed limits, the mechanization will 
keep power on only until the fail-safe stow position is -reached, 
after which it automatically turns itself off. 

The mechanization accomplishes this in the following manner. 

Turning power Dn at the heliostat really means connecting the 24 volt 
battery to the DC/DC converter and the output servo amplifier. .Switch­
ing of the 24 volts is determined by the state of three conditions. 
They are 

1. Presence or absence of the ac line voltage. 

2. Presence or absence of communications signals. 

3. State of the gimbal positions, that 1s, stowe~ or un~Luw~d. 

There will be detectors at the heliostat to determine these conditions . 
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Figure 3-39. Power Sequencing Mechanization 
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To turn on the Heliostat Electronics will require the presence of ari 
power and communications. If only ac power is present the 24 volts 
will not be switched. This will permit charging of the neliostat 
ba~~ery without turning on the Heliostat Electronics. 
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If both ac power and communications are present, the heliostat will 
assume a fully powered up condition and be available for operation. 
Should an emergency arise after the heliostat is powered up resulting 
in the loss of ·ac power or communications beyond the acceptable limits, 
the heliostat, as explained in the section describing the operation 
of the electronics, will ·initiate a stow mar1euver. The output of the 
stow position detector will be ANDed with the outputs of the communica­
tions and power loss detectors such that heliostat power will be kept 
on until the stow position is reached after which it will turn itself 
off. 

Sununary of Differences Between Electronics for SRE and Pilot Plant 

• Address Decoder 

• Uninterruptable Power 

• AC Power Loss Detecto.r 

• Gimbal Motor Overtemp Detector 

• Power Sequencing 

Future Plans For the Heliostat Electronics 
Based on the experience gained during the SRE, some promising cost 
savings ideas have been identified for inclusion in the Pilot Plant 
version of the Heliostat Electronics. The details of these ideas are 
currently being worked under a producibility improvement contract and 
would be further worked during detail design phases. A general 
description of these ideas and plans for future versions of the helio­
stat electronics are given below. 

All Digital Gimbal Control Servos 
As explained in the detailed descriptjon nh0v~, the Hcliostnt El~~­
LLurtics for the SRE was a combination digital/analog system with the 
circuitry split about S0/50. This mechan.i..z.dt.i..on produced a design 
that could, with simplP circuit changes, ac~ununodate a wide range of 
gimbal step sizes, servo scale factors, motor sizes, and motor torque 
levels. The flexibility of this·approach was appreciated when for 
example after the engineering model heliostat was built, the outer 
axis motor and servo scale factor were changed because of unexpected 
dynamic load friction levels with very little impact on the electronics. 
The cost 6f this flexibility howevPr was added ~omplex.i..Ly. Based on 
the experience gained during the SRE, it is felt that the circuitry 
can be somewhat simplifi~d. 

The biggest such simplification invo 1 VP<; ~limina ting all l.i..m:d.c: analog 
c.i..rcuitry and replacing it with Class S (switching) types of circuits. 
The ultimate result of this change is that full motor voltage will be 
applied whenever motor torque is called for rather than any fraction 
of full voltage that is possible with the SRE version. While this 
method would seem to eliminate control of servo scale factor, varia­
tions could be effected if required by the use of pulse width modula­
tion techniques. 
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The parts savings associated with this change is significant. The 
digital circuitry required to implement this in the inner axis is 
shown in Figure 3-40 along with the analog circuitry it replaces. 
a complete system, it has been estimated that 109 less parts will 
required with a piece parts savings of ~$100 per heliostat. 

Elimination of the ±15 Volt Power Supply 

For 
be 

Switching to an all digital servo provides as a secondary benefit, the 
possibility of a second major electronics functional simplification 
which is the elimination of the ±15 volt power supply. Elimination 
of the analog portion of the servo eliminates all LM101A operational 
amplifier stages which are the primary users of ±15 volt power. All 
remaining circuitry could be operated from the +5. vdc regulated line 
or the +24 vdc battery except for the UART, which requires -12 vdc at 
7 ma. If a replacement UART not requiring -12 vdc cannot be found, 
it is felt that this voltage can be supplied by a simple two tran­
sistor capacitively coupled inverter/rectifier. 

Substitution of a Third Control Loop tor the Twu MoLor Synchronizer 
Elimination of the two motor synchronizer circuitry by using separate 
outer axis control loops is also a simplification possibility. The 
rationale for this is as follows. 

In administering a 15 step command, the two motor synchronizer will 
keep both outer axis motors within two motor revolutions of each other. 
In carrying out a one step command, which is the fine track mode, the 
two motor synchronizer may have no operating effect at all s~nce _only 
a fraction of a second is required to administer a command and com­
mands are several seconds apart. In fact, the two motor synchronizer 
may allow the outer axis position difference to build up to two motor 
revolutions and maintain this difference throughout the tracking day, 
an error though small, that separate control loops will eliminate. 

The primary purpose of the two motor synchronizer, therefore, is not 
to maintain outer axis sync so as to control redirected beam shape 
and size during track. It does limit the difference during high speed 
slew to two motor revolutions which prevents a large twisting of the 
frame. It also serves a limited fail safe function by removing power 
from the leading motor should one become stalled because of a 
malfunction. 

With regard to failure protection, the motor overtemp detector will 
provide far more protection capability than the two motor synchronizer. 
With respect to the twisting of the frame, the experience of the SRE 
has shown this not to be a concern. Since the circuitry to add a 
third control loop is simpler than the circuitry for the two motor 
synchronizer, Lltt! !::>yi""-:hrou.i11cr 'dill prnhnhly be eljminated. 

Intra-functiuu circuitry will also bP. simplified as much as possible 
in the producibility study. 
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Long Term Improvements. 
For the long term, major improvements in the cost of the electronics 
will have to come from techniques such as large scale integration (LSI) 
or the substitution of a microprocessor for much of the control servo. 
LSI can probably encompass more of the required circuitry per chip 
than the microprocessor version but has the disadvantage of having a 
fairly high front end cost to develop and is somewhat inflexible. The 
microprocessor being a chip already in production has its development 
costs spread over many users. It also retains a great deal of design 
flexibility replacing hardware changes with changes in software and 
will hopefully be second sourced. Even without using its arithmetic 
capability, studies have ~hown that economies can be effected by using 
microprocessors to replace logic designs employing 30 or more chips. 
The present Heliostat Electronics uses approximately 100 chips. 

A Heliostat Electronics design using microprocessors can probably be 
ready for the Pilot Plant. An LSI design lies somewhere beyond the 
Pilot rlant. 

Summary of Electronic Improvements 

• Conversion to an all digital servo 

• Elimination of the ±15 volt power supply 

• Substitution of a third control loop for two motor synchronizer 

o Intra-function simplification 

• Large scale integration 

• use of microprocessors. 
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POWER ANALYSIS AND DISCUSSION 
The power consumption analysis for the heliostat consists of separate 
analyses of the continuous and transient power requirements which are 
then combined to determine the overall power requirements. Continuous 
power is that power required by the Heliostat Electronics (HE) whether 
or not a gimbal update is being carried out. Transient power is that 
additional power required to perform a gimbal update. 

The continuous power requirements of the HE are determined by adding 
up the power drawn by the individual components that make up the HE. 
The model used for this analysis is the HE from the SRE. Low power 
Schottky T2L was assumed for all logic elements. 

Part l of Appendix D contains the details of the analysis showing 
the parts, the current requirements of each and the totals. Based 
on this analysis, the total continuous operating power requirement 
is the sum of the power drawn from each supply r.md is determined lo 
be 19.80 watts at the battery level, For an assum~d operating day of 
14 lluurs, contJ..nuous 'power requirements are (14) (19.80) = 277.2 watt 
hours/day. · · 

The power supply current drains predicted by the analysis are compared 
to the values measured on the engineering model in Table 3-3. The 
predicted values have been adjusted to exclude the currents drawn by 
the initialization electronics and the initialization and incremental 
encoder opto pairs, which are the conditions under which the measure­
ments were made. The value predicted for the 5 volt supply is less 
than the measured value probably because a significant number of 
standard T2L elements were used in the engineering model because of 
their availability. Standard T2L draws considerably more power than 
the low power Schottky devices assumed in the analysic. 

Table 3-3. Comparison of Measured and Predicted Values 
of Power Supply Current Drains 

Current Dra:i.u, llld. 

Supply Pred Me as 

+5 535 810 

+15 102 90 

-15 113 lUU 

+24 124 

The values predicted for the ±l5V supplies ar-e more than the measurGd 
values probably because the quiescent currents of the oper~tinnRl 
amplifiers weL~ less than assumed in the analysis. The 24 volt 
current drain was not measured. 

The transient power is the additional power required to carry out a 
gimbal update, that is, the powe~ to drive the motors to move the 
gimbals. To determine this power, an analysis was done to determine 
the motor speed, current, and power as a function of time. The power 
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to carry out a 1 or 15 step command was then determined from which 
the power to track or slew ~n watt hours/gimbal degrees was calculated. 
Only 1 step commands were assumed to be administered in the track 
mode and only 15 step commands in the slew mode. 

Details of the analysis are given in Part 2 of Appendix D. The cal­
culated values for the inner and outer axis track and slew modes can 
be found in the summary in Table 3-4. The table also shows the amount 
and type of gimbal travel assumed for an operating day and the power 
required to perform those maneuvers. Total power for all gimbal · 
maneuvers is seen to be 49.93 watt hours. 

Table 3-4. Gimbal Update Power Requirements 

Power Travel Power 
Gimbal and Drive Watt Hrs/Deg Deg/Day Watt Hrs/Day 

Inner, Track 0.06341 90 5.707 

Inner, Slew 0.01980 450 >3.911 

Outer, Track 0.14605 90 13.144 

Outer, Slew 0.12315 180 22.167 

Totals 49.93 watt hrs/day 

The overall power requirement at the battery level is the sum of the 
continuous power and transient power and is equal to 277.2 watt hrs/day 
+ 49.93 watt hrs/day = 327.13 watt hrs day. Average power is 327.13 
watt hrs day/14 operating hrs/day = 23.37 watts at battery level. 
Assuming 20 percent more power has to be put into the batt.ery than 
can be taken out and a battery charger efficiency of 60 percent, the 
average line power to operate a heliostat is 

<23 · 37 ) (l. 2 ) = 46.74 w~tts or 654.36 watt hrs/day for a 14 hr day 
0.6 

COLLECTOR FIELD ARRANGEMENT 

Power Wiring 
The field layout for heliostat power wiring is shown in Fiyure 3-41. 
For power distribution purposes, the pilot plant is divided in eight 
sections with approximately 200 heliostats in each section. To reduce 
transmission losses, high voltage at· 2400 vac phase to ground is fed 
from the tower to transformers centrally located in each section. The 
transformers convert the 2400V to 120/240 vac, a value that is reason­
ably safe for general distribution among the heliostats. Two high 
current row feeder lines fan out from each transformer to provide 
power to tie points on radial rows of heliostats. ¥rom these tie 
points, heliostat feeder linAS aistribute power to {ndividual 
heliostats. 
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The high voltage network that interconnects the field transformers 
forms a ring that completely encircles the tower. To provide for a 
measure of redundancy, the high voltage connection from the tower to 
the ring is by means of two separate feeder lines requiring a double 
break in the system before high voltage is lost to any section. 

Average power dissipation for a heliostat is currently estimated to be 
46.7 watts. To provide for some margin, line losses were calculated 
for values 1.8 X this or 86 watts/heliostat. Losses were limited to 
one percent to the furthest transformer in the high voltage feeder 
line and five percent to the furthest heliostat in the low voltage 
system. For the low voltage distribution system, wire sizes were 
calculated for 120 and 240 volt systems. 

Based on the above, 1676m (5500 ft) of AWG No. 2 Aluminum conductor 
plus safety wire is required for the high voltage feeder lines. For 
the low voltage distribution system .. w:, /:,m (b 1:,uu tt) ot two conductor 
plus safety line is required. For the 120 volt system wire sizes will 
range from AWG 000 to No. 14. For the 240 volt system, wire sizes 
averaqe six to seven sizes less requirinq a maximum size of AWG No. 4 
for the heaviest feeder. Table 3-5 of the accompanying Figures 3-42 
and 3-43 shows the wire sizes and lengths of the various low voltage 
feeder lines. 

High voltage wiring will be buried to a depth 0.9m (36 in.) and low vo : 
age to a depth of 0.6m (24 in.) with signal wires at a depth of 0.46m 
(18 in.). Enclosures may be used at higher cost but are not included 
our design. 

Control Signal Wiring 
The computer/heliostat communications wiring will be radial throug hout 
the field to minimize length and share common trenching as much as 
possible with the power distribution system. In-line superheater and 
boiler heliostats will share a common line such that loss of a line 
will result in a heat loss distributed amonq the receiver components 
rather than concentrated in one section. All communications lines 
will terminate at the tower so that transmitted data can be checked at 
the end of the line. The accompanying figure shows the routing and 
lengths of the communications lines. 

For the pilot plant field a total ot 18 separate lines will be requiLe< 
with an aggregate length of 26173m (86200 ft). There is an average of 
94 heliostats on a line with a maximum of 104. Communications lines 
will be twisted shielded pairs of AWG No. 18 buried to a depth of 
0.46m (18 inches). 

Field Instrumentation and Calibration Array Wiring · 
Field instrumentation communication lines will be routed in a manner 
similar to the method used for the control communications lines, that 
is, in a radial manner and shnring common trenching. Seven lines will 
be required with an aggreyale length of 4267m (14000 ft). Field in­
strumentation communications lines will be twisted shielded pairs of 
AWG No. 22 buried to a depth o£ 0.46m (18 inches). Shown 1n ~·ig-
ure 3-43 are the lengths and routing for the various buses. 



Table 3-5 . Heliostat Low Voltage Power \viring 

Wire Size 
(220 Volt System) 4 5 6 6 10 12 14 16 18 20 

Wire Size 
(110 Volt System) 000 00 0 1 5 6 8 10 12 14 

Zone 1 (m) 107 171 250 608 1036 831 

Zone 2 (m) 277 283 1416 581 

Zone 3 (m) 256 291 1309 463 318 

Zone 4 (m) 73 97 158 321 597 230 580 21 

Totals, 
1/2 Fie:..d (m) 384 427 73 97 158 321 1138 2430 3505 1751 

w 
X 2 I 

"' -...] 

Totals, 
?ull Field (m) 768 854 146 194 316 642 2276 4860 7010 3502 

Total composite Heliostat Low Voltage Power Wiring = 20575m (67500 ft) . 
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Figure 3-42. Heliostat Communications 
Siqnal Interconnect Diaqram and 
Communications Wiring Summation 
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Operating power for field instrumentation will be acquired from the 
closest heliostat site. 

The Calibration Array/Control Computer interface will also be by means 
of twisted shielded pairs. Two pairs of lines are required for each 
calibration array for a total of 16 lines. Aggregate length of these 
lines is 2438m (8000 ft). Wire size is AWG No. 22. 

Although properly a part of the collector subsystem, the essential 
calibration array is treated summarily here and in complete detail 
in Section 5. This is in accordance with an outline which requested 
treatment there ·of instrumentation and control equipment. 

Overall Operation 
The calibrat1on array provides a quick and efficient means to make 
measurements on the redirected beam. With the beam directed toward 
the array, a series ot photodetectors spread across the array provide 
electrical signal samples of the energy levels throughout the beam. 
The samples are scaled, multiplexed to a single line, digitally con­
verted and transmitted in serial fashion to the computer upon request. 

Beam shape, size, and intensity information are contained in the data 
block. The data is used in several ways. Energy centroid calculations 
permit updates to the computer program to correct for differences be­
tween the perceived and predicted beam position. This periodic feed­
back will provide measured checkpoints of how well the system is oper­
ating over long periods of time. 

Total energy calculations for the beam can also be made from this data 
which when compared to the energy available can be used to determine 
when cleaning may be required. The effectiveness of toe-in and focus­
ing can also be determined by comparing measured shape and size pat­
terns to theoretically determined optimum patterns. 

Automatic background suppression was used on the SRE which may not 
be required at the Pilot Plant and beyond. Background suppression 
consisted of a series of photodetectors set apart from the main array 
which looked out over the field to provide a measure of the ambient 
energy. These signals were averaged, inverted and added to each array 
detector output to enhance the siqnal to backqround ratio. This off­
set measurement was required for the SRE because the beam tracked the 
array all day long and background suppression of this type proved quite 
effective. At the pilot and commercial plants, the array will only be 
used periodically and a readout of the array before the beam is re­
directed to it will provide direct measurements at each cell which can 
be accounted for on a cell by cell basis in the computer. This method 
should be even more effective than the offset method since the same 
ceil will be used for both measurements. 

For the pilot plant eight calibration arrays will be used ranging in 
size depending on section of the field the array is required to ser­
vice. The arrays will be placed atop the tower. The same MUX unit 
will be used to relay receiver data down the tower using a single 
twisted shielded pair for every 256 sensors. 
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A block diagram of the calibration array and processing electronics is 
given in Figure 3-44. Details of the system are contained in the 
following paragraphs. 

COMMAND CONTROL ARRANGEMENT 
The open loop command and control scheme of the collector subsystem 
is basically simple. A central processor complex computes the sun 
vector and knowing the geodetic geometry of each heliostat and the 
receiver, calculates the required inner and outer axis rotation for 
each heliostat and issues the appropriate integer commands over a 
data bus. At each heliostat, the command word is decoded and the 
respective axis driven to position by keeping track of integer motor 
revolutions taken from a known reference or start point (initializa­
tion) such that the redirected beam tracks a given point on the 
receiver's cavity.wall. Different modes of operation are under com­
puter and/oroperator control depending upon the immediate Pilot 
Plant System requirements. 

Figure 3-8 shows a general functional block daigram of the collector 
subsystem which emphasizes the control interplay. Figure 3-3 pre­
sented a drawing tree of the collector subsystem control subsystem 
(BG8251Bl) showing the heart of the control subsystem is the Level 
6/43 computer network. Chosen because of (1) 64 vectored interrupts, 
(2) automatic context save/restore, (3) high bus bandwidth, (4) num­
ber of buses,. (5) memory address capability and (6) number of device 
addresses. 

Primary functions performed by the control subsystem are: 

a. Computation of the sun vector to each heliostat. For the pilot 
plant, one calculation per second common to the entire field of 
heliostats will be adequate. For the commercial scaled plant, 
a separate geodetic reference sun vector should be calculated 
once per second.for each commercial plant module. 

b.· Computation of the mirror normal vector for each heliostat 
which will satisfy the mode of operation. The required inner 
axis and outer axis rotation will be calculated once per second 
and compared with the present orientations for each tilt-tilt 
heliostat under the computer's control. 

c. Command and control of the"heliostats. Commands will be issued 
at a maximum rate of once per second to each heliostat. If 
different heliostats (AZ-EL and Tilt-Tilt) are included in the 
pilot plant, the commands will be in a "universal" format. 

d. Mode control of the collector subsystem field. ·Present modes 
include: 

• Stow (or. Safe) 

• Initialization 
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• Track Primary Target 

• Track Secondary (or Standby) Target 

• Emergency Defocus 

• Calibrate 

e. Calibration of the heliostats. As required, each heliostat will 
be sent to a calibration array for accuracy verification and 
possible offset adjustments made to certain constants. 

f. Performance monitoring of collector subsystem. 

g. Provide operator control and interface capability from the 
operator console. 

h. Provide displays and visual indicators as required. 

i. Provide Pilot Plant/Commercial Plant central control computer 
with the required interfaces and responses. 

j. Provide the capability for off-line data reduction and analysis. 

The overall computer, peripheral, and communication interface is 
depicted in Figure 3-45. 

An artist's conception of the operator Operation Console (PN 34028595) 
is shown as Figure 3-46. 

Computer System Overview· 
The proposed configuration is a distributed processing system designed 
for maximum backup, computational capacity, and throughput while keep­
ing cost at a minimum. The primary heliostat control computer con­
figuration consists of dual Level 6/43 central processors with memory 
management options configured on a single 23 slot megabus (Figure 3-47). 
This arrangement allows the central processors to share memory and 
peripherals in a very efficient manner. One Central Processor Unit 
(CPU) will be dedicated to the computation and initiation of commands 
to the heliostats, while the second will perform the remaining func­
tions assigned to the control computer system. Both will run self­
test routines periodically to verify continued correct operation. 
Should one of the CPUs fail the self-test, the operator will be noti­
fied and its functions will be assumed by the CPU in the Back-up 
Control Computer System which can interface with all of the devices 
and memory available to the primary computer via the Inter-System 
Link (ISL). 

The computers, 16 cartridge disks, dual floppy disks, memory and 
multiline communication controllers will reside in 2 two-bay racks. 
Two disk drives will be housed separately. An example cabinet is 
shown in· Figure 3-48 surrounded by the chosen peripherals. A recom­
mended floor plan is_given in Figure 3-49 and a composite configura­
tion list with }_Jar L rn:unl.Jt::n l:, ::;l!uwu lu 'l'ctl.Jle 3-6. Items lmllt.:ct·tecl 
with a (e) were not shown within the block diagram of Figure 3-47. 
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Table 3-6. Solar Computer Complex for Pilot Plant 
Or One Commercial Plant Module 

Part No. 

CPS9551 

• CPS9552 

CPF9501 

• CMC9502 

CMM9502 

CMC9502 

CMM9502 

CPF9503 

• P~SYUU:l 

CPU9501 

• MTC9101 

• MTU9l21 

e MTl-19102 

• CRU9108 

• CRM9101 

• TWU9106 

• KCM91·01 

MDC9101 

• PRM9101 

• PRU9105 

MSC9101 

• CDM9101 

• CDU9116 

MLC9104 

MLC9104. 

MLC9104 

HLC9104·· 

• VIP7105 

• CAB9004 

• CAS9008 

• CAB9008 

3 

3 

3 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

8 

2 

2 

2 

Description 

6/43 in 10 slot megabus 

6/43 in 5 slot megabus 

Memory Management Option 

Double word fetch memory controller with 16K\v 
EDAC memory 

Additional double word fetch 16KW of EDAC memory 

Double word fetch memory controller 

Additional 16K\\T EDAC memory 

Scientific Instruction Processor 

~ingle ~hase, 115v, 

6/43 CPU only 

Magnetic Tape Controller 

amp PDU (memui·y !:;clve) 

7 Track Mag Tape Drive 

Device Pac for 7 Track Tape 

300 CPM Card Reader 

Device Pac for Card Reader 

120 CPS Console Typewriter 

Device Pac for KSR 

Multiple Device Controller 

Devic~ Pac for Line Printer 

48 0 LP~1 Printer 

Mass Storage Controller 

Device Pac for Cartridge Disk 

High density cartridge disk - lR, lF 

Multiline communications processor with current 
loop comm pacs with 8 asynch lines up to 9.6KB 
each., with cables 

Multiline. communications processor 

Multiline· communications processor 

Multiline communications processor 

Asynchronous CRT/Keyboard Terminal 

· 60 in rack mounted PDU without panels and doors 

Panel ~ onQ side 

Panel - one side 



• 
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Table 3-6.. Solar Computer Complex for Pilot Plant 
Or One Commercial Plant Module (Con~inued) 

Part No. 

CAB9009 

CPS946X 

CPF9401 

CPF9402 

CAB9402 

DIU9102 

DIM9101 

TBD 

Qty Description 

2 Door - .rear 

2 I/0 Channels >48 

Watch Dog Timer 

Multiprocessor Option 

.2 9-slot megabus expansion chassis 

2 Dual d~skette 

4 Diskette Device Pac 

Inter-System Link 

Table 3-7. Priority Levels 

INTERRUPTS 

Capability 

Assigned 

Total 

64 

18 Heliostat Line Drivers 

1 WDT Watch Dog 'l'imer 

1 CRT/Operator 

2 Disks (Cartridge) 

1 Diskette 

1 ISL 

8 UART for multiplexed calibration datq. 

1 Serial Printer 

7 UART Multiplexed weather data insulation 
monitors and heliostnts wraparound commands, 
and selected heliostat resolver data 

40 
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Computer Architecture 
The heart of the Level 6 system proposed for the pilot plant system is 
the 23 slot Hegabus. All elements of the Level 6 central processor, 
memory, peripheral devices and communication controllers are attached 
to the Megabus and all transfers (memory, interrupts, -instructions) 
between them take place on the ~~gabus. It supports h{gh speed asyn­
chronous data transfer betweenall of the boards plugged into it ·at 
rates up to 3 million 16 bit words per second. An extensive use of 
microprocessors in the design of each motherboard (such as the multiple 
device controller, multiline com!nunica tions processor, 'imd mass storage 
controller) supports input/output to each external noted on Figure 3-47 
to proceed simultaneously with internal algorithm computations in the 
dual Level 6/43 CPU boards and scientific instruction processor: 
These features plus a large number of program-visible registers, .. an 
extensive addressing capability and an instruction set designed for 
efficient programming make the Level 6 an ideal computer system for the 
heliostat control problem. Table 3-7 summarizes the prima~y capabil­
ities of the Level 6 components chosen for the collector subsystem 
control computer system. 

40 of the possible 64 priority levels have been assigned per Table 3-7. 
There is automatic interrupt identification, as when a device inter­
rupts and identifies itself to the central processor. The Megabus 
also has an automatic save/restore of context (done normally on other 
systems by software). This plus parity checking on the Megabus 
ensures the integrity of data transfers. ·· 

The Megabus can transfer either words or bytes. All transfers are 
of the direct memory access (DMA) type; each device controller main­
tains its own information about the location in memory to/from which 
data is to be transferred and accesses that location directly. DMA 
transfers result in minimal software involvement. Control of the 
Megabus is distributed; each unit on it contains all of the control 
and timing it needs to use the bus, without the need for a central 
control unit of any kind. 

A distributed tiebreaking network provides the function of granting 
Megabus cycles and resolving simultaneous requests. The logic to 
accomplish this function again resides in every unit on the bus. 
Priority is granted on the basis of physical position on the bus. 
Memory is granted the highest priority and the central processor the 
lowest. Other units are positioned on the bus according to their 
performance requirements, their priority increasing according to 
their proximity to memory. Figure 3-47 contains a proposed assign­
ment for the Pilot Plant Primary Heliostat Control Computer System. 

Timing 
Analysis has shown that the Level 6/43 Processor as previously defined 
can handle the number of calculations and communications throughput 
for a field of 1680 heliostats. An analysis for the reduction in 
the requirements to 1598 heliostats has not been made. For the com­
mercial plant applications, the total computer hardware requirements 
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will not change even though the number of heliostats p~r module will 
increase to 4642 heliostats because no back-up computer will be­
required for off-line processing within each module. The three CPUs 
can then be dedicated to heliostat control with a nominal interface 
of 1548 heliostats per CPU required. The command issue rate can still 
be once per second update. 

The exact timing associated with any Level !) instruction depends upon 
the addressing mode associated with it and type of memory in the con­
figuration. The double-pull memory chosen for the Solar Pilot Plant 
Heliostat Control Computer provides the maximum speed available on 
the Level 6 today (when the cache memory is formally announced in 1977 
it will provide an improvement of approximately 40 percent). 

Table 3-8 gives nominal execution times for Level 6/43 instructions 
using double pull memory. Many of the computations for the heliostat 
will utilize the scientific instruction processor (SIP) which can 
execute in parallel with its associated central processor {CPU b9ard). 

Table 3-9 gives detailed execution· times for a selection of the 
scientific instructions available with the-SIP when double pull memory 
is not utilized. Its inclusion will result in an improvement of 
approximately 60 percent. Of special interest is the last column in 
the table which notes the amount of time available for parallel execu­
tion in the CPU and SIP. 

Software 
There are three groupings of software applicable to the pilot plant 
or comme~cial plant: 

1. The basic operational program 

2~ The support software to perform the systems functions 

3. Performance analysis pff-line software 

Operational Program 
Experience with the SRE operational program has demonstrated the con­
cept of the majority of the proposed pilot plant and commercial plant 
operations. 

• Open loop tracking via commands to heliostats 

• Secondary target attainment 

• Calibration via the calibration array 

• 1\ll required vector calculations and beam ~orrP.r.t.inn factors 

• Flexible operator responses 

• Recording data for off-line data analysis 

A listing of the program used in the SRE is provided as Appendix E 
to this PDR. Additional effort will have to be spent to separate 
the coding for the following new areas. 



3-83 

Table 3-8. Nominal Level 6/43 Exe.cution Times 

! . 

Load Index Register 

toad Base Re·gister 

·Add Subtract 

·.Multiply 

Divide 

·'. 

2 ).Jsec· 

2.5 ).Jsec 

1. 2 ).Jsec 

8 ).Jsec 

10 ).Jsec 

. '• 
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Table 3-9. Performance of Scientific Instructions 
(Normal Memory) 

.. Overall Available 
.. Inst;ruction Instr ·rime SIP/CPU.-

Instruction Address Format (]Jsec) (for overlap) 
., . :. " 

Multiply s~ op SAD 8.15 1. 63/6 .~i2 
' s~a op SAO 11.45 : 1.63/9.'42 

R op SA 8.60 1.63/6.01 
RR op SA 12.40 1.63/9.45 
MD op s~ 10.04 ; 1. 83/6.38 

MQ op SAQ 

---·-· 
.Divide SAD op SAD 7.17 1. 63/5 .)4 __ . __ .... 

SA Q op SAQ 14,52 1.63/12;49 

R op SA 7.62 1. 63/5.03 
RR op SA 15.47 1. 63/12.52 
MD op SAD I 9.06 1.83/5.40 

M· 
Q 

op SAQ 17 .64. 1. 83/13.98 

Compare .SAD op SAD 3.27 1. 63/1.24 

SAQ op SAQ 3.27 1. 63/1. 24 

R op SA 3.72 1. 63/1.13 
RR op SA 4.22 1. 63/1.27 

~ op SA0 
5.16 1. 83/l. 50 

MQ op SAQ 6.39 1.83/2.'73 
.. _, ., --- ....... 

Branch . Branch 3.23 1.63/0.0 .. 
. 0 Ofl 

Indicator .. 

Branch Branch 3.23 1.63/0.0 
on 

Accumulator 
- .. - -.-··----

op - Operation, SLO (Scienl:..ific Load) 
SA

0 
- Scientific Accumulator ('Double word length) 

SAQ - Scientific Accumulator (Quadruple word length) 

SA - Scientific Accumulator (D or Q word length) 
~ - Main Memory Location (Double word length) 

MQ - Main Memory Location (Quadruple word length) 

R - Cen~r.al Processor Register (Single integer length) 
RR - Central Processor Registers (Double inteyer length) 

' 
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Table 3-9. Performance of Scientific ·Instructions 
{Normal Memory) 

{Continued) . 

Overall Available 
Instruction Instr Time SIP/CPU.·. 

Instruction Address Format {1J5ec) {for overiap) 

Load SAD SAD 2.28 1.63/0.25 

SAQ SAQ 2.28 1. 63/0.25 
' 

R SA. 2.73 : 1. 63/0.14 
RR SA ' 3.23 1. 63/0.28 

~ SAD 4.17 1.83/0.51 

- .. r\~ SAQ 6. 00· 1. 83/2.34 

Store SAD SAO 2.28 1. 63/0.40 

SAQ SAQ 2. 28 ' 1.63/0~40 

SA R 2.79 1.63/0.0 
SA RR 3.55 1. 63/0.0 

SAD ~ ,·. 4.43 1. 83/0.77 

SAQ MQ 5.73 1.83/2.0? 

Swap SAD srn 2.78 1.63/0.75 

SAQ SAQ 2.78 1.63/0.75 

R SA 3.79 1.63/0.0 
RR SA 4.55 1.63/0.0 

~ SAD 6.67 1.83/3.01 

MQ SAQ .9. 20 1.83/5.54 

Add SAD SAD ·3.75 1.63/1.72 
Subtract 

·SAQ· SAQ 3.57 1. 63/1.54 

R SA ·4.20 1. 63/1.61 
RR op SA 4.52 1.63/1~57 

. . Mo op SAD 5.64 1.83/L98 

MQ op SAQ 6.69 1. 83/3.03 

: 



• Monitor large quantity of meteorological data 

• Pilot Plant level control (master control) and interface modules 

• Control of beam travel in prescribed sequences and trajectories 
for safing reasons 

• Calibration sequencing of a field of heliostats 

• Start-up and shut down sequences 

• Control redirected insolation as a function of cloud coyerage 
and receiver constraints 

• Revise calibration algorithms 

• Maintain status on each heliostat, provide displays to 9perator 

• Computer and console self-tests. 

It is envisioned that most of the progranuning can be. done in a higher 
nrnPr 1 r~ngnr:~ge (FORTRAN) usinq newly developed optimi:l.iuy· Level 6· 
compilers for improving timing and memory mimagement. li:'l. line assembly 
coding must be used for input/output command formulations and issuance/ 
receipt. The SRE experience has shown that no double precision arith-
metic is required. · 

Level 6 Software Characteristics.. Level 6 offers both a basic and an 
extended software capability. 

General Comprehensive Operating System (GCOS) 6/3 performs the chief 
system functions needed for program development, checkout and support. 
Figure 3-50 provides an overview of the various modules, languages, 
programs, and development tools. 

The program development tools are comprised of: a command Proce~suL 
that interacts with the Loader to bring the other· system modules into 
memory, two language processors; a FORTRAN Compiler and an Assembler 
for the Level 6 Assembly Language, an t:ditor fur t.:o.rrecting the source 
text of programs written in either language, a Linker that converts 
object modules from the Assembler or the compiler into an executable 
form, and a Cross-Reference Program, which is a utility that relates 
the symbolic tags of an assembly program to the listing line numbers 
where they appear. Figure 3-51 summarizes a sequence of events that 
will take place during the development of the Solar Pilot Plant Program. 

Exet.:ulive Modules 
The Execut1ve software is a basic set of support facilities such as 
peripheral drivers, disk and diskette file managers, buffer manager, 
clock handler, automatic task scheduler and dispatcher based on a 
flexible priority/interrupt structure, and the trnp manager ro~ cer­
tain conditions arising out of program execution, etc. Figure 3-52 
shows the interrelationships of the Executive modules with the helio­
stat control computer programs. 



e TASK MANAGER 
• CLOCK MANAGER 
.• OPERATOR INTERFACE MGR 
• BUFFER MANAGER 

UT Ill TY PROGRAMS 

• UTILITY SET I , . 
INITIALIZE VOLUME FILE 
AllOCATE. DELETE. LIST 
OUMP. R~PIAOF RENA~E 

• UT Ill TY SET 2 
PRINT DUMP LOGICAL FILE 
DUMP PHYSICAL DISKETTE 
0 I S11ETTE TO PAPER TAPE 
CARD PAPER TAPE TO DISKETTE 

• UTILITY SET 3 
COPY. COMPARE 

e DEBUGGER 
• PROGRAM PATCH 

Figure 3-51. 
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• COMMAND PROCESSOR 
• ED IT OR 
• ASSEMBLER 
• FORTRAN COMPILER 
• ll NKER 
• CROSS-REFERENCE PROGRAM 

PRJGRAMMING LANGUAGES 

• ASSEMBLY LANGUAGE 
• FORTRAN (ANSI 1976) 

0477-368 

• ON LINE ELEMENTS 
• FILE MANAGER 
• FORTRAN RUN- Tl ME . , _ .. 
' I ·o ROUTINES lFRIOR) ·· 
• DRIVERS 

CARD READER 
PR I NTERl S J 
CONSOLE lKSR ASRJ 
DISKETTE 

OTHER SOFTWARE 

• CONFIGURATION LOAD MANAGER 
• LOADERS 

0 I SKETTE 
DISK 

• FORTRAN MATH ROUTINES 
~ FLOATING-POINT SIMULATOR 
e TRACE TRAP HANDLER 

Program Development Sequence 
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Test Data Reduction Programs 
Programs to reduce recorded data were developed for the SRE to evaluate 
tracking accuracy and redirected energy flux maps. However, the data 
analysis requirement for the pilot pJ..aJ?.t.applications will be far more 
extensiye •. With the back-up Lever 6·co~puter, full conl:!ideration was 
gi veri· to provide the computatio!lal· power be able, tq 

e ':.·Reduce d~{ily energy data and calibration, per heliosta:t, data 

·. · • ,Generate plots and other evaluation tools 

• 'Compile: ~pecial pUrpose programs for correlation studies 

• Flag 'tre~d.ing problem areas . 

• Store l~rge quantities of irrtermediate data via' 4isk and tape 
for f~iure off-line data reduction use. an4 distribution to other 
interes:t,ed parties 

· · .. ~.·:··Determine :better :calibration algori thrns and/or· procedures 

• Correlate day to day energy capture with respect to the following 
influences: 

• Calibration interval 

• Communication link wraparound check failures .. 

• Temperature 

• \'lind 

• Insolation level·s 

• Shadowing and blocking 

• Humidity 

,· .,, 

• Time of year versus toe-in setting (flux mapping via calibra~ 
tion array) 

• Parasitic power 

• Storage subsystem usage and performance 

• Control philosophy (how early and sequence ~o g~t on target, 
whether to stow or not during short interval rains, etc.) 

• Reoei~er efficiency. 

The detailed requirements for data analysis will be generated during 
the detail design phase of the pilot plant collector subsystem devel­
opment. Coding will be done during the period of hardware fabrica­
tion and obviously new requirements will materialize as the initial 
plant integration and checkout start. 

Post test data reduction activities for the commercial plant will be 
obviously reduced because of the non-experimental nature of the com­
mercial plants and many environmental correlation characteristics 
will have been determined during Pilot Plant testing •. 
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CONCLUSION 
All major elements of the collector subsystem have been discussed in­
cluding heliostats, field computers, and software. All of these ele­
ments were proven capable and effective during the SRE efforts. This 
preliminary design represents· a minimum risk and cost effective solu­
tion to the pilot plant coilector sy~tem design problem. · 

r 

) f •'> . 

r 
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Section 4 
PERFORMANCE ANALYSTS AND TRADE ·STUDIES 

The purpose of the first part of this section is to delineate those 
items of analysis which show our heliostat design is ready to support 
·the pilot plant. Since the same heliostat is used for pilot and 
commercial plants all of these analyses are equally applicable to the 
commercial design. 

The second part of this section describes trade off studies and design 
choices which were made during the preliminary design contract. 

The following paragraphs treat mechanical and electrical analyses 
which are followed by the trade offs. 

ANALYSIS SUt-1MARY 
Mechanical analysis has provided early operational success (SRE) , cost 
effective design a~q a foundation for future development. Extensive 
analysis work has been performed to support the pilot plant prelimin­
ary·design. 

An overview of areas investigated is shown below. Although it would 
be impossible to present all of the analysis done to date this summary 
and the ·following .subsections providea picture of the analytical depth 
along with key results. Analysis details may be found through the 
listing .of Technical Coordination·Letters (TCLs) listed in Section 6. 

1. Structural Analysis 
• STARDYNE 

Deflection and stress under wind loads 

Deflection under "g" loading at variable gimbal ~ngles 

• Other 

Thermally induced stress--Ref TCL-SRE-36 

Column loading analysis--Ref TCL-SRE-35 
Frame braces 
Tie rods 
Actuators 
Support posts 

Reinforced concrete analysis 

Torsion stiffness analysis 
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2. Aerodynamic Loading (Ref TCL-SRE 66) 
Wind forces at 13.5 m/s and worst case gimbal ~ngles. 

• Total Moment (wind 1 to outer axis) 346 kg-M (30,000 in.-lbs) 
• Total Drag (wind 1 to outer axis) 298 kg (658 lbs) 
• Total Lift (wind 1 to outer axis) 368 kg (810 lbs) 

Total Drag Force at 54 ms 488 kb (1,074 lbs) 

(Storage position, wind velocity perp to heliostat outer axis) 

(NOTE: Moment are peak values of oscillatory plus center of pressure 
components. These are used for sizing structural stiffness. 
Motor torque requirements are based on center of pressure 
effects only. All values include wind shear effects. 

3. Poi~ting Accuracy Analysis 

Spring rate effects 

Manufacturing and assembly tolerances 

Backlash effects 

Bearing runout and fit effects 

Thermal effects 

Alighment resolution 

Mass imbalance effects 

_Inner axis mm versus tie rods and crank arms 
Ac.tuator imbalance 

4. Thermal Analysis 

.. 

Pointing (toe-in) error.due to differential thermal expansion. 

Tie rod stress due· to differential expansion. 

Study of sensitivity to changes _in solar heating and ambient 
temperature. Ref TCL-SRE-36. 

5. Drive System Analysis 

Bearing loads and life 

Friction torque load on motor 

.. Wind torqu~ loads on motor 

variable 'g' torque loads on motor. (imbalance effects) 

Torque· lo9-ds due. to thermal effec:ts 

Reflected inertia 

Motor sizing analysis 

Reduction ratio of -linear actuator drive 



6. Mass Properties·Analysis 

Weight estimate 

Center of gravity 
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Mass moment of inertia reflected at motor 

Actuator imbalance versus gimbal angle 

Mirror drive balancing 
. ' 

7. Image Analysis 

Image size and sha~es 

Cosine effects 

Mirror shape effects 

Reflectance effects 

8. (:oo·rdinate Tranl:ifuunc:ttluu Auc!llys.i::s 

... 

Conversion of pointing error in three different heliostat frames into a 
target oriented frame. 

9. Motor Sizing Analysis 
comparison of load factors (torque, speed, gear ratio, drive train 
efficiency) to motor capabilities for both inner and outer axis gimbal 
drive~. · 

10. Control Loop Stability Analysis 
Verifies stability of drive system under quantum input commands. 

11. Heliostat Servo Output Amp Small Signal Simulation and Analysis 
. \.. . . 

12. Analysis of Heliostat Response to Environmental Effects 

13. Analysis .and Prognosis for Commercial Plant Changes 

14. Calibration Array Analysis 

15. Heliostat Location Analysis 

STRUCTURAL STATES AND DYNAMIC ANALYSIS 
Structural analysis was conducted on the complete heliostat assembly. 
A large scale digital computer program known as STARDYNE was used for 
these analyses. The program was written and is maintained by Mechanics 
Research Inc. It is available for'use through remote computer facilities 
of Control Data Corporation. Honeywell Report 876-13994, dated 29 
September 1976 is· a complete, detailed, report of analy_sis techniques 
and results. Separate analysis was conducted on the mirror modules by 
Parsons Corporation and a summary of the resul.ts are presented . 

. ~ r.nmpl P.t.P. r~nalysis was conducted for the Parson • s mirror modules used 
on the engineering model heliostat. The changes made in the design 
of the research experiment heliostats were not of major significance 
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insofar as structural properties were concerned. The updated analysis 
was limited to a check of predicted torsional deflection. Mirror mod~ 
ules for the pilot plant will be of similar design. The results of 
these analyses are: · 

Maximum Skin Stress 129 kg/cm2 (1837 psi) 

Maximum Bending Stress - 46.5 kg/cm2 (662.psi) 

Maximum ~hear Stress - 386 kg/cm2 (5492 psi) 

The margin of safety for combined bending and shear.stress is 2.8. 
Obviously stress is not a major consideration. Torsional deflection 
analyses were conducted and predicted 0.7 mr at a maximum torque of 
79 kg-m (7500 in lb.!5). Tests coru.luc..:Leu un Lwo miL.LOL muuules con­
firmed the torsional deflectinn nnn inni~~t~d stre••es wer~ not 
critical. 

In laminated structures exposed to solar radiation and containing 
several types of materials two potential failure modes require 
special attention. These are thermal stresses created when materials 
with different expansion coefficients are rigidly bonded together 
and creep failure in bond joints where stresses are present ·with high 
temperatures. The des·ign and construction of the mirror modules 
have considered these potential problem areas. The expansion co­
efficient for the structure in the plane of the mirror has been closely 
matched to the glass mirror·by using aluminum clad steel skins over 
the honeycomb. This material has only a thin cover of aluminum as a 
corrosion protection and bonding improver over the basic steel sheet. 
The expansion coefficient of steel is 16.2 x lo-6 em/em - °C (9 x lo-6 
in/in- °F) compared to 7.2 x lo-6 em/em- °C (4 x l0-6 in/in- °F) . 
for glass. This is a reasonably close match. Analysis and test data 
has shown.satisfactory stress levels in the two bond joints and ap­
proximately 0.25 em (0 .. 1 l.n.) structural foam in the contoured area 
between the glass and the front skin of the structure. Creep fail­
ures occur when constant strain is present in a structure and the 
resulting stress is relieved by temperatures above recrystallization 
temperature for the m~terial. The Honeywell mirror module design 
does not create stress iri the bond joint at the mirror above the al­
most insignificant stress produced by glass weight of 62.6 kg (138 
lbs), supported by 10m2 of bond .area (<<1.0 psi). The temperature 
of this bond will not exceed 60°C (140°F). Creep failures simply 
do not occur ~t this insignificant stress level and temperature. 

Preliminary analyses were conducted on various parts of the frame and 
on a complete frame using simulated mirror modules. These prelim­
inary analyses were used in the initial evaluation of the frame. The 
initial frame concept was a welded bar joist configuration. The most 
critical portion of the frame was the cantilever beam supporting the 
two end mirror modules. A STARDYNE computer model of this portion of 
the frame was made and analyses conducted for vertical loads and loads 
that exist when the frame was rot?ted 75 degrees about the axis. The 
results showed the 15.24 em (6 in.) by 35.56 em (14 in.) bar joist 

. design was adequate except for a minor problem relative to rotation 
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about its length. This could be corrected ~imply by adding a cross 
brace. The analysis was repeated for a 25.4 em- 37.2 kg/m (10 in. 

·- 25 lb/ft) wide flange. The results showed inadequate torsional, 
stiffness which was corrected by welding 0.317 em (1/8 in.) plates 
between the flange~ on both sides. The analysi~ then showed ade­
quate torsional design. 

A complete frame was modeled on the STARDYNE program. The frame de­
sign was fo~ 25.4 em- 37.2 kg/m (10 in. - 25 lb/ft) wide flange 
beams with torsional stiffeners. The mirror module were simulated 
and entered into the model. The analysis showed deflections and 
stre~ses within acceptance limits. 

The following·reported data is a complete structural analysis of the 
heliostat as finally configured for the solar research experiments. 
A complete model of the frame, mirror module support posts, crank­
arms, tie-rods, etc. was used. Static and dynamic analyses were 
conducted using the STARDYNE programs at·two frame positions and 
for one wind load condition. 

The complete model was analyzed considering that the heliostat was in 
the stowed position. In this position the frame is horizontal arid the 
mirror modules are face down •. A one "g" static load was applied to all 
elements of the structure. The results obtained were deflections, 
loads-and stresses for the structure. All data was within acceptable 
limits. Deflections, rotations and stresses of various heliostat 
structural components are presented in Figure 4-1. Maximum stresses 
occurred in the outer axis bearing_pin and was 10, 430 psi. This 
yields a 2.47 margin of safety. A complete STARDYNE analysis was con­
ducted with "the heliostat rotated 75 degrees about the frame axis and 
the-mirror modules face Up and parallel to the plane of the frame. 
Analysi~ was bondcicted for a one "g" static load, a 13.35 m/sec 
(30 mph) wind load and a combination of the static and wind load. 
Deflections, ~otations and stresses of various heliostat ~tructural 
components are presented in Figure 4-2. The maximum stress of 
18,202 psi occurred on'the outer axis pin. This yields a margin of 
safety of 1.0. The steel used in the frame had a yield strength of 
36,000 psi. 

Dynamic analysis of the heliostat was conducted using the same struc­
tural model.and position as the original static analysis. This was 
the stowed position with frame. horizontal and mirror modules face 
down. Ali eigenvalues (natural f~equencies) of the structure were 
determined by the STARDYNE program. The Householder-OR model extrac­
t.ic;m t.echnique was used. There were J-98 natural frequencies ranging 
from-2.7 Hz to 1555Hz~ The higher frequencies are not significant 
in a structure of this size since sufficient energy at the frequency 
is not normally available to excite them and/or they are insignificant 
portions of the structure. The first 20 eigenvectors were considered 
for later· stress and deflection analyses. The modes were analyzed to 
determine major components in resonance at the various frequency. As 
an exampl·e the first mode shapes is presented in Figure. 4-3 and Figure 
4-4. Figure 4-3 sketches the primary rotation of the four mirrors, in 
phase. The results of computer graphics presentation is given in Figure 
4-4. 



Maxirr.um a-= Maximum 
·Mirror Mo:h:.le ·Maximum for Frame ·.Stress* 

Location X3 Rctation X3 Rotation 
Deflection ~bout X2 Deflection A.bout X2 Moment Spear 

(IM) (MR) (IM) (MR) (PSI) (PSI) 

Front Main Beam 0.130 0.75 0.166 0.80 2,143 1,220 

Rear Main Beam 0.207 0.035 0.218 1.50 1,993 1,018 

cross Beams --- --- 0.082 -- 15,940 3,220 

Outer Axis Pins** --- --- 0.0025 -- 10,430 5,220 
•. 

* Maximum ~oment stress and maximum shear stress did not ~ecessarily·occur at same 
point 

** Maximum stress poin-:::: in frame 

Figur= -4-1. Summai:y Heliostat Deflections and Str.esses Heliostat 
in Horizontal Position lG Static Load 

., • I 

""" I 
0'1 
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1G STATIC LOAD 

Location Mirror Module Mounts 
X3 X1 Rotation Rotat10n 

Deflection Deflection About X3 About X2 
(in) (in) (mr) (mr) 

Front Main Beam 0.022 0.167 2.4 0.25 

Rear Main Bedm 0.022 0.167 2.3 0.37 

Cross Beams --- --- --- ---
Outer A.ods Pins** --- --- --- ---

1G STATIC +30 MPH WIND 

Location . Mirror Module Mounts 
X3 X1 Rotation Rotation 

Deflection Deflection About X3 About X2 
(in) (in) (mr) (mr) 

Front ~1a in Beam 0.007 0.145 2.3 0.63 

Rear Main Beam 0.081 0.145 2.3 0.48 

Cross Beams --- --- --- ---
Outer Axis P1ns** --- --- --- ---

*Maximum monent and shear stress not nec~ssarily at same point 
**Maximum stress point in frame • 

Maximum For Frame 
X3 .<1 Rotation Rotation 

Deflection Defl~ction About X3 About·X2 
(in) (in) (mr) (mr) 

0.047 0.230 2.45 0.26 

0.047 0.230 2.3 0.230 

0.015 --·- --- ---
--- 0.0085 --- --- .. 

Maxi~um For Frame 
X3 XL Rotation Rotation 

Deflection Deflection About X3 About X2 
(in) (in) (mr): (mr); 

0.031 0.216 2.4 0.68 

0.038 0.216 2.35 0.98 

0.015 --- --- ---
--- 0.0097 --- ---

Figure 4-2. Summary Heliostat Deflections and Stresses, Heliostat 
at 75 Degrees Outer Axis Rotation 

Mal(imum 
Stress* 

Moment Shear 
(psi) (psi) 

7,350 3,680 

6,206 3,570 

2,741 4,150 

16,754 8,390 

Max1mum 
Stress* 

Moment Shear 
(psi) (psi) 

7,709 3,860 

6,396 3.700 

3,438 4,710 

18,202 9,110 

"'" I 
-....1 
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Figure 4-3. Modal Shape Heliostat in Stowed Position 



MIRROR 
MODULE 

..------AXES ORIGIN 

•• .• .o' •' 

CENTER MAIN BEAM AT 
MIRROR MODULE AXIS 

4-9 
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Figure 4-4. ·· ueformed Plot - Heliostat Horizontal - First Mode -
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A summary of some of the modes of particular interest follows: 

Natural Frequency 

2.7 

3.2 

3.9 

4.3 

4.60 

4.7 

4.9 

4.9 
6.0 

6.2 

Description of Mode 

Mirror Module rotation. Three units in phase. 

Frame bending in Xl direction. 

Frame rotation 

Frame bending in X3 direction 

Frame bending in X3 direction plus m,irro~ 
module torsion 

Frame bending in X3 direction 

Mirror module rotation. Three units, two in 
phase with 180 degrees shift to third 

Post bendinq in X3 direction 

Frame bending in X3 direction 

M.i.:n:•:.r nK"~di..ll.;o rC• l~.l i.-:-•n. TW•") 1.1.n i t -~ (')11 t (')f 
phase. 

A survivability an~lysis was conducted using the finite element m6del 
and data obtained in-the Householder-QR reported above. The analysis 
was a transient, time history, of the linear elastic model represented 
by the first 20 eigenvectors. Model deflections and associated stresses 
were examined at 400 equally spaced time points between zero and five 
seconds. Load vectors and element dynamic stresses were obtained at 
each time point. The input was assumed to be from vortex shedding 
of the first mirror module and applied simultaneously to the remaining 
three mirror modules to produce vertical loads and torsion in the · 
mirror module. It assumed 40 percent of free stream velocity (38 m/sec) 
as the driving force on each mirror module. One quarter of this force 
was applied as wind load induced torque on the mirror modules at each 
of the following resonant frequencies. 

2.7 Hz Mirror torsion mode 

3.9 Hz Frame bending mode 

4.6 Hz Frame bending mode 

4.9 Hz Mirror torsion mode 

The loads thus simulated are much greater than could be reasonable 
expected ·to result. · The stresses resulting from these loads .are shown 
for various heliostat elements by Table 4-1. Only one stress point of 
any significance was noted. This was 27,600 psi at crank arm adjacent 
to the driven mirror module. This arm was fabricated from steel with 
a yield strength of 36,000 psi thus presently has a margin· of safety 
of 0.3. Additional margin of safety may be obtained simply for pilot 
plant heliostats by using higher strength steel. Due to limited exposure 
to this environment, location in a single component and conservative .. 
nature of the assumed input, this is considered satisfactory. 



Table 4-1. LG8016B Heliostat Assembly SurvivabiLity 
Stress (Dynamic Only) 

Stress 
Location ~ Magm.tude 

outer Axis Pin ··Shear 140 

Moment 6,292 

Cross Beam .Moment 1,336 
(At Front Support) 

Angle Braces Axial 856 

Outer Axis Drive . Axial 1,248 

Tie Rod Axial 8,508 

Crank Arm Shea!' :l,0.'1.1 

(IA Drive Position) Moment 27,600 

AERODYNAMIC ANALYSIS 

(psi) 

The previously described structural analysis used load calculations made 
early in the program. These calculations produced data such as that 
shown in FigUre 4-5 and:Tables 4-2 and 4-3. The·~etails of these and 
other aerodynamic analyses in contained-in TCL-SRE-66. 

COLLECTOR SUBSYSTEM POINTING ACCURACY ANALYSIS 
An error bud~et was presented in Detail Design Report (Reference 6) 
that indicated we were well within the 2 milliradian lcr requirement. 
Experience ·on· the·SRE provided new information which has been used to 
update the.error budget. Although several items have been added or 
deleted and others have changed value, the total RSS values are un­
changed within the·accuracy of prediction. 

Table 4-4 compares the two budgets at a summary level. Figure 4-6 con­
tains heliostat rotation frames described in ·Tables 4-4 through 4-6. 
Table 4-5 sununarizes the updated independent er.ror sources; while Table 
4-6 shows all the elements.that compri8c just one item (mirror drive 
backlash) in Table 4-5. Note that some improvement·is anticipated for 
the pilot plant heliostats resulting from detail design changes. 

Changes in some items of Table 4-4 deserve mention .. Test has shown 
the total spring rate of the inner drive system plus mirror module 
deflections under wind load is lowe~ than expecte4. The spring rate 
of the gear box was low due to use of a lower cost bearing _approach. 
Additional elements were also discovered as a result of ,SRE testing. 
Twist of the. mirror module under wi.nd moment was previously omitted. 
Test also demonstrated a lower sensitivity to solar heat loads. 
Differential .temperatures between the frame slde rail and inner. drive 
tie r:od were found to be only 3°F .instead of the l8°.F budgeted value. 
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047?-317 

END-ON, 5 BY 10 FT PANELS 

NORMAL F/q 

AXIAL A/ij 

40 60 80 100 

ANGLE OF ATTACK (DEGREES) 

q = 1/2 pV2 

= 0.25 PSF AT 10 MPH 

N 

MOMENT M/Q ABOUT ~ 

~ 
·~ 

4U · UO 60 100 

ANGLE OF ATTACK (DEGREES) 

Figure 4-5. Wind Forces and Moment On Mirror-Torsion 
Tube l\.ssembly 
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Table 4-2. Torsional Stiffness Parameters 

Static Resonant Deflection 
Divergence Freq. 30 MPH at 30 MPH 

Module Heliostat Module Heliostat Either 
-Inner -Outer Inner Outer Config. 

v 0 -K -K a - 20 deg Dl.V 8 8 Millirad MPH Ft-Lb/Rad Ft-Lb/Rad Hz Hz 
. -. . ~ . 

10 38 307 00 

30 345 2,762 00 

60 1,381 11,049 1. 06 0.411 116 

100 3,837 30,692 1. 95 0.754 34.5 

150 Cf,GJ2 69,057 3 1.16 14.5 

100/3 - 11,510 92,076 3.48 1.35 10.8 

200 15,346 122~768 4.04 1.56 8 

300 34,529 276,228 6.1 2.36 3.52 

400 61,384 491,073 . 8. is 3.15 1. 97 

500 95,913 767,000 10.2 3.95 1. 26 

600 138,120 1,104,964 12.2 4.74 0.874 

700 187,99_7 1,503,979 14.3 5.53 0.642 

800 245,548 1,964,380 16.3 6.3 0.491 

)99.9 . 31.0, 77_~ 2,486,169 18~4 7.1 0.388 

1000 383,?~8 3,069,344 20.4 7.9 0.314 

1200 552,482 4,419,857 24.5 9.5 0.218 

1400 751,989 6,015,916 28.5 11.1 0.16 

1600 982,190 7,857,523 32.7 12.7 0.122 

1800 1,243,08.5 9,944,677 36.76 1tl.23 0.97 

2000 1,5;34,672 12,277,,379 40.8 15.8 0.78 
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Table 4-3. Mirror/Heliostat Response To Static 
Wind Loads and Wind Turbulence 

STATIC DEFLECTION 

(oM/oa) ao 
68 -

or 

= 

+ 1 = 

Static Wind Loads 

U.349U4 
lieMAX 

= 1 at 20° a. 

= 3491 at 20"" for u.l rnillirad 

or (a 1) =· 150 -K aM · o + [3491] for module = 
aa 68MAX 

q e 

Wind Turbulence 

RMS ROTATION 

so that 

. aM 
-K --8 aa 

(v~;vy = 

= 

1 h + (2 a ) 2 
'IT - 0 

r~;vy- 1 

1 h {2 2 
IT + ao) 

+1 
t1'. 
-tJMAX 

0.3183 11 + {2 ao) 
2 

a 8MAX 

= 3184 at 0 a
0 

for 0.1 millirad 

= 3883 at 20° a 
0 

where a
0 

ls nominal angle of attack in radians 

. ' 

- inner 

.· ' 

a xi's 



Table 4-4. Error Budget Comparison 

Errors in Millirads 
3a 3o 

I 
- ~l.r ~2 S·::>urce 02 03 01/Il I3 Ml I2/M2 1 

' 'iihnC. 0.274 0.001 0.124 0.131 0.398 0.131 

Temperature 0.02 0.2 0.18 0.9 0.2 0.92 

Gravity 0.25 0.085 0.25 0.085 

Inde:pende::1t 0.163 0 .1'6 0 0.446 0.313 0.839 1.120 0.95 1.130 

SRE Accuracy RSS/AXis 1. 08 1. 45 

18 May 1976 Total RSS 1.81 

Errors ln Mllllrads 
3o 3o , 

l Source 02 o., 01/Il I3 Ml I2/M2, MT ~2 .) 1 

I Wind 0.39 0.001 0.99 0.39 0.99 

I Temf:erature 0.02 0.20 0.03 0.15 0.20 0.15 .. 
I I Gravity 0.25 0.09 0.25 0.09 

i Independent 0.163 0.05 0.94 0.247 0.452 0.96 1. 04 0.97 
L -

Pilot Plant Accuracy RSS/l!,.x is 1.16 l. 40 
---· --'-----·--

21 March 1977 Total RSS 1. 82 
.. ------

lcr 

~1 
! 
I 

0. 3 98 I 
; 
I 

0.2 I 

I 
I 

0.25 ! 

I 
0.317 I 
0.60 1 

'1.15 

lcr 

~l.r 
1 

0.39 

0.20 

0.25 

0.35 

0.61 

I 1. 22 

~2 

0.131 

0.92 

0.085 

0.377 

0.99 

MT 
2 

0.99 

0.15 

0.09 

0.325 

1. 06 

_j 

""' I 
...... 
lJl 
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· Table 4-5. Independent Error Sources 

Error Source 

Control 
Quantization 
Corrunand Lag 
Computer -
Ini t.ialization 

Mirror Module 
Opt axis not l to axis of 

:rotation 
Stub Shaft Coning 

.r·rame Drive 
Screw Lead Diff Error 
Backlash 
Bearing Runou t 
Rod End Axial Play (Axial) 

Mirror Drive 
Backlash 
Gear Tooth Errors 
Crank Arm Length 
Bearing Runout 

Foundation 
Ra11dom Walk · 

Assembly and Alignment 
Field Location Accuracy 
Level of Outer hxis 
Azimuth of Outer Axis 
Actuator Geometry Accuracy 
Level of MMs 
Orthogonality of Axes 
Toe-In Adjust 
Tie-Rod Leng·th Adjust 

Total RSS :3d 

' ' 

3o Errors - Milliradians 
0 3 0 1/Ml I 3 -~M-1----::I:--2-:/c:-M-2 

0.200 .. 0.200 
0.050 ,,, b.050 
0.340 0.)40 
0.45 0.45 

0.450 
0.040 0 .. 040 

. ; 

0.130 
0.215 

0.002 0.002 0.050 
0.144 

0.031 

0.05 
0.16 

0.05 

0.163 0.05 

0.010 

0.62 
0.24 

0.94 

0.040 

0.24 

,. 
0~522 
0 .. 1~0 
.0. 208 
0.040 

0.44 
.. () .17 6 

0 . 2 4 7 ... 0 • r1:_5 2,. 0 •. 9 6 . 
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Table 4-6. Inner Drive Backla·sh Sufnmary _ 

Gearbox 

Pivot Pin-to­
Bearing Fit. 

Pivot Pin.:..to­
Gearbox Fit 

Fit of 4 Inch 
Bearing to MM 
Shaft (Drive) 

Fit of 4 Inch 
Bearing to 
Housing (Drive) 

Diam Clearance 
.of 4 Inch 
Bearing 
(Drive M.H) 

Rod End B3 Fit 
to Pin on 
Crank Arm 

Rod End B2 Fit 

Rod End A2 Fit 

Rod End Al Fit 

Fit of 4 Inch 
Dearing to HM 
Shaft 

Fit of 4 Inch 
Bearing to 
Housing 

Diam Clearance 
of 4 Inch 
Bearinq 

RSS 

No. 1 

0.176 

0.176 

Backlash 
SRE 

No. 2 No. 3 
(Drive) 

0.30 

0.275 

0.125 

0.250 

0.150 

0.325 

Values 

No. 4 

(Milliradians) 
P1lot 

No. 1 NQ. 2 
(Drive) 

0.15 

0.250 

0.150 

0.325 

0.176 0.176 0.176 

0.176 0.176 0.176 

0.176 

0.176 

0.118 000 0.118 0.118 0.118 

0.070 

0.153 

0.070 0.070 

0.153 0.153 0.088 

0.323 

0,691 

0.408 0.289 

0.7J5 O.S4J 

0.462 

0.462 

3a 
Plant 
No. 3 No. 4 

~. 

0.118 0.118 

0.088 0.088 

0.545 

0.323 0.611 

0.691 0.611 

RMS of 4 = 0 . 6 8 rnr 0.522 
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M- FIXED IN MIRROR MODULE 
1·-·FIXED IN FRAME. 
0 - FIXED IN POSTS 

Figure 4-6. Heliostat Rotation Frames 
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Independent errors about 01/I1 increased due to the addition of terms 
for initialization switches, rod end rotational play and inaccuracies 
in the setup of the frame drive pivot geometry. Independent errors 
about axes Ml and I2/M2 were reduced by deleting the optical contour 
allowance. This belongs in a separate budget. Addition of initiali­
zation, toe-in adjustment and tie rod length errors kept the I2/M2 
term from dropping significantly. 

The picture presented by the updated budget is consistent with SRE 
test results: Both reflect the superior performance about the frame 
pivot axis as compared to the mirror module axis. Considering the 
apparent shape of the receiver aperture as seen by a heliostat the dis­
tribution of errors between axes is in the right proportion. It should 
also be noted that the deviations of beams from single mirror modules 
due to toe-in error also tend to conform to the aperture shape (hori­
zontal spreading with slight downward motion of end beams). 

The new error budget will be used to make further cost trade-offs 
during the·producibility study. Torsional stiffness requirements on 
the mirror module will be relaxed by increasing the total RSS value 
back up to 2 milliradians as originally proposed. New wind tunnel 
data is expected to provide additional latitude. 

Stress on some components at the higher 40 M/S (survival) wind speed 
will size some elements previously controlled by the error budget. 
Thus some errors may change slightly as a result of detail design. 

THERMAL CONSIDERATIONS OF HELIOSTAT DESIGN 
Two separate areas were given thermal consideration in the design of 
the heliostat. 'remperature change and differences in temperaturE£ ... 9..£.: 
various parts in the heliostat have been investigated to determine 
the effect on heliostat errors. The second thermal consideration 
investigated was the operating temperatures of electronics and drive 
motors. 

Performance of the heliostat depends upon the ability to establish 
and maintain very precise positions of the frame and mirror module 
upon command from the heliostat central computer. Changes in tem­
perature in a static and/or dynamic mode cause changes in the length 
and shape of heliostat assemblies. These have two effects on the 
assembly. They create loads in the structure at temperatures other 
than where the assembly was made and produce angular errors in posi­
tion when components have different temperatures. 

Structural expansion is most pronounced in the frame, post, actuator 
area. It is reasonable to assume that a frame could be assembled on 
the two support posts and the outer axis drive connected at ambient 
temperatures of 0°C (32°F). Under operating conditions, high ambient 
temperature and high solar insolation, the frame temperature may easily 
exceed 50°C (l22°F). Calculations show frame expansion in the lO.lm 
(33 feet) between posts to be almost S.lmm (0.2 in.). Assuming no 
corresponding expansion of the ground, relative motion between frame 
dull r;osts and/or loads will be produced. 'l'he bearing at the top ot 
the posts are designed to accommodate this relative motion. The design 
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of the outer axis actuator attaching bracket, on the frame end, keeps 
the moment load on the ball screw below allowable. For the actuators 
presently used this is 38.7 kg-m (3360 in-lbs) and 10.4 kg-m (900 in-lbs 
on the actuator selected for further development in the heliostat pro­
ducibility study. Painting the surface with white cellulose lacquer 
offers an additional factor because it's absorbitivity is 0.12 to 
o;3 over a life of 5 years. 

Thermal distortion has not been proven to be a problem in tests con­
ducted during the solar research experiment. Design considerations 
have been given to unsymmetrical heating caused by difference in 
thermal time constants bet-ween very heavy beams and lighter tie-rods. 
Also solar insolation on qne side of components such as posts result 
in differential expansion;with resulting bending. During·operation 
different cooling/heating!rates of machine elements resulting from 
cloud passing over or relative motion be.tween parts may cause comt?onen·ts 
to move from full sun to shade with resulting transient temperature 
differences. In the solar research experiment tests have shown ade­
quate control of this phenomena by the use of high reflectivity paint . 
. Tec~niques for solar shielding of elements like the support posts have 
been developed should painting alone prove inadequate. Thermal test 
data reported in detail by the Solar Research Test Report (277-14333 
dated 18 February 1977) have shown adequate operation during normal 
temperature variations experienced. 

Thermal analyses of the Solar Research Experiment have been conducted 
for the electronics package and the drive motors located on the inner 
and outer drive assemblies. Analysis has also been conducted for the 
design to be used in the pilot plant. These analyses of the elec­
tronics packages considered heat flow only by free convection. · This 
is a conservative approach since forced convection will be present 
most of the time and radiation will also dissipate some heat. Ade­
quate thermal design is based on logic elements maximum ambient tern­
perature of 70°C (158°F) and motor winding maximum temperature of 
155°C (311 6 F). Worst case ambient temperature was specified as 49"C 
(120°F). 

Power dissipation in the electronics package for the Solar Research 
Experiment was 23.4w. The remainder of the 35w total power is dis­
sipated in the battery box and the drive motors. Temperatures rise· 
from ambient to the air in the electronics package was calculated to 
be l0°C (l8°F). Thus components inside the package have a maximum 
air temperature of 59°C (138°F) air ·compared to 70°C allowable. 

The electronics package proposed for the pilot plant will have a power 
dissipation of 38w out of the 47w total for a heliostat. Temperature 
rise from ambient to the air in the electronics package was calculnted 
to be l5°C (28°F). Thus components inside the package have a maximum 
air temperature of 64°C (148°F) compared to 70°C allowable. 

Analysis of the electronics considered the effect of direct solar 
radiation on temperatures within the box. A white painted box with 
absorptivity of 0.3 and the size used on the Solar Research Experi­
ment would gain over 200w on the outer surface if exposed to direct 
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sunlight. This would increase temperatures 4J°C (77°F). Sufficient 
temperature margin does not exist for this.much load. The conclusion 
was that the electronics packaye must have protection from solar radi-­
ation in the form of an awning extending over the top to provide shade 
du~ing times of high solar radiation. Added heaters or wider tempera­
ture margin paits will be required for low temperature operation. 

Combinations of analytical and test data were used to determine the 
effects of input power and time on the motor armature temperature. 
The motor specification allows a maximum armature temperature of 
155°C (3ll°F) .. The conductors.within the motor are copper and thus 
have a coefficient of resistance of 0.00393 l/°C. Constint power was 
applied to the motor and the temp~rature rise of the armature calcula­
ted based on the change in resistance as a function of time. The 
thermal time constant was 13.25 minutes. Motor power is expected to 
be approximately 20w maximum. The analysis showed a maximum temoera­
ture of 122°C (252°F). The temperature at one time constant was-98°C 
(208°C). Heliostat operating conditions dictate that in normal opera­
ting modes, maximum power will not be applied for one time constant. 

DRIVE SYSTEM ANALYSES 
Because both drive ·systems are linkage assemblies, many of their 
characteristics are a function gimbal angle. 

Drive System characteristics which are angle dependent include: 

• Wind loads 
• Gimbal residual imbalance 
• Actuator imbalance 
• Effective reduction ratj.o ·(motor to frame axis) 
• Effective actuator lever ·arm 
• Actuator column loads·~nd resultant bending stress 
~· Tie rod column loads 
• Actuator .column load capability 
• Required motor speed and torque 
• Effective actuator length 
• Linkage ·spring rate 

Anilytical software has been developed and used to quantify these 
P.ffect5, Reptesa~tative math modclG and computer outpu·ts are 
attached. 
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.. d .. 

B = 180 deg - 71.147 deg - 24.316 - 9~ 

t = [(43.324) 2 + (34) 2 - 2(43.324)(34) cos s1 1/ 2 

N : -1 t 2 + (43,324) 2 - (34) 2 
~ cos 2(t)(43.324) 

~ = 90 deg - ~ - 18.853 deg 

MA ~ [WTMOV(t - LCGM) - STFIX(LCGF)] cos • 

FSCR = MA/t cos ~ 

d ~ 34 cos (9 + 24.316) 

M
0 

= FSCR (d)(in-lbs)' · 

e + 24.316 

MA = moment about actu~t.or pivot due to imba 1 ance of actuator 

FSCR = dow~ward force at B due to actuator imbalarce 

Mo = moment .about heliostat axis due to actuator imbalance 

Frame. Drive System Geometry 

0 4 7 1- J 1 0 
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Listing of Drive Geometry Program 

I fo I• •• • (~I 1 T F~· f:f;· J '..·'F oo;Frr.·a= T ~·'·/, ·~:.: a=·':·o,r r-:rJt.'j::.'I·•T t=q:·rli.IT ,:.·,< 1 ~. • • • 
1 1 (I ::•F t~~l I , f·!.:..•, ~·~ri, 1. ] , ! :~·,I ( 1:;~.~, :. ·~ •:~, f·~r.L-.'.'t'; 

l.?·a·, T•..:.r,:. r•T'-'•;. ff .. · ':'·., -=:? • • :·::.co.7:· .. ·· 
l''::ft f•~T~ ~~ilf·~':l'·.·'•'•'l'JT.··f:" .. ~·. ;-,;::·: .• ...-
14 io T•HT~ L I•L·c· .·· .J 0 .• :: .~·.J, :;:..1 •. ·· 

1~n PATR LCGM•L(GF/~5.,2S.O.J..-

l;:,ro ••• 
17(1 TT = ,-, 
]:::,-, THFTt=. = -·:·co; 
1 ·::;.n ~-m,::;•.,~,-:; =· (i 

191 l .. lf=ITE'•.''?•1 tl':o 
?nn 22 TH~TR = THFTR + PTH 
?1fl TT = TI + 1 
220 RFTA = ISn -71. i47 -24.~!~ -THFTR 
23~ l = SO~TCL1~+2 + L2••2- ?.+L1•L2+(Q~C~~TR..-a=Tp)) · 
240 TANALF = L2•SI~(FETR/PTPl..-(L1 - L2•COSCBET8..-RTP)) 
25fl AlPHA= RTD+AT8N(TRNA!.F) 
26n PHT = ~n. - 18.8~~- ALPHA 
?7 (r ~1A = CIJTt·ln'·.l+ Cl_ -l cr;;r·n - (l,i TOT -I,IT~1r:l\/) +L Cr:;a:::) •r:n·; o:·H T ..--.:·Tft) 
:;:·j:: ro f:::':r.F.· = f'1F< ,., ..-en·~: n:·1,.1 T ',.T n-;. 
2~fl n =I ?+r~~CCTHFTA + ?4.31~':-,RTD) 

·:: n n 1-10 = F·s·r:P• n 
310 M~AVG = MOAVG + MO 
3.?n !_, 1PTT'= CO:., ;:,·;;;·E··l THE TO:., r-:r;, p, F·3·•::.:·, MA, PI-IT, 1 .. 
33fi Jf::CTHFTA.LT.7~.) GO T~. 22 
~4fl M~AVG ~ MQRVG,Fl ~~TtTTI 
-~~(I I.IP T Tr: ('·~ ~. ~:·:;:3) ·r-1ClFt'.}t::; 
·:::o:.n :STOP 
37(1 111 F='OH1PT (" 
::::~(t 

:;·:~a) 

4 j) 11 

410 

;~·-c·;:· l-'11f;.•I·1PT o:'7FS'. 1 ) 
3~~ F='~R~AT{/// MQAVG = 

F~ITI 

, .• 1=''?. 1) . 

PHI 

Frame Drive Geometry Analysis Results 
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Actuator Column Load Math Model 

0477-3.18 

FRAME/ACTUATOR 
PI.VOT AXIS 
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Listing of Program for Analysis of Actuator Bending Stress Due to 
Column Load 

10 ~•• ~ELI~STRT i. S. ACTURT~R BENDIN~ MOMENT AND STRES~ CALC. 
20 ••• FbRMULATION- ~. SNYDER, CODING- J. PROTOLA 
:30 REA:... L.~L1'~::...2 . . ' 
40 DATA :...t/43.324/~ L2/34.0/, CEULER/1.213E7/' STPMAX~7.0E4/ 
50 DATA AREA/1.021/~· CBND/6.873/~ RTD/57.23578/ 
60 DATA DIAM/1.14/, Pl/3.14153/ 
70 ••• 
80 AREA= PI+CDIAM)•+2/4.· 
30 CBND = .57/(~0431•DIAM••4~ 

100 THETA = -35 
11 0 : .•. 1 ;:;~ I T E ( 9 , 1 1D 
120 11 THeTA = THETA ~ 5. 
130 BETA= 130. -71.147 -24~316 -THETA 
140 L = SQRTCL.1••2 ~ ~2••2 -~.•Ll•L2•CJS(EETA/?TD>> 
150 TANAL.F = ~2•SIN~BFTA/RTD)/(~1 - L2•COS(BETA/RTD)) 
160 ALPHA = ~TD•~TRN(tR~RLF) 
170 PHI = 30. - 18.853 -ALPHA 
180 BNDMDM = (461. ~ .32•(72. - ~)++2i•COS(PHI/RTD> 
130 FSUPB. = P~DMD~•CB~D 
200 ••• ~~~D R~IAL CDM?~ESSIV~ STRESS 
210 ••• AA•FSUB~••2 ~ PB•FSUBA + C~ ) 0. 
220 =i~ = ~··.:: 
230 B~ = - (CEU~ER • ST~M~X•~A) 
240 ,-.,-. -

-··-· -
250 DISC~~ = BB••2 - 4.•~~•CC 
260 IF (D!SC~M.3T.0.) 3~ TJ 22 
270 ~~ITE(3,22~~ DISC?~. 

2:3 0 D r-=:.:::::.-;:·~1 = 0. 
290 22 SQDIS = SQgT(DISC?M) 
300 ~S~B~l = C-BB + SQD!S)/(2.•88) 
310 =suB~2 = (-BB - ?JDIS)/C2.•8A) 
320 =:JMP! ~ ~?~q·csu£AI 

330 =cO~P2 = ~gEA•cS~E82 • 
340 ~RITE(3,333) T~ET8, :...,PHI,BND~8M,FSUBB,~C~M~1,FC0~~2 

:::: 5 :) I := (THE T q • :.., T . : . 5 . :.0 ·:::; T :J 1 1 
3 S 0 ·::TOP 
370 111 ~D~~AT(/,5~~ 

::::.::0 + .· TH:=:T::; PH I E:~~D'·1:J'·1 
.. · ..... DIJS~~ =~~811.~~~ 

~ l)(i :: :· :: := :J ';· ~·1 ..; I • '5 = :0 • 1 • _:: • l =· C:: 1 1 • ·::: ., f 

-1 1 (: ~··n 

:= ·:·u E: t: 
::;r TJ =~:::J ..... ·, 
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Actuator Stress (FSUBB PSl) Versus Gimbal Angle 
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TORSIONAL SPRING RATE AT AXIS A ISM/~ (in-LBS/RADIAN) 
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AT 9 • oo M/(/) =. 0 
AT 9 "" goo M/~ = MAX I MUM 

Inner Drive Linkage Model 
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0477-316 

9/M (I N-LBS RADIAN) 

NOTE: MIRROR SURFACE -LIES IN VERTICAL 
PLANE WHEN = 0 

1 0 20 30 40 50 - 60 70 -

ANGLE FROM TOP DEAD CENTER (e) 

Torsion Sprinq Rate of Inne.r. nri.vP. r.inkage 
Versus Angle (for 4 Inch Crank Arm) · 

80 90 
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Tie Rod Bending Stress Versus Axial · Lo.ad 
.:·LOr OF t=ePI=J;·C '·.!EF·:, 1..1'?: S TPE ::: .. :.: 

t·l I t·i ·~. T ;;:: E ·s: ·:~· 

2. 1 310t: I)::: 6. 6J 1 OE O:;: 
APPFFC STRE0S +------8----------------------------------------------+ 

100 •. ;::. 131E u::: I• 
2 0 0. 2. 1 7E.E cr;: I • 
:;:oo. 2.223E 03 r• 
400 • .:::.271E o·;: I• 
'5 (I 0. :=:. :::22E o·;:: I • 
600. 2.37'5E 03 I• 
7 (11). 2. 4 :: 1 E 03 I • 
800. 2.489E 03 I.• 
gno. 2.550E 03 I.• 

1 o:ii) (1 , 2 • '- 1 4 E (1.~: 1 . • 
11 (• o. 2. c.c1.::;.E n ::: I • • 
1200. 2. 752E o:;: I. • 
1300. ·=·. ::::27E o·;:: I. • 
14 0 0. ·:·. ·? O':·E 1):;: L • 
1'500. 2.988E 03 I.• 
1600. 3.076E 03 I.• 
1 7 (II) • 3 • 1 E· ·:,:. E 0 3 I • • 
1 ·=· 0 0. :;: • 2t· 7E 03 I •• • 
1'?00. ·;:.:::::72E 0:~: I •• • 
2000. 3.483E 03 I •. • 
2100. 3.o::.o.::E o::;: r •• • 
2200. 3.730E 03 I •• • 
23 0 0 •. 3. ::;;.::.6E 0:3 I •• • 
.::4 0 0. 4. 1) 1 :.:E CL!: I ••• • 
.!:':i 0 0. 4. 1 ?1 E 0 ;: I ••• "" 
2600. 4. !:42E 0!: I •.. • 
27 (11). 4. c:,;;:: {'~ u::: I I • I • 

.:::;:I) 0. 4. 72'=-'E o:::: I •••• • 
2·?•)0. 4. '?4'?E 03 I •••• • 

Bending stress is the result of a combination 
of 1 "g" bending plus·axial loads. 

APPFRC = Axial Load 
STRESS = lbs/sq inch 

:· 0 0 0. '5. 1 9 OE o:::: I •••• • 
3100. 5.455E o::: I ••••• • 
:::2 0 0. '5. 74'?E o::: I. .... • 
3 ;: 0 0:1 • o:. , 0 7 f., E o·::: I • • • • • • • 
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MASS PROPERTIES ANALYSIS 
Efficiency of the drive systems depends on our ability to balance 
the composite rotating masses about their axes of rotation. The 
inner axis analysis considers.the comb{ned effects of crank arms, 
tic.rocls and. mirror modules. As the result of this analysis a 
1,500 inch-pound imbalance is.specified for each"mirror module to 
counteract the linkage assembly~ This balancing provides the added 
benefit of making the outer axis balance independent of inner axis 
position. · 

Analysis of the outer heliostat axis has al~o been completed. A 
related analysis .of the frame drive system has defined a residual 
moment due to a variable imbalance of the actuator about its own 
pivot axis (see Drive System Analyses). Si~ce the RMS value of_t-hHi 
imbalance over the operating angular range is near zero, its effect . 
is disregarded in the CG analysis. 

Inner Axis Balance Analysis 

NCA = moment: ex~rted by one crank arm is 
264* in.-lbs (0.707) = 

M.rR = moment exerted on each MM by each 

tie rod is 45 ·2
804 24 (0. 707) 

Imbalance on end MM2 = 2(MTR) + 2(~~A) 
= 2(186.65 + 388.60) = 

Imbalance on center !4M2 = 4 (MTR) + 2 (MeA) 
= 4(388.6) + 2(186.65), = 

186.65 in.-lbs 

388.60 in.-lbs 

1150.50 

1927.7 

3078.2 

Total imbalance on inner drive= 2 x 3078.2 = 6156.4 in.-lbs 

Required imbalance/MM = 6156.4/4 = 1539.1 

Therefore: 

A.n imbalance of 1539 inch-pounds is required un each of four 
mirror modules to balance.the inner axis composite. The CG 
of the mirror module must be moved toward the mirror face as 
required. 

* Measured value. 
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Heliostat Outer AXis Mass Properties 
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Frame Mass Prope~ties 
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Heliostat Component Weights 

Description 

Mirror Module 

3 

1 

1 

8 

8 

Frame 

1 

Frame 

2 

2 

4 

2 

·2 

2 

2 

MirruL· 

1 

1 

1 

1 

1 

1 

Mirror' Modules 

Mirror Module 

Spur Gear 

Bearing Support 

Bearing Retainer 

Frame 

Drive 

Pivot Pin 

Ball Screw Jack 

Pillow Blocks 

Ball Jack Ends 

Actuator Bracket 

Assembly 

Motor Encoder (Actuates Frame Drivef 

Adapter Motor 

Di"ive 

Mirror Drive Gear Box 

rivot Pin 

Cover, Gear 

Cover, Gear Box 

Drive Motor Assembly ·(Mirror) 

Pivot Block (l-tirror Gear) 

Foundation Sup;eort 

4 

1 

1 

Mirror 

8 

1::1 

4 

l 

Cast Iron Pillow Blocks 

Support and Post Assembly (2) 

Foundation and Support (2) 

Cranks and Tie Rods 

Crank Arm 

'!'a per Lock 

Tie Rod 

Drive Electronics 

Weight (lbs) 

650 

650 

60 

1 

4 

3,923 

1 

. :85 

2. 

2 

20 

.. 5 

·1 

15 

1 

2 

1 

4 
10 

1::1 

260 

17,400 

28 

2 

'46 

60 
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SOLAR RESEARCH EXPERIMENT IMAGE ANALYSIS 
Sun images reflected from a parabolic mirror as projected onto a·. broad­
side surface located at the focal point (target) have been shown* to 
consist of two pa;rts: · 

1. A true-shape image of the mirror linearly scaled in size· by 1-cose, 
where 9 is the angle between the mirror axis and the sun. 

2 •. A pattern of circles around each point on the mirror image of 
radius EF where E .is half the sun's subtended angle (. 00465 rads) 
and F is the· focal length (distance to the tower). 

Circular mirror pattern shapes are sketched for several different values 
of e in Figure 4-7. It is convenient to think of the patterns as composed 
of four circles having diameters defined by: 

Ds = 2EF sun's image 
DM = (l-COS9)D mirror image 
DI ... rfM 1 D ,Mtotnl image outel." diameLeJ: 
Dc = rSM - D: , total image core diameter 

In equation form: 

DI = (l-COS9)~M +.2EF 
DC= (l-COS9)~M 2EF ··' 

outer image diamete.r is o( particular interest to the research experiment 
since it, together with computation errors of the offset facets and 
pointing errors, defines the desired size of the target array. 

The core diameter is of uniform intensity and for DM<Ds is constant at 
maximum value. For DM>Ds the core intensity is still uniform but of 
decreasing magnitude wi tn increasing DM. · · · 

The scaled mirror image size part of the equation is seen to be a function 
only of 9 and is, therefore, only weakly related t6.distance·from the 
target. The sun image portion of the equation is dependent only on the 
sUn's subtended angle and is directly-proportional to _distance from the 
target. 

* Memo, W. H. Egli to J. c. Powell, 3/4/75, "Performance of Off-Axis Low 
Aperture Reflectors", S&RC/R. 

'i 

'I 

r ---- . 
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,s.C,I 

. ' . 
0S76-<~9r. 

(a) Dm = 0 

(b) D~ < D s 

' (c) Dm = D s 
:(d) D~ ~De 

Figure 4-7. Circular Mirror Images 
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Figure 4-8. 2 Site Images - 10M Square Facet 
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Mirrpr shapes other than circular do not result in nice simple equations,· 
but are just as easily sketched.· .Image shapes expected from a 10m2 square 
mirror at the extremes of the field and for the extremes of a are sketched 
to scale in· Figure 4-8. The image rotates about its. center on the broad­
side target plane the same amount as the plane defined by the sun, mirror 
normal, and target vectors rotates away from vertical. 

Total specular reflectance~·by tak.ing.into account the spectral.distri­
bution Of the sun's energy, gives a true picture .of reflector efficiency. 

Reflectance ~igures can be misleading unless. the to17a1 (sun's) specular 
. ref~ectance ~s used.. The example· below shows· Jlow a mirror, having a 

max1:murn reflectance as high as 0 .. 9, has an effectiv~ (total specular) 
reflectance .of only 0.68 even though its reflectance appears to track 
the sun's spectral distribution. · 

Spectral distribution of the sun's energy per unit wavelength is plotted 
in Figure 4-9.* Reflectance below 0.3 and above 2.0 microns is of little 
benefit since 98% of the sun's energy fall~ within this band, as shown 
by·the cumulative distribution in Figure 4-10. 

Reflectance of a 1/4 inch silvered second surface mirror is plottedin 
Figure 4-11.** When this is multiplied by the sun's irradiance, the 
reflected spectral distribution per. unit wavelength of Figure 4-12 is 
obtained. Integrating Figure 4-12 gives the cumulative reflected energy 
of Figure 4-13 showing a total specular reflectance (mirror efficiency) 
o£.68%. 

Silicon photo t:ransistors ··are bein,g used in the exper.j.ment calibrat.~on 
array. They have a peak spectral response at .9 microns and taper off 
to zero below .5 and above 1.1 microns. While they are useful for ob­
taining relative intensity measurements for. determining spot size, .the 
mirror total reflectance should be periodically measured (todetermine 
mirror efficiency) . If significant variations are noted, we might also 

· want to periodically measure the mirror reflectance versus wavelength to 
aid in ~valuation.. · · · 

Cost tradeoffs should use 
If manufacturer's data is 
irradiance must be used. 
possible here; i.e., time 
sign~ficant differences. 

the total specular reflectance of the reflectors. 
used, the same model for the sun's spectral 
It appears there is considerable latitude 
of day and elevation above sea level can make 

* Handbook of Geophysics and Space Environments, Air Force Cambridge 
Research Labs, Office of Aerospace Research, U. S. Air Force, 1965. 

** Design fabrication and testing of a·heliostat for a central receiver 
solar thermal power plant - Final Report by University of Houston and 

·McDonnel Douglas Astronautics Co. under a national science foundation 
· gr~nt for ·period 5/74 to 9/75. 
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Angles between facet axes and the sun, important because they define 
the maximum available power and off-axis aberation of a heliostat, vary 
between O·and 74 degrees. 

Cosines of facet ~~es to sun angles, calculated for the field 
geometry over the course of a day and a year, were found to: 

1. Be significantly larger in the North field quadrant • 

.. 2 ~- ·Be significantiy larger for inner rings. 

3. Have an average yearly value of .78. 

4. Be nearly normally distributed; 68% > .73, 95% > .45, 99% > ·.30. 

5. Have a range of 1. 0 to 0 • 2 8. 

Loss of available power and defocusing due to the site geometry is 
demonstrated in Figure 4-::-7. Here the average yearly cosines for the 
heliostats are plotted versus field position. The significantly.higher 
values for the inner .rings compared to the outer rings is due "to the 
higher tower line of sight for the. inner circles. 

The effect of radial distance from the tower (or tower height) on the 
cumulative distribution of the cosines is demonstrated in Figure 4-8 
This curve, together with the field geometry is used to compute the 
cumulative distribution·of the cosines for the entire field, shown in 
Figure 4-9. These plot~ are useful.for weighing the effects of apettures 
or targets not capable-of receiving the worst case images. 

The cosines were-calculated each hour for one hour after sunrise to 
one hour before sunset for three days of the year; equinox, summer 
solstice and winter solstice.· Average yearly values for a particular 
heliostat were calculated by averaging the values for each hour and the 
three days. 
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COORDINATE TRANSFORMATIONS &~ALYSIS 
Mirror pointing errors are related to·error rotations occurring about 
the three error measurement frames in the heliostat by ~he equations: 

Error about xll = Ml + (Il + 01) ce - (I3 + 0 ccp + 02 s<f>) 3 
,A 

Error about yll = I2 + M2 + 02 p<t> + 03 s<t> 

where 

yll is the unit direction vector along the inner gimbal axes 

zll is the unit vector along the mirror normal 

" 

Error equations are developed by determining the rotation of the 
mirror caused by small error rotations .about the heliostat frames: 

on fixed in the mounting posts 

I n fixed in th~ outer gimbal 

M. fixed in the .mirror. 
n 

The direction cosines of the mirror normal measured on the inner axis 
are related to the·ba~e cosines in an errorless heliostat by the matrix 
equation 

where 

l<t>l is the rotation matrix due to the 6uter gimbal angle 

lSI the matrix due to the inner gimbal angle. 

If we inGlude the error rotations we get 
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Combining the twq above equations gives, 

I n~ I . = I'M I I e I I I I I <P .I I 0 1.1 <P'I T I e I T r nm I' 

M; o, and I are error rotations about the three axis of each triad 
which for sm~ll angles (cos y = 1 and sin y = y) reduces to: 

1 y3 -y2 

( y) = -y3 1 y1 
:> 

y2 -yl 1 

The transformation group I<PI lol I<PIT then is: 

1 (03 c<P· - 0 2 s<j>) -(03 s<P + o 2 c<P) 

lc~>lloll¢rr= ,.. (0·3 ccp + 02 s<P) 1 01 

(03 s<j> + 02 c<j>) -ol 1 

which is the matrix representation of the rotational error vector 
transformed through a rotation <P.' 

Let 
. i 

0 

another small angle transformation matrix. 

Then 

But 

1 +(I 3 
+ 0 I) 

3 -(I 2 
+ Q I) 

2 

I ill 01

1 = -(I3 + 0 I) 
3 1 (Il + 0 I) 

1 

(I2 0 I) 
2 -(I 1 

+ 0 I} 
1 

1 

which is,..,the m~trix representation of the sum of the two rotation 
vectors I and O' - another small angle rotation matrix. 

Then 
I 

lnml = 

J 

I / 

"' 0 

""',. 
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But 

IMI lei II+ O' I jolT is exactly the same form as·was III 1~1 lol I~IT 
~o tQ~t it is the mat~ix representation of the error rotation vector 
I + O' transform~d through the rotation e and summed with the error 
rotaticm .. yector M. ,. 

. . . . 
Functionally, the"'above can be represented as shown. in Fig~re 4-14., where 
the error vector On is trans forme~ through ~, · ::;ummed with In·, trans­
formed through e and summed with Mn. 

Let the ~esulting matrix~. itself a small an~le rotation matrix, be 
lSI and defining the error matrix je:j = ln~l .... lnml' then: 

0 

I c I - I s I I nm I = I I I. I nm I = .,. a 3 

B:l 

which in ·vector form is: 

!33 

0 

•131 

-!32 

r3· . 1 

0 

The rotation vectors 0, I and M and the mirror normal n can be trans­
formed to any convenient computation fra~e. ~he target frame is a . 
particularly useful one since the error rotation about the target 
direction can be dropped and the two remaining cosines are the cross-
course and elevation errors in·the target frame. 

~ M1 ~ ( 11 ~ 81) C6 

r----....;.....,..,...IA--._.. -(1 3 ~ 93 C'i'~ 82 S'i') SB 

N .o 0 

1.2 ~ 112 ~ 82 CH e3 S'i' 

"'"0 

. IIIRROR 
NORIIAL 

II= I 

.Figure 4-14. Heliostat Pointing Error Flow Diagram 
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FUnctional ielationships between the coordinate frames used in the 
analysis and control of the heliostats are defined in Figure 4-15. From 
left to right the rotations·r, w~ i, Lg +llt +90° and L~ define the 
t·ransformations- from inertial to local vertical-north space and give 
the' direc.tion cosines of the sun direction vector. The.rotation H. 
gives the base frame for a specific heliostat in terms a ·cross~course, 
up, an_d (cross-course) X (up) frame. E is the elevation angle to the 
target and provides the· transformati_on to. the target frame ... The N . 
traris·formation zeros the sun's cosine. on the x axis, s zeros the sun's 
cosine on the 9 axis and F is a 90 degree rotat{ori to realign the · · 
inertial frame x axis and the sun's direction vector •. ~he $ and e 
rotati'ons are the heli'ostat gimbal a·ngles ··and provide· the transforma­
tion from the base frame to the mirror. 

The circle diagram of Figure 4-16.piovides a summary of the functional 
diagram. The numbers within the small circles represent the frame, 
the letters (on the inside of the large circles) are rotation angles 
and the lC; y or z. notations outside the circle define the axes about 
which· the rotations occur. 

Matrixes relating the frame adjacent.to a rotation can be written using 
the diagram key. For instance, by inspection: 

xlO 1 0 0 x6 

Y1o, = 0 ccf>. scj> y6 .. 

zlO 0 
. .. 

-s.ct> cip z6 

Vector direction cosines can also be defined using the diagram. For 
example: 

sl i6 + s2 96 + s3 i6 = sl ilo + (52 c<l> + 53 scf>) 910 + 

(s
3 

c<l> - 5
2 

scf>} i
10 
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The equations for computing cross-course* and elevation. errors at 
the tarqet are derived as follows: 

"' 
For T = Unit Director Vector to Towe~ 

"' 
X = Unit Sun vector 

ft = Unit Mirror Normal Vector 
"' ,.. ,.. ,.. ,.. ,.. 
T =- [S-(Son)n] + (Son)n 

<s-~ n> n 
- <T 0 n>· n ,.. ,.. ,.. 

"' n 

T =- [S-2(Son)n] -[S-:(Son)n] 

Gonverting to matrix equations 
,__ ____________ _ 

A A A T 
(Son) n = nn S 

so that 

T = ·- [I - 2 T] S similarly S.=- (I"- 2 T) T nn nn 
. . 'T 

Let T' = - [I-2n'n 1 S 

where ·n' = n · + on and on is small compared· to fi 
·T T. T .T T 

then T' = - (I-2 [ri+oh] [n+on] )S = -S + 2 (nn + non + onn + on on )S 

but on onT is .second order small· 
. T T T T .T T 

therefore T' = -S + 2(nn + n~n + onn )S = -(I-2 [nn +non +orin ])S 
T T . T T 

Let £T' = T - T' = -S + 2nn + S - 2nn S - 2 (non + onn )S 

£T' +--2 (non T T. 
or ·+ onn )S 

. -· T· T T T 
£T' = -2 (non = onn ) (-I + 2nn ) 

-2 (-non T 2n. on T T onn T 
2 

T '1' ;I, 
= + nn - + onn nn ) 

T . T 
But since on n = 0 and n n = I 

T T· T T 
£T' = -2 (-non -onn +· 2 onn _) 

T . T T 
£T' = 2 (non - onn ) (l) 

T T . 
Since non and onn are symmetric with equ.al diagonals 

* AGross the course or beam path as opposed to along the beam course. 
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T T non - .Onn is a skew symmetric rotation matrix, [ljl], and is small 
angle since .all terms are mult~plied by on or anT. 

ET' = 2 (lji)T which in vector notation giv=~-

ET = 2 ljJ X T 

letting ofi = ~ ~ fi and expandluy uor? ';;: . onn'!' giV<?S 
of which are the rotation vector $ =[<!> - ·(cp • fi~fi 
recognized as the component of the· rotation vector 

ET 1 = 2 [ <f> - ( cp • fi) fi] X T 

If we compute the error in the target frame where r_r = 

ET' [ -cp3 (n•<f>)n3 J " .. 
L <I> - (n•<jl)~l] -2-- = + cc + 0 ac + 1. 

and the miss distances at the target are: 
. ' .. 

2R (<f> 3 + (n•ct>)n
3

) cross course error and 
. 

11•, thP Alement~? 
which can be 

ft so that 

(2) 

0~ dfld 1}1' and 02 

A " L:L: X li.C 

1.: . 

2R (<I> 1 (n•<l>) n
1

) perpendicular to cross course and along course. 

Where R ·is the slant range· to the target. 

MOTOR SIZING ANALYSIS 
The gimbal drive motor is a permanent magnet de motor, the current IM 
of which is gh.rP.n by: 

where 

IM = motor current in dmperes 

V = motor terminal voltage in volts 
M 

( 4-1) 
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SL = gimbal angular speed in deg/sec 

N = effec~ive gear ratio between mot9r shaft and gimbal 

Kv_= motor back EMF in volts/deg/sec 

RM = motor winding resistance 

The usable motor torque TM can be found from 

where 

TM = motor torque in ft-lbs 

KM = motor torque sensitivity in ft~lbs/amp 

'' 
TFM·::~ torque required to drive motor friction 

_TFG = torque.required to drl.ve gear friction 

from which_ the usable load torque TL becomes 

where 

TL = load torque in ft~lbs. 

E =efficiency of gear ratio/100 

( 4-2) 

( 4-3) 

Combining Equations 4-1, 4-2, and.4.:..3 and solving for SL, the·speed 
that the motor will run at under load becomes 

( 4-4) 

The power in the motor WM, in watts·,. can be found from 

( 4-5) 

substituting 1 in 5 produces 

2 • 
VM - VMSLNKV 

. WM = -.- R;i ( 4-6) 



4-46 

The power WL in watts delivered at the motor shaft is 

( 4-7) 

where 

K = scaling factor to convert FTLB degjsec to watts and equals 
2.367 X 10-2 

The motors used for the inner and outer axes gimbal drives for the 
SRE are Inland Tl806-H and Tl804, respectively, with parameters as 
follows: 

Volt~ n~ penk torque, VM' volts 

Peak torque, ft-lbs 

Back EMF, Kv, volts/deg/sec 

Motor Resistance RM' ohms 

No load speed, deg/sec 

Torque sensitivity, KM, ft-lbs/amp 

Motor friction 

Maximum winding temp, °C 

Amps at peak torque 

Tl806 

22 

0.52 

0.00295 

!i.l 

7448 

0.121 

0.0156 

155 

4~3 

Tl801 

17.8 

1. 04 

0.00366 

2.65 

4870 

0.155 

0.076 

155 

6.7 

The remaining parameters complete the definition of the system. 

Load, wind, & unbalance, TL' ft-lbs 

Gear Ra t.io, N 

Gear efficiency, E 

Gear friction torque, ~FG' ft-~bs 

Inner .Axis 

238 max 
@ 13.5 M/S 

16000 

0.2 

0.0.21 to 
0.120 

Outer Axis 
Per Actuator 

517 max 
@ 13.5 M/S 

11450 to 18000, 
16000 avg 

0.25 

0.260 

Based on the above derivations and data, the values appearing in the 
two tables were calculated for several load conditions. Temperature· 
rise calculations are based upon a thermal resistance of 3.5°C/watt.· 



Inner Axis Motor Calculations . 
T'L TFG eL WM WL Eff !J.T· IO.ise, 

ft-lbs ft-lbs deg/sec watts watts % oc Remarks 

::J 0.021 0.43. 7.3 3.4 47 25 0 wind and unbalance 

. 11~ 0.070 0.36 21.6 14.7 68 75 1/2 wind and unbalance 

23.3 0.12 0.28 37.9 20.6 54 132 Full wind at 13.5 M/S 

476 0.22 0 .1~~ 70 16.7 24 245 2X ~ind and unbalance 
. 

660 0.30 0 95 0 0 33.2 TL at stall, eL-+o 

Outer Axis Motor Calculations 

Tr, TpG ElL WM WL Eff ·b:.T Rise, 
ft-lbs ft-lbs deg/sec .watts watts % oc Remarks 

0 0.26 0.22 33 21.7 66 115.5 0 wind and unbalance 

258: o=. 26 0.20 41 24.6 60 141 1/2 wind and unbalance . 
517 0.26 0.18 49 26.5 54 171 Full wind at 13.5 M/S 

1034· 0.26 0.15 63 28.4 45 220 2X wind and unbalance 

3014 0. 26· 0 120 0 0 
. 

320 .TL at stall, eL-+o 

-i 
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CONTROL LOOP STABILITY.ANALYSIS 
Torque motors with position feedback provide efficient, simple control 
loops that give stable operation with digital commands during tracking 
and slewin_g modes and with large windloads. 

Stabl~ opera.~i~n w9-s demonstrated by analysis using 

• Quantized .position feedback from the motor shaft · 

• 
• 
• 
• 

Structural load resonance . 

Quantized commands and fe~dback 

Multiple and three state loops 

23 degrees/hour and 0.3 degree/second 

• Wind loacls up to 834 pu1 .. :md-:foot 

command rates 

The 0Pnr. ratio was selected to deliver an 81 arc~second load motion 
for one revolution of the motor •. The .tt!sulting gear ratin nf 16.000:1 
effectively decouples load· torques· from the motor.· With position feed­
back from the motor, the control loop is essentially independent of 
load dynamics. Motor ·back. emf provides the qamping required to give 
stable loop operation, so 'that the loop electronics need provide only 
a power amplification function. 

Simplicity and economy are characteristic of the resulting design shovm 
in functional block diagram form in Figure 4-17. The electronics convert 
the quantized error signal to a power drive to the torque motor (Inland 
No. NT1911). The motor drives the load through the gear train. Digital 
output of the drive No. 1806 motor shaft position is subtracted from the 
conunand angle i.nput to generate the error signal. 

The first configuration simulated used an electronics gain giving 30 
mph wind load torque for each step (81 arc-seconds) of error signal. 
Stable, well damped response was indicated with feedback from either 
the load or motor shaft~ With feedback from the motor shaft, the loop 
gain was increased until the 81 arc-second quantization of error signal 
produced saturated motor torque.· This results in three state operation 
0, + stall torque or - stall torque output. The loop was run with com­
mand rates of 23·degrees/hour and 0.3 degree/second and with up to 30 
mph wind loads. No indication of instability was noted. 

Printout. of a typical outer gimbal run showing response to step 834 
lb-ft wind torque and 6.mr step command inputs is presented in Figure 
4 17<J.. Feer:lhnr.k from motor shaft, three state loop gain and a 13 Hz loac 
reson~nr.R were used for this run. The osc11lation uf load position i~ 
d\lt' h.., rinqi nq of the load S[Jl"ing-muss t..;y~::; Lt:~m .. 
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figure 4-17. Functional Block Diagram 
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Inner and outer axis transient response to various combinations of. 
command inputs, windloads, and loop gains demonstrated satisfactory 
response times and stability. 

The table below describes 
transient re~ponse runs. 
selected runs. 

the 
The 

loop inputs and gains used for various 
figures show the simulation results for 
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Step 
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SERVO ANALYSIS AND SIMULATION 
The model used in the simulation of the heliostat loop is shown in 
Figure 4-18. It includes quantization of the input commands and 
position feedback, torque motor saturation limiting, load spring 
rate.and damping, and worm gear friction. 

Parameter values used for the analysis are summarized in the table. 
below. 

The simulation uses the "analog continuous systems simulator". This 
·permits application of various input commands and load torques in com..:. 
bination or individually and provides stability verification under 
these conditions. Outputs from any block within the loop can be 
obtained. 

LOO~ PARAMETERS USED IN SIMULATION 

Torque Motor 
Max Sta 11 Torque 
Gain 
Elec Time Const 
Damping (BEMF) 
Inertia 

Quantization 
Gear Riltio 
Gear Efficiency 
Gear Inertia at Motur 
Load 

Inertia 
Sp1·i ng Ru tc 
DAmring 

Torque 
Wind 

Mass Unbalance 
Friction 

Symbol Units --

lb-ft 
1 b-ft/V 
sec 
lb-ft-sec 
lb-ft-sec2 

arc-sec 

- 2 lb-ft-sec 

2 -1 b-ft:-sec 
1 b-ft/rad 
1b-ft-sec 

lb-ft 
ll.l- ft 

1 b- fl 

Inner 
Axis 

0.52 

2.171::-2 

1. 3€-3 

3.91£-3 

5.21£-5 

81 

1.6£4 

0.25 
.3 X. 10-8 

7.32£2 
6.25£5 

2.67£3 

208 

30 
., 
'-

Outer Ax1s 
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HELIOSTAT SERVO OUTPUT AMP SMALL SIGNAL SIMULATION AND ANALYSIS 
A small signal simulation of the Heliostat Servo output amplifier 
showed stable closed loop operation. 

The equivalent circuit for the simulation is shown in Figure 4-19. 
The model-is for a linear simulation of the op amp and the three 
level shifting and ·power output transistors. The op amp model 
considers input R, output_ R, and voltage gain and uses a single 
pole low frequency corner for response purposes. All higher fre­
quency breaks·occur at 1 MHz and higher and are of no consequence. 
The transistor models are modified H parameter common .base equivalents 
taking into account input resistance, output resist3nce, current 
gain, collector to base transitioncapacitance, and base to emitter 
diffusion capacitance. The values shown are nominal values for an 
output operating current of one ampere. . _·. 

A Bode plot of the open loop gain and phase 
Figure 4-20 •. Phase margin is >90 d~grees. 
Breadboard test data tends to verify these 
was observed in square wave response tests 

caiculations is shown in 
Gain margin is >60 db. 

numbers in that no ringing 
on the amplifier. 
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ANALYSIS OF HELIOSTAT RESPONSE TO ENVIRONMENTAL EFFECTS 
'l'he collector subsystem heliostats are designed to meet a 30 year 
useful life requirement. Our limited SRE test experience (one year) 
has not shown anything to the contrary in the. design so· far. However 
the only real proof of meeting this requirement along with maintain­
ing long term pointing accuracy requirements will be to start full 
scale testing under desert operational conditions. Some specific 
effects, however, with respect to the field environment exposure are 
discussed below. Subparagraph F. provides a brief list of special 
purpose testing in addition to daily performance monitoring which will 
help to fully evaluate the influence of the pilot plant environmental 
exposure. 

A. Thermodynamic Effects 
A previous subsection includes a detailed discussion of the thermal 
environmental effects upon the heliostat with respect to: 

• Thermal gradients across the heliostat and resultant induced, 
errors. The SRE test results indicate that the gradients are 
well within those used within the collector subsystem error 
budget to retain a ~ mr pul11Ling u.oou:racy. 

• Thermal effects upon the structure and enclosed heliostat 
electronics under ·maximum temperatures expected. 

• Thermal effects upon the enclosed heliostat electronics due 
to cold temperatures. 

In summary, it was found that the thermal gradients are within speci­
fication, the electronics box must be shaded during peak insoln.tion 
levela and bP heated during colder temperatures. 

Cold weather effects on the experimentdl model heliostt=~ts of the SRE 
were not determined during the SRE except for the opportunity to 
evaluate the lnner and outPr drlve·system charn.cteristics at near 
freezing condlllon~ (33°F) in early morning. The puwer concumption 
of the inner drive increased about 25 percent and of Lh~ outo:r drive 
~bout 70 percent as compared to.a 65-70°F day of operation. Lubri­
can·t stiffening and possible bearing interface tolerance changes will 
increase the power required for operation during cold weather. A · 
mu~~ ~\nntitive impact has not been empirically-determined yet and 
will be a subject of future test and invalii L:.i.gi1t.ion prinr to release 
of the final pilot plant heliostat detail design. Proposals for 
additional cold weather testing have already been prepared and sub­
mitted to EFD~ for approval, which as of this date is still pending. 

No temperature effects, shaded or under solt=~r loading, have been 
noted during the SRE testing that changes our present mirror n~dul~ 
design's contour. 

u. cJoud Covcrayc 
Cloti(T-c6v.cr.age "w.:Cfl nul affect thr~ collector subsystem perform.J.ncc 
because of the open loop control ~hilosophy except tor reducing the 
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time available for calibration. Scheduling sequences may have to 
change to accommodate calibration of all heliostats within a week if 
cloud coverage is extensive. However, the complexity of the collector 
subsystem control procedures and software requirements is significantly 
i.I1Cr('<1Sl:'d; 

From.a total power plant viewpoint, cloud coverage has a severe effect. 

• The thermal energy into the receiver is reduced or completely 
stopped and the storage subsystem output must be activated .. 

• Control complexity between the several subsystems is increased. 

The collector subsystem control complex will monitor the 24 insolation 
recording devices. During the detail design phase of the heliostat, 
full interface will assure complete control despite: 

a. Thermal gradient build-up across the receiver as a function 
of different nonsymmetrical energy flux inputs and applicable 
time constants. 

b. Damage to the receiver. 

c. Potential damage to receiver due to instantaneous .application 
of full solar flux near solar noon after an extended cloud 
coverage interval. 

d. Excess energy losses. 

Based upon these time factors, the program requirements document will 
be generated to include all necessary control constraints.for the 
software to remove sectors of heliostats based upon master control 
commands derived from cloud coverage over portions of the field and 
deviations of cloud coverage. Flags wiil be sent to the operator any 
time this type of independent activity is initiated by the control 
subsystem. 

Logic of this nature will prevent unnecessary loss of energy input 
due to ·premature removal of the heliostat field off the tarqet while 
insuring that receiver stress 1 i mit~ Are nC~t <lanqerour;l y ,J.ppr.oach(~d. 

The dynamic activity of thin and small clouds does not appear to be 
a problem due to their normal rapid shadow transient across the 
Earth's surface, even though direct insolation at a spot can drop 
from 900 W/m2 'to zero within 20 seconds as observed during the SRE 
test program. Th~se types of cloud activity shadow a portion of the 
ground only for a- .few seconds. The larger cloud which covers only a 
portion of the field or moves only gradually (gradually would be as 
compared to the receiver thermal gradient response time) would be the 
condition where the collector subs:ystem·would initiate heliostat 
.activity if nece?sary as commanded by the master control system. 
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C •. Wind Effects 
W1nd load1ng is the single largest cost driver in designing the 
structural rigidity and gimbal drive strength to both survive at 
40 m/sec winds and meet a 2 mr tracking· accuracy under operational 
wind loading (13.5 m/sec) requirement. 

Much analysis and test has been performed on a single SRE configura­
tion heliostat exposed to operational wind loads of 13.5 m/sec 
(30 mph) assuning free stream conditions with limited data on ground 
effects .. 

An extensive structural analysis performed using the STARDYNE program 
was previously reported. Natural torsional harmonics were obtained 

·and a dynamic varying input force which was a combination of the 
first 4 most significant (mirror module rotations) haL'Ulonics was 
applied across the heliostat with-an average velocity of 13.5 m/sec. 
~lRo static lo~ds associated w1tti 13.5 rn/se~ w~L~ applied to the 
analytical model. In all cases, stress or loacts.never ex~~~u~u hard­
ware limitations. 

The SRE .test effort spent considerable effort to determine wind effects 
upon heliostat operations. Individual mirror modules were loaded 
with· uni·form loads representing worse ccise pressure drag values for 
13.5 m/see. Worse case torsion loads were applied and mirror module 
deflections recorded. . The moments were based o.1 a combination of 
moment coefficients determined from an earlier wind tunnel test and 
flat plate free stream theoretical values. In all cases the mirror 
structures and contour control exceeded design requirements (1 mr or 
less deflection) • 

At the heliostat level moment loads were again d.pplied on the inner 
axis and outer axis. The .results compared favuL·dlJly with the initial 
error budget except where the inner drive lash exceeded design goals. 

Visual monitoring of the SRE heliostats with wind gusts ot approxi­
mately 13.5 m/sec, the peak instantaneous deviation was 2.9 mr. 
Off-line analysis of rapidly recorded (once per 2 seconds) calibra­
Lion array data showed that peak oscillations were ±1.2 mr about the 
nominal beam direction. 

Before addressing the fi~lu effects one other an:1a :o;hou] n ·hP. mentioned. 
Three wind specification changes have occurred since the conception 
of the SRE which are applicable to the pilot plant or a commercial 
plant collector subsystem design. 

• 

• 

(H/S Height) 0 •
2 

The wind profile was changed from a V ""' Vw lOrn 
profile to a 0.15 power profile. 

Due to the possibility of a rapidly approaching thunderstorm 
front, the heliostats may be exposed to a 22.5 m/sec wind load 
while at any operational gimbal orientation. Tracking does 
not have to continue, but slewing must be accomplished and no 
catastrophic damage occurs to the heliostat. Previously maxi­
mum wind velocity of 13.5 m/sec was peak. 
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• While in the stow position, the heliostat can be subjected 
to a 40 m/sec wind at 10 degree angle of attack (previously 
treated as zero) from horizontal. This requirement comes from 
the data presented ·in a TWX from Sandia. Previous require­
ments were a 45 m/sec survivability .wind parallel to the 
ground. 
'·' 

Table 4-7·shows how the new requirements introduce individually addi­
tional loading stresses on the inner axis • .Where the original design 
provided a comfortable margin against the original requirements 
(3.15:1 being the least), the subsequent additions completely negates 
the margin. This is especially true if 40 m/sec wind strikes each of 
the four mirror modules simultaneously in a stowed position, as shown 
in the last column of Table 4-7. · 

The field effects of the wind are relatively nebulous. Request for 
proposals were requested by ERDA to perform field effect wind tunnel 
testing on arrays of heliostats. This effort has been delayed due to 
scheduling changes. Field effects will include the following: 

• Influence of the outer perimeter barrier upon the-wind flow 
for the outer radii heliostats. The wind.will create lift and 
become turbulent, thus inducing non-horizontal velocity vectors 
at points within the field. The vortex shedding from the . 
fence could cause induced worse case moments on individual 
mirror modules. 

• Influence of the receiver.tower. The tower will cause separa­
tion and an increased wind velocity before reattachment or 
reaching free stream characteristics. The inner rows of helio­
stats may ·be affected. 

• Influence of the ground effects and 0.15 power profile. It is 
difficult to predict the pressure gradients and subsequent 
induced moments on the inner anq outer axis·even for one helio­
stat because of the low profile of Honeywell's tilt-tilt design. 
In some orientations portions of a mirror module may be as close 
as 0.6m to the ground while other portions of the same mirror 
module may be as far as 4. 9m from ground level. .The .irregular 
vortex shedding from one mirror module to another complicates 
even this situation. The effect of the low.profile will be to 
reduce loads on the heliostat compared to a configuration that 
protrudes higher into the boundary layer. 

• Influence of one heliostat upon another. The loads experienced 
by a single heliostat in an open field will be greater than that 
experienced bY a heliostat in a group of heliostats. 

• Influence of the different heliostat orientations on adjacent 
heliostats with respect to shedding frequencies and vortex 
magnitudes. 

• Influence of the 10 degr~e angle of attack across the entire 
field during ·40 m/sec winds. 



Table 4-7. Stress ~vtargin Versus.Inner .AXis .. Mom-:nt Loading_ 

Baseline 

Ratio by which moment 
loads increase 

Moment (kg-m) 

MM stub shaft torque 
margin to crsu 

MM bearing load margin 
for 630.4 lbs at 
·86.4 kg-m 

Crank arm stress marain 
to 2461 kg/cm2 ultimate 
shear stress 

Taper lock shear 
stress mar1in-to 
2461 kg/ern crsu 

Tie rod column load 
margin 

Spur gear tooth 
stress margin 

Motor torque margin 

13. 5 m/ sec Oper 
45 m/s.ec Surv. 
anC: 0. 2 0 Profile· 
Exp; Load One 
11.:.M Only 

1 

86.4 

24 

4.71 

5 .• .24 

7.:!.4 

3 .. 15 

5 .33. 

4 •. 0 

Oper 
0.15 Exp 

1.15 

99.4 

20. 9' 

4.09 

4.55 

6.211.. 

2.74 

4.€4 

3.48 

Oper 
17m/sec 
WCAOA 

1.58 

136.6 

15.2 

2.98 

3.32 

4.52 

2.0 

3.37 

2.53 

Oper 
25m/sec 
WCAOA 

3.43 

66 

7 

1. 37 

1.53 

2.08 

0.921 

1. 55 

1.17 

·Surv 
. 40 m/sec 
.10 Deg 
AOA 

6.32 

546.3 

3.79 

0.75 

0.83 

1.13 

0.50 

0.84 

N/A 

su.rv 
40m/sec 
10 Deg 
AOA 
4MM 

25.3 

2185 

0.95 

0.19 

0.20 

0.28 

0.25 

0.21 

N/A 

NOTE: Margin values are ratio of i:ailure load to expected load under condition shown. 

~ 
I 

0'1 
0 
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• Effect on the average energy input to the receiver from the 
composite collector field heliostat. Statistical analysis of 
the collector field performance for various wind loads .will be 
conducted after field array testing results are available. 
Heliostats will not all be affected in the same way· by wind from 
a given direction. They will oscillate, not necessarily in 
phase, at the inner axis natural frequencies of 2 Hz to 4 Hz. 
The net energy loss will be very small when the damping in­
f+uence of the field effects is included. An analysis will be 
made in detail design, on a field wide basis ·to evaluate the 
wind speed frequency profile against heliostat structural 
requirements to meet the 2 mr tracking under wind loads. For 
instance if wind speeds greater than 10 m/sec occur less than 
9 percent of the time (and those instances are in late afternoon) 
then the 2 rnr pointing accuracy requirements can be maintained 
up to 10 m/sec .and the average resultant energy input be applied 
during the 9 percent of the time. Very little flux will bP.' 
lost by completely mi!iising the boller. The hel~ostats must 
still meet the survivability requirements without catastrophic 
failure. · 

The wind rise rate of 0. 01 m/sec2 ·poses no additional pr~blern. Neither 
does the 17 m/sec dust devil requirement when compared to the 25 m/sec 
_steady state requirement. 

In November 1975, Honeywell ran a small field effects test where 1/96 
scale models were subjected to varying wind speeds with different 
barrier heights. No attempt was made to generate a scaled boundary 
layer profile. The heliostat models (1/96 scaled, 3-8 foot square 
facet heliostats) were not the same as the present configuration. 
None of the facets were instrumented. The results may be used quali­
tatively to demonstrate that at various stations within the field the 
dynamic pressure varies greatly, even to the point of flow reversal. 

Honeywell will, during detail design, run a fully instrumented 1/10 
scale model wind tunnel test using a properly scaled boundary layer. 
Each of the outer axis bearings and each mirror module will be in­
strumented with strain gages to obtain direct moment readings. Nine 
pressure taps per mirror module will also be incorporated. The model 
will be tested alone and with another 1/10 scale model upstream at 
different scaled distances (1.6 ft to 3.6 ft) to evaluate directly 
the j_nfluence of one heliostat upon another. 

This testing should bracket all worse case loading on a heliostat very 
similar to the PDR baseline discussed in this document. The model 
is scaled from the SRE experimental model configuration. Slotted 
mirror modules with an approximate 94 percent solidity ratio will 
also be evaluated while on the"heliostat model. 

The results from the preliminary wind tunnel tests, additional moni­
toring of the SRE heliostats,_and future scaled wind tunnel test will 
provide a complete envelope of field conditions and heliostat response. 
The result of these tests will be used to determine the most cost 
effective design for pilot plant heliostats based on redirected energy. 
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D. Humidity and Atmospheric Effects 
Humidity.effects will be monitored within the field by the ground 
level dewpoint indicators at the weather stations and dewpoint indi­
cators near the receiver aperture. Dewpoint indicators are preferable 
to relative humidigy devices because they are inherently more accurate 
and cheaper. It is important to understand these additional near-
ground attenuation losses since almost all of the atmosphere's water 
vapor lies within the first 2-3 km of altitude. 

Line-of-sight losses typical of a pilot plant aHu commercial plnnt. 
field have been evaluated based on present design and available data. 
Figure 4-21 shows different results for the same heliostat field con­
ditions representing 'the· SRE setup of heliostats 147m, 260m and.314m 
from a target lS.8m high. Computed analytical atmospheric effects 
for 55 percent relative humidity are also shown. After correcting 
for known instrumentation sc..:aling errors, the SRE results show a 
higher percen't loss at the longer line-of-sight distances due to 
atmospheric attenuation (combined effects of atmospheric water and 
turbidity) . · 

Additional tests will be.performed at various atmospheric conditions. 
These tests will use the equipment that uses a diredt on-line com­
pensation of the calibration array photocells to obtain total reflected 
energy. This calibration compensates the photocells which are sen-
sitive to only a limited band (0.511 to l.llJ) tv account for the effects 
of atmospheric attenuation onthe ·total solar spectrum. It is pro­
posed to use this same technique for monitoring energy flux inputs 
during pilot plant testing. 

en 
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As a result of additional testing and improved atmospheric model 
development, the line-of-sight attenuation due to scatter and absorp­
tion will be evaluated to determine the exact collector field size 
for 'a 10 mw pilot plant output on 21 December with a clear day 
index of 1.0. 

E. Other gnvironmental Effects 

1. Blowing Sand, Dust, Rain '· -( 
The PDR heliostat design includes protection from blowing sand, 
dust and rain in the form of seals on motor housing, electronics, 
gear housing, and initialization mechanism housings. Internal 
moisture relief is provided where required. -These concepts 
will be further evaluated during the detail design phase and 
on one prototype heliostat build. 

2. Erosion .of Mirror Module Reflectivity 
Honeywell presently has a test of silvered glass mirrors under­
way near Phoenix, Arizona. They had controlled mirror samples 
exposed to the desert environment since February 1977. Iriitial · 
results of reflectivity and surface erosion will be available 
in September 1977. This information will also be available for 
final collejc:tor subsystem design. 

3. Lightning protection is discussed on pages 3-37 and 3-38. 

ANALYSIS AND PROGNOSIS FOR COMMERCIAL PLANT CHANGES 
Based on the performance of the SRE collector subsystem, we have seen· 
no significant problems. The challenge remains to obtain acceptabie 
performance at lower cost. Design evolution has been the key to cost 
reduction to date and is expected to continue on through the pilot 
plant phase. 

·. 
The Honeywell pilot plant heliostat incorporates several concepts 
which are lower cost ways to meet the same specifications. The hybrid 
frame, se·lf-aligning mirror module bearings and smaller actuators are 
prime example·s. The next major iteration is expected when real wind 
load design criteria can be quantified. Honeywell is planning wind 
tunnel tests which will provide coefficients for a single heliostat. 
A stronger dr.iver however is the actual value of wind velocity at the 
heliostat level considering effects of other heliostats, wind fences 
ground effects, etc. Our prediction is that actual wind moments will 
be less than those used for present designs to the point where gravity 
effects and stress levels at 40 m/sec winds will become the design 
driver in some cases presently designed by deflections. 

Since the mirror modules represent approximately 40 percent of the 
heliostat cost and because they are now designed by wind moment loads, 
there is reason for optimism about their cost. Lower wind moments.on 
mirror modules also result in lower loads on nearly all other 
components. 
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Ray trace analysis and SRE test experience have shown that control of 
focal length of heliostats with distance from the tower is not critical 
This may change at the larger commercial scale but the heliostat design 
is flexible enough to have several fixed focal lengths. 

Torsional stiffness of mirror module stub shafts has a strong effect 
on the minor support structural cost. Aluminum stub shafts used on 
SRE heliostats put increased demands on the honeycomb panel~ structure. 
Steel hubs (modulus 3X that of aluminum) wiil be used on all ruture 
units to reduce the cost driving torsional stiffness requirement 
on the sandwich panel. · 

Vented mirror modules (with pressure relief slots) offer a possibility 
for reducing wind moments further but are not baselined for the pilot 
plant. This approa~h may be a key tn reducinq commercial cost by in-
crAnsing the cost optimal heliostat size. This approach does nut have 
the 120 inch size tooling cuu8Lraint in one nirection which not applies 
to the honeycomb module. A reit~.ration of the pr:~rametric analys1s 
will be appropriate for the commercial heliostats when new wino load 
data is available. 

Low iron float glass mirrors will of course be avaiiable when quan­
tities are sufficient to get the glass manufacturers to convert their 
lines. Low iron will increase reflectivity by 3 percent for clean 
mirrors. However the average loss due to "dirL" may swamp out this 
gain. 

Calibration techniques should be fully explored in terms of alle­
viating error budget cost drivers. White paint, for instance, is the 
baseline technique for controlling errors due to thermal distortions. 
It is possible that software algorithms could be used to compensate 
cyclir. errors as a function of sun position, if pre-rusted steel were 
used. 

Error budget trade-o:tfs can also be pE:!L'ful:ml!'n to minimi '1.A co~t. 
Mirror.pontours for instance have proven far stiperior to the budgeted 
one milliradian/la allowable deviation. This could be used to alle­
viate torsion stiffness requirements on the mirror module structure. 
Ducklash on the inner drive linkage, on the other hand~ has been 
difficult to hold to budgeted values. This is a second area where 
additional error allowances could be cost effective. 

Large volume manufacturing techniques will reduce commercial plant 
costs. Die cast aluminum will replace machined parts on several drive 
unit parts. .Powdered metal will replace cast iron on bearing housings 
and will drive costs down by reducing machining costs. Forging dnd 
stamping will be used extensively where appropriate~. M;mufdcturinq 
and assembly tooling will continue to cvolv·e to obtain required 
accuracies with less labor cost. 

It is also important to note those areas where further cost reductions 
(beyond pilot plant) are not expected. Hybrid steel frames, posts, 
concrete slabs, float glass mirrors, and bearings fall ~n this 
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category. These items ·are based on existing production rates and 
market competition that will not be impacted significantly by helio­
stats. Quantity price breaks will be the only factor. 

CALIBRATION ARRAY ANALYSIS 
The design, sizing and location of the calibration arrays for both 
pilot and commercial plants are based on analyses supported by SRE 
test results. TCLs SRE 99 and 115 docurrient this work. 

The array location is controlled by ray blockage considerations. 
Figure 4-22 shows that if the arrays are located below the receiver, 
far heliostat rays are blocked by other heliostats in adjacent rows; 
·rays from near heliostats are blocked by the arrays themselves. The 
result of this was to mount the arrays on the receiver at the top. 

An image size analysis was completed next to determine the required 
size and pitch angle. of each of the eight arrays. Figure 4-23 shows 
the mo.del used to define the beam size equations. 

The equations quantify the following effects: 

• Sun cone a~gle. . : ·-

• Line~of-sight (LOS) distances. 

• Cosine effects (azimuth and elevation) . 

• Azimuthal range of heliostats served by each array. 

• Spreading of images (vertical and horizontal) due to constant 
toe-in angles used ort each heliostat. 

• Heliostat pointing accuracy. 

• Mirror module contour accuracy. 

' Change in image size as a function of LOS due to use of a 
common focal length of all mirrors. 

• Span of timP. (centQrad on solrir nooil) over which calibration 
capability is desired. 

Table 4-8 summarizes the results showing optimum sizes and pitch 
angles for each array. For the preliminary design however, a common 
frame size and pitch angle are used to simplify construction and 
improve aesthetics. Experience with pilot plant operation will pro­
vide data to cost optimize the arrays for commercial plants. 

Structural analysis of the array frame has also been completed ·based· 
on stress under survival wind conditions. Weights of these assemblies 
including the sensors and wiring have also been determined. 
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Table 4-8. Calibration Array Parameters 

Cal Drag 
Array .Width Height Phase No. of Weight Force 

No. ·{ft) {ft) {deg) Sensors . { lbs) (lbs) 

1,8 25.55 23.54 31 624 803 4307 

2.7 .: 27.77 24.53 38 700 900 5256 

3;6 23.02 20.62 48 483 G21 :2831 

4,5 23.54 20.78 56 504 648 2469 

Maximum wind velocity at the 500 foot elevation·is: 

soo 0.15 
v 500 :::::1 90 mph. (32 _81) ::!! 13!:; mph 

This velocity is combined with solidity ratios and lirag coefficients 
from s .. F. Holmes's "Fluid Dynamic Drag" to define the total.wind 
drag values shown in Table 4-8 .. Three sizes of square aluminum. were 
selected based on allowable bending stresses. 

Figure· 4-24 shows the pilot plant frame uesign .. 

HELIOSTAT LOCATION.ANALYSIS 
Ray trrtce optimization has determined that variable .spacing of helio­
sta ts in the field is optically the Iitos t efficient scheme. ~adial 
spacing therefore increases as a functiuu of distance frorn the tower. 
The·attached computer output is a sample of the data used to generate· 
the field layouts in other sections of the report. This data was 
generated by ERC in Minneapolis. 

Azimuth zone 1 is from 0 degrees to 45 degrees; zone 2 is from 
45 degrees to 90 degrees. Numbers to the right of the equal signs 
are radii in· feet. Numbers in.parnetheses are row numbers. 
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TRADE OFF STUDIES 
Certain trade studies which support pilot plant choices are suffi-

. ciently important to warrant treatment here. Without question the 
parametric trade study (performed during the first six months of the 
preliminary design phase) influenced the Honeywell heliostat more than 
u.ny·other technical work. This attempt at conceptual optimization is 
treated first because of its preeminent position. Following this is 
the swmmary treatment of the foam versus honeycomb mirror module. This 
trade study also involved hardware.· The results of the study were 
suf.ficiEmtly important that a special report was issued. The next two 
trade studies are design choices involving component selections (battery 
versus other storage and ball screw versus machine screw) . Following 
these is.a brief treatment of indoor versus outdoor assembly. Finally 
is a summary of our choice of measurement technique and computer. 

PARAMETRIC TRADE STUDY 
A·parametric trade study was completed in December 1975 which showed 
the tilt-tilt heliostat to be less expensive ($/unit energy) than the 
"Az-El" confign:rat.ion. The study fuL·ther defined a 40 m2, 4 square 
facet heliostat with a 2 milliradian (lcr) pointing accuracy and 13.5 
M/S operating wind speed capability as being cost optimal. 

Honeywell's approach to heliostats has always leaned toward "low pro­
file" concepts to minimize the effects of wind loads. Two primary 
concepts were identified early during the SRE contract. These concepts 
were identified early during the SRE contract. These concepts are 
referred to as "Az-El" and "Tilt-Tilt" after their gimbal orientations 
and are described in reference 17. Cost per unit of thermal energy 
into the receiver was the obvious selection criteria. However, cost 
and energy output could not be obtained until tne two concepts had been 
designed. Moreover, the quantity and range of both configuration and 
requirement variables would require many design iterations .. 

A·joint effort was completed in 1975 by Honeywell Energy Resources 
Center (ERC) and Honeywell Avionics which provided the desired data. 
Avionics generated software to get $/m2 impacts of varying the follow­
il)g items: 

• Total mirror area per heliostat. 

• Number of mirror modules (facets) • 

• Aspect ratio of facets. 

• Spacing between facets. 

G Pointing accuracy. 

e Operating wind speed capability. 

ERC developed the variations in net annual energy (thermal) into the 
receiver. Figure 4-25 shows how the two outputs were married to get 
the cost per unit of thermAl en~rgy in~o the L~~eiver. The software 
was designed in both cases to suboptimize individual parameters during 
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Figure 4-25. Heliostat Evaluation Prodess 

each iteration. The end result was an.optimal configuration for each 
of the two gimbal arrangements ·shown.in Figure 4-26. The 13.5 M/S wind 
speed capability and 2 rnilliradian · (lcr) pointing accuracy \iere optimal 
for bot~. · · · 

A complete description or software generated for this· effort by 
Avionics is provided in ~e.fei'ence 2. 

Although there are numerous design requirements and .configuration· 
elements that could have been used as input· (independent) variables,· 
the six listed above were judged to have the greatest impact on cost 
ond energy. Figure 4~27 shows a simplified flow chart of the softwar~. 
The chart shows the ·process fcJl: only one d'=lsi;;rn i.t.eration .. · Nested· 
loops were used to iterate on any·or all input variables automaticqlly. 

The actual software consisted of an executive routine, eight major 
subroutines and eight function subroutines. Figure 4-28 descripes.the 
function of each and the internal "flow of info~.·ma.tion ·between them. 

The cost sensitivities of sample variables a:re shown in Figures 4-29 
~})rough 4-32 The costs shown in these curves are at LBM level assum­
ing commercial quantities and learning curves. The complete results 
were provided in reference .17. . 

Actual costs which come out of the SRE detail design have·been higher 
than those estimated for the parametric study. The mirror module cost 
is three times hig~er. while t~e outer axis . (frame) drive is actually . 
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less. If the study was rerun using today's pilot plant estimates the 
optimal heliostat size would increase significantly, possibiy double. 
Preliminary work on the producibility study however has revealed 
numerous ways to drive costs back down through design evolution (see 
reference 16) . 

Our prediction is that the heliostat total area will eventually opti­
mize for.cornrnercial scale at no less than 40 square meters a~q may 
be larger to an extent consistent with final component co.s'ts .' : 

A minor change ~n asp~ct ratio of the mirror module will be required 
for the pilot plant. Bonding presses require a maximum di~ension of 
120 inches in one dimension requiring and aspect ratio of 130/120 
= 1.08 instead of the 1.0 value to get a full 10 square meters. The 
spacing between mirror modules may also be affected. The cost senni­
tivity curves. show no cost-impact ·for these changes. 

The remaining pararnete;:s which were set by the study are: 

• Number of facets = 4 

• Pointing accuracy = 2 milliradians (lcr) 

• Operating wind speed capability = 13.5 M/S 

No· data has come out of the SRE contract effort which shows a n'eed to 
change these from a heliostat point of view. In fact, the latest 
error budget (<2 mr) combined with the latest cost data (> study 
estimates) demonstrates the impact of not having the design at the 
optimized level. · 

A high priority task in the producibility stu6y will be ·Lo drive mirror 
module costs down with larger error allotments. 

FOAM VERSUS HONEYCOMB MIRROR MODULES 
Two materials received major consideration as the core of sandwich type 
construction for the mirror modules used in the engineering model 
h7liostat. The¥ were Type 300 Owens/Corning Urethane Foam with a den­
s~ty of 32 kg/m (2 lbs/ft3) and aluminum honeycomb with a density of 
41.6 kg/m3 (2.6 lbs/ftJ). Two mirror modules were designed and fabri­
cated by companies ·specializing in lightweight construction to detail 
requirements established by Honeywell Drawing 34026575. 

Brunswick Corp., Lincoln, Nebraska des~gned and fabricated two mirro'r 
modules using the urethane foam a~ a core material. Serious · p.r·ol.>lems. 
were encountered in obtaining the 677.9m '(2,224 feet) spherical radius 
and in bonding the steel skin to the urethane foam. Both mirror mod­
ules were tested and produced unsatisfactory results. Changes in· 
contour fabrication and bonding techniques may result in significant 
structural impr?vements. 

Further investigations into urethane properties in relation to it's 
use in this type of structure _.ave brought out additional problems. 
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·The dimensional stability of urethane is not good when subjected to 
temperatures of 60°C (140°F). Permanent increase in volume of up to 
15 percent has been observed. In addition, the thermal coefficient 
of expansion is nearly 10 times that of steel. These combined will 
result in large internal pressure forces in the mirror module struc­
ture with resulting dimensional changes. Urethane foam, while called 
closed cell, will absorb.moisture from the atmosphere and with tempera­
ture cycling this causes deterioration of the foam to the point where 
it rs not a satisfactory structural material. This deterioration 

·occurs in much less than the 30 year life requirement. No practical 
means of sealing the urethane foam from this moisture has been found. 
The 6ombination of bad experience with engin~ering model mirror 
modules and detrimental material properties have resulted in urethane 
foam not being considered further. 

Parsons Corp., Stockton, Californi~ has designed and fabricated t~o 
engineering model mirror modules using the 41.6 kg/m3 (2.6 lbs/ft ) 
aluminum honeycomb and 14 mirror modules for the solar resea~ch ex­
perimcn~.using 32 kl.J/m3 (2.0 lbs/tt3) aluminum honeycomb. Two of the 
14 mirror modules from the solar research experiment were used to 
replace the urethane foam units on the engineering model heliostat. 

Structural tests completed on the 2 engineering model m1rror modules 
and 2 of the 14 solar research experiment mirror modules fabricat'ed 
by Parsons gave excellent results·. Contour was initially well within 
specification and did not change significantly under simulated wind 
loads. Torsional deflection was 0.7 to 0.8 mr at maximum applied 
torque compared to a specification requirement of 1.0 mr. 

The pilot plant mirror modules are aluminum honeycomb units which, 
produced by Parsons, have exhibited in-specification performance . 

.. Efforts are underway to reduce the cost of this type. Fabrication of 
mirror modules using urethane foam cores has been discontinued .. · 
Investigations of other cost effective structures will be researched 
in detail in Honeywell's Heliostat Producibility Program. 

LTNEAR ACTUATOR TRADEOFFS AND SELECTION (BALL SCREW VERSUS MACHINE 
SCREW) 
The hall screw (BS) linear actuaLOL has been selected over the machine 

'screw (MS) because of its torque efficiency and backlash/life char­
acteristics. The two actuator styles are shown in Figures 4-33 and 
4-34. 

Experience in designing the SRE heliostats has shown that even though 
commercial components appear usable in most cases, our design require­
ments differ markedly from those used by the vendors. The actuators. 
are a case in point. The actuators were originally selected for the1r 
repeatability, accuracy and low backlash and because the commercially 
available jacks could be readily adaptable to our needs. These have 
proved out as expected in prototype tests. The challenge has.been to 
ohtain reAsonablQ mechanical efficiency in the face or ~he Urtlque 
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heliostat application requirements. These requirements are listed 
here briefly and will be discussed in detail later • 

. -- 1 ~ Pulse operation 

2. High compressive spring rate 

3. Column buckling stress 

4. High gear ratio (motor shaft-to-actuator nut) 

5. Need for self-locking feature 

6. Side loads from various sources 

7. Large dynamic range (0-900 rpm motor speed) 

A hypothetical actuator with a mechanical efficiency of 100 percent 
would require less than 10 in-oz of input (motor) torque under worst 
case combinations of wind moments, imbalances, drive geometry, and 
friction. Yet testing of the machine screw prototypes shows input 
·torques had to be as high as 80 ln .. uz with no external load at 900 rpm 
(Reference 19) •. This low torque efficiency must be overcome by larger 
motors, electronics and batteries with higher current capacities and 
more electrical power consumption. All of these increase the total 
drive system to be nearly equal for both actuator types. The detail 
description of the design requirements show there is technical risk 
associated with the machine screw units. 

Performance over life is the other major criteria which favors the 
ball screw unit. Because of the rolling contact interface between 
the screw and n~t (see Figure 4~33) the life can be predicted just 
like a ball bearing. Limitorque has performed this analysis to show 
the backlash limit of 0.010 inch will-be maintained in excess of 30 
years for our predicted loads and travel. 

The machine screw unit (see Figure 4-34) can be manufactured to easiiy 
J!leet the 0.010 inch requirement. but no supplier will attempt to pre­
dict how long it will continue to meet it. They all.agree it won't 
last 30 years. Backlash unfortunately cannot be calibrated out either 
by our calibration arrays or by a fully closed loop drive system. 
The cost of even one teardown/rebuild cycle per actuator would signi­
f~cantly increase the life cycle cost of the machi~e screw unit. 

The following paragraphs will review the design criteria listed pre­
viously and how they affect the efficiency/perfor~ance of the two 
actuator types; 

Pulse Operation 
In the tracking mode the motors turn one revolution at intervals from 
a. few seconds to 60 seconds or more. The motor must ovP.rr.nme static 
fr~ct~on ~nd r~~lected inertia torque with each pulse input. Static 
f:1ct1on 1s obv7ously less for the BS unit; the real advantage is its 
h1gh~r ge~r rat1o. The 40:1 worm gear ratio used on.the proposed 
actuator 1 ~ a rQsult of a.lew spt:~u anci motor constraints combined with 
'higher leads on the BS unit •. The MS by comparison has a 24:1 ratio 
and reflected inertia is 40/242 = 2.78 times greater. 
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The smaller actuator proposed for the low cost study has an.84:1 ratio 
which significantly reduces friction and inertia loads at the motor. 

Compressive Spring Rate ·. 
The actuator has a requirement of 180,000 lbs/in minimum (per error 
budget) including housings, gears, pivot pins, etc. This determines 
a minimum diameter for the screw itself. The present 1-1/2 screw 
is sized by column loads and exceeds this requirement. The 1 inch 
screw planned for the low cost unit will just meet it. (Note that 
a screw, sized for tensile stress only,could be as small as 0.09 inch 
in diameter.) The larger.screw results in larger nut and nut bearings 
and larger friction and viscous drag torques. The MS unit is more sen~ 
sitive to increases in diameter due to thread friction torques. 

Column Buckling Stress 
Required sr.rP.w travel is set by the angular range of the gimbal .and 
the pivot geometry. The actuator is inefficient from a column luading 
stress standpoint because it is pivoted at both ends, has a high slen­
derness ratio (length/rad of gyration) and has moment loads at the nut. 
The 1-1/2 inch diameter screw is also the minimum size expected to 
meet heliostat requirements. Planned wind tunnel tests on instrumented 
scale model(s) will provide the data needed to establish actual column 
loads. 

Gear Ratio 
Constraints of dynamic range, motor characteristics and actuator/frame 
pivot geometry set allowable limits for actuator mechanical gain. The 
ratio of worm gear ra~io to screw lead must fall in the range of 75 
to 100 (motor revolutions per inch of screw travel). Prac~~cal limits 
on the lead (inches of travel per revolution of the nut) of machine 
screws dictates lower gear ratios which have the adverse effects 
described above. · 

Leads of one half to one inch are standard for the proposed ball screw 
act~ators while 0.25 inch is the maximum allowable for machine screw 
units. 

Self-Locking 
At a 40:1 ratio used on the SRE BS actuators, there was some question 
as to their ability t9 self-lock under wind conditions which might 
induce oscillatory loads. (Tests to ddte al 40:1 show no problem.) 
The proposed 84;1 ratio for the low cost actuators would leave no 
question. The ball/nut unit alone reverses easily and depends on the 
worm to hold it. The machine screw on the other hand depends on the 
friction in the screw/nut threads to lock. 

Side Loads 
Side loads are defined as any ·load perpendicular td the axis of the 
actuator screw. These come from three different sources, all detri­
mental to machine screw efficiency. The first is a horizontal load 
at the end of the screw (frame attach point) which can result from 
frame thermal expansion, wind deflections of frame and post and assem­
bly tolerances. The result is a moment at the screw/nut interface 
which is resisted by hi~h radial loads at each end of the nut. The 
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MS actuator binds under this condition and italling of the 200 in-oz 
motor has been observed under test. The second side load is also a 
moment and is due to the imbalance weight of gear housing and cover 
tube. The third j_s a gravity effect when the screw is retracted .. The 
~ut acts as a fulcrum for the-overhung screw and sees 70 pounds of 
radial load. 'l'he machine screw thread amplifies. this by the slope of 
the teeth generating friction torques. Note: The machine screw proto­
types were reworked by adding bronze bushings to try to control side 
load.. There wa·s no significant change in no load torque;., ·(See 
Refe·rence 19.) 

Tests have verified that ball screw input torque is insensitive to 
side loads. Overstressing of the ball/nut interface is avoided 
through the use of an actuator pivot bracket which has designed-in 
compliance in a direction perpendicular to the screw axis. 

Dynamic Range 
The ball screw unit has been key in our ability to both track -(pul~e 
operation) and slew at high speed (900 rpm) with one small motor. If 
a motor .were to be sized·to obtain the 900 rpm speed with a machine 
screw the external loads on the end of the screw would be insignificant 
com~ared to the internal friction and viscous drag of the actuator 
itself. This is like sizing a motor for a go-kart with a transmssion 
out of a full size automobile. 

Power Distribution Trade-Off 
A power distribution trade-off was performed early* in the SRE program. 
After cursory analysis nonelectrical techniques were discarded. 
After further analysis other techniques such as solar cells and 
motor generators were dropped. Remaining were (1) ac distribution, 
(2) de distribution, and .(3} acjdc system with ac distribution to a 
battery charger and de operation of the H/S. 

1. The ac system does not require much maintenance but requires 
distribution wires sized for peak loads, for example, all 
heliostats maximum demand at once. 

2. DC system could avoid the expense of the grid by frequent 
··service/charging of batteries. This approach would also require 

a large overbuy. 

3. The ac/dc system operates batteries in a "float" condition 
thereby keeping maintenance requirements low. The ac distri­
bution system reduces copper costs by reducing peak load in 
accordance with good load ·management practices. 

The result of the trade-off was selection of the ac/dc system for the 
pilot plants and finding the de system unacceptable from a cos~/ 
performance standpoint (see Figure 4-35) . 

w Reference TCL SRE-005. 



4-84 

AC SOURCES 

11 0 VRMS 13.8K VRMS 

T T 
11 0 VRMS 13.8K VRMS 
TO FIELD TO FIELD 

TRANSFORMERS 

l + 
110 VRMS IN FIELD 

~ 

l l 
11 0 VRMS TO I ND HIS 

TRANSFORM AND .. RECTIFY TO 
REQUIRED VOLTAGES 

TRANSFORM 
TO REQUIRED 

1 VOLTAGES 

• ,.-... 7' DISTRIBUTE TO RECTIFY AND N HELIOSTATS REGULI\TE 
AT EACH HIS 

+ 1 
REQUIRED DC AT HELIOSTAT 

1-----u.,.\•· 

Figure 4-35. AC/DC Power Distribution 

0 4 7 7- 'j 8 

USE OF 
AIIX EQUIPMENT 
DRillS, SPRAYERS,· 
ETC. 



. 4-85 

Indoor Versus Ou~door Heliostat Assembly. Honeywell conducted a 
cursory analysis pertaining to the differences between indoor anq 
outdoor assembly. Each step in the assembly process \'las defined and 
"standard hours" were determined. Based upon industrial engineering 
standards these hours or times are indicative of the time required 
for a skilled fully trained operator to .accomplish the indicated 
task with no.~istak~s. 

Each task is such a low level of detail that the summation of the 
tasks is fairly accurate despite small inaccuracies which may exist 
in each task. A total of 260 .odd tasks were estimated for the out­
door build analysis and 60 odd. tasks for the indoor tasks. The out­
door assembly assumed similar ·tasks to the SRE while the indoor tasks 
were not 'so well defined. 

Based· upon these analyses it was concluded and is our recommendation 
that· outdoor assembly be undert.aken to accomplish the assembly \'17i th 
least risk and at lowest cost. This conclusion \'las verified by a 
visit to the Barstow site where generators are actually out~oors. 
The tables {4-9 and ·4· .. 10) eumma:rize the details of each approach. 

The main driver for the .conclusion was found to be the number of times 
a part or subassembly had to be handled. Since indoor assembly re-. 
quited r:1ore handling it was more time consuming. Many parts, it was 
found, could be off loaded and stored in the field until assembly 
could be accomplished. 

This trade study clearly shows that the use of outdoor assembly tech­
niques is a saving in number of hours as well as total costs even 
including premium rates for outside labor. 

..:., Table 4--9. Indoor Build 

Summary qf Total Assembly Operation 
.for Total Fabrication Plus On-Site Installation 

Activity occurrence 
Activity Totals bX Work Crew Function 

Type of Sub-· Main Matl Adj/ Tot Dist Std % of 
Activity Assy Assy Hndl Algn DCC Feet Hrs Time --

Operation 25 10 8 3 46 372 35.04 82.5% 

Transport 4 0 10 0 14 2360 2.66 6.3% 

Inspect i 0 0 0 1 0 0.19 0.5% 

Delay 1 0 0 0 1 0 4.60 10.8% 

Storage 0 0 4 0 4 0 0.00 0.0% 

Work Crew·Totals: 

Distance.;..Ft ·.·ro8o 0 1652 0 2733 

Std Hrs '30.03 4.02 6.04 2.40 42.49 

% of Time 1o.i 9.5 14.2 5.6 100.0% 

Total Standard Hours = 4'2'. 49 to Build One Heliostat 
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Table 4-10 .• Outdoor Build 

Summary of Total Heliostat Assembly Operation 
for Solar Power Plant {Pilot Plant) 

Activity Occurrence 
by Work Crew Function Activitx Totals 

Sub- Main Matl Adj/ .Tot. Dist Std 
Assy Assy Hndl. )\lgn n·cc ·Feet Hrs -- --

7 '198 (j 0 205 65 22.48 

0. 2.0 14 0 34 1270. 2.70 

0 8 0 1 9' 0 1.46 

0 2 0 0 2 0 0.00 

0 2 9 0 11 0 0.00 

work crew TuLalS! 

Distance-Ft 0 645 690 0 1335 

Std Hrs 1.57 23.71 1. 07 0.29 26.64 

% of Time 5.9 89.0 4.0 ' 1.1 

% of 
Time 

84.4% 

10.1% 

5.5% 

0.0% 

0.0% 

100. 0%. 

Total StanQ.ard Hours - 26.64 to Build One Heliostat 

CALORIMETRY VERSUS CALIBRATION ARRAY MEASUREMENT 
A trade study was conducted to select a method of accurately measuring 
the reflected solar insolation at the receiver in·energy terms. Speci­
fically it was desired to develop a technique that could be used to 
evaluate heliostat reflectance and transmission of the reflected energy 
to the receiver. Three basic forms of calorimetry were considered. 
These are {1) sensible heat absorption calorimeteLer, {2) thermo­
~lectric calorimeter and {3) optical calorimetry~ 

Sensible Heat Absorption Calorimeter . 
Energy absorbed by a material without undergoing a change in.state is 
defined as sensible heat. A calorimeter using this principle could 
be llSP.d to determine reflected energy.· The desired data would be the· 
energy ~bsorbed by a quantity of fluid circiulated through the surface 
of the calorimeter. To minimize reradiation, convection and conduction 
losses, it would be nece~sary to control temperatures of the fluid to 
near ambient by controlling the mass flow rate. Even with· this pre­
caution it would be necessary to determine heat losst and/or gain with 
the environment by analytical means to improve.the accuracy of reflected 
energy data. A major concern in this regard is that.no material has 
the properties of a "black body". In fact reradiatiori of 3 to 5 per­
cent is common even for special materials. This method would also 
integrate the heat flux over the total area and hence lose pattern 
variation information. Figure 4-36 presents a block diagram for such 
a calorimeter. · · · 

The major consideration in design of this type of calorimeter is to 
control the mass flow rate of the fluid to maintain temperatures witl 
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Figure 4-36. Block Diagram for Sensible Heat Absorption Calorimeter 

2°F to S°F of a.mbient to minimize losses. This musb be an.activ:e flow 
control system to maintain the collector near ambi~nt temperature 
during changes in reflected energy such as that occurring when clouds 
are passing over. Assuming clear day solar intensity of 1000 watts 
per square meter and total heliostat efficiency of 80 percent the 
water flow rate must be l4.S kg/min (32 lbs/min) to m~intain 2°F 

-temperature :r-ise·and 39.S kg/min (80 lbs/min) to maintain S°F tempera­
ture r.ise .. 

Difficulty in either eliminating heat exchange with the. environment 
or analytically compensating the data makes this method expensive to 
implement with potential .Large ·error sources. For these reasons 
Honeywell has not chosen this type of calorimeter.· 

Thermo-Electric Calorimeter 
Small circular copper plates e~posed to the reflected energy of a 
heliostat can be used as a calorimeter if the ed~e is grounded and 
thermocouples.used to measure-temperature differential between the 
center and the edge. Instruments of this type ate available-from 
several·sources typified by·Thermogage Inc., Frostburg, Maryland. 

·The instruments are satisfactory for energy intensity levels up. to 
lS suns, lS,QOO w/m2, without auxil~ary cooling. Above this level 
deterioration of the instrument occurs due. to high temperatures. 
The instrum~z:1t does not account for. reradiation or convection losses 
thus provi~es only net energy data. Without some type of cooling 
this would.~e unsatisfactory for heliostat evaluation. ~rtalytical 
data would .. be required to determine 1:e:r:adiated energy from the 
instrument. 

The instrument could be installed in a grid pattern either with or 
without other surrounding material. When corrected for losses it 
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w0uld fJCoduce total reflected energy as well as pattern informa~ion. 
'l'ht: $200 cost per instrument and need for a large number is a major 
r.~roblern with this approach. 

Optical Calorimeter 
The optical calorimeter approach uses a single very accurate solar 
insolation instrument, Eppley Pyrheliometer, as an "on-line" standard 
and inexpensive silicon solar cells for the large quantity of sensors. 
If continuous calibration of the solar cells against the pyrheliometer 
is used very accurate data may be obtained. There is a limit to silicon 
solar cell temperature thus the number of heliostats being tested at 
one time must be limited or the silicon cells cooled. The cooling is 
to prevent excessive temperatures and has little effect on data when 
the device is maintained below maximum temperature. 

Refer to Figure 4-37 for a block diagran of the optical calu£lmeter 
and explanation of the followinq sy1nbul~. The silioon solar cells 
are sensitive to light in the 0.5 to 1.1 micron (~) wavelength with 
a center at O.Su. The calibration array used in the solar research 
experiment contained silicon cells on U.3m (1 fouL) c~nters and wa~ 
4.27m (14 feet) high and 4.88m (16 feet) long for a total of 224 cells. 
An auxiliary array containing 5 silicon cells, aimed in the same direc­
tion as the main array but out of the reflected beam, was used to 
compensate,for the background energy not attributed to reflection from 
the heliostat. Thus the output of the instrumentation is a measure 
of the ener~y in the 0.8~ band of the reflection from the heliostat. 

REFLECTIVE 
SURFACE 

SUN 
LIGHT 

SUN 
LIGHT 

ELECTRONICS (3) ,---,-, 

K.- G/A 

I 
I 
I 

INDEPENDENT 
CALl BRAT I ON 
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Figure 4-37. Block Diagram for Optical Calorimeter 
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To obtain energy level over the total solar spectrum (approximately 
0.2~ to 2.4~) a continuous calibration scheme has been developed. The 
output of a total spectrum sensor, Eppley Pyrheliometer, is divided by 
the output of a silicon solar cell while both are tracking the sun. 
The resulting b/a gives ~ calibration constant, k. (See Figure 4-15.) 

The output of "the independent calibration stand multiplied by the out­
put of the array summer for each of the 224 solar cells produces a 
signal proportional to the reflected energy at each segment of the 
array. Proper manipulation of this data through a computer represented 
by C then produces accurate pattern data and total energy in any 
desired units or display fashion. 

The overall accuracy of this system approaches that of the total 
spectrum sensor. It provides total and pattern energy data in any 
desired form and is not effected seriously by temperature, reradiation 
or convection. If it is desired to exceed flux density of approximately 
15 suns (15,000 w/m2) cooling may be required to prevent damage to the 
silicon solar cells. This is the system.that has been selectRd and 
U$E;!d for Rn 1 ~.r raco.:1rch expeL .intents at Honeywell. 

Calibration Array Grid. Spacing 
An analysis was performed to determine the degradation of image cen­
troid location as a function of increasing the grid spacing between 
photodctectors on the calibration array. 

An expression to relate the intensity profile (either horizontally or 
vertically) across a gr.idded calibration array was generated. Co­
efficients were varied to simulate different peak intensities, different 
image skew and centroid offsets across a theoretical 20 by 20 foot array: 

1 y(x) = Intensity = ------~2.-------------A(X+D) + B(X+D) + C 

where 

-10< X <10 along the X axis. 

Coefficients were chosen to give representative scatter and intensity 
magnitude ranges expected at the calibration array (0 ~hrough 9) X 
1.000 wattjm2 for different heliostat field positions. 

In the cross axis (that is, vertic~l or Z) a linear degrad~tion from 
Y (Xi) along the vertical centerline of the array to zero at z - ±10 
feet is assumed and these values of Y(Xi)z Z are used in the centroid 
calculations 0~ 10 

Z (X.) = 
l. 

y (X.) 
l. 

10 
AX 

N(b.X) 
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where 

N = 1,2,3,4 ••. 

Nt.X<lO and 

t.X =grid spacing size {i.e., number of data points used in 
centroid determination) 

Grid spacing versus number of sensors used in the 400 ft 2 grid would be: 

fl. X (grid spacing of sensors) Number of sensors in 20 by 
(feet) 20 foot grid 

0.05 160,801 

0.10 40,401 

0.20 10,201 

o.tlo 2,601. 

o.so 1,681 

1. 00 441 

2.00 121 

5.00 25 

This spacing obviously assumes sensors along the outer edge of the 
20 by 20 foot grid and along the center lines of the array. A grid 
spacing of 0.05 foot will be considered the accurate location. 

Figure 4-38 shows a very concentrated, slightly skewed image using 
coefficients: 

A = 0.2, B - 0.05, C = 0.11, D = 0.3 as might be seen from d 

North side. 

Figure 4_.3~ shows a moL·e tlat, mo.r:~ ~;k.~wer! diot];"ibutinn as miqht be 
s~en from a South site at a non-optimum. time of day using coefficients: 

A= 0.02t B = 0.05, C = 0.25, D = 1.0 

The centroid location and error from thP. centroid computa.L.iun using 
~ X= 0.05 foot is shown in Table 4-11. lt.l represents the calculateu 
difference in feet from the true centroid. 

The centroid locations noted in the ~buve table were made using the 
number of sensors (data points) indicated previously per the defined 
grid spacing {for example, 1681 samples fur Lhe 0.50 foot spa~j.ng). 

The nearest heliostat will have a line of site distance of approxi­
mately 140 meters {460 feet). An error of 0.46 foot in the centroid 
calculation will result in error of 1 mr. The calibration scheme 
itself"should not introduce more than 0.05 mr, .implying that thP. 
centroid accuracy itself should be no more than 0.023 foot in error. 
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Figure 4-38. Concentrated Image Using Coefficients 
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Table 4-11. Centroid Computation 

Ref Figure 4-16 Ref Figure 4-17 
Grid 
Spacing Centroid 18.1 Centroid 181 
(Feet) Location (feet) Location (feet) 

0.05 -0.404408 0 -1.704372 0 

0.10 -0.404461 0.00005 -1.705839 0.000147 

0.20 -0.404567 0.000159 -1. 708?57- 0.0004385 

0.40 -0.404772 0.000364 -1.714526 0.010154 

0.50 -0.405010 0.000602 -1.717378 0.013006 

l. 00 -0.39797 0.006429 -1.7 31311 0.026939* 

2.00 .,...0.256203 0.14820* -1.757467 0.053095 

5.00 -0.055357 0.34905 -1.77108 3 0.066111 

*Introduces >0.05 mr error into heliostat tracking. 

As can be seen from the previous table representing two different 
profiles· and other profiles -run, at a grid spacing of one foot, the 
0.05 mr criteria is reached for the inner most heliostats. Therefore 
it is recommended that a one-foot grid be retained even though some 
money savings could be made by going to a larger grid pattern. A 
smaller grid interval is not considered necessary from an accuracy 
standpoint. 

If a 0.10 mr resolution is desired (0.046 foot centroid error), a 
one foot grid spacing will still be necessary to handle the concen­
trated peak image configuration. 

One additional point needs to be made. ihis analysis does not address 
resolution of the input energy flux determination. With a larger grid 
size, the flux density maps woulo he coa~ser and therefore not as 
accurate.· This accuracy degradation would be proportionally greatE::!L' 
than the centroid calculation since it is in e~sence a straight inte­
gration qf the sensor field data rather than a statistical treatme~t 
(for example, centroid calculation) of a large quantity of data po1nts. 

COMMAND COMPUTER CHOICE 
Honeywell has analyzed several competitive minicomputers and has chosen 
the Honeywell Level 6 minicomputer because it is competitive and much 
data about it was readily available for preliminary design. 

While acknowledging that several minicomputers are capable of perform­
ing the pilot plant task we have delineated ·a few of the competitive 
advantages of the Level 6 over some competitive machines. The interrupt 
structure, Automatic Context Save/Restore and other functions and the 
Level 6 comparison to other machines is described below. 



~4-94 

INTERRUPT STRUCTURE 
Function. Refers to the actions the CP takes when an event of impor~ . 
tance to a program takes place outside 'the CP. (Such an event might.i)e 
the end of a peripheral operation.) . Items to note here are the number · 
of priority levels in the system; the speed with which the_interrupt · 
handling program can be entered; and the degree to which the r=>ystem 
automatically saves the state of the program which was inter~upted, so 
it can be restarted later. 

Benefit.· An adequate number of such levels permits the hardware to ... 
control the priorit~zed execution of tasks, thus eliminating ·the need 
for complex software to perform this function. The results are: (a) . 
fast response time for real time applications, and (b) greater through~ 
put through redu~ed _overhead. 

Lev~l 6 Capability. There· exist 64 interrupt priority levels. The · 
user can assign a distinct priority ~n n devi~Q. A device ean brenk 
ine.o (interrupt) a proqram runnin<;r at. n lQWQr priority level.. When 
ehe hardware services an interrupt it automatically saves the state of 
the running program in a predefined area of memory. It then restores 
the state of the device specific program from a predefined memory area, 
one are~ for each priority level. This eliminates the need for soft- · 
ware polling to identify the interrupting device. . . 

Level 6 

6/06 TBD 

6/341 64 
(Vectored 

6/36 J. Interrupt) 

DEC 

11/03/04/05/10 

11/35/40 

11/45/50' 

11/70 

DATA GENERAL ( 1 ) 

Variable 

0 - 8 

H.P. 21MX 

05A l OBA 60 vectored 

12A J 

'l'EXAS "}B§.!.~-~~.E.~.~.~-

996/4 - 8 vectored 

990/10, - · 16 vectore¢1. 

Level 6 Competitive Advantage. In addition to providi-ng Vectored 
Interrupts, Level 6 has the maximum number of interrupt .levels (64) 
competitively available. This feature, coupled w.ith Aut·omatic Context 
Save/Restore far exceeds competitivA offerings. 

BUS BANDWIDTH 
Function. Bus bandwidth may be expressed as the number of bytes of 
data or commands which can be transferred between any two points in 
the sy~tem per second via the bus. 

(1) Not vectored. 
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Benefit. The higher the bus bandwidth, the larger the system yo·u can 
practically configure; the less likeiy you are to become bus limited 
and the more practical it is to use the same bus over the whole range· 
of a product line (that is, very small to very large)~ 

Le~el 6 Capability. The Level 6 bus bandwidth is at.least·6 million 
bytes/second, probably closer to 6.5 million.· 

Level 6 DEC Data General 

6/06 11/03/04/05/10 - 5 MB Nova 2 2.5 MP I/0 BUS 
Nova 3 - TBD 

6/34 6 MB 11/35/40 - 5 MB 
Eclipse S/100] 

6/36 11/45/50 - .5 MB, Unibus Eclipse S/200 2.5 MB 
Eclipse C/300 I/0 :BUS 

H.P. 21 MX TEXAS . J.:NSTRUMENTS 

05A 990/4 - NA 

08A 5 MB 990/10 - 6 MB 

12A 

Level 6 Competitive Advantage. The Level 6 bus has the highest real 
bandwidth of any minicomputer bus today. The benefit to the user 
comes in ?everal ways: 

(1) The ability to configure a larger single bus system than the 
competition before running into performance limitations. 

(2) The ability to replace the current CP with a future higher per­
formance CP with the knowledge that the bus has the needed 
extra capacity. 

NUMBER OF BUSES IN BASIC SYSTE.t-1 
F~nction. Refers to the number of distinct data buses used to connect 
system elements. 

Benefit. The use of one bus reduces cost and increases configurability. 
With slow technologies, some earlier systems needed two or more buses 
to achieve a desired data transfer rate. · 

Level 6·capability. Level 6 uses a single bus for all traffic as com­
pared to many competitive systems, which either require more than one 
or which resort to special buses for high speed transfers. 



LE\.EL 6 HEGP.BUS T SUMMARY COMPETITIVE COMPARISONS 

Texas 
Instruments 

Functional Area Level 6 PDP-11 Nova 2 Nova 3 Eclipse 990/4 990/10 

* As~·nchronous Bus Yes Yes Yes Yes Yes No .Yes 

*Bus Bandwidt:1 6 MB 5 r-lB 2.5 MB 2.5 MB 2.5 MB lfA . 6 MB 

Number of Buses 1 1 ( 1) 2 2 2 1 2 

*Bus Memory AC.dress 
Range 16 MB 256K 33KW 32KW 32K~v MA lMW 

*No. of Contrc-lle:r/ 
Device Addresses 1·024 NA 59 59 6C. NA 1024 

Word/Byte 
Transfer Mcdes Both Both Both Both Beth KA Word 

~ 

Data/Address I 

Integrity Yes Yes No No No KA TBD 
\0. 
0'1 

*Split Read Cycle Yes No No No No KA TBD-

Driver Speed/ 
Technology 1375 1910 1968 1975 1968 1975 1975 

DMA Yes Yel: Yes Yes Yes No Yes 

*Bus Control 
(Distributed) Yes iNO No No No NA Distributed 

Bus ':'ime-out Yes Yes TBD TBD TBD NA TBD 

Number of Priority 
Interrupt Levels 54 Variable 16 16 16 8 16 

(l)See detail sheet 

* Areas of Le·1el 6 Competitive l>.d•Jantage 
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Level 6 DEC ( l) Data General 

G/06 

6/34 1 

6/36 

H.P. 21MX 

OSA 

08A 2 

12A 

11/03/04/05/10 - 1 

11/35/40 -1 

} 1 Unibus 
11/45/50 2 Solid State 

11/70 - 2-32 bit internal 
buses 

TEXAS INSTRUMENTS 

990/4 -1 

990/iO - 2 

Nova 
Nova 2 

Eclipse S/100 } 
Eclipse S/200 
Eclipse C/300 

Level 6 Competitive Advantage. Equal. The use of one bus reduces 
cost and increases configurability. With slow technologies, some 
earlier systems needed two or more buses to a.chieve a desired data 
transfer rate. · 

BUS MEMORY ADDRESS RANGE 

Function. Refers to the amount of memory that can be addressed by 
controllers and other units in transferring data over the bus. 

2 

Benefit. A large range permits using large memories without imposing 
artificial restrictions on the location of I/0 buffers in memory, etc. 

Level 6 Capability ~ Over 16 million bytes. 

Level 6 

6/06 

6/34 

6/36 

16 MB 

H.P. 21MX 

05A 

08A 32k - 13lk 

12A 

DEC(l) 

11/03/04/05/10 

·11/35/40 

11/45/50 

11/70 

256KB 

TEXAS INSTRUMENTS 

990/4 - NA 

990/10 - 2MB 

11T .. 
No standard bus on 11/03. 

Data General 

Nova 
Nova ; } 256KB 

Eclipse S/100 ·1 
Eclipse S/200 
Eclipse C/300 

256KB 
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Level 6 Competitive Advantage. The Level 6 bus has the capacity to 
address 224 bytes· of memory (24 control lines). All I/0 controllers 
are 9esigned to support the full 224 bytes of address. A user can be 

. sure that as his need for memory space on a system increases, the bus 
and all I/0 devices will present no problems to him. Whereas the CPs 
come in various performance and functional ranges, the bus and the I/0 
controllers are designed for the "top of the line" and guaranteed long 
useful life. 

Data General I/0 devices use the memory management unit to address more 
than 32k. ~his means all I/0 buffers must be in a designated 32k area 
(though this area may be scattered over memory) and is awkward. 

NUMBER OF CONTROLLER/DEVICE ADDRESSES.· 

Function. Refers to the number of unique "end points" (conununication 
lines or peripherals) that can be addressed by a program. · 

Benefit. A large number of channel numbers permits the support of very 
large I/0 configurations. 

Level 6 Capability - 1024 devices. 

Level 6 

6/06 

6/34 

6/36 

1024 

li. P. 21MX 

08A N/A 

12A 

DEC (l) 

11/03/04/05/10 

11/35/40 

11/45/50 

11/70 

TEXAS INSTRUMENTS 

N/A 

990/4 ·· NA 

990/10- 1024· 

Data General 

Nova 2 60 Nova 3 

Eclipse S/100 
Eclipse S/200 () 0 
Eclipse C/Jllll 

Level 6 com etitive Advanta e. The ability of the Level 6 bus to 
directly address I 0 commands to 1024 end points has advantages both 
in the size of the system that can be realistically configured, and, 
in programming ease. Every end point in a system is a channel whether 
it be a communication line, a tape drive, a printer, etc. Older archi­
tectures which limit device a.uu.r.·e:::;s to 64 or so gene:ru.lly have tu 
resort to a different software visibility for communications ur data 
acquisition systems because they simply run out of addresses. · 

Because of the foregoing advantages Honeywell believes the Level 6 
computer is an exceptional choice for the pilut I?lanL control computer. 

(l)No address parity 
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·cONCLUSION 
The foregoing anal~ses and trade studies are not ~xhaustive but are 
jndicative of analyses, trade offsj and design· selections ·made during 
·tho pro I i1i1ina r.y d0Riqn phase. Space does not permit a complete listing 
ot <~1.1 dt~8iqn choices which have previously been presented· to and 

.approved by Sandia and ERDA. 
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Section 5 
OPERATION, INSTRUMENTATION AND CONTROL 

INTRODUCTION 
This section describes normal operations, off normal operations, and 
preliminary scenarios for collector subsystem operation. Since 
great flexibility exists in the system several special tests are 
briefly discussed for performance during the first two years of pilot 
plant operation. One of these special test outputs will be the best 
start-up procedure. Figure 5-l shows standby positions outboard of 
each corbel. The beams from certain sections of the field travel 
from the ground up three imaginary lines to these standby positions. 
From these positions the beams can easily be moved onto and off of 
the receiver in very short times. Note the beams cross only pro­
tected positions of the structure to move on and off the steam 
generator. 

The operation and control arrangement is discussed first. The second 
section discusses the operator versus computer initiated commands. 
The third topic is instrumentation and is followed by the detail dis­
cussion of our calibration array and associated electronics. The 
final section discusses maintenance and logistics before a concluding 
paragraph. 

OPERATION AND CONTROL ARRANGEMENT 
Control of the collector subsystem can be functionally categorized 
into three areas: 

A. Control during normal operational modes. 

B. Control to protect pilot plant equipment and personnel from 
damage due to the environment, equipment malfunction, or in­
correctly applied redirected insolation. 

Each area is discussed below. 

A. Coritrol Duiing Normal Operation 
Normal operation will involve the full integration of control features 
to include all field instrumentation for performance monitoring, 
checking the status of communication links, comparing performance 
of the 18 instrumented heliostats, software program safing and· mode 
control, start-up.and shutdown sequences, and collector subsystem 
calibration. 

1. Start-Up and Shutdown Control 
start-up sequences-·w.:lTl commence early enuuyh in the morning 
such that the entire heliostat field can be placed upon the 
receiver 1/2 hour after sunrise. Normal shutdown will begin 
1/2 hour before suu::;~L or earlier depending on thP. time of 
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year (sun's elevation) and outer axis 
(+30 deg to -75 deg rotation range). 
heliostats to initialize the control 
through several checks such as: 

travel restrictions 
Before commanding the 

subsystem will be-sequenced 

• Bringing the data processing hardware on line. 

• Run self-tests. 

• Confirm that winds, weather forecasts, etc., ailow for 
proper operation. 

• Confirm that field power transformers are operational. 

• Confirm that anticipated insolation flux densities will be 
adequate for operation. It would not be necessary to have 
adequate insolation to generate steam at 1/2 hour after 
sunrise as a .precondition to bring the heliostat field to 
A RrAnnhy pnRirinn pAr Fi~1rA ~-1. Fnr inRrAnr.P, if A 

morning cloud or fog coverage was expected to lift at some 
time, the heliostats should already be prepositioned such 
that the redirected beams will be on the boiler and super­
heaters as the coverage dissipates. 

After these checks have been successfully passed, the operator 
would command all heliostats to turn on power and initialize. 
In the early morning before, or at dawn, no danger will result 
from redirected images affecting aircraft overhead. However, 
if for some reason the field must start up at some other time, 
controls are included in the software such that the airport 
is not affected. Part of the detail design phase will addre~s 
accuracy effects, if any, resulting from initializing with 
the mirror surface down which assists in solving the overhead 
safing problem. 

From initialization each heliostat will be brought to a standby 
position near the tower, represented by A-B-C around the tower 
on Figure 5-2. A different standby pattern may be developed 
during the detail design phase based upon actual travel require­
ments of each heliostat to its primary target area such that 
movement across the receiver structure members will be mini­
mized. The command to go to the standby target could be either 
under software control for each heliostat after initialization 
is reached, or by operator control, commanding sectors of 
heliostats at a given time. After the operator initiates the 
mode to go to standby targets, the central processor will con­
trol the trajectory. 

Under operator control, the heliostats will be commanded to 
track their primary targets in the following sequence: 

• First - boiler heliostats 

• Second - first stage superheater heliostats 

• Third - second stage superheater heliostats 
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2. Daily Monitoring, Checks, and Control 
During the course of the day, the monitoring functions of the 
power plant master controller or the collector subsystem con­
trol system can direct heliostats to retreat to their standby 
(secondary) target due to detected adverse reactions of the 
receiver (thermal gradients across boiler, pressure too high, 
etc.) or field conditions (cloud coverage over part of the 
field) . Any change of status of any heliostat due to auto­
matic control will be displayed on the operator console. 

The operator has the option, from the console to direct a 
mode change (for example, go to standby positions) of any 
selected heliostat or any group (sectors) of heliostats. 

The fact that each heliostat has not fallen behind in slewing 
from any position to its commanded position under high slew 
rates (1200 arc-sec per second) is assured by the 8 bit up­
down'counter within the heliostat electronics, one for each 
axis. These counters will not overflow unless the slew rate 
falls 5.7 degrees behind. The SRE test results (Section 7) 
show that the inner axis averages 0.6 deg/sec and has never 
dipped less than 0.4 deg/sec under wind loading. The outer 
axis maintains an average of 0.3 deg per second rate under 
operational conditions. If due to a combination of a large wind 
gust (22 M/S) and momentary worse case gimbal orientation with 
respect to the wind velocity and direction, loading causes a 
temporary lag the overflow counter will keep track of the lag 
and cause the axis to catch up. 

An additional control feature is the wrap-around communication 
link check discussed on page 3-66. The control subsystem 
will check each command sent to each heliostat on each of the 
18 communication data buses. If the received bit train is not 
identical to the transmitted data, the operator will be flagged. 
Erroneous returned signals could be caused by: 

• Noise induced while being routed to the heliostats (causing 
erroneous heliostat response) 

• Noise induced while the signal is returning to the computer 
complex (no impact upon heliostat positions) · 

• Erroneous data sent by transmitter 

• Error in the computational check of the returning signal. 

During the detailed design phase, a more extensive analysis will 
be made with regard to potential data transmission error rates 
and methods of performing statistical checks per communication 
theory techniques. For instance, the two on-line Level 6/43 
CPUs may both .check the returning wrap-around transmission and 
if either check OK, then the transmission will be assumed to be 
qood. 
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Another control feature will be utilization of feedback from the 
18 instrumented heliostats. For these selected heliostats, one 
per each data bus, a precision resolver (minimum resolution of 
360/16 or 20 arc-seconds for the inner axis) on each axis will 
be monitored by the control subsystem for two purposes: 

• Provide short term performance monitoring data. The pre­
cision angular readout will be compared both on line and off 
line (with analysis routines) with the commanded position 
(rccolution of 80 arc-seconds) . Short term movemenls Jue 
to wind loads, local thermal gradients, etc., will be d~tect­
able. This activity per heliostat will give a good'feel as 
to the short term responses to environmental effects of the 
total field. 

• If a transmission error is detected, the instrumented helio­
stats' resolver positions can be compared.with the previous 
po~;ition and the corrunand issued (if any) tn thr=~t. hPli.ost:at-. 
If there has been no unaccounted for disturbance of gimbal 
poGition, this is an indication that noi3e was induced into 
the transmission on the return route. However, since only 
1.13 percent of the heliostats are instrumented, this check 
will not be conclusive. 

Note that if control of any one heliostat is lost, the 
initialization bit can be set and control regained from which 
the heliostat can be redirected to its assigned target. 

Twenty-four insolation sensors as placed throughout the field. 
Four calibrated pyrheliometers will obtain absolute insolation 
levels from which the other 19 sensors (one spare) can be cali­
brated and corrections made for variations in C02, H?O, pollu­
tants and other atmospheric attenuation. The sensors will be 
used for two purposes: 

• Compare the flux received throughout.the day throughout the 
field with the energy input to the receiver subsystem. 

• Anticipate potential problems with respect to inducing thermal 
gradients across the boiler based upon detected partial cloud 
coverage in portions of the field. During the detailed design 
phase, full interface with the receiver subsystem vendor will 
be made to derive thermal gradicntc and time conctant m.:trginc 
such that control software can be specified which can perform 
monitoring and control logic to provide operator awareness 
and remove potentially hazardous conditions by automatically 
slewl1~ selected heliustats to a standby position. 

3. Calibration 
Calibration will actually be a normal, periodic mode of oper­
ation. The SRE test resul·ts indicate that a weekly calibration 
interval per heliostat shouid be adequate. During the Pilot 
Plant integration and checkout phase, this interval may be deter­
mined to have to be more frequent or a longer interval may be 
adequate. 
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Selection of a heliostat to be calibrated can be under the con­
trol of either the console operator or soft\vare. After the sys­
tem integration phase is complete, the rotation of heliostats 
to be calibrated could pe completely under software control 
except for particular heliostats being investigated for trouble 
or showing trending errors larger than normal. 

Because of the image spread of some South, West and East helio­
s:tats due to the toe-in phenomena, a good, overlapped spot to 
calibrate with may exist for only 4-5 hours depending on the 
time of year. Assuming five available hours over the field of 
1600 h~liostats for seven days a week using eight calibratio~ 
arrays, this results in a capability or requirement of having 
to calibrate only six heliostats per hour per array which will 
have little impact with regard to loss of redirected insolation 
from the field due to calibration. A heliostat can be brought 
to the array within 15 seconds, the centroid location and image 
quality be mon·~tored for one minute (that is, 60 samples) and 
be back on its assigned target within 15 seconds for a total 
loss time of only 1.5 minutes. At six per hour, it can be seen 
that·much spare time will be available for the more busy sectors 
(North) and catch-up in case of inclement weather the previous 
day's allocated time slot. As a ~~~ult of c~libration~ ~ hello­
stat's offset constants will be modified and applied until next 
calibration, insuring good control over the field's tracking 
performance. Off-line analysis will be used to detect any long 
term trending or sudden shift errors. 

Because of the octagon pattern of the calibration arrays, the 
spill over from one adjacent, array to another due to an off­
center heliostat could erroneously affect the centroid calcu­
lation of the second array. Because of the large amount of 
available time on a weekly basis, the software will be program­
med to insure that two adjacent arrays are not being used 
simultaneously for the minute_of data sampling to determine pre­
cise error corrections to be applied. 

Based upon past performance history of the different heliostat 
sites, a unique required calibration interval could be generated 
for each heliostat and also be under software control, with all 
changes made apparent to the collector subsystem operators. 

B. Control to Protect Equipment and Personnel 
Protection must be afforded to personnel and equipment from potential 
damage or injury due to misdirected radiation from the collector sub­
system. This section generates a rationale to discuss actual zones 
of concern. Damage to p'ersonnel eyes is the primary concern. 

Figure 5-3 shows a single facet curved for focus and illuminated by an 
area source (the sun). From the figure it should be clear that. the 
beam angle y is the sun angle (a) plus twice the focal half angle 
(here defined as S) • Thus an approximation of "beam" diameter is y 
(in radians) times the slant. rang~ (in meters). 8ince the maximum 
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energy is the insolation (incident on the mirror) times the mirror 
area this number will be used. Thus the following calculations: 

Insola~ion = 1000 w/m2 

Mirror = 10 m2 

Total Energy = 10 x 1000 = 10 kw 

At Slant Range of 345m Beam diameter is 

Dia = y X SR = 0.01947 X 345 = 6.7m 
2 

Area = ncf = 35.4 m2 

10 · kw · · 2 
Flux = 35 , 4 m2 = 282 w/m compared 

2 . 
to incident sunlight of 1000 w/m • Using this number and the calcu-
lations of Tpble 5-l we conclude the zone of concern to be two focal 
Jen9ths (or~less) away from the heliostat mirror. 

Consider now Figure 5-4 which shows the Four facet geometry. ·Note 
since the facets are spaced on 1.6X facet size dimensions that there 
appears to be a larger spread angle beyond the focal area. Again 
consult Table 5-l for y and at. the distance f 0 past the focal area 
the spot or ··beam diameter is 

DIA4 = y 4' X S.R = 0.03308 x 408 = 13.5 

AREA= n(DIA)2 = 143m2 
4 

Using four.~acets at 10m2 each and insolation of 1 kw/m2 yields: 

Flux = 40kw .;- 14~m2 = 279 w/m2 

again a relatively safe level compared to the basic 1 kw/m2 available 
from the sun. · 

Therefore it can be concluded that the zone of concern should not be 
more than two focal lengths from the heliostat. This is shown pictor­
ally in Figures 5-5 and 5-6. Table.5-2 provides the data points 
shown in Figure 5-6.· . 

·Protective t~chniques will consist of both passive and active measures. 

Passive measures to 'protect peronnel and property within and immedi­
ately near the power plant facilities will consist of: . . ' 

1. Enforc;::.ed personnel standing operating procedures (SOPs) to pro­
hibit access to dangerous areas during specific periods of 
operation, in particular the tower. Prescribed sun glasses will 
be required for all personnel. · 

~·· .. 
. '' 
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Table 5-L ·Focal Area 

Figure 1 Figure 2 
Characteristics* Units Dimensions Dimensions 

M* Meters 3.16 X 3.16 3.16 X 2.16 

r Meeers 345 345 

B Radian(:> 0.00947 N/A 

a. Radians 0.01 o.oi 

y Radians 0.01947 N/A 

Mo J~.~ei:.ero N/A 9.4 

f Meters N/A 408 
0 

84 Radians N/A 0.01153 

y4 Radians N/A 0.03308 
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Figure 5-5. Zone of concern 
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Table 5-2. Flux Versus Slant Range Four Facets 

No. of H/S 
Focal To Produce 
Length Slant Range Flux 100 w/m 

1 

1 

2 

3 

4 

5 

6 

1/2 204 1118.35 0.9 

408 279.59 3.5 

1/2 612 124.26 8.1 

816 69.90 14.3 

1224 31.07 32.3 

1632 17.47 57.2 .. 

2040 11.18 89.5 

2448 7.77 128.7 

2. Barriers. The barrier shall be opaque to sunlight but shall 
also not cause substantial structural loads from wind environ­
ments. To meet these goals a chain link fence with filler s~ats 
or attached nylon mAsh (for example, wind breakers for tennis 
courts). The nylon mesh may he preferred because of being 
cheaper and offering less resistance to high wind loads. How­
ever long term maintenance costs mny be higher. Detail. calcu­
lations have not been possible but it is estimated thCit n harrier 
could be incorporated in the secu:r:·i ty fence such that both func­
tions are provided. Care must be taken such that no shadows are 
cast by the barrier on heliostats in the innermost row.· The 
inside bqrrier shall protect buildings and grounds near the base · 
of the tower. The outside barrier shall protect exlernal facil­
itie~ as well ao the perimeter road. Figure 5-7 shows this 
concept. Additional lower barriers could be placed within the 
tield along selected raulal access lanes if the need becomes 
apparent. 

3. Reflective paint and thermal insulating material will be used· 
to protect the tower structure, corbels, support and calibration 
array supports. 
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Active measures include: 

1. Software control of hel~ostat b~am trajector throughout the 
field to insure high concentrations do not overlap at any ohe 
time when start-up or shutdown must be accomplished during times . 
of large impinging flux levels. As Figure 5~6 shows, beyond 
focal lengths of two tower heights, it would take a coincidence 
of 15 or more heiiostats overlapping to produce only 150 watt m-2 
insolation flux. The additional time to sequence the trajectory 
from inner to outer gimbal rather than both random and simul­
taneously would be minimal. Only during emergency shutdown 
(15 minutes maximum) due to sudden winds or hail would a con­
trolled trajectory not be feasible. · 

Around the Barstow Pilot Plant area, it appears that elevat~d 
roads which vehicular traffic may be impinged by redirected 
insolation coming over the barrier tops are at such a dis~~nce 
that the flux levels will not cause eye damage or temporary 
blindness. · Commercial plant site selections should also retain .. 
this safety consideration. 

2. Under ·normal operations, the heliostat field will be brought up 
to position before l/2.hour from sunrise and after 1/2 hour. 
before sunset. · 

OPERATION INSTRUMENTATION AND CONTROL 
This section ties together operational control considerations which 
are applicable to either the pilot plant or the commercial plant 
modules. The available field instrumentation is related to the 
various .safing, calibration, and normal operation modes that the 
collector subsystem must be capable of performing. 

OPERATION INSTRUCTIONS* 
One of the difficult design decisions for the pilot plant is the 
degree of automation implemented in the master plant control system. 
c~rtain functions can either be manually or automatically performed.·· 
In the collector subsystem case there are many functions not possible 
through manual techniques. This makes the collector subsystem at 
once ~asier and harder design. The design challenge is to give the 
operator supervision capabilities while not slowing down collector · 
command control subsystem operation. our blend uf dULomatic operationai 
commands, and alarms provides efficient .automation without sacri-
ficing essential human decision involvement. 

To incorporate full control over the collector subsystem, the following 
tabie (Table 5-3) identifies the control commands or instructions that 
will be a part of the software package and whether the initiati.on of 
the specific control is under operator jurisdiction or computer control 
or either. Operator control functions will be.entered via the comman~ 

* An Operating Instruction Document (No. 1176-14147) was published 
25 October 1976. 
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Table 5-3. Command Initiation 

Description of Control Function 

A. Mode Control 

1. Normal Primary Target Tracking 

.2. To calibr~te selected heliostats based on: 
• Routine operations (once/week) 
• Control of beam time on calibration 

array 
• Special troubleshooting 
• Update site parameters 

3. Track standby target 
• During start-up (al1 heliostats) 
• Special reasons (for example, 

experimentation, receiver evaluation, 
etc.) (individual and all heliostats) 

• During standby after unexpected 
event (receiver problem, after . 
peculiar environmental condition, 

. etc.) 

4. Safing 
• Beam control during routine start.­

up - shutdown · 
• Beam control during emergency defocus 

(3-4 degrees offset) 
• Heliostat field sector emergency 

defocus 
• Initiate emergency defocus 

(receiver thermal stress, lnsolation 
gradients due to partial cloud 

_coverage, etc.) 
• . Equipment ·safing (GO TO STOW due to 

wind or hai"l conditions) · 
• Beam control during emergency stow 

5. Initialize (tha~ is, go to initializer 
• Selected heliostats · · 
• During start-up sequence - all 

heliost·ats · · · 

6. STOW (END OF DAY, or ample weather warning) 
• Selected heliost:ats' · · · · · · · 
• Entire field of heliostats · 

7. Point Mir.ror·Normal in.given.direction 
(No Tracking) · · 

8. Control of rat·e to reach a· given· position 
or target 

How +nitiated 
Operator Software 
Control Control 

X 

X 
X 
X 

X 

X 

X 

X 

X 

X 

X 
X. 

X 

X 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

.X 

X 
X 

X 

X 

X 
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Table 5-3. Command Initiation (Continued) 

Description of Control Function 

9. Testing 
• wrap-around commo check (Normal 

Operation) 
• Wrap-aro'und commo check (Special 

Request) 
• Self-test of control subsystem 
• Lamp test, etc. 

. 10. Data Output 
• Normal Operation 

Di!';k 
Displays 
Special Requests 

11. Control intertace Wi 'eh mal::> tel. .f:Jlc'-1d.: 
controller 

12. Display field ac power monitors 

13. Compare resolver data of 18 instrumented 
heliostats with calculated gimbal 
position 

• Routine 
• Special request for display 

14. Update time · · 

15. Switch or upqate operational program 

16. Di~pl~y particular operational or 
meteorological data 

• Routine 
• Special Requests 

How Initiated 
Operator Software 
Control Control 

X 
X 
x· 

X 
X 

X 

X 

X 

X 

X 

X 

X 
X 

X 

X 

X 

X 

·X, 

console. It should be noted"that after the operator initiates a 
particular action, then the Level 6 computer control subsystem will 
carry out the actual task under its control via issuing the appro­
priate sequence of commands over the communication links to the 
heliostats or other equipment to decode and execute. 

This paragraph does not include the case where an individual helio­
stat has·been placed under local manual control for maintenance or 
other reasons. Further definition of our preliminary design will be 
performed in the next phase. 

INSTRUMENTATION 
Field instrumentation for the pilot plant field will consist of . 
meteorological stations, insolation monitors and gimbal angle readout 
d~~ices on selected heliostats. The purposes of the~e devices are 
as follows. . . 
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The meteorological stations will provide wind speed, wind direction, 
tempera~ure, and humidity inputs to the control system. This data 
will be used to help evaluate operation under varying ambient condi­
tions. The stations also provide the means to detect the severe condi­
tions under which operation should be discontinued and the heliostats 
stowed. Four stations will be used in the pilot plant placed through­
out the field as shown in Figure 5-8 of the accompanying figures. 

The insolation monitors will consist of silicon phototransistors and 
linear amplifiers which will provide a measure of the available sun's 
energy at specific sites throughout the field. The monitors will pro­
vide inputs to help evaluate system performance with respect to unbal­
anced conditions caused by-intercepting clouds and might even be used 
to alter the control strategy to help accommodate such conditions. 
Twenty three monitors will be used in the pilot plant placed in the 
field as shown in Figure 5-8. 

· Eighteen heliostats, one from each command communications line will 
be selected for sample performance monitorinq at the pilot. plnnr. 
Gimbal angle readout devices will provide the means to be able to 
compare actual gimbal position with commanded position. This data 
will provide another checkpoint on whether or not at least one helio­
stat on each communications lines is receiving and properly executing 
commands from the control computer. 

The data from the field will be returned to the control computer by 
means of half duplex serial digital data buses with several ports 
sharing the same data link. Communications traffic control will orig­
inate with a common request for data sent by the. computer to all taps 
on a given line. Each tap will then use a different delay to respond. 
The computer will recognize the sequence of the returned data to 
identify its origin. No addressing will be required. All taps on a 
line will respond whenever a request for data is sent. Data requests 
and data will be _sent over the same twisted shielded pair. Each tap 
will contain all of the electronics required to be a complete sending 
station. A block diagram of such a system is shown in Figure 5-9 of 
the accompanying figures. 

Note that some ports such as the insolation monitors will not require 
a local multiplexer. Also note that some functions such as the power 
supply, XTAL oo~lllator, timing generator and transmitter section of 
the UART exist at every heliostat and may be combined to save hardware 
costs. 

The complete system will require seven data buses with an aggregate 
length of 4267m (14000 ft). 

CALIBRATION ARRAY AND ELECTRONICS 

overall Operation 
The cal array provides a quick and efficient means to make measure­
m~nts on the redirected beam. With the beam directed toward the array, 
a ser1es ot photodetectors spread across the array provide electrical 



LINt. J 
::::;;64Ct.!(21 00 FT) 

LINE 4 

LINE 2 
-;::::670M( 2200 FT) 

5 - 20 

LINE 1 
~518M(1700 FT) 

LINE 7 
~670111(2200 FT) 

' 

\ 
\ 

f .. 

0 3 "17-190 

LINE 6 
~640M(2100 FT) 

~52 5M( 1900 FT) 
LINE 5 
~427M(1400 FT) 

LEGEND 
() WEATHER STATION 
(] INSTRUMENTED HELlO 
~ INSOLATION MONITOR 

Figure 5-8. Location and Interconnect Diagram 
Pilot Plant Collector Subsystem Field Instrumentation 



5-21 

11<4// .,., 

1 
TO OTHER 
PORTS OR 
COMPUTER 

Figure 5-9. Field Instrumentation Data Processor and Transmitter 

signal samples of the energy levels throughout the beam. The samples 
are scaled, multiplexed to a single line, digitally converted and 
transmitted in serial fashion to the computer upon request. 

Beam shape, size, and intensity information are contained in the data 
block. The data is used in several ways. Energy centroid calculations 
permit updates to the computer program to correct for differences be­
tween the perceived and predicted beam position. This periodic feed­
back will provide measured checkpoints of how well the system is oper~ 
ating over long periods of time. 

Total energy calculations for the beam can also be made from this data 
which when compared to the energy available can be used to determine 
when cleaning may be required. The effectiveness of toe-in and fncus­
ing can also be determined by comparing measured shape and size pat­
terns to theoretically determined optimum patterns. 

Automatic background suppression was used on the SRE which is not 
required at the Pilot Plant and beyond. Background suppression con­
sisted of a series of photodetectors set apart from the main array 
which looked out over the field to provide a measure of the ambient 
energy. These signals were averaged, inverted and added to each array 
detector output to enhance the signal to background ratio. This off­
set measurement was required for the SRE because the beam tracked the 
array all day long and background suppression of this type proved 
quite effective. At the pilot and commercial plants, the array will 
only be used periodically and a readout of the ar~~y before thP. hPnm 
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is redirected.to it will provide direct measurements at each cell 
which can be accounted for on a cell by cell basis in the computer. 
This mehtod should be even more effective than the offset method 
since the same cell will be used for both measurements.· 

For the pilot plant eight cal arrays are used ranging in size de­
pending on section of the field the array is required to service. 
The arrays will be placed atop the tower. A separate multiplexer/ 
processor is provided for each array. 

A block diagram of the ca·l array and prqcessing electronics is given 
in Figure 5-10. Details. of the system ar.e contained in the following· 
paragraphs. 

Cal Ar~ay Mechanic~! . 
Eight ·calibration arrays consist. of tubular aluminum frames mounted 
on top of the receiver outer housing as shown in Fig.ure 5-11. The 
size of these arrays was detemined by a detailed analysis whieh 
provided the maximum image height and width expectP.d at each.array. 
Suri cone angle, pointing accuracy, contour accuracy, toe-in spread 
error and slant range were included in the calculations. Cosine 
effects from the various field locations served by each array were 
also considered. 

The- structural design of the array frames uses square aluminum tubing 
for minimUm weight and maintenance cost. The various tubing sec.tions 
are sized by stresses due to wind drag loads-(assuming peak velocity 
at pilot plant array height of 60 m/sec (135 mph)). These stresses 
may however· be ·sized by seismic loads depending on tower/receiver 
response characteristics. · 

The analysis resulted in four different combinations of·array size and 
slant angle which were optimized for the quadrant they serve. Our 
design approach however will be to make all frames the size of the 
largest unit which also allows them 'dll Lo be set at the same slant 
angle.· Array numbers 3, 4, 5 and 6 will have fewer sensors becFtuRP. 
of the smaller image sizes. 

Pilot Plant arrays (eight. required) are 8. 5'4m (28 ft) wide by 7. 32m 
(24 ft) high. commercial plant arrays (32 required) are 13 .. 4m (44 ft) 
wide by 12.2m (40ft) high. All arrays will slant 0.66·radians (38°). 
off of vertical. Assuming photodetectors are on 0.3m centers the 
pilot plant arrays weigh 400 kg (900 lbs) each including the sensor 
assemblies and wiring harnesses. . Tli.e structure required to mount-. t-.he 
arrays to the receiver housing is not-included in this estimate. 

The commercial plant arrays will weigh approximately 1050 kg (2300 lbs) 
each. 

Analysis of the resolution of the arrays as a function of sensor 
density (m,nnber of sensors/m2) has since shown that lower_densities 
are possibfe. This will not affect overall frame size but will reduce 
cost and weight. 
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The packaging and circuit description for calibration array sensors 
used during engineering development and solar research experiment has 
been shown in Figure 5-10. The calibration arrays for a pilot or 
commercial plant will use the same components in a more permanent 
package. The cost of these devices is low enough to make it feasible 
to use a potted module packaging concept for packaging. Replacement 
will be as a complete unit. This technique will provide adequate 
support and environrnental·protection for all electronic components. 
The potted module will mount directly to the calibration.array 
structure. Interconnection to calibration array wiripg will be by 
solder terminals located in a small cavity that can be protected from 
the ambient environment after wiring is completed. 

Photodetector Operation 
The array photodetector consists of a silicon phototransistor and.an 
operational amplifier with feedback, a schematic for which appears in 
Figure 5-12. The phototransistor is operated as a photodiode and is 
fort:ed by thi::> fPPnbn~k t.o operate in the short qircu.i t mo<le •. Maximum 
junction operating voltage is limited to the offset voltage of the 
op am (2 mv max). Operation in.this fashion provides for excellent 
linearity and stability with age and variations in temperature. The 
following analysis is provided to support these contentions. 

The two big variables that could offset operating performance are the 
8 and leakage current of the phototransistor. First consider le~kage 
current. 

The leakage current IL of a PN junction is the sum of three currents 
and is given by: 

IL = ID + IG + IS 

where 

= diffusion current due to diffusion of minority carriers across· 
the junction 

= charge generation current due to impurity ions in the depletion 
layer 

IS ~ surfa6e leakage current 

The contribution due to Io can be found from the classic diode equation 
which is given by: 
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where 

q = electron charge (1.60199 x lo-19 ) 

V = junction voltage 

M = scaling constant (1 to 2 depending on construction) 
..:.23 K = Boltzmans constant (1.38032 x 10· ) 

T = absolute temperature in degrees Kelvin. 

By evaluating .the equation at V = 10 volts where· tJ.:le TIL99 photo­
transistor is specified and at V = 0.002 volt, the maximum voltage at 
which it will be operated, thatpart of the leakage current due to I

0 is found to be reduced by a minimum of 92.5 percent. 

'T'hP. r.a 1 r.ul a t:i.on of the charge gen.,er.;!,t;.i9:n cu.rren-t. lG depends on several 
physical parameters not available for the TIL99. However, extrapo­
lation of a curve showing a plot if IG versus voltage* shows that the 
contribution of IG at 0.002 volt will be reduced to =<0.6 percent that 
of Ic at 10 volts. · . . 

Surface leakage current Is results from the_re:=;.;Lstance.path across 
the junction and as such 1s directly proportional to the applied . 
voltage. Comparing 0.002 volts to 10 volts, this component becomes 
vanishingly small. Based on a total leakage current made up of one­
third diffusion current and two-thirds charge generation current, the 
maximum leakage current at 0.002. volts is (7.5 percent) (0.33) + (0.6 
percent) (0.66) or 2.9 p~rcent of that at ~0 ~olts. Spec·for TIL99 at 
10 volts is 100 nanoamps 'at 25°C. sfnce both diffusion and charge 
generat·ion currents are bulk currents, they follow the general· rule 
of doubling every 10 degrees celcius increase in junction temperature. 

At 125°C, the maximum junction operating temperature, maximum leakage 
is: 

I L = 21 
O ( 0 . 0 0 2 9) ( 10 0 X 10-9 amp) 

max 
= 2 c:n nanoamps 

To determine the significance of this number it must be compared to 
the signal level current. 

Signal current I is given by: 

I = ISO KAR 

* Motorola High -·speed Switching Trans1stor -Handbook, ::;econd r:;di t:ion, 
page .50. 



where 

5-28 

= solar insolation incident on active area of the phototran­
sistor in mw/cm2 

·K = fac~or to modify spectral response of the· transistor compared 
to sunlight (~0.26) 

A = active area of chip in cm2 (nom 0. 076 em square) 

R = Responsivity of chip (500 ~a/mw) 

Nominal signal current I at one sun incident input is: 

I= (100 mw/cm2 )(0.26)(0.076 cm) 2 (500 ~a/mw) 

• 7 5 J.la/sun 

Compared to a worst case leakagP. r.nrrent of 0.3 ~a, leakage current 
is no problem. 

Note that in the equation for signal current, no B ·.term is included, 
'l'his is because the device is operated as a diode ~and hence no B 
multiplier is used. B variations with age, temperature or signal 
level are therefore eliminated. Since K and R are basic physical 
constants, the only variable is A which affects scale factor and not 
linearity. A has been found to vary ~ 3 to 1 and ·is compensated for 
by selecting the resistors in the amplifier so that all amplifiers 
have the same scale factor. 

Amplifier scale factor for the SRE has been chosen at 1 volt per sun. 
Saturation occurs at approximately 15 suns input. The scale factor 
may be reduced slightly at the pilot and commercial plants to increase 
the upper range power handling capability. This is accomplished by 
reducing the resistor values in the amplifier. 

The phototransistor case temperature rise measured during the SRE was 
found to be ~ 6.1°C (ll°F) for a one sun input. Linearly extrRpolatin~ 
this to a maximum junction operating temperature of 125°C shows that 
the maximum input handling capability in an ambient air temperature of 
37.7°C (100°F) without cooling is (125 - 37.7)/6.1 ~ 14 sun~. 

:. . . ·~· 
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If it was deemed necessary to increase the power handling capability 
of the detector at the pilot plant, a scheme, planned for further study 
in the .detail design phase, which does not use active cooling would be 
consid6rcd~ It involves using fiber optics to carry a small sample of 
cnerq.Y lrom the face of 'the arrary to the photodetector which would be 
removed [rom the direct beam. Only the energy required to illuminate 
the chip would strike the photodetector. Since the collector of the 
transistor is in direct contact with the case, less temperature rise 
would result than if the entire photodetector were in the beam and 
the power handling capability would incr1ase. 

The background signal input in Figure 5-12 is where the measured back­
ground signal is summed into the phtotdetector for suppression 
purposes. 

Multiplexer Operation 
The cal array for the SRE was 4.9m (16 ft) by 4.3m (14 ft) with photo-

. detectors spaced horizontally and vertically 0 .3m (1 ft) apart, · 
resulting in 224 signals to complete one electronic "snapshot" of the 
redirected beam. To efficiently transfer this information to the 
computer which was remotely located, the signals were multiplexed to 
a single line,·converted to an 8 bit digital word and transmitted in 
serial fashion to the computer over a twisted shielded pair. Figure 
5-13 of the accompanying figures shows a block diagram of the cal array 
electronics as well as a diagram of the multiplexer switching, details 
of which are given in the following paragraphs. This same multiplexer 
scheme will be used to transmit boiler, superheater, and piping temper­
atures, flow rates, pressures and other data ~uch as valve position 
to the master control subsystem. 

The analog multiplexer was designed around the Harris Semiconductor 
HI 506A which is a 16 channel single ended integrated analog multi­
plexer. The switches were arranged in a two-tiered fashion with 16 
input channels for each output 6hannel as shown in the figure. Fifteen 
input chips provided for a total input capacity of 15 X 16 = 240 
channels. Capability exists to add one additional chip .for a total of 
256 channels. 

A differential amplifier was used to interface the analog multiplexers 
with the A/D converter. Since only single ended switching was used 
to multiplex data, the array common line was returned to the low side 
of the differential amplifier to reduce offset. 

The A/D converter was a Hybrid Systems ADC 540-8 which is an 8 bit 
converter with a 3 ~sec convert time. At a scaling of 1 volt/sun (on 
a clear cloudless day at 28° North latitude 2/27/76 St. Petersburg, 
Florida)~ the LSB of the converter at 10 volts per 2 to the eighth 
power (2tl), ie, 10+28 =·0.039 volt, corresponded to a resolution of 
0 .• 039 suns (approximately 35 watts per square meter) • In the pilot 
plant calibration arrays, more accurate data will be taken so that 
relative accuracy of each sensor approaches 2 percent or better. 

•rhe UART (Universal Asynchronous Receiver Transmitter) is a TMS 6011 
de which is a standard integrated chip and is the same device used in 
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the Heliostat Electronics. The purpose of. the UART was to accept tne 
8 bit parallel output of the A/D converter, format the data with start 
and stop bits, and clock out the complete word in serial fashion to 
the line driver. The line driver was a standard 8830 five volt dif­
ferential driver. Transmission to the computer is by means of a. 
twisted shielded pair. 

Timing for the control of the cal array electronics was derived from 
a 1.536 MHz crystal oscillator and some countdown circuitry. Crystal 
control was required to provide the accuracy and stability .to synchro­
nize the UART Cal Array transmitter with the UART computer receiver. 
Multipl~xer sequence time was 1.67 ms per·channel requiring (240 
channels) (1.67 ms/;channel) = 0.4 sec to trarismit a complete data 
block. Transmission rate was 9600.bps. · 

Lightning protection on the communications lines in the form of series 
resistors and shunt zener diodes proved marginally effective.. Losses 
attributable to lightning included two. line drivers· and one line 
r:eceive:z:· uver a period of one. year. HOwever the St. Petersburg area 
is noted for its summer thunder showers and the equipment survived many 
intense lightning storms. 

As the SRE progressed, more and more information was being sent to · 
the computer through the Cal Array electronics including background 
level measurements, weather.data, pyrheliometer data, and radiometer 
data. By the end of the SRE; 239 of the 240 available channels were 
assigned. 

With regard to the Pilot Plant and. beyond, the size of the cal array 
will be increasing requiring an increase in the number of data channels 
to as many as 700. To accommodate this increase the multiplexer will 
be arranged in a three-tiered design as shown in Figure 5-14. Maximum 
input capacity of this arrangement is 163 = 4096 channels. Except for 
the timing which will have to be. expanded to accommodate the larger 
number of channels, the remainder of the cal array electronics is· 
expected to remain as the SRE except for packaging. Each sensor for 
the pilot plant will be carefully assembled and conformally coated 
prior to assembly into a weather tight case. The PVC pipe provided 
adequ'ate protection for the SRE but is not suitable for long term .· 
performance. In detail design hermetic seals and encapsulation will 
be examined but maintenace will be fully considered. 



16 

240 

256 

251 

27t 

496 

512 

G13 

528 

7G3 

768 

M33 

M48 

5-32 

M49 

. M50 

M51 

0 4 7 7- 4 3 ~ 

. . 
r . 

M52 . . TO DIH AMP 

NOTE: ALL BOXES .RE 1~ tHANNEL 
ANALOG MULTIPLEXER CHIPS. 

Figure 5-14. A Three Tiered Multiplexer with 756 Channel Capacity 



5-33 

TWO YEAR SPECIAL TESTS 
Because qf its crucial nature in providing some basis for the 
commercial plant operational requirements, some attention was felt 
necessa,ry to·. the kind of tests expected for the collector subsystem. 
It is ·felt that the following periodic and one:time .tests·are repre­
sentative of those necessary to gain full benefit of pilot plant 
experience applied to commercial plant design. ' 

Many functions and operations will be automatically recorded by the 
plant computers. These extensive data files are expected to provide 
a wealth of data for reduction and analysis both on and off site. 

Extensive on-line and off-line performance monitoring will be con­
ducted during the pilot plant integration and checkout phase and the 
two year operational phase. In addition to this analysis, it is 
suggested that certain special tests be conducted to help fully 
evaluate the field effects. 

Special Long Term Tests 
The follow1ng tests w1ll be those of a periodic nature: 

1. At the end of one year and then again ~t the end of two years, 
inner -driv,e gear boxes.and actuator assemblies will be removed 
and replaced with spares. Prior to removal, lash at each site 
will be determined·and compared with original values. They 
will be carefully stripped down and fully evaluated.with 
regard to wear and environmental effects on surface materials 
(screw, gear teeth) anq the change in lash, etc. 

2. Once each three months, the output levels of all photo-optical 
pairs on four selected heliostats (12 per heliostat) will be 
recorded to determine long term degradation characteristics. 

3. The foundations of four· heliostats will be permanently instru­
mented with precision levels. Monthly night readings should 
be taken along with the temperature. The levels will be 
shielded from direct solar i·nsolation. Two outer perimeter 
heliostats, one mid-interval, and one inner heliostat should 
b~ in·s t+\,llnen ted . 

4. Effects of the Barstow site exposure shou.ld be determined 
periodically on the following: 

a. Paint wear and thermal reflectivity characteristics. 

b. Dust erosion upon mirror module reflectivity. 

c. Mirror module and outer axis bearings and stub shaft 
material degradation. 

d. Rubber seals for the electronics enclosure and the actuator 
protectiVe bellows, spur gear housing seals. 
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5. Select four mirror modu.les at random and measure the contour 
at the beginning of the test effort, at the end of one year 
and again after two years to determine any long term effects 
on the contour shape due to thermal cycles anq~ solar loading. 

6. Monitor, on two selected heliostats, the power required per 
drive mechanism and per total heliostat once per three months 
to obtain temperature and time influences. 

7. Four to six heliostats will be selected and outer axis align­
ment and toe-in setting reconfirmed with precision measurements 
twice per year. 

8. Six sites will be selected and initializatio'n setting stability 
evaluated (has deadband opened or dec~easP.d any due to mechan­
ical shifts of adjustments) . 

CpcciQl Onc-Timo TOEtE 
1. Instrument one heliostat fully with thermal couples and record 

the thermal gradients every one-half hour for ·three ·or four 
representatively clear, hot days. Compare with estimated 
worse case numbers. < 

· 2. Based on a site noise survey (airport radars;, transmission 
lines, etc.) EMI testing should be condu~ted at the determined 
frequencies and amplitudes. These noise characteristics should 
then be induced above ground and into the control system at 
various junctions to determine potential susceptibility levels. 

Additionally, the maximum level of induced current due to local 
lightning should be determined from power companies or cable 
companies. Applic.r~blP rPnnr.P.n lP.vP.lR Rhould be induced into 
one heliostat area to demonstrate the capability to shed in­
duced voltages and protect the semiconductor components. 

MAINTENANCE AND LOGISTIC SUPPORT 
Pilot plant maintenance is addressed and followed by logistic suppor·t 
for the Level 6 computer. The Honeywell collector subsystem design, 
and especially the heliostat, is comprised of easily replaceaule 
modular elements. These elements are designed for long trouble-free 
life. In the remote and unlikely event of a failure, any part or 
assembly can be quickly changed to maintain.high levels of in-service 
performance. · 

Using night and cloudy days for servicing heliostats seems to provide 
plenty of time for maintenance and repair. A superficial analysis 
was made of reliability and maintainability of the heliostat. This 
analysis resulted in the availability analysis following. It is 
anticipated that frame, post, and EoundQtion repairs would be made 
on-site and replacement of these parts would be unnecessary. l\ 
representative list of spare heliostat parts is shown in the spares 
table. Exact quantities will vary depending on lead time, failure 
experience, etc. 



Typical 
Quantity 

92 

2 

5 

6 

3 

3 

7 

5 Sets 

5 Dry 
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Spares Table 

Item 

Photosensors for Cal Array 

Mux Electronic Boards 

Inner Gear Box Drives 

Inner Linkages 

Inner Drive Motors 

Outer Drive Motors 

Actuator Assemblies 

Heliostat Electronics 

Batteries 

The quantity stocked on site is also a function of repairability, 
service life test equipment, item cost, and availability of sub­
stitutes. The shelf life only affects batteries but is a factor· 
there. This list of spares provides parts for the highly main­
tainable heliostat . 

. AVAILABILITY 
Based on a 1,600 heliostat field operation and the information 
developed for Table 5-4, the availability per unit exceeds 99 per­
cent for.a year of operation. The corrective maintenance per year 
can be completed in the time interval when the heliostats are .not 
in operation. Expected operation is 14 hours per day for a 360 
day period .. 

Repair Time per Failure in Hours = percent of time required for 
maintenance available time. 

100 percent - percent of time required for maintenance 
= availability 

Frame 

··Mirror 

Inner Drive 
Gear Box 
Inner Drive 
Linkage 

Inner Drive 
Motor 

100 - 24/8760 = 99.997% availability per year 
per unit 

100 - 72/8760 = 99.992% availability per year 
per unit 

100 - 4/8760 = 99.9995% availability per year 
per unit 

100 - 8/8760 = 99.9991% availability per .year 
per unit 

100 - 4/8760 = 99.9995% availability per year 
per unit 



Table 5-4. S-:)lar Pilot Plant Preliminary MTTR and MTEF Predictions 

Unit MTBF (Hrs) 

Frame 100,000,000 

Mirror 10,000,000 

Inner Dr Gear Bcx 66,667 

Inner Dr Linkage 25,000 

Inner Dr Motor 100,000 

Outer Dr Motor 100,000 

Actuator 100,000 

Helio.stat Elec. 250,000 

Central Processcr 25,000 

Perip~eral Equipmen~ 15,000 

Cal Array 13,8841 

P/S Batteries 500,000 

Field XMFR 100,000 

MTTR 1,061,200 
_179,.340 - 5.92 hcu.rs 

Failure 
Rate 
(A) 

·:xlo- 6 ) 

0.01 

0.1 

15 

40 

10 

10 

10 

.4 

40 

67 

72 

2 

10. 

Contribution 
of Total 

Qty Failures 

1600" 16, 

6400 640 

1600 24,000 

1600 64,000 

1600 16,000 

3200 3~.ooo 

3200 3: , 000 

1600 6,.400 

4 160 

4 26B 

8 576 

1600 3,200 

8 80 

l: A 179,340 

1 
MTBF~ =~ . L~ = 

106 
5.576 

Repair 
Time 

(RE) (Hrs) 

24 

72 

4 

8 

4 

4 

4 

10 

4 

4 

24 

2 

10 

l: ARp = 

Failures 
Day 

= 1 Solar ::·i1ot Plant x 4!20 hrs/mo x 1 mo/30 days = 
5. 576 hours/fG!.ilure 2.51 Failures Day 

Corrective Maintena~ce Per Year = ~,349 hours 

l: (ARE) 

384 

46,080 

96,000 

512,000 

64,000 

128,000 

128,000 

64,000 

640 

1,072 

13,824 

6,400 

800 

1,061,200 

U1 
I 
w 
0'1 
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Outer Drive 100 - 4/8760 = 99.9995% availability per year 
Motor per unit 

Actuator 100 - 4/8760 = 99.9995% availability per year. 
per unit 

Heliostat 100 - 10/8760 = 99.999% availability per year 
Electronics per unit 

Control 100 - 4/8760 = 99. 9995%. availability per year 
Processor per unit 

Peripheral 100 - 4/8760 = 99.9995% availability per year 
Equipment per unit 

Calibration 100 ~ 24/8760 = 99.997% availability per year 
Array per unit 

Power Supply 100 - 2/8760 = 99.9997% availability per year 
Batteries per unit 

Field 100 - 10/8760 = 99.999% availability per year 
Transformer per unit 

LOGISTICAL SUPPORT OF LEVEL 6 COMPUTER SYSTEM 
The Level 6 design concept, based on containing functional system 
modules on singie boards, not only reduces module interconnections 
to the Megabus and power (eliminating intra-module connections) but 
also enhances system availability. First, the existence of func-· 
tiona! boundaries simplifies the procedures required to diagnose 
faults. In turn this means that execution of these procedures should 
require very little downtime, on the order of minutes, and that the 
attempt to isolate a fault to board level should normally be suc­
cessful. Secondly, "repair" of the fault requires simply unplugging 
the failed unit and plugging in a replacement. 

Another very important maintenance feature of the mainframe is the 
set of built-in tests. Each microprogrammed bus attachment (for 
example, CPU, Controller) has a portion of its microprogram.space 
(10 percent to 20 peicent) reserved for self-test. 'This seif-test 
is executed as a by-product ctf the control panel operations.used in 
system initial'ize and bootstrap. By this method, the tests are 
executed frequently so that otherwise undetected faults will be less 
·likely to propagate errors into user output. And, as stated earlierj 
detection equals diagnosis. In addition to the self-test, the CPU 
provides a permanently·stored program (assembly language level) 
which will test memory • 

. For maintenance purposes, all system modules that can be easily re­
moved and replaced at the customer site are called Optimum Replace­
ment Units (see table at~ached) or ORUs. ORUs include the following. 

• Primary boards that connect into the M.egabus and similar boards 
that form part of a Level 6 component (for example, Memory­
or-Device-Pacs) . 
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Optimal Replacement Unit Sp~res List 

Model Number Desniption 

Controller and Pro,cssor Boards 

CMC9003 

CMC9004 

CPU9201 

CPU9401 

CPU9402 

CPU9403 

CPU9404 

GIY9001 

GIY9002 

MDC9: .. 

MLC91m 

P.trilv Me.mory C:ontrc,llcr "'ith ftlur i..i.lnr.t:<.:illf) for muunting 
Pac adapter C~IM90ill; >·tnlC ,,, C~lC9\Ii'! i "ith<>ut CM~1900 I 

EDAC Mem(1rr Cnltt:UIIl·r wilh fou:- ~onr~l'\.."hlr .. fur moun ling 
P .!< ad.1ptcr CM~19002: ,,,me •' C~lC<llH)~ "'thu~!l 01M9002 

C:;~nll:tl Prnr•'''"r f,·,r cp.;glXX •r•tom, 

Ct:ntr.ll Procl~:'$1JI' fl)r ~·1cu1.~1 6 .. 3-1 ":t\ >tt~m .. 

C<·ntr .!! Proce-sor with W,rtchdog Tinw O~!ion (CPF9·10 I) 
tvr Model 6i34 wstem' 

Central Processor for Model 6.'36 >~ <tcm; 

CemrafProccssor with Wdt~hdue Tim.~r Op;i,ln \f'PF940l \ 
fu• Muucl u/3t1 ~~·~tem~ 

General Purpose DMA lntcrfdCL': 'dmc "' (,1591101 le;, paddle 
boards · 

:;y,tem 700 Bus lntl'ff.!Le for CPS92XX ,, 'l<nl'. for Lcvd 6 
clus~is; ;ame as GIS900~ lr>> ribh,>r'l CJt>!c> and boJrd fur 
~,7()0 dr.twt•r 

... ultiplc Device Co.ntrullcr 

Mt•ltiline Communications Proce>'or 

Memnry·Cl•mmunications·Devlce·Pacs 

CMM9001 

CMM9002 
CRM9101 

DCY9101 

DCY9102 

DCY9103 

DCYYIU4 

DIM9101 

KCM9101 

PRM9101 

C:PF9201 

Devices 

DIY9101 

Power Asscmbiies 

DIY9102 

r~ .. s9o02 

PS~Y4UI 

SK Word Memor~ -Pac wrth parity. with muunting hJrdw.HL' 

8K Word Memor'y-P,1c with EDAC, with muunting h.~rdwJre 
C.rd Re~dcr Dcvicc·P;IC, with mounting hJrd\\Jre 

Communicalion,·P.tc, 2 "'Yn•hronmt> li11~' up to 9.6KB cJch. 
with mounting h . .rdwarc; >Jmc d> DCM91·0 I bur witht)Ut cdbic> 

Communicatiom-Pa.:, I dWnchronou' lirK' up to 9.6KB, with 
mounting hardware; same as DCM9102 but "i:hout Cdblcs 

Communications-Pac, 2 ~ynchronou> line, up to 10,6KS c~o;h. 
with mounting hardwAre; same as DCM91,93 but without Cdbb 

Co:nmYni,atiom·Par, 1 <)'nchrnnorr' lin~ liP to lO.S~:B, with 
mounting hardwJrc; >at"trc d~ DCM9104 hut ll'lt!lOUt cJbtes 

Diskette Device-P.tc (take~ two spa.:e~ on Multiple De1•ice 
Controller MDC9101 ). with mounting lurdw:uo 

Devicc-Pac for teleprinter, typewriter, and CRT con,ole~. with 
mounting hardwJrc 

Printer Device-P.tc, with mounting hdrdwarc 

E.\tended Memory .md Memory Lt.rckuut Optiun-P.K with 
mnunting ha.rdwdru 

Diskette Unit, without power supply for pcriphcrdl devices 
D IU91 0 I, Dl U91 02; Stdndard is 60 Hz 120 V: av~ilablc also 
dl )0 Hz :noV, •nd so Hz 240 v 

Di<kette Power Supply J"emhly for per iphcr.rl del' in•, 
DIU9101, DIU'l 102 

ML·mory Save with .1\uturc\l.lrl for ur tu li4K word<, with 
hardware for r.1ck muurlling, and bdllery 

Power Supply for 4 ill' 5 'lot ~kg.tbu' ch,,;,i; (9 or 10 >lot 
rhdssi< requires tW<.I power 'llpplic<) 

CabinetryjHardwJre 

CPF9411 

CPnl210 · 

Full ColitJol P.m-.:1 Ell•rtronil, for (l/)ll MpJ~·! .... r.1d. 

mounl.thlc or L1hll'tnp CP"i \; l''\C luck' h~)~, .. :,:~. po\\'t'l '\viii. h 
.tnt.l I rot k ;t"rmbly 

t:ull C"tllrul r.tr.ll.'ll.lt•llll•llal' htr f,/fU, f I'"''· .. ··\tlauh~'> 
hnu\ill).!, pnwt•l :-.wilt h .nul l11t,l-. ,,.,,,'lllhly 

------------------
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• A power supply,. control panel, or peripheral device. 

• Fuses for power; air circulating fans. 

The actual ORU isolation is carried out in two steps. First, the 
resident hardware/firmware performs the go/no-go test of basic data 
paths to verify that ORU Isolation Test Routines are loadable and that 
their execution can be initiated. This test is executed automatically 
each morning at system turn-on. Second, the test and verification 
software tests are performed, completing the ORU isolation and causing 
the results to pe displayed. 

The display of results indicates (1) the unit to be replaced. (2) the 
case of no fault detected, or (3) the case in which the fault cannot 
be resolved to an ORU. In the vast majority of cases the result will 
be isolation of the fault to an easily replaced ORU. 

Large Level 6 configurations .~uch as the Pilot Plant configuration are 
expected to require special consideration in order t.o maintin an ade­
quate level of system availability. In particular, the maintenance of 
peripheral and communication units in such a system may require diag­
nosis, repair, verification and preventative maintenance to be performed 
without shutting down the system. The T&D software components related 
to Level 6 peripherals and communications have been designed to oper­
ation under GCOS (the disk based operating system) simultaneously with 
the execution of other tasks. 

Mean Time to Repairs (MTTR) 
The MTTR for a unit or a system is the sum of the mean time to diagnose, 
the mean time to fix, and the mean time to verify that the fix was 
proper. The generali~ed objectives met by the Level 6 are listed below 
and are applicable to each major unit individually. 

Unit MTTR Goal - 1 Hour 
This goal.is for mature systems (2-3 years after first ship) and 
applies only to those faul.ts which are diagnosed and repaired by 
qualified personnel. 

Preplanned Diagnosis - 30 Minutes 

Maximum, 90 Percent Effective 
Preplanned diagnosis includes use of Quality Logic Tests (firmware), 
T&Ds (software), and step by step instruction (cookbooks). For mature 
systems, 2-3 years after first ship, 90 percent of the faults in any 
major unit (for example, device, controller, etc.) should be able to 
be resolved to the proper corrective action (for example, replace ORU(s), 
make adjustments, replace unit, etc.) using only these facilities. 
Thirty minutes is the maximum time to execute preplanned diagnosis and 
determine either: 

a. The corr~ctive action necessary, or 

b. The problem is outside'the scope of preplanned diagnosis. 
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Replacement of ORU - 15 Minutes Maximum 
The time required for qualified personnel to replace any module 
which is considered to be an "Optimum" Replaceable Unit (ORU) is 
15 minutes or les~. -

CONCLUSION 
Pilot plant operations and strategy have been brief-ly covered in the 
preceding paragraphs. The operations provide safe beam control 
-during start-up and shutdown. In some rare instances individu-al· 
heliostats can stow without absolute beam control.· .. :Instrumentation 
has -been. provided for in a flexible cost effective·•manner. Brief 
discussion was made of specific tests to be performed. on -the pilot 
plant collector subsystem and _maintenance operations necessary to 
keep the plant operating at peak efficiency. . . · . ·-

While necessarily brief and cursory it-is concluded that our pre­
liminary design can be effectively detailed without. substantia).· 
problems in the dctuil dcoign phase. 

'. 
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Section 6 
.SUPPORTING DATA 

FIELD ASSEMBLY PROCESS 
The heliostat assembly basically is completed in the field with a few 
of .-the.min.or suba~sembly operations done indC?ors. The mechanical 
inst~·llation ~nd assembly ·of each heliostat is identical in sequence 
and. structure.-·.·.· The following discussion, therefore, provides a step 
by step. installation. and assembly procedure to form a single helio­
stat.-·. :A co.ndensed flow chart appears below to show the sequence. 
Operations:are.keyed.to .the text by the circled numbers. 

Additional information on the special tools used and rationale is 
provided in a subsequent section on focusing and alignment. 

(~)·
0 

Ground Preparation · 

0 
0 
0 
® 
0 
(j) 
0 
0 
@ 
@ 
@ 
@) 
@ 

Foundation and stub post.installation 

Support post assembly ·and alignment 

Frame assembly 

Electronics, wiring harness and ground strap installation 

Actuator subassembly 

Actuator installation and alignment 

Subassembly of mirror module bearings 

Assembly of mirror modules to frame 

Assembly of mirror drive unit 

Mirror module leveling and toe-in 

Crank ClL'III and tie rod assembly 

Installation of initialization switches 

Actuator lead calibration and heliostat checkout 
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Ground preparation is a pacing item that must be accomplished in 
advance of all succeeding operations. The activities for ground 
preparation are: 

1. Layout and mark heliostat sites 
2. Layout and mark utility routes 
3. Dig utility trenches 
4. Lay in utility lines (power and signal) 
5. Check out utilities 
6. Bury utilities 

The equipment required for this operation are three small tractors 
·with blades and four "ditch witches". 

Foundation and stub post installation consists of the following 
activities: 

1 • 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 

Move backhoe to site 
Dig two holes 
Prepare hole bottom (remove loose soil) 
Move two stud post and re-bar assemblies 
Position weldments in holes 
Position concrete forms 
Move assembly jig to site 
Position jig level and on azimuth 
Check post alignment and center-to-center 
Pour concrete 
Remove forms 

to site 

-· 

spacing 

The hole digging operation requires a backhoe, a pair of concrete 
forms, concrete vibrator. 

It is assumed that the concrete is availa.Lle from the samQ 501.1r.r.e 

used in the tower construction. The liquid ooncrete.is vibrated 
immediately atte:r.- pouring to relieve any stresses that may have 
been introduced to the. posts while pouring. 

Assembly and alignment of support posts consists of the following 
operations: 

]. Asse.:mble and bolt posts Lo ::;tub~ previously ~et tn r.oncrete 
2. ·Level tops of posts with respect to cauh ol.her 
3. Plumb posts 
4. Measure and record actual azimuth of outer axis using· tooling 

pads at top of each post. 

The assembly of trame to the pos·ts consists of the fo"J.J.owing 
activities: 

1. Move small parts to site 
2. Move frame trailer beside slabs 
3. Assemble pillow blocks to pivot rods 
4. Secure pillow block locking collars 
5. Move double gantry over frame and slabs 
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6. Lift frame 
7." Slide frame to position over posts 
8. Lower frame onto posts lightly 
9. Align bolt holes and machined surfaces 

10. Assemble nuts and bolts loosely 
11. Reposition hoists to hook one side of frame 
12. Raise hoists to tilt frame 75 deg •. in direction of target 
13. Me.asure and shim pillow blocks A/R 
14. Torque down pillow block bolts 
15. Lower hoists and release from frame 
16. Leave frame in free position temp. 

Equipment required consists of a double gantry and frame semi­
trailer/tug (Figure 6-1), rolling ladders and cable sling (2). 

For safety the frame should be restrained from rotating during 
assembly. 

The electrical assembly npe~ation consist.s of rhP fnllowing 
activities: 

1. 
2. 
3 •. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 

Move parts and tools to site 
Install control and electrical box to foundation 
Install battery box 
Install conduit on underground wires 
Connect underground wires to box 
Tie heliostat ground strap into ground mat 
Connect ground strap to post 
Assemble ground straps to frame and posts 
Temp. hand harness to frame 
Wir.e frame actuators 
Wire harness to control box 
Prepare stress loops and clamp 
Drill holes ~nd install harness cover 
Check for proper elec. operation • 

Ground strap installation needs to be performed prior to general 
electrical installation. 

Frame drive actuator subassembly may be assembled in a cov.ered 
preassembly area. Actitivites include: 

1. Actuator parts in storage 
2. Move parts to subassembly station 
3. Assemble rod ends to actuators 
4. Assemble brackets to rod ends 
5. Assemble flangette bearings to pivot pins 
6. Assemble motor/encoder to actuator 
7. Move assemblies to inventory 

Anticipated tools consist of trammel tools, a small dolly, work 
bench, hand tools and 24 vdc power. 
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Figure 6-1. Concept of Double Gantry 

F"or Assembly of Frames to Posts 
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The assembly of actuators to frame and posts consists ·of the 
following activities: 

1. Move actuator assemblies to site 
2. Slide actuator fl,.angettes on post plates 
3. Bolt flangettes loosely to plates 
4. Bolt brackets to frame loosely 
5. Set 34 inch dimension and torque down bracket 
6. Repeat above for second actuator 
7. Set 43.32 dimension at plates and flangettes· and set angle 
8. Repeat above for second actuator 
9. Ready for next operation 

The equipment required includes·five foot rolling. ladders and 34 
inch and 43.32 inch trammel tools. 

Actuators are preassembled with rod ends, brackets and flangettes 
attached at a prior subassembly operation. Extra outer flangette 
shells are carried by the crew because this part cannot be secured 
by preassembly. · 

The trammel tools are double sided to hold pivot axes parallel to 
each other.· 

The 43.32 inch trammel tool has a prec1s1on bubble level to set 
the lower actuator pivot at a predetermined angle from the upper 
pivot. 

The mirror module bearing support subassembly operations consist 
of the following activities: 

1. Parts in inventory 
2. Move parts to· subassembly station 
3. Asseinble parts for eight bearing supports 
4. Move assemblies to inventory 
5. Bearing assemblies iri inventory 

A work bench and hand tools are utilized here_and this operation 
can be .located in a shed or building where the small parts are 
received/stored in order to minimize parts handling. 

Assembly of the mirror modules to the frame consists of the · 
following activities: 

1. Move spur gear and pa~ts to site 
2. Move two rolling scaffolds to·site 
3. Drive frame actuators to spec length 
·4. Move gantry to· site 
5. Position gantry over_No. 2 mirror location 
6. Move M/M trailer under gantry 
7. uisassemble holding bracket from four M/M hubs 
8. Move hoist over M/M and lower 
9. Position spreader bar hooks_to hubs 
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10. Lift M/M approximately 12 inches 
11. Assemble gear and 0/parts on one hub 
12. Assemble bearing on other hub 
13. Move M/M laterally off trailer 
14. Index M/M 90 degrees and turn horizontally .. 
15. Move M/M into position over frame · 
16. Lower M/M and guide onto studs 
17. Insert tooling pins in both sides 
18. Center spur gear in frame hole 
19. Lower full weight of M/M on frame 
20. Loosely assemble eight nuts on studs 
21. Lower spreade+ bar and remove hooks 
22. Raise spreader bar to clear M/M 
23. Reposition gantry over No. 1 location 
24. Move M/M trailer under gantry 
25. Move hoist over M/M and lower 
26. Position spreader bar hooks to hubs 
27. Lift M/M approximately 12 inches 
28. Assemble bearings onto hubs 
29. Move M/M laterally off trailer 
30. Index M/M 90 degress and turn horizontally 
31. Move M/M into position over frame 
32. Lower M/M and guide onto studs 
33. Insert tooling pins in both sides 
34. Lower full weight of M/M on frame 
35. Loosely assembly eight nuts on studs 
36. Lower spreader bar and remove hooks 
37. Raise hoist to clear M/M 
38. Rotate MM 1 and 2 face up and clamp 
39. Reposition gantry over No. 3 location 
40. Move M/M trailer under gantry 
41. Hove hoist mrPr M/M and lower 
42. Position spreader bar straps 
43. T.ift. M/M approximately 12 inches 
44. ASSSemble lH:~a.ring~ Onto ctuds 
45. Move M/M laterally off trailer 
46. Index M/M 90 degrees and turn horizontally 
47. Move M/M into position over frame 
48. Lower M/M and guide onto studs 
49. Insert tooling pins in buth ::>ides 
C.O. J;nv:P.r full weiqht of M/M on frame 
51. Loosely assemble eight nuts on studs 
52. Lower spreade~ ~a.r and remove hooks 
53. Raise hoist to clear M/M 
S4. Repo~ition gantry nvAr No. 4 location 
55; Move M/M trailer under gantry 
56. Move hoist over M/M and lower 
57. Position spreader bar hooks on hubs 
58. Lift M/M approximately 12 inches 
59. Assemble bearings onto hubs 
60. Move M/M laterally off trailer 
61. Index M/M 90 degrees and turn horizontally 
62. Move M/M into position over frame 
63. Lower M/M and guide onto studs 
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64. 
65 •. 

_66. 
67. 
68. 
69. 

Insert tooling pins in both sides 
Lower full weight of M/M on frame 
Loosely assembly eight nuts on studs 
Lower spreader bar and remove hooks 
Raise hoist to clear M/M 
Rotate MM.3 and 4 face up and clamp 

The equipment consists of single gantries, roll.ing ladders, 
spreader bards and a semitrailer tug. 

The semitrailer will be ·loaded with 16 mirror modules (4 sets) 
located on the trailer by the vendor in a manner which permits 
unloading of the modules in a prearranged sequence. 

The assembly of the mirror drive unit consists of the following 
activities: 

1. Parts in inventory 
2. Move parts to site 
3. Move rolling scaffold to site 
4. Assemble pivot block to frame 
5. Assemble mirror drive gearbox to frame 
6. Install pivot pin 
7. Install spring and shoulder washer 
8. Install spring support assembly 
9. Align assembly and preload spring 

10. Torque bolts down 
11. Grease moving parts 
12. Assemble cover 
13. Connect wiring from.harness 

Rolling ladders are required. The spur gear cover is bolted 
together vertically. 

The next operation of leveling the mirrors and adjusting the 
toe-in consists of the following activities: 

1. (Actuator length preset from previous operation) 
2. Recheck actuator length and adjust 
3. Move gantry over mirror No. 2 
4. Move two rolling scu.ffolds ·to site 
5. Position precision level on M/M 
6. Move hoist over M/M hub 
7. Attach hoist hook to h·ub 
8. Use hoist to adjust level 
9. Measure and select s·hims 

10. Position shims under bearing support 
11. Release hoist and•rP.r.heck level 
12. Torque down four nuts on studs 
13. Reposition gantry over M/M No. 1 
14. Reposition precision level on M/M No. 2 
15. Reposition hoist over hub 
16. Attach hoist hook to hub 
17. Use hoisL tu a~just level 
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18. Measure and select shims 
19. Position shims under bearing supports 
20. Release hoist and recheck level 
21. Torque down four nuts on studs 
.22. Reposition gantry over M/M No. 3 
23. Reposition precision level on M/M No. 3 
24. Reposition hoist over hub 
25. Attach hoist hook to hub 
26. Use hoist to adjust level 
27. Measure and select shims 
28. Position Shims unut=r bearing supports 
29. Release hoist and recheck level 
30. Torque down four nuts on studs 
31. Reposition gantry over M/M No. 4 
32. Reposition precision level on M/M No. 4 
33. Reposition hoist over hub 
34. Attach hoist hook to hub 
35. u~e hoist to adjust lev~;;>l 
36. Mect~ure and select shims 
37. Position shims under bearing supports 
38. Release hoist and recheck level 
39. Torque down four nuts on studs 
40. Wire initialization sensors 
41. Position level perp to axis on MM No. 1 
42. Unclamp M/M - position to spec - reclamp 
43. Position level perp to axis on MM No. 2 
44. Unclamp M/M- position to spec - reclamp 
45. Position level perp to axis on MM No. 3 
46. Unclamp M/M - position to spec - reclamp 
47. Position level perp to axis on MM No. 4 
48. Unclamp M/M- position to spec - reclamp 

Equipment required consists of single gantries, rolling ladders, 
precision levels and mirror clamps. 

Mirror leveling requires a preuetermined amount of forward tilt 
(toward the tower) of the frame as controlled by the trammel tool 
setting. This forces all shimming for leveling purposes to be 
done on one side of the frame (opposite the mirror drive side). 
Adjustable mirror clamps are still in place from the preceeding 
operation. · 

~ Crank arm and tie rod assembly activities include: 

1. Move rolling scaffold to site 
2. Move arms ctuu rods to ~ite 
3. As~ernblr. alignment t-nnls in fol,lr M/M hubs 
4. Assemble rod ends to three tie rods 
5. Adjust rod length to fit alignment tools 
6. Tiqhtcn locK nuts on six rod ends 
7. Temp store rods on scaffold 
0. Remove ali0nment tools from hubs and set a side 
9. Assemble four crank arms to M/M hubs 

10. Loosely assemble four taper locks 
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12. 
13. 
14. 
'15. 
16. 
17. 
18~ 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 
41.. 
42. 
43. 
44. 
45. 
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~osition No. 2 arm at 45 degrees W/special tool 
Torque down taper ~ock on No. 2 hub 
Assemble rod end to No. 2 arm 
Assemble 0/end of rod to No. 1 arm 
Secu~e rod end on No. 1 crank ~rm 
Torque down taper lock ·on No. 1 hub 
Position rod at opposite end to No. 3 arm only 
Position center rod between No. 2 and No. 3 
Secure rod ends on No. 2 crank arm 
Torque down taper lock on No. 3 hub 
Positio-n remaining rod end on No. 4 crank· 
Secure rod end on No. 4 crank arm 
Torque down taper lock on No. 4 hub 
Move scaffold to opposite side of site 
Assemble. al.j:gnment tools in four M/M hubs 
Assemble rod ends to ·three tie rods 
Adjust rod lengths to fit alignment tools 
·Tighten tock nuts on six rod ends 
Temp sture rods on.scaffold 
Remove tools from.hubs and set a side 
Assemble four crank arms to M/M hub~ 
Loosely assemble four 'taper locks 
Position No. 2 arm·at.45 degrees W/speciai tool 
Torque down taper lock on No. 2 hub 
Assemble· rod· end to No·. 2 arm 
~ssemble. 0/end·of rod to No. 1 arm 
Secure rod end on No. 1 ·crank arm 
Torque down taper lock on No.· 1 hub 
Pof?i tion rod at ·opposi t'e end to No. 3 arm only 
Position ceriter·rod between No. 2 and No. 3 
Secure rod ends on ·No. · 2 ·crank arm· 
Torque down taper·lock on· No. 3 hub 
Position remaining rod end on No .. 4. crank 
Secure rod end on No. 4 crank arm 
Torque down taper lock on NO. 4 hub·. 

Equipment consists Of 12 foot high rolling scaffolds, alignment·. 
tools (rod ends) and ·taper arm angle (45·deqrees) indjcntors. 

@ The initialization operation consists of the following activities:·· 

1. Move ini tiali.za tion equipment ·t6 site_ 
?. Secure sensor wheel to rotating· shaft 
3. Secure housing to structure 
4. ·Remove tooling· screws 
5. Install cover 

Rolling ladders and hand tools are required·.· Harness wiring . 
consists of mating previously installed cables to sensor contacts · · 
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Checkout of the completed heliostat consists of the following 
activities: 

1. Move equipment to site 
2. Connect test equipment 
3. Operate outer axis £ull travel 
4. Operate inner axis full travel 
5. Initialize outer axis 
6. Check four M/M for level 
7. Initiglize inner axis 
8.. Check toe-in of four M/M 
9. Measure actuator lead (em of travel per motor revolution) 

A precision level·and test equipment is required. T~e test 
equipment is a "block box" hooked up to the control box to allow 
manual control of actuators and ml:i.:ror clrive components .. 

HELIOSTAT FOCUSING AND ALIGNMEN'l' PHOl:EDURE 
The Honeyweli heliostat has been designed such that all focusing and 
alignment is an integral pctL"L of the assembly proce¢\ure. Where 
critical dimensions or angles are involved, the accuracy is built into 
the heliostat components or special tools and fixtures. 

The Pilot Plant focusing and alignment procedure 'i·s outlined in detail 
below. The sequence of events shown must be followed to assure a 
smooth flow of operations. This also assures a minimum of back­
tracking, handling, and consequently, minimum co~t. 

Those steps noted "A" in the following· procedure involve alignment 
operations. Rationale for the various alignment steps is provided 
following the procedure. "T'' numbers refer to tools or special equip­
ment described in attached sketches. 

Assembly and A.lignment Procedure 

1. Install reinforced concrete slabs at surveyed locations. 

Tl A 2. Install pref~bricated post weldments. (Precision level tool 
assures allynment of· frame pivot axes) . 

Tl A ).·Measure and ~ecord azimuth uf frame pivot axis. (Theodolite) 

4~ preassemble pillow blocks on frame pivot pins. Also secure 
~iring harness to frame. 

5. Install frame on posts and secure p~ll?w bloeks against 
tooling pads. 

6. Instail electronics ass~mbly to post and tie in power and 
signal wires from field and harness leads. 

' . 
T2 A 7. Install and align actuator bracket to frame. 
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T3. A 8. Install actuators to frame pivot brackets and to posts.··· 
Align actuator pivot axis with combination level/trammeL 
Actuators are matched by lot number. Connect harness wires 
to motor/encoder assemblies. 

T4 A 9. Using motors or electric drill adapter set actuator lengths 
using trammel tool. (The specified length will cause the 
frame to tilt slightly toward the tower to assure the mirror 
modules can be adjusted to level.) 

A 10. Seal actuator motor shafts. Assemble outer axis initiali­
zation switches at their zero positions~ remove tooling 
screws, and secure covers. NOTE: Actuators are not to be 
moved until assembly/alignment of heliostat is cQmplete 
(therefore they are sealed or tagged· as a~ove) . 

11. Install inner axis gear drive unit on frame and connect 
harness wires.· 

12. Assemble tail bearings to four mirror modules. 

13. Assemble drive mi~ror module to frame with mirrors face 
down and horizontal. Secure tail bearing to frame. tempor­
arily. Note tooling holes in frame assure perpendicularity 
of .frame and drive mirror module axes. 

T5 14. Assemble bearings to the.other three mirror modules and 
instail on frame with mirrors face down and horizontal. 
Secure MMs to frame temporarily to prevent rotation. NOTE: 
MMs have a built-in ~mbalance. 

T6 A 15. Level four mirror module~ with precision beam l~v~l ~nd )him 
under tail bearings. Secure tail bearing of drive.MM 'using 
tooling holes to assure perpendicularity to outer axis. 

T6 

16. Secure gear drive unit to frame. 

A 17. Set center-to-center spacing of three MMs with respect to 
drive MMs (axes parallel) with trammel tool similar to T4 
except with five meter spacing. 

A 18. Set toe-in and initialization switch on drive MM. 

a. Secure disk to standoffs temporarily with two screws. 

b. Loosen four screws which secure disk to spur gear. 

c. Determine toe-in angle from tab run. 

d. Assemble precision beam level to toolin'] pads of MM. 

e. Use manual control box to pulse inner drive motor until 
desired anqle is reached. 
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f. Torque four screws to secure disk to spur gear. 

g. Remove two tooling screws. 

h. Install cover/seal assembly. 

19. Set toe-in on the remaining three MMs using the precision 
.beam level and clamps. Secure MMs to frame using special 
clamps provided until crank arms and tie rods are installed. 

T7 20. Install tooling pins to primary end of each r1M. 

21. Install crank arm to drive MM - no angular adjust here. 
Torque bolt on crank arm taper lock. 

22. Assemble crapk arm to the other inside MM bearing with the 
bolts finger tight. 

A 23. Set tie rod length on tooling pins by rotating the rod 
end and torque jam nuts. 

A 

24. Assemble tie rod to crank arms and torque bolts on second 
crank arm. 

25. Install two remaining crank arms and tie rods on primary 
drive side in similar manner. Remove tooling pins. 

26 .. Install secondary crank arms to ends of MMs nearest the 
tower. These crank arms are to be set level with a 
carpenter's bubble level. Torque bolts on taper locks. 

. . 

A 27. Set lengths of three secondary tie rods using pin~ in crank 
arms by rotating threaded rod ends. Torque jam nuts. 
Install three tie rods. 

28. Remove clamps that hold MMs to frame. 

29. Measure and record actuator lead (Motor Rev/Inch of Travel). 

Alignment Procedure Rationale 
Ref.· Step Number (s) 

l Self evident 

2,3 Tool Tl performs the dual function u[ leveling the frame 
pivot axis nnd muunt..ing the thP.odolite for measuring the 
actual azimuth angle of the axis. Constraints placed on 
post installation already include center-to-center spacing, 
plumb in two axes, parallelism and field location. Control 
of the azimuth angle of the frame pivot axis (established 
l>y Lhe tooling pi.lds at the top of e.:tr.h post) would be undue 
burden on the assembly crews. The theodolite provides 
greater accuracy than assembly tolerances would allow (less 
than 0.05 milliradians). The measured azimuth angle will 
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be stored in the computer memory for each heliostat and 
will be used to correct pointing commands. 

4,5,6 Preparatory steps for frame assembly and alignment. 

7,8,9 These steps set up a unique non-right triangle at each 
actuator. The legs of these two triangles are formed by 
the post, frame and actuator. The precision oil level (T3) 
~sed in Step 8 provides a unique orientation of the tri­
angles with respect to local vertical. The object is to 
obtain agreement between the hardware and the constants 
used in the computer. 

Another approach might be to measure and record actual 
values of the four constants for each heliostat but this 
method is more error prone. In addition, the computer 
would have to calculate lengths for both actuators which 
in turn would require more electronics at each heliostat, 

10 The initialization switches themselves are set at the fac­
tory. The field operation simply locks the interrupter 
wheel onto the pivot shaft at the "zero position". The 
switch housing is secured to the post next. Two tooling 
screws (used to maintain the alignment during shipping) 
are then removed and_ the cover and gasket are installed. 

11,12,13, Inner Drive must be assembled before alignment 
14 

15 This operation assures that the MM axes are level at the 
frame drive "zero" position. The precision beam level 
mounts to tooling pads which are preset at the factory to 
define a line perpendicular-to the optical axis of the 
mirror module. The pivot axis of the MM is also controlled 
with respect to these pads to minimize coneing effects. 

16 Secure gear to prevent loss of adjustment. 

17 The object of this step is align the axes of each MM per­
pendicular to the frame pivot nxis; another software 
assumption. The drive MM is aligned using tooling holes 
drilled in the frame at the factory using a special drill 
jig. Before the tail bearings are locked down a trammel 
point tool is used to set the axes of the three slaved MMs 
parallel to the drive MM. 

18,19 This operation is similar to the outer axis initialization 
except that the drive MM is not level. The object is to 
"zero" the initialization switch when the optical axis of 
the heliostat (4 MM ~omposite) is true vertical. Ray trace 
tradeoff. studies have shown that the toe-in angles need to 
vary with field location to get optimum energy efficiency. 
The anqles are optimUm when they aLe set for a 21 March 
noon sun position. Since it is not practical to set all 
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heliostat toe-in angles on one day, the relative angles will 
be calculated and provided to the construction crews. The 
problem with trying to set toe-in at a time other than dur-

.ing the normal assembly sequence is that the entire linkage 
assembly must be loosened or dismantled and th~n realigned. 

. . ' 
Note that there is no adjustment of focus on the mirror 
modules themselves .. Each one has a built-in spherical 
radius which gives a focal length of· 418 meters; .. Steps ·15, 
17, 18 and 19 are designed to assure that the ~our fodbsed 
images overlap at the receiver aperture. 

. . 
Sample heliostats will b~ checked during th~· co~struction 
process using the calibration array to assui.e p·roper beam 
alignment. Special tools. will also be checked periodically 
for accuracy. 

There is a lnw·p~nbab111tv· Ua~t the ~un will be ~t ~hR opti­
mwn .POSition (for toe-in) when any one helJ.osta·e is clu:~...:ked. 
HnwP.Ver, suiLware has already been rl~vt::!loped bv Hona~rwell 
Ener~y Resources Center to predict devidlions ~f each of 
the four beam centroids as a function of time of day, day 
of the year and relative positions of heliostat and target. 
This software will be used on-line with the calibration 
array software to obtain net deviations for each mirror 
modul~: Portable shades will cover the three panels not 
under test. 

Tie rod length must be set accurately to assure bind-free 
motion through the top-dead-center position of the linkage, 
that ic, when cr~nk arms and tie rods are parallel. The 
tie rod length is set. to m~tch the MM stub shaft c-<..: distances 
directly. This eiliminates the uncertainty due to eolera.uc.:8s 
on crank arm lenc::rth . 

. ~ . . . ;._, . 
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Figure ~-2. (Tl) Frame Pivot Axis Leveling and 
Azimuth Measuring Tool 
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It FRAME CROSS RAIL 

~~--~- 1 TTIRAMMEL TOOL T2 
TO SET 34 INCH 
DIMENSION 

~sUPPORT POST 

_ 
1 
Fig.~re 6-3_. (T2) Actuator Piyot Brack~t Alignment TOol 
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0477-1458 

t, •. ,I' .•' 

T3 ACTUATOR ALIGNMENT TOOL 

ADJUSTABLE SUPPORT-PLATE 

Fi1Jur& 6-4. (T3) Actuator Pivol A:Ai:.; Aligruuent ·I'ool 
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0477-1418 

T4 TRAMM(l TOOL 

Figure 6-5. (T4) Fixed Length Trammel Tool 
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USE IN DIFfERENTIAl MOD( TO 
FIND ADJUST"MM TOE-IN ANGLE 
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TOOLING PIN T7 

Figure 6-8. (l'7) Tooling Pin 
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MIRROR CLEANING METHOD 
A Pilot Plant with an electrical output of 10 mw will require approxi­
mately 65,000 m2 of mirror surface. To be efficient as solar energy 
reflectors mirrors must be clean. Data from the solar research ex­
periment indicates overall efficiencies of 80 percent can be maintained 
by weekly cleaning of mirrors. The quantity and frequency of cleaning 
of mirrors make i~ obvious that some type of semiautomatic equipment 
is required. 

Mirror c]~~ning will be conducted during nonQperating periods when 
unrestricted access to the field of helluslats mu.y be perJTI.i,t.t.ed. Con­
ducting this type of operation during times of no sun will greatly 
simplify personnel safety requirements and eliminate necessity to con­
trol reflected energy. The heliostats scheduled for cleaning should 
be placed in the required position. Depending·on the equipment and 
techniques developed tl1l~ could be heliostRt horizontal with mirrors. 
either ~P or down or mirrors parallel to plane of the frame and the 
frAme rota ted to __ max1mum angl~:. 

The experience gained on solar research indicates that mirrors will 
accumulate dirt in the form of dust, water spots and atmospheric 
residue even with the mirrors stowed face down. This ·dirt will not 
be removed by spraying water on the .mirrors. Mechanical scrubbing and 
detergent are required. Commercial window washing products have given 
excellent results. Superior results are obtained by ~ernoving excess 
moisture immediately. 

A study of possible techniques resulted in selection of a procedure 
where the heliostat is rotated to a maximum angle (approximately 70 
degrees) about the outer axis ~rith the mirror surface parallel to the 
frame. In this position easy access is obtained using a semiautomatic, 
onP. man operated,washer driv~:n in front of the heliostat. Devices to 
guide the brushes and other paL·Ls of the oquipmen~ will be implemented 
to prevent damage to mirrors by improper operation. The washing equip­
ment mu.y be thonght of as car wash mounted on wheels. Initial spraying 
with w~~er/deterqent solution, mechanical scruLbing with rotating 
brushes and blow drying to prevent waLeL spot8 will all he incorporated 
in a single piece of equipment. The concept of this equipment in 
operation is presented in Figure 6-13. An alternative concept is a 
straddle style washer with horizontal brushes and vacuum removal of 
the wAter. Water and detergent recycling and reuse would be cost 
effective from a life cycle cost stamlpoi nt. 

DEr,RADATION RATES 
Material degradation rates are a ~trong function of the environment. 
The Florida environment l~ a sevRrc test of all components. While 
the SRE did not provide direct data on degradation rates of mirLors, 
paint, bearings, etc., the simple fact that the mirrors have survived 
pro~ides a key to the quality of the heliostat design 

White epoxy paint was used tu protect ~he exposed heliostats parts 
for the SRE. In the Florida humid environment rust spots appeared 
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Figure 6-9. Semiautomatic Mirror Cleaning Concept 



6-24 

less than one year after painting. In general these spots were as­
sociated welded areas and it is noted that they were rusty prior to 
painting. The problem appears to be one of application not coating 
quality as most areas are holding up well from a weatherability stand­
point. The protection requirements may be in conflict with the high 
reflectivity (to avoid thermal induced errors) requirements. 

Mirror life degrades extremely rapidly in Florida due to tarnishing 
of the reflective surface. This is amply borne out by the fact that 
certain samples tested in Florida failed in 105 days (Reference 
Research applied to Solar Thermal Power Systems Progress Report No. 2, 
Report Number NSF/RANN/SE/GI-34871/PR/73/2 prepared under Grant 29726 
by the University of Minnesota and Honeywell. The SRE mirrors have 
experienced some degradation despite being sealed on all edges. The 
tarnish of the silver is all within 1/4 inch of the edge and there is 
no tarnish in the center of the mirrors. The SRE mirrors with nine 
facets have much more area exposed than the pilot plant. The losses 
of the pilot plant will thus be considerably less. 

In detailed design much more effort will be spent in determining 
degradation rates and means to retard or eliminate them. 

a. Mirrors 
These three types of mirror module degradations are: 

• Contour change. 

• Reflectivity degradation - permanent. 

• Reflectivity degradation - temporary. 

Contour Change 
Honeywell feels that bonding the mirror to the structural backing with 
the silicon adhesive discussed in Section 7 and Appendix (F) along with 
retaining the structural rigidity exhibited during the SRE program, the 
mirror modules will retain a 30 year contour life. SRE mirrur ~uLfaces 
have retained their contour control where only regular contctcl cement 
was used after a year's expos).lre to the FluLlua sun and very hCi..lVY 

humidity. Also much of the time for the engineering model heliostat, 
the modules have been faced down under constant "g" loading with no 
relief for extended periods of time (3 to 4 months). 

Permanent Reflectivity uegradatiun 
As was mentioned on Paqe 3-17, long term exposure to the desert 
will have a pres~ntly unknown effect to our glass. However a long 
term test is being conducted and initial results will be known in 
September l~U I such that they wlll L-= lw .. u.Lporated into our final 
pilot plant proposal considerations. This study will provide infor­
mation regarding glass erosion (increased scatter) and silvered sur­
face reflectivity degradation. 

First, a few mirror module glass facets will become cracked due to 
handling errors. Instances of being hit by vehicular machines nudging 
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against the edge of a module and hand tools slipping while heli·ostats 
are being worked on have occurred at Honeywell. over a two year pilot 
plant operation, human error (washing modules, duringa:ssembly~ etc.) 
it·can be assumed that a small number will be damaged.· Here the crack 
will often spread across the width of the individual facet. Therefore, 
the surface· area lost will be the glass thickness X the width of the 
facet for each crack unless stress relief holes are quickly drilled. 

Secondly, if any moisture 'seeps between the silver coat·ing and the 
protecti~e backing paint, the reflective material will:tarnish. 
~ithin the 'last 6 months about 8 to 10 spots along the edge of various 
facets'have appeared-- most less than the area of a 50 cent piece. 
This problem will be lessened by two efforts: 

1. Insure the protective paint covers up along the entire edge of 
all facets to reduce the chances of moisture penetration starting. 

2. Evaluating the virtues of not applying sealant between facets. 
If moisture does seep between facets around the gap fillers, it 

·can escape. 

Temporary Degradation 
Dust, dirt spots due to moisture condensation then evaporation., and 
bird dropping can reduce the average reflectivity from 4 to 6 percent 
within two weeks of operation. It is estimated that weekly heliostat 
mirror washings will be required to maintained efficient solar power 
plant operations. Again the degradation due to the desert type en­
vironment will be known better after the results from ERCs desert 
experiment are known and feedback is obtained from the NTF·experience. 

b. Drive System 
The actuators used for the outer drive have exhibited life spans of 

·:30 years during operation .and testing during operations other than 
:::the heliostat application. The inner drive was designed for a 30 year 
·~{fe expectanciy. · Lubricants used will have 5 year sh~lf life and 
because of the low rpm rates, a 5 year life should be retained. 
However, 'the heat and other environmental effects (moisture, sand 
seepihg throtigh th~ seals, etc.) may require a closer relubricating 
schedule than 5 years. At. the present there is no reason to assume 
that an interval of less than once per 2 years· will be necessary. 

Actual wear effects are unknown due to the unusual operational environ­
ment where relatively very little daily movement is required (e.g., 
spur gear rotates once per day, a point on the actuator screw is 
passed twice aday, etc.) but the wind will introduce some rocking. 
motion. The actuator ball nut will receive the most wear. Our speci­
fication required a tolerance of only 0.010 inch, but as a normal 
tolerance~ the present Limitorque actuator provides a 0.005 inch toler­
a.nce. Therefore, some degradation is even allowab.le, and the normal 
daily loads are less than the actuator design goals. 

In.conclusion, with no firm system level data to prove otherwise, we 
feel that both inner and outer drive systems will r~tain their 



6-26 

specified tolerance and accuracy during the 30 year life expectancy 
of an operational plant. 

c. Motors 

..:1 

Present estimates indicate that due to temperature extremes and motor 
aging, the present Permanent Magnetic Direct Current Motors (PM DC) 
will last 15 years before recharging the magnet is required. Even 
then equipment can be brought to the heliostats to remagnetize the 
magnets after removal of the motors from the drive mechanism. A 30 
year life can be expected using more expensive ceramic cased motors 
but the cost will be more than doubled. The detailed design will 
address this trade-off more carefully. · 

Optimistic estimates· on armature brush wear is 28 motor revolutions.:. 
With a typical 16,200 revolutions per day for the inner drive (10,000 
per day for the outer drive), we have a 1.25 by 104 operational days. 
Assuming additional slews other than once a day onto target and off 
aga1n of ~U percent we have 1U,4UU days·ot operation or ~8.5 years of 
operat1on. However, w1th the tact that most of the wear and tear 
will occur due to st.:_-_.:... .=riction due to the starts upon each indi­
vidual command the 28.5 years is unrealistically high. During the 
detail design, concepts such as using specially designed brushes with 
larger surface areas will be investigated. It does not appear un­
reasonable to expect brush life to maintain a minimum uf 10 years of 
usefulness. This is a conservative factor of 1/3 of the present 
design's optimistic life span. 

d. Paint 
The SRE heliostats were painted with a high gloss white zynolyte epoxy 
paint, chosen for this area because of its high adherence properties 
and lack of chalking. However, significant rust has formed across 
parts of the frame, some forming within the I-beam stiffeners and 
running out to discolor the surface. Operational heliostat exposed 
surfaces will be primed differently-- completely immersed--and will 
probably be painted with a white cellulous lacquer paint. The longiv­
ity of this method will far exceed the SRE performance; however, to 
what extent is presently uncertain. The moisture factor will be less 
in the desert environment, but dust and sand erosion will be greater 
therefore exposing bare metal sooner. An evaluation of our proposed 
materials will be made by our Materials lab as part of future investi­
gations. However, from a touchup and repainting standpoint we have 
assumed the requirement of one gallon of paint per heliostat per two 
year operational life based upon our limited experience so far. 

INFANT MORTALITY AVOIDANCE 
Infant mortality refers to part failures in early operating life and 
is primarily an electrical part phenomena. There are several ways to 
deal with the problem. One way is to ship the system as soon as it is 
operational and repair field failures as they occur. Another way is 
to operate the system in-house for a period of time to catch and repair 
early failures before the equipment is in the hands of the customer. 



6-27 

A third· way is to purchase piece parts that have already been con­
ditioned to eliminate most of the weak parts before assembly such 
that after assembly infant mortality is reduced considerably. The 
most cost effective method to deal with the particular problem can 
be any of these, depending on the situation. 

Note that the method of screening parts addresses a cost problem that 
the others do not, and that is the rework cost required to get the 
equipment to an operational status after assembly. This is more pre­
cisely defined as a quality problem as compared to infant mortality 
which is a reliability problem, but both affect ultimate cost. Screen­
ing eliminates many bad parts before they are put into the equipment 
and also the costs associated with finding and replacing them. Screen­
ing, and in particular burn-in, affects infant mortality by acceler­
ating failures, causing them to occur before the part is ever assembled 
into the equipment, again saving trouble shooting and replacement costs. 

Screening obviously adds to the price of the piece parts and the real 
question is, do the parts cost more than they save? First let's 
examine what we get ahd then how much it will ~u~t. 

Figure 6-10 shows a plot of different AQLs (Acceptance Quality ~~vels) 
on functionality for logic devices and their affect on board rework _ 
rates. The screening program at Signetics(l) called SUPR II guarantees 
a functionality AQL of 0.1 percent. For a packing density of 50 ele­
ments per board, which is the density for the heliostat electronics for 
the SRE, a 0.1 percent AQL when compared to the industry standard level 
of 1.0 percent is seen to reduce rework required from 55 percent to 
5 percent of the assembled 'boards. 

The SUPR II program at Signetics involves two levels of processing, 
Level A and Level B. Level A testing involves the following: 

• Visual check. 

• Stabilization bake, 6 hours at 150°C. 

• Temperature bake, 0 to 100°C, 3 cycle minimum or thermal shock 
o to 100°C, liquid, 15 cycles. 

• DC tun~tluual Le~L, 100 percent at 25"C. 

• Continuity test, 100°C. 

Level B testing adds burn-in to Level A. Burn-in is the equivalent 
or 168 hours at 125°C. Fairchild, Motorola, National Semiconductor 
and Texas Instruments all have programs similar to the Signetics 
SUPR II program. A comparison of some of these programs is shown in 
the attached Table 6-1, Vendor Parts Programs comparisons. Figure 6-11 
shows a plot of relative failure rates of integrated circuit parts 

(1) Every vendor has similar programs. Each program is slightly dif­
ferent but has a high degree of similariey. 
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Table 6-1. "Enhanced-Quality" Vendor Process Programs 

Fa1 rch1l d · Motorola Nat10nal ~1gnet1cs lexas Instrument 
Level 5 Process "BETTER" A+ SUPR II-2 PEP 3 

(PCQR) Leve 1 I I I Process Flow Process Level 

"Standard 38510 Wafer Fab 38510 Wafer Fab 
Processing" SEM SEM 

Auger Analy/ 
X-ray 

Die V1sual 'Standard Die Sort Visual Die Sort 
883/2010.1/B Processing" 883/2010B 883/2010B 
Preseal V1sual Standard Precap V1sual Precap V1sua1 
883/2010.1/B Processing" 883/2010B 883/2010B 

HI Temp Storage Stab Bake Stab Bake 
6 hr at 150°C 175°C - 4 hr 175°C, 4 hr 

Temp Cycle Temp Cycle Temp Cycle Temp Cycle 
(CERAM) 883/1010 0-·108°C, 5 cycle 883/1010' 10 
883/1010/C, cycle. O~loooc 
o cyc·les 
Therma 1 Shock · Thermal Shock 
0-100°C '· 883/1011A 
883/1011/A 

Centn fuge 
~ / Monitor 

~Sea 1.~ 

~ 
1x10- : 
883/1014B 

1x10-5: 
883/1014C 

25°C DC and 25°C DC and 
Functional Functional 
Burn-in Burn-in Burn-in Burn-1n Burn-in 
168 hr at 168 hr at 168 hr at 168 hr at 168 hr at 
125°C ea 125°C ea 125°C ea 125°C ea 125°C ea 

883/1015.1 883/1015F 883/1015F 
~~uc DC and DC & Funct1ona1 DC & 1-unct1ona1 uc & Funct10nal 
Functional 25°C 25°C 25°C 
lQOoC lQOoC lQOoC Hot Ra1l; 100°C Hot Rail ; 100°C 
Functional Functional Functional Functional Continuity 
QC & QC QC Tlghtened QC QC & 
Symbolization Symbolization Symbolization 
MARK MARK MARK MARK MARK 
74XXXPCQR MC8XXPRS _(_TBD) N74XXXX-B P3 SN74XXXX 
Appl1cable Applicable Appl1cable Applicable Appl1cable 
Types: Types: Types: Types: Types: 
Plastic or Digital "N&J" Pkg Analog,Digital, Plastic DIP ONL. 
Ceramic DIPS Products Memory ,MOS Logic,OMOS, 
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versus time. From points plotted on the curve, the relative failure 
rate for SUPR II Level A screened parts is seen to be an order of 
magnitude better than that for standard commercial unscreened parts. , 
For Level B burned-in parts, it is more than 50 times better. 

Level B screening is estimated to add ~30 percent to the cost of a 
part, i.e., 5 cents additional for a simple circuit such as NAND gate 
to 15 cents additional for a more complicated circuit such as a flip . 
flop. From experience on other large part quantity programs, namely 
communications equipment, Honeywell has determined that using screened 
logic elements is a cost effective solution and recommended for the 
Heliostat Electronics. 

With regard to discrete semiconductors, i.e., transistors and diodes,· 
parts can be purchased in unscreened, JAN, JANTX, and JANTXV versions. 
JAN parts are sample lot tested while JAN TX and JAN TXV parts are 
screened to include 100 percent testing including burn-in. Relative 
average costs for various semiconductors and levels of processing are 
shown compared to a normalized unscreened part in the following table. 

SEMICONDUCTOR RELIABILITY LEVELS 

Small Signal Power 
Diodes Transistors Transistors 

Unscree:nPd 1.0 1.0 1.0 

JAN/Unscreened 1.15 1.12 1.4 

JANTX/Unscreened 1.5 1.4 1.8 

JANTXV/Unscreened 2.2 2.5 10.8 

An AQL figure for discrete semiconductors is so1ut!what misleading in 
that the part must adhere to specific parameter specifications which 
may or mrty not be important in a particular circuit application. In 
any event, AQLs average 1.4 percen·t for JAN parts and O.l:i5 percent for 
JANTX and JANTXV parts depending on the sample size. An AQL fiyure 
for unscreened parts was not obtained commercial parts (no screening) 
are nominally accepted as 1 percent AQL. 

Based on the above, JAN parts are recommended for discrete semiconductor~ 

With respect to all semiconductors, both discrete and integrated, 
Honeywell has compiled and maintained an approved vendor list from 
whom parts are purchased. The list has evolved from inspection trips 
to vendors facilities with regard to parts for other prug:r·dms. Even 
though many vendors may be qualified to make a given part, only those 
with the best process control in manufacture are put on the list. This 
provides further assurance that the best parts are being procured for 
the money. 
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With regard to resistors, three types were considered: (1) RLR07, 
(2) RNC types with established reliability and (3) RNR hermetic types. 
RLR07 resistors have burn-in and are 100 percent tested. With a ±1 
percent tolerance and a failure rate of 0.01 percent/1000 hrs, cost 
is $0.08 each. RNC types are ±1 percent and with a failure rate of 
0. 001 percent/1000 hrs cost $0.32. RNR types cost >$1. 00 each. · Though 
RLR07 resistors are not hermetically sealed, moisture should be no 
problem because of the operating environment, the weather tight en-· 
closure, and the fact that the part will be operated for many hours 
every day. Based on the above, RLR07 resistors will be the general 
purpose resistor used in the Heliostat Electronics. 

The basic capacitor used in the Heliostat Electronics will be a 
ceramic capacitor purchased to M39014/05. Purchased to a failure 
rate spec·of 0.1 percent/1000 hrs, cost is $0.40 each. Power supply 
capacitors are provided by the vendor and are a special case. 
Other parts such as motors and actuators will be similarly treated 
during detail design including burn in where necessary. 

METHOD OF SAFE CONTROL OF REFLECTED LIGHT 
It has been shown that focused heliostats are able to concentrate 
power densities in the redirected beam which are the equivalent of 
several suns. Overlapping beams can further increase the energy 
concentration level. Should this energy be directed at some point 
other than the aperture, power densities at these levels could cause 
discomfort or even be hazardous to people and/or equipment in, around, 
or above the facility. The operating system must minimize this po­
tentially hazardous condition to the greatest extent possible. 

Ideally it would be highly desirable to not only defocus the field but 
to defocus or shut off the individual heliostat as well. Unfortunately, 
no practical, low cost, way to do this has been found. For example, 
fixed focus mirrors preclude any attempt to alter mirror focus; no 
reasonable method to provide an electronic "shutter" could be found; 
spraying mist did not seem practical; and a "window shade" apparatus 
that could be pulled across the mirror and withdrawn on command that 
would last 30 years in the environment was prohibitively expensive. 
Based on the above, it appears that safety will have to depend on the 
control of the redirected beam. 

In the Honeywell open loop control system, the reflected beam may be 
redirected to any position, constrained only by the limitations on the 
freedom of the gimbals and the position of the sun. To redirect the 
beam to a given point the computer uses the position of the sun, which 
is calculated in real time at 1 sec intervals, and the coordinates of 
the target with respect to the heliostat (base distance, height, and 
azimuth), to calculate a set of required gimbal angles. Incremental 
commands are then issued to the Heliostat Electronics to drive the 
gimbals from their currAn~ position to the desired ones. 

If the actual gimbal positions are substantially different from the 
desired positions, such as at start up in the morning, or in changing 
from aperture tracking to the stow position, the gimbals can be com­
manded to take the shortest path to the new position. Or as an 
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alternative, they can be commanded to take any permissible route to 
the new position simply by changing target coordinates in 'piece-wise 
fashion to correspond to points along the intended route.· The latt~f· 
method will be the baseline approach. This method is used to make the 
redirected pilot plant beam avoid buildings or other prohibited areas· 
in its travel to its intended destination. 

There are conditions; however, that preclude positive control of the· 
redirected beam. With regard to the individual heliostat, failures 
can be postulated which will render the heliostat inoperable. The . · 
redirected beam position will then be a func~ion of the sun posi~io~ 
and the uncontrolled mirror position. The heliostat may be covered,· 
repaired, or manually stowed, but for a period of time th'e beam will, 
be uncontrolled. . . 

With respect to groups of heliostats, there are emergency situati9ns 
that can result in an indeterminate number of heliostats perfo~ming 
maneuvers that can, for a short period of time, result in the uncon­
trolled slewing of multiple beams. For example, if a communications 
bus is broken, the heliostats beyond the break will sense the loss 
and begin the fail safe maneuver to achieve the stow position. This 
maneuvering is under the control of the heliostat and not ··the com­
puter, and the route to the stow position is the shortest path route. 
With respect to beam positioning this must be considered an uncon-· 
trolled maneuver. In performing this maneuver; however, note that 
the beams will not remain stationary so as to concentrate and remain 
on a given target but will be constantly slewing. The maximum time 
a slewing beam will remain outside the confines of the plant perimeter 
will be 5 minutes. 

Even with a perfect control system, however, start up and shutdown 
during daylight hours will result in beams being redirected outside 
the perimeter of the facility. To eliminate ground level reflections 
outside the facility, a high fence will be built around the perimeter: 
of the heliostat field. A fence will also be built arouml Lhe inside 
perimeter of the heliostat field to prevent reflected b~ams r.i:om . 
sweeping the building cluster at tll~ Luwe.L ba~e. Within the hello­
stat field, protective glasses will be recommended for all personnel 
during daylight hours. 

FAIL SAPE FEhTURES 
The SRE involved only four heliostats and these were given constant 
attention during operation by the test crew. Hec::ause of this aml 
for economic reasons, not many fail safe features were built into 
the SRE heliostat and no seriou1:; consequences resulted. However, 
because of the large number of hcliostats required for a power gener­
ating plant, fail safe features will be included to protect the 
heliostat and other plant equipment. These features are described 
below. 
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Heliostat Battery 
A rechargeable heliostat. battery was included in the SRE and is in­
c..::l:~ded in the._.pi.lot plant design. However, the battery was used only 
to supply the gimbal motor drive power. The remainder of the Helio­
stat Electronics operated from ·power supplies using the 110 volt ac 
line as the input source. This allowed an operator to stow the helio­
stat manually in the event of an ac power failure but did not permit 
continued_operation through the failure. 

For ···the Pilot Plant and beyond, all power to operate the heliostat 
wilr-be drawn from the heliostat battery. The battery will be trickle 
charcj"ed.:frox:n. the ac line to. maintain capacity. In the event of a 
failure in the ac grid, the heliostat battery will provide power for 
continued operation for up to 19 hours. 

Power Loss Detector 
A power loss detector will be included at each heliostat. If ac power 
is lqst for 20 minutes, the heliostat will automatically initiate a 
stow maneuver. All the logic to perform this maneuver will be con­
tained at the heliostat. Under this condition the stow maneuver will 
be an uncontrolled.maneuver, i.e., the gimbals will take the shortest 
path to .the stow position. Should a power loss be detectable by the 
control computer, such as a catastrophic power loss at the tower, the 
stow maneuver is done in a controlled manner by the computer through 
the .normal command link. 

Communications L~ss Detector 
A communications loss detector is included at each pilot plant helio­
stat. If communications are lost for 45 seconds, the heliostat initi­
ates the stow maneuver. Since by definition communications have been 
interrupted, this maneuver is an uncontrolled maneuver as defined 
above. To help evaluate the adequacy and effectiveness of the design 
of the communications link, all data buses to the heliostats will 

·. ui tima tely return to the tower so that checks may be made on trans­
mitted data as seen at the end of the data bus. Thus making highly 
unlikely "bad commands" to large numbers of heliostats. 

Motor Overtemp Detector 
The heliostat inner axis is free to rotate with a full 360 degrees of 
freedom and has no cabling which could wind up and bind the gimbal. 
However .the outer axis has a limited range of freedom and the motors 
for both axes are subject to stall under sufficient load or because 
of a failure. Full power to a stalled motor for a sufficient length 
of time can result in a.motor overtemp condition which could damage 
motor winding insulation. A motor overtemp detector will sense this 
condition and .reltlove power from the motor to prevent this type of 
compounding failure. 

Manual Control 
In the event of an electrical control system failure, a set of switches 
allow the manual stowing of the heliostat. No cranks or shafts through 
which auxiliary motors could be used to drive the gimbals are pro­
vided ... · . In the event of a gimbal motor failure, the motor will have to 
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be replaced before the gimbals can be moved. Special tools (electric 
hand drills) are used in the remote and unlikely event that motors are 
unavailable and the heliostat must be moved. 

Non-Reversing Gears 
Self-locking (non-reversing gear trains under load) are used on both 
axes such that with or without power, wind loads cannot cause the 
heliostat gimbals to rotate. 

Redundant High Voltage Power Feed 
The high voltage line that inte-connects the field transformers com­
pletely encircles the tower. Redundant feeder-lines using separate 
routing will be used to connect this network to the tower requiring 
a double break in the high voltage system before_high voltage power, 
is lost to any segment of the field. 

Summary of Fail Safe Features 
• Heliostat Battery 

• Power Loss Detector 

• Communications Loss Detector 

• Motor Overtemp Detector 

• Manual Control 

• Non-Reversing Gears 

• Redundant High Voltage 
Power Feed 

MAKE OR BUY' ANALYSIS PO'l'EN'l'IAL 
Prudent use of capabilit1es requires the subcuJJLracLing of subotantial 
portions of the heliostats and collector subsystem. The attached map 
Figure 6-12 shows some potential vendors and indicates how these pre­
liminary subcontracts are distributed throughout the country. Note the 
transportation sensitive elements (frame and mirror modulel:::i) (one vendor' 
are situated close to the pilot plant site. This is felt-mandatory to 
limit transportation costs for these two largest and heav~est assemblies. 

Honeywell has begun using our West Covina facility to identify potential 
local small vendors for miscellaneous piece parts s~ch as ti~ rods, 
crank arms and similar items. Vendors cost estimate will be compared to 
in-house cost estimates and the make or buy decision made primarily on 
the basis of cost. Transportation costs to the site will be included 
in these comparisons. When a buy decision is made it will be made on 
the basis of cost unless some critical parameter is overwhelmingly 
against this basis. An example might be risk of vendor bankruptcy. 
If the vendor was nearly insolvent he might not be chosen despite being 
low bidder. Another philosophy will be the parts where no cost penalty 
exists (for example, standard bearings, tie rod ·ends, and bofts) • 

Honeywell intends to buy most of the heliostat hardware but electronics 
and other hardware will be manufactured in-house where it is competitive 
to do so. 
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PROCUREMENT PLANS 
It is the goal of Honeywell to purchase the best product available 
based on evaluations of price, delivery, and quality consistent with 
the lowest ultimate cost. 

To obtain this goal, it is our plan to follow the formal policies and 
procedures established and published by Procurement management and 
monitored for compliance on an on-going basis by Honeywell Internal 
Audit and DCAS. Our department and system continues to receive the 
highest level of approval. 

It is Honeywell's polic~ to place purchase orders only with those sup­
pliers who have proven their reliability and capability. Objective 
evidence supporting the supplier's previous record of supplying high 
quality articles of the type being procured is reviewed prior to their 
being approved. Each approved supplier's performance is summarized 
in computerized reports on a monthly and quarterly basis, the data is 
reviewed by quality and purchasing management on a regular basis. New 
sources of supply are constantly being developed to avoid sole source 
procurement and to foster competi·tive biduing. 

It is our plan to subcontract on a module basis much of the heliostat 
such as mirror module and drive unit, the frame assembly and drive unit, 
and the support assembly. 

We will select the source(s) for the major subcontracted modules based 
on the evaluation of potential suppliers by a team consisting of repre­
sentatives from Procurement, Engineering, Manufacturing, Quality Assur­
ance, and Finance. The team will establish weighted point totals for 
each potential supplier based on the following criteria: 

1. Technical design 

2. Facility survey-equipment, capacity, labor relations 

3. Vendor quality and reliability survey 

-4. Vendor committed delivery schedule and our confidence in meeting 
i.t 

5. vendor price and substantiation - including freight cost 

6. Fabrication site location 

7. Amount of subcontracting to be done 

8. Vendor management - includes financial condition, previous 
experience with similar product, and experience with Federal 
regulations 

9. Maintainability and warranty of the item supplied. 



IIIRAOR MODULE 
PARSONS OF CALIFORIIA 
STOCKTON. CA 

FRANE 
S IHRA iTEE" 
SA~ FER1AND~. CA 

PILOT 
PLANT SITE 
BARSTOW, CA 

1111 ~ROR h'.ODULES 
ER~NSWICK C·ORP. 
LIICOLN. N~ 

OPr I C~l SENSORS 
TEJAS INSTRUMENTS 
DAllAS, TX 

FEDUCTOR 

Figure 6-1:2. Collector Subsystem Vendors 

0477-509 

PYRHELI OMETER 
EPPLEY. 
NEWPORT, Rl 

WEATHE~ INSTRUMENTATION 
CLIMATP.ONICS 
HAUPPAUGE, NY 

ACTUATOR BALL 
LIM I TORQUE 
KING Of PRUSSIA, PA 

""" MOTORS 
INLAND MOTORS 
RADFORD, VA 

, MULTIPLEXERS 
HARRIS INC. 
MELBOURNE, Fl 

CRANK ARM 
TIE ROD 
ElECTRONICS 
HONEYWEll AYIIJIICS 
ST. PETERSBURG, Fl 

"' I 
w 
"' 
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The Procurement buyer(s) are accountable for all aspects of ~he pro­
curement, including delivery performance. Our Procurement Department 
maintains one of the best performance ratings in industry relating to 
our vendors meeting committed delivery schedules. On-time delivery is 
consistently above 90 percent for all items and has been as high as 
96 percent. 

The quality levels for the program will be developed to establish 
appropriate quality and certification criteria based on contractual 
requirements. These requirements become part of the purchase order 
specific~tion package. 

Our computerized supplier performance summary, reported monthly and 
quarterly, and reviewed by Procurement ·and Quality management on a 
regular basis, enables us to readily determine problem areas and take 
appropriate action as required. Where required, we will place Quality 
representatives at the supplier's plant to inspect product as it is 
being manufactured, and in the final assembled state prior to shipment. 

The followiny is a listing of the potential parts procurement. They 
are identified as Single Source Parts, (SS), Nonstandard Parts, (NS), 
Long Lead Parts, (LL), and by lead time required on l'ong lead i terns: 

Part Number 

34027499 

34027498 

34026587 

34027497 

34026581 

34027495 

RAK-1 15/16 

SPM-10 

RR 3/4 

01-504-0120-4 

34027500 

34026600 

34026579 

MHP-23 

DSl-10245-02 

340266:),6 

Description 

Tie Rod Assembly (NS} 

Bracket Assembly - Actuator (NS) 

Shoulder Washer (NS) 

Pivot Block (NS) 

Spring Support Assembly (NS) 

Support & Post Assembly (NS) 

Pillow Block (SS) 

Ball Joint Rod End (SS) 

Pillow Block (SS) 

Linear Actuator, Ball Screw (NS) 
(LL - lB weeks) 

Pivot Pin Assembly (NS) 

Taper Lock (NS) 

Crank Arm (NS) 

Spring, Preload (SS) 

Reductor (NS) (SS) (LL - 18 weeks) 

Bearing Retainer, Inuer (NS) (SS). 
(LL - 20 weeks) 



Part Number 

34026615 

34026613 

34027496 

34026575 

REFERENCE DOCUMENTATION 
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Description 

Bearing Support As~embly (NS(SS) 
(LL - 20 weeks) 

Spur Gear (NS) 

Frame Assembly (NS) 

Mirror Module (NS) (SS) (LL) 

Lead Time - 12 weeks - prototypes 
and engineering 

10-12 months full 
production 

During performance of the preliminary design contract three primary 
documentation.techniques were used. The first is bound documents 
with numbers and dates. The second is technical coordination letters 
(TCLS) N.ow numbering over 130 letters documenting noncontractual 
aspects of the design. The final documentation was drawings. All 
drawings produced under this contract are available and have been 
transmitted to Sandia. It is emphasized that these drawings are 
suitable for prototype build only. · 

These three types of documents are listed in the following tables. 
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SUPPORTING· DATA 

1. Preliminary Design Baseline Report (FINAL), CDRL No. 1, 30 Jan 1976 

2. Computer Program for Heliostat Parametric Trade Study, Honeywell 
Avionics Doc. No. 76~856-4-V&H-20, SRE-CD-1, 13 Feb 1976 

3. Program Review Presentation Document, Honeywell Avionics Doc. No. 
376-13634, March 1976. 

4. Engineering Model Plan - Collector Subsystem Research Experiment, 
Honeywell Avionics Doc. No. 376-13639, 5 March 1976. . .. 

5. Detail Design Review Presentation Document, Honeywell Avionics r. 
· 22 ·April ·1976. 

6. Detail Design Report - Collector Subsystem Research Experiment, 
CDRL No. 6, 18 Ma~ 1976. 

7. Proposal for Increased Scope - Heliostat Testing, Collector Sub­
system Research Experiment, Honeywell Avionics, 25 June 1976 .. 

8. Final Report on Foam Mirror Module, Honeywell Avionics Doc. No. 
676-13890, 9 July 1976. 

9. Program Plan - Collector Subsystem SRE, Honeywell Avionics Doc. 
No. 176-13542, 30 July 1976. 

10. Program Review Presentation Document~ Honeywell Avionics, 11 Aug 
1976. 

11. Structural Analysis Report (2 Parts) LG8016 Heliostat Assembly, 
Honeywell Avionics Doc. No. 876-13994, 29 Sept 1976. 

12. Experimental Model Plan - Collector Subsystem (SRE), Honeywell 
Avionics Doc. No. 576-13699, 1 Oct 1976. 

13. Program Review Presentation Document, Honeywell Avionics Doc. No. 
1076-14116, 26-17 Oct 1976. 

14. Operating Instructions - Collector Subsystem Research Experiment, 
CDRL No. 13, 8 Nov 1976. 

15. Engineeriny Data - Heliostat Cost, CDRL No. 11, 12 Nov 1976. 

16. Producibility Study Proposal, Honeywell Doc. No. 1276-14191, 
3 Dec 1976. 
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17. Preliminary Design Baseline Report Supplement, CDRL No. 1, 
17 Dec 1976. 

18. Concept Design Report (REVISED) 1 CDRL No. 3, 17 Dec 1976. 

19. Test Report - Collector Subsystem (SRE), Honeywell Avionics 
Doc. No. 277-14333, 18 Feb 1977 

20. Baseline Characteristics Document- Solar·Pilot Plant, Honeywell 
ERC Doc. No. F3419-D-101, 2 Mar 1977. 

21. NASA CR-2635, A Numerical Investigation of Severe Thunderst.orm 
Gust Fronts, Kenneth E. Mitchess, Dec 1975. 

22. ANSI A 58.1-1972 America! National Standard Building.Code Require­
ments for Minimum Design Loads in Buildings and Other Structures -
Approved, 2·0 July 19"72. 

23. TWX from Sandia Laboratories, 24 Dec 1976, R232309Z, Subject: 
Clarification of ERDA Letter, ''Pilot Plant Site. Parameters". 

24. Honeywell Interoffice Correspondence, R.E. Rose to D.E. Waters; 
Wind Effects in the Heliostat Field, 11 Dec 1975. 

TCL LIST 
Technical Coordination Letters (TCLs) are the chief means of non­
contractual communication between Avionics (HI Fla) and our customers 
(ERCt. The attached list of TCLs, published during the Preliminary 
Design Phase of the program, shows number, date, and subject. The 
list is provided as a reference to many analyses and considerations 
which are not documented elsewhere. Copies of any or all of these 
letters will he made available upon request. 



TCL ff 

SRE-1 

-2 

-3 

-4 

-5 

-6 

-'/ 

-8 

-9 

-1Q 

-Jl 

-12 

-13 

-14 

-15 

-16 

-17 

-18 

-19 

-20 

-21 

Date 

1/14/76 

1/16/76 

1/16/76 

1/16/76 

1/19/76 

1/28/76 

1/2.8/76 

2/2/76 

2/03/76 

2/19/76 

2/20/76 

3/11/76 

3/11/76 

3/12/76. 

3/22/76 

3/22/76· 

3/23/76 

3/24/76 

3/29/76 

3/31/76 
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LIS·r OF TCLs 

Subject 

L/C 403127 Use of Honeywell 
Technical Coordination Letter (TCL) 

Hequest for Data - Fir<' Cod<' 
Cool i.ng Wat<'r and Compressed /\.i r 

Heliostat Bed Location Study of 
Inyokern, CA & Albuquerque, NM 

Pilot Plant.Cost Estimate (Part I) 

AC Power Distribution Study Report 

Transmittal of Solar Collector 
Subsystem .Spec. YG8112A1 

Program Plan Revision 

·coR Action Item Response 

Design Approval 

Heliostat Position Loop ~imulation 

Calibration Array; Cal /\rray -
Computer Interface 

Engineering Model Actuator 
Description and Build Plans 

Collector Subsystem Research 
Experiment Det il Spec., Part 1 

ERDA Questions in TWX 17 of 2/17/76 

Request for Drawing Approval 

Rationale for Pilot Plant 
Learning Curve 

Baseline Characteristics Document 

Error· Analysis 

Actuator Design Trade-Offs 

Solar Energy Program, Mirror 
Modules Transportation 

Solar Collector Subsystem 
Baseline Definition Summary 

., 
. ·\"' 

.( .' 



TCL # Date 

SRE-22 4/1/76 

-23 4/1/76 

-24 4/1/76 

-25 4/6/76 

-26 4/14/76 

-27 4/14/76 

-28 4/26/76 

-29 4/28/76 

-30 4/30/76 

-31 5/'J/76 

-32 5/10/76 

. 33 5/21/76 

-34 5/12/76 

-35 5/17/76 

-36 .5/17/76. 

-.37 "5/21/76 

-38 6/3/76 

-39 6/9/76 

-40 6/16176 

-41 6/16/76 
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LIST OF TCLs (Cont~d) 

Subject 

Request for Drawing Approval (Frame) 

List of TCL's Issued 

Mirror Sample 

Document Transmittal 

Collector Subsystem Research 
Experiment Detail Spec. Part I Rev. C 

UPC Status On Solar Pilot Plant . 
HPliostats 

R~qu~!lt for D:r.~wi no Approval (Tl·ailcr) 
(Frame) (Spur Gear) 

Request for Drawir:g Approval 
(Bearing Support Assy) 

Minutes of Internal Ueiail Design .· 
Review 

Target Aperature Shapes 

Drawing Approval (Heliostat 
Assy) (Shoulder Washer - for 
Jnner Drive Preload Spriug) 

~olar P ilut f'lo.nt Col. 1 Prt.nr Subsv.stem 
Spec. SK133090, Rev. A datPrl 20 April 76 

Drawing Approval (Shaft Motor) (Housing 
Detail Assy - Motor) 

Il<!.lioatat Fnnnrlr~tion and Support Analysi~ 

Mechanical Analy~is of Heliostat 
Exper.iwent 

P.c.\selin<:: Ch.::~.ra.cteri sties Document, 
Rev. 1, 21 April 1976 

Direct and Total Insolation Measurements 

Use of.Rectangular Steel Tube to 
Fabri.c.::~.te HeU.ostat Frame 

llel.iost;~t. Actuators 

ERDA Questions on Heliostat Design 



TCL # 

SRE-42 

-43 

-44 

-45 

-46 

-47 

-48 

-49 

-SO 

-51 

-52 

-53 

-54 

-55 

-36 

-57 

-58 

-59 

-fD 

Date 

6/23/76 

7/14/76 

6/30/76 

6/30/76 

7/13/76 

7/6/76 

7/7/76 

7/8/76 

7/12/76 

7/12/76 

7/14/76 

7/15/76 

7/15/76 

7/16/76 

7/16/76 

7/19/76 

7/30/76 

7/22/76 

7/29/16 
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LIST OF TCLs (Cont'd) 

Subject 

Mirror Module Construction Sampl~s 

Final Report on Fo~m M:rror Module 

Heliostat Support Post Configuration 

Heliostat Location Survey 

Heliostat Dynamic Analysis 

Heliostat Wind Lo~ds 

Test Data 

Engineering Model Heliostat Testing. 

Test Data 

Drawings: Foundation & Support 
Detail Assy., Support & Post 
Detail Assy., and Frame Detail Assy. 

Transmittal of Collector Subsystem 
Baseline Sunlinary 

Drawings: Crank Arm Detail Assy., 
Drive Motor Assy., Brg.· Support 
Assy., Housing Detail Assy- Motor 

Data Reduction Output 

Heliostat - Areas of Possible Cost 
Reduction Through Redesign 

Drawings: Sprina Support Detail 
Assy., Spur Gear, Tie Rod Detail 
Assy. 

Test Data 

SRR Experimental Model Assembly 
Plan 

List of TCL's 

Test Data 



TCL # 

SRE-61 

-62 

-63 

-64 

-65 

.-66 

-67 

-68 

-69 

-70 

-71 

-72 

-73 

-74 

-7';j 

-76 

-77 

-78 

-79 

-80 

-81 
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LIST OF TCLs (Cont 1 d) 

Date 

7/29/76 

8/3/76 

8/3/76 

8/10/76 

B/30/76 

8/30/76 

.H/30/76 

8/30/76 

8/30/76 

6/30/76 

8/10/7(, 

H,il0/76 

8/19/76 

8/23/76 

8/24/7A 

8/25/76 

8/26/77 

<.J/l/76 

9/8/76 

9/14/76 

9/29/76 

Subject 

Drawings: Heliostat Assy, Retainer 
Detail Assy - Brg, Pibot Pin Detail 
Assy. 

Trip to Spiroid (Inner Drive Ge~rbox 
Supplier) 

Trip to Inland Motor Co1rp. , Radford 
Virginia 

Trip to Limitorque Div. of 
Philadelphia Gear 

Heliostot Pointing Error Analysis 

Heliostat Aerodynamic Load Analysis 

Heliostat Outer Gimbal Drive Analysis 

Heliostat Inner Gimb~l Drive Analysis 

Heliostat Structural Analysis 

Heliostat Mass Prope.rties Analysis 

Heliostat Wind Environment Requirement: 

Bac:klash in H~liostat Imier nrive 
(;Pr~rbox 

Low Cost Mlrror Muuul~~ 

Severe Environmental Conditions 

cun,uJ.y Invcstig~.t-i nn of Gypsum Core 
Mjrror Modules 

Transmittal of Documents from 
8/11 Meeting 

Material Cre~JJ · ot l.teliu~ li-.1". l'ramo 

Mirror Adhesive Bond Test Report 

Heliostat Documentation 

Dust Devils and Thunderstorm Gusts 

SRE Control Software Status 



CL # 

RE-82 

-83 

-84 

-85 

-86 

-87 

-88 

-89 

-90 

-91 

-92 

-93 

-94 

-95 

-96 

-97 

-98 

-99 

-100 
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LIST OF TCLs (Cont'd) 

Date 

10/6/76 

10/7/76 

10/18/76 

10/28/76 

10/29/76 

11/10/76 

11/15/76 

11/17/76 

11/19/76 

11/22/76 

11/23/76 

11/30/76 

12/8/76 

12/9/76 

12/17/76 

1/18/77 

1/19/77 

i/24/7f7 

1/28/77 

Subject 

Paper for fresentation to Profess­
ional Society 

Economics of M"rror Module Size 

Heliostat Structural Analysis Report 

Revised SRE.Collector Subsystem 
Test Plan dated 10/1/76 

Minutes of October 26 & 27·Meeting 

Trip Report to Spiroid for Gearbox 
1-ailure Investigation 

Field Layout And Control Concepts 

Comparison of Optical Calorimetry 
to Sensible Heat Absorbtion Calorimetry 
or Thermo-Electric Calorimetry 

Actuator Selection 

Operating Power Estimate for Pilot 
Plant Heliostat Control Computer 

Aerospace Lessons Learned 

Preliminary Collector Subsystem Start­
up Scenario 

Operation and Accuracy of Heliostat 
Initialization -ensor Assembly 

Pilot Plant Collector Subsystem 
Operator Console 

Preliminary Equipment List Action 
Item Closeout 

Transmittal of One Line Drawing 
SK1371~0 and Pllut Plant Collector 
Field Heliostat Arrangement SK137131 

Pilot Plant Environmental 
Specifications· and Site Parameters:. 

Calibration Array for Pilot Plant 

Photo Tran~mittal 



TCL # 

SRE-101 

.:...102 

-103 

-104 

-105 

-106 

-107 

-lOB 

-109 

-110 

-111 

-112 

-113 

-114 

-115 

--116 

-117 

-118 

-1 19 
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LIST OF TCLs (Cont'd) 

Date 

1/31/77 

1/31/77 

2/2/77 

2/3/77 

2/4/77 

2/4/77 

2/4/77 

2/4/77 

2/9/77 

2/9/77 

2/10/77 

2/11/77 

2/11/77 

2/14/77 

2/14/77 

2/14/77 

2/15/77 

2/:tS/77 

2/16/77 

Subject 

Mirror Modules for Producibility Stuuy 

Tran~mittal of Viewgraphs & Charts 
Used in Presentation to C. Selvege 
at Aero on 28 January 1977 

Trip Report to Safety Meeting 

Pilot Plant Field Power Wiring 

Response to PEL (No Number), Dated 
21 January 1977, Re: Criteria for 
Selection of Pilot Plant Systems 

Impo.ct ,~,f NP.w EB.DA Wind Criteria 
on the Honeywell Tilt-Tiit HPl10StaL 

Request for Barstow Site Map 

Photo Transmittal 

Long Ranye Heliustat Development 
Program 

Pilot Plant Communications Wiring 

Safety Analysis (HA·· 75 PEL 83) 

P:l.lo+. Plan't: Sdn~dulcd M01.inten'ance 
Requirements 

Estimate Loss Due tn Dirty Mirrors 
For Commercial Plant. Operations 

Pilot Plant Field Jnstrument~tion 
Communications Systems and 
ln-tercuw1~.-.·.t Wi:t"inCJ 

Calibration Array D~sign Details 

Auxiliary Power Requirements 

Action Item HA9 Closure 

Gperating Power Estimate For 
Pilot Plant Heliostat Control 
Computer 

Instrumentation & Calibration 
Requirements for P~lot Plant 
Operations 



TCL # 

SRE-120 

-121 

-122 

-123 

-124 

-125 

-126 

-127 

-128 

-129 

·-130 

-1'31 
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LIST OF TCLs (Cont'd) 

Date 

2/17/77• 

2/18/77 

2/22/77 

2/22/77 

2/22/77 

2/22/77 

2/22/77 

2/25/77 

2/25/77 

2/25)77 

2/25/77 

3/21/77 

Subject 

OpP.rating Power Estimate for Pilot 
Pl:mt Coli <>ctor Subsystem 

Redbuok Data Sheet Submittal 

Pilot Plant Master Program 
S~hedule for Phase 2 

Pilot Plant Collector Subsystem 
Puw~r, Shielding, and Grounding Plan 

Avionics Document 277-14333 
Test Report, Solar Research 
HJq>erim~::HL, SOl<'l:r. Collector 
Subsystem, Dated 18 Feb 1977 

Pilot Plant Test Program 

Additional Power Measurement 
Requirements for Collector 
Subsystem 

Collector Subsystem.Consumables 
for PiluL r'lant Operations 

Transmittal of Computer Control 
Room Floor Plan 

Copies of Insolation Strip Chart 
Recordings 

Conceptual Filed Layout for Commer­
cial Power Plant 

Commercial Plant Design 



Number 

34026575 

34027496 

34026598 

34026579 

34026608 

34026615 

34026616 

34026613. 

3102749R 

3402G617 

34026600 

34026583 

34027497. 

34026612 

34027500 

34026581 

34026584 

34026bl2 

34026587 

.34027494 
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DRAWING LIST 

Description 

Mirror Module 

Frame 

Actuator 

Crank Arm 

Tie Rod 

Bearing Support 

Bearing Retainer 

Spur Gear 

Pivot Block 

Housing A::>::>t=i(tbly 

Taper LOCk 

Motor Mount 

Pivot Block 

cover 

Pivot Pin 

Spring Support 

Shaft 

'I'erminal Board 

Washer 

Fouuc.lation and Support 
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CONCLUSION 
This section has described in detail the assembly and alignment proce­
dures. The subsequent sections have dealt with mirror cleaning methods, 
degradation rates and other miscellaneous details supporting our design. 
The documentation listed and other data should make it clear that much 
remains to be done in detail design. 
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Section 7 
SRE TEST RESULTS 

Applicable pages from the SRE Test Report,. Reference 277-14333, are 
attached within this section to help support our findings that relate 
to our pilot plant preliminary baseline decisions. The section on 
Redirected Energy Measurement (Page 7-15~ was substantially revised 
from that initial document . 

. This section briefly describes the Test Hardware used and provides a 
detail discussion of the applicable subassembly and system level test 
r~;>!iul tli .· 

SRE SYSTEM DESCRIPTION 
Basically Honeywell's SRE Collector Subsystem consists of four low pro­
fil~, tilt-tilt heliostats (one mobile engineering model and three per­
manent experimental models) under one central computer control (open 
look tracking) with a 16 foot by 14 foot photocell grid as the primary 
method of detecting heliostat performance. Figure 7-1 shows a func­
tional block diagram of the Collector Subsystem SRE. See Page 7-21 
for an updated description of the heliostat hardware. 

Figure 7-2 shows an aerial view of the actual test layout. The three 
experimental heliostats are located (clockwise from North) : 

North Site. 482 feet from the center of the North si.de of Building 
E-2. AZ of heliostat to center of E-2 is 190.9483 degrees. 

East Site. 852 feet from center of East side of Building E-2. AZ 
of heliostat to center of E-2 is 270.4558 degrees. · 

South Site. 1030 feet from Building E-1. AZ of heliostat to center 
of E-1 is 337.1836 degrees. 

Engineering Model. In photo, the engineering model is shown pa~ked 
about 50 feet behind (South) of the South site. 

Building E-2. Is shown near the center of Figure 7-2. A spot from 
the South heliostat is ~hown on the south wall and a redirected 
image is shown on the calibration array which is facing East. The 
height of the center of the array is 51.9 feet from the center line 
of the East heliostat outer axis. 

The major items are discussed briefly below. 

Honeywell DDP516 Computer with 32K Memory and Peripherals 
The standard 0.96 ~s cycle time computer is centrally housed in 
Building E ... 2 of the S't. Petersburg complex and is used to generate 
and issue heliostat tracking commands, provide tbP. real time clock, 
and dump raw data and processed data to the ASR-35. or magnetic tape 
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units once per minute. Figure 7-3 shows the computer facility. More 
detailed operations are given under Software (Paragraph 3.1.1.4), 
Program Software Update (5.2.7) and the operating instructions (Refer­
ence 2.5) of Document 277-14333. Peripherals include the following. 

Two 7-Track 
Operational 
culated) is 
processing. 
is recorded: 

Ma netic Ta e Units (Hone ell Model lOC) 
programs are loaded into core, and-data raw and cal­
dumped for permanent storage and/or subsequent off-line 

Most data is recorded at 800 bpi. The following data 

• Time of Day, GMT Days, Hours, Minutes,. and Seconds. 

• Operational mode of each heliostat {4). 

• Base, height, and AZ to target for each primary and secondary 
targ~t ?tc;snr.i~-ee~ witll ~c:u:.!h heliootat. 

• Inner gimbal ~ngle of each heliostat. 

• O~ter gimbal angle of each heliostat. 

• Outer drive screw length of each heliostat. 

• Three direction cosines for each heliostat associated with 
its primary target. 

• Three direction cosines for each hel~ostat associated with 
its secondary target. 

• Sun's AZ, elevation, and refraction correCtion. 

• Vertical and horizontal location of the centroid of the redi­
rection image upon the photor.e1.1 array. 

• 224 photocell readings from the array. 

• Five background sensor readings used. to compensate the cali­
bration array for backg.ruu:ml radiation levels. 

• One background average reading . 

• Ten weather channels of information to include wind, temper­
ature, pressure, and global, normal incident, and single photo­
ceJl solar radiation levels. 

One ASR-35 
S1te parameters and Vuriable scale factors are loaded into the pro-
0rn~ from the ASR .. Also, options within the software are controlled 
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Figure 7-2. Aerial Photograph, Honeywell Complex 
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SPECIAL EQUIPMENT 
ALL ELSE IS STANDARD 
COMMERCIAL COMPUTER 

Figure 7-3. SRE Computer Fac1l1ty 

A7701-044 
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via the ASR. During normal operation, all data associated with each 
heliostat, time of day, calibration array data, and all weather in­
formation can be printed on-line once per minute. Figure 7-4 demon­
strates sample output during operation. 

Special RS232C Interface Box 
Spec~al RS232C ~nterface box is used for input/output conversions and 
data formatting for commands to the heliostat and receiving 240 chan­
nels of information (229 photocells and 11 weather channels) from the 
test instrumentation hardware. 
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DESCRIPTION OF FIGURE 7-4 

The preceding ASR output was obtained while the three experimental 
heliostats were under simultaneous operational control. Data printed 
is that associated with the East heliostat, even though on-line data 
associated with all four h~liostats can be obtained. 

From left to right for each minute. 

Line 1: GMT 
(Hr/Min) 

H/S. # Mode: of Outer Axis Inner Axis· Sun 
H/S Angle Angle AZ 

Line 2: Integer 
Inner Axis 

Integer 
Outer Axis 
Commands 
Accumulated 

. Commands 
Accumulated 

Line 3: Rt~tio of 
Pyrohel iometer 
to Phnt.or.e·l I 
Reading 

Energy 
Delivered 
to rarget 

Height of 
Target 

AZ of 
Target 

Sum of All 
Photocell 
Readings 

Percent of Mirror Normal to Sun 
H/S #1, H/S #2, H/S #3, H/S #4 

Sun Vertical 
Elev Location 

of Centroid 

Line 4: Digital representation of 16 channels of backgr·ound and weather information 

Horizontal 
Location 
of Ccnt,-oid 

The printout in the center of Figure 7-4 is an optional display of 
each of the 224 photocells on the 16 foo~ by 14 foot calibration 
array. 

Figure 7-4. AS~ Output (Continued) 

Software 
A listing of ·the present version of the operational program ('l'RACKO) 
is given in Appendix E . It is coded primarily in FORTRAN for the 
DDP 516 with interspersed assembly language to handle the high input 
data rates (240 ch~nnels ~n 400 milliseconds) and to issue the for­
mr~ttPn r.ommands to each heliostat. See Page E-1 for a lis·ting of· 
r.hanges made durinq the conduct of the test program. 

The program allows changing site parameter and scale factors from the 
ASR and initialization of time with respect to.actual GMT. It com­
putes the actual apparent sun position, all direction cosines of 
hPliostats to targets, computes the required inner and outer axis· 
angles tn order to redirect the sun's radiatlun, and sends integer 
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pulses (8 bit .command) to each heliostat to obtain the required 
orientation. Mode control is also under ASR control: 

Mode 

1 

2 

3 

4 

5 

6 

Condition 

Calibrate (close loop) 

Track open loop Primary target 

Track open loop Secondary target 

Point at Secondary target 

Stow (in Horne) position 

·Go to initialization position 

various output options to the ASR and magnitude are under program 
control-- as directed from the ASR. Once per minute, the program 
samples the calibration array and weather channels, computes the 
image centroid, calculates energy related information and controls 
output to mag tapa. 

The present program sends update commands to each heliostat as often 
as once per 2 seconds or whenever needed to track within a one-bit 
resolution (nominally 80 arc-seconds) . 

Heliostats 
Four heliostats were built and tested under the SRE: one mobile 
engineering model and three fixed site experimental models. Each 
is separately connected by underground cabling to the RS232 parallel/ 
serial I/0 box. Telephone quality, shielded twisted pair cabling is 
used. 

Engineering Model 
Figure 7-5 shows a drawing of the trailer-mounted Engineering model. 
Mirror modules are 125 x 125 inches (3.18 meters) or 10.08 M2 for a 
total reflected area of 40.3 M2. The modules used were tapered 
aluminum honeycomb and tapered foam filled modules. 

No initialization hardware is incorporated into the engineering model. 
Otherwise its characteristics are very nearly the same as described 
for the experimental model below. Figure 7-6 shows the engineering 
model in its stowed (safed) configuration. The outer axis is con­
sidered to be 0 degree and the inner axis is at 180 degree rotation. 
Figure 7-7 shows the engineering model in a tracking orientation. 

Experimental Model 
Three experimental models were built and installed onto 181 kg 
(400 pounds) U-channel posts attached to two permanent concrete 
foundation slabs (3 feet by 5 feet by 1 foot). The center line of 
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1. ENGINEERING MODEL T~AILER 
2. FRAME BEARING ASSEMBLY 
3. POST SUPPORT ASSEMBLY 

·4. REINFORCED FRAME ASSEMBLY 
5. MIRROR MODULE BEARING ASSEMBLY 
6. MIRROR MODULE WITH SPUR GEAR 

· 1. MIRROR MODULE WITHOUT SPUR GEAR 
8. REFLECTIVE SURFACE 

7-10 

I~ ·'·'s::.,·. 
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9. GEAR REDUCTION ASSEMBLY (INNER DRIVE) 
10. MOTOR/ENCODER ASSEMBLY 
11. CRANK ARM ASSEMBLY 
12. TIE ROD ASSEMBLY 
13. TIE ROD ADJUSTMENT 
14. LINEAR ACTUATOR ASSEMBLY (OUTER DRIVE) 
15. SHIMS AS REQUIRED 
16. ELECTRONICS AND CONTROL BOXES 

05'/6-4'.11 

~ ~ -~~- = :L:--:-:I p~-i~ 
~ . 1.57 RAD 

GRADE------<='==='=~==>-- . . -- -·-· r-- -1 

L 

Figure 7-5. Engineering Model Heliostat Assembly and Alignment · 

' ·' 
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A7606-071 

Figure 7-6. Engineering Model in Stowed Position 

A76 0 6 - 75 

Figure 7-7. Engineering Model Tracking 
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the frame is mounted approximately 2.3M (7.5 feet) above the founda­
tion top. The four mirror modules are 120 inches by 120 inches 
(9.3 M2 surface area) each. 

A summary of its design characteristics is given on Page 3-15. 
Figure 7-8 shows a line drawing of the Experimental Model and 
Figure 7-9 shows a photograph of the East site during operation. 

Test Support Hardware 
In addition to normal general purpose test -equipment, a calibration 
array with the associated electronics and remote weather station was 
incorporated to greatly enhance data collection for the SRE. 

Calibration Array 
The calibration array consists of 224 analog photodetectors using 
TlL99 phototransistors mounted on a rectangular grid 4.9 met~rs 
(16 feet) wide by 4.3 meters (14 feet) high. Grid line spacing is 
0.3 meter (l foot). The outputs of the photodetectors are fed to 
a 240 channel analog multiplexer where they are sequentially switched 
to a common output bus. The analog output of the multiplexer is 
digitized by an 8-bit analog to digital converter and is outputted 
in parallel to the Universal Asynchronous Receiver Transmitter (UART). 
The UART formats the data with start, stop and parity bits and trans­
mits it serially to the heliostat control computer (008516) via a 
line driver and twisted shielded pair. At the computer, another 
UART receives the serial digital data and converts it back to parallel 
form where it can be read by the computer at high speed and can be 
recorded or processed as desired. The entire array is read out by 
a single command from the computer. All 240 channels are read within 
400 ms. This raw d1g1tal data can now be used tor on-11ne processing 
or dumped onto magnetic tape for off-line processing. 

Figure 7-10 shows the calibration array on the roof of Buildinq E-2 
with a redirected image from the Engineering Model (27 September 
1976). The array can be manually repositioned to face any direction. 
Figure 7-11 is a photograph of- the back side of the array showing 
the supports and multiplexer electronics box. 

Five additional photodetectors are set off to the side of the array, 
spread from approximately 20 feet to 32 feet, and are used to pro­
vide a measure of the background radiation fro~ the direction in 
which the array is facing. · The outputs of these detectors are 
averaged, inverted, and summed with the outputs of each of the 224 
array elements to suppress background and enhance the signal to 
background ratio. The five background detecto+s along with the 
average level signal are multiplexed into the 240 channels of 
digital data. 



CRANK ARM 
TIE RODS 

~UI'f'UfiT POST 
(LEfT) 

7-13 

CROSS MEMBER 

0277-07 

MIRROR MODULE 
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Figure 7-8. Experimental Model Heliostat Assembly 
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A770 1 -022 

F'ignrP 7-9. East Experimental Model Duriny Operation 
12/17/76, 1930 GMT 
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PHOTO DETECTORS ARE 
AT 1 FT GRID INTERVALS 

A7701-023 

Figure 7-10. Calibration Array Facing North, 
9/27/76, Engineering Model Image 
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Since the detector outputs are analog levels of incident insolation 
power, information on size, shape and intensity are contained in a 
sampled data block. The weighted geometric (or energy) centroid, 
radius of gyration, etc., can be calculated with respect to the 
center of the fixed grid spacing and, thus, drift rates and dis­
turbances can be detected along with total intensities. 

Wealher Data 
A Climatronics 470 weather station and some hardwired instrumentation 
occupies the remaining 10 channels of the 240 channel multiplexed 
data into the computer. A normal incident pyroheliometer which con­
tinually tracks the sun, a photodetector identical to those used on 
the array which track the sun with the same field of view as the 
pyrheliometer, and a global pyranometer to measure total insolation 
are hardwired into the multiplexer from the roof of E-2. 

The weather station obtains wind speed, wind direction, barometric 
prpqqnrP, nnn temperatures from any selected heliostat site and 
provides input via twisted pair shielded cable to the multiplexer. 

Figure 7-12 shows the 17 foot wind tower and encoder/transmitter 
station that also contains the translator cards. 

This weather station hardware was operational only during a relatively 
small period of time covered by the SRE. 

Figure 7-13 provides a block diagram of the total automated data 
collection system. 

TEST APPROACH 
Basically the SRE Test Program . involved the design, build, and test 
of four heliostats in order to demonstrate specification performance. 
Component level and system level testing was performed to help deter­
mine the validity of the estimated error budget contributions to the 
/. mr, one sigma, pointinq error. 

From testing considerations, the following chronological time sequence 
depicts some of the more significant mile~tuue~. 

Date (1976) 

2 March 

15 ~pril 

JO April 

Event 

Plywood Mirror Module (~rn) available for evaluation. 

Variable focus MM available for evaluation. 
CctllLLation array operational. 

First software availnhle to: 

(a) display calibration array on ASR 
(b) open loop track up to 4 H/S 

Trailer for engineering model arrived. 
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Figure 7-12. Weather Tower At 
Experimental Model Heliostat 
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Figure 7-13. Data Collection System 



Date (1976) 

6 May 

11 May 

18 May 

25 May 

2 June 

21 June 

19 July 

8 August 

10 August 

11 August 

12 August 

18 August 

15 October 

25 October 

26 October 

5 November 

28 December 
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Event 

Frame for engineering model arrived. 

2 Parsons, aluminum honeycomb tapered MM available. 

Detailed Design Review 

Moved engineering model H/S to North site arid ~tarted 
alignment, component testing, etc. 

Started testing 2 Brunswick, foam filled tapered 
MM - performed component tests and load tests from 
this time till 7 October on engineering model. 

Collected photographic images of manually controlled 
heliostat during summer solstice. 

Started recording via strip chart global and normal 
incident radiation. 

Software and hardware completed and compatibility 
estab1 i.~~~~. Entered open loop track for first 
time. 

Lightning struck near heliostat. 

Technical Coordination Meeting with ERDA. 

Tornado fringe struck Honeywell complex. 

Three experimental model frames placed on permanent 
posts. 

14 new 9-inch thick rectangular honeycomb Parsons 
MM arrived. 

South Experimental Hodel operable under DCU control. 

North site operable. 

East site operable. 

Last data obtained. 

NOTE 

.Most testing was curtailed 17 December 1976. 
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As.the testing effort progressed, information and performance data 
obtained dictated additional design changes, and highlighted the 
need for additional testing, as well as numerous software improvements 
both in needed corrections and in increased operator flexibility. 

COMPONENT AND SUBASSEMBLY LEVEL TESTING 
The paragraphs herein summarize test results obtained from component 
level (e.g., motors) and subassembly level (e.g., mirror module) 
level testing performed under the SRE contract. 

I 

Mirror Modules 
The key to the concept of central solar energy is the reflective 
surface and its control. Ironically, we found that the actual 
mirrored surface is less than 2 percent of the total cost of the 
heliostat. The remainder comes from the structural rigidity and 
pointing accuracy requirements. 

To gain some hands-on experience with mirror modules, a plywood model 
was fabricated in February 1976 and evaluations were made. Also, a 
variable contour mirror module was built and some evaluation made. 
Subsequently, two tapered aluminum honeycomb and two tapered foam­
filled modules were delivered from.Parsons and Brunswick, respectively, 
for utilization on the engineering model heliostat in May and June 
1976. In October 1976, 14 additional rectangular aluminum honeycomb 
modules were delivered from Parsons. Some evaluation on other 
potential materials has been performed under internal development 
funds. 

Table 7-1 gives an overall test data summary of all mirror modules. 
The specification contour for each is 339M (1112 ft) focal length 
or 678M spherical radius with no more deviation than 0.001 inch/ 
inch slope variation·and no absolute error of 0.062 inch within 
60 inch radius. Maximum rotation of the mirror module (MM) including 
shaft torsion is specified as 1 mr. 

Both optical techniques and measuring height with respect to a taut 
piano wire were used in determining mirror contour as described within 
subsequent paragraphs. 

Shaft loads and edge loads, to determine torsional rotation under 
simulated aerodynamic induced moments, were used to determine the 
rotation of a mirror module. These techniques are described on 
Page 7-31 and applied to potential candidates for operational 
heliostats. 

One problem continued to recur during mirror module load testing and 
it appeared on a few occasions with the mirrors mounted on the helio­
stat. Initially, the taper locks, which attach the crank arm assembly 



Table 7-1. Engineering Model Mirror Module Test Data surnm:1ry · 

--~--------------·---·------~~-------------------.rr=~U-7.~------------------------------~~~~--. Mi rror MJdu l e Rectangular 

Parameter 

Foca 1 Len~th 

Redirected Image 
Shape 

Contour Deviation 

Manufacturing 
Accuracy and Shcrt 
Term A9ing 
(Spec: 0.001 in.;in. 
max 0.062 in. within 
60 in. radius) 

*G-Sensitivity 
(Spec: none) 

~.*Wind Sensitivity 
· (Simulated load) 

(Spec: none) 

*Solar Load Serositivlty 
*·'·Sum Tota 1 of En·o;i ron­

menta 1 Condition Not 
to Exceed an ll.ddit i ona 1 
0.001 in./in. 

Weight 

Edge Load 
(Spec: 0.5 mr) 

Crank Arm Load 
(Spec: 1.0 mr) 

Imbalance 
(Spec: 3175 to 
1625 in./lb) 

PlywooJd 
Mli11 

Parson's Brunswick Parson's 
MM2 MM3P (SN PCl) MM3P ( SN POS) 38-001 3B- 002 

<1000• ft oJerall Variable Close to norrinal Close to nominal Poor 
500-6)0 ft along axle 1112 ft 1112 ft 
> 1000 ft M rma 1 to 
axle 

Per a1alvtical model P~r analy:ic31 Per .an3lytical 'iBD Scattered 
as mojifie.j by con- Mocel Model 
tour jeviation 

2 to l deviation 
after 2 raonth 
na tun! en·1i ronment 
expos Jre 

No da:a 

No da:a -mirror 
frac t·Jred whi 1 e 
attem:ni n 
neasu.·emen: 

>0.03•J in. 

,342 1 bs 

~A 

.~A 

0.[21 in. rna< 
deviation 
(9 data 
poin:s) 

Not ISed 

Not used 

NDt used 

1:25 lbs 

NA 

NA 

0.015 in. max 
deviation 
(52 data 
points) 

NA 

0.008 in. md)( 
deviation at 
2 1 bs/sq ft 3nd 
not to full 
solar load 
(22 data points; 
See w·; nd 
sensitivity 

665 1 bs 
(500 1 bs design 
goal) 

·o.39 mr at 
7500 in./lbs 

0.70 mr at 
7500 in. /1 bs 

-
Poor 

.. 035 in. max 0.124 out of 
leviation 24 data points 
52 data 

;>oints) 

~lA --
'lot performed 0.045 in. max 

deviation 

·). 006 in. max NJt performed 
deviation partial 
to full solar 
load·(11 data 
c)oints) 

698 1 bs 
( 500 1 bs design 
goal) 

Not tested 

Not tested 

590 1 bs 

N.~ 

11.7 mr at 
7896 in. !1 bs 
resulted in 
permanet de­
formation of 
::::30 arc-min 

Poor 

Scatte:-ed 

Poor 

0.050 CIUt Of 
24 dato: points 

--
NA 

NA 

690 1 b~ 

NA 

NA 

SN001 SNOOS 

Close to nominal 
1112 ft 

Per analytical 
Model 

0.010 max deviation. 
Did not exceed 
0.001 inch/inch 

0.004 inch max 
deviation at 
2 1 bs/sq ft 

690 lbs 
(at vendor only) 

0.24 mr at 
7500 in./lbs 

0.80 mr at 
7500 in./lbs 

+ 1129. i n. /1 b +1129 in./lb +1303 in./lbs +1241 in./lbs Not tested 

-...J 
I 

1\.) 

I\) 
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to the mirror module stub shafts, were torqued to 150 ft-lb. During 
torsion testing they would slip, thereby, negating that test. The 
torque was increased to 200 ft-lb on all taper locks. There was one 
additional slippage during testing and two slippages on the helio­
stats. The problems were found to be: 

1. Rust or dirt forming on the steel taper locks not allowing 
insertion of the shaft into the taper lock. 

2. Scoring of the aluminum shaft. 

Solutions were found to be: 

1. Completely clean all taper locks before coupling. 

2. Torque locks to 225 ft-lb. 

3. Use steel shafts (to be in~nr.porated in future ut:::;lgns). 

Plywood Mirror Module (MMl) 
A plywood MM was constructed February 1976 with a theoretical focal 
length of 339M (1112 ft). Figure 7-14 shows the structural founda­
tion and contour being formed with plywood; masonite was used as the 
covering skin; mirror modules were glued to the skin; and the com­
plete structure was painted with epoxy based paint for protection. 

Figures 7-15, 7-16 and 7-17 show measured contour points superimposed 
upon the nominal contour. All measurements were taken wi~h a height 
gauge being viewed by a theodolite which remained in a shaded area. 
Figure 5-18 shows a typical contour measurement being taken. Fig­
ures 7-19 and 7-20 show MMl under test and a detail of the diffused 
image (approximately 14 ft x 17 ft) from the 10 ft x 10 ft mirror 
module. 

Numerous data samples, with photographs, were taken-- some with 
partial blockage of selected facets. However, the main benefit was 
obtaining experience in measuring, building, and handling techniques. 
Figure 7-21 shows surface degradation due to cracks developing as of 
early May 1976, 2 months after build completion. Environmental 
exposure was continuous. There were two causes: 

1. A non-whi~e tarpaulin was used to cover and protect the MM 
while not being used. Over the weekend of 24 April 1976, tem­
peratures (estimated less than 1S0°F) reachcd . by the glctss 
surtace caused some cracking due to thermal gradients intro­
duced at the bond-line. 

From this point on, either no cover protection was used on 
any mirror modules except for selected tests, nnrl rhen a 
refl8t;Li.ve white cover was used. 



7-24 

A760 Z - 0 58 

Figure "/-1.4. .1::-'lywouu Hi 1: ror Hodulo Constn1rt-i on 



• 180 

• 150 

• 120 

...., • 090 ..... 
:I: 
<..> 
:z: 

,_ 
:I: 

. <.!:I 

..... • 060 
:I: 

.030 

• DOD 

6 5 4 3 

7-25 

TOP 

2 0 

Ml RROR MODULE: I 
DATE : -

02 7 7 -11 48 

SURFACE ORIENTATION : HORZ 

CONDITIONS : ALL: NO ADDED MASS LOAD 

® 4/ 27/76 1400 - 1500 HR EDST FULL 
SOLAR LOAD ~ 90°F AMBIENT 
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Figure 7-15. Contour Data Plywood Data 
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MIRROR MODULE: I 
DATE : 5/ 4/ 76 

0277 - 099b 

SURFACE ORIENTATION : HORZ 

CONDITIONS : ALL : NO ADDEO MASS LOAD 

® 0830 -0930 HR EOST 
PARTIAL SHADE 

0 1000- 1100 HR EOST 
PARTIAL SHADE 

0 ES I GN 
NOMINAL' 
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Figure 7-16. Contour Data Plywood tn1 
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TOP MIRROR MODULE: I 
DATE: 4/ 28 / 76 

SURFACE ORIENTATION : HORX 

CONDITIONS: 
ALL: NO ADDEO MASS LOAD 

PARTIAL SHADE 

l!l RUN 1 0930-1030 HR EOST 

® RUN 2 1030-1130 HR EOST 
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LADDER SPAN USED TO SUPPORT MAN 
WHEN WORKING NEAR CENTER OF 
10 FT X lD FT MIRROR MODULE 
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THEODOLITE SHADED 
TO ELIMINATE 
SOLAR INDUCED 
INSTRUMENTATION 
BIAS CHANGES 

Figure 7-18. Contour Measurements Via Theodolite With Mirror 
Module Under Solar Loading 
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A7 60 3- .j.:: 

Figure 7-19. Plywood Mirror Module Focused On 
North Side of Building E-2. 

A7603 - 053 

Figure 7-20. Scattered Image From Plywood Mirror Module 
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0277-06 I. 

Figure 7-21. Drawing of Cracks Developed in Plywood 
HM as of 5/4/76 
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2. The masonite layer started to degrade. By the end of 1976, 
degradation (due to moisture and temperature) was bad enough 
to make the MM completely useless. 

Variable Focus Mirror Hodule U·1H2) 
A 6-foot square variable focus m1rror module was built for additional 
experience. Figure 7-22 shows the mirror surface which is mounted 
to circular steel tubing which is in turn welded to a rectangular 
steel beamed cross structure. The focal length is variable by 
adjusting a locking nut at the center of the steel tubing, pulling 
in the center, thereby changing the contour of the mirrored surface. 

Initially, the contour would vary under solar load i ng a nd 'g' load­
ing due to gaps developing in the mechanical adjustments. Figure 7-23 
shows a typical contour measurement demonstrating non-uniformity in 
control of the contour. Repeatability of measurements was only 
0.004 inch from run to run. The weight of the MM itself caused an 
additional 0.032 inch to 0.036 inch sag from the middle to outer 
edge tram a supported (vertical) to a horizontal position. 

Figure 7-24 gives a calibration array intensity map taken on 28 
April 1976, in the A.M. with MM2 north of the array. The grids are 
1 foot apart in both directions. Notice that there is very little 
scattering about the nominal 6-feet square redirected image along 
the principal axis of the image (angle of principal axis is the 
angle between the mirror normal axis and the sun). 

At the center of the image, intensities of a little greater than the 
equivalent of one sun are reached. 

In the latter part of 1976, slippage of locking mechanisms was cor­
rected but no additional testing was conducted because of arrival of 
the procured engineering model mirror modules in early May 1976. 

Foam Filled Mirror Modules (HM3B) 
Mirror modules constructed from carved urethane foam appeared to 
have cost advantages and would be structurally rigid enough with 
steel · skin backing to meet deflection requirements under wind 
loading. Brunswick. Cuq.>u.r.·dtiun was funded to build two MM to 
Honeywell drawing 34026575. Figure 7~25 shows the edge profile 
of the 125 inches x 125 inches (10M2) module. Note that the con­
toured surface is dished only 0.12 inch from the outer edge. The 
purpose of the wedge shape was to reduce material costs . . Figure 7-26 
shows the foam contour being formed by swc8ping the contour tool 
across built-up block sections of foam. Mirrors are glued directly 
to sheet steel skins bonded to the contoured foam. 

At the center of each edge a precisioned machined l inch x 1 inch 
steel gauging pad is installed. Mirror level and angular settings 
about the axis are set using these references. 
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f' igure 7-22. Vct.ti.ctLlt' Focus Mirror Module Under Teet 
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Ml RROR MODULE: 2 
DATE: 5/ 7/ 76 

SURFACE ORIENTATION : HORZ 

CONDITIONS: NO ADDED MASS LOAD 
MORNING, HAZY, NOT SHADED 

0277- 1 028 
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Figure 7-23. MM2 Contour Data 
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0277-071 

Figure 7-25. Hirror Module MM3B End View 

0676-709 

Figure 7-26. Foam Blocks Being Carved 
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Two different modules were constructed; one with a center beam 
through the structure (-002) and one without (-001). 

Mass properties were: 

Part - ·ool Part -002 Specification 

Weight 690 lbs 690 lbs 500 lbs (design goal) 

Mass Imbalance 1303 in.-lbs 1241 in.-lbs 1375 to 1625 in.-lbs 

Poor contour control and torsional failure under load caused further 
build and contractual efforts to discontinue with Brunswick. A 
final report was prepared and sent to 'ERC. One crack developed 
over two different mirror sections. However, each was a result 
of the edqe being struck during handling and assembly. Eventually 
all cracks elongated across the total width uf Ll1t=.i.r respective 
facets. 

FiryurP 7-~7 shows the enqineering model heliostat 140M (460 ft) 
from the target under test in July. The m1rror module allyuJJtent 
was set as best as possible, yet note the scattered image caused 
from the foam structure mirror modules (two lighter colored modules 
at each end of the heliostat) . This image can be compared w.i th the 
spot from the four modules on the east experimental model 259M 
(850 ft) from the target (Figure 7-9)· Because the scatter would 
negate good tracking information, during engineering model system 
level tracking tests the Brunswick modules were either removed or 
toed 4 degrees outward from the centroid. 

Figures 7-28 through 7-31 show the measured contour unloaded and 
uniformly loaded with 2 lbs/ft2 to simulate the aerodynamic loading 
(prP.ssure drag) expected at 13.5 M/S (30 mph). On all uniform 
loading tests, 2 pound sand bags are placed on a 1-foot grid over 
the total m1rror surface. As much as 0.010 inch contour ~Rvi. ation 
was measured under loadl1~. All contour measuremen~s wRre taken 
optically. Contour deviatioJl~ ~L0Lably rc~ultcd from thr~P f~~~nrs: 

1. Poor bonding of mirrors to foam. 

2. Poor initial contour shaping of the foam. 

3. Separation of the foam from the back steel skin. 

Mirror modules were subjected to two types of torsional testing to 
determine if a 86.6 kg-meter (7500 in.-lb) crank arm load or a 
7500 in.-lh edge load causes deflections greater than l mr. The 
7500 in.-lb results from the theoretical worse ~ase induced momer1Ls 
due to aerodynamic loading at 13.5 H/S. Module -002 (with center 
tube) was tested. 
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A7607-l 17 

Figure 7-27. Engineering Model Heliostat 
Showing Effect of Foam Mirror Module 
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Ml RROR MODULE : 38 ( -001 SN 001 ) 
DATE : 6/ 02/ 76 

SURFACE ORIENTATION : HORZ 

CONDITIONS : UNDER SHED 

~ NO ADDED MASS LOAD 

~ LOADED AT . 2 LBS/ FT2 

DATA POINTS REFERENCED TO AVERAGE · 
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MEASUREMENT DIRECTION-

Figure 7-28. Contour Data 
(Replot) 

0277 -I O i n 

0 ES I GN 
NOMINAL 



DESIGN 
NOMINAL ACTUAL 

• 180 

.• 150 

• 120 

""' • 090 .... 
::c 
<..> 
z: 

-::c = .... .060 
::c 

• 030 

.000 

6 5 4 

7-39 

TOP M I R R 0 R M 0 0 U L E: 38 (-DO I 5N 00 I) 
DATE: 6/02/76 

SURFACE ORIENTATION: HORZ 

CONDITIONS: UNDER SHED 

·~ NO ADDED MASS LOAD 
1•1 LOADED AT 2 LBS/FT2 

Ol77-09r·~ 
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EXTREME DATA POINTS 

3 2 0 · I . 2 
RADIAL DISTANCE (FEET) 

MEASUREMENT DIRECTION~ 

Figure 7-29. Contour Data 
(Replot) · 
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Edge load d~flections are determined by applying 125 pounds of weight 
(125 lbs x 60 in. = 7500 in.-lbs) uniformly along one edge of the 

MM while the crank arms are clamped to a support structure. See 
Figure 7-32A for a schematic representation. _Figure 7-33 is a 
photograph of a test in sequence (not Brunswick MM) . Mirror blocks 
are monitored with the theodolite before, during, and after load 
application. 

Crank arm load tests are performed by securing one crank arm to a 
support and suspending a loan from the other c.cank arm (see Fig­
ure 7-32!3) • 

A 144.5 Kb (318 lbs) load was hung from one crank arm. The net 
resultant torque along the shaft was 91.2 kg-meter (7896 in.-lbs) 
which also includes a 3 Kg-M torque from the crank arm itself. 

At a 52.9 Kg-m (4580 in.-lbs) torque, the loaded end ot the shaft 
twisted 1.25 mr with re~pect to rhe clamped end, exceeding the l mr 
requirement before full 13.5 M/S. wind load condition was reached. At 
worse case loading a 11.7 mr deflection.was measured and a permanent 
10.1 mr residual deflection remained. The exact yie_ld point is 
unknown • 

. Starting in July, no additional testing on these modules was done. 
They were placed in an outside environment for storage and at a 
future date aging characteristics can be obtained. 

All raw da~a was recorded in Data Book 0548. 



6 

WEST ARM 

4 

7-43 

EDGE LOAD 

-7 SN005 
EAST ARM 

0 2 7 7 -0 6 0 

.___ _______ __, 1 3 BOTH ARMS CLAMPED 

v THEODOLITE 

Figure 7-32A. Edge Load Mirror Module Torsional Test Set-Up 

E~ 

0 277 - 06 1 

7500 IN-LBS MAX 
(INCLUDES 264 IN-LBS 
CRANK ARM INSURANCE) 

Figure 7-32B. Crank Arm Torsiona l Test Set- Up 



2-POUND SAND BAGS TO 
INCREMENT EDGE LOADS 
UNIFORMALLY ALONG ONE 
MIRROR MODULE EDGE 
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A7701-33 

MIRROR 
BLOCKS 

PARSON'S 
9-INCH RECTANGULAR 
CROSS SECTION 
MODULE (SN005) 

Figure 7~33. Deflection Measurement Due to Edge Load 
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Aluminum Honeycomb Hirror Modules 
A total of 16 aluminum honeycomb mirror modules were procured from 
Parsons. Two arrived in early May 1976 with a tapered cross section 
like the Brunswick modules (Figure 7-25) and a surface area of 125 
inches by 125 inches (10.1 M2). These were used on Engineering Model 
testing. · 

The cross sectional build-up on the initial two is demonstrated in 
Figure 7-34A and the last 14 delivered in October 1976 in Figure 7-34B 
(see also Figure 7-33). The latter configuration was designed with a 
120 inch by 120 inch surface area (9.3 M2) to make use of standard 
mirror facet sizes. The wedge shape cross section was eliminated be­
cause the savings from reduced honeyc.omb material is offset by the 
additional labor required to taper the honeycomb fill. Notice also 
that the later design uses a thin section of carved foam filled alumi­
num honeycomb for contour control as opposed to piece of cast foam. 
Both designs used contact cement as bonding adhesive. 

The two tapered honeycomb mirror modules were tested (SN POl and P05) 
for contour and loading characteristics. Two of the experimental 
model mirror modules were selected at random (SN 001 and SN 005) 
and measurements taken. 

Mass Properties - Aluminum Honeycomb 

Weight ( lb) · 

Mass Imbalance 
(in-lb) 

POl 

665 

1,129 

P05 -001 

698 Not 

1,129 Not 

Tapered Cross Section Honeycomb Mirror Hodule 

-005 

obtained, 690 at vendor 

obtained 

Theodolite/height gauge measurements were taken to obtain the contour 
measurements on the first two Parsons mirror modules. Typical contours 
are shown in Figure 7-35. The distributed loadings (2 lb/ft2) and 
solar loading .(directly exposed to sunlight) when compared to non­
loaded measurements taken under a shaded shed show no significant 
changes to the manufactured profile on off-normal mirror focus. 

From the contour data the maximum off-normal axis is approximately 
0.15 MR. At no place do local gradients exceed the 0.001 inch per 
inch error in slope requirement when compared to a 12 inch span. Very 
local irregularities, if any, of significance-were not determined .. 
Since the contour was specified on a spherical radius basis (maximum 
devi.at:ion of. 0.062 inch in a 60 inch radius), it is possible that the 
corners of module along the diagonal may be outside the specification 
accuracy. 
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0277-065 

MIRROR 

~~============~~ CAST STRUCTURAL FOAM 
STEEL SKIN 

SHAFT 

HONEYCOMB (ALU~INUM) 
BOTTOM SKIN 

Figure 7-34A.. Aluminum Honeycomb 125 by 125 Inch Mirror Hodule 
(2 Procured) 

0277-066 

ALUMINUM HONEYCOMB FILLED 
WITH FOAM (CARVED) 
TOP SKIN (STEEL) 

HONEYCOMB (ALUMINUM) 
0 

BOTTOM SKIN (STEEL) 

Figure 7-34B. Aluminum Hom~ycomb 120 by 120 Inr:h Mirror Hodule 
(14 Procured) 
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Some of the nonuniformity that appears to occur near the center 
results from the following: 

• Local flatness 

• Measurement tolerance - accuracy of measurement is 0.002 inch, 
causing error amplification at the center due to small gradient 

• Converting all measurements to be with respect to the center of 
the mirror module. 

Under uniform edge loads of 7500 in-lb, SN POl's optical axis deflected 
less than 0.4 mr (Table 7-2). Under a crank arm load of 7500 in-lb, 
the optical axis deflected 0.70 mr (from east shaft to west shaft). 
Typical data is shown in Table 7-3. A 4584 in-lb crank arm load caused 
a shaft deflection of 0.47 mr. An optical axis deflection of 1.0 mr 
or less is within Honeywell design specification. Initially, several 
tests had to be repeated because the ~apP.r lnr.ks slipped. Over~ 
periOd 6t t1me, 1nclud1ng mirror module testing on the heliostats, the 
torque placed upon the taper locks was increased in increments from 
150 ft-lbs to 225 f~-lbs. No slippage has been observed ~t this level. 
Several problems were found: 

• Rust and dirt prevented smooth seating of the taper locks onto 
the mirror module shafts. 

• The aluminum shafts would gouge causing additional slippage. 

• Repeated loosening and tightening of the lock during toe-in 
adjustments aggravated the problem. 

The solution is to use taper locks with additional slits, use hardened 
steel mirror module shafts, and torque to 200 ft-lbs. 

It is anticipated that a full 
will be obtained in May 1977. 
degradation has been observed 
facet edge~. 

year's environment.al exposure aging data 
As of the reporting date, no physical 

except a slight darkening at some of the 

Rectangular Cross Section Mirror Module 
Contour and st1ffness measurements made on two of the 14 delivered 
Parson's mirror modules indicate compliance to requirements. All con­
tour measurements were within 0.010 inch of the desired spherical con­
tour and in no case did the error accumulation exceed 0.001 in/in. 
Gravity force and solar loading effects were within specified require­
ments. A uniform load of 2 lh/ft2 produced contour variations <0.003 
inch from baseline measurements. Stiffness measurements gave a-0.81 
MR optical axis deflection with maximum torque of 7500 in-lb applied 
about the axle. 
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Table 7-2. Mirror Module Static Stiffness Due 
Taper Locks ·Torqued to 150 Ft-Lbs 

ll Load (lbs) Deflection at 60 in 
Lever Arm E Arm E Shaft E Pad Center W Pad 
o.-+ 20 0'0"+ +0'2" +0'12" +0'38" +0'35" 

20 -+ 125 +1'10" +2'7" +2'52" +2'59" +2'34" 

125 -+ 20 -1'14" -1'58" -2'14" -2'51" -3'46" 
Bad 
Data 
Point 

20 .~ 0 -0'18" -0'24'' -0'28" -0'34" - +0; !>Z" 

0-+•. •-+ 0 -0'22" -0'13" +0'22" +0'12" +0'15" 

Results: Optical axis deflP.r.tP.d O.~Q MR ~t 7500 in~lbs. 
(Design goal: 1 MR at 7500 in•lbs) 

to MM3P SN POl 

W Shaft W Arm 
+0'21" +0'16" 

+2'4" +1'0" . 

-1'56" +0'7" 
Bad 
Data 
Point 

-u·~~" -1'33" 

+0'7" -0'10" 

0277-U54 

E._ 

DISTRIBUTED LOAD 
ALONG EDGE 
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Table 7-·3 .. Mirror Module Static Stiffness MM3P SN POl 
Taper Locks Torqued to 200 Ft-Lbs 

6 Load (lbs) DEFLECTION 
at 24 in 
Lever E Arm E Shaft E Pad W Pad W Shaft W Arm 

0 -+ 30 +0'1 11 +0'23 11 +0'29 11 +0'53 11 +1'2 11 +1'13" 

30 -+ 312 +4'10 11 +7'6" +7'46 11 +10'3" +11'15 11 +13'25 11 

312 -+ 30 -3'54 11 -5'8" -6'18 11 -8'40" -9'49" -11'30" 

30 -+. 0 -0'18 11 -0'27 11 -0'34" -0'48" -0'59" -1 1 711 

Q-+ ... -+Q -0 1 111 +1'54 11 +1'23 11 +1'27" +1'29" +2'1" 

30-+ ... -+30 +0'18 11 +1'58" +1'28 11 +1'22 11 +1'26 11 +1'55 11 

Results:· Optic~l axis deflected 0.70 MR at 7500.in-lbs. 
(Design goal: 1 MR max at 7500 in-lbs). E&W crank arms 
slipped z. 100 arc-sec and 30 sec, respectively. Investigation 
showed taper locks did not bottom out. 

7500 IN,.LBS MAX 
(INCLUDES 2~4 IN-LBS 
CRANK ARM INSURANCE) 

0277-061 
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Test Method 
Two Parson's mirror modules, SNOOl and SNOOS, were evaluated for com­
pliance to contour and stiffness requirements. These mirror modules 
were randomly selected from a shipment of 14 units received about 
12 October 1976. 

Contour measurements were made with the mirror module horizontally 
supported at the axle. A 0.008 inch piano wire was stretched across 
the mirror surface in the measured axis to provide a reference for 
measurements. Parallels placed on the mirror surface were adjusted 
until electrical contact was made with the wire as indicated by a lamp 
connected such that contact of the parallel and the piano wire closes 
the circuit. See Figure 7-36. Repeatability measurements made indi­
cated that data measurements can be repeated within 0.002 inch total 
error. Measurements made with the sample mounted vertical indicated 
that any sag in the piano wire was negligible. 

Measurements were made at 12 inch increments along 4 axes on MM SNOOS 
with no load applied. Two axes were measured (diagonal and along axle) 
with 2 lb/ft2 loading. Loading was accomplished by applying 2-pound 
sand bags at 1-foot intervals over the mirror surface as on previous 
modules. Measurements were made on MM SNOOl along one diagonal and 
both centerline axes with no load applied. 

Stiffness measurements were made on MM SNOOS. With both crank arms 
clamped on edge load of 130 pounds was applied at MM edge (53 inches 
from axle center). See Figure 7-33. Angular deflection was measured 
at each axle and their associated alignment pads using a theodolite 
and reflective mirror. Additional stiffness measurements were made 
with one crank arm clamped and 7500 in-lb applied to the opposite arm. 
Here again deflection was determined optically. 

The data is recorded in Engineering Data Book No. 1127. 

Data Discussion 
The graphs of Figures 7-37 through 7-39 are plots of contour measure­
ments showing the error from the desired theoretical contour. These 
can be compared with the same data plotted in Figures 7-41 and 7-42. 
Figures 7-37A and B, and 7-41 and 7-4~ show the negligible effects of 
loading MM SNOOS with a distributed load of 2 lb/ft2. Figure 7-40A 
data points were taken with MM SNOOS, mirror surface down, while mounted 
on the engineering model heliostat. Data points are the same as those 
in Figure 7-37& The variations observed are attributed to difficulty 
in taking the measurements (operator had to stand on ladder an~ adjust 
parallels above head, wind gusts moving piano wire, etc.) rather than 
sag in the MM. 

Figure 7-40B shows the effects of solar loading on MM SNOOl. Here 
again wind gusts caused repeatability problems in measurements. Data 
points are the same as those of Figure 7-39B. 
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Figure 7-36. Contour Measurements With 
Piano Wire 
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Table 7-4 is a summary of the deflections observed due to an edge 
load of 130 pounds (7540 in. lb). Deflections were determined op­
tically as illustrated by Figure 7-43. Table 7-5 and Figure 7-44 
show MM deflections when a 7488 in-lb (312 lb at 24 in) torque is 
applied ahout the axle. MM SN005 was used 1n all stiffness measure-
ments. Preload of 20 to 30 pounds.was used to remove any slop in 
setup that may affect repeatability. 

6 

WEST ARM 

4 

EDGE LOAD 

·-7 SN005 
EAST ARM 

0277-060 

'---------~1. 3 
BOTH ARMS CLAMPED 

v THEODOLITE 

Figure 7-43. Edge Load Deflection Test Set-Up 

T'able 7-4. Edge Load Deflection 

0-30 lb 0-130 lb 30-130 lb 
Measurement Load Load Load {7500.in-lb) 

E Arm - .E Align Pad· 59 arc-sec 126 arc-sec 67 arc-sec 

W Arm - W Align Pad 23 arc-sec 89 arc-sec 65 arc-sec 

MM Center - W Axle 26 arc-sec 75 arc-sec 49 arc-sec 
(0.36 mr) (0.24 mr) 

Points 1-7 indicate reflective mirror locations 
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CLAMPED 

~ 
THEODOLITE 

LOAD 

Figure 7-44. Crank Ar~ Torsion Test Set-Up' 

Table 7-5. Deflection Due to Crank Arm Load 

0-20 lb 0-312 lb .20-312 1 b 
r~easurement LUdU Load Loed {7500 in-lb) 

E Axle - E Aliqn Pad 10 arc-sec 123 arc-sec 113 arc-sec 

W Axle - W Align Pad 9 arc-sec 121 arc-sec 112 arc-sec 

E Axle - W Axle 26 arc-sec 353 arc-sec 320 arc-sec 

Optical Axis Deflection 160 arc-sec 
(0.81 mr) 
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Mirror Adhesive Bond 
Honeywell's Material Engineering Lab test~d a series of adhesives for 
potential mirror module construction to achieve a 30-year life. 

The report is included as Appendix F. Whereas we used contact cement 
for the SRE and it has shown no signs of degradation, it will be neces­
sary to use silicone adhesive materials. Epoxy adhesives may be avail­
able for usage with a 30-year life within a few years. The tensile 
strength of either is strong enough to meet all bonding requirements. 

Mirror Module Reflectance 
The Detailed Design Report (see Page 6-39 ) provided spectral reflective 
measurements taken on film reflectors and mirror glass ~eflectors. 
The samples were provided by Avionics Division, but all testing was 
actually performed by ERC in a laboratory environment over 0.3 to 2.5 
MM wave length range. As expected, thin (0.025-0.030 inch) 2nd surface 
low iron glass provides the greatest reflectance (94-98 percent). 
Additional samples representing our Parsons' mirror modules were sent 
to ERC for additional tests to include time and different environmen­
tal exposure effects. ·See Table 7-6. The 87 percent- 87.1 percent. 
reflectivity numbers compare well with Honeywell Avionics nrimbers of 
87.2 percent to 88.2 percent reflectivity. 

All measurements_taken locally consisted of looking directly at total 
insolation reflectivity as a function of various cleanliness conditions. 

Table 7-6. Reflectances at Various Wave-Lengths For Parsons 
Mirror Samples. Measured at Energy Research Center 

Wavelength Reflectances 
(Microns) Sample 'A' Sample 'B' 

0.40 0.885 0.885 
0.45 0.917 0.917 
0.50 0.946 0.946 
0.60 0.951 0.953 
0.65 0.942 0.936 
0.70 0.918 0.921 
0.90 0.890 0.890 
1.10 0.791 0.798 
1.10 0.770 0.774 
1. 30 0.792 0.792 
1. 50 0.842 0.842 
1. 90 0.870 0.865 

Ave = 0.870 0.871 

On clear days the calibrated pyrheliometer, which measures the com­
posite of the total solar energy spectrum, was used to obtain the 
incident insolation and then directly, the reflected insolation. The 
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field of view with the sun image (direct or reflected) centered 
encompasses 5.7 degrees. Figures .7-45A and 7-45B show representative 
recorded data for clean and dirty facet areas~ The clean glass mea­
surments of Table .7-6 are probably smaller than the internally 
obtained. numbers because the pyrheliometer integrates the total 
spectrum and averaging discrete data points on the solar energy pro­
file tends to reduce the actual total. 

On the facets tested at random from the experimental mirror modules, 
the following reflective charactertistics were obtained for the 
described conditions: 

1. 

2. 

3. 

4. 

Condition 

Clean facets 

Dirty facets having been 
exposed to environment, 
mirrored surface up for one 
week. Primary influence upon 
dirt accumulation is humidity 
and dew causing collection of 
dirt. Figure 7-46 shows the 
dirty mirror used in this test. 

Dirty facets ~ accumulation 
over one month during normal 
day-time operation. Non­
streaking adhering dust is 
predominant characteristic. 

Dusty mirror during operation 
exposed to light rain (did ~ot 
stow heliostat) .. Energy 
measurements taken from cali­
bration array at identical 
direct soiar insolation levels 
before and after rain. De­
crease in image quality due to 
smearing and streaking of 
JY,irror module. 

Resultant Reflectivity/Change 

10.8 - 12.8 percent loss 
(88-89 percent reflectivity was 
expected) 

18.8-24.0 percent loss. The 
average.additional decrease. in 
reflectivity loss was 9.2 percent. 

15.1-22 percent loss. 15.1 to 
16 percent was the dominate range. 

24 percent additional reduction in 
reflectivl.ty. 

Image quality defined by radius of 
gyration of wcighted·image 
intensity across calibration array 
deteriorated by 9.1 percent 
largeL· illld<;J!::!. 

Measurements using the pyrheliometer compared exactly with the expec­
ted reflectivity 6f our low-iron giass. Reflectivity can be increased 
from 91 to 93: percent by going to water white 0.098 inch float glass 
mirrors. 

Figure 7-47 shows the large quantity of water droplets remaining 26 
minutes after a brief light rain and the sun had reappeard 21 September 
1976. Humidity remained at about 70 percent. Clean water droplets 
seem to reduce solar reflectivity by about 5 percent and significantly 
increased the scatter. Information of this nature is important to 
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Figure 7-16. SN 001 Dirty Mirror Module-

Figure 7-47. Water Droplets 26 Minutes After 
Light Rain 
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establish op timum procedures for pilot plant ur coHullercia.l plant 
normal operation (to stow or not to stow with an approaching light, sho 
rain). The temporary degradation (30 to 40 minutes) of reflectivity 
must be related to the time required to go to stow before a shower 
a nd return to operation after a shower. 

Motor C ha~acteri zation 
~ sig nifican t amount of effort was expended to obtain proper drive 
motors for the inner and outer axis drives. Initially it was cal­
culated that with the loading expected, 100 inch-ounce stall torque 
permanent magnet de (P~IDC) motors would be adequate for both drives 
to produce the required torque to generate specification maximum 
emergency slew rates (0.3 deg/sec) at 900 motor rpm. However, it 
turned out that what is considered zero viscous drag and zero static 
torque to a manufacture of 5-ton linear ton actuators using l/3-3/4 
horsepower electric motors was not negligible to our configuration. 
Static friction torque of the initial machine screw actuators reached 
>90 inch-ounce alone at some orientations and extensions and slow 
rates of 100-200 rpm were belny reached. These loads do not include 
the f rame imbalance, wind, ur bearing f~iction loads from hcliostat 
opcr.:1tion. 

The final solution for the SRE experimental models was to retain the 
100 inch-ounce stall torque PMDC motors for the inner drive and use 
a 200 inch-ounce stall torque motor for the outer drive coupled with 
utilizing ball-screw linear actuators rather than the machine screw 
actuators. At the heliostat level the outer axis net torque loads 
were reduced by a factor of up to 2.4:1 by changing to ball-screw 
actuators. 

Motor rate requirements to achieve a 0.3 deg/sec slew rate at the 
gimbal axis are as follows: 

810 r pm for the inner drive. 

545-902 rpm for the outer drive, depending on gimbal angles. 

F.ach mo tor (four 100 inch-ounce motors and nine 200 inch-ounce molors) 
purcha sed from Inland Motor Corporation was characterized at the 
component level with respect to power/stall torque/speed properties. 
Then at heliostat level testing, the power input to the motors was 
used to derive the torque required for gimbaling. 

Figure 7-48 shows typical CW/CCW stall torque va.lue~ ublctl118u for 
three of the 100 inch-ounce motors. Data is estimated to be within 
5 percent accuracy because of the force gage and changing voltage 
uncertainties. A constant voltage of 22 volts de was used which 
would be typical for the 24 volt de batteries used at system level 
after drops through the electronics. NO load speeds typlcctlly ran 
from 1440 rpm to 1880 rpm at 22 volts de drawing currents from 0.28 
amp to 0.32 amp during July testing. However, under actual heliostat 
outer actuator loads, speeds averaged as low as 360 rpm. 

One mo tor (No. 1) which was removed from the Engineerlny Model actuator 
and used as the inner drive on the East experimental site was re­
characterized again 30 November 1976. Figure 7-49 shows there was no 
degradation over 5 months of use and environmental exposure. The 
clockwise data points from 1 July are assumed to be erroneously low 
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MOTOR TORQUE SENSITIVITY (KT) 
(INLAND MOTOR P/N T-1806-H) 
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Figure 7-48. 100 In-Oz Motor Characterization 
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due to measurement technique. At no:- load conditions, the CC\v and· 
CW speed was 1500 rpm in November at 0.184 to 0.188 amp compared to 
1450 rpm in July. 

If degradation to a pP~manant magnet moLoL ~ues occur, restoration 
can be made by replacing the magnet with q spare. Stabilization of 
motor properties is accomplished by applying the full rated current 
(4.3 amperes for 100 inch-ounr.es, 6.7 amperes for 200 inch-ounce motor), 
rotating the shaft discrete rotations of.90 degrees each, and then 
rem~ving tho current. 

Figures 7-50A through 7-50I show the stall torque characteristics 
for the 200 inch-ounce Inland motors ultimately used on the heliostat 
outer drive. No load E?peeds v;,ried from 710 rpm ·to 830 .~::pm. 

It is estimated that the total heliostat field plant parasitic power 
will be increased from 0.72 percent to 0.83 percent of total gener­
ated electrical power becauRP. of th~ larger load~ foL uuteL· axis slew 
and tracking during daily operation than anticipated as of t.he Detail 
Design Review. 

Motor thermal responses were evaluated to determine the feasibility of 
instullinq thermocouple cutoff devices on the motor case or winding for 
hardware safing. In case ·either the inner or outer axis stalled (hit­
ting OA stops or binding within the IA drive mechani~m) ~otor damage 
could be precluded if. power were removed. Figure 7-51 shows a typical 
response curve with an outer case one thermal time constant of approxi­
mately 13.25 minutes. 
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Thermal Gradient Test 
one test was run on the engineering model to determine thermal gradi­
ents across the heliostat due to solar insolation loading. Shadowing 
of metal hardware (e.g., front !-beam to back of !-beam, tie rod to 
!-beam gradient) will cause relative expansions on the bearing and 
drive assemblies, thereby inducino rotations and beam deflections. 
The error budget (Page A-4) assumed a worst case 10°C variation 
across the cross section of the support posts. Here a maximum of 
3°C temperature differential was expected.· 

During the test, the relative humidity varied from 60 to 75 percent, 
winds were from 2.7 to 5.8 M/S (6 to 13 mph),. peak insolation about 
850 watts/m2, and some partial cloud coverage. 

Figure 7-52 shows a sketch of the general grouping of thermocouple 
locators. Table 7-7 gives the location of each thermocouple'along 
with the raw recorded temperature data. Figures 7-53A through·7-53C 
plot the data as a function of time and location. 

After compensating for initial differences in thermocouple biases, it 
is seen that no differentials which reflect relative expansion result­
ing in pointing errors exceeded the l8°F (l0°C) per the error budget. 
Across the boxed I-beam l3°F was reached as a worst case. The:critical 
tie rod distribution was more uniform than anticipated with little 
gradients. The posts did exhibit a maximum of 7°F gradient exceeding 
the 5~5°F error budget value. This gradient would cause a theoretical 
0.26 mr deflection about the outer (01) axis. However the frame in­
duced gradients would cause a theoretical 0.4 mr deflection about the 

··inner axis (12) rather than the estimated 0.9 mr at a l0°C _gradient. 

All metal surfaces were painted with common high gloss Zynolyte epoxy. 
enamel white paint. For operational field heliostats, a white cellu­
lous lacquer should_be used. Between 88 percent and 70 percent of · 
solar radiation wi·ll be reflected, including long term oxidation ef­
fects. 

It is expected that additional data will be obtained in the future to 
f~rther confirm the thermal gradient·error sources. 
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Heliostat Actuators and Outer Gimbal Drive Characteristics 
Two types of linear actuators were tested for use as the outer 
axis drive: 

1. Machine Screw.Actuators from Templeton Kenly & Company. 

2. Ball Screw Actuators from Limitorque Corporation. 

Figure 1~60 shows -a· photograph o.f actuators (ba,ll screw) mounted on 
an experimental model heliostat. 

For Commercial Plant and Pilot Plant applications, the ball screw 
actuators were selected even though the initial cost is greater 
(~$70 per actuator). The ball screw linear actuator has a proven 
30 year life while the machine screw will not provide the life cycle 
requirements without, at a minimum, increasing backlash and thereby 
reducing tracking accuracies. Lash cannot be calibrated out·· and 
removed by tr~Gkinq software computations as can most other error 
sources. 

fl1achine Screw Actuators 
Initially, no-load torques at the input motor shaft from the machine 
screw actuators varied from 49.7 inch-ounces to 73.8 inch-ounces de­
pending on the angie of' the actuator screw with respect to. horizontal, 
the amount of extension of the screw, .and direction ·of travel. Wit:liout 
the Inland motor attached, the least no-load torque w~s 32 inch-ounces. 

The machine s.cr.ew actuators were. reworked in-house sev·eral times· to 
reduce actuator loads (lubricant changed, bronze bushings used, the 
steel screw cover replaced with lighter PVC to reduce side.loads). 
Figures 7-54 and 7-55 show that the no-load and loaded RPM versus 
torque characteristics of the machine screw actuators could not be 
expected to operate with the 100 inch-ounce motors due to low rpm 
and li~ited torque capability. 

Actuator efficiency is defined as ratio of output ·load to input 
torque. 

ff . . · [Load weight (#) x Lead uf ~~rew (~ne~>J 
E 1 c 1 ency = . Gear Reduction x 

Torque Input 

The torque input is determined from the motor characterization 
(inch-ounce per ampere at operating voltage), 

For the machine screw; nominally: 

Lead ""' 0.333 

Gear reduction = 24 
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For the ball screw; nominally;. 

Lead = 0.474 

Gear reduction = 40 

On Page 7-14 7, it is explained that .the actual actuator end-to-end 
gear ratio had to be calibrated to improve tracking accuracy. 

The machine screw actuators were especially sensitive to side loads. 
In a horizontal plane, under its own weight, an extension of less 
than 16 inches caused frequent stall of the motor due to the ~eight 
of the trailing edge of the screw· hitting the cover inside. 

Power requirements reached 70 watts under certain loading conditions. 

Ball Sc~ew Actuator - Comparison with Machine Screw . 
In~t~ally the ball screw actuators rece~ved showed no-load tor.ques 
up to 60 inch-ounces. With additional in-house work (e.g., changing 
the input shaft bearing seals, different lubricants, decreasing 
the imbalance about the pivot axis, increasing the gap between the 
'worm gear and bell housing, increasing the bell housing inner diame-

·.·-·.; ter) , the performance of the first two ball screw actuators was · ·· 
.significantly improved. Compare Figures 7-56 and 7-57 taken 27 

1• ·May 1976 with Figpres 7-58 and 7-59 taken one month later, 29 June 
· 1976. These data. are using acptual engineering model frame gimbal 
··loadings. The input power was reduced about 10 watts ahd gimbal 
rates increased in both directions. Actuator efficiencies ranged 
from 33 to 38 percent. 

The improvements in no-load torque/speed as of early July 1976 of 
the ball screw actuators is shown by relatinq Fiqure 7-60 back to 
'Figures 7-54 and 7-55. Lowering the static and viscous friction 
torques of the ball screw actuators increased their performance 
while the machine screw could not be improved any more than shown. 
For instance at 900 rpm the average no-load torque for the ball screw 
is 32 inch-ounce while the machine screws average 74 inch-ounce no­
load torque. 

For the next six ball screw actuators, Limitorque significantly 
redesigned their actuators incorporating the changes we recommended 
based on our experience. These were used on our three experimental 
models. 

On five of the new linear actuators, the viscous, no-load torque was 
5 inch-ounce or less. The sixth actuator (SN 241844) bound up under 
operation once and was returned to the vendor. Rework had reduced 
its no-load viscous torque to 16 to 20 inch-ounces ccw and 22 to 24 
inch-ounces cw which is 4X typical new values. 
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The improved machine screw actuators were initially placed on the 
North experimental model heliostat (with the new 200 inch-ounce 
motors). Tables 7-8A and 7-8B show the tabulated power, torque 
obtained from the 200 inch-ounce motor characterization, and slew 
times for total outer gimbal travel. Notice that even with the 
larger 200 inch-ounce PMDC motors, the gimbal rate was only 0.22 to 
0.25 degree/second average. This data can be compared to Tables 7-9A 
and 7-9B where the redesigned ball screw actuators replaced the 
machine screw actuators. Otherwise the North heliostat site was 
identical. On the average, the internally specified gimbal rate was 
met <~ ~0.3 degree/second) and the power was reduced by a factor of 
l/2 to l/2.6. This is all because the input torque requirements 
were cut in half-- the diff~rence being the actuators. At the lower 
(-8) angles~ the slew rate falls to 0.28 degree/second. Figures 7-61A 
and 7-61B plot typical outer axis slew rates versus gimbal angle. 
The mirrors in stow position produce the worse case imbalance that 
must be driven at the large negative gimbal angles. 

The current profile of the machine screw shown in Figure 7-62B shows 
the typical high current pulled during travel from 8 = +30 degrees 
(fully extended at heliostat) down to 8~-70 degrees (retracted)­
Also notice the binding and then relaxing of the actuator when com-
pared to the smoother power drain from a Ball Screw actuator under 
the identical heliostat travel.with identical 200 inch-ounce Inland 
motor, Figure 7-62A. 

Ball Screw Actuator Scale Fac~ors 
One tracking error source of an initially unexpected large magnitude 
results from the linear scale factor differences found between 
actuator screws. This is an easily calibratable and is compensated 
for as explained on Page 7-147. The screw lead (pitch) per 
vendor data, was 0.474 inch. At a gear ratio between the motor and 
actuator gear, the nominal scale factor should be 0.01185 inch peL· 
motor revolution. 

By recording revolutions from the heliostat electronics (output from 
the encoders) with electronic counters and measuring traveled dis­
tances, sc,ale factors of 0.011837 inch to 0.011770 inch were obtained. 
This represents a total lead variation of 0.0027 inch from actuator 
to actuator. Some of this variation may have resulted from end-to­
end system and measuremerit induced changes, but the net result is 
the important parameter. Scale factor can be determined by d siwple 
calibration after heliostat assembly. If two actuators are made from 
one screw cut in half so that they will be evenly matched, the ~ctu­
ator-to-actuator compatibility tolerance specification can be reduced 
slightly thereby reducing manufacturing costs at the expense of an 
additional on-site calibration requirement (although this may be 
necessary anyway due to end-to-end system uiff:ercnces). 
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Table 7-8A. North Site, 28 October 1976 
200 In-Oz Motor, SN No. 3 Using Machine Screw Actuator No. 1 

+30 DEG -+ -70 DEG (CCW - MOTOR SHAFT) (EAST END) 

Power Torque 
Angle I vo (watt) (in-oz) 6T 

+30 2.60 21.2 . 55.1 96.0 0 
+25 2.60 21.2 55.1 96.0 
+15 2.43 21.3 51.8 91.5 52 

0 2.52 21.0 53.0 93.0 56 
-15 2.35 21.3 50.1 88.5 68 
-30 2.36 21.5 50.7 89.0 68 
-45 2.Jl 21.5 49.7 · 87 ;5 68 
-60 2.40 21.5 51.6 91.0 73 
-70 2.48 21.2 52.6 93.0 40 

Avg +::!0 -r 0 ;:;; 53.75 1: = 4~o sec 
Avg 0 -+ -70 = 51.28 = 0.24 degjsec 

-70 DEG -+ +30 DEG (CW - MOTOR SHAFT) 

Power Torque 
Angle I VD (watt) (in-oz) 6T 

-70 2.55 21.J 54.3 98.5 0 
-60 2.20 21.6 47.5 88.0 40 . 
-45 2. 25. 21.7 48.8 90.0 76 
-30 2.47 21.3 52.6 96.0 70 
-15 2.48 21.3 52.8 97.0 73 

0 2.63 21.0 55.2 100.0 72 
+15 2.55 21.2 54.1 98.5 69 
+25 2.53 21.3 53.9 98.0 
+30 2.40 : ·21.4 51.4 94.0 55 

Avg -· 70 -~ 0 "' 51.87 L: = 455 sec 
Avg 0 -+ +30 = 53.65 = 0.22 degjsec 
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Table 7-8B. North Site, 28 October 1976 
200 In-Oz Motor, SN No. 4 Using Machine Screw Actuator No. 2 

+30 DEG + -70 DEG (CCW - MOTOR SHAFT) (WEST END) 

Power Torque 
Angle I vo (watt) (in-oz) L'IT 

*+30 2.82* 21.2 59.8 108.5 0 
+25 2.48 21.5 53.3 99.0 
+15 2.46 21.5 52.9 98.0 49 

() 2.52 21.3 5'3.7 99.5 52 
-15 2.46 21.5 52.9 98.0 66 
-30 2.40 21.5 51.6 96.0 62 
-45 2.38 21.5 51.2 95.0 65 
-60 2.52 21.4 53.9 100.0 66 
-70 2.60 21.3 55.4 102.0 43 

Avg +JU + 0 = !:i4.92 ~ ;; 4UJ ser 

/\vg 0 -+ -70 = !>J.12 "' 0.25 dcg/scc 

-70 DEG + +30 DEG (CW - MOTOR SHAFT) 

Power Torque 
Angle I vo (watt) (in-oz) L'IT --
*-70 2. 90*. 21.1 61.2 109.0 0 

-60 2.26 21.8 49 1 90.0 43 
-45 2.30 21.6 49.7 91.0 63 
-30 2.65 21.1 55.9 101.0 68 
-15 2.60 21.3 !:i!:i.4 100.0 68 

0 2.95 20.8 G1.4 109.0 70 
+15 ~.HJ 21.0 59.4 lOG.O 6H 
+25 2.80 21.0 58.8 105.0 
+30 2.85 21.0 59.8 107.0. 55 

/\vg -70 + (l = 55.48 E • 435 sec 

Avg 0 -+ +30 = G~.05 = 0.?3 rlr->g/sr.c: 

* Includes static friction. 



7-91 

Table 7-9A. North Site, l November 1976 
200 In-Oz Motor SN No. 3 Using Ball Screw Actuator 

+25 DEG + -70 DEG (CCW - MOTOR SHAFT) (EAST END) 

Power Torque 
Angle I vo (watt) (in-oz) ~T 

*+25 1.18 23.2 27.4 52.0 0 
+15 1.04 23.2 24.1 47.0 26.0 

0 1.01 23.1 23.3 45.5 36.9 
-15 1.00 23.1 23.1 45.0 44.6 
-:-30 1.01 23.0 23.2 45.0 50.4 
-45 1. 01 23.0 23.? 45.0 52.4 
-60 1.07 22.9 24.5 47.5 48.5 
-70 1.27 22.6 28.7 53.5 31.0 

Avg +25 + 0 :: 24.93 L: = 289.8 sec 
Avg 0 + -70 = 24.33 = 0.33 deg/sec 

-70 DEG +25 DEG (CW - MOTOR SHAFT) 

Power Torque 
Angle I vo (Watt) (in-oz) ~T 

*-70 1. 23 23.0 20.3 !:i8.0 0 
-60 1. 30 22.8 29.6 60.0 31.4 
-45 1.10 23.0 25.3 53.0 52.4 
-30 1.07 23.0 24.6 52.0 52.8 
-15 1.03 23.1 23.8 50.5 50.4 

0 1.10 23.0 25.3 53.0 42.7 
+15 1.10 23.0 25.3 53.0 41.1 
+25 1.13 23.0 26.0 54.0 23.3 

Avg -70 + 0 = 26.15 L: = 294.1 sec 
Avg 0 + +25 = 25.53 = 0.32 deg/sec 

* Includes static friction. 
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·Table 7-9B. ·North Site, 3 November 1976 
200 In-Oz Motor SN No. 4 Using Ball Screw Actuator 241847 

+25 DEG ~ -70 DEG (CCvl MOTOR SHAFT) (WEST END) 

Power Torque 
Angle I Vo (watt) (in-oz) 6T ---· 

*+25 0.93 23.4 21.8 46.0 0 
+15 0.93 23.2 21.6 45.8 25.0 . 

0 0.93 23.1 21.5 45.7 39.0 
-15 0.90 23.1 20.8 44.7 43.7 
-30 0.93 23.1 21.5 45.7 51.9 
-45 1.00 23.0 23.0 48.0 51.9 
-60 1.15 22.8 26.2 52.5 50.7 
-70 1.23 22.8 28.0 55.2 23.0 

Avg 125 ,,. 0 .. 21.63 . }"; = 285.2 sec 
Avq 0 -+ -70 = 23.GO = 0.33 deg/sec 

-70 DEG -+ +25 DEG (CW - MOTOR SHAFT) 

Power Torque 
Angle I vo (watt) ( i n-oz) liT 

*-70 1.67 22.3 37.2 71.0 0 
-60 1.10 22.8 25.1 52.0 36.0 
-4~ 0.95 23.0 21.8 47.0 54.0 
-30 0.95 23.0 21.8 47.0 tlL.8 
-15 0.94 23.0 21.6 46.5 48.8 

0 1.00 23.0 23.0 48.5 44.0 
+15 1.00 23.0 23.0 48.5 44.0 
+25 1.01 23.0 23.2 48.7 24.0 

Avg -70 ~ 0 = 25.08 L: = 303.6 sec 

Avg 0 ~ +25 = 23.07 = 0.31 deg/sec 

* Includes static friction. 
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Outer Frame Lash 
Under simulated loadings with one actuator disconnected from the 
frame, the total play, or lash, exhibited within the remaining 
actuator was only 0.00165 inch or 0.060 mr. This compares favor-
ably with the error budgeted backlash of 0.180 mr about the outer axis. 

outer Frame Assembly and Balance 
The assembly sequence (described 9n Page 6-1) involves mounting 
the frame on top of the two posts. A 1.9355 inch diameter shaft 1s 
welded to the cross member !-beam near each end of the frame. (See 
Figure 7-63) which pivots within the two 1-15/16 pillow blocks bolted 
to the top of each post. The first time the Engineering model outer 
trame wa.::; y.irnbaled manually to -7"l nPCJrees, one outboard pillow 
block cracked across its entire foot Wigure ~ J-64). It was found 
that the welded shaft had a small offset run-out of 0.028 inch from 
the outer axis center line. The bearing casting will not withstand 
lArge tension loads. Subsequent corrections were made to further 
frame deliveries to insure the welded rod hd::; uo mol:e run out than 
0.010 inch. 

Figure 7-65 shows the mass imbalance of the Engineering model helio­
stat at different mirror module positions for a full OA gimbal travel. 
The actuator was disconnected. After a 24-pound weight (added 
1650 inch-po1mds) was welded to the outer frame as indicated, _ the 
imbalance decreased for most orientations as shown in Figure 7-65. 
Note that after balance weights were added, the heliostat is st1ll 
sensitive to gimbal angle. This is because the tie rods were 
10 pounds heavier each than planned, thus causing the CG to rise 
when the mirrors are stowed. Corrections were made for the experi­
mental models. 

With the torque capability of the 200 inch-ounce motors for the 
experimental model, there was no need to fine tune the balance. 
However, for comparison purposes, the North site was balanced with 
40 pound weight and the other two were not balanced. The larger 
weight required for the experimental models is due to the fact 
that the initial mass properties analysis did not include the wir­
ing conduit attached to the frames which was not incorporated into 
the engineering model fLame. 

During tests, no noticeable difference in performance was detec t e d 
between the "balanced" and unbalanced heliostats. 
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Inner Drive 

Page 7-21 explains the inner drive operation including the tie rod/ 
crank arm ganging of the four mirror modules. The inner drive back­
lash, spring rate (deflections due to torsional loads) , and turning 
rates were evaluated. Total bending of inner modules and play under 
loads and during tracking are potentially the single largest contri­
butor to tracking errors. For all heliostats, the 100 in-oz Inland 
PMDC motors were used. 

Inner Drive Lash and Torsion Characteristics 
T.he lash and total spring rate for the Spiroid inner drive gear box 
used on the Engineering Model was determined by measuring optically 
the rotation between the driver mirror module pillow block and the 
mirror module axle. Lead weights were incremented (5 pounds - 130 
vuuucls) and loaded at the edge ot the mirror module to create CW and 
CCW torques. Figure 7-66 plots the axial deflection for loads up to 
7800 in-lb torque on the driver mirror module. The lash is the 
dominant influence upon rotation up to about ±900 in-lb torque. The 
lash was approxim~tPly +1.4 ~rr-m'nute (±0.41 mr) at which time the 
spring rate of the gear box and mirror module axle is the dominant 
effect on module movement. 

The actual backlash of the Engineering Model is on the same order of 
magnitude as the error budget estimated value of ±0.54 mr under static 
loads. Wind variations causing mirror module movement caused an esti­
mated ±10 arc-second inaccuracy at the low torque measurement (lash 
region) . 

During powered operation of the Engineering Model heliostat, the 
mirrors would oscillate during rotation. This problem was caused by 
excessive play (9 mr at the output pinion gear) in the gear box bear­
ings. After Spiroid properly axially preloaded the bearings the 
induced oscillations disappeared. 

Subsequent analysis has shown that the absolute stress limitation of 
the spur gear and gear box is 40,000 in-lb torque at the teeth of the 
16-inch spur gear. Tooth deformation can occur at a lesser stress. 

As a result of the engineering model experience, Spiroid designed a 
modified gear box as follows: 

1. Pivot axis moved to lie in a plane tangent to the spur gear pitch 
diameter. This eliminates rocking moments due to tangential 
tooth forces. 

2. Pivot hole diameter and tolerance reduced to control backlash. 

3. Aclclecl 8-32 tupped hole to secure pivot pin. 

4. Bearings preloaded axially to control backlash to 0.12 mr at 
the mirror. 
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5. Added locking element to stop gap screw. 

6. Adde d dra in hole below pinion for moisture escape. 

7. Added a n ex t e rnal e x tension on the intermediate shaft for an 
in i t ia l ization encoder. 

8. Reduce d width o f opening in pivot yoke area from two inches to 
0.62 inche s t o mate with new pivot block and spherical bearing. 

9. Pinion/motor shaft one piece construction to insure clamping 
preload will be maintained on the motor armature. 

Revised Experimental 
ited excessive lash . 
cxtcn:Jive evuluaL.i..ou 
the contributions of 
part of the test set 
incremented moments: 

Model Gear Box No. 2 on the South heliostat exhib-
With the other three mirror modules decoupled an 

wct::; mct<.le 1 November - .3 November 1976 to determine 
lash and torsion movement. Figure 7-67 shows 
up to obtain the following contributions due to 

• Total Mirror Module movement - electronic level on mirror skin. 

• Spur gear torsior. or rotation. 

• Gear box pinion vertical displacement. 

• Mirror Module shaft horizontal displacement. 

• Mirror ~odule shaft vertical displacement. 

• Spring axis vertical movement. 

Calibrated dial indicators were used to detect movement with respect 
to the housing built into the I-beam frame. Clockwise and counter­
clockwise loads of 15, 25, 35, 50, 80, 100 and 130 pounds were placed 
at the ±58 inch edge fr~m Mirror Module axis. 

Backlash - Two methods were used simultaneously to determine angular 
displacement. A precision electronic level was mounted on the back 
surface of the mirror module (mirrors face down) . At the 50 arc-sec/ 
div scale with interpolation the accuracy of measurement is estimated 
at 10 arc-seconds. The second method was a dial indicator contacting 
the spur gear teeth. 

Total lash as measured by the electronic level was: 

410-10 = 400 arc-seconds 

or 

430-35 = 1gs ~rc- seconds. 
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The total lash measured by the dial indicator was: 

0.0135/8 = 0.001687 radians = 348 arc-sec 

or 

0.0130/8 = 0.001625 radians = 335 arc-sec. 

where the ge':lr radius· "" 8 inches. 

The discrepancy between the two appears to be due to slippage between 
the spur gear and aluminum mirror module stub shaft. The -15(58) in­
lb data point shifts from -35 seconds to +15 seconds or 50 seconds; 
this probably explains the discrepancy. 

To obtain the backlash value for the gearbox itself we have to sub­
tract otit the other effects as shown in Table 7-10. Since the dial in­
dicator was mounted on the side of the spur gear, the vertical wove­
ment of the mirror shaft must be subtracted out. Gear box lash = 
0 ·

0132
:-0 · 002 = 0.0014 radians. 

The downward motion of the gear box at the spur pinion axis was 0.0005. 
The lash contribution was O.OOOS(tan 20°) = 0.000022 radians. This is 
ignored in Table 7-10. 8 

Spring Rate - A review of Figure 7-68 and data taken previously on the 
engineering model inner drive shows that total spring rates in the 
linear regions are nearly identical. The difference is in the shape 
and magnitude of the backlash region. 

Table 7-11 shows the breakdown of spring rate components. The data 
shows a spring rate for the gear box of 6670/0.000293 = 22.8 x 106 
in-lbs/rad. The 0.001 radian total displacement is taken from the 
fitted curve in Figure 7-68. The gear box contribution (~0.29 mr) was 
consistently obtained by subtracting out the other known contributions 
such that the total displacement was maintained. 

Since all dial indicator readings were taken with respect to steel 
frame near the spur gear cutout, it was confirmed that relative move­
ment between the top and bottom flanges was less than 0.001 inch. 

Additional tests were run with the inner mirror module at orientations 
other than horizontal. The total lash did not vary from angle to 
angle by more than 41 seconds (0. 2 mr.) over the 360 degree range of 
mirror module rotation. All lash measurements were made with ±900 in­
lb torsion. 

The resultant angular deflection of 0.29 mr at 6670 in-lbs torque gives 
a spring rate of 23 x 106 in-lbs/radian. 

The total lash of 1.2 mr was confirmed by Spiroid upon return of the 
gear box assembly and corrected by shimminq out the axial play. Afte:r 
the fix, a tangential load of ±400 in-lbs resulted in a total lash of 
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Table 7-10. Backlash Components at ±870 In-Lbs. 

MM Bearing Vertical (0.0023 - 0.003)0.364 
8 = 0.000091 radians 

MM. Bearing Horizontal 
J 

(0.0894 - 0.0888) 
8 .0.000074 radians 

Point Horizontal (0.002 - 0.001) 
8 

= 0.000125 radians 

Gear Box 

TOTAL 

Item 

Pivot 

MM 
Sha.ft 
Horiz 

MM 
Shaft 
Vert 

Gear Box 
Pinion· 
Vert 

Gear Box 

Total 

= 0.001400 radians 

350 arc-seconds O.OOlfi90 

Table 7-11. Sprin~ Rate Contributions 

Positive Moment 
(6670 in-lb) 

Negative Moment 
( 66 70 in-lb) 

+0.0012-(-0.0010) = 0 _000275 Rad 0.0031 
8 8 = 0.000388 

0.0924-0.0894 
H 

- 0.000375 

(0~0029-0~0023)0.364 = 0.000027 
9 

(0.0012-0.0005)0.364 = 0.000032 
8 

= 0.000291 

0.001000 

0.0887-0.0875 
8 

(0.00275-0)0.364 
8 

= 0.000150 

0.000125 

(0.0010-0.0001)0.364) = 
8 

0.000041 
Sum = 704 

= 0.000296 

0.001000 
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0.0025 to 0.003 inches (0.31 to 0.375 mr). This is compared to 0.54 
mr per the error budget and 0.3 mr specification to Spiroid. 

Similar m~asurements were made on the North site and East site without 
decoupling the other mirror modules. The North site exhibited a worst 
case lash build up of 1.1 mr at ±870 in-lb torque. The East heliostat 
had a worse case lash of 0.85 mr. Both were correctable to under 0.6 
mr with rework. Using ±900 in-lb does start to work into a small por­
tion of the spring rate, but under ambient wind conditions, the larger 
torque is needed to remove oscillations and obtain steady readings 
under wind gusting. 

Inner Drive Power and Slew Rate Performance 
The Inner Drive Slew rate requirement is >0.3 degree/second. Figure 
7-69 shows that for the Engineering model-the gimbal rate under ntarwal 
power slew e;xceeds the requir~ment by. a factor: of 2 on the average. 
Power requirements went as high as 35 watts when the worse case torque 
is required due to the mass imbalance of the mirror modules. 

Measurements taken on the experimental model heliostats with the outer 
frame at 0 degree and at -65 degrees, show average gimbal rates from 
0.57 deg/sec to 0.60 deg/sec with the maximum peak power never exceed­
ing 24.5 watts. The average power for a full 360 degree slew is less 
than ·12 watts. The maximum power requirements come fr:om wind loadings 
(15-20 mph) with the mirror modules. at worse case angle of attacks. 
Under this configuration, the inner axis gimbal rate drops to 0.45 deg/ 
sec. Figures 7-69A and 7-69B show typical results (from East site) 
graphically. 
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Electronics Performance 
A block diagram of the electronics operation is shown in Figure 7-1 
and with more detail -in Figures 3-27 through 3-39. The in-house 
designed and built open loop heliostat and test equipment electronics 
performed excellently after iterative design changes from the Engi­
neering Model experiences. were incorporated into the Experimental 
Models. 

Heliostat Electronics 
Underground telephone grade shielded twisted pair cabling branches 
underground in PVC conduit from Building E-2 to each heliostat site. 
AC power is brought to each site from the nearest building and has 
ground fault isolation incorporated. The heliostat electronics are 
housed in a commercially purchased weather-sealed box. 

Round trip cable resistance from each site.is: 

!~Orth: lHl 

East: 24r2 

South: 29S1 

On the engineering model, the original electronics build was respon­
sible for what were initially unexplained glitches in heliostat 
operation. The inner or outer axis would suddenly gimbal through 
3 degrees - 4 degrees of slew and then stop while in open loop track 
mode; On occasion, the inner axis would start to rotate while .in th~ 
"stow" mode. On three occasio.ns, one outer axis actuator would torque 
while the other remained stationary due to erroneous siqnals. Initial­
ization electronics were never included in the engineering model helio­
stat electronics. Initially, adequate grounding was not provided for 
indirect lightning strike protection. 

The following design changes were made prior to build of the experi­
mental model electronics: 

1. Lightning protection was incorporated. In addition to running 
cabling from the frame to 24 foot grounding rods, gas discharge 
tubes were put on all communication lines. They short voltages 
of 90 volts de or qreater. Series resistor and shunt zener 
diodes are also used, offering protection down to 5.1 volts de 
thereby protecting all components. 

2. A tew nonused gate inputs were not left open thereby making the 
components subject to noise. Tieing all open input lines to 
pull up resistors in the experimental model reduced the spurious 
slewing of the heliostat. 

3. The optical pairs within.the motor encoder housing were taken 
often becoming unaligned. This caused both constant slew of 
the inner and outer drives. of the turning of one actuator and 
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not the other since no revolution-complete feedback was sent to 
the electronics. Cutting larger holes and stiffening the optical 
pair mounting supports helped solve the alignment problem. 

4. A synchronization circuit between the two actuators was added to 
insure that under no circumstances would one actuator motor get 
further ahead or behind than two motor revolutions before power 
is removed from the nonlagging actuator motor. 

5. Optical pair performance was being degraded by shavings from 
the encoder disk covering the optical windows. A thinner, non­
painted disk was mounted to the motor shaft with greater pre­
cision to prevent bindinq and rubbing against the plastic 
housing of the optical pairs. 

After build of the Experimental Model one additional systems' problem 
was discovered which seemed to eliminate all observed unexplained 
dOUUl.Utdll Lle~ lu heliostat p~rformance. After !lcvcr.::tl d.::tyo of high 
humidity, mostly cloudiness and some rain, the outer actuators would 
not stay in.sync and one would drive to stall causing the motor to 
heat. The problem was found to be moisture collecting in the connect­
ors leading to the motors. If wet, the 5 volts would leak into the 
40K output impedance of the optical pairs confusing the incremental 
encoders. With motors on, the 24 volts de made the leakage problem 
worse. The problems disappeared when the connectors were dried with· 
a blower. Temporarily the connectors were wrapped and sealed. For 
pilot plant applications, the simple (and cheaper) solution will be 
to eliminate intermediate connectors and hard wire the motors to the 
electronics. 

The commercial 12-volt de car batteries (Sears "Die Hard") and 
chargers used for all heliostats exhibited no problems or degradation 
during their use. They were in a nonweather sealed wooden box out­
doors at all times; the Engineering Model since mid May 1976. The 
batteries operated a heliostat without recharging after two months of 
inactivity. Under normal operation, the charger was connected to 120 
volts de only once every five to nine days of daily heliostat operation. 

Only commercial grade components were used throughout the entire 
design. Even so, there was only one electrical component (LM 1110 
chip) failure during the entire test program involving the one engi­
neering model and three experimental model heliostats. This failure 
history, of course, does not include the design changes as discussed 
previously or damage done to the engineering model heliostat elect­
ronics due to lightning (see Page 3-38). Based upon these prelim­
inary findings, the reliability of the electronics design is expected 
to be very high-- especially when higher quality, screened parts are 
used for pilot and commercial plant operations. 

Test Equipment Electronics 
The performance of the special purpose test equipment built in-house 
was also excellent. The multiplexer linking the calibration array to 
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the RS232C interface box remained on the roof of Building E-2 in a 
nonweather sealed metal box for eleven months. For seven months the 
power was never turned off. During this time, only one 16 channel 
multiplexer component, interfacing one set of 16 photocells, failed 
and had to be replaced. The RS232C interface box never failed. 

Again, due to the lightning strike of 10 August, and probable near 
lightning induced voltage surges at a later time, on 27 August 1976 
four. zener diodes and two Dips were replaced due to damage. 

Five of the PVC tubes and caps sealed with RTV leaked water and ~he pho­
tocell electronics failed to a hard '0' output. Also, all the photo­
transistor cases rusted on the outer edge where exposed to the weather. 
For pilot plant applications, the photocell and the associated ampli­
fiers must be sealed in a more uniform and consistent manner. 

The biggest cause for complete test stoppage or lack of data acquisi­
tion was, next to inclement weather, commercial test support equipment 
failures. These are listed below: 

1. 'l'ape Uecks - 'l'hrough mid October, two older Kennedy tape drives 
were used. From start of Engineering Model testing until this 
time, eight to ten track stoppages occurred because of a hang­
up at the DDP516 tape drive interface. 

The original tape drives were replaced with newer Honeywell 
Model lOC Magnetic Tape Drives. Initially, there were two 
failures consisting of (a) marginal timing and (b) tape mis-
alignment. The marginal timing problem was due to the crystal 
oscillator coming up to an off-sync frequency at turn~on. After 
main power to the tape drives was left on continuously, there 
have been no failures for 1-1/2 months of operation. 

2. ASR-35 - There were two failures: (a) mechanical vibration 
loosened the drive mechanism, and (b) interface timing which 
was repaired. · 

3. DDP516 Honeywell Computer - There were two problems: (a) drifting 
6 volts de power supply, and (b) one program board had to be 
replaced. These repairs were over a nine month interval. 

4. Bad Tape - During operation, two new commercial 2400 foot seven 
track magnetic tapes caused stoppages due to inability to be 
written on without parity errors. 

5. Climatronics F-470 Weather Station - In addition to the twisted 
shielded pair cabling run to each heliostat site, an identic~l 
cable was run in the same conduit such thnt the weather st~tion 
channels could be directly connected into the .multiplexer <t.t: 
11uildin<J E-2. 

a. Transformer overheated in the receiver circuitry. Three 
week vendor turnaround resulted. 
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b. Two temperature translator boards became inoperative. 
These channels were not used. 

c. Wind anemometer failed once due to.a mechanical displacement 
of the internal LED. 

d. One of the nine transmitter channels failed early in the 
test program and was never repaired .. 

e. Calibration dr~fts of each of the translator boards re­
sulted in uncertainty of the scaling associated with the 
digital representation to the central computer. Drifts 
and discrete changes were due to temperature effects and 
movement of the 40 to SO manually adjusted resistor pots 
Ll!Luuyhuut. the sy::;tem. 

6. The Epply Global Radiometer, Model 8-48 - There was one failure 
due to moisture leakage. Drying the dessicant solved this 
problem. 

Power Frequency Variation 
Local experience with Florida Power Corporation shows that the com­
mercial power line frequency is allowed to drift ±0.02 Hz over the 
period of one day. This error could result in a time base error of 
0.02 Hz/60 Hz x 3600 sec/hr = 1.2 second per hour if the GMT is based 
on an internal computer clock after time initialization at the begin­
ning of a day as in our case. If this drift were to continue for 
8 hours, a 9.6 second time error could result-- thereby inducing a 
0.04 degree tracking error in sun location (144 arc-second error). 

ELECTRONIC BREADBOARD TEST DATA 

A breadboard of the Heliostat Servo Output Amplifier was built to 
check operation. Measured data on static threshold, signal swing, 
switching time margins, and output rise and fall time are presented. 
Signal swing and switching data were taken with a bipolar square wave 
as an input and with the amplifier driving a 15 ohm resistive load. 
Short term operating tests to full saturation into a 4 ohm load (±5 
amperes) were run with no apparent difficulty. No output ringing or 
tendency toward oscillation was noted. All tests were run at room 
temperature. The data shows that the amplifier will perform its 
expected function .. 
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Heliostat Servo Output Amplifier Breadboard Test Data 

Signal Swing (Volts) or Time (ms) 
Measured Point Inverting Side Non-Inverting Side 

Op Amp Output, Non Sat Output 
Op Amp Outputi Sat Output 
Darlington Driver Base, Non Sat 

Output 
Darlington Driver Base, Sat Output 
Darlington Output Base, Non Sat 

Output 
Darlington Output Base, Sat Output 
Base 2N2222A, Non Sat Output 
Base 2N2222A, Sat Output 
Collector 2N2222A, Non Sat Output 
Collector 2N2222A, Sat output 
Hase, PNP 
Collector, PNP 
Emitter, Linear Output 
Op Amp Slew Rate, Pos. Going Signal 
Op Amp Slew Rate, Neg. Going Sign~l 

+5.5V to -13.5V 
+13.5V to -13.5V 

+1. 3V to ~av 
+1. 3V to -8V 

+0.7V to -0.4V 
+0.8V to -0.4V 
+5. 25V to -1. 2V 
+6.0V to -1.2V 
+24V to 22. 5V 
S.!JV to 24V 
24V to 24V~VBE 
0 to 24V 
-0.3V to 24V 
19V in 6 ms 
19V in 5.3 ms 

+5.25V to -13.5V 
+13.5V to -13.5V 

+1. 3V to -8V 
+1. 3V to -8V 

+0.7V to -0.4V 
+0. 8V to -0. 4V 
+5.25V to -l.2V 
+6.0V to -l.2V 
24V to 22.5V 
S.SV to 24V 
24V to 31V-VHE 
0 to 24V 
-0.3V to 24V 
19V in 6.7 ms 
19V in 7 ms 

SWITCHING TIME MARGINS 1 BASE COLLECT.OR DARLINGTON DRIVER TRANSISTOR 

VBc=O Neg. Going, VCE=O Pos. Going, 
Non Sat. output 4 ms 5 ms 

VBc=O Neg. ·Going, VCE=O Pos. Going, 
Sat.· Output . 1. 0 ms 3 ms 

VRr.=O Pos. Going, VCE=O Neg. Going, 
'Going to u, Non sat uutput . 5 ms 4. 2 ms 

VBc=O Pos. Going·, vCE~o Neg. Going, 
Going to 0, Sat. -output 2.5 ms 1.0 ms 

SWITCHING TIME MARG~NS, BASE COLLECTOR DARLINGTON OUTPUT TRANSIS'l'OR 

VBc=O Neg. Going, VCE=O Pos. Going, 
Non Sat. output 4.4 ms 

VBc=O Neg. Going, VcE=O Pos. Going, 
Sat OutpuL 1. 0 .ms 

VBc=O.Pos. Going, VCE=O Pos. Going, 
Go~nq to 0, Non Sat· Output 5 ms 

VBc=O.Pos. Going, VcE=O Pos. Going, 
Go~ng to 0, Sat output 3.5 ms 

Qutput Square Wave Risetime Non Sat Output 
Output Square Wave Risetime Sat Output 
Output Square Wave Falltime Non Sat Output 
Output Square Wave Falltime Sat Output 

Output Square Wave Time Threshold Non Sat Output 

.output Square Wave Time Threshold Sat Output 

Static Threshold: + 30 mv 

5.5 ms 

3 ms 

4. 5 ms 

2.5 ms 

0.05 ms 
0.1 ms 
0.05 ms 
0.1 ms 

7 ms one side 
6 ms other side, 
3.5 ms·one side 
2.5 ms other side 
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SYSTEM LEVEL TESTING 

Foundation and Post Stability 
The heliostat frame is mounted within bearings atop two steel posts 
10.16M (33 feet 4 inches) apart, 2.29M (90 inches) above foundation 
height (see Figure 3-12).. The posts are bolted to reinforced steel 
supports which are an integral part of each of the two 1.73M x 1.07M x 
0.305M thick (5 feet B inches x 3 feet six inches x one foot) rein­
forced concrete foundations. Two support beams are welded in place 
to provide additional structural rigidity to.the support posts. The 
concrete foundations were poured into unprepared (non-hardened) ground 
sites 

Hovement During Gimbal Travel 
The outer axis was gimbaled from 0 degree (horizontal) to -70 degrees 
(Figure 7-70) • Foundation movement and post movement was recorded 
with precision electronic levels (0.2 arc-sec resolution) during gimbal 
movements with the mirror modules at three different orientations. 
The movements that were obtained as typical for the East heliostat 
site are shown in Table 7-12. · 

0277-062 

POST TOP Q Tl L T 

TARGET 

,........._........__.__ _ ___;,Q SLAB T I L T 

Figure 7-70. Follmlation .[1.1ovement orientation 

At 0 degree outer axis angle, gravity effects cause the frame to sag, 
drawing the top of the posts in towards each other. As the frame 
rotates toward the -75 degree positiqn, the frame will elongate slight­
ly due to reduced interaction g loading and mirror module loading on 
the outside beam. This effect is noted by the third entry above where 
the top of the posts are forced outwards (-53 arc-seconds) as the 
frame travels down to -70 degrees. 

Similar data was taken for other sites '"i th the largest post and 
foundation rotations occurring per Table 7-12. 
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Table 7-12. Post and Foundation Movement During Gimbal Travel 
Of 0 Degree to -70 Degrees 

Maximum rotation of 
top of post about 
the Outer Axis 
(arc-seconds) 

Maximum rotation of 
foundation (arc­
seconds) 

Tilt of top of post 
parallel to OA (arc-· 
seconds) 

180 Degrees 
(Stow) 

0 + -140 

0 + -3.3 

0 + -53 

Inner Axis 

90 Degrees 

0 + -130 

0 + -3.5 

0 Degree 
(Mirror Up) 

0 + -127 

0 + -2.2 

Rotations of the post top about the outer axis do not directly induce 
errors because the rotational angle remains constant with respect to 
the three legs of the triangle a-b-c of Figure 7-70. But the rota­
tion projection down to pivot poirit b will induce a rotation at worst 
case angles (-70 degrees) of 140 arc-seconds x 47/90 or 73 arc-seconds 
(0.35 mr). The slab rotation induces directly another 0.02 mr error 
in vertical track. The combined effect is less than the resolution 
<~so seconds) of one incremental heliostat command. 

During system level tracking, no attempt has yet been made to compen- · 
sate for this error. Because of its being roughly linear (Figure 7-71), 
this minor error correction could be analytically added to the outer 
axis calculations for all heliostats based on actual outer axis 
position. 

Long Term Foundation Stability 
The foundations were poured 1n early July 1976 and allowed to cure. 
The first experimental heliostat was not completed until 25 october, 
1976. Precision bubble levels (~1 arc-second per division resolution) 
were permanently mounted on one slab (South side) starting 9 November 
1976. ·The thermometer and le~els were covered with a white box-cover 
to eliminate direct insolation effects on the instruments. True long 
term data is relatively uncertain because of the short time span 
involved. However, some insight has been obtained. 

Parallel to the outer axis, temperature effects seem to cause the 
greatest rotation. This rotation has no impact upon tracking accuracy 
because of the self-aligning nature of the bearings. The steel frame 
!-beam has a temperature expansion coefficient of 9 x 10-6 inch/inch/°F. 
Across the 33 foot length (bearing to bearing) and across an ·average 
slab temperature decrease of 22°C during early November to 10°C (early 
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OUTER AXIS ANGLE (DEGREE) 

Figure 7-71. Top of Post Rotation Due. to 
Outer Axis Frame Position · 

0277-087 

January 1977), O~UJt:J~' inch· contraction per post top. would occur.· 
Across the 90-inch post height this· is 88 arc-second· .deflection .. The 
slab rotation has be~h recorded at 11.5 seconds indic~ting th~t the 
bearing/shift slippage ·and post· .bending· accounts for· -tl:l~· remaining 
76.5 arc-second. change.· · This founda:tion ·and· post rota.tion will .induce 
no tracking.~rrors~· · 

Perpendicular to the· OA (the· 5. foot · 8 · inch. sl.ab dimehsion) total rota- · 
tion shifting of only· 23· arc-seconds ·has .beeQ.· observed .. ·The·· direction · 
varies from week to· week, based. on· da±:ly read'ings, . unQ.er a· combinp. tion . · 
of influences including wind· direction· changes·, tempe_rature changes-, 
usage of the heliostat, ·and· long· term· settling. . It should· be remem-. 
bered that the ground· preparation included ·no· deep. ·packing. · The · · 
final long term shift cannot. ·be· determined· yet,. b:ut this· rotation·.·. : 
(primarily a vertical· pointing error source). .will· b~ ·removed by · · 
the periodic ( =<1 week)' c'alibrat;ion. ·under norma;l operation by forcing 
an artificial change to primary. ·a:nd· secondary: -target heights. 
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System Level Tracking . . 
The operational program used always contr~ls four hel1ostats, each 1n 
a different mode of operation or orientation if desired. Appendix 
and SRE System Description (Page 7-1) describe the six possible modes 
of heliostat operation. However, in the open loop·configuration, often 
only one or two heliostats were actually in the "automatic" mode, i.e., 
responding to commands issued by the computer. ·rn the subsequent para­
graphs each heliostat will be discuss~d sepa:ately, ~ven though data 
presented may show composite, nonappl1cable 1nformat1on f.or other 
heliostats. 

The daily tracking time of the heliostats was severely limited because 
of the short target height (15.5M). This was especially true for the 
experimental models which were operational only_ in late fall (November, 
December). Since the outer axis can gimbal to -75 degrees, tracking 
could not be accomplished after 2030 hours GMT (1530 Eastern Standard 
Time) due to low sun elevation angle. North sites were limited in 
early morning for the same reason. 

To correct for atmospheric refraction, a buffered algorithm was gener­
ated which was nonsingular for any el~vation angle and yave good cor­
relation with standard correction tables (<0.03 mr) for elevation -angles greater than 10 degrees. 

57.9 X Cos z Refraction = 
[Sin z + o.o0019l. (--(~--~-:-~--.r~_z--~-2-o~+-.o~~~~~o-o_o_3_0_2~]-

where Z = elevation angle. 

Table 7-13 tabulates the Sun angle from vertical and compares l0°C 
standard atmospheric refraction to the refraction algorithm used. 

Engineering Model Heliostat 
The engineer1ng model was tested primarily from three different sites: 

~ North of target 140M (460 feet), Azimuth to target = 180 degrees 

• North of target 189M (621 feet), Azimuth to target= 176 degrees 

• South of target 329M (1080 [et:L), Azirimth to target= 337 degrees 

Since the primary purpose· of the engineering model was to evaluate 
hardware performance·,· the sites were never formally surveyed. Dis­
tances and angles were-measured and calculated from other bench marks. 
When the trailer was h~uled into position, the outer axis orthogon­
ality to the radial vector was never precisely measured. Also, the 
initialization hardware·was never incorporated, so this was done 
manually each day. A~ter a few calibration attempts, good pseudo­
target information was obtained such that the engineering model would 
track well. · 
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T·able 7-13. Comparison of Buffered Refraction Correction Alg:or..i thn\ 

sun Angle 
From 
Vertical 

J. (11)(1 

::::. 1)(1(: 

4.(1(11) 

5.000 
;; •• 0(1 I) 

7.00(1 
!:~. 0 0 (j 

··;:.. 1)(111 

1 o. f)(• I) 

11.1)00 
12.000 
1 ·::::. 000 
14. 01)(1 

15.000 
16.000 

. 17~000 
1:::. 000 
19.000 
~(1~ 000 
21. 0(11~1 
2-2. 000 
C:3 •. 0Lt0 
24; o.oo 
25.000 

. . .26.-.JHl"'­
·27~000 
2::: ;~1) 0 0 
2'?..000 
:30.1)(!0 
:;:1.~0CI 
::::2. 000 
::t3. 00 I) 
34.000 
:35. 000 
:3~ .• 000 
37.000 
·3:::. oo·o 
3'3. (1(10 

40.(100 
41.000 
42. oo·c, 
43.000 
44.000 
45.000 
46.000 

Refraction From 
Table 
(Arc-Seconds) 

1 ... I) (I 1) 

:;: • (; (i 0 
4.000 
5.1(11). 
6.100 
7. 1 0(1 

:::. 1 00 
:;. • 2.0 I) 

10.200 
1t.·:::O(I 
li=:.::::oo 
'1:?.. 401) 
14.400 
15 •. 500 
16. ;;.oo 
17.700 

1'3.'?00 
21.100 

.22.200 
2:::::. 3(ri) 
24.~.(;(:. 

25. :::I) 0 
27. 1)(~0 

"2920-G··. 
2'~. 50 (I 
.:::o.:::oo 
:;:.::.10(1 
:::::::. 4 0 IJ 

. :::4. r::o o 
::::.: .. 200 

.'37.600 
:::::'3. 000 
.40. 50.(1 
42 •. 1 0 0 
43.600 
45.200' 
46. ·?OO 
4::1. 60 0 
so. :;:oo 
'52.100 
54.000 
55.9.00 

·. 57.900 
'59.900 

Final Refraction 
Correction Used 
(Arc-Seconds) 

j • 0 1 (! 
2. '(:21 
·:;: • (r;:;: 
4. (14 ( 

5 e (•E.:;! 
;.; .• 0:::·;: 
7. l (r,;;. 
·::. 1 ·:::::< 

10.204 
11. 24'? 
12 •. ;':01 
t·:::. 360 
14.429 
15. 5(1E. 
.16.5'314 
17 • .:.·?2 
1 :::. ::: o:::: 
1-:;.. ·~26 
c·l. o.:.2 
~;::. 214 
2::::. ·::::~:0 . 
24. 5 . .:.:;:. 
.::5. 7E,4 
26. ·~;::4 
38:;.,~3; 

2•;.. 4.::4 
. ·::: o. 76 {' 

.:::2. 075 
;:.;:. 41);:: 

:~:·3. 02::: 
40.514 
42. o::::::: 

.· 43· • .:;oo 

. 45.204 

4::;. 54 7 
. ~ o·.-2·:,.·~-.. 
!:;2 •. 092 
53. '?.148 
55.866 
57.:350 
59.904 



')['able 7- i3.-· ·-comparison. -o£'1iulfer.edRefra-ctlon CorrectionAlgoi~ i thm 
· (Continued) 

Sun Angle 
From 
Vertical 

47.000 
4:::.000 
4'31. 00(1 
50 •. (I (II) 
51.0(11) 
52.000 
5:;:. o o o 
54. 000 . 
55.000 
56.0(!(1 
~7'.000 
5:::. 000 
'!-":1.000 
60.(iiJIJ 
.:. 1. 0(1(1 
t:.c·. ooo 
-:. ·~: • (I (! (I 

.:.4. (1(10 
E-5.(:(10 
:::: ~ .• 0 (I (I 
0:7.000. 
':: .. :: • I) (I 0 
~.?. 000 
70.000 
?1.000 
72.000 
7·::. 000 
74.!)(11) 
;:"5. 000 
76.001)· 
77. 000. 
7:::. 000 
~·). I) (I 0. 
:::o •. ooo 
~::t. ocro 
:::2~ 000. 
:::::::. 000 
~4. 0'00 
:3:0. 000. 
:::E .• 000 
:37. 000· 
:?.:::. 000. 
::::9. 000 
90.000 

Refraction From 
Table 
(Arc-Seconds) 

62. Oi)O 
64.000 
6E .• 500 
.::.:;:. 900 
71.400 
74.000 
?E .• 700 
79.500 
;::2.500 
:::s • .:.o·o 
88.900 
·~2. 400 
·~.;..! 00 

1 OIJ. 00(1 

1 04, l (II) 

1 o:::. 500 
11::::.200 
tt:::! 200 
123.500 
12'31 •. :::o (I 
135 • .:. 0 (I 
1 42 • :::: I) (I 
14':0. 7 0 o. 
157. :::o I) 
16.:.600 
170:..300 
1:37.200 
19'?.200 
;~12. 800 
22:::.200 . 
245.700 
265.·'3100 
20•:). 5(11) 

:317 •. 3i)0 
350.600 

. 391. 100 
441~300 
5o~~ 1 oo· 
58E:. 400 
700.200 

. 857.600 
1089.700 

·1452. Cioo 
·2095. 500 

Final. Refraction 
Correction Used 
(Arc-Seconds) 

62. 0"3.::: 
64.24.3 
66.541 
,..; .:. ·=- -:. :; -·-·. -· ·-·'--
7L425 
74. 027 
76. 74:?, 
79.598 
e:~. 5;Sf 
:::5. 72'3 

·::~c. ~.c...­

·:.•i::. I C! 17 
100.1€7 
1 04. 2::: (I 
1 o:::. 7 02 
113.422 
118.476 
~~::::.-;.o:::: 
12;3. 74:? 
1 ·::;.;. 07 (I 

. 142.-'312';! 
150.40:3 

1€·7'. 581 
177.5:30 
188.597 
200.988 
214.964 
230.858 
249. 11):3 
270.273 
295~ 141) 
:?-24. 776 
360.699 
405.141 
·461. 500 
545.1$5 
E.35. 271 . 
777.813 
992.131 
1323~560 
1658.497 .. 
aoo6.272 
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A typical day of completely open loop tracking (Mode 2) is shown in 
the off-line data reduction printout of Fig1,1res 7-72A through 7-72L. 
Data is collected on-line once per minute. Figure 7-72A is annotated 
to show the location of certain interesting data pertaining to the · 
engineering model heliostat designated in the third position and in 
Mode 2. Only the two Parsons mirrors were aligned to the target to· 
remove the scatter from the foam filled modules. Two parts of the 
data acquisition system were inoperative during this period of time. 

· The weather channels were inoperative; a transformer in the receiver 
'had burned out. Also, one 16 .channel multiplexer was hung on the pre­
.vious channel output. This is apparent from the skewed repetition of_ 
the 9th column and first two elements of the lOth column. 

The data ·was recorded 21 September 1976 (Julian Day 265) which was one 
· day p1.io1: ·to Solar Equinox. 'l'he wirtd did not exce~d 4. 5 m/~ and peak 
solar insolation.was 771 watts/m2. It rained lightly between 1535 and 
1544 and then again later in the afternoon. Page 7-61 discusses 
briefly water accumulation on the mirrored surfaces during and after 
this rain. 'Notice that tracking continued through the rain and cloudy 
interval. Jltt 1619, the recording tape drive. ·generated a false end of 
tape signal to the computer, and all tracking stopped. 

During the interval shown, the vertical movement of the image was 
about 0.75 foot (1.2 mr) and horizontal about ±1.2 feet (1.9 mr). This 
caliber of open loop tracking is typical for the engineering model and 
is considered to be excellent.'when considering its hardware and align­
ment limitations. After ini tL:il alignment parameters were determineci 
through a series of calibration tracks (Moqe 1, close loop), the engi­
neering model can track open loop within 2.1 mr horizontally and 2.5 
mr vertically as worse case limits during a complete day (e.g., 0930 
to 1700 hours). Sometimes the yoke-and-collar assembly used· to connect 
the actuators to the heliostqt frame would bind causing vertical sepa­
ration and horizontal shifts of the mirror module images. From this 
experience, a single pivot was designed for the experimental models 
and will also be used for the pilot plant heliostat. 

Many photographs with 400 ASA B&W and 160 ASA EKACHROME slide film 
were taken during engineering model operation. Figure 7-.10 was taken 
at 1658 hours 27 September 1976. This spot can be compared to the off­
lilie calibration array printout at the same time, Figure 7-7 3. It 
was determined that the calibration array data was as accurate a 
"description" of t.he redirected image and track data· as was required 
to obtain collector subsystem performance data. Normal photographic 
processes added no additional information.· In subsequent operations, 
including· experimental model testing, pictures were taken only of 
hardware, test set ups, etc., and were not used 'for image evaluation 
purposes. 

South Site Experimental Model Heliostat 
The South s1te was operat1onal for test 25 October 1976. Site con­
stants, except for heliostat unique scale factors, were from precise 
survey measurements. The line of sight distance to the 51.9 foot 
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array height is 314M (1031 feet) . This distance is not directly appli~ 
cable to the present pilot plant tower one-half south field configura­
tion for heliostats south of the tower (which is presently about 150 
meters). However, for commercial plant sizes, the south site distance 
is representative except for target height. 

Figures 7-74 and 7-75 show open loop track performance on the second 
day of operation. All error measurements are in feet with respect to 
the balibration array center and were taken at 15-minute intervals 
from the ASR on-line output. Notice that at this first open loop at­
tempt, the total horizontal track error was less than 2 mr and the 
vertical track error was 2.7 mr worse case over a full day's interval. 
All hardware was operational with the exception of initialization 
electronics. 

The cause for vertical drift errors for the South site were determined 
to be the same as for each of the heliostats - outer actuator scale 
factor differences (see Page 7-97 ) . . The linear actuators had a 
theoretical effectivQ linear gear raLlu of 0.01185 inch/motor revolu­
tion (i.e., single DCU command). Measured values were 0.70 percent 
less than derived values. Therefore, the operational program's pre­
dicted value of total outer axis gimbal angle is greater than the 
actual angle after 2000 to 4000 pulses, and the Sun's redirected image 
drifts upward after solar noon. This vertical error source also 
obvi·ously couples into the horizontal track. 

Another error source, for which software compensates (see Pages 7-147 
and 7-149) results from the fact that the center line of the outer 
axis pivot is 5.4197 degrees off perpendicular with the radial vector 
from target to heliostat. 

After compensation for these errors, the South site remained within 
1.3 mr total track accuracy. Test time on the South site was limited 
for the following r~asons: 

1~ Initial success in accurate tracking. 

2. Moving the calibration array East 10 November 1976. 

3. Removing and reworking of the inner drive gea.r·box because of 
excessive lash 

4. Using one of the South site actuators temporarily on the East 
site while returning the binding actuator to vendor for rework. 

North Site Experimental Model 
Starting 26 October 1976, except for a brief special purpose imagery 
test on 17 DecemRer the calibration array was never faced North while 
the North experimental model was operational. Most of the engineering 
model testing was from near adjacent Northern azimuth locations. 

Therefo;re, thP. Nnrth experimental muut:!l was never put into the closed 
loop calibration mode. 
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The target area was a spot only 36 feet in elevation (elevation angle 
= 4.27 degrees) at the center of the North side of Building.E-2. 
Visual observation of the image, after determining the average outer 
axis scale factor 6 December 1976, (0.01811 inch/command) showed the 
day long (1500-1945) tracking error to be: · · 

Horizontal +0.5 foot drift (1.05 mr) 

Vertical ±1.3 feet variation (2.7 mr). 

The majority of the drift occurs at the last 15 minutes of track when 
the outer axis is at -72 degrees to -74 degrees angle, which is the 
point when scaling errors have the largest degrading influence. For 
the pilot plant field layout, this outer axis tracking envelope will 
not be required during hours of useful solar insolation because of 
the taller tower. The most Northern heliostat site location will·be 
at a line of sight angle of 18 degrees. 

The outer axis was off-orthogonal to the radial target vec~or uy 
-.3.7461 degrees, for whic:h software cornpensatecl. Considering the 
success from the Engineering Model and other sites and the limited 
time available,with the only one calibration array, there was no at­
~empt to further improve the tracking performance by necessary cali­
brations. Because of inclement weather and test equipment down time, 
the last recorded tracking from the North site was completed 
9'December 1976. 

East Site Experimental Model 
The East site became operational 5 November 1976 but the first time 
weather and equipment permitted a full day of closed loop calibration 
was 23 November. 

Azimuth to target= 268.117 degrees 

Radial vector n.onorthut:Juua.lity to 01\. - +4. 2101 CIP.grees 
) 

Target height from OA height = 51.9 feet 

Outer axis £~01P factor = 0.01180 inch/increment. 

The technique used in calibrating a system via the closed loop mu~e of 
tracking is demonstrate~ by the following sequence: 

1. To.ble 7 "11 ehowso ;:m Approximate 15-minute interval of the 
computec'l pseudo target height and azimuth a tew minute~ d.fler 
entering the calibration m6de·un 2J November. The p~~udo tar­
get parameters are those that would have to exist if the Sun 
vector - mirror normal geometry were <IS detf~naincd by c<~l cul <l­

tod cyimbal angle~ based on commands (incremental counts) issued 
by the comput~r. Notice that the total height vari~tion was 
greater than 25 feet, rapidly increa~ing as tho Sun declined in 
elevation, which implies some sort of constant off-set having 
the greatest impact at the shorter actuator screw lengths. The 
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Table 7-14. 23 November 1976 Close Loop Track Data 

DCU Computed Computed 
0/\ Target Height Az.i.muth 

GMT 1\ngle Height Change (D~ __ )-

1530 51.35 268.03 

1600 -43.7 50.33 -1.02 268.17 

1615 -45.42 49.79 -0.54 268.23 

1630 -47.17 48.96 -0.83 268.40 
1645 -48.94 48.58 -0.38 268.45 
1700 -50.66 "48.72 +0 .14· 268.49 

1715 -52.39 49.48 +0.76 26fJ.46 
1730 . -54.14 50.19 +0.71 268.39 

1745 -55.86 50.54 +0.35 268.51 

1800 -57.56 50.27 -0.27 268.60 

1815 -59.27 51.28 +1.01 268.55 

1831 -61.04 52.24 "+0.96 268.57 

1845 -62.62 53.51 +1.27 268.54 

1900 -64.24 54.96 +1.45 268.60 

1915 -65.87 56.65 +1.69 268.63 

1930 -67.50 58.73 +2.18 268.66 

1945 -69.05 61.63 +2.90 268.54 

2000 -70.62 64.91 +3.28 268.53 

2016 -72.20 69.51 +3.60 268.52 

2030 -73.56 74.74 +5.23 268.60 
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reference screw length (set a·t 0 degree outer angle deflection, 
or initialization) being used by the program was the nomin..al 
52.44 inches. The azimuth varied by 11 milliradiaps. 

2. The actual actuator screw lengths were measured at initial{z~~iop 
to be 51.687 inches. Using this value on 24 November, Table 7-15 
reflects a great improvement. Less than five feet (6 mr) total 
drift resulted in required target height and a total azimuth 
varlctll0n of 2.7 mr. · 

. . .. 
3. The next available time that closed loop track could be entered 

by the East site was 7 December. No improvement resulted, lead­
ing to additional investigations. On 9 December it was found 
that ~h~re wa$ a survey error in distance to the target. Pie­
vious survey data indicated 808 feet to the tctLget when, in fact, 
the measured ground distance was 852 feet. 

4. Using the corrected base parameter ~nd a ehang~d av~~dye r~fcr­
et'l.ce lt!flq th of 51.7 5 inches, .:'I t.otal eJ;ror in vertical of 1. 5 mr 
was obtained and 0. 5 mr in azimuth tL·a.cking. 

As with each of the sites, additional time is needed under an extended 
test effort to further evaluate all error sources fdr "fine tun~pg"~ 
With the limited testing so far, the combined tracking error is within 
the total error budget of 2 mr-- excluding possible worse case wi.nd 
deflections. 

Toe-In Strategy 
One complication inherent in Honeywell's four separate facet tilt-tilt 
heliostat concept (which is not a factor in single facet concepts)_, is 
the relative adjustment between the mirror modules within one hello­
stat t.hat must be made due to their linear displacement. See Figure 
7-76 for .=r representation. For each site, Lhe two outer ·mirror mnn­
ules w111 be pres~L inward (ao) at an ~nglA different than the inner 
two mirror module toe-i~ angle (ai) such that the four individual 
modules will create an overlapped image at the target. 

At certain times of the day for any one fix~d setting, image disper­
sion wi.ll occur-- particularly from East, West, and South field helio­
stats early in the morning and late in the t!Vening. Honeywell's 
Energy Resources Center has the responsibility for establishing (from 
maximizing the to.tal redirected energy on a yearly basis) the overall 
toe-in strategy for each heliostat in the field. Initially, they have 
found t.hat a toe-in for all heliostats based on 21 March, solar noon 
delivers the best total energy flux over a yearly average basis. This 
is subject to change with additional investigation. 

Ilowever, the Avionics Divsion test effort did support ERC by confirm­
ing that the theoretical toe-in angles generated by their Ray Tr~acc 
Progrom were accurate. F'or our three experimental model sites, ERC's 
program determined the following toe-in angles. 
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Table 7-15. 24 November 1976 Close Loop Track Data 

DCU Computecl Computed 
OA Target Height Azimuth 

._.GMT .'f ... .. J. Angle Height Chan9:e (Deg) 

. ,.1645 
.. 

-49.06 52.63 267.86 

1 "ioo -50.78 53.15 +0.52 267.86 

.1.715 .. -52.54 52.38 -0.77 267.86 . . ! 

.. , 
Sun peak elevatior, at 1720 

],7.3"0 
.. ; 

-:54.28 52.49 +0.11 267.85 
\. 

1745 -56.01 .... : 52.16 -0.33 267.92 

.1800 -57.73 51.64 -0.52 2G7.94 

1815 -59.46 51.82 +0.18 267.92 

1830 -61.17 51.22 -0.60 267.94 

1845 ,-62.89 51.09 -0.13 267.97 

1900 -64.60 50.70 -0.39 267.96 

1915 -66.28 50.56 -0.14 267.99 

1930 -::-67.99 49.86 -0.70 267.96 
·•· 

\ 
1945 . -69·. 67 49.59 -0.27 267.99 

2000. -71.34 48.98 -0.61 268.02 

2015 .. -73.05 . 48.26 -0.72 268.02 

2030 -74.67 48.30 +0.04 268.00 
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Figure 7-76. Mirror Module ·roe-In Angle Repn:::sent.ation 
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Outside MM 

±1.61 degrees 

±1.11 degrees 

±1.18 degrees 

Inside MM 

±0.54 degree 

±0.37 degree 

±0.39 degree 

These angles compared within ±0.08 degree qf the actual toe-in angles 
we found to give the best overall image on a daily time averaged basis. 

The total width of scatter was also confirmed at other than the opti­
mum time of day. For instance, per Ray Trace Program, 18 November 1976 
at 1000 local time when toe-in was set for 1400 local solar time, the 
two outer facet centroids would be ±7.04 feet horizontal separation 
from'thecenter of target. Our measurements on this day confirmed the 
validity of the program. · 

The output of the program, for pilot plant applications, will be ~ com­
puterized listing of the prP~~Qt angle~ for ~ach heliostat in the field 
Lu be used when assembling the heliostats. 

The range of outer mirror module toe-in angles is determined by mini­
mum and maximum LOS distance to the target. Minimum range is 50M 
(165 feet) and maximum is 404.5M (1330 feet). 

Using a target height of 131M (430 feet) 

tan 
-l 25' 1.55 degrees a 0 max = 

2/165'.2 + 
= 

4302 

min 
. -1 25' 0.51 degrees ao = tan = 

2/4302 + 13302 
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Initialization 
Obtaining a repeatable, known, initialization start point from which 
to begin slew to the target is absolutely essential for an open loop 
track system with a 2 mr total tracking accuracy requirement. An in­
ternal goal of ±40 arc-sec (0.24 mr) accuracy and repeatability was 
established. No mechanical switch or physical locator could be found 
which would give the throw-switch precision needed. This led to design­
ing the present detector scheme described in Paragraph A.4.3 and shown 
in Figure 3-24. One disk is mounted on the spur gear mirror module 
shaft of the inner axis and one assembly on each of the outer axis 
shafts. Two opposite pairs of photodetectors are mounted to the frame 
about each disk. The first initialization assembly was available for 
test on an experimental model 25 October 1976. 

Initial testing showed that the inertia of the moving inner or outer 
axis would cause the frame or mirror modules to pass the detection 
point and then be forced to reenter the initialization zone from the 
opposit~ direction. Often, oscillation of the inner drive occurred, 
and sometimes the outer drive. Opening the ~ngular difference (band­
width) between ±e caused too great of a final uncertainty. To cor~ 
rect this problem, the heliostat electronics was modified to sense 
approaching the initialization zone and then to stop the open loop 
slew rate and issue one pulse at a time to "hie-up'' the outer or· 
inner gimbal slowly into the range where both photocells trigger the 
same phase. ·This scheme was successful; however, two other design 
deficiencies became apparent: 

l. After about two weeks, the performance of the optical pairs 
became unreliable due to expo!;ure to the environment. With the 
heavy nightly dew, high humidity and air pollutants, the optical 
pair windows became dirty and the LED light would not penetrate. 
Temporarily, a housing was built to help protect the assembly 
from direct dirty water contact. See Figure·3-24. 

2. The optical pairs were each mounted on a metal bracket and then 
further secured with epoxy cement. Small adjustments caused the 
assembly to loosen, and the metal brackets tended to flex and 
bend causinq !;light relative physical location change between 
the two opposing optical pairs. 

The net result of the above two problems was (a) a complet'-! new re­
design using Lhe ~arne basiC' n~tector concept, and (b) having to wideri 
the dead zone by ±300 arc-seconds temporarily. 

The new design, which has not yet been built, will consist of photo­
detectors firmly mounted on plates which can be adjusted by turn screws 
external to the completely sealed environmental enclosure. 

For test purposes, with the widened bandwidth, initialization was 
accomplished by always approaching from the same direction and perform­
ing two tests: (a) precisely measuring the repeatability of final 
stoppage of the inner or outer drives with attached precision levels 
(0.5 arc-second per division resolution),and (b) commanding Mode 2 (< 
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Loop Track) after initialization was accomplished and observing how 
close the redirected image would stop to the same point on the calibra­
tion array. 

When initi~~ization was entered from a consistent direction, ~he aver­
age repeatability over 10 ruris over two different sites was ±35 arc­
seconds. One reading was 55 arc-seconds different. The magnitude of 
the slew (total angle traveled before reaching the initialization stop 
point) had no effect on the accuracy of initialization detection. 

As is mentioned in the calibration subsection, over a weekly per-
iod, the redirected image consistently fell within one foot of the 
same point when open loop track was commanded after initialization was 
reached. To obtain a common denominator and eliminate other possible 
tracking error sources, these tests were made approximately the same 
time of day (~1530 GMT) • 

The SRE test effort has demonstrated the workability of this initial­
ization design approach; however, additional effort is needed with the 
redesigned configuration to bracket conclusively its ultimate perform­
ance and long term performance characteristics. 
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Calibration of Heliostat Parameters 
The collector subsystem SRE test program has shown 
tion philosophy can be broken into two groupings: 
periodic. 

Initial Calibration 

that the calibra­
initial and 

This phase is partly interwoven with the correct assembly sequence. 
The procedure is as follows: 

1. The foundations are poured at surveyed sites. 

2. After pouring and mounting the posts, the following precisely 
snr.veyed data must be obtained within 10 arc-seconds: 

a. Azimuth of center between slabs to designated primary and 
ser.onnary t~~qets and distance to the base of the target. 

b. Azimuth of center lin~ between outer axis pillow bloc~s. 
This provides a referenue angle ~o daterminA how taL off 
normal the OA is to a radial vector from the heliostat to 
the target. 

c. The height of the heliostat's primary target and secondar~ 
target must be determin~d with respect to the elevation 
along the heliostat ou~er axis. 

3. After mounting the frame, the actuator's pivot points are set 
to a prescribed orientation via a special purpose tooling 
templat.P.. Frame level is determiped by this tool also by 
extendi.ng the actuator 52.44 ~0.010 inch such that all three 
pivot points are within known referenue fJ:om caoh othr:>r at 
0.0 deqree horizontal position, 

4. The mirrors .:=tr.e then mounted, leveled, and toed-in wil;:.h 
special purpose tooling with the frame at 0 uegree angle. 

5. Each actuator scale factor is determined from actual gimb~l 
travel to the nearest ±0.000005 inch per motor revolution 
ao avQra~e~ over a lonq slew uslny the holio~t~t Alectronics. 

6. Concerning the latitude and longitude of the center of the 
field, since the pilot plant field is less than 520 meters 
across any length; one cent~al plant geodetic coordinate 
applicable to the whole field will induce no error great.P.r. 
than 8.5 arc-secunc.is (0.04 mr). For n commerci('ll plant, 
several different geodetic groupings may be advisable. 

Each of the above parameters ar~-stored as unique per heliostat and 
should not need to be redetermined; Some trade-offs still must be 
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made. For instance, for pilot plant operations, would it be better 
to relax tolerances on foundation-- post mount installation and then 
later perform a survey and have software compensate for the inherent 
errors at increased computation time, or should tight tolerances be 
maintained during site assembly? 

Periodic Calibrations 
A per1od1c cal1brat1on will be required to remove long term, trending 
errors such as foundation shifts, initialization mount shifts, elec­
tronic aging, consistent wind direction, longer term (week) thermally 
induced rotations, etc. Honeywell's concept is to command a slew 
over to a calibration array. The distance of the image from the 
center of the array is assumed to be an offset that has occurred 
since the last calibration time. An angular change in height adjust­
ment and azimuth adjustment can be made to the primary target and 
secondary target based upon the offset distance determined from the 
calibration array. 

Update data can he mr~ intaincd for ead1 lu::!liostat, and if over a period 
of time a given heliostat is requiring an excessive correction factor, 
special in.vestigations can be made or site recalibration performed. 

The SRE experience so far shows that a periodic interval of one 
week or longer would be adequate. From the East, North sites, slew· 
to target after correctly initializing resulted in the redirected 
beam stopping within one foot (measurable accuracy) of the same spot 
near the same time of day. These repetitions were carried out over 
weekly time spans. 

After the redesigned initialization mechanization is.incorporated, 
it is felt that this performance can be maintained over even a longer 
interval. However, only long term testing can absolutely confirm 
the actual maximum calibration interval required. It should be noted 
that this interval will be site dependent due to soil diff~rences, 
seismic activity, average wind direction and magnitude, etc. 

Operational Slew Rates 
There are three slew rates that are of interest: 

1. ~arget Track Rate. This r~te is 1/2 the Sun's travel rate and 
requires no more than 5 to 7 incremen~al commands per minute. 
The only consideration here is the basic resolution which is 
nominally about 80 arc-seconds per inner or outer axis command. 

2. Emergency Defocus. The requirement exists t6 travel 
in 12 seconds or 0.3 degree per second to p6int at a 
target for system safing. As can be seen from Page 
the outer axis alone under certain gimbal angles and 
loads could possibly not provide p.3 degree/second. 

3 degrees 
secondary 
7-83, 
heavy wind 
However, 
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the inner axis rate is nominally 0.6 degree/second and is under 
15 to 20 mph loads dropped to a low of 0.45 degree/second. There­
fore, with a combination of inner and outer axis travel, a least 
rate of 0.5 degree/second is expected. From pilot or commercial 
plant systems considerations, there is no reason why the emer­
gency defocus point for each heliostat cannot be selected to 
take advantage of a combined inner and outer gimbal rotation 
vector. 

3. Stow Orientation. From any heliostat gimbal orientation, the 
requirement ~:xist!l to be abla to rP.r.tr.h a sa.fe, or stowed, ori­
entation within 15 minutes. For the tilt-tilt heliostat stow 
position, the mirror surfaces are face down (180 degrees from 
initialization) and outer axis level is at 0 degree (same as 
initialization position) . 

Normally, a full 360 degree inner axis slew can be made i11 10 minutes; 
therefore, a 180 degree maximum slew requirement can be met in about' 
5 u~nuLe!S. If the worsP ~ase outer axis angle of -75 degrees is 
assumed along with a slower average rate of 0.25 degree;'secuud, the 
0 degree stow position can also be reached in 5 minutes. 

There is some question as to the maximum time stowing would take 
under worse case wind loading. The heliostat was designed to meet 
all requirements at 13.5 M/S (30 mph), but as discussed on Page 
no sustained testing under this condition has been done. With the 
new requirement of a 50 mph gust, the movement may temporarily halt, 
assuming no catastrophic·failure, but will continue after the gust. 
Actual total moments induced under 30 and 50 mph w'inds are unclear 
with the complex heliostat design, turbulence, and field effects on 
the inner and·outer drivers. Therefore, wind tunnel tests will be 
performed in the future. 

From our .test results to date, it has been determined that, with Lhe 
spare time (10 minutes), from worse case orientations and the veering 
nature an~ gusting nature of winds, there is no r.eason to believe 
that the 15 minutes stow time cannot comfortably be met .. 

Control Software Update 
The bas.eline software con.trol program was presented during the Detail 
Design Review, 18 May 1976. ·Since that time, several block changes 
have been made as dictated during the SRE test program to obtain addi­
tional information and improye·performance. ·Appendix E provides a 
listing of the latest program. 

Most significant changes s'ince DDR ·include the following: 

• Correction of·outer axis slew commands. 

• Change of command issuance from once·per second to once per 
2 second~. , 

,\ 
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• Reapportioning to subroutine blocks and common memory, elements 
of parameter storage to improve program operation dependability. 

• Modification of refraction correction 

• . Incorporation of on-line magnetic tape drive mechanics capa­
bility (position, write end of ·file, etc.). 

• Providing operator capability ·to change, from the ASR-35~· 
individual heliostat drive scale factors and actuator pivot 
set points. 

• Providing the capability to reinitialize GMT without starting 
program over. 

• Incorporating the additional initialization mode (Mode 6). 

• Calculating the ratio of pyroheliometer to photocell readings 
and calculating total rP~irected energy to udlibraeion arra~. 

• Giving ·operator the option to negate data dump to magnetic tape. 

• Establishing a criteria based on total redirected energy to 
enter the·calibration mode or not. 

• Incorporating the capability to correct for the heliostat 
outer axis being nonperpendicular to the target radial vector. 

• Masking the possibility of extraneous, non~sed program inter­
rupts occurring. · 

• Reducing round off error in accumulative gimbal angle calcu~ 
lations ·by using integer arithmetic based on number of com­
mands issued. 

• Pro~id{ng; ·tinder oper~tor·control, the following on-line ASR 
printouts:.· · 

a. All weather channels and background sensor channels. 

u. Actual.target height and azimuth used when going to 
calibrate mode. 

c. Angle ccsine·e:f:fect·associated with each heliostat. 

d. Energy red~li~~red to catibration array. 

a. Full printo~f.of th~ 224 calibration array elements 
without halting •tracking program. 
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Other capabilities such as operator control of heliostat modes have 
not been changed. Assembly language is still incorporated in-line 
with the FORTRAN program where required. 

For pilot plant applications, three major changes must be made to 
the heliostat control program: 

1. Reduce all of the nonessential I/O and operator control func­
tions. For the research experimental program, this function 
occupied most of the available DCU operational time. 

2. Incorporate all control, safing, and plant performance moni­
toring functions. This report does not attempt to address 
suggested approaches to computer control and partitioning for 
optimum pilot plant or commercial plant operations.· 

3. Incorporate a larger number of heliostats in the control 
program. 

Using the existing prog:cam, a limited numbe.t: or time rune were ma.de. 
Since the program is written mostly in a higher order language, 

. FORTRAN, it is .inefficient compared to coding the same functions 
in assembly or machine language. Also, the DDP 516 is relatively 
slow (0.96 vs cycle .time). Using an internal timer.which records 
only the central processor time, times needed to perform one sun 
vector calculation, all calculations to have a heliostat track using 
each of the variable parameters discussed throughout the report, · 
and to issue the separate commands were obtained. Within one second, 
approximately 360 heliostats could be serviced if nonindexed: ~sub­
scripted) parameters were used and 350 heliostats if subscrip~ed 
variables, per heliostat, were used. 

This indicates t_hat a penalty of 100 vs per heliostat may be associ­
~ted with indexing variables. In all data there is a quantization 
error of .S 1/60 second. 

This data is not strong evidence of total capacity of ·a pilot plant 
computational facility because of th~ higher orde~ lang~age used, 
machine peculiar capabilities; and slow basic processor 'time for 
the DDP 516. However, it does provide a lower limit as to the 
number of heliostats that one dedicated central processor can service, 
assuming the I/O bus has the interface capacity. 
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ENVIRONMENTAL TESTING 
Environmental test data is relatively limited, partly due to inclement 
weather. There has been an abnormal amount of rain and cloudiness 
for this area and time of year. The Tampa, Florida, National Weather 
Station offered the following percentages, which should be approxi­
mately the same for this location since we are only 20 miles away. 

Month Average Days Days Days 
Month % Cloudiness 100% 90% 80% 
(1976) (Da;'[light Hours) Cloudy Cloudy Cloud:[ 

October 60% 4 6 2 

November 79% 12 4 5 

December 70% 12 4 1 

Wind --
Background Discussion 
;l'he ~ni tial intention of the Collector Subsystem SRE test program 
was to confirm prqper operation under actual wind loading of 13.5 
M/S (30 mph), but: the desired combination of sunshine, operating 
instrumentatio~ and strong winds during available man hours never 
completely m~terialized. 

W~nd l~ading is by far the largest cost driver regarding stiffness· 
to operate '(track with 2 mr accuracy) under 30 mph winds and ·strength 
to remain· undamaged under survivability wind loads. Recently, the 
wind specifications have been altered to include surviving a 22.3 M/S 
(50 mph)_ wind gust under any operational gimbal orientation and 
surviving a 40 M/S (90 mph) wind at 10 degree angle of attack'·while 
the helib~tat is in a stowed condition. 

~tress_ ~oading on the inner driv~ spur gear, other dr~ve components, 
and mirror modu'le shafts' along with column ·and side loads on the 
linear· a~tu~i6r sh~fts due to wind loadin~, are of·piimaiy cbricein. 
The act:uaL aerodynamic !JlOments induced into the system are uncertain 
becaus~ of the lciw pr6file of our helioRtat·, the ~round effects, · 
turbulence· and vortex shedding· effects cause·d by the _shadowing of 
one mirror module to the other and even one heliostat to the next 
within the field. To insure obtaining realistic aerodynamic moments 
and loads under the required envelope of wind/heliostat gimbal con­
figurations, a proposal has been submitted for wind tunnel scale 
heliostat model and field'model testing. 

A comprehensive structural analysis report was prepared. It included 
static loading inputs for 30 mph winds and dynamic loading where the 
input frequencies (gusts) were tailored to the first four primary har­
monic frequencies determined from the STARDYNE structural analysis pro~ 
gram. It is of primary interest that four of the first nine natural 
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frequencies predicted by the program involved mirror module rotations 
(2.7, 4.6, 4.9, 6.2 cps). Under the analysis no yield stresses were 
reached. 

Results to Date 
W~th 25 to 30 mph gusting winds blowing end-on the East Heliostat, 
at a resultant mirror module angle of attack near theoretical worse 
case induced moments (flat plate theory ~ 22 degree a), and the 
outer axis at -70 degrees, the redirected image oscillated about a 
steady track centroid to a peak excursion of 2.5 feet maximum (2.9 
mr). However, the net average on RMS centroid position was much less. 

Again with the OA ~ -40 degrees, the IA at +45 degrees and end-on 
winds, and winds at 20 to 25 mph, the worse case excursions were 
±1 foot. The North site has never exhibited observed horizontal 
deflections of greater than ±0.75 (1.6 mr). Vertical oscillation 
extremes of greater than ±0.5 foot (0.6 mr) from the East site or 
±0.25 foot (0.51 mr) from the North site have never been observed 
under the same wind loading conditions. 

Monitor inCJ in hoard miL'L'UL' module oscillations, fref]nP.ncies of 2 to 
4 Hz have been observed at the outer tip of the modules. This order 
of magnitude compares favorably with the structural analysis output. 

A special purpose program was developed tu.merely read and record 
on magnetic tape the 240 channels of array ahd weather data at a 
rate of once every two second~. Using this approach, the heliostat 
is not tracking. The image can be placed manually at one edge of 
the calibration array, and due to the Sun's movement, the image will 
cross to the other edge. During post-analysis, the trend can be 
removed (i.e., movement due to sun movement) via a least squares fit 
and the residuals about the fit correlated with wind characteristics. 
Figure 7-77 shows such data during wind velocity variations of 8 to 
11 M/S. Notice that the maximum extremes are approximately ±1.1 feet. 

The absolute magnitude ur Lhe gusts arc greater thAn th~t which is 
obtained because ot the 15-secuml Lime con:Jtant filt~W:r5nCJ nr.t.ion of 
the aneometer wind data channel. There is some smoothing of the 
centroid data also because the sample time to read all 240 channels 
is 0.4 second. 

From a pilot plant systems approach, the wind load effect upon the 
receiver must be statistically treated (with respect to wind loads 
while operational) against: 

a. Actual thermal time constant of the receiver 

b. Duration of wind gust, or steady state wind 

c. Combined effect of all the heliostats and their corresponding 
beam redirection. 

During the night of 12 August, the Engineering Model heliostat while 
stowed was exposed to severe winds; the magnitude is unknown. A 
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tornado, or tornado fringe, passed thro~gh the area. Referring to 
the aerial photograph of Figure 7-2, the heliostat is approximately 
160 feet from the present North site location to the North and West. 
At the North 'site (SE of the EM site) the wind tower blew over causing 
damage to the instrumentation. Although it was supported at the base 
with sandbags, a calculated wind of 42 mph or greater would have 
blown it over. 

At point A (810 feet South of the EM) the metal side-roof flashing 
was torn from the SE corner of Plant 2. 

At point B (1,100 feet West of the EM), a nine inch diameter tree was 
uprooted. 

At point C (760 feet South of the EM), a camper trailer was literally 
shredded to pieces and street signs bent arouJ~ their poets. 

Atop Building F-~ (620 fe~t South of ~he EM) , two nf the calibration 
array support I~beams were twisted about ~U degree~. 

No damage was sustained by the Engineering Model. 

Redirected Energy Measurement 

Background 
It is necessary to have an understanding of technical data relative to 
measurement techniques and calibration methods before discussing the 
energy balance between expected and measured values. Photocells 
mounted on the calibration array are used to measure the redirected 
energy. Three sensors that covered various portions of the solar 
spectrum were considered for use in the calibration.array. A sum­
mary of the performance and cost of each is presented in Figure 7-78. 
It should be noted that cost of the unit with adequate bandwidth is 
prohibitive for large number use. The original 294 TIL 199 photocells 
were measured on a clear sunny day. Data from that measurement was 
presented at the Man::h 1976 Quarterly Review Csee -':['able 7-16). 
Measurements were made using an artificial incandescent light from a 
collimated source to further characterize these parts. Figure 7-79 
shows the effects of.·off axis incident radiation as a function of 
normalized output voltage. Figure 7· .. ·80 shows the same data for output 
as a function of input angle using the sun as a light source on one 
sensor assembly. 

Energy calculations made initially did not account for this very 
obvious departure from a cosine curve. This and other effects 
resulted in large differences between expected and measured energy 
levels. In subsequent tests, this factor was taken into account 
and results agree with expectations. 
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Table 7-16. TIL99 Phototransistor Gain Calibration 

Quantity - 294 

Light Source - Sun 

Date - 27 February 1976 

Reference Sample Data (10:30 AM to 12:15 PM) 

No. 1 

No. 2 

±2.6 percent (Includes variation of insolation) 

+1.2 percent (Includes variation of insolation) 

No. 3 · :!::2.2 percent (Includes variation of insolation) 

Calibration Accuracy - ±5 percent 

The performance of the calibration array itself is a factor in energy 
balance. Figure 7-81 is a sample printout showing several sensor/ 
amplifier units with low:output when· the entire calibration array was 
facing the sun. These low outputs were caused by bad sen~ur amplifier 
assemblies. Repair of these eliminated the substantial low output 
error and has provided satisfactory performance. 

Other improvements included: eliminating an extraneous strip chart 
recorder which was introducing small voltage errors, and improving 
accuracy of hardware scale factors used to convert energy measurements. 
This was confirmed by concurrent measurement between the array and the 
normal incidence pyrheliometer. 

An improved measurement and calibration was incorporated into the data 
collection scheme on 9 December 1976 to automatically calculate the 
redirected energy. Sim.:t! the TIL199 photocell9 rcopond to only the. 
0.5~ to 1.1~ portion of the solar spectrum, energy absorption due to 
moisture, carbon dioxide, etc., will have a different and varying 
effect upon the energy as sensed by the photocell. The energy sensed 
by an instrument sensitive to the total solar spectrum ·in ·the wave­
length of 0.28~ to 2.8~ may be used to continuously calibrate the data 
sensed by the other photocells. Silicon photocells sense 0.5 to 1.1 
microns compared to 0.28 to 2.8 microns for the pyrheliometer (see 
Figure 7-78). A patent application was made and submitted (File No. 
1006987-US) on a calibration system that provides continuing correction 
of this parameter to yield accurate total energy data to be obtained 
using a large number·of the less expensive photocells calibrated uy a 
single Eppley tracking pyrheliometer. Changes to the atmospheric mois­
ture contents and the appearanc~ of thin cirrus clouds create changes 
to the ratio of the tracking photocell output and tracking pyrheliometer 
output (see Table 7-17). Figure 7-82 shows a photograph of the two 
tracking sensors. The field of view of each is 5.7 degrees. The 
readings of the calibration array photocells have this ratio applied 
for each minute of sampling. This output is then converted to absolute 
energy (watts) by multiplying by the output of the calibrated pyrheli­
ometer and the area of the calibration array (20.82M2) to obtain the 
total redirected energy. The on-line program was modified to perform 
this function and, optionally, print the result on the teletype. 
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Table 7-17. Typical Time History of Photocell/ 
Pyrheliometer Comparison 

17 December 1976 

Ratio of Pyroheliometer 
Time (GMT) to Tracking Photocell 

1445 0.769 
1500 O.'l/4 

1515 0 .. 817 

1530 0.835 

1545 0.848 

1600 0.858 

1615 u.~b/ 

1630 0.868 

1645 0.840 

1700 0.828 

1715 0.825 

1725 Solar Noon 

1730 0.822 

1745 0.810 

1800 0.805 

1815 0.782 

1830 0.792 

' . 
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The following actions were taken and adjustments made since the December 
17, 1976 results were documented. 

1. The tracking photocell was changed and its output was accurately 
calibrated against the average array photocell output for the same 
insolation input-

2. Low output photocells were replaced. 

3. The array was calibrated with respect to the pyrheliometer by facing 
the array into the sun parallel to the pyrheliometer line of sight. 

4. It was determined that the off normal incident response of photo­
cells does not follow a true cosine curve with respect to incident 
angle and this effect was accounted for in data reduction. 

5. The pyrheliometer multiplexer cha~nel was recalibrated. The scdl8 
factor changed from 5.655 watt m- /bit to 5.594 watt m-2/bi t and 
the bias shifted from 87.2 watt m-2 to 59.7 watt m- 2 • 

6. A calibration test run was made by pointing the array at the sun 
after necessary electronics and array repairs were made. The data 
follows: 

• 
• 
• 
• 

March 21, 1977 - 1816 hours 

Insolation = 960.3 watt m- 2 

Energy expected = 19071 watts 

Energy determined 19077 watts (from r.nlibration array) 

7. The residual background readout from the array with no redirected 
insolat1on applied must be compensated fuL·. FlyQre 7-BJ shows a 
typical readout of a summation across the dLray equaling 200 bits. 
On a clear day w1th background suppression circuits u~eLdlluy, 
these residuals vary from 198 to 208. These small levels are 
subtracted from the redirected insolation value to assure that only 
redirected enerqy is measured and residual background is not 
included. 

With these improvements, much better agreement was obtained between 
expected and measured energy levels. The net result is exceptionally 
good correlation between measured and expected energy levels of the 
UL~eL uf 1 ~ercent. 

All energy calculations can easily be made on or off line by computer 
processing of the calibration array data. This can be done concurrent 
with centroid computation. The energy (on-axis to the calibration 
array) computation should be made using the following algorithm. 
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Area of Array x Scale Factor x DNI 

(in meters
2

) (No. units) (watts;m2 ) 

Cal Array summation - residual background· 
X . - 224 -

X 

(No. units)-

1 
Tracking Photocell Reading 

(No. units) 

20.82~l x 8 . 43 x DNI X (Cal Sum - Residual) = 224 
1 x - Energy In~icatcd Tracking Photocell 

. . . . 

One additional known correction must be made to the energy calculation 
from this algorithm, this being compensating for the angular difference 
between normal to the photocell and actual incident angle, i.e.: · 

Energy Incident = Energy Indicated 
Cosine of beam incidence 
angle of array normal 

If the angle is large, the additional corrections noted by Figures 7-79 
and 7-80 must be made. 

This angle (composite of both off-azimuth and off-vertical) for each 
heliostat will be accurately known from the site geometry and array 
orientation for any heliostat site in the pilot plant field. A reading 
to record the background residual can be obtained and used for the sub­
sequent calculation before directing a heliostat to focus energy on the 
calibration array. 

On March 29, a single mirror module (9.3 m2 ) was tested at distances of 
80.8m (265 feet) (line of sight) up to 323.5m (1061 feet). The digital 
sum for the calibration array for each site was used within the algo­
rithm previously discussed. 

Figures 7-84 through 7-88 show a bar chart for each site giving the 
reduction from the theoretical insolation input across 9.3m2 due to 

• Cosine effect across the mirror module 

• 88 percent reflectivity 

• Model atmospheric losses. The day was at 49 percent relative 
humidity. 

Each chart also shows the energy computed from the calibration array 
and the percent difference. There was no shadowing or blocking effects. 
Table 7-18 present~ the results. 
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ENERGY LOSSES 
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= 0.5% DIFFERENCE 

Figure 7-87. Energy Losses 
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ENERGY LOSSES 
LINE OF SIGHT= 323.5M (1061) FT 
SINGLE MIRROR MODULE (9.3 M2) 
29 MARCH 1977, TOO= 2009 HRS 

COSINE LOSS 
(0. 892) 

INSOLATION= 803.7 WATT/M2 

6667 

REFLF~TIVITY LOSS 
(0.88) 

5867 

ATMOSPHERIC LOSS 
(0.862) 

~ 5057 EXPECTED ENERGY 

/ . 

1 

CALIBRAriON ARRAY 
MEASURED 4994 WATTS 
= 1.2% DIFFERENCE· 

Figure 7-88. Energy Losses 
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Table 7-18. Energy Balance Comparison 

Expected Measured Percent 
Ref Site Energy Energy Diff + 
Fig:ure (Meters) (Watts) Watts Is Greater Remarks 

Xl. 80.8 5864 5938 +1.3 One Hirror Module 

X?. 144 5556 5551 -0.8 One Mirror Module 

X3 220 5385 5395 +0.2 One Mirrnr ModlJle 

X4 269 5232 5256 +0.5 One Mirror Module 

X5 323.5 5057 4994 '-1. 2 One Mirror Module 

HH 148 22816 22716 -0.43 North Heliostat 

On 7 April 1977, 1944 hours, the nu.t·Lh :site 'iii.J.s direct.P.d ont() Lhe arru.y 
with the results shown at the bottom of Table 7-18. 

The energy losses due to atmospheric attenuation were assumed to follow 
ERC mathematical model of atmospheric attenuation effects of.water 
vapor (55 percent RH), C02 and turbidity. (See Figure 7-89.) 

20 

1- 10 :z 
1.1.1 
c:..:l 
a: 
w 
A. 

0 
0 500 1 uuu 

0477-35 

SRE RESULTS BEFORE 
RECAll BRAT I ON 

ERC MODEL 
ATMOSPHERE 

1!500 
LINF OF SIGHT DISTANCE (FT) 

Figure 7-89. Percent Energy Losses Versus 
Line of Sight Distances for Humidity 55 Percent 

The-results to date, using the model atmospheric losses show excellent 
correlation between the calculated energy and the actual levels 
recorded by the calibration array._ fvlost all readings to date are 
within 1 percent. 
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Insolation Recording 
Side-by-side paper strip chart recordings of the tracking Eppley 
pyroheliometer and the Eppley global pyronometer mounted on a hori­
zontal plane were made from 19 July 1976, until the end of December. 
Time resolution was one minute per chart division, so good discrimi­
nation can be made with regard to total versus direct insolation and 
the effect of cloud activity. Approximately 6 percent of the days 
are not available due to recorder failure. 

All recorded data is available for use by interested parties. Quali­
tatively, the following lessons were learned: 

•;) 

• This area has a very high percentage of cloud ~overage.which 
would degrade the performance of a cent.:r.al solar power plant. 

• On "clear" d~ys the direct insolation normally reaches only 
850 to 875 watts/M2. This is due to a relatively high humidity 
factor. Peak intensities of 1015 watts have been obtained. 

• With the occurrence of numerous white low clouds, but yet clear, 
direct insolation available, the total insolation level can exceed 
being 90 percent greater than the direct, even near solar noon. 

• Cloud activity is exceptionally dynamic. Direct insolation 
can be reduced by 80 percent in less than 20 seconds by cloud 
edges. Pilot plant control strategies must include the hand­
ling of these thermal gradients induced by partial heliostat 
field cloud coverage. 

• It wouln be highly desirable to obtain funding to digitally 
record this side-by-side insul~Lion data aJnng with a tracking 
photot:ell for more ~xtensive off.-line data processing and 
analysis. 

Lightning 
On 10 August, a lightning strike near the Engineering Model caused 
severe damage to the electronics. ·Approximately 75 percent of all 
5 vull elements w~rP. destroyP.d due to high induced voltages. All 
thrP.e boards were reassembled with a complete complwmen~ of new 
logic elements. ~ubseq~ent to this occurrence, lightning protection 
was incorporated. Internal building circuit breakers within the 
Honeywell complex were thrown and one electronics board in the Delta 
2000 monitoring system in Building 1 was damaged due to the strike on 
Honeywell grounds which was 250 feet due edst of the hPl iostat. No 
subsequent damage has occurred since incorporatinq li.qhtn·inq proLc•cl.itm 
on each of the hcliostats. 
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Cold Weather Testing 
We do not experience freezing weather often in Pinellas County. 
However, on one oc~asion (the morning of 20 January 1977) the ambient 
night temperature dipped to 28°F. At 0730 in the morning, the tem­
perature was 33°P local and a mixture of thin ice and melting frost 
still covered exterior surfaces. There was negligible wind. Power 
measurements were made on the inner and outer drives of the North 
site under this condition. The North site had not been operated 
for 29 days. 

The inner drive power ranged relatively smoothly from 14.9 watts to 
15.5 watts. This can be compared to average powers of 12 watts on a 
wa;rmer day of 65 °F. 

The outer drive power ranged from 41.9 watts to 55 watts for Motor 
No. 3 at steep negative angles (-70 degrees) which implies torque 
requirements of 74 to 96 in.-oz. During warm weather testin~, the 
torque ranged from 45 to 54 in.-o~ Ul'ldeL· the same gimbal activity. 
Obviously, this limited data only provides a clue as to the actual 
capc?-bility of proper operation at -30°C environment. The torque load 
on the drive systems will increase as temperature decreases due to 
stiffening of the lubricants and possible shrinking of bearing inter­
faces, tie-rod joints, etc., as these results indicate. A proposal 
has been submitted to perform controlled cold climate testing on the 
different drive systems. 

ERROR BUDGET COHPARISON 
Test results were obtained are compared to the analytical error 
budge~ proposed during the DDR and in Tab~e 7-19. The wind deflec­
tion error source is the single overriding contributor, but the 
magnitude of 2.9 mr peak deflection is during gust peaking only. 

Actual long term daily tracking accuracies of 1. 5 mr ·vertical and 
0.5 mr horizontal have been obtained as the outer limit averages from 
the East site. The North site performed Aven better coitsidering the 
instn1mented calibrcttion array was never used to improve performance. 
Even under wind loadings, the redirected energy must be statistically 
averaged across a time interval because of the relatively long thermal 
time constant of the boiler compared to oscillations resulting from 
wind gusts. To date, wind data shows a standard deviation of ±0.5 to 
0.7 mr about an average track trajectory. This type of number is 
more meaningful over a field of 1680 pilot plant hPliostats than a 
single, worse r.nse, short teL·m (fraction of a second) excursion due 
to a wind gust or a worse case bending deflection attribut.ed to one 
heliostat of 1.9 mr. 



lable 7-19. E=ror Budget/Result Comparison 

NO'l'E: Some Res·.11 ts are s ti 11 Preliminary 

• Tracking Error Requirements - 2 mr ERC/ERDA Reqt:.irements 

Optical - 1 mr 

Item 

A. Independent Error 
Sources 

1. Foundation 

2. Mirror :Jot l 
to Frame 

3. OA Alig:unent 

4. Backlash 

5. Quantization 

:audgeted 
Error (3a) 

(:rtr) 

0.031 

C•. 45 about M1 

0.16 about 
•)2/0 3 

0.54 about 
I2/M2 
0.18 about 
01/Il 

0.1 about 
Ol/Il/I2/M2 

Test Results 

:mr) 

") .14 Total 
(0.018 per Weekly 
::::alibratiori) 

Not. Obtained 

Large, due to 
initial site survey 
and layout. errors 

0.60 

0.06 

0.20 

Comments 

Over two months. Temperature 
dependence inc:udeq. Actually 
0.018 mr assuming weekly 
calibration. 

No impact to p·:::>inting accuracy. 
~aken out during visual toe-
in check. 

Compensated for by software 
a:1gular computation. 

Included in total deflection. 

One half of BJ arc-seconds. 

-...J 
I .... 

-...J 
c:o 



Table 7-19. Error Budget/Result Comparison (Continued) 

Item 

A. Independent Error 
Sources (Cont'd) 

Budgeted 
Error (3a) 

6. Gear Tooth-Tooth 0.54 about 
I2/M2 
0.14 about 
01/Il 

7. Computer Error 0.34 about 
01/Il I2/M2 

8. Crank Arm Play 

9. Mirror Normal 
De£ocus 

10. Scaling for 
Ou-ter Axis 
Drive 

11. Initialization 
Repeatability 

TOTAL 

•). 21 about 
I2/M2 

0.707 about 
Ml/I2/M2 

Not Defined 
Initially 

Not Defined 
Initially 

Test Results 

Not Obtained 

0.34 

Not Obtained 

0.10 mr 

6. 41 mr about 
0 1 /M1 reduced 
to 0.1 mr 

0. 24 mr about 
01/Ml 

02/M2 

RSS=O.Sl about 0 1/I 1 
0.77 about o2;I2 

Comments 

During test there was no 
indication of this error 
source. Partly included in 
backla.sh measurement taken at 
diffe~ent gimbal rotations. 

Analytically derived only. 
Does ~t address commercial 
power frequency shifts. 

Result contained in wind load 
error. 30-100 arc-seconds 
taper :ock slippage have 
occurred. 

Sample only of most rec~nt 
Parson"s mirror module, 0.707 
is derived from MM Spec. 

Software can reduce to 0.1 mr. 

Based upon latest design. 

....... 
I 

1-' 
....... 
1.0 



Table 7-19. Error Eudge t/Resul t Compariso.:-, (Continued) 

Item 

B. Deterministic 
Error Sources 

Temperature 
Effects: 

l. Crank Arm 
Differences 

2. Frame 
Difference 

3. Support ?osts 

Surr: of Temperature 

Buege ted 
Error (30) 

(mr) 

C.9 mr about 
I 21M2 

0.28 about 
I/3 

0.20 about 
01/Il 

Test Results 

(mr) 

0.4 

0.12 

0.26 

I 2/M2 0.90 mr 0.40 

0.26 o1;r1 
0.20 rnr 

Wind Effects: 

1. Servo Gain 

2. Mirror Mo6ule 
Deflection 

0.24 mr about 0.0 
Cl/Il 

C•. 124 mr about 0 .10 
Ml/M2 

3 •. ·Total Def:.ection :.. • 0 mr 0.8 
of MM r121r2 

Comments 

Based on l0°C (Budget) 
Actual = 40°C 

Worst Case (7°C) Noted during 
Thermal Test. 

3.8°C across post. 

Correc~ reflective painting 
of post and frame is important. 
Shadowing'from mirror modules 
also helps. 

NJTE- 30 mph winds only. 

Nbne due to non-reversing 
gears. 

Due to static loading - change 
of mirror normal. 

From torsion tests on MM. 0.8 
or is worst case. 

-...1 
I 

I-' 
(X) 

0 



Table 7-19. Error Budget/ReE?ult Comparison (Continued) 

Item 

B~ Deterministic 
Error· Sources 
(Continued) 

Budgeted 
Error (3a) 

4. Total Deflection·t.54 mr 
Due to Torsion, . M

2
/I

2 
· 

Lash, Crank Arm 
Bending, Spring 
Rate 

Sum of Wind Effects 

Gravity 0.25 about 
Cl/Il 

"l'O'J'AL 

Test Results 

1.9 

2. 9 mr 

Not Obtained 

RSS=2. 94 mr 
About o2;1

2 

RSS=2.10 mr 

Conunents 

Prior to rework o~ ~ear box = 
3.6 mr.' After re~or~ 1.9 mr, 
tests performed at 7500 in-lb. 

Total worst case observed 
during gusting winds. There­
fore, maximum spring rate is 
included and is 2.9 ~r present 
only d~r~ng peak gus~. · 

Variation due to frame 
orientation on slab = 0.02 mr 
about o

1
;I

1
. 

Most due to wind loading at 
peak gu:;t per observations. 

·nue to static loadin9 and 
temperature. 

-.J 
I 

1-' 
(X) 

1-' 



Appendix.A 
REFERENCE LOCATIONS OV DATA T.IS'rS 

Collector Subsystem - Design Characteristics 

1. ·Fi'eld geometry and size 

2. Field layout 

3. Field oversizing to allow. for 
dirt on mirrors, reliability, 
etc. 

4. Beam pointing accuracy and 
error budget versus 
environmental effects 

5. Heliostat l;>eam qurtlity and 
error budget versus 

· environmental effects 

6. Heliostat weight breakdown 

7. Heliostat parts count 

.· 8 . Founda tj,on and field wiring 

9. Identify nonstandard parts 

10. Identify single source parts .. 

11. Identify long lead items 

12. Identify parts having high· 
infant mortality rates · 

*Numbers refer to.page numbers.· 

Pilot 
Plant* 

A-2 

A-2 

A-6 

7-178 

6--22, 
7-155 

A-13 . 

3-6, 
3-32, 
A-13 

3-64, 
A-13 

6-37 

6-37 

6-37 

6-26 

Commercial 
Plant 

A-2 

A-2 

7-178 

7-155 

SRE 

7-5 

•7..:..178 

6-22, 
7-155 

A-13 

3-32 



A-1 

Appendix A 
DESIGN CHARACTERISTICS 

In accordance with a Sandia Letter by Al Skinrood on ll February 1977. 

Re: Central Receiver Solar Thermal System 
Pilot Plant Preliminary Design Report 
(PDR) Requirements 

We are providing the following data. The numerical identifiers refer 
to a listing in PEL III Attachment B of 16 March 1977. 

FIELD GEOMETRY AND SIZE 
Reference to Figure A-1 and Table A-1 shows both pilot plant ann 
commercial plant geometr¥ and $iZP.R. 

Collector Field Geometry and Size 
The pilot plant and commercial plant field layouts are similar in 
shape but dissimilar in proportion and quantity. As can easily be 
seen from the chart the four commercial fields are arranged in a 
matrix. Note from the table that the ratio of tower height to field 

outer radius for the pilot plant is 
1 ~~4 8 = 0.474 while the same ratio 

. t . l l . 231 · 4 0 487 th th . l' h l a commerc1a sea e 1s 475 _5 = . us e proport1ons are s 1g t y 

different though noticeable. Area of the pilot plant (including 
building grounds) is 235,858 square meters with 1600 heliostats or 
147.4 square meters per heliostat. The commercial plant has 710,314 
square meters with 5,055 heliostats or 141 square meters per helio­
stat. From these numbers it is easily seen that the commercial modules 
and pilot plants are related by a scale factor of about 1.74 iri line~r 
dimension and three in area. 

FIELD LAYOUT 
The .Figures A-2 and A-3 show the layout of t.he heliostat :field for the 
pilot and commP.rcial plants, respectively. 

Collector Field Layout 
The figure shows approximate positions for all 1600 heliostats em­
ployed in the pilot plant collector subsystem. The commercial layout 
is similar but larger and has more heliostats. The small ovals show 
approximate dimensions and positions of heliostats to scale. Starting 
near the tower the rows are closely spaced and further out have greater 
separation. The heliostat locations are such that distancP.s between 
heliostats are the same a$ spncing between adjacent mirror modules on 
a single heliostat frame. This produces within limits a uniform ring 
of mirror modules on each row. The figure is in error where it showR 
aisles through the field to the towers. They result from use of 
~rafting nidE. Th~~~ ai~les could allow channel effects 9f the wind 
hich is undesirable. 
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• 
Table A-1. Solar Collector Subsystem 

Ref Fig Pilot Plant 
Characteristic Symbol No. 10 rowe Commercial-1 

Field 

1. Outer Field Rad.:_us (m) Rl 1 274 475.5 

2. Inner Field Radius (m) R2 1 50.3 89.9 

3. Tower Offset (m·, A 1 137 237.7 

4. Near Heliostat Angle (rad) el 1 0.24 0.38 

5. Far South Heliostat e2 1 0.86 0.79 
Angle (rad) 

6. Far North Heliostat e3 1 1.21 1. 26 
Angle (rad) 

7 . Near Heliostat LOS Ll 1 153.6 242.8 
~ Distance (m) I 
w 

8. Far South Helicstat L2 . 1 192.6 327.7 
LOS Distance (rr. ) 

9. Far North Heliostat L3 1 418 748.0 
LOS Distance (m) 

10. Min Radial Spacing (m) l~R Min 1 5.06 N/ A* 

11. Max Radial Spacing (m) l~R Max 1 11.03 N/ A 

12. Min Ground Cover Ratio GC Min 1 0.173 N/ A 

13. Avg Ground Cover Ratio GC Avg 1 0.29 0.29 

14. Max Ground Cover Ratio GC Max 1 0.437 N/A 

15. Road Easement (m) B 1 12.19 12.19 

16. Number of Modules N 1 1 4 

17. Tower Height to Center Hl 1 129.8 231.4 
of Aperture 

* Not available 
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Commercial Plant Collector Fields Layout 
The commercial plant collector fields are arranged in four modules 
of .5,055 heliostats each. Each field contains its own power, signal, I 
and ground wiring. Steam lines connect to a common building which 
also controls the operation of all modules through a master control 
subsystem. The collector subsystem are spaced to allow access roads 
between each of the adjacent modules. In the base of each tower is 
the collector control equipment for that module. The modules are 
numbered clockwise starting in the northwest corner. The arrange-
ment allows construction of four collector modules at once and thus 
decreases construction time and thereby costs. · 

FIELD OVERSIZING 
The heliostat field is sized by Sandia direction for clean mirrors. 
The ray trace program thP.n si.zes the field ussuming all heliostats 
are working. This results in a quantity of 1598 heliostats. ~s a 
convenience and to account for snrne failures T(lhich mighL uut be 
repairable over night we have included two additional heliostats and 
refer to the quantity as 1600. If we were to increase the heliostat 
quantity we would recommend a 10 pP.rr.Pnt overbuy to uccount for ulL·ty 
and failed units. 

BEAM POINTING ACCURACY AND ERROR BUDGET VERSUS ENVIRONMENTAL 
EFFECTS 
Figure A-4 shows the most predominant effects of environment versus 
tracking accuracy. The chart shows 0.53 foot (one siqma) centroid 
travel in a wind of 10 miles per hour blowing on the end of the 
heliostat (worst direction). 

Temperature effects are minor. The total effects are shown in the 
attached Table A-2. The individual components are slightly different 
than budgeted but in total remain valid. A more detailed treatment 
may be found on Page 7-73. ~hP.RP Prrors are a cmull effect. 

HELIOSTAT BEAM QUALITY 
The heliostat beam quality is controlled by the machined-in contour 
of the mirror modules. This contour was measured and shown in Figure 
A-5. Loads were also applied as shown in Tables A-3 and A-4 with 
results that the optical contour or deflection wus essentially un­
affected (0.39 mr). Figure A-6 shows the calculated versus the 
measured flux density across the center of the beam from the north 
heliostat at the winter solstice. The major difference is a bias 
displacement of rhP pe~k. 

HELIOSTAT WEIGHT BREAKDOWN 
The pilot plant helicstat as now configured and previously described 
has a weight breakdown as shown in the same column as the SRE unit in 
Subsection 3.3. The expected produc i bility study will reduce the 
weight as shown as the estimate of Revised pilot commerciul plant 
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Table A-2. Thermal Gradient Data 
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Table A-3. 

b. Load ( 1 bs) 
at 60 in 
Lever Arril 
0 -+ 20 

20 -+ 125 

l25 -+ 20 

20 -+ 0 

0-+• • •-+ 0 
.. 

Results: Optical 
(UP.sign 

A-10 

Mirror Module Static Stiffness Due to MM3P SN POl 
Taper Locks Torqued to 150 Ft-Lbs 

Deflection 
E Arm E Shaft E Pad Center W Pad W Shaft W Arm 
0'0"+ +0'2" +0'12" +0'38" +0'35" +0'21" +0'16" 

+1'10" +2'7" +2'52" +2'59" +2'34" +2'4" +1'0" 

-1'14" -1'58" -2'14" -2'51" -3'46" -1'56" +0'7" 
Bad Bad 
Data Data 
Point Point 

-0'18" -0'24" -0'28" -0'34" +0'52" -0'22" -1'33" 

-0'22" -0'1.3" +0'22" +O '1 ?" +0'15" +0'7'' '-0'10!! 

axis deflected 0.39 MR ~t 7500 i n-1 bs. 
gof.l.1: 1 MR at 7500 in-lbs) 

0277-054 

E~ 

DISTRIBUTED LO~D 
ALONG EOGE 

I 
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Table A-4. Mirror Module Static Stiffness MM3P SN POl 
Taper Locks Torqued to 200 Ft-Lbs 

6 Load (lbs) 
at 24 in DEFLECTION 

Lever , . · · E Arm E Shaft E Pad W Pad W Shaft W Arm 

0 -+ 30 

30 -+ 312 

312 -+ 30 

o-+ ••• -+{) 

30-+ ••• -+30 

+0'1" +0'23" +0'29" +0'53'~. +1'2" +1'13" 

+4'·10" +7'6" +7'46" +10'3" +11'15~' +13'25" 

-3'5411 -5'8" -6'18 11 -8'40" -9'49" -11'30" 

-0'18': -0'27" -0'34" -0'48" -0'59" -1'7" 

-0'1".' +1'54" +1'23" +1'27" +1'29" . +2'1" 

+0'18" ,,+1!5.8" +1'20" 1·1'22" +1'26" +1'!1!1" 

Results: Optical axis deflected 0.70 MR at 7500 in-lbs. 
(Design goal~ 1 MR max at 7500 in-lbs). E&W crank arms 
slipped z 100 arc-sec and 30 sec, respectively. Investigation 
showed taper locks did not bottom out. 

7500 IN-LBS MAX 
(INCLUDES 264 IN-LBS 
CRANK ARM INSURANCE) 

0 2 7 7. 6 I 
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• weight Breakdowno Present and predicted weights are: 
Pilot Pilot 

Present ·and SRE Expected 

• 

Gimbaled Weight 

Total Weight 
I.ncluding 
Foundation 

3,286 kg 2~~07 kg 

6,112 kg 5,019 kg_ 

A detaiied weight breakdown is as stated above shown on Page 3-33. 

HELIOSTAT PARTS COUNT . 
A listing of heliostat parts was provided in reference 2 cost docu­
ment. The bre~kdowri ·of the parts is shown on Page 3-6 by major 
assembly. Ot the 433 parts in a heliostat, 336 of them are in the 
electronics. This parts count will be about the same for the com-
·mercial and pilot plants. 

FOUNDATION AND FIELD WIRING 
Based upon calculations using site soil bearing pressures the pilot 
plant foundations will need to be about twice the area of the SRE 
foundations. Factors affecting this include (1) the shear modules 
of 300 psi for Barstow (Floride is higher), (2) the seismic load 
requirements (Florida has more), and (3) the heavy. frame made for 
i:..bearns. Thus because of these factors t.he 3 foot by 5 foot founda­
tion used in Florida for the SRE w:i.ll be replaced by the·6 foot by 
10 foot foundations being 1 foot deep. · 

Field wiring for power distribution signal distribution and field 
instrumentation are shown on Page-3-67 in some detail and are r0t 
repeated here for sale of brevity. The attached Figure A-7 was 
provided by Black and Veatch and shows more details of the power 
wiring in the field. · 

NONSTANDARD PARTS 
The helioctat as configured by Honeywell does not use nonstandard 
parts as defined by "unique" or excessive machining tolerances or 
special materials such as toxic, fragile or frangible metals. 
Certain parts are custom made for the heliostat but an attempt was 
made. to minimize these parts. 

Any part with a Honeywell part number such as 34027499 is a custom 
part for'the heliostat, thus in that specific part (tie rod assembly) 
standard tubing is mashed flat on each end and a plate with a nut on 
·it is welded to the tube. While each element or part is standard or 
·commercially available the exact configuration for the heliostat is 
custom or nonstandard. 

?ag~ 6-37 contains more data on long lea~ and sole· source parts. Ta-. 
ble A-5 lists some more significant parts which are nonstanda.t'd parts 
per the above • 
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Table A-5. Nonstandard and Sole Sources Parts 

Part No. 

34027499 

34027498 

34026597 

34026595 

·. 34026496 

34026613 

. 34 026615 

34026616 

)4026579 

34026600 

.34027495 

01-504-0120-4 

.051-10245-02 

} 

Nonstandard 
Description 

Tie Rod Assy 

Actuator Bracket Assy 

Pivot Block 

Mirror Module 

Frame Assembly 

Spur Gear 

.· Bearing Support Assy 

Bearing Retainer 

Crr~nk .. Arrn 

Taper I,.ock 

Support and Post Assy 

Ba.ll Screw Assy 

Reductor 

SOLE SOURCE PARTS 

Sole Source 
Part No. Descr1pt1on 

RR-3/4 Pillow Block 

RAK-1 15/16 

MHP-2.1 

051-10245-02 

34026575 

Tl8ll 

Pillow Block 

Spring, Preload 

Reductor 

rHrror Module 

InJ.and Mot~r 

··Specifically where a vendor part number is used (for example, RR-3/4) 
.technically that exact part (a 3/4 inch pillow block bearing) is avail­
able from only one vendor but that vendor's competitors provide 

.. similar hardware under a different part number. To be complete and 
responsive we have listed several of these parts as·sole source 

·though we .fully realize additional sources can be developed . 

.. The mirror inodule is now a ·sole source but additional sources, can be 
deveioped to meet program requirements. It is also listed on Page 
6-37 as a lorig lead part as there are 1600 x 4 or 6400 units needed. 

·With 10 to 12 months to full production this can. be a pacing term. 

Based upon.the data in Table A-6 and our experience during the SRE 
procurement of pilot plant quantities will not constitute a problem 
and multiple· sources generally are not deemed necessary. For the 
commercial scale plants and larger, then multiple sources are advised. 
The mirror modules constitute a special case because of the quantity. 
The pilot plant requires 6400 mirror modules in a years time: tpat 
requires over 533 per month.. Based upon these numbers it may be 
worthwhile to 6ev~lu~ dn additional snnrr.P. for these parts. Also 
this approach would lay the foundation for a market with several 
vendors. 
vendors . 
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Table A-6. Sole Source Parts 

Mirror Modules 

Gear Box Reducer 

Dall S~rew Actuator 

Motor 

Bearings 

Present 
vendor 

Parsons 

Spiroid 

Limi torque. 

Inland 

FAFNIR 

Potential 
Vendors 

Brunswick* (1) 
Heath Teena* 
Maney Aircraft* 
Hexcel · 
Wirecomb* 

Western Gear* · 
Compudrive* 
U.S.M.* 

Duff-Norton 
Tcmpletui•=Kenley~ . ( ·t) 
Saginaw 
Simmons Precision 

Honeywell-Microswitch 

McGill* 
Timkin 
SKF 
Torrington 
Morse 

* Contact and coordination during SRE. 
(1) Purchased hardware during SRE. 

LONG LEAD PAR'l'S 
In general no long lead parts exist on the heliostat. Prudence 
dictates that planning for manufacturing, shipping and storing large 
quantities be performed well in advance of needed delivery. Con­
sequently we plan to ~lace certain critical vendors under contract 
as soon as possible to assure support during detail design an manu­
facturing planning phases. 

Some parts are noted as "long lead" (LL) parts on Page 6-37 but the 
lead times are shown as 10 to 20 weeks. Note the mirror module 
vendor indicates 10 to 12 months before full production of approxi­
mately 500 per month. 

INFl\NT MOR'rALITY PAR'l'S 
Honeywell has specified screened parts and does not expect to require 
a burn-in on parts or assemblies. Parts requirements are more fully 
treated on Page 6-26. 

• 

• 
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Appendix B 
OPERATING CHARACTERISTICS 

..... 
'' 

1. Power required for track, 
slew, and emergency 
shutdown·. 

· 2. Ileliosta.t. operating mot:lP~=: 

3. Control system details and 
c.har ac ter is tics 

4. Operation and survival 
versus environmental 
conditions 

5. Heliostat focusing and 
alignment procedure 

6. Maintenance -required 

· 7. · Mirror cleaning method 

Pilot 
Plant 

3-64 

3-35 

3-71 

4=S6, 
7-155 

6-1, 
6-12 

5-34 

6-22 

Commercial 
Plant 

3-35 

SRE 

7-115 

7-9 

7-1 

7-155, 
7..,..176 

6-12 



• 
1. 
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Appendix C 
DESIGN DISCUSSION 

Pilot 
Plant 

Define mirror requirements 3-19 

Discuss mirror assembly 3-21 
details 

Provide data on degradation 6-25 
rates of mirrors, seals, 
paint motor.s, drains, etc. 

Discuss method for safe 6-31 
control of reflected light 

Discuss fail-safe features 6-32 

Discuss availability 5-34 

Commercial 
Plant SRE 

3-19 3-19 

3....:21 3-21 

6-25 

6-31 

/ . 
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Appendix D 
HELIOSTAT POWER CONSUMPTION ANALYSIS 

Part 1. Continuous Power Analysis 

The following estimates assume the use of low power Schottky T2L. 

1. ·communications lnte~fac.:e, 1 ver 3y:Jtcm 

(est) 1.1 Line Receiver 
l. 2 UART 
Total Per iub~ystAm, system 

2~ Osc and Clock Generator, 1 per system 

( e s t) 2 .1 F 1 i p - F 1 op s ( 8) 
2.2 Assorted Gate Chips (3) 
Total per subsystem, system 

3. Counter Control, Up/Down Counter, 
2 per system 

(est) 3.1 4 bit up/down counters (2) 
3.2 Assorted Chips (10) 
Total per subsystem 
Total per system 

4. D/A Converters, 2 per system 

4.1 Burr Brown DAC-80 (1) 
Total per subsystem 
Total per system 

5. Scaling and Threshold Amp, 2 per system 

5.1 Op Amps (3) 
5.2 Bias Resistors 
Total per subsystem 
Total per system 

6. Power Amp, 3 per system 
6.1 "OFF" Condition 

6.1.1 Leakage, Power 
Transistors (4) 

6.1.2 Op Amps (2) 
TuLal per subsystem 
Total per system 

+SV 
rna 

10 
20 
30 

32 
11 
43 

30 
36 
00 

132 

20 
'20 
40 

+lSV 
rna 

0 
0 
U' 

0 
0 
rr 

0 
0 
0 
0 

2S 
E 
so 

0 S.2S 
0 O.lS 
0 "5:4 
0 10.8 

0 0 
0 3.S 
0 -r:-5" 
0 10.5 

-lSV 
rna 

0 
20 
20 

0 
0 
U" 

0 
0 
0 
0 

2S 
25 
so 

5.25 
0.15 
~ 
10.8 

0 
3.5 
"375" 

!U.S 

+24V 
rna 

0 
0 
0 

0 
0 
U" 

0 
0 
0 
0 

0 
0 
0 

0 
0 
0 
0 

8 
0 
8 

24 
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6. 2 "ON" Condition 
6.2.1 Rn Output Switch (1) 
6.2.2 RB Output Switch 

driver (1) 
6.2.3 Rs Output Linear 

o u t put Trans ll) 
6.2.4 Quasi Linear Driver IC 

(1) 
6.2.5 Op Amps (2) 
6.2.6 Leakage Power Trans (2) 

Total per subsystem 
Total per system 

7, En~nrler, 3 per syctcm 
7.1 Opti~a.l Pajr Ri~~ (2) 
7.2 A~~or~en gates and 

In v ch ips ( 4) . 
7.3 One Shots (6) 
7.4 Op Amps (2) 

Total per subsystem 
Total per system 

8. Initialization, 3 per system 
'8. 1 Op Amps ( 4) 
8.2 Bias + Load 
8. 3 Logic Elements (2) 
8.4 Bias for Opto Pairs (3) 

Tutal per subsystem 
Tutal per system 

9. Two Motor 
9.1 
9.2 
9~3 
9.~ 

Synchronizer, 1 per system 
Assort Logic (11) 
4 Bit Counter 
Relays (2) 
Op Amp (1) • Bias Res 

Tutals per subsystem, system 

Full System Current Totals 
Ful.l System Watt Totals 

+5V 
rna 

+15V 
rna 

-15V- +24V 

0 

0· 

0 

0 
0 
Q. 

0 
0 

.. :o 

7.4 
66 

0 

73.4 
220.2 

10 
0 
7 
0 

17 
51 

40 
15 

0 
1.5 

0 

4 

o· 

0 
3.5 
0 
~ 

. 2 2 .'5 

10 

0 
0 

10.2 

20.2. 
60.6 

13.7 
1 
0 

10 

rna 

0 

; 0 

0 

0 
3.5 
0 n 

10.5 

u 

0 
0 
8.2 

8.2 
24.6 

12 
0 
0 
0 

24. 7· 12 
74.1 36 

0 
0 
0 
5 

0 
0 
0 
4 

70 5 4 

586 211.0 155.9 
2.93 3.165 2.338 

rna 

10 

0 

16 

4.6 
0 
4 

"!4.0 
.103.8 

0 

.0 
0 

. 0 .. 

0 
. :. 0 

0 
0 

·o 
0 

0 
0 

0 
0 

100 
0 

lOb 

124 
2.976 

The +5 and ±15 volt power drains total 8.43 watts. For an assumed 
inverter conversion efficiency of 50%, power from the battery is 
8.43/0.5 + 2.976 = 19.8 watts. 

• 
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Part 2. Transient Pow!3r Analysis 

conditions·: Inner Axis 1 step command, 
. . 

Tl806H Motor, vM·= 11 vc-lts, TL = 119 ft lbs, 
N = 16000, E = 0.2, TFG = 0.07 ft lb, Final Speed = 0.123 deg/sec-

t Gimbal Avg · Gimba 1 Accum 
IM \tiM 

Cons Motor· Accum Motor 
Time 

1_e-. 13.3 ms Speed Speed. Travel Travel Power Power 
ms deg/sec deg/sec arc-sec arc-sec. . amps watts· watt· sec watt sec 

0 0 0 0 ·. 0 0 0 0 0 0 
5 0.31 0.038 0.019 0.34 0.34 1.98 21.8 0.109 0.109 

'" 

10 0.53 0;065 0.051 0.93 1.27 1.68 18.5 0.092 0.201 
I 

15 0.68 0.084 0.075 1.34 2.61 1.46 16.1 .. 0.080 .. 0.281 
20 . . 0. 78 0.095 0.090 1.62 4.23 1.32 14.6 0.073 0.354 
25 0.85 0.105 0.100 1.81 6.04 1.23 13.5 . ·o.068 0.422 

0 
. 30 0.89 0.110 0.107 1. 93 7.97 1.17 12.8 ·0.064. 0.486 I 

w 
35 . 0. 93 0.115 0.112 2.02 10.0 1.09 12.0 0.060 0.546 
40 0.95 0.117 0.116 2.09 12.09 . 1.08 11.9 0.060 0.605 
45 0.97 . 0.120 0.118 2.13 .14.22 1.06 11.7 0.059 0.663 

50 0.98 - 0.121 0.121 2.12 16.4 1.04 11.4 0.057 0.720 . 

196 1.0 0.123 0.123 64.6 81 1.02" 11.2 1.634 2.354 

Power at battery level 24) . = (IT (2.354) = 5.136 watt sec 
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Conditions: 

t 

1-e 13.3 ms 

0 

0.31 

0.53 
0.68 

0.78 
0.85 

0.89 

0.93 
0.95 

0.97 

0.98 

1.0 

Inner Axis 15 step command, Tl806H Mott>r, VH = 22 volts, rL = 119 ft lbs, 
N = 16000, E = 0.2 .. TFG = 0.07 ft lbs, Final Speed= 0.356 deg/sec 

Gimbal Avg Gimbal Accum ' Cons Motor Accum Motor 
IM w.\1 Speed Speed Travel Travel Power. Power 

degjsec deg/sec arc-sec arc-sec amps watts watt sec watt sec 

0 0 0 0 0 0 0 0 

0.110 0.055 0.99 0.99 3.81 83~7 0.418 0.418 

0.189 0.150 2.69 3.68 2.92 64.4 0.322 0.739 

0.242 0.215 3.88 7.56 2.32 51.1 0.256 0.995 

0.?.78 0.260 4.68 12.24 1. 91. 42.0 0.209 0.785 

0 . .303 0.290 5.23 17.46 1.63 35.8 0.179 0.964 

0 . .317 0.311 5.58 23.04 1.44 31.8 O.l59 1.123 

0.331 0.324 5.84 "28.87 1. 31 . 28.9 O.l44 : 1.267 

0.339 0.335. 6.03 34.90 1.21 26.7 0. L33 1.400 

0.346 0.342 5.16 41.06 1.15 25.3 O.l26 1.526 

0.349 0.347 5.26 47.30 . 1.10 24.2 0. :!21 1.647 

0.356 0.356 i.l67 .7 1215 1.02· 22.4 20.409 22.056 

Power·at battery level = (~)(22.056) = 24.061 watt sec 

• 

0 
I 
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• 
Conditions: Outer Axis 1 step command, Tl~04B Motor, VM = 22 volts; TL =· 258 ft-lbs, 

N = 16000, E = 0.25, TFG = 0.26 ft lbs, Final Speed = 0.2 deg/sec 

t Girrbal Avg Gimbal · Accum 
lf.1 WM 

Cons· Notor Accum Motor 
Time 

1_e- 7.4 ms Speed Speed Travel Travel Power Power 
ms deg.'sec deg/sec arc-sec arc-sec aJTLps watts watt sec watt sec 

0 0 0 0 0 0 0 0 0 0 
2 .. 5 0.29 0.057 0.028 0.25 0.25 6.109 103.5 0.271 0.271 

5.0 0.49 0.098 0.077 0.69 0.72 5.01 89.2 0.233 0.494 

.7.5 0.64 0.127 0.122 1.01 1. 73 4.24 75.5 0.188 0.682 
lC 0.74 0.:48 0.137 1. 23 2.96 3.69 65.7 0.164 0.846 

:::1 
12.5 0.81 0.:62 0.155 . 1.39 4.35 3.29 58.6 0.146 0.992 I 

U1 

15.0 0.87 0.174 . 0.168 1. 51 5.86 3.00 53.4 0.134 1.125 

17.5 0.91 0.182 0.178 1.60 7.47 2.78 49.5 0.124 1.249 

20.0 0.93 0.186 0.184 1.66 9.12 2.65 47.2 0.118 1.367 

22.5 0.95 0.190 0;188 1.69 10.82 2.56 45.6 0.114 1.481 

25 0.97 0.194 0.192 1. 73 12.54 2.47 44.0 0.110 1.591 
27.5 0.98 0.196 0.195 1. 75 14.30 2.41 42.8 0.107 1.698 

30 0.98 0.196 0.195 1. 75 16.'05 2.41 42.8 0.107 1.804 
121) 1.0 0.2 0.2 65 .81- 2.30 40.1 3.620 5.424 

Power for 2 motors at battery level = 2(~~)(5.424) = 11. 83 \'Ia tt sec 



Time 
ms 

120 
1575 
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Conditions: Outer J!.xis 15 step command, Tl804B Motor. VN = 22 volts, ':'L = 258 ft lbs, 
N = 16000, E = C.25, TFG = 0.26 ft lbs, Final Speed= 0.2 deg/sec. 

For the outer axis \'M = VMax = 22 volts for either 1 cr 15 step commands which means 
that start-up will be identica::. for: either command. 'The 15 step analysis will there­
fo~e simp:y pick up at 120 ms where the 1 step analysis left off. 

t 
Gimba 1 Av~ Gimbal Accum 

I J\1 WM 
Cons Motor Accum Motor 

7.4 ms Spe:d Spe:j Travel Travel Power Power 
1-e deCJ/sec deg/se: arc-sec arc-sec :.mps watts watt sec watt sec 

1.0 0.2 0.2 81 2.30 40.1 3.620 5.424 

1.0 0.2- 0.2 1134 1215 2.30 40.1 63 .157 68.58 

Power -=or 2 such motors at battery level = 2(~~)( 68.58) = 149.63 watt sec 

a 
I 

0'1 
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Appendix E 

PROGRAM LISTING 

HELIOSTAT CONTROL PROGRAM 



• 1 

1 
2 
3 
4 
5 
5. 
7 
8 
9 

10 
11 
1.2 
13 
!.4 
15 
16 
17 
18 
19 
20 
.21 
22 
23 
24 
25 
26 
27 
28. 
·29 
30 
31. 
32 
33 
::S4 
35 
"")-:: 

:;:: 
zs 
?.9 
4e 
4~ 
42 
43 
44 
45 
46 
47 
48 
49 
50 

C HELIOSTAT CONTROL SOFTWARE 4129176.,...JRS, CONTINUING REVISIONS GLB,JGP 

C . HELIOSTAT CONTROL SOFTWARE 4129176-JRS, CONTINUING REviSIONS Gi..B, JGP 
c . . . . . 
C**** DOES TAPE MECHANICS AND CALLS HEllO OR FORTRAN VERSION OF CALRA~. 
. 7 IDUM = 0 . . 
C**** INHIBIT INTERUPTS 
A .. INH· . 
A OCP,'0220 
C**** DISABLE EXTENDED ADDRESSING 
A DXC: · 
A JM?, =·>i-:!. 
C**** Ed~1~'l~TE POSS·IBILITY OF EXTRAENEOUS INTERUPTS 
A CRA . 
A SMK,'0020 
A SMK,'0120 
A SMK, ' 0220 . 
A SMK,'0320 

c 

c 

t:: 

A 
A 

c 

c 

WRITE<1, 111) 
READ<1,444) IANS 
IF(IANS. EQ.1HH) GO TO 4 
IF.<IANS. EQ. 1HC) GO TO 5 
WRITE<1, 222) · 
READ(1,555) NEOF 
IF<NEOF) 1,2,3 

1 REWIND 6· 
GO JO 7. 

2 ENDFILE 6 
GO T07 

3 ~':::W!N!> 6 . 
DO 10 I=1,NEOF 
CALL,C$FF 
CEC,2. 

10 CONTINUE 
G·o To 7 

4 CALL HELIO 
GO TO 7 

5 CALL CALRAY 
GO TO 7. 

888 STOP·.· 
111 FORMAT<//,' HELIC: •. CALRAY, OR TAPE MECH. * CH/C/T> ') 
222 FORMAT<!,' TO REl•IND ONLY TYPE -1' .. 

+ . . /,, TO WRITE AN EOF TYPE 9' I 
+ · . · /, ' . TO SKIP N EOFS TYPE +N, ' ) · 

444 FORMAT< A1) 
555 FORMAT<I5) 

·.END ... 

. a FORTRAN ·ERRORS·· 
. $~N-24:..32 4~20:4082-:-614 A 

PAG!:: 001?-!. . • 
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1 C HELIOSTAT CONTROL SOFTWARE 4129l76..,.JRS, CoNTINUING REVISIONS GLB.JGP 

51 
52 

SUBROUTINE CALRA~ 
CC*** FORTRAN CALRAY ROLTINE 

. 53 
54 
55 
56 
57 c 
58 c 
59 
60 
61 
62 
63 c 
64 

. 65 
66 c 

''67 
. 68 

69 
70- c . 71 .. 

72 c 
73 A 
74 c 
75 
76 
77 
78 
79 
80 
81 
82 
83 

COMMON ICALIBI ICF<AY, ICAL(14, 16), IUERT<16) 
COMMONIWRITE6/DAY!:, HOURS, AM INS, SECS, M(4), 8(8),.H(8), A<S>, GINNER(o4), 

+GOUTER ( 4 >, GOUTe: 4), :AZSUN, ELSUN, RELSUN,. REFRAC, DELVER, DELHOR 
CQt1MONt'FLAGI IFLA(;, IENBHS, ICALF, IS~~IP, ISUNY · 

SETUP INTERUPTS (REAL TIME AND CAL ARRAY> 
CALL INIDAP 
REFRAC=~ 0149 
DELHOR=0. 
DELVER=0. 

ENTER START GMT 
WRITE(1, 111> 
READ(1,222) DAYS,HOURS,AMINS 

SET CONTROL FLAGS TO :DISABLE .HELIOSTAT·TRACKING 
ISKIP = 0 
IENBHS = -1 · 

· SECS ::: 59. 
SITE INITIALIZATION 

CALL SINIT 
RESET INTERUPT AND Ru~· REAL TIME CLOCK 

OCP,/0020 . 
GET CALRAY SNAPSHOT FIRST SEC. OF·EACH AVAILABlE MINUTE·· 
11 IF( SECS. NE. 0 .. :• GG TO 22 

CALL SNPSHT 
CALL SSWTCH(1,,J) 
IF(J. EQ. 1) GO TO 33 

22 GO TO 11. 
33 RETURN 

111 FORMAT<30H ENTER GMT DAYSs HGUF<S, MINS ). 
222 FORMAT<5G10. 0> 

END 

0 FORTRAN ERRORS 
$FN-24-32 41204082-614 R 

PAGE 0002 



• 1 C HELIOSTAT CONTROL SOFTWARE 4/29176-JRS, CONTINUING REVISIONS GLB,JGP 

84 
85 C*** 
86 

SUBROUTINE SNPSHT 
C'1!..F::F.'T' SN~PSHOT ROUTINE 
Cot1i·10N/CALIB/ ICRAY, ICALC14, 16), IWC16) 
CCMMON/~QITE6/DAYS,HOURS,AMIN~SECS,MC4),8(8),HCS),A(8),GINNERC4:, 87 

e:s 
s~~ 

9;3 
91. 
92 c. 

+GiX.'":ER<4), GOUT<4), AZSUN, ELSUN, RELSUN, REFRAC, DELVER, DELHOR 
COM~1GN/FLAG/ !FLAG, IENBHS, !CALF, !SKIP, ISUtN 
INTEGER ICC224), ICALSCi4,16), ICS<224) 
EQUIVALENCE <ICALSC1,1), ICSC1)), CICALCL1), ICC1)) 

93 C STORE ICA~ DATA IN BUFFER 
94 DVER = DELVER 
95 DHOR = DELHOR 
96 ICLSUt1 = !SUNY . 
97 DO 224 !=1,224 
98 ICSC!) = ICC!) 
99 224 CONTINUE 

100 c 
:l.e1 C · ENP.BLE ASR IN OUTPUT MODE AND ~~RITE OUT CALRAY MATRIX 
102 A OCP,'104 
1e3 WRITEC1,100) DAYS,HOURS,AMINS 
104 WRITE(1,111) 
::1.05 D0 .. 14. I=1, 1~ .. 
:t2t5 . WRIJ~~1. 222)" .C ICAL~< I, ·J), J=L 16) 
::07'. 14 C::JNii ~-~UE 
1J?8 ;_,·:;:::=;-EC:l .. 333") DVER, DHOR. ICLSUM, AZSUN, RELSUN 
ie;:;; 
:!.~3 
:._~·.:1. 

::::.:::.3 
:1.1·-:f. 
1:!.5· 

:..:::Tl.,IRN . 
i00 FORMATCI' DAYS/HOURS/mNS = ',F6. 0,1H/,F6. 0,1H/,F6.0> 
111 FCRt·1AT(/) 
222 FORt·1FIT<2H , 16!4, /) 
333 ~="0Rt·1ATC/,' DELVER=', F7. 2," DELHOR=', P7,. 2, '. · CALSUM=' ~ 16, 

+/ .. '. AZSUN:', F10. 3,' .. RELSUN=', F10. 3~ //) 
.. ~'JD , : .. . . 

0 FORTRAN ERRORS . 
$FN-24~32 41204082-614 A 

./.-

.;, . 
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~- C HELIOSTAT CONTROL SOFTWARE 4129/76-.JRS, CONTINUING REVISIONS GLB, JGP 

SUBROUTINE SINIT 
C**** SITE INITIALIZATION ROUTINE 

116 
117 
H8 
119 
120 
121 
122 
123 
124 
125 
126 c 

COMt10N /~4R ITE6/ DA'r'S, I DUIK94) 
COMMON/MISC/ANMEAN,AMDOT,RLAT,SLAT,eLAT,SINCL,CINCL,OMEG,SINW,CCSW 

C NAUTICAL ALI1ANAC CONSTANTS. UPDATE ANr~UALL 'r' EACH JANUAR'r' 1. 
REAL SULDAT,LATI;LONG 
DATA YEAR/76. /,JULDAT/24427?7. 5/,GHAA/6. 5867/. 

C LOCAL GEODETIC COORDINATES 

127 
128 
i29 
130 
:'..31 
132 
133" 
:1.34 
1.:?.5 
B6 
:.37 
~78 
~39 
:t4e 
:!.4:1. c 
!42 c 
:!.43 
144 
:1.45 
!.!5 
:1.47 

DATA LATI/27. 8941/,LONG/82. ?253/ 
_DATA DTORAD/1. 745329E-2/,RTODEG/57. 29578/ 

11 D=JULDAT -2415020. · 
T=D/36525. 
ARGPGE=281. 2208+4. 70684E-5*D+4. 53E-4*'**2 
TEMP=. 9856003*<D-'r'EAR*360. )-5. 133904*~EAR 
ANMEAN=<TEMP+358. 4758-5. 686E-3-1. SE-4"'.T**2)*DTORAD 
RNMEAN=356. 27515*DTORAD . . 
ECi..P!N=<23. 45229-1. 30125E-2H)*LlTORAD 
A~1DOT=1. 720279E-2 
RLAT=LATI*DTORAD . 
SLAT=SIN<RLAT) 
CLAT=COS<RLAT) 
SINCL=SIN<ECLPIN) 
CINCL=COS<ECLPIN) 
C'I1EG=.GHAA*15. +LONG>~<2. 7379E-3-LONG 

DR'r' DEPENDENT PORTION 
22 W=<:=tROPGE+4. 70684E-5*<DAYS+ 71))*DTJRAD 

SINW=S:N<W) 
COSW=COS<W) 
~ET'JRN 
END· 

0 FORTRAN ERRORS 
SFN-24-32 4:!.204382-614 A 
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1 C HELIOSTRT CONTROL SOFTWARE 4/29/76-J~S, CONTINUING.REVISIONS GLB,JGP· 

!48 
!45 c 

SUBROUTINE HELIO. 

150 C UP, EAST, NORTH HEUOSTAT CENTERED COORDINATE FRAME. 
1.51 C BASE DISTANCE MEASURED HORIZONiALLY IN FEET FROM lftE MIRROR SURFACE 
i:S2 C TO ~ POINT <C) AT THE SAME LEVEL BELOW T.HE· TARGET. 
:::.!5:; C r.E:G;;; ~~;::F:SURED VERTICALLY IN FEET FROM POINT <C> TO THE TGT C~TROD 

C AZIMUTH MEASURED CLOCKWISE FROt1 T-RtiE NORTH IN DEGREES TO THE i54 
~.33 C 595EL!"lE AIMED AT THE TARGET FROM THE HELIOSTAT. 

HEL!OSTR~ OUTER AXIS NON~RIGHT TRIANGLE FIXED LEGS ARE 34 IN. AND 
-: =:7 C 43. 32436 IN. RE:?.UL TfNG IN R REi=ERENCE SC~EW LENGTH OF 52. 464 IN . 
.::.::;.; C THE REFENC:NCE ANGLE IN RADS IS 1. 4754 = 84. 537 DEG. 

C THE NOMINAL VALUES OF RFSCRLALEG,BLEG, MAY BE CHANGED BY ASR INPUT 
C THE CAL ARRAY IS 14,16 <ROWS,COLUMNS> AND IS INPUT BY COLUMNS. 
c 

~S2 COMMON /CALIB/ ICRAY, ICAL<14,16), IWEAT<16) 
~s:; COMMON/WRITE6/DAY~HOURS,AMINS,SECS,M(4),B(8),H(8),A(8),GINNER<4), 
i64 +GOUTER(4),GOUT<4),AZSU~ELSUN,RELSUN,REFRAC,DELVER,DELHOR 
165 COM~10N/DCOS/DC1(4), DC2(4), DC3(4), S.'C1<4), SDC2(4), SDC3C4) 
166 COMMO~/MISC/ANMEA~AMDOT,RLAT,SLAT,CLAT,SINCL,CINCL,OMEG,SINW,COSW 
167 CQMMON/AZIM/ASIN<4),ACOS<4),SASIN<4>,SACOS<4> 
168 CGMMON/FLAG/ IFLA~IENBHS, ICALF, ISKIP, !SUNY 
169 COMMON/SCALE/ SF0<4),SFI(4) 
::. ?0 COMt10N/DEL TAl DEL< 4 >, SDEL< 4), CDEL < 4) 
171 COMMON/COMND/ KC(4),NP0<4>,NPIC4) 
-~72 COMt·lON/REFERI RFSCRL<4>, RF2AB<4), RFA2B2(4), RFANGR<4> 
i?3 COMMON/XTRAS/ COSSVN(4) 
:74 · INTEGER ICALR<240) 
~?~. EQUIVALENCE <ICALR<1), ICAL(1,1)) 
~.75 REAL ALEG<4), BLEG<4>, GRI<4) 
177 C DEFAULT VALUES OF BASE HEIGHT AND AZIMUTH 
~]8 DATA ·a, H, R/8>~<1000. , 8*55. , 8>~<0. 1 
179 DATA ALEG/4>~<34. /, BLEG/4>~<43. 32436/, RFSCRL/4*52. 464/ 
180 C OUTER AXIS SINGLE PULSE SCALE FACTOR<SFO), INNER AXIS GEAR RATIO<GRI) 
18:1. DATA SF0/4*. 011851' . 
182 DATA GRI/4>~<16158. I' 
183 DATR DEL/4*0. I 
~8~ DATA DTORAD/1. 745329E-2/,RTODEG/57. 29578/ 
1"3~ . c 
:a·; c 
1.87 
i89 
:1.89 
:t9a 
191 
192 
193 
194 
195 
196 
i97 
198 
~99 
280 c 
2.a1 
202· 
212:3 

INPUT. HELIOSTAT PARAt1ETERS UNDER SENSE SWITCH CONTROL 
DO 20 I=L 4 
M< I>=5 
CALL SSWTCH< I, J) 
IF <J . EQ 2) GO TO 20 
WRITE<L 10) I 
READ(1,15) B<I),HCI>,A<I),BCI+4),HCI+4),ACI+4),DEL<I> 

. WIUTEC:l. 1:6) . 
READC1,15) XGRI,XS~O,XSCRL,XALEG,XBLEG 
IFC<GRI. GT. :1.5000 .. RND. XGRI. LT. 17000.~) GRI (I) = XGRI 
IF O<SrO. GT. 0. 01: AN:>. XSFO. LT. 0. 02) SFO< D = XSFO 

. IFO<SCRL. GT. 50 .. AN:>. XSCRL. LT. 60) RFS RL<D = XSCRL 
IFO<ALEG. GT. 1~ . . AN). XALEG. LT. 50. ) ALEGC I> = XALEG 
IFCXBLEG.'GT. 3J3 .. AN::O. XBLEG. LT. 50.) 8LEGCD = XBLEG 

10 FORMAT</~ ENTER BASE, HGHT, AZ, BASE; HGHT, AZ, DEL OF Hs~, I1/) 
15 FOF~·:Ar< 7G10. 0) . 
:!.6 F ORr·lfiT U' ENTER GRI. SFQ, RFSCRL, ALEG, BLEG~ /) 

PAG£.~005 

.tr:! 
I . 

l11 



1 . C HELIOSTFIT CONTROL SOFTWARE 4/29176-JRS, CONTINUING REVISIONS GLB, JG!= 

204 
·205 c 
206- c 
20? 
208 
;;::;~19 

2:1.'3 
21:1 
212 
2::!.3" 
":)~A .__,. . 
2::!.5 
.216 
2:1? 
218. 
2:!.9 
220 
221 
222 
223 
224 
225 
226 
227 
228 
229 c 
23:0 c 
231 

20 CONTiNUE 

CALCULATE DERIVED HEUOSTAT P:1RAMETERS 
DO 30 !=1,4 . . . 

.. ELEV=ATAN2<H< 1), B< I>) 
ASIN(I)=SIN<A<I>*DTORAD) 
P.COS<I>=COS<A<I)*DTORAD> 
CDEL.(I) = COS<DEL<D*DTORAD)· 

. SDEL< I> = SHHDEL< D*DTORAD) 
!)CHi )=SIN<ELEV) 
DC2 (I) =COS< ELEV) >t<AS IN< I) 
DC3 (I ) =COS< ELEV) >t<ACOS < I ) 
ELEV=ATAN2<H<lt4),8(1+4)) 
SASiN<I>=SIN<A<I+4)>t<DTORAD> 
SACOS<I>=COS<A<I+4>>~<DTORAD.> 
SDC1< I )=SIN<ELEIJ) 
SDC2<I>=COS<ELEV)>~<SASIN<I> 
SDC3<I>=COS<ELEV>*SACOS<I> 

"RF2AB<I> = 2. >~<ALEG(I)>~<BLEG(l) 
RFA2B2< I> = ALEG< D**2 + BLEG< 1:1>1=*2 
COSANG = <RFA282( I> - RFSCRL< D**~>IRF2AB< I> 
S I NANG = S.QRT< 1. - COSANG**2) 
RFANGR<I> = ATAN2<SINANG,COSANG) 
SFI<I> = 360. /GRI<I> 

Je CONTINUE . 

FRLL THRU OR BRANCH HERE FOR RESET OF Gt1T 
33 CONTINUE . 

INH 
!N:T!ALIZE FLAGS ETC. 

IFLAG=0 
t~ESSGE=0 
!CALF=0 
IDFLG :::: +1 
IWFLG = -1 
·INFLG = +1 
!SKIP = +1 
!SUNY = 0 
DEL\IER=0. 

· DELHOR=0. 
REFR.9C=. 0149 
SECS=59. 

234 
235 
236 
237 
238 
239 
240 
241 
242 
2•:13 
244 
245 
245 
24? 
248 

C CALL D0 ? 90UTINE TO SET UP CHANNELS FND I NT ERUPTS 

.249 
. 25:~ 

!::ALL.. ! N: :::>AP 
:J?.I..,..E(::!.,35) 
REAi)(L 40) DAYS, HOURS, AMINS 

35 FORt·tAT<30H ENTER GMT DAYS, HOURS, MIHS ) 
40 FORHATC5G10. 0) 25~:. 

222 C SITE :NITIALIZATION FOR SUN POSITIOH CF_CUlATION IN PRIORI, BLOCK 
253 · CALi.... SINIT 
:25•~- C R:::SC:T :r-nERUPT REQUEST AND RUN CLOC~: 
255 A SCP,'C320 
256 C KEEP HELIOSTATS DISABLED UNTIL THRU PRIORITY B.LOCK ONCE 
25?. 99 IENBHS.= 0 
258 IF<IFLAG. EQ. 0) GO TO 99 
259 IEN8HS=1. 
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1 C HEf.:.~:JS~~~·r.::ONTROL SCFTWARE 4/29176-JRS, CONTINUING REVISIONS GLB,J~ 

c 
C***** BEGIN NON-PRIC~ITV BLOCK 

10e IF <IFLAIJ . EQ. 0) GO TO 200 
!FLAG=f. . 
!F<IDFLG . LT. 0) GO TO 130 

26!? 
261 
262 
263 
2S4 
265 
266 
267 
268 
269 
27e! 
271 
272 
273 
274 
275 
~':"S 

I.<!RITE<6>DAYS, HOUI'S, AM!NS, SECS, M, B, H,.A, GINNER,·GOUT=:R, GOUT, DC1, DCZ.. 
+CC3, S::>C1, SDC2, SDC:3, AZSUN, ELSUN, RELSUN, REFRAC, DELVER, DELHOR, . 

· +:Co=IL.- IWF.:AT 
130 CONTINUE 

ICALSM = !SUNY 
C ENABLE ASR 35 IN OUTPUT MODE 
A ccp, '1Z'!· 

DO ~5;3 IP=L4 
CALL SSWTCH<IP, !X> 
IF <;.x . EQ. 2) GO TO 150 
~R!~~(1,180) HOURS,AMINS, IP, 

+RcLSUN .. DELVER, DELHOR 
M<IP>,GOUT<IP),GINNER<IP>,RZSUN, 

";'77 !!='< !NFLG. GT. 0. OR. M< IP>. EQ. 1). WRITE(1, 181) NPO< IP), NPI ( IP), 
:~ .. 78 + H< Jp), A< IP> .. ICALSM 
·~79 150 CONTINUE 
280 IF<IWFLG. LT. 0) GO TO 190 
281 PYRO = ICALR<236:· + 15. 4 
282 · PHOTOCL = I CALR ( 232 > 
283 RAT!O = 0. 
284 IF<PHOTOCL. GT. 0. :· RATIO = PYRO/PHOTOCL 
285 ENERGY = 20. 82*<5. 655*PYRO +87. 2)*RATIO*ICALSM/224. 
286 ·wRITE(1,183) RATIO,ENERGY,COSSVN 
287 WRITE(1, 182) !WERT. . 
288 180 FORMAT<1H ,2F3. 0,2I3,4F9. 4,2F8. 2> 
289 181 FORt1AT<1H I 14X, 16, 2X, !6, 2F11. 4, 2X, 16> 
292 182 FORMAT <1H ,16I4} 
291 183 FORMAT<' RATIO=',F7. 4,',ENERGY=',F7. 0,',COSSVN=',4F7. 4) 
292 190 CONTINUE 
293 C SKIP. IF ASR NOT BUSY 
2S4 A SKS,'104 
295 GO TO 190 
296 195 SJNT: NL:E 
297 q OCP,4 

. 296 c 
~99 200 IF (MESSGE . EQ. 0 >GO TO 210 
300 MESSGE=0 
321 WRITE<L 205) IHSi M<IHS.), HOURS, AMINS 
302 205 rORMAT<4H HS, I1,6H MODE·' I1,6H TIME·,3F3. 0> 

. 303 207 CONTINUE 
304 A · SKS.-'104 
305 GO TO 207 
306 208. CONTINUE 
307 C ENASLE ASR 35 IN INPUT M.ODE . 
308 A OCP,4 
3.:09 210 CONTINUE 
310 A . INA, ' 1!1.104 
311 . GO TO 100 
312 213 CONTINUE 
313 ICAR= 
314 C . IF !CAR IS A T GO. INPUT NEW TIME 
3~.5 !F( !CAR . EQ. : 324) GO TO 33 

PAGE ee07· 
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c 
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HELIOSTAT CONTROL SOFTWARE 4/29176-JRS, CONTINUING REVISIONS GLB. ,JGP 

IF ICAR IS AD CHANGE IDFLG,WRITE DATA TO TAPE WHEN IDFLG. EQ. 1 
317 IF< I CAR . EQ. : 304) I DFLG = - lDFLG 
318 -c· . IF INFLG . EQ. 1 WRITE NET NUMBER OF PULSES TO ASR 
3.19 IF(ICAR. EQ. :3.16) INFLG = --INFLG -
320 c- IF IWFLG IS ONE WEATHER DATA IS WRITTEN TO ASR 
321 IFCCAR. EQ." :]27). ·IWFLG = -IWFLG 
322 C IF THE HlPUT CHAI<ACTER IS AN H i·lODE WlLL BE UPDATED 
::?.23 IF <I CAR·. EQ. : 310) GO TO 214 -
324 C IF R RETURNS TO r:AIN ROUTINE TO DO TAPE MECHANICS 
325 IF. <I-CAR .. EQ. : 322) RETURN 
326 - C IF 5 GET CALRAY SNAPSHOT 
327 IF ( I CAR. EQ. : 323.) CALL SNPSHT 
328 GO TO 100 . 
229 214 READ<1,.215) IHS, MODE . 
330 215 FORMAT<2I1> 
331- IF<IHS. LT. 1. OR. IHS. GT. 4. OR. MJDE. LT 1. OR. MODE. GT. 6> GO TO 100 
332 M<IHS) = MODE 
333 MESSGE=1 
334 GO TO 100 
335 c - . 
336 C DUMMY CALL TO- INSURE PROR GETS L)RDE~ 
337 777 CALL PROR 
:n8 . END 

0 FORTRAN ERRQRS 
$FN-24-32 41204082-614 A 

.. · 
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339 
:w~ 
34~-
342 
343 
3~·"· 
34~ 
34S 
347 
343 
:?.49 
350 
351. 
3:52 
:;53 

. 354 
355 
3:56 
357 
358 
359 
360 
361 
362 
363 
364 
365 
366 
357 
:<63 
?59 
370 
371 
372 
3?3 
374 
375 
376 
377 
378 
379 
380 
381. 
382 
383 

. 384 
385 
386 
387 
138 
389 
392 
391 
392 
393 
39~ 

C HELWS:AT CONTROL SOFTWF.RE 4/29176-,T'<:S, CONTINUING REVISIONS GLB, JGP 

SUBROUT! NE: PROR 
C PRIORITY INTERUPT BLOCK CALLED BY REAL TIME INT. SERVICE ROUTINE 
C SP4[t5 COi'1MANDS ONCE EVERY TWO SECOI~DS 

c 

COM~10N /CALIBi ICRAY, ICAL(14, 16), IWEAT<16> 
REP.L t<:!NS 
C:J~MON/:.-:~!TE6/DAYS,HOURS,M"INS,SECS,M<4>,B<8),H<8>,A<8),GINNER<4), 

+GQ._:TE~<·~), GOUT<4), AZSUN, ELSUN, RELSiJN, REFRAC, DELVER, DELHCR 
COMMON/DCOS/DC1<4>,DC2<4>,DC3(4),SDC1(4),SDC2<4>,SDC3<4> 
C0t1t·10N/MISC/ANMEAN, AI'I)OT, RLAT, SLAT, CLAT, SINCL, CINCL, OMEG, SINW, COSW 
COt'iMON/AZIM/ASIN<4>, AC05(4), SASIN<4·), SAC05(4) 
COt1t10N/FLAG/ !FLAG, IENBHS, !CP.L~, !SKIP, ISUNY 
COMMOIVSCALE/ SF0(4), SFI (4) 
COMMON/DELTA/ DEL<4>,SDEL(4),CDEL<4) 
COMMON/COMND/ KC(4),NP0(4),NPI<4> . 
C0Mt10N/REFER/ RFSCRL<4), RF2AB<4), RFA282(4), RFANGR<4> 
COM~10N/XTRAS/ COSSVN < 4) 
REAL WT<16>,NORTH 
DATA DTORAD/1. 745329E-2/,RTODEG/57. 29578/ 
DATA WT/-7. s.-6. s.-5. s,-4. s.-3. s.-2. 5,-1. 5.-. 5,. 5.1.5,2. 5.3. 5,4. 5, 

+ 5. 5.6. 5.7. 5/ 

C UPDATE GREENWICH MEAN TIME 
250 SECS=SECS+1. 

ISKIP = -ISKIP 
T I ME=HOURS+M I NS/60. +S!::CS/3600. 
IF <SECS . LT. 60. >GO TO 320 
SECS=0. 
MINS=MINS+1. 

C A REG .. IS LOADED WITH DA;TA READY SIGNAL AND SENT ONCE PER MIN 
=:377 

302 CONTINUE 
A OTA,~0i15 

c 

GO TO 302 
304. CONHNUE· 

ICALF=1 
IFLAG=1. 
IF" <mNS . LT. 60. ) GO~ TO 305 
MINS=0. 

. HOURS=HOURS+1: 0 
IF <HOURS'. LT. 24. ) GJ ·TO 305. 
I-:OURS='0: 
DAYS=DAYS+1. 

C COMPUTE SUNS ORBITAL POSUION 
. 305 At1=AN~1EAN+AMDOT*<DAYStTIME/24. ) 

.. AE = 0.' 
DO 310: I=1,.3. 

310 AE=At·1+. 01672*SIN<AE> 
TEMP1;:COS<AE> -
TEMP2=1·. -. 01672*TEMP1' 
COSV= (·TEMPi-. ·01672) /TEMP2 
S I NV= ( .. 99986*5 IN ( AE) ) /TEMP2 

. EQUAT o:COSV:-t<COS~l-SI NV*:5 I N~l 
· TEMP=COSV*S I NI~+S IIN>t<CiJSW 
EASTI~TH1P*CINCL : · 
POL:RRi::TE~1P*SINCL ·. ·' .·• 

•. ' .·· ' .. 
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C COMPUTE EARTH f'IXED POINTING VECTOR TO SUN 395 
396 
397 
198 
399 
400 
401 
402 
403 
404 
405 
4B6 
407 
409 
409 
410 
411 
412 
413 c 
<-14 
415 
416 
417 
418 
419 
420 
421 
422 

320.0MEGA=<OMEG+15. •<DAYS•6. 57098E-2+TIME>>•DTORAD 
SINO=SiN<OMEGA> 
COSO=COS<OMEGA> 
~EMP=COSO•EQUAT+SINO*EASTI 
UP=CLAT•TEMP+SLAT•POLAR 
EASi=COSO*EASTI-SINO•EQUAT . 
NORTH=CLAT*POLAR-SLAT•TEMP 
TEMP=SQRT<EAST**2+NORTH**2) 
AZSUN=RTODEG•ATAN2<EAST,NORTH) 

· ELSUN=RTODEG•ATAN2<UP, TEMP> . 
C · REFRACTION CORRECTION BUFFERED FOR VERY LOW· AND ZERO ELEVATIONS 

REFCOR = REFRAC*TEMPI<ABS<UP>+1. 9E-4)*(1. ·-. 0003/<UP•UP+. 000302)) 
RELSUN = ELSUN + REFCOR ' 
D.CS1=S IN< RELSUN•DTORAD) 
TEMP=COS<RELSUN•DTORAD> · 
DCS2=TEMP*SIN<AZSUN•DTORAD> 
DCS3=TEMP•COS<AZSUN•Di0RAD> 

IF(IENBHS . LT. 0) GO TO 645 
IF<ISKIP. GT.0. OR. IENBHS. EQ.0) RETURN 

C .COMPUTE RESULTANT UNNORMALIZED HELIOSTAT. POINTING VECTOR 
DO 600 . 1=1, 4 . . 
IK=M<I> . 
GO TO <430,440,450,460,470,489), IK 

C CLOSED LOOP TRACK OF PRIMARY TGT, MODE !. 
430 IF< ICALSM. LT. 600) GO TO 440 .. 

H<!) = H(!) ~ DELVER 
~-23 
424 c 
425 

ELEV=RTAN2<H<I>,B<I>> . 
? C 'l = A <I > + ATAN2 < DELHOR, 80 ))>t;RTODEG lj<>fnlcEXACT, APPROX USED 
~C!) ~ A<I) + DELHOR/B(l)*RTODEG 

425 
42?' 
'428 
429 
430 
431 
432 
433 

. 434 
435 
436 
437 
438 
439 
441? 
441 
442 
''-43 
44~· 
~-4-5 
, ... ~6 
~.:'.7 

d.48 
~A9 
,;se · 

TEMP=A<I>•DTORAD 
ASINCI>~SIH<TEMP> 
ACOS < I >=COS <TEMP)' 
DC1<I>=SIN<ELEV> 
TEMP=COS<ELEV> 
DC2<I>=TEMP•ASIN<I> 
DC3<I>=TEMP*ACOS<I> 

C INTENTIONAL FALL THRU AT THIS POINT 
C OPEN LOOP TRACK OF PRIMARY TGT, MODE 2 

440 V1=DCS1+DC1<I> . 
Y2=DCS2+DC2(I > 
V3=DCS3+DC3CI> 
AS = ASIN<D*CDEL<D + ·ACOS<D*SDEUD 
RC = ACOS<D*CDEL<D - ASIN<D•SDEL~l) 
GO TO 490 

C OPEN LOOP TRACK OF SECONDARY TGT, MCDE 3 
450 V1=DCS1+SDC1<I> 

\·2:;::DC:S2+S::>C2< I> 
V1=~>C53+S)C3( I> 
P.S ~ :;;=:SIN< D*CDEL< I> + SACOS( D*SDEU D 
?: = SRCOS<I>*CDEL(l) - SASIN<I>•SDEL(l} 
GO TO 450 

C POINT AT SECONDARY.TGT, MODE 4 
460 V1=SDCHI> 

V2=SDC2<I> 

PAGE 0010 
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45:!. 
452 
(;.53 

4~:.' 

4~8 
0:::.59 
452 
46::. 
.1.62 
.:!.63 

V3=SDC3(!) 
AS = SASINC!):t:CDE~Cl) 
P.C = SACOS<D*CDE_(!) 
GO T!J 490 

C HOME, it;OOE 5 
4?e '<CCI> "' 1 

~J~-E~C:) = RFSCRL<I> 
NF'O<I) = 0 
GOUT< I )=0. 
G I ~iNEi\: < I ) =180. 
NPI (I> = 180. /SF! ( D 
COSSVN < D = 0. 

+ SP.COS<I>*SDEL<I) 
- SASH~( I >*S~:EL(:) 

+ 0. 5 

<:.54 C 
465 
466 
467 
468 

GO TO 600 
INITIALIZATION, MODE 6 

480 KCCI) = 128 
GOUTER<I) = RFSCRL(!) 
GOUT< I) = 0. 
NPO(!) = 0 

'!-65 
1?e 
4":'::. 
472 
<-73 
474 

4?6 
(77 
478 
.:i75 
4812: 
4:31 
482 
483 
484 
485 
486 
437 
<'.gg 
~-:::3 

490 
45:1. 
492 
493 
494 
495 
496 
497 
498 
499 
5(10 
501 
!:,;:)2 
593 
5(:!4 
5~:~5 
::·2·6 

, .. 

GI~·iNE~< I) = 0. 
NPIC) = 0 
C'OSSVN ( I ) 0. 
GO 70 600 

C ROTATE 180 - AZ- DEL RELATIVE TO UP-EAST-NORTH COORDINATES 
490 R1 = Vi 

R2 = .,.V2:t:AC + V3>~<AS 
R3 = -V2*AS - V3:t:AC 

C C0~1PIJTE G H1BAL ANGLES 
C THETA IS NEGATIVE WHEN NORMAL POINTS TOl~ARDS TARGET <R3. LT. 0) 

THETP. = ATAN2(R3,R1) 
PHI = ATAN2<R2,SQRT<R1*R1 + R3:t:R3)):t:RTODEG 

C COMPUTE SCRE~ LENGTH 
SCRE~l = SQRT(RFA282(!) - RF2AB< D>~<COS<RFANGR< I) + THETA)) 

C CALC. COS OF ANGLE BETWEEN SUN VECTOR AND MIRROR NORt1AL 
COSSVN<!) · = 0/1:t:DCS1 +V2*DCS2 +V3:t:DCS3)/SQRT<V1:t:\li+V2:t:V2+VJ:t:V3") 

.C FORt1AT OUTER AXIS COt·1MAND. POSITIVE COMMANDS LENGTHEN SCREW 
C RND ~:OTATE OUTEF: AXIS AWAY FROM THE TARGET. 

ITEt·1P=(GOUTER< I )-SCREW)/SFO< l) 
KC< D=O . l· 

IF ( ITEt·1P) 51~3, 555, 520 
510 iSIGN = 1 

I "7H1P=-l TEt·lP 
KCCI)=KC(I)+16 
GC -:-c 530 

520 rsrm; =- -1 
~ IFC ITEt·lP. GE. 15) GO TO 540 

I(C< I )=KC< I )+32. 
NPOCI) = NPOCI) + !SIGN 
GO TO 550 

: 540 KC ( D =KC < !) +64 
NPO<r> = NPO(l) + ~S>t:ISIGN 

559 G0(1TEF.:C I> = RFSCRUD + SFOO )>t:FLOAT(NPO< I)) 
COSANG = <RFA282( D. - GOUTER<I ):M:2)1RF2AB<!) 
SI~ANG = SQRTC1. - COSANG:t:COSANG) 
(:l(tUT( I>, = <ATAN2.<Sit·lANG, COSANG> - RFANGR< I) )>~<RTODEG 

C FORr·11lT INNER AXI~ C0~111AND. POSITIVE C0~111ANDS CAUSE A POSITIVE 
C. • ~ ROTP.TI 01:1 .liE:OUT AN A:-< IS N RECTEO RADIALLY OUTWARD FROM THE TARGET. 

~ ' ' 

I ~ ' 
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507 
508 
509 
5:10 
511 
'=::o"io"') 
·-·.l..C:.. 

. 555 ITEMP=<PHI-GINNER< I) )/SFI< I> 
~C<! )=KC< !>+2 
IF<ITEMP) 550,600,570 

"560 <C<I>=KC(I)-2 
ISIGN = - 1 
ZTEM?=-ITEM? 
GO TO 580 

570 !SIGN = 1 
580 IF<ITEMP. GE. 15) GO TO 550 

KC< I )=KC< I H4 
NPI<I> = NPI<I> + ISIGN 
;GO TO 595 

598 KC<I>=KC<I>+8 
NPI<I> = Nfi(~) + 15*1SlGN 

595 GINNER< I> = SFI < D*FLOOT<NPI (I>) 
600 CONTINUE 

513 
5:::..4 
5:5 
516 
51.7 
518 
519 
520 
521 
522 
523 
524 
525 
526 
527 A 
528 
529 

c 
C ISSUE 1-lEUOSTFiT COMMANDS 

530 
531 A 
532 
533 
53:4 
;:;35 A 

c 

612 CONTINUE . 
=KC<1> 
OTA,'0105 
GO·TO 610 

.620 CONTINUE 
=KC<2> 
OTA, '0106 . 
GO TO 620 

630 CONTINUE 
=KCG> 
OTA,/0130 
GO. TO 630 

640 CONTINUE 
=KC(4) 
OTA,'0131 
GO TO 640 

C COMPUTE CAL ARRAY CENTROID 
645 CONTINUE 

536 
537 
538 
539 A 
540 
541 
542 
543 
544 
545 
546 
547 
5t-E 
:;::.:::,3 
55'a 
i=.~::-~ '"'._ ...... 

.::.:..•.::; 
:::~:5 

557 
t::"t:"".-. ._!._10 

559 
560 
5:51 
5~ 

IF <ICALF . EQ. 0) GO iO 730 
C HANGS TIL CAL ARRAY IS FIL.i..ED (243 CHANNELS) 
C. OCTAL CONSTANT-27420 CCNSISTANT WITH SETC OF 30000 

650 IF < ICRAY . NE. : 274212) GO TO 645 
ICAi...F=0 
CALSUM = e 
WTSUM = ~ 
D!::L'v'ER=0. 
C::ELI-iC?::-::0. 
:·o ?::.e I=i. 1<1 
!. :;ur = 0 
DO 705 J=L 16 

705 I SUt·l = ISLf1 + I CAL< I,, J) 
CAL.SU~1 :: CALSUM + I St!M 

710 v.!TSUt·l = WTSUi'l + ISU~1>+<Wl<I+1) 
ICAL5t1 = CALSUM 
I SUNY = CHLSUt1 
IF < C;=lLSU:-. . EQ. 0. ) RETURN 
O:=:L VER = -WTSUM/CALSLtl 

IN INIDAP 
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_63 c 
564 WTS!.)~1 = 0. 
565 DO 720 J=1,16 
566 ISU;1 = 0 
567 DO 715 1=1,14 
568 715 ISUi'1 = ISUM + I CAL<:, J) 
569 720 HSU~1 = WTSUM + ISUM*WT<J) 
572 ~ELHOR = WTSUM/CALSUM 
571 ~cTURN 
572 730 I CALSM = -CALSU~1 
573 80€: CONTINUE 
574 c 
575· C CQio1PUTE WEATHER DATA AND REFRACTION CORRECTION 
575 RETURN 
Sr'i' END 

.~ FORTRAN :::~ORS. 
:::::c-~-24-!2 4:!.204082-614 A 
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1 C HLICSTt=!T CONTRCL SOFTviF:RE 4/29/7f5-JRSI CONTIHUING REVISJONS GLB, JGP 

CO~' ··'C'!' LEN 3TH 
8LD::K OCTAL DECH1AL 

CRL:B 000361 241 
~lRITE6 000140 96 
FLAG 0;;)0005 5 
r1ISC 000~24 20 
DCOS 1300060 48 
AZH1 00004113 32 
SCALE 00002~ 16 
DELTA 00003>2· 24 
COI"ND 000914 12 
REFeR 000040 32 
><TR~S ;~100010. 8 

CONt·10N LOW 026752 
COMt·10N HIGH 030000 

P.DDRESS 

{:1'27417 
. 027257 

027252 
027226 
027146 
027106 
027066. 
027036 
027022 
a26762 
626752 
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Date 11 August 1976 

m TEST REPORT 
MATERIALS ENGINEERING 

Page. 1 

Subject: 

Several epoxy and silicone adhesives were tested and 
evaluated for high reliability, long service life bonding 
nf HE>lto~tat ~oJar reflective mirrors to structural sub­

·. strates. 

Purpose: 

To determine the detail materials and processes design 
and fabrication requirements for an adhesive system suitable 
for bonding glass mirrors to a variety of materials used for 
structural supports. The subsequent structure must withstand 
service in outdoor environments for 20 to 30 years. Require~ 
ments include: 

• Structural Supports, Finish Selection; 

• Mirror Surface Design Considerations: 

- Thermal Expansion Joints, 

- Protective Edge Coatings, 

- Mirror Edge Flaws, 

- Mirror Enamel and Adhesive Compatibility and 

- Mirror Size Effects; 

Adhesive Material Selection and 

. Adhesive Application Processing Detail, 

of ll 
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Conclusions: 

Based upon a literature·search and· .followed by an adhesives 
testing and evaluation· program,. the .fqllowing conclusions were 
re~ched: 

1. Structural Supports: 

Materials must be treated with one or more o.f the approp­
.riate corrosion-resistant .finishes: 

Anodizing, · 

Passivation, 

• Phosphate Conversions or 

Electroplatings. 

These types o.f .finishes provide a suitabl'e adhesive bonding 
surface .for meeting the 20 to 30 year service requirements. 

2. Re.flecti ve Mirror Surfa·ces: 

The .following precautions need to be o'bserved when adhesive 
bonding glass mirrors: 

(a) Thermal Expansion Joints: 

To prevent transmitting excessive buckling stresses to 
both the adhesive bond and the mirrors, provide sufficient 
thermal expansion dimensional· spacing (gapping).so that 

.mirrors·never mee~. · · 

(b). Protective Edge Coatings: 

Common experience·indicates that mirrors exposed to out­
door environments require proteciiion.o.f the silver's ex­
posed edge to prevent physical loss o.f adhesion and chemi­
cal corrosive damage to the silver. 
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Conclusions (continued): 

2. Reflective Mirror Surfaces (continued): 

{q) Protective Edge Coatings (continued): 

: (A number of small mirrors: 1 inch X 1 inch failed 
to show silver degradation when subjected to laboratory· 
sustained humidity exposures of l400F, 98% relative 
humidity for 30 days.) 

(c) _ Mi.rror Edge Flaws: · 

To minimize microcracks mirrors must. be. fabricated 
to provide a "clean cut" edge. In addition mirror edges 
must be protected {"guards") from accidental physical 
damage. Invariably microcracks in the mirror's edge will 
result in crack propagation; often cracking across the 
entire face of the mirror. 

{d) Mirror Enamel and Adhesive Compatibility: ., 

_Adhesives must be free from lacquer thinner solvents 
and sulfur impurities (such as found in rubber cements) 
to prevent damage to the mirror's proprietary protective 
ehamel and to the mirror's silver reflective finish. 
Sol vents a·re usually added to facilitate use of the ad­
hesive by brush, roller, and spray application methods. 

(e) M.irror Size Effects: 

All silicone and epoxy adhesives (except Peterson 
Chemical Company's "INSULON 100- POLY-EP")were acceptable 
for bonding relatively large glass mirrors to rigid (steel) 
substrates. See Table I. 

3. Adhesive Material Selection: 

Silicone adhesive materials will provide tensile butt strengths 
of 100 to 300 psi (See Table I) over a wide range of thermal 
exposure's for the required 20 to 30 year functional outdoor 
service life • 
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Conclusions (continued): 

3. Adhesive Mat-erial Selection (continued): 

·· ·While silicones are the preferred adhesive for· lorig 
service llf!:!, .Lb.e ·epoxy adhe.!ives will aloo ~robably {i.e., 
available hard life data for epoxies is abo~ 10 years) 
also tneet the 20 to 30 service life. The two..;..part, cata­
lyzed semi-flexible epoxy adhesives will provide tensile 
butt strengths of. 500 psi minimum. The adhesive bonded 
mirror has a large :factor of safety i.e., requirements for 
rel~tively mild thermal exposures, low tensile and ·shear 
strength~ ~d enviro~entally pr~tected.atp1es1ve. bond.lines. 

4. Adhesive Processing Detail: 
-., 

aoth silicone and epoxy adhesive materials have the 
desired ease of mixing, sufficient pot-life, spreadability 
for brush, trowel or roller application, require little to 
no cl'amping pressure. and cure at ambient, room temperature 
processing environment-s. 
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Discussion-and Recommendations: 

1. Structural Supports: 

Analysis: Adhesive bonded joints, exposed to the weather, 
commonly fail by environmental moisture penetrating into 
the adhesive's bond line. The moisture migrates along the 
metal's surface, undermining and displacing the adhesive at 
the bonding interface, causing subsequent, premature joint 
failure. To prevent this occurrence, the metal must receive 
a corrosion resistant finish, e.g. chromate, phosphate, 
passivation, anodize or electroplating. 

Recommend: The various Departments of Defense have 
issued several excellent government design specifications 
such as MIL-F-7179, MIL-STD-171 and MIL-STD-1250. These 
specifications.define many suitable surface finishes, accept­
able as an adhesive bonding substrate. 

2. Reflective (Mirror) Precautionary Design Considerations: 

(a) Analysis/Recommendations: The "Conclusions" section 
provides sufficient insight for "Analysis and Recommen­
dations" of the following areas: 

• Thermal Expansion Joints, 

• Mirror Edge Flaws and 

• Mirror Enamel and Adhesive Compatibility. 

(b) Protective Edge Coatings: 

Analysis/Recommendations: To prevent chemical, corrosive­
degradation of the exposed silver edge from sulfurous 
compound atmospheres or loss of silver to glass adhesion 
from moisture penetration, recommendations include: 

• "Cut" the mirror to size; then apply the silver, 
copper and protective enamer-coatings in a manner 
to cover the silver edge(Preferred Technique), 

OR 

• Protect the bare, exposed silver edge with a 5-mil 
pressw·e sensitive Teflon tape, treated f'or adhesive 
bondability per MIL-T-23594, Type II. The tape should 
cover the silver edge, extending onto both the mirror's 
front and ba.olt surfaocs, 
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Discussion and Recommendations (continued): 

2. Reflective (Mirror) Precautionary Design Considerations (con 1 d):· 

(c) Mirror Edge Restriction: 

Analysis: Any condition which prevents the mirror from 
expanding or contracting freely with rising and falling 
temperatures induces compressive ("buckling") or tensile 
stresses into the mirror. The mirror surface in tension 
will eventually micro-fracture, with_subsequent cracks 
pr.opagating across the !ace o! the ml·r,·rur. 

RECOMMEND: AvoL~ massive adhesive fillets at the edges 
of the m1rror and avoid snug-fitting, metal edge protectors 
("~ards"). 

(d) Brittle Adhesive; Large Mirror Size Effects: 

Analysis: RIGID epoxy adhesives may lack sufficient 
elasticity for adhesive bonding of large (60 inches X 
60 inches) mirror panels. Under these conditions, adhesive 
bonds exposed to fluctuating high and low outdoor tempera­
tures, can fracture the adhesive, particularly at the ex­
tremities (edges). While this fracture does not jeopardize· 
the structural integrity of the adhesive bond, the fracture 
will provide an undesirable capillary crack ("wick") to 
env li"u:n:mental moisture. Entrance of moisture, particularly 
with freezing temperatures, may cause eventual mirror 
fracture. The adhesive failure is co.mmonly due to the 
following: 

.• Mis-Matched Materials:<*)nifferent substrate materials, 
sometimes with widely different thermal coeffic.fents 
o! expansion and contraction, cause stress conditions 
exceeding the adhesive 1 s joint strength •. 

• Adhesive Brittleness: RIGID epoxy adhesives lack suffi­
cient elasticity "to stretch"; to accommodate to the 
dynamic changing of joint-dimen~ions encountered during 
therma~ exposures. The semi-rigid and flexible epoxies, 
as well as all silicones, however, have adequate elasti­
city to meet Program service requirements. 

(*) See Table I:· Note 10. 
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Discussion and Recommendations (continued): 

2. Reflective (Mirror) Precautionary Design Considerations (con'd): 

-·::..:·-~(d.) Brittle ... Adhesive;· Large Mirror Size Effects -(continued-): 

Recommend; With the exception of the Peterson 
Chemical Company's epoxy "INSULON 100- POLY-EP"(*), 
all adhesives listed in Table I have sufficient 
flexibility for bonding the Heliostat mirror panels. 

(*) This material is intended to be used as a coating; 
not as an adhesive. It was selected purposely to 
show the danger of using a solvent-thinned adhesive. 

3. Adhesive Material Selection: 

Analysis: The desi~able adhesive material properties and a 
comparison of the preferred type of adhesives are provided 
in the following tabulation: 

DESIRABLE ADHESIVE PREFERRED TYPE 
MATERIAL PROPERTIES OF ADHESIVE · "X" 

EPOXY SILICONE 

Compatibility of Mirror's -. 
Protective Enamel with 
Adhesive X 

•. Sufficient Pot-Life for 
Application and Installa-
tion ---About Equal Merit---

. Low Viscosity for Appli-
cation Ease (Brush,· :)'pray, 
Roller or Trowell) . X 

. Ambient Room Temperature 
Curing, Minimal Clamping X 

. Toxicity X 

. Service Life Capability X 

. Available and Inexpensive X 
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Discussion and Recommendations (continued): 

~- Adhesive Materi.al Selection (continued): 

Init:iAlly three families of adhesives were proposed: 
epoxies, silicones and polyurethanes. ('l'h~ commei"C1a.l/ 
.1ndustrial "mastics" and "contact cements" are unsatis­
factory due to short service life expectancies wi~h out­
door exposures. As mentioned previously, contact cements 
invariably contain lacquer solvents, detrimental to the 
mirror's enamel coating.) After an initial examination, 
the polyurethanes were dropped from consideration, since 
m~1y polyurcthanoe have rQlativ~ly hieh toxicity of the 
cur.l,ng agents (isocyanates) and curing temperature re­
quirements of 150°F, minimum (unfeasible for the Helio­
stat hardware) • 

RECOMMEND: Silicone adhesives are· the preferred choice 
since there are rio ·environmental hard life data for epoxy. 
adhesives beyond 10 years. 

. ' 

4. Adhe·si ve Application Processing Detail: 

Analisis: The silicone and epoxies.must be two-part, resin­
cata yzed systems. The formulations (meteri·ng out) must · 
be accurate. Pot-lives are typically one hour at 75oF, 
not long, but sufficient_ to complete bonding. 

The application ·method selected (e.g. brush, trowel, 
roller and spray) must result in a uniform adhesive bond . 
line thickness (preferably 0.003 to 0.007 inch), to provide and 
facilitate mirror panel flatness. To best meet the de-
sired thickness objective, adhesives need to be solvent 
thinned and applied by spray application. Ho"wever,. this 
IS NOT acceptable for epoxies since epoxies I"equi:r,•e lacquer 
solvents (which are damaging to the mirror's protective 
enamel). ·';('his IS acceptable for silicones since thinning 
can be accomplished with a rapid evaporating solvent, non­
d?Jllaging to the mirror's enamel (e.g• "Freon TF"). Conseq­
uently, solvent thinned, spray applied silicone adhesives 
show a significant application advantage both in ease and 
precise bond line thickness control. Epoxies however, will 

. require a trowel, brush or roller application usually in 
the "As-Mixed" (unthinned) condition. The following tabula­
tion of adhesive viscosities (compared'to common liquids; 
water and motor oils) gives an indication of the adhesive's 
application spreadibility: 
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Discussion and Recommendations (continued): 

4. Adhesive Application Processing Detail (continued): 

MATERIAL 

Wate.r 

·Epoxy: !'Poiy-Ep" 

Motor Oil, SAE 10 

SAE 30 

SAE 50 

·.hpoxy: iiE;C 2216 11 

Silicone: "RTV 11'1 

Silicone: "RTV 93--076 11 

VISCOSITY (Centipoises) 

1 

50 

55 

250 

650 

10,000 

40,000 

300,000 

Silicones require a preliminary priming of all surfaces to 
be adhesive bonded. Epoxies do not require a primer. For 
the best adhesive bonding, the adhesives should be applied 
to poth .the mirror and the structural support. 

Both silicone and epo·xy adhesives need clamping pressures 
of a few pounds per square inch, sufficient to provide 
unJform mirror flatness and reduce bond line voids. Vacuum 
bag clamping techniques are quite acceptable. Locallized 
clamping methods such as "C-Clamps" and "Dead-Weights" are 
unacceptable. 

Epoxies cure fully in a few days at ambient room temperatures, 
while silicones require seven days for full strength proper­
ties. From a practical consider3tion, the adhesive bonded 
equipment can be "moved about" a.fter 36 hours for epoxies and 
96 hours for silicones. The adhesives c.ontinue to polymerize 
to" complete full cure "in situ", within seven days. 

Recommend: Both silicone ·and epoxy adhesives have 
suitable application properties. Silicones have an added 
advantage over epoxies, i.e. silicones can be spray applied 
to precise adhesive bond line thickness to achieve mirror 
lay-up flatness. 
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ADHESIVE SYSTEMS: BUTT TENSILE STRENGTHS(l) (PSI) 

,• ·TEST BAR, ADHESIVE BONDED( 3)( 4)(lO) 

ADHESIVE SYSTEM (2)(5)(6) 
·. ·ly-'W;;·:r ¥,;~ 

Left Center · .. · Right 

. Epoxy: 2216 (No Beads ) (7)> 600· ,. 840 > 660 

.. Epoxy: 2216 (With Beads) > 920 > 730. > 700 

. Silicone: RTV ·11 (No Heads ) 328 212 3?5 

• Silicone: RTV.ll (\Vi th Beads) 1'78 181 152 

. Silicone: RTV 560 (No Beads ) 123 137. 215 

Silicone: RTV 560 (With Beads) 94 77' ' . 65 . 
. Epoxy: Pol y-Ep . (No. Beads ) .'(8) 66 44 31 

• EPoxy: Poly-:Ep (With Beads) (9) --- (9) --- (9) ---
. Epox- Sil-Rub (No Beads )· > 545 ~ 723. 556 

. Epox- Sil-Rub (With Beads) 171 162 188 

. . . :fJTES: 

il) Butt tensile testing was selected 
(instead of lan shear) to reduce · 
the tendency of failure in the 
glass. 

(c) Silicones(*) : 

'· 
(2) Adhesive Materials Tested: 

(a) Epoxies: 
. 3M Co., "EC-2216, Unfilied, 

Am bel~" 
St. Paul, Minnesota 
Peterson.Chemical Com~any 
"Ins1.1lon 100 (Poly-Ep}" 
Sheboygan, Wisconsin 

(b) ~oxy-Silicone: 
Isochem Resins Comyany 
"Epox-Sil-Rub 400'/ 411/114" 
Lincoln, R. I. 

\ 

\ 

• General Electric Company"RTV 11 
Waterford, New York · 

• General Electric ·company"RTV 56 
Waterford, New York 

Dow Corning Corp~ , "RTV 93-076" 
Midland, Michigan · 
(Not tested: Viscosity too higb 

(*) G. E.'s Silicone Primer 
"Ss400411 was used prior to 
adhesive application. 
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ldhesive Systems: Butt Tensile. Strengths (PSI) 

fOTES: ·.· --. 
3) Adhesive Bonded Test Bar: 

Glass mirror, adhesive 
bonded to steel strips: 
l".X 42 11 X 1/4" . 

4) Adhesive Test Coupons: 
After thermal cycling 
tests: 
0° to +140°F(2 hr.duration) 
84 continuouf:> cycles 

. 0 
(Temp. dwells@ 9 F = 15 min.) 
( . @ 140°F = 30 min.) 

Coupons were cut from the left 
and right extremities, and also 
from the center of the test bar.. 

5) Glass Beads (.01~ inch dia.): 
Beads were added to the adhesive, 
to provide controlled· .015 11 spac­
ing of the bond line. With no 
beads, the bond line was approx • 
• 003 inrih. · 

6) Miscellan~ous Butt Tensile Tests: 
MPE's ETR No. 15992: 
(a) Parsons: Mirror/Aluminum 

Honeycomb Structure: 
Butt te~sile strengths 
ranged from 242 to 538 psi 
(4 samples). The adhesive 
consisted of an epoxy: 
"EPON 828 Resiri/DTA Hardener" 

(b) Brunswick: Mirror/Steel 
Structure: 
Butt tensile strengths 
ranged from 25 to 68 psi 
(4 samples). (The structure 
consisted of the mirrors 

. bonded to a "Paint Grip · 
Galvanized" steel with · . 
"Formica" type contact cement.) 

(7) Fracture of the Mirror: 
The "greater than" sign ( > ) 
indicates failures occurred 
by cohesive fracturing of 
the glass mirror and adhesive 

· failure of the mirror to the 
aluminum tensile block, typi­
cally as shown: 

Mirro 

Steel?' 
Test 
Bar 

Loading 

Loading 

Tcnai le (Dut L) 
uminum 

Block 

ensile(Butt: 
Aluminum 
Block 

(8) ·Mirror Enamel Coating/Adhesive 
Solvent Incompatibility: 
This epoxy (coating) contains 

(9) 

(10) 

a lacquer solvent which softened 
the mirror enamel resulting in 
low adhesive test strength values. 

Thermal Cycle Failure: . 
The use of .015 inch dia. glass 
beads, in conjunction with the 
large amount of solvent thinner 
used in this epoxy (coating) re­
sulted in large voids in the ad­
hesive bond line; causing low ad: 
hesive bond strengths and pre­
mature failure during thermal 
cycle testing • 
"Bimetallic"Stress Confi ration: 
Note 3 configuration provides 
"worse case" stress loading to 
adhesive and mirror. 
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