
CENTRAL RECEIVER SOLAR THERMAL POWER SYSTEM 

PHASE 1. CDRL ITEM 2 

Pilot Plant Preliminary design Report 

Volume 3, Book 1. Collector Subsystem 

By 
Raymon W. Hallet, Jr. 
Robert L. Gervais 

Date Published-November 1 977 
3 '  - 3 - 4  .) -'I , 

Work Performed Under Contract No. EY-76-C-03-1108 

McConnell Douglas ~stronauics Company 
Huntington Beach, Caljfornia 

U.S. Department of Energy 

t '  v. 5 1 , -  - .! n ; .  
= 8 La- 

, , .  p 

: &mmTq ,3F TW DO(;UaKNT 1S UMU- 

Solar Energy 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



NOTICE 

This report was prspand aa an account of work sponsored by the United States 
Government. Neither the United State8 nor the United States Deputment of Energy, nor 
my of their employees, nor any of their contractors, subcontractors, or their employees, 
makes my warranty. express or implied, or assumes my legal liability or nspondbility for 
the accuracy, completeness or u s c f u ~  of any information, apparatus, product or process 
diwlosed, M npzedents that its uae would not infringe privately owned rights, 

This report has been reproduced directly from the best available copy. 

Available from the National Technical Informaition Service, U. S. Department of 
Coilu~~erce, Sprinsfild, Vhgiuia 221 61. 

Price: Paper Copy $12.50 
Microfiche $3.00 



SAN/1108-812 
Distribution Category UC-62 

CENTRAL RECEIVER 
SOLAR THERMAL POWER SYSTEM 

PHASE 1 

CDRL ITEM 2 
Pilot Plant 

Preliminary Design Report 

VOLUME Ill, BOOK 1 
Collector Su bsy st y!&J 

r my of their srnployc~ 
, arbconmcton, or their 

I! mpuibility for the r 

Raymon W. Hallet, Jr. and Robert L. Gervais 

Date Published - October 1977 

Prepared for the U.S. Department of Energy 

Under Contract No. EY-76-C-03-1108 

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY 
5301 Bolsa Avenue 

Huntington Beach, California 92647 



PREFACE 

This repor t  is submitted by the McDonnell Douglas Astronautics 
Company to the Department of Energy under Contract EY-76-C- 
03- 1 108 as  the final documentation of CDRL Item 2. This P r e -  
l iminary Design Report  summarizes  the analyses,  design, test ,  
production, planning, and cos t  efforts performed between 
1 July 1975 and 1 May 1977. The repor t  i s  submitted in seven 
volumes, a s  follows: 

Volume I, Executive Overview 

Volume II, System Description and "Sys tern Analysis 

Volume 111, Rnnk 1 ,  Cnllectar Subsystem 

Book 2, Collector Subsystem 

Volume IV, Receiver  Subsystem 

Volume V, Thermal  Storage Subsystem 

Volume VI, Electr ical  Power  Generat ionlblaster  Control 
Subsystems and Balance of Plant 

Volume VII, Book 1, Pilot  Plant  Cost and Commercial  
P lant  Cost and Per formance  

Book 2, Pilot  Plant  Cost and Commercial  
P lant  Cost and Per formance  

Specific effor ts  per formed by the members  of the MDAC team 
were  a s  follows: 

Mc Donne11 Douglas Astronautics Company 
Commercial  System Summary 
System Integration 
Collector Subsystem Analysis and Design 
Thermal  Storage Sub sys  tern Integration 

Rocketdyne Division of Roc kwell International 
Receiver  Assembly Analysis and Design 
Thermal  Storage Unit Analysis and Design 

Stearns -Roger, Inc. 
Tower and R i s e r /  Downcomer Analysis and Design 
Electr ical  Power Generation Subsystem Analysis 
and Design 

University of Houston 
Collector F ie ld  Optimization 

Sheldahl, he. 
Heliostat Reflective Surface Development 

West Associates  
Utility Consultation on Pilot Plant and Conlnlercial 
System Concepts 
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Section 1 

INTRODUCTION AND SUMMARY 

The central  receiver  sys t em consists of a field of heliostats,  a cent ra l  

rece iver ,  a thermal  storage unit, an e lec t r ica l  power generation system, 

and balance of plant. This volume d iscusses  the collector field geometry,  

requirements and configuration. The development of the collector sys tem 

and subsystems a r e  discussed and the selection rationale outlined. System 

safety and availability a r e  covered. Finally, the plans for  collector portion 

of the central  receiver  sys tem a r e  reviewed. 

1 . 1  COLLECTOR FIELD GEOMETRY 

The collector field geometr ies  for the Commercial  and Pilot Plants a r e  

developed in Volume 2. The geometr ies  a r e  based on optimization tech- 

niques developed by the University of Houston. The collector field geome- 

t r i e s  a r e  reviewed in this section. 

1.  1.  1 Collector Field Geometry, Commercial  Plant 

The collector field geometry for the Commercial  Plant i s  shown in F igure  1- 1. 

22, 914 heliostats a r e  arranged in a radially staggered a r r a y  in a field 

2, 415m x 1 ,931m (7,920 ft  x 6, 335 f t ) .  The tower and balance of plant a r e  

located in the southern portion of the field. The top of the tower is  a t  an 

elevatiori of 242m (794 f t )  and the rece iver  centerline i s  at  an elevation of 

268m (879 f t ) .  

1. 1. 2 ~ d l l e c t o r  Field Geometry, Pilot  Plant 

The collector field geometry for the P i lo t  Plant  sys t em ref lects  the geometric 

relationships anticipated fo r  a Commercial  system..  The most  c r i t ica l  of 

these parameters  include the heliostat locations relative to the tower,  

heliostat-receiver "look" angles, and interheliostat  spacing. Optimization 

studies ca r r i ed  out with respect  to the Commercial  sys tem indicated the 
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RADIAL STAGGER ARRAY 

OPTIMUM ANNUAL ENERGY TRIM 
(BASED ON EARLY COMMERCIAL 
SYSTEM) 

RECEIVER CENTERLINE ELEVATION 
a 268M (879 FTI . TOWER TOP ELEVATION 

242M (794 FT) 

GLASS AREA 
869,586 (9.36 X 106 ~2 F T ~ )  

NUMBER OF HELIOSTATS 
22,914 

Figure 1-1. Commercial System Field Layout 



desirabili ty of a full 360-deg collector field based on total sys tem economic 

considerations.  In addition, the studies indicated the superiority of a helio- 

s ta t  arrangement  laid out along radii  emanating f r o m  the tower.  Finally, an 

optimization analysis established c r i t e r i a  fo r  the packing of heliostats into 

the collector field and the t r imming away of those portions of the field which 

failed to satisfy minimum cost /performance c r i t e r i a .  

The collector field physical charac ter i s t ics  a r e  shown in Table 1- I .  The 

collector field arrangement i s  indicated in Figure 1-2. The heliostats a r e  

arranged in a radial  stagger a r r a y  along 32 c i rcu lar  a r c s  with the inner 

19 forming closed c i rc les .  The 32 a r c s  a r e  grouped into s ix  bands with each 

using its  own uniquely defined se t  of rad i i  a s  the basis  for  the staggered 

arrangement .  This periodic redefinition of the rad i i  i s  necessary  to prevent 

the g r o s s  divergence of interheliostat  spacing a s  one moves away f r o m  the 

tower.  The transition between bands occur s  along s l ip  l ines which a r e  easi ly  

identified by the a r c s  along which heliostats have been periodically deleted. 

In addition, main access  co r r ido r s  have been included to provide regional 

access  to the collector field as wel l  a s  access  to the cent ra l  exclusion a r e a  

which contains the tower along with the thermal  storage, turbine, feedwater 

equipment, offices, warehouse, and maintenance facil i t ies.  The cooling 

towers  and switch gear  a r e  located beyond the southern extreme of the 

collector field. 

The collector field contains 1, 760 heliostats with 74 field control lers  pro- 

viding regional heliostat control.  The heliostat distance f r o m  the base of the 

tower va r i e s  f r o m  62m (203 f t )  for  the  i i ~ ~ l e r  c i rc le  to 368. 3m (1, 208 f t )  for  

the northernmost a r c .  

1.2 COLLECTOR REQUIREMENTS 

The collector requirements  include: 

Operating requirements .  

Design requirements .  

Environmental requi rements .  

- Operating 

- Survival 

Safety requirement .  



Table 1- I 

COLLEC T0.R FIELD PHYSICAL CHARACTERISTICS, 
PILOT PLANT 

Field Arrangement Radial Stagger/Circular  Arcs  . 

Number of Heliostats . 1,760 . . 

Collector Field Area 
5 2 3 . 0 4 ~  10 m. (75 Acres )  

Glass  Packing Density 

Average 

Central  Exclusion Area 

2370 

10, 387mZ ( 2 . 6  Acres)  

Tower Height 65m 

Receiver Centerliue Elevation 8C)m 

The operating requirements  a r e  a function of (1 ) interfaces between the 

col lector  and the balance of the cent ra l  receiver  sys tem and ( 2 )  the operating 

modes.  

The collector ref lects  the sun ' s  energy to the rece iver .  The receiver  heats 

the t r ans fe r  fluid and provides energy to operate  the electr ical  power gener-  

ation sys t em and the s torage units. The collector interfaces with the 

r ece ive r ,  m a s t e r  control and power distribution system. The collector inter- 

faces  with the rece iver  through the reflected beams f r o m  the heliostats.  The 

heliostats t rack the sun and d i rec t  the reflected beams so that the light fa l ls  

on the rece iver  with a prescr ibed flux distribution. Spillage of light missing 

the rece iver  i s  minimized, consistent with overal l  sys tem economics. The 

collector interfaces through the field controller with the m a s t e r  control. 
. , 

. r' 

Ephemer is  data  and collector operating mode commands a r e  sent f rom 

m a s t e r  control to the field control ler .  Collector status and malfunctions a r e  

t ransmit ted f r o m  the field controller to the m a s t e r  control.  The collector 

rece ives  power f r o m  the'distribution sys tem to operate the electr ic  motors  

and control sys t em,  
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GENERAL NOTES 

A POWER HOUSE AND AUXILARIES 

I RECEIVER TOWER AND FOUNDATION 
2 POWER HOUSE 
3 THERMAI. \TORAGE S I IRSISTSY 
4 CONDENSATE STORAGE TANKS 
5 ASSEMBLY. AS NOTED 
6 DIESEL GENERATOR 
1 WATER TREATING BLOC 
8 ACID STORlGE 1&11H . . . .  .. 
9 LIME SOFTENER - - 

1 0  I I CLEARWELL. SEWAGE UNIT COVERED 

1 2  AUX TRANSFORMER 
I 3  MAIN TRANSFORMER 
I 4  RECEIVER PANELS LAIDOWN AREA 
1 5  POWER AND CONTROL CABLE lRENCH 
1 6  BURIED PIPE LANE 
I1 TREAlEO WATER AN0 FIRE PUMPS 
1 8  ROCK.FILLED CATCH BASIN 
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Figure 1-2. 'MDAC 10 MW Central Receiver Collector 

Field Layout 



The operating mode requirements  a r e  shown in Table 1- 2.  In the  closed- 

loop sys tem,  the hel iostats  t rack  the sun in the "normal tracking mode" by 

means  of an optical sensor .  The remaining modes of the closed-loop sys tem 

and a l l  Lhe tnocles of an open-loop system usc an output encoderlinput shaft 

counter.  

The collector design requirements  a re :  

Commercial  and Pi lot  Plants '  collectors, a r e  . . the same.  

Collector uses  qualified components. 

Collector is  compa'tible with the rece iver .  

Heliostat i s  capable of inverted stowage. 

Collectors h a v e  l u w  cu st. col-1-t11-~ensurate with 3 afety, availability, 

reliabili ty,  and ease  of maintenance. . 

Heliostats have a rigid drive and s l ruc lura l  sys tem to prevent 

excessive movement undcr g u ~ t  conditions. 

Reflectors a r e  dimensionally stable with high optical efficiency. 

Table 1 -2  

OPERATING MODE REQUIREMENTS 

Mode Field Controller Master  Control 

Normal Tracking Autonomous Monitor', only 

Synthetic Tracking Track  to  mas ter  Compute ephemeris  or  
control requirements other  tracking data 

Command Position Same Direct  position, eg 
maintenance, cleaning 

Loc a1 Manual 
Control 

Stowage 

Mobile tes t  se t  
controls 

Locked out 

Stow to mas te r  Select mode and command 
control requirements  



The design operating environment i s  a s  follows: 

A. Design wind speeds (with gus ts )  a re :  

1.  System performance a t  3. 5 m / s  (7. 8 mph) a t  10m elevation. 

2. Design deflection at  11. 6 m / s  (26 mph). 

3. Stowage initiation speed at  16. 1 m / s  (36 mph) 

B. Temperature range = 00 - 4 9 O ~  (32' - 1 2 0 ~ ~ ) .  
2 C.  Track  the sun a t  low insulation levels (0.  3 k ~ / m  ). 

D. 30-yr life. 

The survival environment i s  a s  follows: 

A. Maximum wind speed. 

1 .  Stowed, elevation axis aligned with wind: 40. 2 m / s  (90 mph).  

2. Any orientation: 22. 4 m / s  (50 mph).  

B. Ambient a i r  temperature:  30° to 60°c (-22' to +140°F). 

C. Earthquake: 0. 25g peak ground acceleration. 

D. Precipitation. 

1. 250 P a  (5 psf)  snow. 

2. 50 m m  ( 2  in. ) ice. 

3. 100 m m  (4 in. ) annual average rainfall .  

75 m m  (3 in.  ) maximum 24-hr ra te .  

4. 19 m m  (314 in. ) hail, any orientation, at  20 m / s  (65 fps) .  

25 m m  (1 in. ) hail stowed, at  23 m / s  (75 fps) .  

E. Blowing dust devils, with wind speeds up to 17 m / s  (40 mph).  

The safety requirements  a re :  

A. Meet OSHA, CAL-OSHA, NFPA, ANSI, and Southern California 

Edison requirements .  

B. Control ' reflected beam. 

1. No unsafe beam outside exclusion a rea .  

2. No unsafe beam on s t ruc tures  o r  plant personnel. 

C.  Provide for  safe stowage in the event of fai lure .  



1 . 3  PRELIMINARY DESIGN COLLECTOR CONFIGURATION 

The pre l iminary  design collector configuration i s  shown on Figure  1-3. The 

inverting heliostat  configuration consis ts  of six 2. 16m x 2. 9m (85 in. x 

114 in. ) re f lec tors  with a tracking m i r r o r .  The s t ruc tura l  support i s  a main 

torque tube with four c r o s s  beams.  The dr ive unit incorporates azimuth and 

elevation "Orbidrive" ro tary  units. The cylindrical pedestal  supports the 

d r ive  unit through a bolted interface and i s  in turn bolted to a precas t  re in-  

forced co.ncrete cone foundation. The control sys tem compr ises  heliostat, 

field and m a s t e r  cont ro l le rs  using a closed-loop system. The optical sensor  

i s  mounted on a sensor  pole adjacent to each heliostat. 

MDAC i s  .currently developing an open-loop control system. In the event the 

anticipated cost  advantage of an open-loop systex~l  u v e  1% a closed- loop ~ y s t e m  

i s  verified by develo.pment and test ,  i t  i s  expected that MDAC will  recommend 

an open-loop control sys tem for the 10-MW Pilot Plant .  The.open-loop 

sys t em may requi re  dr ive sys tems with lower backlash charac ter i s t ics  than 

those in the prel iminary design configuration. Under such circumstances,  

i t  i s  anticipated MDAC will recommend a "Harr~wrlic" rotary dr ive in az imuth  

and e i ther  a "Harmonic' :  dr ive o r  double jacks in elevation. The kinematic 

problem with double jacks encountered on an ea r l i e r  pitch/ rol l  heliostat: is  

not an $ss.ue.because of the le.ss demanding kinematics of the elevation/ 

azimuth heliostat .  "Harmonic" dr ives  and jacks have been qualified on the 

octagonal heliostat  and the performance has  been demonstrated by the Sub- 

sys t em Research Experiment  (SRE) p rogram.  

The maximum m i r r o r  a r e a  should be constrained only by the minimum 

collector cost  per  unit reflector a r e a  consistent with the ability to concen- 

t ra te  the reflected beam on a optimum size and shape receiver .  MDAC 

found that the collector cost per unit a r e a  decreases  as  the a r e a  increases  

for  the region of interest .  Constraints such a s  flux spillage a t  the receiver ,  

available s i z e  of  mater ia l s .  ease  of transportation, handling and assembly,  

and heliostat compliance (o r  resonant frequency) become the dominant factors 

limiting heliostat  s ize.  Hence, MDAC has kept the designs in the 30 to 40m2 
2 range, with the present  design a t  3 7 .  9m2 (408. 3 f t  ). 
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Figure 1-3. Heliostat and Sensor Pole Assembly 



The inverting orthogonal design has  the adaptability of being stored face down, 

ver t ical ,  o r  face up. The choice depends upon safety, dust accumulation and 

cleaning, and heliostat  wind loads. The face-down position has  the following 

advantages : 

Hel ios t a t canno t re f l ec t  sunlightinadangerousmanner. 

Under light r a i n  conditions, l e s s  dust adheres  to. the m i r r o r .  

Best under high winds with blowing sand o r  dust, unattended fields,  

and for  extended periods of down t ime.  

Vert ical  stowage position has  the following character is t ics :  

, Self-cleaning duc to rain,  heavy dew, and f rns t .  

Higher wind loads and potential danger of damage due to blowing 

sand. 

. 
Face-up  stowage position has  the following character is t ics :  

Minimizes the loads to go face up in a rapidly rising wind. 

MDAC recommends ver t ica l  stowage, where safety i s  not cr i t ical ,  for  most  

conditions to minimize dust build up. 

The detai ls  of the heliostat  components a r e  discussed in the following 

subsections.  

1. 3 ,  1 Reflector 

Each reflector panel i s  a flat  s t ructural  sandwich. The front face i s  a 

3 .  17 m m  (118 in. ) second surface m i r r o r ,  and the back face is  a 0. 56 m m  

(0.022 in. ) galvanized s tee l  sheet.  The faces a r e  adhesively bonded to a 

5. 08 c m  (2 in. ) core ,  made f rom rigid extruded polystyrene foam 

(STYROFOAM) of 2 lb/ft3 density. Each of the six panels measures  2. 16m 

x 2. 90m (85 in. x 114 in. ). The panel edge i s  protected f rom damage by a 

s m a l l  extension of the c o r e  arld is sealed by a polyurc lha t l~  weather sea l  

compound. At the four attachment points, the loads a r e  t ransfer red  to  the 

cro'ss beams by shallow, formed,  c i rcu lar  s tee l  cups.  



1. 3 .  2 Structural Support 

The arrangement of the support s t ructure was selected because of i ts  

simplicity and adaptability to accommodate reflector panels of different 

s izes .  The support s t ructure consists of a main torque tube attached to the 

drive system and four channel c r o s s  beams. Each pair  of c r o s s  beams 

supports a group of three reflector panels. The slot between these panel 

groups provides clearance for the central  pedestal when the assembly i s  

rotated to the face-down stowage position. Two drive attachment fittings 

a r e  machined on the surfaces which Mate with the drive unit and welded to 

the torque tube. Four ring flanges .a re  also welded to the tube for attach- 

ment of the c r o s s  beams. 

1. 3. 3 Drive Units 

Each heliostat incorporates a drive unit which produces appropriate reflector 

motions. for solar tracking, emergency slewing, routine ref lector  position- 

i ~ g ,  and stowage. The drive unit consists of azimuth and elevation drive 

mechanisms. These drive mechanisms a r e  composed of motors ,  dr ive 

t rains,  position feedback transducers ,  reflector support bearings, and 

structur  a1 housings. The azimuth and elevation drive t ra ins  a r e  schemat- 

ically identical, and each i s  essentially a motor with two stages of reduction, 

capable of producing the high-torque, low-speed output needed. The input . 

AC torque motor drives an input 45:l reducer,  whose output shaft i s  coupled 

to a 961:l output stage reduction. Both the input and output reducers  use 

Orbidrive cam-roller se ts  to achieve requisite speed reductions. 

As previously mentioned, if an open-loop control system is adopted, lower 

backlash drive units may be required. The units would .be s imilar  to the 

units qualified in the SRE program. 

1. 3 .  4 Pedestal/Foundation 

The pedestal i s  a thin-walled s tee l  column, 50. 8 c m  (20 in. ) in diameter and 

2. 74m (1 08 in. ) long, welded at  the lower end to a standard weld neck pipe 

flange. The upper end has  a 1. 9 c m  (0.75 in. ) thick s teel  plate for  attach- 

ment  of the drive unit. Attachment to the concrete foundation i s  provided by 



eight 3. 17 c m  (1. 25 in. ) diameter anchor bolts equally spaced on a circle  of 

0. 69m (27 in. ) diameter .  The foundation i s  a precast  reinforced concrete, 

cone type spread footing, with the base 1. 14m (45 in. ) below ground. A 

cent ra l  concrete column, 0. 81n1 (32  in. ) in diameter and 0. 61m (24  in. ) high, 

extends f r o m  the cone top to 7 .62  c m  (3 in. ) above grade. 

1. 3, 5 Sensor ~ o l e / ~ o u n d a t i o n  

The sensor  pole i s  designed to support the tracking sensor at a location 

approximately on a line between the center  of the heliostat and the receiver .  

A thin-walled tube 12.7 c m  (5  in. ) diameter and 3.0.5 m m  (0. 120 in. ) wall, 

located 4. 82m (190 in. ) f rom the heliostat centerline, i s  used for  the vertical 

column. A tubular s.teel boom 7.  62 c m  ( 3  in. ) diameter x 3 .  0 5  min 

(0. 120 in. ) wall with a 45-deg bend at the lower end i s  attached to the vertical 

column with a standard swage reducing pipe nipple. The nipple i s  welded to 

the boom and clamped to the vert ical  pole with four set  screws to maintain 

a rigid position. The tracking sensor i s  installed on the upper end of the 

boom by means of a sliding mount fitting for adjustnlerll of position along the 

boom. F o r  la tera l  adjustment the boom swings around the pole and i s  locked 

in position by four se t  screws.  With th i s  scheme the booms a r e  of five dif- 

fe rent  lengths to accommodate the total field. The sensor  pole foundation 

i s  1. 22 m (48 in.  ) in diameter and 50. 8 c m  (20 in. ) deep. 

The prel iminary design control/electronics closed-loop control system 

consists  of AC motors ,  encoders, optical sensors ,  and t r iac  switches; helio- 

s tat ,  field and mas te r  controllers;  power and data distribution systems.  A 

block diagram for the Pilot Plant field i s  shown on Figure 1-4. The power 

distribution i s  accomplished by pr imary  feeders  .at 2 .4  kV and secondary 

feeders  a t  240V. The secondary power buses go to each heliostat; The 

d.ata-distribution network encompasses the central  computer, field controller, 

and heliostat controller.  The heliostat controller receives inputs f rom the 

field controller,  motor encoders, and control sensors .  
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Control  s ensor s  a r e  required in the sys tem to enable the control electronics 

to de termine  the m i r r o r  attitude and to c o r r e c t  that attitude when required.  

T h e r e  a r e  two basic s e t s  of s e n s o r s  used: the tracking sensor  and the posi- 

t ion encoders .  The tracking sensor  i s  a unit associated with each individual 

hel iostat  f o r  the purpose of fine-tracking control of the reflected beam di rec-  

t ion toward the r ece ive r .  It i s  mounted on a pole between the heliostat and 

the r ece ive r  so that it rece ives  the reflected beam f r o m  some par t  of the 

center  m i r r o r .  The axis of the sensor  i s  oriented to in te rsec t  the a im point 

on the  rece iver .  If the reflected beam i s  para l le l  to the sensor  axis a null 

s ignal  i s  generated f r o m  the sensor .  If the reflected beam i s  not para l le l  to, 

but within *5O of the sensor  axis,  an output signal i s  produced proportional 

to the angular e r r o r .  A constant erroiz signal i s  produccd fo r  beam align= 

ment  e r r o r s  f r o m  *5O to *15O to aid sun acquisition. The sensor  has  two 

orthogonal e r r o r  directions lying in the plane normal  to the sensor  axis .  

When the beam i s  beyond the reach of the tracking sensor  m i r r o r  (during 

stowage, slew, etc .  ), position encoders provide attitude information. 

In the open-loop sys tems under development, the only difference between the 

open- and closed-loop hardware  i s  the optical sensor ,  sensor  pole, and 

associated hardware.  These  a r e  deleted in the open-loop sys tem.  

1. 3. 7 Weights 

The .weights of the collector system, 

Reflector panels 

Structural  support 

Drive unit 

Pedes ta l  

Total (no foundation) 

Foundation 

Total (with foundation) 

l e s s  e lectronics ,  a r e  a s  follows: 

kg - lb - 

55 6 1 ,227 

503 1, 108 

304 670 

23 1 509 

1, 594 3 ,514 

4, 423 3, 750 

6, 017 13, 264 



1.4 COLLECTOR SUBSYSTEM DEVELOPMENT 
The collector subsystem has undergone development since 1973. In 1974- 5, 

MDAC conducted a heliostat model test in conjunction with the University of 

Houston under NSF sponsorship. Figure 1-5 shows the NSF heliostat 

designed, developed, and tested under this contract. 

1, 4. 1 Noninverting Octagonal Collector 

In June 1975, ERDA initiated the Ph'ase I - Solar Thermal Power System 

contract with MDAC. MDAC designed, fabricated, and tested six noninvert- 

ing octagonal heliostats shown in Figure 1- 6. The octagonal heliostat 

assembly consists of eight octagonal reflectors supported by radial beams 

which tie into a hub. The reflectors included first-surface mir rors  with 

acrylic coating on 0. 63 cm (114 in. ) thick float glass and second-surface 

laminated mir rors .  The reflectors and substructure a r e  rotated in azimuth 

by a "Harmonic" rotary drive and in elevation by a jack. The assembly i s  

supported by a conical pedestal and a reinforced slab foundation. The sensor 

is supported by a sensor post and i s  connected to the field controller. The 

field controller is  commanded by the master  control. 

1. 4.2 Inverting Orthogonal Collector 

MDAC designed, fabricated, and tested two inverting orthogonal heliostats, 

as  shown in Figure 1-7. The orthogonal he'liostat assembly consists of six 

rectangular reflectors supported by a central torque tube and four cross  

beams. The reflectors included second-surface laminated mir rors  and 

second- surface foam sandwich mirrors .  The reflectors and substructure 

a r e  rotated in azimuth and elevation by "Orbidrive" rotary drives. The 

sensor and the electronics a re  identical to the octagonal heliostats. 

The noninverting octagonal and inverting orthogonal helio stats underwent 

extensive assembly level tests  (see Sections 1. 4. 3, 6.3.  1, 6. 3. 2, and 6. 3.3)  

and subsystem level tests  (see Sections 1. 5 and 6 . 4 ) .  

The configuration of the complete heliostats fabricated for test a re  listed in 

Table 1-3. The a r ray  tests  were done at the Naval Weapons Center (NWC), 

China Lake, California. 
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Figure 1-6. Noninverting Octagonal Collector Subsystem 
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Figure 1-7. Inverted Stowage Orthogonal Helioaat 



Table 1-3 

HELIOSTAT HARDWARE FABRICATED 

Heliost3t Reflector Test 

Noninverting Octagonal 

H1 Fir s t  Surface 

H3 

H4 

H5 

H6 

Inverting Octagonal 

IH 1, Var 1 

Fir st  Surface 

Fi rs t  Surface 

Laminated 

Laminated 

Laminated 

Laminated 

1 12 Laminated 
112 Foam Core 

112 Laminated 
112 Foam Core 

Structural Test 
Array Test 

Controls Development Test 
Array Test 

Array Test 

Array Test 

Mobile Array Test 

Drive Unit Life Test 

Controls Development Test 
Array Test 

Array Test 

Structural Test 

The tests done at MDAC-Huntington Beach, CA, were: structural test, 

controls development, and Harmonic drive/ j ack life. 

Tests done at Compudrive, Massachusetts were on Orbidrive life. 

1.4.3 Subsystem Level Tests at NWC 

A subsystem level test program was conducted at NWC for engineering 

performance tests, and installation, operation, and maintenance. 

The heliostat array test location i s  shown on Figure 1-8. Five heliostats 

were installed on foundations 195m (640 f t )  north of the two towers supporting 

the target, A photograph of the five heliostats i s  shown in Figure 1-9. The 
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Figure 1-8. Helioslat Array Test Locations 
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Figure 1-9. Heliostat Array a t  Naval Weapons Center 
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sixth heliostat was mounted on a trailer to permit operation from different 

locations in the field. 

The engineering performance tests provided the following information: 

Data on the operating modes. 

Mirror reflectivity. 

Heliostat beam irradiance distribution at the target. 

Heliostat power consumption. 

The operating data showed that: the heliostat and field controller were stable 

and the units operated satisfactorily in the following modes: 

A. Sun acquisition. 

B. Synthetic tracking. 

C. Command position. 

D. Off nominal performance (to 111  6 normal sun intensity). 

E. Stowage (as applicable). 

F. Multiple aim. 

The algorithm for slewing through a tracking "pole" was not verified due to 

time constraints. 

Array tracking performance was as follows: 

Typical Time Averaged Er ro r  Band (mr ) 

Noninverting 
Wind Octagonal with Inverting Orthogonal 
Velocity Harmonic / Jack With Two Orbidrives 

C alm 1 1 2  3 1 4  



The m i r r o r  reflectivity was  measured at regular  intervals  by Epply 

pyrheliome t e r  s .  The average reduction i s  reflectivity due to dust accumula- 

tion between washings was:. 

A. Noninverting heliostat: 

1. Acrylic m i r r o r s  N7 to 8%. 

2. ~ a m i n a t e d  , m i r r o r s  6- 1 /2%. 

B. Inverting heliostat -370. 

Tes t s  performed on out-of-flatness of the laminated m i r r o r s  using two beam 

sensor s  showed a s  much beam e r r o r  a s  6 m r .  

The heliostat beam irradiance distribution at  the ta rge t  was  given by the 

digital image radiometer (DIR). The DIR block diagram i s  shown in Fig- 

u r e  1- 10. The radiometer  consists of a video c a m e r a  and scanning 

electronics,  A/D converter', NOVA 1200 computer,  casse t te  tape s torage,  

CRT display, video monitor, and keyboard. The radiometer  and ta rge t  

were  calibrated against thermopile pyrhel iometers  so that the irr'adiance 

(wa t t s /me te r2 )  a s  measured by the DIR i s  within an accuracy'of 2% for  any 

given data/point. The 3, 600 data points f r o m  the DIR were  reco.rded on 

tape, and processed to plot the beam intensity distribution, weighed centroid, 

total  power, and total  energy. 

The beam quality of the heliostats a t  NWC was  determined and correlated 

with the insolation level and reflector characteristic 's .  Some of . the signifi- 

cant resu l t s  were  a s  follows: 

A. The DIR determines the p o w e ~  within ZV/o fo r  full- scale  heliostats . 
B. The optical performance of the laminated ref lec tors  and the accept- 

able sandwich c o r e  reflector s w e r e  about the same .  Unacc.eptable 

sandwich co re  ref lectors  showed a decrease  in performance of 

about 5 to 7%. 

The helioslat power consumption was remarkably low. The normal  tracking 

power was  approximately 12 watts /heliostat .  The power during sun acquisi- 

tion was 16 to 18W. The energy to  stow the inverted heliostat (1 80° motion) 

was  65 watt hours .  
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Figure 1-10; Digital Image Radiometer Block Diagram 



The installation, operation, and maintenance of the heliostats provided the 

following significant data: 

A. Installation t imes f o r  future estimates.  

B. Simple, rapid closed-loop sensor alignment procedures were  

developed. 

C. Meteorological data at NWC pertinent to  Pilot Plant operation. 

NWC i s  72.4 km (45 m i )  f rom Barstow, and has s imi lar  weather 

conditions. 

D. The acrylic f i r s t  surface ref lectors  showed unacceptable degrada- 

tion due to pinholes, staining, and acrylic delamination. 

E .  The heliostat and sensor  pole foundations were  quite stable. 

F . Validation of reflector washing requirements and timelines.  

Surprisingly, f ros t  and snow turned out to be an excellent cleaner .  

1 . 5  COLLECTOR COMPONENT DEVELOPMENT 

The collector component included reflectors,  s t ructural  support, dr ive units, 

pedestal, foundation, sensor pole /foundations, field controller,  and mas te r  

control. The component was developed by trade studies, design, fabrication, 

and tes t .  

1. 5. 1 Reflector 
- -- 

The reflector development included: 

A. The basic character is t ics  of the silver deposition, and the effect 

of glass  chemistry and thickness. 

B. Acrylic coated f i r s t -  surface m i r r o r s .  

C .  . Laminated and foam 'sandwich core  second-surface m i r r o r s .  

The solar reflectance efficiency of vapor and chemic a1 deposition silver was 

measured at Air Mass Two. The chemically deposited silver was selected, 

and little difference was found between various commercial  processes .  

Extensive testing was conducted at various acceptance angles (4  to 125 m r )  

with the Beckman and specular spectrophotometer over the solar  spectrum 

and the specular photometer at 550 nm. In conjunction with other sources,  

data was obtained on solar  transmittance and reflectivity a s  a function of 

g lass  thickness, chemistry (iron content), and aperture angle. The results 



:, ! 

I 
showed that an average reflectivity of 0. 88 second surface was  reasonable 

f o r  vertically stowed m i r r o r s  for  Pilot Plant .  An average reflectivity of 

0. 91 f o r  second-surface m i r r o r s  for  Commercial  Plant may be achieved with 

cur rent ly  available proces.:ses. 
. ,. 

Extensive development was  conducted on fir st-surf ace m i r r o r  coatings. 

These  included various formulations of ~ h e l d a h l  type 822- 12A acrylic coat- 

ings,  and other coatings f r o m  Texton Plas t ics ,  Dupont, Sierracin,  Owens 

Illinois, De Soto, and o the r s .  The Sheldahl coating was selected, and sub- 

jected to sal t  spray ,  reflectance, abrasion, and exposure tes t s .  A number 

of full-scale trapezoidal panels were  made and installed on noninverting 

octagonal heliostats.  Subsequent t e s t s  showed that the f i r  st- surface m i r r o r s  

a r e  subject to pin holes,  staining, and delamination of the acryl ic .  The 

conclusions a r e  that: 

F o r  Pilot  Plant, the technology i s  not ready for  use of f i r s t - sur face  

m i r r o r s  using polymerized coatings. 

Cost and performance advantages indicate a desirable  development 

a r e a  for  Commercial  system cost  reduction. 

Laminated second- surface m i r r o r s  with white m i r r o r  backing paint were  

developed and installed on both types of heliostats.  The laminates were  

bonded to main beams for the octagonal configuration, and to three  stiffeners 

attached to the c r o s s  beams for  the orthogonal configuration. Problems of 

reliabili ty were  encountered with the grey m i r r o r  backing paint. The grey 

backing paint was  replaced by the white backing paint, pr imari ly  due to 

backlighting problems.  Even with white backing paint, continuous exposure 

to backlighting conditions over a y e a r ' s  t ime period has  caused cracking of 

the laminate.  This i s  considered to be too severe  a tes t ,  and resu l t s  a r e  

discounted. The laminates  were  not a s  flat  a s  des i red  (0.060 to 0.070 in. 

out of f la tness) .  No cracking of MUAC lanlinate glass  due to the environ- 

ment  was  observed. The cost of production of laminate ref lectors  i s  about 

2070 grea ter  than the foam core  sandwich (which will  be discussed) .  All In 

all ,  the MDAC laminated m i r r o r  performance over the past  8 mo has  been 

sat isfactory . 



Cost/performance trade studies of a number of different types of ref lectors  

were  made. These included sandwich, corrugations, other types of stiffened 

configurations. The 3. 17 m m  (1 18 in. ) second- surface m i r r o r ,  5 .08 c m  

(2 in. thick) Styrofoam core  and 0. 56 m m  (0. 022 in. ) galvanized steel  backing 

sheet was selected. Component tes ts  were  made to establish material ,  
3 s tructure,  and core-creep propert ies .  Creep of the 32 kg /m (2 lb/f t3)  core  

was  not a problem. Full-scale panels 1. 08m x.2.  9m (42.5 in. x 114 in. ), 

were  fabricated and tested at  NWC. 

For  both the laminated and the foam core  sandwich, the following t e s t s  were  

conducted. 

A. Flatness.  

B. Thermal/ backlighting. 

C. Thermal  cycle. 

D. Thermal  distortion. 

E . Washing. 

F. Reflectivity. 

G. Exposure. 

H. Salt Spray. 

I. Accelerated ultraviolet. 

J. Adhesive compatibility. 

K. Beam creep.  

L. Beam bending. 

M. Hail impact. . 

F o r  both co,nfigurations, the component tes ts  iiidicated satisfactory 

performance. 

To prevent glass  cracking, the glass  edges should not have large o r  sharp  

nicks and the transient,  differential in-plane temperatures must be kept below 

2 0 O ~ .  This can be accomplished with careful manufacturing process,  ' edge 

protection, and avoidance of in-plane temperature differential. 



MDAC recommends the foam sandwich reflector and. beli.eves the cur rent  

development wil l  resu l t  in efficient, low-cost re f lec tors .  ' The laminated 

r e f l ec to r s  have been qualified and a r e  a satisfactory backup. 

1.  5. 2 Structural  Support 

Each  heliostat incorporates  a s t ruc tura l  support for the ref lectors  and i s  

attached to a dr ive unit on top of a pedestal  and foundation. 

F o r  the octagonal heliostat ,  the ref lectors  were  supported by 16 radial  

beams that tied to the, hub .  'In the, orthogonal hcliostat, ..the ref lectors  were  

supported by a central  torque tube and four c r o s s  beams.  

Heliostat  s t ruc tura l  t e s t s  were  conducted to verify the heliostat strength, 

deflection, and fundamental vibrational frequency. Complete heliostats of 

both the octagonal and inverted type w e r e  used for  the s t ruc tura l  t e s t s .  One 

segment  o r  panel was given a finely distributed load. The remaining seg- 

ments  o r  panels were  given concentrated loads simulating their  contribution 

to 'tot.al- heliostat  loading. ' The s t ra in  and deflecti,on measurements  wcre  

compared with predictions f rom analysis using a finite element computer 

p rogram (NASTRAN). 

Deflection levels under the simulated operational loading of 11. 6 m / s  

(26 mph)  were  within 107'0 of the predictions f r o m  the NASTRAN model. 

Measured s t ra ins  under the survival wind loads of 46 .5  m / s  (104 mph) for 

both the octagonal heliostat and 44. 7 m / s  (100 mph) for the inverted helio- 

s ta t  were  equal to or  below NASTRAN predictions.  Vibrational frequencies 

for  pitch and yaw modes were  within 5 to 1070 of predictions based on the 

NASTRAN model. The closeness between the measurements  and predictions 

ver i f ies  the heliostat design and the validity of the model. 

1. 5. 3 Drive Units 

Each  helio stat incorporates  a dr ive unit which produces appropriate ref lector  

motions fo r  solar  tracking, emergency slewing, routine ref lector  positioning, 

and stowage. The dr ive unit consists of an azimuth and elevation dr ive t ra in ,  

each comprising a motor  with several  stages of reduction, capable of pro- 

ducing the needed high-torque, low- speed output. 



The requirements  for  the dr ive unit include t ravel ,  operating loads, stowage 

loads, backlash, minimum resonant frequency, no back drive, and 30-yr life. 

F o r  the octagonal heliostat the dr ive unit consisted of a '!Harmonic" dr ive in 

azimuth and linear actuators in elevation. . F o r  the inverting heliostat, 

fur ther  t r ade  studies were  conducted in an attempt to reduce the cos t  of the 

dr ive unit. The studies considered Orbidrive,  Harmonic drive,  Helicon 

gears ,  l inear actuators,  spur gears ,  and chains. As a resul t  of the t rade  

studies, Orbidrive was selected for  both axes due to the potentially lower 

cost and acceptable (112 m r )  backlash. The Orbidrive was designed, fabri-  

cated, and tested a t  Compudrive Corp . ,  and was subjected to additional 

testing by MDAC . 

Thirty-year life cycle qualification t e s t s  were  sacces  sfully completed on the 

Harmonic drive,  Orbidrive, and linear actuators .  The data included infor- 

mation on integrity, efficiency, backlash, slew ra t e s ,  wear ,  ' and backdrive 

characterist ' ics. It i s  significant that the t e s t  resul ts  of the backlash for  the 

Harmonic dr ive and linear actuators (0 to 112 m r  ) was l e s s  than for  the 

Orbidrive (2  m r  ). 

The drive units and control sensors  were  subjected to environmental t e s t s  

to verify their  performance and survival during tempera tures  f rom - 30°c 

( - 2 2 O ~ )  to t60°c (140°F), ra in  to 5 c m  ( 2  in. ) p e r  hour,  icing f r o m  freezing 

rain,  blowing dust, and hail  impact up to 25 m m  (1 in. ). 

The prel iminary design configuration with closed-loop control incorporates 

qualified Orbidrives.  In the event that anticipated cost advantage of open 

loop i s  verified by tes t ,  MDAC will  probably recommend an open-loo@ sys- 

tem.  This sys tem may require  dr ive units with l e s s  backlash. Under these 

circumstances,  MDAC may recommend some combination of the qualified 

"Harmonic" dr ives  o r  l inear  actuators.  At this  t ime,  there  i s  no significant 

recurr ing  cost differential between the above ~ y s t e m s .  



1. 5. 4 ~ e d e s t a l / F o w d a t i o n  2 

F o r  the cent ra l  pedestal concept, the thin-wall steel column i s  the lowest- . 

cos t  solution and features simple interface attachments with the drive unit 

and foundation. 

Trade  studies were  conducted by Stearns-Roger on a number of foundations. 

After extensive analyses,  these four were  chosen for  further investigation: 

P r e c a s t  reinforced concrete.  

Driven steel  pile with lateral  support. 

a Steel f rame with screw anchors.  

o Reinforced concrete with pedestal cast  in place. 

Because of superior c.ollector installation adaptability, the precast  

reinforced concrete fobndatidn was selected. 

The controls and electronics system for  the S R E  conoists of: 

A. AC drive motors  controlled by t r iac  switches actuated by a field 

controller.  

B. Heliostat control data  provided by optical sensors  in the sun 

tracking mode and potentiometers/l imit switches in the command 

mode. 

C .  A field and master  controller connected by a data distribution 

system. 

D. Power at 240V provided by utility company t ransformers .  

. This control sys tem was qualified in the SRE program and met al l  the. system 

requirements .  

The preliminary design configuration i s  the same a s  the S R E  configuration 

with one exception. The SRE potentiometers and limit switches for .sensingv., 

in the command mode have been replaced by a drive output encoder and a ' . ' .  

motor counter. This will reduce beam safety hazards by providing excellent 

pointing accuracy in the command mode. 



To investigate the possibility of lower costs ,  a t rade was  conducted on 

open-loop vs  closed-loop tracking for  the Pi lot  Plant.  F o r  this t rade ,  three 

general  methods of control were  considered: 

A. Closed Loop. A sensor on a pole to obtain e r r o r  signals f r o m  the 

r.eflected beam. The e r r o r  signals a r e  used to update the required 

orientation of the heliostat in the tracking mode. 

B. Open Loop. Equations a r e  used to calculate the position of the  sun. 

Using the position of the sun and the rece iver ,  the required 

orientation of the m i r r o r  i s  calculated. Commands a r e  'sent to the 

heliostat. The m i r r o r  orientation i s  measured by one o r  a com- 

bination of the following ways : 

1. A sensor  (encoder)  on the dr ive  output. 

2. A sensor  (counter) on the dr ive input (motor) .  

E r r o r  budgets were  developed for  each method of control a s  shown in 

Table 1-4. By the use of the "Concen" code the spillage for  each control . 

method was  calculated. The cost  comparison between closed-open loop 

sys tem with "Orbidrive" i s  shown in Table 1-5. The incremental cos ts  

include electronics,  spillage, and installation, The spillage cos ts  a r e  a 

resul t  of additional heliostats to maintain the same  receiver  power. F r o m  

this prel iminary data, a 4-bit encoder on the dr ive output and a shaft sensor  

on the input was  selected. The low-bit encoder on the output shaft provides 

a substantial increase in reliability of the sys tem in the event a malfunction 

of the counter/electronics occurs .  The counter i s  easi ly  r e s e t  by rotating 

the heliostat t o  a d iscre te  index on the encoder.  

With this  open-loop system, a fur ther  study was made on relative collector 

f ie ld.costs .  This i s  shown in Figure 1- 11 a s  a function of wind velocity, 

The prel iminary design closed- loop sys tem with Orbidrive o r  the Harmonic 

dr ive indicates the of lower cos t .  In addition, the effect of reduced 

backlash of the Harmonic type dri.ve sys tem becomes significant at higher 

wind conditions. . . 

. . .  . . .  



T a b l e  1-4  

CLOSEDIOPEN LOOP R E F L E C T E D  BEAM ACCURACY 

Open Loop 

Closed Loop Gimbal  S e n s o r  Shaft Sensor  
E r r o r  S o u r c e  A Z I E L  (mr) A Z I E L  (mr)  A Z / E L  (mr)  

1. Cont ro l  Dynamics  0 .  810. 5 0. 910.6  4 . 1 1 2 . 0  , 

2. M i r r o r s u r f a c e  2.  112 .2  2. 112 .2  2. 1 1 2 . 2  

3 .  c o m m a n d  /Al ignment  0 .  510. 5 2 . 0 1 2 . 0  2. 414. 4 

4. ~ e d e s t a l / S e n s o r  P o l e  0. 21 1.  2 1. 611 .7  1 .  611 .7  

5, ,Beam S e n s o r  0.  510. 5 010 010 

6. R e f r a c t i o n  ii 0 / 0  0 . 1 1 0 . 4  0. 110. 4 

7. Grav i t a t iona l  010 01 0 0 1 0 . 3  

To ta l  RSS 2. 412. 6 3 .413 ,  4 5 .  414. 2 

Tab le  1-5 

c IDSED/OPEN DELTA COST COMPARISON 

O p e n L o o p  

I n c r e m e n t a l  C o s t s  Closed Loop Gimbal  S e n s o r  Shaft S e n s o r  

1. E l e c t r o n i c  $1, 163, 000 $1, 196,000 0 .  

2. Spi l lage  0 $188, 000 $592, 0 0 0 -  

3 .  Ins ta l la t ion  

To ta l  I n c r e m e n t a l  C o s t  $1, 371, 000 $1, 384, 000 ,$592, 000 

0 Dif ferent ia l  13, 000 . - 779,000 



Figure 1-1 1. Cost Savings of Open iooplbllaft Sensor Versus Closed Loop 



Work on power and data  distribution resulted in the network khown in - 

Figure  1-4. The trenching and cabling cos ts  a r e  minimized by: 

P r i m a r y  and secondary feeders  d i rec t  to the heliostat t r i a c  

switching. 

Master  data  buses run f r o m  the cent ra l  computer to eight groups of 

field cont ro l le rs .  Local data buses run among the nine field con- 

t r o l l e r s  in a group and to the associated heliostat control lers .  

Decentralization of the controller reduces the wiring costs  sub- 

stantially. The prel iminary design decentralized controller s a r e  

a repackaging of the SRE field control ler .  

1 . 6  RATIONALE FOR SYSTEM SELECTION 

The pre l iminary  design collector configuration i s  described in Section 1. 3 .  
The rationale fo r  selection i s  a s  follows: 

1. 6.  1 Reflector 

The foam core  sandwich i s  prefer red  to the stiffened laminate due to i t s  

lower cost .  

1. 6. 2 Structural  Support 

The recommended configuration has satisfactory performance.  

1. 6 .  3 Drive Units . . 

The Pre l iminary  Design configuration i s  based on the qualified Orbidrive. 

In the event open-loop controls a r e  recommended fo r .P i lo t  Plant,  considera- 

tion will be given to the qualified Harmonic dr ives  o r  l inear  actuators due. to 

reduced backlash. 

The cylindrical pedestal  i s  lowest in cost.  The p recas t  reinforced concrete 

foundation i s  equivalent in cost to competitive foundations and provides m o r e  

installation adaptability. 



1. 6. 5 Sensor ~o le /Founda t ion  

The recommended configuration has sati ;factory performance f o r  the closed- 

loop system. 

1. 6 . 6  Control/Electronics 
..,. . 
The preliminary baseline design was selected to provide minimum cost con-' 

sistent with system reliability. The SRE design i s  functionally the same as  

the preliminary baseline design. 

The preliminary design configuration i s  the same a s  the SRE configuration 

except for  the replacement.of the potentiometers and limit switches by 

encoders and counters. This i s  for  beam safety considerations. 

1 .7  SAFETY 
- .  * 

The safety requirements for  the 10-MW Pilot Plant collector subsystem 

include the conventional industrial safety and the special safety problems 

associated with the solar thermal  power plant. 

The pr imary  problem a r e  the hazards associated with the concentrated solar 

beam for individual o r  multiple collectors.  The following have been 

investigated: 

A. The absorbed retinal i r radiance due to an individual collector. 

B. The probability of multiple collectors focusing at the same point. 

. C. The procedures to-be followed in bringing the beams on o r  off the 

receiver  under normal operation. 

D. The procedures to be followed under a condition of heliostat failure. 

The use encoders and counters in the control/electronics provides an 

accurate control of the heliostat beams in the synthetic tracking mode. 

1 .8  AVAILABILITY 

An extensive collector availability analysis i s  described in Section 4. 2. 12. 

F o r  the Pilot Plant, the total failures per  day and per  year  a r e  1.04 and 344, 

respectively. The averagenumber  of heliostat outageslday i s  1.32. 

Availability, a s  defined by at least  9870 of the field being operational, i s  

projected at  99.9970. 
t 



1 . 9  PROGRAM PLANS 

Pre l iminary  program plans have been developed for  the-commercial  system 

and generated in more  detai l  for the Pilot Plant. For  the Commercial system, 

the manufacturing, installation, and checkout, and operations together with 

the support concepts i s  discussed in Section 3 .  3 .  Included in this section i s  

a summary of the ra te  production processes to be followed as  a result  of 

studies by A. D. Little, Inc . ,  Cambridge, Massachusetts.  

Pi lot  Plant  Plans and schedulems a r e  discussed in Section 5. The ' i lans 

include the following: 

.Make or buy 

Manufacturing . 

Facili t ies 

Quality assurance 

Packaging and transportation 

Installation, checkout, and maintenance 

Support 

Test 

Schedules 



Section 2 

COLLECTOR DATA LISTS 

In accordance with the request for  a data and information tabulation, Sandia 

La'boratories le t te r  dated 11 Fe'bruary 1977, "Central 'Receiver Solar 

Thermal  Power System Pilot Plant Pre l iminary  Design Report (PDR) Require- 

ments ,  " the following section has  been assembled. Tables  a r e  presented for  

a l l  data i tems,  reference i s  given to  the"paragraph(s)  where- the data i tem i s  

discussed in  detail, and for  convenience, key information for  each data i tem 

has  'been removed f r o m  the body of the report  and reproduced in this  sect ion.  

.This  section essentially se rves  a s  a n  index for  the kind of data to  be found 

and for  the location of the data development in this  volume. 

2 . 1  DESIGN CHARACTERISTICS 

Collector subsystem design charac ter i s t ics  a r e  l isted in   able 2-1. Key 
data 'associated with the charac ter i s t ics  a r e  given in Ta'bles 2-2 through 2-7 

and Figures  2- 1 through 2-6. 



T a'ble 2 - 1 

DATA LIST, DESIGN CHARACTERISTICS 

Pilot  P lan t  Commerc i a l  P lan t  SRE . 

Overview Overview Overview 
(F igu re  o r  Discussion (F igure  o r  . Discussion (F igu re  o r  Discussion 

Design Cha ra - t e r i s t i c  Table)  (Pa r ag raph )  Table  j :Paragraph)  Table)  (Pa r ag raph )  

1. F ie ld  Geometry  

2. Field Layout F2-1,  F2-2  4.2. 1 F2-3  3 .2 .1  N/A 
Appendix B 

3. Field Oversizing to  Allow F o r  
Dir t  on M i r r o r s ,  P.eliability, Etc. T2-2 

4. Beam Pointing Accuracy  and E r r o r  
Budget vs  Environmental  Effects  ' T2-3 

4.2. 1 - NIA - N/A 

5. IIeliostat Beam Qra l i ty  and  E r r o r  . . . 
Budget vs  Environmental  Effects  T2-3  4.2.6 T2-4  3. 1 .1 T2-3  6 .4 .2  

'Y 
N 6. Heliostat Weight Breakdown T2-5 4 .2 .4 .3 .6  - N/A T2-5  6. 4. 2 

7. Heliostat P a r t s  Cocnt T2-6 - N /A T2-7  - 
8. Foundation and FieJd Wiring F2-4 ,  F2 -5 ,  4.2. 5 - 

F2-6 4.2. 10 

9. Nonstandard P a r t s  

10. Single Source P a r t s  , . 

11. Longlead I tems  T2-6 - - . NIX - N/A 

12. P a r t s  Having High Infant 
Mortal i ty  Ra t e s  T2-6 Vol 2 

P a r a  4. 10 



Table' 2 -2 

FIELD OVERSIZING 

Pilot  Plant  Field  Overs  iz ing F o r  : 

Dirt  on M i r r o r s  50 Heliostats 

Beam Attenuation 3 3  Heliostats 

Access  Raods 12 ~ e l i o s t a t s  

Field  Control ler  Outage 

Heliostat Outage 

Heliostats in Singularity 

24 Heliostats 

5 Heliostats 

16 Heliostats 



Table 2 - 3  

CLOSED- LOOP TRACKING -4CCURACY AND SPILLAGE 

70 Spillage (p):: 

Accuracy Ind. of 
( m r )  Wind and 
1~1:::;: Ref Winds (M,'S) Tempera ture  ( O C )  

E r r o r  Source cr(rms) Temp 0 3 .5  8  12 0 15 2 8  35 

2. Surface Waviness  1.211.2 0 . 6  0  0  0  0 0  0 0 0  

3 .  Specular 0 .  810.  8 0 . 5  0  0  0  0 0  0 0 0  
Dispers ion 

4 .  -Surface Bending 
-. 

A. Gravity 0 .  510. 5  0 . 4  0  0  0  0  0  0  0  0 

B. Winds 

C. Tempera tu re  0. 610.  8 ' .  0  0 0 0 0  2 . 6  1 . 2  0  0  

5. M i r r o r  Alignment 1 . 0 / 1 . 0  0. 6 0 0 0  0  0  0  0  0  

6. Control Dynamics 0 .  810 .  5  0. 3 0 0 0.2 0.4 0 0 0  0  

7. Sensor  0 . 8 1 1 . 4  0. 4 0 G 0.2 0.5 0 . 2 '  

::Note: Spillage dbes not have a normal  distr ibution .: 
'k*:SRE data h a s  'be,en used to  es tabl ish these  numbers.  



Table 2 - 4  

CLOSED-LOOP REFLECTED BEAM ACCURACY 
FOR COMMERCIAL PLANT 

Azimuth r m s  Elevation r m s  
E r r o r  Source ( m r )  (mr) 

1. Tower lRece iver  

2.  Surface Wavi.ness 

3.  Specular Dispersion 0. 8 

4 .  Surface Bending':: 

A. Gravity 

B. Winds. 

C. Tempera tu re  
(60°F) 

5. M i r r o r  Alignment 

6. . Control  Dynan~ ics  

7. Sensor  

RSS Total  

XcErrors shown a r e  es t imates  'based on Pilot Plant data. 
The  .magnitudes .will 'be updated to  reflect  the Commerc ia l  system.  



T a b l e  2-5  

HELIOSTAT WEIGHT BREAKDOWN 

C o l l e c t o r  E lemdnt  Pi.lot P lant  S R E  Inver t ing  Hel ios ta t  

R e f l e c t o r  ( F o a m  C o r e  Sandwich) 

Ref lec to r  S t r u c t u r a l  Support  1 ,  108 l b  889 l b  

D r i v e  Unit 

P e d e s t a l  509 l b  509 l b  . 

T o t a l  (without foundation) 

B e a m  S e n s o r  P o s t  

B e a m  S e n s o r  Foundat ion  

:::For S R E  inver t ing  he l ios ta t  with 1 / 8  in. + 118 in. l amina ted  m i r r o r ,  
t h e  weight i s  1 ,  744.1b. 



Table 2-6 

HELIOSTAT PARTS COUNT, PILOT PLANT 

Purchased  Fabricated 
Suba s sem'bly Parts* P a r t s  Fas t ene r s  Comments  

Reflector Pane l  7 / Panel  4 /Pane l  4 lPane l  M i r r o r  C l a s s  is Nonstandard 
42lHeliostat  24lHeliostat  24lHeliostat  

Tracking M i r r o r  l /Hel iosta t  9lHeliostat  12lHeliostat  Laminated M i r r o r  and M i r r o r  
C la s s  Nonstandard 

Support S t ruc ture  l /Hel iosta t  lO/Heliostat 4lHeliostat  

Drive Unit 28lHeliostat .  15/Heliostat 55lHeliostat  Drive Assembl ies  (4 P a r t s )  a r e  
Nonstandard. Motors Have 
Shown Some Infant Mortality. 

Pedes t a l  2/Heliostat  1 IHeliostat  - - 
Foundations (Heliostat 

2 and  Sensor  Pole)  - 2lHeliostat  12 IHeliostat  

Beam Sensor  51Heliostat 4lHeliostat  - Thick F i l m  Detector and 
Housing a r e  Nonstandard P a r t s  

Sensor  Po le  /Mount 7/Heliostat l /Heliostat  lO/Heliostat - 
Heliostat  Ca'bling 4lHel iosta t  3/Heliostat 6 IHeliostat  - 
**Heliostat Control ler  60/Heliostat 51Heliostat 11 IHeliostat  Heliostat Control ler  Will Receive 

Heliostat  Sensor  -Elec 82/Heliostat 3lHeliostat  

(***Field Control ler)  (169/Field (1 /Field  

Burn-in T e s t s  t o  Uncover 
Components Suscepti'ble t o  
Infant Mortality. 

Control ler)  Control ler)  

Tota l  Parts 239lHeliostat  81 /Heliostat 132 IHeliostat  

*At p re sen t ,  no single source  o r  long-leadtime components a r e  planned for  heliostat  usage. 
**Includes piece p a r t s ,  r e s i s t o r s ,  capaci tors ,  etc. 

***Shown fo r  re fe rence ,  24 hel iosta ts l f ie ld  controller.  



Table 2-7 

HELIOSTAT PARTS COUNT, SRE 

Purchased Fabricated 
Subassembly Parts':< P a r t s  Fas t ene r s  

Reflector  Panel  41 Panel  4 / ~ a n e l  4 /Panel  
48/Heliostat 48/Heliost-at 48/Heliostat 

Tracking Mi r ro r  1 IHeliostat, 9 /Heliostat 12 IHeliostat 

Support Structure 1 IHeliostat 18/Heliostat 68lHeliostat 

Drive Unit 28/Heliastat 18/Heliostat 55lHeliostat 

Pcdebtal l/Heliostat. 3 / ~ e l . i n s t a t  - 
Foundations 
(Heliostat and 
Sensor Pole) 

Beam Sensor 

Sensor Pole /Mount ' /  /Hellostat 2/Heliastat  7/#eliostat 

Heliostat Ca'bling 4lHeliostat  3lHeliostat 6 IHeliostat 

Heliostat Controller - - - 
Heliostat Sensor-Elec 47 /Heliostat 2lHeliostat  - 
Field Controller (49 7 /F ie ld  (4lHeliostat)  

Control ler)  

Total  P a r t s  145lHeliostat 11 3lHeliostat 2 12 IHeliostat 
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Ct-_Ft-_R7 
0 2 0  4 0  6 0  

Y E T E R S  

GENERAL NOTES 

A POWER HOUSE AN0  AUXILARIES  

I RECEIVER l O W E R  A N 0  FOUNOATION 
2 POWER HOUSE 
3 4 CONDC!IS.~.IE THERMAL STORAGE K T O ~ C C  SUBSYSTEY i.urs 

5 ASSEYBLY .  AS NOTED 
6 O I E S E L  GENERA lOR - -~.. ~- - 

7 WATER TREATING BLOC 
.B  AC ID  STORAGE TANK 
9 L I M E  SOFTENER 

1 0  CLEARWELL .  COVERED 
I I SEWAGE UNIT  
1 2  AUK TRANSFORYER 
I 3  M A I N  TRANSFORUER 
I 4  RECEIVER P A N E L S  LAYDOWN AREA 
I: POWER AN0  CONTROL CABLE  TRENCH 
1 6  BURIED P I P E  L A N E  
I 7  I R E A T E O  WATER AND F I R E  PUMPS 
1 8  R O C K - F I L L E O  CATCH B A S I N  
19 L U B E  O I L  STORAGE TANK ...... ~ ~- 

2 0  COI IDENSAIE  STORAGE TANXS 
21 FUEL O I L  TANK 

B SOUTH ACCESS ROAO I S  I I Y  0 6  F I I  WlOE 

C EAST .  WEST .  *NO NORTH ACCESS ROADS ARE 
5 . 5 U  1 l B F l l  W lOE  E A C n  

0 @ . H E L I O S I A l  EXCLUSION C IRCLE  

Figure 2-1. MDAC 10 MW Central Receiver Collector 

Field Layout 

2-9 
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HELIOSTAT LOCATION SUMMARY 
REPORT FOR CIRCLE NO. 1 + 

NO. LOCATION (METERS) 
(X.Y) 

+APPENDIX B COPJTAINS THE 
HELIOSTAT LOCATION DATA FOR 
CIRCLES 1-32 (1760 HELIOSTATS) 

Figure 2-2. Collector Field layout  
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RADIAL STAGGER ARRAY 

OPTIMUM ANNUAL ENERGY TRIM 
(BASED ON EARLY COMMERCIAL 
SYSTEM) 

RECEIVER CENTERLINE ELEVATION 
268M (879 FT) 

TOWER TOP ELEVATION 
242M (794 FT) 

GLASS AREA 
869,586 ~2 
(9.36 X 106 F T ~ )  

NUMBER OF HELIOSTATS 
22,914 

~igure 2-3. Commercial Symm Field Layout 
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8 IN. DIA ACCESS HOLE 

0.105 IN. WALL 

27 IN. DIA BOLT CIRCLE 
ANCHOR BOLTS 1.25 DIA 8 RE0  

GROUND LINE 

45 IN. 
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5 LENGTHS (44 TO 144 IN.) 
3-IN. DIA X 0.120-IN. WALL STL TUBE 

SWAGE NIPPLE 

. .  . 
5-3 IN. STD PIPE 

GROUND LINE 

Dl A 
. . 

.-Figure 2-5. Sensor Pole 
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HELIOSTAT 
SECONDARY FEEDERS PRIMARY FEEDERS 

8 REQUIRED 74 REQUIRED - --- 
2.4 KV, PLO. 4 AWG 240 V, NO. 4 AWG 

3 CONDUCTORS 4 CONDUSTORS 
TRANS- 

. DISTRI- 
1,000M BUTION . 29'000M 

TR IAC 
POWER FORMER 
PLANT 

' 
8 REQ 

PANEL 
8 REQ 

- SENSOR 

I I 
ENCODER 

EELIOSTAT 
CO'VTFPOLLER I I 

L-- 
I 
I 

LOCAL DATA BUS 

MASTER DATA BUS 
1 ARE(YUIRED I I TWFGiD GELDED PAIR I CONTROLLER 

I 

4 (COLLOCATED 
JMt'U l t M WITH EVERY 

24TH HELIOSTAT) 

Figure 2-6. Power and Data Distribution - Collector Field Network 



2 . 2  OPERATING CHARACTERISTICS 

Collector subsystem operating characteristics are l isted in Table 2-8 .  Key 
data associated with the characteristics are  given in Tables 2-9 through 2-13 

and Figures 2-7 through 2-9. 



Table 2-8 

DATA LIST, OPERATING CHARACTERISTICS 

Pilot  Plant  Commerc ia l  Plant  ' SRE 

Overview Overview Overview 
(Figure  o r  Discussion (F igure  o r  Discussion (F igure  o r  Discuss ion 

Operating Charac te r i s t i c  ' Table)  (Pa ragraph)  Table)  (Pa rag raph) Table)  (Pa ragraph)  

1. Power  Required   or T r a c k ,  
Slew, and Emergency Shutdown T2-9 3. 1 .4  

2. Heliostat  Operating Modes T2-10 4. 1.5 T2-10 3. 1.5 - N/A 

3. Control  System Details  and F2-7 
Charac te r i s t i c s  

4. Operation and Smvival  vs  T2-11,  4 . 1 : ~  
Environmental  Conditions T2-12 

5. Heliostat  Focusizg and 
Alignment P rocedure  

6.. Maintenance Recai red  

7. M i r r o r  Cleaning Method 

- NIX - Previously  
Reported 



. . 
Ta'ble .2  -9 

. . . . 
COLLECTOR FIELD POWER REQUIREMENTS 

- --- 

Ope rating Power  Required/ Power  Required/ 
Condition Heliostat F ie ld  Comment s 

T racking' 15W -30 KW 

Slew -400 KW Az 'and E l  will be 
Slewed Separately.  
E l  Will 'be Slewed 
F i r  s t ,  Az Will 'be 
Slewed Only if 
Necessary  

~ m e r ~ e n c ~  
Shutdown . " 

230W -235 KW Approximately 
1, 000 Heliostats 

. . Will 'be Slewed (In 
One, Axis)  At a T ime ,  
Outer Hel iosta ts  

. . F i r s t  

Tab le  2-10 

COLLECTOR OPERATING MODES 

, . Field Cont ro l le r /  
Mode Heliostat Cont ro l le r  Mas te r  Control  

Normal   rack 

Synthetic T rack  

command  
Posi t ion 

Local Control  at 
F ie ld  C ont ro l l e r  

j .  

Local  Control  a t  
Heliostat  
Cont ro l le r  

Autonomous Ope rat ion with 
Beam Sensor  

T r a c k s  t o  Gimbal  Axis 
Posi t ions  Supplied by 
Master  Control  

Same 

M.o'bi1 Te ot Set Cvnt r o l s  
Heliostat s Through. F ie ld  
Control ler  

Provides  Reference Data 
on Gimbal .Axis Posit ion 

Provides  Gimbal Axis 
Posi t ions  Bas ed On Solar  
Ephemer is  o r  Tracking 
Points  F o r  Beam Safety 

Provides  Gimbal Axis 
Pos i t i ons  Based on Mas te r  
Control  Mode, e .g . ,  
Stowage, C.leani.ng, 
Maintenance, etc. 

Mobile Tes t  Set ~0Ltr01s ~ o c k e d  Out 
Heliostat Through Heliostat  
Control ler  



Table  2-11 

SURVIVAL ENVIRONMENTAL CONDITIONS 
- 

Environment Requirement Source 

Gravity 

Ambient Ai r  Tempera tu re  

Winds: 

1. Maximum Wind Speed 
Stowed 

2. Align Elevadion Axis 
with Mean Wind Vector 

3. Wind Prof i le  

Earthquake 

. . 
snbw11ce. :- 

" 

Hail  .,. , 

Rain 

Dust Devils 

0 
40.2 m / s  (90 mph) with f 10 angle of at tack 

F o r  y = angle f r o m  elevation axis:  

y = f25O No Damage 

Any Y No Catas t rophic  ~a i1 ; r e s  

Use Power  Law Velocity Profi le:  

0.25g peak ( s e e  horizontal  and  ver t ical  
response  spec t ra  in Section 3. 1.2) 

250Pa ( 5  p s f )  snow lclad 
50 m m  (2 in. ) i c e  lozd 

Survive a t  any . orientation: . 

19 mm (314 in) a t  20 m / s  (65 fps )  

Survive a t  stowed position: 
. . . .. . 

25 m m  (1  in) a t  2 3 . m / s  (75 fps )  

Average annual rainfall  = 100 rnm (4 in) 

With wind speeds up to  17 m / s  (40 mph) 

- - 
Dept of Energy 

Dept of Energy 

MDAC 

Dept of Energy 

MDAC 

Dept of Energy 

Dept of Energy 

Dept of Energy 

Dept of Energy 



. , . . . . . . . . . =. 

Table  2'-12 .. . . '. .. .. .. .. 

. . . . OPERATIONAL EN%VIRONMENTAL CONDITIONS 

Environment , ,Requirement . . . . Source 
. . .. 

1 g Gravity - - 
. .I 

Ambient Ai r  Tempera tu re  o0 to  4 9 ' ~  ( 3 2 0 ~  to 1 2 0 ~ ~ )  . 

Winds: 

1;. Wind Speed 

- .  

11.6 m / s  '(26. rnph) includes 1. 3 gust factor  

MDAC . 

MDAC 

2. Wind Speed Frequency Speed ( m / s )  F-requenc y (TO) Dept of Energy 

3. Stowage -Initiation Speed 16. 1 m / s  (36 mph) MDAC 

4. Wind Rise  Rate 0.01 m / s  2 (1. 3 mphlmin).  Heliostat shal l  Dept of Energy 
During Stowage withstand, without catastrophic fa i lu re ,  a 

maximum wind of 22.4 m / s  (50 mph) f r o m  any 
direct  ion. 

5. Wind Prof i le  Use Power Law Velocity Profile:  Dept of Energy 

where : 
. . 

vz =..mean wind velocity .at height Z 

V l ~ m  = reference wind velocity a t  height of 
1 Om 

0. 15 = power law exponent for  flat open country 



T a b l e  2-13 

MAINT ENANCE SIGNIFICANT I'EM LIST 

Component Correct ive  Maintenance S c h e d ~ l e d  Maintenance 

Field Controller Remove and replace on failure.  Minor repai r  None 
on-site.  Major repai r  and overhaul a t  MDAC. 

~ e l i o s t z s :  Controller Remove and replace on failure.  Minor repai r  Ncne 
on-site.  Major repai r  and c.verall a; MDAC. 

. . 

Elevation and Azimuth 
Drive Assembl ies  

Remove and replace on failure. Repair  and 
overhaul a t  MDAC. 

Elevatizn and Azimuth 
Drive ~Votor  and Reducer , 

Remove and replace on failure.  Repair  a t  
,manufacturer.  

Elevation and Azimuth 
Shaft Encoder 

Remove and replace on failure. Repair  a t  
manufacturer.  

Remove and replace on failure.  Repair  a t  
MDAC. 

None Elevation and Azimuth 
Shaft T u r n  Pick-off 

Remove and replace detail  a r t s  on failure.  
Remove and replace box fo r  major  damage. 

Pedesta l  St ructura l  repai r .  Remove and replace fo,r 
major  damage. 

Reflector Panel  . Remove and replace. Discard. Clean ( in  addition Clean 
to  scheduled requirements due to  seve re  weather 
conditions). 

Reflection Structure  Structural  repair .  Remove and replace fo r  major  N m e  
damage. 

Beam Sensor , Remove and replace on failure. . Repair a t  .WAC N m e  

Sensor Pole  Structural  repair .  Remove and replace  for  m a j a r  . Ncne 
damage. 

Field Cables ' - Elect r ica l  repair .  Remove and replace for  ma jo r  None 
damage. 

Power  Distribution 
Pane  L 

Remove and replace detail  par ts .  Replace panel f o r  None 
major  damage. 

~ e k o v e  and replace on failure. . - . . Njne Power  Transmiss ion  . 

Test  Support Station Remove and repai r  componeds  on failure.  R e p i r  . Cal ibra te  t e s t  equipment,: 
components a t  MDAC.. . ' inspect, clean, adjust  and 

lubricate CRT/keyboard, tape  
. . 

. r eade r ,  and r eco rde r  



i : .  . FIELD CONTROLLER 

SRE CONTROL SYSTEM 

r ----- ------- 1 CR39A 

Figure 2-7. Control System Details 

I21 4 BIT I NO. 2 . ,." . . 
ABSOLUTE 8 WIRES 
ENCODERS 

. . I 

- - HELID 

fkzFD ' ' BEAM SENSOR ~t NO. 1 

1 ONLY DISCRETE 9WlRES - 
a OUTPUTS CONTROL 

I :  l 4  
I - 

ADDRESS 5 BIT 
PLUG ADDR I 

I 
.FIELD 

I CONTROLLER ' 1 
'REMOVE FOR OPEN LOOP 

PILOT PLANT AND 
COMMERCIAL.PLANT 
CONTROL SYSTEM 

INPUT 
MULTI. 
PLEXER 

- ----- 
, -  

2 TRACK 
MOTOR 
ENCODER 

VOL 111-1 

I DATA 
BUS 
d ,d 

I .  
I 

, 
,- 1 :: 3@ EL 

MOTOR 
----- 

8048 

I 
MICRO- 
PROCESSOR 4 8 

I 
TO HELlO - , , NO. 24 

I 

I 
1 .  

HELlO 

. - 

, . 

- 
2 TRACK 
MOTOR 
ENCODER 

- 
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PROCEDURE 

SENSOR MOUNTED ON POLE AT Pl3ESCRIBED LOCATION AND ORIENTED 
ALONG LINE-OFSIGHT TO RECEIVER +_5 DEG 

HELIOSTAT(S) COMMANDED TO NEAR-TRACK ANGLE VIA MASTER 
CONTROLlFlELD CONTROLLER 

WORKMAN ON MOBILE LADDER ADJUSTS KNURLED VERNIER ALIGNMENT 
SCREWS WHILE HELIOSTAT IS ON NORMAL TRACK, AND OBSERVES 
BEAM MOVEMENT ONTO TARGET 

SPRING-BOLT TIGHTENED AND FINAL ADJUSTMENTS MADE TO 
ALIGNMENT SCREWS 

HELIOSTAT COMMANDED TO STOWAGE POSITION (RADIO LINK TO 
MASTER CONTRnl-1 

EVALUATION 

TOTAL TIME - 3 8  MIN, 1 MAN TO ADJUST, 1 MAN TO DRIVE 
MOBILE LADDER 

ALIGNMEWT ACCUHACY LIMITED BY WORKMAN'S ABILITY TO JUDGE BEAM 
POSITION ON TARGET. CAN EASILY ADJUST TO WITHIN + 0.5 FT AT 
650 FT, OR +_ 0.77 MR. FOR CLEARLY DEFINED EDGE OF BEAM. 
ALIGNMENT ERROR OF THE ORDER OF +_ 1-1.5 MR FOR MORE DIFFUSE BEAM 

THEODOLITE INCLINOMETER 

C 

Y 

Figure 2-8. Heliostat Referencing 
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I A. 
WASH WlTH CHEMICAL CLEANING SOLUTION -1, . 

I B. RINSE WITH DEIONIZED WATER , I 
C. APPLICATION BY TANKER TRUCK MOUNTED. 

MULTIPLE ARRAY PRESSURE SPRAY NOZZLES 

I D. WASH AND RINSE SOLUTION RUN-OFF 
CAPTURED FOR APPROVED DISPOSAL 

E. ' ACCOMPLISH AS SCHEDULED MAINTENANCE ' I AT 30 DAY INTERVALS 

Figure 2-9. Mirror Cleaning Method 
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2 . 3  DESIGN DISCUSSIONS 

Collector subsystem design discuss ions  i tems a r e  l i s ted in Table 2-14.  Key 
data associated with the i tems a r e  given in Table 2-15 through 2-  18 and 

Figure 2-10. 



Ta'ble 2 -14  

DATA LIST, DESIGN DISCUSSIONS 

Pilot  Plant  Commer  cia1 P l a r t  SRE 

Overview Gverview Overview 
(Figure  o r  Discussion (F igure  o r  Discussion (F igure  o r  Discussion 

Design Discussion Table)  (Pa  r ag  raph) Table)  (Paragraph)  Table)  (Pa rag raph)  

1. Define M i r r o r  Requirements  T2-15 4.2.2 T2-15 4.2.2 T2-1.5 4.2.2 

2. Discuss  M i r r o r  Assembly  
F2-  10 5. 1.2. 1 F2-10 5. 1.2. 1 Details - 

3. Provide  Data on Degradation T2-16 4.2 
Rates  of M i r r o r s ,  Sea ls ,  
Paint ,  Motors ,  Dra ins ,  etc. 

4. Discuss  Method fo r  Safe T2-17 4.2. 11 T2-17 3. 1- 3 - N/ A 

* Control  of Reflected Light 
N - 
Q, 

5 .  Discuss  Fa i l - safe  Fea tu re s  T2-17 4.2. 11 - N/ A - N/A 

6. Discuss  Availability 



Table 2-15 

MIRROR REQUIREMENTS 

Requirement Required Value Expected Value 

. .. 
Reflectivity 0. 88 0.91 

Specularity 
(70 in 4 m r  Cone) . 

Hail Capability 

Any Orientation 19 m m  (314 in. ) 

Stowed 25 m m  (1 in. ) 

Fla tness  
(Standard Deviation) 

Dura'bility 

19 m m  (314 i'ri,') 

>25  m m  (1 in. ) 

unit's ~ u s t  Survive Deser t  
Environment for  30 Years  
Without Significant 
Permanent  Degradation 
(lye .Reflectivity) and Maintain 
Structural  Integrity 



Table  2-16 

DEGI+DATION'DATA 

H a r d w a r e  , Degradat ion Observed  During SRE>::' 
- - 

M i r r o r s  

-- - 

'Reflectivity: Var iab le  and  ~ e p e A d e n t  on  ' 

Weather Conditions 

P i n  Holes  (Sheldahl Acry l ic  Ref lec to r )  
. , 

M i r r o r  Edge Sea l s  St reaking and  Surface  Contamination;  
Water-washed Ma te r i a l  Frorrl Edge Sealant  
onto G l a s s  

6 No Dete r io ra t ion  Af te r  Exposure  t o  D e s e r t  
Environment  an'd'500-Hr Salt  Spray  T e s t  

. , *  . 
P a i n t s ,  F i n i s h e s ,  and  . No . Degradation Observed  . 

, . ~  . . , . ' 

Galvanizing 

Moto r s  , One Burnout: Under Investigation Suspect  
_: \ 

Water  con tamina t ion  

J -Boxes ,  D t a m  Sensor, e Minor Rus t ,  Dust and Loosening P r o b l e m s  
Couplings,  P o t s  . . 

. , 
Gables  e No Degradat ion Observed  

:::SRE observed  degrada t ions  espec ia l ly  those  a s  a resu l t  of wind, dus t ,  
w a t e r ,  r u s t ,  e t c  wil l  'be c i rcumvented  by des ign i n  the  P i lo t  Plant  design.  



Tab le  2-17 

FAILSAFE PROCEDURES 

' F a i l u r e  Type Safing P r o c e d u r e  
, . 

~ o i s  of EPGS Power  
, . . . 1 Switch t o  Network P o w e r  

2. Switch t o  EPGS Auxi l iary  Power  

L o s s  of M a s t e r  Control  

L o s s  of pr . i rnary  o r  Secondary 
F e e d e r  Ci rcu i t  i n  F ie ld  

L o s s  of Control  ~ a t a    ink 
i n  F i e id  

~ i s a ' b l e d  Heliostat  - 

1. Switch t o  Backup M a s t e r  Control  

2. E n t e r  Manual Cornman d f r o m  
M a s t e r  Control  

Stow with Mobile T e s t  Set Until 
Repa i red  

Stow with .Mobile T e s t  Set  Until 
Repa i red  

1 .  ' Drive  t o " ~ t o w a g e  with Mo'bile 
T e s t S e t P o w e r S u p p l y ( D r i l 1  . 

Motor)  

2. Opacify with ~ i r r o r  Opacif ier  
Solution 



Table  2-18 

COLLECTOR AVAILABILITY ANALYSIS 

Pilot Plant  Comme rcial  

MTBF MTTR ~ a i l u r e s  Unavailable Fai lurco Unavailable 
I t e m  Component (Hr)  (Hr )  P e r Y r  H r / Y r  P e r  Yr H r / Y r  

1 T r a n s f o r m e r  1. 2(10b) 7.96 0.02 0. 16 0.27 2. 15 

2 : . Power  Cables  to  T r a n s f o r m e r s  

3 Distribution Pane l s  

4 s'ield C o ~ l t r o l l c r s  

5 Cab les  t o  Field Cont ro l l e r s  

6 - Field Control ler  Junction Box 

7 Heliostat Control ler  

Cables tn Helipstat 

Heliostat Circui t  Breaker  

Azimuth Drive Motor 

Elevation Drivc Motor 

Azimuth Position Sensor  

Elevation Position Sensor  

Azimuth RPM Counter 

Elevation RPM Counter 

Azimuth P r i m a r y  Compudrive 

Azimuth Secondary Compudrive 

18 Elevation P r i m a r y  Compudrive 

19 Elevation Secondary Compudrive 

20 Sun Sensor 

21 M i r r o r  Pane l s  

22 Pedes ta l  

23  Reflector SLructure 

24 Sun Sensor  Pedes ta l  

Total  Fa i lu res  P e r  Year  

To ta l  Fa i lu res  P e r  Day 

Total  Heliostat Outages P e r  Day 
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GALVANIZED . . . . 

A 
GALVANIZED STEEL 
0.020 IN. THICK 

I IN. WIDE 
STRIP ADHESIVE 

. . 

I 

Figure 2-10. Reflector Panel Assembly 



Section 3 

COMMERCIAL COLLECTOR DEFINITION 

The ultimate goal of the central receiver program is  to provide an  economi- 

cally accepta'ble alternative to conventional electrical power. Since the 

collector comprises the majority of the solar portion of a central receiver 

Power Plant, MDAC has emphasized the Commercial system design and cost 

projections. The Commercial system design. and requirements 'both flow 

down to the Pilot Plant and take precedence over designs and requirements 

strictly for  Pilot Plant. 

The collector subsystem for 'both the Commercial and Pilot Plants was 

described in Section 1. The discussions of Sections 3 and 4 will focus on the 

trade studies, analyses, and data which have led to the preliminary design. 

3.1 COMMERCIAL SUBSYSTEM REQ.UIREMENTS 

The commercial su.bsystem requirements a r e  a s  follows: 

Performance, including the e r r o r  'budget and drive. rat es  

(Section 3. 1. 1). 

. Environmental, including operational wind speeds, stowage wind 

speeds, temperatures and earthquake ground motion histories 

(section 3. 1.2). 

'. Safety, including applicable OSHA regulations and beam safety 

requirements (Secti0.n 3 .  1. 3). 

Electronic interface require,ments for the heliostat, field controller, 

and master control (Section 3 .  1.4). 

. operating, for normal and synthetic tracking; command position, 

stowage, and maintenance (Section 3.  1.5). 

Stowage, dependent upon the environment and wind conditions 

(Section 3.  1. 6 ) .  



3. 1. 1 Performance Requirements 

The heliostat should reflect the .sunlight with combined beam and tracking 

e r r o r s  of l e s s  than 5 m r  standard deviation and concentrate the maximum 

cost-effective fraction of the sun's light on the receiver in the prescri'bed 

distribution. Since the heliostat i s  the same for' the Commercial and Pilot 

Plant,  the accuracy of the reflected 'beam should 'be 'basically the same a s  . 

the Pilot Plant. . The exception to this i s  the e r r o r  caused by tower movement 

and surface 'bending. An e r r o r  'budget for the Commercial system is given 

in Table 3-1  for closed-loop tracking. The discussion of each e r r o r  

source is presented in Section 4.2.6. The numbers shown for surface 

'handing a r e  the same a s  for the Pilot Plant. It should 'be noted that since the 

receiver size and the ranges differ from the Pilot plant,  the num'bers .will 

change when the analysis i s  completed. 

Computer simulations indicate that for normal tracking, azimuth and 

elevation rates throughout the field w i l l  not exceed 0.26 rad (15 deg) per 

hour except in a narrow singularity band in the southern portion of the field.. 

a s  depicted in Figure 3-  1. The heliostats within this 'band will experience a 

temporary degradation of tracking accuracy while driving near singularities, 

'but will regain their normal tracking accuracy within a minute after  the high 

azimuth rate demand has subsided. Current drive unit capabilities a r e  12 deg 

per  minute inboth azimuth and elevation. These rates a r e  adequate to 

satisfy design requirements during stowage for weather. Although the 

procedure for emergency defocus has not been defined, the maximum rate 

capabilities should 'be adequate to meet this requirement. 

The heliostat fundamental vi'bration frequencies shall .be greater  than 1 Hz 

to preclude dynamic coupling with the controls system and minimize' wind- 

induced vibrations. The heliostat and sensor pole shall not undergo flutter 

o r  divergence for  survival wirids up to 40.3 m / s  (90 mph). 



Ta'ble 3 - 1 

, CLOSED-LOOP REFLECTED BEAM ACCURACY 
FOR COMMERCIAL PLANT 

Azimuth r m s  Elevation r m s  
E r r o =  Source ( m r  ( m r )  

TowerIRece iver  0 .9  0 .2  

. Surface Waviness . .. A 1.0 1.0 

sp&dGlar Dispers ion 

'Gravity , 

~ i ; i ' d s  

Tempera tu re  ( 6 0 O ~ )  

M i r r o r  Alignment 

Control  Dynamic s 0. 8 0. 8 

Sensor  

RSS Tota l  2 .4  2.6 

\ . * E r r o r s  shown a r e  e s t ima te s  based on Pi lot  Plant  data. 
The  magnitudes will be updated t o  ref lect  the Commerc i a l  system.  

3. 1. 2 Environmental  Requirements  

Th i s  su'bsedtion d i scusses  only the four  environmental  requi rements  stipulated 

'by MDAC and the i r  rationales:  operat ional  wind speed, stowage wind speed, 

operational t empera tu re  range,  and earthquake. The  following environmental  

requi rements  were  given i n  the ERDA specification (Ref: 3 , l .  2-A and 3. 1.2 -B) 

and previously i temized i n  Ta'bles 2- 11 and 2- 12: wind speed frequency, wind 

r i s e  r a t e ,  survival  wind, wind profile,  survival  t empera tu re  range,  ra in ,  

hail ,  snowl ice  loads,  and dust  devils. 

Reference 3. 1.2-A TWX f r o m  A. C. Skinrood, Sandia Labora tor ies ,  
"Clarification of ERDA Let te r -P i lo t  Plant  Site 
P a r a m e t e r s ,  I '  11/9/76. 

Reference  3. 1.2-B Le t t e r  f r o m  A. C. Skinrood, 1/14/77. 





3. 1. 2. 1 Operational Wind Speed Derivation 

The operational wind speed of .11.6 m / s  (26 mph) was derived to minimize 

the overall  cost of electricity production. A detailed study was made of 

weather data f rom 12 southwestern desert  mil i tary installations. The data 

were procured f rom the National Climatic Center in Ashville, North Carolina, 

and cover 16 to 32 yea r s  of continuous dbservation. The locations of the 

stations a r e  shown in Ta'ble 3-2, together with the time span of o'bservations 

and the s i te  elevations. 

The wind speed frequency of occurrence for  NWC and the composite of the 

12 stations a r e  shown in Figure 3-2. These stations show a n  infrequent 

occurrence of wind speeds in excess of 14 m / s  (30 mph). 

The higher wind velocities usually result  f rom the passage of frontal systems 

and may, therefore,  'be statistically correlated with cloudiness. In addition, 

the higher wind velocities a r e  certain to be statistically correlated with haze 

f rom atmospheric dust. Hence, one should expect that shutting down the 

collector due to high winds a t  a wind speed of 14 m / s  will lead t o  a n  

extremely small  loss  of solar  direct .beam insolation, rather  than the 1 to 270 

indicated 'by Figure 3-2. , The Aerospace Corporation performed such an  

analysis for  Inyokern and .Edwards Air  Force  Base for  the years  1962 and 

1963 (Reference 3. 1.2-C). The resulting correlation i s  shown in Figure 3-3. 

The figure shows the percent of the total annual direct beam insolation which 

i s  not collected a s  a result of shutting down the collector field a t  a specific 

:.wind speed a s  a function of the wind s,peed. As expected, there  is no reason 

to continue t o  operate the collector for wind speeds 'beyond 14 m / s .  In the 

past,  MDAC has used the single-point design wind speed of 11.6 m / s  (26 mph) 

a t  which we meet our operational performance requirements. To calculate 

. the 'beam e r r o r s ,  the worst combination of wind, temperature,  and gravity 

was used. This  approach led to a conservative design and questions a s  t o  the 

$actual m i r r o r  performance. Another s ingle-point design a,pproach i s  to  use 

.a representative desert  environment (like for Inyokern) of a 3. 5 m / s  (8 mph) 

... 
:.wind - speed and a temperature of 2 8 ' ~  (82.  OF) 

.Ref. 3.1.2-C: Aerospace Corporation report ATR-74(7417- 16), Solar 
Thermal  Coilvei-sion Mission Analysis, Vol 1, January 1975. 

e. 



Ta'ble 3 -2 

WEATHER STATIONS 

Years  Elevation 
Station Location Observation (m) 

1. Naval Weapons Center  Indian Wells Valley, CA 20 760 

2. Edwards  A F B  Western Mojave Deser t ,  19 770 
near  Mojave, CA 

3. George  A F B  Western Mojave Deser t ,  17 . 960 
nea r  Victorvil le,  CA 

4. Yuma Arizona; SW corne r  2 4  65 
adjacent t o  California 
'border 

5. Luke AFB Phoenix, AZ,  SW 28 370 
cen t r a l  por t ion 

6. Williams A F B  : Chandler ,  AZ -45 k m  26 46 0 
ESE of Phoenix 

7. Tucson  South cen t ra l  Arizona 24 85 

8. F o r t  Huachuca SE Arizona near  16 1, 570 
Mexican 'border ,  
-10.0 k m  SE of Tucson 

9. ' Kirtland A F B  Al'buquerqu"e, NM, 
west cen t ra l  NM 

10. Holloman AFB Alamogordo, NM, south 2 1 1 ,  360 
cen t ra l  NM 

11. Walker A F B  Roswell ,  NM, SE 
New Mexico 

12. Cannon A F B  Clovis, NM, eas t  a 21 1 ,430  
. . .  . . cen t ra lNMadjac .en t  . . .. . _. 

to  Texas border  - 
. , , . , . - . :  . ., 



NAVAL WEAPONS CENTER - - - COMPOSITE OF 12 DESERT- 

WIND SPEED (MIS) ' 

I I I .  I 1 I I I I 
0 5 10 15 20 

I 
25 30 35 40 . ' 45 

Figure 32. Wind Speed Frequency of Occurrence 
MILES,(HR) .: 
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A 'better approach i s  to use a wind spee'd frequency histogram, (such a s  given 

in Table 2- 12) and calculate the annual power loss at  the receiver. 

Section 4.2.6 gives preliminary MDAC results of such power loss  calculations 

due to various effects such a s  wind and temperature. 

3. 1..2.,2 Stowage Wind Speed Derivation 

The .stowage initiation speed i s  16. 1 m / s  (36 mph),. 'based on a tradeoff 

'between, loss of direct beam insolation and heliostat cost. Figure 3-4 shows 

the percentage of direct beam insolation lost as a function of stowage 

initiation wind speed (or shutdown wind speed). 

The value of a percent of direct beam insolation loss i s  increased 'by the 

fact that the entire plant i s  shut down 'by the heliostat shutdown; i. e. , 170 

direct insolation loss corresponds to 1% loss of total annual energy. The 

collector i s  6070 of the total plant cost, so a 1% loss of direct beam insolation 

results in an effective 1.6770 equivalent cost increase for the collector. The ' 

cost.impact ba'sed on preliminary design baseline report costs i s  0.01 x 
6 2 1'26.5 x 10 + 23, 800 = ,  $53/heliostat o r  13$/ft . 

The loss of operating revenue associated with the cost impact may be 
2 estimated at  1870 of capital cost, or  2.35$/ft /year/percent,  of loss of direct 

beam insolation. This value is  traded against the heliostat cost for different 

initiation of stowage wind .speeds. 

The cost of the drive unit depends primarily on the torque loads encountered 

during stowage. The annual cost of the drive unit equivalent to the loss  of 

revenue is  found by assuming an 1870 levelized fixed charge. Hence, the 

annual cost is the drive unit cost t imes 0. 18 and divided 'by the reflector 
2 2 a r ea , .  38. Om (408.3 ft ). 

The annualized drive unit coot i a  added to the cost of the loss of revenue . 

resulting from the loss of direct beam insolation. The mfnim.um of this sum 

represents the optimum wind speed for initiation of stowage. The dependence 

of the total cos t  +:wind speed i s  sh&n in Figure 3-5 for Naval weapons 

.center,  Williams AFB, and the average of 12 desert southwest stations. 
.. . 

? .  , .  , .. . . . .. , , -, ' 1 , .  , ; 
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HOURLY MEAN WIND SPEED (MPH) 

Figure 34. Loss,of,Operating Time for. Shutdown Wind Speeds 
. .  . 

3-10 
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SHUTDOWN WlND SPEED (MPH) 

100  

cu^ + 
$ 80 - 
c 

. . . . .  
* , I . .  . . 

, . . . - I  . . Figure 3-5. Desigli Cdni ds&ndb&.6ri ihk&~imi Wind  bid . ' ' ' 
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Both assumptions of 

speed a r e  shown for 

the correlation of direct beam insolation with wind 

the average curve. . .  . 

The cuives of Figure 3-5 show rather 'broad minima and reflect the site . 

dependence expected.   ow ever, a representative wind speed for shutdown 

can 'be 'selected in the range from 8.9 m / s  (20 mph) to 14. 3 m / s  (32 mph) 

without 'unduly penalizing the design at any site. MDAC has selected 12.4 m / s  

(27. 7 msh) a s  a nominal design point. The peak wind-gust speed for stowage 

initiation i s  16. 1 m / s  (36 mph). 

A study of temperature data from several sites in the southwestern U S  : 
indicates that the average daylight temperatures a r e  not a s  extreme a s  

-20°c to 60°c (-4O.F to 1 4 0 ~ ~ ' ) ,  the original specified requirement. 

Figure:3-6 sh6w.s the mean daylight tem,peratures for the hot and' cold 

extremes. Rased on these data, an ariibient a i r  temperature range from O'C 

to 4 9 O ~ :  ( 3 2 ° ~ 8 t o  1 2 0 ~ ~ )  was selected for operating the heliostats. 

3. 1 ..'2::4 Earthquake 

The earthquake environment i s  described in Table 3-3 and Figures 3-7 and 

3-8. The environment i s  given in t e rms  of response spectra'and ground 

motion histories for soft r o c k o r  f i rm sediment. If the subsystem i s  located 

on hard  rock,. the abovk envirdnm'knt may 'be reduced by 33%. Jf ' the sub- 

system .is lqcated on:soft sediment, the a'b0v.e environment will 'be ..inc reased 

'by 5070.' The response spectra or  ground motion . . histories were us'ed a s  

ieput to'the andlytical ,. . . .  model of the soil and :hkliostat oi sensor  pole in  . both . 

vertical and horizontal directions to a s se s s  earthquake-induced loads. The 

MDAC heliostats were analyzed for a level of 0. 33glpeak, slightly higher 

than the 0. 2 5: g speicified in Tq'ble 2- 11. 

. . . . . . . . . . I .  . . I .  , . a  

3. 1. 3 Safety Provisions 

The safety requirements or  cri teria for the lOMW Commercial collector 

subsystem include the conventional indugtrial safety and the special safety' 

associated with a solar thermal power plant. . . . . .  . . .  



Figure 



Ta'ble 3 - 3  

EARTHQUAKE HORIZONTAL GROUND MOTION HISTORIES 

Location y e a r  Component Scale ~ a c t b r : :  

E l  Centro 1940 NS 1.0 

E l  Centro 1934 EW 1 . 4  

Olympia 1949 NlOW 1.4  

Taft  19 52 S69E 1.7 

::: 
Each ground motion his tory i s  t o  be multiplied by the indicated 
scale  factor.  

-r 

The applica'ble Fede ra l  OSHA and the California OSHA regulations will apply 

a s  discussed in  Volume 11, Section 4. 10.3. In addition, other safety codes 

such a s  Sections 70 (National Electr ic  Code) and Section 78 (Lightning 

Protect ion Code) of the National F i r e  Protection Association (NFPA) and the 

Amer ican  National Standards Institute (ANSI) Code No. ANSI-C2, the 

National Elec t r ica l  Safety Code, a r e  a l s o  applica'ble. 

Specific potential safety problems unique to a so lar  thermal  plant include the 

fact that the hel iostats  a r e  under' e i ther  remote control f rom the cent ra l  

computer  o r  i n  a closed-loop mode and, therefore ,  can move in a ver t ical  o r  

azimuthal  direction without notice. Therefore ,  when maintenance i s  'being 

performed on a n  individual heliostat ,  the heliostat must  be in a local manual 

control-and the remote control and the  closed-loop control must  be locked 

out in  a positive manner.  

T h e r e  a r e  many. specific safety design cr i te r ion  that will be applied to  the 

e lec t r ica l  and electronic components of the heliostat and field control lers ,  

including c r i t e r ion  on cables  and connectors ,  t es t  points, controls ,  . 

insulations, c i rcu i t  b reake r s ,  and grounding. These criteria would be listed 

in  detail  in a Safety Design Cr i te r ia  document. 

The  ma jo r  safety problem associat.ed with.the collector subsystem i s  the 

concentrated solar.  beam f r o m  individual o r  multiple heliostats.  The potential 

I . .  
. - - . 4  . . -  - I  . 
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GROUND SIIOCK NOMOGR'Arll 

Fipre 87. Earthquake Horizontal Response Spectra 
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GROUND S11QCK NOMOGR'APH 

FREQUENCY (CPS) 

Figure 3-8. Earthquake Vertical Response Spectra 



hazards f rom these beams include injury to the eyes and skin of personnel,  

damage to equipment, distraction due to eye g lare ,  and possible brush f i res .  

The hazards t o  personnel can be to personnel on the ground (both operating 

personnel and the general public) and to members  of the public in a i r c ra f t ,  

gl iders ,  etc above the collector field. 

A detailed discussion on the damage mechanism to personnel i s  given in 

Volume 11, Section 4. 10. 3. The discussion in Volume I1 showed that the 

damage mechanism to the eye i s  retinal burns caused by a temperature r i s e  . 
on the retina. The amount of temperature r i se  i s  a function of the power 

density and the s ize of the retinal image. F o r  example, the incident retinal 

irradiance (power density) due to the sun i s  a maximum of about 7 . 9  W/cm 
2 

with a retinal image size of 158 micrometers .  These retinal parameters  due 

to  looking at  the sun can be dangerous but the normal inherent mechanisms 

of the eye (blink reflex, etc)  protect the eye and allow us to live safely in 

our one-sun atmosphere. The incident retinal irradiance which results f r o m  

a person looking a t  the reflection of the sun in the MDAC Commercial 

heliostat i s  the irradiance of the sup reduced by the reflectance of the 
2 heliostat m i r r o r ,  o r  about 7 . 2 2  W/cm . The retinal image size will be the 

same a s  the image size for the s,un. Therefore,  the solar  beam f r o m  an 

Lndividwl MDAC Commercial heliostat i s  of a l e s s e r  magnitude than t h e s u n  

and therefore is, safe, 

The potential skin damage i s  a lso  discussed in Volume I1 and the resul ts  a r e  

shown in Figure 3-9 .  The maximum theoretical skin irradiance (at the 

focal point) f r o m  one Commercial heliostat i s  about 0.1 w / c m 2 ,  or  a l i t t le 

l e s s  than the ir.radiance of the sun a s  shown on Figure 3-9.  The threshold 

t ime for injury at  this  irradiance var ies  strongly f rom individual to 

individual, but should 'be measured in many minutes. 

There  i s  a potential problem if equipment o r  personnel are in a pooition 

where multiple beam converge. The irradiance of multiple beams i s  the sum 

of the irradiance of the individual beams. 
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Figure 3-9. Pig Skin Injury Data 



The potential problems include: 

.A. Personnel o r  equipment situated a t  a point' on the ground where 
b .  

multiple 'beams intercept ' ' 

. . 

B. The possi'bility that an aiqcraft (or glider o r  'balloon) will appear a t  

a point above the collector field and intercept the solar 'beam from 

a num'ber of heliostats. 

Either o r  both of these can occur during normal operations a s  the heliostat 

field i s  activated o r  deactivated, during heliostat storage operations, o r  a s  

a result of heliostat failures. 

When the collector field i s  activated in the morning (or after a cloud passage) 

and, deactivated in the evening, the heliostats will be controlled by the master  

control in such a way that the focus point of the several heliostats will move 

in a controlled and safe manner. For  example, the focus point can be 

designated a s  a point on the ground (in a personnel exclusion a rea)  and then 

moved to the receiver on a path which does not intercept any equipment. 

This should preclude any hazards to personnel equipment (on brush) on the 

ground. However, there will be a volume of airspace where a potential 

hazard will exist. 

The potential problem i s  during heliostat storage. Lf the heliostats a r e  

stored face down, there i s  no possi'bility of a reflection of the sun. The only 

possi'bility of a potential problem when the heliostats a r e  stored in a vertical 

position i s  when the sun i s  at  a zero degrees elevation and at  that time the 

irradiance i s  very low. A study of storage in a face-up position showed that 

the maximum clolar irradiance, under any condition, from one heliostat i s  
2 '. 

0. l 'W/cm o r  a'bout. 1 sun. 

The effect of one heliostat with this solar magnification was shown to 'be 

safe in the discussion a'bove. 

Ae stated . .  , a'bove, there i s  no established cri teria for  the maximum 

permissi'ble exposure (MPE) to visible light. In lieu of a specific cri teria o r  

standard, it would appear that the airspace a'bove the collector field should 

'be safe under a l l  conditions. 



It i s  possi'ble f o r  a heliostat  fa i lure  condition to  produce a situation where 

two o r  m o r e  heliostats will have a common focus point. The fai lure  
-5 

pro'ba'bility f o r  one heliostat i s  about 5. 9 (10 ) p e r  hour a s  discus'sed in. 

Section 4.2.  12. The longest repa i r  t ime fo r  any heliostat i s  about three  hr 

(Table 4-33). If two heliostats a r e  about 10 heliostats apart ,  we can 

a s s u m e  that they a r e  independent f rom a retina image standpoint. This  

means  that t he re  a r e  a'bout 64 heliostats which would 'be dependent. The 

proba'bility of two simultaneous fai lures  (within the r epa i r  t ime) i s  about 

7 This must  be multiplied by the probability that bath heliostats 

would fail  in such a way that both beams a r e  pointed a t  the same spot 

, (1 x and the probability that someone would be In this  spot a t  that t ime. 

It can  be seen that th i s  probability i s  at l c a ~ t  l e s s  than 7 x 10-l2 and thus 

ex t remely  low. 

The  analysis  has  shown that t he re  a r e  no hazards  to  ground-based personnel 

which cannot be controlled 'by ,proper procedures  and that there  ar.e no 
. .. 

, . 
haza rds  a'bove about 1 ,  OUO ft. . Bulh conclusions a r e  subject t o  fur ther  ' . \ 

analys is  and the acceptance of a n  MPE for  .visible light. .Redundancy field 

power and control wiring i s  not required 'because .of the low probability of 

injury due to  multiple fai1ure.s. '\ '. 
'. . 

'.. 

3. 1.4  Interface Requirements 

The  collector subsystem interfaces direct ly  with the rece iver  subsystem, 'via 

the reflected so la r  beam, with the E P G S  subsystem, fo r  e lec t r ic  power 

required,  and with the Master  Control. The collector subsystems m i r r o r s '  

will reflect the so lar  beam toward the receiver  with an  average reflectivity 

of 88%. The beam-pointing e r r o r s  will be a.s discus.sed.in Section 3..1. 1. ' 

Ta'ble 3 - 4  indicates the e lec t r ic  power, required f r o m  the EPGS. subsys tem.  

(or    PO TI^ llle a.llxiliary power sys tem,  if required,  in a n  emergency) t o  

operate  the collector field. During collector field slew in face ljll a high 

wind-rise condition,, azimuth an.d elevation axes  will be operated separately,  

elevation f i r s t .  Thus,  only half of the total. field dr ive motors  .will: operate 

a t  one t ime in the worst  case .  During emergency slew (operating on 

auxi1iary.powe.r) a,pproximately 1 /4  of the heliostats will 'be slewed a t  'one' ' .  



, Table 3-4 

COLLECTOR FIELD POWER REQUIREMENTS 

Power Required/ Power  Required/ 
Operating Condition Heliostat (Watts) Field (kW) 

Tracking 

Slew 

Emergency Shutdown 230 1 ,625  

T h e  interface with the m a s t e r  control sys tem i s  a digital data link overboard 

line. The m a s t e r  control computer and the field control lers  a r e  the 

communicators over this link. Section 4.2.8 discusses  this interface in 

fur ther  detail. 
. .  . . . . . 

3. 1. 5 'Operations and Operating Mode Requirements 

The collector su.bsystem must  be su'bject to sys tem control for  safe and 

effective operation. An operation t ime  line through a day will s e rve  to  

i l lustrate  the required collector modes. The t ime line shown in Figure 3-10 

i s  not typical of a par t icular  day, but i s  synthe'sized to  include a l l  operating 

modes,  

In the predawn hours ,  a portion of the collector i s  s teered  to  a position fo r  

cleaning. Cleaning will normally 'be accomplished in the ear ly  morning while 

winds a r e  usually low to  prevent .overspray s,oiling freshly cleaned s11.rfaces 

and keep dust. f r o m  the wet surfaces of the c leaned 'mir rors .  In addition, the 

coo1er: ' temperatures.  will .pr event excessively rapid drying of the sur faces  

'between application of the cleaning solution and. rinsing. By cleaning a 

portion'of the field in the ear ly  morning, the complete field i s  availa'ble fo r  

operation throughout the day. 

As the sun r i s e s  to  about 10 deg above the horizon, the heliostats a r e  brought 

to  a position for  sun acquisition (synthetic tracking). In regions of the 

collector field where shadowing of the tracking m i r r o r  occurs ,  a l ternate  

heliostats will be brought on t rack  to  maximize the energy collected. A s  soon 

as tlse Learn sensor s  acquire  the sun, the heliostats will be released to  begin 

normal  tracking. 
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Those heliostats which require . scheduled . or  unscheduled maintenance a r e  

released from tracking and, if steered by command f rom master '  

control to suitable positions for the required maintenance proc'edure. In thd. 

event' that a heliostat o r  field controller i s  disa'bled, a van containing the 

collector test set and an  auxiliary power supply i s  a'ble to p.osition the 

heliostats and make all  repairs not requireing disassem'bly of the heliostat. 

During periods .of temporary cloud cover, the heliostats a r e  returned to 

synthetic. tracking. When the sun reappears, the heliostat s .can return to 

target in less-than a minute. The fast response of the external receiver does 

not require controlled return to normal tracking. 

If the wind should r ise  -to peak gust speeds of 16.'1 m / s  (36 mph), horizontal 

stowage will 'be initiated. The stowage will normally 'be commanded on the 

basis of weather predictions. If a severe wind s torm i s  forecast o r  the wind 

is  rising slowly (the normal condition), the heliostats will 'be stowed face 

down. If the wind i s  rising rapidly and stowage has not been initiated because 

of a forecasted storm ( r a r e  occurrence), the heliostats may 'be stowed face 

up until. it i s  safe to invert them. Face-up stowage must be accomplished 

without causing an unsafe reflected 'beam in the surrounding airspace.  or  

within the confines of the plant. 

As the sun goes down on a normal day, shadowing of the tracking mi r ro r  will 

occur in some portions of the field. Alternate heliostats a r e  stowed to keep 

the collector field power level a s  high a s  possible. When the sun reaches 

a'bout 10-deg elevation, al l  heliostats a r e  stowed. 

.The following collector modes a r e  identified in the a'bove timelines: 

' A. Normal Tracking. The 'beam sensor has acquired the sun and the 

heliostat i s  tracking independent 6f master  control.. 

13. Synthetic Tracking. The collector field i s  tracking the sun o r  any 

other moving point under the command of the master  control. 

Gimbal axis position transducers a r e  used to provide closed loop 

control. 



C. Individual Command Control. Individual heliostats o r  groups of ' 

heliostats a r e  oriented 'by command from master  'control (either 

automatic o r  operator-initiated), for maximum collector field power 

at  low sun angles, o r  for cleaning o r  other maintenance procedures. 

D. Local Manual Control. The heliostats a r e  controlled from the 

mo'bile test  van to stow in the event of power distri'bution failure o r  

controller failure, to ass is t  in maintenance or  repair diagnostic . 

procedures, o r  for repair/replacement of faulty parts. 

E. Stowage. As described in Section 3. 1.6, multiple stowage positions 

a r e  available and may. 'be commanded automatically or  by the 

o p e ~ a t s r  frorn master  cont io l  o r  manual.ly initiated from the mo'bile 

test  van. 

3. 1.6 Stowage Requirements 

MDAC has considered the interaction between stowage and other system and 

subsystem requirements to develop the stowage requirements. The choice to 

be considered i s  whether to provide the capa'bility of face-down or inverted 

stowage. 

Face-down stowage must inherently increase the heliostat cost. The 180 deg 

of reflector rotation about the elevation axis requires a rotary actuator which 

i s  more  expensive than a linear actuator which is  satisfactory for face-up 

stowage. Clearance for inverting must be provided at  the expense of lo'nger 

load paths and a heavier and more compliant structure. The 'drive unit must 

go through more total motion. because inverting i s  always the longest path to 

horizontal stowage; hence, the drive unit must be designed for greater  life- 
. . 

and wear. 

It. i s  most unlik,ely that the greater cost of inverted stowage could 'be 

justified on the basis of lower cleaning costs .  MDAC estimates that the 

present value of the capital equipment, labor, and materials necessary to 

clean the entire collector field every 2 wk for 30 y r  is about $50 per heliostat. 

The 'beam safety impact was discussed in Section 3. 1. 3 and clearly favors 

face-down stowage. 



Periods of major maintenance on the power plant o r  receiver may require 

the collector to be stowed for.  up to 2 wk. If face-up stowage were used for  

2 wk, cleaning would 'be required. Vertical stowage would 'be undesira'ble for 

this time period, 'because the system master  control and plant operator must 

'be availa'ble to stow the collector field horizontally in the event ,of high winds. 

. . 
I : 

a . .  .. , , '  

Other factors explored include drive unit impacts which favor face-up o r  

vertical stowage, and systems .impacts which a r e  negligible. 

For  the above reasons, MDAC has assumed a requirement to stow face down. 

The normal stowage position will be vertical for three reasons. F i r s t ,  

normal dust buildup and hail capability a r e  about equal between vertical and 

face down stowage. Second, cleaning of the mi r ro r  by environmental effects 

such a s  frost ,  heavy dew, and rain i s  greatly enhanced by vertical stowage 

and higher average performance will result from vertical stowage. Moreover, 

rain and heavy dew tend to wash dirt  from the back of the mi r ro r  and structure 

to the front when stowed face down, and significant mi r ro r  soiling results. 

Only under conditions of light rain i s  face-down stowage preferred. Third, -. 
drive unit wear and system energy consumption a r e  minimized by vertical " 

stowage. 

Face-down stowage is  used for extended periods of plant shutdown, high 

winds, light rain o r  hail, and malfunctioning heliostats until repaired. , Only 

during rapid, unforecast, wind r ise  will face-up stowage be employed, 

When winds . . r ise  a'bove 31 m / 8  (70 .mph), the he1iostat.s will be. oriented with, 

their elevations axes parallel to the mean wind vector to minimize 

elevation drive unit loads, 



3 . 2  COMMERCIAL SUBSYSTEM DESIGN 

The commerc i a l  subsys t em design includes: 

The field geomet ry  optimization (Section 3:2. 1) 

The hel ios  tat  configuration and subsys tem trades .  T rades  i i~c lude  

the re f lec tor ,  subs t ruc ture ,  d r ive  units ,  pedestallfoundation and 

senso r  pole/foundation (Section 3.2.2).  

The e lec t r ica l /e lec t ron ic  t rades .  These include the re la t io~ish ip  

be tween the hel ios ta t ,  field and m a s t e r  con t ro l le r s ;  open-vs 

closed-loop control ,  the. power and data distr ibution sys tem,  and 

A C  vs DC motor pnwer (Section 3.2.3).  

The reliabil i ty and availabil i ty of the components (Section 3. 2. 4). 

The Commerc ia l  field geomet ry  and field geomet ry  optimization a r e  dis-  

cus sed  in  Section 3.2.1. The Commerc ia l  and Pi lot  Plant hel ios ta ts  and 

e lec t ron ics  a r e  conceptually identical. To avoid duplication, the design 

de ta i l s  a r e  d i scussed  in  Section 4 and only identified and referenced in  

Section 3 .  

3. 2. 1 Fie ld  Geometry Definition 

The col lector  field geomet ry  defined for  the Commerc ia l  s y s t e m  was 

developed through a n  extensive cos t  and performance optimization study by 

the Universi ty of Houston. The goal of the effort  was to de te rmine  the 

f ield configuration and hel ios ta t  spacing that produce the lowest cos t  per  

unit of annual energy.  In real i ty ,  the annual energy number used to normal-  

ize  the col lector  field cost  should be busbar  e lec t r ica l  energy.  Such a n  

approach to optimization of the col lector  field cost  would be difficult because 

it would have to include assumptions  re la ted  to the t he rma l  s to rage  subsys tem 

design and duty cycle,  the turbine genera tor ,  and the capacity displacement 

credi t .  Instead,  the approach used in  optimizing the col lector  field 

considered the r ece ive r  as a sou rce  of thermal  energy which in  turn is  sold 

to the utility sy s t em;  therefore,  the cos t  of thermal  energy a t  the base  of 

the tower is  used a s  a suitable normal iz ing pa rame te r  f o r  the optimization 

f igure  of mer i t .  

In ca r ry ing  out the optimization effort ,  a  s e r i e s  of p a r a m e t e r s  a r e  assumed 

to be  inputs fo r  the analysis .  These  p a r a m e t e r s  include a n  as t ronomica l  

model ,  including sun  location and a tmospher ic  effects (o r  specified . 



insolation level), the heliostat  configuration and mounting system, and the 

basic receiver  s ize/geometry.  Although i t  would appear that the receiver  

s ize should be allowed to vary a s  par t  of the optimization methodology, a 

fixed envelope s ize  i s  assumed to facil i tate the convergence of the collector 

field analysis effort to a n  optimized solution. The receiver  s ize selected 

was determined on the basis of extensive analysis ca r r i ed  out over the past 

four years  related to the collector f ie ld l rece iver  interaction. As a resul t ,  

a receiver  s ize  was selected which i s  compatible with the anticipated 

thermal  power ,redirected f rom the collector field. In general,  the des i r e  

to minimize the rece iver  surface a r e a  i s  limited by the r ece ive r ' s  ability 

to withstand the local peak heat flux. As the receiver  s i ze  i s  reduced, the 

peak heat flux intensity increases  which compromises rece iver  life. 

The optimization activity s t a r t s  by breaking down a la rge  collector field, 

which includes the tower and receiver ,  into a s e r i e s  of computational cel ls  

(typically an  11 x 11 matr ix) .  A r.epresentative heliostat i s  placed a t  the , 

center of each cell  and s e r v e s  a s  the basis  for evaluating a l l  heliostats in 

the cell. The optimization procedure goes through a s e r i e s  of s teps which 

begins by determining an  ideal figure of mlerit fo r  each of the test  heliostats 

assuming no neighbors exis t  and then modifies the figure of m e r i t  to reflect 

the influence of neighb.oring heliostats which is  a function of, heliostat 

arrangement  and packing density. Implicit in the figure of 'merit a r e  the 

influences of. a l l  c.ost and performance considerations which can be allocated 

to the individual helio-stats. These factors include: 

A. Shading and blocking of adjacent heliostats 

B. Guidance e r r o r .  model.. , 

1. Slope errors of reflectors.  
' .. 2. Aiming e r r o r  of sensor s  (due to misa im and to mechanical 

flexion). 

- 3.  Tracking e r r o r s .  

C. Abberation model for canted heliostats. 

,D. Heliostat a i m  strategy. 



E. Cost  model .  

1. Helios t a t s  (including guidance, etc) .  

2. Tower .  

3 .  Rece iver .  
. . 4. Plumbing in tower.  

5. Land f o r  he l ios ta t  
. > 

6. Wiring f o r  hel ios ta t .  
, . 

F. Energy  l o s s  model .  

1. M i r r o r  re f l ec t ion  and r ece ive r  absorpt ion.  ' . 

2. Absorpt iv i ty  vs  angle ,of.>'i.ncidence. . . 

3 .  Rerad ia t ion  and convection by r ece ive r .  

4. At1170~phcric l o s s e s  between . . hel ios ta t  and i e ce ive r .  

5. In tercept ion l o s s e s  a t  r e ce ive r .  .. ,.. 
! 

In addition, a  s e r i e s  of ex t e rna l  cons t ra in t s  a r e  a l s o  imposed 'on  the 

opt imizat ion ana ly se s .  These  f ac to r s  include: 

Mechanical  c l e a r ance  f o r  heli.ostats and a c c e s s  ways.  

Flux l imi t s  fo r  r e ce ive r .  

Flux g rad ien t  lirriits for  r e ce ive r .  

Pane l  power min imum.  

To  s e r v e  a s  a s t a r t i n g  point f o r  the co l l ec to r  f ie ld  .optimization effort ,  a n  

in i t ia l  e s t i m a t e  of the ground c o v e r a g e  r equ i r ed  by each  he l ios ta t  is made.  

A compute r  code e n t i t l e d e ~ O s S  was  developed fo r  this purpose .    he 
p r o g r a m  ca lcu la tes  the M W H / ~ '  of los t  en&r .gy  due to a s i n g l e  neighbor a s  

a function of d i s tance  f r o m  the represen ta t ive  hel ios ta t  f o r  each  cell .  
. . 

Figu re  3-11 shows the resu l t ing  contours  of constant  pe r fd~rmance  l o s s  for  
. L 

two typical  c e l l  locations in the field. Cell . . l ,  1 co r r e sponds  to the 

computational  ce l l  a t  the e x t r e m e  nor thwest  c o r n e r  of the field. Cell  5,  5 
. . 

co r r e sponds  to a c e l l  s l ightly to",the.. nor th  a.nd wes t  o f  the -  tower. Super-  
. 

. . imposed  ove r  e ach  of the two perfor&andk . . plots a r e  two candidate heliwstat 

a r r a n g e m e n t s  shown by a n  "X" and "0" . With this layout informat ion,  i t  
). . , . 

i s  poss ible  to de t e rmine  the approp~iatela:rr~ngem~~t~of he l ios ta t s  f o r  each 
. . 

ce l l  by de te rmin ing  the a r r a n g e m e n t  which 'gives max imum densi ty  fo r  a 

constant  loss  f rac t ion.  In a l l ,  four  optional a r r a n g e m e n t  s c h e m e s  a r e  

cons idered  fo r  e ach  cell.  
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Figure 3-11. Heliostat Loss Footprints Annual Shading and Blgcking Loss 



The  r e su l t s  of the  LOSS ana lys i s  indicated the gene ra l  supe r io r i t y  of the 

r ad i a l  s t agge r  he l i o s t a t  a r r angemen t .  A s u m m a r y  of the "percentage.of 

advan tage ' '  (i. e . ,  h igher  ground cove rage )  f o r  the rad ia l  s t agge r  a r r a n g e -  

m e n t  a s  compa red  to the next  be s t  a l t e rna t ive  is shown i n  Table 3-5 on a n  

individual  ce l l -by-ce l l  b a s i s  f o r  a s imula ted  y e a r ' s  pe r fo rmance .  ~ e ~ a t k e  

e n t r i e s  denote c e l l s  w h e r e  the r ad i a l  s t agger  a r r a n g e m e n t  is in fe r io r  to 

o the r  a l t e rna t ives .  The o c c u r r e n c e  of l a r g e  negatives in the sou thern  f ield 

sugges t s  that i t  migh t  need s p e c i a l  t r ea tment ,  but this is not conf i rmed by 

the P i lo t  Plant  s tudy  which a s s u m e d  r ad i a l  s t agge r  throughout. The compli -  

ca t ions  and unaccounted l o s s e s  a s soc i a t ed  with chaqtic ce l l  boundar ies  and 

vary ing  ce l l  conf igurat ions  w e r e  avoided by using the ra'dial s t aggered  a r r a y  

throughout the f ina l  Commerc i a l  and Pi lo t  P lan t  s tudies .  

. . -  

Table  3- 5 

PERCENT O F  ADVANTAGE FOR RADIAL STAGGER 

8 . 12 .8  3. 8 3.0 -11.8  5. 1 Tower  

9 -6 .6  - 1 . 5  -6. 5 -12.8  4. 8 0 .0  

10  5. 8 -18.6  -11.1 -14.3 .-0. 006 0. 0 

11 1 1 . 0  -4 .  9 -10 .5  -11.1 7 . 7  , 0.0 



The ac tua l  optimization ana lys i s  i s  c a r r i e d  out by the' Univers i ty  of Hous to~ l  

wi th ' a  compute r  code cal led  RCELL.  To c a r r y  out the ana ly s i s ,  dat"a fo r  

the pe r fo rmance ' and  cos t  f a c to r s  m u s t  be included. The guidance e r r o r  

mode l  a s s u m e d  includes:  
. . 

A.' . Flexure,: 2. 88 m r ,  ' . . ( 1 ~ ) .  

B. Guidance: - t ; 6  m r ,  (f lat  top). 

C.' .Alignment: 2. 5 . m r ,  . '  (1 m). 

All Gauss ian dis t r ibut ions  are t runcated a t  2 u . The ana lys i s  for the 

C o m m e r c i a l  s y s t e m  co l lec to r  field a s sumed  noncanted hel ios ta ts  employing a 

th ree -ver t i ca l -a impoin t  s t ra tegy .  The  c o s t  model  was  fo r  the  m o s t  p a r t  based 

on cos t  e s t ima t e s  p resen ted  in  the PDBR with s o m e  m o r e  r ecen t  cons ider -  

at ions added. A s u m m a r y  of the cos t  model  a s s u m e d  follows: 

Heliostat  $100/m 2 ( e a r l y  c o m m e r c i a l )  

Tower  $8 M (for  330m height)  

Rece iver  $1 OM 

Piping $3.1M 

Land and s i t e  p repara t ion  $1. 0 8 / m  i! 
2 

Allocated wir ing $3 .20 /m  

Additional f a c to r s  .contained in .the mode l  included mino r  ref lec tance and 

r e c e i v e r  absorp tance  ( a s  a function of inciderit b e a m  angle) ,  r ad ia t ion  and 

convection l o s s e s  f r o m  the r ece ive r  su r face ,  and r ece ive r  spil lage.  

An addit ional  f ac to r  which was  not or ig inal ly  included in  the opt imizat ion 

ana lys i s  (the e f fec t  i s  cur ren t ly .  being included into the p r o g r a m s )  involves 

a tmosphe r i c  attenuation. An . attenuation . model  h a s  been  developed using the 

computer  code LOWTRAN 2:::.to p red ic t  the impac.t of a tmosphe r i c  ef fects  on 

optical  b e a m  t r ansmi s s ion  between the col lec tor  f ield and the r ece ive r .  The 

impac t  h a s  been  de te rmined  fo r  t h r ee  a e r o s o l  mode ls  a s s~ l rn ing  a suba rc t i c  

-- 
*Selby, J. E. A. and McClatche,  R. A. (1 972) 
Atmospher ic  T rans~mi t t ance  f r o m  0 .25  to 28. 5 pm: Computer  Code 
LOWTRAN 3, Air  F o r c e  Cambridge R e s e a r c h  Labora to r ies ,  Repor t  
AFCRL-72-0745 



winter  a tmosphe re  which would be appr.opriate,  f r o m  a mois ture  standpoint, 

f o r  the a s s u m e d  Barstow s i te .  The r e su l t s  of the analysis  a r e  shown in  

F igu re  3 -  12. The a e r o s o l  models  a r e  (1 ) no ae roso l  extinction, (2) 50-km 

visibil i ty,  and (3)  23-km visibility. F o r  the a s sumed  Barstow s i te ,  a 

n o r m a l  vis ibi l i ty  i n  exces s  of 50 km would be expected. The b a r s  a t  the 

bot tom of the f igure  r e p r e s e n t  the in te rva l  of i n t e r e s t  f o r  both the Pilot  

P lan t  and the  Commerc i a l  sys tem.  Assuming the 50-km visibil i ty l imit ,  

at tenuation fac tors  f r o m  0. 93 to  0. 98 would be appropr ia te  fo r  a Commer -  

c i a l  s y s t e m  co l lec tor  field while values f r o m  0. 97 to  0.99 would be appropria te  

f o r  the  P i lo t  Plant.  The above va.111es corresponded to  a n  80 deg sun elevation 

anglc .  F o r  lnwer sun  e l eva t iu i~  angles ,  t h e  a tmospher ic  t ransmi t tance  be- 

tween the  col lector  field and rece iver  i n c r e a s e s  sl ightly because l h t r e  i~ 

l e s s  of the blue portion of the  spec t rum incident on the .heliostats  init ial ly,  

and there fore ,  l e s s  will be  sca t te red  f r o m  the reflected beam resul t ing in  a 

higher  t r ansmi t t ance  level. F o r  ,a 20 deg sun elevation angle,  the improve-  

~ i i e n t  Gould he.-1, 5% a t  1, OOOm and 0. 5% a t  300m. 

The net  effect of this at tenuation i s  cu r r en t ly  being included in  the computer  

codes  and will influence the overa l l  Commerc ia l  s y s t e m  design. A complete 

reana lys i s  of the Commerc i a l  s y s t e m  i s  planned, including both this  effect a s  

well  a s  the l a t e s t  s y s t e m  cos t  da ta  when they become available.  It should be 

pointed out that optimization ref inements  c a r r i e d  out subsequent to the 

design f r eeze  for  the Commerc ia l  s y s t e m  indicated that a somewhat l a r g e r  

col lector  field would be appropr ia te  for  the selected Commerc ia l  s y s t e m  

tower height. At l e a s t  i n  a qualitative s ense ,  the inclusion of a tmospher ic  

at tenuation effects ,  which preferent ia l ly  penalize the remote  hel ios ta ts ,  

wil l  have the effect  of shrinking the col lector  f ield back to the c u r r e n t . ,  

des ign point s ize .  . . 

Using the var ious  cos t  and p e r l o r m ~ . n c e  models which have been identified 

i n  conjunction with the RCELL optimization code, the code i s  used in  a n  

i t e r a t i ve  fashion to define the opt imum hel ios ta t  packing for  each ce l l  and 
r 

identify the cel ls  to be  deleted f r o m  the col lector  field. Initial inputs for 
. . 

the p rog ram include es t imated  hel ios ta t  densi t ies  fo r  each cel l  and a n  . 

in i t ia l  guess  a t  f i gu re  of mer i t .  The computation proceeds by adding o r  

subtract ing g lass  to each  ce l l  a s  dictated by the a s sumed  f igure  of mer i t ,  
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orde r ing  the ce l l s  sequential ly by decreas ing  performance,  calculating a 

new f igure  of merit ,and t r imming  away ineffective cel ls  f r o m  the field.. 

Using the r ev i sed  f igure  of m e r i t  and g lass  coverage  densi t ies  ( for  each 

ce l l )  a s  inputs, the p r o c e s s  i s  repeated on a n  i t e ra t ive  bas i s  until' con- 

vergence  i s  reached  (general ly  2 -3  i t e ra t ions) .  

The f ie ld  t r i m  which r e su l t s  f r o m  this analysis  and s e r v e s  a s  the bas i s  

fo r  the P i lo t  Plant sys  t em i s  shown in F igure  3- 13. The hel ios ta ts  in  each  

cel l  a r e  a s s u m e d  to be layed out i n  a rad ia l  s tagger  a r rangement .  The 

g l a s s  coverage  f rac t ions  for  each cell ,  which a r e  s y m m e t r i c  in  the  ea s t -  

wes t  d i rect ion,  a r e  shown in  Table 3-6. 

Additional informat ion pertaining to the Univers i ty  of Houston optimization 

procedure  i s  contained in  Volume 11, Section 3. 3 and Appendixes C and D. 

3 .2 .2  Heliostat  Definition 

The hel ios  ta t  design for  the Pilot  Plant  i s  basical ly  the s a m e  a s  for  the 

Commerc ia l  Plant. Section 4. 2 gives design character is ' t ics  fo r  each 

component of the hel ios  tat  assembly :  re f lec tor ,  s t ruc tu ra l  support ,  d r ive  

unit, pedes tal lfoundation,  and control  s e n s o r s .  F o r  the Commerc ia l  Plant,  

the manufactur ing p r o c e s s e s  will be the s a m e ,  but the deg ree  of automation 

and ve r t i ca l  in tegrat ion will  be increased .  

A single,  c en t r a l  pedesta l  h a s  been se lec ted  because it i s  efficient s t ruc -  

turally. .  The d r ive  unit i s  placed a t  the top of the pedestal ,  whe re  d r ive  

moments  a r e  min imal ,  leading to additional cost  reduction i n  the .drive unit. 

The dr ive  unit should u se  e levat ion/azimuth dr ive  axes, which gives lower 

operat ional  design loads  than a p i tch l ro l l  d r ive  unit. Face-down stowage 

capabil i ty will p e r m i t  resolut ion of s o m e  unsett led i s sues  during Pi lot  

Plant  operation,  such a s  dust  buildup, b e a m  perlurnlauce,  plant operat ions ,  

and beam safety. 
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Table 3-6 

CELL- BY- CELL GLASS COVERAGE FRACTION (WEST SIDE ONLY) 

CELL NUMBER 

The average fract ional  ground coverage i s  0.235. 

0.374 

0.405 

Tower 

U. 432 

0.363 

0.267 

3. 2. 3 Controls ,and Electronics 

The controls and electronics  for the Commercial  system are '  the same a s  

for the Pilot Plant sys t em except fo r  the obvious effects of scale .  There 

will be, a s  in Pilot  Plant,  one heliostat  controller per heliostat;  one field 

control ler-  per 24.helios tats (a total of 955); one p r imary  distribution t rans-  

fo rmer  per  220 heliostats (a total of 105). The heliostat controller and 

field controller a r e  discussed in Section 4.2. 8, the heliostat  e lec t r ica l  

design in Section 4.2. 9, and Section 4.2. 10 d iscusses  the cable network 

and lightning protection. 

3 .  2. 4 Availability 

The availability calculations for  the Commercial  sys t em colleclor subaysttrn 

a r e  s imi l a r  to that reported in  detail  in Section 4. 2. 12 for the Pilot Plant. 

The major  difference between the two analyses i s  that the Pilot Plant has  

1,760 helios tats,  74 field cont ro l le rs ,  and 8 field power t ransformers .  

The Commercial  collector field has  22, 914'heliostats,  955 field control lers ,  

and 104 field power t ransformers .  It was assumed that ..the component 

MTBF and MTTR a r e  the s a m e  for the Pilot Plant and the Commercial  



ve r s ions  of the heliostat .  There fore ,  the only di f ference i n  the  r e su l t s  is  

the f a i l u r e s  pe r  y e a r  and the component unavailable hou r s  pe r  year .  The 

result 's  a r e  shown in  Table  3-7, which indicates  that  the expected f a i l u r e  r a t e  

f o r  the co l l ec to r  field i s  4 , 498  p e r  y e a r  o r  13 .6 .pe r  day. The expected num- 

be  r of hel ios ta t  outages (consider ing - fa i lures  of hel ios ta ts  , field con t ro l l e r s ,  

and power t r a n s f o r m e r s )  is 5 ,709 pe r  yea r  o r  17.3 p e r  day.' 

The contribution of the col lec tor  subsys t em to the overa l l  s y s t e m  unavail- 

abil i ty i s  z e r o  f o r  the Commerc i a l  sy s t em.  The definition of a fo rced  

outage ( s e e  Vol. 11, Section 4. 1.0) s t a t e s  that a l o s s  in  s y s t e m  power of l e s s  

than 2'70 i s  not charged  a s  a f o r ced  outage o r  charged  aga ins t  the availabil i ty 

calculation. The l o s s  of a power t r a n s f o r m e r  would cause  a l o s s  of about  

1'70 of the total field,and i t  i s  expected that the s y s t e m  will  exper ience  one 

l o s s  e v e r y  218 days.  A l o s s  of a field con t ro l l e r  wil l  affect  only 0. 1 %  of 

the  f ield and only one fa i lu re  i s  expected eve ry  nine days. It i s  expected 

that the s ys tern wi l l  lose  1 3  hel ios ta ts  pe r  day,  but this i s  only 0. O6Yo of the 

f ield.  A l o s s  of a f ield con t ro l l e r  and a power t r a n s f o r m e r  a t  the s a m e  

t ime  would m e a n  a n  outage of 257 he l ios ta t s  o r  1. 170. There fore ,  t he r e  

should not be  any t ime  when component fa i lu res  wil l  c ause  a l o s s  of 2'70 o r  

m o r e  of s y s t e m  power.  

3 .3  MANUFACTURING, INSTALLATION, CHECKOUT, AND OPERATIONS 

The fabr ica t ion and a s s e m b l y  operat ions  f o r  r a t e  production have been 

investigated.  The manufactur ing p r o c e s s e s  for  the N th Commerc i a l ,  f i r s t  

Commercial ,  and Pi lo t  P lan t  a r e  shown. 

The s i t e  ac t ivat ion act iv i t ies ,  ins  tal lat ion and check-out t a sks  and the 

Commerc i a l  opera t ions  s cena r io  a r e  outlined. 

3. 3.1 Commerc i a l  Plant  Manufacturing Summary  fo r  Collector Assemb ly  
(Helios ta  t )  

This  sect ion s u m m a r i z e s  a conceptual  plan fo r  a Commerc i a l  Plant  operat ion . 
' ,  

fo r  the manufac tu re  of the heliostat .  This  plan was  developed by MDAC with 

the a s s i s t ance  of the Ar thur  D. Lit t le  Company. The plan contains a 
I 



Table 3-7 

COLLECTOR AVAILABILITY ANALYSIS 

Pilot Plant Commercial  

MTBF MTTR Fai lures  Unavailable Fa i lures  Unavailable 
I tem Component (hr )  ( h r )  P e r  Yr Hr /Yr  , P e r  Yr H r / Y r .  

Transformer  

Power Cables to  T r a n s f o r m e r s  

Distribution Panels  

Field Control lers  
, . 

Cables to  Field Control lers  

Field Control ler  Junction Box 

Heliostat Controller 

Cables to Heliostat 

Heliostat Circuit  Breaker  

Aairnuth Drirro h 4 o t o ~  

b:l / ."Atrnr i  Llrive Mntnr ' 

Azimuth Position Sensor 

Elevation Position Sensor 

Azimuth HPM Counter 

Elevation RPM Counter 

Azimuth P r i m a r y  Compudrive 

Azimuth Secondary. Compudrive 

Elevation P r i m a r y  Compudrive 

Elevation Secondary Compudrive. 

Sun Sensor 

M i r r o r  Panels 

Pedestal  

Reflector Structure 

Sun Sensor Pedes ta l  

2. 15 

0.23 

1.8 

3 5 

1. 03 

20 

373 

. 24 

2 14 

325 

233 

147 

inn 

136 

107 

1690 

. 1540 

12 11 

1396 

42 

508 

11.3 

112 

7.6 

Total  Fa i lures  P e r  Year 344.63 4498.90 

Total Fa i lures  P e r  Day 1.04 13.63 

Total  Heliostat Outages 
P e r  Day 



discuss ion  and descr ipt ion of the manufacturing concept which uses  a ma in  

manufacturing plant fo r#de ta i l s  and subassembl ies  and a s i t e  plant f o r  f inal  

assembly.  This plan was s ized  f o r  a s teady-s ta te  condition fo r  production 

of 60, 000 hel ios ta ts  p e r  y e a r  a t  the ma in  manufacturing plant with a n  init ial  

s t a r t u p  r a t e  of 15, 000 hel ios ta ts  per  year .  These r a t e s  provide capacity to 

produce hel ios  ta ts  i n  support  of init ial  Commerc i a l  powerplants, build to a 

s teady-s ta te  production, and provide f o r  fu r the r  growth e i t he r  through 

plant expansion o r  additional plants. Product ion of 60, 000 hel ios ta ts  pe r  

yea r  a t  the m a i n  manufacturing plant located i n  the Southwest supports  

multiple s i t e  plants a l so ' i n  the southwest. Site plants a r e  s ized  to the r e -  

qu i rements  of the s i ze  of powerplant being se rv iced ;  however, basic  s iz ing 

has  been a s sumed  to be a s i t e  which r equ i r e s  21,400 hel ios ta ts  to be  

ins ta l led over  a period of 18 mo. 

3. 3.1.1 Main Manufacturing Plant  

The m a i n  manufactur ing plant (F igure  3-  14 )  m e a s u r e s  approximately  500 
2 

by 900 ft and r e p r e s e n t s  450,000 ft  of manufacturing and cove re red  s to r age  

space. This plant s i ze  does not include space  requi rements  fo r  offices,  

which may  tota l  an  additional 40,000 ft2. The plant is designed fo r  operat ion 

on a+ 5-day, 2:shift ba s i s ,  which allows f o r  production contract ion to  30,000 

(one,-shift), if required.  The plant i s  designed to  fabr ica te  and a s s e m b l e  

hel ios ta t  subassembl ies  to  the point a t  which they c a n  be shipped to the  s i t e  

plant locat ion(s)  f o r  f inal  a s sembly  and t r a n s f e r  t o  the  ins ta l la t ion s i te .  

Basically,  the manufacturing plant cons i s t s  of four fabr ica t ion /assembly  

a r e a s  a s  follows: 

a Reflector su r f ace  assembly  a r ea .  

Support components fabr icat ion/f inish a r ea .  

a Machine/dr ive  a s sembly  a r ea .  

a Elec t r ica l /e lec t ron ics  ass.embly a r ea .  

To support  the assembly / fabr ica t ion  a r e a s ,  s t o r age  a r e a s  fo r  i n -p roces s  

m a t e r i a l s  and.finished goods a r e  es tabl ished nea r  the appropr ia te  work 

locations. 
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Figure 3-14.: ~ a *  Manufacturing Plant 



Reflector ~ u r f a c g  Asse,mbly ~ r e i  

The re f iec tor  a s sembly  a r e a o p e r a t i o n s  a r e  a s  follows: 

a ~ i b i i c a t i o r i  of 1-14 in. x 85 in. backsheets  f r o m  galvanized shket  

me ta l  i n  coil fo rm.  

a .Lamination of foam c o r e  and backsheet.  cur ing"of  the bonding 

adhesive i s  accomplished in  compres s  ion conveyors,  which a l s o  .' . 
' t ransfer  these foamls t ee l  shee t s  to the final lamination stat ions.  

. . 
a Lamination of foam/s t ee l  shee t s  with m i r r o r e d  glass .  ' A s i m i l a r  

. . 

cu re  process  i n  compress ion  conveyors in  t rans i t  .to edge seal ing 
' . ,  . 

stat ions and packaging. 

Glass  handling i s  accomplished by automat ic  equipment which mdves g lass  
, . 

shipping f r a m e s  f r o m  the receiving a.rea"to the w0r.k s ta t ions ,  where  each 

g lass  panel i s  mechanically removed f r o m  the shipping f r ame .  T rans fe r  

f r o m  work stat ions to compress ion  conveyor i s  by means  of a i r -cush ion  
. . 

conveyors. T rans fe r  f r o m  the end of the compresk4ion conveyor to shipping 

f r a m e s  is accomplished by vacuum t ransfe r  monorail .  

Support Components 
2 

This portion of the plant ha s  approximately  135, 000 ft (900 f t  x 150 ft)for: 

a 60,000, torque tubes. 

a 240,000 c r o s s  beams.  ' I 

a 60,.000 pedestals.  . . . . ". . 

Operations - c a r r i e d  out in  the a r e a  include: 

a Fabr ica t ion  of c r o s s  beams.  
. . . . 

a Welding of 'pads  to cr.oss .beams', col1ar.i to.,torque tube, co l la r  and .. . 

base  to pedestal.  
. . 

a Finishing l ine compr ised  qf a wheelabiato,r ,  vapor d e g r e a s e r ,  wash, 

d ry ,  dip pr ime,  d r y  tunnel, f inish paint, and final dry.  

P a r t s  a r e  picked up a t  the var ious  s ta t ions  and c a r r i e d  through the finish 
3 .  9 .  

l ine . , opdratiobs to. the iackagihgls$ipping :stations. , At these~,locat.iona the  
. . . .  : 

pa r t s  a r e  off-loaded, palletized : a s  necess,a.ry,,  and shipped. . _... 
. a .  



Machine Shop/ Drive Assembly  
2 ~ h e ' m a c h i n e  shop (66,000 f t2)  and d r ive  assembly  (17,000 f t  ) a r e a s  provide 

n e c e s s a r y  operat ions  to produce 60,000 d r ive  units f o r  the hel ios ta ts .  All 

machining operat ions  required on d r ive  unit cas t ings  and s t ee l  s tock com- 

ponents a r e  included. The machining operat ions  a r e  divided into five a r e a s ;  

each  equipped and dedicated to produce a specific pa r t  o r  group of par t s .  

The d r ive  a s sembly  a r e a  cons i s t s  of work  s ta t ions  for  assembling sequen- 

t ial ly the azimuth and elevation dr ive  housings, which a r e  then brought 

together  for painting, f inal  assembly ,  and testing. T rans fe r  between the 

a s sembly  a r e a  and the paint line i s  accomplished 'by continuous monora i l  

which a l s o  c a r r i e s  the drive units thruugh Lhe pail11 liile. 

E l ec t r i ca l /E l ec t ron i c  Assembly 
2 

This  a r e a  occupies approximately  6 ,000  f t  (F igure  3-15) for :  

60, 000 hel ios ta t  con t ro l le r s .  

a 60,000 s e n s o r s .  

Assembly  operat ions  a r e  such that only one shift i s  necessary ,  which pe rmi t s  

extension of work  schedule  to par t i a l  second o r  full second shift,  if necessary .  

Assembly  i s  manual  with the exception of the wave so lder  operat ion following 

P/ C board  component stuffing. 

Also  included i s  a w i r e  h a r n e s s  fabrication operat ion a t  which a l l  wiring 

r equ i r ed  in  the control  enc losures  a s  well  a s  between the enc losures  and 

the d r ive  units a r e  manufactured.  

3.  3. 1. 2 Site Manufacturing Plant  
2 Each  s i t e  plant m e a s u r e s  240 f t ' x  320 f t  o r  a total of 76,000 ft (F igu re  

3-16). The nominal a s sembly  capacity of each  s i t e  plant i s  60 hel ios ta t  

units p e r  day, 14, 300 units pe r  yea r  o r  21, 400 'uni ts ' in  a n  18-'mo a s sembly  

period.  Each s i t e  plant will  be  ' located adjacent to 'the installat ion s i t e  to 

r educe  the f inal  t iar ispor t  requirement .  f o r  fully assembled  heliostats .  



Figure 3-15. Electrical!Electronico Assembly Area 
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Figure 3-16. Site Manufacturing and Final Assembly 



Based on the construction nature of the ins tallation work, the s i t e  plant 

will be designed to operate  on one shift; the s a m e  shift a s  i s  worked by the 

installation and construction crews. If a decision i s  made to operate  the 

s i te  plant on two shifts, the assembly capacity, s ize  o r  s torage requi re-  

ments of this plant will be affected. 

Four basic assembly  operations take place in the s i te  plant. They include: 

A. Assembly of the c+oss beams to the torque tube. 

B. Assembly of the c ross  beams and torq'ue tube to the reflective panels. 

C. Assembly of the dr ive units and wiring ha rnesses  to the pedestal. 

D. Assembly of the reflective a r r a y  and supports to the dr ive and 

pedestal. 

Assembly of the Cross  Beams to the Torque Tube 

The c r o s s  beams and torque tubes a r e  assembled on work tables. The 

four c r o s s ,  beams1,are loosely assembled onto the torque tube. The pads on 

the c r o s s  beams a r e  then positioned on scr ibed spots on the work table and 

locked down. The torque tube i s  rotated until the centrally mounted col lars  

1ock:into a given position in a holding jig a t  the cen te r  of the table. When 

the ent i re  assembly has  been locked up, the yokes of the beams will be 

impulse-welded to the flange and ends of the torque tube. After welding, 

the.. assembly  will be hoisted f rom the work table on a monorail  and either 

s tored ' in  the overhead o r  moved to a reflective a r r a y  assembly work table. 

Assembly of the Cross  Beams and Torque Tube to the Reflective Panels 

'This assembly a r e a  consists of work tableo which a r e  used to bond the 

. assembly. Operators . a t  these s'tations re'move the reflective panels f r o m  

' their  shipping A-frames a t  stations immediately adj'acent to the work tables 
, . 

, and lay .them on the work surface in predetermined positions. Mechanical 

aids a r e  provided for  the movement of the panels and their exact positioning 

on the work tables. Orle of the torque tube-beam assemblies  i s  then 

. positioned over the work surface a n d  panela, and the two s t ruc tures  mated , 

and locked together. 

., Assembly of the Drive Units and Wiring Harnesses  to the Pedestal '  

' .  This assembly activity (Figure 3 - 1 7 )  consists of the following steps: 
' 

e Transpor t  of the'  pedestal^ and dr ive  assemblies  to the work station., 

e Mounting of the dr ive unit to the top ring of the pedestal. 
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Figure 3-17. Elevation Drive Motor Power and control Wiring 



' a Mounting of the d r ive  cable r e t r a c t o r  and.junction box. 

e Attachment of cable  c lamps  to the pedesta l  and shaf t  housing. 

Connection of the complete wiring ha rnes s .  

a Powered check of both dr ive  e lements .  

Assembly and sealing of the dr ive  r a i n  shie lds .  

Transpor t  of the subassembly to the f inal  a s sembly  station. 

Assembly of the Reflective A r r a y  and Supports t o  the Drive and Pedes t a l  

The l a s t  operation within the s i t e  plant occurs  a t  s i x  final a s sembly  stat ions.  

Th ree  additional c rews .  a t  the s i x  s ta t ions  pe r fo rm the following final  s teps  

i n  the heliostat  a s sembly  process:  

Obtain, t r anspo r t ,  and ro ta te  a reflective a r r a y  and s t ruc tu re  f r o m  

one of the a r r a y  a s sembly  work tables and position i t  over  a pedestal  

and d r ive  subassembly  a t  the f inal  a s sembly  station. 

o Mate the torque tube co l la r s  with the e levat ion d r i v e  mounting feet  

and mount the a r r a y  to the drive.  

e Mount the s enso r  ref lector  and i t s  supports'. 

i Touch up painting of the completed heliostat .  

T ranspo r t  of the hel ios ta t  to a holding position f o r  movement  to 

the s i t e  on a spec ia l  vehicle. 

None of the act ivi t ies  i n  the s i t e  plant r equ i r e  spec ia l  fabr icat ing o r  a s sembly  

equipment. 

The preceding sect ion has  d i scussed  the manufacturing,  concepts,  and 

, proces se s  envisioned in  the s teady-state o r  the Nth Commerc ia l  Plant,  

with year ly  production capacity of 60, 000 o r  m o r e  heliostats .  The f i r s t  

Commercial  Plant,  wi th 'a  capacity of approximately 2 1,  000 hel ios  t a t s  pe r  

year ,  would incorporate.  s o m e  of the automated techniques of the Nth plant 

where  these prove cost-effective and r e t a in  some  of. the Pilot  Plant  p roces se s  

where  i nc rea sed  autama.tion i s  not cos 1- effective. F o r  instance,  automat ic  

welding of the pedestal  back and top plate would be s i m i l a r  to if not identical  

to the Nth plant p rocess .  On the other  hand, printed c i rcu i t  board component 

a s sembly  would use  optically aided manual  inser t ion a s  planned fo r  the 

Pilot  Plant. 
.. , , . . . ' I .  

. . . . . .  . 3 . .  . . . 1 . . . .  . , .  . 



3 .  3 . 2  Installat ion S c e n a r i o  .. . . 
. . 

Before  initiation of co l lec tor  instal lat ion act ivi t ies ,  a number of s i t e  a c t i t k -  

t ion  t a s k s  will have been  completed.  Those per t inent  t o  col lector  instal lat ion 

and checkout (I&C) would be s i t e  grading,  roadway construction, and ins ta l la-  

t ion of hel ios ta t  and s e n s o r  pole foundations. Erec t ion  of the hel ios ta t  final 

a s s e m b l y  s i t e  plant m u s t  a l s o  precede  installat ion.  

.F ina l  a s sembly  of the  hel ios ta ts  t akes  place i n  a s i t e  a t  the  s i t e  boundary to 

avoid c o s t  and difficult ies inheren t  i n  over  -the - road t ranspor ta t ion  of the 

a s sembled  ref lector .  

Af te r  completion of I&C, a s y s t e m  test ver i f ies  that all, aubsysterns a r e  

p rope r ly  interfaced,  and that  s y s t e m  per formance  requi rements  a r e  satisfied.  

N o r m a l  plant operat ion i s  tilea initiated. 

Installat ion and checkout, s y s t e m  t e s t ,  and plant operation will a l i  r equ i r e  

log is t i ca l  support .  Support  concepts a r e  presented in  Section 3 .  3 .  3 for  I&C 

and plant operations.  Sys tem t e s t  support  concepts a r e  ident ical  to  those 

for. plant operations.  T o  -c lar i fy  what i s  considered to  be encompassed within 

s y s t e m  o r  logis t ical  support ,  the ma jo r  e lements  of a support  s y s t e m  a r e  

a s  follows: 

a Transporta t ion,  handling, packaging. 

a Maintenance ana lys i s .  

8 Supply support .  

a Support  equipment. 

8 Training.  

a Technical  documentation. 

8 'Field s e rv i ce .  

a Faci l i t i es  . 
. . 

T o  proper ly  f r a m e  the  re la t ions  hip among col lector  ins ta l la t ion and -checkout, 

col lector  subsys t em support ,  and other  phases  of the  . p rog ram,  F igu re  3-  18 

i s  presented.  A significant segment  of the  support  s y s t e m  will be allocated 
. .  . 

t o  col lector  subsys  t e m  support  both during I&C and,plant  operat ions .  

Explanations of the  blocks shown 8n F igu re  3-18 a r e  given i n  the  following 

subsect ions  and in  Section 3 . 3 .  3,, 
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3 .  3.2. 1 Si te  Act ivat ion 

In t h e  con tex t  used h e r e ,  site act ivat ion e n c o m F a s s e s  the  p r e p a r a t o r y  w o r k  

done  by  t h e  g e n e r a l  c o n t r a c t o r ;  e .  g. , grad ing ,  road  building, f ac i l i t i e s  

c o n s t r u c t i o n s ,  ut i l i ty connect.ions, e t c .  G e n e r a l  c o n t r a c t o r  t a s k s  which a r e  

c o n s i d e r e d  p r e r e q u i s i t e s  t o  c o l l e c t o r  I&C a r e  s i t e  g rad ing ,  p r e p a r a t i o n  of 

a c c e s s  r o a d s ,  p r e p a r a t i o n  of foundations f o r  he l ios ta t s  and s e n s o r  poles,  

ins ta l l a t ion  of power  t r a n s f o r m e r s  and power d i s t r ibu t ion  panels ,  and laying 

power  and  c o n t r o l  c a b l e s .  

3.  3.  2. 2 F'aci l i t ies  , . '  
Permanent and t e m p o r a r y  fac i l i t i e s  will, be r e q u i r e d  f o r  co l l ec to r  s u b s y s t e r r ~  

. . 
a s s e m b l y ,  ins ta l la t ion ,  and t e s t  opera t ions .  A t e m p o r a r y  s i t e  plant  f n r  . . , 

hous,ing t h e  he l ios ta t  a s s e m b l y  opera t ions  will  b e  e r e c t e d  n e a r  t h e  f ield 

ins ta l l a t ion  s i t e  t o  m i n i m i z e  t r a n s p o r t a t i o n  p r o b l e m s .  A permanent building 

wi l l  b e  r e q u i r e d  f o r  ins ta l la t ion  and t e s t ing  opera t ions .  T h i s  building wil l  

b c  conver ted  in to  a r e p a i r  depot  and supply s t o r a g e  fac i l i ty  dur ing C o m m e r c i a l  

opera t ions .  

The quant i ty  of veh ic les  and handling equipment  wil l  be  augmented f o r  installla- 

t ion  and t e s t ing  opera t ions .  Pa rk ing  and s t o r a g e  of vehic les  and equipment  

should not be a p r o b l e m ;  however,  s e r v i c i n g  and s t o r a g e  of main tenance  

m a t e r i a l s  wi l l  r e q u i r e  addi t ional  f ac i l i t i e s .  Opera t ing two o r  t h r e e  shi f t s  fo r  

s e r v i c i n g  and r e p a i r ,  a long with con t rac t ing  f o r  s e r v i c e s  with l o c a l  g a r a g e s ,  

wi l l  m i n i m i z e  fac i l i t i e s  r e q u i r e m e n t s .  

Open s t o r a g e  of s o m e  s u b s y s t e m  components  m a y  be feas ib le  i n  the  d e s e r t .  

If not ,  t e m p o r a r y  s h e d s  m a y  be r e q u i r e d .  Fie ld  c o n t r o l l e r s ,  s e n s o r s ,  
. :  

mounts ,  and c a b l e  a s s e m b l i e s  will  b e  s t o r e d  i n  t h e  p e r m a n e n t  e n ~ i r o ' n m e n t a l . 1 ~  
, .: 

con t ro l l ed  ins ta l l a t ion  fac i l i ty  ment ioned above. De l ive ry  r a t e s  of t h e s e  

i t e m s  wi l l  be matched  with i n ~ t a l l a t i o n  ra tes .  

3. 3.2. 3 P o w e r  and Cont ro l  

Dur ing s i t e  ac t ivat ion,  t h e  g e n e r a l  c o n t r a c t o r  wil l  i n s t a l l  power t r a n s f o r m e r s  

and  power  d i s t r ibu t ion  pane l s  i n  t h e  f ield a s  r e q u i r e d  t o  provide  opera t ing 



power to  the field of heliostats .  He will a l s o  dig neces sa ry  t renches  and lay 
< .  

both power and control  cables  t o  in terconnect  the p r ime  power''td ttik t r a n s -  

f o r m e r s ,  operating power f r o m  the  t r a n s f o r m e r s  t o  the  distriblitibn $anels,  

and on to  the  heliostats ,  and f r o m  the  cen t r a l  con t ro l  r o o m  to  the  field 

cont ro l le r s .  During I&C, cable  connections of the hel ios ta ts  will be made 

by I&C c rews .  

3 . 3 . 2 . 4  Fina l  Assembly 

Each heliostat  i s  completely assembled  for  instal lat ion in  a.f ina1 a s sembly  

s i t e  plant. The s i t e  plant i s  t o  be  located adjacent to  t h e  installat ion s i t e  

to  reduce the  final t r anspo r t  requ i rements  fo r  fully assembled  heliostats .  

Based on the construction nature  of the  installat ion work, the s i t e  plant will '  

opera te  o'n one shift; the s a m e  shift  a s  i s  worked by the installat ion and con- 

s t ruct ion c r ews .  If a decision i s  made to  operate  the  s i t e  plant on two 

shifts ,  the assembly  capacity, s i ze  o r  s to rage  requi rements  of th is  plant 

will be affected. ' ' 

Four  basic  assembly  operations i n  the  s i t e  plant a r e  a s  follows: 

A. Assembly of th.e c r o s s  beams  to  'the torque tube. 

B. ~ s s e k b l ~  of the  c ' r o s s ' beams  and torque tube t o  t he  ref lect ive  panels. 

C. Assembly of the d r ive  units and wiring. h a r n e s s e s  t o  the pedestal .  

D. Assembly of the r e f l e ~ t i v e  a r r a y  and supports  to  the  dr ive .and 

pedestal .  

3 .  3 . 2 .  5 Heliostat  Installat ion 

Cur ren t  planning defities t h c ' ~ o m m e r c i i 1  Plant a s  a scaltid vers ion  of the 

Pilot  Plant.  Consequently, th is  s cena r io  of the methods and r e sou rceb  

applied to  the installat ion of a Commerc i a l  col lector  field re f lec t s  data  . ' 

developed for  the  scheduled 10-MW Pilot  Plant t o  be constructed a t  Barstow. 

Because of variat ions in the installat ion and checkout per iods  between the 

Commerc i a l  and Pilot  Plants ,  scaling cannot be  based on the  dif ference in  

the  quantity of heliostats  between the Commcrc i a l  and Pilot  Plants .  The 

scaling up f r o m  Pilot  Plant  t o  Commerc i a l  Plant  has  been done on 'the dif- 

f e r ence  in installat ion r a t e s  applicable to  the two p rog rams .  
, . 



Nonrecurri-ng c o s t s  f o r  the  Commerc i a l  Plant  should be min imal  for  t he  . 

following reasons :  

A. Support  equipment design completed during P i lo t  Plant development. 

B. Installat ion p rocedure s  developed and validated during Pilot  Plant  

development.  

C. Training c o u r s e s  and a ids  developed and perfected by use  in  . - .. 

t ra ining Pi lot  Plant  instal lat ion- personnel.  . I  

Prepa ra t i on  cos t s  .for Commerc i a l  Plant col lector  instal lat ion would, of . . 
c o u r s e ,  be ,h igher  than for  the  Pilot  Plant. These  cos t s  a r e  dr iven by , 

(1)  the  quantity of equipment shipped 'to s i t e  and e r ec t ed ,  ( 2 )  the number  of 

ins ta l la t ion personne l  h i red ,  ' p rocessed ,  and t ra ined ,  and ( 3 )  the faci l i t ies-  

requi red  t o  support  ins ta l la t ion and checkout act ivi t ies .  The planned . . . 

approach  of hiring a l a rge  percen t  of the installat ion personne l  a t  t he  s i t e  

location should keep t r a v e l  and subsis tance 'costs  low. 

Ma te r i a l  cos t s  f o r  support  of the installat ion and checkout p r o g r a m  wuuld 

i n c r e a s e  fo r  the  Commerc i a l  Plant; however,  these  cos t s  would be controlled 

by judicious select ion of s p a r e  i t ems .  High-cost  i t ems ,  such a s  re f lec tors ,  

r e f l ec to r  panels,  and e lec t ron ic  cont ro l le r s ,  would not be  procured a s  . 
s p a r e s .  When the  need f o r  th is  type of a s p a r e  develops,  it will be diver ted 

f r o m  the  production line. Following this  action,  a rep lacement  i t e m  would 

be  o rde red  fo r  de l ivery  to production. This concept reduces  investment  i n  

s p a r e s  while ensur ing schedule compliance.  

The following sect ions  identify, i n  g r o s s  t e r m s ,  the  r e s o u r c e s  requi red  f o r  

ins ta l la t ion and checkout of the  Commerc ia l  Plant. They include the  : 
Gationale for t he  r e s o u r c e  loading. 

Schedule 

Installat ion and checkout t i m e  per iods  used to  develop this  r e p o r t  w e r e  

&xtracted f r o m  the schedule shown in  F igure  3-  19. 

Ra tes  
I 

T.he r a t e  a t  which hel ios ta ts  a r e  installed mus t  match  the  r a t e  at which they 

+ re  assembled .  This  f inal  assembly  i s  done on-s i te  i n  a dedicated facility', 

which' obviates any need f6 r  in te rmedia te  t ranspor ta t ion  f r o m  the  a s sembly  
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a r e a  t o  the  si te.  The f inal  a s s e m b l y  r a t e ,  and there fore ,  the  ins ta l la t ion , 

r a t e ,  was  developed by calcula t ions  using the  quantity of hel ios ta ts ,  22,914, 

and the  t i m e  per iod scheduled fo r  assembly ,  2.34 years :  

2.34 y r  x 52 wks = 121.68 o r  122 wks 

122 wk - (1  wk s t a r t u p  + 1 wk shutdown t 5 wk hol idays)  = 115 wk 

22. 914 He1+ 115 wks = 199.25 ~ e l / w k  r a t e  

199.25 Hel/wk + 5 days  = 39.85 o r  40 Hel lday r a t e  

Based  on the  preceding calcula t ions ,  the  ave rage  ins ta l la t ion r a t e  f o r  

he l ios ta t s  was es tab l i shed  at 40 p e r  day. This  r a t e  a s s u m e s  a five-day, 

e igh t -hr  work shift and compensa tes  tor holidays. Schedule s l ips  would be  

c o r r e c t e d  by working extended days  and extended week shifts .  It  should be 

noted tha t  th is  r a t e  i s  four  t i m e s  the P i lo t  P lan t  r a t e ,  10 pe r  day. 

The checkout r a t e  fo r  he l ios ta t s  i s  exp re s sed  in  number  of c e l l s  (24 

he l i o s t a t s )  pe r  day. The r a t e  i s  a function of the  number  of ce l l s  and the  

checkout  t i m e  per iod ,  ca lcu la tes  a s  follows: 

22,914 He1 + 24 = 954.75 o r  955 ce l l s  

955 ce l l s  + 32 wk = 29.84 o r  30 ce l l s lwk  r a t e  

Ins ta l la t ion T a s k s  

The  d i s c r e t e  t a s k s  per formed  t o  accompl i sh  the  ins ta l la t ion and checkout 

of a hel ios ta t  a r e  de sc r ibed  in  th is  sect ion.  The descr ip t ions  provided a r e  

fo r  P i lo t  Plant  ins ta l la t ion and checkout t a sks  a s  p resen t ly  planned. They 

' a r e  d i r ec t l y  t r a n s f e r a b l e  ' to the  Commerc ia l  Plant ,  however,  improvement  

i n  methods and equipment based on P i lo t  Plant  exper ience  'is expected. 

The  sequence i n  which t he  tasks are performed f o r  a s ingle  hel ios ta t  i s  

shown in  F igu re  3-20. During field instal lat ion,  the  t a s k s  a r e  actual ly  p e r -  

fo rmed  in  para l l e l .  The s'equence s t a r t s  with the  foundations complete ly  

ins ta l led.  T a s k s  a r e  a s  follows. 
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Figure 3-20. Heliostat Installation Sequence (Closed-Loop System) 
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L e v e l  Foundation t o  Hel ios ta t  Interface.. Th ree  leveling nuts on each  founda- 

t ion a r e  adjusted t o  a plane i n  two axes  using a pedesta l  leveling fixture and 

a n  incl inometer .  Once a leve l  plane i s  es tabl ished,  the  t h r e e  leveling 'nuts 

a r e  s ecu red  with locking nuts. 
. , . .  

T r a n s  po r t  Heliostat  t o  Foundation. The heliostat ,  consist ing of r e f l ec to r  

pane ls ,  d r i v e  units, pedesta l ,  and cont ro l le r  will be assembled  and wired 

in  t h e  a s sembly  building on s i te .  A hel ios ta t  handling fixture,  specia l ly  

adapted t o  a forklif t ,  i s  mated t o  the completely assembled  heliostat .  The ' 

hel ios ta t  is lifted c l e a r  of i t s  a s sembly  f ixture  by the  forklif t  and i s  then 
' ' 

c a r r i e d  to' the  ass igned  foundation. 

Emplace  Heliostat  on Foundation. Once the  heliostat  i s  positioned over the 

foundation, the pedesta l  res t ra in ing  s t r a p  i s  re leased .  This  leaves  the  

hel ios ta t  suspended f r o m  the forkl i f t .adapter  lifting eye., f r e e  to he guided 

onto t h e  foundation anchor  bolts. As soon a s  the lower pedesta l  flange comes  
. . 

t o  r e s t  on the  t h r e e  leveled nuts, retaining nuts a r e  installed un the same 

t h r e e  anchor  bolts. At th is  point the  handling f ixture  is 'd isengaged f r o m  the 

hel ios ta t  and i s  dispatched to  pick up another  heliostat .  Next, the  other five 

nuts under the pedes ta l  flange a r e  positioned against  the  under sur face  of the 

flange.  After instal l ing the  addit ional five retaining nuts, a l l  eight retaining 

nuts a r e  torqued using a reac t ion less  power torque wrench. 

Ins ta l l  Sensor  M i r r o r .  The s m a l l  s e n s o r  m i r r o r ,  which was removed f r o m  
> .  

the  hel ios ta t  to  provide a c c e s s  fo r  the  forklift adap te r  hoist ,  i s  re ins ta l led.  ' 

Connect Power  and Control  Cables.  Once the  hel ios ta t  mechanical  ins ta l la-  
. . 

t ion c r e w  had completed installat ion of the  heliostat ,  a n  e.lectrician ' c rew 

connects  the power and control  cab les  into the e lectronic  junction box of the 

b a s e  of the  pedestal .  Cable laying is dnne e a r l i e r  i n  the p r o g r a m  by the  

g e n e r a l  con t rac tor .  
. . ' .  

P e r f o r m  Heliostat  E l ec t r i ca l  Checks. As p a r t  of the  e l ec t r i ca l  hookup, the  

e l ec t r i c i an  c r e w  runs  e l ec t r i ca l  checks such a s  megger ,  continuity, 
' 

. , 
. . . _ . .  

polar i ty ,  etc. 



Align Hel ios ta t  and Run Opera t iona l  Checks .  During t h e s e  c h e c k s ,  az imuth  
. . 

r e f e r e n c e  of t h e  he l ios ta t  is al igned ( F i g u r e  3-2 1 ) by mounting a theodoli te  
. . .. 

on t h e  r e f l e c t o r  s u r f a c e  and sighting a known r e f e r e n c e  point on  a p rev ious ly  

ins ta l led  f lagpole,  25 t o  30 f t  high. The a z i m u t h  encoder  i s  ad jus ted  a t  th i s  

t i m e .  Elevat ion r e f e r e n c e  is al igned by dr iv ing the  he l ios ta t  r e f l e c t o r  

hor izon ta l  t o  the  ground,  mounting . .  a n  , inc l inomete r ,  and adjus t ing t h e  e leva-  
' I ' , 

. . 

t ion  enc0de.r t o  a l eve l  condition. , ~ o n c u r r e n t l y ,  o ther  hel io 's tats  a r e  
. . 

opera t ional ly  . . checked.  A p r o g r a m m e d  s e r i e s  of c o m m a n d s  is fed in to  t h e  . '. . . 

he l ios ta t  c o n t r o l l e r  which will  c a u s e  the  he l iqs ta t  t o  be  d r i v e n  t o  p r e s e t  
. . 

l i m i t s  of t r a v e l  i n  both a z i m u t h  and elevation.  

Ins ta l l  Sensor  Pole .  The s e n s o r  pole is ins ta l l ed ,  leveled ,  and s e c u r e d .  

. . 

Ins ta l l  Sensor .  The  s e n s o r  mount and s e n s o r  'are, ins ta l l ed  on the  s e n s o r  

pole,  and the  s e n s o r  is roughly a l igned on t h e  r e c e i v e r .  

Connect  Sensor  Cable.  N e c e s s a r y  conduit  is ins ta l led  and t h e  s e n s o r  cab le  

is ins ta l led  between the  s e n s o r  and t h e  c o n t r o l l e r .  

P e r f o r m  S e n s o r  E l e c t r i c  Checks.  A s  p a r t  of the  s e n s o r  e l e c t r i c a l  hookup 

the  e l e c t r i c i a n  c r e w  r u n s  e l e c t r i c a l  checks  f o r  continuity, AGC, polar i ty ,  e tc .  

Align Sensor .  Af te r  t h e  e l e c t r i c a l  hookup and checkout  t a s k s  a r e c o m p l e t e d  

and ver i f ied ,  t h e  s e n s o r  i s  al igned on t h e  r e c e i v e r  panel.  Since t h i s  is a 

c losed- loop t r ack ing  s y s t e m ,  t r ack ing  a c c u r a c y  is dependent  on t h e  a c c u r a c y  

with which t h e  s e n s o r  i s  al igned.  

One technic ian ,  r id ing i n  a c h e r r y  p icker  ( ~ i g u r e . 3 - 2 2 ) ,  d i re 'c ts  a n o t h e r  
' 

technic ian  a t  t h e  mobi le  f ield t e s t  s ta t ion  i n  dr iv ing the  hel ios ta t  i n  e levat ion 

and a z i m u t h  until  the  ref lec ted  spot  is on the  r e c e i v e r  panel.  Di rec t ions  a r e  

t r a n s m i t t e d  by walkie-talkie r a d i o  s e t s .  When the  ref lec ted '  spo t  is on t h e  

r e c e i v e r  panel ,  the  field control l .e r  is comlmanded t o  t r a c k .  While t r a c k i n g  

is i n  p r o g r e s s ,  the  technic ian  i n  the  c h e r r y  p icker  a d j u s t s  t h e  s e n s o r  t o  . . 
a l ign  the  ref lec ted  spo t  with t h e  des ignated a i m  point on the  r e c e i v e r .    he 
s e n s o r  is then locked.  
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3.3 .2 .6  Hel ios ta t  Checkout Tasks  
. . .  . . .  . .. 

' . . .. 

P e r f o r m  Compatibil i ty Checkout. After instal l ing hel ios ta ts ,  verif ication 

t e s t s  and checkouts a r e  per formed to  e n s u r e  the compatibil i ty of a field 

con t ro l l e r  and a c e l l  of hel ios ta ts .  The mobile field t e s t  stat ion i s  connected 

t o  the  field cont ro l le r ,  and the  ce l l  of hel ios ta ts  i s  commanded to  individually 

a c q u i r e  sun,  no rma l  t r a c k ,  synthetic t r ack ,  s l e w  off r ece ive r ,  wash 

inver ted  position, and stow position. This  t e s t  ver i f ies  that  each  heliostat  

i n  a c e l l  i s  p roper ly  interfaced with the ' f ie ld  control ler .  

P e r f o r m  Cel l  Operat ional  Checkout. The fina.1 col lectur  subsys tem t e s t  of 

the  installat ion phase takes  place p r io r  to  Pilot  Plant  s y s t e m  testing.  During 

th i s  activity,  it will be n e c e s s a r y  to  have water  flowing through the r ece ive r  

panel. Cel l -by-cel l  t e s t s  of t racking,  slew-off, and stowage actions a r e  

pe r fo rmed  (F igure  3-23). Stringent safety  precaut ions  mus t  be  enforced to 

preelude pcrsnnne l  in jury  f r o m  reflected beams.  

3.  3 . 2 . 7  , 'Resource Requirements  

Using the quotient of the  difference i n  installat ion r a t e s  a s  a r a t e  fac tor ;  

i . e . :  . . 

40 Hel lda  ----/Y 10 He1 day = 4 

. . 
a rough e s t ima te  of the  r e s o u r c e s  needed to  accomplish a Commerc i a l  Plant  

co l lec tor  instal lat ion is presented i n  this sect ion.  

Support  Equipment 

Es t imated  support  equipment requi rements  a r e  shown i n  Table  3-8 .  It i s  

probable that the quanti t iee shown could be reduced some*what by in-depth 

planning and scheduling. Pi lot  Plant  exper ience will undoubtedly impac t  

both quanti t ies and design. of support  equipment. 

Pe r sonne l  

The  e s t ima te  of personne l  requi rements  was developed in  the  s a m e  manner  

as tha t  f o r  support  equipment, and the  s a m e  s ta tements  ,rega;ding planning, 

scheduling, and Pilot .  Plant  exper ience apply here .  





Table 3-8 

SCALE-UP O F  SUPPORT EQUIPMENT 

Pi lot  ' . Commerc i a l  
Plant  Rate P lan t '  

Nomenclature  Q ~ Y  Fac to r  Q ~ Y  

Hel iosta t  Handling F ix ture  2 4 8 

Handling Sling, Hel ios ta t  M i r r o r s  2 NA 4 

Mobile Workstand ( C h e r r y  P i c k e r )  2 4 8 

Pedes t a l  Leveling F ix tu re  

Power  Torque Wrench 

Fork l i f t  

Mul t imeter  - Volt Ohmmete r  

Digital  Voltmeter 

Pickup Truck ,  Modified t o  Incorporate  
Workstand in T r u c k  Bed 

Mohile Crane 

Walkie -Talkie  Communication Sets 

Incl inometer  

Theodoli te 

Mobile Field T e s t  Station 

NA - Not applicable,  maintenance equipment i s  used t o  support  I&C 

While the  Commerc i a l  P lan t  requi rements  fo r  suppor t  equipment shown i n  

Table  3-8 a r e  f inite,  the personnel  requi rements  shown in  Table  3-9 cannot 

b e  t rans la ted  into c o s t  d i rect ly .  P r e c i s e  scheduling fo r  each  t a s k  i s  e s sen t i a l  

t o  es t imat ing the  ac tua l  manhours  requi red  t o  p e r f o r m  the task.  F igu re  3-24 

shows the  period of per formance  fo r  each  major  t a sk .  
, 

Faci l i t i es  

Two types  of faci l i t ies  a r e  required during Commerc i a l  Plant  ca/l_actor 

instal lat ions:  (1) office and s to rage  space  during the full ins ta l la t ion period,  

and (2)  c l a s s r o o m s  fo r  present ing t ra ining cou r se s  t o  installat ion and check- 

out personne l  a t  t he  beginning of the  period,  and operating and maintenance 

personne l  n e a r  the end of instal lat ion and checkout act ivi t ies .  

The f i r s t  requ i rement  will  be satisfied by incorporat ing adequate f loor 

space  and furnishings  into the  final  a s sembly  building. 
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Table  3- 9 

. . 
SCALE-UP O F  PERSONNEL 

T a s k  

C o m m e r c i a l  
P i lo t  P lan t  Rate  Plant  

~ t y  Fac to r  Q t Y 

Supervis ion 1 4 4 

Leve l  Foundation 1 2 -man  c r e w  4 4 2 -man  c r e w  

T r a n s p o r t  Hel ios ta t  2 2 -man  c r e w  4 8 2 -man  c r e w  

Emplace  Hel ios ta t  and Ins ta l l  1 4 - m a n  c r e w  4 4 4 -man  c r e w  
Sensor  M i r r o r  

Connect  Cables  to  Heliostat  1 1 -man  c r e w  4 4 1 -man  c r e w  

P e r f o r m  Hel ios ta t  E l e c t r i c a l  Checks  1 2 - m a n  c r e w  4 4 2 -man  c r e w  

Align Hel ios ta t  and Run 
Operat ional  Checks  

1 3 -man  c r e w  4 4 3 -man  c r e w  

Ins ta l l  Sensor  Pole  1 3 -man  c r e w  4 . 4 3-man c r e w  

Ins ta l l  Sensor  1 2 -man  c r e w  4 4 2 -man  c r e w  

Connect  Sensor  Cables  and Make 1 3-man c r e w  4 4 3-man c r e w  
E lec t r i c a l  Checks  

Align Sensor  1 4 - m a n  c r e w  4 4 4 -man  c r e w  

P e r f o r m  Compatibil i ty and 
Cel l  Operat ional  Checkout 

2 4 -man  c r e w  NA 3 4 - m a n  c r e w  

NA - Rate  f ac to r  not appl icable  

Space f o r  conducting t ra in ing c o u r s e s  will probably . . be rented n e a r  the  s i t e .  

Training   ate rial and Instal lat ion P r o c e d u r e s  

Both t ra in ing  c o u r s e s  and a id s ,  and ins ta l la t ion p rocedu re s  developed fo r  and 
., . 

dur ing the  p i lo t  p l an t  wil l  be avai lable  f o r  C o m m e r c i a l  

P lan t  p r o g r a m  use. 

Spa re s  

Only a min ima l  quantily uf low-cost  s p a r e  i t e m s  would be  r equ i r ed  a s  a n  

in i t ia l  buy. ~ i g h e r - c o s t  i t e m s ,  such  a s  e lec t ron ic  con t ro l l e r s ,  r e f l e c to r  

panels ,  e t c ,  would be  d i s c r epan t  components.  Repa i r  o r  p rocu remen t  of 
. . 

rep lacement  p a r t s  w o u l d b e  accomplished within t he  production sy s t em.  

3. 3 . 2 . 8  Sys t em T e s t  
. . :  

The nekt pha'ie df thtS'piogram following I&C of the  subsys t ems  is a s y s t e m  

t e s t  t o  ver i fy  t ha t  all in tk=faces  among  the  subsys t ems  have been  c o r r e c t l y  
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made,  and tha t  the s y s t e m  output matches  the  s y s t e m  specification values.  

During th i s  s ix-month period the  support  s y s t e m  descr ibed  in  Section 3. 3.4 wiil 

be  implemented and refined to  accommodate  changes resul t ing f r o m  field 

exper ience.  

3.3.2.9 Sys tem Operations 

After  s y s t e m  t e s t  has  proven the  Commerc i a l  P lan t ' s  operational capabil i ty,  

no rma l  plant operations a r e  s ta r ted .  These  operations a r e  planned to  con- 

t inue for  30 y r ,  and will  be  supported and maintained in  accordance  with the  

s y s t e m  support  concepts provided in  Section 3. 3 . 3 .  Cost-saving improve-  

ments  in  the support  s y s t e m  will develop over  the y e a r s  until a n  optimized 

support  operat ion i s  attained. 

3 .3 .3  Commerc ia l /Col lec tor  Subsystem Support Concepts 

Concepts covering support  requ i rements  fo r  a 100-MW Commerc i a l  so l a r  

t h e r m a l  power s y s t e m  were  developed by using s y s t e m  requi rements  a s  a 

basel ine ,  and by identifying s i t e  activation installat ion and t e s t  requ i rements ,  

and subsequent power generation operations.  These  concepts a r e  subject  

t o  change depending on knowle'dge and exper ience gained during operation of 

the  Pi lot  Plant. 

3. 3. 3. 1 Installat ion and Checkout Operations 

Planning and prepara t ion  for  the 100-MW Commerc i a l  Plant  will be based on 

exper ience gained during installat ion and checkout of the 10-MW Pilot  Plant. 

All  neces sa ry  scheduling, order ing of equipment and ma te r i a l s ,  and hiring 

of personne l  will  be  aecon~p l i shed  with sufficient lead t i m e  to  effec't a smooth 

operating capabil i ty a t  the  onset  of 'site activation. 

Transporta t ion,  Handling, and .Packaging 

The quantity of m a t e r i a l  that  mus t  be broughtto s i t e  fo r  a s sembly  and ins ta l la -  

. tion of 22,914 hel ios ta ts  probably justifies construct ion of a ra i l road  s p u r  
, . 

. t o  the  s i te .  ' After se lect ion of the ~ o m m e r c i a l  Plant  location, a tradeoff study 

will  cons ider  the  cos t  of the spu r  and the  cos t  of t rans-shipping the  m a t e r i a l  

f r o m  the  n e a r e s t  r a i l  siding by t ruck.  

Fac i l i t i es  

Fac i l i t i es  mentioned in  Section 3.3..2.2 will be used to  support  I&C operations.  



Support  Equipment (Table  3'- 8 ) 

Two ca tegor ies  of support  equipment,  with some  commonali ty,  will  be used 

dur ing I&C operat ions .  One ca tegory  will  be the  plant operations and 

maintenance support  equipment ( spec ia l  tools and t e s t  equipmeni); the  othcr  

ca t ego ry  will  be the  specia l ized I &C equipment. This  design and use  qf both . 

ca t ego r i e s  will have been used,  tes ted,  improved a s  necessary ,  and, 

ce r t i f i ed  during Pi lot  Plant  I&C. One complement  of operations support  

equipment  will be provided a t  s i t e .  The mix  and quantity of specialized 

I&C equipment will be  dependent on installat ion r a t e s  which mus t  be  m e t  

t o  comply with I&C schcdules .  

Specialized I &C equipment could be leased  o r  purchased.  The cost-effective 

choice  will have t o  be de te rmined ,  considering such fac tors  a s  deg ree  of 

specia l izat ion,  amor i t i za t ion  period,  availabil i ty,  and o thers  . 

Maintenance 

Maintenance act ivi t ies  dur ing installat ion and checkout of the col lector  

subsys t em will be  respons ive  to: 

e Protect ing ins ta l led equipment f r o m  environmental 'effects.  

e Repairing damaged equipment during installat ion and checkout 

operat ions .  

a Discovering d i sc repant  items,. 

Per iod ic  maintenance will be  scheduled for  inspection and recer t i f icat ion 

of support  equipment, inspect ion of ins ta l led equipment, and operat ions  sush  

a s  washing re f lec tor  su r f aces  and lubricating mechanical  equipment. 

Cor r ec t i ve  maintenance will be  accomplished by removal  and rep lacement  

of damaged o r  d i s c r epan t  i t ems .  Repair  of i t e m s  will be accomplished a t  

s i t e  o r  at the apprupr ia te  manufac tu re r ' s  facility. 

Spa re s  Supply 

Approyed quanti t ies of consumables  and low-cost  s p a r e s  and r e p a i r  p a r t s  ,. a s  

defined by maintenance da ta  ana lyses ,  will be acquired and del ivered . t o .  

suppor t  ins ta l la t ion and checkout operat ions  and maintenance t a sks .  



High-cost  s p a r e s ,  such a s  re f lec tor  panels  and field con t ro l l e r s ,  will not be 

.acquired.  .As the need a r i s e s  fo r  th is  type of s p a r e ,  the  i t e m  will be diverted 

f r o m  the 'product ion line. Then a s p a r e  will  be ordered  and turned over  t o  the 

produdtiori'li'ne a s  a r.eplacement. This  concept reduces  investment  i n  high- 

cos t  s p a r e s  and ensu re s  installat ion and checkout scheduled completions.  

The approved quanti t ies of s p a r e s  and r e p a i r  pa r t s  needed to  support  equip- 

ment  unique' to I&C tasks ,  i. e .  , equipment not used a f te r  I &C will be 

acquired and .delivered t o  s i t e  a s  requi red  t o  support  I&C operations.  

Technical  Doc umentation 

The per formance  of I&C, operat ions ,  maintenance,  and tu rnover  t a sks  will 

be  controlled by technical  documentation emanating f r o m  MDAC, MDAC 

subcont rac tors ,  Government agencies ,  and commerc i a l  agencies .  Applicable 

regulations,  p rocedures ,  plans,  manuals  and specifications will be identified, 

with effective da tes ,  in  the  s i t e  activation plan. Production and installat ion 

drawings,  with effective change identification, will be identified on a job 

drawing l i s t  o r  l i s t s .  Except fo r  post  Pi lot  Plant  changes and addit ions,  the  

technical  documentation made applicable to  the Commerc i a l  Plant  will have 

been used and verif ied during Pi lot  Plant  I&C. Cr i t i c a l  technical  documents 

will be  controlled s o  that  a l l  changes rece ive  p r o g r a m  Office rev iew and 

approval  p r io r  t o  issuance.  

3 . 3 . 3 . 2  Commerc i a l  Operation 

The cus tomer  will a s s u m e  responsibil i ty fo r  operat ions  and maintenance of 

the Commerc i a l  Plant  a t  the end of I&C. Support concepts could be tota l ly  

implemented and c a r r i e d  over  into the  Commerc i a l  operations phase.  MDAC 

could furnish technical  support  t o t h e  cus tomer  until full operat ions  and 

maintenance capabil i t ies a r e  established.  

P re l imina ry  ana lys i s  of a Commerc i a l  P lan t  operational requi rements  

provides's bias  toward a concept of maximum r e p a i r  a t  the  operating s i te .  

This concept i s  re inforced by the r emotenes s  of the  s i t e  and the  expected 

operating life of the  plant. It appea r s  that  th is  concept could be fur ther  

expanded to  include the  support  of s e v e r a l  individual plants by a single 

maintenance and supply depot. The feasibil i ty and application of such  a 

concept would be  dependent on many var iables ,  each  of which would r equ i r e  
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deta i led  study. ' ~ l s o  a l imiting h c t o r  would be the  acceptable  r e sponse  t i m e  

f o r  co r r ec t i on  of a s ingle  point fa i lu re  o c c u r r i n g  a t  the  mos t  r emote  

The  functional concepts presented i n  the  following subsect ions  will  be 

applied t o  the d e g r e e  feasible  dur ing Pilot  Plant  operat ions  fo r  ,ver i f icat ion 

expansio'n, and improvement .  

Transpor ta t ion  Handling and Packaging 

At  the  p re sen t  level  of ana lys i s ,  the  ca t ego r i e s  of t ranspor ta t ion  r equ i r e -  

ments  identified a r e :  

A. Intrasfte.  Movement of personnel ,  equipment, par tu ,  and tovlu tu 

' and f r o m  the a r e a s  where  maintenance act ivi t ies  take glace.  

B. 1nter s i t e  /External .  Movement of replenishment  m a t e r i a l  t o  site 

and r epa i r ab l e  i t e m s  t o  and f r o m  r e p a i r  locations. 
, . 

At th i s  time, the  c o n c e p t f o r  supporting Category A i s  the  es tabl ishment  

and maintenance of a s i t e  motor  pool with sufficient numbers  and types of 

vehicles  to  handle es t imated  workloads.  
, . . . .  . . ( . i  . . I . 

While use  could be made  of the s i t e  motor  pool vehicles i n  support  of 

Ca tegory  B, the  p re sen t  concept i s  t o  use  c o m m e r c i a l  t ranspor ta t ion  

faci l i t ies .  These  would include t ruck ,  r a i l ,  and a i r  t r a n s p o r t  a s  appropr ia te  

fo r  points of or igin  o r  destination,  and fo r  the  urgency of the  requi rements .  

Spa re s  and r e p a i r  p a r t s  sh ipped . to  s i t e  by the  manufac ture rs  should be 

packaged and p re se rved  t o  provide a min imum s to rage  of 2 yr .  P r o p e r  

packaging control  would be effected by cit ing the  appropr ia te  c o m m e r c i a l  

and spec ia l  packaging and p re se rva t ion  specifications on purchase  o r d e r s  

r e l ea sed  to  suppl iers .  Prepar ing  r epa i r ab l e  i t e m s  fo r  shipment  t o  r e p a i r  

' faci l i t ies  would be done i n  the receiving and shipping faci l i t ies .  

The dis t r ibut ion and s to rage  c=n te r  which was s e t  up dur ing site activation 

will r ema in  act ive  t o  p e r f o r m  receiving,  shipping, ma te r i a l  handling, 

t ranspor ta t ion ,  and t ra f f ic  management  functions. 

Fac i l i t i es  

Although facil i t ies c r i t e r i a  have not been developed fo r  a Commerc i a l  Plant, 

the  following a r e  cons idered  bas ic  requi rements  fo r  adequate support  of the 



opera t ing  modules .  It  is pos tu la ted  t h a t  s u p p o r t  f ac i l i t i e s  should b e  c e n t r a -  
. . 

l ized  , t o  ef fec t  economies  i n . i n v e s t m e n t  and opera t ing  c o s t s .  

A , ,  P r i m e  Module. T h e  p r i m e  module  is defined a s  t h e  100-MW power  

genera t ing  module ,  probably  t h e  f i r s t  t o  b e  c o n s t r u c t e d ,  s e l e c t e d  

t o  b e  t h e  ma in tenance  and supply  depot  f o r  a l l  of the  a r e a  modules .  

With the  p r e s e n t  v is ib i l i ty  of C o m m e r c i a l  P l a n t  opera t ions ,  

t h e  following a r e  c o n s i d e r e d  b a s i c  r e q u i r e m e n t s  f o r  s u p p o r t  

fac i l i t ies :  
- . .  

1. A m o t o r  pool including,  s e r v i c i n g ,  r e p a i r ,  and p e t r o l e u m ,  oil ,  

and lubr i can t  s t o r a g e  fac i l i t i e s .  

2 .  A shipping and rece iv ing  dock,  including ins ta l l ed  handling 

equipment ,  and packaging and c r a t i n g  tooling. 

3.  A r e p a i r  and main tenance  building, including ins ta l l ed  mach ine  

shop,  welding shop,  and t e s t  equipment.  

4.  A c e n t r a l  w a r e h o u s e  and s t o c k r o o m ,  including a con t ro l l ed  too l  

c r i b ,  

5.. Washing and to i l e t  f ac i l i t i e s  f o r  ma in tenance  pe r sonne l ,  including 

a n  adequa te  n u m b e r  of l o c k e r s  f o r  s t o r i n g  p e r s o n a l  p o s s e s s i o n s .  

6. A food and d r i n k  d i spens ing  fac i l i ty ,  p robab ly  a c a f e t e r i a .  

7, A m e d i c a l  c a r e  fac i l i ty  t h a t  m e e t s  OSHA speci f ica t ions .  

B. Sate l l i te  Module. A s a t e l l i t e  module  is defined a s  a n y  100- po power 
genera t ing  module  dependent  on a p r i m e  module  f o r  ma in tenance  and 

supply suppor t .  Although a sa te l l i t e  module is suppor ted  by t h e  

p r i m e  module ,  the  following a r e  cons ide red  t o  b e  r e q u i r e m e n t s  f o r  

s u p p o r t  f ac i l i t i e s  at e a c h  s a t e l l i t e  module: 

1. .A s t o c k r o o m  and contro l led  too l  cr.ib. 

2 .  An i n s t r u m e n t  r e p a i r  and c a l i b r a t i o n  r o o m ,  

3. Washing and to i l e t  f ac i l i t i e s  f o r  ma in tenance  pe r sonne l ,  including 

a n  adequa te  n u m b e r  of l o c k e r s  f o r  s t o r i n g  p e r s o n a l  p o s s e s s i o n s .  

4. A m e d i c a l  fac i l i ty  t h a t  m e e t s  OSHA speci f ica t ions  

5. A food and d r i n k . d i s p e n s i n g  faci l i ty.  

Suppor t  Equipment  

T h e  s u p p o r t  equipment  r e q u i r e d  f o r  c o r r e c t i v e  and scheduled  main tenance  ' 

t a s k s  is l i s t ed  in T a b l e  3-10. 



T a b l e  3-  10 

REQUIRED SUPPORT EQUIPMENT 

Mobile Workstand ( C h e r r y  P i c k e r )  B e a m  Scnsor  Alignment 

Mobi le  C r a n e  Hel io  s t a t  Hoist ing 

F o r k l i f t  Miscel laneous  Heavy Equipment  
Handling 

Hoist ing Slings - G e n e r a l  P u r p o s e .  He l ios ta t s  and Miscel laneous  
Equipment  Hoist ing : , 

I 

Pick-up  T r u c k  Gerlt: r a l  P u r p o s e  

I n c l i n o r ~ ~ e t e ~  P e d e s t a l  Levcl ing . . 

Mobile Communica t ions  S e t  Fie ld  Communicat ions  

Theodol i te  . Hel ios ta t  Alignment - 

Hois t ing Sling - H e l i o s t a t e  M i r r o r  M i r r o r  P a n e l  Rep lacement  

P e d e s t a l  Leveling F i x t u r e  P e d e s t a l  Leveling 

Ref lec to r  Washing Equipment  . .  Hel ios ta t  Ref lec to r  Cleaning 

Col lec to r  Fie ld  T e s t  Stat ion S u b s y s t e m  and Component L e v e l  
F a u l t  I sola t ion  and T e s t  

Equ ipment  Maintenance  

T h e  b a s i c  c o r r e c t i ~ ~  and scheduled maintenance  t a s k s  f o r  the  co l l ec to r  

s u b s y s t e m  have been  d e t e r m i n e d  by a h a r d w a r e  -. a n a l y s i s  t o  identify 

main tenance  - s igni f icant  components .  Maintenance - signif icant  components  

a re  defined a s  h a r d w a r e  i t e m s  f o r  which a d i s c r e t e  maintenance  ac t ion  i s  

r e q u i r e d  based  on t h e  main tenance  concept .  T h e s e  maintenance  ac t ions  

r e s u l t  f r o m  equipment  f a i l u r e s  o r  m a y  be scheduled ac t ions  s u c h  as cleaning 

o r  lubr ica t ion  t o  p r e v e n t  equipment  d e t e r i o r a t i o n  a n d / o r  t o ' s u s t a i n  p e r f o r m -  . 

a n c e  c h a r a c t e r i s t i c s .  T a b l e  3 -  11 l i s t s  t h e  main tenance  s igni f icant  colnpo- 

nen t s  and  provides  a b r ie f  desc r ip t ion  of t h e  r e q u i r e d  main tenance  ac t ions .  



Table  . 3 -  11 

MAINTENANCE-SIGNIFICANT ITEMS 

Scheduled 
Component Cor rec t ive  Maintenance Maintenance 

Field  cont ro l le r .  Remove and rep lace  on failure.  None 
Minor r e p a i r  on- si te.  

Hel ios ta t  Control ler  Remove and rep lace  on fa i lure .  None 
Minor r e p a i r  on-site. 

Elevation and Azimuth Remove and rep lace  on fa i lure .  Lubrication 
Drive Assembl ies  

Elevation and Azimuth Remove and rep lace  on fa i lure .  None 
Drive Motor and Reducer  

Elevation and Azimuth Remove and rep lace  on fa i lure .  None 
Shaft Encoder 

Elevation and Azimuth Remove and rep lace  on fa i lure .  None 
Shaft Tu rn  P i c  koff 

Pedes ta l  J -Box 

Pedes ta l  

Reflector Panel  

Reflection S t ruc ture  

Beam Sensor  

Sensor  Pole  

Field Cables 

Power  ~ i s t r i b b t i o n  
Pane l .  

Power  T ransmis s ion  

T e s t  support  stat ion 

Remove 'and rep lace  de ta i l  None 
p a r t s  on failure.  Remove and 
rep lace  box f o r  ma jo r  damage.  

S t ruc tura l  r epa i r .  Remove and 
rep lace  fo r  major  damage. 

Remove and replace.  Discard.  
Clean (In addition to  scheduled 
requi rements  due to s e v e r e  
weather  conditions. ) 

Struc tura l  r epa i r .  Remove and 
rep lace  fo r  major  damage. 

Remove and rep lace  on fa i lure .  

S t ruc tu ra l  r epa i r .  Remove and 
rep lace  fo r  major  damage. 

E l ec t r i ca l  r epa i r .  Remove and 
rep lace  for  major  damage.  

Remove and rep lace  de ta i l  
par t s .  Replace panel f o r  
ma jo r  damage.  

Remove and r.eplace on fa i lure .  

Bemove and r e p a i r  components 
on failure.  

None 

Clean 

None 

None 

None 

None 

None 

None 

Cal ibrate  t e s t  
equipment, 
inspect ,  clean,  
ad just and lub- 
r i ca t e  CRT/ 
keyboard, tape 
r e a d e r ,  and 
r e c o r d e r  



Scheduled Maintenance 

The  scheduled maintenapce act ions  fo r  subsys tem operating equipment 

c o n s i s t s  of per iodic  cleaning of m i r r o r  sur faces  t o  maintain requi red  
' 

ref lect ivi ty ,  lubr ica t ion  of elevation and animuth d r ive  units ,  and a n  annual 

damage  and cor ros ion-cont ro l  inspection. Scheduled maintenance for  mainte- 

nance support  equipment includes t e s t  .equipment cal ibrat ion and se'rvicing 

and load t e s t  recer t i f i ca t ion  f o r  handling and hoisting equipment. Tasks  and 

frequency r equ i r emen t s  a r e  identified in  Table 3-12. 

Correct . ive Maintenance : 

Cor rec t i ve  maintenance act ions  unique t o  the co1lecl;or subsys tem a r e  l is ted 

i n  Table  3-13. Cr i t i c a l  alignrrieuta and adjustments  a r e  necessary. fol lowing 

r emova l  and rep lacement  of heliostat  components. and senso r s .  Descriptions 

of c r i t i c a l  a l ignments  and adjustments  a r e  in  the  paragraph  on Installat ion 

Tasks .  \ 

Table 3 -  12 

SCHEDULED MAINTENANCE . . REQUIREMENTS 

Sys tem 
Component Quantity T a s k  Frequency 

Subsys tem Equipment 

Heliostat  Ref lec tors  22,914 Clean 30 Days 

Hel iosta t  Drive Units 45,828 Lubricate  Annual 

Hel ios ta t  A s s e m b l y / ~ i e l d  22,914 Inspect Annual 

Support  Equipment 

Handling Sling - M i r r o r  8 Load Cer t .  Annual 
Mobile -Fie ld  ,Tes t  Station 8 

P r i n t e r s ,  ~ ~ T / ~ e y b o a r d  Inar t  and 30 Days 
Tape Reader ,  Reco rde r ,  Serv ice  
Digital Eye Sys t em 

Mult imeter ,  Oscil loscope,  Ca l ib ra te  6 Mo 
Digital Counter,  Mfgr. 



Table 3 -  13 
, . 

' CORRECTIVE MAINTENANCE 
,, . .  .MAINTENANCE MANHOURS PER MAINTENANCE' TASK 

Elect  Mech Opt ' Crane Forklift , T r n c h r  C-Picker  
1tem - c q . m p o n e n t / ~ a s k  +EMT Tech ,, Tech Tech Opor P p e r  Rigger . Oper Oper 

1 Field Controller ( F / C )  
Remove/Replace 1. 36 
Repair  0.66 

. 2 Heliostat.Controller (HIC) 
Remove /Replace 1.10' 
Repair  0.53 

3 Azimuth Drive Assembly 
Remove/Replace 2. 68 

4 Elevation Drive Assembly 
Remuve/Replace 2.43 

5 Elevation Dr Motor and 
1st Stage :Drive - , 

Remove/Replace 1.54 

. " 6 . Az Dr Motor and 1st  
Stage Drive 

RemovqlReplace . . 2.15 

7 Elevation Shaft Encoder 
-Remove/Replace , 1.10 

8 Az Shaft Encoder 
Remove /Replace 1.62 

9 Elevation Shaft Turn 
Pickoff 

RemoveIReplace 1.05 

10 Az Shaft Turn Pickoff 
Remove /Replace 1.33 

11 Pedestal  J-Box (with F / C )  
Remove /Replace 4.00 
Repair  1.60 

., . 12 Pedestal  J -Box  (with HIC)  
Remove /Replace 3.50 
Repair  1.45 

13 Pedestal  
Remove/Replace 1.57 
Repair  0.80 

14 Reflector Panel  
Remove/Replace 1.12 

15 Reflector Structure 
Remove/Replace ' 5.04 
Repair 0 .88 

16 Beam Sensor  . , 

Remove/Replace 1.12 

17 Sensor Pole 
. ' Remove/Replace . 1.. 0 1 

18 Pedestal  Cables 
l7c111uve / ~ e p l a c e  1. 66 
Repair 1.45 

19 Field Cables  
. Remove/Replace 6.05 

Repair  2. 13 

20 Distribution Panel 
Remove /Replace 4.03 
Repair 1,. 23 

21 Trans former  ' ' 

Remove/Replace . . 8 .55  
Rcpalr  2.68 

+EMT = Elapsed Maintenance Time 



T h e  p r e l i m i n a r y  supply  s u p p o r t  concep t  is r e s p o n s i v e  t o  t h e  b a s i c  concep t  of 

having a c e n t r a l i z e d  main tenance  and supply  depot  located  at t h e  s e l e c t e d  

p r i m e  power  p lant  module .  The  bulk of s p a r e s  and r e p a i r  p a r t s  would b e  

r e c e i v e d ,  s tocked ,  and  i s s u e d  t h e r e ,  with only se lec ted  s p a r e s  and r e p a i r  

p a r t s  s t o r e d  f o r  u s e  at t h e  s a t e l l i t e  modules .  

T h e  s e l e c t i o n  and  pos i t ioning of s p a r e s ,  r e p a i r  p a r t s ,  and c o n s u m a b l e s  wi l l  

depend  on the  l e v e l s  of r e p a i r  d e t e r m i n e d  by t h e  suppor t  r e q u i r e m e n t s  

a n a l y s i s  and the following r r i t e s i a :  

A .  T h e  m e a n -  Li~i~e-bctween-maintenance-actions provided by the  

mainta inabi l i ty  a n a l y s e s  wi l l  b e  t h e  d e p a r t u r e  point for s p a r e s  

d e t e r m i n a t i o n s .  The  quant i t ies  and m i x  wi l l  b e  s u c h  t h a t  t h e r e  is a 

9070 probab i l i ty  of a p a r t  being ava i l ab le  on demand.  

B. P ipe l ine  quan t i t i e s  wi l l  b e  d e t e r m i n e d  on the  b a s i s  of system l oca t ion  

d e m a n d  r a t e  and r e p a i r  c y c l e  t i m e s .  Resupply  methods ,  d i s t r ibu i ion ,  

and loca t ion  of s y s t e m  s t o c k s  wi l l  b e  deternl ir ied a f t e r  site se lec t ion .  

C. Long- leadt ime supply i t e m s  wi l l  b e  p r o c u r e d  o r  r e l e a s e d  e a r l y  

enough t o  b e  on s i t e  30 d a y s  p r i o r  t o  in i t i a l  opera t ion .  O t h e r  i t e m s  

wil l  b e  p r o c u r e d  o r  r e l e a s e d  l e a d t i m e  away  t o  m i n i m i z e  o b s o l e s c e n c e  

due t o  des ign  changes ,  excep t  f o r  t h o s e  i t e m s  f o r  which s igni f icant  

c o s t  sav ings  c a n  b e  achieved th rough  acquis i t ion  c o n c u r r e n t  with 

production.  

Techn ica l  Doc umenta t ion  
- - - 

Maintenance  p r o c e d u r e s  wi l l  have been  p r e p a r e d  and used d u r i n g  P i l o t  P l a n t  

opera t ions .  Ins t ruc t ions  wi l l  def ine  p reven t ive  and c o r r e c t i v e  maintenance, .  

f au l t  de tec t ion ,  inspec t ion ,  a l ignment ,  lubr ica t ion ,  and r e p a i r  r e q u i r e m e n t s .  

Ins t ruc t ions  will  be u.pdatcd, t o  r e f l e c t  equipment  modif ica t ions  and p r o c e d u r a l  

i m p r o v e m e n t s .  

T r a i n i n g  

A t ra in ing  p r o g r a m  developed f o r  P i lo t  P lan t  opera t ions  wi l l  inc lude  c o u r s e s  

and pe r t a in ing  t o  c o l l e c t o r  . s u b s y s t e m  . r e q u i r e m e n t s  f o r  t a s k s ,  maintenance ,  

and  s k i l l s ,  and wil l  b e  preseited t o  p e r s o n n e l  se le=tdd f o r  s i t e  opera t ions .  



P r i m a r y  method wi l l  be on-the-joblon-equipment training with supervis ion by 

a .knowled.geable ' t raining engineer. 

The training p r o g r a m  will be t i m e ~ p h a s e d  t o  ensu re  a smooth and effective 

operat ion a t  the oriset of s i t e  activation. 



Section 4 

PILOT PLANT COLLECTOR DEFINITION 

The Pilot Plant collector subsystem has been designed to be the best 

representation of the best Commercial Plant collector possible, consistent 

with production volume and plant size. The collector subsystems for both 

the Commercial and Pilot Plants were described in Section 1. 1 and the 

Commercial collection in Section 3.  The Pilot Plant collector described in 

this section is the result of flowdown of the Commercial collector design 

and requirements, results f rom the collector Subsystem Re search Ex,periment s 

(SRE), and lower-level t rades considering Pilot Plant peculiar requirements 

and a n  ilable materials and technology. 

4.1 PILOT PLANT COLLECTOR REQUIREMENTS 

The Pilot Plant collector requirements a r e  in general identical to those for  

the Commercial Plant. This section summarizes requirements with the 

source (Commercial Plant flowdown or  Pilot Plant peculiar) identified, 

4. 1. 1 Performance Reauirements 

The Pilot Plant reflector should reflect the sun's light with an  average 

specular reflectivity of 0. 88. .This requirement is based on available, 

suita'ble materials for  the Pilot Elant. 

The heliostat should reflect the sunlight with combined beam and tracking 

e r r o r s  of l ess  than 3 m r  standard.deviation, and concentrate the maximum 

cost-effective fraction of the sun's light on the receiver in the prescribed 

distribution, This requirement flows down from the.Comme,rcial plant. 

The heliostat slew rates a'bout the drive unit axes should 'be greater  than 

12 deg/min to permit rapid, stowage during a rising wind. Other slew rate 

requirements such a s  emergency defocus from the receiver, sun acquisition 

from stowage, and orientation for maintenance result in lower rate 

requirements. These riquirements flow down from the Commercial Pl~ant. 



The  heliostat fundamental vibration frequencies shall be grea ter  than 1 Hz t o  

preclude dynamic coupling with the controls system and iminimize wind- 

induced vibrations. The heliostat and sensor  pole shall not undergo flutter 

o r  divergence for  survival winds up to  40.3 m / s  (90 mph). These require- 

ments  a l so  s tem f r o m  the Commercial Plant requirements.  

4. 1 .2 Environmental Requirements 

The heliostat shall  withstand winds with peak gust speeds up to 40.3 m / s  . 

(90 mph) in the. stowed position without damage. The heliostat shall a lso . 
withstand winds up to 22.4 m / s  (50 mph) in any orientation without damage; 

These  wind speeds are flowdown requirements from the Commercial Plant. 

The heli,ostats and controls s y s t a n ~  shall with~tzand temperatures f r o m  -30°c 

(-22OF) to +4y0c ( 1 2 0 ~ ~ )  without damage and shall be able to operate. 

The heliostats and controls shall withstand ice loads up to 50 rnm (2  in. ), 

snow loads up t o  250 P a  (5 psf), rain up t o  50 m m  per  hour (2 in. /hr ) ,  and 
2 2 -5 -5 

hlnwing duat up t o  10 Hz /m sec (10 g m / m  sec)  without damage. 

The reflective surface shall  survive hailstones up to 19 m m  (314 in. ) at  

20 m / s  (65 fps) in any orientation and 25  mrn (1 in. ) a t  2 3  m/s  (75 fps)  in 

prefer red  orientations without damage. Earthquakes with peak ground 

accelerat ions up to  O.25g shall a l so  'be survived without damage. 

J~ll of the a'bove requirements flow down f rom the Commercial collector 

requirements.  

4. 1. 3 Safety Requirements 

The heliostats must always b e  controlled such that no unsafe combinations. of 

'beam intensity, i r radiance,  and retinal image size may exist outside of a 

prescribed exclusion a r e a  'in the a i r  space surrounding the Pilot Plant. 

Heliostat beams falling on the ground o r  on structures within the Pilot P,lant. 

boundaries will s imilar ly 'be controlled to  preclude personnel hazards and 

possible damage to  s tructures.  Prescr ibed safety equipment may be cbn- 

s idered in determining hazardous light levels within the Pilot Plant. While 

this  requirement flows down f rom the Commercial Plant,  the details which 

resu l t  will be somewhat different because of different focal lengths of the 

two systems. 



Applicable Federal .and State OSHA regulations will apply. In addition, other 

safety codes such a s  National F i r e  Protect ion Association (NFPA) and . . 

American National Standards Institute (ANSI) requirements  will 'be o'bserved, 

a s  in the Commercial  Plant. The collector field shall  be capable of being 

safely stowed in the event of (1) p r imary  -power source  (EPGS) fa i lure ,  

(2) l o s s  of.power a t  a c r i t ica l  point in the distribution network, (3 )  l o s s  of 

communications with the sys tem Master  Control, (4) fai lure  of a field 

control ler ,  o r  (5)  fa i lure  of a heliostat. The collector field shall 'be capable 

of indicating to  the sys tem m a s t e r  control the, operational status of a l l  

c r i t ica l  components implied a'bo've and signaling to  the sys tem m a s t e r  control 

any fai lures  of those components to  respond to command. 

4. 1.4 Interface Requirements 

The Pilot Plant collector will simulate and demonstrate a l l  Commercial  Plant 

collector ~ ~ b s y s t e m  interfaces.  The Pilot Plant will draw operating power 

f rom the EPGS. While.voltages need not be the same ,  the principle of . 

p r i m a r y  and secondary feeder  ca'bles interfacing a t  a stepdown t r ans fo rmer  

will 'be demonstrated. P r i m a r y  control of the collector field will 'be through 

a communications interface with the sys tem   aster Control. The collector 

field shall  concentrate the sun ' s  light on the receiver  in the m a n n e r  prescri'bed 

in Section 4. 1. 1. 

4. 1. 5 Operating Modes 

The Pilot Plant collector subsystem will be capa'ble of simulating and demon- 

strating a l l  of the commerc ia l  collector subsystem operating modes. These  

modes include (1) normal  tracking, wherein the heliostats t r ack  the sun 

autoinmrzlasly, (2)  ~ y n t h e t i c  tracking, wherein the heliostats t r ack  any moving 

point in the sky and to any moving target  point within a n  allowed range of 

motion under the direction of the sys tem m a s t e r  control, ( 3 )  command 

positioning, wherein the heliostats a s sume  a directed position. for  stcwage, 

clean,ing; dther maintenance, e tc ,  (4) local manual control a t  the fia1.d 

control ler ,  and (5) local manual control a t  the heliostat controller.  . 



% 4. 1.6 Stowage 

The Pilot Plant shall  be capable of executing and demonstrating the potential,, 

Commercia l  Plant stowage positions. These positions a r e  (1) vertical . . 

stowage, where.i.n the heliostat i s  oriented with its reflective surface vertical 

to  within + 15'; (2) inverted stowage wherein the heliostat i s  or iented with . 

0 i t s  reflective surface horizontal to within * 2 and face down, (3 )  face-up 
., 

stowage wherein the heliostat i s  oriented with i ts  inflective surface 
0 horizontal to within * 2 and face up. 

. . 

During vertical stowage, the heliostat may be rotated.to any azimuth 

orientation. The sys tem Master Control and power   upp plies must be 

available to  permit horizontal stowage (face-up o r  inverted) in the event of 

high winds, blowing sand and dust, light rain,  etc. During horizontal 

stowage, the heliostat may also 'be rotated to prefered azimuth orientations. 

If these orientations a r e  to  be used to reduce the peak drive unit loads, system 

Master  Control and sys tem power must be available and ensured during high 

winds and failure to achieve the prefer red  orientation must resul t ,  a t  most ,  

in damage limited to the drive unit elements suffering degraded performance. 

4. 1.7 Production and Support 

The Pilot Plant collector field will 'be designed to facilitate economic' 

production and installations. The production and installation methods employed 

must aid in meeting the Pilot Plant goal of "indicating economic feasibility of 

a Commercial  Plant ' through a design, production technique, and installation . . . . 
method which will provide economic data for the Commercial Plant. 

The support concept of the Pilot Plant should likewise simulate that of the 

Commercial  Plant to  provide economic data on operating costs.   he collector 

should 'be designed to facilitate cleaning and other scheduled and unscheduled 

maintenance activities.  
. . 



4 . 2  PILOT PLANT COLLECTOR DESIGN 

The Pilot Plant collector design flows down f rom the requirements  in 

Section 4. 1. The Pilot Plant collector field simulates a s  closely a s  possible 

the charac ter i s t ics  of the Commercial  sys tem collector field (Section 4 . 2 .  1). 

The collector design i s  discussed in Sections 4 . 2 . 2  through 4 . 2 .  10. The 

design: covers:  

Reflector. 

Structural support. 

Drive unit. 

Pedestal/foundation. 

Closed- and open-loop control. 

i Controls sensors .  

. ~ i e l d  controllkr. 
. . .  

Heliostat electronics.  

a Collector field wiring. 

The safety, availa'bility, and s ippor t  concepts a r e  covered in Sections 4 . 2 .  11 

through 4.2. 13. 

4.2.  .1 . Pilot Plant Collector Field Layout 

The  principal objective in defining the Pilot Plant collector field i s  to  

simulate as c lose ly 'as  possi'ble the charac ter i s t ics  of the Commercial  sys tem 

collector field. This  simulation objective includes 'both the heliostat packing 

charac ter i s t ics  and the relative geometry between the heliostats and the 

receiver .  

. . 

In making the t ransi t ion to  the Pilot Plant collector field, it i s  ' seen  that the 

cellwise approach, used to  analyze the Commercial  system, i s  of questionable 
. . 

. worth in the Pilot Plant because each ce l l  contains only a few heliostats 

(typically 10 to  30) with most  interacting with the ce l l  boundaries.   his,' 
preserving the cellwise approach to  the layout would produce a la rge  number 

of discontinuities and local compromises in the layout required to t ransi t ion 

between cel ls .  

The Commercial  optimized collector field laid out in the radial  staggered 

arrangement  i o  a0 nearly c i rcu lar  ( see  Appendix Dl Volume 11) that it 



s e e m s  appropriate  to a s s u m e  that the Pilot Plant could be laid out along 

unbroken c i r cu la r  rows. The next issue which must  be addressed  i s  how the 

rad ia l  s tagger  a r rangement  can  best be fitted into the c i rcu lar  field layout. 

The  s tagger  requires  adjacent c i r c l e s  to  have the same number of heliostats,  

s o  that the inner c i r c l e s  become progressively compressed,  until an  

unacceptable density occurs .  Consequently, the field has  to  be split intp 

c i r cu la r  zones. The zone boundary allows for  a decompression via lessening 

the  number of hel iostats  p e r  c i r c l e  in the inner zone. Six zones a r e  required 

fo r  the Pilot Plant. 

The  t ransi t ions required between the zones could be accomplished 'by opening 

c i r cu la r  gaps between adjacent layout c i r c l e s  at  the interface o r  by.using a 

s e r i e s  of exact ra t ios  for  reducing the heliostat density. By using the gap 

approach,  a significant portion of effective ground a r e a  i s  unusable which 

f o r c e s  the heliostats that would normally be placed in those a r e a s  to  m o r e  

remote  and l e s s  effective locations in the field. The exact ratio approach 

minimizes the existence of such wasteful gaps and thus appears  to be a 

super ior  approach. 

A s e r i e s  .of studies produced the following resu l t s  regarding the rationing 

down in  num'bers of hel iostats  in adjacent ci .rcles:  

A. 312 provides excess  decom,pression, resulting in wasted space. 

B. 413 provides an  intermediate very satisfactory situation. 

C. 514 provides too l i t t le decompression,-resulting in many zones. 

The  413 reduction leads  to  the situation shown in F igure  4-1. The  outer 

t h r e e  heliostat c i r c l e s  represent  the normal  radial  stagger arrangement .  

With the third c i r c l e ,  it i s  assumed that the compression is.'becoming too 

seve re  s o  that a subsequent expansion in the layout i s  neces,sary. This third 

c i r c l e  fo rms  the s l ip  plane which would correspond to the innclr circle of one 

of the  field layout .zones. The  expansion in the figuce i s  accommodated by 

opening up the inner c i r c l e  angular spacing 'by 41 3 over what . y a  s previously 

used. This  resu l t s  in  a periodic lining up of heliostats in  adjacent layout 

c i r c l e s  a t  the s l ip  plane interface. This effect can  be seen  a t  the center  of 

the th i rd ,and  fourth layout c i r c l e s  in the figure. Since a grea t  deal of 
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blocking and shadowing would occur 'between these aligned hel iostats ,  the m o r e  

remote  heliostat i s  deleted f rom ' the  collector field a s  indicated in the figure. 

Heliostats on the same  layout c i r c l e  and immediately adjacent to  the deleted 

heliostat  a r e  shifted somewhat into the void a r e a  to  improve the i r  optical 

performance.  The degree  of shift i s  l imited 'by blocking and shadowing 

conditions with heliostat s 'behind the one 'being. shifted. 

The resulting heliostat field layout which has  been developed for  the Pilot 

Plant was shown in F igure  1-2. As seen, the ideal c i rcu lar  field has been 

broken into quadrants by access  roads. This  has  resulted in the displacement 

of some heliostats to  m o r e  r emote l l e s s  favorable locations. In a l l ,  1,760 

heliostats a r e  included in the design, a s  follows: 

Required Heliostate 

Minimum num'ber required (ideal. scaled 

coJ.l.ectnr fi.eld) 1 ,703 

Impact of displacement for  roads t 12 

Fie1.d controller outage (1) t 24 

Individual heliostat outages (5)  t 5  
. . Heliostats passing through control singularity t 1.6 

Total 1 ,760 

A heliostat  reflectivity of 0. 88 i s  assumed for  this  sizing analysis  which 
. . 

would b e  representat ive of a n  average unwashed value. The outage a s  sumption 

used in  a r r iv ing  a t  the total  heliostat requirement i s  cbnseAat ive  in that ' the - ' 

dai lyhel iostat  fa i lure  ra te  of 1 to  2 i s  m o r e  appropriate. 1f no fai lures  a r e '  

experienced a t  the winter 2 P M  design point, an  additional 1% degradation in 

heliostat reflectivity Could be  tolerated without impacting the syst&nls ability 

to  satisfy the design point p ~ i n t ' ~ o w e k  level. 

Before leaving the discussion on the 'overall Pilot Plant configuration, .it i s  of 

in te res t  t o  compare the fidelity of the Pilot Plant with the model Commercial  

system. Fac to r s  to  be compared include the heliostat f ields,  the cent'ral 

r e c e i v e r s ,  and the total sys tem perfomances. The Pilot plant  and the 

Commercia l  sys tem use  the same  basic heliostat ,  so  that Pilot Plant con- 

s t ruct ion will contribute to  the m a s s  production experience for  the heliostats 



-' which &ill go into the ultimate commercial system. However, in order to 

maintain concelitration with 7. 87'0 a s  many heliostats, the Pilot Plant concept 

calls for canted heliostats. Six rectangular flat segments a r e  used, canted 

to focus on the receiver. One might expect that this will lead to Pilot Plant 

concentration ratios of 46.8% of that for the Commercial system (6 x 7. 8%). 

However, a im strategies a r e  used to ensure that the incident heat flux on 

the receiver i s  compatible with its cooling capability. Peak heat fluxes of 

0.3 Mw/m2 (0. 184 ~ t u ) /  2) and 0.85 MW/m 2 (0.52 Btu/sec-in 2 )  a r e  sec-in 
the lirhiting design values for the Pilot Plant and Commercial systern, 

res$ectively. The overall concentration ratio (glass a r ea  to receiver surface 

a rea)  for the Commercial system is  638. 5, while the corresponding Pilot 

Plant level value is  243. 

. 
A comparison of the ground coverage densities 'between the two systems is  

presented-in Figure 4-2.. The heliostat locations for the commercial system ,. 

have 'been transformed to equivalent Pilot Plant field locations which a r e  

expressed in t e rms  of layout circle num'ber. The four lines for the 

Commercial system refer to the four indicated sectors of the field. In this 

way, a comparison with the complete Commercial system can be seen. 

Superimposed on this figure a r e  the six solid lines which represent the 

equivalent ground coverage for the six Pilot Plant circular groups o r  zones. 

It i s  seen that a good agreement exists 'between the two systems except near 
. . 

, s .. the , . inner . portion A , .  of the field, where locally higher coverage values occur 
for the Pilot Plant. Par t  of the reason for this i s  that the Pilot Plant field . . 
data that i s  availa'ble for every c i rc le  f a r  exceeds the level of resolution 

. . 
possi'ble,for.the commercial syst.em which is  defined in a .g ross  cellwise 

manner. As a result, similar local effects would 'be anticipated for the 

Commercial system although they do not appear on the curve. 

A comparison of local heliostat performance o r  "brightness" between the 

two systems i s  shown in Figure 4-3.  The saw tooth pattern for the Pilot 

Plant i s  caused by the six layout zones which periodically compress and 
I % .  1 '- 

expand, causing the fluctuations in performance. kt i s  seen that good overall . , 
agreement exists to the north and northeast directions from the tower while 

somc discrepancies occur toward the south and southeast. Par t  of this effect 
'1.. . 



CIRCLE NUMBER 

Figure 4-2. Ground Coverage Factor Comparison 





i s  due to the north-south staggered pattern which was origi'nally assumed for 

the south field of the commercial system. Unfortunately, changes in the 

computercodesduringthisperiodmakeitdifficulttogenerateexactly . '  .- 

comparable performance data for the l o o - ~ ~ &  radial staggered southein 

field. Every indication is  that that correlat ion i s  apprecia'bly 'Better than the 

one shown here. In particular,  note the expanded scale on the chart ,  the 

largest  difference in redirected energy i s  a'bout 4%. Thus, t he  varLathn o f .  

"'brightness" in the 100-MWe 'baseline is  well preserved in the Pilot Plant. 
. . ' , , ' .  , . ,. 

Preservation of this "brightness" and of the ground coverage is  essential if 

the receiver in the Pilot Plant i s  to experience spatial and t e ~ ~ l p o r a l  flux 

variations which a r e  representative of those which will be encountered in the 

Commercial system. Consequently, it i s  believed that the Pilot Plant will 

give a t rue  representation of al l  the important behaviour and problems which 

will occur in the Commercial Plant. Further,  all  the various concerns of 

access ,  mechanical l imits ,  and heliostat interact ions which will occur in thc 

Commercial system will be revealed in this Pilot Plant configuration. 

4.2.2 Reflector Design/Performance 

This section describes in detail the selection of the MDAC reflector panel 

design and rationale. F i r s t ,  a discussion of the mi r ro r  type, glass thickness, 

i ron content, and reflectivity i s  gi.ven. Data =re  presented to support our . . 

choice of reflector design for the Pilot Plant, 1 j8-in. float glass with 0. 057" 

iron content and 9 17' reflectivity. Second,' ' the development 'of the .MDAC' . :  

second surface reflector panel i s  traced; 'beginning with des'criptions of a 

laminated mi r ro r  and a foam-core sandwich reflector. ' A detailed comparison 
. . 

between the two reflector panel types i s  then shown, listing the a'dvantages and 

disadvantages of 'each, and ending with the rationale for MDACt s choice of.the 

foam-core 'sandwich a s  the Pilot Plant design. Third, various design details 

of the reflector panel a r e  given, such as' panel dimensi'on selkctidn, panel: 

description, edge seal ,  and weights of materials. 



4.2.2. 1 Selection of Glass Thickness/Iron Content. 

The theoretical total efficiency of silver. is 98. 770'". The. specular reflgctance 

efficiency a t  4 m r  of commercially applied chemically deposited s i lver  was 

measured to  be 92. 870 (Ta'ble 4-1). However,: difficulty in stabilizing the . , 

signal and reducing 'background noise level a t  the 4 -mr  aper ture  opening have 

made this  measurement  suspect. The reflectance efficiency measurements  

a t  8 and 16 m r  a r e  probably m o r e  representative.  

Various chemical si lvering processes  were next measured to  determine 

whether there  a r e  differences in the reflectance among the various commerc ia l  

processes .  No appreciable differences ,in reflectance efficiency were. found 

'between the different commercial  silvering process  (Table 4-2),  o r  for  

varying s i lver  thickness for  the Mirrola'b P r o c e s s  f r o m  0.65 to  1.29 g / m  
2 

2 
(60 to  120 mg/ft  ) (Ta'ble 4-3). Consequently, any nationally used chemical 

silvering process  such a s  Mirrolab, London Laboratory, Hilemn, o r  Peacock 
2 2 

P r o c e s s  a t  a minimum s i lver  thickness of.0.75 g /n l  (70 mg/ft  ) will 

probably provide the necessary reflectance efficiency. 

The dependence of so lar  t ransmit tance through g lass  with varying, i ron content 

and g lass  thickness has  been observed by R. Surowiec of Ford  Motor Glass 

Company (see F igure  4-4). This  was a l so  observed by MDAC when both sheet 

and float glass  with varying i ron content and g lass  thickness were mi r ro red .  

The resultant reflectance efficiencies were measured (Table 4-4) and a r e  

plotted on Figure 4-5, where the strong dependency of reflectance efficiency 

with i ron oxide content and g lass  thickness can be seen. Plotted a l so  a r e  the 

expected reflectivity data converted f rom Surowiec's so lar  t ransmit tance 

data. The  measured  reflectance data was in good agreement with the predicted 

reflectance data fo r  g lass  with i ron content in excess  of 0.0770 by weight. 

Although the total reflectance efficiency of g l a s s  a t  a thickness of . 3 . 2  m m  

(118 in. ) with an  i ron  oxide content of 0. 0570 by weight i s  around 91 to  9370 . 

(Ta'ble 4-4), the specular component is  lower. A typical curve for sheet 

*< 
R. Kingslake (ed. ). Applied Optics and Optical Engineering, Academic 
P r e s s ,  1965, p. 313 



Table 4-1 - 

SOLAR REFLECTANCE EFFICIENCY OF'SILVER A T  AIR MASS TWO 

Average 

Solar Reflectance Efficiency a t  the Value 
Over 

Exposure Acceptance Following Wavelengths (Nanometers)  Mir ror ing  Silver Solar  
P r o c e s s  Deposition (Davs) Angle ( m r )  426 498 561 623 691 774 86C I008 1208 1594 Spectrum 

Theoret ical  
(Kingslake) Vapor 
- p p p  

Liberty Protected 93.0 95. 5 95. 5 96. 0 96. 5 97. 5 97. 5 98. 0 98. 0 98. 5 
M i r r o r  Vapor by top coat 

96.6 ' 
125 

98.0 97.5 96.5 97.0 97.0 97-13 96.5 9 7 . 0 ' 9 7 . 5  97 .0  97. 1 

1 
(s tored 

h l i r ro lab  Chemical  for in nitrogen 88 . 8 88. 2 92.9 93. 8 95. 5 94. 8 92.0, 93. 3 95. 7 95.6 - -  93. 5 

London 
Laboratory Chemical  7 125 80.0 92.0 96..5 98.0 99.0 99.0 99.0 99.0 98.5 99.0 96.0 

P P G  
Industr ies  Chemical  42 



Table 4-2 

S3ECULAR REFLECTANCE EFFICIENCY O F  VARIOUS SILVERING PROCESS 
USING 6.5 m m  (114 IN. ) THICK FORMED GLASS 

-- 

Values a t  Various Acceptance Angles ( m r )  

o v e r  Solar At Wavelength of 
Spectrum 550 Nanometer Using 

Specimen Silver Thickness Using Beckman Specular Photometer  
Silvering P r o c e s s  Number ~ r a m s / m ~  125 m r  125 m r  8 m r  4 m r  

Peacock Laboratory 55-3 1. 35 85.0 93. 5 91.0 62.0 
(125 mg/f t2)  

2 pa r t  51-5 0. 86 84.3 91.0 90.0 88. 5 
London (80 mg/ft2) . .  . 
La'boratory 

3 part 56 -4 0. 84 84. 5 93.0 92. 5 85.0 

e -. (78 mg/f t2)  
VI 

Hilemn 57-  1 0.82 84. 1 92.5 91. 5 7'9. 0 
(76 mg/f t2)  

Mir  r ola'b 



Table 4-3 

SOLAR REFLECTANCE EFFICIENCY AS FUNCTION OF 
SILVER THICKNESS FOR MIRROLAB PROCESS 

~ e f l e c t a n c e  ~ f f i c i e n c ~  a t  Var iocs ~ c c e ~ t a n c e  Angles ( m r )  

Beckman Silver Spect rophoto- Specular Specula r 
Deposition 

Type Glass  me te r  (Over Photometer Spectrophotometer in Mill igrams Solar Spectrum) (550 nm) (Over Solar Spectrum) and. Thickness  Spe,zimen P e r  Square - 
(mm)  Number Decimeter  125 m r  16 m r  8 m r  4 m r  16 m r  8 m r  4 mr 

59-3 8. 6' 84. 1 91. 5 91.0 89.0 
(80 mg/f t2)  

Fourco  Sheet 
e d Glass  60-1 . lo .  1 85. 3 92.5 90.0 59:5 

: 6 . 5 m m  (94 mgl f t2 )  
(1 14  in. ) 

61-3, 10. 8 .  83. 1 90.0 88.0 82.0 
(100 mg/f t2)  

62 - 1 12.9 84.7 92.0 90.5 85.5 
(120 mg/f t2)  

87- 1 6.5 85.0 92.0 92.0 91.0 
- (60 mg/f t  ) 

ASG 88- 1 8.6 85.0 93.0 92.0 92.0 
Industr ies  (80 mg/f t  1 
Float  Gla s s 
2.4 mm 89- 1 10. 1 86.0 93.0 92.0 88.0 83.6 83.2 77.2 
(3132 in. ) . (94 mg/f t2)  

90-1 10.8 85.0 93.0 93. 0 93. 0 
(100 mg/f t  ) 
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Figure 4-4. Solar Transmittance as a Function of Iron Level. 



Table 4-4 (Page 1 of 2 )  

F-EFLECTANCE MEASUREMENTS O F  SECOND-SURFACE GLASS MIRRORS 

Values a t  Various Acceptance Angles ( m r )  

Over At Wzve1eng.h of 550 Over Solar Spect rum M i r r o r  Solar Spectrum Nanometer Csing Using Specular 
Manufacturer Thickness in Using Beckman Specular Photomeler  Spectrophotometer 

G las s  and Silvering Mil l imeters  Specimen 
(Wt % I ron Oxidel P r o c e s s  Used (In. I Number 125 m r  I6 m r  8 m r  L m r  16 m r  8 m r  4 m r  

ASG Indust r ies  
Float 
(0. 10-0. 13) 

Binswanger 
M i r r o r  Co. 
Mirrolab  P r o c e s s  

2 .4  
(0.093) See Table 4-3 

Lot No. 2 83. 7 92.0 1 . 3  90. 5 81.6 82. 1 79. 5 

4. 8 Lot No. 1 77.9 88.0  88 .0  31. 5 76.0 76.0 71. 8 
(0. 188) 

Buchmin Ind. 6 .4  64-22 71. 1 38.0 88.0 38.0 71.0 71.0 66.0 
Mirrolab  P r o c e s s  (0.250) 

F o r d  Motor 
Float 
(0.09-1.0) 

Bcchmin Ind. 52-5 86.0 96.0 95. 0 9 5 . 0  
Mirrolab  P r o c e s s  

52-6 86. L 93..0 93. 0 93.0 

LOF Float T y r e  Bros.  2.5 29-3 82.4 93.0 92.0 92.0 
Loadon Lab. (0.100) 

(0.12) P r x e s s  
6 .4  30-1 64.7 81.0 79.0 75. 0 

(0.250) 

Guardian Ind. Buchmin Ind. 3 .2 .  66-3 8 2 . 5 . : . '  ' 93.5 92. 5 '92.0 
Float (0.10) M i r o l a b  P r o c e s s  (0. 125) 



. . Table  4 - 4  ( P a g e  2 of 2 )  

R E F L E C T A N C E  MEASUREMENTS O F  SECOND-SURFACE GUSS MIRRORS 

.. < 

Values  a t  Var ious  Accep tance  Angles  ( m r )  

M i r r o r  O v e r  At Wavelength of 550 O v e r  S o l a r  S p e c t r u m  
Manufac tu re r  ThLc,kness in S o l a r  S p e c t r u m  Nanomete r  Using Using S p e c u l a r  

G l a s s  and Si tver ing Mi l l rme te r s  Spec imen  Using Beckman  Specu la r  P h o t o m e t e r  Spec t ropho tomete r  
(Wt.70 I r o n  3 x i d e )  P r o c e s s  Used (In. ) Number  125 m r  16 m r  8 m r  4 m r  16 m r  8 m r  4 m r  

P P G  Indus t r i e s  0. 05  Buchmin  I n d u s t r i e s  3 .2  3 92 9 5  9 5 9 5  . 90 . 89 84  
F loa t  M i r r o r l a b  P r o c e s s  (0. 125) 

AS' Ind. 
L u s t r a  Sheet 
(0. C5-0.06) 

Buchmin  Ind. 110-2 9 4  9 2 9 2 8 8  
M i r r o r l a h  Prnresc  . . 

G a r d n e r  M i r r o r  
Co. & P r o c e s s  

T y r e  B r o s .  
2 P a r t  
London Lab .  
P r o c e s s  

F o u r c o  Shee t  
(0 .06)  
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Figure 4-5. ~ f f e h  of lron'hntent and.Glass ~hjckniss on Reflectivity , 



and float g lass  is given i n  Figure 4-6. .The 4 -mr  data have been deleted 

because of apparent experimental e r r o r .  Data by Dr. Petti t  of Sandia, 

'(Albuquer.que) a r e  included to  show typical behavior in the narrow-angle region. 

Dr. Pet t i t  a l so  measured the degradation of specular reflectivity due to  

m i r r o r  soiling. Figure 4-7 shows some of pe t t i t ' s  ear ly  data,  a s  yet 

unpublished. The clean m i r r o r  reflectivity i s  9 1. 5 at  . 500,-nrn . wavelength. 

The m i r r o r s  were maintained a t  a constant orientation, a s  Lndicated. The 

vertically s tored m i r r o r  shows the least  degradation, 'probably because of the 

, 
, cleaning effect of dew, f ros t  and rain.  The face-up stored m i r r o r s h o w s  the 

grea tes t  degradation because the a'bove factors  will tend 'to cake the d i r t  

ra ther  than clean. The face.-down stowage accumulated dust which degraded 

the specular reflectivity of the m i r r o r s  m o r e  than the total  reflectivity. Data 

f r o m  the MDAC tes t s  at  China Lake a r e  a l so  indicated on Figure 4-7. The 

clean m i r r o r  reflectivity i s  0.87. Data a t  17 m r  averaged over the so lar  

spectrum a r e  shown a s  a range fo r  face-up.and face-down stowage. The 

range in these data reflects the effect of varying environmental conditions 

including rain,  dew, dust,  and frost .  Based on these data,  degradation of 

specular reflectivity i s  estimated a t  3010. The degradation of specular 

reflectivity for  an  operating plant will depend on the s i te ,  meteorological 

conditions, and the operating orientation of the m i r r o r  in addition to  the 

stowage position. Therefore,  any est imates  of the reflectivity reduct ion due 

to m i r r o r  soiling ba,sed on the a'bove data a r e  speculative. . . . .  . ,J 

Evaluation of the leading candidates fo r  the m i r r o r  g lass  for  Pilot  Plant 

('l'able 4-5) would resul t  in the selection of 3. 2-mm (118-in. ) thick 0. 05% 

F e  oxide PPG float. It has  a total  measured  reflectance efficiency of 92% 

which would result  in an  expected average specular reflectivity of 87010 to 88'7'0, 

The g lass  i s  commercially available in large s izes  and, being float g lass ,  

past  measurements  indicate that it would be f la t ter  and have l e s s  residual 

s t r e s s e s  than sheet glass .  

F o r  the Commercial  Plant ,  the total  reflectance efficiency of g lass  m i r r o r s  

would 'be 9470 and the average specular reflectance,would 'be 9 170. This  can  

'be achieved 'by producing float g lass  with lower i ron  oxide content and 'by 
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Figure 4-7. Effect of Dirt and Reflector Orientati~n on Specular Reflectivity 



T a b l e  4-5 

PROPERTIES O F  CANDIDATE MIRRCRS FOR PILOT PLANT 

_ Iron Oxide 
.Thickness Content 

Glass  {mm) (Wt '3'0) 

Total 
Reflectance 
Efficiency 

(Air Mass 2) 

Cost i n  Cents. 
P e r  Square Decimeter 

(cen ts / f t2 )  - 

Initial EXfective. Impact Cracking 

PPG Low 3.2 0.05 . 9 1 * 1  10.2 . 0. 5 . , OK. OK 
Iron Float (9E) current  (5) 

(35) potential 

Clear  Float 3 . 4  0.07 . 88 * 1" 3. 8 3.8 :; Marginal Marginal 
(35) - (35) 

Ford  Motor 
Float 

SRE ASG . 3;'2 
LI Industries Float 
i .: y :. 

ASG Industries 
Sheet i 

I 

OK . OK 
Laminated Laminated 

Problem Problem 

N o t e s : " ~ x ~ e c t e d  effidiency based upon extrapolation of s imilar  m i r ro r s .  
Final  confirmation based on actual measurements  will 'be required. 



changing the FeOf Fe203 ratio. Because the Commercia l  Plant would require  

a la rge  volume of float g lass ,  m o r e  float g lass  manufacturers  would :be 

interested.in.melting low iron float. If so ,  tanks which had 'been used only 

for  melting c l ea r  float (0. 0770 by weight F e  oxide) could 'be .used which could 

result  in float g lass  with iron oxide content l e s s  than 0. 0570. In addition, 

the i ron  in float g lass  i s  present  a s  a mixture of FeO and F e  0 and 
2 3 

increased t ransmiss ion  efficiency can  'be achieved by changing the mixture 

to  resul t  in F e  0 only 'being present  because the la t te r  compound has  
2 3 

g rea te r  t ransmiss ion  properties.  This  can  be achieved 'by operating the 

float line in  a slightly oxidizing 'atmosphere. Since these techniques a r e  

current ly available, g lass  m i r r o r s  fo r  the Commercial  Plant can  be made 

availa'ble with a total reflectance efficiency of at least  9470 and a n  average 
I 

specular reflectivity of 9 170 between cleanings. 

4.2.2.2 Reflector Development 

The development of the MDAC reflector panel has  gone through seve ra l  

cycles .  The octagonal heliostat was f i r s t  conceived with a 114-in. float 

g lass  front-surface m i r r o r  with an acry l ic  protective coating. As a backup 

to  th is ,  MDAC planned to use  e i ther  a 118 + 1 / 8  in. o r  3/32 + 31 16 in. float 

g lass  lamiliated second-surface m i r r o r .  Both the front-surface m i r r o r  and 

laminated second-surface m i r r o r  underwent prel iminary environmental tes ts .  

In this  prel iminary tes t  prggram and the SRE program,  it became apparent .. 

that the front-surface m i r r o r s  could not survive the dese r t  environment. 

Therefore ,  the second-surface laminated m i r r o r s  were chosen a s  the 

reflector f o r  the inverting heliostat. Fu r the r  investigation of laminated 

m i r r o r s  revealed that they were  expensive because of the laminating process .  

A second surface m i r r o r  development program was thus begun to  develop a n  

.efficient, cost  -effective, second- surface m i r r o r  reflector.  Results of t r ade  

and cost studies ear ly  in the p rogram indicated a foam-core sandwich 

reflector showed adequate s t r u c t i ~ r a l  ,propertieo and low cost.  The foam-core 

sandwich ref lectors  were built and tested on the inverted heliostat in the  SRE 

program along with the laminated ref lectors .  In addition, both ref lectors  

underwent a s e r i e s  of component-level tes t s .  



4.2.2. 3 Laminated Reflector Design 

The laminated second surface mi r ror  reflector was the 'baseline reflector ior  

the inverted heliostat. Figure 4-8 shows the laminated reflector panel. It 

consists of a 118-in. float glass second-surface mi r ro r  laminated to a 

118-in. float glass substrate. Three galvanized steel hat-section stiffeners 

a r e  'bonded to the 118-in. glass substrate. The reflector panel i s  attached 

a t  six loactions to the c ros s  'beams. 

The design of the laminated reflector panels 'began during the. design phase 

of the inverted heliostat. A 118- in. + 118-in. laminated mi r ro r  was chosen 

to match the stiffness of the old 114-in. front-surface mirror .  'Flat-aoction 

dimensions and location were selected 'based on preliminary analyses and 

previously acceptable spans for 114-in. glass. ~ h k  heliostat reflector panels 

and supporting structure were modeled an the NASTRA.N structural analysis 

program. Five of the panels were modeled in a coarse grid and one panel 

was modeled in a fine grid. The fine grid panel was used to determine 

reflector slopes due tu ope rational wind, gravity, and temperature loadings. 

Minor. changes to hat-section dimensions and location were made to yield a 

reflector capable of meeting design requirements. The laminated reflector 

panel dimensions of 85 in. x 114 in. were determined by available glass size 

and division of the heliostat into six equal panels while keeping in mind the 

need for a square heliostat with a 28-in. slot for inverting. 

4.2.2.4 Foam Core Sandwich Reflector 

Figure 4-9 shows the details of the.foam-core sandwich reflector. The 

118-in. float glass second-surface mi r ro r  i s  'bonded to a 2-in. thick 

Styrofoam IB core ,  which is  'bonded to a 0. 022-in. thick galvanized steel 

backface sheet. The edges of the foam and . .  mirror ' , a re  . weathersealed. Four 

formed galvanized steel cups a r e  bonded to the steel backface sheet to 

provide for attachment of the reflector to the crossbeams. 

. . .  , . . . 
Face Sheets 

To develop an  efficient low-cost reflector it i s  desirabie to use the required 

m i r r o r  also a s  a structural  member. With the second-surface float glass 

mi r ro r  established a s  the front face, an investigation into an appropriate 
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Figure 4-8. Laminated Reflector 
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Figure 4-9. ~el io&at  Sandwich' Reflector 



'backface sheet was 'begun.   he' requirements of the backface sheet were 

high modulus, low cost, weathera'bility, and a coefficient of thermal 

expansion a s  close to that of glass a s  possi'ble. Many materials were 

considered; galvanized steel and tempered hardboard (Masonite) were the 

most promising. The major advantages of galvanized sheet steel a r e  its 

high modulus (stiffness) and outstanding weathera'bility. The major 

advantages of tempered Eiardboard a r e  low initial cost and excellent match 

of coefficient of thermal, expansion. The average coefficient of thermal 

expansion of float glass in the range of 30°F to 100°F is  3.9 x ~ o - ~ / ' F  com- 

pared with tempered hard board of 4.0 x ~ o - ~ / ' F .  The galvanized, steel was 

selected because of i ts  far  superior long-term weatherability. 

Core Type 

The selection of the core material was the next step in the de sign. The 

major requirements of a core material were adequate shear stiffness and low 

cost. Numerous materials were considered: aluminum honeycomb, p p k r  

honeycomb, polystyrene foams; polyurethene foams, foam glass, and formed 

plastics such a s  "Hale Core" and "Quadricore. " All materials considered, 

except the expandable 'bead polystyrene foam, could meet the stiffness require- 

ments, with paper honeycomb and extruded polystyrene foam ( ~ t ~ r o f b a m )  

'being the lowest in cost, Further investigation showed that the paper honey- 

com'b may absor'b water after a 'period of time and there'by degrade its 

structural Therefore, the extruded ,polystyrene 'foam was chosen, 

mainly 'because of i ts  low cost and adequacy to fulfill the remaining 

requirements. 

.Extruded polystyrene foam i s  manufactured in the United States only 'by the 

Dow Chemical Company. The Dow 'brand name for their extruded polystyrene 

foam is Styrofoam. Styrofoam comes in several types and mariy sizes. After 

testing and evaluating three types of Styrofoam (IB, SM, HD300), Styrofoam IB 

was selected 'because of i ts  good flatness when compared to the other t.ypes. 

Along with the selection of the foam type was the selection of the foam 

thickness. , . . . 



Foam Thickness 

The thickness of the Styrofoam core was determined by stiffness and thermal 

distortion requirements. The stiffness of the core was determined by 

equating maximum total deflection (shear plus bending) of the foam core  

panel for  a given uniform loading to the maximum deflection of a laminated 

m i r r o r  panel for  the same loading. This resulted in a core thickness of about 

1. 8 in. Therefore, IB foam of 2-in. thickness was selected and analyzed for 

thermal distortion. For  a 3 0 ' ~  change in temperature from the assumed 
0 bonding temperature of 70 F (i. e . ,  over the range of 4 0 ' ~  to 1 0 o O ~ ) ,  a 

maximum slope e r r o r  due to temperature of 1.71 m r  was calculated. (No 

temperature gradient was assumed across  the panel thickness. ) This was 

within the e r r o r  'budget allocated for temperature distortion. Thus, a 2-in. 

foam thickness was established. The thickness provided the required 

stiffness and face sheet separation to restrain thermal distortion. Both 

deflection and thermal distortion vary inversely with core thickness. Thus, 

i f  the core  thickness was increased 50% to 3 in.,  there would be a correspond- 

ing decrease in deflectio~ls. The panel dimensions of 85 in. x 114 in. were 

kept the same a s  those of the laminated reflector. 

4.2.2.5 Comparison of Laminated and Foam-Core Reflectors 

Both the laminated reflector and the foam-core sandwich reflector have 

advantages and disadvantages over the other. Table 4-6 and the following 

parag ra,phs compare the two reflectors over important criteria. The 

comparisons a r e  for the SRE reflector configuration. The major change 

between the SRE and Pilot Plant configuration i s  an increas'e in the mi r ro r  

thickness of the foam-core sandwich f rom 3 / 3 2  in. to 118 in, This change 

may affect the comparisons and i s  so noted in the following discussion: 

A,. Performance. Similar performance was observed 'between the 

laminated and' foam-core sandwich reflectors. 

D. F1atne.s s ,  The laminated reflector has greater  long wavelength 

deformation but this does not seem to degrade performance.. 



Table 4-6 (Page 1 of 2)  

c OMPARISON OF LAMINATED AND FOAM-CORE REFLECTORS 
~- ~ - -  

' Laminated Foam-Core Sandwich 
Cr i te r ia  1 / 8  in. + 1 / 8  in. , 0. 170 Iron 3/32 in. , 0.07% Iron 

Performance 

Flatne s s 

Long wavelength 
deflection 

Short wavelength 
rippling 

Stiffness and 
Strength 

Thermal  Distortion 

Crack Susceptibility 
Due to  

Edge flaw 

Thermal  cycle 

Backlighting 

Similar specular reflectivity 

0. 100 in. in 30 in. 0.035 in. in 30 in. 

Minor 0. 004 in. in 3 ,in. 

Structural t e s t  resu l t s  Structural  t e s t  resul ts  
show adequate stiffness show adequate 
and strength. , stiffness and strength. 

Max. predicted slope Max. predicted slope 
~ 1 . 2  m r  for  30°F AT. ~ 1 . 7  m r  for  3 0 O ~  AT. 
Currently being tested. Mea'sured .1. 5 to  

2 t imes  predicted. 
Currently being 
retested. 

No c racks  noticed. 

Not tested. 

2 c racks  due to 
thermal  s t r e s ses .  

No c racks  with 
properly prepared 
edges. 

No c racks  a t  NWC. No cracking due to  
Both white and g ray  backlighting . 
backing paint m i r r o r s  
cracked - t.sst m a y  bc 
overly severe.  

Hail Resistance Not tested a t  MDAC; other Survived 314 in. a t :  
t e s t s  show survived .65 fps on front. 
314 in. at  65 fps. 

Thermal  Cycling ' Current ly being tested, Initial edge flaw 
turned into crack.  
Panel  otherwise 
survived and remained 
flat a f t e r  tes t .  . . 



Table 4-6 (Page 2 of 2)  

.COMPARISON OF LAMINATED AND FOAM CORE 
REFLECTORS 

Laminated, Foam-Core Sandwich 
Criteria 118 in. t 118 in. , 0.170 Iron 3/32 in. , 0.0770 Iron 

- -- ~- 

Edge Sealing Edge sealing required Polyurethane, 'butyl,, 
to protect laminate 'bond, o r  silicone weather 

seal compound 
required. 

Mirror  Edge Need to '"blunt" to Need to protect to 
Condition prevent injury. prevent "flaws. " 

Cost A'hnut 297" more. 

Creep Currently 'being tested, Tests  show a possi'ble 
may be important. additional 0.6-mr 

slope due to creep 
over 30 yr. 

Mirror  Backing Exposed to sunlight, 
Paint Protection 

Completely protected. 

C. Thermal Distortion. Measured data showed from 1. 5 to twice the 

deflections predicted due to thermal distortion. Further tes ts  were 

performed to determine the coefficient of thermal expansion (a) 

for the mirrored glass and galvanized steel. The measured values 

of were 3.9 x ~ o ' ~ / o F  for  mirrored glass and 6.4 x ~ o - ~ / o F  for 
-6 o 

galvanized steel,  compared with 4.8 x ~ o - ~ / o F  and 6.8 x 10 / F 

for glass and steel, res,pectively, a s  originally obtained from 

manufacturer data and textbook sources. These differences should 

not cause the factor of two discrepancy in the thermal distortion 

. test. This test will 'be repeated for the foam-sandwich core and the 

laminatud rafl.cctor wi l l  al.so 'be tested for thermal distortion. 

D. Crack Suscepti'bility. No cracks have been obseryed for the 

laminated reflectors a t  N W C  whereas slight cracking has occurred 

o'n the foam core panels at  NWC-and Huntington Beach. Backlighting 

may cause cracking of the laminated reflector. 'One solution to 
. , . .  . 



this may 'be to paint the backside of the reflector white. MDAC i s  . . 

performing additional backlighting tes ts  of the laminated reflector 

to determine if cracking i s  a significant problem. 

E. Hail Resistance. No hail cracking problems a r e  anticipated for  the 

laminated reflector for the 3 /4 in .  diameter hailstones at  65 fps. 

Test results indicate a change of 118-in. m i r ro r  thickness yields a 

. 1-in. hail capability for the foam-core reflector. However, for 

larger  diameter and higher velocity hailstones, the foam-core 

reflector has more  capa'bility because, once inverted, it has a 

steel 'backface sheet exposed to the hail. 

F. Thermal Cycle. Both reflectors have adequate resistance to thermal 

cycle degradation. 

G. Mirror Edge Condition. The condition of the mi r ro r  edge appears 

to be more  important for the foam-core reflector. It i s  anticipated 

that, solution of cracking pro'blem will determine what mi r ro r  edge 

conditions a r e  required for  the 'foam core reflector. 

H. Cost. The cost of laminated reflector is a'bout 20% greater  than 

that of foam core. This increased cost i s  due to the expensive 

laminating process and this laminating cost is not expected to 

decrease with increased volume. 
\ 

Summa r y 

In summa.ry, the foam-core reflector has advantages over the laminated 

reflector in cost, hail resistance, mirror-backing protectioqand cracking 

due to backlighting. Thus MDAC 'believes the foam-core reflector is the 

more cost-effective reflector and proposes this reflector for Pilot Plant,. 

4.2.2.6 Reflector Panel Dimensions 

The 'baseline heliostat reflective surface is composed of six separately 

mounted sandwich panels 85 x 114 in. in size. This size i s  a n  optimistic 

projectiqn from t.he 42.5 x 114 in. size so fa r  produced, its feasibility being 

contingent upon development of techniques for handling thin glass. Laminated 

panels. 85 x 114 in. .have :been produced. The optimum panel size for a . . .  
heliostat reflector system approximately 2 1, ft on a side will 'be the ,most 

cost-effective of the options defined in Figure 4-10 and Ta'ble 4-7. 
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Table 4-7 

SANDWICH REFLECTOR COMPARISON 

No. Of Panel  No,. Of Overall  Crossbeam 
Panels  P e r  Size Attachment s Width Length 
Heliostat (In. x In. ) /Heliostat (In* (In- ) 

6 85 x 114 24 256.0 215.5 

:SRE size - 6 pe r  cross 'beam pair .  Not shown on accompanying sheet. 

The  thinnest obtainable g lass  i s  des i red  to  minimize the t r a n s m i s s i o n ~ l o s s  

of a second-surface m i r r o r .  However, thin glass',  'because of handling 

difficulties not yet resolved, i s  expected t o  l imit  panel size.  La rge  panel 

s ize  i s  expected to reduce the handling and ass.&bly cos t s  and a l so  t o  permi t  

slightly shor t e r  cross 'beams in  the supporting s t ructure.  

Panel  s ize  i s  a l so  influenced 'by focusing'requirements.  All  the flat panels 

must  'be canted s o  that the centroid of a projected spot f r o m  each one fal ls  

on the heliostat aiming axis.  The resulting image s ize  i s  determined by the 

init ial  panel s ize  and the spread of the sun ' s  reflected image.  or Pilot 

Plant, the 85 x 114 panel image i s  adequately s m a l l  to  remain  on the ta rge t  a t  

maximum slant range . 

In the baseline case ,  focusing fo r  all hel iostats  is accomplished t o  the same 

specification by 'building the substructure with a n  outboard c rossbeam higher 

than the inboard one. A standard sh im washer is then placed under e a c h .  

outboard attachment point of each of the outboard ref lector  ,panels, four 

altogether. F o r  a slant range of 376m the outboard cro"ss'beam i s  installed 

0. 134 in. higher than the inboard crcjss'beam, and the sh im height a t  the 

beam ends i s  0. 1-23 in. (Figure 4-1 I).. , . . . . 
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Figure.4-I I.  Heliostat Focusing 



4.2;. 2.7 Reflector Panel  Description 

Each reflector panel i s  a flat s t ruc tura l  sandwich, the front surface a thin . 

(0. ,125 in. ) second-surface m i r r o r ,  the 'back face a 26-ga (0.22 in. ) 

galvanized s tee l  sheet. The faces a r e  adhesively bonded to  a 2-in. co re ,  
3 presently ,made f r o m  polystyrene rigid foam of 2 l'blft density. The 'baseline 

m i r r o r  i s  0. 125 in. PPG float g lass ,  with 0. 0570 i ron oxide content and 91% 

reflectance. An al ternate  i s  0.093-in. float g l a s s ,  with 0.0770 i ron oxide 

content and 8970 reflectance. , . 

At the four attachment points, the concentrated reaction load i s  spread to  an  

accepta.bly low intensity by shallow formed steel  cups. A tool fixture holds 

the mounting face accurately in a plane paral le l  t o  the m i r r o r  face,  any 

variations in thickness o r  flatness of the panel back being compensated by 

varia'ble thickness of the 'bondline between the cups and the back she,et. 

Seals , . - 
The exposed edges of each m i r r o r  sandwich panel a r e  subject to  degradation 

due to  weathering. The two pr imary  ap,proaches for  protecting the panel 

edges a r e  ei ther  to  apply a coating of a protective mater ia l  over the edge o r  

to  apply a protective member  such a s  a f i lm,  extrusion, o r  ta,pe around the 

edge. 

The f i r s t  candidate edge sea le r  was PRC' s  Rubber Calk 210, a nonsagging 

polyurethane sealant. This product h a s  had considerable usage for  calking 

and sealing of ver t ical  and horizontal joints and openings in.'buildings, ,precast 

facings, and other a r e a s  where a watertight sea l  i s  required and s t ruc tura l  

movement is encountered. 

Initial evaluation of this  product showed it t o  cu re  up to  a flexible, tacky, 

rubbery mater ial .  As a mat te r  of fact ,  it  would be desirable  to  eliminate the 

tackiness a f te r  cure.  

Sandwich panels,  5 in. x 5 in . ,  consisting of mirror-Styrofoam IB galvanized 

s teel ,  'bonded with a polyurethane adhesive,  and edges sealed with Rubber 

Calk 210 were fa'bricated. One batch of specimens was taken to  For t  Irwin 



for  desert  exposure; a second 'batch subjected to 500 h r  of salt spray exposure. 

Visual and tactile examination of the Rubber Calk 2 10 coating on the specimens 

subjected to the salt spray test  showed no appearance of degradation o r  

deterioration of the sealant. 

Weights of Materials 

The typical 85 x 114 in. reflector panel weighs about 200 lb, a s  follows: 

118-in. glass 110.3 lb 

Foam 22.4 1b 

Galvanized oteel sheet: Steel 52.5 l b  

Zinc 8. 5 l b  

Four attachment cups 5.7 1b 

199.4 lb 

Lf the panel has one corner clipped, it weighs 195 lb. The tracking mir ror  

in the center weighs about 38.9 lb, including the mounting bracket and 

channel frame. 

4.2. 3 Reflector Structural Support 

The support structure proposed for a Pilot Plant he l i o s t a t~ons i s t s  of a main 

torque tube attached to the drive system and four channel cr.oss'beams, each 

pai r  of c ross'beams supporting .three reflectbr panels. The slot between 

these panel groups provides clearance for ' the central pedestal post when the 

assembly i s  rotated to the face-down stowage position. 

The supporting structure arrangement was selected because it i s  compatible 

with face-down stowage, and because its simplicity was expected to reduce 

cost. The last expectation has 'been verified 'by cost,analysis showing 

approximately 570 lower cost per  square foot .than the previous radial 'baseline 

design for Pilot Plant quantitiee, 

The support structure assembly consists of 11 parts: a main torque tube, 

two drive attachment fittings, four crossbeam attachment flanges, and fo;r ' 

single-piece crossbeams. These elements a r e  arranged a s  shown in 

Figure 4-12. 
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Figure 4-12. Reflective Surface Supporting Structure 



The torque tube, a nominal 10-in. standard low car'bon steel pipe, has an 

outside diameter of 10.75 in. with a 0.25-in.-wall thickness. It i s  206.25 in. 
i 

long. The two drive attachment fittings, flame cut from 2-in. ' low carbon . ' 

steel  plate, a r e  machined on the surfaces which mate with the drive unit and 

a r e  welded to the pipe. Also welded to the torque tube a r e  four ring flanges 

for attachment of the cross'beams. Because the crossbeams a r e  single units, 

the outboard attachment flange must be inside the torque tube'to allow the 

inboard c ross'beam to pass  over the torque tube on assem'bly. The arrange- 

ment of these joints is shown in Figures 4-13 and 4-14. The crossbeams a r e  

constant section channels of 11 ga (0. 123 in. ) galvanized low-car'bon steel 

sheet,  14 in, deep and 2 15. 50 in. long. 

The reflector substructure i s  attached to the drive system with four 0.75-in. 

diameter bolts. The geometry is that depicted in Figure 4-15. 

All changes from the SRE test  heliostat design stem from the substitution of 

single-piece, full-length, full-depth cross'beams for the previous tapered 
. . .. , .+ . . : .  

half-'beams. This design has been changed to reduce cost and because, with . . .: .. 

more  tooling, it is considered possible to hold the tops of the crossbeams 
~ ~. ,. -.. .; . :.> . . . . . .  . . . . .  . 

straight, ensuring an  accurate interface plane for attachment of the reflector 
. . 

panels. 

This change permits a much lighter attachment between crossbeams and 

torque tube 'because a l l  balanced moments remain within the cro'ss'beam . 

structure. They a r e  not t ransferred from one half-beam into the splice. 

flange and f rom there into the opposing half- beam. A further consequence 

of the change i s  a reduction in the load carr ied  'by the attachment flanges and 

a reduction in their thickness from 0. 375 in. to 0. 188 in. The attachment 

pattern itself, 6 spotwelds instead of 12 heavily torqued 'bolts, i s  l e s s  

expensive. The spotwelds will al l  'be made simultaneously in a manufacturing 

setup which provides a separate spot-welding head for each spot. 

Because the Inboard cross'beams must be slipped over the torque tube end 

to reach the attachment flange, the outboard flange must . . be inside the torque 

tube. Consequently, the joints a r e  different, but they a r e  equally simple. . 
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Figure 413. Inverted Heliostat Inboard Crossbeam Joint 
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Figure 4-14. Inverted Heliostat Outboard Crossbeam Joint 
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Figure 4-15. Reflector Support Structure A t t a c h ~ ~ e n t  Interface 



Most of the heliostat  s t ee l  hardware were galvanized with a zinc coating, 

made  f r o m  galvanized sheet  f r o m  the mi l l  o r  hot-dip galvanized. Table 4-8 

identifies the finish for  the  major  s t ruc tura l  components. 

Hot-dip zinc galvanized coatings per  ASTM Specification A123-73 were 

applied where permanence of protection was the pr ime consideration and 

other  design requi rements  could be subordinated. It i s  the experience of 

e lec t r ica l  power companies that such finishes can  las t  25 y r  in deser t  

exposures.  The  design effort required to  provide co r rec t - s i ze  modules f u r  

galvanizing and compatibility throl~ghcr~xt the otructure wit11 Lhe galvanizing 

p rocess  will g rea t ly  reduce long-term maintenance. 

Table 4-8 

HELIOSTAT PAINTS AND FINISHES 

Component PaintIFinish 

Reflector Substructure 

Torque Tube 

Cross 'beams 

Drive Unit 

Meehanite Ductliron 
Casting P a r t s  

Exter ior  Steel P a r t s  

Pedestal  

Sensor Pole  

. . 

Hot -dip galvanized 

Galvanized sheet f r o m  mill  

No finish 

Hct -dip galvanized 

Hot -dip galvanized 

DeSoto, Inc. ,  No. 513-703 
P r i m e r  plus U. S .  Paint ,  
Lacquer,  and Chemical Co. 
No. AA92-W-2A Topcoat 

The sensor  pole finish coating presented a situation where low the rma l  

energy absorption to  keep the s t ruc ture  tempera ture  low (and hence 

defocusing s t ruc tura l  deflection l o w )  became an  additional concern. A 

catalized No. 513-703 chromated epoxy, yellow p r i m e r  ( f rom D e  Soto, Inc. , 

Berkeley,  California),  top-coated with two-part ,  nonyellowing, di-isocyanate 

cured ,  white polyurethane, No. AA92-W-2A f r o m  US Paint ,  Lacquer ,  and 

Chemical Co. , St. Louis ,  Missouri ,  was used. This i s  the most  durable '  



finish sys tem found to date for  a s imi lar  purpose on the top surfaces of jet 

t ransport  a i rcraf t .  The finish can be expected to' be intact and retai,ning 

gloss a f te r  4  yr.  

The heliostat s t ruc tura l  support weighs a'bout 1, 108 lb ,  a s  follows: 

Torque Tube: Steel 

Zinc 

C ross'bearns: Steel 

Zinc 

4 .2 .4  Drive Unit Design and Performance 

Each heliostat  incorporates  a dr ive unit which produces appropriate 

reflector motions f o r  so lar  tracking, emergency slewing, routine reflector 

positioning, and stowage. The unit consists of an azimuth and elevation dr ive 

t rain,  each comprising a motor with severa l  stages of reduction, capable' of 

producing the high-torque, low-speed output needed. In addition, the unit 

s e rves  a s  the s t ruc tura l  support for  the reflector and i t s  substrate.  The 

kinematic and s t ruc tura l  requirements imposed on the d.rive unit make i t  a 

key cost  element of the heliostat. 

In the discussion which follows, the process  will be described whereby the 

currently recommended drive unit design featuring "Orbidrive" speed 

reducers  was selected a s  the most  cost-effective for  the proposed Pi lot  
. . 

Plant  application. Tes ts  on the recommended Orbidrive configuration will 

be shown tn confirm the 'technical adequacy of the propbsed d'esign. 

4,2.4.1 Drive Unit Per formance  Requirements 

Specific performance fequirements  for  the dr ive unit a r e  summarized in 

Table 4-9. The azimuth t rave l  requirement of *270 degrees s t ems  f rom 

ea r l i e r  computer simulations of helios tat  motions for  the pilot plant field, 

while the requisite l imits  of elevation motion a r e  dictated by desigriing for  

inverted reflector stowage. The elevation "safe" load occurs  during stowage 

a t  the most  adverse yaw angle with a wind velocity of 44.7 m / s  (100 mph). )k 

The drive unit i s  designed to survive this m o s t  adverse condition, even 

*Recentl.y, the stowage wind velocity requirement was relaxed to 40.2 m / s  
(90 mph) for  Pilot  Plant. Thus,  the dr ive ur~i t  requirements  a n d  design 
specified in this volume incorporate a measure  of conservat ism potentially 
permitt ing fur ther  cost  reductions during the Pi lot  Plant design phase. 



Table 4-9 

DRIVE UNIT REQUIREMENTS 

Azimuth Elevation 

*270° o0 to 180' T r a v e l  

Operat ing Loads  

Breakout  
While Stowing 

Stowage Loads  (Refle5tor Hor izonta l ,  cr = *lo0)  

Condition 

7 ,  345 nm (65.000 in.. -1b) 7 ,  345 nm (65 ,000  in. -1b) 
:r 9 , 6 0 5  nm (85 ,000  in. -1b) 

Wind Velocity Elevation Axis Pos i t ion  

N o r m a l  44.7 r / s  (100 mph)** *25O f r o m  Wind 5,8085 nm (54 ,000  in; -1b) 15,029 nm (133,000 in. -1b) 
Normal  31.3 m / s  ( 70 mph)  Random . 4 15, 029 nm (133,000 in. -1b) 
Safe  44. 7 xn~/ s (100 mph):k* Random 7,  345 nm (65,  000 in. -1b) 28,250 nm (250,000 in. -1b) 

Backlash  

Stiffness (Minimum Resonant  F requence )  

No Back-Drive  Under  Specified Loads  

. Life  

0.5 m r  m.ax 0.5 m r  m a x  

1 Hz 1 Hz 

7 ,  ,345 nm (65,000 in. -1'3) 28,250 nm (250,000 in. -1b) 

30 y r  30 y r  

::Noncritical 
:?::<This r equ i remen t  was  recent ly  changed to  40.2  m / s  (90 mph)  

f o r  F i lo t  Plant .  T h u s ,  :he d r i v e  unit r equ i remen t s  and des ign 
specified in this volume incorpora te  a m e a s u r e  of conse rva t i sm 
potentially pe rmi t t ing  fu r the r  c o s t  reduct ions  dur ing the P i lo t  
P lan t  design.  phase.  . 

. . 
n .. 



though it is planned to align the elevation axis with the wind during high 

winds, producing the m o r e  benign "normal load" maxi?- specified. The 

heliostat is designed to perform without degradation af ter  exposure to the 

normal  load condition. The safe stowage and operating loads of Table 4-9 

a r e  the same for  the azimuth drive,  representing the maximum occurr ing 

during stowage, since the azimuth drive mus t  be capable of.moving the 

elevation axis to i t s  preferred orientation under maximum winds. The 

azimuth and elevation requirements specified in Table 4-9 a r e  appropriate 

for  the proposed Pilot Plant design, selected to satisfy the most  demanding 

anticipated stowage scenario. 

4.2.4.2 Drive Unit Tradeoffs 

Considerable effort was expended in exploring alternative drive unit designs 

to achieve the most  cost-effective approach. Some of the m o r e  promising 

concepts considered a r e  described in this section. Each drive t ra in  i s  

identified by the type of output reduction stage employed, because this is the 

principal factor influencing drive unit cost. The drives which have been 

given the mos t  consideration a r e  described in Figure 4-16 and a r e  com- 

pared by the ma t r ix  of Table 4- 10. Drive selection was based mainly on 

initial cost,  since a l l  of the dr ives were  felt to be qualifiable in t e r m s  of 

meeting collector performance requirements. At the t ime of dr ive unit 

selection for the inverting heliostat in mid- 1976, cos t  estimates for  the 

leading two azimuth drive contenders favored the Orbidrive o f ' ~ i ~ u r e  4-17 

by about $500 pe r  heliostat over the octagonal helistat 's  harmonic drive 

described in Section 6 .  2. 2.4. This incentive was judged sufficient to justify 

the'additional developm,ent effort  anticipated in using the less-seasoned 

Orbidrive. 

The principal elevation drive contenders for the inverting keliostat were  the 

Orbidrive of Figure 4- 17 and a concept employing dual l inear  actuators a s  

shown in Figure 4-18. The harmonic drive of Figure 4-19 was not a ser ious 

elevation drive candidate a t  this time because of i t s  already.noted higher 
.* 

cost. The dual l inear  actuator approach had bccn rejected in  an  ea r l i e r  

pi tch/rol l  heliostat study because of clearance problems in achieving requi- 

s i te  actuator motions. However, the m o r e  benign kinematics of the elevation/ 

azimuth heliostat imposed no such constraint. The inverting heliostat  actu- 

a to r s  shown in Figure 4-20 differ f rom the octagonal heliostat 's  single l inear  

actuator described in Section 6. 2. 2.4, pr imar i ly  in their employment of a 

housed screw to eliminate the need for a separate  protective boot. Since the 

4-47 
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Table 4-10 

DRIVE UNIT T R A C E S  
, . .  

Aziniuth Axis I Elevation Axis 

Helicon Harmonic  ,Linear  . Rol ler  
Gea r  D,ive Orbidr ive  I Requirement  , Actu.to;s Chain ,"t,"fn ,Orbidr ive  Spur G e a r  Harmonic Dr ive  

G-aintenance 
Cha rac t e r i s t i c s  

Cos t  1. 28 1.00 .84-1 .03  F a c t o r -  

Cualification 
Sta tus  

*C *C 1.00 1:: 1. 12 1. 09 
Rom Rom 

Good C-ood , Good Good P o o r  P o o r  Good Good Good 

No Yes No No No Yes No 
yes I ,No 

1 .25  1 .0  2 
50. 5 6ack l a sh  ( m s )  . (was  b 0.5) Hys t e r e s i s  (usas 5 0. 5) 

*** *** *<:* 

Sta t ic  
Eff ic iency > 7.9% 7. 2% > 7.9% > 7. 9% > 7. 9% > 7.9% > 7. 7% > 7. 7% 7.7% > 7. 7% > 7. 9% 

2 2 2 1 .5  .1 .0  
5 0 . 5  . 0 .5  (was < 0.5)  (was S 0.5)  (was  S 0. 5) (was  a 0 .5 )  Hys t e r e s i s  

*** *** . - *** * :: * *** 
St i f fness  

>'1j,.850 '17,850 65, 750 22,600 NMIDegree  
(in. -1bldegree)  OoO) ( l58 .  OOo) (582. 000) (200, . 000) . 

., , 
Dynamic 
Eff ic iency 

>17 ,850  43,050 >17.400 > 17,400 - 22.600 >I?.  400 65 ,750  
(158, 000) (381, 000) (154, 000) (154, 000) (200. 000) (154, 000) (582, 000) 

12.4% 2 8% I 6% 
(was' 22%) 

18% 16% 16% 16% 16% . 28% 
. (was 2270) . (was 22%) (was 2270) (was  22%) 

p**  **sr ' *** *** 
Size  of 
Output E l emen t  . 391 (15.4) 254 (LO) , 191 (7.5) 498 (19.6) 508 (20) 312 (12. 3) 191 (7. 5 )  508 (2-0). 2'54 (10) 

.UM (in. ) Dia .Dia Dia Cam . . Leve r  A r m  Dia Drum Pi tch  Dia Cam Pi tch  Dia.  , Dia 

" .  
3ut?ut Stage 
seduction Rat io  47.5:1 242:l 961:l 

. I 

Motor Rating 
w (hp) 

, Tota l  
105. 900:l  43. 245:l - Retuc t i on  70, 400:l  

' Rat io  

Slew Rate  

<53, 523:L 

<43'i45:1 T r a c k  
<43. 245:l  C43, 245:l <43,  245:l <43.245:1 43, 245:l 

Stow <26,761:1 
Stow . 

24. 9 (4) 
30: 1 8 . 6  18.6(;) I8.6(;) 18 .6 ($ )  1 8 . 6 ( f )  

Gearhead 

:'Based on supplie: bids.  
**Qualitative evaluation indicated these  des igns  tc.0 costly.  

***Estimated va lue  a t  t ime of tradeoff study. 

- . 
. . 
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dual  l inear  actuator  concept and Orbidrive concept were  estimated to cos t  . 

about the same ,  i t  was decided to use  the Orbidrive for elevation in the 

in t e res t  of dr ive  commonality and because the m o r e  compact Orbidrive is 

l e s s  exposed to the elements.  Orbidrive seasoning was not a n  i s sue  in  

selecting the elevation dr ive ,  since the additional development entailed'had 

a l ready been assumed for  azimuth. 

4. 2.4.3 Selection of Drive Unit Motor and Speed Reducer Charac ter i s t ics  

The  following sections descr ibe  the process  whereby the many fac tors  

influencing dr ive t r a in  desigr? were collated to produce a cost-optimal 

configuration. 

Orbidrive Output Stage P a r a m e t e r s  

T o  prevent  back-driving by external loads,  the output stage ,reduction must  

be  sufficiently high that i t s  back-driv.e torque efficiency i s  always negative 

f o r  torques up to the survival  load. The present  design's output reduction 

ra t io  of 961:l was  conservatively eelected un the basis  of available experi-  

mental  data  to sat isfy that requirement. 

The three  most  c r i t ica l  fac tors  involving sizing of the output Orbidrives a r e  

s ta t ic  load capacity, tors ional  st iffness,  and fatigue life. The output Orbi- 

d r ive  m u s t  be sufficiently la rge  to l imit  the Her tz  s t r e s s  acting between cam 

and r o l l e r s  to 2757.9 MPa  (400,000 psi)  under maximum stat ic  load, to 

maintain heliqstat  resonant frequencies above 1 Ha, and to provide a cam- 

ro l le r  fatigue l ife equivalent to 10,'000 output shaft  revolutions while exposed 

to  representat ive shaft  loads. Table 4-9 shows that the elevation dr ive is 

m o r e  cr i t ica l  with regard  to  stowage load, while? the azimuth dr ive ' s  torsional 

s t i f fness  must  b e  higher to provide the required resonant frequency because 

of the hel iostat ls  higher azimuth moment of inertia. The higher average 

loading of the elevation dr ive ,  together with its l a rge  daily rotation, make ' 

the c lcva t io~i  dr ive  m o r e  cr i t ica l  life-wise. An 18. 10-cm (7- 118 in. ) diam- 

e t e r  c a m  was determined to just  satisfy the elevation static load constraint  

and to  adequately provide the requisite cam-rol le r  life. This s i ze  cam was 

calculated to  produce an  elevation resonant frequency of 2 . 4  Hz, but an  

azimuth frequency of 1 .6  Hz. It was decided to use the 18. 10 crn 

(7-118 in.)  cam s i z e  f o r  the azimuth dr ive to allow a reasonable margin  

between the calculated and required frequency, and to pe rmi t  exploitation 

of p a r t s  commonality advantages. 



Input Reducer and Motor Character is t ics  

A computer program was generated to a s s e s s  the interactions of t ime/  

displacement-dependent aerodynamic and gravitational loads with load- 

dependent motor  and dr ive t rain charac ter i s  t ics to support selection of 

motors  and input reducers ,  and to  permit  evaluation of dynamic loading and 

fatigue life consumed for  various operating and stowage scenarios.  The com- 

puter program s to res  heliostat wind-tunnel t e s t  data, adapts the data to  the 

part icular  heliostat geometry of in te res t ,  and calculates aerodynamic fo rces  

and moments a t  specified heliostat locations for  transformed ref lector  pitch, 

yaw, and rol l  angles of attack, and fo r  altitude and time-dependent wind 

mean and gust velocities. Gravitational moments ,  varying with elevation 

angle, a r e  summed algebraically with aerodynamic loads to produce net  

dr ive moments. Drive t rain forward and backward torque efficiencies con- 

ve r t  net dr ive moments to. equivalent motor  loads,  which a r e  related to  input 

speed through tabular motor  torque-speed charac ter i s t ics  s tored within the 

computer and adjusted for motor dr ive  voltage. Fatigue life consumption is. 

expressed for  convenience in t e r m s .  of equivalent output shaft rotation a t  

2 ,825 nrn (25, 000 in. -1b). 

The computer program was f i r s t  used to compare the Bodine R4-D and R5-D 

motors  a s  candidates f o r  this dr ive application. Both a r e  42-frame poly- 

phase moto r s ,  wound to provide maximum torque a t  zero  speed. However,. 
. 4 

the R5-D motor has approximately twice the s tal l  torque of the R4-D, 

achieved by increasing the motor length 7% and the weight 187'. The com- 

puter program was used to determine maximum required breakout torques 

for  both the azimuth and elevation dr ive t ra ins ,  based on stowage initiation 

a t  16.1 m / s  (36 mph). Drive reductions were  selected for  the R4-D and 

R5-D motors  to produce the needed breakout torques. Computer simulations 

were  made with these motor-drive t ra in  combinations to obtain dr ive unit 

torque/deflection time his tor ies  and sizing for  a. variety of potential stowage 

scenarios.  

Computer simulations indicated that the maximum elevation tracking torque 

requirement  of 7345 nm (65, 000 in. -1b) occurs  with the ref lector  horizontal  
0 

10 assumed wind angle of attack and with the maximum tracking wind veloc- 

ity of 16. 1 m / s  ( 3 6  niph).oecurring a t  zero  yaw angle of a..tta.c.k. The 



maximum azimuth tracking torque requirement  was found to be only about 

half that fo r  elevation. However, the maximum azimuth torque under 

adve r se  stowage conditions with 44.7 m / s  (100 mph) was found to reach  

7,  345 n m  (65, 000 in. -1b). The azimuth reduction was sized to pe rmi t  

driving f rom this adverse  condition to the normal  stowage region. I 

Inverted stowage was simulated for  the two motor-drive t ra in  combinations, 

producing the wors t -case  elevation torque/deflection t r aces  of Figure 4-21. 

The maximum elevation torque for  the sma l l e r  R4-D motor  i s  seen to be 

nearly twice that  for  the R 5 - 0  motor, necessitating some increase  in dr ive 

unit c a m  size to accommodate the higher  loads. 

If the operational groundrules, a r e  relaxed to  allow face-up stowage in a 

r is ing wind, the more  benign elevation loads of Figure 4-22 resul t ,  per -  

mitting the R4-D motor  to be employed without any inc rease  in dr ive  unit 

c a m  size.  The maximum elevation torque produced during face-up stowage 

with the R4-D motor  i s  shown to be no worse  than that encountered during 

inverted stowage with the R5-D motor. 

An alternative change in the stowage groundrules entails rotating the eleva- 

tion axis  into the wind before inverting the reflector. Figure 4-23 summa- 

r i z e s  the elevation torques fo r  two variations of this stowage scheme using 

the R4-D motor. In the f i r s t  case; the elevation axis  i s  rotated in  azimuth 

the shor tes t  distance possible ( a  maximum of 90 deg) into alignment with the 

wind, producing an acceptable maximum elevation torque during inversion of 

13, 334 n m  (1  18,000 in. -1b). The second c a s e  shown in  F igure  4-23 descr ibes  

the situation in  which cable l imitations requi re  the elevation axis  to be 
\ 

rotated i n  azimuth "the long way around" (180 deg maximum) into alignment 

with the wind. F o r  this case ,  the elevation torque during inversion exceeds 

that  cncounterecl lor  stowage with random wind azimuth ( s e e  J?igure 4-21), 

thu's offering no advantage f o r  this stowage scheme. 

On the bas i s  of the above descr ibed motor  tradeoff study i t  was decided to 

select  the R5-D motor  and its companion 45:l input reducer ,  permitt ing 

maximum operational flexibility. The dr ive  unit i s  designed such that the 

R4-D motor,  and i t s  appropriate  input reducer  can  be substituted easily if 

warranted ,  permitt ing a modes t  cos t  reduction to be realized. 
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4.2.4.4 Drive Unit Hardware Descriptior, . '  . 
Each heliostat incorporates azimuth and elevation drive mechanisms to 

produce movement of the reflective surface about i ts  axes of rotation. The 

drive mechanims a r e  composed of motors, drive trains, position feedback 

transducers,  reflector support bearings, and structural housings. The 

azimuth and elevation drive trains a r e  schematically identical a s  depicted 

by Figure 4-24. The 230V, 3-phase, 42-frame, 4-pole AC torque motor 

drives an  input 45: 1 reducer, whose output shaft i s  coupled to a 961: 1 output 

stage reduction. 

Both the input and output ,reducers employ Orbidrive cam-roller sets  to , 

achieve requisite speed. reductions., F igure  4-25 schematically show's the 

functionalparts of a typical Orbidrive. The reaction and output .cams a r e  

integrally machined a s  a common piece, which is  fitted to the input shaft's 

eccentric,  causing the reaction cam to orbit within the rol lers  of the reaction 

disc when the'input shaft i s  rotated. Since there i s  one less  reaction cam. 

lobe than the number of reaction disc rol lers ,  the cam indexes one roller for 

each cam orbit. In a similar  fashion, the number of rol lers  on the output 

disc i s  one less  than the number of output cam lobes, so that the output disc 

indexes one rol ler  in the opposite direction relative to the output cam for 

each orbit. The differential motion of the output disc relative to the reaction 

disc can thus be extremely small per  input shaft revolution, providing the 

high- speed reduction desired. 

The principal structural elements of the drive unit a r e  shown in Figure 4-26. 

The main reflector support beam i s  bolted to the four ittachment points on 

the elevation drive housing. The housing's Orbidrive-coupled elevation shaft 

is bolted to the shaft support, and housing reaction loads a r e  carried through 

a spherical bearing in the housing support. The elevation housing and shaft 

supports a r e  bolted to the azimuth drive housing, which is  coupled through a 

second Orbidrive to the azimuth drive shaft/base. The base is  mounted to 

the heliostat support pedestal. 

The complete drive unit assembly is  shown in Figure 4-27. For  clarity, only 

the elevation drive elements have been specifically identified. The azimuth 

drive employs identical motor, input reducer, output reducer cam and output 

disc,  and even the same Timken support bearings; - . * . . .  . . . .  2 . i l . .  
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4.2. ,4.5 Drive Unit Design Summary 

Table 4- 11 summarizes performance characteris  t ics of the proposed Pilot 

Plant  drive unit and describes the key factors leading to their selection. 

The output re'duction ratio was made sufficiently high to prevent back-driving 

under maximum stowage loads, and to minimize requisite s ize  (and hence 

cost) of the input redpcer. The .elevation input reduction ratio was selected 

in conjunction with the drive motor to produce the maximum needed breakout 

torque. The same size input reducer was retained for the azimuth drive in 

the interest  of parts  commonality. 

Cam.size.of  the elevation output Orbidrive reducer ,was chosen to assure  
. . 

adequate fatigue life arid static load capacity, while needed stiffness pre-  . . 
vented the use of a smaller  azimuth output cam. Fatigue .cr i ter ia  alohe 

dictated elevation input reducer cam size. 

The elevation motor was sized in conjunction with the input reducer to 

achieve requisite breakout torque, while driving the reflector fast enough 

during'stowage to avoid having to increase  output stage cam size beyond 

that required by fatigue and static load conditions. The azimuth motor was 

made the same size a s  the elevation motor in the interest  of par ts  common- 

ality and to provide maximum flexibility for  satisfying defocusing and safety 

cr i te r ia  which a r e  not yet.completely resolved. 

The 2.0-mr output reducer backlash specified in Table 4-11 represents  a 

value readily realizable with the Orbidrive concept, and demonstrated in 

heliostat tests tn produce acceptable beam-pointing performance with the 

presently proposed closed-loop control scheme. 

4.2.4.6 Drive Unit Tes t  Summary 

Both the inverting heliostat drive unit just: described and t h e  octagonal 

heliostat drive unit  des'c,ribed in Section 6.2 .3 .4  were subjected to functional, 

environmental, fatigue, and survival load tests  which qualified both the 

inverting heliostat' s Orbidrive configuration and the octagonal helios tat 's  

harmonic azimuth drive and linear- elevation actuator. Tes t  resul ts  for the 
. .  

recommended inverting heliostat drive unit a r e  summarized in Table 4- 12. 

Note that while this unit satisfied most  of the design goals, i t  fell shoat in  
. . . . 

. . %  ( . . . " . .  



Table 4- 11 

DRIVE UNIT CHARACTERISTICS 

I tem Data Cri t ical  Requirements 

Reduction Ratio 

Input Reducer 
Output Reducer 
Overal l  Reduction 

Cam Size 

Input Reducer 
Output Red,ucer 

Motor Size 

Drive Rate 

Output Dynamic 
Torque Efficiency 

Ou.tput Static 
Torque Efficiency 

output s t age  
Backlash 

5.08 c m  (2 in. ) 
18.1 c m  (7-118 in. ) 

Bodine 42 R5-D 
42 F r a m e ,  230 VAC, 
3 Phase ,  4 Pole  
60 Hz 

Breakout Torque 
Backdrive 

Fatigue Life 
Azimuth: Resonant Frequency 
Elevation: Stowed Load and 

Fatigue Life 

Breakout Torque 
Drive Rate 

Stowing Loads 

Drive Rate 

Breakout Torque 

Beam Accuracy 
\ 



Table  4- 12 

ORBIDRIVE TEST OVERVIEW 

T e s t  RequirementIDes ign Goal Resu l t s  

Static Load 133,000 In. -Lb  - No Degradation No Degradation 

Surv iva l  Load 250,000 In. -Lb  - Survive i n  T a c t  . 300,000 In. -Lb  

Backdrive  None to 250,000 In. -Lb  None 

~ t i f f n e s  s 2 158,000 In. -Lb/Deg > 200,000 In. -Lb/Deg 

Input Dynamic Torque  Efficiency 2 66% - > 667c At  High Torque  

Output Dynamic Torque  Efficiency , . 2 3 4 7 ~  2 2 0 7 ~  At  High Torque  

Output S ta t i c  Torque  Efficiency 

Output S t a g e  Backlash 10 .5  rn r  1 .8-mr Maximum 

Fa t igue  L i f e  2323 Cycles  a t  70,000 In. -Lb  Qualified f o r  30-Y r L i f e  



the  a r e a s  of output dynamic torque efficiency and backlash. Subsequent 

analyses  and testing revealed that the achieved performance i s  adequate f o r  

the proposed closed-loop scheme. Drive unit tes t s  a r e  descr ibed in m o r e  

detai l  in  Scction 6. 3. 3. 1. 

4.2.4.7 Post-SRE Studies 

Upon completion of S R E  d r ive  unit t e s t s ,  the following additional e f for t s  

took place to bet ter  define the inverting heliostat  dr ive unit for the Pilot  

Plant: 

1. Orbidrive cos t  reduc tion/producibility study. 

2. Orbidrive wear lbacklash  study. 

3. Orbidrive g rease  distribution scheme definition. 
t 

4. Study to improve azimuth shaft lpedestal  interface. 

5. Ldentification of improved cable-wrap mechanism. 

The  f i r s t  of these efforts was instituted to 'provide assurance  that the Orbi- 

dr ive  elements  can indeed be  produced for  the favorable NTE cos ts  quoted. 

This  study identified significant design changes needed to pe rmi t  cost-  

effective fabrication of ro l le r  sockets to the drawing-specified positional 

accuracy  of k. 0127 m m  (0.0005 in. ). However, actual measurement  of 

acceptably performing Orbidrive hardware revealed that the sockets had . 
actually been located within tolerances achievable with inexpensive d r i l l  jig 

operat ions,  thus eliminating concern about socket fabrication costs.  

, ~ 

The other  significant a r e a  of concern identified in this study was that of cam 

fabrication. This  concern resulted f r o m  vendor-reported difficulties with 

c a m  warpage experienced af te r  heat t reatment ,  necessitating considerable 

subsequent grinding. It appears  that this difficulty can be  cor rec ted  by 

be t t e r  control of the hea t - t rea tment  p rocess  and /o r  by changing the cam 

mater ia l .  

The Orbidrive wear lbacklash  study was instituted to  predict  the increase  in  

Orbidrive backlash with life. A survey of l i te ra ture  relating to the type of 

ro l le r / socket  wear  detr imental  to Orbidrive backlash was used a s  the bas is  

for  extrapolating wear  measured  during fatigue testing to predict  the inc rease  . . 

in  Orbidrive backlash with life. These predictions indicate that the m o r e  



cri t ical  azimuth backlash will not increase more  than 0. 5 kr over 30 y r ,  

and that the elevation backlash will not increase  m o r e  than 9 m r  over the 

same period. It should be emphasized that th'e accelerated fatigue testing 

was conducted under loading extremes highly atypical of representative 

wear  conditions, and can thus be expected to yield conservative wear pre-  

dictions. These pessimistic predictions appear acceptable for the proposed 

closed-loop drive scheme. 

The SRE inverting heliostat drive unit features grease  fittings for periodic 

relubrication. However, some concern exists that simply injecting grease 

into the drive cavity may not adequately displace old grease  residues f rom 

the cr i t ica l  rol ler  socket a reas .  Therefore,  the grease distribution scheme 

shown in Figure 4-28 was devised to a ssure  direct  feeding of new grease  to 

the rol ler  and socket a reas .  

The azimuth shaft-pedestal interface has been identified a s  a promising . 
a r e a  for further  drive unit cost reduction. Several  potentially lower -cost 

schemes have been identified, and will be evaluated further during the Pilot ' 

Plant design phase. 

The cable-wrap mechanism allows requisite azimuth rotati'on and reflector 

inversion to take place without tangling o r  chaffing of the electrical cables 

which service the elevation drive and a r e  car r ied  ac ross  the moving azimuth 

joint. The SRE mechanism is serviceable but somewhat bulky, and exposed 

to the elements. Therefore,  the m o r e  compact, enclosed design' shown in 

Figure 4-29 has been devised. This concept has been successfully tested 

o t  l o O ~ ,  which is below the lowest recorded temperature for the proposed 

Pilot Plant site. The mechanism, which allows a full *270 deg of azimuth 

rotation, is protected f rom the environment by the indicated cover. 

4. 2.4.8 Drive Unit Implications of kur ren t  Open-Loop Study 

MDAC i s  currently debeloping an  opkn~loop control system which appears to 

offer si.gnificant cost advantages over the present  closed-loop design. How- 

ever ,  the open-loop approach may require a drive unit with less  backlash 

than that practically achievable with the Orbidrive reducer. If the apparent 

cost  advantages are'verified by dcvelopment and tes t ,  MDAC will. recommend 
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a n  open-loop sys tem fo r  the 10-MW Pilot Plant. Under these circumstances,  

i f  the need f o r  tighter backlash i s  verified, i t  i s  anticipated that MDAC will 

recommend some combination of "Harmonictt  rotary drives and jacks s imi-  

l a r  to those qualified in the SRE program. 

4. 2. 5 Pedestal/Foundation Design/Performance 

F o r  a central  pedestal  concept, the thin-wall s teel  column i s  the simplest 

choice to t ransfer  the heliostat loads to the foundation. F o r  the MDAC 

inverted heliostat  with face-down stowage, i t  i s  the  cheapest solution and 

fea tures  simple interface attachments with the drive unit and foundation. 
, . 

The reinforced precas t  concrete foundation is selected f rom among four 

final candidates Stearns-Roger picked f r o m  an original l is t  of 35 foundation 

types. The candidate foundations were  f i r s t  evaluated on the bas is  of work- 

abili ty,  gross  quantities of ma te r i a l s ,  degree of installation difficulty, and 

approximate cos t  estimates.  These 35 were  then reduced tn 14,  whirh were 

again evaluated a s  to: m a s s  , repetitive- type construction, use of standard 

and/  o r  specialized equipment, production ra t e ,  and cost. After extensive 

analyses and comparisons, these four final foundations (Figure  4-30) were  . -, 

chosen: 

P r e c a s t  reinforced concrete. 

e Drivensteelpi lewithlateralsupport.  

o Steel f r a m e  with screw anchors. 

a Reinforced concrete with pedestal cas t  in place. 

The final selection; were  again reviewed for design, construction ,flow 

methodology,, type and amount of prefabrication, composition and use of 

construction c rews ,  types and amounts of spe'cialized equipment required, 

and other factors  which would influence the unit cost'of the foundations. 
, *  

MDAC selected the p recas t  reinforced concrete foundation because of the 

increased installation flexibility of an  above-grade bolted type connection 
. . 

t o  the pedestal. 

F igure  4- 31 shows the pedestal/foundation. The pedestal  i s  a 20-in. dia 

0. 105-in. wall s tee1 pipe, 108 in. long. The upper end has  a 0. 75-in. thick 

plate fo r  attachment of the dr ive unit. The bottom end has a standard pipe 
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PRECAST REINFORCED CONCRETE CONE 

STEEL PILE WITH LATERAL RESTRAINT 

STEEL FRAME ON SCREW ANCHORS POURED-INPLACE REINFORCED CONCRETE SPREAD FOOTING 

Figure 4-30. Four Final Foundation Types Selected By Stearns-Roger 
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Figure 4-31. Pedestal/Foundation ' 



flange welded to i t  f o r  strengthening purposes,  The pedestal  is attached to 

the foundation by eight 1.25-in. dia anchor bolts equally spaced on a 27-in. 

bolt circle.  

The foundation i s  reinforced p recas t  concrete. Each unit would be p recas t  

offsite, shipped to the s i te ,  and stockpiled. A dr i l l  r i g  would dig a round 

excavation. After excavation, the p recas t  units would be transported to the 

various installation points. TO s e t  the foundations in place,  a special  

s t raddle  c a r r i e r  and setting machine will have to be  developed to minimize 

r isks .  This machin'e would pick up the p recas t  foundation, s t raddle  the 

excavation, adjust  and level itself over the ins tallation point, and se t  the 

foundation into position. With the sandy type soi l  which exists in the a r e a ,  

proper  bedding would be obtained by spinning and vibrating the foundation 

while i t  i s  being placed. Backfill of the excavation would be done by using a 

modified backhoe which would both fill and compact the soil. Final design 

of the foundation requi res  a comprehensive knowledge of the soil-bearing 

capacity. The present  design i s  conservative,  and calculations show i t  to 

have a margin  of safety against  overturning of ' g r e a t e r  than two. 

The pedestallfoundation weighs about 10; 259 lb ,  a s  follows: 
.. . 

Pedestal:  Steel 472. 5 lb  

Zinc 

Foundation . 

4.2.6 Closed- and Open-Loop Csntrol  Design/Performance 

The surface charac ter i s t ics  of the m i r r o r  and the abili ty ' to control the 

reflecting surface and point the reflected beam a t  the receiver  have a d i rec t  

effect upon the energy intercepted a t  the receiver .  In this section, the e r r o r  

sources  that reduce the performance of the heliostats will be  identified, the 

magnitude of the e r r o r s  will be determined,  the rationale used and assump-  

tions made to a r r i v e  at the e r r o r  magnitudes will be  discussed,  and some 

sensit ivit ies will be given. A ma jo r  effort has  been made  to integrate  S R E  

t e s t  data into this analysis.  



There  a r e  severa l  ways in  which the heliostat can be controlled to reflect 

the sun's energy a t  the receiver.  Three general methods of control will be 

considered in this section. They a re :  

A. Closed Loop. A sensor  on a pole is used to obtain erro,r signals 

of the reflected beam. The e r r o r  signals a r e  used to update the 

required orientation of the heliostat. 

B. Open Loop. Equations a r e  used to calculate the position of the sun. 

Using the position of the sun and receiver ,  the orientation of the 

m i r r o r  i s  calculated. Commands a r e  sent  to the heliostat. A 

sensap on the drive output is ~ ~ s e d  to measure  the achieved m i r r o r  

orientati nn ( m i r r o r  gimbal angles). 

C. Open Loop. Same a s  B above except a sensor  on the motor shaft  

(drive input) is used to measure  the achieved m i r r o r  orientation. 

Severa l  of the e r r o r  sources  a r e  independent of the control mechanizations. 

These e r r o r  sources arc given in Table 4-13. ~dcl i t ional  e r r o r  sources a r e  

given in Table 4- 14 for  the closed-loop mechanization, Table 4- 15 for open 

loop with sensor  on the drive output,and Table 4-16 for open loop with sensor  

on the motor shaft. The e r r o r  magnitudes given in these tables a r e  repre-  

sentative of an inver ted  heliostat with a n o r b i t d r i v e ,  nominalwinds of ' 

8.94 m / s  (20 mph) with gusts of 1. 34 m / s  (lcr) ( 3  mph) and temperatures of 

6 0 O ~  o r  above. The effect of a Harmonic drive will a lso be discussed. The 

remainder  of this section discusses each of the e r r o r  sources listed in the 

tables and compares the th ree  different tracking mechanizations. It should 

b e  noted that the accuracies  in the tables a r e  for the reflected beam and not 

the m i r r o r  normal. 



Table 4- 13 (Page 1 of 2 )  

RZFLECTED BEAM ERRORS COMMON TO BOTH CLOSED AND OPEN LOOP 

Elevation . - 
Azimut3 (mr)  (mr)  " 

Error  Source (rrns) a ( rms)  Subsystem Requirement Comment 

Wind and Temperature 0.410. 2 0 .  Tower movement caused by design Struc.ture analysis indicates 
environment winds and temperature that the bending at  26 mph 
shall not move the tower in the will be 1 in. 
horizontal direction more than 
2 in. ( lu)  o r  *4 in. (95%). 

Foundation 

Surface Waviness 

Specular Dispersion 

Surface Bencing 

Gravity 

Winds 
(Static 26 mph) 

0.2lC.. 1 . 0.2101 The foundation shall be constructed 
in such a manner that the degree of 
sinkage o r  foundation time creep 
will not cause the center of the 
tower to move more than 1 in. ( lu)  
or  *2  in. (95%) in the horizontal 
and vertical direction between 
alignment periods. 

1.2 After mounting glass, slope f rom Based upon SRE test.data. 
normal shall be less  than'0.6 m r  
( 1 ~ ) .  

0. 8 Before glass is mounted, 9 5 7 ~  of Based upon SRE test  data. 
reflected beam shall be within ' - 

4 mr. 

0.5 Bending from gravity shall not Baseil upon a structure analysis 
cause slope e r ro r s  more.than program.'(NASTRAN) and solar 
shown in Figure 1. power co~lection- s ystem model 

(CONCEN). 

0.6 0.8 Same Figure. 

*Near/Far refers to the location of the heliostat with respect to receiver 



Table  4 - 1 3  (Page  2 of 2 )  

R E F L E C T E D  BEAM ERRORS COMMON T O  BOTH CLOSED AND O P E N  LOOP 

E r r o r  Source  

T e m p e r a t u r e  
( 6 0 ~ - 1 0 4 ~ ~ )  

M i r r o r  Alignmsnt 

Refract ion 
(Hel ios ta t /Rece iver )  

Tota l  (RSS,) 

Azimuth ( m r )  
u ( r m s )  

Elevation 
( m r  

u ( r m s )  Subsystem Requirement. 

S a m e  Figure .  

-After mcunting m i r r o r ,  the n o r m a l  
of each m i r r o r  n o r m a l  shal l  be 
within 0. 5 m r  ( l u )  o i  d e s i r e d  normal  

. Environmental  

Comment  



Table 4- 14 

R E F L E C T E D  BEAM ERRORS FOR CLOSED-LOOP, P O L E  SENSOR 

Elevation 
A z i m u t i ~  ( m r )  ( m r )  

E r r o r  S o u r c e  ~ ( r m s )  ~ ( r m s )  Subsys tem Requi rement  C o m m e n t  

Control  S y s t e m  N e a r f F a r  N e a r I F a r  

No Winds 0. 3 0.2 Motor  pu lse  g ranula r i ty  s h a l l  Based  upon S R E  data .  Includes 
not be  m o r e  than 2 rev lpu lse .  effect  of h y s t e r e s i s ,  back lash ,  

etc. 

. . Signal  Granula r i ty  A I D  conver te r  sha l l  be  a t  l e a s t  
8 bits. 

Winds Based  upon S R E  da ta  and Monte 
C a r l o  s imulat ions.  Winds of 
26 mph. ' 

Backlash of 1 m r  

Sensor  

Alignment  

Based  upon S R E  d a t a ,  h a s  sonie 
t e m p e r a t u r e  effects  in  data. 

Foundation Movement  
Between Alignment 

Foundation sha l l  main ta in  pole i n  
ver t i ca l  d i rec t ion  within 1 m ( u )  
between al ignment  per iods .  

Movement  Caused by 
Winds 
T e m p e r a t u r e  

P o l e  bending frequency s h a l i  be  
0. 210. 1 g r e a t e r  than 2 Hz. F i l t e r  sha l l  
0.710.4 reduce osci l la t ion by a t  l e a s t  a 

fac tor  of 4. 

May r e q u i r e  a h igher  da ta  s a m p l e  
r a t e  than 2 sec .  

Slope E r r o r  0. 2 The  s e n s o r  s lope sha l l  be  *0.023='/ 
V (95%) of the nominal  value. 

In te rcep t  0. 1 At  0 voltage reading,  the bea-m 
e r r o r  sha l l  be l e s s  than *0.2 m r  
(95%). 

Rotation 0 .  1 Rotation a x i s  of s e n s o r  sha l l  have 
coupling e r r o r  l e s s  than 0. 1 m r  
( lo ) .  

Alignment  of S e n s o r  
M i r r o r  

T d a l  (RSS) 1.111.0 1. 511.3 



Table 4- 15 

R E F L E C T E D  BEAM ERRORS FOR .OPEN-LOOP,  SENSOR ON DF,IVE O U T P U T  

Elevation 
Azimuth ( m r )  ( m r )  

E r r o r  Source  u ( r m s )  ~ ( r m s )  Subsystem Requirement  Comment  

Control  Systkm 

No Winds 0. 3 0.2 Single pulse  to motor  shal l  not Based upon SRE data. Includes effect  
r e su l t  in m o r e  than 2 rev.  of h y s t e r e s i s ,  backlash,  etc. 

Signal Granular i ty  0.4 0.4 13-bit accuracy  on d r ive  output 
location. 

Winds . . 0.7 0.4 Compliance not l e s s  than 130,000 Based upon.SRE data  and Monte C a r l o  
in-lb/deg. Backlash Less than simulation. Winds of 20/6  mph. 
1 m r .  cr = #go0 , (3 = 135O 

. . 
0.4 Software refract ion model  sha l l  Requires  sof tware  to. ca lcula te  atmos'; Refraction 0.1 

(Sun to Helois tat)  b e  accura te  within 0.4 m r .  pher i c  ref ract ions  model. E r r o r  based 
- upon r a d a r  ref ract ion models.  Could 

use  one sun  t r acker .  '. 

Command 
(After  al ignment s e e  
e r r o r  budget f o r  
command calculation] 

. .Pedesta l  Foundation 

Movement between 
zlignments 

Bending f r o m  Drive 0.3 
to M i r r o r  S t ruc tu re  . 

P e d e s t a l  Deflection 0. 6 
f r o m  Winds ' - 

2.0 Alignment method sha l l  be  accu-  
r a t e  to l e s s  than 0.8 mr. 

1.5 Foundation will  not allow pedesta l  Based upon SRE 'data over  4-mo 
to move m o r e  than 0.75 m r  ( l u )  data. Questions on m e a s u r e m e n t  

' i n  a 4-mo period. a c c   racy of data. 

Based upon s t r u c t u r e  analys is  p r o g r a m  
(NASTRAN) 

. Total  (RSS) 2.7 . ' 2 . 8  



Table 4- 16 

R E F L E C T E D  BEAM ERRORS FOR O P E N - L O O P ,  'SENSOR ON MOTOR SHA.FT 

Elzvation' 
Azimuth (mr )  ,(mr) 

E r ro r  Source ~ ( r m s )  u,(rms) Subsystem Requirement Comment 
- -- 

Control System . . 

h-o .Winds 

- 

0.8 0.8 Backlash less  than 1 m r  Based upon SRE data. Includes effect 
of hysteresis. 

Sensor Granularity 0. 1 0.2 One revoIution counter 

Winds Compliance not less  than 130,000 
in. -lb/deg. Backlash less  than 
2 mr.  

Based upon SRE data and Monte Carlo 
simulation. Winds of 20/6 mph. 
a =  90' (3 = 135' .. . . . .  . <> . 

Refraction . . 

(Sun to'Heliostat) 
Software refraction model shall 
be accurate within 0.4 mr. 

Requires software to calculate atmos- 
pheric refraction model. E r r o r  based 
upon radar  refraction models. Model 
would not require measurement 
of atmospheric conditions. 

Command' 
(After alignment s ee  
e r r o r  budget for 
command calculation) 

Alignment method shall be accu- 
rate to less than 1 mr. 

Pedestal Foundation 
Movement Between 
Alignment - 

Foundation will not allow pedestal 
to move more than 0.75 m r  ( l u )  
in a 4-mo period. 

Based upon SRE data over 4 mo. Some 
question a s  to accuracy of measurements. 

Bending from Drive 
to Mir ror  Structure 

Pedestal Deflection 
Fro-m Winds 

Based upon structure analysis program 
(NASTRAN). 

Gravitational moment shall be 
known within *27Q/c (2u ) .  

Software will have to calculate gravita- 
tat'ional moment and compensate elevation 
command. 

Total (RSS) 



4. 2. 6. 1 E r r o r s  C o m m o n  t o  A l l  Mechaniza t ion  

1. T o w e r l ~ e c e i v e r .  T h e  r e c e i v e r  is sub jec t  t o  m o v e m e n t s  c a u s e d  b y  winds, 

t e m p e r a t u r e ,  a n d  foundation set t l ing.  T h e s e  m o v e m e n t s  a , r e  equivalent  t o  a. 

b e a m  e r r o r .  T h e  s t r u c t u r e  a n a l y s i s  of the  tower  shows  tha t  movement 'o f  

the  r e c e i v e r  c a u s e d  by  winds and t e m p e r a t u r e  t o  b e  l e s s  than  2 in. ( l u ) .  

S ince  de f l ec t ions  t o w a r d  the  he l ios ta t s  would r e s u l t  i n  negligible e r r o r ,  i t  

is a s s u m e d  that  the  de f l ec t ions  a r e  pe rpend icu la r  t o  the  b e a m  ( w o r s t - c a s e  

s i tua t ion) .  The b e a m  e r r o r  i n  the  a z i m u t h  d i r e c t i o n  f o r  a t o w e r  height  of 

l l O m  and  f o r  a n e a r  he l ios ta t  ( 5 4 m )  i s  

a n d  f o r  a f a r  he l ios ta t  (350m)  i s  

T h e  e leva t ion  e r r o r  is negligible. T h e  t i m e  be tween  a l ignment  pe r iods  wil l  

be s u c h  tha t  the  foundation m o v e m e n t  will  be  l e s s  t h a n  1 in. ( la ) .  

2. S u r f a c e  Waviness.  In  the  p r o c e s s  of mounting t h e  g l a s s  t o  the  foam,  the  

r e f l e c t i v e  s u r f a c e  wil l  b e  d e f o r m e d  f r o m  a pe r fec t ly  f la t  s u r f a c e .  T h e  

a m o u n t  of e r r o r  c a u s e d  b y  mounting was  d e t e r m i n e d  by m e a s u r i n g  the  

de f l ec t ion  a t  40 equa l ly  s p a c e d  points o v e r  the  s u r f a c e  of a n u m b e r  of panels .  

A n  e s t i m a t e  of s u r f a c e  s lope  e r r o r  was obta ined b y  taking t h e  d i f fe rence  

b e t w e e n  the  def lec t ion  a t  ad jacen t  points  and dividing b y  the  d i s t ance  bet-ween 

the  points.  T h i s  a s s u m e s  tha t  the  va r i a t ion  i n  the  t h i c k n e s s  of the  g l a s s  is 

s m a l l  a n d  tha t  t h e  mount ing  s lope  e r r o r  does  not have  h igh-f requency content.  

B e c a u s e  of the d i s t a n c e  be tween  m e a s u r e m e n t s ,  a n y  h igh-f requency s lope  

e r r o r  would not b e  de tec ted .  T h e  d i s t r ibu t ion  of s lope  e r r o r  i s  shown i n  

F i g u r e  4 -32  fo r  two d i f fe ren t  panels .  T h i s  p r o c e s s  a l s o  a s s u m e s  no c o r r e l a -  

t i o n  be tween  s lope  e r r o r  and posi t ion on m i r r o r .  

c o m b i n i n g  the  s t a t i s t i c s  of the  two s a m p l e s  r e s u l t s  i n  a s u r f a c e  s lope  e r r o r  

i n  both  the  x and y d i rec t ion .  The b e a m  e r r o r  i s  a p p r o x i m a t e l y  twice  the  

s l o p e  e r r o r  o r  
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Figure 4-32. Mirror Normal Error for SRE Test Panels 
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3. Specular Dispersion. The energy of the reflected beam will be spread  

over  some angle due to  microscopic surface i r regular i t ies .  An est imate of 

the  specular  d ispers ion  was obtained f rom te s t  data where the percent of 

energy  within a cone angle of 4, 8, 16 m r  was measured. The t e s t  data i s  

presented in Table 4-17 for  three different samples.  The resul ts  indicate 

that, within the accuracy  of the measurements ,  10070 of the reflccted energy 

is within 8 m r .  An es t imate  of the specular dispersion was obtained by 

taking the average of the difference i n  energy a t  8 m r  and 4 mr :  

and assuming that the energy  i s  distributed according to  a bivariate normal  

distribution, ' then 

2 . 4 6 ~  = 2 (half cone angle) 

a: 0.81  

It should be noted that measurements  below the line shown in Table 4-17 . 

required the use of a different instrument. After the t e s t s  were done, a 

problem was found with the instrument which makes the data a t  4 m r  

questionable. This  data will be updated with new t e s t  data when it becomes 

available. P resen t  es t imate  i s  that a cr of 0. 81 i s  too large for specular 

dispersion.  

4. Surface Deviations. Environmental conditions such a s  gravity, winds, 

and tempera ture  will cause the reflector surface to  deviate f rom a flat surface. 

These  deviations may cause the reflected beam to spread a s  it t r ave l s  toward 

the rece iver .  Slope h is tor ies  for  each of the heliostat panels and for  each 

environmental effect were obtained from the s t ruc tura l  analysis program 

NASTRAN. The slope his tor ies  were then input into the solar  power collection 

s y s t e m  computer program CONCEN (Reference R1). Total received power 

and flux density distribution were computed for  a given sun and heliostat 

location. The program divides the surface o,f each heliostat into 121 elements 

and then uses  the slope of each element to  compute where the reflected beam 

will hit the receiver.  The program can be  used to investigatc the environ- 

nlerltal effect upon the performance of a single heliostat o r  a field of heliostats. 

A Monte Carlo method i s  used when the power f rom the total  field i s  desired. 



Table  4-17 

SRE SPECULAR DISPERSION DATA 

Note: 'Measurements  below th i s  line requ i red  a different  ins t rument .  The new i n s t r u q e n t  is .believed 
to  give e r roneous  data  fo r  4 mr. 

wavelength 
( nm) 

42 6 

49 8 

56 1 

623 . 

69 1 

(See Note) 

774 

8 60 

1008 

1208 

1594 , 

Average  

Sample  B-1 
4 mr 8 m r  16 m r  

88. .5 88. 5 88. 5 

93.4 93.4 93.4 

92. 5 93. 6 93.6 

90. 1 89. 1 89. 1 

86.7 88.3 88. 3 

75. 6 80. 0 80.00 

71. 2 7 5.. 9 75.9 

65.4 69.8 69.8 

64. 1 70.1 . 70. 1 

60.9 82. -6 82. 6 
- - - 
78. 8 83. 1 83. 1 

Cone Angle 
Sample B-2 , 

4 mr  8 m r  16 m r  

88. 5 88. 5 88. 5 

92. 1 92. 1 92. 1 

92. 5 92. 5 92. 5 

88.9 88.9 88. 9 

88. 3 88.3  88. 3 

68. 9 77.8 77. 8 

65. 0 74. 3 74. 3 

60. 2 69.9 69.9 

58. 6 69. 8 69. 8. 

56. 1. 80.7 . 80.7 
- - - 
75. 9 82. 3 82. 3 

Sample B-3 
4 m r  8 m r  16 mr 

89. 3 89. 3 89. 3 

93.9 93.9 93.9 

94. 2 94. 2 94. 2 

91.4 91 .4  91.4 

89. 1 89. 1 89. 1 

79. 3. 81. 5 81. 5 

75 .4 ,  76. 9 76. 9 

67. 8 72. 2 72.2 

65. 0' 72. 6 72. 6 

63. 6 86. 4 86.4"  
- .- 

80. 9 84. 8 84. 8 



I n  t h i s  mode  of operat ion,  the  hel ios ta t  .and e lement  a r e  randomly se lected.  

T h e  rece ived  power data  we re  genera ted  fo r  10 A M  on winter  sols t ice .  

T h e  b e a m  e r r o r s  shown i n  the  t ab les  w e r e  de te rmined  by finding the  e lement  

s lope  s t anda rd  devia t ion t ha t  would r e s u l t  i n  the  s a m e  power l o s s .  Th i s  

was  done fo r  10 AM on a winter  so l s t i ce  day. I t  should be  noted that  the a i m  

s t r a t e g y  employed i n  CONCEN was held  constant ,  i t  is possible that  some  , 

. power c a n  be  gained b y  changing the  a i m  s t r a t egy  with b e a m  accuracy .  

A .  Gravity.  Grav i ty  forces c z i u ~ c  the f r a m e  tu deflect  arid the re f l ec to r  

s u r f a c e  to  s ag  between suppor ts .  Th i s  r e s u l t s  i n  a spreading of the 

re f l ec ted  beam.  The  effects  of g rav i ty  c a n  be  reduced,  somewhat 

b y  addit ional  canting of the m i r r o r  .panels heyond that  r equ i r ed  fo r  

focusing. ' The  effects  of gravi ty  a r e  a function of the  elevation 

angle of the heliostat .  The  n e a r e s t  he l ios ta t s  a r e  affected the  m o s t  

s ince  they  a r e  m o r e  hor izonta l  than  ver t ica l .  Gravi ty  e f f ec t s  were 

analyzed by  scal ing the slope h i s t o ry  fo r  hel ios ta t  i n  the hor izonta l  

posit ion by  the  appropr ia te  s ca l e  fact0r.s fo r  the elevation angle of 

e a c h  individual  hel ios ta t  a s  de te rmined  by  the computer  p r o g r a m  

CONCEN. The  s c a l e  f a c to r s  used we re  a s  follows: 

'S.F. = s i n ( + i )  +. = elevat ion angle o'f i th  hel ios ta t  
Gi 

1 

T h e  effect  of g r av i t y  was incorpora ted  into the  e r r o r  budget a s  an 

angula r  e r r o r  i n  the  ref lec ted beam.  Th i s  r equ i r ed  the genera t ion  

of the sens i t iv i ty  of to ta i  r ece ived  power t o  angular  e r r o r s  i n  the  

re f l ec ted  beam.  

T h e  to ta l  power l o s s  ove r  the field because  of grav i ty  foice6 i 6  O.41~, 

which is equivalent  t o  a t r ack ing  e r r o r  of 0. 67 m r .  ' The  angula r  

e r r o r  was  a s s u m e d  to  b e  equally divided between az imuth  and 

elevation.  

0. 67, -- = 0 .47  m r  0. 67 
%z - 4-2 u - -  e l e  - d2 = 0. 47 m r  



B. Winds. Winds cause deflections in both the g lass  surface and - 
support f rame.  Slope his tor ies  for  the panels were obtained f rom 

s t ruc tures  for  a 26-mph wind, parallel  to  the slot. The wind was 

. . 
assumed to affect a l l  the heliostats equally'over the collector field 

( a l l  heliostats have the same slope his tory regardless  of orientation). 

. . ?  
Slope his tor ies  for  other ve,locities were obtained by applying the 

following scale factors:  

L 

S. F. = vd V = desire.d wind velocity d 
( 2 6 m p h ) 2  

When the power loss  was determined for different wind velocities, 

it was found that l e s s  power was lost  a t  26 mph than a t  8 mph. A 

preliminary investigation into this odd phenomenon resulted in  the 

hypothesis that wind in this  direction produces a concave surface a s  

shown in Figure 4-33, which resul ts  in  a focusing of the beam. 

Since t ime did not allow for  verification of this hypothesis and for 

development of a wind model that included the effect of wind direction 
, *  

and different elevation angles of each heliostat, this phenomenon 

was neglected. Instead the s tat is t ics  of the slopes over the surfaces 

were computed for  a static wind of 26 mph. This resulted in e r r o r s  

0 f 

C. Temperature.  The thermal  expansion coefficient i s  different for  

g lass  than for steel. Cold tempera tures  cause the panels t o  become 

convex, which causes the beam to spread. Warm tempera tures  

cause the panels to become concave, which tends to contract the 

beam. Slope his tor ies  for the panels were obtained for  a tempera ture  

of 104°F based on a reference tempera ture  (no ' surface e r r o r s )  of 

75OF. Slope his tor ies  for  other tempera tures  a r e  obtained by 

applying the following scale  factor: 

Td-75OF 
S . F e T  = 2 9 O F  T = des i red  temperature d 



OUTBOARD DISTANCE FROM SLOT Q (IN.) 

Figure 4-33. Vertical Mirror Deflections - 26 Mph Wind a = 30 Deg 



The  s lope h i s t o ry  f o r  1 0 4 " ~  and the appropr ia te  s ca l e  fac to r  we re  

input into.CONCEN t o  de t e rmine  the to ta l  power rece ived  fo r  the 

d e s i r e d  t empe ra tu r e .  A cooldown to  32OF f r o m  the  r e f e r ence  

t e m p e r a t u r e  r e su l t s  in  a l o s s  in  rece ived  power of 1. 5%. A 

warmup of 104OF r e su l t s  i n  approx imate ly  the s a m e  rece ived  power 

( s m a l l  i nc r ea se )  a s  the c a s e  where  t h e r e  a r e  no su r f ace  e r . r o r s .  

E f f ec t s  of t e m p e r a t u r e  could be  reduced by lowering the  r e f e r ence  

t empe ra tu r e ,  t he r eby  inc reas ing  the  probabil i ty of a warming  

condition, The  da ta  in  the e r r o r  budget a r e  f o r  a t e m p e r a t u r e  of 

approximately  60°F. 

If the envir.onmenta1 effects  can  be  accu ra t e ly  modeled,  the impac t  

on power l o s s  m a y  be  l e s s ened  with modif ica t ion t o  the  a iming 

s t r a t egy  and the cant  of the  m i r r o r  panels used.  The  impac t  on the  

flux densi ty  ove r  the su r f ace  of the r e c e i v e r  m u s t  a l s o  b e  de te rmined .  

5. M i r r o r  Alignment. A requ i rement  h a s  been  placed upon the  m i r r o r  

s t r u c t u r e  that  will r e su l t  i n  the no rma l  of e a c h  m i r r o r  segment  being within 

0. 5 m r  of the hel ios ta t  normal .  The  following t o l e r ances  have been  placed 

up'on the  m i r r o r  s t r uc tu r e :  

A .  M i r r o r  plus f oam plus cups  = f 0 . 0  1 in. 

B. Mounting points on the  s a m e  b e a m  = *0. 011 in. 

C. Corresponding mounting point on  the  opposite b e a m  = *0. 0394 in. 

6. Refraction.  The  re f lec ted  b e a m  will exper ience  s o m e  r e f r ac t i on  be fo r e  

reaching the r ece ive r .  Based  upon ca lcu la t ions . fo r  low-frequency e l e c t r o -  

magne t ic  radiat ion,  the amount  of re f rac t ion  would be  l e s s  than  0. 05  m r  fo r  

the  s h o r t  r anges  of the P i lo t  Plant .  Because  of ground radiat ion,  i t  is 

poss ible  that  m o r e  r e f r ac t i on  could resul t .  An  e s t i m a t e  of 0. 3 m r  is u sed  

in th i s  ar~aly .s is .  F u r t h e r  worlc will be  done to define t h i s  e r r o r ,  



4. 2. 6.2 Closed-Loop E r r o r  Sources 

1. Control System E r r o r s .  There  a r e  a number'of e r r o r  sources  and 

dynamic effects within the control loop that cause the reflected beam to  be 

a imed off the nominal point. The  control loop is i l lustrated in Figure 4-34, 

along with effects that  cause e r r o r s  in the reflected beam. In o rde r  to  

evaluate the t r a n s f e r  function f rom the e r r o r  source to the beam e r r o r ,  a 

s m a l l  two-dimensional Monte Carlo simulation of the control loop was 

generated. The ways in which some of the major  e r r o r  sources were modeled 

a re :  

A. Drive Dynamics. The modcl of the drive unit is i l luslraled in 

Figure 4-35. It includes the effect of backlash, compliance/ 

stiffnc3s, and hysteresis .  A cu~xlparison of the model representa-  

tion and t e s t  data a r e  shown in the samc figure. 

B. Wind Effect Upon M i r r o r   dynamic^. The winds produce a monient 

on the m i r r o r  which, because of the dynamics of the drive unit, 

will produce a beam e r r o r .  The wind moment model used i s  shown 

i n  Figure 4-36. The wind gust and variation in angle of attack a r e  

generated by passing white noise through a f i r s t -order  lag. The 

constants (Sv, T S T ) determine the output standard deviation 
v' P' P 

and autocorrelat ion function. 

C. Motor Dynamics. Because the motor  can only be commanded to ' 

move in  incremental  steps,  a movement quantization e r r o r  i s  

introduced. The SRE t e s t  data, shown in Figure 4-37, not only 

shows the relationship between the number of turns per  commanded 

pulse but .a l so  a variation in the number of turns.  Both of these 

effects were included in  the simulation. 

In o rde r  to  verify that the simulation gives representative resul ts ,  data f rom 

the simulation was compared to SRE t e s t  data. An example of the comparison 

i s  shown in  Figure 4-38. Although there  a r e  a number of sources  of beam 

e r r o r  that a r e  not included in the simulation, such as c r o s s  coupling, it i s  

felt that the simulation resu l t s  compare close enough to the SRE data to  
.I . 



CR39A 
VOL 111-1 

u *ID CONVERTOR I a WINDS 

SENSOR 
a TEMPERATURE 

ALIGNMENT 

I a ELECTRICAL 
r '  FOUNDATION 
QUANTIZATION 

COMMANDS 
FILTER 
CALCULATION I 

Figure 4-34. control Loop Error Model 

I I 
MOTOR 
DY NAMICS 

A COMMAND EXECUTION BACKLASH 
MOVEMENT QUANTIZATION WINDS 

COMPLIANCE 
FRICTION FRICTION 

HYSTERESIS 
LOAD 

DRIVE 
DYNAMICS 

MIRROR 
DYNAMICS 



CR39A 
VOL 111-1 

I SRE TEST DATA 
UNIT A-2 
9/25/76 
2ND STAGE 

I I I I I 
0 0.2 0.6 0.8 

SHAFT ANGLE (MR) 

Figure 4-35. Hysteresis Model 



CR39A 
VOL 111-1 

NOMINAL VEL~CITY 
1 

Figure 4-36. Wind Model 

-. 

WHITE 
b NOISE 

S~ 

S + TV 

NOMINAL ANGLE 
OF AITACK 

& 

WHITE 
b NOISE 

SB , 

S + TB 

( .  C~ MOMENT 



CR39A 
VOL 111-1 

Figure 4-37. SRE Motor Tests Data 



CR39A 
YOL 111-1 

TIME (SEC) 

BEAM ERROR IMR) 

WINDS 
P =  20 MPH 
O =  3MPH 

. - 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  TIME (SEC) 1 

.LIGHT WINDS 

- 
BEAM ERROR (MRI 

, . . .  
Figure 4-38. Cornparisoh of ~itktlati*dn.and SR'E'T~S~ Daia' . ' . . . 



war ran t  using the  simulation to  investigate the sensit ivity of beam e r r o r  t o  

different e r r o r  sources .  

One of the ma jo r  concerns in  the design of the heliostat has  been the effect of 

backlash upon beam e r r o r .  T e s t s  that have been done to  date (Reference R2) 

indicate that 0 -year  backlash can be obtained f r o m  1 to  2 m r  and, with t ime,  

th i s  m a y  grow to  2. 5 t o  4 m r .  Using the simulation, the sensitivity to 

backlash was investigated. The resu l t s  a r e  shown in Figure 4-39 for  two 

different nominal wind directions. These directions were chosen because: 

9 A t  p = 135O and cr = YO0, the maximum aerodynamic moment is 

experienced. This  should yield a maximum beam e r r o r  because 

backlash would be combined with maximum compliance bending. 

At p = O0 and Q = 90°, the moment will change signs when (3 changes 

signs. This  could resul t  in the m i r r o r  rotating f r o m  one side of the 

backlash to the other.  The resu l t s  would be a beam e r r o r  proportional 

to  the amount of backlash. 

Although a large deflection e r r o r  i s  generated at  f3 = 135O, the deflection 

e r r o r  has  a la rge  mean value which is a d i rec t  function of the amount of 

backlash, but the beam sensor  i s  capable of detecting th is  value and the 

command logic will remove the mean value. At wind- directions where the 

wind nioment would have a constant sign (the majori ty  of the directions),  

the closed-loop sys t em is not sensitive to  the amount of backlash. F o r  the 

c a s e  where the wind moment can oscil late in sign, the beam e r r o r  will be  a 

d i r ec t  function of the backlash, a s  shown in Figure 4-39. The frequency 

with 'which the wind velocity and directi6n change (autocorrela.tion t ime) has  

a d i rec t  effect upon the beam e r r o r  a s  shown in  Figure 4-40. If the gust 

velocity and direction a r e  changing a t  a high ra te  (low autocorrelation t ime),  

then the m i r r o r  s t ruc ture  dynamics ac t  a s  a f i l ter  and the beam e r r o r  will be 

reduced. If the gust velocity and direction a r e  changing a t  a low ra te  (high 

autocorrelat ion t ime),  then the control loop is capable of -keeping up with the' 

m i r r o r  motion. In between these two points, the maximum beam e r r o r  will 

~.,oc.cu.r. A value of 2 sec,  which is the worst  case,  was used i n  the major  . . . . . . . .  , . . . . . .  

par t  of the analysis. 
. . ' . . , . _  
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The, effect of backlash'and winds could a l so  be reduced by increasing the 

command rate,  a s  shown in  Figure 4-41. The penalty, of course,  would 

be an increase in control power used a s  shown in the same figure. 

The sensitivity of the closed-loop mechanization to  the nominal (mean)  wind 

velocity i s  shown in Figure 4-42. The s tandard deviation of gusts  was 

scaled according to  the mean wind velocity for this analysis.  

2. Sensor. There  a r e  a number of random e r r o r s  associated with the beam 

sensor  which a r e  not necessar i ly  contained in  the control sys tem e r r o r s  

discussed aboire. Two of these would be slope e r r o r  (Volts out per mr .o f  

b e a m e r r o r )  and intercept e r r o r  (Volts out with no beam e r r o r ) .  The values 

shown in Table 4-14 a r e  based upon the sensor  specificatiori. 

The sensor  pole will a l so  have some angular movement with t ime a s  a resul t  

of the foundation settling. An es t imate  of the sensor  pole angular movement 

was obtained f rom the SRE t e s t  data shown in Table 4-18. There  i s  some 

question a s  to the accuracy  of the measurements ,  but for  lack of be t te r  

information, a n  angular pole e r r o r  of 1. 04 m r  will b e  used. The alignment 

method will reduce any mean e r r o r  to a very  smal l  value. It should a l so  be 

noted that this data contains some tempera ture  effects since the tempera ture  

varied over a range of 42OF for the measurements  shown. 

A false beam sensor  e r r o r  i s  introduced to the control loop when the -sensor  

pole is deflected f rom winds o r  temperature.  Table 4-19 shows the type 

of deilections that can  be expected. SRE l e s l  data indicates that polc 

oscillations a r e  reduced b y  approximately a factor of four by the fi l ter.  

Assuming that the deflections can occur  in  any direction with equally likely 

probability, then beam e r r o r  caused by  wind movement would be for  a near  

heliostat 

and for  a far heliastat . '  ' . . . . . .  . 
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Table 4-18 

SENSOR P O L E  ANGULAR MEASUREMENTS 

T i m e  Temp.. H1 H 1 HZ HZ H3 H3 H4 . H 4  IH 1 IH 1 
Date H r  -Min OF N-S E-W N-S E-W N-S E-W N-S ' E - W  N-S E - W  

121 15/76 2:00 PM 67.00 90'0' 89'51' 90'16' 89'51' 90'7' 89'36' 90'51' 89'50' 89O51' ' 9Q021' High 
Wind 

1/ 12/77 8:30 APA 33.00 90°03' 89'51' 90'16' 89O45' 90'5' 89'36' 9QG50' 8qC36' 89'56' 50°20' 

Mean  (Min. ) 

w(mr)  

*Has s o m e  t e m ~ e r a t u r e  effects . 



Table  :4- 19 

SENSOR POLE DEFLECTIONS 

Rotations F r o m  
Operational Conditions ( m r )  

Wind ,-b 

Effect  

Boom Rotations f r o m  Wind 

Pole Rotations f r o m  

Boom 

Wind 

Base P la te  Rotation 

. Foundation Rotation 

P 

Wind s-b 

Total  Rotation f r o m  Winds 1.248 0.733 

Rotation f r o m  ~ e ~ ~ e ~ a t u r e  1. 04 0. 57 

Total  (RSS) 1. 62 0 .9 .3  % 

- -  

NOTE: ~ a s e d  upon s t ruc tu ra l  ana lys i s  

The beam e r r o r  caused by t empera tu re  movement would be fo r  a near  

heliostat  

gnd for  a f a r  heliostat  



It is est imated that the centroid of the beam can be located to within 

2 in. ( 1 )  The alignment e r r o r  is 

2 in. 
Near u = 

1/2  = 0.5 m r  

(542 + 802) (3. 28)(12) 

2 in. 
F a r  ' u = 1 / 2 = 0.2 m r  

(3102 + 802) (3.28)(12) 

. . 
3. Alignment of Sensor Mir ror .  Winds and tempera tures  acting upon the 

sensor  m i r r o r  and s t ruc ture  will produce. a b e a m . e r r o r .  The e r r o r  left 

a f te r  the initial alignment with the sun in one position will produce a different 

e r r o r  when the sun is i n  another position. I t  i s  estimated that the combined 

effect of these e r r o r s  will be l e s s  than 0. 5 m r .  

4:2. 6. 3 Open-Loop E r r o r s  with Sensor on Drive Output 

1. Control Dynamics. The accuracy  of this mechanization was investigated 

by  modifying the closed-loop Monte Carlo simulation described previously. 

The beam sensor  was removed and a device with 13-bit accuracy was added 

to the gimbals t o  obtain m i r r o r  angle feedback. The sensitivity of the 

mechanization to  backlash is shown in Figure 4-43. The resu l t s  a re .  s imi lar  

to  the closed-loop mechanization. 

2. Refraction. The velocity of light will vary  a s  i t  t r a v e r ~ e s  the atmosphere 

because of changes in atmospheric  temperature,  pressure,  and composition. 

The  amount of e r r o r  that can  be caused by atmospheric  refraction (taken f r o m  

Reference R3) is shown in Figure 4-44 for  nominal atmospheric conditions. 

The magnitude of this e r r o r  dictates that the heliostat .elevation commands 

.:.,must be  cor rec ted  for  a tmospheric  refraction, This  can  be accomplished by 

using a single sun t r acke r  o r  a simple mathematical model. Considering 

the variation in  Refractive Modulus, it is estimated that the refractive e r r o r  

can  be reduced to l e s s  than 0.4 m r  ('lu) using a mathematical model. The 

above est imate i s  based upon rada.r models that have been developed. 
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Figure 444. Elevation Angle Error Caused by Atmospheric Refraction 



Some prel iminary work on re f rac t ion  has  been done using the LOWTRAN 3 

computer code ( see  Reference R4). A single point comparison with the 

nautical  almanac data is shown i n  F igure  4-44. 

3. ' Command Calculations. The p r i m a r y  difference between a closed-loop 

and an  open-loop s y s t e m  is the method of determining commands to be given 

to  the heliostats. In  a closed-loop system,  these  commands a r e  mainly 

computed f rom the feedback of a n  e r r o r  signal. In  a n  open-loop system,  the 

pointing of the heliostat  is accomplished by calculating commands based  upon 

equations which give the position of the sun. In the open-loop sys t em 

considered in  th i s  section, an  absolute encoder  on the dr ive output will feed 

back information of .the actual  positions of the azimuth and elevation axes.  , 

This  information would be used to  update the next calculated commands. 

Figure  4-45 i l l u s t r a t e s  the hel iosta t - receiver  geometry.  The following 

equations a r e  solved t o  position the heliostat  so  that the reflected beam 

is directed towards the rece iver :  

- 1 ( c o s  c s i n a t  cos  8 s in  P) . = tan [( 
cos  c c o s a t  cos  f3 cos  p )  I 

+ = s in-1 ( s i n r  + s i n e )  
2 cos  z 

% .  I 
where 

Y = azimuth angle of m i r r o r  normal  

+ = elevation angle of m i r r o r  normal  

(3 = azimuth angle of r ece ive r  f r o m  heliostat  

8 = elevation angle of rece iver  f r o m  heliostat  

a = azimuth angle of sun  

s i n  h = 
h = in  p - tan 1 eos p ) 1 

t = elevation angle of sun 
- 1 

= s in  ( C O S  6 coe h C O B  p + s in  6 s i n  p ) 
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h = hour angle of sun 

= 15 (12-H) 

6 = declination angle of sun 

- 1 = s in  ( s i n  ( A )  s in  ( 2 ~  D 
365.25) ) 

4, = angle between incident and reflected rays  

H = number of hours  af ter  midnight (local t ime)  

X = obliquity of the ecliptic 

D =  number of days af ter  spring equinox 

The following l i s t  of p a r a m e t e r ~ ~ a r e  the potential contributors to  e r r o r s  

in the calculated m i r r o r  position: . . 

. A Location of central  re.ceiver. 

'1. Latitude. . . . .  - , ~. . . . .  

2. Longitude. 

3. Reference line to t rue  south. 

B. Coordinates (X, Y, 2) of the heliostat relative to receiver .  

C. Ephemer.is data, 

1. Time of day. 

2. Longitude of sun. 

3. Declination of sun. 

The sensit ivity of beam-pointing e r r o r  to  each of these e r r o r  sources  was 

determined by perturbing the nominal value. The resulting reflected beam 

direction was compared t o  the actual rece iver  direction to determine a beam-  

pointing e r r o r .  Typical beam-pointing e r r o r s  a s  a function of the t ime  of 

day a r e  presented for the above e r r o r  sources  in  Figure 4-46. Based upon. 

this  sensitivity data, requirements  were placed on each of the e r r o r  sources.  

These requirements  a r e  presented in Table 4 -20. Discussions with surveying 

companies indicate that the cent ra l  receiver  location and the field geometry 

can be achieved to the required accuracy by standard surveying methods, 

This  would include surveying to  install  the initial m a r k e r s  and a second 

survey af ter  the heliostats have been installed. The requirements on the 

ephemeris  data will resul t  in modifications to  the calc,ulations of the hour 

angle and declination of the sun a s  used in  the closed-loop synthetic tracking 
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' Figure 4-46. Typical Beam Pointing Errors for ~ommand Calculation Error Sources 
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Table 4-20 

ERROR SOURCE REQUIREMENTS 

Beam E r r o r  (Mrad) . 
E r r o r  Sources Tolerance ( lu) ( 1 4  

Surveying 

Central  Receiver Location . . 

Latitude 

Longitude 

Heliostat Location 

Coordinates of Pivot Point of Heliostat 

Reference Line to  True  South 
e 
4 
4 
4 

GMT Time 

Ephemeris  Data 

Longitude and Declination of Sun 

3 in. 

0.0 1" 

1 Sec 

RSS Total 0.39 m r  



111ode. These changes a r e  current ly being investigated with ease  of 

implementation in a computer algorithm and update requirements  a s  pr imary  

considerations.  The position of the sun can a lso  be obtained f rom a sun 

t r a c k e r  i f  one is necessa ry  to  solve the problem of refraction described 

previously. 

T h e r e  a r e  two additional e r r o r  sources  that resul t  in the heliostat not 

achieving i ts  commanded m i r r o r  normal  position. The f i r s t  is the heliostat 

azimuth plane not being perpendicular to  a normal  to  the earth.  Two causes 

,of this  e r r o r  would be a t i l t  of the he13.oatat pedestal and/or  a misalignment 

of the azimuth drive unit to  the pedestal due to manufacturing tolerances.  

The tilt of the pedestal can  be determined accurately by a detailed surveying 

procedure.  Tightening of manufactur i~.~;  tolerances will a l s o  re'duce this 

e r r o r  but both procedures a r e  costly. Since a n  alignment procedure i s  

requi red  for periodic checks, the inost efficient method for reducing this  

e r r o r  is through a n  automated alignment. The second e r r o r  source that 

resu l t s  i n  the heliostat not achieving commanded m i r r o r  normal  positions 

i s  the azimuth and elevation axes not being orthogonal. This e r r o r  resu l t s  

f r o m  manufacturing tolerarices and can be reduced through an alignment 

procedure.  The potential alignment procedures and implementation a r e  

discussed in Section 4. 2 . 6 .  5. 

The analysis of the alignment methods i s  not complete a t  this t ime but the 

accuracy  can be estimated conservatively for  a sun/heliostat/active ta rge t  

alignment scheme a s  the accuracy  to  which the m i r r o r  normal  can be 

determined.  Some of the e r r o r s  associated with determining the m i r r o r  

normal  a re :  

A. Image Centroid. Assuming that the centroid of the reflected beam 

can be determined within 4 in., the accuracy of the reflected 

beam for  a near  heliostat (54m) would be 

and a f a r  heliostat would be 



The uncer ta in ty  i n  m i r r o r  n o r m a l  would b e  half t h i s . a m o u n t  f o r .  

n e a r l f a r  o r  . . 

. . . . 

B. Sensor .  If a  13-bit e n c o d e r  is used,  the  s e n s o r  g r a n u l a r i t y  would 

b e  

,Assuming  th i s  e r r o r  t o  have. a  un i fo rm d i s t r ibu t ion ,  t h e  uncer ta in ty  

i n  m i r r o r  i s  n o r m a l  b e c a u s e  s e n s o r  g r a n u l a r i t y  is 

C. Sur face  Deviat ions.  It  wi l l  be  a s s u m e d  tha t  the  a l i g n m e n t  is done 
. . .  

when t h e r e  i s  no, o r  l ight ,  winds and the  t e m p e r a t u r e  is n e a r  the  
. . 

r e f e r e n c e  t e m p e r a t u r e  s o  t h a t  ne i the r  of t h e s e  e r r o r s  wi l l  con t r ibu te  

t o  the  m i r r o r  n o r m a l  uncer ta in ty .  G r a v i t y  wil'l con t r ibu te  the  s a m e  

amount  o r  

D. M i r r o r  Alignment.  As  was  d i s c u s s e d  i n  Sect ion  4 . 2 .  6. 1, the  m i r r o r  

panels  wi l l  not b e  a l igned with t h e  he l ios ta t  normal .  The  r e q u i r e -  

m e n t  .placed upon t h e  s t r u c t u r e  i s  

E. Misce l l aneous  E r r o r s .  T h e r e  a r e  a  number  of o t h e r  e r r o r s  s u c h  a s  
.. 

r e f r a c t i o n ,  s t r u c t u r e  bending f r o m  s e n s o r  t o  m i r r o r  s t r u c t u r e ,  e tc .  

which c a n  con t r ibu te  t o  m i r r o r  n o r m a l  e r r o r .  Si,nce t h e s e  e r r o r s  

a r e  ma in ly  a  function of e n v i r o n m e n t a l  condit ions - s u n  e leva t ion  

angle ,  wind, e tc .  - it wi l l  be  a s s u m e d  . . t ha t  t h e  a l i g n m e n t  time c a n  
. . .  

b e  se lec ted  t o  m i n i m i z e  t h e i r  e f for t .  I t  is  e s t i m a t e d  t h a t  the  c o m -  

bined ef fec t  of t h e s e  e r r o r s  c a n  be  kept  less t h a n  



The total  m i r r o r  normal  uncertainty i s  

"g 
0 . 6  

0 .3  - 
Total RSS = 0 . 9 6 / 0 . 8 8  m r  . 

The total  beam e r r o r  a s  a resul t  of m i r r o r  normal  uncertainty i s  

Combining these e r r o r s  with the surviving e r r o r s  resul ts  in a total  command 

e r r o r  of 

4. ~ e d e ' s t a l  Foundation. The heliostat i s  a relatively la rge  heavy s t ruc ture  

sitting in  a foundation in the ground. As  such, unless a la rge  costly founda- 

tion is made, the pedestal  will move with t ime a s  a resul t  of foundation 

settling. Foundation sett l ing could be amplified by the l a rge  wind moments 

acting on the pedestal. Heliostat pedestal  angular measurements  were 

made a t  the t e s t  si te.  The measurements  a r e  given in Table 4-21. There  is 

,some question a s  t o  the accuracy  of the measurements  but for  the lack of 

be t t e r  information, a value of a= 0.77 m r  will be used for  pedestal movement. 

I t  will be  assumed that the mean angular movement can be  removed with the 

alignment process.  



. . 
S R E  T E S T  DATA 

HELIOSTAT PEDESTAL ANGULAR MEASUREMENT 

T i m e  T e m p .  H l  H 1 HZ H 2 H3 H 3 H4 H4 IH 1 IH 1 
Date H r  -Min F N-S E-W N-S E-W N-S E-W N-S E-W N-S E - W  

10/13/76 9 : o o A ~  72.00 .78'1O1 78'12' 77'38'. 78'3' 78'27' 77'24' 78'25' 77'53' - - 

Mean (Min. ) = 11.33 15. 17 46.3  2. 17 27.33 21. 67 27.3 53. 17 29.2 37. 8 
e. 
i 
4 

V! 
Standard  Deviation (mr) ; 0.63 0. 53 0.97 0.70 0.60 1.07 1.11 9 .75 0.48 0 . 2 4 = 0 . 7 7  



5. Bending f r o m  Absolute Sensor to  M i r r o r  Structure.  I t  is not known 

exact ly  a t  th i s  t ime  a t  what point f r o m  dr ive  output t o  m i r r o r  s t ruc ture  the 

s e n s o r  will m e a s u r e  the m i r r o r  angles.  Regard less  of the point of pickoff, 

the wind will cause  some  compliance bending f r o m  the senso r  t o  the m i r r o r  

s t ruc tu re .  An e s t ima te  of th i s  e r r o r  i s  shown in  Table 4- 15. 

6. Pedes t a l  Deflection. Unlike the closed-loop process ,  the open loop- 

p roces s  i s  sensi t ive  to  any  movement of the pivot point. Winds a k i n g  on 

the  m i r r o r  s t ruc tu re  produce moments  on the pedestal  which then r e su l t  i n  

deflection of the pivot point. Using the %NASTRAN program, the deflection 

i s  estimatecl between 0. 3 and 0.4  mr. Assuming th i s  e r r o r  can be  in any 

direction,  the b e a m  e r r o r  is 

4. 2. 6.4 Open-Loop E r r o r s  with Sensor on Motor Shaft 

1. Control  System E r r o r s .  The accuracy  of this  mechanization was invest i -  

gated by modifying the closed-loop Monte Carlo  simulation descr ibed above. 

The beam senso r  was removed and an  incrementa l  value of motor shaft  was 

used a s  a feedback signal.  

A s  might b e  expected, th i s  mechanization was found to b e  much m o r e  sensit ive 

to  backlash  and winds. The  resu l t s  a r e  shown in 'F igu re  4-47 .for backlash 

and F igu re  4-48 for  mean  wind velocity. The r e su l t s  a r e  perhaps be t t e r  

understood by considering a n  analytical  model. The beam e r r o r  i s  made up 

of backlash and .wind deflection. The backlash e r r o r  h a s  a uniform distribution 

because any position within the backlash range i s  equally l.ikel.y, T h e  urind- 

deflection e r r o r  can b e  approximated a s  a t r iangular  distr ibution where the 

peak i s  a t  the mean  velocity deflection and the minimum and maximum value 

a r e  a t  mean  k 2u. This  model  i s  i l lus t ra ted in  F igure  4-49. The total 

b e a m  e r r o r  i s  
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Figure 4-47. Effect of Backlash Upon Beam Error for Open LoopIShaft Sensor - Simulation Results 
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Figure 4-49. ~nalytical BacklashMlind Model ' .  . . . 



T h e  r m s  e r r o r  is 

2 
o ( r r n s )  = r ' ( rms)  t o ' ( rms)  

t W 

Using the  values shown i n  F igure  4-49, the r m s  e r r o r  becomes 

. 2  
2 T~ t ( l . 3 )  u ( r m s )  = - 2 

3 

A plot of t h i s  curve  is shown in  Figure  4-47. The difference between the 

s imulat ion r e su l t s  and analytical. model s t e m s  f rom the approximation of the 

dis t r ibut ion and the difference in autocorrela t ion t ime.  

The  amount of wind deflection i s  a direct '  function of the dr ive unit st iffness 

(one o v e r  compliance). The sensit ivity of azimuth beam e r r o r  i s  shown in  

~ i ~ u r e  4-50. A value of 133,000 in. - l b /deg  has  been  used in the analysis  

because  it is the spec  value, although the t e s t  on the dr ive unit indicates the  

value m a y  b e  higher.  

The sensit ivity to  the amount of hys te res i s  was determined by varying the 

h y s t e r e s i s  base  band (BB)  i n  the Monte Car lo  simulation. The r e su l t s  a r e  

shown i n  Figure  4-51. The bottom curve indicates the contribution o f :  

h y s t e r e s i s  to  beam-pointing e r r o r .  SRE l i s t  data indicates the base  band can 
- 

. be  somewhere between 0. 1 and 0 .3  m r .  

The  azimuth beam e r r o r  for  th i s  open-loop mechanization with a n  Orbidr ive 

unit tha t  h a s  2 m r  of backlash  and a s t i f fness  of 133, 000 in. -lb/deg ( a  spec  

number)  would be' 4. 1 m r .  ' The sever i ty  of a n  e r r o r  of this  magnitude - . .  . 
war ran t s  re-evaluation of the cha rac t e r i s t i c s  of the dr ive unit. After  

reviewing the dr ive  unit t e s t  (Reference R l ) ,  i t  was concluded that  2 mr of 

backlash  was reasonable,  but a st iffness of 133,000 in. -lb/deg was low. 

The  t e s t  value of st iffness ranged f r o m  145,47 1 in. -lb/deg t o  a s  high a s  

307, 000 in. -lb/deg, although m o r e  hys t e re s i s  was associated with th i s  high 

value of stiffness. The cha rac t e r i s t i c s  of the dr ive unit shown i n  F igure  4-52 

were  selected a s  being a good, yet s t i l l  conservative,  representat ion of a n  
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' HYSTERESIS BAND - BB (MR) 

Figure 4-51. Effect bf ~~steres is  Upon Beam Error for Open LoopIShah Sensor 
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Figure 4-52. SRE Test Data for O~bidrive 



Orbidr ive  capability. The azimuth beam e r r o r  with 2 m r  of backlash and '  

a s t i f fness  of 150, 000 in. -lb/deg i s  3. 9 m r .  F o r  the angle of a t tacks  

considered,  the  elevation moment coefficient would be  about half. It i s  

e s t ima ted  that the elevation e r r o r  would be  about half o r  1. 8 m r .  

Because this  e r r o r  i s  still re la t ively la rge ,  an  evaluation of a harmonic  dr ive 

unit was considered.  The  cha rac t e r i s t i c s  of the harmonic  dr ive a r e  

i l lus t ra ted  in F igu re  4-53. The data would tend to  indicate that  the harmonic 

dr ive  does  not exhibit any backlash,  but does have an inelastic effect which 

would re,sult i n  a b e a m  e r r o r .  This  t e s t  data i s  insufficient for  the develop- 

me'nt of a n  e r r o r  model, but a f te r  studying the harmonic  dr ive  charac te r i s t ics  

shown in F igure  4-53, i t  is conceivable that harmonic  dr ive  would resu l t  in  

l e s s  beam e r r o r . t h a n  the Orbidrive.  It i s  es t imated that  harmonic dr ive  

would be approximately the s a m e  a s  Orbidr ive with 0. 5 mr  of backlash which 

would resu l t  i n  an  az imuth  beam e r r o r  of 2.75 m r  and a n  elevation beam 

e r r o r  of 1.27 m r .  

2. Refraction.  The re f rac t ion  e r r o r  is common between both open-loop 

mechanizations.  The  s a m e  discussion applies here .  a s  for open lopp with 

s e n s o r  on dr ive  output. 

3.  Command Calculations.  The only change i n  the  e r r o r  budget presented 

in  Table  4-15, due to  the  change f r o m  a n  absolute encoder on the dr ive  output 

t o  an  incrementa l ' encoder  on the motor  shaft, i s  in  the accuracy  of the 

a l ignment  procedure.  T.he alignment tolerance is increased  to  1.0 m r .  The 

addit ional e r r o r  i s  due t o  the fact  that  with a n  encoder  on the motor  shaft, 

the  output can b e  anywhere i n  the backlash and compliance. 

4. Pedes ta l  Foundation Movement. The s a m e  discussion applies h e r e  a s  for 

open loop with s e n s o r  on dr ive  output. 

5. Pedes t a l  Deflection.- The s a m e  discussion applies h e r e  a s  for  open loop 

with s e n s o r  on dr ive  output. 

6. Bending f r o m  Drive to  M i r r o r  Structure .  The  compliance f r o m  the dr ive 

output to  the m i r r o r  s t ruc tu re  contributes t o  b e a m  e r r o r .  An es t imate  i s  
. . . - .  

i. 4 . shown i n  the table.  
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Figure 4-53. Characteristics bf Harmonic Drive 



7. Gravitational Moment. Gravity produces a moment in the elevation plane 

which ac t s  through the compliance to  produce a beam e r r o r .  Since the sensor  

is on the motor  shaft before the dr ive compliance, this  e r r o r  i n  elevation 

angle is not detected. The elevation beam e r r o r  for a drive stiffness of 

133,000 in. -lb/deg is shown in F igure  4-54. This  e r r o r  can be reduced by 

modeling the gravitational moment and knowing the compliance of the drive 

unit, the elevation angle can  be modified to co r rec t  for  the gravitational 

deflection. If the compliance of the dr ive unit i s  known to within 27% ( 2 ~ ) ~  it 

is est imated that the e r r o r  can be  reduced to 0. 32 m r .  

4. 2. 6. 5 Heliostat Alignment 

After  the heliostat has  been placed in the field, there  will be a number of 

e r r o r s  which could resu l t  in  a l a rge  beam e r r o r .  Some of these e r r o r s ,  

for  a n  open-loop mechanization, a re :  

A. The ti l t  of the azimuth plane. Depending upon the c a r e  and 

expense with which the pedestal i s  installed, there  could easi ly  be 

1 to 2 deg of tilt.  The azimuth drive/bearing s t ruc ture  could a l so  

contribute to  a t i l t  angle. 

B. The position of the heliostat pivot point with respect  to the receiver.  

After the heliostat  i s  installed, a position e r r o r  will exist  between 

the surveyed position and the actual  position. Any tilt of the pedestal 

will a l so  resu l t  in  a pivot point position e r r o r .  The magnitude of 

this e r r o r  will again depend upon the ca re  and expense with which 

the pedestal  is installed. 

C. Nonorthogonality between the elevation plane and the azimuth plane. 

This e r r o r  s t ems  f rom the s t ructural  tolerance of the rotational 

assembly. T o  reduce this e r r o r  to  an acceptable level will great ly  

increase  the manufacturing costs. 

D. Heliostat reference sys tem with respect  to  south must  be determined. 

At present,  a number of methods of alignment a r e  being investigated, The 

cost vs  accuracy study has  not been completed. Some of themethods being 

considered a re :  

A. Survey the field a f te r  the heliostats have been installed, use a 

leveling device t o  determine tilt,and reflect the sun onto the 

receiver  to  obtain a reference point. 
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Figure 4-54. Elevatio~n Deflection Due to Gravitational Moment 



B. Use the sun, heliostat, t a rge t  on tower, and a digital radiometer.  

The heliostat  i s  commanded to a position which would ref lect  the 

beam a t  the center  of the target .  The difference between where the 

beam is commanded to be and actually points i s  used to calculate 

correct ion t e r m s  which would be  used to adjust the heliostat 

commands during normal tracking. 

C. Use the sun, heliostat, and active rece iver  on the tower. The same 

procedure a s  in B above i s  used to calculate command correct ion 

t e r m s .  

D, Use a l a s e r  autocollimator on the tower to survey the field. 

Because of the weight of the heliostat, i t  s eems  reasonable to  consider that 

over some period of t ime the heliostat pivot point will move which would 

resul t  in  a position and ti l t  e r r o r .  The movement could be the resul t  of 

the pedestal  foundation settling o r  caused by an  earthquake. In ei ther  case,  

heliostat alignment will have to be done periodically. The t ime period 

between alignments i s  not known a t  this  t ime but it could be a s  short  a s  

3 mo o r  a s  long a s  2 t o  5 yr .  

It would seem desirable  to  have an  alignment scheme such a s  Item B, C, or  D ' 

above which could be done periodically without shutting down operations o r  

requiririg a lot of manhours.  In addition, alignment method B and C can . 

a l s o  be used to  t e s t  heliostat  performance without sending a man out in the 

field. Such things a s  dirty,  cracked, o r  warped m i r r o r s  can be detected by 

'examini'ng the intensity patter'n. . . 

None of the 'above e r r o r s  significantly affect the closed-loop mechanizations 

s ince the sensor  produces e r r o r  signals for  the control sys tems which keep 

the b e a m  directed a t  the ' rece iver .  Of course,  the sensor  m i r r o r ,  sensor ,  

and rece iver  mus t  be aligned before this can be accomplished. Since -the 

sensor  pole orientation may  change. with time, periodic -ali.gnment of the 
. . 

sensor  m a y  be required. 'The 'alignment scheme for closed-loop could b e a  

a s  s imple as' adjusting the sensor  until t h e  image is a t  the .desired'position 

on the rece iver  o r  method B 'or C .above could be implemented to do automatic 
. . 

. . alignment, ' 

. . 



4.2.6.6 S u m m a r y  

A s u m m a r y  c o m p a r i s o n  of the  c l o s e d -  a n d  open-loop b e a m  pointing a c c u r a c i e s  

is given i n  Tab le  4-22. The  a z i m u t h  and e levat ion  e r r o r  a r e  combined 

t o  f o r m  a s ing le  ha l f -cone  angle  which conta ins  90% of r e f l e c t e d  e n e r g y .  

T h e  re la t ive  ' accuracy  of t h e  d i f ferent  t r a c k i n g  mechan iza t ion  c a n  b e  obta ined 

b y  compar ing  the  9070 cone angle.  The  amount  of power  l o s t  a n d  the  t o t a l  

n u m b e r  of he l ios ta t s  r e q u i r e d  to  ma in ta in  a cons tant  power  a t  the  r e c e i v e r  

a r e  a l s o  shown. A c o m p a r i s o n  of the  advan tages  and d i sadvan tages  of t h e  

open- and c losed- loop  mechan iza t ions  is s u m m a r i z e d  i n  T a b l e  4-23.  Some 

of t h e s e  a r e :  

T h e r e  have  be,en m a n y  a s s u m p t i o n s ,  con jec tu res ,  and s impl i f i ca t ions  m a d e  

i n  t h e  above a n a l y s i s  which m a y  have  a s igni f icant  e f fec t  upon the  r e s u l t s  

i n  T a b l e  4 - 2 3 .  Some of t h e s e  a r e :  

.A.  Picking t h e . w o r s t  angle  of a t t a c k  a n d  saying it is the  s a m e  f o r  a l l  

h e l i o s t a t s  i n  the  field. 

B. Inves t iga t ion  of t h e  a l ignment  h a s . n o t  b e e n  comple ted  a n d  t h e  

a c c u r a c y  t h a t  c a n  b e  obtained h a s  not b e e n  d e t e r m i n e d  a t  t h i s  t i m e .  

C. T h e r e  is s o m e  u n c e r t a i n t y  about  the  me thod  of t r a n s f e r r i n g  

s t r u c t u r a l  def lec t ion  into b e a m  e r r o r  and power  l o s s .  

D. SRE data  h a s  b e e n  i n t e g r a t e d  in to  t h i s  ana lys i s ,  but  t h e r e  is s o m e  

ques t ion  on  s o m e  of the  da ta  a s  t o  the  a c c u r a c y  of the  m e a s u r e m e n t  

dev ice  which was  used  t o  g a t h e r  t h e  data.  

Taking t h e s e  th ings  into account ,  e s t i m a t e s  f o r  the  r a n g e  of a c c u r a c y ,  power  

l o s s ,  and addi t ional  he l ios ta t  r e q u i r e m e n t s  have  been  e s t i m a t e d  and a r e  shown 

in.  . .Table 4-24. T h e  b igges t  unce r t a in ty  e x i s t s  i n  t h e  open- loop/s  haft s e n s o r  

mechan iza t ion  , b e c a u s e  of the  sens i t iv i ty  t o  winds / b a c k l a s h  and t h e  u n c e r  - 
t a in ty  i n  the  alig.n.ment a c c u r a c y ,  but  it has  the  g r e a t e s t  potent ia l  sav ings .  

T h e  potential  sav ings  of t h i s  mechan iza t ion  a r e  c o m p a r e d  t o  the  c losed- loop  

P D  c,onfig.uration,in F i g u r e  4-55. B e c a u s e  o f  the  s e n s i t i v i t y  t o  winds/  

backlaph,  . t h e ,  h a r m o n i c  d.rive f o r  open-loop/  shaf t  s e n s o r  h a s  a potential  

ad,ditiona,l saai.ngs a s  sho.wn i n  F i g u r e  4-55. T h e  coming  t e s t ing ,  s imula t ion , .  

a n d  analyt i ,cal  work will  subs tan t i a t e  t h e  open-loop,[shaft s e n s o r  m e c h a n i z a -  

tion. T o t a l  c o s t  of the  open-  and  c losed- loop  t r a c k i n g  mechan iza t ion  is 

d i s c u s s e d  l a t e r .  



Table 4-22 

CLOSEDIOPEN-LOOP COMPARISON 

Beam Accuracy 

Open Loop . 

Closed Loop Gimbal Sensor . . Shaft Sensor 
AZ /EL (mr) AZ /EL (mr) AZ/EL (mr)  

1. Control Dynamics 

2. Mirror Surface 

4. Pedestal/Sensor Pole 

5. Beam Sensor 

6. Refraction 
P 
d 

w 7. Gravitatia nal 
0 

Total RSS 

Half Cone Angle (9070) 

Power Loss  (70) 

Additibnal Heliostats ( 1736) 24 .4 3 88 



Table  4 - 2 3  

ADVANTAGE AND DISADVANTAGE O F  OPENICLOSED-LOOP MECHANIZATION 

Open Loop 

I t e m  Closed Loop Gimbal Sensor  Shaft Senso r  

I. Alignment IA. IB. IC. 
Simple and Not Required More  Complicated and  More  Complicated 
t o  R ~ p e a t  Ve ry  Often Required t o  Repeat  and Required to  

. . .  More  Often Than IA. Repeat  More  
Often Than  IA. 

' 1 . .  

11. ~ a c k l a s h  ILA. IIB. 
. _. . ... . V e r v  Li t t l e  Sensit ivi ty About the  Same . a s  ILA. 

t o  Backlash. 

IIC. 
Ve ry  Sensit ive 
t o  Backlash.  

HI. : ~ e t e c t i o n ' o E  IIIA . 111 B . IIIC. 
Malfunction Detect  Most  Malfunctions About the  Same a s  IILA. Detect  Motor 

i n  Control  Loop. 9 Malfunction Only. -. 
G: n. Atmospher ic  IVA . IVB. IVC. 
e 

Refrac t ion  Not sensi t iv i ty  Requi res  Refract ion . Same  a s  IVB 
Cor rec t ion  F r o m  Model o r  

. . . .  . Sun Track ing  . 

V. .Mechanization VA . V B. VC. 

. . 
Requi res  Requ i r e s  Good Gimbal  Requi res  
A. Po l e  Sensor  . Sensor  A. Shaft Sensor  
B. Shaft Sensor  B. Gimbal Sensor  
C. Gimbal  Sensor  

VI. , Computer  . .  . VLA. .VI B. VIC. .' 
. . 

Requ i r emen t s .  Low High . . High . . -  

VII. Compliance VILA, VII B. vIIC. 
Not V e r y  sens i t ive  Same .As VIIA. Sensit ive t o  Com-  

. . . .  pliance. Requi res  
. . .  . .. . .. Known Value of. . 

Elevat ion Drive  
. . . . Compliance. 



Table  4-24 

ESTIMATE O F  OPENICLOSED-LOOP ACCURACY RANGE 

Open Loop 

I t em Closed Loop Gimbal Sensor  Shaft Sensor  

A c c u r a c y  ( m r )  

Azimuth  ( la)  1. 8 - 2. 6 2. 8- 4.0 3. 0 - 6. 0 
. 7 . .  

Elevat ion ( la) 1 . 8 - 2 . 6  2. 8-4 .  0 3.  0 - 6.0 

Half Cone Angle (90%) 3.  9 -- 5. 6 6. 0 d . 8 .  6 6. 5-13. 0 

Power  Loss (%) 1, 1 -- 1. 6 1. 7 -- 3.7 1. 8- 7 .4  

Addit ional  Hel ios ta t  s  18 --26 28-  61 30 -- 122 

Re fe r ences  f o r  Section 4. 2. 6 

R 1. "Power  Collection Reduction b y  Mirror Surface Nnnfla.t.nes s and Track ing  

E r r o r  f o r  a Cen t r a l  Rece iver  Solar  Power  System.  " Applied Optics,  

Vol. 14, p. 1493, Ju ly  1975. 

R2. "F ina l  Repor t  on. T e s t  Resu l t s  of Heliostat  Drive System. " Compudrive 

Corporat ion.  Contract  No. 7672 1008, 28 F e b r u a r y  1977. 

R 3 .  "The  National A lmanac  F o r  the Year  1974. 'I United Sta tes  Observa tory ,  

U. S .  ~ o v e r n r n e n t  Pr in t ing  Office. 

R4. R. A. McClatchey and  J.  E. A. Shel.by, "Atmospher ic  T ransmi t t ance  

f r o m  0. 25 to  28. 5 m: Computer  Code LOWTRAN 3" - ~ i r  F o r c e  

Cambridge R e s e a r c h  Labora tory ,  L .  G. Hanscom AFB,  'Massachuse t t s ,  

01731, 7 June  1975. 
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Figure 4-55. Con Savings of Open LoopIShaft Sensor Versus Closed Loop 



4. 2 .7  Control  Sensor  Des ign /Pe r fo rmance  

4 . 2 . 7 . 1  Open-Loop S e n s o r s  

The  se lec t ion  of a con t ro l  s e n s o r  f o r  the open-loop des ign  was  ba sed  on a 

t r a n s d u c e r  which had  the r equ i r ed  angula r  sensi t iv i ty  and would be  the- m o s t  

cos t -e f fec t ive .  The candidates ,  along with t he i r .  r e spec t ive  c h a r a c t e r i s  t ics ,  

c o s t s ,  and  bas.ic e l e c t r i c a l  i n t e r f ace  r equ i r emen t s ,  a r e  l is8ed.in Table. 4-25. 

Table  4-25 . . 

CONTROL SENSOR CANDIDATES 

E lec t r i c a l  Inte'rface 
De \-i c e Unit Accuracy  Cost  (pe r  dev ice )  

13-Bi t  Absolute Encoder  0. 95 m r a d  $400.00 ' 13 pa r a l l e l  l ines  and 
. . *digital mux  

1.3- Bit Increme,ntal  Encoder  0. 95 m r a d  $3'90. 00 2 d i g i t a l  l ine and 
digital  mux  

Synchro I 0 . 8 5 m r a d  $ 8 0 . 0 0  2 l i n e s a n d a n a l o g m u x  
Synchro-  Digital Conver te r  2. 7 m r a d  $ 58.00::: plus A I D  conve r t e r  

Po ten t iomete r  1. O m r a d  $3 50.00 1 l ine and analog mux 
plug A I D  conve r t e r  

1 - Bit Inc rementa l  Encoder  0. 15 mrad:::: $ 32. 00 2 l ines  and digital  mux  

:I: P e r  he l ios ta t  cos t  
::::$Output resolut ion through 43,000: 1 reduct ion 

The analog s e n s o r s  w e r e  not cos t -effect ive  because  they requ i red  a n  A / D  

conve r t e r  and analog mul t ip lexers .  In addition, the unit a c c u r a c y  of the 

synch ro  and high unit cos t  of the potent iometer  made  the analog s e n s o r s  

una t t rac t ive  f o r  this  applicat ion.  

The  high- resolut ion encode r s  we r e  m o r e  ea s i l y  adaptable:  .however,  the high 

unit c o s t  r esu l t ed  i n  a n  e lec t ron ics  co s t  nea r l y  equal  to the cos t  of the c losed-  

loop e l ec t ron i c s .  The s e n s o r s  would be used to m e a s u r e  'the angula r  d i s -  

p lacement  of the gimbal  axes,  and therefore ,  required.  th'e high resolution.  
. . 

The angula r  d i sp lacement  of the gimbal  axes  c an  a l s o  b e  ind i rec t ly  d e t e r -  

mined  by measu r ing  the angula r  displacerrient of Ihe  input (motor  shaf t ) '  

a x i s  and knowing the .gear r a t i o  (43, 000:l reduct ion)  of the d r i v e  mechan ism.  



A coarse  resolution (1 bi t )  incremental encoder would yield a gimbal 

resolution of 0.15 mrad.  The incremental approach requires  an  interface 

which can keep count of the total input revolutigns such that the gimbal posi- 

tion can be  determined a t  any time. This i s  the most  cost-effective sensor .  

However, i t  has  some drawbacks, namely i t s  dependence on the interface to 

keep count of the total input revolutions and i ts  inability to direct ly  measure  

the angular movement of the gimbal. The e r r o r s  resulting f rom the imper-  

fections in the dr ive mechanism (backlash, dead space, and compliance) 

cannot be detected by this sensor .  

4. 2 .7 .  2 Closed-Loop Sensor (Discrete  Output Beam Sensor)  

The closed-loop sensor  charac ter i s t ics  a r e  basically the s a m e  a s  the sensor  

used 0.n SRE. One beam sensor  is used with each heliostat  to indicate in  two 

coordinates the angular deviation of the beam reflected f rom the m i r r o r  f rom 

the des i red  position on the receiver .  The beam sensor  i s  mounted on a 

separate  pole and its  optical axis i s  boresighted to the rece iver  looking back 

a t  the m i r r o r  surface.  If the reflected r ays  a r e  not parallel  with the sensor  

axis, e r r o r  signals a r e  generated in two orthogonal coordinates. These 

signals a r e  processed and used to dr ive the heliostat toward a null e r r o r  

signal condition. 

Since the sun presents  a n  intense, slow-moving source  of energy for optical 

tracking, i t  i s  feasible to use simple,  nonscanning, t rackers  operating in  a 

direct-current-coupled mode. The principal beam sensor  requirements  a r e  

adequate angular sensitivity, suitable control charac ter i s t ics ,  stability, low 

manufacturing cost,  and high reliability. A sensor  meeting these requi re-  

ments i s  the balanced-shadow concept developed for  SRE shown in  Figure 4-56. 

The balanced-shadow sensor  developed a t  MDAC consists of two pa i rs  of 

rectangular si l icon detectors  a r ranged on the a r m s  of a c ross .  A squa re  

mask  i s  positioned and s ized s o  that sunlight passing the mask  il luminates 

the outer edges of each detector. Vertical baffles a r e  located s o  a s  to isolate  

each detector. An imbalance in signal between opposite pairs  of detectors 

produces an  e r r o r  signal. A fifth detector element a t  the center  measures  

insolation to provide for automatic gain control (AGC). The, output 

character is t ics  of the ba.lanced- shadow sensor  a r e  shown i a  Figure 4- 57. 
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The l inear  ranges of the beam e r r o r  channels ( see  Figures  4-58,and 4-59) 

a r e  - + 1. 83 deg minimum with a nominal sensit ivity of 3.1875 mr/V.  The 

AGC channel provides a valid output over a minimum range of 1. 83 deg with 

a nominal sensit ivity of 100 w / r n Z / ~ d c .  The full- scale  outputs of the beam 

e r r o r  channels and the AGC channel a r e  - + 10 Vdc and - 10. Vdc, respectively, 

when measured  a t  a so la r  intensity level of 1 ,000 wat t s  /m2.  The beam 

sensor  will function with variations in  beam intensity between 250 and 
.I. 

1,000 Watts /m2.  

The beam e r r o r  signals and AGC channel a r e  used to c rea te  eight d i sc re t e .  

outputs (four p e r  ax i s )  by using voltage comparators  a s  shown in Figure 4-60. 

The AGC signal i s  used a s  the re ference  voltage (proportional to insolation) 

f o r  the threshold detectors .  Four thresholds will be selected s~y~mn~e t r i ca l ly  

about the ze ro  point on the sensor  t ransfer  character is t ics .  One se t  of 

thresholds will be selected to yield the required gimbal accuracy. The other 

s e t  will be  located near  the full-scale output points and used during beam 

acquisition. 

4. 2.7. 3 Sensor Pole 

The sensor  pole (F igure  4-61 ) is  a two-part s teel  tube designed to support 

the tracking sensor  a t  a location approximately on a line between the center  

of the heliostat  and the receiver .  The vert ical  column i s  connected to the 

variable-length boom by a swage nipple, allowing for  height and la te ra l  

adjustments.  

4. 2.8 Field Controller Design/Performance 

4. 2.8. 1 Controls. 

A t rade  study was  conducted on seve ra l  open- and closed-loop configurations, 

weighing their re lat ive field cost a s  a function of the electronics costs ,  

wiring cos ts ,  and the cost  for additional heliostats to compensate for  power 

los ses  caused by heliostat  pointing e r r o r s .  

A digital sys t em using the concept of a field controller commanding a given 

number of heliostats,  which in turn was governed by a m a s t e r  controller,  

was used a s  the baseline. The concept of a digital field cont ro l le r /mas ter  



CR39A 
VOL Ill-1 

. 

~ i&n  4-58. Allowable ~iriearity Error After Solar lntinrity correction 



CR39A 
VOL 111-1 



CR39A 
VOL 111-1, 

I , .  .. SENSOR TRANSFER 
CHARACTERISTICS 
(TYPICAL OF EACH AXIS) 

Figure 4-60. Discrete Beam Sensor 



CR39A 
V O L  111-1 

,. . . , L . .  

SWAGE NIPPLE 
6-3 IN.  STD PIPE 

. . 

. " 

PIPE F L A N G E  

GROUND L I N E  

Dl A 

Figure 4-61. Sensor Pole 



controller evolved f r o m  the trade studies weighing the cost of sys tems 
I .  

ranging f r o m  a completely centralized sys t em to a completely decentralized 

system. In general,  interconnection cost reduction favored decentralization, 

and electronic hardware cost reduction favored centralization. The reliability 

of a completely centralized sys t em would suffer unless redundancy was 

incorporated into the design. Adding redundancy would increase  the cost  of 

the centralized system. A study of wire  costs per  heliostat a s  a function of 

field controller cost per  heliostat  showed that the optimum balance of the two 

configurations would be one field controller per  24 to 30 heliostats (defined 

a s  a 'cell). The lower l imit  was selected to reduce the power los s  in the 

event of a field controller failure. The loss  of a field controller does not 

drop the power loss  below the minimum specified level. 

The field controller uses  sample data control techniques to accomplish i t s  

three major  functions: steering, tracking, and operational monitoring. 

Periodic self- test  routines and performance monitoring can provide fault 

detection and. isolation. 

Helios tat control i s  accomplished by (1 ) a centralized mas te r  controller 

exercising executive control over the field, providing sys tem interface,  and 

generating s teer ing commands, (2) one decentralized field controller pe r  

24 heliostats providing sample data-type control of each heliostat, ( 3 )  the 

control s ensor s  (beam sensor  o r  position encoders),  and (4) associated 

communication and power grids.  

Alternate analog implementations were  considered. The major  difficulty in 

analog implementation i s  determining a cost-effective means of performing 

coordinate transformation. Analog and digital machine differences a r e  

summarized in Table 4-26. In general, analog implementation yielded a 

l e s s  accurate  and l e s s  flexible sys tem with no appreciable cost savings. ' 

4.2.8.2 Open- Loop Trade 

A t rade study was conducted on the feasibility of implementing an open-loop 

heliostat control system. The heliostat  electronics cost could be reduced 

by eliminating the closed-loop beam sensor .  However, the tracking 

inaccuracies,  which increase  the sys tem power.loss,  increased the total  



Table 4-26 

ANALOG AND DIGITAL MACHINE DIFFERENCES 

Condition Analog Digital 

Cos t  No significant difference 
. . 

Cost of field position va r i a -  
tions not taken into account 

Coordinate Approximate;  ha rdware  differ-  ~ x a c t ;  no dif ferences  
t rans format ion  ences  throughout field 

unverified Digital adaptation of 
tes ted s y s  t e m  

Self- t e s  t No capabil i ty Inherent capability, 
r equ i r e s  sdf tware  only 

Flexibi l i ty  Hardware  modifications Software modifications 

Control 

Seasons 

Approximations cause  s y s  t em Nearly' optimum control  
to v a r y  f r o m  overdamped to possible throughout day 
underdamped 

Seasonal readjustments  m a y  be No changes requi red  
r equ i r ed  

Maintainability Location sensi t ive:  mus t  be  Module rep lacement  
adjusted fo r  field position 

s y s t e m  cost .  The cos t  i n c r e a s e  r e su l t s  f r o m  the additional hel ios ta t  and 

accompanying,electronics ha rdware  which w e r e  added to compensate  fo r  the 

power loss .  The o ther  cos t  fac tors  a r e  the wiring and the e lec t ron ics  ha rd -  

w a r e  a t  the hel ios ta t  and the .field cont ro l le r  interface.  

Fou r  different configurations with varying deg rees  of ha rdware  sophist ication 

were  examined. The operating mode for a l l  configurations was the  s ame ,  

one field cont ro l le r  controlling 24 heliostats .  The bas ic  cha rac t e r i s t i c s  of 

the  four configurations a r e  shown .in Tab le  4 - 2 7  and F igu re s  4-62 and 4-63. . . . 

The tpacking accu rac i e s  of Configurations 1, 2 ,  and 4 were  discovered t o  be 

approximately  the s a m e  (9.2 m r ) .  4~ All t h r e e  configurations indirect ly  

m e a s u r e  angular  movement of the gimbal  ax is  knowing the .angula r  movement 

of the d r ive  input (motor shaf t  rotation) and the gear .  ra t io  (43,000: l )  of the 

d r ive  mechanism.  Configuration 2 was  judged to be  the mos t  acceptable  

because  the added fea ture  of accura te ly  knowing the gimbal position e v e r y  

22. 5 deg through the 4-bit  gimbali encoder  (absolute encoder) .  
I 

*:See Section 4.2.6 
4-144 



Table  4-27 

OPEN- LOOP CONFIGURATIONS 

Elec t ron ics  
Feedback Cost  P e r  

Configuration Description Elec t ron ics  Cel l  ($) Remarks  

1 Stepper motor  None Required* 14,300 High s tepper  
d r ive  for  motor  i n t e r -  
control  face  cos t  for  

de s i r ed  speed-  
torque 
requi rements  

3+ 'motor 
control  
through a 
dis t r ibuted 
p r o c e s s o r  
network 

Same a s  con- 
f iguration 
No. 2 

(1) 4-bi t  
g imbal  
encoders  

( 2 )  1-bit 
motor  - shaft  
encoder 

, . , ' , .. 
13 -bit  g imbal  23,400 Costly 13-bit 
encoder  gimbal  enco.der 

4 S a m e a s c o n -  1 - b i t m o t o r  5 ,900 
figuration . shaft  
No. 2 encoder* 

*The.se configurations have a r e f e r ence  de tec tor  indicating a known gimbal,  
posit ion on each  axis .  

The  remaining'  configuration (No. 3 )  had a be t te r  t racking accuracy,  bkcaube 

of the 13-bit  gimbal encoder (0.77 -rnr rekol.ution), but the cos t  saving f r o m  

the ' increase '  in  tracking accu racy  could not offset lower s y s t e m  cost  of 

configuration 2 a s  shown in  Table 4-28 (field s ize:  1,760 hel ios ta ts) . '  ' 

Although a 's izable cos t  saving can  be real ized i n  the  e lec t ron ics  hardware  

by the open-loop configuration, this marg in  i s  reduced by the c o s t o f  the 

additional hel ios ta ts  requi red  to compensate  f o r  the power l o s s  resul t ing 

f r o m  tracking inaccuracies .  However, fo r  the field s i ze  of 1. 760 heliostats  

it appea r s  that  a cos t  saving can  be real ized using the  open-loop s y s t e m  

configuration No; 2. . . 
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Table  4-28 

RELATIVE F IELD COST COMPARISON 

Elec t ron ics  Cost  
Power  Additional Helios ta t  (1 ,760 hel ios  t a t s )  

Configuration L o s s  (O/o) No. Cost($) Including Wiring ($) -Total($) 

2 5 . 1  64 $592,.000 0 592,000 

3 2 . 5  19  18P, 000. 1 ,196 ,000  1 ,384 ,000  

D i sc r e t e  1 . 4  0 0 . , 1 ,163 ,000  1 ,371 ,000  
q e a m  Sensor':' . . 

-. .. _. 

:::Closed-loop c o m p a r i s o n  ( to ta l  c o s t  includes  $20/8,000 ins ta l la t ion cos t  not 
app l icab le  to Configurations 2 and 3 )  

4. 2. 8. 3 Fie ld  Cont ro l l e r  

The  field con t ro l l e r  (F /C)  s e r v e s  a s  a communicat ion link between the  m a s t e r  

con t ro l l e r  ( M / C )  and the  he l ios ta t s ,  provides  loop-c losure  con t ro l  for  .the helio-  

s t a t s ,  con t ro l  t o  the  hel ios ta t  d r i v e  m o t o r s ,  and faul t  detectibn f o r ' t h e  subsys -  

t e m  i n  bbth the  open- and c losed- loop modes  of con t ro l  ( s e e  Figure-4-64).  

The co l lec to r  s u b s y s t e m  m u s t  be  ab le  to ope ra t e  in  s e v e r a l  d i f ferent  modes :  

n o r m a l  t racking,  s u n  acquis i t ion,  no rma l  stowage,  s e v e r e  s t o r m  stowage; 

t r ack ing  dur ing  i n t e rmi t t en t  cloud cove r ,  and positioning fo r  cleaning o r  

maintenance.  The  m o d e s  o the r  than n o r m a l  t racking can  a l l  be  cha r ac t e r i z ed  

by  gimbal  ax i s  posit ion commands.  The Mas t e r  Control  de t e rmines  'the 

g imbal  a x i s  posit ions to be  a s s u m e d  and commands  the Field Control-ler 
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(via the digital  communication link between Mas te r  Controller  and Field 

Control ler) ,  t o  these  positions. The position s e n s o r s  on each  hel ios ta t  

provide s tee r ing  to the c o r r e c t  orientation. During normal  tracking,  F / C  

functions autonomously, using e r r o r  s ignals  f r o m  the beam senso r  to achieve . 
closed-,loop tracking o r  using the so l a r  ephemer i s  equations to  achieve 

open-loop tracking. 

The operat ion of the communication sys t em between the F / C  and' theoM/C 

i s  s imi l a r  to that  of the F / C  and s imulated M / C  used f o r  SRE ( s e e  

Section 6 .2 .8) .  The s a m e  message  f o r m a t  can  be used f o r  Pilot  Plant  because 

i t  i s  possible to communicate with 128 F /C ,  each controlling up to 

32 heliostats .  Depending upon the communication requi rements  of the Pi lot  

Plant sys tem,  i t  may  be neces sa ry  to i nc rea se  the t ransmiss ion  ra te .  

4.2.8. 4 Interface Definition (Field  ~ o n t r o l l e r / ~ ~ l i o s t a t  Cont ro l le r )  

The bas ic  s t ruc tu re  of the F / C - H / C  interface for  &ithe; the open-loop o r  

closed-loop configurations i s  identical. 

As in  the c a s e  of the s y s  t em configuration study, i t  was shown that a 

decentra l ized cel l  configuration reduced the interconnection cos t  but 

i nc rea sed  the e lec t ron ics  hardware  cost. Again, the opt imum balance was . 

shown to be a dis t r ibuted p roces so r  configuration. 

This configuration ( s ee  F igure  4-65)  i s  based  upon a low-cost  s ingle-chip 

mic rop roces so r  located a t  each hel ios  tat. The helios tat  p r o c e s s o r s  (helio- 

s t a t  con t ro l l e r s )  communicate with the F / C  through a single pa i r  of w i r e s  

which help  min imize  interconnection costs .  

The F / C  converses  with each of the 24 hel ios ta ts  under i t s  control  through 

the digital par ty  line individually o r  collectively, depending upon the mode 

of operation. All conversations a r e  initiated by the field control ler .  Each 

hel ios ta t  has  a uni'que add re s s  such that the F / C  can  communicate  with i t  

w/ithout in te r fe rence  f r o m  the other  hel ios ta ts .  
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4. 2.8. 5 Heliostat  ControIler 

The H / C  (p roces so r )  controls the power to -the mo to r s  and ga thers  the data  

f r o m  the s enso r s :  beam senso r  d i s c r e t e s  (closed-loop configuration), motor  

shaft  encoders ,  and dr ive  output encoders  (closed- and open-loop configura- 

tion). It a l s o  s e r v e s  a s  a communication link to the field cont ro l le r  through 

which the hel ios ta t  rece ives  i t s  control  command. 

Distributed P r o c e s s o r  Configuration 

The distr ibuted p roces so r  configuration can  be applied to both the c losed-  

loop o r  open-loop configurations. The ha rdware  s t ruc tu re  of the two 

configurations i s  near ly  the same,differing only in  the s e n s o r s  which i n t e r -  

face  with the p roces so r  a s  shown in  F igure  4-66. 

The a d d r e s s  plus i s  unique to each  hel ios ta t  in  the ce l l  and enables  the 

helios tat to recognize when i t  i s  being add re s sed  by the F / C  over  the common 

communication buss.  

The encoder s ignals  a r e  generated a t  the motor  (one pulse per  motor  

revolution) and a t  the output of the dr ive  mechanism (resolution depends upon 

the number  of encoder bits  pe r  revolution). They a r e  used to de te rmine  

gimbal position. 

The H / C  i s  capable of locally controlling the hel ios ta t  gimbal mo to r s  f r o m  

inst ruct ions  i s sued  by the F /C .  The motor  control ler  t rans la tes  the digital  

commands f r o m  the p roces so r  into motor  switching commands.  The mode 

of control  fo r  the motors  i s  proportional bang-bang. 

The communication interface i s  the means  through which the F / C  communi- 

ca tes  with the hel ios ta t  control lers .  Data exchange i s  through the s e r i a l  

t ransmiss ion  of a 24-bit message  ( 3  bytes).  A digital differential  t ransce iver  

i s  used to in terface with the communication buss.  

Controller  Operation 

The p roces so r  i s  a single- chip mic rop roces so r  with a permanent ly  program-  

med read-only m e m o r y  (ROM) designed to pe r fo rm i t s  intended monitoring 

and controlling functions. A bas ic  flow d i ag ram of the H /C  control  p r o g r a m  
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i s  shown in Figure 4-67. The processor  is  s ta r ted  by the power turn-on. 

It then begins the s torage r eg i s t e r s  and reads i t s  address  plug such that i t  

can communicate with the F/C.  

The processor  time i s  pr imar i ly  spent gathering data f rom the sensor s  until 

i t  i s  pulled away f rom this routine by a communications interrupt.  In the 

sensor  monitoring mode, the processor  addresses  channel one ( see  

Figure 4-68) of the 8-input multiplexer (i. e. , A l ,  B1 through H l )  by placing 

the channel one address  code a t  P o r t  1 and executing a RD command. This 

allows the processor  to read  the motor encoder data, interrupt  flags, and 
1 

the so lar  intensity d iscre tes  ( see  Table 4-29 and 4-30 fo r  the channel 

assignments and channel functions, respectively). Next, i t  selects  

Channel 2 of the multiplexer and reads the output encoder data. It continues 

the process  of reading Channels 1 and 2 until an  interrupt  i s  received. The 

processor  serv ices  the interrupt  and returns again to the sensor  -monitoring 
. . 

loop. 

4.2.8.6 Communications Operation 

The communications interrupt  is generated by the U A R T  each time a m e s -  ' 

sage byte (8-bit data)  is received. The byte r a t e  is 880 psec/byte,  including 

the formatting bits. Each message  byte i s  s tored  by the H/C  until the com- 

plete message  (3 message  bytes) i s  assembled. The H / C  compares  the 

address  bits against i ts  own address  and responds to the message  only i f  i t  

i s  being addressed. The response i s  dependent on the type of command 

received, data request  o r  command data. For  the former  case ,  the requested 

data i s  transmitted, and in the la t te r  case ,  the message  received i s  t rans-  

mitted back to F/C to acknowledge receipt of the message.  

The 3-byte message  i s  a r ranged in the following order:  byte 1 (5-bit address ,  

3-bit command type); byte 2 (azimuth data) ,  and byte 3 (elevation data). The 

command codes a r e  defined in Table 4-31. 

The motor  commands (CMD Code 000) f o r  both the azimuth and elevation 

motors  a r e  formatted such that the most  significant bit (MSB) of their  

respective data bytes contains the motor  direction bit and the remaining 
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Table  4-29  

INPUT MUX FUNCTIONS 

' h4ux No. 
Designation 

Mux Input Number 

1 2 3 ' 

Communications 
In te r rup t  (INTA) 

Motor In te r rup t  

Az CW Encoder  
Data 

Az CCW Encoder  
Data 

E l  CW Encoder  
Data 

Az Output Encoder  
Bit 4 

Az Output Encoder  
Bit 3 

Az Output Encoder 
Bit 2 

Az Output Encoder  
Bit 1 

E l  Output Encoder  
Bit 4 

E l  CCW Encoder  E l  Output Encoder  
Data Bit 3 

z 

" G . . . Sola r  Intensity E l  Output Encoder 
Disc re te*  Bit 2 

UART E r r o r  F lag  E l  Output Encoder  
Bit 1 

. . 

, - '  *For. .closed-loop . , configuration only 

A D R ~  
Beam*: 

I Sensor  
D i sc r e t e s  ADR3 

1 (Azimuth)' 

Add re s s  
Bits  
(H/C 
ID) 

ADRl 1 
Beam* 
Sens  csr 
D i sc r e t e s  UART:Transmit ter  
(Elevation Buffer Control  

UART T r a n s m i t t e r  
Control  

Sine 



Table. 4- 30 

CHANNEL FUNCTIONS 

M u  
Channel(s ) Description Function 

A1 Communications Flags the processor  that data has  
Interrupt been received a t  the data buss  

terminal. 

B1 Motor Interrupt Flag to indicate Phase B of the 3 6  
power input has  c rossed  the ze ro  
voltage level. This data i s  used to 
control the duration during which 
a motor  i s  turned on. 

C1-F1 Motor Encoder Data Denotes that the motor has  turned 
one revolution and the direction 
of spin. 

G1 Solar Intensity 
Discrete 

H1 UART Flag 

Signifies that the solar  intensity 
a t  the beam sensor  i s  above the 
acceptable level. 

Shows any e r r o r  flags generated by 
UART transmission e r r o r s .  

A2-D2 Azimuth Output Indicates the horizontal position 
Encoder Bits 1-4  of the Orbidrive. 

E2-HZ Elevation Output . Indicates the vert ical  position 
Encoder Bits 1 - 4  of the Orbidrive. 

A3 - D3 Azimuth Beam Sensor 
Signals (Discret  e s )  

E3 - H3 Elevation Beam Sensor 
E r r o r  Signals (Discretes)  

Together with Channel G1. 
I these signals indicate the angu- 

l a r  e r r o r  between the target  and 
I reflected beam. 

8 4 - E 4  Heliostat Address Bits A 5- bit address  code denoting the 
helios tat identification number. 

F4 & C4 UART Transmit ter  Control signals f r o m  UART indicating 
Control , status of UART t ransmi t te r  section. 

7 bits (128 counts) of each byte contains the des i red  number of motor  revolu- 

tions. The direction bit equal to logical one signifies that the azimuth and 

elevation axes should move clockwise and up, respectively. 

The output. encoder data request  (CMD Code 001 ) resul ts  in the H/C loading 

the 4-bit absolute encoder data f rom the azimuth and elevation axes  into 
. . 

bytes 2 and 3, respectively. 



Table 4-3 1 

COMMAND CODES 

Command 
Code Command Description Function 

000 Motor Command Magnitude and direct ion of 
motor  shaft  revolutions 

00 1 Output Encoder  Data Request  4-bit azimuth and 4-bit e leva-  
tion encoder  data  reques t  

01 0 Beam Sensor  Data Request  4-bit hor izontal  and 4-bit 
(Closed- Loop Configuration ver t ica l  beam senso r  e r r o r  
Only) data and indication of s o l a r  

intensity 

100 Motor Shaft Encoder Data 
Kequest Byte 1 (Azimuth and 
Elevation) ' 

101 Motor Shaft Encoder  Data 
Request  Byte 2 (Azimuth and 
Elevation) 

Motor Shaft Encoder Data . 

Request  Byte 3 (A,zimuth and 
Elevation) 

Motor Shaft Encoder Data 
Request  Byte 4 (Azimuth and 
Elevation) 

01 1 Spare  

F i r s t  8 bits  of motor  shaft  
encoder count ( l eas t  significant 
byte) 

2nd 8 bi ts  of mo to r  shaft  
encoder count 

3 rd  8 bits of motor  shaft  
encoder count 

4th 8 bits  of motor  shaft 
encoder  count .  

The beam senso r  data r eques t  (CMD Code 01 0, which i s  applicable only to the 

c losed- loop configuration, r e su l t s  in the H /C  loading the 4-bit  representat ion 

of the re f lec ted 'beam e r r o r  s een  by each  axes  "of the beam sensor  into az i -  

muth  a'nd elevation bytes. The presence  of sufficient so l a r  intensity f o r  

t racking i s  conveyed by a logic one in the MSB of the azimuth byte (the 4 bits 

of da ta  a r e  LSB justified). 

The mo to r  shaft  encoder  data  reques t s  (CMD Codes 100, 101, 110, and 111) 

a r e  separa ted  into four  s epa ra t e  command codes because the tptal  accumulated 

encoder  count ove r  360 deg .of output t r ave l  r e su l t s  in  the require,ment fo r  

2 4  bi ts  of data and one additional bit to 'defi'ne the direct ion of t ravel .  The 



encoder counts fo r  the azimuth and elevation axes  a r e  loaded into bytes 2 

and 3, respect ively ,  with the direct ion bit loaded into the MSBs of the two 

bytes. 

4.2.  8.7 Communications Hardware* 

A UART t r ansmi t t e r  sect ion conver ts  the 8-bit  paral le l  data f r o m  the proc-  

e s s o r  in terface ( F / C  o r  H/C)  into a n  11-bit s e r i a l  word. The U A R T  formats  

the eight data bits  by adding a s t a r t  bit (a f lag to indicate the s t a t e  of the 

s e r i a l  work) ,  s top bft (signals end of word)  and a par i ty  bit ( indicates the 

c o r r e c t  par i ty)  and t ransmi t s  the word. 

A UART rece ive r  accepts  the s e r i a l  word and conver ts  i t  into an 8-bit  

para l le l  word. The UART r a i s e s  a ready flag to indicate to the p roces so r  

that a word has  been received.  In addition, the UART a l s o  checks f o r  

pari ty,  overflow, and f raming  e r r o r s  which m a y  have occu r r ed  during the 

*transmiss ion.  A flag i s  ra i sed  if a n  e r r o r  i s  detected. 

The data ready  flag generated by the UART causes  an  in te r rup t  i n  the proc-  

e s s o r  routine. The processor  accepts  the 8-bit  message  and s t o r e s  i t  into 

memory .  After three  such in te r rup ts ,  the total message  has  been assembled  

and the p roces so r  in te r roga tes  the m e s s a g e  unless a n  e r r o r  flag was  r a i s ed  

by the UART. If the e r r o r  was detected a t  the F / C  UART, ' the F / C  would 

repeat  the message .  If a n  e r r o r  flag was detected a t  the H/C, the H / C  

would not execute the instruction o r  send a r-eply to the F / C .  The absence 

of the reply would cause  the F / C  to repea t  the message .  Should the e r r o r s  

detected by the F / C  UART o r  the absence of the rep l ies  f r o m  the H / C  

continue, the F / C  would r epo r t  this activity to the m a s t e r  control. In te r ro-  

gative m e a s u r e s  to c o r r e c t  the malfunction would b e  initiated by the m a s t e r  

control. 

4.2.  8. 8 Positioning Operation 

The F / C  commands the hel ios ta t  to a de s i r ed  position by transmittirig motor . .  

control  s ignals  i n  the f o r m  of the ntimber of mo to r  shaft  i.evo1ution.s' 'i.equ'ired. 

to a t ta in  the des i red  pointing angle. 

*This descr ipt ion is  applicable. to both the F / C  and M/C pr. i>cess~r interfaces, ' 



F o r  the closed-loop configuration, the d i s c r e t e  e r r o r  levels  f r o m  the beam 

s e n s o r  a r e  u sed" to  de t e rmine  the angular e r r o r  between the ref lected beam 

and the designated ta rge t .  ' The coordinate t rans format ion  equation for the 

b e a m  s e n s o r  re la t ive  to the mi r r ' o r  u se s  these e r r o r  signals to compute the 

angula r  cor rec t ion .  The mo to r  commands a r e  then determined using the 

t r a n s f e r  re la t ion between the input (motor  shaft  revolution) and the output 

(gimbal  movement )  of the Orbidrive.  

F o r  the open-loop configuration, the mo to r  shaft encoder count r ep re sen t s  

the change in  gimbal position re la t ive  to a known gimbal position. The 

r e f e r ence  positions a r e  de te rmined  f r o m  the gimbal (output) encoder  data. 

The gimbal position information,  so l a r  ephemer i s  equation, and coordinate 

t rans format ion  de te rmine  the angular cor rec t ion  angle. The mo to r  commands 

c a n  then be determined f r o m  the Orbidrive t ransfe r  relation. 

The 1 -bit  shaft  encoder  data (one p e r  motor '  revolution) and 4-bit  output 

encoder  data  (bit change eve ry  22. 5 deg)  f r o m  each motor  and gimbal axes ,  

respect ively ,  a r e  s to r ed  by the  p roces so r  and t ransmit ted to the field con- 

t r o l l e r  upon request .  To  minimize overshooting the des i red  position, the 

p r o c e s s o r  r a m p s  the mo to r s  (software routine to "pulse" the mo to r s  to 

obtain a stepping'effect)  a s  the 'shaft  encoder data approached the des i r ed  

count. 

4 .2 .  8. 9 Design/ Changes f r o m  S R E  

The bas ic  changes in  the F / C  ha rdwa ie  f r o m  the S R E  configuration to the 

dis t r ibuted p roces so r  configuration (open and closed loop) a r e  the removal  of 

the analog mult iplexers  and the A / D  conver te r ,  the 34 motor  controller  

being moved f r o m  the F / C  and distr ibuted among the individual hel ios ta ts ,  

and the initiation of the hel ios ta t  p rocessor .  These changes resu l ted  i n  a 

10% cos t  saving in  the e lectronics  hardware .  The major  contributor to the 

cos t  reduction was the savings in the wir ing cos t s  f r o m  the F/C to the 

individual helios ta ts .  

4. 2. 9'  Helioktat ~ l e c t i i c a l  ~ e s i ~ n  'Description 
, . 

ThiS sect ion G s ' c r i b d i  the design of the e l e c t r i c a l ~ e l e c t r o n i c  hardware  
. - 

located ' i t '  i 'he l ids ' t i t . '  Functional 'operation of the heliostat  ha rdware  is 

d i scussed  in  Section 4 .2 .  8. 



4.2.9.1 Design Changes F r o m  SRE 

There have been seve ra l  significant design changes a s  a resul t  of the SRE and 

various trade studies reported herein.  The changes have involved the field 

controller,  . . a heliostat controller,  the addition of encoders,  . . and the in te r -  

connecting cable network. 

During SRE, the motor switching function performed by TRIACS was located 

in the field controller.  Switched power signals were  t ransmit ted f rom a field 

controller to a number of heliostats,  direct ly  to the heliostat motors.  The 

present configuration uses the field controller to control a number of helio- 

s ta t  controllers.  The heliostat  control lers ,  one per  heliostat, per form the 

motor switching function; i. e . ,  TRIAC switching. This arrangement  

reduced the amount of wire  in the collector field and therefore had a signifi- 
. . . . 

cant cost-reduc tion effect on the collector field cable network. The network 

cost went down by approximately 46'3'0. This arrangement  did however add 

some electronics to a heliostat; the overal l  cost saving was s t i l l  approxi- 

mately 1070 when a l l  additional expenses were  considered. Section 4.2. 10 

discus'ses the collector field network and tradeoffs in detail; Section 4. 2. 9 

discusses  H / C  and F / C  . ,  . tradeoffs in detail. 

In addition to these changes, an  encoder has  replaced the SRE potentiometers 

a s  the heliostat  motor  feedback element ( see  Section 4. 2. 7). 

. 
4.2. 9. 2 Design Descriptions 

The helios tat e lectr ical  components consist  of the following: 

i Feiles La1 elecLrica1 J=box (Lwo co~~figuraLior~s ). 

Azimuth and' elevation motors ,  

Azimuth and elevation encoders.  

s Sensor. 

Motor/encoder cable. 

Sensor cable. 
. ,c. 

Lightning g r o u i ~ d  roil. 

A block diagram of their  interconnection and physical location a t  a heliostat  

i s  shown in Figure 4-69. The folldwing d iscusses  the kg$ hardware,  tiarnely, 
. '  . ,  

the pedestal e lectr ical  J-box . and . the heliostat cables. Encoder. and sensor  
. . 
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descriptions a r e  in Section 4.2. 8. Lightning ground rod considerations a r e  

discussed in Section 4.2. 10.6. . 

Pedestal  Electrical J- Box 

The pedestal e lectr ical  J-box i s  the central  termination point for  both'helio- 

s ta t  receiver  and collector field network cables. There a r e  two configura- 

tions of the pedestal e lec t r ica l  J-box; one has  both a F / C  and H/C  packaged 

within it,  the other contains only a H/C. There will be approximately 74 of the 

fo rmer  version and 1, 686 of the la t ter  in the Pilot Plant collector field. 

The electr ical  J-box contains te rminal  'str ips to terminate  power. and data . . 

network cables; a c ircui t  b reaker  to provide overload and fault 

and a he'lios tat microprocessor  to accept instructions f rom a field controller,  ' 

provide feedback information to a field controller,  accept feedback informa- 

tion f rom the heliostat encoders  and sensor ,  and process  a l l  information for 
" .  

the purpose of controlling the heliostat  motor  switching circui ts .  It a l so  ' 

contains t r iacs  to switch motor  AC power on and off and a power supply to 

provide semiconductor, integrated circuit ,  microprocessor ,  sensor  and . 

encoder DC power. As mentioned previously, eve ry  24th electr ical  J-box 

contains a field controller.  The e lec t r ica l  J-box i s  mounted on the heliostat  

pedestal a s  shown in Figure 4-69.. 

Low- r i sk  packaging techniques will be employed in the electr ical  J-box to 

meet  environmental and service- l i fe  requirements.  Emphasis has  been 

placed upon low unit cost, low maintenance, and high reliabili ty through 

judicial component selection and thcrmal  management. The J-box housing 

will be a NEMA3 o r  3R enclosure for  protection against dust, rain,  and 

water. Cable entry will be connectorless with bulkhead sea ls  for 'cables 

without a r m o r  and appropriate  terminators  for  the a rmored  cables.  The 

J-box cover will be removable. All electronics will be mounted on a '  ' 

removable pane'l. Figure 4-70 shows the basic .layout of the'enclosure.  

The heliostat  c ~ n t r b l l c r  i s  composed of three pr inted,circui t  boards,  a 

mu-ltilayer microprocessor ,  a two-sided t r i ac  switching, and 'a  . . two-sided 

power supply board. . The microprocessor  will be in a shielded enclosure . . . 3 

to minimize electromagnetic interference problems. The field controller 

is a multi layer printed circui t  hoard (possibly two boards)  which will a l so  be 
. , . '  , . .  . , .  
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located. in the shielded enclosure. Connectors will be provided a s  shown in 

Figure.4-70 to allow for  efficient field installation and.hookup and to provide 

.a means of interfacing the heliostat with electr ical  troubleshooting and 

maintenance equipment (see Section 5.2.2) .  

No attempt will be made to prevent the enclosure f rom breathing during daily 

thermal  cycling. To avoid internal moisture  buildup over a period of time, 

a s  a resul t  of the expected breathing, a screened drain hole 'or  holes will 

be installed. Clearance between the housing bottom and any electronics  will 

be provided to avoid mois ture  contamination. Natural convective cooling is  

planned which has the advantages of long-maintenance-free life, low cost,  

no moisture  o r  dust contamination, no filtering, and no par t  replacement 

requirements.  

Helios tat Cables 

There  a r e  three heliostat cables for  sensor ,  motor ,  and encoder operation. 

They will be simple cables without a r m o r  with a sun-resis tant  PVC o r  

neoprene jacket. The azimuth and elevation motor  encoder cable will coiltain 

4 No. 20 AWG and 10 No. 2 2  conductors. The sensor  cable will contain 

12 No. 20 AWG conductors. A rigid conduit a t  grade level will be used fo r  

the sensor  cable run  f r o m  the sensor  pole to the heliostat .pedestal. Connec- 

tors  will be used a t  cable terminations in the electr ical  J-box. The connec- 

tors  will be of the low-cos t, environment-proof, f ieldiservicable,  and one- 

piece molded body type. Power to a heliostat  and data exchange between 

helios tat, field controller,  and mas te r  control, a r e  encompassed by the 

collector field network ( see  Section 4.2 .10) .  

4.2.10 Collector Field ~ n t e r c o n n e c t i n ~  Cable Network 

The collector field interconnecting cable network provides the e lec t r ica l  

command, control, communication, and power link between the central  

receiver  a r e a  of the s i te  and the distributed heliostats and field controllers.  

This network presented some unique engineering problems resultant f r o m  

the la rge  'land a r e a  associated with the collector field ins tallation and the 

la rge  number of hardware i tems to be interconnected. The network is 

subdiyided into two sections: a power-distribution network and a data- 

die tribution network. The power network provides 240V G O  Hz AC puwer to 



each hel ios ta t  f o r  d r ive  mo to r  operation.  l ' h e  data network contains the 

command, control ,  and communication functions. . 

4.2. 10. 1 Power-Dis t r ibut ion Network 

The power-dis t r ibut ion network provides 240V 60 Hz power to helios ta t  

d r ive  motors .  Each mo to r  d raws  about 1 .1  amps  p e r  phase under slewing 

conditions. When a l l  1,7 60 helios tats  a r e  simultaneously slewed, the power. 

d is t r ibut ion network i s  approximately  4 ,000  amps.  This load has  been used 

to s i ze  the power-dis t r ibut ion network. To del iver  this cur ren t  in  a cos t -  

effective manne r ,  s e v e r a l  key var iab les  which influence the distr ibution , 

network were  investigated.  Among them were:  w i r e  gage, t ransmiss ion  

voltage, allowable voltage drop,  w i r e  lay.out, cable design,  and in s t a lk t i on  

technique. 

Wire  gage, t r ansmis s ion  voltage, and voltage drop  a r e  var iab les  which mus t  

b e  t rea ted  together because  they a r e  dependent upon each other .  Some 

prac t ica l  l imi t s  we re  placed on these var iables ;  however,  in  o r d e r  to keep 

the si tuation manageable.  Wire gage was l imited to 750 MCM,and t r ansmis -  

s ion  voltage was  l imited to 5, 000V. The gage and voltage l imitations a r e  

l a rge ly  due to a n  effort  to min imize  ins tallation, handling, and safety 

problems. ,  Above 7 50, MCM cables  a r e  difficult to handle and operat ions  

above 5, OOOV introduce additional hazards  due to the high voltage which 

should be  avoided unless  mandatory.  Voltage drop  l imi t s  between 2 and 1070 

w e r e  considered with 27'0 used for  cos t -compar i son  purposes .  With these  

groundrules ,  s e v e r a l  ways of distr ibuting power w e r e  investigated,  f r o m  a 

240V t r ansmis s ion  s y s t e m  d i rec t ly  f r o m  the power plant to hel ios ta ts  and 

field cont ro l le r s  to a high-voltage t ransmiss ion  sys  t e m  wit'h t rans forme r s  a t  

each  location where  240V i s  required.  A 240V tkansmiss ion s y s t e m  would 

r equ i r e  l a r g e  gages  to sa t i s fy  cu r r en t  requi rements  within line drop  l imits  

and a l so  reach  dis tant  points in the collector field. In addition to the 

expense of l a rge  cable,  i t  became apparent  that single cables could not 

handle the load and redundant long cable runs  to the s a m e  genera l  location 

would be needed. This concept quickly became unreasonable.  A network 

which t r ansmi t s  a t  a higher voltage and then s teps  this voltage down where  

i t  i s  needed makes  m o r e  sense .  Increasing voltage allows a s m a l l e r  w i r e  

gage to be  used which in  t u rn  reduces  unit .cost  of the cable plus ins tallation 



and handling costs .  Surveys of 480V, 600V, and 2,400V networks showed the 

2,400V t ransmiss ion  network to be the m o s t  cost-effective. It was m o r e  than 

half the cost  of the equivalent network operating a t  240V. It i s  conceivable 

that one could go to 5, OOOV, but with the presen t  loads and l ine lengths, the 

advantages would be minimal ,  if any. The 2,400V portion of the power 

distr ibution network which will be  designated a s  the p r i m a r y  feeder  will  

originate a t  the cen t ra l  power plant and te rmina te  a t  225 kVA t r ans fo rmer s .  

~ i g h t  p r i m a r y  f eede r s  a r e  planned for  the collector field. The t r ans fo rmer  

secondar ies  will  be 240V and another power distr ibution network, secondary 

feeders ,  will d is t r ibute  power to the 74 groups of 24 hel ios ta ts  each. 

F igure  4-71 shows this network in  block d i ag ram form.  The p r i m a r y  feeders  

will be four conductors,  No. 4 AWG, ra ted  a t  5,000V; the secondary f eede r s  
I 

will be  four conductors,  No. 4 AWG, ra ted  a t  600V. A distr ibution panel will 

be located a t  each t r ans fo rmer  location to provide a disconnecting means  for  

the secondary feeders  and to provide secondary feeder  ove rcu r r en t  
1 

protection. 

The final distr ibution of power i s  the distr ibution of 240 VAC among a group 

of 24 hel ios ta ts .  This distr ibution scheme i s  dependent upon s e v e r a l  i s sues ,  

the mos t  important  being the physical  location of mo to r  power switching. 

Two.basic mo to r  switching concepts we re  considered: (1)  route 240V power 

and pe r fo rm switching ( t r i a c  operat ion)  i n  the field control ler  ( a s  in  SRE) and 

then dis t r ibute  the switched power to designated hel ios ta ts ,  (2)  route 240V 

power to a l l  hel ios ta ts  and pe r fo rm switching function a t  each  individual 

heliostat ,  In the l a t t e r  concept, a 240V bus a s  shown in  F igure  4-72 

dis t r ibutes  power to field cont ro l le r s  and heliostats .  TRIACS f o r  switching 

purposes a r e  located a t  each heliostat .  This concept uses  the min imum 

quantity of wire .  In the f o r m e r  concept, s ince switching occurs  i n  the field 

control ler ,  individual cables  f r o m  the field control ler  to each hel ios ta t  a r e  

requi red  for  distr ibution ( see  F igure  4-72B). This concept u se s  the max imum 

q11a.ntity of w i r e  and cable. F o r  a cel l  which consis ts  of one F / C  and 24 

hel ios ta ts ,  the bus concept uses  l e s s  than one-half a s  much total length of 

cable a s  the other  concept; i n  addition, it  takes a cable  with one- third the 

number  of w i r e s  for  the bus concept. In fa i rness ,  the bus cable uses  w i r e  

of l a r g e r  gage s ince i t  feeds 2 4  units a s  opposed to one unit (No. 4 vs  

No. 12 AWG). The bottom line, however, shows the field cont ro l le r lhe l ios ta t  

network cos t  f o r  the bus concept, f o r  a 24-heliostat cell ,  saves  about 4070. As 
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Figure 4-72. Field Controller to Heliostat Distribution Techniques 
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the  number  of he l ios ta t s  i n  a ce l l  i nc rea se s ,  the bus concept becomes even 

m o r e  advantageous. F igu re  4-73 shows the re la t ive  cost  of the pulsed 240V 

AC dis t r ibut ion network normal ized to the cos t  of a bus concept, a s  a function 

of the number  of he l ios ta t s  i n  a cell .  

4.2. 10 .2  Data Distribution Network 

The data  dis t r ibut ion network provides f o r  communication, command, and 

cont ro l  between the cen t r a l  computer  and the field cont ro l le r s  and between 

field cont ro l le r s  and hel ios ta ts .  The cen t r a l  computer  to F C  network will  

be  a 2-conductor bustype network. The F/C to hel ios ta t  network on tpe 

o ther  hand can be e i t he r  a digital  (2 -wi re  bus)  o r  a n  analog- type network. 

The l a t t e r  uses  m o r e  w i r e s ,  a s  many a s  14, and a l so  r equ i r e s  point-to-point 

d is t r ibut ion;  i. e . ,  one unique cable f r o m  each  hel ios ta t  to i t s  field control ler .  

F igu re  4-74 shows the re la t ive  cos t s  of the analog v s  the digital configuration. 

The da ta  network i s  a low-voltage low-cur ren t  sy s t em;  therefore ,  w i r e  gage, 

voltage drop,  ' a n d  l ine  length a r e  not c r i t i c a l  considerat ions .  Electromag-  

netic in te r fe rence  i s  a n  important  consideration; however,  the effects of 

hel ios ta t  mo to r  switching noise  and other  e l ec t r i ca l  noise genera tors  on and 

a round  the s i t e  m u s t  be  minimized.  The data network cabled will use  twisted 

shielded pa i r s  to accomplish this objective. 

4. 2.10. 3 Network Cable Construction . .  

Selection of network cables  involved the a s s e s s m e n t  of numerous var iab les  

a s soc i a t ed  ,with cable construction; i, e. ,' conductor insulation, jacket type, 

a r m o r ,  no a r m o r ,  etc. Information had to be  evaluated re la t ive  to d i r ec t  

bur ia l ,  cable t r ay ,  conduit, and above-ground ins tallation a s  well  a s  rodent 

protection,  code acceptabil i ty,  environmental  protection,  instal lat ion and 

handling, and cost .  A substant ia l  effort  was made  to su rvey  the m a r k e t  

place,  consult  with supp l i e r s ,  and make  a cost-effective choice. 

An a t tempt  was made  to identify a f i r s t - c l a s s  cable type and a marginal ly  

acceptable  cable type; then compare  costs .  An example of a f i r s t - c l a s s  

cable  type for  the col lector  field application i s  the Okonite type C-L-X cable 

(F igure  4-75). The cable  has  a continuous cor ruga ted  a luminum sheath 

which provides max imum moi s tu re  and mechanical  and rodent protection while 

avoiding the cos t  of instal lat ion of a meta l l i c  conduit sy s t em and pulling 
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cable .  It i s  recommended by the manufac ture r  fo r  both exposed and d i r ec t  

b u r i a l  application; it i s  constructed to  the typical  industry  s tandards  '(UL, 

NEC, IPCEA, NEMA), and i t s  a luminum sheath provides some  shielding ' 

protection.  The conductors  a r e  insulated with t he rmose t  c r o s s  -linked 

polyethylene. 

F o r  compar i son  purposes ,  a cable wi thout ' a rmor ,  with sun- res i s tan t .PVC 

ou te r  jacket (neoprene would be  be t t e r ) ,  and with thermoplast ic  polyethylene 

(not a s  good a s  c r o s s  - l ink) insulated conductors was investigated. This 

cab l e  was expected to  be  substantial ly l e s s  expensive than the continuous 

a luminum sheath cable.  As i t  turned out, it was only 1370 l e s s  expensive. 

A s t e p  above this  non-armored  cable  was a cable with a corrugated sheath 

t ha t  i s  not continuous ( s e e  F igure  4-75).  T h i s  cable  i s  m o r e  expensive than 

the  continuous shea th  cable  by 20%. The t radi t ional  shielded cable  with a 

s p i r a l  t ape  ( see  F igu re  4-75), i s  m o r e  expensive yet. Neoprene. jacket , 

would add even more .  The suppl ie rs  explain that  reduced manufacturing 

p r o c e s s e s  account fo r  the. c o s t  advantage fo r  the continuous aluminum! .' 

shea th  cable.  , 

Cables  of the  continuous cor ruga ted  a luminum sheath type a r e  plann6d for  

u se  i n  the col lector  field. These  cab les  a r e  cost-effective and acceptable 

f o r  d i r e c t  bur ia l ,  and a r e  flexible, mechanically tough, and rodent proof. 

They provided s o m e  EM1 protection and, i n  addition, the  a luminum sheath 

m a y  be  used a s  t he  grounding conductor (equipment ground o r  g r een  wi r e )  

providing f o r  inherent  grounding safety. 

4.2.  10 .4  Network Installat ion Technique 

The cos t  of instal lat ion of the col lector  field network has  been a key concern  

dur ing this  design definition activity. *A c u r s o r y  look a t  instal lat ion cos t s  

showed they could be s e v e r a l  t imes  the cos t  of the  cable m a t e r i a l  alone. The 

a l te rna t ives  considered were:  d i r ec t  bur ia l ,  buried conduit, concre te  t rench ,  

above ground in me ta l  cable  t r ay ,  above ground in  f iberg lass  cable  t r ay ,  and 

above ground with no cable  t r ay .  

D i r ec t  bu r i a l  i s  t he  l e a s t  expensive of the  buried approaches .  I t  i s  the  l e a s t  

accep tab le  technique, however,  f r o m  a maintainability and access ibi l i ty  point 



of view. Exper ience during SRE wherein  cab le  access ibi l i ty  has  not been 

required;  the re la t ively  low operating voltage of the  network and the  . 

r e s t r i c t ed  a c c e s s  nature  of the  col lector  field somewhat counterbalance the 

usual  maintainability/accessibility a rguments  against  d i r e c t  burial .  The 

p re f e r r ed  prac t ice  f o r  burying cab les  d i rec t ly  in  the  ground usually includes 

laying the  cable  i n  a bed of soft sand o r  s tone-free  e a r t h  plus some  kind of 

mechanical  protection l ike galvanized wi re  fencing o r  redwood planks above 

the  cable. The need for  these  precautions can  be reduced o r  possibly 

eliminated with a n  attendent cos t  saving by considerat ion of the  rugged 

continuous metal l ic  sheath  cable d i scussed  in  Section 4 .2 .  10.3. 

Buried conduit i s  a common installat ion technique. It involves essent ia l ly  

the  s a m e  cos t s  a s  the  d i r ec t  bur ia l  instal lat ion; i. e . ,  excavation and back- 

f i l l ,  plus the additional cos t s  of the conduit, i t s  instal lat ion,  and pulling of 

the  cable.  A cable  of lower  quality may be used in  th is  instal lat ion but the  

saving in  cable cos t s  is outweighed b y  added conduit cos t s .  This  technique 

a l so  suf fe rs  f r o m  the s a m e  maintainability and access ibi l i ty  problems a s  

d i r e c t  burial .  

Concrete  t r ench  i s  a n  a t t rac t ive  installat ion technique. It i s  unusually 

appropr ia te  f r o m  maintainability and access ibi l i ty  considerations.  It i s  

typically p recas t  and buried flush a t  g r ade  level  &th removable  cove r s  made 

of concre te  o r  wood. Cables can  be eas i ly  laid i n  the t rench;  no cable  pulling 

is requi red ,  They key disadvantage of the concre te  t rench  i s  cos t ;  it i s  a n  

o r d e r  of magnitude m o r e  expensive than rigid conduit, f o r  instance.  In a 

smal l ,  localized situation, th is  cos t  penalty' may be  sma l l  compared  to  other  

s y s t e m  cos t s ,  and the cos t  advantages for  a c c e s s  may be substantial  over  

the  s y s t e m  lifet ime. The col lector  field network r equ i r e s  approximately  

100,000 ft of t rench.  To  use p recas t  o r  poured-in-place concre te  t rench ,  

even i n  sma l l  widths of 9 in. t o  18 i n . ,  involves l a r g e  cos t  penalt ies re la t ive  

t o  other  instal lat ion methods,  i. e .  , i t  i s  not cost-effective. 

Al l  above-ground network installat ions a r e  l e s s  a t t rac t ive  than buried 

installat ions i n  t h r ee  key a r ea s :  safety,  convenience, and es thet ics .  The 

ve ry  fac t  of having something laying on the  ground c r e a t e s  a t  the  very  l ea s t  

a si tuation where  someone can  fa l l  o r  somehow cause  cable  damage  (like 



driving over  a cab le ) ,  thus  c rea t ing  a sa fe ty  hazard.  Cables laying on the 

ground, whether i n  cab le  t r a y s  o r  not, l imi t  the vehicular access ib i l i ty  i n  

t he  co l lec tor  field and in  genera l  produce a n  inconvenience. Lastly,  a n  

above-ground network will c ause  the  col lector  field to  look clut tered,  

espec ia l ly  without the  use  of some  kind of cable  o rganizer  l ike  a t ray .  Open 

cab le  t r a y s ,  c losed cab le  t r a y s ,  ladder- type t r a y s ,  solid-type t r a y s ,  and 

f i be rg l a s s  t r a y s  w e r e  investigated.  In general ,  cable  t r a y  m a t e r i a l  c o s t  

(6 in. wide)  i s  about twice the  cos t  of excavation and backfill  f o r  d i r e c t  

bur ia l .  Cable ins ta l la t ion i n  the t r a y  i s  no m o r e  expensive than cable  

ins ta l la t ion in a t rench;  the  t ray4ns ta l la t ion  i tself  i s  a n  added expense.  
: .' 5;, i, 

Direc t  bu r i a l  i s  the p re f e r r ed  technique for  instal lat ion of the  col lector  field 

network. Table 4 - 3 2  s u m m a r i z e s  the var ious  techniques investigated and 

t h e i r  re la t ive  c o s t  impact .  

4 .2 .  10.5 Network Layout 

As a r e s u l t  of t he  t r a d e  s tudies  d i scussed  in  the  preceding paragraphs ,  a 

tenta t ive  network definition has  been c rea ted  for the col lector  field. This  

definition uses  a min imum number  and length of conductors.  A bus-type 

wiring scheme has  been adopted fo r  bo thpower  and da ta  with a l l  c ab l e s ' '  

bur ied d i rec t ly  and a l l  cab les  of the  rugged continuous a luminum sheath type. 

The layout of t he  cabie  network for  the  col lector  field i s  shown in  block 

d i a g r a m  f o r m  in  F igu re  4-76. Indicated cable  lengths a r e  the  tota l  lengths 

requi red  t o  in terconnect  the  en t i re  field. Heliostat  cab les ,  s enso r ,  motor  

and encoder  a r e  d i scussed  i n  Section 4.2.9.  It has  been assumed h e r e  that  

one field cont ro l le r  in te r faces  with 24 heliostats;  it should be noted, however, 

tha t  th is  has  l i t t le  effect  upon the to ta l  w i r e  lengths. 

The  Pi lot  Plant network w?ll r equ i r e ' 74  branches  to  cover  the  col lector  field. 

One of t he se  branches  i s  shown in  F igure  4-77 in  block d i a g r a m  f o r m  and in  
. . 

F i g u r e  4-78 super imposed on the s i t e  plan. 

4.2.  10. 6 Lightning Considerat ions  

The  Bars tow a r e a  i s  not a n  a r e a  of high lightning activity;  however, the  

probability'  of a lightning s t r i ke  t o  the r ece ive r  tower  and to  the  col lector  



Table  4-32 

CABLE INSTALLATION TECHNIQUE COMPARISONS ' 

Relative 
Installed 

Cable Installation Technique Cost  ($/ft)  Comments  

0n .Su r f ace  of Ground 'Unity Clut tered Appearance,  
Unprotected Cable., Safety 
~ a z a r d  

Above Ground Metal  ~ g b l e  T r a y  

~ a d d e r - ~ ~ ~ e  6 in. Wide, x 6. 1 Somewhat c lu t t e r ed  
No Cover Appearance,  Poss ib le  

Safety Hazard 

Ladder  - Type 6 in. Wide, x .8 .  6 Somewhat Cluttered 
Covered Appearance,  Poss ib le  

Safety Hazard 

Oil-Tight 6 in. Wide ' x 24 

Above -Ground F ibe rg l a s s  
Cable T r a y  

P r e c a s t  Concrete  Trench,  x 25 
Buried t o  Grade  Level with 
Concrete  Cover 

Buried Conduit x 10 

Di rec t  ~ u r i a l  

Minimum C a r e  in  Backfill  x 4 .7  

Maximum C a r e  i n  Backfill  x 8 

Somewhat Cluttered 
Appearance,  Poss ib le  
Safety Hazard ..*. 

Somewhat Cluttered 
Appearance,  Poss ib le  '. 

Safety Hazard 

Very Neat Appearance,  
Good Accessibi l i ty ,  E a s y  
Installat ion 

Requires  Pulling Wire 

Recommended Technique 

Not Required with R,ugged 
Continuous AL Sheath 
Cable 

field has  been es t imated.  Assuming that  a lightning s t r i ke  occu r s ,  var ious  

t radi t ional  protection s chemes  have been investigated for  t he i r  applicabil i ty 

t o  the  col lector  field installat ion.  
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Figure 4-76.: Power and Data 'Dtistribution .- Collector Field ,Network 
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Probabil i ty of Di rec t  Strike. 

The number  of f lashes  t o  a given a r e a  of e a r t h  p e r  yea r  i s  given by 

N = u p A (Ref. I)* 
Y 

2 where  cr i s  the number  of lightning f lashes  p e r  K m  p e r  annum, p i s  the  . 
Y 

proportion of d i scharges  which 'go to  ground and A is the  a t t rac t ive  a r e a  of 

the  s i t e  in  question. F r o m  Figure  4-79 it will be  assumed that  t h e r e  a r e  

12 thunders torm days p e r  y e a r  i n  Barstow. In Reference 1, a re la t ionship i s  
2 

developed between thunders torm days and lightning f lashes  pe r  Km . 
2 ' .  

Approximately two f lashes /Km /year  c a n  be expected i n  ~ a r s t o w .  Not a l l  

the  f lashes  will be to  ea r th ,  however. The proportion which go to  e a r t h  . 

depends on geographical  latitude. Bars tow i s  a t  latitude 32" 54' N; the 

proportion of f lashes  t o  ea r th  i s  0.24. Since the  Pilot  Plant  facil i ty i s  

527 m e t e r s  square ,  its a t t rac t ive  a r e a  i s  0.278 ~ r n ~ ,  t he re fo re  

The annual f lash occuirence i s  about 0. 13. Thus, the facil i ty should expect . . .  . . 
. . a lightning s t r i ke  about once eve ry  92 m o  o r  once every  8 yr .  This  ana lys i s  

a s s u m e s  flat  t e r r a in .  The r ece ive r  tower  may be m o r e  recept ive  t o  a 
2 

lightning s t r i ke  than a s u r f a c e  a r e a  of 0.278 Km . The at t ract ivetar  e a  of a 

t a l l  s t ruc tu re  i s  given by 

where  r is a n  a t t rac t ive  range  o r  radius  given in  m e t e r s  by 
a * 

where  h is the  s t ruc tu re  height in  m e t e r s  and A, B, and C a re ' cons t an t s  with - 2 - 2 -4 
values 2 x 10 , 5 x 10 , and 10 , respectively.  Assuming a n  ove ra l l  

tower  height of loom, the  a t t rac t ive  a r e a ,  Aa, of a r e c e i v e r  tower  would be 
2 0.366 K m  . The tower presen ts  a sl ightly l a r g e r  t a rge t  f o r  a lightning 

*A Ground Lightning Environment f o r  Engineering Usage, August 1972, 
Stanford Resea rch  Institute P ro j ec t  Number 1834. 
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Figure 4-79. Mean Annual Number of Days With Thunderstorms in the United States 



s t r i k e  than the  facil i ty sur face  a r ea .  In Reference '1, a n  addit ional 

contribution t o  the  lightning hazard for  high s t ruc tu re s ,  se l f - t r igger ing,  i s  

considered.  A high s t ruc tu re  can  t r i gge r  lightning, thus increas ing  i t s  

effective a t t rac t ive  a r e a ;  the  factor  F i s  t he re fo re  applied to  A where 
T 

F i s  negligible f o r  s t ruc tu re  heights, h, l e s s  than lOOm and becomes T 
significant above 150m. A r ece ive r  tower  of l O O m  should not se l f - t r igger  

lightning; i n  fact ,  F is found to  be equal to  1.02. Taken together ,  the  
<.i T ,  

annuallflash incidence t o  a r ece ive r  tower  i s  

The r-eceiver tower should not t r i gge r  lightning because of i t s  height, but i t  

should be expected that  it will be  s t ruck  by lightning about every  67 mo, o r  

once eve ry  5-112 y r .  

One l a s t  ref inement  of these  probabil i t ies can  be made  if one excludes f r o m  

the sur face  a r e a  of the col lector  field that  a r e a  protected by the tower  "cone- 

of-protection. I t  Objects with a c i r c l e  of rad ius  equal to  the  tower  height may  ' 

be considered "effectively protected" f r o m  a lightning s t r ike .  With a tower  
2 height of loom, the a r e a  under the  cone-of-protection i s  0.031 Km . This 

is subtracted f r o m  the s i t e  a t t rac t ive  a r e a ,  A, and N i s  recalculated.  

The s i te ,  with the  exception of the tower  a r e a ,  should expect a lightning 

s t r i k e  about once eve ry  101 mo, o r  about once i n  8-112 yr .  



Lightning Pro tec t ion  Schemes  

A lightning flash produces  two bas ic  effects which r equ i r e  attention. The 

f i r s t  i s  the  d i r ec t  s t r i k e  effect  wherein l a rge  c u r r e n t s  mus t  be  conducted t o  

e a r t h  by the  s t ruc tu re  s t r u c k  by lightning. This effect i s  usually taken c a r e  
' 

of by air t e rmina l s  (lightning rods )  which ha rmles s ly  conduct the  lightning 

c u r r e n t  t o  ground. No d i r e c t  s t r i ke  protection i s  planned for  the  hel ios ta ts  

i n  t he  col lector  field, however,  f o r  two p r i m a r y  reasons;  the  P i lo t  Plant.  

locat ion has  a v e r y  low probabil i ty of lightning incidence,  and the high c o s t s  

a s soc i a t ed  with protection.  Protect ion would take the f o r m  of s e v e r a l  

(10 t o  20)  t a l l  (100 f t )  poles o r  individual a i r  t e rmina l s  fo r  the  hel ios ta t  field. 

These  methods a r e  cos t ly  and may possibly in te r fe re  with hel ios ta t  views 

of the  receiver, .  If precaut ions  are. taken to  avoid the ind i rec t  effects of 

lightning descr ibed  below, t he  r i s k  taken with no d i r ec t  s t r i ke  protection 

involves the  possible r e p a i r  o r  replacement  of a s t ruck  heliostat .  Taking 

th i s  r i s k  i s  the cost-effective approach to  follow. 

The second effect requir ing attention i s  a n  indirect  effect. The ind i rec t  

e f fec t  i s  a -  r e su l t  of e lect romagnet ic  coupling which causes  the  development 

of ex t r eme ly  high lightning-induced voltages and c u r r e n t s  a c r o s s  and within 

e l e c t r i c a l  equipments. These  voltages and c u r r e n t s  p r e sen t  a hazard to  

personne l  and e lec t ron ics .  Grounding, shielding, t e rmina l  protection,  and 

maintaining a l l  equipment a t  the  s a m e  potential  a r e  the  p r i m e  considerat ions  

f o r  el imination of the  hazards .  

P r o p e r  grounding i s  probably the most .  important  e lement  of any lightning . 
protect ion system.  The huge c u r r e n t s  i n  a lightning s t roke  (20,000 to  

200,000 a m p s )  produce huge voltage a c r o s s  s m a l l  res i s tances .  

Consider  a piece-of  grounded equipment; i n  fact ,  consider  i t  grounded with a 

p rope r ly  installed dr iven  ground rod. There is a s m a l l  but real r ee i s t ance  

between the  "grounded equipment" and t r u e  e a r t h  ground. The  r e s i s t ance  is 

dependent upon ground res i s t iv i ty  and the  cha rac t e r i s t i c s  of the  ground rod 

(length, d iameter ,  mate r ia l ) .  The l e a s t  r e s i s t ance  t o  t r u e  ground one c a n  

ach ieve  with a s ingle  ground rod i s  on the  o r d e r  of 5 to. 10 ohms. If 

20,000 a m p s  flows through 5 ohms,  a voltage of 100, OOOv i s  developed. 

Thus,  th is  piece of equipment i s  100,000-V above t r u e  e a r t h  ground and any 



other  equipment o r  personne l  a t  t r u e  e a r t h  ground. (Any person  o r  equip- 

ment  r emote  f r o m  the s i t e  of the  lightning s t r i ke  will be  a t  t r u e  e a r t h  

ground. ) This  si tuation i s  crudely i l lus t ra ted  i n  F igure  4-80. These  

voltages c a n  cause  uncontrolled a rc ing  a t  Points A, B, C, and D. A s i m i l a r  

condition ex is t s  along the  sur face  of the  ea r th ;  two points separa ted  by a 

d i s tance  have a voltage d r o p  between t h e m  dependent upon r e s i s t ance  and 

c u r r e n t  flowing in  the  ear th .  This  i s  the  si tuation especial ly  harmful  to  

people and animals .  The bes t  way to  reduce  the  voltages i s  t o  have multiple 

paths to  ground, thus effectively reducing ground res is tance.  Multiple 

ground paths a r e  typically accomplished by the  use  of many ground rods  

and/or -a  buried counterpoise (a m a t r i x  of buried b a r e  conductors) .  Both 

of these  approaches  have been investigated.  With the  low incidence of 

lightning a t  the  Pilot  Plant  location, it was a s sumed  one o r  the  o ther  

approach,  ground rods  o r  counterpoise,  would suffice. It was found that  

ground rods  a r e  m o r e  cost-effective than a counterpoise.  The ins ta l led 

cos t  of a ground rod i s  approximately  $30 each; with 1,760 hel ios ta ts ,  the  

to ta l  s i t e  cos t  would be about $53,000. The ins ta l led cos t  of a No. 2 AWG.* 

b a r e  copper  w i r e  is approximately  $ l / f t ;  with 100,000 ft  (to in terconnect  

a l l  hel ios ta ts) ,  the to ta l  cos t  i s  about $100,000. Although No. 2 AWG is 

typically used f 0 r . a  counterpoise,  it is possible  t o  use  a s m a l l e r  gage wi re ,  

s a y  a No. 6 AWG; for  th is  instal lat ion,  the  ground rod and the  counterpoise  

c o s t s  a r e  .equal. Closely assoc ia ted  with the low r e s i s t ance  to  ground 

problem i s  the  need to  keep a l l  equipment a t  s a m e  voltage potential. This  

i s  usually accomplished by tying a l l  equipment t o  t he  counterpoise.  In th is  

c a s e ,  however, it will be  accomplished a t  t he  Pi lot  P lan t  by use  of t he  

continuouo aluminum s11eatI.l ori lhe power and data cables  (which i s  t h e r e  f o r  

o ther  reasons ;  s e e  Section 4 .2 .  10). The cab les  connect a l l  col1ector:lfield 

equipment and the sheath i s  bonded to  s t ruc tu re  a t  all cable. t e rmina t ion  

points. Because a counterpoise  s e e m s  m o r e  cost ly  than a ground rod 

ins ta l la t ion for  the col lector  field application, and s ince  t he  co l lec tor  field 

c'able network a l r eady  p e r f o r m s  a key function of a counterpoise,  it i s  

recommended tha t  each  hel ios ta t  use  a d r iven  ground rod fo r  lightning 

protection. The ground rod will be bonded t o  the  hel ios ta t  pedesta l  nea r  the  

pedesta l  e1,ectrical J-Box. 
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Where sensitive electronics a r e  involved, lightning-pr otectiondesign studies 

usually. demand that all wiring between different 1.ocations should be carried 

in  shielded cables, with shields grounded a t  both ends. In addition, twisting 

is u.sually recommended. With the use of the cables discussed in Section 

Section 4.2.10, these requirements a r e  being met. 

The las t  line of defense to protect electronics againet induced lightning 

voltages and currents i s  a t  the circuit level where terminal protection can 

be provided. Terminal protection can be in the form of spark gaps, gas 

tubes, capacitors, fil ters,  diodes, varistors,  and zener diodes. The 

particulars; choice of device, installation, etc; a r e  dependent on the circuit 

application., i. e. , the circuit  being. protected.. c i rcui t  criticality, device 

selection, and terminal protection design will be perfbrmed a s  details of the 

collector field electronics design become firm. 

4.2. 11 Safety Provisions 

The safety requirements o r  cri teria for the 10-MW Pilot Plant collector 

subsystem include the c'onventional industrial safety and the special safety ' 

problems ,associated with a solar,, thermal power plant. 

The applicable Federal  OSHA and the California OSHA regulations will apply 

a s  discussed in Volume 11, Section 4. 10.3.2. In addition, other safety codes 

such a s  Sections 70. (National Electric Code) and Section 78' ( ~ i g h t n i n ~  P ro -  

tect%on Code) of the National F i r e  protection Association (NFPA) and the ' 

American National Standards Institute (ANSI) Code No. ANSI-C 2, the National 

Electrical Safety Code, a r e  also applicable. 

Specific pvtential safety probiems unique to a solar thermal plant include the 

fact that the,heliostats a r e  under either remote control f rom the central com- 

puter o r  in a closed-loop mode and therefore can move in a. vertical or  azi- 

muthal direction without notice. Therefore, when maintenance i s  being 

performed on an individual heliostat, the heliostat must be in a local manual 

control and the remote control ancl the' closed-loop' control must b e  locked 

out .in a positive manner. 

There a r e  many specific safety design cr i ter ia  that will .be applied to the 

electrical and electronic components of the heliostat and field controllers,  

including cr i ter ia  on cables and connectors, test points, controls, insula- 

tions, circuit breakers,  and grounding. These cri teria would be listed in 

detail in a Safety Design Cri teria document. -- 
4-189 



The major safety problerrl associated with the collector subsystem i s  the 

concentrated solar beam f rom individual or  multiple heliostats. A summary 

of the hazards considered i s  shown in Table 4 - 3 3 .  The potential hazards 

f rom these beams include injury to the eyes and skin of personnel, damage 

to equipment, distraction due to eye glare, and possible brush f ires.  The 

hazards to personnel can be to personnel on the ground (both operating 

personnel and the general public) and to members of the public in aircraft,  

gliders, o r  helicopters above the collector field. 

Table 4 - 3 3  

COLLECTOR BEAM HAZARDS 

. 

Condition Hazarda Evaluated 

Si.ng1.e Canted Focus Ground Personnel 

Heliostat Skin Burn 

Retinal Burn 

Structures 

Brush, Etc 

People in Air Space 

Skin Burn 

Retinal Burn 

Multiple Heliostats in Transi t  Air Space Exclusion Defined 
to o r  from Receiver 

Heliostat Stowage 

Multiple Failures 
. . 

Air Space Exclusion Defined 

Probability of Multiple Heliostat 
Inter sections Defined 

A detailed discussion on the damage mechanism to personnel i s  given in 

Volume 11, Section 4. 10. 3. 3.  The discussiwt~ in Volume I1 showed that the 

damage mechanism to the eye is retinal burns caused by a temperature r i se  

on the retina. The amount of temperature r i se  i s  a function of the power 

density and the size . . of the retinal image. For  example, the incident retinal 

irradiance (power density) due to the sun is  a maximum of about 7. 9 Watts/ 
2 

cm with a retinal image size of 158 micrometers. These retinal parameters 

due to looking .at the sun can be dangerous but the normal inherent mechanisms 

of the eye (blink reflex, etc) protect the eye and allow us to live safely in our 

4-1 88, 



one-sun atmosphere. The incident retinal irradiance, which results f rom a 

person looking a t  the reflection of the sun in the MDAC Pilot Plant heliostat, 

i s  the irradiance of the sun reduced by the reflectance of the heliostat m i r r o r ,  
2 

o r  about 6.98 Wattslcm . , Howeyer, .size of the retinal image developed by 

looking a t  the heliostat while standing a t  the focal point (350m f rom the helio- 

stat) is  due largely to the canting of the s ix segments which produce focusing 

characteristics.  As shown in Volume 11, the maximum retinal image 

effective diameter (taking into account that the heliostat has a square con- 

figuration and is not con~pletely covered by the sun's image) i s  323.5 
, , :  

micrometers .  As discussed above, and in  ~ ' 6 l u m e  11, the hazard to the 

retina i s  a function of the irradiance a n d ' t h e i k i n a  image size. The thresh- 

old levels for retina damage have been under study and a r e  reported in the 

l i terature,  but a safe level or  ~ a x i m u m  Permissible Exposure (MPE) has 

not been established for visible light a s  it has for  l a se r  radiation. However, 

a MPE has  been proposed by the Army Environmental Hygiene Agency 

(discussed in Volume 11) for  absorbed retinal irradiance which i s  shown in 

Figure 4-81. 

Using the above data and the respective image diameters (158 pn and 

324 p) the two points can be plotted on Figure 4-8 1. 

It can be seen that the individual MDAC Pilot Plant heliostat is  marginal 

with respect to this proposed criterion. It can be pointed out that this 

criterion has  a safety factor of 12 a s  discussed in Volume 11. 

The potential skin damage i s  also discussed in Volume I1 and the results 

a r e  shown in Figure 4-82. The maximum theoretical skin irradiance (at  
2 the focal point) f rom one Pilot Plant heliostat i s  about 0. 37 Wattslcm , or  

about 3.3 t imes the irradiance of the sun a s  shown on F igure  4-82. The 

threshold time for injury a t  this irradiance i s  about 80 sec. A person would 

have to stand a t  the focal point of a m i r ro r  for  80 sec  and ignore the heat 

before an injury could' occur. The skin irradiance f rom the unfocused MDAC 
2 commercial heliostat i s  about 0. 11 Wattslcm with a la rger  'threshold 

. . . # injury time. 
. , ' .  

The conclusion from the above d i s c u ~ ~ i o n  is that there a r e  no hazards to 
. . .. . personnel f rom the id la= beam of ,an individual helidstat. 
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2 
It has been estimated that an irradiance of over 5 suns (0.55 Wattslcm ) i s  

required to initiate combustion in a brush. The maximum irradiance from 
2 

the MDAC heliostats i s  only about 3.3 suns (0.37 Watts/cm ); therefore, a 

single MDAC heliostat should not present a brush f ire hazard. 

The hazards from multiple heliostats a r e  potentially more severe, but 

operational procedures and suitable personnel exclusion a reas  will eliminate 

the hazards or  reduce them to acceptable levels. 

Two potential problems include: 

A. Personnel o r  equipment situated a t  a point on the ground where 

multiple beams intercept. 

B. The possibility that an aircraft  will appear a t  a point above the 

collector field and intercept the solar beam from a liumber of 

heliostats . 

Either o r  both of the problems can occur during normal operations as thc 

heliostat field i s  activated o r  deactivated, o r  during heliostat storage 

operations, or a s  a result of heliostat failures. 

When the collector field i s  activated in the morning (or  after a cloud passage) 

and deactivated in the evening, the heliostats will be controlled by Master 

Control in such a way that the focal point of the several heliostats will. move 

in a controlled and safe manner. For example, the focal point can be 

designated a s  a point on the ground (in a personnel exclusion a rea)  and then 

moved to the receiver on a path which does not intercept any equipment. 

This should preclude any hazards to personnel o r  equipment on the ground 

and thus solve the f i rs t  problem. 

The second problem has two aspects: The f i r s t  considers the normal 

tracking operation of the heliostats. The airspace affected was determined 

by a brief analytical study. An observer looking down at  the receiver 

location (looking toward the collector field) would see sunlight reflected 

f rom a small  number of heliostats. At an altitude equal to twice the tower 

height ( 2  times 80m) the average flux density would be a t  one sun. Above 

that level, less than one sun i s  seen a t  any location. Peak flux density 



occurs  when looking down a t  the closest- in  heliostat  a t  an angle of about 

52.2'. The peak flux density a t  any altitude above the tower can  be calcu- 

lated by 

where 
2 

Ap = a r e a  of heliostat (3. 19m ) 

8 = sun angle (9.  3 m r )  

h = source altitude 
2 

q = i r radiance (1,000 Wat t s lm ) 

which gives a resul t  of 2. 14 suns a t  200m and 0.94 suns at 300m. 

The second aspect  i s  concerned with heliostat  stowage. If the heliostats a r e  

stowed face down, there  i s  no possibility of a reflection of the sun. The only 

possibility of a potential problem when the heliostats a r e  stowed in a ver t ical  

position i s  when the sun i s  a t  zero-degree elevation, and the i r rad iance  

then i s  very  low. A computer study of stowage in a face-up position showed 

that the maximum solar  i r radiance , under any condition, a t  305m ( 1,000 f t )  
2 f r o m  one heliostat i s  0. 23 1 Wat ts lcm o r  about 2. 1 suns. With accurately 

contro'lled stowage position, the laws of optics will  preclude the observer  

seeing the sun in more  than one m i r r o r  a t  any instant of t ime  a t  this  altitude. 

To ensure that the heliostat  beams do not in te rsec t ,  a divergent stowage 

orientation with the divergence between adjacent helio s ta t s  grea ter  than the 

stowage orientation e r r o r  will be used i f  face-up stowage i s  used. Hence, v 

the only crossing beams will be f r o m  widely s'eparated heliostats.  The 

effect of one heliostat with this solar  magnification was shown to be safe in 

the discussion above fo r  both skin burn and retinal burn. At higher alt i tudes,  

one can see  the sun in m o r e  than one heliostat ,  but the' i r rad iance  will  drop 

because of (1) divergence of the light past  the focal point of a cent ra l  focus 

heliostat , and (2) open spaces between heliostats. Ei ther  effect is sufficient 

t o  ensure continued s'afety with increased altitude. 



As stated ear l ier ,  there i s  no established cri teria for the maximum 

permissible exposure (MPE) to visible light. , In lieu of a specific cri teria 

o r  standard, it would appear that the airspace above 305m (1,000 f t )  should 

be safe under a l l  conditions and the airspace above 152m (500 f t )  should be 

safe for a l l  normal conditions except face-up stowage. These altitudes a r e  

consistent with FAA regulations 14 CFR 91. 79. 

To further examine the potential hazard presented by multiple heliostat 

reflected beams converging a t  a single point, let  us consider f i rs t  the cases 

involving the failure of one o r  more elements of the collector. 

If, during the course of normal tracking, a portion of the collector field is , . 

disabled, the heliostats will remain in their last  commanded position. Solar 

drift  will cause the heliostat reflected beams to move off the target, The 

effects of off-axis abberation will cause a gradual defocusing of the helio- 

s tats  to a line of focus within the normal a i r  space exclusion a rea  of the 

Pilot Plant until it i s  dispersed to a low concentration level. Hence, loss 

of control to one o r  more  heliostats during normal tracking i s  not considered 

to create an unsafe coi~dition. 

Consider next a failure mode in which one or  more heliostats a r e  oriented. 

a t  a random orientation. Failure of a single heliostat has already been , .' 

shown not to result in an unsafe condition. 

It i s  possible, however, for  a heliostat failure condition to produce a situation 

where two or more heliostats will have a common focus point. .The failure 

probability for one heliostat i s  about 5.9 per hour a s  discussed in 

Section 4. 2. 12. The longest repair t ime for any heliostat i s  about 3 hours 

(Table 4-34). If two heliostats are  about 10 heliostats apart ,  we can assume 

that they are independent from a retina image sta.ndpoint. This means about 

64 heliostats would be dependent. 



Table 4-34 (Page 1 of 2) 

COLLECTOR AVAILABILITY ANALYSIS . . 

I tem Component 

Pi lot  Plant  . Commercial . 

MTBF MTTR Fa i lu res  Unavailable ~ a i l u r  e s . Unavailable 
(Hrs)  (Hrs)  P e r  Yr H r s / Y r  . P e r  Yr H r s / Y r  

1 Transformer  

2 Power Cables to  Trans fo rmers  9. 3(106) 3.11 0.003 . 0.009 0.04 0.23 

3 Distribution Panels  2. 9(105) 1.51 0.09 0.14 1.2 1.8 

4 F ie ld  Control lers .  l .2( lo5)  1.29 2.10 2.7 27.1 35 

5 Cables to  Field Control lers  

9 d 6 Field Controller Junction Box 
cD 
UI 7 Heliostat Controller 

8 Cables to  Heliostat 

9 Heliostat Circui t  Breaker  

10 Azimuth Drive Motor 

11 Elevation Drive Motor 

12 Azimuth Position Sensor  

13 Elevation Position Sensor 8. 3(105) 1.10 7.0 7.7 91 100 

14 Azimuth RPM Counter 7.4(105) 1.33 7.8 10.4 102 136 

15 Elevation RPM Counter 7.4(io5) 1.05 7.8 8 .2  102 107 



Table 4-34 (Page 2 of 2) 

COLLECTOR AVAILABILITY ANALYSIS 

Pi lot  Plant  C ornme r cia1 

MTBF MTTR Fai lures  Unavailable Fa i lures  Unavailable 
I tem Component (Hrs )  (Hrs )  P e r  Y r  Hrs,'Yr P e r  Yr H.rs/Yr 

16 Azimuth P r i m a r y  Compudrive 9. 6(lo4) 2. 15 60 12 9 78 6 1690 

18 Elevation P r i m a r y  Compudrive 9. 6(lo4) 1.54 60 92 786 121 1 

5 19 Elevation Secondary Compudrive 1.3( 10 ) 2.43 44 107 575 1396 

20 Sun Sensor 2(106) 1.12 3 3.36 3 8 "42 
e 
4 

(D 21 . M i r r o r  Panels  . 1(106) 1.12 3 5 39.2 45 4 508 
Q) 

l o (  lo6)  22 Pedes ta l  1.49 0.58 0.86 7.56 -11.3 

23 Reflector Structure 2( lo6)  2.96 2.'9 8.58 38 . 112 

24 Sun Sensor Pedes ta l  10(106) 1.01 0.58 0.59 7.6 7.6 

Total Fa i lures  P e r  Year 344.63 4498.90 

Total  Fa i lures  P e r  Day .. 1.04 13.63 

Total Helioistat Outages 1. 32 17.30 
P e r  Day 



The probability of two simultaneous failures (within the repair t ime) is  about 

7 This must be multiplied by the probability that both heliostats 

would fail in such a way that both beams a r e  pointed a t  the same spot ( 1  x 

and the probability that someone would be in this spot a t  that time. It can be 

seen that this probability i s  a t  least  l e s s  than 7 x 10-I' and thus extremely 

low. 

Analysis has shown that the re ,a re  no hazards to ground-based personnel 

which cannot be controlled by proper procedures and that there a r e  no hazards  

above an altitude of about 300m. Both conclusions a r e  subject to further 

analysis and the acceptance of an MPE for visible light. 

Since i t  has  been shown that heliostat 'failures a r e  most unlikely to produce 

an unsafe condition, i t  i s  concluded that redundant power cables to individual 

heliostats a r e  not required. Power.cables to components which control 

multiple heliostats ( t ransformers ,  field controllers,  master  control) should 

be redundant. Redundant heliostat cables would prevent only 0.36% of the 

heliostat failures (1.25 failures per  year out of 345). Also, automatic 

stowage of a failed heliostat, communication link, o r  power suppky i s  not 

required. It i s  much more  cost-effective to stow a failed heliostat by use 

of a mobile tes t  set. The tes t  s.et can stow o r  repair  a failed heliostat 

within 3 h r ,  regardless of 'the kature of,the failure. If the heliostat i s  com- 

pletely inoperable, an opacifying solution can be applied to prevent specular 

reflection f rom the heliostat. Other procedures available include command- 

ing stowage through the field controller o r  heliostat controller,  providing 

manual stowage through an apxiliary power supply direct  to the drive motors ,  

and direct drive of the 'drive unit through an auxiliary motor ' ( l /2- in .  dr i l l  

applied to the input shaft). 

With the procedures indicated, MDAC believes that the operation of the 

Pilot Plant will present no undue hazards,  and the cost impact would be 

minimal. 



4. 2. 12 Pilot Plant Availability 

The predicted failure characteristics of the Pilot Plant collector subsystem 

a r e  shown in Table 4-34.  Also shown in Table 4-34 i s  the estimate of the 

repair  characteristics generated using actual data f rom the SRE tes t  pro- 

gram. Unavailability i s  the combination of the component failures and their 

effect on system operations and the time it takes to recover f rom these . ' 

failures. In effect, it i s  the percentage of the total possible operating time 

that a component o r  a system i s  not available for  operation. Availability 

i s  then one minus unavailability or  the percentage of time that a component o r  

system i s  available for operation. A detailed discussion on the availability 

characteristics of the entire Pilot Plant system i s  given in Volume 11, 

Section 4. 10. 2. 

The results of the initial availability analysis a r e  shown in Table 4-34. .  The 

individual component failure ra tes  or  mean time between failures (MTBF) 

were  obtained, in general, f rom historical data on other but similar systems. 

Some of these were obtained f rom Reference 4 . 2 .  12- 1 (listed a t  the end of 

Section 4. 2. 12), which was a study to determine the accident probabilities 

in commercial nuclear powerplants. Data in the source were obtained f rom 

reference handbooks, reports ,  and commercial powerplant experience 

(both fossil  and nuclear) and were considered for the applicable environment 

of standard operational Power Plant conditions. The compilation is particu- 

larly useful because it performs the analyses required to incorporate data 

f rom different reporting sources and different operational and environmental 

conditions, and reports a median value and a 9070 likelihood range for  each 

component. The compilation i s  also useful for a solar power plant because 

it was performed for  a Commercial Plant. Other data used included the 

FARADA data (Reference 4 . 2 .  12-2), the BIDEP data (Reference 4 .2 .12 -3 ) ,  , 

and the electronic failure rate data in Reference 4. 2. 12-4. 

The determination of the mean time to repair (MTTR) i s  discussed in detail 

in Section 5. 2. 3 .  

The component with the largest  failure rate (smallest MTBF) i s  the ~ o m p u - '  

drive actuator, and a search of historical data on this 'component .was 



negative. Therefore, data on similar components (linear actuators , variable' 

speed drives, constant speed drives, gear boxes, etc) were used to make an 
6 estimate. A failure rate value of, 10.4 per 10 hours was assigned to the 
6 primary mechanism and a value of 7.6 per  10 hours to the larger secondary 

drive. The larger failure rate was applied for the primary drive because of 

the smaller sizes of bearings a n d  expected higher contact s t r e s s  on the lobe 

interface rollers.  

. . 

The next la.rgest failure item i s  the heliostat electronics where the failure 

rate was established by a part count and failure rates from Reference 4.2. 12-3. 

The failure rates for the drive motors were obtained from Reference 4.2. 12-1. 

The results show that the predicted overall heliostat failure rate i s  59 per 
6 10 hours o r  an MTBF of 17,000 hr.  The estimated yearly operating time 

i s  3,'300 h r  based on a calculated average of 10 hr/day and a 330-day year. 

 his assumes the system will be unavailable for 35 days per year due 

to inclement weather. The results fo r  a collector field of 1, 760 helio- 

stats shbw that we. can expect 342 heliostat failures per year, or  1. 035 

failures per day. 

6 The failure rate for the field controllers was estimated a t  8.6 per 10 hours 

by a parts  count. This value, plus the estimated failure rate of the cables, 

gives an MTBF of 83,056 hours and three failures per year or  one failure 

per 110 days for the 74 field controllers in the Pilot Plant field. 
. .. 

There .are  eight t ransformers to provide power for the collector subsystem 
6 with an e'stimated failure rate of 0.8 per 10 hours, This value, plus the 

failure rates fo r  the cables and the distribution panel, gives an expected 

failure rate of 0. 11 per year. 

A loss of a field controller will cause a loss  of 24 heliostats and a loss of a 

power transformer will cause a loss of 220 heliostats. Therefore, a s  shown 

in Table 4-34, while the expected failure rate for heliostats i s  1.035 per day, 

the .expected heliostat outage due to failures of al l  components (heliostats, 

field control.ler, and transformers)  i s  1.32 per day o r  437 per year. 



Any reliability improvement effort, on the heliostats , would logically be . 

accomplished by installing components with a higher reliability, for example, 

Hi-Re1 electronics components. It would be impractical to provide redun- 

dancy because much redundancy i s  already provided (1, 760 heliostats) and 

the 10s s of one (or 10) heliostats does not materially affect system perfor- 

mance. In fact, the loss of a field controller; with the attendant loss of 

24 heliostats, only causes an average reduction of 1. 36% in system power 

level. However, the loss  of a transformer will cause a reduction of 12.57' 
in system power. 

The accepted definitions of availability and forced outages , discussed in 

Volume 11, Section 4. 10.2 and Reference 4.2. 12-5, do not count a forccd 

outage of l e s s  than 27'0 a s  unavailable time. Therefore, the loss of three to 

four heliostats or  a field controller will not affect system availability, but 

the loss  of a transformer will. 

Therefore, while the component unavailabilities a r e  a s  shown in Table 4-34, 

the only three items that affect system unavailability a r e  the transformer,  

the distribution panels, and the power cables to the transformer (Items 1, 2, 

and 3) .  This gives an unavailability of 0.309 h r  per year or  0.00940/0. 

The results  for the Commercial system collector field a r e  also shown in 

Table 4-4. It was assumed that the MTBF and MTTR values for the indi- 

vidual components would be the same for the Commercial field and the 

Pilot Plant. However, the number of components change. The Pilot Plant 

collector field has 1,760 heliostats, and the Commercial field has 22,914 

heliostats. The Pilot Plant field has 74 field controllers and eight power 

transformers,  the Commercial field 955 field controllers and 104 power 

transformers.  Therefore, the failures per year and the unavailable hours 

per year a r e  scaled up by the ratio of coinponcnts. The results show that A 

we can expect to have 4,460 heliostat fai lures,  38 field controllers, and 

1.5 transformer failures per year,  or  a total of 13.6 failures per day for . 
the entire field. 
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4.2. 13 Collector Susbsystem 

In this  section, prel iminary concepts a r e  presented covering the support 

requirements  fo r  a 10-MWe solar  the rma l  Pilot  Plant. The concepts a r e  

compatible, to  the extent feasible,  with those developed for  a Commercial  

Plant, a s  descr ibed in Section 3.  3.  3. During t h e  Pi lot  Plant  construction 

and t e s t  operations,  application of these concepts, which will be revised ' 

and expanded a s  hardware development p rogresses ,  will prove their  validity 

and adequacy. Concepts which may prove td  be inadequate will  be improved 

and tested to the extent feasible during the Pilot Plant program,  and 

necessary  changes will be incorporated into the Commercial  Plant support 

concepts. The following Pi lot  Plant  support concepts a r e  of a prel iminary 

nature and subject to modifications ca.11sed b y  design changes, program 

direction, and other influencing factors .  

The following descriptions of Pilot  Plant  support functions address  only the 

differences between Pilot Plant  and Commercial  Plant  requirements.  This 

approach i s  used to keep repetition and redundancy in this  r epor t  to a 

minimum. 



4.2.  13. 1 Site Activation, Installation, and Checkout 

During Pilot Plant equipment installation and checkout, the Commercial 

Plant support concepts will be applied except where there a r e  significant 

differences between the two programs. 

Transportation, Handling, and Packaging 

Description i s  similar to Commercial Plant, except fo r  lower quantities 

(See Section 3. 3. 3). t . . 

Facilities - 
There i s  no foreseeable requirement to augment planned permanent site 

facilities. A temporary sLri1cturc for assembling heliostats will also serve 

a s  headquarters fo r  installation and checkout operations. The immediate 

a r ea  surrounding the assembly building will be used for storage and parking. 

The assembly building will be, close to the heliostat field to minimize trans - 
portation problems. 

Support Equipment 

Support equipment will be designed and selected with economical and expedi- 

tious objectives in view. When the installation and checkout phase i s  com- 

pleted, the equipment will be usable for maintenance operations during 

testing. Description is  similar to that of Commercial Plant support equip- 

ment in Table 3\-8. 

Maintenance 

Maintenance activities during installation and checkout of the collector sub- 

system will be responsive to: 

a Protecting installed equipment f rom environmental effects. 

Repairing equipment damaged during installation and checkout 

operations. 

a Discovering discrepant items. " .  

Scheduled requirements. 

Periodic maintenance will be scheduled for inspection and recertification 
, 

of support equipment, inspection of installed equipment, and operations such 

as washing reflector surfaces and lubricating mechanical equipment. 



Corrective maintenance will be accomplished by removal and replacement 

of damaged o r  discrepant items. kepair  of items .will be accomplished a t  

the appropriate manufacturer's facility. See Section 3 . 3 . 3  for detailed 

requirements. 

Spa re  s Supply 

Approved quantities of consumables and low-cost spares and repair  parts ,  a s  

defined by maintenance data analyses , will be acquired and delivered to 

support installation .and checkout operations and maintenance tasks. 

High-cost spares such a s  reflector panels and field controllers will not be 

acquired. If the need a r i s e s  fo r  this type of spare, the item will be diverted 

from the production line. Then a spare will be ordered and turned over to 

the production line a s  a replacement. This concept reduces investment in 

high-cost spares and ensures completion of installation and checkout. 

Technical Documentation 

Technical documentation requirements will be satisfied by providing low-cost , , .-- ,. 
', I 

. I  

instructions for installation, checkout, and maintenance of the collector d .  

. subsystem. Simple, commercially acceptable methods will allow quick- . *; . , 
reaction prepirations and reproduction of instructions. I . . I, 

Installation and checkout instructions will be similar to the site activation 

kit work order,  which MDAC used successfully during installation of the 

Army Safeguard Spartan missile subsystem. Initial procedures will be 

validated during preproduction buildup and testing of one complete heliostat, 

sensor, and field controller a t  MDAC-Huntington Beach. At si te ,  MDAC 

personnel will use the approved procedures to accomplish installation, 

checkout, and buyoff activities. 

Maintenance procedures will be prepared in consonance with development of 
' 

maintenance data analyses for subsystem logistics requirements. Mainte - 
nance data analyses will define preventive and corrective maintenance, fault 

detection, inspection, alignment, lubrication, and repair requirements. 



- Technical data, such a s  diagra,ms, repair ,  and fault isolation, which cannot . 
be validated, will be verified a t  meetings a ~ e n d e d  by MDAC and customer ., 

personnel. 

- , Final  instructions will be updated, a s  required, to reflect equipment modifi- 

cations and procedural improvements. 

Training 

A training program will be developed, in accordance with tasks necessary for 

successful. completion of installation and checkout operations. Data pertaining 

to collector subsystem requirements fo r  manpower, crew size, taslce, 

maintenance, and personnel skills will be evaluated, and then compared with 

existing personnel c1assification.s anticipated on site. 

P r imary  method will be on-the-job o r  on-equipment training with supervision 

by a knowledgeable training engineer . 

The training program will be time-phased to ensure a smooth and effective 

operation a t  the onset of site activation. 

4.2. 13.2 Operations 

The customer will assume responsibility for operations and maintenance of 

the Pilot Plant a t  the end of installation and checkout. Support concepts could 

be totally implemented during the testing phase, and carried over into the 

Commercial operations phase. MDAC could furnish technical support to 

the customer until full operations and maintenance capabilities a r e  established. 

~ r a n s ~ o r t a t i o n  , . Handling, and Packaging 

Description is  s imilar  to that of,the Commercial Plant discussion in 

Section 3, 3. 3. 

Facilities 

The re. i s  no foreseeable requirement to augment planned permanent facilities 

on site. The temporary structure used for assembly of heliostats during . 

installation and checkout phase will serve a s  a distribution and storage 

facility until other permanent arrangements can be made. 



Support Equipment 

Description i s  similar to Commercial Plant support equipment (see 

Section 3. 3. 3). 

Maintenance 

Maintenance activities identified during the installation ,and checkout phase 

will continue and will be responsive to: 

Protecting equipment from environmental effects. 

Repairing damaged equipment. 

Periodic maintenance will Continue on a scheduled basis for inspection and 

recertification of support equipment, inspection of installed equipment, and 

operations such a s  washing reflector surfaces and lubricating mechanical 

equipment. 

I 

Results of the testing program (described in detail in Section 6 .4)  indicate , . 

that the heliostat reflective surfaces can be effectively washed using pressure  . . .  

spray nozzles and the following application technique: 

A. ~ p p l y  approximately 1 gal of wash solution (570 cleaning concentrate, 

95% deionized water) in approximately 1 min to heliostats oriented 

with surfaces near vertical. 

B. Allow approximately 1 min dwell time for the wash solution to act 

on surface contaminants. 

C. Rinse with approximately 5 gal of deionized water applied- in 

approximately 2 min. 

The washing operation should be conducted with the heliostat surfaces facing 

away f rom the sun, prefereably during predawn and early morning hours. 

This procedure takes advantage of the cleaning action afforded by any dew 

which may have formed and avoids premature drying of wash solution o r  

rinse water. 

The selected approach for implementing the technique for the Pilot Plant 

operation involves use of a tanker truck (Figure 4-83) which car r ies  both 

the wash solution and rinse'water.  The truck i s  fitted with the necessary 





valving, controls, and pressurizat ion system. for  fluid application a t  the flow 

r a t e s  indicated. Fluid i s  applied by a multiple nozzle a r r a y  which extends 

f rom the side of the t ruck and provides the controlled spray  pat terns  neces-  

s a r y  for  both wash and r inse  functions. A fluid catch basin extends f r o m  

the truck and i s  positioned under the heliostat to re t r ieve  the wash solution 

an.d r inse water.  This recently identified requirement  to prevent spillage of 

wash solution and r inse  water was a significant factor in selecting this 

approach over other promising alternative methods. 

The conclusion has been drawn that the bes t  approach for Pilot  Plant mainte- 

nance is to schedule the reflector field cleaning on a 30-day bas is  ra ther  

than accomplishing a s  correct ive maintenance. This approach permi ts  

r ea'listic washing equipment quantity, sizing, and manpower est imates  with 

the least  r i s k  of e r r o r .  Variable weather conditions a r e  the most  important 

factor in determining when cleaning is required;  however, the data obtained 

during the limited tes t  period tends to indicate that a 30-day frequency i s  a 

reasonable approach. The scheduled maintenance concept r equ i re s  two 

tanker trucks (each operated by two men)  for  approximately 4 h r  to clean 

88 m i r r o r s  each day. Cleaning will  be done in  the ea r ly  morning hours and 

will requi re  20 working days to complete the en t i re  field. At this ra te ,  the 

total  field could be cleaned in 80 working hours should adverse  weather 

degrade field reflectivity below acceptable l imits.  

It should be recognized that only limited data has  been obtained to date for 

heliostat washing and reflectivity degradation under field conditions. The 

above maintenance approach i s  based on these data and the relative mer i t  of 

alternative concepts to provide an acceptable cleaning technique. The con- 

cept and maintenance procedures  may  be  direct ly  applicable to the Commer-  

c ia l  Plant;  however, the decision should be delayed until additional testing 

has  been accomplished and experience gained during Pilot Plant operation. 

, '  A more  detailed study based on comprehensive tes t  r e su l t s  and experience 

data is certainly warranted. For  example, the reduction of washing time 



fo r  a heliostat  by 1 min r e su l t s  in a savirigs of 8, 800 manhour s /yea r  for  a 

22, 000 -heliostat Commer cia1 field: 

22, 000 heliostats x 1 min x 2 men x 12 washings = 8, 800 hr 
60 min 

It is a l s o  interesting to note that rough calculations indicate the value of 
2 

increasing reflectivity by 1% i s  equal to $0. 30/ft  compared with an  es t i -  
2 

mated cost  for washing Pilot Plant heliostats of $O.O8/ft . 

A life-cycle cos t  study includi~lg definition of initial equipment investment 

and recurr ing   cost^ for  t ime, mater ia l s ,  and labor i s  recommended to de ter -  

mine the best possible approach for the Commercial  plant. 

Additional field tes t  data is required to fully define reflectivity degradation 

ra tks ,  especially for  seasonal  effects and seve re  weather conditions. Natural 

cleaning rebulting f rom dew, f ros t  deposits,  rain,  and snow must  be fur ther  

, evaluated. The optimum heliostat orientation during variuua weather condi- 

tions needs to be identified to minimize reflectivity degradation o r  take 

advantage of na tura l  cleaning. 

Another consideration which apparently has not been fully resolved is the 

requirement  to collect and re t r ieve  the washing solution and r inse  water. 

The Pi lot  Plant  cleaning method i s  based on full compliance, and modification 

o r  relaxation of this requirement  could resul t  in a considerable  cost  saving. 

An attrac'tive approach being considered pr ior  to identification of this 

requirement  involved a "drive through" washing concept using one o r  more  

p a i r s  of trucks.  Washing would be done while driving slowly past  the helio- 

s t a t  (or  pausing only briefly), rinsing by a following t ruck in a s imi lar  man- 

ner .  Apparent advantages of this concept were  effectively negated by the 

requirement  to  collect both wash s ~ l u t i o t ?  and rinse water s ince the t rucks 

would have remained a t  the' heliostat for a much longer period, A sys tem of 
drainage t renches  and sumps to t r a p  runoff could be installed during s i te  

construction; however, a detailed evaluation and cos t  analysis  is required to  

determine the feasibil i ty and economics of such an  approach. 



mrective maintenance will be accomplished by removal and replacement 

of damaged items. Repair of items will be accomplished a t  the appropriate 

manufacturer's facility. (Refer to Section 3. 3 . 3  for detailed requirements. ) 
5 .  

Spares Supply 

Description i s  similar to Commercial Plant supply support (Section 3 . 3 . 3 ) .  

Technical Documentation 

Use of approved procedures will continue. These procedures will define 

preventive maintenance, fault detection, inspection, alignment, lubrication, 

and repair requirements. 

Instructions will be updated, a s  required, to reflect equipment modifications 

and procedural improvements. 

Training 

A formal training program is not required. Replacement technicians will be 

trained on-the-job or on equipment, with supervision by experienced 

technicians. 

4 . 3  PILOT PLANT COLLECTOR PRELIMINARY DESIGN 

This section presents the MDAC Pilot Plant collector preliminary design. 

The design package consists of foldout drawings and descriptions of the 

hardware. The following major components a r e  shown and discussed: . . 
reflector, reflector support structure, drive unit, pedestal/foundation, and 

heliostat electronics and controls. Finally, the collector heliostat assembly 

i s  described, together with a typical field ins tallation layout. 

4 . 3 .  1 Reflector 

The reflector (Figure 4-84 and 4-85) is composed of six rectangular sandwich 

panels, each 85 x 1 14 in. Two of the panels have 45-deg scarfed corners 

to allow closer heliostat field spacing when the reflectors rotate in an azimuth 

direction. The front face of each panel is a 0.125-in. second-surface float 
3  glass mi r ror ;  the core is 2 lb/ft polystyrene foam 2-in. thick, and the back 
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Figure 4-84. Reiector-Installation - Pilot Plant 
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Figure 4-85. Panel Assembly - Pilot Plant 
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face  is 0. 022-in. thick galvanized steel  sheet. The panel is bonded with a 

polyurethane adhesive. After bonding, the edges of the foam a r e  sealed with 

PRC rubber calk 210 to protect the foam and seal out moisture, Four shallow 

circular cups a r e  bonded to the back surface of the panel to provide attach 

points for mounting the panel to the reflector support structure. The cups 

a r e  accurately positioned in a plane parallel to the mi r ror  surface to provide 

alignment of the reflector on assembly. The tracking mir ror  is shown in 

Figure 4-86. It is a rectangular laminated mi r ror  located a t  the center of 

the slot and supported by a triangular f rame,  

4.3.2 Support Structure 

The support structure for the reflector i s  an orthogonal beam structure made 

lip nf a. 1 0-in, r l i .am~ter  main ttllbalar heam and four straight channel beams 

which attach a t  right angles to the main beam. The main tubular beam has 

two fittings welded at  the center to provide for the four bolt attachment to 

the drive unit, Four flange rings a r e  welded a t  stations alang the main beam 

to allow attachment of the channel beams. The channel beams a r e  14-in. 

deep, straight roll-formed sections with return lip flanges made from 11-gage 

(0.123 in. ) galvanized steel. The two inboard beams have large clearance 

holes a t  their centers to slide over the main beam. The two outboard beams 

have smaller holes to allow access  for joining to the internal end flanges. 

Assembly of the channels to the tube is accomplished by accurately locating 
L 

the channels parallel to each other and spot-welding to the flanges on the 

main beam. 

The support structure for the sensor tracking mi r ro r  a t  the center of the 

reflector assembly above the drive unit is a triangular f rame constructed 

of 2-in. deep channels. The frame i s  attached to the main tube.mount 
P 

f i t t ings with bolts approximately in-plane with the channel beam's. On final 

assembly, the sensor mirror  is attached to the f rame a t  three points by 

adjustable pads. 

4.3.3 Drive Unit Description 

Figure 4-87 shows the drive unit assembly. It consists of similar two-stage 

reducers for  both the azimuth and elevation drives with input torque provided 
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by two electric motors. The elevation drive housing has four bolt holes 

which serve a s  attach points for the reflector structure. 

A mechanism installed on the azimuth drive base feeds the elevation drive 

power and sensor cable onto the azimuth drive housing which acts  a s  a cable 

stowage r e e l  a s  the heliostat rotates plus and minus 270 deg. A cover 

protects the cable from direct exposure to the elements, See Section 4.2.4 

for a detailed description of the drive unit. 

4.3.4 Pcdcatal/Foundation 

The pedestal (Figure 4-88) i s  a thin-wall steel column, 20 in. in diameter 

and 108 in. long, welded at the lower end to a standard weld neck pipe 

flange. The upper end has a 0. 75-in. thick steel plate welded in place for 

attachment of the drive unit. Attachment to the concrete foundation is 

provided by eight 1.25-in. diameter anchor bolts equally spaced a circle 

of 27-in. diameter. The attachment to the drive unit is by means of eight 

0. 50-in. diameter threaded holes in the upper plate. 

The foundation (Figure 4-89) is a 96-in. base diameter precast reinforced 

concrete cone, with the base 45 in. below ground. A central concrete column 

extends up f rom the pad to 3 in. above the ground line and contains the eight 

anchor bolts for attachment to the pedestal. 

4.3.5 Sensor Pole 

The sensor pole (Figure 4-90) is designed to support the tracking sensor a t  

a location approximately on a line between the center of the heliobtat and 

the receiver. For  the Pilot Plant, the elevation angle of the receiver rela- 

tive to the heliostats varies f rom 11. 5 deg at  the edge of the field to a maxi- 

mum of 50 deg-for the innermost heliostats. The position of the sensor, 

therefore, varies over a wide range, making it necessary to have both height 

and lateral  adjustments. A thin-wall tube 5 in. diameter and 0.120 in. wall, 

located 190 in. from the heliostat centerline, i s  used for the vertical column. 

A tubular steel boom 3 in. diameter x 0. 120 in. wall with a 45-deg bend a t  

the lower end i s  attached to the vertical column with a standard swage 
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reducing pipe nipple. The nipple is welded to the boom and clamped to the 

vertical pole with four se t  screws to maintain a rigid position. 

The tracking sensor is installed on the upper end of the boom by means of a 

sliding mount fitting for adjustment of position along the boom. For lateral  

adjustment, the boom swings around the pole and is locked in position by four 

se t  screws. With this scheme the booms a r e  of five different lengths to 

accommodate the total field. 

4. 3.6 Field Control and Electronics 

Previous sections (4.2.6 through 4.2. 10) have described the tradeoffs 

involved in various aspects of the field control and electronics preliminary 

design. The key issues addressed in the trade studies include the following: 

Operation with reflected beam sensor (closed-loop) and without 

(open-loop) . 
The influence of field controller type and hardware architecture 

on cost of control. 

Optimum power type (AC, DC) and distribution. 

Figures 4-91 and 4-92 a r e  block diagrams of the recommended preliminary 

design power distribution and data distribution networks. Figure 4-93 i s  

a block diagram of the recommended control system. 

4.3.6.1 Power Type and Distribution 

As indicated in Section 4.2.8, the optimum motor/controller system operates 

on 240 VAC. The distribution network is described in Section 4.2.10. Pri- 

mary feeder cost i s  minimized by operating a t  2,400V and stepping down to 

240V for secondary distribution a t  the eight primary feeder stations dis-  

tributed tkruugh the field, Cablc is fabricated with a continuous corrllgatad 

aluminum sheath and is routed underground by the direct burial method. 

Some 39, OOOm of three conductor No. 4 gage cable is required. Bonding of 

the cable sheaths a t  both ends and earthing through ground rods a t  each 

heliostat and transformer allows the sheath to act a s  the system ground 

plane . 
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4. 3.6.2 Controller Type and Architectur 

Section 4.2.8 d iscusses  analog and digital controllers and concludes digital 

control is optimum. Sections 4.2. 10 and 4.2.8 discuss the influence of the 

hardware archi tecture on network cost and conclude that the optimum con- 

figuration places some control a t  each heliostat. A smal l  controller, which 

communicates with the field controller and with the heliostat control sensors,  

and also controls the AC motor operation, is located in the pedestal elec- 

t r i ca l  junction box a t  each heliostat. The field controller communicates 

with the heliostat controller and the master  control and is mainly concerned 
* 

with coo'rdinate transformation directing the heliostat controller in motor 

control operation. One pedestal e leclr ical  junetion box in 24 contains a f ie ld 

controller. 

The resulting secondary distribution network with this hardware configura - 
tion, a s  shown in Figure 4-91, is a bus serving a set  of heliostats associated 

with a field controller,  resulting in significant savings in cable. 

4.3.6.3 Sun Tracking 

The recommended preliminary design of the field control and electronics is 

based on operation with a reflected beam sensor (closed loop) to guide posi- 

tioning of the reflected solar beam on the receiver.  A tradeoff study evalu- 

ated the relative m e r i t s  of closed-loop and open-loop operation. Section 4.2.6 

d iscusses  the e r r o r  sources and predicted performance a s  i t  affects cost. 

A summary char t  has been included in this book to indicate the potential 

engineering t rade  study cost differences between closed and open loop. 

While Section 4.2.6 discusses two open-loop implementations, only one, 

the shaft sensor  version, is discussed he re  because the gimbal sensor  

version does not cost  trade effectively with closed loop. Section 4.2.8 d i s -  

cusses the hardware differences. A summary of these findings is presented 

in Table 4-35. 

Figure 4-94 is the block diagram of the control electronics for the open-loop 

system. Comparison with Figure 4-91 indicates the main difference in the 

two systems is removal of the beam sensor.  The network for  both is 

identical. 



Table .4-35 

OPEN/CLOSED-LOOP TRADE SUMMARY 

Item Closed Loop Open Loop Comments 

Basic Control ~ c c u r a c ~  Better See Section 4.2.6. 

Environmental Effects Minimal Wind Wind i s  problem in a 
Problems minimum-cos t open- 

loop system 
(Section 4.2. 6) 

Power Loss 

Design Costs 

~ a r d w a r e  Cost 

Ins tallation Cost 

Maintenance 

Greater  (Section 4.2. 6 )  

Same Same 

Greater  

Somewhat 
Greater  

Same Same 

Total Cost Grea ter  

Large potential cost 
savings for open loop 
because of l e s s  
hardware. 

Installation of pole and 
sensor  alignment of 
closed-loop sys tem is  
m o r e  labor intensive 
than alignment of 
open-loop system. 

More frequent realign- 
ment requirements  of 
open-loop balanced by 
sensor  maintenan'ce 
of closed loop. 

P r imar i ly  due to lower 
hardware cost  of open 
loop. 

4.3. 7 Collector Assemblv 

The heliostat assembly i s  shown in Figure 4-95. The major  components 

and overall  dimensions and clearances a r e  shown. The beam sensor  pole is 

190 in. f rom the center of the pedestal and approximately in line with the 

receiver  tower. The beam sensor  is installed on the pole and positioned on 

a line between the center of the receiver and the center of the heliostat 

within a 2-in. radius to maintain sight of the sun in the tracking m i r r o r  a s  
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the heliostat rotates ,  The junction box (not shown) for the pedestal electrical 

installation abkaches a t  the base of the pedestal where i t  is supported above 

ground level and c lea r s  the reflector inverting motion. Figure 4-96 is a 

typical field installation layout for one ~ r n a 1 l ' ~ o r t i o n  of the field, showing 

the cables, t ransformers,  and field controller located with respect  to the 

heliostats. 

F o r  the Pilot Plant design, the heliostat is estimated to have a weight of 

13, 264 lb a s  follows: 

Reflector panels: (1/8 in, g lass)  

4 85 in. x 114 in, 798 lb 

2 clipped 390 lb  

Tracking m i r r o r  39 lb 

Structural  support 1, 108 lb  

Drive unit 670 lb 

Pcdeslal  509 lb 

Total (without foundation) 

Foundation 

Total (with foundation) 
-. 
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Figure 4-96. Field Installation - Pilot Plant 




