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FOREWORD 

This is the final submittal of the Solar Pilot Plant Collector 
Subsystem Experiment Detailed Design Report (DDR) per CDRL 
Item 6 of ERDA Contract E (04-3) 1109. 

It incorporates those changes to the 18 May 1976 initial submittal 
required by ERDA. Changes are indicated by a bar in the margin. 
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COLLECTOR SUBSYSTEM DDR AGENDA 

18 MAY 1976 

8:30 Opening Remarks L. Ball 

8:45 Program Overview L. Ball 
and Summary 

8:50 Design Status Against L. Ball 
Plan 

9:00 Experiment Objectives R. Parker 

9:15 Heliostat Mechanical R. S~yder/ 
Design J. Arnold 

11:00 Experiment and R. Younski 
Heliostat Electrical-
Design 

; LUNCH 

2:30 System Analysis . H. Ross 

3:30 Enyineer'ing Model n. Parker 
Tests and Plans 

3:45 Experimental Model R."· Parker 
Test Plans 

4:00 Executive Review L. Ball 
Session 

/ 
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Collector Subsystem 

Program Overview 

CONCEPTUAL DESIGN REFRESHER 

The conceptual design approved was the tilt-tilt configuration which 
provided low cost and high performance. 

The concept review proceeded through three meetings and, after a para­
metric trade study, was approved at the 17 December 1975 meeting. 

~hP. concept evolved from an azimuth-elevation to a tilt-tilt configur·­
ation through trade-off studies performed using a computer program 
which considered cost, stiffness, flexure, and other technical parame­
ters. From a conceptual standpoint, the tilt-tilt approach with square 
mirror modules was the best. This is the heliostat concept that has 
been detailed. 

Other concept highlights include: 

• Two speed motor control 

• Battery prime power 

• Hard line simplex serial data link 

• Open loop real time command/control 

• Use of tallest building in facility 

• Locations to simulate maximum range and maximum angular rate 

These features have all been implemented in the detail design. 

2 
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Collector Subsystem 

Program Overview 

PROGRAM PLAN 

The Program Plan is a low risk low cost approach which meets schedule 
and performance constraints. 

The Program Plan details the sequential steps of performing the exper­
iment. The engineering model has the purpose of avoiding hardware 
risk by trying before buying all significant hardware. 

Specific checkpoints provide for review and approval prior to contin­
uing to the next step or milestone. The test of the Engineering Model 
assures both the experimental equipment and heliostat hardware perform 
about as planned prior to making commitments for remaining hardware. 

The summary constraint diagram shows the interrelationship of the 
steps or checkpoints so it is easily seen that the bulk of the remain­
ing work is assembly and test oriented. 

PROGRAM PLAN 
LEVEL 1 SUMMARY CONSTRAINTS 

0 1 76-24 1 8 

END 

0 COMPLETE 

0 IN PRGCE SS 
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COMPLETE 
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Collector Subsystem 

Program Overview 

SRE OBJECTIVES AND PROGRAM FOR ACCOMPLISHMENT 

The objectives of the Collector Subsystem Solar Research Experiment 
(SRE) are to: (1) design and evaluate heliostat and tracking and 
control concepts, (2) to assess environmental effects on the helio­
stat, and (3) to simulate pi~ot plant daily operation. 

The SRE is intended to assure the pilot plant design is a low risk 
economical approach through comparison of different designs. To 
obtain this assurance, the SRE will result in the design, build, and 
test of four heliostats. These units will be used to validate or 
modify the desiqn and requirP.mPnr~ as appropriate to finalize a lie­
sign for the pilot plant. 

Th~ program for accomplishing the objectives includes demonstration 
of planned assembly and calibration techniques, evaluation of expected 
tracking errors versus actual errors, measurement and analysis of 
environmental effects. Also, day-to-day operations are planned. 

Checkout and evaluation of the test set up, data taking machinery, 
and recording techniques are planned as well. 

Using the measured values, comparisons with predictions will be made 
to draw conclusions regarding areas necessary to redesign for the 
pilot plant. 

Thus, it can be seen that outputs from the SRR will include• 

• Test methods. 

• Test results and data. 

• Designs and associated analysis. 

• Design tools . 

• Assembly methods. 

• Test hardware. 

as well as functional heliostats. 

8 
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Collector Subsystem 

Program Overview 

DESIGN STATUS AGAINST PLAN 

The collector design is proceeding on schedule. Certain critical 
decisions are based on engineering mod.el .. tests. 

The preparation and release of drawings is essentially complete as 
shown on the chart. Certain revisions will be made in the drawings 
to reduce the cost or to improve performance. 

All drawings prepared to date have been submitted for approval and 
have been approved in a timely fashion. The drawings in general 
have not been changed after submittal. The design definition is 
sufficiently described on drawings and specifications so that DDR 
approval should be forthcoming. 

10 
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Collector Subsystem 

Collector Subsystem Research Experiment 

METHOD OF ~VALUATING PERFORMANCE 

Collector Subsystem performance is best demonstrated by a combination 
of analytical techniques and obtaining test data at the appro.priate ' 
assembly level. ' . 

Collector Subsystem Research Experiment Detail Specification, Part I, 
DS YG8112Al, estab'!ishes the performance, design, development, and · 
test requiremen:ts f.or the CSRE. The current revis~on of tl:J.is speci­
fication is include? in Ap,pepdix 2.. 

The illustration lists perf,errn~nce paramet~rs and means for as~essing 
them. 

) 
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SRE 

TEST EVALUATION MATRIX 

PARAMETER DESIGN GOAL EVALUATED BY 

TRACKING PERFORMANCE 2 MR (6.9 ARC-MIN)/ 
AXIS 1 a 

ANALYSIS "AND TEST 

REDIRECTED ENERGY 95 PERCENT IN ANALYSIS AND TEST 
APERATURE 

SURFACE REFLECiANCE > 80 PERCENT TEST 

FUNCTIONAL PERFORMANCE 

SLEW RATES >7 MR (0.4 DEG)/SEC ANALYSIS AND TEST 

ANGULAR FREEDOM - ANALYSIS AND TEST 

AUTO TRACKING - ANALYSIS AND TEST 

OFFSET POII~TING - ANALYSIS AND TEST 

INITIALIZATION - ANALYSIS AND TEST 

ENVIRONMENTAL EFFECTS 4.4 TO 54.5°C (+40 TO ANALYSIS AND TEST 
' 130°F) 

13.5 M/S (30.2 MPH) 

/ 
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Collector Subsystem 

Collector Subsystem Research Experiment 

CONFIGURATION OF THE COLLECTOR SUBSYSTEM EXPERIMENT 

The equipment complex described is needed to provide the functions 
essential to conducting th.e. Co11ector. Subsystem .Research Experiment. 

I 

The equipment to be evaluated during the research experiment, as well 
as major support items, is functionally illustrated. 

The control center block to the left contains the computer subsystem 
and the weather station receive modern. The computer subsystem includes 
the H-516 processor, ASR-35 keyboard, printer, magnetic tape decks and 
the RS232C input/output. The processor operates under software control 
in real time to service four heliostats, the photodetector array, the 
weather station and peripherals. An internal real time clock provides 
one second interrupts to synchronize sun position computations. The 
ASR-35 provides operator interface for command or data entry and print­
outs of command responses, squawks and logs. The magnetic tape decks 
provide for program loading and data storage. The RS232C input/output 
performs series parallel conversions and data formatting. This control 
center will be located in the north-east corner of Building E-2. 

Each heliostat contains four 10 sq m (107. 6 sq ft) facets mounted in a tilt­
tilt gi~bal arrangement. Heliostats are installed with the frame axis 
normal to ~he line-of-sight to the target. The engineering·model is 
trailer mounted. Reflector positioning can be achieved under manual 
control or commanded from the processor via a serial data line. A 
sync indicator enables th~ npArator to main~ain matched frame linear 
actuator extensions when rlr.ivi nCJ under manual control. The commanc.l 
decode module properly routes the 8 command bits to the frame and 
mirror module drive controllers. The up/down counter generates an 
error signal when a difference exists between the encoder pulse count 
and the controller commanded pulse count. This digital error signal 
is converted to an analog servo amplifiPrl nrive signal whioh in turn 
causes the de motors to rotate until the error signal is nulled. Appro­
priate drive trains position the reflectors about two axes. A second 
up/down counter in the frame drive system detects failure of one of the 
linear actuator drives and generates a servo amplifier inhibit. Ini­
tialization switches sense this commanded orientation and generate a 
drive stop command. A limit switch on ~hP frame drive prcvcnto over 
riding the linear actuator operating range. 

The photodetector array consists of 224 light intensity detectors in a 
14 x 16 vertical and horizontal matrix. The detectors are spaced 
30.5 em (1 ft) on center. Five other photodetectors sense the ambient 
light intensity for background suppression. 

The matrix sensor analog outputs are processed by a time division 
multiplexer followed by a differential amplifier to reestablish ground •. 
reference. An analog to digital conversion prepares the intensity data 
for serial digital transmission to the processor when commanded. The 

16 



I 

processor computes image centroid coordinates from the intensity data, 
as a measure of the pointing error to be removed by calibration. This 
intensity data is also stored on magnetic tape for off-line intensity 
map generation. The array is installed on the roof of Building E-2 
and is capable of being pointed toward heliostats located at any 
azimuth heading. The array is equipped with an auxiliary-lightning 
protection device tied into the primary building lightning protection 
system. / 

A photographic reference grid hung on the side of Building E-2 provides 
for photographing the redirected image from the reflector. 

The weather station can be located at each heliostat site in tuin. · It 
provides sensors of barometric pressure for atmospheric refraction con­
nection; wind speed and direction; ambient, two absolute and one dif­
ferential structural temperature; and insulation. 

The data is transmitted to the processor via a modem for storage on 
magnetic tape. The equatorial mount continually positions the pyrhe­
liometer to track the sun. 

Details of the equipment configuration can be found in the Solar Col- ., 
lector _Subsystem Baseline Definition Summary of Appendix 15. 

\ 

Computer and Softwar·e details are contained in Appendix 7. 

17 
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Collector Subsystem 

Collector Subsystem Research Experiment 

ARRANGEMENT OF THE SRE TEST SITES 

The Aerospace Division complex will be used for mirror module and 
heliostat testing because it offers (1) a centrally located tal~ 
structure for redirected image sensor mounting, (2) an available 
central control facility within the same building, (3) clear lines­
of-sight for all equipment test sites, and (4) economic and conven­
ience factors. 

The illustration shows the relative locations of Building E-2 and the 
mirror module and experimental model heliostat test sites. The central 
control facility is located in the northeast corner of Building E-2. 
The target areas consist of both a photodetector array and a photo­
graphic reference grid capable of being pointed toward each test site. 

Experimental heliostat site selection was based on several criteria: 

1. Unrestricted insolation from one half hour after true sunrise to 
one half hour before true sunset at all times during the year 
was a primary concern. All sites satisfy this criteria. 

2. Performance evaluation of heliostats located in north, east or 
west and south field sites to exercise the frame and mirror 
module drives over total travel. 

3. Testing heliostats at the maximum, mean, and minimum line-of­
sight ranges. 

4. Minimum off-normal azimuth angle lines-of-sight. 

5. Avoidance of redirecting solar rays into normal pedestrian and 
vehicle traffic. 

6. Maximum use of existing facilities and services. 

Since the heliostat installations are now temporary, each site can be 
activated with minimum disturbance to existing facilities and land­
scaping, thereby minimizing unproductive costs. 

Alternating current power can be supplied to the N site from Building 
E-1, to the E site from Plant 1, and to the S site from Plant 5. 

The mirror module test sites were.located to the north of Building E-2 
to take advantage of the contrast offered by redirecting an image onto 
the shaded north building face. The line-of-sight ranges are equal to 
the 338.9 m (1112 ft) focal lengths and 146.9 m (482 ft) minimum range 
for the pilot plant configuration. 
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Collector Subsystem 

Mechanical Configuration of Experimental Heliostat 

HELIOSTAT ASSEMBLY DESCRIPTION 

The experimental heliostats reflect the parametric design results. 

The research experiment heliostat is a tilt-tilt gimbal configuration 
with 40 square meters of mirror surface. The unit has four square 
mirror assemblies spaced five meters on centers. Heliostat weight 
at outer axis bearings is estimated at 3,450 Kg (7,600 Lbs). 

Each mirror assembly supports 2. 5 mm ( 0. 098 in) second surfaces mirrors 
with a built in fo~al length of 339 meters (1,112 ft). The support struc- " 
tures are steel skinned prism shapes using various core configurations. 
Stub. shafts at each end interface bearings and drive components. 

A gear box and spur gear nested in the frame rail drive 9ne center 
mirror assembly. The other three are slaved with a rigid tie rod and 
crank arm system which provides full circle range and face-down 
stowage. 

The I-beam frame has pivot pins located at the center of gravity of the 
rotating mass. Angle sections and 3 mm ( 0.118 in) plates provide the stiff­
ness required under one "g" loadingathighl.3lrad (75deg) gimbal angles. 

Two synchronous linear actuators control frame twist and provide thel.83 
rad (195 deg) of rotation freedom required to allow use of a common 
heliostat in any field location (pilot plant) . Three common motor 
assemblies drive two actuators and the mirror drive. 

Reinforced concrete footings control rocking modes as well as support 
the heliostat weight. The Engineering model is trailer mounted. 

I 

24 



, 

l. 
2. 
3. 
4. 
5. 
6 . 
7 . 

ENGINEERING MODEL HELIOSTAT ASSEMBLY AND ALIGNMENT 

Engineering Model Trailer 8 . 
Frame Bearing Assembly 9. 
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Collector Subsystem 

Mechanical Configuration of Experimental Heliostat 

MIRROR MODULE ASSEMBLY 

Design requirements for mirror module assemblies for use in the Solar 
Research Experiment have been established. Two assembled have been 
fabricated by Honeywell using locally available materials and tech­
niques for early evaluation. Two separate designs and fabrication 
contracts have been completed with speciality lightweight structural 
fabrication companies. 

BASIC REQUIREMENTS 

Detail overall dimensions and requirements havP. hPPn established for 
mirror module assemblies by Honeywell Drawing No. 34026575. A copy 
of this drawing has been included in the data package given to each 
design review attendee. The significent requirements have been out­
lined in Table 1. 

PLYWOOD MIRROR MODULE 

The initial mirror module was constructed as soon as the basic design 
concept was conceived. It utilized 1.9cm (0.75 in) marine grade ply­
wood as the structural elements and was covered with 0.64cm (0.25 in) 
masonite for the exterior surface. A 677.9 meter (2224 feet) spher­
ical radius was formed using a templet and hand tools. complete 
contour data will be presented in the test results section. Table 1 
compares this mirror module wjth siqnificant requircmcnto und other 
mirror module assemblies. 

VARIABLE FOCUS MIRROR MODULE 

In order to have the capability of evaluating focus of the mirror, 
one mirror module was fabricated to incorporate this feature. The 
module was standard size, fabricated from bar joist structural steel. 
The mirror was only 1.8 x 1.8 meters (6 x 6 feet) since this was the 
largest size 4.8 millimeter (3/16 in) mirrors could be obtained. Detail 
contour data for one particular adjustment of the focus for this unit 
will be presented with test results. Table 1 compared this mirror 
module with significant requirements and other mirror module assemblies. 

PARSONS CORPORATION MIRROR MODULES 

Two mirror modules have been designed and fabricated by Parsons Corp. 
to the requirements of Honeywell Drawing 34026575. These two units 
have been received and are undergoing test and evaluation. The sig­
nificant data on these mirror modules are contained in Table 1 
with test results presented in that section. A detail design review 
was held on 23 March 1976. Representatives of Honeywell and Sandia 
Corp. attended. These mirror modules used flat aluminum honeycomb 
covered with aluminum clad steel skin. The contour for the mirrors 
was cast over the flat honeycomb using a pre-machined male contour 
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TABLE 1. MIRROR MODULE DEFINITION 
1Jes1gn Plywood Variable Parsons Brunswick 
Requirements Mirror Focus Mirror Mirror . ... Mirror 
Per 34026575 Module Module Module Module 

Type of Reflective 2.5 to 3.0 mm 3.0 mm float 4.8mm (0.19in) 2. 5 mm (0. 98 in) 3.0 mm (0.12 in) --
(0.098 to 0.12 (0.12 in) float glass float glass float glass 

·in) float glass glass mirror mirror mirrors mirrors 
mirrors 

Mirror Surface Size 10 sq m (107.6 10 sq m (107 .6 3.25 sq m (35 10 sq m (107 .6 10 sq m (107 .6 
sq ft) multiple sq ft) using 9 sq ft) single sq ft) using 16 sq ft) using 9 
pieces of glass pieces of glass piece of glass pieces of glass pieces of.glass 
a 11owed 3.18 x 3.18 x 3.18 m (125 x 125 in. 3.18 x 3.18 m 3.18 x 3.18 m 
3.18 m (125 i (125 x 125 in.) - 10 sq m frame) (125 x 125 in.) (125 x 125 in.) 
125in.) 

Mirror Surface Contour 677.9 m (2224.1 677.9 m·(2224.1 N/A 677.9m (2224.1 677.9m (2224.1 
Spherical Radius ft) 0.4 mm (0.016 ft) (see test ft) (see test ft) (see test 
Allowable Tolerance in) deviation data) data) data) 

with not more 
than 8 mm/m 
( 0. 001 in. /ft) / 

deviation 
Mirror Reflectivity >80% 85% - 90% - - --
Design Loads 

9.76 kg/m2 9.76 kg/m2 9.76 kgjm2 Max Loa.d - -
(2 lbs/ft2) (2 1 bs/ft2) · (2 lbs/ft2) 

Torque 68.4 kg-m - - 68.4 kg-m 68.4 kg-m 
(7500 in.-lbs) (7500 in.-lbs) (7500 in.-1 bs) 

Weight 249.5 kg 374.2 kg 510.3 kg 340.2 kg 317.5 kg 
(550 lbs) (825 1 bs) ( 1125 1 bs) (750 lbs) (700 lbs) 

Mc:.ximum Stress 
Skim (good practice) - - 129.2 kg/cm2 92.7 kg/cm2 

(1837 psi) (1318 psi) 
Shear {good practice) - - 386.1 kg/cm2 0.0773 kg/cm2 

(5492 psi) in (1.1 psi) in foam 
aluminum 0.014 kg/cm2 

I 
honeycomb (0.2 psi) in foam 

! with torsion beam 
12 kg/cm2 
(17 psi) in beam 

Maximum Rotation 1. 0 mrad - -· 0.7 mrad 3.8mrad (13.0 arc-
Under Load (3.4 arc-min) (2.4 arc-min) min) for foam only 

1.0 mrad (3.4 arc-
min) for foam w/beam 



tool and EPON 828 and Versamid semirigid potting mater'ial. Mirrors 
were attached using EPON 828 and DTA. Excellent results have been 
obtained to date on these units. 

BRUNSWICK CORPORATION MIRROR MODULES 

Two mirror modules have been designed and fabricated by Brunswick Corp. 
to the requirements of Honeywell Drawing 340~6575. These two units 
have been received and are undergoing test and evaluation. The sig­
nificant data on these mirror modules are contained in Table 1 with 
test results presented in that section. A detail design review wa~­
held on 22 March 1976. Representatives of Honeywell attended. Two 
variations of the same basic configurations have been designed ann 
fabricated by Brunswick. Both use steel exterior skin structures 
laminated to a rigid foam. One unit has an additional beam through 
the rotational axis to carry most of the torsion load . 

. 
Brunswick attempted to fabricate the contour without ex.ten!3.i.ve tooling 
and the results have not been good. It is anticipated that with ade­
quate tooling the contour of these units can be controlled. Major 
emphasis on testing these units will be on structural properties. 

28 
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Collector Subsystem 

Mechanical Configuration of Experimental Heliostat 

HELIOSTAT INNER AXIS DRIVE 

Spur gears provide low backlash and high efficiency while the tie rod 
system,' allows cont.inuous .3.6.0. degr.e.e. ro.ta.tion. 

The heliostat inner axis is driven by a motor/encoder assembly identical 
to those used on the linear actuators. The motor drives a two stage 
1600:1 reductor designed by Spiroid Division of Illinois Tool Works. The 
final stage is a 10.1:1 spur gear pass which allows high preloading [136 
kg (300 pounds)] for a backlash control with a small (3 percent) reduc­
tion in drive efficiency. The large spur gear [40.6 em (16 inch pitch 
diameter)] is secured to the stub shaft of one mirror module. The four 
mirror modules are driven synchronously by a crank arm and tie rod 
system. 

The eight crank arms are secured to the ends of the 10.16 em (4 inch) 
diameter stub shafts using a 69.8 mrad (4 degree) tapered sleeve. This 
approach allows quick assembly and removal of crank arms as well as ad­
justment of mirror module toe-in. The 60.96 em (24 inch) crank arm 
length was selected to keep errors resulting from tie rod buckling within 
acceptable limits. The crank arm section is designed to control bending 
in two axes as well as twist. 

The junction between crank arms and tie rods is provided by rod end ball 
joints. The spherical bearing surface of these units is a glass-filled, 
injection-molded nylon with molybdenum disulfide for lubricity. The 
1.27 em (1/2 inch) units selected have a radial load capacity of 3175 kg 
(7000 pounds) and are used in color coded left and right hand versions. 

The tie rods (reference Honeywell Drawing 34026608) are made from rolled 
welded seam tubing and weigh approximately 24.9 kg (55 pounds) with rod 
ends. The cross-section area is sized for simple compressive spring 
~ate. The diameter is sized to limit lateral deflection under combina­
tions of one "g" and end loading [158.8 kg (350 pounds)]. The tubular 
design also makes them insensitive to outer gimbal ele.vation angle. With 
one left and one right hand rod end, the tie rods are also "turnbuckles" 
which are adjusted for proper length at the top-dead-center position of 
the crank arms. 

Differentials between tie rod and frame temperatures will be monitored 
during the research experiments to determine the exact values of differ­
ential expansion which must be considered. Both steady state and trans­
ient conditions will be monitored. 

A preliminary analysis shows that lock-up at top-dead-center (crank 
arm horizontal) is not possible due to the high mechanical advantage 
of the crank arm and the compliance of the tie rod. A momentary lag 
and then jump will occur as the mirrors pass throuyh these positions. 
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Reflective white paint and matching of thermal time constants will be 
used to control differential temperatures. 

Natural mass imbalances in both the mirror modules and tie rod system 
are used to oppose each other to provide a net balanced condition for 
the inner axi~ as seen at the spur gear. 

HELIOSTAT INNER AXIS DRIVE 
(SPUR GEAR COVER REMOVED FOR CLARITY} 

MIRROR MODULE 

REFLECTIVE SURFACE 

GEAR BOX 

I-BEAM FRAME 

ROD END BEARINGS 
TIE ROD 

CRANK ARM 

GEAR BOX PIVOT 

MOTOR/ENCODER ASSY 
i.. 

PRELOAD SPRING 
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Mechanical Configuration of Experimental Heliostat 

HELlOSTAT OUTER AXIS DRIVE 

Linear screw actuators provide a rigid, repeatable drive system with 
adequate backlash control. Actuator mounting geometry is common for 
all heliostats in the. field. 

The heliostat outer axis drive consists of two linear actuators des­
cribed by Drawing 34026598. Two actuator types have been developed 
for use on the engineering model heliostat. One is a ball screw jack, 
the other a machine screw unit. Two screws are used to compensate 
for the lack of torsional rigidity over the frame's 15.5 m (51 ft) 
length. The selected attachment qeometry for the actuatorR iR h~RP~ 
on the following considerations: 

• Operating range of 1.8 rad (105 degrees) makes one geometry 
suitable for a~y field l~cation. 

• Screw length of 182.9 em (72 inch) allows maximum use of 365.9 
em (144 inches) standard length. 

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

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

• Post twist eliminated by symmetrical mount 

• Ground clearance for tip of cover tube . 

Actuator vendors are: 

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

Templeton, Kenly & Co. 
Broadview, Illinois 

Ball Screw 
Actuator 

Machine Screw 
Actuator 

Vendor P/N 01-504-0110-4 

Vendor P/N C-2518020 

Two actuator types are being evaluated because of similar cost/perform­
ance potential. The machine screw has good self-locking capability 
(due to low efficiency) and fewer parts. The ball screw has high 
efficiency and better side load capability. A comparison of actuators 
is provided in Honeywell Technical Coordination Letter (TCL) No. SRE-19. 

Screw actuators were selected for the heliostat outer axis drive for 
the following reasons: 

• Inherent stiffness 

• Low backlash 

• No spring preload required 
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.. • Accuracy and repeatability 

• Life 

• Standard commercial parts requiring minimum moficiation 

• Require only one gear pass 

Each actuator is driven by a motor/encoder assembly (reference 
Honeywell Drawing 34026612). 

Potential problem areas are: 

• Life of rubber bellows under solar radiation 

• Side loading due to frame deflections (machine screw) , 

• Marginal self-locking under oscillatory wind loads (ball screw). 

SEALED 
COVER TUBE 

DRIVE MOTOR ASSY 
GEAR BOX 

HELIOSTAT FRAME DRIVE 
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PILLOW BLOCK (2) 
4.92 CM (1-15/16 IN.) 

PROTECTIVE BOOT 

PILLOW BLOCK (2) 
1.9 CM (3/4 IN.) 

STEEL CHANNEL 
20.3 X 8.89 CM 
(8 X 3.5 IN. )(2) 

OPERATING RANGE: 
+0.5 RAD TO -1.3 RAD 
(+300 TO -750) 
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Mechanical Configuration of Experimental Heliostat 

HELIOSTAT FRAME AND SUPPORT 

Standard structural shapes are used to reduce labor and cost. Box 
sections provide torsional rigidity required to control bearing loads. 

The heliostat frame, approximately 3.6 rn (12 feet) wide by 15.5 m (51 
feet) long, is fabricated from standard structural shapes per AISC 
standards. Although this approach adds more than 453.6 kg (1000 pounds) 
to the frame over the bar joist concept a cost reduction is realized 
through fewer pieces, fewer welds and less labor. 

Stiffness and deflection are the primary design criteria for the I­
bearns while stress is more important in the pivots and angle braces. 
Stiffness requirements originate from budgeted pointing error under 
wind load and bearing moment loads when the frame is tilted at high 
angles. 

The frame is built to commercial tolerances of ±0.635 ern (± 1/4 inch) 
escept for location of mounting holes for the mirror module bearing 
supports and pivof pin locations. Tolerances of ±0.159 ern (± 1/16 inch) 
are required here to control alignment of the axes. 

" The 4.92 ern (1-15/16 in) diameter pivot pins support the entire helio-
stat weight'and are located at the center of gravity to minimize drive 
system loads. 

The torsional compliance of the frame about its pivot axis (end-to­
end) allows alignment of mirrors without undue residual stress or 
drive loads. The linear actuators provide the required stiffness 
for pointing accuracy. 

Stress and deflection analysis of the frame has been completed us~ng 
the STARDYNE computer program. 

The angle braces are sized to resist column buckling at high gimbal 
angles. 

The support posts are made from 20.32 em (eight inch) standard channel 
sized to resist bending under operational wind loads. The "split post'' 
approach facilitates high gimbal angles and symmetrical support for 
the actuators. The slab size is controlled by allowable soil bearing 
pressures due to combined weight and overturning moment due to wind. 

I 

The analysis of the foundation and posts is documented in TCL 
No. SRE-35. 
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TABLE 1. HELIOSTAT WEIGHT (STIMATE 

Item 

Frame 

Mirror Modules (4) 

Inner Drive 

Bearing Supports (8) 

Total 

Metric (Kg) 

1,783 

1,309 

289 

67 

3,448 

English (lbs) 

3,923 

2,880 

636 

148 

7,587 

HELIOSTAT FRAME 

TORSION 
STIFFENING PLATES 
0.32 CM (1/8 IN.) THK 
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Mechanical Configuration of Experimental Heliostat 

MECHANICAL ANALYSIS OF EXPERIMENT HELIOSTAT 
I I 

Mechanical analysis provides a high probability of early operational 
sucess, cost effective design and a foundation for future development. 

Extensive analysis work has been performed on the Engineering Model 
design. A large portion wa~developed during the parametric analysis 
effort and continued through the detail design phase. 

An overview of areas investigated is shown below. 

Aerodynamic··Loading (Ref: TCL SRE-66) 

Wind forces at 13.5 m/s (30.2 mph) and worst case gimbal angles. 

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

Total Drag Force at 54 m/s (120 mph) 488 kg (1,074 lbs) 

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

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

Structural Analysis 

· • STARDYNE 

Deflection and stress under wind loads (planned for submittal by 8/30/76) 

Deflection and stress under "q" loading at variable gimbal 
angles (see Appendix 3) 

• Other (Ref: TCL SRE-69) 
Thermally induced stress 

Column loading analysis 

Reinforced concrete analysis 

Torsion stiffness analysis 
1
. F:r·ame braces 

'T'iP rnns 
Actuators 
Support posts 

Drive System Analysis 
·, 

(Ref: TCL SRE 67 and 68) 

Bearing loads and life. 

Friction torque load on motor 

Wind torque loads on motor 
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Variable "g" torque loads on motor (imbalance effects) 

Torque loads due to thermal effects 

Reflected inertia 

Motor power requirements 

Reduction ratio of linear actuator drive 

Thermal Analysis 

Po~nting (toe-in) error due to differential thermal expansion. 
(Ref: TCL SRE-65) 

Tie rod stress due to differential expansion. (Ref: TCL SRE-69) 

Study of sensitivity to chanqes in solar heating and ambient 
tempe!ature. (Ref: TCL No. SRE-36) 

Mass Properties Analysis (Ref: TCL SRE-70) 

Weight estimate 

Center of gravity 

Mass moment of inertia reflected at motor 

Actuator imbalance versus gimbal angle 

Mirrnr ~r.ivP. balancing 

Pointing Error Analysis (Ref: TCL SRE-65) 

Spring rate effects 

Manufacturing and assembly tolerances 

Ducklash effects 

Bearing runout and fit effects 

Thermal effects 

Alignment resolution 

Mass imbalance effects 

1nner axis ~u ve£~us Lie rods and crnnk .:1rm:::; 
Actuator imbalance 

Soil Loading Analysis (Ref: TCL SRE-35) 

Shear modulus effects 

Vertical spring rates 

Rocking spring rates 

Bearing pressure 
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ADHESIVE BONDING 

Honeywell's successful experience with adhesive bonding of small 
glass optical equipments has identified the design parameters needed 
for reliable joining~ This experience now needs testing to extra­
polate from small to large surface glass bonding. 

' Substrate Parameters. Establish the surface preparation (cleaning, 
chromate films, etc) for adhesive bonding and resistance to corrQsive 
deterioration. 

Adhesive Selection. The selected adhesive must be adhesively and 
cohesively strong to withstand many thermal expansions and contractions 
without failure of' adhesive or gla~s substrate. 

Joint Configuration. The glass substrate must be free of physical 
defects (act as stress risers/concentrations) conducive of failure 
(i.e., crack propagation). 

Test Plan. Prepare and expose actual size adhesive bonded test 
coupons to test conditions (e.g., thermal cycling, moisture) 
representative of the Heliostat outdoor environment. 
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I. FAILURE MECHANISMS: 

A.. Mirror (Glass):~~ 

1. Compressive Loading (Buckling): 
Occurs at temperature below 
the adhesive•s curing temperature. 

2. Tensile Loading: Occurs at 
temperature above the adhesive•s 
curing temperature 

B. Adhesive: 
1. Thermal cycle loading exceeds the 

adhesive•s adhesive or cohesive 
strength (shear failures) 

II. ADHESIVE BONDING PARAMETERS: 

A. Substrates: 

1. Thermal Expansion 
Coefficients (destructive) 

2. Silver-Backing: Resist 
to moisture and adhesive 
solvents. 

3. Surface Finish: Compatib~e 
with environment and 
adhesive .... long life 
requirement 

C. Joint Configuration: 
1. Glass: Ground and polished edges. 
2. Adhesi.ve: 

(a) Controlled bond-line thickness-­
to accommodate thermal expansion 
stress [Glass-Beads 0.038 em 
(0.015 11 dia)] 

(b) Solid Fill: Prevent water traps-­
Freezing--Glass Failure 

C. Steel (Honeycomb) 
1. Moisture attacks (deteriorates) 

the surface, resulting in failure of the 
adhesive at bond line. 

B. Adhesives: 

1. Epoxies (3M-2216) 
2. Polyurethanes 

(TBD) 
3. Silicones 

GE RTV 11 
GE RTV 560 
DC RTV 93-076 

D. Testing: 

High Strength 
Low Elong. 

Low Strength 
High Elog. 

1. Glass/Adhesive/Steel: Sample strips: 254 em x 
107'cm (1•• ·x 42 11

) Adhesive bonded 
Thermal Cycle: -17.7° to +60°C (0° to +140°F) 
for seven days. Lap Shear specimens made to 
appraise damage to adhesive. 

2. Mirror: 7.6 em x 7.6 em (3 11 x 311
) Mirror pieces 

exposed to moisture. appraise protective methods 
to silver. · 
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HELIOSTAT IMPROVEMENT AREAS 

Heliostat design may be improved through continued design engineering 
effort resulting in improved assembly performance and cost. 

Several areas of potential redesign have been identified. These 
areas generally have not been sufficiently explored to assure high 
cost reduction. Performance impact of each change must be assessed 
before implementation of the change. Several changes are sufficiently 
simple they may be implemented on the three experiemental models. 

Honeywell will continue investigation and continue identification of 
areas of change to improve performance cost and delivery. 

0876-561 

/ 

X45• CHAMFER 

B D w. T D E LOAD RATINGS (L9S) 
OUTSIDE BALL RACE SHOULDER GROOVE 

BORE DIAMETER WIDTH WIDTH DIAMETER DIA STATIC LIMIT NO-LOAD 
BALL DYNAMIC BREAKAWAY APPROX 

PART +0. 0000 +0. 0000 +0.000 D I A +0. 000 RADIAL AXIAL OSCILLATING TORQUE WEIGHT 
NUMBER -0.0005 -0.0005 -0.002 to. 005 REF REF Mo -0.010 LBS LBS RADIAL LOAD (IN.-LBS) (LBS) 

NHB8 0.5000 1. 0000 0.500 0.390 0.042 0. 813 9 0. 878 17900 2100 10400 1 TO 15 0. 070 
' 

OPERATING TEMPERATURE RANGE--65°F TO 325°F 
NOTE 1 - CONCENTRICITY OUTSIDE DIAMETER "D" AND GROOVE DIAMETER E TO BORE "B" 0.005 TIR 
NOTE 2- BEARINGS LISTED ON THIS PAGE ARE ALSO APPROVED FOR PROCUREMENT TO MIL-B-B942 ANO MILITARY STANDARDS MS21233 AND MS21232 

MATERIALS 

DESIGNATION BALL 

CATALOG NO. CRES 440C, 
AMS 5630 
RIC 55-62 

RACE 

CRES 17-4PH, 
AMS 5643 
RIC 26-35 

LINERS 

TEFLON• 
DURALINER 
BONDED TO' RACE 
ID NO LUB 
REOU I RED 

FIGURE 1. SPHERICAL PIVOT 
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TABLE 1. POTENTIAL AREAS OF REDESIGN AND ASSOCIATED RATIONALE 

1. Mirror Module 

• Reduce overa 11 d:imens ion from 317. 5 em 
to 305 em (125 in to 120 inches) 

• Increase cell size of honeycomb 
mirror module core material 

• Reduce supplementary structure 
/ 

2. Mirror Module Drive 
• Increased use of castings: motor 

housing and cover, gearbox crank arms, 
spur gear, bearing supports 

• Increased use of self aligning parts: 
spherical pivot on gear box, frame 
bearings (see Figure 1) . 

• Increased use of standard parts: 
hex bolts, nuts 

• Use constant diameter tie rods between 
mirror modules 

• Replace four point contact rolling 
element with spherical sleeve bearings 

FRAME DRIVE 
• Replace cast iron housing with cast alumjnum 
• Incorporate motor adapters and pivots into 

housing casting 

• Use single ended input shaft on actuator 

• Delete shimming operations 

• Replace pillow block and bearing with 
spherical rod end on actuator at frame 

• Delete or reduce boot costs by adhesive 
or dry film lubricant respectively 

• Replace pillow blocks with sleeve bearings 

POSTS 
• Replace actuator support weldment with 

Iron casting 
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Rationale 

Reduced Cost 
Improved Delivery 
Reduced Cost 
Reduced Weight 
Reduced Weight 
Reduced Cost 
Improved Assembly 

Reduced Cost 
Reduced Weight 
Reduced Machining for higher 
volume production 

Reduced Cost (possible), 
Reduced Assembly time 
Relaxed Tolerances 
Reduced Cost 
Improved Delivery 
Improved Delivery 
Improved Assembly 
Reduced Cost 

Reduced Cost 
Reduced Cost 
Improved Delivery 
Improved Assembly 
Reduced Cost 
Improved Life 
Reduced Cost 
Improved Assembly 
Reduced Cost 
Improved Ass.emb ly 
Reduced Cost 
Improved Assembly 
Reduced Cost 
Improved Assembly 

Reduced Cost 
Improved Assembly 
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System ~alysis 

AERODYNAMICALLY INDUCED STATIC MOMENT COEFFICIENT 

Worst-case testing indicates a Crn = 0.16. Theoretical value induced 
by lift gives Cm = 0.30. 

Table 1 provides a few representative data points from applicable 
testing for heliostat configurations. All data has been converted to 
a common denomination, Moment Coefficient, Crn. 

Very limited data is available which gives flat plate loading in the 
presently configured heliostat cpnfiguration. Reference 1 data may 
be the best empirical data we have at the present because the Moment 
Coefficients are constant with varying speeds, the plate was near the 
ground surface, thereby incorporating the ground stream flow

6
and the 

Reynold's number is near Honeywell's configuration (3.0 x 10 ). The 
wind tunnel tests from Reference 2 has some wall effects included and 
the moments were determined from 8 pressure taps on each of 3 panels 
in tandem, perpendicular to the tunnel flow. 

Analytical studies involve only free stream drag/lift and turbulent 
wake studies. The theoretical Crn shGuld be approximately 25 percent 
of the maximum lift coefficient, CL or 0.25 x 1.17 = 0.30 where CL = 
1.17 is the theoretical value at large Re. Test results show CL = 1.23 
due to smaller Re and surface shear. 

In conclusion, realistic empirical results.indicate a worst-case 
Moment Coefficient due to steady state aerodynami<.: loads of ern = 0.16 
as cornpared,to a possible theoretical value of 0.30. A value of 0.50 
was used for design load calculations thus providing a reasonable 
margin. 
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TABLE 1. HELIOSTAT MOMENT COEFFICIENT DUE TO STEADY AERODYNAMIC LOADS 

EQUIVALENT 
MOMENT ON 
3.18 X 3.18 M2 

DERIVED WIND VEL (KG-M)/ ACTUAL TEST 
CM (M/S)/(MPH) FT- # 0! CONFIGURATION 

0.147 9/20 24/173 I 37° 3.7 X3.7 M2 (40 X 40 FT2) HELlO-
646MR STAT FRONTAL WIND VEL 

0.151 17.9/40 97/700 37° 3.7 X3.7 M2 (40 X 40 FT2) HELlO-
646MR STAT FRONTAL WIND VEL 

0.159 16.9/60 231/1668 37° 3.7 X3.7 M2 (40 X40 FT2) HELlO-
646MR STAT FRONTAL WIND VEL 

0.10 13.5/30 37/266' 45° FIRST PLATE OF 
785 MR 1 HELIOSTAT FIELD 

OTHER PLATE'S CM WERE 
LESS DUE TO FLOW 
INTERFERENCES 

MOMENT DERIVED FROM 
EIGHT PRESSURE TAPS, 

' WIND TUNNEL, 
RE = 2.6 X 10il 

I 

0.30 N/A N/A N/A THEORETICAL VALUE 
BASED ON WORST-CASE 
LIFT COEFFICIENT 
Ct = 1.23 

·"'· ·'' .. 
~ 

REFERENCES: 

1. NSF GRANT (MAY 74 - SEPT 75) G1-39456 "DESIGN, FABRICATION AND 
TEST OF A HELIOSTAT FOR A CENTRAL RECEIVER SOLAR THERMAL 
POWER PLANT, SEPT 1975 

2. HONEYWELL "TECHNICAL PROPOSAL FOR SOI..AR TEST FACILITY 
HELIOSTAT ARRAY AND CONTROL SYSTEM", 1 DEC 1975 

3. HOERNER, DR. lNG. S.F. "FLUID-DYNAMIC DRAG", 1965 
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Collector Subsystem 

Configuration Of Power And Control System 

OVERALL OPERATION OF THE HELIOSTAT ELECTRONICS 

The Heliostat Electronics provides the means to accept and execute 
commands from the Heliostat Control Computer and contains the controls 
to prevent self inflicted damage when attempting to administer a 
potentially harmful set of commands. 

A block diagram of the Heliostat Electronics for the SRE is shown in 
the figure. Basic operation is as follows. 

Heliostat gimbal control is centered around the counter control cir­
cuitry and an up/down counter. Incremental update information in the 
form of an 8-bit serial digital word from the Heliostat Control Compu­
ter is received by a Universal Asynchronous Receiver Transmitter (UART) 
which performs a serial to parallel data conversion. The attitude 
change command bits are gated into the up/down counter by the counter 
control circuitry. The output of the counter is converted to an ana­
log signal by a D/A converter and becomes the error signal to the 
analog servo amplifier. The gimbal torque motor is driven in accord­
ance with the sign and magnitude of the error signal. As the motor 
shaft is driven, an incremental encoder on the shaft produces an out­
put pulse for every revolution of the motor shaft. The encoder output 
pulses are fed to the counter control circuitry and are used to update 
the up/down counter. When the counter output reaches zero, the servo 
stops driving. 

Two sets of control electronics are required, one each for the inner 
and outer axes. Both axes share a common communications receiver, 
timing contr9l generator, and power supply. 

For the outer axis, a two motor drive system is used, one for each 
ball screw. This requires that a pair of output power amplifiers be 
used, an extra incremental encoder is needed, plus some added cir-

-cuitry to maintain speed sync between the two outer gimbal motors. 

A switching arrangement will allow the gimbal motors to be driven in a 
manual fashion directly from the Heliostat battery without any control 
electronics. This can be used for tests requiring only coarse position­
ing or to stow the heliostat in the event of a control loop failure. 

The encoder resolution and the gear ratio between the motor shaft and 
the gimbal load determine the minimum step of the load. Effective 
gear ratio is 16000/1 for both axes. For ~ si.ngle pulse per turn en­
coder, load step size is, therefore: 

5.28 1~~~~step = 0.39 mrad (81 arc-sec)/step 

which is consistent with the accuracy requirement for fine tracking. 
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The high speed slew requirement of 5.2mr/sec (0.3 deg/sec) is provided 
for by the setting of ·a second bit in the command word which will allow 
15 counts to be entered into the up/down counter. Fifteen counts cor­
respond to a 15 x 0.39 mr = 5.89 mr (1215 arc-sec) step at the load which 
can be metered out under full windload in 0.76 seconds. For computer 
updates every second, controlled slew is 5.89 mr per second. 

In the event that the outer axis is inadvertently commanded to drive 
to a position beyond its stops, limit switches will disable the drive 
to prevent the heliostat from damaging itself. Stops are not required 
on the inner axis. 
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Collector Subsystem 

Configuration of Power and Control System 

HELIOSTAT COMMUNICATIONS INTERFACE 

The Heliostat Communications Interface accepts serial digital data from 
the Heliostat Control Computer and converts it to a form that can be 
used by the Heliostat Electronics. 

A schematic diagram of the Heliostat Communications Interface is shown 
in the figure. A standard 8820 differential line rec~iver used as an 
input buffer accepts serial digital data from the computer and passes 
it on to the receiver section of the UART. Terminals shown at the left 
of the UART Block are the data input terminal and the control inputs 
required to define receiver operation. The receiver clock frequency 
of 76.8 KHz provides for operation at 4800 BAUD. The Data Ready and 
Data Ready Reset lines are used by the counter control circuitry to 
control data flow. The data outputs RRl through RR8 contain the 
Heliostat update information in the format ·shown and are acted upon 
by the counter control circuitry as required. 
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Collector Subsystem 

Configuration of Power and Control System 

HELIOSTAT TIMING GENERATOR 

The Heliostat Timing Generator provides the timing control signals 
required by the Heliostat Electronics. 

A schematic of the Heliostat Timing Generator is shown in the figure. 
A 1.536 MHz crystal controlled oscillator signal is divided by a 
factor of 20 to provide a 76.8 kHz clock signal to the UART. The 
UART clock rate is 16X the data rate which allows for data reception 
at 4800 baud. Crystal control provides the accuracy and stability 
required to synchronize the Heliostat receiver to the computer 
transmitter. 

The 78.6 kHz is further counted down to 9.6 kHz, the intermediate 
frequencies of which are combined to provide four clocks for use by 
the counter control circuitry. 
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Collector Subsystem 

Configuration Of Power And Control System 

HELIOSTAT COUNTER CONTROL/COUNTER OPERATION 

The counter control circuitry updates the up/down counter with 
information from the Heliostat Control Computer and the motor shaft 
incremental encoder. 

A schematic diagram of the counter control circuitry and the up/down 
counter is shown in the figure. Asynchronous counter update infor­
mation can originate with the computer or the incremental encoder. 
The counter control circuitry continuously cycles between the UART 
and the encoder outputs td allow the update information to be read 
into the counter. The capacity of the up/down counter is 8-bits to 
provide some reserve capacity beyond the 15 count maximum input re­
quirement. Counter control cycle time is 104 ~sec. 
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Collector Subsystem ; 

Configuration Of Power And Control System 
I 

HELIOSTAT DIGITAL-TO-ANALOG CONVERTER OPERATION 

The Heliostat digital-to-analog converter transforms the digital output 
of the up/down counter to a bipolar analog signal for use by the servo 
amplifier. 

The Heliostat D/A converter· is a'Burr Brown DAC-CBl-V which is a 12-bit 
complementary binary input conve~ter. The converter is connected· for 
complementary offset binary operation to provide the required analog 
outputs. Since only 8-oits are required to read the up/down counter, 
the 4 LSB's of the converter are fixed to a 1 input. The converter 
input/output for the 8-bits used.is shown in the table. 

( 
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HELIOSTAT D/A CONVERTER OPERATION 

INPUT CODE OUTPUT VOLTS 
M 
s 
B 
0 0 0 0 0 0 0 0 +9.922 

0 1 1 1 1 1 1 1 +0.078 

0 1 1 1 1 1 1 1 0.000 

~ 1 0 0 0 0 0 0 0 -0.078 

1 1 1 1 1 1 1 •1 ':.10.000 
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Collector Subsystem 

Configura~ion Of Power And Control System 

HELIOSTAT SERVO OUTPUT AMPLIFIER OPERATION 

A linear H switch power amplifier provides an efficient method to supply 
the high bidirectional linear output currents required to operate the 
servo motor. 

A sche~Tiatic of the li~l.iostat Ser'[O Output Amplif·ier~7j.~s shown in ··the ..... 
figure. The amplifier consists of a pair of solid state switches and 
a pair of linear power output stages connected to opposite ends of the 
load (motor winding). The ~ign of the input signal determines which 
amplifier/switch pair is chosen. When a pair is chosen, the switch 
ties one end of the motor winding to ground while the other end is 
driven by the linear amplifier. When the opposite pair is chosen, the 
switch/linear input terminals are reversed. This permits bidirectional 
motor currents to be supplied from a single positive voltage power 
supply (+24 volt battery) without the losses associated with generating 
the high cur'ren·t negative voltage required by a more conventional power 
amplifier stage. 

A schematic of the Heliostat Servo Amplifier is shown in the figure. 
An operational amplifier stage with a gain of 14.3 v/v provides for 
the proper scaling of the servo. Two comparators, with threshold~ set 
at ±0.75 the analog weight of the D/A LSB (0.85 volts), sample the 
scaling amp output. At levels beyond 0.85 volts, the FET is switched 
on t.o provide the full input to the follow-on power amplifier. At 
ievels below 0.8~ volts, the FET is switched off and no signal is 
allowed to pass. With the FET turned off, loop offset voltage io pre­
vented from reaching the power amp. Power dissipation is, therefore, 
re.duced and a potential limit cycle situation between loop offset and 
the LSB of the D/A converter is eliminated. 
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Collector Subsystem 

Configuration of Power and Control System 

HELIOSTAT SERVO OUTPUT AMP SMALL SIGNAL SIMULATION 

A small signal simulation of the Heliostat Servo Output amplifier 
confirms stable closed loop operation. 

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

A Bode plot of the open loop gain and phase calculations is shown. 

Phase margin is >; rad (90 deg). Gain margin is >60 db. Breadboard 

test data tends to verify these numbers in that no ringing was 
observed in square wave response tests on the amplifier. 
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Collector Subsystem 

Configuration of,Power and Control System 

HELIOSTAT INCREMENTAL ENCODER OPERATION 

The Heliostat Incremental Encoder generates an output pulse for each 
turn of the motor shaft with_pulses denoting clockwise rotation 
appearing on ohe output line and pulses denoting CCW rotation appear­
ing on another line. 

A schematic dia~ram of the encoder and' a picture of the "coded" d'isc 
used by the encoder,is shown in the figure. The disc is mounted on 
the motor shaft with the edge allowed to rotate through two optical 
pairs. The optical ~ai1s are TIL 148's which consist of an IRED and 
a photodiode. When the hole in the disc appears between the optical 
pair, an output is generated by the phototransistor. This output is 
latched up by an LM 111 comparator with hysteresis whose output is 
wired to interface directiy with T2t. · 

The key to determining direction of rotation lies in the fact that 
the holes in the disc are offset with respect to the positioning of 
the optical pairs. This results in a time sequence for the outputs 
of the optical pairs during disc rotation that reverses when the 
rotation of the disc is reversed. This is used by the encoder logic 
to generate the output pulse on the proper output line. The logic is 
so arranged that the disc can be reversed at any time without having 
the encoder lose a pulse. 
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Collector Subsystem 

Configuration Of Power And Control System 

HELIOSTAT SERVO MOTOR SIZING ANALYSIS 

Based on the predicted wind load, the Inland Motor Model Tl806 will 
supply the output torque and slew rate required for proper operation. 

The motor current IM of a DC servo motor is given by 
. 

1. Ir-1 = VM - 9L N Kv 

~ 
v = 

M 
where: Motor Terminal Voltage in volts 

. 
eL = Load speed in rads/sec (deg/sec) 

N = Gear ratio 

KV = Back E1-1F in voltsjrad/sec (val ts/deg/sec) 

RM = Motor resistance in ohms 

Also, the av ... :lilable motor torque T H can be found from 

2. T 
M 

where: K~1 = Motor Torque sen;;i ti vi ty in kg m ( ft- lb») ,lamp 

T F = MO'Lo:r: F Llction in kg m ( tt lbs) . 

from which 'the load torque TL becomes: 

3 • T L .= T l-1 E N 

where: E = Gear Train Efficiency. 

Combining 1, 2 and 3 and solving for eL, the speed that the motor 
Hill run at under load becomes: 

4. eL = VM E N KM - RM (T L · + E N T F) 

E N
2 

KM KV 

The power in the motor WM can be found from: 

5. \'JM = V I M M 

Substituting 1. in 5. produces: 
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Motor efficiency EM is defined as: 

7. EM = WL 
w 

M 

where: WL = watts delivered to the load 

• 
and, WL = K TL ~L 

where: K = scaling factor to convert kg m rad/sec (ft lb degjsec) to 
watts and equals 2.987 x l0-3 (2.367 x l0-2.) 

•rhe Tl806-C motor spec lis.ts the following parameters: 

Volts at Peak Torque 
Peak Torque 
Back ~MF, Kv 
Torque Sens1tivity, KM 
Motor Resistance, RM 
No Load Speed 
Amps At Peak Torque 
Motor Friction 
Max. Winding Ten~. 

14.7 
71.9 .gm [100 oz-in (0. 52 lb-ft~)] . 1 
0.105 volts/rad/sec ( 0. 0018 vol ts/deg/sec l 
10.73 g-m/amp (0.0776 ft lb/amp) 
2.2 ohms 
130 rads/sec (7448 deg/sec) 
6.7 amps 
21.6 gm [3 oz in (0.15625 ft lbs)] 
1550C (3ll°F) 

The remaining parameters complete the definition of the system: 

Load, Wind and Unbalance 
Gear Ratio 
Gear Efficiency 

Outer Axis per Actuator 

71.5 kg-m(517 ft-lbs)max 
16000/1 
0.5 

Inner Axis 

32.9 kg-m (238ft lbs)l 
16000/1 ma.x. 
0.2 

Based on the above derivations and data, the values appearing in the 
two tables were calculated for varying load conditions. Temperature 
rise calculations are based· upon a thermal resistance of 5°C/watt 
(9°F/watt). The data shows the motor to be quite capable of meeting 
the 5.2 mrad/sec (0.3°/sec) slew requirement at the maximum expected 
load. 
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OUTER AXIS SERVO MOTOR CALCULATIONS 

TL • • MECH. DELTA 
e L e L WM WATTS T RISE 

kgm (FT LB) (RAD/SEC) (DEG/SEC) (WATTS) OUT EF (%) (OC) /oF 

0 (0) 0.008486 0.4862 2.96 0 0 15/59 
13.8 (1 00) 0.008275 0.4741 5.33 2.24 42.1 27/80.6 
27.7 (200) 0.008064 0.4620 7.69 4.37 56.9 38/100.4 
55.3 (400) 0.007642 0.4378 12.4 8.22 66.0 87/188.6 
71.5(517) 0.00740 0.4237 15.2 10.37 68.2 76/168.8 
83.0 (600) 0.00722 0.4137 17.16 11.75 68.5 87/188.6 
96.8 (700) 0.00701 0.4016 19.50 13.31 68.2 97/206.6 

110.6 (800) 0.0068 0.3895. 21.90 14.75 67.4 109/228.2 
124.5 (900) 0.00659 0.3774 24.23 16.08 66.3 121/249.8 
138.3 ( 1 000) 0.00637 0.3653 26.63 17.29 64.9 133/271.4 
152.1 (1100) 0.00616 0.3532 29.00 18.39 63.4 145/293 
166.0 ( 1200) 0.00595 0.3411 31.37 19.38 61.8 157/314.6 

-

INNER AXIS SERVO MOTOR CALCULATIONS 

TL • • MECH. DELTA 
e L e L WM WATTS T RISE 

kgm (FT LB) (RAD/SEC) (DEG/SEC) (WATTS) OUT EF (%) (OC) /oF 

0 (0) 0.008487 '0.4862 2.95 0 0 15/59 
13.8 (100) 0.00796 0.4650 8.87 6.60 62.0 44/111.2 
27.7 (200) 0.00743 0.42!18 14.79 10.08 68.1 74/165.2 
32.9 (238) 0.00723 0.4142 17.05 11.66 68.4 85/185 
41.5 (300) 0.00690 0.3955 20.7? 14.04 67.8 104/219.2 
48.4 (350) 0.00664 0.3804 23.68 15.76 66.6 118/244.4 
55.3 (400) 0.00637 0.3653 26.64 17.29 64.9 133/271.4 
62.2 (450) 0.00611 0.3502 29.60 18.65 63.0 148/298.4 
69.2 (500) 0.00584 0.3351 32.55 19.83 60.9 163/325.4 

I 
.. 
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Collector Subsystem \ 

configuration of Power and Control System 

HELIOSTAT POWER CONSUMPTION ANALYSIS 

Based on an average 12 hour operating day, the heliostat will consume 
0.72 ·perc~nt of the power generated by its contribution to the system. 

An estimate of the power required by a Heliostat for a normal opera­
ting day is given in the table, backup of which is provided in Appen­
dix 1. The 189 watt hour estimate is the value actually required by 
the Heliostat Electronics. If a battery is to supply this power, 
approximately 20 percent more power will have to be supplied to the 
battery than can be drawn from it. Finally, assuming a 60 percent 
ac to de conversion efficiency factor in a .trickle charger supplying 
recharge current to the battery from an ac line, the total ac power 
(Phac) required by the Heliostat becomes: 

Phac = ( i 8 9 . 3 2) ( 1. 2) 
0.6 

== 379 watt hrs. 

If we assume that the Pilot Plant will generate 10 Mw· for 10 hrs from 
1905 Heliostats on an average day,. each Heliostat will generate: 

Watt hrs = {10 X 106 watts} (10 hrs) 
Heliostat 1905 

= 52493 

Power Required = 379 
Power Generated .52493 

= 0.0072 

= 0.72% 

' 
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ESTIMATED POWER REQUIREMENTS FOR HELIOSTAT OPERAtiON 

Fixed Power 

Outer Axis Tracking 

Outer Axis Slew 

Inner Axis Tracking 

Inner Axis Slew 

14.98 watts X 12 hr = 

0.0215 watt hr x 90 d_eg = 
deg 

0.0100 watt hr x 180 deg = 
deg 

0.0215 watt hr x 90 deg = 
deg 

0.00863 watt hr x 450 deg = 
deg 

Total watt hrs for Average day = 

At 24 volts, current requirements = 

67 

179.76 watt hrs 

1 .. 935 watt hrs 

1.800 watt hrs 

1.935 watt hrs 

3.884 watt hrs 

' 189.32 watt hrs 

7.89 amp hrs 
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Configuration of Power and Control System 

HELIOSTAT MANUAL OPERATION 

A switching arrangement, by which the gimbal torque motors may be 
driven directly from the battery without the need for any Heliostat 
Control Electronics, will allow for coarse gimbal positioning tests 
and provide the means to stow the Heliostat in the event of a control 
loop failure. 

A schematic of the switchinq arranqement is shown in the figure. 
Single pole double throw switches permit a motor drive signal from 
either the servo output amplifier or the 24 volt battery'." A center 
off three position return to centet Switch will permit a reversinq 
of the battery across the motor terminals to allow for driving in 
both directions. Both axes_ can be driven simultaneously in- either 
direction. I 
Synchronization of the outer axis motors is accomplished by the 
operator keeping 11 zeroed 11 a 20-0-20 microameter tied between two ,, 
pots which are mounted at the extreme ends of the gimbal. A rheostat 
is provided to adjust the speed of the motors. Coarse mode scaling 
is 2.3 ~a/degree. High resolution scaling is 8 ~a/degree. 
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Collector Subsystem 

Configuration of Power and Control System 
• 

OUTER AXIS TWO MOTOR SYNCHRONIZING ELECTRONICS OPERATION 

The outer axis synchronizing electronics will keep the two outer axis 
motor drives tracking to within a maximum angular difference of two 
LSB pulse weights [0. 78 mr (162 arc-seconds)]. 

The motois used to drive the heliostat axes are de servo motors whose 
speed is a function»of the applied load. Since two motors are required 
for the outer axis drive, some means must be provided to keep the two 
drives tracking within some limits. This is accomplished· in the fol­
lowing manner. 

Two incremental encoders are used for the outer axis, one for each motor 
drive. The outputs of the encoders are synchronized to the heliostat 
electronics timing and are gated into an up/down counter. Each pulse 
to the counter carries a weight of 0.39 mr (81 arc-seconds) of gimbal 
angle movement. Should the counter output differ by two counts from 
its zero output value, a signal is generated to remove 24 volt power 
from the amplifier driving the leading motor to allow the lagging 
motor to catch up. Leading and lagging are determined by the method 

• 

by which encoder pulses are clocked into the counter ~nd by the 
polarity of the servo error signal which is sensed by a comparator. ~~ 
~vhen the lagging motor moves within 1 count of the leading motor, . .., 
power is restored to both drives. As explained in the section on 
initialization, the counter output 'and the position of the· two gimbal 
drives are automatically reset every time initialization of the helio-
stat is commanded. 

-... 
Removal of the +24 volts from the servo output amplifier is the fail 
safe way of stopping the leading motor, since even a short circuit 
malfunction in the output amplifier cannot continue to drive the motor 
when commanded to stop. The outer axis limit switches are wired in 
series with this 24 volt line for the same reason. 
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Collector Subsystem 

Configuration of Power and Control System 

INITIALIZATION OPERATION 

The initialization function will be self-contained at the Heliostat, 
requiring only the setting of a single bit in the data word to 
command the start of the function. 

The receipt by the Heliostat of a "1" for the initialization bit 
causes two things to immediately happen: (1) it·sets the servo 
error counter to zero which opens the computer controlled loop by 
means of the threshold detector in the servo amp, and (2) it switches 
control of the gimbal motor ~o rhe initialization cwitchcs. The 
initialization switches provide the signal and signal ~ense (polarity) 
to drive the gimbal to the initialization position. The initializa­
tion switches bause the drive signal to be removed when the initiali­
zation position is reached. 

The initialization position detector is made up of a pair of switches 
each of which is mechanically adjustable in position. The adjustments. 
are used to set the 0.19 mr (40 arc-second) dead zone which defi~~~ the 
initialization position. Two initialization switches are required 
on the outer axis, one for each motor drive. Each outer axis switch 
also has an extra pair of poles. ThP. ontputs of these switch polca 
are combined with the initialization bit to provide a preset to the 
outer axis synchronizing counter. This provides for an automatic · 
reset of the synchronizing electronics and the positions of the 1 

extreme ends o£ the outer axis every time the heliostat is initialized. 
No'such synchronization is needed for the inner axis and the extra 
switch poles, logic, and second initialization switch are not required. 

/ 
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Collector Subsystem 

Configuration Of Support Elements 

OVERALL OPERATION OF DATA COLLECTION SYSTEM 

The Calibration Array in conjunction with a 240 channel multiplexer and 
the heliostat control computer provides the means to record size, shape 
and intensity information of the reflected beam, and also the data to be 
able to calculate the beam energy centroid for calibration purposes. 

The calibration array consists of 224 analog photodetectors mounted on 
a rectangular grid 4.9 meters (16 feet) wide by 4.3 meter~ (14 feeL) 
high. Grid line spacing is 0.3 meter (1 foot). The outputs of the 
photodetectors are fed to a 240 channel analog multiplexer where they 
are sequentially switched to a common output bus. The analog output 
of the multiplexer is digitized by an 8-bit analog to digital conver­
ter and is outputted in parallel to the Universal Asynchronous Receiver 
Transmitter (UART). The UART formats the data with start, stop and 
parity bits and transmits it serially to the Heliostat control computer 
via a line driver and twisted shielded pair. At the computer, another 
UART receives the serial digital data and converts it back to parallel 
form where it can be read by the computer at high speed and can be 
recorded or processed as desired. The entire array is read out by a 
single command from the computer. 

Five photo detectors set 5.3 meters (17.5 feet) below the array pro­
vide a measure of background. The outputs of these detectors are 
averaged, inverted, and summed with the outputs of the array photo 
detectors to suppress array background and enhance the s1gnal to back­
ground ratio. 

Since the detector outputs are analog levels of incident power, infor­
mation on size, shape, and intensity are contained in a data block. 
Centroid calculations are computed from intensity level information 
and the distance from which the intensity level was measured with 
respect to some reference point about which the centroidal axis is to 
be calculated. Since the intensity level is contained in the analog 
output, and since the array is fixed with a known grid spacing, all the 
information is present in order to be able to calculate the energy 
centroid of the beam. 
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Collector Subsystem 

Corifiguration Of Support Elements 

ARRAY PHOTODETECTOR OPERATION 

The TIL99 phototransistor operated in the short circuit mode at an 
effective zero bias eliminates the problems associated with the 
leakage currents and S of the phototransistor, thereby, providing 
for a long term stable monitor. 

A schematic diagram of the photodetector circuit is shown in the 
figure on the facing page. Each photo transistor has its own ampli­
fier packaged with it on the array. By operating the phototransistor 
across the input terminals of the oper~tibrtal amplifier, the feedback 
causes the device to operate in the short circuit mode and prevents ~ 
the collector-base junction from operating at a voltage larger than 
the offset voltage of the op amp (2 mv maximum). 

The leakage current IL of a PN junction is the sum of three currents 
and is given by: 

where 

I 0 = diffusion current due to diffusion of minority carriers 
across the junction 

= charge generation current due to impurity ions in the 
depletion layer 

I = surface leakage current s 

The contr1but1on due to In can be tound ±rom the classic diode equa­
tipn which is given by: 

I = I0 (eM~~.-1) 
where 

q = electron charge (1.60199 x lo-19 ) 

V = junction voltage 

M = scaling constant (1 to 2 depending on construction) 

K - Boltzmans constant (1.38032 x lo-23 ) 

T = absolute temperature in degrees Kelvin~ 
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By evaluating the equation at V = 10 volts where the TIL99 is speci­
fied and at V = 0.002 volt, the maximum voltage at which it will be 
operated, that part of the leakage current due to Io is found to be 
reduced by a minimum of 92.5 percent. 

The calculation of th~ charge generation current IG depends on several 
physical parameters not available for the TIL99. However, extrapola- ' 
tion of a curve showing a plot of IG versus voltage* shows that the 
contribution of IG at 0.002 volt will be reduced to ~0.6 percent that 
of IG at 10 volts. 

Surface leakage current Is results from the resistance path across the 
junction and as such is directly proportional to the applied voltage. 
Comparing 0.002 volts to 10 volts, this component becomes vanishingly 
small. Based on a total leakage current made up of one-third diffusion 
current and two-thirds charge generation current, the maximum leakage 
current at 0. 002 volts is (7. 5%) (0. 33) + (0. 6% (0. 66) or 2. 9 percent 
of that at 10 volts. Spec for the TIL99 at 10 volts is 100 nanoamps 
at 25°C (77°F). Since both diffusion and charge generation currents 
are bulk currents, they follow the general rule of doubling every 10 
degreees celcius· (18 deg Fahrenheit) increase in junction temperature. 
At 125°C (257°F), the maximum junction operating temperature, maximum 
leakage is: 

= 210 -9 ( 0 . 0 0 2 9) ( 10 0 x 10 amp) 

= 297 nanoamps 

Signal current I is given by: 

I = ISO KAR 

where 

I so 
= solar insolation incident on active area of the photo­

transistor in mw/cm2 

K = factor to modify spectral response of the transistor com­
pared to sunlight (~0.26) 

A = active area of chip [nom 0.076 em square (0.030 in square)] 

R responsivity of chip (500 ]Ja/mw) 

Nominal signal current I at one sun incident input is: 

I= (100 mw/cm 2 ) (0.26) (0.076 cm) 2 (SOO ]Ja/mw) 

= 75 ]Ja 

* Motorola High Speed Switching Transistor Handbook, Second Edition, 
Page 50. 
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Compared to a leakage current of less than 0.3 ~a, conclude that 
leakage currents are no problem. 

Note that in the equation for I no transistor S term is included. 
This is because the device is being operated as a diode and hence, 
no S multiplier is used. Since K and R are basic physical constants, 
the main variable is A, which bas been found to·vary ~3 to 1. The 
variable is accounted for by selecting compensating resistors in the 
amplifier so that all amplifiers have the same scale factor. Seal~ 
factor has been chosen at 1 volt per sun and amplifier saturation 
occurs at approximately 14 suns input. 
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Collector Subsystem 

Configuration of Support Elements 

PACKAGING FOR ENVIRONMENT 

The photodetector amplifier, packaged in a PVC tube glued at both ends, 
and the cal array-computer interface electronics, contained in a package 
on stand-offs with access through the baseplate, provides effective 
weatherproofing for outdoor operation. 

Two elements of the calibration and monitor system have to be packaged 
for outdoor operation. They are, (1) the photo detector amplifier which 
is mounted on the calibration array grid, and (2) the array computer 
interface electronics which sits on the roof at the base of the array. 

The phototransistor of the photodetector amplifier is hermetically 
sealed in a T018 can. The accompanying amplifier is mounted on a PC 
board in a PVC tube. By capping the ends of the tube and gluing all 
openings with PVC cement, an effective weatherproof seal is made. 

The cover for the interface electronics package has no access holes. 
Input and output are made through connectors, the edges of which are 
sealed with RTV. The package sits on a set of legs ~ 0. 2 meters 
(8 inches) high. 
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Collector Subsystem 

Configuration of Support Elements 

MULTIPLEXER OPERATION 

A 240 channel analog multiplexer, an A/D converter, and a UART provide 
the means to efficiently transfer all array data to the Heliostat 
control computer for analysis and storage. 

For the Research Experiment, the calibration and monitoring array will 
be mounted on the roof of Building E2 which is the talle~t building at 
the Aero-Florida facility, while the Heliostat control computer will be 
placed on the first floor of E2, some 76 meters (250 feet) away. In 
all, at least 229 different signals will be sent from the array to the 
computer. In order to accomplish this, a 240 channel analog multi­
plexer at the array will sequentially commutate the signals to a single 
output line. The signal will be digitized by an 8-bit A/D converter 
and transmitted in serial fashion to the computer by a UART and a line 
driver over a twisted shielded pair. 

The analog multiplexer is designed around the Harris Semiconductor HI 
506A-5 which is a 16 channel single ended analog integrated circuit. 
To avoid leakage problems the switches are rtrranged in a two tiered 
fashion with 16 input channels for each output channel as shown in the 
diagram. Fifteen input chjpR nre provided for a toLdl .input capacity 
of 16 x 15 = 240 channels of which 229 are assigned, resulting in 11 
spares. The design can accommodate another input chip providing another 
16 input channels if desired. 'T'iminiJ for control of Lht! wulllple:xer is 
der1.ved from a 1. 536 MHz crystal controlled oscillator, which was de­
signed to provide the accuracy and stability required to synchronize the 
UART transmitter with the computer input receiver. 

To partially compensate for single ended switching, an array common 
line is returned to provide the low input to the diffP.rP.ntial amplifier 
u.t the multiplexer output. 

The A/D converter is a Hybrid Systems ADC 540-8 which is an 8-bit con­
verter with a 3 ~sec convert time. At a scaling of 1 volt/sun, the LSB 
of the converter at 39 mv corresponds to a resolntion of 0.03<) ~nns. 
Di~.iL.:tl output is .iu parallel. The UART is a standard integrated chip 
which formats the 8-bit data word with start, stop, and parity bits, 
and transmits the data in serial fashion. Transmission rate is 9600 BAUD. 
The line driver is the standard 8830 differential driver. 

The array computer interface electronics transmits data in a block upon 
receipt of a single data request from the computer. Sequence time is 
1.67 ms per channel resulting in a time to transmit a complete data 
block of (1.67 ms) (229) = 0.382 seconds. 
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Collector Subsystem 

Configuration of Support Elements 

SUNMETER OPERATION,AND DATA 

A simple inexpensive circuit with no moving parts provides a measure 
of relative incident energy throughout the day. 

For var'ying input incidence angles, the output of a phototransistor 
follows the "cosine law", i.e., the output signal is proportional to 
the cosine of the angle made by the incident ray with the chip normal. 
By summing the output of two wide angle sensors set in a plane at 
± ~ .rad (±60 deg) to the normal, signals entering over a TI rad (180 
deg) input angle1 can theoretically be"-'meat§ured with a scaling variation 
of less than ±7 percent without tracking or moving 'parts. See diagram 
on facing page. 

A schematic diagram of the Sunmeter which uses this principle, is 
shown in the figure. TIL99 phototransistors are used with their TOlB 
cans cutback as far as possible and sealed with a thin flat plate 
glass input window to provide as wide a field of view as possible. 
The devices track their cosine curves quite well to 1. 2 rad ·{70 deg) inci­
dence angles. The output of the summing amp feeds a pen recorder to 
provide a continuous hard.copy of the data. Sample reproductions of 
the output data are shown. A continuous set of data has been recorded 
beginning on 23 February 1976. 
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Collector Subsystem 

Configuration Of Support Elements 

BACKGROUND SUPPRESSION 

Array background suppression can be effectively implemented by summing 
the inverted output of a photo detector amplifier set apart from the 
array with the signals sensed by the array photodetectors. 

Since the output of an array photodetector is the sum of the signal 
from the reflected beam and the background energy incident on the array, 
background light will tend to mask the signal from the r~flec~ed beam. 
By monitoring the background with a set of photodetectors set apart 
from the array, the background signal level which typically averages 
0.2 suns, can be electrically subtracted from the array photodetector 
outputs, thereby enhancing the signal to background ratio. 

Large off-axis scatter signals from the heliostat could overlap the 
background monitor causing an error in the background correction signal. 
However, off-axis scatter measurements made on small mirror samples 
·with a collimated beam at Aero-Florida and a laser at S&R in Minneapolis 
show the scatter component beyond 8.7.mr (0.5°) from the reflection 
angle to be less than one part per thousand. Data from these measure­
ments is shown plotted on the facing page. The background monitor for 
the research experiment will be placed 5.3 meters (17.5 feet) below 
the array which corresponds to 17.5 mr (1.0°) offset angle from the 
array at a heliostat distance of 305 meters (1000 feet) . 

To further 1nsure a good measurement of the background level, the back­
ground monitor will consist of 5 photodetector ampli~iers spread 
across the width of the array, the outputs of which will be 
together and used as the background suppression signal. 
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Collector Subsystem 

System Analyis 

POINTING ACCURACY DEMONSTRATED BY ERROR ANALYSIS 

A pointing error of 1.15 mr (4.0 arc-min), during winds of 13.5 m/s 
(30.2 mph) and with maximum temperature differentials, is predicted 
by the error analysis. 

The calculated pointing error of 1.15 mr (4.0 arc-min) 1 sigma is within 
the specified value of 2 mr (7 arc-min). The analysis was done for the 
worst case windloads of 13.5 m/s (30 mph) ftDd maximum temperature differ­
entials betweeen the most sensitive members of the structure. 

Error rotation inputs arc defiu~ll ln three basic computational frames 
per Figure 1: 

The On frame, fixed in the mounting posts at the outer axis 
bearings. 

The In frame, fixed to the outer gimbal (frame) at the inner axis 
(mirror module) bearings. 

The Mn fr~me fixed in the mirror module. 

Pointing errors in the mirror module frame are related to error rota­
tions in the error frames by the equations: 

I 2 + M/. + 02 cos <P + 01 ::;in rfl about the iw1!-'r· tjimbal u.xis 

M1 + (I 1 + 01) cos ~ - (I3 + 03 cos <P + 02 sin <P) sin e about an 
axis perpendicular to the inner axis and the mirror normal. 

Er·rors are grouped for analysis into windspeed dependent error::;, ~em­
perature differentiAl dependent ~LLVL~, gravlty dependent errors, and 
lndependent errors. 

Scale factors are developed for wind, temperature differentials and 
gravity induced errors in the storyboard entitled "Deterministic 
Errors". The scale factors are then multiplied by the assumed wind­
speed and aerodynamic coeffir.ients, tcmperaluL·e differentials and 
yravity dlrection to obtain the angular errors tabulated in Table 1. 
Note that in determining the total errors for each type forcing func­
tion input, the errors are summed for each axis. 

Nondeterministic errorR, discuosed in ::;ome detail in the storyboard by 
that title, are summarized in Table 2. Note that in determining the 
total errors of this type that the RSS of the error is about each axis. 

A summation of all error sources is presented in Table 3. 
in calculating the total errors about the Mt1 or Mt2 axes, 
the wind, temperature, and gravity induced errors is used. 
of the deterministic errors is used. 
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The specific assumed conditions affecting the wind and gravity dependent 
errors were zero inner and outer gimbal angles (mirror normal vertical) 
and end-on wind (wind per perpendicular to the outer axis and in the 
horizontal plane) at 13.5 m/s (30 mph). 

The same type calculation rerun for edge-on wind resulted in a total 
pointing error of 2.1 mr (7.2 arc-sec) 3 sigma. 
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TABLE 1. DEPENDENT ERROR SOURCES FOR ZERO INNER AND OUTER 
GIMBAL ANGLES AND 30 MPH, END-On WIND 

3 Sigma Errors in mr/arc-sec about Indicated Axis 

Source 
I 

Driver 02 03 01111 13 M1 121M2 

Frame Wind 0.034/7.0 0.001/0.2 0.009/1.9 

Windup Wind 
Servo Wind 0.24/49.5 
Mirror Module Wind 0.124/25.6 0.124/25.6 

Sum of Wind 0 0 0.274/56.5 0. 001/0.2 0.124/25.6 0.133/27.4 

Crankarm Temp 0.9/3.3 
Frame Temp 0.18/37.1 - .... 

Support Posts Temp 0.02 0. 2/41.2 

Sum of Temp 0.02 0. 2/41.2 0.18/37.1 0.9/3.3 

Frame Gravity 0.25/51.6 0.085/17.5 

TABLE 2. INDEPENDENT ERROR SOURCES 
3o Errors - Millirads/ Arc-Sec 

Source Distrib. 02 03 01/Il I3 Ml I2/M2 

Foundation Random Walk 0.031/ 0.010/ 

-~ Norm. . 6.4 2.1 
Mirror Not 1 0.450/ 

L-t'......_ Norm. 92.1;! 
Stub shaft Coning 0.040/ 

r·'· ., Flat f\.2S 
Out. Axis Align 0.16(} 0.160t 

Norm. 
33 33 

a not 1 <f> Axis •./!'- 0. 31<¥ 

~ 
63.9 

Ball Screw Lead Norm. 0.130/ 
~b.H 

Backlash 10..1 Li) 0.180/ 0.540/ 
37.1 111.4 

Quantization ct:::! Flat o .100 I 0.100/ 

Norm . 20.6 20.6 
Gear Tooth-Tooth .c1:>.. 0.140/ 0.540/ 

Norm . 111.4 
Enc;:ode:r . .,/'t, .• 

Command Lag I I I Flat 0.050, 0.050/ 

Norm. 10.3 10.3 
Computer ~- 0.3401 0.340/ 

70 70 
Crankarm Play ;I\ I if\ 0.21.0/ 

43.3 
Bearing R.O./Fit ~. 

Norm. 
0.00~ 0.40/ 0.40/ 
0.41 82.5 82.5 

Initial Defocus ~ 0.707/ 0.707/ 
145.8 145.8 

Total RSS 3o .·i"" Norm. 0.163. 0.160/ 0.446/ 0. 31~, 0.839/ 1.120/ . .... ~- 33.6 I 33 92 64.6· 173 231 
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TABLE 3. SUMMATION OF ERRORS 

Errors in Millirads/Arc-Sec 
3a 3a 1a 

.) 

Source 02 03 Ol/I1 I3 M1 I/M MT 
1 

MT 
2 

MT 
1 

MT 
2 

Wind 0.274; O.Q01/ 0.124/ 0.131/ 0.398/ 0.131/ 0.398/ 0.131/ 
- 56.5 0.21 25.6 27.0 82.1 27.0 82.1 27 .0· 

Temperature 0.02/ 0.2/ 0.18/ 0.9/ 0.2/ 0.92/ 0.2/ 0.92/ 
4.1 41.2 37.1 185.6 42.2 185.6' 1 42.2 185.6 

Gravity 0.25/ 0.085/ 0.25/ 0.085/ 0.25/ 0.085/ 
' 51.6 17.5 51.6 17.5 51.6 17.5 

Independent 0.163; 0. 160/ 0.446/ 0.313/ 0.839; 1.120/ 0.95/ 1.130/ 0.317/ o. 377 I 
33.6 33.0 92.0 64.6 173.0 231.0 196.0 233.1 65.4 77.8 

RSS/Axis 1. 08/ 1.45/ 0.60/ 0.99/ 
222.8 299.0 123.8 204.2 

( 
Total RSS 1.81/ 1.15/ 

373.3 237.2 
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Collector Subsystem 

System Analysis 

DETERMINISTIC ERRORS 

Scale factors for computing pointing errors as a function of wind­
speed, temperature differentials, and gravity deflections are derived 
and discussed. 

Outer gimbal angular deflections due to windloads were determined using 
a detailed structural model of the frame and the "STARDYNE" program*. 
The results of the analysis can be related to windspeed (V) and 
Lift (CL) , Drag (DL) and Moment (Cm) coefficients by the following 
matrix equations: 

End-on wind (wind perpendicular to outer axis and horizontal) 

Il 0.707E-5 1. 44E-4 1. 88E-5 c v2 
L 

I2 = 3.05E-5 3.02E-5 3.34E-5 c v2 
D 

I3 0.72E-5 0.82E-6 1. 34E-5 c v2 
m 

Edge-on wind (wind along outer axis) 

Il 4.8!JE=4 0.66E=!J 1.37K-4 c v2 
L 

I2 = 1. 54E-4 4.58E-5 0.615E-3 c v2 
D 

I) 1.8E-5 2.55E-4 0 c v2 
lll 

Windload coefficients as a function of the angle of attack of the 
are summarized in the following table. 

0.44n -0.33n -0.22n -0.11n 0 +0. lln +0.22n +0.3.3n 
Angle of Attack Rad (Deg) (-80) (-60) (-40) (-20) (0) (20) (40) (60) 
Lift Coefficient CL 0.2 0.7 0.6 0.4 -0.1 -0.6 -0.6 -0.8 
Drag Coefficient c0 1.4 1.0 0.6 0.2 0.1 0.2 0.6 1.0 
Moment Coefficient Cm -0.3 -0.3 -0.4 -0.5 -0.3 0.5 0 

"\ 

-0.2 

* Memo: Johnson to Snyder, l,December 1975, "Structural Analysis 
the Tilt-Tilt Heliostat". 

** Memo: Synder to Parker, 10 October 1975, "Comparison of Moment 
Coefficients from Hopkins Analysis and S&R Testing". 
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The actual frame angular deflections are then computed for a specific 
wind direction (end-on or edge-on) and angl~ of attack (a function of 
the gimbal angles). For the specific case of edge-on wind, and with 
zero degree inner and outer gimbal angles, the angle of attack is zero 
giving CL + -0.1, Co= +0.1, and Cm = -0.3 from the table. For a wind­
speed of 13.5 m/s (30 mph), the frame rotations are then computed from 
the matrix equation to be: 

I 1 = -0.08 mr, 
(-16.5 arc-sec) 

I 
2 

= - 0 • 1,7 6 mr , 
(-36 arc-sec) 

For end-on wind the rotations are: 

r 1 = -0.034 mr, 
(-7 arc-sec) 

I 2 = -0.009 mr, 
(-1.9 arc-sec) 

I
3 

= 0.021 mr. 
(4.3 arc-sec) 

I 3 = -0.001 mr. 
(-0.21 arc-sec) 

Inner axis windup due to wind torques occurs about the I2/M2 axis 
during maximum [13.4 m/s (30 mph)] windload conditions. The total 
angular deflection is 1 mr (206 arc-sec). It consists of 0.28 mr (41.2 
arc-sec) twist and 0.20 mr (41.2 arc-sec) bend of the crank arm, 0.42mr 
(86.6 arc-sec) tie rod compression, and 0.10 mr (20E arc-sec) gear 
deflection. This deflection is caused only by edge-on winds and is 
related to both the wind velocity and wind torque moment coefficient, 
Cm. The moment coefficients are related to the wind angle of attack 
in the above table. 6I2/M2 = CmV2 2.22 x lo-3 mr (0.458 arc-sec) where 
Cm is the moment coefficient and V is the wind speed in mph. With zero 
degree inner and outer gimbal angles, the angle of attack is.O degree. 
From the table above, Cm = -0.3 and for edge-on winds the deflection 
about I2/M2 =0.3 x 900 x 2.22 x l0-3 = 0.60 mr (123.8 arc-sec). For 
end-on winds the deflection will be zero. 

The servo loop gains are specified to allow no more than 4 x lo-4 rads 
(0.023 deg) hangoff with 13.5 m/s (30 mph) winds. Although it is ex­
pected the loop gains can ultimately be set to give significantly 
stiffer loops (see section on Loop Simulation Results), this figure is 
used in the analysis. The hangoff angle is calculated as 0.89 x lo-3 
Cm v2 mr (0.184 Cm v2 arc-sec). The calculation for 13.5 m/s (30 mph) 
winds and for Cm = -0.3 (0,0 gimbal angles give zero angle of attack) 
gives a deflection of -0.24 mr (-49.5 arc-sec). For end-on winds I1 = 
-0.24 mr (-49.5 arc-sec) and I2 = 0. For edge-on winds I2 = 0.24 mr 
(49.5 arc-sec) and I1 = 0. 

Mirror module deflections due to windloads are specified to be less than 
1.4 x lo-3 rads (0.08 deg) in a 13.5 m/s (30 mph) wind. End-on winds 
will cause about the same forces on all mirror facets while edge-on 
winds primarily distort the mirror module on the windward end. Edge-on 
deflections, rms'd for all four facets then = 

0 where 1 is the deflection of a single facet due 
to edge-on wind. 

It seems reasonable to assume the deflection increases with the dis­
tance from the center of the mirror. For this type error distribution 
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the one sigma reflection will equal 0.79 the three sigma or maximum 
value. Around the zero degree inner and outer gimbal angle position, 
the primary distortion force is due lift and the deflection f9r end-on 
winds is calculated as cLv2 x 1.95 x lo-3 mr (0.2 arc-sec). Cm, for 
0,0 gimbal angles and therefore zero angle of attack, is 0-1. For 13.5 
m/s (30 mph) winds, assuming equal distribution of deflections about M1 
and M2, the M1 and M2 rotation is 0.707 x -0.1 x 900 x 1.95 x l0-3 = 
-0.124 mr (-25.6 arc-sec), three sigma or -0.098 mr (-20.2 arc-sec), 
one sigma, for end-on winds. The M1 and M2 rotation is -0.062 mr (-12.8 
arc-sec) three sigma, or=-.047 mr (-9.7arc-sec) one sigma for edge-on 
winds. 

Temperature differentials between the crank arm pivot points along the 
frame and connecting rods cause deflections of the mirror module rela­
tive to the control module. A crank arm length of 0.6 meter (2 ft) and 
connecting rod lengths of 5 meters (16.4 ft), together with a tempera­
ture coeffic1.ent of eXPansion fuL ~ Lt!8l of 10.5 x lo-6m/m°C gives ;.l. pl?rtk 
deflection of 1.75 x lo-4 rads/°C (9.72 x io-5 rad/°F) for the mirror 
module farthest from the control ~odule, 0.875 x lo-4 rad/°C (4.86 x 
l0-5 rad/°F) for adjacent modules and 0 for the control module. Taking 
the rms value of these to provide a single temperature coefficient gives 
a scale factor of 0.9 x lo-4 rads/°C (5.00 x lo-5 rad/°F) of temperature 
differential about the M2 axis. A maximum temperature differential of 
l0°C (l8°F) is expected between the side rails and crank arms. 

Temperature differentials between the long side rails result in rota­
tions about the I3 frame axis. The two outermost mirror module pivots 
are 7.5 meters (24.6 ft) from the centerline and the two innermost are 
2.5 meters (8.2 ft). The thermal travel acts over a mirror module 
length of 3. 2 m (10. 5 ft) and the coefficient of exp = 10.5 x lo-6;oc 
giving a scale factor of 10. 5 x lo-6 x 7. 5/3.2 == 2. 3 x lo-5 rads/°C ( 1. 28 x 
lo-S rad/°F) for the outer pair and 0.78 x l0-5 rads/°C (4.33 x lo-6 
rad/°F) for the inner pair. Taking the rms vdlut! or these gives a 
composite coefficient for the heliostat of 1.8 x lo-5 rads/°C (l.OOx 
lo-5 rad/°F). A maximum of l0°C (l8°F) is expected between the two rails. 

Change in relative length of the two support posts causes a rotation 
about the 02 axes. For steel posts 2 meters (6.5 ft) long spaced 10 
meters ( 3 2. 8 ft) apart the scale factor is 2 x lo-6 rads/ °C ( 1.11 x lo-6 
rad/°F). A maximum l0°C (l8°F) temperature differential is expected 
between the posts. 

Change in temperature across the cross-section of the posts causes a 
rotation about the 01 axis. For steel posts 2 meters (6.5 ft) long and 
0. 3 meter ( 1 ft) wide the scale factor is 6. 7 x lo-5 rads/°C ( 3. 7 2 x lo-5 
rad/°F). A maximum 3°C (5.4°F) temperature differential is expected 
across the cross-section of the support posts. 

Frame deflections due to gravity were derived from the STARDYNE analy­
sis. A reasonable fit to the data is obtained using: 

I1 = 2.5E-4 cos~ mr 

I2 = 8.5E-5 cos ~ mr 

where ~ is the frame off level angle. 
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Collector Subsystem 

System Analysis 

NON-DETERMINISTIC ERRORS 

Foundation structural build, and computer errors are described and 
quantified. 

Foundation errors occur about the 01 and 02 axis and are the result of 
the foundation settling and shifting as a function of time. It is as­
sumed these errors have a random walk characteristic; that is, the ex­
pected error magnitude varies as the square root of time. It is fur­
ther assumed that 10 times a year, through the continual calibrationof 
the heliostat, these errors are reset to zero. Measurements on the 
specific slab, loading and ground conditions will have to be made be­
fore accurate estimates can be made. A value of 100 microrads (20.6 
arc-sec) per year about the 0 2 axis and 30 microradians (6.2 arc-sec) 
per year about the 01 have been allotted to this source. At 0.1 year 
the expected values are then 31 and 10 microradians (6.4 and 2.1 arc­
sec) about the 0 2 and 01 axes, respectively. Rotations about the 
vertical axis, 03 are assumed negligible. 

Initial alignment of the nominal mirror normal relative to the inner 
axis can be held to a maximum of 0.45 milliradians (92.8 arc-sec). This 
is taken as a 3 sigma value and should have a normal distribution 
throughout the field of heliostats. It occurs only about the M1 axis 
since errors about M2 are taken out by the initial calibration. 

Stub shaft coning is due to the misalignment of the two stub shafts on 
each end of the mirror module. They determine the axis of rotation of 
the mirror modules. This is controlled by print tolerances to be 0.08 
mr (16.5 arc-sec) peak-to-peak or 0.04 mr (8.25 arc-sec) 3 sigma. It 
has a normal distribution. This occurs about M1 and M3 . 

The bearing mounts for the outer axis in the support posts are adjust­
able for alignment of the axis. The major residual error is determined 
by the resolution of the adjustment which has a maximum error of O.l6mr 
(33 arc-sec). Since the error is equally likely to fall anywhere be-
tween 0 and 0.16, it has a flat distribution. This outer axis alignment 
error occurs about the 02 and 03 axis. 

Non-orthogonality of inner and outer axis is a rotational error about I3. 
This error is held to 0.31 mr (63.9 arc-sec) 3 sigma by the build and 
assembly tolerances. It has a normal distribution for all the helio­
stats in the field. 

Ball screw lead error is matched (by a selection process) and compen­
sated for in the computer to less than 0.008 cm/m (0.001 in./ft) of 
travel for a travel of l m (±3 feet). Operation on a radius arm of 0.6m 
(2 feet) results in a rotational error of 0.000125 rads (25.8 arc-sec) 

maximum if both screws have the same magnitude and sign for all the 
facets. If the sign is opposite the outboard facet rotates 0.0001875 rad 
(38.7 arc-sec) and the inboard facets 0.0000625 rads (12.9 arc-sec). 
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Taking the rms of all the facets for both_,.condi tions gives 0. 00013 rads 
(26.8 arc-sec) 3 sigma. This is an 01/I~ input. 

Backlash is controlled by manufacturing ~olerances. The inner-gimbal 
backlash, 01/I1, is 0. 54 mr (111. 4 arc-sec) 3 sigma (I2/M2). The value 
for the outer axis drive has not been finalized but is expected to be 
0.18 mr (37.1 arc-sec) 3 sigma. The error will most likely not be dis­
tributed between 0 and ± maximum, but will tend to be concentrated at 
the maximum value, the sign being dependent on wind direction and/or 
mass unbalance. Contributing backlash sources are rod end, spur gears, 
and reducer assembly. 

Qu·antization errors occur about the 01/I1 and I2/M2 axes. The command 
resolution is 0.39 mr (81 arc-sec) giving a peak error of 0.2 mr 
(41.25 arc-sec) and having a flat distribution. 

Gear tooth-to-tooth machining tolerances control these errors to 0.54 
mr (111.4 arc-sec) 3 sigma about o1;r1 axes. Estimates of I2/M2 put 
this error at 0.14 mr (28.9 arc-sec) 3 sigma. The distribution is normal. 

The encoders are mounted in the gear train so that one revolution of the 
encoder equals one quanta step at the load [0. 388 mr (80 arc-sec)]. The 
equivalent pointing error of the load is therefore negligible. 

Command time lag introduces errors about -the 01/I1 and I2/M2 axes. The 
maximum comn~and rate is one step/second. The maximum command rate dur­
ing normal operation is 0.35 rad/hr (20 deq/hr) orO.lmr/sec (20.6arc­
sec/sec). The commands are issued to position the heliostat for the 
minimum error over the time interval so that a maximum error of 0.5 mr 
(10.3 arc-sec) is expected. ·The distribution is flat. 

Computer errors occur about the 01/I 1 and I2/M2 axes. Errors in the 
time standard, temperature input, pressure input, algorithm accuracy 
and least significant bit contribute to these terms. The error is 0.34 
mr (70 arc-sec) 3 sigma with a normal distribution. 

Crank arm play between the drive ann nr:i..ven axes results in error rota­
tions_about the I2/M2 axis. The play is toleranced at 0.0127 em (0.005 
in) maximum and with a 0.6 m (2 ft) crank arm gives a 0.21 mr (43.3 arc­
sec) 3 sigma error. Windloads and/or mass unbalance tend to-maintain 
this error at the maximum values. 

Bearing runout/fit is held to a tolerance of 0.00254 em (0.001 inch). 
For the inner axis with a 0.·6 m (2 ft) crank arm, this gives a 0.04 mr 
(8.25 arc-sec) 3 sigma, normally distributed, error about the 01/I1 and 
I3 axes. The outer axis, having 10 meters (32.8 ft) between bearings, 
has only 0.0025mr (0.52 arc-sec) 3sigma, errors about the 02and03axes. 

The-reflective surface deviation from the desired parabolic shape due 
to build tolerances is set at 1 mr (206 arc-sec) maximum or 0.707 mr 
(145.8 arc~sec~ ar~und the M1 or M2 axes. It i~ assumed this will have 
a normal d1str1but~on· over the surface of the m1rror. 
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Collector Subsystem 

System Analysis 

CONTROL LOOPS GIVE STABLE OPERATION 

Torque motors with position feedback provide efficient, simple control 
loops that give stable operation with digital commands during tracking 
and slewing modes and with large windloads. 

Stable operation was demonstrated using 

• Position feedback from the motor shaft 

• Structural load resonance 

• Quantized commands and feedback 

• Multiple and three state loops 

• 0.4 rad/hr (23 deg/hr) and 0.005 rad/sec (0.3 deg/sec)command rates 

• Wind loads up to 115 kg-m (834 pound-foot) 

The gear ratio was selected to deliver an 0. 39 mr (81 arc-sec) load motion 
for one revolution of the motor. The resulting gear ratio of 16,000:1 
effectively decouples load torques from the motor. With position feed­
back from the motor, the control loop is e&sentially independent of 
load dynamics. Motor back emf provides the <;l,runping required tb give 
stable loop operation, so that the loop electronics need provide only 
a power amplification function. 

Simplicity and economy are characteristic of the resulting design shown 
in Functional block diagram form in Figure 1. The electronics convert 
the quantized error signal to a power drive to the torque motor (Inland 
No. NT1911). The motor drives the load through the gear train. Digital 
output of either load or motor shaft position is subtracted from the 
command angle input to generate the error signal. 

The first configuration simulated used an electronics gain giving 13.4 
m/s (30 mph) wind load torque for each step [0.39mr (81 arc-sec)] of 
error signal. Stable, well damped response was indicated with feedback 
from either the load or motor shaft. Wi~h feedback from the motor shaft, 
the loop gain was increased until the 0.39 mr (81 arc-sec) quantization 
of error signal produced saturated motor torque. This results in three 
state operation -0, + stall torque or- stall' torque output. This loop was 
run with command rates of 0.4 rad/hr (23 deg/hr) and 0.005 rad/s (0.3 
deg/s) and with up to 13.4 m/s (30 mph) wind loads. No indication of 
instability was noted. 

Printout of a typical outer gimbal run showing response to step 115 kg-m 
(834 lb-ft) wind torque and 6 mr (1238 arc-sec) step command inputs is 
presented in Figure 2. Feedback from motor shaft, three state loop gain 
and a 13 Hz load resonance were used for this run. The oscillation 
of load position is due to ringing of the load spring-mass system. 
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Collector Subsystem 

System Analysis 

SIMULATION RESULTS DEMONSTRATE LOOP PERFORMANCE 

Inner and outer axis transient response to various combinations of com­
mand inputs, windloads, and loop gains demonstrate satisfactory response 
times and stability • 

The table below describes 
transient response runs. 
selected runs. 

the loop inputs and gains used for various 
The figures show the simulation rf'!snl ts for 
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Collector Subsystem 
/ 

Engineering Model Test Plans and Data 

OBJECTIVES OF THE TEST PROGRAM 

Two comprehensive plans have been prepared for the test program to 
ensure satisfaction of the test objectives. 

A document titled, Solar Collector Subsystem Engineering Model Plan, 
No. 376-13639, 5 March 1976, was prepared, coordinated, and sub­
mitted. This document establishes a plan to control the assembly 
and test process for the engineering model heliostat, as well as 
associated facilities, tooling, auxiliary equipment, and test equip­
ment. A similar document was prepared for the 
heliostats. It is described later. 

The engineering model is one of four heliostats to be assembled during 
the CSRE. The configuration of this heliostat and associated mirror 
modules will reflect drawing releases during the 4etail design phase, 
initially. Alternate mechanizations for a given function will be 
incorporated for comparative evaluation, i.e., mirror modules supplied 
by various manufacturers, second surface mirror and first surface film 
reflectors, acme thread and ball screw linear actuators, as examples. 
The configuration at the completion of the research experiment will 
reflect use of this heliostat as a test bed. Trailer mounting this 
heliostat increases its utility because it can be positioned to 
simulate any pilot plant heiiostat location in the array for 
position sensitive effect evaluation. Further, this mounting 
configuration also lends itself to induced environmental condition 
evaluation. 

Us~ of this heliostat in the manner prescribed in the engineering 
model plan will yield: 

• Data for presentation at Detail Design Review and later reporting ,, 
which establishes concept feasibility, demonstrates function, 
supports design analyses, defines design margins and quantifies 
ambient environmental influences. 

• Selection of a mirror module design from candidates evaluated 
and data to satisfy technical concerns over use of honeycomb. 

• Provision and evaluation of facilities, tooling, auxiliary 
equipment, test equipment, software, methods and processes to 
be employed in the assembly and test of three experiemental 
heliostilts. 

• A test bed heliostat to support experimental heliostat research. 
(i.e., Try before buy) 

These objectives will be attained on a schedule consistent with program 
major milestones and within allocated cost. 
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COLLECT DATA 

ESTABLISH CONCEPT FEASIBILITY 
DEMONSTRATE FUNCTION 
SUPPORT DESIGN ANALYSIS 
DEFINE DESIGN MARGINS 
QUANTITY AMBIENT ENVIRONMENTAL INFLUENCES 

EVALUATE DESIGNS 

MIRROR MODULES 
REFLECTOR 
LINEAR ACTUATOR 

EVALUATE 

FACILITIES 
TOOLING 
AUXILIARY EQUIPMENT 
TEST EQUIPMENT 
SOFTWARE 
METHODS AND PROCESSES 

PROVIDE TEST BED 
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Collector Subsystem 

Engineering Model Test Plans and Data 

HIGHLIGHTS OF ENGINEERING MODEL TESTING 

The engineering model heliostat tests will evaluate subassemblies, 
processes, and procedures as well as provide insight into best tests 
for experimental H/S testing. 

The more significant operations inherent to build and test of the 
\engineering model mirror modules and heliostat are: 

Primary 

• Evaluation of two built-up mirror modules (MM3B and MM~P) manu­
factured by Brunswick nnn Parsons, respectively. MM3D employs 
3 mm (0 .12 in) float glalss, second surface mirrors, while MM3P 
incorporated 2.5 mm (0.098 in) float glass. 

• Evaluation of the engineering model heliostat operated both 
in manual and computer controlled modes at several sites 
selected for the ~xperimental heliostats. 

Secondary 

• Evaluation of Mirror Module 1 (MMl) consisting of a plywood, 
contoured frame supporting 3 mm (0.12 in) float glass, second 
surface.mirrors. 

• Evaluation of Mirror Module 2 (MMl) ("!('m1';i !=:ting of a steel fro.me 
confiqured tQ provide Vnrir~hlP fOt;'\1i Of a O.~Hr.m (~/lCirl) floaL 
glass, stiffened mirror assembly measuring 3 1/3 m2 (6 x 6 feet). 

• Evaluation of a film first surface reflector applied over the 
glass on a type 3 mirror module. 

Pedestrians and auto traffic w{ll b~ protected by a combination of 
restricting access to potential illumination areas, covering mirrors, 
and stationing test personnel with manual position control capability 
at the heliostat site during heliostat operating periods. During 
periods of nonoperation, the reflective surfaces will be covered or 
positioned so that redirected solar energy cannot be a safety ho.zard. 

The application of quality assurance measures will be consistent with 
research experimentation. 

The test team will insure that data is not compromised by excessively 
inaccurate test equipment. 

Dedicated data books logged out to the test teams will be used for all 
manual data recording. Periodic data book audits will be conducted by 
the Program Manager. Bulk data will be stored on magnetic tape. Proc­
essed data will be recorded on printed paper. Photographic techniques 
will be employed for redirected image recording. 
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0 
ERDA approval of the engineering model heliostat design documentation 
is required prior to release for fabrication of the heliostat or com­
ponents. The program manager insures that approval is secured. 

Test results will be compared to analytical findings and documented 
in a test report. 

ENGINEERING MODEL TEST HIGHLIGHTS 

Primary 

Evaluate 

• Two Built-Up Mirror Modules 

• Heliostat in Manual and Computer Controlled Modes 

Secondary 

• Plywood Contoured Mirror Module 

• Steel Frame Variable Focus Mirror Module 

• Film ·First Surface Reflector 

Test Status 

• Tests of MMl and 2 Essentially Complete 

• Electronic BB Tests 80 Percent Complete 

• H/S Assembly and Test 20 Percent Complete 
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Collector Subsystem 

Engineering Model Test Plans and Data 

TEST OF MIRROR MODULES 

A mirror module can be adequately characterized by measurement of focal 
length, redirected image shape with sun at various off-axis angles, 
contour under applicable loads, and weight. 

The contour of the glass is measured with the mirror module in a hori­
zontal orientation and clamped at the axle. Data is taken with the 
mirror shaded, exposed to solar loading, and loaded with sand bags to ~ 
simulate wind pressure. The mirror module is then repositioned to the 
vertical orientation and the contour is remeasured. 

\ 

Each mirror module is weighed. 

Following completion of mirror evaluation, a film reflector will be 
installed over the glass surface. Redirected images produced by this 
reflector will be evaluated. 
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\C. 

During the course of mirror module testing the photodetector array and 
control room complex will be installed. Functional checks will be made 
on the H-5i6, ASR-35, magnetic tape decks, RS232 I/0, photodetector 
array; and H-516 interface. Software to control these elements will 
also be developed during this period. This software will be debugged, 
as well as off line software to produce intensity maps. 

ENGINEERING MODEL 
MIRROR MODULE TEST PLAN 

Parameter 

Focal length 

Redirected image shape at 1112 ft and 480 ft 
LOS from 9 AM to 3 PM to investigate: 

• 
• 
• 
• 
• 

Focus Quality 
~~ff Axis Aberrations 
Scatter 
Intensity Centroid Location 
intensity Map 

s Cleanliness Effects 

Contour deviation as a function of: 

• 0 r i en tat i on. ( g- sen s i t i vi ty) 
• Wind (simulated load) 
• Ambient Temperature and Solar Load 
• Time (creep, aging, etc.) 

Weiqht. 

*SVMOOLS 
1 Wood structure manufactured by Honeywell. 

1 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

2 Variable focus steel structure manufactured by Honeywell. 
3P Built-up honeycomb structure manufactured by Parsons. 
3B Built-up foam structure manufactured by Brunswick. 
3F Either 3P or 3B paved with reflective film. 
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Mirror Module* 

2 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

3P 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

3B 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

3F 

X 

X 

X 

X 

X 
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Collector Subsystem 

Engineering Model Test Plan and Data 

HELIOSTAT ASSEMBLY AND ALIGNMENT 

Assembly and alignment process is easily accomplished to ready the 
heliostat for its intended function. 

/ 

The engineering model heliostat assembly and alignment process consists 
of the following steps. Items required in support of each step are 
also listed. 

Operation· 

1. Weigh each element prior to 
installation 

Support Items 

Scale 

2. Assemble bearings to frame Hand tools 
• 4 outer axis pillow blocks 
o 2 linear actuator inter­

face pillow blocks 

"' 3. Assemble frame to posts on trailer Mobile crane 

4. Level frame and secure to trailer 

5. Assemble spur gear 40.6 em (16 irt) 
pitch diameter to one (driven) 
mirror modult! 

6. Assemble bearing and support 
assemblies to mirror modules 
(1 of 8 unique for gear box). 

7. Assemble mirror modules with 
bearing/support assemblies to 
frame. Shim interface between 
frame and MM supports as re­
quired to prevent binding of 
bearings 

8. Temporarily secure MM to frame 
to prevent rotation (mirror 
modules have built in imbalance) 

9. Assemble gear box to driven MM 
support assembly. Set spring 
preload and stops 

108 

Cable yokes (2 each) 

Guy wires (4) 
Carpenter level and straight edge 

"A" frame mobile hoist 1.27 em 
(1/2 inch) diameter tooling pin 

Safety cables 

Measure spring compression 
(count turns) 

I I 
I 
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Operation 

10. Assemble motor/encoded set and 
associated electronics 

11. Install 8 crank arms, set i rad 
(45 deg) nom from mirror 

and secure taper locks 

12. Assemble tie rod and rod ends 
to crank arms 

13. Adjust the rod length (to 
prevent binding at top dead 
center) 

14. Assemble and align linear 
actuators and associated 
electronics and set initializa­
tion and limit switches 

15. Shim 2 center mirror modules 

16. Level frame stub shaft axes 

17. Set mirror module toe-in and 
set initialization switch 

18. Balance Heliostat outer axis 

19. Balance heliostat inner axis 

Support Items 

"A" frame mobile hoist 

Mirror module leveling and 
alignment bar [actuator weight 
45.5 kg (100 pounds) maximum] 

Manometer* 

Mirror module leveling and 
adjustment bar. Mirror module 
adjusting bar 

Force gauge 

Force gauge 

As a part of the process tooling and adjustment range adequacy will 
also be verified. 

Conclusion: Assembly has been sufficiently defined to proceed through 
DDR . 

*Manometer is a fluid filled open ended flexible tube used to sense 
local level at the center of the frame stub shaft axes while adjusting 
the trailer leveling jacks. 

109 

. I 



- ~ 

ENGINEERING MODEL HELIOSTAT ASSEMBLY AND ALIGNMENT 

03 7 6 - 5308 

1. Component Weight 11. Crank Arm Assembly 
L. Frame Bearing Assembly 12. Tie Rod Assembly 

J ' 

3. Frame to Post Assembly 13. Tie Rod Adjustment 
4. Level Frame 14. Linear Actuator Assembly and Alignment, 
5. Spur Gear to Mirror Module Assembly Initialization and Limited Adjustment 
6. Mirror Module Bearing Assembly 15. Shim and Center Mirror Modules 
7. Mirror Module to Frame Assembly 16. Level Frame Axes 
8. Secure Mirror Module 17. Set Mirror Module Toe-In and Initiali-
9. Gear Box Assembly zation Switch ' 

10. Motor/Encoder Assembly 18. Balance Outer Gimbal 
19. Balance Inner Gimbal 
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Collector Subsystem 

Engineering Model Test Plans and Data 

TEST OF HELIOSTAT IN MANUAL MODE 

Functional checkout and characterization establish a baseline for 
later comparison. 

Prior to operating the heliostat in the tracking mode certain tests 
will be performed while operating in a local manual control mode, as 
follows: , -

Verify function of manual controller, frame drive,·mirror module 
d~ive, limit switches, initialization switches, and power loss 
detector. 

Stabilize frame support, trailer, etc. (base). 
I 

Characterize frame and mirror module drives. 

Verify initial mirror module toe-in adjustment. 

Inspect mirror for cleanliness and clean if indicated. 

If the results of sun tracking tests in the computer controlled mode 
indicate the need for error source testing, selected measurements from 
the following list will be made, as appropriate: 

Measure structure static binding and twist deflections as a 
function of: 

• combinat1ons of frame and mirror module rotational angles 
(g-sensitivity) 

• Ambient temperature change 

• Time (creep, wear, aging) 

Determine effect on contour and rotational error, that is, windup, 
of 1 each inner and 1 each outer mirror module of: 

• Combinations of frame and mirror module rotational angles 
(g-sensitivity) 

• Ambient temperature change 

• Wind (simulate with weights) 

~ Time (creep, aging, wear) 

Periodically inspect to determine the combined residual effects of 
natural wind, humidity, rain, dust, salt air, sand, electrical storms, 
hail, wear and aging. 
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ENGINEERING MODEL 
HELIOSTAT TEST PLAN - MANUAL MODE 

Evaluate Drive Systems: 

• Gimbal Travel Range 
• Turning Rate (High and Low) 
• Frame CG Trim 
• Mirror Module/Drive CG Trim 
• Torque Capability (Loaded) 
• Backlash, Crank Arm Play and Bearing Runout/Fit 
• Encoder Angular Accuracy 
• Control Loop Dynamic Re~ponse, Stability, Resonances 
• Self-Induced Vibrations 

Test Initialization Switches Adjustment Stability 

Check Mirror Module Toe-In Adjustment Stability 

Measure structure static bending and twist deflections as a function 
of: 

• Orientation {g-sensitivity) 
• Ambient Temperature 
• Loads (dead weight) 
• Time (creep, wear, aging, etc.) 

Check inner and outer mirror.contour and windup as a function of: 

• Orientation (g-sensitivity) 
• Am b i e n t T em p-e r a t u r e 
• Wind (simulated load) 
• Time (creep, wear~ aging, etc.)· 

Evaluate combined res~dual effect of natural wind, humidity, rain, 
dust, salt air, sand, electrical storms, hail, wear, and aging in 
normal opera~ions. 

113 



Collector Subsystem 

Engineering Model Test Plan and Data 

TEST OF HELIOSTAT IN AUTO MODE 

Insight into expected heliosta~ array performance can be obtained by 
evaluating the performance of a single trailer mounted heliostat at 
several sites within the array. 

Following installation of the heliostat electronics associated with 
operation under computer control, the meteorological station and 
associated H-516 inteface, the equipment complex will be tested, 
as follows: 

I 
1. Verify function of motor controller operated under computer 

control and associated interface, meteorological station and 
H-516 interface. 

2. Verify software functions. 

• Site initialization constants 

• Sun vector calculation (real time) 

• Refraction correction 

• Heliostat address, command and calibration 

• Mode control 

• Initialization 

• 'RAtnrn to :=;towagP. 

• Offset pointing 

• Tracking 

• Rotational nonlinearity calculations for jack screws 

• Meterological data processing 

• Operator interface 

• Data storage for later reevaluation 

• Statistical pointing accuracy correlation with 

• Meterological data 

• Structural conditions 

• Data plotting 

3. Demonstrate control parameters. 

• Return to stowage in 15 minutes 

• Emergency defocus 52.4 mr (3 deg) in 12 seconds 
1 I 

• Frame position command scale factor and uncompensated 
nonlinearity 
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4. Chara~terize heliostat electronics parameters including power 
consumption as a function of.· 

• Modes 

• Ambient wind 

5. Ver~fy battery sizing. 

6. Operate in tracking mode from 1/2 hour after sunrise to 1/2 hour 
before sunset. At intervals offset point to reference grid on 
side of E-2 and photograph image. 

\ 
7. Verify MM toe-in adjustment adequacy. Readjust if necessary. 

8. Determine pointing accuracy and pattern shape as a function 

• Time of day (short term) 

• Ambient wind 

• Ambient temperatuq~ 

• Day to day (long term) 
,~ 

9. Verify base stability. 

If the results of Item 6 tests indicate the need for error source 
testing, the following measurement will be made if appropriat~. 

of 

10. Measure structure motion as a function of ambient wind. (steady 
state and gusts). 

The tests outlined in Items 6 through 9 will be repeated at each site 
selected for the experimental heliostats. 
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ENGINEERING MODEL 
HELIOSTAT TEST PLAN - AUTO MODE 

Function Integrity 

Redirected image posi.tion and shape from 1/2 hour after sunrise 
to 1/2 hour before sunset from four field locations: 

\ 

• Focus Quality 
• Off Axis Aberrations 

• Scatter 
• Intensity Centroid Location 
• Intensity Map 
• Cross Axis Coupling 

• Cleanline~s Effects 

• Calibration Coefficients 

• Pointing Accuracy 
• Performance Sensitivity to 

Time of Day (Short Term) 
Ambient Wind 
Ambient Temperature 
Solar Loading (Including thermal differentials produced by 

shading and blocking) 
DaytoDay (Long Term) 

Control Parameters: 
• Return to Stowage in 15 minutes 

• Emergency Defocus - 0.05 rad (3 degrees) in 12 seconds 
• Frame Position Command Scale Factor and 

Uncompensated Nonlinearity 

Electronics Parameter Characterization 

Structure deflection as a function of ambient wind (steady 
State dnd yusts) 
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Collector Subsystem 

Engineering Model Test Plans and Data 

ANALYSIS OF MIRROR MODULE TEST DATA 

The plywood mirror module served as an adequate vehicle for test 
technique development. The variable focus mirror module requires 
further evaluation and the Parsons build up mirror modules are 
exhibiting satisfactory performance. 

To date four mirror modules have been tested. The results of these 
tests are summarized in the tabulation. Raw data •is included in 
Appendix 11. 1 

MMl served as a vehicle for developing th'e techniques to be employed 
in tesfing the remaining mirror module!:i. Euv.iron.mental exposure, 
that is, primarily temperature and moisture, created stress in the 
wooden frame which caused five of the nine mirror facets to fracture. 
Testing of this mirror module has been suspended. 

MM2 testing is currently in process. Further, contour measurements and 
redirected pattern studies are planned. The low intensity of the re­
directed image when testing at the 339m (1112 ft) range has hindered 
focus pattern studies. This phenomenon is a function of mirror area, 
that is, 3.3 m2 (36 sq ft) as opposed to the baseline 10m2 (108 sq ft) 
mirror, and the low reflectance of the 4.8 rrun (0.19 in) glass. 

Limited testing of the mirror modules supplied by Parsons has been 
accomplished. These mirror modules are performing well. 
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, Parameter 
Focal Length 

Redirected Image Shape 

Contour Deviation 
Manufacturing 
Accuracy and Short 
Term Aging 

' G-Sens it i vity 
Wind Sensitivity 
(Simulated Load) 

Solar Load 
Sensitivity 

Weight 

ENGINEERING MODEL MIRROR MODULE TEST DATA SUMMARY 
~ M i r r o r r~ o d u 1 e 

M~11 MM2 MM3P (SN POl) MM3P (SN P05) 
<30l!.8m,)OOO ft) over- Variable Close to nominal Close to nominal 
all 152.4-182.9m .(500 342.9 m (1112 ft) 342.9 m (1112cft) 
600 ft) along axle· 
>304.8m (1000 ft) -

norrral to axle 

Per analytical model Per analytical Per analytical model TBD 
as modified by con- model 
tour deviation 

2 to 1 d=viation 0.53 em (0.021 0.0381 em (0.015 inch) 0.0889 em (0.035 
after 2 month natural inch) max de- max deviation (52 inch) max devia-
environment exposure viation (9 data points) · tion (52 data 

data points) points) 
No data TBD TBD TBD 
No data - mirror TBD 0.020 em (0.008 i~ch) TBD 
fractured while max deviation at 4.75 
attempting I g/m2 (2 lbs/sq ft) and --

' -meast.rement no full solar load. 
(22 data points) 

' 
0.015 em (0.006 >0.0762 em (0.030 TBD See wind sensitivity 

inch) inch) max devia-
ti on parti a 1 to full 
solar load (11 
data points) 

381.8 kg (842 lbs) 510 kg 301.5 kg (665 lbs) 316.5 (698 lbs) 
(1125 lbs) 



Collector Subsystem 

Experimental Model Test Plans 

OBJECTIVES OF THE TEST PLANS 

A comprehensive plan has been prepared to insure satisfaction of the 
experimental model test objectives. 

Consistent with definition of the engineering model test program, a 
document titled, Solar Collector Subsystem Experiemental Model Plan, 
No. 576-13699, 3 May 1976, has been prepared. This document 
establishes a plan to control the test process for the experimental 
model heliostats. 

' 

'Three experimental model heliostats will be assembled during the CSRE. 
These heliostats and associated mirror modules will be built in the 
configuratibn(s) approved at DDR. 

;Testing these heliostats per the experimental model plan will yield 
data as shown on the 'chart. · 
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EXPERIMENTAL MODES 
TEST OBJECTIVES 

------
~ 

GATHER DATA IN SUPPUHT OF: 

0 
0576- 1 29 

• CONFIRMING FEASIBILITY AND PERFORMANCE OF HELIOSTAT 
AND CONTROL SYSTEM 

• UPDATING PILOT PLANT PRELIMINARY DESIGN 

• SUPPORT ELEMENT EVALUATION 

• OPERATING INSTRUCTION VALIDATION 

• ANALYSIS BY OTHER AGENCIES 
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Collector Subsystem 

Experimental Model Test Plans 

HIGHLIGHTS OF EXPERIMENTAL MODEL TESTING 

The experimental test program through evaluation of mirror module 
samples, mirror modules, and three heliostats under natural and 
induced environments will yield an adequate performance evaluation 
of the Collector Subsystem. 

The more significant operations inherent to the experimental model 
heliostat and mirror module test program are identified in the 
illustration. Highlights of this sequence are: 

• Pre and post heliostat installation test of a minimum of two 
mirror modules to evaluate consistency of manufacturing 
processes and effects of environmental exposure and aging. 
These mirror modules will be evaluated in the same manner 
as those for the engineering model. 

• Heliostat assembly and alignment. This operation will be 
performed in the same manner as it was performed for the 
engineering model heliostat, except as follows: 

- Concrete foundations rather than trailer 

- Survey and frame axis alignment normal to LOS 

- Test qnmplP mirror modules installed in inner and outer 
positions 

- Initial measurements for foundation stability evaluation 

- Toe-in angles set for LOS slant range as follows: 

Field LOS mr/deq (Toe in Angle) 
Location Range (m/ft) Inner Outer 

N 147/482 8.64/0°29'42" 25.9/1°29'06" 

~ 24G/80G 5.17/0°17'17" 15.5/0°53'20" 

s 314/1030 4.04/0°13'54" 12.1/0°41'42" 

• Functional checkout of heliostat elements performed in same 
manner as engineering model heliostat. 
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• Periodic performance evaluation of each heliostat to establish 
a performance baseline and determine the residual effects from 
use and environmental exposure. 

• Extended daily operation of each heliostat to evaluate day to 
day performance and develop the heliostat calibration technique. 

• Induced thermal forcing function testing to evaluate inf~uence 
on pointing accuracy and redirected pattern shape. 

• Wind testing to evaluate steady state wind influences on pointing 
accuracy and pattern shape. 

• Evaluating ·Of minor module samples representative of reflector 
and support structure materials and processes under extended 
natural envirpnrnental exposure. 

Completion milestone dates for each operation are also shown in the 
illustration. 

The safety, quality assurance and customer involvement considerations 
outlined for the engineering model test program also apply to the 
experimental model test program. 

Instructions covering normal operation will be validated during the 
test program. 

Extrapolation techniques will be applied to relate actual test results 
over the actual exposure range to predict results over the application 
range,. 

Computer programs will be employed to predict mirror module and 
heliostat redirected pattern shape as a function of sun, reflector and 
target geometry. Test results will be compared to analytical findings. 
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EXPERIMENTAL MODEl OPERATION SEQUENCE AND SCHEDULE 

0576-449 

EXTENDED 
---+ DAILY 1-- - / 

OPERATION 

11/19 

M I RRDR MOD ,.. MIR~OF MOD t- r-+ 1--
TESr C2 MIN) TEST (2 Ml N) 

£ 23 ·~ THERMAL TEST 
12/14 

~ 

~ L. • . 11/13 r---1 L. 
HELlO ASSY FUNCTIONAL PRE PERF POST PERF REPORT 

PROC & FAB 
AND ALl GN r---. CHECKOUT 

1-- .~ PREP 
1-- EVALUATION EVALUATION r+ 

4TH MM 8."26 #1 9,'2 #1 9/6 #1 9/21 #1 11/12 12/20 
BTH MM 9.9 #2 9,'16 ' #2 9/20 #2 10/1 '---+ WIND TEST ~ #2 11/19 12TH MM 9. 23 

#3 9/30 #3 
OTHER A. R 

10/4 #3 10/15 #3 11/30 

11/12 

- MIRROR MOD 
i SAMPLE EVAL 

SAID IA 11/30 

SANDIA 

.. 
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Collector Subsystem 

Experimental Model Test Plane 

PERFORMANCE EVALUATION OF HELIOSTATS 

Periodic performance evaluation of the heliostat drive systems, optics, 
pointing accuracy and b~se stability establishes a baseline and enables 
detection of deviations from this baseline. 

These tests will be performed on each heliostat before, after and at 
appropriate intermediate intervals during extended daily operation, 
thermal test; and wind test to determine the residual effects from 
use and these environmental exposures. 

1. Characterize frame ahd mirror module drives. 

2. Recheck initialization switch adjustment and mirror module toe-in 
angles. 

3. Measure foundation stability. 

4. Operate in tracking mode from 1/2 hour after sunrise to l/2 hour 
before sunset. At 15 minute intervals offset point to reference 
grid on side of E-2 and photograph image. 

5. Determine pointing accuracy and pattern shape as a function of: 

' • Time of day (short term) 

• Ambient environment 

6. At the completion of the final performance evaluation test, inspect 
the heliostat for the combined residual effects of natural wind, 
humidity, rain, dust, salt air, sand, electric storms, etc. 
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EXPERIMENTAL MODEL 
HELIOSTAT PERFORMANCE EVALUATION TEST PLAN 

CONFORMANCE TO DESIGN DOCUMENTATION 

COMPONENT WEIGHTS 

FUNCTIONAL INTEGRITY 

DRIVE SYSTEMS: 

e GIMBAL TRAVEL RANGE 
e TURNING RATE (HI & LO) 
e FRAMECG TRIM 
e MIRROR MODULE/DRIVE CG TRIM 
e TORQUE CAPABILITY (LOADED) 
e BACKLASH, CRANK ARM PLAY & BEARING RUNOUT/FIT 
e ENCODER ANGULAR ACCURACY 
• CONTROL LOOP DYNAMIC RESPONSE, STABILITY, RESONANCES 
e SELF INDUCED VIBRATIONS 
• FRAME POSITION COMMAND SCALE FACTOR & UNCOMPENSATED NONLINEARITY 
e POWER CONSUMPTION AS A FUNCTION OF: 

GIMBAL ANGLE 
MODE 
AMBIENT WIND 

REDIRECTED IMAGE POSITION & SHAPE FROM 1/2 HOUR AFTER SUNRISE TO 1/2 
HOUR BEFORE SUNSET FROM THREE FIELD LOCATIONS: 

e FOCUS QUALITY 
e OFF AXIS ABERRATIONS 
• SCATTER 
e INTENSITY CENTROID LOCATION 
e INTENSITY MAP 
• CROSS AXIS COUPLING 
e CLEANLINESS EFFECTS 
• CP.T.TRRATION COEFFICIENTS 
e POINTING ACCURACY 
• PERFORMANCE SENSITIVITY TO 

TIME OF DAY (SHORT TERM) 
AMBIENT WIND 
SOLAR LOADING 
DAY TO DAY (LONG TERM) 

FOUNDATION STABILITY 

INITIALIZATION SWITCH AND MIRROR MODULE TOE-IN ADJUSTMENT STABILITY 

8 COMBINED EFFECT OF NATURAL WIND, HUMIDITY, RAIN, DUST, SALT, AIR, SAND, 
, EL~CTRICAL STORMS, HAIL, WEAR, AGING. 

'· 
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Collector Subsystem 

Experimental Model Test Plans 

HELIOSTAT EXTENDED DAILY OPERATION 

The heliostat calibration technique can be effectively evaluate~ and 
refined by collecting and analyzing compensation data for north, east 
and south field heliostats over a two-month interval. 

These tests will be performed on each heliostat to evaluate day to day 
performance and develop the heliostat calibration technique. The 
photodetector array and weather station will be relocated periodically 
to service each heliostat in turn. 

1. Operate the heliostat serviced by the photodetector array in 
the closed loop tracking mode from 1/2 hour after sunrise to 
1/2 hour before sunset. 

2. Evaluate pointing correction data to refine the calibration com­
pensation model to reduce the combined effect of at least the 
following systematic error sources: I 

• Foundation settling and shifting 
• Mirror module normal not perpendicular to inner axis 
• Stub shaft coning 
• Outer axis alignment 
• Non-orthogonality of inner and outer axle 
• Ball screw 
• G~dL 
• Encoder error 

3. Further evaluate the day to day pointing correction da~a to 
determine if a periodic pattern exists. If a cyclic pattern 
exists, refine the calibration compensation model to ~educe 
this source of pointing error or isolate and correct the error 
cause. 

4. In conjunction with items 2 and 3, determine the calibration 
interval required to maintain acceptable pointing accuracy. 

5. From intensity maps reduced from the data collected in item 1, 
determine adequacy of toe-in adjustment and optics quality. 
Readjust toe-in if indicated. 

6. Operate the remaining heliostats in the open loop tracking mode 
from 1/2 hour after sunrise to 1/2 hour before sunset, maintaining 
the redirected image on the appropriate side of E-2. Input nor-
mal pointing corrections, if required. Periodically photograph • 
the redirected image. From these pattern photographs, determine 
adequacy of toe-in adjustment and optics quality. , 
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EXPERIMENTAL MODEL 
HELIOSTAT EXTENDED DAILY OPERATION 

TEST PLAN 

Closed loop tracking from 1/2 hour after surtrise to 1/2 hour before 
sunset from three field l·ocations for approximately two months: 

• Systematic Error Compensation 
• Periodic Error Compensation 

Solar Load Sensitive 
Ambient Temperature Sensitive 
G-Sensitive 

• Pattern Shape 
Off Axis Aberrations 
Cross Axis Coupling 
Toe-In Adjustment 

• Calibration Interval 
• Calibration Array Size 
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Collector Subsystem 
\ 

Experimental Model Test Plans 

HELIOSTAT THERMAL TEST 

Evaluation of heliostat performance in terms of pointing accuracy and 
redirected image shape while exposed to natural and induced thermal 
environments will provide a basis for predicting heliostat performance 
over the application temperature range. 

While each operating heliostat in turn will be locally monitored by the 
meteorological station to establish correlations between thermal condi­
tions and performance, a single helidstat will be subjected to the more 
rigorous thermal.evaluation described below: 

1. Install thermocouples at appropriate locations on the heliostat 
structure to monitor temperature gradients across thermally 
sensitive members, as weli as ambient conditions. 

2. Operate the heliostat in the closed loop tracking mode. 

3. Induce thermal forcing functions using selected heating with 
thermal blankets, transient induction by sun shade remove or 
other appropriate technique. 

4. Evaluate the data to determine the effect on pointing accuracy 
and pattern shape of: 

• Ambient temperature 

• Thermal gradients 

• Differential thermal time constants 

• Solar isolation 

• Cloud passage , 

5. If indicated, investigate improving thermal performance using 
techniques such as selective paint color, insulation and 
screening. 
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EXPERIMENTAL MODEL 
HELIOSTAT THERMAL TEST PLAN . 

Closed loop tracking with induced thermal forcing 
functions to evaluate influence on pointing accuracy 
and pattern shape of: 

• Ambient temperature 

• Thermal gradients 

• Differential thermal time constants 

• Solar isolation 
\ • Cloud passage 
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Collector Subsystem 

Experimental Model Test Plans 

HELIOSTAT WIND TEST 

' 
Evaluation of heliostat performance in terms of pointing accuracy and 
redirected image shape while exposed to natural wind environments will 
provide a basis for predicting heliostat performance in the application 
environment. 

Data recorded by the National Oceanic and Atmospheric Administration at 
the Tampa International Airport indicates that natural wind sustained 
velocities sampled over a one minute interval reached the 11.2 to 13.0 
m/s (25 to 29 mph) range on nine separate days during the May 1975 to 
February 1976 time frame. ,This weather station, located approximately 
24,000 m (15 miles) from the CSRE test site, records data representative 
of the natural environment anticipated during experimental heliostat 
testing. 

Each operating heliostat in turn will be locally monitored by the 
meteorological station to establish correlations between wind conditions 

. ' 
and performance. 

1. Operate the heliostat in the closed loop tracking mode. 

2. Evaluate the data to determine the effect on pointing accuracy 
and pattern shape_ of: 

• Wind velocity 

• Wind direction with respect to major axes 

• Mirror module and frame attack angle. 

' 
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EXPERIMENTAL MODEL 

HELIOSTAT WIND TEST PLAN 

CLOSED LOOP TRACKING WITH NATURAL WIND TO EVALUATE INFLUENCE ON 
PQINTING ACCURACY AND PATTERN SHAPE OF: 

• STEADY STATE WIND VELOCITY 

• WIND DIRECTION 

• FRAME ATTACK ANGLE 

• MIRROR MODULE ATTACK ANGLE 
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Collector Subsystem 

Experimental Model Test Plans 
1 

TEST OF MIRROR MODULE SAMPLES 

Evaluation of the optical properties of small samples representative 
of mirror module reflector will provide a basis for predicting 
mirror module optical performance. 

Samples representative of mirror module reflectors and support struc­
ture materials and processes will be subjected to extended natural 
environmental exposure to determine the residual effect of the envir­
onments and aging, as follows: 

1. Fabricate reference and test samples. 

2. Evaluate samples to determine: 

• Total spectral reflectance 

• Adhesion 

• Off axis scatter 

3. Retain reference samples in a protected benign environment. 

4. Expose the test samples to normal environment. 

5. Periodically reevaluate both reference and test samples to 
measure changes in Item 2 parameters. 

The tabulated reflectance data was measured at ERC. Spectral reflec­
tance plots for each test sample are included in Appendix 10. 
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SPECTRAL REFLECTANCE 

Cary 14 Spectrometer ~·i th Tungsten Source 
MIRRORED GLASS REFLECTORS 

!Perf Ref R (%) 
Group No. Composition Manufacturer 

9 0.0071 em (0.028 inch;, 2nd ASG Glass/ 96 
1 surface. silvered, laminated Gardner Mirror 

glass reinforcement 
11 0.229 em (0.090 inch)'~ 2nd ASG Glass/ 96 

surface, silvered, low iron Gardner Mirror 
10 0.25 to 0.30 em (0.098 to 0~118 ASG Glass/ 92 

in), 2nd surface, s11vered Gardner Mirror 
2 8 0.0071 em (0.028 in),.2nd sur- ASG ·,~lass/ 86 

face, vapor deposited aluminum, Gardness ·Mirror 
laminated g"!ass reinforcement 

-
~ FILM REFLECTORS 

1 7 Chrome on 0.005 em (0.002 in) Coating Products, 93 
poJyester Inc. 

2 2 Oxidized SiO on alumi~um -Schjeldahl 88 
.•. 

.. - .. ~ .. 
~ 

1 Series ·,=mi t:ance tape Schjeldahl 82 

3 4 Type G4J05 0.005 em ~0.002 in) Schjeldahl 81 
aluminum on teflon, 2nd sJrface 

3 Gold on flexible plastic Schjeldahl 76 

5 G405600, Alu11inum - Mylar on Schjeldahl 66 
4 teflon 

6 UV screening Tedlar 01 DuP·Jnt 65 
metall ited Mylar 

(1) See Appendix 10 

Range 0.3 tQ 2.5 ~m 
(1.18 x 1o-7 to 9.84 x 1o-7 in) 

Visual Range / Infrared Range 
Wavelength R (%) Wavelength 
(~m/in) (~m/in) 

0.65/ 98 1. 7 I 
2.56 X 10-7 6.70 X 10-7 

0.55/ 94 1.6/ 
2.17 X 10-7 6.30 X 10-7 
0.50/ 84 1. 7 I 

10-7 1. 97 X 10-7 6. 70 X 

0.55/ 94 1.8/ 
10-7 2.17 X 10-7 7.09 X 

0.5/ 
10-7 

95 1.6/ 
1.97 X 6.30 X 10-7 

0.65/ 95 1. 3/ 
2. 56 X 10-7 5.12 X 10-7 

----. 
1 0, 65/ 98 2. 2/. 
2. 56 X 10-7 8. 66 X 10-7 
0.7/ 46(T 1. 7 I 
2.76 X 10-? 6.70 X io-7 
0.7/ 98 1.8/ 
2. 76 X 10-7 7.09 X 10-7 

0.65/ .... 84 2.2/ 
2.56 X 10-7 8.66 X 10-7 

0.7/ 88 2.2/ 
2.76 X 10-7 8.66 X 10-7 



Appendix 1 

HELIOSTAT POWER CONSUMPTION ANALYSIS 

MOTOR POWER FOR FINE TRACKING 

Based on the equations given in the section on the analysis for motor 
sizing, the following table shows the final motor conditions as a func­
tion of wind load for a one-step input where the LSB equals 1/2 VM 
maximum. 

Outer Axis 

Mech Watts 
TL Ft:...Lb eL Rad/Sec eL Deg/Sec WM Out Eff 6T Rise 

0 0.00411 0.2355 l. 48 0 0 7.4 

258 0. 003.57 0.2043 4.54 2.50 55% 22.7 

* 517 0.00302 0.1730 7.60 4.23 56% 38.0 

1000 0.00200 0.1147 13.32 5.43 41% 66.6 

Inner Axis ·---------

TL Ft-Lh AL Rad/Ser. AL OP.g/SP.r. WM 
Mech Watts 

Utit Eff t:.'l' J:{ise -··-
0 0.00411 0.2355 l. 48 0 0 7.4 

119 0.00348 0.1955 5.00 2.75 55% 25.0 

* 238 0.00285 0.1636 8.52 4.60 54% 42.6 

500 0.00147 0.0844 16.28 4.99 31 81.4 

*Full Load Condition. 

Note that at 0.5 full load conditions, ultimate slew speed for either 
axis is 0.2 degree/second. This value will be used as the final 
yalue for both axis. 

To calculate the motor power requirements from a zero starting speed, 
Table 1 is given. It shows the calculations for motor speed, current, 
power, accumulated travel, etc., as a function of time. Calculations 
are for a load= l/2 maximum load, final speed= 0.2 degree/second, 
a motor time constant of 13.3 ms and a VM = 1/2 VM maximum (LSB = 

• 1/2 VM maximum). 
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TABLE 1. MOTOR CONDITIONS FROM STARTUP FOR FINE TRACKING 

-t Shaft ---r3:""3 Ace 
1-e 

ms 
Shaft ·Travel Ace urn Cons Motor Supply 

I WM Time Fraction of Speed Travel M Power Power 2 X MP 
MS Full Speed DegLSec Arc-Sec Arc-Sec ----- Amps Watts Watt Sec Watt Sec Watt Sec 

0 0 0 

2 0.14 0.028 0.10 0.10 3.15 23.18 0.0464 0.0464 

4 0.26 0.052 0.288 0.388 2.81 20.63 0.0412 0.0876 

6 0.36 0.072 0.446 0.835 2.51 18.48 0.0369 0.1246 

8 0.45 0.09 0.583 1. 418 2.26 16.62 0.0332 0.1578 

10 0.53 0.106 0.705 2.124 2.03 14.95 0.030 0.188 

12 0.59 0.118 0.806 2.93 1. 84 13.58 0.027 0.214 

14 0.65 0.130 0.893 3.823 1. 67 12.41 0.025 0.2397 

16 0.70 0.14 0.972 4.795 1. 54 11.33 0.023 0.262 

l!l 0.74 0.148 1. 037 5.832 1. 42 10.44 0.021 0.283 0.566 

20 0.78 0.156 1.094 

'·"] 22 0.81 0.162 1.145 8.07 ..-0.01 Sec 

24. 0.83 0.166 l.l!ll 9.25 1.13 8.29 0.083 0.366 0.732 

26 0.85 0.170 1. 21 10.46 

28 0.88 0.176 1. 245 11.70 

30 0.90 0.18 1. 28 12.981 32 0.91 0.182 1. 30 14.29 ..-0.01 Sec 

34 0.92 0.184 1. 32 15.60 0.899 6.53 0.065 0.431 0.862 

36 0.93 0.186 1. 33 16.94 

38 0.94 0.188 1. 35 18.29 

!J·O 0. gO) 0.19 1. JG 19.G~ 

42 0.96 0.192 1. 37 21.0 ..- 0. 012 Sec 

44 0.96 0.192 1. 37 22.40 

46 0.97 0.194 1. 39 23.79 0.768 5.64 0.68 0.499 1.0 

48 0.97 0.194 1. 40 25.18 

'iO 0.98 0.196 1. 40 26.6 

'"-2 ms 1.0 0. 2 1. 44 0.675 4.96 0.00984 

0.72 
0.675 4.96 0.00496 arc-sec 

ms 

• 
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Step Size= 81 arc-seconds. 81 arc-seconds - 26.6 arc-seconds left to 
be at full speed. 

54.4 arc-sec = 75 5 0.72 arc-sec .· ms. Total step time= 50 + 75.5 = 125 ms. 

Total motor power= 0.499 watt/sec+ (75.5 ms) 0 · 004 96 watt/sec 
msec 

0.499 + 0.371 = 0.870 watt seconds/step. 

Power Supply power = 2 x 0.870 = 

Convert to degrees. 

Supply power =(1.74 watt sec) 
81 arc-sec 

= 77.37 watt sec 
degree 

In terms of watt hours/degree 

Supply Power = 

77.37 watt sec 
degree 
3600 sec 

hour 

1.74 watt secondsjstep. 

(
3600 arc-sec ) 

degree 

= 0.0215 watt hrs/deg 
For 90 degree tracking ' 

(
0.0215 watt hours) Supply Power = degrees 

= 1.93 watt hours 

In terms of current this is 

Amp hours = 1. 93 watt hours 
24 volts 

90 degrees 

= 0.0806 amp hours/90 degrees 

MOTOR POWER TO SLEW 

= 

Table 2 shows the motor conditions from startup for the slew mode for 
the conditions of load= l/2 maximum load, and final speed= 0.45 
degree/second. 

1-3 



TABLE 2 . MOTOR CONDITIONS FROM STARTUP FOR SLEW CONDITIONS 

-t Shaft Accum 
1-e 

IT:""! ms Shaft Travel Accum Con sum Motor 
Time RC=13. 3x1o-3 Speed (Av Vel)T Travel IM WM Power Power 

MS Fract Speed Deg/Se~ Arc-Sec Arc-Sec ~pS· Watts Watt Sec Watt Sec 
-·-·------ ---

2 0.14 0.063 0.227 0.227 6.26 92 0.184 0.184 

4 0.26 0.117 0.648 0.875 5.48 80.6 0.161 0.345 

6 0.36 0.162 1. 00 1. 875 4.82 70.9 0.141 0 .. 487 

8 0.45 0.202 1. 31 4.185 4.25 62.6 0.125 0.612 

10 0.53 0.24 1. 59 5. 775 3.74 54.9 0.11 0.722 

12 0.59 0.26 1. 80 7. 575. 3.35 49.2 0.098 0.820 

14 0.65 0.29 1. 98 
\ 

9. 5'55 3.01 44.3 0.088 0.908 

16 0.70 0,.31 2.16 11.17S 2.60 39.4 0.077 0.907 

18 0.74 0.33 2.30 14.105 2.41 35.5 0.071 1.05 

20 0.78 0. 3.5 2,52 16.535 

22 0.81 0.36 2.55 19.085 }-o. 01 Sec 

24 0.83 0.37 2.62 21.705 1. 74 25.7 0.257 1. 31 

26 0.85 0.38 2.70 24.405 

28 0.88 0.39 2. 77 27.175 

30 0.90 0.40 2.84 30.015} 
32 0.91 0.41 2.91 32.925 -0.01 Sec 

34 0.92 0.41 2.95 35.875 1. 21 17.88 0.179 1. 49 

36 0.93 0.42 2.99 38.865 

38 0.94 0.42 J.U:.I 4!. ~~~ 

40 0.95 0.43 3.06 44.945 

42 0.96 0.43 3.10 48.045 -0.012 Sec ·; 

44 0.96 0.43 3.10 51.145 0.88 12.98 0.156 1. 65 

46 0.97 0.44 3.13 54.275 

48 0.97 0.44 3.17 57.445 

50 0.98 0.44 3.17 60.615 

!i2 0.90 0.44 3.17 63.310 --0.013 Sec 

54 0.98 0.44 3.17 66.515 

56 0.98 0.44 3.17 69.690 

58 0.99 0.4!i 3.24 72.93 0.683 10.05 0.131 l. 78 

60 0 qq n. 4'i 1.24 76.17 

62 0.99 0.45 3.24 79.41 

64 0.99 0. 45 3.24 82.65 

• 
·-
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If in the command set we had a total of 15 81 arc-second steps, the 
final 14 would be metered out at the maximum rate of 0. 45 degree/ sec •.. 

(81 arc-seconds) 14 = 1134 arc-seconds 

0.45 d~gree/second = 1620 arc-seconds/second 

To meter out the final 14 would require 1134 arc-sec= 0.7 sec 
1620 arc-sec 

sec 

To meter out the total 15 would require 0.700 + 0.06 = 0.760 second. 

Power to deliver 14 would be (10~05 watts) (0.70 sec) = 7.035 watt sec. 

Power requir~d to deliver 15 would be 7.035 + 1.78 = 8.815 watt sec 
. · 8.Bl5 watt sec 

which 1s 12~1=5-----------arc-sec 

Per degree it is: ( 
8. 8_15 watt sec ) 
1215 arc-sec 

3600 arc-sec 
degree 

26.12 watt sec = --deg 

In watt hours it is: 26.12 watt sec 0.007255 watt hour 
= 

3600 deg sec I degree 
hr 

0.007255 watt hr 3.023 X 10- 4 Am:e hours 
= 24 volt deg degree In Amp hours it is: 

If we were to do an emergency slew controlled by the heliostat, that 
is, avoid the start stop every second using the computer, a little 
less power would be required. We would essentially run at the 10.05 
watt level all the time except for one start up power level of :::::: l. 5 
watt second. 

At 0.45 degree/second which is 1620 arc-second/second, one degree 
would require 

3600 arc-sec 
deg 

1'620 ·arc-sec 
sec 

= 2.22 Sec 
deg 

At 10.05 watts, this is (10.05) 2.22 = 22 ·3 1 watt sec 
degree 

which is 0.006197 watt hours/degree which 
degree . 

-3 is 2.58 x 10 amp hours/ 

For a 180 degree slew, this would amount to 

0. 006197 WH 
Power = (180 degrees) degree 

1-5 

+ 1. 5 watt sec 
sec 

3600 Hr 



= 1.115 watt hours 

= 0.0465 amp hours 
' 

For a 270 degree slew power would be 

Power = ( 2 7 0 ) ( 0 . 0 0 619 7 ) + 0 • 0 0 0 416 

= 1.6736 ~att hours 

0.0697 amp hours 

In summary, 

Power at 1/2 load during fine tracking = 0.0215 watt hour/degree 

Power at 1/2 load during comp cont slew= 0.00775 watt hour/degree 

Power at 1/2 load during Helio copt slew= 0.006197 watt hour/degree 

FIXED POWER ESTIMATES FOR HELIOSTAT ELECTRONICS 

2 The following estimates assume the ~se of low power Schottky T L. 

1. Communications Interface, 1 pe+ system 

(est) 1.1 Line Receiver 
1.2 U.l'.RT 

Total per subsystem, system 

2. Osc and Clock Generator, 1 per system 

(est) 2.1 Flip-Flops (8) 
2.2 Assorted Gate Chips ( 3) 

Total per subsystem, system 

3. Counter Control, Up/Down Counter, 
2 per system 

(est) 3.1 4 bit up/down counters ( 2) 
3.2 Assorted Chips nol 
Total per subsystem 
Total per system 

4. D/A Converters, 2 per system 

4.1 Burr Brown DAC-80 (1) 

Total per subsystem 
Total per system 

1-6 

+5V 
rna 

10 
20 

30 

32 
11 

43 

30 
36 

6n 
132 

20: 

20 
40 

+15V 
ma 

0 
0 

0 

0 
0 

0 

0 
0 

0 
0 

25 

25 
50 

-15V 
rna 

0 
7 

7 \ 

0 
0 

0 

0 
0 

0 
0 

25 -
25 
50 

+24V 
rna 

0 
0 

0 

0 
0 

0 

0 
0 -
0 
0 

0 -
0 
0 

• 



.. 
5. Scaling and Threshold Amp, 2 per system 

5.1 Op Amps (3) 
5.2 Bias Resistors 

Total per subsystem 
Total per system 

6. Pqwer Amp, 3 per system 

6.1 "OFF" 
6 .1.1 

6 .1. 2 

Condition 
Leakage, Power 
Transisto:cs ( 4) 
Op Amps (2) 

Total per subsystem 
Total per system 

6.2 "ON" Condition r 

+5V 
rna 

0 
0 

0 
0 

0 
0 

0 
0 

6.2.1 RB Output switch (1) 0 
6.2.2 RB Output Switch 

driver (1) 0 
6.2.3 RB Output Linear 

Output Trans (1) 0 
6.2.4 Quasi Linear Driver IC 

(1) 0 
6. 2. 5 Op Amps ( 2) 0 
6.2.6 Leakage Power Trans (2) 0 

+15V 
rna 

-15V 
rna 

5.25 5.25 
0.15 0.15 

5.4 5.4 
10.8 10.8 

0 
3.5 

3.5 
10.5 

0 

4 

0 

0 
3.5 
0 

0 
3.5 

3.5 
10.5 

0 

0 

0 

0 
3.5 
0 

-24V 
rna 

0 
0 

0 
0 

8 
0 

8 
24 

10 

0 

16 

4.6 
0 
4 

Total per subsystem 
Total per system 

0 
0 

7.5 
22.5 

3.5 34.6 
10.5 103.8 

7. Encoder, 3 per system 

7.1 Optical Pair Bias (2) 
7.2 Assorted gates and 

Inv chips (4) 
7.3 One Shots (6) 
7.4 op Amps (2) 

Total per subsystem 
Total per system 

8. Manual Controller 

(est) 8.1 UART (1) 
8.2 Associated Logic Chips (4) 

Total per subsystem 

Fixed System Totals 
Power Amp Off, No Manual Controller 

1--7 

0 

7.4 
66 

0 

10 

0 
0 

10.2 

73.4 20.2 
220.2 60.6 

20 
14.4 

34.4 

0 
0 

0 

465 131.9 

2.325 2.025 

0 

0 
0 
8.2 

8.2 
8.2 

"l 
0 

7 

93.5 

1. 41 

0 

0 
0 
0 

0 
0 

0 
0 

0 

24 rna 

0.576 w 



Low voltage power totals = 2.325 + 2.025 + 1.41 = 5.76 watts-

Assume 40 percent conversion efficiency, low voltage power requirements 
at battery levels= 5.76/0.4 = 14.4 watts. Including 0.576 watts for 
power amp leakage, total fixed power = 14.4 + 0.576 + 14.98 Power Amp 
"ON" power. During slew on a per amplifier basis, 

+15V power = (0.0075) 15 = 0.1~25 watt 
-15V power= (0.0035) 15 = 0.0525 watt 

Total 0.165 watt 

At 40 percent efficiency, batt~ry drain= 164/0.4 = 0.4125 watts. +24V 
power= (0.0346) (24) = 0.83 watt. ro this add 10 percent of slew 
power for Amp Sat or 1 watt. Total pqwer amp power during slew = 
0.41 + 0.83_+ 1.0 = 2.24 watt$. 

_ 1 degree -4 · 
Gimbal slew time/degree- = 2.2 sec/deg = 6.17 x 10 hr/deg. 

0.45 de!g 
sec 

Amp power for one degree on inner axis 
lamp. 

-
= (2.24 watts) ( 6.17 x 10-

4 hr) 
Amp · degree 1 amp 

I 

1.328 x 10- 3 watt hours = degree 

Total power to slew inner axis = 0.00725 + 0.001382 = 0.00863 watt 
hoursjdeg. Amp power for one degre,e on outer axis is 2X inner (2 amps) 
ur 

2 x 1382 x 10- 3 watt hrs 
degree = 2.764 x 10- 3 watt hrs 

degree 

Total power to slew outer axis = Q.00725 + 0.002764 = 0.0100 watt 
hour/degree. 
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HONEYWELL INC. 

Aerospace 0 i vision 

CSRE 
DETAil SPECIFICATION NUMBER YG 8112Al 

COLLECTOR.SUBSYSTEM RESEARCH EXPERIMENT 

SCOPE 

This specification establishes the performance, design, 
development, and test requirements for the Collector Sub­
system Research Experiment (CSRE) • The CSRE is an experi­
mental system of computer controlled tracking reflectors 
used to determine focusing and pointing capabilities. A 
photo detector array ~s included along with computer software 
and peripherals. 

APPLICABLE DOCUMENTS 

The following documents, of latest issue form a part of this 
specification to the extent specified herein. In the event 
of r.onflir.~ hP.~WP.P.n ~he documents referenced herein and the 
contents of this s·pecification, the contents of this speci­
fication shall be considered a superseding requirement. 

a. Interstate Commerce Commission Shipping Standards and 
Regulations. 

b. Standards of the American Institute of Steel Construction. 

c. Specifications for Aluminum $tructures of the Aluminum 
Association. 

d. American Concrete Institute Standards. 

e. Standards of the National Electrical Manufacturing 
Association . 

F12. PT-0136 (671) Rev. c Page _L of 13 · 
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3.1 

HONEYWELL INC. 

Aerospace Division 

CSRE 
DETAIL SPECIFICATION NUMBER YG 8112Al 

REQUIREMENTS 

Collector Subsystem Research Experiment Definition 

The CSRE shall consist of1 an array of 4 heliostats to reflect 
the solar rays to a simulated receiver. The basic heliostat 
design requires a reflective surface which is mounted on a 
tracking support such that solar rays will be reflected onto 
a simulated fixed receiver continuously during sunlight 
hours. The heliostat may employ sensors, electronics, and 
drive mechanisms as required to direct the reflected rays 
of the sun onto the simulated receiver as well as provide 
auxiliary functions for other modes of operation and non­
operational positionings. A design goal is that all helio­
stats be interchangeable regardless of position in the 
concentrating field. 

A central computer controller, software, ·and associated peri~ 
pherals provides computation of apparent sun position, 
~roooea:::ing of· phot:6 detector arra.y da l.a, ht:liu:.:i La L ~uHuuaml 
~nstructions, mode control, and control of heliostat 
communications. · 

Grid mounted photo detector array provides for periodic 
calibration of the heliostat and re-directed image mapping 
by relaying beam intensity data to the control computer. 

Components of the experimental system are as follows: 
\ 

a. LG 8016Al 

b. BG 8251Al 

c. LG 8015Al 

F12. PT~136 (671) 

Heliostat - An assembly of tracking solar 
reflectors mounted on a common set of two 
de~ree-of-freedom gimbals with drive 
trains, motors, and motor control electronics 

Computer, Heliostat Control -A central 
processor with associated peripheral equip­
ment used to command heliostat to specified 
pointing vectors. 

I 
Photo Detector Array - A set of detectors 
used to measure heliostat re-directed beam 
intensity. This device functions both as a 
receiver simulator and calibration array. 

Rev. C Page ..2.._ of 13 

2-4 

• 



HONEYWELL INC. 

Aerospace Division 

CSRE 
DETAIL SPECIFICATION NUMBER YG 8112Al 

\ 

3.1.1 

3.1. 2 

3.1.2.1 

3.1.2.2 

d. QG 8172Al 

e. 

Software, Heliostat Control - A set of 
computer programs and subroutines used to 
command a heliostat and provide interface 
for operator and other equipment. 

Support Services - The equipment, facilities, 
and instrumentation required for the 
experiment. 

Collector Subsystem Research Experiment Diagram 

Figure 1 shows a functional diagram of heliostats of the CSRE 
and its interfaces with the other subsystems. 

Interface Definition 

The interfaces between the Collector Subsystem and other 
subsystems are as follows. 

Collector Positioning/Sun Movement/Receiver 

Heliostat positioning during normal operations shall continu-
ously or incrementally follow the sun and adjust the attitude 
of the reflective surfaces to position the reflected image 
on the receiver. Normal operations are defined as operation 
in the tracking mode during the time interval between one­
half hour after true. sun-rise and one-half hour before true 
sun-set. 

Collector Controls/Muster Controls 

Heliostat controls shall be responsive to signals from a 
master control system. 

C:o 11 P.c:t.or Fo\mdation/Si te 

Heliostat support.structure/foundations shall be designed 
and installed to maximize experimental data and yet not de­
grade the Collector Subsystem performance, Paragraph 3.2.1, 
while operating in anticipated experiment environments. 

F 12. PT....{) 1 36 ( 6 7 1 ) 
Rev. C Page 4 of 13 

2-5 



I 

·~'----------------------------------------~------~ 

I 

HONEYWELl INC. 

Aerospace Division 

CSRE 
DETAIL SPECIFICATION NUMBER YG 81 t 2A l 

Photodetector 
Array , 

; 

L------··-··-···-·j 

Mag 
Tape 

Teletype­
writer 

Weather 
Irstrumen ta tion 

Eng. \ 
Model . j 

Heliosta"o/ 
/ 

-' 

I.E . ..., Interface Electronics 

F12. PT-0136 (671) 

RS232C 
I/0 

Mini 
computer 

...... 

ExJ:>eri. \ 
Heliostat) 

/ 
_/ 

Field power to all 
heliostats - 115V 60 cycle 

v· ~ 
Q· ~-Experi. \ 

Heliostat) 

/ 

COLLECTOR SUBSYSTEM RESEARCH 
EXPERIMENT INTERFACES 

FIGURE 1 
Rev. C Page~ of 13 
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CSRE 
DETAIL SPECIFICATION NUMBER YG 8112Al 

3.1.2.4 

3.2 

3.2.1 

Collector Subsystem/Prime Power 

The CSRE shall be supplied with 115V rms, 60 Hz, single 
phase prime power. 

Characteristics 

Performance 

The heliostats shall reflect the direct insolation as pro­
jected on the heliostat onto the receiver simulator, shall 
permit .. modifications to adjust power loads, and shall be 
rapidly controllable for emergency defocusing or stowage 
in the event of need. 

a. Reflective surfaces shall direct 95% of the re-directed 
insolation into the simulated receiver cavity with a 
3.5 x 7.0 meter pattern measured perpendicular to the 
beam between 10 AM and 2 PM only, at a slant range of 
1100 ft. The reflectance of the surface shall be as 
high as practical with a goal of 90% of the direct re­
flectance when measured by Cary Model 14 reflectometer 
or equivalent equipment. The surface life .shall be 
sufficient to satisfy needs of research experiment. 
Total heliostat reflector area shall be approximately 
40 m2. 

b. Structural support shall be consistent with the require­
ments ot Paragraph 3.2.5. 

c. The drive system shall adjust the position of the reflect­
ive surfaces to achieve specified receiver solar flux 
pattern throughout daily and seasonal variations. As a 
goal, the per axis pointing, tracking, or following 
accuracy shall be two milliradians (1 o) in the presence 
of the environmental disturbances defined in Paragraph 
3.2.5. The drive shall have capability for survival, 
defocusing and maintenance operations that will allow 
reflective surfaces to be placed in stowage within 15 
minutes and remove solar flux from the receiver within 
l2 seconds for 3 degree travel. 

F12. PT-0136 (671) 
Rev. C Page~ of 13 
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HONEYWELL INC. 

Aerospace Division 

CSRE 
DETAIL SPECIFICATION NUMBER YG 8112Al 

3.2.2 

d .. The Control System shall provide for all required 
operating modes which may include but are not necessarily 
limited to: 

1. Initialization 
2. Offset pointing 
3. Tracking or following 
4. Emergency shutdown 
5. Manual control of single units 
6. Fail Safe 
7. Return to stowage 
8. Limit control 
9. Calibration and check-out 

e. The local heliostat controls shall meet applicable 
standards and be installed in suitable weathertight 
enclosure. These controls shall include limit of gimbal 
travel, and gimbal initialization attitude, as well as 
the logic to self command, the stowage mode, and gimbal 
drive inhibit:.. 

f. A suitable foundation design shall be provided for the 
proper stable support of the components of all heliostats. 

Physical Characteristics 

a. 'l'he maximum heliostat weight shall be less than 5 tons 
but will be governed by cost, transportation and ser­
vicing constraints, structural requirements, and power 
consumption of the drive components. 

b. Shape limitations will be constrained only by the 
collector field layout, shadowing and blocking restraints, 
and servicing functions. 

c. The heliostat design shall provide a specified stored or 
"safe" position(s) which may be used during periods of 
maintenance, high winds, at night or in stormy weather. 

F 12, PT ~ 136 ( 67 1) Rev. C Page _}___ of 13 
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Aerospace Division 

CSRE 
DETAIL SPECIFICATION NUMBER 

YG 8112Al 

3.2.3 

3.2.4 

Reliability 

Consideration shall be given in the heliostat design to 
achieving adequate reliability by providing operating 
margins and utilizing standard parts and conservative 
design practice. 

Maintainability 

a. The reflective surfaces shall be readily cleaned without 
degradation. Water, ice, dust, or other degrading con­
ditions such as bird droppings on the reflective sur­
faces should cause no permanent damage to the reflective 
characteristics. The entire heliostat should be de­
signed such that potential maintenance points can be 
easily reached and components such as electronic·units, 
motors, drives, etc., readily replaced. 

b. Elements subject to wear or damage sfiould be easily 
inspected, serviced or replaced, or shall be designed 
for adequate life. 

c. The heliostats should be serviceable by personnel of 
normal skills and should require a minimum of specialized 
equipment and tools. 

Environmental Conditions 

Consideration shall be given in the heliostat design to 
normal ambient conditions of temperature variations from 
-20 degrees C to 60 degrees C (goal), humidity, rain, ice, 
hail, and sand storms. Consideration shall be given in the 
design of electrical and control components to minimizing 
damage caused by electrical disturbances or by currents 
expected during severe. thunder storms. The heliostats shall 
be designed to withstand sustained winds up to 13.5 m/s and 
gusts with rms velocity of 13.5 m/s in an operational mode, 
and withstand sustained winds of 25 m/s and gusts with rms 
velocity of 38 m/s in a non-operational mode. 

F I 2. PT -0 I 36 ( 6 7 I ) 
Rev. C Page 8 of 13 
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DETAIL SPECIFICATION NUMBER YG 8112Al 

3.3 

3.3.1 

3.3.2 

3.3.3 

3.3.4 

3.3.5 

Design and Construction 

Design. and construction standards compatible with the end 
use shall be employed. 

Materials, Processes, and Parts 

To the maximum extent possible, standard materials and pro­
cesses shall be employed. Avoidance of highly stressed 
components and unusual materials is desired. As far as 
practical, off-the-shelf components used in industry should 
be employed. 

Electrical Transients 

The heliostat operation shall not be adversely affected by 
reasonable external or internal electrical transients. 
Components of the collector subsystem shall be protected, 
as required, against environments as specified in Para­
I;Jl:ll.I:Jh 3.2.5. 

Product Markin~ 

The major elements in the heliostats shall be marked with 
suitable identification. 

Workmanship 

The heliostat and all associated items shall be fabricated 
and assembled in accordance with the modern engineering, 
shop, and field practices consistent with cost and perform­
ance requirements. 

Interchangeability 

Components with standard tolerances, where available, shall 
be used to permit interchangeability for servicing. Satis­
factory replacement parts shall be available for the period 
of the contract. 

Fl2. PT-{)136 (671) 
Rev. C Page~ of 13 
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Aerospace Division 

CSRE 
0 ETA I l S P E C,l F I CAT I 0 N NUMBER YG 8112Al 

3.3.6 

3.4 

3.4.1 

3.4.2 

3.4.3 

Safety 

The heliostats shall be designed to minimize safety hazards 
to operating and service personnel and the public. Electrical 
supplies shall be adequately insulated and grounded. Moving 
elements shall be shielded as necessary to avoid entagle­
ments. 

Safeguards will be provided to protect personnel and the 
public from radiation damage to personnel. Shields, fences, 
and area denial and warning shall be considered. 

Documentation 

Characteristics And Performance 

Equipment functions, normal operating characteristics, limit­
ing conditions, test data, and performance curves, where 
applicable shull be documented. ' 

I 

Instructions 

Instructions shall cover assembly, installation, alignment, 
adjustment, checking, lubrication, and maintenance. Operating 
instructions shall be prepared for startup, routine and 
normal operations, regulation and control, shutdown, and 
emergency conditions. 

The operating instructions shall be submitted and approved 
six weeks prior to starting of tests in accordance with 
SOW requirements. 

Construction 

Good commercial practice shall be utilized in the design and 
construction of this experimental equipment. Layout drawings 
or sketches shall be prepared to show the equipment construc­
tion. Engineering data, wiring diagrams, and parts lists 
shall be prepared. Changes made to the design shall be 
incorporated into that documentation prior to completion 
of test activity. 

Rev. C 
F12. PT-0136 (671) 
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3.5 

3.5.1 

3.5.2 

3.5.3 

3.6 

3.6.1 

3.6.2 

3.7 

) 

Logistics 

Maintenance 

Necessary maintenance shall hP p~rfor.mad under supervisiuu 
of engineering personnel familiar with·the equipment. 

Supply 

Not applicable. 

Facilities And Facility Equipment 

Laboratory assembly and field test facilities shall be 
provided as necessary. 

Personnel And Training 

Personnel 

'l'he program shall be staffed primarily with engineering 
personnel commensurate with program funding. 

Training 

Not applicable. 

Precedence 

The order of precedence regarding importance of heliostat 
requirements characte~istics for this development is as 
follows: 

a. Performance 

b. Capability 

c. Cost (dollars/square meter) of heliostat. (While the 
cost of prototype mirror modules is not of overriding 
importance, it is desirable that the design be such that 
comparable units could eventually be mass-produced in 
large numbers at low cost.) 

F 1 2 • PT -0 1 36 ( 6 7 I ) Rev. C Page 11 of.~ 
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4.1 

4.2 

4.3 

4.3.1 

4.4 

4.4.1 

HONEYWELL INC. 

Aerospace Division 

CSRE 
DETAIL SPECIFICATION NUMBER YG 8112Al 

\ 

QUALITY ASSURANCE PROVISIONS 

General 

A test program at system level shall be conducted to validate 
the design for the solar pilot plant. System level testing 
will be conducted at Aero Florida. The system will consist 
of four heliostat subassemblies, a structure including photo­
dete'ctor arrays, and H516 computer with associated peripherals. 

Responsibility For Tests 

Honeywell Aero will be responsible for "COnducting the system 
tests. A test plan shall be prepared to ensure the test 
program accomplishes the Research Experiment objectives., 

Quality Conformance 

' The program shall be executed in accordance with the program 
Quality Plan. 

Inspection 

A design conformance verification consisting of a customer 
witnessed comparison of hardware to build documentation 
::;hctll l.Je ctL:L:Omplished. 

Tesl Requiremenls 

Testing shall be conducted to allow evaluation of design in 
attaining the performance specified in Paragraph 3.2. The 
testing shall include as a minimum. 

Tracking Performance 

The tracking system performance shall be tested under actual 
operati~g conditions. 
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HONEYWELL INC. 

Aerospace Division 

CSRE 
DETAIL SPECIFICATION NUMBER 

YG 8112Al 

4.4.2 

4.4.3 

5.0 

6.0 

10.0 

Mechanical Integrity 

Mechanical integrity shall be evaluated by subjecting the 
heliostat to natural environments. Wind and temperature 
environments will also include induced. environments. 

Optical Performance 

Optical performance will be evaluated through measurements of 
surface contours, beam quality, reflectivity, focal length. 
over a range of operational attitudes and environment. 

PREPARATION FOR DELIVERY 

Upon completion of the Research Experiment, the deliverable 
hardware shall be capable of being disassembled to the extent 
necessary to prepare for shipment. 

NOTES 

Not applicable. 

NOT APPLICABLE 
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Appendix 3 

STRUCTURAL ANALYSIS 

\ 
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NOMENCLATURE 

This nomenclature is applicable to complete STARDYNE analysis. 

The complete card image of all input data has been included for refer­
ence purposes. An explanation of this data is too envolved for this 
report. Control Data publishes a STARDYNE Users Manual with complete 
details. 

Deflection tables start with a title giving the conditions under which 
data is applicable. The maximum rotation and translation is listed. 
The table gives translation and rotation for each mode as follows: 

Xl Translation in the Xl Axis Units of inches 

X2 Translation in the X2 Axis Units of inches 

X3 Translation in the X3 Axis - Units of inches 

X4 Rotation about the Xl Axis-- Units of Radians 

XS Rotation about the X2 Axis - Units of Radians 

X6 Rotation about the X3 Axis - Units of Radians 

The axis location is shown in a computer graphics plot of the system. 
Positive directions are shown and the right-hand Riqn convention was 
'used. These plots also show mode numbers with respect to beams. 

.. 



SECTION I 

BAR JOIST CONFIGURATION 
~ (CANTILEVER END ONLY) 

MIRROR 
MODULE 

I 

0876-SSB 

~SIMULATED CROSS BEAN 
(ASSUMED FIXED) 

COORDlNA'l'E REFERENCE FRAME 

3-3 

,, 
( 



DlSPLRCEMENT CRSE 

ONE G LOAD IN -X3 DIRECTION 
BAR JOIST BEAM 

54 

I 

,) 

X3 

13 

MRJ /STRRDYNE F 1 Nl TE ELEMENT MODEL PROJECTJ ON ON X3-Xl PLRNE CRSE NO· -·---1- J i 
3-4 



• / 

DJSPLRCEMENT CRSE 2 

ONE G LOAD AT 75 DEGREES 
(TOP CANTILEVER) 
BAR JOIST BEAM. 

54 

X3 

MRl/STRROYNE FJNJTE ELEMENT MODEL PROJECTJON ON X3-Xl PLRNE CRSE NO. 
0' 

J-S 

13 

2 



DJSPLACEMENT CRSE 3 

ONE G LOAD AT 75 DEGREES 
(BOTTOM CANTILEVER) 
BAR JOIST CONFIGURATION 

54 

X3 

NRJ/STRROYNE FJNJTE ELEMENT MODEL PROJECTJON ON X3-Xl PLRNE CRSE NO. 

3-6 

13 
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,------------------------------- .... ,....,... lJ 1r1A\JI: --------------------------------, .. 1'4 12 1 f, ;;o~o 24 2!< )? .11:> 40 44 48 52 51) 60 64 68 72 76 eo .. <> .. .. .. .. -~ 0 .. 0 .. .. .. .. .. .. .. .. .. .. .. 
CIII-?D NO ~~040000~0*~0*0W*~OO*~V*~V~V*~40~0~V~~~*0000*00000000000000000000000000000000000 CARD TvPE 

2 .. .. SOLM~ l'"'~f>IGY '-'ELTOSJ"AT FRA"1t STRUCTURAL ANALYSIS .. .. .. X .. .. 
J 0 .. Pl<fl l~J'!~-P'>' M!ALY:~!S OF S I 'JGLE CA"'T ILEV·f.R END .. .. .. X .. .. 
4 * * .. A[)OfD l( BPt.CES Mm ALLOWED !-'U·~ENTS ON RODS .. .. .. ..... 
;; r-l~TI_G 1 STF.fl 30.E~ .3 .?R 9.F-6 .0?. MATLG 
~ E•JO END 
7 1\1•)1)1': 1 o. o. o. NODE 
l:l. ?. 0;,· 10. o. NODE 
9 ) o. 20. o. t>jODE 

I 0 4 0 0 30. o. NODE 
I 1 5 0 0 40. ' o. NODE 
12 , 0 0 50. o. • NODE 
I 1 7 0 0 60. o. NODE 
14 A Oo 70. o. NOD£ 
1"> 9 Oo 80. o. NODE 
In 10 o. 90. o. NODE 
17 l 1 Oo 100. o. NODE 
I 'i };;> !) • I Od o o. NODE 
1q 11 o. o. 12.9 NODE 
:>O 14 () 0 10. ' 12.9 NODE 
?.1 15 o. 30. 12.9 NODE 
?2 }I) 0 0 c;o. l2.Q NODE 
::>) 17 o. 70. 1?.9 NODE. 
?4 ~~ o. 90. 12.9 NODE 
;>S lQ Oo 100. 12.9 NODE 
?A 20 (I • lOti. 1?..9 NODE 
;;>] cl t..r.; o. o. NODE 

w 2M 22 4. ~ 20. o. NODE I 
~ :>9 23 ..... :.J 40. o. NODE 

311 24 4 ... ~ c;o. o. NODE 
'jj cs .4.-4 i,O. o. NODE 
J.~ 2f. 4.4 -::!0. o. NODE 
iJ ?.7 4. ·~ 100. o. NODE 
!4 "~ 4.q 1U8. o. NODE 
35 i!C:. ~. :.} o. 12.q NODE 
3~ ](1 4 •. :; 1 0. 12.9 NODE 
l7 31 4 •. .l 20. 12.9 NODE 
)'i :;;> 4.-.~ 30. 12.9 NODE 
3" n 4. ·~ 40o 1?..Q NODE 
40 J4 4o'< c;o. 12.9 NODE 
41 J':i 4. ·~ !,Oo 1~.CJ NODE 
'-'2 -'" 4.~ 70. 12.9 NODE 
!. ) . 17 4.'-4 MO • 12.9 NODE 
44 3~- ,_.. ~ 9U. 12.9 NODE 
45 ]9 , .. ·~ 1 00 0 12.9 NODE 
l,6 4() 4.~ 108. 12.9 NODE 
47 4) Go 40o 12.9 NODE 
4~ 4::> .. oo u. 12.9 NODE 
~9 43 '+0o o. o. NODE 
50 44 4o4 90. 14.45 NODE 
'i1 4'5 "·q 108. 14.45 NODE 
S2 4A .?.4~ 90. 12.9 NODE 
5J 47 ?.4r; 108. 12.9 NODE 
'i4 .. A ;> .4 c:, qo. 14.45 NODE 



4 A 12 16 20 24 ~b 32 ]f, 40 <t4 4R 52 56 60 64 6A 72 76 80 .. .. .. .. " .. ·> " " .. " " " " .. .. • .. .. • .. 
Ch>IO "-:0 oo~***~~~~ooo~oooooo*~*4~oooooo~4**~·*****o~ooooooooooooooooooooooooooooooooooooo CARD TYPE 

c;<; 49 ;>,45 108, 14.45 NODE 
5F, ::;o 0. qo, 14.4'5 NODE 
'57 ':>1 0. 108. 14,45 NODE 

·- c;q 5?. ?.tt·-=:; QO, 20.45 "lODE 
r:;q 53 ;> ,4'} 108, 20.4'> NODE 
60 54 ·? .4·; 1•00. 25.4'> NODE 
61 5'5 4.:J 10. o. NODE 
f-,2 ·J:NO END 
h3 PESlG 1 1 11.1 1 1 PESTG 
f-,4 13 1 lllll RESTG 
65 21 111111 , RESTG 
'">6 29 111111 RESTG 
67 4?. illlll RESTG 
f.,P 43 111111 RESTG 
(:-,'+ E"'D END 
70 wGHT '>4 .1"in, 350. .350. WGHT 
7 I E"'D END 
72 GFA"i(, I 2 i.:'l l 1 REAHG 
7.3 c 2 3 2l 1 1 BEAMG 
74 3 l 4 2l 1 1 BEAMG 
75 4 4 5 2l 1 1 BEAMG 
7h " s ~ Cl 1 1 AEAMG 
77 f., 1-, 7 2l 1 1 BEAMG 
7'1 7 7 ~ 2l 1 1 BEAI'IG 
H 'l c 4 ~ 1. 1 1 13[AMG 
~0 q q 10 21. 1 1 . BEAMG 

w AI !0 1"· i 1 ~1 1 1 BEAMG 
I . A2 11 l 1 1? "1 1 1 REAMG (X) 

R3 I? l -~ 14 29 l 1 BEAMG 
R'+ I) 14 1" 29 1 l AEAMG 
R5 14 IS' ... 1 .!! y. 1 1 BEAHG 
!-<6 l') 41 lh .2 q, 1 1 BEAMG 
117 l'i 1'1 1 7 :;>·Y. 1 1 BEAMG 
~'1 I 7 I 7 11-S .?9 1 1 BEAMG 
i:lq l'l I>< i ... -!!9 1 1 BEAMG 
C)(j 19 }Q ,.:{) c.9' I 1 BEAMG 
C)) 20 I l.l I.' 1 2 BEAMG 
92 ?I I 14 2 1 c REAHG 
Q) - ~';? 14 ) 2 l .2 BEAMG 
'=14 23 l 15 ? 1 ,2 BEAMG 
·:jr:, 24 1 c;. .., 2 1 2 AEAMG 
Ql-oo ;;><; '5 1"> t' 1 2 BEAMG ......-.,., 

26 ..14 h 1() I 2 BEAMG 
98· 27 l'i 7 2 1 2 BEAMG 
99 2>1 7 17 2 1 2 8EAMG 

100 ?'I 17 'I 2 1 2 BEAMG 
1 n 1 )0 q 111 2 1 2 REAMG 
102 ]1 1" 1 1 2 1 2 BEAMG 
l'l3 li? 11 jQ 19 I 2 BEAMG 
104 Jl II ~0 2 1 2 BEAMG 
105 )4 20 1? 2 1 2 BEAMG 
}(!I, ::5 ?1 S'i 1 1 1 BEAMG 
107 3f- ;>;> ~.; 1 1 ! REAM~ 
101i .H 2l i'+ 1 1 I BEAMG 



,,.. 
~· ' .. 

'• 

...... S T ARDYNE 3 ;o INPUT ...... ~ 
1--------------------·----------- CARD IMAGE --------------~-----------------1 I 1 4 8 12 11'> 20 24 28 32 36 40 44 48 52 56 60 64 61:1 72 76 80 .. .. .. .. .. .. " .. .. .. .. .. .. .. .. 0 0 0 0 .. 0 f 

CA~D NO ooo~oaoooooooooo~*ooo·oooooooooooooo~o*o~ooooooooooooooooooooooooooooooooo*o~oooo CARD TyPE 
109 38 24 25 1 1 BEAMG 
110 39 25 26 1 1 8EAMG 
111 40 26 27 1 1 BEAMG 
112 41 27 28 1 1 REAMG 
113 42 29 30 13 1 BfAMG 
114 43 30 31 13 1 BEAMG 
115 44 31 32 13 1 REAMG 
116 45 32 33 13 1 BEAhiG 
117 46 33 34 13 1 BEAMG 
118 47 34 35 13 1 RfAMG 
119 48 3S 36 13 1 AEAMG 
PO 49 3~ 37 13 h 1 13fAMG 
121 so )7 38 13 1 1 ElEAMG 
122 51 38 •, 39 13 1 1 8EAMG 
123 52 39 4.0 13 1 1 8EAMG 
124 53 21 29 31 1 2 ~EAMG 

125 54 21 30 31 1 2 REAMG 
121> 55 30 22 31 1 2 BEAMG 
127 56 22 3? 31 1 2 REAI'IG 
128 57 32" 23 31 1 2 HEAI'IG 
129 SA 23 34 31 1 2 BEAMG 
130 60 34 25 :.n 1 2 RfA"lG 
131 61 25 36 ]1 1 2 HEAMG 
112 62 36 26 31 1 2 ~EAMG 

w 113 63 26 38 31 1 2 ~EAMG 
I 

134 64 3A 27 31 1 2 BEAMG \0 

135 66 27 40 31 1 2 BEAMG 
136 67 40 2!i 31 1 2 BEAMG 
137 68 21 2 1 1 2 AEAMG 
13A 69 2 (!2 1 1 2 BEAMG 
139 70 22 4 1 1 2 REAMG 
140 71 4 23 1 1 2 REAMG 
141 72 23 6 1 1 2 BEAMG 
142 73 6. 25 1 1 2 REAMG 
14 3 74 25 8 1 1 2 BEAMG 
144 75 8 26 1 1 2 REAMG 
145 76 ?, 10 1 1 2 REAMG 
l4h 77 10 27 1 1 2 BEAMG 
147 78 27 12 1 1 2 BEAMG 
148 79 12 28 1 . 1 2 BEAMG 
149 80 29 14 13 1 2 BEAMG 
150 Al 14 31 13 1 2 REAMG 
151 82 31 15 13 1 2 BEAMG 
152 83 • 15 33 13 1 2 BEAMG 
153 A4 33 16 13 1 2 BEAMG 
1'54 85 16 . 35 13 1 2 BEAMG 
}';5 8f.o )"i 17 i3 1 2 RfAMG 
156 H7 17 37 13 1 ?. BEAMG 
157 8A 37 lA 13 1 2 BEAMG 
158 89 1A ;39 13 1 2 BEAMG 
159 90 39 £0 13 1 2 BEA14G 
1M. 91 i?.O 40 13 1 2 BEAMG 
161 cp. 21 . 43 21 1 3 <;UPPORT BEAMG 
}I;;? 93 5 2.3 21 .1 3 SUPPORT BEAMG 



w 
I 

1-' 
0 

C.ARO NO 
11,3 
164 
1F,5 
166 
11'>7 
161'1 
169 
170 
1 71 
172 
173 
1 74 
175 
176 
177 
}7A 
179 
1'l0 
1A1 
l82 
1"!3 
1q4 
1R5 
1Afl 
187 
18FI 
189 
190 
1 q 1 
192 
193 
194 
195 
196 
197 
198 
199 
200 
201 
21J2 
?03 
204 
205 
20F, 
207 
208 
209 
210 

/------------------------------- CA~O IMAGE 
)6 40 44 

--------------------------------1 
4 A I ;.> 1 o 2 n ~ '• 21-1 3 2 48 52 56 60 64 6R 72 76 ao .. .. 

f:IIJO 
t:!PROP1 
~PROP2 

RPROPl 
RPROP2 
11Pf./0Pl 
~PROP2 

1'."10 
OIJA08 

f"i\10 
CUREG 

F"i\10 
f"'DGEOM 

.. .. 

1 
?. 
3 

1 
2 

1 
:2 
1 
4 
5 

o o 0 STATTC 
c.TAT IC 0 

o o o ONE r; 
e CCEL -] 
FI\JD 
FNO CAS!: 

.. .. 
11. 
41 
sr:; 
24 
?1 

.4F.I 
3.9 

.IQ6J 
.s 

• 36 2.,.,,., 
13 

1 
4~ 

5? 
44 
4'i 
c;n 
S1 

" 
4? 
31 
2?. 
16 
1'1 

.. .. 
~~~ 
{!9 

1 
6 

11 

0 0 

3 
3 
1 
2 
2 

0 0 

.00252 .1'9 .19 
3.9 

.oon14 .oo307 .oo3o7 
.s 1.33 

.OOIR7 o07B .078 
?oM:t 

2'1 30 14 
21 55 2 
4Q S3 52 

44 45 
41'1 49 

S4 
52 
53 
'52 
'53 

46 47 
18 20 

1-1 
1-1 
1-1 

J -1 
1-1 

1 • 
.s 
.s 
.s 
.5 

0 .. 

.as 

.89 
1.33 
.as 

0 

.25 

.25 
1o0 

48 49 
50 51 

I'IFOT I II UP.O F"flR !4.!1i0i! JC· IS T FRAME CANT ILEVE~ ENO 0 0 0 

I) -2 
LOAD IN X~ nr~~CTIO~ IOfWNl 

0 0 

.as 

.89 

.as 

-2 
-2 
-2 

-2 
-2 

0 0 

SUPPORT· 
SUPPORT 

ANG 

ROO 

SUP 

o 0 0 U~E G LOAn ~!TH rlELI"STAT TELTED TO 75 DFG ITOP CANTILEVER) 0 o o 
IICCEL -1 -.91-.<;9 .2588 
I: NO 
EI\ID CASF: 

o o o ONE 
. tcCCEL -1 
FIIJO 
F::*'IO CASf 
ALL OONE 
I)PT ION 
Rf:At.! 
TPLA TE 
OPLATE 
r.tJRE 
~"'JOI~ODEL 

G LOAn ~IT.-. --tt:LIOSTAT T['LT£0 TO 75 DF:G I~OTTOM CANTILEVfR) 

0 

.q~-.c;~ .2588 

0 
1 

1 
0 
1 
1 

0 

60 
soo. 
soo. 

500. 

0 0 

CARD Ty.PE 
RFAMG 
BEAMG 
REAMG 
8EAMG 
BEAMG 
END 
BPROP 
BPROP 
BPROP 
BPROP 
BPROP 
BPROP 
END 
OUADB 
QUA DB 
QUA DB 
END 
CUBEG 
CUBEG 
END 
TRIAB 
TRIAB 
TRIAB 
TRIAS 
TRIAB 
END 
ENDGE 
• • 

STATI 
0 0 

ACCEL 
END 
END C 

0 0 

ACCEL 
END 
END C 

0 0 

ACCEL 
END 
END C 
ALL 0 
OPTIO 
BEAM 
TPLAT 
OPLAT 
CUBE 
ENDMO 

I 



r 
t 

·• 
I 

• 

~· 

w 
I 

I-' 
I-' 

------ ----------------------~-----

* 0 * O~E r, LOAD IN X3 DI~ECTION tDUWNl 

;> 

3 
4 

c; ,., 
1 

Q 

1n 
1 1 
I? 
14 
l"i 
16 
17 
IA 
10 
20 
n 
23 
?.4 
2'5 
2(, 
27 
2A 
31) 
31 
32 
33 
34 
35 
3f> 
37 
3A 
39 
41) 
41 
44 
4c; 
46 . 
47 
48 
4Q 
so 
51 
5?. 
53 

r:s4-. 
fss --

S T 4 T I C D E f L E C T I 0 N S FOR OUTPOT VECTOR 1 
*'-1Alll1-4UM ROTATIUN IS AT NODF: - 37 *DOF = 4 VALUE = -.904029£-03 
*~AXJM~TRANSLATION IS AT ~Of 28 •OOF • J VALUE= -.709761£-01 

••••••••••• TRANSLATIONS *********** ********** ROTATIONS <RADIANS) ********** 
XI 

-. ·vo71 '< 9E-01 
- ol "'d7l'15 E-O? 
-.?.4fl}4Q8E-02 
-.?1~0670f-02 
-.3"i189?YE-O?. 
-.1A004 85E-O? 
-.14?B~4oE-o? 
-.114f.O'i?E-o<:> 
-.?ooA?4sE-O? 
-.?RA]A42E-02 
-.?A?13'i7E-O?. 

• '?7}37()4£-0J 
.?c;lJ94"lE-Oc 
.1t;7AA66£-0? 
.1"23?<;~£-o? 

o30~9747E-02 
o2A152n5E-O? 
.?704039E-02 
o4<+39691E-o1 

- • .;>1?64Cl6E-o? 
-.?496370£-0? 
-.?~?.3?73E-o?. 
-.n::>9n7E-oz 
-.?7"l0}f.8£-0? 
- • ?.A?l1?4E-02 

ol17,498E-Ol 
-.4Itzoc;6E-OJ 
.A~l013¥E-03 
.?1~0l">OE-o2 
.?S'lAA48E-02 
.?.~7A~96£-o?. 
.?'i7t;971E-O? 
.?.A4cl4JOE-O? 
.11)AQ'+OOE-02 
o2At,9"iA4E-O?. 
o2705~94f-02 
o?.1RS377E..:o?. 
o17}14ii7£-o2 
o116AA.=I6E-O? 
.J01)0()49f.-02 
o?7')5Q;l9f-o? 
.171?..?")4£-o? 
.T~A7 R 17E-02 
."~713fJH3E-r)c 

.11-'l f' 716E-O?. 

.'>2374~6€•02 

.So3?H99E-02 
.1\19066'7( .. -()2 . 

-.1 985172E - _lf3 

X? X3 X4 XS X6 
-.54~4~44£-03 -.104334~£-02 -.1970872E-03 .7472A29E-n4 .7997616£-04 
-.1~h69~4E-02 -.3821?1~£-02 -.35A?U~7E-01 .2298743£-03 ol313920E-03 
-.~~A7~A1E-O? -.8lO~~q2f-02 -.48230AlE-03 .}897461E-01 o2l04459E-04 
-.33?2?71£-02 ~.}32~8~3£-01 -.5370258£-03 o2917371£-03 o4809747E-04 
-.3R56??.1£-02 -.1915465£-0l -.6901075E-03 .4757A45E-03 o9709516E-04 
-.4446A94E-O? -.270J~52E-OI -.8J07554E-03 o6051041E-03 -.l947216E-04 
-.47Q7~Atf-02 -.3539Q98E-Ol -.8420366E-o3 o3A43977f.-o1 -.3A40906E-04 
-.515210~f-o? -.43~33~8E-01 -.87?A49SE-o3 o4916998f-01 -.}982078E-04 
-.5?AQ015£-0? -.S2844?4E-Ol -·A99099QE-03 o43261~4E-03 -.l2190a5E-04 
-.53930ROE-02 -.6180177£-01 -.88A6215E~03 .4451597F-03 -.9493321£-05 
-.53926~(-E-02 -.6A8B045E-Ol -.88?3070E-03 0 4281765£-03 -.6501462£-05 

.S70A7Q6E-01 -·1247785£-02 -·2100576E-03 .A769826E-04 -.7696022E-04 

.?~75100E-O? -.7916074t-02 -.46961SOE-OJ o32020ABE-03 -.2347064£-04 

.3A49?01f-O? -.196520?.£-01 -.6849567£-03 o4658972E-03 -·1013520E-03 

.4AQOPonE-O? -.352223~E-01 -.853501&~·03 .4788953E-03 .3710274£-04 
o52643A6E-02 -.5~~7207E-01 -.8880251~·03 o4489323E-03 •2043323E-04 
o5?71409f-02 -.617~213E-01 -.8822921~03 e4354JOSE-o3 •2004A97E-04 
.52768S7E-o? · -.68~16~1£-0~ -.8868026E-o3 .4305?33E-03 ol495857E-04 

- ·11A3f'>3~E -02 -.461 R71)2E-02 - • 3718601 E-o3 • 2169595E-o4 •1 055~i45E-o4 
-.3o6J3~4E-o2 -.1466271E-o1 -.6678202£-oJ o2795~46E-o3 e77o2918E-o4 
-.3711511f-02 -.21872~5!-01 -.712~410E-03 .4463,17£-03 -.4J38109E-OS 
-.43,91A3E-02 -.28883~6E-Ol -.7411586E-03 .3972193F.-03 ,73A3450E-OS 
-.5123?16E-02 -.4587489£-01 •o9022571E-03 .4166431E-o3 o6003623E-05 
-.53A5':'57E-02 - -.638qH94E-Ol -.8890883£-0J .43540l'5E-01 o3642204E-OS 
-.'5165AS9E-02 -.7097611£-0f -.881997SE-03 .4280310E-01 o5931246E-OS 

.472647SE-03 -.1721~25£-02 -.2679105£-03 . • 5826438£-04 .345210AE•04 
e1325928E-02 -.4834430£-02 -.3586492£-03 o1621599E-03 -·2098380£-04 
·2358006£•02 -.9007518E-O?. -.4864942E-o3 ol339361E-03 -.1796131£-0J 
o3032~67E-02 -.1462858E·Ol -.6286685E-o3 e265493AE-03 -.&A72148E-04 
.3843~79E-02 -.213~339E-Ol -.71?.416JE-Ol e4256I08E-03 ·1177&06E-05 
.43491~5£-02 -.288~506E-01 •o7884076E-o3 .J968438E-OJ -.9193705E-05 
o48614A3E-O? -.370~844E-Ol ~.AS66981E-03 o411&454E-03 -.i201177E•04 
.5}18327E-02 -.4596RryAE-Ol -.904028SE-03 o4140A05E-03 -.2410207[-04 
~535~~l~E-02 •.5503358E-Ol -.9034559E-o3 .4551?37E-03 -·1553904E-05 
o53660A3E-o2 •e63q8450E-Ol -.8822387E-o3 e4447060E-o3 e2414253E-04 
.S370662E-02 •o7097211E-O~ •o86A7339E-03 .4281~03£-03 o1889947E-o4 

-.3217613E·02 ··1327¥62E-Ol -.59I0933E-03 e2795011E-03 ··4264244E-04 
.6732597E-02 •.SSOJ415E-Ol -.8856390E-oJ 0• o1942364E-04. 
.67413?AE-02 •o7097281E-Ol ' -.8~56661E-03 0• o2040698E-04 
w5314?.91E•02 • ·.5-400485E•Ol It• (). Oo 
.S~?.lO~OE-02 •.6992760E-Ol Oo o. o. 
e6685nl3E-02 •.5400513E·Ol •e8846220E-03 o42074Q4E-~3 e1941852E·O~ 
.6~Q2~4?E-02 -.6992795E-Ol -.8946457E-03 o427641SE-03 el937896E-04 
.~AJS976f.-02 -.S?.97249E-Ol -.8836050E-01 0• · ·2056A12E-04 
.6~450?7E-O? -.68H7714E-Ol -.8836314E-ol o. o1940652E-04 
.11994-o lE-O 1 -.5400816E-O 1 - o88'50424E-o! .4214608E-o3 e1692790E-04 
.ll9993lE•Ol ~.6993264£-01 -;8842782£-03 .4269229E-03 .1689490E-04 
.164 11.4!£...0 ··- -.f-286157£-01 o. .4244925E•03 .li542S01E•Or. --

-.JA749Q5E-03 -.1377197£-0_2 .;..24.90338£•03 .3605378£.-04 -.3449197E•Q4 ;_ ... · ----·-·--' .... .... _ 
----.;. -

••w•·• - •••• _____ ..,..,,_ ------.... ~ .•• ,....- . - --··· --·· 
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* • * ONE G LOAD WITH HELIOSTAT TILTED TO 75 OEG (TOP C~NTILEVERl * * 

S T 4 T I C 0 E f L E C T I 0 N S fOR OUTPUT VECTOR 2 
*~AXI~0M ROTATION IS AT NODE 54 *OOf = 5 VALUE = o651068f~02 
*MAXI~UM TRANSLATION IS AT NODE 54 *DOf = 1 VALUE = o285A93E+OO 

TRA.NSJ .. IITIOIIJS *****iHHHH•* ********** ROTATIONSARAOIA.NS) ********** 
IIJOO~ Xl X2 XJ X4 X5 X6 

? -·1~65248E-01 -.\?7\P.<Af-03 .~3Hn})9t-03 .941153~E~04 o?73I056E-03 ·1348416E-03 
1 -.?~~40Q6E-02 .4JSQ7J1E-Ol .}75 S~AGt-O~ . • }23Si60E-o3 o2436JARE-03 ·2376726£-03 
4 -.40049AUE-O? .7}2A752E-03 o253ll60t-02 -·12348SI£-04 ol664751E-n2 -.320l991E-04 
S -.4144A52E~01 ·20271?5f-02 .7132068t-03 -.409337AE-03 .•2062339E-02 -.R061S12E-03 
6 ·1021RA2E-Ol o3I04954f-02 -.357~274£-02 -·1251306f-03 -.IA47904E-02 -.I3A3990E-02 
1 .~734649£-0I o4477}AAE-02 -.}6050q2E-02 e20S0256E-o3 e265}43l~-o2 -·2004524E-n2 
q .49665~3E-Ol .5J409?7E-02 · -.1407343£-02 -·1162586E-o3 o4347n37f-02 -.24275ROE-02 
9 .7540524£-ot .596497?E-o? -.323~~73£-o? -·2IA~osoE-o3 .4418397E-o? -.?6A99t9E-o2 

}n .tn?.9003E•oo o604054AE-02 -.549B3~2E-02 -·?.346025E-n3 .5565?.65£-02 -•2783JI4E-07. 
11 ol)l17~8E+OO .6?61669E-02 -.80l1Y~OE-02 -.27A1214E-o3 .58917~Rf-o?. -.2914A93E-02 
12 .\S49915E•O~ .62477Ajf-02 -.10371?~£-0l -.3044490E-o3 o6152390f-o2"" -.3Q01402E-02 
14 -.18~52?.3£-04 .3}535?.6£-03 .66J~21~t-03 .7S0447aE-04 .3513S03f-03 o)269611E-04 
15 ·19)6R~OE-O? o3232QQ9f-02 .566AAo&t-03 -·l141A41E-03 .6658~A4f-03 -.3448249£-03 
1~ .1}~5146E-01 .7~37~38~-n? -.}826140~-02 -.Al53357E-04 .}693?51f-02 -.?.6A9055E~02 
17 .Q4?.ROA9E-Q1 .1~30950f-01 -.2969244E-O? -·227A179E-04 .36959AOE-O? -.3584644E-02 
18 e1708798E+OO ·1175A06E-01 -.4~6\729t-02 -·3163A61f-03 .5523519f-O?. -.3802223E-02 
19 ·2074981E+OO •ll76AbAf-01 -.R603067t-02 -.3236677E-03 .S877??2f-o? -.3507054£-02 
20 .2148447£+00 .1177711£-01 -.IOJ/6~2E-01 -.18A8652E-03 .6116447E-02 -.3387799£-02 
2? -.?979167E-02 -.53?0?17£-03 -.37632~0£-0? -.29Q08}8[-03 .5?84}97f-03 .2610893f-03 
21 -.44~1303[-03 -.2716709E-02 -.9259A~l~-02 -.15~927?.E-03 .1R97332E-0? -.75607A6[-03 
24 .q79157~E-O?. -.4294711£-02 -.106~146[-01 -.4310131£-03 .1830321F-O?. -.1408292E-02 
25 .2773055E-01 -.5872341£-02 -.I81~187E-01 -.77Al345E-03 .2827?34£-02 -J20683?9E-02 
26 .7~37971E-01 -.7735l65E-02 -.292500HE-01 -.4411950E-03 .4743403E-02 -.2651711E-02 
27 .1315?48[+00 -.81A5725E-02 -.376~9:\~E-01 -.3722876E-03 .5917172£-0? -.2917940£-02 
2A .1<;49896E+OI) -.AlA7153E-02 -.40500 -iSE-01 -.3442A2i'E-03 .6157I69E-OL_ -.2940124E-02 
30 -.9478665E-04 .2454573£-03 -·1591450E-02 · -•2193219£-03 •3291522E-03 ·1159859E-03 
31 -.IA~738E-02 .320R??IE-03 -.J ,6710~2E-02 -.1987A03E-03 .7576427E-03 .8}64512£-04 
3? -.7697012E-04 -.}784?47£-03 -.5617144£-02 -.1H55011E-Ol o1635095f-03 -.5013004£-03 
33 .9?72004E-02 -.1Q727IOE-02 -.792M609E-02 -.3474021E-o3 .1360014E-02 -.1445631E-02 
34 ell16331E-01 -·21A45S5f-O? -.t2047?.2E-01 -.4599371E-03 o1482568E-O?. -·2655588£-02 
35 .60?.5666E-01 -.3978967f-02 -.17QHY94E•01 -.54700BOE-Q3 .2A22437E-O? -.3146752£-02 
36 .9390029E-01 -.4356130E-02 -.z3u105~E-01 -.6317?65E-03 .33577A2f-O? -.3562442E-02 
37 .1113828E•OO -.5620704E-02 -.?.9464Q6t-01 -.61n4177E-03 .5o57720E-O? -.3925642E-02 
38 o1708A79E+OO -.5633879£-02 -.3446000t-01 -.3275207E-03 .52A6243E-O? -.3784531£-02 
39 •?066835E+OO -.56421?0f-n2 -.364174~£-01 -.3306453E-03 o5A3A774E-o? -.3503281E-02 
40 ·214H4Q9E•oo- -.5658o6AE-02 -.41)493}4E-01 -.4866682E-o1 o6141704E-o?_ -.3527258E-o2 
41 .Q)5A0~1E-02 .5465417E-O? -.8910390E-03 -·1296193E-03 e1464S41E-o? -·1422434£-02 
44 .1q03140E•oo -.5}30976E-o7. -.34463o3E-01 -.3862o5oE-o3 o. -.3422So7E-o2 
45 ·2441671E+OO -.5}36395£-0? -.4049433£-0l -.28~0A27E-o3 0• -.3669421E-02 
46 .}70A854E+OO .30bl365E-O? -.}95b406E-Ol 0• 0• 0• 
47 o234A398E+OO .3o09917E-02 -.2543437E-01 0• Oo Oo 
4A .}R031.32E•oo .3566~57E-02 -.}956434E-01 -.3260851E-03 o611h7~6E-o? -.3688307E-02 
49 .2443~73E+on .356~612E-02 -.2543423f-Ol -.12~2919E-03 .6}72A98E-o?. -.34245~5E-02 
~n .}~01144E+OO .1?26575E-01 -.4~60101E-02 -.26S965?.E-o~ 0• -~3423344E-02 
51 o?.443673E+OO •1??6754E-01 -.10374R1t-Ol -.36A52llE-oS 0• -.3~69357E-02 
5? •216927oE•oo .5522445E-02 -·195649bt-u1 -.32~777~£-oj .A245799E-o?. -.3835539£-02 
~5..._3 _ _ ~-""'-"-2~8C.LI3~-"-"---"-'"5;;.5, 23414E-02 _ __ _:",!_~4351o.f:-JU +--·..l2fi.l1~4E-Dl _ _._6.3.3..105_~-_oz_ _ ~.332602!:)~ 
~4 ·.2ASR91bE+OO .7)53~4~f-O? -.228?7Q}E-Ol 0• .65106ASE-02 -.J~75776E-02 

: 55 -.33759~7E-03 -.7o79~~6E-04 -·lllH249E-02 -·20104~9E-03 e2559642E-03 o}571971E-03 
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* • * ONf. r, LOAD wiTH Hfi.IOSTAT TTLT~O TO 7'5 DEG lAOTTO~ CANTILEVER) 

Xl 
.;>:;.OS;>OBE-03 
0 }RI)A3A7£-0? 
• ~130'll4E-0? 

-.7A2221AE-03 
-.1204021£-01 
-.2931828£-01 
.... 144005£-01 
-.77031f,4£-01 
-.1044511£+00 
-·1326f>A5E+oo 
-·I'564519E•oo 

.1793136£-03 
-.f>1'i6303E-o3 
-.2ClRono7E-o1 
-.9?.457oSE-ot 
-.1F>92960t:•oo 
-.2o6o3o6E•oo 
-.;n144"ilE•oo 
.3?0A9~5E-02 

-.7620f,41E-03 
-.})QA370E-Ol 
-.?903..,c;9E-ot 
-.7r,79262E-ot 
-.t1?963AE•oo 
-.J"iF,4498E+nn 

•lf>59824E-oJ 
.}F,49792E-02 
o'5}A4q01E-01 

-.Boso38SE-o? 
-.2Cl~6473E-ot 
-.c;A9??.t3E·rn 
-.9?.51520E-ot 
-·1?990"''5E•oo 
-.1M3039E•oo 
-·20'H 982E•oo 
-.~134403E+OQ_ 
··"P34IOE-O? 
- .t 7'119?9[+1)0 
- •. ~4~A244E•oo 
-.tF,9J015E•oo 
-.2334396E•oo 
-.178J9t8E•oo 
-.?426242E•oo 
-.17qJ9?5E•no 
-.?4?62~6[+()0 

-~?136991E•O'I 
-.2'7A30'HE+00 

·· - ·.2A16'i3SE+on 
o2)48442E-03 

S T ~ T I C D E r L E C T I 0 N S fOR OUTPUT VECTOR 3 
*'·4XJMIJ''< ~OTATiuN IS AT NODF.: 54 *DOF' = 5 VALUE = ··629097E-02 
*MAXJMIJt-1 fRANSLATION IS AT NOOf 54 *OOF = 1 V~LUE : - .• 2Al654E+00 

TRANSLATIONS *********** ********** ROTATIONS (RADIANS) ********** 
X? X3 X4 X5 X6 

-.lc;~F,~JOE-03 -.107~hSlE-02 -.l9F>3?77E-03 -·?344?f>?f-03 ··9344'594E-04 
-.1?77R9?E-0? -.1733837£-02 -.30A9232E-03 -.1246559[-03 · -.1696641£-03 
- .?(lS;>} Q7f-O? -.6 7?M3?.2E-0.2 ... 2372942[-03 -.1 '566538£-02 .4291259£-04 
-.1746712E-0? -.7~7~876E-q2 .1313732[-03 -.1911336[-02 .8310465[-03 
-.'ilOOQ14E-0l -.61J~175E-q2 -.2320691£·03 -.1601638£-02 .1434246[·02 
-.677B777E-02 -.12JMH49t-~l -.63S0~46£-03 -.2338229£-02 .1994445[-02 
-.7~?4?07[-0? -.1691103[-01 -.31957~6£-03 -.4148073[-02 .24~7700[-02 
-.MA)l~ObE-0? -.}Q50~4~f-Ol -.2329A19E-03 -.4163893£-02 .2679659[-02 
-.H7F,7~00E-0? -;?1853~2E-01 -.2307716£-03 -.5341344£·02 .2776804[·02 
-.9o53127E-02 -.23~7661E-Ot -·181829JE-03 -.5661374£-02 ·2909979E-02 
-.9ri390??E-02 -~252Al25E-Ol -.1522331E·03 -.5930766E-02 o2998037E-02 
-.1997346£-04 -.1309277£-02 -.1837706E-03 -.3059577f-03 ··5253072E·04 
-.1900127E-O? -.46b4040E-02 -·12~AA~6E-03 •o5001283f·03 e33267~5E-03 
-.Sh446Q2E-o2 -.M3~~748E-02 -.2730000E-03 -.14'52102f-02 o2636595f·02 
-.7P?4Ao7F.-o? -.t526t86E-ol -.4t~99Q6E-o3 -.J448to4E-o2 .36o3R48E-o2 
-.9o13?IOE-O;> -.;>2756~1E-01 -.143255RE-03 -.Sl91152E-02 o38J2799E-02 
-.9o40l9hF-02 -.;>337536E-01 -.1310067E-o3 -.5651843£•02 .3517431E-02 
-.9Q45RO~E-O? -.2S27366E-Ol -.270143BE-03 -.5893608E-02 .3395542E·02 
-.1~414~lf-03 .}37 25~9£~0?. ol015014E•03 -.5171899E-03 -.2556258E-OJ 

•ll3110lf-O? o}A70443E-02 -.18A736'5E-03 -.1752619E-o2 o7959489E-03 
·?.173~43F-o? -.69~~303E-03 .64046~7E-o4 -·1599z9oE-o2 ·1406046E-02 
.1~I6n;>7~-n2 .3?.ul5~SE-o2 e3945108E·o3 -.2621633E-o2 •2072151E·oz 
.sn~11°RE-o2 .sso523tE-o2 -.25~1329E-o4 -.4527749E-o2 ·2654Rt8E-o2 
.S4085]1E-02 .45~S~Q6E-02 -.874Q45lE-04 -.5691A08E-o2 o2919826f•02 
.54097q<;f-Cl2 .37~31t3E-02 -·11?2396E-o3 -.5935620E·O? •2943}94E-oz 

-.RJ49?~4F-oA o700l373E-oj .RQ~5143E-o4 -.2989946E-o3 -.9811781E-04 
.3~547~3E-03 •116H7~tE-Ot •l31434HE-04 -.6737o87E-o3 -.9250634E-04 
·13989?9E-o2 .9550~24E-03 -.6630828E-o4 .-.9418412E·o4 •408JJ26E•OJ 
·2~42S?2f-02 .3S6A575E-o3 •2200332E-b4 ~~1222595[•02 •l410061E-o2 
o41739Q?.E-o? .9947044E-03 .9JI9041E•04 -·I262272E·o2 •2656198E·o2 
.6?1DJOSE-n? •213QOJIE-02 •13A9282E-o3 -·2617031E·o2 •ll41993E-02 
.AR724?4E-~? .3~0H42?E-02 o}8R299~E-o3 -.31447}4E-02 e3556225E-02 
.R;>~9Q50E-n? .~6709ROE-02 ol424925E-o3 -.4A43392E-02 o3913167E-02 
.~4Q7~n?E-07 .~974b?.~E-02 -.140l081E-o3 -.So50f>71E•02 .3783727E-02 
.~4}9A0Sf-O?. o3799tttE-o2 -·126001SE-o3 -.56Q8594E-o2 ·35}5777E-o2 
.R437Q;>JE-n? .3757974£-o? .17ot153E-o4 -.59~on93E-o2 .3537040E-o2 

-.37Q9QQQf-O? -.59H2490~-U2 -.}7~3306E-03 -.1319R7lf-02- tl400363E·02 
.Rhl57A~E-02 .5977349[-02 -.72?0172E-04 0• .3432560E-02 
.HA257o~f-O? .375Rd03E-02 •el7?3549E-03 0• e3679984E•02 

-·3106~78E-01 -.R38RA51E•02 0• 0• 0• 
-.3051~15E-03 -.I07~015E-01 0• 0• 0• 
-.In~~Q44E-01 -.A3~A713E-02 -·13}7952E~03 -.5898976E-o2 o3698J58E•02 
-.lnl~c?5F-o1 -.Jo7~04AE-Ol -.13J6007E-03 -.5951350E-o2 .3434576E-02 
-.~~10q7?f-02 -.?27~846~-0l -.}9)3887E-03 0• o3433990E-02 
-.H~2M071f-O? -.?5276I3E-Ol -.9Q~4651E-04 0• o3679402E-02 
.6A<;~'i?Sf-03 -.A]8~~~4E-02 -·13?3204E-OJ -.6027f>51E·Oz •384430tE•02 

_ ~t'-_A]4lO~.Q.3 . . ~.1Q7f>l~3E-0l :-.13DI1!0E-03 - •. f?U0080~~ ~.:p~4]70E_-_O£ 
. ·1145564E-02 -.97o~243E-02 o. -.6290961E-02 .3583760E-02 

-.1?97731E-o3 .40~4117E~03 .7414302E-04 -.2373028E-03 -.1750501E-03 
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SECTION II 

CANTILEVER BEAM 
' 10-25 LBS/FT WIDE FLANGE AND 

10-25 LBS/FT WIDE FLANGE WITH 
1/8 INCH PLATES 

CENTERLINE 
MIRROR MODULE 

f 

\ 
\ 

' ' ' \ 
\ 

\ 
\ 

\ 
\ 

\ 
\ 

\ 
\ 

ANGLE -z__. 
BRACE 

(TYP-2) 

CROSS BEAN 
·(ASSUMED FIXED) 

r 

~ 1/8 PLATE BOTH SlOES 
(WHEN STIPULATED ON RUN) 

COORDINATE REFERENCE FRAME 

3-19 



DlSPLACENENT CASE 

20 

ONE G LOAD IN -X3 DIRECTION 
10. INCH - 25 LB/FT WIDE 
FLANGE 

. · ... 

X3 

!7 

3 

MRJ/STRROYNE FJNlTE ELEMENT MODEL PROJECTlON ON X3-Xf PLRNE CRSE NO. 
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DISPLACEMENT CASE 2 
20 

( 

ONE G LOAD AT 75 DEGREES 
(TOP CANTILEVER) 
10 INCH - 25 LB/FT WIDE 
F'LANGE 

X3 

1:! 

\ 5 . 17 

NRJ/STAROYNE FJNJTE ELEMENT MODEL PROJECTION ON X3-X1 PLANE C~SE NO. 

3-21 
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OJSPLRCENENT CRSE 3 
20 

10 

ONE G LOAD AT 75 DEGREES 
(BOTTOM CANTILEVER) 
10 INCH - 25 LB/FT WIDE 
FLANGE 

/ 

X3 

17 

3 

~ . ~ 

. ~~· 
0 ..... 

NRl/STRRDYNE FlNlTE ELEMENT MODEL PROJECTJON ON X3-X~ PLRNE CRSE NO. 3 
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w 
I 
tv 
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CARD NO 
-2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1 
12 
13 
14 
15 
1" 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
4'4 
45 
46 
47 
49 
49 
s-o 
51 
52 
53 
'54 

# •" ~-: • 

-- . - ---· ----- - ·••1tr 51 AHOTNt. ·-::Jo\1 lNI-'U r· ·••• ..... ···· · ·--· 

/•--------•---•-----------···-·- CARD IMAGE --------------------------------1 4 8 12 1~ 20 24 28 32 36 40 44 4a 52 56 60 . 64 6a 12 76 eo 
.. .. .. .. .. .. .. .. 0 • 0 0 • .. 0 • .. 0 

oooo~oooooooooooooooooooo~oooooooooooooooooooooooooooooooooooooooooooooooaoooooo CARD TYPE 
··o .. ·o ....... RUN s-··o··•· ·-o. -- ·-··---·-··-.. ---.-- ..... 

o ~ o SOLAR ENERGY HELIOSTAT FRAME STRUCTURAL ANALYSIS • • • 
o o o PRELI~INARY ANALYSIS 6F CANTILEVER END USING WIDE FLANGE 
o o • SELECTEfr win~ FLANGE IS 10 INCH - 25 LB/FT 0 o, 

MATL(; 1 STf.fL JO.E6 .3 .2A 9.E-6 
E:NO 

·NODE l 0•···-··- .. -
2 o. 
3 o. 
4 

" , 
7 
a 
9 

10 
1 1 
p 
13 
14 
1 '5. 

16 
17 
1~ 
19 
20 

. 21 

fND 
WGHT 
END 
8EAMG 

f'~D 
!'!PROP} 

so 
51 
52 

APROP2'. 
1;1PROP6. 
BPROP1 
f;!PR0;:~2 

f."'D 
TRIA~ 

·········:. 

' .. 

12 
13 
14 

21 

o. 
o. 
o. 
o. 
o. 

~ 0. 
o. 
o. 

40. 
40. 
o. 

- 0. 
o. 
o. 
o. 
o. 
o. 
o. 

-10. 
-10. 
-10; 

111111 
111111 

· ··utlll 

350. 350. 

1 : '14 1. so 
2 11 . i 1 2. l 50 

· 12 - ·•· --~9-··- · .. • .. ;·s---·.-·:.. --- 14 
13 11 16 14 
14 4 17 14 · -i~- ·-·· ~-~-,~-1~--- --- ~-·-r: .... :._~:~~------~ ~ 
:7 .; 13 '17 .. 52 

1 7 • .)6 .373 
1 5o7f)2 }0.08 
'2 
3 -~5?.7 • 00618' 
3 2.3 2.•3 ... •.. ...• 

.l ··<·:19 .. 20 21 

... .. :-:?:·-·: 

.. . .. · . ·-.. _. . ·.··· ... , 

1 0·. ·.0. 
20. o. 
30. o. 
40. o. 
so. o. 
60. o. 
70. o. 
80. o. 
90. o. 

100, o. 
108. o. 

o. -5.29 
o. 5.29 
o. o. 

90. 5 •. 29 
toa. 5.29 

!>tOo S.29 
40. -5.29 
92 •. 8.79 

106. 8.79 
}00. 9.29 

o. o. 
o. s·.29 
o. -5.29 

3SO. 

1 1 
1 1 
1- 2 
1 2 
1 2 
1 2 
1 3 
l 3 

13l· .13. 7 .; .as 
I 
i .. 

.1)0 .uo ~85 

. ·1-1 1 • 

X 
x. 

• o • X 

.02 

.as 

.as 

'. 
; 

--·--·- -... • • 
• 0 

• • 
MATLG 
END 
NODE 
NODE 
'NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 

'NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
END 
RESTG 
RESTG 
RESTG 
END 
WGHT 
END 
BEAMG 
BEAHG 
BEAMG 
BEAMG 
BEAHG 

--BEAHG 
BEAMG 
BEAHG 
END" 
BPROP 
BPROP 
BPROP 
BPROP. 
BPROP . 
END · 
TRIAB 

. - .. -.·--~--~---· ~ ·'•"'"""~ .. ~. 
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w 
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IV 

""' 

' .• 

CARD 

·--- --· ·--------

•. 
A 12 16 20 24 2e 32 36 40 44 48 sz 56 60 64 6• 7* 76 · eo 1 4 

• 0 • * • • • • • 0 • • • • • ... · ... . . . •· 
NO *****000 ***************** 0~**000000**0******oooooooooooooooooo*ooooooooooooooooo 

. 55 . "E~--- ..... ---~··--~.--....... ~· - .. . -· .... ~···. . .. , ....... · .. 

56 QUAD~ ·: .• 1 15 . J6 ·2.0 Pi 1 1 1.14 .-2 
57 ENO . . -~ 

58 f~OGEOM 
59 ··-*- *---~- s'TATIC INERTIA LOAD FOR HELliJSTAT WITH 10 INCH WF BEAM * * * 
60 STATIC 0 
61 ~--.-· * ··•· PNE'"G 'LOA{) IN. 
62 ACCEL •l 
63 ENO 
64 . E..,O CASE . 
65 * * * ONE G LOAD AT 75 Of.G ClOP CANTILEV.ER) (l0-2SWF) * * * 

0 -2 
X3 DIWECTION- C>OWN) ·;10·25 Wf) * * * .. 

[ 

66 ACCEL -1 -.9659 .2588 
67' YNo····- ·-·-·-· ... - '· --- ··"" ---.-~ 
68 ··END· CASF. 

CARD TyPE 
· · · E111D .... · ·• -

QUA DB 
END 
ENDGE . -.·. 

0 • 

STATJ . ... 
ACCEL 
END 
END"C' 

0 • 

69- * o * ONE.G LOAO AT 75 DF.G <BOTTO~ CANTIJ Cl0•25WF) * * * 
70 . ACCEL -1 .965~ e2588 
71 F.ND 

- ·· ...... ~ --- · ~--:... : ,:.;:...ACCfL;,. · 
END 

72 END CASE 
73 . All OONf 
74 OPTION 
75 REAM 
76 TPLATE 
.77 OPLATE 
78 E~OMOOEL 

0 
1 

0 0 
1 1 
1 1 

1 

1 1 0 

. 

60 
sao. 
soo.· 

END C 
·---ALL· o--'-­

OPTIO 
BEAM 
TPLAT 
QPLAT 
ENOMO 

• 

'· 

..... 
'• .;,,,, • ••. 1 

t1 

- . -... I 

-~~ ~ ... -:~ -~--· ,. 
' •• • •.. -~ •·· • .t.;" 

i._ 

·--~-- -
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t 
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J· 
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w 
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N 
U1 

.,. 
0 • 0 ONE G LO~D IN X3 DI~ECTION !DOWN) 110-25 ~Fl 0 • • 

NOOE 
t 
2 
3 
4 
c; 
6 
7 
A 
9· 

10' 
11 
15 
lf> 
17 
113 
19 
20 
21 

S r .A T I C 0 E F L E C T I 0 N 5 FOR OUTPUT VECTOR 1 
*~AXI~UM ROTATION IS AT NODE 11 *DOF = 4 VALUE : -.572350E-03 

. · · .. · 0 M'A)CMUM .TRANSLATION IS AT NODE 11 *OOF = 3 VALUE - -.440307£-01 
oooooo-~toooo TRANSL~.T!ONS: ·., ooooo<HHto<to oo-~too.ooooo ROTATIONS (RAOIANSl itooooooooo 

Xl ~? X3 X4 X5 .X6 
-·1113723E-13 .13730"i39f-15' -.67l03130E-03 -·1155288E-03 .9069674E-o4 o2247732E-14 
-.357?.~11E-l3 .}746Jo8E-14 -.2421956E-02 -·2166331E-o3 ol813QJSE-oj o2903289E-15 
-·1171528£-13 .2~1916?.£-14 -.5lll092E-02: -.3038294E-o3 o2720902E-OJ -.58722IOE-14 

.9o9342'0E-l3 .3524t:;I58E-14 -.~60lf.i4f,IE-oa -.3776343E-o3 o3627870E-o3 • · -.16?.3817E-13 · 
·11460l4E-I2 .3?81~47£-14 -.127633bE-of -.43A7485E-o3 o3627A70E-03 -·2A01537E-13 
.6474A49E-l2 .3028436£-14 -.I747143E-oi -.4876226£-oJ .36Z7870E-03 -.3808J27E-13. 
.}072471E-J1 .?774C:?~E-14 -.?260634E-Ol -.5?.47730E-o3 o3627870E-oJ·· -.4643S94E-13 · 
o157244~E-ll .25?141~E-14 -.2805341E-Ol -.5507163E-o3 o3627870E-OJ -.53019i9E-13 
.2J3028~E-ll .?.?62079E-l4 -.J370322E-Ol -.5659689£-0J o3627870E-03 -.5801160E-13. 
o272006~E-Il ~.46ROL~7E-05 -.3942856E-Ol -.5717441£-0J o3627R70E-o3 ·· -~5978804E-1l 
.~?029ME-ll -.H424:J37E-05 .· -.440307;?E-Ol- -.5723496£-0J .3627870E-OJ -.60818BBE-1J t. 
.t91914JE-02 .2993q76E-02- -.337032~£~01 -.56S9689E-o3 .3627870E-03 -.5801160E-tl 
.}919143E-o2 .Jol930SE-~2 -.4403072E-Ol -.57~3496E-o3 .3627870[-0J ··6081888E-lj 
.}919143E-o2 .14976A5f-02 -.R60194~E-02 -.3776343£-0J o3627870E-03 -·1623817E-ll 

-.1919143E-02 -.)097~ASf-02 -.860194~£-02 -.3776343£-0J o3627B70E-OJ -·1623817E-1J 
oll~8eqYE-o2 .SQ09I~7E-02 -.J4853J4E-Ol 0• .3627870E-OJ -~6944}05E-13 
o3l~~89lE-o2 .~o?O~~lE-n2 -.428~720E-Ol 0• .3627870E-oJ· -·7169740E-ll 
.337029:E-02 .5302659E-D2 -.3944500E-Ol o~ e3627870E-03 -.7127419E-1J 

r. 

., 
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.... ONE G LOAD AT 75 DEG !TOP CI\NTILF.:VER{ (10:..25Wf.) • .. • .. 
S T 4 T I C · . · D E F'. L E C T I 0 N S fOR OUTPUT VECTOR 2 

*M4XT11lll4 ROTATION IS.AT NODE 11-*00F = 5 VALl!E = .390881E-01 
..,._. ....... -~ ........ ·--·· ········ ·· *MAXJMt,tM· 'fRANStATt<m. I~:"AT NODE 21 *DOf - 1 VAtUE =: ·. e489349E•00 

****o****** ·TJ;ANSLATIONS . oooo'itito•o** . ********** ROTATIONS (RADIANS).********** 
Noot x1 · x·2 . . x3· ·. X4 xs· . . X6 

r· . ..:::r··-.7614469[-03 .6:Hl699F:-04 -.2117188E-03·. -.37f'>2941E-04 .13ll04SE-03 .9725369£-04 
2 ! -.tso6to3E-o2 ·1?6234o~-o~ -.7Bo6867E-o3 -.7I6I988E-o4 ·2622oB9E-o3. -.5516769£-os 
3 ··2035126E-03 ·l893510E-o3 -.}67ll83E-02 ··l021051E-o3 .3933}34E-03 ··3131545E•03 
4 ·-- .52I72l4E-·oz :.:_ ·2524680E-o3- -.2848823£-~·: · · - ·1292187E-o3 e5244}78E-o3 ·· - o8305026E•03 ... 
5 ·1~55197E~ol ·25?4680t-oJ -.4240666E-~ ··1450351E-03 e8120083t-o~ ··l403570E•02• 
6 ·3303673E-ol •2524MOE-03 -.s773984E-d.·2 ··1576837E-o3 ·157157SE.;.or ··l861862E-02 
7 eS354794E·Ol .2524MOf-O:). •• 7417767£-02 -.1672982E•03 e2331l4'lE,.OT ··2210221E•oz· 
8 • 770l051E-Ol .25246f!OE-03 - •. 9142344£-02 -.1740l2JE-03 e309070BE•Ol -.245'3490£-02 
9 •1023978E•OO .2'i24MOE-03 -.i}091938E-01 ··1779597E-03 e3850274E·Ol -.2596514E·02 

n---- ·- ol285023E•oo·" •~l2'5t>7E·o·l · •;,;1271597E-O:t · -.}794543£-oJ e3M2795f•OI -.262l235E-02 
11 el495671E•oo- .2502877E-03 _ -·1415890£-0L ... }796llOE-03 e3908812E-ol-- .. -.2643008E-02 
iS e3Q60773E•OO ol193875E•Oi •.109l938E-01 -.177Q597E·03 .38S0274E·Ol ~.2596514E•02 
16 .3t;~3433E+oo .1200430E-02 -.t415890E·01 -.1796lloE-03. .3908812E-Ol -.2643008E·02 
17 .79Ql385E-02 .936034AE-03 -.2848823E-02 -.12921A7E-03 .S244}78E·03 -.8J05026E·OJ 
18 .2443044E-02 -.43109A9f-03 -.?848823E-02 ··1292187E·03 .5244}78E-03 -.8305026E·03 
19. .4465342E•otJ ·18~61IE-02 •oll2dOOOf-Ol· .. O• .J865340f•Ol -.29159A7E·02-
20 e4A7516SE•oo ·18285~5E·02' -.}379998[-0l 0• e3901683E·Ol ··2937614E-02 
21 e48934B7E•OO .19173lOE-02 -.1272022E-OJ 0• .3886JO~E-Ol -.2942143E-o2· 
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o o o ONE G LOAO AT 75 OEG !BOTTOM CANTil 110-25-Fl * o o 

NODf 
1 
? 
3 .... 
5 
6 
1 
A 
9 

10 
11 
15 
lf. 
17 
}A 

19 
?0 
21 

' . 

.. S T A T I C 0 E F L E C T .I 0 N S FOR OUTPUT VECTOR 3 
*~AXI~UM ROTATION IS AT NODE 11 *OOF = 5 VALUE = -.38900JE-01 

- ... , ... ._. ____ ,_ .. _____________ · -------.-· ..... "X"tk\JM:;·T-R-AHSLAT-ION·· IS -AT NODE - ··21 ooof = 1 VAlUE = -.487604E•OO 
oooooo•-oo TRANSLATIONS -· •••*000*000 ********** ROTATIONS !RADIANS) 0 * 0 ******* 

Xl ·x2 XJ X4 X5 X6 
• 7634469[-03 -.6311M9E-04 .;,.1356105E-03 -.2216A28E-04 I -.A415982E-04 c -.9725J69E-04 
.1506103E-02 -.l262340E-03 -.4729177£-03 -.4050940E-04 1.-.16831q6E-03 .S5-16769E-05 
.2035126~-03 -.1893SlOE-03 -.9743185£-03 -.S515702E-04 >-.25247Q5E-03 e3131545E-OJ 

-.521721•4:£""'02 --,·:-·.2524-~80€--0·3 - ---d60:!546E-02 -.6624482E-04 ~ -.3366J93E-o3 .8305026E-03 
·~1655197E,.;.Ol -.2S246eOE-OJ ,;.~2365651E-02 -.8206118E-04 t;-.-7932305£-02- .1403570E-02 
-.330361JE-Ol •.2'5-24680E-03 ··-"!-•32b9230E-02 -.9470979E-04 ~ -.1552797E-01 .1861862£-02 
•.53547~4[-0l ·•.2524681tE-OJ .. .;,'~4·283275E-02 ~.1043243E-03 1-.23123E-3E-01 .2?.10221[-02 
-.7701051£-01 -.2524680£-03 -.5378112E-02 -.1110385[-03 o-.3071930E-0l .2453490E-02 
-.1 0?.3978pOO - .2524MOE-0 3 - • 6525407E-02 ... 1149858[-03 ''- • 3831497E- 01 .2596514E-02 
-.1 285023hOO · --- ;253679·2E•0·3 •. 76922SBE.-02 -. 1164804£-03 · -·-. 38640 17F.- 01 • 2623235E-02 
-.14956 71E •00 -·25464F!~E-03 ... 8631401 E-02 -- - ·11 66372E-o3 li -•3890n34E-O__l.. ·2643008E-02 
-.3050839E•OO e3SS8071E-o3 -.6525407E-02 -·1149A58E-03 -.3831497E-Ol .2596514E-02 
-.1~53499E•OO .3623623E-03 -•863140lE-02 -·ll66372E-o3 -.3890034E-Ol ·2643008E-02 
-.fl998016E-02 .97967t2E-Oti -.1603546E-02 -.6624482E-04 -.3366393E-03 .8305026E-03 
-.3436392E-02 -.6Q29030E-03 -.1603546E-02 -.66?4482E-04 -.33~6393E-03 .8305026E-OJ 
·.4448837E•oo .767l344E-n3 -~6760086£-02 ~· -.3846562E-Ol e2915987E-02 
-.485B659E•OO .77010~9E-OJ -.8398431E-02 D• -.3882905E-Ol e2937614E-02 
-.4~7~042E+OO e8273~6~E-OJ -.7696511E-02 0· -.3867527E-Ol .2942143E-02 

l 
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DJSPLRCENENT CRSE 

20 

X2 

ONE G LOAD -X3 DIRECTION 
10 INCH - 25 LB/FT WIDE 
FLANGE WITH 1/8 PLATE BOTH 
SIDES FROM NODE 4 THROUGH 
NODE 11 

X3 

\~ )" 
\, ~ 

3 

NRJ/STRRDYNE FJNJTE ELEMENT MODEL PROJECTJON ON X3-Xl PLRNE CRSE NO. 

3-28 



.. 
DlSPLRCEMENT CRSE 2 

20 

ONE G LOAD AT 75 DEGREES 
(TOP CANTILEVER) 10 INCH -
25 LB/FT WIDE FLANGE WITH 
1/8 ~LATE BOTH SIDES FROM 
NODE 4 THROUGH NODE 11 

6 

X3 

13 

5 17 

v~ 
·~ 

~14 

NRJ /STRROYNE F l NJ TE 'ELEMENT NO DEL 1"-RD"JECT l ClN ON X3· Xl PLRNE GISE NO· 
,, 
f.. 



OJSPLACENENT CASE 3 
18 20 

10 

ONE G LOAD AT 75 DEGREES 
(BOTTOM CANTILEVER) 10 INCH-
25 LB/FT WIDE FLANGE WITH 
1/8 PLATE BOTH SIDES FROM 
NOD£ 4 THROUGH NODE 11 

5 

X3 

17 

/ 

3 

2 

MRl/STAROYNE FlNlTE ELEMENT MODEL PROJECTJON ON X3-Xl PLANE CASE NO. 3 

3-:30 
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- --·"--·--------·---~---------------------·-··--·-··- --·----•--s·TAADYNE 3.0 ·INPUT ••• 
1------------------------------- CARD IMAGE --------------------------------1 
1 4 e 12 · 16 zo 24 28 32 36 40 44 4a sz 56 60 64 68 12 76 so 
0 • 0 • • • 0 • 0 • • 0 • • • • • 0 • 0 

CARD NO ooooooooooooooooooooooooooooooooooooooooooooooo•oooooooooooooooooooooooooooooooo 
·--··· ··--·-·z .. • .. ... ·RUN' "6 ... •. . .... .. .. ....... .. X 

3 
4 
5 
6 
7 
e-
9 

* • * SOLAR ENERGY HELlOSTAT FR~ME STRUCTURAL ANALYSIS • o • X 
0 o 0 PRELIMINAR~ ANALYSIS OF CANTILEVER END USING WIDE FLANGE 0 • • X 
o o • SELECTED WIDE FLANGE IS 10 INCH - 25 LB/FT • • • X 

o o o 0.125 INCH PLATES ON EACH SIDE Of Wf fOR 60 INCHES • o o 
MATLG 1 ST£EL JO.E6 .3 .28 9.E-6 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
2a 
29 
30 
31 
32 

END 
NODE 

33 END 
34 RESTG 
35 
36 
37 END 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13. 
14 
15 
16 
17 

. 18. 
19 
20 
21 
so 
51 
52 

12 
13 
14 

o. 
o. 
·o. 
o. 
o. 
o. 

1)0. 
o. 
o. 
o. 
o. 

40. 
-40. 

o. 
o. 
o. 
o. 

·o. 
o. 
o. 
o. 

-10. 
-10. 
•10. 

111111 
"'111111 

111111 

·3a· WGHT ··· · ····-~zt·· ,_ .... ----3~o··,-~· :· ······:···•JSO.--·-·· 
39 ENO 
40 l:tEAMG 1 .t4:'. ~;~·i- ... !:. SO 
·4"1 ··z· ·--- 4 ........ r·<:.·.I:'".'·:'·i·· ... 1.-.... so 

10. 
20. 
30. 
40. 
so. 
60. 
70. 
eo. 
90 •. 

100. 
lOa. 

o. 
o. 
o. 

90. 
1118. 
40. 
40. 
92. 

106. 
100. 

o. 
o. 
o. 

·--Jso. 

1 
1' 

42 5 11 4. 1 5 1 50 . 1 
43 12 9 15 .14 · :·; · .. · · · ··· ----· · --- -~ r:· , ··>::~-~-t .. ~·:~-~~:·;r~ :--· --: .. · .... ~: · 
46 15 . ·_ ' 4. . . 1_8 l4 
47 . . .. . . 16 . - 12': 1'8 51 
48 17 . 13 17 52 
4.9 END 
SO . BPROPl· .. 
51 i3PROP2 . 
52 'f:iPROP6 
53 ~-PROPl 
54 f!PROP2 

·.··:r··· 
.1 
2 
3.-

3 

:·.,.•36 
. 5~762 

:: ·.-J73 .. 
. 10•08 

,;527- . ~00618" .. 
2.3 2.3 

1 
1 
1 
1 
1 
1 

133. 

•110 

o. 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
o. 

-5.29 
5.29 

0 •. 
5.29 
5.29 
5.29 

-5.29 
8.79 
8.79 
9.29 

o. 
5.29 

-5.29 

1 
1 
4 
2 

·2 
2 
2 
3 
3 

13.7 .as 

ollO .as 

.02 

.as 

.as 

·. l : ____ . .. ... . . -· -~ :~· .. ,._ .. -·· .. ..,-.. ~·--·-:--.,;f'o·.-··--·~·~· ., ..... ,.........._... .. ~ .. -- ~~··· ... , ....... ·.· . ;:~::·. ·~ . ·.·. . __ ;. 
··.:_; . . :. ·-: .-. ·:-, ._ . ~ . 

CARD TyPE 
•· 0 

• 0 

• 0 

• • 
0 • 

MATLG 
END 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
NODE 
END . 
RESTG 
RESTG 
RESTG 
END 
WGHT 
END 
BEAMG 
BEAMG 
BEAMG 
BEAMG 
BEAMG 
BEAMG 
BEAMG 

· BEAMG 
BEAMG 
END 
BPROP 
BPROP 
BPRO-P 

·BPROP 
RPROP 

• 

.. ····:-·~·· ·-·· .. -:~,_,-.. ........ -... . 
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w 
I 
w 

·IV 

CARD 

~· ....... . 

NO 
·s5 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
11 
72 
13 
14 
75 
76 
77 
78 
79 
80 
er-
82 

... 

.-:;: 

,-~----------------~------------ :w,.,.r-;u .a.n,·•:uc. --------------~~--------~----· , ·· ... · ···:; . 

1 4 A 12 16 20 
0 ··O 0 0 * * 
F!PRO~t:·.••.::/;·" IC .. 9. f, 1 
8P.ROP2 ·' ···. 4· 5~762 

24 
0 

2s:l 32 
0 0 

33•A· 
. ,; 10. OB 

36 40 44 48 52 56 60 . 64 68 72': 
0 0 •. .. .. • •.. . . .. & *' 

:. ·:·· :· 32~' \\:::·\~i)~--·~~:·':i?~;;·· ·i, 

.· .·· ,: -:· .. ·. · .. ·.·· :·: .. :.:: ·:::._,;_:·.... .}<_:~}:-.:·::: .. :· ::· .. 

.. ·· ~~~·.~; :19.\·:">·>i.'?)<.:/{ ·:~.:: •.•. , ····:····. 
··:· _;_. . .... · 

END •·' <:.> . . · 
TRUB·' . ;) i' . . 19· 
END:.:···':,; .. :'='·' 

.. · ·20 

QUA DB'.·, · 1 15 16 20 .:.19 . .1 ·j ..... ~2.'. ·. 
. ·F:No··"•·.';'·~·'···: .. (.··· ..• :: :::·:-·: 

ENDGEOM ~ 
o .. •·~ SUTIC INE;RTU LOAD FOR HELIOSTAT ~IT.:. 10..;2SWF W.ITH PlzATE~;. 

STAT"JC.. 0 0 -2· ''·!· · .. :-::.: .. ,: .: .. (:~:-:·.-:···~·· ., . 

76 
••• 

80 
.. ... ., •\:; 

. ' 

CARDTvPE 

c·.i!~M2?!:c.··;·;·.····· 
TR:lAS'· ' . 
ENrf>~· .. 
auAOe 

.... -~~g~i':: . 
. ·,:. *'·'.4t'.;:·' ·: ·,: .. 
. >st~if ··· · ·· 

o o *. ONE G LOAD IN X3 DIRECTION fiDOWN) <10-ZS WF WITH· .l/8 PLATE). ... ~·: t.. '41 

. i;g:~:s~NE -: LOAO H 7S OE,G ClOP CA.r!CE":RI Cl~~25Wf :;:~ )/8 PLATEI~ :'~:r ';'~?f !jjf~t~;qf · 
. ACCEL -1 -.9659 .2588 ... .- ..... !·-~-• ···ACCt:~···· "· ······· ······ 

Et..ID END.· 
END CASF. END C 

• ·o 0 ONE .G LOAD AT 75 OEli 18011011' c·ANTI) (l0•2SWF WITH l/8. PLATn• • •·· . . •. ,,:.; ... :-'-*.":"~ .. ,. ····-:"';. ~ ' . 

ACCEL -1 
END 
END CASE 
ALL DONF. 
OPTION 

'REAM 
TPLATE 
QPLATE 
F.t..IDMODEL 

0 

.9659 e2588 

a· 1 
0 D 
1 ] 1 1 
l I 

\ 

0 

60 
'soo •. 
s.oo. 

ACCEl 
END· . 
END C 
ALL D 
OPTlO. 
BEAM .. · 
TPLAT 
QPLAT 
ENOMO 

.....•... -··-:--,~t. ,'.1J"i' .--:· • 

. . ·;, 

.,. ;/~t~~-", .:· 
. ·' 

.• t'' . .. ·h-1:::.~ .. ~-: ': ',"'• ~-· 

. . . ~ .. : .. . . ...... ' 

.·. . ·· . 

· .... ~-·, . 

: '.•·. 

... •• ·- ~u~- .. ·:·~··· -"'~:~··:~-~~-~}~~1~;0,~·:--7.:-.- -~;z1~"T~~r:?.7'""~ 
· .. ·,. . 

. " ........ ~,,.~ ..... ::.. .. ;:... . ........ ,; __ .~ ~ ..... ;.;,::~~;Ii:~i,;.:.Jirii~'~:&~.:.;;:. .. ~-' .... ·- ''··· ......... _... . . 



.. ; 

'!·'i 
~j 

• * * ONE G LOAC IN X3 DIRECTION IDOWNl (10-25 w: WITH 1/8 PLATEI 0 * * 

NODE 
l 
2 
3 
4 
5 
6 
7 
B 
Q 

ro· 
11 
15 
16' 
17 
18 
19' 
20 
21 

c; T .A T I C I) E F L E C T I 0 N S FOR OUTPUT VECTOR 1 
0 ~AXJ~UM. QOTATION IS. AT NOOF. 11 *DOF = 4 VALUE = -.584091E~03 
0MAXIMU~ TRA~SLATIO~ IS AT NODE 11 *OOF = 3 VALUE = -.455706£-01 

••••••••••• _'TRANSLATit)tJS ooooooooooo oooooooooo ROTATIONS CP.AOIA~SI •••••••*** 
Xl . 

-.17647SCE-13. 
-.3681036E-13 
-.14~1137£-13 

.9342521E•13 
• 287765C•E-12 
.S102161E-12 
.8132S25E-12 
·1129329E-11 
o1470865E-11 
•1828924E-Il 
·212012t.E-ll 
·20J9652E-o2 
.~0)96"l2t:-02 
o2039652E-02 

-.2(139652E-02 
o3J89138f-02 
o3'389138E-o?. 
.358l922E-02 

X?. ~3 X4 XS X6 
.7744343F-15 -.7158997E-03 ~.l231063E-03 .9639186E-n4 .2315396£~1~ 
.154R~~9E~l4 -.?581972E-02 -.2306917[-03 ;1927837E-03 .3030712E-15 
.?32J101E-14 -.5445592E-02 -.3232727£-03 .2A91756E-03 -.6036973E-14 
.31363~oE-t• -.9159296E~oz ~.4013657E-o3 .JB5567SE-oJ -.1669956£-13 · 
·2~794?3E-14 -·1352910E-Ol -·459!951E-03 .JA55675E-03 -•21A8796E-13 
e2S963QOE-14 - ol841462E-ol -.5051800E-03 o3A55.675E-03 -·2632376£-13 
.?3133~7E-14 -.z370044E-oi ~.5399j01E-03 .J~55~75E-03 -·3000503E-13 · 
.2Q303~4E-14 -.?.927729E-Ol -.S640555E-03 .3855675£-0J -·3293180E-13 
.t762479E-l4 -.3504194E-Ol -.57A16S7E·03 .3855675£-0J -.3510S96E-13 

-.3511746£-•JS -.4088004E-01 -.583514JE-o3 .. · e385567SE-03 -·3616485£-13·: 
-.~321143£-0S -.4557064E-Ol -.5840910E-o3 e3855675E-03 -~3636189E·ll · 

o305A4Q7E-02 -.3504194[-01 -.5781657£-0J e385567SE-03 •e3510596E-13 
.JoAJS?OE-02 -.4557064E-01 -.S8409lOE-03 o3855675E-03 -~j6J6189E•13-
o?l?.3?25E-O? -.9159?96£-02 -.4013657£-0J e3855675E·03 •i1669956E·l3 

-.?t?.3??5E-02 -.9159296E-02 -.4013657E-03 .3855675E-03 -.}669956£-13 
o5!12717E--:>?. -.3fl21441E·Ol 0• .J855f'I75E•03 -.J73661'3E-l3::· ,; ...... · 
.5t?40Qlf-·J?. -.4440475E-Ol 0• .J855675E•OJ ··3843075E-ll. 
.54117?.9E-:J2 -.40B9549E-01 o. .J855675E·03 -.3812458E-lj --;< 

: , I ' 

w 
f 

"'i w 
w 

. , . 
. · '· . 

. , 

.:·:l .. 

t . ·;"}:: ~~· ..•• 
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* * * ONE G LOAD AT 75 DEG <TOP CANTILEVER! U0-25Wf 

NOOE . 
r 
2 
3 
4 
5 
6 
7 
8 
9 

10" 
11 
15 
16 
17 
18 
19 
20 
21 

... 

S T A T I C D E 
~MAXI~UM ROTATION IS 
~MAXIMU~ TRANSLATION IS 

*********** TRANSLATtO~S ooooooooooo 
~1 

-.~038275E-03 
-.t579367E-02 
-.ls:I:)OB80E-o3 

.C::552972E-o2 
·1573215E-Ol 
o282251SE•o1 
o4251644E-Ol 
o5All778E-Ol 
.1456814E-01 
• <; l390l3E-0 l 
.1049234£+0!:1 
.l'959059E-Ol 
.11 03277E•OO 
.~35A330E-o2 

o27476I4E-o2 
o86JF,640E-Ol 
oU056J1E•oo 
ol007080E+OO 

X? X3 
.6717697E-o4 -.2233290£-03 
ol343539E-03 -.H220989E-03 
·20I5309E-03 -.}757751£-02 
·2~~7079F-o3 -.2993064E-Ol 
o26A7079E-03 -.443~840£-0, 
o26~7079E-o1 -·6018080£-0? 
o2687079f-03 -.77009~2[-02 
o26R7019E-OJ -.945Y077E-02 
.2687079£-03 -.}12b584E-01 
.2677990£-03 -.\~09161E-Ol· 
.2670720£-03 -.1455743£-01 
.1226A}J£-02 -.11265A4E-Ol 
ol233?A9E-02· •ol455743E-Ol 
.9847643£-03 -.?.993064£-02 

-.44734~6f-03 -.2993064£-02 
olA68649E-02 ··Il63225E•01 
ol871593f-02 -.}41927JE-01 
ol961777E-o?. -.}30~561E-Ol 

WITH 1/8 PLATE!* * 
f L E C T I 0 N 5 fOR OUTPUT VECTOR 2 
AT NODE 21 *DOF : 6 VALUE = •ol73078E•t2 
AT NODE .20 *OOF = 1 VALUE =- o110563E+OO 

ooooooooo• ROTATIONS (RAOIANS) ********** 
x4 xs· x6 

-.3959046£-04 l.t3257A4E•03 ol021576E-03 
-.7525824E-o4 ~.26Sl567E-oJ -.7o1627SE-os 
-·l07137oE-o3 3o39773SlE-o3 -.jJ23648E-o3 
··1353604E-oJ ~·5303134E-03 -.8787311E•03 
-.l50326~E-03 ) o6141354E-03 ··1137072E•oz 
•o162227SE-oJ c•6979S74E-OJ ··l342499E•o2 
-.1712l09E-03 , • 7~11794E•03 ··1497738E•02 
-.1774645E-03 ~.86560l4E•03 •ol605513E•02 
-.1811162E-03 ~.9494233E•03 •ol66~547E•02 
-.1825004E•03 0 .9895209[•03 •.-1688121E·02 · 
-.1826497£-03 t{.l021599E-02 -.1689486£-02 
·.1811162E-03 .9494233£-03 -.1668547E-02 
•ol826497E-03 ·1021599£-02 -·1689486E-02 
··135JF,04E•03 e5303134E-03 •o8787311E•03 
-·1353604E•03 o5303134E•03 -.8787311E-OJ 
0• o9949973E•o3 ··l727293E•o2 
Oo ol058360E•02 •el729207E•o2 
o. o1033j87E·02 -.17l0784E•02 

·. 
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w 
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w 
U1 

... 
* • * ONE G LOAD AT 7~ DEG <BOTTOM CANTil !10-2SWF WITH 1/8 PLATE)* * * 

NODE 
1 
2 
3 
4 
5 
6 
7 
8 
9 

lQ 
11 
15 
16 
17 
1~ 

19 
20 
21 

S T A T I C D E F L E C T I 0 N S FOR OUTPUT VECTOR . 3 
*MAXTMU~ ROTATIO~ IS AT NODE 21 *OOF : 6 VALUE = o173078E-02 
*"'1AXJMIJM TRANSLATION IS AT NODE 16 *DOF : 1 VALUE = ·•l09272E+OO 

***•******* TRANSLATIO~S ~********** ********** ROTATIONS (RADIANS! ********** 
Xl 

.R03A?75E-o3 · 
o}579J67E-02 
.}890880E-03 

-.5'55?9'r2E-oz · 
-.}S73215E-Ol 
-.2B22515E-Ol 
-.42Sl644E•Ol 
-.SIH 1778£-01 
-.74568}4£-0l 
··913901~-0l' 
-·l049234E•oo 
-.7A53487E-Ol 
-.to9nzor•oo 
-.7302606E-02 
-.3~0331BE-o2 
-.A4612t8E•ot 
-.toqeoe9E•oo 
-.9~85403E•Ol 

X?. X1 X4 XS X6 
-.6717~97E-04 -.1472207£•03 -,2412934£-04 -.R268593E·04 -.l021576E-03 
-·1343~1QE-03 -.~l~))QOE-03 -.44}4777£-04 -.}653719E-03 .7Ql6275E-o5 
-.?015109f-01 -.}06v8~7E-02 -.60l8894E-04 -.2480578E•03 o3323648E-03 
-.?.687079£-03 -.t7~77~8E-02 •e7238652E•04 -·3307~31£•03 o8787311E~03 
-.26f.l70HE-03 -.?56382'+E-O~ -.8T35276E-04 •o4l45657E•03 •ll37072E-o2 
-.26~7079£-03 -.3~13326E·O~ -.9925~64£-04 -.4983A77E•03 o}342499E-02 
-.26B7079E-0'3 -.45t>64?9E•02 -·10A2470E-03 -,S822097E-03 •l~91738E·02 
-.?.~8707~£-03 -.5694846£-02 ··1144~06£-oJ -.6660316£-03 ol60~513E-02 
··26R707QE-03 -.~87187oE-02 ··11Al424E-03 -.7498536E-03 •l66~547E•02 
-·269611':>7E-o3 -.ao.679otE-o2 -.1195266E-o3 -.7899512£.-0l •168:81~1£-oa 
-.27034~9E·0·3 • .9029933E-02 - oll96758E-03 -·8220292E•03 . •l6&9486E•0.2 

.356265?£-03 •,6871870E•02 ··11Al424E-03 •e7498536E•03 •l668547E~02 

.3~?7413E-03 -.~0299JJE·02 -·119~75AE•01 -.8220292E•03 •l689486E•02 
oll4?l~qE-03 -.}7477~BE-02 -.7238652£•04 -.3307437E-03 .8787311E-03 

-.A~J61?AE-03 -.}7477M8E-02 -.723A652E•04 -,JJ07437E•03 .8787311E-03 
.777691JE-03 -. 711£'3JOE•02 O• -. 7954?76£•1)3· •l727293E•02 
.7P063~Af-03 -.R79ll74E-02 0• -.BS87904E-03 •l729207E-02 
.R393139E-03 -.8071897£-02 . 0• -.8338177£•03 el7J0784E-02 

• 
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SECTION II: 

PROTOTYPE FRAME, MOUNTING POSTS, OUTER DRIVE 
AND SIMULATED MIRROR MODULES. 

10 INCH - 25 LB/FT WITH ADDED TORSIONAL STIFFENERS 
AT MIRROR MOUNTING POINTS 

Note: Actuators\ between frame a~d mou:1ting 
posts not loaded. T~is causes frame 
to rotate approximately -10 milliradians 
about X2 axis. This will be revised on 
later runs. Relative deflections of 
beams under loads are still applicable. 

3-39 
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ONE G LORD JN X3 DJRECTJON £DOW~l COMPLETE FRAME 

OJSP'LACEMENT Ctl5E 

·S 
619 

\ 

I 

MRl/STARDYNE flNJTE ELEMENT MODEL P~OJECTlON ON X2-X'3 PLA~E CASE NO. l 
\. 
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31 
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l1 
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1S 
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4b 
47 
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H? 
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~:-uoetJ - 2\) o .r>~. o 
l')DE ~7 0 

27 1 
;>QI) 

l·)l 
£ 9? 
29 "--

W'lOfG 300 JOC:. 
•I:>OE JOfo. 
'100[~ - 307 317 
'')0~ 311 

314 
·~'lD'::G 3S!l )c;~ 

•t')l'l': 35'i 

l I u . 
l).) . 

1 .n . 
1·n . 
}l'3 . 
nl. 
l 4.) . 

) (l . 

o. 
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~ . .. 
r. . 
o. 

l 10 . 
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73. 
,.., ~ .. ; 
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o. 

o. 
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o. 
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t,uv . 
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100. 

o. 
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4 00 . 
bOO . 

. l()O. 

o. 

t 
! 

o. 

o. 

o. 

o. 

1}3. 600· O.r 
o. 
o. 

~.54 

9.54 
9 .54. 

~~~· 9.54 -
-~~ 0;, ~00 .~ G. ·<.' 

_·..,.- o. !,. .... , 

o. 
~.54. 

9 .54 
~.54 
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.· ;J· .. ;·fi;: ( o. _..,"'""r,.:-. ...;. i?3: 100. 
. , 

;" 4·4 
4.4 .. 

~.Q. ~ 
soo. o. ' ... ;,.. o. 

76 ao 
• * 

.. 

! 
~O!)f.G 35! J>; ?. 13 . 
~40DE 36 3 '" .f "" · ~ 

10 0 . 
'15 .f17S 

104 ,12? 
':> 0 ( i . 

soo . 
soo . 
49S .!:I7~ 
::,oo.l25 

lUO. 

o. ~~~ ?OO~ ., Q._ 
4e4 · · ·:-_ ·-1-- _; __ __ 

364 
>,;I)Q£ 4 •) F, 

•1')!)£'t; 
I •'JQEG 
•i')DE suo 

501 
50? 
S1U 
SOc. 
505 
50 
5') 7 
~ C)H 

:>..J' 

st~ 

311 
s1c 

4.()() t..o<; 

407 4}? 

t-_6 . <::. 
L. ~ •• ·;. 

l J . 
7::. . 

J.. ~ - ~· 
~? . !:..... 

~2 • ., 
f-2 . "-
?? . ~ 

t.. 2. . ~ 

..-. ? . S . >.~ 
- ;> . <.. 

1--,. • -, 

.c..~.r;. 

~z . ; 

' 2 . s. 
~? . 5 
~,? . ~ 

,._ ;> . !.., 

~~ . .:.. 
... ? . :; 
f:!,>_.;;. 
~-~~ 
~~~s 

1no. 
30h . 

-;)4 .54 
94 .54 
94 .54 

94.54 
" 94 .s .. 
94 .-54 
94 .54 
Qt, .54 
94 .54 
9:. . 5 4 

10<;.46 
105.4.6 
105.46 
I (l<lt .4~ · 

I olS .'+'> 
105 ... 6 
lO'i .tr6· 
l 6S.~h 
10S.4h 
ilJ.,.i~ 
494 .. _5'4 

4.4 
o. 

0· - ' 'flO• 300'· · 
o. 173· 300~ 

. ~ 125 
-IO· PHS 
-21.1375 
-32.1875 
-43.1 8 15 

"..;51 .6B7S 
-60.1875: 

•· ' -..6B .6<37'J> 
-77.1>iiV 
-1'16.4125 
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Appendix 4 

IMAGE ANALYSIS 

Sun images reflected from a parabolic mirror as projected onto a broad­
side surface located at the focal point ~target) have been shown* to 
consist of two parts: 

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

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

Circular mirror pattern shapes are sketched for several different values 
of 9 in Figure 1. It is convenient to think of the patterns as composed 
of four circles having diameters defined by: 

Ds = 2EF sun's image 
DM = (l-COS9)DM mirror image 
D1 = OM + D , total image outer diameter 
Dc = DM - o: , total image core diameter 

In equation form: 

DI = (1-COSB)DM + 2EF 
DC= (1-COSB)DM 2EF 

Outer image diameter is of particular interest to the research experiment 
since it, together with computation errors of the offset facets and 
pointing errors, defines the desired size of the target array. 

The core diameter is of uniform intensity and for ~M~Ds is co~stant 
maximum value. For DM>D

5 
the core intensity is still uniform but of 

decreasing magnitude witn increasing DM. 

at 

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

*Memo, w. H. Egli to J. C. Powell, 3/4/75, 11 Performance of Off-Axis Low 
Aperature Reflectors .. , S&RC/R. 
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Mirror shapes other than circular do not result in nice simple equ~tions, 
but are just as easily sketched. Image shapes expected from a lOrn square 
mirror at the extremes of the POCE field and for the extremes of 9 are 
sketched to scale in Figure 2. The image rotates about its center on the 
broadside target plane the same amount as the plane defined by the sun, 
mirror normal, and target vectors rotates away from vertical. 

Total specular reflectance, by taking into account the spectral distri­
bution of the sun's energy, gives a true picture of reflector efficiency. 

Reflectance figures can be misleading unless the total (sun's} specular 
reflectance is used. The example below shows how a mirror, having a 
maximum reflectance as high as 0.9, has an effective (total specular} 
reflectance of only 0.68 even though its reflectance appears to track 
the sun's spectral distribution. 

I 

Spectral distribution of the sun's energy per unit wavelength is plotted 
in Figure 3.* Reflectance below 0.3 and above 2.0 microns is of little 
benefit since 98% of the sun's energy falls within this band, as shown 
by the cumulative distribution in Figure 4. 

Reflectance of a 1/4 inch silvered second surface mirror is plotted in 
Figure 5.** When this is multiplied by the sun's irradiance, the 
reflected spectral distribution per unit wavelength of Figure 6 is 
obtained. Integrating Figure 6 gives the cumulative reflected energy of 
·Figure 7 showing a total specular reflectance (mirrcr efficiency} of 68%. 

Silicon photo transistors are being used in the experiment calibration 
array. They have a. peak spectral response at .9 Inicrons and1taper off 
to zero below .5 and above 1.1 microns. While they are useful for ob­
taining relative intensity measurements for determi~ing spot size, the 
mirror total reflectance should be periodically measured (to determine 
mirror efficiency} . If significant variations are noted, we might also 
want to periodically measure the mirror reflectance versus wavelength to 
aid in evaluation ... 

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

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

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

** Design fabrication and testing of a heliostat for a central receiver 
solar thermal power plant - Final Report by University of Houston and 
McDonnel Douglas Astronautics Co. under a natio~al science foundation 
grant for period 5/74 to 9/75. 
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Angles between fact axes and the sun, important because they define 
the maximum available power and off-axis aberation of a heliostat, vary 
between 0 and 7 4 degrees .. 

Cosines of facet axes to sun angles, calculated for the POCE field 
geometry over the course_ of a day and a year, were found to: 

1. Be significantly larger in the North field quadrant. 

2. Be significantly larger for inner rings. 

3. Have an average yearly value of .78. 

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

5. Have a range of 1.0 to 0.28. 

Loss .of available power and defocusing due to the POCE site geometry is 
demonstrated in Figure 1. Here the average yearly cosines for the 
heliostats are plotted v.s. field position. The significantly higher 
values for the inner rings compared to the outer rings is due to t~e 
higher tower line of sight for the inner circles. 

The effect of radial distance from the tower (or tower height) on the 
cumulative distribution of the cosines is demonstrated in Figure 2. 
This curve, together with the field geometry is used to compute the 
cumulative distribution of the cosines for the entire .field, shown in 
Figure 3. These plots are useful for weighing the effects of apera.tures 
or targets not capable of receiving the worst case images. 

The POCE field geometry had a tower height of 120 meters maximum hslio­
stat radial distance from the tower of 305 meters and a minim';Im radial 
distance of 46 meters. 

The cosines were calculated each hour for one hour after sunrise t~ 
one hour before sunset for three days of the year; equinox, summer 
solstice and winter solstice. Average yearly values for a particular 
heliostat were calculated by averaging the values for each hour an1 the 
three days. 
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Appendix 5 

COORDINATE TRANSFORMATIONS 

Mirror pointing errors are related to error rotations occurrin~ about 
the three error measurement frames in the heliostat by the equ~tions: 

where 

y 11 is the unit direction vector along the inner gimbal axes 

z 11 is the unit vector along the mirror normal 

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

On fixed in ~he mounting posts 

In fixed in the outer gimbal 

M fixed in the mirror. 
n 

The direction cosines of the mirror normal·measureC. on the inner axis 
are related to th~ base cosines in an errorless heliostat by the matrix 
equation 

where 

l¢1 is the rotation matrix due to the outer gimbal angle 

lSI the matrix due to, the inner gimbal angle. 

If we include the error rotations we get 
I 

I nm I = I M I I 8 I I I I I ¢ I I 0 I I nb I 
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Combining the twc· above equations gives: 

I n~ I = I M I I e I I I I I <P I I 0 I I :1> I T I 8 il T I nm I · 

M, o, and I are error rotations about the three axis of each triad 
which for small angles ~cos y = 1 and sin y = y) =educes to: 

1 y3 -y 
2 

( y) = -y3 1 yl 

y2 -y 1 i 

The transformation group I·P II 0 I ! <PIT then is: 

1 

I<PIIoii<PIT = -(o3 ccp + o2 s<Pl 

(o3 scj> + o2 ccj>) 

-.:o3 scj> + o2 ccj>) 

01 

1 

which is the matrix representation of the rotational error vector 0 
tr~nsformed throu3h a rotation ~-

Let 

another small angle tran,formation matrix. 

Then 

But 

1 +(I3 + 0 I) 
3 -(I 2 

+ 0 I) 
2 

I ill 01

1 = -(I3 + 03 I) l (Il + 0 I) 
1 

(I2 0 I) 
2 -(I + 

1. 
0 I) 

1 
1 

which is the matrix representati·::>n of the sum of the two rotation 
vectors I and 01 

- another small angle rotation matrix. 

Then 
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But 

I M II 8 II I + 0' II 8 IT is exactly the same form as was I I II <P II 0 II <PIT 
~o t~at it is the matrix representaticn of the error rotati:on"vector 
I + O' transform~d through the rotaticn 8 and surrmed with the error 
rotation vector M. 

Functionally, theAabove can be represented as shown in Fig~re 1, where 
the error vector On is transforme9 throush ¢, summec with In, trans­
formed through 8 and summed with Mn· 

Let the resulting matrix, itself a small an~le rotation matrix, be 
I B I and defining the error matrix I e: I = In~ I - ,I nm I, then: 

0 

le:l = lal lnml - III lnml = -B 3 

B2 

which in vector form is: 

e: =· B x n 
m 

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

OJ 11 Ml 

II + 61 + 
Ml + ( 11 + B1 ) C 9 

Xs -(1 3 + 113 CH B2 S~ S9 

N = 0 

M2 

·~ l2 + M1 + 62 CH 93 St~» 

+ yll N=O 

fs MIRROR 
RORMAL 

M = 1 

Figure 1. HELIOSTAT POINTING-ERROR FLOW-DIAGRAM 
·. r \· .,. , .. \ .. ,\ 
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Functional relationships between the coordinate frames used in the. 
analysis and control of th~ heliostats are defined in Figure 2. From 
left to right the rotations r, w, i, Lg +)lt +90° and Lt define the· 
transformations from inertial.to local vertical-north space and give 
the direction cosines of the sun direction vector. The rotation H 
gives the base frame for a specific heliostat in terms a cross-course, 
up, and (cross-course) X (up) frame. E is the elevation angle to the 
target and provides the transformation to the target frame. The N 
transformation zeros the sun's cosine on the x axis, S zeros the sun's 
cosine on the 9 axis and F is a 90 degree rotation to realign the 
inertial frame x axis and the sun's direction vector. The ~ and 6 
rotations are the heliostat gimbal angles and pro·Jide the transforma­
tion from the base frame to the mirror. 

The circle diagram of Figure 3 provides a summary of the functional 
diagra~. The numbers within the small circles represent the frame, 
the letters (on the inside ~f the large circles) are rotation angles 
and the x, y or 2 notations outside the circle define the axes about 
which the rotaticns occur. 

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

1 

= 0 

0 

0 

c~ 

-s~ 

0 

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

81 i6 + 8 2 96 + 8 3 i6 = 81 ilO + (S2 c~ + 8 3 s 6 ) 910 + 

. (s 3 c~ - s~ s~) i 10 

j 
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The equations for computing cross-course and elevation errors-at 
the target are C:er.ived as .follows:. 

A 

For T - Unit Director Vector to Tower 
A 

X = Unit Sun ~ector 

fi = Unit Mirror Normal Vector 
.... A A A A 

T =- [S-{S•n)n] + (S•n)n 
A A 

T =- [S-2(S•n)n] 

converting to matrix equations 
A A A 

T (S •n)n = nn S 

so that 

T = - [I - ·2 T] S 
nn 

simi2.3.rly 

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

(S·~)~ 
-(T·~)~ 

A 

n 

A A ~ A A A 

-[S-(S•n)n] S-(S•n) 

S = - (I - 2 T) T nn 

where n' = n + on an~ ~n is small compared to fi 

then T' = - (I-2 [~+on] [n+~n]T)S = -S + 2 (nnT+ nonT + 6nnT + on onT)S 

but o~ onT is second order small 

therefore T' = -S ~ 2(nnT + nonT + onnT)S = -(I-2 [nnT+nonT + onnT])S 

Let ET' = T - T' = -S + 2nni + S 2nnTS - 2 (nonT + onnT)S 

or ET' + -2 (non T + T onn )S 

ET' = -2 
'T' 

(non- = 
T onn ) (-I + 2nnT)T 

'I m T T T T T 
= -2 (-non + 2n on.:.nn - onn + 2 onn nn ) 

T I T 
But since on n = D and n n = I 

ET' = -2(-nonT -onnT + 2 .8nnT)~ = -2 (onnT- non~)T 

\ ET' T T T = 2 (non - onn ) (1) 

, ~T T ... 1. 1 
s~nce nun and onn are symmetr1c w1th equa d1agona s 
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nonT - onnT is a skew symmetric rotatio:1 matrix, [;p], and is small 
angle since all terms are multiplied by on or anT. 

ET' = 2 (lji)T which in vector notation gives 

ET = 2 ljJ X T 

letting ofi = ~ X fi and expanding nonT - onn: giv~s 
of which are the rotation vector$ =[~ - (¢ o fi~fi 
recognized as the com:ponerit of the· rotation vector: 

ET' = 2 [<f> - {<f> o ft)fi) X T 

ljl, the elenents 
which can be 

ft so that 

(2} 

If we compute the error in the target frame where T = 0~ and 19 and Oz 

ET' · -2 - = . (-¢ 3 + (no<f>)n3J CC + 0 ac + (<f>l - (no$)n1 ] CC X ac 

and the miss distances at the target are: 

2R (¢ 3 + (no¢)n3) cross course error and 
0 

2R ( ¢1 - (no¢) n1 ) perpendicular to cross course and along course. 

Where R is the slant range to the target. 
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HELIOSTAT DRAWING LIST 

The following drawings are available upon request to. Honeywell Aero­
space Division, 13350 US Highway 19, St. Petersburg, Florida, 33733. 

LG8016Al Rev -

34026594 Rev 2 · 

34046577 Rev 1 

34026575 Rev 2 
34026613 Rev -

34026612 Rev -

34026615 Rev -

34026579 Rev -

34026600 Rev 1 

34026608 Rev -

34026616 Rev -

34026614 Rev 1 

34026617 Rev -

34026571 Rev -

34026598 Rev 4 

34026578 Rev -

34026568 Rev -

Heliostat Assembly 

Mirror Module, Plywood 

Mirror Module, Adjustable Focus 

Mirror Module, Built Up Structure 

Spur Gear 

Motor/Encoder Assembly 

Bearing Support Assembly 

Crank Arm Detail Assembly 

Taper Lock 

Tie Rod Detail Assembly 

Retainer Detail Assembly - Bearing 

Frame Detail Assembly - I Beam 

Housing Detail Assembly - Motor 

Foundation and Support Assembly 

Linear Actuator - Heliostat 

Trailer Assembly 

Frame Calibration Array 

The following drawings are available but are not part of package: 

34026581 

34026582 

34026583 

34026584 

34026587 

Spring Support Detail Assembly 

Pivot Block 

Motor Adapter 

Motor Shaft 

Shoulder Washer 
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Appendix 7 

COMPUTER AND SOFTWARE 

The computer used for the research experiment is the Honeywell Model 
516. This computer features 16K of memory, a real time clock and 
standard input/output options. 

An ASR-35 teletypewriter has been selected for the printer/keyboard 
requirement. The keyboard will be used for operator inputs to the 
system to input data and command various modes and data printouts. 
The printer will be used to display command responses, squawks and 
operating logs. The ASR-35 is a device with many years of reliability 
history. 

A magnetic tape unit will be used to load programs and record jata 
obtained in the research experiment. Such recorded data can be 
retrieved for post-test data reduction and analysis. 

The RS232C input/output performs serial/parallel conversions and data 
formatting at the H-516 interface. 

These equipments are illustrated in Figure 7-1. 

The SRE Software provides operator in;terface, data recording, command 
output, and computation of vector direction cosines. Both scratcipad 
and permanent memory are used. FORTRAN higher ord~r language was 
used so the program is adaptable. 

The Software Specification QG8172Al defines all functional character­
istics of the software. Sun position is computed and corrected for 
atmospheric refraction. Mirror normal vector is computed from the 
sum of all commands issued to each of the three heliostats. 

Computational errors are sufficiently ~mall that they may be :1eglected. 
Open and closed loop tracking (with array) is required in the software. 
Input constants, such as target position heliostat position, ~tc. are 
maintained in memory which is easily altered via a patch routine. Thus 
allowing use of heliostat at variou~ locations. Other modes include 
initialization, offset pointing, stowage, and data recording. 

A listing for the program follows. 

7-1 



~-516 

J~OCESSCR 

MAGNETIC 
TAPE DECK 
(2 EA) 

FIGURE 7-l. CO~PUTER AND SOFTWARE 

7-2 



HELIOSTAT SOFTWARE 

\ FORTRAN ONLY 

'\, 

7-3 

,J 



1 

1 
2 
~~ 

4 
C" 

·-' 
6 
7 
::: 
9 

1~:::1 

11 
12 
1~: 
14 
15 
16 
17 
1•::0 ·-· 
19 
21<:1 
21 
22 
23: 
~A 
·"">C" 0.. _, 

26 
27 
2::: 

~ 29 
I ~:(1 
~ 31 

J:2 
3:3 
3:4 
~:5 
]:6 
3:7 
3:8 
39 
40 
41 
42 
43 
44 
45 
46 
47 
4.-. 0 

49 
50 
51 
o::-~. 

·-·~ 53 
54 
55 
56 

C HELIOSTAT CONTROL 50FTI4ARE 4/29/76 

C HELIOSTAT CONTROL SOFTWARE 4/29/76 
c 
C UP,EAST,NORTH HELIOSTAT CENTERED COORDINATE FRAME. 
C BASE DISTANCE MEASURED HORIZONTALLY IN FEET FROM THE MIRROR SURFACE 
C TO A POINT CC) AT THE SAME LEVEL BELOW THE TARGET. 
C HEIGHT MEASURED VERTICALLY-IN FEET FROM POINT CC) TO THE ~GT CENTROID 
r AZIMUTH MEASURED CLOCKWISE FROM TRUE NORTH IN DEGREES TO THE 
C BASELINE AIMED AT THF TARGET FROM TilE HELIOSTAT. 
C. HI:.LlOSTAT OUTEF: A:y;rs NOtH~:IGHT TF.:IANGLE FI:>(ED LEGS AF.:E H IN. AND 
C 43. 32436 IN. RESULTING IN A REFERENCE SCREW LENGTH OF 63. 12687 
C IN. AND A REFERENCE ANGLE OF 10R 8532 DEG. WHEN THE OUTER AXIS HOME. 
C THE CAL ARRAY IS 14,16 CROWS,COLUMNS) AND IS INPUT BY COLUMN~ 
c 

DIMENSION MC4),8(8),H(8),AC8),GINNERC4),GOUTERC4), GOUT(4) 
DIMENSION DC1(4),n~?C4l.DCJ(~).SDC1C4),SDC2(4),SU~J(4) 
UIMENSION ASINC4),A~nSr4),S~iiN<1),SnCOSC4~.KC(~' 
D l r·1ENS I Cit·l C C :16) 
COMMON /DATA/ ICRAY, ICALC14.16), IWEATC16) 
REAL JULDAT,LATI,LONG,NORTH,MINS 

C NAUTICAL ALMANAC CONSTANTS. UPDATE ANNUALLY EACH JANUARY 1. 
DATA YEAR/76. /,JULDAT/2442777. 5/,GHAA/6. 5867/ 

C LOCAL GEODETIC COORDINATES 
DATA LATI /27, :;)928/ I I nt·Jf"J/82. 725:=::/ 

DnTn SFl/. 01185/,SF2/. 17775/,SFJ/2. 25E-2/,SF4/3. J75E-1/ 
DATA SF5~ 01375/,SF6/. 20625/ 
DATA DTORAD/1. 745329E-2/,RTODEG/57. 29578/ 
DATA ~(1),((2).((]),C(4),CC~).C(6),~((},C(8),C(9),CC10),CC11), 

+ CC12),CC13),C(14),CC15),CC16) 
+,.l-7. 5.o -6. 5.o -5.~ 5.o -4. 5_. -]., 5_. -2. 5.• -1. 5.o -. 5,.. 5.• 1. 5.• 2. 5.r 3. 5.r 4. 5.1 5. 5.• 
+ 6. 5 .. 7. 5/ 

C SITE INITIALIZATION 
I~ 

c 
c 

D=JULDAT-241502a 
T=D/36525 
ARGPGE=281. 2208+4. 70684E-5*D+~ 53E-4*T**2 
TEMP=. 9856003*CD-YEAR*36a )-~ 183904*YEAR 
ANMEAN=CTEMP+358. 4758-5. 686E-3-1. 5E-4*T**2)*DTORAD 
ECLPIN=C23. 45229-1. 30125E-2*T)*DTORAD 
AMDOT=1. 720279F-? 
RLAT=LATI*DTORAD 
SLAT=S It~ C RLAT) 
CLnT =COS ( F.:LAT) 
SINCL=SINCECLPIN) 
CINCL=COSCECLPIN) 
OMEG= GHAA*15. +LONG*~ 7379E-3-LONG 
DEL VER=I~1. 
DELHOF.:=O. 
REFRAC=. J-;:1149 

DO 20 1=1. 4 
t·1C I )=5 
CALL SSWTCHCI,J) 
IF (J . EQ 2) GO TO 20 
(·lF.:ITE<i.· 10) I 

' (i 
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1 

57 
58 
59 

,.' 60 
61 
62 
6]. 
64 
65 
66 
67 
~=:·-· -C• 

69 
70 
71 
72 
73: 
74 
-c 
(..J 

( t:• 
77 
78 
79 
80 
81 .•. -. 
C•.::. 

83 
::::4 

~ 
.-.1:' 
C•·J 

I :::6 
VI 0~ 

.-..-. ·:·o 
89 
90 
91 
~~. _.z!. 

93 
'94 
Ct"' 
-· ·-· 96 
97 
98 
99 

1[10 
1(11 
102 
103 
104 
Ht5 
106 
107 
H18 
11<19 
1113 
111 
112 

C HELIOSTAT CONTROL SOFTWARE 4/29/76 

I~ 

c 
r· 

c 

F:EADd .. 15) 8CI),HCI),A(I),8(I+4),HCI+4),ACI+4) 

10 FORMATC48H ENTER BASE, HEIGHT, AZ, BASE, HEIGHT, AZ OF HS , I1//) 
15 FORMATCF?. 1,F6. 1,F8. J,F?. 1,F6. 1.Fa 3) 

20 CONTINUE 
IEN8HS=O 
IFLAG=O 
1·1ESSGE=13 
ICALF=O 

DO ~:I) I =1. 4 
ELEV=ATRN2CHCI),8(!)) 
ASINCI)=SINCACI)*DTORRD) 
ACOSCI)=COSCACI)*DTORAD) 
DC1CI)=SINCELEV) 
DC2CI)=COSCELEV)*~SINCI) 
DC3CI)=COSCELEV)*ACOSCI) 
ELEV=ATAN2CHCI+4),8(1+4)) 
SASINCI)=SINCACI+4)*DTORAD) 
SACOSCI)=COSCACI+4)*DTORAD) 
SDC1CI>=SINCELEV) 
SDC2CI)=COSCELEV)*SASINCI) 
SDC3Cl)=COSCELEV>*SACOSCI) 

30 corn I t·lUE 

CALL INIDAP 
~·lF.: I TE C 1. 3:5) 
READCL 4<3) Dl=r'r'S .. HOUPS .. IHtiS 

ZS FORMATC30H ENTER GMT DAYS, HOURS, MINS 
40 FOPMATC3F4. 13) 

SEC5=59. 
A , OCF·, : 0132(1 

c 

c 

W=CAPGPGE+4. 70684E-5*CDAY5+. 71))*DTOPAD 
Sit·H~=SINCW) 
COS~l=COS C ~~) 
IEN8H5=1 

100 IF C I FLAG . EG!. (1) CiO TO 2013 
IFLAG=I) . 
l·lRITEC8)DR'r'S, HOURS .. 1·111~5 .. SECS .. 1·1, B., H, A.· GHlNER, GOUTER, GOUT .. DCL DC2. 

+DC3,SDC1,SDC2,SDC3,AZ5UN,ELSUN,RELSUN,REFPAC,DELVER,DELHOR, 
+I CAL, I ~·IEAT 

A OCP :104 
DO 150 IP=L 4 
CALL SSWTCHCIP, IX) 
IF CIX . EQ. 2) GO TO 150 
~.JF.:ITEC1.· 180) HOUF.:S, 1'1INS .. IF'.· 1•1( IF') .. GOUT( IF'), GINNER( IF') .. AZSUN.. 

+RELSUN.DELVER,DELHOR 
150 CONTINUE • 
180 FORMATC1H ,2F3. (1,2I3,AF~ 4.2F8. 2//) 
190 COtH I NUE 

A Sf<S :Hl4 
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1 

113 
114 
1·15 
116 
117 
11:3 
119 
121::1 
121 
122 
12:3: 
124 
125 
126 
127 
1·~u.::o 

0:..'-' 

12::1 
~J:Ij 

E1 
1:(2 
1]:3: 
13:4 
E5 
13:6 
;I "l,7' 
E:8 
1-:>Q ..,_. 
14[1 

~ 141 
! 142 0'1 

143 
144 
145 
146 
147 
148 
149 
150 
151 
152 
153 
154 
155 
15€ 
157 
158 
159 
:1.60 
161 
162 
163 
164 
165 
166 
167 
168 

C HELIOSTAT CONTROL SOFTWARE 4/29/76 

GO TO 190 
195 CONTINUE 

A ·ocr- 4 
c 

200 

205 
2@7 

A 

208 
A 
c 

210 
A 

213: 

2.14 
215 

:.2:21!1 
22~ 
23:0 
240 

c 

IF CMESSGE . EQ. 0 )GO TO 210 
t·1ESSGE=0 
WRITE ( L 205) I HS .. t·1 C I HS), HOURS .. t·1 INS, SECS 
FORMATC4H HS, I1,6H MODE, I1,6H TIME ,3FJ. 0> 
CONTT14UE 
SKS :11:14 
GO TO 2137 
CONTINUE 
OCP 4 

CONTHJUE 
HJA ;Hlf.14 
GO TO ·J ~11'1 
CONTIMJE 
!CAR= 
IF CICAR . EQ. :310) GO TO 214 
GO TO 1(n3 
READC1,215) IHS.MODE 
FORt·1AT ( 2 I 1) 
IFCIHS-1) 1R0,22i.220 
I r < I liS-:;) 225 .. H:.11c1 .• 100 
IF •.: I•IOL)~ -:1) Hn::l, 23:0, 23:0 
IFCMGDE-6) 240.100,100 
MC IHS>=t10DE 
t•1ESSGE-1 
GO TO 100 

C INTERRUPT BLOCK PRORTI 
A DAC, PFWRT I 
C UPDATE GREEt~m CH t·1ERN Tl t·1E 

25(1 SECS=Si:':CS+1. 
TIME=HOURS+MINS/60. +SECS/360a 
IF CSECS . LT. 60. >GO TO 320 
SECS=0. 
M I NS=t·1 I NS+1. 

A LDA.. : 377 
302 CONTINUE 

A OTA.· : (1115 
GO TO 3(12 

c 

304 CotH I NUE 
ICALF=1 
IFLAG=1 
IF cmr6 . LT. 60. ) GO TO 305 
t1II~S=O. 
HOURS=HOURS+1. 0 
IF CHOUF:S . LT. 24. ) GO TO 3135 
HOURS=0. 
DA'r'S=DA'r'S+1. 

C COMPUTE SUNS ORBITAL POSITION 
305 AM=ANMERN+AMDOT*CDAYS+TIME/24. ) 

AE=C1 

> 
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1 

169 
170 
171 
172 
173 
174 
175 
176 
177 
178 
179 
180 
181 
1:::2 
10:•7 ·-•...;. 
1:::4 
1'-'"" ·=··-· 186 
187 
188 
1:::9 
190 
191 
192 
1q-:;: 
194 
195 

-.....J 196 
I 197 

-.....J 198 
199 
200 
201 
2~32 
203 
204 
2€15 
206 
2€17 
208 
209 
2H:1 
211 
2t2 
213: 
214 
215 
216 
217 
21:3 
219 
220 
221 
222 
223: 
224 

C HEL I OSTAT CONTROL SOFHlARE 4..-··29/76 

DO 3:10 I=L 1 
3:10 AE=AM+. 01672*5INCAE) 

TEMP1=C6SCAE) 
TEMP2=1. -. 01672*TEMP1 
COSV=CTEMP1-. 01672)/TEMP2 
SINV=C. 99986>~<SINCAE))/TEMP2 
EQUAT=COSV>~<COSW-SINV>~<SINW 
TEMP=COSV>~<SINW+SINV>~<COSW 
EASTI=TEMP*CINCL 
POLAR=TEMP*SINCL 

C COMPUTE EARTH FIXED POINTING VECTOR TO SUN 

c 

c 

320 Ot1EGA= C Ot·1EG+15. * C DA'T'S*6. 57098E -2+ TIME)) >t<DTORA[J 
SINO=SINCONEGA> 
COSO=COS C Ot·lEGA) 
TENP=COSO>t<EQUAT+SINO*EASTI 
UP=CLAT*TENP+SLAT*POLAR 
EAST=COSO>~<EASTI-SINO>t<EQUAT 
NORTH=CLAT>~<POLAR-SLAT>t<TENP 
TEMP=SQRTCEAST**2+NORTH**2) 
AZSUN=RTODEG>~<ATAN2CEAS~NORTH) 
ELSUN=RTODEG*ATAN2CUP,TEMP) 
RELSUN= ELSUN+REH~AC>~<TE~lP/UP 
DCS1=5INCRELSUN>t<DTORAD) 
TEMP=COSCRELSUN>t<DTORAD) 
DCS2=TEt'1P*SINCAZSUN>~<DTORAD> 
DCSJ:=TENP*COSCAZSUN*DTORAD> 

IF CIENBHS . EQ. 0)· GO TO 900 

DO 60(1 I =1, 4 
IK=~l(!) 
GO TO (430,440,450,460,470), IK 

C CLOSED LOOP TRACK OF PRINA~Y TGT, MOO~ 1 
430 HCI>=HCI>-DELVER 

ELEV=ATAN2CH(!),8CI)) 
TEMP=SQRTCHCI)*H(!)+BCI)*BCI)) 
AC!)=ACI)-ATAN2CDELHOR,TEMP>*RTODEG 
TEMP=ACI)*DTORRD 
ASINCI)=SINCTEMP) 
ACOSCI>=COSCTENP> 
DC1CI)=SINCELEV) 
TEt-lP=COS C ELEV) 
DC2C!)=TEMP*ASINCI) 
DClCI)=TEMP*ACOS<t> 

C OPEN LOOF· Tf':RCK OF Pf':H1AR',.' TGT, t·1Dr>E 2 
4.40 V1=DC51+C•C1< I) 

V2=DCS2+DC2C!) 
'·.."3:=[JC5l+DC::l C I) 
AS=ASINCI) 
AC=RCOSCI) 
(]0 TO 47'5 

C OPEN LOOP TRACK OF SECONDAR',.' TGT.. t10DE 3 
450 V1=DCS1+SDC1C!) 

V2=DC52+5DC2CI) 
VJ:=DCS3+SDC::ic: I) 
AS=SRSINCI> 
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-....1 
I 

(X) 

1 

225 
226 
227 
22:3 
229 
22:(1 
2::1 
2]2 
23:3: 
2::4 
23:5 
2J6 
23:7 
·-:.-: .. -. 
c..~O 

:::·:<§' 
?4171 
241 
242 
243 
244 
245 
.l·l~ 
24? 
2<+8 
249 
25~1 
251 
.-.r::"l-1 
.:..-.J.!.. 

253: 
254 
2!55 
256 
.-.c:--:-.::,._. ( 

.-,c-.-. 

.C:.·JC• 

259 
2613 
261 
262 
263 
264 
265 
266 
2t.7 
268 
269 
27(1 
27'1 
.-.~.-. 

C::.!"C::. 

273: 
274 
275 
276 
.-,....,7 
C..( 1 

278 
279 
2:313 

r HELIOSTAT CONTROL SOFTWARE 4/29/76 

AC=SACOS(!) 
llO TO 475 

C PO I tH AT SECONDAR'r' I GT, t·10DE 4 
460 V1=5DC1(!) 

c 

c 

c 

c 

c 
c 

' .. ·'2=5DC2( I) 
VJ=SDC3(l) 
AS=SASIN(I) 
AC=SilCOS(I) 
GO TO 475 

Hot-1E.. I·IO[JE 5 
470 KCJ I )=1 

GOUTERCI>=61 12687 r-

GOUT< I >=0. 
G I Nt·lEF!: ( I ) "'1::::(1. 
GO TO 1S01] 

CC1 ~1PI..m;: RESUL mm tiOP::t1AL I ZEE• t-IEL I 1jSTH I 1-'U l N I 1 NIJ VECTOR 
475 TEMP•SQRTCV1*V1+V2*V2+V3*V3) 

F.:1 =V1.··'TEt1P 
TENP1=V2/TEt·1P 
TEt·1P2=V::/TEt·1P 

ROTATE TO RADIAL COORDINATES 
t-~:,:--1 H1F'l·•·Pii~ . .,T~i·if'2'+'H~: 
R::-- TE~1P1•1•1lS-· TEt·1P2·+·AC 

cur·WU I~ G I t·1F:AI RtJf!LES 
THETA=ATAN2C-R3,SQRT(R1*R1+R2*R2)) 
PHI=ATAN2CR2,R1)*RTODEG 

CONPUTE SCREW LENGTH 
5CREW=S~~I(i~il. -294& 056*COSC1. 899847-THETA)) 

FORMAT OUTER AXIS COMMAN~ POSITIVE COMMANDS LENGTHEN SCREW 
AND ROTATE OUTER AXIS AWAY FROM THE TARGET. 

ITEMP=<GOUTER<I>-SCREW)/5F1 
IF (!TEMP) 510,555,520 

510 I<CC!)=2 
5 I Gt~Ut·1=1. 0 -
I TEt·1P=- I TEt·1P 
GO TO 525 

520 S I GNUt·1=-1. 0 
KCCI>=0 

525 IF <ITEMP-15) 530,540,540 
530 KCCI)=KC(I)+8 

GOUTERCI)=GOUTERCI)+5F1*SIGNUM 
GCI TO 55P.I 

540 KCCI)=f<C(I)+4 
GOUTER(!)=GOUTERC!)+SF2*SIGNUM 

550 TEMP=C3033. -GOUTERCI)*GOUTERC!))/294& 056 
TEMP1=SQR1(1. -TEMP*TEMP) 
GOUTCI)=10:3. :3532-ATAN2CTEMP1,TEMP>*RTODEG 

C FORMAT INNER AXIS COMMAN~ POSITIVE COMMANDS CAUSE A POSITIVE 
C ROTATION ABOUT AN AXIS DIRECTED RADIALLY OUTWARD FROM THE TARGET. 

555 ITEMP=(PHI-GINNERCI))/SFJ 
KCC I )=I<C< I )+16 
IFCITEMP> 560,600,570 

560 KC(I)=f<C(I)-16 
5 I GNUt·1=-1. 13 
I TEt·1P=- I TEt·1P 
GO TO 575 

..... ~ I ) 
li \I 
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1 C HELIOSTAT CONTROL SOFHlA~:E 4/29/76 

2:31 
282 
2-f:J: 
284 
2:::5 
2:::6 
287 
2:::8 
289 
290 
291 
292 
·-.aQ< 
C..-·-· 

294 
295 
296 
297 
298 
299 
300 
301 
302 
301 
304 
3135 
]:(16 
3[17 
::?.08 
3:09 
31(1 
:?11 
3:i2 
313 
314 
315 
}.16 
:n7 
::?.18 
319 
~:2(1 

321 
3:22 
~~23: 
324 
325 
:::~26 
-...-.-, 
~.:::.. 
-; .. -,,-, 
:.-.~·=-

329 
3:3:~:1 
3:3:1 
]]';£ 

33:3 
3:3:4 
33:5 
33:6 

c 

570 5 I GNUt·1=1. 0 
575 IF ( I TEt-lP-15;. 58[1, 590 .. 590 
580 KCCI)=KC(l)+64 

GINNERCI)=GINNERCI)+SF3*SIGNUM 
GO TO 600 

590 KCCI>=KCCI)+32 
GINNERCI)=GINNERCil+SF4*SIGNUM 

600 CONTI t~UE 

C ISSUE HELIOSTAT COMMANDS 
6H:1 CONTINUE 

A LI:Wt, =KC 
A OTA, : (1105 

GO TO 6H1 
620 CotH I NUE 

A LDA .. =KC 
A OTA, : 01(16 

GO TO 6213 
630 CONTINUE 

A LDA .. =KC 
A OTA, :0130 

GO TO 63:0 
640 CotH I t~UE 

A LDA .. =I<C 
A OTA, :0131 

GO TO 640 
c 
C COMPUTE CAL ARRAY CENTROID 

645 CONTI ~JUE 

c 

c 

IF C I CALF . EQ. 0) GO TO 7S0 
6511 TF ( ICf;:A'r' . NE. : 3:7417) GO TO 645 

ICALF=C1 
TE~1F'1=[1. 
TEt·1P2=0. 
DO 710 I =1.· 14 
TEt1P=0. 
DO 705 ,T=L 16 

705 TEMP=TEMF'+FLOATCICALCI,J)) 
TEMP1=TEMP1+TEMP 

71~ TEMP?=TEMP2+TEMF'*C<I+1) 
IF CTEMP1 . EQ. a ) GO TO 730 
DELVER=-TEMP2/TEMP1 

TEt·1P2=0. 
DO 72(1 ,T=1.· 16 
TEt·1P=R 
DO 715 I=L 14 

715 TEMF'~TEMP+FLOATCICALCI,J)) 
720 TEMP2=TEMP2+TEMF'*C(J) 

D~LHOR=TEM~~/l'E~Fi 
GO TO 901) 

7<11 DEL VEF-:=~1. 
DELH0~:=0. 

~-· Cot·1PIJTE ~lEATHER DATA AND ~:EFF;ACTION CORRECTION 

J\~ •. , 
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I 
I-' 
0 

.. 

1 C HELIOSTAT CONTROL SOFTWARE 4/29/76 

337 900 CONTINUE 
338 C INTERUPT RETURN J 
339 A LDA,J 
340 A JMP*,J 
~1 ~D 

• 

0 FORTRAN ER~:OF:S . 
SFN-24-32 41204082-614 A 
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....... 
I 

I-' 
....... 

• 
1 

342 
343 
344 
345 
346 
347 
348 
349 
350 
:?.51 
352 
353 
354 
355 
356 
357 
358 
359 
36\3 
361 
362 
363 
3:64 
365 
366 
<.-... 
~of 

368 
369 
370 
371 
372 
37'3: 
374 
~~c-

.$,( .J 

376 
377 
378 
379 
380 
381 
382 
3:33 

,, 

C HELIOSTAT CONTROL SOFTWARE 4/29/76 

C CALRAY 
D lt1ENS I ON C < 16 > 
COM~10N IHRS, IMINS, ISECS, ICALC14, 16), IWEATC16) 

1~ 

DATA CC1),C(2),CC3),C(4),C(5),C(6),C(7),C(8),C(9),CC10),C(11), 

c 

+ CC12),CC13),C(14),C(15),CC16) . 
+1-7. 5 .. -6. 5, -5. 5, -4. 5 .. -3. 5, -2. 5, -1. 5, -. 5,. 5, 1. 5, 2. !:i .. 3. 5, 4. 5, 5. 5, 
+ 6. 5,7. 5/ 

CALL INIT 
WRITE<L 35> 
READ<1,40) IHRS, IMINS, ISECS 

35 F0Rt·1AT < 24H ENTER HOURS, t·1 INS, SECS) 
40 FORMATCI3, 13, 13) 

A OCP :0020 . 

c 

45 WRITEC1,50) IHRS, IMINS, ISECS 
50 FORt1AT<6H TIME I 12, 1H:, I2,1H:, 12///) 

CALL CALSAM 
TEt·1P1=0. 
TEt·1P2=1j. 
DO 110 1=1 .. 14 
TE~1P=0. 
DO 105 J=1,16 

105 TEt1P=TH1P+FLOAT< ICAL< I, J)) 
TEMP1=TEMP1+TEMP 

110 TEMP2= TEMP2+ TH1P*C < I +1) 
IF <TH1P1 . EQ. 0. ) GO TO 130 
DE~VER=-TEt1P2/TEMP1 . 

TEMP2=0. 
DO 120 J=1 .. 16 
TEMP=0 . 
DO 115 I=L 14 

115 TEMP=TEMP+FLOAT<ICAL<I,J)) 
120 TEMP2=TEMP2+TEMP*C(J) 

DELHOR=TEMP2/TEMP1 
GCi TO 140 

130 DELIIER=0. 
DELHOR=0. 

140 WRITEC1,150) DELVER,DELHOR 
150 FORt1AH8H DELVER=, F8: 2, 8H DELHOR=; F8. 2///////////) 

GO TO 45 
160 CONTINUE 

' 

384 END 
* ERROR NOT SUBPROI3 RECORD 384 

1 FORTRAN tRRORS 
$FN-24-32 41204082-614 A 

'· 

,, ' 
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Appendix 8 

BREADBOARD TEST DATA 

A breadboard of the Heliostat Servo Output Amplifier was built .to 
check operation. Measured data on static threshold, signal swing, 
switching time margins, and output rise and fall time are presented. 
Signal swing and switching data were taken with a bipolar squa~e wave 
as an input and with the amplifier driving a 15 ohm resistive· load. 
Short term operating tests to fulf saturation into a 4 ohm load 
(±5 amperes) were run with no apparent difficulty. No output ringing 
or tendency toward oscillation was noted. All tests were run at 
room temperature. The data shows that the amplifie[" will .perform 
its expected function. · 

8-1 



HELIOSTAT SERVO OUTPUT .AMPLIFIER BREADBOA."W TEST DATA 

~;ignal Swing (Volts) or Time (ms) 
Measured Poir:t Inverting Side Non-'Inverting Side 

Op Amp Output, Non Sat Outpuo:. 
Op Amp Output, Sat Output 
Darlington Driver Base, Non Sat 

Output 
Darlington Driver Base, Sat Output 
Darlington Output Base, Non Sat 

Output 
Darlington Output Base, Sat Output 
Base 2N2222A, Non Sat Output 
Base 2N2222A, Sat Output 
Collector 2N2222~, Non Sat Output 
Collector 2N2222A, Sat Output 
Base, PNP 
Collector, PNP 
Emitter, Linear Output 
Cp Amp Sl~w Rate, Pos. Going Signal 
Op Amp Slew Rate, Neg. Going Signal 

+5.5V to -13.5V 
+13.5V to -13.5V 

+1. 3V to -sv 
+1. 3V to -8V 

+0.7V to -0.4V 
+O.sv to -o:4v 
+5. 25V to -1. 2V 
+6.0V to -1.2V 
+24V to 22.5V 
5.5V to 24V 
24V to 24V-VBE 
0 to 24V 
-0.3V to 24V 
19V in 6 ms 
19V in 5.3 ms 

+5.25V to -13.5V 
+13.5V to -13.5V 

+1. 3V to -8V 
+1. 3V to -8V 

+0.7V to -0.4V 
+0. 8V to -0. 4V 
+5. 25V to -1. 2V 
+6. OV to -1. 2V 
'24V to 22. 5V 
5.5V to 24V 
24V to 24V-VBE 
0 to 24V 
-0.3V to 24V 
19V. in 6. 7 ms 
19V in 7 ms 

SWITCHING TIME ~~GINS, BASE COLLECTOR DARLINGTON DRIVER TRANSISTOR 

VBc=O Neg. Going, VCE=O Pos. Going, 
Non Sat. Output 4 ms 5 ms 

VBc=O Neg. Going, VCE=O Pos. Going, 
Sat. Output 1.0 ms 3 ms 

VBc=O Pos. Going, VCE=O Neg. Going, 
Going to 0, Non Sat output 5 ms 4.2 ms 

VBc=O Pos. Going, VcE=O Neg. Goinq, 
Going to 0, Sat. Output 2.5 ms 1.0 ms 

SWITCHING TIME MARGINS, BAEE COLLECTOR DARLINGTON OUTPUT TRANSISTOR 

VBc=O Neg. Going, VCE=O Pos. Going;, 
Non Sat. Output 4.4 ms 

VBc=O Neg. Going, V cE=O Pos. ·Going, 
Sat Output 1.0 ms 

VBc=O Pos. Going, v CE=O Pos. Going 1 

Going to 0, Non Sat Output 5 ms 
VBC=O Pos. Going, VCE=O Pos. Going, 

Going t:> 0, Sat out:-put 3.5 ms 

Output Square Wave Risetime Non Sat Output 
Output Square Wave Risetime Sa~ Output 
Output Square Wave Falltime Kon Sat Output 
OU~put Square Wave Falltime Sat Output 

5.5 ms 

3 ms 

4.5 ms 

2.5 ms 

0.05 ms 
0.1 ms 
0.05 ms 
0.1 ms 

Output Square Wave Time Threshold Kon Sat Output 7 ms oneside, 
6 ms otherside 

Output Square Wave ·rime Thresr_old Sat Output 3. 5 ms one side, 
2.5 ms otherside. 

Static Threshold: + 30 mv 
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Appendix 9 

s~ERVO SIMULATION 

The model used in the simulation of the heliostat loop·is shown in the 
figure. It includes quantization of the input commands and position 
feedback, torque motor saturation limitin9, load spring rate and 
damping, and worm gear friction. 

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

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

LOOP PARAMETERS USED IN SIMULATION 

Torque Motor 
Max Stall Torque 
Gain 
Elec Time Canst 
Damping (BEMF) 
Inertia 

Quantization 
Gear Ratio 
Gear Efficiency 
Gear Inertia at Motor 
Load 

Inertia 
Spring Rate 
Damping 

Torque 
Wind 
Mass Unbalance 
Friction 

Symbol Units 

lb-ft 
lb-ft/V 
sec 
lb-ft-sec 
lb-ft-sec2 

arc-sec 

lb-ft-sec2 

1 b-ft-sec2. 
1 b-ft/rad 
lb-ft-sec 

lb-ft 
lb-ft 
lb-ft 

9-1 

Inner 
Axis 

0.52 

2.17£-2 

1.3e:-3 

3.91e:-3 

·5.21e:-5 

81 

1.6e:4 

0.25 
3 x w-8 

7.32e:2 
6.25e:5 

2.67e:3 

208 

30 
2 

Outer Axis 
One Motor 

1.04 
4.34e:-·z 

1.3e:-3 

7.82e:-3 

1. 04e:-4 

81 

1.6e:4 

0.25 

2.86 >: 10-5 

2.67e:3 

1.75e:? 

2.70e:4 

834 

200 
2 
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POSITION 
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POSITION 
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Appendix 10 

MIRROR MODULE REFLECTANCE MEASUREMENTS 
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SPECTRAL REFLECTANCE 

Cary 14 Spectrometer With Tungsten Source Range 0.3 to 2.5 mm 

MIRRORED GLASS REFLEf.TORS ... 

Peak Reflectance 
Visual Range Infrared Range 

Perf Ref R (%) Wavelength R (%) Wavelength 
Group No. Composition Manufacturer (11m1 . (~m) 

9 U.02A in('h. 2nd surf\lce, !ilven~d, ASG Glass/Gardner 96 0.65 98 1.7 
1 laminated glass reinforcement Mirror 

11 0.090 inch, 2nd surface, silvered, • 96 0.55 94 1.6 
low iron 

10 n. 098 to 0, 118 inch, 2m.l !;,Urface, ASG Glass7Gardner q?. 0.50 84 1 . 7 
~ilvered Mirror 

2 R II. 028 inch, 2nd s ul"face, vdpor 

~. 
86 0.55 94 1.8 

deposited aluminum, laminated 
glass reinforcement · 

FILM REFLECTORS 
1 7 Chrome on 0.002 inch polyester Coating Products, Inc. 93 0.5 95 1.6 

2 2 Oxidized SiO on aluminum Schjeldahl 88 0.65 95 1.3 
1 Series emittance tape 82 0.65 98 2.2 

3 4 Type G4005 0.002 inch aluminum 81 0.7 46 (l, 1.7 
on teflon, 2nd surface 

3 Gold on flexible plastic 76 0.7 98 1.8 
5 G405600 Aluminum - Mylar on 66 0.65 84 2.2 

4 teflon ., -
6 UV screening Tedlar on DuPont 65 0.7 88 2.2 

metalized Mylar 

(1) See Appendix 
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Appendix 11 

PLYWOOD FRAME FIXED FOCUS ~IRROR MODULE 

(TYPE MM1) 

TEST DATA 
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A7603 - 03 1 

FIGURE 1. PLYWOOD F~AME FIXED FOCUS MIRROR MODULE (TYPE MMl) 

A7603-034 

I 

FIGURE 2. MMl RED IRECTING BEAM ON BUILDING E-2 • 
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FIGURE 3. MMl VIEWED FROM ROOF OF BUILDING E-2 
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FIGURE 4. MMl REDIRECTED PATTERN 
RANGE: APPROXIMATELY 500 FEET 
DATE: 2 MARCH 1976 
TIME: 1440 HOUR EST 
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FIGURE 8. MMl SURFACE FRACTURES 
(TOP EDGE RAISED) 
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STEEL FRAME VARIABLE FOCUS MIRROR MODULE 

(TYPE MM2) 

TEST DATA 
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FIGURE 9. STEEL FRAME VARIABLE FOCUS MIRROR MODULE (TYPE MM2) 

FIGURE 10. MM2 REDIRECTING BEAM ON TARGET , 
ll-10 
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BUILT UP PANEL FIXED FOCUS MIRROR MODULE 

(Type MM3P) 

SN PO 1 

TEST DATA 
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TI ~E 91 26.11·0 

0 0 0 0 0 0 0 0 0 0 0 0 0 6 0 0 
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DELVER: -3.50.DELHOR: ·7,5Co 

TIME ~:26: 5 

a o a . o a o . o c u· o o o o 
0 0 0 0 0 0 0 c 0 0 . 3 5 . J 

0 0 0 0 0 0 c 0 3 9 3 II 

0 0 0 0 0 a 0 0 3 I I I 9 :0 19 12 

I) 0 0 0 0 

0 0 0 0 

0 0 

0 0 0 0 

0 a 0 0 0 0 

0 0 0 0 0 0 

"<:.. 0 0 0 0 0 

0 0 a 0 

2 I 0 20 29 " '£~ I~ 

6 I 7 29 3 6 .: ~ 25 11: 

2 15 29 I 7 38 ~I 19 

, 16 2 7 3 ~ 25 ~ ~ 12 . 2 

7 13 23 25 22 _I!J 5 

' ! 9 I~ 15 10 J I 

0 2 2 

0 J I· 0 

2 

0 

0 a 0 0 0 0 u 

u 0 0 a 0 
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Redirected Pattern 
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Height 9 ft Width 8 ft 
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Redirected Pattern 
Sample 2 
Height 9 ft Width 8 ft 
Time: 9:30 AM EDST 

FIGURE 13. MM3P (SM P011'BEAM ON PHOTODETECTOR 
1
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RANGE: APPROXI~A-ELY 500 FT DATE: 13 May 7 
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TIME 10:21:55* 
I I 0 I 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 I · 0 0 

0 0 . 0 0 0 0 0 0 0 

0 0 0 0' 

0 0 0 

0 0 0 0 0 0 j. 0 0 0 0 0 

0 0 0 , I 0 0 0 I · I 0 0 

0 0 . 0 0 0 0 0 0 

0 I · 0 0 0 0 0. 0 0 

0 I. 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 

0 0 ) 0 0 0 0 0 0 0 0 0 

I . 0 0 0 0 0 0 

0 0 0 •! 0 0 o o r o 

1 

0 

0 

0 

0 .0 0 

0 

0 0 0 

DELVER: -0.88 DELHOR: '-0.09 

ENTER HOURS, l'llNS, SECS 
liME 0: 0: 0 

0 0 

2 3 4 2 .5 6 5 ~ 4 3 .1 0 

·1 3 3 7 8 8 5 9 5 5 4 1. 0 0 

2 5 6. 9 10 · II 10 9. 10 8 6 4 0 0 

. 2 4 2 9 6 10. 9 10 13 10' 9 8 4 2 

2 B II 9 13 5 13 13 12 II 8 7 4 0 0 · 

5 . 7 II II II .13 13 12 . 13 10 7 6 4 

2 4 8 · 10 12 14 13 II 10 12· 4 4 5 3 

3 6 5 10 12 14 II II II 10 5 5 2 

2 4 6 2 9 9 II 8 9 5 5 2 2 2 

I. 0 3 

0 0 0 

0' 

0 

DELVER: 

.,s 5 . 7 7 8 7 5 3 

2 2 .. 4 5 3 4 3 3 2 

0 

2 3 3 

0 

I 

I. 29 DELH,V~ . - o. 59 

2 2 

0 0 

0 

0 

0 

0 

Background Light 
Time 10:20 AM EDST 
(1 = 0.04 suns) 

Redirected Pattern 
Height >11 ft Width 14 ft 
Time 10:.45 AM EDST 

FIGURE 14. MM3P (SN POl) BEAM ON PHOTODETECTOR ARRAY 
RANGE: APPROXIMATELY 1100 FT DATE: 13 MAY 1976 
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Appendix 12 

RESEARCH EXPERIMENT HELIOSTAT LOCATION 

, 
12-1 



HELlOSTAT SOUTH TEST SITE 
103C FT LOS 163 DEG AZ 

12-2 

A7604-080 
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A7604-83 

HELIOSTAT NORTH TEST SITE 
482 FT LOS 10 DEG AZ 

A7604 - 07 7 

HELIOSTAT EAST TEST SITE 
806 FT LOS 90 DEG AZ 
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A760~-78 

MIRROR MODULE MAXIMUM RANGE TEST SITE 
1112 FT LOS 27 DEG AZ 

A7604-82 

MIRROR ~ODULE MINIMUM RANGE TEST SITE 
482 FT LOS 3 DEG AZ 
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Appendix 13 

TWO TECHNIQUES FOR REDIRECTED IMAGE CHARACTERIZATION 

Photographic image recording provides an alternate me~hod to verify 
photodetector light intensity data, a means to record images larger 
than the array and enables simultaneous image recordi~g from multiple 
heliostat or mirror module sites. 

The illustration shows the photodetector array and ph~tographic refer­
ence grids installed on the north side of Building E-2. 

Light intensity data sensed by the array of photodetectors is period­
ically transferred to the processor and stored on magnetic tape under 
software control. An off line computer program processes this data 
to generate an intensity map as illustrated. The map is produced on 
a line printer using character over prints to achieve a representation . 
of six intensity levels. 

The grid lines on the photographic reference grid are on one foot 
vertical and horizontal centers. The redirected image on the grid is 
photographed from a camera site in front of the grid .• 

Benchmarks referenced to the target area on Building E-2 have been 
installed at the two mirror module test sites. These benchmarks 
f acilitate precise definition of reflector to target geometry. Helio­
s t a t sites will be precisely located using survey techriques. Sun 
position is established by recording date and time when an image 
sample i s taken. 

A computer program has been developed to predict the redirected pattern 
shape for mirror modules and heliostats as a function of the sun to 
reflector 1to target geometry. comparison of image data, either from 
an intensity map or photograph, with the prediction, enables evalua­
tion of performance parameters such as off axis aberrations, scatter 
and cross-axis coupling and focus quality . 
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I'IITENSITY MAP 

RESEARCH EXPERIMK·H REDIRECTED IMAGE CHARACTER! ZATION I 
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Appendix 14 

GATHERING METEOROLOGICAL DATA FOR PERFORMANCE CORRELATION 

Climatronics Corporation has supplied a fully integra~ed meteoro­
logical measuring system for the research experiement. Performance 
parameters of this system are: 

Wind Speed 

Range: 0-44.7 meters/sec {0-100 mph) 
or 

0-22.35 meters/sec {0-50 mph) 
Accuracy: System ±0.5 mph or 2 percent 
Distance Constant: 2.44 meters max {8 feet) 

Wind Direction 

Range: 0-540° 
Accuracy: ±2 percent system 
Distance Constant: 2.44 meters max {8 feet) 
Damping Ratio: 0.4 to 0.6 

Temperature #1 - Ambient 

Range: -34 to +50°C 
Accuracy: ±0.2°C 
Linearity: ±0.2°C 

Temperature #2 - Structure 

Range: 0 to 100°C 
Accuracy: ±0.2°C 
Linearity: ±0.2°C 

Temperature #3 - Structure 

Range: 0 to 100°C 
Accuracy: ±0.2°C 
Linearity: ±0.2°C 

Temperature #4 - Differential Structure 

Range: ±l0°C from temp. probe #3 
Accuracy: ±5 percent of 6t 
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Solar Radiation 

Sensor Type: Epfley Nor~al Incidence Pyroheliome~er 
Field of View: 5°43' 30" 
Sensitivity: 8 microvolts ?er watt meter - 2 approx. 
Temperature: +1· percent ·::>ver ambient temperature range -20 to +40°c 

dependence 
Linearity: +0.5 percent f=om 0-2800 watts meter- 2 

Response time: 1 second !1/e s:..gnal) 

Barometric Pressure 

Range: 9.14 to 1066 Mb 
Linearity: +0.3% 
Sensitivity: 0.2% 
Hystrisis: With ).2% 
Repeatability: Within 0.2~ 
Op. Temp. Range: -340c to 82oc 
Temp. E=ror: ±0.0045%/°C max. 

The pyroheliomete= is in 3tc..lled on an equi torial rr.ount to track the 
sun. Data from the weather station is transmitted to the processor 
via an FSK modem and is stc·red en magnetic tape. 

The Research Experiment heather Station test set-up is shown in Figure 1. 

Figure 1 
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Figure 2 defines the actual signal intercor.nects within the 
experimental set-up. 

EXPERIMENTAL TEST PROGRAM - ENVIRONMENTAL INTERFACES 

110 VDC 

0576-41 B 

TO ALL 
' TERMINAL BOARDS 

W 1 NO SPEED 25' 
WIND SPEED AND MS2106E1B-10P 

, 0-13.5 M-'S DIRECTION I' MAIN FRAME CONNECTOR CHANNEL 1 
WIND DIRECTION TRANSMITTER I 1 

0-360° 100108 0-1 VDC 2 
3 ANALOG 
4 0-10 VOG 
5 
6 

6 7 
8 PHOTO 

TEMP SHIELD 100' 9 OHECTORS ,_, 
(229) (AMBIENT) 5 100' DUAL TEMPERATURE DS11-R 6K THERM I STER TRANSLATOR FSK RECEI ~ER PHOTO DETECTION 100088-1 13 100310 ARRAY 30K THERM I STER 

AT HELl OS TAT El ECTROIII CS 
T2-T1 

6K THERM I STER 
TEMP/~ TEMP 10 SERIAL 

DATA 
30K THERM I STER TRANSLATOR 

100088-2 1 00' 
238 8-31T 
DATA WORDS 

~RE PRESSURE SENSOR 

~ 
PRESSURE 11 

100424 TRANSLATOR 

NORMAL INCIDENT SOLAR RADIATION 
PYRANOMETER TRANSLATOR 12. 

SENSOR 1 100144 OS 11-T 
FSK TRANSMITTER 

100301 

Figure 2 
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APPENDIX 15 

Solar Collector Subsystem 

BASELINE DEFINITION SUMMARY 

JULY 1976 

NOT AUTHORIZED FOR PUBLIC RELEASE 

REVISION 8: ~5 July 1976 

Solar Collector Subsystem 

BASELINE DEFINITION SUMMARY 

Prepared By: 

-'' .. ';-, . l 
~/. "\ t~_.,X'-.._ 

R.S. Parker 
Principal Investigator 

CONTRACT NO. LC403127 WITH 
HONEYWELL INC. 

ENERGY RESEARCH CENTER 
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BASELINE COLLECTOR SUBSYSTEM 

Honeywell's baseline colle-:tor subsystem is comprised of 1) a computer con­
trolled open lc·cp simplex serial data command scheme, 2) battery powered 
motors with bmeries tr ickle charged, 3) four facet tilt-tilt low profile helio­
stats and 4) per o::lic cal ib ·ation of each heliostat using a to\1\P.r mounted 
sensor array. 

CALI BRATION 
A4lRAY 

S • SUN TO HELIOSrAT VECTOR 
_, 
T • HELIOSTAT TO r C"'EF 

_, .... .... 
N • MIRROR NORMAL !ISECTS S - T 

15-2 
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SYSTEM BASELINE DESIGN 

The baseline design is maintained for the pilot plant and commerical' scale 
power generation systems. Power rating is defined at 2 PM on winter 
soltice. Where no other data is provided pilot plant uses same data 3S 

commercial scale. 

NAMEPLATE CAPACITY 
2PM DEC 21 NET POWER 
TOWER HEIGHT 
FIELD 00 

BASELI~JE DESIGN 

C)MMEACIAL 

130MW(el 
1 )()MW(el 
445M 
1890M 

NUMBER OF HELIOSTATS 16,800 
HELIOSTAT SIZE 40M 2 

TURBINE CYCLE (P:ROM RCVRI 120 BAR/510°C 
TURBINE CYCLE (FROM STORAGE) 60 BAR/280°C 
STORAGE TYPE P-IASE CHANGE 
STORAGE CAPACITY 
RECEIVER 
COOLING 
LOCATION 

15-3 

TO BE DETERMINED 
CAVITY 
DRY 
INYOKERN 

PILOT PLANT 

15MW(el 
10MW(el 
130M 
550M 
1680 
40M2 

100 BAR.'510°C 

42MWH(e) 

5 
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360 DEGREE HELIOSTAT FIELD LAYOUT 

Heliostat field la~oJt studies have shown a tower-south-of-center, non-uniform 
tiel d can efficient·ly redirect energy to a ci~cular steam generator atop the tower . 
The heliostat field completely surrounds the tovwr with the ou ~er south bound­
ary approximate!" 450 feet from the tower base and the north edge 135C feet 
from the tower. The field outer perimeter is elliptic with an eccentricity of 
approx imately 0 .6. This perimeter shape was chosen because h~liostat field 
studies shovwd tncking efficiency is optimal for elliptic f ield boundaries. 

The heliostat spacing is based on an analysis of shadowing and blocking of 
adjacent heliostat~ . The spacing chosen has a minimal amount of shadowing 
and blocking annua energy losses. The heliostats can be packed relative!-, 
dense close to the tower, and spaced farther apart farther out in the field 
The spacing also· \aries somewhat with azimuth position. HelioHats in the 
south field can be soaced closer together than those in the north or east. 

FIELD ROW LAYOUT 
(EVERY OTHER ROW) 

1400 

-500 

15-4 

360° 
HELIOSTAT FIELD 
DETAILED DESIGN 

.. 
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COLLECTOR SUBSYSTEM DATA 

The collector subsystem described encompasses the heliostat (from helios = s•Jn 
and stat= stationary) array, computer command and control scheme and S:)!!Cial 
facilities. Specification requirements are also summarized. 

~;;~C~HA~R~A~CT~E~R,~ST~,C~=====t=;~RE~S~EA~R~CH~E~X~,E~R~,M~E~NT[:~-_I=~;~iL~UT~P~L~A·~·!'~··~~~:=======~ 
IOENTII'ICATION ~0 YG8112A I 1 80 

HELIOST .. T ARRAY 

TYPE 

OUAN'I'ITV 

TOTAL RHLE:TOR AREA 

ORIENTATION 

SEAM :L.EVATIQN ANGLE 

LOS RANGE 

TURNING RATf TRACKIN~ 

REPOSt-ION 

COMPUTER SUBS'fSTEM 

PROCESSOR 

PERIPHERALS 

S0FT¥1ARE 

COMMUNICAT•QtiS 

POWER DISTRIBL. TION 

SPECIA,l TEST FACili TI ES 

RECEIVER a. CA liBRATION 

ARRAY SIMU-ATOA 

PERFORMANCE 

TRAC<ING PERIOD 

FAR FIELD POINTING 

OPTICS 

REDIRECTED PATTERN 

IIIOFEET 

IOAMT02PM 

IINITIALI 

RETURN TO HOWAGE 

EMERGENCY DEFOCUS 

MAX TIME 

TILT TILT 4 FACET TILT TILT. 4 FACET 

1 ENGINeERING MODEL 1680 OPERATIONAL MODELS 

3 HE Sf: ARCH MODELS 

160 Ml 11634 FT1t 67.200 M2· 

OA TARGE T LOS OA 'TARGET LOS 

0.04 TO 1. 18 RAD t . 2 5 1'06?.8 OEGI 0 .36 TO 1. 18 RAO 120 1 TO 61.8 OEG1 

18 3 TO 338 M 16010 11\0FTI 128 TO 338 M 1 .. 2010 I I 10 I'TI 

23 DEGIHR MAX 23 OEG:HR MAX 

1080 OEGIHR 1080 OEG1HR 

HS16 TOO 

MAGTAPE DECK 12 EAI 

ASA-35 TTY 

RS232C 110 18 CHI 

FORTRA,N SUFF ICIENT FOR HI G HER ORDER LANGUAGE SIZED FDF 

EXPERIMENT Pi lOT PlANT 

INDIVIDUAl SEPt .A l O.; T A l ~NK~ SERIAl OA'l'"A B ~S 

l 0CAl8ATTERYWITH OFF ·liNE 13.8K VRMS 60HZ. STEPOOWN 

RECHARGE ff"'> 115 VRJ.IS f'QR ON li'lf£ 8 4 fTFqv !" ..... P'>F 

BtllBOARO AToP BLDG E·2 WITH A~ 
PHOTOOETECTOR ARAA'I' FOR 

INTENSITY MAP 6 CENTROID lOCA 

METEORLOGICAL ClUSTER '{80 

1•2 HR AFTER TRUE SUNRISE TO 

1; 2 HR BEFORE TRUE StJNSET 

112 HR AFTER TRUE SUNRISE TO 

112 HR BEF.ORE TRUE SUNSET 

2MR/AX I$ I I OI MIRROR NORMA L 2 MRIAXIS t !O I MIRROR NORMAL 

IMRTOTAL IIOI IMRT0TAL I10I 

95'11oWITHINJ.SMX7M ~WITHIN3.5MX7M 

<l!iMIN 

<12 SECJ:f TRAVEL 

>~IGOAll 

<IS MIN 

< 12SECd1 TRAVEl . 

15-5 
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1. 
2. 
3. 
4. 
5. 
6. 
7. 

HELIOSTAT ASSEMBLY 

The fi>t 1eliostat assembly has been built and is now un:iergoing extensive 
tests a: H•Jneywell facilities in St. Petersburg, Fla. Major assembly items 
are shown and identified with key numbers. 

SRE HELIOSTAT 
ASSEMBLY 

Foundation 8. Reflectrve S\J rface TECHNIC'IL DATA 
Frame Bearir g Ass~mbly 9. Speed Reduction Assembly 7600 LBS GIMB'ILED WEIGIH 
Post Support A!Semblv 10. Motor Encoder Assembly 8950 LBS ON F•)UNDATIOrJ 
Reinforced Frane Assembly 1 Crank Arm Assembly 1100 FT FIXED FOCAL LEWGTH 
Mirror Modu e E earing Assembly 12. T ie Rod Assembly :!:_360 DEG MIRROR ROTATION 
Mirror Modu e with Spur Gear 13. T ie Rod Adjustment 105 DEG FRAME ROTATION 
Mirror Modul e without Spur Gea- 1ol. Linear =\ctuator Assembly LENGTH OA 60FT 

15. Electro 1ics HEIGHT a.s F-
WIOTH 12.5 F- 11 
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HELIOSTAT DATA 

The details of the experimental and pilot plant heliostats are given. The ser:vice 
life of 30 years for the pilot plant assumeS that proper maintenance is performed. 

CH.ORACTEA1$"riC 

IDENTIFICATION NO 

GIMBAL ORDER 

MIRROR MODULES 

FOUNDAiiON 

ENVELOPE LENGTH 

W\CTH 

HEIGHT 
ANGULAR RANGE- FRAME 

WEIGHT STEEL 
GLASS 

CONCRETE 

SHIPPING WEIGHT 

FINISH 

POWER 

SIGNAl CCOMMANDI 

SERVICE liFE 

ENVIRONMENT 

TEMP4:!RATURE 

WIND 

OPERATE 

SUSTAINED 

GUST 

NON-OPERATING 

SUSTAINED 

GUST 

RESEARCH ·EXPERIMENT 

ENGINEEF.ING MODEL EXPERIMENTAL MODEl 

LG8016AI·EM LG80!6A1 

TILT·TILT TILT·TILT 

TYPE :t' <1 EATYPE 3 
T'fPE 2 COMBINATION; 

TYPE J TBD 

TRAILER CONCRETE 

18.4 MI6C.4 FTI 18.4 M 160.4 FTI 

4.5MI14.l FTI 4.!MI14.7 FTI 

TBO 4.8 M 115.8 FTI 

+30, -75 OEG •30. -75DEG 
tJBODEG .t.IBODEG 
40&1) Kg •8950 lbll 4059 Kg 18950 11:111 

2'25 KG 1495 LBSI 225 KG 1495 LBSI 

NONE 6591 KG 114,500 LBSI 

TBO TBO 

WHITE PAINT WHITE PAINT 

lOCAlBAnERV WITH lOCAl.BATTERVWITM 

OFF liNE RECHARGE OFF liNE RECHARGE 

INDIVID!JAl AS232 INDIVIDUAl RS232 

SERIAL DATA liNK SERIAl DATA liNK 

2VEAR$ 2 V£AAS 

4°C TO IS5°C 4°C TO 55°C 

140°F TO 130°F I 140°F TO 130°F I 

AMBIE .. T PL.US 13.5 AMBIENT PLUS 13.5 

MISEC 1NDUCED MJSEC INDUCED 

15-:7 

;,!LOT PLA~T 

TED 

Tr.T·TILT 

41.A TYPE 3 

CONCRETE 

1E.4 M 160.4 FTI 

4...S.MI14.7F11 

4..!MII5.8F11 

•,:00.-750EG 

t.BODEG 

Cl69 Kg 189EO lbd 

H5 KG 1495 1.851 

6591 KG 114,SOO lSSI 

TliO 
~HITE PAINT 

W15 VRMS. &l HZ. 

141-·wAns 

!eRIAl DA'lA BUS 

:.o VEARS 

-20°C TO 6:.>°C 

·-4°F TO 140°FI 

~3.5 M/SEC 130 MPH I 

TBO 

TBO 

oBO 

SUMMARY 
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CHARACTERISTIC 

IDENTIFICATION NO. 

REfLECTIVE SERVICE 
TYPE 

THICKNESS 

"REA 

~UNT 

SPHERICAL RADIUS 

'OCAL LENGTH 

REFLECTANCE 

CONTOUR CONTROL 

OVERALL lENGTH 

WIDTH 

THICKNESS 

MIRROR SUPPORT STRUCTl.RE 

SuPPORT SHAFTS 

SUPP':>RT BEARING 

OIA,.ETER 

WEIGHT I ESTIMATED! 

IMBALANCE 

SHIPPING WEIGHT 

FINIS-i 

{ 

MIRAOR MODULE DATA 

Several mirrcr modules: were· designed, built and tested. Tl'le first column 
describes. a p-ototype fixed focus unit. The second column describes a 
variable foCIJ; unit designed to test center pull effects. The third column 
describes a f::nm core urit.i The last column describes a honeycomb core 
unit whi:h ~~as selected for the 4 research experiment hei.icstats. 

34026594 

FLOAT G
1
LASS 

2ND SURFACE MlRROR 

3MMI0.1181NCHI 

9PCSEA I.OSX I.OSM 

13.46 II 3.46 FTI 

!:M>26571 

iF .:JAr GLASS 
PIC) S<JRFACE MIRROR 

.I MM 13116 INCH I 

.EJ )( 1.83 M 16 X 6 f":') 

9C-.,D TO STIFFENER 

TYPE 

30 

J402M758 

FLOAT GLASS 

2ND SURFACE MIAAOA 

3MMIO.IIBINCHI 

Q PCS EA 1.05 X 'i.05M 

13.46 X 3.46 fTl 

BOND TO SUPPORT 

JP 

34026SJ5P 

FLOAT GLASS 

2ND SUA FACE MIPROA 

2.S MM 10.098 INC"' I 

18 PCS (A 0.19 X 0.19M 

12.8X 2.8 FTI 

BOND TO SUPPO~ 

STRUCTURE JJ'SC .. ANICALLY FA:>TENEO( STRUCTURE 

BOND TO SUPPORT 

STRUCTURE 

T<l SUPPORT STRUC'iURE 

617.9MI2224 FTI ADJUSTABLE 

3JB.9M 11112 Ffl ~OIUSTASL.E 

•83'\ -:8'::'11. 
SUPPORT STRUCT•JRE Cel:TER PULL AGAIN:T 

187?.9 M 12214 FTt 16.77.9 M 12224 FTI 
Jl8.9MI1112FTI 338.9Md112FTI 

.. a~ ==~ 

SUPPORT STRUCTURE SUPPORT STRUCTURE 

~ ... G ,~ESTRAINT 

:U8MIII.JSFTI :!SI M III.JSFTI 3.58 Mllt.75 FTt 3.48 M IU.32 FTI 

3.18M 110.42FTI Jill MCI0.42FTI 3.1BMI10.42FTI 3.08 M1UO FTI 

0.32 M 11.04 FTI Q2!!MID.8JFTI 0.20 M 10.87 FTI 0.20 M 1067 FTI 

3J41NCH FIR PL VV..OQf) SI'EL BAA JOIST FAA_.E TRIANGULAR SANDWICH RECTANGULAR SANDWICH 

FRAME WITH 114 _NCII OVI-H ':'2,1NCH CIA BUILT-UP PANEl BUlL T-UP PANEL 

MASONITE SKit\. :a:USING A lNG AND• SKIN MATERIAL-STEEL SKIN MATERIAL-

II• INCH FIBER GLASO CORE MATERIAL-FOAM ALUMINUM CLAD STEEL 

:.K N P.,PEA CORE CORE M"TERIAL-

·~E'\ICOMS STIFFE,.ER 

I CARBON STEEL WI C.AfBON STEEL WI 

_,ICKEL PLATED niO<.EL PLATED 

BEARING SURFACI:S EE• A lNG SURFACES 

ALI.'MINUM 

ALUMINUM I ALUMINUM 
MACHINING MACHINING 

---
IC2 MMI41NCHI BORE ·,o: M,.I41NCHI BOA! 102 MM 141NCH BOREl 102 MM [4 INCH BOREl 

310 KG I ?50 LBSI 313 ,,G I '00 l.BSI Nil KG 18110 LBSI 212 Kg 1600 LBSI 

OKG·M O<C-M 18.7KG-M 11lll FT·LB MAX 18.7 KG•Mii35 FT-LBIMAX 

TID TBD TOO TOO 

WHITE PAINT ON NON- 'Ni-llE PAINT ON NON- WHIT( PAINT ON N·JN· WHITE PA 'NT ON NON-

F'UNCTIONAL SUR,AC:sl FJh::TI-JNAL SURF'ACI:S FUNCTIONAL SURFACES FUNCTIONAL SURFACES 
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DRIVE SYSTEMS DATA 

The 4 mirr6r modules ·on each heliostat are ganged together and driven by a 
single motor working through a 16000 to 1 speed reducer. The outer frame 
is driven by two screw jacks driven by independent motors which are syn­
i:hronized through control electronics. 

CHARACTERISTIC 

DRIVER TRAIN ELEMENTS 

MOTOR·TO.LO~D REDUCTION RATIO 

MOTOR TORQUE AEQO UNDER 13.5 

MIS SUSTAINED WINO 

MAX TORQUE AT GIMBAL AXIS 

UNDER 13.5 MIS SUSTAINED WIND 

MAX POWER REQO AT MOTOR SHAFT 

MAX ElECT PWR REOD TO MOTOR 

AVAILABLE MOTOR TORQUE 

MAX SLEW RATE CAPABILITY 

ENCODER RESOLUTION 

WEIGHT 

SHIPPING WEIGHT 

FINISH 

0 

INNER AXIS OUTER AXIS 

DC SERVO MOTOR WITH 2 EA SYNCHRONIZED 

ENCODER DRIVE TRAINS: 

GEARBOX DC SERVO MOTOR WITH 

SPUR GEAR ENCODER 

CRAI'I:K ARMIMM STUB SHAFT WORM GEAR 

TIE ROD BALL NUT 

CRANK AAMIMM STUB SHAFT BALL SCREW 

IWITH 90° OFFSET FOLLOWING FRAME 

DRIVE TRAIN) 

16000:1 16000:1 

0.0102 KG·M 10.074 FT·LBSI 0.0090 KG·M IO.CI3iS FT ·LBSI 

32.9 KG.M 1238 FT-LBSI 142.7KG·MTOT-'L 

11032 FT·LBS TCTALI 

8.45 WATTS 7.34 WATTS EA<>t MOTOR 

33.8WATTS JOWATTS EACH MOTOR 

0.0205 K:G·M 10.148 FT·LBSI 0.0180 KG·M 10.130 FT·LBSI 

0.005 RQ.O/SEC 10.3 DEG/SECI 0.005 RAD/SEC :.0.3 OEG/SECI 

1 PULSE PER MOTOR REVOLUTION 1 PULSE PER MOTOR REVOLUTIOh 

272 KG 1600 LBSI 90.7 KG 1200 LBSI 

TBO TBD 

WHITE PAINT PROTECTIVE COVER 
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FRAME AND POST DATA 

The frame ar"d "Jo)S! are described. The 1-Beam frame consists of two wide flange 
rails braced e3111d rei''lforced to accept moment loads. The split channel type posts 
allow frame cross r:1embers to. drop between them at high frame angles. 

IDENTIFIC.ttTICJ\1 NO. 

FRAME 

OVEFALL WIDTH 

lENGTH 

C EPTH 

SHIPP•NG,WE GHT 

MATERIAl. 

CONSTRI..CTI :lN 

SUPPORT 3E.eRtNG 141 

WEIG~T 

FINISH 

SUPPORT 12 t:AI 

HEIGHT 

MATERIAL 

WEIGHT 

SHIPPING NEI ;HT 

FINISH 

FOUNOATIOI\o 

34026572 

3.5 M WID: I 11.6 FTI 

15.7 M LCNG 151.5 FTI 

0.4M DEEP 11.33 FT) 

TBO 

HIGH STRENGTH LOW ALLOY 

STRUCT~AL STEEL 

I·BEAMS 

1 15/16 PIL_QW BLOCK 

1361 KG 13>)()0 LBSI 

WHITE PAirJT 

FRAME AXIS 2.29 M 17.5 FTI ABOVE FOUNOATI::>N TOP 

2 EA TWIN ~.TEEL U CHANNELS 

181 KG I40C LBSI 

TBD 

WHITE PAifi.'T 

AEINFOACEO CONCRETE PER LOCAL ~OIL CONDITIONS 
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CALIBRATION ARRAY DATA 

The calibration array and its sensors are described. The array co.nfiguration is 
sized sufficient to measure reflected insolation (sun er,ergy) at all times of ciay. 
All sensor data is scaled and input to the command computer to allow bias ~Or· 
rection of heliostat commands. 

CHA~ACTEFIISTIC RESEARCH EXPERIMENT PILOT PLAN- SUMMARY 
IDENTIFICATION NO. LG8015AI TBO 

FUNCTION CENTROID LOCATION AND CENTROID LC•CATIQN DESCRiPTION 
INTENSITY MAPPING 

OVERALL HEIGHT 4 8 M 115.75 FTI TBO 

WIDTH 51 M 116.67 FTI TBO INSOLATION SENSOR 

! TYPE TIL 99 PHOTO TRANSISTOR TIL 99 PHOTO TRANSISTOR 

QUANTITY 224 ARRAY & 5 BACKGROUND TBO i DETECTOR LOCATION 0.3 M 11 FTI ON VERT AND T~O 

HORIZ CENTERS IN 4.28 X 

4.88 M 114 X 16 FTI ARRAY ARRAY fiELD OF VIEW !0.39 RAO 1!_22.5 OEGI TBO 

EXPECTED BACKGROUND 1.5 SUNS 1.5 SUNS 

SIGNAL TO BACKGROUND RATIO :!.6 TO 1 2.6 TO 1 
POWER !1SVRMS,60HZ,10 -WATTS 115 VRMS, 64HZ, _!Q_ -WATTS 

SIGNALS STROBE AND TOM SERIAL STROBE AN[• TOM SERIAl. 

DATA LINK DATA LINK 
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