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Dlgltal Twm and Industry 4 O in Support of Hellostat
Technology Advancement




* The project aims to apply multiple technologies from the Industry 4.0 to the heliostat design, manufacturing,

deployment and operations in order to realize the cost reduction seen by other industries which have adopted
these technologies.

* Industry 4.0 technologies: digitization of manufacturing, construction, product development and operation
* Model Based System Engineering (MBSE):

* “the formalized application of modelirg] to support system requirements, design, analysis, verification, and validation
activities beginning in the conceptual design phase and continuing throughout development and later life cycle phases.”

Digital Twins:

. Diﬁital twins are virtual replicas of systems, processes, production lines, .... pulling data from loT sensors, devices, and
other objects connected to the internet.

Industrial Internet of Things (lloT):

» Sensors with IP address allows the systems to connect with other web-enabled devices. This connectivity
make it possible for large amounts of data to be collected, analyzed and exchanged.

Machine Learning:
« Al and machine learning allow companies to take full advantage of the volume of information generated
Virtual and Augmented Reality

 Virtual Reality, (and extended reality) represent new opportunities for the training of professionals, the control
of machines, and the design of industrial products.



* Traditional document-based systems engineering is too difficult to manage

Challenges
« Updating
« Managing
« Coordinating
ConOps ADD FA IRD ICD * Keeping Current
» Costly
« Time-consuming

 MBSE:

Facilitates communication among all the stakeholders (using a common language)

Avoids duplication of effort by creating models of the same systems with different processes, tools and
representations

Captures system knowledge in a computer process-able and human understand-able format

Naturally enforces agreement early in the design process (e.g., ontology, schema, attributes)



|
MBSE concepts H -

. Modsls u.s(,je common data sets - " 4 Integrated Architectural Model
* Provides a consistent view of the architecture i
. e .. Requirements
e Can lead directly to system specifications & test plans .? ......................

L
rivarmal Black Diagrlm Fon g nrmaals Son gl il irg Ba et el

* Reduces systems integration and testing risks
* Promotes traceability
* Makes it possible to identify gaps and overlaps
* Facilitates model reuse and integration
* Uses a standards-based modeling language
* Allows to create a simulation for the system behavior, trade
analysis, or verification and integration test
* Models can be used with many standard compliant automation
tools
e Automation tools are used to generate artifacts
* Less labor intensive to generate & update

Tietronix RFP 38488-006



The goal for SysML model is to use it for engineering analysis.
Use it for Requirements Verification, Test Data Analysis, Interface Analysis, and Safety Analysis.

Requirements

System
Behavior/Functions

4

Requirements
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Engineering
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* Which Industries have adopted MBSE: aerospace, defense, nuclear power
plants, rail, automotive, manufacturing

 Companies that use MBSE: Lockheed Martin, Northrop Grumman, Ford,
Daimler AG (Mercedes-Benz), Joby Aviation, shipbuilder Thyssenkrupp
Marine Systems

* Entities we support(ed): NASA (all centers), ESA, General Dynamic, Ford,
Safran

* Other: Rolls Royce, SAIC, Thales, Airbus, John Deere, General Motors, IBM



General Heliostat Structural Model

 Model of a generic heliostat

T
HE

bdd [System] Heliostat| Heliostat ]J

wblocks
Mirror

values
material
area : area[square metre] = 20.0 m2 {unit = sguare metre}

Directed Composition
(“black diamond”) relations
used to represent the
hierarchical structure of
components

mass : mass[kilogram}{unit = kilogram}
reflected power : power[watt{unit = watt}
efficiency = 0.9

mirror

)

zblocks
Pedestal

walues
mass : mass[kiogramunit = kilogram}

pedestal

support Frames

wblocks
Support Frames

wblocks
Azimuth Drive

wsystems
Heliostat

torgue Tube

walues
mass : mass[kiogramunit = kilogram}

values

. Heliostat Power Calculation
azimuth Drive

consiraints

wblocks
Torque Tube

power use : power[wattf{unit = watt}
mags : masskilogramp{unit = kilogram}

torque : torque[newton metrefunit = newton metre}
speed : angular velocity[radian per secondunit = radian per second}

Each component
has Value Properties
to store relevant
attributes

~

values

azimuth orientation : plane angle[radian}{unit = radian}
elevation orientation : plane angle[radian}{unit = radian}

values
mass : mass[kiogram}{unit = kilogram}

glevation Drive

wblocks
Elevation Drive

power Box

wblocks
Power Box

values
mass : mazs[kilogrampunit = kilogram}

2un

values

torque : torque[newton metrelunit = newton metre}
power use : power[wattunit = watt}

speed ; angular velocity[radian per secondl{unit = radian per second}
mass : mass[kilogramunit = kilogram}

control System

wblocks
Contral System

walues
mass . mass[kiogram{unit = kilogram}

wblocks
Sun

values

azimuth orientation : plane angle[radian}{unit = radian}
elevation orientation : plane angle[radian}{unit = radian}
solar irradiance : Poynting vector[watt per square metre] = 2000W / m 2

{unit = watt per square metre}

Source ot Information

* SolaPACES Technical Report No. Il — 1/00c
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Behavior Model — Generic Heliostat

State Machine Diagram — Behavior model captures the different states of the Heliostat

T
] |

stm [State Machine] Heliostat [ Heliostat ])

[ Installed l
S—

S

| Commissioned

Operational

P ——
i '_' In Calibration l

rﬁ'

Washing ]

( Emergency
Stow
‘-—
J Stow
o f

| = StandBy

An A .-'[- J-"-. Ah

Emergency r n
Defocus I Tracking '
—

Inaccurate Azimuth Angle Reading

Off-Nominal

entry / Enter Off-Nominal

Inaccurate Azimuth Tracking

Inaccurate Elevation Angle Reading

entry / Enter Inaccurate Azimuth Tracking

Inaccurate Elevation Tracking

Unable to Reflect at Full Efficiency

entry / Enter Inaccurate Elevation Tracking

Inefficient Reflection

Unakble to Change Azimuth Angle

entry / Enter Inefficient Reflection

Failed

entry / Enter Failed

Fail to Track Sun Azimuth

Unable to Change Elevation Angle

entry / Enter Fail to Track Sun Azimuth

Fail to Track Sun Elevation

entry / Enter Fal to Track Sun Elevation
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SunRing Architecture

T
HE

Generic heliostat model was modified with SunRing-specific features to represent actual SunRing architecture

bdd [System] Heliostat [ Heliostat ]J

«blocks
Mirror Facet

azimuth Ring

wblocks
Azimuth Ring

values

values

mass : mass[kiegraml{unit = kilogram}

azimuth Drive Gearbox

material

area : arealsquare metre] = 20.0{unit = square metre}
mass ;. masslkilogrambunit = kilogram}
reflected power ; power[wattfunit = watt}

suppert Frames

«blocks
Support Frames

mirror Facet |8

«blocks
Azimuth Drive Encoder efficiency : Real
azimuth Drive Encoder nleguﬂ
sblocks azimuth Drive
wAssembhys
Azimuth Drive

values
mass ; masslkiogramunit = kilogram}
type

azimuth Drive Position Sensor

torque Tube

values

mass . mass[kilegram]{unit = kilogram}

«blocks
Torque Tube

Multiplicity

values

mass . mass[kilegram]{unit = kilogram}

elevation Drive

«blocks
Elevation Drive Encoder

elevation Drive Encoder

«blocks
Azimuth Drive Gearbox

ablocks

Azimuth Drive Position Sensor

values

position

indicates how
many of a given
component are

azimuth Drive Motor

ablocks
Azimuth Drive Motor

values
speed : angular velocity[radian per second] = 0.2{unit = radian per second}
power use : power[wattl{unit = watt}

torque : torquelnewton metrel{unit = newton metre}

present

«blocks
whssemblys

Elevation Drive

elevation Drive Gearbox

wblocks
Elevation Drive Gearbox

values

mass : mass[kiogramp{unit = kilogram}

pe
torgue : torguelnewton metreunit = newton metre}
power use ; power[watfi{unit = watt}

speed : angular velocity[radian per second] = 0.1{unit = radian per second}

elevation Drive r.'Iutan elevation Drive Position Sensan
wblocks wblocks
Elevation Drive Motor Elevation Drive Position Sensor
valles values
speed : angular velocity[radian per second] = 0.2{unit = radian per second} position

power use : power[watt{unit = watt}
torgue : torguelnewton metre{unit = newton metre}

asystems
Heliostat

PV Panel

ablocks
Power Box power Box
values
mass . mass[kilogramunit = kilegramy
ablocks
Battery Pack battery
values
mass : mass[kiegram}{unit = kilogram}

values

azimuth orientation : plane angle[radian] = 1.1{unit = radian}
elevation orientation : plane angle[radian] = 1.1{unit = radian}

latitude : position vector[metre] = 0.0{unit = metre}
longitude = 0.0

azimuth change time ; time[second}unit = second}
elevation change time : time[secondunit = second}
targetAzimuthDegrees

targetElevationDegrees

positionX : distance[metrel{unit = metre}

position : distance[metre] = 10.0{unit = metre}
positionZ : distance[metre] = 3.0{unit = metre}

contrel System

ablocks
PV Panel

values

power output | power[watti{unit = watt}
mass - mass[kilegram{unit = kilogram}

«blocks
Control System

val

5
mass - mass[kilegram}{unit = kilogram}
commanded azimuth : plane angle[radian] = 1.0{unit = radian}

commanded elevation ; plane angle[radian] = 1.0{unit = radian}

Source of Information

NREL Technical Report NREL/TP-7A40-80482
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Requirements

Functional decomposition

Components

Environment

Functions to Components mapping

Requirements to Components mapping
Requirements to Tests mapping

Components specifications

Behavior Model using State Machines

Failures using State Machines and activity diagrams
Parametrics capturing equations relevant to the system behavior



Requirement Table

Name: Lists the requirements Text: Contains details that
pertaining to the SunRing the requirements must
components fulfill

Satisfied By: Contains the
SunRing component which
the requirement is met by

Refined By: Requirements are
refined by the function of the
component it is satisfied by

l ]

£ Roller Pinion Test -~ fif Requirements x | B Roller Pinion Test | ¥ Roller Pinion Test | ¥ Roller Pinion Test

Verified By: Contains the
Sequence Diagram Test Case
that verifies whether it meets
the requirement or not

Verify Method:
Specifies the
specific verification
method used for the

l l |

PP [y ! e AddNew T AddNested mF AddExisting... % Delete B Remove FromTable @ B - I} 4F Unnest M Nest ® Columns : Export Report (] - | @ %k - a4 iFE-iQ

Criteria
Scope (optional): | Reguirements Filter: | ™~

verify relation

# | Id | Name Text

£ Satisfied By | Refined By Verified By

i1 =[] Specifications

Shal have an average torque of 41 Ibf-ft
Shal have an average speed of 10 RPM
Shal have an acceleration of 0.042 rad/s?
Duty cyde shal be at 100% for 12 minutes

Shall be a type DC - brush or brushlesh

Shall have a gearbox ratio selected by vendor
Shal have a max backlash of 24.0 mrad

Shall require a quadrature type encoder

Shal have a minimum encoder resolution of
419 pulses/revolution

Shall have a lifetime of 30 years

Shall have a lifetime - total output shaft
rotations of 1,357,814

Shall have an operating voltage of 24V
prefferred or 12V alternative if presented
Shall have a preffered thermal overload
protection based on cost

Shall have a IP Rating of 65

Power and encoder wiring shal be a quick
connector or pre-wired with un-terminated wire
Shall have a output shaft connection type that
is a tapered shaft with a threaded end
Lifetime maintenance shal have none
preferred, otherwise vendor shall specify
procedure and interval

Shall have a minimum self-locking capacity of
77 bf-ft

Shall have a torgue of 49 bf-ft

Shall have a speed of 0.5 RPM

Shal have an acceleration of 0.042 rad/s?
Duty cyde shall be at 20%

12 7 I ' Dynamic Loading Slewing Operation

13 8 [E & Additional Parameters

14 g (&l 9 Dynamic Loading Tracking Operation

B Azimuth Drive '@3 Produce Torgue Enabling Azimuth Change

Bl Azimuth Drive '@) Relay Azimuth Angle to Control System(ci =2 Faiure Roller Pinion Testing
f@ Provide Reduction Gearing for Flevation D& Normal Roler Pinion Testing
Ed Azimuth Gear Track Test

[=3 Posttion Error Test

Test

Bl Azimuth Drive '@ Produce Torque Enabling Azimuth Change

Source(s) of Information

DE-EE0008024_CTRL_Heliostat Local
Controller Specification_0006_RevC.pdf
DE-EE0008024_CTRL_Heliostat Wireless
Communications System
Specification_0010_Rev-.pdf
DE-EE0008024 ELEC Heliostat PV and
Battery Specification_0007_RevB.pdf

DE-EE0008024 _SF_Azimuth Actuator
Specification_0012_RevE.pdf
DE-EE0008024_SF_Elevation Actuator
Specification_0013_RevF_HB.pdf
DE-EE0008024 _SF_Heliostat Overall
Specification_0004_Rev-.pdf

Tietronix RFP 38488-006



Functional Allocation

* Allocation matrix was created to allocate heliostat functions to components
Legend = |:'__| Components
: . TR URES S. | R A T o i
. Allocate (Implied) g 2 2 ¢ 9 FEJ g g g g g g “ [ i x z E‘
A a8 48 48 & = 00404000 & = 8 5 | e @
S £ £ £ £ 05255555665 Tl B R ==
22l 2| 2| 8 2R BB EBE B = 5 C 5 & g 3
S5 55585885838 3 5 £S5 g8 :258%E
L - - O U U W WL w = = S & & @ e
e O e e
=[] Functions
@ Qutput commands to Drives Adjusting Heliostat Orientation(context Control System) Ve

@ Provide Power to Control System and Drtives(context Power Box)

@ Provide Structural Support (context Support Frames)

@ Provide Track to Guide Azimuth Drive(context Azimuth Ring)

@ Receive Information from Pasition Sensors(context Confrol System)

@ Reflect Incident Sunlight(context Mirror Facet)

—]'@ Rotate Heliostat to desired Azimuth Angle(context Azimuth Drive)

@ Produce Torque Enabling Azimuth Change(context Azimuth Drive Motor)

(!

@ Relay Azimuth Angle to Control System(context Azimuth Drive Encoder)

- &9 Track Azimuth Angle of Heliostat(context Azimuth Drive Position Sensor)
[—J'@ Tilt Heliostat to adjust Elevation Angle(context Elevation Drive)

@ Produce Torque Enabling Elevation Change(context Elevation Drive Maotor)

@ Relay Elevation Angle to Control System(context Elevation Drive Encoder)
@ Track Elevation Angle of Heliostat(context Elevation Drive Position Sensor)
@ Transmit Elevation Drive Motor Rotation to Mirror(context Torque Tube)

@ Provide Reduction Gearing for Azimuth Drive Motor(context Azimuth Drive Gearbox)
@ Receive Control System Commands to Adjust Azimuth Angle(context Azimuth Drive Motor)

@ Provide Reduction Gearing for Elevation Drive Motor(context Elevation Drive Gearbox)
@ Receive Control System Commands to Adjust Elevation Angle(context Elevation Drive Motor)

'ﬂ;
g
5
£
_
E
2
L]
I
I
I
I
I
I
i
2
2
2
2
B
I

Source of Information
NREL Technical Report NREL/TP-7A40-80482
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B
Solar Calculations and Simulations (1/3) f: O

* Using a set of equations, sun azimuth and elevation at a given location were calculated with latitude,
longitude, and universal time and date as inputs

par [System] Concentrated Solar Power Domain [ Concentrated Solar Power Domain ]J

Only valid for dates 5 S
after 1970-01-02 dateTimelUT : String

N
N

dateTimeUT

L]

«CONStraints
: Julian Day from Date and Time
{startDate = Date.parse(1970-01-02T00:00:007);

milisecondsPerDay = 24 * 60 * 60 * 1000; // Number of miliseconds in a day

Ji Calculate the difference in miliseconds between the two dates
timeDifference = endDate - startDate;

If Calculate the number of days, including fractional days
days = timeDifference / milisecondsPerDay;

JD = 2440588.5+days}

endDate = Date.parse(dateTimeUT); l:

aconstrainte
: GMST Calculation
{JD0 = floor(JD} + 0.5;
JDdif = if{{JD-JD0)<0, 1-(JD0-JD), JD-JDO);
D_TT = JD - 2451545.0;
D_UT=JD0 - 2451545.0;
T=D_TT/36525;

di = 6.657375 + 0.065709824279 * D_UT + 1.0027379 * H + 0.0000258 * T"2;

GMST = (abs(di) - (24 * (foor(abs(di) F 2415}

«constraints
: tric Mean L i «of Sun Calculati
:‘ {L0 = 280 .46646+36000.76583*1C+0.0003032*JC 2}

«constraints
:True L i of Sun Calculati

{L=L0+C} L trueLonSun

JC

geoMeanLonSun

]
O

C

wconstraints

ic Mean A Iy of Sun C.

wconstraints

equationOfCenter

" Inputs

o julianDay : Real Jo i Julian Century from Julian Day julianCentury : Real ic :‘ M = 357.52911+35999.05025"JC-0.0001537 7072}
{1C=(JD-2451545)/36525}
M C
«constraints ) i ic acnnstral% L
: Earth Eccentricity Calculation " -
: Equation of Center Calculation
= 0.016708634-0.000042037°1C-0.0000001267*1C"2]
B T {C=(1.914602-0.004317*1C-0.000014*1C 2} sin(toRadians(M})+{0.019983-0.000101*IC }*sin(Z*toRadians(M}}+0.000285*=in(3*oRadians (M)}
e
aconstraints ) i [ aconstraints ) L
) o obliquityOfEcliptic L&) ilon : Obliguity of Ecliptic Calculati i : Apparent Longitude of Sun Calculation l:
] {epsion=23.439-0.013%C) {lambda=L-0.00565-0.00475*sin(toRadians(125.04-1934.136%IC))}
. lambda a
| N apparentLonsun Calculated sun azimuth
) ecieecs . cconstraints [)ermes and elevation are used
epsion + 5un Right Ascension Calculation in the next Ste
{alpha = toDegrees(atan2(cos(toRadi epsilon))*sin(toRadi lambda}), cos(toRadi lambda)) i)} I:E‘Phﬂ rightAscensionSun p
epsilon [ aconstraints l: lambda
:‘ : Sun Declination Calculation deta . .
|—| {detta = toDegrees(asin(sin(toRadians(epsilon}j*=zin(toRadians{lambda))) )} l: inationSun delta «constraints . .
J sconstraints — : Sun Azimuth Calculation | azi
. . LMST Calculation ST st P — \Elpna {azi = 180 + toDegrees(atanZ(sin(toRadi H}}, cositoRadi H)J*=in{tocRadi lat}) - tan(toR: Ji*cos(toRadi lat))) i
= - LMsT -
{LMST = GMST + lon/15} : Hour Angle Calculation |: . |—‘ |—| J
] {H =LMST*15 - alpha} H H [t
\ ['hourAngle |
gle "
longitude on - | Q"“"L) |
| lat
defta [ |_|
l wconstraints elev
H :| : Sun Elevation Calculation
{elev = toDegrees(asin(sin(toRadi lat)}sin( i 1} + cos(toRadi lat})cos(toRadi tta))costoRadi HG J

" Qutputs

Source of Information

*  NOAA Solar Position Calculator Tietronix RFP 38488-006
e US Navy Astronomical Applications Department,

“Computing Approximate Sidereal Time”



B
Solar Calculations and Simulations (2/3) f: =

e Using Sun azimuth and e hotostat Hetostat

PointX : distal trey traint x1 = -
elevation angles A v Siioni : istancelmet
>‘1Q %3 = (%2 - X1V (sgri((x2-x1)"2 + (y2-y1)"2 + (22-21"2)), \

aimPointY : distance[metre] :‘ V3= (v2 - y1) / (SQri(2x1 "2 + (y2y1 12 + (2221 1°2}), ¥l [ positionY : distance[metre]
23 = (22 - z1) / (sqrt((x2-x1P'2 + (24112 + (z2-21P'2)) } \I

|
. . J
CaICUIated In the preVIOUS *aimpointz:distanne[metrely =2 z1 == -
:'_l |_| |_| E D gsmonz :dlstanoe[metrez

step and heliostat and NE z =
| | i—targemzimuth Degree e_‘[
141 H heliocTowerVecK : distance[metre]
tower position in a local e
Ca rte s i a n COO rd i n ate | helioTowerVecY : distance[metre] | - — =
Syste m , ta rget a z I m ut h | helioTowerVecZ : distance[metre] |
H H - . x3 ¥3 3
and elevation settings for xcars s poining T O Han . .
Morth xB - e xB sconstraints
h h I . wcenstraints E—‘ R e et : Unit Normal Vector Calculation
: Bisector Vector 5= (xB rti(xB"2 B2 BA23)),
t e e I O Stat We re {xB = x3 + ((x4N(=qri(xd"2 + y4"2 + z4"2))), l: ¥B bisectorY : distance[metre] ¥B {;5 = E;Eﬁ Eﬁr&iaﬂzi : E:B*Z% : E;B“Zm,
yB f ¥3+ ((y4h'(5qrt(x4:2 + ‘,r4:2 + 24:2}}}, z5 = (zBY (=qri((xB*2) + (yB"2) + (zB*2)))}
Ca I C U I ate d S U C h t h at t h e B O E =8 bisectorZ : distance[metre]
, L] [ [ [ [] [1
sun’s rays are reflected . " g s g =
. . helioSunVecX : distance[metre] | normalVectorX : distance[metre] |
onto a target aim point on
| helioSunVecY : distance[metre] | | normalVectory : distance[metre] |
the tower
| helioSunVecZ : distance[metre] | normalVectorZ : distance[metre] |
sun : Sun 7 l_IX4 I_I‘H Z4||_| ) ) |_|XE |_|Y5 3 )
sunAzimutr I azi HEIRETD «constraints elev
|/ a \l l : Sun Ray Direction Vector . - A : []
. . . i} : Target Aim Point Azimuth and Elevation Calculation
\ - i clev {x4 = (2in((PI'2) - toRadians({elev))) * (cos((2*Pl) - toRadians(azi)}), lev? = oDk I c HXEAT + yEAD & ZEAT aziz
| sunElevatlonW ! ] ya=(sin(Prz) - tuRadians(eIg:}l}(‘c E.ssi?(ﬁ‘z?l} Eutr'i E.ggi: sncse(Fe 3}}}}}}} R Zsla el (ﬂggsiz(iztgg ;;?e gttZ*PI;r- = zzwsl)}(}gﬁ: ]
azi2 = if{azi2 »= 360, azi2 - 360, azi2}}

" |nputs | ‘ | s
= Qutputs h

Tietronix RFP 38488-006




Solar Calculations and Simulations (3/3)

T
HE

Using various time inputs, sun azimuth and elevation values throughout the day were obtained, along with
the corresponding heliostat azimuth and elevation settings for reflecting onto the tower aim point

# Name dat:e';?;neéﬂ latitu lon sun.sunAzi sun.sunElev heliostat.targetAzi heliostat.targetElev: h:egist::;:z[[’ hfg?;tt:;;:[;[[} h:e::ilistgar:;:zﬁ[} E[}:iisetra;s::?[i?g;::] Eoél‘iisetra;s::?[i?g;::] v Eoél‘iisetra;s::?[i?:e?z]
1 = concentr%tl}:zg(;?gt;ﬂ-r 29.5593 -95.09 63.6824 -6.1157 65.3159 40.1724 0 10 3 0 0 150
2 = concentr%tl}:z;(;?gt;ﬂ-r 29.5593 -95.09 67.5304 -0.1718 68.9287 43.098 0 10 3 0 0 150
3 =] concentr %3236005617T 29.5593 -95.09 [71.57 6.7462 72.7324 46.5154 0 10 3 0 0 150
4 = Eoncentr%g:z;(;?gt;ﬂ—r 29.5593 -95.09 74.9423 12.995 75.9137 49.6109 0 10 3 0 0 150
5 =] concentr %2236005617T 29.5593 -95.09 78.2022 19.3417 78.9893 52.7616 0 10 3 0 0 150
6 = Eoncentr%g:z;(;?gt;ﬂ—r 29.5593 -95.09 81.4218 25.7637 82.0211 55.9554 0 10 3 0 0 150
7 =] concentr %2236005617T 29.5593 -95.09 84.6828 32.2404 85.0774 59.1818 0 10 3 0 0 150
8 =] concentr %2233(;005617T 29.5593 -95.09 88.0878 38.7519 88.2400 62.4311 0 10 3 0 0 150
9 = concentr%g:zg(;?gt;ﬂ-r 29.5593-95.09 91.779 45.2763 91.6225 65.6931 0 10 3 0 0 150
10 = Eoncentr%g:z;(;?gt;ﬂ—r 29.5593-95.09 95.976 51.7858 95.3859 68.9564 0 10 3 0 0 150
11 = concentr%g:zg(;?gt;ﬂ-r 29.5593-95.09 101.0539 58.2391 99.7967 72.2051 0 10 3 0 0 150
12 = Eoncentr%g:z;(;?gt;ﬂ—r 29.5593-95.09 107.7256 64.5616 105.3313 75.4137 0 10 3 0 0 150
13 = concentr%g:zg(;?gt;ﬂ-r 29.5593-95.09 117.5076 70.5945 112.9408 78.5334 0 10 3 0 0 150
14 = Eoncentr%g:z;(;?gt;ﬂ—r 29.5593 -95.09 |133.8953 75.9289 124.7415 81.4508 0 10 3 0 0 150
15 = concentr%g:zg(;?gt;ﬂ-r 29.5593-95.09 |163.3135 79.4211 145.5617 83.8556 0 10 3 0 0 150
16 = Eoncentr%g:z;(;?gt;ﬂ—r 29.5593-95.09 201.9658 79.1107 180.9132 84.942 0 10 3 0 0 150
17 = concentr%g:zg(;?gt;ﬂ-r 29.5593-95.09 229.1734 75.2367 216.8711 83.9494 0 10 3 0 0 150
L [1 v ] ITTCLTUITTIA NT T OD0400~UUU
| |

Time, latitude, longitude inputs

Sun azimuth, elevation, heliostat azimuth, elevation




Functional

‘ wFailures

White Etch Area Formation

Non-Functional

entry / Enter Mon-Functional>

Bearing Faile

entry / Enter Bearing Failed

Nominal
state

{Probebility = 0.01}

‘ #Failures

Overloading

Axial Crack ]
entry / Enter Axial Crack ‘

Macropitting |

{Frobability = 0.01}

‘ «Failures

Vibrations between Bearing Contacting Surfaces

entry / Enter Macropitting |

|' Bearing Fretting Corrosion

{Probability = 0.01}

‘ «Failures

Inadeguate Bearing Lubrication and Contaminants

| entry / Enter Bearing Fretting Corrosion |

Bearing Scuffing |

{Probability = 0.01}

‘ «Failures

Insufficient Circulation Of Lubricant

entry / Enter Bering Scuffing |

False Brinelling |

/ {Probability = 0.01}

Failure transitions

‘ wFailures

MNonmetallic Inclusion

entry / Enter Falze Brinelling |

Gear Failed

entry / Enter Gear Failed

Subsurface Bending Fatigue

1Probability = 0.01}

‘ wFailures

Inadequate Gear Lubrication and Centaminants

'en’t'r},r.f Enter Subsurface Bending Fati

[ Gear Scuffing |

fProbebility = 0.01}

‘ wFailures

Wibrations between Gear Contacting Surfaces

entry / Gear Scuffing

Gear Fretting Corrosion

{Probebility = 0.01}

‘ wFailures

Insufficient Gear Lubrication

Micropitting/Macropitting

entry / Enter Gear Fretting Corrosion |

fProbebility = 0.01}

‘ wFailures

Breathing of Houging

entry / Enter Micropitting/Macropitting |

Ll

State Machines and
Failure Modes (1/2)

act [Activity] Enter Non-Functional | 5| Enter Non-Functional ]’J

.,

e

¥ngm
T

" Effect
Failure Mode

" act [Activity] Enter Subsurface Bending Fatigue[ @ Enter Subsurface Bending Fatigue ]’J

@ --

Failed states
and sub-states

Lubricant Failed

entry / Enter Lubricant Failed

Foam

{Probability = 0.01}

‘ wFailures

External Wear Debris and Dust

entry / Enter Foam

{Probability = 0.01}

Contamination |

entry / Enter Contamination |

e Failure modes for each heliostat component were
modeled with state machines and signals using the
Tietronix MBFME methodology

Source of Information

* NREL, “Gearbox Typical Failure Modes, Detecth'r] @WNHWWF pﬂeg/gﬂg 8-006

e Criticality Analysis and Maintenance of Solar Tower Power Plants by Integrating the
Artificial Intelligence Approach



A state machine
diagram was
used to model
the main
operational
states of the
heliostat, as well
as off-
nominal/non-
operational
states caused by
failures in certain
components

State Machines and Failure Modes (2/2)

T
HE

stm [State Machine] Heliostat[ Heliostat ]J

Installed

]

|' Commissioned J

Operational

” In Calibration J

.«ﬁ'

Washing

)

s

Emergency

Stow ‘

|

Inaccurate Azimuth Angle Reading

Off-Nominal

entry / Enter Off-Mominal

Inaccurate Elevation Angle Reading

4 Azimuth Tracking Off-Target |

Unable to Reflect at Full Efficiency

4 Elevation Tracking Off-Target |

Reduced Azimuthal Torgue Cutput

J Inefficient |
!

e

Reduced Elewvation Torgue COutput

Azimuth Tracking Slow J

Stow ) |

[

‘%{ Homing

Emergency
Defocus

H

StandBy A—J

H{ Tracking J

Propagated
effects from
component
failures

-

Unable to Change Azimuth Angle

" Elevation Tracking Slow |

W s

Non-Operational

entry / Enter Mon-Operational

Unable to Change Elevation Angle

-/ Azimuth Tracking Failed |

l

Unable to Support Heliostat

4 Elevation Tracking Failed J

J Support Structure Failed |
=

* Criticality Analysis and Maintenance of Solar Tower Power Plants by Integrating the

Source of Information
* NREL, “Gearbox Typical Failure Modes, Detection and Mitigation Methods”

Artificial Intelligence Approach

Tietronix RFP 38488-006




|
Failure Modes, Effects, and Criticality Analysis (FMECA) f:l:

* A FMECA table was generated using the Tietronix FMECA plugin to review the modeled failures, their
effects, and possible propagation paths

Hierarchy: ALL Row Count: 104

Module LRU/Assembly  Item Potential Failure Mode End Effect Potential Cause(s) FPPath Likelihh...
Heliostat  |Elevation Drive  |Elevation Drive Gearbox Foam EFFECT : Heliostat N... [EVENT: Elevation Drive Gearbox Breathing of Housing |[FAILURE: Elevation Drive...|0.01
Heliostat [Azimuth Drive  |Azimuth Drive Gearbox Gear Failed EFFECT : Heliostat N... FAILURE: Azimuth Drive ...
Heliostat |[Elevation Drive  |[Elevation Drive Gearbox Contamination EFFECT: Heliostat N... [EVENT: Elevation Drive Gearbox External Wear Debri...[FAILURE: Elevation Drive...[0.01
Heliostat [Azimuth Drive  |Azimuth Drive Encoder Alignment Shift EFFECT : Heliostat Re...[EVENT: Azimuth Drive Encoder Vibrational Resonance [FAILURE: Azimuth Drive ...|0.04
Heliostat Power Box Short Circuit EFFECT : Heliostat N... [EVENT: Power Box Water Leakage FAILURE: Power Box Sho...[0.02
Heliostat Power Box Short Circuit EFFECT: Heliostat N... [EVENT: Power Box Water Leakage FAILURE: Power Box Sho...[0.02
Heliostat Power Box Short Circuit EFFECT: Heliostat N... [EVENT: Power Box Water Leakage FAILURE: Power Box Sho...[0.02
Heliostat Power Box Short Circuit EFFECT: Heliostat N... [EVENT: Power Box Water Leakage FAILURE: Power Box Sho...[0.02
Heliostat Control System Electronics Failed EFFECT: Heliostat N... [EVENT: Conftrol System Faulty Wiring Connection FAILURE: Control Syste... [0.02
Heliostat Control System Electronics Failed EFFECT: Heliostat N... [EVENT: Conftrol System Faulty Wiring Connection FAILURE: Control Syste... [0.02
Heliostat Control System Electronics Failed EFFECT: Heliostat N... [EVENT: Conftrol System High/Low Temperatures FAILURE: Control Syste... [0.04
Heliostat Control System Electronics Failed EFFECT: Heliostat N... [EVENT: Control System High/Low Temperatures FAILURE: Control Syste... [0.04
Heliostat Control System Electronics Failed EFFECT : Heliostat N... [EVENT: Confrol System Lightning FAILURE: Confrol Syste... [0.02
Heliostat Control System Electronics Failed EFFECT : Heliostat N... [EVENT: Confrol System Lightning FAILURE: Confrol Syste... [0.02
Heliostat Control System Electronics Failed EFFECT : Heliostat N... [EVENT: Confrol System Electrical Transient FAILURE: Confrol Syste... [0.02
Heliostat Control System Electronics Failed EFFECT : Heliostat N... [EVENT: Confrol System Electrical Transient FAILURE: Confrol Syste... [0.02
Heliostat Control System Electronics Failed EFFECT: Heliostat N... [EVENT: Confrol System Water Leakage FAILURE: Control Syste... [0.02
Heliostat Control System Electronics Failed EFFECT: Heliostat N... [EVENT: Conftrol System Water Leakage FAILURE: Control Syste... [0.02
Heliostat  |Azimuth Drive  |Azimuth Drive Gearbox False Brinelling EFFECT: Heliostat N... [EVENT: Azimuth Drive Gearbox Insufficient Circulati... [FAILURE: Azimuth Drive ...[0.01
Heliostat Torgue Tube Corroded EFFECT: Heliostat N... [EVENT: Torque Tube Moisture FAILURE: Torgue Tube C...[0.05
Heliostat  |Azimuth Drive  |Azimuth Drive Encoder Thermal Distortion EFFECT: Heliostat Re...[EVENT: Azimuth Drive Encoder High/Low Temperat... [FAILURE: Azimuth Drive ...|0.04
Heliostat  |Azimuth Drive  |Azimuth Drive Gearbox Mircropitting/Macropitting  [EFFECT: Heliostat N... [EVENT: Azimuth Drive Gearbox Insufficient Gear Lu... [FAILURE: Azimuth Drive ...[0.01
Heliostat |Azimuth Drive  |Azimuth Drive Gearbox Bearing Failed EFFECT: Heliostat N... FAILURE: Azimuth Drive ...
Heliostat [Azimuth Drive  |Azimuth Drive Encoder Mo Signal OQutput EFFECT : Heliostat N... [EVENT: Azimuth Drive Encoder Electronics Failure FAILURE: Azimuth Drive ...[0.02
Heliostat [Azimuth Drive  |Azimuth Drive Gearbox Macropitting EFFECT : Heliostat N... [EVENT: Azimuth Drive Gearbox Overloading FAILURE: Azimuth Drive ...[0.01
Heliostat [Azimuth Drive  |Azimuth Drive Gearbox Foam EFFECT: Heliostat N... [EVENT: Azimuth Drive Gearbox Breathing of Housing |FAILURE: Azimuth Drive ...[0.01
Heliostat PV Panel Diode Failed EFFECT : Heliostat N... [EVENT: PV Panel Diode Failure FAILURE: PV Panel Diod... [0.01
Heliostat PV Panel Diode Failed EFFECT: Heliostat N... [EVENT: PV Panel Diode Failure FAILURE: PV Panel Diod... [0.01
Heliostat PV Panel Diode Failed EFFECT: Heliostat N... [EVENT: PV Panel Diode Failure FAILURE: PV Panel Diod... [0.01
Heliostat PV Panel Diode Failed EFFECT: Heliostat N... [EVENT: PV Panel Diode Failure FAILURE: PV Panel Diod... [0.01
Heliostat |Azimuth Drive  |Azimuth Drive Gearbox Subsurface Bending Fatigue [EFFECT : Heliostat N... [EVENT: Azimuth Drive Gearbox Nonmetallic Inclusion [FAILURE: Azimuth Drive ...[0.01
Heliostat  |Elevation Drive  |Elevation Drive Gearbox Bearing Scuffing EFFECT : Heliostat N... [EVENT: Elevation Drive Gearbox Inadequate Bearing... [FAILURE: Elevation Drive...[0.01
Heliostat |Azimuth Drive  |Azimuth Drive Gearbox Bearing Scuffing EFFECT: Heliostat N... [EVENT: Azimuth Drive Gearbox Inadequate Bearing ... [FAILURE: Azimuth Drive ...[0.01
Heliostat |Elevation Drive  |[Elevation Drive Gearbox Subsurface Bending Fatigue [EFFECT : Heliostat N... [EVENT: Elevation Drive Gearbox Monmetallic Inclusion [FAILURE: Elevation Drive...[0.01
Heliostat |[Elevation Drive  |[Elevation Drive Gearbox Gear Fretting Corrosion EFFECT: Heliostat N... [EVENT: Elevation Drive Gearbox Vibrations between ...|[FAILURE: Elevation Drive...[0.01
Heliostat [Azimuth Drive  |Azimuth Drive Gearbox Gear Scuffing EFFECT: Heliostat N... [EVENT: Azimuth Drive Gearbox Inadequate Gear Lu... [FAILURE: Azimuth Drive ...[0.01
Heliostat Mirror Facet Surface Cracked EFFECT : Heliostat Re...[EVENT: Mirror Facet High Wind Load FAILURE: Mirror Facet Su...[0.05
Heliostat Mirror Facet Surface Cracked EFFECT : Heliostat Re...[EVENT : Mirror Facet Material Fatigue FAILURE: Mirror Facet Su...[0.05
Halinckat Clenrabinn Miriven Clwratinn Miriven Menzarbnw —nar CrnffinA CCCEr T - Haliactzak Kl CAERNT - Elarabtinan Miriven Menarbhoav Tnadannata Caar o CATITIDE: Clanratinan Mrivn N ni



Fault Tree Analysis

¥ngm
1 C

Fault Trees were generated for each component using the Tietronix Fault Tree plugin to perform a top-down
analysis of the possible causes of each undesirable effect

Unable to Transmit
Azimuth Motor
Rotation

Azimuth Drive
Gearbox:Non-Funct
ional

Azimuth Drive

Azimuth Drive

Azimuth Drive

Gearbox:Lubricant Gearbox:Gear Gearbox:Bearing
Failed Failed Failed
| | | | | | | | | |
Azimuth Drive Azimuth Drive Azimuth Drive Azimuth Drive Azimuth Drive Azimuth Drive Azimuth Drive Azimuth Drive Azimuth Drive Azimuth Drive Azimuth Drive
Gearbox:Foam Gearbox:Contamin Gearbox:Gear Gearbox:Subsurfac Gearbox:Micropitti Gearbox:Gear Gearbox:Bearing Gearbox:Bearing Gearbox:False Gearbox:Macropitti Gearbox:Axial
ation Scuffing e Bending Fatigue ng/Macropitting Fretting Corrosion Fretting Corrosion Scuffing Brinelling ng Crack
Breathing of External Wear Inadequate Gear Nonmetallic Insufficient Gear Vibrations between Vibrations between Inadequate Bearing Insufficient Overloading White Etch Area
Housing Debris and Dust Lubrication and Inclusion Lubrication Gear Contacting Bearing Contacting Lubrication and Circulation Of Formation
P=0.01 P=0.01 P=0.01 P=0.01 P=0.01 P=0.01 P=0.01 P=0.01 P=0.01 P=0.01 P=0.01

el

e

S

=g

=



DT is a virtual model, designed to accurately reflect a physical system that enables
better understanding, prediction and collaboration throughout all the lifecycle
phases

 Characteristics of a DT:

Provide a collaborative and immersive 3D multimodal environment that enables stakeholders
from different locations to share and collaborate effectively.

Contain/Access to the MBSE models to support design trade studies, analysis and real-time
operational decision making.
Integrate with real-time data and IoT technologies to

e Monitor and control real-time operations and

* Drive simulation to perform system design, what-if analysis and optimization.

Enable data mining and machine learning techniques to continually update and train the virtual
model with operational data, with the objective of maintaining synchronization between the
digital and physical twins

Use the digital Twin to support VR/AR Training and operational procedures development and
verification

21



Initial Digital Twin prototype

s, CREATE niverse://nucle e X isd G fu | X
File Edit Create Window Layout Tools Help % LIVE ¥ CACHE

= - Stage
RTX - Interactive Perspective 17-35mm ¥ Zoom 8.14 = | A SO 12 ® StageLights g

Name (Old to New

Property

Content

NREL DT

Checkpoints
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Initial Digital Twin prototype

Tietronix RFP 38488-006
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Initial Digital Twin prototype

Levi~| Description [~] Part Number [~]
(1] SunRing SRO0 Heliostat SR00-9000-00
Track and Ground Anchor Assembly

Ground screw anchors DCA10-6000-00
Gear segments SRO0-
Welded azimuth frack ring SR00-1002-00
Home position flag DC10-1000-05
1/2-13 hex flange nut 962824104
Anchor mounting plates SR00-9000-01
3/8-16 % 1 hex bolt 92620A624
3/8-16 flanged hex nut 962824103

Heliostat Structure

Lower Support Struciure

SR00-2002-00

SIDE BASE STRUT SR00-2002-01
FRONT BASE STRUT SR00-2002-02
DRIVE HUB WELDMENT SR00-2112-00
IDLER HUB WELDMENT SR00-2212-00
FLOATING IDLER HUB WELDMEN" SR00-2312-00
Idler Eccentric Shaft SR00-2802-01
Large Idler Roller SR00-2802-02
ldler Roller SR00-2602-01
Large Idler Bushing BB2012DP4

3/8 Wide 18-8 flat washer 9221TA529
3/8-16 x .75 Hex Bolt 02620A622
9/8-11 Hex Flange Nut 96282A105
Small idler bushing BB12120P4

Small idler pin (12mm x 1.5 slic pin

Diagonal SR00-4002-01
Quter Leg SR00-4002-02
Inner Leg DC10-4002-07
Center Strut SR00-4002-04
RH Pivot Hub SR00-4002-03
LH Pivot Hub SR00-4002-06
Center Pivot Hub SR00-4002-05

Short Control Mount

SRO0-Control Lower Mount

Long Control Mount

18mm x SSmm slic pin

SRO0-Control Mount

Rivet MGLP-R&-E

Azimuth Drive Mount Structure SR00-2502-00
Drive carriage hub SR00-2532-00
Cam arm SR00-2522-01
Upper drive arm SR00-2512-04
Lower drive arm SR00-2512-03
Drive spacer SR00-2512-05
LOWER CAM SPROCKET SR00-2512-01
UPPER CAM SPROCKET SR00-2512-02
SMALL SPROCKET BUSHINGS B814120P4
LARGE SPROCKET BUSHING BB2522DP4

FERLFR R T R R SR I R SR TR T R R VRS T R P R R R SC R TR R RS R IR IR VRS RO RS R ICR R

:|_\_|._|._\_L_\_L_L_L_Lgu_i_h_\_\_\_il\:l\:mm'o‘m@Lnammu_h_\_\_\r\:_b_haamu_b_hau_l. _\[%

MNrive Dallare

SRNAN27N2.N01

Mappings between 3D model,
SysML models, BOM

Tietronix RFP 38488-006



. Dlgltal Twin:

Pre-Processed and Imported 3D model of heliostats into Omniverse platform
* Integrated SysML Models with 3D models

* Integrated documents into Omniverse platform
e Select document from DT Ul

* Computation of heliostat orientation over a day/year

* Internally in Omniverse

* Fluxmap Generation using Omniverse Ray Tracing
* Tried to use internal Ray Tracing to generate reflected flux on the receiver. Ongoing assessment.

* Integrated TieSOL ray tracing software with Omniverse:
« TieSOL computes the heliostat(s) fluxmap based on DT data inputs and send back the result to be graphically displayed

* Playback of test data
* VR output:

* Omniverse scene to Quest Pro device

* Ongoing/future computations integration:
* Computation of Wind Load on heliostat at any point in time given orientation, wind direction, wind speed, characteristics of
heliostat (geometry, structure,...)
e Computation of heliostats motors power usage
e Real Time integration of heliostat testing telemetry



*t. USD Composer 202 Beta | omnivers

File Edit Window Create Tools Layout Help

wblocks

s/fieldModel_Sandia_tower_flux

SunRing SR00 Heliostat window

blocke

( SunRing SRO0 Heliostat

AEE part_number : String = SR00-9000-00
N

material ; String =
price_units : String =

| price : Real =
unit_mass_kg ; massikilogram] = {unit = kilogram}
unit_weight Ib : massipound] = {unit = pound}
incl_in_struct st _mass_y n: String =

= {unit =
Cost sourc

cost_category : Integer =

cost_per_each : Real =

cost_per_heliostat : Real = 2000.720725
cost_per m2 : Real = 74.19970052
cost_comments : String =

supply_chain_group : String =

[ Heliostat Structure

part_number : String =
material : String =
price_units : String =
price : Real =

unit_weight |b : massipound] = {unit = pound}
incl_in_struct steel mass_y n ; String =

= 286.6006251
cost_per m2 : Real = 10.62900998

BN

blocke

| Lower Support Structure |

sideBaseStrut ; Side Base Strut [2]
frontBaseStrut : Front Base Strut [1]

i Drive Hub m
i i Idler Hub m
floatingldlerHubWeldment : Floating Idler Hub Weldment [1] driveS

unit_ mass_kg : mass[kilogram] = {unit = kilogram}

|_kg : mass[kilogram] = {unit = kilogram}

driveCarriageHub : Drive Carriage Hub [1]
camArm : Cam Arm [1]

upperDriveArm : Upper Drive Arm [1]
lowerDriveArm : Lower Drive Arm [1]
Drive Spacer [1]

wblocks

Import

blocks

Stage

Name (Old to Ne:
|

( SunRing SRO0 Heliostat

part_number : String = SR00-9000-00

material ; String =

price_units : String =

price : Real =

unit_mass kg : mass{kilogram] = {unit = kilogram}
unit_weight Ib : massipound] = {unit = pound}

@ Xform

Sun Tracking

blocks
Heliostat Mirror Structure Assembly

cost_per_heliostat ;: Real = 2000.720725
cost_per m2 : Real = 74.19970052
cost_ comments : String =

Azimuth Drive Mount Structure [

levelliController

levelliiController : Level IIl Controller [1]

leveliController :

Level Il Controller [1]
Lavel | Controller [1]

pivotPlate : Pivot Plate [4]

elevationArm1 : Elevation Arm 1 [1]

elevationArm2 : Elevation Arm 2 [1]

cantingBracket#1 ; Canting Bracket #1 [2]
cantingBracket#2 : Canting Bracket #2 [2]
cantingBracket#3 ; Canting Bracket #3 [2]
cantingBracket#4 ; Canting Bracket #4 [2]
cantingBracket#5 : Canting Bracket #5 [2]
cantingBracket#6 : Canting Bracket #6 [2]
pvPanelMount ; PV Panel Mount [1]

outerPivotSpacer : Outer Pivot Spacer [2]
elArmSpacertong : El Arm Spacer Long [1]
elArmSpacerShort ; El Arm Spacer Short [1]
3/8BobtailCollar : 3/8 Bobtail Collar [24]
3/8Bobtail.25- SGripRange : 3/8 Bobtail .25-.5 Grip Range [24]
1/2-13X1.25HexBolt : 1/2-13 x 1.25 Hex Bolt [16]
1/2-13X1.75HexBoltGr8 ZincPlated : 1/2-13 x 1.75 Hex Bolt gr 8. Zinc Plated [13]
1/2-13X6HexBolt : 1/2-13 x 6 Hex Bolt [2]
1/2-13X2.75HexBolt : 1/2-13 x 2.75 Hex Bolt [2]
1/2-13HexFlangeNut : 1/2-13 x 1.25 Hex Bolt [33]
1/2-20HexFlangeNut.5s : 1/2-20 Hex Flange Nut. S5 [8]
3/B-16X1HexBolt : 3/8-16 x 1 Hex Bolt [4]
3/8-16HexFlangeNut : 3/8-16 Hex Flange Nut [4]
1/2-208alljointRodEnd : 1/2-20 Ball Joint Rod End [4]
smallSprocketBushings : Small Sprocket Bushings [11
rivetMglp-R8-E : Rivet MGLP-R8-£ [24]
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T B | Remnoved Ballary Manigedecit S6 ope.fien Heliogtat | Rick/SOHDER: 12122018
local controller.
T*0A000 Sttt Removed AM Equipment elevation actuator
information and added Venture Mfr. Co elevation
actuator information in appendix section.

duct_omni_kit_widget_viewport ViewportTexture_0

wportTexture 0

550x1100in
Property

{Info] [omni.usd] [MBVH] s

{Info] [rox.mult

) [Info] [rt v enderProduct_omni_kit

P Type here to search

1

=5} 49°F Windy A @ T ) S 107307

023 AM
2

s
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* We used two separate methods to
compute the sun azimuth and elevation
for testing purpose

File Edit Create Window Tools Layout Help B LIVE ¥ cACHE:

NVIDIA GeForce RTX 4070 Laptop GPU: 4.7 GiB us

* Both methods gave the same results
withing 2 decimal points

TowerwithRoof _main

* When comparing a distant light source
oriented as per the appropriate azimuth
and elevation, we found that our plotted
sun did not match the one plotted in the
Omniverse environment.

* Inquired and obtained the Omniverse Sun
code from Nvidia

TIE Ul Test

* Very low accuracy model

« Modified the code to use our (high o s G B
accuracy) sun position algorithm

ots/capture.2023-09-14 07.51.33.png

v’ Fixed the issue
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* Generation of the reflected flux on the receiver within the Digital Twin can
be achieved through:
* Integration with external Ray Tracing software
* Integrated with TieSOL

* Internal Omniverse Ray Tracing capability
e Ray Tracing is targeted toward visual accuracy (not physics accuracy)
* Multiple Ray Tracing modes: Accurate, Path Tracing, Real Time



Integration with TieSOL f: =

Extension Ti eSO L

Kinematic

CUDAflux

Tietronix RFP 38488-006
conceptional design e components e integration e mass production e heliostat feld 30



Fluxmap Generation using TieSOL

Stage Requirements

Check Stage

Flux Engine

Hellostat Type

Sun Position

Tine and Date

Time.

START  STOP

to Fluxmap

Single Orient

Fleld Ops

SIMULATION REAL TIME

The current stage must have the following prims peesant
- Heliostat at AWorid/NSTTF
Heliostat at World/Tonopah
Helizstat at WorldrselarDynamics
XForm at World/focuste

CHECK

29,6417, 14,

075503 20230411 MOT

sec/frm

GENERATI

ORIENT

Tietronix RFP 38488-006



dia_tower_flux_map.u

FPS:109.45, Frame time: 9.14 ms

NVIDIA GeForce RTX 3060 Ti: 3.3 GiB used, 3.8 GiB available
Host Memory: 11.1 GiB used, 4.8 GiB available

1809x1231

<

€ Base USD files have been changed, please fetch changes.

FETCH CANCEL

Field Ops
Field Ops
HISTORICAL ANALYSIS SIMULATION
¥ Overy
The current stage must have the following prims present:
- Heliostat at /World/NSTTF
Stage Requirements - Heliostat at /World/Tonopah

- Heliostat at /World/SolarDynamics
- XForm at /World/focusLc

Check Stage

¥ Main Operations

Flux Engine CUDAFlux
Heliostat Type NSTTF

Sun Position 177.9775,63.4622

Time and Date 13:03:22  2023-04-11 MDT
Time

START sTOP. sec/frm 60 @ frm/sec 30
¥ Single Frame Operatior

Generate Fluxmap GENERATE

Single Orient ORIENT

¥ Fluxmap Graphs

- =) X
¥UVE ¥ CcACHE

REAL TIME

M

(ml

340
= P oy

/2023



Omniverse has multiple rendering modes
* Real Time (no ray tracing)
* Path Tracing (RTX Path Tracing)
e Accurate (RTX Full Ray Tracing)

Assess if full ray tracing mode can be used
* Can it provide an accurate fluxmap on receiver

Ongoing work to understand all parameters
used in Omniverse

* Sun Model, sun shape, ...

* Intensity mapping to actual DNI

In Discussion with NVIDIA to clarify capability
and potentially influence their development
effort.

* Need Physics based accurate Ray Tracing, not only
accurate Visual Rendering




-

ing engine

iverse has an internal Ray Trac

Omn
* Tr

ied to use it for fluxmap generation

As the 3D models did not have the detailed geometry for facets Canting and

Focusing, used Normal maps on top of the heliostat 3D model.

Omniverse supports 16 bits normal maps — needs 32 bits

Insufficient accuracy for the slight normal deviation due to canting and focusing

Problem:

Trying to get some help from Nvidia

* Increased geometry detail in 3D model

* Procedurally subdivide each mirror facet by a specified number of

e e e s
= e e
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segments (in our tests 64x64)
* Displace the vertices of each grid element by the computed canting and
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* The next two slides show a comparison of the sun seen from a focal point at

=
s P v

AT VA A A
DO ARAS

VAVAYATAYA

WA VAVA VAT

524 m, generated in TieSOL (above) and Omniverse (below)

SO0,

DRI
et e vV AT A AT ATATS
AT
At v Y]
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|
Ray Tracing in Omniverse f: -

e Comparison of reflected Sun in Crescent Dunes Heliostats between TieSOL and Omniverse

= Generated the reflected Sun in four heliostats placed at 524 m slant range from the receiver
(corresponding to the four Canting/Focusing bands at Tonopah) viewed from the Receiver

TieSOL: Pillbox
Sun size: 0.5312 deg

~— Omniverse
—— Sunsize: 0.5336 deg

e Canting Only: using 4 settings for canting. From right to left

Canting: 486m; 645m; 943m; 1265m . Tietronix RFP 38488-006



Ray Tracing in Omniverse

» Using 4 settings for canting and focusing. From left to right (canting, focusing)
* Band 1: Canting = 486m; Focusing = 524m
* Band 2: Canting = 645m; Focusing = 524m
* Band 3: Canting = 943m; Focusing = 1565m

 Band 4: Canting = 1265m; Focusing = 1565m . Tietronix RFP 38488-006



]
1
e T BP3 heliostat

Playback Test Data Integration LT

* Playback existing telemetry log files from test run
* Test log file from Solar Dynamics

224.287 ft
=68.363 m

plot limit (max/min) 400
start time 7:26 AM
endtime 5:22PM Max 189.1416 119.8990
Min -156.2253 -390.2582 555 #good datapoints
0 0 8 0 8 #bad datpoints I
1 BP3 target

Delta X [mm] Bad Tinfd Manual Screen Crosshairs at front
26 54 7.448333 7:26:54 AM 7.448333333 856.59 123.7991341 -137.922008 185.3340387 0 0 U' o 0 181 L
27 58 7.466111 7:27:58 AM 7.466111111 858.91 -30.86505219 -101.5031459 106.0921301 0 0 0 r 0 0 -0.45 | Sy rface & cente red
29 02 7.483883 7:29:02 AM 7.483888889 861.55 41.81461501 -104.1743836 112.2531257 0 0 [ 0 0 0.61 Eastlwest
30 04 7.501111 7:30:04 AM 7.501111111 862.76 4.161014368 -138,3499187 00 mrasTIn n ” o7 " ” none v
31 06 7.518333 7:31:06 AM 7.518333333 863.26 -23.54525902 -114.4291863 400
32 09 7.535833 7:32:09 AM 7.535833333 864.50 -34.31565146 -123.8364515 4l11/2023
33 1 7.553056 7:33:11 AM 7.553055556 867.69 -26.51096201 -105.0776732 7:26 AM-5:22 PM
34 13 7.570278 7:34:13 AM 7.570277778 869.41 82.56978563 -142.1167647 MsT
35 16 7.587778 7:35:16 AM 7.587777778 868.75 151.6606689 -142.2767335 200
36 18 7.605 7:36:18 AM 7.605 869.90 136.0632199 -142.976488
37 21 7.6225 7:37:21 AM 7.6225 870.96 -0.211621463 -132.4143646
38 23 7.639722 7:38:23 AM 7.639722222 87214 3.014143766 -106.7625861 200
39 25 7.656944 7:39:25 AM 7.656%44444 875.10 -46.1146962 -95.18348995
40 28 7.674444 7:40:28 AM 7.674444444 877.28 67.44113755 -109.5191498
41 31 7.691944 7:4L:31 AM 7.651944444 878.60 3.352683022 -98.21661343
42 35 7.709722 7:42:35 AM 7.709722222 881.46 44,65989298 -112.3666067
43 37 7.726944 7:43:37 AM 7.726944444 883.74 49.26909318 -101.8524121 _
44 40 7.744444 7:44:40 AM 7.744444444 884.21 167.4084405 -131.4714014 E
45 42 7.761667 7:45:42 AM 7.761666667 883.17 '97.1560668 -111.4877111 ?
46 46 7.773444 7:46:46 AM 7.779444444 883.75 -1.601756276 -112.110561 g _a00 300 200 300 400
47 45 7.796944 T:AT:49 AM 7.756944444 886.78 -26.495090633 -107.2655373 g
48 52 7.814444 7:48:52 AM 7.81444842 889.06 -39.10008589 -107.1773541 E
49 54 7.831667 7:49:54 AM 7.831666667 890.13 -23.1207443 -96.91681421 .T
50 58 7.84%444 7:50:58 AM 7.849444444 890.77 -40.41543096 -111.3233997 E
52 01 7.866944 7:52:01 AM 7.866%44444 891.89 10.93750871 -93.14335993
53 03 7.884167 7:53:03 AM 7.884166667 892.88 158.9094159 -124.0710376
54 06 7.901667 7:54:06 AM 7.901666667 894.79 189.1415875 -112.0726404
55 08 7.918889 7:55:08 AM 7.918888889 895.94 100.8955724 -119.4129893
56 1 7.936389 7:56:11 AM 7.936388889 896.89 -20.50603025 -118.1872405 - . hd
57 13 7.953611 7:57:13 AM 7.953611111 899.19 -83.26490654 -107.9295335 300
58 15 7.970833 7:58:15 AM 7.970833333 901.04 -52.05393817 -107.5421068
59 17 7.988056 7:59:17 AM 7.988055556 902.04 -23.33032756 -111.6851843
00 20 8.005556 8:00:20 AM 8.005555556 903.46 9.725660166 -99.56835544 .
01 22 8.022778 8:01:22 AM 8.022777778 '905.92 59.9181172 -101.7659644 -400
02 24 8.04 8:02:24 AM 8:02:00 AM 8.04 906.61 32.64313613 -125.4419286

Tietronix RFP 38488-006
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Solar Dynamics Test Site
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Playback using TieSOL Ray Traci

Field Ops

Field Ops

Perspective

= 5 HISTORICAL ANALYSIS SIMULATION REAL TIME
FPS: 108.56, Frame time: 9.21 ms

NVIDIA GeForce RTX 2080 Ti: 6.0 GiB used, 4.1 GiB available
The current stage must have the following prims present:
- Heliostat at /World/NSTTF
Stage Requirements - Heliostat at /World/Tonopah

- Heliostat at /World/SolarDynamics
- XForm at /World/focusLc

Check Stage

¥ Main Operations

Flux Engine CUDAFlux

Heliostat Type SolarDynamics

Sun Position 93.9954, 17.9200

Time and Date 08:04:52  2023-04-11 MDT

Time

START STOP sec/frm 600 @ frm/sec 30

» Single Frame Operat

luxmap Graphs

02 46 B 101214161820222426283032 3436 38 4042

netry Graphs

Vertical Direction [mm]

® o ¢ @ o (o o
B T S N L e e

Formatted MST -200 -150 -100




Playback using TieSOL Ray Tracing

Field Ops
Field Ops
EPS: 15.91. F 62.85 HISTORICAL ANALYSIS SIMULATION REAL TIME
S: 15.91, Frame time: 62.85 ms
NVIDIA GeForce RTX 2080 Ti: 6.2 GiB used, 3.8 vailal
The current stage must have the following prims present:
- Heliostat at /World/NSTTF
Stage Requirements - Heliostat at /World/Tonopah

- Heliostat at /World/SolarDynamics
-XForm at /World/focusLc

Check Stage

Flux Engine

Heliostat Type

Sun Position 105.0666, 29.9259
Time and Date 09:08:20 2023-04-11 MDT

Time

START STOP sec/frm 600 @ frm/sec 30

gle Frame Operatior

¥ Fluxmap Graph

02 4 6 8101214161820222426283032 3436 38 4042

Speed @ 10m [

Direct Normal

g 8
Vertical Direction [mm]

&

© o ® P
Y a0 g
JRE e

-200 -150 -100 -50

Horizontal Direction (+ East) [mm]




Viewport Field Ops

Field Ops

HISTORICAL ANALYSIS SIMULATION REAL TIME
FPS: 16,36, Frame time: 61.12 ms

NVIDIA GeForce RTX 2080 Ti: 6.2 GiB used, 3.8 GiB available ¥ Overview

The current stage must have the following prims present:
- Heliostat at /World/NSTTF
Stage Requirements - Heliostat at /World/Tonopah

- Heliostat at /World/SolarDynamics
- XForm at /World/focusLc

Check Stage

¥ Main Oper

Flux Engine CUDAFlux
Heliostat Type SolarDynamics

Sun Position 147.0371,54.5191

ime and Date 11:44:59 2023-04-11 MDT

secfrm 600 @ frm/sec 30

vertical Direction [mm]

41



Playback using TieSOL Ray Tracing

42

HISTORICAL ANALYSIS

REAL TIN

- Heliostat at /World/NSTTF

Stage Requirem - Heliostat at /World/Tonopah
- Heliostat at /World/SolarDynamics
- XForm at /World/focusLc

Heliostat Type

Sun Position

Time and Date 2023-04-11 MDT

START

»
2
»
*
Y
]
2

1012141618202224262630 22 34 36 38 4042

» 8
Peak Wi Speed @ 10m [mis]

Direct Normal [w/m™2]

Vertical Direction {mm]

0

@““ac"‘ﬂu-“ver“*w‘e.&“\no‘“ﬁv “\Aw“\o

Formatted MST

H

-400 =300 -200
Morizontal Direction (+ East) [mm]

Tietronix RFP 38488-006



Playback using TieSOL Ray Tracing

Field Ops

% HISTORICAL ANALYSIS SIMULATION REAL TIME
FPS: 107.08, Frame time: 9.34 r

NVIDIA GeForce RTX 2080 Ti: 6.0 GiB used, 4.1

The current stage must have the following prims present:
- Heliostat at /World/NSTTF
- Heliostat at /World/Tonopah
- Heliostat at /World/SolarDynamics
-XForm at /World/focusLc

Stage Requirements

Check Stage

¥ Main Operations

Flux Engine

olarDyi

Heliostat Type

Sun Position 257.7796, 27.2351

Time and Date 17:05:26 2023-04-11 MDT

Time

START STOP sec/frm 600 @ frm/sec 30

Single Frame Operatio

¥ Fluxmap Grapk

02 4 6 8101214161820222426283032 3136 384042

netry Graph

ak Wind Speed @ 10m

Direct Normal
Vertical Direction [mm]

3

&® 9 o
R gt g

S

® . ® 3P b 4
PIAT P Ne
P T

Formatted MST 300 —200 -100 0 100 200
1

Horizontal Direction (+ East) [mm]




Test Data with Omniverse Ray Tracing




1L
kujm

Omniverse CUDAFIlux

Time: 15:48:25 Time: 15:48:25



Kugm
Scaling Up mEpe
e Can Omniverse support the development of a full solar field Digital Twin?

* Developed initial DT for NSTTF




File Edit Window Create Tools Layout Help ¥ LIVE|¥ CcACHE:

St
T @ CIEEEEm) :

Name (Old to New)

Sun Tracking

Orient Helios

Tonopah  INSBIE  SolarDynamics

Sun Position (az, el): 128.8367, 41.6985

time and date: 2023-09-23 MDT

0
sec/frm coC @ frm/sec

Content
Single Orient
+ Import

Property
~ Sandia_NSTTF

A Capturing C:/Users/zambetti/Documents/Kit/shared/screenshots/capture.2023-11-09 07.48.13.png







Full Field DT

* Digital Twin:
* Full Crescent Dunes Field in Omniverse:
* Motion of Heliostats very slow

* Fluxmap from Ray Tracing
* Four heliostats Canting/Focusing characteristics

T

Tietronix RFP 38488-006




Real Time Streaming Telemetry to DT

e Working with SolarDyn on connection architecture
= Goal: stream telemetry data from SunRing test to Digital Twin

Timestamp (month, day, year, hour, minute,
second)

Sun azimuth position in degrees

Sun elevation position in degrees (horizon = 0,
zenith = 90)

heliostat mode

heliostat status code

Azimuth status code

Elevation status code

Azimuth mode

Azimuth Setpoint Error

Azimuth Drive Setpoint Position from Home (or zero
reference) in degrees.

Azimuth Driver Feedback Position from Home in
degrees.

Elevation Mode

Elevation Setpoint Error in motor encoder counts.
Elevation Setpoint position in degrees.

Elevation Feedback in degrees.

—_—_————————e——_ e ——

VY 'I ke
SolarTAC

| WiFi Mesh

/1 Infrastructure

Moxa [

AWEK-3131A
Client

S5ID: "SolarDymamics"
DHCP

Wireless Access Point
"SolarDynamics™

Control PC

VINC Server

50

VNC Connect
(cloud-based
VPN remote

Computer

WNC Viewer

Tietronix

Digital Twin

Tietronix RFP 38488-006



NSTTF Test Data to DT

e Captured log file at the NSTTF

* One heliostat motion
* Working on setting up the
playback from the log file

Chart Title

250

000000 @00000
0000000000000 O0DOOOOOOOOOO0O0O

O00O0O0O0O0OO0O0O0O0O0O0OQLOOOOOOOOOOOOOO

OC00000000000O00O0OOOOOOOOOOOOOOO
000000000000 OOOOOOOOOOOO
00000000000 0OO0OO0O0O0O0OO0OD0
(oNoNeNoNoHoNoNoRoNel[eNoNoNeNeRoNoNeNoNo]
000000000 0OO0OOO0OOOO
0000000000000 OO0O0O0
000000000 0O0O0OOO0O0OO

150 -100 50 0 50 100 150

T
HE

-T'/Mode |~ Sleep |-T|Track |~ |XTarg |~ |YTarg |~ |ZTarg |~ az offset |~ el offset |~ reserved |~ AzTarg |~ ElTarg |~ Az

Main T| ~ | Time - Helio ~ |Elev hd
20:01 12:20:00 PM _14E01 CUSP A o 0 0 0 0 o 0 180 -84.01 179.99 -83.82
20:02 12:20:02 PM _14E01 CUSP A a 0 0 ] 0 a 0 180 -84.01 179.99 -83.82
20:03 12:20:02 PM _14E01 CUsSP A 0 0 o o 0 0 0 180 -84.01 179.99 -83.82
20:04 12:20:03 PM _14E01 CUSP A a 0 0 o 0 a 0 180 -84.01 179.99 -83.82
20:06 12:20:06 PM _14E01 CUSP A o 0 0 0 0 o 0 180 -84.01 179.99 -83.82
20:07 12:20:06 PM _14E01 CUSP A o 0 0 ] 0 o 0 180 -84.01 179.99 -83.82
20:08 12:20:08 PM _14E01 CUSP A 0 0 0 o 0 0 0 180 -84.01 179.99 -83.82
20:09 12:20:09 PM _14E01 CUSP A a 0 0 o 0 a 0 180 -84.01 179.99 -83.82
20:10 12:20:09 PM _14E01 CUSP A o 0 0 0 0 o 0 180 -84.01 179.99 -83.82
20:13 12:20:12 PM _14E01 CUSP A o 0 0 ] 0 o 0 180 -84.01 179.99 -83.82
20:14 12:20:12 PM _14E01 CUSP A 0 0 0 o 0 0 0 180 -84.01 179.99 -83.82
20:15 12:20:14 PM _14E01 CUsSP A a 0 0 o 0 a 0 180 -84.01 179.99 -83.82
20:16 12:20:15 PM _14E01 CUSP A a 0 0 o 0 a 0 180 -84.01 179.99 -83.82
20:17 12:20:17 PM _14E01 Cusp A 1] 1] 1] 1] 1] 1] 1] 180 -84.01 179.99 -83.82
20:19 12:20:18 PM _14E01 CUSP A 0 0 0 o 0 0 0 180 -84.01 179.99 -83.82
20:20 12:20:20 PM _14E01 CUsSP A a 0 0 o 0 a 0 180 -84.01 179.99 -83.82
20:21 12:20:20 PM _14E01 CUSP A a 0 0 o 0 a 0 180 -84.01 179.99 -83.82
20:22 12:20:21 PM _14E01 CuUsp A ) 0 0 0 0 ) 0 180 -84.01 179.99 -83.82
20:23 12:20:23 PM _14E01 CUSP A 1] 0 0 0 0 1] 0 180 -84.01 179.99 -83.82
20:25 12:20:24 PM _14E01 CUsSP A a 0 0 o 0 a 0 180 -84.01 179.99 -83.82
20:26 12:20:26 PM _14E01 CUSP A a 0 0 o 0 a 0 180 -84.01 179.99 -83.82
20:28 12:20:27 PM _14E01 CuUsp A ) 0 0 0 0 ) 0 180 -84.01 179.99 -83.82
20:29 12:20:27 PM _14E01 CUSP A 1] 0 0 0 0 1] 0 180 -84.01 179.99 -83.82
20:30 12:20:29 PM _14E01 CUsP A i) 0 0 o 0 i) 0 180 -84.01 179.99 -83.82
20:33 12:20:30 PM _14E01 CUSP A i) 0 0 o 0 i) 0 180 -84.01 179.99 -83.82
20:34 12:20:33 PM _14E01 _fs_ A 0 0 0 o 0 0 0 180 0 179.99 -83.82
20:35 12:20:35 PM _14E01 CUSP A 1] 0 0 0 0 1] 0 180 -84.01 179.99 -83.82
20:36 12:20:35 PM _14E01 CUsP A i) 0 0 o 0 i) 0 180 -84.01 179.99 -83.82
20:38 12:20:35 PM _14E01 CUSP A a 0 0 0 0 a 0 180 -84.01 179.99 -83.82
20:40 12:20:39 PM _14E01 _F5_ A o ] o o ] o 0 180 0 179.99 -83.51
20:41 12:20:41 PM _14E01 _FS_ A o 0 0 ] 0 o 0 180 0 179.99 -83.09
20:42 12:20:42 PM _14E01 _FS_ A i) 0 0 ] 0 i) 0 180 0 179.99 -82.48
20:44 12:20:42 PM _14E01 _FS_ A 0 ] ] o ] 0 0 180 0 179.99 -82.48
20:45 12:20:44 PM _14E01 _FS5_ A o 0 0 0 0 o 0 180 0 179.99 -81.86

51
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Wind Loads Moments

e Status:

e Obtained from SolarDyn:
* Wind Coefficients Table

| Mz Coeffficient

Interior ~ ‘Wind Mz Load Coeff Summary

Config or Tilt (%) MTUth Direction| Beta (") Gusts Loads ‘ Mean Loads

Exterior 3 °) Max Peak GCMz B‘MII‘I Peak GCMz B‘ Max Mean GCMz E]‘ Min Mean GCMz E]
|BO1 Exterior 30 0 180 0 0.099 -0.102 0.010 -0.002
|B11 Exterior 30 45 135 0 0.163 -0.090 0.066 -0.006
\B21 Exterior 30 90 90 0 0.064 -0.038 0.013 0.012
|co1 Exterior 60/ 0 180 0 0.183 -0.183 0.007 -0.003
|C11 Exterior 60 45 135 0 0.343 -0.157 0.133 -0.016
lc21 Exterior 60 90 90 0 0.172 -0.169 0.006 -0.014
D01 Exterior 75 0 180 0 0.182 -0.183 0.005 -0.003
|D11 Exterior 75 45 135 0 0.164 -0.389 0.011 -0.135
|D21 Exterior 75 90 90 0 0.181 -0.214 0.007 -0.020
|EDl Exterior 30 0 180 0 0.189 -0.178 0.006 -0.004
|E11 Exterior S0 45 135 0 0.367 -0.196 0.121 -0.021
|E21 Exterior 90 90 90 0 0.189 -0.218 0.013 -0.022

* Moments computation formula
Moment =q, * GCy, * A * L * Width_ratio
* Field Layout 40,000 heliostats in AZ

* NSO Wind Data
* Implemented the computation in TieSOL

R R

T
T
o

e
3

A
T

2]

'y

Chart Title
i
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Wind Effect Computation Overview

* Determine the wind row and classify heliostat as “interior” or “exterior”
* heliostats within the outermost 3 rows in the direction of the wind are considered exterior

Compute tilt and beta angles
* tilt = zenith angle of the heliostat normal
* beta = 180 — wind direction — azimuth
* wind direction is measured CW from North

* azimuth is measured CCW from South
* betais measured positive CCW from the heliostat normal to the wind direction

Perform table look up of the Mz load coefficients
e perform bilinear interpolation in tilt and beta dimensions
* tilt values are 30, 60, 75, 90
* beta exists in 3 ranges
- 180, 150, 115, 90, 65, 30, 0
- 135,115, 90, 65, 45, 30, 0, -180, -210
« 90, 65, 30, 0, -180, -210, -245
Compute the mean and peak moments in Ibf-ft
* NSO wind data provides 15-meter wind speed and 7-meter wind direction
* wind direction used to determine wind row (exterior vs interior) in step 1
* wind speed converted from m/s to mph, reduced from 15-meter to 10-meter height, scaled from 1-minute mean to 3-second gust, then used in

the computation of gust min/max peak moments

Fx

* the 3-second gust is then scaled to 1-hour mean, and used in the computation of the mean min/max mean moments [Fy}

o) eqe . . . . ©x] _ [f41 f42 f43 f44 f45 f46]| Fz

* Apply flexibility matrix to convert moments into rotations/deflections oy = 51 /52 153 54 153 6 e
* thetax is the vertical beam displacement (delta elevation); thetay is the horizontal beam displacement (delta azimuth) ﬁz

53
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DT to Virtual Reality deployment

* Omniverse provides the capability to
render a scene in a Virtual Reality device

Tietronix RFP 38488-006



: : ¥ugm
Virtual Reality T O

* Assess the capability to display in NREL CAVE

* CAVE is a two-surface (floor and wall) environment
illuminated with six Christie 304K projectors in 4k mode.
Four projectors are blended on the wall. Two projectors are
blended on the floor. We send a 4K right-eye and 4K left-

Meta Quest 2 eye signal to each projector; the projectors interleave these

into active stereo images.

Varjo XR-1

* The system is driven by a single server with six NVIDIA
A6000 GPUs with two NVIDIA Quadro Sync Il cards. We
Meta Quest Pro currently run the system as 12 separate X-screens and fine
tune the blend between them in software.

* Omniverse does not support CAVE rendering

HTC VIVE Pro 2 * Newest version of Omniverse remove a capability that we
could have used for prototyping

HTC VIVE Elite XR

Tietronix RFP 38488-006



DT for Manufacturing Assembly Line

* Develop Digital Twin of heliostats manufacturing process

« OP10 — Track Ring Unload & Gear Segment Installation

OP20 — Base Triangle & Az Drive Assembly

OP25 — Hub Pre-assembly
OP26 — Drive Pre-assembly

OP30 — Space Frame Structure Assembly

OP40 — Torque Tube and El Drive Installation
OP45 — Torque Tube Assembly

OP50 — Mirror Installation

OP55 — Mirror Assembly & Alignment

OP60 — Control Box & PV Panel Installation & Wiring

OP10 Ring
& gear
segments

OP10 Ring

& gear
segments

OP25 Hub
Pre-assy

OP20 Base OP30 Space
Triangle Frame

OP26 Drive
Pre-assy

OP26 Drive

OPAS TT
Assy

OP40TT
Attach

OP50 Facet
Attach

QP55 Facet

¥ngm
“T1 [

OP65 PV
Assy

OP6E0 PV & OP70 Truck
Control Load
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