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The sun: Our largest source of energy
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The operational reliability of the heliostat
drive units Is highly important
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Solar Tower research facility in Jilich, Germany
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The operational reliability of the heliostat
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drive units is highly important
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Commercial heliostat fields with 102 to 10°

heliostats, each with two drive units

Failures of the drive units
— Large maintenance efforts
& reduced plant availability

Misdirected solar radiation

— operational risks & safety risks
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(2) Background and Related Work
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Review of literature:

O&M of heliostat fields

Existing research:

= Optical aspects
= Soiling

Cost-Efficient Prognostics (1) Motivation
Framework for Heliostat Drive Units and Introduction

(2) Background
and Related Work
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Protection layer
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(5) Conclusion
and Outlook




Review of literature: RWTH
O&M of heliostat fields DLR

Existing research:

= Optical aspects
= Soiling
* Wind-induced effects
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Review of literature:

O&M of heliostat fields

Existing research:

= Optical aspects
= Soiling

* Wind-induced effects
= Calibration procedures

Cost-Efficient Prognostics
Framework for Heliostat Drive Units

(1) Motivation
and Introduction

(2) Background
and Related Work

Sun Cameras or
? sensors on

(M1-M3b)

| I‘ each heliostat

B i i

RWNTH

‘ Cameral(s) on tower

| Single or multiple
photos
(M1-M3c/mM3d)
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Camera-target
method using the
sun (M1-M4)
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Review of literature:
O&M of heliostat fields

Existing research:

= Optical aspects

= Soiling
* Wind-induced effects
= Calibration procedures

* Image-based
(UAV-based)
measurements

Cost-Efficient Prognostics (1) Motivation (2) Background
Framework for Heliostat Drive Units and Introduction and Related Work
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(3) Methodology

(4) Experimental Results
and Discussion

(5) Conclusion
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Review of literature: RWNTH ‘#7
O&M of heliostat fields DLR

N

Existing research: However, large research gaps regarding heliostat drive units:
= Optical aspects » Operational health up to now unexplored
= Soiling * No experimental investigations
= Wind-induced effects
= Calibration procedures = No peer-reviewed studies on sensor-based F:—
component condition monitoring
* Image-based = E.g. motors, gearboxes
(UAV-based) O\gf-}a”p
measurements » Lack of publicy available time-series datasets @<
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Experimental setup: RWTH 4#7
Measurement concept and Data Logging DLR

Measurement concept:

= Cost-efficient and non-intrusive Details about the
sensing concepts Data Acquisition and Logging Architecture:
— Low-cost Arduino-based DAS
= Detection of deviations between
baseline and actual behaviour

» Arduino GIGA R1 WiFi

(STM32H747XI1 microcontroller)

= Optional analogue signal conditioning stage
with gain V = 11.6

= Sampling rate of 1 kHz

= Continous data stream via USB to PC
= Basic consistency checks of the data
= Data storage in HDF5 format

17 Cost-Efficient Prognostics (1) Motivation (2) Background

(4) Experimental Results (5) Conclusion
Framework for Heliostat Drive Units and Introduction and Related Work

and Discussion and Outlook
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Experimental setup at the RWTH
Solar Tower research facility in Julich DLR

Measurement concept:

= Cost-efficient and non-intrusive
sensing concepts
— Low-cost Arduino-based DAS
= Detection of deviations between
baseline and actual behaviour

Data collection:

= July 2025 to November 2025
= Representative subset of eight heliostats

= 330 hours of effective measurement time
= Approx. 110 GB of data

(4) Experimental Results (5) Conclusion

18 Cost-Efficient Prognostics (1) Motivation (2) Background
and Discussion and Outlook

Framework for Heliostat Drive Units and Introduction and Related Work

(3) Methodology




Sensor selection, mounting RWTH /.#7
and field instrumentation DLR

Sensor Selection

1 = \We want to measure:
| Sensor mounting plate | ~ ) e = Vibrational responses
~ D = Electromagnetical response

Sensor orientation

* MEMS-based (3-axis)
accelerometer
= Hall-effect sensor (1-axis)

f Hall-effect sensor

— | — Four sensor channels per heliostat
},\ axis (eight channels per heliostat)
“~‘ ensor mounting plate

.
\ 3-axis acceleration sensor &
:

(4) Experimental Results (5) Conclusion

19 Cost-Efficient Prognostics (1) Motivation (2) Background
and Discussion and Outlook
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Comparison of Conventional Industrial-Grade RWTH 4#7
Sensors and Cost-Efficient Arduino-Based Sensors DLR
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(4) Experimental Results (5) Conclusion
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Sensitivity Analysis: Controlled Variations
of the Motor Phase Resistance
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Cost-Efficient Prognostics
Framework for Heliostat Drive Units

(1) Motivation
and Introduction

(2) Background
and Related Work

(3) Methodology
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= Intentionally modify electrical
operating conditions of the motor

= External resistor R is inserted in series
with one of the motor coil pairs

= Variation in R — variation in current
— Variation in magnetic field

Ideas:

Observations:

= Reduction of magnetic field amplitude
» Ohm’slaw (U =R - 1)
* R > 3Q: Reduction ~§

= Even small changes in electrical
properties of the drive units
— Clearly detectable changes in
magnetic field signatures

(4) Experimental Results
and Discussion

(5) Conclusion
and Outlook
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Sensitivity Analysis: Controlled Variations RWTH 4#7
DLR

of the Motor Phase Resistance

Observations:
=  With higher R-values, several vibration

" peaks become significantly increased
500 7 | > ag) compared with baseline condition
B = f~ 400Hz: Amplitude increase by 2to 4
5 400 6% = Setup is not only very sensitive to magnetic
;’ field changes but also to vibration changes
‘v 300
.S | : N
= I i1(t) = I cos(wt)
S 200 - u| )
5 \ is(t) = I sin(wt + Ayp)
-: hllewudbites | ;
0 - —_— — | | | /
0 100 200 300 400 500 | |
Frequency in Hz Ap=0 Ay #£0
Cost-Efficient Prognostics (1) Motivation (2) Background (4) Experimental Results (5) Conclusion
Framework for Heliostat Drive Units and Introlt;/ucltion and Related \;jVork () IS ;(nd I;)iscussion ) and Out:Jocl)k




Demonstration of the Prognostics Framework: RWTH 4#7
DLR

Early Ageing and Anomaly Detection

Heliostat (1D: 12023)

: » Observations:
= Normal operating conditions

6 - » Measurement data with clear deviations from
— Axis 2: Transversal (North—South) typical, characteristic signal patterns
4 - | — Anomalous ageing-related behaviour
% 5 = t > 7,500s: increasingly pronounced outliers/
o anomalous peaks reaching amplitudes of nearly
é 0 6m/s? (= ten times nominal vibration level)
=
S 5 - | | ‘ =  Wind and other external influences (e.qg.
> ‘ ambient temperature, global field disturbances)
4 were found not to significantly affect the
measurements.
—6 I 1 T I I I . - .
0 500 5000 7500 10000 12500 — Earlywqrnlng §ystem for this heliostat
C . — Targeted inspection by O&M personnel
Relative time in s
24 Framework fo Heliosa Drve Units | | and Invodcton and Related Work @ wetmodology | S o “ond Outlook
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Conclusion and Outlook i ‘#DLR

Current heliostat field O&M focuses mainly on soiling, wind-induced effects and calibration procedures
— Research gap regarding heliostat drive units: no peer-reviewed studies (no experiments)

Development of a cost-efficient prognostics framework and experimental validation
— Successful application to heliostats at the Solar Tower research facility in Julich

Identification and analysis of real-world operational anomalies from the measurement data
— Lowering barriers to scalable PHM through cost-efficient monitoring Conclusion

Systematic long-term field validation, advanced data analytics, and data-driven predictive modelling

Ongoing measurement campaign: Controlled accelerated ageing/ deliberate stress experiments

— Generating fault and degradation data on demand - beyond naturally occurring failures Outlook
Cost-Efficient Prognostics (1) Motivation (2) Background 3) Methodol (4) Experimental Results (5) Conclusion
Framework for Heliostat Drive Units and Introduction and Related Work &) B Eltgy and Discussion and Outlook




AAGHEN

Thank you - IXeR
EREEEEUNIVERSITY V75«

very mucht™

Current heliostat field O&M focuses mainly on soiling, wind-induced effects and calibration
— Research gap regarding heliostat drive units: no peer-reviewed studies (no experiments)

Development of a cost-efficient prognostics framework and experimental validation
— Successful application to heliostats at the Solar Tower research facility in Julich

Identification and analysis of real-world operational anomalies from the measurement data E

— Lowering barriers to scalable PHM through cost-efficient monitoring
Contact me ©

Systematic long-term field validation, advanced data analytics, and data-driven predictive N =% 4

Ongoing measurement campaign: Controlled accelerated ageing/ deliberate stress experin ",;-"':'-" L'!_l_-
— Generating fault and degradation data on demand - beyond naturally occurring failures | =5 e i

|
Cost-Efficient Prognostics (1) Motivation (2) Background (3) Methodolo (4) Experimental Results (5) Conclusion
Framework for Heliostat Drive Units and Introduction and Related Work 9y and Discussion and Outlook
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DLR - Research Organisation + Space Agency RWNTH
+ Project Management Agencies

i DLR

Aeronautics Transport

Security
security research (civil & defense)

— W7y, g0, .
Digitalisation h 0;20,:'00'0 0,0
o -

Quantum technologies & system modelling ,,,1. 9 ;0’ N

= Largest European research organisation for engineering and aerospace
= Close cooperation with research, economy and industry actors

= |nstitutionally funded by Federal Ministry for Economic Affairs and Climate Action, additionally by Federal
Ministry of Defence, project funding by many others (e. g. Federal Ministry of Education and Research)




Examples of Concentrated Solar RWIH
Power (CSP) tower plants

DLR

Noor I-111 (Morocco)
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150°W
|
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135°W. 120°W  G105°W  90°W 75°W. 60°W

30°N

Direct normal - -
irradiation (DNI) ot

l ©2019 The World Bank
Source: Global Solar Atlas 2.0
Solar resource data: Solargis
Long-term average of direct normal irradiation (DNI)
Daily totals: 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
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,,Humans are responsible
for global warming*

Global surface temperature has increased by
1.1°C by 2011-2020 compared to 1850-1900

4°C 20
1.5
1.0 1.0
0.5 Observed
0.2
0.0
warmest
multi-century
0.5 period in more
than 100,000
years
710 I I I L I
1850 1900 1950 2000 2020
il
Key - ‘ | ——

°c 0 05 1 15

Climate Change 2023 Synthesis Report [1]

[1] https://www.ipcc.ch/report/ar6/syr/downloads/report/IPCC_AR6_SYR_LongerReport.pdf

RWNTH

SOLAR RESOURCE MAP

DIRECT NORMAL IRRADIATION

iy

)
'
Long-term average of direct normal irradiation (DNI)
Daily totals: 1.0 2.0 3.0 4.0 5.0 6.0
| I
Yearly totals: 365 730 1095 1461 1826 2191

kWh

S
Germany: ~1,100 V\ZI
m<a

Sahara: ~2,200 kWh

mZ2a

Norway: ~800

.

DLR

@WORLDBANKGROUP ESMAP

7.0 8.0 9.0 10.0

Comm KWy

2556 2922 3287 3652

LARGIS |

http://globalsolaratlas.info

~ 500 €

when charging
electrical car


https://www.ipcc.ch/report/ar6/syr/downloads/report/IPCC_AR6_SYR_LongerReport.pdf
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atas For more details [2]:

Stromgenerator

mTEY ey )

Solarturm mit Receiver

Warmespeicher
heiBer Tank

Heliostate

Turbine

heiles Salz

abgekihltes
Salz

: mnr l
LTI
Dampf \

&2

Solarthermische Kraftwerke

Warmespeicher

kalter Tank

Warme, Strom und Brennstoffe
aus konzentrierter Sonnenenergie

Kondensator

Wasser




33

. R\WNTH
CSP Projects around the world

CANADA -1 MW

= -EUROPE (w/o Spain) - 36 MW
‘@
USA - 1501 MW SPAIN - 2310 MW 28

. ’ , CHINA - 4138 MW

MENA - 1220 Mw INDIA-243 MW 3300 838
MOROCCO - 533 MW 4

©
THAILAND -5 MW "

" A .

MEXICO - 14 MW

WORLDWIDE - 10711 MW
3351

AUSTRALIA - 2,5 MW
CHILE - 110 MW SOUTH AFRICA - 600 MW ®25

7360
. .eoo
Technology g
= OPERATIONAL  ® UNDER CONSTRUCTION Collaboration  [Pggme SOlarPACEs
Programme p—

bylea & Solar Power & Chemical Energy Systems

http://www.nrel.gov/csp/solarpaces/

Last updated March 2025

Source: https://www.solarpaces.org/worldwide-csp/csp-projects-around-the-world/

DLR
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Experimental setup at the RWTH
Solar Tower research facility in Julich DLR

, Analogue
Gearbox censor
1
/ I
Motor Ball screw Analogue : Optional direct input
signal conditioning :
] ( Linear \ ¥
Drive units convert rotational motion of the electric /
motor into linear motion via a gearbox and a ball- L - 1}3 -
screw mechanism. via USB serial : storage :

| QS

Analogue sensor signals
= routed directly to Arduino microcontroller
= or optional trough analogue signal conditioning stage

"W
W
w
w
w
w
w
w
W
w
L
w
w
w

= subsequent transmission to the measurement computer
= or, alternatively, to USB storage
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Characteristics of the Recorded Operational Data
Using Analogue Signal Conditioning

[Movement [ ) [6) [0 [ [& [ D [& [W[D]

Axis 1 T 1 4 =171 1| —
Axis 2 LT T - 4 - T — | 4
a) c) d) g h) )]
¥ 07
g
g = Transversal (North South)
2 4 Transversal (East-West)
5 — Axial (2)
0 T
>
< -8
_10 -
-12 T T T ! I

0 250 500 750 1000
Relative time in s

Figure 5. Raw 3-axis accelerometer signals measured at Axis 1
during the nine-step movement sequence defined in Table 1.
The shaded grey regions indicate the individual movement
intervals. It should be noted that the signals include the grav-
itational acceleration g, which leads to comparatively large
acceleration amplitudes.

RWNTH

DLR

2 - a) b) ) d) e D g h)i
v 17
7]
g
.8
g 0 -
=
g
=
> —1
—— Transversal (North—South)
Transversal (East—West)
5 — Axial (z)
1 | T T |
0 250 500 750 1000

Relative time 1n s

Figure 6. 3-axis vibration signals measured at Axis 1 during
the nine-step movement sequence defined in Table 1 including
the analogue signal conditioning. The gravitational accel-
eration component g is removed by the conditioning stage;
therefore, the y-axis shows the resulting vibration signal.
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Frequency in Hz

Demonstration of the Prognostics Framework:

Early Ageing and Anomaly Detection

400

(o8}
(=)
(e}

3
(==
)

100

Heliostat (1D: 12023)
= Normal operating conditions.

2500

5000 7500 10000
Relative time 1n s

12500

— 0.006

I 0.005

0.004

0.003

0.002

0.001

0.000

1m a.u.

Amplitude

RWTH £

Observations:

» Measurement data with clear deviations from
typical, characteristic signal patterns
— Anomalous ageing-related behaviour

= t > 7,500s: increasingly pronounced outliers/
anomalous peaks reaching amplitudes of nearly
6m/s? (= ten times nominal vibration level)

=  Wind and other external influences (e.qg.
ambient temperature, global field disturbances)
were found not to significantly affect the
measurements.

— Early warning system for this heliostat
— Targeted inspection by O&M personnel



Demonstration of the Prognostics Framework: RWTH 4#7
Early Ageing and Anomaly Detection DLR

— AXis 1: Transversal (North—South)

1.0

o
. ]
]

Vibration in ms—
o
[
|

I
©
th

1

I
—
=

1

1 1 1 T 1 1
0 2500 5000 7500 10000 12500

Relative time in s

Figure 10. Measured vibration signal of Axis 1 obtained using
analogue signal conditioning during the measurement period.
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Demonstration of the Prognostics Framework:
Early Ageing and Anomaly Detection

Axis 2: Transversal (North—South) [t= 500s
1.0 4 Axis 2: Transversal (North—South) | t = 12000 s

0.5 5

Magnetic field strength in mT
=
=
|

0 25 50 75 100 125 150 175
Time since movement start in s

Figure 13. Time-domain comparison of early-stage and late-
stage measurements obtained using analogue signal condition-
ing. It should be noted that the x-axis shows the time since
movement start. (I.e. measurements were recorded at differ-
ent points in time, but both segments are aligned to start at

t = 0s.).

RWNTH

DLR

70 4

Axis 2: Transversal (North—South) | t= 500 s
60 - Axis 2: Transversal (North—South) | t = 12000 s

40 -

Amplitude in a.u.

20 A

10 B

D_ I ¥ 14 d ok om o iy ¥
| | |

0 20 40 60 80
Frequency in Hz

Figure 14. FFT-based comparison of early-stage and late-stage
measurements shown in Fig. 13.
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HelioKinet: Automated Heliostat RWTH 4#7
Movement Framework DLR

Project-Scope: Heliostat drive units
= Measuring operational data (e.g. vibration/ current) only possible during active heliostat movement

" Single-Axis Style " Dual-Axis Style
o o
g g
n 70 5 n A 4
1= ©
— —
i < 607 s £]
Automated heliostat o sE 3 =
£ 504 , n 3¢
. n n
movement patterns: c | X 2 o | ¥ >
L2 401 & w9 n
7 ¢ 3> 2 >
: b ¢ s & S
= Phase space representation % 301 v 8 E 28
of different movement g 501 28 8 £
patterns = =
~ 107 < N 1
" ¢ Su.mmer 4 1 " ngmer
-<>E—< 01 | W:mter | | ' | | | <>E—< L V\tl’mter | ‘ I — I |
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Axis 1 actuator extension state in 103 steps Axis 1 actuator extension state in 10° steps
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