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Energy Systems Integration Facility

The Energy Systems Integration Facility (ESIF) is a national user facility located in Golden,
Colorado, on the campus of the National Renewable Energy Laboratory (NREL).

.,

http://www.nrel.gov/esif Photo by NREL
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Controller- and Power-Hardware-in-the-Loop

NREL's megawatt-scale controller- and power-hardware-in-the-loop
(CHIL/PHIL) capabilities allow researchers and manufacturers to test energy
technologies at full power in real-time grid simulations to safely evaluate

performance and reliability.

Photos by NREL
NREL | 4
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Experimental Setup

¢ ContrO”abIe AC Supply- Three Phase PV Inverter Setup |

® CO nt rO I I a b I e D C S u p p Iy. PV Emulator ) mmmme:ree Phase .::rjertj; - AC Grid SEKMW

* High bandwidth AN =T 7 A
measurements. E L i !

* High bandwidth, highly i i
reliable, long duration data L v ;
StO ra ge . PV Profile Programming Darsﬂesr:::age Aﬁiﬁﬁiﬁﬁ:ﬁf’ﬁ;n
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e Automated experimental |
setup. Inverter under test experimental setup
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Experimental Setup

* Three-phase PV inverter.

v

* Split-phase PV inverter. Grid Simutator
- Voltage/Frequency

 Battery inverter (not presented in Upiates

the paper). ) v

p p )- . Coll?ectztlion A Ir P(;'/ Sirmél;:tor Coll:l):(fion

* Python script to synchronize the Stats rdiance Changes Stop

experimental setup. .

.

Scenarios >
Threshold

Yes

* Experiments are usually completed
in less than three hours.

* Data collected less than a few Experiment flowchart
gigabytes.

* Voltage run and frequency run.

Source: Prabakar et al. 2023 NREL | 6



Background on datasets

(a) Three-phase PV inverter

- * Voltage magnitude run
— RMS change
— Irradiance change
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(b) Split-phase PV inverter
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Background on datasets

(a) Three-phase PV inverter
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Background on datasets

* \Voltage frequency run s

— Frequency change :: o __

— Irradiance change ST

— Frequency measurement of o
voltage

— Fourier transform time ;:
prioritized and amplitude . C—
prioritized il

Time (s)



Background on datasets

* \Voltage frequency run s n—

— Frequency change P s

— Irradiance change fﬁ_ —

— Frequency measurement of 9 &0 650 700 750
current i i

— Fourier transform time : f:f
prioritized and amplitude 7 —
prioritized £ _-_

Time (s)



Machine Learning Model

Collect data

* Inputs: three-phase (a,b,c) voltage, DC from inverters
current, DC Voltage prepii?ssmg

e Qutputs: three-phase (a,b,c) current I .

* ANN topology: fully-connected with st !
input/output layers and two 100-node ANNtraining Mo Update
hidden layers using ReLU activations

* Training: Adam optimizer, mse loss e =
function, terminated training after 100 [ve

e p OC h S Evaluate Model

with test data

NREL | 11



Phase A Current (A)

Phase A Current (A)

20

10

20

10

Voltage step experiments outputs

= Data

= Prediction

T
400.00

T
450.00

Time (s)

T
500.00

T
550.00

= Data

= Prediction

T
388.63

T
388.64

T T
388.65 388.66
Time (s)

T
3BB.67

Phase B Current (A)

Phase B Current (A)

20 o

10 4

= Data
= Prediction

T T T T
400.00 450.00 500.00 550.00
Time (s)

20

10

= Data
= Prediction

T T T T T T
3B8.63 388.64 388.65 388.66 3BB.67 3BB.68
Time (s)

Phase C Current (A)

Phase C Current (A)

20

10

20

10

-10

= Data

= Prediction

T
400.00

T T
450.00 500.00

550.00
Time (s)
- Data
——— Prediction
T T T T T T
3B8.63 388.64 388.65 388.66 3BB.67 3BB.68

Time (s)

NREL

12



Phase A Current (A)
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Future work: machine learning and

data collection

* Experimental design: ensure sufficient frequency and voltage
coverage in data to train ANN model representation of inverters

* Invest more time into the model, e.g., hyperparameter tuning,
adding regularization, etc.

* Represent inverters using more advance ML models: given
timeseries data, explore RNNs, Convolutional NNs, and SciML
techniques such as:

— Operator learning (DeepONets or Fouier Neural Operators)
— Physics Informed Neural Networks (PINNSs)

NREL | 14



Takeaways and future directions

* Reduced inverter modeling time frame from 12-18 months to 3-
6 months.

* Targeting to reduce this to days.

* Currently, experimental data is moved to computational setup
after the experiments.

* Targeting to train models while the experiment is running.
* How to handle uncertainties?

» Use of design of experiments to determine the experimental
seguence.
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