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Abstract— Hardware-in-the-loop (HIL) evaluation is a method in
which the test subject is split into a physical part and a simulated
part, and these parts are connected with interfaces to form a
combined physical-numerical system. Power-hardware-in-the-
loop (PHIL) systems, where actual hardware is connected to a
real-time model, can exhibit issues of instability, inaccuracy and
errors when operating in a closed-loop. The challenges of
generating a PHIL setup are that, first, because of the limited
dynamic response of the different parts of the system, the test
results might be inaccurate, and, second, because of the high
frequency noise introduced by the sensors to the closed-loop
system, it can be difficult to design a compensator for the real-time
emulator response, while stabilizing the closed-loop system at the
same time. In this paper, different parts of a PHIL system are
characterized, and the feedback compensator system design is
proposed for the stable operation of the closed-loop PHIL system.
The issues as observed in a PHIL system without any compensator
are demonstrated using experimental results, and the effectiveness
of a first order phase lead compensator is validated.

Keywords— Power-hardware-in-the-loop (PHIL), medium-

voltage converter, compensator design
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The increasing presence of distributed energy resources in
the power grid has resulted in increased power converters as
interfaces to these energy resources [1] — [3]. It is estimated that
the medium-voltage (MV) grid is utilized for injecting
approximately 99% of the power generated by the present
photovoltaic (PV) power plants in the world [4] — [7]. The
increase in MV power converters on the grid leads to new
challenges for ensuring system stability. It becomes absolutely
necessary to evaluate these converters and the associated control
techniques for most real-life scenarios under laboratory
conditions before deployment in the field. To have realistic
evaluation techniques, it is important to have well defined and
accurate test setups. In this paper, a power-hardware-in-the-loop
(PHIL) system is developed and characterized, and a
compensation system is developed for the accurate and realistic
evaluation of power converters connected to the power grid.
PHIL systems with compensation techniques have been used in
the past for system evaluations [8]-[11]. Most of these
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techniques focus on the stable operation of the PHIL system,
which does not guarantee an accurate and high bandwidth
performance. With the advent of fast-switching power devices,
there is a need for high-bandwidth PHIL evaluation techniques.
Section II presents the details of the different test configurations
used for characterization of different parts of a PHIL system.
Section II also discusses the various parts of the model, such as
the grid simulator, along with experimental results
demonstrating the inaccuracies that can arise in a PHIL setup.
Section III presents the developed feedback compensation
technique. Section IV includes details of the analytical design
and validation results of the lead compensator. It also includes
results from the characterization and connection of the PHIL
setup to the three-phase, 13.2-kV grid for MV evaluations.
Finally, Section V concludes the paper.

II. PHIL SYSTEM CONFIGURATION AND
CHARACTERIZATION

Multiple system configurations were used in the modeling
and characterization of various parts of the system. This section
briefly discusses the test setup used for these evaluations. The
full PHIL system configuration created to design the feedback
compensator of the system is shown in Fig. 1. This system is a
closed-loop PHIL setup comprising of a PV emulator fed PV
inverter connected to a grid simulator. The grid simulator acts as
the point of common coupling (PCC) in a larger network
modeled in a digital real-time simulator (OPAL-RT in this case).
The current injected or absorbed from the network is sent as
feedback to the network model to generate the voltage reference
signals at the PCC.

Real-time Simulator
(OPAL-RT)

Inverter Current Measurements
-

AC Grid
Simulator

gﬂuh

PV Inverter

DeC
Source

Reduced-order
Distribution Model

Voltage |
Commands

Fig. 1. Schematic of the PHIL setup used for characterization and feedback.
Photos by NREL
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Fig. 2. Simplified system configuration for inverter and sensing
characterization. Photo by NREL

To identify the system delays and sensing errors, some
baseline tests using the simplified system configuration are
shown in Fig. 2. This system includes a PV inverter fed by a PV
emulator and connected to a grid simulator and local load.
Multiple tests were done to baseline the inverter and other parts
of the network such as the grid simulator, communications
blocks, and measurement systems for the PHIL system.

Multiple tests were executed using this setup to characterize
the different component accuracies, delays, and response of
individual components as well as the data acquisition system.
These tests included grid voltage changes, active power setpoint
changes, reactive power setpoint changes, and power factor
command changes. Multiple such tests were done to characterize
and quantify system delays and accuracies. Fig. 3 shows the
error between the voltage measured at the PCC and the voltage
reference. The voltage discrepancies between the reference
voltage and the PCC voltage are due to drop across the
impedance network between the PCC and the sensing point.
These discrepancies will result in incorrect current magnitudes
and phase angles when operating in a closed-loop PHIL system.
This necessitates mitigating these discrepancies through a
compensation system, which is being proposed in this paper.

35- : —— : 1

—Reference value
2 ~Phase A measured
Phase B measured
<+~ Phase C measured
15— —

Error in measured voltage (V)

-1
0.92 0.94 0.96 0.98 1 1.02 1.04 L.06 1.08 11
Voltage (p.u.)

Fig. 3. Voltage sense discrepancies between grid simulator and inverter PCC.

In addition to the voltage magnitude errors, the system delays
from the ADCs/DACs and the grid simulator performance need
to be identified for the accurate design of the feedback
compensation system. The grid simulator used for this
characterization and the PHIL setup is a three-phase, 480 Vi,
270 kVA system, as shown in Fig. 2. The grid simulator
characterization was performed using variations of the grid

simulator output voltages with the injection of harmonics and
variation of the loads in the resistive load banks. The grid
simulator was injected with 5% harmonic content on top of the
fundamental voltage from 2"¢ harmonic to 72" harmonic. The
loads were operated at 0%, 25%, 50%, and 75%. Each harmonic
level was tested at each load point. The frequency domain
analysis of the experimental data (see Table I) was used to
identify the transfer function of the grid simulator. The obtained
transfer function for the grid simulator is presented in (1).

TABLE I. MODEL PARAMETERS FOR THIRD ORDER TRANSFER FUNCTION

Vmag(pu: Rlaad(Q: G fpl(HZ] le(HZ] pr(HZ] fp3(Hz] Tdel(“-s]
1.0 Noload 1] 819 963 3503 3503 30

1.0 3.4 1 819 963 3503 3503 30
1.0 1.7 1 819 963 3503 3503 30
1.0 1.2 1 819 963 3503 3503 30
Hyo(s) = Vour (S)
GS -
Vref(s)
S
6 (g +1)
anzl

= —STdel (D
e )t )+

where fpl =819 Hz, f,; =963 Hz,fpz = fp3 =
3503 Hz,Tge; = 30us . The variation of harmonics was
injected with the fundamental voltage using analog input to the
grid simulator and the output voltage of the grid simulator was
used to determine the transfer function of the grid simulator.
The Bode plot for the transfer function thus derived is presented
in Fig. 4.

Magnitude (dB)
\ L |
=]

Phase (deg)
= 4

(5]
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Fig. 4. Bode plot for the grid simulator transfer function as derived from
experimental results.

A PHIL setup has been chosen to develop compensation
techniques and characterizations techniques to overcome the
abovementioned issues. The laboratory single-line diagram for
this testcase is shown in Fig. 5. This setup includes a PV
emulator fed PV inverter connected to a grid simulator and a
local load, with the grid simulator acting as the PCC in a larger
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network modeled in the OPAL-RT real-time simulator. The
current injected or absorbed from the network is sent as
feedback to the network model to generate the reference voltage
signals at the PCC. The end goal is for the inverter to have a
voltage value at PCC that is representative of the model and not
dominated by the characteristics of the measurement equipment
including the grid simulator itself.

Current Feedback to Opal

PSIL Magna Power

|
250 kw SMA Hipower PV | 270kW Grid Sim |
DC POWER SUPPLY Inverter #2 [} 480 VAC, Three Phase |
= a - A
EPO [ = TN
— box ~ =T
‘ Measurement Opal RT Fiber
. Junction box (fused communication
LEGEND: o to 200Amps) with GSL to send
Power Conductor ﬂ& voltage setpoints
— — — — Comm Link DV readi RLC Loadtec
— — — — EPO Wiring pld Loadbank
_ _ _ _ Analog Channel Opal MODBUS driives
+16V Connected

LBE 250 A AC
ALateral

Fig. 5. Test setup for closed-loop PHIL assessment.

III. FEEDBACK COMPENSATION SYSTEM DESIGN

The first steps were to design the feedback compensation
system that will help mitigate measurement errors (see Fig. 3)
and delays due to the real-time simulator ADCs and DACs. To
develop the compensation system, the three phases of the
system are considered as three identical single-phase systems.
This assumption for the system is valid and does not introduce
any error because the cross-coupling between the phases is very
weak. The simplified block diagram of the closed-loop PHIL
compensation system designed in this paper is shown in Fig. 6.
The compensation system is divided into three parts as the real
PHIL system. The Feeder Model is the equivalent circuit for the
system modeled in the digital real-time simulator. The second
block, the PHIL Compensation is the designed feedback
compensator. The PV Inverter in the block diagram refers to the
hardware setup tested in Fig. 2. All the other blocks in between
are derived from the characterization presented in the previous
section. The compensation system is designed using
proportional-resonance (PR) controllers (see Fig. 6). These help
with the overall bandwidth and response of the system
compared to the traditional proportional-integral (PI)
controllers. For the design, the feeder model is reduced to the
Thevenin equivalent circuit as seen by the PV inverter terminal.
The Bode plot for the simplified lead version of the feedback
compensator is shown in Fig. 7. The compensator is simplified
to represent a lead compensator in this case.

Feeder Model PHIL Compensation

PV Inverter

Fig. 6. Block diagram of the designed feedback compensation system.

IV. LEAD COMPENSATOR DESIGN

With the voltage reference to the grid simulator provided by
the OPAL-RT system, some delay is introduced into the
system, which can be estimated by the time delay between the
input and the output signal. To estimate the time delay between
the input and output signals, the input signals such as input
phase voltage and output phase voltage are stored in the
MATLAB workspace.

For estimating the time delay, the input reference signal and
the output signal are saved in the MATLAB workspace. The
sampling frequency and the number of points are specified to
generate a time value. The time value will be used for plotting
the signals. From the input and output signals logged in the
workspace, the bias is removed from the signals. Then, the fast
Fourier transform is performed on the input and output signals.
Then, the number of unique points is estimated.

This is followed by plotting of the magnitude and phase
response of the signals. The absolute of the maximum
magnitude value with its index is determined. This process is
performed for both the input and output signals. The output of
this index is used to determine the phase lag between the two
signals. This is how the estimate of the time delay is
determined. This process was estimated for three phases of the
voltage waveform, as shown in Table II

TABLE II. ESTIMATE OF TIME DELAY OF VOLTAGE WAVEFORMS FROM THE

SIMULINK MODEL.
Time delay — Model based Phase A Phase B Phase C
(us) (us) (us)

277V with no harmonics 149.30 156.43 142.64
277V with 5% 120 Hz 149.51 156.76 142.28
277V with 5% 180 Hz 149.13 156.75 142.28
277V with 5% 4260 Hz 149.17 156.53 142.52
277V with 5% 4320 Hz 149.17 156.53 142.52

The time delay is estimated to be approximately 150 ps. This is
a non-trivial time delay that must be accounted for. To
compensate for the time delay, a lead compensator must be
developed, that can account for the time delay. The lead
compensator was developed based on the work performed in
[13]. The lead compensator is assumed to be a single pole single
zero system with a gain. With the estimated delay around 150
us for all phases, the transfer function calculated for the lead
compensator, LD(s), is expressed as follows:

_ (1.058s +377)
LD(s) = (s + 399.9) @)

The lead compensator was designed for output lag conditions
less than one-fourth of the fundamental cycle. After
implementing the lead compensator for each phase, the input
and output signals were again stored in the workspace and the
time delay between them were re-estimated, shown below in
Table iii. The Bode plot of the lead compensator is shown in
Fig. 7. Fig. 8 shows the comparison of uncompensated grid
output voltage versus the grid output voltage compensated with
the lead compensator, plotted with the analog input reference
fed to the grid simulator from the OPAL-RT analog outputs.

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
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Fig. 7. Bode plot of the simplified feedback compensator

TABLE I1I. COMPARISON OF DELAY ESTIMATES BETWEEN COMPENSATED AND

UNCOMPENSATED SYSTEM
Uncompensated delay Compensated delay
Phase A 149.51us 1.1 ps
Phase B 156.76us 0.7 ps
Phase C 142.28us 1.4 ps
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Fig. 8. Comparison of uncompensated and compensated grid simulator output
voltage waveform with input reference analog voltage to the grid simulator.

The lead compensator was also validated for the test voltage
waveforms with harmonics, and the compensator was able to
reduce the lag time between the input reference and the output
waveform, shown in Fig. 9.
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Fig. 9. Comparison of uncompensated and compensated grid simulator output
voltage waveform with input reference analog voltage to the grid simulator
for input voltage with 70th harmonic
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V. CONCLUSION

The paper presents the test setup to characterize different
parts of a PHIL setup. The models of different parts of a PHIL
setup have been developed and presented. Further,
experimental results showing poor voltage tracking and delays
in the system have been presented. A feedback compensator
that can be used to account for the inaccuracies and instability
in the system has been proposed. The paper also includes the
details of all the characterizations, the design of the
compensator, and the experimental validation of the
effectiveness of the compensator.

ACKNOWLEDGEMENT

This work was authored by Alliance for Sustainable Energy,
LLC, the manager and operator of the National Renewable
Energy Laboratory for the U.S. Department of Energy (DOE)
under Contract No. DE-AC36-08G028308. Funding provided
by U.S. Department of Energy Office of Energy Efficiency and
Renewable Energy Advanced Manufacturing Office. The views
expressed in the article do not necessarily represent the views
of the DOE or the U.S. Government. The U.S. Government
retains and the publisher, by accepting the article for
publication, acknowledges that the U.S. Government retains a
nonexclusive, paid-up, irrevocable, worldwide license to
publish or reproduce the published form of this work, or allow
others to do so, for U.S. Government purposes.

REFERENCES

S. B. Kjaer, J. K. Pedersen, and F. Blaabjerg, “A review of single-phase
grid-connected inverters for photovoltaic modules,” IEEE Trans. Ind.
Appl., vol. 41, pp. 1292-1306, Sep./Oct. 2005.

F. Blaabjerg, M. Liserre, and K. Ma, “Power electronics converters for
wind turbine systems,” IEEE Trans. Ind. Appl., vol. 48, no. 2, pp. 708-
719, Mar./Apr. 2012.

J. Carrasco, L. Franquelo, J. Bialasiewicz, “Power-electronic systems for
the grid integration of renewable energy sources: a survey,” IEEE Trans.
Ind. Electron., vol. 53, no. 4, pp. 1002-1016, Apr. 2006.

B. Kroposki et al., “Achieving a 100% renewable grid: Operating electric
power systems with extremely high levels of variable renewable energy,”
IEEE Power Energy Mag., vol. 15, no. 2, pp. 61-73, Mar./Apr. 2017.

H. Choi, M. Ciobotaru, M. Jang, and V. G. Agelidis, “Performance of
medium-voltage dc-bus PV system architecture utilizing high-gain dc— dc
converter,” IEEE Trans. Sustain. Energy, vol. 6, no. 2, pp. 464473, Apr.
2015.

T. Kerekes, E. Koutroulis, D. Sera, R. Teodorescu, and M. Katsanevakis,
“An optimization method for designing large PV plants,” IEEE J.
Photovolt., vol. 3, no. 2, pp. 814-822, Apr. 2013.

B. B. Johnson, S. V. Dhople, A. O. Hamadeh, and P. T. Krein,
“Synchronization of parallel single-phase inverters with virtual oscillator
control,” IEEE Trans. Power Electron., vol. 29, no. 11, pp. 6124-6138,
Nov. 2014.

M. Steurer, C. Edrington, M. Sloderbeck, W. Ren and J. Langston, A
Megawatt-Scale Hardware-in-the-Loop Simulation Setup for Motor
Drives,” in IEEE Trans. on Industrial Electronics, vol. 57, No. 4, pp. 1254-
1260, 2010.

E. G. Sansano, A. J. Rascoe, C. E. Jones and G. M. Burt, ”’A New Control
Method for the Power Interface in Power Hardware-in-the-Loop
Simulation to Compensate for the Time Delay,” in 49th International
Universties Power Engineering Conference, 2014

(1]

(2]

(31

(4]

(3]

(6]

(7]

(8]

[9]

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



[10] A. Viehweider, G. Lauss and L. Felix, ”Stabilization of Power
Hardwarein-the-Loop Simulation of Electric Energy Systems,” in
Simulatino Modeling and Practice Theory, vol. 19, pp. 1699-1708, 2011.

[11] W. Ren, M. Steurer and T. L. Baldwin, "An Effective Method for
Evaluating the Accuracy of Power Hardware-in-the-Loop Simulaions,” in
IEEE Trans. on Industrial Applications, vol. 45, No. 4, pp. 1484-1490,
2009.

Ainsworth, Nathan, Ali Hariri, Kumaraguru Prabakar, Annabelle Pratt,
and Murali Baggu. "Modeling and compensation design for a power
hardware-in-the-loop simulation of an AC distribution system." In 2016
North American Power Symposium (NAPS), pp. 1-6. IEEE, 2016.

[13] A. Summers, J. Hernandez-Alvidrez, R. Darbali-Zamora, M.J. Reno, J.
Johnson, & N. S. Gurule "Comparison of ideal transformer method and
damping impedance method for PV power-hardware-in-the-loop
experiments." 2019 IEEE 46th Photovoltaic Specialists Conference
(PVSQO). IEEE, 2019.

[12

—

5

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.





