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ABSTRACT The power hardware-in-the-loop (PHIL) simulation has become a popular testing approach
due to the flexibility it provides and the high-fidelity of its results. It is expected to be utilized as an
advanced laboratory testing scheme to validate the grid support functions of distributed energy resources
(DERs) because it can evaluate the interaction between the power system and DERs. Despite the strong
demand to utilize the PHIL simulation for such testing, the literature that elaborates on the practical design
of PHIL simulation based testing (hereafter called ‘‘PHIL testing’’) environment including laboratory device
setup, power system models, and test procedures is very limited. The simulation models, interfacing with
the tested equipment, and data collection approaches are all different parameters that need to be fine-tuned
for the successful execution of PHIL testing. It is vital for such successful test experiences to be shared to
build universal knowledge around PHIL testing. In order to fill this knowledge gap, this paper presents such
practical and essential techniques for the PHIL testing to share the knowledge for promotion of the PHIL
simulation utilization. The development of PHIL testing environment to validate the smart inverter functions,
i.e., volt-var function and frequency-watt function, is focused on in terms of laboratory setup, power system
modeling, interfacing, and test procedure. The volt-var and frequency-watt functions of a 500 kW smart
inverter of photovoltaic are validated on the basis of the presented techniques. Detailed test configurations,
test procedures, and simulation models are presented along with obtained test results.

INDEX TERMS Distributed energy resource, IEC 61850-90-7, IEEE 1547, IEEE 1547.1, laboratory testing,
power hardware-in-the-loop simulation, smart inverter, test procedure.

I. INTRODUCTION
Conventional power systems were not designed to accommo-
date active generation and storage at the distribution level [1].
Technologies and operational concepts for effective integra-
tion of distributed energy resources (DERs) into existing
power systems continue to be further developed to realize
additional benefits and to avoid adverse impacts on sys-
tem reliability and safety. As the migration from traditional
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bulk power plants to numerous smaller DERs proceeds,
the technical requirements of DERs also change. The notable
changes include their response to voltage and frequency dis-
turbances [2]. The test procedures to validate such sophisti-
cated functions have been also amended [3].

In the power system where bulk generators are replaced by
the DERs, the grid support functions of DERs become very
important for power system stability. DER inverters with such
functions, a.k.a smart inverter (SI) [4] monitor voltage and
frequency of the grid and control their active and reactive
power output. This, in turn, affects the grid voltage and
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FIGURE 1. Comparison of testing schemes. In (a) conventional scheme,
fixed profiles are set to AC test source. Open-loop response of DUT can
be validated. In (b) PHIL testing, calculated values in DRTS are set to PHIL
amplifier, and measurements of DUT output are fed back to DRTS.
Interaction between the simulated grid and DUT can be validated.

frequency and the cycle continues. Therefore, it is necessary
to understand the interaction between the power system and
SIs to appropriately utilize the benefit and avoid the negative
impact of the SIs on the power system [5]. Utility companies
are sometimes conservative to install novel technologies to
their grid from the perspective of the responsibility for stable
power supply. However, proof that the benefits are obvious,
but also that the negative effects are fully acceptable, can
convince them to install such technologies. Although the
current standardized testing includes the validations of SI’s
response to the voltage and frequency disturbances, it is not a
scheme to be able to evaluate the interaction between power
system and SIs. Hence, it cannot fully reveal the potential
of SIs.

In order to address this knowledge gap, an advanced test-
ing scheme has been developed with power hardware-in-
the-loop (PHIL) simulation. An SI is generally tested to be
connected to an alternative current (AC) test source, which is
a bi-directional AC voltage source replicating a utility power
source. Fig. 1 shows a comparison of the testing schemes.
In the conventional testing for voltage and frequency support
functions, the voltage and frequency of the AC test source are
set to certain fixed values, and the outputs of the SI under
the specified setting are evaluated [6]–[8], i.e. open loop
responses of the SI are validated. On the other hand, in the
PHIL simulation based testing (hereafter called ‘‘PHIL test-
ing’’), a digital real-time simulation (DRTS) is incorporated
and the SI is tested as if it is connected to the real grid [9]. The
DRTS simulates the arbitrary power system, and the calcula-
tion results are sent to the AC test source. The AC test source
amplifies and applies the voltage to the SI. The output of the
SI is measured and fed back to the DRTS. This closed-loop
simulation scheme can evaluate the interaction between the
power system and SIs. Thus, in the PHIL testing, the AC test
source acts as the power amplifier (hereafter called ‘‘PHIL
amplifier’’). Another notable advantage of the PHIL testing is
its flexibility, while the capability of conventional laboratory
testing depends on the existing devices in the laboratory.

Thanks to the incorporation of the DRTS, the PHIL testing
can compensate for missing devices, scales the rating of a
device under test (DUT), and validate theDUT in the different
power systems even with critical conditions [10].

There have been some studies to test the grid support
functions of DERs by PHIL testing. Above all, volt-var and
frequency-watt functions in [2] are suitable to the PHIL test-
ing because the performances of these functions are depen-
dent on the interaction with grid. In these works, voltage and
frequency responsive functions of DER inverters are tested by
the PHIL testing [11], [12]. The simplified distribution sys-
tem model is utilized to occur realistic voltage and frequency
disturbances. The performances of the PV SIs’ grid support
functions are tested in the distribution systemmodel based on
the actual feeders [13], [14]. The PHIL testing is utilized to
validate the multiple inverters connected to the simulated grid
in parallel [15]. The utilization of the PHIL simulation for a
certification test has been permitted in a limited test item, i.e.
unintentional islanding test [3]. Thanks to the PHIL simula-
tion, in this case, physical load banks are no longer needed.
Furthermore, the advanced testing capability of PHIL testing
is expected to encourage the smooth penetration of the SIs
into the power system. This enhances international activities
to promote the effective use of PHIL testing [16]–[18].

Although there is a strong demand for PHIL testing in
power systems, there is a steep learning curve. The hardware
configuration, interfacing between the DRTS and the DUT as
well as the simulation model of power system are important
components that need to be carefully developed. Research
shows that the smooth integration of all these components is
vital to the successful execution of PHIL testing [19]. Despite
this need, there are few works that elaborate on practical
test setup and procedures pertaining to PHIL testing of SIs.
Instead of being given fixed voltage and frequency profiles
to the AC test source in the conventional test, in the PHIL
testing, realistic events that induce the arbitrary voltage and
frequency disturbance should be designed. Besides, there is
no case study focusing on the PHIL testing with the Japanese
power system. To prevent the lost opportunity for the spread
of advanced testing scheme using PHIL simulation, the prac-
tical knowledge should be appropriately and widely shared to
increase and support researchers in this field.

To address this knowledge gap, this paper presents a prac-
tical setup and procedure of PHIL testing for validating grid
support functions of SI, i.e. volt-var and frequency-watt func-
tions. The main contribution of this paper is to elaborate on
the development of the PHIL testing environment to validate
the SI functions in terms of:

• Laboratory equipment setup,
• Interface of laboratory equipment and DRTS,
• Power system modeling in DRTS, and
• Test procedure.

A 500 kW PV inverter having SI functions is tested on
the basis of the presented scheme with Japanese transmission
system models.
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FIGURE 2. Schematic of PHIL testing implementation for single power
device.

The rest of the paper is organized as follows. Section 2
explains the overview of the PHIL simulation. Section 3 elab-
orates on the test setup and techniques to run PHIL test-
ing under stable conditions. The power system models, test
procedures utilized in the test of grid support functions of
SIs are described in Section 4 as well as the test results.
Section 5 concludes the paper.

II. OVERVIEW OF PHIL TESTING
In the PHIL testing, a power device can be tested in an
environment as if it is connected to the actual power system.
Fig. 2 shows an example of the PHIL configuration. The DUT
is connected to the DRTS via the PHIL interface. The DRTS
simulates the rest of the power system to which DUT con-
nects. Therefore, any power system that can be modeled and
solved in real-time can be simulated in the DRTS. For exam-
ple, it can simulate missing components in laboratories [10]
as well as power systems in different countries. Thanks to the
DRTS, the PHIL testing can scale the ratios of voltage and
current between simulated power systems and DUTs. It can
also test the DUT under various scenarios including critical
faults. Since such scenarios are modeled in the simulation,
they are reproducible and repeatable. This flexibility is a
major advantage in the PHIL testing while these cannot be
realized in the conventional testing scheme and actual power
system.

The general PHIL interface includes filters, scaling gains,
and voltage or current source in the simulation side and
digital/analog (D/A) and A/D converters, voltage and current
sensors, and a power amplifier, i.e. a grid simulator, in the
hardware side. The PHIL interface utilized in the testing are
explained in the next section.

III. PHIL TESTING ENVIRONMENT
This section introduces the PHIL testing environment com-
posed for testing SI functions, i.e. volt-var and frequency-watt
functions.

TABLE 1. Electric Specification of PV SI under Test.

TABLE 2. Implemented Smart Inverter Functions.

A. LABORATORY SETUP
The PHIL testing was performed in a test facility for large
scale DER inverters located in Fukushima Renewable Energy
Institute, AIST (FREA) [20]. This facility has multiple units
of AC test sources and direct current (DC) test sources with
total capacities of 5.0 MVA and 3.3 MW, respectively. The
DC test source is a programmable bi-directional DC voltage
source that can mimic PV and battery I-V characteristics.

The laboratory setup for PHIL testing is shown in Fig. 3.
A device under test is a PV SI with 500 kW developed
by Fuji Electric. The electric specification of the inverter is
shown in Table 1. The inverter implements advanced inverter
functions based on Rule 21 [21]. The implemented functions
are listed in Table 2 . In this paper, volt-var and frequency-
watt functions (No. 3 and No. 11 in Table 2 ) are tested.
The DUT is connected to the DC test source with 1.1 MW
and AC test source with 1.67 MVA. The DC test source
mimics the I-V characteristic of a PV panel. The AC test
source, which is a bi-directional AC voltage source, is utilized
as a power amplifier (PHIL amplifier). The PHIL amplifier
is switching amplifier, with a maximum current of 2500 A
and a maximum voltage of 576 V. Both simulators, made
by SunRex, are regenerative power sources. Since they are
connected to the same circuit as the facility load as shown
in Fig. 3, the generated/consumed power in the testing system
is utilized by the facility load. The DRTS is run by NovaCor
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FIGURE 3. Implemented laboratory setup for PHIL testing.

FIGURE 4. Closed loop flow of PHIL simulation.

and RSCAD of RTDS Technologies. The sampling time is
set 50 µs. The power systems are modeled in the DRTS and
calculation result of voltage at a certain bus is transmitted to
the PHIL amplifier. The voltage is amplified by the PHIL
amplifier and applied to the DUT. The DUT controls its
output according to the voltage and frequency. The outputs of
current and voltage from the DUT are fed back to the DRTS.
This closed-loop flow is shown in Fig. 4.

B. PHIL INTERFACE
The PHIL interface, shown in Fig. 3, plays an important
role in the accuracy and stability of PHIL testing [22], [23].
This part does not exist when the DUT is connected to the
actual power system. Since the inserted interface causes the
delay and noise which does not originally exist, the interface
needs to be designed in a way that the characteristics and
functions of DUT can be properly validated. Considering the
SI functions verified in this paper, i.e. volt-var and frequency-
watt functions, that response in seconds to tens of seconds
after voltage/frequency disturbances occur, the higher fre-
quency components are not of interest for evaluation pur-
poses. Hence, the interface is designed more conservatively
with a priority towards stability.

The PHIL interface implemented in this paper is shown
in Fig. 5. The left and right sides of the dotted line show the
DRTS domain and the hardware domain. The rated capacity
and nominal voltage of the DUT in DRTS domain are S1 and
V1, respectively, and those in the hardware domain are S2
and V2, respectively. In DRTS domain, the DUT is simulated
by ‘‘Dynamic PQ Source’’ component and connected to the
rest of power system circuit model. The Dynamic PQ Source
is a current source component provided in RSCAD, which
outputs current referencing set points of active power P and
reactive powerQ [19]. The closed-loop flow around the PHIL
interface is shown in Fig. 6. The three-phase voltage Vabc

1 at
a point of common coupling (PCC) of DUT is measured and
scaled so that the output of the PHIL amplifier is adjusted to
the nominal voltage of hardware domain V2. The scaled value
is converted via the GTAO card, which is a digital/analog
converter attached to NovaCor, and sent to the PHIL ampli-
fier. The PHIL amplifier amplifies the voltage and applies
to the DUT. The DUT responses to the terminal voltage
and frequency variations that simulate the grid behavior. The
three-phase current Iabc2 and voltage Vabc

2 between the PHIL
amplifier and the DUT are measured and sent to NovaCor.
The measurements are converted via GTAI card, which is an
analog/digital converter of NovaCor, and scaled so that the
output of Dynamic PQ Source is adjusted to the rated capacity
S1 and nominal voltage V1 of the DUT in DRTS domain. The
scaled current and voltage are converted to active power P
and reactive power Q by ‘‘3 Phase P&Q Meter’’ component
in RSCAD. P and Q are filtered by the moving average and
low-pass filter (LPF). Here, the sampling time of simulation
is set 50µs. The time window of moving average is set 10 ms,
and gain K and time constant T of LPF are set 1 and 1 ms,
respectively. The filtered values become the setpoint of the
Dynamic PQ Source.

Note that the total delay, includingD/A conversion, voltage
amplification, voltage and current measurement, and A/D
conversion, is about 0.1 ms in static condition. That in step
response is about 1.5 ms.

C. INITIALIZATION OF PHIL TESTING
Although Fig. 5 shows the closed-loop condition after the
DRTS and hardware domains are appropriately coupled,
the initialization procedure is needed to reach such stable
condition [24]. Fig. 7 shows the flow of the initialization
procedure. First, the DRTS domain is run without feedback
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FIGURE 5. Implemented PHIL Interface.

FIGURE 6. Closed-loop flow around PHIL interface.

from the DUT. The Dynamic PQ Source is designed that its
set values, Pset and Qset, can be selected from either value set
in DRTS or from the DUT (see Fig. 8). In this step, the values
set in DRTS, which should reflect an initial condition of a
testing to be performed, is selected and the simulation is
stabilized. Then, the hardware domain is started up in order.
In our process, the signal from DRTS to the PHIL amplifier

FIGURE 7. Flow of initialization procedure for stable PHIL testing.

is enabled. Since the voltage is applied to the DUT, it can be
activated. The output of the DUT should be also set the initial
state. Finally, the scaled and filteredmeasurements fromDUT
are enabled in DRTS by changing the selector in Fig. 8.
The PHIL initialization is completed when the closed-loop
condition becomes stable.

IV. PHIL TESTING TO VALIDATE GRID SUPPORT
FUNCTIONS OF PV SMART INVERTER
This paper focuses on the PHIL testing for volt-var and
frequency-watt functions of the SI. In the conventional testing
scheme, the certain shape profiles for validating each func-
tion are given to the PHIL amplifier. While, in the PHIL
testing, the arbitrary power system is modeled and the pro-
files of voltage and frequency disturbances that occur in the
simulated power system are given to the PHIL amplifier.
The disturbances are caused by specific events in the power
system. This means the given profiles in the PHIL testing
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FIGURE 8. Design of Dynamic PQ Source to select set values for initialization of PHIL testing.

FIGURE 9. Power system model to test volt-var function.

are generated on the basis of the same mechanism as the
actual power system. Consequently, events that can cause
intentional but natural voltage and frequency disturbances in
the power systemmodel needs to be considered. Additionally,
the power system needs to be modeled to satisfy it.

In this paper, two grid disturbances, which are suitable for
testing the target functions, are extracted from seven of those
defined in IEC 62749 [25] and IEC 62786 [26]. Besides, two
events that induce the disturbances are selected as well as the
power systems are modeled considering them.

A. TEST FOR VOLT-VAR FUNCTION
The testing in this subsection focuses on volt-var function
of the SI. The function is designed to regulate voltage by
controlling reactive power output. This test verifies the volt-
age regulation performance of SI when voltage sag occurs.
As an event to induce the voltage sag, a three-line-to-
ground fault is selected and implemented in the power system
model.

1) POWER SYSTEM MODEL AND TEST PROCEDURE
A transmission system model shown in Fig. 9 is built on the
basis of a Japanese model [27]. The nominal frequency is
50 Hz. A generator and Dynamic PQ Source, which repre-
sents the DUT in DRTS domain (see Fig. 5), supply the power
to a load. The generator is modeled by a constant voltage
source. The load is modeled by a ‘‘Dynamic Load’’ compo-
nent in RSCAD. The rated capacity S1 and nominal voltage
V1 of the DUT in DRTS domain are 60 kVA and 66 kV,
respectively. There are two transformers between grid and
Dynamic PQSource. In this testing, since the nominal voltage
of Dynamic PQ Source is set 66 kV, both transformer ratios
set 1:1. The three line-to-ground fault is implemented in the

FIGURE 10. Volt-var curve setting.

middle of one of the parallel transmission lines. P0–P3 show
measurement points, which are for frequency measurement,
generator output, load, and DUT output. The volt-var curve
implemented in the SI is shown in Fig. 10. The horizontal
axis is monitoring voltage and the vertical axis is reactive
power output. This is on the basis of the definition in IEEE
1547-2018 [3]. The setting indicates that the inverter starts to
inject reactive power when the voltage is below 0.975 and
the output is fixed at 0.5 when the voltage is below 0.95.
The reactive power injection is applicable within the voltage
ride-through operation region. The same is true for high
voltage.

As initial conditions, the active power output of SI is set
80% of rated capacity (48MW) in order to guarantee amargin
of reactive power output. The active power and reactive power
of load are set 108 MW and 15.43 MVar, whose power factor
is 0.98, respectively. Circuit breaker (CB) 0 is open and CBs
1 and 2 are closed. The test is carried out as follows:

1) Set all parameters to certain initial conditions.
2) Close CB 0 and generate a three-line-to-ground fault.
3) Open CBs 1 and 2 to remove the fault location after

200 ms of fault detection.
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FIGURE 11. Test result without volt-var function.

2) TEST RESULT
The tests are carried out with and without volt-var function of
the SI shown in Figs. 11 and 12. Fig. 11 (a) shows the voltage
behavior without volt-var function. The voltage at P3 starts at
0.91 pu. The voltage sag occurs after the fault occurs at 0.6 s.

The inverter can ride through voltage deviation. The volt-
age drops to 0.27 pu after the fault occurs. Then, it is recov-
ered to 0.75 pu and maintained after the fault is removed.

On the other hand, in the test result with volt-var function
in Fig. 12 (a), the voltage at P3 starts at 0.95 pu. This is
higher than the result in Fig. 11(a) because the inverter with
volt-var function injects reactive power according to the volt-
var curve setting. Similarly, the fault occurs at 0.6 s, and
the voltage reaches 0.31 pu. It is found the voltage drop is
smaller than the former. Besides, it can be observed that the
voltage after the fault removal is recovered to 0.91 pu, which
is much closer to the nominal one. Comparing the reactive
power output in Figs. 11 (c) and 12 (c) at P3, the SI with volt-
var function injects the reactive power to increase the voltage
after the fault. These results suggest the volt-var function can
compensate the voltage disturbance caused by the three-line-
to-ground fault.

It is found the voltage ride through function is appro-
priately operated. The lower voltage ride-through setting is
applied on the basis of the definition in [3], where the min-
imum ride-through time 0.16 when the voltage range (pu.)
is 0.30 ≤ V ≤ 0.45. As shown in Fig. 12, the tested

FIGURE 12. Test result with volt-var function.

inverter continues to operate when the voltage is in this range
over 0.16 s.

Furthermore, the inverter operation to avoid overcurrent is
observed in the Figs. 11(b) and 12(b). These figures show
much higher active power is provided at P1 than the rating of
the inverter, which is 500 kVA in the hardware domain and
60 MVA in the simulation domain. This is provided by the
generator modeled as a constant voltage source in this sim-
ulation, while the active power of the inverter at P3 reduces
during the voltage drop. The result implies the inverter miti-
gates the active power to avoid overcurrent during the voltage
drop.

B. TEST FOR FREQUENCY-WATT FUNCTION
The testing in this subsection focuses on frequency-watt func-
tion of the SI. The function is designed to regulate frequency
by controlling active power output. This testing verifies the
frequency control performance of SI when the frequency rise
occurs. As an event to induce the frequency rise, a load trip
is selected and implemented in the power system model

1) POWER SYSTEM MODEL AND TEST PROCEDURE
A transmission system model shown in Fig. 13 is also built
on the basis of a Japanese model [27] as well as the model
for volt-var model test in Fig. 9. The major differences
from Fig. 9 are the load location and generator setting.
The Dynamic Load component is connected closer to the
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FIGURE 13. Power system model to test frequency-watt function.

FIGURE 14. Frequency-watt curve setting.

FIGURE 15. Test result without frequency-watt function.

generator. The synchronous generator ismodeled as a thermal
plant with 80 MVA. The governor and automatic voltage
regulator (AVR) is implemented on the basis of the stan-
dard model in [27]. Whereas, the load frequency control

FIGURE 16. Test result with frequency-watt function.

is not implemented to clarify the evaluation of frequency-
watt function. The frequency-watt curve implemented in
the SI is shown in Fig. 14. The horizontal axis is moni-
toring frequency and the vertical axis is active power out-
put. This is also on the basis of the definition in IEEE
1547-2018 [3]. The frequency-watt setting indicated that the
inverter starts to reduce active power from maximum power
point tracking (MPPT) output when the frequency is over
50.2 and the output becomes zero when the frequency is
over 51.5.

As initial conditions, the active power output of SI is set
50% of rated capacity (30MW) in order to guarantee amargin
of active power output. The active power and reactive power
of load are set 80 MW and 11.43 MVar, whose power factor
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is 0.98, respectively. CBs 0–2 are closed. The test is carried
out as follows:

1) Set all parameters to certain initial conditions.
2) Step the output of Dynamic Load component from

80 MW to 70 MW, while the power factor is constant
at 0.98.

2) TEST RESULT
The tests are carried out with and without frequency-watt
function of the SI shown in Figs. 15 and 16. Fig. 15 (a) shows
the frequency at P0 behavior without frequency-watt func-
tion. The frequency starts at 50 Hz. It increases to 50.97 Hz
after the load decrease. Then, it is recovered to 50.30 Hz and
maintained. In this case, only the generator contributes to the
frequency stabilization, not the inverter.

On the other hand, in the test result with frequency-watt
function in Fig. 16 (a), the frequency increase is smaller than
the former, where it reaches 50.72 Hz after the load decrease.
Besides, it can be observed that the frequency is recovered to
50.27 Hz, which is much closer to the nominal one. It remains
over 50.4 Hz in 1.74 s, which is much shorter than the case
without frequency-watt function of 4.59 s. Comparing the
active power output in Figs 15 (b) and 16 (b), the SI with
frequency-watt function controls the active power output to
maintain the frequency when frequency swing occurs. These
results suggest the frequency-watt function can compensate
the frequency disturbance caused by the load variation.

V. CONCLUSION
This paper presents the essential information to build the
PHIL testing environment for validating the volt-var and
frequency-watt functions of SI. The PHIL testing contributes
to promoting an understanding of the benefits and negative
impacts of SIs on the power system. Although the suitability
of the PHIL testing to validate the SI functions, the techniques
to appropriately perform the PHIL testing have been limited.
This paper gives details of the laboratory setup and method
to run the PHIL testing under stable conditions. Additionally,
the power systemmodel and the events to induce the arbitrary
voltage and frequency disturbances are implemented. The
paper described the PHIL testing can provide a more realistic
test condition than the conventional test scheme, which gen-
erally set the fixed voltage and frequency profiles to the PHIL
amplifier and evaluate the open-loop response of the SIs.
The tests of volt-var and frequency-watt functions of the SI
are performed in the presented PHIL testing environment.
The test results showed the PHIL testing is applicable in order
to validate the grid support functions to mitigate voltage and
frequency disturbances implemented in the actual SI.

The knowledge presented fills an important knowledge
gap towards wide-scale use of PHIL testing in power sys-
tems. Best practices and positive use cases need to be
shared for the main body of knowledge in this field.
Researchers and practitioners can benefit from the test pro-
cedures presented herein while developing their test setups.
This is very important in wide-scale acceptance and use

of PHIL testing for power system integration and impact
studies.

In this paper, the PHIL interface is designed to appropri-
ately validate the SI functions. Future work should include
designing it toward the validation of DUTs with the faster
response time.
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