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Abstract: Over the past decade, the world’s electrical grid infrastructure has experienced rapid
growth in the integration of grid-edge inverter-based distributed energy resources (DERs). This
has led to operating concerns associated with reduced system inertia, stability and intermittent
renewable power generation. However, advanced or “smart” inverters can provide grid services
such as volt-VAR, frequency-Watt, and constant power factor capabilities to help sustain reliable grid
and microgrid operations. To address the challenges and accelerate the benefits of smart inverter
integration, new approaches are needed to test both the impacts of inverter-based resources (IBRs)
on the grid as well as the impacts of changing grid conditions on the operation of IBRs. Power
hardware-in-the-loop (PHIL) stands out as a strong testing solution, enabling a real-time simulated
power system to be interfaced to hardware devices such as inverters which can be implemented
to determine interactions between multiple inverters at multiple points of common coupling on
the grid and microgrids. This paper presents a review of PHIL for grid and microgrid applications
including recent advancements and requirements such as real-time simulators, hardware interfaces
and communication and stability considerations. An illuminating case study is summarized followed
by exemplary PHIL testbed developments around the world, concluding with a proposed research
paradigm to advance the integration of smart grid-following and grid-forming inverters.

Keywords: power hardware-in-the-loop (PHIL); smart grid testbed; microgrid testbed; smart inverters;
grid-forming inverters; grid-following inverters

1. Introduction

The electric grid is going through a challenging transformation with the increased
integration of distributed energy resources (DERs) including wind and solar renewables,
energy storage systems and electric vehicles (EVs) [1]. This emphasizes the need for
an ever advancing “smart grid”, defined by the U.S. Department of Energy as using
“digital technology to improve reliability, flexibility, security and efficiency of the electric
system” [2]. Smart grid advanced communication, controls and monitoring enables the
grid to better respond to changes in the power system to provide more reliable and resilient
power including fewer interruptions, faster restoration and increased deployment and
integration of DERs [3]. As most DERs utilize power electronic inverters to connect to
the grid, new challenges and opportunities arise in their integration to the grid and for
microgrid applications [4]. Optimal performance and advancement of these inverter-based
resources (IBRs) and their control systems are best guaranteed through holistic testing
approaches that test not only the hardware devices and associated controllers but also their
integration to the grid [5].

A strong testing approach that has been widely used in testing applications is Hardware-in-
the-loop (HIL), allowing external devices to be interfaced to a real-time simulation running
on a digital real-time simulator (RTS) to improve the fidelity of the results and enable safe,
reliable, and cost-effective testing of devices and controller designs [6]. Complex behavior of
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controllers and devices can be difficult to accurately model, e.g., due to nonideal responses
and vendor specific behavior [7]. HIL systems enable high fidelity experimental validation
by modeling the electrical supply system on an RTS and then interfacing that simulation
with the actual hardware. By interfacing physical devices to a simulation, users can
characterize both the device behavior and the impact of the device on the system creating
a closed loop [8]. Various contingency scenarios, under normal and adverse conditions,
can be run in an isolated environment to assess the performance of the device under test
(DUT), also referred to as hardware under test (HUT), e.g., before integrating new devices
into the actual physical system.

HIL real-time simulations have historically been used in the automotive, aeronautics,
space, defense, and utility industries [8]. The automotive industry has been applying
the strengths of HIL simulations for decades in testing and validating complex software
systems on specially designed test benches that receive data inputs from DUTs, e.g., for
the development of electronic control units (ECUs) applied to antilock brake and traction
control systems [6,9]. The aerospace industry has also implemented HIL simulations
extensively, e.g., in the development of flight simulators to train pilots on cockpit hardware
while avoiding the risks associated with flying [6,10]. In addition, factory acceptance tests
are commonly run with a HIL RTS to ensure the user can replicate field behavior [8]. It is
important to note that an RTS is often referred to as a digital real-time simulator (DRTS),
similar to the name of a common RTS vendor (RTDS Technologies).

Two different HIL configurations include controller hardware-in-the-loop (CHIL) as
well as power hardware-in-the-loop (PHIL) as shown in Figure 1, with testing programs
commonly implementing a combination of both [6,11,12]. CHIL allows for the evaluation of
many types of hardware controllers using simulated inputs such as protection relays as well
as stand-alone controllers such as smart home thermostats [6,13,14]. Example CHIL testing
and demonstration for grid integration includes advanced controls for wind, photovoltaics
(PV), energy storage systems, microgrids and cybersecurity [15,16]. CHIL testing typically
involves setups with low voltage/current signal connections whereas with the emergence
of PHIL, hardware at full power can be interfaced with the real-time electrical system
simulation [17-22], as we will discuss next.

Hardware-in-the-Loop
(HIL)

Control Power
Hardware-in-the-Loop (CHIL) Hardware-in-the-Loop (PHIL)

Figure 1. Two HIL configurations of CHIL and PHIL.

PHIL allows actual power hardware, including their embedded controllers, to be
tested at rated power using power amplifiers correlating to the conditions in the electrical
system simulation running on an RTS [6-8,11,12,17-22]. PHIL offers strategic testing ca-
pabilities for a wide variety of applications including power system grid and microgrid
applications, aerospace, automotive drive train, electrified transportation and charging
station infrastructures [8]. Significant PHIL application benefits have been identified in
the power systems area where the interaction of DUTs with the grid can be tested in a
realistic and controlled environment including microgrid controllers along with actual
power electronic converters used in PV, wind, battery energy storage and EV charging
equipment [23,24]. The simulated system running on the RTS is a simulated power system,
e.g., which could be a small or multi-thousand-node distribution feeder, and the simula-
tion could include models of DERs and their inverters and loads interfacing with actual
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hardware DER inverters [7]. It is important to note that it is difficult for DER models to
accurately replicate the complexities of real devices like nonidealities and vendor specific
behaviors [7], further emphasizing the need and benefits of PHIL for high fidelity testing.

To provide a representative picture of the role of PHIL in power system applications,
a continued literature review will be given next to illustrate the broad coverage of PHIL.
Historically, power system PHIL platforms have been implemented to accelerate renewable
energy integration [18], including testing smart inverters with advanced AC voltage control
capabilities for PV integration [19,24], novel wind turbine controls [25], or the behavior of
transmission systems that include high-voltage DC links [26,27]. Flexible AC Transmission
Systems (FACTS), and smaller distributed FACTS (D-FACTS) devices [28,29]. PHIL simula-
tions for smart grid impact studies are presented in [6] and systematic characterization of
stability are presented in [30-32], with the latter including microinverter testing. Accuracy
evaluations in PHIL smart grid studies can be found in [33,34]. Digital twin integrated
PHIL for the assessment of distributed renewable energy resources is presented in [35].
PHIL tests of smart transformers are presented in [36,37] and testing of synthetic inertia
controllers for battery energy storage systems is presented in [38]. In [39] a PHIL approach
for autonomous power generation system analysis is presented, and EV charging and fast
charging in distribution grids is presented in [40,41].

PHIL systems for microgrid applications are presented in [42—44]. Microgrids are
smaller local grids consisting of interconnected loads and DERs that can operate in grid-
connected or island mode and in [45] a PHIL multi-level islanding detection platform is
presented demonstrating efficient testing of a large number of islanded configurations
simply by changing the distribution circuit model in the RTS. In [16] a PHIL cyber-physical
testbed for power electronics is presented and in [46] a real-time power system simulation
with hardware devices in a cyber-physical testbed is presented.

Contribution and Organization of This Review

Review papers on PHIL systems have been published primarily focusing on technical
advancements to improve PHIL system performance including [17,20,44-51]. To help labo-
ratories efficiently choose PHIL system components, a PHIL test database was presented
in 2020 [52], including a schematic diagram selection guideline depending on the type of
DUT testing with an associated online database in [53]. A review of PHIL applications in
power systems is presented in [54] including testing a hybrid energy storage system, in [35]
including stability considerations and in [12] including approaches for testing of multiple
DUTs. An overview of PHIL simulation toward testing and advancement of a resonant
inverters is presented in [55].

This paper creates a comprehensive informative picture of the role of PHIL in power
system applications through presenting the stepped processes involved in HIL, CHIL and
PHIL systems, requirements and recent advancements. To strengthen understanding and
appreciation of the discussed PHIL concepts, an illuminating case study is summarized
as well as exemplary PHIL platforms around the world. To facilitate continued research
innovations, a comprehensive representation of key areas in power system PHIL literature
is presented leading to the proposal of a PHIL research paradigm to advance smart IBRs.

This review paper is needed considering the rapid increase in DERs integration and
the associated growing research interest where PHIL can strategically emulate and thus
facilitate power systems with high penetration of renewable energy and grid supporting
energy storage systems. Thus, PHIL testbeds have a very important role in smart grid
development and there is still much room for research as there is no clearly superior PHIL
solution to cover the wide range of testing applications. In this context, this paper aims
at reviewing the role and intricacies of PHIL in power system applications to facilitate
advanced smart grid integration research.

The rest of this paper is organized as follows: Section 2 provides more detail on HIL
and CHIL simulations leading to the development of PHIL systems. Section 3 presents
requirements for key aspects of PHIL, recent advancements and an illuminating case study
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Real-Time

Simulation
on RTS

to tie all of the discussed system details together. Section 4 describes exemplary and unique
PHIL testbed developments around the world. Section 5 presents a proposed PHIL research
paradigm to accelerate the advancement of smart and autonomous inverter-based grid-
edge solutions to stimulate new ideas which are of great importance to enabling a reliable,
stable and resilient smart grid.

2. Hardware-in-the-Loop (HIL), CHIL and PHIL in Power System Applications

HIL testing in power system applications interfaces real-time power system simula-
tions to actual hardware devices enabling high fidelity open-loop and closed-loop testing
(Figure 2) in a lab environment prior to deployment on the grid [56,57]. In the open-loop
configuration in Figure 2 the signals from the power system simulation are sent to the
DUT, but there is no feedback from the DUT to influence the power system simulation.
In closed-loop testing, feedback from the DUT influences the power system simulation
which in turn impacts the DUT. Closed-loop operation is the most comprehensive testing
of interoperability, control algorithm stability and handling of grid faults and transients
which require direct feedback of the DUT to the grid [54,56,57]. As indicated in this pa-
per’s introduction, two different and complementary HIL configurations exist including
controller hardware-in-the-loop (CHIL) and power hardware-in-the-loop (PHIL) [6,11,12],
which will be further detailed in the following sub-sections.

Open-Loop Closed-Loop
Control Signals | Device ;:?Ll;l;?;i Control Signals | Device
From RTS Under Test From RTS Under Test

on RTS

Feedback Measurements
From DUT (V,l, etc.)

Figure 2. Open-loop vs. closed-loop testing diagrams for power system PHIL applications.

2.1. Control Hardware-in-the-Loop (CHIL)

Figure 3 shows an example diagram of CHIL where an RTS is running the simulation
and is connected to the DUTs such as different types of controllers, protection relays, capac-
itor banks, voltage regulators, load tap changers (LTCs) and “smart” sensors, which are
exchanging digital and/or analog signals with the RTS [11]. In CHIL applications, signals
are typically exchanged at low voltages and currents (£10 V and mA levels) allowing
straightforward interface with the RTS using digital-to-analog converters (DACs) and
analog-to-digital converters (ADCs) internal or external to the RTS and the loop is closed
by the measurement of the actual system back to the RTS [56,57]. When voltages and/or
currents higher than those directly provided by the DACs are required, CHIL applications
may require inclusion of amplifiers [57]. Recent advancements in CHIL enable the use of
communication protocol-based interfaces through optical fiber which would eliminate the
need for conventional I/O [56]. An alternative use of HIL is as a system level controller,
demonstrated in [58,59].

f N f N
—P[ D/A Converter ]—v )
Device Under

Real-Time
. . Test
Simulation

e.g., controllers
4—[ A/D Converter }7 eg )
s Yy s Y

Figure 3. Controller hardware-in-the-loop (CHIL), adapted from [57].




Energies 2023, 16, 916

5of 27

An example CHIL simulation would be a power system running on an RTS as shown
in Figure 3, using grid and weather observations as realistic inputs to the controller hard-
ware. Timescales for the input data range from microseconds for electromagnetic transient
(EMT) simulations, to milliseconds for dynamic phasor simulations [6,56,57]. In Figure 3,
the signals output from the controller are transmitted to the power system real-time simu-
lation as inputs (i.e., the simulation is updated based on the feedback from the controller
hardware). Then, the simulation updates the signals which are sent to the control hard-
ware [6,19]. A significant benefit of running the CHIL simulation in the lab is being able to
run abnormal conditions, to evaluate the behavior of the controllers during extreme events
that one wouldn’t want to replicate in the field [6].

An example that emphasizes the need for advancing from CHIL to PHIL platforms is
the accurate testing of DERs where it is difficult for DER models to accurately model real
device behavior complexities, like nonideal responses and vendor specific attributes [7]. In
addition, with the critical testing of inverter controllers used in DER systems, the control
system of the inverter would be connected to the virtual power system, which is often
unsuitable for DER testing because the control system is nested within the power electronic
inverter, and it can be difficult to procure only the replica of the inverter control system [56].

2.2. Power Hardware-in-the-Loop (PHIL)

PHIL simulations are an extension of CHIL, where beyond low-voltage /low-current
signals, the real-time simulation environment is capable of also transmitting the rated
power required by the DUT [56,57]. To enable this bridge, power amplifiers are inserted
between the RTS and the DUT as shown in Figure 4, which must be selected carefully
depending on the application [56,57]. The power amplifier amplifies the low voltage signal
from the RTS representing the simulated voltage at the node in the power system simulation
where the power hardware is connected to the actual voltages and currents so the DUTs
can be connected at rated power [6].

Real-Time
Simulation
of Power System

Scaling ]—{ D/A Converter HPower Amplifier

Power Device
Under Test

v

—

Filtering H A/D Converter }—[Sensors (V,1, etc.)

Figure 4. PHIL configuration, adapted from [57].

Power amplifiers, presented in more detail in Section 3.2, are selected based on several
factors including the DUT testing application requirements, closed-loop performance and
their ability to generate and absorb power. The PHIL setup is typically more complex
and higher cost than CHIL primarily due to the cost of the power amplifier and sensing
hardware needed to close the loop, but much less expensive than full system testing and
testing in the field which both have reduced flexibility and increased risk, especially when
new equipment is being tested [56,57].

3. PHIL Setup Requirements and a Detailed Case Study

A typical PHIL setup as shown in Figure 5 includes an RTS with inputs and outputs,
power amplifier(s), sensors for feedback to the RTS, real-time models, interface algorithms,
filtering, compensation, protection, etc. [31,56,57]. The key factors for successful PHIL
simulation are presented in this section, where the interface of the DUT with the power
system simulation inside the RTS must be as seamless as possible such that the DUT doesn’t
recognize it is actually interfaced to a simulated power system software model [56,57].
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Workstation

—>(  Inverters )
—>(  PvSystems )
—(  Wwind Turbines )
—>{  Energy Storage )

2Qor4Q ‘ :
Power Amplifier — —>( Electric Vehicles )

: —>( Microgrids )
|

Feedback Measurements
Figure 5. Schematic of example PHIL setup, adapted from [56].

3.1. Real-Time Simulation Requirements

It is important to understand the type of simulation behind real-time HIL testing. The
type of simulation is chosen based on the phenomena of interest for a particular study. For
example, for power system load flow a quasi-steady-state analysis is adequate and would
provide phasors around the fundamental frequency as an output on a timescale of seconds
to minutes [57]. However, quasi steady-state analysis lacks the ability to capture sub-cycle
phenomena associated with transients and to represent low level controls of inverter-
based systems. Electromagnetic transient (EMT) algorithms were first introduced by
Dommel in the creation of the Electromagnetic Transients Program EMTP in 1969 [60], using
nodal analysis and applying numerical techniques to convert the differential equations
representing the power system network into algebraic equations. Application of the
programmed simulation model requires a simulation time step, and a new system state is
computed every simulation time step, which includes the solution of the network’s node
voltages and component branch currents [57]. Historically, in the electric power industry,
models were created using EMTP and “run in real time to simulate primary equipment
such as generators, transformers, conductors, cables, and loads, where the models provide
real-time responses to faults, disturbances, load changes, and controller or protection
actions” [8].

While EMT simulation captures the underlying fast-transient (tens of microseconds)
behavior of the system, the significant computational requirements limit the system size
that can be modeled [7]. Real-time operation can be performed for simple systems by using
high speed processors, however, as the system size increases, the simulation time step
becomes too large for the simulation to converge to an accurate result [57]. To simulate
large electric grids while keeping the simulation time step sufficiently small, the Manitoba
HVDC Research Center developed the real-time digital simulator (RTDS) in 1993 [61].

An RTS uses EMT algorithms to provide time varying instantaneous value outputs as
shown in Figure 6 [57]. Thus, the outputs match the voltage and current waveforms as if
they were measured from the actual system which allows a much greater depth of analysis
over a wide frequency range, and the ability to reproduce fast transients on the power
system [57]. The higher the sampling frequency of the simulation, the higher frequency
results that can be accurately reproduced. The period of that sampling frequency, or the
distance between two consecutive outputs, is in fact the simulation time step or At as
shown in Figure 6. The size of the time step dictates the frequency range over which the
simulation results are valid and how frequently data is transmitted and received in the
RTS. Standard EMT timesteps are in the 25-50 ps range; however, if one is interested in
representing the high frequency switching behavior of power electronics in the tens of kHz
range, the timestep needs to be reduced to the 1-3 us range [57]. At every timestep, the
RTS running the simulated power system sends the output set-point to the power amplifier,
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which changes the set-point information received into actual voltage or current, and the
DUT reacts to the new value [52]. This DUT reaction is measured by the power amplifier
and by the RTS sensors, including it in the simulation model to calculate the next step [52].

Figure 6. Real-time simulation time step At (shown in green) for signal (shown in blue), adapted
from [57].

For a real-time simulation to be valid, the simulation used must accurately produce
the outputs within the same length of time as the physical counterpart of the real-world
system [56]. The time necessary to compute the solution at a given time step must be less
than the “wall clock” duration of the time step as shown in Figure 7 [56]. For example,
a 3-cycle fault for a 60 Hz system is 0.05 s, thus an RTS simulates this fault in real-time,
i.e., 0.05 s [57]. This permits the real-time simulation to perform all operations necessary
including driving the I/Os needed for the HIL system. For offline EMT programs, e.g.,
running on PCs rather than on dedicated real-time parallel processing simulation hardware,
the time to complete these simulations is much greater, and thus prevents the ability to
connect external hardware to the simulation to test in real time in a closed-loop [56,57].

f(tn) f(tn+1) f(tn+2)

Computation

[f(t)]

Simulator Clock

[t] tn—l tn tn+1

Figure 7. Real-time simulation, adapted from [56].

PHIL uses EMT simulations running on RTSs and adds actual hardware, e.g., IBRs,
at rated power in combination with real-time simulation of the electric grid [7,56,57]. A
real-time simulation running on an RTS dedicated parallel processing simulation hardware
allows the connection of physical devices in a closed-loop with the simulated environments.
Closing the loop means not only observing the response of the device to an imposed signal,
but also interfacing that devices response back into the simulated network. This type
of HIL testing is only possible when updating the inputs and outputs of the simulation
continuously in real time and is not possible with an offline simulation or with open-loop
testing tools [56,57].

The RTSs that have been commonly used in PHIL applications in recent years to
simulate an electric grid with a high number of nodes in real-time are given below along
with example published papers [52]:

- OPAL-RT [56,62-77];
- RTIDS[32,37,57,78-103];
- HYPERSIM [104-106].
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Note, HYPERSIM was developed by Hydro-Québec and is now also available from
OPAL-RT Technologies which spring-boarded out of Hydro-Quebec [56].

3.2. Power Amplifier Hardware Interface Requirements

As noted, in PHIL testing a power amplifier is required to amplify the low voltage and
current signals from the real-time system simulation to the actual voltages and currents so
the DUTs, e.g., DER inverters, can be interfaced at rated power. In closed-loop operation
the DER output to the power amplifier is measured and fed back to the power system
simulator model to close the loop and influence the simulation.

The power amplifier selection is technical, with sample specifications shown at the
top of Figure 8, with the foundational specification being the overall application type [56].
Other important aspects of the specifications are the power rating, the number of phases,
what type of capabilities are needed for the simulation, e.g., AC or DC, or DC to AC etc.
Also important is whether a two quadrant (2Q) or four quadrant (4Q) amplifier is necessary
as shown in the middle of Figure 8. 2Q amplifiers can only source (generate) power to the
DUT whereas 4Q amplifiers can operate in all four quadrants of the power plane and thus
can both source and sink active and reactive power. For closed-loop PHIL simulations, the
amplifier is required to operate in all four quadrants of the power plane [56,57]. When
2Q amplifiers are employed, depending on the application, they may require additional
sinks/loads between the amplifier and the inverter because the DUT (e.g., PV inverter)
power would need to go somewhere and the amplifier cannot sink the power [56,57].
Overall, the 4Q power amplifier acts like a grid simulator and reproduces/amplifies the
voltages on the real-time simulated network and interfaces/absorbs power from devices.
Another critical detail is that some amplifiers are designed to absorb 100% of their rated
power when operating in sink mode but some cannot, so one must be careful when
specifying the amplifier, e.g., the amplifier must have the capability to feed the device
under test and to absorb the full power generated by the device [56].

Other specifications included on the left side of Figure 8 are self-explanatory, though
of importance to mention is that the power amplifier slew rate is how fast the amplifier
responds when a set point is sent to the amplifier [56]. As shown in the upper right of
Figure 8, amplifiers used in PHIL applications have been linear and non-linear (switched)
types with the characteristics of each listed [56]. Currently, non-linear switched amplifiers
are predominantly implemented due to the fact that they are more efficient with higher
power densities and can be more easily connected in higher power applications [56].
Example amplifier manufactures are given in the lower right of Figure 8.

The bandwidth of the power amplifier represents the frequency range that the amplifier
can amplify the input signal [57]. The selected amplifier should have adequate bandwidth
to amplify the input signal over the frequencies of interest with minimum harmonic
distortion [57]. The power amplifier bandwidth/frequency range determines the data rate,
or amount of data transferred per second where (0-2 kHz) is considered a suitably high
bandwidth for power systems PHIL [106] as further detailed below. In the testing design
process, the highest frequency in the model that has to be closed-loop controlled must be
determined, which will define what the simulated model bandwidth is [107]. To simulate
an electric grid transient, a maximum frequency of 2 kHz is usually taken [108]. To ensure
the PHIL setup can achieve the desired frequency, the procedure detailed in [107] can be
followed which provides the model cycle time, the power analyzer bandwidth and the
maximum open delay depending on the closed-loop controlled model frequency [52] as
will be further described in Section 3.3.3 on stability and accuracy.
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Sample Specifications

e Application: Motor / Grid / Inverter

e Power Rating

e Number of Phases

e Capability: AC/DC/DC-AC

e Type: 2Q vs. 4Q and Linear vs. Switching
e Nominal Voltage / Current

e Frequency: Nominal / Range / Resolution
e Output Impedance

e Harmonic Distortion

e Amplifier Slew Rate

o Amplifier Control Type: Analog Out / SFP
e Feedback Measurement: Internal / External
o Amplifier Size and Weight

2Q vs. 4Q Amplifiers Linear vs. Non-Linear Amplifiers
Positive Voltage
9N
Quadrant Il Quadrant | e Voltage/Current Amplifier e Switched Mode
Function: Load Function: Power Supply ® Lower Power e Higher Power
Voltage: Positive Voltage: Positive e Higher Bandwidth e Lower Bandwidth
Current: Negative Current: Positive e Faster Response e Slower Response
Power: Absorbing Power: Providing e Lower Flexibility e Higher Flexibility
& > . e Bulkier (per kW) e Smaller (per kW)
Negative ¥ Positive
Current  Quadrant lll Quadrant IV Current | ° Litoia Gesily (e A oz Lol e )
Function: Power Supply Function: Load
Voltage: Negative Voltage: Negative Example Amplifier Manufacturers
Current: NegaFlve Current: Pos't'Ye Ametek — California Instruments Chroma Systems Solutions
Power: Providing Power: Absorbing Egston Power Electronics NH Research
4 OPAL-RT Technologies Ponovo Power
Negative Voltage Puissance Plus Spherea
e 2Q amplifiers only generate power — load required for some applications  Spitzenberger & Spies Triphase

e 4Q amplifiers generate and absorb power — no external load needed

Figure 8. Power amplifier hardware interface example specifications and characteristics, adapted
from [56].

Currently, PHIL testing is primarily voltage-type, e.g., where the power amplifier
operates as a voltage source. This is mainly because the majority of DUTs are current
sources such as renewables-based DERs using grid-following inverters [52]. Grid-following
inverter control regulates active and reactive power output and ties into the grid to match
the local voltage and frequency and requires a voltage reference to synchronize their internal
phase locked loop (PLL) [109-111]. This makes grid-following inverters well-suited for
grid-tied operation, but not under islanded conditions as they do not provide grid-forming
capabilities needed to sustain microgrids [109]. If the DUT is a grid-following inverter, the
PLL of the inverter uses the power amplifier voltage as an angle reference to synchronize
the phase angle of the inverter terminal voltage [109]. Once the grid-following inverter
is synchronized with the power amplifier, the inverter can provide the commanded real
and reactive powers [109]. Thus, if the PHIL test is voltage-type, e.g., a grid-following PV
inverter, the amplifier operates as a voltage source and the RTS sends the voltage set-point
to the amplifier and measures the current response of the DUT as in [7].

If the PHIL test is current-type, e.g., a grid-forming inverter, the amplifier acts as a
current source, thus the RTS sends the current set-point to the amplifier and measures the
voltage response of the DUT as in [109]. Note, in [109] an inductor is used between the
grid-forming inverter and the amplifier to enable current-source amplifier operation. Some
PHIL power hardware, such as PV and battery inverters, require a DC power input, e.g.,
provided by a controllable DC source [7]. In addition, a DUT such as a PV inverter may be
interfaced on its AC side through a transformer to the power amplifier to match the voltage
levels of the solar PV inverters and the grid voltages passed to the amplifier as in [6,7]
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In most of the literature on PHIL testing for DER integration, the DUTs and their
controls are tested in a PHIL environment, not amplifiers [112]. In [112] the authors
focus on a power amplifier in current-controlled mode as the actual DUT which could
enable the effective use of amplifiers as hardware emulators for DERs in future PHIL
integration studies.

3.3. Interface Algorithms, Communications, Stability and Coordination Considerations for
PHIL Testing

3.3.1. Interface Algorithms

The methodology of the interface determines which signals are exchanged between
the RTS and the external equipment, as well as the timing of those exchanges during the
simulation timestep [57]. Different types of interface algorithms can be implemented on
the RTS to interface between the power system simulation and the hardware including the
ideal transformer model (ITM), the damping impedance method (DIM), the transmission
line model (TLM), the partial circuit duplication (PCD), and the time-variant first-order
approximation (TFA) [17,98,113]. The most commonly used model is (the ITM shown
in Figure 9) popular because of its accuracy, low computation requirements, ease of im-
plementation, and because closed-loop stability can be achieved easily by damping the
system [52-54,98].

- — - Interface _ _ _ _ _
e e lm — — — — Hardware
:Ideal Transformer Method | _} : :
] | | |
| DUT I I
I Power I I
| Amplifier | |
] | |
] } |
N ——_—_—— el N e e AL /J
/

Figure 9. Example of ideal transformer model (ITM) between the RTS and the hardware.

The ITM works on voltage (or current) amplification and current (or voltage) feed-
back [57]. In this methodology, the RTS sends the voltage/current to the amplifier im-
mediately (or as soon as possible) after the voltage/current is computed and initiates the
current/voltage read just before it is needed for the EMT algorithm used in the simulator’s
network solution [57]. Therefore, the delay is not simply one simulation time step, but also
must include any communication delays, power amplifier response characteristics and
transducer characteristics, which also includes filters [57,112]. For example, as shown with
the red dashed lines in Figure 9, the simulator will use the ITM to create the voltage signal
for the amplifier which then presents as a voltage source for the DUT (e.g., a grid-following
PV inverter) and then the inverter current measured by the amplifier is fed back to the
simulated grid model to close the loop [57].

3.3.2. Communications and I/O

Interface I/O between the RTS and external equipment is either internal to the RTS
or using network interface cards such as a DAC from the RTS to the amplifier and an
ADC from the device under test to the RTS as shown in Figure 10 [57]. This I/O interface
is created based on standard compliant communication network protocols which takes
power systems simulation data and assembles it into standard compliant packets and
sends those out via ethernet local area network and unpacks the inputs coming from
devices under test [57]. The RTS can directly stream the following protocols: IEC 61850,
PMU IEEE C37.118, DNP3, SCADA DNP3, Modbus, CAN, etc. [56,57]. More recently
optical fiber, as mentioned with CHIL, is being implemented (Aurora Communication
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Protocol) for interfacing with selected power amplifier systems which would eliminate the
need for conventional I/O and reduce loop delay and noise, promising improved stability
and accuracy [57]. Note, PHIL testing enables the incorporation of real-world delays,
latencies and cyber-events into the system-level validation [56,57]. The cyber-physical
testbed for microgrids presented in [19] demonstrated through sample case studies how
communication delays could impact microgrid controller performance and the operation
of the electrical grid [56].

e T !

[
N |
] —:b[ D/A Converter ]—l—b[ Amplifier
Real-Time | I
[

Simulator

|
(RTS) P ( '
I A/D Converter Sensors (V,l, etc.)
J \, |

|
| Internal or External to RTSJI

Power Device
Under Test

Delays in PHIL interface affect simulation accuracy and stability

Figure 10. Interface (I/O) with external equipment can be internal or external, using a DAC from the
RTS to the amplifier and an ADC from the device under test to the RTS.

3.3.3. Stability and Accuracy

To ensure stable and accurate PHIL simulation, the interface must be designed with
the proper compensation [31]. Stability analysis must be performed because closed-loop
PHIL systems including simulations, amplifiers, and sensors can become unstable for
certain operating conditions [30-34]. Instability may damage equipment or result in loss of
simulation fidelity [32]. Thus, stability analysis of the entire closed-loop system must be
performed including the power amplifier, the feedback sensors and the loads for each of
the applications because the stability depends on the ratio of load power to short circuit
power, type of load, damping of source impedance, bandwidth of the power amplifier,
sampling frequency of the simulator, feedback filter bandwidth, etc. [56]. Various methods
for stabilization can be found in [30-34,114]. It is important to note that determining the
optimum interface and stabilization methods to ensure maximum system stability and
accuracy must be performed on a case-by-case basis [30-34,114]. Each of the components
that build up the interface described in this section will contribute imperfections to the
interface which need to be taken into account to understand how they impact the simulation
results. For example, DACs, amplifiers and transducers must be considered carefully
as they introduce delay and noise and can impact the stability and accuracy of PHIL
simulations [76,115]. In addition, noise due to sensors and electromagnetic interference
(EMI) can create interface issues and introducing filters in the hardware or software can
both mitigate the problems and create unwanted time delays and attenuation [76,115].
Thus, compensation algorithms are often required to mitigate filtering effects [30-34].

For designing and building a PHIL test bench to ensure the PHIL system can operate
at the system performance requirements, e.g., stability, accuracy and desired frequency
(as discussed in Section 3.2) the procedure described in [107] is proposed. This involves
determining the model cycle time, the power amplifier bandwidth and the maximum open
delay based on the desired closed-loop controlled model frequency. The authors in [107]
state that the total open-loop phase shift at the desired frequency must be less than —75°.
The open-loop phase shift is the sum of each subsystem maximum open delay (Dtx) in
the PHIL control chain and the power amplifier transfer function, which can be referenced
in Figure 10 above. A phase margin at the desired frequency is necessary to guarantee
stability, using a regulator with a pole located at the origin.

The equations provided in [107] to determine the open delay, the power amplifier
bandwidth and the model cycle time are presented below.
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Maximum open delay: Figure 10 illustrates a PHIL setup where the setpoint and mea-
surements are sent using an analog signal. The open-loop delay between the RTS output
and input is the sum of each delay in the loop:

Dtopen_toop = Dtpac + Dtpa + Dtsensor + Dtapc @

The maximum delay between the output and the input to ensure an open-loop phase
shift less than —45° must be:

3 45° B 1
open_loop 360° ’fModele 8’fModele

Minimum power amplifier bandwidth: the open-loop phase shift at the power amplifier
frequency bandwidth is —45°. To achieve an open-loop phase shift of —30°, the mini-
mum bandwidth of the power amplifier must be at least 1.5 times wider than the highest
frequency of the model to be simulated:

Dt ()

PABwf<3 > 1.5 fModet gy 3)

Model cycle time: The maximum time-step the simulator must achieve depends on the
highest frequency bandwidth of the simulated model. In [107] it was determined that the
minimum time step is required to be at least 25 times less than the inverse of the desired
frequency:

1

< —
25-fM0d€lBW

Figure 11 below graphically depicts Equations (2)—(4) and illustrates an example of
the characteristics needed to test a grid transient whose maximum frequency of interest is
2 kHz [52,107]. According to Equation (3), the minimum bandwidth of the power amplifier
(“PA bandwidth” in Figure 11) is 3 kHz. Per Equation (4) the time step must be less than
20 ps, and according to Equations (1) and (2) the maximum open-loop delay must be less
than 60 ps. These requirements are met for characteristics to the right of the red line in
Figure 11.

TiME_StepSimltlation

(4)

PHIL system requirements

10
F =——Model cycle time ( us)
= PA Bandwidth (Hz)
=== \lax. open loop delay ( us)¢”

105F
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Delay and time (us)
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Figure 11. PHIL system requirements depending on the bandwidth of the model being tested
according to [107]. In this example, a grid transient is being tested where the maximum frequency of
interest is 2 kHz. Copyright permission request from [52].
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For the PHIL test bench design and build, to make a more informed selection of PHIL
elements, a deeper comparison of the solutions should be performed. This comparison
should consider the main system characteristics such as the resolution of the ADC and
DAC, types of communications, number of inputs/outputs and compatibility with other
simulation systems [52]. When comparing different power amplifier systems, example fac-
tors that should be taken into consideration include the voltage and/or current bandwidth,
slew rate, efficiency and current/voltage total harmonic distortion (THD). Fortunately, the
decision between the different types of sensors is usually more straightforward considering
the more mature technology. Overall, as emphasized throughout the Section 3 requirements,
the RTS computational hardware must operate at a fast enough clock speed to accurately
model the desired output time steps. The output sent to the DAC needs to have sufficient
reliability. The power amplifier must accurately represent the desired signals and the sensor
must accurately represent the quantities being measured, e.g., currents must be minimized
and input impedances mut be high. In closing the loop, the ADC needs to be fast enough
that the computations can be fed back at the specified rates.

3.3.4. Coordination, Data Management and Real-Time Visualization

Finally, test bed coordinator software can coordinate the interactions of the power
system simulations as well as any devices and publish the data to a data management
system and real-time visualization tool to capture and observe key parameters such as
voltages, currents and powers around the PHIL system [11]. The test bed coordinator can
employ the Hierarchical Engine for Large-scale Infrastructure Co-Simulation (HELICS),
which is an open-source cyber-physical-energy co-simulation framework for electric power
systems developed through the Grid Modernization Initiative of DOE [11,116].

3.4. PHIL Case Study

An example PHIL case study is given in [7], conducted by the National Renewable
Energy Lab (NREL), where the objective was to test advanced distribution management
system (ADMS) interactions with advanced PV inverters and particularly the impacts of
reactive power control modes on the voltage profile of the feeder. As background, utilities
use energy management systems (EMSs) for the transmission system and distribution man-
agement systems (DMSs) for the distribution system aiming to reduce outages and outage
times (reliability) and maintain acceptable frequency and voltage levels (stability) [117].
These systems acquire grid information from SCADA systems providing real-time data
every 2—4 s, now being enhanced by phasor measurement unit (PMU) monitoring de-
vices measuring the instantaneous voltage, current, and frequency at much higher rates of
60 times per second [118]. ADMS includes advanced functions such as volt—volt ampere
reactive (volt-VAR) optimization (VVO) where the ADMS controls inverters’ reactive power
output as a function of voltage, fault location, isolation and system restoration (FLISR)
and peak load management using dynamic voltage regulation (DVR) and demand-side
management [11,119].

The NREL PHIL setup in [7], hardware shown in Figure 12, aimed to provide a
combined hardware-software simulation of an electric distribution system grid with high
DERs penetration that emulates a physical system sufficiently well that the performance
of local advanced inverter controls vs. DMS coordination can be compared. To capture
important DER operations across an entire distribution feeder, quasi-static time-series
(QSTS) simulations were employed [7]. QSTS captures the slower (seconds to minutes)
dynamics exhibited by variations in the DER output, load changes and standard distribution
voltage control equipment [120]; however, the QSTS approach is inherently limited to
slower phenomena and unable to capture potentially key fast interactions between the
DERs and the grid [7].
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Figure 12. NREL PHIL laboratory hardware setup of the presented case study [Courtesy of NREL].

The case study in [7] details a novel multi-rate, or multi-timescale, co-simulation
architecture that integrates PHIL with a real-time QSTS simulation of a large distribution
network by adding a reduced-equivalent EMT model of the distribution feeder to capture
faster phenomena between the relatively slower time steps of the QSTS. This enables the
Q-V interactions under volt-VAR control to settle before the QSTS time step advances. This
co-simulation architecture overcomes the challenge of the slower time step (>1 s) of the
QSTS simulation. The computation time of the QSTS may be as long as 30 s for some
commercial DMS platforms, which is much slower than the inverter control bandwidth
employed in PHIL, where the timesteps are typically set to the fastest rate at which the RTS
can run without missing real-time steps (e.g., 50 us) [7].

The multi-timescale simulation environment combined 4 cores of an OPAL-RT RTS
running OPAL-RT’s EMT simulator eMEGASIM with a time step of 50 ps in co-simulation
with a 4-core Windows virtual machine running the DMS and QSTS power system simula-
tions at a larger time step (i.e., seconds). NREL used the phasor-based model capability
of the DMS as the QSTS simulation to solve the full distribution feeder model, and the
eMEGASIM tool to solve in real time a MATLAB Simulink-based reduced-equivalent EMT
model of the distribution feeder. The EMT simulation of the reduced-equivalent feeder
model and the PHIL interface to the hardware was run at a time step of 50 ps in the RTS. The
QSTS simulation was performed on the DMS platform at a larger time step (i.e., seconds).
Custom Python-based synchronization and pass-through code acted as a coordinator to
inject the EMT data between the larger time step QSTS simulation.

The architecture comprises four main parts:

1.  hardware, including an amplifier (540 kVA AC source) and the DUT (500 kVA PV
inverter (AE500)), as shown in Figure 12;

2. QSTS simulation of the complete distribution feeder model in the DMS software on a
4-core Windows virtual machine;

3. OPAL-RT RTS (4 core) running a reduced-equivalent EMT model of the feeder in
eMEGASIM and that also drives the hardware;

4. communications link between the DMS and the RTS that includes custom software to
coordinate the QSTS and EMT simulations.

In addition to the PHIL simulation of the grid interacting with the DUT at the point of
common coupling (PCC), a hardware PV simulator based on a DC amplifier that simulates
the operation of the PV array at the DC side of the PV inverter is included. To do so, a
PV model running in the RTS (based on the single diode model proposed in [121]) mimics
the behavior of the PV array and sends a signal to the PV simulator amplifier. The PHIL
interface was developed for evaluating grid-following PV inverters, and therefore an
amplifier operating as a voltage source is used. The three-phase PV inverter is interfaced
on the AC side through a transformer to the amplifier (to match the voltage levels of the
solar PV inverter) and on the DC side to the PV simulator.
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The amplifier is a controlled AC source whose output voltage waveform is controlled
to represent the voltage at the PCC of the grid-tied PV system. The amplifier receives an
analog voltage signal for the three phases through the RTS I/O interface at every EMT
time step of 50 ps. The amplifier amplifies the aforementioned scaled-down PHIL voltage
control signal to a 277 V nominal per-phase voltage signal. Then the AC current is measured
at the amplifier and sent to the RTS through analog I/O to close the loop.

To conclude the case study, by employing a reduced-equivalent network model in the
EMT simulation that replicated a subset of critical electrical connections, a PHIL simula-
tion that could rapidly respond to volt-VAR control operations coupled to a larger QSTS
simulation that maintained the full-system fidelity at slower time steps was developed.
This enabled testing controls at different timescales, e.g., combining slower DMS and
faster DERs with grid support functions. The architecture successfully captured PV local
volt-VAR control interactions with the larger network under time-varying electrical and
weather conditions.

4. Exemplary and Unique PHIL Testbed Developments around the World

Numerous PHIL power system testing platforms of various configurations and power
ratings have been developed around the world. Six exemplary PHIL systems from four
countries were selected, to provide representative coverage of unique system capabilities,
and are briefly presented in alphabetical order based on published information to provide
a more comprehensive picture of the role of PHIL in various power system applications.

4.1. Austrian Institute of Technology (AIT) PHIL Real-Time Simulation Activities

The Power Electronics Laboratory at AIT is set up allowing for maximum flexibility
on low-inertia and microgrid research applications. This system includes back-to-back
4Q power converter devices featuring AC/DC in/output busses to study processes like
the operation of battery systems and communication/power interfacing possibilities to
real-time based PHIL simulation techniques [34,122].

Key equipment includes:

e  “Multiple sources/sinks ranging from high-bandwidth grid simulators/power ampli-
fiers and AC/DC amplification units to an actual PV system

e  Specialized equipment for the development of Wide Band Gap (WBG) semiconductor
applications

e  Multi-level single and three-phase power converter topologies for 4 quadrant convert-

ers (Ratings: 35 kVA AC, 35 kW DC/per device)

High-voltage programmable power supply (Rating: 10 kV)

Wide range of high-end, high-fidelity measurement equipment” [123]

The AIT SmartEST Lab Services include [124]:

“Testing of components and systems with simulated grids and primary energy sources

The technical specifications in the laboratory for the grid simulation/power amplifier
include:

e “3independent laboratory grids with variable network impedances for up to 1000 kVA,
flexible star point configuration and grounding systems

Voltage ratings from 300 V to 690 V

2 independent high bandwidth grid simulators: 0 to 480 V 3-phase AC, 800 kVA
3-phase balanced and unbalanced operation

Low Voltage Ride-Through (LVRT) capabilities” [125]

4.2. Florida State University (FSU) Center for Advanced Power Systems (CAPS)

The FSU-CAPS campus resources include a physical testbed that can test prototype
motors and drives, power electronics converters, control systems and other power system
components at ratings up to the 5 MW level. Real hardware is coupled with RTDS for real-
time digital power system simulation and modeling [18,48,49,78,83,86,87,90,93,98-101,126].
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Simulation and hardware testing are integrated, offering unique and strategic testing
and demonstration opportunities. The large-scale RTDS computational capabilities enable
the FSU-CAPS facility to provide accurate and detailed models of power system distribution
architecture, components and control systems that may not be available or practical to
assemble for component testing. The FSU-CAPS facility includes a 5 MW dynamometer
and a 5 MW variable voltage converter designed for high-power waveform generation. In
tandem with the RTDS, these devices allow users of FSU-CAPS to test their equipment in
any environment that can be simulated.

The “advanced power systems testbed consists of a highly flexible, re-configurable
4.16 kV distribution system with a stiff connection through a dedicated 7.5 MVA service
transformer to an adjacent utility substation 115:12.5 kV distribution transformer” [127].
This enables the ability to perform PHIL experiments with electrical equipment interacting
with high-fidelity simulations, at power levels up to 5 MW.

4.3. Hydro-Quebec Development of a PHIL Infrastructure

Hydro-Quebec’s Research Institute (IREQ) developed their PHIL infrastructure capa-
bilities due to the large-scale deployment of inverter-based DERs with sophisticated control
systems integrated at the distribution level bringing new equipment onto the power system
and new ways of operation and has an important impact on the transmission system and
generation. This DER deployment is based on utilities like Hydro-Quebec validating their
compliance with grid connection requirements, resilience, stability, compatibility with the
grid and other systems.

IREQ has been developing a MW scale PHIL, utilizing real-time simulation using
Hypersim [104], power amplifier and interface and the device under test [105]. A key part
of the system is the interface between the real power voltage and current and the grid
simulation, thus IREQ designed and built their own power amplifier and the interface to
the real-time grid simulation [105]. They have sought to achieve very high-performance
levels including high bandwidth (0-2 kHz), low latency, very stable and accurate opera-
tion for any grid conditions, where an ideal transformer cannot handle these operation
requirements [128]. With this system the PHIL can produce any voltage dips and surges at
frequencies ranging from DC to several kHz, study the interaction between equipment and
various grid simulation models, connect HUTs to any virtual grid, develop and test future
grid technologies and develop and validate detailed EMT simulation models.

4.4. Karlsruhe Institute of Technology (KIT) PHIL Testbed

The KIT Energy Lab 2.0 for large-scale research infrastructure for the investigation of
future energy systems has two major laboratories with slightly different focus [54,129-131].
The high-power PHIL laboratory is used for multimodal development, testing and grid
integration of new technologies. This involves mixed AC and DC grids and novel DC
technologies within those grids, storage systems such as flywheels and hybrid equipment
combining conventional technologies and supercapacitors and research on superconducting
technologies. The lab is equipped with a 1 MVA power amplifier working at up to 1.5 kVpc
as well as real time simulators from OPAL-RT and RTDS.

The second area is the Smart Energy System Control Laboratory which enables the real
time simulation of future microgrids with a multitude of associated large-scale components.
Those components include model households, charging infrastructure, different solar
systems and a flexible switching for the interconnection of those systems and energy
storage systems. Different grid scenarios can be designed including control and stability of
autonomous grids and ancillary services.

Example PHIL experiments include real-time simulation of German low voltage (LV)
grids with focus on detailed harmonic grid modeling. KIT also has an Energy Smart Home
Lab which is a smart, automated residential building providing ancillary grid services, that
contains typical household appliances as well as battery storage, PV, EV, a Combined Heat
and Power (CHP) unit and a heat pump for grid integration studies and device testing.



Energies 2023, 16, 916

17 of 27

4.5. National Renewable Energy Laboratory (NREL) PHIL Capabilities

NREL’s current PHIL capabilities include two megawatt-scale grid simulators: a
configurable 2 MW grid simulator in the Energy Systems Integration Facility (ESIF) and a
7 MVA grid simulator at NREL's Flatirons campus called the controllable grid interface.
NREL is in the process of upgrading to a 20 MW controllable grid interface at the Flatirons
campus. The NREL ADMS Test Bed was developed at the ESIF site in Golden, Colorado, to
evaluate the capabilities and impacts of ADMS systems designed to monitor and control the
distribution network efficiently and reliably [6,7,11,30,31]. The test bed, also highlighted in
the Section 3.4 Case Study, provides utilities and vendors the opportunity to examine the
performance of a specific distribution system under a wide range of conditions that can be
simulated in a laboratory environment for specific applications. The platform can use actual
grid-scale hardware up to 2 MW, large-scale distribution system models, and advanced
visualization to simulate real-world scenarios for ADMS evaluation and experimentation
under realistic conditions. The PHIL connects actual power system equipment such as PV
and battery energy storage system (BESS) inverters, grid-edge devices, and legacy utility
control and automation equipment to the lab’s simulated utility environment. With the
PHIL setup, NREL researchers can test how actual equipment interacts with the ADMS
at scale while also validating software models. NREL has also performed multiple PHIL
experiments of microgrids at ESIF, evaluating microgrid controllers and/or advanced
inverter controls [132,133].

NREL'’s 7 MVA power electronic grid simulator (controllable grid interface) enables
the testing of many active and reactive power control features including, “inertial response,
primary and secondary frequency responses, and voltage regulation of wind and solar
generators (as well as other renewable and conventional generation technologies, includ-
ing energy storage) in a controlled medium-voltage grid environment” [134]. A strategic
feature of the controllable grid interface is, “the ability to test the balanced and unbalanced
fault ride-through characteristics of test articles under simulated grid conditions” [134]. In
addition, this PHIL setup, “allows the real-time emulation of conditions that may exist in
various types of power systems” [134]. Researchers can test using the controllable grid inter-
face in controlled 13.2 kV medium-voltage conditions, the controls of any inverter-coupled
or conventional generation technology that responds directly to grid conditions [134].

4.6. Sandia National Laboratories PHIL Research

Sandia’s Distributed Energy Technologies Laboratory (DETL) is a research facility
designed for studying the integration of, “emerging energy technologies into new and
existing electricity infrastructure to accommodate the increasing demand for clean, secure
and reliable energy” [135]. Researchers at the DETL focus on generation, storage and
load management technologies at levels ranging from single component through whole
system. It is important to note that “DETL staff examine advanced materials, controls, and
communications to enable safe and resilient distributed and renewable power systems
infrastructure” [135]. The high flexibility of the lab grid enables researchers to evaluate
energy resources and controllers under a wide range of conditions including, “solar irra-
diance variability, AC/DC protection schemes, high and low temperatures, power levels,
and voltage and frequency regulation functionality in both grid-connected and microgrid
configurations” [135].

The DETL provides power electronics testing capabilities including islanded and
campus microgrids as well as scaled portions of utility feeders and the transmission
infrastructure using PHIL implementation [109,136-139]. “DETL includes a 480 V, 3-phase
microgrid, with interconnections to the utility grid and to various distributed energy
resources including PV inverters, energy storage inverters with grid-forming capability,
microturbines, fuel cells, reciprocating engine-generators, and electrical energy storage
systems” [135].
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5. PHIL Research Paradigm Considerations to Advance Smart Inverter-Based
Grid-Edge Solutions

Considering the strengths of PHIL systems presented in this paper, including accuracy,
versatility and flexibility, an increase in the demand for PHIL testing is foreseen in energy
systems laboratories around the world to address the need for innovations in multiple
areas of the smart grid. However, there are no clearly superior PHIL platform engineering
solutions yet established to perform all the needed testing applications. For this reason,
and considering the costs involved in PHIL, the greatest associated with the RTS and the
power amplifier, laboratories need to develop clear objectives for their testing programs to
determine the best solutions. This section is intended to help guide researchers with the
objectives of developing versatile PHIL platforms for advancing smart inverters to enable
more DERs and connected energy devices at the grid-edge while improving grid reliability,
stability, resilience and security.

In view of the variety of PHIL component vendors and possible configurations, the
authors suggest researchers develop specifications and requirements to share with prospec-
tive vendors including the scope of the planned and future testing, information about the
testing and DUTs, description of the planned testing and the overall PHIL requirements.
Section 3 included example RTS vendors and power amplifier vendors. Again, consid-
ering these are the primary cost and driving components, it would be prudent to share
the specifications and requirements with the appropriate vendors. Based on the vendor
responses regarding how they propose to contribute to the planned PHIL system, including
component quotes, researchers can move forward to make the best engineering decisions
regarding their PHIL system.

For the essential advancement of smart inverters for optimized integration of DERs
the authors propose a specialized and versatile PHIL testbed design as shown in Figure 13
to enable the interoperability testing of multiple inverters (communicating with each other
and the grid), emulating the integration and interaction of a combination of DERs, i.e., PV,
battery energy storage and EVs, including both grid-following and grid-forming inverters.
For grid-following inverters, an amplifier operating as a voltage source would be employed
and smart functions could be optimized such as volt-VAR for voltage regulation, frequency-
watt for frequency regulation, and constant power factor where the inverter is required
to operate at a fixed PF or range of leading to lagging such that when the active power
changes, the inverter will vary the reactive power output to ensure that the target PF is
met [109]. Grid-forming inverters are a strong solution for microgrid islanded scenarios
where power needs to be supplied while regulating voltage and frequency [109,110], and
further PHIL testing is needing for advancement. For example, in a 100% inverter-based
system, grid-forming inverters are needed to set the grid voltage and frequency [110]. For
grid-forming inverters a current-source amplifier would be appropriate. Thus, amplifiers
capable of operating as both a controlled voltage source and as a controlled current source
as shown in Figure 13 would provide extended capability at an overall reduced cost, and
thus would be included in the desired specifications.

The Universal Interoperability for Grid-forming Inverters (UNIFI) Consortium was
launched in 2022, including multiple universities, national labs and industry members,
to advance grid-forming inverters and identify challenges, where microgrids are seen as
pilots for these new technologies [140]. PHIL testbeds would be strong solutions for these
pilots where the interoperability of the inverters and the system can be fully researched
according to grid codes and standards in addition to black-start capabilities. It is important
to note that microinverters, typically dedicated to 1-4 solar modules, are also developing
grid-forming capabilities and thus are important to consider in the proposed smart inverter
research specifications. The PHIL testbed could include multiple lower power amplifiers
with varying power capability, e.g., for microinverter and aggregation testing. Along
these lines, a better understanding of how PV inverters and energy storage systems will
behave in each electric grid is greatly needed [52], which is another strategic research
thrust for PHIL platforms. EV fast charging impacts on grid and microgrids can also



Energies 2023, 16, 916

19 of 27

be researched including the use of local generation such as PV to support the grid. The
proposed PHIL would also enable the ability to test the balanced and unbalanced fault
ride-through characteristics of DUTs under simulated grid conditions.
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Figure 13. Diagram of an example PHIL testing platform to advance smart inverter-based grid-edge
solutions illustrating three main parts: (1) RTS simulates the distribution feeders, (2) hardware setup
with the power amplifier, inverter, and DC source, and (3) the interface I/O between the hardware
setup and RTS.

As indicated in Section 3.2, application-specific power amplifiers can be configured
to operate in either AC or DC mode. Amplifiers exhibiting AC or DC operation options
provide extended capability for various PHIL applications and are thus recommended for
the specification. Four quadrant amplifiers are also recommended due to the importance
of closed-loop capabilities, enabling the DUT to also influence the simulation, and since
the DUT may be absorbing or supplying power at different times during the test a 4Q
amplifier is needed that can both source and sink power accordingly. Non-linear switched
amplifiers are recommended due to their higher efficiencies and power densities and that
they can be more easily connected in higher power applications. The recent innovation of
fiber optic interfaces to eliminate the need for conventional I/O is another consideration
for the specifications.

The inverter-based PHIL testbed will enable the evaluation of: microgrid control
strategies, communication networks, interactions between loads and between grid-edge
devices and the grid, behavior in adverse conditions, simulation models including synthetic
models, all leading to advanced visualization techniques. A lab-scale microgrid could be
considered or simulating a microgrid network on the RTS with a tie to a vendor microgrid
controller. The testbed can further represent the present state of a specific distribution
system using a digital twin, or the anticipated state when added DERs, such as rooftop
PV systems, battery energy storage systems, EVs, loads with smart controls, etc., are
included. Transmission energy management systems (EMS) may also be run on the RTS
and interfaced with downstream distribution management systems such as a distributed
energy resource management systems (DERMS) and interfaced with actual DERs.

This testbed would advance testing of high-performance autonomous inverter op-
eration, where they will respond to local measurements with or without input from a
remote operator and follow standard rules to fulfil their individual goals and collaborate
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(collaborative control) to sustain the grid. As stated in [141], most grid-tied inverters
in the North American grid since 2003 have been listed under UL 1741, “Standard for
Inverters, Converters, Controllers and Interconnection System Equipment for Use with
Distributed Energy Resources” [141]. This UL 1741 standard was harmonized with IEEE
1547 for both grid-tied and non-grid-tied inverters, to yield a family of standards regard-
ing performance, operation, testing, safety, and maintenance for DERs connected to the
distribution grid [141]. The PHIL specification contributions could include supporting
standards development for smart inverter functionalities and for analyzing the impacts of
smart inverters on distribution systems.

A downside to these advanced inverter communications is increased cybersecurity risk,
where with every DER communicating with the grid, this greatly increases the size of the
“attack surface” [16,46,102]. PHIL testbeds can provide another level of cybersecurity risk
emulation by enabling research on cyber intrusions in the communication network, such as
event buffer flooding [142], man-in-the-middle [143], packet sniffing and modification [144]
where the power system impacts can be observed with real-time simulation [46] on both
the network and the hardware. Hardware devices such as smart inverters can detect the
cyber security events with pre-defined alerts and control logic [46] to ensure the risk is
minimized as inverters and the grid get smarter. Finally, the PHIL platform can enhance
multiple cost-benefit analyses and case studies.

6. Conclusions

This paper review explored the role of PHIL for power system modernization, to enable
the integration of more inverter-based DERs such as solar, wind, energy storage and EVs
as well as emerging energy technologies. The stepped-process development of HIL, CHIL
and PHIL systems for power systems applications was detailed through a comprehensive
literature review, where CHIL was presented as a class of HIL simulation that allows the
evaluation of hardware controllers through integration with software simulations.

PHIL systems were thoroughly described as a combination of both real-time simulation
and hardware testing at rated power in a closed-loop configuration. Requirements and
recent advancements for PHIL were presented including RTSs, power amplifiers, interfaces
and communication and stability considerations to achieve good test fidelity. To strengthen
understanding and appreciation of the presented PHIL concepts an illuminating case study
was summarized to tie all the infrastructure details together. Numerous PHIL power
system testing platforms of various configurations and power ratings have been developed
around the world and six exemplary PHIL systems were presented from four countries to
provide representative coverage of unique system capabilities.

The paper closes with a proposed PHIL research paradigm for accelerating the ad-
vancement of smart inverters for optimized integration of DERs to improve grid reliability,
stability, resilience and security, and is summarized below:

e Interoperability testing of multiple inverters and microinverters, communicating with
each other and the grid according to standards (e.g., IEEE 1547), including both
grid-following and grid-forming inverters;

e Advance smart inverters providing grid services such as volt-VAR, frequency-Watt,
constant PF, black-start capabilities, ride-through etc.

e  DERs testing with energy storage or headroom to rapidly increase/decrease output
power to provide fast frequency response, address transients and controller interaction
instabilities;

e EV fast charging impacts on the grid and microgrids; use of local generation such as
PV to support the grid;

e Implement smart inverters optimized to respond based on grid conditions/measurements
autonomously, follow standards with the priority to sustain the grid;

e  Evaluate control strategies, communication networks, interactions between loads and
the grid and test behaviors in both normal adverse conditions;
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o  Cybersecurity testing to emulate intrusions communications; observe behaviors of
inverters detecting the cyber security events;
e  PHIL enables multiple cost-benefit analyses and case studies.
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