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Abstract—Power Hardware-in-the-Loop (P-HIL) provides a
controlled environment in a lab to test hardware under realistic
operating conditions. Interfaces are implemented to connect the
Hardware-of-Interest (Hol) and the digital real-time simulator
(DRTS). Delays and noise are introduced through the DRTS and
interfaces, which can cause inaccuracy and instability. Before
conducting experiments, the stability of P-HIL with a chosen
Hardware of Interest must be analyzed to prevent damage to the
setup. This paper assesses the stability of a P-HIL setup using
an impedance-based modeling approach when the Hol is a grid-
following converter. It focuses on the DC port’s impact on the
stability analysis, whereby the DC port is considered dynamic.
To apply the impedance-based stability analysis, the grid and
inverter impedances of this setup are modeled and calculated.
Through frequency response, the calculated impedances are
verified in simulations. The stability criteria for the P-HIL setup
are verified by comparing the Nyquist criterion with the time
domain response in Simulink/MATLAB.

Index Terms—Power Hardware-in-the-Loop, impedance-based
stability, grid-following converter, DC port impact

I. INTRODUCTION

As the amount of renewable energy in the grid increases, the
importance of power electronic-based technologies in the grid,
such as grid-following, grid-forming converters, and smart
transformers, also increases [1] [2]. Having a test environment
that provides accurate and reliable test results for a safe
integration of new technologies into the grid is essential.
A Power Hardware-in-the-Loop (P-HIL) setup can be used
to test hardware under realistic operating conditions in a
laboratory environment [3] [4]. Recent applications of the P-
HIL are testing asynchronous grids [5], virtual motors [6], and
the virtual synchronous machine validation in flywheels [7].
Also, new power electronic-based technologies such as smart
transformers and grid-tied converters have been tested in P-
HIL setups [8] [9]. These examples show the wide variety of
possible applications for P-HIL setups.

A P-HIL setup, shown in Fig. 1, includes a digital real-time
simulator (DRTS), Hardware-of-Interest (Hol), and interfaces
to connect these two components. Digital analog converters,
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a power amplifier, and a sensor are part of the interfaces.
The DRTS emulates a grid, and the amplifier amplifies the
signal from the DRTS and sends it to the Hol. To close the
loop, the values at the Hol are measured through sensors and
sent back to the DRTS. Because the grid is emulated, it does
not have to exist in reality. This enables tests of different
grids with the Hol, as only the model in the DRTS has to
be changed, but the rest of the setup can remain the same.
Using a DRTS to emulate a grid avoids field tests in the real
grid, which are hard to realize with new hardware. While a
P-HIL setup has many advantages, it also comes with some
challenges, as the DRTS and interfaces introduce delays that
do not exist when the hardware is directly connected to the
real grid. These delays can cause instability and inaccuracy
in the setup [10]. To improve the stability and accuracy of
a P-HIL setup, different Interface Algorithms (IA) can be
implemented [11]. IAs differ in their stability and accuracy,
among which the Ideal Transformer Method (ITM) is known
for its simplicity in implementation [11]. ITM can be parted in
voltage- or current-type depending on whether the reference
signal for the amplifier is a voltage or current [12]. Another
method to improve the stability of the P-HIL setup can be
using a numerical low-pass filter that reduces high-frequency
noises in a tradeoff with decreased accuracy [13]. To improve
the accuracy of a P-HIL, a multi-rate discrete-time modeling
approach can be implemented [14]. As the Hardware of
Interest is not very well known and delays can cause insta-
bility, the stability of the whole setup needs to be evaluated
before conducting experiments to avoid hardware damage.
This stability assessment can be done using the impedance-
based stability analysis, where a system is partitioned into
a source and load subsystem using the Thevenin or Norton
equivalent [15]. The impedance-based stability analysis uses
the ratio of the source and load impedances measured at PCC
to assess the stability of a setup [16]. One advantage of this
approach is that it can be used when the hardware is a black
box, as it does not need a precise hardware model.

In [17], the impedance-based stability analysis of a P-HIL
setup is evaluated when the Hol is a grid-following converter.
The analysis was performed assuming that the converter is
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Fig. 1. Structure of P-HIL

connected to an ideal DC link, which means that the DC
capacitor has an infinite capacitance. The influence of the DC
link dynamics on the setup’s stability and, thus also, on the
impedance-based stability analysis is neglected.

This paper focuses on the stability of a grid-tied converter
in a P-HIL setup with an external DC port and shows the
impact of the DC link components on the setup’s stability. The
impedance-based stability criteria for this setup are examined
to provide a reliable method to assess the stability of such
P-HIL setups.

The paper is structured as follows: In section II, the com-
ponents of the complete P-HIL setup used in this paper and
the corresponding impedance-based model are introduced. The
setup consists of a stiff grid emulated in the DRTS connected
to a grid-following converter with an external DC port. From
this setup, the grid and inverter impedances are modeled.
The modeled impedances are verified through simulation in
section III. Lastly, in section IV, the stability criteria for this
setup are introduced, and the stability is assessed with the
Impedance-based analysis using the Nyquist criterion. The
stability analysis is shown when different parameters, like the
DC capacitor size, change. The results of this section are
verified by comparing them to the benchmark of this setup
in Simulink/MATLAB.

II. MODELING

This section shows the impedance-based modeling of a P-
HIL setup as the Hol is a grid-following converter considering
the DC port dynamics. As an Interface Algorithm, the voltage-
type ideal transformer method (V-ITM) is used. The Thevenin
equivalent is used for the grid emulated in the DRTS, which
comprises a voltage source Vs and an impedance Zg in series.
The current ¢ at PCC can be expressed with the help of the
transfer functions of the forward and feedback path of the
Interface. The transfer functions of the DRTS, D/A converter
and amplifier are considered in the forward path G, where
Tprrs, Tpsa and Ty, are the respective time delays. D is
the damping factor and wy is the resonance frequency.

Gifw = GpRrrs X Gpja X Gamp (1
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Fig. 2. Schematic of Inverter
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In the feedback path G, the transfer functions of the
sensor, A/D converter, and the low-pass filter are considered
as follows, where Tge,s0r and Ty /p are the time delays of
the sensor and A/D converter and w, is the cut-off frequency
of the low-pass filter:

Gamp = (4)

Gsensoq~ = ei(TSCTLSor)S (5)
Ga/p = e Tasp)s ©
w
G ilter — ¢ -
e s @
Gifb = Gsensor X GA/D X Gfilter (8)

Using the equations for the forward and feedback path, the
current at PCC can be described depending on the coefficients
Hypig and Yy, = 1/ng;d, shown in equation (9).

1 1

) = — Vs Vv 9
! Gifp X Zs * Gifp X Zs X Gifu ®

Hygrigq

Yyrid
The inverter impedance describes the relationship between the
voltages and currents of the inverter and the PCC. It includes
the transfer functions of the LCL filter, the cascaded controller,
the grid-following converter, and the DC link. The cascaded
controller consists of an inner current controller and an outer
voltage controller. The structure of the inverter can be seen
in Fig. 2, where the blue-marked components show the newly
added components in this paper.

According to Fig. 2, the current ¢ at PCC can be described
as a superposition of the LCL transfer functions seen from the
grid side Yz o v and the inverter side Yrcr, mor-

t=Yrcr HorVior — Yoo, vV (10)

Fig. 3 shows the structure of the cascaded controller of
the inverter. According to this figure, the voltage at the Hol
depends on the DC link voltage V., the reference of the DC
link voltage V', and the voltage and current at PCC:

[(vie—vacTa) Gprv —iTq) Gpr i+ VT Ty (11)

The DC link voltage can be expressed by the power equation
of the power injected from the grid side in the DC link over

Vior =



Fig. 3. Controller Structure

the inverter and the power consumed by the load. To achieve
a stable DC link voltage, the injection and consumption of the
power in the DC link have to be the same.

T3 405 Ty) Zee

Vae = (Vig @ § (12)
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The DC link impedance Z.. itself consists of the DC capacitor
and a resistor in series:

ch = Rdc + (13)

SCdc
By replacing (13) in (12), (12) in (11) and the resulting
equation in (10), the current at PCC is expressed depending on
the voltage reference v}, the load current i;, and the voltage
V' at PCC with the coefficients H;y,, 1/2 and Yip, = 1 /Zinv
shown in (14).

The whole setup can be expressed with the two impedances
Zgria and Z;,, and the internal sources %;,, and V.4,
respectively.

%rid = Hg'rid V; (15)
iin'u = I1jnv,1 U;C - Hin'u,Z iL (16)
i = iy — 2y (17)
inv 14 grid
Zinv
——
open loop

The proposed impedance model of this setup is shown in
Fig. 4. The stability can be assessed with the impedance ratio
Zgrid /Zin» When the modeled sources are stable, which will
be evaluated in Section IV.

GprvGpriTaYrcr, Hor

III. IMPEDANCE VERIFICATION

To verify the calculated grid and inverter impedances, the
P-HIL setup is implemented in Simulink as a reference with
the following parameters shown in table I. To find the grid
impedance, perturbations in the range of 100-1600 Hz, each
with the same magnitude, are added to the current 7. For each
perturbation frequency, the gain and phase of the impedance
are determined using the Fourier analysis on the measured
current and voltage at PCC. The gain and phase of the
Simulink Z,,;4 at each frequency are displayed in blue in a
Bode plot in Fig. 5. For comparison, the calculated impedances
of section II are also plotted in the same Bode plot displayed
as orange marks. The figure shows a good matching between
the simulated and calculated grid impedance; therefore, the
grid impedance is verified.

Similarly, the inverter impedance is verified. In this case,
perturbations are added to the grid voltage Vg in the Simulink
model, the current and voltage at PCC are measured, and the
gain and phase are determined through Fourier analysis of the
measured values. These reference gain and phase values are
plotted in a Bode plot and compared with the calculated in-
verter impedance Z;,, shown in Fig. 6. Overall, the calculated
inverter impedance matches the reference impedance well.
There is a minor error at lower frequencies, which comes from
the fact that an ideal PLL was assumed for the calculation,
which is not the case in a real setup.

As both of the calculated impedances match their reference,
the modeling and calculation of section II is verified.

IV. STABILITY VERIFICATION

The P-HIL setup is implemented in MATLAB/Simulink
to assess the stability with the stability criterion Zg,.;q [ Zinw
as derived in section II. First, the AC side parameters are
changed. This can be done by changing the k-factor defined
as follows:

k= 7./7s (18)

Zy, is the LCL filter impedance and part of the inverter
impedance Z;,,. Zs, on the other hand, is the software
impedance and part of the grid impedance Z4,;q. To change
the stability criterion Zgyiq/Zinv, Z1 is held constant, while
Zg 1is altered. Two examples of different k-factors are pre-
sented to show the stability criterion. The Nyquist criterion is
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TABLE I
PHIL SIMULATION PARAMETER

Tprrs Tamp TA/Da TD/A Tsensor Ta wo/(2pi) we/(2pi) Ls
[ps] [pes] [ps] [ps]  [us] [MHz] [kHz] [mH]

50 1.5 3 3 50 1.131 12.57 34
Lf Cf Rs Rfl Rfc D wvgeo Vig kp,i ki,i kp,v ki,v Cac
[(mH] [pF] [ [ [ — [V] [V] — — — — [pF]
2.4 12 0.143 0.1 15 09 800 310 3 50 0.1 1 200

Fig. 4. Impedance Model of P-HIL Setup [17]
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Fig. 6. Inverter Impedance Verification

used for stability assessment, which examines if the point [-1,
jO] in the Nyquist plot is encircled or not. For k = 0.5, the
graph in the Nyquist plot encircles the point [-1, jO], which

indicates that the system is unstable. As the current measured
at PCC in the benchmark is unstable, the indicated instability
of the P-HIL setup by the Nyquist criterion is confirmed. When
changing k to 0.7, the Nyquist graph does not encircle the
point [-1, jO], and the setup is, therefore, stable, confirmed by
a stable PCC current waveform measured in the benchmark.

As this paper focuses on the impact of the DC port on
the stability of the P-HIL setup and considers the DC port
dynamics, it is necessary to change the DC side parameters
as well while assessing the stability. When changing the DC
capacitor from 200 pF' to 6 pF', the Nyquist criterion indicates
stability, as the point [-1, jO] is not encircled in Fig. 7. In
contrast to the Nyquist plot, the setup is unstable, as the
PCC current waveform shows in Fig. 8. In [15], the stability
criterion using the impedance ratio was introduced under the
condition that the internal sources are stable. As derived in
section II, the internal sources in this setup are Vj,;q and
iiny- The dynamics of the DC port are taken into account
in this paper, which shows itself in the fact that the DC side
components can influence the stability of the modeled sources.
Therefore, the internal sources must be checked for stability
before the impedance ratio can be used to analyze the stability
of the complete setup. The voltage source Vj,iq is stable as
it has no right half-plane poles. To check the stability of the
current source, the open loop transfer function of the current
source is used, which is defined as follows:

Gop = Gpr.1T; Yior, Hor
3 1

2=

Y2 Vdco

5 (19)
T] Zoe Grrv Grrr YooL, Hol

When checking the stability of the current source %;y,, it
can be seen that it is unstable as the point [-1, jO] in Fig.
9 is encircled. Due to the instability of the current source,
the stability of the setup cannot be determined using the
impedance ratio.

V. CONCLUSION

Before using a P-HIL setup to test new hardware, stability
assessments must be done to avoid damaging the setup. This
paper uses the impedance-based stability criterion to present
the impact of the source on the stability analysis of a P-
HIL setup with a DC/AC converter. The grid and inverter
impedances are modeled based on the P-HIL setup to be
investigated. Using the modeled impedances, the impedance-
based stability analysis is done while changing different pa-
rameters of the setup’s AC and DC sides. The stability analysis
results show that when assessing a DC/AC converter with
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a dynamic DC port, it is not sufficient to include only the
AC side parameters in the stability analysis. As the DC port
components influence the setup’s stability, they must also be
considered in the stability assessment. Therefore, first, the
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internal sources must be checked for stability. If the modeled
sources are stable, the impedance ratio can be used to evaluate
the stability of the P-HIL setup with a DC/AC converter. The
modeled impedances and stability analysis are validated by
comparing them with the benchmark of the P-HIL setup in
MATLAB/Simulink.
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