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Abstract—Power Hardware-in-the-Loop (PHIL) is a fidelitous
and reliable testing approach to evaluate the integration of
emerging power technologies such as renewable resources in the
power grid. However, when integrating the hardware-of-interest
(Hol) with an emulated grid, insufficient prior knowledge about
the Hol and transfer latencies in a PHIL setup can lead to loop
instability, potentially resulting in hardware damage. Therefore,
analyzing the loop stability before performing experiments is
crucial. This paper approaches the impedance-based method to
analyze the stability of a PHIL when testing a three-phase grid-
following inverter with an LCL filter. The contribution lies in
examining the impact of current and voltage sensor placement
on the PHIL stability in four different scenarios: two for current
and the other two for voltage sensor within the LCL filter. The
results are presented and validated through time and frequency
responses using Simulink/ MATLAB.

Index Terms—Power hardware-in-the-loop, impedance-based
stability, grid-following inverter, sensor placement.

I. INTRODUCTION

In a Power Hardware-in-the-Loop (PHIL) setup, a real-time
simulator incorporating a grid model, known as Software-
of-Interest (Sol), is combined with specific interfaces, e.g.,
amplifier to replicate a realistic grid environment on a labo-
ratory scale. The interaction between a Hardware-of-Interest
(Hol) and the emulated grid can be studied across diverse grid
scenarios [1].

The literature demonstrates various applications of PHIL,
including microgrid controller testing [2], renewable integra-
tion studies [3], and electric vehicle (EV) charging infras-
tructure [4]. However, in a typical PHIL setup, the real-
time simulator introduces two time-step delays to emulate the
grid, while interfaces such as sensors and power amplifier
(depending on its bandwidth), may introduce additional phase
shifts. These phase shifts contribute to inaccuracies compared
to the actual grid. Moreover, increased delays in the system
reduce stability margins. The primary objective of employing
PHIL is to analyze the interaction between the Hol and the
emulated grid, which is often unrecognized prior to a PHIL
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experiment. The lack of prior knowledge about the Hol/Sol
interaction and delays introduced by system components and
interfaces threaten closed-loop stability and may lead to po-
tential hardware damage. Therefore, ensuring setup stability
in the preparatory phase of PHIL experiments is crucial to
prevent hardware damage and ensure result accuracy.

Analyzing grid-connected inverters as Hol is increasingly
common due to their wide-ranging applications [S5] and [6].
The same as grid-tied inverter integration stability analysis
[7], applying the impedance-based method for stability anal-
ysis in a PHIL setup eliminates the necessity for a detailed
Hol/Sol model to guarantee system stability [8]. The impact
of inverter controller bandwidth, numerical filter cut-off fre-
quency, impedance shifting, selecting interface algorithm, and
compensators on the stability of a PHIL is well-studied in the
literature [9]-[11].

As highlighted in [12], the placement of sensors for con-
trolling a grid-following inverter can vary across LCL filters
for different applications, making four combinations:

1) Current sensor location on the grid side inductor

2) Current sensor location on the inverter side inductor

3) Voltage sensor location across the Point of Common

Coupling (PCC)
4) Voltage sensor location across the capacitor of the LCL
filter
Nevertheless, the repercussions of sensor placement on stabil-
ity when tested in a PHIL setup remain unexplored.

This paper examines a comparative exploration of the sta-
bility of these four scenarios when a grid-following inverter is
taken in Hol. Section II introduces the PHIL setup and each
component’s respective transfer function. The system is then
modeled through two impedances: grid impedance, including
the grid model, amplifier bandwidth, conversion delays, and
numerical low-pass filter, and inverter impedance, including
the current controller, delays, and LCL filter. The open-loop
transfer function is derived using the impedance ratio. Section
IIT focuses on verifying the impedances, comparing bode plots
of the modeled impedances and harmonic measurements in
the simulated system. Moving on to section IV, the stability
condition is demonstrated by demonstrating the time-domain



response of the model implemented in Simulink and corre-
sponding the Nyquist plots of the impedance ratio. Finally,
the paper concludes by summarizing critical understandings
drawn from the study.

II. MODELING THE SELECTED PHIL SETUP

The voltage-type ideal transformer method (V-ITM), which
employs the linear power amplifier functioning as a voltage
source, is chosen as the interface algorithm. Illustrated in Fig.
1, the Thevenin equivalent of the grid is created using a voltage
source in series with an RL impedance. The modeling process
considers various delays, including digital real-time simulator
(DRTS), D/A, A/D, sensor, power amplifier, and the amplifier’s
dynamics. Within the digital-real-time simulator (DRTS), a
numerical low-pass filter is interfaced into the feedback loop
to eliminate high-frequency measurement noise. The Hol in
this study is a grid-following inverter with an LCL filter
modeled as a dg-based current-controlled voltage source. Fig.
1 shows sensor placement scenarios. Altering the location of
the current sensor means transitioning the controlled variable
from 44 to 4;. Similarly, changing the voltage sensor impacts
the feedforward, influencing the dynamics of the controlled
variable. Establishing the stability criterion in this section
involves deriving the open-loop transfer function for each
scenario via impedance-based modeling.

A. Case I: Vg, ig4

In this case, PCC variables are fed into the control unit;
namely, the 7, is controlled, and V is feedforwarded. A similar
approach as in [8] but with feedforward is adopted here. The
system shown in Fig. 1 is modeled with two impedances
and two sources at the sides of PCC through the following
equations.

Gifw = GampGp/aGsor (1)
G amp = ¢~ Tame)s /(1 /wg)s? + (2D /wo)s +1)  (2)
Gpya = e Tora)s 3)
Gsor = ¢~ (1501 @)

Where G 4, is the transfer function of the linear amplifier
with the cut-off frequency of wgy, damping factor of D, and
the delay of T',,,. Also, the delay of the D/A converter
and real-time simulation delay are shown as Tp,4 and Ts.r,
respectively.

The feedback involves the delays of A/D and sensor and a
first-order filter as an interface in the Sol to avoid numerical
stability issues with the cut-off frequency of w,, given as:

Gifb = GsensorGa/pGFilter 5)
Gsensor(s) = e~ (Tsensor)s ©
Ga/p(s) = e (Tasp)s o
Gritter(s) = we/ (s + we) )

According to Fig. 1, the relation between V; and i, is given
in (9):

Zs=Lss+ R (10)

The same as [8], by replacing the corresponding transfer
functions given above in (9) and rearranging the equation, (11)
is achieved, which describes the grid side of PCC with V.4
as a source, and Y,;q as the modeled admittance. It is to be
noted that in this paper, the sign of Vj,;4 is shown based on
the direction of the current.

1 1
g = — Vs V, 11
K GippZs +GibesGifw g (1
Vyrid Ygria
Therefore, the impedance of the grid side becomes:
Zg'r‘id = GSOIGD/AGAmpGSensGD/AGFilterZs (12)

For the inverter side, the relation between PCC variables is
given as follows:

iy = Y1Vi — YV, (13)

In which the ¢, is the superposition of the current flowing by
inverter, Y7 V; and that of by emulated grid, Y>V;. Applying
the superposition, Y7 and Y> are calculated as:

Yi=2¢/(Zr,%c + ZcZr, + Z1,Z1,) (14)
Yo =(Zc+ Z1,)/(Zr,Zc + ZcZy, + Z1, Z1,) (15)
Zp, = Lgs+ry (16)
Zr, = Lis+m; (17)
Zc =1/(Cys) + Ry (18)

Where 74 and 7; are the internal resistors of the inductors. The
relation between the voltage of the inverter’s output and the
PCC current can be shown through the current controller as
in (19). The impact of PLL at impedance and, therefore, on
the system’s stability is ignored.

Vi = (i* — Tuiyg)GprTy+ V, T3 (19)
Gp[:kp—f—kii/s (20)
Ty = ei(TdPI)S 21

Where T}, is the delay of the controller. By replacing (19)
to (13), the relation between i, and Vj, for the inverter side
is achieved as:

P Gprla¥h o A
S 1+ Gpr T 1+ GpTs%Y; (22)
b Yino

Which describes a current source, %;,,, and the inverter
impedance model. Hence, the impedance of the inverter can
be represented as:

Ziny = —(14+ GpiT*N) /(Y2 = ViT?)  (23)
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B. Case II: Vg, i;

The synchronization process occurs at the PCC, but now the
control is shifted to the current on the inverter side. Alterations
in sensor placements within the LCL filter mean the modeled
grid impedance remains the same as in Case I across all the
scenarios. Consequently, only the equations affected by these
sensor placements are revised and provided here. Since the
controlled variable is now the ¢;, it is substituted to ¢, in (19):

Vi = (i* — Tui;)GprTa + VT 24)
Where the same as Case I, ¢; can be achieved by applying
superposition:

1, = Y3V, = Y1V,
Ys =(Zc+ Z1,)/(Zr,Zc + ZcZL, + Z1,Z1,)

(25)
(26)

And i, remains the same as in (13). Therefore, by replacing
(25) to (24), and to (13), the inverter model is achieved as
follows:
_ GpiTyyy
g = ——————5— 1
1+GprTy"Ys
—_——

<k

Linv

27
_Yo(14+YsGp Ty?) = VAT, (14 YiGpr) v 7
1+ GprTs*Y3 J
Yinv
The inverter impedance, as a result, becomes:
Zinv = 1/er'n1) (28)

C. Case lll: V., i,

Placing the voltage sensor at V. means that synchronization
and, consequently, feedforward is now over the capacitor of

the LCL filter. This means the relation between V; and the
controlled variable holds:

Vi = (i* = Taig)GpiTa+ Vel
V. = Vg + igZLg

(29)
(30)

And by returning (30) to (29) and (29) to (13) the impedance
model is achieved as following:

B Y, =TS
1+ (Gpr — Z,) T4Vt !

GprTaYh o
L+ (Gpr — Z1,,)T4°Y:

lg =

Yi nv

tinv

3D

D. Case IV: V, i;

In the last scenario, the inverter side current is controlled,
and the inverter is synchronized with the grid at the capacitor
leg of the filter. Therefore:

Vi = (i* = Tuis)GprTa + VT (32)
By returning (25) and (30) to (32), and (32) to (25) the
impedance model is achieved and shown below:
Gprla¥h .

p— Z
14 (YsGpr —Y1Z1,)T3

g

Yo(1+ Y3GpiT2) — V1T (1 + GpiYr)
1+ (Yng[ - leLg)T(?

(33)

Y

Yino

With the setup now fully modeled, incorporating grid and
inverter sources along with impedances across all scenarios,
the veracity of the models is validated in the next section.
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III. IMPEDANCE VERIFICAION

To validate the impedance modeling, the setup shown in
Fig. 1 is implemented in Simulink with the parameter given
in Table I. The value of Z; is set as 0.7 times the value of
Z14. Perturbations, shown in the figure as V), and 7, in a
range of 200-1000 Hz for f, are applied. Then, PCC current
and voltage are measured and fed to the Fourier transform
for gain and phase measurements of Zj,.,., and Zgriq, .,
respectively. The achieved values are compared with the Bode
plot of modeled impedances in section II, and the comparison
in each case is represented from Fig. 2 to 6. The proximity
of the frequency response of the modeled impedances with
measured values, as referenced, serves to validate the accuracy
of the modeling approach.

A similar frequency response is apparent between cases I
and II, as well as cases III and IV. In other words, the plots
reveal minimal discrepancies in the gain and phase of inverter
impedance when only the current sensor location is modified.
However, a notable reduction in gain is observed when the
voltage sensor is repositioned across the capacitor instead of
PCC. Additionally, beyond 400 Hz, a gradual divergence in the
phase of cases III and IV is observed, resulting in a distinct
alteration in the shape of the inverter impedance compared to
cases with V;;. With the model now validated in the preceding
section, the stability of the system is to be assessed next via
the impedance-based stability criterion.

IV. STABILITY VERIFICATION

The stability of the system is affirmed based on the follow-
ing stability criterion [7]:

GOL = Zgrid/Zin'u

Where both impedances are modeled in the previous section.
For verification, the C; value is changed from 12 to 4 pF.
Then, the Nyquist plot of Gy, is illustrated along with the
time response from the Simulink model in both cases. Similar
to bode plots, Fig. 7 indicates that the response and stability
margin in the first group of the first two cases are close to
each other, the same as the second group. All cases with this
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capacitor value are stable, and the margins of the all seem
to be close. However, with a 4 pF', as depicted in Fig 8§,
there is a margin difference between group one, namely cases
I and II, which are unstable, and group two, cases III and



TABLE I
PHIL SIMULATION PARAMETER
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IV, which are within the stable zone. Based on Nyquist plots,
when the voltage sensor is placed across the capacitor of the
LCL filter, the stability of the system is enhanced, whereas
the current sensor’s location does not impact the closed-loop
stability of such a system. To prove this finding, the time
domain response from the implemented Simulink model is
shown in Fig.9, where at 0.7 s, the voltage sensor is switched
from the capacitor’s location to the PCC (from V. to V), and
the system becomes unstable and at 0.8 s, it is switched back
to case III and the system regains the stability, confirming the
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Fig. 9. Time domain response of the controlled current when changing the

position of the voltage sensor

Nyquist plot’s correctness.

V. CONCLUSION

The positioning of voltage/current sensors in grid-connected
scenarios can vary depending on specific applications. Under-
standing the impact of sensor positioning on system stability is
crucial, specifically for Power Hardware-in-the-Loop (PHIL)
users. This paper focuses on assessing the stability of a
grid-following inverter with an LCL filter, serving as the
hardware of interest, across four potential sensor placement
combinations. The inverter impedance, influenced by sensor
placement, is modeled analytically and verified via simulations
for each case in Simulink. Then, through the Nyquist plots



of the impedance-based creation, the stability of all cases
is assessed and verified with time domain simulations. The
achievements derived from this study show that a change in
the location of the voltage sensor can cause a notable impact
on stability margin, while the change in the current sensor
location appears negligible. Placing the voltage sensor over the
capacitor enhances its stability compared to placing it on PCC.
This conclusion can benefit PHIL users by balancing system
stability according to the requirements of their respective test
case applications.
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