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Abstract

In power systems, Single-Line-to-Ground (SLG) faults are the most common type of fault. When a three-phase four-wire system supplied by an
ungrounded synchronous generator is subjected to SLG faults, the unfaulted phases are expected to exhibit significant ground-fault over-voltage
(GFOV). Mitigation of this is via effective grounding, as described in IEEE Std 62.92.2. However, for inverter-based resources (IBRs), the
physical mechanism that leads to GFOV in synchronous machines is not present. This paper investigates whether GFOV is a problem in IBRs,
and whether conventional mitigation requirements, such as providing a grounding transformer (GTF), are suitable for IBR installations. To answer
these questions, a Controller Hardware-in-the-Loop (CHIL) based performance analysis is conducted. To this end, different simulation models
have been developed to analyze the IBRs control and protection response. The models are comprised of a 13.2 kV, 500 kW distribution system
fed by a grid connected PV inverter which was simulated in Typhoon HIL 604 real time simulator, with a IEEE Std 1547-2018 compliant external
physical controller connected in the loop. The experimental set-up and tests conducted are explained and results are analyzed, showing that
effective grounding requirements are much different than those for traditional generators.
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1. Introduction

This paper investigates the schemes for protecting PV inverters
from transient overvoltages (TrOV) under single-line-to-ground (SLG)
faults. To carry out this investigation, Typhoon HIL based real-time
controller hardware in the loop (CHIL) models for a grid connected
PV-inverter were developed. The paper is structured into five sections.
The first section focuses on the motivation, presents a brief literature
review, and enumerates the specific contributions of this article. The
second section describes the experimental setup and methodologies in
details. The third section presents the detailed simulation results, and
the fourth section analyzes these results in the context of inverter pro-
tection. The final section concludes this article with additional discus-
sions on the findings.

1.1. Motivation
It has been observed that up to 80% [1] of all the faults that occur

in power systems, are single line to ground (SLG) faults. Theoreti-
cally, SLG faults occurring on a system supplied by ungrounded syn-
chronous generators can lead to a Ground Fault Overvoltage (GFOV)
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of up to 173% of the nominal voltage on the unfaulted phases[2]. The
theoretical derivation for this observation is carried out by the authors
in [3]. To mitigate this over-voltage problem, the IEEE std C62.92.2
has proposed certain effective grounding techniques for synchronous
generators. However, such existing methods require further validation
and analysis in the context of their application in IBR based systems.
To date, there is a gap in understanding on how IBR based systems
would respond under SLG if existing effective grounding techniques
are employed, and whether or not they are actually required for IBRs.
Thus, the current work investigates the GFOV phenomenon and the ap-
plication of existing mitigation techniques in the context of IBRs. In-
verters, whether used for photovoltaic (PV) systems or energy storage
facilities, typically include internal fast overvoltage protection mecha-
nisms designed primarily to protect the inverter itself from damaging
transients. These mechanisms, referred to as Self Protection Over-
Voltage (SPOV) mechanisms, have the added benefit of causing the
inverter to cease to energize when the circuit voltage exceeds certain
limits. The SPOV mechanisms thus can mitigate both ground-fault
overvoltage (GFOV), and load-rejection overvoltage (LROV). With
the SPOV function included in the inverter, the main purpose of this
work is to demonstrate that overvoltages are mitigated with or without
traditional effective grouding techniques employed in the system. To
carry out this analysis, a controller-hardware-in-the-loop (CHIL) study
is conducted by coupling a power system model designed specifically
for this GFOV analysis to a real-world control/protection hardware de-
vice for IBRs. To this end, a model for a 13.2 kW, 500 kW distribution
system including a grid connected PV unit was implemented in a real-
time simulator (RTS). This choice was made because the response of
IBRs is largely determined by the real-world software/hardware im-
plementation of their control and protection features. The CHIL ap-
proach for testing control/protection equipment coupling an RTS with
the actual control/protection hardware allows for a test-setup which
reproduces highly transient power system behaviour with full feed-
back between the control system and the plant-hardware. In RT-CHIL
experiments, RTSs are used to simulate the response of a power sys-
tem in real-time. In this work, the Typhoon HIL 604 RTS was used
to model the grid connected PV system. To control the PV inverter,
an IEEE Std 1547-2018-compliant control hardware, the Austrian In-
stitute of Technology Smart Grid Controller (known as the ASGC or
AIT SGC), was coupled with the RTS[4]. This configuration allows to
evaluate how controller-hardware connected to the PV system would
react to the SLG fault and to assess a possible GFOV. To modify the
SPOV settings, the firmware on the controller was manipulated. This
procedure is elaborated in section 3.5.

1.2. Related Works
The severity of GFOV observed in synchronous generators has

been documented and theoretically analyzed previously [5]. This
work showed that ungrounded 4 wire/3-phase distribution systems sup-
plied by synchronous generators are susceptible to an over-voltage of
up to 1.73 pu under SLG conditions, and evidence of this phenom-
ena in various actual systems has been obtained through the survey
presented by the authors in [6]. SLG faults are studied in great de-
tails for Romanian power grid in [7], and similar studies focusing on
North America, have been published in [8]. Hence, there is a good
understanding of GFOV due to faults for systems with conventional
generators.

A recent study addressed the GFOV phenomena for IBR-based
systems [3] and demonstrates that the resulting over-voltages in three-
phase four-wire circuits serving Y-grounded impedance loads could
be expected to reach no more than about 122% of the nominal volt-

age, which is below the requirements for effective grounding. How-
ever, they cannot be directly mitigated by the existing techniques in
the IEEE Std 62.92.2 [9]. The results demonstrated by the authors
in [10], [11] established that if standard symmetrical-component anal-
ysis is used to solve for the impedance of a hypothetical grounding
bank that would ensure that the voltages of both the unfaulted phases
during an SLG fault would remain below the definition of “effectively
grounded” above a certain GLR, it would yield a negative value. Thus
there’s no real-world solution for designing a GTF that would mitigate
the overvoltages IBRs face under an SLG fault when they are oper-
ating under a high GLR (over 4.5). This phenomenon was explained
by the fact that the negative-sequence voltage starts to dominate above
that GLR.

This is because, typically grid-following IBRs cannot be modeled
by ideal voltage sources. Instead, the responses of IBRs is largely
defined by their fast-acting internal control and protection strategies
[12], implemented in the firmware as reported in [13], [14]. It is also
important to note that the IBRs can exhibit both GFOV and Load Re-
jection Over-voltage (LROV), when subjected to an SLG condition as
reported by the authors in [15], and their Self-protection Overvoltage
(SPOV) might interact with the GFOV or LROV phenomena. These
hypotheses are addressed in this paper.

The use of digital real-time simulators is becoming increasingly
relevant for technical performance analysis of energy resources and
IBRs when integrated into the electrical grid. It is crucial to note that
different existing RTS are widely disparate in terms of their modeling
environments, component model libraries and the hardware they use.
The surveys presented in [16] and [17] summarized intricate compar-
isons between these various real-time simulation platforms including
but not limited to those from companies such as Opal-RT, Typhoon
HIL, dSPACE, RTDS, etc. In this work, the discussion is constrained
to the RTS from Typhoon HIL and related SW/HW infrastructure. The
decision to use this simulation hardware was based on the compatibil-
ity of the ASGC control hardware with Typhoon HIL 604 RTS. Ty-
phoon HIL supports SunSpec compliant inverter controller hardware,
which needs to be connected to the real-time simulator that runs the
inverter model via a breakout board. The ASGC is one of such con-
trollers, while [4, 18, 19] have reported detailed descriptions of this
hardware for different applications, such as the control the distributed
energy sources (DER) being simulated on the real-time hardware.

1.3. Contributions
• This paper shows how appropriate SPOV settings are able to

mitigate the TrOV and keep it from violating the constraints
reported in IEEE std 1547-2018.

• This paper reports experimental results to demonstrate that tra-
ditional effective grounding techniques like grounding trans-
formers are not suitable for mitigating TrOV for inverters un-
der SLG, operating with higher GLRs (On predominantly Y-
connected loads). Extensive sequence analyses were carried
out to provide a theoretical justification of this phenomenon.
The experimental observations were found to be corroborating
to the research published in existing literature.

To achieve these two objectives, a Typhoon HIL based RT-CHIL
test-setup was modeled and interfaced with an IEEE 1547 compliant
controller hardware.
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Figure 1: Pictorial representation of the grid connected PV distribution feeder used in this work.

Table 1: Software used in the CHIL Experiment

Software Type Version Function Library/Selection
Firmware 2020-release Simulator Control of Processor cores and
Manager Configuration Machine Cores, Memory Allocation
aBoot Flasher 3.1.1 Controller Configuration Control of current & voltage configuration

of the ASGC controller
Schematic Editor 2019/20 Designs the power circuit Typhoon’s propreitery library, User defined

C functions, Initialization
HIL SCADA 8.4 Interact with the circuit HIL SCADA Widgets, Monitoring,

running on simulator Data Logging and Visual Library
3.7 Interact with the controller HIL SCADA Widgets, Monitoring,

hardware in loop Data Logging and Visual Library

2. Experimental Setup

2.1. Experiment’s Hardware Infrastructure Overview
The experiments conducted in this paper were carried out by sim-

ulating the power distribution circuit represented in Fig.1 using the Ty-
phoon HIL-604 RTS. The inverter is controlled by the external controller-
hardware (ASGC) generated PWM signals. Fig. 2.(b) shows a picture
of the test bench with all these hardware components. Detailed de-
scription of these individual hardware components is presented in Ap-
pendix 6.1.

2.2. Experiment’s Software Overview
Table 1 summarizes the software tools utilized to carry out the

GFOV experiment. It can be seen that most of these software tools
are proprietary ones provided by Typhoon HIL and AIT. It needs to be
noted that two different versions of the HIL SCADA software package
are required. The latest version(8.4) interacts with the real-time simu-
lator running the inverter model, and the older version (v3.7) interacts
with the controller connected to the simulator. The functions of the
different software are explained in detail in Appendix 6.2.

Algorithm 1 Protocol for GFOV Experiments
/* SLG Fault Introduction */

if ∠Va − θ < ε then
if Faulter=1 then

BKRF= CLOSE
State= FLT
EXIT to next function

else
BKRF= OPEN

else
Continue Simulation

/* Breaker Opening */

while State=FLT do
Wait (35 ms) ;
do in parallel

if ∠Ia < ε then
BKRA=OPEN

if ∠Ib < ε then
BKRB=OPEN

if ∠Ic < ε then
BKRC=OPEN

2.3. Experiment Setup and Protocol
This section describes how the aforementioned hardware/software

were used to develop the experimental setup to analyze the GFOV phe-
nomena.

Figure 1 illustrates the model that was simulated on the Typhoon
HIL 604. The specifications of the model’s components are presented
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Figure 2: (a) Pictorial representation of the experimental setup, (b) The physical experimental setup, (c) The interface between ASGC controller and Typhoon HIL
604

Table 2: Distribution System Specifications

Component Specifications
Line-to-line Voltage, 13.2 kV

Utility Source 3 phase Short Circuit MVA, 180 × 106

X/R = 8
Line Construction = 336AA (phase),
3/o (Neutral)

Z1 = 0.278 + j 0.682
Distribution Feeder Z0 = 0.7575 + j1.9532

Distance from PV to Load, 3 miles
Distance from Load to Breaker, 3 miles
3 phase, 480 V/13.2 kV

DG Transformer kVA = 500, Z = 5%, X/R = 10
Configuration Yg-Yg
3 phase, 13.2 kV/13.2 kV

GTF (if used) kVA = 500, Z = 5%, X/R = 10
Configuration Yg-∆

PV System 500 kW, 0 kVAR
Constant Power, Phase to Ground

Load kW = 500, kVAR = 0
Compensating Capacitance: 29.5 kVAR

(at untuned condition)

in Table 2. It needs to be noted that, the system shown in Fig. 1 also in-
cludes a capacitance-bank in parallel with the load. This capacitance-
bank balances out the inductive reactive power consumed by the mag-
netization path of the 480V/13200V distribution transformer in order
to help stabilize the frequency when the grid is disconnected.

To perform the GFOV experiments, the experimental protocol de-
scribed in Algorithm 1 was followed. There are two interventions that
need to be carefully applied, and to implement them one macro was
written inside the Typhoon HIL SCADA (v8.4) tool.

First, the SLG fault is applied on the load bus. Next, the utility-
side breaker waits 35 ms and then disconnects itself from the faulted

portion of the system, leaving only the PV-inverter to feed the fault
current. To ensure reproducibility in the experiments, the switch that
applies the SLG was set to only operate when the voltage at phase A
is at its highest (i.e. ∠VA = 90o(θ)). However, it was observed that, if
this equality-relation ship is enforced, then the simulator often misses
the 90o mark, because the PLL loop that computes the angle of the
voltage signals had an update-rate of only 100us. Thus, an additional
parameter ε was introduced, which is used to define a finite but small
window during which the fault can strike. ε was set to 2.5o. This
allowed to detect when the angle of the voltage waveform was within
2.5o of the 90o mark in order to apply the SLG. This sequence of events
can also be visualized through Fig. 3.(a) and Algorithm 1.

Second, a similar approach was followed when disconnecting the
grid from the remainder of the system. Upon waiting for 2 cycles (35
ms), the grid will be disconnected one phase at a time, only when the
current on that phase is close to the zero-crossing. This was imple-
mented by using the same parameter ε.

It is important to note that 35 ms is a very fast time for a standard
distribution level breaker. However, in order to maximize the duration
for which the inverter manages to provide the fault current (before dis-
connecting due to its own protection functionalities), the speed of the
breaker was increased. The duration for which the inverter provides
the fault current is the duration for which the GFOV may be observed.
Consequently, all the analyses were performed on the measurements
taken during this period. It needs to be noted that, the overall control
strategy of the inverter is based on a standard constant P-Q algorithm.
The inner current loops of this algorithm were used to control the d-
axis and q-axis currents of the inverter.

3. Results and Analysis

This section summarizes results from different analysis conducted.

3.1. Tuning of Capacitor Banks for GFOV Sequence Compo-
nent Analysis

The first set of results presented in this section is a CHIL simu-
lation of the system with a Generation to Load Ratio (GLR) of 1.0.
These simulation results are summarized in Fig.3(a)-(d). To empha-
size the utility of a well-tuned capacitor bank, Fig. 3(b) is reproduced
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Figure 3: CHIL Simulation under GLR 1.0: (a) Operation of the Breakers, (b) Phase Voltages, (c) Phase Currents (PV-Inverter), (d) Active Power provided by the
utility and the PV source
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Figure 4: Effect of Capacitance-Tuning: (a) Phase voltages under SLG without tuned capacitor bank, (b) Phase voltages under SLG with tuned capacitor bank, (c)
Frequency estimation by the measurement system under SLG
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in Fig.4(a). It can be seen from Fig.4(a), that after the utility detects
the SLG fault and disconnects itself, the inverter only manages to sus-
tain itself for 3 cycles. During these 3 cycles, there was a maximum of
7.8% over-voltage observed on the unfaulted phases. In Fig. 4(b), the
employment of a capacitor bank increases the number of cycles (>10
cycles) the inverter manages to sustain itself after the injection of the
fault.

It can be seen upon careful observation of the waveforms in Fig.4.(a)-
(b) for 0.55s ≤ t ≤ 0.6s, that the magnitude of over-voltage is much
lower than what was observed (73%) in synchronous generators, irre-
spective of whether a capacitor bank is used.

It was also observed that (without capacitance bank) during these
3 post-fault cycles, the frequency varies rapidly (red plot in Fig. 4(c)),
and the inverter ultimately disconnects due to the operation of over-
frequency relay. Because, the frequency was not constant, the relative
phase angles were varying, and thus, it is theoretically difficult to apply
symmetrical components to this situation (i.e. Fig. 4(a)). However, in
order to evaluate the protection schemes for such systems under SLG
faults, and better understand how the measurement and control sys-
tem of the inverter respond to such conditions, it is useful to perform
the symmetrical component analysis. To apply the symmetrical com-
ponent analysis frequency needs to be relatively constant. To achieve
this, a tuned capacitance bank was connected in parallel with the re-
sistive load. Tuning of capacitance-banks is a well-researched topic
which has been addressed in [20]. For this particular research, the
sizing of the capacitance bank (< 10% of the system capacity) was
decided based on the ratios reported by the authors in [21]. The tuned
capacitance bank had a capacitance of 1.75 uF per phase. Upon suc-
cessful tuning, the inverter manages to operate at a reasonably fixed
frequency for a few cycles (blue plot in Fig. 4(c)) even after the utility
has been disconnected. It must be noted that regardless of having tuned
the capacitance-bank for analysis purposes, the inverter will disconnect
itself after a few additional cycles of islanded operation as shown by
other experimental studies [22]. In order to investigate the nature and
source of the overvoltage, a detailed symmetrical component analysis
was performed on this modified model with tuned capacitance banks,
during those cycles. The three-phase voltage-responses of the system
with and without tuned capacitors are shown in Fig. 4. It can be seen
that the inverter can operate for a much longer duration when the ca-
pacitor banks are carefully tuned. Fig. 4.(c) shows that the frequency
estimated by the PLL loop goes beyond the permissible limit within
2-3 cycles if the capacitance banks are not tuned properly. Under the

new conditions the sequence diagram under faulted condition can be
determined. When the utility has already disconnected itself from the
inverter and the load, the sequence diagram is shown in Fig. 5(a).

Figures 6(a)-(b) exhibit the phase currents from the inverter’s side,
and the phase currents measured on the load. Figures 6(c)-(d) illustrate
the symmetrical components of the currents plotted in Fig. 6(a)-(b)
respectively. Notably, for the current from the PV-inverter side, the
zero-sequence current was negligible while the negative-sequence cur-
rent was non-negligible (e.g. around the 0.65 second mark, the zero
sequence current is close to zero, while the negative sequence current
is close to 1.5A). For the currents observed from the load, both the
negative-sequence and zero-sequence currents are significant. This is
expected because the phase-A current is zero while the phase-B and
phase-C currents are higher than their unfaulted values.

To establish how these results relate to the circuit of Fig. 5(a),
instantaneous values observed at t = 0.6s seconds were considered.
Applying KCL in the circuit of Fig. 5(a) gives:

I0 = IPV(+) − Iload(+) (1a)

I0 = IPV(−) − Iload(−). (1b)

Next, applying KVL on Fig. 5(a) yields:

V+ = Iload(+) × Zph, (2a)

V− = Iload(−) × Zph (2b)

V0 = Iload(0) × Zph. (2c)

The values of the phase currents for the PV inverter and the load
at t=0.65 were logged from the observation made in Fig. 6. These
values are verified by using (1) and (2). The results are summarized in
the first two rows of Table 3. Having calculated the voltage-sequence
components, those values were used to verify the phase voltages using:

Vb = a2V+ + aV− + V0 (3a)

Vc = aV+ + a2V− + V0. (3b)

The results for the unfaulted phases B and C are summarized in the
third row of Table 3. It can be seen that there are some minor over-
voltages in the unfaulted phases. This is consistent with the observa-
tions made in Fig. 6(b).

3.2. GFOV and GLR
The next set of experiment was to vary the GLR and study the

effect of GLR on GFOV. This was achieved by varying the load while
keeping the generation from the PV-inverter constant. This type of
study is reported in IEEE Std 62.92.6.-2017. In this work, the trend
of GFOV with varying GLR was compared with those reported in the
IEEE Std. This comparison is shown in Fig. 7. It is also observed that
overvoltage for IBRs is a bigger problem for larger values of GLR than
it is for smaller values of GLR. It is also illustrated that at a GLR of
1.0, the GFOV is not as severe as it is for synchronous generators.

3.3. Impact of conventional GFOV mitigation
The next step in this experimentation was the application of tradi-

tional over-voltage mitigation techniques in this system. While meth-
ods like injection of neutral bus and using ground fault neutralizers
are sporadically used in improving the grounding efficiency of power
systems, most industries utilize grounding transofrmers for effective
grounding and lowering the coefficient of grounding. For this particu-
lar work, a grounding transformer was incorporated within the circuit

6



Adhikari et al. / Electric Power Systems Research -0.35in (2022) 1–13 7

0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8

Time(s)

-50

0

50

(P
V

) 
In

v
e
rt

e
r 

C
u
rr

e
n
t

Phase A

Phase B

Phase C

(a)

0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8

Time(s)

-40

-20

0

20

40

L
o
a
d
 C

u
rr

e
n
t Phase A

Phase B

Phase C

(b)

0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8
0

10

20

30

P
V

-I
n
v
e
rt

e
r 

C
u
rr

e
n
t

Zero Sequence

Negative Sequence

Positive Sequence

(c)

0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8

Time(s)

0

10

20

L
o
a
d
 C

u
rr

e
n
t

Zero Sequence

Negative Sequence

Positive Sequence

(d)

Figure 6: Current measurements when there is no GTF in the circuit: (a) 3-phase currents from PV inverter, (b) 3-phase load current, (c) Sequence components of
currents from PV inverter, (d) Sequence components of load current

Table 3: Sequence Components of Fig. 5(a) at t=0.65 sec

Eqn Numerical Validation

KCL(1)

IPV(−) − Iload(−) = 1.93 −17.6◦ − 7.34 −178◦

= 9.18 −3.1◦

IPV(+) − Iload(+) = 26.07 0◦ − 16.9 1.7◦

= 9.175 −2◦

Iload(0) = I0 = −9.18 178◦ = 9.18 −2◦

KVL(2)

V− = Zph × Iload(−) = 339 −12.1◦ × 7.34 −178◦

= 2488.26 −190.1◦

V+ = Zph × Iload(+) = 339 −12.1◦ × 16.9 1.7◦

= 5729.1 −10.4◦

V0 = Zph × Iload(0) = 339 −12.1◦ × 9.18 −182◦

= 3112.02 −194.1◦

(3)

Vb = a2V+ + aV− + V0 = 8361 −134.4◦

= 1.096pu
Vc = aV+ + a2V− + V0 = 8273 112.8◦

= 1.085pu

(and the capacitance bank had to be re-tuned to obtain well-sustained
results). Two different types of connections are used in grounding
transformers (GTF): (a) ZigZag or (b) Yg- ∆. Because the ZigZag
transformer was not available in the model library, the Yg- ∆ connec-
tion for the GTF was used. The GTF size was varied from 100 kVA

to. 500 kVA. The maximum overvoltages at varying size of the GTF
is plotted in Fig. 8. It can be seen in Fig. 8 that, the reduction of
maximum overvoltage increases with the increasing size of the GTF,
although the magnitude of reduction is minimal. The sequence anal-
ysis reported in this paper were performed using the 500 kVA GTF.
It is to be noted that this size of GTF is a large one (at 500 kVA, the
GTF is of the same rating as the distribution transformer), which was
chosen to emphasize its impacts on the circuit. Under an SLG fault,
the sequence diagram is also modified to include the GTF. This modi-
fied sequence diagram is illustrated in Fig. 5(b). The modified system
model was simulated for a GLR of 1.0. The KCL applied to this se-
quence diagram yields:

I0 − IGT F = IPV(+) − Iload(+) (4a)

I0 − IGT F = IPV(−) − Iload(−) (4b)

Equations (4) and (2) were used to verify the experiment results
for the modified system with GTF in Table 4. It can be seen that the
zero-sequence voltage is significantly reduced by the addition of the
grounding transformer, but this reduction in zero-sequence voltage was
not reflected in the negative sequence circuit. In fact, there was a minor
increase in the negative sequence voltage upon the introduction of the
GTF.

Hence, the improvement in TrOV by incorporating GTFs is negli-
gible. It can also be seen that one of the unfaulted phases bears a lower
voltage than the other. This is consistent with the observation in Fig.
9(b), and those reported in [10]. It is also to be noted, that the GTF pro-
vides a significant amount of zero sequence current into the network
as shown in Fig. 10(e). This influx of zero sequence current changes
the behavior of the circuit significantly, but it does not improve the ex-
isting overvoltage (around 10%) in the system. The phasor diagrams
corresponding to the observations noted in Table 3 and Table 4 are
shown in Fig. 13.
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Figure 7: Variation of overvoltage with increasing GLR

Table 4: Sequence Components of Fig 5(b) at t=0.65 sec

Eqn Numerical Validation

(4)

IPV(−) − Iload(−) = 2.99 106◦ − 11.8 199◦

= 12.31 33.2◦

IPV(+) − Iload(+) = 25.9 26.1◦ − 14.02 15.6◦

= 12.37 37◦

Iload(0) − IGT F = I0 = −10.25 29◦ + 2.35 −142◦

= −12.37 31◦

(2)

V− = Zph × Iload(−) = 331.1 −18.1◦ × 11.8 199◦

= 3906 180.9◦

V+ = Zph × Iload(+) = 331.1 −18.1◦ × 14.02 15.6◦

= 4642 −2.5◦

V0 = Zph × Iload(0) = 331.1 −18.1◦ × 2.35 −142◦

= 778.1 −160.1◦

(3)

Vb = a2V+ + aV− + V0 = 7841 −99.8◦

= 1.03pu
Vc = aV+ + a2V− + V0 = 7151 97.31◦

= 0.93pu

3.4. Impact of the power-factor in the load
In this experiment the configuration of the existing load was mod-

ified to include inductive components within it (The capacitance bank
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Figure 8: Variation of overvoltage with varying size of GTF

was re-tuned to achieve well-sustained results). The resultant power
factor after this modification was set to be 0.9 (lag). Fig. 14(a) shows
the GFOV while the load pf is 0.9 and the active power is set to 500
kW, resulting in an apparent power of 556 kVA. The observed maxi-
mum overvoltage in this experiment was close to 9%. Similarly, Fig.
14(b) demonstrates the overvoltages when the load pf is 0.9 and the ap-
parent power is 463 kVA. This yields an active power output of 416.6
kW, and a GLR of 1.2 if the inverter output is kept constant at 500kW.
The observed maximum overvoltage in these experiment was close to
29%. These results are consistent with the results obtained with upf
loads at GLR=1.0 and 1.2, which are presented in the second column
of Table 5. Thus, it can be concluded that, the inductive reactive power
component of the load does not effect the maximum GFOV as long as
the active power is maintained constant.

3.5. Impact of SPOV
It needs to be kept in mind that most modern inverters have a Self-

Protection Over-voltage (SPOV) function that rapidly stops switch gat-
ing in case of an over-voltage. This operation is extremely fast and
and is commonly based on instantaneous values of the voltages. This
SPOV mechanism is very helpful in mitigating TrOV while the IBR
operates at a GLR significantly over 1.0. Many inverters have the
SPOV setting fixed at 1.3 pu or 1.4 pu, i.e. the inverter will discon-
nect in few hundred microseconds if it detects an over-voltage over
30% or 40%, respectively. The ASGC has a default SPOV setting
fixed at 1.3. Because the TrOV varies almost linearly with the GLR,
the SPOV for the inverter was automatically triggered whenever sim-
ulations were run for GLRs over 1.3. This makes experimenting with
higher GLRs impossible without making modifications to the hard-
ware. It also demonstrated that the internal SPOV settings of the
ASGC controller hardware was very effective in mitigating the TrOV.

In order to run experiments with higher GLRs, the controller firmware
was modified. However, direct modification of the SPOV is not pos-
sible, i.e. it is not possible to change the value from 1.3 to a higher
value directly. Instead, it was necessary to change the nominal volt-
age parameter from 480 V to 600 V. This makes the new set-point
for SPOV trigger at 600 × 1.3 = 780 V, which is 1.625 times of the
previous nominal voltage of 480 V. Thus, under this new firmware
settings, it is possible to run experiments which might result in higher
over-voltages up to 1.625 pu. In Table 5, the results presented in blue
colored rows are obtained from experiments performed with this new
controller-firmware.

Table 5: TrOV variation with and without GTF

GLR Max TrOV without GTF Max TrOV with GTF
0.6 0.67 0.62
0.7 0.78 0.73
0.8 0.88 0.84
0.9 0.99 0.935
1 1.09 1.067
1.1 1.178 1.15
1.2 1.298 1.265
1.3 1.412 1.384
1.4 1.518 1.475
1.5 1.60 1.559
1.6 Unsustained Unsustained

For the purpose of simplicity, this paper refers to the SPOV value
of 1.3 as SPOV enabled, and the SPOV value of 1.625 as SPOV ef-
fectively disabled.
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Figure 9: Overvoltage simulation with GLR=1.0 and GTF: (a) Switching sequence, (b) Phase voltages
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Figure 11: SPOV interaction with the TrOV simulations for GLR=1.30: (a) When SPOV is disabled at 1.3 (b) When SPOV is enabled at 1.3

For a GLR of 1.3, two experiments were performed with the SPOV
settings disabled and enabled respectively, in order to show how the
SPOV interacts with the GFOV experiments. While the SPOV setting

is kept as disabled, the overvoltage simulations were run and the re-
sults are archived in Fig. 11(a). It was observed that the overvoltage
was close to 40% and the system experienced this level of overvolt-
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Figure 14: TrOV experimentation with non-UPF (0.9 lag)loads: (a) While GLR=1.0, (b) While GLR=1.2

age for over 10 cycles. However, when the firmware is changed to the
version with lower voltage rating, i.e. SPOV enabled, the system dis-
connects instantaneously after it experience the 30% overvoltage the
first time. This response is shown in Fig. 11(b). The SPOV operation
can also be confirmed by investigating the flags Protection.OC and
Vbn.max of the controller hardware, both of which were observed to
be changed to 1, after running this test with SPOV enabled.

4. Summary and Analysis of Experimental Results

4.1. Impact of TrOV in IBRs
The experimental results summarized in section 3 establishes that

inverter based DER systems are less prone to TrOV compared to syn-
chronous generators. However, for systems with higher GLR, the over-
voltage (more specifically, LROV) can still be significant. The over-
voltage effect would also be prominent for IBRs supplying loads of
lower power factors.

Crucially, it was observed that conventional grounding transform-
ers can not mitigate these overvoltages properly. This is because, the
introduction of GTFs increase the negative sequence voltage slightly,
in spite of reducing the zero sequence voltage by manipulating the zero

sequence impedance. This is illustrated in Fig. 12 and Fig. 13. Ad-
ditionally, with the rising GLR, there is significant increase in TrOV
is due to the LROV phenomenon (which originates from the positive
sequence circuit). To construct the phasor diagrams presented in Fig.
13, the instantaneous values of currents and voltages at t=0.625s were
used.

4.2. Importance of SPOV settings in IBRs
Building upon the previous observation, it can be stated that an in-

verter operating under a high GLR, remains vulnerable to TrOV (due
to LROV and GFOV) under SLG conditions even if a grounding trans-
former is utilized in the system to mitigate overvoltages. However,
based on the results shown in Fig.11(a)-(b) it can be hypthesized that
the IEEE 1547-2018 recommended SPOV settings are extremely use-
ful in protecting inverter based DERs from such TrOV. Table 6 illus-
trates the effectiveness of appropriate SPOV settings to mitigate over-
voltages in IBRs. It demonstrates the effect of setting a lower (i.e. 1.3)
value of SPOV while the IBRs are providing (i) a load with 50% share
of Yg load and (ii) a load with 100% share of Yg load. In this ta-
ble, the observations in ‘red’ exceed the acceptable limit of maximum
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Figure 15: Cumulative overvoltage duration calculation (a) GLR=1.3 (b)
GLR=1.4

overvoltage according to the IEEE 1547-2018 std. These overvoltages
were mitigated by simply setting a more restrictive SPOV value of 1.3.

Apart from the maximum overvoltage constraints, IEEE std 1547-
2018 also proposes predetermined upper-limits for the cumulative over-
voltage durations for certain discrete overvoltage levels (from 1.3 pu
to 2 pu). Fig. 15 demonstrates that without the SPOV settings en-
abled, the cumulative overvoltage-duration for the observed voltages
fall outside the acceptable operating region when the system is sub-
jected to SLG. The estimation for cumulative overvoltage duration can
be carried out by using the relationship Tcumulative1.3 = Ncycles × T1.3

where Ncycles is the number of cycles the inverter can sustain itself post-
breaker operation, and T1.3 is the amount of time in each cycle during
which the instantaneous voltage of the unfaulted phase is over 1.3 pu.
It is to be noted that, for experiments where the maximum overvoltage
is over 1.4 pu, both Tcumulative1.3 and Tcumulative1.4 need to be computed.
Similarly, for experiments where the maximum voltage was over 1.5
pu, three cumulative times Tcumulative1.3 , Tcumulative1.4 and Tcumulative1.5 need
to be calculated. The observations presented in Fig. 15 establishes that
a restrictive SPOV setting is crucial to protect IBRs from cumulative
overvoltage duration violations.

5. Conclusions and Future Works

Real-time CHIL simulation facilitates understanding of how mod-
ern inverter controls interact with conventional power grids without the
need of traditional modeling assumptions used in traditional off-line
studies or to perform field experiments. This paper presented CHIL
simulation results for SLG faults in a distribution network with grid
connected PV-inverters, and demonstrated that the GFOV in such sys-
tems is much less severe than they are when conventional synchronous
generators are used. It was also demonstrated that overvoltage be-
comes more severe at higher generation to load (GLR) ratios. A stan-
dard GFOV mitigation technique, i.e. grounding transformers (GTF),

was applied to the system and only a marginal improvement was ob-
served in terms of overvoltage reduction. Detailed sequence compo-
nent analysis was performed and it was observed that the resulting
over-voltage observed was generated predominantly from the negative
sequence network. Since, GTFs change the zero sequence network,
they were unable to completely mitigate the over-voltages. However,
since the magnitude of the over-voltage was small for standard oper-
ating conditions, the grounding needs are much lower than those of
synchronous generators. Finally, the effectiveness of the controller’s
SPOV was analyzed, showing that this mechanism will disconnect the
inverter when an over-voltage occurs.

The most important conclusion of this research is that, ground-
ing transformers can not prevent transient overvoltages for IBRs under
SLG fault. Utilities are still reluctant to abandon this practice due to a
lack of sufficiently-convincing information, which the authors believe
is leading to increased capital expenditures in the interconnection of
new inverter-based plants. The analysis identified how a supplemen-
tal ground source e.g. GTF, will not completely eliminate a GFOV
condition as they can only reduce the zero sequence impedance of the
system. In systems with higher GLRs, both the zero sequence and the
negative sequence network contributes to the overvoltages on the un-
faulted phases. The contribution from the negative sequence circuit is
not compensated by the GTF, and thus it dominates the overvoltage
phenomenon, especially at the higher GLRs. Grounding transformers
can also lead to negative impacts on distribution circuits, such as de-
sensitizing the utility ground relaying, increased arc flash energy and
blinding of the DERs to single phase open circuits. In addition, without
the supplemental ground source (i.e. the GTF) on the utility system,
the negative impacts will not be present which include issues with sin-
gle phase open detection and the desensitization of utility ground re-
laying. Thus, there are tangible positive consequences of not using the
GTFs within the network.

The results of this paper support the hypothesis that the SPOV
function will mitigate excessive overvoltages during a ground fault
on a distribution circuit when installed with a wye-ground / wye-ground
interconnection transformer. The same function will also mitigate load
rejection overvoltages (LROV).

The experiments reported in this paper were performed only in a
controller-hardware-in-the-loop (CHIL) configuration. Thus, it is ad-
visable to perform similar experiments in power-hardware-in-the-loop
setting with industry-grade inverters before proposing actual modifica-
tions to the IEEE standards. These experiments would require a safe
laboratory space and personnel experienced in operating such high-
voltage equipments. It is important to take into account that, the cur-
rent paper only analyzes experimental results featuring IBRs feeding
Y-connected loads. In reality, ∆ configurations are occasionally used in
distribution level networks. Hence, it is important to validate the pro-
tective features of inverters for such connections. These experiments
were beyond the scope of the current paper, and they require further
exploration.
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Table 6: Impact of (i) SPOV settings and (ii) Percentage of Y-connected loads- on the maximum overvoltage

GLR Overvoltage with 100% Yg load Overvoltage with 50% Yg load
SPOV=1.3 SPOV=1.625 SPOV=1.3 SPOV=1.625

0.6 0.67 0.67 0.96 0.96
0.7 0.78 0.78 1.14 1.15
0.8 0.88 0.88 1.23 1.23
0.9 0.99 0.99 Unsustained 1.28
1.0 1.09 1.09 Unsustained 1.32
1.1 1.2 1.18 Unsustained 1.49
1.2 1.3 1.3 Unsustained Unsustained
1.3 Unsustained 1.412 Unsustained Unsustained
1.4 Unsustained 1.518 Unsustained Unsustained

1.5 Unsustained 1.6 Unsustained Unsustained
1.6 Unsustained Unsustained Unsustained Unsustained
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Appendix: The Hardware and Software utilized for the ex-
periments

6.1. Hardware Utilization in Details
The hardware components used for experimentation are described

in this section.
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6.1.1. HIL-604 Real-Time Simulator
HIL-604 is an RTS manufactured by Typhoon HIL. It is predom-

inantly used to simulate power-electronic systems and microgrids in
real-time for different applications, including CHIL. The computa-
tional hardware of the HIL-604 consists of Xilinx Vertex FPGA cores
alongside ARM real-time processors. The RTS has both digital and
analog input and output channels that can be used to interface it with
an external hardware. The simulator has been tested by the manufac-
turer for accuracy for a simulation speed up to to 2 MHz, while the
PWM functionalities operate satisfactorily down to a resolution of 20
ns. The simulator is controlled by the user through the Typhoon HIL
SCADA or HIL Schematic Editor software that run in a separate PC and
communicate with the RTS via a USB 2.0 interface. While, this paper
focuses on external hardware based control of the real-time model of
the inverter, it is possible to simulate the controller models alongside
the power electronic circuit of the inverter inside the real-time simula-
tor.

6.1.2. ASGC CHIL
This controller hardware is the Austrian Institute of Technology

Smart Grid Converter (ASGC) [4, 18]. It supports a broad range
of communication protocols including IEC61850, ModBus TCP, Sun-
Spec, etc., to interact with external hardware. Moreover, it provides
analog and digital wired interfaces to couple it with sensor outputs,
PWM signals, and additional capabilities to couple it to the HIL-604
RTS, The controller is capable of full four-quadrant bidirectional oper-
ation and has various in-built functionalities such as Volt-VAR control,
pf control, Volt-Watt control, low and high-voltage ride-through, etc.

6.1.3. Interface between HIL-604 and ASGC
The wired connection between HIL-604 and ASGC is based on

a 192-pin on-board snap-in male-to-female configuration. This board
makes all the 128 digital input and output pins available for easy ac-
cess, and provides interfaces to couple with the analog channels as
well.

6.2. Software Utilization in Details
The various software tools used in this research are outlined in this

section.

6.2.1. Schematic Editor
This software utilizes the Typhoon’s component model library to

construct the overall system model. While the library is smaller than

those of other popular environments, it is possible to extend the library
by incorporating user-defined models at the algorithmic level by using
custom C functions or at the at the architectural level by assembling
simpler blocks together [17].

6.2.2. HIL SCADA

This software provides a monitoring and control panel to inter-
acts with the system model running on the real-time simulator. For
the case of the ASGC, it also allows monitoring and adjustment of
the controller. HIL SCADA provides data acquisition functions with
capabilities to adjust the simulation model on run-time. It is possi-
ble to write macros that can help to automate simulation experiments,
for example, applying a certain sequence of events. One such macro
was developed for automating the GFOV testing. For the experiments
reported below, two different implementations of the macro were de-
veloped to support the two different versions of HIL SCADA software
that were used. HIL SCADA 8.4 (or above) was used for interacting
with the model being simulated on HIL-604, while an older version -
HIL SCADA 3.7 - was used for interacting with the ASGC controller.
6.2.3. aBoot Flasher:

aBootFlasher is a software under MIT license provided by AIT.
This is used to reconfigure the ASGC controller via USB COM port
from the host PC. This reconfiguration can enable the ASGC controller
to operate under different current and voltage ratings. This was an
important requirement to analyze the SPOV functions of the controller.

6.2.4. Firmware Manager

This tool manages the configuration of the HIL-604. Typhoon sim-
ulators can be configured to execute models using a number of paral-
lel processor-cores. The configuration needs to be chosen judiciously
and the model’s schematic diagram must be carefully partitioned into
those cores. This is required so that the model runs within the desired
computation time per core and without over-runs. Presently Typhoon
HIL-604 can operate in 5 different configurations, among which Con-
figuration 4 was found to suit the proposed experiments. This config-
uration partitions the simulator into three sizable processor cores that
are large enough to house complex components such as inverters.
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