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Abstract: Distributed generations, using solar photovoltaic (PV) generation systems, are gener-
ally connected to ungrounded distribution systems to ensure operational continuity and avoid
electro-chemical corrosions. The ungrounded power distribution system possesses an advantage
of continuous operation regardless of primary fault occurrence due to a small fault current. Con-
versely, a subsequent secondary fault can induce a large fault current representing that of other
electrical grounding types, resulting in inevitable power shutdowns. As preventative methods,
both insulation status monitoring and primary failure detection have become of high importance.
This paper presents a method enabling the cooperative use of IMD (Insulation Monitoring Device)
and GPT (Ground Potential Transformer) in an ungrounded distribution system connected with
a transformerless inverter. Moreover, factors leading to errors during IMD insulation monitoring,
CLR (Current Limit Resistor) burnout of a GPT, and malfunctions of related protection devices are
presented. Furthermore, a method for selecting the inductor and capacitor in consideration of the
operating characteristics of IMD and GPT is discussed. The proposed cooperative operation method
enables the accurate measurement of insulation resistance using IMD, while concurrently reducing
the constitutively induced zero-sequence voltage in the CLR of a GPT to prevent CLR burnouts and
malfunctions of connected protection devices. Hence, the method is anticipated to contribute to the
stable operation of alternating current (AC) and Direct Current (DC) combined systems connected
with transformerless inverters.

Keywords: insulation monitoring device; ground potential transformer; single line ground fault;
transformerless inverter; cooperative use

1. Introduction

Energy transition from fossil fuels to renewable energy has become the core interest
of the current society. In response to climate change, investments in renewable energy
sources have rapidly increased in the attempt of reducing carbon emissions worldwide,
and research on introducing and utilizing renewable energy sources is actively ongoing.
Moreover, in response to a decrease in the unit cost, the proportion of renewable energy
source utilization for power generation and target market share is continuously expand-
ing. Amongst various renewable energy sources, the solar power generation system is
anticipated to soon occupy the largest portion [1–3].

Solar photovoltaic (PV) power systems generate direct current (DC) power. Hence,
an inverter is used for connection to an alternating current (AC) grid. Inverters are largely
classified into transformer-based inverters, which are insulated, and transformerless invert-
ers, which are not. Recently, transformerless inverters have received higher appreciation
due to multiple advantages in power generation efficiency, economic feasibility, size, and
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weight. Most solar PV power generation systems are connected to ∆ ungrounded systems
due to operational continuity and electro-chemical corrosions [4–6].

An ungrounded system enables the uninterrupted power supply in the presence of
a primary fault and inflicts minimal damage to the existing system in response to the
fault. However, such a characteristic complicates the fault detection due to a small fault
current. Moreover, the occurrence of a subsequent secondary fault causes a large fault
current representing that of other system grounding methods, thereby power shutdown is
inevitable. In consideration of the system characteristics, accurate insulation monitoring
and a rapid response time in the event of a primary fault are both required to ensure
a safe and uninterrupted system operation [7–9]. IEC 60364-4-41 specifies a device that
sounds an alarm in response to a primary fault, monitors the insulation of a power line, and
finally detects and blocks ground faults [10]. Specifically, in South Korea, when distributed
generation with DC power sources are connected, a separate installation of individual DC
ground fault breakers for each system grounding method is the requisite. Therefore, IMD
(Insulation Monitoring Devices), RCD (Residual Current Devices), GPT (Ground Potential
Transformer), etc., are recommended [11].

The RCD plays a role in detecting a blocking leakage current when it flows. Type
B, which can detect all types of residual current, is mainly used in systems with power
converters, such as PV generation systems. In the case of a DC system, it is composed
of an ungrounded system because the electrical corrosion of the grounding electrode is
severe compared to the AC system. However, when the RCD is connected to the DC
ungrounded system, there is a disadvantage of causing the electrical corrosion. This is
because a resistance of several thousand [Ω] must be inserted at the anode of the cathode
for the RCD to detect the leakage current. Therefore, RCDs may not be suitable for DC
ungrounded systems [12–14].

The IMD is used to monitor insulation inside PV arrays or energy storage systems
and holds the capacity of concurrently monitoring insulation while detecting ground faults
within DC and AC systems. The duration of insulation monitoring is proportional to
the RC time constant of the connected system and is prolonged for several [s] at least.
Since the possibility of a second fault occurring prior to detecting the first fault (insulation
measurement time) cannot be excluded, the most fatal situation of having to shut down
power in the ungrounded system operation may be encountered [15–17].

To resolve the shortcoming of IMD and improve the overall safety of the ungrounded
system operation, the cooperative use of IMD and GPT may be considered. GPT is re-
sponsible for detecting zero phase voltages in the event of a Single Line to Ground Faults
(SLG Faults), which occurs frequently in the ungrounded system. GPT is generally used in
conjunction with Over Voltage Ground Relay (OVGR) or Selective Ground Relay (SGR).
The drawback of the IMD insulation measurement time may be compensated by imple-
menting GPT, since the duration of GPT to detect and isolate a fault is less than 0.5 [s].
Moreover, additional installation costs may be avoided, as GPTs are generally preinstalled
in conventional ungrounded systems [18–20].

However, international standards and specifications, including the International Elec-
trotechnical Commission (IEC), prohibit the combined use of IMD and GPT. In South Korea,
the parallel use, including separating the neutral line of potential transformers such as GPT
from the ground when measuring IMD insulation resistance, is disallowed. Furthermore,
the parallel installation of IMD and GPT within new systems is unallowed [21].

This paper features series grounding of the inductor and capacitor on the primary
side of the GPT for cooperative use of IMD and GPT within an ungrounded system
connected to a transformerless inverter. In addition, the effect of IMD insulation resistance
measurement and GPT zero-phase voltage according to the inductor–capacitor capacity is
considered. The proposed method blocks the DC current flowing to the primary side of
the GPT, guaranteeing accurate insulation resistance measurement of the IMD even when
used in combination with the GPT. Moreover, decreasing the zero-phase current, which
constitutively flows to the primary side of the GPT, can reduce the induced zero-phase
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voltage at steady state. Accordingly, the method may serve as a preventative measure for
the CLR burnout and malfunction of the connected protection devices.

2. Ground Fault Protection of Ungrounded System
2.1. Characteristics of Ungrounded Systems

According to IEC 60364-1, the grounding method of distribution lines can be classified
into three types: The TT system, TN system, and IT system. The first character represents
the connection between the neutral point of the power facility and the ground, and the
second character represents the connection between the enclosure of the load facility
and the ground. The letter T (Terra) indicates direct grounding, N (Neutral) denotes
direct connection to the neutral conductor, and I (Isolation) refers to ungrounded or high-
impedance grounding exceeding 2000 [Ω] [22].

Amongst the three systems, the IT system is completely insulated from the earth
or grounded through high-impedance grounding. Hence, only the enclosure of the load
facility is grounded. The ungrounded method is mainly used for systems with short feeders
and low voltage. Due to an absence in grounding, the occurrence of electrical corrosions
of the ground electrodes are less frequent. Therefore, the method is adequate for the DC
distribution systems where corrosions are of serious concern [7].

Unlike the case of grounded systems, when a SLG occurs in an ungrounded system,
a return path for the fault current is not formed through the power supply. Since the
induced fault current is small in magnitude, being several [A] or less, there is indeed an
advantage of continuous power supply. Moreover, if necessary, the power supply can be
continued by switching to a V-connection. Considering these characteristics, ungrounded
systems are generally applied to airports, hospitals, and large-scale factory facilities, where
considerable economic damage may be inflicted in the event of power outages or accidents,
which may pose a risk to public safety [8,9].

On the other hand, since a SLG fault current of the ungrounded system is very small,
complications occur when detecting the fault. If the first fault is left unattended, the
electric potential of the sound phase can escalate to 6–8 folds of the phase voltage. Hence,
the primary fault must be accurately detected and rapidly restored to prevent accident
propagation or device damages. In the case of a secondary fault, as with other system
grounding methods, a large fault current is induced, and the power is consequently cut off.

2.2. IMD (Insulation Monitoring Device)

IMD is a device that monitors the insulation status of connected devices or power
lines. When the insulation resistance is measured to be under the threshold value set by
the user, an alarm is output or a relay signal for switching is generated.

Internal components of an IMD include an auxiliary signal source, which injects signals
into the system, a coupling circuit which protects devices from high voltage levels of the
system and injects signals without distortion, and a measuring circuit, which measures
returned signals due to the insulation resistance between the power line and the ground.

An example of an IMD connected to two power lines is shown in Figure 1. Up is the
voltage of an auxiliary signal source. Rm is the resistance of measuring circuit, and the
voltage induced across it is Um. Rc is the coupling resistance, and Re is the equivalent
insulation resistance that exists between the power line and the ground as the subject of
IMD monitoring. Ce represents the distributed capacitance in the system. The equivalent
insulation resistance of a system is calculated using the voltage of the measuring circuit, and
transients appear in the measured voltage due to the capacitance component between the
system and the line-to-ground. IMD can be largely categorized into two groups depending
on the injected wave. The measurements and calculations by IMD are conducted by
injecting either a sine wave or a square wave. In this paper, the universally utilized square
wave injection type IMD is used, and the insulation impedance of the system and the
simplified equivalent circuit of the IMD are depicted in Figure 2.
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2.3. GPT (Ground Potential Transformer)

GPT is a protective device that detects ground faults through the magnitude of se-
quence voltage induced in response to a ground fault by forming a loop through which the
ground fault current can flow. The internal configuration of GPT is depicted in Figure 3.
The primary side of GPT is Y-connected and its neutral point is directly grounded. The
secondary side of GPT is also Y-connected to ground the neutral point, and the tertiary side
is composed of an open ∆ connection using a CLR. When in occurrence of a ground fault in
the system, a closed circuit is formed through the fault point and the neutral point of the
primary side of the GPT, causing the fault current to flow. Accordingly, the current of the
tertiary side of the GPT is induced and the zero-phase voltage is induced across the current
limiting resistor. Based on the magnitude of the corresponding zero-phase voltage, GPT is
used as an operating element of the linked OVGR or SGR.
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Figure 3. Configuration of ground potential transformer (GPT) connected ungrounded system.

3. Problem Formulation
3.1. System Configuration

The system configuration of the problem scenario presented in this paper is depicted
in Figure 4. First, a transformerless PV generation system is connected to an ungrounded
system. It is connected to a PV array and Power Conversion Systems (PCS) that converts
DC power into AC power. Cp is a parasitic capacitance component that exists between the
solar PV module and the ground due to the structure of the solar panel. Moreover, an IMD
is connected to the DC side of the transformerless inverter, and a GPT is connected to the
AC side. Within the configuration, the IMD can monitor the insulation of both the DC and
AC grids, and GPT can form a current loop in the ungrounded system to detect leakage
and the ground fault current.
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3.2. Insulation Resistance Measurement by IMD

In the system configuration of Figure 4, complications may occur during the insulation
resistance measurement using IMD, including low measurement values, false alarms, and
malfunctions of the related protective relays. Further explanations are to be provided
through a comparison between Figures 5 and 6. Figure 5 depicts an ungrounded system,
in which IMD is connected to the DC line of a transformerless PV power generation
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system, while in the absence of GPT connection. The current loop for IMD insulation
resistance measurement is formed through the insulation impedance Re ‖ Ce of the system,
the coupling resistance Rc, and the resistance Rm of the measuring circuit. The leakage
current flows through the loop, which generates a voltage Um across the resistance Rm of
the measuring circuit. Hence, the combined insulation resistance of the system can be
calculated. As a transformerless solar power generation system is not electrically isolated,
it is possible to monitor the insulation state of the AC side.

Figure 6 depicts a current loop according to the IMD square wave injection occurring
when GPT is linked to the AC output side of the PV power generation system shown in
Figure 5. Through the GPT connection, an additional current loop through the primary-
side of GPT is formed (red dotted-line). Since the series resistance of the formed loop
is minute compared to the existing system insulation resistance, the IMD current for
insulation resistance measurement generally flows to the neutral point of the primary
side of the GPT. This induces a measurement error of IMD, resulting in a low insulation
resistance measurement (virtual short circuit), even when the insulation of the system is
intact. Misdiagnosis of insulation failures or ground faults can release a false alarm by IMD
and result in the malfunction of associated relays.
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3.3. Induction of Zero-Phase Voltage of GPT

A second problem to consider is an induction of a zero-phase voltage of GPT even in
the absence of a ground fault. The phenomenon can be attributed to both the harmonic
current due to the switching of the transformerless inverter and the current flowing to the
primary side of the GPT due to the square wave injection of the IMD.
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First, the harmonic current effect due to switching of the transformerless inverter is
described. Corresponding harmonic currents circulate as current loops are formed through
elements such as the GPT primary ground and parasitic capacitance components of solar
modules or energy storage devices. A harmonic current is generated due to switching,
which consequently flows through the neutral line on the primary side of the GPT and
induces zero-phase voltage on the tertiary side of the GPT regardless of the ground fault
occurrence. This problem may cause burnouts of the CLR and GPT due to exceeding the
rated load of CLR. Moreover, malfunctions may occur if the operating reference voltage of
OVGR or SGR linked to GPT is surpassed, as depicted in Figure 7.
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Figure 7. GPT zero-phase voltage factor.

While capable of inducing a zero-phase voltage of GPT, IMD may be disregarded as
a major factor for the proposed scenario for the reasons as follows. The IMD square wave
voltage source utilizes a voltage of several tens of Vs. On the other hand, the resistance of the
measuring circuit and the coupling resistance corresponding to the internal configuration
of the IMD are connected in series; hence, the size being several hundreds of [kΩ]. When
a current loop is formed through the IMD and the primary side of the GPT, even when line
impedance or other impedances are not considered, the resulting current flowing to the
primary side of the GPT is minute because the magnitude of resistance, due to the IMD
configuration being substantial compared to the size of the IMD square wave voltage. For
this reason, the zero-phase voltage induced on the tertiary side of the GPT by the IMD can
be considered negligible.

4. Proposed Cooperative Operation Method
4.1. Proposed Method

The proposed method for the cooperative operation of IMD and GPT refers to ground-
ing the inductor and capacitor in series on the primary side of the GPT. The proposed
system is depicted in Figure 8.
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The rationale for grounding the capacitor is as follows. The capacitor functions as
an infinite impedance at steady state for the IMD square wave voltage source. Hence,
the current loop formation in the primary side of the GPT during insulation resistance
measurement using IMD can be blocked. As the impact of the current loop can be excluded
from a scenario where low insulation resistance would be measured through the GPT
primary side, an accurate measurement of the combined insulation resistance of the existing
system can be guaranteed.

The inductor is grounded in series for two reasons. First, grounding the capacitor to
secure the operability of the IMD hinders the operability of the existing GPT. If the ground
impedance of the primary side of the GPT increases due to capacitor grounding, a zero-
phase current induced by a ground fault, which flows through the primary side of the GPT,
is blocked. Hence, the zero-phase voltage induced in the tertiary side of the GPT is reduced,
and the sensitivity of ground fault detection by GPT is decreased. To minimize the impact
on the existing GPT, the ground impedance is adjusted by additionally grounding the
inductor in series. The second reason is regarding harmonics caused by inverter switching.
Power converters such as inverters generate harmonics due to switching. Harmonics
include switching frequency and high-frequency components corresponding to integer
multiples of the switching frequency according to control characteristics. An effective
measure to reduce harmonics is to ground the inductor in series. Reducing the harmonic
current flowing to the primary side of the GPT can decrease the zero-phase voltage, which
is constitutively induced in the tertiary side. Therefore, previously discussed complications
such as CLR and GPT burnouts and malfunction of connected protection devices may
be circumvented.

4.2. Capacity Selection

Implementation of the proposed method requires adequate selections of the inductor
and capacitor capacitance for two reasons, as follows.

First, if the capacitor is additionally grounded, while the operation of the IMD can be
secured, the time expended to measure the insulation resistance increases. The additional
grounding of the capacitor on the primary side of the GPT increases the parallel capacitance
component of the entire system. Hence, being integrated with the capacitance of the
existing system, it acts as a larger time constant for the voltage of the IMD measurement
circuit. Therefore, instead of enabling the use of the IMD, it is necessary to consider how
much the increase in insulation resistance measurement time will be acceptable.

Second, the reductions in the sensitivity of ground fault detection using GPT should be
avoided. Ground fault detection of GPT is accomplished by detecting the tertiary side zero-
phase voltage induced by the current flowing in the GPT primary side neutral line in case
of a fault. If the inductor and capacitor are additionally grounded, the GPT primary-side
grounding impedance changes, which affects the zero-phase current flowing through the
GPT and reduces the ground-fault detection sensitivity due a change in the GPT zero-phase
voltage. Therefore, it is necessary to select an inductor capacitor capacity that can minimize
the decreases in ground fault detection sensitivity.

Considering the two discussion points, an ideal inductor-capacitor (LC) capacitance
selection method proposed in this paper is to set the LC series resonant frequency at
60 [Hz] and maintain the capacitor capacitance as small as possible. The LC series resonant
frequency is suggested to be set at 60 [Hz] in consideration of the zero-phase current in the
case of a 1-line ground fault in the system possessing the characteristics of a commercial
frequency (60 [Hz]). If the LC series resonant frequency is set at 60 [Hz], the magnitude of
the reactance for the current component of 60 [Hz] becomes 0, and only the existing CLR
resistance component is involved as the primary ground impedance of the GPT. As a result,
even though the LC is additionally grounded in series on the primary side of the GPT, the
sensitivity of ground fault detection may be equivalent to when the primary side is directly
grounded. In addition, since the reactance component increases in other frequency bands,
there is an additional advantage of a reduced harmonic current flowing to the primary side
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of the GPT. Moreover, a decreased capacitor capacitance was suggested to minimize the
increases in duration for insulation resistance measurement using IMD.

However, designing the LC series resonant frequency at 60 [Hz] has limitations in
device size and cost. This is because a larger passive element is required for a lower
resonance frequency, and a larger inductor is required as the capacitor capacitance is
reduced. Hence, realistic inductor and capacitor capacities should be selected considering
increases in IMD insulation resistance measurement time and decreases in GPT detection
sensitivity. In this paper, when an inductor or capacitor element of arbitrary capacity
is used, the increase in IMD insulation measurement time and the change in the GPT
zero-phase voltage are described, as follows.

When a capacitor of arbitrary capacitance is utilized, the time constant involved in
the IMD insulation resistance measurement time can be expressed as Equation (1). The
additional grounding of the capacitor on the primary side of the GPT increases the parallel
capacitance component of the system, increasing the time constant of the RC series/parallel
circuit for IMD to measure insulation resistance. Hence, the duration for IMD to measure
the insulation resistance of the system is extended.

TimeConstant = Re × (Ce + CGPT) (1)

Re = Combined System Insulation Resistance
Ce = Combined System Capacitance
CGPT = Additional Grounded Capacitance.
When an inductor and capacitor of arbitrary capacities are used, the zero-phase voltage

induced at the tertiary side of the GPT in response to a ground fault can be calculated as
follows. Figure 9 depicts a current IN flowing through the neutral line on the primary side
of the GPT in response to a bolted SLG fault occurring on the first line of the AC side of
a system, in which an inductor and capacitor are additionally grounded in series. The
current ICLR flowing to the tertiary side of the GPT and the induced zero-phase voltage
VCLR can be calculated according to Equations (2)–(4). This indicates that when the inductor-
capacitor is additionally grounded, the zero-phase current flowing through the GPT is
reduced and the induced zero-phase voltage is reduced.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 9 of 15 
 

the primary side of the GPT. Moreover, a decreased capacitor capacitance was suggested 

to minimize the increases in duration for insulation resistance measurement using IMD. 

However, designing the LC series resonant frequency at 60 [Hz] has limitations in 

device size and cost. This is because a larger passive element is required for a lower reso-

nance frequency, and a larger inductor is required as the capacitor capacitance is reduced. 

Hence, realistic inductor and capacitor capacities should be selected considering increases 

in IMD insulation resistance measurement time and decreases in GPT detection sensitiv-

ity. In this paper, when an inductor or capacitor element of arbitrary capacity is used, the 

increase in IMD insulation measurement time and the change in the GPT zero-phase volt-

age are described, as follows. 

When a capacitor of arbitrary capacitance is utilized, the time constant involved in 

the IMD insulation resistance measurement time can be expressed as Equation (1). The 

additional grounding of the capacitor on the primary side of the GPT increases the parallel 

capacitance component of the system, increasing the time constant of the RC series/paral-

lel circuit for IMD to measure insulation resistance. Hence, the duration for IMD to meas-

ure the insulation resistance of the system is extended. 

𝑇𝑖𝑚𝑒𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 𝑅𝑒 × (𝐶𝑒 + 𝐶𝐺𝑃𝑇)  (1) 

𝑅𝑒= Combined System Insulation Resistance 

𝐶𝑒= Combined System Capacitance 

𝐶𝐺𝑃𝑇= Additional Grounded Capacitance 

When an inductor and capacitor of arbitrary capacities are used, the zero-phase volt-

age induced at the tertiary side of the GPT in response to a ground fault can be calculated 

as follows. Figure 9 depicts a current 𝐼𝑁 flowing through the neutral line on the primary 

side of the GPT in response to a bolted SLG fault occurring on the first line of the AC side 

of a system, in which an inductor and capacitor are additionally grounded in series. The 

current 𝐼𝐶𝐿𝑅 flowing to the tertiary side of the GPT and the induced zero-phase voltage 

𝑉𝐶𝐿𝑅 can be calculated according to Equations (2–4). This indicates that when the inductor-

capacitor is additionally grounded, the zero-phase current flowing through the GPT is 

reduced and the induced zero-phase voltage is reduced. 

 

Figure 9. Equivalent circuit of current flowing to primary side of GPT in response to 1-wire ground 

fault. 

𝐼𝑁 =
𝐸

𝑅𝑔 + 𝑟𝑛 + 𝑗𝜔(𝐿𝐺𝑃𝑇 + 𝐿𝑔𝑝𝑡) +
1

𝑗𝜔𝐶𝐺𝑃𝑇

 
(2) 

𝐼𝐶𝐿𝑅 =
𝑛

3
× 𝐼𝑁 =

𝑛

3
×

𝐸

𝑅𝑔 + 𝑟𝑛 + 𝑗𝜔(𝐿𝐺𝑃𝑇 + 𝐿𝑔𝑝𝑡) +
1

𝑗𝜔𝐶𝐺𝑃𝑇

 
(3) 
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ground fault.

IN =
E

Rg + rn + jω(LGPT + Lgpt) +
1

jωCGPT

(2)

ICLR =
n
3
× IN =

n
3
× E

Rg + rn + jω
(

LGPT + Lgpt
)
+

1
jωCGPT

(3)



Appl. Sci. 2023, 13, 1558 10 of 15

VCLR = RCLR × ICLR = RCLR ×
n
3
× IN (4)

IN = Current flowing in GPT primary side neutral wire in response to SLG fault
E = Grid phase voltage
Rg = Fault resistance
n = Turn ratio of primary side and tertiary side of GPT
rn = Resistance when converting CLR to GPT primary side
LGPT = Reactor grounded to primary side of GPT
Lgpt = GPT inductance of primary side
CGPT = Capacitor grounded to GPT primary side
RCLR = CLR resistance
ICLR = Current flowing to tertiary side of GPT
VCLR = GPT tertiary zero-phase voltage.

5. Simulation Validation and Discussion

In this section, the cooperative use of IMD and GPT is to be evaluated using PSCAD/
EMTDC. Problem case scenarios representing drawbacks of connecting existing IMD and
GPT are simulated, and these results are compared with simulations of implementation
of the proposed cooperative operation method. Results demonstrate the feasibility of
the cooperative use of IMD and GPT, and the operating characteristics of IMD and GPT
according to the capacities of the inductor and capacitor will be discussed in further sections.

5.1. Simulation Setup

The simulation configuration diagram is shown in Figure 8 and presented in Section 4.1.
It represents the system configuration of an ungrounded system linked to a transformerless
PV power generation system connected to an IMD and GPT. Specifically, the PV power
generation system is connected to the low-voltage ungrounded system, the IMD is linked to
the DC line from the PV array to the input side of the power converter, and the GPT is linked
to the AC output side of the PV power generation system. Parameters and simulation
conditions of each system are summarized in Table 1.

Table 1. Simulation configuration and system parameters.

Index Value

Distributed Generation (transformerless PV)

Rated Power of DG 9 [kW]
Voltage of DC side 620 [V]
Voltage of AC side 380 [V] (Line to Line)

Parasitic Capacitance 900 [nF]
System Insulation Resistance 500 [kΩ]

Insulation Monitoring Device

Auxiliary Signal Source ±50 [V] (Pulse Injection)
Resistance of Measuring Circuit 2 [kΩ]
Resistance of Coupling Circuit 360 [kΩ]

Grounded Potential Transformer

Rated Voltage of GPT 380/
√

3 : 110/
√

3 : 110/
√

3 [V]
Current Limit Resistor 433 [Ω]

5.2. Analysis of Simulation Results

Simulation results of implementing the proposed method are compared with that
of problem case scenarios representing drawbacks of connecting existing IMD and GPT
problem situations. The operability of IMD and GPT are compared separately.
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5.2.1. Analysis and Discussions on Insulation Monitoring Results

Figure 10 depicts the voltage Um across the resistance of the IMD measuring circuit
in problem case scenarios where the proposed method is not implemented. Figure 11
delineates the voltage waveform of the IMD measuring unit according to the change in
capacitance of the capacitor when the inductor capacitor is grounded in series. In addition,
the insulation resistance calculation results and required time according to each simulation
condition in Figures 10 and 11 are summarized in Table 2.
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First, the measured insulation resistance result of the existing problem situation is—1.0 [kΩ].
This is an error of approximately 100 [%] compared to the system composite insulation
resistance of 500 [kΩ]. Due to formation of a current loop through the GPT primary-side
neutral, the combined insulation resistance is measured to be very low despite an adequate
insulation within the system.

Insulation resistance measurements of the simulation applying the proposed method
are summarized in Table 2. By grounding the capacitor, the drawback of low impedance
measurements such as virtual short-circuits was resolved, and an insulation resistance
close to the system insulation resistance of 500 [kΩ] could be measured. The duration
of insulation resistance measurement increased in proportion to the capacitor capacity.
Methods for reducing the insulation resistance measurement error are existent as follows:
setting a sufficient square wave injection period or removing measurement voltage noise
through filtering. However, these approaches will not be further discussed as increasing
insulation resistance accuracy of IMD exceeds beyond the scope of the paper. In sum,
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simulation results demonstrate proper measurement of insulation resistance by securing
the operability of the IMD through the implementation of the proposed method.

Table 2. Simulation result of IMD (according to capacitor capacity).

Simulation
Conditions

(Capacitor Capacity
[uF])

Duration of
Insulation
Resistance

Measurement [s]

IMD Measurement
Voltage
Um [V]

Measured Insulation
Resistance
Re [kΩ]

No Capacitor - 0.55 −1.0
3 Greater than 3 0.16 443
5 Greater than 7 0.155 463
10 Greater than 12 0.155 463
20 Greater than 20 0.15 485

5.2.2. Analysis and Consideration of GPT Zero-Phase Voltage Results

Analysis of the GPT zero-phase voltage result was simulated through demonstrating
a scenario in which an AC-side bolted SLG fault occurred at 1.2 [s] during normal operation.
The GPT zero-phase voltage result was derived by dividing values before and after the fault
occurrence. Therefore, the magnitude of the zero-phase voltage constantly induced during
normal operation according to the capacity of the inductor-capacitor element and the
magnitude of the zero-phase voltage induced in the tertiary side of the GPT when a failure
occurs can be analyzed. Figure 12 shows the zero-phase voltage VCLR induced on the
tertiary side of GPT when linking existing IMD to GPT without implementing the proposed
method. Figure 13 depicts the GPT zero-phase voltage results for each capacity of the
inductor additionally grounded using the proposed method. Finally, Figure 14 shows the
GPT zero-phase voltage results for each capacitance of the additionally grounded capacitor.
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The Table 3 above summarizes GPT zero-phase voltage results for existing problem sit-
uations and when implementing the proposed method of grounding the inductor-capacitor
in series. First, for existing problem situations, the zero-phase voltage induced in the ter-
tiary side of the GPT is 85–95 [V], despite the presence of fault occurrence. When a complete
ground fault occurred at 1.2 [s], the GPT tertiary zero-phase voltage increased to 195 [V].
Even in the absence of ground faults, if the GPT tertiary zero-phase voltage exceeds 60 [V],
it can cause burnouts of CLR and GPT, and lead to malfunctions in connected devices, as
the voltage magnitude correction value of OVGR or SGR is exceeded. Hence, measures
are required.

Table 3. Simulation result of GPT zero-phase voltage (according to inductor and capacitor capacity).

Simulation Conditions
(Capacity of L and C) VCLR [V]

L [mH] C [uF] Zero-Phase Voltage at
Normal Condition

Zero-Phase Voltage at
Fault Condition

0 0 85–95 193–196
3 10 56–66 178–181
5 10 46–55 178–182
10 10 31–37 179–182
20 10 19–22 179–182
10 3 31–36 108–110
10 5 31–37 145-148
10 10 32–37 179–181
10 20 32–37 191–196

When implementing the proposed method, the zero-phase voltage induced in the
tertiary side of the GPT at a steady state tends to decrease in proportion to the inductor
capacity. In addition, the GPT zero-phase voltage induced in response to a ground fault
demonstrated a tendency to increase as the inductor and capacitor capacitances increased,
and in particular, the capacitor was dominantly affected. Since the ground fault current
possesses commercial frequency (60 [Hz]) characteristics, the impact of a capacitor having
a high impedance at a low frequency is significant.

In summary, as inductors and capacitors with large capacities are used, the magnitude
of the constantly induced zero-phase sequence voltage is small, and the ground fault detec-
tion sensitivity of GPT may not be reduced. First, the inductor is effective for harmonics
flowing to the primary side of the GPT. By reducing the harmonics due to the dominant
influence of the inductor acting as a large impedance to the harmonics, the zero-phase
voltage can be reduced. Next, a larger the device capacitance of the inductor-capacitor
leads to a series resonance frequency close to 60 [Hz]. This is because the reactance value is
minimized when in the vicinity of the corresponding resonance frequency band, and the
common frequency component passes without being reduced. Grid operators will need to
select an inductor-capacitor device capable of having an appropriate voltage size at steady
state while having increased ground fault sensitivity in a fault situation, considering the
characteristics of the existing system.
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6. Conclusions

With an increased implementation of solar and wind power facilities alongside the
introduction of distributed generation such as energy storage devices, ungrounded systems,
which serve as a connection, have consequently increased. Currently, IMD is utilized to
monitor the internal insulation of solar arrays and energy storage devices while maintain-
ing a continuous operation of the ungrounded system. Conversely, IMD carries a major
drawback, in which a minimum duration of several [s] is required to detect insulation dete-
riorations or ground faults. Hence, the occurrence of a secondary fault prior to processing
the first fault may provoke fatal situations of power shutdowns. To prevent such dam-
age, the cooperative use of IMD and GPT, which is commonly installed as a ground fault
protection device in an ungrounded system, has been considered. However, international
standards have prohibited the concurrent use of IMD and GPT.

In this paper, series grounding of the inductor and capacitor on the primary side of
GPT is proposed for the cooperative use of IMD and GPT within a distribution system
connected with a transformerless inverter. First, the capacitor functions in securing the oper-
ability of the IMD. When measuring the insulation resistance of the existing IMD, a current
loop is formed through the primary side of the GPT, which results in the measurement of a
low insulation resistance, regardless of the intactness of the system insulation. To resolve
the issue, a capacitor operating with an infinite impedance to DC voltage at a normal state
was additionally grounded, and accurate measurements of insulation resistance using IMD
was possible. Moreover, the inductor was grounded to ensure a small impedance with
respect to the common frequency characteristics of the ground fault current and at the same
time to reduce the zero-phase voltage constantly induced to the GPT at steady state. This
has the advantage of reducing burnouts of the CLR and GPT and diminish occurrences of
associated protection device malfunctions. Through verification using PSCAD/EMTDC,
the cooperative use of IMD and GPT within the applied distribution system was con-
firmed. In addition, the operating characteristics of the IMD and GPT were considered
according to the capacities of inductors and capacitors to be grounded. In conclusion,
the proposed method is expected to contribute to improving the insulation monitoring
and stable system operations of the DC mixed systems connected with transformerless
distributed power sources.
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