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ABSTRACT With climate anomalies and ecosystem destruction caused by global warming, reducing
carbon emissions is becoming increasingly important. Consequently, the power industry is investing in
new sectors such as expanding renewable energy and utilizing DC grids to enhance energy efficiency and
reduce coal fuel usage. The use of DC systems for carbon emission reduction is expected, and low-voltage
direct current (LVDC) systems are continuously being investigated as efficient power systems. Existing
studies have primarily focused on power conversion design and operation, but studies on the protection
system configuration for the electrical safety of end users are insufficient. Therefore, this study analyzes the
characteristics of resistors and capacitors in series (RCS) mid-point grounding in uni-polar LVDC systems
for use at the end of LVDC systems and reviews protection systems against electrical shock and ground
faults using DC residual current devices (DC–RCDs) and insulation monitoring devices (IMDs). Through
fault tests, the appropriateness of using the protection systemwith these devices in RCSmid-point grounding
configurations is verified. The fault test demonstrated that the RCSmid-point grounding LVDC system could
detect and protect against faults within 80 ms using a DC-RCD. Additionally, it was confirmed that faults
could be detected and cleared within 4 min using an IMD in the event of a high-resistance fault, enabling the
use of IMDwhich was not feasible in grounding systems. Our research results contribute to the use of LVDC
systems by establishing a protection system based on relatively inexpensive mechanical circuit breakers
instead of high-cost semiconductor-based breakers often mentioned for consumer protection devices.

INDEX TERMS DC-RCD, electrical safety, electrical shock, IMD, LVDC, mid-point.

I. INTRODUCTION
The average temperature of the Earth is continuously rising
due to accelerating global warming. To address this prob-
lem, extensive international efforts are underway to reduce
greenhouse gases and carbon emissions [1], [2]. In response,
the energy industry is striving to change the electrical energy
environment by increasing the use of renewable energy and
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employing high-efficiency energy devices to reduce power
losses [3], [4]. Due to lower line losses compared toAC power
systems, DC power systems can reduce power conversion
losses caused by AC–DC power conversion. The use of DC
systems is expected to increase with the expansion of DC
equipment such as electric vehicle charging facilities and
solar power generation [5], [6].
Globally, markets related to DC distribution are expected

to grow by 7.04% annually due to the expansion of DC
equipment in household appliances, Internet data centers,
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and electric vehicle charging facilities [7]. In households,
most appliances such as light-emitting diodes (LEDs), tele-
visions (TVs), and computers ultimately use DC power, and
the use of DC distribution can reduce losses that occur during
AC–DC power conversion [8].

Within households, low-voltage direct current (LVDC)
systems are becoming more accessible to both industry pro-
fessionals and ordinary electrical users, increasing the risk
of safety accidents. However, no specific domestic or inter-
national standards or guidelines for the safety of LVDC
systems have been established [9], [10], [11]. Therefore,
electrical safety is a critical factor in residential LVDC sys-
tems that are close to the end user, and safety analysis is
essential [12], [13], [14], [15], [16].
Recently, with the development of power semiconductors

and high-frequency transformers, the use of LVDC systems
is expected to continuously increase. Several studies are
being conducted to improve efficiency in consumer facili-
ties. Compared to AC power systems, DC power systems
can improve energy efficiency, enhance power quality, and
reduce construction costs, resulting in an efficiency increase
of more than 5% for loads [17], [18]. Unlike AC systems,
DC systems have different fault characteristics based on the
grounding configuration due to the presence of polarity and
frequency [19], [20].

In particular, DC systems have an extremely impulsive
short fault current and a different characteristic of electric
shock compared to AC systems [21], [22], [23]. Conse-
quently, some studies onDC grounding systems and electrical
shock have been conducted. In [24], operating time of the
DC-RCD was proposed to be within 10 ms, considering
electrical shock and DC grounding systems. In [25] and [26],
solid-state circuit breaker (SSCB) has been proposed to pre-
vent ventricular fibrillation. However, SSCBs are currently
expensive and difficult to apply in practical applications,
necessitating an alternative solution. Although some studies
have highlighted the need for protection against DC leakage,
reflecting human resistance and ventricular fibrillation, prac-
tical application from the consumer’s perspective remains
challenging [27], [28], [29].

Therefore, this paper proposes a grounding configu-
ration using a DC-RCD with practical specifications to
protect against electric shock and ground faults. It also
aims to enhance safety in LVDC systems by incorporating
a secondary protection system with insulation monitoring
devices (IMDs).

II. CHARACTERISTICS OF GROUNDING
CONFIGURATION IN LVDC
IEC 60364-1 classifies power systems based on the grounding
configuration at the source and the protective earth (PE)
grounding in the distribution line [30]. According to this
standard, systems are typically classified into three types:
TT, IT, and TN systems. The presence of polarity in DC
systems allows for a greater variety of configurations than
AC systems, each configuration has different characteristics.

FIGURE 1. Example of the fault current path according to fault polarity in
TT grounding system (a) different-polarity fault (b) same-polarity fault.

A. PROTECTIVE DEVICE CONFIGURATION ACCORDING TO
GROUNDING
Each grounding system has distinct fault characteristics,
requiring specific protective devices. In IT systems, RCDs
cannot be used because no fault current flows during a
primary fault, whereas TT and TN grounding systems can
use RCDs. However, as shown in Fig. 1, protection against
same-polarity faults, which occur at the same pole as the
system ground, cannot be achieved. Secondary faults can
lead to overcurrent and equipment failure, and in DC sys-
tems, electrolytic corrosion can also cause structural damage.
Therefore, early detection and protection are required.

FIGURE 2. Configuration of the mid-point grounding (a) with resistors
(b) with capacitors (c) with resistors and capacitors.

B. MID-POINT GROUNDING SYSTEM
The mid-point grounding configuration can be achieved
using passive components such as resistors, capacitors, and
diodes [16]. As depicted in Fig. 2(a), resistor mid-point
grounding reduces the voltage between the power line and
ground to half the operating voltage, improving safety and
enabling protection through RCDs. However, depending on
the resistor value, the fault current may be small, requir-
ing high-performance sensors, and the use of IMDs is not
possible. Additionally, continuous losses occur under normal
conditions due to the resistor mid-point grounding current.
Losses in the normal state can be reduced by using capacitors
for mid-point grounding, as shown in Fig. 2(b). However,
impulsive high fault currents can occur in case of short
circuits or ground faults, posing risks to equipment and
human safety. Additionally, short impulsive fault currents
are difficult to detect, limiting the use of current-based pro-
tective devices. Furthermore, an effect similar to increased
line capacitance leads to long detection times for an IMD,
making the protective device cannot easily be used. In this
paper proposes an RCS mid-point grounding configuration
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TABLE 1. Characteristic of Mid-point grounding Configuration according
to the elements.

with resistors and capacitors in series, as shown in Fig. 2(c),
to prevent normal state losses and limit impulsive fault
current. The characteristics of each mid-point grounding
configuration are presented in Table 1. Along with these char-
acteristics, the operation of protective devices in LVDC with
the RCSmid-point grounding configuration was analyzed for
electrical safety.

III. CHARACTERISTICS OF HUMAN ELECTRIC SHOCK BY
DC SOURCE
Fig. 3 shows a graph from IEC 60479 illustrating the patho-
physiological effects on the human body relative to the
duration of DC current flow, specifically for a path from the
feet to the left hand. Detailed effects on the human body for
each zone (DC-1 to DC-4) are presented in Table 2.

FIGURE 3. Graph illustrating the time/current zones of effects of DC flow
on the human body for a longitudinal upward current path (feet to left
hand).

Table 3 presents the internal body resistance ratio and
heart current factor (F) for each path from the left hand
to the foot. The heart current factor calculates the risk of
ventricular fibrillation for electric shock along each path as
a body current from electric shock from the left hand to both
feet, as expressed in Eq. (1) [18].

Ih =
Iref
F

(1)

Ih : Body current for each electric shock path in Table 3

TABLE 2. Physiological effects for DC flow in IEC 60479.

TABLE 3. Internal boby resistance depending on current path.

Iref : Body current for electric shock from left hand to both
feet
F : Heart current factor
The body resistance and the body current causing ventric-

ular fibrillation, applied to the body current path, are used
to select the parameters of the RCS mid-point grounding to
minimize the electric shock hazard.

IV. RCS MID-POINT GROUNDING CONFIGURATION AND
PROTECTION SYSTEM PROPOSAL
A. RCS MID-POINT GROUNDING CONFIGURATION
Since the RCS mid-point grounding configuration comprises
resistors and capacitors, as shown in Fig. 2(c) [31], it limits
the impulsive fault current in the event of a fault. The impul-
sive fault current and the peak current during a fault can be
expressed in Eqs. (2) and (3), respectively.

iF = ICP · e−
t

RCBr·Cm (2)

ICP =
EC
RCBr

(3)

where ICP represents the peak value of the impulsive fault
current, EC denotes the pre-fault voltage across the capacitor,
RCBr denotes the equivalent resistance inside and outside
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the capacitor, and Cm denotes the capacitance value of the
mid-point grounding configuration.

By selecting appropriate parameters for the capacitor
and resistor, a system that enables current-based protection
and high-resistance fault detection using an IMD can be
configured.

B. INRUSH CURRENT ANALYSIS OF THE RCS MID-POINT
GROUNDING CONFIGURATION
In DC systems, the inrush current induced by capacitors
during initial power application can trigger protective devices
and potentially damage auxiliary equipment. Therefore, the
inrush current of the RCS mid-point grounding configuration
was analyzed.

Eq. (4) represent the inrush current (iinrush) generated by
the RCS mid-point when power is applied, and Eq. (5) rep-
resents the peak of the inrush current (I inrush), where Rm
denotes the resistive component of the mid-point, and Rinrush
and C inrush represent the equivalent resistance and capacitor
of the RCS mid-point.

iinrush (t) = I inrushe
−

t
RinrushCinrush (4)

I inrush =
U

Rinrush
=

U
2Rm

(5)

Hence, the magnitude of the inrush current in the RCS
mid-point grounding configuration is influenced by the
voltage applied to the mid-point (U) and the mid-point
resistance (Rm), indicating that the inrush current can be
controlled through parameter selection. Typically, the output
of converters exhibits a ramp shape; therefore, the inrush
current should not exceed the maximum inrush current.

C. RCS MID-POINT GROUNDING CONFIGURATION
PARAMETER SELECTION
In the RCS mid-point grounding configuration, the resis-
tor serves to constrain the impulsive current caused by the
capacitor during a fault, thereby diminishing the likelihood
of ventricular fibrillation in humans. Consequently, when
selecting the resistor parameters, careful consideration was
given to the impulsive discharge characteristics of the fault
current and the electrical path of human electric shock. The
current capable of inducing ventricular fibrillation in humans,
as per IEC 60479, is 140 mA, thus, for safety, a ventricular
fibrillation safe current (Ih_RMS) of 100 mA was chosen.
According to IEC 60479-2, the peak value (Ih_P) of the
impulsive current caused by a capacitor with an RMS value
of 100 mA is represented as

√
6times the RMS value of

the impulsive current. Similarly, the ventricular fibrillation
risk current (IP) considering the electric shock path can be
determined. The electric shock current for each path can be
computed using Eq. (6), taking into account the human body
resistance (Rbody) and the ventricular fibrillation risk current.
Herein, the human body resistance is based on 700 � from
the left hand to the right hand, and the resistance values for

each path are derived and presented in Table 4.

Rm =
U
IP

− Rbody (6)

In this study, to mitigate the likelihood of ventricular fibril-
lation across all paths, the highest derived resistance value,
1872 � for path 10 (chest to left hand), was selected
as the resistance value for the RCS mid-point grounding
configuration.

TABLE 4. Characteristic of Mid-point grounding Configuration.

Generally, RCD operation occurs when the fault current
exceeds the rated residual current and persists for a specific
duration. Consequently, if this duration is not met, the RCD
will not operate. In the RCS mid-point grounding configura-
tion, for a DC-RCD to operate properly, the discharge current
from the capacitor must exceed the rated residual current for a
period longer than the operating time of the DC-RCD. Hence,
the capacitance required can be determined using Eq. (7).

Cm =
t

RCBr × {ln (ICP) − ln (iF (t))}
(7)

Given the absence of readily available DC-RCDs, a cut-off
time of 0.1 s and a rated residual current of 80 mA were
employed to select the capacitor value for the RCS mid-point
grounding configuration, following IEC 63053 guidelines
concerning residual current operated protective devices for
DC systems. The capacitors should sustain the residual cur-
rent above 80 mA for 0.1 s after capacitor discharge across all
electrical shock paths, as detailed in Table 5. Consequently,
to ensure the fault current’s operating time, a capacitance
value of approximately 66 µF from path 13 (left foot to right
foot) is chosen for the RCS mid-point grounding structure.

D. EXAMINATION OF IMD USAGE IN RCS MID-POINT
GROUNDING CONFIGURATION
IMDs primarily measure the insulation resistance value in
parallel to the line. Detection time lengthens with increased
line capacitance. When the RCS mid-point is applied, it oper-
ates as shown in Fig. 4(a), but from the perspective of IMDs,
it functions as shown in Fig. 4(b). Here, Rm_eq and Cm_eq
indicate the equivalent resistances of Rm and Cm in Fig. 4(a).
Therefore,Rm_eq affects the IMD’smeasurement value, while
Cm_eq influences the detection speed.
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TABLE 5. Characteristic of Mid-point grounding Configuration.

FIGURE 4. Simplified IMD application circuit.

Through the equivalent circuit shown in Fig. 4(b), resis-
tance Eq. (8) and capacitance Eq. (9) for the RCS mid-point
grounding configuration can be derived.

Rm_eq =

{
1 +

(
ωRm_eqCm_eq

)2
}
Rm (8)

Cm_eq = Cm

[
1 +

(
1

ωRm_eqCm_eq

)2
]−1

(9)

Rm_eq increases in comparison to Rm, whereas Cm_eq
decreases relative to Cm, signifying a reduction in the impact
on IMD measurements attributable to the RCS mid-point
grounding configuration.

E. CONFIGURATION OF PROTECTION SYSTEM IN RCS
MID-POINT GROUNDING
In contrast to resistor or capacitor mid-point grounding
configurations, the RCS mid-point grounding configuration
allows for the utilization of IMD and suggests a secondary
protection method using IMDs, as depicted in Fig. 5. Pro-
tection against faults exceeding the rated residual current
resulting from ground faults or electric shocks is achievable
with DC-RCD. In instances whereDC-RCDdoes not operate,
fault detection by IMDs and power disconnection by inter-
connected DC-RCDs can prevent secondary faults.

V. VERIFICATION OF PROTECTION SYSTEM IN RCS
MID-POINT GROUNDING CONFIGURATION
A. CONFIGURATION OF FAULT TESTS FOR VERIFICATION
In this study, fault tests were conducted to validate
the adequacy of the protection system in a uni-polar
LVDC system employing the proposed RCS mid-point

FIGURE 5. Proposed protection configuration for the uni-polar LVDC
system with RCS mid-point grounding.

grounding configuration. The fault test comprised an isolated
converter, DC-RCD, IMD, load, etc., with the configuration
and specifications detailed in Fig. 6 and Table 6.

FIGURE 6. Test circuit for the verification of the protection system in a
uni-polar LVDC system with RCS mid-point grounding configuration.

TABLE 6. Parameters of components for test circuit.

Fault resistances used for simulating electric shocks ranged
from the minimum to the maximum values of human body
resistance (285�, 880�, as listed in Table 4. For ground fault
and high-resistance faults, 10 � and 100 � were employed,
respectively.

Table 7 presents the experimental conditions for the fault
test aimed at validating the protection system in the RCS
mid-point grounding configuration. Cases 1 to 4 assessed the
operation of the DC-RCD while varying the RCS mid-point
parameters, and Case 5 examined the functionality of IMD
protection during high-resistance faults.
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TABLE 7. Case parameters of the RCS mid-point grounding and fault
resistor.

B. FAULT TEST RESULTS
Fig. 7 depicts the waveform of load current and fault current
for Case 1. The peak fault current values during a fault,
as shown in Fig. 7(b), are 245 mA, 145 mA, and 110 mA
for each fault resistor, exceeding the rated residual current
of the DC-RCD. However, the duration of the fault current
exceeding 80 mA was less than 30 ms, which did not meet
the time requirement for DC-RCD operation, as confirmed in
Fig. 7(a). Consequently, the DC-RCD did not activate.

FIGURE 7. Experimental Waveform of Case 1 (a) Load current (iLoad ),
(b) fault current (iFLT ).

Fig. 8 shows the waveform of load current and fault current
for Case 2. The peak fault current values during a fault,
as demonstrated in Fig. 8(b), are 228 mA, 171 mA, and
109 mA for each fault resistor, once again exceeding the
rated residual current of the DC-RCD. For cases utilizing
fault resistances of 10 � and 285 �, the DC-RCD operated
within 52 ms and 57 ms to disconnect the power, respectively.
However, it did not operate for the 880� fault, thereby failing
to mitigate the risk of electric shock for the left foot to right
foot path. In particular, a fault current exceeding 80 mA
persisted for approximately 30 ms. Nevertheless, the duration
necessary for DC-RCD operation was not sustained, resulting
in no disconnection.

Fig. 9 shows the waveform of load current and fault current
for Case 3. The peak fault current values during a fault,
as shown in Figure 9(b), are 225 mA, 188 mA, and 124 mA
for each fault resistor, exceeding the rated residual current
of the DC-RCD. In all cases simulating ground faults and
electric shocks, the DC-RCD operated within 53 ms, 54 ms,
and 66 ms to disconnect the power.

FIGURE 8. Experimental Waveform of Case 2 (a) Load current (iLoad ),
(b) fault current (iFLT ).

FIGURE 9. Experimental Waveform of Case 3 (a) Load current (iLoad ),
(b) fault current (iFLT ).

Based on the fault test results of Cases 2 and 3, where
the LVDC system was effectively protected by the DC-RCD
within 70 ms, it was affirmed that the proposed RCS
mid-point grounding configuration with the appropriate
parameters can be utilized in LVDC systems for protective
operation without any power loss in the normal state.

Fig. 10 shows the waveform of load current and fault
current for Case 4. The peak fault current values during a
fault, as shown in Figure 10(b), are 217 mA, 182 mA, and
118 mA for each fault resistor, exceeding the rated residual
current of the DC-RCD. In all cases simulating ground faults
and electric shocks, the DC-RCD operated within 53 ms,
54 ms, and 63 ms to disconnect the power.

As evidenced in the fault test, the fault current exhibits
a characteristic waveform akin to discharge current from
capacitors. Hence, it is important to maintain the capacitor’s
condition because the proposed LVDC system cannot func-
tion if the capacitor fails due to deterioration, external surge
inrush, opening and closing surge, etc.
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FIGURE 10. Experimental Waveform of Case 4 (a) Load current(iLoad ),
(b) fault current (iFLT ).

FIGURE 11. Experimental Waveform of Case 5 (a) Load current(iLoad ),
(b) Insulation resistance measured by IMD.

Even with capacitor values higher than those proposed in
this study, it was verified that the fault current maintained the
requisite operating time for DC-RCD operation in instances
of ground faults and electric shocks. However, excessive
capacitance can pose issues when IMD is applied, as it dis-
torts the detection signal of IMD, even if the operation of the
DC-RCD is normal.

Fig. 11 shows the load current and insulation of Case 5 dur-
ing high-resistance faults. In Fig. 11(b), the insulation resis-
tance measured using the IMD progressively decreases from
approximately 4.7 � before the fault to approximately 10 �

after the fault. In Fig. 11(a), the time required for the IMD to
detect the fault leading to DC-RCD operation was 136ms and
218ms using a 63µF and 90µF capacitor, respectively, in the
RCSmid-point grounding configuration. It was observed that
as the capacitance increased, the detection time of the IMD
extended by 82 ms. Thus, it was confirmed that excessive
capacitance values elevate the risk by prolonging the fault
detection time for secondary protection using IMDs, despite
the advantage of high capacitance facilitating the operation
of the DC-RCD.

VI. CONCLUSION
This study investigated the protection system of the RCS
mid-point grounding configuration in uni-polar LVDC sys-
tems to ensure electrical safety. It evaluated the feasibility
of protection systems in uni-polar LVDC systems with RCS
mid-point grounding, utilizing DC-RCDs and IMDs for
detecting electric shocks and ground faults. The analysis
demonstrates that employing the RCS mid-point grounding
configuration reduces the risk of inrush currents during initial
energization and enables protection by DC-RCDs and IMDs,
which are not available in other mid-point grounding config-
urations. To ensure the proper operation of protective devices,
a scheme has been proposed for selecting mid-point earthing
parameters. Thus, fault experiments were conducted, and the
protective operation characteristics of DC-RCDs and IMDs
based on parameter changes in the RCS mid-point grounding
configuration were analyzed. As a result, it was found that
DC-RCD detects impulsive fault current and operates within
80 ms. In cases of high-resistance faults undetectable by
DC-RCDs, it was confirmed that faults can be detected and
cleared within 4 minutes through the IMD.

The results indicate that protective coordination in
uni-polar LVDC systems based on DC-RCDs and IMDs can
be achieved through appropriate parameter selection.

Consequently, this study is deemed to contribute to estab-
lishing a safe uni-polar LVDC power system for end-users,
mitigating electrical shock and system faults by proposing the
RCS mid-point grounding system with protection methods.
Additionally, it contributes to reducing construction costs by
establishing a protection system based on relatively inex-
pensive mechanical circuit breakers instead of the high-cost
semiconductor-based breakers used for consumer protection
devices.
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