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Abstract
Low voltage DC (LVDC) systems have been gaining increasing attention for improving energy efficiency and electrical 
safety. Compared to AC systems, using LVDC systems in residual households present many advantages, such as low energy 
conversion losses in home appliances operated with DC power. Thus, there have been many studies aimed at developing 
LVDC systems. Among them, the grounding system of LVDC system is a different research field because there are many dif-
ferences from AC systems. In particular, the DC grounding system has different characteristics in terms of sensing, corrosion, 
etc. Therefore, this study presents an analysis of the fault characteristics in unipolar LVDC systems when a combination of 
capacitors and resistors were used as a mid-point grounding. Through fault tests according to the element configurations of 
mid-point grounding and the fault resistance, the change in the fault current characteristics caused by capacitor discharging 
could be confirmed. Through the analysis, it is considered that mid-point grounding with resistors and capacitors has many 
benefits, such as better human safety and system protection.
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1 Introduction

A low voltage DC (LVDC) system has higher energy effi-
ciency than an AC system and can minimize power con-
version loss caused by the integration of renewable energy 
sources [1–3]. Thus, LVDC systems have been highlighted 
as next generation energy systems. However, owing to a 
short period of research and lack of real-life utilization, 
the verification of LVDC systems have not been achieved. 

Moreover, LVDC systems are difficult to commercialize 
owing to the lack of standardization.

Until now, most related studies have predominantly con-
sidered energy efficiency, energy conversion, and protection 
relay algorithms in LVDC systems. References [4, 5] pro-
posed protection algorithms for unground LVDC systems 
using discrete wavelet transform (DWT) to detect the pole 
to ground fault for renewable distribution power source. 
References [6, 7] are present power conversion systems, 
such as the design of a dual active bridge (DAB) converter 
and converter LC filter or operation strategy for efficiency. 
Meanwhile, there is insufficient research related to connec-
tion with ground.

Power systems have various configurations, such as TT, 
IT, and TN depending on the configuration of the ground 
system [8]. In particular, in the case of a unipolar DC power 
system, which has polarity, additional cases can be config-
ured, and each system has different characteristics based 
on the grounding system [9, 10]. Consequently, different 
grounding systems require different protection algorithms 
and devices [5, 11].

To adapt the appropriate protection technique, various 
grounding configurations have been analyzed, and the mid-
point grounding system is among them [12, 13]. Reference 

 * Seung-Taek Lim 
 jstyim@kesco.or.kr

 Ki-Yeon Lee 
 lkycj@kesco.or.kr

 Dong-Ju Chae 
 chaedju@kesco.or.kr

 Chan-Hyeok Oh 
 dhcksgur@kesco.or.kr

 Sung-Hun Lim 
 superlsh73@ssu.ac.kr

1 Electrical Safety Research Institute, Korea Electrical Safety 
Corporation, Wanju, Korea

2 Department of Electrical Engineering, Soongsil University, 
Seoul, Korea

http://crossmark.crossref.org/dialog/?doi=10.1007/s42835-023-01642-5&domain=pdf
http://orcid.org/0000-0003-0501-5415


4608 Journal of Electrical Engineering & Technology (2024) 19:4607–4614

1 3

[14] summarizes various grounding methods, such as direct 
grounding, resistive grounding, mid-point grounding, diode 
grounding, and thyristor grounding, and compares their 
characteristics. Mid-point grounding is characterized by 
easy fault detection and a low earth voltage.

However, the mid-point grounding system has not been 
sufficiently studied in terms of its fault characteristics. 
Hence, this paper presents an analysis of the form of LVDC 
grounding using capacitors for use in the consumer stage. 
The mid-point grounding is constructed using resistors and 
capacitors to prevent loss in the normal state. A hardware-
based experiment was conducted to verify the fault charac-
teristics of the capacitor-based mid-point grounding method.

2  Grounding in Unipolar DC System

2.1  Classification According to IEC Standard

In IEC 60364, a power system is classified according to 
earthing at source and earthing in the distribution (exposed-
conductive-parts). The representative systems are TT, IT, 
TN-C, TN-S, and TN-C-S. An AC system, which has a 
neutral point, can be easily classified based on above. 
However, the 2-wire DC system (unipolar system), which 
does not have a neutral point, cannot be easily classified 
based on the existing standard. Therefore, in some studies, 
high resistances have been used to make an artificial neu-
tral point. However, the grounding system involves current 
flowing through the resistances, generating a loss (heat) in 
the normal state. Consequently, the biggest advantage of the 
LVDC system, efficiency, deteriorates. To solve the prob-
lem, diodes, thyristors, etc., have been proposed in previous 
studies.

2.2  Mid‑point Grounding Using the Capacitors 
and Resistors

In unipolar DC systems, IT system has been mainly studied 
because of the reliability of the power supply. However, the 
only method to detect the first fault involves using insula-
tion monitoring via an insulation monitoring device (IMD) 
because the residual current is extremely low. However, the 
detection time of the IMD depends on the line capacitance 
and fault resistance. Therefore, detection time is inconsist-
ent and takes a long time (seconds to minutes). Based on 
the above reasons, it is considered that the IT grounding 
configuration is not appropriate for an LVDC system used 
in residual households. To improve detection, the mid-point 
grounding system is analyzed in this paper. Figure 1 shows 
three types of mid-point grounding systems composed of 
resistors and capacitors.

Figure 1a shows the mid-point grounding configuration 
composed of two resistors. It has the advantage of easily 
detecting a leakage current and lowering the ground poten-
tial by half, but has the disadvantage of causing a loss due 
to the continuous flow of current in normal state. Figure 1b 
shows the configuration composed of two capacitors. It is 
lossless in normal state and lowers the ground potential by 
half, but has the disadvantage of having a high initial fault 
current, requiring extra protection methods for short dura-
tion of the leakage current discharge. Moreover, the configu-
ration has a danger factor because they generate extremely 
large impulsive fault currents in the event of a short circuit. 
Figure 1c shows the configuration composed of two resis-
tors and capacitors. In addition to being lossless in normal 
state and lowering the ground potential by half, it can con-
trol the initial fault current by changing the resistance and 
capacitance. However, depending on the configuration of the 
resistors and capacitors, it has the disadvantage of requiring 
additional protection techniques to detect and trip the limited 
and short fault current.

In this study, the capacitors, which is considered as OPEN 
state in steady DC circuit, was used to block the current and 
reduce the loss in normal state. The resistor and capacitor 
are in series and an artificial neutral point was grounded 
on earth, as shown in Fig. 1c. By using the resistance and 
capacitor in series, the capacitor discharging current can be 
reduced when a fault occurs.

In this case, the approximate fault current of the capaci-
tor discharge can be obtained using Eq. (1), as specified in 
IEC 61660-1. The peak value is expressed using Eq. (2) [15]

Here, � , kc , Ec , and RCBr denote the time constant, coef-
ficient, capacitor voltage before the fault, and equivalent 
resistance, respectively. From Eq. (1), in a mid-point ground-
ing system, the resistors and capacitors are related to the 
time constant of the capacitor discharge current as a fault 
current. From Eq. (2), it can be known that the capacitor 
discharge current is inversely proportional to the equiva-
lent resistance because the system voltage is constant. A 

(1)iC(t) = Ipce
−t∕�

(2)Ipc = kc
Ec

RCBr

Fig. 1  Types of mid-point grounding for unipolar LVDC systems
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hardware test was performed to confirm the fault character-
istics of the capacitor mid-point grounding system.

3  Verification Based on the Fault Test

3.1  Configuration of the Test‑Bed

Figure 2 shows the experimental test-bed composed of an 
isolation transformer for isolating the test system from the 
AC system, DC power source, load, ground simulator for 
changing the ground type and mid-point system, and fault 
simulator. Here, the ground simulator can change a mid-
point grounding system that can change the resistance and 
capacitance.

The simplified simulation circuit is illustrated in Fig. 3, 
and the specific parameters are listed in Table 1. The main 
DC power voltage was selected as 380 [V], which is mainly 
being studied in residual LVDC systems. To verification 

characteristic of the mid-point grounding system, the perma-
nent fault between positive pole (L+) and exposed-conduc-
tive-part connected with the protective earth (PE) conductor 
line occurred at 0.00 [s] with fault resistance  Rf.

The measuring points are marked. The lower subscripts 
‘p’ and ‘n’ indicate positive line and negative line and the 
upper subscripts ‘S’, ‘L’, ‘G’, and ‘F’ indicate source, line, 
ground, and fault point, respectively.

Based on experimental safety and practicality, the six 
cases specified in Table 2 were conducted to analyze the 
characteristics of the mid-point grounding system according 
to conditions of the resistance (R) and capacitance (C) in the 
mid-point grounding. For the resistance and capacitance, 
100 [Ω], 1000 [Ω], and 3[μF], 30[μF] were used, respec-
tively. Cases 3 and 6 only used resistors for the mid-point 
grounding.

3.2  Result and Analysis of the Fault Test

The fault test was performed using the above conditions, 
and the fault current characteristics and fault current path 
were analyzed. In particular, the capacitor discharge current 
was analyzed based on the peak current and time constant. 
Here, according to IEC 60479-2, the time constant (T) indi-
cates the time required for the amplitude of an exponentially 
decaying quantity to decrease to 0.3679(= 1/e) times the 
initial amplitude. The shock-duration of the capacitor dis-
charge, which affects humans during electric shocks, is equal 
to the DC current with 3 T divided by root 6 of peak current 
value [16, 17]. Therefore, based on the time constant, the 

Fig. 2  Test-bed for the verification fault test

Fig. 3  Simplified configuration of the fault test

Table 1  Parameters of the fault test

Component Value Unit

Vs 380 [V]
Rf 38, 380 [Ω]
Load 380 [Ω]
Mid-point grounding
 R 100, 1000 [Ω]
 C 0 (short), 3, 30 [μF]

Table 2  Test conditions of the 
resistance and capacitance

Cases Conditions

R [Ω] C [μF]

1 100 30
2 100 3
3 100 –
4 1000 30
5 1000 3
6 1000 –
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minimum operating time of protective equipment, such as 
residual current devices, can be researched in future works.

Figure  4 illustrates the fault current through the PE 
line when the resistors in the mid-point grounding and 
fault resistance are 100 [Ω] and 38 [Ω], respectively. The 
peak current is approximately 2.06 [A] and it is 0.76 [A] 
at the time constant of the peak value in the cases that use 
the capacitor. In Cases 1 and 2, the time constants are 5.5 
[ms] and 0.7 [ms]. In the case that only uses the resistance 
(Case3), there was no decaying and fixed fault current flow.

Figure 5 illustrates the fault current through the PE line 
when the resistor in mid-point grounding and fault resistance 
is 1000 [Ω] and 38 [Ω], respectively. The peak current is 
approximately 0.35 [A] and it is 0.13 [A] at the time constant 
in the cases that entail the capacitor. In Cases 4 and 5, the 

time constants are 32.4 [ms] and 3.3 [ms]. In the case using 
only the resistance, there was no decaying and there was a 
fixed fault current.

The voltage of the fault point is shown in Fig. 6 when the 
fault resistance is 38 [Ω]. As the resistance increases from 
100 to 1000 [Ω] in the mid-point grounding configuration, 
the initial voltage of the fault point, before decaying because 
of the capacitors, decreases from 79.5 to 11.8 [V]. Although 
the resistance in mid-point grounding system is 10 times, it 
can be known that the fault current is not a 0.1 times differ-
ence because of the change in the initial fault point voltage 
according to the resistor in mid-point grounding.

Figure 7 shows the fault current through the PE line 
when resistors in mid-point grounding and fault resistance 
are 100 [Ω] and 380 [Ω], respectively. The peak current is 

Fig. 4  Waveforms of the fault current for Case1, Case2, and Case3 
with fault resistance of 38 [Ω]

Fig. 5  Waveforms of the fault current for Case4, Case5, and Case6 
with fault resistance of 38 [Ω]

Fig. 6  Waveforms of the fault point voltage according to cases with 
fault resistances of 38 [Ω], a R = 100 [Ω], b R = 1000 [Ω]

Fig. 7  Waveforms of the fault current for Case1, Case2, and Case3 
with fault resistance of 380 [Ω]
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approximately 0.43 [A] and it is 0.16 [A] at the time con-
stant of the peak value in the cases using the capacitor. In 
Cases 1 and 2, the time constants are 32.9 [ms] and 3.7 [ms], 
respectively. In cases using only the resistance, there was no 
decaying and there was a fixed fault current flow.

It can be confirmed that the peak fault current decreases 
by approximately 0.2 times, from 2.06 to 0.43 [A], compared 
to Fig. 4, with a fault resistance of 38 [Ω].

Figure 8 shows the fault current through the PE line 
when resistors in mid-point grounding and fault resistance 
are 1000 [Ω] and 380 [Ω], respectively. The peak current is 
approximately 0.21 [A] and it is 0.08 [A] at the time constant 
in the cases using the capacitor. In Cases 4 and 5, the time 
constants are 65.1 [ms] and 6.7 [ms], respectively. In cases 
using the resistance only, there was no decaying and there 
was a fixed fault current flow.

It can be confirmed that the peak fault current decreases 
by approximately 0.6 times, from 0.35 to 0.21 [A], compared 
to Fig. 5, with a fault resistance of 38 [Ω]. It can also be 
confirmed that by using the higher resistance as mid-point 
grounding from 100 to 1000 [Ω], the variation of fault cur-
rent according to the fault resistor was reduced.

The voltage of the fault point is shown in Fig. 9 when the 
fault resistance is 380 [Ω]. As the resistance in the mid-point 
ground changed from 100 to 1000 [Ω], the initial voltage 
of the fault point, before decaying due to the capacitors, 
decreased from 162.8 to 79.9 [V]. It can be known that the 
fault current was not a 0.1 times difference, although the 
resistors in the mid-point grounding system were 10 times 
higher because of the change of the initial fault point voltage 
according to the resistor in mid-point grounding.

In cases with capacitors, the decaying was like the time 
constant of the current discharge, but in the cases using only 
a resistor, there was no decaying. The voltage at the time 

constant in the cases using the capacitor were approximately 
59.9 [V] and 29.4 [V], and they take similar time as the cur-
rent discharge.

Theoretically, the time constant of the discharge current 
in the RC circuit is expressed as a product of the resistance 
and capacitance. The theoretical and test time constants are 
summarized in Table 3. The theoretical values only consider 
the resistance and capacitance in the mid-point grounding 
system because it is difficult to know the other values.

Overall, it can be known that the time constants from 
the experiment are longer than those from the theoretical 
analysis because they were affected by other elements, such 
as line impedance, load, parasitic capacitance, and so on.

It was shown that, as the fault resistance increased by 
10 times in the case with a low resistance (100 [Ω]) in the 
mid-point grounding system, the time constant was changed 
dramatically by six times or more. On the other hand, as 
the fault resistance increased by 10 times in case with large 
resistor (1000 [Ω]) in mid-point grounding system, the time 
constant changed by approximately two times. The change 
of the time constant caused by the fault resistance was 
decreased. In particular, the test with a large resistance in 
the mid-point grounding system and small fault resistance 

Fig. 8  Waveforms of the fault current for Case4, Case5, and Case6 
with fault resistance of 380 [Ω]

Fig. 9  Waveforms of the fault point voltage according to cases with 
fault resistance of 380 [Ω], a R = 100 [Ω], b R = 1000 [Ω]

Table 3  Time constant of the theoretical and fault test according to 
the resistance and capacitance in the mid-point ground system

R [Ω] C [μF] Theoretical time 
constant [ms]

Test time constant [ms]

Rf = 38 [Ω] Rf = 380 [Ω]

100 30 3.0 5.5 32.9
100 3 0.3 0.7 3.7
1000 30 30.0 32.4 65.1
1000 3 3.0 3.3 6.7
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has a time constant similar to that of the theoretical time 
constant of RC discharge.

Accordingly, it is confirmed that the effect of other ele-
ments, such as fault resistance, was reduced by using a large 
resistance in the mid-point grounding system.

Figure 10 shows the fault current flow in an LVDC system 
with mid-point grounding using Case1. The fault current 
path is confirmed when the capacitor discharge occurred.

Figure 10a shows the positive ( iG
p

 ) and negative ( iG
n

 ) 
capacitor discharge current in the mid-point grounding sys-
tem. The fault current increases from 0 to 1.03[A] at the 
positive and negative poles, respectively. Figure 10b shows 
the positive(iL

p
 ) and negative(iL

n
 ) line currents in the load 

distribution line. The positive line current increases from 
1 to 3.01[A] at the positive pole. It increases by 2.01 [A], 
which is similar to the sum of discharge current from the 
capacitor discharge at the positive and negative sides. On 
the other hand, there was little change in the negative line 
current. Figure 10c shows the positive ( iS

p
 ) and negative ( iS

n
 ) 

line current in the source side. The current in the positive 
line changes from 1 to 2.01[A] and the current in negative 
line changes from − 1 to − 2.02[A] at the negative pole.

As a similar current change appeared in source side line 
and above fault flows, it is considered that the discharge 
current from the negative capacitor flows to ground through 
the power supply side of the positive load distribution line. 
Moreover, it is also considered that the discharge current 
from the positive capacitor flows to the ground through the 
negative load distribution line, as shown in Fig. 11. Here, 
ICP, ICN, and IF denote capacitor discharge current at positive 
line, capacitor discharge current at the negative line, and 
fault current, respectively.

It is confirmed that there is no fault current flowing on the 
negative line of the load side with respect to the mid-point 
grounding and that the magnitude of the leakage current is 
sufficient to trip the residual current device (RCD) based 
on the mid-point grounding parameters. Accordingly, RCD 
that is not available for traditional IT grounding can be used.

As confirmed by experimental results, since the magni-
tude and duration of the fault current change depending on 
the parameters of the midpoint grounding, it is necessary to 
select an appropriate operation value for the RCD.

4  Conclusion

This paper analyzed the fault current characteristics of 
using a midpoint grounding system in a unipolar IT system. 
Through fault experiments, it was confirmed that the safety 
in terms of electric shock is increased by reducing the volt-
age between the line and the ground when using the mid-
point grounding system, and that protection against electric 
shocks and leakage currents can be provided using RCDs, 
which was not available in existing IT systems.

Moreover, it is found that the fault characteristics differ 
depending on the configuration of the midpoint grounding 
system. More specifically, if the intermediate point is config-
ured using only a resistor, continuous losses occur at normal 
times, but when a fault occurs, a fault current is continuously 
generated, which is easy to detect, but problems such as 
human health hazards and electrolysis may occur.

On the other hand, if the midpoint is constructed using 
a resistor and a capacitor, there is no normal loss and an 
impulse-type fault current is generated during a fault condi-
tion. In this case, the parameter selection of the midpoint 
ground should be considered to use an RCD. It was found 
that the resistor serves to limit the peak value of the fault 
current, thereby protecting the safety of the equipment and 
protecting it from shrinkage, while the capacitor is related to 

Fig. 10  Waveforms of the fault current flow in LVDC systems with 
mid-point grounding for Case1 a current flowing in the resistance in 
the mid-point grounding b current flowing in the load distribution 
line, c current flowing in the power source line

Fig. 11  Fault current path of the capacitor’s discharge in mid-point 
grounding when the fault occurred
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the duration of the fault current, which is related to the abil-
ity to enable the operation of the RCD. Therefore, it is con-
sidered that the midpoint configuration that uses capacitors 
and resistors in a combination is a system that can maximize 
power efficiency, which is the primary advantage of LVDC 
systems, while reducing the risk of electric shocks.

Based on the analysis, the parameter setting method of 
mid-point ground system that considers the relationship 
between the electric shock and grounding type and a pro-
tection algorithm that considers the capacitance in an LVDC 
system will be researched in the future.
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