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Abstract: Low voltage direct current (LVDC) microgrid systems have many advantages over low
voltage alternating current (LVAC) systems. Furthermore, LVDC microgrids are growing in use
because they are easy to link to distributed energy resources (DER) and energy storage systems
(ESS), etc. Currently, IT system LVDC microgrids are widely used in direct current (DC) railways,
hospitals, photovoltaic (PV) systems, and so on. When a ground fault occurs in an IT system LVDC
microgrid, the ground fault may not be detected because the fault current is very small and there
is no current path. In this paper, ground fault detection is proposed using a hybrid method that
comprises pulsation signal generator injection and detailed coefficients of discrete wavelet transform
(DWT). The LVDC microgrid was modeled and simulated using power systems computer-aided
design (PSCAD). In addition, the proposed hybrid method was implemented using MATLAB's wave
menu, a script m-file, and the PSCAD library. The proper threshold was selected and tested by
fault resistance change and load variation. In order to verify the superiority of the proposed hybrid
method, a comparative study with the conventional method was performed. The results of various
simulations show that the proposed hybrid detection method has normal operation and accurately
and rapidly detects ground faults.

Keywords: detailed coefficient; DER; ESS; ground fault detection; hybrid method; LVDC microgrid;
IT system; PSCAD

1. Introduction

Low voltage direct current (LVDC) microgrid systems have many advantages over low voltage
alternating current (LVAC) systems that can increase power transfer capacity, reduce conversion losses,
and eliminate power synchronization. Furthermore, LVDC microgrids are growing in use, and are
more attractive, because they are easy to link to distributed energy resources (DER) and energy storage
systems (ESS), etc. [1-3].

Currently, IT system LVDC microgrids are widely used in direct current (DC) railways, hospitals,
photovoltaic (PV) systems, and so on because they include many benefits, such as higher efficiency and
improved economics. When a ground fault occurs in an LVDC microgrid, the ground fault may not be
detected because the fault current is very small and there is no current path. Moreover, if a ground
fault is not cleared promptly, the ground fault will create a short circuit fault in the LVDC microgrid
system, which will cause a fire hazard. In addition, the fault identification should be identified quickly
for troubleshooting and maintenance [4-7].

In domestic studies in South Korea, development of a DC leakage current sensor for solar power
generation system and of a ground fault detection method in unearthed low voltage DC distribution
system using a probe unit was attempted [8,9]. The LVDC distribution system is being built on
the South Korean island Geochado by Korea Electric Power Company (KEPCO). For this project,
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a ground fault detection system was imported from overseas [1,7,10]. In 2018, there was an analysis
of IT grounding system protection devices applied to power converter systems (PCS) imported from
overseas [10].

Studies from abroad include various publications on the detection of ground faults in IT system
LVDC microgrids and ungrounded DC traction power systems [4,11,12]. Fault identification methods
selected in ungrounded industrial systems use pulse generators to inject and apply high-frequency
signals to faulty systems [6,11,13]. Bender and Asea Brown Boveri Ltd (ABB) implemented a method
for identifying fault locations in AC and DC systems [14-16]. In addition, locating faults using
traveling waves in AC and DC transmission lines were studied [17,18]. Spread spectrum time domain
reflectometry (SSTDR) techniques, wavelets, and artificial neutral networks (ANNs) were used to try to
detect and locate various faults in ungrounded PV systems and IT system DC microgrids. Meanwhile,
discrete wavelet transform (DWT) has many advantages over discrete Fourier transform (DFT).
Therefore, DWT is widely applied to fault diagnosis and signal analysis of power systems [19-25].

In this paper, as part of research into the development of high-speed circuit breakers for LVDC
distribution systems [6], ground fault detection is proposed using a hybrid method in IT System
LVDC microgrids. In order to detect the ground fault in an unearthed ground system, the hybrid
method in which DWT is added to a conventional pulsating signal generator is designed and studied.
The LVDC microgrid is modeled and simulated using power systems computer-aided design (PSCAD).
In addition, the proposed method is implemented using MATLAB’s wave menu, a script m-file, and
PSCAD library. The proper threshold is selected and tested by fault resistance change and load
variation. In order to verify the superiority of the proposed method, a comparative study with the
conventional method is performed. The results of various simulations show that the proposed hybrid
detection method has normal operation and accurately and rapidly detects ground faults.

2. Hybrid Detection Method Using Pulsating Signal Generator and DWT

In an ungrounded LVDC microgrid, a pulsating signal generator is installed between each +pole
and —pole to inject a pulse waveform. The injected pulse causes the voltage between the pole and
the ground to oscillate. When a ground fault occurs, the pulsating signal generator can measure the
current. Through the DWT analysis of the measured current (I;), a ground fault is judged when the
detailed coefficient magnitude of the signal is larger than the threshold value.

2.1. Principle of the Pulsating Signal Generator

Figure 1 shows the principle of the pulsating signal generator. The pulsating signal generator
injects a properly selected frequency between any point between the DC power line and ground.
The test current driven by the power source flows to ground through all the insulation leakage
resistance and capacitance. Using the measured current flowing through the measurement resistance
in Figure 1, it is possible to determine the insulation and ground parameters. Thus, the steady state
and the ground fault state can be identified [4,11-14].

In Figure 1, Ugy, is the injected voltage in pulsating signal generator; U1 and Uy are the steady
state voltages of the respective poles toward the ground at the first half of each period; Uj, and Uy, are
the steady state voltage in the latter half of the period; C, C; are the insulation capacitance; Rf1, Ry
are the fault resistance in each pole; Ir Y Ir f, Are the fault current in each pole; and N is the neutral
line, respectively.
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Figure 1. Principle of the pulsating signal generator.
2.2. Discrete Wavelet Transform
The dilation parameter a and the translation b can be described as aé and b = kaébo to discrete

value, then the discrete wavelet function (DWF). ¥ is expressed as Equation (1).

1
Tj,k(f) = —"F
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)

where a9, by, and j represent the scale factor, the shifting factor, and integer respectively.
Based on Equation (1), the basic principle of DWT can be shown in Equation (2).
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where C ik is the wavelet coefficient, which indicates the correlation between the wavelet and the
original signal.
The decomposed sub-signal (f(t)) in every sub-band can be obtained by Equation (3).

f(t) = CZ Cix¥x(t) 3)

where C is a signal independent constant.

The most well-known implementation of DWT is the Mallat pyramid algorithm, which is
multi-level decomposition (MLD) with digital filtering theory.

Figure 2 shows a wavelet decomposition tree representing MLD. In this study, I,, was chosen
as the original discrete signal. As shown in Figure 2, an original discrete leakage signal (I,;[n]) was
decomposed by passing through a low-pass filter (LPF) represented by LPF; [n] and a high-pass filter
(HPF) represented by HPF;[n] simultaneously. The output of the HPF is called detail coefficients
represented by d, while the output of the LPF is called approximation coefficients represented by
a [11,20-23].
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Figure 2. Wavelet decomposition tree.
2.3. Ground Fault Detection Hybrid Method Using DWT Based on Pulsating Signal Generator

When analyzing signals in the power system, many transient components are included.
The Daubechies mother function, which has excellent analysis ability, was selected as the most
suitable one. The proposed ground fault detection hybrid method is based on the analysis of DWT of
the measured current by injecting pulse signal into LVDC microgrid [6]. db8 5 can be selected as a
difference equation to facilitate real-time implementation through various simulation. The ground
fault detection criteria formula, based on the detailed coefficients of the DWT (Coef forouna_raut), can be
expressed as Equation (4).

Coef feround_Faurr = 1db8ys| 4)

where db8 5 is the detailed five coefficients at level 8 by MLD of mother wavelets using Daubechies.

Figure 3 shows a flow chart of the proposed ground fault detection hybrid method. First, the
proposed hybrid method injected a composite pulse signal by installing a pulsating signal generator
between the +pole and the —pole in the LVDC microgrid system. We used the composite pulse signal,
which was created by combining +25 V, 1 Hz pulse signal and +25 V, 10 Hz pulse signal. According to
this composite pulse signal, the voltage magnitude between each pole and ground changed, and when
a ground fault occurred, the current measured by the pulsating signal generator changed. Next, the
measured current I, was analyzed through a DWT-based MLD. After selecting the optimal mother
wavelet, the order and level of the Daubechies wavelet was selected through various simulations.
Finally, the extracted value of db8;5 was checked with the threshold value to determine whether or not
the ground fault had occurred.
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Figure 3. Flowchart of the proposed ground fault detection hybrid method.

3. Modeling of LVDC Microgrid and Simulation of the Proposed Hybrid Method

3.1. Modeling of LVDC Microgrid

In South Korea, the bipolar voltage of LVDC microgrid is fixed to +750 V. The power testbed
was installed and tested at the KEPCO’s Gochang power testing center. Figure 4 shows a schematic
diagram of an ungrounded LVDC microgrid of the Gochang power testing center. The ungrounded
+750 V LVDC microgrid had a converter station (500 kVA), PV (50 kW x2), ESS (1 MWh), load (420
kW), etc.

AC Grid
AC Bus
ESS PV
; |
DC Bus Pulsating
+«—| signal
generator

DC Load

Figure 4. Schematic diagram of an ungrounded low voltage direct current (LVDC) microgrid.
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3.2. Performance Simulation of LVDC Microgrid

In this study, simulation scenario conditions for ungrounded LVDC grid were interconnected
with the AC system at 0.25 s. PV operation was set to 1 s, ESS discharge operation to 2 s, and ESS
charge operation to 6 s. The proposed hybrid ground detection method was applied to the DC load
line. Ground fault, short-circuit fault, and load variation simulation were performed through PSCAD
software to examine the proposed method. Additionally, performance evaluation of the proposed
ground fault detection hybrid method was also performed using MATLAB.

PSCAD Modeling of Pulsating Signal Generator

The schematic diagram of the pulsating signal generator shown in Figure 5 was modeled using
PSCAD software. This composite pulse signal, which is injected into the ungrounded LVDC grid,
is a rectangular pulse waveform that requires a sufficient period of time for stable detection signal
measurements after transients due to capacitance between the +pole and the —pole. If the AC voltage
measurement period (fqns) is set to approximately tyar /10 (0.1# tya, ) of the DC voltage measurement
period (tuar), then the AC voltage measurement period can be set to within f.us < 270 X Cye X Ry, where
Cyc is leakage capacitance and R, is the response value of an pulsating signal generator that measures
the insulation values [14]. In this paper, a pulse with an amplitude of 50 V, a DC voltage measurement
period of 1 s, and an AC voltage measurement period of 0.1 s were generated and applied to the LVDC
grid, as shown in Figure 5. Figure 6 shows the injected pulse signal of the pulsating signal generator.

+ Pole N - Pole

Pulstating signal generator

R, Source

+
R, : coupling resistance
R,, : measuring resistance ﬂﬂ_ﬂ_ﬂm
Figure 5. Schematic diagram by power systems computer-aided design (PSCAD) modeling of the
pulsating signal generator.
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Figure 6. The injected pulse signal of the pulsating signal generator.

3.3. Simulation and Test of Proposed Ground Detection Hybrid Method Using MATLAB

In order to verify the proposed ground fault detection hybrid method, we analyzed the DWT
result signal by MLD using the wave menu of MATLAB. Daubechies was used as the mother wavelet
function. The number of orders was varied from db1 to db8, the result signals from detail 1 to detail
8 were confirmed, and a total of 64 simulations were performed. Through various simulations, the
optimal order and detail were obtained. Figure 7 shows the analysis of DWT at db8 of the measuring
current [, as part of the analysis simulation. From Figure 7, it can be seen that the magnitude of the
signal varied finely with the same period with each pulse waveform before and after the fault in the
case of d1 to d4. In the case of d5 to d8, the signals before and after the fault were distinguished, and
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there was a slight fluctuation before the fault and a larger fluctuation after the fault. The magnitude at
the fault inception point was about 0.8 mA. In the case of d5 to d8, the signals before and after the
fault were distinguished. In the case of d5 to d§, it can be seen that the signals before and after the
occurrence of the fault were distinguished. It varied slightly before the fault, and it fluctuated more
greatly after the fault and became about 0.8 mA at the fault inception point.
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Figure 7. The analysis of discrete wavelet transform (DWT) of measured current at db8.

As a result of MLD signal analysis using Daubechies, the detail 5 (d5) value of db8 was clearly
shown before and after the fault, and the size was large at the fault point. In order to verify this, the
test was carried out by varying the resistance from 1 to 500 k() and varying the load. In addition,
the proposed hybrid method comprised the pulsation signal generator injection and the detailed
coefficients of DWT, which provided the DWT through the internal library in PSCAD. To verify this,
the D5 value of db8 was verified.

In addition, the proposed hybrid method for ground fault detection was implemented using a
MATLAB script m-file. In the implemented method, the d5 value of db8 was used and the threshold
value was set to 0.055 mA. Figure 8 shows the simulation result under pole to ground (PtoG). The left
side indicates the analysis of I;;, and the right side indicates the fault discrimination trip signal. That
is, the left waveform represents the d5 waveform of db8, and the right waveform represents the trip
signal. When the ground fault occurred, a signal value of 0.118 mA appeared, and it can be seen that a
trip command to the circuit breaker had occurred by detecting the fault. The detection time of the
proposed method was about 0.056 s in this case.
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Figure 8. The simulation result under pole to ground (PtoG).

Table 1 shows the performance analysis results of the proposed hybrid method. As shown in
Table 1, the load variation and the fault resistance varied from 1 to 500 k(), representing the maximum
value of magnitude in case of fault and of magnitude in steady state. From Table 1, we can see that the
proposed fault detection method can detect up to 500 k(2 by setting the maximum threshold value of
the fault resistance to determine the fault, the ground fault can be detected by setting the d5 signal
value of db8 of the measured current to be 0.055 mA.

Table 1. The performance analysis results.

Fault Type Magnitude in Case of Fault (nA) Magnitude in Steady State (mA)

1 kQ) PtoG 0.117 0.016
10 kO PtoG 0.118 0.015
50 kQ) PtoG 0.107 0.015
100 kQ) PtoG 0.098 0.016

250 kQ) PtoG 0.079 0.015
500 k) PtoG 0.058 0.015
Load change 0 0.015

The proposed hybrid method can be simulated by providing DWTs of order 1, 2, 4, and 8 at db8 in
the PSCAD internal library. In the selected d5 of db8, the threshold value was set to 0.055 mA and
used for ground fault detection. PSCAD simulations were performed for ground fault, short circuit
fault, and load variation, and the results are that trip commands were confirmed in each case.

3.3.1. Ground Fault

The pole to ground (PtoG) fault was simulated by generating a fault at 2.5 s when the fault
resistance was 10 k(). Figure 9 shows the simulation result under PtoG. The left side indicates the
analysis, and the right side indicates the fault discrimination trip signal. From Figure 9, it can be seen
that the magnitude increases to 0.37 mA at 2.5 s where the fault occurred. Additionally, it can be seen
that a trip signal occurred at 2.563 s at the fault inception point. That is, the fault detection time was
0.063 s.

Main : Graphs = Main : Graphs
= Im_DWT_dbs_ds L = PG_tri '

175

2 0o 10 20 30 40 50 B oo 1.0 20 30 40 50

‘4 » ‘4 »

Figure 9. The simulation result under pole to ground (PtoG).
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3.3.2. Short Fault

The pole to pole (PtoP) fault was simulated by generating a fault at 2.5 s when the fault resistance
was 10 kQ). Figure 10 shows the simulation result under PtoP. It can be seen that even when a PtoP
fault occurred, the result did not change much. Additionally, it can be seen that a trip signal was not
issued at the fault inception point. That is, the proposed hybrid method did not result in maloperation
under PtoP.

Wain : Graphs = Main : Graphs -
= Im_DWT_dbB_d5 ble = PG_trip ble

Figure 10. The simulation result under pole to pole (PtoP).
3.3.3. Load Change

We performed the load simulation with a load of 420 kW and then reduced the load by 50% at
2.5 s. Figure 11 shows the simulation result under load change. It can be seen that even when the load
changed, the result did not vary greatly. Additionally, even when the load fluctuated, the proposed
detection method did not result in maloperation and the trip signal was not issued.

Wain : Graphs = Main : Graphs =
= |m_DWT_dbs_dS = = PG _trip =

Figure 11. The simulation result under load change.

4. Comparison of the Conventional and the Proposed Method

The conventional method detects a ground fault by calculating the leakage resistance [14,15,17].
However, the proposed hybrid method detects a ground fault by calculating the detail coefficient of
the DWT of the measured current. Both methods were simulated using PSCAD. Table 2 shows the
comparison of the fault detection time between the two methods while varying the fault resistance
under PtoG. From Table 2, we can see that the conventional method tends to decrease the fault detection
time as the fault resistance increases, and the proposed method tends to exhibit a constant fault
detection time regardless of an increase in the fault resistance. In particular, the fault detection time of
the proposed method was faster than that of the conventional method. The proposed method was
able to detect with an average detection time of 0.052~0.056 s. From the comprehensive results of the
simulations performed, the proposed hybrid detection method did not result in maloperation and the
ground fault was detected accurately and rapidly.
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Table 2. The comparison of the fault detection time between the conventional and the proposed method.

Fault Type Conventional Method (S) Proposed Method (S)
10 kQ) PtoG 0.199 0.052
20 kQ PtoG 0.250 0.052
30 kQ) PtoG 0.298 0.052
40 kQ) PtoG 0.250 0.051
50 kQ) PtoG 0.299 0.056
60 kQ) PtoG 0.299 0.056
70 kQ) PtoG 0.300 0.056
80 kQ) PtoG 0.301 0.056
90 kQ) PtoG 0.400 0.056
100 kQ) PtoG 0.150 0.056

5. Conclusions

Ground faults in ungrounded LVDC microgrids are difficult to detect because there is little fault
current, little change in current, and no current path. In this paper, a hybrid method was proposed to
accurately and rapidly detect ground faults in IT system LVDC microgrids. The method consists of the
detailed coefficients of DWT using a signal injection method in an ungrounded LVDC microgrid.

First, the ungrounded LVDC microgrid was modeled using PSCAD, and the proposed method
and various conditions were simulated. The optimal selection of order and detail of Daubechies
was performed. D5 signal value of db8 for fault determination using the main method was selected.
The appropriate threshold though the analysis was about 0.055 mA. Then, the method was tested
through simulation of various conditions, such as ground fault, short fault, and load variation
through PSCAD. Additionally, a comparative study with the conventional method was performed.
The result of comparison of the fault detection time, the proposed method appeared faster than in the
conventional method.

As a result of comprehensive tests, it was found that there was no malfunction during short-circuit
fault nor load change. Correct detection operation was also represented during ground fault occurrence.
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