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ABSTRACT: DC microgrids have emerged as a promising solution to provide reliable and efficient 
power for various applications. However, similar to any power system, DC microgrids are prone to 
faults that can disrupt their performance. Accordingly, the lack of publication of sufficient standards 
and guidelines for the protection of DC microgrids makes it necessary to develop protection methods 
in these networks. Therefore, the purpose of this paper is to create a new fault detection method in 
islanded DC microgrids. In this method, the current signal samples are entered into a chaotic state, and 
using the feature of sensitivity to the initial conditions of this method, it accurately identifies the fault. 
In this case, the signal undergoes a very large chang during the fault, which is easily visible compared 
to the normal state. It should be noted that, unlike other methods, in the proposed method in this paper, 
only one measurement unit is used in the DC bus for sampling signals. Therefore, there is no need to 
use communication links in the proposed method. The proposed method has been implemented using 
MATLAB/Simulink software on a sample DC microgrid. The results show that the proposed method 
is capable to detect pole-to-pole and pole-to-ground faults on the microgrids and also faults on the 
distributed generations and electrical vehicles. Also, results prove that this method is resistant to the 
operational uncertainty of distributed generations, electrical vehicles, and the destructive effects of noise 
on the sampled signals.
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1- Introduction
The concern about the increase of the Earth’s heat due 

to the consumption of fossil fuels has increased the use of 
renewable energy resources [1]. Also, with the increasing 
number of DC loads such as computers and electrical 
vehicles (EVs), the traditional power grid is prone to become 
a modern system for energy supply [2]. For this purpose, the 
use of microgrids is increasing continuously. It should be 
mentioned that the collection of renewable energy resources, 
loads, and energy storage systems is called a microgrid [3].

Microgrids are divided into two AC and DC categories 
depending on their voltage type. With the advancement 
of power electronic devices and increasing DC loads, it is 
easier to use DC microgrids [4]. DC microgrids are known as 
a promising solution to provide reliable and efficient power 
for various applications [5]. DC microgrids have several 
advantages over AC type [6, 7]. However, similar to any 
power system, DC microgrids are prone to faults that can 
disrupt their performance [8]. In fact, in these microgrids, the 
short length of lines causes the low impedance of the lines 
and as a result, the current reaches its peak in a very short 
period of time [9]. This amount of current can cause serious 

damage to the power electronic devices [10]. Also, the lack of 
a natural zero point in the fault current challenges the process 
of detecting and clearing the fault in DC microgrids [11, 12]. 
It should be mentioned that the sensitivity of fault response 
is significantly influenced by fault resistance, as discussed in 
[13].

Another issue that can make fault detection in DC 
microgrids challenging is the transient states in DC microgrids 
[14]. Uncertainty in the amount of generation power in 
distributed generation (DG) units as well as disconnection 
and connection of loads causes this situation. Another 
transient mode that can disrupt the fault detection process in 
these microgrids is the effect of noise on the network signals 
[15]. This is despite the fact that some previous methods 
may have maloperation by considering the effects of noise 
in their fault detection methods. To investigate this problem, 
the method presented in [16] has been used. In the proposed 
method in [16], the fault is detected by sampling the current 
signal and then obtaining the specified index. In this case, if 
the obtained index exceeds a threshold value, it indicates a 
fault in the system. To investigate this method, the sampled 
signals were applied once without considering the noise 
and again by applying white Gaussian noise with a signal-
to-noise ratio of (SNR)=30 dB to the algorithm presented in *Corresponding author’s email: s.hosseini@iut.ac.ir  
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[16]. The results are presented in Fig. 1. As shown in this 
figure, when the noise has not affected the sampled signals, 
the algebraic sum of the sampled currents is equal to zero. 
Therefore, the network is in the normal mode. This is while, 
according to Fig. 1, when the effect of noise is applied to the 
current signals, the protection system has incorrectly detected 
a fault in the microgrid. Therefore, it is necessary to develop a 
fast and reliable method for detecting faults in DC microgrids 
considering the affecting uncertainties [9].

In recent years, the interest in conducting research in this 
field has led to the development of various methods. In this 
regard, methods such as the use of artificial intelligence, 
differential protection, voltage analysis, wavelet analysis, 
signal processing, and impedance estimation have been 
presented [3]. Accordingly, in [17-20] the differential 
protection method has been used. The method proposed in 
[9] has also used the logic of differential protection with 
the difference that in this study several intelligent electronic 
devices (IEDs) have been used. In a similar scheme, in [21], 
the difference between two consecutive samples of the current 
signal and comparison them with two fixed and adaptive 
threshold values are used for fault detection. Furthermore, the 
authors in [22, 23] have conducted an analysis of fault detection 
based on the difference in current signals sampled from the 
beginning and the end of the microgrid lines.  Nevertheless, 
the method proposed in these studies only identified faults 
occurring in the main lines of the microgrid. Authors in [24] 
have used rapid changes in voltage and current signals using 
local measurements for fault detection. The authors in [25] 
have detected the fault by using the currents measured by 

IEDs and using a measurement index. In this study, only 
Pole-to-Ground (PG) faults have been detected. In [26], by 
sampling the current signal and sending data to a control unit 
through communication links, various types of faults have 
been detected. In the control unit, by using the derivation of 
currents at consecutive times and comparing them with the 
threshold value, if the changes exceed the threshold, a fault 
has been detected. Uncertainties in communication links as 
well as the problem of synchronizing data sent to the control 
unit are the problems of methods using these links [14]. Two 
steps are used for fault detection in [27]. In the first step, by 
measuring the derivative of the current at the beginning of the 
cable and comparing it with the pickup value, if it exceeds 
the threshold, the fault is detected. If the measured value is 
lower than the threshold value, it has been entered into the 
second step. In the second step, by measuring the derivative 
of the current at the end of the cable and comparing it with 
the current at the beginning of the cable, if the ratio becomes 
negative, the fault has been detected. In the method presented 
in [28], the voltage signal is used for fault detection. However, 
in the proposed method in [28], the type of occurred fault (PG 
or Pole-to-Pole (PP)) is not detected. To detect the fault, the 
authors in [29] have used a method based on measuring the 
current and comparing it with the state when the network is 
in a normal mode. In [30] resistance estimation has been used 
for fault detection in DC microgrids. This method has been 
implemented in two stages. In the first stage, by sampling the 
current signal, the derivative of the current is compared with 
a threshold value. In the second step, the resistance between 
the voltage source and the desired bus is estimated by IEDs 
placed at the beginning and end of each line. Accordingly, if 

 

Fig. 1. Evaluation of the proposed method in [16] with/without considering the effect of noise 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Evaluation of the proposed method in [16] with/without considering the effect of noise
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the estimated resistance is negative, occurred fault has been 
detected. In [31], traveling waves are used for fault detection. 
However, the performance of this method may be impaired 
when the fault occurs near the measurement devices. Another 
widely employed method for protecting DC microgrids is 
overcurrent protection. This method involves dividing the 
microgrid into several zones and deploying corresponding 
relays within these zones to detect faults, as explained in [32].

Failure to consider transient states in microgrids as well as 
the effects of noise on the sampled signals are problems of the 
previous studies. Therefore, in this paper, a new method for 
fault detection in DC microgrids is proposed. In the proposed 
method, the chaos theory of logistic map type has been used for 
fault detection [33, 34]. In order to eliminate the operational 
uncertainties of the communications links in the proposed 
method, in this method, local data is used for fault detection. 
Therefore, to realize this method, only an IED is installed 
at the DC bus, and based on the local current calculation, it 
detects the fault on the islanded microgrid. To detect the fault, 
the current signal sampled by the IED enters the proposed 
chaotic state. In this case, the signal undergoes very large 
changes during the fault, which is easily visible compared 
to the normal state. Therefore, if the signal entered into the 
chaotic state exceeds the predetermined threshold value, it 
indicates the occurrence of a fault in the DC microgrid. To 

evaluate the proposed method, this method is implemented 
on a sample microgrid using MATLAB/Simulink software. 
The results prove that the proposed method is capable of 
detecting types of faults in the DC microgrid and even in DGs. 
Also, the presence of transient disturbances, including white 
Gaussian noise, as well as uncertainties in the generation of 
DGs/EVs, do not affect the accuracy of the proposed fault 
detection method.

The structure of the paper is organized as follows. In 
Section 2, the sample DC microgrid is introduced. In Section 
3, the proposed method for fault detection is described. In 
Section 4, the proposed scheme is tested on the sample DC 
microgrid and the results are analyzed during the occurrence 
of various faults and uncertainties. In Section 5, the proposed 
method is compared with previous studies, and its advantages 
are described.

2- Sample DC Microgrid
The sample DC microgrid used in this paper is shown 

in Fig. 2. This network is composed of a photovoltaic (PV) 
cell, an EV, hybrid energy storage systems (Battery and 
Flywheel), AC/DC converters, DC/DC converters, and AC 
and DC loads. The DC bus voltage in this network is 600 
V and the AC voltage is 380 V. All devices in the microgrid 
are connected to the DC bus by power electronic converters. 

 

Fig. 2. Sample DC microgrid structure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Sample DC microgrid structure
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Because of the uncertainty of the generation of PVs and EVs, 
hybrid energy storage devices such as batteries and flywheels 
have been used to control their generation and optimize 
energy in this microgrid [35].

The sample microgrid includes 4 lines, L1-L4. The cross-
section of each line is 240 mm2. Aluminum cables with 
PVC type A insulation and PVC sheath type ST-1 are used 
in all lines [36]. Other information about this microgrid is 
presented in Table 1 [37, 38].

3- Proposed Method
3- 1- New fault detection method

The purpose of this paper is to present a suitable method for 
detecting the occurrence of different faults in DC microgrids. 
In general, during a fault in a DC microgrid, the current signal 

may be affected by different changes and disturbances. These 
changes can show themselves by increasing or decreasing 
the current. Figure 3 shows an example of a current signal 
variation during a fault. According to Fig. 3, when a fault 
occurs in the DC microgrid, the amplitude of the current 
signal has been suddenly increased. Accordingly, one of 
the criteria for detecting faults in DC microgrids is sudden 
changes in the current signal. However, due to the uncertainty 
in the topology of the microgrid and the amount of generation 
of DG units in DC microgrids, changes in the current signal at 
the time of the fault are not always constant. Therefore, there 
is a need to use a method that can highlight these changes and 
distinguish them from normal network conditions. For this 
reason, in this paper, chaos theory is used for fault detection.

Table 1. Sample DC microgrid parameters
Table 1. Sample DC microgrid parameters 

Parameter Value Units 
DC Bus Voltage 600  V 

AC Voltage 380  V 
PV Power 20  kW 

EVs Charge & Discharge 15, 10  A 
Battery LiFePO4, 360, 100  V, Ah 

Flywheel 10, 10000, 5000  kW, r/min, r/min 
AC Loads 5  kW 
DC Load 5  kW 

Cross Section Area 240  mm2 
Cable Resistance 0.125  /km 
Cable Inductance 0.232  mH/km 

Length of lines 1-4 1  km 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. An example of current sampled by IEDs during a fault 
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Fig. 3. An example of current sampled by IEDs during a fault
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Chaos theory is one of the mathematical theories that 
deals with the analysis of complex and non-linear systems 
[39]. This theory has features such as unpredictability and 
sensitivity to initial conditions over time. The sensitivity of 
this theory is such that if a small change occurs in the initial 
conditions of the system, the output of the system suddenly 
undergoes very large changes [40]. Considering this feature, 
analyzing signals in a chaotic environment can be a suitable 
method for detecting faults in the system [39]. A logistic 
map is one of the simple modes of chaos theory. This simple 
mathematical model is used to examine some problems of 
chaos theory such as chaos-based cryptography [41]. The 
proposed method for fault detection in this paper is based on 
chaos theory and its logistic map type.

To implement the proposed method, it is necessary to 
sample the current signals in the network. As shown in Fig2 ., 
this is done by installing only one IED on the sample microgrid 
DC bus. It should be noted that in the method proposed in 
this paper, the values measured by the IED do not need to be 
transmitted through communication links. Figure 3 shows an 
example of the current sampled by the IED unit when a fault 
occurs in one of the microgrid lines. As it is clear from Fig. 
4, the waveform of the current signal has suddenly changed, 
which can indicate the occurrence of a fault in the microgrid. 
The oscillations depicted in this figure are attributed to the 
non-ideal modeling of converters. Therefore, to confirm the 
occurrence of the fault, the sampled signal is entered into 
the chaotic environment. Generally, to highlight the changes 
in the current signal over time and, as a result, the speed of 
action in fault detection, the sampled signals are analyzed by 
chaos theory [42].

To start the fault detection process in the DC microgrid 
by chaos theory, first, the sampled current signal is passed 
through a low pass filter. The reason for this is that different 
frequencies created by the chargeable power of energy storage 
sources, i.e., flywheel and battery, are separated by the filter. 
To implement the proposed method based on the logistic map 
model and to highlight the changes in the current signal, the 
sampled signal according to Eq. (1) has entered into a chaotic 
environment.
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where nZ  is the state variable of the n-th sample and λ  
is the system parameter. This parameter ( λ ) can be a number 
between 1 and 4 [43]. In this paper, based on the simulations, 
the value of one is considered.

To implement the proposed method, a window is required 
for sampling the current signal. To calculate the sampling 
window length, the sampling frequency is required. The 
sampling frequency in this paper is 250 kHz. Therefore, the 
length of the sampling window is equal to 5000 according to 
the sampling frequency and based on the method used in [43]. 
The obtained window length is applied to the sampled current 
signal. Therefore, the size of the sampled current signal has 
been changed according to Eq. (2) to a signal with the length 
of the data window.1 ( ) (1 )n n n nZ f Z Z Z+ = = −  (1) 
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Fig. 4. Variations in the current amplitude when a fault occurs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Variations in the current amplitude when a fault occurs
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where Y  is the matrix obtained from the sampled data 
and iy  is the i-th transformed signal as the window data.

Data in the Y  matrix has entered into a chaotic state 
according to Eq. 1. Due to the nature of chaos theory, a 
small change in the input signal causes a large change in the 
output waveform. This feature can be used for fault detection. 
Therefore, Fig. 5 shows the sampled current signal (Fig. 4), 
which has entered into a chaotic state. As it is clear from 
Fig. 5, with the occurrence of small changes in the input of 
the system, due to entering into the chaotic environment, 
the output has suddenly undergone a large change in its 
amplitude.

It should be mentioned that DC microgrids have internal 
harmonics. This problem is due to the disturbance in the 
waveform of the sampled signal due to the switching of 
power electronics devices. Therefore, by taking RMS from 
the signal, the generated signal becomes free of fluctuations 
[44]. For this reason, using Eq. (3), the RMS of the current 
signal along the data window has been obtained [43].
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Finally, the output of Eq. 3 is used to detect the fault in 
the DC microgrid. Accordingly, if the RMS of the current 
changes obtained using the proposed method is outside the 
threshold range, it indicates the occurrence of a fault in the 
microgrid. Therefore, the fault detection condition in the 
proposed method is presented in Eq. (4).
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In this equation, 1K  and 2K  are threshold values.
In general, Fig.6   shows the proposed fault detection 

process. As it is clear from this figure, the sampled data is 
first passed through a low-pass filter and then entered into 
a chaotic state by logistic map equations. Then, the signal 
entered into the chaotic environment has been compared with 
the threshold values to investigate the occurrence of a fault 
in the microgrid. If it has not violated the threshold, it has re-
entered the first stage and started sampling the signals. On the 
other hand, if the obtained values exceed the fault detection 
threshold values, it indicates the occurrence of a fault in the 
microgrid and causes a trip command to be issued.

 

Fig. 5. Fault current amplitude with chaos theory 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Fault current amplitude with chaos theory
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3- 2- Calculation of the threshold values
 In this study, numerical simulation is used to obtain 

the threshold values [45]. Therefore, considering that the 
proposed method in this paper has the ability to identify faults 
in both DGs and DC microgrids (in the DC bus or DC line), 
it is necessary to evaluate the occurrence of faults in all these 
locations. In normal conditions, DG resources such as EVs 
and PVs inject power into the microgrid and the direction of 
this power is towards the microgrid. At the time of occurring 
a fault in a DG unit, all these currents flow in the fault 
direction, so the amplitude of current at the IED location is 
reduced. This issue is illustrated in Fig. 7-a (F1 fault occurs 
on the DC bus) and Fig. 7-b (F2 fault occurs at the end of the 
L2 line and in the EV). On the other hand, similar to what 
is shown in Fig. 7-c (F3 fault occurs at the PV connected 
to the DC bus), when the fault occurs in the microgrid, the 

amplitude of the current measured by the IED is increased. 
In order to obtain the highest and lowest threshold values, 

the effect of noise and generation uncertainties must be 
considered in the measured currents. For this purpose, by 
placing different types of faults with different impedances and 
also in different places (according to Table 2) in the sample 
microgrid in Fig. 2, the current values have been measured in 
all the studied cases. The measured currents were compared 
with each other and the lowest and highest currents obtained 
from all the study cases presented in Table 2 were selected. 
These values are shown in Table 3. According to this table, 
the minimum value of the fault current is 572.4 A, and the 
maximum fault current is 641.5 A. Therefore, considering 
a tolerance, the threshold values of 1K  and 2K  have been 
determined as 560 and 680, respectively.

Start

Current sampling

Low-pass filter

logistic map
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Fig. 6. The algorithm of the proposed method 
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Fig. 7. Sampled currents during faults in different locations, a) a fault in the DC bus (F1), b) a fault in the EV (F2), c) a fault in the PV 

(F3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Sampled currents during faults in different locations, a) a fault in the DC bus (F1), b) a fault in the EV (F2), 
c) a fault in the PV (F3)

Table 2. Analysis of different faults to determine threshold values
Table 2. Analysis of different faults to determine threshold values 

Case Study Fault Location Fault Type Fault Impedance (ohm) Distance between the IED and 
fault location (km) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

F1 
F1 
F2 
F2 
F3 
F3 
F1 
F1 
F2 
F2 
F3 
F3 
F1 
F1 
F2 
F2 
F3 
F3 
F1 
F1 
F2 
F2 
F3 
F3 

PG 
PP 
PG 
PP 
PG 
PP 
PG 
PP 
PG 
PP 
PG 
PP 
PG 
PP 
PG 
PP 
PG 
PP 
PG 
PP 
PG 
PP 
PG 
PP 

1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
5 
5 
5 
5 
5 
5 

10 
10 
10 
10 
10 
10 

0 
0 
1 
1 
1 
1 
0 
0 
1 
1 
1 
1 
0 
0 
1 
1 
1 
1 
0 
0 
1 
1 
1 
1 
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4- Simulation Results
To evaluate the efficiency of the proposed method, this 

method has been implemented on the sample microgrid in 
Fig2 .. It should be noted that MATLAB/Simulink software 
was used to implement the proposed method.

4- 1- Pole-to-Ground Fault
In order to evaluate the proposed method in PG fault 

detection, F1, F2, and F3 faults have been applied at the 
end of the DC bus, in EV (at the end of the L2 line), and in 
PV respectively at time t=6 s. In Table 4, the peak current 
amplitude after the occurrence of various types of PG faults 
with impedances of 1.5, 2.5, 5, 10, 15, and 20 ohms is 
presented. Also, the current signal waveforms obtained from 
all types of PG faults using the proposed method are shown in 
Fig. 8. Accordingly, Fig. 8-a shows the current signals when 
a PG fault has occurred in F1. As it is clear from this figure, 
in all investigated faults, the current signal sampled at the 
moment of the fault has crossed the upper threshold value 
( 2K ). Therefore, the occurred faults have been correctly 

detected using the proposed method.
Fig. 8-b and Fig. 8-c show the state of the sampled signals 

when F2 and F3 faults occur, respectively. As it is clear, these 
signals have gone below the low threshold level ( 1K ) of fault 
detection. Therefore, it is clear that the detection of PG faults 
using the proposed method has been done correctly. It should 
be noted that the fault detection time using the proposed 
method is about 3 ms.

4- 2- Pole-to-Pole Fault
In the second case, the performance of the proposed 

algorithm during PP faults is investigated. Similar to the 
previous case, in this case, different PP faults including F1, 
F2, and F3 have been applied in the sample microgrid in 
Fig. 2 at t = 6 s. Table 5 shows the peak current after the 
occurrence of various types of PP faults with impedances of 
1.5, 2.5, 5, and 10 ohms in all the studied cases. The obtained 
current signals using the proposed algorithm are shown in 
Fig. 9. According to Fig. 9, at t = 6 s when the PP faults occur 
(F1/F2/F3) with different impedances, the sampled current 
signals exceed the fault detection thresholds. These states 
indicate the occurrence of the faults (F1/F2/F3) at this time. 
It should also be noted that the time to detect all types of PP 
faults is about 3 ms.

Table 3. The Minimum and maximum amplitude of currents in different analyses of Table 2 (Amper)
Table 3. The Minimum and maximum amplitude of currents in different analyses of Table 2 (Amper) 

Case Study Min Current Amplitude Max Current Amplitude 
1-24 572.4 641.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4. The amplitude of the current (Amper) after the occurrence of various PG faults
Table 4. The amplitude of the current (Amper) after the occurrence of various PG faults 

Fault 
Location 

1.50fR = 
 

2.50fR = 
 

5fR = 
 

10fR = 
 15fR =   

 

20fR =   
 

F1 
F2 
F3 

2712 
443.9 
72.7 

2307 
454.3 
82.1 

1741 
481.5 
158.1 

1289 
524.4 
273.9 

1097  
(Fault in F1) 

 

991.7  
(Fault in F1) 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5. The amplitude of fault currents (Amper) after the occurrence of various types of PP faults in the 
sample microgridTable 5. The amplitude of fault currents (Amper) after the occurrence of various types of PP faults in the sample microgrid 

Fault Location 1.50fR = 
 

2.50fR = 
 

5fR = 
 

10fR = 
 

F1 
F2 
F3 

39890 
264.2 
247.9 

17890 
274.9 
261.3 

6529 
421.7 
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352 
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(a) 

 

(b) 

 
(c) 

Fig. 8. Signals generated by the proposed algorithm for PG faults in a) F1 fault, b) F2 fault, c) F3 fault (Fig. 2) Fig. 8. Signals generated by the proposed algorithm for PG faults in a) F1 fault, b) F2 fault, c) F3 fault (Fig. 2)
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\ 
(a) 

 

(b) 

 
(c) 

Fig. 9. Signals generated by the proposed algorithm for PP faults in a) F1 fault, b) F2 fault, c) F3 fault (Fig. 2) Fig. 9. Signals generated by the proposed algorithm for PP faults in a) F1 fault, b) F2 fault, c) F3 fault (Fig. 2)
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4- 3- Transient Mode
Transient states may disturb the performance of the 

proposed fault detection algorithm. In fact, the proposed fault 
detection algorithm should be able to detect all the faults that 
have occurred and not perform against the transient states that 
occur in the network. This issue is evaluated in this section. 
Accordingly, first, at t = 0.2 s, all AC loads are in the network. 
EV is being charged and the generation is done by the PV. In 
this case, the surplus power generated by the PV is stored in 
the battery and causes the current to increase slowly. Then, 
at t=2.2 s, the PV generation power is suddenly reduced, and 
the lack of power must be compensated by the battery and 
flywheel. In this case, at first, the current of the DC bus is 
suddenly decreased, and then the current is increased with 
the help of compensators. Also, at the moment t=4.2 s, the 
DC load has entered the circuit, which causes the power to 
increase suddenly. 

Figure 10 shows the current signal recorded by the IED 

during transient conditions. As it is clear from this figure, 
for all the applied changes, the transient fluctuations in the 
current signal are recorded. The signal recorded in Fig. 10 
is entered into the proposed algorithm. Figure 11 shows 
the signal produced by this algorithm. As it is obvious, the 
proposed method was immune to the transient conditions of 
the network and correctly did not perform.

4- 4- Noise
In this section, the performance of the proposed method 

against Gaussian white noise with different SNRs such as 15 
dB, 20 dB, 25 dB, and 30 dB is examined. To investigate this 
case, PG and PP faults are placed at the F1-F3 locations with 
10 ohms in the sample microgrid in Fig. 2. In addition, the 
noise effect has been applied to the sampled current signals. 
Figure 12 shows the current signal sampled in the presence of 
noise. As it is clear from Fig. 12-a, b, c, and e, by applying PG 
and PP faults, the current amplitude has exceeded the fault 
detection threshold values, and therefore these faults have 

 

Fig. 10. Current signal recorded by the IED during transient conditions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Current signal recorded by the IED during transient conditions
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Fig. 11. The signal generated by the proposed algorithm in response to transient states 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. The signal generated by the proposed algorithm in response to transient states

been correctly detected. 
It should be noted that several different noise simulations 

with varying SNRs have been conducted. Figure 12 displays 
the results of these simulations. As evident from these 
findings, the proposed method encounters challenges when 
subjected to noise with an SNR of 15 dB, exhibiting incorrect 
performance.

Comparison of the proposed method with the previous 
studies

Table 6 compares the proposed method in this paper with 
the methods presented in previous studies. As it is obvious, 
the proposed method in this paper has a higher sampling 
frequency than all the studies compared in Table 6. Although 
this issue increases the reliability of the proposed method, it 
also increases the number of samples to be analyzed in the 
proposed method. However, the fault detection time in the 
proposed method is still within the framework of previous 
studies.

Another advantage of the proposed method compared 
to some previous studies is the use of local data for fault 
detection. Also, in all of the studies compared in Table 6, the 
effect of charging and discharging EVs is not considered. On 
the other hand, previous studies have focused only on fault 
detection in DC microgrids. However, the proposed method 
in this paper has the ability to detect faults in PV and EV. 
Therefore, it is clear that the method proposed in this paper 
can be a complete method for detecting all types of faults in 
DC microgrids, taking into account the effects of noise and 
generation uncertainties of DGs. It should be noted that the 
control system presented in [35, 38] operates at 250 kHz. 
Consequently, the sampling rate of the protection system 
is also set at the same value to ensure the consideration of 
the impact of all events created by the control system in the 
microgrid. Nevertheless, the proposed protection system 
retains the ability to operate with a lower sampling rate. 
Figure 13 illustrates the performance of the proposed method 
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             (a)              (b) 

  

             (c)               (d) 

 
(e) 

Fig. 12. Current signal recorded by the IED in the presence of white Gaussian noise, a) PG faults with SNR = 
15dB, b) PG faults with SNR = 20dB, c) PG faults with SNR = 25dB, d) PG faults with SNR = 30dB, e) PP faults 
with SNR = 30dB 

 

Fig. 12. Current signal recorded by the IED in the presence of white Gaussian noise, a) PG faults with SNR = 
15dB, b) PG faults with SNR = 20dB, c) PG faults with SNR = 25dB, d) PG faults with SNR = 30dB, e) PP faults 

with SNR = 30dB
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(b)                                       (a)                                        

Fig. 13. Performance of the proposed method at sampling rates, a) 1 kHz and b) 10 kHz 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13. Performance of the proposed method at sampling rates, a) 1 kHz and b) 10 kHz

Table 6. Comparison of the proposed method with other studies
Table 6. Comparison of the proposed method with other studies 

Reference Method 
Sampling 

rate 

Fault 

detection 

time in DC 

microgrid 

Fault 

detection in 

PV and EV 

Considering 

noise 

Energy 

Storage 
EV PV communication links Threshold value determination 

[46] H∞/H−/regional 

pole placement 

- 590 ms  ✓    ✓ ✓ 

[47] Current Assisted 

VMD based 

10.025 kHz 3.95 ms  ✓ Fuel cell & 

Battery 

 ✓ ✓ ✓ 

[25] Centralized 

Protection 

4 kHz 3 ms  ✓ Battery  ✓ ✓ ✓ 

[48] Local Measurement 20 kHz 0.2 ms   Battery  ✓  ✓ 

[29] Pearson Correlation 

Coefficient 

0.5, 1, 2, 5, 

10 kHz 

5 ms     ✓  ✓ 

[9] Modified squared 

poverty gap index 

5 kHz 1.2 ms  ✓ Fuel cell & 

Battery 

 ✓ ✓ ✓ 

[49] Measuring Current 

& Voltage 

2, 4, 8 kHz 1.25 ms  ✓ Battery  ✓  ✓ 

[50] Centralized 

Protection 

- 4.2 ms      ✓ ✓ 

[51] Differential 

Protection Strategy 

5 kHz 100 ms  ✓   ✓ ✓ ✓ 

[24] Local Measurement - <1ms      ✓ ✓ 

Current 

paper 

Chaos Theory 250 kHz 3 ms ✓ ✓ Battery & 

Flywheel 

✓ ✓  ✓ 
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at sampling rates of 1 kHz and 10 kHz.
5- Conclusion

Any scheme presented for fault detection in DC 
microgrids must be able to perform correctly when faults 
occur in these networks, taking into account the transient 
states in the network as well as the effect of noise. To 
realize this problem, a new method for fault detection in DC 
microgrids using chaos theory is presented in this paper. The 
fault detection method proposed in this paper performs the 
fault detection process with high accuracy by sampling the 
current signal by only one IED. The sampled current signals 
are first entered into the chaotic environment by chaos theory 
and then analyzed. The main feature of this method is its 
sensitivity to small changes in initial conditions. Accordingly, 
if there is a small change in the sampled current signal, the 
amplitude of the output signal will change a lot. The results 
of implementing the proposed method on a sample microgrid 
show that this method can detect all types of PG and PP faults 
with different impedances and in different locations (in DC 
microgrid, PV, and EV). Also, the implementation of the 
proposed method by considering the transient states in the 
microgrid and considering the effect of noise, shows that this 
method is capable of detecting faults in DC microgrids in 
the presence of these uncertainties. Therefore, according to 
the correct performance of the proposed method in different 
modes, this method can be implemented on any microgrid. 
To advance research in the field of DC microgrid protection, 
researchers can explore areas such as high-impedance fault 
detection (fault impedance above 100 ohms) and fault location 
in DC microgrids. Additionally, the complete elimination of 
the threshold value, considering the impact of noise in DC 
microgrids, remains a fundamental challenge and could serve 
as a promising avenue for future studies.
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