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Abstract—This paper presents a novel fault detection, charac-
terization, and fault current control algorithm for a standalone
solar-photovoltaic (PV) based DC microgrids. The protection
scheme is based on the current derivative algorithm. The over-
current and current directional/differential comparison based
protection schemes are incorporated for the DC microgrid fault
characterization. For a low impedance fault, the fault current is
controlled based on the current/voltage thresholds and current di-
rection. Generally, the droop method is used to control the power-
sharing between the converters by controlling the reference
voltage. In this paper, an adaptive droop scheme is also proposed
to control the fault current by calculating a virtual resistance
Raroop, and to control the converter output reference voltage. For
a high impedance fault, differential comparison method is used
to characterize the fault. These algorithms effectively control the
converter pulse width and reduce the flow of source current from
a particular converter, which helps to increase the fault clearing
time. Additionally, a trip signal is sent to the corresponding DC
circuit breaker (DCCB), to isolate the faulted converter, feeder
or a DC bus. The DC microgrid protection design procedure is
detailed, and the performance of the proposed method is verified
by simulation analysis.

Keywords: Current derivative, DC Microgrid, directional
protection, differential protection, droop control, fault current,
islanded, low voltage, protection, solar-PV, voltage control.

I. INTRODUCTION

DC microgrids are emerging as an attractive solution al-
lowing customers to maintain electrical service independent
of the main grid. In terms of size, a microgrid covers a
small geographical area, and the distribution line length is
short compared to conventional AC distribution systems [1],
[2]. One major concern related to the smooth operation and
control of DC microgrids is protection [3], [4]. Based on the
system components and topology, faults in a solar-PV based
DC microgrid system are classified as either short circuit line-
line (L-L) and line-ground (L-G)) or PV arc faults [5], [6] as
shown in Fig. 1.

DC Microgrid Fault
Short Circuit Fault

Line-Line Fault ] [ Line-Ground Fault] ‘ Series Arc Fault‘ ‘ Parallel Arc Fault ‘

Fig. 1. Classification of solar-PV DC microgrid fault.

Due to the low impedance nature of DC microgrid system,
the capacitive filters associated with the converters will rapidly
discharge into a fault, resulting in large current surges within
a very short duration. This may lead to an unstable operation
of the system or even damage the converters if the fault is not
isolated from the system [7], [8]. Therefore, the severity and
magnitude of fault current is high if a low impedance fault
occurs in DC microgrid systems. Also damage due to arcing
and difficult to extinguish without zero crossings.

One of the main challenges associated with the DC mi-
crogrid protection is lack of standards and guidelines. The
recent development in standards and guidelines are discussed
in [8]. D. S. Pillai et. al [9] conducted a detailed compatibility
analysis on NEC, IEC, and UL standards for fault protection
in PV arrays and some of these standards can be adapted to
DC microgrid protection scenario. The DC microgrid fault
current magnitude is a function of the type of renewable
energy sources, magnitude of DC bus voltage, bus capacitors,
type of fault, location, fault impedance, type of grounding,
topology of the converters, and the control schemes. During L-
G faults, the magnitude of the fault current depends on the DC
bus voltage, DC microgrid grounding [10]-[12], and system
topology. Therefore, to design a good DC microgrid protection
scheme, it is necessary to identify, characterize and clear the
fault in the minimum time possible.

[4], [7], [8], [13]-[15] discuss the common DC microgrid
fault detection methods like current/voltage magnitude, rate of
current rise, differential current, oscillation frequency, power
probe based non-unit protection, wavelet transform, artificial
intelligence, etc. As discussed in [5], [8], [16]-[23], a widely
used and cost effective method for microgrid protection in-
volves using voltage and current thresholds. For example,
when a fault occurs, there is a drop in the bus voltage and
a rise in the converter current. These changes are used to
generate a trip signal by comparing the magnitudes of these
signals to some predefined thresholds. This method relies
solely on current and voltage magnitudes, allowing for fast
fault detection. Current derivative based protection is discussed
in [24]. This paper proposes rate-of-rise protection based on
the change in current and its slope characteristics, but no dis-
cussion about setting the current derivative threshold. Karthik
et.al [25] discussed a residential DC microgrid protection using
solid state CB (SSCB). SSCB performance and characteristics
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are evaluated in detail for 340V DC residential microgrid
systems. A current differential protection scheme based on
synchronization of current measurements and comparison is
proposed in [26]. This method gives a good performance when
a L-L fault occurs, and it does not characterize the fault based
on the fault type or disturbances. A short-duration spread
frequency current spike active impedance estimation method
is proposed [20], [21]. The accuracy of this method may vary
with the sensing parameters and mathematical formulations
derived to estimate the location. A power probe based DC
microgrid fault detection scheme is proposed in [22] uses a
power source, capacitor, inductor and CB’s to locate and clear
the fault. A combination of voltage and current derivative-
based fault detection scheme is described in [23]. This method
uses the current direction, rate of change of currents, and rate
of change of voltages information to detect the fault. This
helps to classify the faults as internal or external. For example,
during a cable fault, a positive current derivative shows the
fault is within the protection zone, and a negative current
derivative indicates an external fault. Difficulty in classifying
load changes, transients, and faults is the main drawback of
this algorithm.

In [12], the authors analyzed the performance of a DC
microgrid system with a droop based protection scheme. In
this paper, the authors extended the previous work with an
improved fault detection, characterization, and current control.
The proposed method uses the rate of rise of current, direc-
tional/differential current comparison, and an adaptive droop
method to detect and isolate the fault. The proposed concept
is explained based on a 4-bus DC microgrid, and the system
configuration is discussed in Section II. Section III details
the proposed algorithm along with the flowchart. Simulation
results are presented in Section IV and finally, conclusions are
summarized in Section V.

II. SYSTEM CONFIGURATION AND FAULT
CHARACTERIZATION

A standalone 4-bus DC microgrid system incorporated with
PV systems and battery based energy storage device is shown
in Fig. 2. Each bus consists of two parallel connected solar-
PV boost converters, one bidirectional converter for energy
storage, and DC loads. A detailed connection of converters
and fault locations at bus#1 is shown in Fig. 3(a). Where
Vbei, Vbeo, VBi, Ipvis Ipv2, and Iy, represent the output
voltages, and currents of converter-1, converter-2 and bidirec-
tional converter-1. Rp,1&Lpy1, Rpwa&Lpy2, and Rp1&Lp:
represent the cable resistance & inductance and Zp 12, Zp23,
Zr43, and Zp14 are the cable impedances between the DC
buses. Also, the individual converter power at any instant is
represented as Pp,1, Pyy2 and Ppy. Fy and Fy are the low
impedance L-L fault locations and Fj is the high impedance L-
G fault considered in the system. The bus#1 control parame-
ters, and the point of measurements are given in Table 1. These
parameters are measured and controlled using an Intelligent
Electronic Devices (IED) with a centralized controller. An
assumption considered in this paper is that the centralized
controller and the local controllers will coordinate and analyze

the measured parameters with minimum time to effectively
detect and isolate the fault.

The equivalent circuit of bus#1 during a fault is shown in
Fig. 3(b). If a L-L (F}) or L-G (F3) occurs at converter-1 as
shown in Fig. 3(a), the total fault current can be calculated as,

Zf = if,pvl + if,pvQ + if,Bl + if,Bus#Q + if,Bus#élv (1)

where,

lifpu1l > ligpo2ls i, B1ls i, Busg2ls [if, Bussal.

Converter-1’s contribution to the fault current can be divided

into two components [13]: (i) the fault current component

from the DC power source and (ii) the current from the DC

bus capacitor. The fault current component from the solar-PV
Vw

source is,
_ [:f ]
» {1 e , 3)

where, 7, is the time constant of the converter-1 source fault
current and depends on the line reactance. Similarly, the
capacitor component can be expressed as,

Vo {B[Tﬂ] , 4)

Resr

if,p’l)lpv (t) =

?:fap'UlCapa (t) =

where, 7o is the time constant of the converter-1 capacitor
fault current component and depends on the equivalent series
resistance (ESR) and capacitance of the DC bus capacitor. It
should be noted that due to the small scale of the time constant,
the component of the fault current due to the DC capacitor
can rapidly ramp to relatively large magnitudes. Converter-
1 fault current contribution during Fj is shown in Fig. 4.
It is observed that within 20 us, the converter-1 fault current
reaches a maximum of approximately 50 A, and the capacitor
current contribution is approximately 40 A.

From the above discussions, it can be concluded that the
source component and the capacitor component should be
controlled for the safe operation of the converter during the
fault. Also, the fault current magnitude may vary because of
the low impedance of the DC cables. To address these issues,
the proposed method is introduced in the next section.

III. PROPOSED ALGORITHM

The proposed fault current control algorithm combines a
% method for fault detection, a directional and differential

comparison method for fault characterization and an adaptive

droop control technique for controlling the source current.
The fault detection based on the % will help to differentiate

the DC microgrid system events. This is achieved by setting

the % threshold (% (th)). A major problem associated with
the % method is that in a multi-converter/multi-bus DC

microgrid system, due to the low impedance of the DC cables
and system topology, false triggering may occur in multiple
converters based on the selected %( th" For example, during
F, due to the low cable impedance, the converter-2 algorithm

may generate a trip signal based on the %( thy” Also a high

impedance ground faults like human body faults, tree touching
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Fig. 2. Schematic representation of a 4-bus DC microgrid system.

Centralized
Controller

TABLE 1
DC BUS#1 CONTROL PARAMETERS AND POINT OF MEASUREMENTS

Component Source side Converter side bus#1 side (IED;) Feeder (IEDgy)

d d

It i

Directional/ Directional/
Differential comparison Differential comparison

Converter-1 (PV1) S1 Vpci, 11 Ipu1 Ipv1@IED, - - -
Converter-2 (PV2) Sa Vbcea, 12 | Ipv2 Ipv2@1ED, Vous#1 - - -
Bi-directional Converter-1 (B1) SOCB: VB1, Ipatt I IB1aIED, - -

Vbus#l

bus#1-bus#2 Feeder - - - - - Tousqo Tousy,
Vbus#Q
bus#1-bus#4 Feeder - - - - - Tpusyy Thusy, Vous#4

etc. may be difficult to identify because of the low fault
current, or sometimes it may be treated as a large load change
based on the Z;. The Z; (th) gradient for different system events

are shown in Fig. 5. The % (th) gradient for low impedance
fault with different fault resistances are shown in Fig. 5(a, b).
Fig. 5(c, d) represents the high impedance faults and large
load changes respectively. Finally, Fig. 5(e) indicates % (th
gradient for a small load change/disturbances. Based on these
values, Fig. 6 shows different zones for the DC microgrid fault
characterization based on a system event like load change or

faults. Accurate classification of events is difficult due to the

overlapping zones based on the % magnitude. The threshold
di yalue for a ‘maximum

is calculated by considering the &
allowable step change in load’ for a particular converter, and
hence, the Zone#2 and Zone#3 will be treated as fault zones
for the safe operation of the DC microgrid system. Also, due to
the low impedance of the DC cables, a fault in the Converter-
1 cable may be identified as Converter-2 fault. Therefore, to
avoid false triggering of the CB’s, it is necessary to add a fault

characterization algorithm.

In the proposed algorithm, the measured voltage and current
signals are filtered to remove all the unwanted frequency com-
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Fig. 3. (a) Detailed schematic representation of bus#1 with a L-L cable fault and L-G fault and (b) Steady state equivalent circuit.
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Fig. 4. Fault current contribution of converter-1 during F7. [Blue — Capacitor
Current, Violet— Source Current, and Green— Output Current]

ponents to get an accurate result and to avoid false triggering.
This resultant signals can be used to characterize the faults in
the DC microgrid as shown in Fig. 7. Based on the %(th), the
large load disturbances are also considered as faults but can be
characterized by using the directional and differential current
comparison. Therefore, an adaptive droop based over-current
protection with directional comparison for low impedance
faults and differential comparison based protection for high
impedance faults are incorporated in the proposed algorithm.

In a DC microgrid system, one of the best way to limit the
fault current is controlling the converter/source current. In the
droop method, for the desired power sharing, the converters’
output voltages and input currents can be controlled by adjust-
ing the reference voltage of each converter. This idea can be
extended for controlling the converter fault current. In order
to achieve this, during fault conditions, the reference voltage
of each converter is controlled by using the virtual impedance
Raroop [27] shown in Fig. 8. The adjustments in the reference

voltage is made by taking the output current feedback from the
converter multiplied with the calculated R 4;.50p. This resultant
signal is subtracted from the reference voltage (V) of the
converter, and the new reference signal is now (VB”‘Cj) and is
given as,

Vit = Vi — i % (£Raroon,)- ®

The algorithm is discussed as follows, and the flowchart is
given in Fig. 9.

A. Low Impedance Fault (Line-Line)

The low impedance fault can be controlled based on the
voltage and current thresholds. Using the proposed adaptive
droop protection method, the output converter voltage is
controlled during the fault to avoid complete shutdown of the
DC microgrid during the fault. This can be explained with Fig.
2. In the considered system, each bus consists of six IED’s
and all converters and loads can be isolated based on the fault
location. The proposed protection scheme for low impedance
fault is discussed below.

1) The first step is to calculate the current and voltage
thresholds based on the converter rating, DC bus voltage
limits, and load parameters. In the proposed method,
the current thresholds are based on converter current
rating, topology, and voltage thresholds defined by the
allowable limits of DC grid voltage. These current
thresholds are selected by considering the converter
input current, device (MOSFET or IGBT) current, or
the output current. If the current or voltage magnitude
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Fig. 5. % gradient measured for Converter-1 faults and bus#1 load change (a) 12 line-line fault (F7) (b) 10€2 line-line fault (F7) (c) 50082 line-ground
fault (F3) (d) Load change from 3 A to 8 A, and (e) Load change from 3 A to 4 A.
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Fig. 7. Proposed DC microgrid fault characterization.

crosses the threshold, the controller activates the pro-
posed algorithm.

There are two current thresholds and two voltage thresh-
olds, an upper threshold (U1} & UTy) and a lower
threshold (L1 & LTy ) as shown in Fig. 10. For exam-
ple, the upper current threshold can be selected as 150%
of the full load current, and the lower threshold as 120%
of the full load value. Similarly, the voltage thresholds

2)
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Fig. 8. Control diagram of bus#1 converters with the proposed algorithm.

are based on the allowable DC bus voltage deviation.
If the DC bus voltage is 48V, then the thresholds
can be selected as 48 + 2.5% V (lower threshold) and
48 + 20% V (upper threshold). It should be noted that a
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small change in the converter output voltage will affect
the current sharing proportion among the converters.
The proposed method is activated only if the current
or voltage magnitude crosses lower threshold as shown
in Fig. 10. The control algorithm adjusts the converter
output voltage and reduces the total converter output
current. If the current again exceeds the threshold UT7,
then the algorithm detects it as a low impedance fault
and will send a trip signal to the particular DCCB.
During a fault, if the current measured from the con-
verter is less than the threshold, then the current direc-
tion comparison algorithm will generate a trip signal to
corresponding DCCB.

A without droop

Sy UTy

e 4 LTV

S with droop
« Before fault>!<A fier fault > Time(s)
A

< : UT;

= | withoutdroop —»

2 e LT,

ExX with droop

ke Before fault > After fault> Time(s)

Fig. 10. Voltage and current profile of converter-j (5 = 1,2..n) with and
without adaptive droop algorithm.

B. High Impedance Fault (Line-Ground)

During the operation of the DC microgrid, there may be
chances for the human-body faults. In this case, due to the
high body resistance, the fault current will be typically very
low. Therefore, identifying a high impedance fault is difficult
because the current magnitude is always much smaller than the
threshold and there won’t be any change in the current direc-
tion. In this paper a high impedance fault F3, as shown in Fig.
3 is characterized using the differential current comparison
based protection algorithm. The algorithm uses the difference
in the measured branch current for characterizing the high
impedance fault as shown in Fig. 7. This can be explained as
follows. In the considered system, the PV converter current
direction is always from source to load and the bidirectional
converter (battery) current direction can be positive or negative
based on the charging/discharging condition. Therefore, the
current differential comparison scheme will activate if the
differential current is greater than S0 mA threshold. There is
an additional time delay of ts (in this paper t=1ms) is given
to trip the CB. This delay is is provided to make sure that
the high impedance fault is not a temporary fault. The CT’s,
associated with the converter and at the DC bus end (IED,
(where, x=1,2,3..) in Fig. 3) are the points of measurement for
the differential comparison. If the calculated % is above the
%( th? the algorithm will distinguish the large load changes
and a high impedance fault.

IV. SIMULATION STUDIES

The DC microgrid system as shown in the Fig. 2 was
simulated, using MATLAB/Simulink. The system parameters
are given in the Table II. The proposed control schemes are
implemented, and the voltage, current and %( th) thresholds
are defined in Table III.

A. Low Impedance Fault

1) Converter-Bus Cable Fault (Fy): At 0.02s a line-line
fault with a fault resistance, ;=1 2 is created in the converter-
1 to bus#1 cable as shown in Fig. 3. The corresponding
simulation results are shown in Fig. 11. In Fig. 11(a) it

can be observed that, the measured % of the converter-1 is
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TABLE II
NOMINAL SYSTEM PARAMETERS
Parameters Symbol | Value
DC bus voltage Vbco 48V
Boost converter power Phoost 240 W
Battery converter power Pyatt 240 W
Cable resistance Reable 0.01Q2
Filter inductor L 100 uH
ESR of filter inductor rr 0.03Q)
Filter capacitor C 440 uF
ESR of filter capacitor re 0.05Q
Nominal switching frequency | fsw 10kHz
Fault resistance Ry 1-500 2
TABLE III
THRESHOLDS
Parameter Magnitude
Voltage UTy =46V LTy =35V
Current UTr =10A LT =6A
%(m) 1x101A/s

greater than the other converter’s 9.

o Therefore, a fault is
detected at the converter-1, and trip signal is sent to isolate the
converter when the current reaches 10 A threshold as shown
in Fig. 11(c). Fig. 11(d, e) shows the fault flag, and calculated
adaptive droop respectively. The corresponding bus voltages,
and currents are shown in Fig. 12. The bus#4, and bus#2
fault current contribution is evident from Fig. 12(b), and it
can be seen that bus#4 is sharing the major portion of the
fault current.
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Fig. 11. Bus#1 converter’s results for L-L fault F; with Ry=1€ at 0.02s
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7
55 T T
busi#1
E 50 bus#2 ||
g N bus#3 [
45 bus#4 ||
Sa+ :
35 | I I I I
0.0197 0.0198 0.0199 0.02 0.0201 0.0202 0.0203
3 : (a) : :
- bus#2 -#1| |
g 2F bus#3 -#2 | |
s 1k bus#4 - #1 |-
5
o0 1
4 | I | I |
0.0197 0.0198 0.0199 0.02 0.0201 0.0202 0.0203
(b) Time(s)

Fig. 12. Results for L-L fault F7 with Rf:l Q at 0.02s (a) Bus voltages,
and (b) Bus currents

As discussed in the Section II, 10 A is selected as the
source current threshold instead of converter-1 output current
threshold. The results without utilizing the proposed control
algorithm are shown in Fig. 13(a, b). In this case the total
time taken to clear the fault is approximately 205 us as shown
in Fig. 13(b). Fig. 14(a, b) shows the fault clearing time with
the proposed adaptive droop control. The droop adjusts the
source current, and hence it gives an additional time to reach
the threshold. In this case the total time taken by the fault
current to cross the threshold is approximately 265 us. From
the above results and discussions, it can be concluded that
with the proposed algorithm an additional 60 us is available
to clear the fault.
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Fig. 13. Converter-1 results for fault F; at 0.02 s without proposed algorithm
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Fig. 15 illustrates the fault detection and isolation of a line-
line fault with Ry=10 ). The calculated % gradient for bus#1
converters are shown Fig. 15(a). The converters output voltage
is presented in Fig. 15(b). As shown in the Fig. 15(c), due to
the fault, the converter-1 output current magnitude rises to 6 A.
At 0.02059 s, the trip signal is generated based on the changes
in the current direction at the bus side /ED;. The total trip
time is measured as 590 us as shown in the Fig. 15(c).

2) Feeder Fault (Fy): At 0.025s, a low impedance line-
line fault (F2) with Ry=1 is initiated, and the simulation
result is presented in Fig. 16. The IE D5 and I E Do isolates
the feeder from the system as soon as the current direction
changes, and peak bus current is observed as 4 A as shown
in Fig. 16(b). Fig. 17 illustrates the bus#1 converter’s perfor-
mance during the fault, and it indicates that the fault does not
affected the smooth operation of the converters.
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Fig. 16. Results for a low impedance line-line feeder fault F» at 0.025s (a)

Bus voltages, and (b) Bus currents.

B. High Impedance Fault

1) Converter-1 - Bus#1 Cable Fault (Fs): The impact of a
high impedance line-ground fault (F3) with Ry=500 (2 is also
tested to validate the performance of the proposed method, and
the results are shown in Fig. 18. The fault signal is activated
at 0.02s. In this case, the differential current comparison is
used, and a flag is activated with a current difference threshold
of 50mA. The corresponding trip signal is generated after a
preselected delay of 1 ms. The delay is provided to make sure
the high impedance fault is not temporary. If the fault persists
after the delay, then a trip signal is sent to the IED.

2) Feeder Fault (Fy): Fig. 19 shows the result of a high
impedance line-ground feeder fault (Fy) with R¢=5002. In
this scenario, the fault signal is activated at 0.025s. Based
on the differential current comparison, and 1 ms delay, a trip
signal is sent to IED;5 and IED5; at 0.026s to isolate
the feeder. Fig. 20 shows the bus#1 converter’s performance
during the fault. The % gradients which are less than the
threshold are shown in Fig. 20(a). This indicates that, the
converters operates steadily during a high impedance feeder
fault.

C. Line-Line and Line-Ground Faults at Bus#1 Converters

As shown in Fig. 21, a low impedance line-line fault at
converter-1 at 0.015 s, and a high impedance line-ground fault
at converter-2 at 0.020s is created to analyze the system
performance. From Fig. 21(a), it is clear that, the magnitude
of % gradients are different for the type of fault, and fault
impedance. The corresponding voltage and current waveforms
are presented in Fig. 21(b, c) respectively. The converter-2
high impedance fault is isolated at 0.021s after a delay of
1 ms. Fig. 22(a, b) show the bus voltages and currents during
this scenario. The bus#4 is supplying a current of 3.2 A to
the bus#1’s load.
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D. Load Change

The performance of the proposed control algorithm is tested
for a step change in current from 3 A to 8 A in bus#1 load as
shown in Fig. 23. It can be observed that, all converters are
stable and operating smoothly during the large load transient
irrespective of the %.

Based on the simulation results summarized in Table 1V, it
can be concluded that, the proposed scheme can effectively
detect a system event based on the % (th)? and classify the
event using directional and differential comparison. This will
help to isolate the converter or a part of the DC microgrid
system in minimum time bound.
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TABLE IV
RESULT ANALYSIS

Fault/Load Change Fault Clearing % (Als)

Time (s) (measured)
Low impedance fault 205us -
(without % and droop)
Low impedance fault (1€2) 265 ps 4x10° Als
(with % and droop)
Low impedance fault (10€2) 590 ps 3x10° A/s
(with % and current direction)
High impedance fault (500 £2) I ms 1.5times10% Als
(with % and current differential) (pre-selected)
Small load change (3 A to 4 A) - 1x10% A/s
Large load change (3A to 8 A) - 7x10% Als
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V. CONCLUSION

Implementing a good protection scheme for islanded DC
microgrids is a major task to guarantee the seamless power
flow during faults, or disturbances. In this paper, a combina-
tion of current derivative, adaptive droop current directional
and differential comparison scheme with an improved DC
microgrid fault characterization algorithm is proposed. After
locating a fault, the method effectively characterize it as L-
L, L-G, or a disturbance in the system. From the results
it is found that the proposed algorithm gives an additional
time of 60 us to clear a low impedance fault. Also, during a
high impedance fault condition, the proposed method isolates
the fault within 1 ms. It is also shown that the proposed
technique can easily classify a large load disturbances and a
fault, which is very important feature to facilitate the smooth
operation of a DC microgrid. To improve the performance
and reliability of a large scale DC microgrid system the
future work should effectively incorporate the fault distance
measurement algorithm and study the behavior of the virtual

10

inertia control during a fault. The effectiveness of system with
the centralized controller need to be investigated further. Also,
the performance of the proposed method needs to be tested on
grid connected mode.
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