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Abstract- In recent years, most of the loads and distributed generations are connected to the AC grid through the
power electronic converters. Using the DC grid beside the AC grid can reduce the conversion stages and power losses.
Protection of the DC grids is a challenging issue because of the new structures of DC grids and fast transients of the
DC faults. This paper studies the protection of the low voltage DC (LVDC) system in the presence of the photovoltaic
(PV) and energy storage systems (ESS). An LVDC system consisting of a DC microgrid is considered and Different
operating modes are analyzed. DC faults behavior and protection challenges are discussed for each mode through
simulations employing MATLAB software. Finally, some methods are presented to solve the protection challenges. The
results show that changing the protection arrangement of the system and choosing suitable control logics for the ESS
and the PV prevent the unwanted outage of the loads and provide the possibility of the microgrid operation in islanded

mode.
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1. INTRODUCTION

High growth rate of the electrical energy demand,
limitation in fuel sources and environmental problems
lead to high penetration of renewable energies and small
scale units in the recent electricity network. These units
can be efficiently utilized for changing the configuration
of the generation system from centralized to distributed.
This resulted in the emergence of “active” distribution
systems and microgrids. Microgrids are local energy
networks that involve renewable energy sources and
storage systems. They have the capability to be locally
controlled. Therefore, they can disconnect from the grid
when there is a fault at the main grid, and continue to
supply a portion of their local loads in a so called
“islanded mode™’[1].

Renewable and small scale units such as wind,
photovoltaic, fuel cell, micro-turbine and combined heat
and power (CHP) may generate DC voltage or AC
voltage with different magnitudes and frequencies.
Therefore, they need power electronic converters to be
integrated with the existing power grid [2-4]. On the
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other hand, most of the consumers such as

telecommunication ~ systems,  traction  systems,
households, and office equipment are based on the DC
systems. Devices such as computer, TV, fluorescent lamp
have a rectifier in their configurations. Therefore, the
integration of the low voltage DC system with the AC
distribution system can reduce the number of converters
[5-7]. The LVDC system is a suitable and more cost
effective option for existing medium voltage AC
(MVAC) distribution system [8], [9]. To increase the
reliability of the LVDC system, it must be connected to
the AC grid through a controlled voltage source converter

(VSC) which provides bidirectional power flow [10].

Renewable sources change the configuration of the
LVDC system and its performance. Because of non-
deterministic generation of the renewable sources such as
PV and wind turbine, the energy storage systems with
different technologies are used in the AC/DC microgrids
configurations for energy management, i.e., load
levelling or peak shaving, for power bridging, and for
power quality improvements. Energy management
functions compared to the other functions require the
energy storage systems to serve for long duration. Power
bridging functions require energy storage systems to
serve for few seconds to few minutes. For power quality
improvements, the energy storage systems are required
for only fractions of a second [11-16].

In recent years, a lot of work is being carried out on the
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operation and control of the AC/DC microgrids.
References [17-21] present a proper energy management
system for a reliable operation of renewable sources and
energy storages in a DC microgrid. Different operating
modes of AC/DC microgrids and control strategies of
energy storage systems have been studied in [22-25]. One
area which needs more attention is the protection of the
DC microgrids and power quality issues. On the other
hand, progress in the energy storage technologies helps
us use them for short-term applications such as transients
and power quality improvements.

A brief review of DC microgrids in [26] demonstrated
that the fault characteristics and protection requirements
are different for DC and AC systems. The effect of short
lines/cables and fault resistance can make protection of
DC microgrids more challenging than that of AC
microgrids.

DC faults occur in cables of the LVDC system for
some reason such as failure of cable insulation or
damaged cable caused by electrical stresses,
environmental conditions, aging and physical damages
[27-29]. The DC faults can be categorized as pole-to-
ground fault and pole-pole fault depending on if one line
is short-circuited to the ground or two lines are short-
circuited. Faults on DC lines are usually pole-to-ground
faults. A pole-to-pole fault seldom occurs because it
requires a severe insulation damage of both positive and
negative conductors [29-31]. DC fault current has large
amplitude and transient that can damage the converter
and the equipment close to it [32-33]. Although there are
certain differences between the fault characteristics and
topologies of DC microgrids and AC microgrids, the
conventional protection principles are expected to be the
main options available to protect DC microgrids. The
overcurrent (O.C) relays are used in [34-35] for LVDC
system protection. However, due to the high raising rate
of DC fault currents, the coordination of O.C relays is a
challenging issue and high speed measuring and
protective devices are required. Differential method is
suggested in [36-37]. In differential-based methods, the
synchronization of current measurements under high
di/dt, comparison of them and sending trip signal within
required time frame are the main challenges. Therefore,
this method needs advanced communication devices and
costly synchronized measurement devices. The distance
based method is used in [28] for fault detection and
location purposes in DC networks. However, fault
impedance especially for short cables negatively impacts
the accuracy of this method.

The aforementioned methods need to be modified to

consider the effects of the renewable energy resources as
well as some unique characteristics of DC microgrids on
the system protection. Fault analysis of an active LVDC
distribution network is presented in [38]. However,
protection of the proposed network is not investigated as
a DC microgrid. Protection of photovoltaic based DC
microgrid is studied in [39] using differential protection
method. Islanded mode of microgrid and different
operating modes of PV and ESS are not considered in this
method.

Most of the research in the field of the LVDC system
protection has focused on the characteristics of the DC
faults, new technologies of the protective devices and
protection schemes design. However, protection of the
LVDC systems in the presence of the renewable sources
has not been studied sufficiently in the literature.

In this paper, protection of the DC microgrid in the
presence of the PV and the ESS is investigated. Also,
different operating modes of the system, the islanded
mode of the microgrid and switching logics of the ESS
are discussed from the system protection point of view.

The paper is organized as follows: Firstly, a low
voltage DC distribution system is considered and its
protection is studied. Secondly, a PV unit is added to the
LVDC system and its effects on the protection scheme are
investigated. Thirdly, by adding the energy storage
system to the LVDC system, possible operating modes of
the DC microgrid in the fault condition are considered.
Then, effects of each case on the fault transients are
studied through simulations. Finally, a switching logic is
proposed for the energy storage to mitigate the fault
transients and its performance is discussed in the fault
condition of the system.

2. SYSTEM CONFIGURATION AND
OPERATION

2.1. LVDC system structure and circuit
configuration
The investigated LVDC system layout is shown in Fig. 1.

It is connected to the AC grid through a bi-directional
AC/DC converter called VSC which enables power flow
in two directions. Within the LVDC system, a DC
microgrid consisting of a PV, an energy storage system,
and loads can be defined.

The PV and the ESS are interfaced to the grid through
a DC/DC boost converter and a bi-directional buck-boost
DC/DC converter, respectively. The primary source of
power generation for the DC microgrid is the PV, which
is controlled to operate at both current-mode control
(CMC) and voltage-mode control (VMC). The ESS is
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utilized to compensate the mismatch between generation
and consumption in the islanded mode of the microgrid.
The microgrid can be isolated by a DC circuit breaker
(CB).
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Fig. 1. The layout of the investigated LVDC system

2.2. Grid operating modes
Different operating modes are considered for the LVDC

system, which are summarized in Table 1. In column 5,
Ppyis the PV maximum power and Pjeaqis the load power.

In mode 1, the LVVDC system is connected to the grid
and the DC bus voltage is controlled by VSC. The PV
and the ESS are in off-state. In operating modes 2-5, the
PV is working in CMC before the fault occurrence (pre-
fault). After the fault clearance (post-fault), the state of
the PV depends on the ESS state and the operating
condition. In mode 2, the ESS is in off-state and the PV
power is less than the load power. Therefore, to prevent
the voltage instability because of the generation-load
mismatch, the PV post-fault state is off. In modes 3 and
4, the PV maximum power is larger than the load power.
In the islanded DC microgrid, The PV is going to work
in VMC to provide the required power of the load and to
regulate the DC voltage. In mode 4 compared to mode 3,
the ESS is in on-state and is switched to mitigate the fault
transients. Mode 5 refers to the case where the PV
remains in CMC for post-fault condition. A switching
logic is proposed to be used for the ESS to mitigate the
fault transients in short-term application and to balance
insufficient/surplus power in long-term application.

3. SYSTEM MODELING AND CONTROL

3.1. Modeling of PV system
Fig. 2 shows a PV array which is connected to the LVDC

system through a DC/DC boost converter. Modeling of
PV arrays and the control algorithm of the converter
depend on the duration of the study. For long-term
studies, especially in the field of the operation and control
of the AC/DC microgrids, a detailed model of PV arrays
is proposed which considers the ambient temperature and
solar radiation. In the grid connected mode, a maximum
power point tracking (MPPT) algorithm is utilized in the

converter to deliver the maximum available power to the
grid. In islanded mode, the converter works in voltage-
mode control to support the balance of power and
regulate the DC voltage [40-41].

The PV arrays are modeled as a constant DC voltage
source interfaced with the grid through a power-
electronic converter in the literature which studies the
protection of the microgrids and power quality issues.
Fast control algorithms are implemented to the converter
to regulate current and voltage in grid connected and
islanded mode of operation so that the PV system acts
like a constant power source. This assumption is possible
because the system is studied during the fault transient
which is fractions of a second. In this short period of time,
the ambient temperature and solar radiation is almost
constant [42-46].

This paper considers the PV array as a constant voltage
source because of very fast transients of the DC faults.
Also, fast current and voltage mode control algorithms
are applied to the DC/DC boost converter. The converter
is switched between two control modes according to the
operating modes. Status of the isolating circuit breaker is
applied as an input signal to switch the PV from the pre-
fault state to the post-fault state.
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Fig. 2. A boost DC/DC converter connected to the PV arrays

Table 1. LVDC system operating modes

Mode PV pre- PV post- ESS Operating
fault state | fault state state condition
1 off off off Pey=0
2 CMC off off Ppv<Pload
3 CMC VMC off PPV>PI0ad
4 CMC VMC on Ppv>Pload
5 CMC CMC on a)  Pev<Pioa
b)  Pev>Pioad

3.1.1. Control algorithm of the PV system

A boost DC/DC converter is used to connect the PV to
the LVDC system. According to the operating modes of
the grid discussed in the Section 2.2, the PV system
should operate in both current and voltage control modes.
The block diagram of the proposed control modes for the
PV system is shown in Fig. 3. In current-mode control,
the injected current of the PV is measured and is
compared with its reference value. The error signal is
applied to the PI controller and PWM block generates the



A. Shabani, K. Mazlumi: DC Microgrid Protection in the Presence of the Photovoltaic and Energy ... 246

gate pulses according to the output of the PI block. In
voltage-mode control, the reference value of the PV
voltage is calculated by using Eq. (1), and then is
compared with the PV measured voltage. The Saturation
block imposes upper and lower bounds on the error
signal.

Vol =V + 2REV Iy, + 2127 S22 1)

Where, V" is the PV reference voltage, V"’ is the
grid reference voltage, Iy is the PV current and REY and
LV are the PV cable resistance and inductance,
respectively.

Current Mode
Control (CMC)

Fig. 3. The control system of PV

3.2. Modeling of ESS
The authors of the current study assume the ESS as a

constant DC voltage source which is connected to the DC
grid through a bi-directional DC/DC converter as shown
in Fig. 4. A control system similar to the voltage-mode
control of the PV converter regulates the output voltage
of the ESS. The ESS can operate in both charging and
discharging modes regarding the grid operating

conditions.
LS f E—
J Cs
g Rs

Fig. 4. Bi-directional converter connected to the ESS

3.3. Load Modeling
A combination of resistive and constant power loads

(CPL) are considered as the load model in this paper as
shown in Fig. 5. Constant power load is modeled by a

SS4
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resistive load, which is connected to the DC bus through
a tightly regulated buck converter, an input filter, and a
diode. The regulator provides specified voltage and
current to the load regardless of voltage disturbances on
the bus; therefore, the regulator appears as a load that
draws constant power from the bus. The input filter
prevents the switching ripple of the converter from going
to the DC bus. The diode is needed to prevent reverse
current from the load to the system in regenerative mode
of the load.

The resistive load at the output of the buck converter
is given by

Vout)?
Ripaq = Yout) )

PCOTLSf

Where, Vo is the output voltage of the regulator and
Peonst is the constant power of the load.
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Fig. 5. The load model

4. CASE STUDIES AND SIMULATION

RESULTS
In this section, the behavior of the LVDC system is
studied under the fault conditions through the simulations
using MATLAB software. The schematic diagram of the
simulated LVDC system is shown in Fig. 6. The system
has radial structure and is connected to the AC network
through a controlled rectifier, which is grounded solidly
as shown in Fig. 7. The output of the rectifier is connected
to the main DC bus which feeds other three consumer
buses. The PV and the ESS can be connected to buses 2
and 3, respectively. The system parameters are listed in
Table 2.

Bus1 Bus2 Bus3

Fig. 6. Schematic diagram of the simulated LVDC system
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AC
Grid

Fig. 7. Model of the controlled rectifier

Table 2. LVDC system parameters

AC/DC Input AC voltage= 240V, 60 Hz , Output DC
Converter voltage=400 VV Power=50kVA C=75mF
R =0.121/km, L, =0.34mH/km
L1 Length=300 m
DC Cables L2 Length=500 m
L3 Length=500 m
L4 Length=10 m
Input filter: L= 0.2 pH, C=225 puF, R=0.05 Q
DC load Constant power= 8 KW
Constant Resistance= 20 Q
PVsystem | L=5mH C=3mF RIY=05Q LV =0.1mH
converter Switching Frequency=10 KHz
ESS Ls=5mH Cs=10 mF Rs=0.2 Q
converter Switching Frequency=10 KHz

The protective devices installed on the system are
ultra-high speed circuit breakers and overcurrent relays.
Faults F1-F4 are placed at the end of the lines of the
system and the system behavior is studied for the grid
operating modes presented in Table 1. The following
assumptions have been made in the analysis.

1) Only pole-to-ground faults are considered, since

they have a higher probability of occurrence.

2) Effects of the loads on the fault currents are
neglected: The standard IEC 60909 suggests to
obtain fault current results for an unloaded
network. The most short-circuit studies ignore the
load current since the magnitude of the fault
current is extremely greater than the load current.
On the other hand, the loads considered here are
combination of resistive and constant power loads.
The resistive loads (passive components) don’t
affect the fault current. In the CPL model, as
described earlier, there is a diode on the input DC
bus of the load to prevent reverse current feed to a
line-side fault.

3) The permissible minimum and maximum values of
the buses voltage are assumed to be 300V and
600V, respectively.

4) The PV current can be increased to 2.5 times its
nominal current during the faults.

4.1. Case 1
In this case, the PV and the ESS are not connected to the

system. Faults F1-F4 are placed in the system and the
faults currents passed through the lines are measured.
The logic of Inverse Definite Minimum Time (IDMT)
relay can be used to set overcurrent relays. The pickup
value of current, operating time and discrimination
margin must be determined.

The overcurrent relays should distinguish between the
normal operating condition and the faulty condition of
the system. Pickup currents of the relays are chosen as a
coefficient of full load steady state currents flowing
through the respective lines to avoid the relays operation
for normal operating conditions. Therefore, to determine
pickup values, a current coefficient is defined as follows:

L ..
Ni = ‘mlLi /IsLi (3)

Where, Ini is the maximum fault current passing
through ith line and I is the full load steady state current
which is chosen based on the maximum operation current
expected to be passed through ith line. The obtained
current coefficients for the considered faults and the full
load steady sate currents are shown in Table 3.

According to the values shown with red color, the
overcurrent relays can be set on 6 times the full load
steady state currents of the respective lines to have a
selective protection. However, the current passed
through the line 4 for F4 reaches 93 times its steady state
value. This fault current can damage the converter and its
output capacitors. To solve this problem, the midpoint of
the output capacitors is grounded by 0.1 ohm resistor.
The faults F1-F4 are applied again to the system and
results are listed in Table 4. By changing the grounding
method of the system, the current coefficient of the line
4, N4, is reduced from 93 to 8.35. Consequently, the
possibility of damage to the converter and output
capacitors is reduced. The set point of the IDMT
overcurrent relays can be chosen 5 times the full load
steady state current. Therefore, the pickup currents of the
relays R1-R4 are 750 A, 500 A, 250 A, and 1250 A,
respectively. The fault current reaches its maximum
value after 2 ms. Therefore, the operating time is chosen
2 ms and the discrimination margin is chosen 1 ms.
Table 3. Current coefficients of the faults for solidly grounded system

Fault | lss | lao | lsas | laa | N1 | N2 | N3 | N4

F1 | 150 | 100 | 50 | 250 | 11.02 | - - | 6.97

F2 | 150 | 100 | 50 | 250 | 4.77 | 667 | - | 2.86

F3 | 150 | 100 | 50 | 250 | 3.07 | 428 | 7.64 | 1.84

F4 | 150 | 100 | 50 | 250 - - - 93
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Table 4. Current coefficients of the faults for the system grounded by

resistor
Fault | log | laz | los | loa | N1 N2 | N3 | N4
F1 150 | 100 | 50 | 250 7.5 4.88
F2 150 | 100 | 50 | 250 41 5.65 2.46
F3 150 | 100 | 50 | 250 | 2.95 | 4.03 | 7.6 | 1.77
F4 150 | 100 | 50 | 250 8.35

Also, high speed fuses and high technology circuit
breakers are needed for the protection of the system.
Solid-state circuit breakers (SSCBs) are the fastest type
of DC circuit breakers (DCCBs) that can operate in less
than 1ms [47]-[49]. This type of DCCBs is considered in
the paper.

4.2. Case 2
To study effects of the distributed generations on the

system protection, a PV unit is connected to bus 2
through a current controlled DC/DC boost converter as
shown in Fig. 8. The nominal injected current of the PV
is increased and the operation of the protective relays is
studied. Firstly, the injected current of the PV is
considered as 25 A, half of the consumer current in bus
2. As seen in Table 5, for F2 and F3, the current
coefficients N2 and N3 are 5.34 and 7.94, respectively.
These values are greater than the setting values of the
relays, which make them operate correctly. Compared to
the N2 and N3 values listed in Table 4, it becomes clear
that the PV decreases the amount of the fault current in
the upstream line (line 2) and increases it in the
downstream line (line 3). In fact, supplying part of the
load power by the PV injected power decreases the steady
state current in the upstream lines which leads to decrease
in the amplitude of the fault current. As listed in Table 5,
the N2 value is decreased for further increase in the PV
injected current and reaches 4.98 when the PV current
equals to 80 A. In this condition, the relay on line 2 (R2)
is unable to detect F2. Therefore, the protective relays
may be affected and cannot operate correctly for large
injected current of the PV. In this paper, the authors try to
solve this problem with minimum changes in the system
protection and focus mainly on the setting of the O.C
relays. It is proposed to add relays R12, R22, and R32
with the backward directions to the end of the lines as

Main DC Bus

AC Grid

CcB4 CB1
AC/DC L, L,
Converter ‘ j ‘
F4

CB12

/ i
F1 Loadl F2
- ->

248

shown in Fig. 8.

Table 5. Current coefficients of the faults in the presence of the

PV
Fault Ispv (A) Npv N2 N3
F2 25 5.6 5.34 -
F3 25 2.32 3.85 7.94
F2 60 5.03 -
F2 75 5.028 -
F2 80 4.98 -

The forward and backward relays should coordinate
with their downstream relays, respectively. For example,
R1 should be the backup protection of R2. In case of R2
does not trip instantaneously, R1 should trip after a delay
time which is defined as the discrimination margin in the
setting of the O.C relays. Also, the pickup currents of the
forward relays must be changed according to the changes
in the fault currents which depend on the PV maximum
output power. The pickup currents of the backward relays
are determined by locating faults at the beginning of the
lines. As shown in Table 5, the pickup current of R2 can
be chosen 4 times the full load steady state current of line
2. The operating time for the pickup values is chosen 2ms
for all relays. The discrimination margin is chosen 1ms
to have selective protection between relays which are in
the same direction. More advanced protection strategies
such as differential and smart protection can also be used
in order to allow the PV penetration. However, the
change of the whole distribution protection is very
expensive and perhaps unrealistic idea. An issue for
overcurrent and directional based protections is high
resistive fault detection. In the case of high resistive
faults, the direction of the current may not be changed
which makes the directional protection blind. Currently,
in terms of fast speed requirements and high resistive DC
fault detection, differential protection is the promising
solution compared to other methods. The challenge with
differential protection is the cost where advanced
communication and synchronizing devices are required.
After isolating the faulty section, to refuse the power
outage for the downstream consumers, the healthy
section of the system can be operated independently as a
micro-grid.

Busl
CB2

Fig. 8. Schematic diagram of the protection arrangement for case 2
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Providing the required power of the consumers and
keeping the voltage stability are the main conditions for
the healthy part of the system to work as a microgrid.
Otherwise, undervoltage or overvoltage relays will detect
the voltage instability and the loads will be isolated from
the system by the protective devices.

In the next cases, a pole-to-ground fault is placed in
the middle of the line 2 at 0.3 s and the system behavior
is studied. The faulty section is isolated at 0.301 s by
high-speed circuit breakers. Buses 2 and 3 can be
operated as a DC microgrid.

4.3. Case 3
In this case, the injected current of the PV is assumed to

be 100 A and after isolating the faulty section, the PV is
operated in voltage-mode control. The energy storage is
not in the system. The simulation results are represented
in Figs 9 and 10.

As shown in Fig. 9, the PV works in current-mode
control before the fault occurrence and injects 100 A to
the network. In the fault condition, the PV current
reaches 188 A at 0.301 s before the operation of the
system protection. According to the permissible limit of
the PV current, the PV will be in the network during the
fault and its protection will not act for this current value.
After isolating the faulty section, the fault current
decreases and the PV control mode is changed to VMC
at 0.302 s. In the voltage-mode control, the PV supplies
84 A for the microgrid consumers.

The voltage profiles of the buses, Vi1 t0 Vs, are shown
in Fig. 10. The voltage of bus 1 drops to 310 V during the
fault and rises to 550 V after the fault clearance. These
voltage variations are in the permissible limit, and
therefore the undervoltage and overvoltage relays in bus
1 do not act for these voltage levels.Vp; and Vs vary from
265 V to 408 V and from 256 V to 407 V, respectively.
The voltage drop in both buses exceeds the lower
permissible limit of the voltage (300 V). Subsequently, it
leads to the operation of the undervoltage relays and
outage of the loads in the corresponding buses.
Therefore, the DC microgrid cannot work in the islanded
mode. Keeping the voltage variation in the permissible
limits for the healthy buses of the system is necessary to
have a correct protection. To solve this challenge, it is
proposed to add an ESS to the system which its
performance is studied in case 4.

4.4. Case 4
The injected current of the PV is 100 A and after

isolating the faulty section, the PV is operated in the
voltage-mode control. The energy storage is connected to
bus 3 through a controlled switch as shown in Fig. 11.

Status of the switch (on or off) is controlled by a
switching logic. To mitigate the transient disturbances of
the voltage in case 3, a switching logic based on the
voltage variations is chosen. This logic is named transient
state switching logic. If the voltage variations are in the
permissible limit, the switch is in off-state. Otherwise, it
is in on-state to limit the voltage oscillations in the
healthy buses, and then to refuse the operation of the
voltage protection. The permissible limit of the bus 3
voltage for the storage switching is selected from 360 V
to 420 V.

As shown in Fig. 12, the PV current reaches 165 A
during the fault and it is less than its value in case 3. The
voltage profiles of the buses, V1 to Vi3, are shown in Fig.
13. Variations of bus 1 voltage are between 318 V and
545 V, which is close to its variations in case 3. This is
because of the far distance between the energy storage
and bus 1 which makes its effect inconspicuous on bus 1.
V2 and V3 vary from 303 V to 407 V and from 321 V to
405 V, respectively. Compared to the case 3, the voltage
variations are limited and the buses voltages are above
300 V. Therefore, undervoltage relays on buses 2 and 3
don’t act and the loads don’t have any outage. As shown
in Fig. 14, the energy storage helps to limit voltage
oscillations in the fault condition by injecting or
absorbing current, positive or negative currents, in
undervoltage and overvoltage conditions, respectively.

4.5. Caseb5
The PV is operated in the current-mode control and

remains in this mode after isolating the faulty section.
Therefore, the energy storage is needed to stabilize the
voltage during the fault and after its clearance when the
healthy part of the system is operated as a microgrid.

200
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L L L L
P25 026 027 ez e 03 0.31 0.32 033 034 038
Tim,

Fig. 9. PV injected current (case 3)
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Fig. 10. The voltage profiles (case 3)
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Fig. 14. ESS injected current (case 4)

4.5.1. Using the transient state switching logic

Firstly, the transient state switching logic is applied to
ESS switch similar to case 4. As shown in Figs 15 and
16, the bus 3 voltage has continuing oscillations and the
energy storage is switched continuously because of the
unbalance between the PV injected power and the load

power. Therefore, a new switching logic is needed to be
designed for this case.

After isolating the faulty section, the injected current
of the PV which is controlled by the controller may be
greater than or less than the required current of the loads
in the healthy part of the system. Therefore, the switching
logic of the storage should detect the unbalance between
the generation and the consumption and enters the energy
storage to absorb the surplus power either to inject the
required power. The storage remains in the system until
the unbalance exists. Measuring the PV power and
comparing it with the load power can be useful.
However, it does not seem logical for a system with
multiple PV units. The following logic is proposed to
detect the unbalance between the generation and the
consumption.

It 1 1 1 |
029 0.295 0.3 0.305 0.31 0.315 0.32 0.325 033
Time (s)

Fig. 15. The bus 3 voltage under the transient state switching logic of
ESS (case 5)
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Fig. 16. The storage injected current under the transient state
switching logic (case 5)

45.2. The proposed switching logic

The bus 3 voltage is measured continuously and is
compared with the standard range. A switching sequence
is proposed in (4) for the storage switch to distinguish the
transient state (the voltage instability because of the fault)
from the steady state (the voltage instability because of
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the unbalance between the generation and the
consumption). If the fault is the only cause of the voltage
instability, the voltage, after isolating the fault current in
a short period of time, returns inside its standard range,
and therefore the energy storage system doesn’t need to
remain in the network. However, in the case that there is
an unbalance between generation and consumption, the
energy storage must remain connected to the grid to
overcome the unbalance condition and to keep the
voltage in the standard range. A successive closing and
opening operations are proposed to determine whether
the ESS must remain connected to the grid or be
disconnected after a short period of time.

C-1ms-OC-1ms-OC 4

Where, C indicates closing operation of the switch.
The switch closes when the measured voltage exceeds the
standard range. OC represents opening operation
immediately followed by a closing operation without any
intentional time delay. 1 ms is the time interval between
two operations.

After the second opening operation, if the measured
voltage still doesn’t meet the standard range, the
unbalance condition is detected. The switch closes for the
third time and remains in that position. The energy
storage compensates the difference between the
generation and the consumption and stabilizes the
voltage.

The block diagram of the proposed logic is shown in
Fig. 17. The performance of the proposed logic is proved
for Ipv=70 A when the generation is less than the
consumption (heavy load condition) and for Ipv=100 A
when the generation is greater than the consumption
(light load condition).
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Fig. 17. The proposed switching logic for ESS
Heavy load condition:

The simulation results for Ipv=70 A are shown in Figs
18-21. The injected current of PV reaches 140 A during
the fault. The storage is switched according to the
proposed logic and remains connected to the system after
the third closing operation. The storage injects 14 A to

the system to compensate the power unbalance. Vp: and
V2 vary from 327.5 V to 595.5 V and from 306 V to
446.5 V, respectively. The bus 3 voltage drops to 345 V
during the fault.

Light load condition:

The simulation results for 1pv=100 A are shown in
Figs 22-25. The injected current of the PV reaches 163 A
during the fault. The storage is switched according to the
proposed logic and remains connected to the system after
the third closing operation. The storage absorbs 16 A
from the system to provide the power balance. V1, Vi
and Vy3 are between 314.6 V-536 V, 301 V-462 V and
323.5 V-420.5 V, respectively. According to the
simulation results, the proposed switching logic has a
good performance in both light and heavy load
conditions. Furthermore, it lets the DC microgrid work in
islanded mode by keeping the voltage in the standard
range during the fault transients and by
injecting/absorbing the required/surplus power during
the power unbalance condition.
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Fig. 18. PV injected current under the proposed switching logic
(Ipv=70 A)
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Fig. 19. The switching pulse of the ESS switch (Ipv=70 A)
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Fig. 20. ESS injected current under the proposed switching logic
(Ipv=70 A)
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Fig. 23. The switching pulse of the ESS switch (Ipv=100 A)
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5. COMPARISON OF RESULTS
Firstly, a radial low voltage DC distribution system is
modeled in case 1 and overcurrent based protection is
discussed. Results show that the system can be protected
by choosing a suitable grounding method and applying
high speed breaking devices.

Then, in case 2, a PV unit is added to case 1 and its
effect on the system protection is analyzed. In
comparison to case 1, the introduction of the PV to the
system changes the fault currents of the upstream and
downstream lines. Therefore, it leads to malfunctions in
the relays operations, especially for large powers of the
PV. Directional overcurrent protection is proposed to
solve this problem. Also, the DC microgrid cannot
operate after isolating the faulty section because the PV
power is lower than the load power.

In case 3, the demanded power is less than the
maximum power of the PV. Therefore, after isolating the
faulty section, the PV is operated in voltage-mode control
to provide the required power of the load. However, the
PV cannot keep voltages of the healthy buses inside the
standard level. Subsequently, it leads to the operation of
the undervoltage relays and outage of the loads. In the
islanded mode of operation, the DC microgrid voltage
must be controlled and the power of the loads must be
met.

To solve the problem of case 3, an energy storage
system is added to the system in case 4. A switching logic
named “transient state switching logic” is defined for the
ESS. It has good performance in mitigating the voltage
oscillations of the DC microgrid. In fact, in islanded
mode operation of the DC microgrid, the PV supplies the
demanded power of the load and the ESS controls the
voltage level.

In case 5, the PV is operated in current-mode control
for post-fault state and its output power will be lower or
larger than the load power. Therefore, in order to operate
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the DC microgrid in islanded mode and to refuse
protective relays malfunction, the ESS must compensate
the mismatch between the PV power and the load power
and simultaneously it must control the voltage level. To
do this, a new switching logic based on successive
opening and closing operations is proposed for the ESS
and its performance is verified using simulation. As a
result, control modes of the PV and switching
mechanisms of the ESS affect the protection of the DC
microgrid and they must be designed correctly to refuse
unwanted outages of the system.

6. CONCLUSIONS

This paper studies the protection of the low voltage DC
grid in the presence of the distributed generation. By
Integrating the PV unit and the energy storage system to
the LVDC system, part of the system can be operated as
a DC microgrid. The microgrid goes to islanded mode
when there is a fault in the main system. Changing the
structure of the LVDC system introduces new protection
challenges to the system. Therefore, different operating
modes of the system are classified depending on the PV,
the ESS and the load conditions. The system simulation
has been carried out using MATLAB software to analyze
all cases. The results show the effects of the system
operating modes on its protection. Control methods of the
PV, switching mechanisms of the ESS and loading
condition of the system are the main factors which result
in the new challenges in the DC microgrid protection.
Some methods have been proposed to solve these
challenges. The methods are generally based on the
changing the protection arrangement, the grounding
method and the switching logic of the energy storage
system. Finally, the proposed methods are validated
through simulation.
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