
Research Article

Protection for DC Distribution System with
Distributed Generator

Shimin Xue,1 Chaochao Chen,1 Yi Jin,1 Yongli Li,1 Botong Li,1 and Ying Wang2

1 Key Laboratory of Smart Grid of Ministry of Education, Tianjin University, Tianjin 300072, China
2Dispatching and Control Center of Tianjin Electric Power Corporation, Tianjin 300010, China

Correspondence should be addressed to Shimin Xue; xsm@tju.edu.cn

Received 23 January 2014; Revised 9 May 2014; Accepted 12 May 2014; Published 17 June 2014

Academic Editor: Hongjie Jia

Copyright © 2014 Shimin Xue et al. 	is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

DCdistribution systemhas advantages of high power quality, large transmission capacity, high reliability, simple structure, economy
and low energy consumption, and so forth. It has been a key part of smart grid nowadays. However, the development of DC
distribution system is constrained by the lack of operational experience in DC system, the small interrupting capacity of DC
circuit breaker (CB), and the lack of protection schemes for system itself. In this paper, protection for DC distribution system
with distributed generator (DG) is fully investigated and veri
ed. Firstly, the electromagnetic transient model of DC distribution
systemwithDG is presented. Simulation based on the electromagnetic transientmodel is carried out. Both the step response and the
steady-state performance verify the accuracy of the model. 	en the fault characteristic mechanism is analyzed, and the protection
principles and scheme are investigated in detail, including voltage mutation principle as protection starting component, di�erential
current protection principle for DC bus, and two-section current protection for distribution lines. Finally, transient responses with
protection scheme are analyzed during faults. 	e results present that the protection principles and scheme are feasible for DC
distribution system with DG.

1. Introduction

Smart grid is an exciting development of power systems
worldwide. It is also one of the scienti
c and technological
innovations in the 21th century [1]. 	e development mainly
lies in the distribution system. Lots of researches are being
carried out in the 
eld of smart distribution system around
the world.

Meanwhile, more and more electrical equipment, based
on electronic products, are consuming direct current (DC),
such as LED lamps, mobile phones, liquid crystal monitors,
computers, and electric vehicles. Aiming to be more e�cient,
frequency conversion technology has been widely used in
household and industrial loads. 	ese loads can be regarded
as indirect DC loads because of the DC link in the converters.
At the same time, more and more distributed generators
(DGs) are using renewable energy sources and generating
DC electricity, such as photovoltaic generator and fuel cell
generator. A DC link still exists in other types of DGs,
such as microturbine and wind power system. Hence, it will

greatly improve the e�ciency and reduce the loss of power
conversion by using a DC system to distribute the power.
With the rapid development of modern power electronic
technology, commutation components are mature enough
to work smoothly in DC distribution system. 	erefore,
DC distribution system based on pulse width modulation
(PWM) technology is becoming a promising structure. It has
many advantages, like high power quality, large transmission
capacity, high reliability, simple structure, economy, low
energy consumption, and so on [2–6]. Particularly, it can be
well adapted to the connection of DGs and promote the
development of DC appliances.	is is very essential for solv-
ing environmental pollution and energy depletion problems.
	erefore, DC distribution system has a broad application
prospect of smart distribution system in the future.

However, relay protection technology, one of the key
technologies of the development of DC distribution system,
still stays in its infancy. Till now, experts have been actively
engaged in the research of protection system. Nuutinen
et al. [7] establish the laboratory platform of DC distribution
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system, which provides an important experimental basis for
the research of fault detection and protection of DC distribu-
tion system. Fault current characteristic of DC distribution
system has been studied in detail [8], which lays a solid
foundation for analyzing fault characteristic mechanism and
exploring dynamic response characteristics. In this respect
of the fault location and isolation, a handshake method is
proposed in [9]. AC CBs and DC disconnectors are used to
clear DC faults in this method. But the speed of protective
action is slow and the nonfault bus has the problem of the
short-time power interruption. In order to solve this problem,
DC CBs are used to clear DC faults directly in [10]. In addi-
tion, the overall protection con
guration for DC distribution
system of single-end and double-end is proposed in [11–
13]. However, the access of DGs is not considered, and a
certain gap exists with protection demands of actual projects.
Overall, protection of DC distribution system is still in the
beginning stage.

In this paper, a comprehensive protection scheme for
DC distribution system with DG is proposed. 	e proposed
protection scheme considers faults on both AC side and DC
side and the coordination of converter protection and system
protection. 	e rest of the paper is organized as follows.
Firstly, the electromagnetic transient model for DC distri-
bution system with DG is established by PSCAD/EMTDC.
	e simulation based on electromagnetic transient model is
carried out to verify the accuracy of themodel.	en, the fault
characteristic mechanism of DC distribution system is ana-
lyzed. 	e protection principles and the protection scheme
of DC distribution system are investigated. Finally, a series
of fault simulations are completed to verify the accuracy
of protection principles and scheme.

2. Electromagnetic Transient
Simulation Model for DC Distribution
System with DG

Nowadays, DC distribution system is still in the exploration
stage. As a result, a good and feasible electromagnetic tran-
sient model is in great need for the research of fault analysis,
fault detection, and protection of DC distribution system.
In this section, the electromagnetic transient model will be
introduced.

2.1.Modeling. 	ebasic topologies ofDCdistribution system
mainly contain radiation type, ring type, and mesh type, as
shown in Figure 1. 	e path of power �ow is certain in the
radiation network, and it is also easy to control the power
�ow. But its reliability is low. In the ring network, the power
�ow between any two stations has two paths. 	erefore, the

reliability is high, but the control of power �ow, fault detec-
tion, and protection is relatively complex.Mesh network con-
sists of two or more rings. So the structure is more complex,
the path of power �ow is uncertain, and controlling the power
�ow is more di�cult. In this research stage, the radiation
systemwith two-wire unipolar distribution form is selected as
the research object. Compared with bipolar system, unipolar
system is simpler in the structure. Meanwhile, “a 
re line

DG

DG

DG

DG

(a) Radiation type

DG

DG

(b) Ring type

DG

DG

(c) Mesh type

Figure 1: 	e diagram of three kinds of the basic topologies of DC
distribution system.

and an earth lead” system needs reliable grounding. 	e
requirement is very high for grounding points and grounding
equipment. Besides, “a 
re line and an earth lead” system is
unfavorable for underground communication cables and the
personal and property safety.

According to the study of DC distribution voltage levels
[14, 15], the paper uses 10 kVasmediumvoltage (MV)DCdis-
tribution voltage and 400V as low voltage (LV) DC load volt-
age. Besides, similar to traditional AC system, 380V is still
used as LV AC load voltage.

	e paper uses electromagnetic transient simulation so�-
ware PSCAD/EMTDC to build a radial DC distribution sys-
temmodel, as shown in Figure 2. 110 kV AC system, acting as
themain power supply, is connected to 10 kVDCbus through
the distribution converter station. 	e distribution converter
station consists of 110/6.3 kVdistribution transformer and the
recti
er. DG is linked to DC bus through DC line to supply
power. 	e model includes three kinds of loads, that is, MV
DC load, LV DC load, and LV AC load. 	e last two kinds of
loads require conversion devices, namely, DC/DC converter
and inverter.

In this paper, the recti
er and inverter are three-phase
voltage source converters based on IGBTs. 	e recti
er uses
constant DC voltage and constant reactive power strategy,
and the inverter uses constant AC voltage strategy (viz. Vf
control strategy). One buck circuit is applied as DC/DC
converter, and the constant DC voltage strategy is employed
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Figure 2: 	e diagram of simulation model of DC distribution system.

Table 1: Simulation values of electrical parameters in DC distribution system.

Electrical parameters Simulation values

	e output of distribution transformer
AC voltage �� (kV) 6.60

AC current �� (kA) 0.95

MV DC voltages
10 kV DC bus voltage �bus (kV) 10.50

DG output voltage �dg (kV) 10.53

MV DC currents

Distribution converter station output current �dc (kA) 0.69

DG output current �dg1 (CB2) and �dg2 (CB4) (kA) 0.095

DC/DC converter station input current �buck (kA) 0.11

Inverter station input current �inv (kA) 0.162

MV DC load current �� (kA) 0.513

	e output of DC/DC converter station
DC voltage �buck (kV) 0.40

DC current �buck o (kA) 4.0

	e output of inverter station
AC voltage �inv (kV) 0.38

AC current �inv o (kA) 2.57

in this system. As a typical DG, photovoltaic (PV) is adopted
in themodel according to the literature [16].	e cable is used
as DC line, and the frequency dependent (phase) model of
cable is chosen.

2.2. Validation of the Simulation Model. 	e simulation on
the electromagnetic transient of DC distribution system is
carried out to verify the accuracy of the model presented
in the paper. 	e transient characteristic on DC and AC
side from startup state to normal operation state is shown
in Figure 3. It can be concluded that the system has a good
transient step response within the prescribed rise time of 1 s.

	e electrical parameters of the system at steady state
are listed in Table 1. According to Figure 3 and Table 1, it
is demonstrated that the output AC voltage and current of
distribution transformer are in phase. So the unity power
factor control of the recti
er is achieved. In MV DC system,
DC bus voltage is maintained at 10.5 kV, which meets the
requirement for voltage at the beginning of distribution lines.
	e output currents of distribution converter station and DG
aremaintained at 0.69 kA and 0.095 kA.	e input currents of
DC/DC converter station, inverter station, and MV DC load

are at 0.11 kA, 0.162 kA, and 0.513 kA, respectively. 	erefore,
the load power is consistent with the transmission power.
	e output voltages of DC/DC converter station and inverter
station are maintained at 400V and 380V, which satisfy the
desired values of load voltages. Meanwhile, the harmonic
contents of all electrical parameters are within the acceptable
range.

In Figure 3 and Table 1, both the step response and the
steady-state performance are shown to verify the accuracy of
the model.

3. Protection System

DC distribution protection system is divided into three
protection levels, namely, component level, device level, and
system level. 	e researches of short circuit protection of
component and device, such as the IGBT and the converter,
have been addressed in many publications [17–20]. Hence,
the protection presented in this paper is primarily focused on
system level.	e protection con
guration is concentrated on
themedium voltage DC (MVDC) area in Figure 2. Moreover,
the protection coordination between system level and device
level is also taken into account.
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Figure 3: 	e step response waveforms.

3.1. Fault Characteristic Mechanism Analysis. 	e fault char-
acteristic is the basic of protection. Hence, the fault char-
acteristic mechanism of DC distribution system needs to
be analyzed. In this section, the DC short-circuit fault
characteristic of the recti
er and DG will be introduced
emphatically.

Firstly, the fault characteristic mechanism of the recti
er
is analyzed. Once a short-circuit fault occurs in the DC side
of the recti
er, IGBTs will be blocked by the self-protection.
So the full-controlled recti
er becomes the uncontrolled rec-
ti
er.	en, the recti
er goes through the four transient stages
as shown in Figure 4.

Stage 1. As DC voltage is always greater than the instanta-
neous value of AC line voltage, all the diodes are turned o�,
and the capacitor discharges via the short circuit. At this
stage, the fault voltage and current can be solved by using
the second-order circuit. With the continuing decline of the
capacitor voltage, Stage 2 starts when DC voltage is less than
the maximum instantaneous value of AC line voltage.

Stage 2. In this stage, the capacitor discharges with the diodes
turning-on alternatively. 	e energy of fault circuit mainly
comes from the capacitor. While the capacitor is discharging
continuously, the recti
er will enter Stage 3 if the capacitor
voltage is reduced to zero at a certain time; otherwise, it will
step into Stage 4 directly.

Stage 3. 	e capacitor is shorted by the freewheeling diodes.
	e equivalent inductance discharges via the diodes. In this
stage, the fault voltage and current can be solved by using the

rst-order circuit. With the continuing decline of the fault
current, these diodes cannot be turning on once the instan-
taneous value of AC phase current is greater than that
of freewheeling current. 	en the recti
er begins to enter
Stage 4.

Stage 4. 	e fault circuit is equivalent to the RLC load for the
recti
er. 	e energy of the fault circuit mainly comes from
AC system.

According to the related formulas [21], the theoretical
calculation and fault simulation con
rm that the analysis of
four-stage faultmechanism is correct. Figure 5 shows the fault
characteristic under a particular situation of simulation sys-
tem parameters and initial values. 	erefore, the overall fault
characteristic of the recti
er is that DC voltage drops rapidly
to the steady-state value, while DC current increases rapidly
and then decreases to the steady-state value.

	en, the fault characteristic mechanism of the DG is
brie�y introduced. As described in the second chapter, PV
is used in the model. 	e equivalent circuit model and grid-
connected circuit of PV are shown in Figure 6. Similar to the
recti
er, DG goes through two main stages during the short-
circuit fault: (1) capacitor discharge stage and (2) DG-side
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current feeding stage.	eoverall fault characteristic is similar
to that of the recti
er.

According to the fault mechanism analysis mentioned
above, the short-circuit fault characteristic of DCdistribution
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system is obtained. 	e schematic waveforms of DC voltage
and current during faults are shown in Figure 7.

3.2. Protection Principles. According to the fault characteris-
tic mechanism analysis and the schematic waveforms of DC
voltage and current during faults, the following protection
principles are proposed in the paper.

(1) Protection Starting Component—Voltage Mutation Princi-
ple. Protection starting component is the primary guarantee
for judging and removing faults rapidly, sensitively, and
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reliably. Based on the fault transient characteristic that DC
voltage drops rapidly, the voltage mutation starting compo-
nent is put forward. 	e principle is used as the starting
component of protection for both DC bus and DC line. 	e
basic criterion of starting component is expressed as

Δ� > Δ�set, (1)

where Δ� is DC voltage mutation and Δ�set is the protection
startup setting value.	e setting principle is to ensure that the
setting value is always greater than the maximum �uctuation
value of DC voltage.	emaximum �uctuation value, margin
multiple, and sampling frequency should be consideredwhen
Δ�set is set.

(2) Fault of DC Bus—Di�erential Current Protection Principle.
To meet the requirement of rapidity and selectivity, the
di�erential current protection principle based on Kirchho� ’s
current law is used as the main protection of DC bus. In this
paper, the positive direction of the current �owing through
CB is assumed from DC bus to line. 	e di�erential current
is de
ned as the opposite number of the sum of currents of
all CBs connected to the DC bus. If the DC bus is considered
as a node, the di�erential current is zero under normal
or external fault states. However, when a short-circuit fault
occurs in DC bus, the di�erential current is equal to the fault
current. Hence, the basic criterion for the di�erential current
protection is expressed as

�� > �bus set, (2)

where �� is the di�erential current and �bus set is the setting
value of the di�erential current. 	e setting principle is
to ensure that the setting value is always greater than the
sum of the maximum measurement error value of every
current transformer under external fault states. Hence, the
maximum measurement error of current transformer and
margin multiple should be considered when �bus set is set.

Di�erential current protection has high selectivity almost
without delay. Generally, the fault current of DC bus is much
larger than the setting value, so di�erential current protection
also has high sensitivity.

(3) Fault of DC Line—Two-Section Current Protection Prin-
ciple. When a fault occurs in lines, DC bus voltage declines
rapidly and the capacitors connected with the bus discharge
quickly to the fault point, leading to the rapid rise of the
fault-line current. Based on the transient characteristic, two-
section current protection principle is proposed as primary
and backup protection for DC lines. 	e protection principle
contains instantaneous current quick-break protection and
time-limit current quick-break protection.

Instantaneous current quick-break protectionmeans that
once the fault current exceeds the setting value, the protection
should act immediately. It is the primary protection. Hence,
the basic criterion for instantaneous current quick-break
protection is expressed as

�� > �� set 1, (3)

where �� is the current �owing through CB� and �� set 1 is
the instantaneous current setting value of CB�. 	e setting
principle is to ensure that the trip command is given during
the rising period of short-circuit current and the protection
range is the entire line. 	e value of the capacitors, the line
impedance parameters, and margin multiple should be con-
sidered when �� set 1 is set.

Time-limit current quick-break protection is the current
protection with a certain delay. It is the backup protection.
	e basic criterion for time-limit current quick-break protec-
tion is expressed as

�� > �� set 2
�� > �� set,

(4)

where �� set 2 is the time-limit current setting value of CB�
and �� set is the protection delay setting value of CB�. 	e
setting principle is to ensure that the protection can still act
correctly, when distribution system reaches steady state a�er
faults. 	erefore, the protection delay setting value is close
to the duration of the fault transient process, and the time-
limit current setting value is always less than the steady-state
short-circuit current. 	e value of the capacitors, the line
impedance parameters, and margin multiple should be also
considered when �� set 2 and �� set are set.

3.3. Protection Scheme. A protection scheme is proposed
based on the local information, which uses voltage muta-
tion principle as protection starting component, di�erential
current protection principle as DC bus protection, and two-
section current protection principle as DC line protection.
When two-section current protection principle is applied in
the protection scheme, attention should be paid to smoothing
away the following two problems.

(1) 	ere are two power supplies for CB3 and CB4, so the
problem about reverse current should be considered.When a
fault occurs in DC line 1, the current �owing through CB4
reverses. Similarly, when a fault occurs on AC side of the
recti
er, the current �owing through CB3 reverses. Hence,
the paper proposes reverse current protection principle.
When the current �owing through CB3 or CB4 reverses, the
protection system should trip CB3 or CB4 immediately. 	e
basic criterion for reverse current protection is expressed as

�� > ��, (5)

where �� is a small positive value on behalf of reverse current
margin. 	e current �owing through CB3 or CB4 is negative
under normal situation.

(2) When a fault occurs in line 2 to 4, the value of
fault current provided by DG may exceed the instantaneous
current setting value of CB2. To meet the requirement of
protection selectivity, the instantaneous current setting value
should be close to the maximum transient current in the case
that the fault happens at the remote terminal of DC line 1.
It must be ensured that fault current through CB2 cannot
exceed the instantaneous current setting value before the
removal time of the downstream fault. Hence, the protection
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Table 2: 	e setting values of parameters (sampling frequency of protection device: 5 kHz).

Protection types Parameters Setting values

Start component Protection startup setting value Δ�set (kV) 0.1

DC bus protection Di�erential current setting value �bus set (kA) 0.5

DC line protection

Line 1 (CB2, CB4)

Instantaneous current setting value �2 set 1 (kA) 2.5

Time-limit current setting value �2 set 2 (kA) 0.6

Delay setting value �2 set (s) 0.1

Reverse current margin �4 (kA) 0.05

Line 2 (CB5)

Instantaneous current setting value �5 set 1 (kA) 1.3

Time-limit current setting value �5 set 2 (kA) 0.7

Delay setting value �5 set (s) 0.1

Line 3 (CB6)

Instantaneous current setting value �6 set 1 (kA) 1.2

Time-limit current setting value �6 set 2 (kA) 0.7

Delay setting value �6 set (s) 0.1

Line 4 (CB7)

Instantaneous current setting value �7 set 1 (kA) 1.4

Time-limit current setting value �7 set 2 (kA) 0.7

Delay setting value �7 set (s) 0.1

	e outlet of recti
er (CB3) Reverse current margin �3 (kA) 0.05

scheme sacri
ces the rapidity when setting instantaneous
current for CB2.

	ere are two relay locations in the MVDC area of
Figure 2, namely, DC bus (CB3 to CB7) and the outlet of DG
(CB2). 	e protection types, the setting principles of param-
eters, and the setting values mentioned above are listed in
Table 2. 	e protection �owcharts are shown in Figure 8.

4. Verification of Protection System

In this paper, two sets of fault simulation experiments are
conducted to verify whether the protection schememeets the
protection requirements or not. 	e 
rst set of experiments
includes the short-circuit fault on line 1 to 4 (F1 to F4) and
DCbus fault (F5) as shown in Figure 2.	ese experiments are
used to verify rapidity, sensitivity, and reliability of protection
system. 	e other set of experiments includes three-phase
short-circuit fault in AC system (F6), three-phase short-
circuit fault in LV AC load (F7), and short-circuit fault in LV
DC load (F8). 	ese experiments are used to test selectivity
and reliability of protection system. 	e short-circuit times
of all faults are uniformly set at 2 s in the experiments. 	e
protection principles and protection scheme are achieved by
programming on the so�ware MATLAB.

4.1. Faults in MVDC Area (F1 to F5). As shown in Table 3,
once faults (F1 to F5) occur, the recti
er can be reliably
blocked within 3ms by itself over-current protection. At the
same time DC protection system can rapidly and reliably
trip appropriate DC CB to remove the fault from the system.
Because of limitations of space, only faults F1, F3, and F5
are analyzed in the paper. For line faults, the fault points are
located at the middle of the lines. Considering the rapidity of
DCCB, the switch-o� time of CB is set as 10ms. So, the action
time of CB is equal to the time receiving trip instruction

plus the switch-o� time. Figures 9, 10 and 11 are the transient
response waveforms of fault F3, F5 and F1.

DC voltage rapidly declines when fault F3 occurs, which
leads the fast startup of mutation component. IGBTs of the
recti
er are blocked by the self-protection. 	e capacitors
of the recti
er, DG, and inverter discharge immediately
and contribute to the fault point together with the fault
current �buck. Especially, the discharge current of the inverter
reversely �ows through CB5. At 1ms a�er the fault, �buck is up
to the instantaneous current setting value of CB6. 	en the
protection system sends a trip command to CB6 immediately
and CB6 is tripped a�er 10ms, while �dg1 (the current �owing
through CB2) is up to the instantaneous current setting value
of CB2 at 62ms a�er the fault with the inaction of CB6.
Hence, maloperation does not occur in CB2.

When fault F5 occurs, DC voltage mutation component
starts immediately. Simultaneously, the value of di�erential
current has already exceeded the setting value.	e protection
system sends trip commands to CB3 and CB4 at 0.8ms a�er
the fault. CB3 and CB4 are tripped a�er 10ms. Besides the
recti
er and DG, the capacitors of DC/DC converter and the
inverter discharge and contribute the capacitive current to the
short-circuit point. In addition, �dg1 is up to the setting value
at 23.6ms a�er the fault. 	erefore, maloperation does not
occur in CB2 as well.

As similar with faults F3 and F5, �dg1 is up to the
instantaneous current setting value for CB2 at 12ms a�er fault
F1. 	en protection system sends a trip command to CB2.
At 1ms a�er the fault, a trip command is sent to CB4 due
to the sensitive reverse current protection. So CB4 and CB2
are tripped successively at 10ms a�er the trip commands are
given.

4.2. Faults in Non-MVDC Area (F6 to F8). Results show
that reverse current protection acts for CB3 and prevents
DC system from supplying power to the fault point in
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Figure 8: Flow charts of relay locations.

the case of fault F6. While in the cases of faults F7 and F8,
all of the breakers (CB2 to CB6) will not act. Considering DC
protection system and the self-protection of the converters,
a detailed analysis of fault F6 to F8 is conducted. Figures 12,
13 and 14 are the transient response waveforms of fault F6, F7
and F8.

When fault F6 occurs, the capacitors of the DG, DC/DC
converter, and inverter discharge with the rapid reduction of
AC voltage of the recti
er. 	us �dg increases rapidly, while
�inv and �buck increase reversely to inject the recti
er. At 8.4ms
a�er the fault, �dc �owing through CB3 is up to the reverse

current setting value. 	erefore, the protection system sends
a trip command to CB3, and CB3 is tripped a�er 10ms.

When fault F7 occurs, there is a slight �uctuation for DC
voltage, while DC current of the inverter increases rapidly for
a short time, which is provided in large part by the recti
er
and in small part by DG. However, the starting component
has not been operated during the whole transient period
of the fault. 	erefore, maloperation does not occur for the
protection system.

When it comes to fault F8, it is essential to consider
the overcurrent protection of DC/DC converter. When fault
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Table 3: 	e action situation of each CB during F1–F5.

Fault type Percentage of fault location Recti
er blocked time (s)
	e action of breakers (time for receiving trip instruction)

CB2 CB3 CB4 CB5 CB6 CB7

F1

10% 2.0022 +(2.0082) # +(2.0012) # # #

50% 2.0016 +(2.0120) # +(2.0010) # # #

100% 2.0010 +(2.0200) # +(2.0008) # # #

F2

10% 2.0010 # # # +(2.0010) # #

50% 2.0016 # # # +(2.0010) # #

100% 2.0024 # # # +(2.0018) # #

F3

10% 2.0010 # # # # +(2.0010) #

50% 2.0014 # # # # +(2.0010) #

100% 2.0024 # # # # +(2.0010) #

F4

10% 2.0010 # # # # # +(2.0010)

50% 2.0016 # # # # # +(2.0010)

100% 2.0024 # # # # # +(2.0014)

F5 — 2.0010 # +(2.0008) +(2.0008) # # #

Note: results noted “+” are on behalf of the action of CB� and results noted “#” are on behalf of the inaction of CB�.
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Figure 9: Transient response waveforms of fault F3.
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Figure 10: Transient response waveforms of fault F5.
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Figure 11: Transient response waveforms of fault F1.
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Figure 12: Transient response waveforms of fault F6.
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Figure 14: Transient response waveforms of fault F8.

F8 occurs, MV DC voltages rapidly decline, while �inv �ow-
ing through CB6 increases rapidly. Meanwhile, the current
�owing through IGBT in DC/DC converter has a rapid rise.
Considering the self-protection of DC/DC converter, the
IGBT is blocked at 5ms a�er the fault. What is more, the
IGBT can be regarded as an ideal DC CB to isolate the fault
in�uence on MV DC system. 	us, maloperation does not
occur for the protection system by the self-protection of DC-
DC converter. Of course, it is still necessary to equip with DC
CB in LV DC system to isolate the fault.

Fromwhatmentioned above, the paper draws the conclu-
sions as follows.

(1)	e protection scheme proposed in the paper is able to
meet the protection demands of selectivity, rapidity, sensitiv-
ity, and reliability. Once DC short-circuit fault occurs in the
MVDC area, voltage mutation component acts immediately.
For faults F2–F5, the protection system can send out the
trip command within 2ms. For fault F1, the trip command
can be sent out within 20ms longer than the former due
to the demand of selectivity. For AC fault F6, protection
system can send out the trip command within 8ms and
prevent DC system from supplying power to the fault point
at AC side. Protection system can be reliably blocked without
maloperation for LV load faults F7-F8.

(2) Once DC short-circuit fault occurs in the MV DC
area, the capacitors of converters discharge immediately.
	erefore, the capacitive currents are injected into the DC
system reversely for DC/DC converter and the inverter. It
aggravates damage to the system and improves the require-
ment for interrupting capacity of DC CB. To solve the prob-
lem completely, the paper proposes to employ an interface
diode on the DC side of DC/DC converter and the inverter.

(3) Di�erent from AC system, DC distribution system
uses kinds of converters, such as recti
er, inverter, and
DC/DC converter. 	e converters need to be equipped with
protection because of the poor capability of bearing high
voltage and large current. As a result, when con
guring
protection for DC distribution system, it is necessary to

consider the coordination between system protection and
self-protection of converters.

5. Conclusion

In this paper, a comprehensive protection scheme of DC
distribution system with DG is proposed. First, the electro-
magnetic transient model of DC distribution system with
DG is presented. 	is model is veri
ed with both steady-
state and transient performance.	en the fault characteristic
mechanism is analyzed. 	e overall fault characteristic is
that DC voltage drops rapidly to the steady-state value,
while DC current increases rapidly and then decreases to
the steady-state value. Based on the fault characteristic,
the protection principles are investigated. And a protection
scheme is proposed, which utilizes DC circuit breakers and
local information.	e protection schemewith di�erent faults
is investigated (including 
ve di�erent short-circuit faults on
MV DC side, a fault on AC power side, and two faults on
LV loads). 	e results verify that the proposed protection
scheme is e�ective for protection of DC distribution system
with DG, which has good reference value to guide future
DC distribution system protection con
guration. Finally, the
coordination of the converter protection and the system
protection is also considered, as the converters are widely
used in DC distribution system. To solve the problem of
reversal injection of capacitive current, the paper proposes
to employ an interface diode on the DC side of DC/DC
converter and inverter.
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