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ABSTRACT

The multi-terminal direct current (DC) grid has extinctive superiorities over the traditional alternating current
system in integrating large-scale renewable energy. Both the DC circuit breaker (DCCB) and the current flow
controller (CFC) are demanded to ensure the multiterminal DC grid to operates reliably and flexibly. However,
since the CFC and the DCCB are all based on fully controlled semiconductor switches (e.g., insulated gate bipolar
transistor, integrated gate commutated thyristor, etc.), their separation configuration in the multiterminal DC grid
will lead to unaffordable implementation costs and conduction power losses. To solve these problems, integrated
equipment with both current flow control and fault isolation abilities is proposed, which shares the expensive
and duplicated components of CFCs and DCCBs among adjacent lines. In addition, the complicated coordination
control of CFCs and DCCBs can be avoided by adopting the integrated equipment in the multiterminal DC grid. In
order to examine the current flow control and fault isolation abilities of the integrated equipment, the simulation
model of a specific meshed four-terminal DC grid is constructed in the PSCAD/EMTDC software. Finally, the
comparison between the integrated equipment and the separate solution is presented a specific result or conclusion
needs to be added to the abstract.
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1 Introduction

The multiterminal direct current (DC) grid has many superiorities over the traditional alternating
current (AC) system, which has the ability of independent control of active power and reactive power,
and reverse the power flow without changing of voltage polarity. The mentioned advantages make the
multiterminal DC grid to be a more suitable way to access and transmit renewable energy over long
distance [1–3]. Therefore, the multiterminal DC grid has become a research hotspot all over the world,
and many real projects have been planned or are under construction [4]. However, the voltage source
characteristics of the modular multilevel converter in the multiterminal DC grid cause the DC line
fault to develop rapidly, and the whole multiterminal DC grid may be shutdown owing to a single DC
line fault [5–7]. The DC line fault seriously threatens the multiterminal DC grid to operate reliably and
safely.
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For the goal to achieve the selective and rapid isolation of DC-side fault, each DC line should
configure two DC circuit breakers (DCCBs) in the multiterminal DC grid to limit the fault range to
the greatest extent and quickly isolate the DC line fault [8–10]. However, since the DC fault current
changes monotonically rather than periodically, the structure and action process of the DCCB are
much more complex than AC circuit breakers [11]. This causes the DCCB to have severe challenges
such as high manufacturing cost, large size and weight, making it difficult to be applied on a large
scale. For example, the 500 kV DCCB applied in the demonstration project of multiterminal DC grid
in Zhangbei, China has the implementation cost of up to tens of millions of RMB. In addition, in
the DC distribution network, due to the multiple connected lines on the same DC bus, more DCCBs
are demanded, and the cost problem of DCCBs is more severe. Therefore, the high cost of DCCBs
has become one of the key issues restricting the further development and engineering application of
multiterminal DC grids, and it is imperative to solve the high-cost problem of DCCBs.

In addition to the issue of fault isolation, the multiterminal DC grid also faces the problem of
passive power flow control [12]. In the large-scale multiterminal DC grid, there always has not only a
single current path between two different nodes. Therefore, the power flows in different lines will be
passively distributed by the line resistances and can hardly be controlled by the converters [13]. The
uncontrolled power flows may lead to the DC line overload and will restrict the operation flexibility
of the multiterminal DC grid since the power convey bottlenecks of the DC line should be considered.

Currently, for the application scenarios of multiterminal DC grids, a variety of current flow
controllers (CFCs) have been proposed. According to the operation principles, they can mainly be
divided into three types, including: (1) the CFCs based on controllable resistor [14], (2) the CFCs
based on AC/DC converter [15], and (3) the CFCs based on DC/DC converter [16–19]. The first
type CFCs have low manufacturing costs, but will introduce additional power losses. The CFCs based
on AC/DC converter can regulate the power flow by generating controllable voltage on the DC line
through AC/DC converters. The advantage of this CFC is that the power flow control of a single DC
line is independent. However, it always requires the isolation transformer, which will greatly increase
investment costs and system complexity. The DC/DC converter-based CFC transfer power between
adjacent lines within the multiterminal DC grid. Since this CFC should only withstand low voltage
(e.g., several kilovolts in the 500 kV DC system), its manufacturing cost is low and does not cause
excessive power losses, which is considered more suitable to be applied in the multiterminal DC grid.

In the future multiterminal DC grid, the simultaneous configuration of the CFC and the DCCB
are foreseeable [20–23]. However, since they are both based on fully controlled semiconductor switches
(e.g., insulated gate bipolar transistor, integrated gate commutated thyristor, etc.), once they are
adopted simultaneously, high conducting losses of the semiconductor switches will be generated.
Besides, some components in the CFC and the DCCB have the same function and repeated configura-
tion. Therefore, to reduce the conducting losses and total costs, the CFC and the DCCB are combined
into the integrated equipment in this paper. The proposed integrated equipment has the functions of
regulating power flow of adjacent lines and isolating DC line fault rapidly, which can be adopted to
replace the CFC and the DCCBs near the same DC bus.

The rest of this paper is arranged as follows:

In Section 2, the basic theory to obtain the integrated equipment is introduced, including the
topologies and operation principles of the CFC and the DCCB. The proposed integrated equipment
topology is presented in Section 3. Besides, its operation principles of controlling power flow and
isolating DC line fault are elaborated. In Section 4, the performance of the proposed integrated
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equipment is examined by electromagnetic simulations in PSCAD/EMTDC software. Some conclu-
sions are summarized in Section 5.

2 Basic Theory to Obtain Integrated Equipment
2.1 Topology and Operation Principles of Current Flow Controller

The interline dual H-bridge CFC is a typical CFC based on DC/DC converter [24]. Its topology
is illustrated in Fig. 1, including two H-bridges and an energy-storage capacitor. It has the ability
to control the current of two connected lines by controlling the insertion state of the energy-storage
capacitor. Assume the current in Fig. 1 satisfy I 0, I 1, I 2 > 0, the corresponding relationship between
the insertion states of the capacitor and the switch states of the H-bridge is as follows:

a) Capacitor bypass state (abbreviated as B): Sa OFF, Sb ON, Sc OFF, Sd ON or Sa ON, Sb OFF,
Sc ON, Sd OFF.

b) Capacitor charge state (abbreviated as C): Sa ON, Sb OFF, Sc OFF, Sd ON.
c) Capacitor discharge state (abbreviated as D): Sa OFF, Sb ON, Sc ON, Sd OFF.

During the capacitor charge state, the H-bridge is equivalent to a positive voltage source inserted
into the DC line; As for the capacitor discharge state, the H-bridge is equivalent to a negative voltage
source inserted into the DC line; As for the capacitor bypass state, the H-bridge can be considered as
short-circuited. Therefore, the current flow between the adjacent lines can be regulated by periodically
controlling the insertion state of the capacitor. However, this CFC cannot satisfy the requirements of
the multiterminal DC grid since it only has two ports. Therefore, it is expanded into the multiple H-
bridge CFC in this part, whose topology is presented in Fig. 2.

Figure 1: Topology schematic diagram of the interline dual H-bridge CFC

Figure 2: Topology schematic diagram of the multiple H-bridge CFC
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The core principle of the multiple H-bridge CFC is the same as that of the interline dual H-bridge
CFC. The corresponding relationship between the insertion states of the capacitor and the switch states
of the H-bridge is listed in Table 1. The voltage drop across the energy storage capacitor is denoted by
U c (U c > 0), and the DC line series voltage is represented by v1k.

Table 1: The relationship between the insertion states of the capacitor and the switch states of the
H-bridge

I 1 < 0 & I 2, . . . , In > 0 I 1 > 0 & I 2, . . . , In < 0

State number i ii iii iv v vi vii viii
Su1 0 0 1 1 0 0 1 1
Sd1 1 1 0 0 1 1 0 0
Suk 0 1 0 1 0 1 0 1
Sdk 1 0 1 0 1 0 1 0
v1k 0 −U c +U c 0 0 −U c +U c 0
Capacitor state B D C B B C D B

The following example illustrates the core principle and control strategy of the multiple CFC.
Considering that before the multiple CFC puts into operation, the DC line current satisfies I 1 < 0 &
I 2, . . . , In > 0. In order to actively control the power flow distribution in the multiterminal DC grid,
it is necessary to increase or decrease the current of some DC lines. As shown in Table 1, the switch
state set (i, ii, iv) can make the energy storage capacitor to be discharged to increase the line current,
and the state set (i, iii, iv) can make the energy storage capacitor to be charged to reduce the line
current. Therefore, based on the above principle, the control strategy of the semiconductor switches in
the multiple CFC is constructed in Fig. 3, in which the duty cycle Dsu1 is constant, and its value is set
to 0.5 in this paper. The upper and lower bridge arm switches of the same port are in complementary
operation state. The proportional integral (PI) control is utilized in Fig. 3. The trigger signal generated
by the control system shown in Fig. 3 is presented in Fig. 4.

Figure 3: Control strategy of the multiple CFC
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In Fig. 3, it can be seen that: Once the actual line current Ik and the reference current I ref, k satisfy
Ik < I ref, k or the actual energy storage capacitor voltage U c and the reference voltage U cref satisfy U c >
U cref, the duty cycle of the switch Suk, S1k will satisfy Dsuk > Dsu1, corresponding to the switch condition in
Fig. 4a. Under this condition, the energy storage capacitor will be discharged, and the line current will
be increased, or the energy storage capacitor voltage will be reduced to follow the given reference value.
Otherwise, the energy storage capacitor will be charged, and the line current will be decreased, or the
energy storage capacitor voltage will be increased to follow the given reference value, corresponding
to the switch state in Fig. 4b.

Figure 4: Trip signal of the multiple H-bridge CFC

2.2 Topology and Operation Principles of DC Circuit Breaker
The DCCB topology is presented in Fig. 5. It has two branches, including the load current path

and the main breaker (MB). The load current path is composed of a solid-state switch named as load
commutation switch (LCS) and a mechanical switch named as ultrafast disconnector (UFD). The load
current path should carry load current and commutate fault current after the occurrence of the fault.
The MB is composed of two parts, the first part is all based on many fully controlled semiconductor
switches, which should carry the fault current temporarily and force the fault current into the second
part of the MB. The second part is all based on metal oxide varistors (MOVs), which should consume
the fault current. The MB is the most expensive part in the DCCB. The DCCB takes the following
steps to isolate the fault:

a) Assume that the fault occurs at the DC line connected to the DCCB. Therefore, the DCCB
starts to isolate the fault.

b) By turning ON the MB and turning OFF the LCS, the fault current will be forced into the MB
from the load current path, which leads to zero current in the UFD.

c) The UFD is commanded to open, and the UFD open time is always considered as 2 ms.
d) After the UFD is opened, the semiconductor switches in the MB should be turned OFF. After

that, the fault current is forced into the MB and dissipated by the parallel MOVs.
e) After the fault current is interrupted by the MB, the RCB will totally isolate the fault.
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Figure 5: Topology of the DCCB

3 Operation Principles of Integrated Equipment
3.1 Basic Topology

Comparing the multiple H-bridge CFC in Fig. 2 with the DCCB in Fig. 5, the switch structure
of multiple H-bridge CFC is similar to the LCS structure of DCCB, as shown in Fig. 6. Therefore,
to reduce the configuration cost and operating loss of CFC and DCCB, the multiple H-bridge CFC
and the DCCB can be combined into a single integrated equipment, as shown in Fig. 7. In addition to
the fault isolation capability, the proposed integrated equipment not only has the ability of power
flow control of adjacent lines, but also can isolate the fault rapidly. Compared with the separate
configuration solution, the integrated equipment greatly reduces the manufacturing cost and operating
loss, and improves the utilization efficiency of the semiconductor switches. The discharge resistor
Rdc and the discharge switch Sdc in Fig. 7 are responsible for quickly discharging the energy storage
capacitor. Since the discharge switch Sdc withstands a smaller voltage than the energy storage capacitor
rated voltage, a fast mechanical switch or a semiconductor switch can be used. In addition, the MOV
connected in parallel of the energy storage capacitor to prevent it from overvoltage and ensure its safe
operation.

Figure 6: Structure comparison of multiple H-bridge CFC and DCCB

Figure 7: Topology of the integrated equipment
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During the normal operation, if the multiterminal DC grid does not require the active regulation
of power flow, the integrated equipment can be operated in bypass mode. The equivalent diagram of
the integrated equipment in this mode is presented in Fig. 8. In Fig. 8, the following components are
in the ON state: the semiconductor switches Suk, Sdk, the UFDs, the RCBs; the following components
are in the OFF state: the switch Sdc, the MB.

Figure 8: The integrated equipment operates in the bypass mode

3.2 Operation Sequences to Realize Current Flow Control
During the normal operation, after receiving the power flow control command, the integrated

equipment will operate in the CFC inserted mode. In this mode, the flowing components are in the
ON state: the UFDs, the RCBs; the following components are in the OFF state: the switch Sdc, the MB.
In addition, the semiconductor switches Suk, Sdk will be turned ON and OFF periodically to realize the
power flow control of adjacent lines. The control strategy has already been presented in Fig. 3. The
equivalent diagram of the integrated equipment in this mode is shown in Fig. 9.

Figure 9: The integrated equipment operates in the CFC inserted mode
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In this mode, if a healthy DC line needs to be cut OFF, the integrated equipment can control the
current of the DC line to zero using the embedded CFC, and then the RCB on the DC line can be
opened. Using this method to removal a heathy line can avoid the complex switching operation and
the large voltage disturbance to the multiterminal DC grid if the DCCB is utilized.

3.3 Operation Sequences to Realize Fault Isolation
After a DC line fault occurs, the integrated equipment will operate to isolate the fault port, and it

takes the following steps:

It is assumed that a fault occurs on the port P1 at time t0. After that, depending on the switch state
of the fault occurrence moment, the fault current may have three paths in the integrated equipment:

a) Current path 1: Pk→UFDk→diode in Suk→insulated gate bipolar transistor (IGBT) in
Su1→UFD1→RCB1→P1.

b) Current path 2: Pk→UFDk→IGBT in Sdk→diode in Sd1→UFD1→RCB1→P1.
c) Current path 3: Pk→UFDk→diode in Suk→capacitor C→diode in Sd1→UFD1→RCB1→P1.

After the integrated equipment receives the tripping command at time t1 and starts to isolate the
fault port P1. Firstly, the MB is turned ON and the switch Su1 in the upper bridge arm of the fault port
and the switches Sd1∼Sdn in the lower bridge arms of all ports are turned OFF. After that, the fault
current begins to be forced to the MB. Then, the UFD1 of the fault port starts to open. During the
UFD operation period (t1 < t < t2), the status of each switch in the CFC-MPCB is shown in Fig. 10.

Figure 10: The equivalent diagram of the integrated equipment from time t1 to time t2

After the open process of the UFD, the MB is blocked to force the fault current to be consumed
by the parallel MOVs. The MOVs will dissipate the fault current, as presented in Fig. 11. After the
fault current is cleared at time t3, the RCB1 will isolate the fault line. In addition, refer to the operation
status of the multiterminal DC grid, the integrated equipment can operate in the CFC inserted mode
again to actively manage the load current of the remaining adjacent DC lines.

According to the above analysis, the fault isolation sequences of the integrated equipment are
summarized in Fig. 12.
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Figure 11: The equivalent circuit of the integrated equipment from time t2 to time t3

Figure 12: Fault isolation sequences of the integrated equipment

If the overhead line (OHL) is utilized in the multiterminal DC grid, the reclosing operation are
demanded to try to shorten the power outage. When the reclosing of the fault line is implemented, to
avoid the damage of the energy storage capacitor, it can be bypassed first. The reclosing process takes
the following steps:

a) The switches Suk in the upper bridge arm of all healthy ports, the switches Sdk in the lower
bridge arm of all non-fault ports are turned ON and turned OFF, respectively. After that, the
energy storage capacitor is bypassed.

b) The MB is turned ON, and the fault property can be judged by the current magnitude flowing
through the MB. When the MB current exceeds the threshold value, the permanent fault is
determined, the MB is turned OFF again and RCB on the fault port is opened to isolate the
fault line; otherwise, it is determined that a temporary fault has occurred, the switch Su1 is
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turned ON and the UFD on the fault port is closed. After the open process of the UFD, the
MB is turned OFF again and the integrated equipment can operate in the CFC inserted mode
again.

4 Simulation Analysis
4.1 Simulation Model

In order to examine the current flow control and fault isolation abilities of the integrated
equipment, the simulation model of a specific meshed four-terminal DC grid is constructed in the
PSCAD/EMTDC software, as presented in Fig. 13. The reason for choosing a meshed four-terminal
DC grid is that only the multiterminal DC grid with a mesh structure has difficulty in controlling
power flow. The modular multilevel converters (MMCs) with symmetrical monopole structure are
configured, in which the converter S1 operates in constant voltage mode, and the converters S2∼S4

operates in constant power mode. The DC line protection action time is 3 ms. The other parameters
are listed in Table 2. In this part, both the power flow control and the fault isolation abilities of the
integrated equipment are verified. The simulation results of current flow control and fault isolation
are both shown in Figs. 14 and 15.

Figure 13: Topology of the simulation model

Table 2: Key parameters of the simulation model

Component name Parameter Value

MMC

Rated voltage Udc 500 kV
Rated power of S1∼S4 1750, 250, 500, 1000 MW
Arm inductance/submodule capacitance 29 mH/15 mF
Submodule numbers per arm 250
Outlet inductance 100 mH

DC line
Lengths of OHL1∼OHL3, OHL12, OHL23 200, 120, 100, 180, 150 km
Line resistance 9.32 mΩ/km
Line inductance 0.85 mH/km

(Continued)
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Table 2 (continued)

Component name Parameter Value

Integrated equipment

Energy storage capacitance 10 mF
Capacitor rated voltage 5 kV
Switching frequency 2 kHz
Discharge resistance Rdc 5 Ω

Total residual voltage U res of MOVs in MB 800 kV

Figure 14: Simulation waveforms in the bypass mode

4.2 Simulation Results
4.2.1 Normal Operation

In the time period of t < 4.0 s, the integrated equipment operates in the bypass mode. In this mode,
the power flows of all the lines are distributed based on the line resistances, as shown in Fig. 14a.

At 4.0 s, the integrated equipment starts to regulate the power flows of the connected lines
according to the grid operation requirements. Assuming that the DC flow control target is the average
current of each DC line, since the total value of the load current is 3.5 kA, the current reference values
I ref, 2 and I ref, 3 of the ports P2, P3 are set to 1.17 kA, and the voltage reference value U cref of port P4 is
set to 5 kV. As shown in Fig. 14a, the line currents and the energy storage capacitor voltage reach the
control target at about 4.45 s.
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4.2.2 Fault Isolation

At 5.0 s, a fault F occurs on the DC line OHL2, and the fault duration is assumed to be 0.3 s.
After that, the integrated equipment operates to isolate the fault port P2. When the fault current
is commutated into the MOVs at 1.505 s, the fault current starts to decrease. Before this, the fault
current still rises rapidly. During the fault current clearance process, the current peak of the MB is
7 kA. Besides, the diode branches of the non-fault ports and the MB will be subjected to the transient
interruption voltage (the total residual voltage of MOVs, 800 kV) generated by the MOVs, as shown
in Fig. 15. The MOV current consumption lasts about 5 ms, and the MOVs dissipate the energy of
11.71 MJ. After that, the fault line OHL2 can be completely isolated by RCB1. After that, the integrated
equipment activates the power flow control function. At this time, the reference values I ref, 3, U cref of
the ports P3, P4 ports are set to 1.75 kA and 5 kV, respectively. The current of each line reaches the
control target in about 5.5 s.

Figure 15: Simulation waveforms in the fault isolation

The integrated equipment starts to reclose at 6.0 s. After the DC line OHL2 is restored, the
integrated equipment continues to manage the power flow of each DC line. The reference values I ref, 2,
I ref, 3, and U cref are set to 1.17 kA, 1.17 kA, and 5 kV, respectively. As shown in Fig. 14a, the current of
each DC line reaches the reference value at 6.7 s.

4.3 Economic Analysis
This part will compare and analyze the manufacturing costs of the separate solution and the

integrated solution of the CFC and DCCB to highlight the economic superiorities of the integrated
equipment. Assume that the separate solution and the integrated equipment are respectively config-
ured on a DC bus, and the DC bus has a total of n incoming and outgoing DC lines connected to it.
Therefore, in order to achieve full selective removal of faults and power flow control of each DC line, if
the separate solution is adopted, a total of n DCCBs and 1 multiple H-bridge CFC are required; while
the integrated solution is adopted, only one n-port integrated equipment is required. Assuming that the
rated voltage of the multiterminal DC grid is Udc, the peak voltage of the LCS in the DCCB during
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the fault isolation process is Um, the rated voltage of the energy storage capacitor in the integrated
equipment is U rc. Then, the number and capacity of each component required for the two solutions
are listed in Table 3. In Table 3, U ri and U rd are the rated voltages of the IGBT module and the diode,
respectively, and Ek is the MOV capacity required to clear fault current on the kth DC line. In addition,
to simplify the analysis, the current limitation and voltage margin of the semiconductor switches are
not considered.

Table 3: Required component number and capacity of different solutions

Component name Separate solution Integrated solution

UFD n n
IGBT module 2n (U res + Um + U rc)/U ri (U res + nUm + nU rc)/U ri

Diode 0 nU res/U rd

MOV capacity
n∑

k=1

Ek max (Et, t = 1, 2, . . . , n)

In Table 3, the number of UFDs required for the separate solution and the integrated solution is
the same, but the separate solution requires 2n times the number of IGBT modules as the integrated
solution. Since the IGBT modules is truly expensive the diodes, the cost of semiconductor switches in
the separate solution is much higher than that of the integrated solution. In addition, since the DCCB
on each line in the separate solution must have the ability to dissipate the fault current of this line,
the total MOV capacity required for the separate solution is the sum of the MOV capacities on all
lines, while the MOV capacity required for the integrated equipment is the maximum MOV capacity
required to interrupt the faults of each line. Therefore, the MOV capacity required for the integrated
equipment is much smaller than that of the separate solution. In summary, the integrated equipment
has obvious advantages over the separate solution in terms of economy.

With regard to the integrated solution, the separate solution is equivalent to adding the conduction
losses of n(Um + U rc)/U ri IGBT modules during normal operation. Therefore, the corresponding
additional operating loss �Pcl is n(Um + U rc)UCE/U ri, where UCE is the voltage drop when the IGBT
conducts. Compared with the separate solution, the integrated equipment has lower operating losses,
leading to higher grid operation efficiency. In addition, since the heat generated by the operating losses
of semiconductor switches needs to be dissipated by a cooling system, the integrated solution can
reduce the additional cost of the cooling system.

5 Conclusion

Compared to the traditional AC system, the multiterminal DC grid has more superiorities in
integrating large-scale renewable energy. However, the multiterminal DC grid faces the challenges
such as passive power flow control, vulnerability to DC line fault, etc., which significantly hinders its
development. In this paper, the integrated equipment capable of controlling power flow and isolating
DC-side fault is proposed to reduce the implementation costs, the power losses, and coordination
control complexity of separate configurations of CFCs and DCCBs. The integrated equipment with
n ports can be adopted to replace a n-port CFC and n DCCBs. Extensive simulations show that the
integrated equipment is similar to the separate solution from the perspective of the DC grid, which
means the integrated equipment can achieve the same functions for the multiterminal DC grid as
separate solution with much lower costs and power losses.
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