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ABSTRACT: To address the issues of high costs and low component utilization caused by the independent configu-
ration of hybrid DC circuit breakers (HCBs) and DC power flow controllers (DCPFCs) at each port in existing DC
distribution networks, this paper adopts a component sharing mechanism to propose a composite multi-port hybrid
DC circuit breaker (CM-HCB) with DC power flow and fault current limitation abilities, as well as reduced component
costs. The proposed CM-HCB topology enables the sharing of the main breaker branch (MB) and the energy dissipation
branch, while the load commutation switches (LCSs) in the main branch are reused as power flow control components,
enabling flexible regulation of power flow in multiple lines. Meanwhile, by reconstructing the current path during
the fault process, the proposed CM-HCB can utilize the internal coupled inductor to limit the current rise rate at the
initial stage of the fault, significantly reducing the requirement for breaking current. A detailed study on the topological
structure, steady-state power flow regulation mechanism, transient fault isolation mechanism, control strategy and
characteristic analysis of the proposed CM-HCB is presented. Then, a Matlab/Simulink-based meshed three-terminal
DC grid simulation platform with the proposed CM-HCB is built. The results indicate that the proposed CM-HCB
can not only achieve flexible power flow control during steady-state operation, but also obtain current rise limitation
and fault isolation abilities under short-circuit fault conditions, verifying its correctness and effectiveness. Finally, a
comparative economic analysis is conducted between the proposed CM-HCB and the other two existing solutions,
confirming that its component sharing mechanism can significantly reduce the number of components, lower system
costs, and improve component utilization.
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1 Introduction
With the continuous advancement of the “Dual Carbon” goals, a large number of distributed renew-

able energy sources have been integrated into the distribution networks [1,2]. The flexible upgrading of
distribution networks has promoted the construction of AC-DC hybrid distribution networks. However, the
impedances of DC lines and converters are much lower compared with those of the traditional AC grid, in
the event of a short-circuit fault, the short-circuit current rises extremely rapidly and reaches an extremely
high peak [3,4]. If the fault fails to be cleared in a timely manner, it will not only damage the converter stations
in the system, but also cause the fault current to spread to the entire system in a short time, resulting in the
collapse of the power flow in DC system and endangering the safe operation of the entire DC power grid.
Meanwhile, as the number of DC branches increases, it is also essential to manage the DC power flow in a

Copyright © 2026 The Authors. Published by Tech Science Press.
This work is licensed under a Creative Commons Attribution 4.0 International License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://www.techscience.com/journal/EE
https://www.techscience.com/
https://doi.org/10.32604/ee.2025.070996
https://www.techscience.com/doi/10.32604/ee.2025.070996
mailto:zhangc@gzu.edu.cn


2 Energy Eng. 2026;123(3):15

reasonable manner to ensure the load rate of each line is within a reasonable range and prevent partial line
outages caused by overloading of a single line.

For the fault isolation issue in DC power grids, a common solution is to use DC circuit breakers
(DCBs) for fault interruption. According to different operating principles, DCBs can be classified into
three types: mechanical DCBs [5,6], solid-state DCBs [7,8] and hybrid DC circuit breakers (HCBs) [9,10].
Mechanical DCBs suffer from long fault interruption times, while solid-state DCBs exhibit high on-state
losses. HCBs integrate the advantages of mechanical and solid-state DCBs, featuring short fault interruption
times, low on-state losses and high reliability, and have become the mainstream development direction
for DCBs. Domestic and foreign researchers have conducted extensive studies on the operating principles,
new topologies, and engineering applications of HCBs, forming relatively complete HCB solutions [11–13].
When the number of branches in the DC distribution network increases, each branch requires a dedicated
HCB, which significantly raises the protection costs of the DC distribution network. To address this issue,
reference [14] proposes an interlink HCB, which enables HCBs connected to two lines to share a single main
breaker branch (MB), reducing system costs and device volume. However, for a multi-port DC power grid
with multiple connected lines, m MBs are still required to ensure bidirectional fault isolation. Reference [15]
presents a component sharing based integrated high voltage direct current (HVDC) circuit breaker for
meshed HVDC grids, where the IGBT modules in the MB and the load commutation switches (LCSs) of
the integrated HVDC circuit breaker are connected unidirectionally, and the m DC lines share a single MB.
Moreover, after DC bus faults occur, adjacent lines can continue to transmit power, making it more suitable
for complex meshed DC grids. Reference [16] proposes a multi-line DCB, allowing multiple DC lines to share
a single MB. However, each component has a probability of failing to open during the DC fault isolation
process, the more components required to open, the higher the failure probability. The multi-port reusable
DCB can solve the problem of excessively high costs caused by independent configuration of DCBs to a
certain extent. However, DCBs only operate in scenarios with infrequent faults, and components remain in
standby for a long time with low utilization rates.

For the power flow control problem in DC power grids, multi-branch lines in DC distribution networks
also need to possess power flow control capabilities. This is to enhance the degree of freedom in power
flow control and avoid limiting the power control capability of all nodes in the network due to insufficient
degrees of freedom in DC power flow control, while simultaneously preventing problems such as high
line losses and low system utilization caused by single-line overloading and other similar situations [17].
Currently, DC power flow controllers (DCPFCs) are mainly used in DC power grids to address power flow
control issues. As the DC power flow in a DC power grid is only related to the line resistance and the DC
voltage at both ends of the line [18], DCPFCs can be classified into variable resistance type DCPFCs [19],
DC transformer type DCPFCs [20], and interline power exchange type DCPFCs. The variable resistance
type DCPFC inserts a variable resistor into the DC line and adjusts the actual line resistance to change
the power flow in the DC system. However, it can only realize unidirectional power flow control and will
increase system losses. The DC transformer type DCPFC connects a DC/DC converter to the DC line. It
equivalently changes the relative DC voltage at both ends of the line by adjusting the input/output voltage
across the converter, thereby achieving power flow control. Nevertheless, during normal operation, current
flows through the semiconductor switches in the transformer, leading to relatively large losses. Among
various types of DCPFCs, the interline DC power flow controller (IDCPFC) is widely employed for power
flow control in DC systems, owing to its advantages of low power loss, high efficiency, and no requirement
for integration with external AC systems [21–24].

In DC distribution networks, the separate use of DCPFCs and HCBs results in low device integration
and component utilization, as well as a large footprint, increasing the economic cost of the system. In
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fact, HCBs and DCPFCs have inherent complementarity in operating time: HCBs only operate under fault
conditions, while DCPFCs operate under normal conditions. If some components of DCPFCs and HCBs can
be reused, it will greatly reduce the costs of both fault protection and power flow control in DC distribution
networks. Based on the topological structures of DCPFCs and HCBs, reference [25] proposes a current flow
controlling HCB, which significantly reduces costs compared to using the two devices separately. However,
each port requires an independent MB to effectively isolate faults. With the increase in the number of
converters and transmission lines, the required number of MBs will increase significantly, leading to a
substantial rise in costs, and the number of semiconductor devices used does not decrease remarkably.
References [26,27] propose a multi-port circuit breaker integrated with power flow control capability, where
all ports can share a single MB. However, the solution still requires additional UFDs and LCSs, leading to high
on-state losses during normal system operation. Additionally, the solutions proposed in [25–27] lack fault
current limiting capability, and the interruption burden on the DC circuit breaker will be considerably high.

Based on the above analysis, existing solutions either utilize DCPFCs and HCBs independently to
address the challenges of power flow control and short-circuit fault isolation in DC power grids, or form an
integrated device with both functions by combining DCPFC and HCB based on the characteristics of their
topological structures. However, these solutions do not significantly reduce the number of semiconductor
devices, resulting in insufficiently prominent economic benefits, and they also lack the fault current
limiting capability.

To address these issues, this paper innovatively proposes a CM-HCB device, which not only possesses
DC power flow control capability, but also can reduce the rise rate of fault current and achieve effective
isolation of short-circuit faults, thereby significantly reducing the number of components and the overall
system cost. The CM-HCB has the following advantages:

(1) Compared with the solution in [25], the proposed CM-HCB allows multiple connected DC lines to
share a single MB and a single surge arrester (SA). Moreover, the switches in the DC power flow control
(PFC) section of the proposed CM-HCB can be reused as LCSs, eliminating the need for additional
LCSs. Compared with the separate use of DCPFCs and HCBs, the number of components and the
overall cost of the CM-HCB are significantly reduced.

(2) When the DC power grid is in steady-state operation, the CM-HCB can flexibly perform any power
flow control. Compared with the solution in [27], the PFC section connects a capacitor in series with
each of the two lines, which is equivalent to connecting a steady-state voltage source in series in each
of the two lines. It regulates the DC power flow through the power exchange between the two voltage
sources, solving the problem of frequent insertion/bypassing of voltage sources in the lines, reducing
current ripple, and is applicable to scenarios with any power flow direction in the lines. After a short-
circuit fault occurs in the DC power grid, the CM-HCB can respond rapidly to isolate the fault and
restore the system to normal operation.

(3) The proposed CM-HCB has fault current limiting capability. When a short-circuit fault occurs, after the
CM-HCB turns on the switching transistors Q1–Q4, these transistors serve as the fault commutation
branch. At this moment, the coupled inductor plays a role in current limiting. It can utilize the internal
coupled inductor to limit the current rise rate at the initial stage of the fault by reconstructing the
current flow path during the fault process, significantly reducing the breaking current requirements.

2 Topology of CM-HCB
The topology of the proposed CM-HCB in this paper, which integrates both DC power flow control and

fault current limiting capabilities, is shown in Fig. 1. It is primarily composed of two main parts: the PFC
section and the HCB section. The PFC section comprises two capacitors(C1–C2), the coupled inductor T1
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(L1–L2), four reverse-blocking Insulated Gate Bipolar Transistors (IGBTs) (Q1–Q4), four diodes (Db1–Db4).
The HCB section comprises three double ultra-fast mechanical breaker (UFD1–UFD3), three mechanical
disconnectors (DS1–DS3), one MB for fault current commutation and one SA for energy dissipation, which
is connected in parallel with the MB. Components of MB, SA are shared, which makes it cost-effective and
suitable for meshed HVDC grids.
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Figure 1: Topology of CM-HCB

When the DC power grid operates normally, the branches where C1, C2, L1, L2, and Q1–Q4 are located
participate in the DC power flow regulation of the system, and the HCB section is blocked at this time.

When a short-circuit fault occurs on the DC line connected to the proposed CM-HCB, the HCB section
starts to operate to quickly isolate the fault. During this period, UFD1–UFD2 and DS1–DS2 are used for DC
branch fault isolation, while UFD3 and DS3 are dedicated to DC bus fault isolation. Meanwhile, the DC power
flow control function of the PFC section is blocked.

The MB is a key component and determines the current breaking capability of the CM-HCB, as it needs
to withstand the system’s pole-to-ground voltage after a DC short-circuit fault, a series connection of the
IGBT modules is required. Furthermore, there are 2m + 1 diode stacks forming an extended H-bridge in
the MB branch. Because the diode stacks are required to withstand the system’s transient overvoltage, and
considering that their on-state loss is not significant, each diode stack needs to consist of a large number
of diodes.

3 Steady-State Operation Principles
Under the steady-state operation of the DC power grid, UFD1–UFD3 and DS1–DS3 are all conducting,

the MB is in the off state, the HCB section of the device is blocked. Due to the symmetry of the CM-HCB
topology and system operating conditions, the steady-state operation mechanism is explained with I1 and
I2 both set as positive directions. Fig. 2 shows the operating mechanism of the steady state under I1 and I2
are in a positive direction. Under this condition, the switching tubes Q1–Q4 are all turned on. As a result,
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capacitors C1 and C2 are bypassed, the PFC does not participate in DC grid system control—this is the bypass
state of the PFC.
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Figure 2: Steady-state operation: C1 and C2 are bypassed

To perform power flow control, the on/off states of Q1–Q4 need to be controlled according to the
magnitude and direction of the DC line current. The steady-state operation principles of PFC are analyzed
in detail below based on three typical operating states of the system (the positive directions of each electrical
quantity are shown in Fig. 1).

3.1 I1 and I2 Are in the Positive Direction
The power flow regulation requirement is to reduce I1 and increase I2, which is equivalent to introducing

a positive resistance in Line 1 and a negative resistance in Line 2, the reference direction of the capacitor
voltage is the same as that in Fig. 1. When Q1–Q4 are turned off simultaneously, the voltage VC1 across
capacitor C1 continues to rise, while the voltage VC2 across capacitor C2 keeps decreasing. To maintain the
balance of the capacitor voltages, the energy of C1 needs to be transferred to C2.

During steady-state operation, a full switching cycle can be split into two stages. In the first stage, only
Q1 is turned on to from a current loop C1-L1-Q1-Db1, as shown in Fig. 3a. During this phase, C1 transfers
energy to L1, and iL1 increases linearly. Then Q1 is turned off, and only Q3 is turned on to from a current loop
Q3-Db3-C2-L1, as shown in Fig. 3b. During this phase, L1 transfers energy to C2, and the current variation of
C2 increases linearly. Using L1 as the energy transfer medium, energy is transferred from C1 to C2, thereby
achieving the power flow control requirement of reducing I1 and increasing I2.

3.2 I1 and I2 Are in the Negative Direction
For the power flow control objective of reducing I1 and increasing I2, which is equivalent to introducing

a positive resistance in Line 1 and a negative resistance in Line 2, the reference direction of the capacitor
voltage is opposite to that in Fig. 1. First, only Q2 is turned on to from a current loop C1-Db2-Q2-L2, as
shown in Fig. 4a. During this phase, C1 transfers energy to L2, and iL2 increases linearly. Then Q2 is turned
off, and only Q4 is turned on to from a current loop C2-Db4-Q4-L2, as shown in Fig. 4b. In this stage, L2
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transfers energy to C2. Using L2 as the energy transfer medium, energy is transferred from C1 to C2, ultimately
achieving the requirement of reducing I1 and increasing I2 for power flow control.
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Figure 3: Operation modes of the CM-HCB with I1 and I2 positive direction. (a) Only Q1 is turned on: C1 transfers
energy to L1; (b) Only Q3 is turned on: L1 transfers energy to C2
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Figure 4: Operation modes of the CM-HCB with I1 and I2 negative direction. (a) Only Q2 is turned on: C1 transfers
energy to L2; (b) Only Q4 is turned on: L2 transfers energy to C2

3.3 I1 and I2 Are in Different Directions
Two scenarios are considered: one where I1 is in the positive direction and I2 in the negative direction,

and the other where I1 is in the negative direction and I2 in the positive direction. Leveraging the symmetry
of the CM-HCB, the scenario with I1 in the positive direction, I2 in the negative direction, and the control
objective of increasing I1 while decreasing I2 is selected as an example for illustration. This control process is
equivalent to introducing a negative resistance in Line 1 and a positive resistance in Line 2, so the polarities of
C1 and C2 are as depicted in Fig. 5. In the first step, only Q4 is turned on to form the current loop Db4-Q4-L2-
C2 (see Fig. 5a). During this stage, C2 delivers energy to the coupled inductor branch L2, resulting in a linear
increase in iL2. Then only Q4 is turned off, and only Q1 is turned on to establish the current loop C1-L1-Q1-Db1
(see in Fig. 5b). In this stage, due to the coupling effect of the coupled inductor, energy is transferred from L2
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to L1 and further routed from L1 to C1. With L1 and L2 serving as energy transfer media, energy is transferred
from C2 to C1, thereby fulfilling the power flow control requirement of increasing I1 and decreasing I2.
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Figure 5: Operation modes of the CM-HCB with I1 and I2 different direction. (a) Only Q4 is turned on: C2 transfers
energy to L2; (b) Only Q1 is turned on: L1 transfers energy to C1

Based on the above analysis, there are nine operating conditions for this PFC due to the different
directions of line currents and power flow control requirements. Table 1 presents the on/off characteristics
of the switching tubes and the controlled components under each condition.

Table 1: Operating modes of the CM-HCB

Mode Direction of I1/I2 Regulation
requirement of I1/I2

Off switches Controlled
switches

Polarities of
VC1/VC2

1 P/P ↓/↑ Q2, Q4, MB Q1, Q3 +/+
2 P/P ↑/↓ Q2, Q4, MB Q1, Q3 −/−
3 N/N ↑/↓ Q1, Q3, MB Q2, Q4 +/+
4 N/N ↓/↑ Q1, Q3, MB Q2, Q4 −/−
5 P/N ↑/↓ Q2, Q3, MB Q1, Q4 −/+
6 P/N ↓/↑ Q2, Q3, MB Q1, Q4 +/−
7 N/P ↑/↓ Q1, Q4, MB Q2, Q3 +/−
8 N/P ↓/↑ Q1, Q4, MB Q2, Q3 −/+
9 — — — Q1–Q4 —

In Table 1, abbreviations P and N represent positive direction and negative direction of I1 and I2, respec-
tively, symbols ↓/↑ represent positive current increase and decrease, respectively, symbols +/− represent the
voltage polarity is the same as or opposite to the reference polarities shown in Fig. 1, respectively.

4 Fault Operation Principles
When a short-circuit fault occurs in the DC line connected to the CM-HCB device, the HCB section

is activated, the IGBTs Q1–Q4 are immediately turned on according to the operating conditions to disable
the DC power flow control function. Meanwhile, Q1–Q4 are reused as LCSs for short-circuit isolation. At
this moment, the coupled inductor in the PFC section can function as current-limiting inductor to suppress
the rising rate and peak value of the short-circuit current. Thereafter, the IGBTs in MB are turned on to
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commutate the fault current. Subsequently, the UFD of the fault branch is turned off under zero-current
conditions to achieve initial isolation of the fault branch from the system. After removing the fault branch,
the MB and DS are turned off to completely isolate the fault branch, enabling the remaining healthy branches
to continue to power transmission. The operational principles under fault conditions are analyzed below
based on two typical operating states of the DC power grid.

4.1 I1 and I2 Are in the Positive Direction
When both I1 and I2 are in the positive direction, assuming a permanent short-circuit fault occurs on

Line 1, a large over-current from the connected healthy lines in operation and converters immediately flows
to the short-circuit point. Meanwhile, the current direction of the healthy Line 2 reverses from positive to
negative and increases rapidly, and the DC bus current also rises and flows into the fault point; consequently,
the fault current rises sharply. The DC fault isolation strategy based on the CM-HCB is as follows:

(1) Step 1: Main branch current-conducting mode
At time t0, the fault is detected. At time t1, Q1 and Q3 are turned on, while Q2 and Q4 are turned off.
The fault current is transferred to the branches where Q1 and Q3 are located, these branches then serve
as the main current-carrying path, with Q1 and Q3 functioning as LCSs, as shown in Fig. 6a.

(2) Step 2: Fault current transfer mode
At time t2, the transfer of the fault current commences. The IGBT modules in MB are turned on, and
part of the fault current is diverted to the MB branch. After a short delay, Q1 in the fault branch is
turned off at time t3. At time t4, the current in the main branch is completely transferred to the MB
branch, the current in UFD1 drops to zero, and the voltage across it is very low. Therefore, UFD1 can be
open at this moment to isolate the fault point from the DC bus and other healthy DC lines, as shown
in Fig. 6b.

(3) Step 3: Energy dissipation mode
The IGBT modules in MB are turned off at time t4 to interrupt the fault current and the residual energy
is dissipated by the SA, as shown in Fig. 6c.

(4) Step 4: Fault isolation mode
After the current flowing through SA becomes zero at time t6, DS1 is turned off to isolate the fault point
from the entire DC grid. At this point, the faulty branch has been disconnected from the system, and
the healthy Line 2 has resumed normal operation. as shown in Fig. 6d.
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Figure 6: Operation modes of the CM-HCB with I1 and I2 positive direction. (a) Main branch current-Conducting
Mode (Turn on Q1, Q3); (b) Fault current transfer mode (Turn off Q1, UFD1); (c) Energy dissipation mode (Turn off
MB); (d) Fault isolation mode (Turn off DS1)

4.2 I1 Is in the Positive Direction and I2 Is in the Negative Direction
When I1 positive direction and I2 negative direction, assuming a short-circuit fault happens on the Line

1, the currents of the remaining healthy operating lines immediately flow to the short-circuit point. The DC
fault isolation strategy based on the CM-HCB is as follows:

(1) Step 1: Main branch current-conducting mode
At time t0, the fault is detected. At time t1, Q1 and Q4 are turned on, while Q2 and Q3 are turned off.
The fault current is transferred to the branches where Q1 and Q4 are located, these branches then serve
as the main current-carrying path, with Q1 and Q4 functioning as LCSs, as shown in Fig. 7a.

(2) Step 2: Fault current transfer mode
At time t2, the IGBT modules in MB are turned on, initiating the transfer of the fault current. After
a delay, the Q1 in the fault branch is turned off at time t3. At time t4, the current in the main branch
is completely transferred to the MB branch, the current in the UFD1 becomes zero and the voltage
across it is very low. Therefore, the UFD1 can be turned off under zero-current conditions, as shown
in Fig. 7b.

(3) Step 3: Energy dissipation mode
The IGBT modules in MB is are turned off at time t4 to isolate the fault current and the remaining
energy is dissipated by the SA, as shown in Fig. 7c.

(4) Step 4: Fault isolation mode
After the current flowing through SA becomes zero at time t6, the DS1 is turned off to isolate the fault
point from the DC grid, as shown in Fig. 7d.
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Figure 7: Operation modes of the CM-HCB with I1 positive direction and I2 negative direction. (a) Main branch
current-conducting mode (Turn on Q1, Q4); (b) Fault current transfer Mode (Turn off Q1, UFD1); (c) Energy dissipation
mode (Turn off MB); (d) Fault isolation mode (Turn off DS1)

5 Characteristic Analysis and Control Strategy

5.1 Characteristic Analysis of CM-HCB
Due to the symmetry of the topological structure and operating conditions of the proposed CM-HCB,

the characteristic analysis and component parameter designs of CM-HCB are carried out with mode 1, in
which I1 and I2 are in the positive direction (the mode corresponding to Fig. 3).

5.1.1 Design Consideration of Capacitance
Defining D is the duty cycle of Q1, while Q3 is complementary to Q1, thus the duty cycle of Q3 is 1-D.

To achieve volt-second balance in primary winding of iL1, the following equation should be satisfied, i.e.,

VC1DT = VC2 (1 − D)T (1)

where T is the switching period.
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Thus, the relationship between the capacitor voltages VC1 and VC2 should be satisfied with the following
equation as

VC1

VC2
=

1 − D
D

(2)

Since the principle of the PFC section is essentially the energy transfer from C1 to C2, based on the law
of conservation of energy, the following equation can be obtained as

VC1IC1 = VC2IC2 (3)

where IC1 and IC2 are the average currents flowing through capacitors C1 and C2, respectively.
Combining Eqs. (2) and (3), yields:

IC1

IC2
=

D
1 − D

(4)

Therefore, by controlling the duty cycles of the switching devices Q1 and Q3, the power flow between
the two lines can be reasonably allocated.

When the DC power grid operates in a steady state, the voltage ripples ΔVC1 and ΔVC2 of capacitors C1
and C2 can be derived as follows:

⎧⎪⎪⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎪⎪⎩

ΔVC1 =
ΔT1IC1

C1

ΔVC2 =
ΔT2IC2

C2

(5)

where ΔT1 and ΔT2 are respectively the effective action times of capacitors C1 and C2 under the power flow
control condition, which can be derived from Eq. (4) as

⎧⎪⎪⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎪⎪⎩

ΔT1 = DT = IC1

IC1 + IC2
T

ΔT2 = (1 − D)T = IC2

IC1 + IC2
T

(6)

Combining Eqs. (2)–(6), the capacitance of the C1 and C2 can be expressed as

⎧⎪⎪⎪⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎪⎪⎪⎩

C1 ≥
I2

C1T
ΔVC1, (IC1 + IC2)

C2 ≥
I2

C2T
ΔVC2 (IC1 + IC2)

(7)

Therefore, the values of C1 and C2 can be obtained based on the maximum allowable voltage ripple ΔVC1
and ΔVC2.

5.1.2 Design Consideration of Coupled Inductor
During the fault conditions, the design of coupled inductor is to ensure the effect of current limitations

under the fault conditions. Based on the equivalent circuit of the current limitation stage as Fig. 8, the
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effective inductance during current limitation stage is equal to the self-inductance L1 of coupled inductor.
Thus, the increasing slope of the fault current should be lower than the system allowable increasing slope
kallow can be expressed as

di1

dt
=

U1

L1 + Llimit + Ll ine
≤ kal l ow (8)

where L1 is the self-inductance of coupled inductor, Llimit is the original current limitation inductance of the
DC stage, and the Lline is line inductance of the DC line. kallow is the system allowable current-increasing
slope, which is based on the safe operation range of the system.
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Figure 8: The equivalent circuit of the current limitation stage

Based on the above equations, the self-inductance L1 can be obtained. Due to the symmetry of the
topological structure and operating conditions of the proposed CM-HCB, the self-inductance L2 can be
obtained based on the same process.

During the PFC conditions, the coupled inductor T1 is used for transferring the energy between
capacitors C1 and C2. The coupling coefficient k is selected to approach 1, ensuring efficient energy transfer
of the system under PFC conditions.

5.2 Control Strategy of CM-HCB
5.2.1 Steady-State Control Strategy

Taking mode 1 (the mode corresponding to Fig. 3), the control strategy of PFC section during steady-
state operation of the system is described. As can be seen from the above analysis, the power flow of DC line
can be controlled by adjusting the duty cycle of the semiconductor switch tubes, and the block diagram of
the control strategy is shown in Fig. 9.

Where, I1ref is the power flow reference regulation of Line 1, and I1 is measured current of Line 1.
The error between the reference regulation and measured current is sent to a PI regulator and its output is
compared with a triangular wave, and output is the PWM drive signals of switches in PFC section. To achieve
power flow regulation requirement under other modes, it is only necessary to replace the DC line power flow
reference values, sampling values, and the controlled switches according to Table 1.
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PI
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PWM(Q3)

I1ref

I1
PWM(Q1)COM

Figure 9: Block diagram of control strategy

5.2.2 Fault Control Strategy
The flowchart of DC line isolation process is shown in Fig. 10.

DC Fault Occurs

Turn on PFC Q1

Turn off PFC Q1

Turn off UFD1

Turn off IGBTs in MB

Turn off DS1

DC Line Fault

Fault Detection

Fault isolation is complete

t0

t1

t2

t3

t4

t5

t6

tend

Turn on IGBTs in MB

Figure 10: DC fault isolation procedure of CM-HCB

6 Meshed DC System Case Study
To verify the effectiveness of the proposed CM-HCB, a meshed three-terminal DC grid was constructed

in the Matlab/Simulink, as illustrated in Fig. 11.
The grid consists of:

(1) Terminal 1 and terminal 2 are operated in constant power mode and the injected power are set to P1 =
12 MW and P2 = 4 MW.

(2) Terminal 3 is operated as a slack DC bus and the terminal voltage is maintained at V3 = 20 kV by VSC3.
(3) The CM-HCB is located at terminal 3, C1 is inserted into Line 3, C2 is inserted into Line 2.
(4) For the CM-HCB, the switching frequency is 1 kHz, C1 = 1.2 mF, C2 = 2.1 mF and L1 = L2 = 500 μH.
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Figure 11: Meshed three-terminal DC grid with CM-HCB

The DC parameters are shown in Table 2.

Table 2: DC cable parameters

DC Cable Parameters Line1 Line2 Line3
Length/km 2 4 6

Resistance/Ω 0.6 1.2 1.8
Inductance/H 0.6 1.2 1.8

6.1 Steady-State Power Flow Control
During the period of t = 0~2 s, the CM-HCB is bypassed. The initial current of Line 1 is I12 = 97.2 A,

the initial current of Line 2 is I13 = 499.3 A, and the initial current of Line 3 is I23 = 296.4 A. At t = 2 s,
the CM-HCB is put into the meshed three-terminal DC grid to control the current I23 of Line 3 to 80 A.
The simulation results are shown in Fig. 12. It can be seen from Fig. 12 that after the CM-HCB is put into
the grid, the current I23 responds rapidly. The simulation results are consistent with the theoretical analysis
conclusions, verifying the effectiveness of the proposed device for power flow control.

6.2 Limitation of DC Fault Current
During the initial stage of a short-circuit fault, the coupled inductor in PFC can be utilized to limit the

rising rate and peak value of the fault current by reconstructing the current flow path during the fault process.
To investigate its current-limiting effect, simulations were conducted with and without coupled inductor
in the meshed three-terminal DC grid when a short-circuit fault occurs at t = 2 s. The results are shown
in Fig. 13a. It can be observed from the simulation that the coupled inductor significantly reduces the rising
rate and peak value of the fault current during the initial phase of the short circuit.
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To further analyze the impact of different coupled inductor values on the current-limiting effect,
simulations were performed with inductance values of 100, 500, and 2000 mH. The results are presented
in Fig. 13b. It indicates that as the coupled inductor increases, the rising rate of the short-circuit current
further decreases, demonstrating that larger inductor values provide better suppression of short-circuit
currents. However, an excessively large coupled inductor is not optimal, as its value needs to be selected by
comprehensively considering both the power flow control requirements and current-limiting effectiveness
of the DC grid.

6.3 DC Fault Isolation
During the period of t = 0~4 s, the current I23 of Line 3 is controlled at 120 A, and the meshed three-

terminal DC grid operates normally for power flow control. It is assumed that a short-circuit fault occurs in
Line 2 at t = 4 s, and the HCB part of the CM-HCB is put into operation to isolate the fault in a timely manner.
The simulation results are shown in Fig. 14. As can be seen from the Fig. 14a,b, when the fault occurs in Line
2, the currents of the remaining normally operating lines flow to the fault point, causing I13 to rise rapidly,
and the capacitor in the fault line to charge quickly, increasing the capacitor voltage VC2. After detecting the
fault, the LCSs Q2 and Q4 are turned on, and the PFC is blocked; subsequently, the IGBTs in MB is turned
on, causing the fault current to transfer to the MB, the commutation branch current IQ4 decreases, and the
transfer branch current IMB increases. Next, the Q4 in the fault branch is turned off. When the commutation
current IQ4 drops to zero, a turn-off signal is sent to the UFD in the fault branch. After UFD is fully opened
after a 2 ms operating time, the Q3 is turned on according to the polarity of the capacitor C2 in the fault
line to form a energy dissipation loop C2-L2-Q3-Db3, dissipating the energy stored in C2, and VC2 becomes
zero. Since Line1 and Line 3 resume normal operation after the CM-HCB isolates the faulty Line 2, the
voltage VC1 of the capacitor C1 on Line 3 recovers to its original value after fluctuations, as shown in Fig. 14b.
Subsequently, the IGBTs in MB are turned off. During the disconnection of MB, it withstands a short-term
transient overvoltage, and the remaining energy is consumed by the branch where the arrester SA is located,
causing IMB to decrease and the energy-dissipating branch current ISA to increase. When ISA becomes zero,
the DC disconnecting switch DS is turned off, successfully isolating the fault point from the DC grid. The
non-fault branches resume operation after the short circuit is cleared.

Now, an analysis is conducted on the voltage stress and current stress during the fault isolation process,
after a fault is detected, Q2 and Q4 are turned on and act as the LCS. The fault current rises rapidly, and
the maximum current flowing through Q4 at this time is 565 A, subsequently, MB is turned on, with the
maximum current flowing through it reaching 2.907 kA as shown in Fig. 14c. During the commutation
process, when current flows through MB, two diode stacks are connected in series with MB (as shown
in Figs. 6b and 7b). This may increase the on-state voltage drop of MB; therefore, the voltage stress of MB
when it is turned off is higher than the system-level voltage, and MB endures a short-term overvoltage. The
maximum on-state voltage drop borne by MB is 34.29 kV, as shown in Fig. 14d.
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Figure 14: Waveform of short circuit control under DC line fault conditions. (a) DC line currents; (b) Capacitor voltage;
(c) Current of Q4, MB, SA; (d) Voltage of MB

7 Comparative Analysis with Other Solutions
Regarding the power flow control issue and short-circuit fault isolation issue in DC power grids, current

solutions either use DCPFC and HCB independently, or adopt an integrated device that combines these
two functions. This section compares the number of switches used in three solutions and analyzes their
economic costs. The comparison is conducted among the following three: the combination of independently
used DCPFC [24] and HCB [15], hereinafter referred to as Solution A; the integrated device proposed in [27],
hereinafter referred to as Solution B; the CM-HCB device proposed in this paper.

For Solution A, the DCPFC and HCB operate independently within the DC power grid. When adjusting
the DC power flow of m lines, the number of IGBTs required is 2 (m + 1). In addition, for the HCB used in
this solution, parts of the MBs, SAs, and LCSs are shared. Therefore, the total components include (m + 1)
MBs, (m + 1) SAs, (m + 1) LCSs, m UFDs, and m DSs.

For Solution B, the device requires 4m IGBTs to achieve power flow adjustment. All lines share one MB
and one SA, but additional UFDs and DSs are needed. Thus, it comprises 1 MB, 1 SA, m LCSs, m UFDs, and
m DSs.
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For the CM-HCB device proposed in this paper, a total of 2m IGBTs are needed for power flow control.
During fault isolation, the switches used for power flow control can be reused as LCSs. Therefore, the device
includes 1 MB, 1 SA, (m + 1) UFDs, (m + 1) DSs, and no additional LCSs are required.

The reason why the device in solution B uses one fewer UFD and one fewer DS than the proposed CM-
HCB device is as follows: In the former, when a DC bus fault occurs, all UFDs and DSs connected to the DC
bus must be tripped to clear the fault. In contrast, the latter only requires one UFD and one DS to trip, while
the other lines can still operate normally. Moreover, the HCB section of the CM-HCB can also be used to
handle faults occurring on DC branches.

The comparison results of the three solutions are presented in Table 3. As shown in Table 3, the proposed
CM-HCB device uses fewer switches compared to both the independent DCPFC-HCB combination (Solu-
tion A) and the device in [27] (Solution B). Although the CM-HCB uses one more UFD and one more DS
than the device in [27], the cost of UFDs and DSs is significantly lower than that of IGBT modules. Therefore,
the proposed CM-HCB has greater advantages in terms of economic benefits.

Table 3: Comparison of solution A, solution B and CM-HCB

Solutions Solution A Solution B CM-HCB
Number of IGBTs in DCPFC 2 (m + 1) 4m 2m

Number of MBs m + 1 1 1
Number of SAs m + 1 1 1

Number of LCSs m + 1 m No additional LCS is required.
Number of UFDs m m m + 1
Number of DSs m m m + 1

8 Conclusion
This paper proposes a composite CM-HCB, which employs the component sharing mechanism to

successfully integrate the power flow control, current limiting, and fault-current interruption functionalities,
thereby directly addressing the issues of high costs and low utilization. The topology, operation principle,
and control strategy of the CM-HCB are detailed, and a meshed three-terminal DC grid simulation platform
is established in Matlab/Simulink for simulation validation. The results show that the proposed CM-HCB
has the following advantages:

(1) It integrates three functions: DC power flow control, fault current limiting, and fault isolation. During
normal system operation, it can flexibly perform DC power flow control. At the initial stage of a short-
circuit fault in the system, it can limit the rise rate and peak value of the fault current, reduce the
breaking current requirements for the HCB section, and effectively isolate the fault.

(2) Multiple ports of DC lines share a single MB and a single SA. Additionally, the LCSs in the main
current-carrying branch can be reused as power flow control switches, which helps reduce on-state
losses. Compared with the separate use of DCPFCs and HCBs for DC power flow control and
short-circuit isolation, the proposed CM-HCB uses fewer semiconductor switching devices, thus
significantly reducing the overall cost of the DC power grid.

Besides, the proposed CM-HCB is based on the conventional current-commutation paralleled HCB (P-
HCB). However, the P-HCB suffers from the problem that the continuous increase in fault current during
the current-commutation process results in high requirements for breaking capacity and low interruption
speed. Future research can explore the mechanisms of component sharing and function integration based
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on the ultra-fast series-type HCB proposed in [28,29], aiming to construct an upgraded ultra-fast and low-
cost DC circuit breaker that inherits the core advantages of CM-HCB’s. Meanwhile, future research can also
involve risk management for the CM-HCB by referencing the framework in [30], with consideration of the
evolving market dynamics.
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