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Abstract——DC series-parallel power flow controller (SP-PFC) 
is a highly efficient device to solve the problem of uncontrolled 
line current in the bipolar DC distribution system. However, its 
potential in fault current limiting is not fully explored. In this 
paper, a self-adaptive action strategy (SAAS) and a parameter 
optimization method of SP-PFC in bipolar DC distribution sys‐
tems are proposed. Firstly, the common- and different-mode 
(CDM) equivalent circuits of the bipolar DC distribution sys‐
tem with SP-PFC in different fault stages are established, which 
avoids the line coupling inductance. Based on this, the influence 
of different parameters and line coupling inductance on the 
fault current limiting capability are investigated. It is found 
that the SP-PFC has the best fault current limiting capability 
when the capacitance and inductance of filter are inversely pro‐
portional. To realize the adaptability of fault current limiting ca‐
pability under different fault severities, the SAAS of SP-PFC is 
proposed. The validity of the CDM equivalent circuits and pa‐
rameter optimization method, and the effectiveness of the SAAS 
are verified by simulations and experiments.

Index Terms——DC distribution system, series-parallel power 
flow controller (SP-PFC), line coupling inductance, parameter 
optimization, fault current limiting.

I. INTRODUCTION 

DUE to the advantages of flexibility and controllability, 
the voltage source converter (VSC) based DC distribu‐

tion system technology is widely recognized as a promising 
one for the grid integration of renewable energy and DC 
load [1]. The low-voltage DC (LVDC) distribution systems 
are particularly appealing due to their efficiency, especially 
in data centers of various sizes, and their aptness for con‐
necting distributed renewable energy sources [2], [3]. How‐
ever, during a short-circuit fault, the fault current rapidly 
reaches the blocking threshold of the converter due to the 
discharge of DC bus capacitors [4]. The quick and selective 
detection and interruption of DC faults within milliseconds 
are crucial for ensuring the safety and power supply reliabili‐
ty in the LVDC distribution systems [5]. Therefore, the 
LVDC distribution systems should be equipped with high-
speed DC circuit breakers (DCCBs) such as solid-state and 
hybrid circuit breakers to isolate DC faults [6]. However, the 
response speed of the existing fault detection and isolation 
methods is significantly slower than that of DC faults, mak‐
ing it inadequate to rely solely on high-speed DCCBs to iso‐
late DC faults [7]. Appropriate fault current limiting mea‐
sures are essential in DC distribution systems to reduce the 
demands on the protection system for high-speed action and 
effectively decrease the required interrupting capacity of DC‐
CBs [8].

Nowadays, the fault current limiting reactors (CLRs) are 
often utilized to suppress fault currents. However, integrating 
a large CLR directly into DC systems can dampen the dy‐
namic characteristics and operational stability, and slow 
down the isolation speed of DCCB. Its fault current limiting 
capability rapidly decreases with the increase of inductance 
value [9]. Therefore, various specialized solid-state fault cur‐
rent limiters (SSFCLs) and superconducting fault current lim‐
iters (SFCLs) are designed for DC distribution systems [10]. 
SSFCLs commonly utilize bridge circuits and modified topol‐
ogies to transition to fault current limiting branches under 
fault conditions [10] - [12], which aim to safeguard the nor‐
mal operation of DC distribution systems from the adverse 
effects of fault current limiters (FCLs). SFCLs swiftly re‐
spond after DC faults and recover rapidly upon isolation, 
showing extensive potential [13], [14]. Meanwhile, there are 
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a variety of DCCBs with fault current limiting capability in 
the DC distribution system [15]-[17]. DCCBs with integrat‐
ed FCLs enhance the fault clearing reliability and efficiency 
but may increase the cost of fabrication. The application of 
FCL in DC distribution systems is mature and becomes in‐
creasingly widespread. However, equipping each line in the 
multi-terminal DC distribution system with an FCL can sig‐
nificantly increase the costs. Therefore, a more cost-effective 
application is to utilize the available device in the DC distri‐
bution system to suppress the fault current in multi-terminal 
DC distribution systems. Active devices such as power flow 
controllers (PFCs) can regulate the power flow [18]. The 
PFC can be used to suppress the fault current by outputting 
a reverse voltage during a short-circuit fault, which can obvi‐
ate the need for an FCL. Therefore, the utilization of PFC 
can eliminate additional investments.

The comparison of advantages and disadvantages of differ‐
ent fault current limiting devices are shown in Table I. The 
PFCs are notably advantageous due to the low cost, no im‐
pact on system, and the fault current limiting capability is 

medium. In [19], an H-bridge inter-line current flow control‐
ler (CFC) with fault current limiting and interrupting capabil‐
ity is proposed. In fault stages, the fault current limiting is 
achieved through the usage of thyristor-controlled inductive 
inputs. In [20], a modular multi-terminal DC current control‐
ler with fault current limiting capacity designed for high-volt‐
age levels is discussed, emphasizing its effectiveness in high-
capacity scenarios. There are many prestigious studies that 
utilize the potential capability of power flow controllers to si‐
multaneously control power flow under normal conditions 
and manage faults under fault conditions [21]-[24]. The sys‐
tem efficiency is enhanced, costs are reduced, and rapid 
fault response is achieved through dual-function devices. 
These dual-function devices that resemble series CFCs are 
promising for multi-terminal high-voltage DC (HVDC) sys‐
tems. However, the CFCs regulate power flow by sharing a 
series capacitor between two independent DC lines, which 
can lead to current ripple [25]. CFCs are predominantly em‐
ployed in high-voltage and large-capacity transmission sys‐
tems to optimize costs due to their structural characteristics.

For LVDC distribution systems, a combined device of a 
series-parallel power flow controller (SP-PFC) integrated 
with a DCCB is proposed in [26]. The application of SP-
PFC in DC distribution systems exhibits certain benefits in 
terms of size, power loss, and cost [18]. However, its poten‐
tial in fault current limiting capability remains underexploit‐
ed. In [27], a coordination strategy of SP-PFC and hybrid 
DCCB is proposed to suppress the fault current in medium-
voltage DC distribution systems, and a fault current calcula‐
tion model is derived. However, the derived model in [27] is 
only suitable for monopolar systems.

An emergency control of SP-PFC is proposed to suppress 
fault currents. However, the activation of emergency control 
relies on commands of DC protection system, which will in‐
troduce detection delay [28]. This can easily lead to a mis‐
match between the speed of the fault current limiting action 
and fault severity [29]. Therefore, it is imperative to investi‐
gate a self-adaptive action strategy (SAAS) of SP-PFC with 
its own fault detection system. Additionally, the parameter 
optimization method of SP-PFC is proposed to improve its 
fault current limiting capability. The symmetric bipolar de‐
sign offers advantages over the monopolar structure in terms 
of bulk power transmission, DC fault tolerance, and control 
[30]. However, the influence of line coupling inductance on 
both the fault current and the fault current limiting character‐
istics cannot be ignored.

To fill the above research gaps, this paper explores the 

fault current limiting characteristics of SP-PFC in bipolar 
DC distribution systems considering line coupling induc‐
tance. An SAAS and a parameter optimization method of SP-
PFC for fault current limiting are obtained. The contribu‐
tions of this paper are as follows.

1) The common- and different-mode (CDM) equivalent 
circuits of the bipolar DC distribution system with SP-PFC 
in different fault stages are established. The CDM equivalent 
circuits not only enable the decoupling calculation of fault 
currents but also quantify the fault current limiting contribu‐
tion of SP-PFC.

2) Based on the CDM equivalent circuits, the influence of 
different parameters on the fault current limiting contribution 
of SP-PFC are rigorously analyzed. Then, a parameter opti‐
mization method is proposed to improve the fault current 
limiting capability of SP-PFC.

3) The SAAS of SP-PFC is proposed to improve the 
adaptability of its fault current limiting capability in differ‐
ent fault stages, which enhances the fault current limiting ef‐
ficiency by adaptively adjusting the emergency control acti‐
vation time based on the fault severity.

The remainder of this paper is organized as follows. Sec‐
tion II derives the fault modulus analysis model of bipolar 
DC distribution system with SP-PFC. Section III shows anal‐
ysis of the fault current limiting characteristics and the pa‐
rameter optimization method of SP-PFC. Section IV investi‐
gates the SAAS of SP-PFC. Section V presents the simula‐

TABLE I
COMPARISON OF ADVANTAGES AND DISADVANTAGES OF DIFFERENT FAULT CURRENT LIMITING DEVICES

Fault current limiting device

CLR

SFCL

SSFCL

SSCB

PFC

Impact on system

Dampen dynamic characteristics

No impact

No impact

No impact

No impact

Fault current limiting capability

Decrease with increase of inductance

High

High

Medium

Medium

Complexity

Low

Medium

High

High

Low

Cost

Low

High

High

High

Low

Power loss

Low

High

Low

Low

Low
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tion and experimental results. The conclusions are illustrated 
in Section VI.

II. FAULT MODULUS ANALYSIS MODEL OF BIPOLAR DC 
DISTRIBUTION SYSTEM WITH SP-PFC 

A. Topology and Operating Modes of SP-PFC

Figure 1 shows the schematic diagram of the bipolar DC 
distribution system with SP-PFC, including its topology 
[18]. The SP-PFC consists of the dual active bridge (DAB), 
DCCB, and the full-bridge converter (FBC). The main pa‐

rameters in Fig. 1 are listed in Supplementary Material A. 
The fundamental principle of using the SP-PFC for fault cur‐
rent limiting involves generating a reverse voltage by adjust‐
ing the DAB and FBC. The DAB employs constant voltage 
control to sustain the output voltage at a steady level [27]. 
Figure 2 shows different switching modes of the FBC, 
which correspond to different operating modes of SP-PFC. 
When a fault occurs, the operating mode of the SP-PFC tran‐
sitions from Mode 1 to Mode 2, and finally to Mode 3. Spe‐
cifically, the fault isolation is achieved by opening the main 
circuit branch of the DCCB and switching the FBC to by‐
pass control mode.

In Mode 1, although a fault occurs, the emergency control 
is not triggered. The SP-PFC remains in power flow control 
mode, managing the line power flow without switching to 
emergency operating modes.

In Mode 2, the emergency control is activated. Switches 
Q1 and Q4 are turned on, while switches Q2 and Q3 are 
blocked. Consequently, the SP-PFC generates a reverse volt‐
age to limit the fault current.

In Mode 3, the bypass control is activated. Switches Q1 
and Q3 are turned on. Meanwhile, the emergency control is 
deactivated.

B. Frequency-domain Equivalent Circuit in Different Fault 
Stages with SP-PFC

Taking the unipolar short-circuit fault as an example, the 
corresponding equivalent circuit is obtained. Within millisec‐
onds after the fault, the VSC can be equated to a capacitor 

discharge [31], which can be modeled in the frequency-do‐
main as an equivalent voltage source Udc(s) in series with an 
equivalent impedance Za(s):

ì

í

î

ï
ïï
ï

ï
ïï
ï

Udc (s)=
Udc

s

Za (s)=
1

sCa

(1)

where Udc and Ca are the initial voltage and equivalent capac‐
itance of VSC, respectively.

This paper focuses on analyzing the fault current limiting 
stage prior to the tripping of DCCB. According to Mode 1 
and Mode 2 of the SP-PFC described above, the fault cur‐
rent limiting stage can be divided into two stages: the natu‐
ral response stage (stage I) and the emergency control stage 
(stage II). The equivalent circuit for the bypass control stage 
is not included in the analysis conducted in this paper.

In stage I, the SP-PFC operates in Mode 1. The output 
power equals the input power, with the assumption that the 
switching loss of SP-PFC is ignored. Therefore, the output 
voltage Vk satisfies:

ì

í

î

ïïïï

ïïïï

Vp I in =Vk If + I 2
in Rσ

I in =
If

n

(2)

* *
Cin Cf

* Cdc

Cdc

S1 S5 S7 Lf

Lf

Vkp 

Vkn 

RL

RL 

Vdc

T

Cin

Lσ1 Lσ2

In

Lsr

Lsr

LL

LL

*

*

M 

M 

*

Lσ1 Lσ2 T

DAB FBC

DAB FBC

Lsr

Lsr

Iin

Vn'

Vp'

Vn

DCCB SP-PFC

VSC1

VSC3

+

�

Ip

Vp

+

�

S3

S2 S4 S6 S8

+

+
+

�

Q1 Q3

Q2 Q4

S9 S13 S15S11

S10 S12 S14 S16

+

+

+

�

Vdc

Q5 Q7

Q6 Q8

�

�

�

�

VSC2

VSC4

DCCB

Cf

Fig. 1.　Schematic diagram of bipolar DC distribution system with SP-PFC.
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where Vp is the positive line voltage on the input side of the 
SP-PFC; Rσ is the leakage resistance of the isolation trans‐
former; n is the ratio of the isolation transformer; and If is 
the line fault current.

According to (2), the expression of the output voltage 
Vk (s) can obtained as:

Vk (s)=
1
n

Vp (s)-
Rσ

n2
If (s) (3)

The frequency-domain equivalent circuit with SP-PFC in 
stage I is shown in Fig. 3.

In stage II, the SP-PFC operates in Mode 2. The input 
voltage of FBC equals the voltage on the secondary side of 
the isolation transformer UT2, and the filter inductor Lf and 
capacitor Cf are connected to the circuit. The equivalent 
model simplification process for SP-PFC in stage II is 
shown in Fig. 4.

The frequency-domain equivalent circuit with SP-SFC in 
stage II is shown in Fig. 5.

Therefore, the expression of the output voltage of SP-PFC 
in stage II is given as:

Vk (s)=U0 (s)+ If (s)Z(s) (4)
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U0 (s)= ( )UT2

2s2 Lf

-Vk0Cf Z(s)=-
sLf

1 + LfCf s
2
Vk0Cf +

              
UT2

s(1 + LfCf s
2 )

Z(s)= sLf //
1

sCf

=
sLf

1 + s2 LfCf

(5)

where Vk0 is the initial voltage of capacitance.

C. Equivalent Modulus Model of Bipolar DC Distribution 
Systems with SP-PFC

Directly including line coupling inductance in the two-
pole line equations complicates the model and makes it chal‐
lenging to solve. Meanwhile, ignoring the line coupling in‐
ductance inevitably leads to inaccurate calculation of fault 
current. Therefore, this paper utilizes the decoupling matrix 
A in [32] to convert the positive and negative electrical quan‐
tities into CDM components, thereby realizing the decou‐
pling of the calculation of fault current and analysis of fault 
current limiting characteristics of SP-PFC. By eliminating 
the line coupling inductance of bipolar DC distribution sys‐
tem, the equivalent modulus model becomes simpler and the 
computation time is significantly reduced. This improvement 
is crucial for more precise threshold setting for fault current 
limiting measures and better parameter selection.

The influence of line coupling inductance on pole-to-
ground (PTG) faults varies depending on the fault location. 
It is important to note that this influence is significantly less 
than that observed in pole-to-pole (PTP) faults [33]. There‐
fore, the derived equivalent circuit of unipolar fault is suit‐
able to analyze PTG faults. However, for analyzing PTP 
faults in bipolar DC distribution systems with SP-PFC, it is 
essential to derive the CDM equivalent circuit that includes 
SP-PFC. In this paper, the single-end common-mode (CM) 
and different-mode (DM) currents in the CDM equivalent 
circuit are utilized for fault discrimination. D(I0) and D(I1) 
are the differential quantities of CM and DM currents, re‐
spectively; and Dset is the protection threshold. If D(I1) ex‐
ceeds Dset, it indicates an internal fault, followed by the utili‐
zation of Dset for faulty pole selection. If the absolute value 
of D(I0) falls below Dset, it indicates the presence of PTP 
faults. In such cases, the emergency control of both positive 
and negative SP-PFCs is activated, and the CDM equivalent 
circuits are employed to determine their activation time. Con‐
versely, if the absolute value of D(I0) exceeds Dset, it indi‐
cates the presence of PTG faults. In such cases, only the SP-
PFC on the fault line activates its emergency control, and 
the equivalent circuit of unipolar fault is employed to deter‐
mine its activation time.

To derive the CDM equivalent circuit, it is necessary to 
derive the CDM circuits of VSC, line, fault port, and SP-
PFC. The CDM circuits of VSC, line, and fault port in mod‐
al component space can be found in [32]. Therefore, the aim 
is to obtain the equivalent models of SP-PFC in modal com‐
ponent space in different fault stages.

In stage I, the voltages at two ports of SP-PFC, analyzed 
in the polar component space, can be derived through (3), 
which are given as:
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where V 'p (s) and V 'n (s) are the positive and negative line volt‐
ages on the output side of SP-PFC, respectively; Vp (s) and 
Vn (s) are the positive and negative line voltages on the input 
side of SP-PFC, respectively; and Ip (s) and In (s) are the posi‐
tive and negative line currents, respectively.

Then, the voltages at two ports, analyzed in modal compo‐
nent space, can be derived through (6), which satisfy:
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where V '0 (s) and V '1 (s) are the CM and DM line voltages on 
the output side of SP-PFC, respectively; V0 (s) and V1 (s) are 
the CM and DM line voltages on the input side of SP-PFC, 
respectively; and I0 (s) and I1 (s) are the CM and DM line 
currents, respectively.

Figure 6 shows the equivalent models of the SP-PFC in 
stage I.

In stage II, the voltages at two ports of SP-PFC in polar 
component space can be derived through (4), which satisfy:
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The voltages at two ports, analyzed in modal component 
space, can be derived through (8), which satisfy:
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Figure 7 shows the equivalent models of the SP-PFC in 
stage II.

 The CDM equivalent circuits in different fault stages are 
shown in Fig. 8, where I01 and I11 are the CD and DM line 
currents in modal space in stage I, respectively; and I02 and 
I12 are the CD and DM line currents in modal space in stage 
II, respectively. As shown in Fig. 8, the CDM equivalent cir‐
cuits are shown to operate independently without any cou‐
pling. During PTP faults, the positive and negative poles are 
symmetrical, resulting in equal fault currents in the positive 
and negative pole lines, which correspond to the DM line 
currents [32]. 

As shown in Fig. 8(a), the fault current in stage I is given 
as:
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where Rf is the fault transition resistance; M is the line cou‐
pling inductance; Lsr is the fault transition inductance; RL is 
the line resistance; x is the proportion of distance between 
the fault point and VSC 1 to the total line length; and 
Udc1 (s) is the power supply voltage of VSC 1.

The influence of Udc2 (s) on the fault current is very small 
and can be ignored. And the SP-PFC output voltage in stage 
I Vk1 (s) is given as:

Vk1 (s)=-
Udc1 (s)- I01 (s)Za (s)

n
+

Rσ

n2
I01 (s) (12)

As shown in Fig. 8(b), the fault current in stage II is giv‐
en as:

If2 (s)=
Udc1 (s)-U0 (s)

Z12 + Z22 //
Rf

2

    +
Udc2 (s)

Z22 + Z12 //
Rf

2

Rf

2Z12 +Rf (13)

ì
í
î

Z12 = Za (s)+ Z(s)+ sLsr + sx(LL -M )+ xRL

Z22 = Za (s)+ sLsr + s(1 - x)(LL -M )+ xRL

(14)

The output voltage of SP-PFC in stage II Vk2 (s) can be 
expressed as:

Vk2 (s)=U0 (s)+ I02 (s)Z(s) (15)

The fault current limiting contribution of SP-PFC in the 
fault current limiting stage is closely related to the integral 
value of its output voltage [9]. To theoretically analyze the 
fault current limiting characteristics of SP-PFC in stage II, 
the fault current is assumed to increase linearly. The time-do‐
main expression of the fault current in stage II can be ex‐
pressed as:

If2 (t)= kt + b (16)

where k and b are the rise rate and initial value of fault cur‐
rent in stage II, respectively.

According to (15) and (16), Vk2 (t) can be expressed as:

Vk2 (t)=UT2 + kLf +

Lfb sin
t

LfCf

Cf

-

(UT2 +Vk0 + kLf ) cos
t

LfCf

(17)

Assuming the duration of stage II is Dt, the fault current 
limiting contribution SPFC in stage II can be expressed as:

SPFC = (UT2 + kLf )Dt + Lfb (1 - cos
Dt

LfCf ) -
(UT2 +Vk0 + kLf ) LfCf  sin

Dt

LfCf

(18)

III. ANALYSIS OF FAULT CURRENT LIMITING 
CHARACTERISTICS AND PARAMETER 
OPTIMIZATION METHOD OF SP-PFC 

The CDM equivalent circuits shown in Fig. 8 are utilized 
in this section. The parameters of VSC and SP-PFC in CDM 
equivalent circuits are shown in Table II.

A. Influence of Rf and Lsr on Current Limiting Characteris‐
tics of SP-PFC

Firstly, the influence of Rf and Lsr on current limiting char‐
acteristics of SP-PFC is analyzed. Figure 9 shows If and Vk 
under different Rf and Lsr. As shown in Fig. 9, when Rf and 
Lsr change, the amplitude of If changes significantly but the 
amplitude of Vk is slightly affected. Therefore, the fault cur‐
rent limiting contribution of SP-PFC is little affected by the 
circuit parameters.

B. Influence of Different Parameters on Current Limiting 
Characteristics of SP-PFC

According to (15), the output voltage of SP-PFC in stage 
II is given as:

Vk2 (s)=U0 (s)+ If2 (s)Z(s)=

-
LfCf s

1 + LfCf s
2
Vk0 +

UT2

s(1 + LfCf s
2 )

+
Lf s

1 + LfCf s
2

If2 (s)

(19)

Accordingly, the output voltage is influenced by Cf and Lf. 
Figure 10 shows If and Vk under different Cf and Lf. As 
shown in Fig. 10(b) and (d), the response speed of SP-PFC 
is faster with smaller Cf, and the maximum output voltage in‐
creases with Lf. Therefore, matching the parameters of Cf 
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TABLE II
PARAMETERS OF VSC AND SP-PFC IN CDM EQUIVALENT CIRCUITS

Parameter

Udc

Ca

LL

RL

M

Value

380 V

3 mF

3.5 mH

1.8 Ω

0.9 mH

Parameter

n

Cf

Lf

UT2

Rσ

Value

10

0.8 mF

0.5 mH

35 V

0.1 Ω
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and Lf is crucial to increase the fault current limiting contri‐
bution of SP-PFC. This is precisely the key to enhancing 
fault current limiting contribution through parameter optimi‐
zation.

The DCCB interrupting current and the fault current limit‐
ing contribution of SP-PFC under different Cf and Lf are 
shown in Fig. 11. 

Once Lf is determined, there exists only an unique value 
of Cf that minimizes the DCCB interrupting current while 
maximizing the fault current limiting contribution of SP-
PFC. The data points in Fig. 12 are fitted in two dimensions 
to obtain a fitted curve with a high degree of 95%. The ex‐
pression of fitted curve is given as:

Cf =
a
Lf

(20)

where a is an optimal parameter.

The parameter optimization method can be theoretically 
validated by assessing the fault current limiting contribution 
of SP-PFC. To Satisfy the fitted curve proposed in (20), SPFC 
according to (18) is given as:

SPFC = (UT2 + kLf ) (Dt - a sin
Dt

a ) +
bLf(1 - cos

Dt

a ) -Vk0 a sin
Dt

a
(21)

According to (21), there is an optimal parameter a within 
a reasonable range of 0.3-0.5 mH, which maximizes SPFC 
and remains unchanged regardless of different Lf. Mean‐
while, SPFC increases with the increase of Lf after the optimi‐
zation, which is fully consistent with the results shown in 
Fig. 11(b).

Based on the above analysis, it is recommended to config‐
ure Cf according to (20), which is the principle of the param‐
eter optimization method. Under this principle, the fault cur‐
rent limiting contribution of SP-PFC can be increased by ap‐
propriately increasing Lf. However, it should not be over‐
looked that the power electronics of SP-PFC will face higher 
voltage stress. Besides, when Cf is very small, its voltage 
regulation capability is inevitably affected during normal op‐
eration. According to (17), the maximum voltage that the SP-
PFC can withstand is given as:

Vmax =UT2 + kLf +
Lfb

a
Lf (22)

Therefore, the selection of Lf must guarantee that the max‐
imum voltage Vmax remains within the voltage tolerance 
range of its power electronic devices during faults. Consider‐
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ing the corner frequency of LC filter, it effectively attenuates 
harmonics beyond the cutoff frequency. However, excessive‐
ly low cutoff frequencies may adversely affect the dynamic 
performance of the system. To mitigate the influence of pa‐
rameter optimization method on both the filtering capability 
and dynamic performance of LC filters, this paper evaluates 
the switching frequency and filtering needs of the FBC. Con‐
sequently, the corner frequency is set to be 220 Hz. As a re‐
sult, parameter a is chosen within the range of 0.42-0.52 
mH·mF.

C. Influence of Line Coupling Inductance on Current Limit‐
ing Characteristics of SP-PFC

With the CDM equivalent circuits, the influence of the 
line coupling inductance M on If and Vk can be analyzed. 
The fault position determines the influence of M [33]. Fig‐
ure 13 shows the influence of M on If and Vk at different 
fault positions. 

In Fig. 13(a), it is shown that M plays a role in amplify‐
ing If during PTP faults. Additionally, the magnitude of the 
influence of M on the fault current varies with the fault posi‐
tions along the line: at the beginning of the line, M provides 
only a slight increase to the fault current; whereas at the end 
of the line, its influence on amplifying the fault current is 
more pronounced. As shown in Fig. 13(b), M has little influ‐
ence on Vk, so the fault current limiting contribution of SP-
PFC is hardly affected by the line coupling inductance ac‐
cording to the analysis.

IV. SAAS OF SP-PFC 

According to the above analysis, the fault current limiting 
contribution of SP-PFC is single and does not vary if the 
emergency control activation time Tw is fixed. Figure 14(a) 
and (b) shows If and Vk under different Tw of SP-PFC, respec‐
tively. If Tw is reduced, the fault current limiting contribution 
will be larger, but the voltage that SP-PFC can withstand  
will also be larger. Therefore, the fault current limiting con‐
tribution of SP-PFC can be regulated by changing Tw in this 
paper.

An SAAS of SP-PFC is proposed in this paper to match 
the different fault severities. The SAAS of SP-PFC operates 
independently of the command of DC protection system and 
utilizes the fault detection signal of SP-PFC instead, which 
enables a faster response. The fault current limiting charac‐
teristics under two typical fault severities are shown in Fig. 
15, where In and Imax are the rated current and the maximum 
DCCB interrupting current, respectively.

Figure 15(a) shows the fault current under serious faults 
with different strategies. The fault current is higher than Imax 
if the SP-PFC acts according to the fixed logic, hence the 
SAAS accelerates the action in this case. Figure 15(b) shows 
the fault current under minor faults with different strategies. 
The fault current is lower than Imax if the emergency control 
is not activated, hence the SAAS adjusts SP-PFC to main‐
tain bypassed in this case to reduce its voltage stress. The 
core goal of SAAS of SP-PFC is to dynamically adjust the 
emergency control activation time according to the fault se‐
verity.

Figure 16 shows the flowchart of coordination of SP-PFC 
and DCCB. Once a fault is detected, it is evaluated whether 
the emergency control of SP-PFC should be triggered. The 
SP-PFC switches to Mode 2 to suppress the fault current, 
thereby reducing the tripping speed and lessening the inter‐
rupting capacity requirements of DCCB. The issuance of the 
protection command of DC protection system requires fur‐
ther fault discrimination because it has higher selectivity and 
reliability requirements. Furthermore, once the DCCB is ful‐
ly tripped, a bypass command is issued to disengage the SP-
PFC from the circuit. Given that SP-PFC and DCCB are in‐
tegrated into a developed building block, a unified set of 
controllers are employed to issue instructions for both sys‐
tems, which minimizes potential overlap issues arising from 
communication delays between the SP-PFC and DCCB.
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In Fig. 16, Dmax and Dmin are the fault current change rate 
thresholds used to distinguish serious faults and minor 
faults, respectively; and Imax(t) is a pre-determined current 
time-varying threshold, which is used to determine the emer‐
gency control activation time in case of a general fault. Dmax, 
Dmin, and Imax (t) are determined based on the CDM equiva‐
lent circuits. The change in fault severity is simulated by 
varying Rf in MATLAB. Firstly, the most serious fault that 
the DCCB can tolerate with the fixed logic of SP-PFC is re‐
corded, and the initial current change rate in this case is cal‐
culated as Dmax. Secondly, the most minor fault that the 
DCCB can tolerate with no activated action logic of SP-PFC 
is recorded, and the average current change rate in this case 
is calculated as Dmin. To obtain Imax(t), the emergency control 
is activated at a specific moment δ, while the fault severity 
is varied until the DCCB interrupting current reaches the de‐
sired interrupting value Ig. Therefore, by recording the cur‐
rent data at moment δ as Imax (δ), it is possible to obtain 
Imax(t) for different time instances. The algorithm of SP-PFC 
for fault current limiting is provided in Supplementary Mate‐
rial A.

V. SIMULATION AND EXPERIMENT RESULTS 

To verify the validity of the CDM equivalent circuits, pa‐
rameter optimization method, and SAAS of SP-PFC, a three-
terminal DC grid simulation model is established in MAT‐
LAB/Simulink and a fault current limiting experiment with 
SP-PFC is implemented. The structure and parameters of the 
simulation model are provided in Supplementary Material A. 
All converter stations are directly grounded, configured in a 
bipolar arrangement without neutral line. DC reactors are in‐
stalled at the beginning and end of the lines. The distribution 
line parameters are as follows: the unit resistance of the dis‐
tribution line is 0.188 Ω/km, the unit inductance of the distri‐
bution line is 0.358 mH/km, and the unit coupling induc‐
tance of the distribution line is 0.18 mH/km.

A. Validation of CDM Equivalent Circuits

FP 1, FP 2, and FP 3 are the fault positions at the begin‐
ning, middle, and end of Line 12, respectively. The DC fault 
occurs at 0.6 s, and the fault location is FP 1. DCCB trips at 
0.604 s. Firstly, the feasibility of fault current limiting in a 
three-terminal bipolar DC distribution system based on SP-
PFC is verified. Set Rf = 0 Ω, Lsr = 3 mH, and Tw = 1 ms. Fig‐
ure 17 shows the simulation results of the three-terminal bi‐
polar DC distribution system with and without SP-PFC, 
where Vbus is the bus voltage at Node 1.

With the SP-PFC in operation, the maximum value of If 
decreases significantly from 125.3 A to 98.6 A, indicating a 
significant reduction in fault current. Furthermore, the SP-
PFC induces notable changes in the power flow distribution 
of the DC lines, rendering the power flow fully controllable 
in the three-terminal bipolar DC distribution system. The 
voltage drop of Vbus is also suppressed by SP-PFC, as shown 
in Fig. 17(b). It can be concluded that the SP-PFC is effec‐
tive in suppressing fault currents and optimizing power flow 
distribution in larger and more complex DC distribution sys‐
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tems. The inclusion of SP-PFC holds promise for enhancing 
the stability and reliability in practical applications.

Then, the correctness of the CDM equivalent circuit is ver‐
ified. Parameters remain unchanged and the fault location is 
set at FP 3. The calculation results are obtained by analytical 
calculation based on the CDM equivalent circuit. Figure 18 
shows the calculation and simulation results with the line 
coupling inductance, as well as simulation results without 
line coupling inductance. The calculation results with line 
coupling inductance are very close to the simulation results, 
which confirms that the CDM equivalent circuit can be used 
as a reliable fault current limiting characteristic analysis 
model of SP-PFC considering line coupling inductance.

B. Validation of Parameter Optimization Method

Figure 19(a) shows the simulation results under different 
Rf, which varies from 0 Ω to 4 Ω. Figure 19(b) shows the 
simulation results under different Lsr, which varies from 2 
mH to 4 mH. It is shown that Rf and Lsr have a significant 
influence on If but a minor influence on Vk. The simulation 
results are consistent with Fig. 9.

The fault position is set at FP 1 and parameters are the 
same as those in Section V-A. Table III shows the fault cur‐
rent limiting contribution SPFC of SP-PFC and the DCCB in‐
terrupting current IDCCB under different Lf and Cf. Once Lf is 
determined, SPFC does not vary monotonically with Cf but 
has a maximum value. Lf is varied and the corresponding op‐
timal Cf is determined by repeated experiments. Lf and the 

optimal Cf are recorded, and it is concluded that the fault 
current limiting capability is relatively optimal when the 
product of Lf and Cf is about 0.45 mH/mF. This conclusion 
is consistent with the parameter selection criteria and theoret‐
ical analysis outlined in Section III-B.

TABLE III
SIMULATION RESULTS UNDER DIFFERENT Cf AND Lf

Lf (mH)

0.25

0.50

0.75

1.00

1.25

1.50

Cf (mF)

1.6

1.4

1.2

1.0

1.2

1.0

0.8

0.6

1.0
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1.0
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0.3

0.5
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0.3

0.2

SPFC (V·ms)

147.9
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After the parameter optimization, Lf is set to be 0.9 mH 
and Cf is set to be 0.5 mF. Figure 20 shows the simulation 
results before and after parameter optimization. The fault cur‐
rent limiting contribution of SP-PFC is effectively improved 
after the parameter optimization, as shown in Fig. 20(b).

Figure 21 shows the influence of M on If and Vk at differ‐
ent fault positions. It is obvious that M contributes to the de‐
velopment of If but has little influence on Vk. The character‐
istic of the influence of M at different fault positions is con‐
sistent with Fig. 13.

C. Validation of SAAS of SP-PFC

The simulation results under different Tw are shown in 
Fig. 22. It is apparent that the smaller the Tw, the larger the 
fault current limiting contribution and the peak value of Vk. 
The simulation results are consistent with Fig. 14, which pro‐

vides theoretical support for the study of the SAAS of SP-
PFC to match the fault severity.

Figure 23 shows simulation results under different faults 
with different action strategies. In the case of a serious fault 
(i. e., a short metallic circuit at FP 1), the SAAS regulates 
SP-PFC to perform greater fault current limiting capability 
compared to the fixed logic. In the case of a general fault, 
the SAAS adaptively regulates the DCCB interrupting cur‐
rent to about Ig, which achieves the fault current limiting tar‐
get while reducing the peak value of output voltage. In the 
case of a minor fault (i. e., a high-resistance fault at FP 3), 
the DCCB interrupting current is lower than Ig if the emer‐
gency control is not activated. Therefore, the SAAS regu‐
lates SP-PFC to keep it bypassed, thereby subjecting the SP-
PFC to only small voltage stress. It is indicated that the 
SAAS adaptively regulates the fault current limiting contribu‐
tion of SP-PFC according to the fault severity.
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D. Comparison with Series PFC

It is crucial to clarify that the contemporary research on 
CFCs and their application for fault current limiting is pre‐
dominantly focused on high-voltage scenarios. Given the dis‐
tinct differences in system characteristics between HVDC 
and LVDC systems, direct comparisons of fault current limit‐
ing effects may not be entirely straightforward. To address 
this, the CFC-based fault current limiting strategies in [19] 
and [20] are applied to LVDC distribution systems, and the 
structure of simulation model is provided in Supplementary 
Material A. While there are differences in the specific topolo‐
gy structures, the fault current limiting characteristics and 
fundamental principles remain the same. The series CFC in‐
serts its capacitors to the faulty line to absorb fault energy 
and suppress the fault current [20]. The fault position is set 
at FP 1, and the fault transition resistance is set to be 0 Ω. 
Other simulation parameters are consistent with those in Sec‐
tion V-A. The fault current limiting control of CFC is activat‐
ed 1 ms after the fault occurs.

Figure 24 shows the simulation results of the three-termi‐
nal bipolar DC distribution system with and without CFC 
within 4 ms after the fault occurs, where Icfc is the current of 
Line 12; VCFC is the output voltage of CFC; and time 0 repre‐
sents the time of fault occurrence. Compared with the fault 
current at 4 ms after the fault occurs, as shown in Fig. 17
(a), the fault current is only suppressed to 104.2 A with the 
CFC. This indicates that the fault current limiting capability 
of the CFC is less effective compared to that of the SP-PFC.

The fault current limiting capability of both SP-PFC and 
CFC depend on their output voltage characteristics. After the 
activation of current limiting control, CFC behaves as a ca‐
pacitor, while SP-PFC is equivalent to a voltage source con‐
nected in series with an inductor and then connected in paral‐
lel with the capacitor. Figure 25 shows the schematic dia‐
gram of the output voltage characteristics of SP-PFC and 
CFC during short-circuit faults, where U0 and Umax are the 
initial voltage and upper limit for the output voltage of  
PFC, respectively; and S1 and S2 are the integral values of 
the output voltage of SP-PFC and CFC during short-circuit 
faults, respectively. It can be observed from Fig. 25 that S1 
is larger than S2 when U0 and Umax of SP-PFC and CFC are 
the same. Meanwhile, the output voltage stress integral of 
the fault current limiting device corresponds to the ampli‐
tude suppression ability of the fault current [9]. Therefore, 

the SP-PFC exhibits superior current limiting capability com‐
pared to CFC at the same withstand voltage limit.

E. Experiment Verification

The experimental platform of the bipolar DC distribution 
system with SP-PFC is built, as shown in Fig. 26. The pa‐
rameters of experimental platform are provided in Supple‐
mentary Material A. The STM32H750 control is adopted in 
SP-PFC. The STM32 header board utilized is based on the 
STM32F407VGT6 microcontroller. The analog-to-digital con‐
verter (ADC) peripheral is set with a sampling rate of 
240000 samples per second, which is critical for capturing 
high-resolution data from our sensors in a short time frame. 
The pulse width modulation (PWM) modules are configured 
with a switching frequency of 10 kHz. This subsection metic‐
ulously aligns the hardware setup with the corresponding 
software processes to ensure a cohesive experimental execu‐
tion. Local loads are mainly constant impedance loads in the 
ring-shaped bipolar DC distribution system. The local load is 
a constant resistive load and the positive and negative load 
equivalent resistances are set to be 20 Ω. The fault transition 
resistance is set to be 0.5 Ω.

The fault current If of SP-PFC with and without emergen‐
cy control is shown in Fig. 27. It can be found that the emer‐
gency control can effectively reduce the DCCB interrupting 
current.

Experimental results under different fault transition resis‐
tances are shown in Fig. 28. It can be found that changing 
the fault transition resistance has a large influence on the 
fault current but has little influence on the SP-PFC output 
voltage.
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The filter capacitance and inductance parameters of the 
SP-PFC are optimized by using the parameter optimization 
method. The optimized parameters are as follows: Lf = 1 mH 
and Cf = 8 μF. The experimental results before and after pa‐
rameter optimization are shown in Fig. 29. It is observed 
that the parameter optimization significantly enhances the 
fault current limiting capability of the SP-PFC.

To verify the feasibility of SAAS of SP-PFC, the emergen‐
cy control activation time of SP-PFC is varied, and the ex‐
perimental results under different activation time of emergen‐
cy control of SP-PFC are shown in Fig. 30. It can be ob‐
served that the shorter the activation time, the better the 
fault current limiting capability. Therefore, the SAAS of SP-
PFC is proven to be a viable solution for adaptive fault cur‐
rent limiting in bipolar DC distribution systems.

VI. CONCLUSION 

This paper proposes an SAAS and a parameter optimiza‐
tion method of SP-PFC to achieve the fault current limiting 
target more effectively in bipolar DC distribution systems. 
To clearly analyze the fault current limiting characteristics of 
SP-PFC, the CDM equivalent circuits considering line cou‐
pling inductance are derived for bipolar DC distribution sys‐
tems with SP-PFC in different fault stages. An analysis is 
conducted on the influence of different parameters on the 
fault current limiting contribution of SP-PFC. The analysis 
reveals that the fault current limiting contribution of SP-PFC 
is little affected by fault transition resistance, line induc‐
tance, and line coupling inductance. The greatest fault cur‐
rent limiting contribution is observed when the filter capaci‐
tance and inductance are inversely proportional. The SAAS 
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of SP-PFC is proposed to match different fault severities. 
Theoretical analysis and simulation results show that the 
CDM equivalent circuit can achieve accurate decoupling cal‐
culations for fault currents, and the parameter optimization 
method enhances the fault current limiting contribution of 
SP-PFC by approximately 15%. The SAAS of SP-PFC adap‐
tively activates emergency control according to the fault se‐
verity, which achieves the fault current limiting target as 
much as possible while minimizing its fault current limiting 
pressure to extend its lifespan.
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