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Power Disequilibrium Suppression in Bipolar DC
Distribution Grids by Using a Series-Parallel

Power Flow Controller

, Member, IEEE, Zian Qin

Jianquan Liao ", Member, IEEE, Niancheng Zhou

Qianggang Wang ", Member;, IEEE, and Pavol Bauer

Abstract—The unbalanced power between positive and negative
poles in a bipolar DC distribution network (DC-DN) generates an
unbalanced current at the neutral line, which enlarges the power
losses of the system and the voltage deviation of DC loads. An
unbalanced power suppression strategy based on a series-parallel
power flow controller (SP-PFC) is proposed in this paper. The
SP-PFC is adopted as the interconnection between two differ-
ent DC-DNs. The topology and operating modes of SP-PFC are
analyzed. Subsequently, SP-PFC output voltage and line current
expressions under constant power control are derived. The non-
linear relationship between the output voltage and line current
is linearized at the operating point. On this basis, the influences
of unbalanced load and receiving-end voltage on the SP-PFC are
investigated. A small-signal model of bipolar DC-DN containing an
SP-PFC is established, and the system stability is analyzed. A sim-
ulation model of the bipolar DC distribution network containing
an SP-PFC is built up in MATLAB/Simulink, and the effectiveness
of the SP-PFC in the suppression of unbalanced power is verified.

Index Terms—Bipolar DC distribution network, unbalanced
power, power flow controller, constant power control.

NOMENCLATURE
S Switches of SP-PFC
T Isolation transformer
L, The leakage reactance of T;
Ry, The DC line equivalent resis-
tance
N; Node i (i = 12,3)
Vip.n Positive (p) and negative(n)

pole voltage of node i
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V% Reference values of Vi, and
an

Ucpn Voltage of current flow con-
troller

Cipn Capacitor of current flow con-
troller

Gpp(8), Gnn($), Gpn(s), Gup(s) Transfer function of dy,, dy, to
Vkp and Vkn

Lset Current Threshold for Bypass
Control

L s Neutral current on the left side

of the SP-PFC

I. INTRODUCTION

HE proportion and capacity of distributed generations

(DGs) such as photovoltaic power and wind power are
continuously increasing in recent years. Besides, DC loads
such as electric vehicles, data centers, and LED lights are
becoming more and more common. The “DC feature” of the
current power distribution networks is becoming increasingly
prominent [1], [2]. Receiving large-scale DGs and DC loads
via AC distribution networks (AC-DNs) adds the conversion
link and leads to problems regarding frequency stabilization and
reactive power compensation, etc. [3]. Compared with AC-DNss,
DC distribution networks (DC-DNs) have higher power quality,
higher power supply reliability, and larger power supply capacity
[1]-[3]. However, the structure of DC-DNs is becoming more
and more complicated, and the regulation of power flow (PF)
cannot be fully controlled through the DC convertor station [4].
In some cases, this may cause line overload and threaten the safe
and efficient operation of the system [5].

To tackle this problem, many scholars have introduced a
power flow controller (PFC) into DC-DNs5s [6]. According to the
connection mode to DC-DNs, PFC can be divided into 1) series
type (S-PFC), parallel type (P-PFC) and series-parallel type
(SP-PEC) [7], where the typical representatives of S-PFC in-
clude variable resistance-type PFC (VR-PFC) and inter-line PFC
(IL-PFC). The equivalent resistance of VR-PFC can be changed
flexibly through switching. Therefore, the PF can be regulated
flexibly [8], [9]. The principle and control of VR-PFC are simple.
However, it consumes massive power, which degrades the sys-
tem operating efficiency. IL-PFC controls PF through the energy
exchange between different DC lines [10]-[13]. Under regular
operation, IL-PFC regulates the PF through the time-sharing
series connection of one capacitor into two separate DC lines.
IL-PFC has the advantage of simple structure and low cost, but
it will introduce current ripples [7]. Paralleled PFC is essentially
a DC transformer, which needs to withstand the rated power of
DC-DNs [14]. Therefore, the initial investment of this PFC is
high, which does not apply to PF regulation in DC-DNss.

In [15]-[17], the topology of series-parallel PFC (SP-PFC) is
proposed. The input of SP-PFC is in parallel with the DC bus, and
its output is in series with the DC transmission line. The primary
and secondary sides of this PFC are connected through an
isolation transformer. Therefore, this PFC only needs to process
the partial power of DC-DNs, which has a considerable cost
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advantage. In addition, this PFC can realize PF control without
relying on the power exchange between different DC lines. In
[16], the fault protection method of a DC-DN containing SP-PFC
is developed. The DC fault is cleared through a solid-state
DC circuit breaker (DCCB), and the SP-PFC can be bypassed
quickly from the DC fault. However, the PF control performance
of SP-PFC is not analyzed. In [17], the application of SP-PFC
in bipolar DC-DNss is investigated. However, only the charac-
teristics of SP-PFC are analyzed. The characteristics of bipolar
DC-DNs under unbalanced conditions are not mentioned.

Compared with unipolar DC-DNs, bipolar DC-DNs have a
multi-voltage interface, which can satisfy the diversified de-
mands of customers. In addition, bipolar DC-DNs have the
advantages of lower power losses, lower construction costs, and
higher reliability than unipolar DC-DNs [18], [19]. However, the
PF control of bipolar DC-DNs is more complicated than unipolar
due to unbalanced power between positive and negative poles.
When the DC load or the receiving-end voltage is unbalanced,
the unbalanced current will be generated in the neutral line.
This current will enlarge the power losses of the network and
the deviation of node voltage.

Existing studies suppress the unbalanced current of bipolar
DC-DNs from the source side and the load side. In [19], a DC
electric spring (DC-ES) based unbalanced voltage suppression
method is investigated. The positive and negative pole voltage
is found to be coupled when the DC loads are unbalanced.
Therefore, decoupling control is proposed to improve the dy-
namic performance of DC-ES. However, the performance of
unbalanced voltage suppression is influenced by the power of
the non-critical load. In [20], an unbalanced current (voltage)
suppression method based on a voltage balancer (VB) is pro-
posed. The VB is installed at the exit of the AC/DC converter.
When the DC transmission line is long, the voltage drop of DC
lines is significant. Therefore, the voltage quality of the end
nodes cannot be guaranteed.

The methods mentioned above only ensure the balanced state
of local loads but do not consider the system imbalance. In
[21], the unbalanced DC loads in positive and negative poles
are reconfigured online through the load-commutation switch,
and the unbalanced current is mitigated significantly. However,
this method needs lots of current and voltage sensors, communi-
cations, and switches. Therefore, the initial investment is high.
In [22], a voltage regulation method is proposed based on the
neutral to line drop compensation (NLDC) method. The unbal-
anced current and line impedance are considered to compensate
for the neutral line potential fluctuation and voltage drop on the
DC lines. Finally, the sending-end voltage is regulated through
the droop control of the AC/DC converter. However, this method
can only deal with minor unbalance conditions. Besides, only
the droop control of the AC/DC converter is mentioned.

According to the above analysis, the unbalanced voltage can
be suppressed using the PFC installed in the DC-DNs. By
designing an appropriate PFC control scheme, it is possible to
suppress unbalanced voltage while adjusting PF. This does not
increase the construction cost of the bipolar DC-DNs, but also
expands the function of the PFC.

The contributions of this paper are summarized as follows:

Authorized licensed use limited to: TU Delft Library. Downloaded on February 09,2023 at 08:55:47 UTC from IEEE Xplore. Restrictions apply.



LIAO et al.: POWER DISEQUILIBRIUM SUPPRESSION IN BIPOLAR DC DISTRIBUTION GRIDS 119

+ +
SP-PFC
JspSisE Lo o1, SUs3s) SJ=3S.
£ h
T T
w‘jm—%}sg smjél}s.d
- DAB FBC

Fig. 1. The topology of the series-parallel power flow controller.

1) This paper proposes an SP-PFC-based unbalanced power
suppression method. By installing an SP-PFC at the outlet
of the sending-end node, the PF in positive and negative
lines can be controlled flexibly.

2) the relationship between the output voltage of SP-PFC
and line currents is analyzed. Besides, the control method
and the operating mode of SP-PFC are introduced, which
helps understand the characteristic of SP-PFC.

3) The influence of unbalanced receiving-end voltage and
local loads are analyzed. With SP-PFC, the unbalanced
current will be suppressed significantly. A small-signal
model of bipolar DC-DN containing SP-PFC is estab-
lished, and the transfer function between controlled quan-
tity and output quantity is derived.

The rest of the paper is organized as follows: Section II
introduces the topology and operating mode of SP-PFC, and
the influence of unbalanced receiving-end voltage and DC
load is analyzed; Section III analyzes the stability of bipolar
DC-DNs containing SP-PFC; Section IV verifies the proposed
method by using a bipolar DC-DNs simulation model in MAT-
LAB/Simulink; and Section V concludes the paper.

II. UNBALANCED POWER FLOW ANALYSIS OF BIPOLAR
DC-DNs

A. The Topology and Operating Mode of SP-PFC

The topology of the SP-PFC is shown in Fig. 1. Here, S;-
S12 represent switches of SP-PFC. SP-PFC consists of a dual
active bridge (DAB) and a full-bridge converter (FBC). The
primary side of DAB is in parallel connection to the DC bus,
and the secondary side is connected with FBC. FBC is in a
series connection to the DC transmission line. Because T has a
high transformation ratio and high switching frequency, its loss
and volume are relatively small [16]. Besides, the primary side
of SP-PFC has the characteristics of rated voltage and partial
current, and the secondary side has the characteristics of partial
voltage and rated current. Therefore, this SP-PFC only needs to
process the partial power of the system [16], [23].

The operation modes of SP-PFC are summarized as follows.
1) Buck mode: Buck mode: DAB takes power from the DC bus,
and FBC controls the output voltage of SP-PFC. 2) Unfolder
mode: The output voltage of SP-PFC is controlled by DAB,
while FBC controls the polarity of the output voltage. 3) By-
pass mode: When the output voltage of SP-PFC exceeds the
threshold, the SP-PFC will be bypassed. 4) Block mode: All
the switches in FBC are blocked. Under this circumstance, the

Fig. 2.

A three-terminal ring bipolar DC-DN containing SP-PFC.

power on the secondary side of DAB will be fed back to the
primary side.

According to the functions of DAB and FBC, the generic

functionalities of SP-PFC are summarized as follows:

1) Voltage control: The phase shift control is applied to DAB,
making it take power from the DC bus and output a stable
voltage [14], [16]. For FBC, by monitoring the line voltage
and adding it to the control feedback loop, SP-PFC can
achieve flexible control of the line-side voltage [23].

2) Power control. If the current and voltage of the line can be
monitored in real-time, the power delivered by the line can
be used as the feedback input for the control. Therefore,
the transmitted power of the line can be taken as the control
objective. This function is beneficial for keeping the power
exchange between two DC-DNs constants.

3) Fault current limiting. In [24], a coordination strategy
between SP-PFC and hybrid DCCB is proposed. By reg-
ulating the polarity and magnitude of FBC output voltage
during the fault, the rising speed of fault current can
be suppressed to reduce the breaking current of hybrid
DCCB.

B. Analysis of SP-PFC Output Voltage and Line Current

Fig. 2 shows the interconnections among three different
DC-DNs (DC1~DC3). L; and N; (i = 12,3) denote the DC
transmission lines and node number, respectively. The SP-PFC
is adopted as the interconnections of two adjacent DC-DN5s (N
and N,). Since the SP-PFC plays the role of connecting two
DC-DN:s, its purpose is to control the constant power transfer
between the two DC-DNs. Therefore, this paper adopts constant
power control for SP-PFC.

The equivalent circuit between N; and N» is shown in
Fig. 3(a), and the corresponding steady-state model is shown
in Fig. 3(b). The line inductance is neglected in the steady-state
analysis.

The parallel port of the SP-PFC is equivalent to a voltage-
controlled current source, which is related to the efficiency and
output voltage of the SP-PFC. A voltage source represents the
series part of SP-PFC. 7, and 7, represent the efficiency of
positive and negative SP-PFC, which are defined as follows:

_ Py Viplip

Tp Piy Viplip (1)
— Poo _ Vinlpn

Tin Pis Vinlkn
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Fig. 3. Equivalent circuit of bipolar DC-DN with SP-PFC: (a) the topology of
bipolar DC-DN containing SP-PFC, (b) the corresponding steady-state model.

It is assumed that the voltages of the positive and negative
poles of the nodes on both sides of the SP-PFC are equal.
Namely, Vi, = Vin = Vi, Vop = Vo, = Va. According to
Fig. 3(b), the KVL and KCL of this circuit fulfill:

—Vi+Vip + IRy + Vo + 1, R, =0 2
-Vi+ an + ILnRL + ‘/2 - InuRL =0

Inu = ILn - ILp
ILp + [kp - Isp =0 (3)
ILn +Ikn - Isn =0

In practice, it is expected that the transmission power of the
DC line is flexible and controllable between two different DC-
DNs. If the constant power control is applied in SP-PFC, the
power transmitted by the positive and negative poles is equal
(Prp = Prn = P). In this situation, the current flowing through
the neutral conductor is zero (/,,,, = 0). Therefore, we have

[y Vip = Ip(Vi — Vip) = P @
ILnVLn = IL’n(Vl - an) =P

where P is the reference power of the DC transmission line.
Equations (2) and (3) are rewritten as:

Vit Vip + IRy + Vo =0 )
~Vi+ Vi + 1R+ Vo =0
ILp+Ikp 7]'51, =0

{ILn+Ikn_Isn:0 (6)

By substituting (4) into (5) We have Vi, = Vi, = Vi. Here,
Vi satisfies:

1
Vi= (V= —4PRL+ (-2 + 2P ()

It can be known from (4) that Vi presents a nonlinear relation
with Vs, while V1 and V2 determine it. Since the positive and
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negative poles in Fig. 3(b) are entirely symmetrical, we have It
= Iy = Iu, Ixp = Ixn = Ik, np = 7n = 7). By substituting (6)
and (7) into (5), I, and Iy satisfy:

2V, — Vy — \/—4PRL + (—2V4 + Vu)?

Iy =
L SR, ®)

—2PR;+V; (2V1 —Vo— \/—4PRL—|—(—2V1+V2)2>

I, =
g 2nR Vi

€))

It can be seen that VI and V2 also determine IL. However,
I is related to n, and 7,,. Besides, Vi, I1, and I in Egs.
(8) and (9) have nonlinear relations with V; and V5, which is
not convenient for analyzing the relationship among different
electrical quantities.

To obtain a linear relationship between different variables,
Eq. (4) is transformed into:

IL _ P _ P

P Vi, Vi-V;

P (10)
Ln = Vi, = ViV,

The nonlinear term 1/Vy, in (10) is approximated using a
first-order Taylor’s series expansion around the operating point
Vo, 1p). Here, Vi and I are regarded as rated voltage and
rated current. Such a term is selected to be linearized because
Vip does not take zero values. The linearization of the term
1/V1,p, is based on the general form of the Taylor’s formula for a
continuous nonlinear function around (Vy, Iy) [25]. Therefore,
(10) is rewritten as:

2
Iy = | = (%) Vio| P

9 (11)

ILn = V%) - (VLO) VLn P

Hence, (4) is linearized at the operating point (Voxly = P),
which is be rewritten as:

{Vl — Vip =2Vo — I, VE /P

Vi — Vi = 2V — I1,V2/P (12)

By Substituting (12) into (5), Vx, Ik, and Iy, can be derived as
follows:
_ PRL(72V()+V1)+VO2(V17V2)
- PR V2

v
0

I, = 2P VotVi-Va)
L= "7PR, V7

P (2Vp—2Vi+Va) (PR (2Vo—VA)+VE (—Vi+Va))
k,:
n(—PRy + V2)’V,

(13)

(14)

Equation (13) shows that both Vy and I, present linear re-
lations with V5. Therefore, a linear relationship exists between
Vi and I1,. To verify (5)—(14), the parameters in Fig. 3(b) are
illustrated as follows: Ry, = 0.1 €2, V; = Vy = 350V, n = 0.85,
and P = 10kW. V3 ranges from 330V to 370V. According to
(5)—(14), Vi and I, under linear and nonlinear models are shown
in Fig. 4(a) and (b), respectively.
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s ®
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~
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Fig. 4. Comparison of the nonlinear and linear model of SP-PFC under
different Va: (a) Vi, (b) I,.
4 T T D
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5 1.29 /
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< !
=
o
A
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V2 (V)
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200 [——pes kW 11/2360 V) 5
P10 KW 12.96V
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Z
x0f
-20 ‘ ‘ ‘
330 340 350 360 370
V2 (V)
(b)

Fig. 5. The input current and output voltage of SP-PFC under different
transmitted power: (a) Ii, (b) Vi.

It can be seen from Fig. 4(a) that when V; increases from
330V to 370V, Vi declines from +15V to —25V. The power
transmitted by the line is kept as P. Furthermore, the error
between the linear and nonlinear model is small. Hence, Eq.
(13) can accurately reflect the variation of Vi. Fig. 4(b) presents
the variations of I1, under different V5. When Vs is changed from
330V to 370V, I1, decreases from 30A to 27A, which means the
influence percentage of V, variations on Ir, is (27-30)/(370-330)
= —7.5%. This shows that when the SP-PFC connects two
DC-DNs, the current variation caused by the voltage change is
small. If no SP-PFC is installed, even small voltage changes can
cause large current variations due to the small line resistance.

Fig. 5 illustrates the input current and output voltage of SP-
PFC under different transmitted power. It can be seen that the

input current of SP-PFC varies from —1.58A to 2.37A, which
is less than one-tenth of the line current. In addition, the output
voltage of SP-PFC is also relatively small. Therefore, the power
processed by SP-PFC is far less than the rated power of the
system.

C. The Influence of Unbalanced Receiving-End Voltage

In this Section, the positive and negative pole voltages of
Ns are assumed to be unbalanced. The influence of unbalanced
voltage on Vi, Vi, and Iy, I1,, will be investigated. To make a
comparison, the expressions of line current without SP-PFC are
derived first. When there is no SP-PFC in Fig. 3(b), the KVL of
this circuit is:

Wi+ IRy + Vop — (Ipn — Irp) R =0 (15)
_‘/1 + IL'ILRL + ‘/2n+(ILn - ILp)RL =0

By solving (15), I, and I1,,, can be derived by:

I = — —3V14+2Vo,+ Vo,
Lp = 3R

—3Vi4+Vop+2Va,
3RL

(16)

ILn—_

It can be known from Eq. (16) that both I, and I1,,, are related
to Vo, and Vo, and the unbalanced current (/,,,, = I1,, —I1,,) can
be further derived by:

V2n - Vép
3Ry,

As shown in (17), I, is determined by Vs, and Vs, and line
impedance. When the difference between Vs, and Vs, is large,
I, will be significant. This is not conducive to the safe and
efficient operation of the system. When the SP-PFC is adopted
as the interconnections between N and N», I,,,, can be regulated
flexibly. When positive and negative pole voltages of No are
unbalanced, according to Fig. 3(b), (2) can be rewritten as:

*‘/1 + ILpRL + ‘/Qp + Vk,p - (ILn - ILp)RL =0
Vi + IR + Vo +Vien+I 1w — I1p)Rr =0

(18)

By solving (13), Vip, and Vi, can be derived by:

Vi (=8P2R3 +V2 (Vi —Vap)+ PRLVI (2V1—2Vap—Van))

Viep = (PRL+V2)(3PRL+VE)
Vo — Vi(=3P2R3 4V (Vi—Vap )+ PRL V1 (2V1 — Vo, —2V2,))
kn = (PRL+V?)(BPRL1VZ)
(19)
I and I, can be derived by:
7. P(VP@Vi-Vap)+PRL(6VI-2Va)—Van))
Ly = (PRL+V2)(3PRL+V?) 20)
I _ P(VR(@Vi—Va)+PRL(6VI—Vap—2Va,))
In = (PRL+V2)(3PRL+V?)
Therefore, I,,,, satisfies:
P(-V; Van
= E ot Vo) @1

3PRL + V2

According to (16), after SP-PFC is added, I,,, is not only
related to Vo, and Va, but also influenced by P. In comparison
with (17), it is equivalent to adding a resistance (V%/P) to the
denominator of (21). Therefore, I,,,, is reduced dramatically.
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Fig. 6. Comparison of output voltage and current with or without SP-PFC: (a)
output voltage, (b) line current, (c) unbalanced current.

To compare the voltage and current characteristics of SP-PFC
under different cases, the parameters of Fig. 3(b) are illustrated
as follows: Vo, = 350V, V5, changes from 330V to 370V, and
other parameters are the same as those in the above Section. Vi,
and Vy, are shown in Fig. 6(a), and Ir,p, I1,, and I,,, are shown
in Fig. 6(b) and (c), respectively.

Asshownin Fig. 6(a), when V5, changes from 330 Vto 370V,
Vip declines from +14 V to —25 V. As V5, is not changed, Vi,
remains unchanged. According to Fig. 6(b), after the SP-PFC is
kicked in, both I1,, and I1,, remain unchanged. However, when
SP-PFC is cut-off, both I, and I, change with V5. It can be
known from Fig. 6(c) that after SP-PFC is cut-in, I, is kept at
0; otherwise, I,,,, will increase with Vy,.

D. Influence of Unbalanced Local Load on SP-PFC

When the positive and negative loads at N; are unbalanced,
the unbalanced current will be generated in the neutral line. It
can be concluded from Fig. 5(a) that the primary-side current
of SP-PFC is only 1/20 of the line current. To simplify the
analysis, the SP-PFC is equivalent to a series circuit of internal
resistance and voltage source, and Vi, = Vi, = Vo, = Vo,
= V5. According to Fig. 3, the simplified equivalent circuit of
bipolar DC-DN containing unbalanced local loads is shown in
Fig. 7. Here, R.. denotes the internal resistance of SP-PFC, R,

IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 38, NO. 1, FEBRUARY 2023

R, Vi I,
—W—

R
SP-PFCl1 L L
v, Vo3 R P O
- I. R
¥
s
VS e 7VLn:>Rn[>P VS
Rc IV-: - ILn R
SP-FC2
Fig. 7. The equivalent circuit of bipolar DC-DN when the local load is
unbalanced.
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Fig. 8.  The effect of unbalanced loads on the Vi, and Viy,.

and R, represent equivalent resistances of positive and negative
DC loads, respectively.
According to Fig. 7, the relationships of Vi, and Vi, with R},
and R,, can be derived by:
Vi, = P(2Vo(ReRp+Ry(Re—R1))~RpVs (Re+RL))~RVE Vs
p Ry(~PRL+V)
Vi = P(2Vo(R.Rr+Ry(Re—R1))~RnVs(Re+R1))—R.VE Vs
Rn(-PRL+V)

(22)

As shown in (17), Vi, is related to R}, but does not relate

to R,. This means that the electrical quantities of the positive

and negative poles do not affect each other. Besides, after the

SP-PFCis added, Ir,;, and Ir,,, are equal (/,,,, = 0). The expression
of I, and I1,, satisfy:

PEV-T)
—PRp + V02

According to (23), the unbalanced current can be suppressed
effectively. Fig. 8 illustrates the variations of Vi, and Vy,, under
different R, and R,,. Here, R, and R, vary from 5 {2 to 20 €2, and
the other parameters are the same as those in the above Section.
It can be seen from Fig. 8 that when Ry, increases, Vi, isreduced,
while Vi, is kept unchanged. This means that the voltage on the
line side can be flexibly changed according to local load changes,
and the power transmitted in DC lines remains unchanged after
the SP-PFC is adopted.

ILp = ]Ln = (23)

III. STABILITY AND DYNAMICS ANALYSIS OF BIPOLAR
DC-DNs WiITH SP-PFC

A. Stability Analysis of Bipolar DC-DNs With SP-PFC

A small-signal model of bipolar DC-DNs containing SP-PFC
is established in this Section, which is used to analyze the

Authorized licensed use limited to: TU Delft Library. Downloaded on February 09,2023 at 08:55:47 UTC from IEEE Xplore. Restrictions apply.



LIAO et al.: POWER DISEQUILIBRIUM SUPPRESSION IN BIPOLAR DC DISTRIBUTION GRIDS 123

Rc _"_)kp_ i Lp RL

O
R

" Vdp - Ly TCI

SP-PFCI Iny

ANPZE

SP-PFC2 L2

o
V] Vdn R
R

O,

Vkn iLn RL

Fig. 9. A simplified model of the bipolar DC-DN containing SP-PFC.
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Fig. 10.  The transfer functions of d, to vip and vkn: (a) Gpp(s) and Gun(s),
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Fig. 11.  The pole variations of Gp(s) under different C¢ and Lg: (a) Cy,

(b) L¢.

dynamic performance of SP-PFC and design the control param-
eters.

Due to the difference in control bandwidth, DAB can be
equivalent to a voltage-invariant capacitive element relative to
FBC in Fig. 9 [23], where C; and Cs, L; and L, are filter capaci-
tances and inductance at positive and negative poles of SP-PFC,
respectively; d;, and d,, denote duty cycles controlled by positive
and negative poles of FBC; vy, and vy,, are instantaneous values
Vip and Vi, respectively. Here, we assume that Vg, = Vg, =
V4c- The inductor current (it,; and i12) and capacitor voltage
(vip and vi,) of the FBC are selected as state variables, and the
transfer function from the control variable to the state variable
are derived.

As shown in Fig. 7, the relationships between I, I1,, and
Vips Vin are derived by:

{IL;D =b1Vigp + b2Vien + Co

24
I, = b2Vkp + blvk:’n + CO @4

where:

bl = (Rc + 2}%L)/ZO

by = R,/ Zo

Cy = (Rc + 3RL)(V1 - VQ)/ZO
Zo = R%+4R.Ry, + 3R%

(25)

Equation (24) illustrates the relations between the output volt-
age of SP-PFC and the line current. On this basis, the relationship
between the inductance current and the output voltage of SP-PFC
(Vip and Vi) can be obtained. The state equation in Fig. 3(b)
can be derived by taking SP-PFC output voltage and inductance
current as the state variables, which fulfills:

dvg . . .
Cr—% =ip1 —ip2 = ip1 — b1Vip — b2Vip — Co

dv . . .
Co=fn =2 —in2 = ir2 — baVip — b1 Vi — Co

Ly 3 = 24,V — Vi,

Loy%i2 = 2d,Vye — Vin

(26)

According to (26), the system state equation can be expressed
as below:

= Ax + Bu 27
where
—by/Cy —by/C1 1/Cy 0
A | B/Ca /O 0 1/Cy
~1/L; 0 0 0
0 —1/L, 0 0
s [002Va/Le 0 7 (28)
100 0 2V /Lo
X =[Vkp Vkn iL1 i12]
u=[d, d,]"

The input-to-output transfer function can be derived accord-
ing to (27) and (28). It can be found that this system is a
double-input and double-output system. The transfer functions
of dj, to vy, and vy, satisfy:

Gpp(s) = %: d,(s)=0 — NDP?S)
Npp(s) =2V (1 + b1 Ls + CLSQ) (29)
D(s) =1+2b;Ls + (2CL + L?(b? — b3)) s*
+2b1CL%s3 + C?L2%s4
o} Ny, (s
{Gpn(s) = ﬁ‘d},(s):O = 5(§)) (30)
Npn(s) = 2VgeboLs

The transfer functions of d,, to vy, and vy, are represented by
Gp(s) and Gy, (s), respectively. When the bipolar DC-DN is in
balanced state, we have Gpp(s) = Gun(s) and Gy, (s) = Gpp(s).

B. Dynamic Analysis of Bipolar DC-DNs Containing SP-PFC

According to Eqgs. (27) and (28), the Bode graphs of Gy,,(s),
Gun(s), Gpn(s) and Gy (s) are shown in Fig. 10. Here, R, = 0.01
Q,R,=0.1Q,V; =350V, Vy =345V, C; = C5 = Cy =5 mF,
Vic =50V and Ly = Ly = Ly = 1 mH. As shown in Fig. 10,
the phase margin of Gpp(s) and Gy (s) is 54.6°. Therefore, the
closed-loop stability of G;,,(s) and G, (s) can be guaranteed. It
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Fig. 12.  The simulation setup: (a) the schematic of simulation, (b) control of
DAB, (c) control of FBC.

can be seen from Fig. 10(b) that the positive and negative poles
are coupled, which is consistent with the previous analysis.

To further analyze the influence of circuit parameters on the
system stability, the impacts of Cy and L¢ on system poles are
analyzed, where Cy changes from 0.5 mF to 50 mF, and L; from
0.1 mH to 10 mH [26]. The other parameters are consistent with
part B of Section II. The pole variations of Gy, (s) are shown in
Fig. 11. It can be seen that all of the poles are on the left plane.
Therefore, the change of C¢ and L¢ will not influence the stability
of the bipolar DC-DN containing SP-PFC.

According to the transfer functions of Gp,(s) and Gy, (),
the proportional and integral control parameters of FBC can be
quantitatively calculated. The specific parameter design method
can refer to [19], [23].

IV. SIMULATION AND RESULTS

In order to verify the effectiveness of the proposed method,
a simulation model of bipolar DC-DN shown in Fig. 12(a) is
established in MATLAB/Simulink. Under the initial state, Vo, =
Von =350V, R. =0.01 2, Ry, =0.1 €2, the power (P) transmitted
by the line is 10 kW. Other parameters are seen in Table I.

In this study, the control method of DAB is shown in
Fig. 12(b). Here, V*4. represents the reference value of V.
K, and K; are proportionality and integral coefficients; d is
the duty ratio of DAB. The constant voltage control is applied
in DAB, which makes the Vq. a constant value. The control
method of FBC is shown in Fig. 12(c). Here, V1, I1,, and P; are
voltage, current, and transmitted power of the DC transmission
line, respectively. P* and V*y are reference values of Py and Vi,
respectively. Vi is the upper limit of Vi.
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TABLE I

PARAMETERS OF BIPOLAR DC DISTRIBUTION NETWORKS WITH SP-PFC

Parameter Symbol Value
DC bus voltage Viy=Vi,=V; 350V
DC bus voltage Vop=Vo=Vs 350V
Local DC load R,R, 40 Q
Filter capacitor C,,C, 5 mF
Filter inductance L,L, 1 mH
Controller parameters K, K; 0.3, 50
350.08 0
— — VLp — I
2 — Vi =
gﬂ 350.04 Without PFC %-20 Without PEC
C :
= 3 332 A
3 -40
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(© (d)

Fig. 13.  The simulation results under unbalanced receiving-end voltage with-
out SP-PFC: (a) VLp and VL, (b) Iy, (¢) PLp and Pry, (d) Ip and Iry.

During normal operation, the constant power control strategy
is adopted for FBC, aiming to make the power transmitted by
the DC transmission line constant. When no intervention of the
PFC is required, the FBC enters the bypass mode. When the
bypass control is input, Sg and S in Fig. 1 is switched on, and
S10 and S; are blocked. In this paper, when /i, >/, the bypass
control of SP-PFC will be triggered. In this paper, Iyt iS twice
the rated current.

A. Simulation Results Under Unbalanced Receiving-End
Voltage

1) Simulation Results Under Unbalanced Receiving-End
Voltage: Fig. 13 shows the simulation results without SP-PFC
when Vo, changes from 350 V to 360 V at 0.05 s. According
to Fig. 13(a), the positive and negative voltages are almost
equal, which means the line voltage is not regulated. Fig. 13(b)
presents that the natural line current is very large at —33.2 A
after 0.05 s. Fig. 13(c) illustrates that the positive and negative
transmission powers are not correlated when Vs, changes at 0.05
s. Fig. 13(d) shows that the positive and negative line currents
are significantly changed.

Vo changes from 350 V to 360 V at 0.05 s and the correspond-
ing simulation result with SP-PFC is shown in Fig. 14. It can be
known from Fig. 14(a) that both Pr;, and Pr,,, are kept at 10 kW,
and both of them are not influenced by V. Fig. 14(b) shows
that V1, changes from 353.2 V to 362.66 V, and its variation is
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Fig. 14.  The simulation results under unbalanced receiving-end voltage with
SP-PFC: (a) P and Pry, (b) VLp and Vg, (¢) Vap and Vyyn, (d) Vip and
an7 (e) Pil and Pi27 (f) Pol and POQ’ (g) lkp and [kna (h) Inu-

consistent with Vy,. Therefore, SP-PFC can flexibly adjust the
output voltage to keep the transmission power of the DC line
constant. At the same time, the control degree of freedom of
the toroidal bipolar DC system has also increased. In Fig. 14(c),
Vap and Vg, represent the positive and negative output voltage
of DAB, respectively. It can be seen that V;, and Vy,, are kept at
30 V. Therefore, this proves that the primary side of SP-PFC has
the characteristics of rated voltage and partial current, and the
secondary side has the characteristics of partial voltage and rated
current. Fig. 14(d) illustrates that the amplitudes of the positive
and negative output voltage of SP-PFC are always small than
the secondary-side voltage of DAB.

Fig. 14(e) illustrates the input power of SP-PFC. P;; and Pj2
also smaller than 0.5 kW. This proves that SP-PFC only needs
to deal with the partially rated power of the system. Fig. 14(f)
shows the output power of SP-PFC. It can be seen that P,; and
P, are smaller than 0.5 kW under the unbalanced receiving-end
voltage. This power is only one-twentieth of the rated power of
the system. Fig. 14(g) shows the current of SP-PFC. When V5,
changes, Iy, changes with it to keep the power of the DC line
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Fig. 15.  The transmission characteristics of unbalanced voltage in the bipolar
DC-DNs with SP-PFC: (a) V1 and Viy, (b) Vip and Vg, (¢) Iny and Inys,
(d) PLp and Pry,.

constant. Fig. 14(h) shows the unbalanced current of the bipolar
DC network (I,,y). Iy 18 kept at OA, which is consistent with
the previous analysis. This means that SP-PFC can effectively
suppress the unbalanced power of the system.

To investigate the transmission characteristics of unbalanced
voltage, Vi, increases from 350 V to 360 V at 0.05 s. Fig. 15(a)
presents that only the voltage of Vi, changes from 350 V to
360 V while V1, remains the same. Fig. 15(b) illustrates that the
positive and negative line voltage will not be influenced by the
change of V1, which means the unbalanced voltage will not be
transmitted. Fig. 15(c) shows that the neutral line current /5
changes slightly due to the change of V;, It can be seen from the
topology in Fig. 12(a) that there is no neutral line resistance in
the left side of SP-PFC, which means the change of I,,,,s will not
influence the power losses of the bipolar DC-DN. According to
Fig. 15(d), the positive and negative transmission power is stable
at 10 kW under the unbalanced voltage of Vi,

2) Simulation Results Under Unbalanced Local Load: At
0.05s,aDC load with 20 2 is input to node N1, and the simulation
results are shown in Fig. 16. It can be known from Fig. 16(a) that
Prp, and Py, are kept at 10 kW. Besides, the line voltages Vp
and Vy are kept at 353V, and the change of DC loads influences
neither of them. Since Pr;, and Pr,, are always equal, I, =
0. Therefore, the SP-PFC can inhibit the unbalanced current
generated by unbalanced DC loads. Fig. 16 also presents the
output voltage and processed power of the SP-PFC. It can be
seen that the output voltage of the SP-PFC is small, and the
processed power is only 5% of the rated power. Therefore, the
SP-PFC is cost-effective.

3) Simulation Results When the Power Flow Is Reversed.:
When there is SP-PFC in the network, the power flow direction
can be flexibly controlled. Fig. 17 shows the transient response of
SP-PFC when the power flow is reversed. At 0.05 s, the reference
value of the line power is changed from 10 kW to —10 kW, as
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Fig. 17.  The simulation results when the power flow is reversed: (a) Pr, and
Prn, (b) VLp and Vin, (¢) Vap and Van, (d) Vip and Vi, (€) Pi1 and Piz2, (f)
Po1 and Pgyo.
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shown in Fig. 17(a). It can be seen that the line voltage (Vi
and Vr,,) and the output voltage of SP-PFC (Vy, and Vi) are
reversed, which makes the power flow bidirectional. However,
the output voltage and input power of DAB are kept unchanged,
which means the power processed by SP-PFC is still low.

4) Simulation Results When the Reference Voltage of DAB
Changes: Fig. 18 illustrates the transient response of SP-PFC
when the reference voltage of DAB changes. It can be seen that
except for the change in the reference voltage of DAB, the power
transmitted by the line and the output voltage of the power flow
controller have not changed.

B. Comparison With Other Power Flow Controller

The topology of parallel PFC (P-PFC) is shown in Fig. 19.
For P-PFC, the voltage on the secondary side is the same as that
on the line side. Therefore, the P-PFC can flexibly adjust the
voltage on the line side, and the power transmitted by the line
and the simulation results are shown in Fig. 20, where (a) and
(b) show that the input and output power of P-PFC is rated at
10 kW under the unbalanced voltage of Va,, at 0.15 s. Fig. 20(c)
and (d) present the ability of the P-PFC to adjust the unbalanced
voltage and current. The positive and negative voltages of P-PFC
are both 353 V, and the positive and negative current is 28.3 A
when the change of Vs, at 0.15 s.
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According to the simulation results in Fig. 20, the P-PFC can
flexibly control the voltage. However, the output voltage of the
P-PFC is almost equal to the line voltage 350V, and the input
current is more than 50 times that of the SP-PFC. Therefore,
the P-PFC needs to deal with the rated voltage and rated power,
greatly improving the requirements for the withstand voltage
level and overcurrent level of the equipment and increasing the
cost consumption.

The topology of the three-terminal ring bipolar DC grid with
series PFC (S-PFC) is shown in Fig. 21. To verify the perfor-
mance of S-PFC, the simulation results are shown in Fig. 22
when the current flow controller (CFC) is input at node N; at
0.2s. The transmission line resistances are both R and other
related parameters are the same as those in part A. Fig. 22(a)
illustrates the positive input and output current of S-PFC. The
input current is 50A, equal to the output current from N1 to N2
and N3. Fig. 22(b) presents the bus voltage of the three-terminal
ring bipolar DC grid, which is around 350V at the rated voltage.
Fig. 22(c) and (d) respectively show the voltage of Cp, and
S-PFC, both 50V.

In the topology of S-PFC, only the safety level of high current
needs to be considered. Compared with P-PFC, the power of
S-PFC is nearly 1.2kW, which is one-eighth of that of P-PFC.
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Fig. 21. The topology of the three-terminal ring bipolar DC grid with S-PFC.
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Fig. 22.  The simulation results of bipolar DC-DN with S-PFC when CFC is
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The protection level requirements of S-PFC are significantly re-
duced, and the cost is also reduced. However, under the structure
of S-PFC, many ripples will be introduced, which can be seen
in Fig. 22.

C. Analysis of Power Losses With and Without SP-PFC

To analyze the power losses of the network, a three-terminal
ring bipolar DC grid is selected as the research object, as shown
in Fig. 23(a). The length of DC transmission line is assumed to
be the same, and the equivalent resistances are all R. The power
losses of the network can be obtained by calculating the current
flowing through the lines. When V, and Vy,, vary between 330
V and 370V, the power losses of the three-terminal ring bipolar
DC grid are shown in Fig. 23(b). It is indicated that the addition
of SP-PFC can significantly reduce the transmission line losses
when there is an unbalance in the bipolar DC grid.

Fig. 24 shows the change of neutral current of three nodes
with and without SP-PFC in the three-terminal ring bipolar DC
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Fig. 23.  Power losses analysis of three-terminal ring bipolar DC grid: (a) the
topology, (b) the power losses.
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Fig.24. The change of neutral current of three nodes (a) without and (b) with

SP-PEC in the three-terminal ring bipolar DC grid.

grid. At 0.05s, the positive pole voltage of N5 is changed from
400 V to 410 V. The directions of different neutral line currents
are shown in Fig. 23(a). By comparing Fig. 24(a) and (b), it can
be concluded that SP-PFC can reduce the neutral current, which
is consistent with the analysis of power losses.

D. Influence of Grounding Topologies and Locations

1) Impact of Different System Configurations: The three dif-
ferent system configurations are presented in Fig. 25. The in-
fluence of different system configurations on the three-terminal
ring bipolar DC grid with SP-PFC is investigated in this case,
shown in Fig. 26. At 0.05s, the positive pole voltage of Ny is
changed from 400 V to 410 V. As seen, the symmetric monopolar
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without a neutral line has the maximum variation of positive
and negative voltage, which is 363V and 358V, respectively.
The bipolar configuration with a neutral line has the minimum
positive and negative voltage variation, which is 357.8V and
352.6V, respectively. The positive and negative transmission
power is, however, not affected, which is the 10 kW at the rated
load.

2) Impact of Number and Location of Grounding Points:
Fig. 27 shows the effects of the number of grounding points
on the positive and negative bus voltage and power. As shown
in Fig. 27(a), if Ny is solid grounded, the change of Vi, and
Vi 1s the same. If Ny is not grounded, the change of Vi, is the
largest, and the change of Vp,, is almost unchanged. According
to Fig. 27(b), if Ny is solid grounded, the change of Pr,, and
Pr,, is the same. However, the transmission power of the line
will reach 10kW in all three cases. If N1 is not grounded, the
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TABLE I
PARAMETERS OF EXPERIMENT PLATFORM

Parameters value Parameters value
DC bus voltage 12v Receiving end voltage 11.6V
Line resistance 2Q Filter inductance Ly,Lp ImH
Lin inductance 360uH Filter capacitor Cr,Cry 10puF

Local load 20Q Local input load R, 10Q
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Fig. 28.  The effects of the grounding practices on (a) V1, and Vi, and (b)
Prp and Ppy.

dynamic response characteristics of Pr,;, will be slower and the
dynamic characteristics of Pr,, will be faster.

3) Impact of Different Grounding Practices: When the sys-
tem is grounded at only one point, the characteristics of voltage
and transmission power are investigated. At 0.05s, the positive
pole voltage of Ny is changed from 400 V to 410 V. Four
different grounding practices are selected, and the corresponding
simulation results are shown in Fig. 28. Here, the grounding
resistor is 1 €2, and the grounding inductor is 1 mH. The system

is grounded at the neutral point of Nj. It can be seen from
Fig. 28 that when the system has only one grounding point, no
matter which grounding method is used, the result of its dynamic
response is the same. Even if the ground point is changed to No
or N3, the same conclusion will be drawn.

However, the conclusion in Fig. 29 no longer holds when the
system has multiple grounding points. The system is grounded
at N; and Ny, and N; is solid ground. When Ny is grounded
though different elements, the corresponding results are shown
in Fig. 29. Here, the capacitor is 50 uF, and the resistor and
inductor have the same value with previous analysis. It can
be found that the results of capacitive grounding and resistive
grounding are the same, while the inductive grounding method
will significantly reduce the dynamic response speed of the
system. Besides, all three practices will bring the system into
steady state.

E. Experiment Verification

To verify the effectiveness of the unbalanced power flow
suppression strategy proposed in this paper, an experimental
platform for the bipolar DC distribution network with SP-PFC
is built, as shown in Fig. 30. The experimental platform pa-
rameters are shown in Table II. SP-PFC adopts STM32H750
control. Local loads are mainly constant impedance loads in
the ring-shaped bipolar DC distribution network. The reference
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without SP-PFC under the unbalanced DC loads: (a) VLp and Viy, (b) PLp
and Pry, (¢) ILp, ILn, and Ipy.

rated power of the transmission line is 15W. The local load is a
constant resistive load, and the initial positive and negative load
equivalent resistance is 20€2. The equivalent resistance of the
switching load is 10€2.

Fig. 31 presents the experimental results of the bipolar DC
distribution network without SP-PFC under the unbalanced DC
loads. It can be seen from Fig. 31(a) that the positive and
negative bus voltage will not return to the rated voltage after
the change of receiving-end voltage. The positive bus voltage is
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more influenced and drops to 11.3V. Fig. 31(b) illustrates that the
positive and negative transmission power will decrease due to the
unbalanced receiving-end voltage. Moreover, the transmission
power will not return to the rated power at 15W. Fig. 31(c)
presents the positive, negative, and neutral line current. The
neutral line current will not be zero, which means the unbal-
anced power flow is not regulated in the bipolar DC distribution
network without SP-PFC.

Fig. 32 shows the steady-state experiment results (first 10ms).
The magnitude of the positive and negative voltages is equal, and
the voltage amplitude is close to 13V. The power transmitted by
the DC line is 15W, equal to the reference rated power. Therefore,
the SP-PFC allows the transmission power of the line to be
flexibly controlled. The neutral line current is zero, consistent
with the previous analysis. Therefore, SP-PFC can effectively
suppress the unbalanced current of the bipolar DC distribution
system.

The experimental result with local load switching is shown in
Fig. 32. It can be seen that the positive and negative line voltages
are quickly adjusted to the rated voltage after being disturbed.
The transmission power of the line is still maintained at 15W,
which means that SP-PFC can suppress the disturbance of local
load switching.
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V. CONCLUSION

An unbalanced power control strategy based on SP-PFC is
proposed for the bipolar DC-DN. The SP-PFC is adopted as the
interconnection between two different DC-DNs. When the SP-
PFC is controlled with constant power, the unbalanced current in
the neutral line can be suppressed significantly. The SP-PFC can
be equivalent to a voltage source inserted into the line, and the
PF can be regulated flexibly. The expressions of SP-PFC output
voltage and line current are derived in this paper. Moreover,
the characteristics of SP-PFC in the suppression of unbalanced
receiving-end voltage unbalance and DC loads are analyzed.
These analyses are helpful to understand the application of SP-
PFC in suppressing the unbalanced power of bipolar DC-DN.
The simulation results indicate that after the SP-PFC is added
to the DC line, the power transmitted by the DC line is always
unchanged. Furthermore, the output voltage of SP-PFC is small,
and the processed power is only about 5% of the rated power.
Therefore, the initial investment of SP-PFC has advantages over
other PFCs.
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