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ABSTRACT As a key device to facilitate power flow in the multi-terminal direct current (MTDC)
transmission system, DC power flow controller (DCPFC) can effectively expand the power flow regulation
area by implementing its multiport output functionality. In order to solve the coupling issue between
the transmission line current and the capacitor voltage of the inter-line multiport DCPFC (M-DCPFC),
an improved M-DCPFC with a partial power rated auxiliary DC/DC converter unit is proposed in this paper.
It provides the advantages of power flow reversal, high adjustment flexibility and low port-expansion cost.
Meanwhile, a generic control strategy is developed for the M-DCPFC with random number of the ports.
Moreover, from the perspective of the transmission system, the proposed M-DCPFC is modeled as the
equivalent series voltage source. Its power flow adjustment capability and its impact on the local voltage
source converter (VSC) stations are investigated in detail in this paper. Lastly, to validate the effectiveness
of the proposed M-DCPFC, it is first tested in the simulations of the MATLAB/Simulink and then deployed
on an experiment platform. Both simulation and experimental results show that the proposed M-DCPFC can
achieve stable power flow control in different conditions.

INDEX TERMS Multi-terminal direct current transmission system, DC power flow controller, multiport,
power flow adjustment capability.

I. INTRODUCTION
With the shortage of traditional energy and the deterioration
of the ecological environment, the widely utilization of green
and clean energy has become an inevitable trend [1]. In order
to ensure the efficient use of large-scale renewable sources,
the transmission technology of multi-terminal direct current
based on voltage source converter (VSC-MTDC) has become
one of the main approaches to maintain the grid connection
of the renewable energy [2], [3]. However, uncontrolled dis-
tribution of the power flow in the VSC-MTDC transmission
system may cause line overload, unnecessary line loss and
even damage the safe operation of the entire transmission
system [4]. Therefore, maintaining the current on each trans-
mission line in an optimized state is one of the key issues
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that VSC-MTDC transmission system must face and need to
solve [5], [6].

In order to facilitate the power flow inside the VSC-MTDC
transmission system, a conventional device known as the
DC power flow controller (DCPFC) can be employed [7].
Since the power flow inside DC system can be controlled
by either adjusting the resistance on the transmission line
or regulating the DC voltage across the transmission line,
the design approaches for the DCPFC can generally be clas-
sified into these two types, which are the resistance control
type and the DC voltage control type [8]. 1) For the resistance
control type DCPFC [9], [5], it has the advantages of simple
structure and easy control. However, it can only have the
equivalent resistance increased to regulate the power flow
in one direction and will cause high system loss. Hence,
it is usually not considered in the practical applications.
2) For the DC voltage control type DCPFC, according to the
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FIGURE 1. Diagram of the five-terminal VSC-MTDC transmission system
with DCPFC.

implementation means of voltage control, it can be further
divided into the DC transformer type [10]–[12] and the series
voltage source type [13]–[20]. In comparison, the series volt-
age source type DCPFC can avoid the input and output sides
of the DCPFC withstanding the system-level high voltage
simultaneously, which provides the advantage of lower power
level requirements of the device. Therefore, it has become
a promising type of DCPFC candidate with more research
attentions and better application prospects [16], [17].

By adopting the thyristor-based converter, a series voltage
source type DCPFC topology is proposed in [13]. It can
realize the bidirectional regulation of the power flow. But it
needs to absorb energy from the AC grid, which makes the
structure of this DCPFC complicated. To solve this problem,
the concept of inter-line DCPFC (IDCPFC) is first proposed
in [14], and several improved IDCPFC topologies are further
investigated in [15]–[18]. This type of DCPFC has a fewer
number of components and no interconnection with the AC
grid, but it cannot realize the power flow reversal control.
To address this issue, by increasing the amounts of DC capac-
itors and introducing coupled inductors, some novel types
of IDCPFCs that can assist power flow reversal control are
investigated in [7], [19]–[21]. In addition, by combining the
modular multilevel converter (MMC) device, a MMC-based
IDCPFC is proposed in [22]. However, it should be noted that
the above mentioned DCPFCs are all two-port devices. As
depicted in Figure 1, they can only control the power flow on
single line (I14 or I24), where the VSC 4 is set as DC voltage
station, which is operating in the constant DC voltage control-
mode; the VSC1, VSC2, VSC3 and VSC5 are set as power
stations, which are operating in the constant power control-
mode. If multiple power flow regulation of transmission lines
are required to be coordinated, the multiport DCPFC (M-
DCPFC) topology should be developed, and this is focus of
this paper.

FIGURE 2. Topologies of the traditional M-DCPFC: (a) traditional
M-DCPFC topology proposed in [23]; (b) previous inter-line M-DCPFC
topology proposed in [25].

Currently, several studies on the M-DCPFC have been
carried out, but they are still in their infancies. Inspired
by the MMC-based IDCPFC proposed in [22], as shown
in Figure 2(a), a MMC-based M-DCPFC topology is devel-
oped in [23]. Its main idea is to connect an equivalent DC
voltage source in series with each transmission line sepa-
rately through the different ports T1P1, T2P2 and T3P3. It
has high adjustment flexibility, and the bidirectional control
of the power flow can be realized. However, its multiport
interface needs to be implemented by interconnecting the
multi-winding transformer and MMCs, which results in high
system cost, complicated system structure and inconvenient
port-expansion. In addition, it cannot directly track the line
current commands for power flow control, which adversely
affects the control accuracy of the device. In [24], an inter-line
M-DCPFC topology based on the insulated gate bipolar tran-
sistor (IGBT) half-bridge module is proposed, and its simpli-
fied topology is developed in [25], as shown in Figure 2(b).
T and P are the terminals of the inter-line M-DCPFC, which
are used for connecting the transmission lines. The common
terminal T shared with the separate terminal P to constitute
the different ports TP1, TP2 and TP3. The structure is signif-
icantly simplified compared to the MMC-based M-DCPFC
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topology presented in [23]. Besides, it can directly track the
line current commands for power flow regulation with the
higher control accuracy.

However, this simplified topology still contains some
drawbacks. Its capacitor voltage Uc will be affected by the
state of the line currents flowing through the capacitor, which
cannot be controlled separately. This coupling issue between
the line current and the capacitor voltage will cause the Uc
to be varied when the power flow regulation command is
changed, which may adversely affect the safe operation of
the device. What is more, when the controlled line current Ip1
is reduced to zero, it cannot continue charging the capacitor,
which causes Ip1 always staying in one polarity, thereby
failing to realize the power flow reversal.

Based on the previous work in [25], by introducing a partial
power rated auxiliary DC/DC converter unit, an improved
M-DCPFC is proposed in this paper. It solves the coupling
issue between the line current and the capacitor voltage of the
previous inter-line M-DCPFC, which makes the M-DCPFC
have higher adjustment flexibility and can realize the power
flow reverse control. In addition, a generic control strategy
is developed for the M-DCPFC with the random number of
the ports. Moreover, from the perspective of the transmission
system, the proposedM-DCPFC is modeled as the equivalent
series voltage source. Its power flow adjustment capability
and its impact on the local VSC stations are investigated
in detail in this paper. The remainder of this paper is orga-
nized as follows: the topology and operation principle of the
proposed M-DCPFC are analyzed in Section II. Section III
describes the control algorithm. The capacity design and
power flow control characteristics of the M-DCPFC are dis-
cussed in Section IV. The simulation and experimental results
are presented in Sections V and VI respectively. Finally,
conclusions are drawn in Section VII.

II. TOPOLOGY AND OPERATION PRINCIPLE OF THE
PROPOSED M-DCPFC
A. TOPOLOGY
The structure of the proposed M-DCPFC is shown in Fig-
ure 3. For an n-port M-DCPFC, it consists of n + 1 IGBT
half-bridges (HBs) and an auxiliary DC/DC converter unit
composed by m identical DC/DC modules. With no inter-
connection with the AC grid and following the design con-
cept presented in [26], as shown in Figure 3(b), the DC/DC
converter unit adopts the input series output parallel (ISOP)
configuration which can take power from the DC bus of the
transmission system directly.

Where, Sa/Sb and Da/Db are the upper/lower switch and
anti-parallel diode of HB0 respectively. Tia/Tib (i = 1, 2 . . .

n) and Dia/Dib are the upper/lower switch and anti-parallel
diode of HBi respectively. Terminals T , Pi and S are defined
as the output terminal, input terminal and auxiliary terminal
respectively. The common terminal T shared with the sepa-
rate terminal Pi to constitute n different output ports TPi of
the M-DCPFC. IPi are the different controlled line currents

FIGURE 3. Topology of the proposed M-DCPFC: (a) topology of the
M-DCPFC; (b) topology of the ISOP DC/DC converter unit.

flowing into the device; IT is the total current flowing out
of the controller. In addition, it should be noted that the DC
capacitorC depicted in Figure 3(a) is the equivalent capacitor
of the output side of the ISOP DC/DC converter unit. For the
convenience of illustration and subsequent analysis, we vir-
tualized it at the location shown.

B. CONNECTION TO THE MTDC
The following work actually can be applied to any VSC-
MTDC transmission system. For this study, a typical five-
terminal VSC-MTDC transmission system [25] is adopted as
an example to carry out the related analysis.

As depicted in Figure 4, a three-port proposed M-DCPFC
is deployed. Its terminals T and S are connected to the bus
convergence point of the different power stations, that is,
the DC bus side of VSC4. In addition, its terminals P1,P2
and P3 are connected to the different controlled transmission
lines line.14, line.24 and line.34, respectively. Different with
the DCPFC shown in Figure 2, the M-DCPFC can regulate
the line currents I14 and I24 at the same time through the
expansion of the port TP3, so the overall power flow control
of this five-terminal transmission system can be achieved.
In addition, it should be noted that the power consumed on ter-
minal S for the inner voltage VTP regulation is drown directly
from the transmission system. However, the required value
of VTP is much smaller than the rated DC bus voltage VT.
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FIGURE 4. Diagram of the five-terminal VSC-MTDC transmission system
accessed with three-port proposed M-DCPFC.

Thus, the impact of this power consumption is negligible to
the overall transmission system. This point is further analyzed
in detail in Section IV.

C. OPERATION PRINCIPLE
For facilitating the subsequent analysis, the positive direction
of the line currents IPi and IT is defined as the current flowing
into the terminals Pi and T . In addition, assuming that the
output voltage of the ISOP DC/DC converter unit is stable at
VTP, the voltage of the capacitor C corresponds equal to VTP.

1) LINE CURRENT DIRECTIONS ARE POSITIVE
Figure 5 shows two typical switching modes of the proposed
M-DCPFC when the directions of the controlled line currents
are positive.

As depicted in Figure 5(a), when the upper switch Sa of
HB0 is turned-on and the lower switches Tib (i = 1, 2, 3) of
HB1 ∼ HB3 are also turned-on, it can be easily observed
that the output voltage of each port of the M-DCPFC is
VTP1 = Uc; VTP2 = Uc; VTP3 = Uc, respectively. On the
other hand, when the upper switch of HB0 is kept turned-on,
the lower switches Tib of HB1 ∼ HB3 are turned-off, it can
be seen that the output voltage of each port of the M-DCPFC
is changed to VTP1 = 0; VTP2 = 0; VTP3 = 0, respectively,
where the specific conduction diagram under this switching
mode is shown as Figure 5(b).

Further promotion can be found that when the directions of
the controlled line currents are positive, by keeping the upper
switch Sa of HB0 is turned-on and controlling the on/off state
of the lower switches Tib of HB1 ∼ HB3, the adjustable DC
voltage VTP1 = D1Uc; VTP2 = D2Uc; VTP3 = D3Uc can be
obtained at each output port of the M-DCPFC, respectively.
Where, D1 ∼ D3 are the duty ratios of the lower switches Tib
of HB1 ∼ HB3, respectively. By adjusting the duty ratios
D1 ∼ D3, the VTP1 ∼ VTP3 can be regulated independently

FIGURE 5. Typical switching modes of the proposed M-DCPFC when the
controlled line current directions are positive: (a) switching mode when
Tib are turned-on; (b) switching mode when Tia are turned-off.

and then the power flow control on each transmission line can
be realized with these series voltage sources.

2) LINE CURRENT DIRECTIONS ARE NEGATIVE
Figure 6 shows two typical switching modes of the proposed
M-DCPFC when the directions of the controlled line currents
are negative.

As shown in Figure 6(a), when the lower switch Sb of
HB0 is turned-on and the upper switches Tia of HB1 ∼HB3
are also turned-on, it can be seen that the output voltage
of each port of the M-DCPFC is VTP1 =-Uc; VTP2 =-
Uc; VTP3 =-Uc, respectively. On the other hand, when
the lower switch Sb of HB0 is kept turned-on, the upper
switches Tia of HB1 ∼HB3 are turned-off, it can be found
that the output voltage of each port of the M-DCPFC
is changed to VTP1 = 0; VTP2 = 0; VTP3 = 0,
respectively, where the specific conduction diagram under
this switching mode is shown as Figure 6(b).

Similarly, further promotion can be found that when the
directions of the controlled line currents are negative, if the
upper and lower switches of each half-bridge are in a com-
plementary conduction state, by keeping the lower switch
Sb of HB0 is turned-on and controlling the on/off state of
the upper switches Tia of HB1 ∼HB3, the adjustable DC
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FIGURE 6. Typical switching modes of the proposed M-DCPFC when the
controlled line current directions are negative: (a) switching mode when
Tia are turned-on; (b) switching mode when Tia are turned-off.

voltage VTP1 =-(1-D1)Uc; VTP2 =-(1-D3)Uc; VTP3 =-(1-
D3)Uc can be obtained at each output port of the M-DCPFC,
respectively.

3) LINE CURRENT DIRECTIONS ARE DIFFERENT
When the current directions of the controlled lines are differ-
ent, take the current Ip1 is negative and the currents Ip2,Ip3
are positive as an example. Under this condition, the current
IT flowing out of the controller may be positive or negative.
Assuming that current IT is still negative, the two typical
switching modes of the proposed M-DCPFC under this con-
dition can be shown as Figure 7.

Comparing Figure 7 with Figure 5, it can be found that
when the direction of the line current Ip1 is changed, the
adjustable DC voltage VTP1 = D1Uc; VTP2 = D2Uc; VTP3 =
D3Uc can also be obtained at each output port of the M-
DCPFC, respectively. Similarly, the power flow control of
the transmission system can be realized by adjusting the duty
ratios D1 ∼ D3.

Besides, when the current IT is positive or other con-
trolled line currents are reversed, some other switchingmodes
of the M-DCPFC will be developed accordingly. However,
the working principles are basically similar to those above,
thereby not described in detail.

FIGURE 7. Typical switching modes of the proposed M-DCPFC when the
controlled line current directions are different: (a) switching mode when
Tib are turned-on; (b) switching mode when Tib are turned-off.

III. DESIGN OF THE CONTROL STRASTEGY
In the previous analysis, a three-port M-DCPFC was taken
as the example, and its basic working principle is analyzed
in detail. In this section, the control method is developed to
be applicable to the M-DCPFC with random number of the
ports.

A. OVERALL CONTROL FRAME
The control strategy of theM-DCPFC can be divided into two
parts:

1) One is the control of ISOP DC/DC converter unit,
which completes the auxiliary control of the capacitor
voltage Uc, and the conventional three-loop control
strategy [26], [27] is adopted in this study;

2) The other one is the control of the parallel half-bridge
unit, which completes the specific regulations of the
transmission line currents. It is discussed in the part B
of this section.

B. CONTROL OF THE PARALLEL HALF-BRIDGE UNIT
Combined with the previous analysis in part C of Section II,
the control method of the parallel half-bridge unit can be
developed as follows:

VOLUME 8, 2020 7577



W. Wu et al.: Improved Multiport DC Power Flow Controller for VSC-MTDC Grids

1) When the current IT is negative, regardless of the direc-
tions of the controlled line currents IPi, by keeping
the upper switch Sa of HB0 turned on and control-
ling the duty ratio Di of the lower switches Tib of
HBi, it can be ensured that the equivalent adjustable
DC voltage sources VTPi = DiUc are connected in
series to the corresponding controlled transmission
lines;

2) When the current IT is positive, regardless of the direc-
tions of the controlled line currents IPi, by keeping
the lower switch Sb of HB0 turned on and identically
controlling the duty ratios of the lower switches Tib of
HBi, it can be ensured that the equivalent adjustable
DC voltage sources VTPi = −(1-Di)Uc are connected
in series to the corresponding controlled lines.

Considering that when the VSC stations of the transmis-
sion system are operating in the steady state, the total current
(Ip1+Ip2+. . .+Ipn) flowing through theM-DCPFC is stable.
Thus, for n controlled transmission lines, current control for
all of them can be achieved by tracking current regulation
commands on n-1 lines. The remaining transmission line can
be set as the slack line and the switches in its connected half-
bridge only need to operate at the fixed duty ratio. Taking
the transmission line which is connected to HB1 as the slack
branch as an example, the control block diagram of the paral-
lel half-bridge unit of the n-port M-DCPFC can be shown as
Figure 8.

C. DSEIGN OF THE SLACK LINE
According to Figure 4, the equivalent circuit of the transmis-
sion system with the proposed M-DCPFC can be obtained as
Figure 9. Ij and Ej (j= 1, 2, . . ., 5) are the DC side current and
voltage of each corresponding VSC station respectively; Rij
(i, j= 1, 2, . . ., 5; i< j) is the resistance of each corresponding
transmission line.

Assuming the power flow regulation command of the con-
trolled lines is [I14∗,I24∗, I34∗], the drop voltage across the
line resistances of each parallel branch can be calculated as:

Vdrop1 = I∗14R14 +
(
I∗14 − I1

)
R12

Vdrop2 = I∗24R24
Vdrop3 = I∗34R34 +

(
I∗34 − I3

)
R23

(1)

where, it can be approximated that I1 = P1/E4; I2 = P2/E4
and I3 = P3/E4. Solving equation (1), assume that:

Vdrop1 ≥ Vdrop2 ≥ Vdrop3 (2)

In addition, the equation (3) can be obtained according to
the KVL:

Vdrop1 − VTP1 = Vdrop2 − VTP2 = Vdrop3 − VTP3 (3)

It is easy to know that the required compensation voltage
for line.14 is (Vdrop1-Vdrop3) = (VTP1-VTP3) and for line.24 is
(Vdrop2-Vdrop3) = (VTP2-VTP3). In order to minimize the
output voltage of each port of the M-DCPFC, line.34 can
be selected as the slack line and VTP3 is set to 0. Therefore,

FIGURE 8. Block diagram of the control strategy.

FIGURE 9. Equivalent circuit of the transmission system accessed with
the proposed M-DCPFC.

the line in the parallel branch which the drop voltage is
minimized can be selected as the slack line, and in order to
ensure the output voltage of the port in slack line is 0, the duty
cycle D of slack line should be set to 0 when the current IT is
negative and set to 1 when the current IT is positive.

IV. CAPACITY DESIGN AND POWER FLOW CONTROL
CHARACTERISTICS OF THE M-DCPFC
A. POWER FLOW CONTROL CHARACTERISTICS
According to Figure 9, the related systemmatrix equation can
be obtained:
R14 0 0 0 0 0
0 R24 0 0 0 0
0 0 R34 0 0 0
0 0 0 R45 0 0
0 0 0 0 R12 0
0 0 0 0 0 R23


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FIGURE 10. 3-D curves of the transmission line current I14.

TABLE 1. VSC station parameters of the transmission system.

∗Iij =


E1 − E4
E2 − E4
E3 − E4
E5 − E4
E1 − E2
E2 − E3

+

VTP1
VTP1
VTP1
0
0
0

 (4)

Iij is the relevant matrix of transmission line currents,
where Iij = [I14 I24 I34 I45 I12 I23]. In addition, since the
VSC1∼VSC3 are operating as constant power output nodes,
the following equation can be obtained:

E1 0 0 0 E1 0
0 E2 0 0 −E2 E2
0 0 E3 0 0 −E3
0 0 0 E5 0 0

 ∗ Iij=

P1
P2
P3
P5

 (5)

Specifically, the main parameters of each VSC station and
transmission line are shown in Tables 1 and 2, respectively.

Assuming that the capacitor voltage Uc is stable at 4kV,
then combining equations (4), (5) and the specific param-
eters of the transmission system shown in Tables 1 and 2,
the following results can be calculated by adopting the control
variates method:

1) When D2 respectively takes the value 0; 0.25; 0.5 and
1, the 3-D curves of the controlled line currents
I14 and I34 varied with D1 and D3 are shown in
Figures 10 and 11, respectively;

TABLE 2. Line parameters of the transmission system.

FIGURE 11. 3-D curves of the transmission line current I34.

2) When D2 respectively takes the value 0 and 1, the
3-D curves of the DC side voltage of each transmitting
converter station varied with D1 and D3 are shown
in Figure 12;

3) When D2 respectively takes the value 0; 0.25; 0.5 and
1, the 3-D curves of the power of receiving converter
station varied with D1 and D3 are shown in Figure 13.

Based on the above calculated results, when theM-DCPFC
proposed in the paper participates in the system power flow
control, the following related conclusions can be obtained:

1) Power flow adjustment capability: combining Fig-
ures 10 and 11, standardizing the line currents I14
and I34 with their rated values, as shown in equations
(6) and (7), it can be found that the controlled line
currents I14 and I34 can be adjusted within the wide
range of [−1.89pu, 3.93pu] and [−2.64pu, 4.67pu],
respectively;

ε(I14_max) =
I14(max)
I14(rated)

=
I14(b)
I14(a)

= 3.93pu

ε(I14_min) =
I14(min)
I14(rated)

=
I14(c)
I14(a)

= −1.89pu
(6)


ε(I34_max) =

I34(max)
I34(rated)

=
I34(b)
I34(a)

= 4.67pu

ε(I34_min) =
I34(min)
I34(rated)

=
I34(c)
I34(a)

= −2.64pu
(7)
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FIGURE 12. 3-D curves of the DC voltages of transmitting converter
stations VSC1 to VCS3.

2) Influence on the transmitting converter station: since
the transmitting converter station operates in the con-
stant power control-mode, the variation of its DC side
voltage is mainly investigated. As shown in Figure 12,
affected by the voltage drop across the line resistance
and the M-DCPFC, the DC side voltage of each trans-
mitting converter station will be slightly lower than the
rated DC bus voltage. However, in the process of regu-
lating power flow by the proposedM-DCPFC, the fluc-
tuations of the DC side voltage of each transmitting
converter station are not obvious compared to the rated
DC bus voltage. Among them, as shown in equation
(8), the maximum fluctuations of the E1, E2 and E3
are about 3.29%, 3.26% and 3.28%, respectively, all
within 4%;

ε(E1) =
Erated − E1(min)

Erated
=
E4 − E1(a)

E4
= 3.29%

ε(E2) =
Erated − E2(min)

Erated
=
E4 − E1(b)

E4
= 3.26%

ε(E3) =
Erated − E2(min)

Erated
=
E4 − E1(c)

E4
= 3.28%

(8)

FIGURE 13. 3-D curves of the power of receiving converter station VSC4.

3) Influence on the receiving converter station: since
the receiving converter station operates in the constant
DC voltage control-mode, its power variation is mainly
investigated. As shown in Figure 13, due to the energy
consumption on M-DCPFC for power flow control,
it will cause partial power loss of the transmission sys-
tem. But the maximum acquired power from the trans-
mission system for theM-DCPFC is about 5.8MW, and
this value can also be considered as the rated power
design requirement of the M-DCPFC, which is about
3.7% of the transmission system rated capacity.

In concluded, we can found that the proposed M-DCPFC
can achieve the power flow control in bidirectional and wide
range, and it has relatively low power design requirement
compared to the transmission system rated capacity. In addi-
tion, it has little influence on the local VSC stations, which
basically does not affect the normal operation of the entire
transmission system.

B. CAPACITY DESIGN
It is easy to know that the maximum required output voltage
of the ports of the M-DCPFC is the maximum required volt-
age of the capacitor C . Therefore, the rated capacitor voltage
Uc can be designed according to the maximum required
output voltage of the ports of the M-DCPFC.

Assume that the regulation requirements of I14, I24, and
I34 are [I14min, I14max], [I24min, I24max] and [I34min, I34max],
respectively. As shown in Figure 9, (I14 + I24 + I34) can
be approximately considered to be stable when the VSCs
are under steady state operation. Therefore, when the two
currents of I14, I24, and I34 are all reduced to the minimum,
the other one is necessarily increased to the maximum. This
is also the most extreme current regulation condition. At this
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time, the required output voltage of the M-DCPFCwill be the
maximum.

Similar to the calculation method in part C of Section III,
when the power flow control command is [I14max,I24min,
I34min], the drop voltage across the line resistances of each
parallel branch can be calculated as:

Vdrop1|I14=I14max = I14maxR14 + (I14max − I1)R12
Vdrop2|I14=I14max = I24minR24
Vdrop3|I14=I14max = I34minR34 + (I34min − I3)R23

(9)

The maximum required output voltage of the ports of the
M-DCPFC under this condition can be obtained as:

VTPmax1 = Vdrop(max 1) − Vdrop(min 1) (10)

where:
Vdrop(max1) = Max(Vdrop1|I14=I14max ,

Vdrop2|I14=I14max ,Vdrop3|I14=I14max)
Vdrop(min1) = Min(Vdrop1|I14=I14max ,

Vdrop2|I14=I14max ,Vdrop3|I14=I14max)

(11)

Similarly, when the power flow control commands are
[I14min, I24max, I34min] and [I14min, I24min, I34max], the max-
imum required output voltages of the ports of the M-DCPFC
can be calculated as VTPmanx2 and VTPmax3 respectively. Take
the maximum of VTPmanx1, VTPmanx2 and VTPmax3:

VTPmax = Max (VTPmax1,VTPmax2,VTPmax3) (12)

This voltage VTPmax is the maximum required voltage of
the ports of the M-DCPFC, that is, the rated voltage of the
capacitor. The rated capacitor voltage and the maximum cur-
rent flowing through the ISOP DC/DC can be used to design
the capacity PM−DCPFC of M-DCPFC, where PM−DCPFC =
VTPmaxIT. The design method of the M-DCPFC with other
number of the ports can be developed in the same way.

V. SIMULATION STUDIES
In order to verify the proposed M-DCPFC, the five-terminal
VSC-MTDC transmission system as shown in Figure 4 and a
more complex transmission system as shown in Figure 14(b)
are developed in the MATLAB/Simulink. The parameters of
each converter station are shown in Table 1; the parameters
of the transmission line are shown in Table 2.

A. VERIFICATION OF THE THREE-PORT M-DCPFC
1) CASE1: BALANCE THE LINE CURRENTS
After the system starts normally, the capacitor voltage Uc is
set to 4kV and the M-DCPFC is inserted to the system with
bypass-state, that is, the output voltage of each port is zero.
At t = 1s, balance the line currents of line.14, line.24 and
line.34.

The performance of the M-DCPFC in this case is shown
in Figure 15(a)-(c). It can be observed that the transmission
line currents are running stable after the system is started
up, as shown in Figure 15(a), and the corresponding current

FIGURE 14. Five-terminal VSC-MTDC transmission systems: (a) with
three-port M-DCPFC; (b) with four-port M-DCPFC.

FIGURE 15. Simulation results of steady state regulation: (a) line
currents; (b) capacitor voltage and output current of the M-DCPFC;
(c) average port output voltage of the M-DCPFC.

values are I12 = 0.06kA; I14 = 0.35kA; I23 = −0.07kA;
I24 = 0.62kA; I34 = 0.23kA and I45 = 0.40kA, respectively.
When the power flow control command is adjusted at t = 1s,
the controlled line currents I14 and I34 all quickly respond
to the command value 0.4kA, as shown in Figure 15(a); and
the average output voltage of each port of the M-MCPFC is
changed accordingly, as shown in Figure 15(c). In addition,
as shown in Figure 15(b), besides a slight transient impact
at the power flow adjustment moment, the capacitor voltage
and output current of M-DCPFC can always maintain stable
operation.

2) CASE2: REVERSE THE LINE CURRENTS
The initial operating conditions of the system are consistent
with the case 1. At t = 1s, reverse the line currents of
line.14 and line.34 are reversed simultaneously, i.e., control
I14 = −0.35kA and I34 = −0.23kA.
The performance of the M-DCPFC in this case is shown

in Figure 16(a)-(c). It can be seen that when the power flow
control command is adjusted at t = 1s, the average output
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FIGURE 16. Simulation results of power flow reversal: (a) line currents;
(b) capacitor voltage and output current of the M-DCPFC; (c) average port
output voltage of the M-DCPFC.

voltage of each port of the M-DCPFC is correspondingly
changed to different value, as shown in Figure 16(c), and
the controlled line currents I14 and I34 are also all quickly
responding to the command values -0.35kA and -0.23kA,
respectively, as shown in Figure 16(a). Similarly, as shown
in Figure 16(b), besides a transient impact at the power flow
adjustment moment, the capacitor voltage and output current
of M-DCPFC also always maintain stable operation.

3) CASE3: KEEP LINE CURRENTS STABLE WHEN
VSC1 OUTPUT POWER IS STEPPED UP
The initial operating conditions of the system are consistent
with the case 1. At t = 1s, the output power of VSC1 is
stepped from 40MW to 60MW, but keep the line currents of
line.14 and line.34 all stable.

The simulation results in this case are shown in Figure
17(a)-(c). It can be seen that when the output power of VSC1
station is stepped up at t = 1s, the total current of the
transmission line, i.e., the output current of the M-DCPFC
is correspondingly increased, as shown in Figure 17(b).
However, with the control of M-DCPFC, the controlled line
currents I14 and I34 can all operate stable with their origi-
nal value, as shown in Figure 17(a). In addition, as shown
in Figure 17(b), the capacitor voltage of M-DCPFC always
maintains stable operation before and after the VSC1 output
power step up.

4) CASE4: KEEP LINE CURRENTS STABLE WHEN
VSC1 OUTPUT POWER IS LOST
The initial operating conditions of the system are consistent
with the case 1. At t = 1s, the output power of VSC1 is lost,
but control the line currents of line.14 and line.34 all remain
constant.

FIGURE 17. Simulation results when the output power of VSC1 is stepped
up: (a) line currents; (b) capacitor voltage and output current of the
M-DCPFC; (c) average port output voltage of the M-DCPFC.

FIGURE 18. Simulation results when the output power of VSC1 is lost:
(a) line currents; (b) capacitor voltage and output current of the M-DCPFC;
(c) average port output voltage of the M-DCPFC.

The simulation results in this case are shown in
Figure 18(a)-(c). Similarly, the controlled line current I14 and
I34 can all operate stable with the original value with the
control of M-DCPFC, as shown in Figure 18(a). The output
current of the M-DCPFC is correspondingly decreased, and
the capacitor voltage of the M-DCPFC always keeps stable
operation, as shown in Figure 18(b).

B. VERIFICATION OF THE FOUR-PORT M-DCPFC
After the system starts normally, the capacitor voltage Uc
is set to 4kV and the M-DCPFC is inserted to the system
with bypass-state. At t = 1s, the following three different
conditions are verified respectively.

1) Case1: I14 is reduced to 0.05kA; I24 and I45 are
increased to 0.7kA and 0.5kA, respectively;
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FIGURE 19. Simulation results of the four-port M-DCPFC: (a) line currents
under case 1; (b) line currents under case 2; (c) line currents under case 3.

2) Case2: I14 and I45 are reduced to 0.2kA and 0.3kA,
respectively; I24 is increased to 0.7kA;

3) Case3: I14, I45 and I24 are reduced to 0.2kA, 0.3kA and
0.4kA, respectively.

The main simulation results are shown in Figure 19(a)-(c).
It can be observed that the line currents are running stable
after the system is started up, and the corresponding current
values are I12 = 0.07kA; I14 = 0.33kA; I23 = −0.06kA;
I24 = 0.62kA; I34 = 0.21kA; I35 = 0.03kA and I45 =
0.43kA, respectively.When the power flow control command
is changed at t = 1.0s, the controlled lines can all quickly
track the corresponding power flow control commands, and
then maintain stable operation.

VI. EXPERIMENTS
To further validate the proposed M-DCPFC topology and
control strategy, as shown in Figure 20, a down-scale five-
terminal VSC-MTDC transmission system is built in the lab-
oratory, and its topologies is consistent with the simulation,
as shown in Figure 14.

Each power module in the Units 1 to 3 has half-bridge
and full-bridge two different topology mode to be selected.
Specifically, Unit1 and Uuit3 adopt the full-bridge topol-
ogy mode to form the ISOP DC/DC converter unit of the
M-DCPFC, and Unit2 adopt the half-bridge topology mode
to compose the parallel half-bridge unit of the M-DCPFC.
VSC1∼VSC5 adopt the ITECH programmable digital power
IT series (each ITECH power source has two independent
output channels), and its specific working mode is shown
in Table 3. The experimental line parameters are shown
in Table 4.

A. VERIFICATION OF THE THREE-PORT M-DCPFC
1) SYSTEM TEST
The performance of the platform with three-port M-DCPFC
under normal operation state is shown in Figure 21. It can

FIGURE 20. Photograph of the experiment platform: (a) prototype of the
M-DCPFC; (b) VSC4; (c) VSCs1-3 and 5; (d) line impedance module.

TABLE 3. Experiment VSC station parameters.

TABLE 4. Experiment line parameters.

be seen that the system is running stable when it is started up.
In addition, the measured values of each line current are about
I14 = 3.5A; I24 = 6.4A; I34 = 2.4A; I45 = 4A; I12 = 0.6A
and I23 = −0.7A, respectively.

2) EXPERIMENTAL RESULTS
In order to facilitate the comparison and verification of the
simulation results, the same cases as the simulation are tested
in the experiment, respectively.
Case 1: after the system starts normally, the capacitor volt-

age is set to 15V and the M-DCPFC is inserted to the system
with bypass-state; at t1, control the line currents of line.14,
line.24 and line.34 are averaged. The experimental results in
this case are shown in Figure 22 (a)-(b). It can be observed
that when the power flow control command is adjusted at t1,
the controlled line currents I14 and I34 all quickly respond
to the command value 4A, as shown in Figure 22(a); and
as shown in Figure 22(b), besides a slight transient impact
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FIGURE 21. Experimental results of three-port M-DCPFC under normal
operation state: (a) line currents I14, I24, I34; (b) line currents I45, I12, I23.

FIGURE 22. Experimental results of the three-port M-DCPFC: (a) line
currents under case1; (b) Capacitor voltage and output current of the
M-DCPFC under case 1; (c) line currents under case2; (d) Capacitor
voltage and output current of the M-DCPFC under case 2; (e) line currents
under case3; (f) Capacitor voltage and output current of the M-DCPFC
under case 3; (g) line currents under case4; (h) Capacitor voltage and
output current of the M-DCPFC under case 4.

at the power flow adjustment moment, the capacitor voltage
and output current of M-DCPFC can always maintain stable
operation.
Case 2: after the system starts up normally, the capacitor

voltage is set to 36V and the M-DCPFC is inserted to the
system with bypass-state; at t2, control the line currents I14

FIGURE 23. Experimental results of the four-port M-DCPFC under normal
operation state: (a) line currents I14, I24, I34, I45; (b) line currents I45,
I12, I23.

and I34 are reversed simultaneously. The experimental results
in this case are shown in Figure 22 (c)-(d). It can be seen
that when the power flow control command is adjusted at
t2, I14 and I34 can also quickly respond to the command
value -3.5A and -2.4A, respectively, as shown in Figure 22(c).
Similarly, besides a transient impact at the power flow adjust-
ment moment, the capacitor voltage and output current of
M-DCPFC can always maintain stable operation, as shown
in Figure 22(d).
Cases 3 and 4: The initial operating conditions of the sys-

tem are consistent with the case 1. InCase 3, the VSC1 output
current I1 step from 4A to 6A at t3; inCase 4, theVSC1 output
current I1 is down from 4A to 0 at t4. However, we all control
the line currents I14 and I34 remain constant at t3 and t4. The
related experimental results are shown in Figure 22 (e)-(h).
It can be observed that the line currents of the system will be
slightly disturbed when the output power of VSC1 is abrupt,
but the controlled line currents I14 and I34 can all quickly
stable in their original 3.5A and 2.3A, respectively.

B. VERIFICATION OF THE FOUR-PORT M-DCPFC
1) SYSTEM TEST
The performance of the platform with four-port M-DCPFC
under normal operation state is shown in Figure 23. It can
be seen that the system is running stable when it is started
up. In addition, the measured values of each line current are
about I14 = 3.4A; I24 = 6.3A; I34 = 2.4A; I45 = 4.3A;
I12 = 0.6A; I23 = −0.6A and I35 = 0.3A, respectively.

2) EXPERIMENTAL RESULTS
In order to facilitate the comparison and verification of the
simulation results, the same cases as the simulation are tested
in the experiment, respectively.

1) Case1: I14 is reduced to 0.5A; I24 and I45 are increased
to 7A and 5A, respectively;

2) Case2: I14 and I45 are reduced to 2A and 3A, respec-
tively; I24 is increased to 7A;

3) Case3: I14, I45 and I24 are reduced to 2A, 3A and 4A,
respectively.

The main experimental results are shown in
Figure 24(a)-(c). It can be observed that when the power
flow control command is changed, the controlled lines can
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FIGURE 24. Experimental results of the four-port M-DCPFC: (a) line
currents under case1; (b) line currents under case2; (c) line currents
under case3.

all quickly track the corresponding power flow control com-
mands, and then maintain stable operation.

Concluding the above simulation and experimental results,
it can be found that the simulation and experimental results
are basically consistent, which shows that the proposed
M-DCPFC can achieve effective power flow control under
different power flow adjustment requirements.

VII. CONCLUSION
The DC power flow control issue in VSC-MTDC transmis-
sion system is investigated in this paper. The main works and
contributions can be summarized as:

1) An improved M-DCPFC is proposed, which has the
following three main features: i) it solves the coupling
issue between the transmission line current and the
capacitor voltage of the previous M-DCPFC, which
makes the M-DCPFC have higher adjustment flexibil-
ity and can help to realize the power flow reversal; ii)
its port-expansion can be achieved by only adding the
low voltage low cost half-bridge modules; iii) it can
directly track the line current commands for power flow
regulation with the high control accuracy.

2) A generic control strategy for the M-DCPFC with
random number of the ports is designed. In addition,
by establishing the equivalent circuit of the transmis-
sion system and combining with the actual example,
the system operation characteristics are analyzed in
detail. It reveals that the proposed M-DCPFC can
achieve bidirectional and wide range power flow con-
trol with low rated power design requirement and has
little impact on the operation of the local VSC stations.

3) Two 5-terminal VSC-MTDC transmission systems are
developed in the MATLAB/Simulink and the experi-
ment platform, respectively. The different conditions
are verified, and the results show the effectiveness of
the M-DCPFC.

Considering that ISOP DC/DC has some implementation
difficulties in the high-voltage applications, so theM-DCPFC
proposed in this paper is more suitable for medium voltage
DC system. Developing the M-DCPFC suitable for high-
voltage large-capacity DC system and fully exploiting the
control potential of M-DCPFC, achieving introduces active
damping assistance into the transmission line to help fault
isolation are the next research directions.
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