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Analysis and Control of Modular Multi-terminal
DC Power Flow Controller with Fault
Current Limiting Function

Qianming Xu, Xinyu Huang, Xu Chu, Mingshen Li, Zhikang Shuai, Chunming Tu,
and Josep M. Guerrero

Abstract—In order to overcome the problems of power flow
control and fault current limiting in multi-terminal high voltage
direct current (MTDC) grids, this paper proposes a modular
multi-terminal DC power flow controller (MM-DCPFC) with
fault current limiting function. The topology structure, opera-
tion principle, and equivalent circuit of MM-DCPFC are intro-
duced, and such a structure has the advantages of modularity
and scalability. The power balance mechanism is studied and a
hierarchical power balance control strategy is proposed. The re-
sults show that MM-DCPFC can achieve internal power ex-
change, which avoids the use of external power supply. The
fault characteristics of MM-DCPFC are analyzed, fault current
limiting and self-protection methods are proposed, and the fac-
tors affecting the current limiting capability are studied. The
simulation models are established in PLECS, and the simula-
tion results verify the effectiveness of MM-DCPFC in power
flow control, fault current limiting, and scalability. In addition,
a prototype is developed to validate the function and control
method of MM-DCPFC.

Index Terms—Fault current limiting, multi-terminal high volt-
age direct current (MTDC) grid, power balance, DC power
flow controller.

1. INTRODUCTION

T is beneficial for solving the problem of energy shortage

by developing renewable energy vigorously [1], [2].
Multi-terminal high voltage direct current (MTDC) grid,
which is highly reliable and stable relative to conventional
AC grid, is one of the most effective technologies to solve
the issues of grid integration, transmission, and absorption of
renewable energy [3], [4]. However, there are still problems
in MTDC system such as power flow regulation and fault
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current limitation, which need to be further studied.

In complex MTDC grids such as the meshed DC grid, in-
sufficient degrees of freedom of power flow control will
lead to line overloading and increased load loss [5]. The uti-
lization of DC power flow controllers (DCPFCs) can address
this problem and improve the power flow control capacity of
MTDC grids [6], [7]. The principle of DCPFCs can be divid-
ed into two categories: changing the resistance or voltage of
the line [8], [9], where the variable voltage type DCPFC can
be divided into three categories: DC transformers, series ad-
justable voltage source, and interline DC power flow control-
ler (IDCPFC). IDCPFC, as a new configuration, can be used
to distribute power flow between two or more lines. Since
the power exchange is completed internally without external
power supply, IDCPFC has great advantages over the other
two DCPFCs.

A dual H-bridge IDCPFC is proposed in [10], which has
the advantages of simple structure, low cost, and easy con-
trol, but it will introduce large ripples to the line current.
The IDCPFC in [11] connects a capacitor in series on each
of the two lines, and realizes power exchange through an in-
ductor or a DC/DC converter, which improves the line cur-
rent ripple problem. The topology in [11] is further im-
proved in [12], which can be applied to the condition of cur-
rent reversal. The output voltage levels of IDCPFCs pro-
posed in [10]-[12] are limited because they are all single-
module structures. The multi-module IDCPFC proposed in
[13] and [14] is composed of three-phase converters and an
AC transformer, which is large in size and high in cost. The
cascaded form of dual H-bridge topology is proposed in
[15], in which high-voltage switches are added to realize the
isolation of the capacitor voltage. In [16], a ring type IDCP-
FC is proposed, which has better redundancy and flexibility.

Another major challenge hindering the development of
MTDC grids is fault protection [17]. As a series equipment,
the damage of IDCPFC under fault conditions will lead to
current flow interruption and even endanger the whole DC
system [18], [19]. However, IDCPFCs in [10]-[16] only fo-
cus on the steady-state operation principle, and cannot deal
with DC faults. Therefore, it is necessary to study the fault
operation characteristic and protection mechanism of DCP-
FC. In addition, due to the rapid rise of fault current and the
limited response time of DC circuit breakers (DCCBs), it is
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difficult to interrupt the fault current. Hence, fault current
limitation is one of the key points of DC fault research. The
basic principle of DCPFC is to change the line impedance or
voltage, which is similar to the principle of current limiter.
If this impedance or voltage characteristic can be used under
fault conditions, DCPFC can limit the fault current, which is
beneficial to reduce the interruption current of DCCBs, so as
to reduce the cost.

This paper proposes a modular multi-terminal DC power
flow controller (MM-DCPFC), which can realize the free
regulation of the current between multiple lines and perform
a current limiting function when a short-circuit fault occurs
in the DC system. The main contributions are as follows. (1)
The modular structure offers strong scalability. MM-DCPFC
can increase the power flow regulation range by expanding
the number of sub-modules (SMs) and realize the power
flow control between multiple lines by expanding the num-
ber of arms without installing multiple DCPFCs, which is
more economical. @ Since MM-DCPFC achieves its power
balance through a hierarchical control strategy, it does not
need external power supply, nor does it need transformers,
inductors, and other magnetic components to complete pow-
er exchange. Therefore, it is of small size, low cost, and
high efficiency. 3 The fault current limiting is realized by
the original topology without increasing the complexity of
DCPFC structure, which can reduce the interruption current
of the DCCB. After limiting the fault current, the bypass pro-
tection strategy is used to prevent capacitor overvoltage.

The rest of this paper is organized as follows. In Section
11, the operation principle is analyzed. In Section III, the hi-
erarchical power balance mechanism is studied, including
the overall power balance and internal power balance. Then,
the control strategy of power flow distribution and fault cur-
rent limiting is presented in Section IV. Subsequently, the
above analysis is verified by the simulation data and experi-
mental results in Section V. In Section VI, MM-DCFPC is
compared with several typical DCPFCs. Finally, conclusion
is made in Section VII to summarize the findings and results.

II. OPERATION PRINCIPLE

A. Topology of MM-DCPFC

The MM-DCPFC with m terminals is shown in Fig. 1(a), in-
cluding m arms (A1, A2, ..., Am) with the same structure. It can
be installed at one of the terminals (p,, p,, or p,) in the DC
grid to redistribute the terminal current /, among m— 1 branch-
es (I;,,4;,,....1,,,_,) to make them meet expectations. The to-
pology of the arm is shown in Fig. 1(b). Ignoring the small
arm resistance, each arm is composed of N cascaded SMs and
the arm inductance L. The SM contains a full-bridge module
and two thyristors as shown in Fig. 1(c). Since each full-
bridge can output U, —U, and 0 voltage levels, the peak val-
ue of the voltage output by N cascaded SMs is £NU.. Each
arm can be equivalent to a controllable voltage source, and its
output voltage u_(x=A1,A2,...,Am) can be controlled by ad-
justing the coefficient n:

u =nNU. —-1<n <1

()
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Fig. 1. Topology of MM-DCPFC. (a) Structure of m-terminal MM-DCP-
FC. (b) Structure of arm. (c) Structure of SM.

In order to meet the needs of power flow control under
normal conditions and current limitation under fault condi-
tions, MM-DCPCF has two operation modes: power flow
control mode and fault current limiting mode. The thyristors
in SMs will only be triggered in fault current limiting mode.

B. Power Flow Control Mode

In order to facilitate the analysis, a simple three-terminal
MM-DCPFC is taken as an example to illustrate its opera-
tion principle. In the three-terminal DC grid shown in Fig.
2(a), to regulate the current /,, and /,;, MM-DCPFC is in-
stalled at terminal 1, where U, U,, and U, are the terminal
voltages; I, 1,, and I, are the terminal currents; /,,, /,,, and
1,, are the line currents; and u,,, u,,, u,, and i,,, i,,, i, are
the arm voltages and arm currents of Al, A2, and A3, re-
spectively. The equivalent circuit of MM-DCPFC in power
flow control mode is shown in Fig. 2(b), where the line im-
pedance Z, =R +jL, (y= 12, 13, 23) is mainly determined
by the length of the lines.

(© ‘ (d)

Fig. 2. Three-terminal MM-DCPFC. (a) Three-terminal DC grid with MM-
DCPFC. (b) Equivalent model of MM-DCPFC in power flow control mode.
(c) DC loop equivalent circuit. (d) AC loop equivalent circuit.

In order to ensure the normal operation of MM-DCPFC in
power flow control mode, the following two functional re-
quirements need to be met: (I insert positive and negative
DC voltages into the two transmission lines to regulate the
power flow; @ complete power exchange internally to en-
sure its own power balance. Therefore, the output voltages
of Al and A3 contain both DC and AC components, where
the DC voltage component is used to realize the first func-
tion, and the AC voltage component is used to achieve the
power exchange between the two arms and realize the sec-
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ond function. In addition, the arm A2, which is not connect-
ed in series to any line, only outputs DC voltage and flows
through AC circulating current. The equivalent circuit model
can be obtained by decoupling AC and DC components in
MM-DCPFC, as shown in Fig. 2(c) and (d), where u,, and
i, are the DC voltages of Al and A3, respectively; i,, and
i, are the DC currents of Al and A3, respectively; i,, and
il,, are the AC voltages of Al and A3, respectively; and i,
and i, are the AC currents of Al and A3, respectively.

According to the Kirchhoft’s voltage law and Fig. 2(c),
we can obtain (2), which proves that the distribution of /; be-
tween the two branches can be changed by adjusting the DC
components of u,, and u,,.

_ Ul_Uz_ﬁAl
12 Rl2
Ul_U3_L_‘A3
[y=—F— 2
13 R]3 ( )
U,-U
23

According to the Kirchhoff’s current law and Fig. 2(c),
we can obtain (3). It can be observed from (3) that if the ter-
minal current /, is fixed, only one of /, and /,, is fully con-
trollable. Therefore, one degree of freedom is required to ad-
just the current of the two branches, and there is an extra de-
gree of freedom among the adjustable quantities u,, and iz,,
in (2) that can be used to meet the external power balance.

I, =1, +[13
I, =iy 3)
1 =er3

According to Fig. 2(d), we can obtain (4), where X =jwL..
It can be observed from (4) that the internal circulating AC
current i, can be controlled by adjusting the AC voltage
components of Al and A3.

Iar =l
iAZ = icir
“)
lA3 =_lcir
3Xiy, =il — iy

cir

C. Fault Current Limiting Mode

A single-pole grounding fault is assumed to occur on line
12 near terminal 2. The transient characteristics, current lim-
iting mechanism, and self-protection scheme of MM-DCPFC
are analyzed. As shown in Fig. 3(a), there are two paths to
inject short-circuit current to the fault point: /,, and /,-/,;,.
Since arms Al and A3 are respectively connected in series
in two branches, the fault current of /, is limited by Al,
while the fault current of the other path is suppressed by A3.
The action sequence of Al is as follows, and A3 is the same.

1) Fault current limiting stage: after MM-DCPFC receives
the fault command, all insulated gate bipolar transistors (IG-
BTs) will be blocked immediately to make each SM in an
uncontrolled rectification state. The capacitor at the DC side
is charged by the fault current through freewheeling diodes,
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and the reverse voltage is inserted in the /,, to limit the fault
current as shown in Fig. 3(b). Note that in Fig. 3, the dashed
red line indicates the current flow path.

(b)

Fig. 3. Fault current limiting mode. (a) Flow path of fault current. (b)
Fault current limiting stage. (c) Bypass protection stage.

2) Bypass protection stage: in order to ensure the safety
of the capacitor, once the capacitor voltage reaches the up-
per limit, the thyristors in parallel at the output end of the
SM will be forced to conduct for commutation, so as to real-
ize the self-protection function as shown in Fig. 3(c).

Since the current limiting function fails after the capacitor
is bypassed, it is the effective current limiting time of MM-
DCPFC from the fault detection to the bypass protection.
The transient model of this stage is established, as shown in
Fig. 4, where R, and L; are the total equivalent resistance
and inductance of the fault circuit, respectively.

U,

Fig. 4. Equivalent model of fault current limiting stage. (a) Equivalent
model without fault current limiting. (b) Equivalent model with fault current
limiting.

Figure 4(a) shows the equivalent circuit without current
limiting, which satisfies:
di,,
—=0 5
5 ®)
If the steady-state line current is /,, the fault current is cal-
culated as:

-U,+R;i,+L

(6)

The equivalent circuit with current limiting is shown in
Fig. 4(b).

di,

U, +u, +Ri), +Lf?:0 @)
C, d*u.

Uy =uc+L, N, dr (3
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where C, is the capacitance of the SM, and since the capaci-
tors of the N,, SMs are connected in series, the capacitance
becomes C,/N,,; and u, is the capacitor voltage.

If a short-circuit fault occurs at ¢, and the initial capacitor
voltage is U, u. at ¢, can be expressed as:

Ny
U, + %J'lol;z (Hdt u.<Uy,

Ue = ©)
Ul uc> Uy,
where U, is the upper limit of capacitor voltage.
The fault current i}, is calculated from (7):
U Rt Ryt
—u o Rt
iy=——"1-e “|+1e (10)
R;

It can be observed from (6) and (10) that MM-DCPFC
can reduce the line voltage from U, to U, —u,, by inserting
a reverse voltage, and the current limiting capacity can be
obtained by:

Rt

un; (A?) 1_67 L;

LT aa (an

where At is the time delay from fault occurrence to interrup-
tion; /; and I/ are the fault currents at A¢ in the DC system
without and with current-limiting capability, respectively;
and u,,(Af) is the arm voltage of Al at Az.

Due to the small arm inductance in (8), it can be consid-
ered that all the current limiting capabilities are provided by
the capacitor voltage. Moreover, compared with the fault cur-
rent component, the steady-state component /, is very small
and can be ignored. Therefore, when u,, and u. are regarded
as equal and /; is not considered, the current limiting capaci-
ty in (10) can be approximately expressed as:

I 7!
L IL: uc (Ar) (12)
I U,

where u (Af) is the capacitor voltage at At.

Two factors affecting the current limiting capacity can be
concluded: the capacitance value affects the rise rate of fault
current, and the upper limit of capacitor voltage affects the
current limiting time. The smaller the capacitance is, the fast-
er the capacitor voltage rises in finite time, and the larger
uc-(Af) is. The larger the capacitor voltage limit is, the lon-
ger the effective current limiting time is. Therefore, the cur-
rent limiting capacity of MM-DCPFC can be improved by
appropriately reducing the capacitance and increasing the ca-
pacitor voltage limit. In addition, the most effective method
is to increase the number of SMs in the arm, but the cost
will increase. It is necessary to consider the cost and current
limiting ability comprehensively and choose a better scheme
in the actual application.

When U, of the capacitor is determined, the maximum
possible current limiting capacity is also determined, as
shown in (13). The premise of reaching this maximum is
that the capacitor voltage of SMs just reaches U, at At. The

lim
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capacitance value meeting this requirement can be calculated
as follows. According to (6)-(8), the analytical expression
uc(t) of u, relative to ¢ can be obtained. When the interrup-
tion time A¢ of DCCB is known, u.(Af)=U,, can be solved
to obtain the capacitance value with the maximum current
limiting capacity.

I L -1 L, NUy,
I T, (13)
When a single-pole grounding fault occurs, there is a case

that does not cause a large fault current, i.e., the DC system
is grounded through a large impedance, which can effective-
ly limit the fault current. At this time, the fault current limit-
ing stage can be skipped, and the MM-DCPFC is directly by-
passed. In addition to line-to-ground faults, a line-to-line
fault is a rare event, but the impact is catastrophic and also
needs to be considered. When the DC system is in bipolar
mode, both the positive and negative poles need to be in-
stalled with MM-DCPFC, and can be used to limit the fault
current. Therefore, although the line-to-line fault is more se-
rious, the current limiting capacity of MM-DCPFC is also
greater.

III. HIERARCHICAL POWER BALANCE MECHANISM

The power of Al and A3 is shown in (14). The external
and internal power balance is achieved by the following two
power exchange mechanisms: () the overall net power bal-
ance is realized by exchanging DC power between arms (Al
and A3) and the DC system; (2 the internal power balance
is realized by transferring average AC power between Al

and A3.

Py :FAI +15A1
o (14)
PA3 =PA3 +PA3

where P,, and P,; are the DC power of Al and A3, respec-
tively; and P,, and P,, are the average AC power of Al and
A3, respectively.

A. External Power Balance

MM-DCPFC has no power loss under ideal conditions, i.e.,
the DC power exchanged between Al and DC system is bal-
anced with that exchanged between A3 and DC system:

13A1+PA3:0 (15)
According to (15), we can obtain:
Un Ly ==l (16)

Although MM-DCPFC has no loss under ideal conditions,
in actual operation, when affected by power devices and
equipment losses, MM-DCPFC needs to properly absorb the
power from the outside to achieve its overall power balance:

P +Py =Py (17)

Since DC currents are regulated quantities, the overall
power balance can only be realized by adjusting the DC volt-
age of arms. When Au,, is added to u,, and u,, to compen-
sate the internal loss, the compensated power loss is ob-
tained as:
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Po=Auy (1, +15)=Auy (18)

For three-terminal MM-DCPFC, u,, and u,, provide two
degrees of freedom in order to satisfy (2) and (16), i.e., pow-
er flow control and external power balance. It can be in-
ferred that for m-terminal MM-DCPFC, the DC voltage com-
ponent of arms should provide m—1 degrees of freedom to
realize power flow control and overall power balance, and
the extra arm such as A2 in three-terminal MM-DCPFC ex-
ists as a balancing arm, and its main functions are providing
a pathway for circulating AC current i,. The DC voltage of
A2 can also be used to compensate the DC voltage differ-
ence between Al and A3 to eliminate the circulating DC cur-
rent inside the MM-DCPFC. Therefore, u,, needs to satisty:

(19)

It can be observed from the above analysis that A2 neither
needs to output AC voltage nor limits the fault current.
Therefore, the number of SMs of A2 can be reduced, and
even can be replaced by a non-polar capacitor.

Uy Fupy, =ty =0

B. Internal Power Balance

In order to ensure the internal power balance of MM-DCP-
FC, the power of the Al and A3 needs to meet: (1) the DC
power of one arm is balanced with its own average AC pow-
er; (2 the average AC power of one arm is balanced with
that of the other, that is:

P, =_13Al
ﬁA3 =_i)A3 (20)
f)Al :_ﬁm

The two arms transfer the power in the form of average
AC power, so it is necessary to modulate the AC voltage
and circulating AC current to meet the needs of internal pow-
er balance. The AC voltage components of Al and A3 can
be decomposed into u, and u,:

Uy =U, +U,

Uy =U, —U, @n
where u_1is used to generate average AC power and has the
same phase as i;; and u, is 90° ahead of the phase of i to
compensate reactive power and generate AC circulating cur-
rent.

Equation (22) can be derived from (16) and (20).

1. A -

Ul =Upila

2 xrcr (22)
Uplag = Upzlas

where #, and i, are the amplitudes of u, and i, respectively.

One degree of freedom is needed to satisfy (22) and real-
ize internal power balance, and an extra degree of freedom
among the two adjustable variables u, and fci, can be used
for optimization. Since Al and A3 will inevitably insert AC
voltage in the lines and cause current ripple, u, can be re-
duced as much as possible, which needs to increase fcir, and
then increase a part of loss to reduce the ripple. In addition
to the optimization inside the device, series inductors can al-
so be used to reduce the current ripple.

Equation (20) is based on the ideal condition that A2 has

cir
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no loss. Under actual conditions, in order to maintain the
power balance of A2, an AC voltage Au, is subtracted and
added to the voltage of Al and A3, respectively, and the
compensated loss of A2 is as follows:

P2 =Af i

loss ac”cir (23)
where Az, is the amplitude of Au,,.
Based on the above analysis, the arm voltages u,,, u,,, u,,

and arm currents i,,, i,,, i,, can be expressed as:
Uy =ty +uy =U U, —1,R, +Auy, +u, tu, —Au,,
Upy =Upy — Uy

(24)
Upy =Uy, +ﬁA3 =U, - U,—1;R 5 +Auy +u, —-u, +Au,,

I =g tig =1 +ig

(25)

lAZ = lcir

Iy =l tin=1—1ig

The electrical stress is also a major concern in actual de-
sign, which will affect the cost and volume of hardware.
Therefore, the voltage and current stresses for key power
electronic devices are listed in Table I, where [, is the
peak value of fault current.

TABLE I
VOLTAGE AND CURRENT STRESSES OF KEY POWER ELECTRONIC DEVICES

Device Current stress Voltage stress

VIE+iG2 Uiin

IGBT of Al and A3

IGBT of A2 ia/V2 Ui
Diode Lo Uinl2
Thyristor Lea Viim

IV. CONTROL STRATEGY OF POWER FLOW DISTRIBUTION
AND FAULT CURRENT LIMITING

The control system of MM-DCPFC is divided into power
flow control mode and fault current limiting mode. In the
power flow control mode, there are mainly current distribu-
tion control and power balance control, as shown in Fig.
5(a), where I3" and i® are the reference values of line cur-
rent [, and circulating AC current i, respectively; U (i),
U (j), and UL’ (k) are the SM capacitor voltages of Al,
A2, and A3, respectively; UllL, UL, and UL, are the ca-
pacitor voltage reference values of Al, A2, and A3, respec-
tively; Aub' (i), Aut?(j), and Au?’ (k) are the modulation com-
mands of internal capacitor voltage sharing of Al, A2, and
A3, respectively; and u, (i), u,,(j), and u,,(k) are voltage
modulation commands of SMs of Al, A2, and A3, which are
converted into switching signals by carrier-phase-shifted
pulse width modulation (PWM) method [20].

A. Current Distribution Control

The current distribution control includes open-loop feed-
forward control and closed-loop feedback control, as shown
in Fig. 5(b). According to (2), the DC component of arm
voltage mainly depends on the current distribution and the
length of the lines. Given the reference values of /, and the
terminal current /,, the initial DC voltage values of Al and
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A3 can be calculated according to (2). In order to improve
the accuracy and dynamic performances, a closed-loop feed-
back control is added, and the output command of PI con-
troller is combined with the above initial value to output DC
voltage command.

I —] N . Upy(J)
v Current O—{UN U
I3’ —{ distribution | 7 | + +
I,,_,| control
A2
U?l(i) sl Auc(j)
U () —] Al
EU P i a + Hard)
U (k) — P U A A V(Ny, U x
UA] .l ower X e i
g*'z’efa balance u, / 7/} A Up5(k)
Ut et control Au,,
A3
Ucrer Aué\l (i)
i —1
o Aul (k)
Leir —>|
,,,,,,,,,,,,,,,,,,,,,,,,,,, (a)
Open-loop 3 Na

feedforward control ! _
! +!

Al
;Uc <z)7
N, +
A2 _ Au
2 UEG) (D=5
al + T
NA; sum
2 Uéz(k) Ué,rcf
k=1

I, %-
Closed-loop
feedback control

Fig. 5. Control block diagram of MM-DCPFC. (a) Overall control. (b)
Current distribution control. (¢c) Power balance control. (d) Al and A3 pow-
er balance control. (e) A2 power balance control. (f) SM power balance con-
trol.

B. Power Balance Control

The power balance of MM-DCPFC is controlled at three
levels: overall power balance, arm power balance, and SM
power balance.

Figure 5(c) shows the power balance control, where U
is the reference value of the sum of all capacitor voltages,
and UZm=Ul: + UL + UL According to Section III-A,
Au,, is added to the DC voltage of Al and A3 to compen-
sate for losses and thus ensure overall power balance.

The control block diagram of arm power balance is shown
in Fig. 5(d), where PR stands for proportional-resonant. i is
modulated by adding and subtracting AC voltage u, respec-
tively at the voltage of Al and A3. Given the reference val-
ue of i, PR controller is used to generate the command u,
to make i, track the reference value. According to (22), AC
voltages of the arms need to be modulated to meet the pow-
er balance requirements. PI controller is used to output the

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 9, NO. 6, November 2021

command of AC voltage amplitude of the arm, and then the
sinusoidal command u_is obtained. Furthermore, according
to Section III-B, Au,, is subtracted and added to the AC volt-
age of Al and A3 respectively to realize the power balance
of A2, as shown in Fig. 5(e).

The above control strategy ensures the power balance of
the whole MM-DCPFC and the arms. In addition, the capaci-
tor voltage sharing control is needed to ensure the power bal-
ance of each SM. Figure 5(f) shows that the control block di-
agrams of Al, A2, and A3 are the same. The control strategy
is as follows. The average value of all capacitor voltages in
one arm is calculated. Each capacitor voltage is made to
track this average value. The commands Aul'()) (i=
1,2,...,N,) output by the PI controller cause a small
change in the modulation wave of each SM to ensure the
balance of the capacitor voltage.

C. Fault Current Limiting Control

Whether MM-DCPFC can limit the current in the entire
fault process can be divided into the following two situations.

1) If the capacitor voltage reaches the upper limit U, be-
fore the fault is cleared, MM-DCPFC will first limit the
fault current, and then it will be bypassed when U.=U,,,
and the current limiting function will also fail. Since the DC-
CB has not been activated at this time, the current will con-
tinue to rise at a large rate until the fault is cleared. The

curve of short-circuit current is shown in Fig. 6(a).
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protection command issued
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ls Fault cleared Thyrls.tor triggered; ts
capacitor bypassed

(©)

Fig. 6. Fault current limiting mode control. (a) Current curve of situation
1. (b) Current curve of situation 2. (c) Action sequence of MM-DCPFC in
fault current limiting mode.
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2) If the capacitor voltage does not reach U, before the
fault is cleared, the current limiting function can be exerted
during the entire short-circuit fault process, as shown in
Fig. 6(b).

The action sequence of MM-DCPFC in fault current limit-
ing mode can be obtained based on the above two situations,
as shown in Fig. 6(c). Since the second situation is generally
expected, under a certain operation condition, MM-DCPFC
can limit the fault current during the entire fault process by
selecting the capacitance and the upper limit of the capacitor
voltage reasonably.

V. SIMULATION AND EXPERIMENTAL VERIFICATION

The simulation model of three-terminal DC system with
MM-DCPFC in Fig. 2(a) is built in PLECS, where terminal
1 operates in constant voltage control mode and U, = 200
kV, while terminal 2 and terminal 3 operate in constant pow-
er control mode and P, = -81 MW, P, = —157 MW. The
main parameters of the transmission lines are shown in Ta-
ble II [11], [21], and the parameters of three-terminal MM-
DCPFC are shown in Table III.

TABLE II
PARAMETERS OF TRANSMISSION LINES

DC line Distance Resistance Inductance Capacitance
(km) (O] (H) (uF)
Line 12 400 4 0.16 480
Line 13 300 3 0.12 360
Line 23 300 3 0.12 360
TABLE IIT

PARAMETERS OF THREE-TERMINAL MM-DCPFC

Parameter Value
C 3 mF
N, 10
N, 1
N 10
L, 1 mH
i 200 A

A. Start-up and Power Flow Control

The power flow control mode of MM-DCPFC consists of
two basic stages: start-up stage and normal operating stage.
The control objective of the start-up stage is to charge capac-
itors to the rated operating voltage. Thus, only the power bal-
ance mechanism is put into operation in this stage, while the
current distribution mechanism does not work, and the con-
trol method is the same as that in Section IV-B. MM-DCP-
FC is started at 1=0.2 s. As can be observed from Fig. 7(a),
MM-DCPFC absorbs energy from the DC system during the
rise of capacitor voltage, causing slight fluctuation of line
current, and it will no longer affect line current when the ca-
pacitor voltage is stable.

The power flow control starts at 1 s, and the given value
of ,, is 0.6 kA. Before starting the power flow control, the
line current is 7, =1.20 kA, /,,=0.49 kA, 1,;=0.71 kA. Af-
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ter starting the power flow control, the line current is regulat-
ed according to the given value and stabilized again. At this
time, /,, =0.6 kA, /,;=0.6 kA, as shown in Fig. 7(a). It can
be observed from Fig. 7(b) that the capacitor voltage of SMs
of Al and A3 can be stabilized at 400 V, and that of A2 can
be stabilized at 900 V.

Establish capacitor voltage
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Fig. 7. Simulation waveforms of start-up and power flow control. (a) Line
currents. (b) Capacitor voltages of SMs. (c) Arm currents. (d) Arm voltages.

4.02 4.08 4.10

B. Fault Current Limiting

At t=3 s, a short-circuit fault shown in Fig. 3(a) occurs.
In the absence of any current limiting measures, the line cur-
rent rises rapidly, far exceeding the rated current, and contin-
ues to rise to 3.96 kA before the fault is cleared. In the sys-
tem with fault current limiting capacity, the fault is detected
at 0.2 ms after occurrence and cleared at 3.5 ms. At this
time, /,, =3.43 kA, which is reduced by 13.31% compared
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with no current limiting, as shown in Fig. 8(a). It can be ob-
served from Fig. 8(b) that the capacitor voltage in SMs rises
to the set protection value (5 kV) at 5 ms after the fault oc-
curs, and then it is bypassed. After that, in order to protect
the power electronic modules, it is necessary to discharge
the capacitor to a safe voltage level. Therefore, a large resis-
tor controlled by a switch can be connected in parallel with
the capacitor to consume its energy.
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Fig. 8. Simulation waveforms of fault current limiting mode. (a) Line cur-
rents. (b) Capacitor voltages of SMs. (¢) Comparison of current limiting ca-
pability with different capacitance values. (d) Comparison of effective cur-
rent limiting time with different voltage limits.

In order to further study the current limiting characteris-
tics, simulations are carried out for different capacitance val-
ues and different upper limits of capacitor voltage. When
U,, 1s set to be 5 kV, the current limiting capability corre-
sponding to different capacitances is shown in Fig. 8(c).
When the capacitance is set to be 5 mF, the effective current
limit time corresponding to different U, is shown in Fig. 8
(d). The simulation results are consistent with the theoretical
analysis of Section II-C.
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C. Four-terminal MM-DCPFC

In order to verify the scalability of MM-DCPFC, four-ter-
minal power flow controller is simulated. The four-terminal
MM-DCPFC is composed of four arms, i.e., m=4 in Fig. 1,
which can adjust the distribution of terminal currents in the
three branches /,, /,, and /;. The parameters of three branches
connected to terminal 1 are shown in Table IV, and the SM
capacitance and arm inductance of MM-DCPFC are the
same as those in Table III. There is one SM in A2, while
there are 10 SMs in Al, A3, and A4, and the simulation re-
sults are shown in the Fig. 9. The MM-DCPFC is started at
t=0.2 s, and capacitor voltages are established. At this
time, /,, =0.34 kA, [, =0.43 kA, 1,;=0.43 kA. The power
flow control starts at 1 s, and the currents of lines are stable
as 1,,=0.5 kA, 1,,=0.35 kA, 1,;=0.35 kA, which is equal
to the expected value as shown in Fig. 9(a). The capacitor
voltages of Al, A3, and A4 can be stabilized at 500 V, while
that of A2 can be stabilized at 1200 V, as shown in Fig. 9(b).

TABLE IV
LINE PARAMETERS OF FOUR-TERMINAL MM-DCPFC

DC line Distance Resistance Inductance Capacitance
(km) ((®) (H) (uF)
Linel2 500 5 0.20 600
Linel3 400 4 0.16 480
Linel4 400 4 0.16 480
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Fig. 9. Simulation waveforms of four-terminal MM-DCPFC. (a) Line cur-

rents. (b) Capacitor voltages of SMs.

D. Experimental Validation

In order to verify the function and control method of MM-
DCPFC, a small-scale experimental system shown in Fig. 10
is built in the laboratory, and the parameters of DC system are:
U,=300V, P,=—1kW and P,=-1kW, R,=3.6 Q, R;;=
5.4 Q. In the MM-DCPFC prototype, there is one SM in Al
and A3, and A2 is replaced by capacitance as described in
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Section III-A, and the amplitude of AC circulating current is
set to be 3 A.
\\\k;z:ﬂﬂ~ 2 p: I
. Voltage Line
= source resistance

inductance
T

Fig. 10. Picture of experimental system.

The reference values of /,, and the capacitor voltage are 3
A and 30 V, respectively. In the initial state, MM-DCPFC is
bypassed and the line currents are naturally distributed.
Since the capacitor voltage is small, the capacitor voltage es-
tablishment and power flow regulation are carried out simul-
taneously after MM-DCPFC is put into operation. When the
system reaches to be stable, the line current and the capaci-
tor voltage are equal to their reference values as shown in Fig.
11(a) and Fig. 11(b). The current waveforms of Al and A3 are
shown in Fig. 11(c), where the DC components are equal to
the line currents of 3 A and 4 A, respectively, and the ampli-
tude of the AC component is 3 A. The output voltages of Al
and A3 are three-level waveforms as shown in Fig. 11(d).

The experimental results under fault conditions are shown
in Fig. 12, where C, =500 pF, and U,,, =150 V. Due to the
low-voltage level of the system, with the increase of the ca-
pacitor voltage, the fault current not only increases slowly,
but also begins to decrease. At 3.5 ms after the fault occurs,
I, 1s 15.6 A in the system without fault current limiting func-
tion and 8.4 A in the system with fault current limiting func-
tion, and the current limiting capacity is 46.15%. At 5.04 ms
after the fault, the capacitor voltage reaches 150 V and is by-
passed. At this time, /,, drops to 5.6 A. Since there is no DC-
CB, it will continue to rise as shown in Fig. 12(b). In practi-
cal applications, the fault current can be interrupted by DC-
CB within 3-5 ms [22].

VI. COMPARISON WITH OTHER TYPICAL IDCPFCs

Firstly, as a power flow control device, MM-DCPFC is
compared with IDCPFCs, which are also of modular cascad-
ed structures.

The modular IDCPFCs proposed in [13] and [14] are com-
posed of modular multi-level converters (MMCs) and an AC
transformer. In contrast, MM-DCPFC applies a power ex-
change mechanism based on the circulating AC current with-
out the need for the transformer, which is beneficial to re-
duce the volume and cost of DCPFC. In addition, although
both of them are cascaded schemes, the number of power
electronic devices of the three-phase converter used in [13]
and [14] is three times that of this paper at the same voltage
level of DC side. Even if MM-DCPFC adds an additional
A3, the number of SMs of this arm is small.

The cascaded form of dual-H-bridge IDCPFC is proposed
in [15].
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Bidirectional switches are added in [15] to realize the iso-
lation of the capacitor voltage, thereby ensuring that the cur-
rents of two lines are independent of each other. At the same
voltage level, i.e., the number of SMs is N, the number of
power electronic devices in [15] is 16N, of which 8N are
used as isolation switches. For MM-DCPFC, if the number
of SMs in Al and A2 is N, and the number of SMs in A3 is
n, the number of power electronic devices used for power
flow control is 8N +4n (bypass thyristors do not participate
in power flow regulation). Taking the simulation parameters
as an example, where N=10, n=1, the scheme in [15]
needs 160 IGBTs, while MM-DCPFC needs 84 IGBTs.
Moreover, the voltage stress of the isolation switches in [15]
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increases with the number of SMs. Therefore, MM-DCPFC
can not only save more than 45% of power electronic devic-
es, but also has advantages in the voltage stress of the devic-
es.

The power balance of IDCPFCs in [15] and [16] can be
achieved by their own power exchange mechanism instead
of transformers. When realizing multi-line power flow regu-
lation, the mechanism needs to install multiple IDCPFCs
with the same structure. In contrast, MM-DCPFC provides a
scheme of expanding the number of arms for multi-line regu-
lation, which makes the advantages of MM-DCPFC continue
to expand in the DC grid with complex structure.

In addition to the basic power flow control function, the
current limiting function of MM-DCPFC indirectly reduces
the cost of DCCBs. Without consideration of other current
limiting devices, we compare the cost of circuit breaker
when installing ordinary DCPFC (scheme 1) and MM-DCPC
(scheme 2). Assuming that the DCCB is ABB’s hybrid DC
breaker [23], and the IGBT model is 5SNA1200G450300,
with rated voltage of 4500 V and rated current of 1200 A.
Under the simulation parameters in Section V, the DCCB
needs to withstand the over-current and over-voltage when a
fault occurs. There is no current limiting measure in scheme
1, so the DCCB needs to withstand the peak fault current of
3.96 kA and the system-level voltage of 200 kV, in which
the voltage needs to retain 1.5 times of margin. Therefore,
scheme 1 needs 67 IGBTs in series and 4 IGBTs in parallel.
In order to ensure bidirectional controllability, a total of 536
IGBTs are needed. In scheme 2, the fault current can be lim-
ited by MM-DCPFC, so the DCCB needs to withstand the
peak fault current of 3.43 kA and the system-level voltage of
200 kV. Considering the voltage margin and current bidirec-
tionality, scheme 2 needs 402 IGBTs, of which 67 are con-
nected in series and 3 are connected in parallel. Although
MM-DCPFC adds 40 thyristors to protect itself, the overall
number of power electronic devices is still reduced. In addi-
tion to cost saving, the reduction in the number of power
electronic devices is accompanied by a reduction in gate
drivers and monitoring and communication systems, thus re-
ducing the overall power loss.

In summary, the comparison of several typical modular
IDCPFCs is presented in Table V.

TABLE V
COMPARISON OF SEVERAL TYPICAL MODULAR IDCPFC

Scheme Economy Loss P0w§r ﬂo“.] . POIT. .
regulation ability scalability
IDCPFC in [13], [14] 1 1 5 4
IDCPFC in [15] 1 2 5 -
IDCPFC in [16] 3 3 5 -
MM-DCPFC 5 4 5 5

Note: 1 represents very bad; 2 represents poor; 3 represents moderate; 4 rep-
resents good; 5 represents very good; and “-” means that this function is
not available.

VII. CONCLUSION

The MM-DCPFC proposed in this paper adopts a modular
structure and has strong scalability. The power flow regula-
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tion between multiple lines can be realized by expanding the
number of arms, and it can be applied to high-voltage sce-
narios by expanding the number of SMs. A hierarchical con-
trol method is proposed to achieve its own power balance.
The simulation and experimental results verify the power
flow control and power balance functions. In fault current
limiting mode, MM-DCPFC can limit the rise of fault cur-
rent before protecting itself. The simulation and experimen-
tal results show that MM-DCPFC can reduce the peak value
of the fault current, and the current-limiting capability can
be further improved by reducing the capacitance and increas-
ing the withstand voltage value of the capacitor.
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