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Abstract—This paper proposes a control method for circulating
currents in modular multilevel converters (MMCs) under un-
balanced voltage conditions. Under balanced voltage conditions,
only negative-sequence circulating currents exist. Consequently,
the conventional method has considered only negative-sequence
circulating currents in MMC. However, under unbalanced voltage
conditions, there are positive-sequence circulating currents,
zero-sequence circulating currents, and negative-sequence cir-
culating currents in MMC. Thus, under unbalanced voltage
conditions, a control method should consider all of these compo-
nents. This study adopts a dual vector current controller as an
ac-side current controller to reduce the ac-side active power ripple
under unbalanced voltage. It analyzes the effect of the unbalanced
voltage on circulating currents in MMC and then proposes a con-
trol method considering each component of circulating currents
under the unbalanced voltage. The effectiveness of the proposed
controlling method is verified through simulation results using
PSCAD/EMTDC.

Index Terms—Circulating current, dual vector current control
(DVCC),modularmultilevel converter (MMC), negative sequence,
positive sequence, zero sequence.

I. INTRODUCTION

C URRENTLY, the number of investments and studies
have increased for high-voltage direct-current (HVDC)

transmission systems to enhance the efficiency and reliability of
ac networks, which have applications for high-capacity electric
power transmission and provide links between different power
grids, such as China’s large-scale HVDC Investment Plan,
the European Super Grid, and North America’s 2030 Project.
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HVDC systems can be divided into two converter types: cur-
rent-source converter HVDC (CSC-HVDC) and voltage-source
converter HVDC (VSC-HVDC). The interest in VSC-HVDC
systems is increasing because of the need for active control for
renewable energy systems and stabilization for electrical power
systems [1], [2]. Compared to CSC-HVDC, VSC-HVDC has
the advantages of being able to control active power and reac-
tive power independently, reduce the size of grid-side ac filters,
and improve the transient response characteristics by using the
PWM method. This system also has no need for a transformer
to assist in the commutation process [3].
The multilevel converters applied to VSC–HVDC are di-

vided into three types: 1) diode-clamped multilevel converter
(DCMC), 2) flying capacitor multilevel converter (FCMC), and
3) modular multilevel converter (MMC). Among them, DCMC
and FCMC have been applied to a limited extent because of
the difficulty in modularization and the need for additional
clamping diodes and flying capacitors [4]. In contrast, MMCs
have the merits of extendibility to hundreds of voltage levels
because of their simple circuit structure and easy modulariza-
tion despite the need for a reactor to suppress the circulating
current. Consequently, MMCs are the most suitable structures
for obtaining high dc voltage, and many studies have been
carried out on them [5]–[15].
MMCs were first proposed in [16]. Fig. 1 shows the struc-

ture of a three-phase MMC with six arms. Each arm is com-
posed of a series of connected half-bridge submodules (SMs).
An MMC possesses a voltage difference between a dc link and
each arm with SMs, which leads to a problem of circulating cur-
rents in each arm. References [17] and [18] analyzed the ampli-
tude of circulating currents according to the arm inductance and
the SM’s capacitance. As the arm inductance increases, the am-
plitude of the circulating currents decreases. However, despite
the increase in arm inductance, circulating currents are not re-
duced completely, which is inefficient in terms of the cost-ben-
efit analysis. Thus, a control method for circulating currents is
necessary.
Reference [19] proposed a method of controlling an MMC’s

circulating currents. Under the balanced voltage condition, the
negative-sequence component of circulating currents in each
arm rotates at the double-line frequency. Therefore, a control
method was proposed that controlled circulating currents in
each arm frame by transforming an a-c-b sequence with a
double line-frequency into a – sequence at the rotational
reference frame. However, this method has the disadvantage of
not being able to completely reduce circulating currents under
unbalanced voltage conditions, because circulating currents
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Fig. 1. Basic structure of MMC.

Fig. 2. Positive-sequence and negative-sequence inner current controller.

have also positive-sequence components and zero-sequence
components besides negative-sequence components.
Reference [2] proposed a control method for MMC under

unbalanced voltage conditions. It analyzed the instantaneous
power of each arm under unbalanced voltage conditions and
proposed a control algorithm for reducing circulating currents
and dc-link voltage ripples. However, this algorithm has the dis-
advantage of the inclusion of a double-line-frequency ripple in
ac-side active power by controlling ac-side negative-sequence
currents to zero under unbalanced voltage conditions.
Reference [20] proposed a control method for circulating cur-

rents in an a-b-c stationary frame. Since circulating currents
have positive-, negative-, and zero-sequence components under
unbalanced voltage conditions, a control method for circulating
currents was proposed by considering these components. How-
ever, this method has the disadvantage of generating a phase
delay because of its utilization of a high-pass filter to separate
circulating currents; further, it cannot improve the transient re-
sponse occurring in the inner unbalanced currents and dc-link
currents under unbalanced voltage conditions.
Reference [6] proposed an MMC control method using

model predictive control (MPC). The authors organized the

Fig. 3. Single-phase equivalent circuit of the three-phase MMC.

Fig. 4. Generalized equivalent circuit diagram of the MMC under unbalanced
conditions.

Fig. 5. Proposed circulating currents control scheme.

cost function to control ac-side currents, circulating currents,
and SM voltage balancing using the MPC method and detected
the switch status to minimize the cost function. However, this
method has a disadvantage in the calculation volume of the
processor, which increases with an increase in the level of the
MMC because it should decide the switching status with
when the MMC is at the level.
This study analyzed each phase’s instantaneous power to

reduce the MMC’s ac-side active power ripple when the neg-
ative-sequence component was generated under unbalanced
voltage conditions. The instantaneous power begins to have
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Fig. 6. Control scheme of the MMC, including proposed circulating current
control.

Fig. 7. System structure of simulations.

TABLE I
MAIN CIRCUIT PARAMETERS

positive-sequence components, negative-sequence compo-
nents, zero-sequence components with double-line frequencies,
and dc components. The positive-, negative-, and zero-sequence
components in the instantaneous power have to be reduced
because of the instantaneous power ripple. The positive- and
negative-sequence components appear with a phase difference
between each phase, and the zero-sequence components have
the same phase in each phase. Since the zero-sequence compo-
nents do not appear on a – axis rotational reference frame,
a controller should be formed considering this. Therefore,
the proposed method utilizes positive- and negative-sequence
controllers in order to control positive- and negative-sequence
components, respectively, in each phase and an additional
zero-sequence controller to reduce the zero-sequence compo-
nents. There is a disadvantage when complicating the system

in this way because notch filters and controllers are necessary
to separate and control each component. Thus, the positive-
and negative-sequence components were controlled through a
proportional-integral-resonant (PIR) controller in a three-phase
stationary frame without the need for separating the positive-
and negative-sequence components. The zero-sequence com-
ponents were also controlled independently through a dc-link
current controller. The proposed method has the advantage
of being able to control not only negative-sequence ripple,
but also positive-sequence and zero-sequence ripple, under
unbalanced voltage conditions. In addition, this method has
the advantage of being able to improve the transient response
through the direct control of dc-link currents. The effectiveness
of the proposed method was verified through simulation results
using PSCAD/EMTDC.

II. AC-SIDE MMC CONTROL UNDER UNBALANCED VOLTAGE

A. AC-Side Active Power Under Unbalanced Voltage

Under unbalanced voltage conditions, the active and reactive
power of a grid-connected PWMconverter is separated into pos-
itive- and negative-sequence components, which are expressed
as shown in (1) in [21].
In (1), the total active power of a grid is represented as (2).

It should be noted that the ripple with a double-line frequency
was generated in the total active power, where is the active
power, is the reactive power, is the grid-side current, and
is the grid-side voltage. The superscripts of and are positive-
and negative-sequence components, respectively. Subscript
denotes the grid-side component, 0 denotes the dc component,
and denote the - and -axis components in the rotational

reference frame, and sin2 and cos2 denote the double rotational
components of the line frequency, respectively

(1)

(2)

B. AC-Side Current Control

To supply active power constantly without ripple to the grid
side, the ripple of the active power has to be reduced by con-
trolling and to zero. If theta is determined such that

through a phase-locked loop (PLL) in (1), the compo-
nents of and can be expressed in terms of nega-
tive-sequence current components, as shown in (3) and (4), re-
spectively

(3)

(4)
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Fig. 8. MMC simulation results under the unbalanced voltage condition: (a) ac system voltage, (b) ac-side current, (c) – -axis circulating current, (d) inner
unbalance current, (e) dc-link current, (f) grid-side active power, and (g) SM capacitor voltage. (A) Conventional method [19], (B) conventional method [2], and
(C) proposed method.

The MMC’s ac-side voltage equation is represented as (5)
according to [19].

(5)

is the ac-side voltage, is the inner electromotive force
(EMF), is the ac-side current, and denotes a, b, and c.
Since positive- and negative-sequence voltage components

are generated in the grid-side voltage under unbalanced voltage
conditions, (5) can be rewritten by separation into positive- and
negative-sequence components as (6). and are ac-side
positive- and negative-sequence voltages, and are ac-side
positive- and negative-sequence currents, and and are
positive- and negative-sequence inner electromotive forces
(EMFs), respectively

(6)

To control the positive-sequence and negative-sequence com-
ponents independently, they are separated into individual se-
quence components, which leads to (7) and (8) from (6)

(7)

(8)

Converting (7) and (8) into a rotational reference frame, these
components can be expressed as follows:

(9)

(10)

If the current controllers comprise a proportional-integral (PI)
controller based on (9) and (10), they can be represented as (11)
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and (12). Fig. 2 shows the block diagram of the positive-se-
quence and negative-sequence current controllers

(11)

(12)

where is the positive-sequence inner emf reference in the
– axis and is the negative-sequence inner emf reference
in the – axis.

III. CIRCULATING CURRENT CONTROL

A. Phase Instantaneous Power Under Unbalanced Voltage

In an MMC, circulating currents are caused by variations in
the total SM capacitor voltage in each arm. Under balanced
voltage conditions, circulating currents are double-line fre-
quency components that rotate at a negative sequence [1], [2],
[19].
Fig. 3 shows a single-phase equivalent circuit in a three-phase

MMC system. Here, is the inner unbalance current, and
are the upper and lower arms’ currents, is phase ’s inner

emf, and and are the upper and lower arm voltages,
respectively.
According to Fig. 3, the MMC’s voltage equation is given by

[19], where is the inner unbalance voltage of phase .

(13)

The EMF is expressed as follows:

(14)

An inner unbalance current is expressed as (15),
where is the inner unbalance current’s dc component, and
is the inner unbalance current’s ac component, which is the

circulating current component

(15)

Under unbalanced voltage conditions, the MMC’s ac-side
current controller injects the negative-sequence current for
active power-ripple reduction. Consequently, emf contains
both positive- and negative-sequence components. Thus, the
MMC’s upper arm voltage and lower arm voltage are
expressed as (16) and (17), respectively

(16)

(17)

where is the compensation value of the MMC inner
unbalance voltage.
In addition, the upper arm current and lower arm current are

given by (18) and (19), respectively

(18)

(19)

Each phase’s instantaneous power is expressed as (20).
is defined in the Appendix, which is briefly summarized

as

(20)

(21)

where is the dc component, is the positive-sequence
double-line frequency component, is the negative-se-
quence double-line frequency component, is the zero-se-
quence double-line frequency component, and is the
compensation value of the MMC inner unbalanced voltage
component.
Thus, each phase’s instantaneous power consists not only

of negative-sequence double-line frequency components, but
also positive- and zero-sequence double-line frequency com-
ponents. Consequently, to eliminate the instantaneous power
ripple, a negative-sequence double-line frequency controller
as well as positive- and zero-sequence double-line frequency
controllers are necessary. The equivalent circuit is shown in
Fig. 4. where

and .

B. Circulating Current Control Under Unbalanced Voltage

In (21), is the magnitude of the inner EMF and inner unbal-
anced current. The inner EMF is determined by the ac-side cur-
rents controller. Thus, to reduce the instantaneous power ripple,
the inner unbalanced current ripple component should be re-
duced. The inner unbalance current is briefly defined

(22)

where is the positive-sequence inner unbalanced current
double-line frequency, is the negative-sequence inner un-
balance current double-line frequency, is the zero-sequence
inner unbalance current double-line frequency, is the dc
component current, and .
The inner unbalanced current’s ac component is the cir-

culating current, which should be controlled to zero. However,
to control each component like a dual vector current controller
(DVCC), the notch filter and PI controller are necessary. Conse-
quently, the controller’s structure is complicated. Thus, to con-
trol each component simultaneously, a controller is constructed
in a three-phase stationary frame using a PIR controller.
This has the advantage of being able to control each compo-

nent without decomposition into separate components. Under
balanced voltage conditions, the inner unbalanced current
flowing in each phase should be controlled as . In addi-
tion, under unbalanced voltage conditions, the ac-side active
power ripple is controlled to zero by the DVCC. This means
that each phase’s active power has the same magnitude. Con-
sequently, the inner unbalanced current flowing in each phase
should be controlled to . Thus, the circulating current
controller is constructed as shown in (23). Since only the
double-line frequency of the inner unbalance current’s ripple
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component exists, the resonant controller’s cutoff frequency is
set to the double-line frequency

(23)

where is defined as the sum of each phase’s inner unbal-
ance current. In a three-phase system, the sum of positive-se-
quence and negative-sequence current should be zero. Thus, idc
is briefly expressed as (24), where is and
a dc component

(24)

For inner unbalanced current control, the current reference
is applied to . Thus, the current reference includes the
zero-sequence component ripple. Thus, with the PIR controller,
the positive-sequence and negative-sequence component rip-
ples can be reduced. However, the zero-sequence component
ripple is not reduced. Thus, a controller to reduce this ripple
component is necessary.
If it is assumed that there is no loss in the MMC, the MMC’s

ac-side active power and dc-side active power should be
equivalent. Under unbalanced voltage conditions, because the
ac-side active power ripple is reduced through the DVCC, the
ac-side active power has no ripple. The dc-side active power
is given as (25). The ac-side active power and dc-link voltage
are known, so the dc-link current reference is obtainable. The
dc-link current reference does not contain positive, negative, nor
zero sequences. Thus, the dc-link current reference can be ap-
plied to reduce the current ripples from the zero-sequence com-
ponent. A controller to reduce the ripple component from the
zero sequence can be constructed as shown in (27), and the con-
trol output value to control each component is defined in (28).
The dc-link current controller has a characteristic that allows it
to control the zero-sequence current ripple as well as providing
it with a fast transient response under unbalanced voltage con-
ditions. Fig. 5 shows a block diagram of the proposed circu-
lating current control. It consists of three PIR controllers to con-
trol the positive- and negative-sequence circulating currents and
one PIR controller to reduce the zero-sequence circulating cur-
rent and dc current ripple. Fig. 6 shows a control scheme of the
MMC that includes the proposed circulating current control

(25)

(26)

(27)

(28)

IV. SIMULATION RESULTS

Simulation was carried out using PSCAD/EMTDC, and
Fig. 7 shows the structure of the simulated system. The main
circuit parameters and operating conditions are listed in Table I.
The PWM method and SM’s capacitor voltage-balancing algo-
rithm uses the PSC–PWM method from [19].
Fig. 8 shows the simulation results of a conventional circu-

lating current control method [19], a control method considering
unbalanced voltage conditions [2], and the proposed circulating

Fig. 9. MMC simulation results when PWM is applied : (a) ac-side current. (b)
– axis circulating current, (c) inner unbalance current, (d) dc-link current. (A)
Conventional method [2]. (B) Proposed method.

current control method under unbalanced voltage conditions.
The ac-side positive -axis currents reference is 0 A, and the
positive -axis currents reference is 285 A, corresponding to 4
MW at a normal voltage. The negative current references are
applied according to (3) and (4). To apply unbalanced voltage
conditions, the R phase line-to-ground fault is applied at 0.8 s.
Fig. 8(a) and (b) shows the grid-side voltage and the MMC’s
ac-side currents.
Under unbalanced voltage conditions, because [19] did not

consider unbalanced components, each phase’s currents are con-
trolled to a three-phase equilibrium. Furthermore, because [2]
controlled the ac-side negative current to 0 A, it shows the same
results as [19]. However, for the proposed control method, be-
cause the negative current is injected to reduce the active power
ripple, each phase’s currents are unbalanced. Fig. 8(c) shows
the circulating current in a rotational reference frame. In [2] and
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[19], the circulating current ripple is increased under unbalanced
voltage conditions. However, the proposed control method con-
siders components under unbalanced voltage conditions; thus,
the circulating current ripple is reduced compared to that in con-
ventional methods. However, in Fig. 8(d) and (e), each phase’s
inner unbalanced current and dc-link currents have severe ripple
with transient currents due to ac-side active power ripple be-
cause there is an unbalanced voltage supply. Reference [19]
does not control the dc-link ripple component caused by un-
balanced voltage; a double-line frequency ripple is generated as
well as a dc-link transient current.
Reference [2] reduced the double-line frequency ripple

through a resonant controller in the dc-link component, so there
is no unbalanced ripple component. However, because only a
resonant controller is used, it is unable to reduce the dc-link
current ripple due to the transient status. In the proposed control
method, the dc-link current is directly controlled, so the dc-link
current is stably controlled without transient characteristics,
even through an unbalanced voltage is applied.
Fig. 8(f) shows the MMC’s ac-side active power. In [2] and

[19], the MMC’s ac-side active power ripple cannot be reduced,
so the double-line frequency ripple is generated under active
power. In the proposed control method, a negative current is
injected to reduce the active power ripple, so the active power
ripple caused by unbalanced voltage conditions is reduced.
However, the magnitude of the active power is reduced by a
negative sequence’s active power component. Fig. 8(g) shows
the SM’s capacitor voltage. The SM’s capacitor voltage bal-
ancing is stably controlled because the same voltage-balancing
method is used.
Fig. 9 shows the characteristics of the ac-side currents, circu-

lating current, and dc-link current when PWM is applied. When
PWM is applied, the ac-side currents are controlled at 0 A. In
ac-side currents, the conventional control method and the pro-
posed control method show similar characteristics. However, in
the conventional control method, the dc-link transient current is
not only controlled because of the controlling double-line fre-
quency ripple. However, the proposed control method shows
stable characteristics without ripple in the dc-link currents be-
cause the dc-link transient current is controlled when PWM is
applied.

V. CONCLUSION

This paper proposed a control method for MMCs under un-
balanced voltage conditions. To reduce ac-side active power
ripple under unbalanced voltage conditions, ac-side components
are decomposed into positive- and negative-sequence compo-
nents. In addition, a DVCC is designed to control the ac-side
positive and negative currents. Furthermore, the dc-side instan-
taneous power ripple is analyzed by ac-side positive- and neg-
ative-sequence components. Based on the analysis, a controller
is designed to control the double-line frequency positive-, neg-
ative-, and zero-sequence components. The proposed control
method can stably control circulating currents and the dc-link
current even under unbalanced voltage conditions. In addition,
the transient response is improved.

APPENDIX

The voltages of the phases of the upper arm and lower arm
are given in (A1) and (A2), where

and are the phase angles
of the positive- and negative-sequence inner emfs, respectively

(A1)

(A2)

Each arm’s currents in (18) and (19) are also expressed as posi-
tive and negative sequences, respectively

(A3)

(A4)

where is the positive-sequence current modulation index,
is the negative-sequence modulation index, and and

are the positive- and negative-phase angles of the converter ac
output current, respectively.
Substituting (A1)–(A4) into (20), each phase’s instantaneous

power is given as

(A5)

where

Equation (A5) is separated into individual components and
defined as follows:
Item 1) dc component and regulating the unbalanced voltage;
Item 2) double-line frequency negative sequence;
Item 3) double-line frequency positive sequence;
Item 4) double-line frequency zero sequence.
Thus, under unbalanced voltage conditions, to reduce the

ac-side active power ripple from the MMC, if there is a neg-
ative-sequence component in the ac side, each phase’s power
does not have only the dc component and the negative-sequence
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double-line frequency component, but also positive-sequence
and zero-sequence double-line frequency components.
Here, because the positive sequence, negative sequence, and

zero sequence are active power-ripple components, they should
be controlled to 0 through .
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