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Abstract——This paper presents a novel inter-cluster direct cur‐
rent (DC) capacitor voltage balancing control scheme for the
single-star configured modular multilevel cascaded converter
(MMCC) -based static synchronous compensator (STATCOM)
under unbalanced grid voltage. The negative-sequence compo‐
nent of grid voltage at the point of common connection (PCC)
causes unbalanced active power flow in the phase limbs of con‐
verter. This leads to the imbalance of DC voltages of the sub-
module capacitors across the MMCC phases, and consequently,
the malfunction of converter. The proposed solution is to inject
both negative-sequence current (NSC) and zero-sequence volt‐
age (ZSV) into the phase limbs of MMCC. A quantification fac‐
tor QF is used to achieve the sharing of inter-cluster active pow‐
er between the NSC and ZSV injection methods. Accurate deter‐
mination of the quantification factor has been presented. In ad‐
dition to maintaining the DC voltages of sub-module capacitor
across the MMCC phases balanced, it also prevents the overcur‐
rent and overvoltage of converter by injecting NSC and ZSV
with the right proportion. The control scheme is validated on a
3.54 kV 1.2 MVA power system using MMCC-based STAT‐
COM with 3-level bridge cells as sub-modules. The results show
that the proposed scheme provides superior effectiveness in
eliminating the voltage imbalance of DC capacitor in the phase
limb while maintaining low voltage and current ratings.

Index Terms——Low-voltage ride through (LVRT), single-star
bridge converter (SSBC), static synchronous compensator
(STATCOM), modular multilevel cascaded converter (MMCC),
quantification factor.

I. INTRODUCTION

UNBALANCED voltage in a power system can be
caused by symmetrical faults, and uneven distribution

of loads such as electric traction drives, start-up operation of
large industrial drives, asymmetric transmission impedances,

and blown fuses in three-phase capacitor banks [1]. The inte‐
gration of renewable energy generators into the distribution
network via power electronic converters poses challenges to
the grid voltage quality [2]. As a concern, it is required that
all power converters connected on the grid lines should not
only operate properly under normal grid voltage conditions,
but also ride-through the abnormal situations and support the
grid voltage during transient grid faults.

The modular multilevel cascaded converter (MMCC) is a
type of voltage source converter (VSC) that is an alternative
to conventional two-level VSCs in medium- and high-volt‐
age applications such as battery energy storage system
(BESS) and static compensators (STATCOMs) [3]-[8]. With
its modular structure, the MMCC offers benefits such as scal‐
ability, good waveform quality at a low switching frequency,
and fault-tolerance. Its modular nature can also reach any re‐
quired voltage level without step-up transformers [8], [9].

The MMCC-based STATCOM can compensate reactive
power under balanced conditions [4], [10]. Under balance
grid condition, the average cluster power of converter is bal‐
anced and equal, which does not cause any inter-cluster im‐
balance. However, with the occurrence of voltage fault, it
faces peculiar challenges. In the three-phase three-wire case,
the negative-sequence component in the unbalanced voltage
at the point of common connection (PCC) inevitably induces
unbalanced active power in the converter [11]. This results
from the product of positive-sequence current and negative-
sequence voltage. This unbalanced power of the converter
phase makes the voltages of sub-module capacitor across the
MMCC clusters unequal, i. e., inter-cluster voltage imbal‐
ance. Note that there is also the usual voltage imbalance be‐
tween sub-module capacitors within a phase limb, i.e., intra-
cluster voltage imbalance [12], which can be solved by DC-
bus feedback control using DC components. If not properly
controlled, this inter-cluster voltage imbalance will cause the
STATCOM to inject distorted currents into the power system.
Besides, excessive voltage drifts of the DC capacitor may
overstress the converter switches to a damaging extent [13].

References [13]- [21] have proposed the injection of ZSV
to achieve inter-cluster balancing control for the star-connect‐
ed MMCC by adding a sinusoidal zero-sequence voltage
(ZSV) in the neutral point of the star-connected converter to
cancel out the unbalance active power. Another method for
inter-cluster balancing control method for single-star bridge
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converter (SSBC) -MMCC is the injection of negative-se‐
quence current (NSC) [11]. Each of these injection tech‐
niques has its limitations. Injecting ZSV can push the phase
voltages of the converter to operate above the linear modula‐
tion mode [15]. For the NSC method, it may result in high
maximum current, which could damage power semiconduc‐
tor devices.

The steady-state operation of SSBC under unbalanced con‐
ditions is discussed in [14], [22], [23]. It does not meet the
requirement of low-voltage ride through (LVRT), which is a
short response time normally below 20-80 ms [24], [25]. On‐
ly SSBC-STATCOM has been investigated under LVRT con‐
dition [11], [26], [27], and no paper has analyzed the influ‐
ence of ZSV and NSC injection techniques on the voltage
and current rating requirements to the level of voltage imbal‐
ance.

This paper proposes a novel control scheme for phase-
cluster voltage balance of the single star-connected MMCC-
STATCOMs under unbalanced voltage conditions. Different
from the conventional methods which inject only NSC and
ZSV, the proposed scheme injects both NSC and ZSV to
overcome the problem of overcurrent and over-modulation
peculiar to NSC and ZSV, respectively. In this scheme, a
quantification factor QF is determined which aids the sharing
of the inter-cluster active powers between NSC and ZSC
methods in a way that prevents overcurrent and over-modula‐
tion. A detailed power flow analysis of the star-connected
MMCC under unbalanced voltage condition is analyzed. The
influence of the unbalance voltage level on the voltage and
current ratings of this converter topology are investigated. The
MMCC sub-module considered in this paper is the three-level
H-bridge (3L-HB). A digital simulation test result is presented
to validate the proposed scheme in this paper.

II. CIRCUIT STRUCTURE OF STAR-CONNECTED

MMCC-STATCOM

Figure 1 shows the system connection of the star-connect‐
ed MMCC-STATCOM. Each cluster consists of N 3L-HBs
or five-level flying capacitor (5L-FC) full-bridge sub-mod‐
ules connected in series as shown in Fig. 1. For the SSBC,
the three filter reactors are connected between the MMCC
terminals and the PCC of the power system. The DC capaci‐
tor voltages VDC,mn (m = abc; n = 12...N) in a phase clus‐
ter of the converter need to be maintained balanced under
unbalanced voltage conditions. For this configured MMCC,
the output phase voltages and currents of the converter are ex‐
pressed in (1) and (2), respectively.

vmM = v+
sm + v-

sm + v0 =V+ sin (ωt + φV + - k
2π
3 ) +

V- sin ( -ωt + φV - - k
2π
3 ) +V0 sin(ωt + φV0 ) (1)

im = i+m + i-m = I+ sin (ωt + φI+ - k
2π
3 ) + I- sin ( -ωt + φI- - k

2π
3 )
(2)

where vmM is the converter cluster voltage; k = 012 for m =
abc; +, -, and 0 represent the positive, negative, and zero-
sequence components, respectively; V+ , V-, I+ , and I- are the

positive and negative-sequence voltage and current magni‐
tudes, respectively; V0 is the ZSV magnitude; and φV +, φV -,
φV0, φI +, φI - are the phase angles of the ZSVs, positive and
negative currents, respectively.

III. POWER FLOW ANALYSIS OF STAR-CONNECTED

MMCC-STATCOM

To achieve the voltage balancing control of single-star
MMCC sub-module capacitor, the power flow affecting the
inter-phase DC capacitor voltage balancing is analyzed. The
instantaneous and average power across each phase of
MMCC-STATCOM is achieved by multiplying (1) and (2).
The phase cluster powers are expressed as:
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(3)

where q=-211, and r=01-1 for phases m=abc, respec‐
tively.

Across this converter, P ++
Cm and P --

Cm contribute to the over‐
all active powers of the converter while the rest sums up to
zero as shown in (4), where the subscript “T” represents the
total power across the three clusters.
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(4)

From (4), the ZSV does not contribute to the overall con‐
trol of DC capacitor voltage. Thus, for a balanced system,
the overall active powers in (4) are equally contributed by
their respective phases.

The phase average active powers are defined in (5). The
average active phase power in (5) only flows within the
MMCC-STATCOM, but not between the power system and

SSBC

���

SM1 SM1 SM1

SMn SMn SMn

PCC side

Grid

Converter side

Vao
Vbo
Vco

Lac icLac ibLac ia 3L-HB

Cdc

5L-FC H-bridge

Cb

Fig. 1. System configuration of star-connected MMCC-STATCOM.
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the STATCOM. In addition to the overall active power, the
overall average reactive power based on instantaneous power

theory [28] is expressed in (6).
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From (5), there are three-degree possibilities of control

freedoms for this converter including the positive-sequence

currents (I+ cos φI +I+ sin φI +), NSC (I- cos φI -I- sin φI - ), and

ZSV (v0). In achieving overall active and reactive power

flow, the positive-sequence currents (I+ cos φI +I+ sin φI +) are

applied. Thus, there are only two possible degrees of control
freedoms, i.e., the NSC and ZSV, which are available for inter-
cluster voltage balancing control.

IV. CONTROL SCHEME

Figure 2 shows the control block diagram of the MMCC-
STATCOM, where vdcm is the cluster DC capacitor voltage;
and vmMref is the converter cluster voltage reference.

This control scheme is divided into three sections: overall
control, inter-cluster DC capacitor voltage control, and intra-
cluster DC capacitor voltage control. The overall control reg‐
ulates the overall DC capacitor voltage and reactive power
injection. As analyzed above, the overall average active and
reactive power are influenced by converter currents. Thus,
the overall DC capacitor voltages and average reactive pow‐
er are controlled by the positive-sequence currents. The posi‐
tive-sequence current, NSC, and ZSV are the degrees of con‐
trol freedom that influence the control of the inter-cluster

power flow. V +
dq, V -

dq, I +
dq, I -

dq are the measured positive- and

negative-sequence voltage and current, respectively; I +*
dq and

I -*
dq are the controlled positive-sequence current and NSC sig‐

nal, respectively; Vdc_avg is the average value of all three-

phase sub-module DC voltages; vdcmn is the sub-module DC

capacitor voltage; QF is the quantification factor; and vmref is

the converter voltage reference signal. The afore-mentioned

inter-cluster average active phase power flow is discussed be‐

low.
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Fig. 2. Control block diagram of MMCC-STATCOM under unbalanced voltage condition.
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A. Overall DC Capacitor Voltage and Reactive Power Control

This controller is used to provide the active power re‐
quired to compensate for power losses of the power semicon‐
ductor switches of star-connected MMCC, and to regulate
the overall DC capacitor voltages to their required values.
Also, it controls the reactive power to be injected into the
power system by the converter. This regulation is achieved
using the PI regulator as shown in Fig. 3.

The output of this controller generates the direct compo‐
nent of the positive-sequence current. In order to control the
injection of reactive power, the reactive current is calculated.
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where KP_dc and Ki_dc are the proportional and integral gains
of the proportional-integral (PI) regulator, respectively; V *

dc is
the desired reference value of the DC-link; and Qref is the re‐
active power reference. In order to avoid excessive phase
current in the MMCC-STATCOM under the condition of
LVRT, a fixed quadrature current is applied.

B. Inter-cluster Voltage Balancing Control

The inter-phase DC capacitor voltages of each phase may
differ because of the unequal average active power resulting
from unbalanced grid voltage condition. The average active
cluster power is given as:

PCm =P +-
Cm +P -+

Cm +P 0
Cm (8)

Equation (8) shows that the average cluster active power
comprises the positive and NSC power components and
ZSV power components. Since the positive-sequence current
have been applied for the overall controller, the NSC and
ZSV are used for regulating the inter-cluster average active
power. When harnessing both methods in regulating the clus‐

ter average active power, QF is used to effectively allocate
the various share of the NSC active power P +-

Cm and ZSV ac‐
tive power P 0

Cm by firstly transforming the three phases into
α-β frame as follows:
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Both P +-
Cm and P 0

Cm are expressed in (11) using QF as:
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where m = αβ. The ZSV and NSC are expressed as:
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Figure 4 illustrates the control scheme of the proposed in‐
ter-cluster voltage balancing control. The positive-sequence
current average active power P -+

Cm is subtracted from the clus‐
ter average active powers P *

Cm generated from PI controllers.
The resulting values are used in determining the NSCs and
ZSV depending on the choice of QF.

The NSCs generated from the NSC inter-cluster controller
along with the positive-sequence currents from the overall
DC capacitor voltage and reactive current controller are fed
to the predictive current controller to generate vmref.
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Fig. 4. Inter-cluster balancing control using quantification factor for sharing.
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The ZSV calculated from the inter-cluster balancing con‐
troller is added to vmref, as shown in Fig. 2.

The intra-cluster DC voltage controller is implemented to
regulate the active power across each sub-module across a
particular phase to actualize DC capacitor voltage balancing
of each sub-module at that phase cluster. The intra-cluster
control for each sub-module at a particular phase vin

Smn is:

vin
Smn = ( k cin

p +
k cin

i

s ) (Vdcm -Vdcmn ) (12)

where k cin
p and k cin

i are the proportional and integral gain con‐
stants, respectively. The output of the intra-cluster control is
added to vmMref, and the new converter voltage reference sig‐
nals are applied to phase-shifted PWM (PS-PWM) [29] to
generate the converter gate signals.

C. Determination of Quantification Factor

The value of QF is determined by ensuring that the con‐
verter modulation index and converter rated current are not
exceeded. Among the two inter-cluster balancing methods,
the ZSV method is chosen to be superior over the NSC tech‐
nique in the determination of QF.

This is because the NSC technique achieves inter-cluster
voltage balancing control by injecting this current into the
power system, which is not preferred because of the power
quality deterioration.

The ZSV technique is chosen to solely achieve inter-clus‐
ter voltage balancing control if the maximum of the three-
phase converter output voltages is less or equal to the maxi‐
mum available voltage:

Vmax £mrefVdc_ref QF = 0 (13)

Vmax =max(vaMvbMvcM ) (14)

where vaM vbM and vcM are the converter cluster voltages;
Vdc_ref is the converter reference DC voltage; and mref is the
modulation ratio reference with a maximum value of 1,
since PS-PWM is applied in this paper.

Under severe fault conditions, the maximum available
voltage may be less than the maximum magnitude of the
converter output voltages, i.e., Vmax ³mrefVdc_ref. To avoid over-
modulation, a new value of QF is determined as:

QF = 1 -
mrefVdc_ref

Vmax
(15)

Figure 5 shows a flowchart for the determination of QF.

V. STAR-CONNECTED MMCC RATINGS UNDER UNBALANCED

VOLTAGE CONDITIONS

The operation range and ratings of the star-connected
MMCC are analyzed under voltage unbalanced condition.
This analysis is based on the integration of both ZSV and
NSC techniques using the quantification factor QF in sharing
the inter-cluster phase active power. The degree of voltage
unbalance Kvr = V- /V+ is used in these investigations. To de‐
termine the DC capacitor rated voltage Vdc_rated and maximum
current Imax of the delta MMCC, the influence of methods
are considered. Equations (16)-(19) are applied [15]:

Vdc_rated =max ||VmM £NVdc (16)

VmM = vm + v0 +
     
L

dim

dt
+Rim

Vf

=VmM sin(ωt + ϕm ) (17)

im = i+ + i- (18)

Imax =max || Im (19)

where Vdc is the cluster individual module DC-link voltage;
N is the number of modules per phase; Vf is the voltage drop
across the MMCC filter; m = abc; im is the phase cluster
current; i+ is the compensated positive-sequence current; and
i- is the NSC.

In this analysis, QF = 0, 0.5, and 1 are applied across the
converter, respectively. For QF = 0, only ZSV injection meth‐
od is applied. For QF = 1, only NSC injection technique is
used. For QF = 0.5, 50% of their total inter-cluster power is
shared between both techniques.

Figure 6(a)-(c) highlights the voltage and current rating re‐
quirements for the star-connected STATCOM with QF = 0,
0.5, and 1, 0 £Kvr £ 0.9. Figure 6(a) shows that for QF = 0,
the voltage and current rating at Kvr = 0.8 are 1.8 p.u. and 1
p.u., respectively, where the ZSV injection technique is sole‐
ly applied. For QF = 0.5 in Fig. 6(b), both the voltage and
current ratings at Kvr = 0.8 are 1.4 p.u. and 1.4 p.u.. Figure
6(c) shows that the voltage and current rating requirements
using only the NSC injection method, i.e., QF = 1, are 1 p.u.
and 1.8 p.u., respectively. From this analysis, it is seen that
combining the ZSV method with the NSC method provides
better voltage rating requirement than solely using the ZSV
method. Likewise, this proposed scheme also provides a bet‐
ter current rating requirement than solely using the NSC
method. Thus, by employing the proposed scheme, the volt‐
age and current rating requirements of the star-connected
MMCC-based STATCOM are increased by 0.4 p. u., which
has a direct implication on the voltage and current ratings of
switching devices and DC capacitors.

Calculate V0, Vmax

�+Extract Vdq and Vdq

Calculate Idq
and new V0 value

�

Calculate converter reference voltages

QF = 0

Calculate QF = 1�

Y

N

Start

End

Initialize Qref

Vmax ≤ mrefVdc?

mrefVdc_ref

Vmax

Fig. 5. Flowchart for determination of QF.
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VI. RESULTS AND DISCUSSION

The system arrangements are shown in Fig. 1, where three
cascaded 3L-HB star-connected MMCC is tested with the
overall control scheme shown in Fig. 2 in a MATLAB/Simu‐
link environment. Tables I and II show the power system
and controller parameters, respectively. The controller param‐
eters are chosen based on the cut-off frequency of 10 Hz
and phase margin of 60° . The step response of the PI con‐
troller is shown in Fig. 7, where the percentage overshoot is
5% with a rise time of 4 ms and settling time of 20 ms, re‐
spectively.

The overall DC bus voltage control generates the positive-
sequence active current reference signal I +*

d and the reactive
power reference generates the positive-sequence reactive cur‐
rent I +*

q . Under the LVRT condition, the STATCOM injects

constant quadrature current (I +*
q = 80 A) to aid the power sys‐

tem. The inter-cluster balancing control technique is tested
under 100% voltage sag in phase a as illustrated in Fig. 8.

The converter current is rated as Irated = 90 A and the maxi‐
mum modulation ratio mref is set to be 1.0. Vdc_ref is fixed at
2000 V. To validate the effectiveness of the proposed
scheme in determining QF value between 0 and 1, the ZSV
method (QF = 0) and negative-sequence method (QF = 1) are
subjected to this condition.

Figure 9 shows the test results using the ZSV technique
for inter-cluster voltage balancing control. The phase cluster
power is compensated by only zero-sequence average active
power, which determines the ZSV as shown in Fig. 9(a). Fig‐
ure 9(b) shows the converter reference voltage modulation
ratios. The over-modulation of the converter reference voltag‐
es leads to not maintaining the references values of the sub-
module DC capacitor voltages, as illustrated in Fig. 9(c). As
shown in Fig. 9(d), the STATCOM phase currents injected
to the power system are balanced.

The test results in implementing inter-cluster balancing
control using only the NSC are shown in Fig. 10. The phase
cluster power is compensated using only the negative-se‐
quence average active power, which determines the NSC as
shown in Fig 10(a). Figure 10(b) shows that the maximum
current is 105 A (1.16Irated). When no overcurrent protection
technique is activated, there will be thermal breakdown of
semiconductor switches. Figure 10(c) shows that the modula‐
tion ratios of the converter reference voltages are below
mref = 1, which results in the sub-module capacitor voltages
kept at their reference values. Figure 10(d) shows the sub-
module capacitor voltages which are maintained within
±10% of the rated values.

Figure 11 shows the test results using the proposed tech‐
nique for the inter-cluster voltage balancing control. To over‐
come the problem posed by ZSV and NSC methods, the pro‐
posed scheme determines that QF = 0.25, i.e., the inter-cluster
unbalanced active power is shared between both ZSV and
NSC with proportions of 75% and 25%, respectively.
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Fig. 6. DC-link cluster voltage and cluster current ratings of SSBC-STATCOM with respect to Kvr with φV - = 0. (a) QF = 0. (b) QF = 0.5. (c) QF = 1.

TABLE I
MMCC POWER SYSTEM PARAMETERS

Symbol

Vs

S

Csm

Lac

Rac

Vdc

N

fc

fs

Quantity

Grid root-mean-square voltage

Grid rated power

Sub-module capacitance

Reactance of filter

Resistance of filter

Sub-module DC voltage

Number of sub-modules per phase

Carrier frequency

Sampling frequency

Value

3536 V

1.2 MVA

1.12 mF

8 mH

2 Ω

2000 V

3

1000 Hz

10000 Hz

TABLE II
MMCC CONTROLLER PARAMETERS

Symbol

Kp_dc, Ki_dc

Kp_c, Ki_c

Kp_cin, Ki_cin

Quantity

Overall DC voltage control

Inter-cluster control

Intra-cluster control

Value

2, 20

1, 10

0.5, 5

0 0.05 0.10 0.15 0.20
Time (s)

1.0
1.2

0.8
0.6
0.4
0.2

A
m

pl
itu

de

Reference signal
Desired signal

Fig. 7. Step response of PI controller.
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Fig. 8. Voltage waveform of power system under 100% voltage sag in
phase a during 100 ms.
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By comparing Fig. 11(a) and Fig. 9(a), the magnitude of
the ZSV for the proposed scheme is lower than solely using
the ZSV injection technique. The maximum current injected
into the power system is observed to be within the rated cur‐
rent as illustrated in Fig. 11(b). The maximum modulation ra‐
tio of the converter voltage reference is also within the mod‐
ulation ratio reference as shown in Fig. 11(c). The sub-mod‐
ule DC capacitor voltages are maintained at the DC capaci‐
tor voltage reference as shown in Fig. 11(d), because the
converter reference voltage modulation ratios are not over-
modulated.

The over-modulation of the converter reference voltage
and converter over-current may occur when inter-cluster ac‐
tive power balancing control technique of either ZSV or
NSC is applied under LVRT condition.

The proposed inter-cluster voltage balancing control meth‐
od has the effectiveness of both techniques using a quantifi‐
cation factor QF to provide reliable reactive power support to
the power system under LVRT condition.

VII. CONCLUSION

The inter-cluster voltage balancing control of the star-con‐
nected STATCOM is of critical concern, especially under un‐
balanced voltage conditions. This paper presents an inter-
cluster voltage balancing control technique that manages the
limitation of both ZSV and NSC injection techniques of
over-modulation and overcurrent, respectively. The relation‐
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Fig. 9. Simulation result using ZSV injection technique. (a) ZSV. (b) Con‐
verter modulation references. (c) Inter-cluster DC sub-module capacitor volt‐
ages. (d) Converter phase currents.
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ship between the active power flow and inter-cluster DC ca‐
pacitor voltages are discussed. These power flow analysis
and the details of the proposed scheme are presented. The ef‐
fectiveness of this proposed scheme is achieved by determin‐
ing the quantification factor QF which integrates both con‐
ventional methods ZSV and NSC. The influence of the quan‐
tification factor QF and the degree of voltage unbalance Kvr

on the voltage and current ratings of the star-connected
MMCC-STATCOM has been discussed. The simulation re‐
sults have shown that the proposed scheme maintains the
sub-module DC capacitor voltages at their reference values,
and maintains the maximum current and converter reference
voltage modulation ratios within their rated values.
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