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Common-Mode Insertion Indices Compensation 
With Capacitor Voltages Feedforward to Suppress 

Circulating Current of MMCs
Xiaoling Xiong, Xiongfei Wang, Dong Liu, Frede Blaabjerg, and Chengyong Zhao

Abstract—In order to improve the efficiency of modular mul-
tilevel converters (MMCs) and reduce the capacitor voltage 
ripples, the circulating current between the phase-legs should be 
suppressed. In existing circulating current suppression control 
(CCSC) methods, multiple resonant regulators or dq−frame 
integrators are usually employed to reduce the harmonic com-
ponents. Besides the complexity, it requires additional designs of 
controller parameters, which relies on accurate frequency and 
sequence information of the circulating currents. In this paper, a 
common-mode (CM) insertion indices compensation method is 
introduced to realize CCSC, which is based on feeding forward 
the capacitor voltages. This approach not only facilitates the 
analysis of circulating current mechanism with a deep insight, 
but also provides a simple approach to achieve a wide bandwidth 
circulating current suppression without considering the specific 
harmonic frequencies and sequences. The latter one makes it easy 
to be used even in the unbalanced, multi-frequency or variable 
fundamental frequency ac systems. In addition to these advan-
tages, the proposed compensation method can maintain inter-arm 
capacitor voltages balanced without additional differential energy 
control loop, which is required in the existing capacitor voltage 
feedforward scheme. Analytical and extensive simulation results 
are given for validating the effectiveness of the proposed approach. 

Index Terms—Capacitor voltages feedforward, circulating 
current suppression control, common-mode insertion indices, 
compensation method, modular multilevel converter (MMC).  

I. IntroductIon

SINCE the modular multilevel converter (MMC) was in-
troduced in 2001 by Professor R. Marquardt for high 

voltage direct (HVDC) transmission [1], it is gaining global 
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growing attentions [2], [3]. Due to its excellent features, e.g. high 
modularity and voltage scalability, independent active power 
and reactive power control, low losses and low switching 
frequency, etc. [4], the MMC has become one of the most 
promising multilevel converter topology and has been extended 
to many medium/high power applications [2], [3], [5]. 

In contrast to conventional two-level converters, the major 
different feature of MMCs is the the circulating current that flows 
between the phase-legs, which increases the root-mean-square 
(RMS) value of the arm currents significantly [6], consequently 
increasing the losses and power ratings of the devices. 

Undesirable circulating currents are internal currents that flow 
among MMC legs but do not flow outside, including the low-
order harmonic currents and switching frequency components. 
The latter one is caused by instantaneous changes among 
voltage levels at switching frequency, which is due to multilevel 
modulation. In this stage, the modified carrier disposition 
modulation [7] or shifting the phases of arm SM PWM carriers 
[8] can be used to minimize the switching ripples. It can also 
be limited by the presence of a large number of SMs in one 
arm with the nearest level control method. [9]. In contrast, the 
low-order harmonic circulating currents are caused by SM 
capacitor voltage ripples coupled into the CM voltage via the 
direct modulation method, and this can not be minimized by 
the primary PWM process or by increasing the number of SMs. 
Although these low-order circulating currents can be reduced to 
some extent by larger SM capacitors and larger arm inductors, it 
is costly. Commonly, it is expected that the low-order circulating 
currents should be eliminated or at least suppressed to a small 
magnitude with a control technique, in order to reduce the 
losses and stresses of semiconduct devices [9]. 

Many efforts have been made to suppress the low-order 
harmonic circulating currents, which can generally be clas-
sified into two types [10], one is the direct method, e.g. the 
conventional CCSC method, and the other is an indirect 
compensation method by the capacitor-voltage feedforward 
control. The direct suppression method assumes that the 
frequencies and sequences of circulating current components 
are already known, which only contain even order harmonics 
in steady state, symmetric grid conditions, and the negative-
sequence 2nd-order harmonics are the dominant component 
for a three-phase MMC [11], [12]. Thus, the major circulating 
currents are eliminated by employing a negative-sequence 
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double-line-frequency dq transformation with a pair of in-
tegral regulators in the rotating dq frame [13], [14]. One 
main problem associated with this method is the robustness 
under the ac side imbalances, where a large positive-sequence 
2nd-order component exists. Therefore, the above method 
with double line-frequency dq transformation requires a 
complicated sequence extraction procedure [15], [16]. It is 
also inconvenient to be implemented in the non-three-phase 
system, such as the virtual circuit needs to be used in a two-
phase system [17]. Another problem with this method is that 
other frequency harmonic currents are not suppressed, which 
becomes more serious when optimized control methods are 
adopted. For example, the zero-sequence 3rd-order voltage 
injection [18], [19] is used to extend the modulation range and 
reduce capacitor voltage ripples, but the 4th-order harmonics 
in the circulating current is becoming larger. Moreover, as 
this method is highly dependent on the ac system frequency 
and sequence, which can be further affected by the phase 
locked loop used to detect the phase of the grid voltage. To 
overcome these limitations, multiple resonant regulators can 
be used in a stationary αβ frame [20]–[22], each of them is 
designed to suppress one frequency harmonic component. 
Model predictive control are also proposed to suppress the 
circulating currents [23], but the computational complexity 
drastically increases with large number of SMs. Alternatively, 
the repetitive control is employed [24] to suppress all even 
harmonics with a simpler parameter design. However, all these 
methodologies require the frequency and sequence information 
of the circulating currents, additional resonant or integrated 
controllers are needed to be designed.

On the other hand, the indirect control method in [25] 
proposed a closed-loop modulation by feed-forwarding the 
instantaneous arm capacitor voltages independently to com-
pensate the upper and lower arm insertion indices. However, 
the internal dynamics with this method will be marginally 
stable as the average capacitor voltages get out of control [26], 
two additional energy control loops are inevitably required. 
To solve this problem, an open-loop control method has been 
proposed where the estimated capacitor voltages were used to 
replace the measured ones [27], which has been demonstrated 
to be able to achieve global asymptotic stability [28], [29]. 
However, explicit expressions [27] are not always practical 
for the online implementation in a control system, several 
trigonometric and nonlinear functions need to be calculated 
online. Furthermore, the performance of this method is highly 
dependent on the accuracy of system parameters. To get the 
capacitor voltage, the online band-pass filter is employed to 
replace integral of the capacitor current in [29]. This method 
is highly dependent on the grid frequency, and becomes more 
complicated or even infeasible when the ac system frequency 
varies. Moreover, it is inaccurate during the transient period 
as the calculations and analysis are based on the steady state. 
Alternatively, one compensation method was proposed in [30], 
which forward predicted the SM dc-link voltage to suppress 
the circulating currents. However, this prediction method is 
generated at each half-carrier switching interval that is based on 

the PWM schemes, it can not be used in the NLC modulation 
with the sorting balance algorithms. 

The paper is organized as follows. Section II describes 
the commonly used averaged model of the MMC, which is 
used to analyze the mechanism of the circulating currents 
in detail. According to this analysis, a new CM insertion 
indices compensation algorithm is derived and implemented 
to suppress the circulating currents in Section III. In Section 
IV, the voltage balance capability of the inter-arm capacitors 
with different CCSC methods is analyzed and compared. A 
simulation model based on a three-phase MMC is established 
in Section V, simulation results are presented to validate 
the analysis of circulating current and the developed CCSC 
strategy. Section VI concludes this paper. 

II. cIrculatIng current of an MMc 
Since the MMC is three-phase symmetric, only one phase 

is analyzed as an example. Fig. 1 shows a single phase 
diagram of an MMC, which consists of two arms (upper 
arm and lower arm), each made up by N SMs connected in 
series with an arm inductor Larm. In this work, each SM is a 
typical half bridge, which is composed by two IGBTs (T1 
and T2) and a storage capacitor C. The output voltage vSM is 
equal to the capacitor voltage vcuj when the SM is inserted or 
zero when the SM is bypassed. Lk is the equivalent leakage 
inductance of the connected transformer plus line inductance. 
Rarm is the equivalent resistance, which represents the losses 
of the relative arm. vu, vl, iu and il are the upper and lower 
arm voltages and arm currents, respectively. va and is are the 
output ac voltage and current at the point of common coupling 
(PCC), respectively. Vdc is the DC side voltage, which is split 
into two DC sources connected in series and its central point is 
grounded to the ac side ground. 

A. Averaged Model of MMCs 

By controlling the insertion indices nu and nl, the inserted 
number of SMs varies between 0 and N, accordingly, the 

T1

T2

Lk

va

is

Larm

Larm Rarm

Rarm

iu

vu

vl

il

Vdc/2

Vdc/2

C vcuj

vSM

Fig. 1.  Single phase diagram of an MMC and its submodule topology. 
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arm voltage vu and vl can be varied as desired between 0 and 
the sum of capacitor voltages , . Assuming that N is large 
enough to allow the switching harmonics smoothed and can be 
neglected, so that vu, vl and nu, nl can be treated as continuous 
variables. Then the averaged model [28], [29] can be derived, 
as shown in Fig. 2(a), each arm includes an equivalent 
capacitor C/N. 

From Fig. 2(a), the differential-mode (DM) current is can 
be obtained using Kirchhoff’s current law, which is is = iu − il. 
Defining that icm represents the CM current that is comprised of 
icm0, the dc component, and icir, which is the circulating currents 
induced by the coupling effects with the direct modulation. 
Thus icm can be expressed as 

(1)

meanwhile, the CM voltage vcm and the DM voltage vs are 
defined as

(2)

Applying Kirchhoff’s voltage law to the upper and lower 
arm loops, we can analytically get the current dynamic 
relations as 

(3)

vu = nuv
∑
cu

vl = nlv
∑
cl

Lk

Larm Rarm

Larm Rarm

il

v∑
cl

v∑
cu

iu

nlil

nuiu

is

va

Vdc/2

Vdc/2

Larm Larm

Larm

Rarm

Rarm

Lk is

va

Rarm
icm

vcm vsVdc/2

Fig. 2.  (a) Commonly used averaged model for one phase of MMC. (b) The 
equivalent common-mode and differential-mode circuit.

where Rdm = Rarm/2, Ldm = Larm/2+ Lk are equivalent resistance 
and inductance for the equivalent DM circuit; Rcm = Rarm, Lcm = 
Larm are equivalent resistance and inductance for the equivalent 
CM circuit, respectively. 

Accordingly, the equivalent DM and CM circuits can be 
drawn in Fig. 2(b). It is obvious that vs drives is, and the voltage 
difference between va and vs determines is, crossing the RL 
impedance in the DM circuit. Meanwhile, icm is driven by the 
voltage difference between Vdc/2 and vcm, through the CM 
impedance. Thus, if icm is designed to be a pure dc current icm0, 
the CM voltage should be controlled such that vcm = Vdc/2−
Rarmicm0 ≈ Vdc/2 (assuming Rarm is small enough), which is 
the designed ideal CM voltage. From Fig. 2, the capacitor 
dynamics can also be obtained as

(4)

B. The Mechanism of Circulating Currents Between Phase-
Legs of an MMC 

For the conventional direct modulation, the insertion indices 
are given as:

                    (5)

where v*
s and v*

cm are the output of the DM and CM voltage 
references, respectively. 

Without loss of generality, assuming that the CM and DM 
voltage reference are both equal to the ideal values for the 
direct voltage modulation strategy without CCSC, such as v*

cm 
= Vdc/2, v*

s = Vs cos(ω1t), thus ncm = 0.5 and ndm = 0.5m cos(ω1t), 
where m = 2Vs/Vdc is the modulation index. Consequently, icm 
and vcm will contain the 2nd order harmonics, vs and is can be 
assumed to be pure sinusoidal for simplicity. 

The voltage and current quantities in an MMC with the di-
rect modulation strategy are circularly coupled by the insertion 
indices through (2), (3) and (4), which are also clearly shown 
in Fig. 3, where the upper arm is taking as an example. Noting 
that, only the low-order frequency components are considered. 
As shown in Fig. 3, the capacitor current for the two arms can 
be obtained as icapu = nuiu and icapl = nlil. 

Then, integrating the capacitor current to get the capacitor 
voltage, yields 

         (6)

where ΔVω1, ΔVω2 and ΔVω3 are the 1st, 2nd and 3rd-order ac 
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iu
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Fig. 3.  The relationships of electrical variables in the upper arm. 

components in the capacitor voltage, respectively. The detailed 
analytical expressions is ignored here. This indicates that both 
arm capacitor voltages contain harmonic components from dc 
up to the 3rd-order due to the frequency coupling effects, and 
the odd frequency components of the upper and lower arm are 
opposite in phase whereas the even frequency components 
are in phase. The arm voltage can be derived by multiplying 
the capacitor voltage with the insertion indices. Again, the 
frequency coupling will induce the harmonics components to 
the arm voltages, and it will contain dc to 4th-order harmonics. 
The even components that are in phase for the upper and 
lower arms drive the circulating currents as shown in Fig. 
2(b), where icir contains the 2nd and 4th-order components, 
which are different from the precondition (we assumed it only 
had the 2nd-order harmonic firstly). What’s worse, it will be 
again circularly coupled with the insertion indices as shown in 
Fig. 3, and more additional harmonics will be induced in the 
converter. The even frequency voltages of the two arms are 
in phase, forming the CM voltage vcm, which drives icm, and 
consequently, icir contains more even frequency components. 
The existing conventional CCSC method commonly adopts 
a resonant regulator or a dq frame+PI regulator to suppress 
the major 2nd-order component, which, however can only 
eliminate one frequency harmonic. More regulators are 
needed to suppress more even harmonics, which is sufficiently 
complicated. Moreover, this method highly relies on the ac 
system frequency and sequence, which can be further affected 
by the dynamics of the phase locked loop. 

From the above analysis, it can be concluded that the classical 
direct modulation is easy to be implemented but the inherent 
frequency coupling characteristics induce many harmonic 
components into the system, especially the even harmonics 
drive the circulating currents between the phase-legs. The 
frequency coupling effect is due to the capacitor voltage 
ripples are coupled into the CM voltage, which is not strictly 
equal to the designed ideal value Vdc/2 but contains harmonic 
components. 

Moreover, the circulating currents and the corresponding 
common-mode voltages will contribute more components 
in the one-phase leg energy storage requirement, which will 
be eliminated or reduced when the circulating currents was 

suppressed. Due to the energy storage is related to the capacitor 
voltage, and Vdc is fixed, then the lower energy storage 
requirement means the lower capacitor voltage ripple, which 
can reduce the voltage stress of the devices. 

III. ProPosed ccsc coMPensatIon strategy

A. Compensated Terms Derivation for Common-Mode 
Insertion Indices 

In this section, a CCSC method is proposed, which forces 
the CM voltage to achieve the designed value no matter what 
the capacitor voltages are. Then all additional harmonics in 
CM current can be eliminated regardless of the frequency and 
sequence information. 

Assuming that Δvcm is the additional compensation term, the 
insertion indices for the upper and lower arms in (5) after being 
compensated are changed as

                          (7)

From (7), it can be seen that the sign of the compensated 
terms for the upper and lower arms are the same as they are 
designed to compensate the CM insertion indices. Only in this 
way, through (2), it can generate additional even components 
in the CM voltage vcm, which is then used to cancel the original 
even harmonic voltages in vcm. The compensated CM voltage 
of MMC is derived as

                         (8)

To force vcm to be exactly equal to the designed reference, 
vc

cm = v*
cm should be satisfied. Then, combining (7) and (8), the 

compensated terms in the CM voltage reference can be derived as 

   (9)

where  =  −  and  =  + . The arm resis-tance is 
generally small so it can be ignored. 

B. Implementation of the Compensation Algorithm 

The implementation of the compensation algorithm is de-
picted in Fig. 4, where the proposed CM voltage reference 
compensation algorithm is superimposed on the conventional 
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current control strategy, which contains two control loops. 
One is the output current control loop with the PR regulator, 
whose transfer function is given as 

                     (10)

The other one is the zero-sequence current control loop used 
as the inner loop, the averaged sum of the two arms’ capacitor 
voltages are controlled as the outer loop. Note that this control 
loop is not essential in some applications where an open loop 
with v*

cm = Vdc/2 is used. However, it is highly recommended 
that zero-sequence current should be controlled to adjust 
damping ratio and improve the dynamics of the system [26]. 
Although the averaged capacitor voltage can converge to 
the mean value as the direct modulation is employed [25], 
it can vary from Vdc under different operating condition. For 
example, it will increase when the MMC consumes reactive 
power and decrease when the MMC provides reactive power 
to the ac system. To avoid this problem, the averaged capacitor 
voltage can be controlled with a PI regulator in practice, which 
is the outer loop and its output is used as the zero-sequence 
current reference to keep the power balance. Note that the 
averaged sum of the two arms’ capacitor voltages needs to be 
smoothed by a low pass filter (LPF), which avoids injecting 
any harmonic components into the CM current reference i*

cm, 
as shown in Fig. 4. v*

cm is given as

           (11)

where kpi is the proportional gain for inner-loop current 
controller, kpv and τv are the proportional gain and integral time 
constant for the voltage controller, respectively. 

Comparing to the conventional CCSC method, the frequen-
cy and sequence information of all harmonics in circulating 
currents are not necessary to know as there is no Park transfor-
mation or PR regulators in the compensation algorithm. The 
structure is very simple, as shown in Fig. 4. Moreover, the 
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Vdc
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cm
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vcl
vcu

vcu

2Vdc

vcl

2Vdc
i*

cm

Fig. 4.  The proposed compensated CCSC method for MMC.

proposed compensation algorithm is designed based on the 
direct modulation and no additional differential energy control 
loop is required, which still naturally achieves the average 
capacitor voltage balanced of the inter-arms. 

It should be noting that the calculation burden is so low 
that it is easy to be realized into a microprocessor. Since 
the essential input variables are the initial CM and DM 
voltage references and SM capacitor voltages, which are also 
measured to carry out the sorting algorithm, no additional 
voltage or current sensors are needed. Moreover, for both the 
conventional CCSC method and the proposed approach, all the 
capacitor voltages are detected by the local processing unit and 
then sent to the central ones, and then all the drive signals after 
closed-loop regulation are sending back to the local processing 
unit. As a result, the communication speed and data volume 
between the central processing unit and the local ones with the 
proposed approach are the same. 

IV. Inter-arM caPacItor Voltages natural Balance 
analysIs

The voltage balancing of the inter-arm capacitors can be 
guaranteed by the sorting algorithm and the high switching 
frequency, while how the proposed CCSC technique affects the 
inter-arms balancing of capacitor voltages needs to be further 
analyzed. The overall system in Fig. 2 is time varying due to 
the sinusoidal components in all voltage and current variables, 
as well as the insertion indices, which makes complete stability 
analysis of the capacitor voltage difficult. However, a simple 
voltage balancing analysis can be obtained as the following. 

First, considering that the conventional control method in 
Fig. 4 without the compensated algorithm is open-loop, then 
fixed CM and DM insertion indices ncm = 0.5, ndm = 0.5m 
cos(ω1t), which has no impact on the dynamics and thus 
simplify the analysis. Rearranging the equations in (3), and 
considering (2) and (5), which will give 

  (12)

In the steady state, there is no dc current in the capacitor 
current as the power is balanced between the dc and ac side, e.g. 
icm0 = 1/4m Is cos(φ), ncmicm0 is thus equal to (1/2ndmis)dc in (4). 
Due to icm0 is the same in the upper and lower arms, it can thus 
regulate the averaged value of , while is can be used to control 
the averaged value of .

Then assuming an initial inter-arm voltage unbalance occurs, 
e.g. the lower arm capacitor voltage  steps up and becomes 
much more than that of the upper arm, as shown in Fig. 5(a), 
the averaged errors in  and  can be observed. According 
to (12), is will increase and icm would decrease, respectively. 
Taking this effect back into the lower arm in (4), both of the 
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two current variations will drive  back to its normal value, 
which is shown clearly in Fig. 5(a). This regulation procedure 
lasts until the averaged value of  finally achieves the normal 
value, and meanwhile the averaged  becomes zero. A similar 
analysis can be realized for the upper arm capacitor voltage. 
Therefore, the capacitor voltages of the two arms can achieve a 
self-regulated balance driven by currents icm and is. 

Second, considering that the proposed compensation method 
is adopted, and all the circulating currents are suppressed well, 
i.e. icm is a purely dc current icm0. Substituting (8) and (9) into 
(12) gives 

      (13)

From(11) and (13), it can be seen that icm0 is still responsible 
to control the averaged value of  while is tends to regulate the 
averaged value of . When  increases, icm will decrease to 
regulate the averaged capacitor voltage for both arms, which 
can be seen clearly in Fig. 5(b), self-regulation can also be 
achieved in this case. 

If using the closed-loop modulation with feed-forwarding 
the upper and lower arm capacitor voltages independently in 
[25], gives 

        (14)

where it can be seen that this method can compensate both 
the CM and DM voltages efficiently and control them to the 
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Fig. 5. Self-regulated process of the inter-arm capacitor voltage with different modulation methods. The main parameters used are in Table I in Section V, and (a) 
direct modulation method; (b) the proposed compensation modulation method; (c) feed-forwarding the two arms capacitor voltages as discussed in [25].

ideal values. However, it cannot contribute to the selfregulated 
balance as  and  disappear from the right of the equation 
in (14), which indicates icm and is are unable to regulate  
and  Although  can be controlled through icm with an outer 
voltage loop as the same in Fig. 4,  will still move from zero 
to a new none-zero equilibrium point as is cannot contribute to 
regulate it, as seen in Fig. 5(c). Additional energy controllers 
as presented in [25] are needed to achieve capacitor voltage 
balance between the two arms by adding extra components into 
is. Overall, this method cannot achieve naturally self-regulated 
balance of the inter-arm capacitor voltages. 

V. sIMulatIon ValIdatIon

To explore the performance of the proposed CM insertion 
indices compensation method, a three-phase averaged sim-
ulation model of MMC is established in PSCAD/EMTDC, 
with the system and control parameters are listed in Table I. 
Note that no additional energy balance controllers have been 
employed in all the cases shown below. 

taBle I
systeM and control ParaMeters used In sIMulatIon MMc Model

AC system phase voltage Va 90 kV
Rated power S 135 MVA
DC voltage Vdc 200 kV
Number of SMs per arm N 100
SM capacitance C 4 mF
Equivalent capacitor C/N 40 µF
SM averaged capacitor voltage Vcapmean 1 kV
Arm inductance L arm 50 mH
Arm resistance R arm 0.3 Ω
Proportional gain (CM current controller) kpi 20
Proportional gain (voltage controller) k pv 1.26
Integral time constant τv 0.05
Proportional gain (DM current controller) k pr 200
Resonant gain (DM current controller) k r 31400
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A. Circulating Current Suppression Capability Under Different 
Operating Conditions 

Fig. 6 and 7 show the steady-state waveforms for phase 
A under a typical operating conditions. The proposed CCSC 
method is enabled at 1 s, where the waveforms in (a) from the 
top to the bottom are: the desired ideal and real CM voltages, 
the upper and lower arm capacitor voltages and the CM 
current, respectively. (b) is the spectrums of icm for the steady 
states. From them, the following observations are made: 

• The system can operate appropriately with the proposed 
compensated CCSC method. 

• The circulating currents are suppressed well, which can 
be clearly seen from the time-domain waveforms and the 
spectrums of icm. 

• In contrast, there are different frequency harmonics in icm 

before 1 s, and all of them are almost eliminated with the 
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Fig. 6.  Comparison of steady-state waveforms for phase A when the proposed 
CCSC method is enabled at 1 s under the operating condition P = −1.0 p.u., Q = 0 p.u..
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Fig. 7.  Comparison of steady-state waveforms for phase A when the proposed 
CCSC method is enabled at 1 s under the operating condition P = 0 p.u., Q = 1 p.u..

compensation method, which can reduce the rms value of 
the arm current, and therefore, the efficiency of the system 
can finally be improved. 

• Another benefit with the proposed CCSC method is that the 
capacitor voltage ripple is significantly reduced, which will 
reduce the the energy requirement and the voltage stress of 
insulated gate bipolar transistor (IGBT) to make the system 
operate more safely. 

In order to extend the linear operation range and reduce the 
capacitor voltage ripples, a zero-sequence 3rd-order voltage 
harmonic can be injected into the initial DM voltage reference 
[18], [19], gives as 

              (15)

here, |v*
s| and arg(v*

s) are the amplitude and phase angle of v*
s, 

X. XIONG et al.: COMMON-MODE INSERTION INDICES COMPENSATION WITH CAPACITOR VOLTAGES FEEDFORWARD



110 CPSS TRANSACTIONS ON POWER ELECTRONICS AND APPLICATIONS, VOL. 5, NO. 2, JUNE 2020

respectively. Due to the circulating coupling effects in Fig. 3, 
the circulating currents will contain much more significant 
harmonics, especially the 2nd and 4th-order harmonics. The 
MMC with zero-sequence harmonic voltage (ZSHV) injection 
is also simulated to further demonstrate the effectiveness of 
the compensation CCSC method. Fig. 8 shows the steady-state 
responses for one phase with different CCSC methods. The 
corresponding spectrums of icm are depicted in Fig. 9. From 
these figures, in addition to the observations seen in Fig. 6, 
more conclusions can be obtained, given as 

• The conventional CCSC method can almost eliminate the 
2nd-order harmonic and can suppress part of the other 
harmonics in icm by P part in the PR regulators. 

• Without any R regulators and no multi-dq frame integra-
tors, all the harmonics in icm can be almost eliminated by 
the compensation method, regardless of the frequencies 
and sequences information. 

B. Comparison of Inter-Arm Capacitor Voltages Natural Bal-
ance Capability 

A test of inter-arm capacitor voltages natural balance is 
performed to show the advantage of the proposed approach 
compared to the one described in [25], which feed-forward 
the upper and lower arm capacitor voltages independently, as 
shown in Fig. 10. Before 2 s, both the systems without CCSC 
method are operating in steady state and the two kinds of CCSC 
methods are enabled at 2 s for each system. As predicted from 
the previous analysis, when the method in [25] is used, the 
averaged capacitor voltages of the upper and lower arm start 
to diverge from each other due to the marginal stability of this 
strategy, as shown in Fig. 10(a).The divergence also in turn 
distorts icm from a purely dc current. In contrast, the proposed 
approach can maintain the capacitor voltages naturally balanced 
between the upper and lower arms, as shown in Fig. 10(b). 

C. Dynamic Performance Under Different Operating Condi-
tions 

To further validate the effectiveness of the proposed CCSC 
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Fig. 8.  Comparison of the steady-state responses with ZSHV injection for phase 
A with different CCSC methods under the operating condition P = −1.0 p.u., Q =0 
p.u., and (a1)-(c1) without the CCSC method, (a2)-(c2) are with the conventional 
CCSC method using PR@2ω regulators, (a3)-(c3) are with the proposed method. 
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Fig. 9.  The spectrums of icm with ZSHV injection for the steady states with 
different CCSC methods under the operating condition P = −1.0, Q = 0 p.u.

method, the dynamic performance of an MMC switching 
between different operating conditions is tested. The corre-
sponding electrical quantities simulation results are shown in 
Fig. 11. Before 2 s, the system is without CCSC method, and 
the rated active power is transferred from the ac grid to the dc 
side (P = −1.0 p.u., Q = 0 p.u.). The proposed CCSC method is 
enabled at 2 s, and 0.5 s later, P is changed to zero (P =0 p.u., 
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Fig. 10.  The self-regulated ability of the inter-arm capacitor voltages balancing 
is tested under the operating condition P = 1.0 p.u., Q = 0 p.u. with (a) the 
feedforward scheme in [25], (b) the proposed CCSC method in this paper. 



111

Q = 0 p.u.), then at 3 s, Q steps up to the rated reactive power 
(P = 0 p.u., Q = 1 p.u.) and operates for 0.5 s, Q returns to zero 
again. At 4 s, P reverses and steps from zero to the rated power 
(P = 1.0 p.u., Q = 0 p.u.). From Fig. 11, it can be found that the 
system with the compensated CCSC method can accurately 
follow the power variation commands. The circulating currents 
are eliminated and icm becomes a pure dc current after the 
transient period. Moreover Fig. 11(d) also confirms again that 
under all conditions, the proposed method can self-regulate in 
order to achieve the inter-arm capacitor voltages balanced.

D. Dynamic Performance Under Unbalanced AC Grid 
Conditions 

The proposed compensation approach used in a three-
phase MMC is also examined under an unbalanced ac grid to 
demonstrate the per-phase control capability of the new control 
scheme. As shown in Fig. 12, the grid voltage of phase A sags 
20% at 2.3 s to simulate an unbalanced grid. From Fig. 12(b), 
it can be seen that the three-phase grid currents ia, ib and ic are 
successfully controlled to their expected references regardless 
of whether the ac system is balanced or not. The three phase 
CM currents icma, icmb, icmc in Fig. 12(c) will change separately 
and become different under unbalanced grid conditions, which 
is responsible to guarantee the active power balance in each 
phase. Furthermore, the upper arm and lower arm capacitor 
voltages can also achieve naturally balanced when operate 
under the unbalanced ac grid, which can be clearly seen in Fig. 
12(d).

VI. conclusIons

This paper has analyzed the mechanism of the circulating 
currents between the phase-legs in an MMC, which revealed 
that due to the capacitor voltage ripples are coupled into the 
CM voltage, resulting in harmonics components that drive the 
circulating currents. Based on this analysis, a compensated 
CCSC approach is proposed by feed-forwarding the capacitor 
voltages to decouple the effects of the capacitor voltage ripples 
into the CM voltage. It is aimed to force the CM voltage 

1.5                      2                      2.5                     3                      3.5                      4                    4.5

1.5                      2                      2.5                     3                      3.5                      4                    4.5

1.5                      2                      2.5                     3                      3.5                      4                    4.5

1.5                      2                      2.5                     3                      3.5                      4                    4.5

(a)
-200

0

200

P,
 Q

(M
W

)

P Q

(b)

-1
0
1

i s(k
A

)

(c)

-1

0

1

i u, i
l, i

cm
(k

A
)

iu il icm

t (s)
(d)

160
180
200
220
240

v cu
,v

cl
(k

V
)

vcu
vcl

Fig. 11.  Dynamic performances with the proposed compensation CCSC method. 

equal to the designed one, so that it can suppress all harmonic 
components in the circulating currents no matter what the 
harmonics frequencies and sequences are. This approach also 
maintains the upper and lower arm capacitor voltages naturally 
balanced. Compared to the conventional CCSC method with 
PR regulators or multi-dq frame integrators, the proposed 
method achieves significantly a wider frequency and sequence 
harmonics suppression, which makes it particularly attractive 
for MMC applications in unbalanced, multi-frequency or vari-
able fundamental frequency ac systems. The effectiveness of 
the compensation CCSC method have been verified through 
simulation results. 
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