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ABSTRACT Low frequency operation in themodularmultilevel converters (MMCs) is enabled by applying a
reference common mode voltage and circulating currents at a frequency much higher than the desired output
frequency. The frequency of injected common-mode signals is limited for maintaining a good performance
in the circulating current control. Firstly, this paper theoretically analyzes the effect of increasing the
frequency of injected common-mode signals by evaluating the error between reference and actual circulating
currents. Secondly, we introduce an additional parameter in the reference circulating current to enhance the
suppression of MMC’s capacitor voltage fluctuations. Intensive computer simulations are developed for a
seven-level MMC driving a medium-voltage induction motor drive system to verify the circulating current
error analysis and assess the capacitor voltage fluctuations. Finally, the proposed technique for suppressing
the capacitor voltage fluctuations is experimentally validated on a 600-V three-level MMC feeding an
inductive load. The voltage fluctuations are reduced bymore than 50% (63.6%) when the proposed technique
is applied with a high common-mode frequency.

INDEX TERMS Modular multilevel converter, variable speed drive, low frequency operation, circulating
current control.

I. INTRODUCTION
Driven by its scalability, small footprint and low harmonic
distortion, the modular multilevel converter (MMC) [1], [2]
has become an attractive choice for medium-voltage drive
applications [3], [4]. However, the capacitor voltage fluctu-
ations in low-speed operation is one of the biggest challenges
in MMC-based variable speed drives. These fluctuations
are found to be inversely proportional to the output fre-
quency [5]. Therefore, the problem of capacitor voltage
fluctuations becomes more severe at low frequency opera-
tion of the MMC. As a solution to this problem, a sinu-
soidal common-mode voltage and circulating currents are
injected at a frequency much higher than the AC output
frequency [6]. In this way, energy imbalance between the
upper and lower arms in one phase is suppressed, resulting in
stabilized submodule voltages while applying low-frequency
voltages to the motor. Also, it has been pointed out that
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submodule voltage fluctuations are inversely proportional to
the common-mode frequency [6].

Recently several modifications to this technique have been
proposed [7]–[12]. Some of these techniques include chang-
ing the shape of the injected voltage [7], determining the
required circulating current in real-time [8], or performing the
control in the α − β coordinates [9]. Others suggest using
open-loop circulating current control [10], adding a third
harmonic of the common-mode frequency to circulating cur-
rents [11], or reducing the circulating current levels [12]. The-
oretical analyses of all of these techniques [6]–[12] assume
that the circulating current follows its command without
any deviation. Furthermore, low common-mode frequencies
(< 200 Hz) compared to carrier and sampling frequencies are
utilized to enable satisfactory current control performance.
A detailed review of these common-mode injection tech-
niques can be found in [13].

Two parameters, the capacitor size and common-mode
frequency, determine the extent of voltage fluctuations in the
submodules when the common-mode injection technique is
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applied with sufficient accuracy. Both parameters have an
inverse relationship with the voltage fluctuations. That is,
the voltage fluctuations become smaller as the submodule
capacitance or the common-mode frequency gets larger, and
vice versa. It is desired to increase the power density in the
MMC. Therefore, it is prudent to use high common-mode
frequencies to reduce the size of submodule capacitors. How-
ever, an increase in frequency may cause errors in the circu-
lating currents, and these errors result in undesired voltage
fluctuations in the submodules at the output frequency [14].
In our earlier work, a technique to mitigate these voltage
fluctuations due to the error has been proposed [14]. The
proposed technique improves the suppression of capacitor
voltages at a low output frequency by compensating the
circulating current error using two parameters α∗ (amplitude
compensation) and θ∗ (phase compensation). These two new
parameters are applied in the reference signal and their values
are determined by trial and error. However, selecting two
parameters is not an easy procedure due to the available large
range of selection.

To simplify the technique proposed in [14], we proved
in [15] that the same objective can be achieved by only
one additional parameter in the circulating current reference
instead of two. As a result, the proposed technique becomes
simpler, and is able to enhance the suppression of voltage
fluctuations in the MMC capacitors.

This paper is based on our earlier work presented in [14]
and [15] with the following additional contributions: (i) The
reasons for circulating current errors are explained when
the common-mode frequency increases. (ii) A method for
computing the circulating current error is introduced and a
clear relationship between the error and the compensation
parameter is established. (iii) Improvements in suppressing
the voltage fluctuations are analyzed and validated in the
time and frequency domains. (iv) Computer simulations for a
medium-voltage MMC drive are performed instead of a low-
voltage drive [14], [15]. (v) Experimental results showing a
comparison of the old and proposed techniques are added in
this paper.

The rest of the paper is organized as follows: Section II
presents the MMC system overview and the existing
common-mode injection technique. Section III focuses on
the analysis of circulating current errors. The proposed tech-
nique is described in Section IV. Simulation and experimental
results are shown in Section V and VI, respectively. Finally,
concluding remarks highlighting the contributions made by
this work can be found in Section VII of this paper.

II. MMC SYSTEM OVERVIEW AND INJECTION METHOD
A typical modular multilevel converter (MMC) supplied by
a dc voltage Vdc feeding a three-phase AC load is shown
in Fig. 1. The converter consists of three phase legs denoted
by subscripts ‘‘a’’, ‘‘b’’ and ‘‘c’’. Each leg is made of an
upper and lower arm, which are indicated by subscripts ‘‘p’’
and ‘‘n’’, respectively. In each arm N half-bridge submod-
ules are stacked in series with an inductor Larm. The upper

FIGURE 1. (a) Three-phase MMC and load. (b) Structure of one MMC arm.

and lower arm inductors are mutually coupled to provide
current-limiting capability to the circulating currents through
the legs while giving nearly zero inductance in the load
current loop. The basic MMC principles of operation can be
found in [4].

The sinusoidal injection technique in [6] and [7] is con-
sidered in this work. Only Phase A is analyzed since the
results can be conveniently extended to the other phases. The
circulating current in Phase A is defined as

iza =
1
2

(
ipa + ina

)
(1)

where ipa and ina are the upper and lower arm currents respec-
tively in Phase A. For injection purposes, the common mode
voltage vcm and Phase A reference circulating current i∗za are
given by

vcm = V̂cm sin (2π fcmt) (2)

i∗za =
2Vdc
V̂cm

(
1
4
−
v∗oa

2

V 2
dc

)
ioa sin (2π fcmt)+

v∗oaioa
Vdc

(3)

where V̂cm is the amplitude of injected common-mode volt-
age, and fcm is the frequency of common-mode injection.
In addition, v∗oa and ioa are the reference output (load) voltage
and current of Phase A, respectively. Signals v∗oa and ioa are
assumed to be sinusoids, whose frequency is called the output
frequency fo, and are phase-shifted by φ. That is,

v∗oa = V̂o sin (2π fot + φ) (4)

ioa = Îo sin (2π fot) (5)
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If fcm � fo, then i∗za contains components at multiple
frequencies such as 0, 2fo and fcm.

The capacitor voltages in the upper arm can be derived by
calculating the instantaneous power ppa, which is equal to [7]

ppa = f1 (t)Vdcioa sin (2π fcmt)+f2 (t)Vdcioa cos(4π fcmt)

(6)

Functions f1 and f2 include low-frequency content at fo or
close to it, and are given by

f1 (t) =
Vdc
V̂cm

(
1
4
−
v∗oa

2

Vdc2

)(
1−

2v∗oa
Vdc

)
−
V̂cm
2Vdc
−
V̂cmv∗oa
V 2
dc

(7)

f2 (t) =
1
4
−
v∗oa

2

Vdc2
(8)

From (6), (7) and (8), it is clear that ppa contain components in
the vicinity of fcm or 2fcm if fcm� fo. The voltage fluctuations
in the arm capacitors are thus sinusoids whose: 1) frequencies
are equal to fcm or 2fcm, and 2) amplitudes are inversely
proportional to fcm. As a result, it is desirable to increase fcm
as much as possible to reduce the voltage fluctuations or the
capacitance size in the MMC submodules.

III. CIRCULATING CURRENT ERRORS
A. REASONS FOR CIRCULATING CURRENT ERRORS
Using high values for fcm has its advantages as argued in
Section II. However, there are many aspects to consider
before selecting fcm. In fact, if fcm is very high then signif-
icant errors in the circulating currents may result. A typi-
cal block diagram for circulating current control is shown
in Fig. 2, where the current is controlled by a proportional
controller [7], [11]. Major reasons for current errors are
explained below with the aid of Fig. 2:

FIGURE 2. (a) Block diagram of circulating current control.

1) Since the circulating current contains components at
many frequencies, it is easier to implement the control
in the stationary frame of reference. However, doing so
will inevitably cause phase delays between the refer-
ence and actual signals. The delay also increases when
fcm increases [17].

2) The carrier frequency fcr determines the switching
frequency of the power modules, and is normally
chosen much higher than the frequency of modulated
signals [18]. As fcm increases and approaches fcr,
the current waveform gets more distorted leading to
circulating current errors.

FIGURE 3. Normalized reference and actual circulating currents showing
amplitude and phase deviations.

3) The circulating currents are controlled by inserting
and bypassing the submodule capacitors. Furthermore,
the circulating currents flow through the same capac-
itors, causing voltage fluctuations that act as a distur-
bance to the actual signal. The regulating voltage v∗za
is limited by the dc-link voltage. Thus, if the distur-
bance magnitude is large, then deviations between the
reference and actual signals occur as v∗za reaches the
limit [17].

B. DEFINITION AND EFFECTS OF CIRCULATING
CURRENT ERRORS
Based on the analysis in the previous subsection, circulating
current components at fcm are subjected to errors and dis-
tortion more than the other slower components at or near
fo. Thus, the focus is directed towards the deviations in the
fast fcm sinusoids in this research. The error in the circulating
currents, in terms of amplitude and phase deviations has been
investigated in the authors’ earlier work [14]. The actual
circulating current is assumed to be

iza = α
2Vdc
V̂cm

(
1
4
−
v∗oa

2

Vdc2

)
ioa sin (2π fcmt−θ)+

v∗oaioa
Vdc

(9)

where α and θ , as illustrated in Fig. 3, represent respectively
the amplitude and phase deviations between the idealized ref-
erence current in (3) and the actual current. When calculating
the arm power using (9), there will be components at fcm or
2fcm as shown by (6). However, there will be an additional
component independent of fcm, which exists due to the cir-
culating current error. This additional power component is
referred to by perrpa , where ‘‘err’’ stands for error, and is given
by [14]

perrpa =
1
4
(1− α cos θ)Vdcioa (10)

In the case of perfect control performance without any error,
α = 1 and θ = 0, and (10) evaluates to zero.
The existence of perrpa causes voltage fluctuations verrcpa in

MMC capacitors. These fluctuations are governed by the
differential equation [5], [15]

dverrcpa
/
dt =

1
4C

(1− α cos θ) ioa (11)

where C is the submodule capacitance. Both α and θ change
continuously during operation [15], so obtaining an analytical
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solution to (11) is not possible. However, it has been
demonstrated that the frequency of verrcpa fluctuations is equal
to fo [15].

IV. PROPOSED TECHNIQUE FOR IMPROVED CAPACITOR
VOLTAGE SUPPRESSION
A. SIMPLIEFIED TECHNIQUE FOR CIRCULATING
CURRENT ERROR COMPENSATION
The authors’ initial technique to suppress verrcpa has been pro-
posed in [14], where the circulating current reference in (3)
is modified by two parameters α∗ and θ∗, i.e.

i∗za=α
∗
2Vdc
V̂cm

(
1
4
−
v∗oa

2

Vdc2

)
ioa sin

(
2π fcmt+θ∗

)
+
v∗oaioa
Vdc

(12)

Referring to Fig. 3, the actual circulating current would be

iza = α∗α
2Vdc
V̂cm

(
1
4
−
v∗oa

2

Vdc2

)
ioa sin

(
2π fcmt + θ∗ − θ

)
+
v∗oaioa
Vdc

(13)

The circulating current in (13) would cause the undesired verrcpa
fluctuations which, following the analysis in Section III, are
equal to

dverrcpa
/
dt =

1
4C

[
1− α∗α cos

(
θ∗ − θ

)]
ioa (14)

The goal from (14) is to eliminate verrcpa by choosing α
∗ and θ∗

by trial-and-error such that the following criterion is met:

1− α∗α cos
(
θ∗ − θ

)
= 0 (15)

One problem with this approach is the large range of possible
values for α∗ and θ∗, a task that seems tedious for the control
engineer. Another problem is, due to the continuous change
of both α and θ in normal operation, it is not clear how
(15) can be met with constant α∗ and θ∗ values. There-
fore, the technique to suppress verrcpa is simplified by setting
θ∗ = 0 in (15) and the objective becomes finding β∗ such
that

1− β∗α cos θ ∼= 0⇒ β∗ ∼=
1

α cos θ
(16)

which leads to suppressing verrcpa fluctuations given by

dverrcpa
/
dt =

1
4C

[
1− β∗α cos θ

]
ioa (17)

To solve the problem of choosing β∗ when α and θ exhibit
variations, the average value of α cos θ is used to meet the
compensation criterion (16) in this paper. Thus, assuming
small variations of α cos θ around its average value

α cos θ ∼= (α cos θ)avg (18)

then the compensation criterion (16) become

β∗ ∼= 1/
(α cos θ)avg (19)

Therefore, verrcpa can be suppressed by using (19) in (17):

dverrcpa
/
dt
∼=

1
4C

[
1− β∗ (α cos θ)avg

]
ioa ∼= 0 (20)

B. PROCEDURE FOR APPLYING PROPOSED TECHNIQUE
A two-steps procedure is suggested for applying the proposed
injection technique to improve the capacitor voltage suppres-
sion. The reference circulating current is given by

i∗za = β
∗
2 Vdc
V̂cm

(
1
4
−
v∗oa

2

V 2
dc

)
ioa sin (2π fcmt)︸ ︷︷ ︸

high -freq

+
v∗oaloa
Vdc︸ ︷︷ ︸

low−freq

(21)

A proportional controller for circulating current control is
used as shown in Fig. 2. The procedure is as follows:

1) For a given set of Îo, fo and fcm, set β∗ = 1 in (21) and
choose a small value for the control gain Kz. Gradually
increase Kz until minimal voltage fluctuations in the
capacitor voltage are obtained.

2) Once minimal peak fluctuations have been reached
in Step 1, slightly increase β∗ to suppress the peak
voltages further.

The above procedure can be repeated for several fcm values
until an optimal performance has been achieved. It is also sug-
gested to have Îo as high as possible and fo as low as possible,
because the peak voltage fluctuation is directly proportional
to Îo and is inversely proportional to fo [5], [6].

C. VERIFICATION OF PROPOSED TECHNIQUE
The proposed technique is analyzed by: (i) observing the
peak voltage fluctuations, (ii) calculating the amplitude of
verrcpa using Fourier analysis, and (iii) computing the term
β∗ (α cos θ)avg. The method to perform the third task is
described as follows: First, from the simulated waveforms of
ioa and dverrcpa/dt , the instantaneous value of the term β

∗α cos θ
is calculated using (17). The simulation model is built ana-
lytically, and all MMC state variables are calculated by inte-
grating the vector field ẋ = f (x, u, t) [16]. Thus, dverrcpa/dt
is obtained from the readily-available dverrcpa/dt . A low-pass
filter is used to remove switching transients and other high-
frequency components as shown in Fig. 4.

FIGURE 4. Obtaining dverr
cpa/dt in simulation model.

When ioa is close to zero, the effect of β∗α cos θ is negli-
gible according to (17). That is,

ioa ∼= 0 H⇒ dverrcpa
/
dt
∼= 0 (22)
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FIGURE 5. Simulation block diagram of MMC-based IM drive system.

TABLE 1. Simulation specifications and parameters.

As a result, the instantaneous value of β∗α cos θ is calcu-
lated only when ioa is greater than 10% of its amplitude:

β∗α cos θ =

1− 4C
dverrcpa/dt

ioa
|ioa| ≥ 0.1Îo

don
′

t calculate |ioa| < 0.1Îo
(23)

Finally, β∗ (α cos θ)avg is calculated from all values com-
puted in (23):

β∗ (α cos θ)avg =
β∗

n

n∑
k=1

(α cos θ) [k] (24)

For the technique to be effective in suppressing verrcpa,
the β∗ (α cos θ)avg value should be close to 1 according
to (20).

V. SIMULATION VERIFICATION
A system consisting of a seven-level MMC model, a field-
oriented induction machine (IM) model and a control algo-
rithm is developed and simulated in Matlab/Simulink. The

FIGURE 6. Simulation results showing machine startup and operation at
low speed, (a) Output current in Phase A. (b) Rotor flux linkage. (c) Speed.

block diagram of the simulated system structure is shown
in Fig. 5. The control cycle starts by determining the required
output current references. Then, the output current regulation
and slip calculation tasks are performed, and the required
three-phase output voltages v∗o are calculated. After the v∗o
vector is determined, the circulating current reference i∗z for
each phase is computed using (21). The reference voltages
v∗o and v∗z for each phase, along with the common-mode
voltage vcm selected by (2), determine the required number
of submodules in each arm through modulation with six
phase-shifted carrier signals [19]. The gating signals for each

VOLUME 8, 2020 46145



M. Al Sabbagh et al.: Suppressing the Capacitor Voltage Fluctuations in Low Frequency Operation of MMCs

FIGURE 7. Simulation results for fcm = 500 Hz, and two cases of β∗: 1 (no compensation) and 1.05. (a) One capacitor voltage in the upper arm of
Phase A for β∗ = 1. (b) Fourier analysis of capacitor voltage for β∗ = 1. (d) One capacitor voltage in the upper arm of Phase A for β∗ = 1.05.
(b) Fourier analysis of capacitor voltage for β∗ = 1.05.

FIGURE 8. Simulation results for fcm = 1000 Hz, and two cases of β∗: 1 (no compensation) and 1.03. (a) One capacitor voltage in the upper arm
of Phase A for β∗ = 1. (b) Fourier analysis of capacitor voltage for β∗ = 1. (c) One capacitor voltage in the upper arm of Phase A for β∗ = 1.09.
(d) Fourier analysis of capacitor voltage for β∗ = 1.09.

submodule are applied to the MMCmodel. The system spec-
ifications and parameters are given in Table 1.

The drive system is simulated for 2.5 seconds. The output
current of Phase A, rotor flux-linkage and speed are shown
in Fig. 6. Initially the MMC capacitors are charged to the
nominal voltage and the IM is at standstill. At t = 0.1 s the
IM is magnetized with the rated flux linkage of 8.35 Wb, and
at t = 0.7 s the speed is ramped up to 100 rpm, which is
equivalent to 5 Hz electrical. A rated torque step of 7490 Nm
is applied at t = 1.2 s, and the system is stabilized at

t = 1.5 s. The rated flux-linkage and torque values result in
rated output (stator) currents of 150 A rms.

The capacitor voltages are analyzed once the system is at
steady-state at t = 1.5 s. Two values for fcm are chosen:
500 and 1000Hz, and the effects before and after applying the
proposed technique are analyzed. Furthermore, the control
gainKz in each fcm case is chosen as described in the proposed
procedure in Section IV.

The results for fcm = 500 Hz are shown in Fig. 7. On the
left column, a capacitor voltage vcpa, and its Fourier analysis
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FIGURE 9. Computed term β∗α cos θ using f cm = 1000 Hz and (a) β∗ = 1.
(b) β∗ = 1.09.

are shown for the case not utilizing the proposed technique
(i.e. β∗ = 1). Note that the capacitor voltage is shown as a
percentage of the nominal value, and that the Fourier analysis
does not include the nominal value for better visibility. The
peak fluctuation of vcpa is+13% in Fig. 7 (a), and it includes
major components at fo and fcm. The voltage component at fo
is indeed verrcpa derived in (17) and exists due to the circulating
current error. To suppress the voltage fluctuations further,
the proposed technique is applied using β∗ = 1.05, and the
results are shown in the right column of Fig. 7. Although
verrcpa got reduced by applying β∗, the overall reduction in the
voltage fluctuations is not substantial because the fcm voltage
component is large when fcm = 500 Hz. Only a 1% drop in
the voltage fluctuations is obtained in this case.

The same set of results are obtained for fcm = 1000 Hz
and are shown in Fig. 8. Without compensation, the verrcpa

is very large as shown in Fig. 8 (b), and much larger than
calculated in Fig. 7 (b). Furthermore, the voltage fluctuates
to +20% of its nominal in Fig. 8 (a). After applying the
proposed technique using β∗ = 1.09, the suppression of
voltage fluctuations is significantly enhanced, where the peak
fluctuation is reduced from +20% to 7%. The reason behind
this reduction is the suppression of verrcpa, whose amplitude
went down from 84 V to 4 V.

Further close-up examination is presented for the fcm =
1000 Hz case by analyzing the term β∗α cos θ and its aver-
age value β∗ (α cos θ)avg. The instantaneous variations of
β∗α cos θ are shown in Fig. 9 for β∗ = 1 and β∗ =

1.09. Without applying the technique (β∗ = 1), the value
β∗ (α cos θ)avg is 0.95. However, using the technique with
β∗ = 1.09 brings β∗ (α cos θ)avg to a value of 1, which is
the key to eliminate verrcpa in (20) and enhance the suppression
of the voltage fluctuations in the MMC capacitors.

A summary of simulation results given in Table 2 shows
when fcm is increased from 500 Hz to 1500 Hz the voltage
fluctuations increase from 13% to 22 % without compen-
sation. On the other hand, when the proposed technique is
applied, the peak voltage fluctuations, as opposed to the
conventional technique, decreases from 12% to 6%, under a
similar increase in the frequency. Thus, a significant advan-
tage of the proposed technique is shown. It is also worth
mentioning that the carrier frequency is maintained constant
in all cases shown in Table 2. Therefore, there is no big change
in the switching frequency.

VI. EXPERIMENTAL RESULTS
The laboratory investigation to validate the proposed tech-
nique has been conducted on a three-level (N = 2)MMC [21]
feeding a three-phase inductive load. A Texas Instruments
TMS320F28379D digital signal processor (DSP) and an
Altera Cyclone IV field-programmable gate array (FPGA)
are used for control and protection of the overall system.

FIGURE 10. Experimental testing setup. (a) MMC with 12 submodules. (b) Three-phase inductive load. (c) DSP and FPGA boards.
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TABLE 2. Summary of simulation results.

TABLE 3. Specifications and parameters of experinemtal setup.

The hardware implementation is shown in Fig. 10, and the
system specification and parameters are given in Table 3.
Experimental results have been obtained for fcm = 200, and
1000 Hz. The former is the highest choice for fcm found in
literature, while the latter results in large circulating current
error that can be compensated with the presented technique.
In both cases, the output current amplitude Îo is 50 A, and the
output frequency fo is 5 Hz.
Experimental investigation is performed with two objec-

tives. Firstly, the effect of increasing frequency is analyzed by
operating the system at fcm = 200 and 1000 Hz without any
compensation. Secondly, the proposed technique is applied at
1000 Hz to show its effectiveness for suppressing the voltage
fluctuations.

The case using fcm = 200 Hz is shown in Fig. 11. Shown
are one capacitor voltage in the upper arm and its Fourier
analysis, upper arm current and output current without apply-
ing the proposed technique, i.e. β∗ = 1. All measurements
are made on one phase. The control gain Kz is chosen such
that peak voltage fluctuation is minimized. The peak voltage
fluctuation is 19% above its nominal value as illustrated in
subplot (a) of Fig. 11. A look at the frequency content reveals
two major components. The first one is at fo (5 Hz), which
is verrcpa derived in (11), and the second is at fcm (200 Hz).
If verrcpa was to be suppressed, then the overall gain would not
be substantial since the fcm component is also large.
Experimental results for fcm = 1000 Hz, also without

applying the proposed technique, are shown in Fig. 12. The
peak voltage fluctuation in Fig. 12 (a) is +22%, which has
not changed much as compared to Fig. 11 (a). However,
the magnitudes of individual voltage components at fo and
fcm changed as the Fourier analysis in Fig. 12 (b) illustrates.
The magnitude of verrcpa increased when fcm went from 200 to

FIGURE 11. Experimental results for fcm = 200 Hz and β∗ = 1 (no
compensation) (a) One capacitor voltage in upper arm of Phase A
(b) Fourier analysis of capacitor voltage (c) Phase A upper arm current
(d) Phase A output current.

1000 Hz due to the increase in circulating current error
(see Section III). On the other hand, the voltage compo-
nent at fcm is substantially reduced as fcm is increased from
200 to 1000 Hz. From Fig. 12 (b) it is clear when the verrcpa is
suppressed the overall voltage fluctuations are significantly
reduced.

The effectiveness of proposed technique is validated at
1000 Hz with β∗ = 1.5, and the results are shown in
Fig. 13. The verrcpa component is suppressed, and the voltage
is more stabilized. Specifically, the peak voltage fluctuation
is reduced to +8% as shown in Fig. 13 (a), and this substan-
tial reduction is attributed to the elimination of verrcpa shown
in Fig. 13 (b).

The peak voltage fluctuations in case of 200 and 1000 Hz
without compensation (β∗ = 1) are observed to be 19%
and 22% respectively. When the proposed technique with
β∗ = 1.5 is applied for fcm = 1000 Hz, the peak voltage fluc-
tuations are reduced from 22% to 8%, a significant reduction
of more than 63.6%, showing the effectiveness of proposed
technique.
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FIGURE 12. Experimental results for fcm = 1000 Hz and β∗ = 1 (no
compensation) (a) One capacitor voltage in upper arm of Phase A
(b) Fourier analysis of capacitor voltage (c) Phase A upper arm current
(d) Phase A output current.

The experimental results in Fig. 13 also show an increase
in arm currents by 2 A from 1000 Hz injection to enhanced
1000 Hz injection. The increase can be understood by realiz-
ing a β∗ greater than one increases the circulating currents
and, consequently, the arm currents. However, the current
increase is insignificant when weighted against the reduction
in capacitor voltage fluctuations. In addition, one carrier fre-
quency is utilized in all the cases. Thus, the actual switch-
ing frequency of semiconductor devices does not change.
Another aspect to point out is the noticeable improvement in
the output current quality. That is, the output current becomes
smoother when increasing fcm and applying the proposed
technique (compare Fig. 11 (d) and Fig. 13 (d)).

VII. CONCLUSION
This paper has proposed a new technique for the sup-
pression of capacitor voltages in MMCs operated at low
output frequency. The technique suggests using very high
common-mode frequencies while simultaneously compen-

FIGURE 13. Experimental results for fcm = 1000 Hz and β∗ = 1.5 (no
compensation) (a) One capacitor voltage in upper arm of Phase A
(b) Fourier analysis of capacitor voltage (c) Phase A upper arm current
(d) Phase A output current.

sating the errors associated with such frequencies. The prob-
lem and proposed solution has been analyzedmathematically.
Both the simulation and experimental results validated the
effectiveness of the presented technique. The experimen-
tal results demonstrated that peak voltage fluctuations are
reduced from 22% to 8%, i.e. 63.6 % reduction, by applying
the technique proposed in this work. The resulting reduction
in the voltage fluctuations allows using smaller capacitor size
and, hence, increases the overall energy density.
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