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Balanced Submodule Operation of Modular
Multilevel Converter-Based Induction Motor

Drive for Wide-Speed Range
Yerraguntla Shasi Kumar and Gautam Poddar

Abstract—Operation of the conventional modular multilevel
converter (MMC) at low frequencies for the induction motor drive
is difficult. The peak-to-peak voltage ripple of submodule (SM)
capacitor increases abnormally at low frequencies of the drive.
Recently, the problem of high voltage ripple has been solved by
using back-to-back MMC without overloading the converter till
very low frequency of the drive. In this back-to-back configuration,
the grid-side MMC generates constant dc current source at its
output instead of dc voltage source. Using this current source as
input, the motor-side MMC drives a three-phase induction motor.
It is shown that the voltage ripple of SM capacitor remains constant
till very low frequency due to the dc current source. However, the
average capacitor voltage controllers do not guarantee balanced
operation of individual SM. In this article, the need for balancing
controller of individual SM capacitors of back-to-back MMC is
established experimentally. Therefore, this article proposes addi-
tional voltage-balancing controllers for the individual capacitor
of grid-side MMC and motor-side MMC without disturbing the
average controllers. The operating principle of this balancing con-
troller has been presented analytically and verified experimentally.
Finally, the operation of the drive with the proposed balancing
controller is presented for wide speed range.

Index Terms—Capacitor voltage ripple, modular multilevel
converter (MMC), voltage-balancing control.

I. INTRODUCTION

MODULAR multilevel converter (MMC) is very promis-
ing for medium- and high-voltage applications without

any transformer. MMC is an ideal topology for medium-voltage
variable-speed drives due to its features, such as modularity,
scalability, quality waveforms, and low average switching fre-
quency [1]–[3]. Submodule (SM) capacitors of conventional
MMC suffer from large voltage ripple at low frequencies for
the application of variable speed drive. The peak-to-peak volt-
age ripple of SM capacitors increases as the motor supply
frequency ωs decreases [4]. This problem limits the MMC
for variable speed drive application. This problem was tackled
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in [5]–[14]. The additional common-mode voltage and circu-
lating current-based techniques in [5]–[14] increase the peak
of the arm currents to more than three times the nominal
current [5].

This issue is solved by using a back-to-back MMC without
overloading the converter [27]. According to [27], the grid-side
MMC converts ac grid voltage to constant dc current idc as
shown in Fig. 1. Motor-side MMC converts idc to variable
voltage and variable frequency ac. Due to the current source
at the input of motor-side MMC, the voltage ripple of the SM
capacitor maintained constant till very low frequency of the drive
[27].

In MMC, the SMs of each arm may not operate in balanced
condition. The average capacitor voltage control strategies in
[5]–[10] and [20]–[27] do not ensure the balanced operation of
the SM capacitor voltages of each arm if they are not identical.
This can happen due to unequal distribution of losses of semicon-
ductor devices, variation of switching behavior of the semicon-
ductor devices, difference in gate signals as all gate drivers do not
have identical characteristics, ageing of components, etc. The
average voltage controllers in [5]–[10] and [20]–[27] regulate
the average capacitor voltage but not the capacitor voltage of
individual SM. Therefore, an additional controller is required to
balance the capacitor voltage of each SM without disturbing the
average capacitor voltage. Unequal voltages of SM capacitors
distort the output voltages and currents of the induction motor
drive. Eventually, the operation of the MMC converter becomes
unstable and the drive system trips. Hence, a suitable balancing
strategy is needed for the stable operation of the MMC-based
induction motor drive.

Few research works have been reported so far to balance the
voltages of individual SM capacitors of MMC-based drives.
Sorting algorithm has been proposed in [1] to maintain the in-
dividual SM capacitor’s voltage. This method has been adopted
again in [10]–[19]. These sorting algorithms can cause excessive
unequal switching frequency among the SMs, resulting in higher
losses in the converter [18]. The sorting algorithm is generally
preferred for HVdc applications where large numbers of SMs
are present [19]. Pulsewidth modulation (PWM)-based voltage
balancing algorithm of SM capacitors is proposed in [2] and
[20]. For MMC-based drive with a minimum number of SMs,
PWM-based control method is preferred to sorting algorithm.
Sorting algorithm does not perform well with less number of
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Fig. 1. Three-phase back-to-back MMC-based induction motor drive [27].

SMs. The effective high switching frequency can be achieved
with PWM control [20].

In [2] and [20]–[24], the proposed balancing algorithm of
motor-side MMC has common voltage reference for both av-
erage dc capacitor voltage controller and balancing controllers
of individual SM. Coupling of these two controllers can affect
the convergence of the SM capacitor voltage as presented in this
article. The balancing algorithm within the PWM carrier cycle
is implemented in [26]. However, [20]–[26] do not show the
effectiveness of the proposed balancing algorithms from very
low speed to rated speed operation of the drive. However, all
these strategies are proposed for the configuration of standard
MMC with constant input dc voltage.

This article aims at proposing a suitable balancing control
strategy without compromising the input and the output perfor-
mances of the MMC-based drive at all speeds. The proposed
balancing strategy is specially targeted for back-to-back MMC
configuration with intermediate constant dc current as shown in
Fig. 1. The performance of the balancing algorithm needs to be
validated from rated to very low speed of the drive. Therefore,
the article is organized as follows.

First, the proposed balancing algorithm of grid-side MMC is
presented. Next, the proposed balancing algorithm of motor-side
MMC is given. Finally, experimental waveforms of the grid-side
and motor-side MMCs with proposed balancing control methods
are presented at different operating conditions.

II. BALANCED OPERATION OF GRID-SIDE MMC

In this section, a method is proposed to balance the individual
SM capacitor voltages of the grid-side MMC. This balancing
controller maintains individual SM capacitor voltages to their
required value. Fig. 1 shows the configuration of the grid-side
MMC which is directly connected to the grid. It keeps the grid
current sinusoidal at unity power factor and generates regulated
dc current source at the output. This current source acts as input
to motor-side MMC drive.

A. Generation of Intermediate DC Current Source

For balanced operation, the legs of phases U, V, and W of
grid-side MMC needs to generate equal dc currents iUdcg , iVdcg ,
iWdcg , respectively. These three leg currents together generate the

Fig. 2. Intermediate dc current control.

net dc current idc. Here, the dc current idc is kept constant for
all operating conditions of the drive. The dynamical equation of
net intermediate dc current idc produced by the grid-side MMC
can be written as follows:
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Here, itgχ and ibgχ are the top and bottom arm currents of
grid-side MMC. Lag and Las are the arm inductances of grid-
side and motor-side MMCs. A coupled inductor Las is used for
motor-side MMC as shown in Fig. 1. Ras and Rag are the arm

resistances of grid-side and motor-side MMCs. V χt

dcgj
and V χb

dcgj
are the dc voltages generated by top and bottom jth SM of grid-
side MMC. V χ

dcg is the dc voltage generated per leg by the grid-
side MMC.V av

dcg is the net average dc bus voltage produced by the

grid-side MMC. V λt

dcsj
and V λb

dcsj
are the dc voltages generated

by top and bottom jth SM of motor-side MMC. V av
dcs is the

average dc voltage generated by the motor-side MMC.
Three independent closed-loop current controllers are intro-

duced to control the intermediate dc current of each leg iχdcg
as shown in Fig. 2. These independent controllers ensure that
each leg shares equal output dc current even if the legs are not
identical.
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Fig. 3. Averaging control of SM capacitor voltage of grid-side MMC.

B. Regulation of SM Capacitor Voltage and Grid
Current Control

To generate the dc current to drive the motor-side MMC,
the grid-side MMC needs to draw active power from the grid
voltage. This active power is used to balance the SM capacitor
voltages. The difference of input and output active powers of
grid-side MMC indicates the dynamics of the average capacitor
voltage of SMs as given in (2).

In (2), igd is the d-axis grid current igχ, while the d-axis
coincides with the grid voltage vector Vg . Cg is the capacitance
of grid-side SM. The average capacitor voltage V av

Cg is estimated
considering all 6n number of SMs of grid-side MMC as given in

(2). V χt

Cgj
and V χb

Cgj
are the capacitor voltages of top and bottom

SMs of grid-side MMC
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dt
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V av
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]
igχ = itgχ(t)− ibgχ(t).

(2)

Using (2), a PI controller regulates V av
Cg to its reference value

V ∗
Cg as shown in Fig. 3. At steady state, the constant d-axis

current igd confirms balanced three-phase current drawn from
the grid at unity power factor. Thus, the grid-side MMC draws
balanced power from the grid and delivers it to the motor-side
MMC when the grid voltage is balanced. However, this con-
troller does not ensure that the capacitor voltage of individual SM
converges to V ∗

Cg . This individual capacitor voltage may even
converge to abnormal value maintaining the average voltageV av

Cg

to V ∗
Cg . Therefore, there is a need of an additional controller to

regulate the capacitor voltage of each SM without affecting the
average capacitor voltage V av

Cg .
Since only averaging control is used to generate dc current

source idc as shown in Fig. 2, all the SMs of each leg of grid-side
MMC share equal output dc power. But they may have unequal
losses. Therefore, input power to each SM should be different.
The net input active power required by the grid-side MMC from
the grid is equal to the output dc power Pdc and the net losses
of all the SMs. The average capacitor voltage controller, shown
in Fig. 3, generates the required d-axis current command i∗gd to
meet the net input active power. This net active power should be
non-uniformly distributed among the arms and SMs to regulate
the capacitor voltage of each SM as discussed earlier.

Fig. 4. Grid current control.

Fig. 5. Capacitor voltage-balancing controllers of grid-side MMC. (a) Arm
balancing controller. (b) Individual SM balancing controller.

Traditional balancing methods in [2] and [20]–[26] are pro-
posed for motor-side MMC having constant input dc voltage
source. There is no grid-side MMC. In these papers, balancing
of SM capacitor is achieved by applying varied dc voltage com-
mands for different SMs. It is difficult to regulate the voltages
of SM capacitors at low motor power using these methods for
grid-side MMC, presented in Fig. 1. Here, at low motor power,
the intermediate dc link voltage is approximately zero due to
constant intermediate dc current. Hence, the grid-side MMC
does not have sufficient dc voltage at the output to control
the capacitor voltage of each SM. Thus, the balancing of SM
capacitors of grid-side MMC is proposed to achieve harnessing
constant ac grid voltage as explained below.

To balance the SM capacitor voltages of grid-side MMC, a
small amount of reactive current igq is drawn by the grid-side
MMC from the ac grid. The corresponding control block dia-
gram is shown in Fig. 4. The magnitude of q-axis current igq is
decided to correct the difference of power absorption among the
SMs. However, the practical difference of absorption of active
powers among the SMs is extremely small. Therefore, in this
article, the magnitude of the reactive current command i∗gq is
chosen as 5% of the rated active current iratedgd as follows:

i∗gq = 0.05iratedgd . (3)

The rated input power factor of the drive is ensured as above
0.99. This additional q-axis current igq does not modify the
drawn active power set by the averaging controller from the grid.
Therefore, the averaging controller and the balancing controller
of grid-side MMC are decoupled. Using this additional igq , the
net active power drawn by each SM can be varied as explained
in the following.
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SM capacitor voltage controllers are proposed for arms and
individual SMs as shown in Fig. 5. The bandwidth of this capac-
itor voltage controller is lesser than the inner grid current con-
troller. The arm voltage balancing controller shown in Fig. 5(a)
ensures that the average capacitor voltages of top V χt

Cgav
and

bottom V χb

Cgav
arms of the grid-side MMC are equal. The voltage

differences of SM capacitors within the arm are reduced by the
individual SM balancing controller shown in Fig. 5(b). This arm
and individual capacitor voltage controllers are implemented in
stationary reference frame. A simple P-controller with small
gain Kg

P is introduced for each arm and SM independently. The
output of these controllers generates voltage commands V ∗

gχarm
,

V t∗
gχj

, and V b∗
gχj

, which lag the grid voltage of phase χ by 900

as shown in Fig. 5. Therefore, these voltage commands are in
phase with the reactive currents of amplitude 3igq/2 and draw
active power to balance the arms and individual SM capacitor
voltage. Thus, the net active power 3Vgigd/2 drawn from the
grid can be expanded as follows:
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Here, i∗gα and i∗gβ are the two-phase grid current commands.
V ∗
gα and V ∗

gβ are the two-phase grid voltage commands. igq is

the rms value of grid q-axis current. V χt

Cgav
and V χb

Cgav
are the

average capacitor voltages of the top and bottom arm SMs.
In (4), the first underlined term is almost shared equally by the

SMs. The second underlined term is the unequally shared power
by the arms and SMs. This power is proportional to the deviation
of capacitor voltage of arms and each SM from the average arm

voltage V χt

Cgav
or V χb

Cgav
. From (4), it can be observed that the

average voltage controller of SM capacitor is decoupled from
the arm and individual SM voltage controllers. The reason can
be put as follows. Since, the arm balancing controller functions
based on the difference between average capacitor voltage of
top and bottom arms, it does not alter the total average capacitor
voltage V av

Cg . Hence, overall V av
Cg controller is not affected by

this arm voltage-balancing controller.

Similarly, the average arm voltage V χt

Cgav
orV χb

Cgav
is chosen as

the reference for the individual SM capacitor voltage-balancing
controller. Therefore, the arm voltage-balancing controller is
not affected by the individual SM voltage-balancing controller.
Moreover, the reactive current igq is used by the arm voltage
and individual SM voltage-balancing controllers. On the other
hand, the overall average capacitor voltage controller uses active
grid current igd. Therefore, the overall average capacitor voltage
controller, given in Fig. 3, is decoupled from the individual
voltage-balancing controller of SM capacitor, given in Fig. 5,
during transients.

Fig. 6. Voltage command for each SM of grid-side MMC. (a) Top arm.
(b) Bottom arm.

Fig. 7. Block diagram of rotor flux-oriented vector controller of induction
motor drive.

Finally, all the outputs of the controllers given in Figs. 2, 4, and
5 are combined together to generate the net voltage commands
(V t

gχ
∗
, V b

gχ
∗
) of top and bottom SMs of grid-side MMC as

shown in Fig. 6.

III. BALANCED OPERATION OF MOTOR-SIDE MMC

In this article, input to the motor-side MMC is a controlled
dc current source as shown in Fig. 1. Here, strategies are needed
for tackling three major issues. The first issue is the uniform
distribution of the dc source current among the three legs of the
motor-side MMC. The second issue is the balancing of capacitor
voltages of the SMs. The third issue is the balanced operation
of the induction motor.

A. Balanced Motor Currents Using Vector Control of
Induction Motor

Since the three-phase induction motor has balanced three-
phase windings, the motor draws balanced three-phase currents
when the applied motor voltages are balanced. Three-phase
induction motor currents are controlled using the rotor flux-
oriented vector controller as shown in Fig. 7. The output voltage
commands of this controller V ∗

sR, V
∗
sY , and V ∗

sB are uniformly
distributed among the SMs. Therefore, the applied motor volt-
ages are balanced when the capacitor voltages of the SMs are
same.
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Fig. 8. Averaging control of SM capacitor voltage of motor-side MMC.

Fig. 9. DC equivalent circuit of motor-side MMC.

B. Average Capacitor Voltage Control and Distribution of DC
Source Current

The motor-side MMC draws active power from the input dc
current source idc and regulates the SM capacitor voltage. The
dynamical equation of the average capacitor voltageV av

Cs of each
SM of motor-side MMC is given as
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dV av
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dt
= V av

dcsidc − Ps

⇒
(
6nCsV

av
Cs

idc

)
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∑
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]
. (5)

Here, Vs and is are the rms values of motor phase voltage
and current. ϕs is the motor power factor angle and Ps is the
motor input power.Cs is the capacitance of motor-side SM.V λt

Csj

and V λb

Csj
are the capacitor voltages of top and bottom SMs of

grid-side MMC. Based on (5), a PI-controller is used to control
V av
Cs as shown Fig. 8.
This PI-controller generates the dc voltage command V ∗

dcs.
V ∗
dcs is distributed uniformly to all the SMs of motor-side MMC.

The dc equivalent circuit of this operation is shown in Fig. 9.
Las andRas are the self-inductance and its leakage resistance of
each arm. If these parameters of three legs are identical and the
net voltage

∑n
j=1 [V

λt

Csj
+ V λb

Csj
] of SM capacitor of each leg is

the same as others; then, the following relations are achieved:
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3
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Here, V max
dcs is the maximum dc voltage command. However,

the parameters of MMC legs may not be exactly the same.
The net voltage

∑n
j=1 [V

λt

Csj
+ V λb

Csj
] of SM capacitor for each

leg may not be the same to the others. But, in steady-state,
the following voltage equation holds well from Fig. 9. The dc
voltage drop across the inductors is zero. Fig. 9 suggests that
V R
dcs ≈ V Y

dcs ≈ V B
dcs as the leakage resistance drop Rsi

λ
dcs is

negligibly small. Therefore, from (8), the net voltages of SM
capacitors of all the three legs must be same as given in (9) in
the following:
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=
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+ V Bb
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. (9)

Since the motor draws the remaining three-phase active power
from the source, each leg must draw equal active power from
the current source idc. Therefore, each leg approximately shares
the dc current idc/3.

C. Voltage Balancing of Arms and Individual SM Capacitors

Average capacitor voltage V av
Cs controller ensures that each

leg of motor-side MMC shares the input dc current equally and
the net voltage of SM capacitor of each leg converges to the same
value as shown in (9). However, this controller does not ensure
the balancing of voltages among SM capacitors of each leg. This
is due to the nonidentical power losses of SMs. The reasons
are the nonidentical behavior of switching devices, gate drive
circuitry, etc. This may cause unequal SM capacitor voltages
that may lead to unstable operation of the drive.

Uniform capacitor voltages of SMs can be achieved by ad-
justing the power of each SM independently to meet the variable
losses without disturbing the net power of each leg. This can be
met by applying different voltage commands for different SMs.
However, the net dc voltage command 2nV ∗

dcs applied to all the
SMs of each leg must be the same for all three legs as given in
(8). To achieve this, a method is proposed which is explained as
follows.
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Fig. 10. Capacitor voltage-balancing controllers of motor-side MMC. (a) Arm
balancing controller. (b) Individual SM balancing controller.

Fig. 11. Voltage command for each SM of motor-side MMC. (a) Top arm.
(b) Bottom arm.

Similar to the grid-side MMC, voltage-balancing controller
for the capacitor of motor-side MMC contains arm balancing
controller and individual SM balancing controller as shown
in Fig. 10. Average capacitor voltages of top arm V λt

Csav
and

bottom arm V λb

Csav
of motor-side MMC are balanced using the

proportional controller of gain Ks
P as shown in Fig. 10(a). This

arm balancing controller generates additional voltage reference
V λ∗
dcsarm

for each SM as

V λ∗
dcsarm

= Ks
P

(
V λt

Csav
− V λb

Csav

)
. (10)

These average arm capacitor voltage controllers do not alter
the overall average capacitor voltage controller given in Fig. 8.

Capacitor voltage of individual SM of each arm is balanced
using the error between the average capacitor voltage of each
arm (V λt

Csav
or V λb

Csav
) and its individual SM capacitor voltage

(V λt

Csj
or V λb

Csj
). This error is multiplied by Ks

P to generate
additional dc voltage reference for each SM as

V λt∗
dcsj

= Ks
P

(
V λt

Csav
− V λt

Csj

)

V λb∗
dcsj

= Ks
P

(
V λb

Csav
− V λb

Csj

)
. (11)

This individual capacitor voltage controller does not alter the
average arm capacitor voltage controller.

Finally, the output of the motor current controller, SM capac-
itor voltage controllers are added to generate the voltage com-
mands (V t

sλj

∗
, V b

sλj

∗
) for different SMs of motor-side MMC as

shown in Fig. 11.
The existing algorithms given in [2], [20]–[24] for motor-side

MMC use common voltage reference V ∗
Cs for both averaging

controller and SM balancing controller. Therefore, there is
strong coupling between these two controllers. To minimize this
interaction which may cause instability, the balancing controller

is slowed down drastically compared to the averaging controller.
The slowed down balancing controller does not perform well,
as observed experimentally and shown in Section IV-D.

The proposed algorithm uses the average capacitor voltage
of the top arm V λt

Csav
as the reference voltage for balancing

the top SMs. Similarly, the average capacitor voltage V λb

Csav
of

the bottom arm is used as the reference voltage to balance the
bottom SMs as explained in earlier sections. The bandwidth of
the overall averaging controller and the balancing controller can
then be independently chosen. The experimental results show
the improved balancing performance as given in Section IV-D.

The overall block diagram of the back-to-back MMC with
proposed controllers is shown in Fig. 12. This block diagram
shows the sensed signals from the converter, input and output of
each controller.

IV. EXPERIMENTAL RESULTS

An experimental setup is built in the laboratory to validate
the performance of individual capacitor voltage-balancing con-
trollers of grid-side MMC and motor-side MMCs. Fig. 13 shows
the hardware setup with two SMs per arm. It is controlled by a
digital signal processor (DSP) and a field-programmable gate
array (FPGA)-based digital card. The MMCs are designed to
match the available motor rating in the laboratory. The gate
drivers of the IGBTs are chosen to be different. Thus, they cause
substantial differences of operation of IGBTs. This leads to un-
balanced operation of the SMs without a balancing algorithm. In
the laboratory, grid-side MMC and motor-side MMC balancing
controller effectiveness is tested at different operating condi-
tions. Phase-shifted carrier-based sinusoidal PWM technique is
used to validate the proposed control algorithms.

The detailed specifications of the experimental setup are
summarized in Table I.

A. Grid-Side MMC Operation With Balancing Control

Here, different experimental waveforms of the SM capacitor
voltages are shown with and without balancing control. Each
SM capacitor voltage is maintained at 200 V.

Fig. 14(a) and (b) shows the effect of balancing controller
on voltages of SM capacitors when no load is applied to the
motor. In Fig. 14(a), without balancing control, the voltages of
SM capacitors build up with large differences, and in steady
state, they do not converge to the same value. Fig. 14(b) shows
that with balancing control, the voltages of SM capacitors build
up together and finally converges to the same value. Fig. 14(c)
shows that without balancing control, the voltages of SM capac-
itors drift away from their steady values as soon as the load is
applied to the motor. Fig. 14(d) shows the robust operation of
SM capacitor voltages with balancing controller when sudden
full load is applied to the motor. This confirms the necessity of
the balancing controller. Fig. 14(e) and (f) shows the drifting
of capacitor voltages when the balancing controller is suddenly
disabled during normal operation of the drive. Fig. 14(e) shows
the SM capacitor voltages of one leg of grid-side MMC and
Fig. 14(f) shows the SM capacitor voltages of three legs of
grid-side MMC. Fig. 14(g) and (h) shows the voltages of SM
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Fig. 12. Complete block diagram of the back-to-back MMC with proposed controllers.

Fig. 13. View of complete experimental setup.

capacitors when balancing control was disabled and enabled
after some time. Capacitor voltages are tried to drift away after
disabling the balancing controller. However, they regain the
desired voltage level when the balancing control is enabled
again. Therefore, these waveforms confirm the effectiveness
of the proposed balancing strategy for the grid-side MMC.
Fig. 14(i) shows the grid voltage and sinusoidal grid current
waveforms with the capacitor voltage-balancing controller. They
confirm almost unity power factor operation of grid-side MMC.
Fig. 14(j) shows the corresponding waveforms of voltages of
SM capacitors and dc-link current idc. Here, the dc-link current
is maintained at 14 A.

B. Motor-Side MMC Operation With Balancing Control

The performance of balancing controller of motor-side MMC
is shown in Fig. 15(a)–(f). Experimental waveforms of SM
capacitor voltages of motor-side MMC are shown at different
operating conditions. Each SM capacitor voltage is regulated at
200 V. Fig. 15(a) shows that without balancing controller the
voltages of SM capacitors drift away when no load is applied to

the motor. Fig. 15(b) shows that with the balancing controller,
the voltages of SM capacitors are perfectly balanced and main-
tained at the same value at no load of the motor. Fig. 15(c)
shows the drifting of capacitor voltages when the balancing
controller is suddenly disabled during normal operation of the
drive. Fig. 15(d) shows that the SM capacitor voltages regain
the desired voltage level when the balancing control is enabled
again. Fig. 15(e) shows the constant input dc-link current idc
when motor load is applied suddenly. Therefore, the dc-link
voltage command generated by motor-side MMC increases sud-
denly as shown in Fig. 15(e). The corresponding SM capacitor
voltages of motor-side MMC are shown in Fig. 15(f). The SM
capacitor voltages remain approximately constant even after the
sudden change in motor load.

C. Operation of the MMC-Based Vector-Controlled Induction
Motor Drive for Wide Speed Range

Operation of the vector controlled MMC-based induction
motor drive with the proposed capacitor voltage-balancing con-
trollers is shown in Fig. 16. Fig. 16(a)–(c) show the waveforms
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TABLE I
SPECIFICATIONS OF EXPERIMENTAL SETUP

of the drive when the motor is driven at 1 p.u. frequency with
rated torque. The intermediate dc current idc generated by grid-
side MMC is shown in Fig. 16(a). Fig. 16(a) shows the actual
intermediate dc-link voltage that has ripple due to the PWM
operation of two MMCs at front-end and rear-end of the drive.
Fig. 16(b) shows the SM capacitor voltages of motor-side MMC.
The peak-to-peak voltage ripple of SM capacitor is 4 V. Arm
currents and motor current of motor-side MMC are shown
in Fig. 16(c). Fig. 16(d)–(f) show the relevant waveforms of
the drive when it is operated at 0.5 p.u. frequency with rated
load torque. Fig. 16(d) shows the constant intermediate dc-link
current idc. As explained earlier, the intermediate dc-link voltage
Vdc decreases with motor supply frequency ωs as shown in
Fig. 16(d). SM capacitor voltages of motor-side MMC are shown
in Fig. 16(e). At this frequency, the SM capacitor peak-to-peak
voltage ripple remains at 4 V. The arm currents and the motor
current of motor-side MMC are shown in Fig. 16(f). These wave-
forms confirm that no circulating current is needed to regulate the
capacitor voltage ripple. The peak of arm current is the same as
that at the base frequency. The drive is operated at 8 Hz and rated
torque. The corresponding SM capacitor voltages are shown in
Fig. 16(g). At this operating condition, the voltage ripple of the

Fig. 14. Experimental waveforms of voltages of SM capacitors of grid-side
MMC. Under no motor load condition: (a) without balancing control; (b) with
balancing control. When sudden motor load is applied: (c) without balancing
control; (d) with balancing control. When balancing control is disabled under
motor load condition: (e) SM capacitor voltages of one leg; (f) SM capacitor
voltages of three legs. When balancing control is disabled and enabled after
some time: (g) SMs of U-leg; (h) SMs of W-leg. (i) Grid voltage and grid current.
(j) SM capacitor voltages and dc-link current.

Fig. 15. Experimental waveforms of SM capacitor voltages of motor-side
MMC. (a) Without balancing control under no motor load condition. (b) With
balancing control under no motor load condition. (c) When balancing control
disabled. (d) When balancing control is disabled and enabled after some time.
(e) DC-link current, dc-link voltage command, and motor current when sudden
motor load is applied. (f) SM capacitor voltages of motor-side MMC when
sudden motor load is applied.
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Fig. 16. Experimental waveforms when ωs/2π = 51 Hz and rated torque.
(a) Intermediate dc current and dc voltage. (b) SM capacitor voltages of
motor-side MMC. (c) Arm currents and motor current of motor-side MMC.
Experimental waveforms when ωs/2π = 27 Hz and rated torque. (d) Interme-
diate dc current and dc voltage. (e) SM capacitor voltages of motor-side MMC.
(f) Arm currents and motor current of motor-side MMC. Experimental wave-
forms when ωs/2π = 8 Hz and rated torque. (g) SM capacitor voltages of
motor-side MMC. (h) Arm currents and motor current of motor-side MMC.
Experimental waveforms when ωs/2π = 3.33 Hz and rated torque. (i) SM
capacitor voltages of motor-side MMC. (j) Arm currents and motor current
of motor-side MMC. Experimental waveforms under sudden speed change.
(k) Rotor speed and torque current for sudden speed change from 0 to 1 p.u.
(l) Intermediate dc current and dc voltage reference.

SM capacitor remains constant at 4 V. The arm currents and
the motor current of motor-side MMC are shown in Fig. 16(h).
The arm currents show the same peak as base frequency op-
eration of the drive. Finally, this drive is operated at standstill
operation with rated torque. At this condition, the motor supply
frequency ωs is 3.33 Hz. The corresponding SM capacitor
voltages and arm currents of motor-side MMC are shown in
Fig. 16(i) and (j), respectively. The SM capacitor voltages are
balanced, and their peak-to-peak voltage ripple remains constant
at 4 V, which is the same as that obtained at the base frequency.

Fig. 17. Experimental SM capacitor voltages of motor-side MMC. (a) Existing
individual balancing controller [2]. (b) With existing balancing algorithm when
the bandwidth of balancing controller is one order less than averaging controller.
(c) With existing balancing controller when the bandwidth of balancing con-
troller is two order less than averaging controller. (d) With proposed balancing
algorithm.

The transient operation of this MMC-based drive is shown in
Fig. 16(k) and (l). Fig. 16(k) shows the actual rotor speed and the
motor torque current when the motor speed command is changed
from 0 to 1 p.u. and vice versa. During this large transient, actual
motor toque current isq follows its reference i∗sq very closely as
shown in Fig. 16(k).

Fig. 16(l) shows the corresponding intermediate dc current idc
and intermediate dc voltage commandV ∗

dcs of motor-side MMC.
Fig. 16(k) and (l) confirm the capability of this MMC-based drive
to meet high performance during motor mode and regenerative
mode of operations.

D. Comparison of Existing and Proposed Algorithms of
Motor-Side MMC

The control block diagram of the existing algorithm in [2]
and [20]–[24] is shown in Fig. 17(a). The existing balancing
controller uses common voltage reference V ∗

Cs for both average
capacitor voltage controller and individual balancing controller.
This algorithm is experimentally applied to the motor-side MMC
where its input is constant dc current as shown in Fig. 1.
Fig. 17(b) shows that the balancing controller is not able to bal-
ance the SM capacitor voltages when its bandwidth is one order
lesser than the averaging controller. The SM capacitor voltages
diverge and reach the overvoltage limit. This is conformed to
the explanation given in the previous sections.

When the bandwidth balancing controller is made two order
lesser than the averaging controller, the SM capacitor voltages
slowly converge with large differences as shown in Fig. 17(c).
However, the capacitor voltages remain balanced during tran-
sient and in steady state with the proposed balancing controller
as shown in Fig. 7(d). This confirms the need of the proposed
balancing controller for back-to-back MMC configuration with
intermediate constant current for drive applications.

V. CONCLUSION

This article has presented voltage balancing controllers for
SM capacitors of grid-side and motor-side MMCs. Balancing
of individual SM capacitor of grid-side MMC is achieved by
drawing a small amount of nonzero reactive current from the
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grid. This reactive current does not alter the average voltage
V av
Cg of SM capacitors of grid-side MMC. With the help of this

reactive current, SMs of grid-side MMC draw nonuniform active
power from the grid to meet the nonuniform losses of SMs. Thus,
uniform capacitor voltages of all the SMs of grid-side MMC are
ensured.

Voltage balancing of SM capacitors of motor-side MMC is
achieved by applying nonuniform dc voltage commands to the
SMs to meet the nonuniform losses of SMs. The proposed
strategy does not alter the net voltage command of each leg.
It also does not affect the average voltage V av

Cs controller for
the SM capacitors of motor-side MMC. However, this strategy
directs the capacitor voltages of all SMs to the same value.
These balancing strategies of grid-side MMC and motor-side
MMCs have been verified experimentally at different operating
conditions. The overall performance of the drive is validated at
different speeds with the proposed balancing controllers. Finally,
the experimental comparison of the existing algorithm and the
proposed algorithm has been presented. Experimental results
confirm that the proposed balancing controllers are necessary
for stable operation of the back-to-back MMC-based variable
speed drive.
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