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Abstract—This paper presents a control strategy of the entire 
frequency range operation for Modular Multilevel Converter 
(MMC), especially focusing on variable speed drive of an AC 
machine. The structure of MMC essentially requires energy 
balancing control so as to mitigate the voltage pulsation of each 
cell capacitor in converter arms. In the proposed control strategy, 
two operation modes are employed. One is a low frequency 
operation mode for start-up and low speed operation of the AC 
machine, and the other is a normal frequency operation mode 
from medium to rated speed of the AC machine. To reduce the 
pulsation, this paper proposes the energy balancing control 
strategies at each operation mode. Theoretically, the energy 
balancing control of the capacitors is prone to be unstable at low 
frequency operation. In order to prevent the instability, a special 
control strategy is introduced. The strategy exploits a common 
mode voltage and a circulating current with high frequency 
component in low frequency operation mode. With the proposed 
control scheme, the speed control range of the AC machine 
driven by MMC can be down to zero speed without instability of 
voltage of the cell capacitors. Experimental results for the energy 
balancing control are shown to demonstrate the effectiveness of 
the proposed control strategy. 

Keywords—modular multilevel converter, circulating currents, 
power balancing control, variable speed drives 

I.  INTRODUCTION 
A Modular Multilevel Converter (MMC) is regarded as one 

of promising topologies in high power conversion system 
without bulky reactive components such as line-transformer, 
harmonic filter, and DC link reactor [1]-[3]. Compared to 
conventional voltage source converters, the MMC has modular 
structure which is made up of identical converter cells. 
Therefore, it has advantages such as easy adaptation to higher 
voltage level, easy maintenance and assembly, and fault 
tolerance. Due to these merits of the MMC, the researches 
applying MMC to HVDC system have been widely carried out 
and MMC has been used for high voltage DC transmission 
system [4]-[5]. Theoretically, the voltage pulsation of the 
capacitor of each cell is proportional to output phase current 
and inversely proportional to operating frequency [6]. So, it is 
inherently difficult to drive AC machine by MMC, that 
requires a starting torque and low speed steady state operation. 
In the recent studies [6]-[9], however, several control schemes 
of MMC have been introduced for variable speed AC motor 

drive application. They have presented principles for MMC 
operation over complete frequency range. But these studies do 
not precisely address the actual control strategies such as 
changing output frequency including standstill operation. 

This paper proposes a control strategy to suppress the 
voltage fluctuation of the capacitor of each cell exploiting inner 
circulating current and high frequency component common 
mode voltage. Additionally, a switchover tactic between low 
frequency operation mode and normal frequency operation 
mode is described to drive AC machine in overall speed region. 
The proposed control scheme is based on energy balance 
between each cell capacitor and between upper and lower arm. 
The effectiveness of the proposed control strategy has been 
evaluated by experimental results. 
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Figure 1.  Circuit configuration of  the MMC. 

II. CONFIGURATION OF THE MMC AND PROPOSED 
CONTROL SCHEME 

A. Configuration of the MMC 
Fig. 1(a) shows the circuit configuration of the MMC. The 

MMC is composed of six arms, six arm inductors, and a DC-
link voltage source. Each arm has cascaded N-identical cells, 
and each cell consists of one DC capacitor and two active 
switching devices. The cell modules are depicted in Fig. 1(b) in 
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detail. In Fig. 1(a), first, xui and xli  are the upper and lower arm 
currents, respectively, and xsi  is the output phase current, 
where the notation ‘ x ’ represents u, v or w phase. The output 
phase current ( xsi ) and circulating current ( xoi ) are calculated 
from the upper and lower arm currents as described in (1)-(2). 
Therefore, the arm currents can be deduced as (3)-(4). 

xs xu xli i i= − .     (1) 

2
xu xl

xo
i ii += .     (2) 

1
2xu xs xoi i i= + .     (3) 

1
2xl xs xoi i i= − + .      (4) 

The voltage relationship along x -phase loop can be 
expressed as (5)-(6) using KVL. Here, dcV  is DC-link voltage, 

xPv  and xNv  are the upper and lower arm voltages, respectively. 
xnv  is the pole voltage, and xuLv  and xlLv stand for the voltage 

drop of each arm inductor in the upper and lower arm, 
respectively.  

0
2
dc

xuL xP xn
V v v v− + + + = .  (5) 

0
2
dc

xlL xN xn
V v v v− − + = .   (6) 

First, (7) can be derived by subtracting (6) from (5), and (7) 

can be rewritten as (8) under the definition of * ( )xo xo
dv R L i
dt

= + . 

The R  and L  are resistance and inductance of an arm inductor, 
and all arm inductors in the MMC are assumed as identical.  

0

2 0.
2

dc xuL xlL xP xN

xu xl
dc xP xN

V v v v v
d i iV R L v v
dt

− + + + + =
+⎛ ⎞⎛ ⎞⇔ − + ⋅ + + + =⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠

 (7) 

*

2 2
dc xP xN

xo
V v vv += − .   (8) 

* * * *,
2 2
dc dc

xP xo xN xocir cir

V Vv v v v= − = − .           (9) 

So, the upper and lower arm voltage references to regulate 
inner circulating currents can be derived as (9). 

Next, a sum of (5) and (6) can be presented as (10), where 
*
xnv  is the pole voltage reference of the corresponding phase. 

*

*

2 0

( )( ) 2 0.

xuL xlL xP xN xn

xu xl xP xN xn

v v v v v
dR L i i v v v
dt

− + − + =

⇔ + − + − + =
  (10) 

The pole voltage reference including the arm inductor 
voltage, which is incurred by the phase current, is defined as 

**
xnv  like (11). Thus, the arm voltage reference to control the 

output phase current can be determined by (12).  

** * 1 ( )
2xn xn xs

dv v R L i
dt

= + + .  (11) 

** * ** * **,
2

xP xN
xn xP xn xN xnout out

v vv v v v v−= − ⇔ = − = . (12) 

Overall arm voltage reference can be denoted as (13) from 
the superposition of (9) and (12), because these two kinds of 
arm voltage references in (9) and (12) are decoupled 
independently. 

* * * ** *

* * * ** *

,
2

.
2

dc
xP xP xP xn xocir out

dc
xN xN xN xn xocir out

Vv v v v v

Vv v v v v

= + = − −

= + = + −
  (13) 

B. The Energy in the Arm Capacitor 
Total power of each arm is represented as (14)-(15), and the 

sum and difference of them are calculated by (16)-(17). In 
addition, ** **

xn xs snv v v= +  holds as shown in Fig. 1 through voltage 
difference between node ‘s’ and node ‘n’. And, this voltage 
difference is a common mode voltage, snv . 

* ** *

** * ** *

2 2
1 1 .

2 2 4 2

dc xs
xP xP xu xn xo xo

dc dc
xo xn xs xo xo xs xn xo xo xs

V iP v i v v i

V Vi v i v i i v i v i

⎛ ⎞⎛ ⎞= ⋅ = − − +⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

= − − + − −
 (14) 

* ** *

** * ** *

2 2
1 1 .

2 2 4 2

dc xs
xN xN xl xn xo xo

dc dc
xo xn xs xo xo xs xn xo xo xs

V iP v i v v i

V Vi v i v i i v i v i

⎛ ⎞⎛ ⎞= ⋅ = + − −⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

= − − − + +
 (15) 

** *2xP xN dc xo xs xs sn xs xo xoP P V i v i v i v i+ = − − − .  (16) 

** *0.5 2 2xP xN dc xs xs xo sn xo xo xsP P V i v i v i v i− = − − − .  (17) 

The sum of power of both upper and lower arm derived as 
(16), is defined as a leg power which means difference between 
input power from DC-link and AC output power. The second 
term of the right-hand side in (16), **

xs xsv i  is multiplication of 
two fundamental frequency components, and the term has DC 
and 2nd order harmonic components. In the case that the leg 
power has DC component in steady-state, the capacitor 
voltages in the leg can diverge and the system cannot maintain 
the stable state. Hence, DC power of (16) should be eliminated 
by controlling the circulating current with DC components. 
Furthermore, the 2nd order harmonic component can also be 
eliminated by the circulating current simultaneously to 
suppress the severe fluctuation of cell capacitor voltage. This 
control strategy is called as an averaging control. 

The capacitor power difference between the upper and 
lower arm, derived as (17), affects balance of cell capacitor 
voltage of arms. The first term of the right-hand side in (17), 
0.5 dc xsV i , has fundamental frequency component. Thus, if the 
output phase current has DC or low frequency component, the 
voltage difference between arms can diverge. In order to 
operate MMC at DC and low frequency, the power difference 
should be compensated using xoi . However, xoi  is already used 
for eliminating **

xs xsv i  in (16). To balance the power difference 
between arms, a control strategy exploiting common mode 
voltage ( snv ) has been devised in this paper. The common 
mode voltage, snv , can be regarded as an additional degree of 
freedom for controllability because the common mode voltage 



does not affect to the output phase current. It is the natural to 
select the frequency of the common mode voltage as a high 
frequency to minimize the fluctuation of the cell capacitor 
voltage due to the common mode voltage itself. Hence, the 
third term of the right-hand side in (17), 2 sn xov i  can be used for 
the balance of power of arms with high frequency component 
in snv  and xoi . This control strategy is called as a balancing 
control. And, the low and high frequency elements can be 
segregated from snv  and xoi  as (18) and (19), where “~” and 
“^” mean low and high frequency component respectively.  

xo xoxoi i i= + .   (18) 

ˆsn snv v= .   (19) 

C. Averaging Control 
1) Low Frequency Mode: 

Eq. (16) can be written as (20) substituting (18)-(19). The 
voltage *

xov  might be omitted in (16) under the assumption that 
the impedance of the arm inductor is small enough to neglect 
the voltage drop. 

**

** **( ) .
xP xN dc xo xn xs

xo xo sndc xo xs sn xs dc dc xs xs xs

P P V i v i

V i v v i V i V i v i v i

+ ≈ −

= − + = + − −
 (20) 

The pulsation of the energy is far more affected by the low 
frequency component than by the high frequency component. 
The low frequency power component in (20) can be controlled 
as null denoted in (21). 

**
.

0xoxP xN dc xs xslow freq
P P V i v i+ = − = .  (21) 

**
xs xs

xo

dc

v ii
V

= .   (22) 

Eq. (21) can be met by (22) which has DC and 2nd order 
harmonic frequency components. The averaging control 
strategy is depicted as a control block diagram in Fig. 2(a). legE  
is the energy of the leg, and it can be represented as (23). *

legE  
is the reference energy of the leg, and it is set as (24), where *

cv  
is /dcV N . 

2 2
2 2

1 1
2

2 2

1

1 1 2
2 2 2

1 .
2

N N
cell

leg cell ci ci
i i

N

cell ci cell c avg
i

CE C v N v
N

NC v NC v
N

= =

=

= = ⋅

= =

∑ ∑

∑
  (23) 

* 2 *2 *21 4
2 2

cell
leg c cell c

CE N v NC v
N

= = .   (24) 

The feed-forwarding term, 
ff

legP , in Fig. 2(a) is derived as 
(25) by the aforementioned equation (22). 

*ff
leg xs xsP v i= .   (25) 

2) Normal Frequency Mode: 
In normal frequency mode, the frequency of the 2nd order 

harmonic is high enough and the voltage fluctuation of the cell 
capacitor due to the harmonic is tolerable. So, in the normal 

frequency mode the circulating current is controlled to have 
only DC component to minimize the conduction loss caused by 
the circulating current. And the current of each leg is DC and 
its magnitude is / 3dcI , where dcI  is DC component of dci  in 
Fig. 1(a). 

D. Balancing Control 
1) Low Frequency Mode: 

The difference in power between upper and lower arm can 
also be rearranged as (26) from (17)-(19).  

** **

** **

1 12 2( )
2 2

1 2 2 2 2 .
2

xP xN dc xs xn xo dc xs xs sn xo

xo xo sn xo sn xodc xs xs xs

P P V i v i V i v v i

V i v i v i v i v i

− ≈ − = − +

= − − − −
 (26) 

Low frequency power component in (26) can be extracted 
and xoi  can be substituted with (22). And, the low frequency 
component can be controlled to null denoted as (27). 

**
. .

**
**

.

1 2 2
2

1 2 2 0.
2

xo sn xoxP xN dc xs xslow freq low freq

xs xs
sn xodc xs xs low freq

dc

P P V i v i v i

v iV i v v i
V

− = − −

= − − =
 (27) 

Nullifying the low frequency component by (27) can be 
done by the low frequency component of sn xov i . snv  and xoi  can 
be defined by (28)-(29), and hω  stands for the angular speed of 
high frequency component, snV  for the magnitude of common 
mode voltage, and xoI  for the magnitude of high frequency 
circulating current which may have several low frequency 
components. 

cos( )sn sn hv V tω= .          (28) 

cos( )xoxo hi I tω= .       (29) 

The low frequency component of the power associated with 
the common mode voltage and the circulating current can be 
derived as (30). 

2

..

**
**

** 2

2 2 cos ( )

1 2
2

1 1 ( )2 .
2

xosn xo sn h low freqlow freq

xs xs
xosn dc xs xs

dc

xs xs
xo dc xs

sn dc

v i V I

v iV I V i v
V

v iI V i
V V

ω=

= = −

⎛ ⎞
⇔ = −⎜ ⎟

⎝ ⎠

   (30) 

The balancing control strategy is depicted as a block 
diagram in Fig. 2(b). The difference in energy between upper 
and lower arm ( errE ) is derived as (31). *

errE  is the reference of 
energy difference, and should be set to zero to prevent diverge 
of the voltage at each arm. And ff

errP , which stands for the feed-
forwarding term in Fig. 2(b), can be deduced as (32) by (30). 

{ }2 21
2err upper lower cell cu clavg avg

E E E NC v v= − = − .         (31) 
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Figure 2.  Proposed control scheme for variable-speed drive: (a) averaging controller, (b) balancing controller, (c) circulating current controller, (d) upper 
arm voltage reference, and (e) lower arm voltage reference. Wα  is weighting factor for switchover, which is described in section F. 

** 21 ( )2
2

ff xs xs
err dc xs

dc

v iP V i
V

= − .  (32) 

2) Normal Frequency Mode: 
As the operation frequency increases, the margin of the 

common mode voltage decreases. So, the common mode 
voltage becomes little effective component for balancing 
control. ff

errP  also cannot contribute to balancing, because it is 
derived from snv . As operating frequency increases, however, 
the fluctuation of cell capacitor voltage is within permissible 
range. In normal frequency mode, therefore, it is sufficient only 
to eliminate inevitable DC unbalance. The balancing can be 
achieved by using **

xoxsv i  in (26). And, by regulating xoi  to have 
fundamental frequency component, DC unbalance can be 
suppressed. 

E. Circulating Current Control 
1) Low Frequency Mode: 

The circulating current reference produced from the 
averaging controller has DC and low frequency components. In 
addition, the output of the balancing controller has high 
frequency component. Thus, it is essential to control each 
frequency component correspondingly. It can be assumed that 
phase voltage reference and phase current are defined by 

** cos( )xs m sv V tω=  and I cos( )xs m si tω φ= +  respectively, with the 
magnitude of the phase voltage mV  and of the phase current 

mI , the load angle φ  between voltage and current, and 
2s sfω π= , sf  being the output frequency. The low frequency 

circulating current satisfying (21) can be deduced as (33). It has 
DC and 2nd order harmonic component ( 2 sω ). Meanwhile, the 
high frequency circulating current satisfying (27) can be 
deduced as (34). The current has four kinds of frequency 
component specified in (34), and the components are, 3h sω ω− , 

h sω ω− , h sω ω+ , and 3h sω ω+ . 

( )

**

cos( )cos( )

cos cos(2 ) .
2

xs xs m m
xo s s

dc dc

m m
s

dc

v i V Ii t t
V V

V I t
V

ω ω φ

φ ω φ

= = +

= + +
  (33) 

** 2

2

2

1 1 ( )cos( ) 2 cos( )
2

cos(( ) )8
cos(( ) )4

cos(( ) ) cos(( ) )4
cos(( 3 ) )cos(( 3 ) )

xs xs
xoxo h dc xs h

sn dc

h sdc m m m

h ssn dc

h s h sm m

h s h sdc

v ii I t V i t
V V

tV I V I
tV V

t tV I
t tV

ω ω

ω ω φ
ω ω φ

ω ω φ ω ω φ
ω ω φ ω ω φ

⎛ ⎞
= = −⎜ ⎟

⎝ ⎠
− −⎛ ⎞⎧ ⎫

= −⎜ ⎟⎨ ⎬+ + +⎩ ⎭⎝ ⎠
− + + + −⎧

− ⎨+ − − + +⎩
.
⎫
⎬
⎭

 (34) 

Under the consideration of (33) and (34), six kinds of 
frequency component of the circulating current should be 
regulated. This paper introduces Proportional and Resonant 
(PR) regulator which has the narrow band and infinite gain at 
the displacement of the resonant pole [10]. As shown as Fig. 
2(c), circulating current controller consists of one proportional 
controller and six resonant controllers. Consequently, voltage 
reference to regulate the circulating current, ( *

xov ), can be made 
up of the superposition of outputs of PR regulator, that is 
depicted in Fig. 2(c). 

2) Normal Frequency Mode: 
As mentioned at normal frequency mode of averaging and 

balancing control, the circulating current should be regulated to 
have only DC component. So, in normal frequency mode, all 
references to R-controllers except DC controller 
( 11, 0k ω= = in Fig. 2(c)) have to be set as null. 

[ ]sf Hz

Wα

low
cutf high

cutf
 

Figure 3.  The relationship between operating frequency and weighting factor. 



F. Switchover Method between Two Modes 
As mentioned before, because the 2nd order harmonic and 

high frequency component of the circulating current is only 
injected in low operating frequency operation, the circulating 
current reference is changed depending on operating frequency. 
A switchover strategy between low and high frequency modes 
shown in Fig. 3 is devised by weighting factor ( wα ). And, this 
factor is applied to switchover of balancing control as well as 
circulating current control as shown in Fig. 2. In addition, the 
strategy has the hysteresis band to prevent ringing during the 
switchover. 

III. EXPERIMENTAL RESULTS 
The proposed control scheme was validated by a prototype 

10kVA MMC. The parameter of system is summarized at 
Table 1. As the number of cells in each arm, N, equals 2, total 
12 cells are used for three-phase system. Each cell capacitor 
voltage is controlled as 155V. And the level-shifted Phase 
Opposite Disposition PWM (POD-PWM) is applied to each 
arm voltage reference [11]-[12]. The MMC was connected to 
drive 11kW 8-pole Permanent Magnet Synchronous Machine 
(PMSM) which is coupled to an Induction Machine (IM) for 
applying load torque to PMSM. The specification of PMSM is 
summarized at Table 2. The experiments were carried out in 
three cases which are the low frequency operation, the normal 
frequency operation, and the operation from starting to normal 
frequency mode. 

TABLE I.  CIRCUIT PARAMETERS AND EXPERIMENT CONDITIONS 

Rated power MMCS  10kVA 

DC-link voltage source dcV  310V 

Arm inductor L  2mH 

Cell capacitor cellC  4400μF 

Carrier frequency swf  5kHz 

TABLE II.  SPECIFICATION OF THE PMSM 

Rated active power PMSMP  11kW 

Rated line-to-line rms voltage V  200V 

Rated rms line current I  58.6A 

Rated rotational speed rmω  1750r/min 

Pole pair number pp  4 

 

A. The Low Frequency Operation 
Fig. 4 shows the low frequency operation at 1Hz 

( 15 / minrm rω = ) with load torque 40% ( 24LT N m= ⋅ ). The u-
phase current ( usi ) is sinusoidal with fundamental frequency, 
1Hz. The cell capacitor voltages are also well regulated within 
around 15V regardless of this extremely low frequency 
operation. The fluctuation of the cell voltages is around 10% of 
the nominal DC link voltage of cell. The u-phase circulating 
current ( uoi ) has six frequency components. Especially, it 

reveals the dominant frequencies, namely, 2nd order harmonic 
and injected high frequency, 180Hz.  

100ms
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0
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10V

15A

15A

15A

1uCv 3uCv

uliuui
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usi

 

Figure 4.  Experimental waveforms when rotating speed is 15 r/min and load 
torque is 40%. 
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Figure 5.  Experimental waveforms when rotating speed is 1000 r/min and 
load torque is 100%. 

B. The Normal Frequency Operation 
In Fig. 5, the machine operates 1000 r/min with load torque 

100% ( 60LT N m= ⋅ ) in the normal frequency mode. The 



pulsation of cell capacitor voltages is around 12V (8%), and uoi  
in normal frequency mode has almost DC component as 
designed. As mentioned above, regulating inner circulating 
current as DC helps reduction of the conduction loss. 

2s
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0

0

0

10V

15A
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15A

1uCv 3uCv

uliuui

uoi

usi

0

0

150 / minr
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rmω

10N m⋅

1t0t  

Figure 6.  Experimental waveforms in the conditions of  variable speed drive 
from starting to 1000 r/min with starting torque(40%) and the increasing load 
torque depending on rotating speed. 

C. The Operation from Starup to Normal Mode 
Fig. 6 shows the operation from standstill ( 0t t= ) to normal 

frequency mode, 1000 r/min. In order to conduct the 
switchover operation in practical application of variable speed 
drive such as fans, blowers, or pumps, the load torque was 
applied in proportional to the square of the speed. Also, the 
startup torque is included in the torque profile. As the startup 
torque is applied as 40%, the phase current before 0t t=  is 
regulated DC. At 1t t= , the switchover process starts, and the 
operating mode changes to the normal frequency operation 
mode. As shown in Fig. 6, it has been confirmed that all 
control strategies depicted in Fig. 2 were well implemented and 
incorporated properly to drive variable speed AC machine in 
overall speed including standstill by MMC. 

IV. CONCLUSIONS 
In this paper, several control strategies for variable-speed 

AC drive by the MMC have been presented. To overcome the 
difficulties of the power balance between cells and arms of 
MMC over wide operating speeds, the operation mode is 
divided into two, low frequency operation mode and normal 
frequency operation mode. For smooth switchover between 
two modes, a weighting factor depending on the operating 
speed with hysteresis band has been introduced. The averaging 
control, balancing control, and circulating current control are 
devised at each operating mode. The variable speed motor 
drive with the control schemes has been verified by 
experiments using 10kVA prototype MMC system. The 
fluctuation of the cell voltage has been suppressed within 10% 
of nominal DC link voltage of the cell. 
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