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ABSTRACT 

The voltage variations among the sub-module (SM) capacitors result in harmonics 

superimposed unto the circulating current. The conventional control of the SM voltages uses 

a closed-loop proportional Integral (PI) controller based on carrier shifted pulse width 

modulation (CSPWM). The PI-controller provides a dc reference circulating current for the 

control of the modular multilevel converter (MMC) measured circulating current. To 

decrease the influence of the voltage variation and improve the voltage control of the SM 

capacitors with harmonics elimination, this paper proposes a simple but an improved 

circulating current control within the MMC using a state-feedback controller. The proposed 

method employs state-feedback controller shaped by a linear quadratic regulator for a better 

reference tracking. The voltage disturbance in the PI-control loop is considered and 

disturbance rejection by feed forward compensation concepts is employed in the proposed 

scheme to produce an opposing compensation current to the circulating current reference. 

The feed forward current produced in the proposed method opposes and cancels the ac-

harmonics due to the voltage disturbance/variations with simplicity and without the use of 

any additional filters or harmonic controllers such as resonant controllers. The MMC 

performance in the conventional method and proposed method is presented in a simulation. 

Finally, results from experiment are given to verify the simulation. 

 
 . 

1. INTRODUCTION 

Modular multilevel converter (MMC) technology is 

widely viewed as the recent configurations in power 

electronic industries. Their applications are possible 

due to multilevel controlled and balanced voltages that 

are shared among the switches [1-3]. There are many 

control schemes such as direct control, power 

synchronization, and direct-quadrature control, among 

others, applied to MMC [5]-[7],[8]. MMC applications 

for stability and control have been employed based on 

different modulation techniques for a different level of 

SM stacked cells [9-11], [12]. Balancing control of the 

stacked cells has been achieved using different 

methods [13-17], [18]. Control of capacitor voltages 

has been achieved using different approaches 

capacitors has an effect on the quality of the MMC 

outputs. The voltage variations that could arise due to 

poor voltage balancing control produce harmonics 

[22]. The voltage variation from within the MMC 

makes the circulating current to have ripple 

components [17].The use of the PI-controllers in the 

internal control of the MMC is one of the most 

common solutions to obtain a  zero-static  error  in  

controlling  the  dc  circulating current [23],[24]. 

However, PI-controllers have a little effect in 

suppressing the harmonic voltage ripple [25] unless 

high-gain high-order   controllers,   such   as   resonant   

controllers,   are employed with the PI-controllers. 

Based on the integral feature of resonant controllers, 

the suppression of the low-order harmonic voltage 

could be achieved. This control is mostly achieved 

using second-order resonant controllers.   

Another option to reducing the impact of harmonics in 

MMC is to add more filters such as in [26]. However, 

filters add delay and cost.  A state-feedback controller 

instead of PI-controller can be employed for a current 

control such as in [27].The control in [27] was for an 

AC output current of a conventional two-level inverter 
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not in MMC applications such as the circulating 

current control. A good tracking of current was 

achieved. However, to target specific harmonics in the 

output current, resonant controllers had to be 

employed along with the state-feedback controller. 

Another option to suppressing the impact of 

disturbance is by employing a feed-forward concept, 

the typical example of feed forward disturbance 

strategy can be found in [28],[29] and in [30]. 

The paper is organized in the following way: Section 

II provides an overview of the MMC circulating 

current and capacitor voltage control based on 

CSPWM closed-loop control scheme.  Section III 

introduces the circulating current control based on the 

proposed feed forward concept for a state-feedback 

circulating current controller. Simulation and 

experimental results of the proposed control method 

are presented in Section IV and V respectively, and the 

conclusion of the work is provided in Section VI.  

 

2. CIRCULATING CURRENT AND 

CAPACITOR VOLTAGE CONTROLS IN THE 

CSPWM BASED MMCs 

Fig. 1 depicts the three-phase MMC system. fI and cV

are the MMC output current and voltage respectively.

fV is the reference voltage at the point of coupling 

(PCC) with respect to source voltage .sV sL  is the 

source inductance and sR is the source resistance. dcV  is 

the direct current (DC) link voltage. rL is the arm 

inductance. rR is the arm resistance. Applying 

Kirchhoff’s principle on any leg/phase with respect to 

node n, the relationship between the per phase output 

current ki , the lower and upper arm currents ( kpi  and kni

), and  circulating current cirki  are given by:  

      
(1)k kp kni i i= −
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Fig. 1. MMC in the three-phase configuration. 

        The sub-script k represents any of the three-phases 

(u, v or w). Based on (1) and (2), the regulation of the 

circulating current cirki and the output voltage kcV could 

be achieved by controlling  kpi  and kni as in (1) and (2), 

and the upper arm voltage and lower arm voltages (

kpcV and kncV ) given in (3) and (4) respectively. kcV  is 

given in (5). 

      

1
(3)

2
kp dc kc cV V V= −

1
(4)

2
kn dc kc cV V V= +

  

( )*

1
sin (5)

2
dcckV V M t=

      
Equation (5) gives the output voltage under ideal 

conditions when each voltage of the submodules (SM) 

capacitor is uniform and equivalent to / .dcV N M is the 

modulation voltage and cI  is the peak output current. 

  and   are the angular frequency and load angle 

respectively. The per-phase controls which are the 

average capacitor voltage control, arm balancing 

control, and the individual control use (6)-(9) [25]. The 

symbols in Figs. 2 are as 

( )
1

V V V (6)
2

k kp knC C C= +
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V kC is the per-phase average capacitor voltage in the 

corresponding phase. V knC and V kpC  are the average 

capacitor voltage of the lower arm and upper arm of the 

corresponding leg respectively. N  is the number of the 

SM in the upper and lower arm. V kiC  and V kjC  are the 

voltages of the ith and jth SMs in the upper arm and 

lower arm respectively. 
*VCk and

*
cirki represent the 

reference voltage and reference circulating current in 

the corresponding leg respectively. Fig. 2(a) gives the 

averaging-capacitor voltage control diagram, this 

control pushes the averaging-capacitor voltage V kC of 

each phase leg to track the reference voltage
*VCk . When

*V VCk Ck , 
*
cirki  increases.  This increase will impose the 

circulating current cirki  to track its reference current 
*
cirki

making VCk  to track its reference voltage
*VCk . PI 

controllers can be employed in the tracking, and the 

output voltage command cirkv  from the averaging 

control can be produced for the CSPWM. The gains of 

the PI controllers which are 1K , 2K , 3K  and 4K  could 

be obtained based on internal mode control theory.  

The individual-capacitor voltage balancing control 

pushes each SM capacitor voltage individually in every 

submodule to follow its voltage reference
*VCk , the 

individual balancing control is depicted in Fig. 2(b). 

The obtained voltage command for this modulation 

control is kBv . When .
* ( , )V VCk i jCk  the arm current is 

charging the SM capacitor, the polarity of the output 

current is positive. When it is reversed, the arm current 

gets the opposite polarity. The proportional controller 

with a gain 3K could be employed.The control block for 

the arm balancing is shown in Fig. 2(c). This process 

lessens the discrepancies in voltages between the lower 

and upper arm voltages. The voltages, V knC  and V kpC    

are also named as the average voltages of the negative 

arm and positive arm respectively. The proportional 

controller 6K could be employed. Similarly, the 

proportional controller K 4  could be employed [32]. 

Fig. 2(d) and (e) shows the proposed averaging control 

and the voltage commands for the CSPWM 

respectively. Note that the circulating current control 

based on Fig. 2(a) is usually insufficient in suppressing 

the circulating current harmonics [25].  Thus,  voltage  

disturbance v kd will  be introduced on the submodules, 

which injects harmonic current during normal 

operations [25]. Detail analysis of the voltage 

disturbance and its impact in the capacitor voltage 

control based on CSPWM can be found in [25]. In this 

paper, instead of using a repetitive controller or 

resonant controller as in [25], a feed forward 

compensation of the voltage disturbance is introduced 

to oppose the effect of the disturbance.In order to have 

better suppression of the harmonics in the circulating 

current at any specified frequency, controllers of high 

gain at the frequencies of the harmonics have to be 

used. A resonant controller has such feature [25], [34]. 

The circulating current PI controller when augmented 

with the resonant controller could be as follows: A 

resonant controller has such a feature [25], [34]. The 

circulating current PI controller with the resonant 

controller could be as  

2
_

_

2

2
( )

2 ( )

rk c

p i

c o

i i

r

K K s
C s K

s s s h



 
= + +

+ +
   

(10) 

 

where _p iK
is the proportional gain and _i iK

 as the 

integral gain. c


 is the resonant controller bandwidth,

o


is the fundamental frequency, rk
K

 is the h -order 

resonant controller gain, and h  is any chosen order to 

be suppressed. The controller ( )rC s  has infinite gain at 

h -order harmonic frequency, therefore, it can eliminate 

the h -order disturbance of kdv . Suppression of 

harmonics has been achieved based on the  controller 

( )rC s
 of (10) in [34]. However, only second-order 

resonant controller is employed. However, only 

second-order resonant controller is employed. To 

achieve an improved suppression of harmonics, 
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additional high even order resonant controllers such as 

the fourth-order controllers have to be added. 

 

3. THE PRPOSED VOLTAGE DISTURBANCE 

REJECTION WITH A FEEDBACK 

CONTROLLER 

The voltage disturbance 
kdv shown in Fig. 3 is reported 

to be the genesis of the harmonics in the arm of the 

MMC [25].The voltage disturbance results from the 

load current flowing through the submodule capacitors 

in the dc form.  

 
The variation results in the injection of the voltage 

disturbance onto the circulating current. This occurs at 

the twice of the fundamental current frequency. The   

excited   circulating   current   consequently   produces 

harmonics into the arm currents [25]. The general 

approaches to suppressing the harmonics are use of 

filters such as in [26], application of the high-order 

controllers such as the resonant controllers and 

repetitive controllers [25], and the injection of external 

second harmonic voltages [35-41]. In this paper instead 

of using additional filters, controllers or generation of a 

second harmonic voltage from an external source, gain. 

w  is the resonant controller bandwidth, K is the h - the 

source of the harmonics which is the voltage 

disturbance is Identified from within the MMC 

measured quantities, then the order resonant controller 

gain, and h  is any chosen order to be suppressed. The 

controller C (s) has an infinite gain at h–order harmonic 

frequency, therefore, it can eliminate the h-order 

disturbance of v. Suppression of harmonics has been 

current due to the voltage disturbance is extracted and 

feedback based on the feedforward method to 

counteract the ac-harmonic currents in the circulating 

current. The current extracted serves as opposing signal 

to the harmonic current, thus canceling their impact   

while   the   state-feedback   controller   regulates   the 

circulating current. Taking in any phase-k, the variation 

could be explained by the stored energy in the number 

of SM capacitance C in the upper and lower arms are as 

follow in (11) [25],B ased on (7)-(8), the instantaneous 

active energy stored in the arms, and their relationship 

for a number of submodule capacitor C  are as follows: 

2

2

1

2

1

2

kp Ckp

kn Ckn

W C v
N

W C v
N


= 


=
    

(11) 

 

 

 
 

From (10) and (11), the voltage disturbance which 

contributes to the variation can be written in terms of 

the DC component dci and harmonic components ni as 

given in (12) and (13).  

( )( )

( )( )

1

1

1
1 sin (12)
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1
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  Ckpv    and Cknv  are  the  voltage  changes  due  to 

disturbances  in  the  upper  and  lower  arms  of  the  

MMC respectively. The circulating current is as

1

1
(14)

3
cirk dc n

n

i i i


=

= +  

where the  harmonic  components ni are  the  nth  

order harmonics of the circulating current. Therefore, 
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the real output voltages of the upper and lower are as 

given in (15). 

( )( ) ( )

( )( ) ( )

1
1 sin

2

1
1 sin

2

kp dc Ckp

kn dc Ckn

v M t V v

v M t V v






= −  +  


= +  + 


   

   

(15) 

 

Then considering the voltage disturbance, the total 

output voltage of the phase would be given as follows: 

( ) ( )

( )

1 1
sin

2 2
kp kn dc Ckp Ckn

Ckn Ckp dc kd

v v V v v M t

v v V v

+ = +  +  + 

 −  = +

   

 

(16) 

kdv
in (16)  is the voltage variation between the leg and 

the total submodule voltages when the system is under 

normal modulation and given as in (17).

  It can be seen from (16) that can be obtained from the 

difference between the measured total capacitor 

voltages ,ckp nv

,times the insertion indices i.e.  

, , ,( )kp n p n ckp nNv v=
 and the dc link value. The voltage 

disturbance kdv
of (15) that excites the circulating 

current at twice the fundamental frequency, thus, can be 

estimated as follows: 

( ) ( ) ( )

_ 2

1 1
sin (17)

2 2
kd Ckp Ckn Ckn Ckp

kd h

v v v M t v v

v

=  +  +   − 


 

Corresponding voltage and current disturbance are : 

( )2_ .sin (2 ) 18kd kd h kdv v v t = = +
                                 

And the current disturbance can be written as  

( )2
2

_
_ sin(2 )

4 2
19kd h

kd kd h

r

v
i v dt t

L


 



−
= = + −  

2_ . _kd ff kd hv k v=  can be used to present an
 estimated 

feed forward voltage to be used to generate the 

proposed feed forward current 
_kd ffi

that will augment 

the circulating current reference 
cirki  

as shown in Fig. 2.  

k is the estimation of the gains of the  circulating current 

measuring devices.  

   

4. IMPLEMENTATION AND SIMULATION  

RESULTS
 

The proposed control is done using 

MATLAB/Simulink. The modulation is validated using 

a nine-level MMC proto-type with four sub modules 

per arm. The modulation is carried out using carrier-

shifted pulse width modulation scheme at 2KHZ. This 

means the overall switching frequency is 16KHZ.  
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The gains of the PI controller have been chosen based 

on the pole-zero cancellation [37]. The control for the 

conventional method has been employed based on the 

PI- control scheme. The gain of the LQR is obtained 

using  the Matlab based on the cost function; here, the 

optimal LQR  parameters are obtained by applying 

standard Matlab functions  lqrd [27].The inner 

circulating current control is carried out using the two 

methods: the conventional method based on Fig. 2(a) 

and  the proposed state-feedback method based on 

Fig. 2(d).  

To demonstrate the performance of the proposed 

method, 200VA MMC is tested under the simulation, 

a transition between the two reference currents, from 

typical PI-control to the proposed method is 

introduced as shown in Fig. 4(a). Another transition 

is depicted in Fig. 4(b), from the PI-control method 

with a resonant controller to proposed method with a 

resonant controller. The transitions are introduced at 

a time t=0.3sec.It can be seen that the harmonics in 

the circulating current are attenuated most under the 

proposed method with the resonant controller under 

PI-control with  

 

resonant controllers, and then under typical PI control 

method as the load current remains unaffected in all 

the methods. However, even without the resonant 

controller, it can be seen that the circulating current 

ripple has been suppressed. 

 Since the upper and lower arms are similar, Fig. 5 

shows the capacitor voltages in the lower arm, it can 

be seen that the control based on the proposed method 

produced capacitor voltages with suppressed ripples 

and fewer overshoots.  Fig .5 shows that the output 

voltage in the proposed method is less harmonic than 

in the conventional PI-control.
  

5. EXPERIMENTAL RESULTS 

The experimental results that are shown in Fig. 7 are 

obtained from a small setup of a single phase of five-

level MMC inverter with the parameters given in 

Table I. The control is implemented in the form of 

Simulink and executed using the DS1104 real-time  

controller. Channel 1 of Fig. 7(a) depicts the reference  
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AC voltage and channel 2 shows how the MMC 

output voltage tracks the reference voltage based on 

the proposed method. Figure 7(b) and (c) shows the 

circulating current obtained based on the PI-control 

method and the proposed state-feedback method  

respectively. The circulating current contains the dc 

current and ac-harmonics [38]. It can be seen that the 

state-feedback controlled current is less distorted than 

the conventional PI-control. Figure 7(d) shows the 

steady-state waveform of the five- 

level MMC inverter output voltage. Figs. 4, 5, 6, and 

7 have illustrated how the proposed scheme produced 

an improved MMC performance. 

 

6. CONCLUSION 

This paper presents a concept of average capacitor 

voltage and circulating current control of MMC based 

inverter with a state-feedback controller. The outer-

loop average capacitor voltage control of the MMC 

provides the reference circulating current   for   both 

the   state-feedback   controller   and   the conventional 

PI-controller circulating current control can usually 

be achieved by the use of PI-controllers with 

controllers such as the resonant controllers.   

This paper illustrates that a similar control can be 

achieved by counteracting the voltage disturbance 

within the leg of the MMC. This can be achieved by 

providing an opposing feed forward voltage signal to 

suppress the impact of the voltage   disturbance   in   

generating   voltage   ripple   and harmonics without 

the use of harmonic filters. The proposed controller is 

compared with the conventional PI-controller for 

circulating   current   harmonics   elimination.  The 

obtained simulation results show how the proposed 

control scheme achieved an improved   circulating 

current control, fewer harmonics due to reduced 

capacitor voltage variations and good AC output 

voltage. The results from the two different control 

schemes are presented. The experimental steady-state 

results have validated the proposed control. 
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