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Abstract—This paper presents an analytical dynamic model of 

a modular multilevel converter (MMC) in grid-connected 
operating mode. The proposed model is then efficiently used to 
design a circulating current controller. The proposed controller 
can accurately study the dynamic and steady-state performance 
of the converter through harmonic evaluations. Based on this 
configuration, the modulation is accomplished so that the stable 
performance of the converter in the network is obtained, which is 
considered as the foremost novelty of the proposed control 
method over existing control methods. In order to mitigate the 
circulating currents, the proposed controller inserts an estimated 
second harmonic component into modulation indices, which is 
considered as the second novelty of the proposed control method. 
The functionality and capability of the proposed control method 
are validated using detailed theoretical analysis and simulations 
with MATLAB/Simulink.  

Keywords— circulating current control; improved steady-state 
operation; modular multilevel converter (MMC).  

I.  INTRODUCTION  

Modular multilevel converters (MMCs) have attracted 
considerable attention in medium/high voltage applications 
over the past decade. This is mainly due to the MMCs’ 
exclusive structural features such as simple scalability to higher 
voltage levels, high-quality output voltage, less filter expenses, 
lower switching frequency and reduced converter losses. These 
advantages have made MMCs the preferred structure over 
conventional voltage source converters (VSCs), especially in 
high voltage direct current (HVDC) and motor drive 
applications [1]-[2].  

New non-linear MMC modeling techniques need a huge 
amount of simulation time due to their detailed, discrete nature. 
To resolve these technical issues average models are presented 
[1]. Despite being accurate and efficient, both models are 
represented in abc frame which is not convenient for imbalance 
transient studies and controller design [3]. This highlights the 
need for dq frame models as they are more compatible with 
desired controllers. 

Among the various aspects such as capacitor voltage 
balancing [4] and fault tolerance [5], that should be controlled 
to achieve stable performance, circulating current suppression 
is a matter of great importance in MMCs. Circulating current 
flows inside the converter due to voltage differences between 
dc link and converter legs [3].  

Despite having no impact on output voltages and currents, 
circulating currents should be eliminated as they increase rms 
values of arm currents, the ratings of power devices, capacitor 
voltage fluctuations and converter losses [6].  

Increasing the value of arm inductors to limit the 
circulating currents seems to be inefficient and yet costly [3]. 
Therefore, various controllers have been individually designed 
for this purpose [7]-[8]. One approach is to focus on reducing 
harmonic components, which leads to a slower dynamic 
response [9]. Enhanced methods based on quasi-proportional 
resonant (quasi-PR) controllers propose a more detailed dc and 
harmonic reference follow along with improved transient 
response [10]. These controllers are usually designed to cope 
with a limited order of harmonics as the controller complexity 
grows with accuracy. To reduce complexity, [11] proposes a 
circulating current control through redundant voltage levels of 
the converter. Defining the number of selected sub-modules 
(SMs) in the modulation process, this procedure eliminates 
additional control loops and improves converter dynamics 
especially at large numbers of SMs. Reference [12] presents a 
repetitive control to eliminate even-harmonic components of 
circulating current. The proposed technique occupies less 
memory for data processing which leads to less delay 
compared to conventional closed-loop controllers. The greatest 
weakness of aforementioned methods is their ineffectiveness in 
imbalance studies. 

This paper presents a dynamic model of MMCs in dq frame 
as it is more convenient than abc models for stability analysis 
purposes as well as controller design. Based on this accurate 
model, modulation indices are obtained which is considered as 
a novelty of this paper. Moreover, a circulating current control 
is proposed according to second harmonic expressions of the 
model as the second novelty of this paper. The coordination 
between converter model and the proposed controller 
guarantees stable performance of the MMCs in a grid-
connected operating mode.  
 

II. GENERAL STRUCTURE OVERVIEW AND THE PROPOSED 

DYNAMIC MODEL 

The most common configuration of a three-phase grid-
connected MMC converter is presented in Fig. 1(a). Each 
phase leg consists of upper and lower arms which contain N 
series-connected SMs, one arm inductor Larm, and one parasitic 
resistance Rarm.  
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Known as the general configuration of SMs, half-bridges 
consist of IGBT switches and dc capacitors as shown in 
Fig. 1(b). The voltages inserted by each upper and lower arm 
(specified by u and l correspondingly) can be represented as 

cux ux cuxU n U Σ=  and clx lx clxU n U , x a,b,cΣ= =  in which 

modulation indices ( uxn , lxn ) and sum capacitor voltages 

( cuxU Σ , clxU Σ ) contain dc, fundamental, and second harmonic 

components. Thus, the aforementioned quantities can be 
expressed as follows:  
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where the fundamental frequency components at ω=2πf are 
represented by subscripts d and q, whereas subscripts d2,q2 
and 0 denote the second harmonic and zero sequence 
components respectively.  

 

Following that, based on Fig. 1(a), each arm current ( uxi , 

lxi ) can be represented as: 
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where, xi  represents the fundamental frequency current in 

phase x while circxi  represents the circulating current of leg x, 
consisting of dc and second harmonic components. 

Considering the energy stored in SM capacitors used in 
each arm, following dynamics of the sum capacitor voltages 
are obtained as: 
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Fig. 1. General configuration of a grid-connected MMC, (a) Circuit 
schematic, (b) SM structure. 

where the energy derivative equals the power injected into each 

arm. Substituting U n Ucu,l u,l cu,l= Σ , (8) can be represented as: 
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Finally, considering harmonic components of each 
parameter leads to the dq0 frame representation of the 
aforementioned equation as follows: 
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On the other hand, considering x ux lxi i i= − and applying 
KVL to Fig. 1(a) leads to: 
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Finally, considering (1)-(4), the dynamic equation of the 
MMC could be expressed in dq0 frame as:  
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III. STEADY- STATE PERFORMANCE STUDIES OF THE 

SUGGESTED MMC MODEL 

To evaluate modulation indices for the steady-state 
performance of MMC, all quantities of previous equations 
should be substituted by their reference amounts. Therefore, all 
derivative components in (9) are substituted by zero. Also, 

2iud  and 2iuq  as well as 2dm  and 2qm are neglected due to 

the designed controllers while zero component of sum 

capacitor voltages ( 0cuU Σ ) is considered equal to the reference 
voltage amount of dc-link (Vr). This way, steady-state values of 
sum capacitor voltages can be derived from (9). 

In order to obtain the best operation during transients, the 
instantaneous deviations in reference amounts of each arm 
current are considered in the controller. Consequently: 
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Also, instantaneous values of arm currents should be 
substituted by their reference amounts as follows: 
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Thus, applying the aforementioned assumptions to (11), 
steady-state operation equations for the suggested dynamic 
model can be represented as follows: 
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Last row of (14) leads to: 
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 It is evident that both A and B have constant values.  
Thus (15) states a linear proportion between mds and mqs .  

In this regard, first row of (14) leads to a quadratic equation 
which can be expressed in terms of mds as follows:  
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By solving the expressed quadratic equation in (16),  mds   

and '
dsm can be expressed as (17). Therefore,  mqs   and 

'
qsm can also be derived based on (15). 
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IV. CIRCULATING CURRENT CONTROLLER  

Circulating currents are produced because of the voltage 
deviations between dc-link and each phase leg. These currents 
include a dc component which is responsible for dc to ac 
power exchange and a second harmonic part with no effect on 
the outer dynamic of the converter. The harmonic term results 
in an increment in the rms value of each arm current as well as 
power dissipations and therefore, should be eliminated. 
Considering 2 tθ ω= , the phase sequence of the 
transformation to the rotational frame would be a-c-b. 
Therefore, the KVL applied in each phase loop of the 
converter can be expressed as follows: 
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In order to provide the stable performance of MMC, the 
second harmonic components of currents are preferred to 
become zero. Second harmonic quantities of modulation 
indices should be calculated and then inclined to zero. 
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Including PIs, the circulating current control eliminates second 
harmonic currents and improves the performance of MMC. 

V. RESULTS AND DISCUSSION 

The structure presented in Fig. 2 is simulated in 
MATLAB/Simulink to validate the performance of the 
suggested controller applied to grid-connected MMCs. The 
values for various circuit components as well as operational 
conditions used in simulations are presented in Table I. 

Fig. 3(a) represents the modulation index of the upper arm 
of phase-a (nua), produced by the suggested modulation 
technique. In this regard, a modulation method based on phase 
opposition disposition (POD) carriers is applied where separate 
triangular carrier signals are used for each SM. The inner emf 
in each phase can be defined based on inserted voltages of each 

arm as clx cuxU U

2xe
−= . Applying the above PWM pattern 

to switching functions of each phase, output currents of the 
converter are driven by the emfs illustrated in Fig. 3(b). 
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Fig. 2. General configuration of the proposed control method used in 
simulations. 

TABLE I 
MMC COMPONENT VALUES AND OPERATING CONDITIONS USED IN 

SIMULATIONS 
Items Values

Active power Pref 14 MW
Reactive power Qref 6 MVAr
ac system voltage

*
gV  (L-L,rms) 

10 kV 

ac system inductance Lc 30 mH
ac system resistance Rc 0.5 Ω

dc bus voltage Vr 20 kV
Number of SMs per arm N 20

SM capacitance C 10000 μF
Arm inductance Larm 9 mH

Arm equivalent resistance Rarm 0.7 Ω
SM capacitor voltage Vcsm 1 kV

Carrier frequency fsw 5 kHz
 



 
Fig. 3.  Applied modulation technique, (a) modulation index of the upper arm 
in phase-a produced by the suggested modulation technique, (b) inner emfs in 
phase legs. 

In order to validate the suggested circulating current 
controller, as shown in Fig. 4(a), the proposed algorithm is 
disabled initially and then enabled at 0.4 s. It is obvious that 
by adding appropriate components produced by the proposed 
controller to the modulation indices, the harmonic part of the 
circulating current is reduced effectively. This method 
provides a lower distortion in arm current, leading to a more 
sinusoidal waveform. Fig. 4(b) demonstrates the current 
waveform of the upper arm in phase-a. Note that the existence 
of a dc term in each arm current represents the active power 
transmission between the dc and ac sides and thus is 
necessary. Fig. 4(c) illustrates SM capacitor voltages in the 
upper arm of phase-a. Being in the convenient criteria, the 
voltages are considered to be well balanced. Also, it can be 
seen that the capacitor voltage fluctuations are reduced 
significantly. Output voltages and currents of MMC are 
demonstrated in Fig. 4(d) and Fig. 4(e), respectively. 
Considering circulating currents as interior components, the 
exterior dynamic operations of the MMC should not be 
affected by the proposed controller. In this regard, the ac-side 
voltages and currents appear to remain very similar and 
without any major changes.  

VI. CONCLUSION 
A dynamic model of a grid-connected MMC was presented 

in this paper. Detailed harmonic representation of the model in 
dq frame provided an accurate control method for three-phase 
connection of the converter to the grid. Using steady-state 
expressions of the converter model, modulation indices were 
provided based on network and converter parameters, which 
was considered as the foremost novelty of this paper. Also, 
comprehensive simulations with MATLAB/Simulink have 
been used to validate the functionality of the proposed 
controller. Applying the circulating current control, a second 
harmonic reference has been developed and then inserted into 
the modulation process, which was considered as the second 

contribution of this paper. It has been shown that the second 
harmonic components of the circulating currents can be 
effectively suppressed, which then results in a more sinusoidal 
arm current. SM capacitor voltage fluctuations have also 
decreased significantly, leading to an enhanced output voltage 
quality. 

 

 

 

 
Fig. 4.  Simulation results of the MMC operation with circulating current 
control: (a) second harmonic component of the circulating current, (b) upper 
arm current of phase-a, (c) upper arm SM capacitor voltages of phase-a,  
(d) output voltages of MMC, and (e) output currents of MMC. 
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