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Abstract 

 

Under the conventional control strategy, the asymmetry of arm impedances may result in the poor operating performance of 

modular multilevel converters (MMCs). For example, fundamental frequency oscillation and double frequency components may 

occur in the dc and ac sides, respectively; and submodule (SM) capacitor voltages among the arms may not be balanced. This 

study presents an enhanced control strategy to deal with these problems. A mathematical model of an MMC with asymmetric 

arm impedance is first established. The causes for the above phenomena are analyzed on the basis of the model. Subsequently, an 

enhanced current control with five integrated proportional integral resonant regulators is designed to protect the ac and dc 

terminal behavior of converters from asymmetric arm impedances. Furthermore, an enhanced capacitor voltage control is 

designed to balance the capacitor voltage among the arms with high efficiency and to decouple the ac side control, dc side 

control, and capacitor voltage balance control among the arms. The accuracy of the theoretical analysis and the effectiveness of 

the proposed enhanced control strategy are verified through simulation and experimental results. 
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I. INTRODUCTION 

Modular multilevel converters (MMCs) have become 

promising converter topologies for high-power applications, 

such as high-voltage direct current (HVDC) transmission, large 

motor drives, and many other important future applications, 

due to their modularity, scalability, and low power losses [1]-[6]. 

The topology of MMCs was first proposed by Marquardt 

[7]. The original topology featured no inductors in the arms, 

and all submodules (SMs) were treated as switchable dc 

sources. Subsequently, a series inductor was added in each arm 

to control and limit the arm current [8]. Driven by the complex 

structure and internal dynamics of MMCs, considerable efforts 

have been devoted to the development of suitable mathematical 

models and control strategies. Established MMC models 

differ from one another in terms of assumptions and 

simplifications. Ref. [9] proved that MMCs can be analyzed 

on the basis of the total capacitor voltage rather than the 

individual capacitor voltage; hence, the model and control are 

greatly simplified. An average model of an MMC was 

established by introducing an average operator in a switching 

cycle [10]; the steady-state analytical expression of circulating 

currents was obtained, and the coupling effects of capacitance 

and inductance in the arms were revealed. A decoupled model 

of ac side, dc side, and circulating currents was established on 

the basis of the average model under normal conditions [11]. 

The control strategies available in the literature can be 

classified into two categories. The first category comprises 

the direct modulation-based control strategy, which is also 

known as the non-energy-controlled strategy [12]-[14]. This 

control strategy is known to be asymptotically stable, but it is 

prone to large double frequency circulating currents produced 

by the interaction between modulation signals and SM 

capacitor voltage ripples. Ref. [15] proposed a circulating 
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current suppressi  ng control to eliminate double frequency 

circulating currents. A repetitive controller and a series of 

resonant controllers were also proposed to solve this problem 

[16], [17]. The second category comprises the indirect 

modulation-based control strategy, which is also known as 

the energy-controlled strategy [18]-[20]. In this case, the 

balancing of capacitor voltages among different arms is 

marginally stable, and a closed-loop arm capacitor voltage 

balancing controller should be employed. These strategies are 

mainly designed for ideal symmetrical operations. For the 

studies under asymmetric ac grid conditions, ref. [21], [22] 

confirmed the existence of positive- and zero-sequence 

components in circulating currents. A dual vector current 

control with a supplementary dc voltage ripple suppressing 

controller was proposed to solve this problem [23]. The 

control strategy has a relatively complicated structure despite 

its good performance under asymmetric ac grid conditions. 

Recently, proportional resonant (PR) controllers have been 

integrated in circulating current suppressing strategies of 

MMCs [24], [25]. PR controller-based strategies can completely 

eliminate all positive-, negative-, and zero- sequence circulating 

currents in stationary frames. Hence, they can simplify the 

control structure and improve overall performance. 

All the above studies assumed that the arm impedances of 

MMCs are identical. However, the inductances of the upper 

and lower arms could inevitably have several differences due 

to the manufacturing problems in practical projects. In the 

case of failures, SMs are prone to short-circuit faults, and 

converters can continue to operate due to redundant 

configurations. Therefore, the different numbers of failed 

SMs and different losses in the upper and lower arms cause 

the arm equivalent resistance to be asymmetric. Ref. [26] 

briefly introduced the impact of an MMC with asymmetric 

arm impedance and indicated that the ac current is unequally 

split between the upper and lower arms. However, neither the 

influence of the ac current flowing into the dc side caused by 

asymmetric arm impedance nor the effective control strategy 

was investigated. Ref. [27] proposed a control strategy for an 

MMC with asymmetric arm impedance that could eliminate 

fundamental and double frequency circulating currents and 

balance arm capacitor voltages. However, the dc current might 

occur in the ac side of the converter under equivalent resistance 

conditions of asymmetric arms. Such condition adversely 

affects transformer operation and ac side performance. 

The present study establishes a mathematical model for an 

MMC with asymmetric arm impedance and analyzes the 

causes of abnormal phenomena. On the basis of this model, 

an enhanced current control with five integrated proportional 

integral resonant (PIR) regulators is designed in an αβ0 

reference frame for MMCs with asymmetric arm impedance 

in HVDC transmission systems to eliminate the fundamental 

frequency oscillations in the dc side and the dc and double 

frequency components in the ac side. Furthermore, an enhanced 

capacitor voltage control is designed to balance the capacitor 

voltages among the arms with high efficiency and to decouple 

the ac side control, dc side control, and capacitor voltage 

balance control among the arms. With the proposed enhanced 

control strategy, MMCs with asymmetric arm impedance for 

HVDC applications can realize steady-state and dynamic 

performance. 

The rest of this paper is organized as follows. Section II 

establishes a mathematical model of an MMC with asymmetric 

arm impedance and analyzes the causes of abnormal 

phenomena. Section III describes the enhanced control strategy. 

Sections IV and V present the simulation and experimental 

results to verify the effectiveness of the proposed control 

strategy, respectively. Section VI concludes the paper. 

 

II. MATHEMATICAL MODEL OF AN MMC WITH 

ASYMMETRIC ARM IMPEDANCE 

Fig. 1 shows the topology of a three-phase MMC. Each leg 

of the MMC consists of one upper arm and one lower arm 

connected in series between the dc terminals. Each arm 

contains cascaded SMs and an arm inductor. 

Fig. 2 depicts the average model of the MMC, where Lij 

and Rij are the arm inductance and equivalent series resistance, 

respectively. All capacitor voltages in one arm are maintained 

in a close range by using a balancing algorithm included in 

the MMC control system [15]. The cascaded SMs of each 

arm can be equivalent to the controllable voltage source. The 

positive arm currents are defined as the charging capacitors 

of the SMs. 

The upper and lower arm currents of the MMC can be 

expressed as 

   (1) 

where ipj (inj) is the upper (lower) arm current; icomj, ij, and idc 

are the common-mode current, ac side, and dc side, 

respectively; and icirj is the circulating current, which includes 

dc and ac components. 

According to Kirchhoff’s voltage law, the following 

equations can be derived from Fig. 2: 

    (2) 
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Fig. 1. Topology of the three-phase MMC. 

 

where upj (unj) is the upper (lower) arm voltage; Lpj (Lnj) is the 

upper (lower) arm inductance; Rpj (Rnj) is the upper (lower) 

arm equivalent resistance; LT and RT are the leakage 

inductance and equivalent resistance of the transformer, 

respectively; Vdc is the dc link voltage; vj is the ac side 

voltage; uj is the ac electromotive force (EMF) (driving ij); udc 

is the dc EMF (driving idc); ucirj is the internal circulating 

voltage (driving icirj); and uno is the common-mode voltage, 

which is considered to be 0 in this study. 

A. Current Model of MMC with Asymmetric Arm 

Impedance 

Combining (1) and (2) yields 

   (3) 

   (4) 

where 

,  

,  

Equation (3) describes the common-mode current dynamics 

of the MMC with asymmetric arm impedance, and Equation 

(4) describes the ac side dynamics. On the basis of (3) and (4), 

the models of the common-mode and ac side currents can be 

obtained, as depicted in Figs. 3(a) and 3(b), respectively. The 

part in the dashed box in Figs. 3(a) and 3(b) is 0 when the 

arm impedances are identical, that is, Ldj = 0, Rdj = 0. 

Therefore, the common-mode current and ac side current are 

decoupled, and good control performance can be achieved by  

 

Fig. 2. Average model of MMC. 

 

 

(a)  

 

 
(b) 

Fig. 3. Current model of MMC with asymmetric arm impedance. 

Cascaded SMs of the upper and lower arms: (a) Common-mode 

current model; (b) AC side model. 
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using the conventional current control strategy [15]. However, 

the part in the dashed box in Figs. 3(a) and 3(b) is not 0 when 

the arm impedances are asymmetric, that is, Ldj ≠ 0, Rdj ≠ 0. 

Therefore, ij introduces the fundamental frequency component 

into icomj when the conventional current control strategy is 

adopted, as shown in Fig. 3(a). Moreover, fundamental 

frequency oscillation occurs in the dc side due to the 

randomness of the arm impedance differences. Similarly, 

from Fig. 3(b), icomj introduces the dc and double frequency 

components into ij. The arm impedances may trigger the 

transformer protection or overcurrent protection of the 

fundamental frequency current in the dc line when they are 

seriously asymmetric. The converter is shut down due to 

these protection actions. 

B. Energy Model of MMC with Asymmetric Arm 

Impedance 

By combining (1) and (2), we can express the instantaneous 

power of cascaded SMs in the upper and lower arms as 

   (5) 

   (6) 

where wpj (wnj) is the energy stored in the cascaded SMs of 

the upper (lower) arm and ucomj = udc + ucirj. 

The subtraction of (6) from (5) and the addition of (5) and 

(6) yield 

   (7) 

   (8) 

where  ( ) is the difference (sum) of the stored 

energies. 

The dc flows into the ac side, and the fundamental 

frequency current flows into the dc side under asymmetric 

arm impedance. Such condition causes the changes in the 

energy stored in cascaded SMs. By integrating (7) and (8) in 

a certain fundamental frequency cycle, we have 

   (9) 

   (10) 

where  is the sum of the energies stored in the cascaded 

SMs of the upper and lower arms at time “t” and T is a 

fundamental frequency cycle. 

On the basis of (9) and (10), the capacitor voltage 

imbalance occurs among the different arms under asymmetric 

arm impedance. The MMC can enter a new steady state when 

the arm impedances are not seriously asymmetric. However, 

the capacitor voltage imbalance could lead to different 

voltage stresses on the switching devices, which will 

compromise safe operations. 

 

III. ENHANCED CONTROL OF MMC WITH 

ASYMMETRIC ARM IMPEDANCE 

Eliminating the occurrence of abnormal phenomena in the 

MMC with asymmetric arm impedance requires the realization 

of the following control objectives: (1) to eliminate the dc 

and double frequency components in the ac side, (2) to 

eliminate the fundamental frequency component in the dc 

side, (3) to balance the capacitor voltages between the upper 

and lower arms, and (4) to balance the capacitor voltages 

among the different legs. 

A. Enhanced Current Control Strategy of MMC with 

Asymmetric Arm Impedance 

Achieving the above current control objectives necessitates 

the direct control of the ac side, dc side, and circulating 

current by a PIR regulator-based control strategy with high 

bandwidth. Fig. 4 depicts the block diagram of the enhanced 

current control strategy with five integrated PIR regulators 

for the MMC with asymmetric arm impedance. This strategy 

is designed in the αβ0 reference frame on the basis of current 

models. 

The asymmetry of arm impedances may lead to the 

occurrence of dc and double frequency components in the ac 

side iα and iβ. To eliminate the dc and double frequency 

components, we adopt the PIR regulator, the transfer function 

of which is shown in Equation (11), in tracking the 

fundamental  frequency ac reference signals without steady- 

state errors, as shown in Fig. 4(a). This approach is in contrast 

to the conventional current control strategy. The PIR regulator 

is also used to track the dc reference signals without steady- 

state errors to eliminate the fundamental frequency oscillations 

in the dc side idc. As shown in Fig. 4(c), circulating currents 

icirα and icirβ can be controlled by using internal circulating 

voltages ucirα and ucirβ, respectively. The PIR regulator is also 

adopted to track the dc and fundamental frequency components 

of the reference signals of the circulating current, as shown in 

Equation (18). Fig. 4(d) depicts the insertion index generation 

of each arm, and the arm reference voltages can be linearly 

obtained by transforming the outputs of the ac side loops, dc 

side loop, and circulating current loops through matrix A; the 

expression is presented in the Appendix. The insertion index 

of each arm, which compensates for capacitor voltage ripples, 

can be generated by dividing the arm reference voltage by the 

total capacitor voltage of the corresponding arm. 
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(a)  

 
(b)  

 
(c)  

 
(d)  

Fig. 4. Enhanced current control strategy of the MMC with 

asymmetric arm impedance. (a) AC side control; (b) DC side 

control; (c) Circulating current control; (d) Insertion index 

generation of each arm. 

 

where kp, ki, and krh are the control parameters of the PIR 

regulator, and  is the fundamental angular frequency. 

B. Parameter Design of PIR Regulator 

As shown in Fig. 3, the dynamics of the ac side, dc side, 

and circulating current can all be described as first-order 

systems, which can be expressed as follows: 

   (12) 

where L{ac,dc,cir} are the ac side, dc side, and internal 

equivalent inductance, respectively; R{ac,dc,cir} are the ac side, 

dc side, and internal equivalent resistance, respectively. 

The control parameters of the PIR regulator can be 

separately tuned [28]. To track the dc reference component 

without steady-state errors, we use a pure PI regulator for the 

moment, that is, krh = 0. The transfer function of the 

open-loop system can then be derived as 

   (13) 

On the basis of the internal mode control approach [29], kp 

and ki can be derived as follows: 

   (14) 

where L and R are the nominal arm inductance and resistance, 

respectively; and �c is the desired closed-loop system 

bandwidth. 

By combining (13) and (14), we can express the transfer 

function of the closed-loop system as 

   (15) 

An upper limit for �c must be ensured for the closed-loop 

system to remain stable with large margins. A valuable rule 

of thumb is expressed as follows [30]: 

   (16) 

where  is the angular sampling frequency. 

The recommendation given in (16) typically yields an �c in 

the range of kiloradians per second. For example, a sampling 

frequency of 10 kHz gives �c ≤ 6.3 krad/s. 

To track the ac reference component without steady-state 

errors, we use a pure PR regulator for the moment, that is, ki 

= 0. For simplicity, the equivalent resistance is ignored in 

designing resonant parameter kh. Suppose that kh can be 

expressed as 

   (17) 

By combining (11), (12), (14), and (17), we can derive the 

transfer function of the closed-loop system as 
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   (20) 

Equation (20) is simplified as the closed-loop transfer 

function shown in (15), which is obtained for pure PI control. 

The approximation holds when 

   (21) 

This condition translates to a selection of �h in the range of 

hundreds of radians per second such that 

   (22) 

When kh is selected on the basis of (16)–(17) and (22), the 

closed-loop system dynamics will be dominated by a pole at 

   (23) 

In addition, a pole pair is obtained at 

   (24) 

However, this pole pair tends to be canceled by the zero 

pair of GC(s) in (19), and parameter �h, which is called the 

resonant bandwidth, determines the exponential convergence 

rate of the adjustment made by the R part to obtain accurate 

reference tracking. 

C. Enhanced Capacitor Voltage Control Strategy of 

MMC with Asymmetric Arm Impedance 

The capacitor voltage balance is controlled in two stages. 

The first stage equally distributes the capacitor voltages in each 

arm, and the second stage balances the capacitor voltages 

among the different arms. Several techniques have been 

proposed to balance the capacitor voltages in each arm. They 

can be classified into distributed and centralized methods [15], 

[31]-[34]. The distributed method with a closed-loop controller 

for each SM is effective and is adopted in the present study 

[15]. In this section, we focus on the design of the enhanced 

capacitor voltage balance control among different arms. 

Only the non-alternating power is considered because the 

control is focused on regulating the mean value of energy. By 

transforming (7) to the αβ0 reference frame, we can derive 

the dynamics of the differences of the energies stored in the 

cascaded SMs of the upper and lower arms from the 

following algebraic calculation: 

   (25) 

where , , and  are the mean values of the 

differences of the energies stored in the cascaded SMs of the 

upper and lower arms in the αβ0 reference frame;  and  

are the ac side voltages in the αβ reference frame;  and 

 are the positive and negative sequence fundamental 

frequency ac components of the circulating currents in the αβ 

reference frame, respectively; and edifα, edifβ, and edif0 are 

defined as the auxiliary control inputs. 

On the basis of (25), the positive and negative sequence 

fundamental frequency ac components of circulating currents 
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capacitor voltages between the upper and lower arms. By 

defining auxiliary control inputs edifα, edifβ, and edif0, a 

PI-based feedback control loop can be designed to regulate 

the differences of the energies stored in the cascaded SMs of 

the upper and lower arms by using the resulting first-order 

system, as shown in Equation (25). However, three types of 

energy should be controlled, and four ac components of the 

circulating current should be selected. Therefore, a constraint 

condition in which the reactive power interaction between the 
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and the ac side voltage is zero should be added to ensure that 

the converter achieves the highest efficiency, that is, 
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By combining (25) and (26), the reference values of the 

positive and negative fundamental frequency circulating 

currents can be expressed as 
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lower arms in the αβ0 reference frame;  and  are 

the positive and negative sequence ac side currents in the αβ0 

reference frame, respectively;  is the dc component of 

the circulating current in the αβ0 reference frame; and esumα, 

esumβ, and esum0 are defined as the auxiliary control inputs. 

On the basis of (28), the dc components of circulating 

currents  and 
 
can be selected to balance the capa 

citor voltages among different legs because the negative 

sequence ac side is commonly controlled to zero in HVDC 

applications. The total energy stored in the capacitors of the 

converter can be regulated by dc side idc. The non-alternating 

power disturbances can be compensated for in a feed-forward 

manner by defining auxiliary control inputs esumα, esumβ, and 

esum0. Through the control input transformation, a PI-based 

feedback control loop can be designed to regulate the sum of 

the energies stored in cascaded SMs by using the resulting 

first-order system, as shown in Equation (28). The reference of 

the dc side and the dc components of the circulating current 

can be expressed as 

   (29) 

   (30) 

On the basis of (25)-(30), the block diagram of the 

enhanced capacitor voltage control strategy of the MMC with 

asymmetric arm impedance is depicted in Fig. 5. As shown in 

Fig. 5(a), the reference value of the difference of the energies 

stored in the cascaded SMs of the upper and lower arms is 

zero, and the feedback value contains a large fundamental 

frequency ripple. A 50 Hz notch filter is added in the 

feedback link to eliminate the influence of the fundamental 

frequency component. The outputs of three PI regulators are 

edifα, edifβ, and edif0, respectively, and the reference value of the 

positive and negative fundamental frequency ac components 

of the circulating current can be obtained on the basis of (27). 

As shown in Fig. 5(b), a 50 Hz notch filter is added in the 

feedback link to eliminate the influence of the fundamental 

frequency component of the feedback value. The output of the 

PI regulator is esum0, and the reference value of the dc side can 

be obtained on the basis of (29). As shown in Fig. 5(c), the 

reference value of the sum of the energies stored in the 

cascaded SMs of the upper and lower arms is zero, and the 

feedback value contains a large double frequency ripple. A 

100 Hz notch filter is added in the feedback link to eliminate 

the influence of the double frequency component. The outputs 

of two PI regulators are esumα and esumβ, respectively, and the  

 

(a) 

 
(b) 

 
(c) 

Fig. 5. Enhanced capacitor voltage control strategy of the MMC 

with asymmetric arm impedance: (a) Capacitor voltage balance 

control between the upper and lower arms; (b) Total capacitor 

voltage control; (c) Capacitor voltage balance control among the 

legs. 

 

reference value of the dc component of the circulating current 

can be obtained on the basis of (30). Hence, the reference 

value of the circulating current as the input of the circulating 

current control shown in Fig. 4(c) can be obtained as 

   (31) 

On the basis of Figs. 4(a), 4(b), 5(a), and 5(c), the ac side 

control, dc side control, and capacitor voltage balance control 

among the arms are decoupled. Therefore, the MMC with 

asymmetric arm impedance for HVDC applications can 

achieve a steady-state and dynamic performance by using the 

proposed enhanced control strategy. 

 

IV. SIMULATION VERIFICATION 

To verify the effectiveness of the proposed enhanced 

control strategy of the MMC with asymmetric arm impedance 

for HVDC applications, we build a nonlinear time domain 

simulation model of the MMC-HVDC system (Fig. 6) in 

MATLAB/Simulink. MMC1 adopts a fixed active power  
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Fig. 6. Structure diagram of the simulation system. 

 

 

(a) 

 
(b) 

 
(c) 

 

(d) 

Fig. 7. Steady-state simulation results of MMC1 with conventional 

control strategy. 

 

control, and MMC2 employs a constant dc voltage control. 

The simulation parameters of the MMC-HVDC system are 

shown in Table I, and the arm impedances of MMC2 are 

identically set to show the negative effect of MMC1 with 

asymmetric arm impedance on MMC2 in the MMC-HVDC 

system. 

The steady-state simulation results of MMC1 and MMC2 

using the conventional control strategy are shown in Figs. 7 

and 8, respectively. The operating performance of MMC2 is 

affected by that of MMC1. Capacitor voltage imbalance 

among the arms occurs in the two converters. The Fourier 

analysis results of the ac side and dc side are shown in Table 

II. The ac side contains dc and double-frequency components, 

and a fundamental frequency oscillation occurs in the dc side 

of the two converters. 

The steady-state simulation results of MMC1 and MMC2  

TABLE I 

SIMULATION PARAMETERS OF THE SYSTEM 

Parameter Value 

Rated active power 1000MW 

DC-link voltage 640kV 

AC rated rms voltage 400/333kV 

Grid frequency 50Hz 

Numbers of SMs per arm 20 

SM capacitance 0.5mF(30kJ/MVA) 

Lpa of MMC1 52.5mH(0.16pu) 

Lna of MMC1 47.5mH(0.14pu) 

Lpb of MMC1 50mH(0.15pu) 

Lnb of MMC1 47.5mH(0.14pu) 

Lpc of MMC1 47.5mH(0.14pu) 

Lnc of MMC1 52.5mH(0.16pu) 

Rpa of MMC1 1.115Ω(0.0105pu) 

Rna of MMC1 1.045Ω(0.0095pu) 

Rpb of MMC1 1.1Ω(0.01pu) 

Rnb of MMC1 1.045Ω(0.0095pu) 

Rpc of MMC1 1.045Ω(0.0095pu) 

Rnc of MMC1 1.115Ω(0.0105pu) 

Arm inductance of MMC2 50mH(0.15pu) 

Arm resistance of MMC2 1.1Ω(0.01pu) 

Transformer inductance 50mH(0.15pu) 

Sampling frequency 10kHz 

DC line length 60km 

DC line inductance 0.2285mH/km 

DC line resistance 0.0142Ω/km 

DC line capacitance 0.1983uF/km 

 

 

(a) 

 
(b) 

 

(c) 

Fig. 8. Steady-state simulation results of MMC2 with conventional 

control strategy. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 9. Steady-state simulation results of MMC1 with enhanced 

control strategy. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 10. Steady-state simulation results of MMC2 with enhanced 

control strategy. 

TABLE II 

FOURIER ANALYSIS RESULTS OF SIMULATION WAVEFORMS 

 
ia idc 

0Hz 100Hz 50Hz 100Hz 

Fig. 7 0.68% 0.34% 6.9% 0.58% 

Fig. 8 0.71% 0.56% 6.9% 0.58% 

Fig. 9 0.03% 0.03% 0.04% 0.03% 

Fig. 10 0.03% 0.03% 0.04% 0.03% 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 11. Dynamic simulation results of MMC1 with enhanced 

control strategy. 

 

adopting the enhanced control strategy are shown in Figs. 9 

and 10, respectively. The capacitor voltages are well-balanced 

among the arms in the two converters. The Fourier analysis 

results of the ac and dc sides are shown in Table II. When the 

enhanced control strategy is adopted, the dc component of the 

ac side of MMC1 is reduced from 0.68% to 0.03%, the 

double frequency component of the ac side of MMC1 is 

reduced from 0.34% to 0.03%, the fundamental frequency 

oscillation of the dc side is reduced from 6.9% to 0.04%, the 

dc component of the ac side of MMC2 is reduced from 0.71% 

to 0.03%, and the double frequency component of the ac side 

of MMC2 is reduced from 0.56% to 0.03%. The simulation 

results verify the effectiveness of the proposed enhanced 

control strategy. 

Figs. 11 and 12 present the dynamic results of MMC1 and  
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