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Abstract—Modular multilevel converter (MMC) has become 

one of the most promising converter topologies for future 

high-power applications. A challenging issue of the MMC is the 

voltage balancing among arm capacitors. A good overall control 

system is also vital for the MMC, which should be based on sound 

mathematical model, readily adaptable for different applications, 

and capable of high performance. This paper presents a general 

control structure for MMC inverters, which is suitable for both 

voltage-based and energy-based control methods, and includes 

voltage balancing between the upper and lower arms. A new 

method for voltage balancing among arm capacitors, which is 

based on an improved pulse width modulation, is also presented. 

The proposed method avoids some major disadvantages found in 

present voltage balancing methods, such as voltage sorting 

algorithm, extra switching actions, interference with output 

voltage, etc. Furthermore, all switching actions are evenly 

distributed among power devices. The proposed control system as 

a whole can serve as a promising solution for practical 

applications, especially when the number of submodules (SMs) is 

high. Simulation and experimental results verify the effectiveness 

of the proposed methods. 

 
Index Terms—Modular multilevel converter (MMC), voltage 

balancing control, modulation, control structure. 

 

I. INTRODUCTION 

ECENTLY, multilevel converters have attracted growing 

attentions and found themselves in increasing market of 

high power and high/medium voltage applications [1]-[2], such 

as high voltage dc transmission (HVDC), flexible ac 

transmission systems (FACTS), industrial motor drives, 

utility-scale renewable energy systems, and so on. Among 

various multilevel converters, the diode-clamped or 

neutral-point clamped (NPC), flying capacitor (FC) and 

cascaded H-bridge (CHB) are the most studied topologies 

[3]-[7]. However, for the applications requiring more than four 
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or five levels, the NPC and FC topologies become less 

attractive due to significantly increased number of clamping 

diodes or flying capacitors, higher power losses, and difficulty 

to balance the capacitor voltages [3]-[6]. The CHB topology 

then seems more suitable due to its modular structure. However, 

it requires a large number of isolated dc sources, which are 

often provided by a bulky, multi-winding transformer together 

with a series of rectifiers [7].  

To eliminate the need for separate dc sources, a modular 

multilevel converter (MMC or M2C) topology composed of 

half-bridge or chopper submodules (SM) was proposed [8]. It 

has become more and more attractive due to the modular 

structure, common dc-bus, distributed dc capacitors, easy grid 

connection, simple realization of redundancy, etc. [8]-[11].  

As so far, voltage balancing of the floating SM capacitors 

remains one of the major challenges of the MMC, and has 

called upon many researches in the last few years [13]-[23]. 

The present voltage balancing methods can be roughly 

categorized into two groups: distributed methods and 

centralized methods. The distributed methods keep the voltage 

of each capacitor close to its reference value through 

closed-loop control, and usually with carrier phase-shifted 

pulse width modulation (CPSPWM) [13]-[15]. The balancing 

control is carried out with a modification of the modulating 

signal for the PWM process. It can achieve good voltage 

balancing when the switching frequency of each SM is high 

enough. However, changing the modulating signals of the SMs 

may affect the power quality at ac side [20]. Furthermore, the 

hardware and software cost of required SM-level controllers 

and PWM comparators becomes enormous when the number of 

SMs gets high [16]. 

Centralized methods achieve voltage balancing at the PWM 

stage. They select certain SMs for certain switching states 

depending on capacitor voltages and arm current polarities [8], 

[16]-[20], therefore are also called module selection methods. 

These methods are usually (but not necessarily) used with 

phase disposition PWM (PDPWM). A typical balancing 

process is as follows. During each PWM period, the SM 

capacitor voltages within one arm are measured and sorted, and 

the number of SMs to be switched on is determined. If the arm 

current is positive (corresponding to charging of the capacitors) 

or zero, the SMs with the lowest capacitor voltages will be 

switched on, the SM with next-lowest capacitor voltage will be 

PWM switched, and the rest will be switched off. The opposite 
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thing happens if the arm current is negative. This strategy yields 

good voltage balancing, but the voltage sorting algorithm have 

to be executed at the equivalent switching frequency of one arm, 

posing a heavy computational burden when the number of SMs 

is high. Another problem of this strategy is the extra switching 

actions, which are generated in the aforementioned process 

solely for the sake of voltage balancing and unnecessary for the 

synthesis of output voltage [19].  

An improved centralized method is proposed in [19], where 

if extra SMs need to be switched on, only the SMs that are 

currently off can be select (and vice versa). It reduces the 

average device switching frequency by avoiding extra 

switching actions. However, the voltage balancing accuracy is 

compromised. Besides, the high frequency voltage sorting is 

still required. In this regard, J. Mei et al. in [20] proposed a new 

method which only looks up and adjusts the capacitors with the 

highest and lowest voltages. Nevertheless, the problem of extra 

switching actions still exists, albeit alleviated to some extent.  

K. Ilves et al. proposed a centralized method [21] with 

selective harmonic elimination PWM (SHEPWM) and 

open-loop control. Voltage balancing can be achieved after a 

large number of fundamental periods. However, it brings low 

frequency ripples into the capacitor voltages, and the ripple 

frequency is inversely proportional to the number of SMs in 

one arm. Consequently, larger capacitors are required to 

suppress the ripple voltage. Furthermore, the open-loop control 

cannot guarantee the voltage balancing under all operating 

conditions [22]. 

F. Deng et al. [23] proposed another centralized method with 

CPSPWM. It does not need to measure the arm currents, 

therefore the cost is reduced. However, high frequency voltage 

sorting still remains. Moreover, this method is heavily 

dependent on high switching frequencies, which may not be 

possible when the number of SMs is large.  

This paper proposes a new centralized capacitor voltage 

balancing method along with an improved modulation method. 

This method as a whole has the following features: 1) In each 

arm of the MMC, only one voltage reference and one carrier are 

needed, which greatly reduces hardware requirement compared 

with CPSPWM and conventional PDPWM; 2) The SMs in one 

arm switch on and off alternately, yielding an even distribution 

of switching frequency among the power devices, and therefore 

a good inherent voltage balancing capability; 3) Accurate 

voltage balancing is achieved in a closed-loop manner; 4) 

Unnecessary switching actions and high frequency voltage 

sorting problem are both avoided.  

Modeling and control of the overall MMC system are also 

investigated in this paper. Some typical control methods have 

already been proposed in literatures, such as average control 

[13], arm-balancing control [14] and circulating current control 

[19]. The energy-based modeling and a control structure 

incorporating total energy control and energy balancing control 

were proposed in [24]-[25]. Current control with two rotating 

frames (one at grid frequency and the other at twice grid 

frequency) is used for HVDC applications in [26]. This paper 

presents a general control structure in which both voltage-based 

and energy-based control methods are applicable. The control 

structure also has good expandability, which means control of 

ac and dc voltage/current for four-quadrant operation can be 

readily embedded. Based on total energy control and energy 

balancing control proposed in [24]-[26], this paper investigates 

the mathematic model in greater detail and proposes a more 

practical solution. It achieves energy/voltage balancing 

between the upper and lower arms with a differential energy 

controller and a circulating current controller. 

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

presents the mathematic model and control structure of the 

overall MMC system. Section III presents the improved 

modulation strategy. The new capacitor voltage balancing 

control based on this modulation is explained in Section IV. 

Simulation and experimental results are presented in section V 

and VI, respectively. Section VII concludes the paper. 

 

II. MODELING AND CONTROL STRUCTURE 

A. Converter Topology 

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

Each phase leg of the MMC consists of two arms. Each arm has 

N identical SMs and one smoothing inductor. Each SM has two 

power semiconductor switches (S1 and S2) representing two 

IGBTs (or other types) with freewheeling diodes and one 

capacitor (C). Three valid states exist for the SMs, namely ON, 

OFF, and standby states. When S1 is on and S2 is off, the SM is 

in ON state and the capacitor can be charged or discharged 

depending on the current direction. When the capacitor is 

bypassed by S2, the SM is in OFF state. The standby state 

occurs when the SM is uncontrolled (with S1 and S2 both off) 

and the capacitor is pre-charged. During the two controlled 

states, the terminal voltage of an SM can be either zero or the 

capacitor voltage. In other words, the SM can provide two 

different voltage levels. 

 

Fig.1.  The topology of modular multilevel converter. 
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B. Modeling and Control Structure 

The SMs in each arm can be regarded as controlled voltage 

sources, and they are connected in series to form a controlled 

voltage source with higher voltage     and     (x=u~w). In 

Fig. 1,     and     are dc-link voltage and current.     and     

are currents of the upper and lower arms.     is ac output 

voltage of phase x (with respect to the midpoint of the 

dc-link).       and       (j = 1 to N) are individual capacitor 

voltages in the upper and lower arms.  

The basic operation principle is to control the upper arm and 

lower arm voltages to be sinusoids with dc offsets up to half 

dc-link voltage, but with opposite phases. By this way, the ac 

side phase voltage can be controlled as a sinusoid with a 

magnitude up to half dc-link voltage. 

1) Voltage /Current Control at AC Side 

According to Kirchhoff’s voltage law (KVL),  

{

 

 
         

    

  
        

 

 
         

    

  
        

        (1) 

According to Kirchhoff’s current law (KCL), ac current    

can be expressed as 

                      (2) 

Define a control variable     as 

    
 

 
          .          (3) 

Substituting (2) and (3) into (1) yields 
 

 
 

   

  
 

 

 
                   (4) 

For grid-connected applications, the ac current (  ) is usually 

controlled in a closed-loop. With this structure, all the current 

control methods in conventional two-level inverters can be 

applied. If the MMC operates as an inverter without current 

control, the ac voltage (vx) is determined by    , since the low 

frequency voltage drops across the inductors are usually very 

small compared with   . 

2) Voltage /Current Control at DC Side 

Define a control variable     as 

    
 

 
          ,         (5) 

and circulating current     flowing through both the upper 

and low arms as 

     
 

 
          .         (6) 

Substituting (5) and (6) into (1) yields 

 
    

  
      

 

 
                (7) 

According to KCL, 

   ∑     ∑     
 

 
∑          ∑       (8) 

Equations (7)-(8) show that if dc-link voltage is constant, the 

circulating current     is controlled by      and the dc 

component of     determines the average power at dc side. The 

circulating current also relates to the power loss and should be 

properly controlled. 

3) Total Energy Control in Each Phase-Leg 

To maintain a constant average capacitor voltage during each 

fundamental period, the voltages or energies stored in the 

capacitors of each arm should be controlled properly. The 

internal energies of the arms shown below are chosen as 

dynamic control variables. 
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The total energy (   
 ) and the differential energy (   

 ) in 

each phase-leg are, 

   
                      (11) 

   
                      (12) 

Ignoring power losses, the power relationships are, 
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Since the inductors in each phase-leg are used to filter the 

switching frequency harmonics, the ac side voltage and current 

can be assumed to be sinusoidal: 

{
            

              
         (15) 

Substituting (13)-(15) into (11) yields 
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(16) 

It is known that     contains dc component (   ) and low 

frequency components (mainly second-order component,     ). 

Neglecting power loss across the equivalent resistor (R), eq. (16) 

can be simplified into 
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As shown in (17), the power flowing from/into the capacitors 

in each phase-leg consists of dc component (    
 ) and low 

frequency ripples (    
  and     

 ). Ignoring the ripples, the 

total energy (    
 ) stored in the capacitors is controlled by the 

dc component (    
 ). As a result, if the MMC works as an 

inverter, the dc-link voltage and the active power at ac side will 

be constant in steady state, then the output of    
  control (total 

energy control or average voltage control) can be a 

compensation added to the current    . Similarly, if the MMC 

 
Fig. 2.  Total energy control. 
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works as a rectifier, the amplitude of ac voltage and the power 

at dc side are constant in steady state. In this case, the output of 

   
  control can be regarded as a compensation added to the 

active current (        at ac side. The block diagram of the 

total energy control is shown in Fig. 2. 

4) Differential Energy Control in Each Phase-Leg 

Derivation of the differential energy can be represented as 

    
 

  
 

 

 
              

        

  
            (21) 

If only the dc component (   ) of circulating current     is 

considered, then (21) can be simplified into 

            
  (

 

 
               )             

                                                        (22) 

where     
  is the fundamental component of 

    
 

  
. As (22) 

shows, the capacitor voltages in the upper and lower arms 

contain fundamental ripples with opposite phases. As a result, 

 

Fig. 3.  Differential energy control. 

 

 

Fig. 4.  Energy-based control structure of MMC operating as an inverter. 

 

 

Fig. 5.  Modification from energy-based control into voltage-based control. 
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the capacitors should be large enough to absorb these low 

frequency ripples. 

Besides dc component, there might also be ac components in 

   . According to orthogonality of sine functions, only the 

fundamental frequency component of     can produce non-zero 

average power with vx. This fundamental component of     and 

the resultant dc component of 
    

 

  
 are given in (23) and (24), 

respectively:  
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                                 (24) 

Once the energies in the upper/lower arms are unbalanced, 

    
  (which is varied through          ) can be used to 

re-balance these energies. Hence,          can be selected as 

the output of energy balance or differential energy controller. 

The detailed control block is shown in Fig. 3. To minimize the 

amplitude of     ,    is set to zero. Phase-locked loop (PLL) is 

adopted to get the phase of ac voltage vx. 

5) Overall Control Structure 

Based on the analyses above, an energy-based overall control 

structure for MMC operating as an inverter is presented in Fig. 

4. The total energy control, differential energy control, 

circulating current control and ac current control are all 

included. To simplify the computational burden, the capacitor 

voltages within one arm are supposed to be balanced, i.e. 

            {
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            (25) 

The arm reference voltages can be derived from (3) and (5) as 

{
            
             

             (26) 

In Fig. 4, the total energy controller and differential energy 

controller can be designed according to (18) and (24). The ac 

current controller and circulating current controller can be 

designed according to (4) and (7). Since low frequency 

harmonics exist in    
  and    

 , low pass filters or controllers 

with low bandwidth should be adopted. To suppress the low 

frequency harmonics in circulating currents, various circulating 

current control strategies as proposed in [19], [27]-[28], can be 

easily embedded in this control structure. The red dotted-line 

box in Fig. 4 indicates the closed-loop current control in 

applications like grid-connected converters. 

Large signal models are used in the energy-based control 

structure in Fig. 4, which guarantees large signal stability. 

However, if direct capacitor voltage control (i.e. voltage-based 

control) is needed, the structure can be easily modified as 

shown in Fig. 5. Voltage-based control is more intuitive, but 

small-signal linearized models have to be used and large signal 

stability is difficult to guarantee at the controller design stage. 

 

III. IMPROVED MODULATION METHOD 

PDPWM is one of the most important modulation methods 

for MMC, using one voltage reference and a group of 

level-shifted triangular carrier waves. However, powerful 

micro-controller chips with multiple modulation modules are 

required especially when the number of SMs is high, e.g., tens 

to hundreds. As a matter of fact, the reference is compared with 

only one carrier during each carrier period (   ) in PDPWM, as 

shown in Fig. 6(a). Therefore, theoretically only one voltage 

reference and one triangle carrier are necessary in each arm. 

This paper proposes an improved PDPWM, which requires 

much less hardware comparing units, but can provide excellent 

performance with inherent voltage balancing. The details of the 

improved modulation method are given as follows. 

Suppose the average value of the capacitor voltages in each 

arm is   , then the voltage reference    (from    
  or    

  in Fig. 

4 can be separated into an integral part and a fractional part, as 

shown in (27), 

                      (27) 

where           , and      . That means, during 

each carrier period, only the n-th SM operates in PWM mode 

(or switching mode), (n - 1) SMs (from 1 to n - 1) at ON state, 

and (N - n) SMs (from n + 1 to N) at OFF state. Therefore, only 

one carrier is required for the modulation of the PWM mode 

SM during each carrier period. As shown in Fig. 6(b), the 

output (  ) of the PWM-mode SM is determined by comparing 

d with a double-edge triangular wave (    ), which has a 

maximal value of unity and a minimal value of zero. It is noted 

that in PDPWM, the carrier frequency (    or      ) is equal to 

the equivalent switching frequency (    ) in one arm. The 

 

Fig. 6.  The improved PDPWM with single reference and single carrier: (a) Waveforms of reference and carrier; (b) Implementation. 
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expected output (    ) of the modulation in one arm is a 

multilevel pulse waveform, which can be expressed as follows. 

                      (28) 

 

Fig. 7.  Pulse distribution for PDPWM with four SMs in one arm: (a) Expected pulse waveform; (b) Direct pulse distribution; (c) Proposed alternate pulse 

distribution. 

 

 

 

Fig. 8.  Flowchart of alternate pulse distribution (implemented in an FPGA). 
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After generating the pulse waveform      shown in Fig. 

7(a), the next step is to distribute the pulse to all the SMs. In 

typical (or direct) pulse distribution method of PDPWM, the 

n-th SM operating in PWM-mode is directly assigned while the 

other SMs keep in ON or OFF state during each carrier period, 

as shown in Fig. 7(b). However, the direct pulse distribution 

method is likely to cause capacitor voltage imbalance because 

the powers flowing from/into different SMs are quite different. 

To overcome this drawback, this paper proposes an alternate 

pulse distribution method. In Fig. 7(c), all the SMs within one 

arm alternately act every N (N = 4 here) triangular carrier 

periods. The same thing happens for the other arm in the same 

phase-leg, but with opposite states for the SMs due to the 

anti-phase reference voltage. The algorithm of this alternate 

pulse distribution is shown in Fig. 8. With the alternate pulse 

distribution, each capacitor within one arm cycles through 

charging/discharging and floating states once in every N carrier 

periods. This greatly improves the inherent voltage balancing 

capability, and therefore reduces the burden on the balancing 

control which will be discussed later. The algorithm in Fig. 10 

can be easily realized with an FPGA. The complexity and 

hardware cost of this algorithm are low and do not increase with 

the number of SMs.  

The proposed modulation method yields even distribution of 

switching frequency among power devices, which is similar to 

CPSPWM. Nonetheless, the hardware cost of the proposed 

method is much lower since it does not need separate PWM 

comparator for each SM. 

 

IV. VOLTAGE BALANCING CONTROL 

The inherent voltage balancing capability of the improved 

PDPWM method is fairly good. However, some non-ideal 

factors, e.g. differences in the SMs’ losses and circuit 

parameters, etc., can still disrupt the balance of capacitor 

voltages. This paper presents a new voltage balancing control 

method based on the improved PDPWM, which does not need 

voltage sorting algorithm and does not cause extra switching 

actions. 

A. Proposed Voltage Balancing Control Scheme 

In the improved PDPWM, the imbalance among capacitor 

voltages develops slowly, therefore the balancing control needs 

not to be executed at the switching frequency (fcr), and it needs 

not to adjust all the SMs. In this paper, the balancing action is 

only applied to the SMs with the highest and lowest voltage, 

and the control algorithm is executed at a low frequency (fcr/N). 

To satisfy the charge balance, if arm current is positive, the 

pulse width of the SM with highest voltage is reduced while the 

pulse width of the SM with lowest voltage is increased by the 

same amount. The opposite thing happens when the arm current 

is negative.  

This scheme can be realized as follows. Firstly, in each 

carrier period the capacitor voltages are measured to find out 

the highest and lowest voltages. If the arm current is positive, 

the SM with the highest voltage is switched on with a delay (Δt) 

while the SM with the lowest voltage is switched off with the 

same delay. If the arm current is negative, the SM with the 

highest voltage is switched off with a delay while the SM with 

the lowest voltage is switched on with the same delay. An 

example with vC1 ≤ vC2 ≤ vC4 ≤ vC3 is shown in Fig. 9, in which 

the red dotted-line denotes the modifications on the original 

PWM signal. The entire modulation and voltage balancing 

scheme is shown in Fig. 10. 

 

B. Selection of Time Delay Δt 

When the imbalance within one arm occurs, the average 

values of the capacitor voltages are different, but their low 

frequency ripples vary with the same amplitude and in the same 

direction. The difference (   ) between the highest voltage 

(     ) and lowest voltage (     ) is nearly constant, which 

should be zero when the voltage balancing is achieved. 

Therefore,     is used as the error and a simple P or PI 

controller is adopted to adjust the unbalance. Fig. 11 shows the 

control block diagram, where    is used for the computation of 

the time delay (Δt): 

                                 (29) 

    is the carrier period. Thanks to the improved modulation 

method, a low bandwidth of the balancing control system can 

 

Fig. 9.  Proposed capacitor voltage balancing for MMC: (a) Negative arm current; (b) Positive arm current. 

 

Fig. 10.  Entire modulation and voltage balancing scheme. 
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be selected. The upper limit of    in Fig. 11 can also be set to a 

low value, e.g., 10%.  

C. Discussion 

Since the delays of the gating signals are the same, the 

volt-seconds of the arm voltages (    and    ) do not change 

during the time of     . Therefore, the proposed method will 

not affect the converter output voltage. Since the proposed 

balancing method only adds delays to the original gating 

signals, there is no unnecessary switching action which may 

exist in conventional module selection methods. Meanwhile, 

sorting algorithm is avoided; hence the computational burden is 

reduced, especially when the number of SMs is not substantial. 

Furthermore, compared with the method proposed in [13], 

higher balancing accuracy can be achieved, since the control 

error in the proposed method is a dc component while in [13] 

the errors contain low frequency ripples.  

A comparison of present voltage balancing methods and the 

proposed method, which encompasses a broad range of features, 

is presented in Table I. The comparison on cost is based on the 

assumption that the number of SMs within one arm is high. 

 

V. SIMULATION RESULTS 

To verify the proposed control system, a three-phase MMC 

inverter with a resistor-inductor load is developed by 

Matlab/Simulink software, and the parameters are summarized 

in Table II. PI controllers are used for total energy control, 

differential energy control, and circulating current control in 

the simulations and experiments. 

To start the operation, the voltages of the SM capacitors are 

 

Fig. 11.  Voltage balancing control within one arm. 

 

 

TABLE I  COMPARISONS OF VOLTAGE BALANCING METHODS 

Methods 
Balancing 

accuracy 
Dynamics 

Switching 

frequency 
Sorting 

Cost 

Hardware Software 

Distributed control [13]-[15] Medium Medium Unchanged No High High 

Module selection 

[16]-[18] 
High Fast Increased Yes Low High 

Reduced switching frequency 

[19]-[22] 
Medium Fast Decreased Yes Low High 

Selective virtual loop 
mapping [20] 

High High Increased No High Low 

Open loop control [21] Medium Slow Unchanged No Low Low 

Method in [23] Low Slow Unchanged No Low High 

Proposed method High Medium Unchanged No Low Low 

 

TABLE II 

PARAMETERS OF THE THREE-PHASE MMC FOR SIMULATION 

Items Values 

Rated active power: P 2 MW 

Rated reactive power: Q 0.5 MVar 

Line voltage (rms): VLL 6 kV 

Line (or ac) frequency: f1 50 Hz 

DC-link voltage: Vdc 10 kV 

Arm inductance: L 2 mH (3.6%) 

Arm equivalent resistance: R 0.05 Ω 

No. of SMs in each arm: N 4 

SM capacitor: C 2 mF 

Rated capacitor voltage: VC 2.5 kV 

Switching frequency:     2 kHz 

Equivalent switching frequency 

in one arm:      
8 kHz 
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firstly charged to 1.25 kV (Vdc / 2N) via a pre-charging circuit. 

Then it is charged to the rated value (2.5 kV) by total energy 

control under zero-output condition. During this process the 

ripples in capacitor voltages are very low, as shown in Fig. 12. 

The low frequency ripples gradually increase when the ac 

voltage and current ramp up to the rated values from 0.2 s to 

0.45 s.  

Fig. 13 and Fig. 14 are the simulated waveforms in steady 

state and dynamics. Fig. 13 shows the SM capacitor voltages, 

upper/lower arm currents and ac current in phase-u. It can be 

seen that all the capacitor voltages average 2.5 kV with roughly 

150 V peak-to-peak ripple, indicating that the total energy 

control, differential energy control and balancing control all 

work well. To present dynamic performance of the MMC 

control system, the three-phase line voltages and currents are 

shown in Fig. 14, where the load step increases at 0.5 s and step 

decreases at 0.65 s. Fig. 15 presents the spectral analysis of 

output line voltage, which shows the dominant harmonics 

centered at 16 kHz (2Nfsw) as expected. 

To highlight the effectiveness of the balancing control, a 10 

kΩ resistor is parallel-connected to the capacitor of SM1 in 

phase-u, and the balancing control is activated at t = 1.0 s. As 

shown in Fig. 16, there is significant imbalance before 1.0 s and 

it is quickly reduced to a negligible level after 1.0 s. 

VI. EXPERIMENTAL RESULTS 

A down-scaled prototype of three phase MMC inverter 

shown in Fig. 17(a) with resistive load is built for the 

experiments and the parameters are listed in Table III. The 

power devices are the BSM50GB60DLC IGBTs from Infineon. 

The dc-link voltage is generated from a three-phase diode 

rectifier connected to a three-phase autotransformer, as shown 

in Fig. 17(b). The proposed control and modulation methods 

are implemented with a TI TMS320F2812 DSP and an Altera 

EP1C12Q240I7 FPGA. 

  
 Fig. 12.  Capacitor voltages during start-up. 

 

 

Fig. 13.  Capacitor voltages, upper/lower arm currents and ac current in 

steady state. 

 

 

Fig. 14.  Output voltages, output currents, arm currents and capacitor voltages 
during sudden load changes. 

 

 

Fig. 15.  Spectral analysis of simulated line voltage. 



0885-8993 (c) 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/TPEL.2014.2304969, IEEE Transactions on Power Electronics

  

Fig. 18 shows the steady state waveforms of phase u, where 

 

Fig. 16.  Capacitor voltages, arm currents and ac current with and without voltage balancing control. 

 

 

Fig. 17. (a) The experimental setup. (b) Configuration of the experimental system. 

 

 

Fig. 18.  Capacitor voltages, arm currents and ac current in steady state. 

TABLE III 

Parameters of the Three-Phase MMC for Experiment 

Items Values 

Rated active power: P 3 kW 

Line voltage (rms): VLL 228 V 

Line (or ac) frequency: f1 50 Hz 

DC-link voltage: Vdc 400 V 

Arm inductance: L 4.62 mH 

Arm equivalent resistance: R 0.1 Ω 

No. of SMs in each arm: N 2 

SM capacitor: C 560 µF 

Rated capacitor voltage: VC 200 V 

Switching frequency:     2 kHz 

Equivalent switching frequency  

in one arm:      
4 kHz 

Load resistor (Y-connected): RL 24.5 Ω 
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all the capacitor voltages are well balanced at 200 V with 

roughly 13 V peak-to-peak ripple. Fig. 19 and Fig. 20 are 

experimental waveforms of three-phase line voltages and 

currents during step load change. These experimental results 

show good dynamic performance of the MMC control system. 

Fig. 21 gives the spectral analysis of the line voltage with and 

without load. In both cases the dominant harmonics center at 8 

kHz as expected. When the load is connected, the THD of the 

line voltage reduces drastically. This is because the smoothing 

inductors of the MMC inverter work as output filters only when 

load is connected.  

Fig. 22 exhibits the indispensability of the differential energy 

control which helps balance the capacitor voltages of the upper 

and lower arms. The differential energy control is cut off at 0.45 

s. Without differential energy control, the capacitor voltages in 

upper/lower arms are seen to deviate from each other 

significantly. Note that the capacitor voltages within one arm 

      

Fig. 19.  Line voltages and currents with step increase of load.        Fig. 20.  Line voltages and currents with step decrease of load. 

 

 

 

Fig. 21.  Spectral analysis of line voltage (a) without load, (b) with load. 
 

 

 

Fig. 22.  Capacitor voltages, arm currents and ac current with and without differential energy control. 
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are still the same because the voltage balancing control within 

one arm is working. 

Fig. 23 shows the dynamic performance of the voltage 

balancing control within one arm. To highlight the balancing 

ability of the method, a 4 kΩ resistor is paralleled to the 

capacitor of SM1 in phase u. Significant voltage imbalance can 

be observed in Fig. 23 before the balancing control is activated. 

Then the imbalance quickly diminishes after the proposed 

balancing control is applied. The waveforms of upper/lower 

arm currents and ac current during the process show that the 

output power quality is not affected. 

 

VII. CONCLUSION 

A new voltage balancing control based on an improved 

PDPWM method is proposed. The improved PDPWM method 

distributes the gating pulses alternately among the SMs within 

one arm every N (number of SMs within one arm) several 

carrier periods. The capacitor voltages can be well balanced 

without using voltage sorting algorithm and causing 

unnecessary switching actions. Single reference and single 

carrier (for one arm) used in the modulation reduces the control 

hardware requirement. For applications where the switching 

frequency of each SM is too low (e.g., under 100 Hz), the 

performances of the improved modulation and balancing 

control are found to be satisfactory.  
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