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Abstract— This paper explores the design and analysis of a 

Modular Multilevel Converter (MMC) with a focus on 

Multicarrier Pulse Width Modulation (PWM) and capacitor 

voltage balancing techniques. The study aimed to evaluate the 

impact of these techniques on power quality indices, specifically 

harmonics, within the converter. Using MATLAB/Simulink, a 

three-phase MMC was simulated to generate 3-level, 5-level, 

and 7-level voltages, assessing the effectiveness of the proposed 

voltage balancing and modulation methods. The results 

demonstrated that as the voltage levels increased, Total 

Harmonic Distortion (THD) decreased, confirming the efficacy 

of the proposed approach in improving power quality. 

Furthermore, the study connected a dynamic load, represented 

by a three-phase induction motor, to the MMC. The findings 

indicated that the modified Multicarrier PWM and voltage 

balancing techniques achieved the primary control objectives, 

ensuring system stability and effective motor performance. 

Despite these successes, the complexities inherent in MMC 

control suggest that further research could explore traditional 

control methods, such as optimal or nonlinear control, to 

enhance system reliability and performance. 

Keywords—Level-shifted PWM, MMC, Power Quality, THD, 

Voltage balancing. 

I. INTRODUCTION 

A major concern in the global energy sector is the 
impending exhaustion of fossil fuels coupled with the 
environmental challenges posed by global warming. This has 
catalysed a paradigm shift towards renewable energy sources 
(REs), which now play an increasingly vital role in global 
electricity supply. [1]. According to [2], REs such as solar, 
wind, geothermal etc. supplied 28% of global electricity 
supply in the first quarter of 2023 with solar photovoltaics 
(PV) projected to increase the fastest.  

Integrating solar PV into the power grid necessitates 
effective DC/AC conversion, making the design of 
interlinking converters a critical area of study. Traditional 
two-level inverters, while widely used in renewable energy 
integration, present several limitations such as high switching 
losses and limited scalability, which hinder their performance 
in high-power applications. 

Existing literature discusses the traditional two-level 
inverter which is used in applications such as renewable 
energy integration, adjustable speed drives and high-voltage 
DC transmission[3]–[6]. [7] investigated and compared the 
control of a two level Z-source interlinking inverter using 
space vector pulse width modulation for photovoltaic fed 
renewable energy source. Also, [8] demonstrated the control 
of a two-level inverter fed Induction motor using Space vector 
PWM. Their work focused on analysing the advantages of the 
modulation technique on the induction motor control. 
However, despite its control simplicity and reduced costs, this 
converter suffers from snags such as large switching losses, 
large switching stress, high operating frequency, non-
availability of high-power devices etc. [9], [10]. These 
limitations deteriorate the performance of the system. 

The Multilevel Inverter (MLI) is an advanced power 
electronic converter that tends to overcome power quality and 
stability issues in electrical network because of the unstable 
output of Res [11]. This class of converters has received 
considerable scholarly attention in recent years due to their 
features of high-quality waveforms, scalability, fault-tolerant 
operation, redundancy in switching states etc. [12]. The 
literature on MLIs has highlighted several topologies such as 
the Neutral point clamped (NPC), flying capacitor (FC), 
cascaded half bridge (CHB), modular multilevel converters 
(MMC) to mention a few. A major demerit of this class of 
converters has to do with the enormous number of switching 
devices [13]. 

To address these challenges, the modular multilevel 
inverter (MLI) has emerged as a promising solution due to its 
ability to produce high-quality waveforms, scalable design, 
and fault-tolerant operation. Among various MLI topologies, 
the Modular Multilevel Converter (MMC) stands out for its 
practical application in high-voltage DC transmission and 
renewable energy integration. Despite its advantages, one of 
the key challenges in MMC operation is the complex task of 
capacitor voltage balancing within its submodules [15]. 

In a review study by [16], it was found that much of the 
research on modular multilevel inverter focused mainly on its 
mathematical modelling and less on capacitor voltage 
balancing.  This is as a result of the complexity of the 



balancing technique. [17] investigated the mathematical 
model of the MMC to design a converter control system. Also, 
[18] developed a simpler MMC model  that preserved the 
dynamics while reducing the simulation time. However, the 
less studied concept of voltage balancing amongst the 
submodules capacitors is an important control concept for this 
class of multilevel converters. 

Voltage balancing techniques have been studied by 
various authors such as [19] who proposed a novel arm 
balancing technique for efficient operation of the mmc under 
pulsed loads, [20] who proposed a new method of measuring 
capacitor voltage across the sub modules. [21] suggested 
MMC control can be further broken into two distinct control 
philosophies based on global arm control and individual 
control of submodule capacitors voltage using modulation 
techniques. However, [22] categorises these control objectives 
into primary and secondary control objectives with the former 
involving pulse width modulation control techniques to 
achieve the desired output voltage levels. [23] and [24] 
examined nearest level control (NLC) modulation to study 
voltage balancing for the mmc, [25] presented an analysis of 
capacitor voltage balancing using sinusoidal pulse width 
modulation (SPWM), NLC and Selective Harmonic 
elimination (SHE), [26] and [27] who performed comparative 
analysis of different voltage levels for the MMC using 
multicarrier pulse width modulation techniques. 

This paper focuses on addressing this challenge by 
analysing the theoretical modelling and control strategies for 
MMCs, with a particular emphasis on a modified multicarrier 
pulse width modulation (PWM) technique. The study further 
applies this methodology to drive a three-phase induction 
motor, comparing its performance against a conventional two-
level inverter. 

This paper has been divided into four sections. The MMC 
structure, mathematical theory and control technique are 
discussed in section 2.  Section 3 provides and discusses the 
findings from this study while the summarization of the main 
areas covered and suggestions for Improvement on future 
studies are presented in section 4.  

 

II. METHODOLOGY 

A. MMC Circuit and Design 

The MMC structure is well documented in Literature. The 
configuration of the converter used in this paper is as shown 
in figure 2. In this converter topology, each phase is regarded 
as a leg and each leg consists of two arms namely the upper 
arm and the lower arm, respectively.  In this study, each arm 
is made up of N submodules placed in a half bridge structure.  
The number of half bridge modules, required to generate a 
particular voltage level is calculated by the following equation 
[28] 

𝑁 = 𝑚 − 1     () 

where,  

N=number of required submodules 

m= voltage level. 

The arm inductor and arm capacitance for the MMC 
circuit are respectively defined by  [28] 

𝐿𝑎𝑟𝑚 =
1

𝐶𝑎𝑟𝑚𝜔2

2(ℎ2−1)+𝑚𝑎
2
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Where, ω  is the angular frequency, 𝐶𝑎𝑟𝑚  the arm 

capacitance, h is the harmonic order, 𝑑𝑣𝐶𝑈  𝑎𝑛𝑑 𝑑𝑣𝐶𝐿  denote 
the sums of the upper and lower arm voltages of the 
submodule capacitors 𝑖𝑎𝑟𝑚𝐿  𝑎𝑛𝑑 𝑖𝑎𝑟𝑚𝑈

 the lower and upper  

arm currents respectively and modulation index denoted by 
𝑚𝑎. 

 

  

Fig 1: Three-phase half bridge submodule MMC topology 

The circuit relationships for each phase leg of the MMC 
based on fig. 2 is derived using Kirchhoff’s voltage law 
around the upper and lower arm loops 
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Where x∈{a,b,c}. The differential and common node arm 

voltages and currents for each phase leg is defined as 
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The continuous time equations for 𝑖𝑥,𝑑𝑚(𝑡)𝑎𝑛𝑑 𝑖𝑥,𝑐𝑚(𝑡) 

is thus derived by subtracting and then adding (4) and (5). 



Further substitution of the appropriate common and 
differential node expressions from (6) to (9) yields 
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Taking the assumption that the arm inductors are coupled 
and the usual condition that the winding leakage and series 
resistance per winding are negligible, (10) and (11) can be 
reduced to 

𝑣𝑥,𝑜(𝑡) ≈  −𝑣𝑥,𝑑𝑚(𝑡)    () 
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2
 −  2𝐿𝑏
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B. Multicarrier Modulation and Voltage Balancing Control  

The staircase output waveform characteristic of multilevel 
inverters is generated using pulse width modulation (PWM) 
schemes. PWM is a widely used control strategy in electronic 
power converters to produce AC output voltage while 
minimizing harmonics without compromising the converter's 
output power. As previously discussed, various PWM 
techniques have been explored in the literature. [22] 
categorizes these techniques based on their switching 
functions into three main types: fundamental, low, and high 
switching PWM schemes. For Modular Multilevel Converters 
(MMCs), the Multicarrier PWM (M-PWM) technique is 
recommended due to its high switching capability. M-PWM 
is further categorized based on the carrier arrangement into 
Phase-Shifted PWM (PS-PWM) and Level-Shifted PWM 
(LS-PWM). In this study, the authors have modified the LS-
PWM technique to achieve voltage balancing of the 
submodule capacitors using an open-loop control method. 

The basic control objectives for a modular multilevel 
converter are primary and secondary objectives, respectively 
shown in figure 2. The reference (𝑉𝑟𝑒𝑓) and carrier signals 
(𝑉𝑐) are necessary for generating the gating signals. In LS-
PWM technique, the carrier signals for each half bridge 
submodule are identical but vertically shifted. There exist 6 
triangular carrier signals, the height of each carrier waveform 
is given by dividing the modulation index of Vref by the 
number of carriers. 

  

Fig 2. MMC control objectives [22] 

Voltage balancing is crucial for ensuring that the voltages 
across the capacitors of the submodules remain stable, which 
is vital for the reliability of Modular Multilevel Converters 
(MMCs). The fundamental principle of voltage balancing 
techniques involves controlling the charging and discharging 
of the submodule capacitors based on the direction of the arm 
current, typically achieved through the use of sorting 

algorithms. Previous studies, such as [22], [24], [29], and [30], 
have explored voltage balancing in MMCs using Phase-
Shifted PWM (PS-PWM) and Nearest Level Control (NLC) 
techniques. In this paper, however, the authors utilize a Level-
Shifted PWM (LS-PWM) technique, incorporating an adapted 
sorting algorithm, as illustrated in the flowchart in Figure 3. 

 

Fig 3: Capacitor voltage sorting algorithm flowchart 

A sorting algorithm for a multilevel inverter requires three 
key variables to generate the desired PWM signals that drive 
the switching devices. While sorting algorithms are widely 
used to manage data sets in various applications, their specific 
application in the simulation or physical prototyping of 
MMCs is less frequently discussed in the literature. Few 
studies, such as [31], have addressed the use of sorting 
algorithms in this context.  

 

Fig 4: Block Diagram of proposed method 

In this study, the bubble-sorting algorithm was employed, 
where the voltage of each submodule capacitor is stored in an 
array and sequentially compared with adjacent values, 
swapping them as necessary. The arm selection algorithm 
used is illustrated in Figure 3. In this process, capacitor 
voltages are acquired and stored in memory. Using signal 
processing through the "s-control" function, sorting is 
performed by comparing each submodule's capacitor voltage 
and arm inductor current with the modulating signal. This is 
done independently for both the upper and lower arms. The 
proposed control strategy implemented in this study is 
depicted in Figure 4. 

III. RESULTS AND DISCUSSION 

A single-phase modular multilevel converter is designed 
using MATLAB/Simulink generating 3-level, five-level, and 



seven-level voltages to ascertain the proposed voltage 
balancing and modulation technique. The simulation 
parameters, detailed in Table I, were selected with a focus on 
evaluating the efficiency of the proposed method and 
converter type in Medium Voltage Direct Current (MVDC) 
and Low Voltage Direct Current (LVDC) applications, even 
though MMCs are typically used for High Voltage Direct 
Current (HVDC) systems. In this study, the Multicarrier PWM 
technique was utilised. The output current and voltage 
waveforms for the different voltage levels of the MMC were 
obtained for a dynamic load, as shown in Figures 5 and 6.  

The results indicate that the output voltage for the 3-level 
converter switches between +VC, 0, and -VC, while the 5-
level output transitions between +2VC, +VC, 0, -VC, and -
2VC. Similarly, the 7-level output ranges between +3VC and 
-3VC, corresponding to the capacitor voltages during the 
switching cycle, consistent with existing MMC literature. 
Additionally, the Total Harmonic Distortion (THD) analysis 
reveals that as the voltage levels increase, the THD decreases. 
Specifically, a 2.46% THD was observed for the 3-level 
MMC, 1.19% for the 5-level converter, and 0.93% for the 7-
level MMC, confirming that higher converter levels result in 
reduced harmonics. 

 Furthermore, the simulated 3-level MMC was connected 
to a dynamic load, specifically a 3-phase induction motor. The 
motor parameters are provided in Table II. According to the 
modulating signal, the motor was set to a speed of 1415 rpm, 
which it achieved within approximately 0.5 seconds. The 
speed and torque characteristics for the 3-level MMC and a 
conventional Voltage Source Converter (VSC) are presented 
in Figure 8. The comparison shows that the MMC 
outperformed the VSC, with the motor reaching stability in 
about 0.5 seconds, compared to 1.3 seconds for the VSC, 
which also failed to reach the set speed. Additionally, the 
torque comparison indicates that the MMC effectively 
maintained the set torque when driving the induction motor, 
as shown in Figure 10b. 

 

 

 

 

 

 

 

 

 

Figure 5. (a) 3Level MMC Line Voltage   

  

 

 

 

 

 

 

Figure 5. (b) 3 level MMC current waveform for Passive Load  

 

 

Figure 6(a).  5-Level MMC  Voltage   

 

 

Figure 6(b). 7Level MMC Phase Voltage 

Table I. Simulation Parameters for MMC simulation 

Parameters Value 

Dc Link Voltage (Vdc) 560V 

Submodule capacitance 100uF 

Arm Inductance 2.5uH 

Load   74Ω and 12.5mH 

Frequency 50Hz 

 

 

 

 



 

 

 

 

 

 

             

 

 

 

 Figure 7. (a) THD for 3-Level MMC        

 

 

                 (b) THD for 7-Level MMC   

 

Table II: Parameters for Induction motor [32] 

B 0.0028 

N.m/rad/sec 

Power 3HP 

J 0.055 kg.m2 Voltage 

rating  

415V 

M  0.1524H Frequency 50Hz 

Stator 

Ratings 

Rs 

Lls 

Ls 

 

1.88 Ω 

0.0125H  

0.1649H 

Rotor 

Ratings 

Rr 

Llr 

Lr 

 

2.72Ω 

0.0125H 

0.1649H 

Poles 4 Speed 1415 rpm 

 

      

 

Figure 8 (a) Speed response of 3 level MMC connected Induction motor 

 

 

 (b) Torque response comparison plot between MMC and VSC connected 
Induction motor    

IV. CONCLUSION 

This study contributes to the expanding body of research 
on Modular Multilevel Converters (MMCs), which were first 
introduced in academic literature in 2003. The paper analyses 
the circuit of an MMC to examine the impact of Multicarrier 
Pulse Width Modulation (PWM) and capacitor voltage 
balancing on power quality indices, particularly harmonics. 
The analysis also included the connection of a dynamic load 
to the converter, with results indicating that the modified 
Multicarrier PWM and voltage balancing techniques 
effectively achieved the primary control objectives, leading to 
stability as demonstrated by the speed response of the dynamic 
load. However, given the inherent complexities in controlling 
MMCs, future research could explore the potential of 
traditional control techniques, such as optimal or nonlinear 
control methods, to further enhance system performance. 
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