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Abstract: This paper discusses the capacitor voltage 

balance in MMC controlled by the space vector PWM 

technique. The proposed converter is included with four 

sub-modules each comprising a half-bridge converter with 

a DC link capacitor. An optimized control structure for 

capacitor voltage balance with the conventional PI 

controller is simulated compared to the updated visual 

system controller that changes the standard control. The 

converter function is analyzed with the comparison of 

settling times of the DC link capacitors voltages in each 

module. The performance of the induction motor is 

analyzed by connected to this converter generating speed 

and torque characteristic parameters. The design and 

analysis are carried out using MATLAB Simulink 

software, where the powergui tool is used to generate 

graphs that are plotted with time as a reference. 
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1. Introduction 

There are many different types of multilevel converters with 

structural differences and also control differences. All these 

converters are used to convert a fixed DC into a single phase 

or three AC phases with reduced harmonic distortion. Each 

converter has its pros and cons when it comes to harmonics, 

efficiency, economy, reliability, etc. These multilevel 

converters use capacitors as voltage dividers to create voltage 

levels at the output voltage. Some of the most common 

multilevel variables are transformed into an H-bridge 

converter [1], a diode clamp converter, a flying capacitor 

converter. For each converter, the number of small modules 

determines the output power levels, the higher the levels the 

lesser the harmonics in the voltage and current outputs. In the 

new era of the 21st-century modular multilevel converters 

(MMC) [2] are introduced which are replacing most of the 

above-mentioned multilevel converters with increased 

reliability and a decrease in cost for manufacturing. Even 

MMC uses capacitors to separate the electrical energy and to 

make the energy levels out. As with conventional converters, 

an increase in the number of small modules increases the 

number of levels in the output voltage of MMC. 

MMC is controlled using two modulation techniques which 

are sinusoidal PWM and space vector PWM. The sinusoidal 

PMW technique is the most commonly used PWM technique 

[3] in most of the converter for conversion of DC to AC 

(inverting). The space vector PWM technique is considered to 

be digital PWM with precise pulse generation helps to increase 

the output voltage magnitude and decrease of harmonics. The 

MMC can be controlled using two different types of 

modulation methods which are carrier phase disposition and 

carrier level-shifted. The optimization of MMC can be easily 

achieved by utilizing the carrier level shifted space vector 

PWM technique providing flexibility to the converter reducing 

harmonics. The proposed MMC with half-bridge sub-modules 

can be observed below in figure 1. 
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Fig. 1: a) MMC of single-phase b) sub-module internal circuit 

The switches S1 and S2 used in the sub-module can be either 

IGBT or MOSFET for fast switching frequency. The DC side 

is attached with a capacitor which divides the input voltage in 

average to the no. of sub-modules [3] connected in a single 

phase. The upper arm is considered to be a positive set and the 

lower arm is considered to be a negative set. Elaborating, the 

upper sub-modules (SMaP1 – SMaPn) generate a positive 

output voltage, and lower sub-modules (SMaN1  - SMaNn) 

generated negative output voltage. The output voltage of phase 

A [4] (VA) is given as 

 ………..(1) 

 …………………..(2) 

Here, Vdc is the input DC voltage magnitude, Lo and Ro are 

the inductance and resistance of the leg branch, iA is the phase 

current, Uap and Uan are the upper and lower cumulative total 

voltage [5] of sub-modules. 

The input to the MMC converter can be any DC source like a 

battery or renewable sources like PVA, wind farm, fuel cell. In 

most applications, renewable energy sources are used for the 

utilization of renewable power [6] in AC loads. In our 

proposed circuit topology PVA source is considered as an 

input source for running a three-phase induction machine [8]. 

In this paper, the modeling of capacitor balance control 

structure (with PI and fuzzy) is discussed in section II 

followed by carrier level shifted space vector PWM technique 

integration to the capacitor balance controller explanation in 

section III. Section IV includes the simulation results and 

analysis of the proposed circuit topology with different 

controllers comparison, concluding with section V along with 

references. 

 
2. Capacitor Balance Control 

The capacitor balance control is used to generate a reference 

signal for the carrier level shifted space vector PWM to 

control the MMC switches for balanced capacitor voltages in 

each sub-module. The reference signal generated from the 

controller tends to maintain the voltages of capacitors [7] in 

the sub-modules are a specific user-defined reference voltage 

level. The MMC considered for the modeling and testing is a 

three-phase four sub-modules in each phase MMC circuit. 

Which defines the upper arm [7] of one of the phases include 

two sub-modules and the lower arm also include two sub- 

modules. The total number of sub-modules utilized is 12 for 

three-phase MMC. The proposed capacitor balance controller 

for the MMC is shown below in figure 2. 

 

Fig. 2: Capacitor voltage balance controller 

As observed in the above control structure the current 

controller is updated with sensible intuitive controls for better 

control of the controller.   The control structure takes input 

from one of the measured capacitor voltage (Vca) which is 

compared to user-defined reference  capacitor voltage value 
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Vc* [8]. An error is given to the PI control to create a 

reference to rotating the current icira. Current reference 

compared to the current time of the current upper arm iap and 

the lower arm ian provided as 

 ……………………...…..(3) 

The error generated by this comparison is fed to the PI 

controller or fuzzy logic control generating a reference signal 

for circulating current. For the arm balance control, upper arm 

cumulative capacitor voltages are compared to lower arm 

cumulative capacitor voltage, with error generation fed to PI 

controller through low pass filter for reduction of disturbances 

in the signal. The reference current magnitude is multiplied by 

the phase current ia for the generation of arm balancing 

reference signal. Both the signals are added up for the final 

reference signal given as input to carrier level shifted space 

vector PWM [9]. 

Fuzzy logic controller: 

The fuzzy interface system is considered to be an advanced 

controller as compared to the PI controller as it generates near 

value for the given input with a faster response rate. A quick 

and strong response of the controller improves the 

performance of the controller and the settling of the system is 

reduced. For our system when the current controller is 

replaced with a fuzzy system the reference generation will 

become faster and the capacitor voltages settle faster as 

compared to the PI controller. The fuzzy interface system 

adopted into the proposed control structure has one input 

variable and one output variable. „Mamdani‟s fuzzy interface 

design is considered for this purpose by including inputs that 

include seven gauss membership functions and seven 

triangular output membership functions. The entry and 

removal     functions     are     shown     in      Figure      3 

below. 
 

 
Fig. 3: Input and output functions of sensitive visual system 

membership 

The input variable is set in the range between -500 to 500 

which is defined as per the input error. The output variable is 

set between the range -6.66 to 6.66 which is defined as per the 

PI controller Kp and Ki gains. The seven membership 

functions in both variables are named as per the position in the 

range given. NB – Negative Big, NM – Negative Medium, NS 

– Negative Small, ZE – Zero, PS – Positive Small, PM – 

Positive Medium, PB – Positive Big. The 7 rules set for these 

membership functions are linear given as, If „E‟ is NB „output‟ 

is NB, If „E‟ is NM „output‟ is NM, If „E‟ is NS „output‟ is 

NS, If „E‟ is ZE „output‟ is ZE, If „E‟ is PS „output‟ is PS, If 

„E‟ is PM „output‟ is PM, If „E‟ is PB „output‟ is PB. The rule 

base for the above fuzzy controller is shown below. 

 
Fig. 4: Proposed linear fuzzy rule base 

 
3. Space Vector PWM Optimization 

The space vector PWM [11] technique is an advancement to 

the traditional sinusoidal PWM technique as it uses digitalized 

switching pulse generation concerning the sector selection. 

The switching sequence for the switches will be given by 

digital sets [12] as per the requirement of the output voltage 

waveform. A General space vector sector generation can be 

seen below. 
 

 

Fig. 5: General space vector section generation 
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The above sector selection [13] concerning reference voltage 

from the capacitor voltage balance controller Vref generates 

the pulses for the upper arm and lower arm bridges. Reference 

base signal for space vector PWM is given as 

 ………………...(4) 

Vsin is the user-defined sinusoidal reference with the 

fundamental frequency given as per the requirement. The 

pulses generated for the MMC are given as shown below. 
 

Fig. 6: MMC controller with space vector optimization 

The below equation determines the selection of reference 

values as per the difference voltage reference generated from 

the capacitor voltage balance controller. 

 
…...(5) 

 

Here       represents the reference value selection and 'i' 

represents a,b, or c phases. The variable 'n' represents many 

sub-modules. The final reference signal is optimized between 

certain limits to generate pulses for the converter when 

compared to carrier level shifted modulation signals. The 

optimization of the reference signal is given as 

 

………… (6) 

 
 

The final reference signal and the comparison of the carrier 

level shifted triangular waveform is represented as in figure 7. 

 

 

Fig. 7: Space vector reference signal comparison to carrier 

level shifted PWM 

With the above control modules and proposed MMC the 

complete circuit is modeled and controlled with PVA input 

and induction motor load in the next section align with 

graphical representations. 

 
4. Simulation Results 

 

 

Fig. 8: Modeling of proposed MMC 

The above figure 8 is the modeling of the proposed four sub- 

modules MMC connected to a static load. The pulses for the 

MMC are made by the capacitor balance controller as shown 

below. 
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Fig. 9: Capacitor voltage balance control modeling 

Simulation with the above modules is run for 4secs and the 

capacitor voltages of three phases are recorded. The reference 

voltage in the controller is set at 200V which makes the 

voltages of the capacitors stabilize at 200V. 

 

Fig. 10: Capacitor voltages of phase a, b, and c with PI 

controller 

 

Fig. 11: Capacitor voltages of phase a, b, and c with fuzzy 

controller 

As seen the Figures 10 and 11 the power capacitor of a, b, and 

c phases (VCa VCb VCc) with PI and fuzzy logic controller, 

the voltage settles faster and maintains stability for the fuzzy 

controller. The settling time for the PI controller is 2.5sec 

whereas the settling time for fuzzy is noted at 1.5secs. 

 

Fig. 12: Switch to Ca capacitor power with PI 

control 

 

Fig. 13: Switch to the capacitor of Ca with a fuzzy controller 

Similar to the capacitor voltages the change in capacitor 

voltages ΔVCa of fuzzy controller settles faster as compared 

to PI controller. The circuit is updated with a PVA source at 

the input and induction motor on the load side. The 

characteristics of the circuit modules are recorded and plotted 

to time. 
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Fig. 14: Proposed MMC with PVA input and induction motor 

load 

 
Fig. 15: PVA characteristics 

 

 

Fig. 16: Induction motor characteristics 

The parameters of PVA and IM are given in the Appendix 

section. 

 

 

 

 

 

 

 

 

 

Fig. 17: THD of stator current of IM using an FFT analysis 

tool 

 
5. Conclusion 

With the above results and discussion, it is clear that the 

capacitor voltages are balanced at 200V as per the reference 

given by the user. The voltages of the capacitor even settle 

faster for a fuzzy controller as compared to a PI controller. 

The settling speed is 1sec faster as compared to the 

conventional controller. The THD of stator current when the 

MMC is connected with PVA and induction motor is noted 

which is less than 5%. The PVA and induction motor 

characteristics are studied when the machine is operated with 

nine levels of three-phase AC voltage. 

Appendix 

PVA parameters : 

Vmp = 54.7; Voc = 64.2V; Imp = 5.58A; Isc=5.96A; Pmp = 

305W; Ns = 13; Np = 50. 

IM parameters : 

Pnom = 4kW; Vnom = 400V; fnom = 50Hz; Rs = 1.405ohms; 

Rr=1.395ohms; Lls = Llr = 0.005839H; Lm = 0.1722; J = 

0.0131; p = 2. 
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