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Abstract--This paper presents the principle of a Modular 

Multilevel Converter operating as Static Synchronous 

Compensator. The Modular Multilevel Converter has been 

proposed as an alternative topology to overcome limitations of 

conventional Voltage-Sourced Converters in high voltage 

networks, since it is possible to increase the converter capacity by 

adding more submodules per converter arm. Additionally, the 

modular structure permits the synthesis of multilevel voltage 

waveforms which simplify the design of harmonic filters and 

magnetic structures required to connect the converter to the 

mains. The submodules of each converter leg should have its dc 

voltages regulated and equalized. Digital simulation results are 

used to validate the control strategy of the Static Synchronous 

Compensator and to demonstrate the performance of the 

balancing algorithms used to regulate the submodules dc 

capacitors voltages. Finally, experimental results obtained with a 

small-scale prototype with three submodules per arm are 

presented to validate the digital time simulation results. 

 
Index Terms--Capacitor Voltage Balancing Algorithm, Digital 

Simulation, MMC, Multicarrier SPWM, STATCOM. 

I.  INTRODUCTION 

ODULAR Multilevel Converter  (MMC) is composed 

by a series of identical submodules per converter arm. 

By controlling the number of active submodules per phase-leg, 

a multilevel output voltage can be synthesized at the converter 

ac terminals [1]-[2]. 

The MMC presents many advantages compared to other 

topologies of multilevel Voltage-Sourced Converters (VSC). 

Lesnicar and Marquadt proposed the MMC, in 2003, for 

different power and voltage levels, especially high-voltage 

electric networks applications [1]. The modular and 

expandable structure of MMC makes possible to generate of 

multilevel voltages, which simplifies the design of the 

harmonic filter used to connect it to the mains. The low 

harmonic content of the output voltage also permits the 

reduction of the converter switching frequency. This 

characteristic increases the converter efficiency since the 

switching losses are reduced. Besides, it is not necessary to 
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use bulky dc capacitors, once the total capacitance is 

composed by all submodules capacitances [1]-[3]. 

Modern electric power systems are facing challenges to 

keep high indexes of quality and continuity of the electric 

power supply, at the lowest cost. Static Synchronous 

Compensator (STATCOM) is employed to exchange reactive 

power with the main system in order to increase the capacity 

of transmission lines or to enhance the voltage or angle 

stability [4]-[5]. As an example, in 2013, a multilevel 

STATCOM, 200 Mvar, 35 kV and 53 levels, was connected to 

a 500 kV network, at the Dongguan substation, China, to 

increase the voltage stability which it was critically unstable 

[6]-[7]. 

In this way, the aim of this work is to present the operation 

principles of a STATCOM based on MMC. Firstly, the MMC 

topology and its operation are introduced as well as the 

modulation strategy and the capacitor voltage balancing 

control. Then, a digital model of MMC-STATCOM and its 

controller is used to demonstrate the effectiveness of the 

proposed compensator. Finally, experimental results obtained 

with a small-scale prototype with three submodules per 

converter arm are presented to validate the digital time 

simulation results. 

II.  THE MODULAR MULTILEVEL CONVERTER 

Fig. 1 shows the schematic diagram of the three-phase 

MMC. Each converter leg is divided into two arms with the 

same number of submodule (SM). Two inductors are used to 

connect the upper and lower arms to the output converter 

terminals, in order to limit the circulating currents between the 

arms. 

Fig. 2 shows the submodule structure used in this work. It 

is based on a half-bridge VSC topology, formed by two 

bidirectional switches, usually IGBTs, with two anti-parallel 

diodes and a dc capacitor. 

 Considering a converter with n submodule per arm and 

the voltage over MMC arm inductors nearly null, the dc 

voltage of each submodule is calculated by (1). 

 

n

dc
V

c
V   (1) 

 

where Vc is the submodule capacitor voltage, Vdc is the dc side  

voltage of the MMC and n is the number of submodule per 

arm. 
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Fig. 1.  Schematic diagram of three-phase MMC. 

 

 
Fig. 2.  Half-bridge MMC submodule structure. 

 

The semiconductor switches S1 and S2 of Fig. 2 are 

commutated in a complementary way that the submodule is 

active, that is it is inserted to arm circuit, when the switch S1 

is on and the switch S2 is off. In this case, the submodule 

terminal voltage VSM is equal to capacitor voltage Vc. 

Otherwise, when the switch S1 is off and the switch S2 is on, 

the submodule is bypassed and VSM is zero. 

In general, the number of active submodule in the upper 

and lower arms can be calculated at every period by (2). 

 

n
lower

m
upper

m   (2) 

 

where mupper is the number of active submodules in the MMC 

upper arm, mlower is the number of active submodules in the 

MMC lower arm and n is the total number of submodules per 

arm. 

When the submodule is active, depending on the current 

direction, the dc capacitor will be charged, as shown in Fig. 3 

(a), or discharged, as shown in Fig. 3 (b). On the other hand, 

when the submodule is bypassed, the capacitor voltage will be 

remained constant, as it is illustrated in Fig. 3 (c) and (d), 

respectively. 

        
                        (a)                                                              (b) 

        
                        (c)                                                              (d) 

Fig. 3.  Capacitor charging and discharging procedure depending on the 

switching states: (a) and (b) submodule active, (c) and (d) submodule 
bypassed. 

 

The equalization of the submodules dc voltages, as well as 

the regulation of the dc voltages of the converter arms, is 

fundamental to assure the correct operation of the MMC.  

 Different modulation techniques can be used to generate 

the MMC output voltages. Due to simplicity, the multi-carrier 

strategies associated with the sorting algorithms have been 

widely used in literature [8].   

A.  MMC Modulation Strategy 

 The Phase Disposition Pulse Width Modulation (PD-

PWM) can be used to control the output voltage of multilevel 

converter [2]-[9]. A sinusoidal reference signal is compared 

with multiple triangular waveforms to generate the switching 

pattern used to drive the switches of the multilevel converter.  

The number of carriers should be equal to the number of 

submodules per converter arm. In order to minimize the 

harmonic content in lower frequencies, all triangular carrier 

waves should have the same switching frequency, however 

they have to be symmetrically displaced in relation to the 

zero-axis as shown in Fig. 4 (a). This strategy results in an ac 

output voltage with (n+1) levels since the number of active 

submodules per converter leg is n. The Fig. 4 (b) shows phase-

neutral voltage waveform of a MMC with four submodules 

per arm. In this case, the output voltage will have five 

different levels. 

B.  Capacitor Voltage Balancing 

 The comparison of sinusoidal reference signal with the 

multiple triangular waveforms determines the number of 

active submodules per converter arm. However, there are 

many submodules and different combinations of active 

submodules able to be used to generate the MMC output 

voltage. 
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(a) 

 
(b) 

Fig. 4.  PD-SPWM: (a) multi-carrier waveforms (f = 600 Hz) and sinusoidal 
reference signal (f = 60 Hz) and (b) 5-level output voltage synthesized by the 

MMC. 

 

Moreover, if the capacitor voltages are not equalized, the 

MMC output voltage will present asymmetries and non-

characteristic harmonics are generated. Also, another negative 

effect is unequal voltage stress over the switches [10]. Hence, 

the capacitor voltages should be monitored and regulated 

during MMC operation.  

Thus, to generate gating signals, after the number of active 

submodules in the upper and lower arm be defined by the 

modulation strategy, a voltage balancing algorithm analyzes 

the individual capacitor voltage and the arm current direction. 

When the arm current is positive, the submodules with the 

lowest dc voltages should be activated. Otherwise, when the 

arm current is negative, the submodules with the highest dc 

voltages should be activated.  Different sorting algorithms can 

be used to order the submodules in relation to its dc capacitor 

voltage [8]. The bubble sorting routine is used in this work. 

Fig. 5 shows the flux block diagram of the balancing 

algorithm, where m is the number of active submodules in 

each converter arm. 

III.  STATCOM MATHEMATICAL MODELING 

Fig. 6 shows the block diagram of the STATCOM 

connected to an ac power system, through transmission line 

represented by impedance (R + jωL). The STATCOM control 

is performed in the dq synchronous reference frame. 

 Neglecting the harmonics generated by the MMC and 

considering the line current direction as it is illustrated in Fig. 

6, the following dynamic equations can be written in 

synchronous reference frame for the STATCOM currents as 

given by (3). 

 

 
Fig. 5.  Flux block diagram of MMC voltage balancing algorithm. 

 

 
Fig. 6.  Block diagram of STATCOM-MMC connected to an ac power system 

and its controllers. 
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(3) 

 

where Vt,k is the instantaneous voltage at MMC terminals, ik is 

the instantaneous MMC current, Vs,k is the ac system voltage, 

k{d,q} and ω is the ac system angular frequency. 

Assuming balanced ac system voltages and considering that 

PD-SPWM control strategy is used, the following expressions 

can be written in synchronous reference frame for MMC 

output phase voltages:  
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(4) 

 

where ud and uq are the new control variables. 

 Substituting (4) in (3), it is possible to rewrite: 
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(5) 

 

Based on (5), the MMC-STATCOM presents a first order 

dynamic with the direct and quadrature currents decoupled. A 

Phase Locked Loop (PLL) synchronizes the STATCOM with 

the mains. The tracked ac system angle θ is used by the Park's 

transformation to represent the STATCOM voltages and 

currents in dq reference frame. Fig. 7 shows the PLL block 

diagram [11]. 

 

 
Fig. 7.  Block diagram of synchronous frame PLL. 

 

A.  Current controllers 

Having in mind the stationary behavior of the currents id 

and iq, from (5), it is possible to design two proportional-

integral (PI) controllers, to force the converter currents to 

track the reference signals with null steady state error, as given 

below. 
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where εd = id,ref - id and εq = iq,ref - iq are the errors between the 

reference currents, id,ref and iq,ref, and the currents synthesized 

by the MMC, respectively, kp is the proportional gain and τi is 

the time constant of the integrator. 

Fig. 8 shows the block diagram of the STATCOM with the 

two PI current controllers. The variables ud and uq are used to 

generate the reference voltages Vd,ref and Vq,ref, respectively. 

 

 
Fig. 8.  Block diagram of STATCOM current control. 

 The instantaneous active p and reactive q power at the 

STATCOM terminals can be calculated in dq reference frame 

by [12]: 
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Choosing a reference for the dq synchronous frame in such 

a way as Vs,d = |Vs| and Vs,q = 0, it is possible to rewrite (8) as 

follow. 
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(9) 

 

where |Vs| is peak value of the ac system phase voltage. 

The analysis of (9) shows that the active power is 

proportional to the current id while the reactive power is 

proportional to the current iq multiplying by a factor (-1). 

These currents, or powers, can be decomposed in average and 

oscillating powers as discussed in detail in [12]. 

 According to previous analysis it is possible to use the 

direct and quadrature currents to control the active and 

reactive powers at the STATCOM terminals, respectively. The 

reference active current id,ref is provided by the MMC dc 

voltage control loop as shown in Fig. 9 (a). This controller 

regulates the real power exchange between ac and dc 

converter sides to control and balance the submodule 

capacitors voltages. 

On the other hand, the reference quadrature current iq,ref is 

given by the ac voltage control loop, as shown in Fig. 9 (b). 

This control loop regulates the ac voltage rms value [11]. 

 

 
(a) 

 
(b) 

Fig. 9.  Direct and quadrature reference currents signals: (a) id,ref (MMC dc 
side voltage control), (b)  iq,ref (ac side rms voltage control). 

 

Because of current direction adopted in this modeling, as 

shown in Fig. 6, it is important to notice that, if iq is positive, 

the MMC is operating with capacitive characteristic, as it is 

usually expected. On the other hand, if iq is negative, the 

converter is operating with inductive characteristic. 
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IV.  DIGITAL SIMULATION RESULTS 

In order to investigate the effectiveness of the MMC, the 

PD-SPWM modulation strategy, the capacitor voltage 

balancing and the STATCOM controllers, the system of Fig. 6 

was modeled on PSIM environment. The system parameters 

are listed in Table I. 

 
TABLE I 

SYSTEM PARAMETERS 
 

Device Parameters Values 

Ac power 

system 

Line voltage (rms) 3.67 kV 

Fundamental frequency 60 Hz 

Equivalent line inductance 3 mH 

Equivalent line resistance 0.01 Ω 

MMC 

Arm inductance 1 mH 

Submodule capacitance 3000 μF 

Dc bus voltage 10 kV 

Nº of submodules per arm 4 

Carrier frequency of PWM 1 kHz 

Load 
Apparent power 2.15 MVA 

Power factor 0.8 lagging 

 

The power system is balanced and the submodule 

capacitors were initially charged at nominal value. As there 

are only four submodules per arm in this present simulation, 

the chosen system line voltage was suited to this number, in 

way that each dc capacitor is subject to a voltage no more than 

2.5 kV. The PI controllers parameters are given by Table II. 

 
TABLE II 

STATCOM CONTROLLERS PARAMETERS 

 

Function Parameters Values 

Line current 

control 

Proportional gain 150 V/A 

Time constant 0.3 V/As 

Dc voltage 

control 

Proportional gain 0.0815 V/A 

Time constant 0.5 V/As 

Ac voltage 

control 

Proportional gain 1 V/A 

Time constant 0.6 V/As 

 

Initially, only the load is connected to the ac power system 

through line impedance. At t = 0.2 s, the STATCOM starts to 

operate connected to the point of common coupling (PCC). 

Fig. 10 (a) and (b) show the line currents in dq reference 

frame, respectively. The negative values of the currents id and 

iq are explained by the polarity of current sensors, as in Fig. 6. 

The submodule dc capacitors charging forces the current 

component id to increase its absolute value, as shown by Fig. 9 

(a), while the iq is adjusted to control the system voltage rms 

value, as in Fig. 9 (b).  

Fig. 11 shows the STATCOM steady-state three-phase 

compensating currents. Fig. 12 shows the MMC phase-a 

steady-state voltage waveform. The MMC synthesizes a 5-

level phase voltages at the converter terminals. Fig. 13 shows 

the harmonic spectrum of the MMC output voltage.  As 

previously explained, the PD-SPWM reduces the harmonic 

content of the output voltage. Fig. 14 shows the upper and 

lower submodule dc voltages of the phase-a of the MMC. 

 

 
(a) 

 
(b) 

Fig. 10.  Direct and quadrature currents signals: (a) id and (b) iq. 

 

 
Fig. 11.  STATCOM three-phase system current. 

 

 
Fig. 12.  STATCOM phase-a output voltage and power system phase-a 

voltage. 

 

 At t = 2.5 s the load increases in 40%. This load change 

forces the STATCOM dc capacitor to discharge due to the fact 

it is close to the load.  Then, the dc voltage controller Fig. 14 

(a) changes the reference current id,ref to force the STATCOM 

to drain a small amount of active power to regulate its dc 
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voltage. Fig. 15 shows the behavior of the dc voltage of the 

STATCOM-MMC. 

 

 
Fig. 13.  Harmonic spectrum of STATCOM phase-a output voltage. 

 

 
Fig. 14.  Dc voltages of MMC phase-a submodules. 

 

 
Fig. 15.  MMC dc output voltage. 

V.  EXPERIMENTAL RESULTS 

One phase-leg of a small-scale MMC prototype was built in 

laboratory to validate the digital simulation studies.  Fig. 16 

shows a photograph of one phase-leg of the MMC with three 

submodules per arm. The converter main parameters are given 

in Table III. 

 
TABLE III 

MMC SETUP PARAMETERS 

 

Parameters Values 

Arm inductance 2 mH 

Submodule capacitance 3300 μF 

Dc bus voltage 170 V 

Nº of submodules per arm 3 

Triangular carrier frequency 1.8 kHz 

Sampling frequency 18 kHz 

 
Fig. 16.  Photograph of the MMC experimental prototype. 

 

Fig. 17 shows the phase-a ac system voltage and the 

STATCOM output voltage and current, respectively, for 

reference current iq,ref equals to +15 A. The synthesized 

current is 90º (π/2 rad) leading in relation to the ac system 

voltage. 

Fig. 18 shows the phase-a ac system voltage and the 

STATCOM output voltage and current, respectively, for 

reference current iq,ref equals to -15 A. In contrast with the 

previous case, the synthesized current is 90º (π/2 rad) lagging 

in relation to the ac system voltage. 

 

 
Fig. 17.  Phase-a ac system voltage (green line), STATCOM output voltage 
(blue line) and current (purple line), when iq,ref  = +15A. 

 

 
Fig. 18.  Phase-a ac system voltage (green line), STATCOM output voltage 
(blue line) and current (purple line) , when iq,ref  = -15A. 
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Fig. 19 shows the response of the MMC-STATCOM to a 

step variation from the capacitive characteristic (+15 A) to the 

inductive condition (-15 A). This figure permits to observe the 

transient behavior of the STATCOM. 

 

 
Fig. 19.  STATCOM output voltage (blue line) and current (purple line). 

VI.  CONCLUSION 

This paper presented a study of a Static Synchronous 

Compensator (STATCOM) based on a Modular Multilevel 

Converter (MMC).  A MMC with four submodules per 

converter arm was implemented in the PSIM environment. 

Digital simulation results shown that is possible to synthesize 

multilevel voltage waveforms with a lower harmonic content. 

An equalization algorithm was used to regulate the 

submodules dc capacitors voltages. Finally, experimental 

results obtained with a small-scale prototype with three 

submodules per converter arm were presented to validate the 

simulation results. The simulation and experimental results 

demonstrate the effectiveness of MMC for medium and high 

voltage applications. Regarding MMC features and 

conventional VSCs limitations, the MMC has becoming a 

promising configuration for modern power grids.  
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