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Abstract—Modular multilevel converter (MMC) is a promising 

new topology for high-voltage applications. The MMC is made of 

several identical submodules. For proper operation, each 

submodule can be considered as a controlled voltage source 

where capacitor’s voltage should be maintained at a certain level. 

Besides, the minimization of the circulating current, which does 

not flow to the load, is crucial for achieving stable and efficient 

operation of the MMC. The interrelations among the load 

current, circulating current, and capacitor voltages complicate 

the MMC control. This paper aims to achieve stable and 

balanced voltage and current control with reduced circulating 

current in various operating conditions. The proposed control 

uses weighted model predictive control based on a normalized 

cost function to select the inverter switching patterns which 

control the load current while minimizing voltage-fluctuation and 

circulating current. The weighting factors were selected based on 

minimizing the load current THD and circulating current. The 

analysis is conducted on a low power case study of single-phase 4-

cells MMC with possible extension to higher number of cells. The 

low-power three-level prototype is designed and built to validate 

this proposed method. Theoretical analysis, simulation and 

experimental results are presented and compared. Parameters 
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sensitivity analysis was also conducted. They all confirm the 

effectiveness of the proposed control method.  

 
Index Terms—Modular Multilevel Converter, MMC, 

Circulating Current, Weighted Model Predictive Control. 

 

I. INTRODUCTION 

odular Multilevel Converter (MMC) topologies have 

been developed since the beginning of the 21
st
 century. 

The MMC is a very promising and attractive converter used 

especially in high-power and high-voltage applications. 

Recently, the MMC became the center of interest for many 

researches, whereas many configurations and control methods 

have been developed [1]-[47]. The MMC is mainly used in 

High Voltage Direct Current (HVDC) transmission system 

applications [2]-[5]. Single-phase and three-phase topologies 

are both used. Fig. 1 shows a typical three-phase circuit 

topology where SMi{1-N} denote the cascaded connection of 

multiple submodules in each arm and leg. Note that there are 

two arms (upper and lower) in each leg, which are connected 

in series through two identical inductors L. The MMC is also 

used as a converter for DC or AC motor drive 

applications [13]-[15]. For AC motor drives, the MMC is 

called Modular Multilevel Inverter (MMI). 
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Fig. 1. Schematic of a three-phase MMC 

Several control schemes were designed to enable the 

operation at different frequencies even very low ones. These 

are described extensively in [16]-[20]. Most of these papers 

focus on the simplification of the MMC models and 

development of reliable and stable control methods for the 

inverter. This is justified by the fact that the voltage balancing 

between the sub-modules of upper and lower arms is 

mandatory for a proper and stable operation. 

If not properly implemented, the control of the total leg’s 

voltage and differential voltage between the two arms may 

affect seriously the MMC operation. Many control techniques 

were recently proposed for the MMC including model 

predictive control (MPC) [16]-[41]. Most of these techniques 

were presented and discussed mainly through simulation 

studies only; very few presented experimental results [28][30]. 

In [21], a single-phase AC–AC MMC with predictive 

controller to reduce error terms related to the input, output, 

and circulating currents, was proposed. In [22], an MPC for a 

five-level MMC-based HVDC system was developed and 

evaluated based on simulation studies. In [23], an MPC for a 

grid-connected five-level DC-AC MMC system to control 

voltage balancing, circulating currents, and power flow was 

presented. A Finite-Control-Set MPC strategy for current 

tracking control of an MMC for either balanced or unbalanced 

reference current was proposed and evaluated by simulation 

in [24]. In [25], a slow-rate capacitor voltage balancing 

strategy was developed and confirmed by simulation using 

PSCAD/EMTDC environment. The results also highlighted 

the tradeoff between the magnitude of the capacitor voltages’ 

ripple and the switching frequency for the proposed voltage-

balancing strategies. In [26], authors presented a general 

predictive technique used for general multilevel inverter 

including MMC. Experimental results were carried out only 

for Flying Capacitor inverters. In [27], authors presented an 

approach to control the capacitor voltage of the MMC within a 

switching cycle, demonstrating benefits in greatly reducing the 

capacitance and arm inductance of the MMC. The simulation 

of the proven technique was capable to operate the MMC at 

lower-frequency. [28] proposed a reduced computation load 

MPC to reduce the heavy prediction computations that result 

from traditional MPC. The proposed MPC was simulated with 

11-level MMC-based STATCOM. [29] presented a simulation 

study of an MPC method with a reduced number of states for 

the MMC-HVDC system. [30] proposed an experimental 

comparison between a cascaded control scheme based on 

conventional PI controllers and an MMC based on  MPC 

technique. [31] proposed a capacitor voltage balancing 

strategy that works even at low switching frequencies while 

avoiding excessive capacitor voltage ripple. [32] proposed an 

adaptive observer of capacitor voltages for MMC. Recently, 

several papers were published about capacitor voltage 

balancing and circulating current reduction [33]-[40]. 

As noticed and highlighted from the above review, most of 

MPC for MMC were just presented through theoretical and 

simulation studies. However, the aim of this paper is to 

propose a new MPC technique for the control of single-phase 

MMC and to validate it experimentally. The ultimate goal is to 

accomplish stable and balanced voltage and current control 

with minimum circulating current under several operating 

conditions. The proposed method is based on weighted 

predictive control of the inverter switching patterns leading to 

optimum load current control with maximum balance among 

capacitor voltages and minimum circulating current in the 

MMC. The weighting factors are tuned based on minimizing 

the output current THD index and the circulating current rms 

value. The sensitivity to parameter variations of the proposed 

method is also discussed. The analysis is conducted on a 

single-phase case study of 4-cells MMC; however, it can be 

extended to higher number of cells.  

This paper first explains the principle of operation and 

mathematical modelling of the MMC. A new MPC based 

control approach of the MMC is then presented and discussed. 

Simulation of the MMC and the proposed control algorithm is 

conducted using Matlab/Simulink. The simulation approach is 

applicable even for MMCs with a large number of 

submodules. Finally, experiments are conducted on a 

prototype in order to validate the presented concept and the 

proposed control technique. 

II. THEORETICAL BACKGROUND  

A. MMC topology 

The MMC considered in the case study has 2 submodules 

per arm (N=2) as shown in Fig. 2. Each submodule contains 

two switches which complementarily permute their states. The 

main idea of the MMC is to build a controlled multilevel 

output voltage. In general, each submodule acts as a controlled 

voltage source where its average capacitor’s voltage should be 

maintained at Vdc/N. The control of each submodule consists 

of either inserting or bypassing the capacitors through proper 

selection of the switching patterns. 

In our case-study, each arm consists of a series connection 

of two submodules, one inductor L and one resistor R supplied 

by a DC source of Vdc/2. The inductor is used to smooth the 

current and the resistor represents the inductor internal 

resistance. An RL load (RL, LL) is used for testing the operation 

of the system. Considering the system shown in Fig. 2, the 

following outputs are obtained: 

 If (Vdc/2) is to be applied to the load, then the upper-

arm submodules need to be bypassed and the lower 

ones to be inserted. This state is therefore obtained by 

only one switching pattern. 

 If (-Vdc/2) is to be applied to the load, then the upper-

arm submodules need to be inserted and the lower 

ones to be bypassed. This state is therefore obtained 

by only one switching pattern. 

 If (0V) is to be applied to the load, then one 

submodule from each arm needs to be bypassed. This 

state is therefore obtained by four switching patterns. 

Since there are four cells and each cell has two switches, 

then, there are sixteen (2
4
) different combinations of switching 

patterns which can be obtained. However, based on the output 

voltage states presented above, there are only six valid 
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switching patterns ( 4
2C ). 

 

Fig. 2. Configuration of the MMC circuit 

Depending on its switching states and current polarity, a 

basic cell capacitor is charged, discharged, or bypassed. The 

balancing of the sums of floating capacitors voltages of the 

upper and lower arms is crucial and should therefore be 

regulated as their unbalance affects the stability operation of 

the MMC as well as the level of the circulating current. The 

voltage balancing method is based on selecting the proper 

switching patterns according to the capacitor voltages’ and 

currents’ polarities in the submodules. 

B. Mathematical modeling 

Using Kirchhoff laws, relations between the arm currents, 

Iup, Idown the capacitor voltages, E1~E4, the load current, iL, and 

the circulating current, Idiff, of the converter in Fig. 2 are 

expressed by (1)-(5). By choosing the four capacitor voltages, 

the load current and the circulating current as six state 

variables and the switching states as the control vector[26], the 

state space model can be derived as in (6), where: 

Vdc is the dc source voltage 

E1~E4 are the capacitors voltages 

U1~U4 are switching states (0:off, 1:on) 

Iup is the upper arm current 

Idown is the lower arm current 

ILoad is the load current 

Idiff is the circulating current 

L,R are the inductance and resistance of the arm inductor 

LL,RL are the load inductance and resistance 

C is the cell capacitor 
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C. Proposed control 

It is important to mention that the challenges in the MMC 

control is to best track the load current reference while 

maintaining the capacitor voltages at a certain level (Vdc/N) 

and minimizing the circulating current. Note that the later 

doesn’t flow to the load and is caused by the unbalance 

between the upper and lower currents of the MMC arms. Such 

large circulating current will not affect the quality of the 

MMC output currents. However, it has a major effect on the 

rating values of the used components, the ripples of capacitor 

voltage, and the overall losses of the MMC. Therefore, to 

minimize these undesirable impacts, the circulating current 

should be reduced. 

It is also worth noting that the controlled variables (load and 

circulating currents and capacitor voltages) are interrelated 

and any change in one of them may affect the others. This 

means that if the MMC smoothly controls one of the above 

variables, it may cause degradation in the control of others. 

Therefore, one should be very careful in the choice of the 

controller type and its parameters. One way to control the 

complex dynamics of the MMC is the use of MPC. Due to its 

high performance and extensive flexibility, MPC has received 

a great deal of attention [42]-[47]. MPC can handle 

multivariable control, input and output time delays, and 

unstable systems. MPC includes prediction features taking 

into account system states constraints. Therefore, it is 

considered suitable for the multivariable control of the MMC. 

The core components of an MPC are more less the same, i.e. 

1) prediction model of the process, 2) objective function and 

3) optimizing algorithm. 

The proposed MMC control method is based on the 

weighted MPC (WMPC) approach. This WMPC is designed 

to control the load current while keeping minimum circulating 

current and balancing the capacitor voltages. At each control 

sampling time, the WMPC predicts the next switching pattern 

that assures best tracking of the reference variables for E1~ E4, 

Iload, and Idiff. The proposed control proceeds as follows during 

each sampling period: 

a) Measure state vector X(k) formed by the capacitor 

voltages E1(k), E2(k), E3(k), E4(k), the circulating 

current Idiff(k) and the load current Iload(k).  

b) Predict the state vectors X(k+1) at the next sampling 

instant for the six valid switching patterns by:. 

( 1) ( ) ( )i i sX k X k X k T     (7) 

c) The difference between the predicted state vector 

Xi(k+1) and the reference state Xref(k) is calculated and 

normalized by dividing it by the maximal variations of 

the state variables during the sampling period [36]. 

It is worth noting that the standard MPC techniques are not 

taking into account the dissimilarity of the variation ranges 

(hundreds Volts for voltages and few Amperes for current) 

which may lead to heterogeneous tracking performance of the 

controlled state variables. This paper proposes a normalization 

of the state variables by calculating the maximal variations of 

each state variable, which is considered as an additional 

optimization criteria in the cost function calculation. This 

normalization technique influences the switching states 

selection. 

The WMPC will then minimize the normalized and 

weighted cost function Costi given by (8) and select the 

appropriate switching pattern. The proposed whole controller 

strategy is described in Fig. 3 and the main steps of the control 

algorithm are illustrated in Fig. 4. 

where: 

ΔIdiff = |max (Idiffi(k+1)) – min(Idiffi(k+1))| 

ΔE1 |max (E1i (k+1)) – min(E1i (k+1))| 

ΔE2 |max (E2i (k+1)) – min(E2i (k+1))| 

ΔE3 |max (E3i (k+1)) – min(E3i (k+1))| 

ΔE4 |max (E4i (k+1)) – min(E4i (k+1))| 

ΔIload |max (Iloadi(k+1)) – min(Iloadi(k+1))| 

ILoadref is the load current reference 

Idiffref is the circulating current reference (=0) 

E1ref~E4ref are the capacitors voltages references (=Vdc/N) 

k is the sampling number 

i is the pattern number (1≤i≤Np) 

Np is the total number of switching patterns 

µ1, µ2 are weighting factors 
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Fig. 3. Proposed controller for the 4-cell MMC 

 

Fig. 4. Flowchart of the proposed WMPC algorithm 

It should be mentioned that the weighting factors used with 

the currents’ equations have crucial effects on the quality of 

the controlled variables, as it will be shown in the simulation 

and experiment sections. 

III. SIMULATION RESULTS 

Digital simulations are carried out using Matlab/Simulink to 

show the performance and effectiveness of the proposed 

WMPC in controlling the 4-cells MMC. The considered 

simulation parameters are listed in Table 1. 

TABLE 1 SIMULATION PARAMETERS  

Parameters Values 

Inductor load 𝐿𝐿 50mH 

Resistor load 𝑅𝐿 19Ω 

Inductor arm L 1mH 

Resistor arm R 0 Ω 
Capacitor C 1000 𝜇𝐹 

Fundamental frequency f 50 𝐻𝑧 

Sampling frequency Fs 10 𝐾𝐻𝑧 
Input Voltage Vdc 150 𝑉 

Reference Current ILoadref  (peak) 3A 

Number of cells per arm 2 

A. Tuning of weighting factors  

Since the proposed method is based on weighted predictive 

control, the weighting factors are first tuned to achieve the 

stability and desired performance of the MMC. The tuning is 

conducted based on minimizing the output current THD index 

and the circulating current rms value. To illustrate the effect of 

the weighting factors on the currents tracking quality and 

selecting the optimum values for best control results, the load 

current THD and the rms value of the circulating current were 

measured for different values of μ1 and μ2. For normalization 

of the different magnitudes among the variables of the cost 

function [42], μ2 is chosen equal to 0.1μ1. Fig. 5 shows the 

variation of the load current THD and the rms value of the 

circulating current as function of μ1. Notice that the THD 

fluctuates between 0.6 and 1.9% for different values of 1 

while the rms value of the circulating current is increasing 

considerably for μ1>5x10
-2

. 

 

Fig. 5. Variation effect of the weighting factor μ1 on the load current THD and 
rms value of the circulating current. 
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One could conclude that the optimum performance is 

obtained for μ1=2x10
-2

 and μ2=2x10
-3

. Hence, these values will 

be considered as the optimum values and will be used for the 

validation tests. 

B. Simulation Results for tuned weighting factors (μ1=2x10
-2

, 

μ2=2x10
-3

) 

The corresponding results are presented in Fig. 6-Fig. 10. 

Notice that the simulation results are consistent with their 

theoretical counterpart. It is clear from Fig. 6 that the capacitor 

voltages are oscillating around the value Vdc/2 and the steady 

state error margin is relatively small (less than 4%). It is worth 

to note that the sum of upper-arm capacitor voltages is 

balanced with the sum of the lower-arm capacitor voltages as 

depicted in Fig. 7. Fig. 8 shows that the load current is 

perfectly tracking its reference. In addition, the circulating 

current calculated using (4), is controlled and kept at very low 

value that maintains the MMC at stable and efficient operating 

condition (Fig. 9). This result is very promising and shows 

that the WMPC is very effective in dealing with the complex 

control aspects of the MMC. Finally, as shown in Fig. 10, a 3-

level (N+1) output voltage waveform is synthetized. 

 

Fig. 6. Capacitor voltages waveforms 

 

Fig. 7. The sum of upper-arm & lower-arm capacitor voltages waveforms 

 

Fig. 8. Load current waveforms 

 
 

Fig. 9. Current waveforms (a) Upper and lower arm currents; (b) Circulating 

current 

 

Fig. 10. Output voltage waveform 

C. Sensitivity to parameters variation 

The effect of parameter variations is investigated by 

changing the electric circuit parameters in the MPC algorithm 

within the range from -50% to +50% of their nominal values. 

The parameters encompassed by the analysis are L (inductor 

arm) and C (cell capacitor). Seven points are taken into 

account within the established range. For simplicity purpose, 

only one parameter is varied at a time. The rms value of the 

circulating current is selected as the performance indicator.  

Fig. 11 shows the obtained results when L and C are varied 

within the above mentioned range. 

 

Fig. 11. Sensitivity of the proposed WMPC to the inductor arm variation 
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Note that in practical cases, the errors induced in the 

measurement of L and C are usually within the range of ±10%. 

It can be noticed that the circulating current is almost not 

affected within this range. These results are very promising 

and show that the proposed WMPC is very less sensitive to 

parameters change. 

IV. EXPERIMENTAL SYSTEM 

To validate the proposed WMPC, a scaled version of the 

single-phase MMC is built and tested. The power rating of the 

scaled prototype model is 500 W, which is restricted by the 

rating of the power used in the laboratory. This power rating 

limitation is not a problem since our objective is to prove the 

concept of the proposed controller. The number of basic cells 

per phase is four (2 per arm). IGBTs with custom designed 

gate drives are used as power semiconductor switches in the 

MMC. In order to implement the control strategy, the 

DSPACE 1103 is used. Table 2 gives the parameters of the 

scaled experimental prototype. 

TABLE 2 PARAMETERS OF THE SCALED EXPERIMENTAL PROTOTYPE 

Parameters Values 

Inductor load 𝐿𝐿 50 𝑚𝐻 

Resistor load 𝑅𝐿 19.071 Ω 
Inductor arm L 738.1 𝜇𝐻 
Resistor arm R 0 Ω 

Capacitor C 1000 𝜇𝐹 
Fundamental frequency f 50 𝐻𝑧 
Sampling frequency Fs 10 kHz 

Input Voltage Vdc 150V 

Reference Current ILoadref  (peak) 3A 
Number of cells per arm 2 

Controller or Processor dSPACE dS1103 

 

Fig. 12 shows the test bench and all its components. The 

connection of the set with all auxiliary devices and power 

supplies are depicted in Fig. 12(a). The set is composed of an 

MMC with 4 sub-modules, DSPACE1103, oscilloscope, 

auxiliary power supply, and voltages and currents sensors. Fig. 

12(b) shows details of the MMC submodules or cells while 

Fig. 12(c) shows the RL load and arm inductors. Three current 

sensors and four isolating voltage sensors for the measurement 

of feedback signals are used in the implementation of the 

MMC. 

As the weighting factors used in the cost function have a 

significant effect on the quality of the tracking process and the 

performance of the MMC in general (Fig. 5), it is worth to 

illustrate this effect by trying to emphasis on the performance 

of the output current on the detriment of the circulating current 

and capacitor voltages. Fig. 13 shows the experimental results 

of a first test made by choosing μ1= μ2=10
-3

. Notice the 

unbalance of the capacitor voltages and the relatively high 

circulating current. Although the system is operating in stable 

condition, in the long run, this may cause overheat of the 

inverter due to the increase in the circulating current. This 

justifies the need for controlling the circulating current to a 

minimum possible level. This is realized by the proposed 

controller using the tuned (optimum) weighting factor values 

μ1=2x10
-2

 and μ2=2x10
-3

 as illustrated in Fig. 5. 

(a) various components of the prototype of  4 cells MMC  

(b) Submodules or Cells of the 3- level MMC inverter 

 
(c) RL Load and Arm inductors  

Fig. 12. Test bench setup and the scaled prototype model: (a) overall set; (b) 

MMC cell and (c) RL Load and Arm inductors  

Fig. 14-Fig. 17 show the experimental results for this 

scenario. Referring to the upper waveforms of Fig. 14, the 

load current is perfectly tracking its sinusoidal reference. 

Thus, experimental results confirm well the simulation results 

of Fig. 8. The waveforms of the middle part of Fig. 14 show 

the floating-capacitor voltages E1~ E4 of the four cells. All 

upper-arm and lower-arm capacitor voltages are nearly equal 

and oscillate around 150V. This proves the voltage balancing 

capability of the proposed controller. The bottom waveform in 

Fig. 14 is the circulating current, Idiff. Notice that this current 

fluctuates around zero but at very low amplitude. This 

demonstrates the effectiveness of the proposed method in 

keeping the circulating current at very low level. Fig. 15 

shows the experimental three-level output voltage waveforms 

of the MMC while Fig. 16 shows the waveforms of the upper- 

and lower-arm currents Iup and Idown, and the circulating 

current Idiff. Notice that Iup and Idown waveforms exhibit more 

or less the same waveforms and are mainly composed of dc 

(with opposite signs), fundamental, and other harmonic 

components. It is apparent that the circulating current contains 

a dc component and a second order harmonic component. This 

phenomenon was already reported and explained in previous 

research work [20]. This means that Iup and Idown have the 

second order component. All these characteristics are 

consistent with the theoretical analysis and the simulation 
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results shown in Fig. 9. Fig. 17 depicts the experimental 

results during the transient operation of the WMPC, where the 

load reference and actual currents are displayed. The bottom 

waveform in Fig. 17 is a zoomed region of the upper 

waveform at the transient instant. The load current reference is 

increased stepwise from 1.5A peak to 3A peak. Notice that the 

load current tracks its reference waveform in just few 

sampling periods. This proves the high dynamic performance 

of the proposed WMPC. 

 

Fig. 13. Experimental results for untuned WMPC: Effect of weighting factors 

(μ1= μ2=10-3) on the performance of the WMPC.  Upper reference and actual 
load current; middle capacitor voltages E1~E4; bottom circulating current.  

 

Fig. 14. Experimental results of the proposed WMPC performance with 
μ1=2x10-2, μ2=2x10-3: upper load reference current and actual load current; 

middle capacitor voltages E1~E4; bottom circulating current  

 

Fig. 15. Experimental results of the three-level output voltage waveforms  

 

Fig. 16. Experimental results: Upper and lower arm currents (top) and 

circulating current (bottom) 

 

Fig. 17. Experimental results: Transient performance of the WMPC, load 

reference and actual current are depicted. Lower part is a zoom of the transient 
instant of the upper waveforms. 

V. CONCLUSION 

This paper presented the design and implementation of a 

WMPC technique that properly deals with the complex nature 

of the MMC. A normalized multi-objectives cost function was 

defined. The normalization of the state variables by 

calculating the maximal variations of each state variable is 

used as additional optimization criteria in the cost function 

calculation. This normalization technique influences the 

switching states selection. 

Digital simulations for a 3-level single-phase MMC were 

carried out. The simulation results showed that the proposed 

WMPC is capable of simultaneously controlling multi 

variables of the MMC. The tuning of the weighting factors 

was conducted successfully based on minimizing the load 

current THD as well as the circulating current. Using the 

properly selected weighting factors, the WMPC has shown an 

efficient and stable tracking of the reference current at steady 

state and fast transient response. It is also capable of 

maintaining the capacitor voltages at their pre-selected and 

desired levels while minimizing the circulating current. 

Parameters sensitivity analysis was carried out and showed 

that the parameters variation does not have a significant effect 

on the controller performance. 

To validate the simulation results, a 500W prototype was 

built and tested. The obtained experimental results confirmed 
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the simulation results and demonstrated that the proposed 

WMPC is effective in controlling the load current with high 

steady-state and dynamic tracking performances while 

keeping balanced capacitor voltages and low circulating 

current. 
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