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Abstract. Modular multilevel converters (MMC) have emerged as a prevalent solution for high- and medium-

voltage applications owing to their scalability, modularity, and fault tolerance. However, the associated benefits 

come hand in hand with the heightened control complexity, particularly when compared to alternative multilevel 

converter topologies. The paper delves into an advanced control strategy of MMCs for the virtual synchronous 

generator (VSG) based on the model predictive control (MPC). Within this framework, VSG takes a key role for 

power management and inertia emulation, aiming to elevate the dynamic response and system stability. 

Simultaneously, MPC is strategically deployed to optimize the alternating current control, minimize the circulating 

current, and enhance the direct current control within MMC. The incorporation of the capacitor voltage balancing 

(CVB) method further plays a crucial role in judiciously redistributing the energy stored in sub-module capacitors, 

ensuring uniform voltage levels and equalizing the voltage among the capacitors. This comprehensive approach 

seeks to validate the feasibility and efficacy of the proposed control strategy through detailed simulations and 

experimental tests. Comparative studies with the PQ-decoupled based control method are conducted to assess the 

superiority of our strategy in terms of the energy conversion system performance, energy efficiency, and power 

quality. 

 

Keywords: capacitor voltage balancing method (CVB), modular multilevel converter (MMC), model predictive 

control (MPC), virtual synchronous generator (VSG), grid-connected MMC. 

 

 
Napredno krmiljenje navideznega sinhronskega 

generatorja z modularnimi večnivojskimi pretvorniki 

Modularni večnivojski pretvorniki so se pojavili kot 

prevladujoča rešitev pri visokih in srednjih napetostih zaradi 

njihove razširljivosti, modularnosti in odpornosti proti 

napakam. Vendar omenjene koristi spremlja povečana 

kompleksnost nadzora, zlasti v primerjavi s klasičnimi 

večnivojskimi pretvorniškimi topologijami. V prispevku je 

predstavljena napredna strategija krmiljenja navideznega 

sinhronskega generatorja na osnovi modela prediktivnega 

nadzora (MPN). MPN optimizira regulacijo električnega toka, 

zmanjšuje krožni tok, število uporabljenih senzorjev, računsko 

zahtevnost ter povečuje dinamični odziv. Eksperimentalni testi 

so potrdili učinkovitost predlaganega pristopa. 

 

Ključne besede: modularni večnivojski pretvornik, modelno 

napovedno vodenje, navidezni sinhronski generator 

 

 

 

 

 

 

1 INTRODUCTION 

The continuous growth in the global demand for the 

renewable energy has elevated the integration of the 

large-scale renewable energy sources into the power grid 

to a priority for researchers and engineers around the 

world [1], [2]. The modular multilevel converter (MMC) 

is emerging as a promising solution to facilitate the 

integration, offering a modular and scalable structure that 

promotes an efficient power conversion and increased 

grid stability [3], [4], [5]. 

In the current context of the power systems, MMCs 

occupy a central position, responding to the challenges 

posed by the integration of renewable energies and the 

transmission of the high-voltage direct current (HVDC) 

[1],[5]. Their scalability means that they can be adapted 

flexibly to different voltage levels, thus meeting the 

needs of a variety of applications. The modular design 

not only simplifies the maintenance, but also offers fault-

isolation capabilities and modular expansion potential 

[6], [7]. 
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The exceptional resilience of MMCs to component 

failure enhances their reliability, making them 

particularly suitable for critical power applications [1], 

[8]. However, the control complexity associated with 

MMCs poses a significant challenge. MMCs are 

renowned for their scalability and modularity, thus so 

ensuring an effective control while managing the 

complex multi-tier structure is a considerable challenge 

[9]. The complexity increases further when it comes to 

achieving an optimal performance in terms of the power 

control, reducing unwanted circulating currents, 

minimizing disturbances on the DC side, as well as 

balancing the voltages of the SM capacitors [9],[10]. 

These challenges require innovative control approaches 

capable of addressing the complexity of MMCs while 

optimizing their dynamic behavior [11]. 

One of the key challenges is to strike a delicate balance 

between the complexity of the control system and its 

performance [12]. As control strategies become more 

sophisticated to improve system capabilities, they risk 

introducing complexities that can hamper the real-time 

implementation or increase the computational load. 

Finding the right balance is essential to exploit the full 

potential of MMCs [8], [13]. 

The proposed control strategy is designed as a 

complete solution to the challenges posed by the 

complexity of the MMC control. It combines the Model 

Predictive Control (MPC) of the Virtual Synchronous 

Generator (VSG) and the Capacitor Voltage Balancing 

(CVB) method to create a synergistic approach for 

MMCs. 

The VSG control component focuses on the power 

management and inertia emulation, helping to improve 

the dynamic response and overall stability of the system 

[14], [15]. By effectively managing power sharing and 

emulating inertia, VSG improves the MMC ability to 

respond to dynamic power changes, ensuring an optimal 

performance under varying operating conditions 

[16],[17]. 

MPC is introduced to precisely control the alternating 

current (AC), reduce the circulating current and improve 

the direct current (DC) control within MMC. This 

component ensures an optimal current control, which 

helps to increase the efficiency and minimize power 

losses in the converter [18]. The MPC application 

ensures a precise and adaptive control, contributing to the 

high-performance objectives of the proposed strategy 

[19], [20]. The CVB method, a part of the strategy, 

addresses the challenge of maintaining uniform voltage 

levels between capacitors within MMC. By using 

estimation techniques and minimizing switching 

operations, the CVB method optimizes the converter 

performance, thus improving the reliability and power 

quality. 

The CVB method is a crucial element in maintaining 

uniform voltage levels and equalizing voltages between 

capacitors within SM in MMC. Notable for its sensorless 

operation, CVB uses estimation techniques, based on 

mathematical models, to derive capacitor voltages [21]. 

This sensorless approach improves the control efficiency 

by reducing the reliance on physical sensors, simplifying 

the hardware complexity and potentially reducing the 

overall system costs. In addition, the CVB method aims 

to strategically minimize the number of switching events 

in MMC, optimizing the switching schemes to balance 

the capacitor voltages with a minimum number of events 

[22], [23]. The reduction in the switching events not only 

enhances the system reliability but also minimizes the 

switching losses, leading to an overall improvement in 

the energy efficiency [24]. To calculate the switching 

losses of the converter, it is important to know the energy 

losses at each turn-on and turn-off stage of the insulated 

gate bipolar transistors (IGBTs) and free-wheeling 

diodes (FWDs). Consequently, reducing the switching 

events directly reduces the switching losses [24]. 

The feasibility analysis extends to a comparative 

evaluation with the existing methods, including the PQ-

CVB control strategy (PQ control combined with the 

CVB method). The comparative studies provide an 

insight into the superiority of the proposed strategy in 

terms of the power conversion system performance. The 

parameters such as circulating currents, capacitor voltage 

fluctuations, DC current fluctuation, MMC waveforms 

and THD are quantitatively evaluated, to understand the 

advantages of the innovative strategy over the 

conventional methods. 

The rest of the paper is organized as follows Section 2 

presents the MMC modeling and operating principle. 

Section 3 presents the proposed control. Section 4 

provides and discusses the simulation and experimental 

results. Section 5 draws the conclusions of our work. 

 

2 MMC MODELING AND OPERATING 

PRINCIPLE 

Fig. 1(a) shows the structure of three-phase MMC 

connected to the grid.  It consists of three identical phases 

connected to each other in parallel.  Two upper and lower 

arms (p, n) make up each phase, and each arm is made up 

of N SMs in series with a Larm inductance and a rarm 

resistor that demonstrate the power losses in the arm.  As 

shown in Fig. 1(b), each SM is designed with antiparallel 

IGBTs and diodes, and a capacitor in parallel with each 

device. SMs in the arm are controlled so that the capacitor 

is either inserted into the circuit or bypassed. Half-bridge 

and full-bridge SMs are frequently found as the most 

commonly used SMs [25], [26]. 

     The MMC inverter is connected to a constant DC 

current source Vdc (Vdc represents the output of the MMC 

rectifier) via a DC line that is modelled by inductance Ldc 

and series resistor rdc. Each MMC phase is connected to 

the corresponding grid phase by a passive filter 

comprising inductance Lf and resistor Rf. 
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The basic MMC control principle is analyzed based on 

the dynamics of each converter phase. Applying the 

Kirchhoff voltage law on an arbitrary phase of Fig. 1(a) 

gives: 

𝑖𝑥.𝑝 =
𝑖𝑥.𝑠

2
+

𝑖𝑑𝑐

3
+ 𝑖𝑥.𝑐𝑖𝑟𝑐                                                              (1) 

𝑖𝑥.𝑛 = −
𝑖𝑥.𝑠

2
+

𝑖𝑑𝑐

3
+ 𝑖𝑥.𝑐𝑖𝑟𝑐                                                          (2) 

where ix.p and ix.n are the upper and lower arm current, ix.s 

is the phase current, idc is the current of the continuous 

bus, and ix.circ is the circulating current. 

𝑣𝑥.𝑝 =
𝑣𝑑𝑐

2
− 𝐿𝑑𝑐

𝑑𝑖𝑑𝑐

𝑑𝑡
− 𝑟𝑑𝑐𝑖𝑑𝑐 − 𝐿𝑎𝑟𝑚

𝑑𝑖𝑥.𝑝

𝑑𝑡
− 𝑟𝑎𝑟𝑚𝑖𝑥.𝑝

− 𝐿𝑓

𝑑𝑖𝑥.𝑠

𝑑𝑡
− 𝑅𝑓𝑖𝑥.𝑠 − 𝑣𝑥.𝑔                 (3) 

𝑣𝑥.𝑛 =
𝑣𝑑𝑐

2
− 𝐿𝑑𝑐

𝑑𝑖𝑑𝑐

𝑑𝑡
− 𝑟𝑑𝑐𝑖𝑑𝑐 − 𝐿𝑎𝑟𝑚

𝑑𝑖𝑥.𝑛

𝑑𝑡
− 𝑟𝑎𝑟𝑚𝑖𝑥.𝑛

+ 𝐿𝑓

𝑑𝑖𝑥.𝑠

𝑑𝑡
+ 𝑅𝑓𝑖𝑥.𝑠 + 𝑣𝑥.𝑔                 (4) 

where vx.p and vx.n are the upper and lower arm voltage 

and vx.g is the grid voltage.  

Adding (3) and (4) gives the dynamic equation for the 

DC-bus current: 

𝑣𝑑𝑐 = 𝑣𝑥.𝑝 + 𝑣𝑥.𝑛 + 2𝐿𝑑𝑐

𝑑𝑖𝑑𝑐

𝑑𝑡
+ 2𝑟𝑑𝑐𝑖𝑑𝑐

+ 𝐿𝑎𝑟𝑚

𝑑(𝑖𝑥.𝑝 + 𝑖𝑥.𝑛)

𝑑𝑡
+ 𝑟𝑎𝑟𝑚(𝑖𝑥.𝑝 + 𝑖𝑥.𝑛)                                    (5) 

 

The DC-bus current is given in terms of the three-phase 

arm currents: 

𝑖𝑑𝑐 = ∑ 𝑖𝑥.𝑝

𝑥=𝑎,𝑏,𝑐

= ∑ 𝑖𝑥.𝑛

𝑥=𝑎,𝑏,𝑐

=
1

2
∑ (𝑖𝑥.𝑝

𝑥=𝑎,𝑏,𝑐

+ 𝑖𝑥.𝑛)                              (6) 

𝑑𝑖𝑑𝑐

𝑑𝑡
=

1

6𝐿𝑑𝑐 + 2𝐿𝑎𝑟𝑚
[3𝑣𝑑𝑐 − ∑ (𝑣𝑥.𝑝

𝑥=𝑎,𝑏,𝑐

+ 𝑣𝑥.𝑛) − (6𝑟𝑑𝑐

+ 2𝑟𝑎𝑟𝑚)𝑖𝑑𝑐]                                              (7) 

 

Subtracting (1) and (2) gives the output current: 

𝑖𝑥.𝑠 = 𝑖𝑥.𝑝 − 𝑖𝑥.𝑛                                                                  (8) 

Subtracting (3) and (4) gives the dynamic equation for 

the output current: 

𝑑𝑖𝑥.𝑠

𝑑𝑡
=

1

𝐿𝑎𝑟𝑚 + 2𝐿𝑓
[𝑣𝑥.𝑛 − 𝑣𝑥.𝑝 − 2𝑣𝑥.𝑔 − (𝑟𝑎𝑟𝑚

+ 2𝑅𝑓)𝑖𝑥.𝑠]                                                  (9) 

Adding (1) and (2) gives: 

𝑖𝑥.𝑝 + 𝑖𝑥.𝑛 =
2

3
𝑖𝑑𝑐 + 2𝑖𝑥.𝑐𝑖𝑟𝑐                                                      (10) 

Equations (5) and (10) give: 

𝑣𝑑𝑐 = 𝑣𝑥.𝑝 + 𝑣𝑥.𝑛 + (2𝐿𝑑𝑐 +
2

3
𝐿𝑎𝑟𝑚)

𝑑𝑖𝑑𝑐

𝑑𝑡

+ (2𝑟𝑑𝑐+
2

3
𝑟𝑎𝑟𝑚) 𝑖𝑑𝑐 + 2𝐿𝑎𝑟𝑚

𝑑𝑖𝑥.𝑐𝑖𝑟𝑐

𝑑𝑡
+ 2𝑟𝑎𝑟𝑚𝑖𝑥.𝑐𝑖𝑟𝑐                                           (11) 

Equations (7) and (11) provide the dynamic model of the 

below circulating current: 

𝑑𝑖𝑥.𝑐𝑖𝑟𝑐

𝑑𝑡
=

1

6𝐿𝑎𝑟𝑚
[ ∑ (𝑣𝑥.𝑝

𝑥=𝑎,𝑏,𝑐

+ 𝑣𝑥.𝑛) − 3(𝑣𝑥.𝑝 + 𝑣𝑥.𝑛)

− 6𝑟𝑎𝑟𝑚𝑖𝑥.𝑐𝑖𝑟𝑐]                                        (12) 

 

3 THE PROPOSED CONTROL SYSTEM 

The proposed control method combines the MPC control 

of VSG with the CVB capacitor voltage balancing to 

improve the MMC system control performance. The 

VSG control facilitates power sharing, improves the 

system dynamic response, inertia emulation and system 

stability. The MPC control simultaneously controls the 

AC-side currents, eliminates/minimizes the circulating 

currents and controls the DC-side current by 

eliminating/minimizing the disturbance. The CVB 

method is used to redistribute the energy stored in the 

SMs capacitors, thus ensuring uniform voltage levels, 

equalizing the voltage between the capacitors and 

minimizing SMs switching to reduce switching losses. 

The proposed control design for the grid-connected 

MMC is illustrated in Fig. 2. 

 
(a) (b) 

Figure 1. Multilevel converter topology: (a) equivalent 

MMC model, (b) SM half bridge and full bridge. 
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Figure 2. Block diagram of the proposed CVB-VSG 

control. 

3.1 VSG-based control  

The VSG-based control is used to simulate the behavior 

of a synchronous generator in a grid-connected MMC 

system. It controls the active and reactive power [14], 

[15]. The VSG control scheme is shown in Fig. 3. 

 
Figure 3. VSG-based control scheme. 

The frequency and voltage drop characteristics 

introduced by the VSG control are typical of the 

synchronous generators. It enables MMC to offer a 

frequency control and inertial response similar to that of 

the traditional synchronous generators. The voltage drop 

control allows MMC to adapt its output power to 

variations in the mains frequency and voltage. This 

behavior keeps the grid stable and inert [16], [17]. 

The VSG mathematical model is based on the second-

order model of a synchronous generator, as well as the 

mechanical rotor rotation and stator voltage equations 

[17]. 

𝐽
𝑑𝜔

𝑑𝑡
=

𝑃𝑚 − 𝑃𝑒

𝜔
− 𝐷(𝜔 − 𝜔𝑔)                                                 (13) 

𝑒𝑎𝑏𝑐 = 𝑣𝑎𝑏𝑐 − 𝑅𝑖𝑎𝑏𝑐 − 𝐿
𝑑𝑖𝑎𝑏𝑐

𝑑𝑡
                                               (14) 

where Pm is the mechanical power, Pe is the 

electromagnetic power, J and D are the inertia and 

damping, respectively, ω is the rotor angular frequency, 

ωg is the actual angular frequency of the grid, eabc, vabc 

and iabc are the excitation voltage, terminal voltage and 

stator current of SG, respectively. R is the armature 

resistance and L is the synchronous reactance. 

The VSG drop control mathematical model to control 

the frequency and voltage is expressed as: 

𝜔𝑔 = 𝜔𝑁 + 𝐷𝑃(𝑃𝑁 − 𝑃)                                                            (15) 

𝑈 = 𝑈𝑁 + 𝐷𝑞(𝑄𝑁 − 𝑄)                                                              (16) 

where PN and QN are the rated active power and reactive 

power, respectively. P and Q are the VSG active and 

reactive power, respectively. DP is the P-ω drop 

coefficient and Dq is the Q-U drop coefficient. UN is the 

rated voltage amplitude. ωN is the rated angular 

frequency. 

3.2 MPC control 

The functional diagram of the MPC approach is shown in 

Fig. 4. The methodology requires a discrete-time model 

of the MMC system. The MPC objective is to 

simultaneously control the output currents, 

eliminate/minimize the circulating currents, and control 

the DC-side current. 

     The proposed MPC strategy is based on the following 

steps: 

- Development of a discrete-time model for a one-step 

prediction of the control variables. 

- Definition of the cost function g incorporating the 

control objectives and constraints. 

- Evaluation of the defined cost function for all possible 

inserted SM numbers Gxy. 

- Selection of best possible numbers Gxy to minimize the 

cost function gmin. 

The MPC implementation requires the conversion of the 

continuous-time MMC model into a discrete-time model. 

Various discretization methods can be applied [19], 

primarily based on a numerical integration or 

differentiation techniques. 

The MMC dynamic model presented in Section 2 is 

composed of ordinary differential equations that can be 

solved using various approximation methods, especially 

the Euler method. The latter is widely preferred in the 

field of power electronic systems due to its simplicity, 

direct implementation, and low computational burden 

[19], [20]. 

Considering the first-order differential equation: 
𝑑𝑥(𝑡)

𝑑𝑡
= u(t)                                                                                 (17) 

The Euler approximation is given by 

{
𝑑𝑥(𝑡)

𝑑𝑡
}

𝑡=𝐾𝑇𝑠 
≈

𝑥(𝐾𝑇𝑠  + 𝑇𝑠 ) − 𝑥(𝐾𝑇𝑠)

𝑇𝑠 
                              (18) 

𝑥(𝐾𝑇𝑠  + 𝑇𝑠 ) ≈ 𝑥(𝐾𝑇𝑠) + 𝑇𝑠 {
𝑑𝑥(𝑡)

𝑑𝑡
}

𝑡=𝐾𝑇𝑠 
                         (19) 

𝑥(𝐾𝑇𝑠  + 𝑇𝑠 ) ≈ 𝑥(𝐾𝑇𝑠) + 𝑇𝑠𝑢(𝐾𝑇𝑠)                                      (20) 

Equation 16 shows that the future evolution of control 

variable x(k+1) is conditioned by its current state x(k) as 

well as the current value of the input variable u(k). By 

leveraging the equation, it becomes possible to anticipate 

and calculate the future state of the control variable based 

on these two affecting parameters. 

Using the Euler approach and with equations (7), (9) 

and (12), the derivatives of the DC bus current, the output 

current and the circulating current, respectively, can be 

approximated as follows: 
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𝑖𝑑𝑐
𝑃 (𝐾 + 1) = 𝛼𝑖𝑑𝑐

𝑚 (𝐾)

+ 𝛽 [3𝑣𝑑𝑐
𝑚 (𝐾) − ∑ (𝑣𝑥.𝑝

𝑃 (𝐾)

𝑥=𝑎,𝑏,𝑐

+ 𝑣𝑥.𝑛
𝑃 (𝐾))]                                              (21) 

where     𝛼 = 1 −
(6𝑟𝑑𝑐+2𝑟𝑎𝑟𝑚)𝑇𝑠

6𝐿𝑑𝑐+2𝐿𝑎𝑟𝑚
 ;       𝛽 =

𝑇𝑠

6𝐿𝑑𝑐+2𝐿𝑎𝑟𝑚
   

𝑖𝑥.𝑠
𝑃 (𝐾 + 1) = 𝛾 𝑖𝑥.𝑠

𝑚 (𝐾)

+ 𝛿 [𝑣𝑥.𝑛
𝑃 (𝐾) − 𝑣𝑥.𝑝

𝑃 (𝐾)

− 2𝑣𝑥.𝑔
𝑚 (𝐾) ]                                             (22) 

where     𝛾 = 1 −
(𝑟𝑎𝑟𝑚+2𝑅𝑓)𝑇𝑠

𝐿𝑎𝑟𝑚+2𝐿𝑓
   ;       𝛿 =

𝑇𝑠

𝐿𝑎𝑟𝑚+2𝐿𝑓
         

𝑖𝑥.𝑐𝑖𝑟𝑐
𝑃 (𝐾 + 1) = 𝜌 𝑖𝑥.𝑐𝑖𝑟𝑐

𝑚 (𝐾)

+ 𝜎 [ ∑ (𝑣𝑥.𝑝
𝑃 (𝐾)

𝑥=𝑎,𝑏,𝑐

+ 𝑣𝑥.𝑛
𝑃 (𝐾))

− 3 (𝑣𝑥.𝑝
𝑃 (𝐾) + 𝑣𝑥.𝑛

𝑃 (𝐾))]                    (23) 

where      𝜌 = 1 −
𝑟𝑎𝑟𝑚𝑇𝑠

𝐿𝑎𝑟𝑚
           ;        𝜎 =

𝑇𝑠

6𝐿𝑎𝑟𝑚
                

The main cost function aggregates various control 

variables. Each is assigned a weighting coefficient 

according to the priority assigned to the control objective 

[19]. The expression of the cost function is: 
 

𝑔 = 𝜆1|𝑖𝑥.𝑠
∗ − 𝑖𝑥.𝑠

𝑃 | + 𝜆2|𝑖𝑑𝑐
∗ − 𝑖𝑑𝑐

𝑃 | + 𝜆3|𝑖𝑥.𝑐𝑖𝑟𝑐
∗ − 𝑖𝑥.𝑐𝑖𝑟𝑐

𝑃 |  (24) 

Weighting factors λ1, λ2 and λ3 are the most important 

parameters adjusting the priority between the control 

objectives. Their significant impact on the control 

behavior and stability emphasizes the importance of their 

judicious selection [19]. 

In the process of selecting the vector of the numbers 

for active submodules Gxy, the approach involves 

choosing the vector that minimizes the cost function. 

This optimal vector is then applied in the subsequent 

sampling period, contributing to a continuous 

optimization of the control. 

Figure 4. Block diagram of the MPC control. 

3.3 Improved CVB method 

The proposed CVB method plays a vital role in the 

reliable operation MMC. The method relies on 

controlling the charging and discharging of the SM 

capacitors based on the direction of the arm current and 

the instantaneous capacitor voltage using a logic 

function-based algorithm [22], [23] shown in Fig. 5.  

The proposed CVB method offers several advantages, 

such as scalability and straightforward programming. It 

eliminates the need for a PI controller to set capacitor 

voltages. Instead it utilizes an algorithm based on a 

simple logic comparison. 

In order to implement the CBV method, the SM capacitor 

voltages in each arm are estimated using the dynamic 

equation of the SM capacitor voltage: 

𝑖𝑐𝑥𝑦𝑛 = 𝐶
𝑑𝑉𝑐𝑦𝑛

𝑑𝑡
                                                                    (25) 

where icxyn and Vcyn are the SM current and SM capacitor 

voltage, respectively. x is the phase (x=a, b, c) and y 

represents the arm (y=p, n). 

Using the Euler approximation and assuming the 

sampling period of Ts, the predicted SM capacitor 

voltages at a discrete time are derived from equation (26):   

𝑉𝑐𝑦𝑛(𝑡 + 𝑇𝑠) = 𝑉𝑐𝑦𝑛(𝑡) + 𝑖𝑥𝑦

𝑇𝑠

𝐶
                                     (26) 

where ixy is the upper or lower arm current.  

The estimated SM capacitor voltages are introduced 

into the comparison logic to compare each capacitor 

voltage to obtain index number Ih. The highest index 

number corresponds to the lowest capacitor voltage and 

vice versa. Arm current direction d is then determined. 

SMs are then sorted in an ascending or descending 

order of the SM index numbers according to the direction 

of the arm current using equation (27) which presents 

actual index number Ah:                       

𝐴ℎ = 𝐼ℎ × 𝑑 + (𝑁 − 1 − 𝐼ℎ) × (1 − 𝑑)                      (27) 

SMs with the lowest capacitor voltage are inserted for 

the positive current direction and are charged. Similarly, 

SMs with the highest capacitor voltage are inserted for 

the negative current direction and are discharged. 

The required number of inserted SMs Gxy is obtained 

from output vector generation command MPC. Insertion 

and bypass (short-circuit) states Mxyh for each SM are 

generated by comparing actual index number Ah with 

reference index number N-Gxy. 

Finally, the calculations optimization is performed by 

comparing the inserted SMs Gxy current number with the 

inserted SMs G pxy previous number. 

If the voltage levels are different, the algorithm applies 

new control signals (i.e., Sxyh = Mxyh). Otherwise, the 

algorithm maintains the previous switching state (i.e., 

Sxyh = M pxyh). 
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Figure 5. Block diagram of the MPC control. 

 

4 SIMULATION AND EXPERIMENTAL RESULTS 

4.1 Simulation results 

To evaluate the effectiveness of the proposed VSG-

MPC-CVB control, numerical simulations are carried out 

in the MATLAB/Simulink environment. The results are 

compared with the conventional PQ-decoupled control 

using the CVB method. The parameters shown in Table 

1 are used for each simulation. 

 

Table 1. Electric power system parameters 

                                                                        Value 

Parameters Simulation Experimental 

DC Voltage (VDC) 800 V 100  V 

AC Voltage (VAC) 220 V 30 V 

AC frequency 50 Hz 50 Hz 

Number of SMs per arm 2 2 

Capacitor value for SM 50 mF 3.3 mF 

Arm inductance / Arm resistor 1 mH/ 0.5Ω 10 mH/ 0.5Ω 

Phase inductor / Phase resistor 20 mH/ 0.5Ω 20 mH/ 0.5Ω 
 

 

Different situations of the active power-injected variation 

are analyzed to evaluate the tracking behavior of the 

proposed VSG-MPC-CVB control. In the first case, the 

injected constant active power is 7 KW from 0 to 0.5 s. 

The active power increases from 7 to 9 kW between 0.5 

and 1 s. The active power remains constant at 9 KW 

between 1 and 1.5 s. 

 Fig. 6 shows the simulation results for the two control 

strategies used in MMC, i.e. the PQ-CVB and VSG-

MPC-CVB control.  

Figs. 6(a) and 6(b) show the steady-state current and 

voltage waveforms of MMC and the grid, respectively. 

The MMC voltages are balanced and consist of five 

identical levels (2N+1). The 50 Hz currents are 

sinusoidal. The estimated capacitor voltages of phase A 

SMs are shown in Figs. 6(c) and 6(d) for the PQ-CVB 

and VSG-MPC-CVB controls, respectively. The SM 

voltage fluctuation range is 0.25 V for PQ-CVB and 0.15 

V for VSG-MPC-CVB. 

When there is a change in the power injected into the 

grid, the SM capacitor voltages deviate to adjust to the 

steady state (see Fig. 6(e)). The SM voltage fluctuations 

in the same arm are identical and complementary 

between the upper and lower arms. The difference 

between the SM voltage and the reference voltage (200 

V) is 1.75 V for the PQ-CVB control and 0.1 V for the 

VSG-MPC-CVB control. 

The total harmonic distortion (THD) of the alternating 

currents is low in the VSG-MPC-CVB control. It is 

0.07% compared to 0.37% of the PQ-CVB control (see 

Fig. 6(f)). 

The circulating currents of the CVB-PQ and VSG-

MPC-CVB control are shown in Figs. 6(g) and 6(h) 

below, respectively. The fluctuation of the circulating 

current is from -3.8 A to 3.8 A for the PQ-CVB control 

and from -0.2 A to 0.2 A for the VSG-MPC-CVB control. 

Figs. 6(g) and 6(h) above show that the DC current is 

more stable for the VSG-MPC-CVB control than for the 

PQ-CVB control. It can be seen that the DC current 

fluctuations for the VSG-MPC-CVB control are zero, 

and the CVB-PQ control fluctuates by 0.5A. 

Fig. 6(i) shows that the active and reactive power 

follow the power references. However, an important 

observation is that the response time of the VSG-MPC-

CVB command is significantly shorter than that of the 

PQ-CVB command when changing the power reference. 

Table 2 shows numerical simulation results, utilizing 

relevant measures and indicators to evaluate the 

performance of the PQ-CVB and VSG-MPC-CVB 

control methods. The presentation is a valuable tool 

enabling a precise analysis and enhancing understanding 

of the effectiveness of the two control methods. 

The incorporation of the performance measures in 

Table 2 allows a systematic comparison to identify the 

advantages and disadvantages of each control method. 

Such quantitative evaluation streamlines the decision-

making process, supporting the selection and 

implementation of control strategies in the relevant 

applications. 

 

Table 2. Numerical Results simulation for the PQ-CVB and 

VSG-MPC-CVB Control. 

 

Control                                                 THD ΔIdc ΔIcirc ΔVc Vcref –Vcestm  

PQ-CVB 0.37% 0.5A 6.8A 0.25V 1.75 V 

VSG-MPC-CVB 0.07% 0A 0.4A 0.15V 0.1 V 
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(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

Figure 6. Simulation results of applying the VSG-MPC-CVB and PQ-CVB control to MMC. (a) The MMC three-phase voltages 

and currents. (b) Three-phase voltages and currents of the grid. (c) Estimation of the voltages of the SMs capacitor of phase A 

using the PQ-CVB control. (d) Estimation of the voltages of the SMs capacitor of phase A using the VSG-MPC-CVB control. 

(e) Estimation and measurement of phase A SM capacitor voltages for both commands. (f) THD of MMC current Phase A. (g) 

Average value of the DC current (above) and circulating current (below) for the PQ-CVB control. (h) Average value of the DC 

current (above) and circulating current (below) for the VSG-MPC-CVB control. (i) Active and reactive power. 
 

4.2 Experimental results 

To assess the effectiveness of the proposed control 

strategy, an experimental prototype of a reduced-scale 

three-phase MMC Converter is set up in our laboratory (see 

Fig. 7). Experimental parameters are listed in Table 1. The 

MMC Control is made based on our research and control 

board "µ-tech." 

Three variations of the active power are applied to test the 

control strategy. A constant power of 95 W from 0 to 60 s 

is maintained. It is followed by an increase to 120 W from 

60 to 100 s. It is then stabilized at 120 W until 120 s. The 

experimental results of the two control strategies applied to 

MMC are graphically presented in Fig. 8. 

 

Figure 7. Experimental platform of the three‐phase MMC. 

Fig. 8(a) depicts the steady-state waveforms of the 

MMC output voltage. It is shown that the waveform 

exhibits on enhanced characteristic when employing the 

proposed control strategies, where five balanced and 

stable levels are observed. In contrast, the PQ-CVB 

strategy results in unstable and unbalanced voltage 

levels, leading to a disappearance of the internal levels. 

Fig. 8(b) shows the currents and voltages of the grid in 

its steady state. The voltage waveform is sinusoidal and 

the current is constant at 1.4 A from 0 to 60 s. It is 

followed by an increase to 1.7 A from 60 to 100 s. It then 

stabilizes at 1.7 A until 120 s, corresponding to the power 

reference levels. When comparing the PQ-CVB and 

VSG-MPC-CVB control strategy, it is evident that the 

former exhibits improved current waveforms with fewer 

fluctuations. 

The SM capacitor voltages in phase B are depicted in 

Fig. 8(c) for the control strategies PQ-CVB and VSG-

MPC-CVB. In the event of variations in the injected 

active power, the voltages of the SM capacitors remain 

stable, balanced, and equal to the reference voltage 

(Vdc/N), which is set at 50V. The fluctuation range of the 

SM voltages is between 49.5 V and 50.5 V for the VSG-

MPC-CVB control and between 48.5 V and 51.5 V for 

the PQ-CVB control. 

The circulating currents of the PQ-CVB and VSG-

MPC-CVB controls are illustrated in Fig. 8(d). The 

circulating current is minimal with lower fluctuations 

when utilizing the proposed control, ranging from -0.5 A 

to 0.5 A, compared to the PQ-CVB control, which varies 

between -0.9 A and 0.9 A. 
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Figure 7. Experimental results of applying the VSG-MPC-CVB and PQ-CVB control to MMC. (a) Three-phase voltages of MMC. 

(b) Three-phase voltages and currents of the grid. (c) Voltages of the SM capacitors in phase B. (d) Phase A circulating current. 

(e) DC current. (f) Active and reactive power. 

Fig. 8(e) illustrate the DC current for the PQ-CVB and 

VSG-MPC-CVB controls. The DC current is more stable 

with lower fluctuations (0.2A) in the VSG-MPC-CVB 

control compared to the PQ-CVB control (fluctuations of 

0.5A). 

Fig. 8(f) shows that the active and reactive power 

follow the power references (0 VAR for the reactive 

power) for the control strategies PQ-CVB and VSG-

MPC-CVB. A slight disturbance in the active power 

(P=120 W) is observed for the PQ-CVB control. The 

VSG-MPC-CVB control exhibits a greater stability. 

The numerical data in Table 3 obtained from our 

practical validation, serves as a robust basis for the 

evaluation and comparison of the two control method. 

The practical validation offers a real-world insight into 

the performance of each method, allowing for a 

comprehensive analysis of their effectiveness. 

 

Table 2.Numerical Data from a Practical validation for the 

PQ-CVB and VSG-MPC-CVB control. 

Control                                                 ΔIdc ΔIcirc ΔVc Vcref –Vcestm  

PQ-CVB 0.5A 1.8A 1 V   1.5 V 

VSG-MPC-CVB 0.2A 1A 3 V 0.5 V 

    

The obtained results underscore the efficiency of the SM 

capacitor voltage balancing techniques, particularly the 

CVB strategy, as a compelling solution for enhancing the 

stability and performance of the MMC systems. 

5 CONCLUSION 

A new VSG-MPC-CVB control system is proposed to 

control the grid-connected MMC systems. The control 

method integrates the MPC control with the CVB 

balancing technique. The proposed control incorporates 

VSG for power sharing and inertia emulation to improve 

the dynamic response and stability of the system. The 

MPC controller cost function is designed to improve the 

grid current control, minimize the circulating current and 

improve the MMC DC control. The simplified CVB 

method is used to estimate the capacitor voltage and to 

optimize the switching frequency. 

The performed simulations and experimental tests 

validate the effectiveness of the proposed control strategy 

by comparing it with the PQ-CVB control. The results 

highlight the suitability of VSG-MPC-CVB to control 

grid-connected MMC-based systems. The proposed 

control technique also minimizes the circulating current, 

reduces the DC-side disturbances, eliminates the need for 

an extensive sensor deployment, reduces computational 

requirements and allows for a faster dynamic response. 
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