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Abstract. The Modular Multilevel Converter (MMC) utilizes cascaded 

submodules to form a converter. As the number of submodules increases, higher 

output voltages can be achieved, making them suitable for medium and high 

voltage applications. They offer advantages such as low losses, high transmission 

efficiency, low switching losses, and reduced output harmonics. This paper 

investigates an MMC based on half-bridge submodules. Capacitor voltage 

control utilizes a combination of nearest-level approximation modulation and 

capacitor voltage balancing, employing a bubble sorting algorithm. This PI 

controller based on a feedback mechanism, the problem of circulating currents 

was solved by removing the coupling between the two feedback loops and 

obtaining two separate closed-loop control systems, the external control loop and 

the internal control loop. The results show that the circulating current is more 

stable, the distortion of the bridge current is reduced from 10.75% to 3.77%, the 

double-frequency content is greatly reduced. The simulation model was built 

with MATLAB-Simulink. The circulating current suppression effect is good, and 

the capacitor voltage waveform is stable. After the circulating current is 

suppressed, the rated current capacity of the power switching device can be 

reduced, which can reduce system costs and better extend the life of the power 

switching device. 

Keywords: Modular Multilevel Converter, PI control, Nearest Level 

Modulation. 

1 Introduction 

In recent years, in order to achieve the "dual carbon" goal, new energy generation meth-

ods such as wind power are gradually being paid attention to [1-3]. Modular multi-level 

converters have been widely used in new energy fields such as wind power due to their 

advantages, such as higher voltage regulation range, lower harmonic content, and better 

fault tolerance. The concept of MMC was first proposed by German scholars in 2001 

[4-5], and Siemens used it in actual projects in 2010. Since 2010, there have been more 

and more projects based on MMC. According to incomplete statistics, 30 projects have 

been put into operation. Foreign projects are concentrated in Europe, mainly for off-

shore wind power transmission and grid interconnection; at the same time, the demand 
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for electricity and the quality requirements of electricity are gradually increasing, and 

the power transmission technology has also changed from DC transmission to DC hy-

brid transmission [6]. 

High Voltage Direct Current (HVDC) technology has the advantages of low line 

cost, large transmission capacity, high transmission efficiency and low transmission 

loss in the long-distance transmission of electric energy [7]. MMC forms a converter 

by cascading submodules. As the number of submodules increases, a higher output 

voltage can be achieved [8]. Therefore, HVDC based on MMC has many advantages 

in long-distance high voltage direct current transmission and has become the trend of 

future power transmission methods. 

In contrast, the development of traditional two-level or three-level voltage source 

converter (VSC) has been restricted due to problems such as high harmonic content, 

low capacity, low voltage level, and dynamic voltage and current sharing when devices 

are connected in series. MMC-HVDC has been applied in many applications, such as 

rail transportation and solar power grid connection, and is particularly suitable for areas 

that require high voltage levels, large capacity, and high power [9-10]. 

This paper builds an MMC based on a half-bridge submodule. Capacitor voltage 

control utilizes a combination of capacitor voltage balancing and nearest-level approx-

imation modulation. The proposed method ensures the stability of the convolution of 

the caps and effectively suppresses the second harmonic of the circulating current. The 

method of circulating current suppression consists of two closed loops, an outer voltage 

loop and an inner current loop, both controlled by a PI controller. Using MATLAB-

Simulink, the success of this scheme is demonstrated. 

2 MMC topology and mathematical model 

2.1 MMC topology 

Figure 1 shows the improved MMC topology structure, this method is applicable to the 

three-stage resonant power controllers with three symmetrical phases, each with a 

bridge circuit. The bridge circuit consists of N sub-modules and an inductor connected 

in a cascade structure to prevent circulating current between the three phases. Each 

submodule consists of a DC capacitor and a half-bridge unit. The MMC circuit topology 

is highly modular, allowing the number of connected submodules to be adjusted to meet 

various requirements. Perform a measurement within the box. When, V_abc  is ob-

tained U_sq and U_sd, L_ac enter the internal circuit. At this point, the model changes, 

and the entire output is treated as an ideal source. 
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Fig. 1. MMC half-bridge topology. 

2.2 Half-bridge submodule topology 

Figure 2 shows structure, and 

each half-bridge citances. 

 

 the internal structure of the inverter. It is a half-bridge 

 sub-unit is composed of two IGBTs and a group of capa

Fig. 2. MMC half-bridge topology. 

By controlling the on/off state of the IGBT [11], the DC capacitor can be controlled 

to be in three working states: on, off, and locked. Affected by the current direction, each 

working state has two working modes. To avoid short circuit and cannot be turned on 

at the same time. Assume that the IGBT on state is recorded as 1 and the off state is 

recorded as 0. The working states of the half-bridge submodule are shown in Table 1. 
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Table 1. Font styles for a reference 

  𝒊𝒔𝒎Direction 

is positive 

  𝒊𝒔𝒎and 

direction 

is 

negative 

 

𝐓𝟏 1 0 0 1 0 0 

𝐓𝟐 0 1 0 0 1 0 

𝐔𝐬𝐦 𝐔𝐜 0 𝐔𝐜 𝐔𝐜 0 0 

Working 

status 

investment resection atresia investment atresia resection 

2.3 Mathematical model of MMC rectifier 

The differential and common mode voltage equations based on KVL. 

 (1) 

 (2) 

𝑈𝑑𝑐 is the direct current, 𝑢𝑝𝑗 is the upper voltage, 𝑢𝑛𝑗 is the lower voltage, 𝑖𝑝𝑗 is the 

upper current, 𝑖𝑛𝑗 is the lower current, 𝑢𝑠𝑗 is the side-grid voltage, 𝑖𝑣𝑗 is the side-grid 

current, and 𝐿𝑠𝑗 is the side-grid inductance. 

Combining 𝑖𝑛𝑗 − 𝑖𝑝𝑗 = 𝑖𝑣𝑗, 𝑢𝑑𝑖𝑓𝑓𝑗 =
𝑢𝑛𝑗−𝑢𝑝𝑗

2
 , (1) + (2) / 2 we get: 

 (3) 

Combining 𝑢𝑐𝑜𝑚𝑗 =
𝑢𝑛𝑗+𝑢𝑝𝑗

2
, 𝑖𝑐𝑖𝑟𝑗 =

𝑖𝑛𝑗+𝑖𝑝𝑗

2
, (1)-(2)/2 we get 

 (4) 

Let 𝑅 =
𝑅0

2
, 𝐿 =

𝐿0

2
+ 𝐿𝑠𝑗, through coordinate transformation and Laplace transform, 

the input and output model expressions of the MMC rectifier can be obtained as fol-

lows: 

 (5) 

Wherein, 𝑖𝑣𝑞 is the grid-side inductor current on the q-axis, 𝑖𝑣𝑑 is the grid-side in-

ductor current𝑢𝑑𝑖𝑓𝑓𝑑 on the d-axis, is the differential-mode voltage on the d-𝑢𝑑𝑖𝑓𝑓𝑞  

axis, is the common-mode voltage on the q-axis, 𝑢𝑠𝑑   is the grid-side power supply 

voltage on the d-axis, and 𝑢𝑠𝑞  is the grid-side power supply voltage on the q-axis. 
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The circulation model is: 

 (6) 

Wherein, 𝑖𝑐𝑖𝑟𝑑 is the current circulating on the d-axis, 𝑖𝑐𝑖𝑟𝑞 is the current circulating 

on the q-axis, and 𝑢𝑐𝑜𝑚𝑑 is the common-mode voltage on the d-axis. 

3 Simulation design and structure 

3.1 Simulation parameters and structure e 

The simulation submodule number N = 18, DC set voltage 𝑈𝑑𝑐= 25.2kV, AC measured 

voltage 𝑇𝑐= 6.6kV, power level is 3.2MW, submodule voltage is 1400V, submodule 

capacitance is 1.5mF, voltage stabilizing capacitor is 1mF, and bridge arm inductance 

is 0.0577H. 

The structures of the current inner loop and the circulating current suppressor are 

shown in Figures 3 and Figure 4. 

 

Fig. 3. MMC rectifier current inner loop. 
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Fig. 4. Circulation suppressor. 

The voltage outer loop is designed with DC voltage and adopts PI controller, as 

shown in Figure 5.The transfer function of PI control is: 

 (7) 

If s is a complex frequency domain variable, the integral time constant is denoted by 

𝐾𝑖, and 𝐾𝑝 is the proportional gain. Integral and proportional actions are combined in 

this transfer function. While the integral action removes steady-state errors, increasing 

system accuracy and stability, the proportional action reacts swiftly to system pertur-

bations. 

 
Fig. 5. Structure diagram of the MMC outer loop controller. 

3.2 Nearest Level Modulation 

Nearest Level approximation modulation is the most effective method for the PWM 

modulation of MMC, and the upper and lower bridge arms are able to produce N+1-

level stepped pulses, which, as N increases, become a sine wave with a higher funda-

mental, thereby reducing the harmonic content of the output voltage. The number of 

sub-modules required by the NLM. modulation is calculated by using the instantaneous 

value of the triangle-wave modulating signal and the instantaneous value of the carrier 

wave, 𝑈𝑑, as follows: 
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 (8) 

Among them, n_a and n_b are the number of upper and lower bridge arm input sub-

modules respectively, in Figure 6. 

 
Fig. 6. Principle of nearest level approximation. 

3.3 Control of capacitor voltage balancing 

The voltage of the capacitors must be sorted in order to ensure the balance of the volt-

ages. The charge and discharge of the two sets of capacitors are determined by the 

currents of the two arms of the bridge. Voltage division is based on sorting. Bubble 

sorting is used in the sorting process. Figure 7 illustrates the design sorting concept. 

 
Fig. 7. Logic block diagram. 
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4 Simulation Verification 

4.1 Circulation analysis 

The simulation time is t = 4s, the control period is Tc = 1e-4s, and the circulating current 

supressor is turned on at t = 2s. Figure 8 presents the waveforms both prior to and 

following the suppression of the circulating current. 

 

Fig. 8. Suppression circulation diagram. 

Figure 8 makes it abundantly evident that the system's circulating current had a dou-

ble-frequency component prior to circulating current suppression, which led to a high 

harmonic content. The circulating current is suppressed at t = 2s when the PI controller 

is turned on and the circulating current suppressor is active. When this double-fre-

quency component is reduced, the waveform of the circulating current gets closer to a 

steady value of  𝐼𝑑𝑐/3. This illustrates how well the PI controller's circulating current 

suppressor works. 

If we compare the waveforms of the current and distortion of the bridge before and 

 

 

 

 

after the elimination of the circulating currents, the effect of the elimination is clearly

visible. The main source of circulating current, which greatly influences the current in

the arm of the bridge, is the internal influence of the MMC. Figure 9 shows the bridge

arm current diagram before reducing circulating current. 

Fig. 9. Bridge arm current diagram before reducing circulating current. 
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Before circulating current suppression, the harmonic distortion of the arm current is 

high, and will have a bad effect on the arm equipment. The current THD of the bridge 

arm, using t=0.5s and 15 cycles as an example, is 10.75%, as shown by FFT analysis. 

Figure 10 shows the bridge arm current THD. 

 

Fig. 10. THD diagram of bridge arm current before suppressing circulating current. 

The double frequency content can be seen in Figure 10. It is evident that the circu-

lating current has a substantial double frequency content—more than 9%. This suggests 

that the circulating current's harmonic components are substantial and need to be sup-

pressed. The installation of the circulating current suppressor improves the bridge arm 

current. Figure 11 displays the bridge arm current waveform following suppression. 

 

Fig. 11. Bridge arm current diagram after suppressing circulating current. 

As seen in Figure 11, the bridge arm current waveform has been improved and the 

harmonic components have been significantly decreased. Using FFT analysis, Figure 

12 displays the bridge arm current THD using t = 3s and 15 cycles as an example. The 

position shown in the image represents the second harmonic content, and the bridge 

arm current THD is 3.77%. It is evident that the circulating current's second harmonic 

content, which was 3.6%, has been greatly reduced.The circulation suppression effect 

is nearly 65%, this confirms the effectiveness of the PI circulating current suppressor. 
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Fig. 12. THD diagram of bridge arm current after suppressing circulating current. 

4.2 Capacitor voltage waveform 

Through voltage balancing control, the capacitor voltage in each submodule can be 

seen. The capacitor voltage waveform is shown in Figure 13. The control period  is 1e-

4s. It can be seen that the capacitor voltage sorting effect in the simulation is good, the 

waveform is stable, and all submodules can be charged and discharged in an orderly 

manner according to the voltage balancing program, and the capacitor voltage fluctua-

tion is small. 

 
Fig. 13. Capacitor voltage waveform. 

5 Discussion 

The results of the present study show that the total harmonic distortion of the meter 

bridge current is reduced from 10.75% to 3.77% before and after the reduction of the 

circulating current. This reduction is due to the elimination of the second harmonic of 

the circulating current in the MMC. This reduces the current ripple in the bridge and 

protects the IGBTs in the bridge. The capacitor voltage shows a stable and narrow-

banded waveform. Regarding circulating current suppression, the PI controller excels 

at DC reference tracking and disturbance rejection. However, a core limitation of the 

PI controller is that its inherent frequency response makes it difficult to provide suffi-



  

 

821Capacitor Voltage Control and Harmonic Suppression of Modular …             

cient gain at twice the fundamental frequency, making it ineffective in suppressing cir-

culating current disturbances at that specific frequency. Therefore, a resonant term is 

added to the PI controller at twice the fundamental frequency. This resonant term pro-

vides theoretically infinite gain at a specific frequency, enabling precise and error-free 

suppression of circulating current at that frequency, thus forming a proportional reso-

nant controller. 

6 Conclusion 

This paper uses a multi-level converter based on a half-bridge sub-module as the basis, 

uses dual closed-loop control to solve the circulating current problem, adopts a PI con-

troller as a circulating current suppressor, adopts capacitor voltage balancing control to 

solve the capacitor voltage balance problem, and adds a nearest level approximation 

modulation strategy for simulation analysis. Finally, the simulation proves that the ca-

pacitor voltage sorting effect of the model is good, the waveform is stable, and the 

circulating current is suppressed, which verifies the effectiveness of the proposed 

scheme. It can be better combined with high-voltage direct current transmission tech-

nology to improve transmission efficiency. 
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