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This paper proposes a novel control strategy for a step-down rectifier that applies a modular multilevel converter (MMC). This 

paper first discusses the circuit configuration and the proposed control method. The main part of the control system is based on the 

control method for the single-phase power factor correction converter (PFC converter), which means that the conventional control 

techniques of the single-phase PFC converter can be simply applied to the MMC. The control elements which achieve step-down 

rectification and capacitor voltage balancing are added to the main part. Besides, in capacitor voltage balancing of the proposed 

control method, it is not necessary to design the control parameters. In addition, the operation of the proposed step-down rectifier 

is confirmed by the simulation. The simulation results show that the proposed converter achieves step-down rectification from the 

grid voltage of 6.6 kV to the DC voltage of 400 V. Moreover, the step-down rectifier maintains all capacitor voltages constant. 

Finally, a fundamental operation is confirmed by experiments using a miniature model. As the results, the step-down rectifier 

converts from the input grid voltage of 200 V to the output DC voltage of 75 V. Besides, the proposed step-down rectifier maintains 

the capacitor voltage of each cell to the voltage command of 130 V. The maximum error between the voltage command of the cell 

capacitor and the measured voltage is less than 2%. 

 

Keywords : Modular Multilevel Converter, Power Factor Correction Converter, Step-down Rectifier, DC Micro-grid,  

DC Distribution Systems 

 

1. Introduction 

Recently, DC micro-grids and DC distribution systems have been 

actively researched as next generation power distributions(1)-(6). The 

advantages of the DC micro-grid and the DC distribution system 

are summarized as follows(1)-(2); (i) the system achieves the high 

efficiency because of the reduction of conversion losses in inverters 

between DC output sources and loads. (ii) the control system is 

simpler than the control system for the conventional AC 

distribution system because it is not necessary to consider 

synchronization with a utility grid and a reactive power. (iii) the DC 

micro-grid is suitable to connect battery energy storage systems and 

renewable energy sources such as photovoltaic generation systems 

or fuel cells to the DC grid because many renewable energy sources 

output the DC voltage. 

Besides, the utility grid of 6.6 kV is applied as the input power 

source of the DC distribution system in order to reduce the wiring 

loss in the input side(2). Generally, a transformer is required between 

the unity grid and the DC distribution system in order to isolate 

between the unity grid and the power converters and convert from 

the grid voltage of 6.6 kV to several hundred volts DC such as 400 

V(4)-(5). In order to convert the voltage, the employment of the 

transformer is simple. However, the volume of the transformer is 

bulky due to several reasons. The main reason is that the operation 

frequency of the transformer is commercial frequency of 50 or 60 

Hz. Furthermore, the high transform ratio is required in order to 

convert from the grid voltage of 6.6 kV to several hundred volts. 

In order to overcome the problem which is the application of the 

bulky transformer, the employment of modular multilevel converter 

(MMC) to the DC distribution system is an effective method. The 

MMC has been actively researched as a next generation high power 

converter without the bulky transformer(7)-(13). The advantages of 

the MMC are as follows; (i) the circuit configuration is simple 

because the topology is constructed by cascade connected cells. (ii) 

the MMC reduces the harmonic distortions of the grid current 

because the MMC outputs the multilevel waveform (iii) low voltage 

devices are applied to each cell because the output voltage of the 

cell becomes low by increasing the number of cells. Thus, the 

system achieves the high response operation because the switching 

devices with the low voltage rating operate in the high switching 

frequency. The DC distribution system achieves the volume 

reduction by applying the MMC into the system due to the 

reduction of the bulky transformer. However, in the general AC-DC 

converter with the MMC which consists of chopper cells, it is not 

possible to achieve step-down rectification because chopper cells 

cannot output the negative voltage. In order to overcome the above 

problem, a step-down converter which applies the MMC with H-

bridge cells has been proposed(14). The MMC with the H-bridge 

cells still achieves reduction of the bulky transformer. Moreover, 

the employment of the H-bridge cell solves the limit of the output 

voltage which the chopper cells have. Therefore, the system with 

the H-bridge cells can operate as a step-down rectifier. 

The control strategy for the step-down rectifier which applies 
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MMC has three objectives. First objective and second objective are 

the input current control and the output voltage control. The input 

current control and the output voltage control have the same 

requirement to the conventional AC-DC converters which applies 

the MMC. For example, the control strategies for the AC-DC 

converters which applies the MMC have been proposed(14)-(16). The 

control system has three current control systems in order to control 

independently the DC circulating current, the AC circulating 

current and the input or output AC current which flows to the utility 

grid. Besides, the control system has two voltage control systems in 

order to control the average voltage in the cell capacitors and correct 

an unbalance voltage among the cells. Thus, there are many control 

parameters. However, the design method for the parameters in each 

control system has not been reported(14). On the other hand, an 

analysis based on an equivalent circuit of the MMC and other 

control strategy has been reported(15). However, there are also many 

control parameters which should be designed. Similarly, the 

modeling of the MMC and the control strategy which is based on 

the equivalent circuit have been proposed(16). Specifically, the 

control methods of the negative sequence current and the zero 

sequence current in the unbalance of the utility grid have been 

proposed. However, it seems that the detail of the voltage control 

for the capacitors has not been described. Moreover, the control 

scheme which is included the voltage control for the capacitors has 

not also been shown. 

Third objective is the capacitor balancing control in each cell. It 

is important to balance the capacitor voltage in each cell at constant 

because the circuit devices may be broken in a worst-case when the 

unbalance of the charge voltage in each cell occurs. The control 

method in order to balance the capacitor voltage have been 

reported(8), (18)-(19). However, it seems that the design method for the 

control parameters of the capacitor voltage balancing control has 

not discussed. Additionally, it is also necessary to determine the 

sign of the arm current in the conventional control(8). Moreover, 

other control methods have been proposed in the condition at the 

low switching frequency. However, the unbalance voltages among 

all cells are not eliminated completely(18)-(19). 

This paper proposes the control strategy of the MMC based on 

the control strategy for the single-phase power factor correction 

(PFC) converter with an aim to apply the conventional control 

techniques of the PFC converter to the MMC. In particular, the main 

parts of the current control for the input AC current and the voltage 

control for the capacitor voltage are constructed by the control 

strategy of the single-phase PFC converter. The key idea is that the 

H-bridge cell has same circuit configuration as singe-phase PFC 

converter. Moreover, the PFC converter and the H-bridge cell have 

many common points in the circuit operation and the control 

strategy. For example, the capacitor voltage is required to be 

maintained at constant in both circuits. Furthermore, it is necessary 

to control the input AC current in order to maintain the capacitor 

voltage and reduce the total harmonic distortion (THD). In addition, 

the control strategy, the design method for control parameters and 

the stability analysis of the control system for PFC converters have 

been considered so far(19)-(22). As a conclusion, the control 

techniques can be applied to the control system for the MMC 

without major modification of the control strategy if the MMC is 

able to be controlled by the proposed control strategies based on the 

control strategy for the PFC converter. Moreover, it is expected that 

it is possible to propose new ideas and new points of view for a 

control method of the MMC by applying control technologies of the 

single-phase PFC converters. However, it seems that the 

employment of the control strategy for the PFC converter into the 

MMC has considered scarcely. 

In addition, the control method in order to balance the capacitor 

voltages in all cells is also proposed. The main advantage of the 

proposed capacitor voltage balancing control is that it is not 

necessary to design the control parameters because the dividing 

ratio is adjusted automatically depending on the capacitor voltage. 

Moreover, it is not also necessary to determine the sign of the arm 

current in the proposed voltage balancing control. 

This paper is organized as follows. First, in section 2, the circuit 

configuration of the step-down rectifier which applies the MMC 

with H-bridge cells are shown. The relationship between the circuit 

configuration of the cell and its output voltage are demonstrated. In 

section 3, the control system based on the control strategy of the 

single-phase PFC converter is proposed. Additionally, the principle 

of the proposed capacitor voltage balancing control is also 

explained. In section 5, the simulation result of the MMC which 

employs the proposed control strategy is shown. Finally, in section 

6, the experimental results of a miniature model in the utility grid 

of 200 V are shown. 

2. Circuit Configuration 

2.1 Main Circuit Configuration    Fig. 1 shows a main 

circuit configuration of the step-down rectifier which applies the 

MMC for DC Micro-grids. The proposed system converts from a 

medium voltage of an input power grid to a DC bus voltage of the 

DC Micro-grid. 

First, the step-down rectifier which applies the MMC converts 

from the medium voltage of 6.6 kV to the DC voltage of several 

hundred volts. Each arm of the MMC consists of a buffer inductor 

Lb and cascade connected cells. As features of the multilevel 

converter, the proposed converter which applies the MMC outputs 

a multi-level voltage waveform which is changed by the number of 

cascade connected cells. Additionally, low voltage rating devices 

are applied to each cell because the proposed step-down rectifier 

reduces the voltage dividing value of each cell by increasing the 

number of cascade cells. Thus, the number of cascaded cells is 

increased in practical in order to reduces harmonic distortion and 

utilize low voltage rating devices. 
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Fig. 1.  Circuit configuration of step-down rectifier 

which applies MMC for DC Micro-grid. The MMC with 

H-bridge cells operates as a step-down rectifier. 
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Second, a high power isolated DC-DC converter supplies the DC 

bus voltage of 400 V. In the proposed system shown in Fig. 1, a dual 

active bridge (DAB) converter is considered to be suitable to be 

applied as a high power isolated DC-DC converter(23)-(25). The 

proposed system requires a DC-DC converter for the bidirectional 

operation and the isolation with high efficiency and small volume. 

The DAB converter can achieve the bidirectional operation with 

high efficiency by using zero voltage switching (ZVS). Moreover, 

the DAB converter also achieves the isolation between the utility 

grid and the DC micro-grid with the small high frequency 

transformer. Thus, it is possible to reduce the volume of the system 

because of the utilization of the high frequency transformer. 

On the other hand, in the MMC, the output DC voltage depends 

on the summation of the average value of cell output voltage. 

Generally, many AC-DC converters which applies the MMC are 

constructed by chopper cells(14). However, conventional AC-DC 

converters which applies the MMC with chopper cells cannot 

achieve step-down rectification because the limit of the average 

value of cell output voltage exists in the chopper cell. In contrast, 

the H-bridge cell has no limit of the average value of cell output 

voltage because the H-bridge cell can output a negative voltage. 

Therefore, it is able for the H-bridge cell to vary the average value 

of the cell output voltage. Thus, the MMC which is consisted of H-

bridge cells achieves step-down rectification. Note that the upper 

arm group and the lower arm group are defined A and B respectively. 

At first, the step-down rectifier which applies the MMC is 

required to achieve both the input current control and the output DC 

voltage control. Therefore, the output voltage of each cell on one 

leg and the capacitor voltage are depended by the maximum value 

of the input phase voltage, the output DC voltage and the number 

of cells on one leg. The capacitor voltage command vc
*is given by 

(1). Note that the voltage drop of the buffer inductor is ignored 

because the voltage drop is sufficiently small compared to voltages 

of the input side and the output side. 
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mmc

*

c VE
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 .............................................. (1) 

where E is the effective value of the input line-to-line voltage, Vmmc
* 

is the command of the output DC voltage of the MMC, n is the 

number of cells at each leg,  is a modulation index. 

Table 1 shows configuration examples of switching devices and 

cell capacitors which are necessary to construct the MMC when the 

MMC is applied into the DC Micro-grid as the step-down rectifier. 

The power capacity of the system is 300 kW(3)-(4). Moreover, the 

medium voltage grid of 6.6 kV is applied as the input voltage source. 

On the other hand, the DC voltage of the Micro-grid is 400 V(4)-(5). 

In table 1, the capacitor voltage is calculated by (1) when the 

modulation index  is set to 0.9. Additionally, the voltage rating of 

the IGBT is set twice more than the capacitor voltage. The current 

rating of IGBT is set 70% more than the each arm current. From the 

above condition, the voltage rating of the IGBT is 3300 V and the 

current rating is 400 A. Examples of high power IGBTs which meet 

the conditions of the voltage rating and the current rating are shown. 

2.2 Relationship between Cell Circuit Configurations and 

Output Voltage    Fig. 2 shows relationships between circuit 

configurations of cells and cell output voltages. In the AC-DC 

converter which applies the MMC, the maximum value of the input 

phase voltage is applied to each arm when the AC-DC converter 

operates. Hence, the peak-to-peak value of the cell voltage vcell_p-p 

is given by (2) from the input phase voltage and the number of cells 

per leg. 

n

E
v pp_cell

3

2
4

........................................................... (2) 

In addition, the output DC voltage of the MMC Vmmc equals the 

summation of average values of the cell output voltages at one leg. 

Hence, Vmmc is given by (3). Note that all average values of the cell 

output voltages are same. 

ave_cellmmc nvV   ................................................................ (3) 

where vcell_ave is the average value of the cell output voltage. 

Fig. 2(a) shows the relationship between the chopper cell and its 

output voltage. In the case of applying the chopper cell to the MMC, 

a lower limit of the average output voltage is uniquely determined 

from the peak-to-peak value of the cell voltage vcell_p-p and the 

number of cells at each leg n because the chopper cell cannot output 

the negative voltage. Therefore, the chopper cell has the lower limit 

of the average output voltage. The lower limit of the average output 

voltage vcell_ave_LL is given by (4) based on Fig. 2(a).  

pp_cellLL_ave_cell vv 
2

1
 ..................................................... (4) 

Table 1.  Configuration example of MMC for DC micro-grid 

system @300 kW 

Voltage rating of IGBT 3300 V 

Current rating of IGBT 400 A 

Capacitor voltage @ = 0.9 1500 V 

Numbers of Cells @ leg 8 

Total numbers of Cells 24 

Numbers of Switching Device 96 

Examples of IGBTs(26)-(28) 

MBM400E33D-MFR 

(Hitachi, Ltd.) 

FZ400R33KL2C_B9 

(Infineon) 

5SLG 0500P330300 

(ABB) 
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(a) Chopper cell                      (b) H-bridge cell 

Fig. 2. Relationship between circuit configuration and 

output voltage of each cell. The chopper cell has the 

lower limit of the output voltage because the chopper cell 

cannot output the negative voltage. On the other hand, the 

H-bridge cell has no lower limit of the output voltage. 
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From (2), (3) and (4), the lower limit of the output DC voltage of 

the MMC Vmmc equals twice the value of the maximum voltage of 

the input phase voltage. From the principle of the above, the MMC 

with chopper cells cannot achieve step-down rectification. 

Fig. 2(b) shows the relationship between the circuit configuration 

of the H-bridge cell and its output voltage. In the case of the H-

bridge cell, there is no limit of average value of the cell output 

voltage because it is possible for the H-bridge cell to output the 

negative voltage. Hence, it is possible for H-bridge cell to control 

lower voltage than that of (4). Therefore, the MMC with H-bridge 

cells achieves step-down rectification.  

3. Proposed Control Strategy 

Fig. 3 shows the control block diagram of the proposed step-

down rectifier which applies the MMC. As one of the features of 

the proposed control, each arm as shown in Fig. 1 is individually 

controlled. The proposed control is based on the single-phase PFC 

converter because the H-bridge cell has same circuit configuration 

as singe-phase PFC converter. Moreover, the PFC converter and the 

H-bridge cell have many common points in the circuit operation 

and the control. For example, the capacitor voltage is required to be 

maintained constant in both circuits. Moreover, it is necessary to 

control the input AC current in order to maintain the capacitor 

voltage and reduce the total harmonic distortion (THD). 

Differences between the PFC converters and the H-bridge cells are; 

there is the DC component in the output voltage of the H-bridge cell, 

and a capacitor voltage balancing control is necessary in order to 

correct the unbalance voltages among all capacitors. Thus, in order 

to deal with above problems, it is necessary to add two controls in 

order to control the DC component and achieve the capacitor 

voltage balancing into the conventional control of the PFC 

converters. 

In particular, in order to control each arm, the control block 

diagram is separated to the capacitor voltage control block and the 

input current control (Automatic Current Regulator: ACR) block. 

Moreover, the capacitor voltage control block consists of a 

capacitor voltage averaging control (Automatic Voltage Regulator: 

AVR) and a capacitor voltage balancing control. First, the capacitor 

voltage averaging control regulates the average value of the 

capacitor voltages in the arm into the capacitor voltage command. 

On the other hand, the capacitor voltage balancing control corrects 

the unbalance among all capacitor voltages in the arm. 

Besides, the PI controller in AVR outputs the positive-sequence 

component’s command of the arm current. Therefore, the positive-

sequence component of the arm current is regulated in order to 

maintain the capacitor voltages constant. On the other hand, the 

zero-sequence component of the arm current is applied in order to 

supply the output power to the DC micro-grid side. Note that the 

current controller in the proposed control is constructed by a P 

controller. Moreover, the control gain is defined as “Kacr”. 

3.1 Capacitor Voltage Averaging Control    The 

capacitor voltage averaging control regulates the average value of 

all capacitor voltages in the arm. Therefore, the average value of all 

capacitor voltages is required to be calculated in each arm. Each 

average value of the capacitor voltage is given by (5). 





2

1

2 /n

x

cmkxave_cmk v
n

v ,  m = A, B   k = r, s, t.................. (5) 

where vcmk_ave is the average value of the capacitor voltage, m is the 

index which shows the upper side A or the lower side B, k is the 

index of each phase, m and k are matched in both sides of the 

equation. 

The error between the capacitor voltage command and the 

average value of capacitor voltage in the arm is corrected by a PI 

controller. Therefore, the current command of the ACR is generated 

depending on the fluctuation of the average value of all capacitor 

voltages. However, the capacitor voltage includes the ripple voltage 

with same frequency as the grid frequency and the ripple voltage 

with twice frequency of the grid frequency when the cell capacitor 

is charged and discharged(29). Thus, the frequencies of the ripple 

voltages are 50 Hz and 100 Hz when the grid frequency is 50 Hz. 

The control may become unstable due to the ripple voltages because 

the ripple voltage becomes the disturbance to the capacitor voltage 

averaging control. Hence, in order to keep the stability of the 

control, the response angular frequency of the PI controller should 

be designed with the low bandwidth. On the other hand, when the 

high control response is required in the capacitor voltage averaging 

control, it is difficult to design the low bandwidth. Therefore, the 

band eliminated filter is applied in order to eliminate only the ripple 

voltage with the particular frequency such as 100 Hz. As a result, it 

is able to keep the stability and obtain the high control response of 

the proposed control. 

3.2 Arm Current Control    In the MMC, the input AC 

current separately flows to the upper arm and the lower arm in each 
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Fig. 3. Control block diagram of step-down rectifier which applies MMC. The proposed control is based on the control for general 

single phase power factor correction converters. Moreover, the proposed control is applied to each arm of the MMC in order to 

control each arm. Note that Kacr is the control gain of the arm current control, m is the index of the arm group A or B, k, k´ or k´´ is 

the index of the phase such as r, s and t, and j is the index of the cell number. 
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phase. Therefore, it is possible to control the input current by 

controlling the AC component of the arm current on each arm. The 

AC component of the arm current is defined as the positive-

sequence component of the arm current. Moreover, the AC 

component of the arm current (the input current) flows to the MMC 

with the same cycle as that of the input voltage source. In addition, 

the output value of the PI controller of the AVR is given as the arm 

current command. Thus, the positive-sequence component is 

applied in order to control the average value of the all capacitor 

voltages. Additionally, in the general rectifier, the high input power 

factor is required. In the proposed control, the command of the 

positive-sequence component is multiplied by the sinusoidal wave 

of which phase is the same as one of the input phase voltage vk_unit 

in order to be synchronized with the input phase voltage. Note that 

the amplitude of the sinusoidal wave vk_unit is 1.0 in order to avoid 

the change of the current command. In addition, the coefficients in 

the latter part of the AVR is decided by the defined direction of the 

current in Fig. 1 and the calculation for the maximum value of the 

positive-sequence component. 

On the other hand, each arm current also includes the DC 

component. The DC component of the arm current flows in order 

to supply the DC power into the micro-grid side. Additionally, the 

DC current shunts into the each leg of the MMC. Generally, the 

shunted DC current is constant and has same value among arms, 

when the output DC voltage of the MMC is equally divided among 

cells. In addition, the DC current is considered as the zero-sequence 

component because the DC current is temporally not changed and 

has no relationship to the cycle of the input voltage source. 

The zero-sequence component becomes the disturbance to the 

arm current control (ACR) because the control objective of the arm 

current control is the positive-sequence component of the arm 

current. Thus, the zero-sequence component is eliminated from the 

actual detected current in order to apply only the positive-sequence 

component as feedback signal of the ACR. 

Fig. 4 shows a schematic diagram of the arm current waveform. 

It is necessary to eliminate only the zero-sequence component from 

the actual arm current in order to apply only the positive-sequence 

component as the feedback signal of the ACR after the system 

detects all arm currents. In the proposed control method, the zero-

sequence component is eliminated by adding and subtracting the 

detected arm current in each of the upper side and the lower side. 

In particular, the positive-sequence components are canceled each 

other and the total value of the zero-sequence components are 

extracted by the addition of the three arm currents in each of the 

upper side and the lower side. Moreover, the zero-sequence 

component of each arm current is calculated by dividing the total 

value of the zero-sequence components into three. Finally, only the 

positive-sequence component is extracted by subtracting each zero-

sequence component from each detected arm current. As a result, 

the zero-sequence component is eliminated from each arm current. 

In addition, both the positive-sequence component and the zero-

sequence component are equal on all arms when the output power 

of all cells is same and constant. Thus, the positive-sequence 

component is extracted without the unbalance on three arms of each 

side. 

3.3 MMC Output Voltage Control    The output DC 

voltage is supplied to the DC micro-grid side by applying the zero-

sequence component. Thus, the command of the output DC voltage 

is added into the output value of the controller in the arm current 

control. The output DC voltage of the MMC is divided on each cell 

per leg. Hence, the output DC voltage of the cell is set Vmmc
*/n when 

the command of the output DC voltage is Vmmc
* and the number of 

cells per leg is n. Note that the output DC voltage of each cell is not 

completely same as Vmmc
*/n because the voltage dividing ratio of 

each cell is adjusted by the capacitor voltage balancing control. 

However, the error between the voltage dividing ratio which is 

adjusted by the capacitor voltage balancing control and Vmmc
*/n is 

sufficiently small. The detail is explained in the next section.  

3.4 Capacitor Voltage Balancing Control    The 

capacitor voltage averaging control is used to regulate the average 

value of all capacitor voltages. However, the unbalance voltage 

which occurs among capacitors in same arm cannot be suppressed 

by only the capacitor voltage averaging control, because the 

capacitor voltage averaging control corrects only the error between 

the voltage command and the average value of the capacitor 

voltages in the arm. So far, several methods in order to balance each 

capacitor voltage have been reported(8), (18)-(19). However, the design 

method of control parameters has not been reported. In addition, the 

positive-sequence component in order to keep the capacitor voltage 

flows to all cells which exist in one arm. Therefore, the positive-

sequence component which flows to each cell is common. Thus, it 

is difficult to adjust the arm current in order to balance on each cell. 

In contrast to the conventional control, in order to balance the 

capacitor voltage, in the proposed control, the output DC voltage of 

the cell is varied depending on the capacitor voltage. This control 

principle is given by (6).  

*

mmcmkj_vd

*

mkj_mmc VAV  ,  m = A, B   k = r, s, t ............. (6) 

where Vmmc_mkj
* is the output DC voltage command of each cell, 

Avd_mkj is the voltage dividing ratio of the output DC voltage on each 

cell, j is the index of the cell number. m, k and j are matched in both 

sides of (6).  

The voltage dividing ratio of each cell Avd_mkj is given by (7). The 

denominator of (7) shows the summation value of all capacitor 

voltages in each arm. The numerator of (7) shows the value of each 

capacitor voltage. From (7), Avd_mkj is automatically adjusted 

depending on each capacitor voltage. 
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Fig. 4. Schematic diagram of current waveform on one 

arm. Each arm current includes the positive-sequence 

component (AC component) and the zero- sequence 

component (DC component). In order to control the 

capacitor voltage, it is necessary to eliminate the AC 

component from the arm current. 
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For example, the voltage dividing ratio of each cell Avd_mkj is set 

into a high value when its capacitor voltage is higher than the 

command of the capacitor voltage. Thus, the output power of its cell 

increases because the output voltage is increased by the high ratio 

of Avd_mkj. Therefore, the capacitor is discharged. In contrast, Avd_mkj 

is set into a low value when its capacitor voltage is lower than the 

command of the capacitor voltage. Thus, the output power of its cell 

decreases because the output voltage is decreased by the low ratio 

of Avd_mkj. Hence, the capacitor is charged. Note that Avd_mkj changes 

in steady state because each capacitor voltage vcmkj and the sum 

value of all capacitor voltages in the denominator of (7) include the 

ripple voltage. On the other hand, the controller such as digital 

signal processor (DSP) or Field Programmable Gate Array (FPGA) 

calculates Avd_mkj in each control period. Thus, the controller 

operates in order to correct the voltage errors among all capacitor 

voltages in each control period. In the ideal state without the ripple 

voltage, the output DC voltage of the cell is set Vmmc
*/n when the 

voltage values of all capacitors in the arm are same. 

3.5 Unipolar Modulation for H-bridge Cell in MMC    

In the proposed system, a unipolar modulation is applied for the 

operation of the H-bridge cell. In the general MMC, the chopper 

cell is applied. Therefore, the number of the voltage levels is 

determined by the number of cells. On the other hand, the output 

voltage of the H-bridge becomes the three-level voltage when the 

unipolar modulation is applied. Thus, the number of the voltage 

levels is increased compared to the chopper cell when the same 

number of cells is applied. Hence, the MMC with the H-bridge cell 

which the unipolar modulation is applied achieves the size 

reductions of the input filter circuit and the buffer inductors. 

Fig. 5 shows the diagram of the unipolar modulation for the H-

bridge cell (ex. vArj
*). The leg of the H-bridge cell is constructed by 

S1 and S2. In contrast, the other leg is constructed by S3 and S4. The 

switching patterns of S1 and S2 are determined by the voltage 

command vArj
*. Moreover, the switching patterns of S3 and S4 are 

determined by the inverted voltage command -vArj
*. 

4. Capacitor Design 

4.1 Capacitor Voltage    The capacitor voltage command 

vc
*is given by (1). Note that Vmmc_mkj

* is slightly different among 

cells because the voltage dividing ratio of the output DC voltage 

Avd_mkj is automatically adjusted depending on each capacitor 

voltage. However, the difference of Vmmc_mkj
* among cells is ignored 

because the voltage margin of the capacitor is fully large compared 

to the difference of Vmmc_mkj
* when the modulation index  is set to 

0.9 or less as with general power converters.  

4.2 Capacitor Value    The H-bridge cell has the same 

operation as the single-phase PFC converter in terms of the 

capacitor voltage control because both circuits regulate each 

capacitor voltage. Thus, the ripple voltage occurs when the H-

bridge cell rectifies. The capacitor voltage includes the ripple 

voltage with same frequency as the grid frequency and the ripple 

voltage with twice frequency of the grid frequency(29). Generally, 

the ripple voltage affects the stability of the capacitor voltage 

control because the ripple voltage is the disturbance for the 

capacitor voltage control. Thus, the capacitance should be designed 

in order to reduce the effect by the ripple voltage for the capacitor 

voltage control. The problems due to the ripple voltage of the 

capacitors have been also discussed in the conventional single-

phase PFC converters(30). Besides, the H-bridge cell of the MMC 

has same construction as that of the conventional single-phase PFC 

converter. Therefore, it is possible to apply the design principle of 

the capacitance and the suppression method of the ripple voltage in 

the conventional single-phase PFC converter to the H-bridge cell 

without major modification. In the simulation of the circuit model 

which the input voltage is 6.6 kV and the power capacity is 300 kW, 

the capacitance is designed with the condition that the ripple voltage 

is 5% of the average value of the capacitor voltage. 

5. Simulation Results 

In this chapter, the fundamental operation of the step-down 

rectifier using the MMC is verified by simulation. Moreover, the 

stability for the mismatch of the circuit parameters is also evaluated. 

Table 2 shows the simulation conditions. The proposed step-

down rectifier which applies the MMC with 8 cells per leg converts 

commercial-frequency AC voltage of 6.6 kV into the DC voltage of 

400 V. 

vArj*

S1
1

0

1

0

0

1

0

1

0

-vArj*

S2

S3

S4

 

Fig. 5. Unipolar modulation for H-bridge cell (ex. vArj
*). 

The leg of the H-bridge cell is constructed by S1 and S2. 

In contrast, the other leg is constructed by S3 and S4. The 

switching patterns of S1 and S2 are determined by the 

voltage command vArj
*. Moreover, the switching patterns 

of S3 and S4 are determined by the inverted voltage 

command -vArj
*. From the above unipolar modulation, the 

output voltage of the H-bridge cell becomes three levels. 

 

Table 2.  Simulation conditions 

Output power PO 300 kW 

Input line voltage rms E 6.6 kV 

Input voltage frequency 50 Hz 

Output voltage Vmmc 400 V 

Number of cell per leg n 8 

DC capacitor C 20000 F 

Load R 0.54  

Carrier frequency 1 kHz 

Buffer inductor Lb 15 mH (%Z = 3.2%) 

 

Table 3.  Control parameters in simulation 

Control gain of ACR Kacr 30 

Proportional gain of AVR KP 0.2 

Integral time of AVR Ti 0.5 sec 
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Table 3 shows the control parameters for the ACR and the AVR 

in the simulation. The main purpose of this paper is the verification 

of the MMC by the proposed control based on the single-phase PFC 

converter. Hence, the design of the control parameters for the 

single-phase PFC converter and the discussion about the 

optimization are omitted. 

Fig. 6 shows the simulation results for the fundamental 

verification of the proposed step-down rectifier. At first, the output 

voltage of all cells in the upper side in R-phase or S-phase is nine-

levels. In addition, the line voltage between R-phase and S-phase in 

upper side of the MMC is 17-levels. In the MMC with four H-

bridge cells per arm, the arm voltage is nine-levels because the arm 

voltage is the summation of the output voltage of all cells in each 

arm. Thus, the step-down rectifier which applies the MMC achieves 

the size reduction of the buffer inductor compared to the H-bridge 

cell with the general bipolar modulation when the same number of 

cells is applied. Moreover, the step-down rectifier obtains the unity 

power factor because the phase difference of the input phase voltage 

and the input current is approximately 0. In addition, the total 

harmonic distortion (THD) of the input current is 0.1% or less when 

the normalized impedance %Z of each inductor is 3.2%.  

On the other hand, the output voltage is maintained to 400 V. 

From the result, the MMC achieves step-down rectification from 

the line voltage of 6.6 kV to the DC voltage of 400 V. 

Moreover, the all capacitor voltages are maintained constant. In 

addition, the maximum error between the voltage command and the 

simulation values is 0.1% or less. This result confirms the usability 

of the proposed capacitor voltage balancing control without the 

design of control parameters. 

In addition, the stability is also evaluated for the parameter mismatch of the inductance and the capacitance because the stable 
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Fig. 7. Simulation results of proposed system when 

inductance is 30 mH (twice the value of the nominal 

value). 
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Fig. 8. Simulation results of proposed system when 

inductance is 7.5 mH (half the value of the nominal 

value). 
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Fig. 6. Simulation result for operation of step-down 

rectifier which applies MMC. The proposed circuit 

achieves step-down rectification from line voltage of 6.6 

kV to DC voltage of 400 V. 
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operation is required in the general converter even when the 

parameter mismatch occurs. In particular, the MMC can achieve the 

input current control, the MMC output voltage control and the 

capacitor voltage control. Thus, the waveforms when the parameter 

mismatch occurs are shown in order to evaluate the operation of the 

MMC. 

From Fig. 7 to Fig. 11, the simulation results are shown in order 

to confirm the stability of the proposed control when circuit 

parameters change. In each simulation, the inductance and the 

capacitance are varied from 2.0 p.u. to 0.5 p.u. compared to the 

nominal values whose the inductance and the capacitance are 15 

mH and 20000 F respectively. 

Simulation results and waveforms when the inductance changes 

are as follows: 

Fig. 7. Simulation result when the inductance is changed to 2.0 

p.u. (30 mH); 

Fig. 8. Simulation result when the inductance is changed to 0.5 

p.u. (7.5 mH); 

Fig. 9 (a). Expanded waveform of the peak of the inductor current 

when the inductance is 2.0 p.u. (30 mH); and 

Fig. 9 (b). Expanded waveform of the peak of the inductor 

current when the inductance is 0.5 p.u. (7.5 mH).  

From the comparison of two results when the inductance is varied, 

it is concluded that only the ripple of the inductor current changes. 

Furthermore, the effective value of the input current is slightly 

different because the input power factor changes by the inductance. 

However, there is no major difference such as the distortion of 

waveforms in both simulation results. As a conclusion, the 

proposed control is stable even when the inductance is mismatched. 

After that, simulation results and waveforms when the 

capacitance is varied are as follows: 

Fig. 10. Simulation result when the capacitance is changed to 2.0 

p.u. (40000 F); and 

Fig. 11. Simulation result when the capacitance is changed to 0.5 

p.u. (10000  F). 

From the comparison of the capacitor voltage waveforms (the 

lowest waveforms of each simulation results), the ripple of the 

capacitor voltage changes when the capacitance changes. Besides, 

the total harmonic distortion (THD) of the grid current in the MMC 

with the capacitance of 0.5 p.u. slightly becomes high because the 

output voltage of the cell is fluctuated by the ripple voltage. 

However, this THD of the grid current is still less than 1%. 

Additionally, there is no major difference in two simulation results. 

Thus, the proposed control is stable when the capacitance is 

mismatched. 

In conclusion, the proposed system achieves the stable operation 

even when the circuit parameters of the inductance and the 

capacitance have the mismatches from 0.5p.u. to 2.0p.u.. 
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 (a) 30 mH                          (b) 7.5 mH 

Fig. 9. Expanded waveform of the peak of inductor 

current when inductance is changed. 
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Fig. 10. Simulation results of proposed system when 

capacitance is 40000 F (twice the value of the nominal 

value). 
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Fig. 11. Simulation results of proposed system when 

capacitance is 10000 F (half the value of the nominal 

value). 
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6. Experimental Results 

6.1 Experimental Conditions and Circuit Parameters    

This chapter explains the evaluation results of the proposed control 

by using a miniature model of the MMC in the low voltage grid of 

200 V. 

Table 4 shows experiment conditions. The miniature model is 

constructed by four cells per leg. Additionally, as fundamental 

experiment, the resistor of 5.2  is applied as the load of the MMC 

without a smoothing capacitor. In addition, the inductance of the 

buffer inductor is 8 mH, whereas the normalized impedance %Z of 

the inductor is 6.1%. The normalized impedance %Z in the 

experiment is designed higher than the normalized impedance %Z 

in the simulation in order to maintain the stability of the ACR. On 

the other hand, the capacitance is 1300 F. In the experiment, in 

order to measure exactly not only the average value of the capacitor 

voltage but also the ripple voltage, the ripple voltage against the 

average value is designed higher than that of the simulation. The 

ripple voltage is approximately 10% of the average value of the 

capacitor voltage at the output power rating of 1 kW.  

Table 5 shows the control parameters for the ACR and the AVR 

in the experiment. As same as the simulation conditions, the strict 

design for the control parameters is avoided because the main 

purpose of this paper is the verification of the MMC by the 

proposed control based on the single-phase PFC converter. 

Fig. 12 shows the controller and the detection system. In the 

experimental system, the time-division detection system is applied 

in order to reduce the number of AD converters. In the practical 

system, it is necessary to apply the time-division detection system 

because the number of the capacitor voltages is particularly large. 

The calculation time of the DSP is 125 sec. Both the upper arm 

current iAk and the lower arm current iBk are detected in one period 

of the calculation time. Moreover, the input phase voltage of R-

phase vr and the input phase voltage of T-phase vt are also detected 

in one period of the calculation time. On the other hand, each 

capacitor voltage is detected and updated in once every four periods 

of the calculation time. Additionally, in order to detect several 

signals by one AD converter, the analog multiplexers (AMUX) are 

applied. Besides, in order to avoid the detection delay by the 

switching of the AMUX, the sample and hold IC (S&H) is applied. 

The S&H detects each signals in the start timing of the DSP 

calculation. All operation signals of the AD converters, the AMUXs 

and the S&H ICs are generated by the FPGA based on the period of 

the carrier. In addition, the detection values and the voltage 

commands of the cells are sent and received between the DSP and 

the FPGA. Note that the input phase voltage of S-phase vs is 

calculated from vr and vt. 

6.2 Verifications of Fundamental Operation for Step-

down Rectifier using MMC    Fig. 13 shows waveforms of the 

input phase voltage, the input current of R-phase and the output DC 

voltage. Firstly, from the waveforms of the input phase voltage and 

the input current, it is confirmed that the unity power factor is 

obtained in the input stage. Moreover, the total harmonic distortion 

(THD) of the input current is 3.5% when the normalized 

impedance %Z of the inductor is 6.1%. Second, the waveform of 

the output DC voltage in lower side of Fig. 13 shows that the step-

down rectifier converts from the input voltage of 200 V into the 

output DC voltage of 75 V. From this result, it is confirmed that the 

output voltage is maintained at constant. Therefore, the proposed 

rectifier with the MMC achieves step-down rectification. 

Fig. 14 shows waveforms of the arm voltage which is the 

summation of the output voltage of all cells in each arm and the 

waveform of the line voltage between R-phase and S-phase in the 

upper side. At first, the system obtains the arm voltage of five-levels 

because one of H-bridge cells with the unipolar modulation obtains 

three-level voltage and the arm has two cells. In addition, the 

waveforms are not symmetry in the positive side and the negative 

side because the output voltage of the H-bridge cell includes the DC 

component as an offset. 

Besides, the waveform of the line voltage between R-phase and 

S-phase in upper side is nine-levels. In points which change the 

voltage level, some points do not change in the step pattern. This 

reason is that the bias of the PWM pulse occurs because the arm 

voltage is not symmetry in the positive side and the negative side 

Table 4.  Experimental conditions 

Output power PO 1000 W 

Input line voltage rms E 200 V 

Input voltage frequency 50 Hz 

Output voltage Vmmc 75 V 

Number of cell per leg n 4 

DC capacitor C 1300 F 

Load resistor R 5.2  

Carrier frequency 8 kHz 

Buffer inductor Lb 8 mH (%Z = 6.1%) 

 

Table 5.  Control parameters in experiment 

Control gain of ACR Kacr 30 

Proportional gain of AVR KP 0.02 

Integral time of AVR Ti 0.08 sec 
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Fig. 12. Controller and detection system in experimental 

system. In order to reduce the number of the AD 

converters and avoid the detection delay, the analog 

multiplexer (AMUX) and the sample and hold IC (S&H 

IC) are applied. 
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due to the DC component of the cell output voltage. However, the 

voltage fluctuation is small when the voltage level changes 

compared to that when applying the chopper cells and the H-bridge 

cells with bipolar modulation. Thus, the system achieves the size 

reduction of buffer inductors. Additionally, the frequency of the 

PWM pulse is decided by the equivalent frequency of the arm. In 

general, the equivalent frequency of the MMC is sufficiently high 

compared to the commercial frequency. Thus, the effect of the high 

frequency component is small even when the inductor is small 

because most of the high frequency is applied to the buffer inductor. 

Fig. 15 shows the waveforms of all cell capacitor voltages which 

are connected to the R-phase leg. The cell capacitor voltage is 

controlled according to the capacitor voltage command vc
*. As a 

result, the proposed step-down rectifier maintains the capacitor 

voltage of each H-bridge cell to the voltage command of 130 V. 

Therefore, the proposed rectifier also achieves the capacitor voltage 

control. In addition, the maximum voltage error between the 

voltage command of the cell capacitor and the measured voltage is 

2% or less. 

Fig. 16 shows the waveforms of the ripple voltages of all 

capacitors which are connected to the R-phase leg. In principle, 

each capacitor in the MMC has the ripple voltage whose frequency 

is based on the frequency of the input voltage(29). As a result, the 

waveforms of the ripple voltages with the low frequency are shown 

as same as the above discussion. Additionally, there is the error 

among capacitor voltages. However, as already discussed in Fig. 15, 

the voltage errors among all capacitors are very small compared to 

the average value of capacitor voltages. 

Fig. 17 shows the relationship between the output power and the 

input power factor. The input power factor is over 0.95 when the 

output power is from approximately 0.2 p.u. to 1.0 p.u. (1000 W). 

Hence, the step-down rectifier which applies the MMC obtains the 

high power factor in the wide range of the power conversion. 

Finally, from the above experimental results, the proposed step-

down rectifier which applies the MMC achieves the input current 

control, the capacitor voltage control and step-down rectification at 

same time. 

6.3 Verifications of Capacitor Voltage Control    Fig. 18 

shows the waveforms of the capacitor voltage when the command 

of the capacitor voltage changes in the step pattern of 0.23 p.u. 

(from 100 V to 130 V). The capacitor voltages converge to the 

command of the capacitor voltage. Additionally, the capacitor 

voltages are balanced. 

Fig. 19 shows the waveform of the MMC output voltage when 

the command of the capacitor voltage changes in the step pattern of 

0.23 p.u. (from 100 V to 130 V). All capacitor voltages converge to 

the command of the capacitor voltage. Furthermore, the MMC 

output voltage is maintained at constant even when the capacitor 

voltage changes. 

Fig. 20 shows the waveforms of the capacitor voltage when the 

MMC output voltage changes in the step pattern of 0.27 p.u. (from 

40 V to 60 V). All capacitor voltages converge to the command of 

the capacitor voltage and are maintained at same constant value. 

This result confirms the stable operation of the proposed capacitor 

voltage control even when the MMC output voltage is suddenly 

changed. 

From above results, the proposed control maintains the capacitor 

voltage constant. Furthermore, the capacitor voltage balancing 

control is not necessary to design the control parameters and keep 

the balance of the capacitor voltage. 

MMC Output Voltage  [25 V/div]

0

0

0

10 msecInput Phase Voltage (R-phase)  [250 V/div]

Input Phase Current (R-phase)  [5 A/div]

 
Fig. 13. Waveforms of input voltage, input current and 

output voltage. The unity power factor is obtained in the 

input stage. The THD of the input current is 3.5% when 

the %Z of the inductor is 6.1%.  
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Output voltage of all cells in upper side vAr,vAs [250 V/div]

Line voltage of upper side (A side) vArs  [250 V/div]
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Fig. 14. Waveforms of arm voltage which is summation 

of output voltage of all cells in each arm and waveforms 

of line voltage between R-phase and S-phase in upper 

side. The arm voltage is five levels and the line voltage is 

nine levels. 

 

0
10 msec

130 V

Capacitor voltage (R-phase)  [50 V/div]

     vcAr1, vcAr2, vcBr1, vcBr2,

 

Fig. 15. Waveforms of all capacitor voltages in R-phase 

leg. The proposed system maintains the capacitor voltage 

of each H-bridge cell to the voltage command of 130 V. 

In addition, the maximum voltage error between the 

capacitor voltage command and the measured voltage is 

2% or less. 
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7. Conclusion 

In this paper, the fundamental verification of the control strategy 

for a step-down rectifier which applies the modular multilevel 

converter (MMC) was presented. The main part of the proposed 

control was based on the control method for a single-phase power 

factor correction converter (PFC converter) with the aim to apply 

many control techniques for the PFC converter to the MMC. 

Moreover, the proposed method of the capacitor voltage balancing 

control for all capacitor voltages did not require the design of the 

control parameters. 

The fundamental operation was confirmed by the simulation. As 

a result, the proposed converter which applies the MMC achieved 

step-down rectification from the grid voltage of 6.6 kV to the DC 

voltage of 400 V. Moreover, the unity power factor was obtained in 

the input side of the MMC. The total harmonic distortion (THD) of 

the input current was approximately 0.1% when the nominalized 

impedance %Z of each inductor was 3.2%. Additionally, the step-

down rectifier maintained all capacitor voltage at constant. Finally, 

the experimental results by the miniature model confirmed step-

down rectification from the input voltage of 200 V into the output 

DC voltage of 75 V. Moreover, the proposed step-down rectifier 

maintained the capacitor voltage of each H-bridge cell to the 

voltage command of 130 V. The maximum error between the 

command of the capacitor voltage and the measured voltage was 

2% or less. 

Based on these results, it is confirmed that many control 

techniques for the single-phase PFC converter can be applied to the 

MMC. Moreover, it is not necessary to design many control 

parameters and consider the circuit models in order to clarify the 

control parameters. In addition, it is also expected that it is possible 

to propose new ideas and new points of view for a control method 

of the MMC by applying control technologies of the single-phase 

PFC converters. As a result, the discussion of the control method 

for the MMC will expand for the development of the MMC by new 

ideas and new points of view. 
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Fig. 17. Relationship between output power and input 

power factor. The input power factor is over 0.95 when 

the output power is from approximately 0.2 p.u. to 1.0 

p.u. (1000 W). Thus, the system obtains the high power 

factor in the wide range of the power conversion. 
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Fig. 18. Waveforms of capacitor voltage when command 

of capacitor voltage changes in step pattern of 0.23 p.u. 

(from 100 V to 130 V). All capacitor voltages converge 

to the command of the capacitor voltage after the 

capacitor voltage overshoots. 
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Fig. 19. Waveforms of MMC output voltage when 

command of capacitor voltage changes in step pattern of 

0.23 p.u. (from 100 V to 130 V). The MMC output 

voltage is maintained at constant when the capacitor 

voltage changes. 

 

 

5 msec

130 V

Capacitor voltage (R-phase)  [5 V/div]

     vcAr1, vcAr2, vcBr1, vcBr2,

0

 

Fig. 16. Waveforms of ripple voltages of all capacitors 

which are connected to the R-phase leg. In principle, each 

capacitor in the MMC has the ripple voltage with the low 

frequency because the frequency of the ripple voltage is 

based on the frequency of the input voltage source. 
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Fig. 20. Waveforms of capacitor voltage when MMC 

output voltage changes in step pattern of 0.27 p.u. (from 

40 V to 60 V). All capacitor voltages are also balanced 

even when the MMC output voltage changes suddenly. 

 

 


