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1 Preface

The Modular Multilevel Converter (MMC)(1)(2) is 
composed of converter arms where multiple chop-
per cells are arranged in a cascade connection. 
This type of converter features a high voltage circuit 
that can be easily established by increasing the 
number of connecting cells. In addition, since the 
output voltage can be established in multi-level 
mode, flow-out harmonics can be minimized. When 
the switching timing of respective cells is shifted, 
the switching frequency of a single unit can be low-
ered and the equivalent switching frequency can be 
raised. Thus, the MMC features switching losses 
that can be reduced(3). 

A configuration where two sets of upper and 
lower MMCs in star connection (DSCC: Double-Star 
Chopper-Cells)(4) is capable of DC-AC mutual con-
version. In this case, however, it requires an increase 
of the number of switching elements or chopper 
cells for higher voltage, therefore, the number of 
switching element through which the current flows 
increases. This creates an issue of an increase of 
conduction loss. As a method to reduce conduction 

losses, a cell capacitor voltage raises and the num-
ber of cell units decrease. This method, however, 
invites an issue that switching loss can greatly in-
crease when high-voltage IGBTs (insulated gate bi-
polar transistors) of 3 kV or higher class are adopted. 

This paper introduces our invention of an 
advanced MMC configuration. In order to resolve 
these issues, we replaced the upper-side converter 
arms with high-voltage IGBTs by applying a 120- 
degree discontinuous PWM. First, we will introduce 
the proposed circuit configuration and its operation-
al principle, and then the circulating current required 
for chopper cell voltage control is derived. We will 
then confirm the proposed circuit will work normally 
and it will reduce the conduction loss.  

We will verify these points by the results of a 
miniature model experiment and simulation. 

2 Configuration and Operational 
Principle of the Proposed Circuit

Fig. 1 shows the Main Circuit Configuration of 
the MMC. The chopper cell consists of DC capaci-
tors and two low-voltage IGBTs of 1700V class or 
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lower. The lower arm is configured where a module 
with multiple chopper cells in a cascade connection 
connects with a buffer reactor LB. The upper arm 
has a high-voltage IGBT and a snubber capacitor is 
connected in parallel. The number of series connec-
tions of the lower arm chopper cells and the upper 
arm high-voltage IGBT is adjusted according to the 
withstand voltage specified. In Fig. 1, since 4 chop-
per cells are used, the phase voltage falls on Level 5. 

Fig. 2 shows waveforms of an output phase 
voltage. Since 120-degree discontinuous PWM(5) is 
applied to the proposed circuit, one of the output 
phase voltages becomes equal to VDC. In one period 
in Phase U, the section is defined as (a) where v’U is 
not higher than VDC, (c) where it is equal to VDC, and 
Sections (b) and (d) are inserted between (a) and 
(c). In this layout, high-voltage IGBT ON/OFF  
switchover in the upper arm and module control in 
the lower arm are performed in order to actuate the 
proposed circuit. 

Fig. 3 shows a current path in each section. 

First, the high-voltage IGBT is OFF in Section (a). 
An AC output current is generated from the lower 
arm. Next, in Section (b), the high-voltage IGBT  
is turned ON but the snubber capacitor is short- 
circuited if the same situation continues. Accordingly, 
a current output larger than the AC output current  
is generated from the lower arm before the high- 
voltage IGBT is ON. By taking this action, the  
snubber capacitor is discharged in advance and  
the high-voltage IGBT can be turned ON without 
causing short-circuiting. In Section (c), the high- 
voltage IGBT is ON. In this case, the AC output cur-
rent does not pass through the lower arm where 
multiple cells are connected but passes through the 
upper arm where a few high-voltage IGBTs are con-
nected. For this reason, conduction losses can be 
lowered. A circulating current is led to the lower  
arm module from the DC bus via the high-voltage 
IGBT so that cell capacitor voltage is controlled in 
the lower arm. Lastly, in Section (d), the current  
bypasses the snubber capacitor even if the high- 
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A configuration for only one phase is shown. The upper-arm cell 
module is replaced with a high-voltage IGBT having a snubber 
capacitor. 

Fig. 1 Main Circuit Configuration of the MMC
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The 120-degree discontinuous PWM is applied so that ON/OFF 
switching of upper-arm high-voltage IGBT can be performed in 
each section.

Fig. 2 Waveforms of Output Phase Voltage
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In Section (b), the snubber capacitor is discharged from the lower arm. In Section (c), conduction loss is reduced by generating a current 
output from the upper arm. Cell capacitor voltage is regulated with the aid of a circulating current. 

Fig. 3 Current Path in Each Section
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voltage IGBT is turned off as it is. Thus, soft  
switching is established.

By the effects of this circuit operation,  
switching losses are drastically minimized. This loss 
issue had been an inherent challenge of high- 
voltage IGBTs. Another merit is that no voltage 
surges are generated at the time of switching in the 
high-voltage IGBTs and it is possible to decrease 
the number of series connections. 

3 Circulating Current for Cell 
Capacitor Control

In this section, the circulating current is evalu-
ated because it is needed for the cell capacitor volt-
age control of the proposed circuit. Assuming that 
the rms value of AC line-to-line voltage is V, AC 
phase voltage in Phase U is expressed by vSU＝

2/3 V cos ωt, and AC current in Phase U is ex-
pressed by iOU＝ 2 I cos (ωt－φ). Then, output volt-
age v’U in Phase U after application of 120-degree 
dis continuous PWM is given by Expression (1) 
below. 
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Where, 0＜V＜VDC / 2 
All the output power in Section (a) is assumed to be 
shouldered by the lower-arm cell module. Energy Ea 
at that time is obtained from Expression (2) below. 
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In Section (c), the circulating current IC is assumed 
to be constant. Energy Ec charged by IC is given by 
Expression (3) below. 

Ec IC
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π/3ω
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  (3)

Since Ea＋ Ec＝ 0, the circulating current is given by 
Expression (4) below. 

V
＝ －3IC VDCπ

3
I cosφ

2  
  (4)

For reference, the circulating current ICD of conven-
tional DSCC type MMC is given be Expression (5) 

below. 

ICD
VI cosφ

＝
3VDC  

  (5)

Unlike the DSCC type, the section where a circu-
lating current can be carried is limited to Section (c) 
in the proposed circuit. In Section (c), however, 
power is directly transmitted from DC side to AC 
side via the high-voltage IGBT and therefore, total 
losses can be reduced. If the DC voltage is designed 
to be VDC＝π 2 V/3＝1.481V, the required circu-
lating current can be significantly lowered at any 
output current and power factor. On the other hand, 
in the case of DSCC type, the required circulating 
current is increased in proportion to the output volt-
age and current amplitude. The proposed circuit can 
realize a high efficiency if it is applied to system 
interlinkage, for example, where a voltage at an almost 
constant amplitude is maintained for a long time. 

4 Loss Evaluation by Simulation

In order to verify the effect of conduction loss 
reduction in the proposed circuit, switching device 
loss was compared with that of the DSCC type 
MMC by simulation. Conditions for simulation are 
that line-to-line voltage is assumed to be 4.4 kV, 
rated capacity 2 MVA, frequency 50 Hz, 8 cells per 
arm, and 2 upper-arm high-voltage IGBTs con-
nected in series in the proposed circuit. 

Fig. 4 shows result of switching devices loss. 
For both input and output effective power, conduc-
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Compared with conventional circuits, the proposed circuit can 
reduce conduction loss. Switching losses in high-voltage  
switching devices are almost null. As such, soft switching is 
available with the proposed circuit. 

Fig. 4 Result of Switching Devices Loss
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tion losses were greatly decreased in low-voltage 
devices of the proposed circuit. Switching loss in a 
high-voltage device was almost zero. This result 
shows that a reasonable soft switching performance 
was attained. The difference in total losses is 
approximately 3.5 kW, which is 0.17% to the equip-
ment capacity. Compared with the DSCC type, the 
proposed circuit can reduce losses by about 30%. 

5 Confirmation of Operational 
Principle with Miniature Model

In order to examine the performance of the 
proposed circuit, we conducted a series of testing 
on a miniature model. Specifications of the minia-
ture model are a line-to-line voltage is 415 V, a rated 
capacity 15 kVA, and a system frequency 50 Hz. 
Each arm is composed of 4 cells and the upper arm 
has a 1200 V IGBT in a single configuration, not in a 
series connection. Under such conditions, we meas-
ured the voltage and current waveforms at each part 
while the rated reactive power was generated. 

Fig. 5 shows the test result waveforms of the 
miniature model. Before －0.02 seconds, a lagging 
reactive power is generated. After 0.02 seconds, 

however, a leading reactive power is generated. 
The Total Harmonic Distortion (THD) in the AC out-
put current is 4.1% and 3.7%, respectively. In 
Section (b) that is put in between Section (a) and 
Section (c), the upper arm current iPU is negative. 
This suggests that the snubber capacitor is dis-
charged before the high-voltage IGBT is ON. In 
Section (c), performance of the output current 
detouring through the upper arm and capacitor 
charging action by using circulating current were 
realized. Regarding the cell capacitor voltage, dis-
persion of maximum and minimum values is very 
small and stabilized control was secured. Even in 
the middle of output current changing, its waveform 
was maintained with a correct sinusoidal curve. As 
a result of testing with the miniature model, we con-
firm that the proposed circuit can be operated in a 
stable manner according to its operational principle. 

6 Postscript

This paper introduced a newly proposed circuit 
of the MMC to which a 120-degree discontinuous 
PWM is applied. Simulation and miniature model 
testing were conducted to evaluate the losses in the 
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Output current distortion is minimal, cell capacitor voltage control is stable, and circuit operation is just conforming to the principle. 

Fig. 5 Test Result Waveforms of the Miniature Model



MEIDEN REVIEW  Series No.180 2020 No.3 57

proposed circuit and verify the operational principle. 
The result shows that the proposed circuit can be 
operated in a stable manner according to the princi-
ple and that a high efficiency can be attained by 
reduction of conduction losses. 

Going forward, we will conduct further evalua-
tion tests for the application of the proposed circuit 
to actual products. In doing so, we will promote the 
innovations on a unique circuit and propose suitable 
control systems. 

・ All product and company names mentioned in this paper are 

the trademarks and/or service marks of their respective owners.
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