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Abstract 

This paper proposes a new dual modular multilevel converter 

(MMC) topology as a medium-voltage drive for adjustable-

speed applications incorporating open-end stator winding 

machines. A novel concept of sharing one capacitor between 

each two adjacent-arm sub-modules (SMs) of MMC phase-

legs, operating with out-of-phase modulation, is realized 

through new SM arrangement. This concept allows the MMC 

to utilize half the number of the SM capacitors, compared to a 

traditional MMC topology. Additionally, the sizing 

requirement of the shared capacitor is diminished, which 

significantly reduces the volume of the drive system and its 

stored energy. The switching scheme of the shared capacitor 

between two oppositely modulated SMs eliminates the 

problem of capacitor wide voltage fluctuations, independent of 

the operating frequency. Further, the proposed MMC can 

efficiently operate at near zero frequency, therefore a machine 

speed-range from zero speed to the rated speed is possible 

under rated torque operating condition. The proposed MMC 

topology is elucidated in detail, and its effective performance 

is verified through simulation. 

1 Introduction 

With its superior performance in medium- to high-voltage 

high-power applications, the modular multilevel converter 

(MMC) has been adopted in industry, serving as a standard 

converter interface in the high-voltage direct-current (HVDC) 

transmission systems [1]. The modularity, scalability, 

redundancy, and reliability are the main features that promoted 

the MMC for such outstanding industrial position. In addition 

to the HVDC, the MMC has been presented as a competitor in 

other applications, such as static synchronous compensators 

[2] and motor drives [3].  

 

The performance of the MMC in variable-frequency scenarios 

is not rigid, where its unique operation principles introduce 

power imbalance between its upper and lower arms. This is 

eventually manifested in the sub-module (SM) capacitor as a 

 

  
 

 
 

 

 
 

 

 
 

 
 

 

 
 

 
 

voltage ripple which inversely depends on both the operating 

frequency and load current. With the need of driving high-

power machines at the medium-voltage (MV) level over a wide 

speed range, while Volt/Hertz control is applied, the MMC 

experiences large voltage fluctuations that extremely increase 

at reduced operating frequencies. This threatens the safety of 

the MMC switching devices and adversely affects the MMC 

normal operation. That is why the industrial utilization of the 

MMC in variable-speed motor drive application is still limited, 

unless for some quadratic torque loads such as pumps, fans, 

and compressors [4], [5]. In this context, the MMC has been 

massively addressed in the literature, for the sake of finding 

reliable solution that enables the MMC be a commercialized 

motor drive. Several solutions have been proposed based on 

both software and hardware approaches to rebalance the energy 

stored in the SM capacitors at low operating frequencies [6]-

[12]. Only few of these solutions successfully resolved the SM 

capacitor wide voltage fluctuation problem, with detailed 

verification and results for both stand-still starting and 

continuous low-frequency operation of high-power machines 

with multi-megawatt drive systems [10]-[12]. 

 

As one alternative candidate, this paper proposes a new MMC 

topology that applies a novel concept of sharing capacitors 

between adjacent-arm SMs that operate with out-of-phase 

modulation. The proposed topology is fundamentally a dual 

converter configuration, that is, suitable for machines with 

open-end stator windings. It operates at half the dc-link input 

voltage, compared to a single-sided MMC topology, for the 

same output voltage and power level. The topology employs a 

new SM arrangement that allows its attached capacitor be 

accessed from two ports, however, in a complementary 

manner. Although the new SM configuration employs extra 

switching devices than the common half-bridge (HB) and full-

bridge SMs, it achieves outstanding merits as summarized in 

the following bullets. 

 

 Employing half the number of the SM capacitors, 

compared to conventional MMC topologies. 

 Utilizing a diminished SM capacitance. 

 Achieving a limited SM capacitor voltage-ripple, 

independent of the operating frequency. 

 Driving MV machines with scores of megawatt from 

stand-still condition, at rated torque. 
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Figure 1: Circuit diagram of a traditional three-phase dual-MMC-fed open-end stator winding machine.   

2 Dual MMC Topology for Open-End Stator 

Winding Machines 

For high-power applications, machines with open-end stator 

windings are considered a possible alternative to conventional 

star- and delta-connected stators, with the advantages of 

suppressing the switching common-mode (CM) voltages and 

improving the output voltage quality [13]-[16]. Open-ended 

machines are fundamentally supplied through dual inverter 

configurations that employ two inverters, one at each side, 

which enhances the reliability under fault condition at any one-

side. A salient advantage of dual inverter topologies is their 

ability to generate an output voltage as large as the traditional 

single-sided ones, however, with a halved dc-link voltage, 

which reduces the insulation requirement. The dual-inverter 

topology, feeding open-end stator winding machines, is 

commonly realized through the two-level voltage source 

inverter, where different configurations have been adopted in 

literature to obtain higher number of output voltage levels [17]-

[20]. Recently, the dual inverter topology has been realized 

based on the MMC with a single dc-link voltage, independent 

of the number of output voltage levels. This eliminates the need 

of utilizing costly and bulky multi-winding transformers to 

provide electrically isolated dc sources [10], [21].  

 

Figure 1 shows the circuit diagram of a three-phase dual MMC 

configuration, where it comprises two MMCs modulated out-

of-phase, while each MMC is adopted to feed each end of the 

machine stator windings. Each MMC is composed of three-

phase legs, each formed by two arms connected in series 

through arm inductors, 𝐿𝑎𝑟𝑚. Each arm consists of N series-

connected SMs, while the SM is commonly an HB cell with a 

dc capacitor of an equivalent capacitance C and a nominal 

voltage 𝑉𝑐. Although the dual MMC configuration doubles the 

number of employed arm inductors, in comparison to a 

conventional single-sided MMC topology, the equivalent arm 

inductance of the dual MMC topology remains unchanged.  

The structure of the dual MMC topology can be seen as the 

direct consequence of dividing each phase-leg of a traditional 

single-sided MMC into dual complemented legs each 

employing halved number of SMs, compared to the single-

sided phase leg. That is, for the same power level, the total 

number of employed SMs in a dual MMC topology is the same 

as the number of employed SMs in a traditional single-sided 

configuration. In addition, both the voltage and current stress 

of SM capacitors and switching devices are identical in both 

MMC configurations. 

 

Referring to Figure 1, the left-side MMC feeds the open-end 

machine terminals denoted by 𝑎, 𝑏, 𝑐, while the right-side 

MMC feeds the machine terminals denoted by 𝑎′, 𝑏′, 𝑐′. That 

is, the voltage generated across each machine phase is the 

differential voltage between both machine winding terminals, 

and is represented as 𝑣𝑗𝑗′ , while the current through the 

machine winding is 𝑖𝑗, where 𝑗 ∈ {𝑎, 𝑏, 𝑐}, and are calculated 

as: 

 

𝑣𝑗𝑗′ = 𝑉𝑜 cos(𝜔𝑡 + 𝜃𝑗) (1a) 

𝑖𝑗 = 𝐼𝑜 cos(𝜔𝑡 + 𝜃𝑗 − 𝜑) (1b) 

 

where 𝑉𝑜  and 𝐼𝑜 are the amplitudes of the voltage across the 

machine windings and their current’s, respectively, 𝜔 is the 

angular frequency, 𝜃𝑗 is the phase angle of the stator 

voltage (𝜃𝑎 = 0⁰, 𝜃𝑏 = 120⁰, and 𝜃𝑐 = 240⁰), and 𝜑 is the 

machine power factor angle. The amplitude of the ac output 

voltage is defined by both the modulation index 𝑀 and the 

input voltage 𝑉𝑑𝑐, as shown in (2). It should be noted that the 

dc-link voltage utilization is doubled with the dual-converter 

configurations, compared to their single-sided counterparts. 

 
 

𝑉𝑜 = 𝑀𝑉𝑑𝑐 (2) 
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Figure 2: Circuit diagram of the proposed dual MMC configuration with shared-capacitor SM, feeding a three-phase open-end stator winding machine. 
 

 

Since each two MMC legs with a common machine winding 

are modulated out-of-phase, the reference voltages for MMC 

arms, in both converter side, in addition to the arm currents are 

given by (3) and (4), respectively, where the 

subscripts U and L are utilized to refer to the corresponding 

‘upper’ and ‘lower’ arm. 
 

𝑣𝑈𝑗 = 𝑣𝐿𝑗′ =  
1

2
𝑉𝑑𝑐 − 

1

2
𝑣𝑗𝑗′  

 

(3a) 

𝑣𝐿𝑗 = 𝑣𝑈𝑗′ =  
1

2
𝑉𝑑𝑐 + 

1

2
𝑣𝑗𝑗′ 

 

(3b) 

 

𝑖𝑈𝑗 =  𝑖𝑐𝑚 𝑗 +
1

2
𝑖𝑗  (4a) 

𝑖𝐿𝑗 = 𝑖𝑐𝑚 𝑗 −
1

2
𝑖𝑗  (4b) 

𝑖𝑈𝑗′ = 𝑖𝑐𝑚 𝑗′ −
1

2
𝑖𝑗  (4c) 

𝑖𝐿𝑗′ = 𝑖𝑐𝑚 𝑗′ +
1

2
𝑖𝑗  (4d) 

 

where 𝑖𝑐𝑚 𝑗 and 𝑖𝑐𝑚 𝑗′ are the CM currents of each two 

complemented legs of the dual MMC topology. 

 

3 Proposed Dual MMC Topology 

The dual MMC topology infers each machine winding be 

differentially connected between two MMC legs modulated 

out-of-phase, as established by (3) and (4). The out-of-phase 

modulation associated with a common machine winding keeps 

the stored capacitive energy in one MMC arm to alternate with 

an opposite phase to the same energy component stored in the 

adjacent arm of the complemented leg. In other words, the 

amount of the released capacitive energy in one SM is the same 

as that absorbed by the oppositely modulated adjacent-arm 

SM. In [10] and [11], the adjacent-arm SMs are linked together 

through a power channel that counter-balances the energy 

variations at the SM level. That is, a dual half-bridge module 

is adopted between oppositely modulate SMs to allow for a 

bidirectional power transfer, resulting in a remarkable 

reduction in the SM capacitor voltage ripple. Instead, this paper 

proposes the dual MMC configuration to combine each two 

capacitors of adjacent-arm SMs into a shared one, while it 

merges both SMs into a new combined arrangement with a 

two-port property. A circuit diagram for the proposed dual 

MMC topology feeding an open-end stator winding machine is 

shown in Figure 2. The ideal-switch-based representation of 

the new combined SM in Figure 2 employs three switches at 

each side of the shared capacitor (𝑆𝐿1, 𝑆𝐿2, and 𝑆𝐿3 at the left 

side, and 𝑆𝑅1, 𝑆𝑅2, and 𝑆𝑅3 at the right side). The function of 

these switches is to allow a full access to the shared capacitor 

from either SM port, however, in a complementary manner. 

That is, if the capacitor is inserted to a corresponding left-side 

arm, it should be fully isolated from the adjacent right-side 

arm, and vice versa. The switching of the shared capacitor 

between two oppositely modulated phase-arms results in a 

voltage profile with limited fluctuations, where the shared 

capacitor is experiencing a charging arm current at one 

switching cycle while the capacitor is then discharged by the 

out-of-phase adjacent arm current in the next switching cycle. 

 

The possible switching states of the combined SM that allows 

insertion/bypass of the shared capacitor to/from either SM side 

are summarized in Table 1, where 𝑉𝐿 and 𝑉𝑅 are the output 

voltages at the left- and right-side of the combined SM, 

respectively. It is worth noting that both 𝑆𝐿2 and 𝑆𝐿3 should 

have the same switching action, which is complemented to the 

switching state of 𝑆𝐿1. Also, 𝑆𝑅2 and 𝑆𝑅3 have the same 

switching state, in a complementary manner to 𝑆𝑅1. A practical 

implementation for the combined SM necessitates the ideal 

switches 𝑆𝐿2, 𝑆𝐿3, 𝑆𝑅2, and 𝑆𝑅3 be controlled bi-directional 

switches to allow full isolation between the right- and left-side 

of the combined SM, at all switching states. 

 

𝑺𝑳𝟏 𝑺𝑳𝟐 𝑺𝑳𝟑 𝑺𝑹𝟏 𝑺𝑹𝟐 𝑺𝑹𝟑 𝑽𝑳 𝑽𝑹 

0 1 1 1 0 0 𝑉𝐶 0 

1 0 0 0 1 1 0 𝑉𝐶 

 

Table 1: Switching states of the combined SM. 
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(a) 

 

 
(b) 

 

Figure 3: Practical implementation of the shared-capacitor SM using (a) back-

to-back series connected IGBTs and (b) single IGBT with full-bridge diodes. 

 

Two configurations for the combined SM can be realized either 

through two back-to-back series connected IGBTs, as shown 

in Figure 3a, or by using single IGBT with diode-based full 

bridge circuit, as shown in Figure 3b. In a comparison, the 

configuration in Figure 3b has higher conduction loss and 

lower switching loss than the configuration in Figure 3a. Since 

the MMC conduction loss is the major contributor to the losses, 

the SM configuration in Figure 3a is recommended. 
 

4 Control Strategy 

Each MMC dual phase-leg is controlled by a modulator that 

commands a varying number of SMs to be inserted at each time 

instant according to a phase disposition PWM scheme. Each 

modulator operates according to a sinusoidal reference input 

signal which depends on the load current control requirements. 

Both the upper- and lower-arm currents of only one leg of each 

dual leg are measured. The voltage balancing of the shared SM 

capacitors is maintained by a selection mechanism based on 

capacitor voltage measurements at each switching instance. 

This mechanism sorts the SM capacitor voltages, and then 

decides which individual capacitor be inserted to a 

corresponding right- or left-side arm, according to the arm 

current direction [22]. It is worth mentioning that the proposed 

MMC topology employs the same number of current sensors 

in addition to half the number of voltage sensors, compared to 

a conventional MMC. 
 

5 Verification 

The effectiveness of the proposed dual MMC topology has 

been verified through simulation, using 

MATLAB/SIMULINK, with the parameters listed in Table 2. 

Number of SMs per arm (N) 5 

Input dc voltage (𝑉𝑑𝑐) 12.5 kV 

Nominal SM capacitor voltage (𝑉𝑐) 2.5 kV 

Rated active power 10 MW 

Rated current magnitude (𝐼𝑜) 650 A 

Fundamental output frequency (𝑓𝑜) 50 Hz 

Carrier frequency of MMC (𝑓𝑐) 2 kHz 

Load resistance (R) 15×
𝑓𝑜

50
 Ω 

Load inductance (L) 30 mH 

Arm inductance (𝐿𝑎𝑟𝑚) 1 mH 

Shared SM capacitance (C) 2 mF 
 

Table 2: Simulation parameters. 

 

The MMC employs 6 phase-legs each with 5 SMs per arm, 

while supplied from a 12.5 kV dc-link. The MMC is feeding a 

three-phase RL load with open-end connection. The 

performance of the MMC is examined at different operating 

frequencies, where the output voltage is reduced in accordance 

to the operating frequency reduction, while the load resistance 

is varied linearly with the operating frequency to maintain the 

output current constant at the rated value, at all frequencies, to 

emulate the constant torque characteristic of variable-speed 

motors. The simulation results are shown in Figure 4 for a 

steady-state operation of the MMC at 1, 10, and 50 Hz. The 

differential voltages across the three-phase load terminals are 

shown to have eleven voltage levels at 50 Hz, while the number 

of voltage levels decreases with the modulation index 

reduction at both 10 Hz and 1 Hz. Nonetheless, the quality of 

the load currents at the three operating frequencies are almost 

the same, with a current peak equal to the rated value of 650 A. 

The arm currents are presented for the upper and lower arms of 

the dual phase-leg 𝑎𝑎′, where it can be shown that both 𝑖𝑈𝑎 and 

𝑖𝑈𝑎′  have a complementary profile, and 𝑖𝐿𝑎 and 𝑖𝐿𝑎′  are also 

complemented. The even-order harmonics of the arm currents 

are almost suppressed at 50 Hz, where the arm inductive 

reactance is high at such frequency, while they clearly appear 

in the arm currents recoded at both 1 Hz and 10 Hz since the 

reactance is lower. The switching of the shared capacitor 

between two complemented SMs results in a limited capacitor 

voltage profile, which is almost the same at the three operating 

frequencies, and exists within ±5%. The CM voltage at the 

load terminals is bounded to ±2 kV.       
 

6 Conclusion 

This paper presented a new dual MMC topology for MV motor 

drives incorporating open-end stator winding machines. The 

topology adopts a new concept of merging the capacitors of 

each two oppositely modulated SMs into a shared one, based 

on the out-of-phase modulation of each two MMC legs with a 

common machine winding. The proposed topology reduces the 

number of employed capacitors, and hence the voltage sensors, 

by 50% compared to a traditional MMC topology, which 

reduces the drive system volume and its stored capacitive 

energy. With the switching of the shared capacitor between two 

oppositely modulated phase-arms, the capacitor is exposed to 

a near equal amount of consecutive charging and discharging  
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(a)                                                                             (b)                                                                              (c)                                 
 

Figure 4: Performance of the proposed dual MMC topology at (a) 1 Hz, (b) 5 Hz, and (c) 50 Hz.  

 
 

currents. This results in limited voltage fluctuations across the 

shared capacitor, with a diminished capacitance requirement. 

The proposed configuration is very suitable for variable-speed 

drives since it guarantees the continuous operation at any 

speed/torque condition with the ability of driving multi-

megawatt machines from stand still at full-load torque. Since 

the proposed topology utilizes extra switching devices in the 

employed SM, an efficiency assessment will be considered in 

future research.  
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