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A B S T R A C T 

This paper proposes an advanced scheme designed to optimize the ac-circulating current 

for the active cross-connected modular multilevel converters (AC-MMCs). Rather than 

entirely mitigating the submodule capacitor voltage ripples, this approach controls them 

to fluctuate within a predefined limit. To achieve that, the ac-circulating current, 

redistributing the power imbalance between upper and lower arms, is analyzed and 

designed appropriately. Then, the current stresses on the switching devices and inductors 

are reduced, resulting in the improvement of power losses. Simulation results and 

discussion based 4160-V/1-MW simulation model of active cross-connected MMC have 

been provided to validate the feasibility of the proposed control scheme. 

 

1. INTRODUCTION 

Through the past decade, modular multilevel converters 

(MMCs) have been leading commercial success in medium 

to high voltage applications due to their advantages such as 

low-distorted output voltages and modularity. Therefore, 

they are researched and conducted in the fields of high-

voltage direct-current transmission systems [1–4] and static 

synchronous compensators [5], [6]. Its application in 

medium-voltage adjustable-speed motor drives is also a 

promising field [7–22]. Nevertheless, it is different from 

implementing MMCs in HVDCs and STATCOMs that the 

fundamental frequency or speed of motor drive should be 

varied from zero to rated value, which leads to large 

submodule capacitor voltage ripple (SMCVR) at low-speed 

range [7–14]. 

In [8], [9], [13], [14], improved control methods, which 

can suppress the magnitude of capacitor voltage ripples, 

have been introduced. In [8], [9], the common-mode voltage 

(CMV) and ac-circulating current are introduced into 

MMCs, helping to mitigate SMCVRs. However, the extra 

CMV leads to the deterioration of motor bearing and 

winding insulation. In [13], [14], SM capacitor voltage 

(SMCV) is allowed to fluctuate within a predefined limit. 

Thus, the arm current or the CMV can be reduced. 

Nevertheless, the CMV on the AC side is not significantly 

improved. 

Meanwhile, MMC topologies with the additional 

components have been studied to reduce SMCVRs without 

injection of the CMV [15–18]. However, SMCVRs are still 

large at a low-speed range. Flying-capacitors MMC were 

suggested in [19], [20], where they are used to link both arms 

in each phase, resulting in balance power difference within 

each phase on account of the high-frequency current. 

However, the amplitude of injected high-frequency ac-

circulating current is dominant. To reduce this amplitude, a 

square-wave method has been introduced [21], which 

required a complicated controller design. An active cross-

connected MMC (AC-MMC) [22], where a series of SMs is 

implemented to link the center taps, has been proposed to 

obtain a lower ac-circulating level. However, further 

lowering the level of ac-circulating current can enhance the 

efficiency of the system. 

This paper aims to reduce the amplitude of the ac-

circulating current by permitting the SMCV to fluctuate 

within a defined limit instead of completely eliminating it. 

Consequently, the peak current experienced by the 

semiconductor devices and inductors can be further 

decreased. This demonstrates that the proposed control 

strategy results in a 39% enhancement in reducing current 

stresses on the semiconductor devices and inductors 

compared to the traditional method. Consequently, there is 

a substantial improvement in inductor volume and power 

losses. Simulation has been performed to confirm the 

validation of the proposed scheme. Furthermore, a 

comparison of power losses with the conventional method is 

also presented to validate the system efficiency of 

incorporating the proposed scheme. 
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This paper is organized as follows. The mitigation of SMCVR 

in AC-MMC under low-speed operation is described in Section 2. 

Next, the optimized AC-circulating current control for AC-MMC 

is analyzed in Section 3. In Section 4, the simulation results and 

discussion for the AC-MMC system with 36 SMs are provided. 

Finally, the conclusion is presented in the last Section. 

2. MITIGATION OF SMCVR IN AC-MMC UNDER 

LOW-SPEED OPERATION 

2.1. Circuit configuration 

The AC-MMC topology is shown in Fig. 1 [22], where each 

leg consists of submodules (SM) and four inductors. The 

SMs used in this paper are half-bridge SMs, which save cost 

as well as volume of system. Those SM are configured into 

half-arms and a branch of series connected half-bridge SM. 

To alleviate the SMCVRs, the imbalanced power between 

upper and lower arms are redistributed through this branch. 

In Fig. 1, N is a total number of SMs in each leg without 

including SMs in branch, and 0.5N SMs are implemented in 

the branch. Induction motor inputs (x: a, b, c) are from the 

output of each leg. 

2.2. Mitigation of SMCVR under low-speed operation 

In Fig. 1, iUP1,x, iUP2,x, iLO1,x, iLO2,x and vUP1,x, vUP2,x, vLO1,x, 

vLO2,x are the current and voltage of four half-arms in each 

leg, respectively. In addition, are the currents conducting in 

those half-arms. Those variables are given as: 

1, ,0.5UP x xdc x inj xi i i i= + +  (1) 

2, ,0.5UP x xdc x inj xi i i i= + −  (2) 

1, ,0.5LO x xdc x inj xi i i i= − −  (3) 

2, ,0.5LO x xdc x inj xi i i i= − +  (4) 

1, 0.25 0.5UP x dc x injv V v v= − −     (5) 

2, 0.25 0.5UP x dc x injv V v v= − +  (6) 

1, 0.25 0.5LO x dc x injv V v v= + −  (7) 

2, 0.25 0.5LO x dc s injv V v v= + +  (8) 
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Fig. 1. Circuit structure of AC-MMC. 

 

where, Vdc represents the dc-link input voltage of the AC-

MMC along with the dc input current per leg, ixdc. As 

illsatrated in Fig. 1, vx and ix denote the phase voltage and 

current of converter, vinj,x signifies the injecteed high-

frequency voltage, and iinj,x refers to the ac-circulating 

current. vx, ix , iinj,x and vinj,x are: 

sin( )x phv V t = +  (9) 

sin( )x phi I t  = + −  (10) 

, , sin( )inj x inj x hi I t=  (11) 

, , , ,sin( ) 0.25(1 ) sin( )inj x inj x inj x dc inj xv V t m V t = = −  (12) 

where, Vph and Iph represent the magnitudes of phase voltage 

and current of converter, Vinj,x and Iinj,x denote the 

magnitudes of voltage and current, and ωinj,x is the injected 

frequency, which is at least two times of rated fundamental 

frequency.  

From (1) and (5), the SMCVR is derived from the 

instantaneous power fluctuation, 
1,UP xp , and the energy 

fluctuation, 1,UP xE . It is identical for other half-arms because 

of the symmetry of circuit. The instantaneous power 

fluctuation is derived: 

 

                                   (13) 

In (13), the second term is negligible due to its small 

value, and the fourth term is equal to the last term because 

of the equilibrium of power between the input and output 

sides. (13) is derived as: 

 

 (14) 

The first term, referred to as low-frequency power 

fluctuation (LFPF), can be entirely nullified by the addition 

of the second term through injected components. Following 

this, a third term remains, characterized by high-frequency 

fluctuations, leading to rapid charging and discharging (at a 

rate of ωh = 2πfh) of the SM capacitor. Consequently, 

SMCVRs have transitioned to a low. 

3. OPTIMIZED AC-CIRCULATING CURRENT 

CONTROL FOR AC-MMC 

3.1. Optimized AC-circulating current 

Instead of alleviating the SMCVR completely, it can be 

mitigated partially. In (14), the adjustment ensures that 

0.5Vinj,xIinj,x is proportionate to 0.125Vdcix as: 

, ,0.5 0.125inj x inj x dc xV I V i=  (15) 

where, α, a coefficient varying from zero to one, defines the 

degree to which the LFPF is alleviated. When α = 1, the 

injected components completely attenuate the LFPF. If α = 0, 

the converter operates without any mitigation of SMCVR 
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from the injection. From (11), (12) and (15), the ac-circulating 

current reference is established as: 

  (16) 

Substituting (10) and (15) into (14), the power fluctuation 

is rewritten as: 

 (17) 

The maximum value of energy fluctuation is derived as: 

. (18) 

Besides, the peak-to-peak energy fluctuation 1_xU ppe  

also has a relationship with SMCVR as: 

(19)                                                                                                         

Combining (18) and (19), the peak-to-peak SMCVR 

denoted as Δvsm_pp, as follows:  

 (20) 

where, α is derived as: 

 (21) 

The determination of the α value is influenced by the 

predetermined Δvsm_pp for the SMCVR, which should be 

lower than 20% of the nominal voltage of electrolytic 

capacitor of SM. At the low-speed operation, by predefining 

Δvsm_pp, the ac-circulating current reference in (16) is created 

for the controller and the SMCVR fluctuates within that range 

instead of complete alleviation. Therefore, the required ac-

circulating current to keep converter operating at low-speed 

ranges can be reduced by the proposed control scheme. 

3.2. Control Algorithm 

In the presented block diagrams shown in Fig. 2, the leg-

balancing control illustrated in Fig. 2(a) features the SMCV 

reference denoted by *

cv , while the per phase average SMCV, 

represented by ,

avg

c xv , is provided as: 

 (22) 

where, *

,ph xv is a phase voltage command, which supports to 

regulate ,

avg

c xv  to follow *

cv .  

The optimized ac-circulating current control is depicted 

in Fig. 2(b), which is formed from (11) and (21), Ixh = ix/(1-

m) is the magnitude of the injected current. The magnitude 

of the optimized ac-circulating current is regulated by α 

before comparing with the ixh feedback signal to generate an 

error for the controller. The controller provides a voltage 

command, *

xhv , having high-frequency components to 

maintain SMCVR low.   

Fig. 2(c) shows the half-arm balancing control, where the 

per half-arm average SMCV is: 

0.5

,

1

1

0.5

N
avg

xgk cj x

j

v v
N =

=  . (23) 

The average voltages of the two half-arms are compared 

to generate an error signal for the PI controller. Depending 

on the directions of the arm currents, compensating voltage 

commands *

xUv  and *

xLv  are either added or subtracted 

from the voltage reference to maintain the average voltages 

of the two half-arms at a low level. 

An individual SM balancing control is shown in Fig. 2(d), 

where each SMCV, vcj,xg, is adjusted to track the voltage 

reference *

cv . Finally, all voltage commands are synthesized 

and normalized before transferring to the PWM generator. 
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Fig. 2. Block diagram of the proposed control strategy. 

4. SIMULATION RESULTS AND DISCUSSION    

To confirm the feasibility of the proposed scheme, a 

simulation was conducted on the 4160-V/1-MW AC-MMC 

system with 36 SMs. An indirect vector control is 

implemented for the speed regulation of the motor. The 

system specifications are listed in Table 1 and 2. 

Fig. 3 and Fig. 4 show performances of the AC-MMC 

with the conventional and proposed methods, respectively, 
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under TL = 7490 N.m and ωrm = 150 rpm. The peak value of 

three-phase output current at full-load condition is 212 A 

shown in Fig. 3(a) and Fig. 4(a). In the conventional method, 

the LFPF is eliminated by the injection of the high-

frequency terms, that leads to the low SMCVR with a value 

of 110 Vvof Δvsm_pp as illustrated in Fig. 3(d). On the 

contrary, the LFPF generating at the low-speed region is 

partially mitigated with α = 0.62 in the proposed scheme. 

Thus, the SMCVR fluctuates with a peak-to-peak value of 

305 V which is close to the defined range, ∆Vc_pp_de, of 300 

V in Fig. 4(d). Fig. 4(b) demonstrates performance of ac-

circulating current control in phase-a, iinj,a, where the peak 

value is 160 A. It is like other phases. Fig. 3(b) illustrates the 

maximum value of iinj,a in the conventional method is 325 A. 

The reduction of iah helps to decrease the current conducting 

through half-arms, leading to mitigate current amplitudes on 

semiconductor devices and inductors. In Fig. 3(c) and Fig. 

4(c), the peak value of half-arm currents, ixUP1/2, of the 

proposed control is 280 A, which is reduced by 39% 

compared to those values in the conventional method (460 

A). 

 
Table 1. Converter specifications 

Parameters Symbols Values 

DC-link voltage Vdc 7000 V 

Half-arm inductance L 2.5 mH 

Number of SMs per arm N 4 

SM capacitance C 2700 µF 

SM capacitor voltage reference 
*

cv  1750 V 

Defined limit of peak-to-peak 

voltage ripple of capacitor 
∆Vc_pp_de 300 V 

Carrier frequency fc 2000 Hz 

Injected frequency finj 1 Hz 

 
Table 2. Motor specifications 

Parameters Symbols Values 

Output power Po 1250 hp 

Rated voltage VLL 4160 V 

Rated current Irated 150 A 

Rated frequency fo 60 Hz 

Rated speed ωrm,rated 1189 rpm 

Rated torque Trated 7490 N.m 

 

 

 

 

Fig. 3. The conventional method. 
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Fig. 4. The proposed control strategy. 
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Fig. 5. The proposed control strategy at ωrm = 150 rpm with load 

change.  

Fig. 5 shows result of the proposed strategy at ωrm = 150 

rpm (0.1 p.u.) when a load torque undergoes an abrupt 

change from TL = 0 N.m to TL = 7490 N.m at t = t0 and then 

to TL = 0 N.m at t = t1. Fig. 5(a) demonstrates that the motor 

speed closely tracks its reference, where values of 

undershoot or overshoot at the transient is around 1.5 rpm. 

Fig. 5(b) shows motor and load torque with 7490 N.m of 

full-load condition. Fig. 5(c) and (d) illustrate iabc and 

coefficient α. It can be seen that α is equal to zero at no load 

condition since the output current level at that period is not 

high enough to cause the SMCVs to be fluctuated. Thus, the 

SMCVs are regulated well at *

cv  = 1750 V with voltage 

ripple of 185 V. When TL = 7490 N.m, the coefficient α is 

abruptly updated to a new value of 0.62 to keep the SMCVR 

within the defined range (300 V). Fig. 5(f) and (g) shows 

iinj,a and iaUPk in the upper arm of leg-a. Due to no injection 

of the high-frequency component (α = 0), the ac-circulating 

current is almost zero. It helps to improve loss significantly 

compared with the conventional method which always 

injects high-frequency current and voltage to alleviate 

SMCVR. In addition, the converter and motor perform well 

without any injection. 

 Fig. 6 illustrates the simulation result of the acceleration 

process under TL = 0 N.m. In Fig. 6(a), ωrm increases from 

zero at t = t0 to the nominal speed of 1189 rpm at t = t2. The 

output currents are illustrated in Fig. 6(b), the inrush current 

should be high enough for the start-up of the motor (300 A 

of peak value). In Fig. 6(c), va voltage is illustrated, where 

the number of voltage level increases as motor speed rises. 

Finally, the obtained voltage level is five since the PSC-

PWM has been implemented with same angle for both arms 

in each leg. Fig. 6(d) shows the coefficient α, where α = 1 at 

very low speed. The coefficient α reaches to zero when ωrm 

= 291 rpm at t = t1, since the motor speed is enough high 

according to (20). In addition, the SMCVR decreases as the 

motor speed increase; thus, the SMCVR becomes lower 

naturally as the speed increases further without any injection 

of high-frequency component as illustrated in Fig. 6(g). Fig. 

6(e) and (f) shows the iinj,a and iaUPk in phase-a. At α = 0, 

there is no ac-circulating current within a leg, which also 

helps to reduce the current amplitude conducting through 

switching devices and inductors, leading to improve system 

efficiency.  

0

500

1000

1500

wrpm_ref wrpm

0K

-3K

3K

van

0

-300

300

Ia Ib Ic

0

0.5

1

k_index

0

-300

300

Ixh_refa Ixh_sensinga

0

-300

300

Im_Ua I_Ua

0 0.5 1 1.5 2 2.5

Time (s)

1.5K

1.75K

2K

va1 va2 va3 va4 va5 va6 va7 va8

0

500

1000

1500

wrpm_ref wrpm

0K

-3K

3K

van

0

-300

300

Ia Ib Ic

0

0.5

1

k_index

0

-300

300

Ixh_refa Ixh_sensinga

0

-300

300

Im_Ua I_Ua

0 0.5 1 1.5 2 2.5

Time (s)

1.5K

1.75K

2K

va1 va2 va3 va4 va5 va6 va7 va8

0

500

1000

1500

wrpm_ref wrpm

0K

-3K

3K

van

0

-300

300

Ia Ib Ic

0

0.5

1

k_index

0

-300

300

Ixh_refa Ixh_sensinga

0

-300

300

Im_Ua I_Ua

0 0.5 1 1.5 2 2.5

Time (s)

1.5K

1.75K

2K

va1 va2 va3 va4 va5 va6 va7 va8

0

500

1000

1500

wrpm_ref wrpm

0K

-3K

3K

van

0

-300

300

Ia Ib Ic

0

0.5

1

k_index

0

-300

300

Ixh_refa Ixh_sensinga

0

-300

300

Im_Ua I_Ua

0 0.5 1 1.5 2 2.5

Time (s)

1.5K

1.75K

2K

va1 va2 va3 va4 va5 va6 va7 va8

0

500

1000

1500

wrpm_ref wrpm

0K

-3K

3K

van

0

-300

300

Ia Ib Ic

0

0.5

1

k_index

0

-300

300

Ixh_refa Ixh_sensinga

0

-300

300

Im_Ua I_Ua

0 0.5 1 1.5 2 2.5

Time (s)

1.5K

1.75K

2K

va1 va2 va3 va4 va5 va6 va7 va8

0

500

1000

1500

wrpm_ref wrpm

0K

-3K

3K

van

0

-300

300

Ia Ib Ic

0

0.5

1

k_index

0

-300

300

Ixh_refa Ixh_sensinga

0

-300

300

Im_Ua I_Ua

0 0.5 1 1.5 2 2.5

Time (s)

1.5K

1.75K

2K

va1 va2 va3 va4 va5 va6 va7 va8

0

500

1000

1500

wrpm_ref wrpm

0K

-3K

3K

van

0

-300

300

Ia Ib Ic

0

0.5

1

k_index

0

-300

300

Ixh_refa Ixh_sensinga

0

-300

300

Im_Ua I_Ua

0 0.5 1 1.5 2 2.5

Time (s)

1.5K

1.75K

2K

va1 va2 va3 va4 va5 va6 va7 va8

iabc

[A]

(c)

(d)

[A]

(g)

[V]

(e)

𝑣𝑐𝑗 ,𝑎  

α 

[A]

(f)

𝜔𝑟𝑚
∗  
𝜔𝑟𝑚  

[rpm]

(a)

(b)

[V]

vas

t = t0 t = t1 t = t2

𝑖𝑖𝑛𝑗 ,𝑎
∗  

𝑖𝑖𝑛𝑗 ,𝑎  

 

𝑖𝑈𝑃1,𝑎 
 𝑖𝑈𝑃2,𝑎 

 

Fig. 6. The accelerating process. 

To assess the effectiveness of the system, the power 

dissipation of both traditional and suggested approaches was 

examined. This analysis involved the utilization of the 

Infineon IGBT FF450R33T3E3 (rated at 3300 V/450 A) in 

the AC-MMC system [23]. The thermal module of PSIM 

was employed to compute both conduction and switching 
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losses [24]. The conduction loss of the IGBT component 

was determined based on the device's saturation voltage and 

the collector current [23]. The IGBT’s switching loss was 

computed by considering the turn-on and turn-off losses. 

Fig. 7 illustrates a comparison of power losses between both 

methods at full-load conditions. The graph suggests that 

proposed approach suggests a higher efficiency than that of 

the traditional method. At the high-speed range, power 

losses of both methods are identical as the injection method 

has not been implemented, and the voltage across SM 

capacitors naturally balances with low ripples. 
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Fig. 7. Switching and conduction losses comparison between the 

proposed and conventional methods. 

5. CONCLUSIONS 

In this paper, the optimized ac-circulating current is 

proposed for the control strategy of AC-MMC. Instead of 

canceling SMCV ripples completely, they are controlled to 

fluctuate within the predefined range, resulting in the 

reduction of the power redistribution within each leg. It has 

been performed in the simulation results, where the current 

amplitudes on the semiconductor devices and inductors are 

reduced by around 39% compared with the existing method. 

Therefore, the system loss can be improved significantly. In 

addition, the proposed approach also was confirmed by 

simulation results with conditions of load change and 

acceleration. 
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