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Abstract- The modular multilevel converter (MMC) is 

attractive for medium-voltage and high-power applications 

because of the advantages of its high modularity, availability and 

high power quality. Due to unbalanced grid voltages, the arm 

current among three phases of the MMC would unbalance, 

which would cause unbalanced temperature distribution among 

three phases of MMCs and affect the reliability of MMCs. This 

paper proposes a variable frequency (VF) control strategy, 

which can effectively realize balanced temperature distribution 

among three phases of MMCs through adjusting carrier 

frequency in each phase to regulating device’s switching loss in 

each phase of the MMC under unbalanced grid voltages. The 

proposed VF control can effectively improve the reliability of the 

MMC with the balanced temperature distribution among three 

phases of the MMC under unbalanced grid voltages. Simulation 

studies with the time-domain professional tool PSCAD/EMTDC 

and experimental studies with a down-scale MMC prototype are 

conducted to confirm the effectiveness of the proposed control. 

Index Terms- modular multilevel converter, temperature 

control, unbalanced grid voltages, variable frequency. 

 

I.  INTRODUCTION 

The Modular multilevel converter (MMC) was first 

proposed in the early 2000s [1]. It consists of a number of 

cascaded submodules (SMs) to produce multilevel voltage 

configuration [2-3]. Due to the features such as modularity 

and scalability, the MMC is attractive for medium-voltage and 

high-power application [4-5]. 

The grid voltages are normally allowed to be unbalanced 

temporarily in normal situation as indicated in the grid code 

[6], where the grid voltage is allowed to be between 0.9 p.u. 

and 1.1 p.u. and the possible maximum unbalanced degree of 

the grid voltage is allowed to reach 4% temporarily in normal 

situation. However, unbalanced grid voltages will result in 

unbalanced temperature distribution among three phases of 

MMCs and thus threatening the reliability of MMCs [7]-[8].  

The temperature regulation is essential for the MMC to 

improve reliability. Recently, a number of methods have been 

reported to regulate the temperature for MMCs, which can be 

divided into SM design optimization-based method, SM 

capacitor voltage control-based method, and circulating 

current control-based method. 

SM design optimization-based method can regulate the 

temperature of MMCs. Reference [9] presents a half-bridge 

SM with an additional antiparallel silicon-controlled thyristor, 

which can reduce the temperature stress of bottom diode in 

MMCs. References [10] and [11] introduce a SM topology 

with two-way bypass thyristor at the low side, which can 

regulate temperature stress of bottom IGBT/diode in the 

MMC. However, the above method complicates the hardware 

design. 

SM capacitor voltage control-based method also plays an 

important role in temperature regulation of MMCs. Reference 

[12] presents a temperature optimization method by adjusting 

SM capacitor voltage to achieve an even thermal distribution 

among different SMs in the arm of MMCs. References [13-15] 

present a temperature optimization method which takes into 

account the capacitor voltage and the junction temperature of 

power device in each SM to balance the temperature among 

the power devices. However, the above method increases 

differences in capacitor voltage spread among the SMs. 

Circulating current control-based methods have been 

proposed to regulate the temperature of the power device in 

the SM of MMCs. References [16] introduces a temperature 

optimization control method by controlling the second-order 

harmonic circulating current in the arm to limit the amplitude 

of junction temperature variation. Reference [17] proposes a 

second-order harmonic circulating current optimization 

control method by reducing the arm current peak value, which 

is able to reduce temperature stress of the power device in the 

SM. References [18] presents a temperature optimization 

control method, where the maximum temperature stress in the 

IGBT/diode of each SM can be effectively reduced through 

injecting optimum second-order harmonic current into the 

circulating current of MMCs. However, the above method 

needs injection of circulating current into the MMC, which 

increases power loss of MMCs. 

In this paper, the temperature distribution of the MMC 

under unbalanced grid voltages is analyzed in details, where 

the unbalanced grid voltages would cause unbalanced arm 

currents distribution among three phases of the MMC. Thus, it 

would result in unbalanced temperature distribution among 

three phases of the MMC, and therefore affect the reliability 

of the three-phase MMC. In this paper, a variable frequency 

(VF) strategy is proposed for the MMC under unbalanced grid 

voltages, through adjusting the carrier frequency in each 

phase, the temperature of the power device among three 

phases can be effectively controlled to be balanced. The VF 

strategy can mitigate the thermal stress asymmetry among 

three phases of the MMC under unbalanced grid voltages, and 

therefore improves the reliability of the MMC. 
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The rest of this paper is organized as follows. Section II 

describes the MMC. Section III analyzes the thermal 

unbalance of MMCs under unbalanced grid voltages. Section 

IV proposes the VF strategy for MMCs. To verify the 

effectiveness of proposed strategy, Sections V and VI present 

the system simulation and experimental tests, respectively. 

Finally, the conclusions are presented in Section VII. 

 

II. DESCRIPTIONS OF MMCS 
 

A. Operation of MMCs 

Fig. 1 shows a three-phase MMC tied to the grid. Each 

phase of the MMC has an upper arm and a lower arm. Each 

arm is composed of N identical SMs and an arm inductor Ls. 

Each SM contains two switches T1, T2 and a dc capacitor C. 

Each SM is controlled with a switching function as 

1 2

1 2

1        is on and  is off
=

0        is off and  is on

T T
S

T T





，

，
                        (1) 

When S=1, the T1 is switched on and T2 is switched off, and 

accordingly the SM is inserted into the arm. When S=0, the T1 

is switched off and T2 is switched on, and accordingly the SM 

is bypassed from the arm [19]. 
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Fig. 1 A three-phase MMC. 

B. SM Control 

The SM individual voltage-balancing control is adopted for 

the MMC. Fig. 2 shows the control for the i-th SM in upper 

arm of phase A, which mainly consists of voltage averaging 
control (VAC) and voltage balancing control (VBC) [20]. The 

VAC is employed to force the average voltage uc_ave_a of the 

SMs in phase A to follow its command uc_ref. The VBC is 

employed to force the i-th SM capacitor voltage ucau_i to 

follow its command uc_ref. With the VAC, VBC, the reference 

voltage uau_ref for upper arm of phase A, and the dc-link 

voltage Vdc, the reference signal yau_i for the i-th SM can be 

obtained. Through the comparison between the reference yau_i 

and the carrier Wai for the i-th SM, the switching function Sau_i 

for the i-th SM can be produced, where Sau_i=1 when yau_i is 

more than Wai; Sau_i=0 when yau_i is less than Wai. The Wai is 

isosceles triangle between 0 and 1, whose frequency is fw. 
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Fig. 2. Individual voltage-balancing control for the i-th SM in upper arm of 

phase A of the MMC. 

III. TEMPERATURE ANALYSIS OF MMCS UNDER UNBALANCED 

GRID VOLTAGES 
 

A. Unbalanced Grid Voltages 

The unbalanced grid voltages ea, eb and ec contain the 

positive-sequence and negative-sequence components, as 

( )= 2 sin( ) 2 sin( )

2 2
( )= 2 sin( ) 2 sin( )

3 3

2 2
( )= 2 sin( ) 2 sin( )

3 3

a p n

b p n

c p n

e t E t E t

e t E t E t

e t E t E t

  

 
  

 
  


+ +




− + + +



+ + + −


    (2) 

where Ep and En are the root mean square values of the 

positive-sequence voltage and negative-sequence voltage, 

respectively. θ is phase angle. ω is the fundamental angular 

frequency. According to the grid code [6], the unbalanced 

degree of the grid voltage is 

= 100%n

p

E

E
                                     (3) 

In the grid code [6], the grid voltage magnitude is allowed 

to be between 0.9 p.u. and 1.1 p.u. and the possible maximum 

unbalanced degree of the grid voltage is allowed to reach 4% 

temporarily in the normal operation situation. According to 

grid code [6] and (2), Fig. 3 shows the operation area of the 

grid voltage under the normal operation situation, where each 

grid voltage corresponds to an (Ep, En, θ), as shown in (2). 
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Fig. 3 Operation area of the grid voltage. 
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B. Analysis of Grid Currents 

In Fig. 1, the dynamics of the MMC can be expressed as 

( )
( )=( - )/2= ( ) ( )

( )
( )=( - )/2= ( ) ( )

( )
( )=( - )/2= ( ) ( )

a

ea al au f a a

b
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di t
u t u u L R i t e t
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u t u u L R i t e t
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di t
u t u u L R i t e t

dt


+ +




+ +



+ +


             (4) 

where uea, ueb, uec are the ac electromotive forces (EMFs) of 

the MMC. uju and ujl are the total SM output voltage in the 

upper and lower arm of phase j (j=a, b, c), respectively. 

L=Ls/2+Lf. Lf and Rf are filter inductor and resistor, 

respectively. 

According to (4) and [21], the dynamics of the MMC in the 

positive and negative rotating references can be expressed as 

1 1

f
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where i
p 

d  and i
p 

q  are the positive-sequence components of the 

grid current in the dq reference frame. i
n 

d  and i
n 

q  are the 

negative-sequence components of the grid current in the dq 

reference frame. e
p 

d  and e
p 

q  are the positive-sequence 

components of the grid voltage in the dq reference frame. The 

e
n 

d and e
n 

q are the negative-sequence components of the grid 

voltage in the dq reference frame. The u
p 

d  and u
p 

q are the 

positive-sequence MMC voltage in the dq reference frame. u
n 

d  

and u
n 

q  are the negative-sequence MMC voltage in the dq 

reference frame. 
The active power P and reactive power Q in grid are [21] 
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with 

0

0

2

2

2

2

3
=

2

p p n n

d q d q
p

p p n n
d

q d q d
pn n p p

qs q d q d

n n p p n
d q d qc d

n n p p
n

d q d qs q
n n p p

q d q dc

P e e e e

iQ e e e e

iP e e e e

e e e eP i

e e e eQ i

e e e eQ

  
    − −    
   − −  
    
    
    − −
    

− −     

       (8) 

where P0 and Q0 are the average value of the instantaneous 

active and reactive power. Ps2, Pc2 and Qs2, Qc2 are the sine 

and cosine peak value of the active and reactive power, 

respectively. 

According to (4)~(6), the vector control [21] including 

positive-sequence and negative-sequence control is adopted 

for the MMC, where the positive-sequence voltage is aligned 

to the d-axis of the positive rotating reference and the 

negative-sequence control is used to eliminate the negative-

sequence current. As a result, the positive-sequence voltage 

and the negative-sequence current are 

= 2
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According to (7)~(9), the grid current can be obtained as 
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C. Analysis of Arm Currents 

According to (2) and (10), the average power in the phase 

A, B and C can be expressed as 

0
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0

1
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1
( ) ( )

1
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where T is the fundamental cycle and T=2π/ω. 

Neglecting the power losses in the filter resistor Rf, the 

power will be balanced between the ac side and the dc side in 

each phase of the MMC as 

c

a dca dc

b dcb dc

dcc dc

P i V

P i V
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                                 (13) 

where idca, idcb, idcc are the dc components in the arm currents 

of phase A, B and C, respectively. Substituting (2), (10) and 

(11) into (13), the dc components idca, idcb, idcc in the arm 

currents of phase A, B and C can be obtained as 
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with 
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where Δidca, Δidcb, Δidcc are the deviations in phase A, B and C, 

respectively. In addition, Δidca+Δidcb+Δidcc=0. 

According to (14) and (15), the unbalanced grid voltages 

cause Δidca, Δidcb, Δidcc in phase A, B and C, and therefore 

cause different idca, idcb, idcc. Along with the increase of the 

unbalanced degree ε, the deviation would be increased, where 

the Max[Δidca, Δidcb, Δidcc] would be increased and the 

Min[Δidca, Δidcb, Δidcc] would be reduced, and therefore the 

Max[idca, idcb, idcc] would be increased and the Min[idca, idcb, idcc] 

would be reduced, and vice versa, as shown in Table I. Here, 

the maximum deviations of Max[idca, idcb, idcc] and Min[idca, 

idcb, idcc] appear when ε reaches its maximum. 

TABLE I 

RELATIONSHIP BETWEEN ε AND DEVIATION 

ε 
Max[Δidca, 

Δidcb, Δidcc] 

Min[Δidca, 

Δidcb, Δidcc] 

Max[idca, idcb, 

idcc] 

Min[idca, idcb, 

idcc] 

↑ ↑ ↓ ↑ ↓ 

↓ ↓ ↑ ↓ ↑ 

Suppose that the second-order circulating current is 

eliminated by the circulating current suppression control [22], 

the arm current is only composed of the dc component and the 

fundamental component in the MMC. According to (10) and 

(14), the arm current in the MMC can be obtained as 
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From (16), it can be observed that the AC component in the 

arm currents of different phases are symmetrical, while the 

DC components in the arm currents of different phases are 

different under the unbalanced grid voltages. 

D. Analysis of Device Power Losses 

The power loss of a power device contain the conduction 

loss and switching loss. The average conduction loss Pcon_ave 

of a power device is [23] 

_ _
0

1
( )

T

con ave con instP p t dt
T

=                       (17) 

with 

_ ( ) [ ( )] ( )con inst ceo c x xp t u r i t i t= +                  (18) 

where pcon_inst is instantaneous conduction loss. uceo and rc are 

switch on-state zero-current collector-emitter voltage and 

collector-emitter on-state resistance, respectively. ix is the 

conducting current through the power device. 

The average switching loss Psw_ave of a power device is [23] 

_ _
0

1
( )

T

sw ave sw instP e t dt
T

=                          (19) 

with 

_ ( ) ( ( )) sm

sw inst w sw x

ref

U
e t f E i t

U
=                     (20) 

where esw_inst is instantaneous switching energy loss. Esw is the 

switching energy loss, which increases along with the increase 

of ix and reduces along with the reduction of ix. Usm is the 

average capacitor voltage of the SM. Uref is the reference 

blocking voltage in the data sheet. 

The average power loss Pave of a power device is 

_ _ave con ave sw aveP P P= +                            (21) 

According to (17)~(21), it can be observed that the Pave 

increases along with the increase of ix; Pave reduces along with 

the reduction of ix. The unbalanced grid voltages result in 

different dc component in the arm current, and therefore cause 

different power losses for the same power device in the three 

phases. The Pcon_ave_j, Psw_ave_j and Pave_j of the power device 

increases along with the increase of the dc component idcj in 

the arm current and the Pcon_ave_j, Psw_ave_j and Pave_j of the 

power device reduces along with the reduction of the idcj in 

the arm current, as shown in Table II. 

TABLE II 

RELATIONSHIP BETWEEN Pcon_ave_j, Psw_ave_j, Pave_j AND idcj 

idcj Pcon_ave_j Psw_ave_j Pave_j 

↑ ↑ ↑ ↑ 

↓ ↓ ↓ ↓ 

According to Tables I and II, along with the increase of ε, 

the Max[Pave_a, Pave_b, Pave_c] would be increased and the 

Min[Pave_a, Pave_b, Pave_c] would be reduced. Consequently, the 

maximum power losses difference (Max[Pave_a, Pave_b, Pave_c]-

Min[Pave_a, Pave_b, Pave_c]) among three phases appears when ε 

reaches its maximum value, as shown in Table III. 

TABLE III 
RELATIONSHIP BETWEEN ε AND POWER LOSS DIFFERENCE 

ε 
Max[Pave_a, 

Pave_b, Pave_c] 

Min[Pave_a, 

Pave_b, Pave_c] 

Max. loss 

difference 

↑ ↑ ↓ ↑ 

↓ ↓ ↑ ↓ 
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E. Analysis of Device Temperature 

The equivalent thermal network diagram of a device is 

shown in Fig. 4, which consists of the thermal resistance Rth(J-

C) of the device from junction to case and the thermal 

resistance Rth(C-H) of thermal interface material (TIM) from 

case to heat sink [24-25]. Based on this model, the average 

junction temperature Tave of a device can be expressed as 

( ) ( )( )ave th J C th C H ave HT R R P T− −= +  +              (22) 

where TH is the temperature of heat sink. To simplify the 

analysis, the TH is considered as a constant value 50℃. 

Rth(J-C)Pave Tave
TH

Rth(C-H)Tc

Device TIM Heat sink

 
Fig. 4. Thermal network of a device. 

According to (22), different power losses Pave_a, Pave_b, 

Pave_c in three phases derived from the unbalanced grid 

voltages would cause different temperatures Tave_a, Tave_b, 

Tave_c for the same power device in three phases. The Tave of 

the power device increases along with the increase of the Pave, 

and vice versa, as shown in Table IV. 

TABLE IV 

RELATIONSHIP BETWEEN Tave_j AND Pave_j 

Pave_j Tave_j 

↑ ↑ 

↓ ↓ 

According to Tables III and IV, along with the increase of ε, 

the Max[Tave_a, Tave_b, Tave_c] is increased and the Min[Tave_a, 

Tave_b, Tave_c] is reduced. Consequently, the maximum 

temperature difference (Max[Tave_a, Tave_b, Tave_c]-Min[Tave_a, 

Tave_b, Tave_c]) among the three phases of the MMC appears 

when ε reaches its maximum value, as shown in Table V. 

TABLE V 
RELATIONSHIP BETWEEN ε AND TEMPERATURE DEVIATION 

ε 
Max[Tave_a, 

Tave_b, Tave_c] 

Min[Tave_a, 

Tave_b, Tave_c] 

Max. temperature 

difference 

↑ ↑ ↓ ↑ 

↓ ↓ ↑ ↓ 

In Fig. 1, the T2 takes the maximum power loss and the 

maximum temperature among the power devices in the SM 

when the MMC works in inverter mode [26-27]. Fig. 5 shows 

the T2’s power loss in phases A, B, C and the maximum 

power loss difference of T2 among phases A, B, C. Fig. 5 also 

shows the T2’s temperature in phases A, B, C and the 

maximum temperature difference of T2 among phases A, B, C. 

Here, the ε reaches the maximum. It can be observed that the 

power loss (temperature) of T2 in phase A, B, C and the 

maximum power loss (temperature) difference of T2 varies 

along with the change of (Ep, θ). 

IV. PROPOSED VF STRATEGY FOR MMCS 

A. Proposed VF Approach 

The power device’s power loss Pave contains the conduction 

loss Pcon_ave and the switching loss Psw_ave. The switching loss 

Psw_ave is related to switching frequency fw, as shown in (18), 
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Fig. 5. Power loss and temperature of T2 under maximum ε. (a) Power loss 

and temperature in phase A.  (b) Power loss and temperature in phase B. (c) 

Power loss and temperature in phase C. (d) Maximum power loss difference 
and maximum temperature difference among three phases. 
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where the Psw_ave is increased along with the increase of fw, 

and the Psw_ave is reduced along with the reduction of fw. Based 

on above analysis, a VF approach is proposed, where the 

power device’s Pave and Tave in the MMC can be regulated by 

fw, as shown in Table VI, as follows. 

1) Increase of fw: the switching loss Psw_ave is increased, 

while the conduction loss Pcon_ave is nearly not affected. 

Consequently, the power loss Pave is increased, which 

causes the increase of the junction temperature Tave of 

the power device. 

2) Decrease of fw: the switching loss Psw_ave is reduced, 

while the conduction loss Pcon_ave is nearly not affected. 

Consequently, the power loss Pave is reduced, which 

causes the reduction of the junction temperature Tave of 

the power device. 

TABLE VI 

RELATIONSHIP BETWEEN fsw AND Pave, Tem_ave 

fw Pcon_ave Psw_ave Pave Tave 

↑ — ↑ ↑ ↑ 

↓ — ↓ ↓ ↓ 

B. Proposed VF Strategy for MMCs under Unbalanced Grid 

Voltages 

Based on above VF approach, a VF strategy is proposed to 

balance the temperature distribution of the power devices 

among three phases, as shown in Fig. 6. 

Fig. 6(a) shows the positive-sequence and negative-

sequence control of the MMC. According to the control 

objective such as active power and reactive power, the 

reference currents i
p 

d_ref  and i
p 

q_ref  in the positive-sequence 

reference can be obtained. With the vector control in the 

positive-sequence reference frame, the reference voltages       

u
p 

abc_ref can be obtained to control the i
p 

d and i
p 

q  to follow the 

reference currents i
p 

d_ref  and i
p 

q_ref, so as to realize the active 

power control and reactive power control. In addition, with 

the vector control in the negative-sequence reference frame, 

the reference voltages u
n 

abc_ref are obtained to control the i
n 

d  and   

i
n 

q  to zero to eliminate the negative-sequence components of 

the grid current. Afterwards, the reference for the three phases 

of the MMC can be obtained as yabc_ref =2(u
p 

abc_ref+u
n 

abc_ref)/Vdc.  

Fig. 6(b) shows the detailed VF strategy for the three 

phases of MMCs. According to the device’s temperatures 

Tave_a, Tave_b, and Tave_c in phase A, B, and C of MMCs, 

respectively, the reference temperature Tave_ref of the MMC 

can be obtained as Tave_ref=(Tave_a+Tave_b+Tave_c)/3. For the 

three phases of the MMC, the PI controllers are used to 

regulate their carrier frequency fw_a, fw_b, and fw_c to realize 

there-phase temperature balancing based on VF approach, as 

shown in Table VI. The rated carrier frequency fr for each 

phase is 1000 Hz. The PI controller is used to produce the 

carrier frequency’s compensation components fa, fb, and fc in 

phase A, B and C, respectively. If the Tave_j in phase j is less 

than the average temperature Tave_ref, the PI controller would 

increase the fj. As a result, the carrier frequency fw_j=fr+fj in 

phase j is increased, and the Tave_j is increased to follow Tave_ref. 

If the Tave_j in phase j is more than the Tave_ref, the PI controller 

would reduce the fj. As a result, the carrier frequency fw_j=fr+fj 

in phase j is reduced, and the Tave_j is reduced to follow Tave_ref. 

As a result, the proposed VF strategy can effectively realize 

temperature balancing of the devices in the three phases of the 

MMC under unbalanced grid voltages. 
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(b) 
Fig. 6.  Proposed VF strategy for MMCs under unbalanced grid voltages. (a) Positive-sequence and negative-sequence control of the MMC. (b) VF control for 

phase A, B and C. 
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C. Discussion of Proposed VF Strategy 

Fig. 7 shows one example of the worst situations for the 

MMC under ε=4%, as the black point in Fig. 5, where the 

temperature in phase B is the maximum and the temperature 

in phase A is the minimum. The MMC system parameters are 

shown in Table VII. Figs. 7(a)~(d) show the conduction loss 

Pcon_ave, switching loss Psw_ave, average loss Pave and 

temperature Tave in phase A, B and C, respectively, under 

various carrier frequencies fw. The conduction loss is nearly 

not affected by fw. The switching loss, average loss and 

temperature increase along with the increase of fw, and vice 

versa. At the rated frequency 1000 Hz, the power losses in 

three phases are unbalanced as Pave_a=0.954 kW, Pave_b=1.010 

kW, and Pave_c=0.987 kW; the temperature in three phases are 

unbalanced as Tave_a=119.3 oC, Tave_b=123.3 oC, and 

Tave_c=121.7 oC. With the proposed control, the power losses 

and temperature in three phases can be balanced as 0.984 kW 

and 121.4 oC, respectively, through regulating their carrier 

frequencies. Figs. 7(c) and (d) show that the maximum change 

of the carrier frequency is only 96 Hz. 
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Fig. 7. MMC performance under various carrier frequencies. (a) Conduction 

loss. (b) Switching loss. (c) Average loss. (d) Average temperature. 

V. SIMULATION STUDIES 

To verify the proposed control, a three-phase MMC is built 

with the PSCAD/EMTDC, as shown in Fig. 8. The system 

parameters are shown in Table VII. 

RfLf ea

eb

ec

o

P, Q

Vdc
MMC

 
Fig. 8 Schematic diagram of simulation system. 

TABLE VII 

SIMULATION SYSTEM PARAMETERS 

Parameters Value 

Active power (MW) 4.5 
DC-link voltage Vdc (kV) 6 

Grid line-to-line voltage (kV) 33 

Grid frequency (Hz) 50 
Transformer rating voltage  3 kV/33 kV 

Number of SMs per arm n 6 

Nominal SM capacitance C (mF) 15 
Inductance Ls (mH) 2 

Inductance Lf (mH) 1 

A. Case I: Balanced Grid Voltages 

Fig. 9 shows the performance of the three-phase MMC 

under balanced grid voltages, where the active power P is 4.5 

MW. Figs. 9(a) and (b) show the grid voltages ea, eb, ec and 

grid currents ia, ib, ic. Fig. 9(c) shows the upper arm currents 

iua, iub, iuc in phase A, phase B and phase C, respectively. Fig. 

9 (d) shows that the T2’s power losses Pave_a, Pave_b, Pave_c in 

phase A, phase B and phase C, respectively, are almost the 

same. Fig. 9(e) shows T2’s average junction temperatures 

Tave_a, Tave_b, Tave_c in phase A, phase B and phase C, 

respectively, are almost the same. 
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Fig. 9. (a) ea, eb and ec. (b) ia, ib and ic. (c) iau, ibu and icu. (d) Pave_a, Pave_b and 

Pave_c. (e) Tave_a, Tave_b and Tave_c. 
 

B. Case II: Unbalanced Grid Voltages 

Fig. 10 shows the performance of the three-phase MMC 

under unbalanced grid voltages, where the active power P is 

4.5 MW, the grid voltage unbalanced degree is 4%. Here, the 

proposed strategy is enabled since 3.1s. Figs. 10(a) and (b) 

show the grid voltages ea, eb, ec and grid currents ia, ib, ic. Fig. 

10(c) shows the upper arm currents iau, ibu, icu in three phases. 

Fig. 10(d) shows the carrier frequency fw_a, fw_b, fw_c in three 

phases. Fig. 10 (e) shows that the T2’s power losses Pave_a, 

Pave_b, Pave_c in three phases are unbalanced before 3.1s, where 

the maximum difference is about 0.06 kW. Fig. 10(f) shows 

the T2’s average junction temperature Tave_a, Tave_b, Tave_c in 

three phases are unbalanced before 3.1s, where the maximum 

difference is about 4.2 ℃. Since 3.1s, the proposed control is 

enabled, where the fw_a, fw_b, fw_c are changed and stable at 

1096 Hz, 914 Hz, 992 Hz, respectively. Here, the T2’s Pave_a, 

Pave_b, Pave_c in phase A, phase B and phase C become balance 

and the T2’s Tave_a, Tave_b, Tave_c in phase A, phase B and phase 

C becomes balance. 
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Fig. 10. (a) ea, eb and ec. (b) ia, ib and ic. (c) iau, ibu and icu. (d) fw_a, fw_b and fw_c. 
(e) Pave_a, Pave_b and Pave_c. (f) Tave_a, Tave_b and Tave_c. 

VI. EXPERIMENTAL STUDIES 

A three-phase MMC set up is built in the laboratory to 

verify the proposed strategy, as shown in Figs. 11(a) and (b). 

The DC link of the MMC consist of a DC power supply 

(LAB/SMS6600) and the grid side of the MMC adopt grid 

emulator (Chroma AC source 61845). The digital signal 

process (DSP) controller executes system control algorithm 

and transfer drive signals through optical fibre to the gate 

driver of each SM. The FZ122PB100SC03 is used as the 

IGBT/diode, in which there is an inner thermistor Rt for 

measuring the heat sink temperature. A measuring circuit, as 

shown in Fig. 11(c), is designed in the SM board to measure 

Rt. In Fig. 11(c), the voltage V1 can be directly measured and 

obtained, and therefore the Rt can be calculated as (2.5-

V1)·R1/V1. And then, according to thermistor temperature 

characteristic TH=f(Rt) in IGBT module’s datasheet, the heat 

sink temperature TH can be obtained. Afterwards, according to 

the thermal model in Fig. 4 and (22), the junction temperature 

of the IGBT can be estimated. The detailed experimental 

platform parameters are shown in Table VIII. 
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Fig. 11. Experimental system. (a) Block diagram of the experimental circuit. 
(b) Photo of experimental platform. (c) The heat sink temperature measuring 

circuit. 

TABLE VIII 

EXPERIMENTAL SYSTEM PARAMETERS 

Parameter Value 

Rated Power (kW) 2 

DC-link voltage Vdc (V) 300 
RMS value of line-to-line (V) 123 

Rated frequency (Hz) 50 

Number of SM per arm N 4 
SM capacitance (mF) 2.7 

Arm inductance Ls (mH) 3 

Carrier frequency (kHz) 5 

A. Case I: Balanced Grid Voltages 

Fig. 12 shows the performance of the three-phase MMC 

under balanced grid voltages. Fig. 12(a) shows the three-

phase grid voltages ea, eb, ec. Fig. 12(b) shows the three-phase 

grid currents ia, ib, ic . Fig. 12(c) shows the upper arm currents 

iau, ibu, icu in phase A, phase B and phase C. Fig. 12 (d) shows 

that the T2’s power loss Pave_a, Pave_b, Pave_c in phase A, phase 

B and phase C are almost the same. Fig. 12(e) shows that the 

T2’s average junction temperature Tave_a, Tave_b, Tave_c in phase 

A, phase B and phase C are almost the same.  
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Fig. 12. (a) ea, eb and ec. (b) ia, ib, and ic. (c) iau, ibu and icu.. (d) Pave_a, Pave_b and 

Pave_c. (e) Tave_a, Tave_b and Tave_c. 

B. Case II: Unbalanced Grid Voltages 

Fig. 13 shows the performance of the three-phase MMC 

under unbalanced grid voltages, where the active power P is 2 

kW. Here, the grid voltage unbalanced degree is 14% and the 

proposed control is enabled since 30.74s. Figs. 13(a) and (b) 

show the grid voltages ea, eb, ec and grid currents ia, ib, ic. Fig. 

13(c) shows the upper arm currents iau, ibu, icu in phase A, phase 

B and phase C, respectively. Fig. 13 (d) shows that the T2’s 

power losses Pave_a, Pave_b, Pave_c in phase A, phase B and 

phase C are unbalanced before 30.74s, where the maximum 
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difference is about 0.9W. Fig. 13(e) shows the T2’s average 

junction temperature Tave_a, Tave_b , Tave_c in phase A, phase B 

and phase C are unbalanced before 30.74s, where the 

maximum difference is about 0.6℃. Since 30.74s, the 

proposed strategy is enabled. Here, the T2’s Pave_a, Pave_b, 

Pave_c in phase A, phase B and phase C become balance and 

the T2’s Tave_a, Tave_b , Tave_c in phase A, phase B and phase C 

becomes balance. 
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Fig. 13. (a) ea, eb and ec. (b) ia, ib, and ic. (c) iua, iub, and iuc. (d) Pave_a, Pave_b and 
Pave_c. (e) Tave_a, Tave_b and Tave_c. 

VII.    CONCULUSION 

In this paper, the SM temperature distribution among three 

phases of the MMC under unbalanced grid voltages is 

analyzed in details. The unbalanced grid voltages result in the 

unbalanced arm current among three phases, and leads to 

unbalanced SM power losses distribution among three phases, 

and therefore causes the temperature unbalance among three 

phases of the MMC. A VF strategy is proposed to improve the 

reliability of the MMC under unbalanced grid voltages. 

Through the regulation of the carrier frequency in each phase, 

the power loss among three phases can be kept balanced, and 

therefore the temperature distribution among three phases can 

be kept balanced, which can improve the reliability of the 

MMC under unbalanced grid voltages. The simulation and 

experiment results show the effectiveness of the proposed 

strategy. 
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