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Abstract—Reducing the capacitor voltage ripples of the 

half-bridge sub-modules (HBSM) and full-bridge sub-modules 

(FBSM) in a hybrid modular multilevel converter (MMC) is 

expected to reduce the capacitance, volume and costs. To address 

this issue, this paper proposes a dual harmonic injection method 

which injects the second harmonic circulating current and third 

order harmonic voltage into the conventional MMC control. 

Firstly, the mathematical model of the proposed control is 

established and analyzed. Then, the general strategy of 

determining the amplitude and phase angle of each injection 

component is proposed to suppress the fluctuations of the 

fundamental and double frequency instantaneous power. The 

proposed strategy can achieve the optimal power fluctuation 

suppression under various operating conditions, which also has 

the advantage of reducing the voltage fluctuation difference 

between HB and FB SMs. The correctness and effectiveness of the 

proposed strategy are verified in simulations in PSCAD/EMTDC. 

Index Terms—Hybrid modular multilevel converter (MMC); 

second harmonic circulating current; third harmonic voltage; 

dual harmonic injection; fluctuation suppression. 

NOMENCLATURE 

Symbols: Descriptions 

Udc Pole-to-pole dc voltage. 
Uac Amplitude of the AC-side phase voltage. 

Im Amplitude of the AC-side phase current. 
ω Fundamental angular frequency. 

S, P, Q 
Three-phase apparent power, real power and reactive 

power. 
uua, ula Instantaneous upper and lower arm voltages in phase a. 

iua, ila Instantaneous upper and lower arm currents in phase a. 
sua, sla Instantaneous upper and lower arm power in phase a. 

uua_inj, ula_inj 
Instantaneous upper and lower arm voltages in phase a with 

injection. 

iua_inj, ila_inj 
Instantaneous upper and lower arm currents in phase a with 

injection. 

sua_inj, sla_inj 
Instantaneous upper and lower arm power in phase a with 

injection. 
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I2 Amplitude of the injected second order harmonic current. 

U3 Amplitude of the injected third order harmonic voltage. 
φ Power factor angle. 

φ2 Phase angle of the injected second order harmonic current. 

φ3 Phase angle of the injected third order harmonic voltage.  

I. INTRODUCTION 

odular multilevel converter (MMC) has higher control 

flexibility, better modular and scalable capability, fewer 

harmonics and no commutation failure [1]-[2], as compared to 

the conventional line commutated converter (LCC). Thanks to 

these advanced features, MMC based high-voltage 

direct-current (MMC-HVDC) is more suitable for integrating 

large-scale renewable energy over long distances, e.g. the 

offshore wind power [3]. However, the capacitor sub-modules 

(SMs) of an MMC account for 1/2 of its volume and about 1/3 

of the capital cost [4]. Moreover, due to the modular and 

distributed design of the MMC capacitors, the challenges from 

circulating currents, harmonic losses [5], and energy balance 

among SMs may affect the reliability of MMCs [6]. Therefore, 

it is necessary to investigate the strategies of suppressing 

capacitor voltage fluctuations, which are applicable to various 

working conditions. The new strategies are supposed to reduce 

the SM capacitance, which contributes to reducing the capital 

cost of the HVDC system [7]-[9]. 

In case of a DC fault in the MMC-HVDC system, the most 

straightforward solution is to block the MMCs. However, the 

half-bridge MMC (HB-MMC) cannot clear fault currents due 

to its freewheeling diodes. MMCs with current blocking 

capability have some inherent limitations: the system may 

experience a temporary interruption of the power transmission 

and transient overvoltage [10]. Recently, the hybrid MMC, 

which is composed of half-bridge SMs (HBSMs) and 

full-bridge SMs (FBSMs), becomes popular due to its advanced 

DC fault ride-through capability [11]. References [12]-[15] 

present several technical features of hybrid MMCs by boosting 

the modulation index (the ratio of the peak AC phase voltage to 

the DC voltage). These include reducing capacitor voltage 

ripples, more degrees of freedom for control, reducing current 

stresses of the devices and adapting to extreme weather 

conditions, etc. Therefore, hybrid MMCs have gained wide 

attention from both industry and academia. 

The mechanism and suppression schemes of HB-MMCs’ 

capacitor voltage fluctuation have been extensively 
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investigated [16]-[23]. The third harmonic voltage injection on 

the modulation reference can optimize the DC voltage 

utilization rate of MMC. The injection quantity of the 

amplitude and phase angle for minimizing the amplitude of 

modulation voltage has been discussed in [19]. The 

mathematical model of capacitor voltage fluctuation and the 

second harmonic current injection have been proposed in [20] 

to reveal the relationship between capacitor voltage and SM 

power fluctuation. This method aims at eliminating the 

double-frequency component of the arm instantaneous power, 

and further reducing the capacitor voltage ripples. Reference 

[21] proposes a hybrid injection strategy considering both the 

second harmonic current [20] and the third harmonic voltage 

[19]. It also evaluates the suppression effects of the capacitor 

voltage ripples. However, this strategy does not consider the 

coupling interaction effect of the two types of injections. 

For the hybrid MMC with the boosted modulation index, 

reference [24] proposes an optimal strategy for second 

harmonic current injection combined with a specific 

modulation index m=1.15. This strategy can suppress both the 

fundamental frequency component of the arm instantaneous 

power and the capacitor voltage ripples. In [25], the third 

harmonic injection modulation [19] and the conventional 

sinusoidal modulation are applied to the HBSM and FBSM 

segments of the hybrid MMC. Moreover, the second harmonic 

current [20] with m=1.15 is injected. Although the strategies 

from [24] and [25] are applied in hybrid MMCs, their harmonic 

injection method and calculation principle are similar to [21]. 

Therefore, [21] is selected as the comparison reference, which 

is defined as a “classical injection method” in this paper. 

However, the classical scheme is designed with m=1.15, thus 

further optimization is limited by this specific operating 

condition. In addition, although different mechanisms of the 

capacitor voltage fluctuations in HBSMs and FBSMs of hybrid 

MMC are analyzed in [26], the suppression strategies are not 

discussed, which may have a large impact on the overall 

capacitor voltage fluctuations [27]. 

Since the above research does not consider the coupling 

effect of simultaneous injection when determining the injection 

phase angles and magnitudes of the second and third order 

harmonics, the ability of dual harmonic injection to minimize 

the SM capacitor voltage fluctuation has not been fully utilized. 

Meanwhile, the optimization strategy in hybrid MMC is used 

with the modulation index m=1.15. However, the effectiveness 

of the optimized strategy might be reduced under other 

modulation indexes. To address this issue, an optimal dual 

harmonic injection method for hybrid MMCs is proposed. The 

coupling injection effect of second order harmonic circulating 

current and third order harmonic voltage has been considered to 

determine the final injection values. The proposed dual 

harmonic injection can further reduce the overall voltage 

fluctuation of SM capacitors under different modulation 

indexes. With the proposed injection method, differences in the 

voltage fluctuations of HB and FB SMs in the hybrid MMC can 

be significantly reduced. 

II. MATHEMATICAL MODEL OF HARMONIC INJECTION IN 

HYBRID MMCS 

The topology of the hybrid MMC is shown in Fig. 1. Each 

arm consists of N SMs, including H HBSMs and F FBSMs. Udc 

and Uac are the amplitudes of DC and AC voltages, Idc and Im 

the amplitudes of DC and AC currents, φ the initial phase angle, 

ua, ub and uc the AC phase voltages, Larm the arm inductor and iuj 

and idj the currents of the upper and lower arms of each phase, 

where j=a, b, c.  
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Fig. 1.  Topology of the hybrid MMC. 

Phase a is taken as an example considering the three AC 

phases symmetrical. According to the positive direction 

identified in Fig. 1, the upper and lower arm voltages uua and ula 

are: 

ua dc ac

la dc ac

1
sin

2

1
sin

2

u U U t

u U U t






= −


 = +


,                          (1) 

where ω is the fundamental angular frequency. 

Ignoring the high-order circulating current components, the 

upper and lower arm currents are: 

( )

( )

ua dc m

la dc m

1 1
+ sin

3 2

1 1
sin

3 2

i I I t

i I I t

 

 


= −


 = − −


.                (2) 

The modulation index m of the hybrid MMC is defined as 

ac

dc

2U
m

U
= .                                    (3) 

The instantaneous power in the arm is 

ua ua ua

la la la

P U i

P U i

= 


= 
.                          (4) 

Substituting (1) and (2) into (4), the power in the upper and 

lower arms becomes: 
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( ) ( )

( ) ( )

dc m dc m

ua

dc dc dc dc dc m

dc m dc m

la

dc dc dc dc dc m

sin cos 2
4 8

sin + cos
6 6 8

sin cos 2
4 8

sin + cos
6 6 8

U I mU I
s t t

mU I U I mU I
t

U I mU I
s t t

mU I U I mU I
t

   

 

   

 


= − + −




− −


 = − − + −


− +


.  (5) 

In steady-state, there is no DC power component in the arms. 

Otherwise, the accumulated energy in capacitors will increase 

or decrease continuously. Therefore, the DC component in 

equation (5) should be zero. Then, 
d m

3
cos

4
cI mI = can be 

obtained. Equation (5) can be simplified to: 

( )

( )

( )

( )

2

dc m dc m

ua

dc m

2

dc m dc m

la

dc m

sin cos sin
4 8

cos 2
8

sin cos sin
4 8

cos 2
8

U I m U I
s t t

mU I
t

U I m U I
s t t

mU I
t

   

 

   

 


= − −




+ −

 = − − +


+ −


.  (6) 

The second harmonic circulating current injection strategy is 

implemented by controlling the amplitude and phase angle of 

the second harmonic circulating component to the set value 

[20]. The amplitude is I2 and the phase angle is φ2. Ignoring the 

higher-order harmonic component [20], the upper and lower 

arm currents are: 

( )

( )

2

2

ua_inj

la_i

dc m 2

dc m 2nj

(2 )

sin(2 )

1 1
+ sin sin

3 2

1 1
sin

3 2

t

t

I I t Ii

i I I t I

 

 

 

 

+

+


= − +


 = − − +


.  (7) 

The third harmonic voltage injection scheme refers to 

superimposing the third harmonic zero-sequence component on 

the three-phase modulation waves [19]. The amplitude and 

phase angle of the injected voltage are set as U3 and φ3. The 

voltages of the upper and lower arms are expressed as: 

( )

( )

3

3

ua_inj

la_

dc ac 3

dnj c ac 3i

(3 )

(3 )

1
sin sin

2

1
sin sin

2

cir

cir

t

t

U U t U u

U U t U u

u

u

 

 





+

+


= − − −


 = + + −


.  (8) 

In equation (8), ucir is the second order voltage component 

generated by controlling the second order harmonic circulating 

current. ucir is usually ignored in the control system when 

analyzing the capacitor voltage fluctuations since its magnitude 

is small [21],[24],[26],[27]. To simplify the presentation, the 

second and third harmonic injection coefficients k2 and k3 are 

defined as (the subscripts 2 and 3 indicate the second and third 

harmonics): 

2
2

dc

3

3

dc

3

2

I
k

I

U
k

U


=



 =


.                               (9) 

Combining (7), (8) and (9), the voltage and current of the 

arm with the second and third harmonic injections are obtained 

as follows: 

( )( )

( )

3

2_

dc 3

du c

ua_inj

a inj 2

(3 )

(2 )

1
1 sin sin

2

1 2
(1 sin sin )

3 cos

t

t

u U m t k

i I t k
m

 

 



 


+

+


= − −


 = + − +


.  (10) 

Therefore, the instantaneous power of the arm can be 

expressed as 

ua_inj ua_inj_i

0

n

i

s s
=

=  ,                                  (11) 

where sua_inj_i represents the i-th order frequency component of 

the arm instantaneous power and n represents the number of 

harmonics. According to equation (8), each component can be 

derived as: 

ua_inj_ 0

ua_inj_1

ua_inj_ 2

ua_inj

2

i

2

2 3 2 3

_ 3

ua_inj_ 4

ua_ nj_

2

5

2

2

2 3

dc dc

ocos cos( + ) cos( + )1

2 2 ( t)cos +4sin( )

cos sin(

0

s

2 + )

o

co

6

s 2

c s

sin

c

( +

s

k
s

s

k k m t k m t

m t

m t k t

I U

s m

s

s

      

   

     



 
 
 
 
 



 − − −
 
− − 

−

=
 
 
 
 


+

 

( ) ( )3

3

3 2 2

3 3

2 3 2 3

)

cos(2 )

1
2 sin 3 cos cos 3

2

cos(4 + )

1
cos cos(5 + )

2

cos

m t

m k t mk t

k t

mk k t

 

     

  

   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



+ − 

 − + + 



+

−

+

. (12) 

The detailed derivation of Equation (12) is shown in the 

appendix. Equation (12) shows the mathematical expressions 

of the fundamental and low-order harmonics of the arm power, 

which can be used to derive the conditions of the second and 

third harmonic injection coefficients k2 and k3 of the proposed 

strategy. 

III. PROPOSED DUAL HARMONIC INJECTION STRATEGY 

The range of the capacitor voltage ripples is positively 

correlated with that of the arm power fluctuation [20]. 

Therefore, suppressing the fundamental frequency component 

and the second harmonic component of the arm power can 

effectively reduce capacitor voltage ripple. This section 

proposes a general strategy of optimally injecting the second 

harmonic circulating current and third harmonic voltage to the 

modulation reference of hybrid MMCs, so as to suppress the 

fundamental and second frequency components of the arm 

power. This is the main contribution of this paper. 

A. General fluctuation suppression strategy of the 

fundamental-frequency component  

From equation (12), the fundamental-frequency component 

fluctuation of the arm instantaneous power is obtained: 
2

2 3 2 3 2 2dc

ua_inj_1

dc

2

cos cos( + ) cos( + )

12 cos 2 ( t)c

s

os +4s

co

sin in( )
s

mk k m t k tI U

m m t

      

    

 − − −
 
− − 

=



.(13) 
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From the trigonometric identity transformation of equation 

(13), the fundamental power sua_inj_1 can be expressed as two 

orthogonal quantities: 

( ) ( )ua_in 1j_1 1cos sinA t Bs t = + ,                   (14) 

where A1 and B1 are: 

( )

( )

2dc dc

1 2 2

2 3 2 3

2dc dc

1

2

2 2 2 3 3 2

( 4sin cos cos
12 cos

cos cos )

2 cos 4cos
12 cos

cos sin cos sin )

I U
A k m

m

k k m

I U
B m

m

k m k k m

  


  

 


    


= − −


− −

 = + +



+ −

(-

.              (15) 

Let A1=B1=0 to suppress the fundamental-frequency 

component fluctuation of the power. Moreover, k2, k3, φ2 and φ3 

should satisfy the following formulas 

( )

( )

2 1 2 3

3 2 2 3

,

,

k f

k f

 

 

 =


=

,                              (16) 

where the functions f1 and f2 are defined as follows 

( )
( ) ( )

( )

( )
( )

( ) ( )

2

3 2 3 2

1 2 3 2

2 3

3

2 2

2 2 3 2

3 2 3 2

4cos 2 cos cos
,

cos sin 2

2 cos cos 2 sin sin
,

cos cos 2cos

m
f

m

m m m
f

m

     
 

  

   
 

     

 − − + + −
=

−


− + −
= − − − +

. (17) 

The second and third harmonic injection coefficient k2 and k3 

can be obtained by solving equations (16) and (17) when the 

power factor φ and modulation index m are given. Then, the 

optimal suppression of fundamental-frequency fluctuation can 

be obtained. As the above suppression strategy can under 

various modulation indexes and power factor conditions, it can 

be considered as a general injection strategy for fundamental 

components.  

B. General fluctuation suppression strategy of the 

double-frequency component 

According to equation (12), the double-frequency fluctuation 

of the arm instantaneous power can be obtained 

3 3d

2

ua_

c

inj_ 2

dc

2

cos(2 + ) cos(2 )

cos sin(2 + )6 cos
s

k t m tI U

k m tm

    

  

− + + −

+
=

 
 
 

. (18) 

From the trigonometric identity transformation of equation 

(18), the second harmonic power sua_inj_2 can be expressed as 

two orthogonal quantities: 

( ) ( )n 2ua_i j_ 2 2cos 2 sin 2A t B ts  += ,                   (19) 

where A2 and B2 are 

( )

( )

dc dc

2 2 2 3 3

dc dc

2 2 2 3 3

cos sin cos cos )
6 cos

( cos cos sin sin )
6 cos

I U
A k m k m

m

I U
B k m k m

m

    


    



= − + +



 = + + +


（

. (20) 

Let A2=B2=0 to eliminate the double-frequency component 

fluctuation of the power. Moreover, k2, k3, φ2 and φ3 should 

satisfy the following formulas 

( )

( )

2 3 2 3

3 4 2 3

,

,

k f

k f

 

 

 =


=

,                              (21) 

where the functions of f3 and f4 are defined as follows 

( )
( )

( )

( )
( )

( )

3

3 2 3

3 2

2

4 2 3

3 2

sin 2
,

cos sin

cos
,

cos

f

m
f

 
 

   

 
 

  

 − +
=

+ −


+
=

 + −

.               (22) 

The second and third harmonic injection coefficient k2 and k3 

can be obtained by solving equations (21) and (22) when the 

power factor φ and modulation index m are given. Then, the 

optimal suppression of double-frequency fluctuation can be 

obtained. Similar to the above injection strategy for the 

fundamental-frequency component, the injection strategy for 

second order harmonic component fluctuation is also 

applicable to various modulation indexes and power factor 

conditions. 

C. Amplitude constraints of the injected harmonics  

Considering the normal operating conditions and the 

electrical stress of the devices, the injection of the second and 

third harmonics must be properly designed. 

With respect to the second harmonic current injection, the 

amplitude of the second harmonic current injection k2t in the 

classical injection method [21] is defined as:  

m
2t

dc

3

4

mI
k

I
= .                                      (23) 

In order to avoid increasing the electrical stress, the final 

second harmonic circulating injection coefficient k2 should 

satisfy 

2 2 tk k .                                      (24) 

As for the third harmonic voltage injection, when it is not 

activated, the negative peak value of the arm reference voltage 

Uua_min can be calculated by 

( )ua_min dc

1
1

2
U U m= − .                       (25) 

With the third harmonic voltage injection, the negative peak 

value of Uua_inj_min becomes: 

ua_inj_min ua_ injminU u= .                       (26) 

The hybrid MMC control strategy can automatically 

determine that the arm reference voltage is only supported by 

FBSMs when the arm voltage is negative. This is a pre-set 

process. Therefore, the negative peak Uua_inj_min with the third 

harmonic voltage injection should not exceed the negative peak 

of Uua_min. Thus, the third harmonic voltage injection 

coefficient k3 should satisfy equation (27), which is calculated 

from equations (8) and (26): 
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( )

( )
1/3

2 1/3
3 3

1/3 1/3 2/
3

3 3
3

2
3 i 33

Re
3 2 33 i 3

m m mm
k

m m

  
   − +

  + +
 

− + 
 

 − .  (27) 

Then the amplitudes of the second and third harmonic 

injections can be determined according to equations (24) and 

(27). 

D. General calculation method of the final references under 

the dual harmonic injection 

To reduce the capacitor voltage ripples of both HBSMs and 

FBSMs in hybrid MMCs, according to equations (17) and (22), 

the following optimal injection can be obtained when equation 

(28) is satisfied. 

( ) ( )

( ) ( )

1 2 3 3 2 3

2 2 3 4 2 3

, ,

, ,

f f

f f

   

   

 =


=

.                       (28) 

Considering the constraint equations (24) and (27), the 

results from (28) are shown in Fig. 2. Considering the practical 

engineering application, m will not be too low in normal 

operation, generally around 1. Therefore, the range of m is 

(0.8-1.4) after considering the margin. Area1 and area2 are 

obtained from equation (28). It can be seen that the results vary 

with the change of m and cos φ. In area1, the fundamental and 

double frequency fluctuations of the power can be eliminated. 

In area2, where the modulation index is relatively small and the 

power factor is close to zero, the goal of the simultaneous 

suppression cannot be achieved. In this area, equation (16) is 

satisfied, which indicates that the fundamental frequency 

power fluctuations can be suppressed. However, this is not the 

case for equation (21). 

cosφ

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

m
0.8 0.9 1 1.1 1.2 1.3 1.4

area1area2

 
Fig. 2.  Solutions for fundamental and double frequency power suppression.  

Therefore, under the constraint of (16), there should be an 

optimal injection combination that can suppress the 

double-frequency component fluctuations as much as possible. 

From equations (19) and (20), the amplitude of the second 

harmonic power sua_inj_2 can be obtained. Therefore, the 

objective function can be defined as: 

( )

( )

2
2 2 2 2

_ _ 2 3 22 3

2 1 2
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2 3
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
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  


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
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= = + + −

+ − + − +



− . (29) 

The objective function is to minimize the amplitude of the 

second harmonic power sua_inj_2. 

Fig. 3 shows the flow chart of optimizing area2. Supposing 

φ2, φ3∈[-π, π], φ20 and φ30 are the initial values of the phase 

angle of the second and third harmonic injections (φ20=φ30=-π). 

Meanwhile, d2 and d3 are the changing steps of the phase 

angles. For each group of (φ2, φ3), φ2 and φ3 are substituted into 

equation (16) to calculate k2 and k3. This will ensure a complete 

suppression of the fundamental-frequency power fluctuation. If 

the constraint equations (24) and (27) are satisfied, (φ2, φ3, k2, k3) 

will be substituted into equation (29) to obtain the value of 

objective function min F(φ2, φ3), and record them as a group (φ2, 

φ3, F(φ2, φ3)). Then the values of φ2 and φ3 are changed and the 

above process is repeated until φ2 and φ3 reach the maximum 

(π). Finally, the combination of (φ2op, φ3op) will be determined 

to minimize the ripples of the double-frequency component. 

Input system parameters 
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Fig. 3.  Flow chart of calculating the optimal injection in area2. 

The implementation of the proposed dual harmonic injection 

method is shown in Fig. 4. Δu2 and Δu3 refer to correction 

voltages of the second and third order harmonic injections. ej_ref 

represents the modulation reference in j-phase from the 

conventional MMC dq-frame control. Firstly, the area of 

working conditions (m, cos φ) should be determined. If (m, cos 

φ) falls into area1, solving (28) will achieve the suppression of 
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fundamental and double frequency fluctuations. Otherwise, if 

(m, cos φ) falls into area2, the optimization process in Fig. 3 

will be activated to minimize the overall capacitor voltage 

fluctuations. Further, the optimized injection group (k2, k3, φ2, 

φ3), which is pre-calculated offline, is set as the reference of the 

harmonic generator, as shown in Fig. 4. Then, the harmonic 

voltage generator outputs the voltage correction Δu2 and Δu3 

which will be superimposed on the modulation waves. Finally, 

the reference value of arm voltage for modulation is obtained. 
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Fig. 4.  Control blocks of the proposed control method. 

To compare the proposed control strategy with the injection 

strategy reported in [21], the power fluctuation amplitudes 

obtained from both methods are plotted in Fig. 5. The 

parameters in Table I are used for both strategies. 

TABLE I 
PARAMETERS OF THE TEST SYSTEM  

Items/Unit Values 

AC side voltage / kV 168/176/184/192/200 

Modulation index 1.05/1.1/1.15/1.2/1.25 

DC voltage / kV 320 
Rated power / MW 500 

Capacitance of SM / μF 10000 
Number of FBSMs 130 

Number of HBSMs 100 

Arm reactor / H 0.06 
Capacitor voltage reference / kV 1.39 

 

As shown in Fig. 5, the arm instantaneous power fluctuation 

peak values form the surface S2 in case of using the proposed 

strategy. S2 is lower than the surface S1 obtained from the 

method reported in [21]. The voltage ripples can also be 

effectively reduced in the proposed control strategy since the 

capacitor voltage fluctuations are similar to the power 

fluctuations.  
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Fig. 5.  Comparison of power fluctuation amplitudes. 

IV. SUPPRESSION EFFECTS OF THE VOLTAGE FLUCTUATION 

DIFFERENCE BETWEEN HBSMS AND FBSMS 

Under the boosted modulation of hybrid MMCs, there are 

negative periods of the arm reference voltage, as shown in Fig. 

6. During this period, only the FBSMs participate in the sorting 

algorithm. Therefore, FBSMs will be charged and discharged 

more frequently than HBSMs, arising from the difference in 

capacitor voltage fluctuations between the two types of SMs 

[26]-[27]. 

0

t1 t2 tx1 tx2 t

uua

Udc/2

With proposed strategyWithout proposed strategy

 

Fig. 6.  The arm reference voltage of hybrid MMC. 

Simulations have shown that the energy accumulation of 

FBSMs during the above period is positively correlated with 

the range of the fluctuation difference. To conduct a 

quantitative comparison, the proposed control strategy is not 

activated initially. During the period (t1, t2), the average energy 

accumulation ΔEF of FBSMs is: 

2

1
F ua

1 t

t
E s dt

F
 =  ,                            (30) 

where F is the number of FBSMs. When the proposed control is 

triggered, the period of the negative voltage is reduced to (tx1, 

tx2), as shown in Fig. 6. Then the arm power is suppressed to 

Sua_inj instead of Sua, and equation (30) will be updated to: 

x 2

x1
F1 ua_ inj

1 t

t
E s dt

F
 =  .                         (31) 

It is found that the negative interval of the arm reference 

voltage is reduced due to the application of the proposed 

control strategy. The instantaneous power fluctuation of the 

arm is reduced as well since the fundamental and double 



 7 

frequency components of the instantaneous power of the arm 

are suppressed. Based on the previous equations of arm power, 

the following relationship can be proved: 

F1 FE E   .                            (32) 

In this paper, the proposed control is not intentionally 

designed to reduce the voltage difference between two types of 

SMs in hybrid MMCs. However, thanks to the reduced 

capacitor voltage fluctuations, the switching of FB and HB 

SMs is improved with more balanced SM voltages, which is an 

additional benefit of the proposed control. 

V. VERIFICATION AND ANALYSIS  

In this section, a point-to-point hybrid MMC-HVDC link is 

simulated in PSCAD/EMTDC to verify the proposed control 

strategy. System parameters are given in Table I. In this system, 

one station regulates the DC voltage and the other controls the 

power. The proposed control is applied in the Vdc controlling 

station to verify its effectiveness. 

A. Verification of the steady-state operation 

The HVDC system reaches the steady-state at time t=3.0s 

with m=1.25 and cosφ=1. At time t=4.0s, the proposed control 

strategy is activated. The AC voltages, arm reference voltage, 

capacitor voltage ripple and arm current are shown in Fig. 7.  
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Fig. 7 Steady-state waveforms of the hybrid MMC: (a) AC voltages; (b) 

reference voltage of arm; (c) capacitor voltage ripples; (d) arm current. 

Fig. 7 shows that the proposed control does not affect the 

normal operation of the HVDC system and can reduce the 

amplitudes of the capacitor voltage ripples by suppressing the 

power fluctuations. 

B. Verification of the overall fluctuation suppression and 

capacitance reduction effects  

Fig. 8 shows the peak-peak results of the overall fluctuations 

of the capacitor voltage Up-p, with the proposed injection 

strategy, the classical injection strategy, and without using any 

additional injection strategy under various operating 

conditions.  
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Fig. 8.  Comparison of the voltage fluctuations of capacitor voltage Up-p. 

Fig. 8 illustrates that the proposed strategy can largely reduce 

the peak-peak value of the overall capacitor voltage 

fluctuations compared with the classical injection strategy and 

systems without additional control strategy. For a larger m, this 

percentage can be further increased. 

Given a specific ripple limit, the proposed strategy has the 

minimum requirement of the SM capacitor. In order to evaluate 

the relationship more accurately, the following calculation can 

be made. Assuming the ratios of the positive and negative peak 

values of the overall capacitor voltages to the rated value are η1 

and η2, which satisfy: 

( )

( )

,min 2

,max 1

1

1

C C

C C

U U

U U





= −


= +

.                           (33) 

where UC, min and UC, max are the positive and negative peak 

values of the capacitor voltages and UC is the rated value. 

During the whole cycle, the maximum stored energy ΔWSM of 

each capacitor can be expressed as: 

( )2 2

0 ,max ,min

1

2
SM C CW C U U = − .                  (34) 

Taking the upper arm in phase a as an example. Let ε be any 

time within (0, T). Then, the integral of the arm power within (0, 

ε) is Wua: 

( ) ( ) ( )
0

( ) 0,ua uaW m p t d t T


  =  .          (35) 

In one period, the expression of the maximum value of ΔWSM 

is: 

( ) ( )( )
1

( ) max minSM ua uaW m W m W m
N

 = − .       (36) 
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According to equations (34) and (36), the SM capacitance C0 

can be obtained: 

( ) ( )

3
2 2

0 2 22

1 2

2 cos
1

23 1 1C

S m
C

mN U



  

  
= −  

    + − −   

. (37) 

where N is the number of SMs per arm. Assuming the 

transmitted power of the converter is constant, the capacitance 

variation is ΔC, and the corresponding variations of η1 and η2 

are Δη1 and Δη2. Therefore, from (37), the mathematical 

relationship between ΔC and Δη1 and Δη2 is as 

( ) ( )
0 2 22

1 1 2 2

3
2 2

2

3 1 1

cos
1

2

C

S
C C

mN U

m
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

+  = 
 + +  − +  −
 

  
−  

   

 (38) 

Substituting (37) into (38), the capacitance variation ΔC can 

be obtained: 

( ) ( ) ( ) ( )

2 2

1 2 1 1 2 2

2 2 2 2

1 2 1 1 2 2

3
2 2

2

2(1 ) 2(1 )

1 1 1 1

2 cos
1

3 2C

C

S m

mN U
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     





 
 −  + +  + −   = 

    + − − + +  − +  −
     

  
−  

   

(39) 

Using equation (39), two operating conditions are calculated: 

condition 1 (m=1.05, cos φ=1); condition 2 (m=1.25, cos φ=1). 

The capacitance reduction results are given in Table II. 

TABLE II 

COMPARISON OF SM CAPACITANCE VALUE REDUCTION 

Operating 

conditions 

Capacitance reduction ratio 

Classical strategy Proposed strategy 

1 18.5% 27.5% 
2 29.2% 43.4% 

It can be seen from Table II that the proposed control can 

further reduce the capacitance requirements of hybrid MMCs 

compare to the classical control. This, in turn, proves the 

effectiveness of the proposed dual harmonic injection strategy. 

In addition, the proposed strategy is capable to reduce the 

capacitance by 40%. In case of m=1.25, the average module 

voltages of a standard capacitance of 10000 μF (without the 

proposed scheme) and a reduced capacitance of 6000 μF (with 

the proposed scheme) are shown in Fig. 9. It can be observed 

that the proposed strategy can largely reduce the capacitance 

without sacrificing the fluctuation of the average module 

voltage (less than 1.4 % higher). 
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Fig. 9 Average module voltages with standard and reduced capacitor values. 

C. Verification of the voltage ripples under dynamic changes 

At t=5.0s, the power setpoint is respectively step changed 

with a 10% increase and 10% decrease. The averaged capacitor 

voltage fluctuations of HB and FB SMs are shown in Figs. 9(a) 

and (b).  
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Fig. 9.  Dynamic responses of SM voltages. (a) 10% step-up of the real power; 

(b) 10% step-down of the real power. 

Fig. 9 shows that the dynamic responses under the two 

power step changes are smooth. When the system reaches 

stable, the peak-peak capacitor voltages in the two cases also 

reach to new values which are either 10% larger or smaller than 

their previous values. This is reasonable because the capacitor 

voltage fluctuation is positively correlated with the transmitted 

real power of the hybrid MMC. 

D. Verification of the voltage balancing of HB and FB SMs 

The capacitor voltage ripples of HB and FB SMs are 

compared under two operating conditions of m=1.05 and 

m=1.25. The results are shown in Figs. 10(a) and (b). At t=4.0s, 

the proposed strategy is activated and the overall SM capacitor 

voltage fluctuations are suppressed. More comparison results 

with different modulation indexes are shown in Fig. 10(c). Udif 

refers to the peak-peak value of fluctuation difference between 

the two types of SMs. 
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Fig. 10.  Comparison of voltage fluctuations between HB and FB SMs: (a) 

m=1.05, cosφ=1; (b) m=1.25, cosφ=1; (c) m∈[0.85,1.3], cosφ=1. 

It is observed that the capacitor voltage fluctuations of HB 

and FB SMs can be largely reduced once the proposed injection 

strategy is triggered. Moreover, the voltage difference between 

the two types of SMs is reduced. As shown in Fig. 10(c), a 

larger modulation index m leads to a worse voltage difference 

suppression performance. This is because that the FBSMs are 

more frequently charged and discharged under a large m. This 

phenomenon is observed in both two cases with and without the 

proposed control. However, it can be seen that voltage 

difference suppression of the proposed control performs better 

than the case without additional control in any value of m. The 

results also indicate that the voltage difference of the two types 

of SMs in a hybrid MMC cannot be completely suppressed 

under any value of m. 

E. Verification of the harmonic spectrum of arm currents 

As both the classical and proposed strategies will inject 

harmonics into each arm of the hybrid MMC, the harmonic 

spectrum of the arm currents should be carefully evaluated and 

compared. Fig. 11 shows the harmonics of the arm currents 

under the aforementioned two operating conditions. 
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Fig. 11.  Comparisons of arm currents: (a) m=1.05, cosφ=1; (b) m=1.25, cosφ=1; 

(c) arm current spectrum (m=1.05, cosφ=1); (d) arm current spectrum (m=1.25, 

cosφ=1). 

It is observed from Figs. 11(a) and (b) that the proposed 

control strategy does not affect the current profile too much 

under different operating conditions. Fig. 11(c) shows that the 

arm current is mainly composed of DC, fundamental and 

double frequency components. The amplitudes of the third and 

higher-order frequency components are relatively small. 

Compared with the classical strategy, under both operating 

conditions, the fundamental frequency components of the arm 

current are almost unaffected, and the double frequency 

components are slightly reduced. Although slight increments 

are observed in the third and higher-order harmonics, their 

amplitudes are much smaller than the fundamental and double 

frequency components. Therefore, the normal operation will 
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not be affected by the proposed control strategy. 

F. Verification of the transient performance 

A grid-side single-phase-to-ground fault has been set at t = 6 

s to test the transient performance of the proposed strategy. The 

fault resistance is 300 Ω with a duration of 100 ms. The fault 

leads to a 15% voltage drop in the faulted phase. The behaviors 

of the capacitor voltages without and with the proposed strategy 

are shown in Fig. 13. 
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Fig. 13 MMC capacitor voltages under a grid-side single-phase fault. (a) 

without the proposed strategy; (b) with the proposed strategy. 

It can be seen from Fig. 13 that the proposed strategy shows 

better performance with less capacitor voltage ripples in both 

steady and transient states compared to the system without 

using the proposed strategy. Moreover, during the fault, the 

capacitor voltages experience less distortions in case of using 

the proposed control strategy. The systems in the two cases 

recover to steady-state in similar manners. This study shows 

that the proposed harmonic injection control would not affect 

the fault tolerant operation of the converters. 

VI. CONCLUSIONS  

In this paper, a general suppression strategy for sub-module 

capacitor voltage ripples of hybrid MMC has been proposed 

using an optimal dual injection of the second harmonic 

circulating current and third harmonic voltage into the 

conventional MMC control. With the proposed control strategy, 

the fundamental and double frequency components of the arm 

power can be both eliminated and therefore, the capacitor 

voltage ripples can be significantly reduced at the same time. 

The proposed strategy has better performance in reducing the 

overall fluctuation of the capacitor voltages. The peak-peak 

capacitor voltage fluctuation of all SMs can be largely reduced. 

More importantly, the capacitance of hybrid MMC can be 

reduced if the proposed control strategy is employed. The 

difference of the voltage fluctuation between HB and FB SMs 

is also well suppressed under the proposed control strategy. 

Simulations and calculations have shown that the proposed 

strategy has few impacts on the normal operation of the hybrid 

MMC-HVDC system, in terms of harmonics and losses. It 

should be also highlighted that the impact of the proposed 

control strategy on operation under weak grid conditions and 

reduced capacitor values, although highly desirable to verify its 

robustness, falls out of the scope of this paper. 
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