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A R T I C L E  I N F O   
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A B S T R A C T   

The high and low order dc-link current ripple can be caused under balanced and unbalanced ac grid/load 
conditions for three-phase modular multilevel converters (MMCs). To enhance the dc-link current quality, this 
paper proposes an additional-levels-based control (ALC) method, where the conventional modulation is 
employed to generate ac-side voltage levels and a model predictive control (MPC) algorithm with reduced 
calculation burden is developed to produce additional levels for dc-link current performance improvement. 
Through evaluating the cost function of MPC, the proposed method can reduce both high and low order dc-link 
current ripple for the MMC. Meanwhile, it avoids disturbing the quality of the ac-side voltage. Besides, the 
calculation burden of the proposed method is independent of the submodules’ number per arm. The validity and 
effectiveness of the proposed method have been verified by simulation and experimental results. 

© 2017 Elsevier Inc. All rights reserved.   

1. Introduction 

Modular multilevel converters (MMCs) have drawn extensive in
terests and become increasingly attractive in medium voltage high 
power industrial applications, such as dc distribution networks, motor 
drive, energy storage, etc. [1–3]. Consisting of many stacked sub
modules (SMs), the MMC can synthesize multilevel voltages in its ac 
side. It has a series of salient features such as modular structure, scal
ability, flexibility, and high efficiency [4–6]. 

The dc-link current distortion is one of the major concerns for the 
MMC, especially in some medium voltage applications with a relatively 
small number of submodules (SMs) and without large smoothing re
actors. The unbalanced ac grid/load condition is one of the reasons that 
account for low order dc-link current ripple. In addition, due to the 
modulation schemes or the necessary second order circulating current 
suppression control (CCSC) methods, the total number of upper and 
lower arm inserted SMs no longer remain constant at N (where N is the 
number of SMs per arm). Instead, it become variable around N and 
asymmetric for three-phase system, which causes high order zero- 
sequence voltage. Accordingly, the zero-sequence circulating current 
is produced and further flows into the dc link of the MMC, leading to dc- 

link current ripple under balanced ac condition. It may result in dc-link 
power oscillation, deteriorate dc-link power quality, affect dc-link 
equipment, and lead to potential instability issues [7–12]. As a result, 
it is essential to improve the dc-link current performance of MMCs. 

To date, some studies have been conducted to solve the low order dc- 
link current ripple of the MMC under unbalanced ac conditions. Refer
ence [7] presents a supplementary dc current ripple suppressing control 
by compensating the second order zero-sequence voltages in three 
phase-legs, in which the second order dc-link current ripple of MMCs 
under unbalanced grid voltages can be removed. Reference [8] presents 
a proportional-resonant dc-link current controller, which can eliminate 
the second order dc-link current ripple of MMCs under unbalanced grid 
voltages. Reference [9] presents an MPC embedding the internally 
generated zero-sequence voltage into the three-phase predictive model, 
which can suppress most of the low order dc-link current ripple of MMCs 
under unbalanced ac currents. However, [7–9] ignore the fact that the 
dc-link current ripple can also be caused under balanced operation of the 
MMC. 

Currently, a few research works have focused on the dc-link current 
ripple of MMCs under balanced operation conditions. A modified MMC 
topology is developed in [10] by replacing arm inductors with three- 
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winding transformers and employing a circulating current suppression 
inverter. The arm current harmonics are absorbed by SM capacitors, 
which can suppress both second order circulating current and high order 
dc-link current fluctuations. However, hardware cost and volume are 
increased unavoidably. Reference [11] presents a control based on 
regulating the phase-shifted angles of carrier waves, which can elimi
nate high frequency dc-link current ripple of the MMC introduced by the 
modified carrier phase shifted pulse width modulation (PWM) [12]. 
Reference [13] presents a method regulating three-phase arm inductor 
voltage pulses to be counteracted, which can suppress the dc-link cur
rent ripple for MMCs under 2 N + 1 submodule unified PWM. References 
[14] and [15] present dc-link current ripple suppression strategies for 
MMCs based on two-group-carrier phase-disposition PWM. Through 
regulating the phase angles of three-phase carriers, the high frequency 
dc-link current ripple caused by CCSC can be eliminated. However, the 
methods in [11,13–15] are all implemented through precisely regulating 
PWM pulses and only applicable for PWM schemes. The dc-link current 
ripple under nearest level modulation (NLM) is more serious because the 
round error of CCSC reference voltage can further increase the dc-link 
current ripple [16]. In [16], a hybrid modulation is presented, where 
the fundamental frequency reference voltage is modulated by NLM and 
the CCSC reference voltage is modulated by PWM to remove the error. 
The dc-link current ripple of MMCs is reduced compared with conven
tional NLM. However, this method is not applicable for level-increased 
NLM [17], in which another modulation error is produced by the 
small offset combined in arm reference voltage and cannot be fully 
removed. Moreover, [11] and [13–16] are all open-loop control 
methods and cannot suppress the low order dc-link current ripple under 
unbalanced ac condition. 

Recently, the MPC provides a promising solution for MMCs due to its 
good features like simple control structure, easy implementation for 
multiple objectives control, good dynamic response and easy handling of 
nonlinearities [18]. The finite-control-set MPC has been reported to 
coordinate the control of ac-side current, circulating current and/or 
capacitor voltages for MMCs [19–21]. Using one predefined cost func
tion with some weighting factors, the MPC chooses one solution with the 
minimum cost function from limited number of switching combinations 
in each control period, which can achieve optimal control. Compared 
with linear controllers [7,8], the MPC does not extract the specific fre
quency information of dc-link current ripple and can suppress multiple 
frequency ripple components in one controller, which is simpler and 
easier and can achieve better dc-link current performance. 

In this paper, the relationship between dc-link current and the total 
number of three-phase arm voltage levels is derived. An additional- 
levels-based control (ALC) method is proposed to reduce dc-link cur
rent ripple for MMCs. The modulation technique is employed to 
generate ac-side voltage levels, while an MPC algorithm with reduced 
calculation burden is developed to produce additional levels regulating 
the performance of dc-link current and three-phase circulating currents. 
The arm voltage levels are the sum of ac-side voltage levels and addi
tional levels. The primary contributions of this paper are: 1) an ALC 
method is newly proposed, which can reduce high and low order dc-link 
current ripple under both balanced and unbalanced ac conditions, 
together with suppressing the low order circulating current for the 
MMC; 2) the proposed method does not disturb the ac-side voltage 
quality; 3) the calculation burden of the proposed method is indepen
dent of the number of SMs per arm. 

The rest of this paper is organized as follows. Section 2 introduces the 
basic principle of MMCs. Section 3 proposes the ALC method to reduce 
dc-link current ripple as well as suppress second order circulating cur
rent for MMCs. Section 4 presents the discussion of proposed method. 
The simulation and experimental results are presented in Section 5 and 
6, respectively, to show the effectiveness and validity of proposed 
method. Finally, Section 7 draws the conclusions. 

2. Modular multilevel converters 

Fig. 1 shows a three-phase MMC with six arms. The upper arm and 
lower arm in the same phase make up a phase-leg. Each arm is composed 
of N cascaded half-bridge SMs and an inductor Ls. Each SM contains a 
storage capacitor CSM and two switches T1, T2. During its normal oper
ation, each SM has two states. If the SM is “Inserted”, its output voltage 
equals the capacitor voltage. If the SM is “Bypassed”, its output voltage 
equals zero. 

In Fig. 1, the ac-side mathematical model of phase j (j = a, b, c) for the 
MMC [22] is 

uj = uej −
Ls

2
dij

dt
(1)  

with 

uej = (ulj − uuj)/2 (2)  

where uj and ij are the ac-side voltage and current of phase j, respec
tively. uuj and ulj are the sum of the SM output voltages in the upper arm 
and lower arm of phase j, respectively. uej is the ac electromotive force 
(EMF) of the MMC. 

In Fig. 1, the dc-link current of the MMC can be written as 

idc =
∑

j=a,b,c
iuj =

∑

j=a,b,c
ilj (3)  

where iuj and ilj are the upper and lower arm current of phase j. 
The dynamics of the circulating current in phase j of the MMC is [23] 

dicirj

dt
=

1
2Ls

(
Udc − uuj − ulj

)
(4)  

with 

icirj = (iuj + ilj)/2 (5)  

where icirj is the circulating current in phase j. Udc is the dc-link voltage 
of the MMC. During the normal operation, the rated average capacitor 
voltage of the SM is Udc/N. Suppose that nuj and nlj are the number of 
upper and lower arm output voltage levels of phase j, uuj and ulj can be 
expressed as 
{

uuj = nujUdc/N
ulj = nljUdc/N (6)  

Fig. 1. Three-phase MMC with half-bridge SM.  
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3. Proposed ALC method for reduced dc-link current ripple 

3.1. Relationship between dc-link current & circulating current 

According to (3) and (5), the relationship between the dc-link current 
idc and three-phase circulating currents icira, icirb, and icirc can be obtained 
as 

idc =
∑

j=a,b,c
icirj (7) 

The total number of upper and lower arm output voltage levels of 
phase j is denoted as nsumj, which is expressed as 

nsumj = nuj + nlj (8) 

The circulating current of the MMC can be expressed based on (4), 
(6) and (8), as 

icirj =
Udc

2NLs

∫

(N − nsumj)dt (9) 

The dc-link current of the MMC can be written based on (7) and (9), 
as 

idc =
Udc

2NLs

∫

(3N −
∑

j=a,b,c
nsumj)dt (10) 

Equation (9) shows that the three-phase circulating currents icira, icirb, 
and icirc are affected by nsuma, nsumb, and nsumc. Equation (10) shows that 
the dc-link current idc is affected by the sum of nsuma, nsumb, and nsumc. 

When the MMC works under balanced ac condition, nuj and nlj (and 
nsumj) are mainly determined by modulation schemes and control stra
tegies like CCSC [16,22,24]. Due to the common-mode control reference 
produced by CCSC, the references of upper and lower arms are not 
exactly symmetrical and the upper and lower arm output voltage levels 
are changed asynchronously [13–17]. As a result, nsumj does not remain 
constant at N, but varies among N, N ± 1, … This further lead to the 
variation of the sum of nsuma, nsumb, and nsumc. Fig. 2 shows the simulated 
waveforms of nsuma, nsumb, nsumc and their sum under the level-increased 
NLM [17] and conventional CCSC [24], which are derived from the 
simulation system in Section V. It clearly shows the variation of the sum 
of nsuma, nsumb, nsumc, which would cause high order dc-link current ripple 
and distort the dc-link current according to (10). On the other hand, 
when the MMC works under unbalanced ac condition, the second order 
dc-link current ripple will be generated [7,8,25]. 

3.2. Proposed ALC method for reduced dc-link current ripple 

Despite different causes for dc-link current ripple, (10) shows that 
the dc-link current quality of the MMC can be improved by regulating 
the sum of nsuma, nsumb and nsumc. This paper proposes an ALC method to 

reduce dc-link current ripple of the MMC, as shown in Fig. 3. In each 
control period, the number of output voltage levels for upper and lower 
arms of phase j is firstly obtained, as 
{

nuj = nuj0 + ηj
nlj = nlj0 + ηj

(11)  

where nuj0 and nlj0 are generated by modulation of fundamental refer
ence voltages, as Udc/2 ∓ uej_ref. uej_ref is the reference ac EMF of phase j. ηj 
is the number of additional levels obtained by the implementation of 
proposed MPC algorithm, which can coordinate the performance of 
circulating current and dc-link current. The final number of output 
voltage levels per arm is the sum of nuj0 (nlj0) and ηj. The value of ηj could 
be 0, ±1, …, ±ηmax, where ηmax is determined by MMC parameters to 
ensure the controllability of circulating current and dc-link current. 

In Fig. 3, after nuj (nlj) is obtained, based on the arm current iuj (ilj) 
and the SMs capacitor voltages uCuj_1 ~ uCuj_N (uClj_1 ~ uClj_N), the sorting- 
based capacitor voltage balancing (CVB) control [26] is applied to bal
ance the capacitor voltages. Finally, the drive signals for SMs in the 
upper arm (lower arm) of the MMC are generated. 

Combining (2), (6) and (11), the ac EMF of the MMC can be 
expressed as 

uej =
nlj − nuj

2
Udc

N
=

nlj0 − nuj0

2
Udc

N
(12) 

Equation (12) indicates that uej is not affected by ηj. Thus, the pro
posed method does not disturb the ac-side performance of the MMC. 

Based on (8) and (11), the total number of upper and lower arm 
output voltage levels in phase j can be rewritten as. 

nsumj = nuj0 + nlj0 + 2ηj (13) 

From (13), nsuma, nsumb, nsumc in phases A, B and C can be regulated by 
ηj. Combining (9), (10) and (13), the additional levels number ηj can be 
used to reduce dc-link current ripple as well as suppress second order 
circulating current for MMCs. 

3.3. Prediction model and cost function of MMCs 

According to (4) and (11), the discrete mathematic model can be 
derived, and the predicted circulating current of phase j can be written 
as 

icirj(k + 1) =
Ts

2Ls

[
Udc −

(
nuj0(k) + ηj(k)

)
uCuj(k) −

(
nlj0(k)

+ ηj(k)
)
uClj(k)

]
+ icirj(k) (14)  

where Ts is control period. icirj(k) and icirj(k + 1) are the sampled circu
lating current at time step k and k + 1, respectively.‾uCuj(k) and‾uClj(k) 
are the average upper arm and lower arm capacitor voltages at time step 
k, respectively, which can be obtained as 
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

uCuj(k) =
1
N

∑N

i=1
uCuj i(k)

uClj(k) =
1
N

∑N

i=1
uClj i(k)

(15)  

where uCuj_i(k) and uClj_i(k) are the measured capacitor voltages of i-th SM 
in the upper arm and lower arm of phase j. 

As mentioned above, both three-phase circulating currents and dc- 
link current are affected by ηj. To achieve reduced dc-link current rip
ple while ensure the necessary control of suppressing second order 
circulating current for the MMC, the control target is designed as the dc- 
link current and circulating currents of phases A, B, C for the MMC. 
Therefore, the cost function can be expressed as 

Fig. 2. Simulated waveforms of nsuma, nsumb, nsumc and their sum for MMCs.  
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J = λ|idc ref (k + 1) −
∑

j=a,b,c
icirj(k + 1)|+

∑

j=a,b,c
|icirj ref (k + 1) − icirj(k + 1)|

(16)  

where λ is the weighting factor. idc_ref and icirj_ref are the reference dc-link 
current and reference circulating current of phase j. The first term in (16) 
represents the tracking error of the dc-link current, which determines 
the performance of the dc-link current. The second term in (16) repre
sents the tracking error of the circulating currents in three phases, which 
determines the performance of the circulating current. The tradeoff 
between the circulating current and dc-link current of the MMC can be 
achieved by regulating the value of λ. The aim is to select the values of 
ηa, ηb and ηc that minimizes (16) from a number of candidate combi
nations. By setting the value of λ appropriately, the dc-link current ripple 
can be reduced effectively, together with the second order circulating 
current. 

The reference dc-link current at time step k + 1 is the sum of refer
ence circulating currents in phases A, B and C, as 

idc ref (k + 1) =
∑

j=a,b,c
icirj ref (k + 1) (17)  

where icirj_ref(k + 1) is the reference circulating current of phase j at time 
step k + 1. Using the third-order Lagrange extrapolation method [27], it 
can be expressed as 

icirj ref (k + 1) = 4icirj ref (k) − 6icirj ref (k − 1)+ 4icirj ref (k − 2) − icirj ref (k − 3)
(18)  

3.4. Proposed candidate combinations generation 

Generally, ηj in (13) has 2ηmax + 1 possible values for phase j. ηa, ηb 
and ηc in three-phase MMC have (2ηmax + 1)3 possible combinations in 
all. As a result, there are (2ηmax + 1)3 predicted values of cost function J 
calculated in each control period. Apparently, the calculation burden of 
the algorithm will be greatly increased for the MMC system with a big 
value of ηmax. To solve the issue, a candidate combinations generation 
(CCG) is proposed to keep the number of possible values of ηa, ηb and ηc 
in each control period unchanged, no matter what ηmax is, which can 
prevent the growth of the calculation burden. 

Owing to that the variation of nsumj in (13) between two adjacent 
control periods is small during the normal operation of the MMC, three 
integer values around nsumj(k-1) are considered as possible values for 
nsumj(k), which correspond to three situations as nsumj(k) > nsumj(k-1), 
nsumj(k) = nsumj(k-1) and nsumj(k) < nsumj(k-1). Accordingly, in the pro
posed CCG, based on (13), ηj has three possible values in each control 

period. Considering ηj is an integer, the possible values of ηj are given as. 
ηj ∈ [η’j(1), η’j(2), η’j(3)], 
with 

⎧
⎪⎪⎨

⎪⎪⎩

η′

j(1) = hj − 1

η′

j(2) = hj

η′

j(3) = hj + 1

(19)  

hj = fix
[

nuj0(k − 1) + nlj0(k − 1) − nuj0(k) − nlj0(k)
2

]

+ ηj(k − 1) (20)  

where the function fix(x) returns the integer part of x. It should be noted 
that the sum of nuj0(k) and nlj0(k) in (20) is not always equal to N, but can 
change among N-1, N and N + 1 under some modulation schemes 
[17,22]. 

The possible values of ηa, ηb, and ηc for phases A, B, and C make up the 
candidate combinations V for the proposed ALC method. According to 
(19), the proposed CCG has 27 combinations in total in each control 
period for three-phase MMC, irrespective of N, as shown in Table 1. J1 ~ 
J27 are the calculated cost function values of these combinations. 

3.5. Implementation of proposed MPC algorithm 

An MPC algorithm is proposed for ALC method to determine the 
values of ηa, ηb, ηc that minimize the cost function in (16), so as to reduce 
the dc-link current ripple, as shown in Fig. 4. 

Fig. 4(a) shows the generation of the reference circulating current 
icirj_ref [28]. The moving average filter (MAF) is adopted to obtain the 
mean value of the sum and difference of the upper and lower arm 
capacitor voltages. Δicirj0_ref is obtained to control the total capacitor 
voltages in phase j to follow the rated value 2Udc. Δicirj1_ref is obtained to 
control the upper and lower arm capacitor voltages equal. δ is the phase 
angle of the ac EMF in phase A. VjIjcosφ/(2Udc) is employed to achieve 
the power balance between the dc and ac side in phase j. Vj and Ij are, 
respectively, the amplitudes of the ac-side voltage uj and current ij in 

Fig. 3. Block diagram of the proposed ALC method for MMCs.  

Table 1 
Candidate Combinations of Proposed Method.  

Number Combinations Cost Function 

1 V(1, 1, 1) = [η’a(1), η’b(1), η’c(1)] J1 

2 V(1, 1, 2) = [η’a(1), η’b(1), η’c(2)] J2 

3 V(1, 1, 3) = [η’a(1), η’b(1), η’c(3)] J3 

… … … 
26 V(3, 3, 2) = [η’a(3), η’b(3), η’c(2)] J26 

27 V(3, 3, 3) = [η’a(3), η’b(3), η’c(3)] J27  
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phase j of the MMC. φ is the angle between uj and ij. 
Fig. 4(b) shows the diagram of proposed MPC algorithm. In each 

control period, nuj0(k), nlj0(k), nuj0(k-1), nlj0(k-1) and ηj(k-1) for phases A, 
B and C are firstly obtained. Here, nuj0(k) and nlj0(k) are obtained by the 
modulation of the fundamental reference voltages shown in Fig. 3. The 
values at time step k-1 can be obtained through z-1 block. Based on (19), 
(20) and Table 1, the candidate combinations with η’a, η’b and η’c are 
generated. After then, according to η’j, icirj(k),‾uCuj(k),‾uClj(k), icirj_ref(k), 
nuj0(k), nlj0(k) for phases A, B, C and the predictive model in (14), all of 
the predicted circulating currents icira(k + 1), icirb(k + 1) and icirc(k + 1) 
are obtained. Here,‾uCuj(k) and‾uClj(k) are obtained based on (15) and 
icirj_ref(k) is obtained through Fig. 4(a). According to all of the predicted 
circulating currents, their reference values icira_ref(k + 1), icirb_ref(k + 1), 
icirc_ref(k + 1) and (16), the cost functions J1 ~ J27 can be calculated, and 
the optimal combination with η’a(k), η’b(k) and η’c(k) that has minimum 
value in J1 ~ J27 can finally be determined. Consequently, ηa, ηb and ηc 
are obtained. 

When the proposed algorithm is implemented in the digital 
controller, the issue of one-control-period delay is unavoidable. It can be 
compensated by applying the two-step prediction scheme [29]. Firstly, 
according to (14), icirj_ref(k + 1) is predicted based on icirj_ref(k). After
wards, the predictive algorithm is implemented again to obtain icirj_ref(k 
+ 2). The cost function is evaluated based on icirj_ref(k + 2) to generate ηa, 
ηb and ηc. 

4. Discussion of proposed ALC method 

4.1. Range of ηmax 

According to [30], the amplitude of the MMC phase-leg difference 
voltage corresponding to circulating current under normal operation is 

Ucir =
S

6ω0

1
CSMUdc/N − Udc/(8ω2

0Ls)
(21)  

where S is apparent power, ω0 is fundamental angular frequency. 
In order to control circulating current, the total output voltages of the 

upper and lower arm should cover the range of maximum and minimum 
phase-leg difference voltage, which requires 

{
max

[(
nuj0 + nlj0 + 2ηj)Udc/N

]
⩾Udc + Ucir

min
[(

nuj0 + nlj0 + 2ηj)Udc/N
]
⩽Udc − Ucir

(22) 

Usually, the sum of nuj0 and nlj0 varies among N-1, N and N + 1 
[13,17,21]. Therefore, ηmax should meet 

ηmax⩾ceil
[

1
2

(
NUcir

Udc
+ 1

)]

(23)  

where ceil(x) returns the nearest integer that is no less than x. 
Both nuj and nlj should be between 0 and N since each arm has N SMs, 

according to (11), ηmax should also meet 
{

ηmax⩽N − max(nuj0, nlj0)

ηmax⩽min(nuj0, nlj0)
(24) 

The maximum and minimum values of nuj0 and nlj0 in (24) are ob
tained by the modulation of the arm fundamental reference voltages 
Udc/2 ∓ uej_ref, as shown in Fig. 2. Thus, (24) can be rewritten as 
{

ηmax⩽N − ceil
[
max

(
N(Udc/2 ∓ uej ref )/Udc

) ]

ηmax⩽floor
[
min

(
N(Udc/2 ∓ uej ref )/Udc

) ] (25)  

where floor(x) returns the nearest integer that is no more than x. 
As a result, the range of ηmax can be obtained with (23) and (25). 

4.2. Selection of λ 

The value of λ should be designed properly for best quality of dc-link 
current. Suppose that Js and Jt are the cost function values of s-th and t-th 
(1 ≤ s, t ≤ 27 and s ∕= t) combinations in Table 1, the difference between 
Js and Jt is 

Jt − Js = λD+E (26)  

with 

D = |idc ref (k + 1) −
∑

j=a,b,c
icirj t(k + 1)| − |idc ref (k + 1) −

∑

j=a,b,c
icirj s(k + 1)|

(27)  

Fig. 4. Implementation of proposed algorithm. (a) Generation of the reference circulating current. (b) Diagram of proposed MPC algorithm.  
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E =
∑

j=a,b,c

[⃒
⃒icirj ref (k + 1) − icirj t(k + 1)| − |icirj ref (k + 1) − icirj s(k + 1)|

]

(28)  

where icirj_s and icirj_t are the predicted circulating current of s-th and t-th 
combinations, respectively. 

Ignoring the capacitor voltage ripple and based on (14), the pre
dicted circulating current can be expressed as 

icirj(k + 1) =
Ts

2Ls

[

Udc −
Udc

N
×
(
nuj0(k) + nlj0(k)

)
−

Udc

N
× 2

× ηj(k)
]

+ icirj(k) (29) 

Based on (29), the values of icirj(k + 1) in each control period are 
determined by ηj. Fig. 5(a) shows an example about icirj(k + 1) with ηj ∈

[η’j(1), η’j(2), η’j(3)] and icirj_ref(k + 1). The interval between icirj(k + 1) 
with η’j(1) and η’j(2) and the interval between icirj(k + 1) with η’j(2) and 
η’j(3) are both equal to UdcTs/(NLs), which is denoted as d. e1 ~ e3 denote 
the absolute errors between icirj_ref(k + 1) and icirj(k + 1) with η’j(1), η’j(2), 
η’j(3). Based on Fig. 5(a), it can be derived that the maximum absolute 
difference between any two of e1 ~ e3 is smaller than 2d. Combining 
(28), it can be obtained that   

|E|<6d.                                                                                        (30) 

Similarly, ignoring capacitor voltage ripple and based on (7) and 
(14), the predicted dc-link current (sum of three-phase circulating cur
rents) can be expressed as 

idc(k + 1) =
Ts

2Ls

[

3Udc −
Udc

N
×

∑

j=a,b,c

(
nuj0(k) + nlj0(k)

)
+

Udc

N
× 2

×
∑

j=a,b,c
ηj(k)

]

+
∑

j=a,b,c
icirj(k) (31) 

It shows that idc(k + 1) is determined by η’a + η’b + η’c. According to 
different values of η’a + η’b + η’c, the 27 candidate combinations in 
Table 1 can be divided into 7 groups, as shown in Table 2. 

Based on (31), in Table 2, the combinations in the same group have 
nearly identical values of idc(k + 1), while the combinations in the 
different groups have big differences of idc(k + 1). Fig. 5(b) shows an 
example about idc(k + 1) of groups (1) ~ 7 and idc_ref(k + 1). The interval 
of idc(k + 1) between adjacent groups is d. g1 ~ g7 are absolute errors 
between idc_ref(k + 1) and idc(k + 1) of groups (1) ~ 7. The bigger the 
error is, the higher the dc-link current ripple is. 

In Fig. 5(b), g3 and g4 are the two smallest errors among g1 ~ g7. In 
this case, it is desired to select the combination from group (3) and (4) 
for reduced dc-link current ripple. It can be observed that the minimum 
absolute difference between the two errors (g3 and g4) and the other 
errors (g1, g2, g5 ~ g7) is greater than d. Supposing that icirj_s(k + 1) in 
(27) is the predicted current of the combination in groups with small 
errors (like group 3 or 4 in Fig. 5(b)) and icirj_t(k + 1) in (27) is the 
predicted current of the combination in other groups, it can be obtained 
that  

|D|≥d.                                                                                         (32) 

To minimize the dc-link current ripple by the proposed MPC algo
rithm, it is desired that Js < Jt, which means that (26) should be greater 
than zero. Combining (26), (30) and (32), the value of λ should meet  

λ ≥ 6.                                                                                          (33) 

Equation (33) can ensure that the combinations in groups with small 
dc-link current tracking errors have smaller cost functions than those 
combinations in other groups, so that the proposed ALC method has 
minimal dc-link current ripple. And these combinations in groups with 
small dc-link current tracking errors have nearly same dc-link current 
performance, while they may have different circulating current perfor
mance, because their three-phase circulating current tracking errors are 
different. The combination with smallest cost function will be finally 
selected. Therefore, (33) can make sure that not only the dc-link current 
ripple of the MMC can be reduced, but also the three-phase circulating 
currents are controlled to track their references. It is worth noting that 
the dc-link current ripple can also be reduced when λ < 6. When (33) is 
satisfied, the best dc-link current quality can be achieved, which is in
dependent of MMC system parameters. 

4.3. Comparison studies 

Table 3 shows the comparison of proposed method with existing 
MPC methods [9,31,32] that reduce dc-link current ripple for the MMC. 

In [9], [31] and [32], the cost function of the MPC algorithms all 
include ac-side current. Their dc-link current and ac-side current are 

Fig. 5. Predicted current tracking errors. (a) icirj(k + 1) with ηj ∈ [η’j(1), η’j(2), η’j(3)] and icirj_ref(k + 1). (b) idc(k + 1) of groups (1) ~ 7 and idc_ref(k + 1).  

Table 2 
Values of η’a + η’b + η’c for Candidate Combinations.  

Group η’a + η’b + η’c Combinations 

1 ha + hb + hc-3 V(1, 1, 1) 
2 ha + hb + hc-2 V(1, 1, 2), V(1, 2, 1), V(2, 1, 1) 
3 ha + hb + hc-1 V(1, 2, 2), V(2, 1, 2), V(2, 2, 1), V(1, 3, 1), 

V(1, 1, 3), V(3, 1, 1), 
4 ha + hb + hc V(2, 2, 2), V(1, 3, 2), V(1, 2, 3), V(2, 1, 3), 

V(2, 3, 1), V(3, 2, 1), V(3, 1, 2) 
5 ha + hb + hc + 1 V(3, 2, 2), V(2, 3, 2), V(2, 2, 3), V(3, 1, 3), 

V(3, 3, 1), V(1, 3, 3) 
6 ha + hb + hc + 2 V(3, 3, 2), V(3, 2, 3), V(2, 3, 3) 
7 ha + hb + hc + 3 V(3, 3, 3)  

Table 3 
Comparisons of Dc-link Current Ripple Suppression Methods Using MPC.  

Methods Having effect on ac- 
side performance 

Computational 
burden (three-phase) 

Dc-link current 
reduction 
capability 

Low 
order 

High 
order 

[9] Yes 23×2N Yes No 
[31] Yes 3(N + 1)2 − Yes 
Method A in 

[32] 
Yes 2(2 N + 1) × 33 No Yes 

Method B in 
[32] 

Yes 27 No Yes 

Proposed 
method 

No 27 Yes Yes  
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both controlled by cost function with weighting factors. Therefore, the 
regulation of dc-link current can affect the ac-side current performance. 
In contrast, the proposed method does not affect ac-side performance, 
because the cost function of the developed MPC algorithm does not have 
ac-side current, and the ac EMF is only determined by ac-side voltage 
levels generated by conventional modulation and not affected by the 
additional levels generated by MPC. The proposed method has the same 
ac-side performance as conventional MMC control method. 

The combinations in [9,31] and method A in [32] are increased 
along with N. The combinations in method B in [32] and proposed 
method are independent of N, which have lower computational burden. 

The methods in [9] can reduce low order dc-link current ripple but 
cannot reduce high order dc-link current ripple. In [31], only high order 
dc-link current reduction results are presented. In [32], both methods A 
and B can reduce high-order dc-link current ripple but cannot reduce 
low order dc-link current ripple. The proposed method can reduce both 
low order and high order dc-link current ripple for the MMC. 

5. Simulation 

To confirm the effectiveness of the proposed method, a three-phase 
MMC with series connected R-L load is simulated through PSCAD/ 
EMTDC. The simulated system parameters are shown in Table 4. The 
level-increased NLM [17] is applied in the simulation. To better 
demonstrate the performance of the proposed method, the simulated 
results of the typical CCSC strategy [24] are also shown for comparison. 

5.1. Operation under balanced load conditions 

Fig. 6 shows MMC performance with CCSC. Fig. 6(a) shows the 
capacitor voltages of phase A, which are well balanced. Fig. 6(b) shows 
waveforms of upper arm current, lower arm current and circulating 
current of phase A. The second order components of circulating current 
icira is suppressed. The peak-to-peak value of circulating current Δicira is 
60 A (36% of the rated value). Fig. 6(c) shows the waveforms of idc. The 
peak-to-peak value of dc-link current Δidc reaches to 95 A (19% of the 
rated value). Fig. 6(d) shows the spectrum of idc. Apart from the dc- 
component, there are also other harmonic components, which ac
counts for the dc-link current ripple. Fig. 6(e) shows the ac-side currents 
of the MMC. The total harmonics distortion (THD) of the ac-side currents 
is 1.2%. 

Fig. 7 shows MMC performance with the proposed method. Fig. 7(a) 
shows the capacitor voltages of phase A, which are well balanced. Fig. 7 
(b) shows the waveforms of the upper arm current, lower arm current 
and circulating current of phase A. It shows that the second order 
circulating current is suppressed. The peak-to-peak value of circulating 
current Δicira is 66 A (39.6% of the rated value), which is only a little 
higher than that in Fig. 6(b). Fig. 7(c) shows the waveform of idc. The 
peak-to-peak value of idc is 43 A (8.6% of the rated value), which is 
reduced to 43% of that in Fig. 6(c). Fig. 7(d) shows the spectrum of idc. 
Compared with Fig. 6(d), most of the harmonic components are sup
pressed. Fig. 7(e) shows the ac-side currents of the MMC. The THD of the 
ac-side currents is 1.0%, which is smaller than that in Fig. 6(e). The 
proposed method does not deteriorate the ac-side performance. From 

Figs. 6 and 7, the proposed method can reduce dc-link current ripple 
dramatically. 

Fig. 8 shows MMC performance with the proposed method, where λ 
is tuned at 1. Fig. 8(a) shows the waveforms of the upper arm current, 
lower arm current and circulating current of phase A. It shows that the 
second order circulating current is suppressed. The peak-to-peak value 
of circulating current Δicira is 60 A (36% of the rated value), which is the 
same as that with CCSC in Fig. 6(b). Fig. 8(b) shows the waveform of idc. 
The peak-to-peak value of idc is 65 A (13% of the rated value), which is 
reduced to 68.4% of that with CCSC in Fig. 6(c). Fig. 8(c) shows the ac- 
side currents of the MMC. The THD of the ac-side currents is 1.0%, which 
is smaller than that in Fig. 6(e) and identical as that in Fig. 7(e). The 
proposed method has better ac-side current performance compared with 
CCSC. 

5.2. Operation under unbalanced load conditions 

Fig. 9 shows MMC performance without and with proposed method 
under unbalanced ac loads operation, where the active power is 8 MW. 
The load resistance in phase A is changed to 15 Ω, while the load re
sistances in phases B and C are 10 Ω. The controller in [33] is applied to 
suppress the negative sequence ac-side currents. The proposed method is 
enabled at t = 1.5 s. Fig. 9(a) shows the ac-side currents of the MMC. The 
waveforms of ia, ib and ic are controlled to be symmetric. The proposed 
method does not affect the ac-side current performance. Fig. 9(b) shows 
the waveforms of iua, ila and circulating current icira. Before t = 1.5 s, icira 
has low order ripples. After the proposed method is enabled at t = 1.5 s, 
the low order components of icira is suppressed. Fig. 9(c) shows the dc- 
link current of the MMC. Before t = 1.5 s, idc has low order ripples. 
After the proposed method is enabled, the low order current ripple of idc 
is suppressed effectively. 

6. Experimental studies 

A downscaled three-phase MMC is built to verify the effectiveness of 
proposed method, as shown in Fig. 10. The dc side of the MMC is con
nected to a dc power supply. The ac side of the MMC is connected to a 
three-phase inductor and resistors in star connection. The control al
gorithm is implemented by digital signal processor (DSP) and the drive 
signals are transferred to the driving panel of each SM by optical fibers. 
The level-increased NLM [17] is applied. The system parameters are 
shown in Table 5. The experimental results with the CCSC [24] are also 
shown for comparison. 

6.1. Operation under balanced load conditions 

Fig. 11 ~ 13 show the performance of the MMC under balanced 
operation conditions. Fig. 11 shows the performance of the MMC when 
the CCSC is applied. Fig. 11(a) shows the waveforms of idc, iua, ila and 
2icira. It can be seen that the second order circulating current harmonics 
in phase A is suppressed. In Fig. 11(a), the peak-to-peak value of 2icira is 
5.0 A. The peak-to-peak value of the dc-link current Δidc is 4.0 A. Fig. 11 
(b) shows the ac-side current of the MMC, where the THD of the current 
is 3.3%. Fig. 11(c) shows the upper arm and lower arm output voltages 
uua, ula, as well as the 2uea. The high frequency pulses of uua, ula and 2uea 
in the waveforms are produced because the CCSC changes the number of 
upper and lower arm output voltage levels of the MMC. 

Fig. 12 shows the performance of MMCs with the proposed method. 
Fig. 12(a) shows the waveforms of idc, iua, ila and 2icira. The second order 
harmonics of the circulating current is suppressed. The peak-to-peak 
value of 2icira is 5.2 A, which is only a little higher than that in Fig. 11 
(a). By contrast, the peak-to-peak value of the dc-link current is 1.6 A, 
which is only about 40% of that in Fig. 11(a). Fig. 12(b) shows the ac- 
side current of the MMC. The THD of the current is 2.3%. Fig. 12(c) 
shows the upper arm and lower arm output voltage uua, ula, as well as the 
2uea. The high frequency pulses of uua and ula are produced by the 

Table 4 
Simulation System Parameters.  

Parameter Value 

Active power P (MW) 10 
DC-link voltage Udc (kV) 20 
Fundamental frequency (Hz) 50 
Number of SMs per arm N 20 
SM capacitance Csm (mF) 7 
Arm inductance Ls (mH) 6 
Load inductance (mH) 2 
Load resistance (Ω) 10  
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proposed method and always appear at the same time, so that the ac 
EMF uea does not have high frequency pulses. Therefore, the ac-side 
performance of the MMC is not affected by the proposed method. 

Fig. 13 shows the performance of MMCs with the proposed method, 
where λ is tuned at 1. Fig. 13(a) shows the waveforms of idc, iua, ila and 
2icira. The second order harmonics of the circulating current is sup
pressed. The peak-to-peak value of 2icira is 5 A, which is the same as that 
in Fig. 11(a). The peak-to-peak value of the dc-link current is 2.2 A, 

which is 55% of that in Fig. 11(a). Fig. 13(b) shows the ac-side current of 
the MMC. The THD of the current is 2.3%, which is lower than that in 
Fig. 11(b) and identical as that in Fig. 12(b). It shows that the proposed 
method has better ac-side current performance. 

6.2. Operation under unbalanced load conditions 

Figs. 14 and 15 show the performance of the MMC under unbalanced 

Fig. 6. Simulated waveforms with CCSC. (a) Capacitor voltages. (b) iua, ila and icira. (c) idc. (d) Spectrum of idc. (e) ia, ib and ic.  

Fig. 7. Simulated waveforms with proposed method (λ = 6). (a) Capacitor voltages. (b) iua, ila, icira. (c) idc. (d) Spectrum of idc. (e) ia, ib, ic.  

Q. Yu et al.                                                                                                                                                                                                                                       



International Journal of Electrical Power and Energy Systems 153 (2023) 109288

9

load conditions. The load resistance in phase A is 5 Ω, while the load 
resistances in phases B and C are 2.5 Ω. The controller in [33] is applied 
to suppress the negative sequence current. Fig. 14 shows waveforms 
without proposed method. In Fig. 14(a), both circulating current and dc- 
link current have considerable low order fluctuations. The peak-to-peak 
value of the dc-link current Δidc is 4.2 A. The peak-to-peak value of 2icira 
is 13.5 A. Fig. 14(b) shows waveforms of ia, ib and ic, which are 
controlled to be symmetric. Fig. 15 shows the waveforms when the 
proposed method is enabled. In Fig. 15(a), the peak-to-peak value of dc- 
link current Δidc is 1.8 A, which is greatly reduced. The low order 
circulating current harmonics in phase A are also suppressed. The 
waveforms of arm currents become sinusoidal. The peak-to-peak value 
of 2icira is 4.5 A. Fig. 15(b) shows ac-side currents, which are not affected 

Fig. 8. Simulated waveforms with proposed method (λ = 1). (a) iua, ila, icira. (b) idc. (c) ia, ib, ic.  

Fig. 9. Simulated waveforms under unbalanced load conditions. (a) ia, ib, ic. (b) iua, ila, icira. (c) idc.  

Fig. 10. Photograph of the MMC experimental setup.  

Table 5 
Experimental System Parameters.  

Parameter Value 

Active power P (W) 300 
DC-link voltage Udc (V) 100 
Fundamental frequency (Hz) 50 
Number of SMs per arm N 4 
SM capacitance Csm (mF) 2.35 
Arm inductance Ls (mH) 5 
Load inductance (mH) 5 
Load resistance (Ω) 2.5  
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Fig. 11. Experimental waveforms with the CCSC. (a) idc (4 A/div), iua, ila (10 A/div), and 2icira (5 A/div). Time base is 10 ms. (b) ia, ib, and ic (4 A/div). Time base is 
10 ms. (c) uua, ula, and 2uea (50 V/div). Time base is 10 ms. 

Fig. 12. Experimental waveforms with proposed method (λ = 6). (a) idc (4 A/div), iua, ila (10 A/div), 2icira (5 A/div). Time base is 10 ms. (b) ia, ib, and ic (4 A/div). 
Time base is 10 ms. (c) uua, ula and 2uea (50 V/div). Time base is 10 ms. 

Fig. 13. Experimental waveforms with proposed method (λ = 1). (a) idc (4 A/div), iua, ila (10 A/div), 2icira (5 A/div). Time base is 10 ms. (b) ia, ib, and ic (4 A/div). 
Time base is 10 ms. 
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by the proposed method. 

6.3. Dynamic performance 

Fig. 16 shows the dynamic performance of proposed method, where 
the active power is dropped from 300 W to 200 W. The waveforms of iua, 
ila, idc and ia are shown in Fig. 16. It can be observed that the MMC works 
well under the proposed method. 

7. Conclusions 

This paper proposes an ALC method to reduce both high and low 
order dc-link current ripple and improve the dc-link current quality for 
MMCs. In the proposed method, the conventional modulation tech
niques are employed to generate ac-side voltage levels for necessary ac- 
side current control, and an MPC algorithm is developed to generate 
additional levels to control the dc-link current as well as circulating 
current. Through regulating the additional levels in each control period 
based on the optimal control combination in MPC, the proposed method 
can reduce both high and low order dc-link current ripple for the MMC 
under balanced and unbalanced ac load conditions. The proposed 
method does not deteriorate the ac-side performance of the MMC. The 
calculation burden of the proposed method is independent of the num
ber of SMs per arm. Simulations and experimental studies are both 

conducted, which show that the proposed method can improve the dc- 
link current performance significantly without affect the ac-side 
performance. 
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