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Variable Sampling Frequency-Based SM Power Loss
Balancing Control for MMCs With Bypassed

Faulty SMs
Huailong Li , Fujin Deng , Senior Member, IEEE, Jifeng Zhao , Jie Tian, Yu Lu, and Gang Li

Abstract—The modular multilevel converter (MMC) is one of
the most appropriate topologies for high-power applications due
to its high modularity and low harmonic distortion. As faulty
submodules (SMs) are bypassed, the capacitor voltage and switch-
ing frequency of healthy SMs in the faulty arm will rise, which
causes unbalanced power loss distribution among the arms of
MMCs and affects the reliability of MMCs. This article proposes
a variable sampling frequency-based power loss balancing control
(VSF-PLBC), which can balance power loss distribution among
the arms of MMCs through adjusting the sampling frequency
for an arm inserted SM number to modify switching losses in
power devices in the MMC with bypassed SMs. The proposed
VSF-PLBC can effectively improve the reliability of the MMC with
the balanced power loss distribution among the arms in the MMC
with bypassed SMs. The proposed VSF-PLBC is simulated with the
professional tool PSCAD/EMTDC and is validated on a down-scale
MMC prototype. The simulation and experimental results confirm
the effectiveness of the proposed VSF-PLBC.

Index Terms—Modular multilevel converter (MMC), power loss
balancing, submodule (SM) bypass, variable sampling frequency.

I. INTRODUCTION

MODULAR multilevel converter (MMC), which was first
introduced in 2003 [1], becomes one of the most promis-

ing topologies for high-power applications due to its modularity,
scalability, high quality voltage, and high reliability [2], [3], [4].

The MMC consists of abundant submodules (SMs) and each
SM may be a potential failure point [5], [6]. The bypass of faulty
SMs will result in higher SM capacitor voltage and switching
frequency in a faulty arm, which would cause unbalanced power

Manuscript received 20 November 2022; revised 17 February 2023; accepted
3 April 2023. Date of publication 17 April 2023; date of current version 19 May
2023. This work was supported in part by the National Natural Science Founda-
tion of China under Project 52277173, and in part by the Science and Technology
Projects of Jiangsu Province under Project BE2022016. Recommended for
publication by Associate Editor M. ElMoursi. (Corresponding author: Fujin
Deng.)

Huailong Li and Jifeng Zhao are with the School of Electrical Engineering,
Southeast University, Nanjing 210096, China (e-mail: 230218875@seu.edu.cn;
230189827@seu.edu.cn).

Fujin Deng is with the School of Electrical Engineering, Southeast Uni-
versity, Nanjing 210096, China, and also with the Jiangsu Key Laboratory
of Smart Grid Technology and Equipment, Nanjing 210096, China (e-mail:
fdeng@seu.edu.cn).

Jie Tian, Yu Lu, and Gang Li are with the NR Electric Company, Ltd, Nanjing
211102, China (e-mail: tianj@nrec.com; luy@nrec.com; ligang@nrec.com).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2023.3267498.

Digital Object Identifier 10.1109/TPEL.2023.3267498

loss distribution among arms in MMC, and therefore threaten
the reliability of the MMC [7], [8].

So far, a few studies have paid attention to the power loss
optimization for MMCs, which can be divided into modula-
tion strategies optimization-based method, circulating current
control-based method, and SM capacitor voltage control-based
method. The modulation strategies optimization-based method
has been proposed to optimize power loss of the power device in
the SM of the MMC. Picas et al. [9] and [10] proposed the discon-
tinuous pulsewidth modulation with low switching frequency to
optimize power losses of the MMC. Kim et al. [11] presented
a hybrid pulsewidth modulation to optimize power losses by
operating with the fundamental frequency modulation scheme
for some SMs. However, the modulation strategies optimization-
based method would affect the power quality owing to the low
switching frequency.

Circulating current control-based method can optimize the
power losses of the MMC. Zhao et al. [12] presented a power loss
optimization control method, where the maximum power loss in
the switch/diode of each SM can be effectively reduced through
injecting optimum second-order harmonic current into the cir-
culating current of MMC. Merlin and Mitcheson [13] proposed
a power loss distribution control method for MMC based on
second-order harmonic circulating current control, which results
in a lower power loss difference between the top power device
and bottom power device in each SM of the MMC. Bakhshizadeh
et al. [14] introduced a power loss optimization control method
by controlling the second-order harmonic circulating current in
the arm to maintain loss constant to improve the reliability of
MMC under all operating conditions. However, the circulating
current control-based method will increase total power loss of
the MMC.

The SM capacitor voltage control-based method also plays
an important role in power loss optimization of the MMC. Deng
et al. [15] presented a power loss optimization method, which
can realize balanced SM power loss distribution in the same arm
of the MMC through the voltage-balancing control for the virtual
capacitor voltages in the MMC. Wang et al. [16] proposed an
active power loss control method for the switches in the MMC
based on the tradeoff between the switching loss balance control
and the capacitor voltage control to reduce degree of power
loss imbalance among SMs. Picas et al. [17] presented a power
loss optimization method by introducing a weighted function of
voltage and power losses to achieve evenly distributed switching
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Fig. 1. (a) Circuit diagram of MMCs. (b) Structure of SM.

and conduction power losses of the SMs in the MMC. However,
the aforementioned methods increase the differences in the
capacitor voltage spread among the SMs.

In this article, the SM power loss distribution among the
different arms of the MMC with bypassed SMs is analyzed in
detail, where the SM faults would cause different SM capacitor
voltage and switching frequency among the arms of MMC. It
would result in unbalanced SM power loss distribution among
the arms in the MMC, and therefore affect the reliability of
the MMC. In this article, a variable sampling frequency-based
power loss balancing control (VSF-PLBC) is proposed for the
MMC under SM faults. Through adjusting the sampling fre-
quency for arm inserted SM number (AISN), the proposed VSF-
PLBC can balance the SM power losses among the arms in the
MMC with bypassed SMs. The proposed VSF-PLBC eliminates
the power loss difference among the arms in the MMC with
bypassed SMs, and therefore, it imposes the reliability of the
MMC.

The rest of this article is organized as follows. Section II
describes the MMC. Section III analyzes the characteristics of
the MMC with bypassed SMs. Section IV analyzes the power
loss of the MMC with bypassed SMs. Section V proposes the
VSF-PLBC for the MMC with bypassed SMs. The system
simulation and experiment are conducted in Sections VI and
VII, respectively, to show the effectiveness of the proposed
VSF-PLBC for the MMC. Finally, Section VIII concludes this
article.

II. DESCRIPTIONS OF MMCS

A. Structure of MMCs

A three-phase MMC is shown in Fig. 1(a), which is made up
of six arms. Each arm consists of Nn half-bridge SMs and an
inductor Ls. Fig. 1(b) shows the ith (i = 1, 2, …, Nn) SM in
the upper arm of phase A, which contains the switches/diodes
(T1/D1 and T2/D2) and the capacitor Caui. A bypass switch K is
equipped to bypass the faulty SMs [18].

Normally, the ith SM is controlled by the ith switching signal
Saui as

Saui =

{
1, T1 is on and T2 is off
0, T1 is off and T2 is on.

(1)

B. Voltage-Balancing Control for MMCs

Fig. 2 shows the balancing adjusting number (BAN)-based
capacitor voltage-balancing control for MMCs in the upper
arm of phase A [19]. In Fig. 2, the capacitor voltage sampling
frequency can be set the same as the system control frequency,
which is more than the sampling frequency fs for AISN. The
AISN Nm is obtained by the reference yau and the modulation
strategy. And then, the number Nin of ON-state SMs in the arm is
obtained by the sampling of AISN Nm at the sampling frequency
fs. The incremental number ΔNincre of the ON-state SMs in the
arm can be calculated as the difference of the ON-state SMs
number Nin_new at current sampling cycle and the ON-state SMs
number Nin_old at previous sampling cycle, as

ΔNincre = Nin_new −Nin_old. (2)

The adjusted number Nadj of the SMs to be switched ON or
OFF within this sampling cycle is

Nadj = |ΔNincre|+Nban (3)

where the Nban is the BAN.
The actual switching number of the SMs to be switched ON

among the Nn-Nin_old OFF-state SMs and the actual switching
number of the SMs to be switched OFF among the Nin_old ON-
state SMs are decided based on the direction of the arm current
iau and the ΔNincre, as follows.

1) iau>0 and ΔNincre = 0: Switch ON Nban SMs with the
lowest voltages among the Nn-Nin_old OFF-state SMs. In
addition, switch OFF Nban SMs with the highest voltages
among the Nin_old ON-state SMs.

2) iau>0 and ΔNincre>0: Switch ON Nadj SMs with the
lowest voltages among the Nn-Nin_old OFF-state SMs. In
addition, switch OFF Nban SMs with the highest voltages
among the Nin_old ON-state SMs.

3) iau>0 and ΔNincre<0: Switch ON Nban SMs with the
lowest voltages among the Nn-Nin_old OFF-state SMs. In
addition, switch OFF Nadj SMs with the highest voltages
among the Nin_old ON-state SMs.

4) iau<0 and ΔNincre = 0: Switch ON Nban SMs with the
highest voltages among the Nn-Nin_old OFF-state SMs. In
addition, switch OFF Nban SMs with the lowest voltages
among the Nin_old ON-state SMs.

5) iau<0 and ΔNincre>0: Switch ON Nadj SMs with the
highest voltages among the Nn-Nin_old OFF-state SMs. In
addition, switch OFF Nban SMs with the lowest voltages
among the Nin_old ON-state SMs.

6) iau<0 and ΔNincre<0: Switch ON Nban SMs with the
highest voltages among the Nn-Nin_old OFF-state SMs. In
addition, switch OFF Nadj SMs with the lowest voltages
among the Nin_old ON-state SMs.

III. CHARACTERISTICS ANALYSIS OF MMCS WITH

BYPASSED FAULTY SMS

A. Analysis of SM Capacitor Voltage of MMCs With Bypassed
Faulty SMs

The tolerant operation of spinning reserve is used for the
MMC, where the MMC is equipped with redundant SMs, such
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Fig. 2. BAN-based capacitor voltage-balancing control for MMCs.

as 10% redundant SMs [20]. When the MMC works nor-
mally, the redundant SMs operate in the same way as other
SMs. When the SM fault occurs, only the faulty SM is by-
passed from the arm. This tolerant operation of the MMC can
achieve high SM utilization and high economic of the MMC
system.

Assuming that all SM capacitor voltages are kept balanced
by the voltage-balancing control [19], the rated SM capacitor
voltage under normal operation condition is [21]

Ucr =
Vdc

Nn
(4)

where Vdc is the dc-link voltage, as illustrated in Fig. 1(a).
Taking the SM faults in the upper arm of phase A as an

example, the faulty SMs will be bypassed from the faulty arm
by the bypass switch [22], and then, the SM capacitor voltage
Ucf in the faulty arm will be

Ucf =
Ucr

1− λ
(5)

with

λ =
Nfau

Nn
× 100% (6)

where λ is the proportion of bypassed SM number. Nfau is the
number of bypassed SMs in the faulty arm.

According to (4)–(6), it can be observed that the SM capacitor
voltage Ucf under SM fault is determined by corresponding λ.
The Ucf increases along with the increase of λ, and the Ucf

reduces along with the reduction of λ. Fig. 3 shows the SM
capacitor voltage under different λ, which is derived from the
simulation system in Section VI. It shows that the SM capacitor
voltage increases along with the increase of λ.

Fig. 3. SM capacitor voltage under various λ.

B. Analysis of SM Switching Frequency of MMCs With
Bypassed SMs

For the BAN-based voltage-balancing control [19], the av-
erage switching frequency fsw of each SM in the arm can be
calculated, as shown in the Appendix, as

fsw =
fs

1− λ
· Nban

Nn
+

m

Tf
(7)

with

m =
2
√

(ωLP )2 + (3U2
s − ωLQ)2

3UsVdc
(8)

where m is the modulation index. Tf is the fundamental cycle and
Tf = 2π/ω. ω is fundamental angular frequency and ω= 2πf. f is
the fundamental frequency. Lf is the filter inductor, as shown in
Fig. 1. L is equivalent inductor as L = Lf + Ls/2. Us is the phase
voltage root mean square (rms) value of ac grid. P and Q are
active and reactive power, respectively, as shown in Fig. 1(a).

From (7), it can be observed that the SM switching frequency
fsw is related to λ, where fsw increases along with the increase of
λ, and fsw reduces along with the reduction of λ. Fig. 4 shows fsw
under different λ, which is derived from the simulation system
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Fig. 4. SM switching frequency under various λ.

Fig. 5. Upper arm current iau of MMCs.

in Section VI. It can be observed that the fsw increases along
with the increase of λ.

IV. POWER LOSS ANALYSIS OF MMCS WITH BYPASSED SMS

A. Analytical Models of MMCs

In Fig. 1, based on the active power P, reactive power Q, and
the phase voltage rms value Us of the ac grid, the ac current in
phase A can be obtained as [23]

ia(t) = Im · sin(ωt+ ϕ) (9)

with {
Im =

√
2
3

√
P 2+Q2

Us

ϕ = arctan(QP )
. (10)

Suppose that the fundamental frequency circulating current is
suppressed with the method [5] and the second-order harmonic
circulating current is suppressed with the method [24], the upper
arm current iau in phase A can be described as

iau(t) =
ia(t)

2
+

idc

3
(11)

with

idc =
P

Vdc
(12)

where idc is dc-link current of MMCs, as shown in Fig. 1(a).

B. Analysis of SM Device Current

Fig. 5 shows the upper arm current iau in one period Tf.
Combining (9)–(12), the zero crossing instants t1, t2, and t3 of

Fig. 6. Conduction losses of T1, T2, D1, and D2 under various λ.

iau in Fig. 5 can be obtained as⎧⎪⎨
⎪⎩
t1 = − arcsin(

2idc
3Im

)+ϕ

ω + Tf

t2 =
π+arcsin(

2idc
3Im

)−ϕ

ω + Tf

t3 = t1 + Tf .

(13)

In one period Tf, as shown in Fig. 5, when the arm current is
iau>0, iau flows through T2 or D1, as shown in Fig. 1; when the
arm current is iau<0, iau flows through T1 or D2, as shown in
Fig. 1. According to [25], [26], (9)–(13), and Fig. 5, the current
mean values Iave_T1, Iave_T2, Iave_D1, and Iave_D2 of T1, T2,
D1, and D2 in the SM can be obtained, respectively, as⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Iave_T1 = 1
Tf

∫ t3
t2

1−yau(t)
2 (−iau(t))dt

Iave_T2 = 1
Tf

∫ t2
t1

1+yau(t)
2 iau(t)dt

Iave_D1 = 1
Tf

∫ t2
t1

1−yau(t)
2 iau(t)dt

Iave_D2 = 1
Tf

∫ t3
t2

1+yau(t)
2 (−iau(t))dt

. (14)

According to [25], [26], (9)–(13), and Fig. 5, the current rms
values Irms_T1, Irms_T2, Irms_D1, and Irms_D2 of T1, T2, D1,
and D2 in the SM can be obtained, respectively, as⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Irms_T1 =
√

1
Tf

∫ t3
t2

1−yau(t)
2 i2au(t)dt

Irms_T2 =
√

1
Tf

∫ t2
t1

1+yau(t)
2 i2au(t)dt

Irms_D1 =
√

1
Tf

∫ t2
t1

1−yau(t)
2 i2au(t)dt

Irms_D2 =
√

1
Tf

∫ t3
t2

1+yau(t)
2 i2au(t)dt

. (15)

C. Analysis of Device’s Conduction Losses

According to [27], the conduction losses Pcon_T1, Pcon_T2,
Pcon_D1, and Pcon_D2 of T1, T2, D1, and D2 in the SM can be
obtained, respectively, as{

Pcon_T1/2 = Vce0Iave_T1/2 +Rce0I
2
rms_T1/2

Pcon_D1/2 = Vd0Iave_D1/2 +Rd0I
2
rms_D1/2

(16)

where Vce0 and Vd0 are ON-state zero-current voltage drop
of switch and diode, respectively. Rce0 and Rd0 are ON-state
resistance of switch and diode, respectively.

According to (8)–(16), the conduction losses Pcon_T1,
Pcon_T2, Pcon_D1, and Pcon_D2 of T1, T2, D1, and D2 are nearly
not affected by SM bypass. Fig. 6 shows the conduction losses
of T1, T2, D1, and D2 under different proportion λ of bypassed
SM number, which are derived from the simulation system
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Fig. 7. Switching losses of the T1, T2, D1, and D2 under various λ.

in Section VI. It can be observed that the conduction losses of T1,
T2, D1, and D2 under different λ are nearly close to each other.

D. Analysis of Device’s Switching Losses

According to [27], the switching losses Psw_T1, Psw_T2,
Prec_D1, and Prec_D2 of T1, T2, D1, and D2 in the SM can be
calculated as{

Psw_T1/2 = fswEsw(Iave_T1/2, Irms_T1/2)Ucf/Uref

Prec_D1/2 = fswErec(Iave_D1/2, Irms_D1/2)Ucf/Uref
(17)

where Esw is the switching energy of the switch, Erec is the
reverse-recovery energy of the diode, and Uref is the testing
voltage in the datasheet.

Based on (17), it can be observed that the SM switching loss
depends on the Ucf and fsw. The switching loss increases along
with the increase of Ucf or fsw, and reduces along with the
reduction of Ucf or fsw. Based on Figs. 3 and 4, and (17), the
relationship between λ and the devices’ switching loss can be
obtained. Along with the increase of λ, Ucf and fsw will increase,
which would increase the devices’ switching loss. Along with
the reduction of λ, Ucf and fsw will reduce, which would reduce
the devices’ switching loss.

Fig. 7 shows switching loss of T1, T2, D1, and D2 under
different λ, which is derived from the simulation system in
Section VI. It can be observed that the switching losses of the
T1, T2, D1, and D2 increase along with the increase of λ, and
reduce along with the reduction of λ.

E. Analysis of Device’s Total Power Losses

The total power loss PT1, PT2, PD1, and PD2 of the T1, T2,
D1, and D2 is the sum of their conduction loss and switching
loss, respectively, as{

PT1/2 = Pcon_T1/2 + Psw_T1/2

PD1/2 = Pcon_D1/2 + Prec_D1/2.
(18)

Based on Figs. 6 and 7, and (18), it can be observed that the
SM bypass would not affect the conduction loss, but cause the
increase of the switching loss, which would lead to the increase
of the total power loss of the device, as shown in Table I, as
follows.

1) The increase of λ would cause increased switching losses
Psw_T1/2 and Prec_D1/2, while the conduction losses
Pcon_T1/2 and Pcon_D1/2 are nearly not affected. Con-
sequently, the total power losses PT1/2 and PD1/2 would
be increased along with the increase of λ.

TABLE I
RELATIONSHIP BETWEEN PT1/2, PD1/2 AND λ

Fig. 8. Total losses of the T1, T2, D1, and D2 under various λ.

2) The reduction of λ would cause decreased switching losses
Psw_T1/2 and Prec_D1/2, while the conduction losses
Pcon_T1/2 and Pcon_D1/2 are nearly not affected. Con-
sequently, the total power losses PT1/2 and PD1/2 would
be decreased along with the decrease of λ.

Fig. 8 shows total power losses of T1, T2, D1, and D2 under
various λ, which is derived from the simulation system in
Section VI. From Fig. 8, it can be observed that the total power
losses of T1, T2, D1, and D2 increase along with the increase of
λ, and the total power losses of T1, T2, D1, and D2 reduce along
with the reduction of λ, which is consistent with the total loss
analysis in Table I.

F. Analysis of Reliability

According to power loss models in (18) and [28], the mean
junction temperature Tjm and junction temperature fluctuation
ΔTj of switch T and diode D can be expressed as

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Tjm_T/D = PT/D ·∑4
i=1 Rthjc_T/D(i)

+PT/D ·Rthch + Th

ΔTj_T/D = 2PT/D ·∑4
i=1 Rthjc_T/D(i)

· (1−e
−ton_T/D/τthjc_T/D(i)

)
2

1−e
−Tf/τthjc_T/D(i)

(19)

where ton˙T/D represents the ON-state time within each fun-
damental cycle of the switch/diode, Rthjc˙T/D represents the
thermal resistance from the junction to case, Rthch represents
the thermal resistance from case to heat sink, PT/D represents
the power loss of the switch/diode, Th represents the sink tem-
perature, and τ thjc˙T/D represents the thermal time constant.

The number of cycles to failure Nf of the power device is a
function of the amplitude of thermal cycles ΔTj and the mean
junction temperature Tjm [25], which can be expressed as

Nf = A(ΔTj)
β1 · e

(
β2

Tjm_T/D+0.5ΔTj_T/D+273

)
·
(
ttest

1.5

)β3

(20)
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Fig. 9. Reliability of MMCs under various λ.

where A, β1, β2, and β3 are fitting parameters. A = 1.42 × 1012,
β1 = −7.14, β2 = 5154, and β3 = −0.3, ttest ranges from 0.1
to 60 s.

According to [29] and [30], the reliability of the power device
is

Rcom(t) = e
− 365∗24∗3600

Nf ·Tf
t
. (21)

According to [25], the reliability of the MMC is

RMMC(t)

=

⎡
⎣
[

4∏
i=1

Rcomi(t)

]Nn(1−λ)
⎤
⎦
k

·
⎡
⎣
[

4∏
i=1

Rcomi(t)

]Nn
⎤
⎦
(6−k)

(22)

where k is the number of faulty arms.
According to above analysis, the reliability of the MMC under

different λ can be obtained as shown in Fig. 9, which is derived
from the simulation system in Section VI. It shows that the
reliability of the MMC reduces along with the increase of λ,
and the SMs bypass affects the reliability of the MMC.

V. PROPOSED VSF-PLBC STRATEGY FOR MMCS WITH

BYPASSED FAULTY SMS

A. Proposed VSF-PLBC Approach

Based on (7), it can be obviously observed that the switching
frequency fsw is not only affected by the corresponding λ but
also affected by the sampling frequency fs.

1) If fs is increased, the fsw is increased.
2) If fs is reduced, the fsw is reduced.
Fig. 10 shows fsw under different λ and fs, which is derived

from (7) and the simulation system in Section VI. It can be
obviously observed that fsw increases along with the increase of
fs or λ, and fsw reduces along with the reductions of fs or λ.

Based on above analysis, a VSF-based power loss control is
proposed, where the power device’s power loss PT1/2 and PD1/2

in the MMC can be controlled by the sampling frequency fs, as
shown in Table II, as follows.

1) Increase of fs: The switching losses Psw_T1/2 and
Prec_D1/2 are increased, while the conduction losses
Pcon_T1/2 and Pcon_D1/2 are nearly not affected. As a
result, the power device’s power losses PT1/2 and PD1/2

are increased.

Fig. 10. SM switching frequency of MMCs under various λ and fs.

TABLE II
RELATIONSHIP BETWEEN PT1/2, PD1/2, AND Fs

2) Decrease of fs: The switching losses Psw_T1/2 and
Prec_D1/2 are decreased, while the conduction losses
Pcon_T1/2 and Pcon_D1/2 are nearly not affected. As a
result, the power device’s power losses PT1/2 and PD1/2

are decreased.

B. Proposed VSF-PLBC Strategy for MMCs Under SM Faults

Based on above VSF-based power loss control, a VSF-PLBC
strategy is proposed to balance power loss distribution among
the arms of the MMC with bypassed SMs, as shown in Fig. 11.

The maximum power loss of the devices in the ith SM is
defined as PSM_jki = Max{PT1, PT2, PD1, PD2} (j = a,b,c;
k = u,l), where the power losses PT1, PT2, PD1, and PD2 can
be obtained by (18). The average power loss of Nsel_jk healthy
SMs in each arm is defined as

Parm_jk =

Nsel_jk∑
i=1

PSM_jki, (j = a, b, c; k = u, l) (23)

where Nsel_jk is the number of selected healthy SMs in each
arm. According to the power losses Parm_au, Parm_al, Parm_bu,
Parm_bl, Parm_cu, and Parm_cl in upper arm of phase A, lower
arm of phase A, upper arm of phase B, lower arm of phase B,
upper arm of phase C, and lower arm of phase C, respectively,
the reference power loss Parm˙ref of the MMC can be obtained
as

Parm_ref = Min

× [Parm_au, Parm_al, Parm_bu, Parm_bl, Parm_cu, Parm_cl] . (24)

For the three-phase MMC, the PI controller is used to reg-
ulate its sampling frequency fs in the faulty arm to realize the
power loss balancing among the six arms of the MMC based
on VSF-based power loss control, as shown in Table II. fsr is
the rated sampling frequency of the VSF-PLBC for the MMC.
The PI controller is used to produce the sampling frequency’s
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Fig. 11. Proposed VSF-PLBC strategy.

TABLE III
SIMULATION SYSTEM PARAMETERS

compensation components fjk (j = a, b, c; k = u, l) in phase j.
If Parm_jk in the faulty arm is more than Parm˙ref, the PI con-
troller would reduce the fjk. As a result, the sampling frequency
fs˙jk = fsr+fjk in the arm is reduced, and the Parm_jk is reduced
to follow Parm˙ref. As a result, the proposed VSF-PLBC strategy
can effectively realize SM power loss balancing among six arms
of the MMC with bypassed SMs.

C. Discussion of Proposed VSF-PLBC

Fig. 12 shows the worst faulty situation of the MMC, where
10% SMs are faulty and bypassed from the upper arm of
phase A. The system parameters of the MMC are shown in
Table III. In this situation, T2 takes the maximum power loss
among the power devices in the SM, as shown in Figs. 6–8.
Fig. 12(a)–(d) show the switching frequency fsw_au, conduc-
tion loss Pcon_T2_au, switching loss Psw_T2_au, and total loss
PT2_au = Parm_au in the upper arm of phase A, respectively,
under various sampling frequencies fs. For the convenience of
comparison, Fig. 12(a)–(d) also show the switching frequency
fsw_al (blue dot), conduction loss Pcon_T2_al (blue dot), switch-
ing loss Psw_T2_al (blue dot), and total loss PT2_al = Parm_al

(blue dot) in the lower arm of phase A, respectively, where the
Fig. 12. MMC performance under various sampling frequencies. (a) Switch-
ing frequency. (b) Conduction loss. (c) Switching loss. (d) Total loss.



LI et al.: VARIABLE SAMPLING FREQUENCY-BASED SM POWER LOSS BALANCING CONTROL FOR MMCS WITH BYPASSED FAULTY SMS 9013

Fig. 13. (a) fs under various λ. (b) THD of ia under various fs.

sampling frequency in the lower arm is at the rated value as
fsr = 4 kHz.

From Fig. 12, the switching frequency fsw_au, switching loss
Psw_T2_au, and power loss Parm_au in the upper arm of phase
A are increased along with the increase of fs, and vice versa.
However, the conduction loss Pcon_T2_au in the upper arm of
phase A is almost not affected by the sampling frequency. At
the rated sampling frequency as fsr = 4 kHz, the switching
frequency fsw_au is increased to 574 Hz in the upper arm, while
the switching frequency fsw_al is 522 Hz in the lower arm; the
switching loss Psw_T2_au is increased to 2.30 kW in the upper
arm, while the switching loss Psw_T2_al is 1.88 kW in the lower
arm; the power loss Parm_au is increased to 3.11 kW in the upper
arm, while the Parm_al is 2.69 kW in the lower arm. With the
proposed VSF-PLBC, through reducing the sampling frequency
fs_au to 3.22 kHz in the upper arm, the switching frequency
fsw_au in the upper arm can be reduced to 470 Hz, where the
switching loss Psw_T2_au is reduced to 1.88 kW, and the total
power loss in the upper arm is reduced to 2.69 kW, and is the
same as that in the lower arm of phase A. Fig. 12(a) shows that the
maximum difference of the switching frequency between normal
situation and worst SM bypass situation is only 52 Hz, and the
sampling frequency only varies between 3.22 and 4.0 kHz.

D. THD Analysis of MMCs

Fig. 13(a) shows the sampling frequency fs corresponding to
various faulty SM proportions λ with the proposed VSF-PLBC.
Fig. 13(b) shows the total harmonic distortion (THD) of the
MMC’s output current ia corresponding to various faulty SM
proportions λ with the proposed VSF-PLBC. It can be observed
that the THD of the ia changes from 0.97% to 1.02%, which is
quite small. Therefore, the proposed VSF-PLBC has little effect
on the ac output current of the MMC.

E. Reliability Analysis of MMCs Under Proposed VSF-PLBC

Fig. 14 shows the reliability of the MMC under various λ

in two control methods including without VSF-PLBC and with

Fig. 14. Reliability of the MMC under various λ in two control methods.

Fig. 15. Schematic diagram of the simulation system.

VSF-PLBC. It can be seen that the proposed VSF-PLBC can
enhance the reliability of the MMC.

VI. SIMULATION STUDIES

To verify proposed VSF-PLBC, a three-phase MMC is built
with professional tool PSCAD/EMTDC, as shown in Fig. 15.
The simulation system parameters are shown in Table III.

A. Case I: Normal Situation

Fig. 16 shows the performance of the three-phase MMC
under normal situation. Fig. 16(a) shows grid currents ia, ib,
and ic. Fig. 16(b) shows the upper arm SM capacitor voltages
ucau1–ucau50 and lower arm SM capacitor voltages ucal1–ucal50
in phase A. Fig. 16(c) shows the arm currents iau and ial in phase
A. Fig. 16(d) shows that the upper arm switching frequency
fsw_au and lower arm switching frequency fsw_al in phase A
are almost the same. Fig. 16(e) shows the upper arm power loss
Parm_au and lower arm power loss Parm_al in phase A are almost
the same.

B. Case II: SM Bypass in One Arm

Fig. 17 shows the performances of the MMC with 10% SM
bypass in the upper arm of phase A, where the faulty SM46–
SM50 are bypassed. The proposed VSF-PLBC is enabled since
3 s. Fig. 17(a) shows ia, ib, and ic. Fig. 17(b) shows the capacitor
voltages ucau1–ucau45 and ucal1–ucal50 in phase A. Due to the
SM bypass in the upper arm of phase A, the capacitor voltages
ucau1–ucau45 are higher than the capacitor voltages ucal1–ucal50
in phase A. Fig. 17(c) shows the iau and ial. Fig. 17(d) shows the
sampling frequency fs_au and fs_al in phase A. Fig. 17(e) shows
the switching frequency fsw_au and fsw_al in phase A. Fig. 17(f)
shows that Parm_au and Parm_al in phase A are unbalanced
before 3 s because of SM bypass, where the maximum difference
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Fig. 16. (a) ia, ib, and ic. (b) ucau1–ucau50 and ucal1–ucal50. (c) iau and ial.
(d) fsw_au and fsw_al. (e) Parm_au and Parm_al.

is 0.42 kW. Since 3 s, the proposed control is enabled, and the
power losses Parm_au and Parm_al become balanced.

C. Case III: SM Bypass in Arms of Different Phases

Fig. 18 shows the performances of the MMC with 10%
SM bypass in the upper arm of phase A, where the faulty
SM46–SM50 are bypassed, and with 6% SM bypass in the upper
arm of phase B, where the faulty SM48–SM50 are bypassed.
Here, the proposed VSF-PLBC is enabled since 3 s. Fig. 18(a)
shows grid currents ia, ib, and ic. Fig. 18(b) shows the upper arm

Fig. 17. (a) ia, ib, and ic. (b) ucau1–ucau45 and ucal1–ucal50. (c) iau and ial.
(d) fs_au and fs_al. (e) fsw_au and fsw_al. (f) Parm_au and Parm_al.

SM capacitor voltages ucau1–ucau45 in phase A, lower arm SM
capacitor voltages ucal1–ucal50 in phase A, and upper arm SM
capacitor voltage ucbu1–ucbu47 in phase B. Fig. 18(c) shows
the arm currents iau and ial in phase A and ibu in phase B.
Fig. 18(d) shows the sampling frequency fs_au and fs_al in phase
A and fs_bu in phase B. Fig. 18(e) shows the switching frequency
fsw_au and fsw_al in phase A and fsw_bu in phase B. Fig. 18(f)
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Fig. 18. (a) ia, ib, and ic. (b) ucau1–ucau45, ucal1–ucal50, and ucbu1–ucbu47.
(c) iau, ial, and ibu. (d) fs_au, fs_al, and fs_bu. (e) fsw_au, fsw_al, and fsw_bu.
(f) Parm_au, Parm_al, and Parm_bu.

Fig. 19. (a) Experimental circuit. (b) Photograph of experimental platform.

shows that Parm_au and Parm_al in phase A and Parm_al in
phase B are unbalanced before 3 s because of SM bypass, where
the differences are 0.42 and 0.21 kW. Since 3 s, the proposed
VSF-PLBC is enabled, and the power losses Parm_au, Parm_al,
and Parm_au become balanced.

VII. EXPERIMENTAL STUDIES

Fig. 19(a) shows the three-phase MMC experimental circuit
configuration, which is built in the laboratory to verify the
proposed VSF-PLBC. Fig. 19(b) illustrates the experimental
platform photo. The dc link of the MMC consists of a dc
power supply and the load resistance. The grid side of the
MMC adopts an autotransformer AT to connect to the grid.
The SM uses FF75R12YT30 as the switch/diode. The digital
signal process controller executes system control algorithm and
transfers switching signals through optical fibre to the gate driver
of each SM. The detailed experimental platform parameters are
shown in Table IV.

A. Case I: Normal Situation

Fig. 20 shows the performances of the three-phase MMC
under normal situation. Fig. 20(a) shows the upper arm output
voltage uau and lower arm output voltage val, the output current
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TABLE IV
EXPERIMENTAL SYSTEM PARAMETERS

Fig. 20. (a) Experimental waveforms. uau and ual (100 V/div); ia (20 A/div);
ucau1, ucau3, and ucal1 (25 V/div); iau and ial (10 A/div). Time base is 10 ms/div.
(b) Parm_au and Parm_al.

ia in phase A, the upper arm SM capacitor voltages ucau1,
ucau3 and lower arm SM capacitor voltage ucal1 in phase A,
the upper arm current iau, and the lower arm current ial in phase
A. Fig. 20(b) shows that the power losses Parm_au and Parm_al

in phase A are almost the same under normal situation.

B. Case II: SM Bypass

Fig. 21 shows the performances of the MMC with one SM
bypass in the upper arm of phase A. Here, the proposed VSF-
PLBC is enabled since 2.4 s. Fig. 21(a) shows the upper arm
output voltage uau and lower arm output voltage ual in phase
A, the output current ia in phase A, the upper arm SM capacitor
voltages ucau1, ucau3 and the lower arm SM capacitor voltage
ucal1 in phase A, the upper arm current iau, and the lower arm
current ial in phase A.

Fig. 21. (a) Experimental waveforms. uau and ual (100 V/div); ia (20 A/div);
ucau1, ucau3, and ucal1 (25 V/div); iau and ial (10 A/div). Time base is 10ms/div.
(b) Parm_au and Parm_al.

In Fig. 21(a), the upper arm capacitor voltages ucau1, ucau3
are higher than the lower arm capacitor voltage ucal1 owing to
SM bypass in the upper arm of phase A. Fig. 21(b) shows that the
power losses Parm_au and Parm_al in phase A are unbalanced
without proposed VSF-PLBC, where the maximum difference is
about 0.1 W. After proposed VSF-PLBC is enabled, the Parm_au

and Parm_al in phase A become balanced.

VIII. CONCLUSION

In this article, the power loss distribution in the arms of three-
phase MMC under SM bypass was analyzed in detail. The SM
bypass would result in the unbalanced SM voltage and switching
frequency among arms with different number of healthy SMs,
and lead to unbalanced power loss distribution among the arms in
three-phase MMC with SM bypass. A VSF-PLBC was proposed
in this article to improve the performance of the MMC with
SM bypass. Through the regulation of the sampling frequency
for AISN in the arm of the MMC, the power losses among
the arms of three-phase MMC can be kept balanced, which
could significantly improve the reliability of the MMC under
SM bypass. The simulation and experiment were conducted in
the laboratory, and the simulation and experiment results verified
the effectiveness of the proposed VSF-PLBC.

APPENDIX

In the BAN-based capacitor voltage-balancing control, as
shown in Fig. 2, the total switching times Ntotal in one fun-
damental cycle can be approximately expressed as [19], [31]

Ntotal = NBANTffs +Ne (25)
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where Ne is the extra switching times in one fundamental cycle
produced by the nearest level modulation algorithm. Consider-
ing the SM bypass, the Ne can be approximately expressed as
[19], [31]

Ne =
Vdc[(1 +m)− (1−m)]

2Ucf
= mNn(1− λ). (26)

Based on (25) and (26), the SM’s average switching frequency
fsw can be obtained as [19], [31]

fsw =
Ntotal

Nn(1− λ)Tf
=

NBANfs
Nn(1− λ)

+
m

Tf
. (27)
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