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Current Integral Comparison-Based Power Loss
Balancing Control for Full-Bridge Modular

Multilevel Converters
Huailong Li , Fujin Deng , Senior Member, IEEE, Jie Tian, Yu Lu, Gang Li, and Frede Blaabjerg , Fellow, IEEE

Abstract—Power loss management is one of the most impor-
tant challenges for improving the reliability of modular multi-
level converters (MMCs). This article proposes a current integral
comparison (CIC)-based power loss balancing control (PLBC) for
full-bridge submodule (FBSM)-based MMCs, where two types of
bypassed modes of the FBSM are selected by comparing the current
difference integral values of the semiconductors in the FBSM. The
proposed control can not only improve the power loss distribu-
tion in each FBSM, but also reduce the temperature fluctuation
of semiconductors, and accordingly, the proposed control signif-
icantly improves the lifetime of MMCs. Simulation studies with
professional tool PSCAD/EMTDC and experimental studies with
a downscale MMC prototype are conducted, and their results
confirm the effectiveness of the proposed CIC-PLBC.

Index Terms—Full-bridge submodule (FBSM), modular multi-
level converter (MMC), power loss, reliability, temperature
fluctuation.

I. INTRODUCTION

MODULAR multilevel converters (MMCs) have become
increasingly attractive for medium-/high-voltage and

high-power applications owing to the advantages of modular
design, low switching frequency, and low harmonics [1], [2], [3],
[4]. The full-bridge submodule (FBSM)-based MMC is much
preferred in high-voltage direct-current (HVdc) applications,
since it offers an invaluable feature of dc fault current limiting
[5], [6], [7]. In addition, the negative voltage state of FBSM can
be utilized to boost the ac voltage and decrease SM capacitor
ripples [8].

Power loss distribution among the semiconductors in each
SM is normally unbalanced [9], due to the dc components in the
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arm currents and asymmetric switching signals of the semicon-
ductors, which will affect the overall reliability of the MMC.
Therefore, it is vital to improve the power loss distribution
among semiconductors in each SM.

So far, several methods have been presented to balance the
power losses among semiconductors, which can be divided
into SM design-based method, control strategy-based method,
and modulation optimization-based method. SM design-based
method can improve the power loss distribution in each SM.
Hohmann and Bakran [10] presented a half-bridge (HB) SM
topology with an additional antiparallel diode, which can reduce
the power loss of bottom diode. Li et al. [11] presented an
HBSM topology with a bypass thyristor, which can reduce the
power loss differences between the top and bottom IGBT/diode
in each HBSM. However, the SM design-based method would
complicate the hardware design.

Control strategy-based method also plays an important role
in balancing the power loss distribution in each SM. Merlin
and Mitcheson [12] presented an active power loss distribution
control for HBSMs based on an added dc voltage offset in
the converter voltage waveform. Zhao et al. [13] presented an
optimum circulating current injection control, which can reduce
the maximum power loss in each HBSM. Qiu et al. [14] pre-
sented a device-level loss balancing control, which can balance
the power losses in HBSMs through regulating the capacitor
voltages. However, all above methods only focus on balancing
power losses in the HBSMs.

Modulation optimization-based method is another solution to
regulate power losses among semiconductors in each FBSM.
Sheng et al. [15] presented a rotation bypassed mode (BM)
modulation to improve the power loss distribution. However,
the power losses among the semiconductors are still unbalanced.
Li et al. [16] presented an improved phase-shifted carrier-based
modulation for FBSMs, where two types of BMs are selected
in rotation. However, the control in [16] cannot eliminate the
power loss differences and would cause severe temperature fluc-
tuation of semiconductors, which would deteriorate the MMC
reliability.

In this article, the power loss distribution among semiconduc-
tors in the FBSM under various switching modes is analyzed in
details. A current integral comparison-based power loss balanc-
ing control (CIC-PLBC) is proposed to balance the power losses
in the FBSM, where two types of BMs are selected by comparing
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Fig. 1. (a) Three-phase MMC. (b) FBSM unit.

TABLE I
OPERATION OF FBSMS

the current difference integral values of semiconductors in the
FBSM. The primary contributions of this article are as follows:

1) it reveals that the power loss distribution in FBSMs is
unbalanced with traditional rotation BM method;

2) it reveals that the temperature fluctuation of semiconduc-
tors is severe with traditional rotation BM method;

3) it balances the power loss distribution and reduces the
temperature fluctuation of semiconductors in FBSMs;

4) it significantly improves the lifetime of MMCs.
The rest of this article is organized as follows.

Section II demonstrates the operation of the FBSM-based
MMC. Sections III and IV analyze the power loss distribution
in the FBSM. Section V proposes the CIC-PLBC for the
FBSM-based MMC. System simulation and experimental tests
are presented in Sections VI and VII, respectively, to verify
the effectiveness of the proposed control. Finally, Section VIII
concludes this article.

II. OPERATION PRINCIPLE OF MMCS

A. MMC Structure

A three-phase MMC is shown in Fig. 1(a). Each phase of the
MMC consists of two arms and each arm comprises N identical
SMs and an inductor Ls. Fig. 1(b) shows the ith SM in the upper
arm of phase A, which is an FB structure and made up of a
storage capacitor Csm and four switches/diodes T1/D1–T4/D4

[17]. The ith FBSM’s output voltage usmi is

usmi = Si · ucaui (1)

where ucaui is the capacitor voltage and Si is switching function,
as given in Table I. When Si = 1, usmi = ucaui, and the FBSM

TABLE II
RELATIONSHIP BETWEEN ITj(IDj) AND Pcon_Tj(Pcon_Dj)

works in Mode 1, where the T1 and T4 are switched ON and T2

and T3 are switched OFF. When Si = −1, usmi = −ucaui, and
the FBSM works in Mode -1, where the T2 and T3 are switched
ON and T1 and T4 are switched OFF. When Si = 0, the FBSM
works in one of the following two types of BMs, as follows.

1) Mode 0A: T2 and T4 are switched ON and T1, T3 are
switched OFF, and accordingly usmi = 0.

2) Mode 0B: T1 and T3 are switched ON and T2, T4 are
switched OFF, and accordingly usmi = 0.

B. SM Conduction Loss

The conduction losses Pcon_T1–Pcon_T4 corresponding to
T1–T4, respectively, and the conduction losses Pcon_D1–
Pcon_D4 corresponding to D1–D4, respectively, are [15], [18]

{
Pcon_Tj =

VT con
Tf

ITj

Pcon_Dj =
VDcon
Tf

IDj

j = 1, 2, 3, 4 (2)

with {
ITj =

∫ Tf

0 iTjdt

IDj =
∫ Tf

0 iDjdt
(3)

where VTcon and VDcon are the drop voltages on switch and
diode, respectively. Tf is the fundamental cycle and Tf = 2π/ω0.
ITj and IDj are the integrals of the currents iTj and iDj during one
fundamental period Tf, respectively. The Pcon_Tj (Pcon_Dj) of
Tj (Dj) is proportional to ITj (IDj), which increases along with
the increase of ITj (IDj) and vice versa, as given in Table II.

C. SM Switching Loss

The switching losses Psw_T1–Psw_T4 corresponding to T1–
T4, respectively, and the switching losses Psw_D1–Psw_D4 cor-
responding to D1–D4, respectively, are [18]⎧⎨

⎩
Psw_Tj =

1
Tf

∑Tf

0 [Eon_Tj(iTj) + Eoff_Tj(iTj)]

Psw_Dj =
1
Tf

∑Tf

0 Erec_Dj(iDj)
(4)

where Eon_Tj and Eoff_Tj are the turn-ON energy and turn-OFF en-
ergy of the switch, respectively. Erec_Dj is the reverse-recovery
energy of the diode.

D. SM Total Power Loss

The total power losses PLoss_Tj and PLoss_Dj of the switch Tj

and diode Dj, respectively, are{
PLoss_Tj = Pcon_Tj + Psw_Tj

PLoss_Dj = Pcon_Dj + Psw_Dj .
(5)
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Fig. 2. Conduction situation with only Mode 0A-based BM. (a) Mode 1
(Si = 1). (b) Mode -1 (Si = −1). (c) Mode 0A (Si = 0).

III. POWER LOSS ANALYSIS OF FBSM WORKING WITH ONLY

MODE 0A-BASED BM

With only Mode 0A-based BM, when Si= 1, the FBSM works
in Mode 1; when Si = −1, the FBSM works in Mode -1; when
Si = 0, the FBSM works in Mode 0A, as shown in Fig. 2, as
follows.

1) Mode 1 (Si = 1), as shown in Fig. 2(a): When iau > 0,
the iau flows through D1 and D4, and the D1’s current is
iD1 = iau and D4’s current is iD4 = iau. When iau < 0,
the iau flows through T1 and T4, and iT1 = iT4 = -iau.

2) Mode -1 (Si =−1), as shown in Fig. 2(b): When iau > 0,
the iau flows through T2 and T3, and iT2 = iT3 = iau.
When iau < 0, the iau flows through D2 and D3, and
iD2 = iD3 = −iau.

3) Mode 0A (Si = 0), as shown in Fig. 2(c): When iau > 0,
the iau flows through T2 and D4, and iT2 = iD4 = iau.
When iau < 0, the iau flows through T4 and D2, and
iT4 = iD2 = −iau.

A. Power Losses Analysis of T1 and T4

Based on Fig. 2, when the FBSM works with only Mode
0A-based BM, the currents flowing through T1 and T4 are

iT1 =

{
−iau Si = 1and iau< 0

0 other situations
(6)

iT4 =

⎧⎨
⎩
−iau Si = 1and iau< 0

−iau Si = 0and iau< 0
0 other situations.

(7)

TABLE III
POWER LOSSES WITH ONLY MODE 0A-BASED BM

Fig. 3. Conduction losses and switching losses of T1 and T4 under various ϕ.

Fig. 4. Conduction loss differenceΔPcon_T14 under variousϕ and various m.

It can be observed that T1 takes less current in comparison
with T4, and therefore, the current integral of T1 is smaller
than that of T4 as IT1 < IT4, which causes that the conduction
loss of T1 is smaller than that of T4 as Pcon_T1 < Pcon_T4,
as given in Table III. Fig. 3 shows the conduction losses and
switching losses of T1 and T4 in the FBSM of MMC working at
the rated apparent power listed in Table VI and various power
factor angles ϕ, which is derived from the simulation system
in Section VI. In Fig. 3, the modulation index m = 0.8. The
Infineon IGBT module FZ1200R17HP4 is adopted. The power
losses are calculated based on (2)–(4) and the semiconductor
specifications are provided by the datasheet [19]. It also shows
that Pcon_T1 < Pcon_T4. In addition, compared with conduction
losses, the switching losses of T1 and T4 have little effect on
power loss unbalancing due to low switching frequency of MMC
with numerous SMs, as shown in Fig. 3.

Fig. 4 shows the conduction loss difference ΔPcon_T14 be-
tween T1 and T4 under variousϕ and various m, which is derived
from the simulation system in Section VI. In Fig. 4, the MMC
working with overmodulation as m > 1 is also considered and
ΔPcon_T14 = Pcon_T1-Pcon_T4. It can be observed that the
ΔPcon_T14 is rated toϕ and m, andΔPcon_T14 < 0 when FBSM
works with only Mode 0A-based BM, which also indicates that
Pcon_T1 < Pcon_T4.
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Fig. 5. Conduction losses and switching losses of D1 and D4 under various ϕ.

Fig. 6. Conduction loss differenceΔPcon_D14 under variousϕ and various m.

B. Power Losses Analysis of D1 and D4

Based on Fig. 2, when the FBSM works with only Mode
0A-based BM, the currents flowing through D1 and D4 are

iD1 =

{
iau Si = 1and iau > 0

0 other situations
(8)

iD4 =

⎧⎪⎨
⎪⎩
iau Si = 1and iau > 0

iau Si = 0and iau> 0

0 other situations.

(9)

It can be observed that the D1 takes less current in comparison
with D4, and therefore, the current integral of D1 is smaller than
that of D4 as ID1 < ID4, which causes that the conduction loss
of D1 is smaller than that of D4 as Pcon_D1 < Pcon_D4, as given
in Table III. Fig. 5 shows the conduction losses and switching
losses of D1 and D4 under various ϕ and m = 0.8. Fig. 6 shows
the conduction loss difference ΔPcon_D14 = Pcon_D1-Pcon_D4

under various ϕ and various m. Figs. 4 and 5 show that the
Pcon_D1 < Pcon_D4 when FBSM works with only Mode 0A-
based BM and the switching losses have little effect on power
loss unbalancing.

C. Power Losses Analysis of T2 and T3

Based on Fig. 2, when the FBSM works with only Mode
0A-based BM, the currents flowing through T2 and T3 are:

iT2 =

⎧⎪⎨
⎪⎩
iau Si = −1 and iau > 0

iau Si = 0and iau > 0

0 other situations

(10)

iT3 =

{
iau Si = −1 and iau > 0

0 other situations.
(11)

Fig. 7. Conduction losses and switching losses of T2 and T3 under various ϕ.

Fig. 8. Conduction loss difference ΔPcon_T23 under various ϕ and
various m.

It can be observed that T3 takes less current in comparison
with T2, and therefore, the current integral of T3 is smaller than
that of T2 as IT3 < IT2, which causes that the conduction loss
of T3 is smaller than that of T2 as Pcon_T3 < Pcon_T2, as given
in Table III. Fig. 7 shows the conduction losses and switching
losses of T2 and T3 under various ϕ and m = 0.8. Fig. 8 shows
the conduction loss difference ΔPcon_T23 = Pcon_T2-Pcon_T3

under various ϕ and various m. Figs. 7 and 8 show that the
Pcon_T3 < Pcon_T2 when FBSM works with only Mode 0A-
based BM and the switching losses have little effect on power
loss unbalancing.

D. Power Losses Analysis of D2 and D3

Based on Fig. 2, when the FBSM works with only Mode
0A-based BM, the currents flowing through D2 and D3 are

iD2 =

⎧⎨
⎩
−iau Si = −1 and iau< 0

−iau Si = 0and iau< 0
0 other situations

(12)

iD3 =

{
−iau Si = −1 and iau< 0

0 other situations.
(13)

It can be observed that D3 takes less current in comparison
with D2, and therefore, the current integral of D3 is smaller than
that of D2 as ID3 < ID2, which causes that the conduction loss
of D3 is smaller than that of D2 as Pcon_D3 < Pcon_D2, as given
in Table III. Fig. 9 shows the conduction losses and switching
losses of D2 and D3 under various ϕ and m = 0.8. Fig. 10 shows
the conduction loss difference ΔPcon_D23 = Pcon_D2-Pcon_D3

under various ϕ and various m. Figs. 9 and 10 show that the
Pcon_D3 < Pcon_D2 when FBSM works with only Mode 0A-
based BM and the switching losses have little effect on power
loss unbalancing.
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Fig. 9. Conduction losses and switching losses of D2 and D3 under
various ϕ.

Fig. 10. Conduction loss difference ΔPcon_D23 under various ϕ and
various m.

Fig. 11. Conduction situation in FBSM with mode 0B. (a) iau > 0. (b) iau < 0.

IV. POWER LOSS ANALYSIS OF FBSM WORKING WITH ONLY

MODE 0B-BASED BM

With only Mode 0B-based BM, when Si = 1, the FBSM works
in Mode 1; when Si =−1, the FBSM works in Mode −1; when
Si = 0, the FBSM works in Mode 0B. The conduction situation
in FBSM with Mode 0B is shown in Fig. 11, as follows.

1) iau > 0, as shown in Fig. 11(a): The iau flows through T3

and D1, and the T3′s current is iT3 = iau and D1’s current
is iD1 = iau.

2) iau < 0, as shown in Fig. 11(b): The iau flows through
T1 and D3, and the T1’s current is iT1 = −iau and D3’s
current is iD3 = −iau.

Similar to the analysis in Section III, the power loss distri-
bution in the FBSM with only Mode 0B-based BM is given in
Table IV, as follows.

1) T1 and T4: The T1 takes more current in comparison with
T4, and IT1 > IT4, which causes Pcon_T1 > Pcon_T4

according to (2).
2) D1 and D4: The D1 takes more current in comparison

with D4, and ID1 > ID4, which causes Pcon_D1 >Pcon_D4

according to (2).
3) T2 and T3: The T3 takes more current in comparison with

T3, and IT3 > IT2, which causes Pcon_T3 > Pcon_T2

according to (2).

TABLE IV
POWER LOSSES WITH ONLY MODE 0B-BASED BM

4) D2 and D3: The D3 takes more current in comparison
with D2, and ID3 > ID2, which causes Pcon_D3 >Pcon_D2

according to (2).

V. PROPOSED POWER LOSS BALANCING CONTROL

FOR FBSMS

A. Analysis of Current Difference Integral

The current differences ΔiT14 between T1 and T4, ΔiD14

between D1 and D4, ΔiT32 between T3 and T2, and ΔiD32

between D3 and D2 are⎧⎪⎪⎪⎨
⎪⎪⎪⎩

ΔiT14 = iT1 − iT4

ΔiD14 = iD1 − iD4

ΔiT32 = iT3 − iT2

ΔiD32 = iD3 − iD2.

(14)

The current difference integrals ΔIT14, ΔID14, ΔIT32, and
ΔID32 are ⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

ΔIT14 =
∫ t

0 ΔiT14dt

ΔID14 =
∫ t

0 ΔiD14dt

ΔIT32 =
∫ t

0 ΔiT32dt

ΔID32 =
∫ t

0 ΔiD32dt.

(15)

According to Figs. 2 and 11, the semiconductor currents in
the FBSM have the relationship as{

iT1 = iT4, iD1 = iD4, iT3 = iT2, iD3 = iD2(Si=± 1)

iT1 = iD3, iD1 = iT3, iT4 = iD2, iD4 = iT2(Si= 0).

(16)
Substituting (14) and (15) into (16), there is{

ΔIT14 = ΔID32

ΔIT32 = ΔID14.
(17)

The conduction loss differences ΔPcon_T14 between T1 and
T4,ΔPcon_D14 between D1 and D4,ΔPcon_T32 between T3 and
T2, and ΔPcon_D32 between D3 and D2 can be expressed as⎧⎪⎪⎪⎨

⎪⎪⎪⎩

ΔPcon_T14 = Pcon_T1 − Pcon_T4

ΔPcon_D14 = Pcon_D1 − Pcon_D4

ΔPcon_T32 = Pcon_T3 − Pcon_T2

ΔPcon_D32 = Pcon_D3 − Pcon_D2.

(18)

Substituting (2) and (17) into (18), the relationship between
current difference integrals and conduction loss differences can
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TABLE V
RELATIONSHIP BETWEEN BM, ΔIT (ΔID), AND ΔPcon_T (ΔPcon_D)

Fig. 12. Diagram of proposed CIC-PLBC for the ith FBSM.

be expressed as⎧⎪⎪⎪⎨
⎪⎪⎪⎩

ΔPcon_T14 = (VT con/Tf ) ·ΔIT14

ΔPcon_D14 = (VDcon/Tf ) ·ΔID14

ΔPcon_T32 = (VT con/Tf ) ·ΔIT32

ΔPcon_D32 = (VDcon/Tf ) ·ΔID32

(19)

with {
ΔPcon_T14 = (VT con/VDcon) ·ΔPcon_D32

ΔPcon_T32 = (VT con/VDcon) ·ΔPcon_D14.
(20)

According to (17), (19), (20), and Tables III and IV, the re-
lationship between selected BM and current difference integral,
conduction loss difference can be obtained, as given in Table V,
as follows.

1) Mode 0A: The ΔIT14, ΔID32, ΔIT32, and ΔID14 would
be reduced, which results in that the conduction loss
differences ΔPcon_T14, ΔPcon_D32, ΔPcon_T32, and
ΔPcon_D14 would be reduced.

2) Mode 0B: The ΔIT14, ΔID32, ΔIT32, and ΔID14 would
be increased, which results in that the conduction loss
differences ΔPcon_T14, ΔPcon_D32, ΔPcon_T32, and
ΔPcon_D14 would be increased.

B. Proposed Power Loss Balancing Control

Based on above analysis, a CIC-PLBC for the ith FBSM is
proposed, as shown in Fig. 12, which can make ΔPcon_T14,

Fig. 13. Diagram of BM selection with proposed CIC-PLBC.

ΔPcon_D14, ΔPcon_T32, and ΔPcon_D32 close to 0 through
selecting Mode 0A or Mode 0B for BM, so as to make T1’s loss
close to T4’s loss, T2’s loss close to T3’s loss, D1’s loss close
to D4’s loss, and D2’s loss close to D3’s loss, and accordingly
improve the power loss distribution in the FBSM.

In Fig. 12, based on the switching function Si, the arm current
iau, and Figs. 2 and 11, the currents iT1–iT4 of switches T1–T4

can be obtained. Then, the current differences ΔiT14 and ΔiT32

can be obtained based on (14). Afterward, the current difference
integrals ΔIT14 (ΔID32) and ΔIT32 (ΔID14) can be obtained
based on (15). At the moment when Si is switched from 1 to 0,
the Mode 0A or Mode 0B are selected for BM based on ΔIT14

and ΔIT32, so as to balance the power losses in the FBSM, as
follows.

1) If |ΔIT14| ≥ |ΔIT32| and ΔIT14 ≥ 0: |ΔPcon_T14| ≥
|ΔPcon_T32|, |ΔPcon_D32| ≥ |ΔPcon_D14|, ΔPcon_T14 ≥
0, and ΔPcon_D32 ≥ 0 based on (19) and (20). According
to Table V, Mode 0A should be selected for BM. As a re-
sult, theΔIT14 will be reduced, which reducesΔPcon_T14

and ΔPcon_D32.
2) If |ΔIT14| ≥ |ΔIT32| and ΔIT14 < 0: |ΔPcon_T14| ≥

|ΔPcon_T32|, |ΔPcon_D32| ≥ |ΔPcon_D14|, ΔPcon_T14 <
0, and ΔPcon_D32 < 0 based on (19) and (20). According
to Table V, Mode 0B should be selected for BM. As
a result, the ΔIT14 will be increased, which increases
ΔPcon_T14 and ΔPcon_D32.

3) If |ΔIT14| < |ΔIT32| and ΔIT32 ≥ 0: |ΔPcon_T14| <
|ΔPcon_T32|, |ΔPcon_D32| < |ΔPcon_D14|, ΔPcon_T32 ≥
0, and ΔPcon_D14 ≥ 0 based on (19) and (20). According
to Table V, Mode 0A should be selected for BM. As a re-
sult, theΔIT32 will be reduced, which reducesΔPcon_T32

and ΔPcon_D14.
4) If |ΔIT14| < |ΔIT32| and ΔIT32 < 0: |ΔPcon_T14| <

|ΔPcon_T32|, |ΔPcon_D32| < |ΔPcon_D14|, ΔPcon_T32 <
0, and ΔPcon_D14 < 0 based on (19) and (20). According
to Table V, Mode 0B should be selected for BM. As
a result, the ΔIT32 will be increased, which increases
ΔPcon_T32 and ΔPcon_D14.

To avoid introducing additional switching loss, if the Si is
unchanged or switched from 0 to 1 during two adjacent control
cycles, the selected BM should be kept invariable, as shown
in Fig. 12. Fig. 13 shows an example of the BM selection.
With the proposed CIC-PLBC, the conduction loss differences
ΔPcon_T14, ΔPcon_T32, ΔPcon_D14, and ΔPcon_D32 would be
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Fig. 14. Conduction losses with proposed CIC-PLBC. (a) Conduction losses
of T1–T4. (b) Conduction losses of D1–D4.

TABLE VI
SYSTEM PARAMETERS FOR SIMULATION

controlled close to 0. Since the switching loss of the MMC with
numerous SMs is quite small and it has little effect on power
loss unbalancing [10], as shown in Figs. 3–10, the proposed
CIC-PLBC can effectively balance the power losses in the
FBSM.

C. Conduction Loss Analysis of FBSM

Fig. 14 shows the conduction losses of semiconductors in
the FBSM of MMC working at rated apparent power listed in
Table VI and m = 0.8, which is derived from the simulation
system in Section VI. Here, the proposed CIC-PLBC method
is adopted. Compared with Figs. 3–10, where the FBSM works
with only Mode 0A-based BM, the proposed CIC-PLBC can not
only effectively balance conduction losses in the FBSM, but also
reduce the maximum conduction loss among semiconductors.

D. Switching Loss Analysis of FBSM

Fig. 15 shows the switching losses in the FBSM of MMC
working at rated apparent power and ϕ= 0. In Fig. 15, m = 0.8
and the FBSM works with only Mode 0A-based BM, only Mode
0B-based BM, and proposed CIC-PLBC, respectively. From
Fig. 15, the switching loss distribution in the FBSM is also
improved with proposed CIC-PLBC. In addition, the proposed

Fig. 15. Switching losses of the FBSM with only mode 0A-based BM, only
mode 0B-based BM, and proposed CIC-PLBC.

Fig. 16. Thermal network of the semiconductor.

CIC-PLBC does not introduce additional switching loss, where
the total switching loss of the FBSM is 93 W with proposed
CIC-PLBC, which is close to 96 W with only Mode 0A-based
BM and 99 W with only Mode 0B-based BM.

E. Temperature Fluctuation Analysis

Fig. 16 shows the equivalent thermal network of the semicon-
ductor, where Rth(J-C) is the thermal resistance from junction
to case, Rth(C-H) is the thermal resistance of thermal interface
material (TIM) from case to heat sink, and τ th(J-C) is the thermal
time constant from junction to case [20], [21]. TJ, Tc, and TH are
the temperature of junction, case, and heat sink, respectively. To
simplify the analysis, the TH is considered as a constant value
50 °C [22]. Based on this model, the junction temperature of
semiconductors in the FBSM can be obtained.

Fig. 17 shows the junction temperatures of the switches T1–
T4 and diodes D1–D4 in the FBSM of MMC working at rated
apparent power listed in Table VI and ϕ = 0, which is derived
from the simulation system in Section VI. Here, the proposed
CIC-PLBC is enabled at 2.2 s. Before 2.2 s, the control in [16]
is adopted, where the Mode 0A and Mode 0B are selected in
rotation for BM, and the rotation cycle is one fundamental cycle.
Compared with control in [16], both the junction temperature
fluctuations and the maximum temperature of semiconductors
are effectively reduced with proposed CIC-PLBC, as shown in
Fig. 17. It can be observed that T1’s temperature fluctuation is
reduced from 2.09 to 1.35 °C, with a 35.4% reduction, and its
maximum temperature is reduced from 56.76 to 56.38 °C, with
a 0.7% reduction. Similarly, the temperature fluctuation and the
maximum temperature of T2 are reduced by 64.2% and 3.5%,
respectively; those of T3 are reduced by 63.7% and 3.4%; those
of T4 are reduced by 35.7% and 0.8%; those of D1 are reduced by
21.5% and 0.9%; those of D2 are reduced by 51.7% and 1.3%;
those of D3 are reduced by 51.2% and 1.3%; those of D4 are
reduced by 21.5% and 0.7%, respectively.
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Fig. 17. Junction temperatures with control in [16] and proposed CIC-PLBC. (a) T1. (b) T2. (c) T3. (d) T4. (e) D1. (f) D2. (g) D3. (h) D4.

F. Reliability Analysis

The number of power cycles to failure Nf of the semiconductor
is [23]

Nf = A(ΔT )β1 · exp
(

β2

Tmax+273

)
·
(
ttest

1.5

)β3

(21)

where A, β1, β2, and β3 are fitting parameters. A = 1.42 × 1012,
β1 = −7.14, β2 = 5154, and β3 = −0.3, and ttest ranges from
0.1 to 60 s. ΔT is the junction temperature fluctuation, and Tmax

is the maximum junction temperature.
The consumed lifetime per year of the semiconductor is [21]

CL =
365× 24× 3600× 50

Nf
. (22)

The reliability function Rcom(t) of the semiconductor can be
expressed as [24], [25]

Rcom(t) = e−CLt. (23)

According to the reliability block diagram [23], the failure
function FMMC(t) of the MMC can be expressed by semicon-
ductors’ reliability functions Rcom(t), as

FMMC(t) = 1−
6∏

k=1

⎡
⎣ N∏
i=1

⎡
⎣ 8∏
j=1

Rcomkij(t)

⎤
⎦
⎤
⎦. (24)

Based on above analysis, the lifetime of the MMC can be
obtained, as shown in Fig. 18. Here, the control in [16] and
proposed CIC-PLBC are adopted, respectively. In Fig. 18, the
MMC’s lifetime with proposed CIC-PLBC is set as the base
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Fig. 18. Failure probability of MMC with control in [16] and CIC-PLBC.

Fig. 19. Block diagram of the MMC simulation system.

Fig. 20. (a) ia, ib, and ic. (b) Harmonic spectrum of ia with control in [16].
(c) Harmonic spectrum of ia with proposed CIC-PLBC.

value. Due to the reduced temperature fluctuation and the maxi-
mum temperature, as shown in Fig. 17, the proposed CIC-PLBC
has significant effects on the improvement of the MMC’s life-
time. Compared with the control in [16], the lifetime of MMC
with proposed CIC-PLBC is improved from 0.34 to 1 per unit,
with a 194.1% increase.

VI. SIMULATION STUDIES

To verify the effectiveness of proposed CIC-PLBC, the simu-
lation studies of the three-phase MMC system are performed
with the time-domain simulation tool PSCAD/EMTDC, as
shown in Fig. 19. The main simulation parameters are listed
in Table VI.

A. MMCs Working at m = 0.8 and ϕ = 0

Fig. 20(a) shows the grid currents ia, ib, and ic of MMC
working at m = 0.8 and ϕ= 0. Here, the proposed CIC-PLBC is

Fig. 21. Power loss distribution when m = 0.8 and ϕ= 0. (a) With only mode
0A-based BM. (b) With control in [16]. (c) With proposed CIC-PLBC.

enabled at 1.5 s. Before 1.5 s, the FBSM works with control in
[16]. Fig. 20(b) and (c) shows the spectrum of ia with control in
[16] and proposed CIC-PLBC, respectively. It can be observed
that the proposed CIC-PLBC has little impact on the output
current of the MMC.

Fig. 21(a)–(c) shows the power loss distribution in the FBSM
of MMC working at m = 0.8 and ϕ= 0, where the FBSM works
with only Mode 0A-based BM, the control in [16], and proposed
CIC-PLBC, respectively. From Fig. 21(a), the power losses in the
FBSM with only Mode 0A-based BM is extremely unbalanced.
From Fig. 21(b), the power losses between T1 and T4, T2 and
T3, D1 and D4, and D2 and D3 are still unbalanced with the
control in [16]. Compared with Fig. 21(a) and (b), the proposed
CIC-PLBC can effectively improve the power loss distribution
in the FBSM, as shown in Fig. 21(c).

B. MMCs Working at m = 0.8 and ϕ = π/2

Fig. 22(a) and (b) shows the power loss distribution in the
FBSM of MMC working at m = 0.8 and ϕ = π/2, where the
FBSM works with the control in [16] and proposed CIC-PLBC,
respectively. Compared with Fig. 22(a), Fig. 22(b) shows that
the proposed CIC-PLBC can effectively improve the power loss
distribution in the FBSM.

C. MMCs Working at m = 0.8 and ϕ = π

Fig. 23(a) and (b) shows the power loss distribution in the
FBSM of MMC working at m = 0.8 and ϕ = π, where the
FBSM works with the control in [16] and proposed CIC-PLBC,
respectively. Compared with Figs. 23(a) and (b) shows that the
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Fig. 22. Power loss distribution when m = 0.8 and ϕ= π/2. (a) With control
in [16]. (b) With proposed CIC-PLBC.

Fig. 23. Power loss distribution when m = 0.8 and ϕ= π. (a) With control in
[16]. (b) With proposed CIC-PLBC.

proposed CIC-PLBC can effectively improve the power loss
distribution in the FBSM.

D. MMCs Working at m = 0.8 and ϕ = 3π/2

Fig. 24(a) and (b) shows the power loss distribution in the
FBSM of MMC working at m = 0.8 and ϕ = 3π/2, where the
FBSM works with the control in [16] and proposed CIC-PLBC,
respectively. Compared with Fig. 24(a), Fig. 24(b) shows that
the proposed CIC-PLBC can effectively improve the power loss
distribution in the FBSM.

E. MMCs Working at m = 1.5 and ϕ = 0

Fig. 25(a) and (b) shows the power loss distribution in the
FBSM of MMC working at m = 1.5 and ϕ = 0, where the
FBSM works with the control in [16] and proposed CIC-PLBC,
respectively. Compared with Fig. 25(a), Fig. 25(b) shows that
the proposed CIC-PLBC can also effectively improve the power

Fig. 24. Power loss distribution when m = 0.8 and ϕ= 3π/2. (a) With control
in [16]. (b) With proposed CIC-PLBC.

Fig. 25. Power loss distribution when m = 1.5 and ϕ= 0. (a) With control in
[16]. (b) With proposed CIC-PLBC.

loss distribution in the FBSM when the MMC works with
overmodulation.

VII. EXPERIMENTAL STUDIES

A three-phase MMC is built in the laboratory to verify the
proposed CIC-PLBC method, as shown in Fig. 26(a) and (b).
The dc-side voltage of the MMC is supported by a dc source
SGA600/10 paralleled with a resistor, and the ac-side of the
MMC is connected to the grid via an autotransformer (AT). The
system parameters are listed in Table VII.

A. MMCs Working at ϕ = 0

Fig. 27 shows the power loss distribution in the FBSM of
MMC working at the rated apparent power and ϕ = 0. Before
enabling the proposed CIC-PLBC, the FBSM works with control
in [16]. Fig. 27(a) shows the loss energy differences ΔET14

between T1 and T4, ΔET23 between T2 and T3, ΔED14 between
D1 and D4, and ΔED23 between D2 and D3, respectively. The
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Fig. 26. (a) Block diagram of experimental circuit. (b) Experimental platform.

TABLE VII
EXPERIMENTAL SYSTEM PARAMETERS

Fig. 27. (a) Loss energy differences ΔET14, ΔET23, ΔED14, and ΔED23

when ϕ = 0. (b) Power loss distribution with control in [16]. (c) Power loss
distribution with proposed CIC-PLBC.

loss energy differences are

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

ΔET14 =
∫ t

0 (PLoss_T1 − PLoss_T4)dt

ΔET23 =
∫ t

0 (PLoss_T2 − PLoss_T3)dt

ΔED14 =
∫ t

0 (PLoss_D1 − PLoss_D4)dt

ΔED23 =
∫ t

0 (PLoss_D2 − PLoss_D3)dt.

(25)

From (25), taking ΔET14 as an example, if ΔET14 in-
creases, the power losses between T1 and T4 are unbalanced
and PLoss_T1 > PLoss_T4; if ΔET14 decreases, the power losses
between T1 and T4 are unbalanced and PLoss_T1 < PLoss_T4; if
ΔET14 remain unchanged, the power losses between T1 and T4

are balanced and PLoss_T1 = PLoss_T4. Fig. 27(b) and (c) shows
the power loss distribution in the FBSM with control in [16] and
proposed CIC-PLBC, respectively.

From Fig. 27(a), the loss energy differences ΔET23 and
ΔED14 change drastically with the control in [16], which in-
dicates that the power losses between T2 and T3, and D1 and D4

are unbalanced, as shown in Fig. 27(b).
After the proposed CIC-PLBC is enabled, the loss energy

differences ΔET14, ΔET23, ΔED14, and ΔED23 are almost
unchanged, which indicates that the power losses of T1 and T4,
T2 and T3, D1 and D4, and D2 and D3 are close to each other,
as shown in Fig. 27(c).

B. MMCs Working at ϕ = π/2

Fig. 28 shows the power loss distribution in the FBSM of
MMC working at rated apparent power and ϕ = π/2. Before
enabling the proposed CIC-PLBC, the FBSM works with the
control in [16]. Fig. 28(a) shows the loss energy differences
ΔET14, ΔET23, ΔED14, and ΔED23. Fig. 28(b) and (c) shows
the power loss distribution in the FBSM with control in [16] and
proposed CIC-PLBC, respectively.

From Fig. 28(a), the loss energy differences ΔET23 and
ΔED14 change drastically with the control in [16], which in-
dicates that the power losses between T2 and T3, and D1 and D4

are unbalanced, as shown in Fig. 28(b).
After the proposed CIC-PLBC is enabled, the loss energy

differences ΔET14, ΔET23, ΔED14, and ΔED23 are almost
unchanged, which indicates that the power losses of T1 and T4,
T2 and T3, D1 and D4, and D2 and D3 are close to each other,
as shown in Fig. 28(c).

C. MMCs Working at ϕ = π

Fig. 29 shows the power loss distribution in the FBSM of
MMC working at rated apparent power and ϕ = π. Before
enabling the proposed CIC-PLBC, the FBSM works with control
in [16]. Fig. 29(a) shows the loss energy differences ΔET14,
ΔET23,ΔED14, andΔED23. Fig. 29(b) and (c) shows the power
loss distribution in the FBSM with control in [16] and proposed
CIC-PLBC, respectively.

From Fig. 29(a), the loss energy differences ΔET14 and
ΔED23 change drastically with the control in [16], which in-
dicates that the power losses between T1 and T4, and D2 and
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Fig. 28. (a) Loss energy differences whenϕ=π/2. (b) Power loss distribution
with control in [16]. (c) Power loss distribution with proposed CIC-PLBC.

D3 are unbalanced, as shown in Fig. 29(b). After the pro-
posed CIC-PLBC method is enabled, the loss energy differences
ΔET14, ΔET23, ΔED14, and ΔED23 are almost unchanged,
which indicates that the power losses of T1 and T4, T2 and T3,
D1 and D4, and D2 and D3 are close to each other, respectively,
as shown in Fig. 29(c).

D. MMCs Working at ϕ = 3π/2

Fig. 30 shows the power loss distribution in the FBSM of
MMC working at rated apparent power and ϕ = 3π/2. Before
enabling the proposed CIC-PLBC, the FBSM works with control
in [16]. Fig. 30(a) shows the loss energy differences ΔET14,
ΔET23,ΔED14, andΔED23. Fig. 30(b) and (c) shows the power
loss distribution in the FBSM with control in [16] and proposed
CIC-PLBC, respectively.

From Fig. 30(a), the loss energy differences ΔET23 and
ΔED14 change drastically with the control in [16], which in-
dicates that the power losses between T2 and T3, and D1 and D4

are unbalanced, as shown in Fig. 30(b). After the proposed CIC-
PLBC is enabled, the loss energy differences ΔET14, ΔET23,
ΔED14, and ΔED23 are almost unchanged, which indicates that
the power losses of T1 and T4, T2 and T3, D1 and D4, and D2

and D3 are close to each other, as shown in Fig. 30(c).

Fig. 29. (a) Loss energy differences when ϕ= π. (b) Power loss distribution
with control in [16]. (c) Power loss distribution with proposed CIC-PLBC.

Fig. 30. (a) Loss energy differences when ϕ= 3π/2. (b) Power loss distribu-
tion with control in [16]. (c) Power loss distribution with proposed CIC-PLBC.
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VIII. CONCLUSION

This article analyzed the power loss distribution of the semi-
conductors in the FBSM of the MMC in details. The uneven
power loss distribution in the FBSM would affect the reliability
of MMC. A current integral comparison-based power loss bal-
ancing control for the FBSM was proposed in this article, where
two types of BMs of the FBSM can be selected by comparing the
semiconductor current difference integral values in the FBSM.
The proposed control can not only balance the power losses
in the FBSM, but also reduce the temperature fluctuation of
the semiconductors, which significantly improves the reliability
of the MMC. Simulation and experimental results verify the
proposed control.
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