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1.1  Introduction

Power converters have been widely used in electric power conversion systems that 
can convert electric power with high conversion efficiency and economic benefits. 
In the past few decades, several power converters have been developed and com-
mercialized in the industrial community. They can be classified into current 
source converters (CSCs) and voltage source converters (VSCs).

The modular multilevel converter (MMC), as a kind of VSC, has been considered 
one of the most promising converters for medium/high-voltage and high-power 
applications, with the superiority such as excellent output power quality, high 
efficiency, modularity, and scalability [1–3]. Compared with traditional two-level 
and multilevel converters, the MMC has prominent advantages such as high effi-
ciency and low power losses. What is more, high modularity enables the MMC to 
easily expand capacity. Recently, the MMC has become attractive for high-voltage 
direct-current (HVDC) transmission [4], renewable energy generation [5], electric 
railway supplies [6], micro power grid [7], etc.

This chapter deals with the fundamental principles of the MMC. The configura-
tion of the MMC is presented in Section 1.2. Section 1.2 gives an introduction of 
the converter configuration and the submodule (SM) configuration. The opera-
tion principles of the SM and the converter are shown in Section 1.3. Section 1.4 
demonstrates the modulation schemes, including phase-disposition (PD) pulse 
width modulation (PWM), phase-shifted (PS) PWM, and nearest level modulation 
(NLM). Afterward, mathematical models of the SM, the arm, and the MMC are 
introduced in Section  1.5. Then, Section  1.6 introduces the parameter design 
methods of power devices, capacitor, and arm inductor in the MMC. An overview 
of the MMC faults is given in Section 1.7.
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1  Modular Multilevel Converters2

1.2  MMC Configuration

1.2.1  Converter Configuration

A three-phase MMC topology is shown in Figure  1.1, which consists of three 
phase-legs, each composed of an upper arm and a lower arm. Each arm contains 
n identical SMs and an arm inductor Ls. The upper and lower arm currents are iju 
and ijl, respectively, in phase j ( j = a, b, c). The AC side of the MMC is equipped 
with the filter inductor Lf. The MMC links the DC side and the three-phase AC 
side. Electric power can flow from the DC side to the AC side or from the AC side 
to the DC side through changing the operation mode of the MMC. The number of 
SMs can affect the output voltage level and thus power quality. A multilevel 
voltage would be synthesized at the AC side of the MMC, and output harmonic 
contents would be reduced with the cascading of SMs [8].

1.2.2  Submodule Configuration

The SM unit is the fundamental component of the MMC. Figure 1.2 shows the 
typical half-bridge (HB) SM configuration, which is widely used in power 
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Figure 1.1  Three-phase MMC configuration.
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1.3  ­Operation  Principle 3

applications. The HB SM consists of two switches/diodes T1/D1 and T2/D2 and a 
DC capacitor C. Through the switching of the power switches T1 and T2, the HB 
SM can output two voltage levels, including the capacitor voltage uc and 0 [8].

1.3  Operation Principles

1.3.1  Submodule Normal Operation

In the normal operation of the MMC, the operation state of the SM is controlled 
by the switching function S, which is defined as

	
S

u u
u
g g

g

1
0

1 2

1

,
,

  
 
is high-level and is low-level
is low-leveel and is high-level ug2

	 (1.1)

where ug1 and ug2 are the drive voltages of switches T1 and T2, respectively, as 
shown in Figure 1.2. The switching modes of the HB SM are listed in Table 1.1.

●● The T is turned on when the ug is high-level
●● The T is turned off when the ug is low-level.

The relationship between the SM’s output voltage usm and the SM’s capacitor 
voltage uc is

	u S usm c	 (1.2)

The normal operation of the HB SM has four operation modes, as shown in 
Table 1.2 and Figure 1.3, which are decided by the switching function S and the 
direction of the arm current iarm, as follows:

T1

T2

+
D1

D2

C
uc

+

usm

ug1

ug2

Figure 1.2  Half-bridge SM.

Table 1.1  Switching modes of the HB SM.

S ug1 ug2 T1 T2

1 High-level Low-level On Off

0 Low-level High-level Off On
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1  Modular Multilevel Converters4

●● Mode 1 (normal operation): When S = 1 and iarm > 0, as shown in Figure 1.3a, 
the T1 is turned on, the T2 is turned off, the SM is inserted into the arm circuit, 
the SM state is on, and the SM output voltage usm is equal to the SM capacitor 
voltage uc. In this case, the SM capacitor C is charged by iarm, and the capacitor 
voltage uc is increased.

●● Mode 2 (normal operation): When S = 1 and iarm < 0, as shown in Figure 1.3b, 
the T1 is turned on, the T2 is turned off, the SM is inserted into the arm circuit, 
the SM state is on, and the SM output voltage usm is equal to the SM capacitor 

Table 1.2  Four normal operation modes of the HB SM.

Mode S iarm Circuit state SM state T1 T2 usm C uc

1
1

>0 Inserted On On Off uc Charged Increased

2 <0 Inserted On On Off uc Discharged Reduced

3
0

>0 Bypassed Off Off On 0 Bypassed Unchanged

4 <0 Bypassed Off Off On 0 Bypassed Unchanged
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+
D1

D2

C
uc

+

usm

iarm

(a)

T1

T2

+
D1

D2

C
uc

+

usm

iarm

(b)

(c) (d)
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D1

D2

C
uc

+
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iarm

T1

T2

+
D1

D2

C
uc

+

usm
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Figure 1.3  Four normal operation modes of the HB SM. (a) Mode 1 (normal operation). 
(b) Mode 2 (normal operation). (c) Mode 3 (normal operation). (d) Mode 4 (normal 
operation).
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1.3  ­Operation  Principle 5

voltage uc. In this case, the SM capacitor C is discharged by iarm, and the 
capacitor voltage uc is reduced.

●● Mode 3 (normal operation): When S = 0 and iarm > 0, as shown in Figure 1.3c, 
the T1 is turned off, the T2 is turned on, the SM is bypassed from the arm circuit, 
the SM state is off, and the SM output voltage usm is equal to 0. In this case, the 
SM capacitor C is bypassed, and the capacitor voltage uc is unchanged.

●● Mode 4 (normal operation): When S = 0 and iarm < 0, as shown in Figure 1.3d, 
the T1 is turned off, the T2 is turned on, the SM is bypassed from the arm circuit, 
the SM state is off, and the SM output voltage usm is equal to 0. In this case, the 
SM capacitor C is bypassed, and the capacitor voltage uc is unchanged.

1.3.2  Submodule Blocking Operation

In the blocking operation of the HB SM, the drive voltages ug1 and ug2 are both 
low-level and the switches T1 and T2 are both turned off, which has two operation 
modes and is decided by the arm current iarm, as shown in Table 1.3 and Figure 1.4, 
as follows:

●● Mode 1 (blocking operation): When T1 and T2 are both turned off and iarm > 0, as 
shown in Figure 1.4a, the SM is inserted into the arm circuit, the SM state is on, 
and the SM’s output voltage usm is uc. In this case, the capacitor C is charged by 
iarm, and the capacitor voltage uc is increased.

Table 1.3  Two blocking operation modes of the HB SM.

Mode iarm Circuit state SM state T1 T2 usm C uc

1 >0 Inserted On Off Off uc Charged Increased

2 <0 Bypassed Off Off Off 0 Bypassed Unchanged

T1

T2

+
D1

D2

C
uc

+

usm

iarm

(a)

T1

T2

+
D1

D2

C
uc

+

usm

iarm

(b)

Figure 1.4  Two blocking operation modes of the HB SM. (a) Mode 1 (blocking operation). 
(b) Mode 2 (blocking operation).
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1  Modular Multilevel Converters6

●● Mode 2 (blocking operation): When T1 and T2 are both turned off and iarm < 0, as 
shown in Figure 1.4b, the SM is bypassed from the arm circuit, the SM state is 
off, and the SM’s output voltage usm is 0. In this case, the capacitor C is bypassed, 
and the capacitor voltage uc is unchanged.

1.3.3  Converter Operation

The MMC generates the multilevel stepped waveform at its AC side by control-
ling the number of inserted SMs in the arm. To get an intuitive understanding of 
the operation principle of the MMC, Figure 1.5a shows an example of the upper 
arm of phase A, where four HB SMs (SM1–SM4) per arm are considered for the 
MMC. Here, all SMs’ capacitor voltages are supposed to be the same as uc, and 
the output voltages of the SM1–SM4 are usm_au1, usm_au2, usm_au3, and usm_au4, 
respectively. The waveform of the upper arm voltage uau in phase A in one fun-
damental period is shown in Figure 1.5b, which is the sum of all SMs’ output 
voltages usm_au1, usm_au2, usm_au3, and usm_au4 in the upper arm of phase A. The 
switching functions of the SM1–SM4 and the corresponding output voltages of 
the SM1–SM4 are shown in Table  1.4, where the switching functions of 

t

+
uc

S2

S2
+

–
usm_au2

+
uc

S3

S3
+

–
usm_au3

+
uc

S4

S4
+

–
usm_au4

uau

+
uc

S1

S1
+

–
usm_au1

uc 2uc 3uc0 3uc4uc 2uc uc 0

uau

(a)

(b)

0

Figure 1.5  Operation principle of the MMC. (a) Upper arm of phase A. (b) Upper arm 
voltage of phase A.
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1.3  ­Operation  Principle 7

SM1–SM4 are Sau1, Sau2, Sau3, and Sau4, respectively. The arm voltage uau has five 
different levels including 0, uc, 2uc, 3uc, and 4uc, which is expressed as

	
u u S u n uau

i
sm aui

i
aui c on c

1

4

1

4

_ 	 (1.3)

with

	
n Son

i
aui

1

4

	 (1.4)

where non is the number of inserted SMs in the arm of the MMC. The arm voltage 
uau depends on different switching combinations corresponding to the SMs in the 
arm, as shown in Figure 1.5 and Table 1.4.

●● Fifth level (uau = 4uc): The highest arm voltage 4uc is generated when all four 
switching functions Sau1, Sau2, Sau3, and Sau4 corresponding to the SM1–SM4 are 
all switched to 1.

Table 1.4  Switching functions and output voltages of SMs.

non Sau1 Sau2 Sau3 Sau4 usm_au1 usm_au2 usm_au3 usm_au4 uau

0 0 0 0 0 0 0 0 0 0

1

1 0 0 0 uc 0 0 0

uc
0 1 0 0 0 uc 0 0

0 0 1 0 0 0 uc 0

0 0 0 1 0 0 0 uc

2

1 1 0 0 uc uc 0 0

2uc

1 0 1 0 uc 0 uc 0

1 0 0 1 uc 0 0 uc

0 1 1 0 0 uc uc 0

0 1 0 1 0 uc 0 uc

0 0 1 1 0 0 uc uc

3

1 1 1 0 uc uc uc 0

3uc
1 1 0 1 uc uc 0 uc

1 0 1 1 uc 0 uc uc

0 1 1 1 0 uc uc uc

4 1 1 1 1 uc uc uc uc 4uc
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1  Modular Multilevel Converters8

●● Forth level (uau = 3uc): The arm voltage 3uc is generated when three out of four 
switching functions Sau1, Sau2, Sau3, and Sau4 corresponding to the SM1–SM4 are 
switched to 1.

●● Third level (uau = 2uc): The arm voltage 2uc is generated when two out of four 
switching functions Sau1, Sau2, Sau3, and Sau4 corresponding to the SM1–SM4 are 
switched to 1.

●● Second level (uau = uc): The arm voltage uc is generated when one out of four 
switching functions Sau1, Sau2, Sau3, and Sau4 corresponding to the SM1–SM4 is 
switched to 1.

●● First level (uau = 0): The lowest arm voltage 0 is generated when all four switch-
ing functions Sau1, Sau2, Sau3, and Sau4 corresponding to the SM1–SM4 are all 
switched to 0.

1.4  Modulation Scheme

Modulation is a technique that produces the desired voltage in the arm or at the 
AC side of the MMC by controlling the drive voltage of switching devices in the 
MMC. It affects not only the MMC’s external performance, such as AC-side volt-
age harmonics and AC-side current harmonics, but also the internal characteris-
tics, such as capacitor voltage fluctuation, distribution of energy, and power losses 
distribution among SMs [9]. Currently, there are three modulation schemes com-
monly used in the MMC, which are PD-PWM, PS-PWM, and NLM, as shown in 
Table 1.5. Based on the modulation and the reference y for the arm of the MMC, 
the number non of SMs to be inserted into the arm of the MMC can be decided, as 
shown in Figure 1.6.

Table 1.5  Three modulation schemes [9–16].

Modulation scheme Characteristics

PD-PWM ●● High switching frequency modulation
●● Unevenly distributed pulses
●● Suitable for MMCs with not so many SMs per arm

PS-PWM ●● High switching frequency modulation
●● Evenly distributed pulses
●● Suitable for MMCs with not so many SMs per arm

NLM ●● Low switching frequency modulation
●● Easy for implementation
●● Suitable for MMCs with large number of SMs per arm
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1.4 Modulation   Schem 9

1.4.1  Phase-Disposition PWM

The PD-PWM is typically suitable for the MMC with not so many SMs per 
arm [9–11]. For the MMC with n SM per arm, it is realized by applying n number 
of identical triangular carriers W1–Wn stacked evenly in the vertical direction 
between −1 and 1. Through the comparison between the carriers and the refer-
ence signal y, the PD-PWM can be produced.

Figure 1.7 illustrates the implementation principle of the PD-PWM (n = 4) for 
the MMC with n SMs per arm. The n carriers W1–Wn are at the same phase angle. 
The carrier frequency is fs. The height Δh of each carrier is equal to 2/n. 

Modulation scheme
(e.g. PD-PWM, PS-

PWM, NLM)

Arm 
reference 

y

Inserted 
SM number 

non

Figure 1.6  Modulation for MMCs.
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Figure 1.7  Implementation principle of PD-PWM for MMCs.

0005510336.INDD   9 03-09-2023   16:02:56



1  Modular Multilevel Converters10

The reference signal y is compared with the carriers W1–Wn to generate the pulses 
Sp1–Spn, respectively, as follows:

●● The Spi is 1 if the reference y is higher than the carrier Wi (i = 1, 2, . . ., n)
●● The Spi is 0 if the reference is lower than the carrier Wi (i = 1, 2, . . ., n)

The total number non of SMs to be inserted into each arm at each instant can be 
expressed as the sum of Sp1–Spn, as

	
n Son

i

n

pi
1

	 (1.5)

Figure 1.7 shows that the PD-PWM results in an unevenly distributed switching 
frequency among Sp1–Spn. The value of non varies in the range of 0–n in one fun-
damental period, which achieves the multilevel synthesized waveform. In addi-
tion, it is apparent that the switching actions of Sp1–Spn are affected by the 
amplitude of the reference signal y.

The typical characteristics of the PD-PWM are summarized in Table 1.5.

1.4.2  Phase-Shifted PWM

The PS-PWM is suitable for the MMC with not so many SMs per arm [12, 13]. For 
the MMC with n SMs per arm, it is realized by applying n number of identical 
triangular carriers W1–Wn stacked evenly in horizontal direction. The carrier is 
between −1 and 1. Through the comparison between the carriers W1–Wn and the 
reference signal y, the PS-PWM can be achieved.

Figure 1.8 illustrates the implementation principle of PS-PWM (n = 4) for the 
MMC with n SMs per arm. The carriers W1–Wn are all with the same carrier fre-
quency fs. The phase angle between two adjacent carriers of W1–Wn is denoted as 
Δθ. Generally, the Δθ is

	 2 / n	 (1.6)

The reference signal y is compared with the carriers W1–Wn to generate the 
pulses Sp1–Spn, as follows:

●● The Spi is 1 if the reference y is more than the carrier Wi (i = 1, 2, . . ., n)
●● The Spi is 0 if the reference is less than the carrier Wi (i = 1, 2, . . ., n)

The total number non of the SMs to be inserted into each arm at each instant can 
be expressed as the sum of Sp1–Spn, as

	n Son
i

n

pi
1

	 (1.7)
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1.4 Modulation   Schem 11

In Figure 1.8, the reference signal y is always modulated by all carriers W1–Wn 
to generate the PWM pulses. The pulses and the switching frequency are distrib-
uted evenly among Sp1–Spn. The value of non varies in the range of 0–n in one 
fundamental period, which achieves the multilevel synthesized waveform. In 
addition, the switching actions of Sp1–Spn remain constant regardless of the 
modulation index of the reference signal.

The typical characteristics of the PS-PWM are summarized in Table 1.5.

1.4.3  Nearest Level Modulation

The NLM is suitable for the MMC applications with large number of SMs, e.g. high 
voltage direct current (HVDC) transmission [9, 14–16]. The NLM uses the staircase 
waveform nearest to the desired reference signal. For the MMC with n SMs per arm, 
the NLM can be produced with the simple rounding function for the reference y.

0

1

–1

W1 W2 W3 W4
∆θ = 2π/4

Reference signal 
y

1
0

Sp1

1
0

Sp2

1
0

Sp3

1
0

Sp4

0

4
non

1

2
3

ωt

ωt

ωt

ωt

ωt

ωt

Figure 1.8  Implementation principle of PS-PWM for MMCs.
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1  Modular Multilevel Converters12

Figure 1.9 illustrates the implementation principle of the NLM for the upper 
arm of the MMC (n = 8) with n SMs per arm. Based on the reference signal y for 
the phase unit, the total number non of SMs to be inserted into the upper arm at 
each instant can be obtained as

	
n y non round 1

2 	 (1.8)

The NLM directly generates the number of inserted SMs in the arm to yield the 
multilevel waveforms. The waveform of non is a staircase with step height of 1. The 
value of non varies in the range of 0–n. Therefore, the maximum level number of 
non is n + 1. The harmonic spectrum of the NLM is dependent on n. If n is small, the 
staircase number is small and the harmonics will be a little high. If n is large, 
the  staircase number is large and the multilevel waveforms will be very close 
to the reference signal and have very little harmonics.

The typical characteristics of the NLM are summarized in Table 1.5.

1.5  Mathematical Model

1.5.1  Submodule Mathematical Model

Figure 1.10 shows the equivalent circuit diagram of the i-th SM in the upper 
arm of phase A. Figure 1.10a shows the equivalent circuit diagram of the SM 
when its switching function Saui is 1, and Figure 1.10b shows the equivalent 
circuit diagram of the SM when its switching function Saui is 0. According to 
the equivalent circuit diagrams, the switching-function based model and the 
reference-based model of the HB SM can be derived as discussed in the 
following sections.

0

n
non

n/2 1−y

2
n

ωt

n–1

Figure 1.9  Implementation principle of NLM for MMCs.
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1.5 Math ematical Mode  13

1.5.1.1  Switching-Function Based Model
The relationship between the i-th SM’s capacitor current icaui and arm current iau 
can be expressed as

	i S icaui aui au	 (1.9)

The relationship between SM’s output voltage usm_aui and SM’s capacitor voltage 
ucaui can be expressed as

u S usm aui aui caui_ 	 (1.10)

According to the Volt–Ampere characteristic of the capacitor [17], the voltage 
ucaui imposed on the SM’s capacitor C can be expressed as

u
C

i dt
C

S i dtcaui caui aui au
1 1

	 (1.11)

Combining equations (1.10) and (1.11), the SM’s output voltage usm_uai can be 
rewritten as

u S
C

S i dtsm aui
aui

aui au_ 	 (1.12)

1.5.1.2  Reference-Based Model
With the Fourier transform, the SM’s switching function Saui can be expressed 
using Fourier series as

S m t A h taui
h

h h
1
2

1
2 2

sin sin 	 (1.13)

where m is the modulation index, ω is the fundamental angular frequency, ϕ is the 
phase angle of the fundamental component, and Ah and θh are the amplitude and 
phase angle for the h-th harmonic, respectively.

+
C ucaui

+

usm_aui

iau

(a)
icaui

+
C ucaui

+

usm_aui

iau

(b)
icaui

Saui=1 Saui=0

Figure 1.10  HB SM equivalent circuit. (a) Saui = 1. (b) Saui = 0.

0005510336.INDD   13 03-09-2023   16:03:11



1  Modular Multilevel Converters14

Neglecting the harmonic components and supposing that the SMs in the arm 
are the same, the SM’s switching function can be simplified as

S yaui au
1
2

1
2

	 (1.14)

with
y m tau sin 	 (1.15)

where yau is the reference signal for upper arm of phase A.
Combining equations  (1.9) and (1.14), the SM’s capacitor current icaui can be 

expressed as

i y icaui
au

au
1

2
	 (1.16)

Based on equations  (1.11) and  (1.16), the SM’s capacitor voltage ucaui can be 
expressed as

u
C

y i dtcaui
au

au
1 1

2 	 (1.17)

Combining equations (1.10), (1.14), and (1.17), the SM’s output voltage usm_uai 
can be expressed as

u y u y
C

y i dtsm aui
au

caui
au au

au_
1

2
1

2
1

2
	 (1.18)

1.5.2  Arm Mathematical Model

Figure 1.11 shows the configurations of the upper and lower arms of phase j ( j = a, 
b, c). Figure  1.11a shows the configuration of the upper arm of phase j, and 
Figure 1.11b shows the configuration of the lower arm of phase j. According to the 
arm configurations, the switching-function based model and the reference-based 
model of upper and lower arms can be derived as discussed in the following sections.

1.5.2.1  Switching-Function Based Model
In Figure 1.11, the upper arm voltage uju and lower arm voltage ujl of phase j are 
equal to the sum of SM’s output voltages  [18]. The upper arm voltage uju and 
lower arm voltage ujl can be expressed as

u u

u u

ju
i

n

sm jui

jl
i

n

sm jli

1

1

_

_

	 (1.19)

where usm_ jui is the output voltage of the i-th SM in the upper arm of phase j and 
usm_ jli is the output voltage of the i-th SM in the lower arm of phase j.
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1.5 Math ematical Mode  15

Combining equations  (1.10) and  (1.19), the upper arm voltage uju and lower 
arm voltage ujl can be expressed as

u S u

u S u

ju
i

n

jui cjui

jl
i

n

jli cjli

1

1

	 (1.20)

where Sjui is the switching function of the i-th SM in the upper arm of phase j, Sjli 
is the switching function of the i-th SM in the lower arm of phase j, ucjui is the 
capacitor voltage of the i-th SM in the upper arm of phase j, and ucjli is the capacitor 
voltage of the i-th SM in the lower arm of phase j.

1.5.2.2  Reference-Based Model
Combining equations (1.14) and (1.20), the upper arm voltage uju and lower arm 
voltage ujl can be expressed as

u
y

u

u
y

u

ju
ju

i

n

cjui

jl
jl

i

n

cjli

1
2

1
2

1

1

	 (1.21)
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Sju2

+

–
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Sjun
+

–
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+
ucju1

Sju1

Sju1

+

–
usm_ ju1

(a)

+
ucjl2

Sjl2

Sjl2
+

–

+
ucjln

Sjln

Sjln
+

–

ujl

+
ucjl1

Sjl1

Sjl1
+

–

(b)

usm_ ju2

usm_ jun usm_ jln

usm_ jl2

usm_ jl1

Upper arm 
reference

yju

Lower arm 
reference

yjl

Figure 1.11  Arm configurations. (a) Upper arm of phase j. (b) Lower arm of phase j.
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1  Modular Multilevel Converters16

where yju and yjl are the reference signals for the upper arm and lower arm of 
phase j, respectively, as shown in Figure 1.11.

1.5.3  Three-Phase MMC Mathematical Model

The configuration of the three-phase MMC is shown in Figure 1.12, and its math-
ematical model can be derived, as follows.

According to the Kirchhoff’s voltage law, the upper arm voltage uju and the 
lower arm voltage ujl can be expressed as

u V u L
di
dt

u V u L
di
dt

ju
dc

j s
ju

jl
dc

j s
jl

2

2

	 (1.22)

where uj is the AC-side voltage of phase j, iju is the upper arm current of phase j, 
and ijl is the lower arm current of phase j.

According to the Kirchhoff’s current law, the AC-side current ij can be 
expressed as

i i ij ju jl	 (1.23)
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+

_
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–
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+
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Figure 1.12  The three-phase MMC configuration.
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1.5 Math ematical Mode  17

1.5.3.1  AC-Side Mathematical Model
Figure  1.13 shows the AC-side equivalent circuit of the MMC. Combining 
equation  (1.22) and Figure  1.13, the AC-side dynamics of the MMC can be 
expressed as

e u L
di
dtj jm

j 	 (1.24)

where ej is the AC-side voltage in phase j. ujm is the internal converter voltage of 
the MMC and is expressed as

u
u u

jm
jl ju

2
	 (1.25)

L is the equivalent AC-side inductance and is expressed as

L L Ls
f2
	 (1.26)

1.5.3.2  DC-Side Mathematical Model
Figure 1.14 shows the DC-side equivalent circuit of the MMC. According to equa-
tion (1.22) and Figure 1.14, the DC-side voltage Vdc of the MMC can be expressed as

V u u L
di

dtdc ju jl s
diff j2 _ 	 (1.27)

with

i
i i

diff j
ju jl

_ 2
	 (1.28)

where idiff_ j ( j = a, b, c) is the circulating current in phase j.
The idiff_ j mainly contains DC component and the second-order harmonic 

component [18], as

i i idiff j
dc

f j_ _3 2 	 (1.29)
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ucm

MMC

+

+
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+

+

+

ea

eb

ec

o

L

L

L

Figure 1.13  The AC-side equivalent circuit of the MMC.
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1  Modular Multilevel Converters18

where idc is the DC-side current. i2f_ j is the second-order circulating current in 
phase j. The upper arm current and the lower arm current in phase j of the MMC 
can be expressed as

i
i

i

i
i

i

ju
j

diff j

jl
j

diff j

2

2

_

_

	 (1.30)

1.6  Design Constraints

Parameter designs of the MMC components are important because reasonable 
parameters can improve the stability and dynamic performance of the sys-
tem  [19–23]. This section focuses on the parameter design methods of power 
devices, capacitor, and arm inductor in the MMC.

1.6.1  Power Device Design

The configuration of the HB SM is shown in Figure 1.15, which has four power 
devices, including switches T1, T2 and diodes D1, D2. According to Section 1.3, the 
HB SM has four operation modes under normal operation and two operation 
modes under blocking operation.

uua uub uuc

ulcula ulb

Ls Ls Ls

Ls Ls Ls

idc

idiff_a idiff_b idiff_c

P

+

_

2
Vdc

o

2
Vdc

N

+ + +

+ + +

_ _ _

_ _ _

Figure 1.14  The DC-side equivalent circuit of 
the MMC.
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1.6  ­Design Constraint  19

1.6.1.1  Rated Voltage of Power Devices
The voltages uT1, uD1, uT2, uD2 of power devices T1, D1, T2, D2, respectively, in the 
MMC under normal operation are shown in Table  1.6. According to Table  1.6, 
the  maximum voltage stress of power devices in four operation modes is the 
capacitor voltage uc. Since the rated voltage parameters of power devices need to 
be selected with a margin, the rated voltage parameters of power devices can be 
chosen as 1.5–2 times the capacitor voltage uc.

1.6.1.2  Rated Current of Power Devices
The current iT1, iD1, iT2, iD2 flowing through power devices T1, D1, T2, D2, respec-
tively, in the MMC under normal operation are shown in Table 1.7, as follows:

●● The arm current iarm flows through T1 when iarm < 0 and S = 1.
●● The arm current iarm flows through T2 when iarm > 0 and S = 0.
●● The arm current iarm flows through D1 when iarm > 0 and S = 1.
●● The arm current iarm flows through D2 when iarm < 0 and S = 0.

Taking the upper arm of phase A as an example, Figure 1.16 shows the arm 
current iau in one fundamental cycle. Suppose that t1, t2, and t3 are the times when 
iau = 0, as shown in Figure 1.16. Then, the root mean square (RMS) values Irms_T1, 

T1

T2

+
D1

D2

C
uc

+

usm

iarm

Figure 1.15  HB SM configuration.

Table 1.6  Voltage stresses of power devices in the HB SM under normal operation.

Mode S iarm T1 T2

Power device voltage stress

uT1 uD1 uT2 uD2

Normal 1
1

>0 On Off 0 0 uc uc

2 <0 On Off 0 0 uc uc

3
0

>0 Off On uc uc 0 0

4 <0 Off On uc uc 0 0
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1  Modular Multilevel Converters20

Irms_T2, Irms_D1, Irms_D2 of the current flowing through power devices T1, T2, D1, D2, 
respectively, in the i-th SM of the upper arm of phase A can be obtained as

I
T

S i dt

I
T

S i dt

rms T
f t

t

aui au

rms T
f t

t

aui au

_

_

1

2

3

2

1

2

1

1 1

2 2

2 2

II
T

S i dt

I
T

S i d

rms D
f t

t

aui au

rms D
f t

t

aui au

_

_

1

1

2

2

2

3

1

1 1

2 2

2 2 tt

	 (1.31)

where Tf is the fundamental period of upper arm current iau.

Table 1.7  Current through power devices in the MMC under normal operation.

Mode S iarm T1 T2

Power device current

iT1 iD1 iT2 iD2

Normal 1
1

>0 On Off 0 iarm 0 0

2 <0 On Off iarm 0 0 0

3
0

>0 Off On 0 0 iarm 0

4 <0 Off On 0 0 0 iarm

t1 t2 t3

iau

t

T1 or D2

T2 or D1

idc
3

Figure 1.16  Upper arm current of phase A.
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1.6  ­Design Constraint  21

Since the rated current parameters of power devices need to be selected with a 
margin, the rated current parameters of power devices can be chosen as 1.5–2 
times of the RMS value of the current flowing through power devices.

1.6.2  Capacitor Design

The SM’s capacitor voltage uc contains the DC component and the fluctuation 
component under normal operation of the MMC. The SM’s capacitor voltage uc 
can be expressed as

u U uc c c	 (1.32)

where Uc is the DC component of the SM’s capacitor voltage with Uc = Vdc/n and 
∆uc is the fluctuation component of the SM’s capacitor voltage.

The capacitor voltage fluctuation ratio ε is

max u
U

c

c
	 (1.33)

To simplify the analysis while neglecting the voltage of the arm inductance and 
the second-order circulating current, the voltage uau and the current iau of the 
upper arm in phase A of the MMC can be expressed as

u V u

i i i
au

dc
a

au
a dc

2

2 3

	 (1.34)

Suppose that the voltage ua and current ia of phase A are

u U t
i I t

a m

a m

sin
sin

	 (1.35)

where Um and Im are the amplitudes of ua and ia, respectively. θ is the phase angle.
Combining equations  (1.34) and  (1.35), the instantaneous power pau of the 

upper arm in phase A is

p u i U I I
i

t t I
iau au au

m m m

dc

m

dc4
2cos sin sin 	 (1.36)

The instantaneous power pau has two zero-crossing points in one fundamental 
period Tf, Tf = 2π/ω, defined as t1 and t2, respectively, as shown in Figure 1.17, 
which can be expressed as

t i
I

t i
I

dc

m

dc

m

1

2

1

1

arcsin

arcsin
	 (1.37)
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1  Modular Multilevel Converters22

In Figure 1.17, the energy stored in the upper arm of phase A would be increased 
during the period when pau > 0, while the arm energy would be reduced during 
the period when pau < 0. In addition, the energy absorbed by the arm when 
pau > 0 equals the energy discharged when pau < 0 during one fundamental period 
Tf, so as to ensure the balance of the arm energy. As a result, the arm energy 
reaches its minimum and maximum at t1 and t2, respectively. Assuming that the 
arm energy is equally distributed among n SM’s capacitors, the largest change of 
the capacitor energy ΔQmax during one fundamental cycle Tf can be obtained as [22]

Q Q Q
n

p dt S
mn

m

t

t

au
N

max max min
cos1 2

3
1

2
1

2 2 3 2/

	 (1.38)

where Qmax and Qmin are the maximum and minimum capacitor energy, respec-
tively. SN is the rated apparent power of the MMC, and m is the modulation index.

In each SM of upper arm of phase A, the SM maximum capacitor energy Qmax 
and the SM minimum capacitor energy Qmin are

Q C U

Q C U

c

c

max

min

1
2

1

1
2

1

2

2
	 (1.39)

Substituting equation (1.39) into (1.38), there is

1
3

1
22

2
3

2
S

mn CU
mN

c

cos 	 (1.40)

The basic consideration for selecting the SM’s capacitance value is to ensure 
that the capacitor fluctuation ratio ε is less than the maximum allowed voltage 
fluctuation εmax under any operation conditions of the MMC, which is usually 
selected within 5% to 10%. According to (1.40), when cosθ = 1, m = 1, the capaci-
tor voltage fluctuation ratio ε reaches its maximum [23], as

t2

pau

tt10

n∆Qmax

n∆Qmax

t1+Tf

Figure 1.17  Instantaneous power of upper arm in phase A.
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1
3 2

S
n CU

N

c
	 (1.41)

The SM’s capacitor can be designed as

C S
n U

N

c

1
3 2

max
	 (1.42)

1.6.3  Arm Inductor Design

Limiting the DC-side short-circuit fault current rise rate is the distinctive function 
of the arm inductor in the MMC [24]. When a short circuit fault occurs at the DC 
side of the MMC, the duration of the transient process is so short that the voltages 
of the SM capacitors are supposed to be constant. Suppose that the sum of the 
capacitor voltages of the SMs inserted in phase j is equal to Vdc after the fault

u u Vjl ju dc	 (1.43)

In addition, a huge fault current would be caused under the DC-side short-
circuit fault, which will flow to the fault point. According to (1.27), the DC-side 
mathematical model of the MMC can be expressed as

u u L
di
dt

L
di
dtjl ju s

ju jl
s 0	 (1.44)

where |diju/dt| is the fault current rise rate in the upper arm in phase j, and |dijl/dt| 
is the fault current rise rate in the lower arm in phase j. In a short period after the 
fault, the majority of the arm current is the transient component. Thus, the upper 
and lower arm currents are supposed to be equal as

i iju jl	 (1.45)

Therefore, the fault current rise rate |diju/dt| in the upper arm and the fault cur-
rent rise rate |dijl/dt| in the lower arm of phase j are supposed to be equal as

di
dt

di
dt

ju jl 	 (1.46)

where λ is the fault current rise rate.
Combining equations (1.43), (1.44), and (1.46), there is

V
L
dc

s2
	 (1.47)
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1  Modular Multilevel Converters24

To limit the DC-side short-circuit fault current rise rate, the arm inductor Ls can 
be designed as

L Vdc
s 2 max

	 (1.48)

where λmax is the maximum allowed fault current rise rate.

1.7  Faults Overview of MMCs

This section introduces the internal and external faults of the MMC. The internal 
faults are caused by component failures in the MMC, while the external faults are 
induced by grid faults at the AC or DC side of the MMC, as shown in Figure 1.18.

1.7.1  Internal Faults of MMCs

The internal faults of the MMC can be mainly classified into two categories, 
namely, the IGBT faults and the capacitor faults.

The IGBT faults can be further classified into two categories based on the fault 
characteristics, namely the IGBT short-circuit fault and the IGBT open-circuit 
fault [25]. The IGBT short-circuit fault is mainly caused by incorrect driving sig-
nals or device over-stress, and it will lead to an abnormal overcurrent and cause 
serious damage to other components in a short time. The IGBT open-circuit fault 
is mainly caused by the failure of the switch gate driver and the failure of the bond 
wire, and it will cause an unbalanced state in the circuit, which produces distorted 
waveforms and voltage/current stresses and obviously deteriorates the system 
performance. Therefore, it is necessary to detect the IGBT faults, which are intro-
duced in detail in Chapter 3.

MMC faults

External faults

AC-grid
 

DC short-
circuit fault

IGBT 
faults

Capacitor 
faults

Internal faults

fault

Figure 1.18  MMC faults overview.
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1.8 Summa r 25

The capacitor faults are caused by combined effects of thermal, electrical, 
mechanical, and environmental stress and can result in a decrease in capacitance 
and an increase in equivalent series resistance [26]. Once one of the capacitors fails, 
the normal operation of the MMC would be disrupted. Therefore, it is also neces-
sary to provide an effective capacitor condition monitoring method for reliable, effi-
cient, and safe operation of the MMC, which is introduced in detail in Chapter 4.

Fault tolerant operation is one of the most important challenges for the MMC, 
where it is desired that the MMC can continue operating without any interrup-
tion, despite some of the SMs malfunctioning. Therefore, in addition to the 
method of fault detection, fault tolerant control of MMCs under SM faults is intro-
duced in detail in Chapter 5.

1.7.2  External Faults of MMCs

The external faults of the MMC can be mainly classified into two categories, 
namely the AC-grid fault and the DC-grid short-circuit fault.

When the AC-grid fault occurs, the AC-side current may consist of a negative-
sequence component and the zero-sequence current may also exist in transformerless 
applications of the MMC [27]. The unbalanced AC-side current can cause overcurrent 
and the oscillation of active and reactive power, which is harmful to the whole MMC 
system. Therefore, the operation and control of the MMC system in the presence of 
grid imbalances is very important, which is introduced in detail in Chapter 6.

When the DC grid short-circuit fault occurs [28], the MMC will enter blocking 
mode and the AC grid will feed the fault on the DC side through the anti-parallel 
diodes of the HB SMs. In such an uncontrolled operation mode, the converter has 
to withstand large fault current from the AC grid until the DC fault is interrupted 
and the large fault current can damage the MMC due to the limited current capa-
bility of power devices. Therefore, it is also important to adopt DC-grid fault pro-
tection methods, which are introduced in detail in Chapter 7.

1.8  Summary

In this chapter, a comprehensive overview of MMCs, including MMC configura-
tion and operation principles, are presented. The MMC can be realized by using a 
number of SMs. The most popular and widely used SM configuration with HB SM 
configuration is discussed. The mathematical relationships of the MMC, includ-
ing the mathematical relationship in the SM, the mathematical relationship in the 
arm, and the mathematical relationship in the three-phase MMC, are presented.

PWM schemes are commonly employed to control the MMC. A comprehensive 
overview of the modulation schemes for the MMC is presented, including 
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1  Modular Multilevel Converters26

PD-PWM, PS-PWM, and NLM. Considering the computational complexity, the 
PD-PWM and PS-PWM are suitable for the MMC with not so many SM per arm, 
while the NLM is suitable for the MMC with a large number of SMs. The power 
devices, capacitor, and arm inductor are the important components in the 
MMC. The design constraints of the power devices, capacitor, and arm inductor 
are presented based on their voltage and current constraints.

The internal faults of the MMC, including the power device faults such as the 
switch open-circuit fault, switch short-circuit fault, and capacitor faults, are harm-
ful to the MMC, and fault detection and fault tolerant control are essential for 
the MMC, which are further presented in Chapters 3–5. The external faults of the 
MMC, including the AC-grid faults and the DC-grid faults, would harm the MMC, 
and the corresponding control and protection are also essential for the MMC, 
which are further presented in Chapters 6 and 7.
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