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Abstract—Many publications have been presented on the mod-
ulation and control of the modular multilevel converter, some of
which are based on phase-shifted carrier modulation. This paper
presents an analysis of how the switching frequency affects the
capacitor voltages, circulating currents, and alternating voltages
using phase-shifted carrier modulation. It is found that switching
frequencies that are integer multiples of the fundamental frequency
should be avoided as they can cause the capacitor voltages to di-
verge. Suitable switching frequencies are derived for which the
arm and line quantities will be periodic with symmetric operat-
ing conditions in the upper and lower arms. Thus, the practical
outcome of this paper is a detailed description of how the switch-
ing frequency should be chosen in order to achieve advantageous
operating conditions. The theoretical results from the analysis are
validated by both simulations and experimental results.

Index Terms—Capacitor voltages, circulating current, modu-
lar multilevel converter (M2C), phase-shifted PWM, switching
harmonics.

NOMENCLATURE

β Angular displacement of the upper arm carrier wave-
forms with respect to the lower arm.

îhl,u Amplitude of the harmonic component with the fre-
quency ωh .

ω1 Fundamental frequency.
ωc Carrier frequency.
ωh Angular frequency of the harmonic components

which appear in the arm currents.
θkl,u Angular displacement of the carrier waveform in

submodule k.
ϕhl,u Phase angle of the harmonic component with the

angular frequency ωh .
Aabkl,u Switching harmonic of submodule k.
C Submodule capacitance.
ic Instantaneous value of the circulating current.
id Time-average of the circulating current.
il,u Instantanous value of the arm current.
ice Even-order harmonic components in the circulating

current.
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icso Subharmonics and odd-order harmonic components
in the circulating current.

is Instantaneous value of ac-side current.
icap,k l,u Capacitor current in submodule k.
Jb Bessel function of the first kind.
L Arm inductance.
m Modulation index.
N Number of submodules per arm.
nl,u Insertion index.
R Arm resistance.
shl,u Switching harmonics which are not canceled out in

the ideal multilevel waveform.
skl,u Switching function of submodule k.
sΣ

l,u Sum of all switching functions in one arm.
t Time.
vd Dc-link voltage.
vs Voltage at ac terminal.
vcal,u Average capacitor voltage variation in one arm.
vΣ

cl,u Sum of all capacitor voltages in one arm.
vcskl,u Individual capacitor voltage variation in submodule

k.
Vkl,u Initial value of the capacitor voltage in submodule

k.
vl,u Inserted arm voltage.
vcap,k l,u Capacitor voltage in submodule k.

The indices l and u indicate lower and upper arm quantities,
respectively.

I. INTRODUCTION

THE modular multilevel converter (M2C), presented in [1],
is a cascaded converter topology suitable for high-voltage

high-power applications such as high-voltage dc transmission
[2], [3], high-power motor drives [4]–[7], and electric railway
supplies [8], [9]. A multitude of dynamic models of the M2C
[10]–[13] have been proposed since it was first introduced in
[1]. The dynamics of the M2C are, however, time variant [13],
and explicit solutions may not always be possible to find. In
[14], the circulating current at direct modulation was derived
analytically and resonant frequencies could be identified. The
analysis in [14] did, however, not include the effect of switching
harmonics. Since the M2C can operate at very low switching
frequencies, even at the fundamental frequency [15], the im-
pact of switching harmonics must be considered in order to
fully understand the interaction of the main-circuit design and
the control system. There are, however, numerous modulation
methods that have been considered in the literature. These mod-
ulation methods may include different types of multilevel pulse
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Fig. 1. Schematic diagram of one phase leg of the M2C and the circuit diagram
of one submodule.

width modulation [16], nearest-level modulation [17], [18], pre-
dictive control [19], and tolerance band-based methods [20]. In
many cases, there is a feed-back type control of the capacitor
voltages that involves some kind of sorting such as the sorting
algorithm presented in [1]. In these cases, the submodule that
is inserted is determined in a stochastic manner and the system
becomes difficult to analyze with analytical methods. However,
if phase-shifted carrier modulation [21] is used, the system be-
comes deterministic and its characteristics and potential prob-
lems are more easily analyzed. The switching harmonics that
appear on the dc link if the upper and lower arm submodules
are not switched in a complementary manner were considered
in [22] and [23]. A detailed analysis that investigates the in-
teraction between the switching harmonics, capacitor voltages,
and arm and line quantities have, however, not yet been pre-
sented. This paper provides an analytical analysis of how the
switching harmonics influence the individual capacitor voltages
and identifies potential problems at certain switching frequen-
cies. The analysis also investigates how the capacitor voltage
variations and switching harmonics affects the circulating cur-
rents and alternating voltages. Based on the findings, suitable
switching frequencies can be identified for which the arm and
line quantities will be periodic and the capacitor voltages can be
kept balanced with symmetric operating conditions in the upper
and lower arms.

The outline of this paper is as follows. Section II gives a
short introduction to the topology and its operating principles.
Phase-shifted carrier modulation is then described in more de-
tail in Section III. Section IV provides an investigation of how
the voltages and currents are affected by the carrier frequency.
The theoretical findings are then validated by simulations and
experiments in Section V. Finally, conclusions are presented in
Section VI.

II. OPERATING PRINCIPLES AND TERMINOLOGY

A schematic diagram of one phase leg of the M2C is shown
in Fig. 1. Each phase leg consists of two arms connected in
series between the dc terminals. Each arm consists of N series-
connected half-bridges, termed submodules. As shown in Fig. 1,
the submodules are equipped with dc capacitors. Each arm also

has one arm inductor with the inductance L connected in series
with the submodules. The purpose of the arm inductors is to
limit parasitic currents and fault currents [24], [25]. The losses
in the converter are modeled by the resistance R in each arm.

The converter is controlled in such way that the voltages
across the submodule capacitors remain close to their nominal
values. In this way, the capacitors act as voltage sources that
can be inserted and bypassed in the chain of series-connected
submodules. This means that an alternating voltage can be ob-
tained by varying the number of inserted submodules in each
arm, and thus, an alternating voltage with an offset is generated.
If the alternating voltage is in antiphase in the upper and lower
arms, a direct voltage is imposed between the dc terminals and
an alternating voltage is generated at the ac terminal.

The insertion indices indicating the relative number of sub-
modules that should be inserted in the each arm are denoted nl

for the lower arm and nu for the upper arm. Typically, nl and
nu are varying sinusoidally, but in many practical applications,
they may also contain additional harmonic components such as
a third-order harmonic in order to increase the maximum possi-
ble modulation index. The insertion indices can also be adjusted
in order to compensate for the capacitor voltage ripple or inject
harmonic components in the circulating current. However, in
order to simplify the analysis, it is assumed that the insertion
indices are sinusoidal waveforms with dc-offsets. Accordingly

nl =
1
2
[1 + m cos(ω1t)] (1a)

nu =
1
2
[1 − m cos(ω1t)] (1b)

where ω1 is the angular fundamental frequency, m is the modu-
lation index, defined as the peak-to-peak value of the alternating
voltage divided by the pole-to-pole voltage of the dc link.

The current flowing in each arm is denoted as il for the lower
arm and iu for the upper arm. The arm currents are defined such
that a positive arm current is charging the capacitors. Conse-
quently, the currents il and iu in Fig. 1 are given by

il = ic −
1
2
is (2a)

iu = ic +
1
2
is (2b)

where ic is the circulating current flowing between the dc termi-
nals and is is the output current flowing through the ac terminal.
The direct component in ic corresponds to the power exchange
between the dc link and the converter. However, if the circulat-
ing current is not controlled, it may also contain a number of
harmonic components which are induced as a consequence of
the capacitor voltage variations [14]. For the analysis, it may
therefore be convenient to express the arm currents as

il = id +
∞∑

h=1

îhl cos(ωht + ϕhl) (3a)

iu = id +
∞∑

h=1

îhu cos(ωht + ϕhu ) (3b)
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where id is the direct component, and îhl and îhu are the ampli-
tudes of the harmonic components with the angular frequency
ωh . The angular frequency ωh does not have to be an integer
multiple of the fundamental frequency ω1 . This means that (3)
can also be used to describe arm currents which are not periodic
with the fundamental frequency.

The circulating current is directly related to the difference
between the dc-link voltage and the sum of the inserted voltages
in the arms [10], [13]. Accordingly

L
dic
dt

=
1
2
vd − vl + vu

2
− Ric (4)

where vd is the dc-link voltage, vl is the inserted voltage in
the lower arm, and vu is the inserted voltage in the upper arm.
Assuming that the dc-link voltage is constant, this means that
the harmonic content of ic is determined by the sum of vl and
vu .

If the converter has a bipolar dc link, i.e., the potentials at the
dc-terminals are ± 1

2 vd , the potential at the ac terminal can be
expressed as

vs = vl −
1
2
vd + Ril + L

dil
dt

. (5)

Substituting il in (5) with (2a) yields

vs = vl −
1
2
vd + Ric + L

dic
dt

− 1
2
Ris −

1
2
L

dis
dt

. (6)

Combining (4) and (6) gives

vs =
1
2
(vl − vu ) − 1

2
Ris −

1
2
L

dis
dt

. (7)

Thus, it can be concluded that the alternating voltage is directly
related to the difference between vl and vu .

III. PHASE-SHIFTED CARRIER MODULATION

A detailed model of the M2C that is valid also at low switch-
ing frequencies must consider the switching state and capacitor
voltage of each individual submodule. Therefore, in order to
simplify the analysis, the N submodules in each arm will be
referred to as submodule 1, 2, 3, . . . , N . Furthermore, the
switching function of submodule k is denoted sk and is defined
such that sk is equal to 1 if submodule k is inserted, and equal to
zero if submodule k is bypassed. By using phase-shifted carri-
ers, each switching function sk can be generated by comparing
the reference waveform with a carrier waveform dedicated to
submodule k [26]. This means that the harmonic content of
sk can be analyzed using conventional analysis methods for
carrier-based modulation.

A. Carrier Harmonics and Sideband Harmonics

Assuming that double-edged modulation with natural sam-
pling is used, the harmonic content of sk can be described in
terms of carrier harmonics and sideband harmonics [27]. Ac-
cordingly, the signal sk can be expressed as

skl =
1
2

+
m

2
cos(ω1t) +

∞∑

a=1

∞∑

b=−∞
Aabkl (8a)

sku =
1
2
− m

2
cos(ω1t) +

∞∑

a=1

∞∑

b=−∞
Aabku (8b)

where Aabk contains the carrier harmonics and sideband har-
monics, and the indices l and u indicate upper and lower arm
quantities, respectively. The components Aabkl and Aabku can
be expressed analytically as [27]

Aabkl =
2
aπ

Jb

(πa

2
m

)
sin

[
(a + b)

π

2

]

cos[(aωc + bω1)t + aθkl ] (9a)

Aabku =
2
aπ

Jb

(πa

2
m

)
sin

[
(a + b)

π

2

]

cos[(aωc + bω1)t + bπ + aθku ] (9b)

where Jb are Bessel functions of the first kind, θk is the angular
displacement of the kth carrier waveform, and ωc is the angular
frequency of the carrier waveform. The angular displacement
θk can be expressed as

θkl =
2π

N
k + α (10a)

θku = θkl + β (10b)

where α and β are arbitrary angular offsets which do not depend
on the variable k. The angle α indicates the angular displacement
between the reference waveform and the carrier waveforms,
and the angle β indicates the angular displacement between the
carrier waveforms in the upper and lower arms.

B. Properties of the Multilevel Waveform

The sums of all switching functions in the lower and upper
arms are denoted sΣ

l and sΣ
u , respectively. That is, the signals

sΣ
l and sΣ

u describe the normalized multilevel waveform which
would ideally be inserted in each arm if the variations in the
capacitor voltages are neglected. Accordingly

sΣ
l =

N∑

k=1

skl (11a)

sΣ
u =

N∑

k=1

sku . (11b)

Substituting sk into (11) with (8) yields

sΣ
l = N

[
1
2

+
m

2
cos(ω1t) + shl

]
(12a)

sΣ
u = N

[
1
2
− m

2
cos(ω1t) + shu

]
(12b)

where

shl =
1
N

N∑

k=1

∑

a∈KN

∞∑

b=−∞
Aabkl (13a)

shu =
1
N

N∑

k=1

∑

a∈KN

∞∑

b=−∞
Aabku (13b)
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and

KN = [N, 2N, 3N, . . .]. (14)

It is observed that the switching harmonics that do not cancel
out in sh are those for which the index a is a multiple of N . This
means that the frequency of all carrier harmonics that appear
in sh will be multiples of N times the carrier frequency ωc .
The remaining harmonic content in sh will then consist of the
sidebands to the aforementioned carrier harmonics. This means
that if Nωc is a multiple of ω1 , all harmonics in sh will be
multiples of ω1 as well. As a consequence, if Nωc is an integer
multiple of ω1 , the sum of the switching functions will not
contain any subharmonics or other frequency components which
are noninteger multiples of the fundamental frequency.

C. Displacement of Carrier Waveforms

As mentioned, the alternating voltage is determined by the
difference between the upper and lower arm voltages. Conse-
quently, switching harmonics in shl which are in phase with the
corresponding switching harmonics in shu cancel out and will
not appear in the alternating voltage. Similarly, switching har-
monics that are in antiphase between the upper and lower arms
cancel out when summed together and will therefore not appear
on the dc side. As the phase angles of the switching harmonics
are affected by the phase angle of the carrier waveforms this
means that the angular displacements of the carrier waveforms
can be chosen such that the harmonic performance is enhanced
either on the dc side or on the ac side. These two different mod-
ulation strategies are referred to as (N+1)-level modulation and
(2N+1)-level modulation, respectively.

1) (N+1)-Level Modulation: In order to minimize the har-
monic distortion in the direct voltage, the displacement of the
carrier waveforms should be chosen such that the switching har-
monics are canceled out in the sum of shl and shu . This can be
done by displacing the carrier waveforms in the upper arm by
π rad from the carrier waveforms in the lower arm which gives
that

β = π. (15)

In this way, the upper and lower arm carrier harmonics in (9) will
be in antiphase for odd values of a and the sideband harmonics
will be in antiphase for even values of b. As a consequence,
all switching harmonics in shl and shu will be in antiphase.
Accordingly

shu = −shl . (16)

In practice, this means that there will always be a constant
number of submodules inserted in each phase leg. The case when
β is chosen as in (15) is referred to as (N+1)-level modulation
since this is the number of voltage levels that can be obtained at
the ac terminal.

2) (2N+1)-Level Modulation: It is also possible to choose
the displacement of the carrier harmonics in such a way that the
harmonic performance of the alternating voltage is enhanced.
This can be done by choosing the angular displacement β as

β = 0, N is odd (17a)

β =
π

N
, N is even. (17b)

Consequently, the first carrier harmonics and sideband har-
monics which appear in shl will be in phase with the corre-
sponding harmonics in shu . This means that the low-frequency
harmonics will not appear in the alternating voltage. The har-
monic components which are eliminated in the alternating volt-
age will, however, appear between the dc terminals. In practice,
this means that the number of inserted submodules in each phase
leg is not constant. As a consequence, there will be a common-
mode voltage ripple across the upper and lower arm impedances
which increases the effective number of levels from N + 1 to
2N + 1 levels. Consequently, the case when β is chosen as (17)
is referred to as (2N+1)-level modulation.

IV. VOLTAGE WAVEFORMS AND CIRCULATING CURRENTS

The voltage waveforms do not only depend on the switch-
ing functions but are also directly dependent on the capacitor
voltages. During the nominal operation of the converter, the sub-
module capacitors will be charged and discharged by the arm
currents. The resulting voltage ripple must be taken into account
in order to obtain a detailed model describing the inserted arm
voltages, arm currents, and capacitor voltages.

A. Capacitor Voltages

The current flowing through the capacitor in submodule k is
equal to the arm current if sk is equal to unity. If sk is equal
to zero, the submodule is bypassed and no current is flowing
through the capacitor. Consequently, the capacitor current in
submodule k can be expressed as the product of sk and the arm
current. Accordingly

icap,k l = sklil (18a)

icap,ku = sku iu . (18b)

The capacitor voltages are found by integrating the current flow-
ing through the capacitor and dividing by the capacitance C.
That is

vcap,k l = Vkl +
1
C

∫
sklil dt (19a)

vcap,ku = Vku +
1
C

∫
sku iu dt (19b)

where vcap,k is the voltage across the capacitor in submodule k
of the corresponding arm and Vk is the initial value of vcap,k .
Substituting the arm currents il and iu into (19) with (2) yields

vcap,k l = Vkl +
1
C

∫ (
sklic −

1
2
sklis

)
dt (20a)

vcap,ku = Vku +
1
C

∫ (
sku ic +

1
2
sku is

)
dt. (20b)

The integrals in (20) can be expressed as functions of the
reference waveforms and switching harmonics by substituting
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sk with (8). Accordingly

vcap,k l = Vkl +
1
C

∫ ⎡

⎣

⎛

⎝ 1
2

+
m

2
cos(ω1 t) +

∞∑

a=1

∞∑

b=−∞
Aabkl

⎞

⎠

×

⎛

⎝ic −
1
2
is

⎞

⎠

⎤

⎦dt (21a)

vcap,ku = Vku +
1
C

∫ ⎡

⎣

⎛

⎝ 1
2
− m

2
cos(ω1 t) +

∞∑

a=1

∞∑

b=−∞
Aabku

⎞

⎠

×

⎛

⎝ic +
1
2
is

⎞

⎠

⎤

⎦dt. (21b)

Rearranging the equations yields

vcap,k l = Vkl + vcal + vcskl (22a)

vcap,ku = Vku + vcau + vcsku (22b)

where

vcal =
1
C

∫ (
1
2

+
m

2
cos(ω1t)

)(
ic −

1
2
is

)
dt (23a)

vcau =
1
C

∫ (
1
2
− m

2
cos(ω1t)

)(
ic +

1
2
is

)
dt (23b)

and

vcskl =
1
C

∫ ( ∞∑

a=1

∞∑

b=−∞
Aabkl

)(
ic −

1
2
is

)
dt (24a)

vcsku =
1
C

∫ ( ∞∑

a=1

∞∑

b=−∞
Aabku

)(
ic +

1
2
is

)
dt. (24b)

It is observed that the voltages vcal and vcau in (23) do not
depend on the switching frequency or the index k. Hence, vca

describes the voltage variations which are common for all sub-
modules in each arm. These voltage variations are the same that
would be achieved if the capacitor voltages were perfectly bal-
anced within the arms. The individual voltage variations caused
by the finite switching frequency are described by vcs,k in (24).

The multiplication of the modulating signal and the arm cur-
rent in (21) will result in both direct and alternating components.
When the alternating components are integrated over time they
will result in a capacitor voltage ripple. However, the time in-
tegral of a direct component, i.e., a constant, will cause the
value of the integral to approach infinity, or minus infinity if
the constant is negative. Accordingly, in order for the capacitor
voltages to be stable, the products in (21) must only result in
alternating components. This means that all direct components,
or constants, that are obtained from the multiplication of the
terms in (21) must cancel out.

The integral in (21) can also be expressed as the sum of (23)
and (24). The terms in (23) are the same for all submodules
and do not depend on the index k. Accordingly, if the direct
components should cancel out for all values of k, any direct
components in (24) must be independent of the index k as well.

Otherwise, it would be impossible for all direct components in
the product in (21) to cancel out for all values of k.

The direct components in the products are obtained from
the multiplication of two components with the same frequency.
Since the arm current contains both a direct and fundamental
frequency component this means that any direct or fundamen-
tal frequency component in Aabk can result in a net transfer
of charge to the submodule. When two fundamental frequency
components are multiplied, the time average of the product de-
pends on the phase and amplitude of the two signals that are
multiplied. Thus, in order to avoid diverging capacitor voltages
any direct or fundamental frequency component in Aabk must
be independent of the index k. However, in (9), it can be ob-
served that if ωc is an integer multiple of ω1 , there will be a
sideband to the first carrier harmonic that is either a direct or
fundamental frequency component. This sideband harmonic is
affected by the index k and will therefore affect different sub-
modules differently. Consequently, in order to avoid diverging
capacitor voltages, the switching frequency should not be an
integer multiple of the fundamental frequency.

It should be pointed out that at very low switching frequen-
cies, there are additional frequencies which may cause the ca-
pacitor voltages to diverge. For example, if the switching fre-
quency is 1.5 times the fundamental frequency, the second car-
rier harmonic will appear at three times the fundamental fre-
quency. Hence, the third lower sideband to the second carrier
harmonic will be at zero frequency and thus disturb the bal-
ancing of the capacitors. Therefore, a more stringent criterion
would be that only the N th multiple of the carrier frequency
may be an integer multiple of the fundamental frequency.

B. Inserted Voltages

The voltage that is inserted by each submodule is given by the
product of the switching function sk and the capacitor voltage
vcap,k . Accordingly, the total voltage inserted in each arm can
be expressed as

vl =
N∑

k=1

sklvcap,k l (25a)

vu =
N∑

k=1

skuvcap,ku (25b)

where vl is the inserted voltage in the lower arm and vu is the
inserted voltage in the upper arm. Substituting vcap,k into (25)
with (20) yields

vl =
N∑

k=1

skl

[
Vkl +

1
C

∫ (
sklic −

1
2
sklis

)
dt

]
(26a)

vu =
N∑

k=1

sku

[
Vku +

1
C

∫ (
sku ic +

1
2
sku is

)
dt

]
.

(26b)
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Accordingly

vl =
N∑

k=1

sklVkl +
N

C

[
nl

∫
nlil dt + nl

∫
shlil dt

+ shl

∫
nlil dt + Gl

]
(27a)

vu =
N∑

k=1

skuVku +
N

C

[
nu

∫
nuiu dt + nu

∫
shu iu dt

+ shu

∫
nuiu dt + Gu

]
(27b)

where nl and nu are given by (1), and the functions Gl and Gu

are given by

Gl =
1
N

N∑

k=1

[( ∞∑

a=1

∞∑

b=−∞
Aabkl

)

×
(∫ ∞∑

x=1

∞∑

y=−∞
Axyklil dt

) ]
(28a)

Gu =
1
N

N∑

k=1

[( ∞∑

a=1

∞∑

b=−∞
Aabku

)

×
(∫ ∞∑

x=1

∞∑

y=−∞
Axyku iu dt

) ]
(28b)

where the indices a and b have been replaced by x and y in the
integrals such that the different terms can be identified when
the products are expanded. It is observed that the interaction
between the arm currents and the individual switching functions
only affects the terms Gl and Gu in the arm voltages. The terms
nl and nu in (27) are the normalized voltage references to the
lower and upper arms, respectively, and the remaining terms, shl

and shu , contains the switching harmonics of the ideal multilevel
waveforms described in Section B.

Substituting the arm currents into (28) with (3), Aabk and
Axyk with (9), and evaluating the integrals yields

Gl =
1

4N

N∑

k=1

∞∑

a=1

∞∑

y=−∞

∞∑

x=1

∞∑

y=−∞

∞∑

h=0

×
(

ÂabklÂxykl îhl(f1,l + f2,l)
aωc + bω1 + ωh

+
ÂabklÂxykl îhl(f3,l + f4,l)

aωc + bω1 − ωh

)
(29a)

Gu =
1

4N

N∑

k=1

∞∑

a=1

∞∑

y=−∞

∞∑

x=1

∞∑

y=−∞

∞∑

h=0

×
(

Âabku Âxyku îhu (f1,u + f2,u )
aωc + bω1 + ωh

+
Âabku Âxyku îhu (f3,u + f4,u )

aωc + bω1 − ωh

)
(29b)

where Âabk and Âxyk are the amplitudes of the corresponding
switching harmonics, and the functions f1 through f4 are given
by

f1,l = sin[(ωsum + ωh)t + ϕhl + θsum ,l ] (30a)

f2,l = sin[(ωdif + ωh)t + ϕhl + θdif ,l ] (30b)

f3,l = sin[(ωsum − ωh)t − ϕhl + θsum ,l ] (30c)

f4,l = sin[(ωdif − ωh)t − ϕhl + θdif ,l ] (30d)

f1,u = sin[(ωsum + ωh)t + ϕhu + θsum ,u ] (30e)

f2,u = sin[(ωdif + ωh)t + ϕhu + θdif ,u ] (30f)

f3,u = sin[(ωsum − ωh)t − ϕhu + θsum ,u ] (30g)

f4,u = sin[(ωdif − ωh)t − ϕhu + θdif ,u ] (30h)

where

ωsum = (a + x)ωc + (b + y)ω1 (31a)

ωdif = (a − x)ωc + (b − y)ω1 (31b)

θsum ,l = (a + x)θkl (31c)

θdif ,l = (a − x)θkl (31d)

θsum ,u = (b + y)π + (a + x)θku (31e)

θdif ,u = (b − y)π + (a − x)θku . (31f)

By considering the definition of θkl and θku in (10), it can
be concluded that when (29) is summed over all values of k,
the sinusoidal quantities in (30) will cancel out for all values
of a and x except for those which a ± x is either zero or an
integer multiple of N . This means that in all relevant cases,
ωsum and ωdif are either zero, or integer multiples of Nωc . As a
consequence, the frequencies which may appear in Gl and Gu

are limited to integer multiples of Nωc plus or minus ωh . In
practice, this means that if the arm current is periodic with the
fundamental frequency period, and Nωc is an integer multiple of
ω1 , there will not be any subharmonics or noninteger multiples
of the fundamental frequency in Gl or Gu .

As shown in the previous section, if Nωc is an integer multiple
of the fundamental frequency, the frequency of the harmonic
components in sh are multiples of ω1 . If the arm currents are
periodic with the fundamental frequency period, this means
that shl , shu , nl , nu , Gl , and Gu will all be periodic with the
fundamental frequency period as well. This means that although
there may be significant subharmonics in the capacitor voltages,
they will not result in any subharmonics in the arm and line
quantities.

C. Voltage Waveforms

By combining (27)–(28) and (2), the sum and difference of
vl and vu can be expressed as it is observed that certain terms
may cancel out, depending on the angular displacements of the
carrier waveforms in the upper and lower arms. As an example,
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if the carrier waveforms are in antiphase in the upper and lower
arms, such that (15) is satisfied, each term that contains the sum
of shl and shu will cancel out. This is, however, not the case
if the angular displacement of the carrier waveforms is chosen
such that (17) is satisfied. The two cases with (N + 1)-level
and (2N + 1)-level modulation must therefore be considered
separately.

1) (N+1)-Level Modulation: Given the assumption that the
carrier waveforms in the upper and lower arms are displaced by
π rad, the number of inserted submodules in each phase leg is
always constant and a (N+1)-level waveform can be obtained
at the ac terminal. The expression for the sum of vl and vu can
then by simplified by substituting shu in (32) as shown at the
bottom of the page with (16). Accordingly

vl + vu =
N∑

k=1

(sklVkl + skuVku )

+
N

C

⎡

⎣ 1
2

∫ (
ic −

m

2
is cos(ω1 t)

)
dt

− N
m

2
cos(ω1 t)

∫ (
1
2
is − mic cos(ω1)

)
dt

−
∫

1
2
shl is dt + m cos(ω1 t)

∫
shl ic dt

− shl

∫ (
1
2
is − mic cos(ω1 t)

)
dt + 2Gc

⎤

⎦. (33)

where

Gc =
1
N

N∑

k=1

[( ∞∑

a=1

∞∑

b=−∞
Aabkl

)

×
(∫ ∞∑

a=1

∞∑

b=−∞
Aabkl ic dt

)]
. (34)

Similarly, the difference between the inserted voltages can be
simplified to

vl − vu =
N∑

k=1

(sklVkl − skuVku )

+
N

C

[
− 1

2

∫ (
1
2
is − mic cos(ω1t) dt

)

+ N
m

2
cos(ω1t)

∫ (
ic −

m

2
is cos(ω1t)

)
dt

+
∫

shlic dt − m cos(ω1t)
∫

1
2
shlis dt

+ shl

∫ (
ic −

m

2
is cos(ω1t)

)
dt − 2Gs

]
(35)

where

Gs =
1
N

N∑

k=1

⎡

⎣

⎛

⎝
∞∑

a=1

∞∑

b=−∞
Aabkl

⎞

⎠

×

⎛

⎝ 1
2

∫ ∞∑

a=1

∞∑

b=−∞
Aabkl is dt

⎞

⎠

⎤

⎦.(36)

The circulating current and alternating voltage can be de-
scribed by combining (33) with (4) and (35) with (7). It is
concluded that the dynamic system governing the arm and line
quantities is time-variant. This means that a certain harmonic
component in ic or is can generate harmonic components of
other frequencies in (33) and (35). Although it is difficult to ob-
tain an explicit solution to the dynamic equations, it is possible
to determine which harmonic components that may or may not
appear in the arm and line quantities.

If there are only odd-order harmonics in the alternating cur-
rent, it can be shown that for certain switching frequencies there
will not be any odd-order harmonics or subharmonics in the
circulating current. In order to show this, it assumed that the

vl + vu =
N∑

k=1

(sklVkl + skuVku ) +
N

C

[
1
2

∫ (
ic −

m

2
is cos(ω1t)

)
dt − m

2
cos(ω1t)

∫ (
1
2
is − mic cos(ω1)

)
dt

+
1
2

∫ (
(shl + shu )ic −

1
2
(shl − shu )is

)
dt +

m

2
cos(ω1t)

∫ (
(shl − shu )ic −

1
2
(shl + shu )is

)
dt

+ (shl + shu )
∫ (

1
2
ic −

m

4
is cos(ω1t)

)
dt − (shl − shu )

∫ (
1
4
is −

m

2
ic cos(ω1)

)
dt + Gl + Gu

]
(32a)

vl − vu =
N∑

k=1

(sklVkl − skuVku ) +
N

C

[
− 1

2

∫ (
1
2
is − mic cos(ω1)

)
dt +

m

2
cos(ω1t)

∫ (
ic −

m

2
is cos(ω1t)

)
dt

+
1
2

∫ (
(shl − shu )ic −

1
2
(shl + shu )is

)
dt +

m

2
cos(ω1t)

∫ (
(shl + shu )ic −

1
2
(shl − shu )is

)
dt

+ (shl − shu )
∫ (

1
2
ic −

m

4
is cos(ω1t)

)
dt − (shl + shu )

∫ (
1
4
is −

m

2
ic cos(ω1)

)
dt + Gl − Gu

]
(32b)
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switching frequency is chosen such that Nωc is an odd multi-
ple of ω1 if N is odd, or an even multiple of N if N is even.
As shown, this means that shl and shu only contain odd-order
harmonics. It is also assumed that the initial values of Vk of the
capacitor voltages are such that

N∑

k=1

(sklVkl + skuVku ) = vd (37)

is satisfied. The dynamics of the circulating current can then be
expressed by substituting the sum of vl and vu into (4) with (33)
and applying (37). Accordingly

2Ric + 2L
dic
dt

=
N

C

[
1
2

∫ (
ic −

m

2
is cos(ω1t)

)
dt

− N
m

2
cos(ω1t)

∫ (
1
2
is − mic cos(ω1t)

)
dt

−
∫

1
2
shlis dt + m cos(ω1t)

∫
shlic dt

− shl

∫ (
1
2
is − mic cos(ω1t)

)
dt + 2Gc

]
. (38)

It is observed that all terms containing the circulating current
are multiplied with either a direct component or the product of
two odd-order harmonics. This means that all odd-order har-
monics or subharmonics in the circulating current will only
result in odd-order harmonics or subharmonics in (38). It is also
observed that the alternating current is in (38) is always mul-
tiplied with a fundamental-frequency component or odd-order
harmonic. This means that if is only contains odd-order har-
monics, these products will only result in even-order harmonics
in (38). It is concluded that the dynamics of the even-order
harmonics are decoupled from the dynamics governing the odd-
order harmonics and subharmonics. Therefore, the circulating
current is subdivided into two terms

ic = ice + icso (39)

where ice contains the direct component and all even-order har-
monics, and icso contains all odd-order harmonics and sub-
harmonics. The dynamic equation describing the even-order
harmonics is then given by

2Rice + 2L
dice

dt
=

N

C

[
1
2

∫ (
ice −

m

2
is cos(ω1t)

)
dt

− m

2
cos(ω1t)

∫ (
1
2
is − mice cos(ω1)

)
dt

−
∫

1
2
shlis dt + m cos(ω1t)

∫
shlice dt

− shl

∫ (
1
2
is − mice cos(ω1t)

)
dt + 2Gce

]
(40)

where

Gce =
1
N

N∑

k=1

[( ∞∑

a=1

∞∑

b=−∞
Aabkl

)

×
(∫ ∞∑

a=1

∞∑

b=−∞
Aabkl ice dt

)]
(41)

assuming that the current is only contains odd-order harmon-
ics. Similarly, the dynamics of the subharmonics and odd-order
harmonics are given by

2Ricso + 2L
dicso

dt
=

1
2C

[
N

1
2

∫
icso dt

+ N
m

2
cos(ω1t)

∫
micso cos(ω1) dt

+ m cos(ω1t)
∫

shlicso dt

+ shl

∫
icsom cos(ω1t) dt + 2Gcso

]
(42)

where

Gcso =
1
N

N∑

k=1

[( ∞∑

a=1

∞∑

b=−∞
Aabkl

)

×
(∫ ∞∑

a=1

∞∑

b=−∞
Aabkl icso dt

) ]
. (43)

Multiplying both sides of (42) with icso and solving for Ri2cso

yields

Ri2cso = − Licso
dicso

dt
− 1

2C

[
N

1
2
icso

∫
icso dt

+ N
m

2
icso cos(ω1t)

∫
micso cos(ω1) dt

+ icsom cos(ω1t)
∫

shlicso dt

+ shlicso

∫
icsom cos(ω1t) dt + 2icsoGcso

]
.

(44)

The product icsoGcso can also be expressed as

icsoGcso =
1
N

N∑

k=1

[(
shlicso +

∞∑

a /∈KN

∞∑

b=−∞
Aabkl icso

)

⎛

⎝
∫

shlicso +
∞∑

a /∈KN

∞∑

b=−∞
Aabkl icso dt

⎞

⎠
]
.

(45)
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That is

icsoGcso =
1
N

N∑

k=1

[(
shlicso

∫
shlicso dt

+
∞∑

a /∈KN

∞∑

b=−∞
Aabkl icso

∫ ∞∑

a /∈KN

∞∑

b=−∞
Aabkl icso dt

)

+
∞∑

a /∈KN

∞∑

b=−∞
Aabkl icso

∫
shlicso , dt

+ shlicso

∫ ∞∑

x/∈KN

∞∑

b=−∞
Aabklicso dt

]
(46)

which can also be expressed as

icsoGcso =
1
N

N∑

k=1

[(
shlicso

∫
shlicso dt

+
∞∑

a /∈KN

∞∑

b=−∞
Aabkl icso

∫ ∞∑

a /∈KN

∞∑

b=−∞
Aabkl icso dt

)

+
d

dt

[(∫
shlicso , dt

)(∫ ∞∑

a /∈KN

∞∑

b=−∞
Aabkl icso dt

)]
.

(47)

When summed over all values of k, the last term containing
Aabk becomes zero. The expression for icsoGcso can then be
simplified

icsoGcso =
1
N

N∑

k=1

[(
shlicso

∫
shlicso dt

+
∞∑

a /∈KN

∞∑

b=−∞
Aabkl icso

∫ ∞∑

a /∈KN

∞∑

b=−∞
Aabklicso dt

)]
.

(48)

Substituting icsoGcso into (49) with (48) yields

Ri2cso = −Licso
dicso

dt
− N

2C

[
1
2
icso

∫
icso dt

+
m

2
icso cos(ω1t)

∫
micso cos(ω1) dt

+ icsom cos(ω1t)
∫

shlicso dt

+ shlicso

∫
icsom cos(ω1t) dt + 2shlicso

∫
shlicso dt

+ 2
1
N

N∑

k=1

[ ∞∑

a /∈KN

∞∑

b=−∞
Aabkl icso

∫ ∞∑

a /∈KN

∞∑

b=−∞
Aabkl icso dt

]
(49)

which can be expressed as

Ri2cso = −Licso
dicso

dt
− N

2C

[
1
2
icso

∫
icso dt

+
(

m√
2
icso cos(ω1t) +

√
2icsoshl

)

∫ (
m√
2
icso cos(ω1t) +

√
2icsoshl

)
dt

+ 2
1
N

N∑

k=1

[ ∞∑

a /∈KN

∞∑

b=−∞
Aabkl icso

∫ ∞∑

a /∈KN

∞∑

b=−∞
Aabkl icso dt

]
. (50)

It is observed that all integrals in (50) are in the form

f(t)
∫

f(t) dt. (51)

In order for the system to be stable, the right-hand side of
(50) cannot have a direct component. However, if the system
is unstable in such way that the time-average of the right-hand
side of (50) is not zero, the time average would always be
positive. The reason for this is that since all terms in (50) are in
the form (51), if the time-average of the integral is negative, then
the direct component of f(t) in (51) is negative as well, which
results in a positive product. Therefore, it can be concluded that
the right-hand side of the dynamic equation for icso cannot have
a positive direct component which means that the only valid
solution is icso = 0. Consequently, it can be concluded that any
odd-order harmonics or subharmonics in the circulating current
will appear as damped oscillations. It can also be shown that an
even-order harmonic in ic , or an odd-order harmonic in is , will
only generate odd-order harmonics in the difference of the arm
voltages vl − vu . Accordingly, it can be concluded that if Nωc

is an odd multiple of ω1 when N is odd, or an even multiple
of ω1 when N is even, the dc-side quantities will only contain
even-order harmonics whereas the ac-side quantities will only
contain odd-order harmonics when (N+1)-level modulation is
used.

There is advantage in choosing the carrier frequency such that
the circulating current only contains even-order harmonics and
the alternating voltage only contains odd-order harmonics. The
reason for this is that the direct and fundamental frequency com-
ponents can be considered to be even and odd-order harmonics,
respectively. This can cause unbalanced operating conditions in
the upper and lower arms, since a fundamental frequency com-
ponent in the circulating current would cause the alternating
current through the upper arm to be different from the alternat-
ing current through the lower arm. Similarly, a direct component
in the alternating voltage means that the direct component of the
arm voltages are different in the upper and lower arms.
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Fig. 2. Calculated and simulated capacitor voltages at 130-Hz switching
frequency.

2) (2N+1)-Level Modulation: In the case, when the dis-
placements of the carrier waveforms are chosen such that
(2N+1) voltage levels are obtained, the sum of shl and shu

do not always cancel out and the difference shl − shu is not
always equal to 2shl . This means that (32) cannot be simpli-
fied in the way as for (N+1)-level modulation. Consequently,
the expressions for the sum and difference of the arm voltages
become more complex and difficult to overlook. It is, however,
still possible to identify which harmonic components will be
generated in the arm and line quantities.

According to (13), the harmonic components which appear
in shl and shu are the carrier harmonics and sidebands to carrier
multiples of N . By combining (9) and (17), it can also be con-
cluded that the harmonic components in shl and shu are in phase
when the carrier multiple a is an odd multiple of N . Similarly,
the harmonic components in shl and shu can be shown to be in
antiphase when the carrier multiple a is an even multiple of N .

In order to separate odd- and even-order harmonics, the
carrier frequency should be chosen such that the sum of shl

and shu only contains even-order harmonics and the difference
shl − shu only contains odd-order harmonics. This occurs when
Nωc is an even multiple of ω1 when N is odd, or an odd multiple
of ω1 when N is even. In this way, the dc-side quantities will
only contain even-order harmonics whereas the ac-side quanti-
ties will only contain odd-order harmonics when (2N+1)-level
modulation is used. Such a separation of the odd- and even-order
harmonics is desirable since it will yield balanced operating con-
ditions in the upper and lower arms.

D. Switching Frequency and Capacitor Voltage Ripple

It is known that there is a tradeoff between the capacitor volt-
age ripple and the switching frequency [16]. With the presented
analysis, the capacitor voltage ripple can be expressed as a
function of the arm currents for any given switching frequency.
However, the harmonic distortion in the output waveforms is
fairly low in high-voltage applications where the number of sub-
modules per arm is large [16]. Furthermore, the low-frequency
harmonics that are induced in the circulating current by the ca-
pacitor voltage variations can be eliminated by implementing
a main circuit filter as described in [24]. Accordingly, for a
qualitative investigation of the relation between the switching
frequency and capacitor voltage ripple it can be assumed that the
circulating current ic is a direct current and the ac-side current
is is a pure sinusoid.

Fig. 3. Normalized capacitor voltage ripple with an 8◦ inductive power angle
and modulation index 1.0 as a function of the switching frequency.

TABLE I
SIMULATION PARAMETERS AND EXPERIMENTAL SETUP

Simulations Experimental setup

Number of submodules N 5 per arm 5 per arm
DC-link voltage vd 5 kV 500 V
Modulation index m 1.0 0.95
Arm inductance L 20 mH 14 mH
Submodule capacitance C 730 μF 730 μF
Switching frequency 120–200 Hz 110 Hz
Voltage levels 2N +1 N +1 and 2N +1
Load Passive Passive

In order to validate that reasonable values are obtained even if
it is assumed that the arm currents contain a pure sinusoid with
a dc-offset, the calculated capacitor voltages can be compared
with simulation results. In Fig. 2, simulation results from an
M2C using a main circuit filter as described in [24] are compared
with the analytical expressions. It is observed that although
the analytical expression is based on certain approximations, a
satisfactory agreement is obtained with the simulated values.
Thus, it can be concluded that the approximation can be used
for a qualitative description of the capacitor voltage ripple.

As indicated by (21), the capacitor voltage ripple is not di-
rectly related to the number of submodules per arm. The angular
displacement of the carrier waveform will, however, have an
impact on the capacitor voltage ripple. Therefore, in order to
clearly illustrate the relation between the switching frequency
and the capacitor voltage ripple, the peak-to-peak capacitor volt-
age ripple is calculated for all possible angular displacements of
the carrier waveforms, in steps of 1◦. The maximum capacitor
voltage ripple is then noted for each frequency. The normalized
peak-to-peak capacitor voltage ripples at unity modulation index
are presented in Fig. 3 as a function of the switching frequency.
The switching frequency in Fig. 3 has been normalized with
respect to the fundamental frequency and the capacitor voltage
ripple is normalized with respect to the capacitor voltage ripple
in (23) that would be obtained with an infinite switching fre-
quency. It should be made clear that the voltage ripples in Fig. 3
were calculated without any feedback control for balancing the
capacitor voltages. Thus, the presented values indicate how the
switching harmonics and arm currents interact and generate ad-
ditional harmonic components in the capacitor voltages. It can
be observed that for low switching frequencies, e.g., below twice
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Fig. 4. Simulated capacitor voltages when the switching frequency is in-
creased from 120 to 150 Hz at 0.3 s.

Fig. 5. Simulated capacitor voltages when the switching frequency is in-
creased from 120 to 200 Hz at 0.3 s.

the fundamental frequency, these additional harmonics cause a
significant increase in the peak-to-peak capacitor voltage ripple.

V. SIMULATIONS AND EXPERIMENTAL RESULTS

The theoretical findings are validated by both simulations and
experimental results. The specifications of the simulated system
and the experimental setup are shown in Table 1.

A. Simulation Results
The simulated system has five submodules per arm, which

means that the carrier waveforms should be shifted by π over 5
rad between the upper and lower arms. The carrier waveforms
are distributed such that the upper arm carriers are in phase with
the lower arm carriers. This means that the resulting number
of levels will be (2N+1). Consequently, the product of the
carrier frequency and the number of submodules should be an

Fig. 6. Simulated arm currents and circulating currents with 120-Hz (upper)
and 130-Hz (lower) switching frequency.

Fig. 7. Ampltiudes of the harmonic components in the circulating current at
120-Hz (upper) and 130-Hz (lower) switching frequency.

even multiple of the fundamental frequency in order to obtain
balanced operating conditions.

The aim of the first simulation is to demonstrate the impor-
tance of avoiding switching frequencies which are integer mul-
tiples of the fundamental frequency. In the first simulation, the
switching frequency is initially set to 120 Hz, at 0.3 s the switch-
ing frequency is increased to 150 Hz. The simulated capacitor
voltages are shown in Fig. 4. It is observed that the capacitor
voltages are, in-deed, balanced when the switching frequency is
120 Hz. However, after 0.3 s, the capacitor voltages start to di-
verge as the switching frequency was increased to 150 Hz which
is an integer multiple of the 50-Hz fundamental frequency. This
was expected since the frequency of one of the sidebands to the
first carrier multiple coincides with the fundamental frequency.
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Fig. 8. Sum of the upper and lower arm capacitor voltages at 120-Hz switching
frequency.

Fig. 9. Sum of the upper and lower arm capacitor voltages at 130-Hz switching
frequency.

It can be demonstrated that the capacitor voltages become un-
balanced also if the switching frequency is changed from 120 to
200 Hz, which is the next multiple of the fundamental frequency
after 150 Hz. The simulation results for this case are shown in
Fig. 5. As expected, the capacitor voltages start to diverge as the
switching frequency is changed at 0.3 s. This is a consequence
of the fact that the frequency of one of the sidebands to the first
carrier multiple is zero. The effect is, however, less dramatic
compared to the previous case. The reason for this is that in this
case it is the fourth lower sideband to the first carrier harmonic
that disturbs the balancing of the capacitor voltages. In the pre-
vious case, when the switching frequency was 150 Hz, it was
the second lower sideband, which has a much larger amplitude
that caused the disturbance.

The theoretical results indicate that there will be odd-order
harmonics in the circulating current if the product of the number

Fig. 10. Sum of the upper and lower arm capacitor voltages at 120-Hz (upper)
and 130-Hz (lower) switching frequency.

Fig. 11. Amplitudes of the harmonic components in the alternating voltage at
120-Hz (upper) and 130-Hz (lower) switching frequency. The amplitude of the
50-Hz component is in both cases 2.47 kV.

of submodules per arm and the switching frequency is not an
even multiple of the fundamental frequency. In order to vali-
date the theoretical results, the system is simulated with 120-Hz
switching frequency which gives an even multiple of the funda-
mental frequency, and also 130-Hz switching frequency which
results in an odd multiple of the fundamental frequency. The
simulated arm currents and the circulating current are shown in
Fig. 6. It is observed that the upper and lower arm waveforms
are similar at the 120-Hz switching frequency but not for the
130-Hz switching frequency.

The difference between the current waveforms in Fig. 6 can
be explained by the fact that the odd- and even-order harmonics
are separated between the dc- and ac-sides at 120-Hz switching
frequency, but not at 130-Hz switching frequency. This can be
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Fig. 12. A down-scaled laboratory prototype of the M2C.

Fig. 13. Measured arm currents with (N+1)-level modulation (upper) and
(2N+1)-level modulation (lower).

verified by taking the discrete Fourier transform (DFT) of the
simulated waveforms. The amplitudes of the harmonic com-
ponents are shown in Fig. 7. It is observed that the circulat-
ing current contains only even-order harmonics at the 120-Hz
switching frequency, whereas it contains both odd and even-
order harmonics at 130-Hz switching frequency.

The difference in the upper- and lower-arm waveforms at
130-Hz switching frequency also affects the capacitor voltages.
The sum of the capacitor voltages in the lower arm vΣ

cl and the

Fig. 14. Measured arm currents with (N+1)-level modulation (upper) and
(2N+1)-level modulation (lower).

Fig. 15. Sum of the measured capacitor voltages in the upper (upper) and
lower (lower) arms at (N+1)-level modulation.

sum of the capacitor voltages in the upper arm vΣ
cu are shown

in Fig. 8 for 120-Hz switching frequency and in Fig. 9 for
130-Hz switching frequency. It is observed that the capacitor
voltages are stable in both cases. However, at 130-Hz switching
frequency, there is a clear difference between the upper and
lower arm capacitor voltages. A more detailed view of vΣ

cu and
vΣ

cl for the two cases is given in Fig. 10. It is observed that
the capacitor voltages are similar, but phase-shifted, at 120-Hz
switching frequency. However, when the switching frequency
is increased to 130 Hz, there is a clear difference in the shape of
the capacitor voltage waveforms in the upper and lower arms.

The theoretical findings also indicate that there should only be
odd-order harmonics in the alternating voltage when the switch-
ing frequency is 120 Hz. This is verified by taking the DFT of the
simulated ac-terminal voltage. The amplitudes of the harmonic
components in the alternating voltage are shown in Fig. 11. It is
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Fig. 16. Sum of the measured capacitor voltages in the upper (upper) and
lower (lower) arms at (2N+1)-level modulation.

Fig. 17. Sum of the measured capacitor voltages in the upper (red) and lower
(blue) arms at (N+1)-level (upper) and (2N+1)-level (lower) modulation.

observed that for the 120-Hz switching frequency, there is a fun-
damental frequency component and odd-order harmonics in the
ac-side voltage waveform. However, at the 130-Hz switching
frequency, there are even-order harmonics, including a direct
component, in the alternating voltage.

B. Experimental Results
The experimental results are carried out on the prototype

shown in Fig. 12. The prototype has five submodules per arm
and the switching frequency is 110 Hz. Accordingly, the product
of the switching frequency and the number of submodules per
arm is an odd multiple of the fundamental frequency. This means
that balanced operating conditions are expected for (N+1)-level
modulation, but not for (2N+1)-level modulation. This is val-
idated by measuring the arm currents and capacitor voltages
at both (N+1)-level and (2N+1)-level modulation. The mea-

Fig. 18. Measured capacitor voltages in the upper (upper) and lower (lower)
arms at (N+1)-level modulation.

Fig. 19. Measured capacitor voltages in the upper (upper) and lower (lower)
arms at (2N+1)-level modulation.

sured arm-currents are shown in Fig. 13. As expected, the upper
and lower arm current waveforms are similar but shifted in
time when (N+1)-level modulation is used. However, when
(2N+1)-level modulation is used, the current waveforms look
different due to the odd-order harmonics in the circulating cur-
rents. The arm currents are also shown in Fig. 14 over a longer
period of time. As expected, there are no signs of the currents
changing over time as steady-state operation is considered.

The sum of the capacitor voltages in the upper and lower arms
is shown in Fig. 15 for (N+1)-level modulation and Fig. 16
for (2N+1)-level modulation. The capacitor voltages appear
to be stable in both cases. However, as expected, there is a
difference between the upper and lower arm capacitor voltages
when (2N+1)-level modulation is used. A more detailed view
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Fig. 20. Measured capacitor voltages in the upper arm (upper) and lower arm
(lower) at (N+1)-level modulation.

Fig. 21. Measured capacitor voltages in the upper arm (upper) and lower arm
(lower) at (2N+1)-level modulation.

of vΣ
cu and vΣ

cl is given in Fig. 17. It is observed that it is not only
the envelopes of vΣ

cu and vΣ
cl that are different at (2N+1)-level

modulation, but also the shape of the waveforms.
The individual capacitor voltages are shown in Fig. 18 for

(N+1)-level modulation and in Fig. 19 for (2N+1)-level mod-
ulation. As expected, no clear differences can be observed for
(N+1)-level modulation. However, when (2N+1)-level mod-
ulation is used, the peak voltage in the lower arm capacitor
voltages is slightly higher. A more detailed view of the capaci-
tor voltages is shown in Fig. 20 for (N+1)-level modulation and
Fig. 21 for (2N+1)-level modulation. As expected, for (N+1)-
level modulation, the voltage waveforms are roughly the same
in the upper and lower arms, but shifted in time. At (2N+1)-
level modulation, the voltage waveforms are clearly different in

the upper and lower arms. The capacitor voltages are, however,
well balanced within each arm in both cases.

VI. CONCLUSION

This paper presents an analysis of the interaction between
the switching harmonics, capacitor voltages, and arm and line
quantities for the case when phase-shifted carrier modulation
is used. The impact of the switching harmonics on the indi-
vidual capacitor voltages is considered and it is found that in
order to avoid diverging capacitor voltages, the switching fre-
quency should not be an integer multiple of the fundamental
frequency. The product of the number of submodules per arm
and the switching frequency may, however, be an integer mul-
tiple of the fundamental frequency. In such a case, the arm and
line quantities will be periodic with the fundamental frequency.
This means that even if there are significant subharmonics in the
capacitor voltages, no subharmonics will appear in the arm and
line quantities for the given conditions. It is also found that odd-
and even-order harmonics can be separated in such a way that
the even-order harmonics appear on the dc side and the odd-
order harmonics appear at the ac terminal. This is advantageous
due to the fact that such a separation yields balanced operat-
ing conditions in the upper and lower arms. A more detailed
description of how the switching frequency should be chosen
in order to separate the odd- and even-order harmonics in the
aforementioned fashion is presented in this paper. Thus, this
study can be used to determine suitable switching frequencies
for which capacitor voltages can be kept balanced, arm and line
quantities will be periodic, and the operating conditions in the
upper and lower arms will be symmetric. The theoretical results
were validated by both simulations and experimental results.
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