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Sammanfattning

Denna avhandling undersöker dimensioneringsaspekter och begränsningar
av den modulära multinivȧomvandlaren. Speciell vikt läggs vid kondensato-
rerna eftersom dessa är en drivande faktor för omvandlarens storlek, vikt och
kostnad. För att kunna kompensera för spänningsripplet i kondensatorerna
visar det sig att den lagrade energin mȧste vara minst 21 kJ/MW om kon-
densatorspänningarna inte tillȧts öka med mer än 10%. Detta arbetsomrȧde
kan emellertid utökas genom att injicera en andraton i armströmmarna.

En av fördelarna med kaskadkopplade omvandlare är att utmärkta har-
monisk prestanda kan kombineras med lȧga switchfrekvenser. Av denna anled-
ning undersöks även sambandet mellan lȧga switchfrekvenser, kondensator-
spänningar, och armstorheter. Det visar sig att periodiska armstorheter kan
erhȧllas trots förekomsten av undertoner i kondensatorspänningarna. Balan-
seringen av kondensatorspänningarna undersöks även i närmare detalj. Resul-
taten visar att kondensatorspänningarna kan balanseras även när switchfre-
kvensen är densamma som grundtonsfrekvensen. Eftersom detta leder till ett
onödigt stort spänningsrippel visas det även att spänningsripplet kan begrän-
sas med hjälp av en prediktiv styrmetod vid switchfrekvenser som är 2–3
gȧnger högre än grundtonsfrekvensen.

Den här avhandlingen presenterar även tvȧ nya submodulkoncept. Den
första submodulen ger en bättre avvägning mellan switchfrekvens och spän-
ningsrippel i kondensatorerna. Den andra submodulen gör det möjligt att
sätta in negativa spänningar i armen vilket gör det möjligt att använda om-
vandlaren med högre modulationsindex.

En kort jämförelse av olika kaskadkopplade ac-ac-omvandlare är ocksȧ
inkluderad i denna avhandling. Slutsatsen är att den modulära multinivȧ-
omvandlaren är lämplig i applikationer där ingȧngs- och utgȧngsfrekvenserna
är nära eller lika. I applikationer där utgȧngsfrekvensen är lȧg har den modu-
lära multinivȧomvandlaren mycket större problem med stora energivariationer
som uppstȧr i armarna jämfört med andra topologier.
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Abstract

This thesis aims to bring clarity to the dimensioning aspects and limiting
factors of the modular multilevel converter (MMC). Special consideration is
given to the dc capacitors in the submodules as they are a driving factor for
the size and weight of the converter. It is found that if the capacitor voltages
are allowed to increase by 10% the stored energy must be 21 kJ/MW in order
to compensate the capacitor voltage ripple. The maximum possible output
power can, however, be increased by injecting a second-order harmonic in the
circulating current.

A great advantage of cascaded converters is the possibility to achieve
excellent harmonic performance at low switching frequencies. Therefore, this
thesis also considers the relation between switching harmonics, capacitor volt-
age ripple, and arm quantities. It is shown that despite subharmonics in the
capacitor voltages, it is still possible to achieve periodic arm quantities. The
balancing of the capacitor voltages is also considered in further detail. It is
found that it is possible to balance the capacitor voltages even at fundamental
switching frequency although this will lead to a comparably large capacitor
voltage ripple. Therefore, in order to limit the peak-to-peak voltage ripple,
it is shown that a predictive algorithm can be used in which the resulting
switching frequency is approximately 2–3 times the fundamental frequency.

This thesis also presents two new submodule concepts. The first sub-
module simply improves the trade-off between the switching frequency and
capacitor voltage balancing. The second submodule includes the possibility
to insert negative voltages which allows higher modulation indices compared
to half-bridge submodules.

A brief comparison of cascaded converters for ac-ac applications is also
presented. It is concluded that the MMC appears to be well suited for ac-ac
applications where input and output frequencies are close or equal, such as in
interconnection of ac grids. In low-frequency applications such as low-speed
drives, however, the difficulties with handling the energy variations in the
converter arms are much more severe in the MMC compared to the other
considered topologies.

Keywords: Modular multilevel converter, feed-forward control, modulation,
switching frequency, energy storage
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Chapter 1

Introduction

1.1 Background

Grid-connected high-power converters are found in high-voltage direct current trans-
mission (HVDC), static compensators (STATCOMs), and supplies for electric rail-
ways. Such power converters should have a high reliability, high efficiency, good
harmonic performance, low cost, and a small footprint. Cascaded converters appear
to be promising for grid-connected applications since they can generate multilevel
waveforms and thus combine good harmonic performance with low switching fre-
quencies. This results in a high efficiency and eliminates the need for additional
filters. The use of cascaded building blocks (submodules or cells) also provides
redundancy, which can be used to increase the reliability. One of the most impor-
tant multilevel topologies for grid applications is the modular multilevel converter
(MMC) presented in [1].

This thesis considers modeling, control, and dimensioning aspects of the MMC
topology. The aim is to provide analytical tools and a deeper understanding of
the dimensioning factors in MMCs. Not only will this make it easier to compare
the MMC with other cascaded converter topologies, but identifying the limiting
factors will also contribute to the possible development of future improved converter
topologies.

1.2 Main Objectives

The main objectives of this thesis are as follows:

• Identify and quantify dimensioning criteria for the modular multilevel con-
verter. The hardware requirements that drive cost are installed silicon, rated
power of inductors and energy storage elements.

1
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• Investigate the effect of low switching frequencies and how the switching har-
monics may affect the dimensioning criteria.

• Evaluate how the back-to-back MMC compares to other cascaded converter
topologies for ac/ac conversion that has been proposed in the literature. The
evaluation criteria are installed silicon and energy storage elements.

• Explore the possibility of developing new submodule circuits with features
specifically suitable for the MMC.

1.3 Outline of Thesis

The outline of this thesis is as follows: The modular multilevel converter, one of
the most promising topologies for grid connected applications, is briefly described
in Chapter 2. Considerations regarding operating principles, control, and dimen-
sioning criteria of the capacitors in ac/dc applications are presented in Chapter
3. Chapter 4 discusses the switching frequency and its impact on voltage- and
current-harmonics as well as the dimensioning of the submodule capacitors in ac/dc
applications. A simplified analysis and comparison of different topologies for ac/ac
applications is presented in Chapter 5. Chapter 6 presents two novel submodule
concepts, and finally, conculsions and future work are presented in Chapter 7.

1.4 Methodology

The findings in this thesis are mainly derived from theoretical models of the con-
sidered converter topology. This is done by first deriving an analytical model of the
converter. The model is then analyzed with focus on a specific issue that relates to
the dimensioning criteria of the converter. The findings are then validated either
experimentally or by simulations.

1.5 Main Contributions

This thesis has resulted in the following original contributions:

• An analytical model of the modular multilevel converter which can be used
to analyze the resulting currents in the converter arms for certain modulation
methods.

• A stable feed-forward voltage controller which makes it possible to control
the ac-terminal voltage with a high accuracy and fast response without the
need of stabilizing feedback-controllers.
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• A general analysis of the minimum energy storage requirements in ac/dc
applications.

• A method of extending the operating region by injection of a second-order
harmonic in the current that is circulating between the phase legs.

• An analysis relating the switching frequency to capacitor voltage ripples and
harmonics in the arm- and line-quantities.

• A modulation method that can control the relevant quantities in the converter
at fundamental switching frequency.

• A predictive balancing method that reduces the capacitor voltage ripple at
low switching frequencies.

• A simplified analysis and comparison of energy variations and semiconductor
requirements for cascaded multilevel converter in ac/ac applications.

• A submodule implementation that can reduce the capacitor voltage ripple at
low switching frequencies is proposed.

• A submodule implementation that allows the modulation index to be in-
creased above unity without using full-bridge submodules is proposed.

1.6 List of Appended Publications
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Chapter 2

The Modular Multilevel Converter

The information presented in this chapter is based on the Licentiate thesis presented
by the author in 2012 [2].

In order to find the dimensioning factors of a modular multilevel converter
(MMC), an understanding of its basic operating principles is essential. The sche-
matic diagram of one phase leg of the modular multilevel converter is shown in
Fig. 2.1. Each phase leg consits of two arms, one upper arm and one lower arm,
connected in series between the dc terminals. The ac terminal is located at the
midpoint between the two arms as shown in Fig. 2.1. Each arm consists of one
arm inductor and N series connected half-bridges with dc capacitors, termed sub-
modules. The resistive losses in the converter are modeled as resistors with the
resistance R connected in series with each arm inductor. The purpose of the arm
inductors is to limit parasitic currents and fault currents [3]. In order to limit the
parasitic current, the required arm inductors are typically very small [4]. However,
in grid applications, the arm inductors may be in the range of 0.1 p.u. in order
to limit fault currents [5]. Accordingly, the size of the inductors in the considered
applications are determined by external factors and not by the inherent properties
of the MMC. Hence, this thesis will mainly focus on the energy storage elements
and the rated power of the semiconductors.

The arm currents can be expressed as the sum of one common mode component
and one differential mode component. The common mode component is flowing
between the dc terminals and the differential mode component is flowing to the
ac-side. Accordingly, the upper and lower arm currents iu and il in Fig. 2.1 are

9
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given by

iu = ic + idif (2.1a)
il = ic − idif, (2.1b)

where ic is the common mode component and idif is the differential mode compo-
nent, corresponding to half of the ac-side current. The common mode component
will hereafter be referred to as the circulating current. In order for any active power
transfer to take place, the circulating current must have a dc-offset idc. The circu-
lating current can, however, also have any number of harmonic components. This
means that ic and idif can be expressed as

ic = idc +
∞∑
n=1

in (2.2a)

idif = 1
2 is, (2.2b)

where is is the ac-side current, and in is the nth-order harmonic in the circulating
current. If the converter is assumed to be lossless, the time average of the input

Figure 2.1: One phase leg of the modular multilevel converter.
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power must be equal to the time average of the output power. Accordingly,

Vdidc = v̂sîs
2 cos(ϕ), (2.3)

where Vd is the pole-to-pole voltage of the dc-link, v̂s is the amplitude of the alter-
nating voltage, îs is the amplitude of the alternating current, and ϕ is the power
angle. Solving (2.3) for idc gives that

idc = îs
4 m cos(ϕ), (2.4)

where m is the modulation index, defined as

m = 2v̂s
Vd

. (2.5)

The converter is controlled in such a way that the voltages across the submodule
capacitors are kept approximately constant. In this way the capacitors act as
voltage sources that can be inserted and bypassed in the chain of series connected
submodules. Consequently, each arm can generate a N + 1 level voltage waveform.
The voltage across each chain of series connected submodules is referred to as
inserted voltage. Ideally, each arm inserts an alternating voltage with a dc offset.
The alternating component is in antiphase between the upper and the lower arm.
In this way, a direct voltage will be imposed between the dc terminals and an
alternating voltage is generated at the ac terminal. The number of voltage levels
in the alternating voltage can be either N + 1 or 2N + 1, depending on how the
converter is controlled. In this thesis, these two possible ways of controlling the
converter will be referred to as (N+1)- and (2N+1)-level modulation, respectively.

Assuming that the voltage across each submodule capacitor is constant, the aver-
age duty ratio of the submodules in each arm is varying sinusoidally with time. The
average duty ratio in each arm is referred to as as the insertion index. Accordingly,
the insertion indices nl and nu for the lower and upper arms are given by

nu = 1 − m̂ cos(ω1t)
2 (2.6a)

nl = 1 + m̂ cos(ω1t)
2 , (2.6b)

where m̂ is the modulation index. This type of modulation when the insertion
indices are not compensating for the voltage variations in the submodule capacitors
will be referred to as direct modulation.
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2.1 Modulation and Control

Numerous control strategies have been proposed since the MMC was introduced
in [1]. These control strategies may be based on phase-shifted carriers as presented
in [6], [7], or based on the sorting algorithm that was presented in [1], such as
the controllers in [8–10]. In these control strategies the capacitor voltages are
controlled either by feedback control or by actively choosing which submodule to
insert or bypass based on the measured capacitor voltages. It is also possible to
control the converter by programmed modulation. This means that by a proper
choice of switching angles the harmonic performance of the MMC can be further
improved by using harmonic elimination methods [11–15].

As the capacitor voltages are varying with time additional harmonic components
may appear in the arm voltages and the circulating current. In fact, if the circu-
lating current is not controlled, a second-order harmonic component will appear in
the circulating current [16, 17]. Not only does this component increase the losses
but it also affects the capacitor voltage ripple and the loss distribution between
the semiconductors [17]. Due to these adverse effects, it is important to control
the circulating current in MMCs. Several different methods for suppressing the
second-order harmonic in the circulating current have been developed [8, 9, 15,18].

2.2 Experimental Setup

For experimental validation of the theoretical findings, a laboratory prototype of
an MMC is used. The prototype is a three-phase converter rated for 10 kVA and
has five submodules per arm. The nominal voltage of each submodule is 100V
and the capacitance of each submodule capacitor is 3.33mF. The converter can be
connected to either a controllable dc source or an autotransformer connected to the
grid. It is thus possible to operate the converter in both inverter and rectifier mode.
The nominal dc-link voltage is 500V, although it is possible to reduce the dc-link
voltage if necessary. This is done in [Publication VI] where one submodule in
each arm is permanently bypassed and the dc-link voltage is reduced to 400V.

The inductance of the arm inductors can be varied by mechanically reconnecting
the windings. In most of the experiments, however, the inductors are connected such
that the arm inductance L is 4.67mH. The combined resistance of the arm inductors
and submodules is estimated in [Publication I] to be 0.9Ω. The aforementioned
laboratory prototype is shown in Fig. 2.2. A more detailed description of the
hardware and control system is described in [19] and [20].
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Figure 2.2: A laboratory prototype of a three-phase modular multilevel converter
with five submodules per arm.





Chapter 3

Operating Principles and Energy
Storage Requirements

The information presented in this chapter is based on Publications I, II, III, IV,
V, and the Licentiate thesis presented by the author in 2012 [2].

When the converter is transferring active power from the dc link to the ac side,
a direct current is flowing between the dc terminals. This current is charging the
submodule capacitors and moves energy from the dc link into the converter. The
alternating current is split evenly between the arms and is in phase with the alter-
nating component of the inserted voltage when active power is transferred. This
means that the alternating current is able to discharge the submodule capacitors
and thus it is possible to transfer active power through the converter.

The voltage across the submodule capacitors will vary as they are charged and
discharged by the direct and alternating currents. Using a simplified model, the
resulting capacitor voltage ripple in each arm can be estimated by integrating the
product of the insertion index and the arm current [Publication I]. Ideally, the
arm currents are given by the sum of the direct component idc and half of the
alternating component iac. If direct modulation is used, the insertion indices are
given by (2.6).

The idealized model can be compared with experimental data from the proto-
type described in Section 2.2. The measured and estimated peak-to-peak voltage
ripple at active power transfer in inverter mode with the modulation index 0.9 is
shown in Fig. 3.1. It is observed that there is a significant discrepancy between the
measured and estimated capacitor voltage ripple. In fact, the measured capacitor
voltage ripple is close to 30% larger than the estimated values. The reason for this
is that the arm currents are not accurately described by the sum of the direct com-

15
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Figure 3.1: Estimated and measured capacitor voltage ripple at active power trans-
fer using a simplified model.

ponent and half of the alternating component. In fact, experimental data indicate
that in addition to the direct component, there is also a second-order harmonic
circulating between the dc terminals.

The discrepancy between the simplified model and the experimentally obtained
data indicates that parasitic components in the arm currents can have a significant
impact on the capacitor voltages. It is concluded that the observed second-order
harmonic component originates from the variations in the capacitor voltages as
the capacitors are charged and discharged by the arm currents. This means that
not only is the capacitor voltage ripple increased by the the parasitic components,
but the parasitic components themselves may also be influenced by the size of the
energy storage elements. Therefore, it is important to analyze the dynamics of the
arm currents in order to understand how the system is affected by the size of the
submodule capacitors.

3.1 Arm Currents at Direct Modulation

A detailed analysis relating the ac-side quantities to the arm currents is provided
in [Publication I]. The analysis focuses on steady-state operation with a high
switching frequency. It is found that a second-order harmonic is induced as a direct
result of the power transfer through the converter. It could also be concluded that
higher-order harmonics are also induced in the circulating current as a consequence
of the second-order harmonic component.

The dynamic equations governing even-order and odd-order harmonics in the
circulating current can be decoupled. It is then found that there is no excitation of
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odd-order harmonics during nominal operation. This is an interesting result since it
means that the first zero-sequence component in the inserted voltage of each phase
leg is the sixth-order harmonic. This means that the dc link voltage is, generally, not
affected by the capacitor voltage variations as the sixth-order harmonc component
is, in most cases, comparably small.

The magnitude of each harmonic component in the circulating current is closely
related to the value of the submodule capacitance C and arm inductance L. It is
found that there exists a resonant peak for each harmonic component at which its
amplitude takes its maximum value. In order to avoid the resonant peak of the
second-order harmonic, the product LC should be chosen such that

LC >
5N

12ω2
1
. (3.1)

The value of the product LC related to the resonant peak is always lower for higher-
order harmonics and lower modulation indices. This means that if the product
LC is chosen such that (3.1) is satisfied, the resonant peak can be avoided at all
modulation indices and all harmonic-orders.

The theoretical findings in [Publication I] show that the amplitude of the
higher-order harmonics in the circulating current is strictly decreasing for certain
values of L and C. It can be shown that this is the case if (3.1) is satisfied. In
fact, if (3.1) is satisfied, the amplitude of the fourth-order harmonic is at least ten
times smaller than the amplitude of the second-order harmonic. This means that
although higher-order harmonics may exist in the circulating current, the harmonic
content is most often dominated by the second-order harmonic. Therefore, as an
approximation, the arm currents in (2.2) can be simplified to

iu ≈ idc + i2 + 1
2 iac (3.2a)

il ≈ idc + i2 − 1
2 iac. (3.2b)

In high-power applications, the arm resistance R can be considered to be very
small. By neglecting the resistance R and assuming that (3.1) is satisfied, the
second-order harmonic component in the circulating current can be expressed as

i2 ≈ Re

{
3m̂[3ejφa1 − m̂2 cos(φ)]

12 + 8m̂2 − 48σ ej2ω1t

}
îac, (3.3)

where
σ = ω2

1LC

N
. (3.4)

The theoretical findings in [Publication I] were verified experimentally using
the converter described in Section 2.2. Fig. 3.2 shows the measured amplitudes
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Figure 3.2: Measured amplitudes of the second-order harmonic in the circulating
current and a fitted curve calculated using the analytical expressions.

of the second-order harmonic component when the converterer is operating att
different frequencies. The solid line in Fig. 3.2 is a fitted curve where the values
of the arm resistance R and submodule capacitance C were extracted from the
measured values by least square fitting of the analytical expressions to the measured
values. The estimated value of R in Section 2.2 is the value that was extracted by
the least square fitting.

As the arm current can be described by (3.2) and (3.3) it should be possible
to obtain an improved estimation of the capacitor voltage ripple in Fig. 3.1. The
estimated capacitor voltage ripple when the second-order harmonic is included in
the model is shown in Fig. 3.3. It is concluded that the theoretical model in
[Publication I] can be used to obtain an accurate estimation of the resulting
capacitor voltage ripple.

3.1.1 Impact of Main-Circuit Filters

Since the harmonic components in the circulating current are often dominated by
the second-order harmonic it appears appropriate to use a main-circuit filter in order
to eliminate this harmonic component in the circulating current [3]. An illustration
of how such a main-circuit filter can be implemented is shown in Fig. 3.4. The filter
consists of one filter capacitancce, Cf , in parallel with one filter inductance Lf .
The filter is tuned to block the second-order harmonic in the circulating current.
Consequently, the capacitance Cf can be expressed as

Cf = 1
4ω2

1Lf
. (3.5)
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Figure 3.3: Measured peak-to-peak capacitor voltage ripple as function of the load
current (rms).

The impact of a main-circuit filter is analyzed in [Publication II]. It is con-
cluded that not only can the main-circuit filter block the second-order harmonic,
but it also prevents the excitation of higher-order harmonics. Consequently, the
circulating current will be a direct component wih a high-frequency ripple origi-
nating from the insertion and bypassing of the submodules. It is, however, found
that this is not true for the case when third-order harmonic injection is used. The
reason for this is that the third-order harmonic injection will induce a fourth-order
and a sixth-order harmonic component in the circulating current.

Figure 3.4: Implementation of a main-circuit filter tuned to block the second-order
harmonic in the circulating current.
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Figure 3.5: Simulated insertion indices (upper), arm currents, and circulating cur-
rent (lower) with a main-circuit filter.

The analysis in [Publication II] indicates that there exist resonant peaks where
the amplitudes of the harmonic components in the circulating current take their
maximum values. This means that with an inappropriate filter design, large har-
monic components may appear in the circulating current. The theoretical findings
were validated by computer simulations of a converter with a main-circuit filter.
Fig. 3.5 shows the simulated insertion indices, arm currents, and circulating current.
It is observed that the circulating current is, initially, a direct current. The reason
for this is that there is no excitation of the fourth order harmonic. However, af-
ter 0.04 seconds when third-order harmonic injection is activated, an unacceptably
large fourth-order harmonic component appears in the circulating current.

The findings in [Publication II] indicate that the filter design can have a sig-
nificant impact on the resulting harmonic components in the circulating current.
It is possible to design the filter in such a way that all harmonic components are
well damped in steady-state operation, even when third-order harmonic injection
is used. However, it is concluded that in real systems with transients and power
flow controllers the main-circuit filter cannot guarantee that large harmonic com-
ponents are not induced in the circulating current. Therefore, it is concluded that
the implementation of a circulating current controller is inevitable.
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3.2 Capacitor Voltage Ripple Compensation

The analysis in [Publication I] and [Publication II] considers the harmonic
components that are imposed between the dc terminals as a result of the capacitor
voltage variations. The varying capacitor voltages will, however, also affect the ac-
side voltage waveform. The distortion of the ac-side voltage waveform is analyzed
in [Publication III].

It is known that it is possible to compensate for the capacitor voltage rip-
ple by measuring the capacitor voltages [8]. This will, however, render the sys-
tem unstable which means that stabilizing feedback controllers are required. In
[Publication III] it is shown that it is possible to control the ac-side voltage with
a stable feed-forward controller. This is done by adjusting the insertion indices as

n∗u = 1
2vcu

(
vi − 2vs − L

dis
dt

−Ris

)
(3.6a)

n∗l = 1
2vcl

(
vi + 2vs + L

dis
dt

+Ris

)
, (3.6b)

where nu and nl are given by (2.6), vs is the requested ac-side voltage, vcu and
vcl are the sum of all the capacitor voltages in the upper and lower arms, and vi
is the voltage that should be imposed between the dc terminals. If vi is chosen as
a constant value, the system will become unstable and require stabilizing freeback
controller as it was concluded in [8]. In [Publication III] it is proposed that the
voltage vi can be chosen as

vi = nlvcl + nuvcu. (3.7)

In this way, the ac-terminal voltage can be controlled by means of a feed-forward
controller without the need for a stabilizing feedback controller.

It is evident that the inserted voltage in (3.7) will not be a direct voltage since
vcl and vcu are varying with time. This will only affect the voltage that is imposed
between the dc terminals and will not influence the voltage waveform at the ac ter-
minal. The presented control method can, however, be combined with a circulating
current controller that will adjust vi such that vi becomes a direct voltage. This
could for example be done by using an open-loop approach as presented in [9, 10].
The ac-side voltage would then be controlled with a high bandwidth and precision
using a feed-forward controller whereas the dc-side voltage would be controlled with
an open-loop controller derived from the steady-state representation of the system.
In order to avoid problems during transients, an additional controller that damps
oscillations in the circulating current can be added.

The proposed feed-forward controller was implemented on the prototype de-
scribed in Section 2.2. The circulating current was controlled by adjusting vi using
an open-loop controller in combination with a damping controller that counteracts
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Figure 3.6: Measured ac-side voltage and current waveforms during a step transient.

Figure 3.7: Measured arm currents and circulating current during a step transient.

changes in the circulating current. The converter was then set to operate in in-
verter mode, supplying a passive load with the modulation index 0.4. The currents
and voltages were then recorded as the modulation index was increased to 0.9 in
one step. The recorded ac-side voltage and and current waveforms are shown in
Fig. 3.6. By analyzing the recorded data it could be verified that the amplitude of
the ac-side voltage waveform was, in fact, equal to the requested value.

The arm currents were recorded during the transient in order to verify that
the circulating current controller could function properly at the same time as the
feed-forward controller is acting on the ac-side voltage. The recorded arm currents
and the circulating current are shown in Fig. 3.7. It is observed that the circulating



3.3. ENERGY STORAGE REQUIREMENTS 23

current is, in fact, a direct current both before and after the step change.

3.3 Energy Storage Requirements

It has been shown that it is possible to compensate for the variations in the capacitor
voltages in order to avoid distorted voltage waveforms and harmonic components
in the circulating current. The power transfer capability is, however, still limited
by the size of the capacitors. The reason for this is that the capacitor voltage ripple
must be limited. The peak voltage across the submodule capacitors is limited by
the voltage rating of the submodules. There is also a lower limit for the capacitor
voltages below which the voltage variations cannot be compensated for which results
in overmodulation. The relation between the size of the submodule capacitors and
the power transfer capability is analyzed in [Publication IV].

The findings in [Publication IV] indicate that the power transfer capability is
directly related to the total energy storage in the converter and is not affected by
the number of submodules. The required energy storage per MVA can be calculated
from the desired modulation index, voltage limit, and grid frequency. The voltage
limit is given by the factor kmax and defines the relation between the upper voltage
limit and the nominal submodule voltage. That is, if kmax is equal to 1.1 this means
that the capacitor voltages are allowed to increase by 10% above their nominal
values.

It is found that the energy storage requirements are directly proportional to
the apparent power transfer of the submodules, inversely proportional to the grid
frequency, and have a nonlinear dependency on kmax. Fig. 3.8 shows the required
energy storage capability per transferred MVA for different values of kmax with and
without third-order harmonic injection. The calculated values in Fig. 3.8 indicate
that the energy storage requirements are significantly higher for reactive power con-
sumption, compared to active power transfer and reactive power generation. The
required energy storage for reactive power consumption is, however, significantly
reduced when third-order harmonic injection is used.

In [Publication IV] it is concluded that the energy storage requirements are
also affected by the modulation index. Fig. 3.9 shows an example of how the energy
storage requirements vary with the modulation index at active power transfer when
the capacitor voltages are limited such that they do not exceed their nominal values
by more than 10%. It is observed that for active power transfer it is advantageous
to operate the converter with third-order harmonic injection at a modulation index
that is close to unity. However, the modulation index that results in the highest
power transfer capability is not only affected by the power angle but also the up-
per limit of the capacitor voltages. The required energy storage in Fig. 3.9 was
calculated with the same voltage limit as for Fig. 3.8.



24
CHAPTER 3. OPERATING PRINCIPLES AND ENERGY STORAGE

REQUIREMENTS

Figure 3.8: Required energy storage capability per transferred MVA for different
values of kmax with (red) and without (blue) third-order harmonic injection.

3.3.1 Operating Region Extension

In [Publication IV] it was concluded that the size of the submodule capacitors can
be related to the power transfer capability of the converter. This limitation can be
illustrated by the experimentally obtained waveforms in Fig 3.10. The waveforms
in Fig. 3.10 are obtained in inverter operation with a passive, mainly resistive load.
The requested voltage in Fig. 3.10 is well below the peak value of the available
voltage. However, the peak of the requested voltage does not coincide with the
peak of the available voltage. As a consequence, if the peak of the available voltage
is to be limited to 510 V, the power transfer cannot be increased without entering
the region of overmodulation. This is the main reason for why the power transfer
capability is limited by the size of the capacitors at capacitive power angles. The
possibility of injecting a second-order harmonic in the circulating current in order
to alleviate this problem is investigated in [Publication V]. The purpose of the
injected second-order harmonic is to alter the capacitor voltage waveform in such a
way that the peak of the available voltage coincides with the peak of the requested
voltage.
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Figure 3.9: Required energy storage capability per transferred MW for different
modulation indices and values of kmax with (red) and without (blue) third-order
harmonic injection.

The impact of injecting a second-order harmonic in the circulating current is
analysed analytically in [Publication V]. The expressions are then used to find a
suitable value of the phase and amplitude of a second order harmonic that will give
the desired results. The method of injecting a second-order harmonic component
in the circulating current was also tested on the laboratory prototype decribed in
Section 2.2 with the same load conditions as for the waveforms in Fig. 3.10. The
phase and amplitude of the second-order harmonic that would give the desired effect
was then calculated. The measured available and requested voltages are shown in
Fig. 3.11 as the converter is controlled in such a way that the calculated second-
order harmonic component is obtained in the circulating current. It is observed that
the peak of the requested voltage coincides with the peak of the available voltage.
In this way overmodulation can be avoided, and the peak voltage of the submodule
capacitors can be reduced at the same time.
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Figure 3.10: Requested voltage and available voltage in the upper and lower arms.

Figure 3.11: Available voltage and requested voltage in the upper and lower arms
using the proposed second-order harmonic injection method.



Chapter 4

Switching Frequency and
Capacitor Voltage Balancing

The information presented in this chapter is based on Publications VI, VII,
VIII, and IX. Sections 4.2 and 4.4 are also based on the Licentiate thesis presented
by the author in 2012 [2].

In [Publication I] the circulating current at direct modulation was derived
analytically and resonant frequencies could be identified. The analysis did, how-
ever, not include the effect of switching harmonics. In fact, the choice of switching
freqeucny can affect several factors such as switching losses, harmonic performance,
and the balancing of the capacitor voltages. Even if it is possible to achieve excellent
harmonic performance in the output voltage waveform at relatively low switching
frequencies due to the cascaded structure of the MMC, the impact of switching
harmonics must be considered in order to fully understand the interaction of the
main-circuit design and the control system. The switching frequency is also closely
related to the overall efficiency of the converter. In [21] it was shown that the sub-
module losses increase by 20–40% if the switching frequency is increased from two to
four times the fundamental frequency. Thus, the switching frequency should be kept
as low as possible in order to achieve a high efficiency of the converter. However,
when the switching frequency is reduced it becomes increasingly difficult to balance
the capacitor voltages. The increasing imbalance between the capacitor voltages
will increase the peak-to-peak ripple in the individual capacitor voltages. Accord-
ingly, the switching frequency does not only affect the harmonic performance and
switching losses, but it can also have an impact on the voltage ripples and therefore
also the size of the submodule capacitors. This motivates a further investigation
regarding how the switching frequency is linked to voltage- and current-harmonics

27
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as well as the indivudal capacitor voltages.

4.1 Phase-Shifted Carrier PWM

Since the MMC was first introduced, a multitude of modulation methods have been
considered in the literature. These modulation methods may include different types
of multievel pulse width modulation [22], nearest level modulation [23, 24], predic-
tive control [25], and tolerance band based methods [26]. 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 such cases the submodule that
is inserted is determined in an almost stochastic manner and the system becomes
difficult to analyse with analytical methods. However, if phase-shifted carrier mod-
ulation [27] is used, the system becomes deterministic and its characteristics and
potential problems are more easily analyzed. This is done in [PublicationVI]
where double-edged modulation with natural sampling is used. This means that
the switching function for submodule k can be described as

sk = 1
2 + m

2 cos(ω1t) +
∞∑
a=1

∞∑
b=−∞

Aabk, (4.1)

where Aabk contains the carrier harmonics and sideband harmonics. The harmonic
components in Aabk can be expressed analytically as [28]

Aabk = 2
aπ
Jb

(πa
2 m

)
sin
[
(a+ b)π2

]
cos[(aωc + bω1)t+ aθk], (4.2)

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.

As the switching functions can be described analytically it becomes possible
to analyze the harmonic components of the capacitor voltages as well as the arm-
and line-quantities. As shown in [Publication VI], the capacitor voltage can
be obtained by integrating the product of the switching function and the arm
current. The voltage that is inserted by each submodule can then be found by
multiplying the capacitor voltage with the switching functions. By analyzing the
results it can be found that the arm and line quantities will be periodic with the
fundamental frequency if the product of the switching frequency and the number
of submodules per arm is an integer multiple of the fundamental frequency. This
does, however, not necessarily imply that the capacitor voltages are periodic with
the fundamental frequency. Thus, it can be concluded that although there may
be significant subharmonics in the capacitor voltages, they will not result in any
subharmonics in the arm and line quantities.
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Figure 4.1: Simulated capacitor voltages in the upper arm at (2N + 1)-level mod-
ulation when the switching frequency is increased from 120-Hz to 150-Hz at 0.3
seconds.

The results in [Publication VI] indicate that odd- and even-order harmonics
can be separated between the dc- and ac-side. That is, assuming that the switching
frequency is chosen appropriately, all even-order harmonics will appear on the dc-
side and all odd-order harmonics appear on the ac-side. The conditions that must
be satisfied depends on wether (N + 1) or (2N + 1)-level modulation is used, and if
the number of submodules per arm, N , is odd or even. If (N + 1)-level modulation
is used, the product of the switching frequency and the number of submodules per
arm should be an odd multiple of N if N is odd, or an even multiple if N is even.
If (2N + 1)-level modulation is used, the relation should be the opposite. That is,
the product should be an even multiple of N if N is odd, and an odd multiple if N
is even. If the odd- and even-order harmonics are not separated this may cause the
arm currents and capacitor voltages to be different in the upper and lower arms.

The findings in [Publication VI] also indicate that the capacitor voltages can
be kept balanced if the switching frequency is chosen such that the first multiple of
the switching frequency that is divisible by the fundamental frequency is N . A direct
consequence of this is that switching frequencies which are integer multiples of the
fundamental frequency should be avoided. This is illustrated in Fig. 4.1 where the
fundamental frequency is first 120 Hz, and then increased to 150 Hz at 0.3 seconds.
Since the fundamental frequency is 50 Hz, the capacitor voltages are balanced at
first, but starts to diverge when the the switching frequency is changed to a multiple
of 50 Hz.
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4.2 Fundamental Frequency Modulation

It has already been concluded that when the switching frequency is reduced devia-
tions in the capacitor voltages become inevitable. Although a temporary unbalance
in the capacitor voltages may be accepted, the capacitor voltages must be kept bal-
anced over time. The lower limit of the switching frequency where the capacitor
voltages can be kept balanced over time is considered in [Publication VII].

In [Publication VII] it is shown that the capacitor voltages can be kept bal-
anced even at fundamental switching frequency. This is done by a round-robin
system in which the pulse pattern to the N submodules in each arm is cycled
among the submodules. It is also found that the order in which the pulse pattern
is cycled can have a significant impact on the resulting capacitor voltage ripple.
Although the capacitor voltage ripple is affected by the order in which the pulses
are cycled, a significant increase of the capacitor voltage ripple compared to higher
switching frequencies cannot be avoided.

By using the proposed round-robin system the capacitor voltages can be kept
balanced without any form of feedback controller. Fig. 4.3 shows the capacitor
voltages in three submodules of a simulated system with 12 submodules per arm.
After approximately 0.2 seconds, a disturbance is introduced in three of the twelve
submodules in one arm. The first submodule is discharged such that its voltage is
40% less than the nominal value, the second submodule is charged to a voltage 20%
higher than the nominal value and the third submodule is discharged to a voltage
that is 20% less than the nominal value. It is observed that all of the capacitor
voltages are slowly converging back to their nominal values. Although the capacitor
voltages can be balanced without any feedback controllers, an active control of the
capacitor voltages may be required in order to ensure that the capacitor voltages
remain balanced when the dynamics of the grid and external power flow controllers
are considered. The implementation of such a feedback controller could be done
without increasing the switching frequency.

4.2.1 Circulating Current Control

A control method that can eliminate the second-order harmonic in the circulating
current at fundamental switching frequency is presented in [Publication VIII].
The proposed method introduces small deviations in the width of the square pulses
that are imposed by each submodule.

The functionality of the proposed control scheme was validated experimentally
using the prototype described in Section 2.2. In this experiment, the converter was
connected to the grid and set to operate in rectifier mode, supplying a passive 5.5 kW
resistive load connected to the dc terminals. At the same time, the converter was
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Figure 4.2: Simulated capacitor voltages in three of the twelve submodules in one
arm.
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Figure 4.3: Measured arm currents and the circulating current with fundamental
switching frequency operating in rectifier mode.

injecting 0.8 kVAr reactive power to the grid. The recorded arm currents and the
circulating current in one of the phases are shown in Fig. 4.3. It is concluded that
no second-order harmonic component can be observed in the circulating current
when the proposed control scheme is used.

4.3 Predictive Capacitor-Voltage Balancing Algorithm

Even if it may be possible to balance the capcitor voltages at fundamental switch-
ing frequency, the capacitor voltage ripple becomes unneccesarily large. Therefore,
instead of asking what is the lowest possible limit at which the voltages can be kept
balanced, a more interesting question may be at which frequencies is it possible to
limit the peak-to-peak voltage ripple to the same amplitude as if an infinite switch-
ing frequency was used. This is considered in [Publication IX] where a predictive
control algorithm, which aims to limit the peak-to-peak capacitor voltage ripple,
is presented. The predictive algorithm is estimating the arm current and modu-
lating signal for the following period. This information is then used to predict the
amount of charge that will be transferred to the individual submodule capacitors.
The switching functions can then be modified according to the predictions such
that the capacitors are well balanced when the stored charge in the arm reaches its
maximum and minimum values. Consequently, the peak-to-peak capacitor voltage
ripple will be the same as if the capaictor voltages were perfectly balanced at all
times. Fig. 4.4 shows the measured capacitor voltages in the experimental setup
when the proposed algorithm was implemented in the form of programmed modu-
lation. It is observed that the capacitor voltages are well balanced when they reach
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Figure 4.4: Measured capacitor voltages at 130-Hz switching frequency with pro-
grammed modulation.

their maximum and minimum values.
In order to limit the peak-voltage in the capacitor voltages it may be sufficient

to ensure that the capacitors are well balanced only when the stored charge in
the arm reaches its maximum value. Allowing a certain spread in the capacitor
voltages when they reach their minimum values can be used to reduce the switch-
ing frequency even further. Fig. 4.5 shows simulation results when the proposed
algorithm is applied in real-time order to limit the peak-value of the capacitor volt-
ages. The resulting switching frequency was 106 Hz, which is merely 2.12 times the
fundamental frequency.

4.4 Semiconductors Requirements

As a consequence of the low switching frequency of the devices in modular multi-
level converters the thermal limitation of the semiconductors is not the dimensioning
factor. Instead, the dimensioning factor is the power rating of the semiconductors.
That is, the product of the rated voltage and the rated current. The semiconductor
devices must be able to withstand the voltage of one submodule capacitor. For
safety purposes, the actual voltage rating of the semiconductors would be cho-
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Figure 4.5: Simulated capacitor voltages at 106-Hz switching frequency.

sen higher than the maximum expected operating voltage in any real application.
However, in order to quantify the semiconductor requirements in such a way that
different topologies can be compared, the power rating is assumed to be equal to
the product of the maximum expected operating voltage and the expected peak
current.

The maximum expected operating voltage of each semiconductor device, Vrated,
is found by multiplying the nominal submodule voltage with the allowed increase
in the capacitor voltages, defined by kmax [Publication IV]. Accordingly,

Vrated = Vd
N
kmax, (4.3)

where Vd is the pole-to-pole voltage of the dc link. The current rating, Irated, of
the devices is defined by the peak-value of the arm currents at the rated operating
point. Since the alternating current is divided evenly between the upper and lower
arms, Irated can be expressed as

Irated = idc + 1
2 îs. (4.4)
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Substituting id in(4.4) with (2.4) yields

Irated = îs

(
1
2 + 1

4m cos(φ)
)
. (4.5)

The power rating of each semiconductor is then given by the product of (4.3) and
(4.5),

Prated = Vd
N

(
1
2 + 1

4m cos(φ)
)
kmaxîs. (4.6)

Solving (2.5) for Vd gives that
Vd = 2v̂s

m
. (4.7)

Substituting Vd in (4.6) with (4.7) yields

Prated = 2v̂s
mN

(
1
2 + 1

4m cos(φ)
)
ksmîs. (4.8)

The combined power rating of all semiconductors in the converter is obtained by
multiplying (4.8) with the number of switches in the converter. As each submodule
has 2 switches and there are six arms with N submodules in each arm, the total
number of switches in the converter is 12N . This gives that the combined power
rating, PSM, of the semiconductor devices is given by

PSM = 16S
m

(
1
2 + 1

4m cos(φ)
)
ksm, (4.9)

where

S = 3
(
v̂sîs

2

)
. (4.10)





Chapter 5

AC/AC Conversion

The information presented in this chapter is based on Publications X, and XI.

This thesis is mainly focused on MMCs with half-bridges in grid-connected ac-dc
applications such as HVDC transmission. Certain applications such as back-to-back
connection of ac-grids or railway supply systems may require either three-to-three
phase, or three-to-one phase ac-ac conversion. This chapter contains some general
considerations regarding the energy variations and semiconductor requirements in
various ac-ac applications.

The purpose of the analysis in this chapter is to provide an overview of how
the different topologies compare in terms of semiconductor and energy storage
requirements. Therefore, a simplified approach is used in which it is assumed that
the combined power rating of the semiconductors in each arm is proportional to the
product of the peak arm-voltage and peak arm-current multiplied with the number
of devices per submodule. When comparing the energy storage requirements it is
instead assumed that the overall size of the capacitors will be reflected by the sum
of the peak-to-peak energy variations in the converter arms.

5.1 Three-to-One Phase AC/AC Conversion

In certain applications, such as railway supply systems, three-to-one phase ac-ac
conversion is required. This can, for example, be achieved by connecting a three-
phase to a single-phase MMC in a back-to-back configuration. It is, however, also
possible to achieve direct ac-ac conversion by using full-bridge submodules [29,30].
In [Publication X] the energy-variations and the semiconductor requirements are
considered in MMCs equipped with full-bridges.
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Figure 5.1: Simulated capacitor voltages in one phase-leg when the amplitude of
the three-phase voltage equals half of the single-phase voltage (left), and when the
amplitudes of the three- and single-phase voltages are equal (right).

The findings in [Publication X] indicate that large amounts of energy are
moved back and forth between the upper and lower arms. These energy pulsations
are causing a significant increase in the amplitude of the capacitor voltage vari-
ations. It is also found that this is valid not only for ac-ac conersion, but for
ac-dc conversion as well. These energy pulsations can, however, be reduced or even
eliminated by proper choice of the ratio between the amplitudes of the single- and
three-phase voltages. That is, in order to minimize the energy variations in the
arms, the amplitude of the three-phase voltage should be chosen as half of the am-
plitude of the single-phase voltage. At active power transfer, this will eliminate the
differential-mode component in the energy variations that is associated with the
energy that is otherwise moved back and forth between the upper and lower arms.

The simulated capacitor voltages in a converter connected to a 50 Hz three-phase
grid with a single-phase 16.7 Hz output voltage are shown for two different voltage
ratios in Fig. 5.1. In the first simulation, the amplitude of the three-phase voltage
equals half of the amplitude of the single-phase voltage. In the second simulation,
the amplitudes of the two voltages where chosen to be equal. The output current
and capacitor sizes were adjusted such that the nominal energy storage and power
transfer is the same in both simulations. It is observed that the capacitor-voltage
ripple is significantly larger in the latter case. It is also evident that the upper-
and lower-arm capacitor voltages are different when the amplitudes of the three-
and single-phase voltages are equal. However, by eliminating the differential mode
component in the energy variations, the upper- and lower-arm capacitor voltages
become equal. As shown in Fig. 5.1 this will also significantly reduce the peak-
to-peak capacitor voltage ripple. At active power transfer the voltage ripple is, in
fact, reduced by 60% compared to the case when the amplitude of the three- and
single-phase voltages are equal.

The results in [Publication X] indicate that the product of the peak arm-
voltage and the peak arm-current is minimized when the amplitude of the three-
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phase voltage equals half of the single-phase voltage. Incidentally, this will also
minimize the peak-to-peak energy variations in the arms. Accordingly, the mini-
mum value for the product of the peak arm-voltage and peak arm-current is 4 times
the apparent power transfer per phase. Since there are two arms per phase and
four devices per submodule, this means that the minimum combined power rating
of the semiconductors for direct ac-ac conversion is 32 times the apparent power
transfer. The corresponding number for two MMCs in a back-to-back configuration
is obtained by setting ksm and m in (4.9) equal to unity and multiplying the results
by 2. That is, 24 times the apparent power transfer. Thus, it can be concluded
that if full-bridge submodules are used in the MMC in order to achieve direct ac-
ac conversion the combined power rating of the semiconductors will increase. The
energy storage requirements will, however, be reduced due to the elimination of the
differential-mode component in the arm energies.

5.2 Three-to-Three Phase AC/AC Conversion

In [Publication XI] the semiconductor requirements and total energy variations
of two three-phase MMCs connected back-to-back were compared with two other
cascaded multilevel topologies, the modular matrix converter [31] and the hexverter
[32], which can achieve direct ac-ac conversion. The semiconductor requirements
were calculated using the same approach as described in Section 5.1.

Various harmonic injection methods where current harmonics are injected in
the arms have been proposed in the literature [30, 33–35]. For a more complete
comparison of different topologies, the impact of such control methods must be
considered as well. The harmonic injection for the MMC considered in [Publi-
cation XI] is the second-order harmonic injection described in [30], which will
be referred to as (SHI). The harmonic injection methods that were considered for
the modular matrix converter are presented in [33] and [34]. In the former case
the energy variations are reduced at low output frequencies, and in the latter case
the energy variations are reduced when the output frequency is equal or close to
the input frequency. These two harmonic injection methods will be referred to as
(LOW) and (SYN), respectively.

The minimum combined power ratings of the semiconductors in the three topolo-
gies are listed in Table 5.1. It is observed that the back-to-back MMC has the lowest
semiconductor requirements while the hexverter has the highest combined power
rating of the semiconductors.

A comparison of the energy variations is shown in Fig. 5.2. The solid lines
indicate nominal operation without any injected harmonics in the arm currents
whereas the dashed and dotted lines show the peak-to-peak energy variations using
the considered harmonic injection methods. It is observed that the energy variations
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Table 5.1: Normalized currents and semiconductor ratings

Ssm/Sconv Rms-current Peak-current
Back-to-back MMC 24 0.4330 0.7500
Back-to-back MMC (SHI) 32 0.4677 1.0000
Modular matrix conv. 32 0.3333 0.6667
Modular matrix conv. (LOW) 48 0.4082 1.0000
Modular matrix conv. (SYN) 49 0.4714 1.0264
Hexverter 37 0.5774 1.1547

Figure 5.2: Total peak-peak energy variation kJ/MVA in a back-to-back MMC
(blue), modular matrix converter (red), and Hexverter (black) at the operating
conditions specified in Table III.

are much higher in the back-to-back MMC, especially at low frequencies. This may
limit the applications of the back-to-back MMC in low-frequency applications such
as low-speed drives. Close to synchronous frequency, however, the back-to-back
MMC appears to be favourable in comparison with the two other topologies.



Chapter 6

Alternative Submodule
Implementations

The information presented in this chapter is based on Publications X, XII, and
XIII.

In the previous chapters it has been concluded that there is a trade-off between
the switching frequency and the capacitor voltage ripple. In [Publication XI] it
was also shown that the energy-variations in the converter arms are strongly affected
by the modulation index. In fact, it was shown that the large amounts of energy
that are moved back and forth between the upper and lower arms can be canceled
at active power transfer if the modulation index is increased to 1.4. In this chapter,
two novel submodule concepts are presented. The aim of the first submodule is
to improve the capacitor voltage balancing at lower switching frequencies and the
purpose of the second submodule is to allow the modulation index to be increased
above unity without using full-bridge submodules.

6.1 Double-Submodule

The increased capacitor voltage ripple at low switching frequencies is a consequence
of the imbalance between the capacitor voltages that occur when the switching fre-
quency is reduced. Therefore, a new submodule implementation that improves the
capacitor voltage balancing at lower switching frequencies was proposed in [Publi-
cation XII]. The proposed submodule contains two capacitors and is thus replacing
two half-bridge submodules. The novelty of the submodule is that the capacitors
are connected in parallel when the intermediate voltage level is used. A schematic
diagram of this submodule is shown in Fig. 6.1. The number of devices per sub-
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Figure 6.1: Double-submodule implementation proposed in [Publication XII].

module is 8, which is twice the number of devices compared to two half-bridge
submodules. In the proposed submodule, however, each device only conducts half
of the arm current. This means that the combined power rating of the semicon-
ductors in the proposed submodule is the same as for two half-bridge submodules.

A prototype of this double-submodule was tested in the experimental setup de-
scribed in Section 2.2. In these experiments, however, only four submodules were
used per arm and in one arm, two of the half-bridge submodules were replaced with
the prototype of the proposed double-submodule. The submodules were then con-
trolled using phase-shifted carrier PWM at 162.5-Hz switching frequency. Fig. 6.2
shows the measured capacitor voltages in the proposed double-submodule and in
the two half-bridge submodules.

In Fig. 6.2 it can be observed that the capacitor voltages in the double-submodule
are, in fact, much closer to the average capacitor voltage compared to the half-bridge
submodules. This can be explained by the fact that the proposed submodule is a
three-level submodule. This means that certain low-frequency components in the
capacitor voltages will be eliminated. In a two-level submodule the frequency of
one of the sidebands to the 162.5 Hz carrier harmonic will be 62.5 Hz. In the fre-
quency domain, the capacitor current is given by the convolution of the switching
function and the arm current. This means that due to the 50 Hz component in the
arm current and the 62.5 Hz component in the switching function, there will be a
12.5 Hz component in the capacitor current which will have a significant impact
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Figure 6.2: Measured capacitor voltages in the double-submodule (blue), two half-
bridge submodules (black dotted), and the average voltage (red).

Figure 6.3: Harmonic amplitudes in the measured capacitor voltages.

on the capacitor voltages. The harmonic amplitudes of the capacitor voltages are
shown in Fig. 6.3. It is observed that the 12.5 Hz component that appears in the
half-bridge submodules is, in fact, eliminated in the double-submodule capacitors.

6.2 Semi-Full-Bridge

In certain applications the dc-link voltage may not be constant and it could there-
fore be necessary to operate the converter with a modulation index that is higher
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Figure 6.4: The Semi-Full-Bridge proposed in [Publication XIII].

than unity [36]. Modulation indices above unity can also have a positive impact
on the energy variations in the arms. In fact, in [Publication X] it was shown
that the differential mode component in the arm energies is eliminated at active
power transfer if the modulation index is increased to 1.41. Modulation indices
above unity will, however, require full-bridge submodules. Not only will this in-
crease the cost of the submodules, but also the conduction losses since the number
of conducting components is doubled when compared to half-bridge submodules.
Therefore, in order to reduce the amount of additional semiconductors that are
required to increase the modulation index above unity, an extension of the double-
clamp-submodule [5,37] is proposed in [Publication XIII]. The schematic diagram
of the proposed submodule is shown in Fig. 6.4.

The submodule proposed in [Publication XIII] has a similar functionality as
two full-bridges. That is, the submodule capacitors can be inserted in the arm with
positive as well as negative polarity. The difference is, however, that when inserted
with positive polarity the capacitors can be inserted both in series and in parallel,
but when inserted with negative polarity the capacitors can only be inserted in par-
allel. Accordingly, the proposed submodule is a 4-level submodule with two positive
voltage levels and one negative voltage level. Although the proposed submodule
is using 7 devices, two of these devices are always conducting in parallel. This
puts the proposed submodule circuit excactly in the middle between a full-bridge
and a half-bridge submodule when considering the combined power rating of the
semiconductors.

With the proposed submodule it becomes possible to increase the modulation
index above unity without using full-bridge submodules. In fact, in applications
where the dc-link voltage may drop it is possible to operate the converter with zero
dc-link voltage if the devices are rated such that the modulation index is 1.0 at
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Figure 6.5: Simulatied capacitor voltages in the upper and lower arms at the mod-
ulation indices 1.0 (left) and 1.4 (right).

nominal operation. In order to reduce the energy ripple in the converter arms, it is
also possible to dimension the submodules such that the modulation index is 1.41
at nominal operation. This is done in [Publication XIII] where the proposed
submodule is simulated at both the modulation indices 1.0 and 1.4. The simulated
capacitor voltages are shown in Fig. 6.5. As expected, the upper and lower arm
capacitor voltages are almost identical when the modulation index is 1.41. It can
be observed that this has a significant impact on the peak-to-peak voltage ripple.
In fact, compared to the case when the modulation index is 1.0 the peak-to-peak
capacitor voltage ripple is reduced by almost 60%.





Chapter 7

Conclusions and Future Work

In the initial analysis of the arm currents it was found that only even-order har-
monics are induced in the circulating current. Consequently, there is no third-order
harmonic in the circulating current that will cause a voltage and current ripple on
the dc link. The first zero-sequence component is the sixth-order harmonic, which
in most cases is negligible. This means that the capacitor voltage ripple will not
cause any significant disturbances on the dc link. The second-order harmonic can,
however, be significant and cause increased losses and capacitor voltage ripple.
Therefore, a previously presented main-circuit filter which is able to block this
harmonic component without any additional control actions was analyzed. It was
found that when third-order harmonic injection is used, the design of the filter be-
comes increasingly important for high-power converters with high efficiencies. The
reason for this is that third-order harmonic injection may induce a fourth-order
harmonic in the circulating current. If this is not taken into consideration when
designing the filter, resonance may occur.

The analysis indicates that there will always exist resonant frequencies even
if they are not excited in nominal steady state operation. In real applications,
however, the dynamics of the grid and external power flow controllers may be
unpredictable and therefore a circulating current controller may be required even
when main circuit filters are used in order to avoid unacceptably large harmonic
components in the circulating current.

If left uncompensated, the voltage variations in the submodule capacitors will
distort the ac-side voltage waveform. Previously presented feed-forward controllers
can compensate for these variations but will require stabilizing feedback controllers
in order to ensure stability. It was, however, found that a form of stable feed-forward
control of the ac-terminal voltage is possible without the need of stabilizing feedback
controllers. This means that the distortion of the ac-side voltage waveform can be
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compensated for even with high demands on accuracy and bandwidth. It was also
shown that the aforementioned feed-forward controller can be combined with an
active control of the circulating current. Consequently, the limiting factors of the
size of the submodule capacitors are mainly the operating range the and voltage
rating of the submodules whereas the harmonic disturbances on both the dc-side
and ac-side can be compensated for by control actions.

In order to compensate for the capacitor voltage ripple, the requested voltage
that is to be inserted must be available in the arms at all times in order to avoid
overmodulation. The capacitor voltage ripple must also be limited such that the
peak voltage does not exceed the voltage rating of the submodules. The generalized
analysis of the energy storage requirements indicates that the relation between the
operating range and the size of the submodule capacitors is directly related to the
total energy that is stored in the converter. Since the size and cost of of high voltage
capacitors is proportional to their rated energy storage capability, this means that
the overall size and cost of the energy storage elements cannot be affected by simply
changing the number of submodules per arm. Therefore, when considering the
overall size and cost of the energy storage elements it is reasonable to strictly speak
in terms of stored energy per power transfer capability.

The generalized analysis of the energy storage requirements indicated that the
required energy storage per transferred MVA varies with the power angle. Typi-
cally, reactive power generation has lower requirements on the energy storage than
reactive power consumption. In fact, the active power transfer capability can even
in some cases be increased by injecting reactive power into the grid. The energy
storage requirements can in some cases also be reduced by third-order harmonic in-
jection. When the converter is consuming reactive power from the grid, third-order
harmonic injection results in a significant reduction of the energy storage require-
ments. For active power transfer and reactive power generation the relation is the
opposite. At active power transfer and reactive power generation the difference is,
however, less significant.

It was discovered that if the circulating current is controlled, the shape of the
capacitor voltage waveforms can be altered by injecting a second-order harmonic.
In this way the operating region can be extended by shaping the capacitor voltages
in such a way that the point in time where the capacitor voltages reach their
maximum values occur at the same time as when the voltage reference is at its
maximum value. This method for extending the operating region will, however,
increase the losses due to the injected second-order harmonic and also increase the
complexity of the control system.

When the operating region, circulating currents, dc-side quantities, and ac-side
quantities are analyzed, the capacitor voltages are often assumed to be well bal-
anced which is equivalent to assuming an infinite switching frequency. However, one
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of the key features of the modular multilevel converter is the possibility to operate
at low switching frequencies. Therefore, the lower limit of the switching frequency
was investigated. It was found that it is possible to control all relevant quantities,
including the circulating current, even at fundamental switching frequency. This
will, however, increase the capacitor voltage ripple meaning that there is a trade-off
between the switching frequency and the capacitor voltage ripple. This trade-off
can be affected in several ways. For example, it was shown that predictive con-
trol algorithms can be applied which successfully limit the peak-to-peak voltage
ripple at switching frequencies that are roughly 2 – 3 times higher than the fun-
damental frequency. The trade-off can also be affected by new types of submodule
implementations. Two new submodule concepts with two capacitors that can be
connected either in parallel or in series were proposed. The parallel connection
of the capacitors can have a significant impact on the capacitor voltage ripple at
lower switching frequencies. A third possibility for reducing the capacitor voltage
ripple is to increase the modulation index above unity. In the literature it has been
proposed that this could be done by using full-bridge submodules. In this thesis,
however, it was shown that this can also be done by using a type of semi-full-bridge
submodule which reduces the number of series connected devices by 25% compared
to the conventional full-bridge.

The modular multilevel converter can also be used in three-to-one phase or three-
to-three phase ac-ac applications. In both cases it can be concluded that a direct
ac-ac conversion will require a higher combined power rating of the semiconductors
compared to the cases when an intermediate dc-link is used. The energy storage
requirements can be evaluated using a simplified approach that compares the peak-
to-peak energy variations in the arms at nominal operation. In three-to-one phase
applications it was found that the relation between the voltage amplitudes on the
three- and single-phase sides play an important role in the energy variations. In
order to minimize the energy-variations, the amplitude of the three-phase voltage
should equal half of the single-phase voltage. The MMC was also compared to
direct ac-ac topologies such as the modular matrix converter and the hexverter. It
was found that the MMC has the highest energy ripple in the arms. The direct
ac-ac topologies, however, display stability problems at synchronous frequency op-
erations. Although these problems can, to some degree, be solved using harmonic
injection methods the back-to-back MMC still appears to be the most suitable
topology interconnecting ac-grids with similar or equal frequencies.

Although the power rating of the semiconductors are the lowest in the MMC,
the energy variations become a problem in applications that require high voltages
and currents at low frequencies. That is, when the output frequency becomes low
the energy variations are growing dramatically in the MMC. Although all topologies
display similar behavior at low frequencies, these problems are significantly worse
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in the MMC compared to the other considered topologies. At operation close to
synchronous frequency, however, the direct ac-ac topologies suffer from stability
problems and increased energy variations. Although harmonic injection methods
are proposed in the literature which aims to solve or alleviate these problems, the
back-to-back MMC still appears to be the most suitable choice for three-to-three
phase ac-ac applications where the output frequency is equal or close to the input
frequency.

7.1 Future Work

The dynamics of the MMC have been considered in the literature using time-
averaged models which can reveal important information regarding stability of
various control methods. An important feature of the MMC is, however, its low
switching frequency which means that important details may be left out in time-
averaged models. This thesis provides an analysis of how the switching harmonics
interact with the capacitor- and arm-voltages at steady-state. A similar analysis
regarding the dynamic behaviour of the modular multilevel converter is, however,
yet to be presented.

This thesis also provides a simplified comparison of the MMC and two other
cascaded converter topologies for ac-ac applicaitons. It was found that the MMC
is not likely to be suitable for low-frequency applications such as low-speed drives
considering other available topologies such as the modular matrix converter. For
medium- and high-frequency applications, however, a more detailed analysis com-
paring the converter losses is required.

Finally, it should be remembered that the topologies and submodule imple-
mentations considered in this thesis are just a small subset of all theoretically
possible circuits and system configurations. When the MMC was first introduced
the cascaded submodules consisted of half-bridge or full-bridge converters with dc
capacitors. In recent years new circuit configurations have been proposed in the
literature as well as in this thesis. These new configurations should, of course, be
further evaluated. However, at the same time the possibility of finding new circuit-
and system-configurations should not be forgotten, both on submodule- as well as
on system-level.
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