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Sammanfattning
Denna avhandling är ett försök att undersöka drift och egenskaper av
modulära multinivåomvandlare (M2C:er). Eftersom denna topologi anses vara den mest lovande inom högspänings-högeffekt-tillämpningar är, och som
ett underlag för att kunna formulera lämpliga styrmetoder, är det nödvändigt att lägga kraft i att försöka förståde fysikaliska lagar som styr den inre
dynamiken i sådana omvandlare. Även om M2C:erna tillhör den välstuderade familjen av spänningsstyva omvandlare (VSC:er), och har en modulär
struktur, är deras reglering avsevärt mer komplicerad jämfört med två- eller
tre-nivåomvandlare, eftersom ett mycket större antal switchar och kondensatorer är nödvändiga i en sådan topologi. Denna avhandling sätter fingret
på de parametrar som måste beaktas när man konstruerar regleringen för en
M2C, genom att analysera den interna dynamiken, samt att föreslå sätt att
styra sådana omvandlare såatt stabil drift kan säkerställas utan att negativt
påverka prestanda.
Ett speciellt fokus läggs på växelströmsmotordrifter eftersom de är särskilt
utmanande vad gäller prestanda. Växelverkan mellan den interna dynamiken
och motorns dynamik undersöks experimentellt. Problemet att driva motorn
vid stillestånd behandlas även i fallet med hög ström och högt moment för att
erhålla kunskap om kraven påomvandlaren i sådana fall. Slutligen föreslås en
optimering av omvandlarens drifttillstånd för att undvika överdimensionering
av omvandlarens komponenter i de fall detta är möjligt.
Alla analytiska undersökningar som läggs fram i denna avhandling är bekräftade genom experimentella resultat från en laboratorieomvandlare, som
utvecklats inom ramen för detta arbete. Den experimentella verifieringen bevisar giltigheten av alla teoretiska undersökningar. Den visar också på de
mycket goda prestanda som de utvecklade styrmetoderna har vid drift av
en verklig fysisk omvandlare. Förhoppningen är att resultaten från detta arbete kan komma till använding i storskaliga implementerinar i mega- eller
giga-wattklassen.
Nyckelord: Energibalans, Kondensatorspänningsstyrning, Lyapunov-stabilitet,
Mellan-spänning drivsystem, Modulation, Modulär multinivåomvandlare, Omvandlarstyrning, Optimering, Regulatorväxelverkan, Spänningsstyva omvandlare, Varvtalsstyrda motordrifter, Öppen styrning.
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Abstract
This thesis is an effort to investigate the operation and the performance
of modular multilevel converters (M2Cs). Proven to be the most promising
topology in high-voltage high-power applications, it is necessary to put an
effort in understanding the physical laws that govern the internal dynamics
of such converters, in order to design appropriate control methods. Although
M2Cs belong to the well-studied family of voltage-source converters (VSCs),
and claim a modular structure, their control is significantly more complicated
compared to two- or three-level VSCs, due to the fact that a much higher
number of switches and capacitors are needed in such a topology. This thesis
highlights the important parameters that should be considered when designing
the control for an M2C, through analyzing its internal dynamics, and also
suggests ways to control such converters ensuring stable operation without
compromising the performance of the converter.
Special focus is given on ac motor-drive applications as they are very demanding and challenging for the converter performance. Interactions between
the internal dynamics and the dynamics of the driven motor are experimentally investigated. The problem of operating the converter when connected
to a motor standing still is visited, even under the condition that a great
amount of torque and current are requested, in order to provide an idea for
the converter requirements under such conditions. Finally, an optimization of
the converter operation is suggested in order to avoid overrating the converter
components in certain operation areas that this is possible.
All analytical investigations presented in this thesis are confirmed by experimental results on a laboratory prototype converter, which was developed
for the purposes of this project. Experimental verification proves the validity
of the theoretical investigations, as well as the correct performance of the
control methods developed during this project on a real, physical converter,
hoping that the results of this thesis will be useful for large-scale implementations, in the mega- or even giga-watt power range.
Keywords: Capacitor-Voltage Control, Controller Interaction, Converter Control, Energy Balance, Lyapunov Stability, Medium-Voltage Drives, Modular Multilevel Converter, Modulation, Open-Loop Control, Optimization, Variable-Speed Drives, Voltage-Source Converter.
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Chapter 1

Introduction
1.1

Background

The advent of silicon-based power-semiconductor devices sparked a whole new era
in electric-power conversion. A wide area of applications, from mobile phones,
household appliances, reaching up to high-voltage transmission links that transfer
vast amounts of energy, have been enabled owing to the development of electricpower conversion.
The growing global trends for profitable growth, meanwhile reducing the environmental footprint caused by human activity, have been the driving forces for the
power-conversion industry to produce more efficient and lower-cost devices. A tangible example is the evolution of mobile-phone chargers during the last two decades:
from the heavy, bulky, and lossy device that could even burn someones finger of
the 1990s, to the light, elegant, and efficient chargers we have available today (even
though they still may get hot).
The trend at the other side of the application spectrum is no different: losing 1%
in efficiency of a transmission line with 1-GW power transfer capability might mean
that several wind turbines have to be installed only to feed this waste. Gaining 1%
in efficiency, on the other hand, is not an easy task to achieve. To break such a
target down into small pieces, new converter topologies, new control methods, and
new materials need to be investigated.
Recent advances in the high-power-conversion area (traction systems, highpower industrial-motor drives, and power electronics in transmission systems) show
a focus trend in the voltage-source-converter (VSC) area. VSCs for high-power applications with ratings exceeding some tens of MVA are usually designed to meet
demands concerning harmonic injection into the surrounding electrical system or
into a connected electric motor. Using the well-investigated two-level conversion
1
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technology [1–8], even by implementing complex and modern modulation techniques [9–15], leads to solutions with either high switching frequencies or excessive
harmonic filters. High switching frequencies give rise to high switching losses, which
in high-power applications are difficult to deal with, requiring expensive cooling designs, and also increase both the ecological footprint and the running costs, as power
losses reflect directly on financial losses. Excessive harmonic filters, on the other
hand, significantly increase the system complexity, which increases the cost and
may influence the reliability.
Multilevel converters present an interesting alternative to conventional VSCs,
as a high-quality voltage waveform can be combined with very high efficiencies. In
such a case, when the available number of levels is high enough, a waveform which
is almost a sinusoid can be realized. This fact can also be combined with a very
low switching frequency per valve, making this converter family very attractive
also from the efficiency point-of-view. These great features come, of course, with a
certain price: electrical, mechanical, and control-design complexity, and potentially
reduced reliability due to the larger number of components involved in the multilevel
power conversion.
An important breakthrough in the multilevel-converter area came in 2003, with
the introduction of the modular-multilevel-converter (M2C) family [16], by Marquardt, Lesnicar, and Glinka. This can be regarded as the realization of a more
abstract multilevel topology, shown in Fig. 1.1(a), suggested by Alesina and Venturini [17] already in 1981. Unlike other multilevel topologies [18, 19], the M2C
is based on the series connection of a number of submodules, which offers significant design and manufacturing simplification, as well as a certain degree of fault
tolerance, as the overall converter operation is not dependent on each individual
submodule. This design offers even for improving reliability, as there is the possibility to implement fault handling strategies rather easily, while the converter can
still operate even if a number of submodules are faulty. Apart from realizing the
voltage sources as capacitors, as shown in Fig. 1.1(b), a modulation method using
a capacitor selection strategy was also described in [20], in order to achieve both
accurate and fast balancing of each submodule voltage.
The M2C family is today dominating the research field of high-power converters
[21–40]. It is considered to be one of the most competitive topologies for highvoltage high-power applications; however, in the beginning of this study, a lot
of questions were unanswered concerning the properties and performance of this
converter. It has been the objective of this study to shed light on some of these
items.

1.2. MAIN CONTRIBUTIONS OF THIS THESIS

(a) Series connection of voltage sources [17]

3

(b) Series connection of capacitors [16]

Figure 1.1: Basic structure of the multilevel topology.

1.2

Main Contributions of this Thesis

It is a fulfilled ambition of this work is that experimental verification is provided
to all theoretical investigations. The first major contribution is that a full dynamic

4
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M2C model has been developed, and this was the first time such a model was
published. In the publications that followed, a closed-loop and an open-loop control method have been developed, which ensure stable operation of an M2C under
any loading conditions. The stability of these methods has been discussed, and
in the case of the open-loop method even proven analytically, providing further
understanding.
The second part of this project was dedicated to M2C-fed motor drives, an area
where the use of M2Cs has been questioned, due to a certain design characteristic that allows components of the output current to flow through the submodule
capacitors. A solution to this problem has been presented, where even nominal
torque can be provided at zero speed, keeping the original converter design, but
at the cost of a certain device overrating. Dynamic behavior of current controllers
and interactions with the converter control have been studied in a region close to
the base speed. An algorithm that extends the region where the drive can operate
without any overrating is also developed and experimentally verified.

1.3

Outline of the Thesis

Chapter 2 describes the main principles of multilevel modulation, and how these
apply on an M2C system. A brief description of a lab-scale prototype and
how to implement control techniques on a physical converter is included.
Chapter 3 analyzes the dynamics and stability of certain internal-control methods, developed for an M2C.
Chapter 4 presents the challenges of an M2C-based motor drive, describes the
behavior of a high-performance current controller, and also suggests methods
for optimized operation under variable frequency.
Chapter 5 summarizes the work done inside this project and gives ideas and suggestions for future research in this field.

1.4

List of Appended Publications

I. A. Antonopoulos, L. Ängquist, and H.-P. Nee, “On Dynamics and Voltage
Control of the Modular Multilevel Converter,” in Proc. 13th European Conf.
Power Electronics and Applications EPE ’09, pp. 1–10, 8–10 Sep. 2009.
The first publication is an attempt to discuss the impact of modulation on
the stability of the M2C. The converter system is modeled using the basic
electrical circuit theory, and a feedback-control system is suggested to ensure

1.4. LIST OF APPENDED PUBLICATIONS

5

stable operation for any load-power angle. All pulse-width-modulation effects
are disregarded, as the converter arms are represented by variable-voltage
sources. The functionality of this model is verified by simulations. Apart from
the impact on stability, the proposed feedback controller can eliminate currents circulating between the phase legs, and also balances the energy stored
in different arms, regardless of the imposed (alternating) output current.
II. L. Ängquist, A. Antonopoulos, D. Siemaszko, K. Ilves, M. Vasiladiotis, and
H.-P. Nee, “Open-Loop Control of Modular Multilevel Converters Using Estimation of Stored Energy,” in IEEE Transactions on Industry Applications,
vol. 47, no. 6, pp. 2516–2524, Nov./Dec. 2011.
Publication II describes a novel method for internal control of an M2C, based
on estimation of the energy stored in each arm, from the output current and
the input voltage. No feedback controllers are necessary. Experimental verification on a 3-phase 10-kVA prototype is presented along with the description
of the new procedure. The proposed method allows the balancing of stored energy in each arm of an M2C, and experimental results show very good dynamic
performance, in agreement with simulation results.
III. A. Antonopoulos, L. Ängquist, L. Harnefors, K. Ilves, and H.-P. Nee,
“Global Asymptotic Stability of Modular Multilevel Converters,” in IEEE
Transactions on Industrial Electronics, vol. 61, no. 2, pp. 603–612, Feb.
2014.
Publication III is dedicated to the stability analysis of the internal-control
method proposed in Publication II. This paper shows that, under certain operating conditions, the internal-converter states will reach their desired values.
An analytical proof based on Lyapunov theory is given, as well as simulations
and experiments of perturbed systems converging to the desired operating
point after the suggested control method is applied.
IV. A. Antonopoulos, K. Ilves, L. Ängquist, and H.-P. Nee, “On Interaction Between Internal Converter Dynamics and Current Control of High-Performance
High-Power AC Motor Drives With Modular Multilevel Converters,” in Proc.
IEEE Energy Conversion Congress and Exposition (ECCE), pp. 4293–4298,
12-16 Sep. 2010.
Publication IV deals with the problem of using the M2C as a converter
for an induction-motor drive. The focus is to investigate the interaction of
the internal-converter control with an external high-performance current con-
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troller applied to a motor. The investigation is made for a motor speed close
to the base value. It is shown in the paper that the anticipated interaction
will not result in any problems neither for the converter nor for the motor
control itself.
V. A. Antonopoulos, L. Ängquist, S. Norrga, K. Ilves, L. Harnefors, and H.-P.
Nee, “Modular Multilevel Converter AC Motor Drives With Constant Torque
From Zero to Nominal Speed,” in IEEE Transactions on Industry Applications, vol. 50, no. 3, pp. 1982–1993, May/Jun. 2014.
Publication V investigates the requirements for an M2C driving a motor with
a constant-torque load profile from zero to base speed. Special care needs to
be taken for starting and operation at low speeds, where the low-frequency
current may cause significant unbalance between the submodule capacitor voltages and disturb the output waveforms. Ways to optimize the converter operation in order to avoid any overrating in higher speeds close to the base
frequency are also suggested and experimentally tested. The paper concludes
that converter design is always a trade-off between the voltage and current ratings, but nevertheless, significant overrating needs to be considered in order
to handle loads with significant torque at very low speeds.

VI. A. Antonopoulos, L. Ängquist, L. Harnefors, and H.-P. Nee, “Optimal Selection of the Average Capacitor Voltage for Variable-Speed Drives With Modular
Multilevel Converters,” in IEEE Transactions on Power Electronics, vol. 30,
no. 1, pp. 227–234, Jan. 2015.
Publication VI explains how the average capacitor voltage of the submodules
can be utilized to reduce the converter ratings in variable-speed-drive applications. The idea is that, due to the reduced voltage requirements in the area
below the base speed, it is possible to accommodate higher capacitor-voltage
ripple components, without exceeding the maximum peak-capacitor voltage.
The method is based on an analytical optimization, and does not require any
power exchange between the converter arms, so it keeps the conduction losses
at the minimum level. The overall ratings of the converter remain the same as
in the base-speed operation. It is shown that this method can be applied at a
speed range between the base speed and down to approximately one third of
it, i.e., an operating range that covers the requirements for typical pump- and
fan-type applications. The results obtained from the analytical investigation
are experimentally verified on a downscaled laboratory prototype M2C.

1.5. RELATED PUBLICATIONS
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• A. Antonopoulos, G. Mörée, J. Soulard, L. Ängquist, H.-P. Nee, “Experimental Evaluation of the Impact of Harmonics on Induction Motors Fed by
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Chapter 2

Hardware Overview and
Switching-Decision Strategies
This chapter describes the challenges faced in the implementation process of an
M2C. The main part of the work was completed before the Licentiate examination,
and major parts of the contents presented in this chapter can be found in the Licentiate thesis too. A short, but still comprehensive overview of the hardware and
the switching-decision process is included here for the sake of completeness.

As pointed out in the Introduction, a significant part of this project was dedicated to the development of a laboratory prototype M2C. A brief description of
the hardware is given here, in order to relate to the implementation of different
control strategies at the various control-hierarchy levels that will be discussed in
the following sections.

2.1

Hardware Overview

As already mentioned, an M2C consists of a number of identical cells, called “submodules.” A number of N submodules connected in series (together with an inductor) constitute a converter unit called an “arm”. The terms “cell” and “submodule”
are considered to be equivalent in the context of this thesis, and will be alternated with each other in order to avoid repetition. A simplified schematic diagram
of a three-phase M2C, with the arm submodules replaced by controllable voltage
sources, is given in Fig. 2.1. The submodules are simple circuits, consisting of a
capacitor and two switches (other alternatives are also possible for the basic cell,
in order to include more features [41–45]), whose states determine if the capacitor
9
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Figure 2.1: Simplified schematic diagram of a three-phase M2C

will be inserted into the current path, or bypassed. This terminology will be used
often in this thesis, and as the two switches have a complementary behavior, it
makes more sense to refer to the state of the cell, instead of the individual switches
themselves.
The design of such a submodule for a low-voltage laboratory prototype is shown
in Fig. 2.2. Apart from the main circuit, several additional functions need to be
implemented on the printed circuit board (PCB). As each PCB can be connected
at different potentials, isolated auxiliary power needs to be provided for the gate
drivers, and the communication circuits. For the same reason, communications to
and from each PCB should also be isolated, and that is why optic fibers are selected
here.
Description of the Laboratory-Prototype Submodules
Each submodule in the converter topology studied in this project consists of a
half-bridge with self-commutated switches and anti-parallel diodes. In high-power
applications IGBTs/IGCTs will normally be used [46]. The down-scaled low-power
prototype, however, is implemented with MOSFETs. The main idea behind using
MOSFETs is to reduce the losses from the (constant) voltage drops occurring in
the junctions of bipolar devices, as this prototype is designed to be connected at a
comparably low dc-link voltage (500 V).
The entire main circuit, the auxiliary power supply and communication elements, except for the main dc capacitor, are mounted on a PCB. As the reference
potential of each submodule relative to ground varies depending on the switching
status of the whole arm, auxiliary power for the control and communication circuits
on-board each submodule is provided by isolated dc-dc power supplies.
The drivers are designed for half-bridges with one reference clamped to the

2.1. HARDWARE OVERVIEW
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Figure 2.2: Layout of a submodule for the low-voltage prototype. (1) Auxiliary
power. (2) Optical communication. (3) Voltage-controlled oscillator (VCO). (4)
PCB mounted capacitor. (5) MOSFET driver. (6) Power connections. (7) Main
switches mounted on a heatsink.

negative pole of the submodule capacitor (for the bypass switch), and the other
on floating potential (for the insert switch). The submodule is commanded by two
digital input signals, one for insertion/bypassing of the capacitor and the other to
enable/remove the pulses from both switches. These signals enter the submodule
from the optical fibers. As there is one “enable” and one “control” signal for
each submodule the dead-time between switchings (blanking time) is implemented
hardware-wise on each board.
In order to reduce the influence of stray inductance, causing significant overvoltage transients during switching, a small film capacitor is placed on the PCB
suppressing high-frequency transients while the MOSFETs are switching. The main
energy storage unit of the submodule is an electrolytic capacitor mounted outside
the PCB and connected through cables. A stack of submodules that constitute one
phase leg of the laboratory prototype is shown in Fig. 2.3.
The submodule-capacitor voltage is measured and converted into a pulse train
with a frequency determined by a voltage-controlled oscillator (VCO). Tuning the
VCO to a sufficiently-high frequency allows an accurate voltage measurement by
an edge-detection circuit in a short period of time. In this experimental setup
each VCO is tuned to produce a 500 kHz digital pulse train when the respective
submodule-capacitor voltage is at its nominal value. This pulse train is easily
communicated via an optical fiber.
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Figure 2.3: One phase leg of the laboratory prototype, consisting of 10 submodules.

Rating the Main Parameters of the Prototype
The aim when starting to build this prototype was to create a converter in the range
of 10-15 kVA, fed from a 500-V dc link, which would be able to feed nominal current
to an 11-kW rated motor, such that a motor-drive application could be studied, in
agreement with the purposes of this project. The number of submodules should be
high enough to observe the effects of a multilevel waveform, and the capacitance
in the range to give an energy-storage time constant of two fundamental cycles.
The ratings are summarized in Table 2.1, while an outlook of the whole converter
is provided in Figure 2.4.
Looking into the appended publications and the related literature, slight differences in the converter ratings can be observed, depending on the scope of each
paper. This is due to the flexibility this laboratory prototype offers, making it
possible to adapt to specific demands for certain experiments. Examples of such
adaptation are the capacitance values that can change if the scope is to experiment
with lower or higher energy storage, and the same is valid for the arm inductors.
As for the current ratings, the submodule switches are implemented with International Rectifier® IRFP4242PBF MOSFETs, which are rated for 42 A of continuous
current, and offer the possibility to achieve even higher peak values provided the
appropriate cooling.
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Table 2.1: Ratings of the Experimental M2C
Laboratory-Prototype M2C Ratings
Rated power

S

12 kVA

Number of submodules per arm

N

5

Carrier frequency

fcar

up to 6.25 kHz

Input voltage

Vd

500 V

Submodule-capacitor rated-average voltage

i
vcu,l0

100 V

Submodule capacitance

C

0.73 mF or 3.3 mF

Arm inductance

L

1.2–4.67 mH

Fundamental frequency

fs

50 Hz

Output peak phase-to-neutral voltage

V̂s

250 V

Rated rms phase current

Is

23 A

Interfacing the Converter to the Control Unit
The implementation of one arm of an M2C phase leg, with its individual control and communication modules, is illustrated in Fig. 2.5. Each submodule is
digitally interfaced to a central field programmable gate array (FPGA). The submodules send information about the capacitor voltages, and get the switching (enable/insert/bypass) orders.
This information exchange needs to be performed via optical fibres, for isolation
purposes as the submodules are connected at potentials that change with time, resulting in floating local references for each submodule. Circuit boards were designed
to realize the digital-communication interface, converting the optical to electrical
(digital) signals and vice versa, as shown in Fig. 2.6.
It is a task of the FPGA then to determine which switches will be activated
or blocked, as well as the exact time instants when each switching action is to be
realized.

2.2

Switching-Decision Strategies

General Principles
The process to determine the exact time instants for changing the state of each
individual switch in a power converter is called “modulation” [47]. The aim of modulation is to translate a predetermined voltage-reference value into the appropriate
switching actions in order to create a signal at the output of the power-electronic
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Figure 2.4: The rack containing the 3-phase prototype converter, the interfaces and
the control unit on top.

converter that matches this reference. The implementation of a modulation usually
contains a comparison of the reference signal to a high-frequency signal (called a
“carrier” signal), in order to obtain a switching pattern that can be assigned to the
power switches.

2.2. SWITCHING-DECISION STRATEGIES

15

Figure 2.5: Structure of the converter arm, including interfaces and communication.
Parts providing isolation are drawn in blue color.

Figure 2.6: PCBs for interfacing the converter submodules to the FPGA.

Carrier-Based Modulation Techniques for M2C
Usually in power converters, the number of carrier signals is equal to the number of
switching pairs. The number of switching pairs in an M2C is related to the number

16

CHAPTER 2. HARDWARE OVERVIEW AND SWITCHING-DECISION
STRATEGIES

of levels the output waveform is desired to have. One illustration of a modulation
pattern for an M2C-family converter is given in Fig. 2.7.

Figure 2.7: A simple modulation-pattern example for one arm of an M2C
In the beginning, the sampling frequency of the reference is decided. That
sets the time difference between two subsequent vertical (dashed) lines in Fig. 2.7.
Assuming that the sampling frequency is sufficiently high, the reference can be
assumed to be constant inside each interval, as the dashed horizontal lines indicate.
This causes an inevitable delay of half the sampling time between the reference
and the realized signal at the output of the converter, but usually (if the sampling
frequency is sufficiently high) this effect can be disregarded. The reference is then
compared to the slope of a carrier (triangular wave in this case) and creates a
switching order at the time instant they cross each other (dotted vertical lines).
When the reference goes above a carrier, the order is to connect one more submodule
into the circuit, and when the reference goes below a carrier, the order is to exclude
one submodule from the circuit. The number of carriers that are below the reference
also indicates the least number of submodules that are required to be connected
during a switching interval.
The apparent simplicity of the M2C topology hides interesting challenges when
it comes to applying a carrier-based modulation pattern. Unlike a two-level counterpart, where the valve current is simply switched totally on or off, the switching
actions in an M2C will change the arm-current path, driving it through or out of
capacitors, a fact that inevitably causes changes in the amount of charge stored in
them. Therefore, an accurate method for equalizing the capacitor voltages in the
submodules within each arm is of paramount importance.
Several methods have been presented for other converter topologies using distributed capacitive energy storage, e.g. [48–53], and some of them can be utilized
also in the M2C case. Such a balancing strategy can be included in the modulator,
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as is the case that will be described in the following. Carrier-based pulse-widthmodulation (PWM) techniques are not limited to the one described in Fig. 2.7, but
are expanded in many different carrier combinations when dealing with multilevel
converters, as shown in [47]. An overview and a detailed evaluation of various such
techniques dedicated to the M2C topology can be found in [54].

Modulation Using an Active-Selection Process
In this case, the comparison between the carriers and the reference, shown in
Fig. 2.7, indicates the number of submodules that shall be inserted or bypassed
and when switching instants shall occur. However, the specific submodule that will
perform the switching will be decided by an active selection process. This method
was suggested and described by Marquardt, Lesnicar, and Glinka [16, 20, 55], and
is similar to the one described in [48].
This active selection process method runs continuously on data indicating the
submodule voltages (VCO measurements), as well as the sign/direction of the corresponding arm current. In case this current flows in the direction that charges
the capacitors of the arm, the bypassed submodule that has the capacitor with the
lowest charge will become the primary insert candidate, and the inserted submodule with the capacitor having the highest charge will become the primary bypass
candidate. The opposite strategy is followed in case the current flows in the direction that discharges the capacitors of the arm. The decision if the following action
will be an insertion or a bypass is taken in the carrier-reference comparison process.
Using sufficiently large capacitors, and a reasonably-high switching frequency, this
strategy will efficiently distribute the total energy stored in each converter arm,
ensuring that no submodule capacitor will be overcharged or totally discharged.
The fact that the whole selection process can be represented by a logic function
is very important, because it can separate the submodule-voltage-sharing procedure
from any other controller that may be applied to the converter. This can be implemented as a “low-level” or hardware-based process, together with the modulator,
executed by a dedicated controller for each arm, whose operation does not interact
with any higher-level procedures. The suggested algorithm can be implemented as a
logic function, and, therefore, can be placed on an FPGA, which ensures extremely
high running speed. Such an independent mechanism is crucial for the development
of external controllers, as it provides fast and accurate sharing of the charge among
the submodule capacitors in one arm. Using this method, it becomes possible to
disregard the effects of pulse-width modulation, and as a result, a whole arm can
be treated as a continuous voltage source, a fact which will be very helpful during
modeling the dynamics of the system in Chapter 3.
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Communication Between the Controller and the FPGA
The communication between the FPGA that executes the modulation and the selection process, with a processor that handles higher-level, more complicated, but
also slower processes, which will provide the voltage reference for each arm, is performed via front-panel variables in this implementation. The execution time for
the process is approximated to 50 µs, but is also dependent on the amount of data
communicated.
The main processor communicates the values for the normalized voltage references (also called “modulation indices”) for each arm to the FPGA. Moreover, it
can send further information, under special occasions (such as a case of a detected
failure) to e.g. activate other switching processes for protection purposes, or even
block the whole stack of submodules and trip the converter. The FPGA sends
the measured values of the submodule-capacitor voltages to the main processor,
such that they can be processed for display, data acquisition, or for a potential
feedback-control strategy.

2.3

Main Control Unit

Whereas the modulator and the selection algorithm are implemented in a single
FPGA, the control of internal and external dynamics is placed in a commercial
control platform. The controller consists of two processor cores, one of which (Core
1) is dedicated to collect and process the analog measurements, while the other
(Core 0) is running the reference generator, the communication with the FPGA,
as well as a low-priority and low-frequency loop for communication of data to and
from the user interface. The structure of the controller architecture is outlined
in Figure 2.8. Communication of values between the two cores is performed via
real-time first-in-first-out data structures (queues), which ensures data integrity.
Core 1 is collecting the samples from the analog interface, and pre-processes
them, if necessary. This system offers the possibility to be used also as an acquisition
system, so a large amount of samples is collected anyway only for storage and postexperiment processing. The thread running in Core 1 separates the data collected
for controlling purposes, from the ones that will finally be stored in measurement
files, and from the data sent to the user interface in order for the operator to have a
live overview of the system variables. In case needed, the data used for controlling
purposes, can be digitally filtered, averaged, or pre-processed in any other way,
before used by the reference generator. Last but not least, Core 1 is responsible for
tripping the converter, in case a fault is indicated by the measurements.
Core 0 is running the main reference generator for each converter arm. It can
also include a higher-level controller, such as a motor-torque, an output-current, or a
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Figure 2.8: Structure of the controller architecture.

dc-link voltage controller, by making use of the analog measurements, coming from
Core 1. The internal control of the converter also runs inside Core 0. As a result,
feedback-control loops can be implemented there, as well as estimators, phaselocked loops, etc. This is the core handling the communication with the FPGA,
and finally, the data sent and received to/from the user interface (which runs on a
remote workstation) via an ethernet-based (non time-critical) communication.

2.4

Conclusion

The organization described above requires data communication between the different controller units. As illustrated in Fig. 2.5, the main processor receives the
measured arm currents and arm voltages from the analog-data acquisition system.
The processor executes the control functions of the different hierarchy levels implemented, and calculates the modulation indices for the converter arms using the
measured analog values when necessary. The FPGA receives the modulation indices
for the converter arms and sends back measured values of the submodule capacitor
voltages, either for control or display purposes.
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The time needed by the selection process is primarily determined by the time
used by the VCO-signal counters. If the FPGA clock operates at a 40 MHz frequency, the counting of 16 pulses coming from a 500 kHz pulse generator produces
an average inaccuracy of approximately 0.1% of the measured voltage and has a
duration of approximately 32 µs. The upper margin for the measuring time is
set software-wise to be 51.2 µs, or 2048 processor clock cycles. The sorting algorithm, including the arbitration process for equal submodule voltage values, is
implemented after compilation, as a look-up table, so after all counters have finished, the order is (almost) immediately determined. The selection process takes
only a few 40-MHz-clock cycles to perform. The time spent by the selection process
is slightly more than the number of submodules in the arm multiplied with the time
of one 40-MHz-clock cycle, as in this implementation they are sent from the sorter
and processed by the selector in a consecutive manner. This means that even if
the number of submodules is very high, for instance 200 submodules, the selection
process does not take more than 5 µs to fulfill its task.
However, a control function involving algorithms that run on the main processor
has a different performance. Investigating the data route in this prototype implementation as an example, the following path is revealed: The submodule-capacitor
voltages are converted in VCO-pulse trains, measured in the FPGA – a process
that takes approximately 50 µs to be completed. The FPGA communicates these
values to the main processor, which means an extra delay of approximately 50 µs,
and then the values are processed with a loop time of 200 µs in order to create the
modulation indices. These indices will be communicated back to the FPGA (approx. 50 µs) and the final switching decision will be realized when the modulator
decides, based on the carrier frequency. This means that there may be an overall
delay time of 500 µs, between the instant when a value actually appeared in the
capacitor voltages, and until the related switching action is finally performed. This
could become a problem, especially when controlling converters with a low number
of submodules, aiming at a low switching frequency (as this prototype is), as will
be discussed later in Chapter 3.

Chapter 3

Internal-States Control
This chapter introduces the dynamic behavior of an M2C, and presents the development of different control methods. An effort to present the line of thought behind
the development sequence, and also to explain the strengths and weaknesses of each
method is performed. The modeling and the control methods discussed here are presented in Publications I, II, and III. The reader is referred to these publications
for simulations and experimental results.

Compared to a two-level converter, the control of an M2C is a significantly more
complicated issue. In a two-level converter, a phase leg consists of two switches that
act in a complementary fashion, in order to create the output voltage. In the M2C
case, though, each of the switches of the two-level counterpart is replaced by a
number of N series-connected cells, consisting of capacitors that are optionally
connected or bypassed. In this sense, the output voltage of each phase leg becomes
dependent on a large number of switching decisions, and not just one, as it is in
a two-level converter. The equivalent duty cycle n in the M2C case1 can then be
defined as the number of cells inserted in one stack, over the total number of cells,
i.e.,
inserted cells
inserted cells
n=
=
.
(3.1)
total cells
N
Independently of the number of cells that are inserted, a path is continuously provided for the current flowing through the stack of cells. This creates a major
difference, compared to a two-level converter, where the condition for the current
to flow is the switching state of the valves. This continuous current flow will inevitably pass through the cell capacitors that are inserted in the circuit, resulting
in a change of their charge, according to the value of this current.
1 The

terms equivalent duty cycle, insertion index, and switching function, which appear in
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The freedom to select when to insert or bypass capacitors may result in instantaneous differences between the summed voltage of the arm stacks in the phase leg
and the source voltage connected at the converter-input side, which can cause severe
disturbances in the current. In order to avoid that, inductors need to be connected
in series with each stack of cells, taking up any voltage difference that may occur,
and reducing the effect on the current. As already mentioned in Chapter 2, in the
context of this thesis, a stack of N cells connected in series with an inductor L is regarded as a stand-alone unit, called a converter “arm.” The equivalent of a converter
arm in a two-level counterpart is simply a controllable switch, that from a control
perspective can be regarded as a digital state which can take two complementary
values (ON/OFF). On the contrary, in the M2C case, the existence of an inductor,
along with a number of capacitors that can be arbitrarily inserted or bypassed implies the existence of internal dynamics in each arm. The capacitor voltages and
the inductor current can be regarded as states of the arm system, whose behavior
is governed by the dynamic equations of these passive components, in combination
with the duty cycle of the active switches. This equivalent duty cycle n can be
seen as a control input resulting in an arbitrary selection of the inserted/bypassed
capacitors, while the voltage that is finally created at the endpoints of each arm
can be regarded as an output quantity.
It becomes obvious from all the above that the selection of the control input n
is not a trivial task, and a study of the internal dynamics is necessary, in order to
understand how the states and the output will be affected.

3.1

Modeling and Dynamics

Assumptions
In order to simplify the analysis, only single-frequency quantities are supposed to
exist at the outputs of the converter. This does not imply in any way that the
converter is only capable of creating single-frequency voltages or currents. It is
possible then to assume that each phase of the converter is connected between two
infinite sources; a direct-voltage source, at the “input,” and an alternating-current
source at the “output.” This input-output-definition convention is used based on
the active-power flow in case the M2C is operated as an inverter.
Assuming that a direct-voltage source is connected at the input side, its voltage
can be expressed as
vd = Vd .
this thesis and the related literature are equivalent, and refer to the ratio shown in (3.1).

(3.2)
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Similarly, a single-frequency output-current source can be described by
is = Iˆs cos (ωs t − ϕ),

(3.3)

where ωs is the angular frequency and ϕ is the power angle. The quantities external
to the converter are represented by infinite sources that are considered to be stiff,
and thus unaffected by the internal dynamics of the converter. This is possible
to realize by implementing fast-acting controllers for the dc-link voltage and the
ac-output current.
Ideally, the ac-output voltage created by the converter is also a single-frequency
signal, as
(3.4)
vs⋆ = V̂s cos ωs t,
and in a lossless converter, the resulting input current is a direct component to
match the input-output power exchange,
ic0 =

V̂s Iˆs cos ϕ
.
2Vd

(3.5)

Assuming a stable and balanced operation, the voltage contribution from the upper
and lower arm should satisfy
Vd
− vs⋆ − vc⋆
2
Vd
⋆
+ vs⋆ − vc⋆ ,
vcl
=
2

⋆
vcu
=

(3.6a)
(3.6b)

where vc⋆ is a contribution to represent the voltage drop across the passive components of each arm, i.e., the inductance and some parasitic arm resistance. Similarly,
the output current should be equally divided between the two arms, giving the arm
currents
is
2
is
il = ic − .
2

iu = ic +

(3.7a)
(3.7b)

As implied by (3.7a) and (3.7b), the actual input current ic may differ from the ideal
value ic0 , as expressed by (3.5), in the sense that it may contain more components.
This depends on the selected control method and the control inputs to the converter
system, and such a case will be shown in Section 3.2.
It is also reasonable to assume that an effective mechanism is implemented,
which maintains the voltage balance among the capacitors in each arm, as described
in Chapter 2, and in [20, 56]. Infinitely fast switching allows the assumption that
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this mechanism is acting sufficiently fast, such that the dynamics of the individualcapacitor voltage-balancing process can be decoupled from the internal converter
dynamics that are going to be studied in this chapter. At the same time, a large
number of cells N allows for a representation of the arm-voltage contributions vcu
and vcl as continuous variables, even though they are resulting from switching
decisions, such that any effects of discretization can be disregarded.

Dynamic Equations
Based on the assumptions made above, it is possible to substitute the string of
series-connected submodules by equivalent controllable voltage sources, and design
the circuit of a phase leg connected between a direct-voltage source and an ac source,
as shown in Fig. 3.1. It should be kept in mind, though, that these controllable
voltage sources have the feature of energy storage, as they consist of capacitor cells
in reality. The sum of the voltage stored in a string consisting of N submodules is
given by
Σ
i
(3.8)
= ΣN
vcu,l
i=1 vcu,l ,
i
where vcu,l
, i = 1, . . . , N is the voltage of each individual capacitor. The actual
voltage that each controllable-voltage source is generating is then a portion of this
stored voltage, governed by the insertion index n (nu for the upper arm, nl for the
lower arm), as
Σ
vcu,l = nu,l vcu,l
.
(3.9)

The insertion index is defined as the ratio between the number of inserted submodules and the total number of submodules as in (3.1).
Now that the inserted voltages are defined, it is possible derive the dynamic
equations that govern the voltage loops, shown in Fig. 3.1. Using the dc-link midpoint as a reference, the upper loop consists of the upper half of the dc side, the
upper arm, and the output current source. Kirchhoff’s voltage law for this loop
then gives
diu
Vd
= vg + Riu + L
+ vcu ,
(3.10)
2
dt
where vg is the voltage of the grid connected at the output side. Similarly, the
lower voltage loop, which is formed by the lower half of the dc side, the lower arm,
and the output current source, is governed by
Vd
dil
= −vg + Ril + L
+ vcl .
2
dt

(3.11)

Adding or subtracting (3.10) and (3.11) reveals the dynamics of either the phaseleg current ic or the output current is . Starting with the circulating current, the
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Figure 3.1: Equivalent circuit for one phase leg.

equation governing the dynamics of ic is
L


Vd
1
dic
Σ
Σ
.
nu vcu
+ nl vcl
+ Ric =
−
dt
2
2

(3.12)

Subtracting then (3.10) and (3.11), the dynamic expression for the output current
is
dis
Σ
Σ
L
+ Ris = nl vcl
− nu vcu
− 2vg .
(3.13)
dt
In the situation that the converter creates the ideal voltage contribution for each
arm, as in (3.6a) and (3.6b), these dynamic equations can be simplified into
dic
+ Ric = vc⋆
dt
R
L dis
+ is = vs⋆ − vg ,
2 dt
2
L

(3.14a)
(3.14b)

which reveal the quantities that really control the circulating and the output current
respectively.
The sum of the capacitor voltages, as presented in (3.8), is not a constant
quantity, but varies depending on the current that is flowing through the arm,
according to
Σ
dvcu,l
iu,l
.
(3.15)
=
dt
Ceff
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The appropriate capacitance Ceff 2 to be used in (3.15) is given by
Ceff =

C
,
N nu,l

(3.16)

showing that when all the submodules are inserted, i.e., nu,l = 1, the charge carried
by the arm current will be spread among all the capacitors, seeing a capacitance
of C/N . On the other hand, when all capacitors are bypassed, i.e., nu,l = 0, then
the capacitive reactance of the arm is zero, and therefore there will be no change
in the total arm voltage, as given by (3.15).
Excluding (3.13), as it refers to the dynamics of the output current, which is
considered to behave like an infinite source in the following analysis, (3.12) and
(3.15) can be rewritten in a third-order state-space system form, as


ic





−R
L

d  Σ   N nu
v  =  C
dt cu
N nl
Σ
vcl
| {z } | C
ẋ

nu
− 2L

nl
− 2L

0

0

0
{z

0

A







} | {z }

|


Vd
2L
  Σ   N nu 
 vcu  +  2C is 
Σ
vcl
− N2Cnl is
ic

x

{z
u

(3.17)

}

where x is the state vector and u is the input vector, according to the formal statespace system definition. The actual inputs to this system are the insertion indices
nu and nl , and the output current is . However, even if the output current is stiff,
it is not possible to decouple the insertion indices from the system states, and as
nu and nl vary periodically, the state matrix A is a time-varying matrix.

3.2

Alternative Control Schemes

Knowing the equations that govern the internal dynamics of an M2C, the next step
is to find a way to calculate the correct control inputs, i.e., the insertion indices nu,l
that will result in the desired output and internal-state values. In the following,
three different ways of selecting these inputs are described and discussed. The
first two ways are presented and analyzed in Publication I, while the third one
is described in detail in Publication II. An experimental evaluation of all three
methods under the same conditions can be found in [58].
2 As the function of the topology implies that a different number of capacitors are switched
in and out at every instant, depending on the insertion index, the correct behavior of the arm is
described by the number of series-inserted capacitors that the arm current meets at every instant.
This is different to the representation of the whole arm as a variable capacitor, as mistakenly
presented in a number of figures in early publications [57, 58].
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Direct Modulation
A first approach is to calculate the insertion indices as sinusoidally varying quantities. The only thing that is needed in such a case is to provide an amplitude
and a phase that can be given to the system in an open-loop fashion. The amplitude of the sinusoid is restricted by the dc-bus voltage; the highest peak-to-peak
voltage that can be provided is clamped to the dc-bus potential by the antiparallel
diodes to the bypass switches. If the output-voltage reference is as in (3.4), the
amplitude-modulation index ma can be defined as
ma =

2V̂s
,
Vd

(3.18)

and the insertion indices are
v⋆

nu,l

1 ∓ 2 Vsd
1 ∓ ma cos ωs t
=
=
,
2
2

(3.19)

in order to ensure a balanced operation and equal share of the contribution from
the two arms. This is a simple way to provide control inputs to the system, without
any need for measurement feedback. It makes sense though, to look into the output
voltage that results from these inputs. Multiplying the insertion indices in (3.19)
with the total-capacitor voltages in each arm, as in (3.15), it can be concluded that
the voltage each arm inserts is
vcu,l =

Σ
vcu,l
Vd ∓ 2vs⋆ Σ
vcu,l =
2Vd
Vd




Vd
∓ vs⋆ .
2

(3.20)

If the total capacitor voltage were approximately equal to the dc-bus voltage, disΣ
regarding the ripple variation, i.e., vcu,l
≈ Vd , the inserted voltage from each arm
would be almost the desired contribution, except for the term compensating for
the voltage drop across the passive components vc⋆ that is missing. The expected
dynamics of the output would then be the ideal, as in (3.14b), but the internal
dynamics are as
dic
R
= − ic
dt
L
Σ
dvcu,l
= 0,
dt

which indicates an exponential decay of the circulating current. This implies that
there cannot be any active-power transfer between the input and the output in
steady state, which is also incompatible with simulation and experimental results
of this control method, as shown in Publication I and [58].
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Substituting (3.20) without any simplification provides the actual form of the
dynamic equation for the circulating current in direct modulation, as




v⋆ Σ
R
1 1 Σ
dic
Σ
Σ
.
(3.22)
− Vd + s vcl
= − ic −
vcu + vcl
− vcu
dt
L
2L 2
Vd

Some rough conclusions that provide an insight to the stability characteristics of the
system can now be drawn, based on (3.22), while a more stringent mathematical
proof can be found in [59]. A sum-capacitor voltage that is different on average to
the dc-link voltage Vd , will cause a circulating current in the direction to reverse
this difference, i.e., a high sum of stored voltage in the capacitors will cause a
negative contribution on the circulating-current derivative, causing a lower power
input, until the balance is resumed. Similarly, a low sum of the stored voltages in
the phase leg will cause a positive derivative to the circulating current, resulting in
a higher power input.
On the other hand, an unbalance between the two arms in the same phase leg
will create a component in the circulating current at the frequency of the output
voltage vs⋆ . This component is placed so that it moves energy from the arm with
the higher total voltage to the arm with the lower total voltage. As an example,
when the lower arm has a higher sum of voltage stored than the upper arm, the
circulating current will contain a component in phase opposition with the output
voltage vs⋆ , meaning that the active power will be transferred from the lower to the
upper arm3 .
The above indicates that the direct modulation provides stable operation of the
converter. Simulation and experiments verify this fact, but also reveal a weakness of this method: a quite significant second-order harmonic can be observed
in the circulating current in steady state [58, 60]. The explanation for this harmonic component comes again from (3.22). The components that constitute the
fundamental-frequency output current are out of phase in the two arms, and so is the
fundamental-frequency ripple in the sum-capacitor voltages. As a result, the term

v⋆
Σ
Σ
,
− vcu
that compensates for any constant unbalance in the steady state, i.e., Vsd vcl
contains the product of two quantities that vary typically with the same frequency:
the output voltage, and the capacitor-voltage ripple caused by the output current.
This creates a steady-state second harmonic derivative (and component) in the
circulating current, which in turn will cause even higher-order oscillating components in the capacitor voltages. An accurate analysis of this phenomenon and the
harmonic components created by this type of modulation is provided in [61].
3A

dic (t)
=
dt
C2 (C1 cos ωs t+ωs sin ωs t)
.
The
2 +ω 2
C1
s

constant difference in the stored energies will result in a formulation of (3.22) as

−C1 ic (t) − C2 cos(ωs t). The solution to that is ic (t) = Ce−C1 t −

(ωs C1 sin ωs t)-term expresses some reactive power exchange between the two arms, while the
(C1 C2 cos ωs t)-term is the active power exchange that opposes the unbalance.
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So, even though direct modulation is an easy way to provide references for the
insertion indices without any need for measurement feedback, and also is inherently
stable, it creates not only unnecessary losses, but also requires increased ratings for
the components, as they need to handle undesired harmonic components too. Apart
from the internal states, the undesired second order effect in the capacitor-voltage
ripple will cause disturbances in the output voltage, as the actual inserted-arm
voltage is given by (3.9). The existence of the second-order harmonic components
in the circulating current (and its consequences) can certainly be corrected with the
use of a circulating-current controller, containing a resonant part at the appropriate
frequency, but it also makes sense to investigate ways to minimize these effects in
the generation of the control inputs, i.e., the insertion indices.

Voltage-Feedback Control
Identifying that the harmonics in the dynamic equations are basically caused by
the (unavoidable) capacitor-voltage ripple and the sinusoidally varying insertion
index, this control method aims to provide insertion indices that compensate for
the capacitor-voltage ripple and create only the desired quantities in the dynamic
equations. The easiest way to realize such insertion indices is to utilize the definition of the inserted voltage in (3.9) and generate them using the reference for the
inserted-arm voltage and the actual instantaneous total capacitor voltage, as
nu,l =

⋆
vcu,l
Σ
vcu,l

(3.23)

.

It becomes obvious that in this case, the sum-capacitor voltages need to be measured in order to calculate the insertion indices. Substitution into the dynamic
equations for the circulating and the output current yields the ideal form of (3.14a)
and (3.14b). Certainly vs⋆ can be defined as in (3.4). The reference for the voltage controlling the circulating current vc⋆ is still to be defined though, under the
requirement that it ensures stable operation for all internal states.
The effect of these insertion indices on the two internal-voltage states (i.e., the
total capacitor voltages) can be found when substituting (3.23) into (3.15), as
Σ
⋆
Σ
dvcu,l
N iu,l
N iu,l vcu,l
C Σ dvcu,l
⋆
=
nu,l =
v
= iu,l vcu,l
⇒
Σ
dt
C
C vcu,l
N cu,l dt

⇒

Σ 2
C dvcu,l
⋆
= iu,l vcu,l
.
2N dt

Assuming a well-balanced distribution of the charge among the capacitors of the
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same arm, the total energy content in the capacitors of the arm can be defined as
!2
Σ

v
1
1
C Σ2
2
cu,l
Σ
i
i
Wcu,l
= N Wcu,l
= N C vcu,l
=N C
=
v ,
(3.24)
2
2
N
2N cu,l
which means that

Σ
dWcu,l
⋆
= iu,l vcu,l
.
(3.25)
dt
The derivatives for the sum and the difference of the energy stored in the two arms
are then given by
Σ
dWclΣ
dWcu
dWcΣ
⋆
⋆
=
+
= il vcl
+ iu vcu
= ic Vd − 2ic vc⋆ − is vs⋆
dt
dt
dt
Σ
dWc∆
dWclΣ
dWcu
1
⋆
⋆
=
−
= il vcl
− iu vcu
= 2ic vs⋆ − is Vd + is vc⋆ .
dt
dt
dt
2

(3.26a)
(3.26b)

In (3.26a) the term ic Vd represents the power input from the dc side, while the
power output to the ac side is given by the term is vs⋆ . It becomes obvious that
a direct component (pulse) created temporarily in ic is capable of ramping up or
down the total energy stored in the capacitors, and thus, the sum of the capacitor
voltages.
An active controller needs to be designed in this case, which will force the dynamics of this system to act in the same way as the inherent dynamics of the direct
modulation do, i.e., compensate for a too high or a too low voltage stored in the
submodule capacitors, and also keep the balance of the stored voltages between the
two arms. Similarly to (3.22), a too high voltage stored in the phase-leg capacitors
should be compensated by a negative contribution to the circulating current, while
a too low voltage should add an extra positive share to it that will recharge the
capacitors to the desired level. On the other hand, to counteract an unbalance
between the two arms, a fundamental-frequency circulating current is needed, carefully placed, in or out of phase with the output voltage, in order to transfer active
power from the overcharged to the undercharged arm. This control method was
first presented in the appended Publication I, along with simulation results. An
outline of this controller is given in Fig. 3.2, and experimental results are presented
in [58].
Problems with the implementation of a feedback control
This method provides a secure way to operate an M2C, providing the desired output
quantities and keeping the internal states under control at the same time. However,
the experimental results shown in [58] reveal some weaknesses of this feedback
control. The fact that there is need for capacitor-voltage measurements may result
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Figure 3.2: Block diagram of the feedback controller.

in delays, if the control and measurement systems are not implemented carefully. It
is obvious that a time lag in measurements of oscillating quantities (as the capacitor
voltages are) can cause a phase lag in the measured components, which may finally
result in a wrongly placed compensation by the controller.
Relating to the conclusions of Chapter 2, and excluding the output stages (after
the generation of the modulation index in the control system), as these are existing
in every possible implementation, the estimated additional delay of a feedbackcontrol loop in this implementation is approximately 300 µs. Translated to values
Σ
of this control system, this really means that a measured value like vcu,l
can be
⋆
almost 300 µs old when compared with a fresh vcu,l in order to create the insertion
indices, as in (3.23). Considering then that 1 ms corresponds to 18 degrees for a
50-Hz signal, the measurement lag can be roughly estimated to 6 degrees. Even
worse for the 100-Hz components, which also exist in the capacitor voltages, the
lag is estimated to 12 degrees. This fact will definitely affect the quality of the
experimental results from the feedback control on this laboratory prototype, which
is clearly shown in [58].
One way to solve this problem is to redesign the controller so that the processor is exclusively used to control the M2C, and not to handle the storage of
measurement data or network interfaces, which increase the processing-loop time.
However, this problematic implementation has triggered a more elegant solution: a
control method that does not require any measurement feedback, but is based on
estimation of the capacitor-voltage ripples to create the insertion indices.
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Open-Loop Voltage/Energy Control With Ripple Estimation
The basic idea to generate the output quantities remains the same as in the feedback
control described above, with the difference that the total capacitor voltages do not
rely on measurement feedback, but rather on internal estimation of these values in
the controller. The insertion indices can then be described as
⋆
vcu,l
nu,l = Σ⋆ ,
(3.27)
vcu,l
Σ⋆
similarly to the feedback control. The way to generate the estimates vcu,l
for the
total capacitor voltages is presented in Publication II and can be outlined in the
following six steps:

1. The dc-side (input) power is set equal to the ac-side (output) power, which
determines the dc component of the circulating current, as given in (3.5),
ic0 =

V̂s Iˆs cos ϕ
.
2Vd

This is really an approximation that comes from the fact that resistive losses
occurring in the converter arms are considered to be relatively small and can
be neglected.
2. Ideally, the amount of harmonics in the circulating current shall be equal to
zero. Accordingly,
i⋆c = ic0 .
(3.28)
3. The reference vc⋆ for the voltage vc driving the circulating current comes from
Σ
Σ⋆
(3.14a), assuming that a good estimation of the values vcu,l
is made by vcu,l
di⋆c
+ Ri⋆c = vc⋆ .
dt
Since i⋆c is assumed constant, the derivative term disappears, giving vc⋆ = Ri⋆c .
L

Σ
Σ⋆
4. Keeping the assumption that a good estimation of vcu,l
is realized by vcu,l
, the
dynamics of the voltage stored in the submodule capacitors can be written
using (3.27) and (3.15) as


Σ⋆
dvcu,l
N ⋆ is V2d ∓ vs⋆ − vc⋆
ic ±
=
.
(3.29)
Σ⋆
dt
C
2
vcu,l

Introducing the total stored-energy term, similarly to (3.24), eq. (3.29) can
be simplified to



Σ⋆
dWcu,l
Vd
is
= i⋆c ±
∓ vs⋆ − vc⋆ .
(3.30)
dt
2
2
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The right-hand side of (3.30) does not use any of the internal-state variables
Σ⋆
in (3.17). Consequently, the total stored-energy terms Wcu,l
can be obtained
in an open-loop fashion.
5. In the ideal steady-state conditions described by (3.3) and (3.4), the expression for the total energy stored in the converter arms results from integration
of (3.30), as
V̂s ic0 sin ωs t ( V2d − Ric0 )Iˆs sin (ωs t − ϕ)
±
ωs
2ωs
ˆ
V̂s Is sin (2ωs t − ϕ)
−
.
8ωs

Σ⋆
Σ
∓
= Wcu,l0
Wcu,l

(3.31)

Σ
The terms Wcu,l0
are constants created from the integration, which represent
a setpoint for the the mean value of the energy stored in the respective arm.
These terms can be freely selected, provided that that the total energy (average + ripple) will not result in a negative value at any instant, and also
that the resulting available voltage in each arm is greater than or equal to
the reference for the inserted arm voltage, such that the insertion indices do
not exceed 1 (which would lead to overmodulation). A more extended discussion on how to select these terms and how they can be useful in motor-drive
applications is provided in Publication VI.

The beauty of this scheme is that, in the closed-form expression (3.31), the
references for the mean values of the energy stored in each arm are obtained,
as well as estimates of the arm-energy ripples in form of the oscillating terms.
Normally, the same mean energy in both arms is desired, i.e.,
Σ
Σ
Wcu0
= Wcl0
.

6. Finally, the estimates of the total-capacitor voltages in the arms for the conditions specified above are given by
s
Σ⋆
2N Wcu,l
Σ⋆
,
(3.32)
vcu,l
=
C
without any need for actual measurements.
An overview of the control system is given in Fig. 3.3. In this block diagram,
a feedback path for the output current is designed, as its amplitude and phase are
needed in the equations presented above. This is in agreement with the assumption
that the converter is operated under steady-state conditions, connected to an ac
source as in (3.3), and its implementation is described in detail in Publication II.

34

CHAPTER 3. INTERNAL-STATES CONTROL

This feedback path can be avoided in a realistic three-phase case, where a reliable
and fast-acting output-current controller is implemented in the converter control,
and therefore, the current reference can substitute this measurement feedback.

Figure 3.3: Block diagram of the open-loop controller.
So far, an elegant way to create the insertion indices has been presented, but
the dynamic response of the system in these inputs has not yet been examined.
Simulations and experimental results presented in Publication II show that this
control method is satisfying the requirements for the output waveforms, the control
of the internal states, and above all, it can operate without feedback of the total
capacitor voltage, which makes it immune to communication and processing delays,
contrary to the feedback control presented previously.
The scheme for calculation of the insertion indices described above is based on
steady-state solutions to (3.17) with the following additional assumptions:
• In step 2, the circulating current is assumed not to contain any harmonics,
but to be a pure direct current.
• In step 4, the estimated total-capacitor voltages are assumed to be equal to
the actual ones, in order to be able to integrate and create the closed-form
expression in (3.31) for the capacitor-energy ripple.
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The major question to be answered at this point is if operation with the insertion indices, calculated according to the described scheme, is stable. The control
method is stable if the operation of the converter with the calculated insertion indices brings the internal states from any initially disturbed values towards their
(assumed) steady-state values. Simulations and experiments from Publication II
and [58] indicate that the controller behaves quite well under both steady-state
operation and specific transients, but this is not solid enough to prove that the
open-loop-control method really forces the internal-state variables to their desired
values, creating a stable system under all circumstances.
Stability Analysis of the Open-Loop Control With Ripple Estimation
In order to explain the underlying mechanism that makes this open-loop-control
method function, and also prove that the internal states will be driven to their reference values, the dynamics of the deviation system between the references and the
actual values of the internal states need to be studied. This is done in Publication
III, and is repeated here for the purpose of completeness.


Σ⋆
Σ⋆ T as the reference vector (whose components were
With x⋆ = i⋆c vcu
vcl
calculated in Section 3.2), a deviation vector can be defined as x̃ = x − x⋆ , or in
component form
i˜c = ic − i⋆c
Σ
ṽcu
Σ
ṽcl

=
=

(3.33a)

Σ
Σ⋆
vcu
− vcu
Σ
Σ⋆
vcl
− vcl
.

(3.33b)
(3.33c)

Introducing the deviation quantities in (3.12), and (3.15), it is found that

L

Σ
Σ
nu ṽcu
+ nl ṽcl
di˜c
+ Ri˜c = −
dt
2
Σ
C dṽcu
= nu i˜c
N dt
Σ
C dṽcl
= nl i˜c .
N dt

(3.34a)
(3.34b)
(3.34c)

This constitutes the dynamic system of the deviation quantities, which can be
rewritten in state-space form as
 ˜   R
nl   ˜ 
ic
ic
− L − n2Lu − 2L
d  Σ   N nu
 Σ 
0
0  ṽcu  .
ṽ  =  C
dt cu
(3.35)
N nl
Σ
Σ
0
0
ṽcl
ṽcl
C
{z
} | {z }
| {z } |
x̃˙

A

x̃
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Clearly, the origin is an equilibrium point to (3.35).
Theorem: The deviation system (3.35) is globally asymptotically stable about
the origin if R > 0.
Proof: A candidate Lyapunov function is defined as
C Σ 2
C Σ 2
L ˜2
ic +
(ṽ ) +
(ṽ ) .
(3.36)
2
4N cu
4N cl
It is easily seen that V is a continuously-differentiable positive-definite function. It
is defined as V : R → R, it is radially unbounded, and also it is equal to zero only
at the equilibrium point (i.e., the origin). Differentiating (3.36) yields
V =

Σ
Σ
C Σ dṽcu
C Σ dṽcl
di˜c
+
ṽcu
+
ṽcl
.
V̇ = Li˜c
dt
2N
dt
2N
dt

(3.37)

Multiplying now (3.34a) with i˜c yields
Li˜c

di˜c
nu i˜c Σ
nl i˜c Σ
2
+ Ri˜c = −
ṽcu −
ṽ .
dt
2
2 cl

(3.38)

Substitution of (3.34b) and (3.34c) in (3.38) gives

Li˜c

Σ
Σ
di˜c
C Σ dṽcu
C Σ dṽcl
2
+ Ri˜c = −
ṽcu
−
ṽcl
dt
2N
dt
2N
dt

(3.39)

and this, when substituted in (3.37), results in
2
V̇ = −Ri˜c .

(3.40)

Since V̇ ≤ 0 if R > 0, V is a Lyapunov function, implying that the deviation
system (3.34a)–(3.34c) is globally stable [62]. However, since V̇ is only negative
semidefinite, i.e., V is not a strict Lyapunov function, asymptotic stability does
not follow automatically. To show also this, LaSalle’s invariance principle [62] is
invoked:
2
1. V̇ = −Ri˜c implies that i˜c converges asymptotically to zero.
Σ
Σ
2. To investigate whether this implies that also ṽcu
and ṽcl
converge to zero,
˜
ic ≡ 0 is substituted in (3.34a)–(3.34c), which yields
Σ
dṽcu
≡0
dt
Σ
dṽcl
≡0
dt
Σ
Σ
nu ṽcu
+ nl ṽcl
≡ 0.

(3.41a)
(3.41b)
(3.41c)

3.3. CONCLUSION

37

Σ
Σ
3. From (3.41a) and (3.41b) it follows that ṽcu
and ṽcl
must both be constant.

4. Since nu and nl are time varying and not linearly related, i.e., nl 6= knu for
Σ
Σ
a constant k,4 cf. (3.27), the only constant ṽcu
and ṽcl
which satisfy (3.41c)
Σ
Σ
are ṽcu = ṽcl = 0.
5. As a consequence thereof, the origin is globally asymptotically stable for the
deviation system (3.35) if R > 0.
As the origin is proven to be a globally asymptotically stable equilibrium point,
the state vector x will always converge to the reference vector x⋆ , as calculated by
the control algorithm.

3.3

Conclusion

To conclude the studies on internal control of M2Cs, three methods have been developed and described. Initially, a straightforward selection of the number of inserted
submodules (i.e., the insertion index) is introduced, based on a purely sinusoidally
varying reference, namely the “direct” modulation. This is a very simple method
to implement and has also shown inherent stability properties, but its utilization is
limited, due to the side effects it creates, if proper care is not taken. Trying to avoid
these side effects, a method using a feedback loop to control the internal-capacitor
voltages is developed. The feedback loop improves the quality of the converter
waveforms and enhances its dynamic performance, as the internal states are actively controlled, but may suffer from communication delays, unless the system is
carefully implemented, as has been demonstrated in the physical implementation.
Finally, an “open-loop” scheme is suggested, where the internal-capacitor voltages
are instead estimated from the steady-state equations, and explicit forms can be
presented for the ripple expressions. The underlying mechanism that makes this
open-loop scheme function is studied and proven to create a stable system. Further
extensions of this open-loop control method, including a circulating-current feedback to enhance dynamic response, are described in related literature [59, 63]. The
behavior of this method in challenging applications, such as motor drives, is also
evaluated and discussed in more detail in the following chapter.

4 Had this not been the case, (3.41c) could be expressed as (ṽ Σ + kṽ Σ )n which vanishes for
cu
cl u
Σ + kṽ Σ = 0, i.e., possibly nonzero constant errors.
ṽcu
cl

Chapter 4

AC-Motor Drives With Modular
Multilevel Converters
This chapter emphasizes on M2Cs applied in motor drives. The contents of Publications IV, V, and VI are linked together and presented in a comprehensive way.
Some results are included in this chapter, and further experimentation can be found
in the aforementioned publications.

Now that the internal dynamics of the converter have been studied, and methods
that allow for sufficient dynamic response have been suggested, it is time to place
the converter in a system and study its behavior in challenging applications. The
scalability of this concept offers, naturally, new possibilities in high-power gridconnected applications [16, 41], but could also be attractive in high-power motor
drives, due to the quality of the output waveforms, combined with a low switching
frequency, which creates low total losses in the whole drive system. High-power
motor drives suffer much more from converter-generated harmonic losses compared
to low-power drives, and therefore, it makes sense to investigate alternative solutions
to a two or three-level converter, even if a higher initial investment is required.
AC-motor drives are presenting significant challenges though, such as quick
response in the current dynamics, which may be affected by the response in the
internal dynamics of the converter, a factor not existing in a two-level converterbased application. Another important challenge is variable-speed operation itself, as
in an M2C the current is continuously flowing through capacitors, and low-frequency
(or even direct) currents may cause significant unbalances, which endanger stable
and controlled operation. These challenges and strategies to overcome them are
presented in this chapter.
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4.1

Motor-Current Control

Modern high-performance motor drives rely on vector-control techniques to provide
sufficient response in the torque dynamics. Field-oriented control offers one way
of achieving good performance in the current/torque response. Useful handbooks
analyzing field-oriented-control techniques can be found in literature, see e.g. [64]
for further information.
In this case, the motor-test bench consists of an 11-kW induction machine (IM),
connected to a 75-kW dc machine that is acting as a loading generator. The
IM parameters can be found in Publication V. A torque and position sensor
(MAGTROL® TM312) is connected on the shaft, between the IM and the dc load.
The dc generator has an independent speed controller, which is used to control the
speed on the common shaft. This speed can be calculated by the M2C control system, as the rotor position is monitored, which can then adjust the IM-stator voltage
and frequency accordingly, to create the requested flux and torque. A photograph
of the motor-test bench is shown in Fig. 4.1.

Figure 4.1: Photograph of the experimental 11-kW IM connected to a 75-kW dcgenerator load.

Description
A field-oriented current controller mainly consists of the following components: A
measurement stage, a transformation to rotating coordinates stage, an active control, and the output that transforms quantities back to the stationary coordinates.
This output provides a voltage reference and a phase angle that are fed to the in-
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put of the converter control. An outline of the controller hierarchy when a current
controller is active is given in Fig. 4.2.

Figure 4.2: Block diagram showing the implementation of the stator-current control
in an M2C-based motor drive.
Starting from the measurements, the rotor position is given by the sensor connected on the shaft, in the form of a pulse train. These pulses are read by the
control system, and the angular position, as well as the rotating speed can be extracted. The stator current also needs to be measured, as it is controlled in a closed
loop. In standard two-level converter-based drives, the current measurement needs
to be synchronized with the modulation, such that the current sampling does not
coincide with a switching action, which would cause measurement noise due to the
current ripple. In the M2C case this is not necessary as the voltage steps are small,
and also the arm inductors contribute into creating a smooth stator current with
almost negligible ripple, which simplifies the controller implementation.
Unlike a synchronous machine, in an IM the actual position of the rotor is not
of great interest, as the rotor cage can only be magnetized from the stator side.
Only after voltage is applied at the stator terminals the magnetic field will start to
build up in the IM. As a result, the rotor position cannot provide any information
about the orientation of the flux in the machine, which has to be estimated. In
order to estimate the flux, the “current model” [64] is used for flux estimation here,
as it provides a stable system.
The three-phase currents are transformed to the rotating coordinates, where
they can form a two-dimensional system, with one component referring to the
flux (id ) and the second referring to the torque (iq ). They are then low-pass filtered, to remove any high-frequency noise, and keep only their average value. A
proportional-integral (PI) controller is designed to regulate id and iq , and tuned
to perform within a few milliseconds. Decoupling of the d and q current compo-
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nents may be implemented to enhance the transient response of the controllers. An
active-resistance feedback can also be added in the end to provide better damping
and improve the performance of the current controller. References for two voltage components, namely vd,q , are provided, which are finally transformed back to
references for the three-phase quantities v{a,b,c} .

Anticipated Problems from Controller Interaction
These voltage quantities provide references for the output voltage of the converter,
which can dynamically change depending on a sudden change in the torque demand,
a disturbance, etc. So far, all converter dynamics have been studied assuming an
ideal current source at the three-phase terminals. It is then to be seen if the
demands of a current controller can be met sufficiently well by the M2C.
One potential problem could be the response in the internal dynamics, as sudden active power changes at the output will certainly affect the circulating current,
and the charge in the capacitor voltages. The internal control should act sufficiently
fast then to counteract any such (potentially) destabilizing demand, such as a sudden power increase or decrease, without causing large transients in the circulating
current and the capacitor voltages. It is also important to verify that the converter
will respond symmetrically, and no unbalance will be caused among the phases.

Experimental Results for a High-Performance Torque Controller
A similar study was performed and presented in Publication IV, although on
a different setup, with a smaller scale IM and a simpler version of the current
controller. The response shown here is the same experiment, but comes from the
main setup, described in Section 4.1. The response in the current and the torque
for a step in i⋆q is shown in Fig. 4.3.
The concept of the active resistance is not limited to the output-current control,
but can be applied in the circulating-current to enhance its dynamic response, as
shown in [59,63]. A well-tuned circulating current controller assists bringing power
from the input faster, and thus, reducing the effect of the step in the submodule
capacitors, as shown in Fig. 4.4. The IM is rotating at a constant speed of 300 rpm,
and no disturbance is observed in the stator currents shown in Fig. 4.5.

4.2. VARIABLE-FREQUENCY OPERATION – FROM ZERO TO RATED
SPEED
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Figure 4.3: Current and torque response.
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Figure 4.4: Response of the torque step in the capacitor voltages.

4.2

Variable-Frequency Operation – From Zero to Rated
Speed

A great challenge the M2C topology faces is operation at low frequencies. The
problem derives from the existence of arm capacitors, and the fact that the arm
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Figure 4.5: Response of the torque step in the output and circulating currents.

current flows continuously through them. This becomes an issue when the frequency is reduced, as the voltage ripple will increase significantly, and even worse,
when requested to provide dc quantities at the output, the capacitor voltages may
continuously diverge. The content of this section is presented in Publications V
and VI.

Problems Related to Direct Current
The problem can be easily understood from the open-loop control equations, as
they provide explicit expressions for the capacitor-energy ripple. Equation (3.31)
is repeated here for sake of completeness, giving the total arm-energy as
Σ
Σ⋆
∓
Wcu,l
= Wcu,l0

V̂s ic0 sin ωs t ( V2d − Ric0 )Iˆs sin (ωs t − ϕ) V̂s Iˆs sin (2ωs t − ϕ)
±
.
−
ωs
2ωs
8ωs
|
{z
}
Iˆs /ωs -term

It can be observed that the fundamental-frequency-varying terms have opposite sign
between the upper and lower arms, meaning that the oscillations will be equal but
in phase opposition. Reducing the frequency, the Iˆs /ωs -term becomes dominant,
especially if the output current remains relatively high (supposing a significant
torque demand). The oscillations will then grow larger as the speed reduces, until
standstill operation, where the output current will be (almost) constant. The energy
stored in the arms will then start to diverge, until one arm is overcharged, and the
other drops down to zero.
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To deal with this situation, a strategy that redistributes the energy within the
arms needs to be designed. Going one step back from (3.31), the power input in
each arm is given by
pu,l

Σ
dWcu,l
=
= iu,l vcu,l =
dt

 


Vd
is
⋆
⋆
⋆
± + ic ·
∓ vs − vc .
2
2

(4.1)

Standstill operation means that is = Iˆs0 in a synchronous machine, with its amplitude depending on the torque requirements. In an IM the stator current will
be a slowly varying quantity, due to the existence of slip, but its frequency is low
enough to consider it as an (almost) constant quantity. However, in the case of a
three-phase motor load, it is possible to apply a common-mode voltage as a component in the output voltage vs⋆ , and also the open-loop control gives the freedom
to select a reference for the circulating current i⋆c . In order then to compensate
for the unbalance caused by the direct output current Iˆs0 , a constant power infeed
must be created by the product of the circulating current and the output voltage.
The output-voltage reference will then contain two components, a direct one for
driving the output current, and a compensating one for the power imbalance that
should not affect the motor operation. The former, namely V̂s0 , can be quite small,
as it only needs to drive the output current through the dc resistance of the stator.
The latter can be a common-mode component in all three phases, which will not
appear in the stator line-line voltages. This common-mode component may have an
arbitrary frequency Ω and amplitude V̂cm , such that the output voltage reference
will finally become
(4.2)
vs⋆ = V̂s0 + V̂cm cos Ωt.
To create a constant product with the circulating current, a component at the
same frequency Ω must flow in the arms, and to maximize their effect, the voltage
and current components should be in phase, meaning that the circulating-current
reference is
i⋆c = ic0 + Iˆc cos Ωt.
(4.3)
The voltage driving this circulating current is
vc⋆ = Ric0 + RIˆc cos Ωt − ΩLIˆc sin Ωt.

(4.4)

One weakness of this method is that the increased circulating current will cause
extra losses in the converter. However, as the interest is on the power balance, the
current amplitude can be reduced if the common-mode voltage amplitude can be
increased in order to have the same effect. As already mentioned, in a motor-drive
application, when the rotor is at standstill, only a small amount of stator voltage
is required to magnetize the machine fully and get the rated current. If V̂s0 then is

46

CHAPTER 4. AC-MOTOR DRIVES WITH MODULAR MULTILEVEL
CONVERTERS

quite small, there is a lot of margin left for V̂cm , as the available voltage in the arm
capacitors is similar in magnitude to the dc-link voltage. Another issue relates to
the selection of the common-mode frequency Ω. As seen from (4.4), a high Ω gives a
significant arm impedance ΩL, and therefore, creates a higher voltage requirement
to drive the same circulating current, reducing the available space for V̂cm . A low
frequency is then favorable, provided that the voltage ripple in the capacitors due
to Ω is small enough and does not affect the available voltage very much.
Finally, the power delivered to the arms can be calculated by substituting in
(4.1) as
pu,l = iu,l vcu,l
=

±


(4.5)
!

Iˆs0
+ ic0 + Iˆc cos Ωt ·
2


Vd
ˆ
ˆ
∓ V̂s0 ∓ V̂cm cos Ωt − Ric0 − RIc cos Ωt + ΩLIc sin Ωt .
2

The non-oscillating terms in (4.5) are
)
(
Vd ic0
RIˆc2
V̂s0 Iˆs0
2
+
− Ric0 −
pu,l0 = −
2
2
2
(
)
Vd Iˆs0
Ric0 Iˆs0
V̂cm Iˆc
+ ±
,
∓ V̂s0 ic0 ∓
∓
4
2
2

(4.6)

and requested to be zero for the capacitors to remain balanced. This results in an
equation system, as
V̂s0 Iˆs0
Vd ic0
RIˆc2
−
+ Ri2c0 +
=0
2
2
2
Ric0 Iˆs0
V̂cm Iˆc
Vd Iˆs0
− V̂s0 ic0 −
−
= 0.
4
2
2

(4.7a)
(4.7b)

In this system, the unknowns are the average circulating current ic0 and its oscillatingcomponent amplitude Iˆc , for given output quantities V̂s0 , Iˆs0 , and for given commonmode voltage amplitude V̂cm . To solve it in real time one can obtain Iˆc from (4.7b),
substitute into (4.7a), and solve a second-order equation for ic0 . Apparently, when
the rotor is standing still, ic0 will only compensate for losses, as there is no active
power transferred to the shaft.
To fulfill the calculation steps for the open-loop control, once Iˆc and ic0 are
determined, the energy variation is obtained by integrating (offline) the oscillating
terms in (4.5). Then, the sum capacitor voltages can be estimated, and, finally, the
insertion indices can be calculated as in Section 3.2 and [56].
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Optimized Operation for the Low-Speed Range
Leaving the zero-frequency operating point, and returning to the demands of a motor drive, the converter should be able not only to start the motor, but also drive
it through the speed range where the stator frequency is low, but not zero. Even
if that seems to be an easier task, it is actually very similar to the zero-frequency
problem. The almost constant output current is = Iˆs0 from the phase ac terminal is now replaced by an oscillating one, having substantial amplitude and very
low frequency. In the absence of adequate countermeasures, a large low-frequency
voltage imbalance between the arms in the phase leg will occur. This is also highly
unfavorable, both because the submodules need to be rated for the high-peak voltage caused by the oscillation, and also because care should be taken such that the
requested voltage to be inserted in the arm is available when a local minimum of
this oscillation appears. At the same time, active power is also now flowing as
the rotation starts, which also indicates the existence of a direct component in the
circulating current ic . Last but not least, going up in speed increases the demand
for fundamental-stator voltage, which leaves even less space for a compensating
component.
It turns out that the algorithm developed for zero speed is able to cope with
the operation at low, but non-zero, frequency. The low-frequency oscillation can
be treated as a slowly varying zero-frequency condition, where the estimation for
the compensating current can be carried out in runtime; it can dynamically be
recalculated in every time step based on the instantaneous unbalance. Results from
experiments conducted by the author show that this method functions sufficiently
well up to a frequency of a few Hz, but the existence of the direct component in the
circulating current, together with the reduction of space for a compensating voltage
increase the rating requirements quite fast as the speed goes up. The question then
is if a better solution can be found, and to examine that, the actual problem of the
low frequency oscillation needs to be described.
Looking again into the explicit expression for the arm-energy ripple in (3.31), the
ˆ
Is /ωs term describes a fundamental-frequency oscillation that is growing very large
for a low stator frequency and a high current, which affects the converter ratings.
In the same manner as for standstill operation, compensation can be provided for
the component having frequency ωs by the product of a common-mode voltage
and a circulating current in the phase-leg. The frequency Ω of the common-mode
voltage can be arbitrarily selected, while the circulating current should consist of
components with frequencies Ω±ωs . The product of these two components, i.e., the
pulsating power, consists of a component at the fundamental frequency ωs and a
component at a frequency close to 2Ω. Amplitudes and phases of both the commonmode voltage and the circulating current have to be selected so that their product
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opposes the fundamental-frequency oscillation created by the Iˆs /ωs term.
Let us select a common-mode voltage component as
vcm = V̂cm cos (Ωt + ϕcm ).

(4.8)

The output-voltage reference for phase a becomes then
vs⋆ = V̂s cos ωs t + V̂cm cos (Ωt + ϕcm ),

(4.9)

while the first (ωs ) term is phase shifted by 2π/3 and 4π/3 in phases b and c.
Choosing Ω as the common-mode frequency, there are two possible frequencies for
the injected component in the circulating current so that a fundamental-frequency
energy pulsation will be created: One possibility is at the frequency Ω + ωs , or a
second one at Ω − ωs . Actually, both currents can be injected at the same time, in
order to get a cumulative effect. Suggesting that the common-mode frequency Ω
is a multiple of three to the fundamental ωs , the currents with frequency Ω + ωs
will form a “positive-sequence” system in the three phases of the converter, while
the ones at Ω − ωs will constitute a “negative-sequence” system. These circulatingcurrent components can be defined as
icP = IˆcP cos [(Ω + ωs )t + ϕcP ]
icN = IˆcN cos [(Ω − ωs )t + ϕcN ].

(4.10a)
(4.10b)

To avoid any misunderstanding, these currents are always circulating inside the
converter, or between the converter and the dc link, and they do not appear on the
stator side, where they could cause parasitic torques. Furthermore, it is desirable
that these currents form a symmetrical system in the converter phases, such that the
sum of them will be zero. If this can be accomplished, there will be no effect from
these currents on the dc side. Increased current flowing through the converter arms
will anyway generate additional resistive losses, and therefore, additional stress on
the semiconductors, similarly to the case of standstill operation.1
The reference for the voltage driving the circulating current is then
di⋆
(4.11)
vc⋆ =Ri⋆c + L c
dt
h
i
=R ic0 + IˆcP cos [(Ω + ωs ) t + ϕcP ] + IˆcN cos [(Ω − ωs ) t + ϕcN ] −
h
i
L (Ω + ωs ) IˆcP sin [(Ω + ωs ) t + ϕcP ] + (Ω − ωs ) IˆcN sin [(Ω − ωs ) t + ϕcN ] ,

1 Apparently, the semiconductors in a two-level converter have to be rated for the thermal
content that a continuous direct current will create in one phase leg in case of starting from standstill. In the M2C case there are certainly higher current requirements to redistribute the energy,
but at the same time, these currents contribute to a better distribution of the thermal content
created from the direct stator current. An actual comparison of the semiconductor requirements,
including the thermal effects, between a two-level converter and an M2C for a defined motor rating
could be interesting, but is not discussed in the content of this thesis.
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while the reference for the inserted arm voltage results in
vcu,l =

Vd
∓ vs⋆ − vc⋆ − Ra ĩc ,
2

(4.12)

where Ra is used as a fictitious “active resistance” (i.e., a proportional gain) to
control the circulating current, similarly to the output-current control, and ĩc is the
difference of the measured circulating current from its reference. More information
about this circulating-current control utilizing the active-resistance method can be
found in [59, 63]. Following the same procedure as for standstill operation, the
capacitor-voltage variation is estimated from the active-power pulsations, and the
insertion indices nu,l can be calculated as in Section 3.2 and [56]. The Ra ĩc term
appearing in (4.12) can be ignored when estimating the capacitor-voltage variation
as it is zero in the ideal steady-state conditions which are assumed for deriving the
equations in Section 3.2.
It can be observed that a large number of parameters, such as amplitudes,
frequencies and phases of the compensating components, are to be decided in order
to use this method. The most basic requirement is to, in any case, use a commonmode voltage that is as high as possible, leaving a minimum modulation margin, as
this will reduce the compensating currents. The combination of phases and current
amplitudes for the positive- and negative-sequence currents can be optimized offline,
as described in [65, 66]. Experimental results from the methods discussed in this
chapter are presented first in [67], and later in the journal Publication V appended
to this thesis.

Intermediate and High-Speed Range
Motivation
As already pointed out, the aforementioned methods using compensation for the
power unbalance increase the converter losses and require significant overrating, due
to the injection of different circulating-current components. It is favorable then to
utilize such methods in a speed range as narrow as possible. However, the problem
of the large amplitude oscillations in the capacitor voltages is not appearing only
in the area close to standstill, but starts to occur as soon as the frequency drops
from its base value.
Recalling (3.31) once again, as was repeated in the beginning of this chapter, and
using the assumption that the Iˆs /ωs -term dominates the oscillation, the capacitorvoltage ripple can be approximated to increase with the inverse square root of the
stator-frequency drop. At the same time, the requirement for the amplitude of
the stator voltage reduces in an approximately linear manner with the frequency,
provided that the flux remains constant. A visualization of this effect can be found
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in Fig. 4.6, where the blue dashed lines relate to an approximation of the capacitorvoltage-ripple bounds, and the black line refers to the amplitude of the inserted arm
voltage to maintain the nominal flux in the IM and the dc-link voltage, given an
example case of an 11-kW/380-V IM. The solid blue line in Fig. 4.6 represents
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Figure 4.6: Capacitor-voltage-ripple bounds (blue, dashed) and inserted arm voltage (black), as functions of the fundamental frequency, for a rated stator current
and without any compensation.
the nominal average of the total capacitor voltage, and the solid red line is the
rated peak voltage for the arm, namely at 110% of the nominal dc-link voltage.
It has to be mentioned that the inserted arm voltage in this case is estimated
including a common-mode third-order harmonic injection, with an amplitude of
1/6 of the fundamental component [47], which reduces the requested amplitude by
approximately 10%.
It is obvious that the inserted voltage is marginally available near the base
speed, as the converter is rated for this voltage capability. As the frequency goes
down, the peak-capacitor voltage hits the rating limitation, close to 0.6 p.u. of the
base frequency, while on the other side a sufficient margin is created between the
capacitor-voltage ripple and the inserted arm voltage, due to their different dependencies on frequency. It is favorable then to utilize this margin through optimizing
the total capacitor voltage (solid blue line), instead of injecting compensating currents to reduce the capacitor-voltage ripple, which would cause extra losses. The
optimal situation is to get the lower-ripple bound almost attached to the level of the
inserted arm voltage (leaving possibly some small margin), so that the requested
voltage (but not much more than that) is always available. This situation is described in Fig. 4.7. The limitation of the peak-voltage rating is now hit at 0.25 p.u.
of the base frequency, extending the area where the IM operates with the rated
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Figure 4.7: Capacitor-voltage-ripple bounds (blue, dashed) and inserted arm voltage (black), with an optimized average capacitor voltage (solid blue line), for a
rated stator current and without any compensation.

current, without any increase in the converter ratings.
Below this frequency, the ripple grows too high and needs to be compensated
as described in Section 4.2, but before that, in almost 75% of the range in variablefrequency operation, it is possible to utilize the available space above the inserted
arm voltage and the capacitor-voltage-ripple lower bound to avoid hitting the peakvoltage ratings, without using any compensation. Many high-power drives, e.g.
powering pumps and fans, exclusively operate in that speed range and only require
low-speed operation during start-up.
A detailed analysis on how to calculate what is the minimum possible average
capacitor voltage for every operating point is presented in Publication VI, and
the outline of it follows here.

Algorithm Explanation
To determine the margin between the total capacitor voltage and the inserted arm
voltage, without compromising the accuracy of the results, it is preferable to calculate the quantities in the energy-unit domain. The problem is that an explicit
expression for the total capacitor voltage requires some degree of approximation,
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due to the nature of the quantities under the square root, as given in (3.32)
Σ⋆
vcu,l
=

s

Σ⋆
2N Wcu,l

C

v
u
u 2N
=t
C

Σ
Wcu,l0

!
V̂s ic0 sin ωs t ( V2d − Ric0 )Iˆs sin (ωs t − ϕ) V̂s Iˆs sin (2ωs t − ϕ)
∓
.
±
−
ωs
2ωs
8ωs

It is possible though to calculate a value of the inserted arm energy from (3.32),
instead, without losing any accuracy, as
⋆
Wcu,l

2

2
C
Vd
C
⋆
=
v
∓ V̂s cos (ωs t) − Ric0
=
2N cu,l
2N
2
"
#
2
C
Vd
=
− Ric0 + V̂s2 cos2 (ωs t) ∓ (Vd − 2Ric0 ) V̂s cos (ωs t) . (4.13)
2N
2

Subtracting (4.13) from the total total arm energy given in (3.31), substituting
ωs t → θ, and reformulating to remove the multiple-frequency terms, the availablearm-energy margin as a function of the argument θ is given as
⋆
Σ⋆
⋆
=Wcu,l
− Wcu,l
∆Wcu,l

(4.14)

V̂s Iˆs
C
2
Σ
sin ϕ
(Vd − 2Ric0 ) −
= Wcu,l0
−
8N
8ωs
{z
}
|
f

!
!
ˆs cos ϕ − 4V̂s ic0
N V̂s Iˆs sin ϕ − 2ωs C V̂s2
(V
−
2Ri
)
I
d
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+
cos2 θ ±
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4N ωs
4ωs
|
|
{z
}
{z
}
a
2e
!
2ωs C V̂s − N Iˆs sin ϕ
V̂s Iˆs cos ϕ
± (Vd − 2Ric0 )
cos θ −
cos θ sin θ.
4N ωs
4ωs
|
{z
}
|
{z
}
2d

2b

Both the available and the inserted arm energy contain a term varying with twice
the fundamental frequency; this indicates that there may exist up to two minimum
and two maximum points in one fundamental period. The arguments of these local
minima and maxima can be found by differentiating (4.14) with respect to θ and
setting this derivative to zero, as in
d∆Wcu,l
=2b cos2 θ − 2a cos θ sin θ − 2b sin2 θ ± 2e cos θ ∓ 2d sin θ = 0.
dθ

(4.15)
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Replacing cos θ → x and sin θ → y, (4.15) is translated into the (cos θ, sin θ)
coordinate system as
H(x, y) = 2bx2 − 2axy − 2by 2 ± 2ex ∓ 2dy = 0,

(4.16)

which forms a quadratic equation. This equation represents a conic section, and the
sought minima and maxima of (4.14) are the crossing points of (4.16) with the unit
circle x2 + y 2 = 1, which represents the x− y relation, in the (cos θ, sin θ) coordinate
system. The general expression of the quadratic equation for the available-armenergy-margin derivative can then be expressed in the form
H(x, y) = Ax2 + 2Bxy + Cy 2 + 2Du,l x + 2Eu,l y + F = 0
with


ˆs cos ϕ

A = 2b = − V̂s I4ω

s



N V̂s Iˆs sin ϕ−2ωs C V̂s2
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4N ωs
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(4.17)

(4.18)














For V̂s 6= 0, (4.17) defines a hyperbola, and because A + C = 0, this hyperbola is
a rectangular one. However, it is still difficult to find the (x, y) pairs that satisfy
both (4.16) and the unit circle. In order to make this possible, the hyperbola can be
rotated in the position where the asymptotes are parallel to the Cartesian xy-axes.
It is to be kept in mind that the final result obtained from this procedure has to
be rotated back to the initial position, in order to obtain the actual arguments for
the minima and maxima of (4.14).
Let us define (x′ , y ′ ) the coordinates of the points belonging to the hyperbola
H(x, y) after rotation. If the clockwise-rotation matrix is used, then
"
# "
#"
#
x
cos γ
sin γ
x′
=
,
(4.19)
y
− sin γ cos γ
y′
which for
γ=

1
A
arctan
2
B

(4.20)

turns (4.17) into
Hrot (x′ , y ′ ) = 2 (A sin 2γ + B cos 2γ) x′ y ′
+ 2 (Du,l cos γ − Eu,l sin γ) x′
+ 2 (Du,l sin γ + Eu,l cos γ) y ′ = 0.

(4.21)
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This is still a rectangular hyperbola, with the asymptotes oriented in parallel with
the xy-axes. The nice thing with this form is that (4.21) can be expressed as
y ′ = y ′ (x′ ), like
Dγ
x′ ,
Bγ x′ + Eγ
Eγ
x′ =
6 −
(= asymptote),
Bγ

y ′ = y ′ (x′ ) = −

where



 Bγ = A sin 2γ + B cos 2γ
Dγ = Du,l cos γ − Eu,l sin γ


Eγ = Du,l sin γ + Eu,l cos γ





.

(4.22)

(4.23)




Returning to the initial aim of the analysis, we need to find the points that Hrot
is crossing the unit circle, or equivalently, the points that the distance of Hrot from
the origin is 1. The distance of the points that belong to Hrot from the origin is
defined as
p
(4.24)
D0 (x′ ) = x′2 + y ′2 (x′ ) = 1.

Therefore,


Bγ2 x′4 + 2Bγ Eγ x′3 + Dγ2 + Eγ2 − Bγ2 x′2 − 2Bγ Eγ x′ − Eγ2 = 0.

(4.25)

Equation (4.25) is a 4th -order polynomial and the roots of it have analytical expressions. This is in agreement with the previous indication that there are up to four
extrema in the available-arm-energy margin expression in (4.14). The analytical
expressions for the roots of a 4th -order polynomial equation will not be presented
here; it is only to be noted that out of the x′1,2,3,4 roots, the ones that are of interest
here are, of course, the real ones, which belong to the group
x′1,2,3,4 ∈ [−1, 1].

(4.26)

The nice feature of this algorithm is that, as the solutions have analytical expressions, the algorithm can be applied online, with limited requirements on computational resources. All that is needed is to evaluate the parameters in (4.23) and
apply them into the general expressions for the roots of (4.25). Online calculation is actually necessary in case of a drive system, where the exact parameters
decided by a feedback controller may differ from the open-loop voltage and slip references that could be used for offline calculation. Arithmetic solutions of the total
capacitor-voltage reference and experimental results from an IM-drive test bench
are provided in Publication VI, along with visualizations of the geometrical figures created when following the steps of this algorithm.
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Anticipated Performance in Field-Weakening Range
No work has been done studying frequencies above base speed in this thesis. Following up [68] though, where high-speed operation (but still not field-weakening
range) is discussed, it is anticipated that a fundamental-frequency-based modulation as in [69, 70], could provide a good-quality, high-frequency voltage waveform
in the field-weakening area as well. Comparing to a two-level converter, where long
square-wave blocks, modulated at the ends, are typically used, an M2C-based drive
would release the machine from such harmonic stress, as it can provide a more
trapezoidal voltage waveform, using fundamental switching frequency. This is yet
to be confirmed, and a more proper analysis and performance comparison should
be carried out.

4.3

Conclusion

To conclude the findings presented in this chapter, an M2C has proven to be capable of handling the challenges that a motor-drive application presents. Even
though an intermediate level of dynamics exists internally in the converter, it can
respond sufficiently fast to current changes, which allows for designs including highperformance current controllers. The problem appearing at low-frequency operation
can be dealt with using the degrees of freedom the converter contains. However,
significant overrating is required, even if the converter operation is optimized, to
handle high-currents in the low-speed operating region. In the widest part (approximately 2/3) of the speed range though, the motor can be operated with full current
without any need for overrating in the converter, provided that certain methods are
applied that optimize the converter operation. Finally, the examples discussed in
this chapter show the flexibility, the operational limitations, and the performance
of an M2C that can fit in different applications of electrical power conversion.

Chapter 5

Conclusions and Future Work
5.1

Conclusions

This thesis has started as an investigation on the operation of modular multilevel
converters. Great effort has been dedicated on developing a physical prototype of
this converter family, where all findings could either be confirmed or disproved.
The process of developing a physical converter in the lab has certainly presented
different challenges compared to a full-scale device, but some useful conclusions
can be drawn here as well, especially when it comes to the software implementation
of the control methods. In this respect, one suggested modulation method that
includes a sorting algorithm was evaluated and proven to be very effective, but also
several other modulation methods have been tested, as shown in this thesis and the
related publications. Several high-level control methods have also been developed
and verified to be effective, and at the same time, critical issues, such as delays in
the control loop have been identified.
The M2C has proven to be a more challenging converter to implement and control compared to a two-level voltage-source counterpart, as it contains an intermediate/internal level of dynamics, due to the existence of the submodule capacitors.
It has been found after studying these internal dynamics though, that it is possible
to develop control methods that can ensure stable operation, independently of the
loading conditions. Another significant conclusion is that it is possible to operate
an M2C even with a low number of levels at very low switching frequencies, reducing the amount of switching losses. However, in this case, special effort needs to
be dedicated on the controller design, as the reduced amount of switching actions
reduces the controller bandwidth and, as a result, controllability.
Limitations of this converter have also been studied, especially in variablefrequency operation. One interesting conclusion is that by manipulating the in57
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ternal dynamics, and considering certain overrating, it is possible to extend the
operating area even down to zero frequency, feeding continuously the rated output
current. A quite high flexibility in the characteristics of this converter has been
exposed, as without changing the main-circuit design, it is possible to realize different types of conversion (dc-dc, dc-ac). Last but not least, the existence of internal
states in an M2C offers the possibility for different ways of optimized operation,
depending on the loading conditions. This is, however, not always an easy task, as
it requires to take into account the time-varying system dynamics. A few methods
that are potentially of high interest have been developed in this thesis and are verified in the related publications, showing that given the computational capabilities,
several converter operation limits can be extended.

5.2

Future Work

Even if nowadays the basic dynamics and limitations of an M2C are understood,
and several different modeling techniques and control methods have been suggested,
this is still far from the end of the road. One interesting aspect is to look into the
capabilities of this topology under faults in the surrounding network, and maybe
come up with improvements in the main-circuit design, which could withstand, or
even improve such situations. Furthermore, since the introduction of the M2C,
a lot of different alternative topologies have been suggested, based always on the
cascaded-converter concept. Several studies have been suggesting small variations
in the basic design, so that direct connection between two networks with different
frequencies can be realized [71–73]. Special challenges arising in such applications
need to be analyzed further. Last but not least, introduction and development of
new materials and semiconductors such as silicon carbide, may offer new possibilities
that can change the characteristics of converters in the high-power area. It is of
great interest to investigate new voltage-source-converter topologies that could take
greater advantage of future semiconductors.
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Abstract
This paper discusses the impact of modulation on stability issues of the Modular Multilevel Converter
(M2C). The main idea is to describe the operation of this converter system mathematically, and suggest
a control method that offers stable operation in the whole operation range. A possible approach is to assume a continuous model, where all the modules in each arm are represented by variable voltage sources,
and as a result, all pulse width modulation effects are disregarded. After simulating this model and testing different control methods, useful conclusions on the operation of the M2C have been extracted. The
control methods are then implemented on a model with discrete half-bridge modules, in order to compare
the results and to validate the continuous model approach. When assuring that this model functions as
expected, the goal of this paper is to conclude into a self-stabilizing voltage controller. A controller is
proposed, which eliminates circulating currents between the phase legs and balances the arm voltages
regardless of the imposed alteranting current.

Introduction
Modular multilevel converters seem to have great potential in energy conversion in the near future. Highpower applications, such as dc interconnections, dc power grids, and off-shore wind power generation
are in need of accurate power flow control and high-efficiency power conversion in order to reduce both
their operating costs and their environmental impact.
The multilevel concept provides lower losses due to a considerably lower switching frequency compared
to a 2-level equivalent. Apart from the lower switching frequency, the quality of the output voltage
waveform is higher. This implies that smaller and simpler harmonic filters are required. To take this
thought one step further, a modular multilevel converter provides simplicity of design and control, as
well as scalability to various voltage and/or power levels. Moreover, the concept of a modular converter
has the potential to improve the reliability, as a faulty module can be bypassed without significantly
affecting the operation of the whole circuit.
A great advance in the design of modular topologies was made when Marquardt and Lesnicar suggested
their design of the Modular Multilevel Converter (M2C) in 2002 [1] - [4], a design being investigated
by several research teams lately [5]. In fact the basic circuit, using voltage sources instead of capacitors,
was already proposed by Alesina et al. in 1981 [6]. The basic component of the M2C, here called a
”submodule”, is a simple half bridge with a capacitor bank, as shown in Figure 1a. Each phase leg of the
converter has 2 arms, each one constituted by a number of series connected submodules. The number
of the output steps depends straightly on the number of modules available in each arm. There is also a
small inductor in each phase in order to take up the voltage difference, which is produced when a module

is switched in or out. A simple schematic of this converter with N modules per arm is shown in Figure
1b. By applying a simple modulation scheme, the converter operates as expected when viewed from the
output, but a closer look inside the converter reveals high currents circulating between the phase legs.
The existence of these currents implies that the submodules have to be rated for a higher current, but
the most important effect is the energy transfer between the arms. Unless controlled, they can lead to
instabilities as the energy stored inside the converter will not be balanced. The purpose of this paper is to
investigate modulation strategies that can be applied to this type of converter and to suggest an effective
way to control and balance the arm voltages.

(a)

(b)

Figure 1: One submodule (a), Schematic of a three-phase M2C (b)

Description of the M2C concept and operation principle
Let the converter consist of N submodules per arm (or half leg). In general, each arm is controlled by
an insertion index n(t), which is defined such that n(t) = 0 means that all N modules in the arm are
bypassed, while n(t) = 1 means that all N modules in the arm are inserted. In a sampled system, n(t) is
sensed in the beginning of the interval k, during which the number of inserted modules will vary between
f loor(Nnk ) and ceil(Nnk ) with a switching instant determined by f rac(Nnk ).
Define Carm to be the capacitance of the series-connection of the capacitances C of each and all of the
submodules in the arm as in (1).
C
(1)
N
The effective capacitance for the series-connection of the inserted capacitors then becomes as in (2)
Carm =

Carm
(2)
n(t)
where the superscript m denotes the number of the arm.
Equal voltage sharing among the capacitors of each arm is ensured by a selection mechanism of the
inserted or bypassed modules during each sampling period [4]. This process is based on the direction
of the corresponding arm current. In case this current flows to the direction that charges the capacitors
of the arm, the module that has the capacitor with the lowest charge will be selected to be inserted, or
the module with the capacitor having the highest charge will be selected to be bypassed, depending on
the requested action. The opposite strategy is followed in case the current flows to the direction that
discharges the capacitors of the arm. In that case, if the requested action is to insert a module, the one
with the highest charge will be selected, otherwise, if it is requested to bypass a module, then the selected
will be the one with the lowest charge. Using large enough capacitors, this strategy will share the total
dc link voltage equally among all modules inside each arm, ensuring that no module capacitor will be
overcharged or totally discharged.
Cm =

General analysis of the arm current
Although it is possible to simulate the M2C using a full representation of all the individual submodules
in the arms, such a procedure tends to be fairly complicated. It also produces a vast amount of output
data, which can only be interpreted after reduction into average values for each arm. A simpler way
is to consider a continuous model of the converter, wherein the switching frequency is assumed to be
high relative the frequency of the produced output voltage. Additionally, it is assumed that the resolution
in the output voltage is small compared to the amplitude of the output voltage. The first assumption
thus means infinite switching frequency and the second an infinite number of modules in each arm. In
this study it is assumed that the selection mechanism described above is used and that it provides equal
voltage sharing among the submodules inside each arm. It is, therefore, possible to focus on the total
energy inside the converter and the energy balance between the arms.

(a)

(b)

Figure 2: Continuous equivalent of a phase leg (a), Structure of suggested M2C leg control system (b)

Using this continuous model, it is possible to represent the arms as variable capacitances, or variable
voltage sources, with their values depending on the insertion index n(t), which is now a continuous
variable. Let the available voltage (sum of all capacitor voltages) inside one arm be uCΣ (t). Then, the
voltage inserted by the arm m is given by (3).
uCm = n(t)uCΣ (t)

(3)

When a charging current, i(t) flows through the arm, where the effective capacitance Cm is connected,
then the total capacitor voltage in that arm will increase according to (4).
duCΣ (t) i(t)
= m
dt
C

(4)

Naming the upper and lower arm currents iU , and iL , their sum will constitute the output current iV .
However, in addition, a difference current idi f f circulates through the phase leg and the dc link (or
parallel phase legs). Accordingly,
iU = i2V + idi f f
iL = i2V − idi f f



iV = iU + iL
L
idi f f = iU −i
2

(5)

If nU , nL are the insertion indices corresponding to the upper and lower arms, then from Eqs. (2) and (4)
it is derived that
Σ (t)
duCU
nU iU
= arm
dt
C

(6)

Σ (t)
duCL
n L iL
= − arm
dt
C

(7)

Introducing the resistance R and the inductance L of each arm according to the circuit in Figure 2a, it is
found that
uD
diU
Σ
− RiU − L
− nU uCU
= uV
2
dt

(8)

uD
diL
Σ
− RiL − L
+ nL uCL
= uV
2
dt

(9)

−

Subtracting Eq. (9) from (8) and after substituting the currents derived in (5) the following system of
differential equations is obtained:
  R
−
idi f f
d  Σ   nUL
uCU
= Carm
dt
nL
Σ
uCL
Carm


− n2U
0
0

  uD 

− n2L
idi f f
2
iV
Σ
 +  nUarm

0   uCU
2C
nL iV
Σ
0
uCL
− 2Carm

(10)

As four of the elements in the 3-by-3 matrix are time variables, the system is non-linear.

Direct Modulation, using a sinusoidally varying insertion index
A first approach of modulation can be an ideal open-loop modulation, where a sinusoidal reference is
applied to each arm. Naming ωN the angular frequency of the output voltage, the reference signal is
m(t) = m̂cos(ωN t)

(11)

The ideal terminal voltage is given by Eq. (12).
uV (t) =

uD
m(t)
2

(12)

A stiff alternating current source iV (t) is assumed as the output load. In order to model different kinds of
loads, the phase angle ϕ of the load current can be chosen arbitrarily. Accordingly,
iV (t) = îV cos(ωN t + ϕ)

(13)

The reference signal is translated by the modulator into insertion indices for each converter arm. Thus,
the insertion indices for the upper and lower arm, respectively, are given by (14) and (15).

nU (t) =

1 − m(t)
2

(14)

nL (t) =

1 + m(t)
2

(15)

The system given in Eq. (10) can be solved numerically, using the parameters described in Table I.
The solution is then compared to the simulation of a discrete M2C with 10 modules per arm, using the
simulation software PSCAD-EMTDC. A comparison between the resulting output voltages is shown in
Figure 3a, while arm voltages and difference currents are shown in Figure 3b.
The results show that the circulating current contains a high 2nd harmonic component that increases the
RMS value of the current, thus increasing the losses. Apart from increasing the rating of the components
used in the M2C, this current, if left uncontrolled, may create unbalance and disturbances at transients.

Table I: Direct modulation, Simulation parameters

Rated Power
30 MVA
Modules per arm
10

Line-line voltage
13.8 kV rms
Module capacitance
5 mF

Phase current
1255 A rms
Arm inductance
3 mH

Frequency
50 Hz
Arm resistance
0.1 Ω

(a)

Direct voltage
25 kV
Load
1 p.u., cosϕ=1

(b)

Figure 3: Comparison between results obtained using the continuous model and a PSCAD model with discrete
submodules implemented, ac terminal voltages (a), inserted arm voltages and difference current idi f f (b)

Modulation and control using voltage references
Energy dynamics and general circuit analysis
Another principle for modulation is based on the premise that the total capacitor voltage in each arm
is being measured continuously. Then, the inserted voltage in the arm can be controlled arbitrarily by
manipulating the insertion indices nU (t) and nL (t) according to Eq. (3). Hence, it is found that
L diV
uCL − uCU R
− iV −
2
2
2 dt

(16)

didi f f
uD uCL + uCU
+ Ridi f f =
−
dt
2
2

(17)

uV =

L

From Eqs. (16) and (17), the following conclusions can be drawn:
• The alternating voltage depends only on the alternating current iV and the difference between the
arm voltages uCL and uCU .
• The arm voltage difference acts as an inner alternating voltage in the converter and the inductance
L along with the resistance R, form a fix, passive inner impedance for the alternating current.
• The difference current, idi f f , only depends on the dc link voltage and the sum of the arm voltages.
Therefore, subtracting the same voltage contributions from both arms will not affect the ac side
quantities, but will impact the difference current instead.
Thus, it is reasonable to define the arm voltages, using also a difference voltage contribution, udi f f , for
control purposes:
uCU =

uD
− eV − udi f f
2

(18)

uCL =

uD
+ eV − udi f f
2

(19)

The inner alternating voltage described above is represented by the term eV . Using Eqs. (18) and (19),
equation (17) can then be written in a way that expresses the dependence of the difference current on the
difference voltage. Accordingly,
L

didi f f
+ Ridi f f = udi f f
dt

(20)

Assuming that the voltage, and consequently the energy stored in each arm, is equally shared among the
modules, the total energies stored in the upper and lower arms are given by:

Σ
WCU

" 
#
Σ 2
C uCU
C Σ 2 Carm Σ 2
=N
=
u
=
uCU
2
N
2N CU
2

(21)

Σ
WCL

" 
#
Σ 2
C uCL
C Σ 2 Carm Σ 2
=N
=
u
=
uCL
2 N
2N CL
2

(22)

According to the circuit in Figure 2a, the stored energy in each arm deviates as shown in Eqs. (23) and
(24).
Σ
dWCU
= iU uCU =
dt



Σ
dWCL
= −iL uCL =
dt



iV
uD
+ idi f f
− eV − udi f f
2
2





iV
uD
+ idi f f
+ eV − udi f f
2
2

(23)

(24)

Impact of the difference current
The total capacitor energy in the leg and the difference (unbalance) energy between the upper and the
lower arms are defined as:
Σ
Σ
WCΣ = WCU
+WCL

(25)

Σ
Σ
WC∆ = WCU
−WCL

(26)

Differentiating and inserting (23) and (24) yields

dWCΣ
= uD − 2udi f f idi f f − eV iV
dt

(27)

u

dWC∆
D
= −2eV idi f f +
− udi f f iV
dt
2

(28)

The Eqs. (27) and (28) show that idi f f plays a crucial role for controlling the total capacitor energies in
the converter arms. The dc component in idi f f multiplies with the dc link voltage uD to balance the power
delivered to the ac side plus the losses caused by the difference current itself (note that idi f f and udi f f
always have the same frequency components according to (20)). On the other hand the dc component in
idi f f has no impact on the energy balance between the upper and the lower arm as long as there are no
dc components in eV or iV . Therefore, the dc component of the difference current can be used to control
the total energy level (or voltage level) stored in the capacitors in each converter leg.
On the other hand, the fundamental frequency component in idi f f , which has the same frequency as the
alternating output voltage uV , impacts on the distribution of the capacitor energies between the upper and
lower arms in a converter leg. Let the created emf in the converter and the difference current contain a
component with the same frequency and phase, such that

eV = êV cos (ωt + ϕ)

(29)

idi f f = Idi f f + îdi f f cos (ωt + ϕ)

(30)

In such a case, a dc component occurs in the product eV idi f f and forces the energy difference WC∆ to
change. A similar effect is created by the product of the corresponding difference voltage and the alternating current. However, (at high output voltage amplitude and for reasonably small arm inductance
values) this component is smaller than the one discussed earlier. Therefore, in a first approach it can be
neglected.

Suggested modulation and control system
The circuit diagram shows that the arm currents must contain at least a fundamental frequency component
and a dc component such that:
• the sum of the fundamental frequency components in the upper and the lower arm currents, ĩU and
ĩV respectively, equals the alternating output current.
• the product of the difference current and the dc link voltage provides the power that is transferred
to the ac side.
Ideally, only these two current components exist in the converter
ĩU = ĩL =

iV
2

idi f f = idi f f ,dc

(31)

(32)

This operating condition also implies the minimum RMS value for the arm currents. It was shown earlier
that with direct modulation the arm currents also contain a substantial second harmonic component.
In this paper a modulation principle is proposed, which eliminates the harmonics in the arm currents and
controls the capacitor energies in the arms under various loading conditions. The modulation concept
assumes that measured values for the total capacitor voltages (sum of all submodule capacitor voltages)
in the arms are available at any time.
At first glance it appears simple to modulate the converter if the measured total voltages are available,
just by using (3). It can be argued that udi f f may be neglected if the arm impedances (R, L) are small
and then uCU and uCL can be calculated from the desired inner emf, eV and the dc link voltage uD . The
modulation indices can then be obtained from (33) and (34).
nU (t) =

uCU (t)
Σ (t)
uCU

(33)

nL (t) =

uCL (t)
Σ (t)
uCL

(34)

However, tests have shown that the capacitor voltages become unstable if this modulation approach
is adopted without any further stabilization. This section describes the mentioned method with two
stabilizing controllers added, as illustrated in Figure 4a.
Σ and W Σ can
When the total capacitor voltages are measured the corresponding capacitor energies WCU
CL
be obtained from the Eqs. (21) and (22).
From the obtained values for the energies stored in the upper and lower arm, the total and unbalance
energies, WCΣ and WC∆ , are derived and brought to a total energy controller and a balance controller
respectively. The total energy controller is used to regulate the total energy in the converter leg to a
Σ,re f
desired reference level, WC , which typically corresponds to the energy in the two arms in the converter
leg when they are both charged to the dc link voltage level uD . This controller uses a PI controller to
determine an additional dc component, which is added to udi f f . The integral part of the controller is

necessary in order to eliminate static errors in the average energy level for various active output power
from the ac circuit. Without the integral part the average value of the capacitor voltage drops when active
power is supplied form the dc side to the ac side and increases when power is transferred from the ac side
to the dc side. Note that the reference for the total capacitor energy can be freely selected in run-time
with this control method.
The balance controller determines the amplitude for an ac component that is added to the difference
current, idi f f , which aims to cancel the energy difference between the upper and lower arms. Two
problems are related to this difference current component. The first is that it must be provided in phase
with the generated inner emf eV in the converter. The second problem is that the difference current is
not directly controlled, but it must be manipulated through the difference voltage udi f f . According to
Eq. (20) the phase of udi f f must lead that of idi f f by the phase angle of the arm impedance Rarm +
jXarm . At high frequencies the reactance in the impedance is dominating and the corresponding phase
advance is close to π/2, but for lower frequencies the phase shift is smaller. It shall further be noted
that the measured unbalance energy WC∆ in steady state contains a considerable fundamental frequency
component, specifically if the submodule capacitors have low capacitance. For the control, however, only
the average of the unbalance energy is relevant. Therefore, a filter that extracts the average components of
WC∆ is necessary. In its simplest form this filter may be just a lowpass filter with a low cutoff frequency. In
the simulations a filter time constant of 100 ms has been used. In Figure 4a, a reference for the unbalance
energy controller has been indicated, which in normal operating conditions is set to zero.

Simulation results
Steady-state operation
The proposed modulation and control concept has been simulated with Simulink. Figure 4b shows the
compared waveforms obtained by a direct modulation and the proposed method.
Figure 4b shows that the second order harmonics in the arm currents have been totally eliminated such
that the arm current contains exclusively a dc component and half the ac fundamental frequency component. As a result the difference current only comprise a dc component corresponding to the active load
that is delivered to the ac side. This dc current theoretically is 30MW /25kV distributed among the three
phases.
The significant second harmonic current in the difference current also contributes to the second harmonic
voltage component in the capacitor voltages of the arm. The contribution is eliminated in the proposed
modulation method. On the other hand, a second harmonic voltage still exists as a result of the multiplication of the insertion index and the fundamental frequency component in the arm current. It should
be noted that the second order harmonic component in the capacitor voltage of the arm is not always a
disadvantage; for load currents at certain power factors it may expand the available voltage range, which
otherwise may be limited by the rippple of the capacitor voltage of the arm.
Dynamical control of the arm capacitor voltages
For various reasons, it is very important to control the capacitor voltages of the arms. First, it is critical
to provide stability under all loading conditions, as it directly determines the electrical stress on the
semiconductors and capacitors in the submodules. Another justification is that the possibility to control

(a)

(b)

Figure 4: Outline of the proposed control and modulation method (a), Comparison of steady-state waveforms (b)

the arm capacitor voltage in run-time adds flexibility in the application of the converter, which can be
advantageously utilized in many ways. One such approach is briefly described later in this paper.
In the theoretical description of the M2C it was mentioned that the modulation only impacts on the
derivative of the stored energy in the arm capacitors and that, accordingly, the average energy level can
be freely selected and controlled by a regulator. Figures 5a and 5b show simulation results when step
changes are executed for the energy controllers. In Figure 5a the reference for the average energy level in
the converter is changed, while in Figure 5b the reference for the arm voltage unbalance is changed (the
latter naturally is zero in normal operation and it is made non-zero here only for demonstration purposes).

(a)

(b)

Figure 5: Response to step change of energy references, symmetrical(a), asymmetrical (intentionally created unbalance for demonstration) (b)

It is to be noted that the symmetrical change of the arm capacitor voltages is performed by a temporary
dc component in the difference current, while the unsymmetrical change is executed by a temporary
fundamental frequency component.
Adaptation of the arm capacitor voltages to the amplitude of the ac output voltage
Σ , uΣ must be kept sufficiently high to produce the maximum
The capacitor voltages of the arm uCU
CL
required arm voltages uCU , uCL . When the maximum ac output voltage, eV = uD /2, is required the
inserted arm voltages reaches the same level as the dc link, but sometimes the output voltage may be
restricted to a lower value, êV max . Then the maximum inserted arm voltage is only

uCUmax = uCLmax =

uD
+ êV
2

(35)

and accordingly the capacitor voltage of the arm can be reduced to this value. Such actions serves several
purposes. It allows a larger ripple in the submodule capacitor voltages without causing too high peak
voltages, which might be desired e.g. when a motor operates at low speed. Further, the converter losses
decrease approximately proportional to the submodule capacitor voltages. Figure 6 shows simulation
results for such a scenario, when the ac output voltage has been restricted to 50% of the rated voltage in
Table I. The frequency of the output voltage also has been reduced to 25 Hz.

Conclusion
In this paper a method to modulate and stabilize an M2C has been presented. It has been shown that
the difference current is an intermediate quantity which can be controlled independently of the ac output
voltage with a direct influence on the dynamics of the energy stored in the capacitors in the arms of the
converter. In this application, after the use of the energy controllers, the difference current contains only a
dc component in steady state. For stabilizing the capacitor voltages, the dc component is estimated from
the outcome of the total energy (voltage) controller and the fundamental frequency component is used by
the energy balance controller to mitigate unbalanced capacitor voltages in the arms. Sometimes it would,
however, also be of interest to induce a second order harmonic component in the difference current on
purpose, as a mean to minimize the dc capacitor voltage variation and to impact on the maximum voltage
that can be produced at various load currents.
Simulations further have shown that the difference current is a flexible tool that can be used to determine
the characteristics and limitations of the M2C.

Figure 6: Arm capacitor voltage reduction in low load conditions
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Abstract—The internal control of a Modular Multilevel Converter (M2C) aims to equalize and stabilize the submodule
capacitor voltages independent of the loading conditions. It has
been shown that a submodule selection mechanism, included in
the modulator, can provide voltage sharing inside the converter
arm. Several procedures for controlling the total stored energy
in each converter arm exist. A new approach is described in
this paper. It is based on estimation of the stored energy in the
arms by combining the converter EMF reference, the measured
alternating output current, and the known direct voltage. No
feedback controllers are used. Experimental verification on a 3phase 10 kVA prototype is presented along with the description
of the new procedure.
Index Terms—Modular Multilevel Converter, Open-loop Control, Modulation, Prototype, Energy Balance.

uD
uCU
uCL
uref
CU
uref
CL
uΣ
CU
uΣ
CL
eV
eref
V
udiff
uref
diff
Σ
WCU
Σ
WCL
Σ
WCU
0
Σ
WCL0
R
L
C
iV
iU
iL
idiff
idiff0
φ
ω
N

NOMENCLATURE
DC-link voltage
Inserted voltage by the upper arm
Inserted voltage by the lower arm
Reference for inserted voltage by the upper arm
Reference for inserted voltage by the lower arm
Sum of all capacitor voltages of the upper arm
Sum of all capacitor voltages of the lower arm
Internal converter EMF
Internal converter EMF reference
Voltage applied across the arm impedance
Reference for the voltage applied across the arm impedance
Energy stored in the capacitors of the upper arm
Energy stored in the capacitors of the lower arm
Average energy stored in the capacitors of the upper arm
Average energy stored in the capacitors of the lower arm
Arm resistance
Arm inductance
Submodule capacitance
Output phase current
Current flowing in the upper arm - Positive in the charging
direction
Current flowing in the lower arm - Positive in the discharging
direction
Half difference between upper and lower arm currents
Average value of idiff
Power angle
Grid angular frequency
Number of available submodules in each arm
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nU
nL
ˆ
˜

Upper arm insertion index: Inserted submodules in the upper
arm / N
Lower arm insertion index: Inserted submodules in the lower
arm / N
Peak value
Estimated value

I. I NTRODUCTION
In future electric power systems and industrial processes
energy efficient power conversions will become ever more
important. A good representative of a technology which has
the potential to play an important role in this context is the
modular multilevel converter (M2C). A simplified schematic
diagram of one phase-leg of an M2C is shown Fig. 1. The
M2C, which was first presented in [1]–[4], combines excellent
output voltage waveforms with very high efficiencies [5], [6].
It is, therefore, ideal for high-voltage high-power applications
such as high-voltage direct current transmission (HVDC) [5]–
[7], high-power motor drives [8]–[11], and electric railway
supplies [12]. The basic operation has been described thoroughly in [1]–[3], [13] and initial attempts to describe the
internal dynamics have been presented in [14]. No explicit
solutions to the dynamic circuit equations have, however, been
presented so far. Nevertheless, several control methods have
already been suggested [14]–[17]. Since this technology is still
in a state of virginity, it is far from clear how these high-power
converters will be controlled in the future. It has to be kept
in mind that M2Cs for HVDC make use of hundreds of submodules [5]. This requires complex systems for measurements
and control. Besides the voltage sharing among the individual
submodule capacitors, the sum of the capacitor voltages in
each arm needs to be controlled. Additionally, a separate
controller for the arm current may be necessary. A closedloop control system for an M2C, therefore, involves a massive
amount of communication for transmission of measured values
and control signals. As an example, it can be mentioned
that thousands of optical fibres may have to be used for
this task. Such a massive complexity is often associated with
significant delays and potential problems with reliability. In
order to reduce the impact of delays in the measurement and
communication systems of the converter it makes sense to
investigate if the converter could be controlled without closedloop controllers.
In this paper, therefore, an open-loop controller is suggested,
which exploits a submodule selection mechanism and an
estimation of the stored energies in the upper and lower arms

2

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. X, NO. X, X

is discharging [4], [18]. This approach has shown to be quite
effective in simulations and experiments [14], [17].
An equivalent circuit representing one phase-leg connected
to a direct voltage source is outlined in Fig. 2. The inserted
arm voltages, uCU , uCL , determine the potential of the converter phase output terminal (“ac” in Fig. 2) relative some
reference, like e.g. the midpoint between the dc terminals (“n”
in Fig. 2), in a way that will be discussed below.

Fig. 1.

Single phase simplified schematic of an M2C.

of one phase. The estimation is based on the combination of
the converter electromotive force (EMF) reference with the
measured phase current of the corresponding phase. In this
approach the direct voltage appears as a parameter.
The steady-state values of the stored energies are estimated
by means of analytical expressions for an actual output voltage
waveform and a certain output current, which is essentially
sinusoidal. The amplitude of the output current and its phase
(relative the output voltage) are extracted from measurements
of the current using an adequate phasor estimation method.
Even if it is likely that most M2Cs will be three-phase
converters, there may be applications where other number of
phase legs could be used. Thus, for the sake of generality,
the whole treatment of the problem is made on a single-phase
basis, and in the case of a three-phase M2C three separate
controllers, one for each phase, should be used.
This paper begins with a description of the suggested openloop approach in Section II, starting from some assumptions
needed for the controller to operate. An effective implementation, and some stability indications are also discussed, before
simulation (Section III) and experimental (Section IV) results
are presented, in order to verify and support the effectiveness
of the suggested control approach.
II. O PEN -L OOP C ONTROL A PPROACH
A. Background
It is assumed that the voltage sharing within each arm of
the converter is maintained by a selection mechanism based
on relative capacitor voltage measurements. This mechanism
chooses the individual submodule to be bypassed/inserted,
whenever the modulator asks for a switching operation to be
executed. The selection is based on the actual arm current
direction, such that the bypassed submodule with the lowest
voltage is the candidate to be inserted and the inserted submodule having the highest voltage is the candidate to be bypassed
when the arm current is charging, and correspondingly the
bypassed submodule with the highest voltage is the candidate
to be inserted and the inserted submodule having the lowest
voltage is the candidate to be bypassed when the arm current

Fig. 2.

Equivalent circuit for one phase-leg.

Each arm voltage is controlled by a modulator that commands a varying number of submodules to be inserted at each
time instant. The modulator operates according to an input
signal, which here is noted as the insertion index, nU for the
upper arm, and nL for the lower arm. Each insertion index
controls the instantaneous average portion of submodules that
are inserted, out of the total number of available ones, N ,
in the arm. Here it has been assumed that the modulator
switching frequency is sufficiently high and that the number of
submodules per arm is not too low, so that the insertion index
can be represented as a continuous variable. Note that the
modulation process does not depend on the capacitor voltages.
Let the total capacitor voltage (=sum of the capacitor
voltages in all submodules) in the upper and lower arm be
Σ
uΣ
CU , uCL . Given the insertion indices, nU , nL , the modulator
then creates the instantaneous arm voltages, uCU , uCL , such
that
uCU = nU uΣ
CU

(1a)

nL uΣ
CL ,

(1b)

uCL =

by commanding the duty-cycles of insert/bypass operations
for the submodules, assuming that the total voltage is equally
shared by the submodules.
Fig. 2 shows that the converter creates an internal EMF
eV behind an internal impedance constituted by the parallel
impedances in the two arms.
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Ideally each arm would carry half the ac-side output current,
added to the direct component, idif f , which circulates through
the dc-link, as in
iV
+ idiff
(2a)
2
iV
iL =
− idiff .
(2b)
2
Henceforth, the idiff component will be referred as ’circulating
current’. The alternating component in the arm currents causes
substantial variation in the total capacitor voltage in each arm.
Let the desired internal converter voltage between the ac
terminal and the dc-link midpoint be

3

The open-loop control approach now can be derived from the
assumption that the converter is operating in the steady-state
with a circulating current that is a pure direct current. Thus
we search the steady-state solution to (6a) and (6b) assuming

iU =

eref
V

=

êref
V

cos(ωt).

eV = êV cos ωt

(9a)

iV = îV cos (ωt + φ)

(9b)

idiff = idiff0 .

(9c)

This steady-state solution for the upper arm energy and the
circulating current is given by
êV idiff0 sin ωt
ω
( u2D − Ridiff0 )îV sin (ωt + φ)
+
2ω
êV îV sin (2ωt + φ)
−
8ω

Σ
Σ
WCU
=WCU
0−

(3)

The arm inserted voltages, according to the equivalent circuit
in Fig. 2, are as in
uD
− eV − udiff
(4a)
2
uD
uCL =
+ eV − udiff
(4b)
2
It can be seen from the equivalent circuit in Fig. 2 that some
voltage (udiff ) will appear across the arm impedance, as a
common contribution to the upper and lower arm inserted
voltages, uCU , uCL . Provided that the impedances in both
arms are identical, the midpoint (ac terminal) voltage will not
move, with reference to the dc-link midpoint.
uCU =

B. Calculation of the Steady-State Operating Point
From the equivalent circuit one also immediately derives
the power delivered to the arms, as given by

êV îV cos φ

idiff0 =
uD +

q

.

(10)

(11)

u2D − 4RêV îV cos φ

Σ
In (10), WCU
0 is a constant resulting from the integration of
the energy variation, which can be freely selected and used as
a reference for the total arm average energy. Finally, the total
capacitor voltage in the arm can be calculated as in
s
Σ
2WCU
uΣ
=
,
(12)
CU
Carm

where
C
.
(13)
N
In the same way expressions can be obtained for the lower arm.
Normally, the arm resistance is small and can be neglected
making the formulas simpler.
Carm =

Σ
dWCU
= iU uCU
(5a)
dt
Σ
dWCL
= −iL uCL .
(5b)
dt
Substituting (2a),(2b),(4a),(4b) in (5a) and (5b) yields the arm
energy fluctuation,
Σ
dWCU
iV
uD
=(
+ idiff )(
− eV − udiff )
(6a)
dt
2
2
Σ
dWCL
iV
uD
= −(
− idiff )(
+ eV − udiff ).
(6b)
dt
2
2
The voltage, udiff , drives the circulating current idiff according
to

didiff
+ Ridiff = udiff .
(7)
dt
This is also derived from the equivalent circuit diagram in
Fig. 2. If the voltage udiff is kept constant, then the steadystate solution for (7) is found to be
L

udiff ≡ Ridiff0

(8a)

idiff = idiff0 .

(8b)

C. Implementation of the Proposed Control Approach
The model described in Section II-B is based on the steadystate equations that apply for the equivalent circuit in Fig. 2
along with some further assumptions, such as effective submodule voltage sharing, symmetry of the arm passive components and knowledge of the dc-link voltage. In order to control
an M2C phase-leg, the model is used to determine the insertion
indices in (1a), (1b) for the arm modulators. To this end the
ref
references for the inserted arm voltages, uref
CU , uCL , must be
Σ
specified and the total capacitor voltages, uCU , uΣ
CL , should
be estimated. The arm voltage references contain contributions
from the dc-link voltage, uD , from the desired internal EMF,
eref
V , and finally from the calculated voltage drop in the steadystate, across the arm impedance, uref
diff , as given by
uD
ref
− eref
V − udiff
2
uD
ref
=
+ eref
V − udiff .
2

uref
CU =

(14a)

uref
CL

(14b)
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In some applications the converter will be connected to a stiff
direct voltage source and then the direct voltage can be used
as a parameter in the equations. When the dc-link is not stiff, it
is anticipated that a fast-acting dc control is established on the
converter control level (above the internal control level). When
the complete converter is connected to a network, a direct
voltage controller acting on the phase difference between the
converter and the network will keep the direct voltage constant
at the desired level, just as it is conventionally done in voltage
source converter (VSC) applications. This motivates why the
direct voltage uD has been treated as a parameter in (14a),
(14b).
The reference for the internal EMF of the phase-leg, eref
V ,
will be delivered by an external controller on the convertercontrol level. Such a controller may be intended to regulate
the converter power exchange with the connected network,
the torque in a motor drive, or any other high-level quantities
related to the converter.
In order to calculate the modulation indices nU and nL , an
estimation of the total arm voltage is also required, and it will
be given by the equations (10) - (13). In these equations, the
values of êV , ω, and uD are represented by their reference
values, already defined inside the controller. The R and Carm
values are parameters, based on the arm characteristics, and
the only unknown values are the peak output current, îV , and
the power angle, φ.
Typically the converter load current is sinusoidal with a
dominating fundamental frequency component. This component can easily be estimated from measurements in run-time
and presented with the same time reference as the internal
EMF. Thus an estimate of the load current can be obtained as
in
ĩV ≈ îV cos(ωt + φ).

(15)

The extraction of the fundamental frequency component of
the ac terminal current iV can be made in many ways. Often
the high-level controller that generates the reference for the
converter internal EMF, eref
V , provides its phase reference (ωt
in (9a)), and in this case it is only necessary to resolve the
measured current signal, iV , into the form given in (9b), i.e.
to find its amplitude îV , and phase φ. A suggested method
is described in the Appendix. In a three-phase converter, the
simplest approach may be to convert the phase quantities to
vector form using the conventional (abc/αβ) transformation,
followed by a coordinate transformation with the phase reference of the converter internal EMF.
Having the steady-state internal EMF and the alternating
output current as in (9a) and (9b), we can calculate the
circulating direct current according to (11), and, further, the
instantaneous total energies in the arms according to (10),
and its counterpart for the energy in the lower arm. The
Σ
Σ
integration constants WCU
0 and WCL0 in the formulas are
references for the average energies, i.e. for the average total
voltages, in the respective arm. Typically, the two average
energy references are equal. Nevertheless, the two arms may
have individual control of their total average energy under
certain operating conditions, e.g. when some submodules have

been disconnected due to internal failures.
The instantaneous total capacitor voltages in each arm
now can be calculated from (12), and the references for
the inserted arm voltages are defined in (14a) and (14b).
The insertion indices nU and nL therefore can be calculated
directly according to
uref
CU
ũΣ
CU
uref
nL = CL
.
ũΣ
CL

nU =

(16a)
(16b)

The insertion indices obtained according to the above formulas
are supplied directly to the modulators. Simulations and tests
have shown that the converter operation then very fast reaches
stable steady-state operation with the average energy stored
in the arms in agreement with their respective reference
values. The converter using this open-loop concept for its
internal control has shown very good dynamic performance,
similar or even better than when a voltage feedback system
has been utilized. Moreover, it exhibited advantages from an
implementation point of view.
One possible implementation of the control system can
include a Field Programmable Gate Array (FPGA), along
with a digital signal processing (DSP) unit. The submodule
capacitor voltages can be evaluated in the FPGA, where the
selection mechanism can also be implemented as a logic
function. Equal voltage sharing, using the selection mechanism, can then be accomplished without any involvement of
the DSP, which will result in very fast execution time. An
FPGA implementation of the modulator also ensures immediate access to the output control signals, avoiding interrupt
handling routines or procedure calls. On the other hand, the
alternating current measurements naturally are entered from
the analog Input/Output (I/O) system into the main controller
(DSP), where all estimators, controllers and floating point
calculations run, resulting to the arm insertion indices. The
only communication needed is the transfer of the insertion
indices from the main computer to the subordinate FPGA,
avoiding potential delays that may be caused by feedback
loops.
An outline of the controller function is shown on Fig. 3.
Even if it is assumed that in the steady-state operation both
Σ
arms have the same total energy reference, both WCU
0 and
Σ
WCL0 are shown on that figure.
In the above description it has been assumed that the
internal EMF in the converter has only a fundamental frequency component. This has been done in order to simplify
the derivation and to avoid lengthy formulas. However, the
described principle can be applied with a lot of flexibility.
For example, in a three-phase converter it is often desirable to
add a third harmonic component to the fundamental frequency
component of the internal EMF. The total energies in the upper
and lower arms can be calculated as before, only adding the
desired term to the formula (9a). The formulas will contain
a few more frequency components. In another case it may be
adequate to intentionally inject a second harmonic component
in the circulating current idiff . The extra component then is
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significantly erroneous model resistance values, even up to one
order of magnitude, do not have a significant impact on the
system, as the term udiff0 is still considerably small compared
to the uD /2 which represents the average value of the arm
inserted voltages in (4a), (4b).
The second parameter used, Carm , may similarly cause an
error in the steady-state values of the total capacitor voltages,
as it is dividing the result for the energy stored in the arm. As a
result, the control concept suggested here, will be influenced
by erroneous model parameter values, but experience from
simulation and experiments has shown that small inaccuracies
in the parameter values do not seem to cause instabilities,
due to the self-stabilizing mechanism described above. As
already mentioned, these are only indications, and a more solid
stability proof is yet to be investigated.
Fig. 3.

Outline of the open-loop controller.

III. S IMULATION R ESULTS

added to (9c) and again the same procedure is applied to get
the insertion indices for the arms.

Simulations are run with the main circuit parameters described in Table I. Fig. 4 shows the output voltage of the
converter, the load, and the circulating currents.
TABLE I
R ATINGS OF THE S IMULATED M2C

D. Comment on Stability of the Suggested Approach
The aim of the suggested controller is to create a balance
between input and output power, which basically depends on
the quantity idiff , as the input power equals uD idiff . If the
description of the converter and the estimation of the output
current are correct, (11) gives the exact average value of idiff ,
that will establish a steady-state power balance. An analysis
of the dc components of the right-hand sides of (6a) and (6b)
yields a direct insight into this process:
Σ
dWCU
dt

dc

Σ
dWCL

dt

uD
êV îV
=
idiff0 − Ri2diff0 −
cos φ
2
4

(17a)

uD
êV îV
idiff0 − Ri2diff0 −
cos φ.
2
4

(17b)

=
dc

The input and output powers, as well as the internal power
losses on the arm resistance can easily be identified. Obviously, stable steady-state operation is only possible if the righthand sides of (17a) and (17b) are zero, as any imbalance would
continuously increase or decrease the arm energy contents.
ref
As an example, a smaller average value of uref
CU and uCL in
(14a), (14b) will lead to reduced modulation indices in (16a),
(16b), and, therefore the sum of uCU and uCL will not match
the dc-side voltage. Assuming a stiff dc-link, an increased
circulating current will be driven, charging the capacitors a
little more, until the total inserted voltage in the whole leg
matches the dc-side. When a new equilibrium is established,
the input current will again match the value determined by the
output power.
Accurate function of this control method depends on the
correct model parameter values of the R and Carm parameters. As already mentioned in Section II-B, the value of arm
resistance is not critical when calculating the steady-state value
of idiff . It appears, however, as an amplification factor in (8a),
and this affects the references of the inserted arm voltages,
as in (14a), (14b). From simulations it has been found that

Rated power

S = 30 MVA

Input voltage

uD = 25 kV

Output ac peak voltage reference

êref
V = 11.25 kV

Output frequency

f = 50 Hz

Output peak phase current

îV = 1.78 kA

Number of sub-modules per arm

N =5

Sub-module capacitor nominal voltage

uC = 5 kV

Sub-module capacitance

C = 3.3 mF

Arm inductance

L = 3.7 mH

Carrier frequency

fcar = 1.0 kHz

Average switching frequency per device

fsw,dev = 250 Hz

The arm currents presented on Fig. 5 show that any higher
order harmonic components, have been almost totally suppressed, resulting in the desired, constant in the steady-

Fig. 4.

Output voltage, output and circulating currents.
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TABLE II
E XPERIMENTAL VALUES

Fig. 5.

Prototype rated power

S = 10 kVA

Input voltage

uD = 500 V

Output ac peak voltage reference

êref
V = 225 V

Output frequency

f = 50 Hz

Output peak phase current

îV = 18.8 A

Number of sub-modules per arm

N =5

Sub-module capacitor nominal voltage

uC = 100 V

Sub-module capacitance

C = 3.3 mF

Arm inductance

L = 3.1 mH

Carrier frequency

fcar = 1.0 kHz

Average switching frequency per device

fsw,dev = 250 Hz

Upper (blue) and lower (red) arm currents.

state, circulating current, shown on Fig. 4. This proves the
effectiveness of the suggested open-loop control approach.
Fig. 6 shows the actual stored energy in the upper and lower
arms and its response to a 10% step change of the arm energy
reference for both arms. The energy ripple is related to the
variation in the capacitor voltages, but its mean value follows
the reference with great accuracy and the system remains
stable.

Fig. 7.

Steady-state output voltage, output and circulating current

the open-loop control concept in the internal control of each
single converter phase-leg.
Fig. 7 shows the experimentally obtained currents and voltages during the steady-state using the open-loop control. It
Fig. 6. Upper and lower arm total stored energy during a 10% reference
step of the average value.

IV. E XPERIMENTAL R ESULTS
A prototype has been built in order to validate the proposed
control principle. A three-phase, five modules per arm converter has been dimensioned with 100 V submodule capacitor
voltages for a rated power of 10 kVA. The parameters for the
converter prototype are summarized in Table II.
The controller is implemented in a processing unit managing
analog measurements, control algorithms and a user interface. Modulation indices for each arm are processed directly
by the modulators implemented in an FPGA containing a
large amount of I/Os. Each modulator contains a sorting
and selection process, performing relative measurements of
the capacitor voltages in the different submodules within the
arm. In the experiments only one phase in the converter was
investigated as the aim of this paper is to validate the use of

Fig. 8.

Steady-state sub-module capacitor voltages
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Fig. 9.

Energy reference (yellow) step sub-module capacitor voltages

can be seen that the converter creates six levels in the voltage
waveform. This means that switchings occur simultaneously
in the upper and the lower arm, so that the total number of
inserted submodules in the whole phase leg remains constant.
The lower diagram shows that the circulating current (idiff )
is almost a pure dc and that the output current waveform is
very close to a pure sinusoidal, having very low harmonic
distortion. Fig. 8 shows the voltages across the capacitors in
the individual submodules in the upper and the lower arms. It
shows that very small deviations occur. This demonstrates the
effectiveness of the selection process in the modulators.
The response to a step in the energy reference was also
tested experimentally. The corresponding traces of the capacitor voltages in the individual submodules in the upper and
the lower arms respectively, as well as the energy reference,
are shown in Fig. 9. The recordings show a fast change of the
average levels of the capacitor voltages. The transient lasts less
than 20 ms, while at the same time, the deviations between the

Fig. 10. Output voltage, output and circulating current during a step change
in the arm energy reference
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Fig. 11. Output voltage, output and circulating current during a step change
in the load

voltages in the different submodules are still very small. The
recorded output voltage, the output current and the circulating
current are shown in Fig. 10. A small positive contribution is
added to the circulating current during less than one 50 Hz
cycle.
Finally the behavior at load changes was investigated. The
load current was changed from 0.41 pu to 0.75 pu. Fig. 11
shows the output voltage waveform, the load current and
the circulating current. No disturbances were seen in the
output voltage, but a small oscillating change occurred in the
circulating current. Very quickly the new steady-state dc level
is established. In Fig. 12 the output from the RLS phasor
estimator is shown, which extracts the amplitude and the phase
of the fundamental frequency component from the measured
ac-side output current. The relative bandwidth in this case was
ξ = 0.5 giving a step response of about 20 ms. The response
in the capacitor voltages in the various submodules finally are
shown in Fig. 13. A marginal change in the average level can

Fig. 12.

Load peak current and phase (estimator output)
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the error  between the estimated and the measured value, and
updates the estimated offset and phasor derivatives, using some
amplification factors (κofs , κph , µ), which are calculated using
the relative bandwidth ξ. The values mentioned are given in
the following formulas,
 = iV − ĩV
˜
dIofs
= ωκofs 
dt
dI˜ph
= 2ωκph  e−j(ωt+µ) ,
dt

(20a)
(20b)
(20c)

where

Fig. 13.

κph

Load step sub-module capacitor voltages

κofs = ξ(1 + ξ 2 )
p
= ξ 1 + 1.25ξ 2 + 0.25ξ 4
2

µ = ∠{(2 − ξ ) + j3ξ}.
be seen when the load is increased, but the behavior is quite
satisfactory.
V. C ONCLUSIONS
The proposed method allows the balancing of stored energy
in each arm of an M2C based on output current measurements.
Experimental results show very good dynamic performance,
in agreement with simulation results. The described principle,
due to its low requirements for data communication resources,
can be utilized in converters having a very large number
of submodules. The demonstrated principle for designing a
control system for the M2C may be extended to include
also generation of EMFs with several frequency components.
Certain harmonic current components in the circulating current
also can be created when adequate.
A PPENDIX
A P HASOR E STIMATION BASED ON A R ECURSIVE L EAST
S QUARE A LGORITHM
Assume that a signal is composed of a constant and an
oscillating component with a given frequency ω, as in
i(t) = Iofs + Re(I~ph ejωt ) ≈ I˜ofs + I˜d cos ωt − I˜q sin ωt. (18)
When the phase reference ωt is given, a Recursive Least
Square (RLS) estimation can be applied to a sequence of
measurements of iV in order to extract the parameters I˜ofs , I˜d ,
I˜q , which determine the amplitude and phase of the current
according to
˜
ˆ =
|I|

q

I˜d2 + I˜q2

φ̃ = ∠(I˜d + j I˜q ).

(19a)
(19b)

The formulas based on the stationary solution to the RLS equations are updated with the relative bandwidth ξ = ωBW
ω . A high
bandwidth naturally means faster response, but also a larger
sensitivity to noise. During every loop, the algorithm evaluates

(21a)
(21b)
(21c)

In typical applications no offset component will exist and only
the estimated phasor will be used.
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Abstract—Modular multilevel converters (M2Cs) require that
the controller is designed so that the submodule capacitor
voltages are equalized and stable, independent of the loading conditions. Assuming that the individual capacitor voltage sharing is
managed effectively, an open-loop strategy has been designed to
ensure that the total amount of energy stored inside the converter
always will be controlled. This strategy, using the steady-state
solutions of the dynamic equations for controlling the total stored
energy in each converter arm, has proven to be effective. The
intention of this paper is to explain in a rigorous way the
mechanism behind the suggested strategy, and to prove that,
when this open-loop strategy is used, the system becomes globally
asymptotically stable. Experimental verification on a three-phase
10-kVA prototype is presented.

vc = (vd − vcu − vcl )/2 Voltage driving the circulating current.
vg
Grid voltage.

2
C
Σ
Σ
Wcu,l = 2N vcu,l
Per-arm stored energy.
ϕ
Power angle.
ω1
Fundamental angular frequency.
ˆ
Peak value.
?
Reference.
˜
Deviation quantity.

Index Terms—Modular multilevel converters, open-loop control, prototype, Lyapunov stability.

T

N OMENCLATURE
The upper and lower arms of the converter are denoted with
the subscripts “u” and “l,” respectively. An expression which
is valid for either of the arms is denoted with the subscript
“u, l.”
N
C
L
R
vd
i
vcu,l
, i = 1, . . . , N
Σ
i
vcu,l
= ΣN
i=1 vcu,l
Σ
Σ
Σ
vc = vcu + vcl
nu,l
Σ
vcu,l = nu,l vcu,l
iu,l
is = iu − il
ic = (iu + il )/2
vs = (vcl − vcu )/2

Number of submodules per arm.
Submodule capacitance.
Arm inductance.
Parasitic arm resistance.
Pole-to-pole dc-bus voltage.
Individual capacitor voltages.
Sum capacitor voltage in one arm.
Total capacitor voltage in one phase
leg.
Insertion indices.
Inserted arm voltage.
Arm currents.
Output current.
Circulating current.
Voltage driving the output current.
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I. I NTRODUCTION
HE MODULAR MULTILEVEL CONVERTER (M2C),
outlined in Fig. 1, has attracted a lot of interest due to
its good performance with respect to output voltage quality
[1]–[6] and its high efficiency [7]–[9]. It is, therefore, ideal
for high-voltage high-power applications, such as high-voltage
dc (HVDC) transmission [7], [9]–[13], high-power motor
drives [14]–[17], electric railway supplies [5], [18], [19], and
smart grids [20]–[23]. The basic operation has been described
thoroughly in [1], [3], [8], [24] and descriptions of the internal
dynamics are presented in [24]–[30]. Several control methods
have already been suggested [2], [25], [31]–[35], all agreeing
in principle that the total energy content stored inside the
converter needs to be regulated.
Each phase leg of the converter consists of two arms, each
with N submodules. In HVDC applications, N can be as high
as several hundred [7]. In [5] it is proposed that the internal
voltage sharing between the submodule capacitors inside each
converter arm should be provided by a selection mechanism,
similar to that in [36], which chooses the individual submodule
to be bypassed/inserted whenever the modulator asks for a
switching operation to be executed. This approach has been
shown to be quite effective in simulations and experimental
tests [25], [37].
The reference to the modulator for the inserted voltage
for each arm can be generated by either a direct strategy
[25], a feedback [25], [29], or an open-loop control algorithm
[37]. Whatever the strategy is, the goal is not only to create
the desired voltage at the output terminals, but also to keep
the internal converter variables stable and adhering to their
references. It is shown in [32] that an open-loop strategy is
advantageous in the sense that it reduces implementation complexity, is not dependent on a large number of measurements,
and has excellent performance. Simulation and experimental
results provided in [32], [37] indicate that the open-loop
strategy creates a stable system. In [38], the open-loop scheme

Σ
nu,l vcu,l
by commanding the duty cycles of insert/bypass
operations for the submodules.
An equivalent circuit representing one phase leg connected
to a dc source is outlined in Fig. 2. It can be seen that
the converter creates an internal electromotive force (EMF)
vs behind an internal impedance constituted by the parallel
impedances in the two arms. This internal EMF is the voltage
that drives the output current, and will be referred to as “output
voltage” in the following. For simplicity, it is assumed that
the reference for vs contains only a fundamental-frequency
component

vs? = V̂s cos ω1 t.

(1)

However, this can easily be expanded to any frequency content
requested.

Fig. 1.

(a) Submodule and (b) circuit diagram of an M2C.

is analyzed by means of linearization, and is shown to give an
asymptotically stable system under some (generous) parameter
restrictions.
This paper shows that the stability properties of the openloop scheme are indeed even stronger. After setting the stage
in Section II with a thorough presentation of the scheme and
its underlying mechanism, in Section III it is shown, by means
of Lyapunov theory, that the resulting time-varying system
is globally asymptotically stable. Unlike [38], simplifying
assumptions are not needed to execute the proof.
In Section IV, simulations and experimental examples of
transitions from an unbalanced situation to the activation of
the open-loop controller are shown. This is to illustrate that
the state variables of the converter system converge to the
desired operating point, in agreement with the proof.
II. O PEN -L OOP C ONTROL A PPROACH
A. Basic Assumptions
In the following it is assumed that the individual capacitor
voltage sharing within each arm of the converter is maintained
by the selection mechanism described in [5], [37]. It is also
assumed that both the number of submodules in each arm
N and the switching frequency are high enough to represent
the inserted arm voltages as continuous variables, as already
discussed in [25]. Even though a continuous inserted voltage
in the arm cannot be realized, in typical applications, the
number of levels is often large enough to make discrete effects
negligible compared to the waveform amplitude [38].
Assuming that the total capacitor voltage is evenly divided
among the submodules in the arm, the modulator creates the
instantaneous value of the inserted arm voltage as vcu,l =

Fig. 2.

Equivalent circuit for one phase leg.

From the equivalent circuit in Fig. 2 and the relations in the
Nomenclature, it is found that the inserted voltages of each
arm are given by
vd
Σ
vcu = nu vcu
=
− vs − vc
2
vd
Σ
vcl = nl vcl
=
+ vs − vc
2

(2a)
(2b)

where vs and vc are common- and differential-mode components relative to the neutral. Thus, they respectively drive the
output and the circulating currents is and ic . By solving (2a)
and (2b) for nu and nl , respectively, and substituting vs and vc
with their references, the following selections of the insertion
indices are obtained:

nu =
nl =

vd
2
vd
2

− vs? − vc?
Σ
vcu
+ vs? − vc?
.
Σ
vcl

(3a)
(3b)

However, as shown in [38], this will result in a marginally
stable system. According to [37], the insertion indices are
instead calculated in an open-loop fashion as
nu =
nl =

vd
2

− vs? −
Σ?
vcu
vd
?
+
v
s −
2
Σ?
vcl

vc?
vc?

(4a)

ic





−R
L

d  Σ   N nu
v  =  C
dt cu
N nl
vΣ
| {z cl } | C
ẋ

− n2Lu

nl
− 2L

0

0

0
{z

0


vd
2L
  Σ   N nu 
 vcu  +  2C is 
Σ
vcl
− N2Cnl is






} | {z }

|

(5)

The arm currents can be described in terms of the output
current and the circulating current according to
is
(6a)
2
is
il = ic − .
(6b)
2
The circulating current is prohibited from having a
fundamental-frequency component (unless it has certain specific properties) [38]. As a result, is splits evenly among the
two arms of each phase leg.
The modeling that follows in Section II-C is based on the
equations that describe the equivalent circuit of a converter
phase leg shown in Fig. 2. It is assumed that a stiff directvoltage source is connected on the dc side. Therefore, there
is no coupling between the phase currents, allowing each
converter phase leg to be studied as an independent system.
Motivation for this consideration is given in [38].
iu = ic +

B. Internal Dynamics
From the equivalent circuit in Fig. 2 and the definitions
given, the following dynamic relation for the circulating current is found:
dic
+ Ric = vc .
(7)
dt
Adding (2a) and (2b) makes it possible to express vc in the
insertion indices and the total arm voltages. Substitution in (7)
then yields

Σ
dvcu
N nu iu
=
(9a)
dt
C
Σ
dvcl
N nl il
=
.
(9b)
dt
C
From (8), (9a), and (9b), the converter internal dynamics are
found to be given by the following third-order state-space
system:

{z
u

}
(10)

where x is the state vector and u is the input vector. Due to the
presence of nu and nl —which vary periodically—in the state
matrix A and the input vector u, the system is time varying,
making strict stability analysis difficult [38].
C. Reference Calculation and Sum-Capacitor-Voltage Ripple
Estimation
By proper calculation of the (star-marked) references, it is
possible to determine using (4a) and (4b) the periodic insertion
indices nu and nl that, on the one hand, produce a sinusoidal
output voltage vs according to (1), for a sinusoidal output
current is as given by (5), and, on the other hand, makes the
state variables
in (10) converge to the desired operating point

Σ?
Σ? T
vcl
x? = i?c vcu
[37]. To set the stage for the stability
analysis that will be made in the Section III, this calculation
is made in six carefully outlined steps.
1) If the dc-side (input) power is set equal to the ac-side
(output) power plus the resistive losses incurred in the
converter arms, the dc component of the circulating
current is found to be
V̂ Iˆ cos ϕ
q s s
.
(11)
ic0 =
vd + vd2 − 4RV̂s Iˆs cos ϕ
As R typically is small, (11) can be approximated as
V̂s Iˆs cos ϕ
.
(12)
2vd
2) To minimize losses, the amount of harmonics in the
circulating current shall be minimized (ideally made
equal to zero). Accordingly,
ic0 ≈

i?c = ic0 .

L

dic
R
1
vd
Σ
Σ
= − ic −
(nu vcu
+ nl vcl
)+
.
(8)
dt
L
2L
2L
In [25], [38], by consideration of the total energy stored in the
arms, the following relations for the sum capacitor voltages
were derived:

ic

x

A

(4b)

Σ?
Σ?
Σ
where vcu
and vcl
are the respective references for vcu
and
Σ
vcl . The calculation of these references will be addressed in
Section II-C.
The output current is assumed to be a pure sinusoid

is = Iˆs cos (ω1 t − ϕ).



(13)

3) The reference vc? for the voltage vc driving the circulating current can be found from (7) as
di?c
+ Ri?c = vc? .
(14)
dt
Since i?c is assumed constant, the derivative term disappears, giving vc? = Ri?c .
Σ?
4) Next step is to find expressions for the references vcu
Σ?
and vcl in (4a) and (4b). With the use of (6a) and (6b),
(9a) and (9b) can be expressed as


Σ
is v2d − vs? − vc?
N
dvcu
=
ic +
(15a)
Σ?
dt
C
2
vcu


Σ
dvcl
N
is v2d + vs? − vc?
=
ic −
.
(15b)
Σ?
dt
C
2
vcl
L

Relations identical to these must apply for the referΣ
Σ?
Σ
Σ?
ences. That is, vcu
→ vcu
, vcl
→ vcl
, and ic → i?c may
be substituted in (15a) and (15b), obtaining

Σ?
dvcu
N ?
=
ic +
dt
C

Σ?
dvcl
N ?
=
ic −
dt
C





is
2

is
2

vd
2

− vs? −
Σ?
vcu
vd
?
2 + vs −
Σ?
vcl

vc?
vc?

(16a)
.

(16b)

Σ?
Introducing the stored arm-energy references Wcu,l
=
Σ? 2
C(vcu,l ) /(2N ), (16a) and (16b) can be simplified to


Σ?
dWcu
= i?c +
dt

dWclΣ?
= i?c −
dt



is  vd
− vs? − vc?
2
2


is  vd
+ vs? − vc? .
2
2

(17a)
(17b)

6) Finally, the reference of the sum capacitor voltages in
the arms for the conditions specified above are given by
r
Σ?
2N Wcu
Σ?
(20a)
vcu =
r C
2N WclΣ?
Σ?
vcl
=
.
(20b)
C
An outline of the whole open-loop controller system is
shown in Fig. 3. The only quantity that needs to be measured
is the output current. Measurement of the capacitor voltages
is not required for the controller (but, of course, is needed for
submodule balancing), which motivates the name “open-loop
control” [37].

Note that the right-hand sides of (17a) and (17b) do
not use any of the state variables in (10). Consequently,
Σ?
Wcu
and WclΣ? can be obtained in an open-loop fashion.
5) Integrating (17a) and (17b), the ideal steady-state solutions for the total energies stored in the arms, with
i?c = ic0 , vs and is as given by (1) and (5) respectively,
are found to be
V̂s ic0 sin ω1 t
ω1
( v2d − Ric0 )Iˆs sin (ω1 t − ϕ)
+
2ω1
V̂s Iˆs sin (2ω1 t − ϕ)
−
8ω1
V̂
i
s c0 sin ω1 t
Σ
=Wcl0
+
ω1
( v2d − Ric0 )Iˆs sin (ω1 t − ϕ)
−
2ω1
V̂s Iˆs sin (2ω1 t − ϕ)
−
8ω1

Σ?
Σ
Wcu
=Wcu0
−

WclΣ?

(18a)

Fig. 3.

(18b)

Σ
Σ
where the terms Wcu0
and Wcl0
are integration constants. Each constant represents the mean value for
the energy stored in the respective arm and can be
freely1 selected. The beauty of this scheme is that, in the
closed-form expressions (18a) and (18b), the arm-energy
references to which the actual arm energies should
converge in mean are obtained, as well as estimates
of the arm-energy ripples in form of the oscillating
terms. As will be clearly seen in Section IV, the ripple
estimates are necessary to obtain the correct voltages,
i.e., vs = vs? and vc = vc? , as well as a (virtually)
harmonics-free ic . Normally, the same mean energy in
both arms is desired, i.e.,
Σ
Σ
Wcu0
= Wcl0
.

Outline of the open-loop controller.

III. G LOBAL A SYMPTOTIC S TABILITY
In the following, it will be shown that the system states
will converge to their references, from every possible operating
starting point. In this way, stability of the control algorithm
presented in Section II will be solidly proven.


Σ?
Σ? T
vcl
as the reference vector
With x? = i?c vcu
(whose components were calculated in Section II-C), a deviation vector can be defined as x̃ = x − x? , or in component
form
i˜c = ic − i?c
Σ
ṽcu
Σ
ṽcl

=

(21a)
(21b)
(21c)

Introducing the deviation quantities in (8), (9a), and (9b), it is
found that

(19)
L

1 The freedom in selecting the reference values is, of course, limited by the
fact that the total energy (average + ripple) must always be nonnegative, and
also that the resulting available voltage in each arm is greater than or equal
to the reference for the inserted arm voltage, so that the insertion indices do
not exceed 1 (which would lead to overmodulation).

=

Σ
Σ?
vcu
− vcu
Σ
Σ?
vcl
− vcl
.

Σ
Σ
di˜c
nu ṽcu
+ nl ṽcl
+ Ri˜c = −
dt
2
Σ
C dṽcu
= nu i˜c
N dt
Σ
C dṽcl
= nl i˜c .
N dt

(22a)
(22b)
(22c)

This constitutes the dynamic system of the deviation quantities, which can be rewritten in state-space form as
   R
nl   ˜ 
− L − n2Lu − 2L
i˜c
ic
d  Σ   N nu
 Σ 
0
0  ṽcu
.
ṽcu  =  C
dt
(23)
N nl
Σ
Σ
ṽcl
ṽcl
0
0
C
| {z } |
{z
} | {z }
x̃˙

A

x̃

Clearly, the origin is an equilibrium point to (23).
Theorem: The deviation system (23) is globally asymptotically stable about the origin if R > 0.
Proof: A candidate Lyapunov function is defined as
C Σ 2
C Σ 2
L ˜2
ic +
(ṽ ) +
(ṽ ) .
(24)
2
4N cu
4N cl
It is easily seen that V is a continuously differentiable positive
definite function. It is defined as V : R → R, it is radially
unbounded, and also it is equal to zero only at the equilibrium
point (i.e. the origin). Differentiating (24) yields
V =

Σ
Σ
C Σ dṽcu
C Σ dṽcl
di˜c
+
ṽcu
+
ṽcl
.
V̇ = Li˜c
dt
2N
dt
2N
dt
Multiplying now (22a) with i˜c yields

nu i˜c Σ
nl i˜c Σ
di˜c
2
+ Ri˜c = −
ṽcu −
ṽ .
Li˜c
dt
2
2 cl
Substitution of (22b) and (22c) in (26) gives
Σ
Σ
di˜c
C Σ dṽcu
C Σ dṽcl
2
Li˜c
+ Ri˜c = −
ṽcu
−
ṽcl
dt
2N
dt
2N
dt
and this, when substituted in (25), results in
2
V̇ = −Ri˜c .

(25)

(26)

(27)

(28)

Since V̇ ≤ 0 if R > 0, V is a Lyapunov function, implying
that the deviation system (22a)–(22c) is globally stable [39].
However, since V̇ is only negative semidefinite, i.e., V is not a
strict Lyapunov function, asymptotic stability does not follow
automatically. To show also this, LaSalle’s invariance principle
[39] is invoked:
2
1) V̇ = −Ri˜c implies that i˜c converges asymptotically to
zero.
Σ
Σ
2) To investigate whether this implies that also ṽcu
and ṽcl
converge to zero, i˜c ≡ 0 is substituted in (22a)–(22c),
which yields
Σ
dṽcu
≡0
dt
Σ
dṽcl
≡0
dt
Σ
Σ
nu ṽcu + nl ṽcl ≡ 0.

5) As a consequence thereof, the origin is globally asymptotically stable for the deviation system (23) if R > 0.
As the origin is proven to be a globally asymptotically
stable equilibrium point, the state x will always converge to
the reference x? , as calculated by the control algorithm.
IV. S IMULATION AND E XPERIMENTAL R ESULTS
In order to verify practically the analytical results produced
above, simulations were conducted on a time-domain M2C
model, using the PSCAD software. Additionally, experiments
were performed on a down-scaled M2C prototype. Table I
shows the ratings of a medium-voltage, 30-MVA, which was
used for the simulation purposes, as well as the three-phase 10kVA down-scaled prototype that was used for the experimental
validation. The experimental prototype converter is shown in
Fig. 4. A number of simulations and experiments have already
been presented in [32], [37], [40], which show the behavior
of the open-loop controller under steady-state operation and
under specific transients.
TABLE I
R ATINGS OF THE S IMULATED AND E XPERIMENTAL M2C S
Simulation

Experiment

Rated power S

30 MVA

10 kVA

Input voltage vd

25 kV

500 V

Rated rms phase current Is

1.13 kA

18.9 A

Fundamental frequency f1

50 Hz

50 Hz

Amplitude modulation index m̂
(direct modulation)

0.85

0.85

Voltage driving output phase v̂s
current, peak (open-loop control)

10.6 kV

212.5 V

Carrier frequency fcar

5.0 kHz

5.0 kHz

Number of submodules N
per arm

5

5

Average switching fsw
frequency per device

1050 Hz

1050 Hz

Submodule capacitor vC
nominal voltage

5 kV

100 V

Submodule capacitance C

0.8 mF

0.73 mF

Energy storage τE

10 ms

11 ms

Parasitic arm resistance R

0.1 Ω
or 1.3% p.u.

0.3 Ω
or 3.2% p.u.

Arm inductance L

3.7 mH
or 0.15 p.u.

4.67 mH
or 0.15 p.u.

Output peak phase current Iˆs

1.15 kA

Load resistance Rload

12 Ω
or 1.3 p.u.

Load inductance Lload

10 mH
or 0.33 p.u.

(29a)
(29b)

Power angle ϕ

12◦

12◦

(29c)

Σ
Σ
3) From (29a) and (29b) it follows that ṽcu
and ṽcl
must
both be constant.
4) Since nu and nl are time varying and not linearly
related, i.e., nl 6= knu for a constant k,2 cf. (4a) and
Σ
Σ
(4b), the only constant ṽcu
and ṽcl
which satisfy (29c)
Σ
Σ
are ṽcu = ṽcl = 0.

The main idea here, though, is to verify that the controller
will actually drive the system state variables to the estimated
values, starting even from unbalanced operation, without making use of measurements other than the output current. This
2 Had this not been the case, (29c) could be expressed as (ṽ Σ + kṽ Σ )n
cu
cl u
Σ + kṽ Σ = 0, i.e., possibly nonzero constant errors.
which vanishes for ṽcu
cl

Fig. 4.

Picture of the experimental 10-kVA prototype M2C.

aspect was just proven analytically. In order to strengthen the
validity of the proof, specific undesired operating conditions
are created using other control methods. The system response
is then examined after the insertion indices created by the
open-loop controller are applied.
The converter starts operating using a direct modulation
concept, i.e., insertion indices that are given purely sinusoidally varying values, as given by
nu = 0.6(1 − m̂ cos ω1 t)

(30a)

nl = 0.4(1 + m̂ cos ω1 t).

(30b)

This type of modulation creates, even if nu,l were balanced
with average values of 0.5, a significant second-order harmonic
component in the circulating current, as shown in [25]. This
is because the capacitor voltage ripples are not taken into account, and no compensation for that is designed. Furthermore,
a significant imbalance between the upper and lower arms is
created intentionally, using the multiplication factors 0.6 and
0.4 for the upper- and lower-arm insertion indices respectively.
Meanwhile, the open-loop controller is calculating its own
insertion indices, but these are not yet applied. It is to be seen
that, as soon as the open-loop-controller insertion indices are
applied, not only is there no indication of instability, but also
the converter state variables converge to the ideal operating
point set by the controller, with full compensation of the
capacitor-voltage ripples.
In the experiment, the insertion indices are created by a
controller running a real-time operating system that is respon-

sible for the analog measurements and the converter control,
with a loop time of 200 µs. The insertion indices for each arm
are then turned into individual submodule switching functions
by a subordinate field programmable gate array, which is
responsible for the individual capacitor balancing as well. This
process is based on a sorting algorithm, described in [5];
however, as already mentioned in Section II-A, the individual
voltage sharing mechanism is considered to be effective, so
the dynamics of the individual capacitor balancing can be
decoupled from the dynamics of the control procedure studied
here. To ensure this, the switching frequency is selected to be
relatively high, so that small instantaneous imbalances among
the capacitors will be reduced as much as possible.
As long as the basic assumptions of Section II-A are met,
convergence is guaranteed for any operating condition. In
the simulation, the load was represented by a current source,
which gives a stable sinusoidal waveform, in agreement with
the basic assumptions. For the experiment, a passive load was
used.
The parameters in the simulation and the experiment are
selected to match each other to the extent possible. For this
reason, the simulation is done for a medium-voltage converter,
which, like the experimental prototype, has a relatively large
parasitic arm resistance. (This is the parameter which is
relied upon for convergence, as the stability proof shows.)
Nevertheless, R for the experimental prototype is three times
larger in per-unit (p.u.) quantities than that of the simulated
converter. For cases with different parameters, the reader is
referred to [37], [41]–[43], where no indications for instability
can be observed.
As shown in Fig. 5, a disturbance is observed in the
simulated voltage waveform due to the imbalance, but is cured
when switching over to the open-loop controller, which occurs
at the time instant 1 s.

Fig. 5. Simulated output phase voltage without (upper) and with (lower) the
use of the open-loop control method.

Let us now look into the converter state variables, as
described in (10), and see if they converge to the estimated
operating point. In Fig. 6, it is shown that the oscillating
components in the circulating current are eliminated. As the
convergence is fairly slow, Figs. 7 and 8 are provided in order

to show in a more clear way the shape of ic before and after
application of the open-loop controller.

Fig. 8. Simulated circulating current after the system states have stabilized
to their reference values (dashed line shows the circulating-current reference)
with application of the open-loop controller.
Fig. 6. Simulated effect of the open-loop control method on the circulating
current. Dashed line represents the reference.

Fig. 9. Simulated effect on the total arm voltages. Dashed lines represent
the references.
Fig. 7. Simulated circulating current before application of the open-loop
controller. Dashed line represents the reference.

Similarly, Fig. 9 shows that the actual sum capacitor voltages will converge to the references, even if the system
has started from a significant unbalance. Figs. 10 and 11 are
provided in order to show in a more clear way the shape of
Σ
vcu,l
before and after application of the open-loop controller.
In the lab experiment, insertion indices are created in the
beginning as in (30a) and (30b), giving an (intentionally) unbalanced operating point, while the open-loop-control insertion
indices are applied at time instant 0.525 s.
Fig. 12 shows the resulting output phase voltage waveform
during the unbalanced operation using the direct-modulationcreated insertion indices, as well as after steady-state operation
is reached using the insertion indices derived with the openloop control method. The response in the system state variables
is shown in Figs. 13 and 14. Harmonic components in the
circulating current are quickly eliminated, while the total arm
voltages converge quickly to their references.
Comparing the behavior of the system states between the
simulation and the experiment, shown in Fig. 6–9 and 13–14,

Fig. 10. Simulated total arm voltages before application of the open-loop
controller. Dashed lines represent the reference.

it can be observed that the convergence to the reference values
is much faster in the experiment. This favorable behavior

Fig. 13.
Experimental effect of the open-loop control method on the
circulating current. Dashed line represents the reference.

Fig. 11. Simulated total arm voltages after the system states have stabilized
to their reference values (dashed lines) with application of the open-loop
controller.

Fig. 14. Experimental effect on the total arm voltages. Dashed lines represent
the references.

Fig. 12. Experimental output phase voltages without (upper) and with (lower)
the use of the open-loop control method.

for the experimental prototype is due to the relatively higher
parasitic arm resistance, which gives increased damping [38].
One way to include the effect of a resistance in the control
system, without its physical presence, is by circulating-current
feedback through a so-called “active resistance,” as discussed
in [29]. However, the implications of this feedback on the
global stability properties remains to be analyzed, which is
not within the scope of this paper. A first effort to analyze the
stability of such a system through linearization is described in
[38], concluding to some parameter restrictions.
V. C ONCLUSION
The open-loop control algorithm, using estimation of the
capacitor voltage ripple, has been introduced previously [37].
The main contribution of this paper is the proof of that, when
using this open-loop control algorithm, global asymptotic
stability of the converter system can be guaranteed, without
any special restrictions of the parameter values. The analytical
proof presented here is based on Lyapunov theory. Simulations
and experimental results are also provided in order to verify

practical validity of the theory. Further work in the same
context should include closed-loop circulating-current control
[38] into the stability analysis, as well as potential time delays
in the control system.
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Abstract—The modular multilevel converter (M2C) is a
promising converter technology for various high-voltage highpower applications. The reason to this is that low-distortion
output quantities can be achieved with low average switching
frequencies per switch and without output filters. With the M2C
the output voltage has such a low harmonic content that highpower motors can be operated without any derating. However,
the apparent large number of devices, requires more complex
converter control techniques than a two-level counterpart. Even
though there have been several ways suggested to control the
converter itself, it is still a challenge to investigate the interaction
of these controllers with an external motor current controller. It
is shown in the paper that the anticipated interaction will not
result in any problems neither for the converter nor for the motor
control itself.

I. I NTRODUCTION
Converters for high-power ac motor drives in the multimegawatt power range are usually, but not always, designed
to produce output voltage waveforms that have a significantly
lower harmonic content than standard inverters for industrial
induction motor drives in the kilowatt range. The reason to this
is twofold. First, from experience it is found that the losses
caused by the harmonics cause much greater thermal problems in high-power motor drives than in standard mediumpower drives. Second, since energy costs and environmental
awareness are increasing almost monotonically, the losses as
such have become an important issue when purchasing a highpower drive system. High-quality output voltage waveforms
can, however, not be created without considerable efforts. With
a two-level inverter a high switching frequency in combination
with a costly, and potentially, lossy filter are necessary. In
the search for alternatives, different multilevel topologies have
been suggested, where an outstanding voltage waveform can
be combined with very high efficiencies.
One of the most promising converter topologies in this
context is the modular multilevel converter (M2C) [1]–[4].
Here, the main circuit can be designed without complex highvoltage solutions for interconnection of different clamping

elements that are necessary in diode or capacitor clamped
multilevel topologies, and contrary to other cascaded-bridge
technologies, the M2C can be fed from a common direct
voltage source instead of individual supplies for each level.
From the analysis in [5], where the internal converter dynamics
of the M2C are studied in detail, at least three potential
problems can be foreseen if an M2C is combined with a
high-performance current controller. First, the internal voltage
sharing within the converter arms may be affected if this
balancing process is too slow. Second, the balancing between
the upper and lower arms of each phase may be impaired.
Finally, and not least, interaction between the phases due to
the dc-side impedance may result if not necessary measures
are taken to alleviate the interaction, e.g. by means of feedforward to the inserted arm voltages. Apart from the blanking
time, such interactions can usually be totally disregarded with
two-level inverters.
In the present paper, therefore, analytical considerations
and experiments on a down-scaled 10 kW M2C with 30
sub-modules feeding a small induction motor are presented.
Even though the power level is approximately three orders
of magnitude lower than the targeted applications, it is the
opinion of the authors that the basic interaction phenomena
can be described adequately.
II. OVERVIEW OF THE PROTOTYPE CONVERTER
A modular multilevel converter (M2C) consists of a number
of series-connected half bridges with capacitors, henceforth
called “sub-modules”, in each phase leg. Connecting the
appropriate amount of sub-modules, any voltage level can be
achieved at the output. A simple schematic of an M2C is given
in Fig. 1 and the schematic of a sub-module is shown in Fig. 2.
As capacitors exist in such a topology, several ways to balance the energy stored in these devices have been suggested.
However, two methods have mainly focused on this topology;
one suggests the use of individual voltage controllers and
modulators that act directly on each of the capacitors [3], [6],

Fig. 3. Picture of the sub-modules constituting one phase leg on the prototype

Fig. 1.

Schematic of a 3-phase M2C

Fig. 2.

Schematic of a simple sub-module

while the other proposes a more concentrated concept, using a
selection method to balance the capacitors that constitute each
phase leg [1], [7]. In the latter case, additional controllers are
used to guarantee the energy balance among the phase legs
and arms of the converter [5].
All the above mentioned controllers can stabilize the operation under all possible load angles. These control techniques
were implemented and tested in a downscaled 10 kVA prototype M2C converter [8]. Each phase leg of the prototype
converter consists of 10 sub-modules with a voltage rating of
100 V each. Each sub-module consists of two switches with
anti-parallel diodes and a capacitor that serves as the voltage
source. Gate-drive circuits, voltage measurements, and signal
communication circuits are also considered parts of a submodule, as they are implemented on the same circuit board
and refer to the same potential as the power circuit of each
board. An image of the prototype sub-modules constituting
one phase can be found in Fig. 3.
These sub-modules are connected through optic fibres to
an FPGA, which gathers all the voltage measurements and
transmits all the control signals back to the sub-modules.

The control signals are generated based on the sub-module
selection process, which is carried out by the modulator for
each phase arm. The capacitor voltage measurement, the submodule sorting and selection process, as well as the final control signal generation can be implemented as logic functions
inside the FPGA. However, more complex control algorithms,
such as energy controllers [5], cannot be easily implemented
as logic functions, and, therefore, require the existence of a
controller in a digital signal processor (DSP). Based on inner
converter variables, such as the sub-module capacitor voltages,
as well as external analog measurements (e.g. phase voltages
and currents) the high-level controllers provide the appropriate
modulation index for each arm. Thus, the DSP is required to
communicate data both to and from the FPGA, but also with
an analog measurement interface. The analog measurement
interface samples the external voltage and current values and
communicates them to the main controller through an analogto-digital converter.
The control architecture, which is briefly described above,
is not dedicated on the implementation of a specific control
strategy; it is rather general. Using the same architecture, the
controllers described in [3], [5] could be implemented and
compared experimentally using passive loads in [8].
III. C ONVERTER DYNAMICS
A more detailed description of the dynamics of an M2C can
be found in [5]. A first modulation approach using pure sinusoidal references for the arm voltages results in arm currents
with quite strong harmonic components circulating among the
phase legs. This system seems to be very stable; however,
suppression of the circulating currents would improve its
efficiency and performance. Thus an open-loop energy control
system was developed, utilizing measured values of the ac
terminal currents. This energy control strategy is described in
detail in [9], and will be outlined here for completeness.
The final output values of the energy controller (which is
fed into the modulator) are the modulation indices for each
arm. These are given as in Eq. (1), (2).

nU =

uCU
uΣ
CU

(1)

nL =

uCL
uΣ
CL

(2)

In Eq. (1), (2), uCU and uCL are the reference voltages for
the inserted voltages in the upper and lower arms and uΣ
CU
and uΣ
CL are the total (summed) voltages of the sub-module
capacitors in the respective arms. The voltage references, uCU
and uCL , for the upper and lower arm respectively are given
in Eq. (3), (4). The DC-link voltage is represented by uD , and
the output phase voltage (or inner converter voltage) is namely
eV .
uCU =

uD
− eV − udif f
2

(3)

phase) is estimated in real-time, using Recursive Least Square
(RLS) based estimators.
The total energy stored inside the capacitors of a phase leg
is then controlled together with the energy balance between the
two arms of a phase leg, as the idif f current transfers charge
among the connected capacitors. Simulation and experimental
results confirm the effectiveness of the controllers [8], [9].
Fig. 4 shows the experimental steady-state phase voltages and
currents from a test performed on the 10 kW prototype. Fig. 5
verifies the effectiveness of the controller, showing the arm and
circulating currents, as well as the balancing of the sub-module
capacitor voltages.
It becomes obvious that the complexity of the control
system is increased and possible reactions of such a controller
when the converter is not operating as an isolated system are
to be discussed later in this paper.

uD
+ eV − udif f
(4)
2
The voltage contribution, udif f , is the result of the energy
controllers, and governs the circulating current, idif f , according to Eq. (5), where L and R are constant values referring to
the arm (inductance and resistance respectively).
uCL =

L

didif f
+ Ridif f = udif f
dt

(5)

Σ
The denominators in Eq. (1),(2), uΣ
CU and uCL , are directly
related to the stored energy inside each arm, as in Eq. (6),(7),
where N is the number of sub-modules per arm.
s
Σ (t)
2WCU
uΣ
(t)
=
(6)
CU
Carm

C
(7)
N
The stored energy in steady state can then be estimated
according to Eq. (8), using Eq. (9), where the circulating
current is assumed to have a pure dc-component. As a result,
Eq. (5), can be rewritten like Eq. (10).
Carm =

êV idif f 0 sinωt
ω
( u2D − Ridif f 0 )îV sin(ωt + φ)
+
2ω
êV idif f 0 sin(2ωt + φ)
−
8ω

Fig. 4.

Experimental output voltages and currents

Fig. 5.

Arm and circulating currents, and sub-module capacitor voltages

Σ
Σ
WCU
(t) =WCU
0−

idif f 0 =

ê î cos φ
q V V
uD + u2D − 4RêV îV cos φ
Ridif f = udif f

(8)

(9)

(10)

Σ
In Eq. (8), WCU
0 is an integration constant which can be
freely selected. It is used to control the desired voltage level
in the sub-module capacitors. The estimation for the stored
energy inside each arm is based on the phasor representing
the output current. The current phasor (both amplitude and

TABLE I
S IMULATION PARAMETERS
Motor characteristics

Converter characteristics

Rated Power

S = 30 M V A

DC Voltage

Line-to-line Voltage

Vll = 13.8 kV

Submodule Capacitance

Output Frequency

f = 50 Hz

IV. M OTOR CONTROL
Modern high-performance motor drives make use of vector
control techniques. The motor control system implemented
here for an induction machine creates a rotating dq- frame,
which has its d-axis aligned with the stator flux. Thus,
for a fixed stator flux, the voltage applied to the motor
is proportional to the instantaneous rotating frequency and
directed in the q-direction. The stator current is measured and
transformed into the rotating frame. Its component along the
q-axis direction, Iq , is proportional to the motor torque. It
is controlled by a PI controller acting on the instantaneous
frequency of the rotating frame. The current component in
the d-axis direction, Id , depends exclusively on the selected
constant, which determines the voltage amplitude as a function
of the applied frequency, and it is not controlled in any
other way. The voltage references are then fed into the inner
converter control system, which provides the final modulation
indices for the converter arms.
The main focus in this investigation is to perform a controlled torque step through the Iq controller, and discuss if this
can produce any severe disturbances to the converter operation.

Submodules

UD = 25 kV
C = 5 mF
N = 10 per arm

shown that the inner control of the converter is not affected by
the use of a current controller for a motor drive application.

Fig. 6.

Motor isd , isq currents and torque

Fig. 7.

AC motor stator voltages and currents

V. A NTICIPATED INTERACTION PROBLEMS AND
SIMULATION RESULTS

As discussed above, a vector control of the current is
capable of handling requested torque steps from the motor load
by adjusting the q-component. The converter then will have
to provide the appropriate output current, but the existence of
capacitors may limit the size of steps the converter can handle.
On the other hand, the energy balancing strategy will try to
act rapidly at the same time, trying to replace the charge to
the capacitors. The balancing controller acts directly on the
circulating current, while the external current controller will
also affect the current circulating inside the legs, while trying
to follow the torque demand. As a result, there will be two
controllers, trying to affect the same quantity.
Simulation results for the 30 MVA induction motor drive,
which is described in Table I, are shown in Fig. 6. The motor
speed is 0.8 pu and full stator flux is applied. The motor torque
control shows good performance; isq and, thus, torque reach
the reference value of 0.8 pu in less than 2 ms (starting from
0.5 pu), while at the same time the converter controllers maintain stable operation. The voltage (and equivalently energy)
stored in the sub-module capacitors shows a small dynamical
drop, but returns to the steady-state value very rapidly, as can
be seen in Fig. 8. Furthermore, the stator currents, shown in
Fig. 7, increase in accordance to the increased torque demand.
However, no instabilities or offsets can be observed. It is

VI. E XPERIMENTAL RESULTS
The controller that was discussed above was implemented
in a 10 kVA M2C prototype. A small induction motor was
driven with a torque controller. Even though the size of the
motor is considerably small, it is enough to fulfill the aim
of this publication, which is to observe if a controlled torque

Fig. 8. Converter arm total voltages for the 3 phases (blue: upper arm, red:
lower arm)

Fig. 9.

Motor experimental step in isq

TABLE II
E XPERIMENTAL PARAMETERS
Motor characteristics
Rated Power
Line-to-line Voltage
Rated Output Frequency

S = 1.8 kV A
Vll = 380 V
f = 50 Hz

Converter characteristics
Rated Power

S = 10 kV A

DC Voltage

UD = 500 V

Submodules

N = 5 per arm

Submodule Capacitance

C = 3.3 mF

Sub-module capacitor nominal voltage

VC = 100 V

Output ac phase peak voltage

eV = 250 V

Carrier frequency
Arm inductance

fs = 5.0 kHz
Larm = 3.1 mH

step would result in any interaction with the inner converter
dynamics. The ratings of the experimental configuration are
given in Table II.
The experiment is done as follows: The motor is running at
0.8 pu of the rated speed, providing 0.45 pu of the rated torque.
The mechanical power is fed into a dc generator, coupled to
the induction motor shaft, and then damped into a passive
load. A step in the q-current component, isq , is requested, up
to 0.65 pu of the rated torque, as shown in Fig. 9.
The current responds in less than 2 ms and the behaviour is
stable. In the present experimental setup the load torque was
proportional to the motor speed and accordingly the torque
increase causes a speed increase in the time scale of seconds. It
is also important to observe the voltage and current waveforms,
in order to ensure that no severe disturbance appears because
of the controller action. Fig. 10 shows the phase voltages and
currents during the torque reference step.
Last but not least, the sub-module capacitor voltages keep
their balance within the arm, as shown in Fig. 11. As for
the total voltage stored in each arm (Fig. 12), a similar

Fig. 10.

Output voltages and currents during a torque reference step

quick dynamical drop can be detected, in accordance with the
simulation results; however, the recovery to the steady state
values is very quick.
VII. P OTENTIAL IMPROVEMENTS AND FUTURE WORK
Even though the torque controller shows very good stability
and good response performance, it can easily be observed that
the estimated isq suffers from small oscillations even before
the step is applied. However, this disturbance does not affect
the stability of the motor drive, as shown in the experiments.
This publication was dedicated on the implementation of a
motor torque controller using a Modular Multilevel Converter.
The aim was to find out if a motor controller can affect the
inner stability of the converter itself. This was done in a
fairly high speed (0.8 pu) and potential interactions in lower
operating speeds are still to be investigated in the future.
VIII. C ONCLUSIONS
Due to the combination of high efficiency and high-quality
output voltage waveforms modular multilevel converters seem

to be the perfect alternative for high-power ac motor drives.
For high-performance drives, however, the fast dynamics required by the current controller impose very high demands
on the balancing processes of the internal voltages of the
converter. Several problems associated with interaction between the current controller and the internal dynamics of the
converter are therefore anticipated. The experimental results
presented in the paper, however, indicate that the proposed
open-loop converter control system is fast enough to provide
good control of the internal capacitor voltages in the converter
even when fast torque changes are executed by the motor
control system. Therefore the M2C may become an attractive
alternative for medium- and high-power motor drives.

Fig. 11.

Individual capacitor voltages in the upper and lower arms

Fig. 12. Total capacitor voltage in the arms for all 3 phases (blue: upper
arm, red: lower arm)
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Abstract—Modular multilevel converters (M2Cs) are shown
to have a great potential in the area of medium-voltage drives.
Low-distortion output quantities combined with low average
switching frequencies for the semiconductor devices create an
ideal combination for very high-efficiency drives. However, the
large number of devices and capacitors that have to conduct the
fundamental-frequency current require more complex converter
control techniques than its two-level counterpart. Special care
needs to be taken for starting and operation at low speeds,
where the low-frequency current may cause significant unbalance
between the submodule capacitor voltages and disturb the output
waveforms. In this paper, principles for converter operation
with high torque in the whole speed range are investigated.
Experimental results from a down-scaled 12-kVA prototype
converter running a loaded motor at various speeds between
standstill and the rated speed are also provided.
Index Terms—Modular multilevel converters, medium-power
variable-speed drives, constant torque.

N OMENCLATURE
The upper and lower arms of the converter are denoted with
the subscripts “u” and “l,” respectively. An expression which
is valid for either of the arms is denoted with the subscript
“u, l.”
N
Number of submodules per arm.
C
Submodule capacitance.
L
Arm inductance.
R
Parasitic arm resistance.
Pole-to-pole dc-bus voltage.
vd
i
, i = 1, . . . , N
Individual capacitor voltages.
vcu,l
Σ
i
vcu,l
= ΣN
v
Sum/available
capacitor voltage in
i=1 cu,l
one arm.
Insertion indices.
nu,l
Σ
vcu,l = nu,l vcu,l
Inserted arm voltage.
Arm currents.
iu,l
pu,l = iu,l vcu,l
Power delivered to the arms.

2
C
Σ
Σ
Wcu,l = 2N vcu,l
Per-arm stored energy.
is = iu − il
Output current.
Circulating current.
ic = (iu + il )/2
vs = (vcl − vcu )/2
Voltage driving the output current.
vc = (vd − vcu − vcl )/2 Voltage driving the circulating current.
vcm
Common-mode voltage.
Positive-sequence component in the
icP
circulating current.
icN
Negative-sequence component in
the circulating current.

Ra
ωs
ωcm
ϕ
ϕcm
ϕcP
ϕcN
ˆ
˜
0

Active resistance for circulatingcurrent control.
Angular stator frequency.
Angular frequency of the commonmode voltage.
Power angle.
Phase of the common-mode voltage.
Phase of icP .
Phase of icN .
Peak value.
Deviation quantity.
Average/constant quantity.
I. I NTRODUCTION

ONVERTERS for high-power ac motor drives in the
multi-megawatt power range are usually, but not always,
designed to produce output voltage waveforms that have a significantly lower harmonic content than standard inverters for
industrial induction-motor (IM) drives in the kilowatt range.
The reason for this is twofold. Firstly, the losses caused by
the harmonics cause much greater thermal problems in highpower motor drives than in standard medium-power drives.
Secondly, since energy costs and environmental awareness
are increasing almost monotonically, the losses as such have
become an important issue when purchasing a high-power
drive system. High-quality output voltage waveforms can,
however, not be created without considerable efforts. With a
two-level inverter a high switching frequency in combination
with a costly, and, potentially, lossy filter are necessary. In
the search for alternatives, different multilevel topologies have
been suggested, where an outstanding voltage waveform can
be combined with very high efficiencies.
One of the most promising converter families in this context
is the modular multilevel converter (M2C) family [1]–[5].
Here, the main circuit can be designed without complex highvoltage solutions for interconnection of different clamping
elements that are necessary in diode- or capacitor-clamped
multilevel topologies. Contrary to other cascaded-bridge technologies, the M2C can be fed from a common direct-voltage
source instead of individual supplies for each level. An outline
of an M2C, based on cascaded half bridges, and connected to a
three-phase motor is shown in Fig. 1. However, there are also
features of the topology that will need extra effort to be taken
care of. The output current flows through the capacitors in the
submodules and accordingly will cause significant ripple in

C
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the capacitor voltages at low operating frequencies. In order,
then, to ensure stable operation, the converter control should
be designed such that it not only regulates the total capacitor
voltage per phase leg, but also the voltage balance between
the arms as well as the voltage sharing among the submodule
capacitors.

Fig. 1.

M2C based on half bridges feeding a three-phase motor.

So far, several control strategies have been suggested in the
literature [6]–[11], that sufficiently fulfill the aforementioned
requirements, assuming that the converter operates with a
fixed frequency. However, when considering a motor-drive
application, a wide range of frequencies has to be examined.
The suitability of M2C variants for different applications is
discussed in [12]. A first attempt to deal with a variablespeed drive was described in [13]. In that case, the torque
requirement is a quadratic function of the speed, so the
starting torque is quite low, and the low-speed range is passed
quite fast at start-up. A similar study is shown in [14],
[15], where the circulating current is optimized to provide
as high starting torque as possible, without overrating the
converter components. The starting torque achieved in that
case is 40% of the rated value. High-speed applications are
also discussed in [16], where a staircase modulation method
is used to reduce both switching and additional motor losses
due to harmonic currents. A first study on dimensioning the
converter for variable-speed drive applications in different
loading conditions is given in [17].
However, no discussion concerning the control principles
that affect the converter requirements in the case of a constanttorque request throughout the whole speed range has yet been
made. This will be presented in this paper, for an M2C-based
motor drive operating from standstill up to the rated speed.
In Section II, the control principles that are applied for
different speed ranges are described. These are followed
by experimental results in Section III, where these control
principles are applied on a down-scaled M2C prototype with
rating limitations. The target is to provide 85% of the rated
torque in the whole speed range, without exceeding the given
limitations of the converter. The conclusions of this study are
presented in Section IV.

II. C ONVERTER DYNAMICS AND C ONTROL
A. Open-Loop Control
The higher-level motor-control system provides instantaneous reference values for the voltages to be inserted in
each arm [10]. These voltage references are converted into
insertion indices by the internal M2C control system (0 to
bypass all submodules, 1 to insert all submodules) that are
given to the modulator, which determines any incremental
insert/bypass commands to be carried out. A sorting algorithm
[1], [18] finally selects, in real time, the appropriate submodule
to execute the commanded switching. It has been shown
that, if the insertion indices are being calculated without
considering the ripple of the capacitor voltages, unintentional
current harmonics will occur in the converter arms [8], [19],
[20]. A method to estimate the available-voltage ripple from
measurement of the output current, and use these estimated
values to calculate the insertion indices has been described in
[10]. This method has been further analyzed in [21], [22], and
has also shown very good performance in simulations and tests
[22], [23], eliminating undesired high-order components in the
circulating current. Extensions of this method, where desired
components can be injected into the circulating current in order
to shape the capacitor-voltage ripple and extend the operating
region for grid-connected, 50-Hz applications are shown in
[24], [25]. A further extension thereof in order to handle lowand zero-speed operation will be explained in Sections II-C
and II-D.
In the most basic form of this control strategy [10],
only fundamental-frequency output quantities (voltages and
currents) are considered, while the circulating current i c is
required to be dc in order to minimize resistive losses, as in
vs = V̂s cos ωs t
is = Iˆs cos (ωs t − ϕ)
ic = ic0 =

V̂s Iˆs cos ϕ

vd +


vd2 − 4RV̂s Iˆs cos ϕ

(1a)
(1b)
ˆ
V̂s Is cos ϕ
. (1c)
≈
2vd

The right-hand term in (1c) expresses the input-output power
balance in the steady state. It is assumed that a stiff directvoltage source is connected on the dc side, so v d is considered
to be a constant quantity. In that case, the power delivered to
the arm capacitors is

 

is
vd
∓ vs − Ric0 . (2)
pu,l = iu,l vcu,l = ± + ic0 ·
2
2
The stored energy in the arms can be calculated by integrating
(2), which gives the expression for the energy variation as
V̂s ic0 sin ωs t
ωs
ˆ
− Ric0 )Is sin (ωs t − ϕ) V̂s Iˆs sin (2ωs t − ϕ)
−
.
2ωs
8ωs


Σ
Σ
Wcu,l
= Wcu,l0
∓

±

( v2d


Iˆs /ωs −term

(3)
Σ
The average value for the per-arm stored energy W cu,l0
can
be chosen arbitrarily, as pointed out in the detailed description
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of this open-loop control scheme [10]. This fact adds a degree
of freedom, which is very useful, especially for the “close-torated-speed” operation, as will be explained in Section II-B.
The expression in (3) can be utilized to estimate the sum
capacitor voltage, as
Σ
vcu,l
=

Σ
2N Wcu,l

C

,

(4)

which, in turn, is needed to calculate the insertion indices [10]
vd
∓ vs − vc
nu,l = 2
.
(5)
Σ
vcu,l
Further information on the implementation and the behavior
of this method can be found in [10], [22], [26].
B. Operation Close to Rated Speed
In the case of a motor drive, when the speed is reduced
from its rated value, the voltage must be reduced almost
proportionally to the speed in order to keep the magnetization
level constant, i.e., V̂s /ωs is constant. From (3) and (4), it
is then found that for a constant torque, the voltage ripple
will increase approximately with the square root of the frequency/speed drop, because the Iˆs /ωs -term will dominate the
energy variation. However, the reduced requirement for output
voltage, due to the lower speed of the machine, allows for
a certain reduction of the average capacitor voltage, which
is set arbitrarily via Wcu,l0 . Thus, by reducing the average
value of the capacitor voltages at speeds below (but close to)
the rated speed, it becomes possible to run the motor drive
without exceeding the capacitor-voltage ratings. This approach
was first shown in [8], where a feedback control was utilized
to control the capacitor voltages. However, the feedback loop
has proven not to be necessary in later publications. This will
be shown also experimentally in Section III-A.
C. Intermediate-Speed Range
Depending on the capacitor size, the strategy to reduce the
average capacitor voltage can be utilized for a certain speed
range below the rated speed of the motor. Unfortunately, when
the speed decreases, the amplitude of the capacitor-voltage
ripple increases for a constant stator current. At a certain speed
there remains no more room for the modulator to create the
requested output voltage.
The idea here is that some compensation should be established for the fundamental-frequency capacitor-voltage ripple,
created by the Iˆs /ωs -term, which is the dominant one. A
first approach was shown in [24], where a second-harmonic
circulating current was injected in order to shape the capacitorvoltage ripple in such a way as to synchronize its peak with
the peak of the inserted arm voltage. A similar approach was
shown in [27], where a second-harmonic term was injected in
the circulating current in order to minimize the energy fluctuations in the arm capacitors. This concept is not limited to
the utilization of a second-harmonic current and the principle
used in the aforementioned examples will be expanded here.
One way to create a fundamental-frequency component
that compensates for the Iˆs /ωs -term is to generate a voltage

component at the output of the converter, and combine it
with circulating-current components that form positive and
negative sequence relative this voltage. If the frequencies
of the current components differ from this voltage by the
stator frequency, then the product of the arm currents with
the inserted arm voltage will create a fundamental-frequency
energy fluctuation in the arm capacitors. The resulting energy
fluctuation will, in fact, consist of two frequency components;
one (desired) at fundamental frequency, which needs to be
placed carefully in order to compensate for the capacitor
fundamental-frequency voltage ripple, and one at the sum of
the two applied frequencies, that will give a small contribution,
as the capacitor reactance will be quite low at that high
frequency.
The preferable selection of a voltage is a common-mode
voltage
(6)
vcm = V̂cm cos (ωcm t + ϕcm ),
which will not distort the stator voltages. Having ω cm as
the central frequency for the compensating components, two
circulating-current components can be selected, one at a positive and one at a negative sequence, as
icP = IˆcP cos [(ωcm + ωs )t + ϕcP ]
icN = IˆcN cos [(ωcm − ωs )t + ϕcN ].

(7a)
(7b)

It is desirable that these currents form a symmetrical system
in the converter phases, such that the sum of them will be
zero. If this can be accomplished, there will be no effect
from these currents on the dc side. Apart from the effect
on the dc side, the additional current that will be driven
through the converter arms must be considered when deciding
the current rating of the semiconductors 1. Increased current
flowing through the converter arms will not only require to rate
the passive components for a higher current, but also generate
additional resistive losses, and therefore, additional stress on
the semiconductors. The effect of these additional losses can
be quite significant, and further studies on this issue can be
found in [24], [28], [29].
Furthermore, according to the equation describing the dynamics of the circulating current, some part of the available
arm voltage is required in order to drive these compensating
currents as
dic
.
(8)
vc = Ric + L
dt
The inserted arm voltage reference will finally be
vd
vcu,l =
∓ vs ∓ vcm − vc − Ra ĩc ,
(9)
2
where Ra is an “active resistance” (i.e., a proportional gain)
to control the circulating current, and ĩc is the difference
of the measured circulating current from its reference. More
information about this circulating-current control utilizing the
active-resistance method can be found in [21].
The capacitor-voltage variation can then be estimated as
shown in Section II-A, with the difference that the final time
1 This increased current capability of the converter may be considered
beneficial, as it will increase the torque capability at other operating points,
where less compensation is required.
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representation of the capacitor-energy variation will contain
terms of a few additional frequencies. The R a ĩc -term appearing in (9) can be ignored when estimating the capacitor-voltage
variation as it is zero in the ideal steady-state conditions which
are assumed for deriving the equations in Section II-A.
Finding the most appropriate way to utilize the components
icP , icN and the voltage v cm is not a straightforward process,
and no analytical method has yet been found. In general, as
the motor speed reduces, the need for fundamental-frequency
capacitor-voltage compensation will be increased. However,
it is not wise to apply full compensation from the very
beginning, as this will require unnecessary high voltages to
drive the circulating currents, as well as in losses, which will
be increased from the additional circulating currents. What
is favorable, though, is to utilize all the available voltage in
order to generate the highest possible common-mode voltage,
as this will reduce the need for compensating currents.
As for the selection of the frequency ω cm , in case it is
low (close to ωs ), the arm impedance ω cm L will also be
low, and therefore, a low voltage v c is needed to drive the
circulating currents, leaving more available space for a large
common-mode voltage. However, the undesired contribution to
the capacitor energy ripple from the (ω s + ωcm )-component
will be significant due to the high capacitor reactance at low
frequencies. On the other hand, selecting a high ω cm value
requires a great proportion of the available voltage just to drive
the circulating currents.
For the experiments in this paper, an offline optimization algorithm is used, which suggests the values for the
common-mode frequency ω cm , the amplitudes and phases of
the common-mode voltage V̂cm , ϕcm , the circulating currents
IˆcP , ϕcP , IˆcN , ϕcN , as well as the average capacitor voltage
Σ
reference Wcu,l0
, in order to generate the requested stator
current throughout this intermediate-speed range. The peak
of the capacitor voltage is constrained to 115% of the rated
average, while the peak of the arm currents is limited to
two times the peak value of the rated stator current. The
theory behind this optimization algorithm is described in more
detail in [25] and [30]. In this paper, the optimization aims
for feasible operating points, given the converter and the
motor characteristics, and returns a suggested solution for the
compensating components in order to provide the requested
amount of torque. The resulting values are fed into the control
system that runs the motor drive and are experimentally
evaluated in Section III-B.
D. Low Speed and Standstill
For zero stator frequency, the instantaneous values of v s
and is are constant, as is the the power delivered to the arms,
according to (2). The sum capacitor voltage in each arm then
continuously increases or decreases. It is shown already in [8]
that an alternating component introduced in the circulating
current, at the same frequency and in phase with the output
voltage vs , is capable of controlling the balancing of the
sum capacitor voltages in the upper and lower arms of one
converter leg. The mechanism is based on the fact that, if the
circulating current and the output potential vary in phase with

each other, the number of inserted submodules is low in the
upper arm and high in the lower arm, when the circulating
current is charging. Conversely, when it is discharging, the
majority of submodules inserted is from the upper arm, and as
a result, the energy stored in the upper arm decreases, while
the energy stored in the lower arm increases. Equivalently,
energy is transferred from the lower to the upper arm, when
the oscillating component in the circulating current is in phase
opposition with the output potential.
When the motor speed is low, the alternating phase voltage
is almost constant and very low in amplitude. It can then be
approximated as
(10)
vs = V̂s0 .
A common-mode voltage with a high amplitude may be superimposed on the motor voltages in all three phases, without
affecting the stator line-to-line voltages. Let this commonmode voltage and the resulting output voltages be
vcm = V̂cm cos ωcm t ⇒ vs = V̂s0 + V̂cm cos ωcm t.

(11)

Similarly, the phase current in the stator is almost constant,
with its amplitude depending on the torque demand
is = Iˆs0 .

(12)

In each phase, an oscillating component in the circulating
current, which does not affect the stator currents can be
injected as
(13)
ic = ic0 + Iˆc cos ωcm t.
As this oscillating current creates additional losses, it is
recommended to use all the available voltage for the generation
of the common-mode-voltage component, in order to minimize
Iˆc . Having a defined amplitude for the common-mode voltage
V̂cm , the energy contents in the upper and lower arms can
then be controlled by varying Iˆc . The voltage that drives the
circulating current becomes
vc = Ric0 + RIˆc cos ωcm t − ωcm LIˆc sin ωcm t.

(14)

The power delivered to the arm capacitors can be calculated
in the same way as when deriving (2). Thus,
pu,l =iu,l vcu,l
Iˆs0
+ ic0 + Iˆc cos ωcm t ·
= ±
2
v

d
∓ V̂s0 ∓ V̂cm cos ωcm t − vc ,
2
where the constant terms are given by


V̂s0 Iˆs0
vd ic0
RIˆc2
2
+
− Ric0 −
pu,l0 = −
2
2
2


V̂cm Iˆc
vd Iˆs0
Ric0 Iˆs0
+ ±
∓ V̂s0 ic0 ∓
∓
.
4
2
2

(15)

(16)

The requirement for the capacitor voltages to remain balanced
is then equivalent to making the constant power delivered to
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the arms zero, i.e., the expressions in brackets in (16) must
(all) be zero. It is then derived that
vd ic0
V̂s0 Iˆs0
RIˆc2
−
+ Ri2c0 +
=0
(17a)
2
2
2
V̂cm Iˆc
vd Iˆs0
Ric0 Iˆs0
− V̂s0 ic0 −
−
= 0.
(17b)
4
2
2
In the equation system (17a), (17b), the unknowns are the
average value i c0 and the oscillating amplitude Iˆc of the
circulating current, for given V̂s0 , Iˆs0 output quantities. This
system can then be solved in real time by obtaining Iˆc from
(17b) and substituting it into (17a). What remains then to be
solved is a second-order equation for i c0 . Once Iˆc and ic0
are determined, the expression for the energy variation can
be obtained by integrating the oscillating terms in (15). Then,
the sum capacitor voltages can be estimated, and, finally, the
insertion indices can be calculated as in (5) [10]. Experimental
results for low-speed operation are given in Section III-C.
III. E XPERIMENTAL S ETUP AND R ESULTS
Experimental verification of the aforementioned control
methods was performed on an 11-kW IM, driven from a lab
prototype 12-kVA M2C. The converter and the motor ratings
are shown in Table I. A photograph of the experimental M2C
is shown in Fig. 2, while a photograph of the IM and the
dc-generator load is found in Fig. 3.
TABLE I
R ATINGS OF THE E XPERIMENTAL M2C AND IM

Fig. 2.

Photograph of the experimental 12-kVA prototype M2C.

Converter ratings
Rated power

S = 12 kVA

Input voltage

vd = 500 V

Rated rms phase current

Is = 20.5 A

Maximum peak arm current

îu,l = 65 A

Carrier frequency

fcar = 5 kHz

Number of submodules per arm

N=5

Submodule capacitor rated

i
vcu,l0
= 100 V

average voltage
Submodule capacitance

C = 3.3 mF

Parasitic arm resistance

R = 0.5 Ω

Active resistance

Ra = 2.0 Ω

Arm inductance

L = 1.2 mH
Motor ratings

Rated power

S = 11 kW

Number of poles

Np = 4

Rated speed

nr = 1450 rpm

Rated torque

Tr = 72 Nm

Stator line-line rated rms voltage

Vl−l = 380 V

Rated rms phase current

Is = 23 A

Magnetizing inductance

Lm = 66 mH

R
In this experimental setup, a controller (Intel 
Core 2 Duo,
2.16 GHz) is running a real-time operating system, which
is responsible for the converter control. It receives input
from analog measurements of voltages and currents on the
converter side, as well as from a torque and position sensor
R
TM312) connected on the shaft between the
(MAGTROL

Fig. 3.
Photograph of the experimental 11-kW IM connected to a dcgenerator load.

IM and the loading generator. The torque signal is used only
for logging measurement data, while the position is used
to create the reference for the orientation of the coordinate
system. As the aim of this paper is to discuss the conditions
and the converter requirements to run a motor in the whole
speed range, but not to show a robust motor control, little
effort was put to design a high-performance current controller.
In this sense, most of the operating points shown later are
with open-loop references for the voltage and the slip, which
result in parasitic effects like the torque ripple that appears
on the mechanical side. In the intermediate and high-speed
areas, where it would be impossible to operate a loaded IM
without any feedback control, a flux-oriented current controller
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was implemented, using the rotor speed as it is given by the
position estimator. The current controller has some damping
effect on the torque oscillations, as will be shown later.
The real-time process then handles the motor control, the
converter internal control, and the measurement functions with
a loop time of 200 μs. At the end of this loop, insertion indices
are created and sent to a subordinate field-programmablegate array (FPGA) that turns them into individual-submodule
switching functions. In this final process, a capacitor-voltagebalancing algorithm is utilized, based on a sorting algorithm
[1]. The switching signals are finally sent to the individual submodules via optical fibers. A block diagram of the controller
is shown in Fig. 4.

the direct component in it reduces proportionally to the active
power reduction. By reducing the average capacitor voltage
reference it becomes possible to keep the peak capacitor
voltage well below 115% of the rated average in all cases,
keeping a fairly generous margin from the peak-capacitorvoltage rating.
TABLE II
E XPERIMENTAL R ESULTS FOR THE H IGH -S PEED R ANGE .
Rotor speed

nr

1200 rpm

900 rpm

600 rpm

Torque

Tm

60.0 Nm

59.9 Nm

59.6 Nm

Active power

P

7.5 kW

5.6 kW

3.7 kW

Peak
fundamental
phase voltage

V̂s

285 V

220 V

156 V

RMS stator
current

Is

20.1 A

19.9 A

20.0 A

Peak arm
current

îu,l

21.9 A

19.7 A

18.1 A

i
vcu,l0

100 V

88.5 V

82 V

i
v̂cu,l

108 V

100.2 V

99.9 V

Average
capacitor
Block diagram describing the controller functions.

A. Operation Close to Rated Speed
For this experimental setup, the close-to-rated-speed area
is limited upwards by the phase voltage that the converter
can provide. With a dc-link voltage of 500 V, the amplitude
of the inserted arm voltage is limited to 250 V. By utilizing
a common-mode third-harmonic voltage with an amplitude
of 1/6-th of the fundamental, it is possible to achieve a
fundamental-peak-phase voltage of up to 285 V, keeping the
peak value of the waveform below 250 V. No capacitor voltage
ripple shaping is taking place at this time. The commonmode component is injected only to reduce the peak of the
waveform of the inserted arm voltage. Even doing so, it is
not possible to fully magnetize this 380 V machine up to its
rated speed. As a result, the highest speed shown here will be
1200 rpm, which is considered to be the base speed for these
experiments. Downwards, the principle to reduce the average
capacitor voltage functions satisfactory at least down to the
speed of 600 rpm (i.e., 50% of the base speed), as will be
shown here.
Table II shows three different operating points where this
principle was utilized. The torque in all three cases approximately 60 Nm, while the peak of the arm current drops, as

voltage

Fig. 5 shows the current in the stator winding i s and the
circulating current in the corresponding converter phase leg
ic . The measured mechanical torque is also shown, which
is 60 Nm. Fig. 6 shows the reference for the inserted arm
voltage vcu as well as the available capacitor voltage in the
Σ
corresponding arm v cu
. The dashed line in Fig. 6 represents
Σ
, which at
the reference for the average capacitor voltage v cu0
this operating point is exactly at its nominal value.

40
20

I [A]

A number of experiments are performed at certain operating
points in order to verify the different control techniques,
described in Section II. The aim in all of them is to provide
a constant torque of 60 Nm (85% of the rated) in operating
points from zero to base speed, given certain converter ratings.
The ratings decided are the following: the capacitor voltage is
required to stay limited below 115% of the rated average, and
the arm currents must not exceed the value of 65 A (this is
2 p.u. using the rated value of the stator-peak-phase current
as base). Certainly, the converter ratings will limit the stator
current that can be provided in every operating point.

Peak
capacitor

0
−20
−40
0.1

is
ic
0.15

0.2

0.25

0.3

80

T [Nm]

Fig. 4.

voltage

60
40
20
0
0.1

Tm
0.15

0.2

0.25

0.3

time [s]
Fig. 5. Stator and circulating currents (upper) and mechanical torque (lower)
for 1200 rpm.
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400
vcu
Σ
vcu
Σ
vcu0

200
0
0.1

0.15

0.2

0.25

0.3

time [s]
Fig. 6.

Inserted and available arm capacitor voltage for 1200 rpm.

Reducing the speed of the machine means that the demand
for magnetizing voltage also will reduce. At 900 rpm, the
capacitor-voltage ripple is still fairly small, so there is a
possibility to reduce the average capacitor voltage in order
to keep its peak below the rated limit, as shown in Fig. 8.
Neither of the currents, nor the torque quality is affected, as
shown in Fig. 7.

the fact that the active power is reduced proportionally to the
speed. As the operation is still based only on the reduction
of the average-capacitor voltage, i c remains dc, and therefore
additional losses created by an oscillating component will not
exist in this case. Comparing this case to the previous ones
though, it can be observed that even though the capacitorvoltage ripple has now become very significant, the peakcapacitor voltage is intentionally kept around the same level.
It can also be observed in Figs. 6, 8, and 10 that as the
speed reduces, the capacitor-voltage ripple is dominated by
the fundamental-frequency component caused by the Iˆs /ωs term.
40
20

I [A]

V [V]

600

0
−20
−40
0.1

is
ic
0.15

0.2

0.25

0.3

40
80

T [Nm]

I [A]

20
0
−20
−40
0.1

is
ic
0.15

0.2

0.25

60
40
20

0.3

0
0.1

Tm
0.15

40

0.3

20
Tm
0.15

0.2

0.25

600
0.3

time [s]
Fig. 7. Stator and circulating currents (upper) and mechanical torque (lower)
for 900 rpm.

400

0
0.1

0.15

0.2

0.25

0.3

time [s]
Fig. 10.

400
vcu
Σ
vcu
Σ
vcu0

200
0
0.1

vcu
Σ
vcu
Σ
vcu0

200

600

V [V]

0.25

Fig. 9. Stator and circulating currents (upper) and mechanical torque (lower)
for 600 rpm.

V [V]

T [Nm]

60

0
0.1

0.15

0.2

0.25

Inserted and available arm capacitor voltage for 600 rpm.

B. Intermediate-Speed Range
0.3

time [s]
Fig. 8.

0.2

time [s]

80

Inserted and available arm capacitor voltage for 900 rpm.

Finally, the currents and voltages for the case of 600 rpm
are shown in Figs. 9 and 10. The circulating current i c , shown
in Fig. 9, is reduced compared to the 1200-rpm case, due to

When the speed drops below 600 rpm, as the fundamentalfrequency component of the capacitor-voltage ripple becomes
quite big, it becomes important to utilize some compensation
for it, in order to accommodate the requested inserted arm
voltage. A compensation factor k comp is introduced, which
represents the amount of the fundamental-frequency capacitorvoltage ripple that is compensated by the product of the
common-mode voltage and the circulating currents. So far, in
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TABLE III
E XPERIMENTAL R ESULTS FOR THE I NTERMEDIATE -S PEED R ANGE .

600

V [V]

the close-to-rated-speed range this compensation was 0, and
in the low-speed operating region (close to standstill) it will
be 1. In the intermediate-speed range this factor will have
intermediate values, and will increase as the speed decreases.
The open-loop principle [10] is now expanded, as suggested
in Section II-C, using a zero-sequence common-mode voltage vcm and the positive- and negative-sequence circulatingcurrent components i cP and icN . It can be observed from
Table III that, as the speed drops, and the compensation
factor is growing, the instantaneous peak of the arm currents
increases significantly.

400

0
0.4
Fig. 12.

450 rpm

300 rpm

59.9 Nm

61.1 Nm

Active power

P

2.8 kW

1.9 kW

Peak fundamental
phase voltage

V̂s

124 V

94.5 V

RMS stator current

Is

19.9 A

20.6 A

Peak arm current

îu,l

43.1 A

52.1 A

Average capacitor voltage

i
vcu,l0

87 V

91 V

Peak capacitor voltage

i
v̂cu,l

108 V

114.8 V

40

Compensation of the
fundamental-frequency
capacitor-voltage ripple

kcomp

0.10

0.45

20

I [A]

nr

I [A]

0
−20
−40
0.4

is
ic
0.45

0.5

0.55

0.6

0.55

0.6

It has already been mentioned in Section II-C that the
circulating currents are desired to be symmetrical in the three
phases. Even though there were no degrees of freedom left
to achieve a three-phase symmetry (all degrees of freedom
are used to provide compensation), Fig. 13 shows that the
resulting dc-side current will be very close to dc. There is,
of course, some effect from the circulating currents, but this
can be easily filtered out, as it is fairly small compared to the
oscillations that appear in the arm currents.

Tm

20

0.5

Inserted and available arm capacitor voltage for 450 rpm.

Torque

40

0.45

time [s]

Rotor speed

Starting with the 450-rpm case, the resulting circulating
current necessary to achieve 10% of compensation is shown
in Fig. 11. The sum capacitor voltage will now contain small
high-frequency oscillations, as a result of the circulating current, and the high-frequency common-mode voltage, included
in the inserted-arm voltage, as shown in Fig. 12.

vcu
Σ
vcu
Σ
vcu0

200

ic,a
ic,b
ic,c
idc

0
−20
0.4

0.41

0.42

0.43

0.44

0.45

time [s]
Fig. 13. Circulating currents in the three phases and dc-side current for 450
rpm.

Let us now discuss the results for the 300-rpm case. The
torque produced is shown in Fig. 14. In this case, all the
available voltage is used in the arms to create both the
magnetizing stator voltage and the high-frequency commonmode compensating component, as shown in Fig. 15. The
peak-capacitor voltage is also very close to the limitation of
115% of the rated average. It is then impossible to compensate
any further with the voltage, and higher compensation is then
only possible by increasing the circulating current.

T [Nm]

80

C. Low Speed and Standstill

60
40
20
0
0.4

Tm
0.45

0.5

0.55

0.6

time [s]
Fig. 11. Stator and circulating currents (upper) and mechanical torque (lower)
for 450 rpm. The high-frequency circulating current is generated to create
compensation for the fundamental-frequency capacitor voltage.

As discussed in Section II-D, the mathematical model for
controlling the converter at very low speeds assumes that
the stator voltages and currents are constant quantities. The
objective of the control system is to provide compensation
for the unbalance that will be generated between the phase
arms. This leads to a complete elimination of the fundamentalfrequency capacitor-voltage ripple, in case the motor operates
at a speed close to (but not exactly) zero. Even though constant
quantities were initially assumed, this control system has
proven to be able to drive the motor in this setup, described
in Table I, from standstill up to the speed of 240 rpm, where
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40

40
20

I [A]

I [A]

20
0
−20
−40
0.4

0.5

0.55

−40
1.5

0.6

T [Nm]

T [Nm]

2

2.5

3

3.5

80

80
60
40
20
0
0.4

Tm
0.45

0.5

0.55

60
40
20
0
1.5

0.6

I [A]

Fig. 14. Stator and circulating currents (upper) and mechanical torque (lower)
for 300 rpm. The high-frequensy circulating current is generated to create
compensation for the available capacitor voltage.

Tm
2

2.5

3

3.5

40

time [s]

20
0
is
ic

−20
−40
2.4

600

V [V]

is
ic

−20

is
ic
0.45

0

2.45

2.5

2.55

2.6

time [s]

400

0
0.4

Fig. 16.
Stator and circulating currents (upper) and mechanical torque
(middle) when the rotor is mechanically blocked and the stator frequency
is 0.5 Hz. The lower figure is an expansion of the upper one so that the
circulating current becomes observable.

vcu
Σ
vcu
Σ
vcu0

200

0.45

0.5

0.55

0.6

time [s]
600

it can be switched to the intermediate-speed-range principle
shown previously. The major problem that appears when using
this concept for higher speeds is that the arm current increases
dramatically as it always tries to compensate fully for the
fundamental-frequency ripple in the capacitor voltages.
The resulting stator and circulating currents, when 60 Nm
of torque are generated with the rotor mechanically blocked,
are shown in Fig. 16. As this is an IM drive, in order to
generate torque, some slip has to be created. As a result, the
stator voltages and currents are not exactly constant quantities,
but vary with the frequency of 0.5 Hz. In that case, a very
low stator voltage is needed. The dominant component in the
inserted arm voltage is the common-mode one, which will
use all the available voltage as shown in Fig. 17. Zooming
into the arm voltage waveforms (lower part of Fig. 17), it
can be observed that a third harmonic is added on top of the
common-mode voltage, at a frequency of 3ω cm , and with an
amplitude of V̂cm /6, in order to gain some more amplitude
for the common-mode voltage and reduce even further the
compensating current. The voltage in Fig. 17 then contains
three different frequency components, at ω s , ωcm , and 3ωcm .
As shown in Table IV, utilizing this operating principle is
possible with quite good results in a certain speed range above

V [V]

Inserted and available arm capacitor voltage for 300 rpm.

400
vcu
Σ
vcu
Σ
vcu0

200
0
1.5

2

2.5

3

3.5

600

V [V]

Fig. 15.

400
vcu
Σ
vcu
Σ
vcu0

200
0
2.9

2.95

3

3.05

3.1

time [s]
Fig. 17. Inserted and available arm capacitor voltage when the rotor is
mechanically blocked and the stator frequency is 0.5 Hz. The lower figure
shows a short time window of the upper one.

zero, if the semiconductor current ratings allow the increased
circulating current. Observing the arm- and circulating-current
values in Table IV and Fig. 16, it seems that there is significant
margin before the arm current hits the limitation of 65 A. It is
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possible then to increase the speed, and to provide some active
power, utilizing this principle, before any limitations occur.
E XPERIMENTAL R ESULTS FOR THE L OW-S PEED R ANGE .
Rotor speed

nr

300 rpm

240 rpm

150 rpm

0 rpm

Torque

Tm

53.6 Nm

60.8 Nm

58.1 Nm

60.6 Nm

Active power

P

1.7 kW

1.5 kW

0.9 kW

0 kW

V̂s

98 V

85 V

65 V

32 V

RMS stator
current

Is

18.5 A

20.7 A

20.0 A

20.7 A

Peak arm
current

îu,l

64.3 A

63.6 A

57.9 A

53.4 A

i
vcu,l0

100 V

100 V

100 V

100 V

i
v̂cu,l

109.2 V

112.6 V

109.2 V

111.9 V

Peak
fundamental
phase voltage

Average
capacitor

voltage

The waveforms acquired for the motor drive running at the
speed of 150 rpm are shown in Figs. 18 and 19. The circulating current peaks higher compared to the standstill case.
That is because the need for compensation of the capacitorvoltage variation is very similar, but now more stator voltage
is required to magnetize the machine, so there is less space
for compensating with the voltage component. Furthermore,
a small offset will appear in the arm currents, which will
push their peaks even higher. This is due to the active-power
exchange that takes place when the motor starts rotating.
60

I [A]

40
20
0
is
ic

−20
−40
0.1

0.15

0.2

0.25

0.3

T [Nm]

80
60
40
20
0
0.1

400
vcu
Σ
vcu
Σ
vcu0

200
0
0.1

0.15

0.2

0.25

0.3

time [s]

voltage
Peak
capacitor

V [V]

TABLE IV

600

Tm
0.15

0.2

0.25

0.3

time [s]
Fig. 18. Stator and circulating currents (upper) and mechanical torque (lower)
for 150 rpm, using the standstill operating principle.

When increasing the speed to 240 rpm, the circulating
current peaks close to 50 A, as shown in Fig. 20. This
means that the arm currents are very close to the limiting

Fig. 19. Inserted and available arm capacitor voltage for 150 rpm, using
the standstill operating principle. It can be observed that the fundamentalfrequency capacitor-voltage ripple (created by the Iˆs /ωs -term) is fully
compensated in this case.

value of 65 A, as indicated by Table IV. This is due to the
fact that there is significant request for stator voltage, as
shown in Fig. 21, limiting the amount of the common-mode
compensating component. Furthermore, as the active power
increases with the speed, the average value of the circulating
current will also build up. This average circulating current,
combined with the fundamental-frequency stator voltage, will
give some small fundamental-frequency energy ripple, which
is now observable as the envelope of the red waveform in
Fig. 21. This is not compensated, as all the effort is focused
on compensating for the Iˆs /ωs -term. The reason for this is
that the modeling is based on the standstill case, where i c0 is
zero, as there is no active-power flow, and therefore the terms
containing i c0 are disregarded in this low-speed concept. The
problem that may occur is that this fundamental-frequency
ripple, combined with the high-frequency oscillations caused
by the compensating components, can be significant enough
to hit the peak capacitor voltage limitation, as indicated in
Table IV. It seems then, that when the speed is 240 rpm, this
becomes a critical operating point for this configuration, both
from the arm-current and the peak-capacitor-voltage point-ofview.
This indication is explored a bit further, by trying to produce
the requested amount of torque at a slightly higher speed, using
the standstill-operation principle. The results for this experiment, conducted at 300 rpm, are shown in Figs. 22 and 23.
It seems that, even though both the arm currents and the
available voltage are fully utilized, the torque provided is
almost 10% less than the target value. Obviously, this concept
cannot be utilized at higher speeds. What is possible, though,
is to allow some fundamental-frequency capacitor-voltage ripple, and change the control to the intermediate-speed-range
principle above 240 rpm. Then, the targeted torque value can
still be provided by the existing configuration, as indicated in
Section III-B.
To summarize the experimental results of this section,
Fig. 24 shows the most important values presented in
Tables II, III, and IV for all the operating points that were
tested experimentally. The dash-dotted vertical lines separate
the different operating regions.
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Fig. 23. Inserted and available arm capacitor voltage for 300 rpm, using the
standstill operating principle.
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Fig. 20. Stator and circulating currents (upper) and mechanical torque (lower)
for 240 rpm, using the standstill operating principle.
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Fig. 21. Inserted and available arm capacitor voltage for 240 rpm, using the
standstill operating principle.
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Summary of the experimentally evaluated operating points.

20
0
0.3

Tm
0.35

0.4

0.45

0.5

time [s]
Fig. 22. Stator and circulating currents (upper) and mechanical torque (lower)
for 300 rpm, using the standstill operating principle.

IV. C ONCLUSIONS
According to the results presented in this paper, the
M2C family can become a highly competitive alternative for
medium and high-power motor drives, as it is capable of
running constant-torque loads from zero up to the nominal
frequency/speed, with the implementation of the appropriate
control technique. For a relatively wide speed range (close
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to the rated speed) the control principle is fairly simple; the
average-capacitor voltage can be reduced, without any need
for additional current capability. In order to manage the high
capacitor-voltage fluctuations caused by the low-fundamentalfrequency current at low and intermediate speeds, though, the
converter has to be designed for increased current capability.
The critical point for this design is not at zero speed, but at
a speed of 300 rpm, as indicated by the experimental results.
The amount of this increased current capability is a function of
the capacitor size, the dc-link voltage, and the output-voltage
capability, which have to be carefully weighted in order to
achieve a cost-efficient converter design.
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Abstract—Variable-speed drives have reduced voltage requirements when operating below the base speed. In a modularmultilevel-converter-based (M2C-based) motor drive it is then
possible to operate with reduced voltage in the submodule
capacitors, than at the base speed. In this sense, a greater
capacitor-voltage ripple can be accommodated, without exceeding
the maximum peak-capacitor voltage. This paper presents an
analytical investigation for the optimal selection of the average
capacitor voltage for M2Cs, when the motor is operating with
rated torque, below the base speed. This method does not require
any power exchange between the converter arms, so it keeps
the conduction losses at the minimum level. Additionally, the
method decreases the switching losses, due to the decreased
capacitor-voltage level. The overall ratings of the converter
remain the same as in the base-speed operation. It is shown
that this method can be applied at a speed range between
the base speed and down to approximately one third of it,
i.e, an operating range that covers the requirements for typical
pump- and fan-type applications. The results obtained from the
analytical investigation are experimentally verified on a downscaled laboratory prototype M2C.
Index Terms—Capacitor-voltage
variable-speed
drives,
modular
optimization.

control methods could be used in different speed ranges such
that the whole speed range from zero to base speed could
be handled. In the low-speed range (approximately 0-0.1 p.u.)
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HE MODULAR MULTILEVEL CONVERTER (M2C),
outlined in Fig. 1, was first presented by Marquardt and
Lesnicar [1], [2], and has recently attracted a lot of interest in
various applications [3]–[8]. It has been suggested to be used
for high-power motor drives [9]–[11]. A common requirement
for many motor-drive applications is full-torque operation in
a variable-speed range, even from zero to base speed. This
is, however, a far more complex task with an M2C than
if a conventional voltage-source converter with two or three
levels is used. Presently, no M2C control method has been
presented that can be used in the entire speed range. Moreover,
a considerable over-rating of the M2C is required in variablespeed applications according to [12], even if several measures
are taken to reduce it. In [13] it was shown that different
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Outline of the basic topology of an M2C.

the main issue is to balance the voltages of the upper and
lower arms [14]. This is achieved by adding a higher-order
common-mode voltage to the arm voltages, and by driving a
circulating current of the same frequency, such that a power
flow between the upper and lower arms is obtained [11], [15].
In the intermediate frequency range (approximately 0.1-0.3
p.u.) the main obstacle is to minimize the voltage ripple of
the submodule capacitors. This is a complicated task involving
addition of several frequency components in the circulating
current, and the solution can be considered as a trade-off
between the voltage and current ratings of the components.
Above that region and up to the base speed (approximately
0.3-1.0 p.u.), it is sufficient to reduce the average voltage of
the submodule capacitors in order to accommodate for the
voltage ripple created by the rated fundamental current.
The aim of this work is to discuss the possibility of making
an analytical optimization of the average capacitor voltage of
an M2C in the widest of the above operating regions, i.e, the
high-speed range (from 0.3 to 1.0 p.u.). The benefits or this
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optimization are the following:
• The increased voltage ripple caused by the low-frequency
current does not result in overrating the submodule components.
• Unlike [16], no oscillating component is injected in the
circulating current to shape the capacitor voltages, and
therefore, no additional conduction losses are created.
• The switching losses are reduced, as the capacitor voltage
that is switched in or out is reduced on average.
• The output-current waveform is not distorted, as all the
available voltage is used. This is due to the fact that
all the available levels appear in the line-line voltage
waveform, even if the request for magnetizing voltage
decreases proportionally with the speed.
The question that is answered with this study is how much
is it possible to decrease the average capacitor voltage before
the available arm voltage is no longer sufficient to achieve the
desired inserted voltage. In order to determine exactly when
this occurs, the margin between the available and the inserted
arm voltage is investigated, identifying the conditions which
are minimizing it.
The control method used in this study is briefly discussed in
Section II. The analytical study concerning the available arm
voltage and the optimization of its average value is shown
in Section III. Operating points derived from the analytical
investigation are experimentally confirmed in Section IV. A
discussion about the advantages of this method is carried out
in Section V, before the final conclusions are presented.
II. M2C I NTERNAL C ONTROL
The control method that is utilized in this paper is established in [17]. An outline of the controller is given in Fig. 2.
The internal control is operating in open loop, meaning that the

be taken when estimating gains and tuning filters for variablefrequency operation [19], [20]. On the other hand, a well-tuned
feedback design can offer faster dynamic response.
The output-current controller is, for that reason, necessary
to operate always in closed loop. Relying on a sufficiently
effective current controller, the output alternating current is
assumed to be a pure sinusoid
(1)
is = Iˆs cos (ωs t − ϕ),
and the references for the inserted arm voltages are
vd
vcu,l =
∓ V̂s cos ωs t − Ric0 .
(2)
2
With a constant dc-link voltage, the direct component in the
circulating current is estimated from the instantaneous power
exchange between the dc and ac sides, using the purely
sinusoidal output current in (1), and the references for the
inserted voltages from (2), as
V̂s Iˆs cos ϕ
V̂s Iˆs cos ϕ

ic0 =
.
(3)
≈
2vd
vd + vd2 − 4RV̂s Iˆs cos ϕ
For a constant circulating current, it can be shown [17], [18]
that the variations of the stored energies in the upper and lower
arms are given by
Σ
Σ
Wcu,l
= Wcu,l0
∓

±

V̂s ic0 sin (ωs t)
ωs
( vd − Ric0 )Iˆs sin (ωs t − ϕ)
2

2ωs
V̂s Iˆs sin (2ωs t − ϕ)
−
,
(4)
8ωs
which can be used to calculate the final insertion indices, as

Σ
2N Wcu,l
vcu,l
Σ
⇒ nu,l = Σ .
=
(5)
vcu,l
C
vcu,l
Σ
are integration constants. As mentioned in
The terms Wcu,l0
[17], [18], the latter can be freely selected, and are the mean
values for the available energy stored in the arms. The focus
of this study is on these constants, and the question that is
answered here is what is the optimal value in order to have
sufficient available energy stored in the arms to provide the
desired instantaneous value of the inserted arm voltage.

Fig. 2. Block diagram describing the internal control of the M2C. The
algorithm described in this paper is estimating the minimum average in the
Σ
arm energy (i.e., Wcu,l0
-blue block).

output voltage reference is calculated based on estimations for
the internal states of the converter, rather than measurements.
This is favorable in the sense that measurement related effects,
such as delays, are avoided, while the stability of the converter
system is not compromised [18]. A closed-loop system has,
moreover, a more complicated design, as special care should

III. AVAILABLE -A RM -E NERGY M ARGIN
A. Time-Domain Expression
In order to determine the margin between the available arm
energy and the desired inserted arm voltage, both quantities
have to be measured with the same units, i.e., the inserted
voltage needs to be expressed as an “inserted arm energy”
value. This is done in a similar way as in [19], [20]. Getting
the inserted arm voltage from (2), the inserted arm energy can
be calculated as
2
C 2
C  vd
vcu,l =
∓ V̂s cos (ωs t) − Ric0
Wcu,l =
2N 
2N 2
2
C  vd
− Ric0 + V̂s2 cos2 (ωs t)
=
2N
2

(6)
∓ (vd − 2Ric0 ) V̂s cos (ωs t) .
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Subtracting (6) from (4), substituting ω s t → θ, and reformulating to remove the multiple-frequency terms, the availablearm-energy margin as a function of the argument θ is given
as
Σ
− Wcu,l
ΔWcu,l =Wcu,l

V̂s Iˆs
C
Σ
(vd − 2Ric0)2 −
= Wcu,l0
−
sin ϕ
8N
8ωs

f

+


N V̂s Iˆs sin ϕ − 2ωs C V̂s2
4N ωs

cos2 θ

a

±


(vd − 2Ric0 ) Iˆs cos ϕ − 4V̂s ic0
4ωs

which for

2e

± (vd − 2Ric0 )

−


sin θ

For V̂s = 0, (10) defines a hyperbola, and because A + C = 0,
this hyperbola is a rectangular one. However, it is still difficult
to find the (x, y) pairs that satisfy both (9) and the unit
circle. In order to make this possible, the hyperbola can be
rotated in the position where the asymptotes are parallel to
the Cartesian xy-axes. It is to be kept in mind that the final
result obtained from this procedure has to be rotated back to
the initial position, in order to obtain the actual arguments for
the minima and maxima of (7).
Let us define (x , y  ) the coordinates of the points belonging
to the hyperbola H(x, y) after rotation. If the clockwiserotation matrix is used, then

 
  
x
cos γ
sin γ
x
=
,
(12)
y
− sin γ cos γ
y
γ=

2ωs C V̂s − N Iˆs sin ϕ
4N ωs

cos θ

(13)

turns (10) into
Hrot (x , y  ) =2 (A sin 2γ + B cos 2γ) x y 
+2 (Du,l cos γ − Eu,l sin γ) x

2d

V̂s Iˆs cos ϕ
cos θ sin θ.
4ωs

+2 (Du,l sin γ + Eu,l cos γ) y  = 0.

(7)

2b

Both the available and the inserted arm energy contain a term
varying with twice the fundamental frequency; this indicates
that there may exist up to two minimum and two maximum
points in one fundamental period. The arguments of these local
minima and maxima can be found by differentiating (7) with
respect to θ and setting this derivative to zero, as in
dΔWcu,l
=2b cos2 θ − 2a cos θ sin θ − 2b sin2 θ
dθ
± 2e cos θ ∓ 2d sin θ = 0.
(8)
B. Geometrical Interpretation
Replacing cos θ → x and sin θ → y, (8) is translated into
the (cos θ, sin θ) coordinate system as
H(x, y) = 2bx2 − 2axy − 2by 2 ± 2ex ∓ 2dy = 0,

(9)

which forms a quadratic equation. This equation represents
a conic section, and the sought minima and maxima of (7)
are the crossing points of (9) with the unit circle x 2 + y 2 =
1, which represents the x − y relation, in the (cos θ, sin θ)
coordinate system. The general expression of the quadratic
equation for the available-arm-energy-margin derivative can
then be expressed in the form
H(x, y) = Ax2 + 2Bxy + Cy 2 + 2Du,l x + 2Eu,l y + F = 0
(10)
with
⎧
ˆs cos ϕ
⎪
A = 2b = − V̂s I4ω
⎪
⎪
1
⎪
2
⎪
⎪ B = −a = − N V̂s Iˆs sin ϕ−2ω1 C V̂s
⎪
⎪
4N
ω
1
⎪
⎨
ˆs cos ϕ
C = −2b = V̂s I4ω
1
(vd −2Ric0 )Iˆs cos ϕ−4V̂s ic0
⎪
⎪
D
=
±e
=
±
⎪ u,l
8ω1
⎪
⎪
⎪
⎪ Eu,l = ∓d = ∓ (vd − 2Ric0 ) 2ω1 C V̂s −N Iˆs sin ϕ
⎪
8N ω1
⎪
⎩
F =0

A
1
arctan
2
B

⎫
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎬
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎭

. (11)

(14)

This is still a rectangular hyperbola, with the asymptotes
oriented in parallel with the xy-axes. The nice thing with this
form is that (14) can be expressed as y  = y  (x ), like
Dγ
x ,
Bγ x + Eγ
Eγ
x =
 −
(= asymptote),
Bγ

where

y  = y  (x ) = −

(15)

⎧
⎫
⎨ Bγ = A sin 2γ + B cos 2γ
⎬
Dγ = Du,l cos γ − Eu,l sin γ
.
⎩
⎭
Eγ = Du,l sin γ + Eu,l cos γ

(16)

C. Algebraic Solution
Returning to the initial aim of the analysis, we need to find
the points that Hrot is crossing the unit circle, or equivalently,
the points that the distance of H rot from the origin is 1. The
distance of the points that belong to H rot from the origin is
defined as

D0 (x ) = x2 + y 2 (x ) = 1.
(17)
Therefore,



Bγ2 x4 + 2Bγ Eγ x3 + Dγ2 + Eγ2 − Bγ2 x2
− 2Bγ Eγ x − Eγ2 = 0.

(18)

Equation (18) is a 4 th -order polynomial and the roots of it
have analytical expressions. This is in agreement with the
previous indication that there are up to four extrema in the
available-arm-energy margin expression in (7). The analytical
expressions for the roots of a 4 th -order polynomial equation
will not be presented here; it is only to be noted that out of the
x1,2,3,4 roots, the ones that are of interest here are, of course,
the real ones, which belong to the group
x1,2,3,4 ∈ [−1, 1].

(19)
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The nice feature of this algorithm is that, as the solutions have
analytical expressions, the algorithm can be applied online,
with limited requirements on computational resources. All that
is needed is to evaluate the parameters in (16) and apply
them into the general expressions for the roots of (18). Online
calculation is actually necessary in case of a drive system,
where the exact parameters decided by a feedback controller
may differ from the open-loop voltage and slip references
that could be used for offline calculation. This effect will be
made more clear in the following, when trying to confirm the
arithmetic solutions with experimental results.
IV. A RITHMETIC S OLUTIONS AND E XPERIMENTAL
R ESULTS
Even though the analytical solution is general, and can be
applied at any power or voltage level, the examples presented
here are adapted to the laboratory setup, consisting of a lowvoltage M2C prototype driving an 11-kW induction machine
(IM). A photograph of the M2C prototype is shown in Fig. 3,
the IM connected to a dc-generator load is shown in Fig. 4,
and the ratings of the setup are given in Table I.
TABLE I
R ATINGS OF THE E XPERIMENTAL M2C AND IM
Converter ratings
Rated power

S

Number of submodules per arm

N

5

Carrier frequency

fcar

2.5 kHz

Input voltage

vd

500 V

i
vcu,l0

100 V

Submodule capacitor rated
average voltage

12 kVA

Submodule capacitance

C

3.3 mF

Arm inductance

L

4.67 mH

Fig. 3.

Picture of the experimental prototype M2C.

Fig. 4.
load.

Picture of the experimental 11-kW IM, connected to a dc-generator

Motor ratings
Rated power

S

11 kW

Number of poles

Np

4

Rated speed

nr

1450 rpm

Stator line-line rated rms voltage

Vl−l

380 V

Rated rms phase current

Is

23 A

Rated power factor

cos ϕ

0.85

The control system is based on a digital signal processor
(DSP), running a real-time operating system, and a field
programmable gate array (FPGA) that handles the low-level
control signals sent to the switches. The DSP is responsible
for collecting analog measurements, such as voltages, currents,
and rotor position, and also to run the current and internal converter control that generates the voltage reference for the M2C.
This voltage reference is translated into switching actions in
the FPGA and transmitted to all individual submodules.
Looking carefully in the ratings of this experimental setup,
it becomes obvious that the prototype M2C cannot provide the
full magnetization voltage that the IM requires at the ratedspeed operation. For this reason, the base speed is defined
here as the speed up to which the IM can be fully magnetized
in this setup. Assuming that the peak-output voltage provided
from the M2C cannot exceed 250 V, the machine can be fully

magnetized only up to 80% of its rated speed, meaning that
the base speed considered in these experiments is the speed
of 1150 rpm.
A. Arithmetic Examples
A number of results for different operating points are
provided in order to show the possibilities of using this optimization algorithm to estimate the average capacitor voltage.
These arithmetic examples are calculated offline, based on the
ratings of the downscaled lab setup, given in the Appendix.
As long as all parameters are given, it is possible to calculate
the following results even with a simple calculator that can

5

R
solve 4th -order polynomial equations. In this case the Maple 
software has been used, in order to draw the geometrical
interpretation shown below.
In order not to lose the point with the geometrical interpretations of the optimization algorithm, the calculations
and graphical representation of the equations are explained
thoroughly only for one case. For the rest of the operating
points only the final results are shown. All arithmetic operating
points are evaluated with the rated current for the machine, and
for the rated power factor that will provide the rated torque.
The phase voltages and the stator frequencies applied to
evaluate four different cases, along with the resulting average
capacitor voltages are given in Table II.

TABLE II
V OLTAGES AND F REQUENCIES U SED FOR A RITHMETIC E XAMPLES
Case 1

Case 2

Case 3

nr [rpm]

1150

900

700

500

ωs [rad/s]

2π40

2π31.67

2π25

2π18.33

250

200

155

114

94

84

77

78

V̂s [V]
i
vcu,l0
|min [V]

Case 4

to be


x1
x2




=

−0.966
0.688




⇒

y1
y2




=

−0.258
0.726


.

(20)

Rotating back to the initial position that is represented by the
red curve in Fig. 5, the x − y coordinates are
 
 
 


−0.698
x2
0.219
x1
=
,
=
,
(21)
y1
y2
−0.716
0.976
and after replaced into (7), the minimum possible average (i.e,
ΔWcu,l |min = 0) becomes
Σ
i
|min = 49 J, or vcu0
|min = 77 V.
Wcu0

(22)

Getting back to the available energy margin as given in (7), and
substituting the value estimated in (22), the margin can also
be interpreted geometrically as (7) a quadratic equation in the
(cos θ, sin θ) coordinate system. As concluded from above, at
the minimum value of the average capacitor voltage, i.e., 77 V,
this expression should be tangent to the unit circle. It should be
i
, as e.g. the rated average
moving away for larger values of v cu0
of 100 V. Fig. 6 shows the two latter cases: the red curve
i
|min =77 V case, while the black curve
represents the vcu0
i
represents the rated average capacitor voltage v cu0
=100 V.

Algorithm Steps (Case 3): This is the case representing a
speed that is already below 50% of the rated speed for the
IM. A graphical representation of (10), when substituting the
parameters from (11) that correspond to this case is shown
in Fig. 5 in red. Applying an anti-clockwise rotation, i.e,
γ = −0.537, the rotated curve described by (14) is shown in
green, while the unit circle is shown in blue. The parameters

Fig. 6. 700 rpm case. Graphical representation of (7) for different values of
i
vcu0
: 77 V [red curve], 100 V [black curve]. The blue curve represents the
unit circle (x2 + y 2 = 1).

B. Experimental Verification
Fig. 5. Graphical representation of (10) [red curve], and the rotated position
(14) [green curve], for the case of 700 rpm. The blue curve represents the
unit circle (x2 + y 2 = 1).

in (16) can now be calculated from the position of the green
curve, and (18) can be solved. The solutions of (18), i.e, the
crossing points of the green curve and the unit circle are found

Depending on the exact machine and converter characteristics, as well as the motor controller function, the operating
point may slightly differ from the one that is estimated in
the arithmetic examples. The experiments are run using a
current controller that adapts the converter voltage in such
a way that creates current components at the output of the
converter with the requested characteristics (I s , cos ϕ). The
rotor speed is controlled from the dc-load side, and kept
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TABLE III
V OLTAGES AND F REQUENCIES U SED FOR E XPERIMENTAL V ERIFICATION
Case 3

900

700

ωs [rad/s]

2π31.30

2π24.63

212

183

87

81

V̂s [V]
i
vcu,l0
|min [V]

vab
vbc
vca
0.08

0.06

0.08

0.08

0.1

vab
vbc
vca

−400
0

0.02

0.04

0.06

0.08

0

−40
0

0.1

time [s]

0.1

is,a
is,b
is,c

−20

Line-to-line stator voltage and stator current for the speed of 900

0.1

0
−200

is,a
is,b
is,c
0.04

0.06

The major advantage of this method is that there is no
need for energy exchange between the arms to compensate
for the increased energy pulsation in the capacitors [11], [12],
as this is accommodated in another way. This is valuable and
applicable in a wide range of frequencies below the base speed.

20

0.02

0.04

V. D ISCUSSION

20

−40
0

0.02

Fig. 11. It can be observed that the peak of the sum-capacitor
voltage is not more than 500 V, while in the case of using the
rated average of 100 V per capacitor, the same peak would
approach almost 600 V, i.e., 23.5% higher voltage ratings than
necessary, as shown in Fig. 12.

40

−20

vcu
Σ
vcu
Σ
vcu0

Fig. 9. Sum capacitor voltage and inserted arm voltage reference for the
speed of 900 rpm, with an average capacitor voltage of 100 V.

40

0

0.1

time [s]

I [A]

I [A]

0
0

V [V]

V [V]

0

0.06

0.08

200

200

0.04

0.06

400

200

0.02

0.04

Fig. 8. Sum capacitor voltage and inserted arm voltage reference for the
speed of 900 rpm, with an average capacitor voltage of 87 V.

400

−400
0

0.02

time [s]

400

−200

vcu
Σ
vcu
Σ
vcu0

200

600

Case 2 - 900 rpm: To start with, it may be interesting
to investigate the waveforms of the stator quantities, i.e.,
the line-to-line voltages, and the phase currents. These are
shown in Fig. 7, and it becomes obvious that the output
quantities of the converter are not distorted by the reduction
of the average capacitor voltage. The sum-capacitor voltage
along with the inserted arm-voltage reference are shown in
Fig. 8. This is the case with an average voltage as estimated
by the algorithm, i.e., 87 V. The sum-capacitor voltage and
the inserted arm voltage for the same operating point, when
keeping the capacitor average voltage at its rated value, are
shown in Fig. 9. In such a case, the peak of the capacitor
voltage is unnecessarily high (15% higher compared to Fig. 8),
as there is a lot of unused space below it, which will affect
the converter-voltage rating.
Case 3 - 700 rpm: Similarly, for a lower speed, where the
capacitor-voltage ripple is even greater, and the request for
stator voltage is lower, the same methodology can be used.
The output quantities are shown in Fig. 10. The sum-capacitor
voltage and the inserted arm-voltage reference are shown in

Fig. 7.
rpm.

400

0
0

V [V]

Case 2
nr [rpm]

600

V [V]

constant at the requested value. Therefore, the actual quantities
ωs and V̂s are obtained as results of the operation, and cannot
be considered as set-points. As a result, in order to verify the
arithmetic examples shown above for the same rotor speed,
the algorithm is run with parameters evaluated in run-time.
The parameters used for the experimental cases, as well as
the resulting average capacitor voltage for each case are given
in Table III.

0.02

0.04

0.06

0.08

0.1

time [s]
Fig. 10.
rpm.

Line-to-line stator voltage and stator current for the speed of 700
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V [V]

600
400
vcu
Σ
vcu
Σ
vcu0

200
0
0

0.02

0.04

0.06

0.08

0.1

time [s]
Fig. 11. Sum capacitor voltage and inserted arm voltage reference for the
speed of 700 rpm, with an average capacitor voltage of 81 V.

V [V]

600
400
vcu
Σ
vcu
Σ
vcu0

200
0
0

0.02

0.04

0.06

0.08

0.1

time [s]
Fig. 12. Sum capacitor voltage and inserted arm voltage reference for the
speed of 700 rpm, with an average capacitor voltage of 100 V.

Unlike [11]–[13], [15], neither additional oscillating components in circulating currents nor a common-mode voltage is
required, and any overrating of the converter is, therefore,
avoided.
Apart from the reduction in voltage ratings and the avoidance to increase the conduction losses with an oscillating
circulating current, this method provides further significant
advantages. A major one is that even when operating at a
lower speed, where the required output voltage is small, all
the available levels are used, as there is less voltage stored
than the rated. The individual duty ratio of the semiconductors
that insert the capacitors is consequently increased, and the
lower the capacitor voltage is, the closer to unity the duty ratio
becomes. The theoretical limit is when V s = 0, the minimum
capacitor voltage can be 50% of the rated average, for unity
duty ratio in all the “insert” switches, as this will keep the dcbus voltage constant. This operating point would be possible
though only in case there is no output current. As soon as
current starts flowing, it becomes impossible to operate the
converter at this point due to the resulting capacitor voltage
ripple. The fact that all the available levels are used, even
when a lower stator voltage is requested, can be observed
from the output-voltage waveforms shown in Fig. 7 and 10. In
this sense the stator current is less distorted at lower speeds,
compared to the case of having the rated voltage stored in
the capacitors and switching within fewer levels. The reduced
average capacitor voltage is, at the same time, the voltage
that is switched on and off by the semiconductors. Assuming
that the combination of the reduced capacitor voltage and the
increased duty ratio will keep the current almost unaffected
(except for the small improvement in its distortion), the
switching losses are reduced, approximately by the reduction
of the switched voltage [21], [22].
A consequence of this method is that operating with as little

capacitor voltage as needed may limit the transient response of
the drive, in case of a quick demand for torque above the rated.
It is reasonable to think that the output-current controller may
saturate, as there will not be any more available voltage. However, as pointed out in [19], the available total voltage in the
capacitors is actually controlled by creating a temporary pulse
in the circulating current. Apparently, the circulating current
is required to have a quicker response than the output current,
and as the dynamics of it are governed by the arm inductors,
special consideration needs to be taken when deciding their
size. A reasonably small value of arm inductance, combined
with appropriate tuning of the two current controllers can give
a system response of a few milliseconds in the output current,
even for a torque demand above the rated.
At the same time, this analytical investigation can be used
even when the stator-current requirement is lower. The parameters in (11) can actually be calculated for any operating point,
irrespective of the frequency, the output power, or the current
requirements, and the solution of the algorithm will give the
optimal selection of the average capacitor voltage for every
operating point, without the need to inject circulating current.
Therefore, this method is not limited to applications where the
torque request is the rated, as the cases shown experimentally
in this paper, but it is more general, and can be applied in all
applications involving M2Cs.
VI. C ONCLUSIONS
This paper discusses an algorithm that provides the optimal
selection of the average capacitor voltage for M2Cs. The
solution is based on a geometrical interpretation that allows to
formulate a polynomial equation, which has analytical solutions. Arithmetic examples for a certain M2C and IM setup are
shown and experimentally confirmed. The algorithm presented
here is very general and can be used in any application
involving M2Cs, irrespective of the power/voltage level. The
benefits of estimating the operating points with this method
are that it does not cause any voltage or current overrating of
the converter components, it does not increase the conduction
losses, it decreases the switching losses, and it creates a very
high-quality current waveform, even when the required output
voltage is fairly small.
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