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Modeling and Control of Modular Multilevel Converter

Yugal Gupta
(ABSTRACT)

Due to modularity and easy scalability, modular multilevel converters (MMCs) are deemed
the most suitable for high-voltage and medium-voltage power conversion applications. How-
ever, large module capacitors are usually required in MMCs to store large circulating power
of line-frequency and its harmonics that flow through the capacitors. Even though several
methods for minimizing the circulating power have been proposed in the literature, there is
still the need for a systematic and simplified approach of addressing these control strategies
and evaluating their efficacy. Moreover, the generally accepted feedback control architecture
for the MMC is complicated, derived through a rigorous mathematical analysis, and there-
fore, not easy to intuitively comprehend. Recently, a method of modeling of the MMC based
on state-plane analysis and coordinate transformation, is proposed in the literature. Based
on the state-plane analysis, two kinds of circulating power in the MMC are identified that
are orthogonal to each other. This means these two circulating power can be controlled in-
dividually without affecting each other. To control these circulating power, in the literature,
a decoupled equivalent circuit model is developed through the coordinate transformation
which clearly suggests a means for minimizing these circulating power. Further extending
this work, in this thesis, the existing control concepts for reducing the circulating power
are unveiled in a systematic and simplified manner utilizing the decoupled equivalent circuit
model. A graphical visualization of circulating power using the state-planes is provided for
each control strategy to readily compare its efficacy. Moreover, the generally accepted control
architecture of the MMC is presented in an intuitive and simplified way using the decoupled
circuit model. The important physics related to control implementation, originally hidden

behind the complicated mathematics, is explained in detail.



Modeling and Control of Modular Multilevel Converter

Yugal Gupta
(GENERAL AUDIENCE ABSTRACT)

A power converter is an electrical device that converts electrical energy from one form to
another in order to be compatible with the load demand. A typical power converter consists
of semiconductor switches, inductor, capacitor etc. These power converters are required in
a wide range of applications: auto-motive and traction, motor drives, renewable energy con-
version, energy storage, aircraft, power generation, transmission, and distribution, to name
a few. Many of these applications are continuously increasing their power capacity to handle
the escalating demands of energy that exist due to rising population numbers, industrializa-
tion, urbanization etc. Consequently, it has been a responsibility of power electronics engi-
neers and researchers to develop power converters that can handle high voltages and high
currents. Multilevel power converters have been the key-enabling developments that can
withstand high-voltages while using traditional low-voltage semiconductor switches. Several
multilevel converters such as the neutral point clamped converter, flying capacitor converter,
cascaded H-bridge converter, modular multilevel converter (MMC) etc. have been developed
and commercialized in the last two decades. Among them, the MMC is a widely accepted
topology for medium- and high-voltage power conversion applications. In an MMC, several
modules are stacked together in series, and each module consists of semiconductor switches
and a capacitor. The series connection of the modules enables the MMC to handle high-
voltage power conversion using low-voltage traditional semiconductor switches. The voltage
rating of an MMC can be easily scaled-up by simply increasing the number of modules in each
arm. Moreover, since several identical modules are connected in each arm, the structure of
the MMC is highly modular which helps greatly in manufacturing and design. Nonetheless,

in MMCs, generally large circulating power flow to the capacitor in each module, which lead



to significant voltage ripples. To suppress these voltage ripples, a large capacitor is required
in each module, leading to large size and weight of the converter. In the literature, several
control strategies have been proposed to minimize the circulating power. However, there is
still the need for a systematic and simplified approach of addressing these control strategies
and evaluating their efficacy. Moreover, the generally accepted feedback control architecture
for the MMC is complicated, derived through a rigorous mathematical analysis, and there-
fore, not easy to intuitively comprehend. Recently, a decoupled equivalent circuit model has
been developed in the literature. This model clearly explains the process of power flow in the
MMC between input and output and the nature of the circulating power. The equivalent
circuit model provides the circulating power, that are orthogonal to each other, meaning
they can be controlled individually without affecting each other. Moreover, the equivalent
circuit model clearly suggests a means for minimize the circulating power by providing two
“ideal” control laws. Further extending this work, in this thesis, the existing control con-
cepts for reducing the circulating power are unveiled in a systematic and simplified manner
utilizing the decoupled equivalent circuit model. Moreover, the generally accepted control
architecture of the MMC is presented in an intuitive and simplified way via the decoupled
circuit model. The important physics related to control implementation, originally hidden

behind the complicated mathematics, is explained in detail.
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Chapter 1

Introduction

For the past few decades, one of the foremost demands has been to meet the world's escalat-
ing demands for energy without relying more on fossil fuels, and thus, sustaining the global
climate. Power electronics has played a key role in this matter by integrating more and more
renewable energy sources such as solar photovoltaics (PVs), wind farms etc. Large scale
proliferation of renewable energy sources also drives the focus of power electronics engineers
and researchers towards high-voltage and medium-voltage power converters [1]-[14]. Multi-
level converters such as the diode clamped converter [15][16], the ying capacitor converter
[17][18], the cascaded H-bridge converter [19], the modular multilevel converter (MMC) [20],
etc., are the key enabling developments for realizing medium- and high-voltage power conver-
sion using low-voltage switching devices [21]. Among various available multilevel converters,
the MMC is the most attractive topology due to its modularity and easy scalability. The
MMC was rst introduced in 2003 by Lesnicar and Marquardt [20][22]. Figure 1.1 shows a
basic structure of an MMC for DC/AC power conversion. Figure also shows some of its ap-
plications such as interconnecting renewable energy sources like wind farms [1][2], solar PVs

[3][4][5] etc., connecting battery energy storage systems [6][7], high-voltage direct-current
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Figure 1.1: Basic structure of Modular Multilevel Converter and its applications

(HVDC) transmission [8], exible AC transmission systems (FACTS) [9][10], motor drives
[11][12] etc.
In the following section, the con guration of the MMC and its basic working principals are

brie y discussed.

1.1 Converter Con guration and its Basic Working Prin-

cipals

In the MMC, there are two arms in each phase | one is the upper arm, and the other is
the lower, hereafter denoted by superscriptu” and I', respectively in the notations. In each
arm, there are several modules, stacked-up together, as shown in the gure. A schematic of
a module based on a half-bridge topology is shown in the gure. Whenever the upper switch
is turned on and the lower switch is turned o, the output voltage of the module is given

by its capacitor voltage. This mode of operation of the module is referred to as the “turned-
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on' mode. On the other hand, when the upper switch is turned o and the lower switch
is turned on, the output voltage of the module becomes zero. This mode of the module's
operation is known as, ‘turned-o ' mode or "bypass' mode. This means that each module
can behave as a controllable voltage source as long as its capacitor voltage is su ciently
constant. Therefore, by suitably changing the number of turned-on modules or turned-o
modules in each arm through a feedback control, the arm voltages can be synthesized to
achieve the desired operation of the MMC. The inductors are inserted in each phase-leg to
avoid a high transient current caused by the direct connection of the arms.

The following section discusses the basic control implementation of MMC, proposed by

Marquardt, et al., [20][22].

1.2 Control Implementation Proposed by Marquardt,

et al.

The control implementation proposed by Marquardt, et al., is shown in Figure 1.2. As shown,
the three-phase output currents are regulated through a feedback control which provides the
voltage commandsysa, ¥, and ¥,. Thereafter, the voltage commands for the upper and
lower arm are generated in each phase as shown in the gure. The upper- and lower-arm

voltage commands for phase- a are given by
Vima = 0:5Vin  ¥ma;and (1.1)

Voo = 0:5Vi, + Ypa: (1.2)

The resultant voltage commands,v4 and ¥, go to sinusoidal pulse-width modulation

(SPWM) that determines the number of modulesm% and m), that should be turned-on in
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Figure 1.2: Marquardt's control for MMC based on sinusoidal pulse-width modulation

the upper- and lower-arm, respectively. Based om'~and m., “balance control' generates
the switching signals such that the capacitors in an arm remain balanced.

To demonstrate the concept of SPWM and balance control, let's consider a simple case
having only three modules in each arm, i.e. N = 3. As shown in Figure 1.3, the modulating
signal, w ., is compared with the three carrier signals to determineng-i.e., the number of
modules that should be turned on in the upper arm. For example, consider the time instant,
t1, shown in the gure. At this instant, the modulating signal, ¥, is greater than one carrier
signal. Therefore, one module should be turned on in the upper arm at this instant (i.en; ~
= 1). There are three possibilities to turn-on one module in the upper arm | either turn
on the rst, second, or third module, as shown in Figure 1.4. Balance control determines
exactly which one module should be turned on out of these three possibilities, based on the
capacitor voltages and direction of arm current. For example, let's assume that the capacitor

voltages of these three modules i.evda1; Yca2; ¥caz), at instant t,, are 2.3 kV, 2.4 kV and

2.5 kV, respectively. Therefore, if the arm current is positive at this instant then the rst
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Figure 1.3: Example of SPWM for N = 3

Figure 1.4:. Possibilities of turning-on one module in the upper arm of phase - a for N = 3

module should be turned on so that its capacitor, which has the lowest voltage amongst all,

can get charged. On the other hand, if the arm current is negative then the third module
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should be turned on so that its capacitor, which has the highest voltage amongst all, can get
discharged.

Therefore, SPWM determines the number of modules that should be turned-on while balance
control determines which modules should be turned on such that capacitor voltages remain
balanced.

Figure 1.5 shows the control implementation for output current regulation. Since the sum

Figure 1.5: Output current regulation in dq frame

of the three-phase output currents is always zero in a three-wire system, there are only two
independent output current variables. Therefore, the compensation is implemented in a
two-dimensional dq frame, as shown in the gure. Moreover, as the dq frame itself rotates
at a synchronous speed, the steady state current variables in the dgq frame become DC
and therefore, their compensation through a proportional-integral (PI) regulator becomes
more e ective. The generated voltage commands from the Pl regulatorg;~and ¥, are

converted back to the abc frameysa, ¥mp, and ¥c.
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Figure 1.6 shows the simulation results for the upper arm of phase { a for two line-cycles

with 25 modules in each arm i.e., N = 25 . Figure 1.6(a) shows the switching signal of

Figure 1.6: Simulation results of upper arm of phase { a for Marquardt's control

the rst module of the upper arm of phase - a, i.e.d,. Whenever, &, is 1, the upper
switch of the module is turned on and whernd, is O, the lower switch is turned on. The
switching frequency,f s, chosen for this simulation, is 400 Hz. Figure 1.6(b) shows the arm
voltages,W and v.. The arm voltages include the cumulative e ect of all the modules, and
therefore, they are stair-cased waveforms, having a high-frequency componégi,given by

N fsw, Which is also called the equivalent switching frequency. In this cadse, is 10 kHz.

It should be noted that arm voltages do have some distortion due to line-frequency related

harmonics caused by the capacitor voltage ripples. However, the output current for phase -
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