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Executive Summary

This project proposes the use of a new modular multilevel matrix converter for wind power applications.
This modular approach allows the module size to be optimized with power semiconductor devices that
have the best combinations of high performance and low cost. Multilevel switching reduces system
switching loss and improves converter efficiency in the low wind speed conditions where typical variable-
speed wind turbines commonly operate. In addition, the multilevel modular approach is well suited for
scaling up to future wind farm applications that require the converter to interface with medium (4160 V)
voltage AC.

The goal of this project was to develop the fundamental theory and practice of the multilevel matrix
converter approach and to demonstrate a working scale model in the laboratory. This report documents
the results and include several key contributions briefly described below.

Although the operation of a three-phase converter containing many modules initially appears to be quite
complex, we show the converter operation can be understood through adaptation of the well-known space
vector approach. In addition, we show how this approach is well suited to low-cost implementation using
modern digital hardware, including field-programmable gate arrays (FPGA’s), and flash memory lookup
tables. Because the modular approach also employs simple, well understood power-stage circuits such as
H-bridge circuits, the key issue is control rather than operation of the power stage. The theory and
practice of this control are the key contributions of Part I of this report.

The controller performs two basic functions. First, it commands the switch modules to synthesise the AC
input and output waveforms. Second, it balances the stresses between the modules; in the case of
multilevel converters, this requires regulation of multiple switch module capacitor voltages. For paralleled
converter modules, balancing of module currents may also be required. Part I of this report shows how the
space vector control approach can be applied to solve both of these issues. It also documents the hardware
implementation and laboratory verification of this proposed approach. Specifically, it describes the
algorithms for both two-level and three-level synthesis of the AC waveforms. It proposes that the
converter low-wind efficiency be improved by switching to three-level operation when the generator
voltage output is low. Also, a capacitor voltage-balancing algorithm is developed and experimentally
demonstrated that balances the internal capacitor voltages of all nine switch modules in the proposed
modular converter system. This algorithm is based on an extension of the space vector modulation
approach, and its stability is proven by Lyapunov theory. A laboratory prototype design is extensively
documented; this prototype vindicates both the practicality of the control approach with up-to-date digital
hardware and the correctness of the underlying theory.

Part II of this report demonstrates how to obtain torque control of the generator and power factor control
of the utility-side output of the converter. It describes small-signal and large-signal averaged models of
the proposed converter. These models are transformed to the d-g domain, and hence they are well suited
for both converter space-vector control and generator field-oriented control. Part II also investigates
multivariable control systems based on both the pole placement approach and the optimal control
approach and finds that the optimal control approach is superior for this application. A gain scheduling
algorithm leads to good performance over a wide range of operating points. This controller is added to the
laboratory prototype of Part I, and is shown to provide both control of the converter terminal current
magnitudes and power factors as well as the average capacitor voltage.

Listings of FPGA, flash memory, and microcontroller code, as well as several tables of the underlying
modular matrix converter theory, are included in the appendices.
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1 Introduction

This research demonstrates a multilevel matrix converter suited to variable-speed wind turbine
applications. Such a demonstration requires development of real-time control schemes for the new matrix
converter. The control schemes for the converter must achieve two major tasks simultaneously: (1)
synthesizing terminal AC voltage waveforms, and (2) maintaining fixed voltages across all midpoint
capacitors.

An advantage of the proposed multilevel matrix converter is its ability to exhibit high efficiency over a
wide range of operating points while converting variable-magnitude, variable-frequency voltages
generated from a wind generator into fixed-magnitude, fixed-frequency voltages supplied to a utility grid.
Attaining high converter efficiency over a wide range of operating points, especially at low operating
power (low wind speed), is necessary to improve the energy capture of the variable-speed wind turbine
system because this is where the system operates most of the time.

In this chapter, we review the wind turbine system configurations and three-phase converter topologies
that are generally employed in wind turbine systems. We also review the performances of the power
semiconductor converters that enhance the energy capture of the variable-speed wind turbine system.
Next, we explain the approach used to increase the energy capture in the multilevel matrix converter.
Finally, we summarize the characteristics of the multilevel matrix converter.

1.1 Overview of Wind Turbine Systems

In a wind turbine system, the kinetic energy in the wind is converted into rotational energy in a rotor of
the wind turbine. The rotational energy is then transferred to a generator, either directly or through a
gearbox for stepping up the rotor speed. The mechanical energy is then converted to (often variable-
frequency, variable-voltage) electrical energy by the generator. From the generator, the electrical energy
is transmitted to a utility grid either directly or through an electrical energy conversion stage that produces
constant-frequency, constant-amplitude voltage suitable for interface to the utility.

A
Region I Region II Region III

Generator output power

>
Cut-in speed Rated speed Cut-out speed  Wind speed

Figure 1.1: Ideal characteristic of a wind turbine generator



1.1.1 Ideal Characteristic of Wind Turbine Conversion

The ideal power characteristic for a wind turbine system is illustrated in Fig. 1.1. Operation of the wind
turbine system is traditionally divided into three regions, as follows:

Region I where the wind speed is below the cut-in speed. The power in the wind is insufficient to
overcome the power losses within the turbine system.

Region II where the wind speed is between the cut-in speed and the rated wind speed. Generally, the
rated wind speed is the wind speed at which the maximum output power of the generator is
reached. In region II, the power transmitted to the wind turbine rises rapidly with the wind speed
and can be expressed as follows:

1
P=C,x §pATV£ (L.1)
where C, = power performance coefficient,
p = air density (kg/m?),
A, = areaswept by the rotor of the wind turbine (m?),

Ve wind speed (m/s).

Region III where the wind speed is between the rated wind speed and the cut-out speed. The cut-out
speed is the maximum wind speed at which the turbine is allowed to deliver energy. Usually, the
cut-out speed is limited by engineering design and safety constraints. In this region, the rotational
speed of the wind turbine hub is kept approximately constant at the rated wind speed.

The relation of wind speed and turbine output power in Eq. (1.1) is not exactly a cubic relationship
because of the power performance coefficient [1]. The power performance coefficient, C,, is a nonlinear
function depending on the ratio of rotor tip speed to wind speed. In general, the energy capture of the
wind turbine system can be optimized by operating the wind turbine system at the maximum value of the
power performance coefficient.

1.1.2 Wind Turbine Configurations

For a constant-speed wind turbine system, the configuration using a squirrel-cage induction generator that
is directly coupled to the grid, as shown in Fig. 1.2, is usually employed. This configuration is popular
because induction generators are rugged, inexpensive, and easy to connect to a utility grid. A gearbox is
required for stepping up the rotational speed of the rotor to a range that the induction generator can use to
produce an AC voltage at utility frequency (1500 rpm for a 50 Hz system and 1800 rpm for a 60 Hz
system). The rotor speed variations in this configuration are small, approximately 1 to 2%.

The main disadvantage of the constant-speed configuration is the poor energy capture of the wind turbine
system. Because the energy capture of the wind turbine system is a nonlinear function depending on rotor
tip speed and wind speed as described in Eq. (1.1), at wind speeds above or below the rated wind speed
the energy capture of the system does not reach the maximum value.

Another drawback of the wind turbine system with the directly grid-coupled configuration is the power
quality of the system. This configuration is sensitive to fluctuations in the wind speed resulting from the
steep torque speed characteristic of the induction generator. Any transient in the wind speed is transmitted
through the drive train to the grid. This generally causes voltage flicker in the utility grid. In addition, the
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Figure 1.2: Constant-speed wind turbine configuration with a squirrel-cage induction generator
that is directly coupled to the grid

induction generator always consumes reactive power from the utility grid. To compensate for the reactive
power consumption of the induction generator, a capacitor bank is normally inserted in parallel with the
generator to obtain close to unity power factor. Furthermore, a soft starter is also required to reduce
mechanical stress and to reduce the interaction between the utility grid and the wind turbine during
connections and startups of the turbine.

Configurations using variable-speed drives are normally employed to improve the energy capture of the
wind turbine system. In a variable-speed wind turbine system, the rotational speed of the turbine rotor is
continuously adjusted such that the tip speed ratio remains constant at the level of the maximum power
performance coefficient. As a result, the overall efficiency of the wind turbine system is significantly
increased. Configurations for variable-speed wind turbine systems are illustrated in Fig. 1.3. A power
semiconductor converter is required to convert variable-frequency, variable-magnitude voltages generated
from a generator into fixed-frequency, fixed-magnitude voltages supplied to a utility grid. Power factors
at both generator and utility sides can be controlled through the operation of the power semiconductor
converter.

In the system with a full-power converter (Fig. 1.3[a]), all output energy of the generator passes through a
power semiconductor converter, which allows the wind turbine system to operate over a broad range of
variable wind speeds. This configuration is generally employed with a permanent-magnet or a singly-fed
induction generators, With new FERC ride-through requirements, this approach is increasingly attractive.

For the configuration using a doubly-fed induction generator with a reduced VA rating power
semiconductor converter (Fig. 1.3[b]), the converter is connected to the rotor of the generator and directly
controls currents in the rotor windings. Consequently, the mechanical and the electrical rotor frequencies
are decoupled; the electrical stator and the rotor are matched independently of the mechanical rotor speed.
Only a fraction of the rated generator power passes through the converter. This enables control of the
whole generator by using a switching converter with rated power at only 20%-40% of the rated generator
power. The generator can be operated at both sub- and super-synchronous speeds. The operational speed
range of the generator depends only on the converter rating.
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Figure 1.3: Variable-speed wind turbine configurations: (a) with full-scale converter,
(b) with reduced VA converter

1.2 Overview of Three-Phase AC-AC Converters

A variable-speed wind turbine system for generating electricity requires a power semiconductor converter
to convert variable-magnitude, variable-frequency voltages from the generator into fixed-magnitude,
fixed-frequency voltages supplied to a utility grid. Several approaches to apply power semiconductor
converters to wind turbine systems have been proposed [2]. Typical three-phase to three-phase voltage
source converters can be categorized by their conversion characteristics into two families (Fig. 1.4):

1. AC-to-AC converter without a DC link
In this type of converter, input AC voltages are converted directly into output voltages by
proper operation of four-quadrant switches connected between the input and the output
phases. In other words, the output voltages are chopped from the input voltages.

2. AC-to-AC converter with DC links
In these converters, input AC voltages are converted into intermediate DC voltages, which
are stored in storage links such as capacitors. Then, the intermediate DC voltages are
converted into output AC voltages.
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Figure 1.4: Classification of three-phase to three-phase voltage source converter topologies

1.2.1 Matrix Converter

The matrix converter has nine of the four-quadrant switches connected in a matrix configuration, so that
any input phase can be connected to any output phase. Figure 1.5 illustrates the configuration of a
conventional matrix converter. Each four-quadrant switch employed in the matrix converter is typically
implemented from two two-quadrant switches (Fig. 1.6). Ideally, the matrix converter, which consists of
only silicon switching devices in the power stage, can be considered a “generalized solid-state
transformer” [3]. In practice, for the best performance, the converter should generate smooth waveforms;
therefore, filter elements are necessary. Capacitors are employed at the input side of the converter, and
inductors are employed at the output side.

The basic operation concept of the matrix converter is that the desired input currents (either to or from a
three-phase source) and the desired output voltages with arbitrary frequency can be obtained by properly
connecting the output phases to the input phases.
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Figure 1.6: Conventional four-quadrant switch used in the matrix converter

With inductors as filter elements at the output side and capacitors at the input side, two constraints are
imposed in the operation of the matrix converter. First, because the inductor currents cannot be
interrupted, at least one of the three switches connected to each inductor (output phase) must conduct the
inductor current at any given time. Second, switches must not short circuit any capacitor voltage (input
phase). These two constraints imply that exactly three switches conduct currents at any instance and limit
combinations of the four-quadrant switches into 27 cases [4]. To prevent violations of these constraints,
especially during switching transitions, multi-stepped switching procedures for safe commutation are
usually employed [5, 6]; sometimes soft-switching techniques are also considered [7, 8].

Modulation algorithms for the matrix converter can be categorized into scalar modulation [9, 10, 11, 12]
and space-vector modulation [4, 5]. Both modulation algorithms can generate an arbitrary output
frequency and an arbitrary input displacement power factor. Extended modulation algorithms, such as
adaptive space-vector modulation (SVM) and selected harmonic-elimination pulse-width modulation [13,
14] were also proposed to improve specific features of the matrix converter.

The scalar modulation involves direct matrix computation of the input voltages (currents) and the output
voltages (currents). The unfiltered output line-line voltages are synthesized by sequential, piecewise
sampling of the input line-line voltages. As a result, the output voltages are bounded by the input
voltages. With the scalar modulation algorithm, the matrix converter can generate output voltages with
the maximum gain ratio of 0.5 when the output voltages consist of only fundamental frequency. The gain
can be increased to 0.75 by injecting the third harmonic of the input frequency into the desired output-



phase voltages. The gain can be further increased to 0.866 by an additional injection of the third harmonic
of the output frequency [12]. However, improving the gain ratio involves a significant amount of
additional calculations.

The SVM technique was adapted for the matrix converter by employing a basic concept of indirect
modulation using a fictitious DC bus, then dividing the converter into a rectification stage and an
inversion stage [4]. The side having capacitors as filter elements performs rectification, and the side
having inductors as filter elements performs inversion. The input currents and the output voltages are
controlled by separate SVMs. The SVM technique also allows the maximum gain ratio of 0.866. An
output voltage waveform of the matrix converter using the SVM technique is shown in Fig. 1.7.
Furthermore, this modulation technique allows simplifying a converter model, making it easier to control
the converter under imbalanced and distorted power supply conditions. More details of the SVM will be
discussed in Chapter 2.

Matrix converters do not require intermediate energy storage and have lower switching losses. Although
the matrix converter has six additional switching devices, compared to the back-to-back, two-level, DC-
link converter, the absence of the DC-link capacitor may increase the efficiency of the converter. Also,
the power semiconductor devices in the matrix converter are switched at average voltages lower than
those in the two-level, DC-link converter.

The major disadvantage of the matrix converter is the limitation of the voltage gain ratio, which leads to
poor semiconductor device utilization. Another drawback is the large number of semiconductor devices
required to make the matrix converter functional. Although devices with smaller current rating can be
employed, they still lead to a large number of gate driver circuits. In addition, with the absence of the DC-
link, there is no decoupling between the input and output sides. Any distortion in the input voltage is
reflected in the output voltage at different frequencies; as a consequence, subharmonics can be generated.

Many soft-switching techniques have been proposed to improve the efficiency of the matrix converter. A
low-loss four-quadrant switch was proposed with the ability to be turned on with zero current switching
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Figure 1.7: Output voltage waveform generated from matrix converter using the SVM technique



and turned off with zero voltage switching [15]. The proposed four-quadrant switch has a disadvantage of
high current stress through the resonant inductors because the inductors are placed on the power transfer
paths. A soft-switching technique based on a fictitious DC-link technique, using an active commutation
auxiliary circuit, was also proposed [7, 8]. With this technique, soft commutations at all switches, zero-
voltage transition for main switches, and zero-current transition for auxiliary switches can be achieved
independently of load.

Several approaches for applying the matrix converter to a variable-speed wind turbine system have been
proposed [16, 17, 18]. The proposed approaches aim to maximize the energy capture of wind turbine
systems by controlling terminal voltages and frequencies of the generators so that the power performance
coefficients, C,, of the systems can be obtained at the optimal point.

1.2.2 Multilevel DC-Link Converter

Multilevel conversion has attracted significant attention as a way to construct a relatively high-power
converter using relatively low-power semiconductor devices [19, 20, 21, 22, 23, 24, 25]. The general
concept involves producing AC voltage waveforms from several small DC voltages. The smaller voltage
steps yield lower harmonic distortion at AC voltage waveform, lower switching loss, lower voltage
change rate (dv/dt), as well as smaller filter element requirements.

The lower voltage change rate can extend the lifetime of the AC machine connected to the converter. The
converter’s high-voltage change rates induce circulating currents, dielectric stresses, voltage surge, and
corona discharge between the winding layers, which cause “motor bearing breakdown” and “motor
winding insulator breakdown” problems in the AC machines [26, 27]. These problems become more
significant as the switching speeds of power semiconductor devices are increased.

Figure 1.8 compares waveforms of conventional pulse-width modulation (PWM) of two-level switching
voltage and three-level switching voltage. In the two-level switching-voltage waveform, the line-neutral
voltage is switched between two voltage levels: positive DC bus voltage and negative DC bus voltage.
While in the three-level switching-voltage waveform, the line-neutral voltage is switched among voltage
levels of positive voltage of DC bus, negative voltage of bus voltage, and mid-point voltage of DC bus.

The major disadvantages of the multilevel conversion are its complexity of control and its complexity of
bus-bar interconnection. A larger number of semiconductor devices are required. This does not lead to an
increase in semiconductor costs because lower-rated devices can be used; however, it does require
significantly more gate-driver circuits and leads to a more complex layout. Furthermore, the presence of
DC-link capacitors is considered a drawback because they are heavy and bulky. As the number of voltage
levels increases, the bus-bar structures of the multilevel DC-link converter become more complex and
difficult to fabricate.

The capacitor voltage-balancing problem in the multilevel converter is also an eminent disadvantage.
During converter operation, capacitor voltages in the converter deviate because the currents flowing
through the capacitors are different. Several topologies and control algorithms of the multilevel converter
have been proposed to overcome this problem. The problem of capacitor voltage balancing also becomes
more difficult to overcome as the number of voltage levels increases.
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and (b) three-level switching

SVM is extensively employed to synthesize AC waveforms in the multilevel DC-link converter [28, 29,
30, 31, 32, 33]. The modulation can be efficiently associated with a capacitor voltage-balancing scheme.
It is easy to extend the modulation to operate at higher voltage levels.

The following converter topologies are examples of commonly used multilevel converters.

1.2.2.1 Diode-Clamped Multilevel Converter

Figure 1.9 shows a schematic of a back-to-back three-level diode-clamped converter. Identical legs of
power semiconductor devices are employed for each input and output phase. The DC bus voltage in the
converter is divided by two equal capacitors. The midpoint junction of two capacitors is referred as the
neutral point.

In the neutral-point diode-clamped PWM converter, power semiconductor devices are clamped to
capacitor voltages via diodes [24, 34, 35]. Hence, device voltage stresses can be reduced to one-half the
magnitude of the DC bus voltage. However, the inner power semiconductor devices of each phase are not
directly clamped to the DC capacitors. These devices may encounter more blocking voltages.

The capacitor voltage unbalancing problem in the neutral-point clamped three-level converter can be
solved using additional control algorithms without any additional hardware [36, 37, 38, 39, 40]. The
capacitor voltage unbalancing problem becomes more difficult to overcome as the switching level
increases.
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Figure 1.9: Back-to-back three-level diode-clamped converter
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1.2.2.2 Multilevel Converter with Bi-Directional Switch Interconnection

A schematic of switching a device for one phase of a three-level converter with bi-directional switch
interconnection is illustrated in Fig. 1.10. The bi-directional switch provides a means to clamp the output
voltage to the midpoint level [41]. The voltage rating of power semiconductor devices in the bi-
directional switch is half of the DC bus voltage, while the voltage rating of the main switching devices is
the full DC bus voltage.

Figure 1.10: Switching device configuration for one phase
of a three-level converter with bi-directional switch interconnection

The converter operates with conventional two-level PWM algorithms, while using the midpoint voltage
level only during switching transitions. This can be considered “quasi three-level” operation. The main
switching devices hard-switch at half of DC bus voltage; therefore, switching loss is reduced compared to
the conventional two-level switching converter.

1.2.2.3 Flying-Capacitor Multilevel Converter

Figure 1.11 shows the switching-device configuration for one phase of a three-level flying-capacitor
converter. The difference in component count between the diode-clamped multilevel converter and the
flying-capacitor multilevel converter is that two diodes per phase are replaced by one capacitor [42, 43].
Voltages across open-circuited switches are constrained by clamping capacitors instead of clamping
diodes. The flying-capacitor configuration also alleviates the voltage clamping problem of the inner
devices in the diode-clamped converter. A high-frequency small capacitor clamps two inner devices of
one phase at V,, /2. Devices between the upper part and the lower part conduct current complementarily.
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Figure 1.11: Switching device configuration for one phase
of a three-level flying capacitor converter
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The benefit of the capacitor-clamped converter is that the voltage-balancing problem is relatively easy to
solve, compared to the diode-clamped converter.

1.2.2.4 Multilevel Converter with Cascaded H-Bridge Cells

The structure of one phase of a seven-level converter with cascaded H-bridge cells is illustrated in
Fig. 1.12. The remaining phases have the same switch configuration. The configuration was proposed to
eliminate the neutral-point balancing problem in the multilevel converter, with a simplifying bus-bar
structure [44, 45]. The DC voltage sources are supplied from isolated DC sources, such as isolated three-
phase rectifier circuits. Each H-bridge switch can generate three different voltage levels: +V,., 0, and
-V ,.. H-bridge switches are connected in series such that the synthesized AC voltage waveform is the
summation of all voltages from cascaded H-bridge cells. The number of phase-voltage levels can be
defined as m =2s+1, where m is the number of H-bridge switches in each leg. One disadvantage of this

configuration is that the converter requires multiple isolated DC sources, which makes it an expensive
solution.
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Figure 1.12: One-phase structure of a multilevel converter with H-bridge inverter leg

A modified configuration of this topology to achieve more voltage levels was also proposed [22]. By
employing non-identical DC voltage sources in a binary arrangement, the number of switching voltage
levels can be increased without increasing the number of the H-bridge switch cells.

1.3 Efficiencies of Power Semiconductor Converters

The requirement for high efficiency at low power and low voltage is unique to the variable-speed wind
turbine system. A typical way to design a converter is to optimize the performance at the rated operating
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point. This minimizes the cost of the converter by minimizing the component stresses and losses.
However, the efficiency of the converter is decreased rapidly at reduced power, reduced voltage. This
behavior can significantly degrade the energy capture of variable-speed wind turbine systems when they
operate at low wind speed (Region II in Fig. 1.1). Achieving high converter efficiency under low wind
speed is crucial for improving energy capture in variable-speed wind turbine systems because typical
wind energy systems operate primarily at low wind speeds.

Figure 1.13 summarizes efficiencies of DC-link converters with two- and three-level switching from
experimental results [46]. Both results were obtained from the converters converting variable-magnitude
input voltages from a synchronous generator into fixed-magnitude output voltages at a utility grid side,
simulating a variable-speed wind turbine system. The DC-link voltages of the converters are fixed at a
magnitude slightly greater than the utility voltage magnitude. Both converters employ the same power
semiconductor devices and use identical models of the switching and conduction losses.
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The results show that the converter efficiencies are dominated by the efficiencies of the rectifier parts of
the converters. In addition, at lower operating power or lower operating voltage, the efficiencies of the
rectifier parts decrease more rapidly than those of the inverter parts. Because the voltage produced by the
generator is proportional to the wind speed, the reduced voltage produced by the generator under low-
wind-speed conditions causes the rectifier parts to “work harder” in stepping up the voltage magnitude.
This requires a greater proportion of indirect power. In the rectifier portion of the DC-link system, the
indirect power consists of energy that is first stored in the inductors and later released to the DC link. In
contrast, the direct power consists of power that flows directly from the input side to the output side,
without going through the intermediate step of being stored. Hence, the indirect power conversion incurs
additional losses. This problem of low efficiency at low operating voltage can also be observed in the
boost converter.
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Figure 1.13: Efficiencies of three-phase DC-link converters:
(a) two-level switching, (b) three-level switching
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It can also be seen from the results that, as the number of switching levels increases, the converter
efficiency at full load improves. The efficiency at light load also improves, and the knee of the efficiency
curve shifts to the left. The range of high efficiency is extended into lower operating points. Effectively,
the range of power levels over which the high full-load efficiency is maintained is extended by a factor of
approximately two (for example, the value of P/P, . at the knee is reduced by 50%). The reason for this

is that the rectifier part converts the voltage generated from the generator into lower magnitude as the
number of switching levels increases. As a result, the switching losses in the converter are reduced. The
switching loss for a switching device is defined as follows:

PSW - fs(A‘/;ls)Qloss (12)

X

where f, is the switching frequency of the converter, AV, is the voltage change during each switching,

N

and Q, 1s charge associated in each switching. As the switching loss is proportional to the voltage

change AV, , the efficiency of the rectifier increases as the number of switching levels increases.

For a converter using insulated gate bipolar transistors (IGBTs) and diodes as switching devices, the
switching losses in the converter are dominated by the IGBT current tailing and the diode reverse
recovering [46]. Therefore, with reduced switching voltage, three-level switching converters exhibit lower
switching losses than those of two-level switching converters. However, the two-level switching
converters were reported to exhibit better overall efficiency when the overall losses (conduction loss,
switching loss, and loss in filter elements) were considered. Because the switching loss in the three-level
switching converter is much lower than that in the two-level switching converter, the switching frequency
of the three-level switching converter can be increased to reduce the loss in filter elements. To optimize
the converter efficiency in the wind turbine system, the DC-link converter with the three-level switching
structure at the grid side and the two-level switching structure at the generator side is recommended [48].

Another approach to improve the converter efficiency is to employ a reconfigurable structure concept.
The reconfigurable converter concept for variable operating points applied in a boost double rectifier has
shown significant improvement in efficiency at low voltage (low power) [49]. When the boost double
rectifier operates in the double mode, the rated power is doubled; however, the switching losses are not
double. Hence, the rectifier exhibits higher efficiency. The reconfigurable structure concept requires finer
control of the semiconductor devices so that the power conversion mechanism can be effectively
reconfigured and better optimized at a wide range of operating points.

1.4 The New Multilevel Matrix Converter

The multilevel matrix converter was proposed to solve the problem of low converter efficiency at low
voltage, low power [49, 50]. A schematic of the converter with basic configuration is illustrated in
Fig. 1.14(a). The converter is a hybrid of multilevel and matrix technologies. The conversion approach of
the converter is based on H-bridge switch cells, resembling the structure in Fig. 1.12. The use of a matrix
configuration eliminates the need for DC voltage sources to supply average power. Therefore, the DC
voltage sources can be replaced by simple DC capacitors, as shown in Fig. 1.14(b).

The multilevel matrix converter synthesizes the input and the output voltages by PWM of the DC
capacitor voltages of the H-bridge switch cells. This operation differs from that of the conventional matrix
converter in which the voltages are synthesized on one side and currents on the other. Therefore,
inductors can be used as filter elements at both sides of the converter. Because of the symmetry of the
multilevel matrix converter structure, both step-up and step-down of the voltage magnitude are possible.
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Figure 1.14: Basic configuration of a multilevel matrix converter:
(a) converter topology, (b) schematic of an H-bridge switch cell
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Table 1.1: Comparison of a Conventional Matrix Converter
and a Multilevel Matrix Converter

Conventional Matrix Multilevel Matrix
Factor
Converter Converter
Voltage conversion ratio Buck only: Buck-Boost:
(V[)Lt[ /Vln) V[)L{[ S 0'866V[ﬂ 0 S Vout S V[ﬂ
Coordination of Simple transistor plus

Switch commutation four-quadrant switches freewheeling diode

Bus-bar structure Complex Modular and simple
Multilevel operation No Possible

AC capacitors and

. Inductors
inductors

Filter elements

The multilevel matrix converter is fundamentally different from the conventional matrix converter, as
well as the multilevel DC-link converter, in several respects. Table 1.1 summarizes these differences.
First, the conventional matrix converter can only step-down voltage, with the maximum voltage
magnitude at the low-voltage side of 0.866 times the voltage magnitude at the high-voltage side.
Therefore, in a wind turbine system, the voltage magnitude produced by the generator must be less than
0.866 times the voltage magnitude of the utility grid. In contrast, the multilevel matrix converter can both
step-up and step-down the voltage magnitudes, with arbitrary power factors.

Switch commutations for the conventional matrix converter must be carefully coordinated with
independent control of anti-parallel transistors. These control schemes introduce an additional level of
complexity. In the multilevel matrix converter, a simple method for coordinating switch transitions,
“break before make” operation, can be employed. This method requires that all transistors that are to be
switched off must first be turned off; after a short delay, the transistors that are to be switched on are then
turned on. During the dead-time of switch transitions, inductor currents are not interrupted because the
anti-parallel diodes can conduct currents and provide flow paths for the inductor currents. Energy stored
in the inductors is then transferred to the switch-cell capacitors. A soft-switching scheme or a safe-
commutation scheme can also be applied in the multilevel matrix converter.

Bus-bar structures of the conventional matrix converter are quite complex, as are those of the multilevel
DC-link converter. To avoid excess voltage transients during switch transitions, it is necessary to
minimize the parasitic wiring in all circuit loops that carry high-frequency currents. A practical approach
for the bus-bar structures that resemble multi-layer printed circuit boards is to overlap the conducted
current and the return current so that the magnetic fields of the currents are nearly canceled, and the
parasitic inductance is thereby minimized. The modular approach of the H-bridge switch cell in the
multilevel matrix converter simplifies the complexity of the bus-bar structures. The bus bars in the H-
bridge switch cells can be locally overlapped within the switch cells. This modular approach also allows
the switch cells to be constructed using printed circuit boards. Such construction leads to further benefits
of automated fabrication of the circuitry.
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The modularity of the converter approach also provides a way to directly scale the design to higher
voltage and power levels. The power-stage voltage and power level can be increased by series-connecting
identical switch modules in each branch of the matrix connection. The power-stage elements are
otherwise unchanged. All that is needed is modification of the controller to properly switch the additional
modules.

Finally, the conventional matrix converter requires the use of AC capacitors at the high-voltage side and
inductors at the low-voltage side. This configuration implies that exactly three switch branches conduct at
any instant. In contrast, the multilevel matrix converter employs inductive elements on both sides and
then requires five conducting branches at any instant.

1.5 Research Motivations and Contributions

Software developed for simulating the operation of the multilevel matrix converter has demonstrated that
the converter can regulate all nine capacitor voltages while synthesizing terminal voltages [49]. The
algorithm employed in the software is based on a lookup table that contains pre-calculated currents
flowing through switch-cell capacitors for all possible switching-device combinations of the multilevel
matrix converter. During the simulation, the software searches through the lookup table for switching-
device combinations that have proper currents flowing through the desired capacitors. However, this
approach is not practical for a real-time control because it requires significant time to choose one proper
combination from a decidedly huge lookup table.

To enable use of the new multilevel matrix converter in variable-speed wind turbine applications, an
objective of this research is to develop real-time control schemes for the multilevel matrix converter. The
control scheme for the multilevel matrix converter consists of two tasks that must be performed
simultaneously:

(1) Synthesizing terminal AC voltages

(2) Regulating switch-cell capacitor voltages.

To synthesize the terminal voltages of the multilevel matrix converter, the space-vector control technique
is applied because of its simplicity when implemented with another control scheme. The space-vector
control requires that the three-phase variables must be converted in the dg variables. The multilevel
matrix converter with the basic configuration is able to generate, for each side, 19 combinations of three-
phase line-line voltages in terms of the capacitor voltage, corresponding to 19 space vectors: a null-state

space vector, six space vectors with magnitude 2V, / 3 , 8ix space vectors with magnitude 2V,,,, and

six space vectors with magnitude 4V, / V3.A dg diagram of the 19 space vectors obtained from a

ap
multilevel matrix converter is shown in Fig. 1.15. There are similar dg diagrams for voltage modulation
of each side of the converter. The dg diagram can be divided into three regions according to the

converter operations.
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Figure 1.15: Operating regions of the multilevel matrix converter in dg diagram

To generate terminal voltages with two-level switching, the space-vector control involves the null-state
space vector and the six space vectors with magnitude 2V, / /3. The reference space vector must lie

within the circular area inside the hexagon formed by the six space vectors with magnitude 2V, / NE)

(Region 1 in Fig. 1.15). In this region, the converter generates terminal line-line voltages with the
maximum magnitude equal to the switch-cell capacitor voltage.

The single-capacitor control scheme and the capacitor voltage-balancing scheme have been proposed to
control the converter when operating with the two-level switching. The single-capacitor control scheme is
the first step to reduce the complexity of the converter. With the single-capacitor control scheme, only
one switch-cell capacitor is employed to synthesize terminal AC voltages in each switching period. This
allows the multilevel matrix converter to be modeled as a two-level DC-link converter. Charge balance of
the single capacitor can be achieved in one complete switching period; hence, capacitor voltages in the
converter are theoretically stable.

However, as a result of disturbances in the capacitor voltages caused by stray inductances inside the
circuits, the capacitor voltage-balancing scheme is required to regulate and balance all nine capacitor
voltages. The proposed capacitor voltage-balancing control is based on the modification of the SVM such
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that two switch-cell capacitors can be charged and discharged in each switching period. The capacitor
voltage-balancing control is orthogonal to the process of terminal voltage synthesizing; therefore, it can
be employed with the single-capacitor control scheme. The stability of the capacitor voltages with the
proposed control scheme can be confirmed by a Lyapunov’s approach.

To generate terminal voltages with three-level switching, the space-vector control uses all 18 space
vectors except the null-state space vector. The reference space vector must lie in the outermost band of
the dg diagram (Region 2 in Fig. 1.15). In this operating region, the converter can generate terminal

voltages with a maximum magnitude of twice the capacitor voltage. With the constraint to avoid excess
voltages across open-circuited switch cells, when terminal voltages with three-level switching are
generated at one side of the converter, the terminal voltages with two-level switching must be generated
at the other side. Experiment validations are used to prove the capability of the converter in the three-level
switching.

When operating in Region 3 of Fig. 1.15, the multilevel matrix converter generates AC voltages with both
two-level switching and three-level switching in one line cycle. The approaches for the converter
operating in Regions 1 and 2 are still valid for applications where capacitor voltages can be kept constant
but terminal voltage magnitudes are varied. However, in the wind turbine system where the terminal
voltage magnitude at one side of the converter is fixed at the utility voltage magnitude, to operate in this
region the capacitor voltages must be varied with the terminal voltages. To solve this problem, two
approaches can be employed.

First, by applying an over-modulation control scheme [13, 51, 52, 53] on the two-level switching when
the multilevel matrix converter operates in Region 3 of Fig. 1.15, capacitor voltages can be kept constant
at the utility voltage magnitude. The over-modulation control scheme allows the converter to generate
terminal voltages with magnitudes 15% higher than the capacitor voltages. However, the control scheme
involves a nonlinear modulation technique. As a result, the converter terminal voltages with this scheme
incur more distortions and harmonics. Moreover, the nonlinear modulation requires more complex
calculations.
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Second, operation of the multilevel matrix converter in the Region 3 of Fig. 1.15 can be avoided by
employing the proposed capacitor voltage as shown in Fig. 1.16(a). The shaded area in the figure
demonstrates valid points of capacitor voltages. However, the capacitor voltages should be kept as low as
possible to minimize switching losses of the semiconductor devices. When the converter operates with
two-level switching at both sides, voltage magnitudes at the generator side are close to the utility voltage
magnitude, and the capacitor voltages are regulated at slightly greater than the magnitude of the utility
voltage. The single-capacitor control scheme and the capacitor voltage-balancing scheme are proposed for
these operating points. When the voltage magnitude generated from the wind generator drops
significantly below the voltage magnitude of the utility, the multilevel matrix converter can operate with
three-level switching at the utility side and two-level switching at the generator side. In this operation, the
capacitor voltage can be reduced below the magnitude of the utility voltage; however, it must be greater
than the average of the input and output line-line voltage magnitudes. It is also possible to divide the
range within which the converter operates with three-level switching into smaller ranges having different
capacitor voltage levels. This will further reduce the switching losses of the converter. Hence, the
prospective efficiency curve of the converter can be as shown in Fig. 1.16(b).
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Figure 1.16: (a) Proposed capacitor voltage of the multilevel matrix converter in the wind
turbine system, (b) prospective converter efficiency
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1.6 Outline of Discussion

This report is divided into two major parts. Part I documents the basic operation, design, and open-loop
control of the converter system. Part Il extends this work to the closed-loop control of generator torque
and utility-side power.

Part 1 is composed of six chapters. Chapter 2 describes details of the multilevel matrix converter
configurations and operations. The operations and derivations of basic converter configuration, in which
one switch cell is used for each branch of the matrix connection, are used to demonstrate the concepts.
Chapter 2 also describes the SVM, which is employed as an approach to synthesize the terminal AC
voltages of the multilevel matrix converter.

Chapter 3 explains the SVM technique for two-level switching. The proposed control schemes—the
eight-capacitor control scheme and the single-capacitor control scheme—for the multilevel matrix
converter operating in the two-level switching mode are described in this chapter. Experimental results to
verify the proposed control scheme are also included. The experimental results also show that well-
regulated capacitor voltages are necessary. A capacitor voltage-balancing control, which is based on the
space-vector control technique, is described in Chapter 4.

The operations and limitations of the multilevel matrix with the three-level switching are described in
Chapter 5. Experimental validations are included to show the capability of the multilevel matrix converter
with the three-level switching. A possible control scheme for the converter operating in three-level
switching mode is also discussed.

Implementations of the first working laboratory prototype are described in Chapter 6. The prototype was
constructed to demonstrate the operation of the converter and to verify the proposed control schemes. The
power stage of the multilevel matrix converter consists of the modular H-bridge switch cells and the filter
inductors. The modular H-bridge switch cells were constructed in printed circuit boards. The power
semiconductor devices used in the H-bridge switch cells were fast-switching Insulated Gate Bipolar
Transistors (IGBTs) with anti-parallel diodes. The digital control circuit was implemented using Xilinx’s
Vertex II Pro, which consists of a PowerPC microprocessor and Field Programmable Gate Arrays
(FPGAs), and flash memory chips as a lookup table. The control schemes for the multilevel matrix
converter were implemented in the PowerPC microprocessor with Assembly language. The pulse-width
modulation (PWM) control unit and the gate signal control circuits were implemented in the FPGAs using
hardware description language (HDL). The use of FPGAs and lookup tables to control highly modular
converters is quite attractive because it allows high-speed complex control schemes to be easily
implemented in HDL code, leading to a low-cost high-performance solution to the control issue.
Chapter 7 summarizes the key results of Part I.

Part II is composed of five chapters. Chapter 8 introduces the closed-loop control issues. In Chapter 9, a
state-space model of the converter is developed, including transformation to stationary d-g coordinates
and linearization about a quiescent operating point. The result is a small-signal equivalent circuit model of
the converter.

Chapter 10 develops a controller design methodology that is suitable for the new multilevel matrix
converter. A multi-input, multi-output controller designed using optimal control, with gain scheduling, is
shown to be well suited to this application. This controller is able to regulate the generator current
magnitudes and phase angles with space-vector control and, hence, is well suited to torque and vector
control of the generator. It can also simultaneously regulate the utility-side power factor and the internal
capacitor voltage magnitudes.
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The performance of the proposed controller is validated experimentally in Chapter 11. It is shown that
this controller can regulate the experimental prototype developed in Part I. Algorithms that implement the
controller within the PowerPC microcontroller are described.

The key results of Part II are summarized in Chapter 12.
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Part1
Basic Converter Operation and Design
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2 Multilevel Matrix Converters

This chapter describes an overview of the configuration and operation of the multilevel matrix converter.
The basic configuration of the converter, in which nine switch cells are employed in the switch network,
is used to demonstrate the concept. An approach to generate valid switching-device combinations from
given terminal voltages is also described. Afterward, the SVM technique, which is employed for
synthesizing terminal voltages, is introduced. The multilevel matrix converter can generate, at each side,
19 combinations of three-phase line-line voltages, which correspond to 19 space vectors in the dg

SiX

/N3, six space vectors with magnitude 2V,

coordinate: six space vectors with magnitude 2V,

space vectors with magnitude 4V, / V3 , and a null-state space vector. The null-state space vector and
the six space vectors with magnitude 2V, /\/g are employed in the two-level switching. The 18 non-

zero space vectors are employed in the three-level switching.

2.1 Configurations of the Multilevel Matrix Converter

A basic configuration of the multilevel matrix converter is illustrated in Fig. 2.1. The multilevel matrix
converter contains nine four-quadrant switches connected between each input phase and each output
phase, resembling a conventional matrix converter. However, the four-quadrant switches are realized as
capacitor-clamped H-bridge switch cells, as illustrated in Fig. 2.2. Each switch cell is similar to the cell

Three-phase
ac system 1

Three-phase
ac system 2

oo s O]
s O

Figure 2.1: Basic configuration of a multilevel matrix converter
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Figure 2.2: Schematic diagram of an H-bridge capacitor clamped switch cell
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shown in Fig. 1.12 for the multilevel DC-link converter, except that the DC voltage sources in the H-
bridge switch cells are replaced by simple DC capacitors because the use of the matrix configuration
allows the converter to deliver average power without external DC voltage sources.

The multilevel matrix converter synthesizes AC line-line voltages at both sides from PWM of the switch-
cell capacitor voltages. This operation differs from that of the conventional matrix converter in which
voltages are synthesized on one side and currents on the other side. As a result, inductors are employed as
filter elements at both sides of the multilevel matrix converter. These inductors may be physically discrete
elements, or they may be inductances of other system elements, such as machine-winding inductances and
transformer-leakage inductances. With the symmetry structure of the multilevel matrix converter, both
step-up and step-down of voltage magnitudes are possible.

With the inductors connected to each input and output phase of the multilevel matrix converter, the
operation of the switch cells in the converter must not interrupt the inductor currents. In addition, the
operation of the switch cells must not create a closed-loop inside the switch network. Consequently, the
multilevel matrix converter requires exactly five H-bridge switch cells conducting currents at any given
instant.

The use of switch cells based on the H-bridge circuits leads to a simple bus-bar structure: simple modular
construction. The voltages across transistors and diodes within each switch cell are locally clamped to the
DC capacitor voltage, which can be regulated via feedback. Furthermore, with proper control of the
current stresses to evenly spread over all four devices in the switch cell, the average current through the
switch cell can be doubled in the conventional matrix converter, compared to a four-quadrant switch,
which uses two transistors and two diodes,.

The H-bridge switch-cell configuration also allows the application of a simple switching transition
procedure to avoid cross-conduction and shoot-through currents, which can occur during transitions of
semiconductor devices in each switch cell. One method for coordinating the switching transition is “break
before make” operation, which is to first turn off all transistors that are to be switched off and, after a
short delay, turn on the transistors that are to be switched on. Turning off the transistors of five or more
switch cells does not cause a calamity because the anti-parallel diodes inside the switch cells can provide
paths for the inductor currents to flow continuously. Energy stored in the filter inductors, as well as the
parasitic inductance in the winding of the switch-cell interconnections, is then transferred to the switch-
cell capacitors.

In the basic configuration of the multilevel matrix converter, the converter operation can be divided into
two operational modes. The first operational mode is where the converter generates terminal voltages
with two-level switching at both sides. The converter operates in this mode when the voltage magnitudes
of both sides are about the same and the capacitor voltages are regulated to be slightly greater than the
line-line voltage magnitudes of both sides. Note that the number of voltage levels is conventionally
referred to as the number of voltage levels in the line-neutral voltage; generally there are more voltage
levels happening at the line-line voltages. With two-level switching, the line-line voltages of the converter
are switched at three voltage-levels: +V,,,, 0, and -V, where V,,, is the capacitor voltage. In the

cap > cap
second operational mode, the multilevel matrix converter generates voltages with two-level switching at
one side and voltages with three-level switching at the other side. The converter can operate in this mode
only when the voltage magnitudes at both sides are significantly different. The line-line voltages of the
converter at the side with three-level switching have voltage-levels of -2V, ~Veips 0, +V,,,, and

cap > cap ®
+2V

cap *
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The number of voltage levels can be further increased by connecting more H-bridge switch cells in series.
For example, the configuration of the multilevel matrix converter (Fig. 2.3) contains two series-connected
H-bridge switch cells in each branch of the matrix connection. This converter is capable of operating with
three-level switching at the full-rated operating point when voltage magnitudes at both sides of the
converter are close to each other and with four-level switching when the voltage magnitudes at both sides
are significantly different. This approach allows the direct increase of the terminal voltage magnitudes
without changing the voltage ratings of the semiconductor devices.

In this research, the proposed control algorithms are based on the multilevel matrix converter with the
basic configuration in which one switch cell is used for each branch of the switch network. They can be
adapted for the multilevel matrix converter that has more than one switch cell per branch of the switch
network; however, additional control algorithms for controlling and regulating additional switching
devices and capacitors are required.

C_ Three-phase
£/ ac system 1

Vg g o
A B C

Three-phase

NN
o

Figure 2.3: A multilevel matrix converter containing two of the switch cells
in each branch to increase voltage-levels

2.1.1 States of Switch Cell

Each H-bridge switch cell can provide three different voltage levels when it conducts current and is able
to block voltage magnitudes less than the DC capacitor voltage: +V,,,, 0, and -V, . The voltage

cap *
between terminals of each switch cell can be controlled by states of the switching devices, independent of
the current direction through the switch cell. Operations of the H-bridge switch cell when the devices
conduct current are illustrated in Fig. 2.4. Node X and node Y are assumed to be an input phase and an
output phase of the converter terminals, respectively.
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Figure 2.4: Three states of the H-bridge switch cell when devices conduct current
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State 1: The positive polarity of the capacitor is connected to node X and the negative polarity of the
capacitor is connected to node Y (Fig. 2.4[a]). Transistors O, and Q, are turned on. When the

current flows from node X to node Y, diodes D, and D, conduct the current, and then the
capacitor is charged. When the current flows from node Y to node X, transistors O, and Q,
conduct the current, and then the capacitor is discharged.

State 2: The positive polarity of the capacitor is connected to node Y, and the negative polarity of the
capacitor is connected to node X (Fig. 2.4[b]). Transistors Q, and Q, are turned on. When the

current flows from node X to node Y, transistors O, and Q; conduct the current, and then the
capacitor is discharged. When the current flows from node Y to node X, diodes D, and D,
conduct the current, and then the capacitor is charged.

State 3: Node X and node Y are shorted together (Fig. 2.4[c]). This can be accomplished by turning on
either the upper transistors, O, and Q,, or the lower transistors, O, and Q,, of the H-bridge

switch cell. In either case, only one transistor and one diode conduct the current. It is
advantageous to alternate the conducting devices, so that the conduction losses are distributed
over the devices.

State 4: The switch cell is open-circuited. All switching devices are turned off. The terminal voltage
magnitude between node X and node Y must be less than the DC capacitor voltage; otherwise,
the diodes in the switch cell will forward bias and change the state of the switch cell into state 1
or state 2.

2.1.2 Branch Connections

Similar to the conventional matrix converter, the operation of multilevel matrix converter has constraints
from the passive elements inside the converter. First, because of the inductors at both input and output
phases, currents must flow continuously through the inductors. Therefore, the operation of the multilevel
matrix converter must never result in open circuit of each input and output phase. Second, the branches in
the switch network must never conduct in a way that forms a closed loop within the switch matrix. The
term branch refers to a connection between an input phase and an output phase using one or more switch
cells.

For a three-phase input and three-phase output system (nine branches in the switch network), the above
constraints imply that the converter must operate with exactly five branches in the switch matrix
conducting at any given instant. Although in some special cases, it is possible to allow more than five
branches to conduct. There exist 81 cases of branch connections that satisfy the above constraints, which
are included in Appendix A.

The followings are the summarized rules for branch connections in the multilevel matrix converter [49]:

1. There is exactly one and only one conducting path between any two phases.

2. If any phase on one side (input side or output side) has two conducting branches (is connected to
two phases from the other side), then there must be exactly one other phase from the same side
having two conducting branches. The third phase must have only one conducting branch.

3. If any phase on one side (input side or output side) has three conducting branches (is connected
to all phases from the other side), then the other two phases from the same side have one and
only one conducting branch.
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2.2 Switching-Device Combinations

2.2.1 Constraints for Switching-Device Combinations

With five switch cells conducting currents at any given instant and each conducting switch cell having a

potential of three different states, there are 3° =243 possible combinations of switch states for a given
branch connection. As previously stated, there are 81 valid branch connections for the multilevel matrix
converter. This leads to 243x81=19,683 combinations of the switch states and branch connections,
referred to as “switching-device combinations,” for the converter. Nevertheless, several switching-device
combinations are not practical, and most of them can be generated by rotation of the input or output phase
of previously generated combinations.

Figure 2.5 illustrates examples of different switching-device combinations for the choice of branch
connection having branches Aa, Ba, Ca, Cb, and Cc connected and branches Ab, Ac, Bb, and Bc
disconnected. Branch Aa uses switch cell Sy,, branch Ba uses switch cell Sp,, etc. These configurations
show that it is possible to obtain five different voltage levels at line-line voltages from the multilevel
matrix converter with the basic configuration, having one switch cell per branch. The configuration in
Fig. 2.5(a) generates zero line-line voltages at both sides of the converter from the DC capacitor voltages,

Ve =0V
—. Phase ¢
(@)
Pha;e A@® Phase a
Vg =0V V=0V

Phaseb V,,=-Vcap

VBf =0V Ve T +Veap
Phase C Phase ¢
(b)
Phage A P}#ase a
Vap=0V V=0V

Phase b V,,=-2Vcap
Vie=+2Vcap

(©)

Figure 2.5: Examples of different switching-device combinations
in the multilevel matrix converter
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Veap- This is done by operating all switch cells of the connected branches in State 2. The same result can
also be obtained by operating all switch cells in State 1 or State 3. Figure 2.5(b) illustrates what happens
when the switch cell Sc. is changed to State 3. The converter then produces three different voltage

magnitudes (-V,_,, , 0, and +V_, ) at the output line-line voltages. Figure 2.5(c) illustrates the result of

ap ° cap

changing the switch cell Sc. to State 1. Consequently, the output line-line output voltages are -2V, , 0,
and +2V

«p - By alternating among the three switching-device combinations in Fig. 2.5, the multilevel

Vs 0,

matrix converter can produce five-level line-line voltages with voltage levels of -2V, cap »

cap
+2V . and +2F_ _ at one side of the converter.

cap > cap

As mentioned previously, the H-bridge switch cell can block voltages with magnitudes less than the DC
capacitor voltage of the switch cell, when all devices in the switch cell are turned off (State 4). With the
basic configuration, when the multilevel matrix converter generates the line-line voltages with a
magnitude of twice the capacitor voltage from two series-connected switch-cell capacitors, all phases on
the other side of the converter must have voltage potentials equal to the voltage potential at the midpoint
of the two series-connected capacitors. This avoids applying voltage exceeding capacitor voltage across
open-circuited switch cells. As a result, when the multilevel matrix converter generates line-line voltages
with twice the capacitor voltage on one side, all line-line voltages on the other side of the converter must
remain at zero. For instance, in the switching-device combination shown in Fig. 2.5(c), all line-line
voltages on the left-hand side of the converter are equal to zero, while the line-line voltages V. and V,, on
the right-hand side have a magnitude of twice the capacitor voltage. It can be verified that all switch cells
of the open-circuited branches S5, Sac, Sz, and Sg., block voltages with magnitudes equal to V.

An example of invalid switching-device combination is demonstrated in Fig. 2.6. In this example, the
line-line voltages V. and V., on the right-hand side of the converter have a magnitude of twice the
capacitor voltage, whereas the line-line voltages V¢ and V4 on the left-hand side of the converter have
magnitudes of the capacitor voltage. Phase C has voltage potential different from the voltage potential at
the midpoint of the two series-connected capacitors. Consequently, the switch cell S, has to block a
voltage with magnitude 2V,,,. In practice, this kind of configuration could not happen because diodes in
those switch cells would be forward-biased, changing the states of the switch cells into conduction states,
State 1 or 2. As a result, a closed-loop circuit inside the switch network can be formed, and it then
changes the terminal voltages.

As a result of the constraint described above, the maximum instantaneous line-line voltage magnitude of
the multilevel matrix converter with the basic configuration is limited to twice the capacitor voltage. In
other words, for the multilevel matrix converter with N series-connected switch cells in each branch of the
switch network, the possible voltage levels of the terminal line-line voltages can vary from —2NV_ to

cap
+2NV

cap *

Phase A Plflase a
V,g=0V Vo = +Vca&
Phaseb V.,=-2Vcap

Veq=1Veap Phatse B
Ve =+Veap

Vge=-Veap

Phase C Phase ¢

\+2Vcap— 7

Figure 2.6: An example of invalid switching-device combination
having 2V.,, across the non-conducting switch cells
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In PWM, the above constraint implies that the multilevel matrix converter with basic configuration can
operate with the instantaneous line-line voltages exceeding the capacitor voltage only when the voltage
magnitudes at both sides of the converter are significantly different. The side that has line-line voltage
magnitudes exceeding the capacitor voltage operates with three-level switching, while the other side
operates with two-level switching.

2.2.2 Generating Valid Switching-Device Combinations

To generate a valid switching-device combination, all line-line voltages are used to determine voltages
across all nine switch cells. Those switch cells that have the same voltage potential at both terminals are
switched to the short-circuited state (State 3), while those switch cells that have £V across their

cap
terminals are operated with their capacitors connected according the voltages between their terminals.
After states of all nine switch cells are determined, five of nine branches that satisfy the constraints of the
branch connection described in Section 2.1.2 can be chosen to form a valid switching-device
combination. The processes to generate valid switching-device combinations can be divided into three
cases depending on the voltage levels generated by the converter.

2.2.21 Case1
0,

and —V,,, (two-level switching) at both sides, the polarities of capacitors at the input and the output

For the case when the line-line voltages of the multilevel matrix converter have magnitudes of +V,,,,

phases can be determined directly. Zero line-line voltage leads to the two phases connected to the same
polarity of capacitors. Then, the states of all nine switch cells can be determined by the voltage difference
between the two phases that they are connected to. For example, suppose that the terminal voltages of the
converterare  Vp=—V. ., Ve =0V, Ve, =4V, V=4V, Vs =0 V,and V,, =V, (Fig. 2.7).

cap ? cap ? cap?
Then, the voltage V', =-V,,, determines that the input phase 4 must be connected to the negative

polarity of the switch-cell capacitors, and the input phase B must be connected to the positive polarity of
the capacitors. The voltage V. =0 V indicates that the input phase C must be connected to the positive

polarity of the capacitors as well. Likewise, the output phase @ must be connected to the positive polarity
of the switch-cell capacitors, while the output phases b and ¢ must be connected to the negative polarity
of the capacitors. Because the input phases B and C and the output phase ¢ have the same voltage
potential (at the negative capacitor polarity), the switch cells connected between those phases, Sz, and Sc,,
are operated in State 3 (short-circuited state). Similarly, the input phase 4 and the output phases » and ¢
also have the same voltage potential (at the positive capacitor polarity); therefore, S, and S, are operated
in State 3 as well. The remaining switch cells are operated such that they provide correct voltages
between the two phases to which they are connected . For instance, the voltage difference between the
input phase 4 and the output phase a is +V__ ; therefore, the switch cell Sy, is operated in State 2.

cap >

Analogously, the switch cells Sgy, Sa., Scp, and S, are operated in State 1.
More caution is necessary when the multilevel matrix converter has all zero line-line voltages at one side.

Every phase on the side that has all zero line-line voltages can have voltage potential at either positive or
negative capacitor polarity. As a result, more valid switching combinations can be generated.
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2.2.2.2 Case?2
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Figure 2.7: Generating valid switching combinations: Case 1

In this case, when only one of the converter line-line voltages has a magnitude of twice the capacitor
voltage, two capacitors are series-connected between those two lines. The midpoint of the two series-
connected capacitors can be at any phase on the other side of the converter because they all have the same
voltage potential to avoid excess voltages across open-circuited switch cells. The remaining phase on the
same side also has voltage potential at the mid-point voltage and, therefore, can be directly connected to
any phase on the other side of the converter. Then, the states of the remaining switch cells can be
determined by the voltage difference between two phases that they are connected to.
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For instance, assume that line-line voltages of the converter are V, , =Vpe =V, =0 V, V,, =42V,

Vie ==V and V,, ==V, (Fig. 2.8). The output phase a is connected to the most positive point of two

series-connected capacitors, whereas the output phase b is connected to the most negative point. The
voltage potential at the output phase c is equal to the midpoint voltage to provide V,. =-V_., and

cap

Ve ==V, This means that the input phases 4, B, C and the output phase ¢ have the same voltage

potential. Therefore, the switch cells Sy, Ss., and S¢. are operated in short-circuited state. With voltage
-V, between each input phase and the output phase a, the switch cells S44, Spi, and Scp, are operated in

State 2. Likewise, there are voltages with magnitude +7,,, between each input phase and the output
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Figure 2.8: Generating valid switching combination: Case 2
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phase b, the switch cells Sy;, Sy, and S¢,, therefore, are operated in State 1. The operations of all nine
switch cells for this example are illustrated in Fig. 2.8.

2.2.2.3 Case3

To generate switching-device combinations for the multilevel matrix converter having line-line voltage
magnitudes of +2V,,,, 0V, and -2V, the concepts from the pervious cases are adapted. The line-line

cap >
voltage with a magnitude of twice the capacitor voltage can be obtained by the series-connection of two
capacitors. Zero line-line voltage means that the two lines have the same voltage potential, which can be
achieved by series-connecting two switch-cell capacitors in opposite directions. In this case, only phases
on the other side of the converter have voltage potential at the midpoint voltage of the two series-
connected capacitors. As a result, no switch cell is operated in short-circuited state (State 3).

An example for this case is shown in Fig. 2.9, where the line-line voltages of the converter are
Vg =Vge =Vey =0 V, V=42V, V. =0 V, and V,, =-2V_ . The voltage V, =+2V,,, indicates

cap ®
that the output phase «a is connected to the most positive point of the two series-connected capacitors,
whereas the output phase b is connected to the most negative point of the two series-connected capacitors.
The V,. =0 V voltage makes the voltage potentials at the output phases b and c to be the same. All input

phases have voltage potentials equal to the voltage potential at the mid-point of the series-connected
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Figure 2.9: Generating valid switching combination: Case 3
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capacitors. With voltage —V,,, between each input phase and the output phase a, the switch cells S.a, Spas

and Sc, are operated in State 2. Likewise, with voltages +V,,, between each input phase and the output

phase b and the output phase c, the switch cells Sy, Sz, Scp, Suc, Sze, and Sc. are operated in State 1.

2.2.3 Redundant Switching Combinations

In the previous section, a valid switching-device combination is constructed from selecting five of nine
branches in the switch network that satisfy the constraints of branch connection. Regardless of the
combinations of five branches, all combinations generate identical line-line voltages of the multilevel
matrix converter. For switching-device combinations that generate identical converter voltages, they can
be considered as “redundant switching combinations.” The redundant switching combinations in the
multilevel matrix converter are analogous to those in the multilevel DC-link converter. They are generally
used for regulating capacitor voltages because different converter configurations can be employed to
generate the same terminal voltages, but those terminal voltages will have different currents through
switch-cell capacitors.

For instance, Fig. 2.10 illustrates four different switching-device combinations that provide identical line-
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Figure 2.10: Examples of redundant switch combinations
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line voltages (V,;, =V,

cap °

Vee =0V, Ve =+V,,, ,and V,, =V, =V, =0 V). However, the switching-

cap >

device combinations involve different branch connections and switch-cell capacitors. As a result, different
currents flow through the switch-cell capacitors. For example, in the first switching-device combination,
the input current I, flows through the switch-cell capacitor C,,, while in the second switching-device
combination, the input current / and the input current /- flow through the switch-cell capacitors Cg, and
Cc., respectively. Note that the net charges (currents) through all switch-cell capacitors in redundant-
switch combinations are also the same; the net charges depend on the terminal voltages.

All valid switching-device combinations are included in Appendix B. The switching-device combinations
are grouped into a table as redundant switching combinations that generate the given combination of the
input and the output voltages. Currents through the capacitors involved in each switching device
combinations are also included.

During operation, a switching-device combination must be chosen from the redundant switching
combinations to synthesize the terminal AC voltages. A switching-device combination might be chosen
such that more than one switch-cell capacitor can be regulated simultaneously. However, to search a
suitable switching-device combination for regulating capacitor voltages from a large number of the
redundant switching combinations is difficult for a real-time control. A simple control scheme that can
determine a suitable switching-device combination from a given terminal voltage and capacitor
combination is proposed and described in the next chapter. The control scheme is valid within a range of
voltage-gain ratios, with arbitrary power factors at both converter terminals.

2.3 Space-Vector Control

Space-vector control is adapted for the multilevel matrix converter as a technique to synthesize the
terminal voltages of the converter. This control technique is based on a transformation of three-phase
variables into a simpler two-coordinate variable without loss of information, generally called dg
coordinate. The space-vector control technique has been proven possible to considerably simplify the
complexity of the mathematical model [5]. In addition, the SVM can perform a better harmonic rejection
capability than does the sinusoidal PWM [28].

2.3.1 d-q Transformation

An analysis of three-phase systems can be simplified by transforming the three-phase variables into
equivalent two-phase dg variables using the following dg transformation:

no

o(t) = va(t) _2 cos(0) cos(Z) cos( o(®) 2.1

[
SN—

v, (t) 3 sin(0) sin(%) sin(4F)
v, (1)
where v (1), v, (1), and v,(¢) are voltages in a three-phase system.
The transformation can also be expressed in a complex-variable form as follows:
2 s ™
3(t) = valt) + jog(t) = 5 (0a() + v, (D) +v.(t)es) (22)

3

The steady-state quantities of v,(¢) and v, (z) from the transformation of Egs.(2.1) or (2.2) are

sinusoids. In practice, the second transformation
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Table 2.1: Combinations of Line-Line Voltages and the Corresponding Space Vectors Attained
from the Multilevel Matrix Converter with the Basic Configuration

Three-phase variables DQ@ variables
Vab Ve Vea Va Vq
0 0 0 0 0
Veap 0 Vi Veap Veap/ V3
0 Vip Ve 0 2Vip/V3
—Veap Veap 0] —Vewp Veap/ V3
—Veap 0 Veap | —Veap  —Veap/V3
0 —Vip Veap 0 —2Vip/V3
Veap  —Veap 0| Vep —Vew/V3
Weap —Veap  —Veap | 2Veap 0
Veap Veap  —2Veap Veap V3Viap
~Veap  2Veep  —Veap | —Veap V3Viap
—2Veap Veap Veap | —2Veap 0
Ve —Vep  Veap | —Vewp  —V3Veap
Veap  —2Veap Veap Vep  —V3Veap
2Weap 0 —2Vep | 2Veep  2Vep/V3
0 2Vip —2Veap 0 4Vip/V3
~Weap  2Veap 0| —2Veap  2Viap/V3
~2Veap 0 2Wep | ~2Vewp —2Viup/V/3
0 ~2Vip  2Viyp 0 —4Vep/V3
2WVeap  —2Veap 0| 2Vip —2Vep/V3

% _ cos(wt)  sin(wt) va(t) 23)
Vi, —sin(wt) cos(wt) v,y(t)

is employed to convert the rotate waveforms of v,(r) and v, (¢f) into a frame of reference that is

stationary with respect to time.

The transformation of Eq. (2.3) is useful for control of three-phase line currents, but is not directly used in
SVM. It should be noted that this second transformation is not included in Eq. (2.1).

2.3.1.1 Reference Voltage in the dg-Coordinate

For the three-phase converter applications, balanced three-phase sinusoidal voltages are usually desired.
In the space-vector control technique, this corresponds to producing a space vector of constant amplitude,
which rotates at the desired frequency. Suppose that the desired line-line voltages are expressed as
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Vap(t) = Vi, cos(wt)
Vpe(t) = Vy, cos(wt — 120°) (2.4)

Vea(t) = Vi cos(wt — 240°)

where V, denotes the magnitude of the line-line voltages. By substituting Eq. (2.4) into Eq. (2.1), the
corresponding space vector can be obtained as

Vi cos(wt)
va(t) 2 | cos(0) cos(120°) cos(240°)
= Vi cos(wt — 120°)
sin(0) sin(120°) sin(240°)
Vi cos(wt — 240°) (2.5)

Vi cos(wt)

Vi sin(wt)

As illustrated in Eq. (2.5), the balanced three-phase voltages with line-line magnitude 7, and frequency
o correspond to a space vector with magnitude V,,, rotating with frequency @.

2.3.1.2 Space Vectors Attainable from the Multilevel Matrix Converter

As described previously in this chapter, the multilevel matrix converter with the basic configuration can

generate line-line voltages with voltage-levels of +2V, , +V,,,, 0, =V, or =2V, . This leads to 19
combinations of three-phase line-line voltages in terms of capacitor voltage V,,, as listed in Table 2.1.

All 19 combinations of line-line voltages are transformed into space vectors by Egs. (2.1) or (2.2).

Figure 2.11 shows all 19 space vectors in the dg coordinate. These 19 space vectors have four different
magnitudes: 0, 2V / V3 , 2V ,and 4V / 3 . The null-state space vector corresponds to the converter

cap cap ? cap
/3 . These six space

vectors correspond to the converter having line-line voltages with magnitudes +V,,,, 0, and —V,,,. The

cap *

having all zero line-line voltages. There are six space vectors with magnitude 2V,

other six space vectors with magnitude 2V,

with magnitudes of twice the capacitor voltage and the remaining two line-line voltages with magnitudes

correspond to the converter having one of line-line voltages

of one capacitor voltage. The remaining six space vectors with magnitude 4V,,,/ NG) correspond to the
0,and -2V,

cap *

converter having line-line voltages with magnitudes of +2V,,,,
The six space vectors with magnitude 2V, / NE) (the second group in Table 2.1) and the null-state space

vector are employed for two-level switching. For the three-level switching, the SVM employs 18 space
vectors, except the null-state space vector. In the basic converter configuration, three-level switching is
restricted to when the voltage magnitudes at both sides are significantly different. This occurs because

generations of space vectors with magnitudes greater than 2V, /A3 on one side of the converter force

the other side to have all zero line-line voltages, as described previously. Additional converter space
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Figure 2.11: The 19 space vectors attainable from the multilevel matrix converter

vectors are possible when multiple modules are placed in each branch of the switch network.

2.3.2 Space-Vector Pulse Width Modulation

The basic concepts of the space-vector PWM technique are different from those of the conventional
PWM technique. In the conventional PWM technique, each semiconductor device can be controlled
independently; then each terminal voltage is also generated independently. In contrast, the space-vector
PWM technique treats the converter as a single unit. All devices in the converter must be changed
together to generate the terminal voltage. Modulation is accomplished by switching among switching-
device combinations of the converter.

In the SVM, the desired reference space vector can be expressed as a linear combination of three adjacent
space vectors. Suppose that the desired reference space vector V,.At) lies among the space vectors V,, V5,
and V,; given this, the reference space vector V,(t) can be expressed as

‘/ref(t) - daVa + db‘/b + dc‘/c
T, T, T, (2.6)

or Vieef(t) = TVa + T‘fb + 7—,‘/;
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where d,, d,, and d. are the duty cycles of the space vectors V,, V,, and V,, respectively. Ty is the
switching period of the converter, and

do+dy+d. =1
2.7)

or T.+Ty+Tc=T;

Equation (2.6) suggests a way to use PWM to generate a three-phase voltage of which the average value
follows a given three-phase reference by switching among the space vectors V,, V;, and V. with duty
cycles d,, dy, and d,, respectively. In other words, the converter is changed to a configuration that
generates line-line voltages corresponding to the space vector V, for a duration of time 7,, then it is
changed to another configuration having line-line voltages corresponding to the space vector V), for a
duration of time 7}, and so forth. The average values of the three-phase voltages will then follow V..

2.4 Summary of Key Points

The multilevel matrix converter with the basic configuration consists of nine capacitor-clamped H-bridge
switch cells connected from each input phase to each output phase. The terminal voltages of the converter
are synthesized from the PWM of the switch-cell capacitor voltages. As a result, inductors are used as
filter elements at both sides of the converter. With the symmetrical structure, the converter is able to both
step-up and step-down the voltage magnitudes. The operations and limitations of the multilevel matrix
converter have been explained in this chapter. From the understanding of the converter constraints, an
approach to generate valid switching-device combinations from given terminal voltages has been
developed.

The SVM technique is employed as a technique to synthesize the terminal voltages of the converter. The
modulation is performed in the dg coordinate; hence, the three-phase variables are transformed into two-
phase dg variables. The SVMs for both sides of the converter are independent from each other. The
multilevel matrix converter with the basic configuration can generate 19 combinations of three-phase
line-line voltages at each side, which correspond to 19 space vectors in the dg coordinate: one null-state

space vector, six space vectors with magnitude 2V, / V3 , siX space vectors with magnitude 2V, and

cap

six space vectors with magnitude 4V, / /3. The null-state space vector and the six space vectors with

magnitude 2V, / 3 are used for the two-level switching, whereas the 18 non-zero space vectors are

used for the three-level switching.
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3 Control Schemes for Two-Level Operation

To synthesize terminal voltages with two-level switching, the SVM employs the null-state space vector

and six space vectors with magnitude2V,,,/ V3. This chapter provides more details of the SVM

g-axis ‘
Vv,
A(o,z Veay/V3)
I11 II 1%
' ( V]A V) N3)
(- VCap’ Vcap/\@) cap> ~ cap
I\Y% Woroos
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(_ V(,’ap> _V(;ap/\@) (VCap’ _Vcap/\/g)

\[2

(0.-2V,0y\3)
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E
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8
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VI I II I I1v v

(b)

Figure 3.1: Six 60° sectors generated from the six space vectors with magnitude 2V /\/5

and one null-state space vector: (a) in dg coordinate, (b) in time domain

technique for two-level switching. The proposed control schemes, the eight-capacitor control scheme and
the single-capacitor control scheme, for the multilevel matrix converter operating in the two-level
switching mode are also explained in this chapter. With the eight-capacitor control scheme, switch-cell
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capacitors are connected in parallel to generate terminal voltages. Sets of parallel-connected capacitors
disclose all possible capacitors that can be used for given terminal voltages. The single-capacitor control
scheme was proposed to reduce the complexity of the converter by involving only one switch-cell
capacitor at a time. The single-capacitor control scheme allows the multilevel matrix converter to be
modeled as a two-level DC-link converter. Besides, the single-capacitor control scheme can theoretically
stabilize capacitor voltages in the converter. Experimental results from the prototype operated with both
control schemes are also included.

3.1 SVM for Two-Level Switching

When operating with two-level switching, the multilevel matrix converter can generate terminal line-line
voltages with voltage levels of +V_ , 0, and -V, . The SVM technique for this operational mode

ap ° cap *

involves six space vectors with magnitude 2V, / /3 and one null-state space vector generated from the

multilevel matrix converter (Section 2.3.1.2). These seven space vectors form a hexagon diagram, which

can be divided into six 60°sectors (Fig. 3.1[a]). The corresponding positions of the space vectors and
sectors in time domain are illustrated in Fig. 3.1(b). The period of three-phase sinusoidal waveforms is

also divided into six 60°sectors where none of the waveforms change their signs. Note that there are
separate dq diagrams of each side of the converter.

The desired reference space vector for each side of the converter, at any given time, lies within one of the

six 60°sectors. The SVM employs two adjacent space vectors and the null-state space vector to
synthesize the desired reference space vector. Assume that the desired reference space vector v,(?) lies

within one of six 60° sectors, between the space vectors V; and V; (Fig. 3.2). The desired reference space
vector v,.(t) can therefore be expressed by a linear combination of the two adjacent space vectors (¥} and
V), and the null-state space vector Vj as

Vref = Ay Vi + di Vi + do Vo (3.1)

where dy, dk, and dl are the duty cycles of the space vectors V0, Vk, and VI, respectively, and
dp+di+dy =1 (3.2)

The solution of the duty cycles from the vector diagram in Fig. 3.2 using Egs. (3.1) and (3.2) and
simplifications yield the following:

Figure 3.2: Diagram of SVM
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=1 — M sin(60° + ¢)

The SVMs for both sides of the multilevel matrix converter can be performed independently. However,
the switching periods for the input and output sides must be synchronized. Assume that the desired input-
side reference space vector has two adjacent space vectors, V} and V), while the desired output-side
reference space vector has two adjacent space vectors, V,, and V,. The duty cycle of each space vector is
computed using Eq. (3.3). In one switching period, the input and the output sides of the converter are
driven with their respective space vectors and duty cycles (Fig. 3.3). Typically, because the input- and the
output-side reference space vectors have different magnitudes and frequencies, the space vectors at both
sides have different duty cycles; the switching of the input- and the output-side space vectors occurs at
different times. As a result, each switching period can have a maximum of five distinct subintervals,
which have different combinations of the input-side space vector and the output-side space vector. Note
that the order of the space vectors in each switching period is arbitrary.

In each subinterval of any switching period, the configuration of the multilevel matrix converter must be
changed to generate different terminal voltages according to the input and output space vectors. In fact,
this can be done using only one configuration of branch connection and changing the states of the switch
cells, which can provide only 243 choices of switching-device combinations to be employed throughout
each switching period. However, such operation does not guarantee stability of the DC capacitor voltages.
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Figure 3.3: SVM of both input and output sides,
dividing the switching period into five subintervals

Two control schemes are proposed for the multilevel matrix converter when the converter is operated
with two-level switching on the input and output sides: the eight-capacitor control scheme and the single-
capacitor control scheme [54]. With the eight-capacitor control scheme, a converter configuration for
each subinterval is generated by the approach described in Section 2.2.2. All nine switch cells conduct
currents at any given instant. In addition, the capacitors are connected in parallel. In each switching
period, a total of eight capacitors are involved in synthesizing terminal voltages. This increases the
effective capacitance for transferring the energy through the converter. On the other hand, with the single-
capacitor control scheme, a switching-device combination for each subinterval is chosen from redundant
switching combinations such that only one capacitor is employed to synthesize terminal voltages
throughout a switching period. This approach can minimize circulating currents among the capacitors.
Consequently, the stability of capacitor voltages and the efficiency of converter are improved.
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Input-side Space Vector Diagram
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Figure 3.4: An example of SVM
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3.2 Eight-Capacitor Control Scheme

3.2.1 Control Scheme

The eight-capacitor control scheme is a simplified control scheme for the multilevel matrix converter. For
a given set of converter line-line voltages (input-side and output-side space vectors) there is only one
switching-device combination. The switching-device combination can be generated from known terminal
voltages by the approach described in Section 2.2.2. For different input-side and output-side space
vectors, different sets of capacitors are involved in the switching-device combinations. Throughout a
complete switching period, a total of eight capacitors are involved in transferring the energy.

With the eight-capacitor control scheme, all nine switch cells conduct currents at any given instant and
switch-cell capacitors are allowed to be connected in parallel. As a result, the converter configurations
violate the constraints of branch connection described in Section 2.1.2.

Consider an example in which the multilevel matrix converter generates the input-side and the output-side
voltages (Fig. 3.4[a]). At a switching period marked by the vertical bars, the corresponding input-side
reference space vector lies between the space vectors V3 ;, and V4 ;,, whereas the corresponding output-
side reference space vector lies between the space vectors Vi ,,, and Vg .. (Fig. 3.4[b]). The duty cycle for
each space vector can be computed using Eq. (3.3). The SVM technique involves the modulation among
input-side space vectors Vi ;, Vi, and Vo ;, with duty cycles of ds j,, ds i, and dy ;, respectively.
Likewise, the output-side involves the modulation among the space vectors Vi ou, Ve our » and Vy o, With
duty cycles of di ou, ds ou» and dy ., respectively. A possible pattern of the input- and the output-side
space vectors in one switching period is shown in Fig. 3.5. The switching period is divided into five
subintervals where the converter generates different input- and output-side space vectors; in consequence,
the terminal line-line voltages differ.
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With the space-vector pattern shown in Fig. 3.5, the line-line voltages of the converter can be determined
from the input-side space vector and the output-side space vector (Fig. 3.6). These line-line voltages can
be employed to determine the converter configuration by the approach described in Section 2.2.2. The
switching-device combinations for each subinterval are illustrated in Fig. 3.7. The converter involves a

different set of switch-cell capacitors for each subinterval.
< TS o
. VOﬁin : V47 in : V3jn
Input side ; :
dyTy > d, Ty >e—d,T;—>
Output side Yo_out Vi our Ve out

doTs o d, T > diTs &

Subinterval 1 P, 3 P 5

Figure 3.5: Possible switching pattern of the input and the output
space vectors in one switching period for the example
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Figure 3.6: PWM line-line voltages in the given switching period for the example
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in the given switch period for the example
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Close examination of Fig. 3.7 reveals that the capacitor of the switch cell in branch Ab is never employed
in the given switch period. With this modulation approach, eight of the nine capacitors participate in
synthesizing the terminal voltages during each complete switching period. Note that if the order of the
input- and output-side space vectors is changed, different combinations of input- and output-side space
vectors for each subinterval are obtained, as well as the duration of each subinterval. This also results in
different sets of converter configurations and capacitors. In addition, in some cases all nine capacitor can
participate in synthesizing terminal voltages during each switching period.

This control scheme has no limitation on the conversion ratio of the input and the output voltage
magnitudes. In fact, if the voltage magnitudes of both input and output sides are significantly different,
with the same order of the input and output space vectors, all nine switch-cell capacitors can be involved
in one switching period.

This control scheme has one advantage — the effective capacitance for transferring the energy is increased
and, hence, capacitor voltage ripple is reduced. The disadvantage of this control scheme is that high peak
currents occur during the transition of the subintervals. Because the control scheme employs different sets
of capacitors for subintervals in each switching period, charge balance of the switch-cell capacitors
cannot be achieved. This leads to a problem of the stability in the capacitor voltages as the operating
voltage of the converter increases.

3.2.2 Experimental Results from the Eight-Capacitor Control Scheme

The following experimental results illustrate the performances of the multilevel matrix converter with the
eight-capacitor control scheme. The 60-Hz input voltages were converted into 30-Hz voltages with the
following modulation indices:

M, = —‘”T;f"'”’ — 0.90
cap (3.4)

Hv'r’e_f—outH
M, = \—ref=outl _ 75
' Veap

The multilevel matrix converter operated at a switching frequency of 50 kHz. More details about the
laboratory prototype are described in Chapter 6.

The input and the output PWM line-line voltage waveforms and current waveforms are shown in Fig. 3.8.
The trajectories of the input and the output voltages in the dg coordinate are illustrated in Fig. 3.9, while
the trajectories of the input and the output currents are illustrated in Fig. 3.10. Figure 3.11 shows the
output PWM line-line voltage waveform along with the filtered output line-line voltage waveform. The
variation of the DC capacitor voltage along the output line period is shown in Fig. 3.12. Afterward,
Fig. 3.13 shows a comparison of two capacitor voltage waveforms.
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Figure 3.8: Voltage and current waveforms:

Trace 1: input PWM line-line voltage waveform at 200 V/div
Trace 2: output PWM line-line voltage waveform at 200 V/div
Trace 3: input phase current at 10 A/div
Trace 4: output phase current at 10 A/div
Horizontal scale: 10 ms/div
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Figure 3.9: Trajectories of input- and output-
voltages in dq coordinate
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Figure 3.10: Trajectories of input and output currents in dq coordinate
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Figure 3.11: The 30
Trace 1: PWM voltage waveform at the output of the switch network

Trace 2: filtered load voltage waveform, after filtered by an LC low-pass network
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Figure 3.12: Variation of DC capacitor voltage, without active control
Trace 1: DC capacitor voltage waveform
Trace 2: filtered-load voltage waveform
Both traces have scale of 100 V/div

Even though the multilevel matrix converter operating with this control scheme exhibited practicability in
the prototype testing, the capacitor voltage imbalance q and the current spikes in the converter tended to
be more severe at the higher operating power. These problems restrained the converter from operating at
higher voltage levels.

3.3 Single-Capacitor Control Scheme

3.3.1 Control Scheme

When the multilevel matrix converter synthesizes the input- and the output-side voltages with two-level
switching, the terminal line-line voltages have voltage-levels of +V,,, 0, and -V,,,. Hence, only one
switch-cell capacitor is sufficient to be employed for synthesizing the terminal voltages in each
subinterval. It is also possible to employ the same capacitor for all five subintervals in each switching
period. When only one capacitor is used to transfer energy between both sides of the converter, charge
balance on this single capacitor can be achieved in one complete switching period. By avoiding the
parallel connection of the capacitors, circulations of currents among multiple capacitors are minimized.
Therefore, the converter should exhibit high efficiency. This concept allows the multilevel matrix
converter to be modeled as a two-level DC-link converter, which significantly reduces the complexity of
the converter operations.

53



Control of the multilevel matrix converter with this concept can be accomplished through a variety of
approaches; however, the proposed approach is relatively simple and easy to be implemented for a real-
time control. To guarantee that the switch-cell capacitor to be employed throughout a switching period
exists, the pattern of space vectors as demonstrated in Fig. 3.14 is required. In one switching period, each
side of the converter synthesizes terminal voltages using three space vectors: one null-state space vector
and two space vectors with magnitude 2V,,,/ 3. For both input and output sides, the pattern starts with the
null-state space vector, then follows with the space vector having the greater duty cycle, and then ends
with the space vector having the lesser duty cycle.

Consider the example used in the previous section. For the input side, the modulation angle is greater than
30°; hence, the duty cycle of the space vector V; ;, is greater than the duty cycle of the space vector V3 j,.
For the output side, the modulation angle is also greater than 30°; hence, the duty cycle of the space
vector V| ., is greater than the duty cycle of the space vector V5 .. The pattern of input-side and output-
side space vectors in one switching period is shown in Fig. 3.15, as well as sets of capacitors that can be
employed for each subinterval. In this case, the order of the input- and output-side space vectors is
identical to the one shown in Fig. 3.5. The set of switch-cell capacitors for each subinterval is the same as
those employed in the eight-capacitor control scheme. Notice that capacitor Cy,, from the switch cell that
is connected between the input phase A4 and the output phase @, can be employed throughout the switching
period. Then the switching-device combination for each subinterval can be chosen from redundant switch
combinations that involve the capacitor from switch cell S4, and any four more switch cells that operate in
State 3 (short-circuited state) in the switch network. Figure 3.16(a) shows an example of possible
switching-device combinations for each subinterval.
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Figure 3.13: The DC capacitor voltage waveforms of two different switch cells;
Trace 1 and Trace 2 are both set to scale of 100 V/div at different ground reference level
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Figure 3.14: The pattern of input-side and output-side space vectors
for the single-capacitor control scheme
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for the example with sets of capacitors that can be used in each subinterval
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Figure 3.16(b) illustrates the connections in an equivalent DC-link converter that generates identical space
vectors. The DC-link capacitor is equivalent to the capacitor C,,. The waveforms of the input and output
line-line voltages in the switch period are identical to those illustrated in Fig. 3.6. Note that the order of
subintervals can be further rearranged arbitrarily and it may be advantageous to sequence the subintervals
differently to improve some specific qualities such as the total harmonic distortion or the switching loss.
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Figure 3.16: Converter configuration with the single-capacitor control technique:
(a) switching-device combinations of each subinterval, (b) equivalent DC-link circuits
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Throughout the input- and the output-line cycle, the converter employs all nine switch-cell capacitors to
synthesize terminal voltages. The single switch-cell capacitor to be employed during a given switching
period can be determined depending on two conditions: the positions of the input- and the output-side
reference space vectors and the relative values of the duty cycles for the input- and the output-side null
space vectors. Figures 3.17 and 3.18 summarize the results of the single-capacitor selection from the
single-capacitor control scheme in the dg diagrams. For the case of dj . < dy i((Fig. 3.17), a different
switch-cell capacitor is selected for every 60° of the output-side line cycle and for every 120° of the
input-side line cycle. The situation is reversed for the case of dy ou: > dp ; (Fig. 3.18), where the input and
the output sides are interchanged.

For example, in the case of dy . < dy i, if the output-side reference space vector has angle of 10° (within
the area of £30° of the output-side space vector V) and the input-side reference space vector has angle of
280°, the capacitor Cp, from the switch cell connected between the input phase B and the output phase a
can be employed. However, for the same positions of both reference space vectors but in the case of
do ou > do_in, the capacitor C¢, from the switch cell connected between the input phase C and the output
phase b must be employed.

Figure 3.17: Summary of switch-cell capacitor choice with
the single-capacitor control scheme for the case of dy ouc < do_in
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Figure 3.18: Summary of switch-cell capacitor choice with the
single-capacitor control scheme for the case of dy u¢ > dy in
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It should be noted that when the reference vector coincides with one of the space vectors Vi, V5, ..., Vs,
then the corresponding line-neutral voltages v, Ven, Vons ~Vans Vens Von attain their peak values. Thus, the
single-capacitor selection in the single-capacitor control scheme can be summarized in another way: the
converter employs the capacitor from the switch cell connected between the input phase and the output
phase that has the largest opposite polarity line-neutral voltage. The side of the converter in which the
null-state space vector has less duty cycle must be considered first. For example, suppose that d ., is less
than dy ju. If Veeroud?) lies within £30° of the space vector V3, then the output-side line-neutral voltage
ven(?) lies within £30° of its peak positive value for the output AC line cycle. Therefore, one of the three
capacitors from the switch cells connected to the output phase b (either Cy;, Cgp, or Cc,) can be chosen.
Next, the input side is examined. To narrow the choice to a single capacitor, the capacitor that is
connected to the phase having the largest negative value, of opposite polarity to the output side, is
selected. Three of the six space vectors lead to negative-polarity input space vectors: V,, Vi, and Vg
corresponding to negative vey, van, and vgy, respectively. The space vector that lies closest to (within
1+60°) the input reference space vector is selected. For instance, if the input-side reference space vector
lies between the space vectors ¥, and Vs, then it is closest to the negative space vector V,, so input
phase A exhibits the most negative line-neutral voltage. Therefore, capacitor Cy, is employed.

For the single-capacitor control scheme to be valid, the conversion voltage gain ratio is limited to the
following:

Vief—in| 1
\/§ > m > 3.5
2 WVees—outl = V3 -2)

his condition comes from a constraint in the combinations of the null-state space vector and the space
vectors with magnitude 2pr/\/3. The combinations of the null-state space vector and two adjacent space
vectors on the other side always result in different sets of allowed switch-cell capacitors (Appendix B).
For example, the combination of the input-side null-state space vector Vy;, and the output-side space
vector V. allows the converter to employ switch-cell capacitors Cy,, Cg,, or Cc, as a single capacitor in
the switching-device combination. However, the combination of the input-side null-state space vector V5.
i and the output-side space vector V., allows the converter to employ switch-cell capacitor Cyj, Cpy, Or
Cc». Therefore, to guarantee that a capacitor exists that can be employed throughout a complete switching
period, each switching period must contain only one subinterval having a combination of the null-state
space vector and a space vector with magnitude 2pr/\/3. The pattern shown in Fig. 3.14 means that the
duty cycle of the input null-state space vector has to be greater than the sum of the duty cycle of the
output null-state space vector and the maximum duty cycle between the two output space vectors. This
condition implies the limited voltage ratio as shown in Eq. (3.5). Because the converter is symmetrical, it
can work with the input and output interchange. This condition is also reflected in Eq. (3.5).

3.3.2 Experimental Results from the Single-Capacitor Control Scheme

3.3.21 Case1

The converter was programmed to convert 60-Hz input voltages into 30-Hz output voltages, with the
following modulation indices:
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M, — ””’";f‘”” — 0.94
cap (3.6)

|Vres—outl|
My, = ——=0.84
' Vieap

The prototype was operated with a switching frequency of 50 kHz. Details of the hardware prototype are
described in Chapter 6.

Voltage and current waveforms are illustrated in Fig. 3.19. At this operating point, the capacitor voltages
were approximately 150 V. The top trace, Trace 1, is the line-line voltage waveform that appeared at the
input (60-Hz) side of the switch matrix. The PWM voltage waveform switched among 0, +V,,, and -V,
Trace 2 is the PWM line-line voltage waveform that appeared at the output (30-Hz) side of the switch
matrix. Traces 3 and 4 are the resulting current waveforms that appeared in the input-side and the output-
side inductors, respectively.
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Figure 3.19: Voltage and current waveforms. Case 1
Trace 1: input PWM line-line voltage waveform at 200 V/div
Trace 2: output PWM line-line voltage waveform at 200 V/div
Trace 3: input phase current at 10 A/div
Trace 4: output phase current at 10 A/div
Horizontal scale: 10 ms/div
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The trajectories of the input and output voltages in the dg coordinate are illustrated in Fig. 3.20, whereas
the trajectories of the input and output currents in the dg coordinate are illustrated in Fig. 3.21.
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Figure 3.20: Trajectories of input- and
output-voltages in dq coordinate

q-axis

d-axis

Figure 3.21: Trajectories of input- and
output-currents in dq coordinate
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Figure 3.22 illustrates the output voltage waveforms produced at this operating point. Trace 1 is the PWM
line-line voltage waveform that appeared at the output of the switch network which is similar to Trace 2
in Fig. 3.19. Trace 2 is the waveform of the filtered output line-line voltage.
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Figure 3.22: The 30-Hz output line-line voltage waveforms for Case 1

Trace 1: PWM voltage waveform at the output of the switch network
Trace 2: load voltage waveform after filtered by LC output low-pass network
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Figure 3.23 illustrates the variation of capacitor voltage over output line cycles. Trace 1 is the capacitor
voltage waveform at approximately 150 V. Trace 2 is the filtered 30-Hz AC output voltage waveform,; it
is similar to waveform of Trace 2 in Fig. 3.22.
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Figure 3.23: Variation of DC capacitor voltages, without any active control
Trace 1: DC capacitor voltage waveform
Trace 2: filtered load voltage
Both traces have scale of 100 V/div
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Figure 3.24 illustrates the variation of the capacitor voltages in two different switch cells. The top half of
the screen shows the two DC capacitor voltage waveforms, whereas the lower half of the screen shows
the same waveforms with an expanded time scale. It shows the period that the charge distributed between
the two switch-cell capacitors. During this period, a high-magnitude current spike is induced in the
converter. To achieve higher operating voltage, a capacitor voltage regulation is required.
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Figure 3.24: The DC capacitor voltage waveforms of two different switch cells. The upper half
of the screen illustrates the measured waveforms at 10 ms/div. Trace 1 and Trace 2 are both set
to scale of 100 V/div at different ground reference levels. The lower half of the screen shows

the same waveforms magnified from the outlined area.
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3.3.2.2 Case?2

Case 2 illustrates that the multilevel matrix converter with the single-capacitor control scheme can operate
at an arbitrary line frequency. The converter was programmed to convert 60-Hz input voltages into 100-
Hz output voltages with the modulation indices of M;, = 0.94 and M,,,, = 0.65.

The input and output PWM line-line voltage waveforms and line current waveforms are illustrated in
Fig. 3.25. The trajectories of the input and output voltages in the dg coordinate are shown in Fig. 3.26.
The trajectories of the input and output currents in the dg coordinate are shown in Fig. 3.27. The output
PWM line-line voltage waveform is illustrated in Fig. 3.28, along with the filtered output line-line voltage
waveform. The variation of capacitor voltage along the output line period is shown in Fig. 3.29.
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Figure 3.25: Voltage and current waveforms, Case 2
Trace 1: input line-line PWM voltage waveform at 200 V/div
Trace 2: output line-line PWM voltage waveform at 200 V/div
Trace 3: input phase current at 10 A/div
Trace 4: output phase current at 10 A/div. Horizontal scale: 4 ms/div
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Figure 3.26: Trajectories of input- and
output-voltages in dq coordinate
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Figure 3.28: The 100-Hz output line-line voltage waveforms for Case 2
Trace 1: PWM voltage waveform at the output of the switch network
Trace 2: load voltage waveform after filtered by LC output low-pass network
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Figure 3.27: Trajectories of input- and
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Figure 3.29: Variation of DC capacitor voltage, without active control
Trace 1: DC capacitor voltage waveform
Trace 2: filtered load voltage waveform
Both traces have scale of 100 V/div

67



3.3.2.3 Case 3

Case 3 illustrates the boosting voltage magnitude capacity of the multilevel matrix converter with the
single-capacitor control scheme. The 60-Hz input voltages were converted into 30-Hz output voltages
with the modulation indices of M;, = 0.7 and M,,, = 0.9. The DC-capacitor voltages must be greater than
both input and output line-line voltage magnitudes.

The input and the output PWM line-line voltage waveforms and current waveforms are shown in
Fig. 3.30. The trajectories of the input and output voltages in the dg coordinate are shown in Fig. 3.31.
The trajectories of the input and output currents in the dg coordinate are shown in Fig. 3.32. Figure 3.33
shows a waveform of the output PWM line-line voltage along with a waveform of the filtered output line-
line voltage. The variation of capacitor voltage along the output line period is shown in Fig. 3.34.
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Figure 3.30: Voltage and current waveforms, Case 3
Trace 1: input line-line PWM voltage waveform at 200 V/div
Trace 2: output-side line-line PWM voltage waveform at 200 V/div
Trace 3: input phase current at 10 A/div
Trace 4: output phase current at 10 A/div
Horizontal scale: 10 ms/div
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Figure 3.33: The 30-Hz output line-line voltage waveforms for Case 3
Trace 1: PWM voltage waveform at the output of the switch network
Trace 2: load voltage waveform after filtered by LC output low-pass network
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3.4 Summary of Key Points

In this chapter, two control schemes for the multilevel matrix converter with basic converter configuration
operated with two-level switching were described. The control schemes are the extension of the SVM
technique, which is employed to synthesize the terminal ac voltages. The SVM involves the null-state
space vector and the six space vectors with magnitude 2Vcap/\/3 for the two-level switching.

In the eight-capacitor control scheme, the switch-cell capacitors are connected in parallel. In addition, all
nine switch cells conduct currents at any given instant. The switch-cell capacitors employed in each
subinterval of a switching period show all possible capacitors that can be used. With this control scheme,
the converter configuration depends only on the input- and output-side space vectors. The parallel
connection of capacitors increases the effective capacitance for transferring energy of the converter. In
each subinterval of a switching period, the converter employs a different set of switch-cell capacitors to
synthesize terminal voltages. As a result, charge balances of the capacitors cannot be achieved.

In the single-capacitor control scheme, only one switch-cell capacitor is employed to synthesize terminal
voltages during each switching period; all nine switch-cell capacitors are employed throughout the input-
and output-side line periods. The control scheme determines the single capacitor to be employed in each
switching period from two conditions: the positions of the input-side and the output-side reference space
vectors and the relative values of the duty cycles of the input-side and the output-side null-state space
vectors. This control scheme is optimized in a sense of minimizing circulating currents among the
capacitors. In addition, the charge balance of the capacitors can be achieved in one switching cycle. This
control scheme allows the converter to be modeled as a DC-link converter, simplifying the complexity of
the multilevel matrix converter. To guarantee that there is one valid switch-cell capacitor for every
subinterval throughout each switching period, a specific pattern of space vectors is required; hence, the
single-capacitor control scheme can operate within a range of voltage-gain ratios.

The single-capacitor control scheme can theoretically stabilize the capacitor voltages in the multilevel
matrix converter by keeping the charge balance on the single capacitor employed in each switching
period. However, the experimental results also indicated that there were deviations in the capacitor
voltages. The disturbances in the capacitor voltages arise from parasitic inductances inside the converter.
These capacitor voltage disturbances lead to current spikes circulating inside the converter and, therefore,
restrain the multilevel matrix converter from operating at higher voltages. Consequently, well-regulated
capacitor voltages are required. A capacitor voltage-balancing scheme, which is based on the
modification of the SVM, is described in the next chapter.
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4 Capacitor Voltage Balancing Control

This chapter describes the capacitor voltage balancing control, which was proposed to regulate capacitor
voltages of the multilevel matrix converter. The control scheme is based on the modification of the SVM
so that two additional capacitors can be charged and discharged in each switching period. By using two
additional space vectors —having the same magnitude but opposite directions—to partially replace the
null-state space vector in each switching period, the proposed capacitor voltage balancing control has
minimum effect on the average terminal voltages. A Lyapunov’s approach is used to prove the stability of
the control scheme.

4.1 Disturbances in the Capacitor Voltages

In the multilevel matrix converter, the primary source of disturbance to the capacitor voltages arises from
the energy stored in the stray inductances of the wiring interconnecting switch cells. During the dead-time
interval of the on-to-off-state transitions of each switch cell, the energy from the stray-wiring inductance
is transferred into the switch-cell capacitor through the anti-parallel diodes. The capacitor voltage is
gradually charged up when the capacitor is not employed to generate terminal voltages. This continues
until the first switching period, when the capacitor is used in the converter, then it is quickly discharged.
As a result, a high-magnitude current spike is induced inside the converter. This behavior in the capacitor
voltages restrains the converter from being operated at higher voltages. The effect of the stray inductances
on capacitor voltages is dependent on the load current and the switching frequency of the converter.

Figure 4.1 and 4.2 show experimental waveforms of the capacitor voltages when the multilevel matrix
converter operated at switching frequencies of 50 kHz and 25 kHz, respectively. It can be observed from
the experimental results that the capacitor was charged more slowly at lower switching frequency (the
slope of the capacitor voltage is flatter at lower switching frequency). As a result, the deviation in the
capacitor voltage is decreased from 35 % to 20 % when the switching frequency of the converter is
reduced from 50 kHz to 25 kHz.

Tek  Ewwi £ ] Ll k] ek Bwgsi Vg TH.Ja B D08 1

o (— o (—) in | e ey VT gy ¥

Figure 4.1: Capacitor voltage and output Figure 4.2 Capacitor voltage and output PWM
PWM line-line voltage waveforms when the line-line voltage waveforms when with the
converter operated at the switching converter operated at the switching
frequency of 50 kHz frequency of 25 kHz
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Similar to other converters that employ multi-level switching and multiple capacitors, capacitor voltage
balancing is a considerably complex problem. A general cause of the problem is that different currents
flow through capacitors during converter operation. Many capacitor voltage balancing schemes have been
proposed for the multilevel DC-link converter by using additional control schemes [23, 38, 44, 55] or
auxiliary circuits [56]. However, with singularities in the structure and operation, those control schemes
cannot be directly applied to the multilevel matrix converter.

To regulate capacitor voltages with minimum effect on the average terminal voltages, a capacitor voltage
balancing control is proposed based on the modification of the SVM. The proposed control scheme uses
two additional space vectors having the same magnitude but opposite directions to partially replace the
null-state space vector. The use of opposite space vectors allows two additional capacitors to be charged
and discharged in each switching period. In addition, the opposite space vectors with the same magnitude
provide line-line voltages with the average of zero, similar to the null-state space vector. The control
scheme is orthogonal to the average terminal-voltage synthesizing; therefore, it can be applied with the
single-capacitor control scheme.

4.2 Capacitor Voltage Balancing Control

The single-capacitor control scheme described in the previous chapter can theoretically stabilize all nine
capacitor voltages. However, with the limitation that only one capacitor is allowed in each switching
period and the single capacitor is chosen independently from the capacitor voltage, the control scheme
alone is not able to regulate all nine capacitor voltages in the multilevel matrix converter.

One possible approach for regulating capacitor voltages in the multilevel matrix converter can be
achieved by reallocating the space vectors. In each switching period, an additional subinterval is
generated such that change in the charge of the single capacitor employed during the subinterval can be
determined. Figure 4.3 illustrates the space-vector patterns for regulating capacitor voltages.

. . V0-in Vk . 41 /v
input side - - -
. Vo- Vi Vi Vo-
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Figure 4.3: Space-vector pattern for regulating capacitor voltages:
(a) for charging capacitor, (b) for discharging capacitor
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The terminal voltages at the input side of the converter are modulated among the space vectors V, V;, and
Vo.n. The space vectors Vj and V; are the two adjacent space vectors of the input-side reference space
vector, and the space vector V., is the input-side null-state space vector. Similarly, the terminal voltages
at the output side of the converter are modulated among the space vectors V,,, V,, and Vy.... The space
vectors V,, and V,, are the two adjacent space vectors of the output-side reference space vector, and the
space vector Vo, is the output-side null-state space vector.

To charge a capacitor, an additional subinterval having a non-zero space vector at the input side and the
null-state space vector at the output (Fig. 4.3[a]) is employed. Assume that the power is transferred from
the input side to the output side of the converter and only one switch-cell capacitor is used in the
converter during each subinterval. There is no output energy while input energy exists in the additional
subinterval (the last subinterval); therefore, the input energy is stored and charges the capacitor employed
in that subinterval. Likewise, an additional subinterval having the null-state space vector at the input side
and a non-zero state space vector at the output (Fig. 4.3[b]) is applied to discharge a capacitor. With no
input energy, the output energy is supplied only from the capacitor employed in the additional
subinterval.

With the concept described above, the choice of which capacitor to use in the additional subinterval is
limited. The combination of the null-state space vector at one side of the converter and the space vector
with magnitude 2Vcap/\/3 at the other side allows only three switch-cell capacitors to be chosen. Because
either one of the two adjacent space vectors can be used in the additional subinterval, a total of six of nine
switching-cell capacitors can be chosen for regulation. In addition, the charge on the capacitor employed
in the remaining subintervals is also affected by the additional subinterval.

To involve any given capacitor in each switching period with minimum effect on the terminal voltages
and charge on the other capacitors, a capacitor voltage balancing approach is proposed based on the
modified SVM. Note that when the multilevel matrix converter operates in the two-level switching mode,
the SVM involves the null-state space vector and the six space vectors with magnitude 2Vcap/\/3 (Fig. 4.4).
The space vectors can be used to determine the current flowing through the single capacitor employed to
generate terminal voltages.

In the multilevel matrix converter, the current flowing through any single capacitor in each switching-
device combination depends solely on the input-side and the output-side space vectors and not on the
other details of the specific switch state of the converter. In other words, for redundant switch
combinations that generate identical terminal voltages, the current flowing through a capacitor employed
in each redundant switch combination is also the same. An example of redundant switch combinations
that generate terminal voltages Vg = -Vep, Vac =0V, Vey = +Veyp, and Vo = Ve = Vo = 0 V is shown in
Fig. 4.5. In the first switching-device combination, the input current /, flows through the capacitor Cg,,
which is the capacitor in the switch cell connected between the input phase 4 and the output phase a.
Capacitors Cy, and Cy. also have current I, flow-through in the second and the third switching-device
combination, respectively.
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Figure 4.4: Seven space vectors employed in the two-level switching
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Tables 4.1 and 4.2 summarize the corresponding currents flowing through the single capacitor employed
to generate the input-side space vectors and the output-side space vectors, respectively. The reference
direction of the input currents is assumed to flow into the converter, whereas the reference direction of the
output currents is assumed to flow out of the converter. It can be seen from the tables that, for any
opposite space vectors, the currents through the capacitors also flow in opposite directions, independent
of the specific choice of the capacitors.

Table 4.1: Input Currents Through a Table 4.2: Output Currents Through a
Capacitor for Each Input-Side Capacitor for Each Output-Side
Space Vector Space Vector
Input-side space vector | Current Output-side space vector | Current
(Va, Va) (Va, Vo)
(Veap: Vean/V/3) Iy (Veap: Vean/V/3) —1,
(0,2Viup/ V3) —lo (0,2Veap/V/3) L,
(—Veap: Veap/ V/3) Ip (—Veaps Veap/ V/3) —I,
(—Veap: —Veap/V/3) —Ia (—Veaps —Veap/V'3) 1,
(0, =2Veup/V'3) Ic (0, =2Vqp/V/3) ~1,
(Veaps —Veap/V/3) —Ip ( aps —Viap/V/3) I,

4.2.1 Modified SVM

To minimize the effect on the synthesizing terminal voltages, two additional space vectors having the
same magnitude but opposite directions are used to partially replace the null-state space vector. Two
opposite space vectors with the same magnitude also contribute to the average of zero voltage for all line-
line voltages, similar to the null-state space vectors. The two opposite space vectors allow two additional
capacitors to be charged and discharged in each switching period.

With the modified approach for the capacitor voltage balancing scheme, the SVM for two-level switching
at each side of the converter can involve the maximum of five space vectors in each switching period: a
null-state space vector, two adjacent space vectors (similar to the conventional SVM), and two opposite
space vectors. Figure 4.6 shows the diagram of the modified SVM technique. Space vector Vj is the null-
state space vector. Space vectors V; and V; are two adjacent space vectors of the reference space vector,
V.. Space vectors V, and V), are any two opposite space vectors. The reference space vector Vs can be
expressed as

Vier = dtVie + iV, + doVo + d'V, + d'V,
4.1)
with dozl—dk—dl—Qd/

where dj, and d; are the duty cycles of the space vectors V; and V), respectively, which can be obtained
from Eq. (3.3). The variable d' is the duty cycle of the opposite space vectors. The two opposite space
vectors and the null-state space vector contribute to the average of zero voltage for all line-line voltages.
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Figure 4.6: Modified SVM

Consider the case when the modified SVM is employed to synthesize terminal voltages at the output-side
of the converter. The pattern of the space vectors in one switching period is illustrated in Fig. 4.7. The
terminal voltages at the input side are modulated among the two adjacent space vectors of the input-side
reference space vector (¥} and V;) and the input-side null-state space vector (V;.;,,). The terminal voltages
at the output side are modulated among the two adjacent space vectors of the output-side reference space
vector (V,, and V), the output-side null-state space vector (Vo...), and the two opposite space vectors (V,
and V). As a result, with the modified SVM, each switching period can have the maximum of seven
subintervals that have different combinations of the input-side and output-side space vectors. With the
conventional SVM technique, each switching period can have the maximum of five subintervals. By
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Figure 4.7: Space vector patterns wit