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ABSTRACT

AC-to-AC converters have been widely used in various areas in the real world. In
industrial applications, the AC-to-AC power conversion is usually accomplished by
indirect converters. In these traditional converters, AC power is firstly converted into
DC power by a rectifier, and then the DC power is converted into AC power by an
inverter. The rectifier and inverter are usually connected via an intermediate bulky DC-
link capacitor. The use of the DC-link capacitor in these converters makes the
equipment volume bulky, reduces the lifetime, increases the design complexity and
decreases the system efficiency. Therefore, it is of great benefit to remove the bulky
DC-link capacitor or propose new converter topologies. A matrix converter (MC) does
not require large energy storage elements and it has emerged as a potential solution to

AC-to-AC conversion.

A three-phase direct MC comprises nine bidirectional semiconductor switches arranged
in a 3x3 matrix form to realize the direct AC-to-AC conversion. Thanks to benefits such
as bidirectional power flow, compact volume, controllable input power factor and
sinusoidal waveform, MCs have attracted research interests and plenty of projects on
MC have been reported. MC is also regarded as an all-silicon converter. However, there
are some drawbacks associated with MCs and they have very limited industrial
applications. These drawbacks include low voltage transfer ratio (VTR), sensitivity to
the grid variations and complex modulation. Some MC application areas need more
exploration. The work in this thesis is carried out to contribute to possible solutions to
some of the above issues by investigating some control strategies and applications of

MCs.
The main contributions included in this work are summarized as follows:

(1) A simple decoupling controller is designed for the MC-based unified power flow
controller (UPFC) (MC-UPFC) to regulate the power flow in a transmission system.
The controllable regions of the MC-UPFC are also analyzed. A design procedure for the
closed-loop controller in the MC-UPFC is presented.

(2) A modified PI controller is proposed for the improvement of the steady-state
performance by including a current feedforward path. More control flexibility is
provided because of the feedforward controller. A PR controller is designed for the MC

and this has good performance.
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(3) A hysteresis current controller is proposed for the MC to drive AC motors. Both
fixed-band and sinusoidal-band hysteresis controllers are investigated, and their
performance is compared. The hysteresis controller is a very simple and practical
controller for the MC. For the MC-based motor drive, a direct torque control (DTC)

technique is also investigated.

(4) Model predictive control (MPC) is investigated to control the MC. This scheme is
used in an MC-based microgrid. In the islanded mode, predictive voltage control is
employed to regulate the MC output voltages to supply various loads. An improved
VTR is observed. When the microgrid is connected to the utility grid, power flow is the
main objective. The performance of the controller is tested under various conditions

including input disturbance and different loads.

(5) An MC prototype is built to support the research. The prototype hardware includes
main circuit, drives, supplies, analog to digital conversion (ADC) conditioning circuits,
and sensor board. The algorithm is implemented in Matlab Simulink with C2000
hardware support packages for TI DSP processors. Various experimental tests are

carried out to support the proposed strategies.
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Chapter 1: Introduction

I INTRODUCTION

A matrix converter (MC) is composed of an array of controlled bidirectional switches
that perform direct energy conversion without any bulky energy storage elements as an
intermediate link. A three-phase direct MC comprises nine bidirectional semiconductor
switches arranged in a 3x3 matrix form to realize the direct AC-to-AC conversion. MCs
have several advantageous characteristics, such as compact volume, bidirectional power
flow, controllable input power factor and sinusoidal waveforms, MCs have attracted
research interest and many MC projects have been reported. The MC is regarded as an
all-silicon converter. This chapter reviews the development of MC technology,
including topologies, control issues and application areas, and presents the background

of this project.

1.1 Literature Review

AC-to-AC converters have been widely applied in various areas in the real world
including motor drives, renewable generation, grid interface, unified power flow
controller (UPFC). In industrial applications, AC-to-AC power conversion is usually
accomplished by indirect converters. In these converters, the AC power is firstly
converted into DC power by a rectifier, and then the DC power is converted into AC
power by an inverter. The rectifier and inverter are usually connected via an
intermediate bulky DC-link capacitor. A typical example of these converters is the

back-to-back converter as shown in Fig. 1.1. The use of the DC-link capacitor in these
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converters makes the equipment volume high, reduces the lifetime of the device,
increases the design complexity and decreases the system efficiency. Therefore, it is of
great benefit to remove the DC link capacitor or propose new converter topologies.
Some research works have been dedicated to addressing this issue. It is believed that the
AC-to-AC converters should be equipped with the following desirable features:
sinusoidal input and output waveforms, low harmonic component, bidirectional power
flow, small volume energy-storage devices, controllable power factor [1]. MCs appear

to be a possible solution since they can fulfill the above requirements.

b e
4

co

Fig. 1.1 Back to back converter topology.
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Fig. 1.2 Basic topology of the MC with filters.

The concept of direct MC circuit appeared in the literature as early as in the 1970s
[2][3]- There has been extensive research since the work published by Venturini and
Alesina in the 1980s [4]-[6]. A developed three-phase direct MC is shown in Fig. 1.2. In

contrast to the conventional AC-DC-AC conversion, the MC does not require the DC

2
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capacitor and completes the power conversion in one stage. The absence of the DC
capacitor reduces the volume, enhances the efficiency, increases the lifetime and
simplifies the control schemes. In the MC, nine semiconductor switches are arranged in
a 3x3 matrix form. MCs only require capacitors in the filters to suppress the ripples
generated by the switching actions [7] and these are smaller in size. MCs have received
attention because of their advantages: sinusoidal input and output waveforms,

controllable power factor, bidirectional power flow and the compact feature [4].

1.1.1 The Switches for Matrix Converter

The MC switches have to be bidirectional semiconductor devices because bidirectional
current flow occurs, and this has to be controlled in both directions. However, a single
device that can conduct current and block the voltage in both directions is currently not
commercially available [8]. Therefore, the bidirectional switches are usually formed
from several devices which are appropriately connected. For MCs, typical bidirectional
switching devices are usually implemented using: (a) a diode bridge arrangement
[1][8][9], (b) a reverse block arrangement [8][10], (c) a common emitter arrangement,
or (d) a common collector structure [1][8][9][11], as shown in Fig 1.3. Here, insulated

gate bipolar transistors (IBGTs) are used to represent the controlled switches.

e

(@) (b) (©) (d)

™~

1

Fig. 1.3 Topologies for bidirectional switches: (a) diode bridge arrangement, (b) reverse block

arrangement, (c) common emitter arrangement, (d) common collector arrangement.

The configuration in (a) requires nine independent drive power supplies, i.e., only one
driver supply for each switch cell. The losses are relatively high since there are three
devices in the conduction path. It is also difficult to control the current direction through

the switch.
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The arrangement (b) only requires two controlled switches. The anti-parallel diodes that
that are usual in these power devices are removed. Six independent drive supplies are

required.

The structures in (c) and (d) facilitate the bidirectional control. These structures are
good for four-quadrant commutation control. In the common emitter structure, nine
independent driver supplies are needed to control the IGBTs; while in the common
collector configuration, only six power supplies are required [12]. The configuration in
(c) can provide an inherent auxiliary commutating current path, which enables the

application of advanced commutation techniques [13].

The development of semiconductor device technology influences the properties
(switching frequency, voltage blocking capability, voltage and power ratings, etc.) of
converters. Fast and high-speed power switches are desirable as the filter volume may
be reduced by increasing the frequency [14]. The development of novel semiconductor
devices such as SiC (silicon carbide) or GaN (gallium nitride) switches can potentially

improve the performance of converters.

1.1.2 Matrix Converter Topologies

AC-AC Converter

.

DC Linkitwo-stage converter Matrix Converter
Indirect Matrix Converter Direct Matrix Converter
Sparse | Very Sparse | Ultra Sparse

Fig. 1.4 Classification of AC-AC converters.

MC topologies have been researched to expand the control range of the output voltage,
reduce the number of semiconductor devices, improve the waveform quality, eliminate
the common mode voltage and decrease the switching losses [15]. As summarized in

Fig. 1.4, The most notable MC topologies include the direct MC, indirect MC, sparse
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MC, very sparse MC, ultra-sparse MC, hybrid MC and multilevel MC. Many have a
maximum voltage transfer ratio of 0.866, such as the sparse, ultra-sparse, very sparse

and inverting link MCs [16].

In addition to the three-phase to three-phase MC, other categories such as single-phase
MC [17], single to two-phase MC [18], three to five-phase MC [19], and three to seven-
phase MC [20][21], have been explored in the literature.

A direct MC with the switch cells arranged in the common emitter configuration is
shown in Fig. 1.5. In this topology, there are nine bidirectional switches and they are
composed of eighteen controlled switches (IGBTs) and eighteen diodes. This topology

is also known as the traditional MC.

A O
B O M 2
C O N M

a o bO cO

Fig. 1.5 Diagram for direct MC.

The indirect MC proposed in [22] is shown in Fig 1.6. As seen from this topology, the
AC-to-AC power conversion is performed indirectly, but the DC energy storage
element is not required. This topology consists of eighteen IGBTs and eighteen diodes.
It is possible to reduce the number of semiconductor devices further to derive other MC
topologies [1]. As suggested in [23], this topology enables improvement of the voltage
transfer ratio and immunity against disturbances from supply sources by embedding an
auxiliary design into the intermediate stage as shown in Fig. 1.7. The indirect MC can
be regarded as a combination of a voltage source rectifier (VSR) and a voltage source

inverter (VSI). Therefore, various modulation schemes can be used in both stages [4]. It
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is easier and simpler to implement the switching modulation compared with the single-

state topology [24].

A 5

B —0 b

C &
C

Fig. 1.6 Diagram for indirect MC proposed in [57].

Source side \ \ \ \\ \ Load side

Auxiliary
A o ~ ; a
B o0—ru——P—+ L~ .
c o S S Designs X
4 \ i
\ %

Fig. 1.7 Indirect MC topology with auxiliary designs.

The sparse MC, as shown in Fig. 1.8, consists of fifteen IGBTs and eighteen diodes. At
least seven independent drive supplies are required in this configuration. This topology
is equivalent to the indirect MC in function while less implementation efforts are
needed [16]. The sparse MC contains fewer IGBTs compared to the indirect MC.
However, a significant disadvantage is the higher power losses because there are more

semiconductors switches in the conduction path [15].
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A /T /T O a
B =t
E ¢

3

Fig. 1.8 Diagram for sparse MC.

To reduce the number of IGBTs further, the very sparse converter, as shown in Fig. 1.9,
was proposed. This topology is composed of twelve IGBTs and thirty diodes, and ten
independent driver supplies are required. The number of controlled switches is reduced;

however, the losses are increased, and the control range is reduced [15].

YR YR YA
Ao

B O—’V" M M O a
T VT

cC ——Ob
Y Ay 3Y —O

Y& YA Y&

Fig. 1.9 Diagram for very sparse MC.

If only unidirectional power flow is required, the ultra-sparse MC, as shown in Fig.
1.10, can be obtained. This topology has a sparser structure and it requires nine IGBTs

and eighteen diodes [16]. This structure requires seven independent driver supplies.
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Fig. 1.10 Diagram for ultra sparse MC.

Table 1.1 Comparison of MCs.

Converter Topology No. of Transistors No. of Diodes No. of Drives

Direct MC 18 18 6
Indirect MC 18 18 8
Sparse MC 15 18 7
Very Sparse MC 12 30 10
Ultra Sparse MC 9 18 7

A comparison of the above topologies is presented in Table 1.1. The sparse, very sparse
and ultra-sparse MCs can be regarded as indirect MCs. These indirect topologies have
the same second stage for DC to AC conversion. The power conversion of indirect MCs

is still performed indirectly with two conversion stages.

As a derivative of the MC, the multilevel MC has been proposed by incorporating the
concept of multilevel converter with an MC [1][25][26]. The multilevel MC can
produce better power quality because of its multilevel outputs. It also has the potential
to provide a solution for high-power energy conversion [27]. However, the

semiconductor requirement and modulation complexity are increased [16].

Another derivative is the hybrid MC which combines an MC with another converter
type such as an inverter. The hybrid MC was proposed to address the limitations of the
output voltage. Hybrid MCs are capable of enlarging the control range of the output
voltage and are even able to operate under unbalanced grid conditions. However, the

topology structure is complicated and intricate control strategies are required [6][10].
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Venturmi (direct)

Scalar Techniques ;2 5 mas s o
1 { Optimized Venturini (injection)

MATRIX PWM Carrier Based
CONVERTER — ) Space Vector Modulation
CONTROL

Predictive Control
Others Sliding Mode Control
Direct Torque Control

ete.

Fig. 1.11 Classification of MC control strategies.

1.1.3 Modulation and Control Strategies

Many modulation and control strategies have been proposed for MCs [28]. Generally,
the modulation strategies can be classified into: 1) pulse width modulation (PWM)
methods (carrier based and space vector modulation (SVM)) [7], 2) scalar techniques
(e.g., Venturini method [29]), and 3) other control strategies (such as hysteresis band
[30][31], predictive control [32], sliding mode control [33], direct torque control (DTC)
[34], fuzzy method [35] and neural networks [36]). These are summarized in Fig. 1.11.
In addition, proportional-integral (PI) and proportional-resonant (PR) controllers based

on the SVM have been investigated for the MC [37][38].

The Venturini method is a direct modulation technique. Using the direct transfer
function approach, switch timings are directly calculated from input voltages and target
output voltages. The calculation of these timings is cumbersome for practical
implementation. Another significant drawback of this method is that the voltage transfer
ratio cannot exceed 0.5 [39]. To improve the voltage transfer ratio, the optimized
Venturini method was proposed. In this method, the voltage transfer ratio is improved

from 0.5 to 0.866 by the third harmonic injection [12].

PWM modulation techniques include carrier-based and SVM. In the carrier-based
modulation, the input power factor can be regulated using the offset voltage and
changing the slope of carrier [40][41]. SVM is a more popular method and it has the
potential to make best use of input voltage, to reduce the number of commutation, to
control the input power factor, and to provide better power quality [39][42]. Based on
the space vector representation, SVM combines two adjacent vectors and zero state

vectors to generate the desired reference [24]. It has been proved that SVM can

9
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generalize the modulation issue of MCs. There are direct and indirect SVMs for MCs

which will be explained in detail in the next chapter.

Indirect conversion is capable of controlling output frequency, amplitude and input
current phase displacement [7][43]. This method can decouple the modulation of the
virtual rectifier stage and the virtual inverter stage, thus making it possible to combine
different modulation strategies of two stages [44]. In addition, the indirect conversion
scheme facilitates the analysis of input voltage unbalance [45]. However, indirect
conversion tends to be replaced by the direct conversion since the direct scheme
provides a better understanding of operation and modulation process due to the absence

of a fictitious DC link [12].

Using SVM, closed-loop controllers, such as PI, PR and sliding mode controllers, have
been investigated for the MC [37][38]. These controllers are simple and independent of
the system model. PI controllers are industry-mature, and they have been used in a wide
range of areas. However, there are significant steady-state errors when PI controllers are
used to track sinusoidal variables. Otherwise, frame transformations are required to
convert the sinusoidal variables into constant values, which results in a complex design
and heavy computational burden. A modified PI controller with current feedforward is
proposed in this thesis to address this issue. Another possible solution is the PR

controller. These topics will be discussed in detail in Chapter 4.

Sliding mode control has been developed for the three-phase MC [46]. Sliding mode
control can provide advantages such as stability against large disturbances, fast dynamic
response and simple implementation [47]. It has improved robustness in terms of
providing fast transient responses over a wide range of operating conditions [48].
Sliding mode based direct power control was proposed for control of the power flow in
a transmission line [33]. It enables the real-time selection of adequate state space
vectors to regulate the input and output variables. It exhibits robust behaviour and

immunity against power system nonlinearity [33].

Another popular control tool for power electronic converters including MCs is model
predictive control (MPC) [49]. With the development of microprocessors, MPC has
become an increasingly researched topic in recent decades [50]. MPC utilizes a system
model to predict future behaviour and selects an optimum switch action based on a user-

defined cost function. This controller can provide flexibility for the control of different

10
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variables, and the constraints can be considered in the controller. In the literature,
several MC predictive control studies have been reported. However, most focus on the
control of sinusoidal output current [51][52]. In this thesis, predictive control is used to
regulate the sinusoidal output voltage and power flow. This work is presented in

Chapter 6.

DTC is especially relevant when an MC is used to drive an AC motor [34][53]-[55].
This controller has been widely used in high-performance motor drives because of its
fast torque dynamic response and robustness. A DTC of an MC-fed induction motor is
presented in Chapter 5. In addition, a hysteresis current controller is designed for the
MC in order to drive an AC motor. Both fixed-band and sinusoidal-band hysteresis
controller are evaluated. The proposed controller is simple in structure and provides

good performance. This controller is explained in detail in Chapter 5.

A performance comparison of some MC control strategies is shown in Table 1.2.
Among these controllers, investigation of the hysteresis controller for MCs remains
underexplored. At present, the Venturini method is not attracting very much attention.
However, research on SVM, DTC and predictive control is still very active. Predictive
control appears to be a promising control tool because of its simplicity, good
performance and flexibility. It can include additional control objectives and system
constraints. The derivatives of predictive control for power converters and drives
includes predictive current control, predictive voltage control, predictive power control

and predictive torque control.

Table 1.2 Comparison between some control techniques for MC.

Venturini SVM DTC Predictive Control  Hysteresis Control

Complexity low high  medium low very low
Sampling Frequency very low  low  very high high high
Switching Frequency very low  low high high high

Dynamic Response good good fast very fast very fast
Range of Application Area  narrow  wide  narrow very wide medium
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1.1.4 Potential Applications Areas

The MC can be applied in a wide range of areas and it is particularly suitable for
applications that require a compact volume, low weight and reliability [56]. However,
they have only been used in a low number of industry applications so far [15]. There are
some commercially available MC products and modules. Some examples of these
products are Yaskawa FSDrive-MXI1S series, U1000, AC7, Eupec ECONOMAC
FM35R12KE3ENG and Fuji FRENIC-Mx. Table 1.3 summarizes the -current
availability of MC related commercial products. In this table, only the maximum
available rating is listed for voltage and capacity, although products with lower ratings
are available. In addition to MC products, there are plenty of commercially available
power switch modules that can be used to construct an MC. As observed from Table

1.3, most MC manufacturers target motor drive applications.

Table 1.3 Summarized information of some MC related commercial products.

Max. Max. Target Other
Manufacturers Product/Model Voltage Power Application  Information/Feature
Yaskawa FSDrive-MX1S 6.6 kV 6 MVA motor drive energy-saving
Yaskawa U1000 480V 800HP  motordrive LUl regencration,
ultra-low harmonics
Yaskawa AC7 480V 250 HP motor drive legacy product
Yaskawa Z1000U 480V 350 HP HVAC low input distortion
applications
ECONOMAC .
Eupec FM35R12KE3ENG 1200 V 42 kVA unspecified module
general .
Fuji FRENIC-Mx 400V 45KW  induswial ~  Cotsultable for
. elevators and cranes
machines

In the literature, the motor drive is the most widely investigated application area of MCs
[36][57]-59]. The MC has also been proposed for the applications such as UPFC [60]-
[63], mobile utility power supply [64]-[66] and wind turbine applications [67]-[70]. The

summarized information of these application areas is provided in Table 1.4.
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Table 1.4 Summarized information of investigated applications areas of MC.

Input and Output Applied Control Investigation
Frequency Methods Breadth Comments
Motor Drive very different DTC, MPC, FOC very wide promising and
developed
UPFC same SVM, SMC wide developing
Wind Turbine very different SVM, SMC, SVD! medium developing
- . SVM, genetic algorithm, . .
Utility Supply different repetitive control medium developing
Grid Interface . promising and
(Smart Grid) same or similar MPC narrow underexplored

1 SVD - Singular Value Decomposition

The area in which the MC has most potential, both in industry and academia, is the
motor drive [36][57]-[59], hence it is already used in this area. At the moment, motor
drive applications are dominated by VSIs. For a high inertia system that requires
dynamic braking, the VSI based drive system usually requires a rectifier stage to supply
the DC voltage and a braking chopper to absorb the kinetic energy generated from the
motor deceleration, or back-to-back inverters are required for bidirectional power flow.
Bidirectional MC power flow means that an MC-based drive system does not require
the braking chopper for motor deceleration. Therefore, the efficiency is improved and
maintenance is alleviated. In the literature, several MC-fed motor drive control methods
have been investigated. These include DTC, field-oriented control (FOC) and model
predictive control (MPC). The tested motor types include the induction motor and

permanent magnet synchronous motor (PMSM).

The MC has been investigated as a UPFC in flexible alternating current transmission
systems (FACTS) [60]-[63]. The traditional UPFC employs a back-to-back converter
that can fulfill the AC-to-AC conversion indirectly. The traditional UPFC combines a
static synchronous compensator (STATCOM, shunt controller) and a static synchronous
series compensator (SSSC, series controller). These two controllers are connected by a
DC capacitor link. A UPFC can improve the capacity of a transmission system.
However, the capacitor in the traditional UPFC produces losses, increases the weight
and volume, reduces equipment lifetime and requires DC voltage control. No DC
capacitor needed in an MC based UPFC (MC-UPFC). This structure has advantages

such as compact configuration, less weight, bidirectional power flow, high efficiency,
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controllable input power factor, and longer life cycle. Some research on the MC-UPFC

has been carried out to test the performance and some good results have been reported.

In terms of application in wind turbines, the MC has been used to regulate the
performance of a wind generator and achieve the maximum power extraction [67]-[70].
The wind turbine generation is controlled to produce power over a wide range of wind
speeds. A cage induction generator or a doubly-fed induction generator can be used with
the latter utilizing a reduced-size converter between the grid and the rotor windings. In
the conventional scheme, the DC-link capacitor almost separates the control of the
generator and grid. For the MC system, the generator and grid-side quantities are
controlled simultaneously. Therefore, a better cooperative control can be achieved. The
grid-side reactive power can be effectively regulated, which is desirable is a grid-

connected wind turbine. Many control strategies have been studied in this area.

Another potential application area that has been investigated is the mobile power supply
[64]-[66]. In this application, an MC is integrated with a variable speed diesel generator
to create a supply. There is growing interest in utilizing static power converters to
supply high-performance AC power in the uninterrupted power supplies, programmable
AC sources and mobile supply units. An MC based mobile AC ground supply unit has
been proposed for the aircraft servicing [66]. The use of this unit removes the auxiliary
power unit on the aircraft that is supplied by burning jet fuel. Therefore, the noise, air

pollution, and maintenance are reduced.

MCs can also be applied in microgrids for interfacing distributed renewable generation
to the utility grid. However, this application area has not been investigated to any great
extent. In terms of microgrid applications, there are two operation modes, i.e., islanded
and grid-connected mode. In each mode, the main control objectives are different. In
this thesis, the MC is used in a smart grid and MPC is employed as the control
technique. This is a significant application that needs more research attention and

further investigation.

1.2 Objectives and Significances
The topic of interest of this thesis is the three-phase direct MC. Although this converter

has many advantages, there are some noticeable shortcomings such as low voltage
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transfer ratio, sensitivity to the grid variations and complex modulation. Operational
improvements in the MC have been studied and these include the expansion of the
output voltage control range [11][13][23][39], control methods [28][29], commutation
strategies [12][71]-[73], improvement of the waveforms quality [1][16][43][56],
reduction of the number of devices [24][74][75], reduction of the common mode
voltage [15][45] and the reduction of switching losses [42][45][76]-[78]. This thesis

aims at finding possible solutions to some of the above issues.

The theoretical analysis of output voltage limitation was investigated in [6] and it was
concluded that the three-phase direct AC to AC converter has the maximum intrinsic
output voltage limit of 0.866 (V3/2). This drawback hinders the wide application of
MCs. A transformer can be used to increase the voltage transfer ratio (VTR) either at
the source or load side, but it would operate at either the grid or drive frequency, i.c., a
relatively low frequency so that the transformer volume is relatively high, and the
compactness of MC is affected. In addition, the overall system efficiency is reduced.
Therefore, it is desirable to increase the VTR by modifying the topology or by revising

the modulation strategies.

Any distortion or the imbalance at the input terminals will be directly reflected at the
output terminals because of the absence of an intermediate energy storage unit [79]. The
MC is then sensitive to input variations, which is undesirable. Therefore, it is of great
benefit to reduce the influence of the input variations on the MC performance. Although
some work has tried to address this problem, there is still a lot of room for

improvement.

The improvement of power quality is beneficial. With increasing penetration of
renewable energy systems into the grid, standards and codes impose more stringent
requirements on the current quality and harmonic content. Therefore, if it can be
demonstrated that the MC can make a contribution to power quality improvement, and

MC applications are likely to be expanded.

With regards to applications, the focus of this thesis is the power flow controller, motor
drive and smart grid. For motor drives, most control methods in the literature are not
very practical to implement considering the processing capability of currently available
microprocessors. Therefore, it is beneficial to propose simple methods with low

computational burden.
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With the development of distributed generation technology and the smart grid, AC-to-
AC converters may have a wide range of applications in the future; they can be
employed to link renewable energy resources and distributed energy generators to the
grid. This field needs further investigation. The solutions to these issues will result in

the improved performance and wider applications of MC.

1.3 Contributions and Organization

1.3.1 Contributions

The main contributions of this work are summarized as follows:

(1) A simple decoupling controller is designed for the matrix converter-based UPFC to
regulate the power flow in a transmission system. The controllable regions of the MC-
UPFC are also analyzed. A design procedure for the closed-loop controller in the MC-
UPFC is presented.

(2) A modified PI controller is proposed for the improvement of the steady-state
performance by including a current feedforward path. More control flexibility is
provided because of the feedforward controller. A PR controller is designed for the MC

and this has good performance.

(3) A hysteresis current controller is proposed for the MC to drive AC motors. Both
fixed-band and sinusoidal-band hysteresis controllers are investigated, and their
performance is compared. The hysteresis controller is a very simple and practical

controller for MC. For the MC-base motor drive, a DTC technique is also investigated.

(4) MPC is investigated to control the MC. This scheme is used in an MC based
microgrid. In the islanded mode, predictive voltage control is employed to regulate the
MC output voltages to supply various loads. An improved VTR is observed. When the
microgrid is connected to the utility grid, power flow is the main objective. The
performance of the controller is tested under various conditions including input

disturbance and different loads.

(5) An MC prototype is built to support the research. The prototype hardware includes
main circuit, drives, supplies, analog to digital conversion (ADC) conditioning circuits,

and sensor board. The algorithm is implemented in Matlab Simulink with C2000
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hardware support packages for TI DSP processors. Various experimental tests are

carried out to support the proposed strategies.

1.3.2 Organization of Thesis

This thesis consists of eight chapters in total. This chapter introduces the MC,
summarises the literature review and outlines the contributions and organization of the
thesis. In Chapter 2, the fundamentals of a direct MC are introduced as a foundation for
the work reported in this thesis. Chapter 3 presents the MC based UPFC. The MC is
used to control the power flow in a transmission system. In Chapter 4, PI and PR
controllers are proposed for the improvement of the steady-state tracking performance.
These controllers are used to control the output current of a direct MC. In Chapter 5, the
work on the MC fed AC motor drives is presented. Chapter 6 presents the predictive

control based MC for microgrid applications.
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Chapter 2: Matrix Converter Fundamentals

2 MATRIX CONVERTER
FUNDAMENTALS

In this Chapter, the fundamentals of the matrix converter (MC) are introduced. Both
indirect and direct space vector modulation (SVM) techniques are described. SVM is
based on pulse width modulation (PWM) theory to synthesize the instantaneous space
vector representation of the desired output voltages and input currents. It is a developed
and commonly used control strategy for MCs and other converters. Then the four-step
commutation technique is introduced followed by the clamp circuit to protect the MC

from the harmful overvoltage.

2.1 Matrix Converter Basics
A three-phase direct MC is shown in Fig. 2.1. It consists of nine bidirectional
semiconductor switches. The switch matrix is arranged so that any output can be

connected to any input. The arrangement of these switches forms a 3x3 switch matrix as

expressed by
Y, S Sz Sea || Va V4
Vi =180 S So || Ve |=S| Vs (2.1)
Ve S Spe S |ve Ve
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iA SAa SAb SAc ia ia
ip |=|Ss Su Ss |i |=S"|, (2.2)
iC SCa SCb SCC ic ic
Z S..=1(x=a,b,c) 2.3)
X=4,B,C

where S and its transpose ST are switch matrices. These can be used to control the MC
output voltages and input currents. The elements Sy in the switch matrix can be
assigned a value of one for the ON state and zero for the OFF state. As a result, there
are 2° = 512 switch combinations in total in a three-phase direct MC. Based on the
measurement of vy, 5, c and iq, 5, ¢, the voltages and currents vq, », - and iy, 5, ¢ can be

calculated respectively, which will be used in the prediction models.

i L ;
Vsa  Isa T4 4 y
A C > A An YY)
C
V4 l .43

Ly

Vs, I ¥
g Vss_ lss Tp

i

Ve T__
Vsc Isc - LC
C SC Fc

B

Fig. 2.1 A three-phase direct MC system with input filters.

The conditions (2.3) are used to exclude switch states that short-circuit the inputs
(usually voltage sources) and open-circuit the outputs (usually inductive loads).
Otherwise, overcurrent and overvoltage will be generated which can damage devices.
Therefore, there are 27 switch states allowable in the matrix and they correspond to 27

control actions. This is a finite control set for the model predictive control.

2.2 SVM

SVM is a PWM technique for synthesizing the instantaneous space vector

representation of the desired output voltages and input currents by selecting the
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appropriate available input voltage and output current vectors [1]. There are two types

of SVM for the MC; i.e., direct and indirect SVM.

2.2.1 Direct SVM
In SVM, the voltages and currents are expressed in space vector form. Consider the

balanced three-phase input voltages applied to an MC:

v, =Vsin(ey)
v, =V sin(wt -2/ 3) (2.4)
Ve =V sin(mt +27/3)

where V; is the amplitude of input phase voltages and w; =2xnf; is the input angular

frequency. The MC output current can be expressed as

i, =1 sin(of—@,)
i, =1 sin(wt—q@ —27/3) (2.5)
i, =1 sin(ot—@ +27/3)

where [, is the amplitude of output currents, w, = 2af, the output angular frequency and
@o the angle difference between the output voltage and output current. The three-phase

system can be expressed by space vectors by using the transformation:
Xg = z(x1 +ax, + a2x3) (2.6)
3

where x123 are the variables in the three-phase system, o = e /@), and x; is the
corresponding space vector after the transformation. The desired output voltages and

input currents are

v, =V sin(at+ @)
v, =V sin(wt+@—27/3) (2.7)
v. =V sin(wt+@+27/3)

i,=1sin(wt—-p)
iy =1 sin(wt—@ —2m/3) (2.8)
i =1 sin(ot — @ +27/3)

They are transformed using (2.6) to determine the location of the desired vectors at any
instant. Here V, and I; are the amplitudes of the expected output voltages and input

currents, ¢; the input power factor angle and ¢ the expected output voltage phase angle.
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Table 2.1 Active states of MC switch states.

No. Switch states Output voltage vectors Input current vectors Group
+1 ﬁ V. :iVsin(w.HzJe’*O 1 :i[ sin(a)tf(p)ek%
+1 3 i i +1 \/g o o o
e v
3 3
2 . 5 1=
+3 ﬁ I/+3=—I/is1n(a)it+ Je/o 1, :ilvsin(a)vl—(ﬂa)e/ 6
3 3
P T P R
3 3
2 . Vs 2 s
-2 ﬁ v =——Vlsm(a),.t——je’“ I,=—"F1sin(ot-p,)e ?
2 3 5 -2 5 ( o %)
2 . 5 Iz
-3 %ﬁ v, ———V,.sm(a)lt+—ﬂje/° I, :—ilo sin(a)ﬂt—%)e] 6
3 6 3
+4 ﬁ 14 =iVsin[a)t+£]e %” I,=—F4+I sin(a)t—(o —”]ej_g
+4 3 i i 6 w4 \/— o 0 o 3
2 A . 2\ 5
3 2 3 3
2z 1 .
+6 ﬁ V= iV, sm[a),.t + S—ﬁjej 3 16 1, sin(a)ot -, - 2—”] ¢ active
3 3 3
2 2 27\ -E states
-4 ﬁ 4 :——Vsin[a).t-k—je 3 1,=- Isin(a)t 1) ——)e 6
-4 3 i i —4 \/— o o o 3
-5 ﬁ V. ——iVsm[a)t —)e %” 1 =—F-1I sin(wt—(p —”] 2
=5 3 i i =5 \/— o o o 3
2 iz 2 . 7\ iZ
-6 EE Ve=—7rVsinlot+—|e 3 [ =—F=Isinlot-¢+=e °
3 3 3
4z P
+7 ﬁ V., =iVi sm[a){.t+f)e 3 1, =i10 sin[wnt—goo+2—”jej 6
3 3 3
4z .
+8 EEH Vs :iVism(a)it—Eje 3 I :ilusin(a)nt—¢n+2—”)ej 2
3 2 B 3
ar s
+9 %ﬁ V., =iV,sm[w,.t+—je 3 I, =i]o sin(a)ot—(pg +2—”)ej 6
3 3 3
4r P
-7 ﬁ v, *—iV, sm[a}it+—)e L i :—iln sin(a)nt—(pn +2—”jej 6
3 3 3
-8 ﬁ Ve ——iVism[a)it——je R :—llu sin(a)ut—% +277rje/7
3 ND 3
4z Iz
-9 E% v, *—il/is1n(a)it+5—”) = I, :—ilu sin[a)nt—¢)0+2—”)ej 6
3 6 3 3

As discussed previously, there are 27 switch combinations allowable in a three-phase

direct MC. These combinations can establish different vectors and they can be classified

into the following three groups, as shown in Tables 2.1 and 2.2.

Group I (Active vectors): two outputs are connected to the same input while the

remaining output is connected to one of the other inputs. These 18 active vectors have
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fixed direction, but their amplitudes vary with an instantaneous value equal to the input

voltage.

Group II (Zero vectors): all three outputs are connected to the same input. These 3

vectors have zero amplitude and arbitrary directions.

Group I1I (Rotating vectors): all three outputs are connected to different inputs. These 6

rotating vectors rotate with fixed amplitudes.

Table 2.2 Zeros states and rotating states of MC switch states.

No. Switch states  Output voltage vector Input voltage vector Group
V,, =0 1, =0
01 ﬁ o o Zero
02 % Ve =0 I, =0
states
03 EEE% Vs =0 I, =0
" e e
T e e
13 E&i V3 _ _Vej-arctan[cot(a),t—g)] / - . ej.arctan[cot(wot—(pg _ED rotating
jlarctan[—cot a),l‘+£ ] jlarctan[—mt wgt—(pg—ﬁ j states
" %ﬁ I/r4 :_I/[e ( 3) 1r4 :_Ioe ( 3]
j<arctan[cot a)it+£ ) j»arctan[cot w{,t—gp,ﬁrz )
" ﬁ I/rS = _I/ie [ 3) 11'5 = _Iae ( 3)
Jj-arctan| —cot a),t—ﬁ j-arctan| —cot| a)(,t—(p,ﬁrz
I T e B e

In the Switch states column of Tables 2.1 and 2.2, a solid circle means the
corresponding switches are turned on, for example, Saa, Spb and Sg¢ are turned on in the
case of switch No. +1. Among the 27 available states, only 21 states (18 active and 3
zero states) are considered useful in SVM to synthesize the desired output voltage
vectors and input current vectors [2], which limits the flexibility. The rotating vectors
cannot be usefully utilized since it is difficult to locate them. In contrast, all 27 states
can be involved in model predictive control (MPC) [3], so the flexibility can be
improved further using this simple control method. The active vectors are plotted in Fig.

2.2 and they form hexagons.
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Fig. 2.2 Space vector hexagons for known input voltages and output currents.

Table 2.3 Look-up table of the vector combinations to synthesize the output voltage and input currents.

Sector number of the output voltage vector
1,4 2,5 3,6

Sector

number of | 1,4 +9, +7, +3, +1 +6, +4,+9, +7 +3,+1,+6, +4
input

current 2’ 5 +8> +9a +2’ +3 +5a +6’+8> +9 +2a +37 +5’ +6
ector

v 3,6 | +7,48,+1,+2 +4, 45,47, +8 +1,42, +4, +5

Times tx1 tx2 tyl ty2 tx1 txo tyl ty2 tx1 tx2 tyl tyZ
A

5
@
i 2

(@)
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Fig. 2.3 Synthesis of the desired output voltage and input current vectors.

In an SVM scheme, the adjacent vectors nearest to the required vector are utilized to
synthesize the required vectors. The use of non-adjacent vectors may produce higher
total harmonic distortion (THD) and switching losses [4]. The chosen vectors must
accomplish the synthesis of both output voltages (2.7) and input currents (2.8) at the

same time, and they are summarized and tabulated in Table 2.3.

To explain the algorithm, without loss of generality, it is assumed that, at a given time
instant, both the desired output voltage and input current vectors appear in sector (1) of
each hexagon shown in Fig. 2.3. The expected output voltage and input current space
vectors can be decomposed into V;, and Vp, I, and Is respectively as shown in Fig. 2.3.
Once the switch states are determined (Table 2.3), the corresponding working times for
each switch are calculated. According to Figs. 2.2, 2.3 and Table 2.3, the working times

for applied vectors are formulated as (more details can be found in Appendix A)

L= (-1 2 T sin(&)sin(p)

B cos(g) 29
lo =<—1)’"+”*‘%qu Si“(g)ins((;/f_p ) 2.10)
(= (-1 % Tq sin(z i i; Z))Siﬂ(/?) @.11)
‘, z(—l)mm%Eq sin(;r/3—cfz?2§7r/3—p) 2.12)
to =T, = (|ta]+ [l + ]| +]112]) (2.13)
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o) |
sin(@+7/3)sin(p+7/3)|

q:EJ (2.14)
V|2 |
where 0 < 0 < /3 is the angular difference between the desired output space vector Vos
and its corresponding right-hand adjacent vector V.. 0 < p < 7/3 is the angle between the
desired input space vector /;; and its corresponding right-hand adjacent vector [,. %1, 2
and #,1, #,2 are working times for the selected vectors and 75 is the cycle period. m and n
denote (m, n =1, 2, 3, 4, 5, 6) the m™ output voltage vector sector and the n™ input
current vector sector. If any of the working times are negative, then the corresponding
negative vector should be selected instead of the assumed positive vector as shown in
Table 2.3. Note that correct commutation techniques and switching sequences are
necessary to improve waveforms quality and avoid contingencies caused by unexpected

short or open circuits. However, they are not discussed here.

2.2.2 Indirect SVM

In indirect SVM, the virtual DC link, shown in Fig. 2.4, is used to divide the modulation
into a voltage source rectifier (VSR) stage and a voltage source inverter (VSI) stage [5].
It is worth noting that the virtual DC link does not really exist in the MC. It is only used
for explaining the modulation technique. By applying SVM to each stage, and then

combining them, the overall indirect SVM is obtained.

[——»
] ]
SpA ’I\ SPB'J] Spc \J; | + : SPa J/ SPh/I} SPC (l/\
|
p— ] M Fa .
A i | a
| |
|
BT | Virtual i —T1—"»
'DC link,
c — T : Ven : c
|
: |
Qg ISl | ) (i) Y
SNA\IJ bNB\r SNQT : _ :SNaT SNb\r SNC\I/
«—

Fig. 2.4 Indirect SVM illustration with virtual DC link.
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(a). SVM for the Virtual Rectifier

In the virtual VSR, the main objective is to synthesize the input currents. The input
currents generated from the DC-link currents can be transformed into space vectors
using (2.5). There are nine possible switch combinations, including 6 non-zero vectors
and three zero vectors (Table 2.4), generated by the available current in the DC link.

These switch combinations correspond to VSR current vectors as plotted in Fig. 2.5(a).

From Fig. 2.4, the input currents can be controlled by controlling the switch matrix:

iy Sps S /
Iy |=| Spp Syp {[+:| (2.15)
Ie Spe Syel
v s, S, S0
{ +}:[ P4 Opa Pc} v, (2.16)
V. Swi Sws Sae
Ve

In (2.15) and (2.16), each switch element can have two different values (1 for ON state
and 0 for OFF state). In order to exclude the switch states that short circuit the input
voltage sources, the constraints of Sps+Spst+Spc = 1 and Sna+Sna+Snc = 1 have to be

applied; otherwise, an overcurrent will be generated at the input terminals.

Table 2.4 Possible switch combinations of the VSR.

No. on-state swithches| rectifier current vectors I DC voltages | group
ol 23 7 | %
R1  Spa, Sne ﬂ L= . Ie?® | V=¥
R2 . 2J3 A Vi=Vg
Sr'm 5.\( j’ ,—_[ e ? . !
A2 3 b i_i’L
243, | Vel
o) s ]| 1,-280% | 1
_ PB, ONA i 3 _ _ V=V, -
s T3
23 AL V=Ve Zero
R4 Spe.Sna %: T4 HT"I." : V=Va
B 33, Ak Vi=Vc
£| 8 N 2 :
RS Spe,Sas E@ Ty 3 le V=V,
203 M= | v
R6  Spa, S %i - & /
PAs ONB > 3 i V=g
_ V=V,
R7 Spa. Swa ﬂ I.fc.‘- =0 V=V,
R8 Spy. Sug %: f}as =0 Vi=Vy Zero
I”_zi"'B
RO Sec. Snc % F=0 I',_;Ijt
! 1 i’_:}('
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Fig. 2.5 (a) VSR current space vectors hexagon, (b) space vector synthesis.

The nine VSR current vectors described above are used to synthesize the desired input
currents. The desired input current vectors are synthesized with a combination of these
vectors depending on its sector location. In each sector, two adjacent non-zero vectors
and one zero vector are used to synthesize the desired vector as shown in Fig. 2.5(b).
For example, if the desired current vector is located in sector @, then /z1, Ire and a zero
vector will be selected in the corresponding switching cycle. The prescribed working

time for each vector is calculated using

21 . (nx
2 I
=——Lsin(6,)T. 2.18
w57 (6e)T, (2.18)
tag =T, = (tr, +11s) (2.19)
o2l
B (2.20)

where #rs and #z, are the times for the application of non-zero vectors; #zois the time for
the application of zero vectors; T is the switching period; and m; is the VSR modulation

index.
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(b). SVM for the Virtual Inverter

In the virtual VSI, the control objective is to synthesize the output voltages. The output
voltages generated from the DC-link voltages can be described as space vectors using
(2.4). Eight vectors are obtained including six non-zero and two zero vectors. They are
summarized in Table 2.5. These VSI voltage vectors form a hexagon as plotted in Fig.

2.6(a).

As shown in Fig. 2.4, the output voltages can be regulated by controlling the switch

matrix in:
Va S Pa SNa K .
Vo =1 Se S Vv (2.21)
vc SPc SNC o
1 S S, S, | g
+ — Pa Pb Pc ib (2 ) 2 2)
I Sw S Nb A Ne

Here the constraints of Sps+Sve = 1, SpstSve = 1 and Spc+Sne = 1, are applied to avoid
the switch states that open-circuit the inductive loads; otherwise, overcurrent will be

generated at the output terminals.

Table 2.5 Possible switch combinations of the VSI.

No.|on-state swithches| inverter voltage vectors | I)_( currents group
SR S 1=,
1B S Sic % o =3Vewe I=I+,
. 2 = | s
12 | Sp.. Spiy Sne i% p“ == ; 1’,,_\_-8 3 ,F_:!: b
Presd . 1.=i
-~ 'J' e Eod .fr o 3 : b
oo B nodndt | |
) [ L=l H, | zero
bR F o GIT h T
14| Sy, Spb Spe :% Vig= ;I.rw'- 1=,
2, A | e
15 2 Sube Spe o=V p 3 v
Snar S S :% !” i'rp,\(, Pl
i , 2, 5E L=Itl,
16| S S S Vie= 5 Voye I=i,
= L=
zero
S g =0
i E Vie=0 1=0
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Fig. 2.6 (a) VSI current space vectors hexagon, (b) space vector synthesis.

The eight VSI voltage vectors are employed to synthesize the desired output voltage. In

a similar manner to the VSR, the working times for the vectors are calculated using

v, V4
= ——6’ T 2.23

2V
t,= 0)T 2.24
w57 SO (2.24)
t =1, _(tla + t]ﬁ) (2.25)
2 7
2.26
\/7VPN ( )

where #/, and t5 are the times for the applications of non-zero vectors; tpis the time for
the application of zero vectors and m, is the VSI modulation index. The selection of zero
vectors in both SVMs should benefit the reduction of switching actions, thus switching

losses.

(c). Overall Modulation
Combining the VSR and VSI stages, the overall SVM for the whole MC can be
obtained. Based on (2.15), (2.16), (2.21) and (2.22), the switch matrix S can be derived

as:
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SPA SNA
S Pa SPb SPL'
S=|Sp; Swu S S S
Na Nb Ne
SPC SNC

(S, S, S

Aa
SAb SBb SCb
_SAc SBC SCc

Ba Ca

1% v

a A
v, |=8| vy
Vc VC
i i,
. | aT
i, |=8"]1i,

I SPASPa + SNASNa SPASPb + SNASNh SPASPC + SNASNC
= SPBSPa + SNBSNa SPBSPb + SNBSNb SPBSPc + SNBSNc
_SPCSPa+SNCSNa SPCSPb+SNCSNb SPCSPC+SNCSNL‘

(2.27)

(2.28)

(2.29)

where S i =P, N,j=A4,B,C,a, b,cori=A4, B, C,j=a, b, c¢) are the switches as

shown in Figs. 2.1 and 2.4.

Every element in the 3 by 3 matrix in (2.27) corresponds to one switch in the MC. For

example, the first element Sy, indicates the connection of the input phase A4 to the output

phase a. This is equivalent to the connection of 4 to a through (Sp4 and Sp.) or through

(Snva and Sna), as shown in Fig. 2.4. Applying the same rule, the MC switch states can be

determined. Hence the corresponding times tyq, £5q, £, Z5p and 7o in the MC are given by

(7 (7
Ly =tr, 1y, :msm(g—Hstm(g—Hlj
. (7
ty, =tes -l :msm(GR)sm(g—@j
(7 :
ty =ty l;;=msin E_QR sin(6,)

tyy =lps 1,3 =msin(6,)sin(6},)

ty=T, (L, +15+1,5+15)

(2.30)

2.31)

(2.32)

(2.33)

(2.34)
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where 0 < 6r (61) < /3 is the angle between the desired space vector Irs (Vis) and the
right-hand adjacent vector Iry (Vi); m = m;xm, is the modulation index and 7 is the
cycle period. Therefore, the input currents and output voltages of the MC can be

controlled.

2.3 Commutation Techniques

For the safe operation of an MC, the issue of commutating the current path between the
bidirectional switches should be considered. As presented earlier, the constraint (2.3)
has to be applied in an MC to prevent overvoltage and overcurrent. However, this
constraint can be violated during the transitioning from one switch state to another in
practical systems. To demonstrate current commutation in an MC, it is sufficient to
consider a two-phase to single-phase converter, as shown in Fig. 2.7. The commutation

rules explained below apply to all scenarios of the three-phase MC.

As an example, consider the case where the input phase A4 is supplying current to the
load connected to the output phase a, as shown in Fig. 2.7(a). The switches S4a; and S4a2
are turned on while S4.2 1s not conducting the current. The switches Sg.; and Sza> are
turned off. If a command to change the connection to input phase B is requested, the
connection shown in Fig. 2.7(b) should be achieved. Without a proper commutation
strategy, the short circuit at the input terminal or the open circuit at the output terminal
will occur. These will result in overcurrent and overvoltage that can cause switch
breakdown, since the input sources are usually voltage sources and the loads are usually

inductive loads.

To change the current path, assume the switches Spa; and Sa.2 are turned on first, a
short-circuit path appears between input phase 4 and B. An overcurrent will be
generated. In comparison, if the switches S4a; and S4a2 are turned off first, the load
current path is cut off, which leads to an overvoltage. Therefore, an appropriate

commutation strategy should be designed and applied.
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Fig. 2.7 Demonstration of commutation of current paths.

The commutation in an inverter is normally achieved by applying a dead time between
the switching of devices in each output leg; however, this is not available in an MC.
There is no freewheeling path in MCs; therefore, the current commutation becomes a
difficult task [6]. The commutation in MCs can be implemented based on the relative
value of input voltages or the direction of output currents. To avoid a short circuit at the
input side and open circuit at the output side, an appropriate commutation scheme
should be employed. If the commutation time can be reduced, the power quality of
output waveform can be improved [7]. An appropriate commutation strategy can reduce

the switching losses and improve the efficiency.

Bidirectional switches make it possible to commutate from one phase to another without
causing overcurrent from short-circuiting the input lines or causing overvoltage from
open-circuiting output lines in an MC. Various commutation approaches have been
designed by researchers [7]-[10]. The current-direction-based commutation strategy
needs to detect the direction of output currents. This is usually difficult because of the
uncertainties, especially during the zero crossings. In terms of voltage-based
commutation, the relative amplitude of input voltages is needed to determine the
switching states [8]. Incorrect information about the output current direction and relative
magnitude of the input voltage can lead to wrong switch actions that can generate
harmful overvoltage or overcurrent. The hybrid commutation approach requires both
output current and input voltage information, which obviously demands more

measurement devices.
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The output-current-based commutation method has an obvious advantage over the
input-voltage-based commutation strategy. The required commutation time in output-
current-based commutation is considerably lower than that in input-voltage-based
commutation. This is because turning on the incoming device is faster than turning off
the outgoing device. The four-step, three-step, two-step and single-step commutation
methods based on the input voltage magnitude and the output current direction are

explained in [7]. Here the current-direction-based four-step commutation is explained.

Step |
SAuI N
g
1
Sia2 N
Sgai _H_
\
SBUZ N \\
Commutation M \“*--—’/S/tep:.’)
Start =
\
Commutation
End D’;
1
N
S.!nl ________ _ o _S_'[f&)_?’l
Saaz S tep l |
SB(II Step 2 J
S : sepd

Fig. 2.8 Illustration diagram of the four-step commutation when load current is positive.
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Fig. 2.9 Illustration diagram of the four-step commutation when load current is negative.

As shown in Fig. 2.8, if the load current is positive as indicated by the arrow in the
current path, four-step commutation is performed as follows. Step 1: switch Su.2 is
turned off first. The current path is not cut off since S4q> does not conduct current at this
moment. Step 2: switch Sg.;s is turned on. This does not produce the short-circuit current
path because both S4.; and Spa; conduct current in the same direction. Step 3: switch
S4ar 1s turned off. By doing this, the current path changes from phase 4 to B. The
current path is maintained. Step 4: switch Sp.> is finally turned on. Bidirectional
capability is maintained. The timing diagram for these steps is shown at the bottom of

Fig. 2.8.

Similarly, if the current direction is reversed as shown in Fig. 2.9. The four steps to
perform the commutation are as follows. Step 1: switch S4q; is turned off first. Step 2:
switch Sp.2 is turned on. Step 3: switch S4q2 is turned off. Step 4: switch Szqs is finally

turned on. The timing diagram is shown at the bottom of Fig. 2.9.

As mentioned earlier, output-current-direction-based commutation can reduce the
commutation time. Ideally, the commutation time can be reduced to zero. As a result,

four-step commutation can be amended to two-step commutation. This is achieved by
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combining steps 1 and 2 into one step and combining steps 3 and 4 into the other step.
This is because turning on the incoming device is faster than turning off the outgoing

device. However, this disables the bidirectional path of the switch in steady state.

2.4 Clamp Circuit

A detrimental overvoltage can be generated at the output terminal by a control
malfunction, commutation failure, switch breakdown or intentional emergency shut-
down of the converter. A diode clamp circuit is usually used in the MC to protect the
switches from the destructive overvoltage. A typical clamp circuit used in the direct MC
to protect the devices from the harmful overvoltage is shown in Fig. 2.10. This clamp
circuit is simple, and it consists of two diode bridge rectifiers that are connected in a
back-to-back structure, and a capacitor and resistor. The diodes are fast-recovery diodes.
The capacitor is used to absorb energy caused by the overvoltage and the resistor is used

to discharge the capacitor. A parameter design of the clamp circuit can be found in [11].
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Fig. 2.10 The diode clamp protection circuit in the MC.

Under normal conditions, the amplitude of the output voltage is lower than the input
voltage in the MC. Therefore, only the left-hand-side rectifier works while the right-

hand-side rectifier is blocked. However, if overvoltage is generated at the output
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terminal, the right-hand-side rectifier will work while the other rectifier is blocked. A
freewheeling path is provided via the rectifier. Therefore, the energy at the output side
can be absorbed by the capacitor. Once the overvoltage disappears, the capacitor
discharges through the resistor, and then the clamp circuit works under normal

conditions.

2.5 Summary

This chapter introduces the basic operation of the MC including switch matrices, direct
and indirect SVMs, the four-step commutation technique and the clamp circuit. Direct
and indirect SVM have very similar performance while the direct SVM provides a
better understanding of MC principles. For safe operation, a commutation technique and
protection devices are necessary. These operating principles will be used in the

following chapters for the controller implementation and hardware development.
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3 D-Q COUPLING CONTROL
FOR POWER FLOW CONTROL

Flexible alternating current transmission system (FACTS) devices are essential
components of a modern transmission system. They can enhance the controllability and
elevate the transfer capacity of an electrical network. The unified power flow controller
(UPFC) is known as the most versatile device in the FACTS family. This chapter
studies a matrix converter (MC) based UPFC (MC-UPFC) structure to regulate active
and reactive power in a transmission system. In contrast to the conventional UPFC,
there is no requirement for an energy storage element in this structure. This results in
various benefits including: decreased system volume, improved efficiency, prolonged
lifetime, reduced maintenance and removal of the DC-link control. The controllable
regions are analyzed and graphically obtained for the MC-UPFC, which facilitates the
selection of correct UPFC ratings. The working principles and a model of the MC-
UPFC are put forward and discussed. Direct space vector modulation (SVM), as
explained in Chapter 2, is used here. Using SVM, PID controllers are developed to
control power flow in a double-line transmission system. In addition, decoupling
controllers are derived by feeding back the coupling components into controllers.
Numerical simulation results for a double-line transmission system corroborate the

feasibility and effectiveness of the control.
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3.1 Introduction

FACTS devices are able to control power flow efficiently, enhance system reliability,
mitigate congestion and increase transmission capacity. This can alleviate the problem
of continuously increasing electricity demand and provide potential solutions to multi-
objective problems in modern power industries [1, 2]. A UPFC uses power electronic
technology to control transmission system parameters, such as voltage amplitude, phase
angle and line equivalent impedance, either simultaneously or selectively [3]. It has
been recognized as the most versatile FACTS device [4, 5]. Unlike other FACTS
devices, a UPFC can control active and reactive power, or adjust system parameters by
injecting a series voltage with the desired amplitude and phase angle into the
transmission line. The theoretical transmission capacity potential can be realized, thus
increasing the practical capacity of existing systems with an essential stability level.
System stability can be enhanced by injecting or compensating the required active and
reactive power. The UPFC was designed to solve power delivery problems, such as
real-time control, dynamic compensation, and multifunctional flexibility [6]. Current
active research on the UPFC mainly addresses new controller design [1], optimal
location and size determination [7, 8], impacts on system devices [9], and new topology
development such as transformerless UPFCs [10, 11] and MC-UPFCs [12-14]. A back-
to-back converter is the core of UPFC and its linear operating regions have been
evaluated recently in [15]. The MC-UPFC is a promising technology and more work is

needed for its development.
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Fig. 3.1 Conventional UPFC system in a transmission line.
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Fig. 3.2 Back-to-back converter topology in the UPFC.

The traditional UPFC system in a transmission line is shown in Fig. 3.1. It employs a
back-to-back converter (as shown in Fig. 3.2.) which can fulfill indirect AC-to-AC
conversion (AC/DC/AC). This structure usually consists of two voltage source
converters (VSCs): a shunt VSC, which acts as a static synchronous compensator
(STATCOM); and a series VSC, which acts as a static synchronous series compensator
(SSSC). They are back-to-back connected with a capacitor across the DC link for
energy storage. The STATCOM is connected in parallel with the transmission line by a
transformer and it can work as a controllable current source, thus giving dynamic
compensation of the reactive power. The SSSC is connected in series with the system
and it can generate a series voltage with controlled amplitude and phase angle in order
to adjust the system parameters, thereby facilitating active power exchange between the
transmission line buses and the control of reactive power. Therefore, the power transfer
capacity of a transmission line can be controlled in a flexible manner. However, the
capacitor in the conventional UPFC introduces extra losses, increases the weight and
volume, requires DC voltage control and deteriorates with time [16]. Work has been
carried out aimed at the removal of the DC-link capacitor [17]. However, the DC link

still exists resulting in the requirement for DC voltage control.

Energy storage elements are not required in the MC, as illustrated in Fig. 3.3 (simplified
from Fig. 1.2). This arrangement has attracted research because of its compact
configuration, bidirectional power-flow capability, high efficiency, controllable input
power factor, and longer life cycle [18]. The MC gives direct AC-to-AC conversion and
it can be regarded as a competitive alternative to the back-to-back converter in various
applications [19]. In fact, the MC and its derivatives have found applications [20-22],

and they are especially attractive for applications where the system volume is a
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significant issue, e.g., in aerospace applications [23]. There are examples of the
industrial application of MCs. Several manufacturers, such as Yaskawa [24], Eupec
[18][25] and Fuji [26], have produced commercial MC modules and products. For the
Yaskawa MXI1S series of MCs, the nominal power capacity can reach 6 MVA. Hence,
the MC is a promising candidate for industrial applications such as motor drives,

interfacing different systems, microgrid and power flow control.
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Fig. 3.3 The MC system with the input filters and loads.

Since the concept of MC-UPFC was reported in [27], further work has developed the
understanding of its controller. Although existing literature is limited, they have
adequately demonstrated the ability of the MC to work as a power flow controller [28].
A two-stage control design is needed in this application; the first stage is the MC
modulation and the second stage is power flow control. These stages are closely related
to the controllable system regions. In terms of the first stage, SVM [29] can make the
best use of the input voltage while reducing the number of commutations, controlling
the input power factor independently and providing better power quality; therefore, this
work adopts direct SVM for the MC modulation. Regarding the MC-UPFC, one
significant contribution is from [16], in which a direct power controller was designed,
and good results were obtained, although the controller is complex due to the nonlinear
sliding mode controller involved in the control scheme. A complex vector synchronous
frame PI current regulator was proposed in [30] in order to improve the transient

response, which is limited in traditional PI current controllers due to its dependence on
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system synchronous frequency. The obtained results showed that the overshoot is
restrained, and the transient response is slightly improved. Nevertheless there is
increased complexity because six PI controllers have to be employed in the controller
design. None of these studies has investigated the controllable power regions for the
MC-UPFC. In this chapter, controllable regions are analyzed for the MC-UPFC, and
then a simple decoupling controller scheme involving only two PID controllers is

designed for controlling active and reactive power flow in a MC-UPFC.

The main contributions of the work in this chapter include: (1) the full controllable
regions of transmission system without and with MC-UPFC are analyzed, and the
source contributions to the power controllability are investigated; (2) effective and
simple PID controllers are developed using SVM for controlling the power flow in a
transmission system; and (3) this work presents a method for closed-loop controller
design for the MC-UPFC. This chapter is organized as follows. In Section 3.2, power-
flow control theory and complete controllable power-flow regions are detailed. Section
3.3 illustrates the PID controller design. Simulation results are presented in Section 3.4

followed by the summary in Section 3.5.
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Fig. 3.4 Diagram for UPFC power-flow control.
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3.2 Power Flow Control Theory and Controllable Regions
Analysis

3.2.1 Power Flow Control Theory
The UPFC, when deployed in a transmission system, is shown in Fig. 3.4 and the

complex power S through the transmission line X can be expressed as

*

VL_ Vr

S=P+jO=V. 3.1)
where Z = R, + joL; (w = 2zfis the angular frequency, R; and L; the resistance and
inductance respectively) is the transmission line impedance. The resistance can be
neglected for high voltage applications because the ratio of wl; to Ry is sufficiently
large [31]. Here V' * denotes the conjugate of phasor ¥, and the phasors V.= V; + V. and
V- are shown in the Fig. 3.4.

From Fig. 3.4, if the compensation voltage from the UPFC is zero, i.e., V.= 0, then the

result is V5= V7, and (3.1) becomes

V-V, VV.sing V. (V,—V, cos6)

(3.2)
joL ol ol

R+jO,=Vs

where 6 = 6,5 — 6, is the transmission angle of the system, being the phase difference
between the sending and receiving end voltages. According to (3.2), with an assumption
of V, <V, the system power operating regions can be obtained for different amplitudes
(0 ~ V) and phase angles (0 ~ 360°) of the receiving end voltage. They are shown in
Figs. 3.5 and 3.6, from which we can see that the mesh cross sections with V, = V; will

result in typical system power curves as displayed on the left-hand sides of the figures.
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Fig. 3.5 Transmission system inherent active power curves versus V- and 6.
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Fig. 3.6 Transmission system inherent reactive power curves versus 7, and 6.

Similarly, when the injected voltage V. # 0, the transmission line active and reactive

power before the compensation point are obtained from

*

— ([0 (12 -7, cos0) [ [ sin(0, -0, )+ 0¥ c05(0, -0,
[0)

=(B+jQ)+(AR+jAQ)
(3.3)
According to (3.3), the active and reactive power through the lines are divided into the
uncontrollable part (3.2) and the controllable part ( P1 and Q1). By controlling the

amplitude and phase angle of V., the active and reactive power through the transmission
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line can be regulated. In steady state, the MC-UPFC does not consume any real power,

except the losses. DC-link losses do not exist in the MC-UPFC.

() (b) (©)

Fig. 3.7 Phasor diagrams of the transmission line with UPFC under modes of (a) sending end voltage

compensation, (b) transmission angle compensation and (c) comprehensive compensation.

The system phasor diagrams are shown in Fig. 3.7. The UPFC can operate in voltage,
transmission angle, impedance and comprehensive compensation modes. The
compensated voltage V. can have a maximum voltage Ve_mar which is only determined
by the UPFC rated capacity while phase angles have a range of 360° as shown by the
shaded circle in Fig. 3.7(c). With a given UPFC capacity, the controllable active power

Py and reactive power ()i can be obtained as a function of the compensated voltage
amplitudes V. and phase angles 6., as shown in Figs. 3.8 and 3.9. These controllable
regions are only limited by the designed UPFC capacity. Combining the system inherent
active and reactive power (Figs. 3.5 and 3.6) with these controllable power (Figs. 3.8
and 3.9), we can get the total sending-end transmitting power which is enhanced in a

flexible manner by the UPFC.
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Fig. 3.8 Controllable active power diagram as a function of UPFC’s V. and 6..
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Fig. 3.9 Controllable reactive power diagram as a function of UPFC’s V. and 6..

It is assumed that the receiving-end voltage amplitude range is 0 < V;. < V,, and the
transmission angle range is 0 < # < 360°. With a UPFC of the fixed capacity, the full
achievable power regions for the sending end of the system can be derived, as shown in
Fig. 3.10. In this figure, if V; is fixed while 6 is varying, the angle loci are obtained, and
they are denoted by two adjacent parallel lines. They are only drawn for angles of
60°/240°, 90°/270° and 150°/330° for the purpose of clear visibility. If § is fixed while V.
is varying, the loci denoted by the cyan circles are obtained. Only two loci are sketched

here, i.e. V.= Vyand V,, = 0.5V.

In the Fig. 3.10, the small bold circles represent the UPFC rated controllable region at
different values of V. and 6. Each circle corresponds specifically to the system original
operating point, being the center point of that circle. For example, the small blue circle
shown in the figure has the center point located on the V. = 0.5V locus and it lies in the

6 = 150° loci, these indicate the blue circle is the UPFC controllable region for the
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operating point of (¥, = 0.5V, 8 = 150°). Only a limited number of operating points and
their corresponding UPFC controllable regions are shown here. The outermost red
dashed circle is the fully achievable power region of the transmission system with the
UPFC compensation. Again, from this figure, it is evident that the system power

controllability becomes more flexible and the power transfer capacity can be improved.

_ . A
UPFC rated controllable regions
240°/60°

transmission
angle paﬁ;sagc

o

region

Fig. 3.10 Full power controllable regions with the application of UPFC.

In addition to the contribution of power controllability from the point before
compensation (which is a result of current compensation), the UPFC can directly
compensate the active and reactive power. This is obtained from voltage compensation.
Therefore, there are two sources of contribution for power controllability in the
transmission line X, as compensated by a UPFC. The total complex power flowing

through the transmission line X after the compensation point is
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P+jO= v, I, = (Vﬁ Vc] —VSJF,VC_V"
JjoL

1 [VSVr sinH+j(Vf—K_Vr cosﬁ)}
a)L +V(/‘Vr Sin(HVC _0Vr)+jK‘2 +j2K‘VY COS(@VX _HVC)_jK‘K COS(HVC _Hvr)
=(R+70)+(AR +AQ; )

(3.4)
and the power provided by the UPFC injected voltage (voltage contribution) becomes:

AS = AP+ jAQ =AP, - AP, + j(AQ, —-AQ,)
1 | V.V.sin(8,—-6,)+VV sin(@, —6,) 3.5)
S @L|+jV+ V.V, cos(0,-0,)- jV.V,cos(0,-0,)

Hence, the mesh curves for P and Q, as transferred by the power flow controller due
to the voltage compensation, can be derived. This is studied in the simulation study case

in the simulation section (Figs. 3.13 and 3.14).
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Fig. 3.11 MC-UPFC in double-line transmission system (simulation study case).

3.2.2 MC-UPFC System in the Transmission Line

A UPFC based on a direct SVM controlled MC is shown in Fig. 3.11 for one branch in
a double-line transmission system. Transformers T1 and T2 are employed to connect the
input and output terminals of the MC-UPFC to the transmission line. The input and

output sides are connected in shunt and series with the transmission line respectively.
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The MC-UPFC is proposed for power compensation through one of the lines in a

double-line system. The simulation studies are based on this system.

3.3 Power Flow Controller

3.3.1 Model Description
The MC-UPFC circuit for the simulation study is given in Fig. 3.11. A mathematical

model of the transmission line X can be described by

dar, _ VAV, =V, _EIX (3.6)
dt L L
where x = a,b,c is the index of three phases. Using a rotating d-q reference frame

transformation, the three-phase quantities can be represented in the d-g frame as

Uy Ry or, Yt Val 3.7)
dl R V. +V. -V

-] el 4+ 3.8
a L7 L (38

As we can see from equations (3.7) and (3.8), the d and ¢ components are coupled to
each other and this will cause coupling effects in the system. The Laplace transforms for

(3.7) and (3.8) are

V,=(Ls+R), +Lol =V, +V, (3.9)
ch :(Ls+R)Iq —La)ld—VSq+qu (3.10)

If the reference frame is synchronized with a source voltage Vs, = 0 and the active and

reactive power through the transmission line can be expressed as

3

P:EVSdId,andQ=—%Vsd1 (3.11)

q

Consequently, /; and [, references corresponding to the P and Q references are obtained

from

l,=——,and [, =—>— (3.12)
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3.3.2 Controller Design

To design the PID controllers for power flow control purposes, the d and ¢ component
references for the line current are obtained from the required active and reactive power
using (3.11) and (3.12). These current references are passed through the PID controllers
(shown in Fig. 3.12) to deliver d and ¢ component references for the series voltage
generation. These two references can be converted into three-phase quantities, and then
direct SVM utilizes these references to provide the derived voltages for the MC. To
address the d-g coupling effects, the d and g components are introduced to each PID
controller with coefficients k1 and k2. In a manner similar to the parameter selection in a
PID controller, the selection of these two coefficients is based on empirical methods. As
a result, the d-q coupling suppressed PID controllers are shown in Fig. 3.12. As can be
seen, the proposed controller is simple and only two PID controllers are required. A
phase locked loop (PLL) is used to detect the ramp for the frame transformation. The
PID parameters are tuned based on a trial-and-error process. This can be improved using

some developed tuning techniques existing in the literature [32][33].

Iagc

Power Vase
System PL

Fig. 3.12 D-Q decoupling PID controllers for MC-UPFC.

3.4 Simulation and Results

The simulation study is implemented for the 11 kV double-circuit transmission system
shown in Fig. 3.11. The system parameters and controller parameters are given in
Tables 3.1 and 3.2 respectively. The PID parameters used are consistent throughout the

simulation work, but they may need to be adjusted for different system ratings and load
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conditions. All simulation results are shown in per unit (p.u.) values and the base values
can be found in Table 3.1. Small RLC filters are normally necessary at the input
terminals of MC to filter high-frequency harmonics in the current waveform. The
maximum available voltage provided by the MC-UPFC is set to 0.24 p.u. and the

inherent transmission angle of the system is 15°.

Table 3.1 System parameters for the simulated transmission system.

Stase MVA)  Viase (kV)  Vi(pu) f(Hz) v, (p.u.) Z(pu) Z1(Q)
10 11 1 60 0.9659-j0.2588 0.1102+j0.5193 0.0207+0.1947

Table 3.2 Parameters of the PID power low controllers.

kp1 kis kai k2 ki2 ka2 ki k>
3 0.03 0 11 0.06 0.05 0.09 0.001

Fig. 3.13 shows the active and reactive power contributed by the MC-UPFC due to
series voltage compensation. As mentioned earlier, the other contribution to the power
compensation is from the line current. Therefore, the total available active and reactive
power ranges at the sending end are obtained and shown in Fig. 3.14. In this case, with
the parameters given above, it is concluded that the approximate active and reactive
power range from 0 to 4 p.u. and -2 to 2 p.u. respectively, which can be verified using
(3.3).
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Fig. 3.13 Power diagrams as a result of voltage contribution (a) active power and (b) reactive power.
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Fig. 3.14 Sending-end power ranges with the compensation of MC-UPFC (a) active power and (b)

reactive power
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Fig. 3.15 Response of the sending-end power to the step change in active and reactive power.

Fig. 3.15 shows the active and reactive power flowing through the line at the sending
end. The active power reference is set as 2.2 p.u. before 0.08 s and 2.6 p.u. after 0.08 s,
while the reactive power reference is set as 0.12 p.u. before 0.12 s and 0.04 p.u. after
0.12 s. As observed from the figure, the output can be regulated to follow the references
effectively, and the d-g coupling effects are suppressed. d and ¢ components of the
compensated bus current react in accordance with the power demand as shown in Fig.
3.16. Fig. 3.17 shows the sending-end currents of transmission line X and MC output.
Fig. 3.18 shows the injected voltages and equivalent sending-end voltages where the
relationship of 7, = ¥, + V. holds as described in (3.3). The voltages and currents of the
supply source 1 are shown in Fig. 3.19, and the total harmonic distortion (THD)
analysis for the line X current is illustrated in Fig. 3.20. It can be seen from the
simulation results that the proposed controllers are effective in controlling transmission
power and improving the transfer capacity of the transmission system. Flexibility of the

transmission system is enhanced.
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Fig. 3.16 Response of line current d and ¢ components to the power changes.
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Fig. 3.20 Current spectrum analysis of the transmission line X.

3.5 Summary

The UPFC is an essential component in a transmission system. The bulky energy
storage element in the traditional UPFC increases the volume and weight, reduces the
lifetime of the device, and decreases the efficiency. The MC has been proposed as a
potential alternative to the back-to-back converter in various applications including
UPFC. In this chapter, the fully controllable regions of transmission system without and
with the MC-UPFC are analyzed, and the contribution of MC-UPFC to power
controllability is investigated. Effective and simple PID controllers are developed
involving SVM for controlling power flow in a transmission system. The decoupling

control of MC-UPFC is detailed and the coupling effects are suppressed. The work in
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this chapter presents a design procedure for the closed-loop controller in the MC-UPFC.
The MC-UPFC is proved able to provide good flexibility in terms of controlling active
and reactive power and increasing the power transfer capability. The proposed
controllers can follow the references effectively with good dynamics. The steady state
errors are negligible. The simulation results validate the effectiveness and feasibility of

the proposed scheme and controllers.

The work presented in this chapter and other related work have been published in [13],
[14] and [34].
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4 PI AND PR CONTROL FOR
IMPROVING STEADY-STATE
TRACKING PERFORMANCE

This chapter proposes a modified proportional-integral (PI) controller for a three-phase
direct matrix converter (MC). This involves current feedforward together with space
vector modulation (SVM) to control the MC output currents. This controller provides
extra control flexibility in terms of the current regulation, and it gives improved steady-
state tracking performance. The total harmonic distortion (THD) is also reduced. As part
of the work, a proportional-resonant (PR) controller is designed and compared. The PR
controller shows improved performance in terms of steady-state error, selective
harmonic compensation and the ability to handle sinusoidal quantities, compared with
traditional PI controllers. These improvements enhance the tracking performance of a
converter and improve the current quality. Both the proposed PI and PR controllers are
implemented in the natural frame (abc) in a straightforward manner. This removes the
coordinate transformations that are required in the stationary (af) and synchronous (dq)
reference frame-based strategies. A constant switching frequency is maintained because
of the SVM modulation stage. The experimental and simulation results verify the

feasibility and effectiveness of the proposed controllers.
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4.1 Introduction

PI controllers are simple, easy to implement and have been widely used in power
electronic converters and other industrial applications [1][2]. A PI controller, when used
in a power electronic converter, generally uses one of three reference frames in its
control strategy: the synchronous reference frame (dg system), the stationary reference
frame (af system), or the natural frame (abc system) [3]. Both o/ and dg based control
methods require multiple frame transformations (Clark and/or Park) leading to an
increased computational burden. Stationary frame PI controllers are considered as
unsatisfactory controllers due to significant amplitude and phase tracking errors,
especially when tracking sinusoidal variables. The reason for steady-state errors in a
stationary PI controller is because the stationary controller only offers a limited gain at
non-zero frequencies [4]-[6]. In contrast, the synchronous PI controller is commonly
used because it can achieve zero steady-state error due to the infinite gain of the DC

signal provided by the integral term.

However, the synchronous frame controller is more complex than the stationary frame
controller due to several transformations being required (abc<>dq) to convert the
controlled signals to DC quantities. The controllers are also error-prone because of
noise in the synchronous reference signal detection. The reference signal is usually
captured using a phase locked loop (PLL). This introduces extra errors which become

even worse for a single-phase system.

Several modified PI controllers are described in the literature. Some of these involve a
feedforward controller. Feedforward control is simple in concept, robust and has good
dynamic performance [7]. It is especially effective in handling a disturbance that can be
measured. A stationary PI controller with a grid voltage feedforward path (shown in
Fig. 4.1) was proposed in [8] for a grid-tied converter. This strategy improved the
transient and disturbance rejection performance. However, this scheme suffers from

voltage background harmonics and stability problems [9].
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Fig. 4.1 PI controller with a voltage feedforward path.
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Fig. 4.2 Combined feedforward and feedback controller diagram.

A combined feedforward-feedback controller, as shown in Fig. 4.2, was proposed in [3]
in order to improve the overall performance of the whole control system. The control
strategy described in Fig. 4.2 has been used in other fields such as chemistry and
mechanical systems [10]-[13]. However, it has drawn little attention in terms of the
power electronic converter. In this chapter, a modified PI controller with a current

feedforward path is proposed for a three-phase direct MC.

One of the other possible solutions for improving the steady-state tracking performance
is the proportional-resonant (PR) controller. The PR offers excellent steady-state error
performance and provides specific-order harmonic compensation with reasonable
computational burden [5][14][15]. Resonant controllers have proved to be a good
alternative to conventional PI controllers for current loop control. With increasing grid
penetration of renewable energy systems, standards and codes impose more stringent
requirements on current quality and harmonic distortion [16]. Traditional PI controllers
are not able to deal with low-order harmonics efficiently. Instead, a high proportional
gain is required, which pushes the system stability to a critical level [17]. In contrast,
PR controllers are efficient in terms of compensating for selective current harmonics.
The PR controller has been proposed for some converters and good performance has

been reported [18]-[21]. However, it has not been investigated for MCs.

The three-phase direct MC is a possible option for AC/AC conversion. It has several
advantageous features, such as compact volume, bidirectional power flow, sinusoidal
waveforms, and controllable input power factor [22]-[24]. MCs have been proposed for
various applications [3][5][25]. In industry, manufacturers such as Yaskawa [26][27],
Eupec [22][28] and Fuji [29][30] have produced MC products or modules; e.g., the
Yaskawa U1000, the AC7, the Eupec ECONOMAC FM35R12KE3ENG, and the Fuji
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FRENIC-MXI1S. The power ratings have reached 6.3 MVA in the Yaskawa MXI1S
series MC [31][32].

To improve the steady-state tracking performance of a power electronic converter, this
work proposes a combined feedforward-feedback PI controller and investigates the PR
controller for a three-phase direct MC. Both controllers demonstrate reduced steady-
state tracking error and THD. A fast Fourier transform (FFT) is performed to obtain the
THD to illustrate these improvements. In Sections 4.2 and 4.3, the PI and PR controllers
are introduced. The indirect SVM described previously in Chapter 2 is used in this
work. The controller diagrams are presented in Section 4.4. The simulation results and
experimental verification are presented in Sections 4.5 and 4.6, followed by the

summary in Section 4.7.

4.2 PI Controller with Current Feedforward
The proposed combined feedforward-feedback controller is shown in Fig. 4.2, where the
current reference is fed forward as an additional control signal. This will improve the

steady-state error. The transfer function E(s)/R(s) is given by

E(s) 1-G,(5)G,(s)
R(s) 1+G,(s)G,(s)

4.1)

where G is the PI controller, Gy is the feedforward controller (proportional controller),

and G, is the inductive load plant. These are given by

K s+K, 1
Gols)=—"—> G (9)=K, Q.

This is a two-degrees-of-freedom control system in which the closed-loop
characteristics and the feedback characteristics can be regulated independently to
improve the overall response performance of the whole control system [33]. By

rearranging (4.1), the error in the frequency domain is

_1-G,(5)G,(5)

E) = 16.06,6)

R(s) 4.2)

The reference R in the natural frame is usually a sinusoidal function R(¢) = /,sin(w.f) and

its frequency domain expression (Laplace transform) is
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@,

s+

R(s)=1, (4.3)

where /; is the reference amplitude and w. = 2f'is the reference angular frequency. By

substituting (4.3) into (4.2):

Ls*+(R-K

Es)=— LS Y R-K)s @ (4.4)
Ls"+(K,+R)s+K, s +a;

In order to derive the amplitude and phase responses of the error E(s), s is substituted by

jo. Therefore, the amplitude and phase angles are obtained from:

. 0’ +(R-K)* 1 ow
|E(jo)| = LrRF) L Low (4.5)
(K,—o'L) +(K,+R) 0" -0+,

— K +R)w
tan"w—tan"g w<®

LE(a) ~Lo K —Lo*’ ‘ “6)
jo)= .

L(R-K) L (K, +R)a

tan ————tan ———+7, ©> O,

—Lw K - Lo

1

ﬁ 2 —K=0 |
g 200 —K=5
= —K=10
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Fig. 4.3 Frequency responses of E(jw) for different values of K.

Fig. 4.4 Proposed PI current controller with current reference feedforward for MC.
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According to (4.5) and (4.6), the error amplitude will have the minimum value when K
= R and other parameters are fixed. Introduction of the feedforward controller K offers
an extra flexibility to tune the steady-state error performance. The amplitude and phase
responses for different values of K are shown in Fig. 4.3. Here, the parameters used are:
K,=10,Ki=1,R=20Q, L =15 mH, w. =120m rad/s. As can be seen from the figure,
the amplitude response for K = R is particularly distinct from others and it has the
minimum level of amplitude response for the whole frequency domain. This illustrates
that an appropriate selection of K can help reduce the steady-state error. Fig. 4.4 shows
the proposed PI controller with current feedforward for controlling the MC output

currents.

This controller is implemented in the natural abc frame (stationary) which does not
require any frame transformation. Therefore, the complexity and computation burden is
reduced. The controller generates the voltage references which will be utilized in the
SVM control to control the MC. The description of SVM control can be found in
Chapter 2.

4.3 PR Controller Design

The PR controller, compared with the more common PI controller, has better steady-
state error performance, specific harmonic compensation capability, and the ability to
handle sinusoidal quantities. The design of PR controller is straightforward. Briefly, the
PR controller provides an infinite gain at the targeted frequencies to eliminate the
steady-state error at these frequencies, and to provide harmonic compensation by

cascading multiple PR controllers.

4.3.1 PR Controller

The derivation of an ideal PR controller can be achieved by transforming a synchronous
reference frame based PI controller into a stationary frame based controller. The ideal
PR controller is:

2K s

Gpr(s)=K, + 5 4.7)

S +w
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This is shown in Fig. 4.5. It provides an infinite gain at the AC frequency w and causes
no phase shift at other frequencies (as shown in Fig. 4.6). Kp and Kz are the proportional

and resonant gains respectively.

However, the implementation of an ideal PR controller is not practical due to the
infinite quality factor [34]. Therefore, an approximated PR controller is usually adopted
where:

2K 0.8

G,.(s)=K, +—8& <«
r(S) ’ sz+2a)cs+a)2

(4.8)

Here w. << w is the cut-off frequency, which affects the bandwidth around the

resonance frequencies.

The approximated PR controller has wider bandwidth around the targeted frequencies
which leads to less sensitivity. This means it is more robust to frequency variations

around these targeted frequencies (as seen in Fig. 4.7).

—L »(»r——» Kp * '
+ 4 Y\
—
I 2Kpys \ e T
s% + w? ‘ +T
selective ;
harmonics > 2Kpns
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Fig. 4.5 Cascaded ideal PR controllers with selective harmonic compensation.
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Bode Diagram
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Fig. 4.6 Frequency response of the ideal PR controllers with selective harmonics compensator (Kp =1,
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Fig. 4.7 Cascaded approximated PR controllers with harmonic compensation.

Bode Diagram

Magnitude (dB)
[R5 T e T 0 B O o

=

Phase (deg)M

1
4l
as ]

03

1
Frequency (rad/s)
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4.3.2 PR Controller with Harmonics Compensator

By cascading several PR controllers with different resonant frequencies, the ideal PR
controller becomes

2K, s

G (s)=K,+ 4.9
PR( ) P n=§3’:5~7 S2 + (na))Z ( )
and the approximated PR controller is
Gul(s)=K,+ 3 2K 0.5 (4.10)

n=13.5,7 st + 2w.5 + (na))2

where 7 is the harmonic order and Kz, represents the individual resonant gain for the n"
harmonic. Thus, the ideal and approximated selective harmonic compensators (4.9) and
(4.10) can be obtained as the block systems shown in Figs. 4.5 and 4.7 respectively.
Their frequency responses (Bode plots) are shown in Figs. 4.6 and 4.8 respectively. It is
worth noting that the gains at resonant frequencies can be tuned. Here, for simplicity, Kp

= Kr, = 1 1s used.

For the harmonic compensator, the targeted frequencies can be designed according to
specific applications. However, the 3" 5% and 7" order harmonics are usually
considered since they are regarded as the most prominent harmonics in a typical current

spectrum [35].

From Figs. 4.6 and 4.8, it can be observed that the PR controller and harmonic
compensator provide large gains only at the targeted frequencies and they do not
introduce a phase shift to other frequencies. Compared with the ideal PR controller, the
approximated PR controller has a wider bandwidth around the targeted frequencies,

which results in improved robustness to frequency variations.

The output current error of an MC passes through the PR controllers (with harmonic
compensators) to provide the voltage references. These references are then delivered to
the SVM controller to generate the gating pulses for the MC. The MC input currents are
also controlled by this scheme and the input power factor can be regulated to be unity.
Controller parameters should be tuned appropriately to obtain the desired results. The

tuning may be carried out in the same way as in a PI controller.
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Table 4.1 Duty cycles distribution for symmetrical switching sequence.

tya/2  tsa/2  tsp/2 /2 to/2 to/2 tp/2 tsp/2  tsa/2  tya/2
Sha 1 1 1 1 0 0 1 1 1 1
Ska 0 0 0 0 0 0 0 0 0 0
Sca 0 0 0 0 1 1 0 0 0 0

Sab 0 1 1 0 0 0 0 1 1 0
Sbb 1 0 0 0 0 0 0 0 0 1
Scp 0 0 0 1 1 1 1 0 0 0

Sac 0 0 0 0 0 0 0 0 0 0
SBe 1 1 0 0 0 0 0 0 1 1
Sce 0 0 1 1 1 1 1 1 0 0

In order to reduce the switching transitions between each switch state, a symmetrical
switching sequence is employed in each sampling interval 7. This is achieved using the
location information (k; and k) of the input current and output voltage space vectors. An
example is given in Table 4.1 for k;= k,= 1. In this table, a value of “1” indicates that
the corresponding switch is turned on for the designated time segments, and vice versa.
As seen in this table, only one switching transition is required between each state in one
sampling period. An exhaustive switching look-up table with all combinations of &; and
kv can be obtained in a similar manner. The table is presented in Appendix B. Taking
advantage of this, enhanced pulse width modulator (¢ePWM) can be implemented by

assigning the compare registers appropriate values.

4.4 SVM based PI and PR Controller Diagrams

SVM has been developed for the MC and it is a common control technique. However, it
is ineffective when the load is unknown since this method requires the output current in
the modulation. A synchronous frame based PI controller using SVM was proposed in
[36] and [37] for an MC to control the power flow in a transmission system. However,

the issues associated with synchronous PI controllers persisted.

Indirect SVM control is adopted here as a modulation stage to generate the firing pulses
for the proposed controllers. There are two ways to implement the SVM method for the

controller: direct and indirect methods [5].
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In the direct method, the PI controller forms a current loop and generates output voltage
references based on the output current errors (the difference between the reference and
actual). The MC input current references are specified according to the system
requirements. The output voltage and input current references are directly used in the

SVM control to generate gating pulses for the semiconductor switches in the MC [37].

In the indirect method, the SVM control is divided into virtual inversion and
rectification modulation stages. In the virtual inversion modulation stage, the PI
controller and SVM (for the inverter only) are used to generate gating pulses for the
semiconductor switches in the virtual inverter. SVM (for the rectifier only) is used in
the virtual rectification modulation stage to generate gating pulses for the
semiconductor switches in the virtual rectifier. Then the two virtual modulation stages
are combined to control the MC [36]. In this work the indirect method is employed

because of easy experimental implementation.

According to above analyses of the proposed controllers and SVM, the proposed PI and
PR controllers for the SVM modulated MC can be designed. These are shown in Figs.
4.9 and 4.10 respectively. These controller structures are simple and no frame
transformations are required since they are implemented in the natural abc system. In
order to control the input power factor, a PLL is used to detect the location of the input

voltages.

Matrix converter

Power Input | Load
Supp]y filter
Vine - -
{B( 1 l Iﬂh{.
Y
PLL PI controller
— (Fig. 4.4)
Indirect SVM .
9 j i vﬂhc‘ )
iy |SVM for VSR SVM for VSI
; ;

Fig. 4.9 Proposed PI controller diagram for the MC.
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Matrix converter

Power Input Load
supply filter
Vase iubc li;m-
PLL v
Indirect SVM| |PR controller (4.10)
6 j " v:rh:-
b SVM for VSR SVM for VSI
,

Fig. 4.10 PR controller diagram for the MC.

4.5 Simulation Tests

The parameters of simulation system are tabulated in Table 4.2. The output frequency
can be a wide range and 60 Hz is used in this work. The input frequency is 50 Hz so that
frequency conversion can carried out. For simple and explicit figure captions, the tested
controllers are abbreviated as follows: open loop SVM (SVM), PI based SVM (PI-
SVM), PI with current feedforward based SVM (PICF-SVM), PR based SVM (PR-
SVM) and PR with harmonic compensation based SVM (PRHC-SVM).

Table 4.2 Simulation system parameters.

VilV] fi[Hz] La[mH] ra[Q] Cup[pF] L[mH] R[Q] T;[ps]

100 50 4.8 30 10 14 20.3 100

Comparative simulation results for the PI controller with current feedforward are
presented in Figs. 4.11 to 4.14. The parameters used in the PI controller are K, = 200
and K; = 10. The simulation results for the traditional PI controller are shown in Fig.
4.11. The obvious steady-state error appears in the waveform. The fundamental
reference current amplitude is 3.6 A while the regulated fundamental current amplitude
only reaches 3.22 A with a THD of 10.27 %. In contrast, the steady-state error
performance is significantly improved with the proposed PI controller with current

feedforward (K = R = 20.3 while K, and K; are the same as before), as shown in Fig.
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4.12. The steady-state current amplitude reaches 3.53 A and the THD is reduced to 7.80
% at the same time. The MC input voltage and current of phase 4 are shown in Fig.
4.13. As can be seen, the MC input current is almost in phase with the input voltage. A
small phase shift is caused by the input filters since the input current is controlled in the

open loop approach.

- -reference *measured*errorf

Output current (A)
o

_4 L L
0 0.04 0.06
Time (second)
(@)
Fundamental (60Hz) =3.219 , THD=10.27%
I I i
=04 (1,100%)
8
5
gos - 1
=
=
«0.2r i
o
S
HI‘ il I“I I H
0 5 10 15 20
Harmonic order
(b)

Fig. 4.11 Simulation results of the PI-SVM: (a) steady-state output currents and errors, (b) FFT analysis

of the currents.
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Fig. 4.12 Simulation results of the PICF-SVM: (a) steady-state output currents and errors, (b) FFT
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The dynamic response of the proposed controller to a current amplitude change from 2.8
A to 3.6 A at 0.05 s is shown in Fig. 4.14. This result shows the fast transient response
of the proposed controller. It is worth mentioning that the modulation index of the MC
also influences the controller performance. This can be observed in Fig. 4.14 where

different current amplitudes correspond to different modulation indices.

' ‘- reference*n}easured\*

Output current (A)
o

2 i
_4 1 1 1 1 1
0.02 0.03 0.04 0.05 0.06 0.07 0.08
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Fig. 4.14 Transient performance of the PICF-SVM controller.
4 [ T T

- -reference *measured*errorf
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Output current (A)
S

o

o

0 0.02 0.04 0.06 0.08 0.1
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Fig. 4.15 Steady-state error performance of PRHC-SVM controlled output current (Kzs = Krs = 500, Kz7
=300).
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The simulation results for the PR controller are shown in Figs. 4.15 to 4.18. The
controller parameters are (unless otherwise specified): Kp =350, Kr; = 600, Kz, (n =1, 2,

3,4,5,6,7)=0, w=120n rad/s, w. = 2w rad/s.

Fig. 4.15 shows the steady-state error of the PRHC-SVM controller. The simulation
results for PR-SVM are not shown here because they are very similar to the PRHC-
SVM. As shown in Fig. 4.15, the steady-state tracking error is not significant. Figs. 4.16
and 4.17 compare the FFT analysis results of PR-SVM and PRHC-SVM. As seen in Fig.
4.16, the 4™ 6™ and 7™ harmonics are significant in PR-SVM; therefore these
harmonics are compensated for in the PRHC-SVM. The FFT analysis results for the
PRHC-SCM are shown in Fig. 4.17. It is evident that specific harmonics (6" and 7") are
suppressed appreciably and the controller is effective. The gain of each compensator
determines the corresponding control effectiveness. The reduction of specific harmonics
may result in an increase in other harmonics; therefore, a compromise needs to be
achieved when designing the controller. Fig. 4.17 presents a compromised result and

this is why there is a slight increase in the 4™ order harmonic distortions.

Fundamental (60Hz) =3.473 , THD= 3.74%

o
N

(1, 100%)

(4, 0.208%) |
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e
9]
T
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(2, 0.048%)

(7, 0.098%)

(5, 0.092%)

Mag (% of Fundamental)
o =
— o

0 2 4 6 8 10
Harmonic order

Fig. 4.16 FFT analysis of PR-SVM controlled MC output current (without harmonics compensator).
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Fig. 4.17 FFT analysis of PRHC-SVM controlled MC output current (with harmonics compensator, Krs =
Krs =500, Kz7 = 300).

It is worth noting that the harmonic compensator does not necessarily improve the
overall THD performance. In fact, it affects the harmonic spectrum since it causes a
gain reduction at the frequencies near the resonant frequencies when it compensates for
the targeted harmonics as shown in Fig. 4.8. The THD of MC output currents is
influenced by the voltage transfer ratio. With the PR-SVM and PRHC-SVM control
schemes, the input power factor can also be regulated (being able to reach a unity power

factor).

T
4 - reference —measured|

~

[\

Output current (A)
(e

0.02 0.03 0.04 0.05 0.06 0.07 0.08
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Fig. 4.18 Dynamic response of the PR-SVM to a step reference (Krs = Kzs = 500, Kz7 = 300).
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In Fig. 4.18, the dynamic response of controller to a step change in the reference signal
from 2.8 A to 3.6 A is evaluated. It can be seen that the controller exhibits a good

dynamic response and tracks the prescribed reference effectively.

The above steady-state simulation results are summarized in Table 4.3. As seen in this
table, the modified PI controller shows an improved steady-state performance especially

in terms of error while the PR controller has better performance in terms of the THD.

Table 4.3 Simulation comparison of PI-SVM, PICF-SVM, PR-SVM and PRHC-SCM.

Method PI-SVM PICF-SVM PR-SVM PRHC-SVM
Error 0.381 0.075 0.127 0.13
THD 10.27% 7.8% 3.74% 3.7%

4.6 Experimental Validation

In order to validate the feasibility and effectiveness of the proposed strategies, an MC
was built and experimental work was carried out. The experimental set up is shown in
Fig. 4.19. A clamp circuit was used in the hardware to protect devices from overvoltage.
The bidirectional switches (IGBTs) were arranged in a common collector configuration.
As a result, only six independent driver power supplies were required to drive eighteen
IGBTs. The control card is a TI TMS320F28377D series DSP board. The real-time
control implementation was carried out in MATLAB/Simulink with C2000 hardware
support packages. A serial communications interface was used for the communication
between the host computer and DSP card. The analog to digital conversion (ADC) and
peripheral circuits were employed to process the signals from the voltage and current
sensors. The carrier waveform used in the modulation stage was generated from the
ePWM blocks, which facilitates the implementation of the symmetrical switching

sequence.

In the experimental tests, the parameters of controllers were set to the same value as
those used in the simulation for each corresponding controller, unless otherwise stated.
The steady-state experimental results are presented in Figs. 4.20 to 4.24 and Tables 4.4
and 4.5.
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Fig. 4.19 MC prototype.

The experimental waveforms for SVM are presented in Fig. 4.20. As can be seen, the
SVM controlled MC can generate sinusoidal waveforms. However, the open-loop SVM
becomes ineffective in controlling the output currents to the desired values when the

load is unknown.
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Fig. 4.20 Experimental results of SVM: (a) input voltage and current, (b) output currents (two phases).
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Fig. 4.21 Experimental results of PI-SVM: (a) input voltage and current, (b) output currents, (c) output

current harmonics spectrum and THD.

Fig. 4.21 shows the experimental results for PI-SVM. As observed in Figs. 4.21(b) and
(c), the steady-state tracking error is significant. However, for the proposed PICF-SVM
controller, the fundamental current amplitude is improved from 3.34 A to 3.56 A when
the reference is 3.6 A. At the same time the THD is reduced from 12.05 % to 9.01 %.
These can be observed in Figs. 4.21(b)-(c) and Figs. 4.22(b)-(c). The PI-SVM and
PICF-SVM controls have very similar performance in terms of the input current

regulation. The input power factor is regulated to be close to one.
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Fig. 4.22 Experimental results of PICF-SVM: (a) input voltage and current, (b) output currents, (c) output

current harmonics spectrum and THD.

In the following part, the comparative experimental results for PR-SVM and PRHC-
SVM are illustrated in Figs. 4.23 and 4.24, and in Table 4.3. The performance of the
input current regulation is quite similar to that presented for PICF-SVM, and therefore
they are not presented here. The experimental waveforms of PR-SVM controlled output
currents and FFT analysis are shown in Figs. 4.23(a) and (b) respectively. Here, the 3rd
harmonic, together with non-harmonic higher frequency components which are 4.2 and
6.8 time the main frequency (252 Hz and 408 Hz), are relatively more significant;

therefore the 3™, 4% and 6" harmonics are compensated for in the PRHC-SVM scheme.
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Fig. 4.24 Experimental results of PRHC-SVM: (a) output currents, (b) output current harmonics spectrum
and THD.

Fig. 4.24 shows the PRHC-SVM controlled output currents and FFT analysis. Table 4.4
compares the low-order harmonics between PR-SVM and PRHC-SVM. From these

results, the PRHC-SVM control can be seen to compensate selective-orders harmonics

effectively.

Table 4.4 Comparison of low-order harmonics between PR-SVM and PRHC-SVM.

Harmonic 2nd 3rd 4th 5th oh 7th
PR-SVM 0.6448 1.642 0.2935 0.5326 0.5764 0.5717
PRHC-SVM 0.7547 1.515 0.2394 0.8383 0.2443 0.6159

Table 4.5 Experimental comparison of PI-SVM, PICF-SVM, PR-SVM and PRHC-SVM.

Method PI-SVM  PICF-SVM PR-SVM PRHC-SVM
Error 0.26 0.04 0.179 0.07
THD 12.05% 9.01% 7.56% 6.74%

Table 4.5 compares the steady-state experimental results. These results are consistent
with the simulation results in Table 4.3. The modified PI controller is especially

effective in reducing errors while the PR controllers have less THD.
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4.7 Summary

In order to improve the steady-state tracking performance of direct MCs, this chapter
proposes a combined feedforward-feedback PI controller and investigates the PR
controller. Both controllers demonstrate reduced steady-state tracking error and THD.
Firstly, a modified PI controller with current feedforward is proposed. The introduction
of feedforward control provides extra freedom to improve the steady-state error
performance. The analysis indicates that the minimum tracking error can be achieved
when the coefficient of current feedforward is equal to the load resistor (K = R). Then a
PR controller with the capability of compensating selective-order harmonics is
investigated for the MC. Both of the proposed controllers are simple, easy to
implement, and do not require reference frame transformations. This is because they can
be implemented in the natural abc frame in a straightforward manner. The
computational burden is thus reduced. A constant switching frequency is achieved
because of the SVM modulation stage. In comparison, the proposed PI controller is
relatively easier to implement and it demonstrates less steady-state error while the PR

controller is more effective in reducing distortions.

Simulation and experimental results verify the effectiveness of the proposed controllers.
These controller schemes can be readily extended to other power electronic converters

and applied in relevant applications such as grid synchronization and microgrid.

The work in this chapter and other related work have been published in [3] and [5].
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5 HYSTERESIS AND DTC
CONTROL FOR MOTOR
DRIVES

The AC motor drive is a potential application area where the MC can be used.
Compared with the traditional AC motor drives, MC based motor drives have some
benefits. It is particularly suitable for the application areas where the size and volume
are limited. In this chapter, two control strategies, the hysteresis band (HB) and direct

torque control (DTC) strategies, are investigated for the MC-fed AC motor drive.

5.1 Hysteresis Current Controller for Motor Drives

The HB controller offers excellent dynamic performance. It has been widely researched
and used in voltage source inverters (VSIs) and inverter-fed drives; however, it has not
been investigated within the context of an MC or an MC-based motor drive. In this
chapter, both fixed-band and sinusoidal-band hysteresis current controllers are proposed
and developed for a direct MC. A comprehensive comparative evaluation of the two
methods is carried out. Both methods have fast dynamic performance and they
inherently integrate the line modulation technique of the virtual rectifier stage into the
overall modulation. Surge currents are prevented with the proposed scheme. The

sinusoidal-band hysteresis controller has lower THD at the expense of higher average
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switching frequency, which is only significantly observable at very high sampling
frequencies. The proposed controller is integrated with field-oriented control to drive an
MC-fed permanent magnet synchronous machine. The proposed methods are simple
and incur a light computational burden, which advances the practical applications of
MCs in AC motor drives. The simulation and experiment results demonstrate the

effectiveness and feasibility of the proposed scheme.

5.1.1 Introduction

Field-oriented control (FOC) is a classical control approach for electrical machines and
it is a commonly used linear control strategy for medium- and low-power motor drives
[1]. FOC-based electrical drive systems are mature and utilized extensively in high-
performance drives [2]. Current controllers are vital components in the FOC method.
Modern electrical drive systems use an induction motor, brushless permanent magnetic
motor or other motor. They are controlled from a VSI, which are prevalent in industrial
adjustable speed drives [3]. For a VSI based drive system, current controllers are
preferred for the high-performance drives because of their excellent dynamic behaviour.
Among these current controllers, the HB current controller features inherent current
limiting capability, robustness, no modulation stage, and simple implementation. These
are in addition to excellent dynamic and tracking performance [4]. The HB control has
been mainly constrained to the VSI, and active research on this includes constant
switching frequency control [5], online computation of bands [6], and multi-band
hysteresis control [7][8]. In [9], a comparative study for fixed-band and sinusoidal-band
hysteresis current controllers (F-HB and S-HB) was carried out for VSIs; however,
hysteresis bands are impractical, and the comparison needs further evaluation for
various band widths and sampling frequencies. In the literature, there is no detailed

published research on either F-HB or S-HB control for a direct MC [10].

In VSI-fed motor drive systems, a dynamic braking chopper is often used to absorb the
kinetic energy generated from motor deceleration; otherwise, for generator operation
mode, back-to-back converters are used. These will make the system bulkier, decrease

the efficiency and increase the complexity.

These problems can be addressed with the MC based drive system using F-HB and S-
HB control techniques. A 3x3 direct MC is a flexible power converter which is capable

of bidirectional power flow, sinusoidal waveform, regenerative ability, controllable
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input power factor and compact volume [11]-[13]. With an MC based drive system, one
significant benefit is that the braking chopper is removed as shown in Fig. 5.1.
Therefore four-quadrant operation is enabled. In addition to motor drive applications,
the MC and its derivatives have been proposed for numerous applications including
aerospace systems [14], microgrids [15], flexible alternating current transmission

systems [16] and electric vehicles [17].

Braking
chopper

i /
' N current

__________ gating Sensors
signals

A

speed controller

Fig. 5.1 The FOC controlled drive system with VSI or MC.

In terms of MC-fed motor drives, the most common drive applications use the induction
machine [18]-[20] while only few use the brushless permanent magnet machine. For the
brushless permanent machine, these can be split up in the brushless permanent magnet
DC machine (trapezoidal current) or brushless permanent magnet synchronous machine
(PMSM) which has sinusoidal current; the latter is suitable for MC control [21].
PMSMs are more efficient compared with the induction motor since they do not have
rotor current so the field requires no external current to support it. Other merits of the
PMSM include high torque-to-current ratio, low inertia and compact design. Because of
these, the PMSM is gaining increasing interest and popularity in high-performance
variable-speed drives. However, they use rare earth magnet material which makes them
more expensive compared to an induction motor and they require synchronization, so a
shaft encoder is usually required. In an MC based PMSM drive system, the favourable
features of the MC and PMSM can be combined for a high-performance drive

application.
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For the control of MC based drives, many methods have been proposed. DTC and
predictive torque control have been investigated [18]-[24]. With regards to DTC
control, the known issues of large torque ripple especially in low-speed operation,
persist. In the case of predictive control, the computing burden is heavy because of the
high number of switch actions (27 possibilities) of the MC. Another standard control
strategy is the space vector modulation (SVM) based proportional-integral (PI)
controller. This controller requires an SVM modulation stage and has more demands in
terms of parameter tuning. This is because of an extra current PI controller in addition to
the speed PI controller. This controller requires multiple synchronous reference frame
transformations (abc <> dg). In fact, the FOC based method is rarely investigated for
MC based motor drives. HB and HB-based FOC for a 3x3 direct MC in an MC-based
drive remain unexplored even though the HB controller is simple and has a low

computational burden.

This work proposes and studies the HB current controller and HB based FOC for an
MC-fed PMSM drive. Several features of the MC and PMSM can be integrated into one
system. Compared with SVM based control strategies [25], the proposed controller does
not require an extra modulation stage but includes the modulation of the virtual rectifier
stage of the MC. The proposed HB controller requires only one synchronous frame
transformation (dg — abc) when used in an MC-fed motor drive. This reduces the
complexity and computational burden. Both F-HB and S-HB current controllers are
developed and compared. Both methods demonstrate good dynamic features.
Comparative results show that the S-HB controller has less low-order harmonics and
lower THD at the cost of higher average switching frequency. However, according to
comparative studies, improved performance of the S-HB in terms of THD is only
appreciably observable when the sampling interval is very short. Furthermore, HB
current controllers are integrated with the FOC to drive a PMSM with an MC. S-HB
shows slightly lower stator current and torque ripple. The braking chopper is not
required in this structure. The proposed method is very simple, effective and practical to
implement; which is an advancement with respect to industrial applications of an MC

based drive system.
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HB band.
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5.1.2 HB controller for the MC output currents

(a). Fixed-Band Hysteresis Control for MC
The rationale of an HB controller is simple. The HB current controller for the VSI is

illustrated in Fig. 5.2(a) for one of the phases and described by

. h
D sm(a)mft +6,, ) +5
; (5.1)
i =1 _sinlo t+6  |——
lower ref ( ref rc_f) 2
If ia > iupper’vao = - O'SVdc (52)
lf iu < iluwer’vu() = + O'SI/dC

where /¢ 1s the reference current amplitude and 4 is the hysteresis controller band width
and it is fixed (F-HB, Fig. 5.2(c)). 6,,r and w,.r are the initial phase angle and angular
frequency of the phase a reference current. iypper and iower are the upper and lower bands
of the HB current controller. i, is the actual current of phase a. Vais the DC link voltage
and v, is the applied voltage across output phase a and the neutral point of DC link.
The control law in (5.2) is straightforward. When the actual current exceeds the upper
band, the upper/lower leg is turned off/on to reduce the current and vice versa.
Therefore, in theory, the actual currents will always be regulated to stay within the
prescribed boundaries. Similarly the HB current controllers for an MC can be

developed.

In terms of the MC, the upper and lower bands in (5.1) for the F-HB are shown in Fig.
5.2(b). The controller law is obtained in a manner similar to a VSI but with further
modification. In Fig. 5.2(b), the single-phase current control is shown and the maximum

or minimum voltage is selected to increase or decrease the currents where:

Ifi,>i,,,v, = minimum (v,,v,,v.)

' upper?® “a ' (53)
ifi, <i,,,,,v, = maximum (v,, v, v, )

It is worth noting that the MC offers more flexibility compared with VSI as it offers

more voltage choices. In general, there are three levels of voltages available in MC

rather than two in VSI. This flexibility benefits the implementation of multi-band HB

control [26].
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(b). Sinusoidal-Band Hysteresis Control for MC

The sinusoidal bands are shown in Fig. 5.2(d) and can be expressed as

Lper =| L+ %) sin (a)mft + Href)

P 5.4)
ilower = Ir‘cff' - Ej Sin (a)"eft + a’ef )

With S-HB, the control law is slightly modified as the relative locations of upper and

lower bands are alternated every half cycle, for the a-phase:

Fori, > 0, ifi,>i,,.,v, = minimum (v,,v,,v.)

upper > (5 5)
ifi, <iy,,,,v, = maximum (v,,v,v.)

Fori, < 0, ifi, >i,,.,v, = maximum (v,,v,,v.) 56)
ifi, <i,,, v, = minimum (v,,v,,v.)

where irer = Lrer Sin(wyert + Ore) 1s the reference current. If the reference current is in the
positive half cycle and when the actual current exceeds the upper band, the voltage that
enables current reduction is selected; when the actual current reaches the lower band,
the voltage that drives current increase is selected; see (5.5). Alternatively, if the
reference current is in the negative half cycle and when the actual current exceeds the
upper band, the maximum voltage that can increase the current is employed; when the
actual current reaches the lower band, the minimum voltage that can decrease the
current is used; see (5.6). Therefore, the actual currents can be theoretically controlled
to be within the region with the predefined band-width. The above methods are
demonstrated for a single-phase case and it can be readily extended to the three-phase

case because of symmetry.

5.1.3 Overall modulation of MC
A switching look-up table for the F-HB can be derived which is shown in Table 5.1. It
is based on the hysteresis controller and input voltage sectors (Fig. 5.2(b)). The F-HB

hysteresis comparator outputs, which are used as indices in the look-up Table 5.1, are
described by

x—lower

HB, =0,if I.<1I ,
HB =1if I.>1__ "~ ©7° (5.7)

x—upper
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The output values in (5.7) correspond to the digits of the first column in Table 5.1. For
example, the index 001 indicates iu < ia-tower, ib < ib-lower and ic > icupper. The input voltage
sectors, which show the amplitude relationships of the input voltages, are used to
determine the switch states. For instance, if the input voltages are in Sector I, switches
S4a, Sap and Spe are turned on since v4 is maximum and v is minimum; see Fig. 5.2(b).
Therefore, i, and i, will increase while i. will decrease. A switching look-up table can
also be obtained for the S-HB controller in a very similar manner, and therefore it is not
shown here to avoid repetition. There are 18 MC switch states in Table 5.1; they

correspond to 18 active MC vectors.

virtual rectifier / —— virtual inverter
Ll

T
Spi ;l- S‘,,BJ\I) S,,(-,;l) + :S.na _l_ Sep \J“; See (_l;

A r— T\ I a

T S — | Virtual | b
\DC link

C N, W, W— : VpN : C
| |
| |

Sna [ S,\'B‘I'S.’V( ]]: _ :S\ﬂ 1 SJ\”‘I Se ()

«—

Fig. 5.3 Illustration of overall modulation with virtual rectifier, inverter and DC link.

Table 5.1 Switch states look-up table of F-HB control for MC.

| 1I 11T v \4 VI
001  Saa, Sab, See Saa, Sab, Sce Spa, Seb, Sce SBa, Sbb, Sac Sca, Scb, Sac Sca, Scb, Spe
010  Saa, Seb, Sac  Saa, Scb, SAc SBa, Scb, SBe SBa, Sab, SBe  Sca, Sab, Sce Sca, Sb, Sce
011  Saa, SBb, SBc  Saa, Scb, Sce SBa, Scb, Sce SBa, Sab, Sac Sca, Sab, Sac Sca, SBb, SBe
100 Sga, Sab, Sac Sca, Sab, Sac Sca, Seb, SBe  Saa, Smb, SBe  Saa, Scv, Sce SBa, Scw, Sce
101 Sga, Sab, Spe  Sca, Sab, Sce Sca, Seb, Sce Saa, Spv, Sac Saa, Scb, Sac Ssa» Scb, Spe
110 Sga, SBb, SAc Sca, Scb, Sac Sca, Scb, SBe Saa, Sab, SBe  Saa, Sab, Sce SBa, SBb, Sce
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The above methods integrate the line-commutated modulation of the MC input currents.
To explain this, the overall MC modulation is divided into a virtual rectifier and a
virtual inverter stage as shown in Fig. 5.3. These two virtual stages can be modulated
independently using different methods. The output current of the virtual inverter stage is
modulated with the VSI HB control, while the input current of the virtual rectifier stage
is regulated with a line-commutated approach. For example, in F-HB, if the output
phase a current i, reaches the lower band (ia < is-tower) and the maximum input voltage is
vp at this moment, then Sp, and Spz in Fig. 5.3 are turned on to increase the current i,.
Turning on the switches Sp, and Spz results in the connection between the output phase
a and input phase B. Therefore, the equivalent switch S, in the direct MC is switched
on. The same rule applies to other situations. Therefore, the input currents are controlled
automatically. An equivalent look-up table can be tabulated based on this. It is worth
noting that different modulation techniques, such as SVM, for the virtual rectifier stage,

can be incorporated into the overall modulation scheme to control the input currents.

5.1.4 FOC with HB controller for PMSM

(a). PMSM Model Description
In this section, FOC is implemented for the MC based PMSM drive system using the
HB current controller. The FOC converts the AC motor dynamics so they are similar to
an equivalent DC motor where the torque and flux are decoupled. FOC relies upon the
fact that the motor rotor flux and torque can be controlled through the d and q
components of the stator current which are usually provided by a current-controlled

PWM inverter.

This is achieved by using the abc to dg fame transformation,

cos(6,) 005(6’Y —27”] cos(ﬁs +2T”j

i, |=|—sin(6,) —sin(ﬁx—zT”j —Sin(aﬁrz%j I >.8)
0.5 0.5 0.5 ‘

and the reverse transformation,
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cos(6,) ~sin(8,) 1 i
“ d
i |= COSK&, —%j —sin(ﬁs —ZT”j 1| (5.9)

c lO
cos[¢93+2—”j —sin(6’5+2—”j 1
(- 3 3 -

where iy, », c are the three phase currents in the abc system and iy, 4, o are the currents in dg

system. ip = 0 for a balanced three-phase system. 6 is the synchronous reference angle

which can be obtained from an encoder.

Using synchronous reference frame transformations, the PMSM model equations can be

obtained for the FOC control [27] and they can be expressed as

de L, L, L5 "1 (5.10)
di v, R . L . Y,po
44 sy o d S
a L, L LML (5.11)
w,=Lji,+y, (5.12)
v, =L, (5.13)
do
— = 5.14
= (5.14)
3 . ..
T‘e :Ep[l//flq +(Ld _Lq)ldlq:l (515)

where Lqs and L, are PMSM d- and g-axis inductance; p is the number of pole pairs; Ry is
the stator resistance; yyis the flux established by permanent magnet; y, and y, are stator
flux components in d and q axis; vs and v, are the stator voltage components in the dg
axis; @ is the rotor angular position and @ is the rotor speed. 7e is the electromagnetic
motor torque. " in the figures is the rotor speed reference. In the tested surface-
mounted PMSM, L, = L, = L because the permanent magnets are surface mounted and

the reluctance in every position is same, which simplifies (5.15) to

3 2
T=Zpy,i =i-= T (5.16)
2 fq q 3pl//f
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If iy = 0 holds, the maximum torque per ampere control can be achieved for the tested
non-salient pole PMSM. The electromagnetic torque generated by a PMSM can be
controlled by the g-axis component of the stator current. To carry out the coordinate
transformation (dg — abc) in (5.9), the rotor position is obtained from an encoder. The
torque reference 7." can be either specified by the operator or obtained from a closed-
loop speed controller. Here a PI controller is used to generate the torque reference from
the rotor speed error. The obtained i, reference together with i;"are converted into i

in the abc frame and then sent to the MC HB controller.

(b). HB-FOC Controller Design
Based on the model derived above, the FOC controller combined with the HB controller
can be designed for the MC based PMSM drive as shown in Fig. 5.4. The HB controller
generates gating signals for the semiconductor devices and sensors are used to measure
the motor speed and currents. The speed controller adopted in this work is a common PI

controller whose parameters are given in Table 5.3.

Matrix converter

Input
Power ) npu 4 Mokt
supply filters
Vase ; 4
ahe v
5.14
Tol 9] |
» hysteresis @ P
controller (5.3)" v

i k = " speed |
w F) g o X I!'c." 1
> W T 4 7 comro' ir
T b AT N dq 4 (5-15)'] I,

speed controller ahc{_5_9)|:'

Fig. 5.4 HB-FOC controller diagram for MC based PMSM drive.

Table 5.2 MC input power supply, filter and load parameters.

Vsa(V) fs(Hz) La(mH) r4(Q) Cas(uF) Ri(Q) Ly (mH)
40 50 4.8 30 15 5 10
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Table 5.3 PMSM system and controller parameters for F-HB based MC-PMSM drive.

R(Q) L(mH) p J(kgm?) s (Wb) wy(rpm) Ty (N-m)

1.8 1505 3 0.002 0.1057 1500 4.5

Table 5.3 (continued).

K, Ki h  T(s)

0.05 1 0.02 50x10°

5.1.5 Simulation and Experimental Results

(a). Simulation Results
The simulated system and controller parameters, unless elsewhere specified, are
tabulated in Tables 5.2 and 5.3. The loads under test are three-phase inductive loads.
The steady-state simulation results of F-HB and S-HB tracking reference currents igpe-rer
= [3sin(120z¢) 3sin(1207t-27/3) 3sin(120zt+27/3)] A under various sampling intervals
and HB bands are tabulated in Table 5.4. As summarized in this table, S-HB exhibits
improved THD performance, especially low-order harmonics, while the average
switching frequencies are higher. These are only appreciably observable when sampling

interval is sufficiently short.

Table 5.4 Comparative results for performances of F-HB and S-HB.

Ts (us) 10 30 50 100
h(A) 002 0.05 0.1 |002 0.05 0.1 |002 0.05 0.1 |[0.02 005 0.1
F-HB |0.73 119 1.83 | 191 200 3.01 337 3.06 354|680 6.64 642
THD (%)
S-HB | 0.68 0.74 1.08|2.05 2.02 208|338 336 335|684 698 6.87
F-HB |[9.85 695 452|393 354 275|243 233 203|125 121 1.17
Average
Switching

ff‘zgn)cy S-HB | 104 89 875|395 359 317|244 233 211|123 122 1.19
Z

The dynamic responses of the F-HB and S-HB controllers are shown and compared in

Fig. 5.5. Here & = 0.05 A and T = 20 ps. The current references are iz = [1.5sin(607¢)
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1.5sin(607zt-27/3) 1.5sin(607t+27/3)] A before 0.025 s and [3sin(100zz) 3sin(1007z-
27/3) 3sin(1007t+27/3)] after 0.025 s. According to the simulation results shown in
Figs. 5.5(a) and (b), it can be stated that both methods present excellent dynamic
performance in regulating currents. Compared with F-HB, the THD values are reduced
from 3.74 % and 1.54 % to 2.75 % and 1.17 % respectively in the S-HB while the
average switching frequencies are relatively higher. This can be observed in Figs. 5.5(c)
to (f). From the fast Fourier transform (FFT) analysis, in Figs. 5.5(c) and (d), for the
second part of the current, a wide range of harmonics are suppressed. The average
switching frequencies (shown in Figs. 5.5(e) and (f)) and consequential switching losses
are not very high. The superior performance of S-HB is observable only when the
sampling interval is small (high frequency). Therefore, for the practical implementation,

it is not worth considering S-HB.

1abc’ 1abc-ref (A)

n THD=3.74% THD=1.54% i

0.03 0.035 0.04 0.045 005 0.055 0.06 0.065 0.07
Time (s)

(a)

4l THD=2.75% THD=1.17%

0.03 0.035 0.04 0.045 0.05 0.055 0.06 0.065 0.07
Time (s)

(b)
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Fig. 5.5 Simulation results of HB current controller for MC: (a) F-HB controller currents dynamic
performance, (b) S-HB controller currents dynamic performance, (c) FFT analysis of F-HB output current
after 0.05 s, (d) FFT analysis of S-HB output current after 0.05 s, (¢) F-HB average switching frequency,
(f) S-HB average switching frequency.
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Fig. 5.6 Simulation results of HB-FOC for MC based PMSM drive system in response to the speed
change from +500 rpm to -300 rpm at 1 s when 7; = 1.5 N m. (a) F-HB, (b) S-HB.

Simulation work of the proposed control strategy for an MC based PMSM drive was
carried out, and the simulation results are presented in Fig. 5.6. The parameters of the
rotor speed PI controller are K, = 0.5 and K; = 0.55. Transient behaviour of the PMSM
stator currents, rotor speed and electromagnetic torque are shown under a speed change
from 500 rpm to -300 rpm when the load torque 77 = 1.5 N-m. As observed from the
figure, the proposed control strategy shows good regulation performance. S-HB has a
slightly lower current THD (5.85 %) than F-HB (5.99 %). The torque ripples of the S-
HB range from 1.336 Nm to 1.626 N m while the torque ripples of the F-HB range
from 1.333 N m to 1.639 N m. These demonstrate slightly better performance for S-HB.

(b). Experimental Verification
To verify the feasibility and effectiveness of the proposed strategy, the experimental
work was implemented in a scaled-down MC based drive system. The experiment set
up is shown in Fig. 5.7. The clamp circuit is not shown in the figure; however, it is used
in the hardware to protect devices from overvoltage. Chapter 4 details the MC
hardware. Further modification was required for the experimental work in this chapter.
An enhanced quadrature encoder pulse was used to obtain the rotor angular position,
thus the motor speed. The motor encoder used had 2000 lines which is a high-resolution

encoder.
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ADC Conditioning Circuit Drivers Supply Encoder Cable

Sensors  Control Card MC Power Board (Drivers, Sensors, IGBTs)
(a)

PMSM Machine with ~ Dynamometer  Cooling Fan
Encoder (Load)

(b)

Fig. 5.7 The experimental set up: (a) MC hardware board, (b) PMSM test bench.

The tested surface-mounted PMSM parameters are tabulated in Table 5.3. Since the
performances of F-HB and S-HB based controllers are very similar and S-HB renders
heavier computation burden, here only F-HB is tested on hardware to demonstrate the
controller effectiveness for the MC based drive. The code execution time was around 25
us, which is a light computational burden. The sample time should be higher than the
execution time so that the code has enough time to be executed during each sample

interval.

In the experimental results, all THD values are shown for phase a current. The steady-
state performances are presented in Figs. 5.8 and 5.9. Fig. 5.8 shows the steady-state

results for low-speed operation (10 rpm and 50 rpm) with a load torque of 1.5 N m.
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Sinusoidal stator currents were obtained with the proposed control strategy. The stator
current THDs are relatively low, i.e., 5.37 % and 2.99 % for speeds of 10 rpm and 50
rpm respectively. These results validate that the proposed controller is effective in
regulating low-speed operation. Fig. 5.9 shows the steady-state regulation performance
of the proposed controller for relatively higher speeds. Fig. 5.9(a) shows the steady-state
stator currents for 500 rpm with a 1.5 N m load applied. The THD for the stator current
is 4.09 %. In Figs. 5.9(c) and (d), the rotor speed is 300 rpm and a load torque of 1.5
N m is applied. The input current is usually not a control objective in the VSI based
motor drive system; however, with the proposed approach, the MC input currents were
regulated, and the results are shown in Fig. 5.9(c). The input power factor is around
unity in this case. The input current is distorted because it is conveniently regulated by
the inherent line-commutated modulation of the proposed HB current controller. The

PMSM electromagnetic torque is shown in Fig. 5.9(d).
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Fig. 5.8 Experimental results of HB-FOC controlled MC based PMSM drive (steady-state results 1): (a)

PMSM stator currents when @ = 10 rpm and 7; = 1.5 N m, (b) PMSM stator line voltage when w = 10

rpm and 7;= 1.5 N m, (c) PMSM stator currents when @ = 50 rpm and 7, = 1.5 N m, (d) PMSM stator
line voltage when = 50 rpm and 7, = 1.5 N m.
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Fig. 5.9 Experimental results for HB-FOC controlled MC based PMSM drive (steady-state results 2): (a)

PMSM stator currents when @ = 500 rpm and 77, = 1.5 N m, (b) PMSM stator line voltage when @ = 500

rpm and 77 = 1.5 N m, (¢) MC input phase voltage and current when @ = 300 rpm and 7, = 1.5 N m, (d)

PMSM torque performance when @ =300 rpm and 7, = 1.5 N m.
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The experimental results of transient behaviour are shown in Figs. 5.10 and 5.11. Fig.
5.10 shows the results when the output power is increased either by increasing the rotor
speed or the applied load torque. Fig. 5.10(a) shows the PMSM stator currents, rotor
speed and g-axis current responses to a speed change from 50 rpm to 300 rpm when a
load 77 = 1.5 N 'm is applied. Fig. 5.10(b) demonstrates the PMSM stator currents, rotor
speed, and g-axis current responses to the step load change from 0 N m to 1.5 N m when
the rotor speed is maintained at 500 rpm. As seen from these figures, the proposed
control strategy can track and maintain the target speed effectively, and fast dynamics
are achieved. Fig. 5.11 shows the test results when the output power is decreased by
reducing the rotor speed. In Fig. 5.11(a), the PMSM stator currents and MC input
current are shown for a deceleration from 350 rpm to 250 rpm when the load torque is
1.5 N'm. The rotor speed and g-axis current for this test are shown in Fig. 5.11(b).

These results show good regulation of the proposed controller during deceleration.
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Fig. 5.10 Experimental results of HB-FOC controlled MC based PMSM drive (transient results 1): (a)
PMSM stator currents, rotor speed and g-axis component current responses to command speed step
change from 50 rpm to 300 rpm when 7; = 1.5 N m, (b) PMSM stator currents, rotor speed and g-axis
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Fig. 5.11 Experimental results of HB-FOC controlled MC based PMSM drive (transient results 2): (a)
PMSM stator current and MC input current response, (b) PMSM rotor speed and g-axis current

component response to command speed step change from 350 rpm to 250 rpm (deceleration) when 7; =

1.5 N m.

From the above simulation and experimental results, the effectiveness of the MC based
PMSM drive system under steady-state and transient tests is demonstrated. The THD of
the stator current under various tests are low, ranging from 2.99 % to 6.63 %. The

proposed control method is simple and practical.

5.1.6 Conclusions

HB control in FOC is popular in VSIs and motor drives based on VSIs; however, it has
not been reported in the literature for a direct 3x3 MC or MC based drive system. This
work introduces the HB current controller to the MC and MC based AC drive system.
This method is simple, and the computation burden is light. Both the fixed and
sinusoidal band HB controllers that are developed involve inherent modulation of the
input currents, and the simulation results are evaluated comparatively. S-HB has better
harmonic performance and higher average switching frequency. It is shown that S-HB
has significantly superior performance over F-HB only at high sampling frequencies.
The input current regulation is achieved through the line-commutated modulation. The
better input currents regulation results can be achieved by integrating other methods,
such as SVM, into the overall modulation. With an MC based drive, the braking

chopper is not required. It is important to state that this scheme cannot only be applied
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to the PMSM but also to other machines such as induction motors. The proposed
scheme is explicit, effective and suitable for practical applications. Experimental results

demonstrate the effectiveness of the proposed controller and MC in driving a PMSM.

5.2 DTC for the Matrix Converter-Fed Motor Drive

The direct MC is a promising AC/AC conversion topology and it is being researched.
Motor drives are one of the main potential applications of the MC. This work carries
forward the application of MCs in AC motor drives using DTC. In the common DTC
scheme for MCs, two vectors with the maximum amplitudes are used to control the
torque and flux. In the proposed approach, the input voltage vector sectors are
redefined, and therefore a modified and simplified switching look-up table is obtained.
In this case, the most appropriate vector to be applied is uniquely determined, and the
number of switch actions is reduced. The excellent dynamic performance is obtained by
selecting the maximum vector. Flux and speed are controlled effectively. Simulation
work is carried out for an induction motor, and the results verify the effectiveness of the

proposed DTC control in MC based AC drive systems.

5.2.1 Introduction

DTC was first presented in [28] for the high-performance control of an induction motor.
As its name implies, DTC controls the torque and flux directly. It is a simple yet
powerful control technique for motor drives, and it offers various benefits including fast
torque response, robustness, no coordinate transformations (angle detection), no
modulation stage, and no current controllers required [29], [30]. DTC does not require
any other motor parameters except for the stator resistance; this enhances the controller
robustness. DTC can also operate in sensorless mode (or torque control mode). These
contribute to the fast development of DTC, in both research and industry, for the

applications of high-performance drives [27].

However, there are some drawbacks associated with the DTC. One of the main issues is
the high torque and flux ripples [22]. These are in addition to the variable switching
frequency. In conventional DTC for a VSI based drive system, the flux locus is split
into six sections and only eight vectors are available to generate the required vector.

Therefore, the exact required vector is hard to produce to a high degree of accuracy,
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which results in the flux and torque ripples. Much research has aimed to dealing with
this problem [31][32]. These include applications of new converters such as multilevel
inverters [33][34] and MCs [23][35] because they can produce more vectors for the
DTC.

Combining the advantages of DTC and the MC, DTC controlled MC drivers were
initially proposed in [29]. In [29], three hysteresis controllers were used to control the
electromagnetic torque, stator flux and input power factor simultaneously by selecting
the most suitable voltage vector available in the MC. Since MCs generate more voltage
vectors that are suitable for DTC control, the control flexibility is enhanced. Most work
utilizes this flexibility to control the MC input power factor [29][22]. This extra control
objective introduces an extra hysteresis comparator contributing to heavier computation

burden, more switching actions, and switching losses.

The work described in this chapter modifies and simplifies the traditional DTC
switching table for the MC based driver such that the selected voltage vector for each
stator flux sector is uniquely determined. The transition is smoother between switching
actions, and thus switching losses are reduced. The speed control mode is based on a PI

controller which is tested here.

5.2.2 Matrix Converter and Space Vectors

As obtained in Table 2.1 in Chapter 2, the MC space vectors are composed of eighteen
active, three zero and six rotating vectors. Rotating vectors cannot be usefully applied
because their locations (angles) keep changing. Active vectors are numbered (£1, £2,
+3, , 49) and summarized in Table 2.1. These vectors have fixed locations and they
form hexagons, as redrawn in Fig. 5.12 (Fig. 2.2 repeated), while their amplitudes vary
with input voltages. In zero states, all the MC outputs are connected to the same input
resulting in vectors with zero amplitudes while angles are arbitrary. In SVM, these
active and zero vectors are applied to generate the desired output voltage and input
current vectors at the same time. In DTC control, appropriate vectors are selected based
on the prescribed switching look-up table according to the instantaneous stator flux and

torque/speed information. This will be explained later.
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Fig. 5.12 MC (a) input voltage and (b) output current vectors hexagon (Fig. 2.2 repeated).

5.2.3 Induction Motor Model and DTC Theory
In DTC controlled induction machines, the stator flux and torque are controlled directly
by selecting the appropriate voltage vectors available in the drive converter. The stator

flux is obtained from
w,=[(V,+Ri,)dt (5.17)
If the voltage drop across the stator resistor R, is neglected, then
w, =V, dt (5.18)

where ;s is the stator flux and ¥ is the voltage applied at the stator. Considering a short

finite time ¢ (control cycle period), (5.17) can be approximately written as
Ay, =V At (5.19)

which means that the stator flux will change accordingly in the direction of the applied
voltage vector. Therefore, the stator flux can be regulated by selecting suitable voltage
vectors. In the stationary reference frame (synchronized with stator), the
electromagnetic torque developed in an induction machine is

T3 pwi, (520)

which can be rewritten as
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3
T =— i
e 2p'//v s

sin (6, -6,,) (5.21)

where s is the stator flux vector; is is the stator current vector; and p is the pole pair
number of the motor; and |V] implies amplitude of the vector V. 8is and ys are the stator
current angle and stator flux angle respectively, both of which are referred to the
stationary reference frame as shown in Fig. 5.13. In (5.21), |ws| is normally set to a
constant value in DTC. Since the rotor time constant is usually larger than the stator
time constant, the rotor flux can be assumed constant (d-axis components of stator
current) taking into consideration the fast control response. Therefore, the change of
torque, at certain speeds, requires the change of stator flux angle Oys if the stator flux
amplitude is maintained constant [27]. Therefore, if a voltage vector which is able to
maintain the stator flux amplitude while changing the stator flux to the desired position

is selected, the torque can be regulated instantaneously.

F1,T1 F1,T1
.

«

JFLTHFLTL
\\\_\7—\;7# .
¥ X «

PRIt PR
Fig. 5.13 DTC illustration diagram with the MC vectors.

DTC requires the estimation of stator flux and torque, which can be achieved using
Vao = [ (Vs = R i, )t (5.22)

Vo = [(Vp =R, i, )t (5.23)
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[ 2
l//,y_ V/as+l//ﬂ,s‘ (524)

0, =tan” ("’—ﬂj (5.25)
Vs
3 . .
T‘e = Ep(l//zzslﬂx - l//ﬂslzls) (5'26)

These are developed in the stationary reference frame (o-f). As can be seen, the
estimation only needs the rotor resistance, which is independent of other motor

parameters.

5.2.4 DTC Control for Matrix Converter Drives

According to the above description, DTC can control the torque and flux directly via
applying opposite voltage vectors available in drive converters. The voltage space
vectors generated in an MC were presented earlier. The voltage vector selection is based

on the flux and torque error information.
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o Look-up :‘I> .
| :ST\, > P table €.g. mverter,

matrix converter

3
’ = :
Vs gy I,
3

. Speed

Mode [ regulator ;,-
N+ select
T| ; T Estimation }*'~* ="

W, (5.22)-(5.26) T\}Ieasurcmcnls

Fig. 5.14 Block diagram of DTC for motor drive with inverter or MC.

(a). Common DTC Scheme
The DTC controller diagram for MC is shown in Fig. 5.14. There are two operating
modes: torque control and speed control. As shown in the figure, the hysteresis
comparators produce signals in the DTC to select the voltage vectors. In each flux

sector (I to V1), different voltage vectors will have different effects on both the flux and
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torque, as illustrated in Fig. 5.13. In this figure, (F{, T|) indicates the flux and torque
will be increased and decreased respectively if that voltage vector is selected, e.g., the
voltage vectors (+4, £5, +6) for sector I. Further selection of the voltage vectors
depends on the input voltage vector locations. Some vectors are not used as they may
have varying effects on torque and flux in the specific sector such as voltage vectors

(%1, £2, £3) in sector L.

A switching look-up table for the MC based DTC can be adapted from the VSI DTC
scheme since their voltage vectors have the same layout (six directions with 60° apart
from each other). However, in the MC, there are more active voltage vectors available
corresponding to a specific voltage vector in the VSI DTC scheme. These vectors have
different amplitudes although they may all be able to achieve the goals of controlling

the stator flux and torque.

In the most common MC DTC, only two vectors with the maximum amplitude are
considered to achieve fast-dynamic responses and simplicity. In fact, these two vectors
have different effects on the input current, thus the input power factor. Therefore, the
input power factor can be controlled by making use of this flexibility. However, this
results in a heavier computation burden and higher switching frequency, thus higher

switching losses.

(b). DTC with a Modified Switching Table
Since the amplitudes of voltage vectors are related to the input voltage vector location
(sector number), the input voltage vector sector may be sub-divided or redefined so that
only one maximum output voltage vector is available in each sector. In the proposed
scheme, the input voltage vector sectors are moved forward by 30° compared with the
conventional scheme as shown in Fig. 5.15. In this way, the maximum voltage vectors
available in each sector is only one instead of two. For example, in the newly defined
input voltage vector sector I, the output voltage vector -3 has the maximum amplitude.
The selection of the maximum vector ensures a fast-dynamic response, and this further

simplifies the switching table, thus the control implementation.
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Fig. 5.15 Redefined input voltage vector sector for deciding the amplitudes of output voltage vectors.

The modified switching look-up table, as shown in Table 5.5, can be obtained in a

straightforward manner from the VSI DTC look-up table. The appropriate selection of

zero vectors is beneficial in reducing the switch actions and switching frequency. There

are two zero vectors available in the last two columns of Table 5.5; however, only one

will be applied depending on the previous switch state.

Table 5.5 Modified switching look-up table for MC DTC.

New input voltage Selected voltage vector # in VSI
sector # Vi | Ve | Ve | Va | Vis | Vie Vi Vis
I Va | Vio | Ve | Via | Voo | Vie | Vor, Vos | Voi, Vos
I Vio | Vs | Vas | Vo | Vis | Vs | Voo, Vos | Voo, Vos
I Va| Vi | Va | Va | Vg | Via | Vo, Vo2 | Vo1, Vo2
v Vis | Vo | Vas | Vs | Vio | Vs | Vo1, Vos | Vor, Vos
\Y% Vo | Vis | Vs | Vo | Vs | Vis | Voo, Vos | Voo, Vos
VI Vit | Va | Vaa | Va | Vag | Va | Voi, Voo | Vo, Voo
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Fig. 5.16 Motor steady-state stator current when speed is 1000 rpm and load torque is 10 N m.

5.2.5 Simulation Results

Simulation results of the DTC MC drive are presented in this section. The speed control
mode is examined, and the parameters used for the speed PI controller are K, = 30 and
K; = 0.05. The hysteresis bands of hysteresis comparators for the stator flux and torque
are 0.5 and 0.01 respectively. Other simulation parameters are tabulated in Table 5.6.
The steady-state tests were performed first. Fig. 5.16 shows the motor steady-state stator
current. The surge current is observed at the start of the motor. Fig. 5.17 presents the
electromagnetic torque of the motor. The torque exhibits large ripple, which is a known
weakness of DTC. Fig. 5.18 shows the stator flux locus. The flux can be controlled
effectively (the reference is 0.9876 Wb).

Table 5.6 Induction machine simulation parameters.

Ri(©Q) R(Q LH) LH Lu(H) p Ti(s)
3126 1.879 023 023 0221 2 1x]0°
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Fig. 5.17 Motor steady-state electromagnetic torque when speed is 1000 rpm and load torque is 10 N m.
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Fig. 5.18 Steady-state stator flux locus when speed is 1000 rpm and load torque is 10 N m.

Transient performance of the proposed controller is evaluated under a step change of the
load torque from 5 Nm to -5 Nm at 0.65 s when the speed is 1000 rpm. Fig. 5.19
shows that the controller has a fast torque dynamic response. The transient stator
currents are shown in Fig. 5.20. DTC performance is independent of the motor
parameters except for the stator resistance. Simulation results verify that the proposed

DTC controller is effective in controlling the MC based driver.
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Fig. 5.20 Stator current for a torque step change at 0.65s.

5.2.6 Conclusions

DTC has developed very quickly in both research and industry because of direct torque
and flux control, and fast torque dynamic response. DTC requires no coordinate
transformations, current controller, or modulation stage. The implementation of DTC
for an MC drive is explained in this chapter. The modified switching look-up table is
obtained via redefining the input voltage vector sectors. As a result, only one maximum
voltage space vector corresponding to each VSI voltage vector is available. In this way,
a fast-dynamic response is maintained, and switch actions and switching losses are

reduced. Simulation results for an induction machine with the proposed controller are
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shown to verify the controller effectiveness. Future work will be carried out to

implement the multi-band hysteresis comparators and to deal with the torque ripple.

5.3 Summary

The AC motor drive is a promising application area for the MC. This chapter covers the
application of a direct MC in an AC motor drive and two control strategies are
investigated. The first control method is the FOC based HB current controller for a
PMSM. The second control strategy is the DTC with a modified switching look-up table.
There is great research potential in the field of MC-fed AC motor drives.

The materials presented in this chapter have been published in [10], [24] and [36].
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6 PREDICTIVE CONTROL FOR
MICROGRID AND OTHER
CONVERSION POSSIBILITIES

In this chapter, model predictive control (MPC) is employed to control the MC. The
first part of this chapter investigates the predictive voltage control of MC for microgrid

applications and the second part investigate other conversion possibilities of the MC.

6.1 Predictive Control for Microgrid

The work in this section proposes a predictive voltage control strategy for a direct MC
used in a renewable energy distributed generation system. A direct MC with LC filters
is controlled in order to work as a stable voltage supply for loads. This is especially
relevant for stand-alone operation of a renewable energy microgrid where a stable
sinusoidal voltage, with desired amplitude and frequency under various load conditions,
is the main control objective. MPC is used to regulate the MC so that it produces stable
sinusoidal voltages for different loads. With predictive control, many other control
objectives, e.g., input power factor, common-mode voltage and switching frequency,
can be achieved depending on the application. To reduce the number of required

measurements and sensors, this work utilizes observers and makes use of the switch
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matrices. In addition, the voltage transfer ratio can be improved with the proposed
strategy. The controller is tested under various conditions including intermittent
disturbance, non-linear loads and unbalanced loads. The proposed controller is
effective, simple, and easy to implement. Simulation and experimental results verify the

effectiveness of the proposed scheme and control strategy.

6.1.1 Introduction

A modern interconnected power system can contain hybrid AC and DC grids, with
various power electronic converters interfacing different energy sources [1][2], as
shown in Fig. 6.1. The distributed generators (DGs) are modern components in a grid
network and they are interconnected via the point of common coupling (PCC). Energy
generation issues are driving the development of microgrids and renewable energy
based DGs and these have been the focus of great interest [3][4]. A microgrid can
operate in a grid-connected mode or an islanded mode. When operated in the grid-
connected mode, the main control objective is the current or power exchange with the
utility grid. The main control objective during islanded operation is to maintain stable
sinusoidal voltages for loads [5]-[8]. These operating modes depend on system
operating conditions, user demand, availability of energy, and utility grid requirement.
For both operating modes, a microgrid should be able to supply electricity in a reliable,
secure and economical manner [9]-[11]. To this end, power electronic converters play a
critical role [12]. Various power electronic converters, including multilevel converters
[13], together with their corresponding control techniques, have been researched for

controlling power flow, current and voltage for microgrid applications [14].
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Fig. 6.1 Diagram of an interconnected power system example involving renewable DGs.
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This work mainly focuses on the islanded mode of a renewable energy based microgrid.
At present, a microgrid is an inverter-dominated system [7][15]. However, it is difficult
to maintain feed to connected loads, particularly nonlinear loads, at the required voltage
and frequency with an inverter [8]. In the literature, research projects on voltage source
inverters (VSI) and neutral point clamped (NPC) inverters, with many control methods,
have been carried out on uninterrupted power system-based (UPS) DGs in order to
regulate the output voltage [16][17]. LC filters are commonly used in these applications.
However, these strategies are only suitable for a microgrid with DC DGs. For AC DGs,
the rectifier stage and DC-link capacitor are required together with an inverter for
indirect AC/AC conversion. These will make the system bulky, reduce the lifetime and
increase maintenance. In addition, there exists the necessity of the DC link voltage
control. Other significant drawbacks of this structure include unidirectional power flow,
difficulty in controlling the input power factor, and handling of the input unbalance and

intermittent disturbance of the renewable energy sources.
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other DGs | Input filter Direct matrix Output filter Local various loads
converter (3x3)
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DGs E

Common-mode voltage @ :

Fig. 6.2 AC microgrid with renewable DGs and MC.

Recent demand for the AC/AC conversion has grown in the field of DGs in microgrids
[18][19]. A solution for direct AC/AC conversion is the MC [20]; this is an alternative
to the established indirect AC/AC conversion method with a DC link. A direct three-
phase MC features compact structure, bidirectional power flow, controllable input
power factor (which can be set to unity), regeneration capability, and no energy-storage
elements [20]-[22]. In addition, it was reported in [23] that the MC can be used for other
conversions (i.e., AC/DC, DC/AC, and DC/DC) to feed various loads such as inductive,
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capacitive, nonlinear, AC and even DC systems, as shown in Fig. 6.2. MCs have been
assessed for suitability in many applications [24]-[26]. However, the use of a direct MC

in a renewable energy based microgrid remains unexplored.

In terms of control approaches for direct MCs, classic modulation methods including
scalar modulation and pulse width modulation (PWM) techniques usually are
programmed offline; thus, these methods are vulnerable to the system and load
variations causing steady-state errors [27]. Space vector modulation (SVM) has been
widely researched and applied. However, the voltage transfer ratio (VTR) is limited to
below V3/2 (=0.866), which is a known drawback, like most of the other control
methods. Most of the control methods are concerned with sinusoidal output currents, so
they cannot provide sinusoidal voltages. Furthermore, they cannot handle common-
mode voltage which can be detrimental, especially to motor loads. This is one of the

main reasons for premature failures in a machine [28].

This work adopts MPC to control the output voltages of an MC for microgrid
applications in the islanded mode. MPC is a simple and powerful control tool for power
converters [29]. This method does not require a modulation stage but can utilize all 27
available MC switch states. MPC utilizes a system model to predict future system
behaviour and select the optimum switch state by minimizing a predefined cost
function. The cost function design in MPC is flexible as it can contain many factors and
constraints depending on the specific application and requirements [30]. Some
predictive control strategies have been proposed for MCs [31]-[33]; however, they are
mainly concerned with sinusoidal output currents rather than output voltages. In

addition, the issues of limited VTR persist.

The objectives of this work are: (1) To develop a scheme for an MC interfaced
renewable energy DG system; (2) Instead of controlling output currents, to propose a
predictive voltage control strategy for a direct MC to supply various loads in an
islanded AC microgrid by utilizing LC filters; (3) With the proposed predictive voltage
control, other control objectives and constraints can be readily considered, including
common-mode voltage, input power factor and average switching frequency; (4) To
improve the VTR with the proposed scheme, the number of required sensors is reduced
by employing observers; and (5) To develop an MC prototype to validate the proposed

scheme.
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The proposed scheme is tested under various conditions including nonlinear loads,
unbalanced loads and intermittent disturbance and unbalanced input. The regulated

voltage meets the voltage quality set in the IEEE standard: IEEE Std-519-2014 [34].

6.1.2 Model Development

(a). Filter models for prediction
The implementation of MPC is based on a system model. According to Fig. 6.2, the
output filters of the MC are modeled as

di,
vﬂa - lﬂa oa oa = a
dt
di
v,—i, R, —L,—%=v (6.1)
b b b b dt b
di,
VUC - lUC oc oc = c
dt
dv, .
oa = oa - lll
dt
dv, . .
C,—>=i, I, (6.2)
dt
dv, )
oc = oc _lC
dt

The variables in (6.1) and (6.2) are shown in Fig. 6.2. The capacitors can be connected
in star (Cy4, 8 ¢) or delta (Cus sc c4). The feature of the star connection is that the
required capacitance is three times (C4 = 3C.4p) while the voltage rating is 1/\3 times

(Vs =\3V4) of that of the delta connection for the equivalent ratings.

In order to simplify the modeling procedure, it is sufficient to consider a single-phase
model due to the symmetry of three-phase system. Hence (6.1) and (6.2) can be

rewritten in the state space model:

(6.3)

[-R,./L,, -1/L,]
| 1/c, 0
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where the voltages (voq and v,), currents (ios and i,), and filters (Lo, Roa, and Cos) are
denoted in Fig. 6.2. F and G are the state space matrices. Based on (6.3), the zero-order-

hold based discretized model can be derived as

[iga [+ 1]} = A{ioa [k]} + B{Voa[[kk]]} , where A=e"" and B = J'T‘ e"dr-G (6.4)
I, 0

v, [k+1] v, [£]

Here 75 is the sampling time and the matrices 4 and B can be obtained from

7, @, _ b1,
O T Y —b-e" a- (e =) ol
A4, Ay, a—b (a b) C,(a-b)

L,
4 - a-e*T —p.e"n . ( Lt ) 6.5)

2 a->b L,(a- b)

B = [Bn Bﬂ:| B, = et — e |:a~(e”’ —1)—b~(e“’T* —1):|
- > 2

BZ] BZZ

b

= , B. =
L.,a-by " (L,-C,-ab)(a-b)

—" e+ R -[a ~b—a-"" +b-e" ]

Pa s 6.6
22 (Loa‘coa'a‘b)‘(a—b) (6.6)
-R /L =+ 2_
Wlth a’b = od od \/(ROH /Loa) 4 / Coa /Loa
2
Therefore, the future behaviour of the output voltage v, can be predicted using
v, [k+1]=4, i, [k]+4,-v,[k]+B, v, [k]+ B, i,[k] 67)

which is derived from the discretized model (6.4).

Similarly, the prediction model of input current is4 using the input filter model can be

obtained in (6.8) to predict the future behaviour of input current.
i e+1]=M, i [k]+M,-v,[k]+N, v, [k]+N,-i,[k] (6.8)
The matrices in (6.8) are derived in a similar manner.

The dimension of the models can be reduced from the three-phase model to an a-f or d-
g model using frame transformations. Based on these predictions, the MPC evaluates
each switch state and selects the optimum one to be applied at the next sampling instant.
This switch state should result in a minimum value of the cost function. Some variables
in (6.7) and (6.8) can be measured using voltage and current transducers while some can

be estimated using observers or calculated using switch matrices (2.1) and (2.2). The
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utilization of observers to estimate some variables can reduce the number of required

sensors, thus the cost. The design of observers is described in the next section.

(b). Improved VTR
The output LC filter can also be modeled in the block diagram as shown in Fig. 6.3(a).

Based on this figure, the transfer function of v, (s) to vo. (s) can be expressed as

v (s 1
H(S): a( ) — 5
v,(s) L, C. s +R . C s+1

oa oa oa oa

(6.9).

Using (6.9), Bode plots are obtained for H(s) with different values of Lo, and Coq as
shown in Fig. 6.3(b). Here R, is fixed to 0.5 Q while Lo, and Co, are given in the
legend, e.g., (2, 40) means Lo, =2 mH and C,. = 40 pF. These Bode plots are related to
Table 6.2 and Fig. 6.7 in Section 6.1.5. As observed in these Bode plots, the magnitude
responses are greater than zero at the targeted frequency 2xmx50 rad/s, which means v,
can be larger than v,q, and thus an improved VTR. For instance, if the magnitude in
frequency domain is 0.5 dB, the real filter gain is 1.06; therefore, the improved VTR is
expected to reach 1.06 x 0.866 = 0.918. It is worth noting that the main purpose of the
output LC filters in this work is to provide sinusoidal voltages rather than improving the
VTR.

2

Voa + 1

i od

" R, +sL sC

0a Y oa

(a)
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Fig. 6.3 Output filter model in block diagram and its Bode plots for different values of L,, and C,s (mH,
pF).

6.1.3 Observers Design

An observer is a dynamic system that can estimate the states of a system. For a system

described in the state-space form
X=FX+GU (6.10)

Y=CX+DU (6.11)

the Luenberger state observer can be designed to estimate the state X as illustrated in

)?:F)”(+GU+L(Y—Y) 612

Y=CX+DU (6.13)
where X and Y are the estimation of state X and output Y. Substituting (6.13) into (6.12)

leads to

)”(:F)?+GU+L(Y—?):F)”(+GU+LY—LC)”(—LDU

6.14
=(F-LC)X+(G-LD)U+LY @19

where L is the observer gain matrix and can be computed by using Ackermann's

formula based on the desired eigenvalues of observer. The estimation error is
E=X-X and its differential equation is £=X-X=(F-LC)E . The correct

selection of gain matrix ensures that the error system is asymptotically stable so that the
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estimation error will finally decay to zero. Using (6.14), the observer diagram shown in

Fig. 6.4 can be developed.

v

A

(b)

Fig. 6.4 Luenberger observer design diagram and the simplified diagram.

Depending on the specific observed state, the descriptions should be modified
accordingly, and some assumptions may be necessary. In order to observe the load
current ig, for example, the assumption di,/df = 0 is made and added to the model (6.3)
to make a 3-D observer. This assumption is based on the fact that the sampling interval
of the algorithm is usually sufficiently short, so the load current barely changes.

Therefore, a 3-D observer model based on the modified model is obtained where

L, i i, “R_/L.  -1/L, 0
X,=|v, |=F|v, |+GU,, Y,=C,|v, |+DU,, F,=| 1/C, 0 -1/C,]|,
i i i 0 0 0

G =[l/L, 0 0],U, =v, (6.15)

Here, the matrices C, and D, can be designed according to the desired outputs. Given
that the system in (6.10) and (6.11) is observable, the gain matrix L in (6.14) can be
designed correctly so that the eigenvalues of F-LC are strictly on the left-hand side of
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complex plane. Under this condition, the estimation error dynamics is asymptotically
stable, which means the estimation error will decay to zero eventually. In this work, a 2-
D observer is adopted because of simplicity and it can be derived in a manner similar to
the 3-D observer. Load currents i, 5, - and source voltages vs4, s sc are estimated using
the observers. The desired eigenvalues for estimating iy, », - and vs4, s sc are set to -2200
+ 38007, and -80000 and -80001 respectively. It is worth mentioning that the sampling
time influences the performance of the observer since a discrete integrator is used. The

shorter sampling time results in more accurate estimation.

6.1.4 Predictive Voltage Controller Design

In the MPC, a cost function is used to optimize the selection of switch actions. The
design of cost function reflects the control objectives and priorities. In this work, the
main control objective is the stable sinusoidal output voltages, in addition to unit input
power factor, elimination of the common-mode voltage, and low switching frequency.
Different combinations can be used depending on the specific applications. Therefore,
the cost function for selecting the optimum switch state consists of four sub-functions

and they are described in sequence by

—_ 2 L *_,P *_ P
g_ﬂ'l ﬂva Va‘+‘vb Vb‘+‘vc Vc

}+/12-‘Q*_QP‘+},3.‘v;—vN‘+/14.ZQ:‘Si_SiP‘ (6.16)
i=1

where V', ,  and Q" are references for the three-phase output voltages and input reactive
power, and their counterparts v, », . and QP are the predicted values; v~ represents the
common-mode voltage shown in Fig. 6.2 and its desired reference v*y is normally zero;
Si is the current switch state and S7 is the potential switch state to be applied; and 41, 2,3,
4are the weighting factors which determine priorities for each term. Terms with greater
factors attract more control attention. The main control objective here is to have stable
output sinusoidal voltages. If more control objectives are considered at the same time,
each control performance will be compromised. Designing these factors is usually based
on empirical methods [35]. The cost function is not limited to this form; other terms
such as integral and squared terms can also be used for meeting the requirements of
different applications. The operation of absolute values in (6.16) consumes a great

amount of execution time, and therefore they can be replaced by the square operation.
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Here the input power factor control is achieved by regulating the reactive power. The

reactive power is calculated using

0= %( s-p 5o " Vsoa 'iS—ﬂ)ﬂ P= %(vSa T o TV 'iS—ﬂ) (6.17)

where Q and P represent the reactive and active power. vs.q, gand is., g represent the a
and £ components of source voltages vs4, sp sc and currents is4, sp, sc, and they are

obtained using abc to aff transformation

u, (6.18)
R

where uq, pand uq, », - stand for the variables in the af and abc systems.
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From the above descriptions, the model predictive voltage controller for the direct MC
in an islanded microgrid can be illustrated by Fig. 6.5. In this figure, the measured
variables are denoted by the solid arrow lines, while the dashed arrow lines represent
the observed variables. The calculated variables are shown by the dot-dashed lines. It is

worth noting that the algorithm sample delay can be compensated in this controller [36].

Matrix converter

Input Output
DG filter filter Load
Ve [A] ) [! ]
j|raun'|c v i A
fue [K] N i b Vacl]
= "f 1 | Load currents |
 Source voltages | | observers (6.14) !
| observers (6.14) | Cost function minimization (6.16) e e !
_____ e Optimal switch selection 1 [#
| f(.’h [‘(]
| F Y . T T r :
Voioi [,{-]{ ipe [k +1] v, 10 Vare [£+1] |
TG 75 St 4 3 i i e 5 |
‘lr ¥ . |_ | ¥ ¥
.| Input current | _ . _. Calculation, _ _ Output voltage
prediction (6.8) I_(Z.]. 2.2) | prediction (6.7)
(27 states) iz [K] Ve k] (27 states)

Fig. 6.5 The predictive voltage controller scheme for MC in an islanded microgrid.
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6.1.5 Simulation Results

In order to verify the proposed strategy, simulation tests were carried out and the results
are shown in this section. The simulation parameters are tabulated in Table 6.1. The
MPC controller parameters for each test are shown in the figure captions for clarity.
Since this work focuses on the islanded operation mode, the stable voltages should be
maintained under various load and input conditions. The execution time of the
algorithm was around 61 ps and the sampling interval should be long enough for the
code to be executed. As a result, a sampling time of 80 ps was used. In all the following

figures, the black dashed voltage waveforms denote the voltage references.

Table 6.1 Simulation system and controller parameters

[V ] LA CAB RA Loa Caa Roa fs ﬁ; Q,k Ts
PR i) [WF] (@]  [mH] [WF] (]  [Hz] [Hz]  [VAr]  [us]

100 6.8 9.5 0.5 8 40 0.5 50 50 0 80

Fig. 6.6 shows the steady-state test results for an inductive load (R; = 20 Q, L; = 14
mH). The amplitude and frequency of output line-to-line voltages were set to 40xV3 V
and 50 Hz. Fig. 6.6(a) shows the regulated three-phase output voltages, and the fast
Fourier transform (FFT) analysis is shown in Fig. 6.6(b). As seen in the figure, the
output voltages can be regulated to track the prescribed references effectively. In IEEE
standard Std-519, the recommended harmonic voltage limits are 5 % for the individual
harmonic and 8 % for the total harmonic distortion (THD). As seen in Fig. 6.6(b), the
regulated voltage satisfies these requirements. Fig. 6.6(c) shows the system source
voltage and current. The input power factor is not regulated in this test, and therefore
there exists an obvious phase difference between the voltage and current. The result of
controlled input power factor will be shown later. Fig. 6.6(d) compares the estimated
load currents (ige, pe, ce - Solid lines) and measured loads currents (i, », - - dashed lines). A

good match between the estimated and measured curves is achieved.
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Fig. 6.6 Simulation results: (a) regulated output line-to-line voltages, (b) FFT analysis result and
harmonic spectrum for v, (c) source voltage and current waveforms, (d) estimated and measured load

currents. (11=1, 1,=0, 13=0, 14=0).

Table 6.2 Investigation of VTR versus output filter parameters

Case L, [mH]  Cou[nF] Fundamental VTR THD [%]
1 2 40 46.23 0.9246 4.79
2 8 40 45.82 09164 5.55
3 15 40 44.98 0.8996 5.43
4 8 10 44.75 0.8950 6.56
5 8 30 45.52 0.9104 5.98
6 8 60 46.23 0.9246 4.27
7 2 10 46.01 0.9202 8.77
8 15 60 45.94 0.9188 3.89

As analysed in the previous section, an output filter can help improve the VTR. Table
6.2 demonstrates the VTR performance for different values of L., and Cy, as studied in
the previous section. As seen in Table 6.2, the VTR is larger than 0.866 for all the cases
presented in the table. Here the reference amplitudes are the same as the source voltage
amplitudes. The fundamental output voltage amplitude is used when investigating the
VTR. It is worth noting that the fundamental amplitude is normally lower than the peak
amplitude. Therefore, the consideration of peak amplitude can lead to a slightly higher
VTR. Increasing voltage references can also result in an increase in VTR while the

distortions will deteriorate. The voltage waveforms corresponding to these cases are
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shown in Fig. 6.7. From these results, it is concluded that good voltage regulation
performance with improved VTR can be achieved with the proposed strategy by

selecting appropriate filter parameters.

(2 (h)

Fig. 6.7 Simulation results: output voltage waveforms corresponding to the parameter combinations listed

in Table 6.2.
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In addition to the voltage regulation, the predictive control can also control the input
power factor, common-mode voltage and the switching frequency. These results are
presented in Fig. 6.8. The source voltage and current with the controlled input power
factor are shown in Fig. 6.8(a). As observed in this figure, the current is nearly in phase
with the voltage. A unity power factor is achieved with the proposed controller. Fig.
6.8(b) demonstrates the common-mode voltage reduction performance. From this
figure, it is observed that the common-mode voltage is heavily suppressed. The
common-mode voltage reduction is especially beneficial to motor loads. Fig. 6.8(¢c)
compares the unregulated and regulated averaging switching frequencies of the
switches. As seen, the average switching frequency can be regulated effectively. The

lower switching frequency can result in lower switching losses.
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Fig. 6.8 Simulation results: (a) source voltage and current with controlled power factor with 1,=0.0067,

(b) uncontrolled and controlled common mode voltage with 13=25, (c) uncontrolled and controlled
average switching frequencies with 44,=0.09, (d) simulated intermittent source voltages and controlled

output voltages.

In a renewable DG based microgrid, the source voltage may suffer from an intermittent
disturbance because of the discontinuity of a renewable energy source. This was
simulated by adding the disturbance signal of 10xsin(20zf) V to the source voltages.
The source voltages and regulated output voltages are displayed in Fig. 6.8(d). It can be
concluded from this figure that the output voltage can be controlled effectively,
although the source voltages are unbalanced and have disturbances. The proposed
scheme was also tested under an unbalanced load and a nonlinear load. However, these
results are not presented here because the regulated voltage waveforms are very similar

to the results shown in Figs. 6.6(a) and 6.8(d). Instead, the corresponding experimental
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results will be shown in the next section. The simulation results in this section verify the

feasibility of the proposed scheme and effectiveness of the proposed controller.

SN
[

]

W\

N NN

(b)

Fig. 6.9 Hardware setup for verifying the proposed scheme: (a) MC system comprising (1) MC prototype,
(2) IGBT drivers power supply, (3) microprocessor control card, (4) ADC conditioning circuits, (5)
sensors boards, (6) input filter inductors, (7) output LC filters, (8) inductive loads, (9) clamp circuit,
input filter capacitors, (b) nonlinear load with R=30Q and C=1700uF.

6.1.6 Experimental Validation

In order to further validate the feasibility and effectiveness of the proposed strategies,
the MC set-up previously described was modified and the experimental work was
carried out. The experimental set up is shown in Fig. 6.9(a). Fig. 6.9(b) shows the
nonlinear load used to perform the nonlinear load test. A serial communications
interface was used for the communication between the host computer and DSP card for

sending command and receiving data. The analog to digital conversion (ADC) and
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peripheral circuits were employed to process the signals from voltage and current
sensors. The enhanced pulse width modulator blocks were used to generate the control

pulses.

In the experimental tests, the amplitude and frequency of output line-to-line voltages
were set to 40xV3 V and 50 Hz. The reference voltages are denoted by the dashed lines
in the following figures. Other system parameters are shown in Table 6.1 which are
same as the simulation parameters unless elsewhere specified. Figs. 6.10(a)-(c) show
the regulated output voltage waveforms tracking reference voltages of different
frequencies (25, 100 and 50 Hz). The corresponding currents are shown in the bottom
part of each figure. Here only two phases (vas, Vi and i, ip) are shown for clarity, and
the THD values are shown at the top-right corner for vas. These results demonstrate the
effectiveness of proposed controller in regulating the output voltage with a wide
frequency range. The MC can be employed to interface two systems that are greatly

different in frequencies.

(b)
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2A/div 10ms/div g

¢

Fig. 6.10 Experimental waveforms: (a) output voltage and currents when f,=25 Hz, (b) output voltage and

currents when f,=100 Hz, (c) output voltage and currents when f,=50 Hz, (d) source voltage and current
when £,=50 Hz, (e) output voltage and current responses to load connection, (f) output voltage and current

responses to load disconnection. (11=1, 1,=0, 13=0, 14=0).

Fig. 6.10(d) shows the experimental waveforms of the source voltage and current with
uncontrolled input power factor. An obvious phase difference exists between the voltage
and current. The results with the controlled input power factor will be shown in the later
part of this section. Fig. 6.10(e) displays the output voltage and currents responses to
load connection. At the beginning, there is no load connected to the output terminals, so
the load currents are zero. There is no obvious perturbation in the regulated voltages
when the load is applied. In contrast, Fig. 6.10(f) shows the responses to load
disconnection. This figure verifies when the load is shed, the output voltage can be
regulated effectively. The THD values in these results are low, ranging from 4.55 % to
5.11 %. The voltage quality in terms of harmonics distortion complies with the

requirements in IEEE standard Std-519.

In Fig. 6.11, the experimental results for the regulated input power factor and common-
mode voltage are shown and compared with the unregulated waveforms. In Fig. 6.11(a),
the regulated input power factor is increased to 0.981 from 0.943. The power factor was
obtained from a FLUKE clamp meter. The power factor values shown in the figure are
the averaged values based on several readings. This is because of the varying power
factor caused by the current distortions. From Fig. 6.11(b), it is evident that the

common-mode voltage is suppressed dramatically.

148



Chapter 6: Predictive Control for Microgrid and Other Conversion Possibilities

Yy _~—|power factor=0.943 J—~
2\ 20V/div ' / i

N Sms/div L N

B E—

T T T T
e VSA _—~\power factor=0.981 Lﬁ“\\
N 20vidive 7

AN . . \\\ > \, .
- N S Sms/div ~ 7 A

L v N i

~

I 50V/div |

10ms/div

-—>

(b)

Fig. 6.11 Experimental waveforms: (a) uncontrolled and controlled input power factor with 4,=0.0067, (b)

uncontrolled and controlled common mode voltage with 3=25.

Fig. 6.12 presents the experimental results for the nonlinear load, unbalanced load and
unbalanced input tests. The nonlinear load used for Fig. 6.12(a) was a three-phase diode
bridge rectifier with a capacitive load, as shown in Fig. 6.9(b). As shown in Fig. 6.12(a),
the output voltage can be regulated effectively under the nonlinear load test. The output
current is distorted in a manner similar to the current in common rectifier applications
(even with ideal voltage supplies). The current can be improved with extra filters. Fig.
6.12(b) shows the results of unbalanced load test. For the unbalanced load test, the
resistors for each phase were changed to 20, 12 and 8 Q respectively while the inductors

were kept at 14 mH.
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Fig. 6.12 Experimental waveforms: (a) output voltages and currents for nonlinear load test, (b) output
voltages and currents for unbalanced load test, (c) input voltages and currents for unbalanced input test,

(d) output voltages and currents for unbalanced input test.

Since it was not practical to implement the intermittent tests, tests under unbalanced
input were performed instead. This is achieved by inserting a 5 Q resistor in phase 4,
between the source supply and the MC. The resulted supply voltages are shown Fig.
6.12(c) while the regulated output voltages and load currents are shown in Fig. 6.12(d).

As can be seen, a stable voltage is maintained even when the source is unbalanced.

The proposed scheme has been tested under various load and input conditions as
described above. The experimental results verify that the output voltage can be
effectively controlled to provide a stable voltage supply with good quality to different

loads. The voltage harmonic distortions are under the limits set in [EEE Std-519.

6.1.7 Conclusions

An MC can fulfill direct AC/AC conversion and it can be used to interface different
systems with appropriate control strategies. The work in this section proposes a
renewable energy based microgrid involving a direct MC. The LC filters are connected
to the output terminals to provide a stable sinusoidal voltage supply to the load. The
predictive voltage control is developed, and this involves various control objectives
including sinusoidal output voltages, unit input power factor, common-mode voltage
and averaging switching frequency reduction. The main control objective is to supply
the stable voltage to various loads under various input and load conditions including
unbalanced and nonlinear loads. A renewable energy based DG may suffer from the

intermittent disturbance and unbalance which are also investigated in this work. Various
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tests validate the effectiveness of MC when applied in an islanded microgrid. The VTR
is improved and it is supported by the theoretical analysis. Luenberger observers are
adopted in the work to reduce the required number of sensors, thus the cost. Their
effectiveness is verified when used in a predictive voltage controller. The simulation

and experimental results verify the feasibility and effectiveness of the proposed strategy.

6.2 Predictive Control for Other Conversion Possibilities

The three-phase direct MC has been researched exclusively as a direct AC/AC
converter, being an alternative to the conventional AC/DC/AC converter. Other
possibilities of the MC such as AC/DC, DC/AC and DC/DC conversion still remain
unexplored. This section firstly explores these possibilities and puts forward a concept
of versatile converter. With one MC, different conversion purposes can be
accomplished as required. The MC based conversion has some advantages compared
with other converters. MPC is applied in this work to control the MC to perform the
required conversion goals. A generalized model is obtained for all types of conversion.
With MPC, different objectives and constraints can be easily included in the control
scheme. In addition, the observers are used to reduce the number of voltage and current
sensors. Simulation results verify the effectiveness and feasibility of AC/DC, DC/AC
and DC/DC conversion with the MC.

6.2.1 Introduction

Smart grids and eco-friendly distributed generation systems are growing in popularity
[37]. Power electronic converters are becoming common components in the power
industry and they are becoming more important especially in the context of modern
smart grids involving various renewable energy sources and energy storage systems.
They play a vital role in various areas such as renewable energy integration, grid
synchronization, energy conversion and power control [38-40]. Power electronic
converters can be generally classified into following four types: AC/AC, AC/DC,
DC/AC and DC/DC converters. Almost all power electronic converters are employed
for one unique purpose of conversion only, such as a rectifier for the AC/DC

conversion, an inverter for the DC/AC conversion and a Buck-Boost converter for the
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DC/DC conversion. However, the modern power industry requires more flexibility in
power conversion and control strategies [41][42]. Different converters are required in
different situations. Therefore, it is beneficial if one converter can perform any
conversion function when required. The concept of versatile conversion with the MC
was put forward in [19] where a three-phase direct MC was proposed for the stand-
alone operation of an AC microgrid to supply stable and sinusoidal voltages to local

loads.

The direct three-phase MC has been considered as an alternative to the traditional
AC/DC/AC converter. It is suitable for a wide range of applications including
renewable energy and aerospace systems [43]. It has advantages such as compact
volume, bidirectional power flow, controllable input power factor, sinusoidal waveform,
direct conversion and longer life cycle [20]. Its derivatives have been proposed for
many applications [44]. However, the MC has only really been researched as an AC/AC
converter. This section investigates some interesting possibilities of the MC for other
types of conversion, i.e., AC to DC, DC to AC and DC to DC conversion, which leads
to a versatile converter. This illustrates some open research and potential application
areas of the MC, such as electric vehicles, AC and/or DC grid interface, renewable
energy systems, UPS and aircraft systems. Some features of different types of
conversion with the MC are compared with their traditional counterparts. Different
possibilities, except for AC/AC conversion which is already well known, are discussed

here.

e AC to DC conversion: in MC based conversion, the capacitance required at the DC
side is reduced markedly compared with common rectifiers [45], from hundreds or
thousands of microfarads to several tens of microfarads. As there are three terminals at
the output side, three levels of DC voltage can be obtained, which results in the
increased flexibility. Interestingly, the MC based AC/DC converter can be used as
either the boost or buck type of converter to supply DC loads with a wide voltage range.
The output DC voltages can cover a wide range (being able to reach zero), and the input
power factor can be regulated to reach unity. This is advantageous considering more
stringent requirements on the current THD and power factor. Unity input power factor
can be maintained even under low DC output voltage operations. This conversion

topology can handle the issues of unbalanced input AC supplies.
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e DC to AC conversion: with the MC, up to three independent DC voltages can be
connected to the input side. This structure can handle the common mode voltage which
is intractable with traditional DC/AC inverter drives [46]. In this structure, the large
electrolytic capacitors are not required at the DC side. Other benefits of the traditional

DC/AC inverter are still retained with this structure.

e DC to DC conversion: it is worth noting that DC to DC conversion is possible with
the MC although it is not very practical to do so because of the high number of
switches. However, both input and output have three terminals which can enable the
best use of switches and flexible use of DC sources. High power capacity can be

achieved.

MPC is a simple yet powerful control for power electronic converters [30]. It is used in
this work to achieve the desired control objectives. Various control objectives and
system constraints can be easily included in this control strategy. It is very easy to
understand and implement. A generalized MPC is employed in this work to control all

types of conversion.

6.2.2 Versatile Conversion and Simulation Results

Simulation results are presented in this section for AC/AC, AC/DC, DC/AC and
DC/DC conversions. The system parameters are shown in Table 6.3. The sampling time
Ty is set to 1x10 s. The weighting factors vary from case to case depending on the
control objectives. The power sources and filter parameters should be appropriately
adjusted according to the requirement of each type of conversion. The loads for AC/AC
and DC/AC conversion are inductive loads, while the loads for AC/DC and DC/DC

conversion are capacitive loads.

Table 6.3 Simulation system parameters.

LA CAB Roa LL

PV R an wp @ (i WD

Loa(mH) Ca (WF)  RL(Q)

220 0.5 32 2 0.5 4.8 10 50 10 20

154



Chapter 6: Predictive Control for Microgrid and Other Conversion Possibilities

(a). AC-AC Conversion
AC to AC conversion using the MC (shown in Fig. 6.13) has been researched, mainly
focusing on the output current control. However, the output voltage control of an MC is
rarely investigated. The stand-alone operation of an MC based AC microgrid was
proposed in [46] to supply stable and sinusoidal voltages to the loads. In [46], the input
power factor, common-mode voltage and switching frequency are considered in the

MPC; therefore, they are not presented here.

AC source AC/AC Inductive load

A VsA Matrix converter |
| o Sa:

B YSB| Input

Output _Wm_‘
l H Fltar ]
—CON filter % . | | fiter
C Vsc

Fig. 6.13 Diagram for AC/AC conversion using MC.

(b). AC-DC Conversion
Regarding AC to DC conversion shown in Fig. 6.14, the output voltage and input power
factor are regulated. Reference voltages for three DC output terminals are [100 -33.33 -
66.67] V before 0.05 s and [100 -33.33 -66.67] x 1.5 V after 0.05 s. The output DC
voltages can be obtained either from each terminal (level) or from two terminals to get
the difference between two levels. Simulation results are shown in Fig. 6.15. From Fig.
6.15(b), it is evident that the dynamic response is fast and zero steady state error is
maintained. The voltage and current of phase 4 input are shown in Fig. 6.15(c) and they

are in phase (unity power factor operation).

AC source AC/DC Capacitive load
A Vsa Matrix converter

oSA

B Vsn anut

"_®" filter .
C Vsc

Fig. 6.14 Diagram for AC/DC conversion using MC.
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Fig. 6.15 AC/DC conversion (a) input voltages, (b) output voltages and (¢) unity input power factor

operation for the input phase 4.

(c). DC-AC Conversion
One of the main applications of DC/AC converters is the AC motor drive where a
rectifier is usually needed to generate a DC voltage supply. In this case, AC/AC
conversion using the MC can be applied, eliminating the DC link in the traditional
AC/DC/AC drive structure [47]. Another main application of DC/AC converters is the
integration of DC energy sources into an AC grid. This is the main interest of this work.
Although up to 3 independent DC supplies can be utilized at the input as shown in Fig.
6.16, only one DC source is considered here to make it comparable with traditional
DC/AC converters. Therefore, the DC voltage supplies vsg and vsc are short circuited to

the negative pole of vss (not just removed). The reference output AC voltages are
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[50sin(1007:¢) 50sin(100mz-27/3) 50sin(100m4+27/3)] V before 0.05 s and [90sin(1007z)
90sin(100mz-271/3) 90sin(100m+27/3)] V after 0.05 s. The output voltage is shown in
Fig. 6.17(a). It is evident that the voltage tracking performance is good and dynamic
response is fast. With only one DC source, the common-mode voltage cannot be
handled effectively. The common-mode voltage reduction for the case of two DC
sources is shown in Figs. 6.17(b) and (c). The common-mode voltage is suppressed

significantly.
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Fig. 6.17 DC/AC conversion (a) output voltages, (b) unregulated common-mode voltage and (c) regulated

common-mode voltage.

(d). DC-DC Conversion
DC/DC conversion using an MC requires too many semiconductor devices compared to
traditional DC/DC converters [46][48]. However, both input and output have three
terminals enabling the input and output to be connected to three DC sources and three
loads respectively as shown in Fig. 6.18. The power capacity can be improved with this
structure. In this type of conversion, some of the 9 switches will be underutilized and
this depends on the input and output arrangements. Simulation results are shown for
single DC input and three DC output. Output voltage references are [60 0 -60] V before
0.05 s and [100 0 -100] V after 0.05 s. Output voltages are shown in Fig. 6.19(a) and
their performance is acceptable. Large electrolytic capacitors are not required in this
topology. The average switching frequency of 9 switches in the MC is shown in Fig.
6.19(b). As seen from this figure, some of the switches are underutilized and this is

related to the input and output connections.

DC source DC/DC Capacitive load
A Vsa Matrix converter
A o 5 —
VsB Input Out
put CL
l"“— l— filter ‘%’ . filter R]_ »
Vsc
C
[l T —

Fig. 6.18 Diagram for DC/DC conversion using MC.
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Fig. 6.19 DC/DC conversion (a) output voltages and (b) average switching frequencies of 9 switches in
the MC.

6.2.3 Conclusions

This section puts forward a discussion of a versatile converter based on the direct three-
phase MC. Different types of conversion, i.e., AC/AC, AC/DC, DC/AC and DC/DC can
be performed as required. MPC is adopted to control the MC based on a generalized
model. Various control objectives and system constraints can be considered in the MPC
controller. Power can flow bidirectionally through the MC. Simulation results verify the
feasibility of the proposed scheme and demonstrate the features for each type of

conversion. Other aspects regarding this topic such as PWM techniques and control
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methods development, switching losses investigation and application exploration are
open for research. Further work needs to be done to fully investigate the working
mechanism of each type of conversion with the MC. The operation of different
scenarios under various input and load conditions needs to be further investigated too.
To conclude, the MC cannot only be used as an AC/AC converter, but also as AC/DC,
DC/AC and DC/DC converters.

6.3 Summary

In this chapter, predictive control is used to explore the application of direct MCs in
microgrids. The MC is regulated to supply stable three-phase sinusoidal output voltages
for the load in the islanded microgrid. The grid-connected operation will be investigated
in the future work. The MC’s potential conversion possibilities for AC/DC, DC/AC and
DC/DC are also investigated in this chapter.

The materials presented in this chapter have been published in [19] and [23].
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7 CONCLUSIONS

This chapter concludes this thesis and outlines further work that can be carried out in

the future.

7.1 Conclusions

The direct matrix converter (MC) offers many advantages such as bidirectional power
flow, controllable power factor, high power density, increased system reliability and the
potential to serve as a versatile converter. However, there are some drawbacks
associated with this converter. This thesis tries to find solutions to some of these issues
and key findings have been reported in other chapters. These include: (1) a simple
control method of an MC based unified power flow controller (MC-UPFC); (2)
improvement of the steady-state performance; (3) a simple hysteresis band controller for
an MC-fed AC drive; (4) applications of the MC in smart grids and distributed
generations; and (5) improvement of voltage transfer ratio with an LC filter and

predictive control.

In this thesis, some control strategies and potential application areas of the three-phase
direct MC were investigated. Conclusions for each work were summarized at the end of
each chapter. Most research objectives have been achieved. It is concluded that the MC
is a promising converter that can be applied in various areas especially in motor drives

and microgrids due to many benefits that this converter can provide.
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The control strategies including space vector modulation, proportional-integral control,
proportional-resonant control, hysteresis-band (HB) current control, direct torque
control, and model predictive control. Some derivatives were investigated in this thesis
for the three-phase direct MC. These control strategies can be applied in different fields
depending on specific applications. Some of the control strategies proposed in this

thesis can be readily extended to other converters.

In terms of application areas, the work in this thesis illustrates that the MC can be used
as a unified power flow controller in transmission systems, motor drives, distributed
generation systems and both islanded and grid-connected microgrids. These

demonstrate the potential areas where the MC can be applied.

7.2 Future Work

Research work has been carried out and some objectives have been achieved as
presented in this thesis. However, more research still needs to be done to develop MC
technology. Based on the work presented in this thesis and other work reported in the

literature, further potential areas of investigation are summarized as follows.

(1) The application of the MC in regulating power flow of a transmission system needs
to be further investigated especially in the experimental environment. Here the MC is
employed to interface two AC systems that have the same frequency, which is an

important field.

(2) The HB controlled MC has been investigated for motor drives in Chapter 4.
However, the MC input current is not controlled effectively. SVM can be combined
with the proposed HB controller to control a motor drive and the MC input current at
the same time. In addition, constant switching frequency can be achieved with this

strategy.

(3) When used in a microgrid, the MC can be utilized in both islanded and grid-
connected modes. The control of the MC in the islanded mode has been investigated.
The effectiveness of the MC in islanded mode has been validated experimentally.
However, the effectiveness of the MC in grid-connected mode is not validated

experimentally.
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(4) The MC can carry out AC/DC, DC/AC and DC/DC conversion in addition to
AC/AC conversion. This proposal needs further investigation in terms of specific
modulation techniques, as well as the advantages and disadvantages when compared
with traditional converters. This should be done through theoretical investigation and

experimental work. Potential application areas need to be investigated as well.

(5) Model predictive control is a simple and powerful tool for power electronic
converters including MCs. However, due to the heavy computational burden caused by
a large number of control actions in MCs, and design of weighting factors for different
objectives, model predictive control is not very practical to implement. Sequential
model predictive control is a modified control strategy that does not require weighting
factors and reduces the computational burden. This method can be exploited in MCs
and other converters as well used to simplify the design process and improve the

performance. This area is expected to attract more research attention.
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APPENDIX A

DERIVING EQUATIONS FOR DIRECT SVM

In order to obtain the equations (2.9) to (2.14) in Chapter 2, the following steps can be
followed.

According to Fig. 2.3(a) in Chapter 2, the following equations are obtained for the
voltage vectors,

‘V:B‘ztxl Val+ta Ve :ZZV%I;(G) (A.1)
2V sin(x/3-6
|Va|:ty1‘Vy1‘+ty2‘Vy2‘:7; osm\(g ) (A.2)

where Vi, Vi2 and V), Vy2 are the appropriate active vectors chosen to form V, and Vp
respectively. |V] denotes the amplitude of the vector V. #y, t2 and ¢, t,» are their
corresponding working time as expressed by

ly=t,+1,

(A3)
e =l o (A4)
ty =1~ +1y) (A.5)

where T is the cycle period (also the switching period); 4, 7 and fp; are the time for V,,
Vs and zero vectors. Their corresponding duty cycles are:

! t/)’ _tl

D“:Fa’ Dﬂ:F, DOI_F, 0<D,,D;,D, <1, D,+Dy+D, =1

Although the amplitudes of active vectors vary with the input voltages, their
instantaneous values can be replaced by the sampled value during a sampling period
since the sampling time is usually very short. When both the output voltage and input
current vector lie in sector (1) of their hexagons, vector numbers *1, +3, +7 and +9
should be selected. However, the selection of +1, -3, -7 and +9 renders lowest switching
actions. According to Fig. 2.3(a), the following equations are obtained:

2V sin(0)
~t V| +t, V| =T === A6
AVl +talV o] =T 7 (A.6)
2Vsin(zx/3-6
AVl =1 ZEEE a)

Similar to the above analysis, based on Fig. 2.3(b), the relationships pertaining to the
current vectors are obtained:

21 sin(p)

] =—, 5 (A.8)

I+9|+tyl|l—3| =7;
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21sin(rr/3-p)

‘IY‘ =l ]—7|+ty2 |I+1| =1 J3 (A-9)
ts=t,+1, (A.10)
t,=t,+1, (A.11)

ty =T, —(t,+1,) (A.12)
t
D=, D, :’T_s, D, :t;_Z, 0<D,,D;,Dp, <1, D,+Dys+Dy, =1

According to (A.6) to (A.9), t.1, tx2, ty1, and 2 can be solved. However, it is easier to use
the following equations.

La I+9| — 22 I—7| (A 13)
sin(p) sin(z/3-p) .
Gl 1l (A.14)

sin(p) sin(z/3—p)

Here (A.13) and (A.14) are obtained based on the Sine law. According to (A.6), (A.7),
(A.13) and (A.14), 1, tx2 and ty1, ty2 are derived:

2 v, sin()sin(p)|1_,|

=B W sinGe 13- p)— Vo[ Lofsin(p) (A-19)
o ” %Tf VJ”I?:E((: 38;11(2)/3 |_Vp |)||11_:9||sin(p) (A1)
O A TR R R T TR —
b = %Ts VLSZTSLS /_30382(: I//33 ﬁ]ﬂ |s€nz(| p) (A.18)

As I+1 and I3, 17 and I+ have the same absolute amplitude, (A.15) to (A.16) are
simplified to:

‘= 2 T . V. sin(@)sin(p) ' (A.19)
V3V [sin(z /3= p) = |V.,sin(p)
‘= 2 T Vo sin(@)sin(z /3 - p') (A.20)
3 |V_7|sm(7z/3—p)—|V+9|sm(p)
(= 2 T VO sin(z /3— 9)sm(p') (A21)
3 K1|sm(7r/3—p)+|l{3|sm(p)
_2 T V sin(z /3 —6)sin(x /3 - p) (A22)

T V. [sin(z /3= p)+[V,]sin(p)
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Substituting the amplitudes of Vi1, V3, V7 and Vig (expressed in Table 2.1) into (A.19)
to (A.22) results in:

2 V. sin(@)sin(p)

N A.23

B Veos(wt—p—7/3) (A.23)

:iT V sin(@)sin(z /33— p) (A24)
NEa Veos(wt—p—r/3)

[ = 2 T V. sin(zr /3—6)sin(p) (A25)
M3 Veos(wt—p—1/3)

; :iT V. sin(z/3—6)sin(x /3 - p) (A26)

2B Veos(wt-p-n/3)

Based on the phase angle relationship between the input voltage and current, (A.23) to
(A.26) can be simplified into:

2 sin(@)sin(p)
—g 7 2P
txl q\/§ K COS(@) (A27)

2 T sin(@)sin(z /3 - p)

{o=g— A28
x2 q\/g K COS(%) ( )
2 sin(zr/3—-6)sin(p)
I —T .
IR T sl )
2 sin(z/3-60)sin(z/3-p)
SN cos(¢)) R
to+t, e, <T, (A.31)
ty=T,—(t,+t,+t,+1,) (A32)
:Vo | V3eos(p) | \/gcos(@)zo 866c0s(,) (A.33)

7, 2 sm(9+;r/3)sm(p+;r/3)\

If any of the times is less than zero, the corresponding reverse vector should be selected
instead of the assumed vector. For example, if &1 < 0, /+1 and V41 should be selected
rather than Z; and V.;. The maximum VTR can reach V3/2 (= 0.866) when the input
power factor is unity and 4 and p are equal to /6 simultaneously.

In Table 2.3, only the positive vectors are assumed to be applied. Considering this
assumption and the lowest switching actions, the general equations for all the situations
in Table 2.3 can be obtained in

_( qymen sin(@)sin(p)
ty =01 \B =l co5(#) (A.34)
m+n+1 Sln(e)Sln(ﬂ- / 3 p )
=(-1 \/57}61 cos() (A.35)
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2 sin(7r / 3—6)sin(p)

{ = _1 m+n+l_T A36
min 2 sin(z/3—-6)sin(z/3— p)
t,=C=D"—=T, A37
|txl|+|tx2|+|ty1|+|ty2|S]; (A38)
=T —(t |+t +]2,|+]1,]) (A.39)
where 6 and p are:
0 = mod(w,t +¢,27) —@ (A.40)
(n-OHz
pzmod(a)it—(oi+7r/6,27z)—T (A.41)

Here m and n (m, n =1, 2, 3, 4, 5, 6) are the m™ output voltage vector sector and the n'h
input current vector sector. m and n can be calculated based on the phase angle of output
voltage and the phase angle of input current respectively using

m =int{m0d(a)”t+(p’2ﬂ )}rl (A.42)
/3

n =int[m0d(a)it _(";;”/ 6’2”)}1 (A.43)
T

where int(k) is a function to get the nearest integer that is smaller than £ and mod(#, k) is
a function to get the remainder of //k.
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APPENDIX B

LOOK-UP TABLES FOR SYMMETRIC SWITCHING
This appendix presents the exhaustive look-up table of symmetric switching sequence
for the indirect SVM. The first row shows the sequential time slots in a sampling
interval, and the first column indicates the switches in a direct matrix converter. Here a
value of ‘1’ means the corresponding switch is turned on and ‘0’ means off. The time

slots are distributed symmetrically throughout the sampling interval.

Table B.1 look-up table of the symmetric switching sequence for the indirect SVM. (k, = 1; ki = 1)

ta/2  tsa/2  tsp/2  typ/2  to/2  to/2  tp/2  tsp/2  tsa/2  tya/2
Sa 1 1 1 1 0 0 1 1 1 1
Spa| O 0 0 0 0 0 0 0 0 0
Sca| O 0 0 0 1 1 0 0 0 0

Sab 0 1 1 0 0 0 0 1 1 0
Skb 1 0 0 0 0 0 0 0 0 1
Scp 0 0 0 1 1 1 1 0 0 0

Table B.1. Continued. (k,= 1; ki = 2)

tya/2 tsa/2  tsp/2 /2 to/2 to/2 tp/2 tsp/2  tsa/2  tya/2
Sha 1 1 0 0 0 0 0 0 1 1
SBa 0 0 1 1 1 1 1 1 0 0
Sca 0 0 0 0 0 0 0 0 0 0

Sab 1 0 0 0 0 0 0 0 0 1
Sbb 0 0 0 1 1 1 1 0 0 0
Scp 0 1 1 0 0 0 0 1 1 0

Sac 0 0 0 0 0 0 0 0 0 0
Ske 0 0 0 0 1 1 0 0 0 0
Sce 1 1 1 1 0 0 1 1 1 1
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Table B.1. Continued. (k.= 1; ki=3)

twa/2 tsa/2 tsp/2 tp/2 to/2 to/2 /2 tsp/2  tse/2  tya/2
Saa 0 0 0 0 1 1 0 0 0 0
SBa 1 1 1 1 0 0 1 1 1 1
Sca 0 0 0 0 0 0 0 0 0 0
Sab 0 0 0 1 1 1 1 0 0 0
SBb 0 1 1 1 1 0
Scb 1 0 0 0 0 0 0 0 0 1
Sac 0 0 1 1 1 1 1 1 0 0
Sbe 0 0 0 0 0 0 0 0 0 0
Sce 1 1 0 0 0 0 0 0 1 1

Table B.1. Continued. (k,=1; ki=4)

ta/2 tsa/2 tsp/2 tp/2 to/2 to/2 /2 tsp/2  tsa/2  tya/2
Saa 0 0 0 0 0 0 0 0 0 0
SBa 1 1 0 0 0 0 0 0 1 1
Sca 0 0 1 1 1 1 1 1 0 0
Sab 0 1 1 0 0 0 0 1 1 0
Ssb 1 0 0 0 0 0 0 0 0 1
Scb 0 1 1 1 1 0
Sac 1 1 1 1 0 0 1 1 1 1
SBe 0 0 0 0 0 0 0 0 0 0
Sce 0 0 0 0 1 1 0 0 0 0

Table B.1. Continued. (k.= 1; ki =5)

tya/2  tsa/2 tsp/2 tp/2 to/2 to/2 /2 tsp/2  tsa/2  tya/2
Saa 0 0 0 0 0 0 0 0 0 0
SBa 0 0 0 0 1 1 0 0 0 0
Sca 1 1 1 1 0 0 1 1 1 1
Sab 1 0 0 0 0 1
Ssb 0 0 0 1 1 1 1 0 0 0
Seb 0 1 1 0 0 0 0 1 1 0
Shc 1 1 0 0 0 0 0 0 1 1
SBe 0 0 1 1 1 1 1 1 0 0
Sce 0 0 0 0 0 0 0 0 0 0
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Table B.1. Continued. (k,= 1; k; = 6)

tya/2 tsa/2  tsp/2 /2 to/2 to/2 /2 tsp/2  tsa/2  tya/2

Saa 0 0 1 1 1 1 1 1 0 0
SBa 0 0 0 0 0 0 0 0 0 0
Sca 1 1 0 0 0 0 0 0 1 1
Sab 0 0 0 1 1 1 1 0 0

Sbb 0 1 1 0 0 0 0 1 1 0
Scp 1 0 0 0 0 0 0 0 0 1

Sac 0 0 0 0 1 1 0 0 0 0
Sbe 1 1 1 1 0 0 1 1 1 1
Sce 0 0 0 0 0 0 0 0 0 0

Table B.1. Continued. (k,=2; ki=1)

te/2  tsa/2  tsp/2  tp/2 to/2 to/2 /2 tsp/2  tsa/2  tya/2

Sda 0 1 1 0 0 0 0 1 1 0
Ska 1 0 0 0 0 0 0 0 0 1
Sca 0 0 0 1 1 1 1 0 0 0
Sab 1 1 1 1 0 0 1 1 1 1

Ssb 0 0 0 0 0 0 0 0 0 0
Scp 0 0 0 0 1 1 0 0 0 0

Sac 0 0 0 0 0 0 0 0 0 0
SBe 1 1 0 0 0 0 0 0 1 1
Sce 0 0 1 1 1 1 1 1 0 0

Table B.1. Continued. (k, = 2; k;=2)

ta/2  tsa/2  tsp/2  tp/2 to/2 to/2 /2 tsp/2  tsa/2  tya/2

Sda 1 0 0 0 0 0 0 0 0 1
SBa 0 0 0 1 1 1 1 0 0 0
Sca 0 1 1 0 0 0 0 1 1 0
Sab 1 1 0 0 0 0 0 0 1 1
Sbb 0 0 1 1 1 1 1 1 0 0

Scp 0 0 0 0 0 0 0 0 0 0

Sac 0 0 0 0 0 0 0 0 0 0
Ske 0 0 0 0 1 1 0 0 0 0
Sce 1 1 1 1 0 0 1 1 1 1
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Table B.1. Continued. (k.= 2; ki=3)

twa/2 tsa/2 tsp/2 tp/2 to/2 to/2 /2 tsp/2  tse/2  tya/2
Saa 0 0 0 1 1 1 1 0 0 0
SBa 0 1 1 0 0 0 0 1 1 0
Sca 1 0 0 0 0 0 0 0 0 1
Sab 0 0 0 0 1 1 0 0 0 0
SBb 1 1 1 1 1 1 1 1
Scb 0 0 0 0 0 0 0 0 0 0
Sac 0 0 1 1 1 1 1 1 0 0
Sbe 0 0 0 0 0 0 0 0 0 0
Sce 1 1 0 0 0 0 0 0 1 1

Table B.1. Continued. (k,= 2; ki=4)

ta/2 tsa/2 tsp/2 tp/2 to/2 to/2 /2 tsp/2  tsa/2  tya/2
Saa 0 1 1 0 0 0 0 1 1 0
SBa 1 0 0 0 0 0 0 0 0 1
Sca 0 0 0 1 1 1 1 0 0 0
Sab 0 0 0 0 0 0 0 0 0 0
Ssb 1 1 0 0 0 0 0 0 1 1
Scb 0 0 1 1 1 1 1 1 0 0
Sac 1 1 1 1 0 0 1 1 1 1
SBe 0 0 0 0 0 0 0 0 0 0
Sce 0 0 0 0 1 1 0 0 0 0

Table B.1. Continued. (k,=2; ki=5)

tya/2 tsa/2 tsp/2 tp/2 to/2 to/2 /2 tsp/2  tsa/2  tya/2
Sia 1 0 0 0 0 0 0 0 0 1
SBa 0 0 0 1 1 1 1 0 0 0
Sca 0 1 1 0 0 0 0 1 1 0
Sab 0 0
Ssb 0 0 0 0 1 1 0 0 0 0
Seb 1 1 1 1 0 0 1 1 1 1
Shc 1 1 0 0 0 0 0 0 1 1
SBe 0 0 1 1 1 1 1 1 0 0
Sce 0 0 0 0 0 0 0 0 0 0
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Table B.1. Continued. (k, = 2; k; = 6)

tya/2 tsa/2  tsp/2 /2 to/2 to/2 /2 tsp/2  tsa/2  tya/2

Sta 0 0 0 1 1 1 1 0 0 0
SBa 0 1 1 0 0 0 0 1 1 0
Sca 1 0 0 0 0 0 0 0 0 1
Sab 0 0 1 1 1 1 1 1

SBb 0 0 0 0 0 0 0 0 0 0
Scp 1 1 0 0 0 0 0 0 1 1

Sac 0 0 0 0 1 1 0 0 0 0
Sbe 1 1 1 1 0 0 1 1 1 1
Sce 0 0 0 0 0 0 0 0 0 0

Table B.1. Continued. (k,=3; ki=1)

te/2 tsa/2  tsp/2  tp/2 to/2 to/2 /2 tsp/2  tsa/2  tya/2

Sda 0 0 0 0 0 0 0 0 0 0

Ska 1 1 0 0 0 0 0 0 1 1
Sca 0 0 1 1 1 1 1 1 0 0
Sab 1 1 1 1 0 0 1 1 1 1

Ssb 0 0 0 0 0 0 0 0 0 0
Scp 0 0 0 0 1 1 0 0 0 0

Sac 0 1 1 0 0 0 0 1 1 0
SBe 1 0 0 0 0 0 0 0 0 1
Sce 0 0 0 1 1 1 1 0 0 0

Table B.1. Continued. (k,= 3; k;=2)

te/2  tsa/2  tsp/2  tp/2 to/2 to/2 /2 tsp/2  tsa/2  tya/2

Sda 0 0 0 0 0 0 0 0 0 0
SBa 0 0 0 0 1 1 0 0 0 0

Sca 1 1 1 1 0 0 1 1 1 1
Sab 1 1 0 0 0 0 0 0 1 1
Sbb 0 0 1 1 1 1 1 1 0 0

Scp 0 0 0 0 0 0 0 0 0 0

Sac 1 0 0 0 0 0 0 0 0 1
Ske 0 0 0 1 1 1 1 0 0 0
Sce 0 1 1 0 0 0 0 1 1 0
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Table B.1. Continued. (k.= 3; ki=3)

twa/2 tsa/2 tsp/2 tp/2 to/2 to/2 /2 tsp/2  tse/2  tya/2
Saa 0 0 1 1 1 1 1 1 0 0
SBa 0 0 0 0 0 0 0 0 0 0
Sca 1 1 0 0 0 0 0 0 1 1
Sab 0 0 0 0 1 1 0 0 0 0
SBb 1 1 1 1 1 1 1 1
Scb 0 0 0 0 0 0 0 0 0 0
Sac 0 0 0 1 1 1 1 0 0 0
SBe 0 1 1 0 0 0 0 1 1 0
Sce 1 0 0 0 0 0 0 0 0 1

Table B.1. Continued. (k,=3; ki=4)

ta/2 tsa/2 tsp/2 tp/2 to/2 to/2 tp/2 tsp/2  tsa/2  tya/2
Saa 1 1 1 1 0 0 1 1 1 1
SBa 0 0 0 0 0 0 0 0 0 0
Sca 0 0 0 0 1 1 0 0 0 0
Sab 0 0 0 0 0 0 0 0 0 0
Ssb 1 1 0 0 0 0 0 0 1 1
Scb 0 0 1 1 1 1 1 1 0 0
Sac 0 1 1 0 0 0 0 1 1 0
SBe 1 0 0 0 0 0 0 0 0 1
Sce 0 0 0 1 1 1 1 0 0 0

Table B.1. Continued. (k.= 3; ki=5)

tya/2  tsa/2 tsp/2 tp/2 to/2 to/2 /2 tsp/2  tsa/2  tya/2
Sia 1 1 0 0 0 0 0 0 1 1
SBa 0 0 1 1 1 1 1 1 0 0
Sca 0 0 0 0 0 0 0 0 0 0
Sab 0 0
Ssb 0 0 0 0 1 1 0 0 0 0
Seb 1 1 1 1 0 0 1 1 1 1
Shc 1 0 0 0 0 0 0 0 0 1
SBC O 1 1 1 1 0
Sce 0 1 1 0 0 0 0 1 1 0
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Table B.1. Continued. (k, = 3; k; = 6)

tya/2 tsa/2  tsp/2 /2 to/2 to/2 /2 tsp/2  tse/2  tya/2

Saa 0 0 0 0 1 1 0 0 0 0
SBa 1 1 1 1 0 0 1 1 1 1
Sca 0 0 0 0 0 0 0 0 0 0

Sab 0 0 1 1 1 1 1 1

SBb 0 0 0 0 0 0 0 0 0 0
Scp 1 1 0 0 0 0 0 0 1 1
Sac 0 0 0 1 1 1 1 0 0 0
Ske 0 1 1 0 0 0 0 1 1 0
Sce 1 0 0 0 0 0 0 0 0 1

Table B.1. Continued. (k,=4; ki=1)

te/2  tsa/2  tsp/2  tp/2 to/2 to/2 /2 tsp/2  tsa/2  tya/2

Sda 0 0 0 0 0 0 0 0 0 0
SBa 1 1 0 0 0 0 0 0 1 1
Sca 0 0 1 1 1 1 1 1 0 0
Sab 0 1 1 0 0 0 0 1 1 0
Skb 1 0 0 0 0 0 0 0 0 1
Scp 0 0 0 1 1 1 1 0 0 0
Sac 1 1 1 1 0 0 1 1 1 1
Ske 0 0 0 0 0 0 0 0 0 0
Sce 0 0 0 0 1 1 0 0 0 0

Table B.1. Continued. (k, = 4; ki = 2)

tya/z taa/Z ts{;/Z ty[)’/z t0/2 C0/2 ty[)’/z t53/2 t&z/z tya/z

Sha 0 0 0 0 0 0 0 0 0 0
SBa 0 0 0 0 1 1 0 0 0 0
Sca 1 1 1 1 0 0 1 1 1 1
Sab 1 0 0 0 0 0 0 0 0 1
Sk 0 0 0 1 1 1 1 0 0 0
Scp 0 1 1 0 0 0 0 1 1 0
Sac 1 1 0 0 0 0 0 0 1 1
Ske 0 0 1 1 1 1 1 1
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Table B.1. Continued. (k.= 4; ki=3)

twa/2 tsa/2 tsp/2 tp/2 to/2 to/2 /2 tsp/2  tse/2  tya/2
Saa 0 0 1 1 1 1 1 1 0 0
SBa 0 0 0 0 0 0 0 0 0 0
Sca 1 1 0 0 0 0 0 0 1 1
Sab 0 0 0 1 1 1 1 0 0 0
SBb 0 1 1 1 1 0
Scb 1 0 0 0 0 0 0 0 0 1
Sac 0 0 0 0 1 1 0 0 0 0
She 1 1 1 1 0 0 1 1 1 1
Sce 0 0 0 0 0 0 0 0 0 0

Table B.1. Continued. (k,=4; ki=4)

ta/2 tsa/2 tsp/2 tp/2 to/2 to/2 tp/2 tsp/2  tsa/2  tya/2
Saa 1 1 1 1 0 0 1 1 1 1
SBa 0 0 0 0 0 0 0 0 0 0
Sca 0 0 0 0 1 1 0 0 0 0
Sab 0 1 1 0 0 0 0 1 1 0
Ssb 1 0 0 0 0 0 0 0 0 1
Scb 0 1 1 1 1 0
Sac 0 0 0 0 0 0 0 0 0 0
SBe 1 1 0 0 0 0 0 0 1 1
Sce 0 0 1 1 1 1 1 1 0 0

Table B.1. Continued. (k.= 4; ki=5)

tya/2  tsa/2 tsp/2 tp/2 to/2 to/2 /2 tsp/2  tsa/2  tya/2
Sia 1 1 0 0 0 0 0 0 1 1
SBa 0 0 1 1 1 1 1 1 0 0
Sca 0 0 0 0 0 0 0 0 0 0
Sab 1 0 0 0 0 1
Ssb 0 0 0 1 1 1 1 0 0 0
Seb 0 1 1 0 0 0 0 1 1 0
Shc 0 0 0 0 0 0 0 0 0 0
SBC 1 1
Sce 1 1 1 1 0 0 1 1 1 1
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Table B.1. Continued. (k, = 4; k; = 6)

tya/2 tsa/2  tsp/2 /2 to/2 to/2 /2 tsp/2  tse/2  tya/2

Saa 0 0 0 0 1 1 0 0 0 0
SBa 1 1 1 1 0 0 1 1 1 1
Sca 0 0 0 0 0 0 0 0 0 0

Sab 0 0 0 1 1 1 1 0 0

Sbb 0 1 1 0 0 0 0 1 1 0
Scp 1 0 0 0 0 0 0 0 0 1
Sac 0 0 1 1 1 1 1 1 0 0
SBe 0 0 0 0 0 0 0 0 0 0
Sce 1 1 0 0 0 0 0 0 1 1

Table B.1. Continued. (k,=5; ki=1)

te/2  tsa/2  tsp/2  tp/2 to/2 to/2 /2 tsp/2  tsa/2  tya/2

Sda 0 1 1 0 0 0 0 1 1 0
Ska 1 0 0 0 0 0 0 0 0 1
Sca 0 0 0 1 1 1 1 0 0 0

Sab 0 0 0 0 0 0 0 0 0 0

Ssb 1 1 0 0 0 0 0 0 1 1
Scp 0 0 1 1 1 1 1 1 0 0
Sac 1 1 1 1 0 0 1 1 1 1

SBe 0 0 0 0 0 0 0 0 0 0
Sce 0 0 0 0 1 1 0 0 0 0

Table B.1. Continued. (k,= 5; ki =2)

ta/2  tsa/2  tsp/2  tp/2 to/2 to/2 /2 tsp/2  tsa/2  tya/2

Sda 1 0 0 0 0 0 0 0 0 1
SBa 0 0 0 1 1 1 1 0 0 0
Sca 0 1 1 0 0 0 0 1 1 0

Sab 0 0 0 0 0 0 0 0 0 0
Sbb 0 0 0 0 1 1 0 0 0 0

Scp 1 1 1 1 0 0 1 1 1 1
Sac 1 1 0 0 0 0 0 0 1 1
Ske 0 0 1 1 1 1 1 1 0 0

Sce 0 0 0 0 0 0 0 0 0 0
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Table B.1. Continued. (k.= 5; ki=3)

twa/2 tsa/2 tsp/2 tp/2 to/2 to/2 /2 tsp/2  tse/2  tya/2
Saa 0 0 0 1 1 1 1 0 0 0
SBa 0 1 1 0 0 0 0 1 1 0
Sca 1 0 0 0 0 0 0 0 0 1
Sab 0 0 1 1 1 1 1 1 0 0
SBb 0 0 0 0
Scb 1 1 0 0 0 0 0 0 1 1
Sac 0 0 0 0 1 1 0 0 0 0
She 1 1 1 1 0 0 1 1 1 1
Sce 0 0 0 0 0 0 0 0 0 0

Table B.1. Continued. (k,=5; ki=4)

ta/2 tsa/2 tsp/2 tp/2 to/2 to/2 /2 tsp/2  tsa/2  tya/2
Saa 0 1 1 0 0 0 0 1 1 0
SBa 1 0 0 0 0 0 0 0 0 1
Sca 0 0 0 1 1 1 1 0 0 0
Sab 1 1 1 1 0 0 1 1 1 1
Ssb 0 0 0 0 0 0 0 0 0 0
Scp 1 1
Sac 0 0 0 0 0 0 0 0 0 0
SBe 1 1 0 0 0 0 0 0 1 1
Sce 0 0 1 1 1 1 1 1 0 0

Table B.1. Continued. (k,=5; ki=5)

tya/2 tsa/2 tsp/2 tp/2 to/2 to/2 /2 tsp/2  tsa/2  tya/2
Sia 1 0 0 0 0 0 0 0 0 1
SBa 0 0 0 1 1 1 1 0 0 0
Sca 0 1 1 0 0 0 0 1 1 0
Sab 1 1 0 0 0 0 0 0 1 1
Ssb 0 0 1 1 1 1 1 1 0 0
Seb 0 0 0 0 0 0 0 0 0 0
Shc 0 0 0 0 0 0 0 0 0 0
SBC 1 1
Sce 1 1 1 1 0 0 1 1 1 1
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Table B.1. Continued. (k,= 5; k; = 6)

tya/2 tsa/2  tsp/2 /2 to/2 to/2 /2 tsp/2  tsa/2  tya/2

Saa 0 0 0 1 1 1 1 0 0 0
SBa 0 1 1 0 0 0 0 1 1 0
Sca 1 0 0 0 0 0 0 0 0 1

Sab 0 0 0 0 1 1 0 0 0 0
Sbb 1 1 1 1 0 0 1 1 1 1
Scp 0 0 0 0 0 0 0 0 0 0

Sac 0 0 1 1 1 1 1 1 0 0
SBe 0 0 0 0 0 0 0 0 0 0
Sce 1 1 0 0 0 0 0 0 1 1

Table B.1. Continued. (k,= 6; ki=1)

te/2 tsa/2  tsp/2  tp/2 to/2 to/2 /2 tsp/2  tsa/2  tya/2

SAa 1 1 1 1 0 0 1 1 1 1
Ska 0 0 0 0 0 0 0 0 0 0
Sca 0 0 0 0 1 1 0 0 0 0

Sab 0 0 0 0 0 0 0 0 0 0

Ssb 1 1 0 0 0 0 0 0 1 1
Scp 0 0 1 1 1 1 1 1 0 0
Sac 0 1 1 0 0 0 0 1 1 0
SBe 1 0 0 0 0 0 0 0 0 1
Sce 0 0 0 1 1 1 1 0 0 0

Table B.1. Continued. (k, = 6; k; =2)

ta/2  tsa/2  tsp/2  tp/2 to/2 to/2 /2 tsp/2  tsa/2  tya/2

Sda 1 1 0 0 0 0 0 0 1 1
SBa 0 0 1 1 1 1 1 1 0 0
Sca 0 0 0 0 0 0 0 0 0 0

Sab 0 0 0 0 0 0 0 0 0 0
Sbb 0 0 0 0 1 1 0 0 0 0

Scp 1 1 1 1 0 0 1 1 1 1
Sac 1 0 0 0 0 0 0 0 0 1
Ske 0 0 0 1 1 1 1 0 0 0
Sce 0 1 1 0 0 0 0 1 1 0
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Table B.1. Continued. (k.= 6; ki=3)

twa/2 tsa/2 tsp/2 tp/2 to/2 to/2 /2 tsp/2  tse/2  tya/2
Saa 0 0 0 0 1 1 0 0 0 0
SBa 1 1 1 1 0 0 1 1 1 1
Sca 0 0 0 0 0 0 0 0 0 0
Sab 0 0 1 1 1 1 1 1 0 0
SBb 0 0 0 0
Scb 1 1 0 0 0 0 0 0 1 1
Sac 0 0 0 1 1 1 1 0 0 0
SBe 0 1 1 0 0 0 0 1 1 0
Sce 1 0 0 0 0 0 0 0 0 1

Table B.1. Continued. (k,= 6; ki =4)

ta/2 tsa/2 tsp/2 tp/2 to/2 to/2 /2 tsp/2  tsa/2  tya/2
Saa 0 0 0 0 0 0 0 0 0 0
SBa 1 1 0 0 0 0 0 0 1 1
Sca 0 0 1 1 1 1 1 1 0 0
Sab 1 1 1 1 0 0 1 1 1 1
Ssb 0 0 0 0 0 0 0 0 0 0
Scp 1 1
Sac 0 1 1 0 0 0 0 1 1 0
SBe 1 0 0 0 0 0 0 0 0 1
Sce 0 0 0 1 1 1 1 0 0 0

Table B.1. Continued. (k.= 6; ki =5)

tya/2  tsa/2 tsp/2 tp/2 to/2 to/2 /2 tsp/2  tsa/2  tya/2
Saa 0 0 0 0 0 0 0 0 0 0
SBa 0 0 0 0 1 1 0 0 0 0
Sca 1 1 1 1 0 0 1 1 1 1
Sab 1 1 0 0 0 0 0 0 1 1
Ssb 0 0 1 1 1 1 1 1 0 0
Seb 0 0 0 0 0 0 0 0 0 0
Shc 1 0 0 0 0 0 0 0 0 1
SBC O 1 1 1 1 0
Sce 0 1 1 0 0 0 0 1 1 0
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Table B.1. Continued. (k, = 6; k; = 6)

tya/2 tsa/2  tsp/2 /2 to/2 to/2 /2 tsp/2  tsa/2  tya/2

Saa 0 0 1 1 1 1 1 1 0 0
SBa 0 0 0 0 0 0 0 0 0 0
Sca 1 1 0 0 0 0 0 0 1 1

Sab 0 0 0 0 1 1 0 0 0 0
Sbb 1 1 1 1 0 0 1 1 1 1
Scp 0 0 0 0 0 0 0 0 0 0

Sac 0 0 0 1 1 1 1 0 0 0
SBe 0 1 1 0 0 0 0 1 1 0
Sce 1 0 0 0 0 0 0 0 0 1
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