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Abstract

Abstract

Three-phase four-leg voltage source inverters (VSIs) are widely used in distributed
power generation applications, three-phase UPS systems and fault-mode operation of a
balanced three-phase system where the balanced three-phase voltage output is required
when the loads are unbalanced. A three-dimensional space vector modulation (3-D
SVM) switching scheme, which is proved to be compatible with modern DSP
implementation for a four-leg VSI, has the advantage of higher DC link utilization, less
harmonic contents and less switching losses compared with sinusoidal PWM. Therefore

it is the first choice of switching schemes for a four-leg inverter.

Electromagnetic interference (EMI) which is associated with common-mode switching
for a high voltage level power system can degrade the equipment performance and
cause communication problems. The conventional 3-D SVM switching scheme exhibits
high common-mode voltage (CMV) characteristics which may result in problems in

high power applications.

The 3-D SVM has the drawback of being complex which could become a software
burden in computationally intense real-time control applications. Attempts to reduce the
complexity of the 3-D SVM have been made by many researchers and new switching

schemes such as carrier-based PWM proved to have the same performance.

This thesis presents a switching scheme called near-state 3-D SVM that can reduce the
CMV voltage level of a four-leg inverter by avoiding the use of the two zero switching
states of the inverter. A laboratory test bench has been built to validate the proposed
switching scheme. An in-depth analysis has been carried out for a four-leg inverter in
terms of total harmonic distortion (THD) factor, current harmonic distortion factor,
conduction losses and switching losses. The proposed switching scheme is analyzed and

compared with the conventional 3-D SVM using the analysis method.

Additionally, a simplified switching scheme which is still based on space vector theory
is proposed. This simplified switching scheme remains compatible with vector control.
Experimental results show that the simplified switching scheme has the same

performance as 3-D SVM, with reduced program execution time.



Abstract

An output voltage control loop with current feed-forward term in d-g-O coordinate,
which is designed in the discrete-time domain, proves to be most compatible with a
DSP-based control system. Experimental results demonstrate the performance of the

control loop in both steady state and transient operation.
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Chapter 1

Introduction

Power generated from renewable resources is either connected to the grid or to the local
loads through inverters. A three-phase four-leg voltage source inverter can guarantee a
balanced three-phase output even when the load is unbalanced and nonlinear. A three-
phase four-leg VSI therefore is mostly seen in applications such as standalone power
generation system or a three-phase UPS system. The successful operation of the three-
phase four-leg VSI requires the knowledge of power electronics, converter operation,
switching scheme and most important of all control loop design. Both hardware design

and software design have to cooperate well to meet the specifications of a power system.

The focus of this thesis is on the switching scheme that will address EMI issues that are
related to the common-mode voltage of the three-phase four-leg VSI. The simplification
of the available switching scheme and proposed common-mode voltage reduction
switching scheme are also considered. A control loop is designed based on a real-time

DSP system so that the whole system can meet the design specifications.

1.1 Motivations and Objectives

The concept of the three-phase four-leg VSI was introduced over 20 years ago. The past
20 years has witnessed great development in power electronics and their active role in
energy generation, especially in the field of renewable energy. The higher ratings and
better cooling of the power electronics mean that they can be used in medium or high
voltage level application with improved efficiency. Together with the improvement in
power electronics and its drive circuit, the digital signal processor works at faster
operating speed, larger memory, faster A/D channels and more efficient
communications between the subsystems. These altogether have made a three-phase

four-leg VSI work at a high efficiency.
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Severe EMI noise related to the common-mode voltage causes trouble for a high voltage
level power system. According to [1], EMI is defined as ‘an unwanted electrical signal
that produces undesirable effects in a control system. Sensors are affected by the EMI
noise, nuisance trip of the driver circuit occurs if severe EMI noise persists, causing the
failure of the communication of the drive system. The impact of the four-leg converter
switching schemes on grounding and common-mode noise issues has rarely been
investigated before and as the voltage level gets higher and switching frequency

becomes higher, the EMI issue becomes severe.

The addition of an extra leg makes the switching schemes that are applied on the four-
leg converter more complex compared with a three-leg inverter. Among the available
switching schemes, a three-dimensional space vector modulation (3-D SVM) is
considered the best switching scheme. However, the algorithm that is needed to
compute the 3-D SVM is complicated. The disadvantages of this complexity include
lengthy program code, high skill level needed by development engineers and longer

program execution time, therefore the algorithm needs to be simplified.

Performance evaluation of a three-phase VSI from previous research work consists of
analysis based on total harmonic diction (THD), crest factor, conduction switching loss.
Analysis based on different switching schemes has been carried out and comparison has
been made for a variable speed drive system. But there is no in-depth analysis has been
made based on a four-leg inverter. Therefore there is a demand for a theoretical, vector-

based analysis on a four-leg VSI.

The mathematical model of the four-leg system from a control point of view is a high
order, coupled system. Methods to decouple the system and reduce the order of the
system have been introduced in previous works. A control loop design based on
discrete-time domain is appropriate with modern DSP system since it can take into
account the delay caused by either PWM output or computational delay. Therefore this

thesis presents a controller loop which is based on discrete-time domain.
More specifically, the objectives of the research are:

e To investigate the impact of three-dimensional SVM schemes on grounding and
EMI issues related to the common-mode noise
e To design a common-mode voltage reduced space vector modulation method for a

three-phase four-leg VSI
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e To simplify the three-dimensional SVM algorithm

e To produce an in-depth performance analysis for a four-leg VSI

e To implement a control design in discrete-time domain

e To validate the results obtained using an accurate simulation model and a real-time

laboratory test bench
1.2 Methodology

The introduction of the theory in this thesis makes use of a mathematical model in a
three-dimensional space. The study of the mathematical model where matrix
calculations are required was carried out with the help of Matlab. A simulation was
modelled using the combination of Matlab/Simulink and Matlab/Simpower with the
core controller programme written in Matlab/S-function block using the C programming

language.

Later, the controller program code was slightly modified for use in the DSP based
control unit for practical implementation. A Labview based user control panel is used to
serve as a communication tool between the computer and the controller unit. The
experimental data, e.g. sampled phase voltage and phase current values are captured and
stored in the RAM memory of the DSP and can be downloaded to the host computer
through an RS-232 channel. The panel is also used to allow the user to control the
operation of the converter control system. Screenshots of the oscilloscope are also used

to provide useful experimental results.

The in-depth evaluation requires math-intensive calculation and some of the most
complicated calculations are done using the mathematical software Wolfram
Mathematica[2, 3].

Control loop design of the system is based on discrete-time domain, and with the help
of Matlab and Matlab/Sisotool[4], the delay caused by sampling and hold,

computational delay can be simulated and used for controller design.
1.3 Contribution to knowledge

This section outlines areas of work that have not been published before or not covered

in details in the current literature.

e Work done in this thesis has resulted in one conference paper publication:

-3-



Chapter 1 Introduction

A zero-sequence component injected PWM method with reduced switching losses and

suppressed common-mode voltage for a three-phase four-leg voltage source inverter

This paper appears in: IECON 2012 - 38th Annual Conference on IEEE Industrial
Electronics Society

Date of Publication: 25-28 Oct. 2012

Author(s): Zhang, M.

School of Electrical & Electronic Engineering, Newcastle University, Newcastle upon
Tyne, UK

Atkinson, D.J.; Armstrong, M

Page(s): 5068-5073

Product Type: Conference

Also, a journal paper has been submitted to IEEE Transactions on Power Electronics
and it was successfully accepted and the reviewers recommended publication with

minor corrections. The title of this journal paper is

A Near-State Three-Dimensional Space Vector Modulation for a Three-Phase Four-

Leg Voltage Source Inverter

This paper will appear in IEEE transactions on Power Electronics

Author(s): Zhang, M.

School of Electrical & Electronic Engineering, Newcastle University, Newcastle upon
Tyne, UK

Atkinson, D.J.; Ji, B; Armstrong, M; Ma, Mingyao

o Development and application of a novel common-mode voltage suppression
switching scheme for a three-phase four-leg voltage source inverter, by simulated
and experimental verification.

e Performance analysis using graphic tools on switching schemes for a three-phase
four-leg voltage source inverter.

e Simplification of available switching schemes for a three-phase four-leg voltage
source inverter, by simulated and experimental verification.

e Simulated and experimental verification of a fast-dynamic control scheme for a

three-phase four-leg voltage source inverter under unbalanced load conditions.

-4 -
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1.4 Thesis Overview

A brief description of each chapter is provided below:

Chapter 1 provides a general introduction covering recent developments in power
electronics and digital signal processor technology and how they play an important role
in terms of control of a four-leg VSI. The motivations and objectives of the research are
introduced, methodology of the project is presented, and the thesis overview is also

covered.

Chapter 2 is a literature review covering the converter topologies, switching schemes,
control loop design and performance analysis based on the three-phase four-leg voltage

source inverters.

Chapter 3 investigates the EMI issue that is related to the common-mode noise for a
high voltage level three-phase four-leg VSI and introduces a near state 3-D SVM
switching scheme that can reduce the common-mode voltage level. Both simulation and

experimental results validate the proposed switching scheme.

Chapter 4 presents an in-depth performance analysis for different switching schemes on
a four-leg VSI using the space vector method. Voltage harmonic factor, inductor current
harmonic factor, conduction losses and switching losses of different switching schemes
are compared.

Chapter 5 analyses the mathematical model of a four-leg inverter in an a-f-y coordinate
and decouples the system into a a-f plane plus y axis. By doing so a simplified
switching scheme named zero-sequence injected PWM is then introduced. Simulation
and experimental results show that the proposed switching scheme achieves the same
performance as the 3-D SVM with a simplified algorithm.

Chapter 6 describes a design of the system control loop based on the model in discrete-
time domain. Delays caused by a discrete control system have been taken into account.
A voltage controller with current feed-forward guarantees the performance of the

system under steady state and transient state conditions.
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Chapter 2

Literature Review

The past decade has witnessed significant development in power conversion technology
thanks to the continuous penetration of power electronics into power generation,
transmission and consumption. With the performance improvement and cost reduction
of the power electronics devices, new topologies of the power converters have become
available, reducing the size, saving the energy, and improving the efficiency of the

system.

In this chapter, the definitions of distributed power generation system and the three-
phase uninterruptible power supply system are described. Both systems face the
problem of supplying power to unbalanced loads. The effect of unbalanced loads is then
studied and the converter topologies to deal with unbalanced loads are studied and
compared.

A three-phase four-leg voltage source inverter is selected for this project because of its
reduced size and greater controllability. The switching schemes that can be applied on a
four-leg inverter are introduced and compared. Performance analysis on a three-phase
three-leg voltage source inverter is then studied. Different control schemes for the four-
leg inverters are reviewed at the end of this chapter.

2.1 Distributed power generation system

These days, the development of power generation systems using renewable energy such
as wind, hydro power, and solar power has increased rapidly due to the rising demand
for cleaner energy utilization[5, 6]. A distributed power generation system, also called
small scale electricity generation system is often based on renewable energy resources.
These systems are capable of supplying the power either to the grid or to the local load
system[7] as it is shown in Figure 2.1. The definition, benefits and issues with the

distributed power generation system are presented in details in [8]. Theoretical benefits
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Figure 2.1 General structure for distributed power generation system

of the distributed power generation system include reliability and security benefits,

economic benefits, emission benefits and power quality benefits.

There are different issues related to grid connection and load connection. Among all the
issues, power quality should be considered mainly since it is strongly related to
reliability of the power system. Abnormal switching operations in the power network
and disturbances in the load network can cause a reduction in power quality of the
system. Effects such as flicker (fast voltage variations), harmonic distortion and phase
imbalance have a significant influence on the normal operation of the distributed power
generation system [8] and therefore are main concerns in the power system design.

Another issue with a small scale power generation system is that most of the low
voltage loads such as computers, lighting systems are single-phase. The layout of the
three-phase power system has to be distributed to feed these single-phase loads, for
instance, one phase per floor of a building. Generally a three-phase four wire power
converter is utilized to distribute power, and transformers are used to deal with the zero

and negative-sequence current caused by the unbalanced loads [9].

Other circumstances, such as islanding, in which a local generator keeps a disconnected
power grid energized may lead to danger for the maintenance personnel. Therefore loss
of mains detection is one of the topics in which research has been carried out intensively

in recent years [10].
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2.2 Uninterruptible power supply system

There has been an increasing demand for critical loads such as computer server systems,
telecommunication systems, security systems and hospital equipment, etc [11]. These
critical loads require clean and reliable AC power and the cost of power interruption
would be unbearable. An uninterruptible power supply (UPS) system can provide secure
and high quality power to such critical loads. Also, for distributed power generation
systems, a distributed storage system combined with a UPS system can be used to add

reliability and expandability to the system[12].

There are generally three types of UPS, namely offline UPS, line-interactive UPS and
online UPS [13]. The steady-state performance characteristics of the UPS include THD,
crest factor of the output while the dynamic response of the UPS is equally important

that it becomes a measurement for the overall acceptance of a UPS.

Impact of sudden load change for a UPS should be taken into consideration since it is
related to the dynamic response of the UPS[14]. Over-voltage (surge) or under-voltage
(sag) would be observed during the load change, and the time taken for the output
voltage to recover from either surge or sag determines the dynamic response of a UPS
system [14, 15]. The sudden change of load can still be classified as unbalanced load

condition since during the load change an unbalanced load current is always created.
2.3 Effects of unbalanced load condition

Most of three-phase inverters are designed to supply balanced three-phase voltage to the
load side such as three-phase machine application in which cases the loads are always
assumed to be balanced three-phase loads. However, unbalanced load conditions are
common for UPS systems and distributed power generation applications where power is
delivered to local loads. There is also an unbalance issue in fault-tolerant machine
drives [16]. Unbalanced load condition creates unbalanced current circulating in the
power system, causing overheat of the neutral wire for a four-wire system[17], and
harmonic distortion on the output voltage[18]. Under circumstances in which the load is
heavily unbalanced, the source could become unbalanced due to the impact of the
unbalanced current [19]. In the following sections, the unbalanced load condition is
reviewed and analyzed based on the symmetrical components theory. Later in this
chapter, the impact of the unbalanced load current in d-g-o coordinate will also be

reviewed.
-8-
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2.3.1 Unbalanced load analysis based on symmetrical components

The symmetrical component theory was first introduced by C. L. Fortescue in 1918 and
was soon widely used in power system fault analysis [20]. In this dissertation, this
theory is used as an analysis tool for the unbalanced voltage and current, and is useful
for the controller design.

According to the theory, a asymmetrical three-phase signal (either voltage or current)
can be represented as a sum of positive, negative and zero-sequence components [21].

The transformation is expressed as

Xp 1 a a°| Xa
Xn :% 1 o> o | Xs (2.1)
Xo 1 1 1| Xe

And the inverse transformation is given by
Xa 1 1 Xp
Xe|=la® a 1| X (2.2)
Xc a a® 1| Xo

where X could be V (voltage) or I (current) and « is an operator and has the value of

ej27r/3 and a2:ej47r/3.

Since the neutral current in a three-phase four-wire system is defined as in Eq. (2.3), it

is clear that the neutral current equals three times of the zero-sequence current.

In=—(la+ ls+ Ic) (2.3)

An arbitrary asymmetrical three-phase signal can then be represented as Eq. (2.4) and

Figure 2.2 shows the decomposition of an unbalanced three-phase signal.

Xa Xa_p Xa _n Xa_o
Xe|=| Xe_p|+| Xe_n|+| X8_o0 (2.4)
Xc Xc _p Xc _n Xc o

where
Xa_p 1 a o’ Xa
X o :% @ 1 alXs (2.5)
Xc p a a® 1 |Xc
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1 o®| Xs (2.6)

Xa o 1 1 1| Xa
Xe o =% 11 1| Xs (2.7)
Xc o 11 1| Xc

According to [18], the IEC gives a definition of the degrees of the unbalance, the
unbalance factor is described in terms of the negative-sequence unbalance factor and
zero-sequence unbalance factor expressed in the following equations

Unbal _ N% = 2 <100 (2.8)

p

Unbal 0% =2 <100 (2.9)

Xp

where X0 are positive, negative, zero-sequence component.

According to the definition given in Eqg. (2.8) and Eg. (2.9), Table 2-1 shows some of
the load conditions and their unbalance factors.

2.3.2 Effects of an unbalanced load

A short overview of the most common problems caused by an unbalanced load is given
in this section. There are four types of connection between the load side and the source

side of a power system.

In a Y/Y connection shown in Figure 2.3, a negative-sequence current will circulate at
twice the fundamental frequency between the load side and source side through the
three phase conductors. The zero-sequence current will travel at fundamental frequency
between the neutral points of the source and load through the neutral conductor. Since
the neutral conductor is generally designed for balanced conditions, the neutral current
will cause excessive heat in the conductor, it is even worse when the load is nonlinear
[17, 22].

-10 -



Chapter 2

Literature Review

O\ C
08 e
o /AN
aa 4o / \ i
VAN N
N _
02 N ..~ 4 =
a4 — \. /-
06 SN\ /.
08 \ /
N ~_
0 90 180 270 360
ot[degree]
Asvmmetrical signal
1 1
0.8 0.8
0.6 08 .
04 0.4 _-_’\_[] B_t} C_O .
0.2 02
o + a -\\__ __/I
-0.2 -0.2
0.4 0.4
-0.6 0.5
-0.8 0.8
1 1z0 - 1 .
wt[degree] wt[degree] wt[degree]
Positive sequence component Negative sequence component Zero sequence component

Figure 2.2 Symmetrical decomposition of an unbalanced three-phase signal

Table 2-1Unbalanced load conditions and unbalance factors

Load Conditions

Unbal_N%

Unbal_0%

|ILA|=|ILB|=Im1 ILc=0,

PFA:PFB:PFC:].;

50%

50%

[Ial=[sl=Tcl=1m,
PFA=PFB=1,
PFc between 0.8 leading and 0.8 lagging

<=22.1%

<=22.1%

[Lal=1s[=llc=Tm,
PFa=1,
PFg=PF¢ ranging between 0.8 leading and 0.8
lagging

<=22.1%

<=22.1%
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Figure 2.3 Possible connections between the source and load side of a power system

In a A/A connection, since there is no neutral point on both the source side and the load
side (or there is floating neutral point of both sides), the effect of the zero-sequence
current is eliminated because the zero-sequence current normally circulates in the A
configuration of the load side. The negative-sequence current will circulate at twice of
the fundamental frequency of both sides, causing voltage potential shifting all the time
of both sides. The potential difference of both sides, through parasitic capacitance,

could lead to common-mode current, therefore causing EMI issues.

For Y/ A and A/Y connection, apart from the fact that negative-sequence current will
behave the same as it does in A/ A connection, there iS zero-sequence current

circulating in the A configuration side.

In induction machines that are connected to the load side, the unbalanced current
introduces elliptical rotating magnetic field, thus influencing the torque-speed
characteristics of the machine. Besides, the machine bearing could suffer damage
because of the rippling torque caused by negative-sequence current. Also, the negative-
sequence current creates inverse rotating magnetic field for the machine, causing
excessive heat in the stator windings, therefore accelerate the process of thermal aging.
For synchronous machines, the main issue with the unbalanced current is the excessive

heat in the stator winding.
-12 -
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The capacity of transformers (if present), cables and transmission lines have to be
chosen to have a higher rating if considering the unbalanced load condition [23]. This
increases the cost size and the cost of the system.

2.4 Converter topologies for unbalanced loads

A neutral wire is required to cater for potentially unbalanced loads. Under balanced
load conditions, the neutral current is zero. When the load is unbalanced, neutral current
flows. There are many converter topologies available for three-phase four-wire systems.
In the following sections, the main types and variations of power converters are

described.

2.4.1 A three-phase four-wire VSI with split DC link capacitors

A very simple approach to connect the neutral conductor is to connect the star point of
the loads to the mid-point of the DC link capacitors as it is shown in Figure 2.4. This

connection arrangement is easy to install, however, it suffers two major drawbacks.

The first drawback is the low utilization of the DC link voltage [24, 25]. By connecting
the start point and mid-point of the DC link capacitors together, the potential difference
between the two points is then forced to be zero. Because the variation of the voltage
between the mid-point of DC link and the ground is slow and small [26]. This means
the star point of the load is not free to float regardless of the switching schemes that are
used. In this case, the maximum phase voltage is 0.5Vpc, which shows that DC link

utilization is limited to be +/3/2, this is 15% less than it would be achieved with a
three-phase three-leg VSI using SVM or 60° PWM switching scheme [27].

-Batteryor DC Supply
- {optional)

3 -¢ Rectifier l DC Link 3-¢ 3-Leg Inverter

3-¢ Balanced
2& i Z& Voltage Output
% _%J @SJ § J ’;?g W Unbalanced
3 AC Line T ) ) 4 / /Nonlinear Loads

- pEES=SE B,
sxp [P

Figure 2.4 A three-phase four-wire VVSI with split DC link capacitors
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Another disadvantage of this topology is that two large capacitors are needed to deal
with the current ripples caused by both negative-sequence current and zero-sequence
current[24]. As it was explained in the previous section, negative-sequence current
results in a 2w ripple while the zero-sequence current causes a ripple with the frequency
of w. The choice of the DC link capacitors is a complex task [28] and the size of the
capacitor depends on the ripple level[29]. As a result, this topology will increase the

cost of the system dramatically, especially for high power applications.

2.4.2 A three-phase four-wire VSI with a A/Y transformer

An alternative approach to connect the neutral point is to connect the start point of the
loads to the secondary side of a A/Y transformer. As it can be seen in Figure 2.5, due to
the strong transformer coupling effect and by keeping the inductors on the primary side
of the transformer, the zero-sequence current will only flow in the primary side
windings [30]. This prevents the zero-sequence current from returning to the DC link
and it is widely used in UPS applications[30]. However, this topology will not solve the
unbalanced/nonlinear load conditions caused by the negative-sequence current. Another
disadvantage is the size of the transformer which makes the whole system bulky and

expensive.

A similar topology utilizes a zig-zag transformer instead of a A/Y transformer [31]. This
is based on the idea that the zero-sequence current can be cancelled out using the phase
shift of each phase of the transformer. The size and cost are still a disadvantage for this

topology.

- Battery or DC Supply
- {optional)

3-¢ Rectifier l DC Link 3-¢ 3-Leg Inverter 3-¢ Balanced
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Figure 2.5 A three-phase four-wire VSI with a A/Y transformer
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2.4.3 A three-phase four-leg VSI

A three-phase four-leg voltage source inverter was introduced to handle the neutral

current caused by unbalanced and/or nonlinear load conditions [18]. As it is shown in

Figure 2.6, the load star point is connected to the mid-point of a fourth leg of the

converter, by doing so, the neutral point is now controllable through the fourth leg. The

advantages of this topology are listed below:

Full DC link utilization. Unlike the three-phase four-wire VSI with split DC link
capacitors, the star point of the loads is now free to vary by controlling the fourth
leg. Therefore maximum unity DC link utilization can be realized by adopting
switching schemes such as 3-D SVMI[32], carrier-based PWMIJ[33] and other

switching schemes. These will be presented in more detail in the following sections.

The DC link capacitors can be smaller compared to the split DC link option. Since
the star point of the loads is now tied to the mid-point of the fourth leg, there is no

need to use two large capacitors for the DC link.

A transformer-less converter. Compared to the converters which are either use A/Y
transformer or zig-zag transformer, this topology does not have the considerable
weight and size of a transformer. An extra pair of the IGBT/diode is comparatively
small size/weight increase compared with a transformer. Of course, a more
complicated switching scheme and control method are needed for this topology;
however, with the availability of the modern digital signal processor, this should not
present a problem.

EMI and common-mode voltage reduction. In any fast switching power electric
system, EMI is a potential problem which increases with the voltage levels[27]. For
a three-phase system, common-mode voltage switching noise is a significant EMI
source[24]. By controlling the fourth leg, the common-mode voltage can be reduced
to a certain level[34].

-15-
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Figure 2.6 A three-phase four-leg VSI

2.5 Switching schemes for three-phase power systems

Power conversions include four different types, namely, DC to DC conversion, DC to
AC conversion, AC to DC conversion and AC to AC conversion. All of these
conversions are performed in a switching mode in which power electronics devices are
switched on and off at a high repetition rate. The actual power flow in power converter
is controlled by the on/off ratio, or the duty ratio of the respective switches[35]. The
desired output of the power converters is achieved by varying the duty cycles either
constant or sinusoidal with time, employing the technique of pulse width modulation
(PWM)[35].

The following sections present a review of different types of PWM switching schemes.
Starting from the switching schemes for three-phase three-leg VSI, the switching

schemes that are implemented on a three-phase four-leg inverter are then introduced.

2.5.1 Switching schemes for three-phase three-leg VSI

For a three-phase voltage source inverter, a three-phase sinusoidal voltage or current is
the control target. The first sinusoidal PWM switching scheme was based on the idea
that three-phase sinusoidal reference signals are compared with a high frequency
carrier-wave signal; the resulting signals are used for the gate drive signals to the
switching devices. Because the output voltage and current distortions, switching loss of
the power electronic devices and the EMI are closely related to the switching schemes

[36], various derivations of sinusoidal PWM were developed [27]. There has been
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intensive research on the topics of different switching schemes in terms of the output

performance. The switching schemes might be classified into the following categories:

e Sinusoidal PWM and its derivations

e Space Vector Modulation

e Generalized discontinuous pulse width modulation
e Reduced common-mode voltage PWM

e Generalized carried-based PWM

Before the details are given on the different switching schemes, the definition of
modulation index Mi must be given. According to [35], the modulation index value is
defined as

Mi = — 1 (2.10)

ulsix—step

where uj is the fundamental phase voltage and Ussix-siep 1S the fundamental voltage of the
six-step operation of the three-phase inverter. The maximum modulation index value,
which is unity, can be only obtained if the converter is working under six-step mode,
which in most of the power converter applications cannot be achieved.

Another definition, which is given by

(2.11)

where 7, is the peak-to-peak value of the line-to-line voltage of the converter output,
Vpc is the DC link voltage of the converter. By this definition, the unity modulation
index is the limit of "linear" modulation range. After that, Mi can be increased through
a further range before 6-step operation results. The maximum modulation index can be
achieved as unity by adopting switching scheme such as space vector modulation and
other PWM switching schemes. Therefore, this definition is chosen to represent the
modulation index in this dissertation. Also, it is shown in [37, 38] that modulation index
value is related to the quality of the output voltage and current under certain switching
schemes. In [39], it is shown that some switching schemes have their limited linearity

range. These will be given in details in the following sections.
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Figure 2.7 Sinusoidal PWM modulation

2.5.1.1Sinusoidal PWM and its derivations

Sinusoidal PWM is the simplest PWM switching scheme which is easy to implement
both in analogue circuit or digital circuit form[27]. It is also referred to as sine-triangle
modulation because it is normally a triangular shape carrier waveform that is compared

with three-phase sinusoidal reference as it is shown in Figure 2.7.

Simplicity and ease of implementation are the main advantages of this switching
scheme. However, the drawbacks include insufficient DC link utilization since the
maximum modulation index that can be reached is only v/3/2 [27], that is 15% less
compared to other switching schemes. The harmonic distortion of sinusoidal PWM is
higher than other switching schemes, especially at high modulation index [35, 37, 40].
Since there’re no zero switching states during the transient switching states, the

switching loss is higher than some other switching schemes.

Because of the above disadvantages, there have been efforts to modify the sinusoidal

PWM. The following switching schemes are some examples.
A. Third-harmonic injection PWM

Based on the sinusoidal PWM, a third-harmonic injection PWM adds a third harmonic
component into the reference signal of each phase. By doing so, the neutral point of the
system follows the third harmonic component around the 0.5Vpc, where in sinusoidal
PWM, the average neutral point is at 0.5Vpc [27]. Since the third harmonic component
is exactly the same for each phase with no phase difference, the effective cancellation of
the third harmonic component can be seen in the line-to-line voltage. As a result, a
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higher fundamental phase voltage is obtained. The reference signal is given in Eq. (2.12)
and the reference signal, which consists of a higher fundamental component and a third

harmonic component, can be seen in Figure 2.8.

f(at) = isin(cot) +isin(3a)t) (2.12)

J3 33

B. 60° PWM

Third-harmonic injection PWM effectively increases the phase voltage by
approximately 15% compared to sinusoidal PWM, realizing the full DC link utilization.
In fact, the harmonic cancellation applies for all the tripling component such as 9", 15",
etc because of the zero phase shifts of these components. 60° PWM utilizes the above
tripling components as is shown in Eq. (2.13). As a result, not only the full DC link
utilization has been achieved, a “flap-top” of the modulation index has been obtained
from 60° to 120° and 240° to 300° as shown in Figure 2.9.

2 . 1 . 1 . 1
f (o) = —=sin(awt) + —sin(3wt) + ——sin(9wt) +
(at) (at) o (Bat) 50 (Oat) >80

V3

During the time when the modulation index is clamped at the top or the bottom, the

- sin(15at) (2.13)

power electronics devices will not have any switching actions [35]. Therefore, any
modulation index that has the “flap-top” characteristic will reduce switching loss in the
power converter. In this case, since the total clamp time over one power cycle is 120°, a

total 33% of the switching loss can be saved.

15% Ve .
' N gttt S B Fundamental component
/DC -
// \\ = = third harmonic component
/. .\ ——Phase modulation
.‘- N . A\ -
{f ~ o - - - 3_\ P S
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Figure 2.8 Third harmonic injected PWM
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Figure 2.9 60° PWM

2.5.1.2 Space Vector Modulation (SVM)

Unlike the simple idea of comparing the carrier waveform with a reference signal to
generate the switching signals, space vector modulation (SVM) is a quite different
switching scheme [27, 35, 41, 42]. The switching scheme is based on the eight
switching states of the three-phase VSI as shown in Figure 2.10; each switching state of
the converter can be represented as a space vector. Transforming these switching states

in the A-B-C coordinate into a-f coordinate is the most effective way to analyze the
switching states. On the a-f plane, the six non-zero switching vectors V-V form a

hexagon while the two zero switching states V, are in the middle of the hexagon as
shown in Figure 2.11. Between two adjacent switching vectors, a transient switching

vector can be obtained by applying the relevant switching vectors for certain time

duration. Therefore, a rotating reference vector V. can be synthesized within each
switching cycle. Without considering over-modulation, the trajectory of the reference
vector is within the inner circle of the hexagon. The reference vector rotates at the
electrical frequency of w. In each sector of the hexagon, the two adjacent switching
vectors and one or two of the zero switching vectors are utilized to make the averaged
switching vector equal to the reference switching vector. Finally the chosen switching
vectors have to be sequenced in a way to generate the gate signals to the switching

power converter. The whole process of the SVM can be seen in Figure 2.11.
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Figure 2.10 Switching states of the VSI and their switching vectors

Choice of zero space vector V,and sequencing of the selected switching vectors

It is worth noticing that the choice of zero space vector V,and the sequencing of the
selected switching vectors play a vital role in forming the various modulation index
waveforms. In most cases, the adjacent switching vectors are chosen, together with the
zero space vectors to synthesize the reference vector. Only in some switching schemes
which aim to reduce the common-mode voltage that different selections of the
switching vectors are applied [43], as detailed in the next section. It has been shown in
[32] that in terms of output voltage quality such as harmonic distortion, centre-aligned
PWM achieves the lowest distortion compared to rising-edge, falling edge and
alternative sequence. Therefore, centre-aligned switching is chosen in this dissertation
to demonstrate all the SVM switching schemes.

There are different combinations in terms of choosing the zero space vector V,. The

following options summarize nearly all the possible choices.

e Scheme 1: Choosing both V7 and V,in each sector of the hexagon.
e Scheme 2: Choosing V1, Vo alternatively in each sector of the hexagon, in other

words, V7, in Sector 1,3,5 and V, in Sector 2,4,6 or V,in Sector 1,3,5 and V- in Sector
2,4.6.

e Scheme 3: Choosing either V;or Vg in each sector of the hexagon.
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e Scheme 4: Choosing 177, 170 alternatively by 60°, starts with 1722177 from region

B1[26], namely, -30° from the a-axis.
e Scheme 5: Choosing V,, V7 alternatively by 60°, starts with V=V, from region BL1.
e Scheme 6: Choosing V4, Vo alternatively by 60°, but not strict to the sector.

e Scheme 7: Choosing neither of the zero space vectors.

The resulting modulation index waveforms of different schemes are shown in Figure
2.12. In Figure 2.12(a), scheme 1 is shown, which achieves the lowest harmonic
distortion because of its symmetrically aligned characteristic [27, 32]. However, since
there is no modulation index clamping, the switching loss of this scheme is high. Figure
2.12(b) and (c) show the two modulation index waveforms of scheme 2. Although these
two waveforms are quite similar, the switching loss can be significant different
depending on the load conditions. For inductive loads such as induction machine
running in motoring mode, (b) will have lower switching loss because the modulation
index clamping occurs during the time when the current is at its highest. For the same
reason, (¢) will have lower switching loss if the load is capacitive such as the induction

machine running in a generating mode. Scheme 3 as shown in Figure 2.12(d) and (e) are

not seen regularly in applications. V=V, may not work with the bootstrap circuits
properly due to the failure of charge of the capacitor on top switches [27]. Scheme
4(shown in Figure 2.12(f)), often called DPWML1[35, 37], is generally considered the
best discontinuous PWM switching scheme in terms of output voltage distortion,
switching loss and linear operating range, especially for unity power factor load such as
synchronous machine [32, 37, 38, 40, 43]. Scheme 5 is called DPWM3 and has rarely
been seen in the literature, possible reasons include higher harmonic contents and small
switching loss savings [37, 42, 44] compared to other schemes. Figure 2.12 (g) shows
the waveform of DPWMS.

Scheme 6 is defined as generalized discontinuous SVM since the discontinuous part of
the modulation index waveform varies according to the load condition. This scheme is
more referred to as generalized discontinuous PWM depends on its scalar
implementation. Scheme 7 can be referred to as common-mode voltage reduced SVM
[39, 43]. Due to their unique characteristics, scheme 6 and 7 will be given in details in

the next sections.
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Figure 2.12 Switching schemes based on the selection of V,, Mi=1; (a) Scheme 1, V,=V,&V,in
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2.5.1.3 Generalized discontinuous pulse width modulation (GDPWM)

In the previous section, variations of discontinuous PWM patterns are shown. However,
each particular scheme is tailored for a particular load condition. In recent years, there is
intensive research on what is called “generalized discontinuous PWM (GDPWM)” [38,
40, 42, 45]. The proposed switching scheme can change its switching pattern according
to the varying load conditions. The implementations of the discontinuous PWM can be
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divided into two types, namely scalar implementation and direct digital implementation.
In [38, 40], a maximum magnitude test is used in the scalar implementation of the
switching scheme. Scalar implementation is easy to implement, however, the drawback
is the traditional controller design based on the rotating d-q axis cannot be achieved
since the idea of the rotating switching vector is lost. Direct digital technique is used in
[42, 45], although the calculation might be more complex compared to the scalar
implementation, the rotating switching vector is obtained. Besides, for modern digital
signal processor, the calculation will not become a software burden. The aim of the
generalized discontinuous PWM is to achieve minimum switching loss over a wide

modulation range under varying load conditions.

2.5.1.4 Reduced common-mode voltage PWM

The common-mode voltage (CMV) of the three-phase system is defined as the voltage
potential difference between the star point of the load network and the mid-point of the
DC link capacitors [39]. Therefore, each switching state of the converter has its own
related common-mode voltage level as shown in Table 2-2. It has been shown that the
two zero switching states have the highest voltage level of +Vpc/2. The reduced
common-mode voltage PWM method aims to reduce the common-mode voltage level
by avoiding the two zero switching states (177 and 170). Various switching schemes have
been reported in the literature survey[46, 47], however, few are feasible[26]. In practice,
limitations such as dead time delay and simultaneous switching of one phase pose

problems.

Table 2-2 Switching states and related common-mode voltage

Switching state ppp Pnn ppn npn
CMV Vpc/2 -Vpc/6 Vpc/6 -Vpc/6

Switching state npp Nnp pnp ppp
CMV Vpc/6 -Vpc/6 Vpc/6 -Vpc/2
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Among all these PWM methods that yield reduced CMV, active zero state PWM
(AZSPWM) [46, 47] and near state PWM (NSPWM) [39, 43] deserve dedicated
attention [26]. The ideas behind these switching schemes are almost the same. Instead

of using two adjacent switching vectors and one or two of the zero switching vectors;
three or four non-zero switching vectors are utilized to synthesize the reference
switching vector. A near-state PWM is demonstrated here to illustrate how the

switching scheme works.

As it is shown in Figure 2.13(a), synthesis of the reference vector in NSPWM utilizes

three non-zero switching vectors V1, Vo and V5 for section By. The six sectors have to be
redefined as B;1-Bg for NSPWM as it is shown in Figure 2.13(b). As it can be seen, each
new section has 30° phase shift with the conventional sector. Figure 2.14 shows the
inverter switching states and the common-mode voltage patterns of the NSPWM in
section B; and By. It shows clearly that there are only £Vpc/6 voltage levels in the CMV.

The higher levels of £Vpc/2 have been reduced.

The big advantage of this switching scheme is that it reduces the common-mode voltage
without sacrificing the DC link utilization and at the same time maintains the minimum
switching loss since the actual modulation index waveform is exactly the same as
DPWM1. However, there are two drawbacks of this switching scheme. First is the
limitation of linear operating range. The effective operating range of the modulation
index is limited to the range of 0.6667 to 1.0[39, 43]. However, this will not pose a
serious problem for applications such as high power UPS system since most of the time,
the system works under a high modulation index range. Another drawback is when
implementing the scheme in a real-time system; six PWM channels will be used instead
of three. The reason for this is that for a switching pattern as shown in Figure 2.14, two

carrier waveforms are needed for each phase [39].

There are other reported PWM switching schemes that can reduce CMV[26], however,
these methods require simultaneous switching between different phases. This cannot be
realized due to the dead time effect and even if it is possible to do so, the sudden change

of the line-to-line voltage leads to significant terminal overvoltage[26].
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Figure 2.14 CMV pulse patterns of NSPWM in section B4,B,

2.5.1.5 Generalized carrier-based PWM (CBPWM)

As opposed to space vector modulation (SVM), a generalized carrier-based PWM
(CBPWM) aims to have the same modulation index waveform as the SVM by
implementing a scalar version of the switching scheme. In essence, it is based on the
same idea as the sine-triangle modulation except in this case the reference signal is not
sinusoidal. In [41], the relationship between the carrier based PWM and SVM has been
fully analyzed, for each available SVM, there is an equivalent carrier-based PWM. The
main advantage of the carrier based PWM is its simplicity in implementation, however,

it also loses the concept of rotating reference vector. In [37, 40], a maximum magnitude
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test is used to generate the reference signal. In [41], analysis and calculation on the

pulses pattern were carried out so as to generate the reference signal.

2.5.2 Switching schemes for three-phase four-leg VSI

The previously discussed switching schemes for a conventional three-phase three-leg
VSI, whether they’re scalar or digitally implemented, are well established and their
implementation is not difficult. For a three-phase four-leg VSI, the addition of a fourth
leg makes the switching states become 2*=16. This means the switching schemes that
can be applied on the four-leg inverter are more complex than the conventional
switching schemes implemented on the three-leg inverter[48]. The following sections
list the switching schemes that are implemented on the three-phase four-leg VSI.

2.5.2.1 Three-dimensional space vector modulation (3-D SVM)

The concept of three-dimensional space vector modulation (3-D SVM) was invented by
Richard Zhang and was first published in [18, 49]. Since the day of its invention, this
scheme was regarded as the best switching scheme for a three-phase four-leg VSI under
unbalanced/nonlinear load conditions[15, 19, 32, 50, 51]. There are sixteen switching
states of the converter as shown in Figure 2.15. After transforming the switching vectors
in A-B-C coordinate to the a-f$-y coordinate, they are located in a three-dimensional
space as shown in Figure 2.16, that’s where the name “3-D” comes from. The

transformation between the A-B-C and o-f-y are given by Eq. (2.14) and Eq. (2.15).

2 1 1]
X, 3 3 3 || X4 (2.14)
X,|l=lo L -—Lix :
/ NCRERNCY
X101 1 1 |%

'3 3 3 |
X, 1 0 1}X,
X, |= —% @ 1] X, (2.15)
Xl |1 _AB3 (L%
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Figure 2.15 Sixteen switching states of the four-leg VSI

In Figure 2.16, it is shown that among all the sixteen switching vectors, there are two
zero switching vectors (pppp, nnnn) which are located in the middle layer of the space.
The other fourteen non-zero switching vectors are located in different layers according
to the different voltage levels of V,. It should be noted that V, is the zero-sequence
component and related to the neutral current [18, 32]. There are altogether seven
different voltage levels of V, and therefore seven layers of the space. The projection of
the switching vectors on o-f plane is also shown in Figure 2.16. As it can be seen, the

projection of V, and Vg form the same circle as that of the conventional SVM.
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Figure 2.16 Sixteen switching vectors in a-f-y coordinate and their projection

Synthesis of the rotating reference vector in the a-f$-y coordinate takes the following

steps[32]:

e Prism and tetrahedron identification

¢ Projection of the reference vector

e Sequencing of the selected switching vectors

e Generation of modulation index

Prism and tetrahedron identification

For conventional SVM (2-D), the synthesis of the rotating reference vector is

straightforward since the adjacent switching vectors are always chosen. For the same

reason, adjacent switching vectors in the a-$-y coordinate have to be selected. However,

the adjacent switching vectors in the three-dimensional space are not easy to identify. It

takes two steps to choose the adjacent switching vectors, namely, prism identification

and tetrahedron identification [32]. As it can be seen in Figure 2.17, six prisms can be
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identified in the space like the six sectors in the conventional SVM(It should be noted
for demonstration purposes, each prism rotates by 60 degree from the previous prism).
As it was discussed in the previous section, the knowledge of V, and Vy of the rotating
reference vector will determine in which prism the reference vector locates. It is also
noticed that in each prism, there’re six non-zero switching vectors and two zero
switching vectors that can be used. After the prism identification, four tetrahedrons are
identified in each prism as shown in Figure 2.18. Each tetrahedron consists of three
non-zero switching vectors and two zero switching vectors. These vectors are the
adjacent switching vectors that are going to be used to synthesize the reference vector.
To decide in which tetrahedron the rotating reference vector locates, the information of
the phase voltages in A-B-C coordinate is needed, as it was stated in [50], the
tetrahedron can be selected by directly comparing the relative sizes of the phase

voltages and zero.
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Figure 2.17 Prism Identification of the switching vectors
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Figure 2.18 Tetrahedron identification in Prism 1

Projection of the reference vector

The duration of each selected switching vector can be calculated by projecting the
reference vector on the switching vectors. The calculations are shown in Eq. (2.16),
(2.17) and (2.18).

Vref =dVi.dVa2+dVs (2.16)
dl 1 Va_ref
d2 =—G Vﬂ_ref (217)
Vbc
d3 Vy_ref
d:=1-di—d2—ds (2.18)

where d is the duration of each selected switching vector, G is the matrix needed to

compute the duty ratios and can be found in [32].
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Sequencing of the selected switching vectors

Sequencing of the selected switching vectors follows the same rule as the conventional
SVM. In [32], two classes of the switching schemes are compared and analyzed. It is
concluded in [32] that Class Il centre-aligned is the best compromise between the
switching loss and harmonic content and is normally adopted in real-time

implementation.
Generation of modulation index

The waveform of modulation index can be derived from the duty ratios of the switching
vectors d1, dz, d3 and d, and sequencing scheme used[32]. For demonstration purposes, a
balanced load condition is studied here. The modulation index waveform is obtained by

supplying a balanced three-phase sinusoidal reference signal as in Eq. (2.19)

Vab _ ref Sln(a)t)
Voe_ret | = MiVoc| sin(wt —120°) (2.19)
Vea _ref sin(a)t + 1200)

Based on Eq. (2.14), the trajectory of the rotating reference vector is a circle only based

on the layer of V,=0. The rotating reference vector in a-f-y coordinate is then given by

Va _ref

cos(at)
Vp _ret | =—=Vbc| sin(wt) 2.20
y f‘@ { (2.20)
y_re

The modulation index waveform is shown in Figure 2.19, with the continuous lines
showing the modulation index for the first three phases, while the dashed line showing

that for the fourth leg. The block diagram of 3-D SVM can be seen in Figure 2.20.
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Figure 2.19 Modulation index waveform for 3-D SVM, Mi=0.85
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2.5.2.2Three-dimensional SVM in A-B-C coordinate

In spite of all the advantages that 3-D SVM enjoys, one of the drawbacks of the 3-D
SVM is the complexity of the scheme. Prism and tetrahedron identification is not easy
to understand, therefore, recent years have witnessed intensive research on
simplification of the 3-D SVM. The transformation between the A-B-C and the a-S-y
coordinates can be removed if the A-B-C coordinate is used. It is argued in [15, 50, 51]
that the algorithm is simplified by using the A-B-C coordinate. However, this scheme
cannot avoid the location of the reference switching vector and the location of the
reference vector, which takes almost the same steps as 3-D SVM in a-f-y coordinate.

The algorithm cannot be easily simplified because of the characteristics of the 3-D SVM.

2.5.2.3 Carrier-based PWM for four-leg VSI

Three-dimensional SVM is based on the concept of switching vectors corresponding to
the switching states of the converter. Without using the concept of switching vectors,
carrier-based PWM scheme can be used in scalar implementation for four-leg VSI [13,
33] and it is proved to be equivalent to 3-D SVM under open loop operation[33]. The
modulation index waveforms for the first three phases follow the same rule as CBPWM
for three-leg VSI. An offset voltage signal is then calculated for the fourth leg. The
block diagram of the carrier-based PWM is shown in Figure 2.21. The variations of the
modulation index waveforms depend on the offset modulation calculation. The fourth-
leg modulation index should be within the envelope of the minimum and maximum
function. In [35, 37], a similar idea was presented, the offset modulation index was
called injected signal in this case. The calculation is different with that in [13, 33],
therefore the boundary of the injected signal waveform is different.
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Figure 2.21 Block diagram of the carrier-based PWM for four-leg VSI
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As it can be seen from Figure 2.21, the terminal phase reference voltages are given by

V*ao V*af
Vo |=|V bt [+V 10 (2.21)
V*co V*cf

The offset voltage calculation is then given by Eq. (2.22)[14]

(05— gg)VDC - é\/* min,V* max < 0
V*fo= (0.5—§)VDC+(§—1)V*max,v*min >0 (222)
(0.5—EWVoc + (£ =DV max— &V min, elsewhere

where Vmax =max(Vas, Vor, Vo), V min =min(Var, Vo, Vo) and ¢ is called the zero-

state partitioning function, and is defined as Eq. (2.23)[14]

t
F=—"mn— 2.23
t + toppp ( )

nnnn

where toann IS the time of the switching state where four bottom switches are on and tpgpp

Is the time of the switching state where four top switches are on.

Thus the (-based offset voltage calculation establishes the unification of the carrier-
based PWM switching scheme for four-leg VSI.

The big advantage of CBPWM for four-leg VSI is its simplicity and therefore low cost
of implementation. However, the performance under an unbalanced load condition is
not clear. Another drawback of this switching scheme is a controller design based on d-
g-o coordinate, or the synchronous reference frame is not possible since there is no

rotating reference vector [52].

In [52], the authors stated that because of the ineffectiveness of the classical
synchronous reference frame P1 control, individual phase control should be used instead.
Also in this paper, another modulation technique is adopted for the generation of
CBPWM. The fourth-leg voltage is given by

V*fo:\%(l—Zg“)—g'\/ min—(l—g)Vmax (224)

where Vmax and Viin are the instantaneous maximum and minimum magnitudes of the
three-phase reference phase voltages, ¢ is the zero switching state partitioning

parameter[52] and is given by
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¢ =0.5%[1—sgn(cos(3at + 5))] (2.25)

where ¢ is the modulation angle, variation of the modulation indexes is achieved by
varying ¢. This method has the same drawbacks as any other CBPWM switching
scheme.

Over-modulated sinusoidal PWM

Earlier work of Dr David, J Atkinson adopted another carrier based PWM switching
scheme for a three-phase four-leg VSI. Aiming at the full DC link utilization, a three-

phase over-modulated reference signal is given by

*

V at sin(at)

N . Voc| .
Vot | = Mi > sin(wt —120°) (2.26)
Vo sin(at +120°)

where Mi is the over-modulated modulation index, the maximum value of which is 1.15,

meaning the full DC link utilization can be achieved.

Then the reference voltage signals for the first three phases can be obtained by

Vbc " Vbc
—_—, > —
V>
* —VZC,(V*xf<—V;C)
(2.27)

Vi, else
Xx=a,b,c

The fourth-leg reference voltage signal depends on the per-phase offset calculation
given by

Vbc . * Vbc
—-V xf, Xt > —
2 WV )

V*fo_x: —\%—V*xf,(v*xf <—\%)

(2.28)

0,else
Xx=a,b,c

Therefore the fourth-leg reference voltage signal is obtained
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V*fo:ZV*fo_x (229)

This switching scheme, when supplied with full modulation index Mi =1.15, happens to
have the same waveform as standard 3-D SVM, or DPWM1 for the carrier-based PWM.
Although the implementation is relatively easy, under a modulation index range below
the full modulation index, the clamping part of the waveform decreases as shown in
Figure 2.22 (a). This means the relative switching loss will increase as the modulation
index decreases. Figure 2.22 (a) shows the switching scheme under Mi=1.05 and (b)
shows the switching scheme when Mi=0.95. As it can be seen, when the modulation
index is below unity, the waveform shown becomes the same as sinusoidal PWM with
the fourth-leg voltage held at 0.5Vpc. Although this switching scheme may be the
simplest in terms of real-time implementation, the switching loss increases when the

modulation index decreases.
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Figure 2.22 Another carrier-based PWM modulation index waveform under (a)
Mi =1.05,(b) Mi =0.95
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2.5.2.4 Minimum loss DPWM (MLDPWM)

The minimum loss DPWM switching scheme aims to achieve the minimum switching
loss at certain load conditions. This switching scheme is specially designed for UPS
systems where single-phase load operating condition is quite frequent [14]. The basic
idea is based on the carrier-based PWM switching scheme for four-leg inverter, with the
zero state partitioning function ¢ mLpopwm given by

O,||V max| >||V min|

SMLoPwm = { (2.30)

1,||V ma><| < ||V min|

where lymax and lymin are the phase current magnitudes of V' max and V' min, respectively
[14].

Under normal operating conditions, e.g. a balanced load condition, the resulting
waveform of the modulation index is the same as standard 3-D SVM or DPWML.
When under single-phase loading condition, the fourth-leg carries the same level of
current as the phase current. In this case, the switching loss of standard 3-D SVM or
DPWM1 becomes significant. With 240° modulation index clamp for the phase that
carries the phase current (as shown in Figure 2.23, assuming phase A carries the largest
current, current has been normalized in this case), The MLDPWM achieves around 25.2%
less switching loss[14]. The modulation indexes for other phases are shown in Figure
2.24.
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Figure 2.23 Phase A modulation index under MLDPWM, Mi=0.85
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Figure 2.24 Modulation index waveform for MLDPWM, Mi=0.85
2.5.2.5 Selective harmonic elimination PWM (SHEPWM)

A selective harmonic elimination PWM (SHEPWM) switching scheme for a four-leg
VSI was proposed in [53]. The SHEPWM for a three-leg inverter was described in [54],
based on the idea of using Fourier-based equations, with the lower order non-triple
harmonics eliminated. The SHEPWM for four-leg VSI aims to extend this technique in
four-leg inverters, especially under unbalanced load condition. However, this technique
is proposed for a low switching-to-fundamental frequency application, with switching-
to-fundamental frequency ratio of 13 per unit[53]. When it comes to a high switching
frequency application (5 kHz - 20 kHz), the calculation needed for the algorithm

becomes too complicated, therefore limits its implementation.

So far, nearly all the switching schemes for a three-phase system have been studied.
Switching schemes that are based on the space vectors rely on the information of the
rotating reference vector and are generally compatible with the real-time DSP
implementation. Carrier-based PWM switching schemes are relatively easier to
implement compared to the SVM schemes and therefore are implemented using scalar

implementation technique.
2.6 Analytical and graphical methods for PWM-VSI drives

Recent years have witnessed research on analytical and graphical methods for the study,
performance evaluation of modern PWM switching schemes [26, 37]. The performance
of a three-phase VSI depends on the output waveform quality, switching loss and

sometimes over-modulation performance.

For VSI drives, the output waveform quality is mainly related to the output harmonics
content [55]. For a three-phase four-leg VSI, total harmonics distortion is normally used

to determine the quality of the output voltage[32]. Conduction and switching loss of the
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power electronics devices not only depend on the switching frequency, turn-on time and
turn-off time of the power switches, but also relate to the PWM switching schemes[56,
57]. Switching schemes that have discontinuous (or clamp on) waveforms have less
switching loss compared to continuous PWM switching schemes[27]. Over-modulation
operation is not often seen in applications where good quality outputs are expected,

therefore the over-modulation operation is not presented in this dissertation.

2.6.1 Output voltage quality and THD

As was stated before, the output voltage quality is strongly related to the total harmonic
distortion (THD). IEEE Std 519-1992 recommends the requirements for harmonic
control in electrical power systems[58]. The total harmonic distortion, by definition,
defines the effects of harmonics on power system voltage and could be used in low,

medium and high voltage systems[58]. The THD is defined by

2 2.31)
THD, = V2 (
o, =15

where h is the characteristic harmonic order, V}, is the harmonic voltage and V; is the

fundamental voltage.

IEEE Std 519-1992 sets voltage limits at the point of common coupling (PCC) and
asked the customers to be responsible for not causing excessive current harmonics[58].
For systems in which the bus voltage at the PCC is 69 kV and below, individual voltage

distortion is limited to be below 3% and the THD is limited to be below 5%.

The Fast Fourier transformation (FFT) could be used to do spectral analysis of a given
signal therefore could be used as a useful tool for THD calculations [59]. The algorithm
requires a large amount of calculation, but with today’s powerful computers and
simulation software such as Matlab, the calculation can be done easily. The FFT could
be implemented in a real-time DSP system providing a powerful DSP is selected[59].

2.6.2 Current harmonic distortion

For a variable speed drive application where the load is assumed to be balanced, current
harmonic distortion is used as a factor to determine the output waveform quality [36, 55,
56, 60, 61]. In [37, 38, 40], harmonic distortion factor (HDF) was introduced. It has
been found that the HDF is related to the modulation index value and the switching
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scheme chosen. Therefore, it serves as a useful tool to compare the performance of

different switching schemes.

2.6.3 Conduction and switching loss

A major source of loss and inefficiency in power converters is the conduction and
switching loss[62]. Conduction loss is normally due to the forward voltage drops on the
semiconductor device and switching loss is related to the large instantaneous power loss

in the semiconductor devices during the turn-on and turn-off [62].

Conduction loss is normally estimated using an approximation based on the voltage
characteristics of the semiconductors chosen, and it is linked to the switching scheme of
the VSI and the phase angle of the load[57]. Switching loss is strongly related to the
switching frequency of the VSI, the current in each device and the device’s dynamic

characteristics[27].

The conduction loss is found to be associated with the on-time of the power devices and
the on-time is related to the switching scheme[57]. In [57], calculations for different

switching schemes were used to analyze the conduction loss in the three-phase VSD.

The switching loss depends to some extent on the modulation techniques employed for
a three-phase inverter. The calculation of the switching loss is fairly complex since it
involves many factors such as anti-parallel diode loss, fundamental frequency,

switching frequency and the switching scheme.

An analytical switching loss calculation based on different modulation techniques for a
three-phase VSI is presented in [35, 37, 40, 42, 49]. For clarity, conduction loss,
forward voltage drop and IGBT tail current are neglected. The power loss during the
switch-off of an IGBT is shown in Figure 2.25. The waveform of the switch-on power
loss is quite similar to that of switch-off, with only the time axis reversed. Here we
assume the power dissipations of the turn-on and turn-off are the same, therefore the
switching power loss during one full switch (switch-on and switch-off) is given by Eq.
(2.32).

Psw = %J p(t)dt :VDC X IL X (toﬁ —ton) X fsw (232)

where Py, is the power dissipated during on switching event, I, is the inductor current,
Ts is one switching period, ton is the on-time of the device, tof is the off time of the

device and f, is the switching frequency.
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Figure 2.25 Switching loss of IGBT during turn-off transition
Therefore, the average switching loss over one power cycle can be obtained as
_ LVDC (toff —ton) 27
P [ filat)dat (2.33)

where P is average switching loss over one power cycle, and the function fi(w?) is
defined by Eq. (2.34) and its waveform is shown in Figure 2.26. As it can be seen, fi(w?)
equals zero during the time when the modulation is clamped either at 1 or -1, and the
absolute value of the current when |Mi|<1. Figure 2.26 also indicates that the function is

related to the power factor angle ¢.

| ~1<Mi<1
flan=1 ! (2.34)

Mi=+1
It should be noted that the calculation is based on the steady state under balanced load
condition. As a comparison, the switching loss under continuous PWM is defined in Eq.
(2.35) and is ¢ independent. The relative switching loss function RSL is then defined in
Eq. (2.36).
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Figure 2.26 Waveform of fi(w?)
P, =Vpe x I x2x (tot —ton) x f, /7 (2.35)
RSL=P/P, (2.36)

Based on the equations above, the relative switching loss of popular PWM switching
schemes are compared and presented in [37, 40, 42]. It is concluded that the generalized
discontinuous PWM switching scheme achieves the least switching loss over a wide

range of power factor.

Switching loss analysis on a four-leg inverter is rarely seen in the literature. In [49], the
authors present a comparison of relative switching loss between different schemes that
are applied for a three-phase four-leg VSI. However, the details of calculation,
especially when under unbalanced load condition is not given in the paper.

2.7 Output control of the three-phase four-leg VSI

Digital Signal Processor (DSP) has become more and more popular in power electronics,
machine drive and control with powerful and fast calculation and other peripheral
functions such as multi-channel PWM output with fault detection, A/D conversion, SCI
and SPI communication, etc[59]. The size of the modern DSP is becoming smaller;
therefore the cost is significantly reduced. It is insensitive towards parameter changes
such as temperature. More complicated switching scheme and control algorithm can be
implemented thanks to the fast computation speed of the DSP. The drawback of a DSP
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is the time delay caused by sampling and sensing, which limits the control
bandwidth[63].

Software such as Matlab provides some useful tools in terms of controller design. Close
loop controller design in discrete time domain including the sampling and computation

delay effect can be carried out using control and estimation tools in Matlab[63].

For high power converter systems, the switching frequency is limited (5 kHz-10 kHz)
because of the conduction and switching loss of the power electronics devices [19]. The
systems are often equipped with low-pass filter; the resonant frequency of the filter is
normally designed below half of the switching frequency and higher than the
fundamental frequency [28]. This limits the control bandwidth from the control point of
view. In this case, feed forward control is normally introduced to compensate the slow

dynamic behaviour of the voltage control loop.

Controller design varies based on different switching schemes. For space vector
switching schemes, controller based on the synchronous reference frame is normally
used while for carrier-based PWM, independent per-phase control based on natural
reference frame is often seen in real-time system application. The following sections
review the control strategies which are mostly seen for a high power three-phase four-

leg voltage source inverter.

2.7.1 Output voltage control based on d-g-o rotating coordinate

Controller design in d-g-o rotating coordinate, which is also called synchronous
reference frame control [7], is suitable for switching scheme such as 3-D SVM of a
three-phase four-leg inverter. After the transformation from the A-B-C coordinate to a-

S-y coordinate, a rotating reference frame in d-g-o coordinate is obtained by

Xd cos(wt) sin(wt) O X,
X, |=| —sin(et) cos(at) 0O X, (2.37)

X 0 0 1] x,

0

By this means, controller design based on the DC operating point can be obtained [7].

The reason that the transformation is needed is because the steady state variables in A-

B-C coordinate are sinusoidal; the absence of the DC operating point makes it difficult

for the controller to track the reference signal due to the time varying characteristics of

the reference signal. Figure 2.27 shows the average large signal model of the system in

A-B-C coordinate and Figure 2.28 shows the average large signal model in d-g-o
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coordinate[19]. It can be seen in Figure 2.28 that Channel d and q are coupled through
terms of voltage source wLI and current source wCV. This, when it comes to controller
design based on each channel, presents a problem, especially when the load is not
balanced [64]. The coupling voltage sources wLIly and wlLlqcan be easily decoupled in
the controller design while the coupling current sources wCVy and wCV, presents a
problem. It is suggested to use the concept of load conditioner to address the issue[19].
However, adding a load conditioner means adding the cost of the whole system,

therefore it is used only under heavy nonlinear load condition.
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Figure 2.27 Average large signal model of a four-leg VSl in A-B-C coordinate
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Figure 2.28 Average large signal model of a four-leg VSI in d-g-0 coordinate
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Figure 2.29 Decomposed sequence signals in d-g-o coordinate

The unbalanced voltage and current can be decoupled into positive, negative and zero-
sequence as explained in the previous section. When it comes to d-g-o coordinate, the
positive-sequence component shows constant DC values in channel d and g. The
negative-sequence component travels in channel d and g at a frequency of 2w since the
rotating direction of the sequence is opposite to the positive-sequence. The zero-
sequence component circulates in channel o at the fundamental frequency. The
decomposed signals in d-g-o coordinate are shown in Figure 2.29. Negative and zero-
sequence disturbance signals are shown as disturbance signals and the controllers need

to be designed fast enough to cope with the disturbances.

It also can be seen in Figure 2.28 that by neglecting the coupled terms in d and g
channels, the system model in the d-g-o coordinate can be treated as three independent
dc-dc buck converters. Therefore, the conventional controller design based on the DC
operating point can be done in each channel. The designing process includes the
following [19, 65]
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e Transfer function identification of each channel, three independent control-to-
output transfer functions can be obtained based on the model in d-g-o coordinate.
The transfer functions in [19] are shown in continuous time domain with the
consideration of the sampling time delay. Research in recent years show that when it
comes to real-time DSP implementation, controller design in discrete time domain
match better with the real-time system [66, 67].

e Delay consideration, with digital controller, the delay caused by sampling, sensing
and computation can be modelled by zero-order hold and delay block. On the bode
diagram of the control-to-output transfer function, delay causes the phase plot to
drop at the high frequency range [63].

e Controller design based on light load condition, since the system could run in
load conditions such as single phase loading. A worst scenario, which is light load
condition, is considered for the close loop design. The bode diagram shows that
there is a peak around the resonant frequency and the phase rolls down sharply
below 180°. To ensure the system stability under light load condition, the controller
bandwidth has to be designed to be very low[19].

e Feed forward term if necessary, the low controller bandwidth ensures the system
stability, however, under heavily unbalanced load condition; the controller is not
fast enough to compensate the ripples caused by negative and zero components due
to the slow dynamic behaviour. Therefore, a current feed-forward term is normally
introduced to address the issue[19, 65]

2.7.2 Sequence decomposed control based on d-g-o coordinate

In order to cope with the poor performance of the conventional controller design during
the unbalanced loading, a control strategy based on the sequence decomposition of the
unbalanced current/voltage is proposed in [15, 21]. The analyses of the unbalanced load
and symmetrical component decomposition have been introduced in the previous
sections. An algorithm is implemented before the PI controllers for each channel are

designed so that the voltage and current signals are decomposed first.

The key of the decomposed method is to obtain the complex number « and it is shown
in Figure 2.30. The complex number a=e/**®can be developed using Euler’s identity as
-1/2+jv/3/2 while a*=-1/2-j+/3/2. The complex term j can be thought of as an operator
and multiplying a complex number by j leaves the magnitude of the complex number

unchanged and phase angle increase by 90°. In practice, it is —j that is used because it
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can be obtained by shifting the signal by the time of T1/4, while T, is the period of the
fundamental frequency. The shift is carried out by delaying the original signal by T:/4
[15].

Once the signals are decomposed, the variables in positive-sequence will always show
DC values in the d-gq-o coordinate. The negative-sequence values in the d-g-o
coordinate can be also shown in terms of DC quantities by rotating the d-g-o coordinate

in the opposite direction and the transformation is obtained

X - cos(wt) —sin(ewt) O X,
Xq-|=|sin(at) cos(at) Of X, (2.38)
X, - 0 0 1] X,

The zero-sequence component signals are in phase with the same amplitude. Therefore
it is possible to apply a spatial rotation of -120° and -240° to the zero-sequence phases
B and C [15] and the transformation matrix yields Eq. (2.39). Thus in a positive rotating

reference frame, the DC operating point values can be obtained.

Xa o 1 1 1 || Xa
Xe_o =% a’> o’ o’ | Xs (2.39)
Xc_o a o o | X

Therefore the DC operating point for each channel can be obtained without any
disturbance. After the output of the controllers, sequence composition sum up all the
sequence components and these are the input voltage reference signals Var, Vi and Vsto
the 3-D SVM. The block diagram of the control strategy is shown in Figure 2.31.

Similar control structure was presented in [68].
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Figure 2.30 Block diagram of obtaining the complex number «
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Figure 2.31 Block diagram of the sequence decomposed control strategy

The drawback of this strategy is that by shifting the signal by T1/4, it introduces a delay,
which is a quarter of a power cycle into the system, meaning the controller cannot
respond to any changes in the system immediately due to a quarter of a cycle delay.
Therefore the dynamic response of the controller has been affected, especially under

light load condition.

2.7.3 Independent per-phase control

Independent per-phase control, also known as natural reference frame control, is
introduced for a four-leg VSI in [52]. The authors stated that due to the unbalance and
nonlinearity in the system, the best strategy is to use the actual AC voltage and current

for controller design.

When it comes to natural reference frame, or stationary reference frame, PI controller
struggles to remove the steady state error since the reference signals are sinusoidal
waveforms[7]. In the cases of single-phase PV system application, a single-phase
equivalent synchronous reference frame controller was introduced in [69, 70] and the
block diagram is shown in Figure 2.32. According to spectrum analysis theory, after
multiplying the reference sine and cosine waveforms, the harmonic content of the error
signal at that reference frequency will be shifted to dc and double-frequency[69]. After
the low-pass filter effect of the PI controller[66], only dc quantities are remained for the
controller to deal with, hence the integral part of the controller will force the error
amplitude to zero. The frequency of the reference sine and cosine waveforms are often

obtained by using a grid synchronized phase-locked loop (PLL).
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Figure 2.32 Block diagram of single-phase equivalent synchronous frame controller

Instead of using an equivalent synchronous frame controller, which is indirect and the
control strategy includes both de-modulation and modulation block, a proportional
resonant (PR) controller is introduced in [7, 69, 70]. The derived generalized PR

controller is given by

2Kiaxs

Hac(s) = Kp +
) P s% 4+ 2axS + @’

(2.40)

where K, is the proportional gain term, K; is the integral gain term at the reference

frequency o and w. represents the cut-off frequency.

Because of the high integral gain at the reference frequency, an overall zero steady-state
error can be obtained. Also, selective harmonic compensation can be achieved by
adding PR controllers at the selected harmonics frequency[7]. PR controller can be used
in either a-f coordinate or A-B-C coordinate. Details of digital implementation of the

controller are fully presented in [70].

The idea of using PR controllers for a four-leg voltage source inverter was first seen in
[14] and the control scheme was called scalar resonant-filter-bank-based output-voltage
control. This control scheme is suitable for per-phase control and therefore it is
implemented with a scalar implementation of the PWM switching scheme. The
advantage of implementing this type of controller in a system includes simplicity and

ease of implementation.
2.8 EMI in power converters

The fast switching actions of the power converter generate considerable electromagnetic

interference (EMI) noise [71]. For a four-leg VSI application, the bus bar is normally
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floating with reference to the ground[24]. With fast switching of the power electronic
devices, the common-mode voltage (CMV) has become a big EMI source [1, 34, 72].
The parasitic capacitances between the DC link, packages, heat sinks and ground are
significant, therefore cannot be neglected when designing the four-leg VSI system[24].
In [71], a metric for evaluating the EMI spectra of power converters has been
introduced. The techniques of dealing with EMI issues include passive or active
filtering [27, 73], soft switching[62], CMV mitigated controller[34], CMV reduced
switching scheme[72, 74].

Recent years have witnessed intensive research on CMV reduced switching schemes in
VSD system because of the fact that it is a good trade-off of cost and effectiveness [26,
39]. The work which focuses on the common-mode voltage noise for a four-leg inverter
used in distributed generation was introduced in [24, 72].

2.9 Summary

In this chapter, the topology of a three-phase four-leg VSI has been reviewed and
compared with other topologies. Typical application for a four-leg inverter includes
distributed generated power system and three-phase uninterruptible power supply
system where unbalanced loads are prevalent. Switching schemes that are seen for a
three-leg inverter are reviewed first before the switching schemes for a four-leg inverter
are introduced. Performance analysis tools for a three-leg VSI are also reviewed, these
analytical methods serve as useful tools to compare the performance of different
switching schemes in terms of THD, current harmonic distortion, switching and
conduction loss. Control loop design for a four-leg inverter are normally based on either
d-g-o coordinate or A-B-C coordinate, and often related to certain switching schemes.
The EMI issues, which are associated with the common-mode voltage noise, are

reviewed at the end of the chapter.
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Chapter 3
Near-State 3-D SVM for Three-phase

Four-Leg Inverters

This chapter introduces a modified 3-D SVM switching scheme which is called a near-
state 3-D SVM (NS 3-D SVM) for three-phase four-leg VSIs. The impact of 3-D SVM
scheme on grounding and common-mode noise issues has rarely been fully investigated
before. This chapter firstly investigates the common-mode noise issues for a three-phase
four-leg VSI, thus presenting a NS 3-D SVM which reduces the common-mode voltage
(CMV) of a four-leg inverter. The proposed switching scheme reduces the CMV level
of the inverter to be Vpc/4 while maintaining the merit of conventional 3-D SVM. The
technique of implementation of the proposed switching scheme in a real-time DSP
system is also introduced. Calculations of the duty ratios are given and the simulation
and experimental results validate the effectiveness of the NS 3-D SVM. Frequency
spectrum analysis based on NS 3-D SVM and conventional 3-D SVM have been carried
out and compared. The experimental results also demonstrate that the proposed
switching scheme can work both under balanced and unbalanced load conditions.

3.1 Common-mode noise and EMI issue

Common-mode noise is a type of EMI noise induced on signals with respect to a
reference ground, it is a source of coupling noise by conduction or radiation[1]. The
electrical equipments are susceptible to the magnitude, frequency and repetition rate of
the common-mode noise. Common-mode noise is sometimes called common-mode
voltage noise, implying that common-mode voltage characteristics are strongly linked
with common-mode voltage noise. The EMI issue of power converters and how it is
related to CMV has been reviewed in Chapter 2. In this section, the impact of CMV on

a four-leg inverter is studied and presented.
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-Batteryor DC Supply
- (optional)
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Figure 3.1A three-phase four-leg VSI power system

To start with, a definition of the common-mode voltage for a three-phase four-leg
voltage source inverter must be given. Similar to a three-phase three-leg inverter, the
common-mode voltage is defined as the potential difference between the star point of
the loads and the power line ground (Vng shown in Figure 3.1). With Vng=Vno+Veg and
Vog being much smaller and slowly varying signal compared to Vi, the term of Vg can
be neglected [39]. Thus the CMV of a four-leg inverter is the potential of the star point
with respect to the midpoint of the DC link capacitors (Vno in Figure 3.1).

By the definition given above and neglecting the voltage drop across the neutral

inductor, the CMV of a four leg inverter is

Vio = Vao +Vb0;1|-Vco +Vio (31)

where Vaomorcorfo are the phase-to-neutral voltage and Vi, is the CMV.

Depending on the switching states of the VSI, Vg, Vio, Veo and Vg, have £Vpc/2 voltage
levels. Therefore for a four-leg VSI, the existing voltage levels of the common-mode
voltage will show +£Vpc/2, £Vpc/4 and 0 depending on the 16 switching states of the
inverter. The details of the CMV according to different switching states are shown in
Table 3-1.

During the transient between the switching states, the CMV changes by £Vpc/4. The
switching schemes for the four-leg inverter, either 3-D SVM or carrier-based PWM,
exhibit high CMV characteristics that pose problems in the high power application.

With the increasing switching frequency of the modern power electronics and the high
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DC link voltage level, excessive common-mode voltage with sharp edges can result in

high common-mode current through the parasitic capacitors as shown in Figure 3.2.

EMI has always been an issue together with the CMV. The power stage of the high

switching inverter itself is a high EMI source while the control units of the system are

very EMI sensitive. This is also shown in Figure 3.2.

Table 3-1Common-mode voltage level with different switching states

Source

pppp | nnnp | pnnp | ppnp | npnp | nppp | nnpp | pnpp
Vao Vpcl/2 -Vpcl2 Vbel2 Vbel/2 Vpcl2 | -Vpcl2 | -Vpcl2 Vbc/2
Vo Vpcl/2 “Vpcl2 | -Vpcl2 Vbel/2 Vpc/2 Vbe/2 -Vpcl2 | -Vpcl2
Veo Vpcl/2 Vpcl2 | -Vpcl2 | -Vpcl2 | -Vpcl2 Vbe/2 Vpcl2 Vbc/2
Vo Vbcl2 Vpcl2 Vbcl2 Vbcl2 Vpcl2 Vpc/2 Vpc/2 Vpc/2
Vo Vbcl2 -Vpcld 0 Vocl4 0 Vpcl4 0 Vpcl/d
pppn nnnn pnnn ppnn npnn nppn nnpn pnpn
Vao Vbcl2 -Vpc/2 Vbcl2 Vbcl2 Vpc/2 | -Vpel2 | -Vpel2 Vpc/2
Vbo Voclz 'VDclz 'VDclz VDclz VDclz VDclz 'VDCIZ 'VDclz
Veo Vpcl2 Vpcl2 | -Vpcl2 | -Vpcl2 | -Vpel2 Vbel2 Vpcl2 Vbc/2
Vo Vocl2 | Vpcl2 | Vpcl2 | Vpel2 | Vpel2 | Vpel2 | -Vpel2 | -Vpel2
Vho Vocld Vpcl2 | -Vpcld 0 -Vpcld 0 -Vpcld 0
3-¢ 4-LeglInverter
g AT
DC Link AN
T wl 3
n
SN e R i
R ==y
- Nl
Sl ]
k (Gate drive # TC‘}‘(‘>1111110:1
17 | mody voltage
DSP R
Interface board, I High EMI
|
|
|
|

| Common mode
I\ |l currentpath

- ———

——————

Very EMI
sensitive

—_

A A

M- —aaan

Figure 3.2 Common-mode current path and EMI issues in a four-leg inverter system
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The cause of the EMI and the effect of it on the micro controllers and other sensitive
semiconductor devices were reviewed in [1]. In some worst cases, EMI leads to
nuisance trip of the inverter drive, or interference with other electronic equipment in the
vicinity [26, 34, 39]. In Chapter 2, a near-state PWM(NSPWM) is reviewed and the
method enjoys the reduced CMV characteristic without sacrificing the output voltage

quality and the reduced switching loss[26].

The grounding and common-mode noise issues have rarely been investigated for a four-
leg inverter. A four-leg inverter was proposed in [34] to eliminate the common-mode
noise, however, this scheme cannot be used in an unbalanced/nonlinear load condition.
In [72, 74], only six switching vectors are selected to synthesize the reference switching
vector. According to Table 3-1, if the switching states pnnp, npnp, nnpp, ppnn, nppn,
pnpn are chosen as shown in Figure 3.3, the CMV will end up with zero. This
switching scheme could be named as CMV mitigation switching scheme since it aims to
mitigate the common-mode voltage. On the a-f projection plane, the projection of the

chosen vectors forms a hexagon as shown in Figure 3.3.

ppun

nppn /

2
Vy = E Yoo a
1
Vy = § Yoo
Projection on a-p plane
V, =0 npnp ppnn
1 ;
Vr == E Voo __-"
nnpp pnpn B [
2 ||’I| j o
V== 3 Voo \Z/\ pnnp
nnpp
Vy =—Vpo

Figure 3.3 Selected six switching states to synthesize the reference switching vector

-56 -



Chapter 3 Near-state 3-D SVM for Three-phase Four-Leg Inverters

|

|

|

|

|

|

|
4

|

|

|

|

|
T

|

|

|

|

|

|

|

|
1

|

|

|

|

|
+—

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|
4—

|

|

|

|

[
T

|

|

|
1

|

|

|

|
1

|

|

|

|

|
-

|

|

|

|

|

|

|

|

—~ | = | o, = =~ - | = | = = =
O CE N A S A R I O A R ¢
““““ R N N R A N e

S, + p'!P !P Il P!P|DP pPl/p !n!nlp |p
I R R I
Sy + p i n|n | n! n | p n ! pipipip | n
| l l | | | | | | |
| | | | | | | | | |
S, + n,n | p | pin|n nin |n!njn | n
| 1 1 | | | | | | |
| | | | | | | | | |
S+ nipininipin pinipipinip
— — e
Vo | | | | | | | | ]
_________ Lol ___ | el _____ VD2
I I I I I I | I
| | | | | | | | | | .
I U B o I I I I o Foc/2
| | | | | |
V. I I I I I I
b N S S IR — R N R _-Voc/2
| | | | | | | | | |
_________ L 1 a4 Vool
| 1 | | | | | |
(N S N S I L eTRe
_________ | l ____i____ | L P | P Vel
V | |
fo____ S | —_— i____ Vo2
| | | | | | | | | |
I 1 1 I I I I I I I
Vi — — 0
! ! ! l ! ! ! ! I |

Figure 3.4 Switch pulse pattern and CMV, CMV mitigation switching scheme

The switching patterns of different legs covering [-60°, 60°] on the a-f plane are shown
in Figure 3.4. As it can be seen, although the CMV achieves zero, there’re simultaneous
switching actions between different phases. This, as it was explained in the literature
review, cannot be guaranteed in real-time implementation due to the dead time delay
effect and the significant terminal overvoltage, in which case 2Vpc, is created due to the
simultaneous switching of different phases, this means the rated insulation will have to
be doubled. Therefore, this scheme cannot be utilized in practical drives.

3.2 A near-state 3-D SVM

Adopting the method from CMV reduced PWM switching scheme for a three-phase
three-leg VSI, a near-state 3-D SVM is presented here. In theory, by avoiding using the
two zero switching states pppp and nnnn, the CMV level should be limited to +Vpc/4.
Unlike the three-leg inverter which only has 8 switching states, the four-leg VSI has 16
switching states; this makes the selection of the non-zero switching vectors more
difficult. Therefore the steps that are required to synthesize the rotating reference vector

are different with the conventional 3-D SVM. The theory of the switching vectors in a
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3-D a-f-y coordinate has already been introduced in the review work of the 3-D SVM;

therefore here the definition of the 3-D space vectors will be skipped.

3.2.1 Syntheses of the reference switching vector in a-f-y coordinate

Instead of having prism and tetrahedron identification, unique section identification is
required and therefore the selected adjacent switching vectors and the duration of each
applied switching vectors are different with those of conventional 3-D SVM.
Sequencing of the selected switching vectors follows different rules. Synthesis of the
reference vector takes the following steps: (1) section identification; (2) selection of the
near-state switching vectors; (3) projection of the reference vector; (4) sequencing of the
selected switching vectors. The details are given in the following sections.

pnpy

W
Y

/.
pann

’ | . l\ N / | 4
paiphs : upip—
Jﬂnnp lﬂnnp lﬂﬂﬂp
Section[ SectionII Section ITI

pPpp

il
nnpn el

- .
PO - ) 2y mnpn 5 [pnnn

nnpp=_

N napp
lﬂnnp

Section IV Section V Section VI

nnp

Figure 3.5 Definition of section identification of near state 3-D SVM
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3.2.1.1 Section Identification

Just as the six prisms defined in the conventional 3-D SVM, six sections can be
identified. They are numbered Section | through Section VI, as shown in Figure 3.5. For
demonstration purposes, each section rotates by 60° compared to the previous one. Each
section consists of half of the two adjacent prisms. For instance, Section | consists half
of Prism VI and half of Prism I. Still based on the projection of the reference switching
vector on the a-f coordinate, the projection of Section | lie in Sector B; which is
between 330° and 30° on a-f plane as shown in Figure 3.6. Therefore, the criteria to
determine in which section the reference vector lies relies on the projection of the

reference vector in a-f coordinate.

PPPI
pnpn bpnn
npnx ppnx
,"f - >\
T
, \"\ Al ref “
nppx Spnny B
\ f" 1
!
- f
PIpp —1 [ppup nnpx pnpx
B L
]
punp
nnnp
Section I Sector B,

Figure 3.6 Definition of Section I in a 3-D space and its projection
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3.2.1.2 Selection of the near-state switching vectors

When the reference switching vector is located in Section 1, i.e. the projection of the
reference vector is within sector Bj, four non-zero switching vectors are needed to
synthesize the reference vector. In order to minimize the circulating energy, therefore
reducing the current ripple and harmonic contents, switching vectors adjacent to the
reference vector should be selected [32]. In this case, the adjacent switching vectors are
called near-state switching vectors and there’re altogether eight switching vectors are
adjacent to the reference vector, four of which will be chosen. Selection of the switching

vectors must follow the rules that as follows:

e Reduced common-mode voltage level

¢ Simultaneous switching between the phases must be avoided
e Minimum switching loss

e High DC link utilization

e \Work under both balanced and unbalanced load conditions

Based on these rules, only two sets of four switching vectors can be selected to
synthesize the reference vector in each section. Figure 3.7 shows the two sets of
switching vectors in Section | and Section 1l. As it can be seen, each set consists of two

tetrahedrons that rely in two prisms.

In Section |, for Set A, switching vectors of pnpp, pnnn, pnnp and ppnn are selected
while for Set B, switching states of pnpn, pnnn, pnnp and ppnp are selected. It can be
seen that the switching states pnnn and pnnp are selected in both cases since these two
switching vectors are the closest to the reference vector. One of the two switching states
of pnpp and pnpn is selected, and the fourth switching state will then be decided based

on the third switching state that has been just selected.

The principle behind the selection is that simultaneous switching actions between
phases should be avoided. Here we name the switching vector of pnpx (where x=p or n)

as V1, the switching vector of pnnx as V, and V3 and the switching vector of ppnx as V.
Hence the duration times of the applied switching vectors are named as d1, d,, dz and ds.
Therefore the reference switching vector can be represented as

\7ref =d1\71+d2\72 +d3\73 +d4\74 (3.2)
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Set A ofswitching vectors SetB ofswitching vectors

Section II

"bpm;___ ppm

/
pnnng!

Section II

S hpnn

panp~k” | N\l ponp

Set A ofswitching vectors SetB ofswitching vectors

Figure 3.7 Selection of the adjacent switching vectors in Section | and Section |1, Set A and
SetB

When sequencing these two sets in Section I, it is interesting to find that the switching
patterns for the first three phases are exactly the same while for the fourth leg, the
switching patterns show opposite polarity as it can be seen in Figure 3.8. The effect of
both sets therefore is the same. So for each section, one set of switching vectors will be
used to synthesize the reference switching vector. The choice of sets in each section will
lead to different levels of harmonic content and ripple in the output voltage and will be
discussed later. It is also noted in Figure 3.8 that one of the phases is not switched
during one PWM cycle, which indicates a third of the switching loss has been saved.
There is no simultaneous switching action between the phases. Also it is shown clearly
in Figure 3.8 that the CMV level has been reduced to +Vpc/4 as expected. In
comparison, Figure 3.9 shows the CMV level of the conventional 3-D SVM. For

demonstration purposes, Tetrahedron 2 in Prism VI and Tetrahedron 1 in Prism | are
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have been eliminated in the proposed switching scheme compared to the conventional

3-D SVM.

used to synthesize the reference vector, since the projection of the reference vector in a-
S coordinate covers the range of [-30° 30°]. It can be seen clearly that the +Vpc/2 level

Chapter 3
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There are four schem
Table 3-2. As explain

es in terms of set selection in each section and they are shown in

ed before, in effect, Scheme 1 and 2 belong to the same class since

they choose either Set A or B to sequence the selected switching vectors, hence they

have the same output

voltage waveform while Scheme 3and Scheme 4 chose Set A and

B alternatively, so they have different output features compared to Scheme 1 and 2(see

Figure 3.10). It has b
output voltage of Sch
in the FFT analysis
Therefore, Scheme 3
3.12.

een found that the harmonic content and the voltage ripple of the
eme 1 or 2 are higher than that of Scheme 3 or 4 as it can be seen
(Figure 3.11) based on the output voltages of both schemes.

is selected in the real-time implementation as shown in Figure

Table 3-2 Set Selection Table

Section
Set selection I I i v v v

Scheme 1 Set A Set A Set A Set A Set A Set A

Scheme 2 Set B Set B Set B Set B Set B Set B

Scheme 3 Set A Set B Set A Set B Set A Set B

Scheme 4 Set B Set A Set B Set A Set B Set A

Section I | Section II | Section I \ Section II |

' -+ - - | -+ - 8

S T | 1 Rl SO R Ll |

SR N Y N e A o B

N ey st [ e
S R e I s [ 1 T 1 [
_30‘0;."3300 380 9}]0 -30°/330° 3dc 90°

Scheme 1 Scheme 2

Section | Section II | Section I | Section I |

' -+ - 1 I -+ - 3

S I i S L Ll |

s 1T 1 | =11 T

sel | e sl r._ |
s | [ T 1T © ST I D
_302:);3300 30|<: 900 -3004"'3300 3OC 900

Scheme 3 Scheme 4

Figure 3.10 Switching patterns for different schemes, Section | and Il are chosen for

demonstration purposes
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Figure 3.11 Comparison of harmonic contents based on the output voltages of Scheml
and 3; (a) FFT comparison between Scheme land 3; (b) zoomed in version showing
harmonic contents at 3"-9th
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Figure 3.12 Scheme 3 is chosen to be implemented for the proposed switching scheme

3.2.1.3 Projection of the reference vector

The duration of each applied switching vector can be computed by projecting the
reference rotating vector onto the switching vectors, which is similar to the conventional
3-D SVM. The difference in this case is that instead of utilizing the zero switching
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vectors (172: pppp or nnnn or both), four non-zero switching vectors are utilized,

therefore a 4x4 matrix is given as below (Assuming the reference vector lies in Set A of

Section I) :
dl 1 \/5 Va_ref
d,| 1|5 - 1 0y
2|__+ 2 2 B _ref (3.3)
d3 VDC E _ E 1 -1 V;/_ref
d, 2 2 Vi
3By
L 2 2 J

The details of calculating the 4x4 matrix can be seen in Appendix A. When the
reference vector is located in other sets of other sections, the only thing that needs to be

changed is the matrix in Eqg. (3.3).

The corresponding near-state switching vectors for all the sets in different sections are

shown in Table 3-3. Table 3-4 shows the matrices needed to compute the duty ratios.

3.2.1.4 Sequencing of the selected switching vectors

The conventional 3-D SVM has many sequencing schemes with the option of choosing
either one or two ZSVs. Unlike the conventional 3-D SVM, the sequencing of the near
state 3-D SVM is straight forward with the constraints of minimum switching actions,
no simultaneous switching actions between the phases, and reduced CMV. The
symmetrical aligned scheme is chosen for the reason that it has less harmonic distortion

compared with falling-edge or rising edge scheme [27, 32].Therefore there is only one
sequence in terms of sequencing of the selected switching vectors, and it is Vi-V,-Vs-

V,-V3-V,-V1. The switching states related to the switching vectors are shown in Table
3-4.

3.2.2 Linear operational range of near-state 3-D SVM

As with the NSPWM method for a three-phase three-leg VSI, the proposed near-state 3-
D SVM has its linear operational range, according to the matrices shown in Table 3-4, it
has been found that when Mi <0.666, d, and ds both become negative, resulting even
higher CMV level. Therefore the linear operational range of the proposed NS 3-D SVM

is within [0.666 1]. In variable speed drives which must maintain a constant ratio of
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voltage to frequency, it is therefore important that the PWM scheme can operate over its
full modulation range of Opu to 1pu. In distributed power generation applications
however, the inverter frequency is always at line frequency and hence the output voltage
range is restricted. Hence the modulation range of 0.666pu to 1pu does not present a

problem in this application.

Table 3-3 Corresponding switching vectors for near-state 3-D SVM

Section I I
Set A B A B
V.:pnpp V.:pnpn V.:pnnp V.:pnnn
Set of switching V:pnnp Va:pnnn V2:ppnp V2:ppnn
vectors Va:pnnn Va:pnnp Va:ppnn V3:ppnp
Vappnn Vappnp V:npnn Vanpnp
Section Il v
Set A B A B
V.:ppnp V.:ppnn V.:npnp V.:npnn
Set of switching Va:npnp Vz:npnn V2:nppp V2 :nppn
vectors V3:npnn Va:npnp Va:nppn Va:nppp
V.:nppn V.:nppp V:nnpn Vnnpp
Section \Y VI
Set A B A B
V.:nppp V.:nppn V.:nnpp V.:nnpn
Set of switching Vznnpp Vznnpn V:pnpp V:pnpn
vectors Va:nnpn Va:nnpp Vs:pnpn Vapnpp
V.:pnpn V.:pnpp V:pnnn V:pnnp
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Table 3-4 Matrix for switching vector duty ratio computation

Section I I
Set A B A
TS I I - R TP B ]
Matrix of 2 \/—2 2 f 0 -3 0 1
duration of LB 4 5By 1033
each 2 f[- 2 5f. 2 2
switching 5 ¥y 1 ¥ 1) 13 ?/5 1 0
vector 2 2 2 2 A A ]
_E é 0 1 _§ ﬁ 0 1 L 2 2 |
L 2 i L 2 2 i
Section I Il
Set B A B
Matrix of 01 _\/‘? 0 1 3 3 0o 1 g _g 0 1
duration of = X 1 0 2 2
each 2 2 -1 0 -10 -2 3 1 -1
itchi 2 V3 -1 1| | |_1 33 1 3
switching s 3 5 1 -1 2 ¥ 10
vector _S ¥ 5 o B oo 1 2 2
L2 2 I I J ] lo -v3 0 1]
Section v V
Set A B A
% ? 01 g @ 01 0 V3 0 1]
Matrix of
duration of _3 _ﬁ -1 -1 21 _ﬁ 1 0 1 _ﬁ 1 0
each 2 2 22 2 2
switching 148 1 0 5 3 1 -1 -2 -3 1 -1
2 2 2 2 3 43
vector 5 A 3 ‘B = X 0 1
S S L2 2 .
L 2 2 i | 2 2 ]
Section V VI
Set B A B
: 11 [ 3 3 117 -
Matrix of 0 Ji_ 0 1 -5 %; 0 1 3 iE 0 1
duration of A 2 2
2 -3 -1 -1 1 0 1 0
each —% 02 -1 0 J3 1 33
switching _= ¥ 1 0 = =22 1
vector 3 2@% 0 1 2 2 2 2
2 2 Il lo 3 o 1] Lo V3 0 1]
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3.2.3 Duty ratios over one power cycle

A balanced linear load is used to show the duty ratio waveforms of each phase. In order
to obtain a balanced three-phase output voltage, a rotating reference vector on the a-f
coordinate has to be supplied. The following reference voltages represent the reference

switching vector

V, Lo Mi cos(at)

- i .
\ =EVDC sin(at) (3.4)
\Y 0

y_ref

The duty ratio waveform of the near-state 3-D SVM is then plotted in Matlab. It should
be noted that the waveforms that are drawn in Figure 3.13 indicates that only one carrier
waveform is utilized, which is the same case as real-time implementation. For
demonstration purposes, it is easier and clearer to understand the duty ratio waveform if
two carrier waveforms are utilized. Therefore the equivalent duty ratio waveform,
which is plotted by using two carrier waveforms, is shown in Figure 3.14. Thus it is
clear to see that the proposed switching scheme has inherited the merits of the
conventional 3-D SVM such as higher DC link utilization, lower switching loss, and
working under unbalanced load condition. However, the actual switching patterns of
near-state 3-D SVM and conventional 3-D SVM are very different, and thus, the PWM
ripple behaviour, output voltage quality, conduction loss, harmonic contents, etc are
different. These will be analyzed and discussed in the following chapter.
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Figure 3.13 Simulated duty ratio waveform of the proposed near-state 3-D SVM with one
carrier wave utilized (Mi=0.84)
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Figure 3.14 Simulated duty ratio waveform of the proposed near-state 3-D SVM with two
carrier waves utilized (Mi=0.84)

3.2.4 Implementation of near-state 3-D SVM

Understanding how to solve complex math equations is part of the research, but
knowing when and where to apply the math equations is more important[27]. This part
discusses the techniques that are needed in terms of the experimental implementation of
the proposed switching scheme. A low voltage level test bench was set up for this
purpose where the DC link voltage is below 50V. The experimental results under high

voltage level test are shown in the following sections.

3.2.4.1 DSP implementation of the proposed switching scheme

Figure 3.15 shows the switching pulse patterns of four legs within six sections over one
power cycle. As it can be seen, for each phase except the fourth leg, over one power
cycle, there are two sections in which the pulse patterns show the opposite switching
actions compared to the others. For instance, for phase A, it is clearly shown that
Section Il and Section I11 have opposite shapes with other sections. Here we assume that
when modulation index value is larger than carrier wave value, the gate drive signal is
active high, hence in this convention the gate drive signals in Section Il and Il are
defined as the opposite. The switch pulse patterns of the fourth leg have to change
polarity every section. This unique characteristic of the proposed switching scheme
requires special techniques when it comes to real time implementation. A scalar
implementation of NSPWM is proposed in [26, 39, 43], in which two carrier waveforms
for each phase are utilized. The implementation is possible with DSPs that have two
individual PWM comparator registers per-phase [39]. The drawback of this technique is

that transient between sections causes distortion and it can be only optimized by
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applying higher switching frequency, e.g. 20 kHz. For distributed power generation
application where the switching frequency is low, a new technique is required.

Since 3-D SVM is perfectly compatible with digital implementation with modern DSPs,
therefore, in this research the proposed near-state 3-D SVM is implemented using a
Texas Instrument F28335 DSP. Four PWM output channels are needed to send gate
signals to the gate drivers. Instead of using two carrier waveforms, here only one carrier
waveform is utilized. The choice of the switching actions is section dependent and can
be realized with the use of the flexible configurability provided by the action qualifier
sub-module of the ePWM module in the DSP [75, 76]. The additional programming
code for the proposed switching scheme is placed in the interrupt service routine (ISR)
where the action qualifier control register changes the PWM switching pattern for the
next PWM cycle. This is illustrated with phase A in Figure 3.16.
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Figure 3.15 Switching pulse patterns of near-state 3-D SVM within six sections over one power

cycle

1 I I
1 ey | 1 i 1 N | i
1 | i I " I i
: // \\\ : ] [ A \'\_i I l
| // \ ! : i //,'r l\\ | 1M1
| / “\ Lo ' / \, i
| s \ I i / , i
| / N i / N [
] Vi N i [ s ™, [
I S S 1 1 rd b I
| I A 1 . [ i ™, I
| ~—m1 | / N\
7z T\\: v/ i
| ] "
: B g }
| | 1 [ [
i | | i I
. ' (yate ¢ :
] - 1 !
| | wignal ' Gate
: | i i g
! Section II-Section III ! : Section I, IV-Section VI | signal

T Action qualifier control register is set high

l, Action qualifier control register is clear low

Figure 3.16 DSP implementation of near-state 3-D SVM (phase A)
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3.2.4.2 Instrumentation to solve the distortion during the transient between
sections

One issue that is related to the implementation of the proposed switching scheme is the
voltage distortion caused by unsmooth transient between the sections. For
demonstration purposes, a low-voltage test bench was built to show the effect during the
transient state of the sections. As explained in the previous part, the action qualifier
control registers have to change switching actions during the transient between the
sections of two opposite polarity of the switching patterns, a distorted voltage waveform
is created due to this effect. The following part investigates the reason behind this effect,

thus an instrumental solution is provided to solve the problem.
A. Distortion during the transient between sections

In Figure 3.17, both Scheme 1 and Scheme 3 are shown to demonstrate the unsmooth
transient effect in the real-time implementation. Since the fourth leg switching patterns
don’t change polarity for Scheme 1, a distortion in the output voltage waveform is
observed for Phase A (Figure 3.17 (a)). This is due to the transient state between
Section 1l and Section 1V. Also it is observed that the bottom of the sinusoidal
waveform is slightly distorted, this is due to the higher harmonic content characteristics
of Scheme 1 itself. Scheme 3 is supposed to provide a good quality output waveform
with much less harmonic content than Scheme 1; however, as it is seen in Figure 3.17
(b), the output voltage is heavily distorted. This indicates the unsmooth transient
between each section due to the fact that the fourth leg switching pattern has to change

polarity every 60°.

A closer look at the transient state between Section Il and IV for phase A is presented
in Figure 3.18. It can be seen that in the last PWM cycle of Section Ill, the switching
pattern is not the one which it is supposed to be. It is this one switching pattern that

causes the distortion for Phase A.
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Figure 3.19 shows how the wrong switching pattern is created. The programme for the
change of the action qualifier control register in the DSP is placed in the ISR, and the
ISR normally happens after the sampling of the output values of the inverter. The
sampling scheme affects the digital controller design and needs appropriate attention[63,
75, 77]. In the ISR, the new modulation index value is generated and the new value is
not updated until the next PWM cycle due to the shadow register inside the ePWM sub
module [63, 78, 79]. However, the change of the action qualifier control register takes

effect immediately, and this poses the problem during the transient since the new
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control register value will cover the previous value which is the action that is supposed
to be. Therefore the switching event that is supposed to take effect in the next PWM

cycle appears in the current PWM cycle, resulting in the wrong switching pattern.
B. Instrumentation solution

As explained, the switching actions take effect immediately after the register is given a
new value, and for the proposed switching scheme, this action is required when the new
modulation index value takes effect. By deliberately putting a delay inside the ISR
before the action qualifier control register takes effect, the problem can be solved. This
delay time must be calculated precisely so that the switching action code will appear
just after the current switching event finishes, but before the next PWM cycle comes.
The technique required to calculate the ISR execution time is explained in details in
Appendix B. Figure 3.20 shows the technique to insert the delay in the ISR for Phase A.
This delay time has to be calculated for the full modulation range as well.

Apart from the delay that is put in the ISR, the starting state of the switching pattern has
to be reset as well. This is because the output of the PWM pin from the previous PWM
cycle will hold the value unless it is forced to pull up or down by setting the zero bit of
the action qualifier control register. According to [78, 79], setting the zero bit of the
register will not affect the rest of the switching actions for the current PWM cycle.
Hence at the beginning of each PWM cycle, certain action qualifier registers have to be

set to make sure that the actions from the previous PWM cycle has been cleared.

Therefore, combined with these two techniques as it can be seen in Figure 3.20, the
distortion problem during the transient is fixed. The technique is also applied to the
other phases during the transient state and the fourth leg for Scheme 3, so the heavily
distorted output waveform that has been observed in Figure 3.17 is corrected. The
modified Scheme 3 ensures a smooth transient state between each section; therefore a
good quality output voltage waveform can be obtained as shown in Figure 3.21. The
proposed near-state 3-D SVM switching scheme programming code can be found in

Appendix C.
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3.3 Laboratory test bench

3.3.1 Specifications

The design targets of the four-leg inverter are shown below:

e Output phase voltage: 200V
e Output frequency: 50Hz
e Qutput voltage THD:
For balanced load condition: < 3%
For unbalanced load condition: < 5%
e Maximum output power: 5 kW
e Load power factor range: 0.8Lagging to 0.8 Leading
e Load unbalance situation:
Unbal_N%=<100%
Unbal_0%<33%

A laboratory test bench is set up to test the proposed switching scheme experimentally.
The circuit layout for the laboratory test bench is shown in Figure 3.22. The individual
hardware components are briefly introduced in the following sections.

Four leg inverter
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Figure 3.22 Laboratory test bench for testing the proposed switching scheme
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3.3.2 Hardware components of the laboratory test bench

3.3.2.1 DC link
DC link side includes the DC power supply and DC link capacitors. Considering the

phase voltage is 200V, the minimum DC link voltage required would be

200x+/2x+/3=490V. During the transient state, the DC link voltage required will be
even higher than this. Considering 10% more DC voltage is required for transient
operation, a DC link of 539V is then needed. Also, under unbalanced load condition, the
negative-sequence current will require a higher negative-sequence control voltage, this
will, in effect, require a higher DC link voltage, therefore, 600V is used as the DC link
voltage.

Although the zero-sequence current can be dealt with by the fourth leg, negative-
sequence current still has a big effect on the ripples of the DC link. Two capacitors of
2200uF/400V are connected in series. It could be an argument in terms of choosing one
capacitor or two split capacitors on the DC link side. Since the load neutral point is now
connected to the fourth leg instead of the mi-point of the split DC link capacitors, one
capacitor is preferable in terms of size and cost. However, in this experimental set-up,
we choose two capacitors for the reason that by doing so the common-mode voltage can
be easily observed. It should also be mentioned here that the author didn't choose the
DC link capacitors, since the ripple on the DC link is considered small. The equivalent
capacitor of the complete DC bus is then 1100uF/800V.

3.3.2.2 Switching cells

Switching cells include power electronics devices, snubber circuit and gate drivers. The
switching frequency is selected to be 5 kHz. Each switch on-off means switching loss
and conduction loss for the system and they should be kept as low as possible.
Therefore 5 kHz is a compromise between the output voltage quality and system
efficiency. Four IGBT modules SKM 50GB123D have been used to build the four legs
of the inverter. To reduce the over voltage of the IGBT switching, capacitor snubber
circuit is used for each IGBT module. Gate driver module SKHI 22 A with short circuit
protection is compatible with the IGBT module that has been selected. The dead time
for the gate driver module is set to be 3.3 us to prevent shoot-through of the IGBT

module.
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3.3.2.3 L-C filter

A second-order L-C filter is used to filter out the high switching frequency ripples on
the output of the inverter. The designing process of the L-C filter starts with choosing
the inductance value based on the current ripple of the phase current, then the resonant
frequency is decided based on the switching frequency of the power electronics, the
capacitance value is then calculated based on the inductance value and resonant

frequency.

According to [62], the inductor design has to follow steps such as obtaining required
inductance, avoiding saturation and low dc winding resistance. The maximum per-phase
output current was set as 7A, a 10 mH inductor will have a less than 20% current ripple

of the peak-to-peak current.

The resonant frequency fis is chosen to be 500Hz, the filter capacitance value can then
be easily calculated according to Eq. (3.5), and three capacitors of 10uF were then

chosen.

1
freS = 3-5
27z~ LC (35

The choice of neutral inductor value is a trade-off between the size and the inductor’s

ability to reduce the neutral current ripple. Big-size inductor will reduce the neutral
current ripple; however, big size means the size of the system increased. A neutral

inductor of 10mH is selected as a compromise.

3.3.2.4 Resistive Load

Three sliding resistors are used for open loop test under both balanced and unbalanced

load condition. The resistance value for each phase can be changed to maximum 30Q.

3.3.2.5 Digital signal processor

A Texas Instrument eZdsp F28335 evaluation board is used for the project. This DSP is
a high speed, floating point controller with hardware features such as high speed clock,
off-chip SRAM memory, RS-232 interface, etc together with the software development

environment; it can meet the application requirement.
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3.3.2.6 DSP interface board

A standard project DSP interface board which was designed at Newcastle University is
used to provide an interface between the Texas Instrument F28335 eZdsp evaluation
board and the power stage. The main features of the interface board include:

e Six gate drive interface allows the six pairs of PWM outputs of the DSP to interface
to external gate driver modules. Fault reset signals are provided on the gate driver
connectors for fault indication function.

o A flexible sensor interface is included to allow connection of a variety of current
and voltage sensors to the DSP ADC inputs. There are ten identical sensor interfaces
on the board.

e The board employs a voltage window detector to detect if a sensor goes out of
normal range. Fast hardware over current protection and over voltage protection are
provided. The upper and lower limits of the window detector are set so that the dual
signal voltage comparator is connected to the trip zone signal on the DSP to enable
the trip zone actions on the PWM outputs.

e A DAC is included to allow access to internal software signals in real-time when
the micro controller is still operating. A TLV 5604 SPI DAC is included to provide
4 DAC channels.

There’re also other features such as shaft encoder interface, general analogue interface,
etc which are not used for this project, therefore the information of these features are not

included here.

3.3.2.7 Voltage and current sensors

Three isolated amplifiers and four current sensors are used to measure the three-phase
output voltage and four inductor currents from the inverter output side. These values,
through the sensor interface, will feed into the DSP to serve as feedback signals to the

controller loop.

3.3.3 Software development environment

A code composer studio, which is a development environment supplied with the DSP is
used to programme and debug the real time control code for the system. A Labview
based user control panel is used to provide a safe way of communicating with the DSP

during the real time operation. The test and control information are uploaded to the DSP
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and the system parameter measurements are downloaded from the DSP during the

operation. The communication is done through an RS-232 link.

3.3.4 Matlab simulation

A simulation model is built in Matlab/Simulink. The power stage is simulated using
Simpower tool box so that the details of the power electronics such as forward voltage,
current fall time can be emulated. The hardware parameters are set as the same as those
of the laboratory test bench. Simulink is used to simulate PWM carrier waveform (one
carrier is utilized in this implementation technique), dead time delay (3.3 ps), PWM
outputs etc. The switching scheme and control scheme are all written in an embedded C
environment block called S-function in Matlab, by setting the proper sampling time, in
this case 200 ps relating to 5 kHz switching frequency, this can emulate the interrupt
service routine in a real-time DSP system. It should be noted that the measurement
blocks are not shown here for the purposes of a clear demonstration. Overall, it has been
found a simulation model that is modelled using all these sub blocks gives a very close

result to the real time system. The Matlab structure model is shown in Figure 3.23.
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Figure 3.23 An open loop three-phase four-leg VSI implemented with near-state 3-D SVM,
Simulation model in Matlab
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3.4 Simulation and experiment result

3.4.1 Simulation and experimental results under balanced load

A balanced linear load is used for open loop simulation to test the near-state 3-D SVM
switching scheme. Figure 3.24 shows the simulated three-phase AC terminal voltages.
The three-phase output line to neutral voltages; load currents and the common-mode
voltage are shown in Figure 3.25. As it can be seen, the common-mode voltage level
has been successfully reduced to 150V, which is one fourth of the DC link voltage. The
three-phase inductor currents and the neutral current are shown in Figure 3.26. In spite
of the current ripple, the average neutral current under linear balanced load is shown as

ZEero.

The experimental test rig has been tested open loop up to 4kW. The three-phase output
voltage waveforms and the common-mode voltage waveform over two power cycles are
shown in Figure 3.27. As it can be seen, the peak phase voltage reaches 282V; this
demonstrates the 15% more dc link utilization compared to sinusoidal PWM. The

common-mode voltage level shows the same feature as it was in the simulation.
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Figure 3.24 Simulated three-phase AC terminal voltages under balanced linear load
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Figure 3.27 Experimental results showing three-phase output voltages (Channel 1-Channel 3),
and the common-mode voltage (Channel 4)

The output voltage frequency spectrum is shown in Figure 3.28. From the frequency
spectrum analysis, it can be seen that there are two distinct harmonic contents at the 3
and 5™ harmonics, and two harmonics contents around the switching frequency fs,-f and
fswtf as shown in the diagram. The output voltage THD therefore is calculated to be

3.01%, satisfying the design specification.

The frequency spectrum analysis based on the common-mode voltage under the
proposed switching scheme is shown in Figure 3.29. As a comparison, the frequency
spectrum of the common-mode voltage under the conventional 3-D SVM is shown in
Figure 3.30. Comparing these two results, it has been shown clearly that at 5 kHz
switching frequency, the harmonic content of the proposed switching scheme has been
reduced to around a third of the conventional 3-D SVM. The near-state 3-D SVM brings
higher harmonic contents around the sideband of the main switching frequency as it is
shown in the frequency spectrum. In the higher frequency range, 10 kHz and 15 kHz,

both switching scheme shows the similar harmonic content.
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Figure 3.28 Frequency spectrum of Phase A voltage under the proposed switching scheme
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Figure 3.29 Frequency spectrum of common-mode voltage under the proposed switching
scheme
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Figure 3.30 Frequency spectrum of common-mode voltage under conventional 3-D SVM

3.4.2 Simulation and experimental results under unbalanced load

The results shown in the previous part demonstrate that the proposed switching scheme
is suitable for a three-phase four-leg VSI and it is effective in reducing the common-
mode voltage to a certain level. The main purpose of using a three-phase four-leg VSl is
its ability to control an unbalanced load, this part demonstrates that the near-state 3-D

SVM also works under unbalanced load condition.

The unbalanced load condition varies from case to case in the power system. In this test,
two unbalanced load conditions are created to test the performance of near-state 3-D
SVM under unbalanced loading condition. The test is carried on based on open loop, so
a reference switching vector based on the known load condition has to be pre-calculated.
The calculation is based on the average large signal model of the four-leg inverter in A-
B-C coordinate shown in Figure 2.27. The three-phase unbalanced current has to be
decomposed into positive, negative and zero-sequence using symmetrical component

theory before they are used to calculate the per-phase reference voltage.

3.4.2.1 Unbalanced load condition 1

In this case, an open loop system simulation for an unbalanced load is created with three

phase load as Ra=30Q2, Rg =45Q, and Rc=60Q, this will result in an unbalanced three-
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phase load current as 1, 4=6.67 £ 0° A, 1,g=4.4 £ -120° A, and 1.c=3.3 £ -240°A. The
neutral current I, in this case is 4.17A. The pre-calculated reference switching vector
creates a skewed ellipse in the a-f-y coordinate as shown in Figure 3.31. Also in Figure
3.31, the trajectory of the reference switching vector under balanced load condition is
shown. The y element of the reference switching vector under balanced load condition is
zero; therefore the trajectory is located only on the two-dimensional a-f plane. For
demonstration purposes, the trajectory of the unbalanced load current is shown as well.
The details of the load current trajectory can be seen in Figure 3.32. The negative-
sequence current causes the trajectory on the a-f plane to be an oval shape instead of a
circle (Figure 3.32), and the zero-sequence current pulls the trajectory into a-S-y

coordinate.

Reference switching
15]..- vector trajectory under
unbalanced load

"L Reference switching
L vector trajectory under
.. balancedload

current trajectory i |

g

-10 -
-15

L wa U e - . “apr .. s
. Taer . e . P L S
— P - s - —us ... Cmemn ol

200 T

-100° HH“.:—-:""'- Tt _
?‘h"";{g{)o -100 |}

Figure 3.31 Trajectories of reference switching vector under balanced load, balanced load

conditions and unbalanced load current trajectory (I ,=6.67 Z0°A, 1, g=4.4 Z -120° A,

1.c=3.3 £ -240°A)
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Unbalanced load current

. — trajectorvon o- coordinate
Unbalanced load § _ jectory on o-ff coorc .
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Y

T

Figure 3.32 Trajectory of the unbalanced load current shown in a-3-y coordinate and its
projection on a3 plane (1.4=6.67 £ 0° A, 1,5=4.4 £ -120° A, 1,c=3.3 £ -240°A)

The three-phase output line to neutral voltages; load currents and the common-mode
voltage are shown in Figure 3.33. As it is shown, although the three phase load currents
are unbalanced caused by unbalanced load condition, the three-phase output voltage
maintain balanced. It is also important to notice that the common-mode voltage level is
still reduced, proving that the proposed switching scheme works under unbalanced load
condition as well. The simulated three-phase inductor currents and the neutral current
are shown in Figure 3.34. Figure 3.35 and Figure 3.36 show the experimental results
under the same unbalanced load condition. FFT analysis based on Phase A output

voltage shows that the THD is 3.53%, which satisfies the specification.
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Figure 3.33 Simulated three-phase output voltages, load currents and the common-mode voltage
under unbalanced load
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Figure 3.34 Simulated three-phase output inductor currents and the neutral current under
unbalanced load
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Figure 3.35 Experimental results showing three-phase output voltages under unbalanced load
(Channel 1-Channel 3), and the common-mode voltage (Channel 4)
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Figure 3.36 Experimental results showing three-phase load currents under unbalanced load
(Channel 1-Channel 3), and the neutral current (Channel 4)
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3.4.2.2 Unbalanced load condition 2

In this test, a heavily unbalanced linear load is tested. Phase A and B are connected to
30 Q resistors and Phase C has no load. The DC link voltage is still 600V. The three-
phase output voltages remain the rated value(one power cycle shown in Figure 3.37),
which gives 6.67 A load currents for Phase A and B. Phase C current is zero since it is
not loaded. It is shown in Figure 3.38 that the magnitude of the neutral current is equal
to the value of phase A and B load current value, with switching ripples on the current
waveform. With the proposed switching scheme, a balanced three-phase output voltage
is obtained as it can be seen in Figure 3.37. The THD turns out to be 3.8%, considering
the load unbalance percentage in this case, with Unbal N%= Unbal_0%=50%, the

quality of the output voltage maintain high.
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Figure 3.37 Experimental results showing three-phase output voltages when phase C is
unloaded (Channel 1-Channel 3), and the common-mode voltage (Channel 4)
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Figure 3.38 Experimental results showing three-phase load currents when Phase C is unloaded
(Channel 1-Channel 3), and the neutral current (Channel 4)

3.5 Summary

In this chapter, a near-state 3-D space vector modulation scheme is proposed to

implement in a three-phase four-leg voltage source inverter.

The proposed switching scheme avoids utilizing the two zero switching vectors,
resulting a reduced common-mode voltage, and it inherits all the merits of the
conventional 3-D SVM, such as high DC link utilization, lower switching loss and low

harmonic distortion.

After introducing the EMI emission issues in a high power system and how it is related
to the common-mode voltage, the definition of the common-mode voltage in a four-leg
inverter is given. A near-state 3-D SVM switching scheme is therefore introduced to
reduce the common-mode voltage. A comprehensive procedure to synthesize the
reference switching vector is given, which consists of section identification, selection of

the near-state switching vectors, projection of the reference vector and sequencing of
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the selected switching vectors. Among all the schemes that can synthesize the reference

switching vector, Scheme 3 is selected in the real time implementation.

The simulated and experimental results of the three-phase four-leg inverter demonstrate
that the proposed near-state 3-D SVM works both under balanced and unbalanced load

condition, and it is effective in reducing the common-mode voltage.
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Chapter 4
Performance Analysis of the Modulation

Schemes for a Four-Leg VSI

The fundamental voltage and current quality is usually based on the analysis of the
phase current trajectory as generated by the power converter[80]. This quality is
normally measured by the total harmonic distortion factor (THD), or current distortion
factor [81]. However, for different modulation schemes that are applied on the three-
phase VSlIs, the difference sometimes is small and cannot be observed based on the
THD analysis of the output waveform. Based on the fundamental per-phase circuit
analysis of the inverter system, current harmonics can be calculated mathematically
based on the pulse width modulation strategy [56, 61, 80, 82]. The current distortion
factor can be calculated based on voltage and current space vector and much work has
been dedicated to this subject [36, 55, 83-85]. The harmonic distortion determining
factor can be also calculated in d-g coordinate, this eases the amount of calculation
dramatically [56]. The influence of switching schemes on the conduction and switching
loss of a PWM converter system has been fully investigated in [56, 57, 60], the
calculation is based on the space vector as well.

Based on the space vector analytical method, this chapter introduces an in-depth
performance analysis of the voltage and current quality for a four-leg VSI. As it was
mentioned in the literature review, conventional 3-D SVM is dominant in a four-leg
VSI implementation. Other switching schemes that are seen in a three-leg VSI
implementation, which generates different modulation index waveforms, are not seen in
a four-leg VSI application. The performance of a carrier-based PWM method is the
same as 3-D SVM since it generates the same modulation index waveform as the 3-D
SVM. Therefore, in this chapter, only the near-state 3-D SVM and conventional 3-D
SVM are selected so their performance can be analyzed and compared. The voltage

harmonic distortion factor and the inductor current harmonic distortion factor are
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calculated; the conduction and switching loss based on different switching schemes are

presented and compared.
4.1 Voltage harmonic distortion factor

For a three-phase four-leg VSI, since it is used for unbalanced or nonlinear load
conditions most of the time, the output three-phase currents are unbalanced or distorted.
In spite of this, the output voltage is always balanced; the voltage harmonic distortion

factor can be calculated based on the voltage space vector.

The output voltage harmonic distortion factor of a three-phase three-leg VSI has been
fully investigated in [36, 56, 61], and it has been found that the distortion factor is only
related to the modulation index M[36]. It is worth noting that the modulation index M
here is called the fundamental per-phase modulation index and it is different from the
space vector modulation index Mi in Eqg. (2.12), these two modulation indexes are

related in

M =2 Mi (4.1)

V3

The same analysis method can be applied to a four-leg inverter. Before the analysis is
applied, the following assumptions are made.

e The sampling frequency is the same as the switching frequency, and the new
modulation index value for each phase is not updated until the next PWM cycle
comes. This means within one PWM cycle the Mi value is piecewise constant.

e Symmetrical aligned PWM switching scheme is used, so the calculations will be
simplified because of the symmetrical feature.

e The three-phase output voltages are balanced under all load conditions.

The following two sections introduce the analysis based on the conventional 3-D SVM

and the near-state 3-D SVM, respectively.

4.1.1 Conventional 3-D SVM

The squared RMS value of the phase voltage can be defined as
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V2 12ZQVZT /2 L zzqu (4.2)
== PWM [ 2= — .
o Tiia ‘ 201 ‘

where Tpwm as one PWM sampling time, T; as one power cycle period time and
g=T1/Tpwwm is the number of sampling times within one power cycle. It is also noted that
because of the symmetrical feature of the sampling scheme, the calculation can be

performed within half a PWM cycle.

The calculation can be carried out within the electrical angular range of [0, 60°],
because the voltage and current waveforms in a balanced three-phase system repeat with
alternating signs and changing allocation in the angular distance of n/3[60]. The phase

voltage can be found by use of the definition

Van/bn/en =Vao/bo/ co — Vo (4.3)

where Vaomorco are phase to mid-point of DC link voltage and Vy, is the common-mode

voltage.

Figure 4.1 shows the phase voltage pulse patterns in Prism | under conventional 3-D
SVM. The phase voltage levels of each phase are calculated based on Eq. (4.3). There
are all together 7 voltage levels for each phase. Since the calculation takes the squared
value, therefore the signs do not matter. The sum of the squared mean value of the three

voltages is thus given by

3

(AVZ2Zy + AV + AV )Tenn /2= [PV 2dt+ [ ViZdt+ [V 7dt = LV (4.4)

where tg is the effective turn-on time. Eq. (4.4) shows that the sum of the squared mean
value of the three phase voltages is proportional to the effective turn-on time of the

converter. The distortion phase voltage should be kept as small as possible.

Over one power cycle, the average value of the effective phase voltage can be obtained

by Eq. (4.5), notice N is the number of calculation in one 60° section, and N=2q/6.

3 1 3., 1w 2t
N2 =VE ViV =SVE —— St =SVi = 4,
o =V Vo Vi = Voo {5 20 = Voo 2T (43)

Since the RMS per-phase values are the same, Eq. (4.6) gives the equation for RMS

per-phase value:
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13,,, 1 2t 1 1 2te
Va c,eff = __V _— = _V _— 4.6
e \/3 4 "N ;TPWM 2 °\N ;TPWM (46)

The effective turn-on time of the converter during half PWM cycle can be calculated
based on Figure 4.1 and it is given by
TPWM Vao, ref —Vco, ref \/§ TPWM

te=ti+to+ts= =M
2 Voe 2

Vd
t+ — .
sin(w +3) 4.7

where ty53 are duration time relating to the switching vectors of Vias and Vaoref and

Veorer are the reference phase voltage signals. Also shown in the figure, t, is the duration

time relating to the zero space vector V..

Because the sampled PWM length is small, therefore the summation in Eq. (4.5) and

(4.6) can be replaced by an integral and one can have

—Z

7l3
2e ~— {—J‘sm(a}H =)dat 32\/_ (4.8)
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Figure 4.1 Switch pulse pattern of phase voltages( Van, Vin, Vcn) under conventional 3-D SVM
while reference vector lies in [0,60°]
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Combined Eq. (4.6) with Eq. (4.8) yields the per-phase RMS voltage

Varbie,eff = Vpe ﬂl\/l (4.9)

8

As explained before, the maximum per-phase modulation index value M equals 2/+/3, so

the maximum per-phase RMS voltage value is

Va/b/c,eff,Max zVDC "41 =0.4886VDC (410)
T

The per-phase RMS voltage value is only related to the per-phase modulation index
value as it can be seen from Eq. (4.9) with the maximum value of 0.4886Vpc (EQ.
(4.10)).

The per-phase fundamental voltage value is given by

1V
Vph, fundamentd = ﬁ% M (411)

The voltage harmonic distortion factor ky can therefore be calculated as

K — \/szh,eff _szh,fundamenta - 11-M \/57[ (4 12)
v Vph,eff 9

According to Eq. (4.12), the voltage harmonic distortion factor ky is in the range of

[0.549 1], with the maximum value at M=0 and minimum value at M=2/~/3.

4.1.2 Near-sate 3-D SVM

The calculation of the voltage harmonic distortion factor for the near-state 3-D SVM
can be done based on the same analysis progress, except in the near-state 3-D SVM, the
voltage level and effective turn-on time of the converter are different. This can be seen
in Figure 4.2 which shows the phase voltage pulse patterns in Section | and Il under
near-state 3-D SVM switching scheme. There are all together 6 voltage levels for each
phase (the zero voltage state is missing in this case). Because the phase voltage level
within one PWM cycle is the same as 3-D SVM, Eq. (4.6) can be used to calculate the
per-phase RMS voltage value. The difference here, as it can be seen from Figure 4.2, is
for near-state 3-D SVM, the effective turn-on time is exactly half of the PWM cycle
time. Therefore the RMS per-phase voltage value is calculated as
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13, 1< 2t 1
Varbrear = |=ov2 =5 < _ 1y 413
rhreet J34 DCN%‘TPWM 9 '0C (413)

As it can be seen from Eq. (4.13), instead of relating to the per-phase modulation index

value, the RMS per-phase voltage value under the near-state 3-D SVM is fixed at Vpc/2.

The voltage harmonic distortion factor can therefore be calculated as

Vi =V
_ \/ ph,eff ph, fundamenta _ 1_& M 2 (4_]_4)
Vph,eff 2

ky

It should be noted that the per-phase modulation index value M in this case is in the

range of [0.77 1.155] due to the limiting operational range of the near-state 3-D SVM.
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Figure 4.2 Switch pulse pattern of phase voltages( Van, Vin, Ven) under the near-state 3-D
SVM while reference vector lies in [0,60°]
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Figure 4.3 The voltage harmonic distortion factor under two different switching
schemes

Figure 4.3 shows the voltage harmonic distortion factor under two different switching
schemes, namely conventional 3-D SVM and near-state near-state 3-D SVM. This curve
is named as ky-M curve. It could be seen that the near-state 3-D SVM has slightly
higher voltage distortion factor than that of conventional 3-D SVM, which validates the
experimental results when the two switching schemes are compared in Chapter 3. Also
it can be seen that as the modulation index value increases, the voltage harmonic
distortion factor of the two switching schemes are getting closer. When the per-phase
modulation index M exceeds unity, the difference of the voltage distortion factor for the
two different switching schemes becomes relatively small; therefore this is the

suggested operating range for the near-state 3-D SVM operation.

4.2 Inductor current harmonic distortion factor

To calculate the RMS value of the inductor harmonic current is not easy, even for a
three-phase three-leg VSI [36, 80]. For a three-phase four-leg VSI, since it is used for
unbalanced or nonlinear load condition most of the time, the output three-phase current
are unbalanced or distorted. This makes the analysis on the current harmonic distortion

factor even more difficult.
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The calculation of the current harmonic distortion factor has been seen on a three-phase
machine drive VSI [36, 55, 56, 60, 61, 80, 82], and the calculation always assumes that
the inductor current is the current that goes through the machine winding. While in the
case of a three-phase four-leg VSI, an L-C filter has been used to filter out much of the
switching ripples on the inductor current, so the filtered output phase load current

harmonic distortion shows the same trait as the ky-M curve .

However, the inductor current harmonic distortion factor is a very important index for
the power quality of the voltage source converter and the conduction loss and switching
loss of the power electronics devices are strongly linked to the inductor current
quality[60, 82]. Therefore it is of great interest to investigate the current harmonic
distortion factor based on the inductor current instead of the load current for different
switching schemes that are applied on a three-phase four-leg inverter.

The analysis is based on the following assumptions;

e The reference phase-to-neutral voltage Vaorer, Vborer and Veorer are set at the
beginning of each PWM sample and they remain piecewise constant during one
PWM cycle.

e The sampled output voltages Vagscics are constant within one PWM sample, and
they correspond to the phase voltage levels of Vanpnen Without the fundamental
current component.

e The analysis is based on three-phase balanced load condition; the situation in

unbalanced load condition will also be briefly discussed at the end of this section.

With these assumptions, considering the large average signal model in Figure 2.27, the

RMS value of the current distortion for each phase can be calculated as

Tewm /2
1

Al == J.(Van/bn/cn —Vacrec/ca)dt (4.15)

La/bl/c
L
0

The output voltages are represented as in Eq. (4.16), where Ap=0,-2x/3, +2n/3 for each
phase respectively, and Vanunien is the actual PWM phase voltage level and they depend
on the switching scheme that has been chosen (see Figure 4.1 for conventional 3-D
SVM and Figure 4.2 for near-state 3-D SVM),

VaG /BG/co =\%M cos(at + Agnieic) (4.16)
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The squared RMS value of all three phase current distortion can thus be obtained

Tewm /2 Trwm /2 Trwm /2

3A12 Teu [ArZde+ [AIZdt+ [AlZdt (4.17)
0 0 0

La/b/c,distortion 2 =

Here, although the phase currents for each phase shown in (4.17) are approximated as
linear, the integration of squared value of each phase current distortion in each
switching state is very complicated. It is also noted that for different switching schemes,
the on-time of each switching state are different, the on time ty,3;z for conventional 3-D

SVM and ty,/3/4 for near-state 3-D SVM will be given later.

So the calculation depends on the PWM phase voltage level and the duration time of
each switching state within one PWM cycle. It was mentioned earlier that the
calculation could be simplified by just calculating n/3 interval, since the three phase
voltage waveform repeat every 60°, the calculation could be simplified as Eq. (4.18),
with Awt=2aTpwm/T1=271/(6N),

N
3Al°7 %23A| 2 corion(KAGX) (4.18)
k=1

La/b/c,distortion =

The squared per-phase current harmonic distortion can then be represented as

) 1y, 3Y ., k x
Al La/b/c distortion W § :Aldistortion(kAa)t) = § Aldistortion(ﬁg)(Aa)t) (4-19)
k=1 7T k=1

Awt can be viewed relatively small enough relative to the period of a fundamental
power cycle, therefore Eq. (4.19) can be replaced by Eq. (4.20)

zl3

3
Al : ; J.AI gistortion(a)t)d (Cl)t) (4-20)
0

La/b/c,distortion =

4.2.1 Conventional 3-D SVM

As it was mentioned before, for different switching schemes, the effective duration time
of the switching states in one PWM cycle are different and also the per-phase PWM
voltage levels are different as well. Therefore, the current harmonic distortion factor
would be different. The angular range of [-n/6 7/6] is selected to make the calculation.

For conventional 3-D SVM, either Tetrahedron 2 in Prism VI or Tetrahedron 1 in Prism
I can be selected in the calculation and they will lead to the same result. Here,

Tetrahedron 1 in Prism | is selected. The per-phase PWM voltage level in Eq. (4.15) can
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be read from Figure 4.1, and the duration time of each switching state can be found in
Eq. (4.21), the detailed procedure to obtain the duration time can be found in Appendix
D.

ti= % cos(at) x Teww

Trwm

t2= —%cos(a)t —27/3)x
(4.21)

Trwm

ts= [% cos(at —27/3) — %cos(a)t + 27/3)] %

NG

tz=[1- - M cos(% — wt)]

Trwm

2

Therefore, the resultant RMS value of the per-phase current distortion can be obtained

AIZ, e disorion ™ \%TPWM JTewmM+/0.0052 —0.008M +0.0033M > (4.22)

Here we define lg as the current harmonic distortion factor and its value for

conventional 3-D SVM is expressed as

le = M~/0.0052 —0.008M +0.0033M 2 (4.23)

4.2.2 Near-state 3-D SVM
For near-state 3-D SVM, Section | is selected to do the analysis. The per-phase PWM

voltage level could be seen in Figure 4.2, and the duration times of each switching state
are given by

[1-@ M cos(%—a)t)]

Trwm

2

—t+
iy

Trwm

(4.24)

N

L M sin(Z + o)
2 6
Trwm

2

3 1 . T
-1+ —=M cos(awt) — =M sin(— + wt
[ 5 (at) 5 (6 wt)]

‘ V3

-2 M cos(% + t)]

~ o~ o~
w

Trwm

2

Again the detailed calculation could be found in Appendix E.

The per-phase RMS current distortion can be given by
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Al

La/b/c,distortion ~

(4.25)
\%JTSWM J-0.0052 +0.02176M —0.0179M % —0.00085M * +0.0033M *

The current harmonic distortion factor Ig for near-state 3-D SVM can hence be obtained

ls =/ 0.0052 +0.02176M —0.0179M > —0.00085M ® +0.0033M * (4.26)

Figure 4.4 shows the inductor current harmonic distortion factor per-phase modulation
index curve for the two different switching schemes. For the conventional 3-D SVM,
the current harmonic maintains a certain level (around 0.02) when the per-phase
modulation index exceeds 0.6, while the current harmonic content of the near-state 3-D
SVM decreases as the per-phase modulation index M increases. This shows quite
similar characteristics as the ky-M curve, except the fact that the current harmonic
content for near-state 3-D SVM at low modulation index range is high, suggesting that

the recommended operational range of the near-state 3-D SVM is around unity.

Although the current harmonic distortion factor of the near-state 3-D SVM is higher
than the conventional 3-D SVM, the analysis is based on the inductor current as it was
mentioned earlier. The filtered phase load current quality will depend purely on the
voltage harmonic factor, so the actual filtered current harmonics distortion factor would

show similar feature as the ky-M curve.

Ig Iz-M Curve
0.045 ~
0.040
0.035
0.030 ~
0.025 +
0.020
0.015

—conventional 3-D SVM
0.010

0.005 4 —near state 3-D SVM

0.000

0 0.2 0.4 0.6 0.8 1 12 M

Figure 4.4 The inductor phase current harmonic distortion factor under two different switching
schemes
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The unbalanced current harmonic distortion factor is difficult to calculate for the simple
reason that the currents are unbalanced. Although the output phase voltages are
maintained as three-phase balanced output, the generated per-phase PWM voltage
waveforms will depend on the varying unbalanced load condition. However, for the
same unbalanced load condition, the inductor current waveforms, although unbalanced,
still shows the similar trait as in the balanced load condition. Therefore, the Ig-M curve
can still be used as a useful guidance to estimate the inductor current harmonic

distortion.
4.3 Conduction loss

The conduction loss and the switching loss of the power electronics devices are strongly
linked to the modulation index waveform and the inductor current of the VSI [37, 60,
82]. The selection of the power electronics rating and especially the size of the heat sink
also depend on the inductor current of the inverter. Higher current harmonic content can
result in more loss dissipated on the heat sink; necessitating a larger or forced-cooled
heat sink [86].

Since the analysis of the inductor current harmonic distortion factor for a four-leg VSI
has already been introduced in the previous section. To distinguish the conduction loss
between the two switching schemes would not be difficult. Here, we still assume that
the load condition is balanced; hence the neutral current that goes through the fourth leg

is almost zero with just switching ripples.

In [60], it is found that the calculation of the conduction loss can always be
approximated with an accuracy. Analysis of conduction loss for different inverter

topologies are shown in [57] and expressions of the calculation are given.

According to [57, 60], the expressions for conduction loss are related to the modulation
index waveform, the phase angle between the fundamental phase voltage and the phase
current. The calculation is based on the assumption that the load current is
sinusoidal[57], therefore the modulation index waveform decides the conduction loss if

the load has the same power factor for different switching schemes.

The calculation can be divided into two parts; first part is based on the modulation index
waveform of the switching scheme and the fundamental per-phase current that is

assuming that the phase current is purely sinusoidal without any harmonic content or
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switching ripples. The second part of the calculation is associated with the harmonic
content due to the switching ripples of the phase current. It has been found that the
second part only marginally influenced the conduction loss of the inverter[60].

The modulation index or the reference phase voltage can be written as

\E, OSa)t<Z,ESa)t<2ﬂ'
2 6 6
VDCEM cos(a)t—z)—\ﬂ, Teat<Z
2 6 2 6 2
Voch cos(a)t+%)+\%, %Sa)t %[
Vao, ref = VDC 571_ 772_ (427)
T T A _Sa)t<_
2 6 6
VDCEM cos(a)t—z)+\ﬂ, 7—7[Sa)t 37
2 6 2 6 2
Vocﬁl\/l cos(a)t+£)—\ﬁ, 3_”ga)t 11z
2 6 2 2 6

The modulation index waveform of the near-state 3-D SVM is different from the
conventional 3-D SVM in two sections where the switch patterns need to change. The
effect of the on-time of each power electronics device for both switching schemes are
found to be almost the same as shown in Figure 4.5. The only difference occurs during
the transient state between the sections when the switch patterns need to change, where
only 2 PWM cycles have been affected during the transient. Therefore the effect can be
neglected. The gate drive signals for phase A under both switching schemes are shown
in Figure 4.6.

N N

s —Phase A inductor current ] —Phase A inductor current

Vpc/2 V2 -
—Phase A reference voltage —Phase A reference voltage
—
2n ot
-\'ID C_,-":— --\"ID C:)- _______________
(a) (b)

Figure 4.5 Phase A reference voltage waveform and the inductor current waveform, unity power
factor, (a) conventional 3-D SVM, (b) near-state 3-D SVM
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Conventional 3-D SVM

Near State 3-D SVM

Figure 4.6 Phase A Gate drive signals over one power cycle; top, conventional 3-D SVM,
bottom, near-state 3-D SVM

The calculation of the conduction loss based on the modulation waveform for both
switching schemes are shown to be the same, here, only the result is shown, more

details regarding the calculation can be found in Appendix F.

Assume that the phase angle ¢ between the reference phase voltage and phase current is
within the range of [0, w/6], which is the design specification of power factor. The
power loss that is dissipated on transistor T is given by Eq. (4.28) and the power loss
on diode D is given by Eq. (4.29)

2
Pro= 712 14 T M cos )+ s
2r 4 Ar
oM AM (4.28)
T T T
X[=+@+(@0——=)cos(—+2¢) + —= cos(— +
[360( \/§) (6 ¢)\/§ (6 2]
2
Pp. = Vole (1—%M CoS ) + R:Ia
4 4 (4.29)

2 2M V4 4M Vd
X [? —-@p+ (1—f) COS(E + 2¢7) —fCOS(E + Q)]

where V1 and Vp are the constant voltage over the transistor and diode, respectively,

and Rt and Rp are the resistance across the transistor and diode, respectively.

The total conduction loss of the inverter under balanced load condition is
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Pconduction= 6(PT1 + PDz) (4.30)

So the conduction loss analysis based on the modulation index waveforms, or more
precisely, the on-time of the power electronics devices show that both switching
schemes have the same conduction loss if the load current waveform is purely
sinusoidal without the harmonic content or switching ripples.

However, the per-phase inductor currents show different harmonic content for both
switching schemes which means the power loss due to the phase current harmonic
content will be different. In this case, the Ig-M curve can be used to analyze the power

loss difference between the two switching schemes.

Therefore it can be concluded that the conduction loss of the near-state 3-D SVM is
marginally higher than that of the conventional 3-D SVM due to the difference of the
phase current harmonic content between the two different switching schemes.

Under unbalanced load condition, the neutral current will be flowing through the fourth
leg, and depends on the unbalanced load condition, the amplitude and phase of the

neutral current will be different.

Take the situation where one of the phases is unloaded, Figure 4.7 shows the neutral
current under both switching schemes. It can be seen that the fundamental component of
the neutral current under both schemes are exactly the same with amplitude and phase
shift. However, the switching ripples of the near-state 3-D SVM is high than that of
conventional 3-D SVM. Hence the difference of conduction loss of the fourth leg will
also depend on the harmonic content of the neutral current; therefore Ig-M curve can
still be used to analyze the difference of the conduction loss between the two switching
schemes under unbalanced load condition. It should also be noted that for this project,
the neutral inductance and fourth-leg IGBTSs are selected as the same rating as the other
three phases, therefore the extra switching ripple of the proposed switching scheme
brings is not an issue. More switching ripple potentially will create more heat in the
fourth wire; therefore bigger inductance value may be needed to reduce the switching

ripple and that is one of the drawbacks of the proposed switching scheme.
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Figure 4.7 Simulated neutral current in the fourth leg when one phase is unloaded, (a)
conventional 3-D SVM, (b) near-state 3-D SVM

4.4  Switching loss

The calculation of the switching loss of the three-phase three-leg VSI has been covered
in the literature review part. Since the effective on-time of the power electronics devices
for each phase under different switching schemes has been found to be the same from
the previous section, the calculation of the switching loss based on the fundamental
phase voltage would be the same for both switching schemes. The relative switching
loss function RSL has been introduced in Chapter 2 and the expressions are given by Eq.
(2.33)-(2.36).

In the case of four-leg VSI, the total switching loss of the inverter under balanced load

condition is

VDC (toff —ton) % 1

Pauining = 3x ~ 20 x i, x[[*"sin(et)dot + [ sin(wt)dat]
S V4 0 ZT”*W

Vo () 1 (4.31)
= 3x eI L 2 o x[2—cos(Z - @) +cos(2Z — )]
S T 3 3
So the relative switching loss RSL is
— Pt _1 2
RSL = Pswnchmg/ Z F% = E X [2 — COS(% — @) + COS(?ﬂ — @)] (432)

Under balanced load condition, the RSL as a function of power factor angle ¢ is plotted
in Figure 4.8. It is worth noting that the power factor of the three-phase load has been
taken into consideration for the calculation, the figure shows the RSL when the load

power factor changes from 0.8 lagging to 0.8 leading, which is the design specification.
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Unbalanced load conditions vary from load power unbalance to load power factor
unbalance[49], and sometimes they are mixed. Also, under unbalanced situation, a
neutral current is flowing through the fourth leg and this current varies depending on the
different load conditions. It has been found that with 33% specified zero-sequence

unbalance; the neutral current is the same as the rated per-phase current.

Figure 4.9 shows the RSL under two cases of unbalanced load condition. In the case of
unbalanced power, phase C is loaded from full load to no load. For unbalanced power
factor case, the power factor of phase C ranges from 0.8 lagging to 0.8 leading. The
calculation involved is quite complicated, again, the detailed calculation will be found

in the Appendix G.

As expected, the calculations based on the modulation index waveform for both the
switching schemes are shown to be the same under balanced and unbalanced load
condition. The difference of the switching loss due to the harmonic content of the phase
current depends on Ig-M curve and its effect is neglected for the switching loss analysis.
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0.95 -
0.85 -
1
n
@
0.75 -
\ /
0.65 -
055 4 | eeeee continuous 3-D SVM
conventional 3-D SVVM/near state 3-D SVM
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Figure 4.8 Relative switching loss RSL as a function of power factor angle ¢
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Figure 4.9 Relative switching loss RSL under unbalanced load condition; (a) case of
unbalanced power, phase C from full load to no load (b) case of unbalanced power factor,
power factor of phase C ranges from 0.8 lagging to 0.8 leading

4.5 Summary

In this chapter, an in-depth performance analysis is carried out for a three-phase four-leg
VSI. A full comparison between the two switching schemes, namely near-state 3-D

SVM and conventional 3-D SVM has been done based on the performance analysis.

The output voltage harmonic distortion factor without doubt is the most vital factor in
terms of determining the output quality of the inverter. The output load current is also

strongly related to the voltage harmonic distortion factor.

A ky-M curve is calculated and plotted to compare the harmonic distortion factor for the
two different switching schemes. It is found that the near-state 3-D SVM has a higher
voltage harmonic distortion than the conventional 3-D SVM. Also, as the modulation
index increases, this difference is getting smaller, indicating a suitable operation

modulation range for the near-state 3-D SVM.

Inductor current harmonic distortion factor is also very important for the performance

analysis for the reason that the conduction loss and the switching loss of the inverter are

related to the unfiltered phase current. An Ig-M curve thus is plotted to show the

difference between the two schemes. The Ig-M curve shows quite similar feature as the
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ky-M curve except at low modulation range, the difference of the harmonic content

between the two schemes is much bigger at the low modulation range.

It has been found that for both the conduction loss and the switching loss, the analytical
calculation equations have two parts, where the first part is related to the modulation
index waveform of the switching scheme, and the second part is related to the harmonic
current content only. The first part plays a major role in terms of the total loss, and it
has been found for both the switching schemes, the loss calculations are the same. The
second part of the calculation is associated with the inductor phase current harmonic

content, which is hard to calculate.

So the conduction loss and switching loss between the two switching schemes are only
marginally different due to the different current harmonic content, and this difference

can be seen from the 1g-M curve.

The performance analysis is based on three-phase linear balanced loads; the
performance analysis under unbalanced load condition has been covered as well. The
voltage harmonic distortion under unbalanced load condition shows the same
characteristics as it is under balanced load condition. The difference of the conduction
loss and switching loss between the two switching schemes under unbalanced load

condition can still by analyzed and compared using the 1g-M curve.
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Chapter 5
Zero-sequence Component Injected PWM

for Three-phase Four-Leg VSIs

Three-dimensional SVM has been proved to be most compatible with DSP
implementation for a three-phase four-leg VSI [15, 18, 32, 51]. The carrier-based PWM
switching schemes for four-leg inverters [13, 33], although easy to understand, generate
the same modulation index waveforms as the 3-D SVM does. When it comes to control
loop design, 3-D SVM has its advantage since the control model is based on the DC
operating point in a d-g-o coordinate. However, the drawback of 3-D SVM is that the
algorithm is difficult to understand and could also be a computational burden [33]. The
relationship between the space vector modulation and the carrier based PWM has been
fully studied in [35, 41] for a three-leg VSI. In [33], the authors have proved the carrier-
based PWM is mathematically equivalent to the symmetrically aligned class | 3-D SVM.
It seems from the literature survey, apart from these two available switching schemes,
there has been little research done in finding another alternative switching scheme. A
recent switching scheme which is called minimum-switching loss discontinuous PWM
method achieves the minimum switching loss under different load conditions [14], it is

also based on carrier-based PWM switching scheme.

In this chapter, a comprehensive analysis on the relationship between 3-D SVM and
carrier-based PWM for a four-leg inverter is introduced. A zero-sequence component
injected PWM switching scheme is thus introduced. The aim is to simplify the
conventional 3-D SVM and near-state 3-D SVM algorithm, without abandoning the
concept of a space vector, since most of the control designs are based on the space

vector controls.
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5.1 Decoupling the trajectory of reference voltage vector in

a-f-y coordinate

An unbalanced load current can be decomposed into positive, negative and zero-

sequence current:

ILa la_p ILa_n lo
le|=|le_p|+|le_n|+]| o (5.1)
lc lic _»p l.c _n lo

The current in A-B-C coordinate can be transformed into a-f-y coordinate by using:

ILa lLa lta_p Ita_n lo
I |=T| I |=T| lee_p|+T| lea_n|+T]| o (5.2)
I, lc Ic p lic n lo

where T is the Park transformation matrix in Eg. (2.14) and one has

ILa ILa_p ILa_n O
lg|=| lg_p|+| s n|+]| 0 (5.3)
IL;/ 0 0 lo

Hence the rotating reference vector on positive a-f coordinate, negative a-£ coordinate

and y axis can be represented using:

rL_pzlLa_p+j|Lﬂ_p (5.4)
ILn= le_n- jls_n (5.5)
IL_o=1lo=I, (5.6)

Comparing Eq. (5.4) and (5.5), it can be seen that the £ element is lagging « element in
the positive coordinate and leading a element in the negative o-f coordinate. It is shown
in Eq. (5.6) that the zero-sequence component has no relationship with the a-f

coordinate, it only affects y element.

The same rule can apply for the reference rotating voltage vector, according to the large
signal model of the system (Figure 2.27), the reference rotating voltage vector in A-B-C

coordinate can be expressed in the following equations[18]:
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Vat Vat _p Vat _n Vat _0
Vot |=| Vbt _p |+ Vbt _n|+|Vbf o (5.7)
Vet Vet _p Vet _n Vet _0

where Vys p(X=a, b, C) is the positive-sequence reference voltage and it can be expressed
[19]

L(d ILA_p+Cd2VAG)+VAG
Vaf_ p | dt
Vor_p | =] L(d th" (:d2 )+VBG (5.8)
ch
"I L 'L;t” L cd? CG)+VCG

The negative-sequence reference voltage is

_d ILa |
Vaf_n dt
ILe_n
Vot _n =L d—= 5.9
bt _ " (5.9)
Ver _n d Ic_n
dt |
The zero-sequence reference voltage is
ﬂ_
Vaf_O dt
Vbt _o |=(L+3Ln) dg (5.10)
Vet 0 q h
dt |

Substitution of Eq. (5.2) and (5.3) into Eqg. (5.8)-(5.10) yields the reference rotating
voltage vector in a-f-y coordinate

Va Va_p Va_n Va_O
Vi |=|Vp_p |+|Vp_n|+|Vs_o (5.11)
Vy V}/_p V;/_n V}/_O

Where the positive-sequence reference voltage in a-f-y coordinate is

- 114 -



Chapter 5  Zero-sequence Component Injected PWM for Three-phase Four-Leg VSIs

L(d 'L“-p+Cd2V—v;)+va
Ve p dt (\:i/t
ILs_p 2 Vg
\Y) =|L(d——+Cd“ %) +V 5.12
p_p ( dt dtg) B ( )
Vy_p 0

The negative-sequence reference voltage in a-f-y coordinate is

Ld ILa_n
Vo _n dt
lLp_n
Vs n|=|Ld Lgt- (5.13)
Vy_n 0
The zero-sequence reference voltage in a-f-y coordinate is
Va_O O
Vs_o|=(L+3La)| O (5.14)
Vy_o d h
dt

Therefore it can be seen that the positive and negative-sequence reference voltage only
affect the trajectory of the reference vector on a-f plane. The zero-sequence reference
voltage is only affected by the zero-sequence current and the trajectory of the reference

vector only travels alongside the y axis.

So a reference rotating vector in three-dimensional space can be decoupled into a
reference vector rotates on the a-f plane and a vector which travels alongside the y axis,

this is shown in Figure 5.1.

In Figure 5.1 (a), the trajectories of reference voltage under different load condition are
shown. The black trace is balanced load condition, while the blue and red traces are
unbalanced. Figure 5.1 (b) shows that on a-f plane, the trajectories under unbalanced
load condition show an oval shape, and the zero-sequence reference voltage travels

alongside the y axis.
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Figure 5.1Trajectory of reference voltage under different load conditions, (a)in a-f-y coordinate,
(b)in decoupled a-f plane plus the vy axis; red trace unbalance percentage:
Unbal_N%=Unbal_0%=100%;blue trace unbalance percentage: Unbal_N%=Unbal_0% =50%;
black trace is balanced load condition
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5.2 A zero-sequence component injected PWM scheme

Based on the decoupled model of the reference voltage vector, it is natural to assume
that the modulation index for the first three phases, i.e. Phase A, B and C can be

modulated based only on «,  element.

This can be proved mathematically by taking any one of the 24 tetrahedrons; in this case,
Tetrahedron 1 in Prism | is chosen for demonstration purposes, the duty ratios can be

written down below:

dl 1 0 1 Va_ref
dZ = Vi % —% -1 Vﬁ_ref
DC (5.15)
d3 O \/§ 0 Vy_ref
d:=1-di—d2—-ds
Selecting V,= pppp as the zero switching vector, the modulation index for four legs are
shown
Frer i 0 ]
MlA 0 3 \/5
MiB B d1+d2 ~ 1 EVa_ref—7Vﬂ_ref 16
Mic | |di+dz+ds| Voc|3 J3 (>.16)
. —Va_ref + —V,B_ ref
Mi, d1 2 2
- - L Va_ref +Vy_ref

It can be seen clearly from Eqg. (5.16) that the first three phase modulation indices are
not related to the y element. Applying this calculation for the rest of the 24 tetrahedrons,
notice that the matrix needed to compute the duty ratios and the sequencing of the
selected switching vectors have to change in Eq. (5.15) and (5.16), the same conclusion

can be obtained for each tetrahedron.

Therefore it can be concluded that the modulation index for the first three phases can be
generated based on the information of V, . and Vg s Only. This means that the two-
dimensional SVM that is generally seen for three-phase three-leg VSI can be used to
calculate the o and £ components so as to generate Phase A, B and C modulation index
waveform. Now only one equation is needed to calculate the duty ratio of fourth leg and
this will simplify the conventional 3-D SVM.

The relationship between the phase voltage modulation index and the fourth leg
modulation index can be expressed below
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Mi, ] [Mi,
Mi,, | =| Mi; |- Mi, (5.17)
Mi, | | Mi.

where Mig, Mips, Migs are the fundamental phase voltage references and are related to Vs,
Vpr and V¢ in the large signal model of the four-leg inverter. These are the pre-
calculated values for open loop operation; for closed loop system, these are the values
from the controller outputs, so they are known values before being supplied as the

modulation index for the switching scheme.

Now the simplification of the 3-D SVM switching scheme can be summarised as

follows:

Based on the trajectory on the a-f coordinate, the modulation index for the first three
phases can be obtained, this requires the same steps as space vector modulation, namely
sector identification, selecting the switching vectors and sequencing the selected
switching vectors, but since it is now in a 2-D plane, the process is much easier. Once
the first three phase modulation indexes are obtained, using the fourth leg duty ratio
calculation Eq. (5.17), the fourth leg modulation index can be easily generated.
Compared with the 3-D SVM, this avoids the steps of tetrahedron identification, and the
amount of calculation of the duty ratios for each switching vector has been reduced

dramatically. The simplification of the switching scheme is shown in Figure 5.2.

Therefore, the algorithm of conventional 3-D SVM and the near-state 3-D SVM which
is proposed in Chapter 3 can be simplified by using the proposed simplified method.
The following sections show the simulation and experimental results under the zero-

sequence injected PWM switching scheme.
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Figure 5.2 Block diagram of zero-sequence component injected PWM method
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5.3 Simulation and Experimental Results

5.3.1 Conventional 3-D SVM

In [18], it is shown clearly that among all the possible schemes of the conventional 3-D
SVM, symmetrical aligned Class Il scheme is a good compromise between the
switching loss and the harmonic content. The modulation index waveform of this
scheme under balanced load condition shows the same feature as the DPWM1[37] for
the three-phase three-leg inverter. The common-mode modulation index or zero-
sequence signal for DPWM1 can be calculated according to Eq. (5.18)[36, 41], and it
can be seen that the zero-sequence signal is the same as the fourth leg modulation of 3-
D SVM under balanced load condition.

_ Mi, + Mig + Mi,
" 3
So the simplification of symmetrical aligned Class Il 3-D SVM can be made as the

Mi

(5.18)

combination of DPWM1 and fourth leg modulation calculation (shown in Figure 5.3).
The sequencing of DPWM1 has been studied intensively; the simulation results are
shown clearly that the resultant modulation index waveform and output voltage
waveforms are exactly the same as that of 3-D SVM.

Figure 5.4 shows the experimental output voltage and current waveforms of the
proposed switching method and the result shows the same waveform as the
conventional 3-D SVM. The THD analysis also shows exactly the same result as that of
3-D SVM.
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Figure 5.3 Simulated Modulation Index Waveform of the zero-sequence component injected
PWM under balanced load condition
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Figure 5.4 Experimental results show that the proposed zero-sequence component
injected PWM scheme has the same result as the conventional 3-D SVM, channel 1-
3: Output voltage; Channel 4: Phase A inductor current

In order to test whether the zero-sequence injected PWM method works well under
unbalanced load condition, a heavily unbalanced load condition is chosen in which
phase C is unloaded. Figure 5.5 and Figure 5.6 show the output voltage and load current
under this load condition. The results prove that the proposed simplified switching
method works exactly as the 3-D SVM under both balanced and unbalanced load

conditions.

The simplified algorithm also leads to a reduction of the programme execution time and
this can be seen in Figure 5.7. The technique required to monitor the programme
execution time was explained in the previous chapters and the details can be found in
Appendix B. In Figure 5.7, trace 1 shows the GPIO pin output and the width of the
pulse is the execution time of the zero-sequence injected PWM algorithm. Trace 2
shows the pulse relates to the 3-D SVM execution time. It could be seen clearly that the

simplified switching scheme reduces the code execution time by about 20%.
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Figure 5.5 Voltage output under unbalanced load condition show the same result as the
conventional 3-D SVM
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Figure 5.6 Load current and neutral current waveform under unbalanced load condition,
showing the same result as the conventional 3-D SVM
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Figure 5.7 GPIO pulse test result shows that the proposed method reduces the programme
execution time compared with the 3-D SVM

5.3.2 Near-state 3-D SVM

The simplification of the near-state 3-D SVM follows the same rule. The generation of
the modulation index waveforms of the first three phases based on the near-state PWM
method for three-phase three-leg VSI. The duty ratios of the required space vectors of
NSPWM for region B; can be calculated as follows[39]:

d, =1-Mi xsin[e_ (i- 2)71
3

d, :—1+§x Mixcos[&—%ﬁgx Mixsin[@—%] (5.19)

B =1_§XMiXCOS[9_%]—%X Mixsin[@-%]

The sequencing of the selected switching vectors is also a general form and is presented
in [39], with the combination of EQ.(5.17), the near-state 3-D SVM can also be
simplified. The simulated modulation index waveform shows exactly the same as in
Figure 3.13.
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The experimental results under both balanced load and unbalanced load conditions
show exactly the same result as the near-state 3-D SVM. Since the results are the same
as shown in Figure 3.35-Figure 3.38, they are not presented in this section.

5.4 Summary

In this chapter, a zero-sequence component injected PWM method is introduced. The
algorithm of the 3-D SVM switching scheme, either conventional 3-D SVM or near-
state 3-D SVM is very complex and difficult to understand. It requires a few steps to
finally synthesize the reference vector. A decoupled reference voltage vector model in
a-f-y coordinate shows that the reference vector can be represented with a-f plane and
independent axis of y. By doing this, the algorithm required to synthesize the reference
switching vector can be simplified. The modulation indexes for the first three phases
depend on the trajectory of the reference vector on a-f plane and they can be generated
using the steps to synthesize the reference vector for three-phase three-leg VSI. A fourth
leg modulation index is then calculated based on the simple relationship to the reference

voltage vector.

Both simulation and experimental results show that the proposed simplified switching
scheme have the same results as the conventional 3-D SVM and near-state 3-D SVM
under both balanced and unbalanced load condition. The simplified algorithm has the
merit of easy understanding and reduced programme execution time. The reduction of
the programme execution time has also been validated by experimental results.
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Chapter 6

Control of Three-phase Four-Leg Inverters

A three-phase four-leg VSI is used for unbalanced loads and/or nonlinear loads [18, 32].
The controller design is therefore vital for a three-phase four-leg inverter system to
secure a balanced three-phase voltage output under various load conditions. Stability is
an important factor when it comes to a controller design; also equally important is the
dynamic response of the controller since a fast controller will compensate the
unbalanced voltage drop or correct the distorted voltage waveform in a short response
time. Various controller designs have been investigated in the literature survey, and it
has been found that the controller design in d-g-o coordinate is most compatible with
the vector implemented switching scheme [18, 32]. In contrast the per-phase controller
design is suitable for the scalar-based, or in other words, carrier-based PWM switching
scheme[14]. Because the proposed switching scheme in Chapter 3 and simplified
switching scheme in Chapter 5 are all vector based, a controller design based on d-g-o is
presented in this chapter.

Modern DSPs with processor speed up to 150MHz and enhanced peripherals, real-time
code debugging capability gives control engineers all the benefits of digital control[63].
It was shown clearly in the previous chapters that a simulation model based in
Matlab/Simulink and Matlab/Simpower combined with programmable code in S-
function gives a close simulation result to the experimental result. In this chapter, a
controller design using Matlab/sisotool is shown as a very useful tool for the real-time

controller design.
6.1 A four-leg inverter model in d-g-o coordinate

A four-leg VSI model in d-g-o coordinate has been intensively investigated in [18, 32]
and its model was introduced in Figure 2.28 in the literature review. The d-g-o
coordinate model is given by
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Xa
Xb
Xe

(6.1)

Chapter 6
I 2 2r
cos(mt)  cos(wt——)  cos(wt+—
4 @y (w 2 ) (o 2 )
Xq :g —sin(wt) —sin(a)t—z—ﬂ) —sin(a)t+2—7r)
3 3 3
Xo 1 1 1
L 2 2 2

According to [19], the output to duty ratio transfer functions of d and g channel can be

obtained based on the state space model below

1 1 ]
cz ¢ ? fyqTo o
Vd 1 Vd Voc ]
dl ld -7 0 0 @1 g dd
—~ 1= t + b (6.2)
dt| Vq 1 1lvq 0 0 |d '
@ 0 -— = Voc |~
lq Cz C lg 0o -—
1 L
0 -o -— 0 B N
L L |

where L, C and Vpc are system hardware parameters and the values are the same as the
experimental set up, Z is the load impedance. Eqg. (6.2) indicates the coupling term
between the d channel and q channel. There is no coupling term in the o channel, and it
is a typical second-order system, therefore the output to duty ratio transfer function of

the o channel can be obtained

1
-—— = 0
E Vo | CZ C Ve +| Voc |do (6.3)
dt IO _l 0 IO T
L

It should be noticed that in Eq. (6.3), L’= L+3L,[19], since here the neutral inductor has

been selected the same value as per-phase inductor, therefore L =4L.

The state space model in Eq. (6.2) and (6.3) are based in continuous time domain; the
model would be accurate if the system is controlled by analogue controller. However,
since modern DSPs have been seen everywhere in a real-time implementation system
these days, a system transfer function model based on discrete-time domain would be

preferred.

Figure 6.1 shows a DSP controlled four-leg VSI. Isolation amplifiers and current
sensors are used to sample the voltage and current outputs of the system. The controller
design is based on the direct digital design[63] in discrete-time domain with the help of

Matlab/sisotool.

-126 -



Chapter 6 Control of Three-phase Four-Leg Inverters

Power Stage

KEKE 13K
J%L}J' g

Voltage and

1§

HE

|
|
|_‘

T T T ’I‘ ’I\ T T T l l l l CUITENT SENS0LS Code Composer
M @B g0 o Faults &
Gate Drivers Sensor signals Labview Panel
Gate drive signals4 \|—L J]_Fault signals
Gate Drive Interface ADC] Seus‘or
Interface
——
Control Cﬂ
T
Unit Texas Instrument eZdsp b DAC
F28335
DSP Interface board

Figure 6.1 A DSP controlled four-leg VSI

The computation delay Hc is defined as

Ho=e™ (6.4)

where T4 is the delay time. The sampling of the sensors and the PWM outputs
altogether can be represented as a Zero-order hold[63] and therefore zero-order hold is

selected as the discretization method

TF(z) = c2d(TF(S), Tewm,'zON) (6.5)

where c2d is a Matlab command in which continuous model is transformed into a
discrete model, ‘zoh’ is the discretization method and Tpwy IS the sampling time and it
is chosen as 200us since the current and voltage sensors sample at the peak of every
PWM cycle. Since the newly generated modulation index value only takes effect at the
beginning of each PWM cycle, the delay that has been caused by the computational
delay therefore is set as half of the sampling time with the value of T¢=Tpwm/2.
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Bode Diagram
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Figure 6.2 Simulated control-to-output transfer functions for d and g channel

The plant control-to-output transfer functions of channel d, g and o in discrete domain

are therefore calculated and plotted using Matlab as shown in Figure 6.2 and Figure 6.3.

A balanced three-phase light load with the per-phase impedance value of 300Q2 has been

selected as the worst load condition.

In Figure 6.2, the control-to-output transfer functions of d and g channels are shown. In

the diagram, the following characteristics can be observed:
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As explained before, the d channel and q channel are coupled, therefore for each
input, either dq or dg, there are two outputs Vg and Vq. The blue trace in Figure 6.2
shows the dominant transfer function while the green trace shows the coupled
transfer function.

The transfer functions, which are Vg/dg, Vo/dq, Va/dq and Vo/d4 are 4" order systems,
with four poles and two zeros around the resonant frequency. But since the four
poles and two zeros are close to each other, the 4™ order systems show a very
similar shape to a typical 2" order system.

At the resonant frequency, a light load situation causes a peak in the magnitude plot,
this poses a problem when it comes to controller design as it will be explained later.
Also, on the phase plot, the phase drops sharply at the resonant frequency.

The delays that are introduced, including the delay caused by zero-order hold and

computational delay also causes the phase to roll down in the phase plot.

The bode diagram of the transfer function in o channel is shown in Figure 6.3. As

explained, the o channel is a 2" order system. The impact of light load condition and

the delay effect can be seen on the o channel as well.
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Figure 6.3 Simulated control-to-output transfer function for o channel
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6.2 Controller design in d-g-o coordinate

6.2.1 Issue with low cut-off frequency

Now that the system transfer functions are identified, a feedback voltage control loop
can be designed based on the control-to-output transfer functions. Since the transfer
functions are 4™ order systems for d and g channel, a higher order controller with
decoupling terms in the feed-forward loop is needed in theory [19]. However, as the
four poles and two zeros are close to each other in the resonant frequency as explained
before, the system can be simplified as a 2" order system. As for the coupling term,
they are neglected at this stage since their gains are lower than those of the dominant

transfer functions. Therefore PI controllers can be used as the voltage controller.

When designing the PI controller based on the control-to-output transfer functions under
light load condition, the peak shown in the magnitude plot poses a stability problem. A
P1 controller which is optimized for the system stability is shown in Figure 6.4. For
demonstration purposes, only d channel is shown here. A PI controller is designed so
that the gain margin is over 10dB and the phase margin is 90°, this will ensure the
system stability. As it can be seen, this design sacrifices the system dynamic behaviour
due to the low cut-off frequency of the controller.

This control loop works well under balanced load condition and in cases where the
loads are slightly unbalanced. However, under heavy unbalanced load condition, the
low cut-off frequency makes the controller struggle to compensate for the unbalanced
current that has been caused by unbalanced load. Normally, a faster inner current loop
would help dampen the system resonance, provide over-current detection and protection
and improve the dynamics performance of a cascaded loop control system [19].
However, in this case, unlike in the motor drive system where there is a variable back
EMF due to the variable speed of the motor, the output voltage is related to the output
current depending on the load type. This means the current loop control design will face
the same low cut-off frequency issue as the voltage control loop design. Figure 6.4 also
shows the current loop gain transfer function with controller in d channel. As it is
shown clearly, both the voltage and current transfer functions have quite similar shape
and the inner current loop only extends the bandwidth by tens of Hz. The details of the
controllers design for voltage loop and current loop under channel d and g are shown in
Table 6-1.
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Table 6-1 Designed voltage and current controller for d and g channel

Cross-over . . .
Controller Phase Margin | Gain Margin
frequency
Voltage 5 2—0.539
J 9.23x10° ———— 20.6Hz 90.7° 11.1dB
loop (z-1)
Current z-0.543
0.0048 39.3Hz 89.5° 4.40B
loop (Z—l)(Z —0994)

Table 6-2 Designed voltage and current controller for o channel

Controller

Cross-over

frequency

Phase Margin

Gain Margin

Voltage

loop

9.92x105 2-0-726
(z-1)

13Hz

91.4°

11.1dB

Current

loop

z-0.732
(z—-1)(z-0.935)

0.003

20.1Hz

91.6°

6.37dB
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Figure 6.4 Voltage and current loop gain transfer functions with controllers
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Chapter 6
6.2.2 Controller output integration to 3-D SVM

Control of Three-phase Four-Leg Inverters

Another issue which is worth noticing is that the integration between the controller
output to the 3-D SVM switching scheme. The controller outputs from channel d, g and
o are the control duty ratios dgy, dy and do. These values have to be supplied to the
switching scheme. Similar to Eq. (6.1), dg, dq and d, can be given by

cos(amt) cos(wt—z?ﬁ) cos(a)t+2§) _

da at

6.6
dq :é —sin(at) —sin(a)t—z?”) —sin(a)t+2?ﬁ) ot (66
do 1 1 1 (o

2

2

2

where daf, dpr and dgs are the line to neutral duty ratios of the four-leg inverter and they

are related to the reference line to neutral voltage signals Vs, Vs and V¢ by

Vaf daf
Vbt | =Voc| ot (6.7)
ch dcf
Therefore, one obtains
daf Sm(a)t)
dor =M = Sin(a)t—éﬂ) (6.8)
dcf . 2
sin(at + §7r)

where M is the fundamental per-phase modulation index value and it is related to the

modulation index value Mi for SVM by a factor of 2/+/3, so Eq. (6.8) can also be

expressed as

Clat sin(awt)

6.9
ot | = Mi L sin(et — 2 7) (69)
der V3 3

. 2
sin(awt + —
(ot +27),
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Figure 6.5 Controller output integrating to the 3-D SVM switching scheme

Based on Eqg. (6.6) and (6.9), it is not difficult to calculate the maximum duty ratio

value duax in d, g and o channel.

Mimax
V3

The duty ratio value in d-g-o coordinate and the modulation index value Mi in A-B-C

dmax =

=0.57735 (6.10)

coordinate have the same relationship as shown in Eq. (6.10). The value could be of
great use in two aspects. Firstly, it could be used to estimate the amplitude of the three-
phase output voltage. Secondly, it is very important to set up an anti-windup algorithm
from the controller design point of view [87-89], and this value could be used as a

reference to set up the upper limit of the anti-windup algorithm.

After dg, dq and d, are obtained, it is better to transform these values into a-f$-y

coordinate where the duty ratios for each phase can be calculated easily

da cos(awt) —sin(wt) O dd
ds [=| sin(wt) cos(wt) O] dq (6.11)
dy 0 0 1| do

The final modulation index waveforms will then depend on the sequencing scheme that
has been chosen. The process of the controller output integrating to the 3-D SVM

scheme is shown in Figure 6.5.

6.2.3 Transformation between two d-g-o reference frames

When designing the voltage control loop, the sampled voltage values are the voltage
values on the capacitors, Vag, Ve and Vcg shown in the average large signal model in
Figure 2.27. While the 3-D SVM switching scheme depends on the information of the
line-to-neutral reference voltage Var, Vpr and Ve Between the line-to-neutral reference
voltage and the phase voltage, there is a filter inductor which will cause a phase shift

between. This will pose a problem when it comes to control in the d-g-o0 coordinate.
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In [9], the author used the finite impulse response filter (FIR), so the specific knowledge
of the output filter component values can be ignored for the control design. This thesis
adopts another technique called phase angle compensation method. Aiming to
compensate the phase delay by the L-C filter, an advanced angle is compensated, the

details is given below.

For demonstration purposes, the d-g-o reference frame which is related to the sampled
phase voltage Vac, Ves and Vcg is defined as D-Q-O reference frame, with Vp, Vg and
Vo as the DC operating values. The d-g-o reference frame which is related to the line-to-
neutral reference voltage Var, Vi and Vs is then defined as d-g-o reference frame value

with Vg, Vq and V, as the DC operating values.

Under balanced load condition, both d-g-o and D-Q-O reference frames rotate at the
same speed of w. Because of the filter component, the D-Q-O reference frame will be
lagging the d-g-o reference frame by an angle of #,. Here we define the rotating angle of
the D-Q-O coordinate as 0, and the rotating angle of the d-g-o coordinate as 6. The
value of 6, depends on the inductance and capacitance value. This is shown in Figure
6.6 (a), without showing o channel since the o channel for both D-Q-O and d-g-o0
reference frames are the same. As it can be seen, if viewing from the d-q reference
frame, D-Q reference is behind by 6,. A reference vector on D axis will have negative g

value on the g axis of d-q. This can be demonstrated in simulation as well.

In Matlab simulation model, when setting up V=282V, V,=V,=0 to calculate the 3-D
SVM algorithm in an open loop system, the three-phase voltages are sampled and then
transformed into the values in a D-Q-O coordinate. It is shown in Figure 6.6 (b) that Vg
has negative value and it can be calculated based on Eq. (6.12) that the angle 6,~10°.

9a=6'—0e=0—arctan\£ (6.12)

D
The conventional 3-D SVM needs the information of the reference vector rotating angle,
Vg and Vagurer to decide in which tetrahedron the reference vector locates, and the
near-state 3-D SVM needs the information of reference vector to know in which section
the reference vector is. Because the reference vector is strongly related to the reference
vector in d-g-o coordinate, a transformation between D-Q reference frame and d-g

reference frame is needed.

- 134 -



Chapter 6 Control of Three-phase Four-Leg Inverters

q

o |

6 a ——|—>d-q frame referring to Vs

——+—D-Q frame referring to Vi noca

—> Reference vector

(a)
300 T T T T T
W Vo —'\u'«'\—ﬁ‘.rv'\»\,-—fh Y Y T e e L TP ey
250 z ! _
250 Vi
200 -1
150 -
‘o
-
51
=0 100f - 1
=)
-
50 _
0= PO o S T . % Mg -
Vo
S0 i ,'-_l_-'"-_w."-,_J_H‘ N ALY, LA AW o o A NS
\TQ
-100 I 1 | 1 i I
0 0.02 0.04 0.0% 0.08 0.1 012 014
time(second)
(b)

Figure 6.6 Relationship between D-Q-O reference frame and d-g-o reference frame; (a) The
two rotating reference frames; (b) Sampled values of Vp, Vg and Vo

Once the angle of &, is known based on the L-C filter of the power stage, an angle
advance technique can then be employed to compensate the phase lagging. The
advanced angle is the same as #,. Based on the information of 6. and by using Eq. (6.12),
the rotating angle 6, which is used to implement 3-D SVM switching scheme, can be
obtained. This technique, together with voltage control based on the d-g-o coordinate, is

shown in Figure 6.7.
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Figure 6.7 Phase advance technique together with voltage control loop based on d-g-o0
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Figure 6.8 Simulation structure for a closed-loop four-leg VSI

6.2.4 Voltage ripples in o channel and current feed forward method

Figure 6.8 shows the Matlab simulation structure for a closed loop four-leg VSI. The

gate driver block, Power stage block are the same as in the open-loop simulation

structure (Figure 3.23), where the DSP block mimics the real-time DSP system with
-136 -



Chapter 6 Control of Three-phase Four-Leg Inverters

sample and hold block and computation delay block. This simulation model takes all the
delays caused by the digital processor; therefore it serves as a useful tool for the

controller design in real-time implementation.

It has been stated in the previous sections that an inner current loop will not increase the
dynamic behaviour of the controller. Therefore, three voltage controllers are designed
according to the parameters in Table 6-1 and Table 6-2 for channel d, q and o. Under
balanced load condition, results shown in Figure 6.9 indicate a balanced three-phase
output. It can be seen that for a balanced voltage output, the errors in d, g and o channel
are close to zero. The trajectory of the reference switching vector on the o-f plane
draws a circle while the o channel signal has only small ripples close to zero. Figure 6.9

(d) shows the three-phase inductor currents and the neutral current under balanced load

condition.
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condition; (a)Output phase voltages; (b)Error signals in channel d, g and o (c)trajectory of a,
and y components (d) Phase inductor currents and neutral current
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Under unbalanced load condition, the voltage loops designed for d, g and o channel
results in unbalanced output voltages as shown in Figure 6.10. For demonstration
purposes, a single phase unloaded condition is chosen. It can be seen clearly in Figure
6.10 (b) that the voltage error signal in o channel has increased with a voltage ripple at
the fundamental frequency. This is due to the zero-sequence current that has been
created due to the single phase unloaded condition. Because of the slow dynamic
response of the voltage controller alone, the voltage component shows a voltage ripple
in y axis (Figure 6.10 (c)). The voltage ripples also appear in d and g channel at 2w
rotating speed in conditions when the negative-sequence current is large. These ripples
cause the phase voltages to be unbalanced and they need to be compensated for the
controller design.

In [19], three current feed-forward terms were added in the voltage loop so as to

improve the dynamics of the controller. The current feed-forward terms can be found in

GiLd ZL(ilLd — wlid)
> d (6.13)
L :

GiLq = \E(a ILq + a)lLd)

GiLo ZLE |Lo

Voc dt

where I 4, I g and I, are the d, g, o components of the load current Iy, I g and I c.

The information of the load current can be obtained if the current sensors are allocated
along the load side. However, since the current sensors are inductor current sensors, a

technique is needed to use the inductor current as the feed-forward term.

There is a phase shift between the inductor current and the load current. The sampled
inductor current, if phase shifted by certain angle, would be in phase with the load
current. A digital filter can filter out the inductor current noise, and at the same time,
delay the sampled signal. By selecting the digital filter parameters carefully, the filtered
inductor current can then be used as the current feed-forward term. Figure 6.11 shows a
digital RC filter that has been used in the control loop design. The gain value p can be

calculated based on

p — e—27IfCTS (614)
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where Ts is the sampling time and f; is the cut off frequency of the RC filter, here f; is
chosen to be 300 Hz. This cut-off frequency is a good trade-off since at this frequency,
the noise can be effectively filtered out while the phase delay is not big.
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Figure 6.10 Simulated output of a four-leg VSI under voltage control under single phase
unloaded condition; (a)Output phase voltages; (b)Error signals in channel d, g and o (c)
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Figure 6.11Block diagram of a first order RC digital filter
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6.2.5 Simulation results of the closed loop controller

So the current feed-forward term can be calculated based on the filtered inductor current,
and they are added to the voltage control loop to compensate for the dynamic response
of the system. The simulation result is shown in Figure 6.12. Compared to the results
shown under voltage control alone, the controller design with the current feed-forward
term has a better performance under single phase unloaded condition. The maximum
output voltage difference is 10V, which is 3.5% of the rated output voltage. Without the
current feed-forward term, the maximum output voltage is 45V, which is 15.9% of the
rated output voltage. Also it can be seen from Figure 6.12(b) that the o channel error
signal has been reduced dramatically, leading to a small voltage ripple on V, (Figure
6.12(c)).

The control design has also been tested in another unbalanced load condition. In this
case, an unbalanced load of Ra=30Q, Rg =45, and Rc=45Q has been selected, this will
result in an unbalanced three-phase load current as 1.4=6.67 £ 0° A, 1,g=4.4 £ -120° A,
and 1 c=4.4 Z -240°A.The simulated output voltage is shown in Figure 6.13(a). The
phase current and neutral current are shown in Figure 6.13(d). The error signals in
Figure 6.13(b) and the trajectory of the a-fS-y voltage components in Figure 6.13(c)

show that the control loop can meet the design specification.
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6.3 Experimental results

A closed-loop laboratory test bench was set up as shown in Figure 6.14. Similar to the
open-loop laboratory set-up, Code composer studio and a Labview based user control
panel have been used to serve as a control panel. Three isolation amplifiers and three
current sensors are used to sample the output voltage and current. The controller and

digital filter algorithm are written in embedded C.

The controller parameters are tuned slightly based on the simulated controller
parameters. The switching scheme for the control loop has been selected as zero-
sequence component injected SVM since it obtains the merit of space vector and simple
to implement as discussed in Chapter 5. Both conventional 3-D SVM and near-state 3-D
SVM are implemented by using zero-sequence component injected method for

demonstration purposes.
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6.3.1 Steady state performance under unbalanced load condition

This section investigates the steady state performance of the designed controller under
unbalanced load condition. An unbalanced load condition of Ra=30Q2, Rg =20Q, and

Rc=45Q has been selected, this will result in an unbalanced three-phase load current as

1La=6.67 £ 0° A, I,g=10 £ -120° A, and |, c=4.4 £ -240°A.

Figure 6.15(a) shows the output voltage waveform under the unbalanced load condition
while Figure 6.15(b) shows the three-phase inductor current and neutral current. A
conventional 3-D SVM using zero-sequence injected SVM is selected as the switching
scheme. As it can be seen, the steady state of the designed controller ensures a three-

phase balanced output voltage.

Figure 6.16(a) and (b) show the output voltage waveform and inductor current

waveform using zero-sequence injected near-state 3-D SVM.
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6.3.2 Transient performance under unbalanced load condition

The transient performance under the designed control loop is investigated in this section.
A transient situation has been created, during the time when the four-leg VSI was
operating under a balanced load condition, phase C was then suddenly disconnected.
Figure 6.17(a) shows the transient performance of the output voltage while (b) shows
the transient of the phase current and neutral current. Zero-sequence injected 3-D SVM

has been used as the switching scheme.

Figure 6.18(a) and (b) show the voltage and current transient under the zero-sequence
injected near-state 3-D SVM.

The transient performance shown in Figure 6.17 and Figure 6.18 proves the
effectiveness of the designed control loop. The maximum output voltage difference is
very similar as the simulation result. A disturbance can be noted during the transient;
however, it takes less than one power cycle for the disturbance to be corrected, which

illustrates the fast dynamic behaviour by using the current feed-forward terms.
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Figure 6.17 Transient operation of the four-leg VSI under single phase unloaded condition,
zero-sequence injected 3-D SVM (a) Three-phase output voltage and phase C current (b)
Three-phase inductor current and neutral current
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Figure 6.18 Transient operation of the four-leg VVSI under single phase unloaded condition,
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6.4 Summary

In this chapter, a closed loop controller has been designed for a three-phase four-leg
VSI. It has been found that the controller design based on the d-g-o coordinate is
compatible with vector-based switching scheme; therefore a model of the four-leg

inverter in a d-g-o coordinate has been studied first.

Based on the model in d-g-o coordinate, a voltage control loop has been designed in the
discrete-time domain with the help of Matlab/Sisotool. The controller parameters are
designed based on the light load condition to ensure the stability of the control loop.
However, due to the low cut-off frequency of the closed loop transfer function, the
dynamic performance has been suffered. The slow behaviour of the voltage controller
struggled to cope with the voltage ripples caused by the unbalanced load current.
Therefore, the filtered inductor currents are used as current feed forward terms.
Simulation results show that under different unbalanced load conditions, the designed
controller with current feed forward terms ensures a balanced output three-phase

voltage.

Both steady state performance and transient performance of the designed control loop
are tested in the laboratory test rig using the zero-sequence component injected method.
The output voltage maintains balanced under unbalanced load condition. The transient
behaviour of the inverter under the designed control loop shows a fast dynamic response

to a sudden load change and quickly maintains the balanced output voltage.
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Chapter 7

Conclusions

This chapter summarises the key points and important outcomes of the thesis. The
available switching schemes for the four-leg VSIs are summarised and further
improvements are suggested. The techniques, which are used in both simulation and
experimental work, are presented to show how they are used to investigate different
switching schemes. This chapter also includes suggestions for future work.

7.1 Three-phase four-leg VSIs

It has been found that three-phase four-leg voltage source inverters can supply balanced
output voltages to the unbalanced loads. With the improvement of modern power
electronics and the further cost reduction, it can be predicted that four-leg VSIs will be
seen more often in a distributed power generation system. Compared to other power
converter topologies, four-leg VSIs enjoy better control, reduced size and hence cost
saving. The extra-leg gives the freedom for the control point of view, at the same time,
increases the complexity of the switching schemes.

7.2 Switching schemes for four-leg VSIs

Compared to three-phase three-leg VSIs, the switching schemes for four-leg VSIs are
limited for the reason that a four-leg inverter is used in a three-phase four-wire system

in which the control targets are unbalanced load or nonlinear load.

Among the available switching schemes, the 3-D SVM is dominant. Other switching
schemes, whether based on space vectors or based on scalar implementation, can only
match the performance of the 3-D SVM. The proposed near-state 3-D SVM generates
the same modulation index as the conventional 3-D SVM which means it inherits the
merits of the 3-D SVM. Because the implementation requires switching pattern polarity

change, the common-mode voltage level is reduced. The main advantage of the
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proposed switching scheme is that it can reduce the common-mode voltage level, and at
the same time maintain high DC link utilization. It also produces less switching loss and

works under unbalanced load condition.

The drawbacks of the near-state 3-D SVM include limited operational range, increased
harmonic contents in the inductor current. The limited operational range is not a
significant issue in a distributed power generation system or high voltage level UPS
system where most of the time the converter operates with a high modulation index
value. The L-C filter of the four-leg VSI will filter out the switching noise caused by the
near-state 3-D SVM); therefore the output voltage will not be degraded. However, the

increased inductor current harmonics may result in increased losses.

This thesis also presents a simplified SVM switching scheme called zero-sequence
injected PWM for a four-leg inverter. This switching scheme is based on the decoupled
model of the four-leg inverter, and therefore represents the space vector on a d-q
coordinate. Modulation for the fourth leg uses a zero-sequence injected method. This
switching scheme simplifies the conventional 3-D SVM and the proposed near-state 3-
D SVM. The experimental results show that the simplified switching scheme has the
same performance as the 3-D SVM, and the control programme execution time has been
reduced by almost 20%. Another advantage is that the simplified switching scheme is
still based on space vectors; therefore control design can still be based on the DC

operating point in a d-g-o coordinate.

7.3 Performance analysis for different switching schemes for

four-leg VSlIs

Performance analysis for a three-phase three-leg VSI has had much attention in the
literature. Similar performance analysis is lacking for a four-leg inverter, especially for
different switching schemes. Based on space vectors, the voltage harmonic distortion
factor, inductor current harmonic distortion factor, conduction and switching loss of

different switching schemes have been analyzed and compared.

Using the proposed analysis method, the performance of the two switching schemes,
namely conventional 3-D SVM and near-state 3-D SVM were compared. A k,-M curve
shows the voltage harmonic content variation as the per-phase fundamental modulation

index changes. An Ig-M curve shows the relationship between the inductor current
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harmonic content and the modulation index value. Based on the 1g-M curve, switching

loss and conduction loss of the two switching schemes can be compared.

Under unbalanced load conditions, performance analysis becomes difficult and it
depends on the various load conditions. It has been shown in this thesis that under
unbalanced load conditions, since the output voltages are balanced, the k,-M curve can
still be used for voltage harmonic content analysis. Also Ig-M curve can be used to

distinguish the current harmonic contents of different switching schemes.

Although it is difficult to calculate the exact switching power loss under unbalanced
load conditions, in this thesis, several typical unbalanced load conditions are presented

to show the relative switching loss.
7.4 Control loop design for four-leg VSIs

The control loop of the three-phase four-leg VSI is designed based on the mathematical
model in a d-g-o coordinate. For a modern DSP-controlled system, the controller

parameters are designed in a discrete time domain with the help of Matlab/Sisotool.

Under light load conditions, stability is the main concern when designing the controller.
However, the low cut-off frequency of the closed-loop transfer function means the
dynamic performance of the controller is not fast enough, therefore the inductor currents

are used as the feed forward terms to compensate for the voltage controller.

Techniques such as controller output integration to the switching scheme,
transformation between the two d-g-o coordinate, digital filter implementation, etc were

used in the control loop design and real-time implementation.

Both simulation and experimental results show that the designed control loop ensures a
balanced three-phase output voltage under balanced and unbalanced load conditions.
Transient behaviour of the control loop is also tested with a sudden load change, and

results show a good dynamic behaviour of the designed controller.
7.5 Future work

Areas for future work include:

¢ Investigate the impact on the DC link voltage ripple for different switching schemes.
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Design and develop a CMV reduced switching scheme in lower modulation index
range. Combined with near-state 3-D SVM to achieve a full modulation range
operation.

Investigate the performance in over-modulation operation region.

Dead time delay causes distortion on the top and zero crossing point of the voltage
waveform. The larger the dead time delay is, the worse the distortion is. A dead time
delay correction scheme for a four-leg VSI, especially with the near-state 3-D SVM
switching scheme, is worthy of further research.

For a severely unbalanced load, or nonlinear load, control schemes such as
predictive control, or repetitive control are more compatible with the digital
controller, therefore develop a model implementing these controllers may achieve
good performance.

A study of the relationship between the neutral current and load condition may
produce a better controller design. The neutral current contains information on the
load conditions[22], which may be used for better control design.

Evaluate the performance of the scheme at a high voltage level more suitable for

power system applications.
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A. Projection of the reference vector

The calculation of the duration time or duty ratio relating to each switching vector is
shown below. Taking Set A in Section | for instance, switching states Vi(pnpp),

Va(pnnp), Vs(pnnn) and V4(ppnn) are selected. On the o axis, (A.1) can be written down

Vo _ref = dlEVDC COS(Z) +d2 2VDc +d 32VDC +da gVD(: COS(Z) (A1)
3 3 3 3 3 3

Similarly, on the B coordinate,

Vi _ret = —dl%VDcSin(%) + d4§VDcsin(%) (A.2)

On the y coordinate

Vy_ref = —dlEVDC -d 22VDC +d 31VDC +d AEVDC (A.3)
3 3 3 3

Combined with (A.4)

di+d2+ds+ds=1 (A.4)

A 4x4 matrix can then be calculated in Matlab as shown in (3.3)
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B. Techniques to obtain the execution time of controller code

There are two ways to detect the programme code execution time, software method and
hardware method, and both methods should show the same result. The software method
requires a DSP timer that will start counting the time when the programme starts and
end counting when the programme ends. Using the information of the timer, the
execution time can be obtained. For this project, a Labview block is used so as to

monitor the real-time ISR running time.

Or alternatively, a GPIO pin could be initialized and used to be set high at the beginning
of the execution code and set low at the end of the code, therefore a pulse could be

observed using the oscilloscope. The GPIO 21 is used in this project.
Initializing and using the timer

A CPU timer0 is utilized to count the execution time, a period value is set up first and

then the timer counts down if it starts working and stops at the stop value.

Put this code before the programme code

CpuTimerORegs.TCR.bit.TRB = 1; // When write a 1 to TRB, the TIMH:TIM
is loaded with the wvalue in the PRDH:PRD and the prescaler counter
(PSCH:PSC) is loaded with the value in the time divide-down register.

This code is at the end of the programme code

TO count = CpuTimerORegs.TIM.half.LSW; // since TO count is defined as
Uintl6, so only load the lower 1lébits. TO count value would be sent to
the Labview, where through some calculation; the execution time would
be calculated

The following code is used for initialization of the timer

void TimerO init ()
{

// Set up CPU Timer O

CpuTimerORegs.PRD.all = OxFFFFFFFF;

CpuTimerORegs.TPRH.all = 0;

CpuTimerORegs.TPR.all = 0; // Cpu Timer Prescale and Divid-Down

CpuTimerORegs.TCR.bit.TIE = 0; // TIE= 0, the CPU-Timer interrupt
is disabled

CpuTimerORegs.TCR.bit.TSS = 0; // TSS = 0, Reads of 0 indicate the
cpu-timer is running

}

Once the value of TO_count is obtained, this value will then be passed to Labview,
where through the following calculation, the execution time will be calculated.
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Labview calculation
Execution time = (65536-T0 count) x 0.006666 us

Initializing and utilizing the GPI1O

A GPI021 was initialized for monitoring the execution time

// Set up GPIO21 as a gpio output so as to monitor in the TP T5, this
pin is for estimating the execution time
GpioCtrlRegs.GPAPUD.bit.GPIO21 = 0; // Enable pull up on GPIO21
GpioDataRegs.GPACLEAR.bit.GPIO21 = 1; // Load output latch with 0
GpioCtrlRegs.GPAMUX2.bit.GPIO21 = 0; // Used as a GPIO pin
GpioCtrlRegs.GPADIR.bit.GPIO21 = 1; // As output signal
EDIS;

At the beginning of the programme code
EALLOW;

GpioDataRegs.GPASET.bit.GPIO21 = 1; // Load output latch with 1
EDIS;

At the end of the programme code
EALLOW;

GpioDataRegs.GPACLEAR.bit.GPIO21 = 1; // Load output latch with 0
EDIS;
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C. Programming code for near-state 3-D SVM

Here presents part of the programming code for the near-state 3-D SVM. For

demonstration purposes, programming code for [0° 90°] are shown here.

$%Ns 3-D SVM for four-leg inverter starts right from here

//Section BI,

if (theta e < 60)

//

//Section BII,

{

when the reference vector is in half of Section I

// Calculating the duty ratios for each leg

dl=(-3*v_alpha)/ (2*v_dc)

d2=v_alpha/ (2*v_dc)

+

(sqrt (3) *v_beta)/ (2*v_dc) + v_dc/

v_dc;

(sgrt (3) *v_beta)/ (2*v_dc)- v_gamma/v_dc;

d3=(5*v_alpha)/ (2*v_dc) - (sqrt (3) *v_beta)/(2*v_dc)+v_gamma/v_dc -
v_dc/v_dc;
d4=(-3*v_alpha)/ (2*v_dc) + (sqrt(3)*v_beta)/(2*v_dc) + v_dc/v_dc;

// Sequencing the selected near-state switching vectors

mi A=1;

mi B=3750* (d1+d2+d3) ;
mi C=3750*d1;
mi f=3750* (d1+d2);

// updating the modulation index value,
//relevant registers,

EPwmlRegs
EPwm6Regs
EPwm3Regs
EPwm5SRegs

these
.CMPA.half.CMPA

.CMPA.half.CMPA =

.CMPA.half.CMPA
.CMPA.half.CMPA

sending values to th
won’t be updated until the next PWM
mi A;
mi B;
mi C;
mi f;

Setting the action qualifier registers properly

EPwmlRegs
EPwmlRegs
EPwmb6Regs
EPwmb6Regs
EPwm3Regs
EPwm3Regs
EPwm5SRegs
EPwm5SRegs
EPwm5SRegs

bit.
bit.
bit.
bit.
bit.
bit.
bit.
bit.
bit.

.AQCTLA.
.AQCTLA.
.AQCTLA.
.AQCTLA.
.AQCTLA.
.AQCTLA.
.AQCTLA.
.AQCTLA.
.AQCTLA.

ZRO
CAD
CAU
CAD
CAU
CAD
ZRO
CAU
CAD

Section II(30° to 90°)

AQ SET;

AQ NO ACTION;
AQ SET;

AQ CLEAR;

AQ CLEAR;

AQ SET;

AQ SET;

AQ CLEAR;

AQ SET;

when the reference vector lies in Section I and

if ((theta e<180) && (theta e>=60))

DELAY US (60) ;

{

di=-

d3=(2*v_alpha)/v_dc

v_dc/v_dc;

d4=-

// This gives

(3*v_alpha)/ (2*v_dc) -

mi A=3750* (d1+d2+d3) ;

60us delay

(sqrt (3) *v_beta) /v _dc + v_dc/v_dc;
d2=- v_alpha/(2*v_dc)+ (sqrt(3)*v_beta)/(2*v_dc) + v_gamma/v_dc;
+ (sgrt(3)*v_beta)/v_dc - v_gamma/v_dc -

(sqrt (3) *v_beta)/ (2*v_dc) + v_dc/
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mi B=3750*d1;
mi C=3750;
mi f=3750* (d1+d2);

EPwmlRegs.CMPA.half.CMPA = mi A;
EPwm6Regs.CMPA.half.CMPA = mi B;
EPwm3Regs.CMPA.half.CMPA = mi C;
EPwmS5Regs.CMPA.half.CMPA = mi f;

EPwmlRegs.AQCTLA.bit.CAU = AQ CLEAR;
EPwmlRegs.AQCTLA.bit.CAD = AQ SET;
EPwm6Regs .AQCTLA.bit.CAU = AQ SET;
EPwm6Regs .AQCTLA.bit.CAD = AQ CLEAR;
EPwm3Regs.AQCTLA.bit.ZRO = AQ CLEAR;
EPwm3Regs.AQCTLA.bit.CAD = AQ NO_ACTION;
EPwmbRegs.AQCTLA.bit.ZRO = AQ CLEAR;
EPwmSRegs .AQCTLA.bit.CAU = AQ SET;
EPwmbSRegs.AQCTLA.bit.CAD = AQ CLEAR;

Similar code would follow for the other sections.
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D. Calculation of the duration time for each switching state of a conventional 3-
D SVM

The duration time of each switching state in a sampled PWM cycle can be obtained
either by calculation based on Figure 4.1, or by the matrix that is for the specific
tetrahedron. Take Tetrahedron 1 in Prism | for instance, d;, d, and d3 can be calculated
as (D.1)

ds 10 11y,
111 3
dz2|=—| = —£ -1 Vs (D.1)
Voc| 2 2
d 0o V3 o]V
Since V), Can be represented as (D.2)
2 1 1]
Va 3 3 3 | Vac
Vs |=|0 i —i VeG (D.2)
Y343 '
V, 1 1 1 Vce
3 3 3 |

So ds, d, and ds can be represented as (D.3)

d1 1 0 O ||Vac
d2 ZLO -1 0 | Ve (D.3)

D

ds C0 1 -1|Vce

The three-phase output voltage can be represented as (D.4)

M Voc cos(wt)
Ve 2

Vs |=| M \%cos(cot -2r/3) (D.4)
Vce

M \%cos(a)t +27/3)

Then the duration time can be calculated as (D.5)
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.
t2
3

M Trwm

— cos(at) x
> cos(at)

- % cos(wt — 27/3) x

Then tz can be calculated as

1tz

Trwm

J3

w
Cti—to—te=[1— > M cos(Z — at
1—t2—t3=] 5 (6 )]
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E. Calculation of the duration time for each switching state of a near-state 3-D
SVM

Figure 4.2 shows the per-phase PWM output voltage levels of the 3-D SVM. Take
Section | for instance, the duty ratio for each phase including the fourth leg can be
obtained by (E.1)

&

iy

|

[N

o
< < <

(E.1)

O O O o

N
=

|

[

|

RN

=

w
<
o
O
oo'\’lm NII—‘N
I
<
W)
@]

N |

SFSRPRNT

Similar to conventional 3-D SVM, we have

1
|~

Va
\
\

oOwWwlkr O wliN

Wl

ooollé%dp

oooll—\&|l_\w

Vac
Ves
Vce
Vbc

(E.2)

So dj, dz, d3 and d4 for Section | can be written as (E.3)

d, 1 0 1 17V,
d,| 10 0 -1 0 |V
dy| Voe| 2 -1 0 -1V,
d

. 1 1 0 1|V,

(E.3)

The duration time for each switching state then can be calculated as (E.4)
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ts VDC 2VAG _VBG _VDC
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Simplified as (E.5)
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Trwm

2
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iy

Trwm

N
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- 3 . 61 T Tewm (E:5)
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F. Calculation of the conduction loss of the three-phase four-leg VSI

Assuming that the load condition is three-phase balanced linear loads, thus the neutral
current that goes through the fourth leg is zero. The analysis is based on Phase A for
demonstration purposes. Neglecting all the harmonic content of the phase current,
which means the inductor current is assumed to be purely sinusoidal and it is given by
(F.1)

i =1 cos(at — ) (F.1)
where I is the peak phase current value and ¢ is the phase angle between the phase

voltage and current, and according to the specification, ¢ is within the range of [0, ©/3].

——reference Phase A voltage

iy =——Phase A inductor current

'\YDC <7

Figure F-1 Phase A reference voltage waveform and the phase A inductor current waveform

7
|wi
7
g

when T, is switched on when T, is switched off

Figure F-2 Phase A current flow during the time when T is on and off
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Appendix
According to Figure F-1 and Figure F-2, the on time of the top IGBT of phase A T, and
bottom IGBT T, during phase current is positive can be calculated as

tr10n :£+1Vao_ref (F2)
2Voc/2
to2on = E —1 Vao_ref (F3)
2 2Vocl?2
The voltage across the IGBT T; and free-wheeling diode D, can be expressed as
vr =V +Rrit (F.4)
Vo =Vb + Rbip (F.5)

Therefore, during the time when Phase A current is positive, the conduction loss in
IGBT T; can be obtained as

pr1=trion(Vria + Rri’)

(F.6)
The conduction loss in the free-wheeling diode D, can be obtained
Po2 = tozon(Voia + Roi?) (F.7)
Therefore the average value of the conduction loss in T1 and D2 can be written as
1 E‘*"p . )
PT1=—I2 _ traon(Vria + Rriy )d ot (F.8)
27 =5
1 ﬁJr(/’ . )
F’Dzz—_[2 . tozon(Voia + Roi;)dat (F.9)
21 Yo

Total conduction loss then

Pconduction= 6(PT1 + PDz) (FlO)
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G. Calculation of the switching loss of the three-phase four-leg VSI under

unbalanced load condition

Two typical cases are investigated here as shown in the table below, Case (1) is the
typical load power unbalance, while case (2) fills in the category of load power factor
unbalance

Table G-1 Two typical unbalanced load conditions

Load Conditions Unbal_N% Unbal_0%
(1) Neal=1el=1m, 1.e=0, 0 o
PFA=PFg=PFc=1; o0% 50%
(2) |leal=Nee=[1cl=1m,
PFA=PFg=1, <=22.1% <=22.1%
PFc between 0.8 leading and 0.8 lagging

Case 1:

Table G-2 |l al=|lg|=1m, PFA=PFg=PFc=1, I ¢ ranging from no load to full load

Load Conditions Unbal N% Unbal 0%
p ey 0% 0%
|'LA|;|F':B:|;'FmB'=|'F§;|C:fi8'm' 7.15% 7.15%
|'LA|;|F':B=|=P'FmB'=|'F§;|:fi6'm' 15.4% 15.4%
P o
|'LA|;|F':B=|=P'FmB'=|'Fg;|:fi2'm' 36.4% 36.4%
oy

Table G-3 Neutral current under different load conditions
Load Conditions Neutral Current

[lal=[la=[1c=m, [1,|=0;
PFA=PFg=PFc=1 T

[ILal=[1e[=1ms [1Lc[=0.81,

PFA:PFB=PFC:1

[1n|=55/265=20.755% I,

[ILal=[1e[=1ms [1Lc=0.61,
PFA:PFB:PFC:]_

I1,|=112/265=42.26% I,

ILal=I1a[=1ms [1c|=0.41,
PFA=PF3=PFC=1

I1,|=170/265=64.2% I,

[ILal=[1e[=1me [1Lc[=0.21 5,
PFA:PFB:PFC:]_

I1/=230/265=86.8% I,

[ILal=]el=Tm, [1icl=0,
PFA:PFB=PFC:1

11,|=265/265=100% I,

In order to analyze the switching loss, the phase currents and the neutral current under

each load conditions have to be known and calculated.
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The switching loss under the continuous PWM is calculated as:
V x(toff—ton) o
Z|:>0:3><P0:3>< DC Ts_x%xZXIL (G.1)

Since in this case, the generalized 3-D SVM generates the same modulation index as the

standard 3-D SVM, the calculation is obtained as below:

x(toff ~ton 27 V- x(toff—ton 2
> P=2x Voc — ’ijo f (a)t)da)t+$ij.o . (ct)deot
’ (G.2)
+VDC xEIEoff—ton)lX 2>< If\n
s T
When |I_c|=0,

_ VDC x(toft —ton) 27 VDCx(toff—ton) 1 ~
Zp_zx#jo fi(oh)dat + 0+ ZPEm=Ex —x2x iy
=2x\wxlxﬂ+mxlxzxﬂ (G.3)

s T s T
_ 4XVDC xEIEoff—ton) X%X fL
When [ILc[=0.51m, [1s=50% Iy
S P =2x DCX“"“ “lon zi 7 (at)dot + Yoo (oD xzi [, (@tdat
T s T
+VDCx(_}:_off—ton) xix 2X I"n
° 4 (G.4)
:2XV x(_'::_off ton) l | V x(_]t_off ton)io5 V x(_;‘._off ton)l 2X05X|
s s s T
_ 3.5XVDcx(toff—ton) xix rL
s T
When |||_C|:p]m, |In|:(1'p) Im
3P = 2x Yool Zi 1 (at)dot + Yoo D Zi £, (at)dat
T s T
+VDCx(_|t_off—ton) lx 2% I"n
7 (G.5)
_ 2><VDCx(toff—ton) lx I"L +VDCx(_::_off—ton) lx px I"L +V x(_lt_off ton) 1 % 2% (1 p) % |
s T s T s T
:(4_p)X\M£X N

S
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Case 2:

[ILal=|1Ls|=|ILc|=Im, PFA=PFg=1, PF¢ ranging from unity power factor to 0.8 Lagging.

Table G-4 When PF¢=0.8 Lagging

Load Conditions Unbal_N% Unbal 0%

B b PE o o
PFA=PLI;A=|?IILDBIE|=IBC.|9:5I Lagging 10.67% 10.67%
PFAzFl::LstllfnglF:cllzLS!;IEidgging 15.26% 15.26%
PFA=PLI;A=|?IILDBIE|=IBC.|8:5I rTI]_’agging 18.86% 18.86%
PFAzFl::L:Lzll!LSE!LL(C)!ZIEégging 22.1% 22.1%

Table G-5 Neutral current under different load conditions

Load Conditions

Neutral Current

||LA|=|ILB|:|ILC|:Imy

PFA=PFg=PFc=1

|ILA|=|ILB|=|ILC|=Imy

PFa=PFg=1, PF-=0.95 Lagging

[1n|=84/265=31.7% |,

||LA|=|ILB|:|ILC|:Imy

PFA=PFg=1, PFc=0.9 Lagging

I1,|=122/265=46.03% I,y;

|ILA|=|ILB|=|ILC|=Imy

PFa=PFg=1, PF-=0.85 Lagging

I1,|=142/265=53.585% I,,;

||LA|=|ILB|:|ILC|:Imy

PFA=PFg=1, PFc=0.8 Lagging

I1,|=160/265=60.38% Iyy;

It can be seen that | I, [=3x1,

Table G-6 Neutral current under different @c angle

Load Conditions

Neutral Current

||LA|:||LB|=||LC|=|m,

PFA:PFB:PFc:1

|1,|=0;

|ILA|:|ILB|:|ILC|:Ima

PFA=PFg=1, @c=5° Lagging

1,|=22/270=8.15% I,;

||LA|:||LB|=||LC|=|m,

PFA=PFg=1, ¢c=10° Lagging

|1,|=45/270=16.67% l,,;
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A A S 1=72/270=26.67% I
PFAzFl,';gljl'ff;z!;ﬂf'L”’éggin . 11/=95/270=35.19% I,
PFA=F|’||;2|=:|1I,L33|2£§%|°:bégging 11,/=116/270=42.96% I,;
o Pt o e ing 1,/=137/270=50.74% I;
o Pt o e ing 1,/=160/270=59.26% I

Therefore for continuous PWM:
ZPO =3x Py + Py =3x 0elet) o 1595 [ 4 Yoorller) o 1y p [
=3x Yool Ly 2 [ 4 ¥eeletd 1 2 o x I (G.6)

— Vocx(t;—to) o, 1 [
=(B+0) x PG x 2 x2x 1|

For 3-D SVM, conventional or near-state
27 . 2 . _ n
> P =2xteelltd L[ f (at)doot + Yold L [ f (o) d oot + Yol 1 2 T
~ A _ ~ 30 .
zzxwx%mﬁ%ﬂx%xhx[ﬁj sin(ot)daot
+[.. sin(et)det]+ et 2 x2x o x I,
7,(/) S

(G.7)
= 2 oefamtod ) o || 4 Yoeled s L || x[2—C0S(% — @) +COS(4 — )]

Vpex(t—to)
TS

+ xix2xox|,
T

={L+0.5%[2—C05(5 — ) + COS(4 — )]+ o} x el x L x 2 I

There is relationship between @c and .

For every oc, there is an c.

It is worthwhile noticing that | I, |=3x 1,

Table G-7 Summary of zero-sequence unbalance and neutral current under
different ¢c

Load Conditions Unbal 0% Neutral Current
pc=5° Lagging 2.95% 8.85% I,
©c=10° Lagging 5.83% 17.49% I,
¢c=15° Lagging 8.77% 26.31% I,
c=20° Lagging 11.744% 35.23% Iy,
c=25° Lagging 17.7546% 44.264% |,
¢=30° Lagging 17.77% 53.32% I,

- 175 -



