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A power inverter, or inverter, is an electronic device or circuitry that converts
direct currents (DC) to alternating currents (AC) in the power electronics family.
A three-phase inverter converts DC current to three-phase AC current. Inverters,
especially three-phase inverters, have been widely used in many fields including re-
newable energy applications such as interface circuits between wind turbines and
the electric grid, transportation electrification such as machine drives in electric
and hybrid electric vehicles, ships and aircrafts, general purpose drives for indus-
trial applications such as pumps, fans and compressors, and the power converter
circuits in medical equipment such as Magnetic Resonance Imaging (MRI) and
medical power supplies.

In AC machine drive systems, the three-phase inverters can be operated by

the Pulse Width Modulation (PWM) control or six-step control. With the PWM



control, the input reference voltages are modulated by a high frequency carrier
wave. The top switch of the phase leg will be turned on when the reference voltage
is greater than the carrier. In six-step operation control, the top switch of the
phase leg will be turned on when the reference voltage is greater than zero. The
advantages of using PWM control include low Total Harmonic Distortion (THD) in
phase currents and controlled current. Compared to the PWM control, the six-step
operation has advantages containing reduced switching losses, better utilization of
DC bus voltage, and extended speed capability.

In analog implementation of the six-step control, the control signals of the
switches are generated by a comparator in the electronic circuit. Hence, the switch-
es will be turned on and off at the phase voltage zero crossing points. In digital
implementation, however, power electronics may not be able to switch on and off
exactly at the zero crossing points of the phase voltage due to the limited resolu-
tion of the sampled phase voltage command, which will result in a DC offset in the
phase voltage and cause a low frequency oscillation in the phase current. The low
frequency oscillation will create issues such as higher power loss, lower efficiency,
and excessive heat that may permanently demagnetize permanent magnets on the
rotor for a permanent magnet (PM) synchronous machine.

This research investigates a control method to significantly reduce the low fre-
quency oscillation phase current for the six step operation of a three-phase inverter
in digital implementation. The proposed control method using asymmetric PWM
ensures that power electronics switch on and off exactly at the voltage zero crossing

points. The algorithm calculates the duty ratio when the phase voltage command



crosses zero from positive to negative or from negative to positive. In addition,
the control algorithm was simulated and tested on a three-phase RL load and a
PM synchronous machine. Both simulation and experimental results demonstrate
that the proposed control algorithm can reduce the low frequency oscillation com-

ponents in the phase current by more than 90%.
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Chapter 1: Introduction

This chapter provides a general introduction to power inverters and AC electric
machine drive systems using pulse width modulation (PWM) control and six-step
operation control. In addition, motivations of this work, literature review and

chapter review in this thesis are summarized.

1.1 Power Inverters

Power electronics is the application of solid-state electronics to control and con-
vert electric power. Power electronic devices provide an interface between electric
circuitries or systems, such as connection of two asynchronous alternating current
(AC) systems or conversion from AC to direct current (DC) and vice versa. Due
to the advancements of the circuitry topologies of the power converters and the
strong growth of the material technology of power semiconductors, power electron-
ic systems are now more efficient and reliable, and have a higher power density
with smaller size and weight.

Power converters are used to convert electric power by using power electronic
devices. In general, power converters can be classified into 4 different types ac-
cording to whether their inputs and outputs are AC or DC. These 4 different types
are DC-DC, AC-DC, AC-AC and DC-AC converters. For example, DC-DC con-



verters include buck and boost converters. Rectifiers and inverters are the typical
devices of AC-DC converters and DC-AC converters respectively. Transformers
and cycloconverters are AC-AC converters.

A power inverter is a converter that converts power from DC to AC. Power
inverters usually have the bi-directional functionality and the AC output could
be a variable frequency and variable voltage magnitude system depending on the
design of the specific device or the circuitry. Power Inverters are used in our lives
including commercial applications such as hybrid electric vehicles, air-conditioning
power supplies, computers and elevators; residential applications such as cell phone
chargers, washing machines and dryers; industrial applications such as blowers,
fans, pumps, compressors, wind turbines and wave energy converters.

According to the input source type, inverters can be divided into voltage-source
inverters (VSIs) and current-source inverters (CSIs). Figure 1.1(a) shows the VSI
topology of a single phase inverter. The single-phase CSI topology is shown in
Figure 1.1(b). The single-phase inverter operates in two different statuses by turn-
ing on and off the switches alternately. The output voltage is either equal to the
positive dc bus voltage or negative dc bus voltage.

VSIs are prominent in the commercial markets since VSIs have proven to be
more efficient, and have higher reliability and faster dynamic responses. Further-
more, the VSI topology design costs less with higher efficiencies and minimizes the
install time. CSIs are still utilized in applications with extremely high power levels
where thyristor-based switches are still popular [1]. According to Reed, one reason

of the successes of the CSI topology was that its property was well-aligned with
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Figure 1.1: Single phase inverter of two major topologies

the strengths of the switching devices available at the time [2]. Due to the limited
applications, the CSIs are not discussed in this research.

The VSIs can be further divided into the three general categories including
PWM inverters, Square-wave inverters and and single-phase inverters with voltage
cancellation.

The PWM inverters control the magnitude and the frequency of the AC output
voltages by using PWM technique. There are several PWM schemes to shape the
output AC voltages to be as close to a sine wave as possible. Details of the PWM
inverter will be discussed in this chapter and chapter 2.

For the square-wave inverters, the output AC voltage has a waveform similar



to a square wave. The input dc voltage is controlled in order to control the magni-
tude of the output AC voltage, and therefore the inverter has to control only the
frequency of the output voltage.

The single-phase inverters with voltage cancellation combine the characteristics
of the previous two inverters. The magnitude and the frequency of the inverter
output voltage can be controlled and the output voltage waveshape is square wave.

Furthermore, based on the number of phases of the output AC signals, the

inverters can be classified into single-phase inverters and three-phase inverters.

1.2 AC Machine Drive Control Systems

An AC machine drive system consists of the following components as shown in
Figure 1.2: a controller, a power inverter, an AC machine and feedback transducers

or sensors that convert current, voltage, position and speed signals [3].

Control

Command Power
Controller >
converter

Current, Voltage,
Position, Speed

Figure 1.2: Typical configuration of modern AC machine drive systems

In response to an input control command, electric drives efficiently control

the speed and the position of the machine. The controller, by comparing the



control command for speed and position with the actual feedback values measured
through sensors, provides appropriate control signals to the power converter. A
digital signal processor (DSP) is commonly used as a controller. By receiving the
control signals, the power converter converts the power from DC to AC to power
the AC machine. The AC machine can be an induction machine or a synchronous
machine. The transducers or sensors measure the status of the machine and provide
voltage, current, rotor position and speed to the controller. Microprocessors with
fast computation performance and modern control theories have made it possible
to control these AC electric machines as convenient as DC machines [4].

A three-phase inverter is used to power the AC machine. Figure 1.3 demon-
strates a three-phase inverter using the VSI topology. V. is the input voltage
source. In each phase leg, the switching signals of the top and the bottom switches
are complemented. Both of them can not be turned on at the same time. Oth-
erwise, it will cause short circuit and damage the devices. The gate signals of
these six switches are generated by the controller. Variable frequency and variable
voltage magnitude of the AC output can be achieved by using the PWM control

technology.

) k3 w3 [©
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Figure 1.3: Three-phase voltage source power inverter



1.2.1 PWM Control

The PWM modulation technique aims to create trains of switched pulses which
have the same fundamental volt-second balance as a target reference waveform.
Figure 1.4 shows the fundamental principle of the voltage second balance. The
triangle waveform is the carrier wave. Since the frequency of the carrier is much
higher than the phase voltage command, the magnitude of the reference voltage
is assumed as a constant value in one cycle of the carrier. The bottom waveform
is the output voltage of a single phase inverter. In order to achieve a equivalent
performance as the input reference voltage for the output voltage, the integral of
the reference voltage should be equal to the integral of the output voltage over one
switching cycle of the carrier. In other words, Area A is equal to the sum of Area
1 and Area 3 minus Area 2 in the figure.

The PWM modulation technique is a principle algorithm that is widely used
in power electronics and electric machine drive systems. A PWM signal consists
two major parameters: a duty cycle and a frequency. A duty cycle, also called
duty ratio, describes the percentages of time that a switch is turning on during
one switching cycle. The duty ratio should be a number between 0 and 1. The
frequency defines how fast the next pulsing signals are generated. Figure 1.5 shows
three PWM signals with 20%, 50% and 80% duty cycles from the top to the bottom
respectively. Ty is the switching cycle.

In real-world applications, the duty cycle could be a constant value or a chang-

ing variable. It depends on the control commands from the controller for different
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Figure 1.4: Fundamental principle of voltage second balance

purposes. In electric machine drive systesm, a PWM signal can be produced us-
ing analog or digital methods. In analog, a command signal is compared with a
triangle carrier wave to determine the output PWM signals; while in digital, the
duty ratio will be calculated in advance to generate the PWM signals.

Figure 1.6 shows the PWM implementation in AC machine drive systems. The
phase voltage command compares with the carrier wave to generate PWM signals.
Typically, the carrier is represented by a triangular wave. The frequency of the
phase voltage command is the fundamental frequency f; and the frequency of the
carrier wave is equal to the switching frequency f,. Hence, the frequency of the

PWM signal is also equal to the switching frequency f,. An “On” signal will be
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Figure 1.5: PWM signals with different duty ratios

generated when the phase voltage command is greater than the carrier; while an
“Off” signal is generated if the phase voltage command is less than the carrier. The
output PWM waveforms will be converted to actual gate signals, that turn on or
off the switches of the inverter. Variable frequency and variable voltage magnitude
of the AC output can be achieved by modifying the frequency and magnitude of
the phase voltage command.

Volts per hertz control, field oriented control and direct torque control are
widely developed and used in PM synchronous machines, whose excitation fields
are provided by a permanent magnet instead of a coil. Regardless of which control
method is applied, the PWM control technique is used to drive the inverter to
power the machine.

The advantages of using PWM control include low total harmonic distortion
(THD) and controlled current. However, a high switching frequency generally

at least ten times higher than the fundamental frequency of the electric machine
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Figure 1.6: Switching signal of top switch of one phase leg in PWM control without
over-modulation

is required to ensure a sinusoidal phase current with low THD [5]. For a high
fundamental frequency, fewer pulses are created for each fundamental cycle if the
switching frequency is fixed, which increases the total harmonic distortion. When

the electric machine operates at a high speed, the six-step control is applied.

1.2.2  Six-step Operation Control

The fundamental principles of six-step operation are demonstrated by Figure 1.7
and 1.8. Figure 1.7 shows the switching signal of the top switch in one of the phase
legs of the power inverter when six-step control is operated. The top switch of that
phase will be turned on when the reference voltage is larger than zero, and it will
be turned off when the reference voltage is less than zero. The turn-on time and

the turn-off time are identical to each other.
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Phase voltage command
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Figure 1.7: Switching signal of top switch of one phase leg in six-step operation

Figure 1.8 shows the output voltage waveforms of a three-phase inverter in six-
step operation. The top waveform is the line-to-line voltage V,;, whose peak value
is the dc bus input voltage. The bottom three waveforms are the phase-to-neutral
voltages V,, V, and V. with 120° apart. In addition, the shape of the voltage
waveform has six different levels in one fundamental cycle, which contributes to

the origin of the name of six-step.

Vi B3 =
120° = — —_ —
V,, _l_\_%—< > — — 1

‘®@® ©)
Eﬁﬂj :
Tl 1 1

Figure 1.8: Voltage waveforms in six-step operation

The six-step operation is often applied to reduce the power electronics switch-
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ing loss and expand the machine speed capability [6]. In addition, the fundamental
components of the output voltages are also maximized. The output voltage could
be enhanced by 10.27% compared to space vector PWM by applying six-step oper-
ation [7]. The fundamental harmonic of the phase voltage reaches the theoretical
maximum of %Vdc when it operates in six-step mode. Therefore, the torque capabil-
ity and operation region of PM synchronous machines can be extended. However,
phase currents can’t be controlled in six-step operation and lower order harmon-
ic currents will be introduced, which cause additional iron losses. In addition, it

generates high torque ripple and acoustic noise.

1.3 Motivations of this work

In analog implementation of the six-step control, the control signals of the switches
are generated by a comparator in the electronic circuit. Hence, the switches will
be turned on and off exactly at the phase voltage zero crossing points. As shown
in the figure 1.6, however, the ratio m; = fs/f1 between the switching frequency
fs and the electrical fundamental frequency fi, or called the carrier-fundamental
frequency ratio, might not be an integer in digital control. Power electronics may
not be able to switch on or off exactly at the voltage zero crossing points when the
frequency ratio is a non-integer number. Figure 1.9 shows the reference voltage
and the sampling points. If the frequency ratio my is not an integer. The voltage
zero crossing points (Red dots) are between the sampling points. This will create a

DC offset in the phase voltage over one fundamental cycle, hence, a low frequency
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oscillation in the phase current.

Phase voltage command

N4

Figure 1.9: Voltage zero crossing points

Figure 1.10 shows one phase current of a three-phase inductance load using
the six-step control. The fundamental and switching frequencies are 0.7 kHz and
5 kHz. The dash curve shows the low frequency harmonic component. The low
frequency oscillation in the phase current is harmful to the whole electric machine
drive system in multiple ways. Firstly, the subharmonic current will appear as
unnecessary power flow between the electric machine and the source. This will
generate extra copper losses in every stage of the electric machine drive system
- the source, power converters and the electric machine - resulting in an overall
reduction in the system efficiency. Secondly, the low frequency harmonic current
will create more core losses in the permanent magnets and rotor lamination. The
excessive heat generated by the core losses can increase the magnet temperature
and eventually cause an irreversible damage to the permanent magnets. Thirdly,
the low frequency harmonic oscillation may cause stability issues of the electric
machine drive system when it is interfacing with an AC grid. In addition, the
control of the harmonics in power systems is particularly important to ensure the

power quality [8].
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Figure 1.10: Phase current with obvious low frequency oscillation

In order to eliminate the low frequency harmonic components in the phase
current, a control algorithm is developed to turn on and off the switches of the

inverter exactly at the phase voltage command zero crossing points.

1.4 Literature Review

Many methods have been investigated to reduce the current THD for the PWM
operation of inverters [5,8-14]. Walker proposed a re-sampled uniform PWM
technique to improve the performance of PWM for a multi-level converter [10].
Rahimi studied the subharmonic phenomenon in multi-converter vehicular power
systems [13]. Chen compared the pulse width error of the digitized naturally
sampled PWM and that of the naturally sampled PWM [11]. Stumpf verified
that the sinusoidal PWM (SPWM), sinusoidal with third harmonic injection PWM
(THI-PWM), and space vector modulation (SVM) techniques would generate lower

frequency harmonic currents when the ratio my is low enough [9,12]. Stumpf also
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investigated the three different sampling techniques, regular sampled, naturally
sampled, and oversampled in ultrahigh speed drive applications. He found out
the subharmonic flux with considerable amplitudes can be generated, which cause
high level of additional winding copper losses in rotor that could lead to damage
of the machine [14]. Jardan investigated the patterns of subharmonics in flux
linkage and current of a high speed induction machine drive system, as well as
and the extra losses resulting from the subharmonics [15]. Halasz discussed that
the subharmonic currents of inverter-fed ac drives would arise significantly if the
ratio of the carrier-fundamental frequency was lower than 20-30 and investigated
how naturally sampling and regular sampling affected the subharmonic current
behavior for various discontinuous PWM methods [16,17]. Bierhoff developed
a new method of calculating the dc-link current harmonics for power converter
operated by different PWM methods. The calculated dc-link current spectra at
low carrier-fundamental frequency ratios is presented in the paper [18].

For the six-step control of three-phase inverters, a lot of efforts have been
focused on how to achieve a smooth transition between the PWM and six-step
operation to avoid any abrupt torque change, and the combination of six-step and
current closed-loop control [7,19-23]. Little work can be found on the low frequen-
cy oscillation problem of the six-step control caused by the digital sampling and
control, particularly when the carrier-fundamental frequency ratio is decreasing.
In fact, the digital control can cause similar issues for the PWM operation. Howev-
er, the current closed-loop control is typically used in the PWM operation, which

makes the low frequency harmonic current much less obvious compared with the
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six-step operation that does not have a current closed-loop control function. These
methods try to improve the current or dc voltage quality by using various types of
sampling techniques for the PWM operation of power converters, or discuss the ef-
fects of the subharmonics and the harmonics phenomena in the converter systems.
None discusses the low frequency issue and its reduction for the six step operation

of a three-phase inverter.

1.5 Chapter Review

Chapter 2 introduces the causes of the low frequency harmonic components and
the low frequency harmonic reduction algorithm. The reason for the existence of
the low frequency harmonic components is that the switch can not be turned on
or off at the voltage zero crossing points. In other words, the turn-on time and
turn-off time are not identical. Digital implementation of PWM signal generation
is also reviewed and its two different modes including the asymmetric mode and
the symmetric mode are presented. The algorithm calculates the duty ratio when
the phase voltage command crosses zero from positive to negative in one case and
from negative to positive in the other case. After applying the control algorithm,
the switch can be turned on and off exactly at the voltage zero crossing points.
Chapter 3 introduces the mathematical modeling and control algorithms of the
PM synchronous machine. Reference frame transformation theory is presented. In
addition, speed closed-loop SVPWM control and speed closed-loop direct voltage

phase angle control are discussed.
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Chapter 4 and 5 present simulation and experimental verifications by using
both RL-load and interior permanent magnet synchronous machine load with and
without the low frequency harmonic reduction algorithm. Both results show that
the low frequency harmonic components in phase currents are reduced by more
than 90%.

Chapter 6 summarizes the research work in this thesis and provides the poten-

tial future research work.



17

Chapter 2: Low Frequency Harmonic Production Mechanism and

Principle of Low Frequency Harmonic Reduction Algorithm

This chapter presents the analog and digital implementation methods of PWM,
and the reasons for the generation of the low frequency harmonic components of the
phase currents in six-step operation. In addition, the principle of the low frequency
harmonic reduction algorithm is also introduced. The algorithm calculates the duty
ratio when the phase voltage command crosses zero. The switch can be turned on

or off at the voltage zero crossing points after applying the reduction algorithm.

2.1 Principle of Analog PWM Signals Generation

In the case of analog circuits for PWM pulse generation or in simulations using
tools such as Matlab, the PWM switching signals are generated by comparing a
reference voltage signal and a high frequency carrier wave. The on- and off-status
of the switch depend on whether the reference voltage signal is higher or lower
than the carrier wave.

Typically, in real-world applications, a triangle wave generator and a compara-
tor are used in the analog circuit to generate PWM signals. The triangle wave
generator generates the carrier wave that is used to compare with the reference

wave. The comparator takes the reference sine wave and the carrier as the inputs.
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The output of the comparator is the PWM signal. As discussed in the chapter of
Introduction, when the value of the triangle wave is greater than that of the input
reference signal, the output of the comparator is low. On the other hand, when
the value of the input reference signal is greater than that of the triangle wave,
the output of the comparator is high.

SPWM, THI-PWM and SVPWM are widely used in AC electric machine drive
controls. In SPWM, three reference sine waves V,, V, and V, are compared with
the carrier triangle wave. If the sine wave is larger than the carrier wave, the top
switch of that phase leg of the inverter will be turned on. In THI-PWM control, a
zero-sequence signal Vj is computed from the three-phase sine waves. The modified
sine waves are obtained by adding V; to the original three-phase sine waves. The
output PWM signals are generated by comparing the modified sine waves with
the triangle carrier wave. The SVPWM control is based on the voltage vector
in the o, 8 or d,q plane [24]. Tt calculates the ON-time directly and it is often

implemented in digital control.

2.2 Digital Implementation of PWM Algorithm

In the digital controller implementation, the ON time will be used to determine
the duty ratio of the pulse or gate signals to the power switches in the inverter
bridge, which will also result in the duty ratio of the switching signals [25]. Figure
2.1 demonstrates the definition of the duty ratio. The pulse width is the time that

the signal is in the ON state and the period is the time of one switching cycle.
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Figure 2.1: PWM signal waveform terms

The duty ratio D represents the percentages of the pulse width in one period.
Therefore, it is defined as:
PulseWidth

D =100 _— 2.1
% x Period (2.1)

In a digital controller, the duty ratio will be calculated by reference wave V¢

and carrier wave Vi g rier:

[Vres|

arrierpeakftofpeak

D = 100% x

7 +50% (2.2)

By using the calculated duty ratio and the switching cycle of the controller, the
pulse width of the PWM signals can be computed. Therefore, the PWM signals are
generated. In digital implementation, the counter inside the controller is applied
to decide the turn-on time and turn-off time of the switches. Figure 2.2 shows the
PWM signal and counter. It is important to notice that this is one of the counter
types in digital implementation. At each switching cycle, the counter counts from
0 to N. Once the duty ratio is known, then the number of the counts Np can be
calculated to turn on or turn off the switches at the right time. The time cycle of
each counts is the clock time of the controller and it usually is a constant number.

Hence, the maximum counts N can be calculated based on the switching cycle.
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Figure 2.2: PWM signal waveform terms and counter wave

Symmetric and asymmetric modes can be used to create the PWM, as shown in
Figure 2.3. T, is the time that each count takes. For the symmetric PWM mode,
the digital controller counts from 0 to N and back to 0, which is considered as one
switching cycle, T;. The duty cycle of a switch, D, is converted into a number of
counts Np. If the digital count matches Np when it is counting up, the switch will
be turned on. If the digital count matches Np again when it is counting down, the
switch will be turned off. It can be seen from Figure 2.3(a), the pulse is centered
in one switching cycle.

For the asymmetric PWM mode, the digital controller counts from 0 to /N in
one switching cycle T. If the count matches Np the switch will turn on, then turn
off at the end of the switching cycle, as shown in Figure 2.3(c). If the PWM is
configured to have the negative polarity, the switch will turn on at the beginning of
one switching cycle and turn off when the count matches Np, as shown in Figure
2.3(d). The pulse is located at either side of one switching cycle, instead of the

center of the switching cycle.
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Figure 2.3: Digital implementation of PWM

In real applications, the PWM mode could be specified by changing the specific
register in the PWM module of the controller. The switching frequency is related
to the maximum digit counts N. In order to maintain the same switching cycle of
the PWM signal, the maximum digit counts /N in the asymmetric mode should be
two times of that in the symmetric mode PWM.

In asymmetric PWM mode, the maximum number of counts can be calculated

by:

T,
N =— 2.3
T, (2.3)

where T, is the clock time and T} switching cycle.
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In symmetric PWM mode, however, the counter counts from 0 to N during

the first half switching cycle and counts back to 0 during the second half switching

cycle. Therefore, the maximum number of counts are:

iIT, 1T
N=2°2=-_22 (2.4)
1. 2T,

where T, is the clock time and 7T} switching cycle.

2.3 Principle of Low Frequency Harmonic Production

Before introducing the principle of the low frequency harmonic production, digital
sampling methods are demonstrated. Figure 2.4 introduces three different types of
digital sampling. Figure 2.4(a) demonstrates the symmetric sampling method. The
counter counts from 0 to maximum number and back to 0 in one switching cycle.
The samples are taken when it counts to 0 and the maximum number. Figure 2.4(b)
introduces another type of symmetric sampling method. The samples are taken,
however, when the counter only counts to 0. Figure 2.4(c) shows the asymmetric
sampling method. The counter counts from 0 to the maximum number in one
switching cycle and the samples are taken when the counter counts to 0.

SVPWM techniques are widely used due to increased utilization of V., lower
total harmonic distortion and switching loss. Three different SVPWM sampling

techniques are introduced below [14].
The most commonly used method is regular sampled (RS)-SVPWM. It is con-

venient to implement by digital signal processor or by microcontroller. The input
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Figure 2.4: Digital sampling methods

signals are sampled at the beginning of every carrier period T;. By decreasing the

carrier-fundamental frequency ratio my = f,/ f1, the accuracy of the RS-SVPWM

is deteriorated as well. When my is low, due to the relative higher rotation speed

of the reference voltage vector, the sampled voltage gets less accurate.

The second method is naturally sampled (NS)-SVPWM. In general, the NS-

SVPWM in the past was implemented by using analog devices. up-to-date digital

devices are used to implement the NS-SVPWM with higher accuracy. In addition,

the NS-SVPWM is inclined to generate low frequency harmonic components with

considerable amplitudes near given frequency ratios [14].

The third method is oversampled (O)-SVPWM. It increases the number of
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samplings during one carrier period. Therefore, the accuracy of RS-SVPWM can
be increased. The most common solution is to sample the input signals twice in
each carrier period. The number of samples can be increased by using FPGA

instead of microcontroller.

Phase voltage command  Microprocessor counter

A L 4 A A A
Sampling
Ideal switching signal
Tp: 05T1
T,=0.5T,
AT,
—> <
T,> 0.5T, B

Actual switching signal T,<0.5T,

Figure 2.5: Principle of low frequency harmonic production

Figure 2.5 demonstrates how the low frequency oscillation current is produced
in the six-step operation of a three-phase inverter due to the non-even integer
carrier-fundamental frequency ratio, my. Here my is selected to be 9. The sam-
pling and control are updated once every Ts. It is important to mention that the
asymmetric sampling method is used to represent the counter.

The reference voltage of one phase and the counter are plotted. When the
reference voltage is larger than zero, the top switch of this phase should be on.

Otherwise the bottom switch is on. Ideally, the top switch of this phase should
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turn off at the voltage zero crossing point. However, the voltage zero crossing point
is in between two sampling points and the switching signal cannot be updated until
the next sampling point (red solid circle point shown in the figure). Therefore, the
actual turn-off of the top switch and turn-on of the bottom switch are delayed by
AT. In this case, the top switch of this phase is turned on for more than half
fundamental cycle. Meanwhile, the bottom switch of this phase is turned on for
less than half fundamental cycle. This causes a DC offset in the phase voltage over
one fundamental cycle that will result in a low frequency oscillation in the phase
current. For a three-phase inverter, the phase shift between any two phases may
not be 120° due to the non-even integer carrier-fundamental frequency ratio.

As long as the carrier-fundamental frequency ratio is not an even integer, the
delay time of the turn-on and turn-off always occur and the switches can not be
turned on or turned off at voltage zero crossing points. The value of the delay time

is affected by the sampling frequency of the controller.

2.4 Principle of Low Frequency Harmonic Reduction Algorithm

The proposed low frequency harmonic reduction algorithm includes two different
cases. The two cases are: 1) the reference voltage crosses zero from positive to
negative and 2) the reference voltage crosses zero from negative to positive.
Figure 2.6(a) is used to demonstrate the principle of the control algorithm for
the first case. In this case, the voltage zero crossing point is between a; and

as. The reference voltage at the current moment «; is known. The reference
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voltage can be estimated for the next sampling point using the information of the
fundamental frequency and the switching cycle. If the polarity of the voltage does
not change for the next sampling point, the switch will remain on or off for this
whole switching cycle. If the polarity of the voltage changes for the next sampling
point, the duty ratio of the switches will be calculated and the PWM mode will be
used for this switching cycle. Since the reference voltage is changing from positive
to negative, an “on” signal will be generated at the beginning of the cycle and the
switch will be turned off when « is equal to 180°. This requirement will be met by
selecting the asymmetric PWM mode with negative polarity. The duty ratio can
be expressed as:

. |Oél—7T‘

D,, Qg = o + we - T (2.5)

az —an]’
where ay is the estimated voltage angle at the next sampling point, and w, the
electrical angular velocity. The phase angle of the voltage can be calculated from
the rotor angle position. It will be introduced in Chapter 4. In this case, the
switch will be turned off exactly at the voltage zero crossing point.

Figure 2.6(b) shows the other case when the reference voltage goes from nega-
tive to positive. The zero crossing point of the voltage is at a = 0°. In this case,
the pulse should be generated at the end of the switching cycle and the switch
should be turned on when « is equal to 0°.

Therefore, the asymmetric PWM mode with the positive polarity will be cho-
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Figure 2.6: Low frequency harmonic reduction algorithm of Case I & 11

sen. The duty ratio of the second case can be calculated as:

as — 0
Don:ﬁ7a2:&l+we'Ts
2 — (g
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2.5 Dead-time Effect and Short Pulse Elimination

The application of dead time is to avoid concurring turn-on of top and bottom
power switches in one phase leg. Figure 2.7 shows the switching functions of top

and bottom switches in one switching cycle and the dead time is Tjeqq-

H

S

L

H

Sp

L

— - —> -

T, dead T, dead

Figure 2.7: Dead time configuration

In six-step operation, the top switch should always be turned on when the
reference voltage of that phase is positive and off when the reference voltage is
negative. In hardware implementation, the duty ratio of the top switch is set to 1
when the reference voltage is positive. However, the dead time makes the actual

—Tdead)

: : (Ty
duty ratio of the top switch =

s

, which is less than one. As a result, the
effect of the dead time will generate very short pulses that should be avoided in
six-step operation. Figure 2.8 shows the switching signal of the top switch over
one fundamental cycle with the dead time effect. Ideally, the switch should be on
during the “All on” cycles, but the short pulses are created at the beginning and
the end of each switching cycle due to the dead time of power switches. Simulations
do not have this issue because the dead time can be zero without causing any DC

bus shoot through issues.
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Figure 2.8: Switching signal with dead time configuration

In order to eliminate the short pulses, the dead time is set to zero if the polarity
of the reference voltage does not change. Figure 2.9 shows the single phase config-
ure options for the dead-band submodule of the enhanced pulse width modulator
module in the controller of TMS320F2833. The input of the dead-band submodule
is the PWM signal of the top switch. During the normal operation, Si, So and S3
are configured as 1, 0 and 1 respectively. In this case, with the rising and falling
edge delays, the top and bottom switching signals are same as those in the Figure
2.7. In six-step operation, whether the polarity of the reference voltage does or
does not change, S; will be always set as 0 instead of 1. Since the switching signal
of the bottom switch is inverted from the output of the falling-edge delay, no short
pulse is caused by the delay. In this case, the PWM signal bypasses the rising-edge
delay and then the short pulses are eliminated.

In order to understand the fundamental principle of the rising edge delay and
falling edge delay modules, input and output waveforms of the modules are demon-
strated in the Figure 2.10. The top wave is the original PWM signal, which is the
input of both delay modules. The function of the rising edge delay is to postpone
the rising time of the original signal. Meanwhile, the falling edge delay is used to
postpone the falling time of the the original PWM signal.

In six-step operation, the delay time variables are set to 0 for both rising and
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falling edge delay modules when the polarity of the reference voltage does not

change. Therefore, the switching signals of the top and bottom switch do not have

the dead time. When the reference voltage changes from positive to negative or

negative to positive, the delay time variables of the two modules are not equal

to 0. The top switch still does not have the dead time since S; is set to 0. The

falling edge delay module enables the delay time of the bottom switch to avoid

short circuit of the phase leg.

Figure 2.11 compares the switching signals with and without the short pulse
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elimination from the experiment results. The top waveform is the switching signal
with all short pulses eliminated and the bottom waveform is the switching signal

with short pulses caused by the dead-time effect.

Switching signals w T, elimination

-~ ]

Short pulses

Switching signals w/o T, elimination

Figure 2.11: Short pulses elimination
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Chapter 3: Mathematical Modeling and Control Algorithms of PM

Synchronous Machines

This chapter presents the reference frame transformation theory, mathematical
modeling of PM synchronous machines, and the control algorithms of the PM

synchronous machine that is used in the simulations and hardware experiment.

3.1 Reference Frame Transformation Theory

Since the inductances of the AC electric machine vary with the real rotor position,
the voltage equations are time-varying differential equations when the electric ma-
chines are rotating. Using the reference frame transformation theory in the steady-
state, the variables of an AC machine can simplify the analysis by converting the
time-varying differential equations to the time-invariant differential equations.
Figure 3.1 shows the combined representation of the three phase components
in the three-phase (f,, f, and f.) reference frame (solid), orthogonal stationary ( f
and fg) reference frame (dash) and orthogonal rotating (f; and f,) reference frame
(dot) or called d-q reference frame. The three-phase reference frame and orthogonal
stationary reference frame are both stationary. The d-q reference frame is rotating
with the rotor of of the AC machine. In the three-phase stationary reference frame,

each axis has 120° apart; while in both the orthogonal stationary and rotating
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reference frame, each axis has 90° apart.

Jo

Jfe

Figure 3.1: Combined several reference frames

In the steady-state, the electrical variables including the three-phase voltage,
current and magnetic flux in the three-phase stationary reference frame can be
transformed into two constant variables in the d-q reference frame by two steps.
The first step is that the three-phase variables are transformed to two variables in
the orthogonal stationary reference frame. The a-axis here is same as the a-axis of
the three-phase reference frame, and the [-axis leads a-axis by 90°. At the second
step, by knowing the rotor speed and angle, the two variables in the orthogonal
stationary reference frame can be transformed into two constant variables in d-
q axis, which rotates at the same speed as the rotor. The d-axis represents the
direction of the main flux of the permanent magnet, and the g-axis leading d-axis

by 90°.
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According to the complex vector theory [26], the three phase quantities can be

represented by the following vectors in the three-phase stationary reference frame:

.]Et; = fa(t) : ejO (31)
fo=fo(t) - &% (3.2)
fo=fot) - e7% (3.3)

where ¢

is a unit vector with an angle 6.
The total space vector, which is a single vector rotating in the stationary ref-

erence frame, can be represented by the three phase components:

- 2

f

s = g(ﬁ+ﬁ+ﬁ) (34)

Among the various transformation methods, the clarke transformation and park
transformation are widely used in the vector control architecture related to AC
machines. The clarke transformation converts the three-phase quantities into two-
phase quadrature quantities in an orthogonal stationary reference frame, which is
considered as the first step mentioned in the previous paragraph. At the second
step, the park transformation converts the two-phase stationary system into a two-
phase rotating reference frame that is the d-q reference frame. The angle 6. is the
rotation angle between the g-axis and a-axis.

In order to transform the three-phase time-varying variables into time-invariant

variables, the first step is to apply the clarke transformation. The following trans-
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formation matrix represents the clarke transformation:

fa 5 1 _%
fsl =3 (0 2

11
Jo 5 3

Jo (3.5)

where the zero sequence component is used to enable the invertibility of the clarke

transformation matrix.

Its inverse transformation represented as:

£, 10
Bl =l Y

1 V3
Je -3 —%

Ja
fs (3.6)
Jo

Although the three-phase variables are converted to two-phase variables, the

two phase components f, and fsz in the orthogonal stationary reference frame are

still varying with time. Hence, the three-phase voltage, current, flux linkage and

inductance in an AC rotating machine are still rotor position dependent and time

varying.

In order to convert the two phase quantities from time-varying to time-invariant,

the park transformation is introduced and expressed by the following matrix:

fa sinf, — cos@,

fq cosf, sinf,

o
Is

(3.7)
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where 0. is the electrical angle between the g-axis and a-axis. f; and f, are two
rotating vectors rotate as the same speed as the orthogonal rotating reference
frame. Therefore, vectors on the d- and g-axis appear as constant values.
Similarly, the two-phase rotating reference frame can be transformed to the
stationary reference frame by applying the inverse park transformation, which is

expressed below:

o sinf, cosf,
ful fa .
fs —coste sinb.| |f,

The transformation methods that convert time-varying variables to time-invariant
variables are not unique. These transformations are based on the conservation of
energy. Most of the AC three-phase electric machines such as PM machines, in-
duction machines and doubly-fed induction machines apply the clarke and park

transformations that are discussed above.

3.2 Mathematical Modeling in Rotating Reference Frame and Torque
Equations of PM Machines
In the steady-state, based on the reference frames theory, the voltage equations

of a PM synchronous machine in the orthogonal rotating reference frame can be

expressed as:

Vq RS —weL id 0 dezi
— ! e | [+ (3.9)
Vg welyg R, iq 1 Lq%’



37

where vg and v, are d- and g-axis components of the stator terminal voltage; 74 and
i4 are d- and g-axis components of the stator terminal current; R, is the resistance
of phase winding; Lq and L, are d- and g-axis components of the armature winding
self-inductance; )\, is the flux linkage of the permanent magnet and w, is the
electrical rotor angular velocity.

Neglecting the inductive and resistive voltage drop terms, the voltage equations
of a PM machine in the orthogonal rotating reference frame at the steady state
can be written as:

Vg 0 —WeLy| |ia 0

= + Ane (3.10)
Vg welq 0 iq 1

By using the d- and g¢-axis voltage components to represent the currents, the

steady state d-q currents can be approximated as:

. Uy Am
ig = -
welg Ly
. Vg
= — 3.11
Zq weLq ( )

According to the equation of the output torque of a PM synchronous machine,
which is shown below, the relationship between the output torque and the machine

speed is proportional under the constant load situation.

dwn,
TS:TZ+me+J% (3.12)
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where T, is the output electromagnetic torque, 7; the torque of the load, B the
coefficient of the friction, w,, the mechanical angular velocity of the rotor and J
the moment of inertia.

The output torque can be controlled by the stator current of the machine. The

torque can be also calculated from the current. The equation is expressed as:

3P

T, = 55 Py + (La = Ly)iai (3.13)

where P is the number of poles of the electric machine, A, the flux linkage of the
permanent magnet, L; the d-axis inductance and L, the g-axis inductance.

As introduced in the previous section, the three-phase current in the stator
windings can be converted to a rotating vector that can also be decomposed into
the d- and g¢-axis. The flux linkage of the permanent magnet \,, and the d-q
inductance can be assumed as constant, the output torque can be controlled by

the current.

3.3 PWM Control

Figure 3.2 shows the block diagram of a PM synchronous machine using the SVP-
WM with speed closed-loop control.

The commonly used controllers for the speed and current control can be propor-
tional integral (PI) controllers. For the stator current vector, the d-axis is aligned

with the axis of the north pole of the permanent magnets of the electric machines
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Figure 3.2: Block diagram speed closed-loop SVPWM control of PM synchronous
machine

and the g-axis leads the d-axis by 90 degrees. The flux linkage of the rotor can be
controlled by the d-axis component of the current vector and the output torque is
controlled by the g-axis component of the current vector.

Due to the positive correlation between the g-axis current and output torque
if the d-axis current is given by a constant, a PI speed regulator is applied. The
speed PI regulator generates the g-axis reference current. For the current closed-
loop, the d-axis current and g-axis current regulator produce the d-axis and g-axis
voltage commands respectively.

Inverse park transformation is applied to convert the reference voltage V; and
V4 to V, and Vp in the stationary frame. Two variables V,, and Vj are taken as the
inputs of the space vector control algorithm block. The rotor angle position 6,,
is converted to the electrical angle 6., that is used for the park and inverse park

transformations.
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3.4 Six-step Control

Figure 3.3 shows the control diagram of a PM machine using six-step with the

speed closed-loop voltage phase angle control.
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Voo >d Saturation TransformationTransformation e
< 7y Vi, Vi B Reduction ] 3
+ o lv=r > P [park | Iclarke| eduction] [f Three-
o' — 4 SC?S(a) V‘ V," | dgtap | vy | aBrabe o Algorithm [ L] phase
| Vo=Vssin(a) 1| Ly Ve | calculation| L| Inverter
[0} >
T A PMSM
9"1
' ,
la | Park | I, | Clark
< -
L af/ I e
- —
dg |- 21 ablap 1y
Park Clarke
Transformation Transformatiop
Controller Hardware

Figure 3.3: Block diagram speed closed-loop voltage phase angle control in six-step
operation of PM synchronous machine

Based on the output torque equation Eq. (3.13), the output torque can be

expressed by substituting Eq. (3.11) into Eq. (3.13):

3P

T,=——t
4ngqu

[VaAmwe Lg + (Lg — Lg)vavy] (3.14)

In six-step operation, the magnitude of the fundamental components of the
phase voltage is %Vdc [6]. Figure 3.4 shows the fundamental component of the
input terminal voltage on the d-g plane in six-step operation of a PM synchronous

machine. The phase angle 0, is defined as the angle between voltage v, and the
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positive d-axis. Therefore, the phase voltage vy can be decomposed into v and v,

as:

Vg = Vg COS B,

vy = Vs sin b, (3.15)

The torque equation Eq. (3.14) can be rewritten by substituting Eq. (3.15)
into Eq. (3.14):

3P

T,=———
8w2LyL,

[2Amwe Lgvs cos B, + (Lg — Lg)vs sin 26,)] (3.16)

In six-step operation, since the dc bus voltage is fixed, the fundamental com-
ponent of the input terminal voltage v, is also a constant variable. Hence, the
output torque can be only controlled by adjusting the voltage phase angle 6, at a

constant speed.

Figure 3.4: Definition of V, and 6,
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Voltage phase angle control algorithms by adjusting the phase angle 6, are
proposed in [7,27-30] as well. The phase angle could be directly calculated from
the Eq. (3.16) by given the reference torque 7, and rotating speed w, of the
machine, or it can be adjusted by a PI regulator to take the reference speed and
feedback speed of the machine as the inputs. The PI regulators of the currents
will be removed since the magnitude of the phase voltage is fixed and the current
can not be controlled.

The voltage phase angle PI regulator takes the error of the command speed
and actual speed as the input, and then produces a voltage reference angle 6,
that contains the torque information. The d- and ¢- axis reference voltages could
be calculated by using Eq. (3.15). V; is the maximum available phase voltage
magnitude. Inverse park and inverse clarke transformation will be taken to convert
the voltage into a three-phase voltage command. As discussed in Chapter 2, the
reduction algorithm takes fundamental frequency, switching cycle and the voltage
angle to calculate the duty ratio when the polarity of the phase voltage changes. In
addition, the voltage angle of each phase could be converted from the rotor angle
position. In this thesis, the rotor angle position is defined as the angle between the
g-axis and phase A axis as shown in the figure 3.5. Therefore, the phase angles of

the three-phase voltage V,, V, and V, can be represented as:

0, =0, +0, (3.17)
2

0, = 0, + 0, — ?” (3.18)
2

0. =0, + 0, + — (3.19)

3
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where 0, is the voltage phase angle and 6, the rotor angle position.

Once the phase angles of each phase are known, duty ratios of the switches in
each phase leg of the inverter can be calculated. The voltage zero crossing points
can also be detected by using the phase voltage magnitude from the inverse clarke
transformation. For the direct voltage phase angle control discussed above, the

feedback currents Iy and I, are only used for monitoring.

Figure 3.5: Voltage vector in d-q and abc reference frame
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Chapter 4: Simulation Verification

Simulations were performed to verify the the proposed low frequency harmonic
current reduction control algorithm for the six-step operation of a three-phase in-
verter. Both a three-phase RL load and an interior permanent magnet synchronous

machine were simulated respectively. This chapter presents the simulation results.

4.1 Simulation Results of RL load

The simulation software Powersim (PSIM) was used to simulate the low frequency
current oscillation phenomenon and verify the proposed control algorithm using the
RL load. PSIM can simulate control circuit in various forms: in analog circuit, s-
domain transfer function block diagram, z-domain transfer function block diagram
and custom C code. The custom C code provides the opportunity for users to
implement the digital control in the simulation.

Figure 4.1 shows the schematic of the simulation model including a microcon-
troller, a three-phase power inverter, and a three-phase RL load. The control is
implemented in the digital form using C language to simulate the real-world digital
control.

The dc bus voltage was set to be 30 V. The load resistance and inductance are

2 Ohms and 0.8 mH. The fundamental frequency f; was 1.1 kHz and the switching
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Figure 4.1: Schematic of simulation system using RL load

frequency f, was 8 kHz.

Figure 4.2(a) shows the simulation results of the phase A switching signal
without applying the low frequency harmonic reduction algorithm. It can be seen
that the top switch is turned on for a longer time than the bottom switch in cycle 1.
In cycle 2, the top switch is turned on for a shorter time than the bottom switch.
Due to the asymmetric pulse width of the switching signal, the low frequency
components are generated in the phase current as shown in Figure 4.2(b). Here 1
p.u. current is defined as the maximum value of the phase current when the circuit
is operated at six-step mode.

Figure 4.3(a) shows the simulation results of the phase A switching signal after
applying the low frequency harmonic reduction algorithm. The turn-on time and
turn-off time of the top switch are equal to each other. The top and bottom switch-

es of the power inverter are turned on and off exactly at the zero crossing points of
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Figure 4.2: Simulation results: switching signals and current of Phase A without
using low frequency harmonic reduction algorithm
the command phase voltage. Figure 4.3(b) demonstrates the three-phase current
after applying the low frequency harmonic reduction algorithm. The low frequency
harmonic components are significantly reduced and the phase shift between any
two phases is 120°.

The spectrum analyses of the phase A current before and after applying the
proposed control algorithm are illustrated in Figure 4.4. The magnitude of the

current is displayed using the logarithmic scale to clearly show the values of low



47

T, Ty T, T ]
| i«—— Cyclel —» i <+—— Cycle2 — |
o 0001 000

Time(s)

(a) Reference voltage, carrier wave, and switching signal of Phase A

1

Ly [pu.]
o

0 0.0015 0.003
Time(s)

(b) Three-phase current without low frequency harmonic component

Figure 4.3: Simulation results: switching signal and three-phase current applying
low frequency harmonic reduction algorithm

frequency harmonic components. Before the low frequency harmonic reduction
algorithm is applied, the two dominant low frequency components are 300 Hz and
100 Hz. The magnitudes of the 300-Hz and 100-Hz components reduce from 0.35

p-u. and 0.13 p.u. down to 0.016 p.u and 0.003 p.u.
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Figure 4.4: Simulation results: spectrum analysis of Phase A current before and
after applying low frequency harmonic reduction algorithm

4.2 Simulation Results of Interior Permanent Magnet Synchronous

Machine Load

Simulation results of a three-phase RL load clearly show that the low frequency
harmonic components are reduced significantly after applying the reduction algo-
rithm. An interior permanent magnet synchronous machine was also simulated to
verify the low frequency harmonic reduction algorithm.

The simulation was performed in MATLAB/Simulink software. Figure 4.5
shows the schematic of the simulation control diagram. The open-loop control
is implemented in the simulation and the inputs of the control system are d-axis
and g-axis command voltages. A triggered subsystem using a counter function was

applied in the simulation to perform as a digital controller. The machine is running
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at a constant speed of w, under speed mode in simulation. Therefore, changing the

variables of V; and V, affect the torque and phase currents of the electric machine.

Counter
4
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Triggered subsystem

Figure 4.5: Schematic of simulation system using machine load

In simulation, the machine and power electronics model is running at 0.2 pus
rate and the control is updated once every 250 pus which is synchronized with the

switching frequency. Some key machine parameters are listed in Table 4.1.

Table 4.1: Ratings and parameters of the PM machine

Rated current 500 A
d-axis inductance 0.15 mH
g-axis inductance 0.25 mH
Flux linkage of PM | 0.0557 Vs
Number of poles 8
Switching frequency 4 kHz
Stator dc resistance 0.01 ©




50

The dc bus voltage V. was set to be 130 V in the simulation. The IPM machine
speed command was 3030 rpm corresponding to 202 Hz in terms of the electrical
frequency. The carrier-fundamental frequency ratio my was 19.8, which is not an
integer. The non-integer carrier-fundamental frequency ratio generated the low
frequency harmonic components in the phase currents.

Figure 4.6(a) demonstrates the phase currents I, and I, and a line-to-line
voltage V,;, before applying the low frequency harmonic reduction algorithm. The
low frequency harmonic components are obvious in the phase currents. The zoom-
in of the line-to-line voltage also shows that the top and bottom switches of one
phase leg are not turned on for the same amount of time over one fundamental
cycle. Figure 4.6(b) shows the phase currents and the line-to-line voltage after
implementing the low frequency harmonic reduction algorithm. The low frequency
harmonic components in phase currents are significantly reduced.

Spectrum analyses of the phase A current before and after applying the low
frequency harmonic reduction algorithm were conducted by using the Spectrogram
function in Matlab. Figure 4.7 presents the spectrogram of the phase A current for
a period of 3 seconds. The objective of the function is to describe how the spectral
content of a signal is changing in time [31]. The z-axis represents the frequency of
the current covering up to 3000 Hz. The color bar represents the distribution of
the power density of various harmonics of the phase current in dB/Hz.

The spectrogram of the phase current before applying the reduction algorithm
shows abundant low frequency harmonics. In addition, the frequencies and mag-

nitudes of the low frequency harmonics are varying with time. After applying the
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reduction algorithm, the spectrogram shows that the fundamental component (202
Hz) is dominant and the low frequency harmonic components are significantly re-
duced. Both spectrograms clearly show the 5th, 7th, 11th, and 13th harmonics in

the phase current, which is a signature of the six-step control.
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Figure 4.6: Simulation results: Phase currents I, & I, and line-to-line voltage V,,
before and after applying the low frequency harmonic reduction algorithm
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Chapter 5: Experimental Verification

In addition to simulation verification, experimental test results using the three-
phase RL load and the interior permanent magnet synchronous machine with and

without the proposed reduction algorithm are presented in this chapter.

5.1 Experimental Results using RL load

Experimental testing was conducted to verify the proposed low frequency har-
monic reduction algorithm using a three-phase RL load. Two different carrier-
fundamental frequency ratios were selected in the testing. The first test case used
the same fundamental and switching frequencies as in the simulations in the pre-
vious section. In addition, in order to verify the low frequency harmonic reduction
algorithm with lower frequency ratio, 1700 Hz was selected as the fundamental fre-
quency and the switching frequency still remained 8 kHz, the same as the sampling
frequency. In this case, the carrier-fundamental frequency ratio my was equal to
4.7.

Figure 5.1 is a picture of the hardware testing system. The DC input voltage
of the three-phase inverter was 30 V. The resistance and inductance of each phase
are 2 Ohms and 0.8 mH. A dSPACE controller, DS1104, was used as the digital

controller. The control algorithm was hand coded using C language to enable the
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Figure 5.1: Hardware testing system using RL load

asymmetric PWM function.

Figure 5.2 shows the switching signals of the top three switches when the fun-
damental frequency f; is 1100 Hz without applying the low frequency harmonic
reduction algorithm. The switching status of each switch can only be updated
at the sampling points. The testing results are consistent with the PSIM simula-
tion results. For each phase, the turn-on time of the top switch is either longer
(T, > 0.5T) or shorter (7, < 0.5T%) than that of the bottom switch. In addition,
the phase shifts between the switching signals of every two phases are not equal to
120°. For instance, the phase shift between switching signals of two phases 6451

is 115 degrees. At another moment, this phase shift 0,5, becomes 92 degrees.
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Figure 5.2: Experimental results: three-phase switching signals without applying
low frequency harmonic reduction algorithm

5.1.1 Experimental Results at f; =8kHz & f; = 1100H 2

Figure 5.3 compares the phase currents I, and [, and switching signals S, and S,
before and after implementing the low frequency harmonic reduction algorithm.
Figure 5.3(a) shows the current waveforms and signals when the fundamental fre-
quency is 1100 Hz before applying the algorithm. The asymmetric pulse width of
the switching signals cause a low frequency oscillation in the phase current. Fig-
ure 5.3(b) shows the waveforms after implementing the low frequency harmonic
reduction algorithm. It can be observed that the turn-on time and turn-off time
of each switch are balanced in one fundamental cycle. The inductances of the
three phases are not perfectly balanced for the RL load used in the experimental
testing. Therefore, the magnitudes of the phase A current and phase B current
are not exactly equal to each other.

Figure 5.4 illustrates the spectrum analysis results of the phase current I,
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Figure 5.3: Experimental results: currents of Phase A and B before and after
applying low frequency harmonic reduction algorithm

before and after applying the proposed control algorithm. The 100-Hz and 300-Hz
harmonic components are significantly reduced from 0.1 p.u. to 0.0007 p.u and

0.27 p.u. to 0.012 p.u.
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Figure 5.4: Experimental results: spectrum analysis of Phase A current before and
after applying low frequency harmonic reduction algorithm

5.1.2 Experimental Results at f, = 8kHz & f; = 1700H z

Figure 5.5 compares the phase currents I, and [, and switching signals S, and S,
before and after implementing the low frequency harmonic reduction algorithm.
Figure 5.5(a) shows the current waveforms and signals when the fundamental fre-
quency is 1700 Hz before applying the algorithm. The asymmetric pulse width of
the switching signals cause a low frequency oscillation in the phase current. Fig-
ure 5.5(b) shows the waveforms after implementing the low frequency harmonic
reduction algorithm. It can be observed that the turn-on time and turn-off time
of each switch are balanced in one fundamental cycle.

Figure 5.6 shows the spectrum analysis results of the phase A current before
and after applying the proposed algorithm. The major harmonic components with

lower frequencies than the fundamental component are 100 Hz, 300 Hz, 500 Hz,
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Figure 5.5: Experimental results: currents of Phase A and B before and after
applying low frequency harmonic reduction algorithm

and 900 Hz. The magnitudes of the four components reduce from 0.087, 0.17,
0.52, 0.087 (all in p.u.) to 0.0004, 0.0004, 0.043, 0.0004 (all in p.u.) after the low

frequency harmonic reduction algorithm is applied.
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Figure 5.6: Experimental results: spectrum analysis of Phase A current before and
after applying low frequency harmonic reduction algorithm

5.2 Experimental Results using Interior Permanent Magnet Syn-

chronous Machine Load

Experimental testing using an interior permanent magnet synchronous machine has
been conducted as well to verify the proposed low frequency harmonic reduction
algorithm. The machine parameters are presented in Table I. The input dc voltage
of the three-phase inverter was 130 V. A Texas Instrument digital signal processor
TMS320F28335 was used to implement the control algorithm.
Similar to the experimental testing of the RL load, two different carrier-fundamental

frequency ratios were selected in testing by using the machine load. For the first
case, the machine command speed was 3030 rpm and the electrical fundamental

frequency was 202 Hz. The switching frequency of 4 kHz was selected to pro-
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duce non-integer carrier-fundamental ratios. For the second case, the switching
frequency was 6 kHz and the machine was running at 3150 rpm.

Figure 5.7 demonstrate phase currents I, and I, and line-to-line voltage V,,;, for
two different switching frequencies, i.e., 4 kHz and 6 kHz. The carrier-fundamental
ratio is 19.8. Figure 5.7(b) shows the same waveforms for a different switching
frequency which is 6 kHz and the machine runs at about 3150 rpm. The carrier-
fundamental ratio is 28.57.

Figure 5.8 shows the phase current I, and [, and line-to-line voltage after
implementing the low frequency harmonic reduction algorithm when the machine
runs at 3030 RPM and 3150 RPM. The low frequency components of phase A
and phase B current are eliminated and the line-to-line voltage V,;, are balanced
in both two cases. In addition, the phase B current lags phase A current 120°.

Figure 5.9(a) demonstrates the spectrum analysis results of the Phase A cur-
rent before and after applying the low frequency harmonic reduction algorithm
when the machine runs at 3030 RPM in the first case. The sampling frequency
of the measurements of the oscilloscope for the phase A current in both cases is
10 kHz. The z-axis is the frequency, which covers from 0 Hz to 3000 Hz. In ad-
dition, the y-axis is the time and the color bar represents the distribution of the
power density of the phase A current. The unit of the power density in the figure
is dB/Hz. Red or brighter color represents higher power density, while blue or
darker color characterizes lower power density. The top figure shows the power
density distribution of the phase A current before applying the reduction algorith-

m. Components distributed in between 0 to 200 Hz are in red color. Therefore, it
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clearly shows the abundant harmonic components with lower frequencies than the
fundamental frequency.

After applying the reduction algorithm, only the fundamental frequency com-
ponents and 5th, 7th, 11th and 13th harmonic components are significant in the
figure, which is a signature of six step control. Figure 5.9(b) demonstrates the
spectrum analysis results of the Phase A current before and after applying the
low frequency harmonic reduction algorithm when the machine runs at 3150 RP-
M. The electrical fundamental frequency is 210 Hz. After applying the reduction
algorithm, low frequency harmonic components other than 5th, 7th, 11th and 13th

harmonics are reduced significantly.
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Figure 5.7: Experimental results: Phase currents I, & I, line-to-line voltage V,,
and zoom-in line-to-line voltage V,;, before applying the low frequency harmonic
reduction algorithm
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Figure 5.8: Experimental results: Phase currents I, & I, line-to-line voltage V,,
and zoom-in line-to-line voltage V,, after applying the low frequency harmonic

reduction algorithm
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Chapter 6: Conclusions and Future Work

6.1 Summary and Conclusions

The major motivations of this work are to develop a new control algorithm to
reduce the low frequency oscillation phase current for the six step operation of a
three-phase inverter. This research work studies the low frequency harmonic cur-
rent phenomenon of the three-phase inverter when it is operating in the six step
control mode using a digital microcontroller. PWM algorithm in digital imple-
mentation, mathematical modeling and control algorithms of a PM synchronous
machine are also introduced. Both simulations and experiment verify the proposed
control algorithm and the low frequency oscillation components in the phase cur-
rents are reduced by more than 90%.

For the six step operation, the inverter switches are desired to turn on and turn
off exactly at the voltage zero crossing points. In the digital implementation, the
sampling and control are updated at a fixed frequency. If the voltage zero crossing
point is in between two sampling points, the turn-on and turn-off events will be
delayed by a period of time which is smaller than one sampling period. This delay
will make the turn-on time of the top switch not equal to the turn-on time of
the bottom switch over one fundamental cycle, hence create a DC offset in the

output voltage and the low frequency oscillation in the phase current. This effect
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is negligible if the carrier-fundamental frequency ratio is high. With decreasing
carrier-fundamental frequency ratio, the magnitude of the lower frequency current
oscillation is increasing and can cause many issues in the system including higher
copper losses in the source and load, higher core loss in the permanent magnets
on the rotor if the load is a PM machine.

This research investigates a new control method to reduce the low frequency
oscillation current for the six step operation of a three-phase inverter with non-
integer carrier-fundamental frequency ratios my. The method detects a voltage
polarity change and calculates an accurate duty ratio of switches so they can be
turned on and off exactly at the voltage zero crossing points. The control algorithm
has two cases including that the command voltage goes from positive to negative
and from negative to positive. After implementing the proposed algorithm, the
positive half cycle is equal to the negative half cycle of the switching signals for
each phase over one fundamental cycle. In addition, the three-phase voltage be-
comes balanced and the phase shifts are 120° apart. Therefore, the low frequency
oscillation in the phase current is significantly reduced. Simulations and exper-
iments are both performed to verify the algorithm using a three-phase RL load
and an interior permanent magnet synchronous machine. The experiment results

demonstrate a 90% reduction of the low frequency current oscillation.
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6.2 Future Work

In machine drive systems, the power converter delivers the voltage based on the
different control strategies [28,32,33]. The maximum phase voltage magnitude is
%Vdc when the inverter is controlled by the conventional sinusoidal PWM modula-
tion. With the SVPWM modulation, the voltage magnitude will be raised up to
\%Vdc. In addition, the magnitude will be as high as %Vdc in six-step operation.

The modulation index (MI) is defined as follows:

Vs

Mlzgvd

(6.1)

where the denominator is the maximum value of the fundamental component of the
phase voltage in six-step operation. Therefore, in SVPWM modulation, the linear
modulation region is MI< é = 0.907. When the modulation is beyond 0.907,
SVPWM inverter operates in non-linear or over-modulation region. If the control
method of the inverter jump from SVPWM to Six-step directly, the modulation
will increase from 0.907 to 1 dramatically, which causes over-current in each phase.
Smooth transition means the modulation index increases from 0.907 to 1 gradually
in over-modulation region [34]. In order to reduce the over-current performance
during the transient, smooth transition control algorithm is needed.

In this thesis, steady-state performance of phase currents and voltages in six-
step operation are investigated. In physical testing, the machine is started up

by using PWM control. After the PM machine reaches in steady-state and the

modulation index is near saturation, the control is switched from PWM to Six-
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step directly. The transition causes overshooting in phase currents. Therefore,
smooth transition without significant phase current overshooting is considered as

future research work.
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