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(ABSTRACT)

Power electronics is inevitably concerned with the processing of variable speed power
generations such as in wind turbines, aircraft systems and naval on-board ship systems. The
nature of these types of energy is distinct in that their frequency and power vary depending
on the speed of the prime-mover. To make use of the variable speed energy, a power pro-
cessing scheme which transforms the variable speed energy into a constant frequency power
is required. There are measures such as mechanical and electrical links for such purposes.
Electrical link systems are chosen in this study due to their fast responses and high reliabil-
ities. The power conversion stage may be a dc link with a line-commutated converter, a dc
link with a self-commutated inverter, or a cycloconverter. The line-commutated converter
and cycloconverter power stages require a fixed frequency supply for operation whereas the

self-commutated inverter is capable of stand-alone operation, thus making it attractive.

Two cases of variable speed power generation using a permanent magnet synchronous
machine (hereafter referred to as PMSM) and a switched reluctance machine (hereafter
referred to as SRM) were studied in this dissertation. The possible use of PMSMs has
been proved by the good correlation between the experimental results and the theoretically
predicted results. Three different control strategies have been proposed, implemented in
hardware, and experimentally verified. The efficiency of the VSCF power conversion with a

self commutated converter were comparable to the one using a line-commutated converter.



A novel converter topology with no dc link capacitor has been proposed for the ap-
plication of SRMs to the VSCF power conversion. The proposed topology directly links
the constant frequency ac source to the SRM. This feature enhances the reliability of the
power conversion scheme and reduces the weight and volume of the system. The correlation
between the theoretical and experimental results of some key issues showed the feasibility

of the proposed VSCF power conversion scheme.

In the course of the study, one stage ac to dc power conversion with a compact trans-
former was required for dc loads. However, phase-controlled ac to dc conversion has the
disadvantages of low power factor and harmonic pollution on the utility side, particularly
in the case where dc voltage regulation is required. Therefore, a novel single phase rectifier
for dc load which provides ohmic isolation with a high frequency transformer is exten-
sively investigated. The proposed scheme had a wide output variation on dc output while
maintaining unity power factor and sinusoidal current in the ac input side. Three con-
trol strategies for the operation of the converter were proposed and verified experimentally.
The harmonic spectra on ac and dc sides are analytically derived and experimentally proved

under some load conditions.
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Chapter 1
INTRODUCTION

1.1 Introduction

A number of prime movers for electric power generation shown in Figure 1.1 have vari-
ations in their speed. Some examples are wind turbines, aircraft, and naval on-board ship
turbines. Power at constant frequency is desired for transmission, distribution, and utiliza-
tion. That is made possible either by introducing a mechanical link to maintain a constant
generator speed or by introducing an electric link to convert the variable speed power into
the constant frequency power. The latter solution provides faster response, higher relia-
bility, and greater feasibility in many systems compared to the mechanical link solution.
The variable speed prime movers drive a synchronous or an induction generator. In the
case of the synchronous generator, the output will be of varying voltage magnitude and
frequency. The induction generator can be tied to the constant frequency supply directly,
but the power flow is uncontrolled. In both cases, power converters are required to process

power at constant frequency in the variable speed constant frequency (VSCF) case with the

synchronous generator and to control the power flow in the induction generator case.

Two synchronous machines, a PM synchronous machine and a switched reluctance ma-
chine (PMSG and SRM), both considered in this study, are categorized as brushless ma-
chines. This advantageous characteristic simplifies the rotor construction by doing away
with the rotor windings, slip rings, and brushes. In that process, the reliability of their op-
erations has increased and is in their favor. They also have the advantages of high efficiency

and power density, features very important for airborne applications.
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1.2 Review of Previous Work

1.2.1 Static VSCF power conversion

Significant efforts have been made in static power converter designs to enhance the
system efficiency or to process the renewable energies such as wind power [1]-[3], [13],
and solar energy [7]. The recovery of energy from the machine is essential to increase the
efficiency of the system [8], [9], and variable speed power can be interconnected to the power

grid for power generation [1]-[6].

1.2.2 PWM converter

Power processing from dc to ac can be found throughout industry in applications such
as the VAR-compensator [10], high voltage dc¢ (hvdc) [11], ac motor drives [35]-[39], unin-
terruptible power supply (UPS) [46], [47], magnetic energy storage systems, etc. The major

concerns in these power processings are:
(i) Minimization of harmonics [15]-[19].
(ii) Audible noise reduction [20].

(iii) Power factor correction [21]-[23].

To minimize the distortion of the waveforms two methods are most frequently adopted.

They are:
(i) Pulse width modulation [24]-[26].
(ii) Pulse dropping [15], and [27].

However, the use of 3rd harmonic distortion to increase the output voltage is reported for
balanced three phase inverter systems [17], [33]. Depending on the nature of the process,

dc to ac power conversion is divided as follows:
(i) Current source inverter [40]-[42].

(ii) Voltage source inverter [43]-[44].
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Due to their robustness and ease of control, phase-controlled converters using SCRs have
been used for a long time. But they do not give a sinusoidal line current and the power factor
is dependent on the control angle. These characteristics are undesirable in applications. The
advent of self turn-off semiconductor devices gave control freedom in static power conversion,
and made available the self-commutating high switching-frequency converter [45]-[47]. Due
to these converters, good quality of waveforms with unity power factor can be produced

and are considered for industrial applications [6], [22], and [23].

1.2.3 PM synchronous machine

PM synchronous machines are used for variable speed drive systems due to their com-
pactness, high power density, ease of control and high efficiency. Generator applications of
PMSM is attempted for the first time in [50], [51].

1.2.4 SRM

Switched reluctance machines have gained prominence due to the advent of inexpensive
semiconductors for its control. The switched reluctance machines are inexpensive to build,
maintain, and operate at a higher efficiency than conventional variable speed motor drives.

Since researchers started reinvestigating the SRM in the 60’s, a considerable amount of

research effort covers a wide range of topics which are described as follows:
(i) Design of SRMs [52]-[57]

(ii) Analysis SRM drives [58]-[62], [72], [73]

(iii) Device ratings of the SRM converters [63], [66]

(iv) Topology of the SRM converters [64]-[69]

(v) Controllers for the SRM converters [70]-[72]

(vi) Motor/Generator Operation of SRM [75]-[78]

Due to the nonlinearity and saturation of SRM, converter kVA requirements call for at-

tention [63], [66]. The electromagnetic torque is proportional to the square of the applied
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current in the machine which in turn requires only unidirectional current, making the con-
verter topology simpler than other variable speed drives. Several converter topologies have
been studied only for the motoring operation of the SRM [64]-[69].

The topology concerns the machine winding structure, the device ratings, and the min-
imization of the number of switches. Single switch per phase for bifilar-winding SRMs, and
single switch per phase using the split dc source voltages or using dump resistor converters
are proposed in [64], [66] and [69], respectively. Further research efforts, [65], [67], [68] and
[74] describe the minimization in the number of switches by increasing the utilization of
switches.

The possibility of using SRM for four quadrant operation is reported in [74]. Motor-
ing/generation mode operations of SRM with battery sources are described in the literature,
[75] and [77], with the two-switch per phase configuration being the most commonly used.
The possible use of SRMs as generators is reported in [76] using two switch per phase and

battery excitation.

1.2.5 Single phase ac/dc converter

Phase controlled ac to dc power conversion has the disadvantages of low power factor and
harmonic pollution on the utility side, particularly in the case where dc voltage regulation
is required. It is well known that a diode-bridge rectifier with an output capacitor-filter
induces low power factor and pulse current problem on the ac side [83]. To minimize the
lower frequency harmonics and enhance the power factor, the authors use a passive filter
on the ac side in [84]. But these rectifiers give only fixed dc voltages. A high switching
frequency PWM converter is reported for rectifier-inverter systems using IGBTs [85]. A
study on programmed pulse-dropping ac chopper show that it is advantageous for low

switching frequency [86]

1.3 Objectives and Contributions

1.3.1 VSCF scheme with a PMSM

The currently used systems and their typical problems are:
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(i) Battery charging/discharging systems - low efficiency.
(ii) Cycloconverter systems - frequency limitations.
(iii) Line commutated converter systems - harmonics and low power factor.

To overcome these detrimental features of the VSCF scheme, the following objectives are

formulated:

(i) Improvements in the overall system efficiency.

(i) Removal of the frequency constraints.
(iii) Reduction of harmonics and minimization of filter sizes.
(iv) Improvements in power factor.

(v) Formulation of the scheme and its strategies.

(vi) Implementation and experimental verification of the scheme on a laboratory prototype.

1.3.2 VSCF scheme with an SRM

Various converter topologies have been reported for SRM drives [64]-[69]. But none of
the presently known schemes are able to operate the SRMs as generators and motors directly

from the ac supply. Realizing this deficiency, a new topology which is capable of performing

motoring and generating operation is introduced in the present work. The objective of the
study is to analyze the use of an SRM for VSCF power conversion and prove its feasibility

with experimental verification.

1.3.3 Single phase ac/dc Converter

During the study of the scheme it became apparent that the system isolation between
the dc load and the ac source needed to be achieved with a compact transformer. Volume-
critical applications require compactness and light weight. Hence a study of single phase
ac/dc conversion with the feature of light weight and good quality of power is investigated.

Further high power and good quality waveforms are imperative in ac to dc power conversion.

INTRODUCTION 6



1.4 Scope and Organization of the Dissertation

Two generation systems with PMSM and SRM in steady state are modeled, analyzed,
and designed with a'i}ulse width modulation (PWM) converter. Experimental verification
with laboratory prototypes are presented along with the predicted result that confirm the

validity of the modeling and the soundness of the feasibility of the schemes.

The line commutated converter cannot be used for dc to ac power conversion in the stand
alone applications and the VSCF scheme needs a self-commutated converter in such cases.
Introduction of such a converter facilitates the adjustment and control of power factor and
shaping the waveform quality. One such power converter scheme for PMSM is described in
Chapter 2. In this chapter each subsystem is modeled, analyzed, and integrated for steady
state. The relationship between the generated voltage at the converter and the utility grid
voltage is discussed with phase diagrams. This scheme removes the constraint of the other
scheme in regard to harmonics and power factor. The feasibility of the scheme is proved
by realizing a prototype and correlating the experimental results with the theoretically

predicted results.

Chapter 3 describes the steady state characteristics of a topology with two quadrant
operation (motoring/generating) of a four-phase SRM. Theoretical results in steady state
for speed control applications are verified using a laboratory prototype. The study covers

the topology configuration on the following issues:

(i) Formulation of the control strategies for speed control.

(ii) Impact of current advance and maximum PWM duty ratio with respect to speed and

power.
(iii) Device ratings.
(iv) Power flow control in the scheme.

(v) Discussion of merits and demerits of the topology.

In Chapter 4, for the sake of completeness of VSCF power control, a single phase ac
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to dc converter with unity power factor and sinusoidal ac input current are studied. This

chapter addresses the following research objectives:

(i) Formulation of control strategies to reduce the total harmonic distortion of the ac

input current.

(i) Implementation of the various control strategies on a laboratory prototype.
(iii) Verification of correlation between the experimental and the theoretical results.

(iv) Isolation of ac source and load using a small high frequency transformer.

INTRODUCTION



Chapter 2

VARIABLE SPEED POWER CONVERSION
WITH A PMSM

Variable speed constant frequency power conversion schemes use wound rotor induction
or synchronous machines for power generation. With the advent of high power density
permanent magnets, the synchronous generators could be built compactly compared to the
wound rotor type, resulting in the elimination of an external dc supply for rotor excitation,
the slip rings, and brushes. Such machines are ideal for aircraft, naval on-board ship power
systems and remote station applications such as on an island or a ranch. This chapter,
realizing the need for such applications, contains the steady state modeling, performance
evaluation and experimental verification of the key results of a VSCF power conversion

scheme with a PMSM.

The line commutated converter cannot be used for dc to ac power conversion in the stand
alone applications and therefore the VSCF scheme needs a self commutated converter. The
introduction of such a converter facilitates the adjustment and control of power factor and
shaping the waveform quality. One such power converter scheme is described in this chapter.
The operation and design of the converter and its associated control circuitry are described
in detail. An experimental verification of the VSCF scheme with a permanent magnet

synchronous generator is included to validate the key assertions.
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Nomenclature

VGS

Vdc

Ey

Generator line current

Ac source line current

Dc link current

Ac input phase voltage of the inverter

Ac input line to line voltage of the inverter

Phase voltage of the ac source

Line to line voltage of the ac source

Generator phase voltage

Generator line to line voltage

Dc voltage of the rectifier

Inverted voltage of the controlled converter

Line reactor resistance

Line reactor inductance

Generator stator-winding resistance

Quadrature d,q axes inductance

Phase difference between V,; and V;

Ac source frequency in rad/sec

Generator frequency in rad/sec

Phase difference between I, and V,, for control strategy I
Phase difference between I, and V,, for control strategy II
Phase difference between I, and V,, for control strategy III
Input power

Converter output power

Active power delivered into the utility

Reactive power delivered into the utility

Efficiency

Torque angle

Generator induced emf

POWER CONVERSION WITH A PMSM
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2.1 Introduction

The possible use of permanent magnet synchronous machines has arisen with recent
developments in permanent magnet technology and its application to large machines ap-
proaching MVA ratings. The permanent magnet machines have the advantages of high
efficiency and power density, features very important for airborne applications with their
requirement of no external dc supply for rotor excitation. The latter advantage simplifies
the rotor construction by doing away with the rotor windings, slip rings and brushes. This
increases the reliability of its operation. The permanent magnet synchronous machine has,
in addition, a very low synchronous reactance, thus making it a stiff source of power with
a higher steady state and transient capability than its counterpart, the wound rotor type.
It is to be noted that a study with permanent magnet synchronous machines lends itself
to a study of the superconducting generator with very few modifications. Such a study
is necessary and almost imminent in light of present higher temperature superconductor

research and the possibility of their realization in the future.

There are two kinds of permanent magnet synchronous machines. The classification is
based on the nature of the induced emf waveform. The one with the trapezoidal induced
emf waveform is known as a permanent magnet dc brushless machine and the other, with
a sinusoidal induced emf waveform goes by the name of a permanent magnet synchronous
machine (PMSM). The PMDC brushless generator has approximately 15 % more power
density than the PMSM but has yet to be produced in larger ratings than the PMSM.

Their use in wind energy schemes and their applications is of recent origin [4]-[6], and [51] .

The power conversion stage may be a dc link with line-commutated converters or a dc
link with a self-commutated inverter or a cycloconverter. The line-commutated converters
and cycloconverter power stages require a fixed frequency supply for operation whereas
the self-commutated inverter is capable of stand-alone operation. This makes the self-
commutated inverter attractive for remote applications where the wound rotor synchronous

and induction machines are used for power generation with variable speed prime movers.

A constant frequency supply is required for both the line-commutated converter and the
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cycloconverter power stage in the power conversion scheme. However, a self-commutated
inverter is different in that it can be operated without any external fixed frequency supply.
Hence, the self-commutated converter is attractive for remote applications such as on a
ranch, an island, or in an aircraft system where the wound rotor synchronous and induction
machines are used for power generation with the variable speed prime movers. The primary

issues addressed in this chapter are:

(i) Introduction of a self commutated converter structure for the VSCF power conversion

scheme.

(ii) The study of the operation and design of the power converter in the VSCF scheme to

enhance waveform quality and to control the power factor.

(iii) Determination of the modulation strategy and its impact on the switching frequency,
selection of the switches, filter size, and upper power limits for VSCF generation with

the permanent magnet synchronous machines.

(iv) Transient response characteristics for step changes in the speed of the prime mover

and the required margin in the power rating of the converter.

Experimental verification is made with a laboratory prototype to validate the modeling
procedure. The advantages and disadvantages of this scheme are described with the help
of the performance characteristics of the system. A systematic design of the scheme is

presented with the ratings of the power switching devices and PMSM.

2.2 VSCF Generation with PMSM

The VSCF generation scheme with PMSM is shown in the Figure 2.1. The PMSM
is driven by a prime mover whose speed is varying as in the case of a wind turbine. The
output voltages of the PMSM are rectified through a diode bridge rectifier and smoothed
through a capacitor filter. The smoothed dc power is inverted through a PWM converter to
get a fixed frequency sinusoidal power. The switching converter proposed here is as shown
in Figure 2.2. The three phase source may be connected to the utility grid or may be a

stand alone system.

POWER CONVERSION WITH A PMSM 12
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The VSCF generation scheme with PMSM [5], and PM dc brushless [4] machines have
been studied with line commutated converters. The line commutated converter requires an
ac source for its operation and introduces considerable harmonics and low power factor. Due
to these drawbacks, it is proposed here to consider a self commutated converter structure for
the power conversion link [6]. Such power conversion schemes are reported for use in ac and
dc drives. The major limitation in most of these structures has been the necessity for large
filters both on the dc and ac sides. But the investigation of these converter configurations
has not been applied to many applications such as VSCF generation including that of UPS
systems. Their potential for use in a large number of applications requires an understanding

of the following aspects:
(i) Normalized relationship between the converted power and the rating of the switches.

(ii) The filter size, the impact of the switching frequency on the selection of switches, and

upper power limits of power conversion with each of the schemes.
(iii) The design and operation of the power conversion scheme.

(iv) The design and implementation of the control circuitry for the power conversion

scheme.

(v) An experimental verification of the key theoretical results and the design procedure

for the power converter.

These issues are addressed in the following sections.

2.3 Input Power and Terminal Voltage of the Machine

2.3.1 Input power

In VSCF with PMSM, power factor equals 1 in the generator. The phasor diagram of
the PMSM is shown in Figure 2.3, where é is the power angle. The input power is,

P; = 3E;I, cosé. (2.1)

where Ey is induced emf, I; is line current of the generator.
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Figure 2.3: Phase diagram of the PMSM
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Writing the dc link current, I, in terms of generator line current, Iy, and induced emf,

Ey, as a function of speed, wpn, as

Iy = K11,
where K is a proportionality constant.
E; = Ky wp,.
Hence the input power from (2.1), (2.2), and (2.3) is

P; = 3EsI;cosé
K,

7 mIc .
3(K1)w dc COs &

The base quantities used for normalizing the equations are,

P, = Base power

= 3V,

Vi, = Base voltage
= RMS phase voltage
Iy = Base current.
Hence the normalized input power is,
P;
Pin = 3
P,

3 (%) wmlge cosé
Vil

The base voltage is,

Vi = Kywy

(2.2)

(2.3)

(2.4a)
(2.4b)

(2.5a)
(2.5b)

(2.6a)
(2.6Db)

(2.7)

(2.8a)

(2.8b)

(2.9)

where wy is the base speed in rad/sec. Substituting (2.9) in (2.8b), the input power is

1
Py, = (‘E) Wrnnlgen €08 6

where the normalized variables are,

POWER CONVERSION WITH A PMSM
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== 2.12
Idcn Ib ( )
P.
ot 2.13
P; P, (2.13)
and
K=~ (2.14)

Usually Wpn, Igen,and P;, are known variables. From equation (2.10), the torque angle is

- P;
6 = cos™! {W} . (2.15)

2.3.2 Terminal voltage of the machine

written as

The quadrature and direct axis currents are
I, =T,cos6 (2.16)

I; = I, sin é. (2.17)

Therefore the machine terminal voltage is

‘79 = Ef - jI_:zXq - jI-:iXd - I-.‘ng- (2.18)

2.4 Control Strategies and Operation of the Self Commutated Power

Converter

Power conversion employing SCR power devices has a fundamental disadvantage in
terms of switching frequency and hence in the magnitude and order of harmonics. To
overcome or to mitigate this demerit, a three phase sinusoidal PWM inverter version of
the VSCF scheme using power MOSFET transistors is proposed for this study. Unlike in
the case of a current source inverter, the phase voltages of a voltage source inverter should
be kept at finite voltage levels, which enforces a complementary switching of the upper leg
with respect to the lower leg or vice versa. The terminals a, b, and ¢ shown in Figure 2.4
are connected either to the positive or negative rail of the dc link depending on the required

switching levels.
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Figure 2.4: Inverter and load connections
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For resistive loads, the phase voltages are determined by voltage division using the eight
possible switching configurations as shown in Figure 2.5. The phase voltages and line to line
voltages are easily found from the switching configurations without using any equations.

The three-phase system is also verified by the balanced three-phase voltage equations;

Vab + Vie + Vea = 0 (2.19)

and
Van + Vin + Ve = 0. (220)

The basic six-step inverter is a particular case of the PWM inverter and is shown in
Figure 2.6 with the corresponding switch configurations. Only six cases occur out of the
eight configurations. The phase voltages can be obtained by the three-phase balanced

system equations,

Vin = 3Veo = 5(Vao + Vo) (2.21)

Vbn § (‘/co + Vao) (222)
2

Vin = 3Veo = 5(Vao + Vi), (2.23)

But the phase and line voltage waveforms are found using the table of the switch config-
urations. This waveform generation method becomes more useful as the carrier frequency
increases.

The normalized frequency ratio, R = }% takes an important role in the output voltage
harmonic spectrum, where f. is the carrier frequency and f, is the reference sinusoidal
frequency. A single phase inverter needs an odd number of R to avoid even harmonics.
However, for the three phase inverter, one more constraint is added due to the phase dis-
placement of %” from phase to phase. It needs the normalized frequency, R, to be in
multiples of three. Therefore the required normalized frequency of the three phase inverter
is,

R = 6m + 3 where m=1, 2, 3,--- (2.24)
Figure 2.7 shows PWM waveforms for f./f, = 9. Quarter waveform symmetry in phase

voltage ensures the requirement of the frequency ratio of the carrier and reference voltage.
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Figure 2.6: Six pulse inverter
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Figure 2.7: PWM waveforms for fc/fs=9
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The experimental signals of the PWM inverter are shown in Figure 2.8. The frequency
of the triangular carrier is 999 Hz for this study. The switching of the upper switches
(T1, T3, T5) and lower switches (T4,T6,T2) is complementary. Due to prime-mover speed
variations, the rectified generator voltages vary. As the ac utility grid voltage is of constant
frequency and fixed voltage, control strategies are required to tie a varying dc bus with a

fixed ac bus. Three control strategies are proposed and investigated in this section.

2.4.1 Control strategy I ( Modulation control )

The purpose of this control strategy is to transfer constant energy at constant frequency
from a variable speed energy source, regardless of the prime mover speed. As the utility
voltage is a constant, the line current determines the constant power to be converted at
a certain lead or lag phase difference, ¢,,, between the line current and the utility phase
voltage. Once the line current is predetermined, the voltage drop across the line reactor
follows. Hence the constant phase voltage of the inverter is obtained by modulating the
PWM signal for a varying dc bus voltage. Figure 2.9 shows the phasor diagram for this
control strategy for a fixed power factor, cos ¢,,. The relationship between the variables is
described by,

Vai = =Vas + I,(R, + jw,L,) (2.25)

where w; is the utility frequency, V. is the phase voltage of the converter, V., is the phase
voltage of the utility, I-; is line current, and R, and X, are the resistance and reactance of
the line reactor, respectively.

Normalizing the inverter phase voltage

—

— Vai
Vain = Tf,,i (2.26a)
I-/’QS I:RS .I—;X.s
== 26b
BN REN VA (2.26b)
= Vaen + TnRon + jInXon (2.26¢)

where I, V3, and Z, are the base current, base voltage, and base impedance, respectively.

The normalized variables are defined as

Vasn = —  p.u. (2.27)
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Figure 2.8: Experimental switching operation of the PWM inverter
for resistance load (Sinusoidal reference, Triangular carrier,
Switching signals for 77,7T4. Phase voltage and line voltage
of the converter with 999 Hz, m = 0.78,V;, = 38V and 5
ms/div)
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Figure 2.9: Phasor diagram for control strategy I
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Isn = !i p.u. (2'28)
I,

= — . 2.29
Ron= 7 pau (2:29)
Xsn = X p-u. (2.30)
Zy
The output power of the converter is,
P,. = 3V,,I, cos ¢ + 3I2R,. (2.31)

And power fed to the constant frequency source is given by
P, = 3V,,1, cos ¢y, (2.32)
Normalizing the output power,

P, = Vognlen cO5 Gr. (2.33)

This strategy transfers constant power to the utility. The losses increase as the prime
mover speed increases, resulting in lower efficiency at higher operating speed. That is a

disadvantage of this control strategy.

2.4.2 Control strategy II (Maximum current clamping control)

This control scheme transfers power to the utility proportional to the prime mover speed.
No voltage modulation is required, but current clamping is needed for the converter to be
protected against over-current and transients. The phase relation between the utility and
the inverter phase voltage is as shown in Figure 2.10. For a constant power factor, cos ¢,
the higher inverter phase voltage resulting from the higher speed of the prime mover has

the loci oa. This results in a current increase. Hence, the output power of the inverter is,
P,c = 31V, cos . + 3I2R;. (2.34)

For negligible resistance of the line reactor, the normalized output power of the inverter

feeding into the utility is

Pon = Vagnlsn cos ¢e. (2.35)
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Figure 2.10: Phasor diagram for control strategy II
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If the phase voltage of the utility is set as the base voltage, then

Pon

Ian

Since the ratio of normalized power to normalized current is constant for a fixed ¢, the

= cos ¢.. (2.36)

normalized power is directly proportional to the normalized line current. This strategy lets
the VSCF scheme produce varying power proportional to the speed of the prime mover,
which makes the scheme very efficient. In the experimental study, due to the large resistance

of the line reactance, the efficiency is lower at the higher operating speed.

2.4.3 Control strategy III (Phase angle control)

This control strategy is designed to change the phase of the line current with respect
to the phase voltage of the utility. As shown in Figure 2.11, the loci of the inverter phase
voltage moves on the circle o’abc which is determined by a constant line current and utility
phase voltage. If the minimum operating speed point is ¢, then the operating speed range of
the prime mover is from point ¢ to a. The maximum output power P,, = V 4,1, is at the
point b where the power factor is unity. Between points @ and ¢ the scheme draws reactive
power from the utility, but between the maximum power point b and d, the scheme supplies
reactive power to the utility. To enlarge the operating speed range, it is noted from Figure
2.11 that a large line current is needed. The normalized active power, P,,, and reactive

power, Q,,, are given as follows,

Pyr = I5,Vysn cos d’p (237)

Qon = IsnVasn sin &p (238)

The phase angle can be varied by adjusting the phase shifter.

2.5 The Analysis of the VSCF Characteristics

The performance equations for the VSCF scheme are given here. The PMSM phase

voltage is given in the equation 2.12 as the following;:
V, = E;j-jiLX,-3iliXa- LR, (2:39)

= Kywmlb — jlwnLy — jljwmLs — IR, (2.39b)

POWER CONVERSION WITH A PMSM 32



Qo=Min s
Po=0 s R
! A <
Is B
! fi — f
! H J —Vas i gp :
T ! D ; —_—
b I“ J Is Xs 5 O:‘.\ . © Vag
) 1 1
| ! A d /
\\\ T '_4.\- ---------------------- 9 /
\ i . / QosMax
N — H o ‘ S
\\Vai ? g s 'BO—O
\\ 3 \\\\\1’,*/‘://
. Qo= ;
.. Po=Max 7
J S — .-
Qo <0 ; Qo >0

-——— Power delivering region —-———

Figure 2.11: Phasor diagram for control strategy III
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which in normalized variables is

.
_ " 2.40a
Von 7 ( )
Ky, L6 ,f:,meq ,I_:imed f;,Rg
- _ - - 2.40b
W T I Vi ( )
= Wnnlb — jInXon — IjnXan — LnRyn- (2.40c)

The voltage across the capacitor in normalized form is
Vien = 1.35V3V,,. (2.41)

Introducing the PWM modulation ratio [33], the fundamental line to line input voltage of

the inverter is defined to be
Viei = ?dec sin (w,t + % + a) (2.42)

where o is the phase difference between the fundamental component of the inverted voltage
and the ac source voltage, w, is the utility frequency or the sinusoidal reference voltage

frequency and m is the modulation ratio, which is defined as the following:
=4

where A,, and A; are the peak amplitudes of the sinusoidal reference and triangular carrier,

m (2.43)

respectively. Using equation (2.42) and voltage drop across the line reactor, the normal-
ized phase voltage(V,i,) of the converter can be written in terms of the normalized source
voltage(Vasn), the normalized source current(l,,), and the normalized impedance of the line

reactor( R,, and X,,). Hence,
1
V2Viin sin(wst +a) = -2-deCn sin (wst + ) (2.44a)
= V2V,unsin (wst) + V21, sin (wst + @) (Ren + 5 X n )(2.44D)

from which

in (w,t = .
Vasn sin (wst) = MV ien S;I:/(; ta) sn SN (Wst + @) (Rsn + 7 Xsn)  (2.45a)

0.827mV,, sin (wst + @) — Ty Zon sin (wst + ¢+ 9)  (2.45b)

where

Zon = JR2, + X2, (2.46)

Xsn
tany = . 247
Y= R (247)
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2.5.1 Analysis for control strategy I

The idea of this strategy is to obtain constant power from variable speed power by

modulating the PWM signal. From the phasor diagram, shown in Figure 2.9,

Vaincosa = 0.827mV, cosa (2.48a)
= —Vasn + Isn Rsn cos ¢m — Isn Xson sin ¢m (248b)

Vainsina = 0.827mVy, sin (2.49a)

= LR, sing, + I,n X, cos ¢y, (2.49Db)

where Vasn, Rsn, Xsn, and Vg, are known variables for a certain speed of the prime mover.
Once the output power is fixed, I, and ¢,, are also known variables. Therefore the phase

angle between V,,, and Vg, is

_ In Ry, sin @y + Loy X5y cOS @ }
1 s m ™m
= . 2.
“ tan { —Vasn + Isn Rsp cos ¢m — Iy Xy sin ¢m ( 50)
Hence,
—_ I.!nRsn Sin ¢m + IanXsn cos ¢m
mVon = 0.827sin o (2.51a)
= constant. (2.51b)

Hence, the PMSM voltage variation, which depends on the prime mover speed, is matched
at the converter end by changing the modulation ratio. The constant power is determined

when the modulation ratio is fixed, which gives the power balance across the inverter:
LicnVaen = 3143 Vasn €08 ¢ + 312 Ry (2.52)

Hence, the normalized dc link current is

3In Vasn cos b + 3Iansn

Iicn, = 2.53a
. Vdcn ( )
- 31sn Vasn cOS b + 3-[32nRsn ) (253b)
1.35v/3V,,,
The output power and the overall efficiency are,
P, = Iy5nVasn €OS by (2.54a)
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constant (2.54b)

n = Olltpl'lt power (2.54¢)
PMSM air gap power
— Isn‘/asn Ccos ¢m o . (2.54d)
Von (0.7791400,) + (0.77914en ) Ryn

2.5.2 Analysis for control strategy II

This control strategy lets the VSCF scheme transform the variable speed energy in the
most efficient way. The power across the inverter is balanced over the entire operating speed

range. Therefore the output power is

Pon = Vienlaen — 312, Rsn (2.55a)
= 3Vasnlsn cOS @, (2.55b)

and the efficiency is given by
VasnIsn cos ¢ (256)

T Vo (0.779140m) + (0.779040n) Ryn

where I,,, Vg5, and Iy, vary depending on the speed of the prime mover. The maximum
power limit of the VSCF scheme using this control strategy is determined by the ratings of
the converter and PMSM.

2.5.3 Analysis for control strategy II1

For control strategy III, the operating speed range of the prime mover is mainly depen-
dent on the phase difference between the line current and the utility phase voltage. The
scheme produces the inverter phase voltage proportional to the prime mover speed by which
the phase difference, ¢,, is determined. The VSCF scheme generates lagging or leading re-
active power depending on the phase shift. From the power balance equation (2.52) and

phasor relationship
- 3Vasnlsn cos ¢p + 3-[3nRsn

Tyen = 2.57

4 Vdcn ( )

0.827mV,, cos a = Vg + Isn Ron cOs ¢p — I, X 5p, sin @, (2.58)
0.82TmVyy sin a = Ign Ry sin ¢p + I;n X oS ¢p. (2.59)
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From the above three nonlinear equations, Igcn, ¢p, and a can be solved for given Iy,

Vasns Vden, and m. Then the output power and the overall efficiency are,

P,, = 3Vasnlsncosdy (2.60a)

n = Vasnlan cos 6 - (2.60b)
Van (0.779140) + (0.779140)? Ran

where ¢,, Vyn, and Iy, are varying depending on the speed of the prime mover, and « is
the phase angle between phase voltages of the utility and the inverter.

The operating speed range is determined by the phase voltage levels of the utility and
the lower operating speed. But increasing the range of speed of the prime mover causes
problems due to an increase in phase current and hence increased line losses and that
resulting high rating of the converter at high speed. Therefore the operating speed range
and the phase voltage of the utility are chosen based on a compromise. Note that this

feature also affects the transformer ratings.

2.6 Impact of Switches and Switching Frequency on Filter Size

2.6.1 Switches

The impact of switches and switching frequency on the ac side filter are examined in
this section. The switching frequency of the inverter is a function of the available power
switches and their ratings. For 1/4 MW and above, GTOs are ideal switches with a switching
frequency up to 500 Hz. The Darlington transistors with a switching frequency of 2 kHz
can handle up to the 250 kW power levels. For lower power levels, IGBT and MOSFET

switches are considered with switching frequencies above 2 kHz.

2.6.2 Filter size

The relationship between the inductive filter, the maximum ripple current, and the

switching frequency is derived based on the following assumptions:
(1) The current has a linear rise and decay during a switching cycle.

(ii) The dc link voltage is constant during switching.
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(iii) The current is maintained within +A: band.

The switching cycle time is

1
2 (
where f, is the switching frequency in Hz. The rate of change of current is
2A1 .
_%_ =4f.Ai (2.62)

where At is the variation of current from its mean value and it may be either positive or
negative.

This is also equal to the available voltage to inductance ratio given as

4&Ai=£9§5%:lﬁﬁ (2.63)
s

where Ly is the filter inductance per phase with a maximum occurring at V,, = 0. Hence

the minimum filter inductance is given by

_ Vac
Lf—SLAi

(2.64)

As for the size of the capacitive filter in the dc link, it is designed based on the minimum
operating speed of the synchronous generator, the number of poles, and the ripple voltage

permitted in the dc link.

2.7 Experimental Results

2.7.1 Experimental results

A laboratory prototype VSCF power conversion scheme with the PMSM has been de-
signed and realized to verify the key theoretical predictions. The PMSM details are given
in section A.1.1 of Appendix-A. The inverter was made with MOSFET switches and had a
peak power capability of 3kW. The nominal switching frequency is 1 kHz but can be varied
up to 20 kHz. Apart from the power isolation transformer, filters on the ac side have been
introduced for this study. The leakage inductance of the isolation transformer may be used

as a filter since the external filters may not be desirable for large applications.
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(i) Control strategy I (Modulation control): Figure 2.12 shows the experimental re-
sults of the system performance using control strategy I. The line current on the utility
side is maintained constant even though the prime mover speed is changed from 743
rpm to 960 rpm. The transients are not shown in this figure. To maintain the line
current constant at 1.5 A, the modulation ratio has been changed from unity to 0.778.
Note that the dc link voltage has changed from 55.4 V to 74.4 V. The power factor is
leading.

(ii) Control strategy II (Maximum current clamping control): In this control strat-
egy, the modulation ratio is maintained constant. Hence an increase in prime mover
speed results in a proportional change in the dc link voltage. This results in an in-
crease in the utility side current resulting in a larger power output. Experimental
results reinforcing this reasoning are shown in Figure 2.13. The left half of the figure
corresponds to a prime mover speed of 657 rpm and the right half to 875 rpm. The
dc link voltage increases from 50 V to 64.1 V resulting in a line current on the utility

side from 1.05 A to 2.01 A.

(iii) Control strategy III (Phase angle control): The phase angle between the line
current and utility voltage is changed in this control strategy. This results in the
utility line current being maintained constant but output power is correspondingly
varied. Figure 2.14 shows the experimental results for the prime mover speeds of
1090 and 817 rpm to the left and right, respectively. The line current is maintained
at 3A whereas the phase angle changes from 25° to 68.8°, leading in both cases. This
control strategy facilitates the use of the inverter for generation of reactive power and

hence the scheme as a source of static VAR compensation.

(iv) Effects of the dc link filter on the system performance: Figure 2.15 shows the
effects of dc link filter on the system performance. The wave shape of the line to line
voltage of the PMSM drastically changes from trapezoidal to sinusoidal when an in-
ductor is introduced in the dc link. The line current of the PMSM has changed to
120°s of rectangular shape. As for the line current on the utility side, there is no

change either in magnitude or in phase. The introduction of the dc link inductor will
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Figure 2.12: Experimental results with control strategy I at two differ-
ent speeds of the prime mover. (Left half for 743 rpm and
right half for 960 rpm with modulation of 1.0 and 0.776,
respectively)
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Figure 2.13: Experimental results with control strategy II at two different
prime mover speeds of 657 and 875 rpm. (The lower speed
characteristics are shown to the left and the higher speed
characteristics to the right.)
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Figure 2.14: Experimental results with control strategy III at the prime
mover speeds of 1090 and 917 rpm, shown from left to right.
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Figure 2.15: Experimental performance due to the impact of dc link filter
on system characteristics. (Left half for no inductive filter
and right half with inductive filter, both performances at
the prime mover speed of 750 rpm.)
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decrease the harmonic losses in the PMSM but will have no impact on the utility side

variables.

(v) Dynamics of the VSCF scheme with the PMSM: The dynamic performance of
the proposed VSCF power converter scheme when the PMSM is started from standstill
is shown in Figure 2.16. It is run up to 956 rpm which corresponds to a dc link voltage
of 74.5 V. The line current is maintained at a maximum of 2.4A by modulation ratio
control. Note the change in the phase angle in the utility as it goes from a lagging
angle to zero degrees. The delay in the rise of the dc link voltage is due to the dc
link filter and PMSM electrical time constants. The proposed system handles the

transients very well as seen from this test result.

2.7.2 Experimental steady state performance characteristics

The experimental steady state performance characteristics for the three control strate-
gies as a function of speed are shown in Figures 2.17 - 2.19. The impact of control strategies
on the net output and efficiency is considered in this section. Control strategy-I, while main-
taining constant output power, is unable to utilize the increasing input power as the prime
mover speed increases. This results in low efficiency and never exceeds 54% for the proto-
type. With increasing speed, the efficiency drops as much as 12.5%. This can be explained
as follows. The modulation ratio is decreased with increasing dc link voltage due to the
higher speeds. This increases more turn-off times for the inverter switches and more conduc-
tion times for the integral body diodes which are freewheeling the energy. The diodes have
larger losses for the chosen MOSFETsS, and are approximately two to three times the device
losses. Added to that factor is the high frequency core losses of the PMSM itself. These
enhanced losses decrease the overall efficiency as speed increases. In control strategy-II,
the modulation ratio is maintained constant and hence most of the dc link power is trans-
ferred to the ac side. This results in higher output with increasing speed and hence higher

efficiency. From Figure 2.18, it is seen that the efficiency goes up from 66.4% to 71.7%.
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Figure 2.16: The starting and stop performances of the VSCF with the
PMSM from stand-still to running speed of 956 rpm and
then stop operation.
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Figure 2.17: Experimental and predicted results for control strategy I
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Figure 2.18: Experimental and predicted results for control strategy II
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Figure 2.19: Experimental and predicted results for control strategy III
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Figure 2.19 shows the performance characteristics using control strategy III. As the
speed of the prime mover increases, the power factor goes from lagging to leading which
helps to increase the efficiency to 60%. Even though the output power increases, it is not
in proportion to the input power. The enhanced losses due to the power factor being other
than unity reduces the efficiency of the VSCF power conversion scheme with this control
strategy. It is noted that this control strategy gives better performance than control strategy

I but is definitely inferior to control strategy II.

2.8 Conclusion

The following conclusions may be drawn from this study of a VSCF power conversion

scheme with the PMSM:

(i) A novel scheme for VSCF with PMSM has been proposed which can be operated with

a self commutating inverter.

(ii) The output current on the ac side is sinusoidal and power factor is adjustable, thus

eliminating two of the major disadvantages with existing schemes.

(iii) Three different control strategies have been proposed: Control of the magnitude of
the ac line current, control of the output power, and control of the power factor angle.
All these control strategies have been realized in hardware, implemented in the VSCF

scheme, and experimentally verified.

(iv) Control strategy II (Modulation control) gives the highest efficiency whereas control

strategy III (Phase angle control) gives a variable power factor angle.
(v) A variable power factor angle makes this VSCF scheme useful as a VAR generator.

(vi) For high efficiency, the modulation ratio has to be fixed at unity. This is verified with

control strategy II (Maximum current clamping control).

(vii) The switching frequency of the inverter does not exceed 1 kHz in most cases in order

to obtain a good sinusoidal waveform in the line current. This is a very attractive
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feature of this scheme and may find applications in high power schemes using GTOs,

Darlington transistors, and IGBTs.

(viii) The impact on system performance of using an inductor in the dc link is found to be

negligible.

(ix) The efficiency of the VSCF power conversion scheme with the PMSM is comparable

to the one using a line-commutated converter.

(x) The transient performance of the VSCF power conversion scheme is smooth and has

no detectable oscillations.
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Chapter 3

VARIABLE SPEED POWER CONVERSION
WITH AN SRM

The origin of SRM can be traced back to 1838. The advent of inexpensive high power
switching devices revived the interest in the machine. In the late 60’s, the potential of SRM
for traction application attracted researchers. Since then the progress in research of the

SRM drive has been phenomenal.

In this chapter, a review of the basic principle of operation of the SRM, currently
available converter topologies, the controller requirements and some design considerations

are included. A novel converter topology for the VSCF application is proposed and analyzed.

Nomenclature

dwy,  Incremental mechanical energy
60 Angle increment
Lo Maximum phase inductance of SRM

Lpsin, Minimum phase inductance of SRM

N, Number of stator poles of SRM

N, Number of rotor poles of SRM

P Number of ac supply phases, usually p = 3
q Number of machine phases

T Elecromagnetic torque
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ﬂ-’

B-

Va, Vb Ve

iaa ibv z'c

P;
PWmagnetic
P Wmechanic

n

Rotor position at i** inductance break point
Conduction starting angle or current advancing angle
Dwell angle

Falling angle

Shaft average torque

Average output power

Mechanical speed in [rad/sec]

Work per stroke

Front-end converter output voltage

System efficiency

Duty ratio

Front-end converter rms current rating
Machine-side converter rms current rating
Self inductance of SRM phase

Mutual inductance due to phase coupling
Stator winding resistance

Instantaneous power of a phase winding
Moment of inertia of machine

Coefficient of viscous friction

Stator pole arc

Rotor pole arc

Instantaneous ac phase voltages
Instantaneous ac line currents
Instantaneous shaft power

Variation of the magnetic field energy in a phase winding
Mechanical power of a phase winding

Efficiency across the machine and its converter
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3.1 Introduction

It is known that in comparing with the present variable speed induction drive, the
SRM drive has simpler construction and better than or at least equal performance in terms
of torque per unit volume, efficiency, and volt-ampere requirements. One of the distinct
features of SRM is the absence of windings or permanent magnets in the rotor, which results
in a mechanically and thermally robust and maintenance-free machine.

The SRMs are doubly salient machines with an unequal number of poles in the stator
and rotor, for instance, 8/6 or 6/4 poles in the stators and rotors, respectively, for four or

three phase machines. Such typical machines are illustrated in Figure 3.1.

3.2 Basic Principles of SRMs

The section includes the discussion on the salient features [63], [94] of SRMs. The
schematic diagram of an SRM with eight stator poles and six rotor poles are shown in

Figure 3.1 (a) and its idealized inductance profiles is shown in Figure 3.2.

3.2.1 Torque production

The operation of the machine is as follows. When a pair of the stator windings which
are diagonally opposite in the stator across the rotor are excited, the rotor moves until it
reaches aligned position with the axis of the excited phase. This position is referred to as
aligned position and it corresponds to the maximum inductance. The unaligned position
is reached when two diagonally-located rotor poles are half a rotor pole-pitch away from
the excited phase. If the next phase is excited before the rotor is fully aligned with the
currently excited phase then the rotor moves towards and produces one more work stroke.
Similarly, by switching the phase current sequentially the rotor continues to move. Hence
the movement of the rotor produces torque and hence mechanical power. The direction of
rotation of the machine can be reversed by changing the switching sequence of the phase

currents. Therefore this drive is capable of four quadrant operation.
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(a) 8/6 pole SRM structure (b) 6/4 pole SRM structure

Figure 3.1: SRM structures
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Figure 3.2: Inductance variation of a four phase machine
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In the case of a rotating machine, the relationship between the mechanical energy and
torque is,

éW,, = Té0 (3.1)

where §W,,, T, 60 are the incremental mechanical energy, electromagnetic torque, and the

incremental mechanical angle, respectively. Hence

6Wm
06

Assuming constant excitation and linear inductance, the incremental torque due to the rotor

T = (3.2)

movement from 6; to 6 is,
oW,

6T = — (3.3a)
- L("”;z:;’lw"i)-ai (3.3b)
= i-6i-6ng’z) (3.3¢)
- %iz.%g’i) (3.3d)

where L is the self inductance of the circuit at the rotor position of §. The torque equation
(3.3d) implies,
(i) The electromagnetic torque is proportional to the square of the winding current, which

results in

e The independence of torque with respect to the direction of current flow and hence

one switch per phase winding requirement.

e A good starting torque production.

(ii) The torque is also directly proportional to the slope of the inductance and rotor po-
sition. Hence, a negative torque (generating mode) is made possible with unipolar
current by operating the machine on the negative slope of the inductance and posi-

tion.

3.2.2 Inductance variation and torque

Neglecting the fringe effect and magnetic saturation, Figure 3.3 (b) shows the inductance
variation of one-phase with respect to rotor position. Each rotor position at which the slope
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of inductance profile changes significantly is determined in terms of the stator and rotor

pole-arcs and number of rotor poles. From Figures 3.3 (a) and (b), the various angles are

derived as:
0 = pa -3 B+8) (3:42)
0, = 61+ 05, (3.4b)
s = 03+ (B: - Bs) (3.4¢)
s = 63+, (3.4d)
0s = 05+ 6, (3.4e)

where (8, and 8, are pole arcs of the stator and rotor, respectively, as shown in Figure 3.3
(a).
The number of cycles of inductance variation per revolution is proportional to the num-

ber of rotor poles, and its period is equal to the rotor pole pitch, 65 and is given by,

2r
bs = No. of rotor poles (3.52)
= ]2V_1r rad (3.5b)

r

The physical interpretation of inductance at each stator-rotor position is,

0 — 6;: The stator and rotor poles are not overlapping and the inductance stays at
Loin.

6, — 62: The rotor pole starts to overlap with the stator pole at #; and the inductance
increases until the poles are fully overlapped at §; where the inductance has its maximum
value L, qz.

f2 — 03: The inductance remains constant at L., until complete rotor-stator overlap
is over. During this period no torque is produced. However, it is desired to have this flat
inductance region to prevent significant negative-torque generation. The unequal rotor and
stator pole arcs allow the flat-top inductance profile. Usually the stator pole arc is smaller
than the rotor pole arc to get more winding space.

03 — 04: The inductance decreases linearly until it reaches L,,;, and the poles are not

overlapping anymore.
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Figure 3.3: Rotor position and torque

VARIABLE SPEED POWER CONVERSION WITH AN SRM



64 — 05: The inductance remains at Ly,in. Applying a constant current on the stator
winding, the resultant torque is shown in Figure 3.3(c). Depending on the slope of the
inductance and position, the machine produces either a positive (motoring mode), or a
negative torque (generation mode) as seen from the torque equation (3.3d). Note that
due to the machine back emf and inductive circuit characteristics, the current is usually

advanced.

3.2.3 Steady state performance of the SRM

Energy conversion

In one revolution, for a q-phase machine, there are ¢V, work strokes per revolution. The
idealized relationship between the inductance profile and flux linkage-current characteristic
for a flat-topped current waveform is shown in Figure 3.4. The points in both Figures 3.4
(a) and (b) are similarly labeled on both the figures. In Figure 3.4(b) the area OAEFO is
possible energy conversion area, but due to the inductive circuit characteristics the early
current commutation is required to avoid a significant negative torque. This causes the
reduction of the available energy loop from the area OAEFO to OABC. In order to optimize
the energy conversion, it is essential to convert the whole field energy into mechanical energy.
In practice part of the field energy returns to the electric source. To maximize the energy

conversion efficiency the following is to be achieved:

(i) Keep the current flat during the positive slope of the phase inductance. To do that

advance energization of the winding may be essential.

(ii) Commutate the current as fast as possible so that the residual current does not produce

the negative torque.

Current waveforms

As shown in Figure 3.3 the polarity and magnitude of the torque of the SRM rely on
the variation of inductance and position, when the pulse current is applied. Since the
inductance is also a function of current, the current shapes are to be considered in the

energy conversion.
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Figure 3.4: Flat-topped current and energy conversion
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In practice, the source voltage obtained from batteries or rectified dc sources is fixed,
the source voltage is assumed remain constant at 1 pu in the discussion of current wave-
forms. The current shape varies with speed, load torque and the time of energization of the
windings. The flat-topped pulse currents are expected around the base speed. At low speed,
the rate of current rise is high because of the large voltage difference between the source
voltage and the back emf. The slow inductance variation is in favor of the current increase,
too. Therefore current chopping is required at low speed to limit the current magnitude.
On the contrary, at the high speed, the increased back emf and short time for the rise of
the current do not allow the current to build up fast. As a result more advanced turn-on
of the phase windings are required for higher speed operation.

Typical current and their experimental waveforms using a four phase machine are shown
in Figure 3.5. Figure 3.5(a) shows the effects of late commutation. The high rate of current
rise and longer current rise-time explicable by the chopped current waveforms in Figure 3.5
(b) after advancing the turn-on timing 7° from #; shown in Figure 3.3. At the base speed
which is defined as the speed at which back emf is equal to the source voltage, a nearly flat-
topped pulse current flows as shown in Figure 3.5(c) But at higher speed, enough advance
in turn-on timing is required for the current to be built up. Compared to that of the
base speed, more than two times of advanced angle is provided for the speed of 4200 rpms
shown in Figure 3.5(d). Note that these two different advanced angle are almost of the
same time duration, i.e. 7° = 0.65 ms (@ 1800 rpm) and 15.4° = 0.61 ms (@ 4200 rpm).
An asymmetrical bridge converter shown in Figure 3.6 (a) is used in the current waveform

measurements.

Average torque and power output

The coenergy in Figure 3.4 is used to calculate the average torque calculation. The

average torque, Ty, is given by
Work No. of stroke 1

L. = Stroke Revolution 271 (3.62)
N 1
= W-N, [22). = .
( 2) = (3.6b)
WN,N,
= T Nm (3.6¢)
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Figure 3.5: Typical current waveforms at different speed
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where W is the work per stroke, N, is the number of stator poles, N, is the number of

rotor poles. The average power output is,

Po = Ta . Wm (3-73)
= &r‘gsﬁ, Watts (3.7b)

where W,, is the mechanical speed in rad/sec.

3.3 Review of the Topologies

Many SRM-converter topologies have been proposed to control the unidirectional phase
currents. The cost minimization and performance maximization are the two important but
sometimes conflicting requirements in selecting the converter topologies for SRM drives.
That is, single switch per phase configurations are appropriate for low performance appli-
cations because of their use of minimum number of power devices and components, and
resulting simplicity of the drive circuitry, whereas two switch per phase converters are
needed for high performance drive system for them to have more freedom in controlling
the phase currents in spite of the cost differential compared to the single switch per phase
configuration.

It is well known that the SRM drives require only one switch per phase winding since
the torque is independent of the direction of the winding current. However, in practice,
some difficulties lie in the realization of single switch per phase configuration because of
SRM’s highly inductive circuitry. Hence, provisions for diversion of current path are to be
given before switching off the current. Otherwise, the converters experience high voltage-
spikes, resulting in the failure of the switching devices. This factor is one of the major issues
to be considered in the discussion of the SRM converter. The control complexities are the
result of the SRM-converter topologies and hence the need for a clearer understanding of the
converter topologies. But the inductance of the winding contributes to the device protection
in case of a shoot through fault. Since each phase winding is connected in series with a
switch or switches, it limits fast current rise. In this section, the presently available major
topologies are reviewed in regard to the number of switches, operations, control flexibility,

and device ratings, etc.
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3.3.1 Converter configurations and operations

Many converter topologies have been used in various applications. The configurations

are classified as in the following:
(i) Asymmetric bridge converter.
(ii) Bifilar-winding configuration.
(iii) Split dc supply converter.
(iv) C-dump configuration.
(v) R-dump configuration.
(vi) Switch-shared configuration.
In spite of the different configurations, they have the following common features:

(i) Series connection of the switches and the phase winding, resulting in the immunity to

shoot through faults.

(i1) Independent operation of each phase, resulting in the operation of healthy phase even

in the presence of some phase failures.

(iii) Energy return paths when the switches are turned off to prevent the high voltage

spikes.

Asymmetric bridge converter

The converter, as shown in Figure 3.6(a), requires two switches and two freewheeling
diodes per phase. There are three stages of operation for this configuration. The first stage
occurs when both switches are turned on. The source voltage, Vy. is applied across the
phase winding to build up the current. In the second stage, one or two switches are turned
off while current is flowing in the winding, the current free wheels through one diode and
one switch or it flows back to the source through the two freewheeling diodes to reduce the
current magnitude, depending on the control strategy. The last stage is performed when

both switches, T; and T, are turned off to commutate, forcing the current to flow against
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the source voltage through diodes, D1 and D;. The energy stored in the winding is depleted
at this stage and recovered. Among the currently known SRM drive topologies, this has
the maximum freedom in the control capability and has no constraints on the number of

phase windings.

Bifilar-winding configuration

Figure 3.6(b) shows a simple converter for an SRM with bifilar stator windings. Current
increases in the main winding when the switch, 71, is turned on and the stored energy in
the winding is transferred to the source through the auxiliary winding and diode when the
switch is turned off. The simplicity of the converter is achieved with the bifilar wound
machine which has a poor winding space factor, additional copper, more terminals in the
machine. The high voltage spikes resulted from the imperfect coupling and winding turns
ratio may be more than twice the source voltage when the switch is turned off. Therefore

the voltage rating of the switching devices is more than twice that of the SRM winding.

Split source converter

This also meets the minimum switching device requirement and is shown in Figure
3.6(c). Phase A is energized by turning on 7;. The current circulates through 77, C; and
phase-winding A. If T; is off, the current continues to flow through phase winding A, D,

and C,. Note that C; is at %Vdc. Hence the stored energy in the winding is depleted fast.

C-dump configuration

C-dump configuration shown in Figure 3.6(d) requires one more switch and diode than
the number of machine phases and additionally a capacitor and an inductor. When T}
is switched off while A-phase winding current flows, the current commutates to D; and
begins to charge the dump capacitor Cy. The rising voltage across the capacitor reduces
the decaying time of the phase current. The trapped energy is recovered with the step-down
chopper made up of T4, D4 and the inductor Ly. The configuration has the disadvantages of
relatively high voltage rating of the power devices and energy recovery losses and increased

capacitor use.
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R-dump configuration

Figure 3.6(e) shows a converter configuration with one switch and one diode per phase.
When T) is switched off, the winding current freewheels through D; and an external resistor
R,;. Compared to the other source-recharging type converters, this configuration is disad-
vantageous in that it takes longer time to extinguish the winding current at commutation
possibly causing negative torque and further it dissipates a part of the winding energy in

the resistor, reducing the overall efficiency.

Switch-shared configuration

This configuration is categorized into the following two types.

q+1 switch topology: qis the number of phases. Figure 3.6 (f) shows a converter

circuit in which one end of all phase winding is connected to one common midpoint between
a switch and a diode. Other ends of the windings are connected separately at the similar
points. To excite phase-A winding T, and T} are turned on. When the phase A is enabled
the common switch, T, remains turned on and the phase switch T; is switched on and off
for current control, or keep the phase switch, T} on , and switch on and off the common
switch, T, for freewheeling control. Only after completing the depletion of the energy stored
in the phase winding, the next phase can be energized. The converter is fit for SRMs which
do not have inductance overlap because it can control only one phase current at a time.
Therefore it is suitable for SRMs with low number of phases and not for high performance
applications where multiple phase energizations may be required.

1.5q switch topology: A power converter circuit for an even number of phase

machine is shown in Figure 3.6(g). Top switch, T, is shared by two phases. Note that it
is shared by phase A and phase C, and T34 is shared by phase B and phase D so that each
phase has enough time to deplete the winding energy. The top switch controls one phase
current at a time since there are no overlap current in phases A and C (or phases B and
D). The peak current through the switches are equal but the rms currents are different.
Hence the switching and conduction losses are not evenly distributed, but the converter has

almost the same flexibility in control as an asymmetric bridge converter.
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Figure 3.6: SRM converter topologies
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Figure 3.6: Continued
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(e) R—dump configuration
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(f) q+1 switch topology

Figure 3.6: Continued
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(g) 1.5q switch topology

Figure 3.6: Continued
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3.3.2 Control strategy

The control flexibilities are mainly dependent on the converter topology and to an extent
on the machine characteristics. Depending on the topology, some of the control strategies

may not applicable as summarized in Table 3.1.

Angle control

In SRM drives, two angles are controllable; one is current advance-angle and the other
is conduction-angle. High speed, or heavy load torque requires more current, resulting in
large advance-angle. But the conduction angle remains constant, otherwise, longer cur-
rent decaying time may cause a significant negative torque. At low speed or light load,
the machine can be controlled by reducing the conduction angle or by chopping current.
The former gives large torque ripples (accompanied by acoustic noise), whereas the latter
produces less torque ripple but causes more switching losses. In high performance applica-
tions, the specifications allow a small torque ripple. In those cases, overlap current may be

desirable to meet the requirements. It is achieved by increasing the conduction angle.

Current control (chopping)

At low speeds the back-emf is low, and as the inductance increases slowly, the current

rises fast. Consequently the phase current rises to a higher level than it is required. It is

controlled simply by turning on and off the switching devices. Current control is achieved
either by chopping or by conduction angle control. Two strategies are involved in current
chopping; one is freewheeling control and the other is regeneration control. When a phase
switch is turned off while the current flows, the freewheeling control lets the current circulate
through the winding and a freewheeling diode (and a phase switch). Hence it reduces the
system efficiency in the case of a R-dump configuration, on the contrary, it enhances the
system efficiency for an asymmetric bridge converter. Regeneration control is acceptable
only in the limited topologies as shown in table 3.1. It gives a higher system efficiency than
the energy-dump type configurations, but it also has demerits such as high switching losses,

large current through dc link capacitor and high voltage fluctuations in the dc link.
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Table 3.1: Comparisons of the converter topologies

Device

et e T PR Motor Control
Configuration | | I:J 2'_ _?f____ _______E?.t'_l,r}g_s __________ win(.iing capability
SW. i Diode| Voltage | Current rating

Asymmetric : : Ip Very flexible

bridge 2q; 29 > Vde | — Vde
1 | q
converter ' :

Bifilar : : Ip No freewheeling
winding Q! q | >2vde | — vde control
converter E i 1

Split E E Ip No freewheeling
source qQ: q >Vde | y/— 1 control
converter ; | q 2 Vde

C—dump ! E Ip No freewheeling

configuration q+1 i q+1| >2vde ‘! g Vde control

R—d.ump | q ; q >oVde ’ Ip Ve No regeneration

configuration ; - q No overlap

i ; current
, ; Ip No overlap
q+1 switch ' ' current control
+1 1 q+1| >Vde ! Yq
Topology q ! 4 ¢ : a Ve
| i I Te

15q switch |3 |3 I
. 1tC ' ' -

a 5 41354 > Vde | q Vde Very flexible

Topology 2 ‘ ;

H ; I
| e T12, T34
' i q
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Table 3.1: Continued

Configuration Merits Demerits Misc.
) ~ High efficiency ~ High count of devices |~ Good for
Asymmetric - Fast regeneration - High voltage drop loc;w;;alggé
bridge - High control capability (across the devices)
converter
Bifilar -~ Fast regeneration - Poor thermal -Good for
winding management low voltage
converter ~ Low count of devices - Low power density 10W lPOWEI‘
eve
— High voltage ratings
of devices
- Extra copper &
connections
Split ~ Low count of devices ~ Phase dependence
source
converter ~ Fast regeneration - Extra capacitor
- Relatively - Even No. of phases
high efficiency o
- Low reliability
C—dump ~ Low count of devices ~ One Extra switch
configuration ~ Relatively ~ Extra inductor
high efficiency
— High count of
components
R—dump - Simplicity - Low efficiency ~ Low
configuration - Slow current decay perfqrmance
- Low count of devices | - Limited conduction applications
angle
. ) -Low power
- High voltage rating level
of machine
~ Limited ducti
~ High efficiency anglee conduction ‘LO}V
. - . - . performance
q+1 switch Fast regenerat10§ Extra switch applications
Topol ~ Low count of devices | -~ Not even power
opology - Simplicity dissipation of devices
- Limited conduction
angle
~ High voltage rating
of switch
1.5q switch ~ Fast regeneration - Even No. of phases
~ Relativel - Uneven power
Topology Y dissipation of devices

low count of devices
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Current control (commutation)

Fast current decay, recovery of the stored energy, and small torque ripples are the key
features in phase commutation. The first two can be carried out by regeneration through the
freewheeling diodes in most of the available topologies and the torque ripple can be reduced
by overlapping phase currents. However, the R-dump configuration is not acceptable for
this requirement and it gives a large torque ripple because of the limited conduction angle.

q+1 switch converter topology has a large torque ripple for the same reason.
3.3.3 Device ratings

Selection of switching devices

The selection of switching devices takes an important place in designing a converter.

The following factors are the key issues to be considered:
(i) Power level.

(ii) Source and transient voltage.

(iii) Peak and continuous current.

(iv) Switching frequency or switching speed.

(v) Cost.

(vi) Simplicity of driving circuit.

In the SRM drives, forced commutated converters are required. Therefore the converters
consist of the switching devices such as GTOs, BJTs, IGBTs, and MOSFETs. For low power
range converters, the MOSFETs and IGBTs are the attractive candidates. Judging from
the peak and continuous current ratings, MOSFETSs are the most suitable devices for the

SRM converters.

Current rating of the switching devices

Depending on the control strategies and converter topologies, the current rating is vary-

ing. The peak current rating and the continuous current ratings should be defined first in
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any case. From the given specifications, the peak current, I,eqk is defined as the following.

__F
ok = nsDVdc

where P, is the peak output, D is the duty ratio, Vg, is the dc source voltage, and 7, is

Lpe (3.8)

the efficiency of the system. The continuous current rating is equal to or less than the
peak current of the winding. Assuming the continuous current equal to the rms current
per phase, the rms current is determined from a flat-topped current. Allowing no overlap

current and no phase-shared switch, from Figure 3.7 (a) the rms current is given as,

1 gc 2
Ims = /5= /0 1,%d8 (3.92)

0.
<1 (3.9b)

if 8. = %T" then I, = % where ¢ is the number of phases, 6, is the conduction angle for
each phase, and I, is the peak current value.
The top switches in the q+1 and 1.5q switch converter topologies have the rms current

as in the following:

I L% g4 [ 12
rms — 274 IP +./2T" Ip 0 (310&)
6.
- _7r_1p (3.10b)

Ife. = 2n , then
rms \/——

When there are overlap currents through the switches of the asymmetric bridge converter

I, (3.11)

or through the switches in the similar conditions, the rms current is given,

1 27460
Ims = / T L2dg (3.12a)
0

2

_ 1 90
= \/q + 50 Iy (3.12b)

where 8, is the overlap angle. The switch T, in Figure 3.6(f) is a particular case and its

rms current is given from Figure 3.7(b) as,

[1 [t
Ims = a\/5— /0 I,%d8 (3.13a)
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2
= — .13b
052k (3.13b)

In practice the rms current is less than the calculated value, since the current is usually
chopped to control the magnitude and the duty ratio is less than unity. When the switches
are turned off while the current is flowing, the freewheeling diodes take over the current,

resulting in the reduction of the switch rms currents.

Voltage rating of the switches

The voltage rating of the switching devices is dependent on the source voltage and the
converter topologies involved. As discussed earlier, the voltage rating of devices in a bifilar
winding machine is the worst case, where the minimum voltage rating is at least twice
of the winding voltage for the turns-ratio of 1:1. Other topologies, even the split source
configuration, need the device voltage rating of V;. + AV, where Vj, is the dc link voltage
and AV is a voltage margin to allow the increased voltage dc link voltage at commutation

and the voltage spikes at turn off due to the circuit stray-inductance.

Freewheeling diodes

If the phase switches are turned on, the freewheeling diodes are reverse-biased by the
source voltage. Hence, the minimum reverse voltage blocking capability is equal to the
switch forward-blocking voltage. In the SRM drives, fast-recovering diodes must be used
in conjunction with the switches because fast forward and reverse recovery are required to
ensure fast current transfer at turn-off and fast blocking of diodes at turn-on of the switches.
When phase switches are off, the freewheeling diodes conduct. The peak current rating of
the diodes is the same as the peak on time current of the drive. But the rms current rating
is not obvious because it is a function of the duty ratio and the machine inductance. Table
3.1 summarizes the key features of the SRM converter topologies. The merits and demerits

are also included.
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(b) Flat—topped current with overlap

Figure 3.7: Rms current calculations using a flat-topped current
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3.4 VSCF Power Conversion with an SRM

The overall power conversion scheme is shown in Figure 3.8. The scheme works for
both generating and motoring operations. In the generator mode, the shaft is driven by
a prime mover. The electro-magnetic torque developed in the generator (when it delivers
power) opposes the torque of the prime mover. The losses due to the copper and iron
core, friction and converter causes the difference between these two torques. In a motor the
electromagnetic torque developed in the machine except the losses is delivered to the shaft
which drives the mechanical load. In this scheme, the SRM is directly connected to the shaft
of a pritne mover which has a variable-speed power such as an aircraft starter-generator. In
the experimental set-up, a dc machine is mechanically coupled to the SRM. For generation
the dc machine provides the variable-speed power to the system as a prime mover, and for
motoring it takes power from the system as a load. The SRM rotor position is obtained
from an optical encoder which is installed on the rotor shaft. The machine interfaces to the
three phase mains through the proposed converter. During motoring, the converter acts as
an inverter and drives the SRM as a motor. For generating operation, the power converter
provides excitation to the SRM and extracts the resulting generated power directly to the

ac mains.

3.4.1 Topology

A converter topology which is capable of four-quadrant (motoring and generation) op-
eration is proposed for the VSCF power conversion scheme. The new converter topology
for the VSCF power conversion scheme is made of two functional stages. One is converting
stage which consists of six switches and six diodes and it interfaces a three-phase 60 Hz ac
supply and a single-phase variable-frequency ac source. The other is the commutating stage
through which each phase-winding is energized. The former is referred to as a front-end

converter, the latter is referred to as a machine-side converter hereafter.

The functions of these converters for SRM drives may be briefly described as follows.
When the rotor is appropriately positioned with respect to the stator, unidirectional current

pulses are applied across the phase windings to energize.
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Figure 3.8: Overall conversion scheme using an SRM
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If a desired current is commanded, a rapid response is needed for the demanded phase
current level, which requires a two quadrant power converter, which is capable of applying
equal positive and negative phase voltage when necessary. This is done usually by reversing
the current direction of the phase winding through feedback diodes, on the contrary, the
proposed converter keeps the source current direction, and changes the voltage polarity
instead. Most of the SRM drives(the rectifier-capacitor source) except battery-source cases
can not directly feed the energy to the source due to the diode bridge and the current
limitation of the electrolytic power-capacitor, thus only limited amount of returned energy
is stored in the capacitors and reused. As a result, an extra circuit such as dump resistor
across the capacitor may be required to limit the voltage rise in the dc link, this resulting in
a low efficiency. In such cases the reversed current affects the life-time of the capacitor due
to the frequent charging and discharging actions. However the new converter can return
the power from the machine to the source directly without any limitations and eliminates
the dc link capacitor. The elimination of dc link capacitor resulting in cost savings and
enhancement of the reliability of the scheme and increasing the power density of the scheme

due to lower weight.

Front-end converter

The proposed converter configuration is shown in Figure 3.9. It is realized by cascading
one switch with a diode for a switching block. It comprises six MOSFET switches(T1 to T6)
and six diodes(D1 to D6). The three phase ac is connected to the mid point of each leg and
the output is applied across the phase winding. The MOSFETSs withstand the positive off-
voltage and the diodes block the negative voltage excursion. Each MOSFET is provided with
a turn-off snubber circuitry(not shown in the figure) to reduce the turn-off switching stress.
The capacitors on the ac side provide current path when both top and bottom switches
are off. It is a two quadrant converter. Note that the switching block eliminates shoot-
through faults, namely, any number of switches can be activated simultaneously without
detrimental outcome. This feature is greatly advantageous in controlling the converter, and
will be discussed in detail in the section on converter control. To verify the feasibility, the

front-end converter is tested for a resistive load.
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Figure 3.9: The proposed converter configuration for the VSCF scheme
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Figure 3.9: Continued

VARIABLE SPEED POWER CONVERSION WITH AN SRM

82



The output voltage and a switching signal in the PWM mode is shown in Figure 3.9
(b), where the output voltage waveform shows clearly six order harmonics riding over a dc
voltage. The waveform is very similar to a conventional three-phase diode bridge output
with chopping. Note that despite the solid turn-on signal during some period the output
voltage is not affected at all due to the reverse-biased diodes. An ac line current is also

shown with a switching signal in Figure 3.9 (c).

Peak currents through devices are determined primarily by the machine phase current.

The voltage ratings are dependent on the peak voltage of the three phase ac source.

Machine:side converter

Each phase winding of the SRM is connected in series with a MOSFET and a diode.
Therefore a four-phase machine needs four MOSFETs and four diodes for a machine-side
converter. The diodes prevent the phase current reversal which may happen through the
anti-parallel diodes of the MOSFETs when the polarity of the applied voltage is changed by
the front-end converter for generation. Compared to the front-end converter the switching
frequency of this converter is very low, because it is used only for phase commutation
purposes. At the point of commutating there is no current flowing in the phase winding,

which reduces turn-off stresses of the MOSFET switches greatly.

Peak currents through devices are determined primarily by the machine. The peak

current and voltage ratings of the devices are the same as the front-end converter.

3.4.2 Control of the converter

The objective of controlling the SRMs is to obtain smooth torque at a desired speed.
This can be accomplished by controlling the phase current as a function of rotor position.
The essential feature of the control logic for the front-end converter is to synchronize the
switching signals with the mains. Figure 3.10(a) depicts the block diagram of the control
circuit for the front-end converter. Three phase sinusoidal signals are compared with each
other by three comparators, which sets phase relationships of each phase at logic signal

level.
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(a) Block diagram of the control circuit for the front—end converter

Figure 3.10: Control circuit & signals for the front-end converter
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Figure 3.10: Continued
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(c) Switching signals for T1 & T4 (5V/div, 1ms/div)

Figure 3.10: Continued
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Appropriate combinations of the comparator outputs through six AND-gates give 120°
high signals per cycle. Each signal has 60° of phase shift with regard to each other. These
signals ensure the turn-on time of the six switches(T1 - T6). During the on-time current
limiting signal from CT-PWM circuit and excitation signal from EEPROM governs the
switching signal through a three input AND-gate. The resultant signal(T-1) is shown in
Figure 3.10(b). To avoid destructive high voltage stresses in the converter, a continuous
current-path should be arranged for inductive current of the circuit. Using a simple RC
delay circuit the switching signals(T1’ - T6’) for each switch are extended(T1d - Téd),

which lets the converter provide a path for the ac line current.

In the SRM drive, as discussed earlier, current is controlled using regenerative schemes
for fast response, and is done by reversing the polarity of the voltage in this scheme. In
Figure 3.10(b), if one of the top switches(T1, T3, or T5) and one bottom switch(T2, T4, or
T6) of a different leg are turned on with forward-biased diodes, then a phase-current begins
to flow. After the period, if turn-off signals are commanded, the other two switches of the
same legs (which are already turned on) take over the current. When the current path is
shifted from top to bottom, or vice versa, the voltage-reversal across the machine-winding
occurs.

Note that even though the two switches of the same rail are turned on, only one switch
on whose diode is forward biased conducts. This eliminates the shoot through faults of

the converter. The experimental switching signals in Figure 3.10(c) confirms the last two

signals shown in Figure 3.10(b).

Key features of two control circuits, phase shifting and position sensing circuits follow

the functional diagram of the CT-PWM controller in Figure 3.11.

Phase shifting circuit

Since the front-end converter deals with a three phase ac source, the phase information
of each phase of the ac source is required to activate the converter. In the discussion, a
balanced 60 Hz three-phase ac source is assumed. A simple phase-shifting circuit(PSC)

design[82] and its performance are discussed in this section.
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The use of the PSC eliminates the necessity of all the three-phase references directly
from the main source. Only one line to line voltage, or a phase voltage is required as a
reference signal. Figure 3.12(a) shows the schematic diagram of the PSC. As can be seen
from the schematic, a sinusoidal voltage is fed to the PSC as an input signal. The output is
a sinusoidal voltage of which phase can be varied by trimming the resistance, Rp. The last
operational amplifier, OP-4, is a gain changer. Note that the polarity of the output-signal
is not changed, and the gain is greater than unity. The peak of the input signal should be
less than the amplifier source voltage (usually, Vcc = 12 V), otherwise, the signal-waveform
is distorted severely.

The transfer function of the given circuit is,

Vout

F(s) = v (3.14a)
1-sCR
= TTsCR (3.14b)

Since s can be replaced by jw in the steady state, the gain |F(s)| and the phase LF(s) are

given as the following.

_ [1-sCR|
\FEl = Tscr]
——MW (3.15b)

V1+ (wCR)? ]

= unity (3.15¢)

(3.15a)

LF(s) = —2arctan(wCR) (3.16)

It is found from the above equations that the resistance, R, affects the phase ZF(s) .
However it does not have any effects on the gain. But in practice, due to the parasitic
components of the circuits, the gain amplification (OP-4) is required to control the signal
gain.

As shown in Figure 3.12(b), the PSC permits continuous phase control about 0° to 180°
with a unity gain of the output signal. The maximum phase-shift range is dependent on
the Rp, and Cp values. For example the PSC has the maximum phase-shifts of 148.5° for
Cp=0.47 pF and Rp=20 KQ, and 173.5° for Cp=0.94 uF and Rp=50 K.
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Figure 3.12: Phase shifting and three-phase signal generation
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(¢) Three phase sinusoidal generator

Figure 3.12: Continued
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Three-phase sinusoidal generating-circuit using the PSC is shown in Figure 3.12(c).
Four PSCs are cascaded in series to control the phase of the input signal as required at each
stage. The reference sinusoidal input to the PSC-O is fed through a low-pass filter. The
PSC-O ensures synchronization or phase shifting(c) of the generated three-phase signals
with respect to the three-phase main source. The trimming resistances of the next three-
PSCs are fixed (Rp=4.887 KQ, Cp=0.94 1 F) so that the PSCs have 120° of phase shift and

unity gain.

Position sensing and commutation

SRM drives require the information of the rotor position as in a brushless PMSM drive.
In some cases the pulse train from the shaft position sensor can be used, however, at low
speeds a large number of pulses per revolution is needed. This can be obtained by using an
encoder or resolver or by phase-locking a high frequency oscillator to the commutation sensor
such as LED sensors. In this study, an 8 bit (in binary code) encoder is used for position
sensing. An EEPROM 2864 is used as an external memory chip. It is programmed to give 5
output signals; one is for excitation signal of the front-end converter output voltage, the rest
are for commutations. The clock for the chip is the LSB of the rotor position signal from the
encoder. Since the LSB of the encoder generates 256 pulses per revolution the commutation
timings are not even for an 8/6 pole machine which has 24 strokes per revolution. That is,

each machine stroke has a different pulse-width and is calculated as,

256 pulses

_ _Ttev__
No. of pulses for each stroke = 21 strokes (3.17a)

rev.

10.67-Rulses (3.17b)

stroke
This results in the uneven widths of the strokes. They are to be 11 pulses or 10 pulses.
Due to the uneven machine-stroke widths, the phase currents may not be same even in the
steady state. To avoid the undesirable results, high resolution encoders, or position sensors
are required for high performance drives. The inter-connections of the EEPROM and the
encoder including the output signals are shown in Figure 3.13. The commutation signals(Ta
- Td) for the machine-side converter are directly obtained from the predetermined tables

for different advance and conduction angles stored in the EEPROM.
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Figure 3.13: Inter-connections of the EEPROM and the encoder
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With the input of the rotor position, the corresponding switching signals are com-
manded. For a two quadrant operation of SRM controller, at least two tables are necessary.
For the 8 bit encoder used in the experimental prototype, each table occupies 256 bytes.
Since the current in the winding should be depleted before phase commutation occurs, the
energization time is limited both in motoring and generating operations. It is commanded

by the fifth signal(excitation signal) of the EEPROM(Oy) in Figure 3.13.

The direction of torque is determined by the time relationship between the instanta-
neous rotor position and the stator current for a particular stator pole. Thus, motoring
and generating operations are easily achieved by the control signals of the machine-side
converter. The control variables are the advance angle at which the phase switches(Ta -
Td) are turned on, and the timing of excitation when the polarity of the voltage is reversed

by the front-end converter.

3.4.3 Operation of the scheme

The most commonly used four-phase machine with 8 stator poles and six rotor poles are
used in the study. Motoring and regenerative operations are explained in this subsection

with the proposed scheme.

Motoring operation

In Figure 3.9, the phase current is controlled by one pair of switching devices in the front-
end converter with one of the phase switches closed. If a pair of the front-end switches
(one from top and the other from bottom in the different leg) with the diodes next to
them forward-biased are turned on, the phase current builds up through one of the phase
switch(chosen by the position sensor) in the machine-side converter. During the period, the
other two switches of the same legs in the front-end converter are also turned-on with no
current conduction due to the reverse-biased diodes. Two switching-signals (T1 and T4)
of the same leg are depicted in Figure 3.10(b). If the two current-carrying switches are
turned off to reduce the phase current, the voltage across the winding is reversed since the

other two switches are already turned on and take over the current. During this time the
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inductive energy is returned to the source and the current decays. In motoring operation
the regenerated power is much less than the power supplied by the source. The difference of
the two powers is transformed into mechanical power and consumed by the load and parts
of the power is dissipated in the form of losses such as the iron, copper, windage, friction
and converter losses. A high-speed motoring operation needs turn-on time to be advanced
before the rising inductance point(#; in Figure 3.3), when the circuit inductance is small,
allowing the current to establish to the desired level before the rotor reaches the torque-
producing region. High back-emf of the machine opposes the fast current build up during
high speed. The speed change of the machine also demands the conduction angle variation
responding to the changed inductance of the circuit and the phase current. Establishing
current in the phase winding before #; increases copper loss but does not generate more
torque as much as the current does after #;. In high speed operation, the phase current
never reaches the current set-point, and hence current chopping is not enforced any more,
which is called single-pulse mode. Typical profiles of inductance, voltage, current and power

of a phase winding are shown in Figure 3.14 for single-pulse mode operation.

Generating operation

When operating in generation mode, the objectives of control are to operate the system
at the maximum efficiency and power. In this operation, the current pulse is positioned

to occur while the rotor pole is departing from the stator pole (i.e. during negative in-
ductance slope), then the current shape in Figure 3.14 (c) is a duplicate of mirror image
of the motoring operation, shown in Figure 3.14(a). However, since there are no windings
or permanent magnets on the rotor, an external setup of the magnetic field is necessary.
Therefore, excitation from the source is required, and in this period energy is taken both
from the supply and the shaft, and is stored in the field. After the excitation period the
energy is returned to the source from the shaft with the magnetic field energy. Even in the
generating mode, phase advancing of current is required at high speed to establish a desired
current. But too much advance of the control signal will result in decreased generating
power. The extreme case is shown Figure 3.14 (b), in which almost no net power-flow is

measured in the dc link.
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(a) Motoring characteristics

Figure 3.14: Relationship of inductance, voltage, current and power
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Figure 3.14: Continued
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Figure 3.14: Continued
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On the contrary, retarding too far will also produce positive torque(motoring operation)
because current is flowing during positive inductance slope. Since these limits are functions

of the machine geometry, special care should be exercised at the machine design stage.

3.4.4 Design of the converter

The SRM drive, unlike other machines, can not operate without its power converter.
It is known that the variable speed SRM drive offers a high system efficiency over a wide
range of torque and speed. Various attempts have been made to estimate the converter volt-
ampere ratings from linear and quasi-linear models of the SRM, but due to its nonlinear
characteristics, none of them was complete. In this section, some design aspects about the

SRM converter-design are provided.

Current rating

The current rating is defined as peak current rating and continuous current rating which
is equal to, or greater than the rms current. Assuming flat-topped current pulse, the
peak and rms current ratings are given in equations (3.8) and (3.9b), respectively. For

convenience, they are rewritten,
P,

Lpeak = DV (3.18)

where P, is the peak output, D is the duty ratio, Vj. is the dc source voltage, and 7 is the

e
Ir s = - 2 .
. \/%/0 1,2d6 (3.19a)

6.
= 5l (3.19b)

efficiency of the system.

if 8. = 27" then Irpms = —I\/% where ¢ is the number of phases, 6. is the conduction angle for

each phase, and I, is the peak current value.

Since all the semiconductor devices (T1-T6, D1-D6, Da-Dd and Ta-Td) constitute the

current path in series, and the converter does not allow any current overlap, the devices
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have the same the peak current rating. The number of switches in the front-end converter
is solely dependent on the number of phases of the supply, which is usually three-phase.
Thus, the device counts are fixed such as six diode-switch(switching-block) pairs. One pair
of switching block conducts when power is processed through the converter. Therefore the
rms rating of the front-end converter may be differently defined in single pulse mode as the

following.
P,

Ircrms = —
\/ﬁnvdc
where, p is the number of supply phases, V. = 1.35V};, and V}; is the rms line to line

(3.20)

voltage of the three-phase supply. Then the machine side converter rms current rating is
determined as follows.

IMCrms = IFCrms%f (321)

where, q is number of machine phases.

Voltage rating of the devices

Despite the cascaded connections of diode-switch in a switching block the voltage block-

‘ ing is not shared by the two devices because each device blocks different polarity voltages.

Thus, the minimum voltage rating of each device is dependent of the source voltage and is
given

Vimin = V2V (3.22)

where Vj; is the rms line to line voltage of the ac source. However due to the transient

voltage at commutation and at turn-off, some voltage margin is desirable.

Input side capacitor

When the switches of the same leg in the front-end converter are turned off, the ac line
current need a path to flow and it is provided by the capacitors in the ac supply. Their

minimum voltage rating and sizes are given by

Vinin = \/—2—‘/" (323)

. 2
C=1 (‘}:n) (3.24)
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where, L, is the stray inductance of the circuit and %,, is the maximum instantaneous current

when the two switches are turned off.

3.4.5 Theoretical and experimental results
Theoretical results

The voltage across a phase winding is closely associated with the flux linkage(of a wind-
ing) which varies cyclically with rotor position, 6 and phase current . From the equivalent
circuit for SRM phase winding shown in Figure 3.15(a), the general voltage equation for a

phase winding is given by

+vg, = iR, + dq’flf”) (3.252)
+ nonlinear circuit-component voltage-drop
. di  dL(6,7) L di
= iR+ L(O,z)a + "~ " M(0,z)dt (3.25b)

+ nonlinear circuit-component voltage-drop

where, R. is the circuit equivalent resistance including winding resistance(R,,), M is the

mutual inductance due to coupling between phases, L is self inductance.

Neglecting the nonlinear circuit-component voltage drop, the circuit resistance except

winding resistance, and assuming self inductance L in independent of current, the equation

is given by
tvg, = % + iR, (3.26a)
di dL .
= LE + o + iR, (3.26Db)
di .dLdf .
= La + de—t + lRw (3.26C)
di dL .

where, w = df/dt, the rotational angular speed. Therefore the equivalent circuit diagram

becomes as shown in Figure 3.15(b).
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Figure 3.15: Equivalent circuit of a phase winding
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The instantaneous electric power to a phase winding is given by

Py = Zvg (3.27a)
di g dL |,
= IAE +1 wog + i“Ry, (3.27b)
d 1 , 1, dL ,
= —(= rw— 27
gl itk (3.27¢)
= PWmagetic + Pwmechanic + PWcopper (327d)

The first term of the equation is the variation of the stored magnetic field-energy in a phase
winding, the last term stands for the winding copper-loss. The term in the middle of the

equation represents the mechanical power output and it may be expressed alternatively as

Pwmechnic = Tew (328)

where T, is the electromagnetic torque. In motoring operation, T¢ is positive in polarity, but
in generation mode it becomes negative. It implies that if mechanical power is externally
supplied in the generation mode, the machine can generate electric power. The mechanical
equations describing the interactions between the load torque 7; and the electromagnetic

torque is given by

J% +Bw=T,-T, (3.29)
df
T=u (3.30)

where J is the moment of inertia, and B is the coefficient of viscous friction. Flux linkage
in each phase and rotor position are obtained by solving the differential equations (3.26a),
(3.29) and (3.30) using numerical integration. Since flux linkage and rotor position are

known, the phase current can be found from the ¥(6,7) data.

The predicted results of the scheme in the steady state are obtained using Backward-
Euler method for the solution of differential equations. The results shown in Figure 3.16
includes phase-voltage, line-current and instantaneous power for ac source, and phase volt-
age, current and inductance variation for the SRM machine. The commanded speed and
torque profiles are also available. The front-end converter is basically phase-controllable.

Therefore, the current can flow at any phase of the source voltage.
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The phase relationship between the phase voltage and current shown in the results
is set at @ = 0°, similar to a thyristor-based phase-controlled rectifier. Dc link voltage
is maximized at the activation angle. The instantaneous dc link power(P,) and shaft-

power(P;) are determined by

N-1
P, = % D va(ti)ia(ts) + vp(t:)in(t:) + ve(ti)ic(ts) (3.31)
=0
1 N-1
P; = i g T(t:)w(ts) (3.32)

where, N is the number of simulation points, v,(t;), vs(¢;) and v.(¢;) are the phase voltages
at time of t;, i,(%;), i(ti)andic(t;) are the line currents, T'(t;) and w(t;) are the shaft-torque
and the rotational angular-speed, respectively. 2.5 us of time step is used in the digital

computer simulation. Consequently, the system efficiency across the machine is defined as,

Output power from dc link
Input power to the shaft

P,
> (3.33b)

(3.33a)

Experimental results

The feasibility of the scheme is verified by the comparison of the theoretical and experi-
mental results. The oscillograms of the dc link voltage and current are found in Figure 3.17
(a). With the same time scale at the machine speed of 1800 RPM(1 pu), the instantaneous
power waveform is shown in Figure 3.17 (b) which contains the dc link current, too. In
power waveform instrumentation, a multiplication chip, XR-2208, is used. The chip has
bandwidth of 8-MHz. The dc link current and the attenuated dc voltage are two inputs to
the chip, and the power is directly measured at the output pin. From the measured value

the actual power is calculated by
P, = k,kyk; X Measured voltage at chip terminal (3.34)

where, ks, k, and k; are chip scale factor, voltage gain and current gain, respectively.
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Figure 3.17: Experimental results of a VSCF with an SRM
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Since the voltage is a bipolar quasi-square wave, the instantaneous power waveform is
almost a linear expansion of the current in magnitude except polarity change due to the
voltage polarity. The oscillations in the power waveform come from the voltage oscillations
at the moments of commutation. It is due to the switching of a highly inductive circuit.
Figure 3.17 (c) shows the waveforms of phase-voltage and current of the ac mains. The
humps in the voltage can be removed by using a low pass filter on the supply side. The
bipolarity current explains that only one current path is provided for the field energization
and regeneration. In other words, only two phases out of the three phases of the supply are

used as the current path at a given time.

Two operation modes are discussed in the following using the expanded current and

power waveforms. These waveforms also validate the profiles shown in Figure 3.14.

Motoring mode: As shown in Figure 3.14 (a) a motoring torque is produced by ener-

gizing a phase winding during the period when the inductance is increasing. The machine
takes power from the ac source up to the point where commutation occurs. The energy
taken from the three-phase mains is converted to mechanical output, magnetic field energy
and is partly lost in the converter and machine. After the point where commutation occurs,
the stored field energy is partly returned to the source, and during this period the front-end
converter changes the polarity of the dc link voltage. Some of the field energy is converted
to further mechanical output and losses. The converter and machine also take parts of the
energy in the form of losses. Experimental measurements of the dc-link current and power

in the motoring mode is shown in Fig 3.18 (a), where the net average power is positive.

Generation mode: If a phase winding is energized, while the rotor is moving away from
the fully aligned position (i.e. during the decreasing inductance), power is generated. Figure
3.18 (b) is taken after advancing the current far from the generation mode. The winding
is energized by taking energy from the source during inductance rising period (producing
positive torque) and it returns energy to the source during inductance decreasing period
(taking energy from the shaft). The waveforms are taken with the machine running. In this

operation, no average power was measured in the dc link.
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That is, during the generation mode the machine returns power as much as it has taken
from the source during the motoring mode. The current takes the shape shown in Figure
3.18 (c) , which is a mirror image of Figure 3.18 (a). During the rising current portion, the
machine takes energy from the three-phase mains and shaft, and stores energy in the field.
During the generation period, the system takes energy from the shaft and returns it to the

source.

Figure 3.19 contains the impacts of the current advancing angle, 8, on the output power.
It depicts the output power on the ideal phase-inductance profiles as a function of rotor
position. For dwell angle, 8. = 7° and speed of 1800 RPM, power output at dc link are
predicted at two voltage levels, v4. = 0.5 and 1.0pu. Experimental results have been taken
for vy, = 0.5pu. The results show that the maximum power is obtained with a significant
retarding of 6,. To maximize the power output, the excitation current should attain its
rated value. But, the advance of 8, more toward the peak inductance with constant 6.
opposes the increase of current. For the given conditions, the system gives the maximum

output power around 39° from the unaligned rotor position.

The output power and efficiency at various speed are included in Figure 3.20, for 6, = 39°
and 0. = 7°. The maximum power is predicted and measured near the machine speed of 0.8
pu as shown in Figure 3.20 (a). Decreasing speed reduces the power output of the machine,
and in a high speed range the desired current can not be attained due to short rising time
and high back-emf. The efficiency shown in Figure 3.20 (b) is almost constant for the entire
operating speed range. It can be explained by the comparable losses; copper losses in the

low speed range and windage/frictional losses in the high speed range.

3.5 Conclusion

In this chapter, the operation of SRMs was studied in detail. The discussion includes
the basic principles of SRM drive, topology review and the application of SRM to VSCF
scheme using a new converter topology. The inherent nonlinearity of the machine has been
explored using the characteristics such as output power and efficiency vs. speed and output
power vs. current advancing.
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(c) winding current and power in generation mode

Figure 3.18: Current and power flow of a phase winding in each operating mode
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Figure 3.20: Impacts of speed change on output power and efficiency
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The proposed topology has distinct features such as unidirectional current-flow and
bipolarity of dc-link voltage. The topology is able to convert power directly from three-phase
ac source to an SRM and vice versa without any dc link capacitor. However, simulation
results of the converter show large ripple in the torque due to the lack of current overlapping
capability, which results in acoustic noise. Through this study, the possible use of SRMs in
the VSCF applications is clearly confirmed by the good correlation between the theoretical

and experimental results with respect to the following characteristics.
(i) Phase voltage and line current in the ac source.

(ii) Voltage and power in the dc link.

(iii) Winding current and inductance profiles.

(iv) Relationships between power and efficiency vs speed.

(v) Relationship between power vs current advancing angles.

Based on these observations, the following original contributions are made in the study

of VSCF power conversion scheme with the SRM:

(i) A novel VSCF power conversion scheme with the SRM has been proposed.

(ii) The converter topologies with no dc link capacitor have been proposed. This feature
enhances the reliability of the power conversion scheme and reduces the weight of the

converter system.

(iii) The proposed converter topologies directly links the constant frequency ac source to the
SRM and they provide for four quadrant operation. This feature makes it attractive
for starter-generator applications such as in aerospace, hybrid electric vehicles and

remote power stations.

(iv) Various control modes of the proposed scheme have been studied, modeled and ana-

lyzed, and experimental correlation is obtained on many key issues.

(v) The feasibility of the proposed VSCF power conversion scheme is demonstrated both

by simulation results and experimental verification.
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Chapter 4

AN AC TO DC POWER CONVERSION
SCHEME

VSCF schemes supply various three phase and single phase loads. Most of these loads
are variable speed ac or dc motor drives. Under these circumstances, unity power factor and
distortion free operation of theses drive schemes is desirable. Phase-controlled ac to dc power
conversion has the disadvantages of low power factor and harmonic pollution on the utility
side, particularly in the case where dc voltage regulation is required. This chapter presents
a one-stage single-phase controlled rectifier which has a wide output variation on the dc
output while maintaining unity power factor and sinusoidal current on the input side. This
scheme also provides galvanic isolation which is required in most industrial applications
with a transformer of small size, compared to the ones used with the phase-controlled
converters. Three control strategies for the operation of the converter are proposed and
verified experimentally. The harmonic spectra on the ac and dc sides are analytically
derived. The low frequency harmonics of the ac line current have been eliminated by PWM

and higher orders could be filtered out depending on the control strategies.
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Nomenclature

L,,C, Inductance and capacitance of low pass filter
fe PWM carrier frequency
fr Resonance frequency of a notch filter

C;,C: Ac capacitances for inductive currents

k Number of pulses per cycle

D Duty ratio

I, Fundamental component of ac line current
I, n-th order hamonics of ac line current

V, Rms voltage of ac source

| Fourier series of dc output voltage

Ve DC component of output voltage

0;; Dividing point of i-th pulse for control strategy III

0 Chopping point on pulse leading edge for control strategy III
0:2 Chopping point on pulse tailing edge for control strategy III

4.1 Introduction

In ac to dc power conversion, it is timely to consider the minimization of its negative
impacts on the ac utility such as low power factor and harmonic distortion. Even though
the standards on power factor and harmonics have not been enforced, utilities are expected
to demand better quality because of poor power factor operation resulting in over-sizing of
the power conductors and continuing degradation of the power quality. Line-filter capacitor
of a diode-bridge or a phase-controlled rectifier causes short duration of conduction which
in turn results in large pulse-currents. Such pulse-currents are rich in harmonics and have

the following disadvantageous features:

(i) They might introduce unnecessary tripping of the protective circuit breakers.

(ii) They need over-sized EMI filters.

AC TO DC POWER CONVERSION SCHEME 115



(iii) They cause more losses in the power device due to higher peak current for the same

power rating requiring better thermal management of the converter.

To separate the effect of the faults on the dc side and surge from the utilities, transformer
ohmic-isolation is a usual practice in the industrial applications. In this chapter a single-
phase PWM ac to dc converter has been studied to offset and minimize these problems.
High-frequency switching PWM converter can reduce the size of the EMI filters, the heat

sinks, and the isolation transformer, thus minimizing weight, size, and cost of the converter.

4.2 Description of Systems and Ratings

4.2.1 Operation principles

Referring to Figures 4.1 and 4.2, the scheme consists of four bilateral switches, a high
frequency transformer, and a diode bridge rectifier, and low pass filter on ac side. Qutput

filter is optional and is excluded in the study.

The control logic is designed to synchronize two pairs(S1 & S4, S2 & S3) of switches in
Figure 4.1. To apply a high frequency voltage across the transformer from 60 Hz source, the
source voltage has to be chopped at a certain rate. If the chopping points are determined
by control strategy, one voltage pulse out of every two is applied in one direction across the
transformer winding, and the next pulse in the other direction as shown in Figure 4.3. It
shows a simulated voltage waveform across the transformer primary winding, in which every
pulse has equal area(i.e. equal volt-second). Thus, the source seen from the transformer is

high frequency ac voltage.

4.2.2 AC filter ratings; L,, C,, C; and C;

L, and C, are determined on the basis of the carrier frequency of the converter. In
the PWM converter, with a carrier-frequency of f., the first two lowest harmonics are f.+
60 Hz. These harmonics can be screened with a notch filter with a zero or a pole at the

resonant frequency, f,. = f..
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Figure 4.2: Bilateral switches
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In the case of a PWM converter with the ac source frequency of fs and carrier frequency
of f. Hz, (where f. = kf,, and k is integer), the low-order harmonics can be filtered with
an inductance of L, and capacitance Cs, where

1

WAL 1)

s

and k is the order of the harmonic.

Due to the high-frequency transformer-leakage inductance and the stray inductance of
the circuit during turn-off of both the switches in the same leg, the current needs a paths
to flow. They are provided by C; and C;. Their minimum voltage ratings and size ratings

are given by

Minimum voltage rating of Cy( or C;) = V,, (4.2)
im
Ct( or C,) = L](V—)2 (43)

where, where V,,, is the peak voltage of the ac source, L; is the sum of the transformer
leakage-inductance and the stray-inductance of the circuit, i,, is the maximum current to

be switched off by the bidirectional switch.

4.2.3 Bilateral switches

Four configurations of bilateral switches shown in Figure 4.2 can be considered in the
scheme. The switch configuration shown in Figure 4.2 (a) is made of two active switches
and four fast-recovery diodes. This arrangement has more loss due to higher voltage drop
of two fast-recovery diodes. In manufacturing process the fast-recovery diodes have more
recombination-centers, compared to the regular ones and those impede the current flowing.
Figure 4.2 (b) has low voltage drop. Thus, it is more advantageous for high-frequency
application. The switch structure of Figure 4.2 (c) is easy to control because only one
unidirectional-switch is used with a diode-bridge and this has the same voltage drop as
4.2 (a). The last, Figure 4.2 (d), comprises two four-layer semiconductor devices which
have no body diodes and have self turn-off functions in them such as IGBT’s and GTO’s.
GTO’s doped with heavy metal(without anode short) can withstand high reverse voltage,
and it draws large current from gate circuitry when switched on and off. However, since

the presently available IGBT’s do not have reverse blocking capability, series diodes may
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be required. In this study the third configuration with the fast recovery blocking-diodes is
used due to the simplicity of the operation. When the high voltage fast-recovery diodes are
considered, four-diode configurations are more expensive compared to the two-diode two-
active switch configurations. If the loss and heat dissipation are the major concerns, then
the structure, 4.2 (d) is recommended. Neglecting the stray inductance of the circuitry,
the diode and the switching-device ratings are dependent on the power output which the
converter deals with.

Minimum voltage rating = V,,. (4.4)
Considering the stray inductance of the circuit and the leakage inductance of the trans-
former, a margin is required for the voltage rating to account for a voltage spike at turn

off. Assuming the transformer ratio, n=1,

Current rating = l—VA— 4.5
2Vin/V2

where VA is the volt-ampere of the transformer or the power rating of the scheme.

4.2.4 High-frequency transformer

The center-tapped transformer is preferable to reduce the voltage drop due to diodes.
Once the VA rating of the transformer is decided, other subsystem ratings follow subse-

quently.

4.2.5 Diode bridge

High-frequency transformer necessitates a fast-recovery diode-bridge and its ratings are
as follows:

Minimum voltage rating = v2V, (4.6)
Current rating = I,/V/2 (4.7

where V, and I, are the transformer secondary rated voltage and rated current, respectively.

4.3 Control and Operation of the Scheme

Three control strategies are developed and compared from the viewpoints of harmonic
spectra and ease of operations. Particular attention has been directed in eliminating the
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low order harmonics on the ac side to reduce the input filter size. The requirement of
high-frequency transformer is explicable by the requirement of high power density, low
cost and compactness, etc. However, due to the non-sinusoidal voltage applied across the
transformer in the scheme, some care is necessary in the use of the transformer to avoid core
saturation. A design consideration of the transformer required by all the control strategies
of the proposed scheme is that flux-linkages are balanced in each cycle. In this scheme,
however, due to sine-wave characteristics the volt-second area is not equal, if it is chopped
at equal time interval. However, by varying the chopping interval, the sinusoidal voltage
can be chopped such that each pulse has the same volt-second. In that case, the minimum
switching interval for the equal volt-second area occurs at near the peak, where the pulses
are almost square waveforms. Therefore, the switching frequency for the same volt-second
area is the highest near the peak as shown in Figure 4.3. From the discussion, it can be
inferred that the cause of the transformer saturation is the pulses near the peak when the
pulses at equal intervals of a sinusoidal voltage are used as inputs to the high frequency

transformer.

Using the simulation results the merits and demerits of each strategy are discussed in
the following. The analytical expression for the harmonics of the ac line-current is also

derived for the last two strategies.

4.3.1 Strategy I: Constant-interval chopping strategy

This strategy is developed using double edge modulation. For clarity, only a resistive
load with no filters on both ends of the scheme is considered with low carrier-frequencies
throughout the discussion. Each pulse shown in Figure 4.4 (b), or (d) has the same area
(or volt-second). Every other pulse is applied to the transformer winding in the opposite
polarity as shown in Figures 4.4 (a) and (c). Thus, the magnetic resetting is achieved in

the transformer.
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Comparing Figures 4.4 (a) and (c) it is obvious in the strategy that, due to variation of
the pulse area, the maximum dc output voltage is a function of the first-pulse area whose

duty ratio is determined (hereafter referred to as base pulse) as

base pulse conducting angle
base pulse angle (or 27 /k)

Duty ratio = (4.8)

where k is the number of pulses per cycle. Figure 4.4 (e) provides the conduction interval
in the case of six pulses per half cycle as a function of duty ratio. It has a simple triangular
shape, which results in simple implementation of the scheme. This shows only one-quarter
of a full waveform, but, due to its symmetry, it contains all the information required. Figure
4.5 (a) shows that the maximum dc output voltage is dependent on the base pulse. The
base pulse which gives the maximum output-voltage is varying in step according to the
number of pulses as shown in Figure 4.5 (b). The dc output is changed by varying the
duty ratio. However the odd number harmonics as low as the 3rd show up on the ac side
as shown in Figures 4.5 (c) and (d) for the cases of Figures 4.4 (b) and (d), respectively.

The rich harmonics in low frequency make strategy I less useful in practice.

The next two strategies are made by eliminating the low order harmonics using high
carrier-frequencies. Special care has to be taken, to avoid the transformer saturation. First,
the relationship between the carrier frequency and the input-current harmonic spectra is
identified by deriving an analytical equation. The current waveform, Figure 4.6 (e) on
the ac side is obtained by multiplying the sinusoidal waveform, 4.6 (a) and the switching
signal function, Figure 4.6 (d) for the case of six pulses per half cycle. In the following two
strategies the duty ratio ( or D) is defined as the ratio of dc control-voltage level to the
carrier magnitude. The Fourier series of the waveform, Figure 4.6 (d) is a function of duty
ratio, D and the number of pulses per cycle, k ( or carrier frequency ). It is expressed as

F@)=D+3 5;2 sin{nr(1 — D)} cos(kn6). (4.9)

n=1
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Figure 4.5: Dc voltage and harmonics for control strategy I
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The resultant of the multiplication of Figures 4.6 (a) and (d) is given as

o0
I(6) = Ipsin6+ Y I, sin(kn —1)8

n=1

- i I, sin(kn + 1)0 (4.10)

n=1
where D and k are duty ratio and number of pulses per cycle, respectively, and Iy is the

magnitude of the fundamental components and is expressed as
Ip=D I, (4.11)

I, is the kn £ 1 th order harmonic-current magnitude and is given as

- I sin(nr(1 — D))

I, (4.12)

The fundamental component I, is proportional to the duty ratio, and the next two lowest
harmonics are k+1 th and k-1 th harmonics. The two harmonics have same magnitudes
except the phase difference of 180° as shown in Figure 4.7 (a). Depending on the number
of pulses, k(for carrier frequency, kf,) the harmonics can be eliminated up to k-2 th or-
der. Using the analytical equations (4.11) and (4.12) , generalization of the relationships
between the harmonic amplitudes versus duty ratio for the harmonics is made possible. It
is shown in Figure 4.7(b) for n=1, 2, 3. The magnitudes of knt1 th harmonics are given
in equation (4.12). They have a period of 7v/n radian with the maximum magnitudes of
I,/(nt)at D=1/2n (0 < D < 1,n =1,2,3...). In the equation (4.10), there is no cosine

term, which makes the scheme with unity displacement factor.
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Similarly the voltage waveform on the dc side is expressed as

2v2D & 4V2D
Vo - ( T —27—;(47”2—_1)C082no
n=1
fo'e) .
B Z 44/2sin n1r2(1 D) cos knd
n=1 nw
——————cos 2nf
+nz=:l T(4n? — 1) cos 21
o0 .
X Z 2v2sinnn(1 - D) cos knO) Vs (4.13a)
= nw

where V.., is the rms voltage of the transformer secondary for the duty ratio unity. Its
harmonic spectrum is shown in Figure 4.8. For convenience of drawing and writing the

equations, the rms voltage is assumed to be 1 pu hereafter. The dc component is given as

= 2‘/_—21)‘/3_

Vie (4.14)

4.3.2 Strategy II: Carrier chopping strategy

It has been shown that the harmonics lower than k-1 th order can be eliminated by
the carrier frequency of kf,. Every other pulse is applied to the transformer winding in
the opposite polarity. It is easy to implement but the utilization rate of the transformer is
low. The conduction angle for the windings with k=12 is presented in Figure 4.9 (a) with
the transformer primary voltage waveform in (c). There is no possibility of transformer
saturation for this strategy. It has been tested using a simplified equivalent circuit, and its
result is given in Figure A.6 of Appendix A. It shows that the flux is varying according to
the applied voltage. And it does not saturate since the transformer is reset every applied

voltage cycle.

4.3.3 Strategy III: Carrier and even-chopping strategy

Harmonic elimination is fulfilled in the same way as strategy II. Thus, it has the same
harmonic spectrum in the ac line current as strategy II for the same carrier frequency.
However, it is different from strategy II in that its switching frequency is twice the carrier

frequency. Each pulse area is evenly divided into two segments.
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One of the two segments is applied to the winding in the positive polarity and the
other is applied in the negative polarity. Thus, the transformer is reset within each carrier
frequency. This strategy is difficult to implement because the dividing point is not defined
as a single function for varying duty ratio. However, if an on-board computing using a
microcomputer or microprocessor is considered, it can be easily implemented. In this study,
it is implemented using carrier-waveforms stored in EEPROMs.

The dividing points are given as

€OS 6,; + COS 8,

0;; = COS_l( 2

). (4.15)

The dividing point and conducting angle of each winding versus duty ratio with k=6 is
shown in Figure 4.9 (b). The voltage waveform across the transformer primary winding is

shown in Figure 4.9 (d).

4.4 Theoretical and Experimental results

The theoretical and experimental results from a laboratory prototype are compared to
verify the validity of the proposed scheme for the second and third strategies. For the
second strategy, a 20kHz of carrier frequency is used with a small size of low-pass filter (142
pH, 2uF) on the ac input side. This study uses a carrier frequency of 2.4kHz for control

strategy III without any filters in the power circuit.

4.4.1 Experimental results for strategy II

Figure 4.10 shows the ac line current, transformer voltage and ac source voltage wave-

forms. No phase delay between ac voltage and current is observed.

4.4.2 Experimental implementation for strategy III

Figure 4.11 shows the brief experimental set up. The zero crossing signal from the ac
source voltage gives the reset signal to the four digital counters each cycle. The EPROMs
have 8k bytes of memory. Triangular carrier waveforms are stored in the EPROM-I and
the waveforms corresponding the pulse polarity to the transformer is stored in the other

EPROM.
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These two waveforms from the EPROMS amplified and compared with dc voltage to
control the duty ratio. The outputs of the comparators are fed to base drive through
optocouplers. The output of the comparator-I gives the total energy transferring time
through the converter for each carrier. The second comparator output is used to determine
the half volt-second area of each pulse obtained by comparator-I. Therefore the output of
the second comparator turns on one of the switch-pairs §; and S4 (or S; and S3) and
the rest of the first comparator output turns on the other switch pair. Doing so, one half
volt-second of each pulse is applied to the transformer and the next half is applied in the
opposite polarity. On the secondary of the transformer fast-recovery diode full-bridge is
connected to rectify the high frequency ac source. The related waveforms of this control
circuit are shown in Figure 4.12. The circuit details and control board for this control

strategy are included in Figures A.4 and A.5 of Appendix A.

4.4.3 Predicted and experimental results for strategy III
Dc output-voltage variations

The theoretical and experimental dc voltage variation against the duty ratio is shown
in Figure 4.13. The discrepancy between the predicted and experimental results at higher
duty ratio comes from the voltage drop across the devices (MOSFETs) due to higher cur-

rent. 1 pu dc output voltage is the rectified voltage at a duty ratio of unity.

Resistive load

Figure 4.14(a) shows the waveforms for the resistive load at the duty ratio (D) of
0.5. The predicted and experimental harmonic spectra for the ac line current are shown in
Figures 4.14 (b) and (c), respectively. The magnitude of the fundamental ac component is
0.5 pu which is already predicted in Figure 4.7, where 1 pu is the peak current as shown in
Figure 4.6. The predicted results are also obtained using the equations derived in section
4.3.1. The first ac line current harmonics are found near the carrier frequency as shown in

Figure 4.14 (b) and (c).
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The even order harmonics and the side band harmonics are predicted in Figure 4.8 for
the rectified dc voltage. The experimental measurements and predicted results are compared

in Figure 4.15 (b) and (c).

Dc motor load

The waveforms and the harmonic spectra are shown in Figure 4.16 for the case of a dc

motor load. Due to the back emf of the dc motor the current is discontinuous.

RL load

The waveforms for an RL load are shown in Figure 4.17 (a). The phase delay of the
source current is noticed due to the load power factor. This results in introducing the odd

harmonics in the ac line current as shown in Figure 4.17 (b).

Devices stress and transformer voltage waveforms

The device stress and the transformer secondary voltage waveforms are shown in Figure
4.18 with the ac source voltage and ac line current for the RL load. For the resistive load
the maximum voltage stress across the switching devices is the same as the source peak
voltage. However for the RL-load the voltage stress across the devices increases as the load

increases due to the effect of the load inductance.
4.4.4 Discussion of experimental work

Control strategy II

In this study, 20kHz of a bipolar triangular wave from a function generator is used with
comparator chips to control the duty ratio. The advantage of this strategy is the simple

control circuitry.
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Control strategy III

In the implementation of control strategy III, a carrier frequency of 2.4kHz is generated
and used to verify the validity of the converter. No filters are connected to the both ends
of the converter for the clarity of the waveforms. The transformer with single secondary

winding is used with a full-bridge rectifier consisting of fast-recovery diodes.

4.5 Conclusions
The following conclusions are derived from this study:

(i) A power circuit topology capable of unity displacement-factor with sinusoidal input

current is proposed.

(ii) Three control strategies are proposed for the operation of the converter and they are
simulated and analyzed. Two of the strategies have been designed and realized in

hardware and experimentally verified for various loads.

(iii) Harmonic analysis for two control strategies has been derived in analytical form and
verified experimentally on a laboratory prototype. Low-frequency harmonic elimina-

tion in the input current was feasible up to the desired frequency-ranges.

(iv) One-stage power conversion with a wide-variation in dc output voltage and galvanic

isolation with a high frequency transformer of compact size are achieved.
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Chapter 5
CONCLUSIONS

Objectives:
The goal of this dissertation was to explore and define the electrical constant frequency

(VSCF') power conversion schemes using PM brushless and switched reluctance generators.

To meet this goal the following research objectives were addressed:
(i) Analysis and design of the VSCF power conversion schemes.
(ii) Improvement of the overall efficiency of the schemes.

(iii) Introduction of forced commutation to remove the constraints on the frequency range.

(iv) Reduction of harmonics.
(v) Improvement in power factor.

(vi) Wide range of speed of operation, maintaining all the above objectives.

Applications:

The schemes may find applications in the following;:

(i) Wind power generation.

(ii) Naval or aircraft on board ship power generation and processing.
(iii) Jet engine starter-generator in aerospace applications.

(iv) Stand alone power generation for remote stations.

Contributions:

In the course of the study, the following contributions are made:
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(i) An integrated system consisting of PM brushless and switched reluctance generators,
and self commutating converters were modeled, simulated, analyzed, and experimen-

tally verified.

(ii) Two novel schemes for the VSCF scheme with a PMSM and an SRM have been
proposed.

(iii) The two proposed schemes have been designed, built, and tested to prove the feasibility

of the scheme.

(iv) A new converter topology for four-quadrant operation SRM drives has been proposed
and verified, which eliminates the dc link capacitor thus enhancing the reliability of

scheme.

(v) Several control strategies for the scheme have been proposed, analyzed, and imple-
mented on a laboratory prototype. They are directly applicable to ac to dc or dc to

ac power conversion.

(vi) A new topology and three control techniques for single phase ac to dc power conversion
were proposed, analyzed, and have been experimentally verified. This scheme provides
isolation and compactness to the VSCF scheme. Thus, it makes the system even ideal

for the applications with constraints of critical limits on volume and weight.

Recommendations for the future work

The following recommendations are made to extend the work described in this dissertation.

(i) Development of a dynamic model for the simulation and analysis of the VSCF power

conversion schemes.
(ii) Comparison of these two schemes with wound rotor and induction generators.

(iii) Topology exploration for the SRM which is capable of wave shaping of the input/output

current and torque ripple reduction.

(iv) Performance analysis of the scheme at extreme operating conditions.
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(v) Evaluation of the schemes for various applications.

(vi) Fault tolerance test of the scheme during normal operation.
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Appendix A
SUPPLEMENTS

A.1 Supplements to Chapter 2

A.1.1 PMSG parameters

R, = 1.4Q Stator resistance
L, = 8.7mH Line filter inductance
R, = 2.967% Line filter resistance
Ly = b5.6mH Stator d-axis inductance
L, = 5.8mH Stator g-axis inductance
P = 6 Number of poles
Am = 0.1546V/(rad/sec) Mutual flux linkage
B = 0.000388Nm/(rad/sec) Damping constant

= 0.00176 K g — m? Moment of inertia
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A.1.2 Experimental set-up with a PMSM

PMSM

1

V]

DC motor

PMSM

8.0 A continuous
35 A peak

210 V line to line
5000 RPM max
2900 RPM rated
2.48 Hp

DC motor

84V — 214 A continuous
28.9 V — 90 A peak
3000 RPM

Figure A.1: PMSM connection to dc motor

SUPPLEMENTS

156



A.2 Supplements to Chapter 3

A.2.1 Experimental set-up with an SRM

[&7] ]
o
Encoder SRM lﬁ DC motor D :l
|
Encoder SRM DC motor
8 Bits Stator 0.D.=105.20 mm Ns=8 12 A
Binary code  gtator 1.D.=89 mm Ne-g 30.3 V
1800 RPM rated Bs =16° 2800 RPM
75 Watts @ 1800 RPM Br=18°
J=3/10000 Kg-m? 1 s

B=10"° Nm/(Rad/sec)

Figure A.2: SRM connection to dc motor
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A.2.2 Converter for VSCF with an SRM

] ;
‘Transformer,
: ;
I for i
! :
1 Logic Power!

L4
AC line
| Capacitors
Encoder
{ Logic Circuit 1 EEPROM |<[—
10
L Logic Circuit ]
PWM &1
Carrie Circuit i \
12 Vdc, Base drive and Snubber Heat Sink
Figure A.3: Converter for SRM drive
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A.3 Supplements to Chapter 4

A.3.1 Control board for AC to DC power conversion

Counters

Logic Circuit

EEPROM -1

EEPROM-II

DAC-I

Base

Drives

Logic Circuit

SUPPLEMENTS

Figure A.4: Control board for AC to DC converter
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A.3.2 Control circuit for ac to dc power conversion
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lation results for control strategy II
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A.3.3 Equivalent c

RR
12 O

L2
N
2 mH

50 0

R1
1.2

L1
2 mH

T

M
12 mH
(a) Transformer equivalent circuit

Flux*10000

Voltage

|||||

R=50 N

-

|||||||||||||||

||||||||||||||||

|||||||||||

400°

T
300°

200°

(b) Transformer voltage and flux

Figure A.6: Equivalent circuit and simulation results for control strategy II
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