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ABSTRACT

The work presented in this thesis has concentrated on the development and
design of a system that can be used in conjunction with an alternative source
of encrgy to produce an energy conversion scheme. A permanent magnet
synchronous generator is used for this project together with a three-phase fully
controlled converter. High field permanent magnet generators are also tested
and can be used in future work. The converter power devices used are the Gate
Turn Off thyristors, which are controlled by a pulse width modulation
technique. The work divides into three parts. In the first part, the permancnt
magnet generator parameters are determined together with its performance

characteristics and Optimal output power from the generator is discussed.

The second part of this work concerns the design and construction of the
three-phase GTO converter, using a new method of pulse width modulation to
improve performance characteristics. Two bridges are discussed; one of them
has three-power devices as switches with twelve-diodes. This bridge works as a
Sull wave rectifier with delay angle limitation of + 30°. The other bridge has
6-power devices as switches. This bridge works in full two quadrant operation
(+ 180° delay angle). The permanent magnet generator and the PWM, GTO
converter are tested together to form a variable source of energy. This is

discussed in chapters Three and Four.

The third part of this work concentrates on the use of this system for
alternative sources of energy. One of these sources used, for example, is a wind
energy system. Tidal power systems are also considered. A programmable

digital controller for the output power of the system is designed and
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implemented to form a complete system of power conversion. This is discussed
in chapters Five and Six. Some suggestions for future work are discussed in

chapter Scven.
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The hazards of Nuclecar power gencration and the increasing costs of
fossil fucls has caused interest to be focused on the scarch for, and efficient
utilisation of, alternative sources of encrgy for conversion into clectric power.
The renewable energy from the wind and tide provide feasible alternatives.
Wind or tidal turbines are coupled to clectrical machines for power
generation and transmission. However the energy from these sources is
variable with rcgard to both speed and power and consequently the cnergy
generated by the electrical machine can be variable in terms of frequency and
voltage. In order to match thesc sources to the transmission network, the

voltage and frequency must be synchronised by methods such as the

following:

1- Direct connection by,

a- Mcchanical mcthods such as, gear box control, and pitch control of the
wind turbine blades.

b- Electrical methods such as, implementing magnetic pole changes in the
clectric generator connected to the turbine.
2- Indirect conncction, using power converters in different schemes such as,

a D.C. generator and inverter, or an A.C. generator and A.C./D.C./A.C.

converter system.

Stand alone wind cnergy conversion systems (WECS) have many
applications in which a variable output frequency is acceptable, since they
are not connected directly to the a.c. nctwork. These systems usually consist
of small wind turbines which are normally uscd for battery charging in
isolated areas not connected to the grid of the a.c. utility network, and

include such applications as remote communications, lighting, commercial
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green house heating, and in the leisurc markets (to provide energy for
navigational instruments on yachts, or for caravan batteries). In practice even
a very small wind gencrator can serve a uscful purposc by cnsuring that
batteries have longer lifctimes due to rcgular charging, and do not have to
be carricd away for charging. Some manufacturers have aimed their wind
turbine design at mass production using low cost, high volume techniques
[24]. Morcover, small wind turbines can be connccted indirectly to the a.c.
network in conjunction with some kind of short-term energy storage such as:-
1-Mecchanical short-term encrgy storage systems [9], using flywhecls.

2-Electrical short-term cnergy storage systems [24], using batteries.

The typical characteristics of the prime movers which provide the
source of renewable wind cnergy are discussed in Chapter 5. Here, the
presently available types of eclectric generators and power conditioning
systems are considered. There are many kinds of a.c. generators used in wind
encrgy conversion systems (WECS), including synchronous [1, 8], slip ring
induction [2-7, 33], squirrel cage induction [35], or d.c. generators [24, 31, 34].
Of synchronous gencerators, one particular type is a permanent magnet (PM)

synchronous generator [13-17, 22].

A number of schemes have already been proposed for converting wind
energy into a form suitable to feed into an existing a.c. utility network [3-21,
27-29], or as a stand alone system for use in remote areas [24, 30-35]. The

proposals for the systems that are connected to the a.c. network broadly fall

into two catecgories:
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1- Constant speced, constant frequency systems, including systems which are
connected directly to the a.c. network and are synchronised by mechanical
or clectrical methods.

2- Variable speed, constant frequency systems, including systems which are
indirectly conncected to the a.c. nctwork, for example through the use of

power electronic converters.

Wind energy conversion systems can be connected to the utility network
in synchronous [4, 6], or in asynchronous connection [5, 7-12]. Each system
has its own advantages and disadvantages which have been discussed
extensively in the literature [23-26]. If the generator is connected directly to
the utility network then somec form of synchronisation is nceded. A
mechanical gear box is requircd with the wind-turbine to adjust the rotor
spced to maintain the gencrator speed constant with changing wind-velocities.
This mechanical control is relatively expensive compared with the alternative
of a variable speed gencrator connccted through power electronic devices to
the utility network. However the integration of power clectronics within a
wind enecrgy conversion system docs have its disadvantages. Amongst these
are greater complcexity of control and control circuitry, and more importantly
the difficulty in obtaining highly rated power devices with sufficient switching
capability. The demand of both constant voltage and frequency in a power
source is crucial in matching it to the utility network, since the latter has itself
these constraints. The encrgy extracted from a variable-speed power
generator with the use of solid-state devices, is gencrated with very much
higher efficicncy than that from constant speced power generators. Several

different techniques have been proposed to obtain steady 50 Hz power from
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a.c. generators driven by a variable-spced wind or tidal turbine [4-12, 18],

and they are discussed later.

The use of an induction generator with a variable speed turbine is
uscful to some extent for low power applications, because of the checapness
of the system as whole, and the cessation of gencration if the utility fails, thus
making linc repair clsewhere on the grid safe [24]. In gencral, induction
generators suffer from a poor power-factor and low cfficiency, typically in the
order of 80% [37]. In wind-encrgy applications, the induction generator acts
as a motor if the wind speed drops below a certain prescribed limit, which is
clearly a disadvantage of this machine. Furthermore it can cause
disturbances to the power-factor angle within the linc. For cxample a
self-excited induction generator has been used by Arrillaga and Watson [5],
but it has poor characteristics for high power demands due to the need of a
large capacitor bank at the output of the generator to produce the excitation.
The rectificr used in this scheme was a 3-phasc line commutated 6-pulse
controlled rectifier, and required high power semiconductors to carry the
large currents generated by thc capacitors used for excitation. In an
alternative scheme Sato and Umida [8] used a squirrel-cage induction
generator with a 6-pulse forced commutated a.c./d.c. converter (normal
thyristors with commutation circuits), connected to a PWM d.c. chopper
circuit and a linc-commutated inverter. This system has good characteristics
compared with the previous system [5], but has the disadvantage of low
efficiency as a whole, (since an induction machine was used with maximum
efficiency stated as 75 %), and a high harmonic content in the line current.
Furthermore the inverter connected to the utility network was conventional

in that it would draw a lagging power-factor. Another disadvantage of this
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converter system, is that the d.c. inductor and the chopper components must

be very large to handle the high powers.

Induction gencrators are used also in static Kramer system [32], where
the speed of the induction generator is controlled through slip energy
recovery. The recovered slip power is fed back to the stator of the gencrator
through a rectifier and a line commutated inverter. An alternative systcm
called the Scherbius system, uses a silicon controlled rectifier instead of the
diode rectifier in the static Kramer system. Both systems have the
disadvantage of discontinuous operation at synchronous speed because of low
slip voltage at this speed. The other disadvantage is the nced for a high power
rating of the scmiconductor devices, which need to deal with high rotor
voltages at high speeds and high currents at low speeds. A more complex
system proposed by Holmes and Elsonbaty [33] used a Cycloconverter with
doubly fed induction generator overcome some of these difficultics. However
like before, this system has the disadvantage that it could not opecrate at

synchronous speed and had low efficiency at high negative slip.

The alternative to induction generation schemes is to use synchronous
generators. Synchronous generators have a higher efficicncy of about 95%
than their induction counterparts, and are normally used for power
generation from constant speed turbines such as in  hydrostations.
Synchronous generators have the ability to control the reactive power
supplicd to their loads simply by mcans of adjustment of their field current.
The induction generator does not have this capability and also needs
additional power-factor improvement [7, 10, 11]. The major disadvantage of

synchronous generators is that they run in synchronism with the prime mover
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on their shaft. A wind turbine, for example attached to a synchronous
gencrator would cause large variations in load angle and current if directly
connected. There is thus a nced for some cxternal control in order to
maintain a stable load voltage and current. Modern power electronic devices
and recent advances in digital control clectronics make these schemes more
rcalisable. These advances have led to more compact less complex power
clectronic circuits and a higher cfficicncy at reduced cost. The cfficicncy,
power handling capability, and lower speed opcration with increased number

of poles makes synchronous machines very attractive.

Interest in permanent magnet machines for drive systems was almost
non-cxistent twenty years ago [14]. Recently much work has been carried out
by scientists to develop new permancent magnet materials, and researchers in
the ficld of machine design have similarly developed new permanent magnet
machines [13-17]. The PM-synchronous generator has a constant field
cxcitation fixed by the power of the permanent magnet in the rotor. High
power, efficient generators can be realised with well designed rotors which
make full use of the magnet stored energy. Many types of permancnt
magnets are uscd in the design of PM-synchronous machines such as
SmCo,, NdFeB and (Ceramic-8) Ferrite [13-16]. A PM-synchronous
generator of a particular a.c. power can be smaller than a wound rotor
synchronous generator of the same power and can have a very high power to
volume ratio. The excitation field windings are replaced by permanent
magnets and consequently, there is no need for slip rings, brushes, or rotor
windings. As a result there is minimal rotor loss and its cooling is
unnccessary. A machine with this specification is a largely maintenance free

machine. In general permanent-magnet synchronous generators are more
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reliable, robust and efficient compared with wound rotor synchronous
generators.  The incrcased number of poles of the generator is uscful in
wind-power systems since the generator can be directly coupled to the turbine
rotor without a gear box. Turbines with low cut-in spceds can be usecd.
Thercfore, more uscful energy is produced in the vast majority of applications
than onc matched to high wind speeds. This is especially important at low

wind spceds in the summer.

The disadvantage of PM-synchronous generators is the constant field
excitation which lecad to inhcrent voltage recgulation, which cannot be
corrected easily like the wound rotor synchronous generators. The output
voltage can only be controlled by an external power conditioner, which
cffectively acts as a variable power factor load to supply VAR power to
adjust the armature reaction flux. This can be achieved by connecting the
output of the PM-synchronous generator to an a.c./d.c. forced commutated
converter working at leading power-factor, as is proposed in this rescarch.
The work in this thesis is based upon an 8-pole multistacked
permancnt-magnet synchronous generator which has been previously used in
windmill power systems [13]. The type of magnet in the rotor is a Ceramic-8
Ferrite. This machine is also used in the present work using a PWM, GTO

converter as a power conditioner.

A number of topologics of power clectronic converters have been used
in alternative energy conversion schemes. Conventional thyristor phase
controlled rectifiers are extensively used in a.c. to d.c. rectification and
inversion because they require no special means for commutation and are

easily controlled. These converters have an inherent short coming in that the
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power factor decreases as the phase control angle increases, and that lower
frequency harmonics of the current drawn from a.c. line are relatively large.
However with most classes of 3-phase fully-controlled static power converter,
small improvements of power factor and a rcduction in line current
harmonics can be achieved [43-66]. For example, the performance of the
power converter can be improved by adding two auxiliary thyristors to the
conventional six-pulse bridge as proposcd by Stefanovic [44]. Thesc thyristors
arc connccted between the d.c. rails supply and have the function of reducing
the conduction period of each phasc by returning current through the neutral
wire. However, although this method results in some improvement in the
power-factor, and reduced harmonics on the d.c. side, it has the
disadvantage of increcasing the harmonic content on the a.c. side, in addition
to complex firing control and the cxpense of the auxiliary thyristors. In an
alternative scheme modificd gate signals were used by Dewan and Dunford
[45] with a conventional converter. The system employs a flywheeling action
through the power bridge; though it has limited opcration as regards the
declay angle « in that it operates like a conventional six-pulse converter for a
between 0° and 60°, flywhecling opcration being between 60° and 90°.

Further more the gating signals are more complex in the inversion mode.

In the majority of the converter topologies [43-66] the energy transfer
is controlled by varying the phasc angle. The use of switch modec techniques
and step-up choppers, in the d.c. link can result in improvements in the
energy transmission from a system of both variable voltage and frequency to
a system of both constant voltage and frequency (i.e.a utility a.c. network)
[67-70]. Koczara and Michalski [70] used a step-up chopper in the d.c. link

between a rectifier and a six-pulse power converter. In this case the proposed
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system consisted of a synchronous generator conncected to a 3-phasc full-wave
bridge rectifier and fed through a step-up chopper circuit to a converter
(working with a.c. line commutation), which is opcrated at a constant phase
angle. The step-up chopper used in the d.c. link between the rectifier and the
converter decreases the converter reactive power (or in other words improves
the power factor) on the a.c. side. However, the converter line current of the
a.c. side connected to a utility nctwork still has the same rectangular shape
as the conventional six-pulse bridge converter (i.e.with a large line current
harmonic content), and conscquently requires the additional expense of
smoothing rcactors and capacitors in addition to the chopper. These type of
converters however are becoming relatively less efficient, and require more
space for the large, cxpensive capacitors and reactors, when compared with
those using PWM techniques although this should be considered against the
cost effectiveness of the line commutated thyristor circuits compared with the

force commutated devices required in a PWM scheme.

With the introduction of fast-switching power devices such as IGBTs
and GTOs, a pulsc width modulation (PWM) control technique can be used
for static fully-controlled 3-phase converters [71-87]. Some of the PWM
techniques alrcady use normal thyristors with auxiliary commutation circuits
[71-74], while others use power transistors. However because of the limited
current capability of high voltage IGBTs, and the additional base drive

required of bipolar transistors, GTOs are in general preferred for medium to

high power applications.

Many PWM control techniques [75-87] have been used in a

fully-controlled 3-phase bridge converters and have resulted in an improved
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power factor with the capability of a variable d.c. voltage with constant dclay
angle. The use of PWM control can also reduce the linc current harmonics,
and hence less filtering is necessary on both a.c. and d.c. sides of the
converter. Different pulse-width modulation strategics are possible with such
converters [80-87]. No single modulation strategy can, however provide
optimum performance for the source and the output. In the presented work,
the input and output performance of a 3-phase a.c./d.c. fully controlled
converter is improved by using a sinusoidal pulse-width modulation (SPWM)
technique. Variable input power-factor with full regulation of the output d.c.
voltage is achicved. The converter is a current source type, providing a
flywheeling action through the main bridge, and maintains a constant d.c.
current and a sinusoidal input current. Consequently the line current
harmonics arc reduced, resulting in a substantial reduction of the reactive
power compensation and filter requirements on the a.c. and d.c. sides. An
optimised modulation strategy is uscd to reduce the harmonic content to a
very low value. The PWM, GTO converter is designed to work at lcading and

lagging power-factor, which makes it suitable for use with a PM-synchronous

generator.

The GTO converter with the 8-pole permanent magnet generator forms
an energy conversion scheme suitable for wind energy conversion. The
output from the PM-synchronous gencrator is converted to d.c. power which
can be used for charging a battery or for heating applications, if the system
is of the stand alone type. If the system needs to be connected to the a.c.
network, a second converter can be used, working in the inversion mode.
Such a conversion scheme can have the ability to convert the power in both

directions, as would be required by tidal power generation schemes. The
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benefits of using the proposed PWM, GTO converter with the
PM-synchronous gencrator are a reduction in the harmonic losscs in the
gencerator and the ability to run the gencrator at any power factor. Optimum
charactcristics of high power and high efficiency can be achieved from the
systcm by running the genecrator at lecading power-factor. Thus the
disadvantage of inherent voltage regulation in the PM-synchronous generator

is overcome.

Since the output power from a wind-turbine is strongly affected by
wind spced, the controller of the GTO converter is designed to match a high
range of shaft spceds from 250 rpm up to 1000 rpm. This wide range of
speed is controlled by using a phasc locked loop (PLL) circuit. The controller
1s also programmeced to control the output power of the permancnt magnet
gencrator, so that, the generator can deliver maximum power per /2R loss at
all spceds and at any load current. Thus, at any speced the PM-gencrator
dclivers power at its maximum efficiency. Therefore, the generator will follow
all wind spced changes converting all the available mechanical power to

clectrical power. In this mode of opcration a system efficiency over 88% is

achieved.
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CHAPTER TWO

THE PERMANENT-MAGNET SYNCHRONOUS GENERATOR,
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2.3 Analysis of the equivalent circuit of the PM-synchronous
generator.
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Table 2-1 to 2-2
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2.1 INTRODUCTION

The permanent magnet (PM) synchronous machine used in this project
has an 8-pole multistacked imbricated rotor of the type described in
references [15, 17) and is shown in fig.(2-1a). In this particular machine
Ferrite Ceramic-8 magncts arc used. The stator of this machine is that of a
conventional induction motor as shown in fig.(2-1b), and has a 3-phase,

double layer distributed winding. The machine dimensions are presented in

Table (2-1).

The rotor has five axially magnetiscd discs which are arranged together
with steel discs along the rotor axis with like poles facing one another. The
steel discs are placed between the permanent magnet discs to scparate them
and to form an iron path, which guides the flux radially to pole shoes as
shown in fig.(2-2) [22]. Fig.(2-2a) shows the three components of the rotor
separately for clarity. They are assembled to the permanent magnet discs in
such a way to provide a ficld of alternate north and south poles around the
periphery as shown in fig.(2-2b). The unusual design of the rotor is such that
the flux density on the pole face is higher than that on the magnct surface.
Thus, the axial magnet configuration is designed such that the ratio of total
surface arca of the magnet to the total rotor surface area exceeds unity. This
ratio is higher than other traditional designs of permanent magnet machine,
and produces a machine with a higher power density. This rotor design has

been optimised through the use of a 3-dimensional finite-element analysis

[TOSCA] described by Low [22].

The rotor shown in fig.(2-2b) may be expected to have some saliency

due to its geometry. The permanent magnet machine can be assumed to
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bchave like a conventional salicnt pole machine as shown in the phasor
diagram of fig.(2-3b), but with fixed ficld current. Thercfore the synchronous
rcactance i$ divided into two components, direct and quadrature-axis
rcactances, X; and X,, and similarly the armature current /, has been resolved
into its direct and quadrature components, /; and /, respectively. The
synchronous recactances of the present PM-gencrator, Xy and X, have bcen
determined experimentally, as shown later in fig.(2-7), and were found to be
necarly equal. This agrees with previous work completed on this generator by
Low [17]. Hence, the PM-generator is assumed for simplicity to have a
cylindrical rotor rather than a salient pole. The equivalent theoretical model
presented for the gencrator similarly assumes a cylindrical rotor, an
assumption which is confirmed experimentally by the generator performance.
The other parameters of the generator equivalent circuit have been
dectermined experimentally using the mcthods described below and are as

shown in table(2-2).

2.2 DETERMINATION OF THE EQUIVALENT CIRCUIT PARAMETERS:

The permancnt magnet gencrator parameters were measured initially
for a salient pole rotor. In the tests current and voltage harmonics are
assumed to be negligible. The generator is further assumed to supply a
balanced three-phase load.  Fig.(2-3) rcpresents the equivalent circuit
per-phase of the PM-gencrator, which is derived from the standard model of
the synchronous machine. This model combines both the rotor and stator
parameters. The rotor parameters are modclled by the induced emf E, caused
by permancnt magnet ficld, and a synchronous reactance X, The

synchronous rcactance value includes the leakage reactance X;, which models

CHAPTER TWO Page : 15



the stator Icakage flux. The stator winding resistance is represented by R,.
The core loss has been neglected at the moment, and but reconsidered later
when analysing the maximum power transfer of the generator and the

optimal power-factor angle at which this occurs.

2.2.1 Measurement of the induced emf:

The PM-synchronous generator is driven by a d.c. motor at different
speeds, from a very low speed 50 rpm up to a suitable maximum value 1500
rpm. The general experimental circuit diagram including this test is shown in
fig.(2-4). This gencrator has an 8-pole rotor, thus its synchronous speed is 750
rpm. The permanent magnet excitation is found from the open circuit
induced voltage which varies lincarly with the generator frequency. The set
of readings of the open circuit terminal line voltage ¥V, are given as a function
of speed in fig.(2-5). A lincar rclationship can be scen from the graph
showing no pronounced drop in voltage at higher speeds due to iron loss
cffects. The induced emf E, per phase is represented by the line shown in

fig.(2-5), which is equal to the line terminal voltage ¥V, divided by \/3_

The emf voltage E, is used in the calculation of the parameters of the
PM-generator and its characteristics. A constant value is assumed for E, at

any specified spced of the PM-synchronous generator, under all load

conditions.
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2.2.2 Measurement of the direct and quadrature axis synchronous reactances:
L
The PM-synchronous generator is different from conventional
synchronous gencrators, since it has a special condition of constant ficld
cxcitation caused by the permancnt magnet in the rotor. The experimental

tests used to measure Xy and X, therefore need to be modified from the

conventional synchronous generator methods.

2.2.2a Measurement of direct-axis synchronous reactance:

A zero power-factor test is cmployed to test the gencrator at two
conditions, zcro power-factor leading and zero power-factor lagging. In this
type of mecasurcment the direct axis valuc of synchronous rcactance Xj is

calculated [36-42], whether the generator is a cylindrical rotor or a

salient-pole machine.

In this test, the zero power factor currents give rise to armature reaction
which acts in the direct polar axis in space, and causes either magnetisation
(at zero power-factor lecading) or demagnctisation (at zero power-factor
lagging) as shown in fig.(2-6). The cquivalent circuit of onc phase of the
PM-synchronous generator for lcading power-factor operation is shown in
fig.(2-6a). Similarly fig.(2-6b) shows thc phasor diagram represcnting zero
power-factor lagging. The quadrature component of the armature current is
ncgligible, thercfore the effect of X/, will be considered equal to zero. The
voltage cquation of the PM-synchronous gencrator represented by the circuit

model shown in fig.(2-6a) is given in vector form as:

E, - le = Ia(Ra +de) (2.1)
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Since an inductive load is connected to the generator, the stator current
I, will lag the terminal voltage V, by approximatcly 90°. Referring to
fig.(2-6b), it can be scen that the I,R, drop is small and in phase quadrature
with V,,, and therefore the voltage drop across the direct axis-synchronous
rcactance X, is in phase with the induced voltage E, . It follows then, that the

synchronous rcactance at zero power-factor lagging can be found from the

line values, E,, Vy, and I, by:

E, -V
ol t! (2.2)

X)j=——F—
R

At zero power-factor lecading, shown in fig.(2-6¢), a similar effect appears, but

the voltage equation, after neglecting the resistance effect is

E,—V,=X,[, (2.3)

and therefore,

V,—FE
Xd = o _—OI (2.4)

NERA

To determine the synchronous reactance X, experimentally it is a matter
of running the PM-machine as a gencrator, and connecting a variable
three-phase balanced, purcly inductive load (zero power-factor lagging) to its
terminals. The load inductance is varied for different values of current
keeping the generator speed constant. Then, the load is replaced by a
variable threc-phase balanced, purely capacitive load (zero power-factor
Icading), and a sccond sct of readings are rccorded, again keeping the

generator speed constant. This test was repeated for different speeds, and
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an cxample of the results are plotted in fig.(2-7). From this figure it can be
dctermined that, the direct-axis synchronous rcactance X; may be assumed
to be constant at a given speed. As cxpected the value was found to vary

lincarly with frequency, and varics little over a wide range of stator current.

2.2.2b Measurement of quadrature-axis synchronous reactance:

The PM-synchronous gencrator delivers maximum power for a given
current and speed at a leading power-factor. The phasor diagram which
represents this condition is shown in fig.(2-8). Where it can be scen that the
maximum power dclivered from the generator to the load occurs when /, is
in phase with ( E, ), i.e. I, lies in the quadrature axis and the dircct
component of the armature current is zero. Therefore at this condition the
synchronous rcactance is cqual to the quadraturc-axis synchronous
component X,. If the power factor angle ¢, at which the output power is

maximum can be determined, then from the phasor diagram,

le Sin(d)apl) = [an (25)

Rearranging cquation (2.5) and substituting line values results in:

X = V([ Sin(d)opl) (26)

.=
NERA

The cxperimental values obtained using this mecthod are also plotted in

fig.(2-7). From this figure it is obvious that X, and X, are approximately

equal over a wide range of load current, indicating that this machine behaves

in its operation much like a cylindrical rotor generator. While, the

synchronous rcactances X; and X; have been calculated using these methods,
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there are alternate methods available [17, 42], using d.c. inductance bridge

tcchniques or finite element methods [103] which are beyond the scope of the

present discussion.

2.2.3 RESISTANCE MEASUREMENT OF THE STATOR WINDING :

Copper loss in electrical machines is caused by the ohmic resistance of
the stator windings. The resistance of the stator winding of the 8-pole
permanent magnet synchronous generator was measured by applying a d.c.
voltage across two phases of the stator winding leaving the third phase open
circuited as shown in fig.(2-9). Then, the resistance per phase R, is equal to
the reading of voltmeter divided by ( 2/, ). This resistance was found to be

equal to 1.26Q per phase. This value is increased by 20°e to account for skin

effect, and the temperature increase, giving R, = 1.52Q.

2.2.4 LEAKAGE REACTANCE MEASUREMENT:

The lcakage reactance ( X; ) is an important factor in the design and
construction of the machine. It is defined as the leakage flux due to the slots,
the end of the winding, and the harmonic leakage [104]. The analysis of the
lcakage reactance is beyond the scope of this work, but a value of X, has been
determined to give a complete model of the generator. The phasor diagram
representing the PM-synchronous generator at leading power-factor is

redrawn in fig.(2-10). Hence the air gap voltage per phase Vy, is derived from

this figure as,

Vop =/ (Vypsin ¢ — X1+ (V,, cos & — R,1,)? 2.7)
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The measured values of V,, ¢, R, , and I, have been substituted into this
cquation and a graph is plotted for Vg, versus ¥V, as shown in fig.(2-11). This
graph is plotted for constant valuc of stator current (6.15 Amp), constant
frequency, but variable power-factor. A computer program was written based
on cquation (2.7) to find the best value of ( X; ), which would give a linear
rclationship between air gap voltage and the terminal phase voltage. A lincar
rclationship is obtained when X; is approximately cqual to (0.5 Q) as shown
in fig.(2-11). These conditions have bcen realised experimentally. Thus, if
X is reduced to zcro the line will lose its linearity and bend downward as
shown in fig.(2-11). Similarly, the linc will bend upward when X, is increased
to more than (0.5 Q) as shown in the same figure. A similar value of X; (0.5
Q) was calculated previously from the measurement of the machine

dimensions by Low[17].

2.3 ANALYSIS OF THE EQUIVALENT CIRCUIT OF THE 8-POLE
PM-SYNCHRONOUS GENERATOR:

As mentioned previously it is sufficient to modcl the permanent magnet
generator using a cylindrical rotor equivalent circuit. The average of the
mcasured values of X; and X, found from above where used for the single
value of synchronous reactance ( X; ). Any variation in X, due to changing
saturation conditions in the machine is ncgligible. It will be seen later that
the thecoretical model based upon these assumptions is supported by
experimental results. At this stage the effect of core loss is neglected and the

lcakage reactance is included in the synchronous reactance value.
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The cquivalent phasor diagrams of the machine at leading and lagging
power-factors arc shown in figs.(2-12a and 2-12b) respectively. From the

phasor diagram at leading power-factor, the induced emf voltage E, is given

by,

E} = (V, cos ¢ + L,R) + (V,,sin ¢ — [,X,)? (2.8)
Rearranging this equation results in

V2 + 2V, (R cos ¢ — X,sin ¢) + L 2(R,” + X,}) — E,* = 0 (2.9)

The second order equation (2.9) is solved and the output voltage V,, is found

to be,

1

a

2
V,p=la[\/( = ) — (R,sin ¢ + X, cos d))z — R,cos ¢ — X sin ¢] (2.10)

The corresponding line voltage V, is then,

£ 2
10) — (R, sin ¢ + X, cos ¢)* — R,cos ¢ — X.sin ¢] (2.11)

V!I = \/?[a[\/(

The total output power P, of the generator is given by,

P,=3V, I, cos ¢ (2.12)

pta

Using cquation (2.11) the output power of the gencrator can be written as a

function of stator current and power-factor angle as:

2
P0=3Ia2[\/(%) — (R,sin ¢ + X, cos ¢)* — R, cos ¢ — X, sin ¢ ] cos ¢

a

(2.13)
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At a given rotor speed the induced emf voltage E, of the generator is assumed
to be constant, and R, and X, are also constant. The only variables in
cquations (2.11) and (2.13) are the stator current /, and power-factor angle
¢ . The voltage and power characteristics given by cquations (2.11) and
(2.13) respectively are discussed in section (2.5) where they are compared

against load tests on the machine.

2.4 CORE LOSS REPRESENTATION:

The core loss is defined as the sum of the hysteresis losscs, and the eddy
current losses in the magnetic material. This power loss is dependent on the
frequency of the machine, the voltage induced in the armature, and other
factors rclated to the properties of the magnetic material. The core loss
(P..5;) of the synchronous generator is assumed to be also proportional to the

square of the air gap flux [37], and thus

P

closs

oc(Vy,) (2.14)

Where Vg, is the voltage caused by the resultant air gap flux. This voltage can
be found from equation (2.7) given in section (2.2.4), given a knowledge of

the lcakage rcactance.

The core loss P, of the 8-pole PM-synchronous generator is
determined experimentally by subtracting all the output power, the friction
and windage loss and the copper loss from the measured input shaft power,

and is illustrated by the following formula,

P

closs —

Py — Py —Pu— 31°R, (2.15)

CHAPTER TWO Page : 23



Where,
P.. is the input power of the prime mover on the shaft to the
generator including friction and windage loss.
P.. is the total output power of the generator mecasured by the two
wattmeter method.
P.;is the windage and friction loss of thc PM-synchronous generator
alonc.

Experimentally the core loss, and the windage and friction loss of the

generator arc normally measured together. Therefore equation (2.15)

becomes:

(Pc +ow)=Pin_Pol_3[a2Ra . (216)

loss

A scrics of load tests were performed on the machine. In each the stator
current and speed Kept constant, and the load is changed to give the
power-factor angles from -90° lagging to 90° leading. The test was repcated
for five different values of stator current and the results are plotted in
fig.(2-13). In this figure, the core loss is plotted as a function of the square
of the normalised air gap voltage, which is obtained by the division of the air
gap voltage found from cquation (2.7) by the induced emf E,. A straight line
is obtained which confirms that the core loss is proportional to the square of
induced voltage in the air gap. The friction and windage losses P,; can be
separated from the core loss by the intersection of the line graph with the
y-axis, where the voltage and therefore the core loss is zero. The friction and

windage loss was found to be equal to 30 watt at a speed of 750 rpm.
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The core loss is represented theoretically by a shunt resistor R, in the
equivalent circuit as shown in fig.(2-20).  This resistance is found
cxperimentally from the slope (m) of the core loss graph given in fig.(2-13),

where,

P
m=tan W = —<2= (2.17)

Rearranging this cquation results in

(£ (V)

m Pcloss (2'18)
V 2
Since the core 10ss Py is cqual to ( : ) , then from eqn.(2.18)
2 2
_ V) (E)
© Pcloss -oom (219)

The parameters of the experimental line shown in fig.(2-13), obtained at a

speed of 750 rpm (50 Hz) are

2

Vgp
=31.645(——) +30 (Watts) (2.20)

(/]

P

closs =

The constant 30 watts represents the windage and friction loss P.s of the

PM-synchronous machine at (750 rpm). At 50 Hz the induced emf E, is equal
176
A

determined as

to ( ), then referring to eqns.(2.19 and 2.20), the core loss resistance is
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176 .2

ok
RC=T645_=326 Ohm

This result is usced to detcrmine the gencrator performance at maximum

power transfer.

2.5 OUTPUT VOLTAGE AND POWER CHARACTERISTICS:

The mecasurced line voltage and output power characteristics of the
gencerator are shown in figures (2-14) and (2-15) respectively. The results are
presented at a rotor speed of 750 rpm, which gives a stator frequency of 50
Hz, and at various constant armature currents. The corresponding
characteristics obtained from the equivalent circuit analysis of section (2.3)

arc also plotted in the figures.

The variation of the voltage ¥, with respect to power-factor angle ¢ is
given in fig.(2-14). The risc of the terminal voltage with increasing leading
power-factor angle is due to the cffect of the armature reaction which tends
to aid the rotor flux in the air gap at lecading power-factor angle ¢, and
opposcs the rotor flux at lagging power-factor. The measurcd values of Vy
are in the main coincident with the predicted values, calculated by eqn.(2.11).
However the measured values of the voltage curve when the stator current is
6.15 Amp, are shifted slightly from the predicted values. This is because in
the expcrimental test it was difficult to keep the stator current constant (6.15

Amp) at the maximum valuec and a small variation occurred in the test

currents.

CHAPTER TWO Page : 26



Figure (2-15) plots the output power P, of the PM-synchronous
generator at constant stator current and variable power-factor angle ¢ from
-90° lagging to 90° lcading. Here the predicted values were obtained using
equation (2-13). The output power (P,)max delivered from the generator is a
maximum at a lcading power-factor. The maximum output power point
(Po)max moves to the right from unity power-factor towards Icading

pOWC[‘-f&lC[OI’ as the stator current incrcases.

The PM-synchronous gencrator was also tested at different frequencies
to cnsure the accuracy of the mathematical model presented. Results for the
generator running at 30 Hz arc plotted in fig.(2-16) to show the voltage
curves versus power-factor angle. Similarly fig.(2-17) shows the relationship
of the output power to the power-factor angle at this frequency. Again as
would be expected the maximum power points occur at leading power-factor.
A good comparison was obtained between the measured and predicted

results.

Furthcrmore the generator was tested at constant speed, measuring its
output power as a function of the stator current, for different constant values

of power-factor. These results are shown in fig.(2-18).

The induced stator voltage was obscrved not to be a pure sinusoidal
waveform because of the effect of the tooth ripple. Tooth ripple is caused by
the slots between the stator tecth which encompass the stator coils. These
slots causes variations in ficld path reluctance and so induce ripples on the
machine emf waveforms. There are methods of reducing these ripples, such

as skewing the stator slots or the rotor magnets, increasing the air gap length
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and using narrow slots. The experimental waveforms of both stator voltage
and current at different power-factor angles are shown in fig.(2-19). It is
clcar that the voltage at leading power-factor is more sinusoidal than the

others in the figurc because of the filtering action of the load capacitor.

2.6 THEVENIN’S EQUIVALENT CIRCUIT OF PM-GENERATOR WHICH
INCLUDES CORE LOSS:

Core loss is normally represented by a shunt resistor R. connccted
across the induced voltage in the air gap as shown in the equivalent circuit
diagram in fig.(2-20). To casec the analysis the cquivalent circuit can be
reduced to the simpler Thevenin circuit shown in fig.(2-20b). This Thevenin
cquivalent circuit has been c_onsidcrcd mainly to obtain an accurate model
of the output power charactcristics of the 8-pole machine, in particular to
obtain the optimal power-factor angle ¢, at which the output power is

maximum. The Thevenin cquivalent voltage source (TVS) shown in

fig.(2-20b) is given by:

E RCEO - Xa
R _ | £ {—tan (=2 ) (2.21)

Ey=——r =
°  R.+JX, /RC2+Xa2 R.

where
X,=X,— X, (2.22)
The Thevenin impedance Z’ is then:

R(JX,)

(R, +jX,) (2.23)

Z'= (R, +jX) +
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2.7 OPTIMAL POWER-FACTOR AND MAXIMUM POWER OF THE
GENERATOR:

The PM-synchronous generator supply maximum power (Po)max to the
load certain factors when the angle ¢ between the terminal phase voltage Vy,
and the stator linc current /, is at an optimal lcading value. From the
Thevenin equivalent circuit of the PM-synchronous generator shown in
fig.(2-20b), and phasor diagram shown in fig.(2-21), it can be secn that the
maximum power transfer occurs when the stator current /7, is in phase wit\h
the Thevenin voltage source £, , (i.c. the power-factor angle between £, and

I, should be equal to zero deg.). Therefore at this condition the power-factor

angle (¢) is,

LX

-1
_ B 2
d)opl tan ( Elo _ IaRl ) (2 4)

To find the optimal power-factor angle (¢, in terms of the original
equivalent circuit parameters, R, R, X, , and X, , first the Thevenin

impedance Z' is expressed as:

R.JX(R.—JjX,)

Z' =R, +jX, + (2.25)
: R+ X}
resolving into rcal and imaginary parts
R.X} R’X
Z' =(R, + %2—) + (X, + ——;——”T) (2.26)
(R + X)) (R +X,7)
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Equating the rcal part of eqn.(2.25) to R’, and the imaginary part to X’

results in,

R =(R +—\——R“X“2 ) (2.27)
- a 2 .
(R + X,°)
and
, R’X,

2
(Rc + Xa 2)

Substituting the magnitude of the Thevenin voltage source ( TVS )

represented by eqn.(2.21), R’ and X’ into eqn.(2.24), results in

L{XX2 4+ RA(X, + X))

L o ] (229
EpJ (R + RXD) — L{RR2 + X, (R, + R))

-1
(bop, =tan [

Or alternatively the optimal power-factor angle (¢,,) can be written in terms

of w as

2 2
Wl {L{Lw)" + R(L + L)) ] (2.30)

$,, =tan"' [
opt 4 2 2 2
E /R, + (R.Lw) —I{R,R~+ (Lw) (R, + R.)}

The parameters in the above equation arc the experimental values found

previously and are listed in table(2-2).
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The optimal power-factor angle is essentially independent of frequency
as shown in fig.(2-22). It also has an approximately lincar relationship with
the stator current /,. Equation (2.29) is supported expcrimentally as shown
by the results plotted in fig.(2-23), where ¢, is plotted against stator current.
The solid line represents the theoretical optimal power-factor angle (¢,,,), and
the other points represent the experimental values obtained with a passive

load connccted to the gencrator.

Fig.(2.24) shows the maximum power (P.)ms transfer as function of
stator current ( 7, ) for 50 Hz at the optimal power-factor angle. (Por)maex Can
be seen to be directly proportional to ( 7, ). Similar results were obtained at

30 Hz and 40 Hz.

The optimal angle ¢, is almost constant for a wide speed range of
250-900 rpm of the PM-synchronous generator as shown in fig.(2-22). This
represents good performance by the machine, since by Keeping constant
stator current /, and constant power-factor angle ¢ , maximum power
(Pou)max is achicved over this wide range of speed 250-900 rpm. This control
will be carried out automatically by the power-factor controller of the

proposed PWM, GTO converter and is discussed in chapter six.
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2.8 GENERATOR EFFICIENCY:

Efficicncy is a very important factor when asscssing the cost and
practical usc of gencrators. The 8-pole PM-synchronous generator discussed
here exhibits very high cfficiency even though a low cost Ceramic-8 Ferrite
pcrmanent magnct material is usced in the rotor. The gencrator is at its most
cfficicnt when operating at Icading power-factors and high load currents.
The basic definition of gencrator efficicncy is defined as the ratio of output

power P, to input power P, , i.c.:

P P
% = 100% =——2  — x 100% 2.31
=" X ’ P, + losses x ° (2:31)

n

The output power can be mcasured by application of the well known
two-wattmeter mecthod between the machine phases. Input power
measurement is simply a matter of calculating the torque speed product on
the prime mover or gencrator shaft. Some of the mechanical power delivered

to the shaft is lost to friction and windage (P.y).

The machine clectrical losses may be classified into two main typcs,
stator winding loss which is load current dependent and magnetic core loss (
P..ss ), which is mainly independent of load current. Stator winding loss is
simply the ohmic loss due to the resistance of the stator windings ( 7R, ).
The core loss is calculated from equation (2.20). The windage and friction
loss at 50 Hz is included in this equation. The efficiency at 50 Hz can now

be dcefined in a more precise manner as:

0 P"' 0

n% = 3 x 100% (2.32)
8P 2

Fa ) +30+31,°R,

0

P, + 31.645(
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Hence we can compute the theoretical efficiency of the gencrator from
cquation (2.32) after calculating the air gap voltage from cquation (2-7)in the
previous scctions.  Fig.(2-25) shows the gencrator cfficiency at 50 Hz for
diffcrent values of stator current, and indicates the gencrator cfficiency from
zero power-factor lagging to zero power-factor leading. The deviation
between the predicted and measured cfficiency at high currents reaffirms the
cxplanation given in scction (2.5) on the clarification of the output
characteristics. The PM-synchronous generator has similarly high efficiency
at low frequencics. For example the cxperimental efficiency curves at 30 Hz

arc plotted as shown in fig.(2-26).
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Parameter Value Unit
Rotor diameter 151 mm
Rotor length excluding end plates 151.5 mm
Rotor length including end plates 159.94 mm
Number of stacked magnets in the rotor 5 discs
Rotor magnetic material Ferrite Ceramic-8
Stator internal diameter 152.7 mm
Stator external diameter 240.5 mm
Stator length 151.7 mm

Table(2-1) Dimensions of the 8-pole PM machine.

Parameter Value Unit
Number of phases 3 phase
Number of poles 8 pole
Number of stator slots 36 slots
Stator/phase voltage 1016 Volt
Stator/phase current 4 Amp
Stator/phase resistance R, 1.5 Ohm
Core loss resistance R, 326 Ohm
Synchronous reactance X, 15 Oohm
Leakage inductance L, 16 mH
Armature reaction inductance L, 46 mH
Synchronous inductance L 48 mH
Synchronous speed n 750 rpm

Table(2-2) PM machine parameters at 50 Hz.
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a- PM-Rotor.

b- Conventional Stator.

Fig.(2-1) 8-Pole multistacked imbricated rotor
PM-synchronous generator.



a- A rotor unit.

b- An assembled rotor.

Fig.(2-2) Permanent Magnet Rotor.
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a- Equivalent circuit.
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b- Phasor diagram for a salient pole machine.

Fig.(2-3) PM-generator equivalent circuit and phasor diagram.
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Fig.(2-5) Determination of induced emf of the PM-generator.



(a-) Purely Capacitive or Inductive load, connected to
the generator.
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(c-) Phasor diagram of Zero power-factor leading.

Fig.(2-6) The equivalent circuit of the PM-Synchronous generator
used for zero power-factor test.
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Fig.(2-7) Direct and quadrature axis synchronous reactance variations with
armature current at zero power-factor.
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Fig.(2-8) Phasor diagram for the PM-generator at condition
of maximum power.

Resistor

®

source 'I'

Fig.(2-9)Stator winding resistance measurement.



Fig.(2-10) Phasor diagram of the 8-Pole PM Synchronous
generator at leading power-factor
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a- At lagging power-factor.

b- At leading power-factor.

Fig.(2-12) Phasor diagram of a cylindrical rotor PM-generator.
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a- Machine equivalent circuit.

A

«.0

b- Thevenin’s equivalent circuit.

Fig.(2-20) Equivalent circuit of the PM-synchronous generator
and its Thevenin’s equivalent circuit including core loss.



Fig.(2-21) Phasor diagram for optimal power-factor angle.
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Fig.(2-22) Optimal power-factor angle versus speed at /,;, = 3.5 Amp.
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Fig.(2-23) Optimal power-factor angle versus stator current at maximum
power transfer.
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CHAPTER THREE

THE PWM, GTO CONVERTER
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3.4.2 Turn-off.
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3.7.2 8-bit/8-bit divider.
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3.11.2b Harmonic content with respect to modulation index.
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Figures 3.1 to 3.34
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3.1 INTRODUCTION.

The purpose of the converter is to transfer the power from the variable
frequency a.c. source of the permanent magnet synchronous machine to a d.c.
or a fixed frequency a.c. source. Such sources may include batterics, heaters
or the main a.c. utility network. This chapter discusses the design and
performance characteristics of a threce phase GTO converter which is

switched under sinc-weighted pulse width modulation (PWM) control.

Two topologics of converter were considered. The first was the
threc-phase, six GTO bridge shown in fig.(3-1) which can be operated fully
over two quadrants to act both as a rectifier and an inverter. The three phase
three-switch fully controlled ac dc converter bridge used by Malesani and
Tenti [80] was also constructed. This converter has 12-diodes and three GTO
thyristors as shown in fig.(3-2). It has the advantages of simplicity and cost
effectiveness  since it halves the number of GTO thyristors. The
disadvantages are that it is limited to single quadrant operation as a rectifier
only and the delay angle control is restricted to + 30° . Thus, it is possible,
to some cxtent, to usc this in conjunction with the PM-generator proposed in
this work. However, its performance is the same as for the six GTO
converter bridge described here in detail, with the exception of the limitations

specified above.

A digital control using a phase locked loop ( PLL ) circuit is
implemented which provides PWM signals to control the switches of the
GTO converter. The PWM strategy is optimised to minimise the harmonic
content of the a.c. line current drawn by the converter. Thus only three small

capacitors are nceded for filtering at the a.c. input of the power converter.
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The digital circuit provides independent control of the modulation depth,
hence the amplitude of the current waveform, and the phase, or delay angle,

between the input current and voltage.

The method of producing the PWM pattern is by comparing
sinc-weighted signals stored in the EPROM with a digital triangular
waveform from a counter. Each sample of the sine-weighted signal is
compared with both edges of the triangular waveform, which produce a
uniform sampling PWM signal as shown in fig.(3-3). The methods of uniform
sampling techniques, which lead to symmetrical modulation are discussed in
[100, 101]. In the present work there are ( 48 ) samples per cycle which is
kept constant with frequency, but this is extended, in the current waveform,

to (66) samples due to flywheel action of the converter.

3.2 OPERATION OF THE SIX SWITCH BRIDGE:

The main circuit of the converter bridge which contains six GTO
thyristors to form a three-phase bridge circuit is shown in fig.(3-1). In
practice switching aid circuits are connccted across cach GTO and these are
discussed later. Three capacitors are connccted in a star configuration on the
input and are uscd to absorb the high frcquency components of the current.
In addition three small inductors are inscrted in series with each phase to
filter the a.c. current when the converter is connected to the a.c. network.
These coils are not necessary when the converter is connected directly to the
PM-synchronous generator, since the synchronous inductance of the machine

acts to filter the a.c. current.
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The converter operates by switching the GTOs on the positive and the
ncgative halves of the bridge under PWM control. The PWM process is
designed to ensure a flywheeling path to the output d.c. current 7z of the
converter and at the same time a sinusoidal current at the input of the
converter. At any onc time at least one switch in each half of the bridge will
be conducting to cnsure a continuous currcnt path through the bridge. An
cxample of the gatc PWM-wavceforms that arc used to form the sinusoidal
input currents of the converter, and to control the output d.c. voltage (V)
of the converter arc shown in fig.(3-4) and fig.(3-5). The magnitude of the a.c.
current is controlled by providing flywheel periods when both devites in the
arm of a converter are conducting and the input current is thercfore zero.
The width of the flywheeling period will also control the average value of the
d.c. voltage (V4). Fig.(3-4) shows cxamples of the flywheeling action.
Referring to the device numbering giving in figure (3-1), if initially GTO1 and
GTO6 are switched ON as shown in fig.(3-4a), when GTO6 is switched OFF,
to insurc a continuous flow of output d.c. current /. , GTO4 is switched ON
over the same interval to form the flywheeling action. Similarly fig.(3-4b)
shows the middle pulse (or the narrowest pulse) of the PWM pattern that
will occur at the crest of the sine wave. Hcre the pulse is created by
introducing a flywhceel period using GTO3 and GTO6. The complete PWM
pattern for one cycle of the input current is shown in fig.(3-5). In addition
this figure shows all the gate pulses supplied to the GTO thyristors. The
cffects of the flywhecl action described in fig.(3-4a) can be seen to produce a

double pulse around the zero crossing of the a.c. current waveform.

Some considecration of the switching behaviour of the GTO thyristors

and their operation with this PWM strategy is nceded. Fig.(3-6) shows the
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typical driving gate signals, and thc GTO anode voltage and current of two
GTOs in the samc half of the bridge. It is clear from this figure that the
falling edge of both anode voltage and current of the GTO thyristor is faster
than the rising cdge. For cxample as the GTOS anode current falls to zero,
the anode current of say GTOI still has not been established. To overcome
this a delay of 2uscc is introduced into the Off statc of the driving gate signal
to form an overlap between the PWM gate signals, which compensates for
different “Turn off” delay and “Turn on” delay times of the GTO thyristors.
This will ensure a continuous flow of the d.c. current in each half of the

bridge.

3.3 OPERATION OF A THREE SWITCH BRIDGE:

A 3-phase three-switch GTO converter has been also designed and the
main bridge circuit is shown in fig.(3-2). The basic operation of the converter
is similar to that of the six-switch GTO converter except that each GTO
thyristor carries the current for both the positive and ncgative half of the
cycle. This is achicved by the diodes around the GTOs which direct the
current through the one switch in cach leg of the converter. The method of
operation under PWM control is slightly different to the previous converter
in that at any one time two GTOs will be switched according to a sinusoidal
PWM pattern, while the third GTO is used for flywheeling the d.c. current
at the off periods of the other switches. Apart from this detail, the operation
is the same as for a six-switch converter. However, the controllable
phase-shift between the input voltage and current is limited to between 30°

lagging and 30° leading. This will be explained when the control signals of the

bridge are considered.
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3.4 THE GTO THYRISTOR AND GATE DRIVE:

The GTO thyristor is a bistable semiconductor switch which, like a
conventional thyristor, blocks a high-level forward voltage in the off-state,
and can pass a pcak current far in cxcess of its rated average current when
in the on-state. Unlike an ordinary thyristor, however, it can be turncd off
by the cxtraction of reverse current from the gate, cssentially a
sclf-commutated semiconductor switch. In this respect it is similar to a high
voltage transistor, and combines the most desirable properties of both types
of device. Therefore, when applying a GTO to a thyristor converter or any
power application, forced commutation components are not needed. Hence,
the GTO thyristor offcrs several advantages over the conventional fast
switching thyristors, which may be summarised as:

1- Simplified power circuit configuration, resulting in reduced volume and
weight.

2- Less electrical and audible noise, due to the removal of commutation
circuits.

3- Fast turn-on and turn-off, permitting the use of higher switching
frequencics.

4- Improved power conversion cfficiency because of the lower
commutation losscs.
The major disadvantages of the GTO thyristor are the higher conduction loss
and the cost of the sophisticated gate firing circuit to perform the turn-on and
more particularly turn-off function. The GTO thyristor has a poor reverse
blocking capability, where it behaves like a resistor which is unable to block
voltage or conduct significant current. When it is used in a.c. switching, a

diode must be connected in series if reverse voltage blocking is required, or
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altcrnatively a diode is connected in anti-parallel with the GTO thyristor, if

a reverse current is required to flow.

GTO thyristor gate drive circuits are similar to power transistor base
drive circuits with some exceptions which will be discussed below. Two types
of gate drive circuits were considered for the GTO thyristor used in this
project, the first circuit is designed with a single power supply, and the second
is designed with a dual power supply, as shown in fig.(3-7). The first type is
only suitable for use up to a 50% duty cycle, and a switching frequency of
not less than 43Hz. It is then, a simpler gate drive circuit which has limited
applications. On the other hand, the sccond circuit can be used for full 100%
duty cycles at any switching frequency. It is this circuit which has been used
for this projcct? The type of GTO used is a 10Amp average anode current,
1000Volt device ( BTV38-1000R ), but the gate drive circuit can drive a
higher power device to be used in future work with higher rated
PM-gencrators. The gate drive circuits arc supplied from an isolated switch
mode power supply which is discussed in appendix B. The low power control
signal is isolated from the power stage by an optical-isolator, driven from an

opcn collector logic driver gate.

The action of the gate drive circuit of the GTO thyristor occurs in two
parts. One scction of the circuit acts as a currcnt source which provides the
forward current to the gate during turn-on. The second section operates
during the turn-off, when the gate drive circuit acts like a negative voltage
source of low impedance. The general recommended gating condition of a
GTO thyristor is shown in fig.(3-8). The turn-off time is limited by the

switching aid circuit components ( R,, C,, D; ) across the device, while the
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turn-on time dcpends on the ability of the gate drive circuit to supply
sufficient forward current. Therefore the switching characteristics of the
GTO thyristor are applicd with rcquircment needed in the data sheet
(appendix D). The switching characteristics are cxplained separately at

turn-on and turn-off as below:

3.4.1 Turn-on:

In the on-state the GTO thyristor has two stable states. At low anode
currents, less than the latching current of the device, it behaves like a high
power transistor with an associated gate-anode amplification gain of I4//s ,
which increcases with increasing anode current. In this mode of opcration, the
forward gate current (/) should be kept continuously flowing to the gate-else
the device will fail to conduct. The other mode of operation is similar to a
conventional thyristor, and occurs when the anode current exceeds the
latching current, when the GTO is triggered and remains in the on-state even
when the gate current is removed. However, for safe operation the forward
gatc current /g is usually maintained in this mode of operation. In addition
the presence of a gate current will tend to reduce the voltage drop across the
anode and cathode of the device, [this is explained in the data sheets of the

GTO thyristor given in Appendix D].

The experimental gate voltage and current of the power device used (
BTV58-1000R ) are shown in fig.(3-9). At turn-on a sufficient initial value
of gate current is nceded to ensure fast turn-on of the device. Therefore, an
RC circuit is connected in parallel across the collector resistor (22 ) of the

upper transistor shown in fig.(3-7). This RC circuit gives an initial gate
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current of 3 times the continuous forward value /;. Fig.(3-10a) shows the
experimental switching characteristics of the anode voltage and current at
“Turn on”. Here the anode voltage is 220 volts (d.c.) and the average current
is up to 10 Amps. The GTO thyristor has also operated successfully at higher
voltage of 430 Volt (d.c.) with an average current of up to 8 Amp, and

switching frequencies up to 4 kHz.

3.4.2 Turn-off:

It has been mentioned carlier that the GTO thyristor has the ability to
be switched off from the gate during the conducting period. A negative
voltage source (-10 Volt) is neceded to switch-off the device. The source is
realised experimentally by switching on the lower transistor shown in fig.(3-7)
to the negative rail of the d.c. bias source. It is essential that a low stray
inductance cxists in this path with an cxpected value of not more than (1.0
uH), (this value is specified in the data shects of the GTO thyristor). If the

stray inductance is increased above this value the device will be destroyed.

At turn-off, precautions have to be taken to limit the current which is
interrupted, and the rate of risc of anode voltage (dVp/df). The maximum
controllable anode current is defined as a function of (dVp/dt) as shown in the
data shects appendix D. The (dVp/df) is controlled by the switching aid
circuit connected across cach device in the power bridge discussed below.
Fig.(3-10b) shows both anode voltage and current of the GTO thyristor at
“Turn off”. The gate drive circuits were tested over a range of duty cycles.

The GTO thyristor switching waveforms when it is turned-off for about 14%
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of the switching cycle as shown in fig.(3-11a), while it is turned-off for 95%

of the switching cycle in fig.(3-11b).

3.5 SWITCHING AID CIRCUIT:

A polarised ( RCD ) type of switching aid circuit is used to protect the
GTO thyristor as shown in fig.(3-12). Assuming initially that the device has
been turned-on and the capacitor is fully discharged through the GTO and
the snubber resistor R, when the device is turned-off, the capacitor C; will
be charged through the fast rccovery diode D, . Some tests have been
conducted in order to find the minimum on-time ( %, ) of the GTO to give

satisfactory results with the aid network. This #,, 1s dchined as,

t,, — 5% RC, (u scc) (3-1)

where R, in Ohm, and C; in uF.

The minimum ¢,, achicved is (13.35 us) for [C;=26.7 nF and R, = 100 Q].
The snubber circuit will reduce the switching losses in the device, but the
losses in the snubber resistor R, will tend to increase the overall switching
loss. The complcte physical power circuit board (gate driver circuit, and

switching aid circuit) is shown in fig.(3-13).
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3.6 METHOD OF PROVIDING CONDUCTION OVERLAP FOR THE GTO
THYRISTORS:

During the opcration of the converter, the current is transferred from
onc GTO to another GTO in the same half of the converter bridge. At the
transition period of the current during which the current is forced to pass
through the switching aid circuit of cach GTO, a voltage overshoot may
occur bctween the anode and cathode of the devices. To combat this, an
overlap of 2 usec has been introduced between the gatc PWM switching
pulses in the same half of the bridge, as shown in fig.(3-14). Fig.(3-14a)
shows the circuit implementation of this which consists of a simple AND gate
with an R,C, declay at the input. The diode D, is parallelled with R, to
discharged the capacitor at turn-on, while being reversc-biased at turn-off.
By this mechanism the input (x) is switched on until the capacitor is charged
to the threshold point and therefore the on time of the pulse is increased. The
inverted signal of this phasc is passed to another circuit of the same
specifications. The resulting overlap of the switching signals is shown in

fig.(3-14b). The logic signals rcquired by the converter are complementary.
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3.7 PWM GENERATOR AND CONTROL CIRCUITS:

The block diagram of the proposed digital sinusoidal pulsc width
modulation (SPWM) scheme is shown in fig.(3-15). It contains, broadly, a
frequency multiplicr in a phasc locked loop (PLL), a look-up table, an
8-bit 8-bit divider and logic gates used for timing and producing the carrier
signal. The last block in the figure is uscd to combine the PWM pattern with
control signals storcd in an EPROM to drive the GTO gatc circuits in the

correct scqucence.

The PWM wavcforms are generated by comparing a sine-weighted
signal stored in a look-up table with a digital triangular waveform. This
procedure generates symmetrical uniform pulse width modulated signals.
The sine-weighted waveform is stored as a series of positive half cycles, one
for each phasc, as shown in fig.(3-16b). The address in the look-up table is
controlled by the frequency multiplier and by an external digital input which
changes the phase of the PWM pattern with respect to a reference obtained
from the input voltage to the converter. The look-up table contains three
sampled sinc-weighted signals with a 120° phase scparation between them.
The values in the look-up table are scaled by passing them through an
cight-bit divider. These signals are then transformed to latch circuits and
compared individually with the carrier triangular waveform using an 8-bit
magnitude comparator. The pulses produced are then separated and fed to a

C-type flip flop to form the PWM signals.

A triangular waveform carrier is uscd instcad of sawtooth to obtain
symmetrical pulse width modulated signals, and hence a better current

waveform. The amplitude and phase of the PWM waveform is directly
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controlled by a programmable digital 8-bit/8-bit divider and a phase shifter
respectively. The division process is performed using a scquential logic circuit
with the output ranging from (00)Hex to (FF)Hex in steps of one digit. The
8-bit divisor of the divider is used to control the amplitude of the
sinc-weighted signal, and thercfore controls the modulation index (M) of the
PWM pattern. The input dividend is sct by an A;D converter, or it can be
controlled by a microprocessor control unit. This mcthod of sinusoidal pulse
width modulation ( SPWM ) is simpler than the strategy of storing many
switching angles in a large memory and accessing them at cach frequency
[101]. The proposed technique saves memory and gives a linear relationship

between switching angle and frequency.

The phase-shift circuit is simply consists of an 8-bit full adder. A 6-bit
phase shift input is used to give the phase shift desired between the input
phase voltage and current. This 6-bit number is added to the 6-bit from the
frequency multiplier which gives an offsct to the address of the sine-weighted
signal stored in the look-up table. At present the phase shifter has a

resolution of 7.5°.

3.7.1 Phase locked loop:

The phase locked-loop is used to synchronise the digital control circuit
to the frequency of the a.c. voltage input to the bridge. A frequency
multiplicr is used in the feedback loop of the PLL circuit as shown in
fig.(3-15). The frequency multiplier is a synchronous counter, which
multiplies the input a.c. frcquency by (12288), i.e. (2'2x3). The output of the

synchronous counter performs the following functions:
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1- To provide an access address to the look-up table which contains the
sampled 3-phasc sinc waves.

2- To provide all the timing clock pulses to the digital circuits.

3- To generate the carrier triangular waveform of the PWM pattern.

The voltage controlled oscillator (VOC) in the PLL circuit is used as the
system clock (SYS CLK) for the whole PWM generator. Some logic gates
’wcrc added in the feedback loop to increase the lock range of the PLL as

shown in fig.(3-17)

3.7.2 8-bit/8-bit divider:

The sinc-weighted signal is stored in the EPROM as a positive half of
the signal in order to be compatible with the 8-bit,8-bit divider, which
controls its amplitude. The division process is restricted due to the time
nceded to access the data and a combinational logic circuit was used to give
a very fast access time. The circuit developed for 8-bit 8-bit division is simply
composed of three EPROMSs and two 8-bit full adder circuits as shown in
fig.(3-18). This allows the samples of the sinc-weighted signal to be divided
simultancously by an 8-bit word which is used as a modulation index (M).
A full range of division is obtained (FE to 00)Hex. The time nceded is only
the access address time of the EPROM, which in this case equal to (250
nscc). A computer program reproduced in appendix A.3 was uscd to generate
the data stored in the EPROM. An alternative approach has been developed
to combinc the sine-weighted signal and the 8-bit/8-bit divider in a single
EPROM and is discussed in appendix (C). This method was developed to

reduce the amount of hardware involved, but was not finally incorporated.
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3.8 CONTROL SIGNALS OF THE CONVERTER BRIDGE:

Control signals are nceded to drive the switching PWM pulses in the
correct scquence to the desired GTO thyristor. Twelve digital signals are
rcquired to control the PWM waveform for switching the six-switch converter
as shown in fig.(3-19). These signals together with the PWM pattern are
combined to form the logic equation as discussed in the next section. The
control logic cquations for the 6-switch used for this control strategy are

illustrated as shown below,

Z, WL, (3.2)
Zy Wy, (3.3)
Zy WV (3.4)
Zy= W Ws (3.5)
Zg — W, W, (3.6)
Z, = W, W, (3.7)

The control logic signals ( Z ,Z,,Z.),(W,W_, W_ ) are for the
positive half of the bridge, and ( 2,2,Z,),(W,,W,, W, ) are for the
negative half of the bridge. The signals W, with W_ form the R-phase leg,
where as W_ with W_ form the Y-phase leg, and W, with W, form the
B-phase leg. The logic signals ( W - W_), Z, and Z_ are stored in an

EPROM to make the controller easy to implement. The W _and Z_ address
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is determined by the phase shift signal. However, in the next scctions these

cquations are discussed for cach type of control.

3.9 SIX-SWITCH CONTROL FOR SPWM CURRENT WAVEFORM:

The pulse width modulated signals obtained from the PWM generator
nced to be combined with some control signals to drive the GTO thyristors
in the correct scquence. For the 6-GTOs converter the switching logic
cquations for the GTO thyristors are described as below:

The switching cquations for the positive half of the bridge are,

Sy, Z,Y+ W\R+ W, + ZB (3.8)
SW3  Z\R+ WY + We+ Z,B (3.9)
SWs  ZyY + WsB + W, + ZRR (3.10)

and the switching cquations for the negative half of the bridge are:

SWy—Z,B+ W,R + W, + ZsY (3.11)
SWe=2Z,B+ WY + W;+ Z,R (3.12)
SWy=ZY + W,B + W5+ Z;R (3.13)

The above logic equations are represented in the diagram shown in fig.(3-19).

The logic signals (Z - Z_ ) cach have duration (r / 3) of the sine wave
cycle. The logic signals ( W - W, ) have duration (2 =/ 3) of the cycle. These

logic signals cnable the PWM wavceform to switch the GTOs at selected time
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periods (2 %/ o ) and (%/ o ) as shown in fig.(3-20). The control logic signal
W has logic “1” for a period 2 n / 3 of the R-phase current when the R-phase
voltage is more positive than the other phases and GTO!1 is forward biascd.
This logic signal W controls the positive half switch of the R-phase, i.e.
GTOLl in the converter bridge. Similarly the control logic signal W, has logic
“1” for a period of (2 n / 3) of the negative half of the cycle of the R-phase
voltage, when the R-phase voltage is Icss negative than the Y and B-phases,
(i.e. W, is logic “1” for a period of (2 n / 3) shifted by an angle = to the left
of W ). This logic signal is applicd to the ncgative half of the R-phase, and

controls GTO4 in the conyverter bridge.

The control logic signal Z_ has a logic “1” for a period of (r / 3). This
is to fill the gap between W and W, where a certain PWM waveform is
combined with them to form a flywheeling action that makes the current
sinusoidal at the start of the cycle. Similarly the other logic signal Z, is the
same as Z_, but shifted by = to fill the gap between J¥), and IV, at the trailing
edge in order to complete the flywheeling action for all the current waveform.
The other control logic signals (Z , Z,) arc made up in the same sequence,
but they are lagging the Ist group by (2 n / 3) for the Y-phase and for Z,,

Z,)by (4 n / 3) for the B-phase to form the 3-phase control.

3.10 CONTROL SIGNALS OF 3-SWITCH CONVERTER:

The controller used for the three-switch converter uses the same circuit
as for the 6-switch converter used in this work. The 3-switch converter
controller is implemented simply by changing the address of the control

signals storcd in the EPROM. For three-switch converter 9-control logic
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signals are necded as shown in fig.(3-21). The control logic signals with the

switching signals are shown in the equations below:

SWis=Z,YB+ W4R + ZsBY (3.14)
SWis=Z,RB + W3,Y + Z,BR (3.15)

The switching signal W4 has the same function of the combined
switching signals W , W_ of the 6-GTO converter. Similarly W3 and W,
have the same function of the switches placed for the Y-phase and the
B-phasc respectively. This type of control however is limited to a freedom of

+ 30 in the phase-shift [SO].

3.11 ANALYSIS AND HARMONIC REDUCTION OF THE PWM WAVEFORM:

3.11.1 Modelling of the sine-weighted signal and the carrier triangle waveform:

Twenty-four 8-bit samples arc stored in the EPROM per half cycle of
the sinc wave for each phase, cach rcpresenting values of the sine function
at 7.5° intervals. Then, the sinc-weighted signal is compared with a digital
triangular wave crcated by an 8-bit counter. If the first sample is taken at
7.5° then the last sample of the sinc-weighted signal (no. 24) will have an
amplitude of zero and the shape of the input phase current to the converter
will not symmetrical about the zcro crossing points (i.e. each 180°). To
overcome this an additional sample is added at the middle of the peak of each

of the sine-weighted signals in the EPROM, to give the shape of the input

CHAPTER THREE Page : 52



phase current half wave symmetry. This sample is added at 97.5° of the
maximum amplitude, thercafter all the samples are shifted to the left (of the
90° point) to keep the same number of samples (24) per half cycle. The

sinc-weighted signal is thus derived from the formula,

ve =K, 1255 sin x| 90° < x <7.5° (3.17)
Vo Kool2556in(x —7.5)]  97.5° = x> 180°

Where K, is a constant used to introduce a minimum pulse width equal to
(0.968) and the angle x is defined in degrees between (0° to 180°). In total two

half cycles are stored for cach phase, i.e. 48 samples per phase.

The instantancous value of each sample is approximated to the ncarest
decimal number and converted to a Hex-decimal number to be stored in the
EPROM as shown in table ( 3-1 ). A computer program has been written
(appendix A.1) to calculate the data for the 3-phase system, as sine-weighted
signals to be stored in the EPROM. The experimentally generated signals are

shown in section (3.7) where the PM-generator is explained.

The carrier signal is taken from the counter of the frequency multiplier
as a sawtooth waveform. This wavcform is converted to a triangle waveform
by EXOR gates and compared with each individual phase after the
8-bit 8-bit divider. The carricr signal is represented in fig.( 3-22 ). The

positive edge of the triangle is described by the line equation,
Y,=68x—c¢ (3-18)

And, the edges with ncgative slope are represented by the equation,
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Y,=—68x+510+c (3.19)

Where ¢ is a constant which changes with the edge number ( m ) of the

triangle in the scquence (0, 510, 1020, 1530, ....).

The switching angles are dctermined by the intersection of the
sinc-weighted signal and the triangle waveforms. These are then calculated
from thc above cquations after re-arranging as a function of amplitude.

Therefore, eqns.(3.18 and 3.19) will be

Y+ (n 1)7.5 (n=1,2,3,.....,24) (3.20)

x — Y475+ 175 (n=12,3,....24) (3.21)

Where n is the number of the sample of the sine-weighted signal and Y is the
sample value expressed as an integer lying between 0 and 255. Table ( 3-2)
lists the intersection angles of the two signals of the R-phase stored in the
EPROM and the carrier signal for m=0.95. The other two phases have the
same intcrsection angles, but shifted 120° and 240° from the R-phase

respectively.

3.11.2 Line current harmonic analysis:

In this scction the analysis and the reduction of the harmonic content
of the a.c. line current i,, of the proposed PWM, GTO current source
converter is discussed, and in particular a method for eliminating the 5th

harmonic from the frequency spectrum of the line current is presented. The
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harmonic analysis of the linc current waveform of a current source converter
is uscful for many purposcs. Firstly, the determination of the harmonic
content gives a qualitative estimation of the additional harmonic loss in the
generator, and the likely interference caused to the a.c. supply. Sccondly, it

gives an indication of the size of the filter to be installed on the a.c. side.

The switching devices in any converter operating at high frequencics
result in a non-sinusoidal currents being drawn from the a.c. network.
Therefore, the load can be a harmonic generator which transmits harmonic
power back into the a.c. network. The harmonics of low order, if high
cnough may cause disturbance in the a.c. nctwork and connection of a
converter of such type to the a.c. network is restricted, or may increase losses
in the case of connection to a generator. The presence of harmonics can
distort the supply waveforms and cause problems such as radio interference
where the supply line acts as a high-frequency transmitting aerial, and causes
losses in other systems connected to the a.c. network. Some solutions to be
taken into consideration are the placing of filters at the input terminals of the
conmverter to bypass the high frequencics, or by using complex circuits to
modify the switching of the converters to remove the low order harmonics.
The 5th harmonic is the dominant harmonic in the line current frequency
spectrum. This can be climinated by a certain simple technique, that will be

discussed in the next section.

The harmonic content in the current waveform i, of the converter is
calculated with reference to fig.(3-23). This waveform is a periodic PWM
pattern, and it is represented by a Fourier scrics [98, 99] in terms of its

switching angles as follows:
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ip(wt) = % a, + Zan cos wt + Zb,, sin wt (3.22)
n=1 n=1

where, (% a,) is the average d.c. value for the current waveform and would

be expected to be zero.

a, — —Tlr— Ju ia(wt) cos nwt d(wt) (3.23)
0

by~ j i(w!) sin nwt d(wl) (3.24)
0

The line current waveform is redrawn in fig.(3-23) to show the
switching angles more clearly. This waveform is a periodic function of

i,.(wt), which has half-wave symmetry since,
ir(wt) — flot+n) (3.25)

Therefore, the Fourier serics cocfficients of the waveform are given as

follows:

For n odd:

a, — _;Zt_ J. ix(wt) cos nwt d(wt) (3.26)
/]

b, = % J i,5(wt) sin nwt d(wt) (3.27)

(o]
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For n even:

Expanding cquations (3.26 and 3.27) for all the waveform pulses,

20, [* X4 X(k~1)
a, ——[| cosnwtdot+ | cosnwtdot + ...... + cos nwt dwt]
X X3 Xy
2l (72 %y Xy
b, —[| sinnwtdwt+ | sin not dwt + ...... + sin nwt dwt]
Xy X3 Xk

Where K is the number of switching points per half cycle of the current
wavcform and it is equal to (66). This number is increased for the current
waveform from 48 points to 66 because of the flywheel periods introduced

by the converter operation. Therefore for K =66,

21 .
de . . . . . _
a, —gp [ sin nx; —sin nx) + sin nx, — sin nxy + ... + sin nx, — SN ax, ]
21,
b, — —— [ cOs nx; — €os nx, + c0Os nx3 — cOS nXy + ...... + COS nX(x—1) — cos nx, |
Then,

66
21 .
a, = an Z( — 1)’ sin(nx))
=1
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66

b, = 2lae Z(_ 1D cos(nx;) (3.28)

n nn

i—1

The a, cocfficient is found cqual to zero when both halves of the full
cycle arc symmetrical about 180°. Therefore, replacing (b,) by [, , the

amplitude of the nth harmonic of the a.c. line current is given by:

66

21 N 1 '
e ZT Z( ~ 1)V cos (nx) (3.29)

n 1 p

Equation (3.29) represents the amplitude of the nth harmonic of the
linc current at unity power-factor. The angle (x) is added to the cquation to
include the phase shift between the line current i, and the phase voltage of
the converter (V,,), and includces a, cocfficicnt, though a has no cffect on the

harmonic content, so the current cquation will be,

66
21 N
I,= 7;10 Z% Z — 1) cos(nx; + o) Z Z( — 1) sin(nx; + «)
= n_
=1

i=1

(3.30)

A computer Fortran program has been developed to find the values of
the switching angles, and to carry out the harmonic analyses in the input a.c.
line current (i) [appendix A.2). Table(3-3) shows the theoretical and the

cxperimental results of the harmonic content in i, . A very small value of
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some sccond-order harmonics are appeared in the experimental results. This
is duc to the presence of small d.c. component added to the a.c. current
measurcment by the current transducer used. In the theoretical model the
valucs of the sccond-order harmonics exist, but in a very small amount which
can be ncglected. Fig(3-24a) shows the frequency spectrum of (i;). The 3rd
harmonic appears to a small degree in the frequency spectrum, this is due to
the imbalancc of the filter capacitors, resulting from finite capacitor
tolerances. The 5th harmonic appecars as the only predominant harmonic in
the frequency spectrum shown in fig.(3-24a), therefore, the modification has
carricd out in the stored sinc-weighted signal has improved the frequency

spectrum to an acceptable level.

3.11.2a Harmonic minimisation:

The harmonic content in the a.c. line current of the converter is
minimised to an acceptable level as shown in table (3-4). The 5th harmonic
has been reduced from -27 dBv to -68.8 dBv, which is a more acceptable
level. Fig.(3-24b) shows the frequency spectrum of the reduced line current
harmonics. The harmonic minimisation has been achieved by adding the 3rd
harmonic in a certain ratio to the sine-weighted signal. The amount of
harmonic added to the signal is very small, and will be cancclled by the
3-phasc conncction. The sinc-weighted signal stored in the EPROM after

adding the 3rd harmonic is,

i y(wt) — 247k,,[ sin wt — (0.028) sin(3wt — 60)] (3.31)

Where ( k. ) 1S a constant usced for pulse limit protection and it is equal to

(0.985).
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3.11.2b Harmonic content with respect to modulation index :

The harmonic content in the a.c. line current i, remains small, cven as
the modulation index is reduced. For the present design fig.(3-25) shows all
the low order harmonics are reduced with the reduction of the modulation
index ( M ) except for the 7th harmonic which is increased, but the increase
is very small Keeping it within an acceptable level. For example at M =0.1,
the amplitude of the 7th harmonic will be (-45 dBv), which represents
(0.56%) of the fundamental component of the line current iy Table (3-3)

shows the harmonics with respect to (M).

3.12 CONVERTER PERFORMANCE AND CHARACTERISTICS:

In conventional 6-pulse converters, the output d.c. voltage of the
converter can be controlled only by varying its delay angle. But in the
present work the output d.c. voltage (V) of the converter can be regulated
by changing the delay angle («) or by reducing the modulation index ( M )of
the PWM signal. The output d.c. voltage is decreased, when the delay angle
(o) is changed from 0° to 90° leading or 90 ° lagging as shown in fig.(3-26).
This figure shows the cxperimental results of the output d.c. voltage (V)
versus the delay angle for different values of the modulation index. Here it
can be scen that even at low modulation index the output voltage has a cosine
function with respect to the delay angle ( « ). Conscquently the output d.c.
voltage can be represented approximately in terms of (« ) and ( M) by the

mathcmatical expression;
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Va

e =—7— MV, cosa

32 (3.32)

Where V., is the line to line terminal voltage.

For a constant delay angle and variable modulation index, (V) is plotted as
shown in fig.(3-27). The rclationship between the output d.c. voltage and the
modulation index is lincar. Fig.(3-27a) shows (V) versus ( M ) for lagging

delay angle, While in fig.(3-27b) is plotted for leading delay angle.

The experimental waveforms of the output voltage and the input line
current arc shown in fig.(3-28). Fig.(3-28a) shows 30° lagging phasc-shift
between the phase voltage and phase current, and fig.(3-28b) shows a
phase-shift of 30 Icading. In addition figs.(3-29 and 3-30) show the PWM
pulses cxperimentally with both input and output voltage, and current.
Fig.(3-29) shows the expcrimental waveforms of the output d.c. voltage, and
the PWM gate signals. Finally fig.(3-30) shows the experimental waveforms
of the gate pulses and the input a.c. linc current and voltage. The a.c. current

has an (rms) valuc of 4.0 Amp.

The fundamental component of the converter input current iy is
derived from the phasor diagram shown in fig.(3-31b). Therefore, it may be

calculated from the formula

la2f= \/lalf _Zla]f lcfSln d) + le (3.33)

where i,y is the fundamental component of the line current before the filter ,
iy is the fundamental component of the capacitor current, and ¢ is the

power-factor angle. The fundamental component of the input a.c. current
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iy versus output d.c. current is plotted as shown in fig.(3-32). The results
plotted in this figure are obtained by connecting the converter to the main
a.c. network, and shows both the mecasurcd input a.c. currents before and
after the capacitor filter as a function of the output d.c. current. The linear
rclationship between them and the output d.c. current indicates the lincarity

of the system.

3.13 OUTPUT POWER AND EFFICIENCY:

High cfficicncy was achicved from the 1.6 kWatt prototype PWM GTO
converter as shown in fig.(3-33). The pcak cfficiency of the converter is
94.4%, and high efficicncy is obtained cven at low output power. The
cfficiency of larger power converters of similar design would be expected to
be even higher. In addition the cfficiency of the converter has been measured
for a constant output d.c. current (/g = 1Amp) for different delay angles
ranging from -90 lagging to 90 lcading and different modulation index, as
shown in fig.(3-34). These characteristics demonstrate that high cfficiency is
obtained cven at a low modulation index and large delay angle. The output
power increases linearly with the output d.c. current for constant input

frcquency as shown in fig.(3-33).
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Data X Data Y Data Z
(Hex.) (Hex.) (Hex.)
BC ED 42
A7 F6 5D
90 F7 78
78 F7 90
5D F6 AT
42 ED BC
25 DF CF
25 CF DF
42 BC EF
5D A7 F6
78 90 F7
90 78 F7
A7 5D Fé6
BC 42 ED
CF 25 DF
DF 25 CF
Table (3-1)

The sine weighted data stored in the EPRONM.
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Pulse no. Pulse margin Intersection Pulse width
angle
(m) (degree) Order no.  Degree (degree)
1 0.0°-7.5° 1 0.47° 6.559°
2 7.029°
2 7.5°-15° 3 8.455° 5.589°
4 14.044°
3 15°-22.5° 5 16.426° 4.647°
6 21.073°
4 22.5°-30° 7 24.367° 3.765°
8 28.132°
5 30 -37.7° 9 32.264° 2.971°
10 35.235°
6 37.5 -45 11 40.132° 2.235°
12 42.367°
7 45 -52.5 13 47.955° 1.589°
14 49.544°
8 52.5 -60 15 55.735° 1.029°
16 56.764°
9 60 -67.5 17 63.455° 0.589°
18 64.044°
10 67.5 -75 19 71.102° 0.295°
20 71.397°
11 75 -82.5 21 78.617 0.265°
22 78.882
12 §2.5-90 23 86.117° 0.265°
24 86.382°
13 90 -97.5 25 93.617° 0.265°
26 93.882°
14 97.5 -105 27 101.117° 0.265°
28 101.382°
15 105 -112.5 29 108.602° 0.295°
30 108.897°
16 112.5 -120 31 115.955° 0.589°
32 116.544°
17 120 -127.5 33 123.235° 1.029°
34 124.264°
18 127.5 -135 35 130.455 1.589°
36 132.044°
19 135 -142.5 37 137.632° 2.235°
38 139.867°
20 142.5 -150 39 144.764 2971°
40 147.735°
21 150 -157.5 41 151.867° 3.765°
42 155.632°
22 157.5 -165 43 158.926° 4.647°
44 163.573°
23 165 -172.5° 45 165.955° 5.589°
46 171.544°
24 172.5 -180° 47 172.970° 6.559°
48 179.529°
Table (3-2)

The intersection angles of the sine-weighted signal with the carrier signal.

[ modulation depth M =0.95 ]
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Harmonic f Experimental Theoretical
order no. Amplitude Amplitude

(n) (Hz) (dBv) (dBv)
1 50 0.0 0.0

2 100 -59.2 -122.1
3 150 -43.5 -109.3
4 200 -60.3 -108.4
5 250 -27.0 -27.69
7 350 -43.2 -43.10
9 450 -51.1 -135.7
11 550 -37.4 -37.83
13 650 -46.0 -44.96
17 850 -47.2 -52.64
19 950 -47.1 -51.31
21 1.05k -32.9 -149.7
22 1.10k -59.4 -118.3
23 1.15k -37.6 -39.30
24 1.20k -56.1 -101.4
25 1.25k -38.5 -37.18
26 1.30k -60.2 -111.2
27 1.35k -45.5 -130.8
28 1.40k -53.4 -129.3
29 1.45k -33.4 -34.69
30 1.50k -30.6 -121.8
31 1.55k -34.3 -31.92
32 1.60k -53.6 -119.3
33 1.65k -39.2 -115.5
34 1.70k -47.0 -125.4
35 .75k -28.5 -28.74
36 1.80k -44.7 -103.6
37 1.85k -31.0 -27.20
38 1.90k -45.1 -111.3
39 1.95k -29.9 -115.3
40 2.00k -38.3 -121.9
41 2.05k -20.5 -19.67
42 2.10k -37.0 -109.8
43 2.15k -21.7 -17.50
44 2.20k -49.0 -104.7
45 2.25k -28.5 -110.1
46 2.30k -46.9 -104.5
47 2.35k -30.0 -23.37
48 2.40k -41.0 -120.7
49 2.45k -19.5 -18.94

Table (3-3)

Frequency spectra of the a.c. line current Z,; without harmonic minimisation.
[ modulation depth M =0.95 ]
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Harmonic f Experimental Theoretical
order no. Amplitude Amplitude
(n) (Hz) (dBv) (dBv)
1 50 0.0 0.0
2 100 -639 | -
3 150 -440 | e
4 200 -654 | emeee-
5 250 -68.8 -71.43
7 350 -53.5 -53.24
9 450 -643 | e
11 550 -50.1 -50.68
13 650 -53.5 -49.55
15 750 -50.5 | eeeee-
17 850 -39.6 -42.00
19 950 -40.7 -39.74
21 1.05k -43.9 -36.70
22 1.10k | e e
23 1.15k -34.3 -36.70
24 1.20k S ¢ J I —
25 1.25k -38.1 -35.13
26 1.30k | e e
27 1.35k % % T I —
28 1.40k -66.3 | e
29 1.45k -30.0 -31.92
30 1.50k -65.0 | e
31 1.55k -36.0 -30.47
32 1.60k -69.7 | e
33 .65k 55 X - T I —
34 1.70k -59.2 | e
35 1.75k -25.3 -27.25
36 .80k S 125 Y K ——
37 .85k -32.3 -25.03
38 1.90k 573 | e
39 1.95k o)k X 0 N (—
40 2.00k 492 | e
41 2.050k -16.8 -19.83
42 2.10k 5 3 30 T I —
43 2.15k -21.5 -15.47
44 2.20k 645 | -
45 2.25k 212 | -
46 2.30k NS 0% S [ —
47 2.35k -47.5 -19.33
48 2.40k -52.5 | eeeee-
49 2.45k -18.6 -16.21
Table (3-4)

Frequency spectra of the a.c. line current i, after adding the 3rd harmonic to

the signal.
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Modulation| Sth Har. 7th Har. 11th Har. | 13th Har. | 17th Har.

index M (dBv) (dBv) (dBv) (dBv) (dBv)
0.95 -71.43 -53.24 -50.68 -49.55 -42.00
0.90 -70.24 -53.17 -50.82 -49.68 -42.13
0.80 -82.23 -52.04 -57.86 -49.73 -42.54
0.70 -79.19 -52.00 -52.56 -51.40 -43.15
0.60 -79.06 -51.09 -54.45 -53.22 -44.16
0.50 -67.63 -50.00 -57.69 -56.34 -45.59
0.40 -61.93 -48.77 -64.24 -62.88 -47.70
0.30 -57.87 -47.56 -72.80 -73.64 -51.11
0.20 -54.79 -46.36 -58.54 -57.92 -57.35
0.10 -52.01 -45.26 -52.82 -52.07 | e-ee--

Table (3-5)

The low order harmonics in the a.c. line current i, with respect to modulation
index.
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Fig.(3-3) Uniform sampling pulse width modulation.

a- At maximum modulation index.

b- At half modulation index.
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Fig.(3-4) GTO gate Signals and output d.c. voltage.



‘SwiojaAem Jualind aseyd-¢ ayj pue sasind ajeb pmd (s-¢) 614

« SiNsnnsnsnnasaEEhinyy | m
INENNIERE Fnirooog ™
, ﬁ::gz_z OO T T
E:::E_ HERERNE m

VLD nOnnr :l__l_::_sg .05l .0ZL .0 .09 .0€

.09€ .0EE .oom .EN .o.a 0Lz .08l E:CCCCEE_ | _ _ EE_I_CG:_E Il __I___lx.\

| [T LI
T L OO
| U [TTTTTOIO0L ™
NN
T | [TTIOOOO O ooy

.‘ 019




G, | OFF ON .t
GTO, o
Gs ON OFF e
GTOs .

ty = 0.25usec t. = 0.5usec
t, = 1.0usec t; =0.25usec
ty = 1.25pusec tyg = 0.75usec

Fig.(3-6) Switching characteristics of two GTOs at the same
half of the bridge.
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Fig.(3-8) Recommended gating conditions of the GTO thyristor.
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Fig.(3-9) Gate drive voitage and current of the GTO thyristor
at[ Vo= 230 Volt, Iy = 10 Amp ]



50 V/div.

S A/div.

a- Turnon [ t; = 0.25us, t. = 0.7us ].

5 A/div.

50 V/div.

b- Turn off [ t, = 0.25us, t,= 1.0us ].

Fig.(3-10) Anode voltage and current of the GTO thyristor
at f= 7.8 kHz, V, = 220 volt, and /r,,,= 10 amp.
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‘VD
a- Anode voltage and current for 95%
of the switching cycle.
Vo
Ir

b- Anode voltage and current for 14%
of the switching cycle.

Fig.(3-11) Switching characteristics of the GTO thyristor.
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R, =1k, C,= 1nF.

a- Circuit diagram.
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b- Timing waveforms.

Fig.(3-14) Overlap circuits for the switching signals.
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Fig.(3-16) Sine-weighted signals stored in the look-up table.



Input frequency f,

Y

.*_,
> PLL
> circuit
fon
o 1
I <)<} | N
i
I | MSB
| * | M + 12288
1
| | L - - o synchronous
- - - counter
L - — — — — — 1 e
A Ls8

Lock range expansion
logic gates

Fig.(3-17) Expansion of the lock range of the PLL circuit.

SYS CLK



= = As-A;

Z;

b
——:>
Yo

g EPROM,| o .
i i
DG’D7 18 w Ao -Ag
. 8-bit
[} Full
{] adder
]
1} Logic "0" ejpumg Ag-A;
Modulation Index ::
IF =P As-Ay 8-bit CRY > Aq
1} P
:: EPROM,
-2
[ ’
Do -Dy T Ao -A;3
'| 8-bit
! Full
" adder
. =
]}
" 2O 'rf.l
]
I
| ST 8-bit
Aqs-A
" N —
[
S¢S ====4 EPROM,
Sine-weighted signal
So-S; =E==z====sPpxgA,-A,

Fig.(3-18) Schematic diagram of the 8-bit/8-bit divider.

Variable
amplitude
digital
output



Z,

W;

Z,

Zy

Ws

Zs

Zs

—p t

P t

>t

—p t

P> t

. .
)



A A A A A A A
poc = [ cmmy “-ll-
'
" > lee " >4
; _Y -r ' -od [LLL T
v : [ : |
> ' m [ <t “
] ' ! .
cilll rr Conqy poed jm readoad
. '
lx ) @
[}
—R [ =ed ﬁlll L oo d -
“ "
1 & e
poe o .ﬁll ﬂllL _V- Caay pow ‘vllJ.
]
“B 1> “ - | "
] ' " N ]
P-l‘ e |0 -'lll v.lL w | WS g
' ]
'm ¥4
' i
IVN -'ll. IIIJ (-4 bae re= -
]
' > e
[} o ] L
ﬁ.'L _Y Fl.. —vlln w -ﬂllnvll '
[} ) [} []
1> ' m Bl B “
" o~ | g ' []
TYY b o @ of W rllJ re= _b ﬁ..AVOUL
[}
| x m o
. -
I POIJ po=d > ' e ﬁ'l. -
! ]
£ >
Wa 1> ]
.vllA .'l .‘l. FIOJ T-II'IOJ-
{o [=] > -]
9 = = = = = =
W w w w (2] (7]

Fig.(3-20) Switching signals of the PWM, GTO converter.



R
'
’
—t > t
Ny
“ ¢
4
s,
AR
\\-—/
Wi, - t
£ -
z - t
Was > t
Z, - t
Z4 e |
Ws, > t
Z, - t
4
s > t

Fig.(3-21) Control signals of 3-switch converter.



y (Amplitude)

PWM

pattern

||||||||| e — n.
o
v
& o
e A
a0
.ﬂ . .
x | %
Y S %
=
| °
wn v
q
R %
[Vp)
™~
e X .
N S g
H O .
- P> | i
o & - .
(& I 3 K o . g
L&
Y - e e K
Jr..o.
- &~ - - - - ‘o
ol (L g
n
-~
‘ ™
H
' L]
) —
: ] e m e X
T U L L T 0
B3 &8 & 5 °©
N

Fig.(3-22) PWM pattern generation.



[ m)%¢ ] yuaand

auy] yndui ay) jo sajbue bulydyms wiajed WM (g2-£) 61d

-081

x

v ¥y

006

——

vx

tx

154

-uu\l.

10—
<09¢

U“v\ +




1048/01V

s ¢+ 104BY_FS 1048/D1V
o Q!L: - 68.848

, (P "4

b- After adding the 3rd harmonic.

Fig.(3-24) Frequency spectrum of the input a.c. line current [i,2(wt)] of the
converter before and after adding the 3rd harmonic to the sine-weighted
signal.

[ .2 = 3.24 Amp(rms), /,. = 4.045 Amp ]
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b- At leading power-factor.

Fig.(3-27) Converter output d.c. voltage versus modulation index.
[ Vo= 200 volt, I, = 6 Amp ]
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Fig.(3-28) Converter voitage and current.
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Fig.(3-29) PWM gate signals and output d.c. voltage (V.. = 230 volt)
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Fig.(3-30) PWM gate pulses of the Red-phase current and
phase voltage.
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Fig.(3-32) Output d.c. voltage and input line currents versus
d.c. current.
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CHAPTER FOUR

COMBINED PERMANENT MAGNET GENERATOR AND
CONVERTER PERFORMANCE CHARACTERISTICS

4.1 Introduction.
4.2 System operation and control.
4.3 System operation in the inversion mode.
4.4 Output power and d.c. voltage characteristics.
4.5 System efficiency.
Figures 4.1 to 4.13
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4.1 INTRODUCTION:

The results of testing the PM-synchronous machine as a generator using
a passive load at different speeds has already been discussed and was seen to
cxhibit a very good performance cven though inexpensive magnets were used
in the rotor. In this chapter the machine will be used as a generator connected
to thc PWM, GTO converter and tested as a complete system with open loop
control. The implication of tcsting the PM-synchronous gencrator with the
converter is to form a power source which could be used with wind or tidal

turbines as an alternative source of energy.

The main system comprises of the GTO converter which converts
power at both ariable frequency and voltage from the 8-pole
PM-synchronous generator to d.c. power as shown in fig.(4-1). This power
can be used for different applications, which will be discussed in the next
chapter. A d.c. motor was used as the prime mover for test purposes. Some
additional circuits are used to complete the system, for instance a coil placed

in the d.c. link, and a 3-phase capacitor filter in the a.c. side.

The PM-synchronous machine can operate cither as a generator or as
a motor, thus four quadrant opcration is possible and are described in most
clectrical machine books. In the proposcd work the machine can be used with
the converter to work in two quadrant opcration, i.c. as a generator or as a
motor. However thc machine works mainly as a generator. But it may be
uscd in a back to back converting scheme, for example may be used as a
motor for pump storage. The proposed six-GTO thyristor PWM converter
can transfer the power in both directions, and is classified as a two quadrant

opcration converter. Therefore, the six-switch PWM, GTO converter was
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tested in the inversion mode to be used as a converter of variable d.c. input
powcr connccted to the main a.c. nctwork in a back to back system ( or so
called d.c. transmission). The 3-switch converter discussed carlier is similar
to a diode bridge rectifier in that it can convert the power from a.c. to d.c.

only and therefore it is classified as a onc quadrant operation converter.

Multi-function controller has been designed to control all possible
paramcters that make the combination of the PM-generator and the
converter working at maximum power transfer and high efficiency. The
controller maximises the gencrator power for a wide range of frequency
throughout the phase locked loop (PLL). However a disadvantage arises
from the PLL circuit because of the instability when the synchronous
rcactance of the PM-generator is increased by more than 49 mH, when the
power-factor angle vary towards lagging and the generator supplies high
current to the load. This is investigated by placing three inductors in series

with cach phasc of the machine.

4.2 SYSTEM OPERATION AND CONTROL:

The work has concentrated on the six-switch GTO thyristor converter,
duc to its capability of full two quadrant operation, with the delay angle «
variable in the range + 180° . The dectailed schematic diagram of the whole
system controller is shown in fig.(4-2). Herc the controller is discussed as an
open circuit control to illustrate the principal operation of the system.
Esscntially the input voltage of the converter is controlled by the delay angle
a of the converter, by varying the power-factor at which the generator is

opcrated at. Similarly the output voltage is controlled indcpendently by the
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modulation indcx of the PWM pattern as well as to the delay angle control.
The closed loop control operation of the system, to control the power-factor

and output power, is discussed in Chapter 6. Fig.(4-2) shows the full control

block diagram of thc conversion system.

As the frequency of the PM-generator changes with any speed
variation, the PLL circuit will automatically synchronisc the generator with
the clectronic circuits of the converter. But there is a problem arising with
this synchronism due to the presence of the PLL filter. The system being
discussed here is an open loop circuit, therefore the change in the desired
power-factor angle caused by the speed variation is corrected by changing the
sct value to the A D converter (2) as shown in fig.(4-2), i.c. the sctup value
for the delay angle ( « ) is altered. Fig.(4-3) shows the open loop
characteristics of the delay angle versus speed. The angle has been setup for
a constant value and the plotted results were recorded. Therefore, such a
controller require the power-factor angle to be fixed at the precise value, this
will be discussed letter.  As can be seen from fig.(4-1) the current i, is the
stator currcnt of the gencrator, while i,, is the line current of the converter.
However, the stator current of the generator has a power-factor angle of 90°
lecading when the converter has no-load. Therefore, this angle starts to
decrease towards 0 as the converter is loaded towards full load as shown in
fig.(4-4). Hence the power-factor angle is a function of two parameters,
firstly the delay angle a« which implicitly depends on the speed (n), secondly
the output d.c. current which is also depend on the input a.c. current. These
parameters have been controlled by the controller through a phase control
function as shown in fig.(4-2). The control function is a look-up table that

has the angles that makes the system work linearly with respect to speed and
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to the input a.c. current. The output power of the system is controlled by
anothcer controller which controls the output characteristics. Here the A/D
converter (1) controls the output d.c. current by controlling the width of the
PWM pulses. The full circuit operation of this controller is discussed in

scction (6.6).

4.3 SYSTEM OPERATION IN THE INVERSION MODE:

It has been mentioned carlier that the six-switch PWM, GTO converter
can work in the inversion-mode as well as the rectifier-mode. This is
controlled by the same controller shown in fig.(4-2), except that the setup
value of the A D converter (2) is changed to shift the delay angle o by 180°.
As before the synchronism between the machine and the electronic circuits
of the converter is achieved by using the induced line voltage in the stator as
a reference for the control system. Thercfore, it will act in the feedback loop
of the PLL circuit to keep the switching frequency in synchronism with the

machinc frequency.

Furthermore, the PM-synchronous machine has been tested as a motor
after placing a d.c. power source on the d.c. side of the converter to supply
the PM-machine. In this case thec PWM, GTO converter works in the
inversion mode, while the d.c. current flows in the same direction, since the
GTO thyristors conduct in only one direction (as in the rectificr mode of
operation). Then power can be reversed when the output d.c. voltage V. of
the converter is reversed in polarity. This is achieved by changing the delay
angle ( « ) of the converter from 0° to 180°. However, the system has been

tested for different speeds. Then, the voltage Vy of the d.c. power supply is
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fixed at any suitable value, and the converter voltage V, allow to vary. This
can bc achicved in two ways, cither by controlling the delay angle of the
converter or by varying the modulation index M of the PWM pattern. Thus,
to Ict the power flow to the PM-synchronous machine, ¥, must be slightly
smaller than Vg to provide a current flow through the circuit. Thercfore, the

d.c. current is defined as

V 4
Idc . dd Rd de ( 4. 1)

Where Ry is the ceffective resistance of the d.c. link.

Therefore, it 1s possible to control the speed with the above factors. The
machine was opcerated as a motor on load. An example of the converter
waveform are shown in fig.(4-5). In this particular case the d.c. voltage was
-214 Volt, the d.c. current (1.2 Amp) and the motor spced was 720 rpm.
Fig.(4-5a) shows that the converter d.c. voltage has a negative average value,
while the d.c. current has a positive magnitude as shown in fig.(4-5b). The
experimental wavcforms of the input line voltage and phase current of the
PM-synchronous machine as a motor arc shown in fig.(4-6). Due to the
PWM techniques uscd for this converter, even for the converter working in
the inversion mode, the voltage and current waveforms keeping their shape

as a sinusoidal waveform.

4.4 OUTPUT POWER AND D.C. VOLTAGE CHARACTERISTICS :
In the normal opceration of a line commutated converter the input phase

current will lag the phase voltage. However using the GTO converter the
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delay angle can be advanced to make the phasc of the current lead the
voltage. This kind of operation is required for the PM-synchronous generator
to optimisc its power as shown in fig.(4-7). This figure shows that the
maximum output power of the generator occurs at leading power-factor angle
for different frequencics. The generator is thercfore tested for constant
Icading power-factor angle for a variable speed from 375 rpm up to 900 rpm
as shown in fig.(4-8). A constant resistive load was applicd on the d.c. side
at a constant modulation index M. This power can be changed by varying
the input power factor angle of the gencrator. The effect of this procedure
Is to increase the terminal voltage of the generator, and thus supply more
power to the load. Fig.(4-8) illustrates the system output power for the speed
range specified above at two different power-factor angles. It may be scen
that the gencrator gives twice the power at 37.5° leading power-factor angle

than for 0 power-factor angle, while the output current is Kept constant.

The power-factor angle ¢ is dependent on the delay angle o of the
converter. Thercfore, the system output power is controlled entirely by the
dclay angle, which is termed the advance angle when the phase current leads
the phase voltage. In this respect some factors have been changed with the
PM-generator speced. These factors are plotted in fig.(4-9), with the optimum

value of the power-factor angle. It is clear that these factors are linear with

spced, and thus casy to control.

Fig.(2-23) is repcated and redrawn in fig.(4-10), where the experimental
results of the power factor-angle using the PWM, GTO converter are plotted
on it. In the first casc, the load was a capacitive and resistive onc connccted

to the PM-synchronous gencrator. It can be scen that the experimental points
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are closc to the theoretical line. In the sccond case, the load was the PWM,
GTO converter with variable delay angle ( a ). These experimental points are
also ncar the theorctical line. This is so because of the accuracy (+ 7.5°) of

the power-factor angle controller.

Thc combination of the GTO converter and the PM-synchronous
generator has the potential of giving a high output even at low speed, when
the machine is run at leading power-factor angle ¢ as shown in fig.(4-11).
The figure shows the characteristics of the PM-gencrator running at constant
speed, while the power-factor angle is kept constant at 30° Icading. It may
be noted that the maximum rated output power given by this gencrator at
frequency of 25 Hz is approximatcly equal to the same output power when
the gencerator runs at unity power-factor angle at a frequency of 50 Hz and
the same value of the input current (/,). The PM-generator output at 50
Hz is boosted in the same way by advancing the power-factor angle to

lecading as shown in fig.(4-11).

The current waveform of the PM-synchronous generator has very low
harmonic content when connected to the GTO converter. The harmonic
content was discussed earlier in Chapter 3. However, fig.(4-12) shows
cxamples of the input current and output voltage waveforms of the gencrator
when connected to a full-wave rectifier bridge, and the PWM, GTO
converter. It is clear from the current waveform of the PWM converter shown
in this figure, that it is more casily filtered than the rectangular waveform of

the rectifier bridge.
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4.5 EFFICIENCY :

The system efficicncy can be divided into two parts, the machine
cfficiency 7., % and the converter efficiency 7. % . The total system cfficicncy
ns % is cqual to the product of thesc two quantitics. The efficiency of the
PM-gencrator alone was discussed in chapter two and is equal to 90 % at full
load current and 50 Hz. Under the same conditions the efficiency of the
converter is 94.5 %o, thercfore the total system cfficiency will be 84.6 % as
shown in fig.(4-13a). Fig.(4-13b) shows the system cfficiency at 25 Hz. At
low frequency the system cfficiency reduced as more current was drawn by
the load, because of the higher proportion of copper ( /2R ) loss at low output

power.
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a (Degree)

f;

90° 1

—r —>» n (rpm)
500 1000

Fig.(4-3) Converter delay angle versus machine speed without
power-factor angle controller.



A ¢ (Degree)
90°
80°+
70°4
60 +
50°4

0°4
30°4
20°4

10°4

Fig.(4-4) Input power-factor angle of the converter versus
output d.c. current without its controller.
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a- Converter d.e. veltage.

T/div.= 2 ms/cm, V/div.= 100 v/cm
Vss = 300 Volt , Vo = -214 Voit

Id‘=°

b- Converter d.c. current.

T/div.= 2 ms/cm, I/div.= 1.25 Alcm
le = 1.2 Amp

Fig.(4-5) Converter waveforms in the inversion mode.



a- Line voltage V, [200 v/cm].
V, = 175.5 volt

T/div.= 2 ms/cm

b- Phase current /,, [S A/cm].

i.1 =21 Amp

Fig.(4-6) Input voltage and current of the PM-synchronous machine
as a motor fed from the PWM, GTO converter.
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00 0 ¢, = 37.5° leading

X X X = 0° unit
Prer y 0 -n = 900 rpm

X —-n = 900 rpm

X o=n = 375 rpm
L d
- - Vdc (VOIt)
L] v L4 1 4 »

300

Fig.(4-8) Output power of the converter versus d.c. voltage

controlled by the power-factor controller. [n= 375 — 900 rpm]



Ve (Volt)

A

Vdc
-
ia1 ’ ia21 Idc o
(Amp)
Ic ¢opt
) ‘ i [Lead]
51 a1 200
J /iaZ ] s
44 - -
L - b
3 - -60°
9 100 - 50°
¢opt
21 i -40°
. I 300
1- - - 20°
- - -10°
L4 L § L L4 ) L L S L L L ‘»
500 1000 n (rpm)

Fig.(4-9) Converter characteristics at maximum power transfer.



A ¢, (Degree)
[Leading]
g ° —— Predicted

x x x With passive load
80 1 o 0o With PWM converter

7
60 -
50 1
40°4 o
30 - o

20 A

10 1

I.1 (Amp)

Fig.(4-10) Optimal power-factor angle versus stator current at
maximum power transfer.



% Pou (Watt)

lac (Amp)

Fig.(4-11) System output power at ¢ = 30° Leading .



100ms

a- Rectifier bridge waveforms.

T/div.= 3.08 ms/cm

An p oho..ﬁ\’ﬁt .ﬁo ’/.' t .'ﬁ. g 'ﬁ..'ﬁ.."'

v 11 ) Q3 100ms

-

b- PWM, GTO converter waveforms.

Fig.(4-12) Waveforms of two types of the three-phase
fully controlled rectifier.
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a- At 50 Hz.

] nc % Converter efficiency

- ns% System efficiency.

# v L1 v L v T v B v v v LY 1 3 ‘»

1 2 3 4 5 6 7
lec (Amp)
n %
100%1

90% 1 e %
80% 1

a —m 'Is 0/0

b- At 25 Hz.
T L] v T v Y v T T v T ‘>
1 2 3 q 5 6 7

Idc (Am p)

Fig.(4-13) Efficiency of the PWM, GTO converter and the complete
system at two different frequencies.



CHAPTER FIVE

CHARACTERISTICS AND APPLICATIONS OF WIND ENERGY

CONVERSION SYSTEMS

5.1 Introduction.
5.2 Characteristics of a typical wind-turbine.
5.3 Applications of energy conversion systems to wind turbines.
5.3.1 Resistive load.
5.3.2 Battery charging.
5.3.3 Back to back converting scheme.
Figures 5.1 to 5.10
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5.1 INTRODUCTION

Human beings have always wishcd to convert wind power to
mechanical and latter to clectrical power. Wind, more than any other
rcncwable cnergy source, has intrigued scrious and amatcur inventors over
the ages. It is said that more patents for wind systems have been applied for
than almost any other device to date. The carliest reference to windmills
appcarcd in Arab writings from the ninth century A.D. that described mills
that operated on the borders of Persia and Afghanistan some two centurics
carlicr [1]. The first recorded Northern European mills were built in France
in 1180, and in England in 1190 t2]. P.La Cour of Denmark built the first

windmill to drive an clectric generator, late in the nincteenth century.

Wind-turbines can be classificd into many categories because of the
great varicty in their design. In designing a wind system it is therefore
essential to gain some insight into the mechanical properties of wind turbines
and their performance. However, they are mainly classified into two
categorics, based on the orientation of the blade axis. These are horizontal
axis machines (like propcller-type blades) or vertical axis machines such as
the (Darricus type turbine) as shown in fig.(5-1). In general, the
propeller-type blades arc the most common for use in electric power
generation. Each turbine has an optimum rotational speed with respect to the
wind speed. This is defined by a factor called the tip speed ratio, and is equal
to the ratio of the blade tip speed to the speed of the wind perpendicular to
the turbine. This ratio is a non dimensional factor used to evaluate the
performance of the turbine. Fig.(5-2) shows typical wind turbine

characteristics where it can be seen that the propeller-type blade turbine is

the most efficient. In any case the detailed mechanical discussion can be
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found in many books and papers [1-2, 19-21, 23-25], and is beyond the scope
of this work. The size of the turbine used also has great bearing on the type
of application. Small wind turbines arc usually used locally for gencrating
power in a particular location (stand alonc systems) [24, 31]. Large turbines
arc uscd to gencratc power for the utility network. The latter can be

synchronous or asynchronous power systems connected to the utility network.

5.2 CHARACTERISTICS OF A TYPICAL WIND-TURBINE:

The power harnessed from the wind is created by a volumetric mass of
air moving at variable speed in some particular direction. This power is
captured by a wind turbine placed in the path of the wind, where in practice

only a fraction of this power can be extracted as mechanical power, because

of the mechanism of the acrodynamic system.

A wind-turbine gencrator produces variable amounts of power and
usually gencrates for less than 50°%0 of the time [24]. Therc are other forms
of power generation (e.g. hydro, standby diesel, battery), that can be
combined to form a rcliable total system. As the output of the wind turbine

changes, the load should immediately be changed so as to maintain a match

between the wind power and the demand.

The total power available in a wind stream ( P, ) is equal to the rate
of the incoming Kinetic energy of that strcam and is proportional to the cube
of the wind speed ( v ). (i.c. the total power of a wind stream is directly

proportional to its dcnsity, arca, and the cube of its velocity). It is defined

by [23-26],
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P, _-—é—pAv3 (5.1)

Where ( p ) is the air density (Kg/m?), ( A ) is the cross-sectional area of the

wind strcam intercepted by the blade ( m? ), and ( v) is the wind speed before

interception (m s).

The cfficiency of the wind turbine is represented by the power
cocfficient ( C, ), or Betz cocfficient [23-26]. It has been found theorctically
that C, can have a maximum value cqual to 0.593. G, is defined as the ratio
of the power available in the wind-strecam P,qs to the mechanical power P,

available on the shaft of the rotor of the wind turbine, thercfore,

i (5.2)

(5.3)

In practice C, can vary between 0.45 to 0.15 depending on the design of the
wind turbine. This arises from a compromisc between cost cffectiveness and

cfficiency. Many types of wind cnergy conversion systems have bcen

discussed in the literature [1-26].

The power cxtracted from the wind strcam is dependent on blade tip
to wind spced ratio ( 4 ). The non dimensional factor, tip speed ratio 4,
represents an important factor, which relates the wind-turbine rotor’s radius

of rotation ( R ), angular spced of rotation ( w ) and wind spced ( v ), (or in
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other words it is the ratio of the tangential blade spced to wind speed),

thercfore
wR
A= " (5.4)

Fig.(5-3) shows C, versus A characteristic for a typical fixed-pitch horizontal
axis wind turbine, thus A represents all possible speed variations [25, 30].
From the graph shown in fig.(5-3), the power coefficient Comar i achieved
at only one tip speed ratio ( A, ) for any particular design. So to operate the
wind rotor at maximum power cocfficient Cym.y at A, irrespective of
variations in v, the dotted curve P, in fig.(53-5) should be followed. It is
clearly scen that a constant tip spced ratio operation is desirable for

maximum energy extraction from a wind energy system.

The torque developed by a horizontal axis rotor blade of fixed pitch
angle varics with both the shaft spced and the wind velocity. If the rotational
speed is too slow in a wind stream of a given velocity, the blade will stall, and
the output torque of the wind machine will decrease as shown in fig.(5-4).
Thercfore, to develop maximum output power from a wind stream shown in
fig.(5-5), as the speed of the wind-strcam varics, either the pitch-angle of the
blade or the rotational speed of the blade must be varied. Most of the
modern wind machines arc designed with variable-pitch blades. A control
mechanism is provided that will adjust the pitch of the blades to maintain a
constant rotational speed, irrespective of wind speed changes or output load

variations [23].
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From wind turbine theory [25], the wind turbine torque and power
characteristics arc plotted against the shaft speed ( n ) as shown in figs.(5-4
and 5-5). From the graphs it is obvious that the maximum power delivered
by thc turbine occurs at high rotational spced rather than at maximum

torque. So the maximum power line is rcpresented by
P, — kn’ (Watt) (5.5)
and the torque corresponds to that power linc is defined as

kon® (N.m) (5.6)

Where & and k, arc constants [25].

The torque developed on the shaft is defined as

P
T, - (5.7)

C, 4 AR
T, H). (5.8)
Thercfore,
T
P s
=Cr (5.9
A -g— AviR

Where Cris called the torque cocfficicnt of the wind turbine, and this is used

to cvaluate the solidity of the aerodynamic turbines.
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5.3 APPLICATIONS OF ENERGY CONVERSION SYSTEMS TO WIND
TURBINES:

As we discussed carlicr, wind cnergy can be used for a number of
different applications. The implication of these to the control of a wind
system, which uses the permanent magnet machine and the GTO converter
as the mcans of cnergy conversion, is discussed in Chapter 6. The

cxperimental results are discussed below:

5.3.1 Resistive load:

The mechanical power delivered to the PM-generator is converted to a
d.c. power. A resistive load is used as a heater on the d.c. side. The heat could
be used for many purposes. Such as in boilers to be used for factorics, or for
heating houses. A heater of 2 kWatt was used with the proposed system.
The control unit and its function is very simple. As the wind speed is
increcased more load is inserted into the system to absorb that power.
Fig.(5-6) shows the output power versus d.c. voltage characteristic for a
spced range of 250-900 rpm. The system is tested for two loads, however, as
the load is increased the extracted output power is increasing also. The output
power from the PM-generator is increcased at high speeds by increasing the
power-factor angle towards Icading as shown in fig.(5-7). The load must

capable of handling this increascd power.

5.3.2 Battery charging:
One of the uscful applications of wind cnergy is its use in battery
charging. The turbines used for that purpose are classified as small scale wind

turbincs. Usc is gencrally in remote places, such as in communication

CHAPTI1ER FIVE Page : 83



repcater-stations or uscd for changing batterics in camps and remote villages.
The PM-synchronous generator was tested for this purposc to give both
constant output voltage V, and current /, at any speed. Vg and [, arc kept
constant by adjusting the modulation index of the PWM pattern. Fig.(5-8)
shows the output d.c. voltage versus the generator spced n . The percentage
of crror in the output d.c. voltage is within + 0.9%, thercfore, good accuracy
is achicved. The PM-generator presented in this work can be replaced with
an induction gencrator [5] or by a conventional synchronous generator used
by Bolton and Nicodemou [30], but both of them arec considered to have
disadvantages as discussed in chapter one, such as reactive power demand for

the former and the maintcnance for the latter, as well as the harmonic

content.

5.3.3 Back to back converting scheme:

The variable wind encrgy can be supplicd to the main a.c. network, but
of course, the main a.c. nctwork has a constant terminal voltage and constant
frcquency, which is vital to be connected to a wind or tidal power system
dircctly. However, in order to implement the connection of variable sources
of cnergy to the main a.c. nctwork, some consideration has to be given to the
charactcristics of the generator and the a.c. network. Many different systems

have been employed to date. In principle they are similar, but cach has been

designed for a different requircment. It has been mentioned in Chapter |1

that some systems use induction gencrators directly connected to the a.c.
network, but that they have the disadvantage of frequency limitation. Some
systems, on the other hand, use polc changing of the generator adding

complexity to the system, and increasing its cost cffectiveness.
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In a scnse d.c. transmission offers such important advantages to make
it more attractive at present to a.c. transmission. Some of them are discussed
below:

I- D.c. power can carry higher power than for a.c. power transmission,
because of the effect of capacitance in a.c. transmission. Thercfore, d.c.
cables are more likely to be used for longer distances than those for a.c.
cablcs.

2- D.c. power can be transmitted between two different stations in spite of

the frequency difference between them. However, for a.c. transmission there

15 nced to match the frequency as well as the effect of reactance and phase

difference at the connection ends.

However d.c. transmission is not in common use because high voltage
power clectronic converters are a recent development involving complexity
and cost. Furthermore the d.c. transmission can be used only between two

points due to the difficulty of tapping the d.c. power along the line. However

in the work presented here we have only two converters adjacent to cach

other to form a conversion scheme.

The present work is focused on new power clectronic devices called
GTO thyristors. A current source converter of six-GTO thyristors has been
implemented in this study and is used as a controllable voltage and

power-factor rectifier.  Another converter of the same spccification, but

simpler in its control circuitry has been constructed, for connection to the a.c.

nctwork to reconvert the wind energy to a form suitable for connection to the
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a.c. network. Thus, the GTO converter is used in the inversion mode. Such
a system is called a (back to back) converting scheme, or a d.c. transmission
system as shown in fig.(5-9). The advantages of this system, can be exploited
cxtracting the power from the wind or the tide in spite of the power
fluctuations. In a wind-cnergy conversion system, as discussed carlier, the
powecr is incvitably variable in terms of voltage and frequency. This variation
can be very large and a controller has been designed to adapt all these
variations within its limits. The casc of a tidal-cnergy conversion systecm is
less complex, since there is smaller range of voltage and frequency of the
generator. Therefore the controller is simpler in its function. However, the

present work has the capability for controlling cither of the two systems.

Fig.(5-9) shows the schematic diagram of the whole transmission power
system. This system transfers the power into two directions from the
PM-synchronous generator to the a.c. network, or from the a.c. network to
the PM-machine (working as a motor). The rotor of the PM-gencrator is
coupled to a prime mover turbine and clectrically connected to a 6-switch
GTO converter (converter-1), working as a rectifier. The output of this
converter is connected through a d.c. link to another 6-switch GTO converter
(converter-2), working as an inverter. The a.c. side of converter-2 is
connected to the main a.c. network of constant frequency and voltage. d.c.
reactors were placed between the two converters to scparate the output d.c.
voltages of both converters, and to smooth the d.c. current. The principle of
opcration is divided into two modcs:

1- The power transmitted from the generator to the a.c. network.

2- The power transmitted from the a.c. nctwork to the PM-machine.
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In the first case when the PM-gencerator supplies the power to the a.c.
nctwork. Converter-1 works as a fully controlled rectifier with a delay angle

a; = 0° The converter d.c. voltage V,; may be varied by adjusting the

modulation index M, of the PWM pattern. The second converter (which is
identical to the first one) operates as an inverter receiving the power through
the d.c. link, and transferring it to the main a.c. nctwork. The delay angle
of converter-2 will be a; — 180°, and its d.c. voltage ¥, may be similarly
varicd by adjusting the modulation index A/, of the PWM pattern. However,
the dclay angle o, can be expressed as an advanced angle defined by |
g 180 o). Therefore for simplicity a; and B can be adjusted from 0°
(Which gives maximum output d.c. voltage of both converters) to 90° (which
gives zero volts of the output d.c. voltage). It is obvious that the resistance
in the d.c. link unless very small will causc a high voltage drop causing large
system losses. Therefore any small variation in the d.c. link voltages ¥V, and

Va will cause large amount of d.c. current. According to this the d.c. current

is defined as

V V
L. dl 7 d2 (5.10)

Hence, in practice certain precautions should be taken to limit the high
current fluctuation. Thus for this type of power transmission, the output d.c.

voltage should be controlled in such a way to overcome the above problem.

For d.c. power transmission the output d.c. voltage ¥, and current /,
characteristics should have the function shown in fig.(5-10) [8]. The
characteristics of cither of these converters has been explained in this figure.

The output d.c. voltage Vi is kept constant for the d.c. current which can
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vary from zcro up to a rcference level called 7 as shown in fig.(5-10a). Then,
when 7, rcaches this value, Vy is reduced sharply to zero, (the reduction is
done by adjusting M, ). Converter-2 d.c. voltage Vi, has the same shape, but
in reverse order, i.e. Vg, is kept zero until the d.c. current reaches a reference
value of the d.c. current /, sctup by converter-2 as shown in fig.(5-10b).
Fig.(5-10¢) shows the two curves supcrposed to show the operating point of
the d.c. link (which is the interscction point of the two curves). It is clearly
scen that Vp is made slightly smaller than V. It is the same as in the
converter when working in the inversion mode and connected to a d.c. source
(discussed in chapter Four). I, also is made smaller than 7, to produce a
working margin stated in some books to be as 10%6 of the rated load current.
From the shape of the curves good protection is obtained against a fault

condition in the d.c. link. The voltage will reduce quickly to zero when a fault

Ooccurs.

For the sccond mode of operation of this conversion system the power
is transferred back from the a.c. network to the PM-machine; hence a
regencration process. In order to do this the delay angles a; and f of both
converters need only to be changed. Taking into account the voltage and
currcnt characteristics nced to be reversed. a; now operates in inversion mode

and B in rectification mode. Adjustment of machine speed is made by

changing the modulation index Af,.

In the present work the controller can be programmed to any desired
function. Therefore cach converter has its controller working separately with
programmed values which have been sctup for any working condition as

shown in fig.(5-9). Each controller can work individually with mutual effect
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on the other. Then, if the sct values need to be changed, these will be adjusted
for both converters at the same time. The controller will be discussed in
chapter Six, but it is worth to mention that the functions of thc. output d.c.
voltage and current characteristics shown in fig.(5-10) can be storcd in an

EPROM.
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Fig.(5-2) Typical performances of wind turbines.

Cp a im

0'5 |
—————————— — C
0.4 p(max)

0-3

0-H

I
|
!
l
!
02 !
|
|
!
|
l

v

10

Fig.(5-3) Typical Power Coefficient versus tip speed ratio

characteristics.



Blade Stall

/
/ ) torque locus to
give max. power

5=v (m/s)

.
>»

n (rpm)

Fig.(5-4) Characteristics of wind-rotor torque versus its shaft
speed for different wind velocity.
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Fig.(5-5) Characteristics of wind-rotor power versus its shaft
speed for different wind velocity.
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Fig.(5-10) Output d.c. voltage and current characteristics
of the back to back converting scheme.

a- Converter-1 as a rectifier. b- Converter-2 as an inverter.

c- Voltage operating point for both converters.



CHAPTER SIX

POWER-FACTOR AND OUTPUT POWER CONTROLLER FOR

A WIND ENERGY SYSTEM

6.1 Introduction.

6.2 Power factor angle controller operation.

6.2.1 Power factor control with output d.c. current changes.
6.2.2 Power factor control with input frequency changes.

6.3 Modulation index controller.

6.4 System controller used in wind-power system.

6.4.1 Output power control using power-factor controller.
6.4.2 Output power control using modulation index controlier

[steady state].
Figures 6.1 to 6.8
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6.1 INTRODUCTION.

The combined PM-generator and PWM, GTO converter system may
be controlled to be used in variable cnergy sources at its maximum power and
efficicncy. The controller is used to optimise the gencrator performance and
to match the implemented converting scheme. In this chapter the system
controller will be discussed and applied to the examples used in Chapter 5.
The system controller is divided into two controllers which arc used to control

three paramecters as shown bclow,

1- The first controller controls the power-factor angle ¢ as a function of both
frequency and output d.c. current. The power-factor is controlled for its
optimal value by a reference function stored in an EPROM { ¢opr o< A L, f)
}. As mentioned carlier in wind cnergy schemes the speed of the turbine is
changing with wind spced, thercfore the frequency of the electric generator
will bc changed, as will as the power-factor angle. Then to optimise the
output power and the cfficiency of the generator the power-factor angle will

be controlled as a function of the d.c. current of the converter.

2- The modulation index control is used as a second controller to control the
output power of the power-conditioner (converter) by changing the amplitude
of the average d.c. current, to match the wind-turbine power, i.e. the
modulation index controller is used to match the converter performance to
the application nceded. Furthermore it is used to protect the converter from

high voltage and high current that could occur.
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6.2 POWER FACTOR ANGLE CONTROLLER OPERATION:

In this scction the circuit opcration of the phase controller shown in
fig.(6-1) is discussed. Two rcference signals were used for the phase control
opcration, the first signal is from the line voltage V,, , and the sccond signal
is from the stator phasc current i,, which is used as a rcference for
power-factor angle ¢ measurement. The controller is very simple and active,
and utilises the delay angle () of the converter to correct any changes in the
powcr-factor angle ¢. The delay angle « of the converter is the angle between
the terminal phasc voltage ¥V, and the input line current ( i, ) to the

converter, and can be varied from -180 to 180°.

The difference in the phase angle between the terminal voltage V), and
the line current i, is mecasured and added to an offset value for calibration
rcasons, it is then compared with the phase reference command ¢, to the
sctup value required. The output from the 6-bit comparator is the error signal
which scts the second up down counter to change the dclay angle o to correct
the phase angle ¢ between V,, and i,. Then, the changes will continue until
the error signal becomes zecro. However the power-factor angle controller
mahes the angle ¢ independent of both system frequency ( f) and the output

d.c. current from the converter. These characteristics will be discussed in the

next sections.

The signal ( v ) shown in the wavcform diagram in fig.(6-2) represents
the voltage reference signal (V). This signal is taken from the first input to
the PLL phasc-comparator, while the other reference is from the stator line
current i, through a current transducer. Then, the current signal ( ip ) shown

in fig.(6-2) is gencrated by the positive going edge of i, and the ncgative going
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edge of ( v ). The current signal ip is fed with the voltage signal ( v ) to an
EXOR gate to give the phase difference between the converter input voltage
and the stator line current i,. This phase difference (¢;,) is measured by the
first 8-bit up/down counter shown in fig.(6-1). Then an offsct value is added
to the counter reading by loading the counter at each measurement cycle as
shown in fig.(6-2). This phase ( ¢, ) represented by the 8-bit output of the
counter, and is fed to a latch circuit to prevent the changes of the phase shift,
when the counter to be loaded at the next mcasurement cycle until the right
phasc to be latched. A D-type flip flop (not shown in the figure) was used
to sct the first counter for lead or lag opcration, which gives the input line

current i, a range of leading and lagging phase shift referred to input phase

voltage.

The phase reference ¢, command represents the phase required after
the corrcction in phasc between the phase voltage V,, and the stator line

current i, . The error signal ( ¢¢ ) of the phase differcnce from the output

of the comparator is defined as,
d)E = (»bin - (»bref (61)

This error is zero for a steady state condition. However, if a change will
be in ¢, side or ¢.. side there will be an error signal ¢ which is used to
correct the power-factor angle ¢ using the second up/down counter as shown
in fig.(6-1). Here again the sccond 8-bit up down counter is used for lead and
lag changes . The Icad and lag in phase demand is calculated by the same
8-bit comparator. Six-bits from this up/down counter were used to correct the

power-factor anglc by adjusting the valuc of the delay angle a.

CHAPTER SIX Page : 93



The speed of changing the power-factor angle ¢ is dependent on the
clock (CLK3) of the sccond up/down counter. This clock CLK3 is taken
from the terminal voltage frequency ( f ) through a 4-bit binary counter.
Then, the terminal voltage frequency ( f ) is divided by (16) to produce
(CLK3) Hz, therefore, the gain ( K ) in this case of the closed loop counter
is cqual to (I 16). The gain is choscn at this value, since the mechanical

response of the system is slow compared with the power-factor angle ¢

changes .

6.2.1 POWER FACTOR CONTROL WITH OUTPUT D.C. CURRENT

CHANGES:

The stator current i, has becen taken as a reference for power-factor
angle control. The phase ¢ will be changed with the magnitude of the
converter input current i,; from (¢ = 90° leading at i, =0 Amp up to ¢ =
o for i, = oo), this happens due to the presence of the capacitive filter at the
input of the converter. Fig.(6-3) shows the fundamental components of the
stator current i,; and the input converter current i, . The capacitor filter
current i, always leads the terminal voltage V, by 90°. The converter input
current i, is dependent on the output d.c. current /; of the converter. Given
that ¥, used as a reference then if i,; is changed in its magnitude, i, will vary
in both magnitude and phasc angle, while i is kept constant. Because this
mechanism occurs at any variation of i,; , therefore such a control is needed
to make the phase ¢ independent of the magnitude of i,. For example in

fig.(6-3) if i, is reduced, the new value of the stator current will be i, at a
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phasc angle of ¢’. However, the power-factor controller is designed to correct
any changes in the angle ¢. The control strategy is then applied, for example,
when the angle ¢ decreascs, then the delay angle o will decrease instead to
compensate the changes in ¢. So the current vector of i, moves towards V,,
automatically to keep ¢ at the same value. This process will be reversed if

the angle ¢ is increascd.

As mcntionced carlier the speed of changing « is dependent on the clock
to the second up down counter. A 4-bit synchronous counter is used at the

input clock of the seccond up ‘down counter to sct the gain of (1/16).

Fig.(6-4) shows some examples of the experimental results which have
been plotted for power-factor angle ¢ and the delay angle o with respect to
the output d.c. current, at a constant frequency. It can be seen that from the
graph, to kecp ¢ constant, then the delay angle a should be reduced. This is

done automatically by the power-factor controller.

6.2.2 POWER FACTOR CONTROL WITH INPUT FREQUENCY CHANGES:
The phase locked loop (PLL) circuit used in this system has a versatile
synchronisation with a wide specd ( n ) range of about 250 - 900 rpm.
Therefore, it has excellent control at this range of speed, but there is a
disadvantage of using the PLL circuit, since the phase is varied with the input
frequency between the two comparator inputs of the PLL circuit. Then, due
to the phase change of the two comparator inputs, the delay angle a of the
converter changes with frequency, and therefore the angle ¢ will change. This

process mcans that at any speed there is a certain power-factor angle ¢ at
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that speed. This has been discussed in Chapter 4, where an example form the
cxperimental results was given, and have been plotted in fig.(4-3), which
shows the change in the declay angle o« of the converter without the

power-factor controller, at a wide spced range of 375 - 900 rpm.

After introducing the power-factor angle controller in the circuit, all the
problems of the phase changes are solved. The clock to the first up,/down
counter shown in fig.(6-1) is taken from the frequency multiplier of the PLL
circuit. The timing waveforms are shown in fig.(6-2). This clock has the
same carrier frequency as the PWM signal, and is proportional to all the
frequencices of the frequency multiplicr. Therefore, at any time the accuracy
of the controller is ( 48 ) steps per cycle, i.e. 7.5° per onc step in the phase
shifter. Therefore the degree of sensitivity is + 7.5° , which sets the dead zone
of the angle control. The degree of sensitivity of the power-factor controller
can be incrcased by increasing the number of samples per cycle of the
sinc-weighted signal, which is, in this work fixed for any frequency. Many
cxperimental tests have been carried out for different power-factor angles ¢,

for speed from 375 - 900 rpm, an cxample is shown in fig.(6-5).

6.3 MODULATION INDEX CONTROLLER:

The modulation index control is simpler than the phase shift control
because of altering only the pulse width of the PWM pattern. The process is
carricd out through the first 8-bit A/D converter shown in the complete
system block diagram of fig.(4-2). The modulation index ( M ) will change the
average amplitude of the sine-weighted signal through the 8-bit/8-bit divider.

Because the current is strongly affected by the PWM pulses, therefore the
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output d.c. current is a function of the modulation index. Therefore this
controller is uscd to match the output power for the combined system of the
PM-gencrator and the PWM, GTO converter to the output power generated

from a variable energy turbines. The system is discussed in the next section.

6.4 SYSTEM CONTROLLER USED IN WIND-POWER SYSTEM:

6.4.1 Output power control using power-factor controller:

As mentioned earlier the power cxtracted from a wind turbine is
strongly dependent on the turbine wheel arca and the wind speed, i.e. in other
words the output power from a wind turbine is proportional to the square of
its diameter, and to the cube of the wind speed ( v3) [1]. Therefore, the power
produced by windmill turbines is affected inhcrently by the wind speed, (i.e.,

any small rcduction in the wind speed, results in a large change of the output

power).

Generally the output power from clectric gencrators used in windmill
applications varics with the square of the speed of rotation ( n2). For for a
wound rotor synchronous generator the excitation field of the rotor can be
adjusted to incrcasc or dccrcase its output voltage. But the
pcrmanent-magnet generators may benefit from capacitances which could be
switched into the system to match its output power [13]. The work proposed
has the advantage of flexible converter operation, where the delay angle can
be varied for Icading or lagging power factor. Therefore, an inductive load,

through the converter operation, can appear as a capacitive load.
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It is found experimentally and supported by the theoretical model, that,
the maximum output power (P,.)max from the 8-pole PM-synchronous
gencerator used, occurs at leading power-factor angle ¢. Then, the generator
can give maximum power at any valuc of stator current iy when the
power-factor angle ¢ is adjusted from (¢ =0°) at i,; =0 Amp to (¢ = Pop°)
at the rated value of the stator current of the PM-synchronous generator.
Therefore, at any instant of maximum power transfer and when the stator
current i, is incrcascd, then ¢ should be incrcased towards leading
power-factor angle. The relation between i,; and ¢ is found to be linear
cxperimentally, which is supported by theorctical analyses as shown in the
past sections. Thus, the controller maximises the generator power for any

value of any stator current.

6.4.2 Output power control using modulation index controller [steady state]:

[t is obvious that the output power from a windmill is proportional to
the cube of the shaft speed, and the output power from the clectrical
gencerator is proportional to the square of the shaft speed. Thus, the output
power from thc gencrator is controlled to match the wind-turbine power.
Assuming a resistive load to be connected at the output of the GTO
converter, which involves most types of loads. Thercfore, the output d.c.
current of the converter connected to the PM-synchronous gencrator is
controlled to give the matching condition. Assuming that the power from the

windmill is defined by,

P . oc n’ (6.2)

ow
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Then, the output power of the converter ( P, ) should be the same as (

P,.), assuming converter cfficiency is (100%), thercfore,

oc
where the converter power is defined by

P, I.'R (6.4)

oc [¢

and the shaft speed ( n ) for this 8-pole PM-gencrator is illustrated as,

n 15f (6.5)
Substituting cqns.(6.5) and (6.4) into eqn.(6.3), gives,

I.2R oc (15f)° (6.6)
Thercfore, the output d.c. current is defined as

Locf1? (6.7)

Eqn.(6.7) indicates that, the output d.c. current of the converter is
proportional to the generator frequency to the power ( 1.5) making its output
power match the wind-turbine output power. This equation is represented
as a function stored in an EPROM placed in the control circuit of the
modulation index controller. The address to this EPROM is proportional to
the generator frequency. Certain limits have been added for the working
frequency range from (25 - 60 Hz), therefore after 60 Hz, the d.c. current is

to be reduced, since high voltage is developed on the a.c. side of the
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converter. The decrease of the current is to reduce the stresses on the GTO

dcvices of the converter.

Fig.(6-6) shows the controller of the output power to match the wind
turbine power. The input control signal to this controller is from the R-phase
of thec PM-synchronous gencrator, and its output is fed to the d.c reference
of the output d.c. current of the converter. The controller operation is by
measuring the duration of the input frequency of the PM-synchronous
machine (f,), using a a constant frequency (fy) oscillator. The resultant
frequency is fed through an AND gate to an 8-bit counter, then to a latch
circuit. The clock (L CLK) to the latch circuit is derived from the delayed
frequency (f.s) from the machine as shown in fig.(6-7a). The output from this
counter will be the address of the control function that will be fed to an 8-bit
D A converter. Thercfore the output from this circuit is compared with the
sensed d.c. current in the circuit, then it is adjusted to be proportional to the
same value of the stored function in the EPROM. The adjustment is carried
out by changing the modulation index of the PWM waveform. The EPROM
shown in fig.(6-6) contains the function of ( Iyocf ') as shown in fig.(6-7b).
The working range is between (25 - 166 Hz). Fig.(6-8) shows two different
functions, so cither can be used. The difference occurs only after 60 Hz.
Fig.(6-8a) shows the current should be reduced linearly after reaching its
maximum limit specificd by the maximum frequency range. Fig.(6-8b) shows
that the current is kept constant after reaching its maximum limit. Thus, any
function can be choscn to suit the clectrical gencrator and the converter. The
function shown in fig.(6-8) is the output of the power controller which is the
d.c. reference of the output d.c. current. These functions are stored in the

reverse way to reduce the hardware of the clectronic circuits.
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For battery charging the output d.c. voltage should be constant for any
change in the input a.c. voltage. The output d.c. voltage is defined by
cquation (3.32). The modulation index should be altered as a function of the
input a.c. voltage. Thereforc equation (3.32) is redefined in terms of the

modulation index (M) as,

M o (6.8)

/
} tel

The modulation index is inversely proportional with the input a.c. voltage.

The experimental results are shown in section (5.3.2).
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CHAPTER SEVEN

CONCLUSIONS AND FUTURE WORK

7.1 Conclusions.
7.2 Suggestions for future work.
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7.1 CONCLUSIONS:

This work demonstrates the development of an cconomical power
conversion scheme. This is achieved by the design of a new pulse width
modulated static power converter using GTO thyristors and the
incorporation of a permancnt magnct synchronous generator. The generator
has an 8-pole multistacked imbricated rotor of Ceramic-8 Ferrite material,
and has a conventional type of 3-phase induction machine. The system
designed has high efficiency and a high power capability espccially when run
at a certain leading power factor, and may operate over a wide machine
speed range. The GTO converter can accomplish this and also give a
sinusoidal machine current. The GTO converter has two controllers, the
delay angle and the modulation index, hence it can match both the optimum
machine characteristics and the load characteristics. The complcte system is
ideally suitable for use with alternative sources of energy. An application was

chosen, as an ecxample, which involves an cffective and cfficient wind energy

conversion scheme.

The characteristics of the PM-synchronous generator and its equivalent
circuit have been cxamined with a view to providing a static model of the
machine. The paramecters of the 8-pole PM-synchronous generator are
determined experimentally and verificd with the theoretical equivalent circuit
modcl presented. The PM-synchronous machine has permanent magnct
cxcitation, rather than wound rotor. Therefore its leakage reactance is
calculated by a mcthod derived from the phasor diagram of the equivalent
circuit for the machine. A computer program was used to find the best value

of the rcactance which is suitable for this machine. The core loss is

determined experimentally and is represented theorctically by a shunt resistor
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across thc air gap induced voltage in the cquivalent circuit model. The
generator has large values of dircct and quadrature synchronous reactance,
which were found to be approximately equal. Therefore, the permanent
magnet generator modelled as if it had a rotor of a cylindrical shape rather
than a salient pole. This cylindrical model was verified by running
cxperimental tests on the machine’s characteristics. Good agreement was
found between the two. Both the machine model and the experimental

characteristics showed, that the generator has maximum power at a lcading

power factor for particular speed.

The performance characteristics of the 8-pole PM-synchronous
generator were good, though for thoroughness another two types of high ficld
permanent magncet synchronous machine were tested. The first one was a
12-pole generator with NdFeB type magnets. In fact this generator was
designed to run at high speeds and because of the very low output voltage,
could not be used with the converter proposed. However it was tested to
demonstrate its operation with the converter. The other permanent magnet
generator tested was a 4-pole type using SmCos magnets. The generator was
physically smaller in size than the original 8-pole type tested and gave a high
output power. However for wind power purposes the 8-pole type was chosen

as a compromisc between the 12-pole low output power type and the 4-pole

high output power type.

Two A.C. D.C. converters have been designed and tested using GTO
thyristor devices for high power rating at a rcasonable high carricr frequency.
The advantage of using the GTO thyristor is that it has both characteristics

of the transistor to be switched on and off from the gate, and has the
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capability of high currents like normal thyristors. But the disadvantage is the
cost, and the complex gate drive circuits. The first type of converter, the
three-GTO bridge operated in one-quadrant due to its limited delay angle
restriction to + 30° . The second type tested was that of a six-GTO bridge in
which full control of delay angle produced two-quadrant operation, with total

control over rcactive output power. Thus this type was most favourable for

the proposed scheme.

For PWM operation a new design of sinusoidal pulse width modulation
technique has been introduced. The sinusoidal pulse width modulation of
uniform sampling was used because of low harmonics in the current
waveform. The carrier used is a triangular waveform t;) give a uniform
sampling. With the techniques used for this PWM a low harmonic content is
achieved. All the low order harmonics arc absent from the frequency
spectrum. The analysis of the harmonic content in the line current of the
converter is presented. The coincidence between the experimental results and
the theorctical model gives high confidence in the accuracy results obtained.
The reduction of the Sth harmonic in the frequency means that, a reduction
in the generator loss is achieved. The reduction in the low order harmonics
of the line current and voltage gives the system an excellent performance. In

the controller a phase locked-loop was used to offer the advantages of

synchronism to the digital signals for a wide frequency range of opcration.

The system is supplicd by an automatic controller which allows a wide
speed range capability of (250 - 940 rpm). The controller allows power-factor
anglc adjustment to give an optimum value of power-factor angle ¢, control.

This in turn optimiscs the maximum output power (Pouma at any speed or
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load, and hence maximum cfficiency achieved. The degree of sensitivity of
the controller is 4 7.5 and can be incrcased by incrcasing the number of
samples per cycle to give more precise values of the optimum power-factor

angle ¢ control.

The system because of its wide speed range and high power capability,
is very attractive and adaptable to wind or tidal power systems. The present
prototype of the 8-pole generator and the GTO converter, has an overall
cfficicncy of 84.6 %e. The compact size, frce maintenance, and high cfficiency
give the attraction to permanent magnet generators to be used in alternative
sources of energy, in spite of the disadvantages of high expenses of the new
magnct materials and the demagnetisation of these materials. In fact the
generator working at lecading power-factor to maximisc its output power,

gives the advantage of reducing the demagnetisation effect.

An insight into the many different types of design of wind turbine and
thcir mechanical operation has been given. Characteristics of general wind
turbine have been derived mathematically demonstrating the dependence of
cfficicncy with turbine design. In fact for a particular design there is an
optimal tip speced ratio for which maximum power output is obtained. It is
shown that the propeller blade turbine has the best overall cfficicncy and

hence would be idcal for integration into the present proposed system.

A varicty of applications of wind turbine systems have been discussed,
the most simple being resistive loading such as that found in heaters. The
principle of opecration is a simple one altering load power-factor angle and

modulation index M as the wind speed varies in order to control the load
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power. The second application discussed was that of d.c. battery charging
requiring a simple controller in order to maintain constant ¥y and /. The
third and final application discussed was that of the back to back conversion
scheme. This scheme is used to connect two systems of different frequencies,
and convert and generate power from onc to another. Thus this scheme is
particularly advantagcous in connection to the main utility nctwork. Control

of the system has been bricfly discussed, and may be implemented with the

system described in this thesis.

A novel controller for a wind energy conversion scheme has been
implemented. It is a digital programmable controller used to control the
generator terminal voltage and power-factor angle. These factors are a
function of the machine frequency and stator current, and are controlled
casily using the proposed techniques and the use of the phase locked loop for
wind speed range. For application to wind cnergy system, low power
prototypes of three example load have been discussed, that is a resistive load,
battery charging and back to back cnergy conversion system. These models
were successfully investigated with high efficiency achicved. High power
generation would improve overall efficiency since the ratio of output power
to losses would be increased. The system model proposed in this work has an
output power of ( 2kWatt ). For extended higher power modecls, the control

would be the same, but only the design of the converter power stage would

nced to be altered for a greater VA rating.
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7.2 SUGGESTIONS FOR FUTURE WORK:

The work presented in this thesis can be extended to higher powers, and
somec suggestions arc but as follows:
1- Output power:-

The possibility of incrcasing the converter ratings is realisable. For
medium power, high volt-ampere power devices can be used, but for high
power systems, cach GTO thyristor within one converter can be composed
of many thyristors connected in scries parallel to form one higher rating GTO
thyristor. Then all these thyristors should be triggered simultancously.
Another way to increase the power of the converter is by connecting two
converters of the same type in scrics to increase the voltage rating of the total

system.

2- Applications:-

High ficld PM-gencrators can be used with this type of converter to
form a powerful compact system of small size suppling high output power.
In addition to the use of this converter in alternative source of energy, it can
be used for another applications such as in pumped storage systems to be

used as a motor.

3- Systecm controller:-

The controller of both PWM gencerator and the converter can be
dedicated in integral form since most of the control signals are stored in
EPROMs. Then it can be used in commercial use. The sensitivity of the
power-factor controller can be incrcased from + 7.5° to + 1.87°, by
incrcasing the number of samples stored in the EPROM. An analogue PLL

circuit is uscd in the present work. This PLL circuit can be replaced with a
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digital PLL circuit to be used in conjunction with a microprocessor control
technique, since some authors are interested in using a microprocessor
control. The difference between the two PLL circuits is that the digital PLL
circuit has a digital comparator instcad of analogue one. The advantage of
a digital PLL circuit is that it is casily controlled by a microprocessor, and the
controller is integrated in a modular form so as to give a universal operation
to the system in terms of reliability and system speed. The stability analysis

of the system would also be well worth investigating.
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Appendix A

PWM software
The Fortran-77 programming language is used to write all the programs
in this project. An IBM 8081 mainframe computer has becen used in this

University to run thesc programs.

A.1 SINE-WEIGHTED SIGNAL GENERATION
This program has been written to generate the sine weighted signal, and
then stored in the EPROM. The output data from this program will be used

for the analysis of the current waveforms.

C SINE WEIGHTED GENERATION PROGRAM
C _____________________________________________________________
C CHARACTER DIGITS(0:15),HEX(2)
C DATA DIGITS/'O','1','2','3','4','5','6','7','8','9','A','B','C',
C l'D','E','F'/
C ............................................................
DIMENSION NI(48)
CHARACTER DIGITS(0:1),BIN(8)
DATA DIGITS/'0','1'/
C- READING THE AMPLITUDE(AMP) AND PHASE SHIFT (PHA) OF THE 3RD HARMONIC

*k READ(*,*)AMP, PHA
READ(*,*)DELTA
cc DO 500 II -5,80,5
PHA=60.
AMP=0.028
cC AMP=I1/1000.
**

*% WRITE(2,90)

** WRITE(2,95)

90 FORMAT(8X,'X',9X,'I',10X,"AM",10X," NI', 11X, 'HEX',6X, 'BINARY')

95 FORMAT(SX,'********',3X,'*****',&X,'*********',SX,'*********',SX,
1 'EEEREER oY Makkkaakaas)

C- [48] IS THE NUMBER OF SAMPLES PER CYCLE
DO 200 I=1,48
IF(I.GT.24) GOTO 105

Cc- AX IS THE SWITCHING ANGLE IN RADIAN.
Cc- AX = [7.5*%(PY/180)]*I
c- THE SWITCHING ANGLE FOR +VE HALF.
AX=(0.130899693)*1
GOTO 107
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Cc- THE SWITCHING ANGLE FOR -VE HALF.

105 AX=(0.130899693)*(I-24)

Cc- X IS THE SWITCHING ANGLE IN DEGREE.

107 X=180/3.141592654*%AX
PYT=3.141592654/180.

C

Cc- [-1] IN THE BELOW EQUATIONS IS USED FOR FOURIER ANALYSES
C- ONLY TO MATCH THE O/P OF THE 8-BIT/8-BIT DIVIDER.

*110 AM=255.0*SIN(AX)+0.0001-1.

110 AM=(247.0/259.)%255.%(SIN(AX)-AMP*SIN(3.*(AX+
1 DELTA*PYT)-PHA*PYT))+0.0001-1.

C
c- CALCULATION OF THE HALF SINEWAVE
c- CONVERSION TO THE NEAREST INTEGER.
C- CONVERTING THE AMPLITUDE TO BINARY AND HEX DECIMAL NUMBER.
130  NI(I)=NINT(AM)
C ------------------------------------------------------------
N=NI(I)
C DO 30 K =2,1,-1
DO 30 K =8,1,-1
C M=N/16
M=N/2
C IREM=N-M*16
IREM=N-M#2
C HEX(K)=DIGITS(IREM)
BIN(K)=DIGITS(IREM)
N=M
30  CONTINUE
c- WRITING ALL THE DATA IN A TABLE.
C WRITE(2,100)X,I,AM,NI,HEX
C100 FORMAT(5X,F7.1,5X,12,7X,F7.2,7X,15,10X,A,A)
(O e e Y e
by e

*x WRITE(2,100)X,I,AM,NI(I),NI(I),BIN
100  FORMAT(S5X,F7.1,5X,12,7X,F7.2,7X,15,10X,22,6X,4(A),2X,4(A))
200  CONTINUE

C ------------------------

c- WRITING THE SAMPLED DATA TO BE STORED IN THE EPROM FOR ALL THE
c- 3-PHASE SYSTEM.

o WRITE(2,290)

*k WRITE(2,300)(NI(I),NI(I+16),NI(I+32),I=1,16)

% WRITE(2,295)

o WRITE(2,300)(NI(I),NI(I+16) ,NI(I+32-48),1=17,32)

o WRITE(2,295)

Fok WRITE(2,300)(NI(I),NI(I+16-48) ,NI(I+32-48),1=33,48)

**  WRITE(2,295)

*#*%  WRITE(2,300)(NI(I),NI(I+16),NI(I+32),I=1,16)

C ________________________

c- WRITING THE SAMPLED AMPLITUDE OF THE SINE WAVE TO BE USED FOR
c- FOURIER ANALYSES IN PROGRAM [SWITCH FORTRAN].

300 FORMAT(5X,Z22,5X,%2,5X,22)

290 FORMAT(4X,'SIN 1 SIN 2 SIN 3")

295  FORMAT(1X,'===========mcmmmmmmommmccmeeas D!
WRITE(2,330)(NI(I),I=1,12)
WRITE(2,330)(NI(I),I=12,1,-1)

ccece 500 CONTINUE
330  FORMAT(5X,I5)

STOP

END

APPENDICES Page : 122



A.2 CURRENT WAVEFORM GENERATION AND HARMONIC

MINIMISATION
This program usecd the data of the sine-weighted signal generated in the
last appendix. A PWM pattern is produce to form the current waveform of

the input current. In this program the harmonic content is calculated.

C THE PROGRAM IS TO CALCULAT THE CURRENT WAVEFORMS OF THE SPWM CONVERTER
C Y(I) IS THE SWITCHING LEVEL OF 48 SAMPLES AT PERIOD OF 180 DEGREE.
C IPHS IS THE PHASE SHIFT BETWEEN THE INPUT PHASE VOLTAGE & LINE CURRENT
C DCI IS THE OUTPUT D.C. CURRENT OF THE CONVERTER.
C M IS THE MODULATION INDEX
C
REAL IR(400),IY(400),IB(400),M(255),N(246),XR(400),XY(400),XB(400)
1,Y(50),XR1(200),XR2(200),BN(150),BN1(150),BN2(150),XRR(400),
1BN3(150) ,BBN(150),CN(150),CCN(150),CN3(150),AN(150) ,AAN(150),
1AN3(150) ,AAN3(150) ,AN1(150),AN2(150),IRMS(150),CN4(150),IPHS,
1ANB(150) ,BNB(150),BN1B(150),AN1B(150)
% PRINT*, ' (INTER PHASE SHIFT IP*7.5=IPHS.AS 0 1,2,3...,IP'
READ(*,*)IP
READ(2,*)(Y(I),I=1,24)
IP=01
DCI=4.00
START CALCULATION OF SWITCHING ANGLES.
N(1)=000.0
M(1)=(246.-N(1))/255.
10 DO 20 I=1,24
Y(I)=Y(I)-N(1)
XR2(I)=(-1./68.)*Y(I)+(I)*7.5
XR1(I)=(1./68.)*Y(I)+(I-1)*7.5
20  CONTINUE

*

aQw

* WRITE(3,30)(XR1(I),XR2(I),I=1,24)
%30  FORMAT(1X,F7.3,1X,F7.3)

J=1

K=2

DO 40 I=1,24
XR(J)=XR1(I)
XR(K)=XR2(I)
J=J+2
K=K+2
40  CONTINUE
C END CALCULATION OF SWITCHING ANGLES.

C
C WRITE THE SAMPLED DATA OF HALF SINE WAVE (48)SAMPLES.
¥ WRITE(3,50)(I,XR(I),I=1,48)

*50 FORMAT(1X,I5,1X,F7.3)

C FORMING THE RED PHASE LINE CURRENT IR(I) BY ARRANGING THE SWITCHING

C POINTS OF THE SINE-WEIGHTED SIGNAL MANTIOND ABOVE.

C THIS LOOP TO MAKE 3-PERIOD OF THE SINEWEIGHTED WAVEFORM OF THE R-PASE
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K=1
DO 1000 J =1,8
DO 900 I =1,48
XRR(K)=XR(I)+((J-1)*180.)
K=K+1

900 CONTINUE

1000 CONTINUE

C THIS LOOP TO MAKE 3-PERIOD OF THE SINEWEIGHTED WAVEFORM OF THE Y-PASE
DO 2000 I =1,(384-16)
XY(I)=XRR(I+16)-60.

2000 CONTINUE

C THIS LOOP TO MAKE 3-PERIOD OF THE SINEWEIGHTED WAVEFORM OF THE B-PASE
DO 3000 I =1,(384-32)
XB(I)=XRR(I+32)-120.

3000 CONTINUE

* WRITE(3,55)(I,XRR(I),XY(I),XB(I),I=1,384)
55 FORMAT(1X,I5,1X,F8.3,1X,F8.3,1X,F8.3)
* DO 555 IIP =1,10
* IP=IIP-1

IPHS=1P*7.5
C GROUP 1
C ----------
* J=1
* K=2
* DO 4000 I=(1+IP),(8+IP)
* IR(J)=XB(I)
* IR(K)=XY(I)
* J=J+2
w K=K+2
#4000 CONTINUE

I=1+IP
J=1

4000 IF(XB(I).LT.XY(I)) THEN

IF(I.LT.(8+IP)) THEN
IR(J)=XB(I)
IR(J+1)=XY(I)
IR(J+2)=XY(I+1)
IR(J+3)=XB(I+1)

J=J+4

I=I+2

GO TO 4000

ENDIF

ELSEIF(XB(I).GT.XY(I)) THEN

4400 IF(I.LT.(8+IP)) THEN
IR(J)=XY(I)
IR(J+1)=XB(I)
IR(J+2)=XB(I+1)
IR(J+3)=XY(I+1)

J=J+4
I=1+2
GO TO 4000
ENDIF
ENDIF
C GROUP 2

J=18
IR(17)=30.+4IP*7.5/2.
DO 4001 I=(9+IP),(40+IP)
IR(J)=XRR(I)
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J=J+1
4001 CONTINUE
C GROUP 3

IR(50)=150.+IP*7.5/2.
J=51
K=52
DO 4002 I=(414IP),(48+IP)
IR(J)=XY(I)+180.
TR(K)=XB(I)+180.
J=J+2
K=K+2
#4002 CONTINUE
I=41+1IP
J=51
4002  IF(XB(I).LT.XY(I)) THEN
IF(I.LT.(48+IP)) THEN
IR(J)=XB(I)
IR(J+1)=XY(I)
IR(J+2)=XY(I+1)
IR(J+3)=XB(I+1)
J=J+4
I=I+2
GO TO 4002
ENDIF
ELSEIF(XB(I).GT.XY(I)) THEN

* % sk sk sk ook %

4402 IF(I.LT.(48+IP)) THEN
IR(J)=XY(I)
IR(J+1)=XB(I)
IR(J+2)=XB(I+1)
IR(J+3)=XY(I+1)

J=J+4
I=1+2
GO TO 4002
ENDIF
ENDIF
GROUP 4

e Ne!

K=68
DO 4003 I=(49+IP),(56+IP)
IR(J)=XB(I)+180.
IR(K)=XY(I)+180.
J=J+2
K=K+2
%4003 CONTINUE
I=49+]P
J=67
4003  IF(XB(I).LT.XY(I)) THEN
IF(I.LT.(56+IP)) THEN
IR(J)=XB(I)
IR(J+1)=XY(I)
IR(J+2)=XY(I+1)
IR(J+3)=XB(I+1)
J=J+4
I=1+2
GO TO 4003
ENDIF
ELSEIF(XB(I).GT.XY(I)) THEN

T
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4403 IF(I.LT.(56+IP)) THEN
IR(J)=XY(I)
IR(J+1)=XB(I)
IR(J+2)=XB(I+1)
IR(J+3)=XY(I+1)

J=J+4
I=I+2
GO TO 4003
ENDIF
ENDIF
C GROUP 5

IR(83)=210.+IP*7.5/2.
J=84
DO 4004 I=(57+IP),(88+IP)
IR(J)=XRR(I)
J=J+1
4004 CONTINUE
C GROUP 6

IR(116)=330.+IP*7.5/2.
J=117
K=118
DO 4005 I=(89+IP),(96+IP)
IR(J)=XB(I)+180.+180.
IR(K)=XY(I)+180.+180.
J=J+2
K=K+2
#4005 CONTINUE
I=89+IP
J=117
4005  IF(XB(I).LT.XY(I)) THEN
IF(I.LT.(96+IP)) THEN
IR(J)=XB(I)
IR(J+1)=XY(I)
IR(J+2)=XY(I+1)
IR(J+3)=XB(I+1)
J=J+4
I=1+2
GO TO 4005
ENDIF
ELSEIF(XB(I).GT.XY(I)) THEN

RN

4405 IF(I.LT.(96+IP)) THEN
IR(J)=XY(I)
IR(J+1)=XB(I)
IR(J+2)=XB(I+1)
IR(J+3)=XY(I+1)

J=J+4
I=I+2
GO TO 4005
ENDIF
ENDIF

WRITE(3,59)M(1),IPHS

59  FORMAT(1X, 'MODULATION INDEX M = ',F7.4,1X,'PHASE SHIFT=',F8.2)
WRITE(3,60)(IR(I),I=1,132)

60  FORMAT(1X,1X.F9.3)
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CH+tt++ttttttt+t+tr+tH+t+H++ 4+
C FURIER SERIES ANALYSIS
CH+++++++++++tt+t+t+t+t+tH+tH+H+++++4+
KK=50
DO 99 NN=1,KK
C 1ST HALF OF THE SIGNAL.
BN1(NN)=0.0
AN1(NN)=0.0
DO 100 I=1,(66-2*IP)
PY=3.141592654
BN(I)=(DCI/(PY#*NN))*((-1)**(I+1)*COS(NN*IR(I)*PY/180.))
AN(I)=(DCI/(PY*NN))*((-1)**(I)*SIN(NN*IR(I)*PY/lSO.))
BN1(NN)=BN(I)+BN1(NN)
AN1(NN)=AN(I)+AN1(NN)
CN(NN)=BN1(NN)
100 CONTINUE

Ceme-mmecce———eacaea-
C 2ND HALF OF THE SIGNAL.
BN2(NN)=0.0
AN2(NN)=0.0

DO 101 I=(67-2*IP),(132-2*IP)
BBN(I)=(DCI/(PY*NN))*((-1.)**(I)*COS(NN*IR(I)*PY/180.))
AAN(I)=(DCI/(PY*NN))*((-1.)**(I+1)*SIN(NN*IR(I)*PY/180.))
BN2(NN)=BBN(I)+BN2(NN)
AN2(NN)=AAN(I)+AN2(NN)
CCN(NN)=BN2(NN)
101 CONTINUE

C 3RD HALF OF THE SIGNAL.

BN1B(NN)=0.0

AN1B(NN)=0.0

IF(IP.NE.O) THEN

DO 111 I=(132-2*IP),132

PY=3.141592654

BNB(I)=(DCI/(PY*NN))*((-1)**(I-1)*COS(NN*IR(I)*PY/180.))
ANB(I)=(DCI/(PY#NN))*((-1)**(I)*SIN(NN*IR(I)*PY/180.))

BN1B(NN)=BNB(I)+BN1B(NN)
AN1B(NN)=ANB(I)+AN1B(NN)

C CN(NN)=BNI1(NN)
111 CONTINUE
END IF
C ___________________

99  CONTINUE
DO 102 NN=1,KK
AN3(NN)=AN1(NN)+AN2(NN)+AN1B(NN)
102  BN3(NN)=CN(NN)+CCN(NN)+BN1B(NN)
DO 104 NN=1,KK
AAN3(NN)=20*ALOG10(ABS(AN3(NN)/AN3(1)))
104  CN3(NN)=20*ALOG10(ABS(BN3(NN)/BN3(1)))
WRITE(3,219)
219 TFORMAT(6X,' N',2X,'1ST HALF',4X,'2ND HALF',5X, 'HAR',SX,'HB(DB)',
15X, "HA(DB)',5X, "HC(DB) ")
DO 666 1 =1,KK
IF(ABS(BN3(I)).LT.(0.0001)) GO TO 660
WRITE(3,220)I,CN(I),CCN(I),BN3(I),CN3(I)
660  IF(ABS(AN3(I)).LT.(0.0001)) GO TO 666
WRITE(3,230)I,AN1(I),AN2(I),AN3(I),AAN3(I)
220 FORMAT(1X,16,2X,F9.5,2X,F9.5,2X,F9.5,1X,F8.3)
230 FORMAT(1X,16,2X,F9.5,2X,F9.5,2X,F9.5,13X,F8.3)
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CN4(1)=20*ALOG10(SQRT(BN3(I)**2+AN3(I)**2)/SQRT(BN3(1)**2+AN3(1)
1%%2))
WRITE(3,240)CN&(1)
240 FORMAT(63X,F8.3)
666  CONTINUE
SUM=0.0
DO 103 NN=1,KK
IF(ABS(BN3(NN)).LT.(0.0001)) GO TO 103
SUM=SUM+(BN3(NN))**2/2.
IRMS(NN)=SQRT(SUM)
RMS=IRMS(NN)
NNN=NN
103 CONTINUE
WRITE(3,218)NNN,SUM,RMS
WRITE(3,*)
WRITE(3,%)
555 CONTINUE
218 FORMAT(5X,'N=',16,2X, 'SUM=',F10.3,2X, IRMS(NN)=',F10.3)
STOP
END
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A.3 8-BIT/8-BIT DIVIDER DATA GENERATION
This a simple program used to generate the data for the divider, which

can be stored in the EPROMSs used for this purpose.

APPENDIX A.3

EPROM DATA CRIATION

DO 20 I =1,16

DO 10 J =1,16

IB2=(I-1)

JA1=(J-1)

IPR2=IB2%JA1

WRITE(2,100)IB2,JA1,IPR2,IPR2
100  FORMAT(5X,I5,10X,15,10X,I5,5X,24)
10 CONTINUE
20 CONTINUE

STOP

END
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A.4 DATA EXCHANGE TO INTEL FORMAT PROGRAM.
This program is used to convert the decimal data generated in the
programmcs to hexadecimal and into Intel format in order that it can be

transformed STRATOS EPROM programmer.

R o o T T T L o o T L L L o L Lk R S e R L R T Ry

SUBROUTINE TO OUTPUT INTEGERS (RANGE 0 - 255) IN
INTEL HEX FORMAT. OUTPUT IS TO CHANNEL 7.

CALL HEXOUT(III) TO OUTPUT A INTEGER VALUE

*
*
*
CALL HEXEND TO TERMINATE OUTPUT AND FLUSH BUFFER *

% ok ok o F

B e D T R o e e R R R I R i e I e e i e i i ]
SUBROUTINE HEXOUT(INFO)
INTEGER INFO
INTEGER ADDR,ADDR2,ADDR3,CKSUM,COUNT,POINT , TEMP
INTEGER*2 HI,LO
LOGICAL DONE
CHARACTER*68 RECORD
CHARACTER*11 EOF
CHARACTER*1 DECODE(16)
EQUIVALENCE (CKSUM,HI)

* ROM START ADDRESS IS 0

DATA ADDR /0/
DATA COUNT /0/
DATA DECODE /'0',"1','2"','3','4','5","'6","'
* '8','9','A','B','C','D','E','
DATA EOF/':00000001FF'/

* IF NEW RECORD THEN PUT OUT PREAMBLE AND INIT COUNTERS

IF (COUNT .EQ. 0) THEN
RECORD(1:1) = ':'
CKSUM = 0
POINT = 10

ENDIF

GET NEXT DATA BYTE, STORE IN RECORD AND UPDATE CHECKSUM

TEMP = INFO - (INF0/256)%*256

CKSUM = CKSUM + TEMP

RECORD(POINT:POINT) = DECODE((TEMP/16)+1)
RECORD(POINT+1:POINT+1) = DECODE(TEMP+1 - (TEMP/16)*16)
POINT = POINT + 2

COUNT = COUNT + 1

* IF RECORD NOT YET COMPLETE JUST RETURN
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IF (COUNT .LT. 28) RETURN
DONE = .FALSE.
GOTO 1000

3+

ELSE FINISH OFF AND OUTPUT

*

ENTRY HEXEND

CHECK IF COUNT IS ZERO, IF SO THERE IS NO DATA
WAITING IN THE BUFFER SO WE JUST PUT A END MARKER

L

DONE = .TRUE.
IF (COUNT .EQ. 0) GOTO 2000

1000 RECORD(2:2) = DECODE((COUNT/16)+1)
RECORD(3:3) = DECODE(COUNT+1 - (COUNT/16)*16)
ADDR = ADDR - (ADDR/(256%256))%256%256
ADDR2 = ADDR/256
ADDR3 = ADDR - (ADDR/256)%256
RECORD(4:4) = DECODE((ADDR2/16) +1)
RECORD(5:5) = DECODE(ADDR2+1 - (ADDR2/16)%16)
RECORD(6:6) = DECODE((ADDR3/16) +1)
RECORD(7:7) = DECODE(ADDR3+1 - (ADDR3/16)%16)

t ]

RECORD(8:8) = '0
RECORD(9:9) = '0'
*
* COMPUTE CHECKSUM
CKSUM = -(CKSUM + COUNT + ADDR2 + ADDR3)
* FIDDLE ABOUT TO COPE WITH NEGATIVE VALUE

HI = 0
CKSUM = CKSUM - (CKSUM/256)*256
RECORD(POINT:POINT) = DECODE((CKSUM/16)+1)

~

RECORD(POINT+1:POINT+1) = DECODE(CKSUM+1 - (CKSUM/16)%*16)

WRITE(7,700) RECORD(1:POINT+1)
700 FORMAT(A)
ADDR = ADDR + COUNT
COUNT = 0
2000 IF (DONE) WRITE(7,700) EOF
RETURN
END
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Appendix B

Switch mode power supply design for the GTO thyristor

Switch mode power supplics (SMPS) are particularly advantageous in
the ficld of power clectronics. Their compactness and relatively high output
power make them particularly attractive for use in GTO thyristor gate drive
supplies. The particular type used here is the flyback isolated d.c./d.c.
converter configuration as shown in fig.( B ). The design procedure may be
found in the literature for example [1]. The circuit used supplics the gate drive
circuit of the GTO with both a positive 8 volts supply for turn on, and a
ncgative 12 volts supply for turn off. The main switching device employed
is an IRF510 MOSFET which is switched at 71 kHz from a square wave
oscillator (SP). Electrical isolation is provided by a high frequency RM10
transformer wound with four coils. Two secondary coils F;, and F; are used
to provide the positive 8 volts, negative 12 volts supplies, and a tertiary

winding F, is used to prevent saturation in the transformer core.

Reference:
[1] Chryssis G., “High frequency switching power supplies: Theory and

design”, McGraw-Hill, 1984.
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‘ 2N3906 ’%g Prgge
T —
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T| :TQIT:;:T4
20:16:20:20

Fig.( B ) Switch mode power supply circuit diagram.
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Appendix C

Modified design of the sine-weighted signal and 8-bit/8-bit divider

In the original design of the PWM gencrator a sine-weighted signal is
storcd as a single look-up table, and then fed to the 8-bit/8-bit divider to
control the amplitude. However a more compact digital controller, can be
achicved by storing the sine-weighted signal as pages of different amplitudes
as shown in table ( C ), hence the digital divider is not needed. Therefore a
single EPROM of 16-bit address can be used as both look-up table divider
as shown in fig.(C). This EPROM will replace the two blocks representing
the look-up table and the 8-bit 8-bit divider shown in fig.(3-15). The first
most significant 7-bits arc used to address the modulation index, while the
other 9-bits arc used to address the sine-weighted signal. Therefore, there are
128 pages, ecach page has a certain level of the sine-weighted signal, which

varics from modulation index M = (00)y.x up to M= (FE)jex.

Modulation index _ 72‘ 8-bit
control Sine-weighted
signal To latch
look-up circuit
table
with its
. amplitude
9-bit | givider
Counter input j‘_‘
Power-factor
control 6-bit

Fig.( C ) Modified block diagram of the look-up table.
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Sine Modulation Sine-weighted Phase No. of
Page no.| index address signal address states
A Ay A1y AppAy AgAs Ag A7 Ag A5 Ag A3 A2 A1 AQ
page-1 0000000 000000000 B 128
0000000 O *** x*xx*x=* Y 128
0000000 1Q *** **%x R 128
0000000 111111111 - 128
page-2 0000001 000000000 B 128
0000001 O *** *x*xx*xx Y 128
0000001 1O *** **xx R 128
0000001 I 1111111 - 128
page-3 0000010 000000000 B 128
. 0000010 O *** **x*xx Y 128
! 0000010 10 *** **x*x R 128
| 0000010 11 111 1111 - 128
Y
page-128] 111 1111 000000000 B 128
111 1111 Q1 **x **xx Y 128
I 1111 10 *** **x*x R 128
111 1111 11 111 1111 - 128
Table (C)
Modified data stored in the EPROM.
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Appendix D
Data sheets of the GTO thyristor BTV58-1000R

FAST GATE TURN-OFF THYRISTORS

Thynistors in TO 220AB envelopes capable of being turned hath on and off via the gats. They are
suitable for use in high frequency inverters, power supplies, motor control etc The devices have no
reverse blocking capability For reverse blocking operation use with s series diode, for reverse
conducting operation use with an anti parallel diode.

QUICK REFERENCE DATA

Repetitive peak off state voltage VDRM
Non repetlitive pesk on state current ITsm
Controllable anode current ITCRM
Average on state current ITav)
Fall time t

BTV58 600R | BSOR | 1000R

max, 600 I 850 1000
max, 75
max. 25
max 10
max 250

MECHANICAL DATA

Fig 1 TO 220A8
[3 1, =
9 mount ng
base
(see note)
Mosse M
- |-o,a
- - <~ le2s
2,54 254 MooS)
Net mass 29

Note The exposed metal mount ng bese s d rectly connected to the snode
Accessor e3 upp ted on request see data sheets Mounting instructions snd sccessones for TO 220

enve opa

RATINGS

L m ting values in accordance with the Absotute Maximum System (IEC 134)

Anode to cathode

Trans ent off state voltage®
Repet tive peak off state voltage *
Work ng off state voltage *

C nt nuous off state vo tage*

Average on state current (gveraged over any
20 ms period} up to Trmp, = 80 °C

Contro! able anode current

Non repet tive peak on state current
t 10ms halsinewave
T' 120 9C pr of 10 surge
Vtforfusing t 10ms

Total power dissipation up 10 Ty = 25 9C

Gate to cathode

Rrpet tive peak on state current
T, 1209C prior to surge
gate cathode forward t 10 my, half sinewave
gate cathode reverse = 20 us

Average power diss pat on (averaged over any
20 ms period)

Temperatures
Storage temperature
Operating junction temperature

THERMAL RESISTANCE
From junction to mounting base

From mounting base 10 heatsink
with heatsink compound

with 56367 alumina inswlator and
heatsink compound (¢lip mounted}

* Mrasured with gate connected to cathode

BTV53600R | BSOR | 1000R

Vpsm  max. 750 1000 1100
VpAM mex 800 | 850 | 1000
Vow  max 400 800 800
Vo max 400 500 850
IT(Av)  max 10
IyCAM  max ]
ITsm max 75
1t max 28
Prot max 65
IGFM  Max 25
IGAM  max 25
PGlay) max 25
Tseg —40 to + 150
T max 120
Rthjmb = 15
Reh mbh ™ 03
Rihmbh = 08

< € <<

> >

A's

88

KW

K™

KW

CHARACTERISTICS
Anode to cathade
On state voltage
I -5A:lg=02A:T;= 120°C

Rate of rise of off state voltage that will not
trigger any off-state device: exponential method
Vp * 273 Vomax. VGR = 5 V: Tj = 1200C
Rate of rise of off state voltage that will not trigger
any device following conduction, linear method
Iy =5A;Vp = VDAMmax: YGR= 10 V: Ty = 120°C
Off state current
VD = VDmax. Tj = 120°C
Latching current: Tj = 25 oc

Gate to cathode
Voltage that will trigger afl devices
vp 12V:Tj=25°C
Current that will trigger all devices
Vp=12V:Tj~25°C
Minimum reverse breakdown voltage
IGR = 10mA
itching ch { losd)
Turn on when switched to IT = 5 A from Vp = 250 V
withlge 0S5A;T;=25°C
delay time
rise ime

igr 4

vr < 18 ve
dvp/dt < 10

kV/us

dvpldt < 15 kVis

A

o 30 mA
I typ. 1.0 A’

VGt > 15 v
loT > 200 mA

V(BRIGR > 10 v

025 us
t < 1.0 Hs

~1e3

Fig 2 Waveforms

under pulse to avoid

** Below latching level the device behaves like a transistor with a gain dependent on current

toad)

Turn off when sw tched from Iy =5 A to Vp = Vpmax-
VGR 10V:Lg <10pH;Lg <025 uH; - 25°C
storage time
tall ume
peak reverse gate current

—- {i

Y < 05
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