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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 energy 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 permanent

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

full 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 0 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

Page : iii



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 Seven.
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The hazards of Nuclear power generation and the increasing costs of

fossil fuels has caused interest to be focused on the search for, and efficient

utilisation of, alternative sources of energy for conversion into electric power.

The renewable energy from the wind and tide provide feasible alternatives.

Wind or tidal turbines are coupled to electrical machines for power

generation and transmission. However the energy from these sources is

variable with regard to both speed and power and consequently the energy

generated by the electrical machine can be variable in terms of frequency and

voltage. In order to match these sources to the transmission network, the

N oltagc and frequency must be synchronised by methods such as the

following:

1- Direct connection by,

a- Mechanical methods such as, gear box control, and pitch control of the

wind turbine blades.

b- Electrical methods such as, implementing magnetic pole changes in the

electric generator connected to the turbine.

2- Indirect connection, 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 energy conversion systems (WECS) have many

applications in which a variable output frequency is acceptable, since they

are not connected directly to the a.c. network. These systems usually consist

of small wind turbines which are normally used 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 leisure markets (to provide energy for

navigational instruments on yachts, or for caravan batteries). In practice even

a very small wind generator can serve a useful purpose by ensuring that

batteries have longer lifetimes due to regular charging, and do not have to

be carried away for charging. Some manufacturers have aimed their wind

turbine design at mass production using low cost, high volume techniques

[24]. Moreover, small wind turbines can be connected indirectly to the a.c.

network in conjunction with some kind of short-term energy storage such as:-

I-Mechanical short-term energy storage systems [9], using flywheels.

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

The typical characteristics of the prime movers which provide the

source of renewable wind energy are discussed in Chapter 5. Here, the

presently available types of electric generators and power conditioning

systems are considered. There are many kinds of a.c. generators used in wind

energy 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 generators, 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 categories:
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1- Constant speed, constant frequency systems, including systems which are

connected directly to the a.c. network and are synchronised by mechanical

or electrical methods.

2- Variable speed, constant frequency systems, including systems which are

indirectly connected to the a.c. network, 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 some form of synchronisation is needed. A

mechanical gear box is required with the wind-turbine to adjust the rotor

speed to maintain the generator speed constant with changing wind-velocities.

This mechanical control is relatively expensive compared with the alternative

of a variable speed generator connected through power electronic devices to

the utility network. However the integration of power electronics within a

wind energy conversion system does have its disadvantages. Amongst these

are greater complexity 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 energy extracted from a variable-speed power

generator with the use of solid-state devices, is generated with very much

higher efficiency than that from constant speed power generators. Several

different techniques have been proposed to obtain steady 50 Hz power from

CI IAPTER ONE	 Page : 4



a.c. generators driven by a variable-speed wind or tidal turbine [4-12, 18],

and they arc discussed later.

The use of an induction generator with a variable speed turbine is

useful to some extent for low power applications, because of the cheapness

of the system as whole, and the cessation of generation if the utility fails, thus

making line repair elsewhere on the grid safe [24]. In general, induction

generators suffer from a poor power-factor and low efficiency, typically in the

order of 80% [37]. In wind-energy 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 line. For example 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 rectifier used in this scheme was a 3-phase line commutated 6-pulse

controlled rectifier, and required high power semiconductors to carry the

large currents generated by the 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 line-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 °/0), 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 generators 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 generator

through a rectifier and a line commutated inverter. An alternative system

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 need for a high power

rating of the semiconductor 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 difficulties. However

like before, this system has the disadvantage that it could not operate 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 efficiency 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

supplied to their loads simply by means 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

generator would cause large variations in load angle and current if directly

connected. There is thus a need for some external control in order to

maintain a stable load voltage and current. Modern power electronic devices

and recent advances in digital control electronics make these schemes more

realisable. These advances have led to more compact less complex power

electronic circuits and a higher efficiency at reduced cost. The efficiency,

power handling capability, and lower speed operation with increased number

of poles makes synchronous machines very attractive.

Interest in permanent magnet machines for drive systems was almost

non-existent twenty years ago [14]. Recently much work has been carried out

by scientists to develop new permanent magnet materials, and researchers in

the field of machine design have similarly developed new permanent magnet

machines [13-17]. The PM-synchronous generator has a constant field

excitation 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 permanent

magnets are used in the design of PM-synchronous machines such as

SmCo 5 , NdFcB 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

unnecessary. 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 increased number of poles of the generator is useful in

wind-power systems since the generator can be directly coupled to the turbine

rotor without a gear box. Turbines with low cut-in speeds can be used.

Therefore, more useful energy is produced in the vast majority of applications

than one matched to high wind speeds. This is especially important at low

wind speeds in the summer.

The disadvantage of PM-synchronous generators is the constant field

excitation which lead to inherent voltage regulation, which cannot be

corrected easily like the wound rotor synchronous generators. The output

N olt age can only be controlled by an external power conditioner, which

effectively 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 research.

The work in this thesis is based upon an 8-pole multistacked

permanent-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 topologies of power electronic 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 arc relatively large.

However with most classes of 3-phase fully-controlled static power converter,

small improvements of power factor and a reduction 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 proposed by Stefanovic [44]. These thyristors

are connected between the d.c. rails supply and have the function of reducing

the conduction period of each phase 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 increasing the harmonic content on the a.c. side, in addition

to complex firing control and the expense of the auxiliary thyristors. In an

alternative scheme modified gate signals were used by Dewan and Dunford

[45] with a conventional converter. The system employs a flywhecling action

through the power bridge; though it has limited operation as regards the

delay angle a in that it operates like a conventional six-pulse converter for a

between 00 and 60°, flywheeling operation 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 phase angle. The use of switch mode 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 connected to a 3-phase full-wave

bridge rectifier and fed through a step-up chopper circuit to a converter

(working with a.c. line commutation), which is operated 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 network still has the same rectangular shape

as the conventional six-pulse bridge converter (i.e.with a large line current

harmonic content), and consequently requires the additional expense of

smoothing reactors and capacitors in addition to the chopper. These type of

converters however are becoming relatively less efficient, and require more

space for the large, expensive 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 GT0s, a pulse width modulation (PWM) control technique can be used

for static fully-controlled 3-phase converters [71-87]. Some of the PWM

techniques already 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 delay

angle. The use of PWM control can also reduce the line 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 achieved. The converter is a current source type, providing a

flywhceling 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 used to reduce the harmonic content to a

very low value. The PWM, GTO converter is designed to work at leading 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 generator 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 generator are a reduction in the harmonic losses in the

generator and the ability to run the generator at any power factor. Optimum

characteristics of high power and high efficiency can be achieved from the

system by running the generator at leading 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 speed, the controller of the GTO converter is designed to match a high

range of shaft speeds from 250 rpm up to 1000 rpm. This wide range of

speed is controlled by using a phase locked loop (PLL) circuit. The controller

is also programmed to control the output power of the permanent magnet

generator, so that, the generator can deliver maximum power per PR loss at

all speeds and at any load current. Thus, at any speed the PM-generator

delivers power at its maximum efficiency. Therefore, the generator will follow

all wind speed changes converting all the available mechanical power to

electrical power. In this mode of operation a system efficiency over 88% is

achieved.
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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 magnets are 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 magnetised discs which are arranged together

with steel discs along the rotor axis with like poles facing one another. The

steel discs arc placed between the permanent magnet discs to separate 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 field 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 magnet surface.

Thus, the axial magnet configuration is designed such that the ratio of total

surface area 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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behave like a conventional salient pole machine as shown in the phasor

diagram of fig.(2-3b), but with fixed field current. Therefore the synchronous

reactance is divided into two components, direct and quadrature-axis

reactances, Xd and Xq, and similarly the armature current la has been resolved

into its direct and quadrature components, Id and la respectively. The

synchronous reactances of the present PM-generator, Xd and AC have been

determined experimentally, as shown later in fig.(2-7), and were found to be

nearly 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 generator 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

determined experimentally using the methods described below and are as

shown in table(2-2).

2.2 DETERMINATION OF THE EQUIVALENT CIRCUIT PARAMETERS:

The permanent magnet generator 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) represents the equivalent circuit

per-phase of the PM-generator, which is derived from the standard model of

the synchronous machine. This model combines both the rotor and stator

parameters. The rotor parameters are modelled by the induced emf E, caused

by permanent magnet field, and a synchronous reactance Xs. The

synchronous reactance value includes the leakage reactance X1, which models
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the stator leakage flux. The stator winding resistance is represented by Ra.

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 generator 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 linearly with the generator frequency. The set

of readings of the open circuit terminal line voltage V11 are given as a function

of speed in fig.(2-5). A linear relationship can be seen from the graph

showing no pronounced drop in voltage at higher speeds due to iron loss

effects. The induced cmf Eo per phase is represented by the line shown in

fig.(2-5), which is equal to the line terminal voltage Vd divided by ,,/.

The emf voltage Eo 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 speed 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:
•

The PM-synchronous generator is different from conventional

synchronous generators, since it has a special condition of constant field

excitation caused by the permanent magnet in the rotor. The experimental

tests used to measure Xd and Xq 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 employed to test the generator at two

conditions, zero power-factor leading and zero power-factor lagging. In this

type of' measurement the direct axis value of synchronous reactance Xd 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 leading) or demagnetisation (at zero power-factor

lagging) as shown in fig.(2-6). The equivalent circuit of one phase of the

PM-synchronous generator for leading power-factor operation is shown in

fig.(2-6a). Similarly fig.(2-6b) shows the phasor diagram representing zero

power-factor lagging. The quadrature component of the armature current is

negligible, therefore the effect of Xqlq will be considered equal to zero. The

voltage equation of the PM-synchronous generator represented by the circuit

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

(2.1)io — 17tp = I:(Ra + jAzd)
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Since an inductive load is connected to the generator, the stator current

la will lag the terminal voltage I74,, by approximately 90°. Referring to

fig.(2-6b), it can be seen that the laRa drop is small and in phase quadrature

with Vip , and therefore the voltage drop across the direct axis-synchronous

reactance Xd is in phase with the induced voltage E0 . It follows then, that the

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

line values, E01 , Vll , and la by:

E01 — VI"

Xd —
j la

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

the voltage equation, after neglecting the resistance effect is

Etp — V° = Xdla	 (2.3)

and therefore,

V., Ea!
X=-- "d	 13— la

To determine the synchronous reactance Xd experimentally it is a matter

of running the PM-machine as a generator, and connecting a variable

three-phase balanced, purely 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 three-phase balanced, purely capacitive load (zero power-factor

leading), and a second set of readings are recorded, again keeping the

generator speed constant. This test was repeated for different speeds, and

(2.2)

(2.4)
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an example of the results arc plotted in fig.(2-7). From this figure it can be

determined that, the direct-axis synchronous reactance Xd may be assumed

to be constant at a given speed. As expected the value was found to vary

linearly with frequency, and varies little over a wide range of stator current.

2.2.2b Measurement of quadrature-axis synchronous reactance:

The PM-synchronous generator 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 seen that the

maximum power delivered from the generator to the load occurs when la is

in phase with ( Ea ), i.e. /0 lies in the quadrature axis and the direct

component of the armature current is zero. Therefore at this condition the

synchronous reactance is equal to the quadrature-axis synchronous

component Xq. If the power factor angle Oopt at which the output power is

maximum can be determined, then from the phasor diagram,

r' 	 = laXq	(2.5)

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

Va sin (49 0 pt)

	

X 	

	

q	
j I a

The experimental values obtained using this method are also plotted in

fig.(2-7). From this figure it is obvious that X, and Xd 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 reactances X, and Xd have been calculated using these methods,

(2.6)
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there are alternate methods available [17, 42], using d.c. inductance bridge

techniques 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 Ra is equal to

the reading of N ol t m c ter di\ ided by ( 21,2 ). This resistance was found to be

equal to 1.26I2 per phase. This value is increased by 20°0 to account for skin

effect, and the temperature increase, giving Ro = 1.52n.

2.2.4 LEAKAGE REACTANCE MEASUREMENT:

The leakage reactance ( X1 ) 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

leakage reactance is beyond the scope of this work, but a value of Xi 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 Vz, is derived from

this figure as,

Vgr = .\./( Vtr sin q5 — Xi/a)2 + (Vt p cos (I) — Ra/a)2	(2.7)
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The measured values of Vq„ 4), Ra , and /a have been substituted into this

equation and a graph is plotted for V Vg, as shown in fig.(2-11). This

graph is plotted for constant value of stator current (6.15 Amp), constant

frequency, but variable power-factor. A computer program was written based

on equation (2.7) to find the best value of ( X1 ), which would give a linear

relationship between air gap voltage and the terminal phase voltage. A linear

relationship is obtained when X/ is approximately equal to (0.5 0) as shown

in fig.(2-11). These conditions have been realised experimentally. Thus, if

X1 is reduced to zero the line will lose its linearity and bend downward as

shown in fig.(2-11). Similarly, the line will bend upward when X1 is increased

to more than (0.5 0) as shown in the same figure. A similar value of X/ (0.5

0) 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 model the permanent magnet

generator using a cylindrical rotor equivalent circuit. The average of the

measured values of Xd and Xq found from above where used for the single

value of synchronous reactance ( X5 ). Any variation in X, due to changing

saturation conditions in the machine is negligible. It will be seen later that

the theoretical model based upon these assumptions is supported by

experimental results. At this stage the effect of core loss is neglected and the

leakage reactance is included in the synchronous reactance value.
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(2.8)

(2.9)

The equivalent phasor diagrams of the machine at leading and lagging

power-factors are shown in figs.(2-12a and 2-12b) respectively. From the

phasor diagram at leading power-factor, the induced emf voltage E0 is given

by,

E0 2 = (Vfp cos 4) + /aRa) 2 + (V1 p sin 4) — 1aXs)2

Rearranging this equation results in

22 (Ra 2 ± 
X2)_

 E0 2 = 0Vtp + 2 V tpla (Ra cos 4) — X s sin 4) ) + /a

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

to be,

2

Vtp = i	 — (Ro sin 4) ± Xs cos 4)) 2 — Ra cos 4) — Xs sin 4) ./	 (2.10)

The corresponding line voltage Vil is then,

Vti = j/a[
2E

( 
/

° ) — (Ro sin 4) + Xs cos 0)2 — Ra cos 4) — Xs sin 0] (2.11)
a

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

P0 = 3 E i tpl a cos 4)	 (2.12)

Using equation (2.11) the output power of the generator can be written as a

function of stator current and power-factor angle as:

2

Po = 31a 2[	 — (Ra sin 4) + Xs cos Cb) 2 — Ra cos 4) — Xs sin 44 cos 4)

(2.13)
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At a given rotor speed the induced cmf voltage Ea of the generator is assumed

to be constant, and Ra and X, are also constant. The only variables in

equations (2.11) and (2.13) arc the stator current la and power-factor angle

(19 • The voltage and power characteristics given by equations (2.11) and

(2.13) respectively arc 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 losses, 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 related to the properties of the magnetic material. The core loss

(Pd.) of the synchronous generator is assumed to be also proportional to the

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

Pc/osscc ( VgP 
)2
	

(2.14)

Where V4, 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 leakage reactance.

The core loss P_doss 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,

Pcloss — Pin — Pot —Pwf — 31a 2 Ra

	 (2.15)
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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 measured by the two

wattmeter method.

P,,,f is the windage and friction loss of the PM-synchronous generator

alone.

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

generator are normally measured together. Therefore equation (2.15)

becomes:

( Pcloss ± Pty.() — Pin Pot — 3 42 2 Ra
	 (2.16)

A series 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 0 lagging to 90° leading. The test was repeated

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 equation (2.7) by the induced emf Eo. 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 i- 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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m = tan kIJ — (2.17)

(E0)2

flZ

(V 2
gP 

R, —
I doss

(2.19)

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

experimentally from the slope (m) of the core loss graph given in fig.(2-13),

where,

Rearranging this equation results in

(E0)2	 V )2gP 

Pcloss
(2.18)

Since the core loss Pd053 is equal to ( 	  ) , then from eqn.(2.18)
R,

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

speed of 750 rpm (50 Hz) are

V 
2

31.645( gP ) ± 30	 (Watts)	 (2.20)Pcloss

The constant 30 watts represents the windage and friction loss P„,f of the

PM-synchronous machine at (750 rpm). At 50 Hz the induced emf Eo is equal

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

determined as
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Re -- 31.645 —326
	 Ohm

This result is used to determine the generator performance at maximum

power transfer.

2.5 OUTPUT VOLTAGE AND POWER CHARACTERISTICS:

The measured line voltage and output power characteristics of the

generator 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)

are also plotted in the figures.

The variation of the voltage VII with respect to power-factor angle 0 is

given in fig.(2-14). The rise of the terminal voltage with increasing leading

power-factor angle is due to the effect of the armature reaction which tends

to aid the rotor flux in the air gap at leading power-factor angle 0, and

opposes the rotor flux at lagging power-factor. The measured values of Vd

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, arc shifted slightly from the predicted values. This is because in

the experimental test it was difficult to keep the stator current constant (6.15

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

currents.
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Figure (2-15) plots the output power Po of the PM-synchronous

generator at constant stator current and variable power-factor angle (I) from

-90 0 lagging to 90 0 leading. Here the predicted values were obtained using

equation (2-13). The output power (P0),-nax delivered from the generator is a

maximum at a leading power-factor. The maximum output power point

(P0)max moves to the right from unity power-factor towards leading

power-factor as the stator current increases.

The PM-synchronous generator was also tested at different frequencies

to ensure the accuracy of the mathematical model presented. Results for the

generator running at 30 Hz are 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.

Furthermore 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 observed 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 teeth which encompass the stator coils. These

slots causes variations in field 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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Z' = (Ra + jX1) +
(Re + jXa)

Rc ( ixa)

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

clear that the voltage at leading power-factor is more sinusoidal than the

others in the figure 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, connected

across the induced voltage in the air gap as shown in the equivalent circuit

diagram in fig.(2-20). To case the analysis the equivalent circuit can be

reduced to the simpler Thcvenin circuit shown in fig.(2-20b). This Thevenin
...

equivalent circuit has been considered mainly to obtain an accurate model

of the output power characteristics of the 8-pole machine, in particular to

obtain the optimal power-factor angle 00,, at which the output power is

maximum. The Thevcnin equivalent voltage source (TVS) shown in

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

(2.21)

The Thevenin impedance Z' is then:

where

Xa = Xs — X/

=
E' 0 —

Re - - LIX a	 \ I R, 2 ± xa 2

ReE, 1 	 ReE, 	
I L — tan'()}{	 )}

Re

(2.22)

(2.23)
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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 0 between the terminal phase voltage 1/4,

and the stator line current la is at an optimal leading value. From the

Thevcnin equivalent circuit of the PM-synchronous generator shown in

fig.(2-20b), and phasor diagram shown in fig.(2-21), it can be seen that the

maximum power transfer occurs when the stator current I, is in phase with

the Thevenin voltage source E' 0 , (i.e. the power-factor angle between E' 0 and

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

angle (0) is,

1 	
lair

Oopt 
tan	 (

E' 0 — laR' )
(2.24)

To find the optimal power-factor angle ( 0 op f) in terms of the original

equivalent circuit parameters, Ra , R„ Xa , and X1 , first the Thevenin

impedance Z' is expressed as:

Z' = Ra + jXi+
Re jA/a (R, — jXa)

Re
2 + Xa 2 (2.25)

resolving into real and imaginary parts

R
c	
X

a 
2	 R, 2

X
Z' = (Ra +	 2	 2 ) + /VI + 2- a 2 )

(R2 Xa )	 (R 2  Xa )
(2.26)
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Equating the real part of eqn.(2.25) to R', and the imaginary part to X'

results in,

Rc	
X

a 
2

R' = (Ra+ 	 )
(Re

2 
+ Xa

2
)

and

Rc2 Xa
X' = (Xi ± 2 	)

(R 2  Xa2)

(2.27)

(2.28)

Substituting the magnitude of the Thcvenin voltage source ( TVS )

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

/a { XiXa 2 ± Re 2 (X/ ± Xa)}
Oapt = tan -1 [	 ./

E0\1(Rc 4 + Re 2 Xa 2) — 1,{1?a 1 e 2 + Xa 2 (Ra + Rc)}
(2.29)

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

of co as

cola {LI(Law) 2 + R 2 (11 + La))
ciS opt = tan -1 [ 	 1 (2.30)

Ea V Re 4 + (RcLaco) 2 — 1a {RaRe 2 + (Laco) 2 (Ra + Rc)}

The parameters in the above equation are the experimental values found

previously and are listed in table(2-2).
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Thc optimal power-factor angle is essentially independent of frequency

as shown in fig.(2-22). It also has an approximately linear relationship with

the stator current I. Equation (2.29) is supported experimentally as shown

by the results plotted in fig.(2-23), where (1)opt is plotted against stator current.

The solid line represents the theoretical optimal power-factor angle (O0), and

the other points represent the experimental values obtained with a passive

load connected to the generator.

Fig.(2.24) shows the maximum power (/30,),,, transfer as function of

stator current ( /a ) for 50 Hz at the optimal power-factor angle. (Pot)m can

be seen to be directly proportional to ( ía). Similar results were obtained at

30 Hz and 40 Hz.

The optimal angle Oop, 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 /a and constant power-factor angle 0 , maximum power

(Pou r) max is achieved 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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X 100%
V 2

Pot + 31.645( —
Eo 

) + 30 + 3/o2
R,

gP

(2.32)Pot

2.8 GENERATOR EFFICIENCY:

Efficiency is a very important factor when assessing the cost and

practical use of generators. The 8-pole PM-synchronous generator discussed

here exhibits very high efficiency even though a low cost Ceramic-8 Ferrite

permanent magnet material is used in the rotor. The generator is at its most

efficient when operating at leading power-factors and high load currents.

The basic definition of generator efficiency is defined as the ratio of output

power Poi to input power Pin , i.e.:

Potri o/0	 p
in

Pot 
x 100% =	 x 100°/0

Pot + losses
(2.31)

The output power can be measured by application of the well known

two-wattmeter method between the machine phases. Input power

measurement is simply a matter of calculating the torque speed product on

the prime mover or generator shaft. Some of the mechanical power delivered

to the shaft is lost to friction and windage

The machine electrical losses may be classified into two main types,

stator winding loss which is load current dependent and magnetic core loss (

P doss ), which is mainly independent of load current. Stator winding loss is

simply the ohmic loss due to the resistance of the stator windings ( /a 2R. )•

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 defined in a more precise manner as:

CI IAPTER TWO	 Page : 32



Hence we can compute the theoretical efficiency of the generator from

equation (2.32) after calculating the air gap voltage from equation (2-7)in the

previous sections. Fig.(2-25) shows the generator efficiency at 50 Hz for

different values of stator current, and indicates the generator efficiency from

zero power-factor lagging to zero power-factor leading. The deviation

between the predicted and measured efficiency at high currents reaffirms the

explanation given in section (2.5) on the clarification of the output

characteristics. The PM-synchronous generator has similarly high efficiency

at low frequencies. For example the experimental 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	 101.6	 Volt

Stator/phase current	 4	 Amp

Stator/phase resistance Ra	 1.5	 Ohm

Core loss resistance Rc	 326	 Ohm

Synchronous reactance Xs	 15	 Ohm

Leakage inductance Li	 1.6	 mH

Armature reaction inductance La	 46	 mH

Synchronous inductance Ls	 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.


