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ABSTRACT

The work is concerned with the design, development and

implementation of a closed loop control system to regulate the

voltage and frequency of a 3-phase AC generator regardless of the

rotor speed and load variation. This is directed towards such

generators being powered by variable speed prime movers such as

windmills, or diesel engines. The system was also controlled so as

to maximise overall system efficiency.

The system components which have been designed and built,

consist of:

- A 3-phase wound rotor induction generator, the rotor of which is

excited through a 3-phase variable amplitude variable frequency

current source slitwidth modulated transistor inverter powered from

a set of batteries.

- A prime mover and a control computer and transducers to measure

various system parameters.

- Two closed loop control systems which maintain the generator

output voltage and frequency constant as the prime mover and load

parameters are varied.

The prime mover was simulated using a computer controlled DC

motor, able to provide the torque speed characteristics of various

selected prime movers. This is a pair of computer controlled

:1.



slitwidth modulators driving the field and armature of a DC motor

which have been designed and implemented along with computer

interfaces. As far as the aim of the project is concerned, the

computer was programmed such that the motor emulates the

torque/speed characteristics of a wind turbine.

Finally, to take advantage of the variable speed operation

such as the case of wind energy conversion system, a rectifier and

Mosfet powered, slitwidth current amplifier have been designed and

built. These convert part of the generator stator power and recycle

it back into the DC battery while constant voltage and constant

frequency output are maintained. This maximises the efficiency of

the system by introducing another controlled energy path or variable

into the control loop.
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-	 LIST OF MAIN SYMBOLS

a.........Effective stator/rotor ratio

C, C... .Respectively wind turbine power and torque coefficient

. .Respectjvely machine and inverter output frequency

I .......Per-phase RMS inverter current
IN

	'a' 1f	
.Respectively dc motor armature and field current

I , I . . . . Respectively stator and rotor RMS phase current
S	r

k.........Coefficient

Las L f . . . . Respectively dc motor armature and field inductance

L, L. . . .Respectively stator and rotor leakage inductance

M.........Magnetizing inductance

P.........Power

R , R - . - . Respectively dc motor armature and field resistance
a	f

R R . . - . Respectively stator and rotor resistance
S	r

s .........Laplace transform operator

S.........Slip

T.........Time constant

T ........Wind turbine torque

T , T . - . Respectively generator and dc motor torque
g	em

V.........Wind speed

Vt ........Cenerator RNS line-to-line terminal voltage

A.........Tip-speed ratio

Damping ratio

IN	
.Respectively machine and inverter output angular frequency

x



CHAPTER 1. INTRODUCTION

For isolated farms and small remote communities generating

electricity from diesel fuel, interest in wind turbine generators

arises from economic benefits by reduction in diesel fuel

consumption. However, integration of wind power is not straight

forward because of its random nature and intermittency. To maintain

maximum efficiency of the energy conversion process, the driven

machine may have to run at variable speed. This conflicts with the

requirement for constant voltage and constant frequency from the

generator terminals. The traditional methods of achieving this are

either variable mechanical gearing or by generating, rectifying to a

dc link, then inverting to the mains frequency and voltage. These

are usually complex and expensive.

In this work, a novel variable speed constant frequency (VSCF)

3-phase generating system with voltage regulation which did not

involve a dc link and mechanical gearing has been created. This is a

wound rotor induction generator, the rotor of which is excited

through a variable frequency and variable amplitude slitwidth

current source transistor inverter, powered from a set of batteries.

Two independent control systems were created to regulate the machine

frequency and voltage outputs irrespective of prime mover speed

variations and load conditions, by controlling the frequency and

amplitude of the current source inverter respectively. The generator
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output voltage and frequency may be regulated over a wide range of

approximately stand still to nearly twice the synchronous speed

depending on the inverter/battery power. To simulate the

characteristics of a wind turbine, the armature and field current of

the prime mover dc motor were separately driven from a computer with

a predetermined set of characteristics. This was realised by

designing and implementing two separate MOSFET slitwidth dc/dc

choppers with a computer interface. Finally, to take advantage of

variable speed generation, a separate slitwidth type power amplifier

has also been built and used to charge the batteries from the CVCF

output. This has led to an optimum solution to the problem of

overall system efficiency. This approach is equally applicable to

other sources such as diesel- and hydro-generators and solar

systems.

1.1 REVIEW OF WIND ENERGY CONVERSION SYSTEXS (WECS)

About three decades ago the various fuels-coal, gas, oil and

uranium, were competing actively with one another to meet a growing

need for energy in general and electricity in particular, and

attention was focused upon improving the efficiencies and economics

of their energy conversion process. In the last twenty years there

has been a growing awareness of the finite nature of the supplies of

the main fossil fuels on which we rely, namely, oil, gas and coal,

and of their harm to the environment. Nuclear power on the other

2



hand may offer a long term prospect of making an important

contribution to electricity production, but the threat of nuclear

accidents and radioactivity made it constrained by being

undesirable.

All these drawbacks mentioned above have led to a considerable

surge of interest and activity worldwide in searching for other

alternative source of power, <1-3> and in particular renewable

energy sources, <4-6>.

All renewable energy resources trace back to the sun and wind

energy is one manifestation of solar energy that has attracted the

attention of human beings for thousands of years. Indeed wind power

is one of the most attractive source of renewable energy generally

available in Great Britain and is potentially valuable source of

energy in the third world. Wind energy conversion systems have been

the subject of intensive development for the last two decades, <7>.

In 1987, the British Wind Energy Association, BWEA, has declared

that it is now the cheapest method of generating electricity that

can be installed, although questions of safety and visual impact,

among others do exist <8>. Wind energy is also cheaper and cleaner

than nuclear power or coal, and can produce a lower life time cost

than any other alternatives.

3



1.1.1 INTEGRATION OF WECS

There are different applications for wind electricity

generation. Large-scale utilization of wind energy is expected to be

in the fuel conserving mode, <9-10>. Wind-electric systems convert

energy in moving air to constant frequency ac forms to be fed into

existing utility lines to augment the total energy generated and

save fuel. This procedure earns uenergy credit" for wind electric

systems. Several wind driven generator units, distributed over a

large geographical region, may yield some firm capacity depending on

the diversity in wind regimes at different locations. Under these

circuirstances, wind-electric systems earn both "energy credit" and

some "capacity credit". In large scale wind energy conversion

systems, the wind turbine generator is usually connected to a

network having a very much larger generating capacity than the

rating of WECS (infinite-bus bar connection). In such cases, the

system voltage and frequency are virtually constant and independent

of the wind power fluctuations. In this case main interest for

control engineering lies on the power factor or stability

improvement of the machine or the system, <11-12>. There may be

other considerations, for instance, it may be important to maximise

the power produced or to minimise fuel costs.

Another application where WECS may be economically viable is

its use in islands and isolated communities where average wind speed

4



is likely to be high. These communities at present are served by

diesel generator sets. Such self contained networks are usually

remote from supply points of diesel oil and the cost of fuel

transportation coupled with the cost of operating a diesel plant

results in a very high price. In such areas small wind energy

conversion systems, SWECS, using small and medium machines up to

about 100kw may prove to be particularly cost effective. In this

case wind generator systems must provide constant frequency and

constant voltage to the isolated load. However wind power is

classified as an intermittent one. Thus some kind of storage is

required to provide adequate reliability. This could be provided by

rechargeable battery banks plus an inverter, which could be

prohibitively expensive, if the battery capacity and the inverter

power rating were sized to meet the total energy demand of household

during a long period of calm. Another cheaper solution is offered by

a mixed diesel/SWECS compromise <13-14>. In this case SWECS and

diesel controller dynamics will have to be studied as a whole to

ensure overall system stability.

1.1.2 CLASSIFICATION OF WECS

WECS are classified according to the type of output (dc,

variable frequency ac, or constant frequency ac) and mode of

operation (constant speed, nearly constant speed or variable speed).

Several combinations of speeds and output have been proposed for

5



wind energy utilization, depending on the end use of the electrical

energy generated.

1.1.3 FIXED SPEED OPERATION

This is usually the case for large machines built or planned to

run at constant frequency in synchronization with a utility grid. In

this case the wind turbine runs at constant or virtually constant

angular speed. This is known as a constant speed constant frequency

generating scheme, (CSCF), <15>, which may use a:

a) Synchronous generator, or

b) Induction generator

A synchronous generator has a very low excitation requirement,

provides a synchronous tie with the utility system and permits

reactive power control through the exciter. However additional

damping and/or compliance is required for stable operation and also

expensive speed control equipment, such as precise blade pitch

control mechanisms, may be needed.

An induction generator, on the other hand, has inherent damping and

requires less maintenance than the synchronous generator, but it

requires reactive power from the grid. The question of choosing the

type of generator-synchronous or induction is still divided between

6



these two options.

1.1.4 VARIABLE SPEED OPERATION

In this case the wind turbine angular speed is allowed to vary

in sympathy with wind speed. This offers the following advantages:

(i) Substantial reduction of the torque ripple in the drive train

and hence a better quality of power.

(ii) Increased energy capture because of the ability to operate at a

rotational speed that maximises the efficiency of the turbine at any

given wind speed.

Variable speed generating schemes which are of "stand-alone"

nature, have a great variety of applications:

a) DC generator supplying storage batteries

b) DC or AC generator supplying energy for heating purposes,

<16-17>.

c) AC generator-rectifier supplying storage batteries or resistive

loads, <18-19>.
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Schemes b) and c) are classified as variable speed variable

frequency (VSVF) systems.

Connection to a constant voltage and constant frequency grid,

while maintaining variable speed operation, requires a more

complicated generator-load interface. There are different examples

of variable speed constant frequency systems (VSCF) which may be

classified as mains-connected variable speed systems or stand-alone

50Hz systems.

1.1.4.1 MAINS-CONNECTED VARIABLE SPEED SYSTEMS

In these schemes, mains connection is combined with variable

wind rotor speed. The aim is to operate at a fixed tip speed ratio

and thus enhance the energy converted from the wind. A number of

arrangements are shown below.

a) An induction generator with pole amplitude modulated (PAN)

windings: This is shown in figure l.l.a. The machine has two, or a

maximum of three synchronous speeds depending on the connection of

the stator windings. The selection of the appropriate synchronous

speed that matches the prevailing average wind speed is done using

simple switching devices.

b) AC-DC-AC conversion systems, <20>: In this scheme a synchronous

8



generator is connected to the fixed frequency mains. The generator

output of varying frequency is rectified to get DC. This is

converted to AC by an inverter. A typical circuit diagram is shown

in figure l.l.b. In this technique the desired power levels can be

neatly programmed using controlled rectifiers. Application of this

scheme to wind energy conversion systems, though elegant, is limited

by the cost of power-processing equipment. This requires an

expensive dc link choke to maintain a continuous current as well as

various triggering circuits and filter networks. The power

electronic devices must be rated at the alternator power ratings,

i.e. the rectifier and the inverter circuits are required to handle

the full power. This increases the capital outlay of the generating

system. Alternatively a cycloconverter which removes, the necessity

of the dc link choke and commutation capacitors of the current

source inverter, may be used instead. However the cycloconverter has

a lower operating range than the current source inverter and may

require a large number of switching devices. The cycloconverter

therefore may be more advantageous than the current source inverter

for applications where the required speed range is low and the

generating power rating is high, as the dc choke can be quite

expensive.

c) Field modulated generator system, <21>: This is a frequency down

conversion system which generates power at a modulated frequency

much higher than mains frequency then electronically processes it

9



down to obtain mains frequency. This is illustrated in figure l.l.c.

The system uses an AC generator with its rotating field coil excited

with an AC current of frequency equal to mains frequency, which

provides a modulated output. The machine itself has a high frequency

f which varies with the varying speed of the prime mover. The
r

output is an amplitude modulated wave consisting of	± mains

frequency)-Hz components. This output is demodulated in a bridge

rectifier, inverted by an inverter and filtered to get mains

frequency-Hz output. The unique feature of this scheme is that it

uses a 3-phase windings for the alternator to produce a single phase

output. The output phase voltages are rectified and added together.

This causes the ripple components to be dramatically reduced.

Experimental results of a 60Kw, 3-phase, 60Hz were reported, and

overall system efficiency was about 77%. The excitation requirements

were reduced because of the tuning capacitors at the bridge inputs

which cause the alternator to operate at leading power factor

regardless of the load power factor. This leading power factor load

decreases the excitation demands from the external source. However,

a decrease in shaft speed by 20% or 30% from a full load rated value

may originate in a considerable increase of dc and harmonic levels,

increasing the demand, filtering, <15>. Thus to keep the dc and

harmonic content down, f must be at least 10 times the line
r

frequency of 60Hz, requiring high rotational speeds of 6000 to

10000rpm. This means that a set-up ratio of 1 to 100 or more for

handling higher powers are required assuming rotor wind speeds are

10



of the order of 20 to 75rpm. This high set-up ratio enormously

increases the total cost of the generating system.

d) Induction generator with slip recovery, <22>: This uses a wound

rotor induction generator with leads brought out through slip rings,

as in figure l.l.d. Rotor power output at slip frequency is

converted to line frequency power by an AC-DC-AC link consisting of

rectifier and inverter as in l.1.4.l.b. However in this case only

the slip power is controlled by the electronics. Output power is

obtained both from stator and rotor. This is named a double output

induction generator. Rotor power output has the electrical

equivalent of an additional impedance in the rotor circuit.

Therefore, increasing rotor output leads to increasing slips and

higher speeds. Such an operation broadens the operating speed range

from synchronous to twice the synchronous speed. Replacing the

diode-bridge rectifier by a controlled converter allows power to

flow in both directions, <23>. In this case a force commutated

current source inverter is connected to the rotor terminals, and a

novel signal generator, locked in phase with the rotor EMP, is used

to control the secondary power to provide power generation over a

wide range covering sub- and supersynchronous speeds.

1.1.4.2 STAND-ALONE 50Hz SYSTEMS

Such systems are required to provide an AC supply at constant

11



voltage and frequency (CVCF) to loads located remotely from power

networks.

Two arrangements are described below:

a) A set-up incorporating an alternator or, possibly, a self excited

induction generator, charges a battery as shown in figure l.2.a. A

forced commutated inverter provides a 50Hz, fixed voltage source to

a load. Although, the energy may be stored into the dc link using

the battery, the power flows through the switching devices, which

must be rated accordingly. This may reflect in a large penalty in

terms of price because of the high power rating of the switching

devices.

b) A generation scheme using a self excited induction machine

powered by a variable speed wind turbine as shown in figure l.2.b,

has been described in <24>. This uses a controlled reactor in

parallel with a capacitor to provide the self-excitation. Because of

the use of the controlled reactor, the terminal voltage can be held

constant. The constant voltage variable frequency can be converted

to constant voltage constant frequency power using a simple diode

bridge for conversion to constant voltage DC and an inverter with

very simple firing circuits for constant frequency AC. The analysis

has been done over a wide speed range while loading the machine in

such a way that maximum energy conversion is possible. Harmonic

analysis of the system indicates that the harmonics generated

12



because of the use of converters are extremely small and the

associated power loss is negligible. Here as well, the system

suffers from same problem as in l.l.4.2.a, which is that the bridge

rectifier/inverter has to be rated to support full power.

1.2 DOUBLY FED SLIP-RING INDUCTION MACHINES

The doubly-fed induction machine consists of a balanced phase

wound machine with a uniform air-gap, having balanced polyphase

supplies at the stator and the rotor, as in figure l.3.a. The stator

and the rotor are both wound for the same number of poles and for

the same number of phases. This machine can operate as a synchronous

motor at speeds proportional to the sum of the stator and rotor

supply frequencies which may have either the same or the reversed

sequences, <25>. The speed n of the rotor is given as:

n = (120/p)(f ± f )	(Rpm) .................(1.1)
g

Where, p is the number of poles, f stator frequency (Hz) and f

rotor frequency (Hz).

Derivation of the equivalent circuit of the double fed

induction machine for steady state conditions has been presented in

reference <26>. The analysis was made on a per-phase basis, assuming

a balanced polyphase machine having a uniform air gap and a balanced

13



polyphase supply. This was restricted to examples where there is a

single rotating field in the air gap, i.e. when it may be considered

that the stator and rotor fields are in synchronism. When this state

of synchronism does not exist, the performance of the machine may be

presented by considering two separate induction-motor actions in the

usual way.

The analysis was made according to the convention adopted in

figure l.3.b, and assuming the following expressions for the applied

voltages and currents in phase A of the stator and the rotor.

	

v= W	sin	t .......................(1.2)S	S

	

i = II	sin (wt -	)	...................(1.3)S	S	 S

	v = W	sin (c t - c ) ...................(1.4)r	r	g	r

	

i = II	sin (cot -	- 4' )	................( 1.5)r	r	g	r	r

Where,

W = peak applied voltage per phase in the stator, (V).S

W = peak applied voltage per phase in the rotor, (V).r

o = phase-current magnitude in the stator, (A).S

II = phase-current magnitude in the rotor, (A).r

= arbitrary phase angle, (electrical rad.).r

14



= phase angles between voltage and current, (electrical rad.).

co = angular frequency of the stator supply, (rad/s).

co = angular frequency of the rotor supply, (rad/s).
g

With reference to figure l.3.b, the equation voltage for phase

A is then
S

W sinwt =R0 sin (cot -) +	(10 sin (cot -))
S	 SS	

dt	
S

d
+	[mO sin (cot - a -	- (3 - cot))] . . . .(1.6)

S	 g	r	r	 r
dt

The sign ( - cot) in the mutually induced e.m.f. term in equation

1.6 is established by consideration of figure 1.3.b.

Similarly the voltage equation for A is
r

W sin (cot-a) =R0 sin (cot-a -)
r	g	r	rr	 g	r	r

•d
+	(10 sin (cot-a -))

	

rr	g	r	r
dt

d
+ - [mCI sin (cot -	+ (3 - cot))] . . .(1.7)

	

r	r	r
dt

Where,

co = angular velocity of the rotor.
r

= angle between phase A and phase A at the instant t = 0,
S	 I.

(electrical rad.)

R = stator phase resistance, (2)
S
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R = rotor phase resistance, (2).
r

1 = stator per phase cyclic total inductance, (H).
S

1 = rotor per phase cyclic total inductance, (H).r

m = cyclic value of the mutual inductance between a stator phase

and rotor phase, (H).

However w = w + w , therefore equation 1.6 and 1.7 may be rewritten
r	g

in vector form as:

V = (R + jc,l )I+ jwmIe
	

(1.8)

Vr = (Rr + JWglr)	+	 (1.9)

	Dividing equation 1.9 by	where S is the slip, S =

Ve	R
r	

= (-f- + jwl )Te	+ jwmT . .	(1.10)

	

r r	 S

When the effective stator/rotor ratio is a, all the rotor quantities

in equation 1.8 and 1.10 may be referred to the stator side as

follows:
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I

	

V = (R + jwl )I+ jwam -_-e	 . (1.11)

a2 R	iT
r	r	. 2	I r	.	-

=	+ Jwa 1 —e	+ jamI ........(1.12)
rj a
	

S

The terms involving a in these equations are referred to the stator

turns, and are, of course the parameters found by the conventional

tests when measurements are made on the stator windings only. These

equations may be rewritten in terms of the conventional leakage

inductance and magnetizing inductance parameters by making the

substitution given by equations 1.13, 1.14, 1.15 and 1.16 to produce

the equivalent circuit of figure 1.3.c.

R' = a2R	..........................(1.13)

L= (1	- am)	........................(1.14)
S	S

L' = (a2l	- am)	.......................(1.15)

M= am ...........................(1.16)
m

It should be emphasized that the per-phase equivalent circuit

of figure 1.3.c does not take into account the core losses. The

usual method of accounting for core loss in an equivalent circuit of
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this type is to place a conductive branch in parallel with the

Inagnetising branch of the equivalent circuit. In this case, two

parallel conductive branches are necessary, one representing the

stator core loss and the other the rotor core loss. When referred to

the stator circuit, the branch representing the rotor core loss will

be function of the slip frequency S and will change the sign when S

changes sign. But for interests of simplicity it has been ignored.

1.3 SYSTEM DESCRIPTION

The current research describes a practical generating unit

which demonstrates the feasibility of maintaining constant voltage

and constant frequency generation regardless of prime mover speed

and load variations, as shown in figure 1.4. This generating system

is fundamental in its function and may have many applications for

generators applied to variable speed generation systems where the

shaft speed varies by a small amount. The system may also be

controlled so as to maximise overall system efficiency. This

prototype may be used as stand-alone unit for small wind energy

conversion systems to satisfy the requirements of a consumer load

isolated from the utility power grid with the help of a current

source inverter which is rated to only a fraction of the slip power

and rechargeable battery banks which act as energy storage at added

cost. This may replace the conventional diesel units and thus

eliminates the need for frequent fuel supplies. Firm estimates of
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the cost of such applications where a battery energy storage and an

inverter are required, are just beginning to emerge and therefore

they are out of the scope of this thesis.

The variable speed constant voltage constant frequency

generating system of figure 1.4 can be viewed to consist of five

major components:

- Prime mover,	1" which is a computer controlled, separately

excited dc motor able to provide the torque/speed characteristics of

various selected prime movers. In this work however, the computer

was programmed such that the motor emulates the torque/speed

characteristic of a wind turbine. The dc motor used has the

following parameters:

Voltage	200V

Armature Current	2A

Speed	1400Rpm

Output power	1/3HP, (249W)

- Isolated wound rotor induction generator, 11211, the rotor of which

is excited by a variable frequency variable amplitude current source

inverter via slip rings, is responsible for the electromechanical

energy conversion process. The machine is also under strict control

to regulate the frequency and the voltage outputs. The wound rotor
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generator which was coupled directly to the dc motor is a 4-pole

machine. The advantage of using a multi pole machine is that the

necessity of using a gearbox is avoided which improves the system

efficiency. The generator has the following ratings when used as

motor:

Voltage	200V

Frequency	50Hz

Armature current	l.8A

Speed	1400Rpm

Output power	l/3HP, (249W)

- Three phase balanced load connected in delta, "3", which is a

combination of a three phase variac and three bulbs of 60W each. The

load power factor is about 0.9. When the load, (bulbs) is turned on,

a current surge is present until the filaments reach their operating

temperature. This load therefore gives a large transient.

- Eatteries/inverter back-up power, "4", which is a three phase

variable frequency, variable amplitude, six power transistor

inverter powered by a rechargeable battery set. The current source

inverter has a regenerative mode which helps to regenerate excess

power back to the battery through the rotor circuit when the machine

is running at supersynchronous speed. The dc voltage of the battery,

which act as storage and as a buffer, is about 60V.
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- System efficiency rnaxiniiser,	This consists of an uncontrolled

three phase bridge rectifier followed by a filter and a controlled

current dc/dc chopper. The aim of this is to charge the

inverter/battery set from the CVCF output which helps maximise the

efficiency of the system by introducing another controlled energy

path to the control loop.

1.3.1 MACHINE CONSTANT VOLTAGE CONSTANT FREQUENCY GENERATION

Induction generators have been used to generate electrical

power from a variable speed mechanical power resource such as the

wind in this case. When an induction generator is connected to

utility power grids there arises no problem in exciting the machine

since the magnetizing reactive power is supplied from the grid. A

stand-alone induction generator, however, requires some means to

provide lagging power. The use of a squirrel cage induction

generator requires some capacitors connected across the stator

terminals to provide the excitation, but the capacitive excitation

does not deliver directly usable electricity since the voltage level

and the frequency vary along with the variation of speed and load.

Other elements such as a forced commutated inverter, VSI or CSI, may

be used instead of terminal capacitors, <27>. This has left one of

the two variables, the voltage and the frequency, to vary with

conditions on which the system operates. Hence it has been concluded
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that it is difficult or even impossible to control both frequency

and voltage simultaneously on the stator. The difficulty stems from

the singly-fed feature of the cage type machine which should be

excited and delivers power through common stator terminals.

A wound rotor induction generator, however, has been shown that it

can be made to generate constant voltage and constant frequency

(CVCF) power by exciting the rotor appropriately, <28>.

Therefore an isolated wound rotor induction generator, the

rotor of which is excited through a variable amplitude and variable

frequency current source inverter, has been chosen in this work to

take care of the electromechanical energy conversion process.

Equations 1.1 to 1.16 for the doubly-fed induction machine described

in section 1.2 may be applied to model the secondary excited

induction machine used in this work, with a small alteration. This

is because the doubly-fed induction machine and wound rotor machine

are common to each other in that the rotor windings are accessible

for connection to an external circuit and that the stator frequency

in steady-state conditions will be equal to the sum of the rotor

frequency and the shaft speed expressed in electrical rotation per

second.

If the rotor of an induction generator is excited by a three

phase current source inverter of variable frequency f, a rotating

flux distribution is generated electrically. The flux rotates with
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respect to the rotor at the frequency	of the three phase rotor

current. Under this condition the generator acts as a transformer.

When the generator is driven by a variable speed prime mover such as

a wind turbine of speed n, the electrical rotating flux is combined

with the mechanical rotation of the rotor flux and hence the

frequency f of the induced voltage in the stator due to the main

flux	will become the sum of the electrical and mechanical

frequencies as shown in figures 1.5 and 1.6.a Thus equation 1.1 in

section 1.2 may be rewritten as:

fn p1120 ± f	...................... (1.17)
IN

In other words, secondary (rotor) windings are excited in

negative and positive phase sequence at supersynchronous and

subsynchronous speeds respectively, as in figure 1.5. This leads to

three different modes of operation:

a) If the machine is at standstill, n = 0rpm, and the relation

between the frequency f of the stator voltage and the inverter

frequency f is 1:1, thus if the current source inverter is capable

of generating a frequency, 
IN 

= f, then the generator is behaving

like a transformer wherein the stator is the primary and the rotor

is the secondary. This is a rather bad transformer because of the

considerable magnetic leakage in the air gap which separates the

stator windings from the rotor windings.
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b) Now if the generator is running at synchronous speed, the current

source inverter frequency must be null, f = 0Hz, and the rotor

winding is supplied with direct current. In this case the machine is

behaving like the conventional synchronous generator. Although the

synchronous generator does not have 3-phase rotor windings, a single

winding on the rotor may always be simulated by an equivalent

3-phase winding suitably connected to a dc supply.

c) Finally if the rotor of the generator is rotating below or above

synchronous speed and the rotor is excited at a positive and

negative phase sequence respectively. In this case the generator is

behaving like a secondary excited induction generator. With a

constant load, the shaft torque must remain constant. When the shaft

slows down (below synchronous speed) the mechanical power input

falls and the inverter power going to the field winding rises to

make-up the short fall. The converse of this is also true. If the

shaft speed increase (above synchronous speed), the field current

phasor will rotate backwards to maintain constant output frequency.

In this case power flow increases above the resistive power losses

in the rotor, then excess power will flow back down to the dc link

and back into the batteries. This is analogous to the operation of

an induction machine, where rotor loss is proportional to slip

frequency.

Hence, when the secondary winding is excited according to
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equation 1.17, the output frequency f of the primary (stator) can be

kept constant in spite of the rotor speed n. Consequently, the

equivalent circuit illustrated in figure l.6.b can be applied.

The machine single phase equivalent circuit of figure 1.6.b has

been derived from the double fed induction machine equivalent

circuit of figure 1.3.c described in section 1.2 with some

alterations. Here, the machine is acting as a generator and

supplying an isolated load, thus the direction of stator current is

negative. Also it has been assumed that:

I=Ie	.......................... (1.18)IN	r

Hence in vectorial form the steady state per phase stator

voltage V , seen from the stator side, may be written as:
p

V = --I jwM - (R + jwl )I	.............. (1.19)
p	a	IN	m	S	 S S

Where, a is the effective stator/rotor ratio, andl	is the rotor
IN

magnitude current in vector form, supplied by the current source

inverter.

In RNS form, equation 1.19 may be rewritten as:

V = --- I jwM	- (R + jwl )I	............... (1.20)
p	a	IN	m	s	s s
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Equation 1.20 shows that the per phase stator EMS voltage V is
p

proportional to the angular output frequency w and the EMS stator or

load current I for a fixed RNS rotor current. Therefore the
S

terminal voltage V (V = V5'V ), may vary with w or/and I . However,
t	t	p	 S

as we are concerned with mains frequency i is maintained constant to

be 50Hz which is satisfied by equation 1.17. I on the other hand is
S

not always a constant value and it may vary with load conditions.

Therefore to maintain constant voltage generation the RMS rotor

current 
IN 

must be varied in a way to compensate for the short fall

caused by the load variation. This requires a variable amplitude

current source inverter. Thus by creating a variable frequency and

variable amplitude current source inverter as a power excitation for

the wound rotor induction generator, the generated output voltage

and frequency may be regulated over a wide range of prime mover and

load variations by controlling the amplitude and frequency of the

current source inverter respectively.

1.3.2 CONSTANT VOLTAGE CONSTANT FREQUENCY CONTROL SYSTEM

Based on the machine model described above, a constant voltage

constant frequency control system was developed. This consists of

three main parts as illustrated in the block diagram in figure 1.7.

Ci) A 3-phase current source inverter. This is made of a sine wave

reference generator, a modulator, six power transistors, inverter
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added snubber networks with their base drives, current feedback, and

a set of batteries. The method involves generating a 2 phase

reference sine wave 1200 out of phase, at a desired amplitude and

frequency and comparing this reference with the actual generator

rotor current. The frequency of the reference sine wave may vary

from some negative values through zero to some positive values. If

the rotor current is more positive than the reference, the inverter

will switch in the negative direction and vice versa. The switching

frequency of the inverter can be controlled by introducing a small

amount of hysteresis into the comparison so that in effect the

amount of the current ripple is regulated. The current source

inverter is described in details in chapters 2 and 3.

(ii) A frequency output control system. This is a feedforward

control system created on the base of equation 1.17 to control the

output frequency of the isolated generator. The system monitors the

actual generator speed and feeds it back to the comparator as a

measured rotor frequency signal. This is compared with a 50Hz

frequency demand signal. The error generated is a bi-directional

signal which defines the required magnitude and direction of the

rotor current phasor. The frequency output control system is

explained in details in chapter 4.

(iii) A voltage output control system. This is a voltage feedback

control system built on the base of equation 1.20. The line-to-line
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machine voltage is detected by a step down transformer, the output

signal is rectified and filtered to a dc signal proportional to the

line-to-line RMS voltage. This is compared with a dc signal

representing the desired RMS line-to-line voltage. The controller is

a pure integrator and hence the steady state error is null. Chapter

5 gives a full description of this control strategy.

By controlling the generator this way, it is possible to

maintain constant voltage and constant frequency for a wide range of

speeds, theoretically from standstill to twice the synchronous

speed. Power flow considerations showing power flow into and out of

the system at various operating points, giving an indication of how

efficient the system was, are described in chapter 6.

1.3.3 MICROCOMPUTER AIDED SIMULATION CONTROLLING A SEPARATELY

EXCITED DC MOTOR

The design and implementation of a microcomputer aided physical

system, capable of providing the torque/speed characteristics of

various selected prime movers, by means of two power MOSFET

amplifiers controlling a separately excited dc motor has been

created. This is shown in block diagram form in figure 1.8.

Torque/speed characteristics of different prime movers may easily be

programmed in the computer as a mathematical model. This is known as

the software side of the simulation. To create the physical model, a
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dc motor, controlled power devices, sensors, and computer interfaces

are necessary. This exhibits the hardware side of the simulation.

In this work two MOSFET powered, slitwidth current amplifiers

have been created, together with the computer interface so that the

field and the armature current of the dc motor can be separately

driven by the computer. A mathematical model representing the

torque/speed characteristics of a given wind turbine has also been

programmed into the computer with other subsequent software which is

necessary for starting and stopping the simulation. Once the

simulation has started, the processor collects the data via adapters

and interface elements. The analogue signal representing the actual

shaft speed taken from the tachogenerator is converted to digital

form by an 8 bit analogue-to-digital converter and stored into an

appropriate latch. The contents of this port and the wind speed data

which is entered directly from the keyboard in this work, are

processed by the microprocessor and the decisions about the field

and armature current references are made. These reference values are

converted to analogue form using latches and digital-to-analogue

converters before output into the analogue controllers. Chapter 7

gives a full description of this section.

1.3.4 OVERALL SYSTEM EFFICIENCY MAXIMISATION

This is a separate slitwidth type of amplifier which has been
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developed to convert part of the generator stator power and generate

it back into the dc battery while constant voltage and constant

frequency output are maintained. This maximises the efficiency of

the system by introducing another controlled energy or variable into

the system. A block diagram representing this is shown in figure

1.9.

The efficiency maximiser consists of a three phase uncontrolled

diode bridge rectifier, an inductive filter and current controlled

dc/dc chopper. The technique used here was to identify where maximum

steady state transfer of power from the wind to the generating

system and load may take place for different wind speeds and load

conditions, while constant voltage and constant frequency output

were maintained. This was achieved by operating the whole rig which

was fully instrumented, to measure all the different power flows of

the system and the shaft speed with the D.C. motor mimicking a wind

turbine and the generator controlled to maintain constant voltage

and constant frequency output. The other advantage of this technique

is the possibility of charging the battery even at subsynchrous

speed from the stator side depending on the wind speed, the battery

state of charge and the load conditions. A full description of this

system is represented in chapter 9.

30



d.c.

Wound
rotor
induction
generator

Diode
rectifier I nverter

-ll-

50Hz

Pole change
induction
generator

a) Pole change-induction generator system

Field-excited or
permanent magnet Rectifier
alternator

Line
commutated

inverter

,._,_l II U_l	 LI'.JI U

generator
b) AC-DC-AC conversion system

Parallel-	 Low-
lOOHz+ dc

Field-modulated bridge	and	SCR
	pass

generator	rectifier small npples inverter
	filter

50Hz wthwith bridge	
smainppiesinni if-

capacitors

c) Field modulated generator system

50Hz

d) Double output induction generator system

Fig 1 . 1 Mains connected variable speed schemes



Self-excited
induction
generator

Isolated
load

Constant volatg
and

frequency
1 (CVCF)

>
0

C.)

Alternator
or

Rectifier	Battery

capcitor excited
induction generator

Isolated
load

Forced
commutated

inverter

Constant volatg
and

frequency
1 (CVCF)

a) Induction genrator rectifier battery inverter system

Constant voltage
Variable frequency

(CVVF)	
Bridge	 lnverter
rectifier

b) Induction generator using controlled excitation

Fig 1 .2 Stand alone 50Hz generating schemes



Stator
supply

Rotor
supply

R1s	jwL

Ir Ia e 8

e 1 ) S

a) Diagram connections of double induction machine

01(1-s)w LC/)

b) Conventions adopted for the analysis of the doubly fed machine

jwL

__ __Ivy'___

IjWMm

c) Equivalent circuit for positive slip

Fig 1 .3 Doubly-fed slip-ring induction machine



(1)
(c	 >2co
In

•.	a
o	o.

_________ - a
-	0•	 c -

a
0

•	 -D

LoP
::

III	sJ

C

E
0)
4-
Cl)
>
Cl)
0)
C

a)
C
a)
0)
Ii-0>0
0)
(fI
0
a-
2a-
a)
.04-
0
E(
I-
0)

-D
-
0
0

0)
LL



Cl,

0
2.2
0i

a)

U)

-I
a-	'i

II	z

a)	=
a)

0 =0.
I-0—	I_0	a

cc
a)
>
C

a-

0 0
Ca -

a)= . =

— =

I-0

C0Cci)C)>'0C0

I

a)Cam

V=

>

Ca	>
ci	-	0.	0	=,.	>	a)0 -
IL	ca	-

— = VV	=.	ca
a) =.1-

=	.	 .
G)	ca	=
(-	 8=

0
C.)

V

caca

C,)

-j
0

E
-	 .4-

E

.9	>.

20 Do_

Cl)

0

==
2o
-c..

50
0.

a)	=a)
0

a:
a)
>=

US-

-	l_
Ca)
S-na)
o " .

I-0

a)
=
a)

=
0

Cd) —(1)0
—V

-2a)
a)
.0...
00
— Co
V a)

Eo.
.4.coo

ca
ci, .0

E

a) .	II

Cl)
a)
0
z



= fm(P'2)t N

C

1/a)l	-

)jwMrnI (I)) I--

I

-

	

I	i

	

0'	p

'I
-

a

a) Schematic sectional view of induction generator

R	 jwL
	

R	 IWINLr

Note:
L= (l a - Mm)

WIN= Sw

b) Machine single phase circuit diagram

Fig 1 .6 Machine constant voltage constant frequency generation



U-0>

E
a)
U)
>
U)

C
0
C-)

>'
C)
C
a)

a.



Ui

10
0
E
C)
V
V
w

C
0
C)

w
4-.

0
E
0
C)
0
I-
C)

E
a)

.4-
0
C)

E
a)

0
C')

a

0)

U-



La)

Li
0
>
0

+
'1"

o_
V

.= 0 I-

0

•	 I-

•	 C,)
.-D)	 0

o • $

o-
-	a)
•(

•

C.

••
>:

:fl I

I	'dI
I-

Oa10 0mco-I

__221 H 0
A Hd

de
U-

E
ci)

>
Cl)

ci)

a)
D)

ci)
U)
0
0
0
I-.
0
ci)
-C

E
a)4-.
Cl)
>%
Cl)

C
0
C-)

cI—
a)
>0
ci)

4—.

C.)

E
U)
•C
C.)
(I)

0)

U-



CHAPTER 2. INVERTER

2.1 DEFINITION AND APPLICATION OF INVERTER

Converters that convert dc power to ac power are defined as

inverters. The inverter application is quite widespread and may

include adjustable-speed ac drives, regulated voltage and frequency

power supplies, uninterruptible power supplies, lagging and leading

VAR generation and so on. In general there are two types of

inverter: voltage-fed inverter and current-fed inverter. A

voltage-fed inverter is characterized by a stiff dc voltage. The dc

supply voltage may be fixed or variable, and may be obtained from a

utility power supply or by rotating alternator through rectification

or a battery. The input ac to rectifier may be single phase or

polyphase and the output voltage and frequency may be fixed or

variable. In contrast a current source inverter likes to see a stiff

dc current source in the input. A variable-voltage source inverter

can be converted to a variable-current source by connecting an

inductance in series and controlling the voltage within a current

control loop.

2.2 THE CHOICE OF INVERTER

The choice of a particular type of inverter depends on the

application. In this work the machine terminal voltage is

31



proportional to the field current amplitude and to the terminal

frequency, as mentioned in section 1.3.1. As we are concerned with

mains frequency, the terminal voltage becomes proportional only to

the field current amplitude. Consequently it is the field current

which has to be controlled. This suggest the use of a current source

inverter. Moreover, the current source inverter has several good

features which can be summarized as follows:

- The power circuit is rugged and reliable, and problems such as

shoot-through faults as in voltage source inverters do not exist.

Overcurrent protection is also inherent in the design.

- For ac machine drives, to obtain maximum machine utilization and

constant torque, the peak flux should be kept constant. For a

sinusoidal state, the peak flux is related to the RMS voltage and

frequency of a coil by:

= V	/ 4.4 f	....................	(2.1)
m	RMS	 IN

ere 
IN 

is the inverter frequency and N is number of turns. Thus

the voltage source inverter must reduce the voltage as the frequency

decreases. Current source inverters however, remove this necessity

because of the direct proportionality between the flux and coil

current. This also simplifies the control strategy.

- There are no current harmonic components of frequency comparable
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to that of the fundamental, thus eliminating torque pulsations. This

reduction in harmonic content of the waveform with an improved

current wave shape also reduce the machine's heating.

- The current source inverter has inherent four-quadrant operation

capability and does not require any extra power circuit components.

2.3 REVIEW OF AVAILABLE CURRENT CONTROL SCHEMES

A basic system diagram representing a PWM current controller is

shown in figure 2.1. The main alternative schemes available for

current control with current-controlled PWM inverters are classified

as hysteresis, ramp comparison or predictive control.

2.3.1 HYSTERETIC CONTROLLER

The hysteretic controller, also known as a. slitwidth, adaptive

or bang-bang controller, utilizes some type of hysteresis in the

comparison of the line currents to the current references, <29-33>.

The control circuit generates the sine reference current wave of

desired magnitude and frequency, which is compared with the actual

phase current as shown in figures 2.2 and 2.3.a, <34>. When the

current becomes greater (less) than the current reference by the

hysteresis band, the inverter is switched in the negative (positive)

direction. The actual current wave is thus forced to track the sine
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reference wave by back-and-forth switching of the upper and lower

power device and peak-to-peak current ripple is controlled

adaptively within the hysteresis band irrespective of the dc voltage

fluctuation. The RNS ripple current which is indirectly related to

peak-to-peak ripple current, is therefore closely controlled,

minimising machine heating. However, the inverter switching

frequency is entirely dependent on load characteristics and the

hysteresis band. The role of the lock-out circuit is to provide a

lock-out time t at each transition to prevent a shoot-through

fault.

2.3.2 RAMP COMPARISON CONTROLLER

The ramp comparison controller, <29>, also known as

asynchronous sine-triangle PWM with current feedback, is illustrated

in figure 2.3.b. The ramp comparison controller compares the current

error to a triangle wave form to generate the inverter firing

signals. The controller can be thought of as producing asynchronous

sine-triangle PWM with the current error considered to be the

modulating function. The current error between the reference signal

i and the feedback current i is compared to a triangle waveform
ar	 a

and if the current exceeds the triangle waveform, then the inverter

leg is switched in the positive direction and in the negative

direction otherwise. In this technique, the inverter switches at the

frequency of the triangle wave and produces well defined harmonics.
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However, when the time rate of change of current error becomes

greater than that of the ramp, multiple crossings of the ramp by the

current error may become a problem. This can be reduced by adding

some hysteresis to the controller as shown in figure 2.3.b.. An

additional compensation is also required by the controller to

minimise the phase lag between the reference signal and the feedback

current.

2.3.3 PREDICTIVE CONTROLLER

The task of the predictive controller is to predict the current

trajectory for each phase inverter state. There are two types of

predictive controller.

2.3.3.1 CONSTANT SWITCHING FREQUENCY PREDICTIVE CONTROLLER

The constant switching frequency predictive controller

calculates an inverter voltage vector, once every sample period,

that will force the current to track the current reference, as shown

in figure 2.3.c, <29>, <35>. Let us assume that the load is

represented by the differential equation as follow:

v= Ri + L di/dt + e .....................(2.2)

Where, v, i, e and L are the line-to-neutral voltage, line current,

counter EMF and leakage inductance respectively. Equation 2.2 can be
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converted to a difference equation and solved forT

T(T	) = f[T(T ),(T ),e(T ............(2.3)n+ 1	1	ri	n	n )

The inverter voltage and counter ENF are assumed to be constant

over one sample period. When substituting the reference value of

current T (T	) in place of T CT	), the optimum voltage
r	n + 1	 n + 1

vectorv(T ) that changes the current fromi (T ) to the commanded
n	 n

valueT CT	) can be written as follows:r	n + 1

v(T ) =hjT(T	),T(T ),e(T ) ...........(2.4)n	 r n + 1	n	fl )

If the load is described by equation 2.2, thenv(T ) is given by:
n

v CT ) =
n

R IT(T	) - T(T	-TR/L } -
e

r	n+1	ri
+ e CT

n
-TR/L

l-e

(2.5)

Where T is the sample period. In order to drive the inverter, the

voltage vector v CT ) must be transformed into a weighted average of
n

three inverter voltage vectors. Each inverter leg is switched once

every sample period and each inverter voltage vector is applied for

a portion of that sample period. This means that the switching state

of each power device is changed only once during the time interval

T. Consequently, the chopping frequency is constant and equal to

l/2T, thus the inverter switching frequency is well defined which is
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often advantageous for noise reduction. However, actual current lags

the reference current by as much as one sample period and the

current ripple is not well specified, and this controller does not

provide an inherent instantaneous current limit either.

2.3.3.2 MINIMUM SWITCHING FREQUENCY PREDICTIVE CONTROLLER

The minimum inverter switching frequency controller is proposed

by Holtz <36>. The controller is similar to the previous predictive

controller discussed above, however an optimization technique is

used. The technique consists of predicting the current trajectory

for each possible inverter state when the current error vector

magnitude exceeds a specified value. The controller also determines

the length of time that the current error vector will remain within

the specified value. The controller minimise the switching frequency

by maximising the following expression:

Y= t(k) / N (k)	.......................(2.6)
C

Where, t, N , and k are the predicted time before next inverter
C

switching, the number of commutations required to reach the new

inverter state, and the new inverter state respectively. Despite the

calculation delay in deciding on the next inverter state, the

controller still can provide an instantaneous current limit.
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2.3.4 SUMMARY OF CURRENT CONTROL SCHEMES

The hysteresis controller is the simplest to implement and has

a large bandwidth. In spite of these merits, the hysteresis

controller has a disadvantage which is the dependence of the

inverter switching frequency on load characteristics and the

hysteresis band. The ramp comparison controller has the advantage of

limiting the maximum inverter switching frequency and producing well

defined harmonics. On the other hand, multiple crossing of the ramp

by the current error may cause problems, when the rate of change of

the current error becomes greater than the ramp. Also in this

scheme, the resultant load current has a definite phase lag compared

to the reference. This drawback may be avoided at the expense of

increased complexity by adding a compensator with a large gain to

the controller. In addition to that, the ramp comparison controller

has a lower bandwidth than the hysteresis controller. The predictive

controller has the advantage of generating an optimal inverter

switching pattern by on line computation, but, real time computation

may be unreliable for practical implementation. Moreover the

predictive controllers are the most complex and require knowledge of

the load and extensive hardware which may limit the dynamic response

of the controller.

Because of the advantages provided by the hysteresis controller
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over the other current controllers in terms of a larger bandwidth

and simple ixnplementation,it was decided to build a current source

inverter based on the hysteresis current control principle.

2.4 THE FOUR TRANSISTOR THREE-PHASE PWM INVERTER

A static power inverter using only four power transistors based

on the slitwidth principle to produce a controlled amplitude

variable frequency three phase inverter is described in reference,

<37>. The four transistor inverter arrangement is sketched in figure

2.4, and the required direction of current change in the load is

provided by the switching patterns of transistors Ti to T4. As the

load has no neutral connection, operation of the inverter is

constrained because the sum of the three line currents must be zero

at all instants.

T+T +T = 0 ......................(2.7)
a	b	c

Thus, only two load phases are controlled. The third or uncontrolled

phase, where the switches are omitted is being forced to be the sum

of other two phase currents. The circuit may be seen as two single

phase circuits as shown in figure 2.5. Power flow can be defined in

terms of two states for positive and negative current flow.

(i) When Ti is turned on, positive current increases in the

inductive load towards V/R at a rate determined by the load time
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constant L/R. This is known as positive "absorption".

(ii) When Ti is turned off, current decays to zero on the time

constant L/R through diode, D2. This current circulates in such a

direction to return stored energy to the dc supply. This is known as

positive 'regeneration".

Negative current flow is achieved in similar manner by

transistor, T2 and diode, Dl. The load current feedback signals are

compared with two controlled amplitude, variable frequency sine

waves displaced by 1200. Results of this comparison determine the

pattern of conducting transistors. Figure 2.6.a shows a model of the

inverter. Each switch represents a transistor and diode in parallel.

The possible a-phase modes of operation based on the model of figure

2.G.a is represented in figure 2.6.b. A simplified block diagram

representing the modulator is shown in figure 2.7.a. It can be seen

that the modulator may be split into three distinct sections. The

first section contains the error signal generating circuitry; the

second contains the logic to generate the conduction patterns and

the third provides protection for the inverter preventing a

through-pulse from occurring. A simplified block diagram

representing the a-phase error signal generator is illustrated in

figure 2.7.b. This shows the circuit generating the two signals

required by the a-phase. The b-phase is identical. The current

feedback signal	which is taken from a resistor in series with
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the load in the controlled phase, is compared with the reference

signal i	. This gives an error which is put through a Schmitt
are f

triggers to generate the slitwidth signalEA. The polarity of the

reference signal PA is generated by passing the reference sinusoid

through a simple limiter. This signal indicates which half cycle the

inverter is controlling.

2.5 THE SIX TRANSISTOR INVERTER

The six transistor inverter configuration is shown in figure

2.8. It consists of three legs, each one is made up of two

transistors and two anti parallel diodes with a phase of load being

driven from the center tape of each leg. Like the four transistor

inverter, the load can only be controlled in two phases; the third

phase being the sum of the other two. The operation of one phase of

a six transistor inverter may be modeled by a four transistor bridge

illustrated in figure 2.9. This provide more flexibility for control

of the current compared with the two transistor single phase

inverter described in the previous section. Assuming current flows

in the direction shown in figure 2.9, then three modes of conduction

may be identified.

Ci) Absorption: With Ti and T4 conducting, the full supply voltage

is applied to the load and current flow increases towards maximum

value of V/R 7mps.

41



j	= _Y_ (1 - e_tT). Where T = L/R	 . (2.8)
load.	R

(ii) Flywheel: With Ti and D3 or T4 and D2 conducting, the supply

voltage across the load is reduced to zero and the load current will

decay to zero on the time constant T.

V	-t/T1	= - e	.......................(2.9)
load	R

(iii) Regeneration: D2 and D3 conducting, the supply voltage across

the load is connected such as to oppose the direction of current

flow, regeneration into the supply occurs and thus the current

decreases rapidly to zero.

i=	(2e"	- 1)	...................(2.10)
load	R

In order to distinguish between those three modes of operation,

it is necessary to add a second dead band called the outer slitwidth

<38> and <39>, (section 2.7 gives more details). The possible

a-phase modes of operation based on the model illustrated in figure

2.lO.a are represented in figure 2.i0.b. simplified diagrams

representing the modulator and the error signal generator used in

this type of inverter are shown in figures 2.11.a and 2.11.b

respectively. In this case the required signals generated by the

error signal generator are the a-phase polarity signal PA, the
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a-phase small error signal SEA which is produced by a Schmitt

trigger with smaller hysteresis band and the a-phase large error

LEA which produced by a Schmitt trigger with bigger hysteresis

band.

2.6 COMPARISON BETWEEN THE FOUR AND THE SIX TRANSISTOR INVERTER

The four transistor inverter has the advantage of saving two

power transistors and their base drives. However the circuit is only

capable of forcing half the dc supply. Thus compared with the six

transistor inverter for the same power rating, the four transistor

inverter requires two sets of batteries with a ground connection as

shown in figure 2.4. This occupies more room and the expense of

providing those two sets of batteries at the power rating would be

greater than the saving achieved by removing two base drives. As

mentioned in section 2.5, improved flexibility of current control

with the six transistor inverter requires a double slitwidth so that

control decision between absorption and flywheel mode may be made.

This demands an extra two comparators per controlled phase. It

results, however in an output waveform with much less distortion for

a given transistor switching frequency. An other advantage of the

six transistor inverter is the reduction in V	ratings of the
CEOSUS

transistor for equivalent output waveforms. The six transistor

inverter is capable of forcing the full rail voltage and may provide

a faster rate of rise of load current. The transistor must be
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capable of supporting the full dc supply rail as shown in figure

2.l2.a, SO:

V ........................... (2.11)
CESOUS

The four transistor inverter is only capable of forcing half the dc

supply voltage. However the transistor must be capable of

withstanding the full dc supply rail as illustrated in figure

2.l2.b, so:

V2V ......................... (2.12)
CEO SUS

Therefore, to provide similar frequency response from the four and

six transistor inverter, power devices with twice the V	must
CEO SUS

be used in the four transistor inverter. This increase of V
CEOSUS

rating of power transistor reflects a large penalty in terms of

price, switching speed and availability. Another remark is, while

the four transistor inverter performs quite well in PWM when f >> F,

it is less efficient than the six transistor inverter when

transitioned to the square-wave mode, f = F, which is often desired

in a drive system <40>. Where, f is the inverter chopping frequency

and F is is the output current frequency.

2.7 DOUBLE SLITWIDTH STRATEGY

It was shown in section 2.5, that the six transistor inverter
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could have three modes of operation and in order to distinguish

between those three modes of operation, it is necessary to add a

second dead-band called the outer slitwidth. This is illustrated in

figure 2.l3.a. Assuming that initially the current feedback

magnitude is less than that required by the reference signal (point

A), then absorption is selected to increase the current until it

reaches the upper inner slitwidth boundary (Point B), At this point

flywheel is undertaken to reduce the magnitude of the current, which

normally decreases within the inner slitwidth boundary. However,

when the current is required to fall rapidly so that it can follow a

fast moving reference signal, the flywheel is insufficient to bring

the current within the inner slitwidth and the outer slitwidth

boundary is reached (point C). This case indicates that regeneration

is required, thereby rapidly reducing the magnitude of the current.

When the lower inner slitwidth is reached again, absorption is

reselected (point D). A similar operation occurs in the negative

half cycle.

2.8 SAMPLED SINGLE SLITWIDTH STRATEGY

The sampled single slitwidth strategy is represented in figure

2.l3.b. In this technique the current is sampled at regular

intervals to be determined whether it is above, below or within the

slitwidth. When the current is below the slitwidth (point L),

absorption is selected causing an increase of the current across the
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slitwidth. When the upper slitwidth boundary is exceeded, the

flywheel mode is undertaken (point M). Flywheel is maintained until

one of two conditions is met.

(i) If the lower slitwidth boundary is exceeded, absorption is

reselected (point N).

(ii) In the case, where the current does not re-enter the slitwidth

or if it re-enters the slitwidth but does not cross it and returns

to the same boundary, then flywheel has been unsuccessful and

regeneration is required (point 0). Regeneration is maintained until

the lower boundary is reached and flywheel is selected (point P).

Alternatively, if during flywheel the current crosses the boundary,

then regeneration is reselected (point Q). However, if the flywheel

is unable to cause the current to cross the boundary, absorption is

reselected (point R).

Some kind of memory, as well as a current polarity signal to

enable correct interpretation of the slitwidth boundaries, are

required for the above strategy to work properly. In this technique

the flywheel mode is mostly used and absorption and regeneration

are used only when it is necessary. For this reason, it was decided

to build a sampled single slitwidth controller. (Refer to chapter 3

for more details).
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2.9 PRACTICAL SAMPLED SINGLE SLITWIDTH STRATEGY

The sampled single slitwidth controller, as previously

described, is likely to he affected by noise and time delays.

Consider the current as it just exceeds the upper slitwidth boundary

with the inverter in absorption mode. At the first sample beyond the

boundary, the current will be a finite amount beyond the boundary.

During the period the controller responds to the change, the current

will continue increasing. When the flywheel becomes effective, the

current error may start to decrease. However the flywheel mode

produces a low di/dt and consequently, it may take several sample

periods before the current returns within the slitwidth. When just

inside the boundary, noise may cause the feedback to exceed the

boundary temporarily. Both noise and time delay can therefore cause

the regeneration mode to be selected unnecessarily. A method of

distinguishing between the case where the flywheeling mode takes

some time toreduce the current error, and the case when flywheeling

is unable to reduce the current is necessary. This can be done by:

(i) Operating the controller as fast as possible to minimize delays.

In this study it will be shown later (section 3.4.3) that a clocking

time of 5gis is required to provide minimum on and off time to the

transistors. This has limited the maximum clock frequency for the

modulator board to 200KHz.
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(ii) Using hysteresis: This is illustrated in figure 2.14. At the

first sample where the current exceeds the slitwidth, the slitwidth

boundary is moved out a small amount. The fact that the slitwidth

boundary has been reached is registered and flywheeling is required.

Now, though, there is a margin which allows time for flywheeling to

take effect and gives a noise margin. It is only if flywheeling is

unsuccessful and the current error continues to increase that the

new slitwidth boundary is exceeded and regeneration is demanded. The

slitwidth boundary is returned to its inner position when the

current reaches the opposite boundary. A similar effect is necessary

for the other boundary. A current source inverter based on this

technique is fully described in chapter 3.
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Fig 2.6 Three phase four transistor inverter modelling and operation
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CHAPTER 3. PRACTICAL CURRENT SOURCE INVERTER

3.1 INTRODUCTION

Developments in microelectronics and power devices have made

possible the widespread application of inverters to CVCF generation

systems. For low to medium power applications, a current source

inverter composed of power transistors is the most desirable and

economical. A current source inverter operating on the slitwidth

principle which has a wide frequency range and is easily

commissioned has been designed and built. A diagram representing the

main blocks of the current source inverter is illustrated in figure

3.1. This consists of:

(a) A reference generator, which generates two sinewaves with a

mutual phase difference of l2O.

(b) A modulator, which compares the reference signals with feedback

signals and determines the control required for the current to track

the reference.

(c) Six base drives and six transistor inverter.

(d) Three current feedbacks, among which two are used for control in

both controlled phases and one for measuring the current in the

49



uncontrolled phase.

3.2 REFERENCE GENERATOR

The reference signals required by the inverter are two

sinusoids of equal amplitude and frequency, but 1200 out of phase.

The amplitude has to be controllable, The frequency should be

variable from a positive value, through zero to a negative value,

where the phasor rotates backwards.

There are several possible methods of achieving this end. An

oscillator could be used, however the frequency control and constant

phase shift would be difficult. A trapezoidal approximation to the

sinusoids could be used and the harmonic content might be

acceptable. A microprocessor could be used to generate the

sinusoids, and carry out the modulator function, but this option was

rejected in our case because of of the high design complexity and

uncertainty in the microprocessor speed capability.

A modified and improved version of the ROM look-up table

implementation successfully used by D.MARTIN, <39> was adopted. The

block diagram of the system is shown in figure 3.2 and the circuit

diagram in figure 3.3. This technique was based on two digitally

generated sinusoidal waveforms stored into EPROMs as 1024-8 bit

words. The data was calculated as, 127.5 + 127.5 sin
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The sine waves start at addresses corresponding to 1200 and 2400,

producing sin (8 + 1200) and sin (8 + 2400) respectively. The sine

of the third or the uncontrolled phase can be determined if needed

by inspection of the most significant bit of the EPROM's address

line.

Variations in the reference frequency were achieved by

variation of the input, "Freq AdJ.", of the voltage to frequency

converter, Id which sets the rate with which the waveform are

clocked out of the EPROMs. The gain of the voltage to frequency

converter, Id was designed to be 5882 Hz/V. Since one sinusoid

cycle corresponds to 1024 clock cycle, this gives a designed

frequency gain for the reference generator of 5.7 Hz/V. A graph of

inverter output frequency against the input voltage of Id was

plotted for the circuit when built. This gave a gain of 4.8Hz/V. The

discrepancy was due to component value and voltage reference

tolerances. The transfer function was highly linear.

The ability for reversing the phase sequence of the waveforms is

provided by a T.T.L. compatible signal FWD/RVS . This signal caused

the counting pulses to be gated to either the count "down" or count

"up" input of the counter, causing a reversal of waveform phasing.

Changes in reference amplitude were achieved by altering the input

voltage, ¶mp Adj." which controls both gains of the D to A

converters, IC11 and ICl2.

The generated reference sine waves for the a-phase and b-phase are
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sin (8 + 2400) and sin (8 + 1200) respectively.

3.3 MODULATOR

The aim of the modulator is to compare the reference waveform

and the current feedback in each controlled phase, and to generate a

digital signal that is necessary to control the six transistor

inverter switching patterns to minimise the error. Each phase can

operate in the three modes, absorption, regeneration, and flywheel.

A practical sampled single slitwidth control strategy has been

implemented.

3.4 INTRODUCTION TO THE MODULATOR BOARD CIRCUITRY

The modulator board can be divided into three main operations,

among which, two are repeated for each controlled phase. A block

diagram representing the modulator board is shown in figure 3.4.

(i) An error signal generator is provided in each controlled phase.

This compares .a reference signal, V .	(V. ) with the current
iar	ibr

feedback signal, V	(V. ). and generates the following signals in
laf	ibf

each phase, (phase a and b):

A'	
which represent the polarity signals.

(A , B ), which indicate that the current feedback has exceeded
H	H
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the upper slitwidth boundary.

(A , B ), which indicate that the current feedback is less than
L	L

the lower boundary.

(ii) An inverter mode logic circuit for each phase, samples the

above signals and determines whether the flywheel, absorption or

regeneration modes are required.

(iii) A decoder circuit, which is common to both phases, converts

the demand of the two inverter mode circuits into transistor

switching logic, taking account of the fact, that it is not always

possible to satisfy both phases.

The protection circuit however, prevents the possibility of two

transistors being switched on simultaneously in the same leg by

decoder error.

3.4.1 THE ERROR SIGNAL GENERATOR

The circuit diagram of the modulator board error signal

generator is illustrated in figure 3.5. The circuit generates three

signals known as A , A and P for the a-phase, (B , B and P for
L	H	 A	 L	H	 B

the b-phase). The equations, which govern the generation of these

three signals are as follow:

I	- (V	+VA = Sign	lar	iaf	h	w f
(3.1)
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IV	-(V +VA = Sign	
laf	jar	h	w 

J

P =SignIV
A	 iar

(3.2)

(3.3)

Where, V , V , V and V are the a-phase current reference
iar	laf	h	 w

voltage, the output voltage from a-phase current feedback circuit,

the hysteresis voltage and the half basic slitwidth voltage

respectively.

Assuming that V = 0, once V	is less than the lower
h	 af

slitwidth boundary (V	- V ), as it is shown in figure 3.6.a, the
iar	w

output of IC6c switches to a high state and to a low state

otherwise, as in figure 3.5. Similarly the output of IC6d goes high

if V	is greater than the upper slitwidth boundary (V. + V ), as
iaf	 iar	w

it is shown in figure 3.6.b. The output of 1C7, however indicates

the polarity of the reference signal. The op amp output signals are

clamped at TTL compatible levels by means of the zener diodes Dl, D2

and D3. The LEDs D4, D5 indicate the level of the error signals and

D6 indicates the polarity of the reference signal. These were useful

during commissioning the board. The quad op amp TL084 was used

because its output slew rate 13V/g.Ls ensures that the time taken for

the op amp to change state is less than the sample period 51.Ls. V

can be varied for both phases in the range of 0 to 0.25V using a

preset potentiometer, so giving maximum slitwidth of 0.5V.
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The hysteresis described previously is implemented by 1C4 and

1C17. Assuming, that after absorption was selected, the current

rises and hits the upper slitwidth boundary, thus AH goes high. As

soon as the clock goes low, output Qof the JK flip flop 1C4 goes

high and the hysteresis voltage is switched into the upper slitwidth

boundary. This increases the boundary by Vh. Consequently, the

current is within the slitwidth again and A return low. V remains
H	 h

switched in by the memory action of JK flip flop. Subsequent

circuits sample the error signals at the clock edge as A is only

high for one sample, unless the current signal continues to increase

and the new boundary is exceeded. A complementary action occurs at

the lower boundary. Vh is set for both controlled phases by a preset

potentiometer and can be varied between 0 and 0.25V.

3.4.2 INVERTER MODE LOGIC CIRCUIT

A synchronous sequential circuit state diagram, which is

illustrated in figure 3.7.a has been created to fulfill the

requirement of the slitwidth control strategy. The state diagram

consists of four modes, which represents the individual memory

states. The meaning of those states is summarized in figure 3.7.b.

Each state depends on the current direction, since the upper and the

lower slitwidth reverse roles when the current changes. The error

signals A and A, refer to the more positive and the more negative
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boundaries respectively. The state X represents the "not allowed"

state. However the circuit could be forced into it by noise or at

switch on. The next clock forces the circuit back to the flywheel

state. Figure 3.8, shows the circuit diagram implementing these

operations. The logic functions for the circuit are derived in

Appendix one.

3.4.3 DECODER ND PROTECTION CIRCUIT

A circuit diagram representing the decoder, output protection

circuits and board clock is shown in figure 3.9. The EPROM 1C9 is

used as a look up table to decode the six signals produced by the

modulator and to determine, which transistor should be conducting.

The choice of using an EPROM has removed a large amount of discrete

logic and it is easy to modify the switching strategy if a mistake

in the logic decoding is made. This EPROM is an asynchronous device

and has an access time of 350ns which may result in the device's

output being invalid for 3SOns after a change in any input state.

Thus to remove any illegal states from happening, the octal latch

1C8 has been placed between the circuit of the two inverter mode

switching logic and EPROM as shown in figure 3.9, so giving a valid

transistor conducting pattern. This results in a slower logic

decoding than would be possible with discrete logic. However, the

gating delay was increased above the minimum time of 350ns to 51.ts to

provide minimum on and off time to the transistors. This 5is time
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produced by a delay of one clock period between the changes of the

conducting transistor pattern is used to force a transistor to

remain in either its on or off state for this minimum period. This

5gis clocking time is also used to inhibit the complementary

transistor in any limb when the previously on is turned off, and

allows the transistor to turn off completely before turning the

other one in the limb on, therefore preventing the possibility of

short circuiting the power supply which may cause damage to the

transistors. This Sjis time has set the maximum clock frequency to

200KHz and allows the snubber circuit and the base drive to reset.

Cross coupling logic is also provided between a pair of limb

transistor switching signals to ensure that only one transistor in

each leg can be turned on at a time.

3.4.4 MODULATOR EPROM CODING

Once the whole of the current source inverter had been designed

and assembled, the rotor winding was connected in star shape and the

power transistors were ted from a set of batteries. A series of

tests were carried out to find an EPROM coding able to successfully

generate the required three phases. The model representing the six

transistor inverter described in section 2.5 was used to examine all

possible demands. Although there are 36 possibilities, only 12 need

to be considered since the others can be derived by symmetry. The
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following interactions were noted:

(i) Flywheeling can only occur in all phases simultaneously or not

at all. This means that the flywheeling mode takes place only when

all the inverter legs are connected to the same dc rail.

(ii) The degree of absorption or regeneration (ie, half or full)

cannot always be specified because of the difficulty of knowing the

current direction in the uncontrolled phase.

(iii) Absorption and regeneration represent the top priority modes

and can always be obtained whatever the other demands on the

inverter.

In the case, where a conflict occurs between a demand for

flywheeling in one phase and request for absorption or regeneration

in the other, the flywheel state would loose. This is because the

inverter could be controlled using only absorption and regeneration

modes. The flywheel state exists to reduce the number of switching

action per cycle. Moreover, the only way of injecting power into the

rotor or extracting power from it, is achieved by using only

absorption and regeneration modes, Consequently, flywheeling is a

less important mode. On the other hand, the phase which ought to be

flywheeling will only remain uncontrolled for as long as the current

is within the slitwidth. Once the sljtwidth boundary is reached,
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absorption or regeneration will be requested and therefore, overall

stability is assured. The EPROM coding look up table is represented

in figure 3.10, and this was used for all subsequent work.

3.5 CURRENT SENSOR

There is more than one way of measuring the current in the

rotor winding of the ac generator. However, the need for voltage

isolation and measurement of dc component has made the choice to a

slight extent difficult. The dc component requirement has eliminated

the possibility of using transformers to isolate the signal. Two

simple methods remain practicable.

3.5.1 THE SERIES RESISTOR

A series resistor can be used in each phase to provide a

voltage proportional to iriverter phase current. An easy way of

realizing this is to connect three resistors at a star connected

load as shown in figure 3.11.a. However this method may have several

disadvantages:

Ci) Only loads providing access to the star point may be driven.

(ii) Resistors could either be placed inside the machine or mounted

inside the inverter. Wherever the resistors are situated, they
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require an increase in cabling cost. In the case where, the

resistors are placed near the machine, they may increase noise

contamination due to the length of the leads carrying the low level

measurement signal.

(iii) Logic circuitry has to be connected to the star point of the

load, which is not advisable as the risk of high voltages being

present on the inverter's logic earth is extremely high.

3.5.2 THE LINEAR HALL EFFECT DEVICE

The linear Hall effect can be used as a current sensing device,

providing physical as well as electrical insulation between the

relatively high voltage and current of the rotor phases, and the low

voltage control circuitry. When a hall effect device is placed in a

magnetic field, its output voltage changes. Current can be measured

by sensing the magnetic field it produces.

At the beginning of the project, it was decided to use as

current measuring devices a linear Hall effect of the type "Sprague

UGN-350", previously used by D. Martin, <39>. Hall effect devices

measure flux density B. Thus the current carrying conductors were

wound around a ferrite core with sensors being mounted in the air

gap as shown in figure 3.11.b. The Hall effect devices had a bias

point of approximately 3.6V, which was very temperature dependent.
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This had been reduced by using two devices back to back (as in

figure 3.11.b) so that changes in current cause an increase in the

output of one device and a decrease in the output of the other. The

current is given by the difference between the two voltages. Changes

in temperature cause the bias point to alter in the same direction,

thus minimising the temperature effect. Each current sensor

consisted of the back to back Hall effect devices inside a coil

through which the current flowed.

This current sensor also had a large difference in gain of

2l5mV/A and l25mV/A. This had been reduced using a gain equalising

compensator. Unfortunately, although the offsets could be removed

using the presets and back to back structure, during the

commissioning of the current source inverter, the bias point drifted

with time. This has resulted in unbalanced current waveforms and

re-adjustments were sometimes needed 3 or 4 times an hour.

Consequently, more reliable Hall effect current sensors with high

sensitivity, small offset and a good long term as well as thermal

stability were required.

3.5.3 THE ISOLATED DC/AC CURRENT SENSOR

The isolated dc/ac current sensor interface module LT100-P also

based on the Hall effect principle is illustrated in figure 3.11.c,

<41>. This can be used for measurement and control of complex

61



waveform currents found in many electronic variable speed

controllers. It provides galvanic isolation between the primary

(high current) and secondary circuits. Using the principle of

magnetic flux compensation, the LEM sensor provides a measurement

current directly proportional to the primary current, reduced by the

turns ratio. The device, which is housed in a module plastic case

has got an excellent linearity, stability and temperature range. The

LEM sensor also has a fast response time which is less than lps and

a wide bandwidth d.c.- 100KHz.

The LT100-P has the following parameters:

- A nominal current, bOA. EMS.

- turns ratio, 1 : 1000.

- Internal resistance, 30c2.

- An offset current of about 0.38 mA.

The offset current produced a voltage drift of 0.38V in the

current feedback voltage signal when using a resistor gain of lV/mA.

This voltage drift has been nulled using a simple differential

amplifier as shown in figure 3.12. Two types of this current sensor

were used to monitor the current in the two controlled phases and

another one to measure the current in the third or uncontrolled

phase, as in figure 3.12.

It is possible to lower the current range for the sairie output

voltage ie; increase the transducer resolution. This may be done by
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increasing the number of times that the current carrying conductor

passes through core ie; "multi-turning. In this case it was decided

to pass twice the current conductor through the core. The outputs

from the two amplifiers, IC5a and IC5b, are V	and Viaf	ibf

respectively. Finally, the gain of the current feedback sensor is as

follow:

V	V.

k	
=	iaf =	lbf 

= 2V/A	 (3.4)cf 1	1

Where, i the is instantaneous phase rotor current.

3.6 THE POWER DEVICE

Quite recently, for the majority of power applications using

semi-conductors, the thyristor has been the preferred switching

device for reasons of voltage, current and power rating. On the

negative side, forced commutation in a thyristor inverter requires a

large quantity of power rated auxiliary components, which give an

increase in system cost and also affect the system efficiency.

Moreover, thyristors have a slow switching speed, which has

restricted their use in high frequency switching applications. The

advent and feasibility of the gate turn off thyristor (GTO), has

made it an attractive device for high current and high voltage

applications. This device has a decided advantage over the

conventional thyristor in direct current circuits owing to its gated
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turn off ability, and in high frequency applications due to its

gated switching mode which is inherently fast.

Although the power thyristor is firmly entrenched for very high

power low switching speed applications in which gate controlled turn

off is not required, the power bipolar transistor has been the

workhorse for higher frequency circuits at lower power, and

especially for circuits requiring gate controlled turn off, <42>. At

higher currents, Darlirigton bipolar transistors capable for handling

200A and with a blocking voltage of up to 500V are also available

today. This device has been used for motor control and

uninterruptible power supplies. However in recent years several new

devices, such as the field effect transistor, (MOSFET), and the

insulated gate transistor, (MOS-IGT), have begun to challenge the

bipolar transistor. Power MOSFETS have been developed capable of

power switching at over 1MHZ. The major limitations, which have

prevented the power MOSFET from rapidly displacing the bipolar

transistor, are their higher on-resistance and relatively higher

cost of the device.

With the development of all these alternative devices for power

applications, the circuit designer is forced with the task of making

a judicious choice between them. For high voltage applications,

(above 1500V), at high power levels, (over 100kw), only GTO's with

adequate ratings are available today making the choice quite
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limited. Power bipolar transistors have the next highest power

ratings. Devices that can handle power levels of up to 50kw have

been developed using Darlington configurations. The bipolar

transistor is a current controlled device with a typical current

gain of 10 to 20, it requires relatively high gate drive power

during steady state as well as during turn off, therefore the gate

drive circuitry for the power transistor may be complex and

expensive. A Darlington power transistor however, which, consists of

a cascade connection of two transistor stages has a lower base drive

requirement, but it is at the cost of slightly reduced switching

frequency and higher conduction drop. In contrast, both the power

MOSFET and the power MOS-IGT are voltage controlled devices with

very high input impedance, thus their output current can be

controlled using very low gate power levels, which eliminate

complexity in the gate drive. However these devices are at present

more expensive than the power bipolar transistor. The power MOSFET

ratings have been growing rapidly, but the highest power handling is

limited to about 5kw. The power MOSFET seems to be the only device

which, can provide adequate switching speed for frequencies higher

than 100kHz and the best choice for lower voltage dc power

circuitry, <42>. The MOS-IGT which, was commercially introduced in

1983 has a power handling capability higher than that of the power

MOSFET and it can switch 10 to 15kw of power. This device which

combines the best features of power MOSFET and bipolar technology is

expected to displace the bipolar transistor in many of its
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applications in the near future. It also seems to be the best device

in terms of minimum power dissipation for high voltage circuits with

frequencies as high as 100kHz.

The inverter used consists of six power transistors supplied on

a suitable heatsink. The transistors were of the Darlington type,

BUS13A, with a constant voltage V	rating of 450V, continuous
CEOSUS

collector current of iSA and base current of 5A, and power

dissipation of 175w. The inverter was powered by lead acid batteries

of about 60V to allow regeneration back to the supply.

3.7 SNUBBER NETWORKS

The power transistor is not inherently a bistable element. To

be used as a. switch a coordination of trigger and protective circuit

is needed, which makes the transistor switch in a safe way between a

conductive state with high current and low voltage to a blocking

state, where the voltage is high and the current is low.

Consequently, in steady state conditions, a power transistor

dissipates negligible power when on and nearly nothing when off.

In the switching mode however, the voltage and the current of

the device must change. Ideally, the current and the voltage would

change as shown in figure 3.l3.a, in zero time with no power

dissipation. A typical voltage and current waveform for a transistor
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without protection in the actual switching curve is illustrated in

figure 3.l3.b. This shows that the power transistor has a finite

turn on and off time.

A power switching transistor must be controlled within the safe

operating area, SOA, which is a simplified method of representing a

family of safe voltage versus current regions as a function of time

duration, provided by the semiconductor manufacturer. To assure

that, and to relieve the power transistor from over stress, a

switching aid circuit often called snubber circuit, is necessary.

There are three main purposes for using snubbers. One of the

purposes is to reduce the device switching power losses. The second

purpose is to protect the power device against overcurrent when it

is turned on and the third purpose is to protect the power

transistor against overvoltage when it is turned off.

3.7.1 THE RCD SNUBBER

The RCD, or the turn off snubber is widely used in switch mode

power conversion circuits. Its function is to control the rate of

rise of the voltage across the switching device to minimize both

switching losses in the device and the voltage overshoot that can be

caused by stray inductance. The RCD snubber circuit diagram is shown

in figure 3.14.
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3.7.2 OVERVOLTAGE SUPPRESSION

During turn off the inductance in the circuit, will give rise

to overvoltage, because the current, which flows through them,

cannot stop instantly, but continues to press itself through the

transistor which is turning off, until the flywheel diode is turned

on, when the current then diverts to flow through the diode. The

flywheel diode does not turn on until the voltage across it falls to

a low value. Hence, the transistor must support both voltage and

current and is subject to severe strain. So by adding a RCD snubber

circuit as in figure 3.14, the capacitor will prevent the

transistor's collector-emitter voltage from rising abruptly to the

input level by offering an alternative path for the current through

the load L, using the diode D, where it continues mainly through C.

The capacitor must be discharged before the new turn off begins.

The turn on characteristics are not so severe since, as the

voltage across the flywheel diode increases to turn it off, it takes

a finite time to recover its blocking mode and consequently, current

is shed more slowly to the transistor. The flywheel diode reverse

recovery time should not be too slow otherwise a short circuit may

result across the supply rails causing damage to the transistor and

diode, if the diode has not recovered its reverse blocking mode

before the transistor is turned on. Even if the transistor survives

the large surge current, the device power dissipation would be
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unacceptable especially in high frequency applications. Selection of

a fast recovery diode is therefore crucial for a reliable and

efficient circuit operation.

3.7.3 SWITCHING LOSS TRANSFER

In a power switching regulator operated at low frequencies the

switching losses are small and usually of minor concern. However, as

input voltage and load switching frequency increase, the switching

losses increase and become a dominant consideration in achieving

efficient operation, long life and compact physical design.

The use of the RCD snubber will alter the load line of the

transistor as shown in figure 3.15. Much of the energy that would

have been dissipated in the transistor has now been stored in the

capacitor. This limits the rate of rise of the collector-emitter

voltage V when the collector current falls, hence, the transistor
ce

dissipation is reduced. Power losses attributable to the finite turn

off time of the switching power transistor without and with

protection are shown in figures 3.16.a and 3.16.b, respectively,

<43>. The energy stored in the capacitor is dissipated in the

resistor R, at turn on, which is known as snubber discharge

dissipation. The sum of the two dissipations of figure 3.16.b, and

the snubber discharge represent the switching loss of the snubber

protected system.
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t
C

t
f

(3.5)

E.T. CALKIN and B.H. H?NILTON, <44> have demonstrated in their

work that with proper design the power dissipation in the resistor

is less than the switching losses removed from the switching

transistor resulting in some improvement in overall efficiency. The

rate of collector-emitter voltage rise is a function of the

capacitance value, being relatively rapid for small capacitance

values and slow for large capacitance values, as in figure 3.17. The

three relative values of snubber capacitors, as shown in figure

3.17, produce two sets of equations <44>, <45> and <39>. It is

convenient to define a parameter, which is the ratio of capacitor

charging time, t to collector current fall time, t , as follows
c	 f

Broadly speaking, the capacitor value C, the network resistor's

average power dissipation P, the transistor average power

dissipation over switching period T attributable to turn off P,

and the total loss in the transistor and the resistor P , are
T

function of the circuit parameters and the ratio o as follows:

(It
Lf	2	

xl
	 (3.6)

c=.

Lf (2-l),	a	1
	 (3.7)

I
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---	.,	x	1	 (3.13)

2	T 1 3 (2 - 1)J

Where, V, t, T,and I are the input voltage, the transistor current
fall time, the switching period and the load current respectively.

In the particular case where,	= 1, the capacitance value is:

It

c=c =
	Lf	

(3.14)
n	

2V

The average power dissipation in the transistor attributable to turn

off in the absence of the snubber network is

VI t
Lf	

(3.15)

2T

Full details of the derivation of equation 3.6 to 3.13, are shown in
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a 1

a 1

Appendix two. Replacing equation 3.14 and 3.15 into equations 3.6 to

3.13 gives

(ca2 ,	al

c=.

C (2a - 1), a ? 1
n

2a
I	-,
I	off

2

p =J	(2a-1)

I__p	 al

2

(3.16)

(3.17)

(3.18)

(3.19)
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(2	

4a	

al

p =J __

off 
12	3

P	,	c1

QA	

[	

1

off 
6 (2a - 1)

IP	a - + iL

{ 

2 4a

I	off	
-	 Jp =J

T	I	
6a2- 6a + 2

Ip
off

3 (2a - 1)

(3.20)

(3.21)

(3.22)

(3.23)

This shows that the power lost in the resistor increases and

the transistor losses decrease with a. Also it should be noted that

the power dissipated in the resistor is independent of the

resistance value. In the case where a	1, the transistor losses

decrease and the total losses increase with the increase in a.

Therefore, by increasing a the transistor turn off losses may be
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reduced at the expense of an increase in total losses. However, in

the case where a	1, minimum total losses in the presence of the

snubber networks can be found by equating the derived function of 
T

to zero, as follows:

dP	4
T 

=2a- - =0,	al,

dt 2

-

3

(3.24)

5	2

So, P	= - P , at a = -Tmin	 off	
3

(3.25)

Thus, the overall losses circuit can be reduced by choosing the

optimum capacitance to give, a =	This capacitance should not

alter the voltage and current switching characteristics of the power

device to exceed the SOA. The optimum capacitance may be chosen

according to equation 3.6, which gives the capacitance as:

It a
Lf	

(3.26)

2V

This gives C = 5.9nF for a = .--. In this calculation, the load

current was taken as the absolute maximum value of I	= 5A, V =
Lmax

150V and t = 0.8jis, <46>. Since the load current will always be

smaller than this, the calculated optimum capacitance will be the

largest one needed to maintain the desired a value. A 4.7nF
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capacitor was selected.

The selection of the discharging resistor value R, must satisfy

two factors:

a) The resistance value must be small enough to ensure that the

capacitor is discharged during the turn on time of the transistor,

T , thus resetting the snubber. Consequently:
on

5RC < T
	

(3.27)
on

b) The resistor value must be large enough so that the capacitor's

large current 
'DC' 

when added to the maximum design collector

current at turn on, does not exceed the maximum permissible

collector current thus:

R>-
	

(3.28)

Where: V, is the DC link voltage, V = lSOV.

Ai, is the maximum allowable increase in collector current, i =

lOA. Equation 3.28, and 3.27 give R	= l52 and R	= 2l32
mm	MAX

respectively, using absolute minimum time 5is. In order to limit the

discharge current to a value much lower than i = bA, a discharge

resistor of l2OQ was selected. This limits the discharge current to

l.25A and takes 2.82is for the capacitor to discharge.

The transistor turn off power loss using snubber networks and
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assuming a transistor switching frequency of 2KHz, is depicted in

figure 3.18. This shows a great reduction in the transistor power

dissipation and a modest saving in the total power dissipation.

However, the power dissipation in the snubber resistor is constant

and therefore independent of the load current. The saving in total

circuit power rating is useful even at the relatively small power

rating considered. If the inverter power is extended the power saved

by the use of snubbers would increase correspondingly. Figure 3.19,

shows one phase of the inverter equipped with snubbers which were

used in this work.

3.8 BASE DRIVE CIRCUITRY

The base drive plays an important role in the reliability of

transistored equipment, and its optimization is a dominant factor in

the design of the inverter.

3.8.1 CHARACTERISTICS OF A BASE DRIVE

A good base drive must be able to:

- Supply an adequate positive base current during the conduction

phase of the transistor.

- Supply an adequate negative base current for correct turn-off of

the power transistor.

- Shape the base current (positive or negative) in order to optimise
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I
=	cmax

ESAT	
h

FE

(3.29)

the switching operations of the transistor.

Moreover, according to the type of circuit, it should:

- provide galvanic isolation between the signal and the power

function.

- include protection against high dv/dt or surge voltages.

3.8.2 THE BASIC BASE DRIVE

At turn-on, a base drive is required to provide a current

sufficient to saturate the power transistor. This particular base

current may be determined according to equation 3.29.

Where, I	, I	and h are the base current required for the
BSAT	cniax	 FE

saturation of the transistor, the maximum collector current and the

transistor's current gain respectively. 
BSAT' 

is given as 1A for

all operating conditions. The base drive must also be able to apply

a reverse base current in order to turn off the power transistor

quickly.

A simple base drive circuit which, fulfilled these requirements

is depicted in figure 3.20. This provides an on current of l.5A and

a 'suck-out' pulse of approximately 2A and biases the base

negatively when the transistor is off. When a logic low is applied

to the input, the photo-transistor is turned on, turning T2 off and
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Ti and T4 on. Thus the base current is forced into the power device

through Rl3 and speed up capacitor C7. A logic high input turns T2,

T3 and T5 on and capacitor C8 causes a pulse of current to be pulled

quickly out of the transistor, removing the storage charge. T5 and

Rl4 then bias the power device negatively, holding it off.

3.8.3 DRAWBACKS OF THE BASIC BASE DRIVE CIRCUITRY

The basic base drive provides a fixed on current, which is

chosen to saturate the transistor under maximum collector

conditions. Consequently, under normal circumstances, especially in

our case when the power device is being used to generate a sinusoid

of current, the transistor will operate at currents much lower than

the maximum. The transistor is therefore overdriven under most

operating conditions. An overdriven transistor demands higher base

drive power than would otherwise be necessary. The storage time

which is proportional to base current increases and the switching

speed is reduced. The storage time can be reduced by operating the

transistor in soft saturation rather than hard saturation. Thus, a

method of matching the base current to the collector current was

therefore investigated.

3.8.4 THE BAKER CLAMP

An automatic adaptation of I to I , can be obtained with a
B	c
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circuit called a °Baker clainp, also known as an "antisaturation

circuit", as in figure 3.21. If the transistor tends to be too

heavily saturated, the collector-emitter voltage VCE decreases, and

part of the control current 10 is bypassed via the diode Dl, thus

reducing the degree of saturation, <47> and <48>. This can be

accomplished by clamping V to a predetermined level and the

collector current is given by:

v -v
=	CC	CM	

(3.30)
C

R
C

Where V is the clamping voltage and V > V	. The base current
CM	 CM	CESAT

which is adequate to drive the transistor hard, can be found from

equation:

v -v -v
B	DO	BE

1=1 - _________
B	0

R
B

The corresponding collector current is:

I =1 =h I
C	L	FE B

(3.31)

(3.32)

Once the collector current has risen and the transistor is turned

on, the diode Dl gets forward biased and conducts, and clamping

takes place, then:

V =V +V -V
	

(3.33)
CE	BE	DO	Dl
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The load current is:

v -v	V -v -v +v
CC	CE	 CC	BE	DO	Dl

I =	=
L
	R	R

	

C	 C

(3.34)

The collector current with clamping is:

I =h I =h	(I-I +I)=
C	FE B	FE	0	C	L

h
FE

(I + I
0	L

1 +h
FE

(3.35)

For clamping, VDO > V and this can be achieved by connecting two

or more diodes in place of DO. The resistor R should satisfy the

condition, h I > I . From equation 3.34,
FE B	L

h I R > (V - V - V + V )	 (3.36)
FE B C	CC	BE	DO	Dl

The clamping action therefore results in a reduced collector current

and almost eliminates the storage time. However, due to increased

V, the on-state power dissipation in the transistor is slightly

increased, whereas the switching power loss is decreased.

3.8.5 THE BASIC BASE DRIVE WITH BAKER CLAMP

The basic base drive described earlier in section 3.8.2, may be

improved by adding a baker clamp as shown in figure 3.22, by diodes

Dl and D2. Meanwhile it should be observed that the on current is

applied to the anode of D2 and the off current to the cathode.

Application of the turn off circuitry to the anode of D2 would
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result in diode D2 being reverse biased at turn off. Therefore, this

allows the power transistor's base to effectively float at turn off,

resulting in a very slow switch off time. The maximum base current

allowed to flow into the power transistor has been reduced due to

the addition of D2 in the turn-on circuitry. Consequently, to

maintain the previous current flow the resistance's value of R13 has

been slightly reduced.

3.8.6 COMPARISON OF BASE DRIVES

The base drive power and power transistor's saturation voltage

for both the basic and the basic with baker clamp are illustrated in

figure 3.23.a. It can be seen that, the basic base drive power

requirement is reduced when the baker clamp is used. This is due to

the fact that, part of the current being applied to the base drive

has been diverted to the collector of the power device instead of

the base by the baker clamp diode. The baker clamp action also

increases the transistor's saturation voltage. This is because of

the diode Dl which, prevents the collector voltage from descending

below a given value, thus maintains the power device in the

quasi-saturation region. An increase from O.2V to O.5V is shown in

figure 3.23.b.

Figure 3.24, shows the transistor's storage and switch on delay

times measured as the time from the start of change of V to the
BE
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start of change of V. As expected, the baker clamp action has

reduced the power transistor's storage time, which is a direct

result of the reduction in the base current. On the other hand, the

baker clamp action has a little effect on the delay time.

The transistor's turn on and turn off time for different values

of collector current are depicted in figure 3.25. The use of the

baker clamp on the basic base drive has produced an increase in turn

on time. This is a result of the baker clamp diode reducing the base

current allowed to flow into the power transistor. The transistor's

switch off time has also increased when the baker clamp are used

with the basic base drive circuit. This may be due to the relatively

slow switching speeds of T4 and T5. At switch off the baker clamp

diode will snap off as T4 is turned off and the power transistor

will start to turn off. A short time delay will take place before T5

will turn on and complete the turn off cycle. This short time

between T4 turning off and T5 turning on appears as extra storage

time on the basic base drive. The basic base drives with baker clamp

were used for the inverter because of the advantage they have over

the basic base drive, which is summarized as a reduction in power

requirements and faster switching speed. Each base drive was powered

from a separate transformer and power supply so that the supply line

voltages can float independently of each other. The base drives were

switched via an opto isolator to provide isolation from the low

voltage power circuitry and the higher voltage power circuitry.
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3.9 INVERTER PERFORMANCE

Figure 3.26 shows the a-phase inverter output current waveform

alternating at a frequency of about 10Hz. The output logic signals

such as the a-phase polarity signal P, the a-phase higher slitwidth

boundary error signal A and lower slitwidth boundary error signal

A, described in section 3.4.1, are also represented in figure 3.26.

It can be seen that the switching rate of A and A is less
H	L

pronounced for the positive portion of the output current waveform

situated on the right hand side of the positive peak current,

without significant change in the output current waveform. Similar

remark may be applied to the negative portion of the output current

situated on the right hand side of the negative peak value.

In conjunction with figure 3.26, figure 3.27 illustrates the output

logic signals A0 and Al which, along with the polarity signal P.

define the conduction elements selected by the modulator for one

cycle of the ouput current waveform. As expected positive absorption

is mostly required to increase the inverter current to follow the

positive increase of the reference sinewave and positive

regeneration is mostly selected when the reference signal starts

decreasing towards zero. Similar effects can be seen in the negative

half cycle of the current waveform. Flywheel mode however is not

clearly noticeable in this case.
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Waveforms produced by the inverter are shown in figures 3.28 to

3.31. The low frequency waveform of figure 3.28 and 3.29 shows a

very good approximation to a sinewave, giving little harmonic

distortion. However, when the inverter's output frequency is

increased, as shown in figures 3.30 and 3.31 the relatively low

output power transistor switching frequency causes the distortion

observed in the output waveforms to increase. Figures 3.32 and 3.33

show the inverter's output frequency response to a ramp change in

frequency demand. Figure 3.34 on the other hand shows the inverter

amplitude response to a ramp amplitude demand. The inverter is

obviously able to produce an output current of any amplitude or

frequency within the range of the inverter's capability.

3.10 CONCLUSION

This section has described the construction of a three phase

current source inverter which performs to specifications and is

simple and easy to commission. The inverter has been designed to

provide currents up to 5A from a dc link voltage of 150V. The

frequency operation of the inverter is limited by the maximum rate

of change of current which can be produced from a given inverter

supply. The use of higher voltage supply would extend the range of

operation. Power transistors and base drives used would allow the dc

link voltage to be increased to 400V. However, the relatively low

values of load inductance do not require the higher voltage.
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Therefore the voltage was maintained at the lower value. This

reduces stress on the transistors and also reduces the transistor's

switching frequency, enabling a narrower slitwidth to be employed.

In this experimental setup a dc link using 60V lead acid

batteries which may provide currents up to 5A was believed to be

adequate for the project purposes. The power output of the inverter

may easily be increased by modification of the base drive circuitry.

The use of modern and sophisticated integrated circuit base drives

providing fast transistor switching times and facilities for power

device protection would improve the performances of the inverter.

This would also remove the need for many external components and

thus greatly simplify the base drive construction.
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Upper Slitwidth
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Reference Signal
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Feedback Current
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///
/
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Fig 3.6 Basic error signal waveform



Key:

00/A
01/A
11/A

0/R
1 /R
0/R

00/F

a) State Diagram

State	Output	Current	Inverter Mode
Al A0	Direction	Demand

A	 0 1	Positive	Absorption
Negative	Regeneration

F	 0 0	Positive	Flywheel
Negative	Flywheel

R	 1	1	Positive	Regeneration
Negative	Absorption

X	 1 0	Positive	Not Allowed
Negative	Not Allowed

b) Meaning of the State Diagram

Fig 3.7 State diagram for the inverter mode logic
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ADDRESS

00
01
02
03
04
05
06
07
08
09
OA
OB
Oc
OD
OE
OF
10
11
12
13
14
15
16
17
18
19
1A
lB
1C
1D
1E
iF

INPUTS

P B B P A A
B	1	0	A	1	0

	

O	0	0	0	0	0

	

O	0	0	0	0	1

	

O	0	0	0	1	0

	

O	0	0	0	1	1

	

O	0	0	1	0	0

	

0	0	0	1	0	1

	

0	0	0	1	1	0

	

O	0	0	1	1	1

	

0	0	1	0	0	0

	

0	0	1	0	0	1

	

0	0	1	0	1	0

	

O	0	1	0	1	1

	

0	0	1	1	0	0

	

O	0	1	1	0	1

	

O	0	1	1	1	0

	

O	0	1	1	1	1

	

O	1	0	0	0	0

	

0	1	0	0	0	1

	

0	1	0	0	1	0

	

O	1	0	0	1	1

	

O	1	0	1	0	0

	

0	1	0	1	0	1

	

0	1	0	1	1	0

	

O	1	0	1	1	1

	

O	1	1	0	0	0

	

O	1	1	0	0	1

	

0	1	1	0	1	0

	

O	1	1	0	1	1

	

0	1	1	1	0	0

	

0	1	1	1	0	1

	

0	1	1	1	1	0

	

O	1	1	1	1	1

DEMAND

b a

-F -F
-F -R
-F X
-F -A
-F +F
-F +A
-F X
-F +R
-R -F
-R -R
-R X
-R -A
-R +F
-R +A
-R X
-R +R
X -F
X -R
x x
X -A
X +F
X +A
x x
X +R

-A -F
-A -R
-A X
-A -A
-A +F
-A +A
-A X
-A +R

TRANSISTORS

654321

001010
001000
000000
010010
101000
101001
000000
010000
000010
000000
000000
010010
100000
100001
000000
100000
000000
000000
000000
000000
000000
000000
000000
000000
011000
011000
000000
011010
011001
001001
000000
011000

DATA

OA
08
00
12
28
29
00
10
02
00
00
12
20
21
00
20
00
00
00
00
00
00
00
00
18
18
00
1A
19
09
00
18

Fig 3.1 0 Modulator EPROM coding



DATAADDRESS	INPUTS

P B B P A A
B	1	0	A	1	0

20	1	0	0	0	0	0

21	1	0	0	0	0	1

22	1	0	0	0	1	0

23	1	0	0	0	1	1

24	1	0	0	1	0	0

25	1	0	0	1	0	1

26	1	0	0	1	1	0

2.	•10	0	1	1	1

28	1	0	1	0	0	0

29	1	0	1	0	0	1

2A	1	0	1	0	1	0

2B	1	0	1	0	1	1

2C	1	0	1	1	0	0

2D	1	0	1	1	0	1

2E	1	0	1	1	1	0

2F	1	0	1	1	1	1

30	1	1	0	0	0	0

31	1	1	0	0	0	1

32	1	1	0	0	1	0

33	1	1	0	0	1	1

34	1	1	0	1	0	0

35	1	1	0	1	0	1

36	1	1	0	1	1	0

37	1	1	0	1	1	1

38	1	1	1	0	0	0

39	1	1	1	0	0	1

3A	1	1	1	0	1	0

3B	1	1	1	0	1	1

3C	1	1	1	1	0	0

3D	1	1	1	1	0	1

3E	1	1	1	1	1	0

3F	1	1	1	1	1	1

DEMAND

b a

+F -F

+F -R

+F X

+F -A

+F +F

+F +A

i-F X

i-F +R

+A -F

+A -R

+A X

+A -A

i-A i-F

i-A +A
i-A X

+A +R

X -F

X -R

x x
X -A

X +F

X i-A

x x
X i-R

+R -F

+R -R

+R X

+R -A

+R i-F

+R i-A

i-R X

i-R +R

TRANSISTORS

65	321

010100

100000

000000

010110

000101

100001

000000

000100

100110

100100

000000

000110

100100

100101

000000

100100

000000

000000

000000

000000

000000

000000

000000

000000

010000

010000

000000

010010

000001

100001

000000

000000

14

20

00

16

05

21

00

04

26

24

00

06

24

25

00

24

00

00

00

00

00

00

00

00

10

10

00

12

01

21

00

00

Fig 3.1 0 Modulator EPROM coding (continued)
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Primai
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5V

Machine __________ Sensor
Phase

Inverter ____________	 _________	 ______ Load Star
Machine 0	Machine	I	______

Interface	
Phase	

Sensor
_____________	_____________	

Point

Machine	 Sensor
Phase

a. Basic Current Measurement

b. Linear Hall Effect Current Measuring Transducer

Secondary
Current

C. Isolated DC/AC Sensor Interface Module LTP100-P

Fig 3.11 Current measuring devices
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Fig 3.1 3 Power transistor switching waveforms



Fig 3.1 4 RCD snubber circuit diagram

VOe

I C

1

RIRCD
I Snubber

Without
Snubber

Loa

Fig 3.1 5 Turn-off switching load lines for transistor
with and without snubber



Time

a) without snubber

Time
b) with snubber

Fig 3.1 6 Power losses attributable to the finite
turn-off time of the switching power transistor



Voltage
Current	 I	I

I	i	I
IL

	I I 	 Time

f	
a. Small Snubber

I	'I	 C<C
and
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Fig 3.1 7Transistor turn-off characteristics
with different snubber capacitance values
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Fig 3.1 8 Transistor turn-off power loss
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Fig 3.23 Base drive characteristics
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Error Signal, AL

(V)

A-Phase Higher
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(V)

A-Phase Fieh
Current

(A)
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Fig 3.26 A-phase inverter output current waveform
and output logic signals
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Fig 3 .27 A-phase inverter output current waveform
and output logic signals



Peak current O.95A
Frequency 1Hz

A-Phase Field
Current

(A)
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Current
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Current
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Fig 3.28 Inverter output current waveforms



Peak current 1 .55A
Frequency 5Hz

A-Phase Field
Current
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Current
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Fig 3.29 Inverter output current waveforms



Peak current O.3A
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Fig 3.30 Inverter output current waveforms
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FIg 3.31 Inverter output current waveforms
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Fig 3.32 Response to a ramp frequency demand
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Fig 3.33 Response to a ramp frequency demand
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Fig 3.34 Response to a ramp amplitude demand



CHAPTER 4. CONSTANT FREQUENCY GENERATION

4.1 INTRODUCTION

This section investigates the design and implementation of a

control strategy capable of maintaining constant machine output

frequency over a wide range of prime mover speed variation and load

conditions. A 4-pole induction machine driven by a dc motor was

supplying an isolated load which requires a 50Hz constant output

frequency supply. The rotor of the induction machine was excited by

the three phase variable amplitude variable frequency current source

inverter which was described in chapter 3. The technique created

senses the machine shaft speed and compensates for it by altering

the current source inverter output frequency. Therefore the

operating range of the controlled system will depend on the

operating range of the inverter's frequency capability as explained

in Appendix three.

4.2 MACHINE OUTPUT FREQUENCY GENERATION

The rotor windings of a synchronous machine are supplied with a

dc current. When operated as a generator, the rotation of the dc

excited rotor induces balanced polyphase voltages in the stator

coils and if the generator is supplying a load, an alternating

current flows in the armature, as shown in figure 4.l.a. The rotor
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mechanical frequency is given as follow:

f= ...........................(4.1)
m	60

Where n is the prime mover speed.

The frequency of the synchronous machine induced voltage is

determined by its prime mover speed n	and its number of poles P
(rpm)

as in equation 4.2.

f = ............................(4.2)

Or,

f = _!_.	 .(4.3)
2 m

The angular frequency w of the stator voltage waveform is:

w= 2ir • f ...........................(4.4)

The machine used in the laboratory set-up was a standard

3-phase wound rotor induction machine with access to the rotor

windings via slip rings. This allows the ihachine to be used in a

variety of modes as mentioned in section 1.3.1. consequently, when

the three phase rotor windings of the machine are excited by a

variable angular frequency 
IN 

current source inverter, it is

possible to generate a rotating flux distribution electrically. The
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flux rotates with respect to the rotor at the frequency of the three

phase rotor currents. Therefore, the speed of the main flux becomes

the sum of both rotor angular frequency w and rotor current angular
r

frequency w speeds as in equation 4.5.

	

w =w	±	.........................( 4.5)

	

r	IN

For a P poles machine, the rotor electrical radian frequency is as

follows:

P
W = —Ci)

r	2	m

Where co is the rotor mechanical angular velocity in (rad/s)
m

Substituting equation 4.6 into 4.5 gives:

PW—) ±W
2	m	IN

Or, in terms of frequency in (Hz), equation 4.7 becomes:

f= ... f	± f	.......................(4.8)
2	m	IN

Figure 4.l.b shows the instantaneous direction of current in two

moving conductors and the frequency at which these stator and rotor

currents are alternating. This machine may also be seen as a

synchronous generator in which the magnetic poles of the rotor

rotate at a speed other than that of the rotor structure. The

rotational speed of the magnetic poles with respect to the rotor
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structure is changed by changing the frequency of the rotor

current.Finally, substituting equation 4.1 into equation 4.8 gives:

f=	± f	......................(4.9).
2	60	IN

A characteristic of f versus n for a constant machine frequency,

f = 50Hz, is shown in figure 4.2.

4.3 CONSTANT FREQUENCY GENERATION

Figure 4.2 shows that in order to keep the machine frequency

output f constant regardless of rotor speed and load variation, the

rotor frequency 
IN 

has to be controllable. To achieve this aim, two

control systems may be suggested.

4.3.1 FREQUENCY FEEDBACK CONTROL SYSTEM

To maintain constant machine frequency ouput generation under

variable rotor speed and load conditions, a feedback control loop

may be applied as shown in figure 4.3.a. This is a regulatory

control application. In this scheme the controlled variable f is

obtained and fedback to the controller so it can make decisions. If

the rotor speed, or load, or both vary, thus creating a disturbance,

its effect must propagate through the entire process before the

ouput frequency changes. Once f changes, the output signal V of

the frequency feedback sensor changes. It is then that the
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controller becomes aware that it must compensate for the disturbance

by changing the rotor current frequency demand signal Vff . The

advantage of using a feedback control is that it is a simple

technique which can compensate for all disturbances which enter the

process. The disadvantage of this however, is that it can compensate

for a disturbance only after the controlled variable f has deviated

from set point	That is, the disturbance must propagate through

the entire process before a feedback control scheme can compensate

for it.

4.3.2 FREQUENCY FEEDFORWARD CONTROL SYSTEM

Feedforward control is one of the most profitable control

schemes, <49>. In our system the deviation of the machine frequency

output must be minimised to such an extent that feedback control may

not provide this required control performance. For this reason

feedforward control may prove most helpful. Feedforward control,

shown in figure 4.3.b, compensates for the disturbance before it

affects the controlled variable. Specifically, referring to equation

4.9, feedforward control measure the rotor speed, which is the main

disturbance, before it enters the process and calculates the

required value of the rotor current frequency demand V ff to maintain

the controlled variable f at its set point	If the calculation is

done correctly, the controlled variable should remain undisturbed.

It should be emphasized however, that this control technique (refer
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to figure 4.3.b) can only be used to control the frequency output of

a generator supplying an isolated load. In other words, the

feedforward control will compensate only for the rotor speed which

may be altered by prime mover speed variations or/and load

variations. For a grid connected generator, deviation in grid

frequency which may be due to changes of parameters of other

generators connected to the same grid will not be compensated by

this strategy. To avoid this grid frequency deviation, some feedback

compensation must be added to the feedforward control scheme. For

the reasons stated above, to maintain constant frequency output of

the generator supplying an isolated load, it was decided to build a

feedforward frequency control system. A basic block diagram showing

how this control strategy is applied to the generating system is

illustrated in figure 4.4.

4.4 ROTOR SPEED MEASUREMENT SIGNAL

To sense the rotor speed, a tachogerierator TG was used as

illustrated in figure 4.4. This provides a voltage v which istg

proportional to the rotor shaft speed n. A characteristic of the

tachogenerator output voltage versus machine speed is shown in

figure 4.5. To achieve constant machine frequency generation, it was

necessary to scale and shift the tachogenerator output voltage so

that it gives v = -6V when the rotor is running at a synchronous

speed of 1500rpm. This gives a speed measurement signal of V f = [ 0
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to -12VJ when the prime mover speed varies from n = [0 to 3000rpm],

as in figure 4.6.b, and the circuit diagram of figure 4.7. This is

achieved by adding a voltage divider (Ri, P1) and an inverting unity

gain amplifier IC1. A low pass filter which consists of Ri and Cl

was used to reduce the tachogenerator ripple. The task of the zener

diodes Dl was to protect the control circuitry against rotor speeds

higher than twice the synchronous speed.

4.5 ROTOR CURRENT FREQUENCY DEMAND SIGNAL

Figure 4.4 and 4.7 show how an output machine frequency demand

signal f is compared to the calibrated tachogenerator voltage v.

The difference value is fed to a noninverting amplifier 1C3 which

generates the required rotor current frequency demand signal v.

The	signal was set to 6V which is proportional to a mains

frequency 50Hz using P2 and 1C2. A characteristic of v ff versus

rotor shaft speed n is depicted in figure 4.8.c.

4.6 GENERATION OF THE ROTOR CURRENT +1- FREQUENCY; ANALOGUE/BINARY

SIGNALS

The rotor current frequency demand signal v ff is a

bi-directional signal which requires either positive or negative

current rotor frequency. In order that the field current phasor may

rotate onwards to compensate for a subsynchronous rotor speed and
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backwards to compensate for superynchronous speeds, a signal FD was

used to define the required direction. Consequently, the rotor

current frequency value and direction may be selected by the

magnitude and sign of v ff respectively. This is explained by the

block diagram of figure 4.9 and by the characteristics of figure

4.lO.d. Figure 4.11 shows the circuit which converts the

bi-directiona.l inverter frequency demand signal v	into a sign

signal FD and modulus demand signal.

The sign signal FD is created by a comparator 1C4 followed by a

zener diode D3 which turns the polarity of v into logic signals.

The photo diode D4 was used to indicate the direction of the

rotating phasor.

The modulus demand signal however, is provided by a non-inverting

unity gain full wave rectifier. This consists of 1C2 and 1C3 without

the voltage drops associated with the diode type of rectifier.

4.7 GENERATION OF THE ROTOR CURRENT FREQUENCY REFERENCE WAVEFORM

Constant frequency control of the ac machine requires that:

(i) The output frequency of the iriverter is variable from some

positive value, through zero to some negative value where the phasor

rotates backwards.

(ii) The variation of the output frequency of the inverter is faster
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than the change in rotor speed.

To realize these two requirements, the modulus and sign of the

frequency demand V ff were applied to the reference generator circuit

described in section 3.2. This is illustrated in block diagram form

in figure 4.12 and in circuit diagram form in figure 4.13.

To generate the rotor current frequency reference the modulus of Vff

is applied to a voltage to frequency converter, IC1 which increments

or decrements the ROM addresses. The gates of 105 direct the clock

pulses to either the "up" or the "down" count inputs depending on

the polarity of Vff . A 10-bit up down counter was built from three

4-bit counters, 106, 1C7 and 1C8, with two bits left over. This

counter is applied to two 1k 8-bit EPROM5, 1C9 and Ida which store

1024 samples for each sinusoid. Consequently, a facility is provided

by the 10-bit up down counter which loops around to 0 or 1023 when

it reaches 1024 or -1 respectively. A continuous sine wave may

therefore be produced at a frequency, f = (50 - 2f ) Hz.
IN	 In

The Two digital sine waves of equal frequency but 1200 out of phase

stored into the EPROM5 are converted into analogue forms by the D to

A converters, ICli and 1C12.

The amplitude of the waveforms may be adjusted manually depending on

the required output voltage of the machine by varying both gains of

the D to A converters.
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4.8 SYSTEM MODEL

A block diagram representing all the different elements of the

controlled generating system is illustrated in figure 4.14.

4.8.1 MACHINE MODEL

The ac machine has already been modelled in section 4.2 by

equation 4.9, which gives:

=	
+ ...(4.10)

Where f may be positive or negative depending on the direction of

the rotating phasor. The modelled ac machine is a 4-pole machine.

Therefore, replacing P by 4 equation 4.10 becomes:

f = f	+ -p----	••••••••••••••••••••••••(4.11)
IN	30

4.8.2 SPEED MEASUREMENT GAIN

The proportionality between the output voltage and input speed

of the tachogenerator was found, using the voltage/speed

characteristic of figure 4.5, as:

v= 0.0208n ........................(4.12)
tg

Where n is the rotor speed in rpm.
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The characteristic voltage/speed of the tachogenerator has been

shifted using Ri and P1 of figure 4.7, so as to be:

v= -O.004n ........................ (4.13)
ft

The low pass filter which consists of Ri and Ci has a time constant

T = 58ms. This can be neglected because of the slow variation of
tg

the prime mover speed. Consequently, the speed measurement transfer

function is a gain of kft = -O.004V/Rpm.

4.8.3 CURRENT SOURCE INVERTER MODEL

The current source inverter may be regarded in this case as a

voltage to frequency converter modifying a rotor current frequency

demand signal input, v into three phase inverter current frequency

output, f. The transfer function was already given in section 3.2.

This was a gain of 4.8Hz/V. Therefore the current source inverter is

modelled as:

f= 4.8v .......................... (4.14)
IN	 ff

and, k	= 4.8Hz/V is the inverter frequency gain.

4.8.4 DEDUCTION OF THE FREQUENCY COMPARATOR GAIN

Initially the machine frequency output f was adjusted manually
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in an open loop control fashion by varying the rotor current

frequency output, 
IN 

This may be achieved using P3 and 1C4 of

figure 4.7. ±60Hz was decided to be suitable range for the inverter

frequency and can cover all possible test requirements. To achieve

this, the output voltage Vff should vary over a range of ±12.5V.

This is realized by 1C4 with the feedback resistors R8 and R9 which

give a non inverting amplifier of a gain equal to 12.5/5 v/v.

To ensure that the rotor current frequency output, f is 50Hz

when the machine is stationary, (v f = OV), and the system is in

automatic controlled mode, an additional gain is necessary, as

illustrated in figure 4.14. This may be deduced using equation

4. 13.

k	= 50(4.13)
fc	6k

INf

Consequently the frequency comparator gain, k f is of 1.73. This is

realized using 1C3, R5, R7 and the variable resistor Ril in the

circuit diagram of figure 4.7. There is no need for close

examination of a dynamic compensation, because the electronics which

deals with the alteration of the inverter output frequency are much

faster than the variation in machine shaft speeds.

The system model, which relates the gains of all the system

components when the system is in feedforward control mode is
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depicted in figures 4.15 a and b.

4.9 RESULTS AND DISCUSSION

In order to show the effectiveness of the constant machine

output frequency control strategy described in this section, some

experimental studies were carried out over a wide range of prime

mover shaft speed variations and load conditions. This is shown in

figures 4.16 to 4.24.

Changes in generator shaft speed were achieved by varying the

armature voltage of the dc motor by means of a simple variac/bridge

rectifier set. The machine terminal voltage was sensed from a step

down transformer of ratio 230V/6.3V, the primary of which was

connected to two lines of the isolated grid. The amplitude of the

sinewaves generated by the reference generator of figure 4.13 was

set manually to give an RNS machine output voltage of about lOOV

using "mp. Adj.". The a-phase field current of the ac machine was

simulated by its feedback signal v , which is the output of IdA
ia f

of figure 3.12. Finally, the a-phase polarity signal which indicates

the direction of the rotating phasor, and the machine shaft speed

signal were taken from the ouput resistance R9 of figure 4.11 and

the output of IC1 of figure 4.7 respectively.

Figures 4.16 to 4.19 exhibit the steady state performance of

the generating system.
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Figures 4.16 to 4.18 show the generated machine terminal voltage

alternating at 50Hz constant frequency for three different prime

mover shaft speeds at rated load. As expected, the field current in

figure 4.16 is a dc value when the machine is running at synchronous

speed. In this particular case the machine is behaving like the

conventional synchronous generator. This figure also indicates that

the polarity signal is quite sensitive to machine speed fluctuations

around synchronous speed, by switching asynchronously between high

and low state. This would be reduced if a machine with a larger

inertia was used. Referring to figures 4.17 and 4.18, it can be seen

that the rotor current is a sinewave of frequency equal to the

difference between mains frequency and twice the rotor mechanical

frequency when the machine is running at sub- and supersynchronous

speeds. Also the polarity signal is low (high) at subsynchronous

(supersynchronous)	mode.	Comparing with figure 4.16,	the

peak-to-peak value of the terminal voltage has slightly decreased at

subsynchronous mode and slightly increased at super synchronous

mode. However, this small variation which may be due to other

secondary disturbances such as alterations in machine impedance, is

insignificant. Figure 4.18 shows the terminal voltage at constant

50Hz ouput frequency and minimum load consumption (about 1/7 rated

load). Previously the machine was running at 1000Rpm at rated load,

then the load was reduced to its minimum value. As expected this has

resulted in an increase in machine shaft speed and peak-to-peak

value of the machine terminal voltage.
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Dynamic performance of the generating system are presented in

figures 4.20 to 4.24. It can be seen that the machine output

frequency is constant and remained undisturbed over a wide range of

shaft speed variation (figure 4.20 to 4.23) and load conditions

(figure 4.24). The several different slopes which are visible in the

terminal voltage waveform are due to the low sampling rate feature

of the oscilloscope which was used in producing these drawings.

These slopes may be reduced by selecting a lower time base. However

the relatively low frequency of the field current waveform which was

represented on the same axes time has limited this choice.

Variation of peak-to-peak value of the machine terminal voltage with

machine shaft speed is small and negligible except for the case of

figure 4.20, where an exponential reduction in machine's terminal

voltage peak-to-peak value is noticeable for speeds approaching

1000rpm. This is a direct result of the small decrease in

peak-to-peak value of the field current. This reduction in field

current amplitude may be due to the fact that the current source

inverter has exceeded its operating range. Recall that in this case

the machine EMP value is proportional to the field current amplitude

and the combination of inverter/rotor mechanical frequencies. On the

other hand the current source inverter operating range is a function

of its amplitude and frequency. Thus for pronounced drops in machine

shaft speed, the current source inverter tries to compensate for it

by increasing its frequency and may have to reduce its amplitude
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when its operating range is exceeded, to keep constant machine

frequency output. Figure 4.24 represents constant machine output

frequency under a step down change in load condition. As expected

this has resulted in an increase in peak-to-peak value of the

machine terminal voltage followed by an increase in machine shaft

speed.

4.10 CONCLUSION

A feedforward control system which is able to keep constant

machine output frequency over a wide range of prime mover speed

variations and load conditions has been developed in this section.

This was based on a linear model which was simple to implement.

The generating system consists of a 4-pole induction machine the

rotor windings of which were connected to a variable frequency

variable amplitude current source inverter via slip rings. This

machine was driven by a controlled dc motor which was simulating the

prime mover. The isolated balanced load supplied by the ac machine

was a combination of three light bulbs and a three phase variac. The

control strategy used was to sense the machine shaft speed and

compensate for it by altering the current source inverter output

frequency. The advantage of this strategy is that the controlled

variable, which is the machine output frequency, remains undisturbed

to perturbations in prime mover speed and isolated load conditions,

within the operating range of the controller. Families of
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characteristics which support the latter are presented in figures

4.16 to 4.24.
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CHAPTER 5. CONSTANT VOLTAGE GENERATION

5.1 INTRODUCTION

The control strategy applied to the generating system

previously described, is capable of maintaining a constant machine

output frequency generation over a wide range of shaft speeds and

load variations. There, it was shown that the steady state machine

terminal voltage is affected mainly by variation in load demand

within the operating range of the system. However the isolated load

from the utility power grids also requires a constant voltage

supply. A control system which holds a constant machine output

voltage against changes in load demand or other secondary

disturbances was therefore investigated.

5.2 MACHINE VOLTAGE GENERATION

As mentioned earlier, the three phase generator transforms

mechanical power into electrical power. The mechanical power of the

prime mover rotates the shaft of the generator on which three phase

field windings are installed. These three phase field windings are

excited by a controllable amplitude and frequency current source

inverter. The rotation of the flux cuts the winding of the armature

and, because of the induction principle, a three-phase voltage is

generated. The frequency of this three-phase voltage is maintained
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constant regardless of the variation of rotor shaft speed and load

conditions by the frequency control loop, as described in chapter 4.

Therefore an electrical single-phase equivalent circuit of the

machine seen from the stator may be developed.

5.3 SINGLE-PHASE EQUIVALENT CIRCUIT DIAGRAM

The description of the steady-state performance of the ac

generator may be captured by the single-phase equivalent circuit

illustrated in figure 5.1.a, which was described in section 1.3.1.

The machine parameters are derived in Appendix four. This diagram

may be seen as a single-phase equivalent circuit of the conventional

induction generator with a current source in the secondary circuit.

With reference to figure 5.1.a, the induced RNS armature winding

voltage per phase, E 0 may be obtained as follows

E = V + I (R + jL )
0	p	s s	s

Where, V , I , R and L are the per phase RMS voltage, per phase
p	S	S	 S

RNS stator current, stator resistance and stator leakage inductance

respectively.

The induced RNS armature voltage may also be obtained as:

	

E = jwM I	.........................(5.2)
0	mO

Where, M is the magnetizing inductance seen from the stator and I
m	 0
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is the magnetizing RMS current.

Referring to figure 5.l.a, the magnetizing current can be written as:

1=—I	-I	......................(5.3)
0	a	IN	s

Where, a is the ratio of stator number of turns to rotor number of

turns and 
IN 

is the per phase rotor current.

The direction of stator current flow is negative because the machine

is acting as generator and delivering power to an isolated load.

Replacing equation 5.3 into equation 5.2 it gives:

E0 = 1WMm_IIN - iWMmI s ...................(5.4)

In the case where the load is removed equation 5.4 becomes:

E = jwM --I	......................(5.5)
fO	ma INO

E is the per phase voltage induced at the armature's output by the

rotating field with the load removed and no saturation of the iron.

It is usually called the excitation voltage. Equation 5.4 shows when

the machine is loaded, the current I produces an armature reaction
S

flux which induces a voltage of value, - jwM I known as E
ms	 r

E = - jwM I	........................(5.6)
r	 ms

Replacing equation 5.4 into equation 5.1 and defining,

E = (1/a)I jwM gives:
f	 IN	m
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E = V +	R + jw(L + M )	I	 . (5.7)f	 1s	s	m 
J	

S

Equation 5.7 represents the governing equation of the generator

which may be represented by the equivalent circuit depicted in

figure 5.l.b. This diagram is similar to the approximate equivalent

circuit of the conventional synchronous generator. Based on this

background a complete voltage phasor diagram of the machine for a

lagging power factor load may be created. This is shown in figure

5.2. It can be seen that the armature impedance drop can be added

to V to yield E. To this is added an armature reaction reactance
p	0

drop jwM T. The resultant is the excitation voltage E. The
m s	 f

leakage reactance drop and the armature reaction reactance drop

added along the same line and both being perpendicular toT,
S

represent a total reactance jw(L + Mm) called the synchronous

reactance.

5.4 CONSTANT VOLTAGE OPERATION

Replacing equation 5.4 into equation 5.1, the	line-to-line

terminal voltage may be written as follows:

V = V	jwM - { R + jo,(L + M )	
1.........(5.8)

t	1a IN	m	S	 S	m J sJ

The generator is supplying an isolated load. This requires a
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constant stator terminal voltage operation. The stator terminal

voltage must remain the same for both open- and closed-circuit. This

voltage will be designated by V. The rotor current RMS value is

assumed to have two components; one for open-circuited stator 101

and one for short-circuited stator I
INL

If I	= I	+ I , is substituted into equation 5.8 and 5.3, and
IN	INO	INL

then two stator conditions are considered; namely, I = 0 and I ^
S	 S

0, the following equation are obtained:

(i) The condition I = 0
S

V = %/ '--I	jwM
t	a INO

(5.9)

and

I= I	..........................(5.10)
IN	INO

(ii) The condition I ^ 0
S

0	--I	jwM -	R + jo(L + M )	I	..........(5.11)a INL	m	s	s	m ) 
S

and

' IN	'INL	....................
(5.12)

Equation 5.11 says that, if constant stator voltage is to be
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achieved for all stator currents, then the induced voltage produced

by 
INL 

must compensate for the stator impedance drop. Equation 5.12

shows the required current source 
'INL 

Therefore, to maintain

constant voltage operation for various load conditions the RMS rotor

current I , has to be controllable.
IN

5.5 CONSTANT VOLTAGE CONTROL SYSTEM

To maintain constant machine terminal voltage under mainly

variable load conditions or other secondary disturbances such as

machine parameters variation, a voltage feedback control system may

be created as shown in block diagram form in figure 5.3. This is a

regulatory control application in which the controlled variable Vt

is obtained and fedback to the controller as input V . When the
Vt

load current I which represents the main disturbance varies, V and
S	 t

V also vary. The controller notices this variation after comparing
Vt

V to the set point V , then it alters the rotor current referenceVt

signal V so that to reduce the error. A basic block diagram
if

underlining how this control strategy is applied to the generating

system is shown in figure 5.4.

5.6 TERMINAL VOLTAGE FEEDBACK

The isolation and voltage reduction of the generator is

provided by a standard miniature 230V to 6.3V transformer, which is
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connected between two phases of the generator output as shown in

figures 5.4 and 5.5. It can be seen that the load is connected in

delta, therefore the line and load phase voltages are equal.

The secondary output of the miniature transformer goes to a

low-pass filter incorporating Id, as illustrated in the circuit

diagram of figure 5.6. The task of this low-pass filter is to reduce

high frequency noise due to inverter transistor switching, which may

add a small amount to the voltage amplitude measurement. This is

followed by the rectifier incorporating IC2a and IC2b. The rectified

sinusoid is averaged, to give a mean value for the machine terminal

voltage. This is achieved by the low-pass filter, which consists of

R8, C2 and C3, and the buffer amplifier 1C3. The combination of RB

and C2 gives a time constant of two seconds. The value of two

seconds gives 0.5% ratio peak-to-peak ripple voltage and dc voltage,

for the 100Hz pulse trains. C2 is a large capacitor, and may have

some stray inductance, so C3 is included to ensure good attenuation

of higher frequencies. The output of this then goes to V on the
Vt

mother board.

5.7 GENERATION OF THE ROTOR CURRENT AMPLITUDE REFERENCE

It has been mentioned in section 5.4 that in order to maintain

machine constant output voltage for various load conditions, the

rotor current RMS value has to be controllable. To achieve this end,
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the amplitude demand signal, V .f is applied to both positive

reference voltages (VR+) of the D to A converters ICll and ICl2 of

the reference generator described in Chapter 3. This is shown in

block diagram form in figure 5.7 and circuit diagram form in figure

5.8. Consequently, the amplitude of the two reference sine waves,

which are shifted by 1200, may be adjusted by the regulator which

alters the demand signal V
if

5.8 SYSTEM MODEL

5.8.1 MACHINE MODEL

The ac machine may be modelled using the governing equation

5.7.

V =	E -	R + jw(L + M )	I .............(5.13)
t	f	s	s	m )

	s

The relationship between the terminal voltage Vt and the load

current I , assuming E =	, is as follows:
s	fi	f

	

E=V	̂V'zi	......................(5.14)
fi	t	s s

Where, Z is the total stator impedance given as:
S

/ 2	22

Z=	V R + (L + M ) w	.................(5.15)
s	S	S	m
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Replacing L , M and R by their values shown in figure 5.l.a,
S	S	S

gives: Z = l4l.42.
S

The machine terminal voltage is also related to the load current as

follows:

I
S

V= Z	.......................... (5.16)
L

where, Z is the rated load impedance between two lines and which is

estimated to be 560 at V = bOy.
t

Substituting for V from equation 5.16 and replacing it into

equation 5.14, gives:

Z + 3Z

E	
=	L	SI (5.17)

fi

Thus, the transfer function between V and E f1 may be given as:

V(s)	I (s)	V(s)	Z
t	=	S	•	t	=	L	

= 0.569 .... . (5.18)
E (s)	E (s)	I (s)	Z + 3Z

fi	 fi	 S	 L	S

The transfer function between the excitation voltage E and
fi

the rotor current I, when the load is removed, may be modeled as:

E (5)
fi= kf ........................ (5.19)

I (s)
IN

Where, K is the proportionality constant between the line-to-line

RNSEMFE andl
fi	IN

To determine this an "open circuit test" was performed. The machine
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was driven with no-load at a speed close to synchronous speed. The

machine output frequency was maintained at 50Hz throughout the test

by the frequency control loop. The ac field current was varied by

means of the 'mpl. Adj." potentiometer and at each setting the

corresponding line-to-line voltage was measured. A plot of these

data points is depicted in figure 5.9. This is highly linear and

thus it can be approximated to a straight line. This is called the

no-load characteristic where k was found to be 230V	/ A
f	 11neRMS	RMS

5.8.2 INVERTER MODEL

It was mentioned in equation 3.4, that the gain of the current

feedback sensor is k = 2V/A.
Cf

For the reference generator, an input signal of V = lv, gives a
if

peak output voltage V	= V . = lv.
iar	ibr

Therefore, the required inverter gain is given as follows:

I Cs)	1

k	
=	IN	 =	

= 0.353A	/V ........(5.20)
INV	

•	 %/' k	
RMS

if	 Cf

5.8.3 VOLTAGE FEEDBACK MODEL

The transfer function of the voltage feedback loop may be

written as:
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V (s)	k
Vt	=	vf	

(5.21)

V(s)	T s^1
t	vf

Where, k and T are the voltage feedback dc gain and voltage
vf	vf

feedback time constant respectively. The voltage feedback dc gain

may be defined as the ratio between the mean rectified voltage value

from the secondary transformer and the line RMS main voltage. This

gives, k	= 0.0224V/V. The voltage feedback time constantvf

represents the time constant of the first order low pass filter

which consists of R8 and C2 as shown in figure 5.6. This gives T =
vf

2Seconds.

Figures 5.10 a and b show the system model, which relates the

transfer functions of all system components. The next step is to

investigate the steady state as well as the transient state of the

measured terminal voltage V for changes in the set point V , but
Vt	 d

changes in load are not conveniently studied because the load is

represented by Z, and a change in Z alters the value of the

transfer function. An approximation that permits analysis of the

transient performance for small, sudden changes in load represents

the load changes as a change in the per phase stator current Al

without a corresponding change in ZL.
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5.9 VOLTAGE CONTROLLER

Once the whole voltage control loop has been modelled, the

voltage controller may be created so that the voltage control loop

may be closed. Referring to the project objectives, the generator

should maintain constant voltage regardless of load or prime mover

speed variations. This implies the use of an integrator. In this

mode the change in the control signal V .f is proportional to the

integral of the error, (V - V ). This gives:
d	Vt

k

V( s ) =	(V (s) - V	(s)) ...............(5.22)
if	d	VtS

Where k is the integral gain.

Before proceeding to the calculation of the integral gain, two

assumptions were made:

(1) The feedback two seconds time constant swamps the transient

response of the machine, ie: T is the dominant time constant.
vf

(ii) The feedback signal V is considered to be the system output

to calculate the characteristic equation. This is a single unity

feedback loop as shown in figures 5.11 a and b.

Referring to figure 5.11.a, the transfer function of the system

becomes:
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z
1	 L

kk kk
I INV f vf T	3Z+ ZL	

(5.23)
_________	 vf
V (s)Vt	

-	 1	LV(s)	2 ___	 ___ _____
G(s) =	

-	1	
k k k	

T	3Z+ ZL
d	 + T s+k

vf

This shows that for unity step command input the steady state

deviation is zero. Replacing all gains by their appropriate values,

the transfer function becomes:

O .52k
I

G(s) =
	

(5.24)
2 
+ O.5s + 0.52k

I

This has a characteristic equation:

C(s) =
	2 

+ 0.5s + 0.52k	..................(5.25)

This gives:

	

= VöT2k	........................(5.26)n	 I

Where w is the natural frequency.
n

And,

1
=	_______	.....................(5.27)

2T 1 0.52k
vf

Where is the damping ratio.

To give the best settling time it was decided to choose	= 0.7.
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Thus referring to equation 5.27, k can be found as:

1

k=	= 0.245 ................. (5.28)

I	4T2f&0.52

Replacing k by 0.245 in equation 5.26, gives a natural frequency wI	 n

= 0.357rad/sec.

The integral controller is of the form depicted in figure 5.12.

This has a transfer function as follow:

1

V Cs) =	 (V (s) - V (s)) ......... . (5.29)
if	 d	Vt

s(Rl + 2R3)Cl

Therefore:

1

k= ......................(5.30)

(Ri + 2R3) Cl

Where Cl was chosen to be 1.5pF to physically fit on the circuit

board and large enough to make current offsets negligible for the

op-amp which is of the FET input type. The following resistances

where selected as Ri = 2MQ and R3 = lM2. R3 is a variable resistor,

thus from R3 = 0 to R3 = lM2, k varies from 0.33 to 0.16I

respectively. Therefore the damping ratio can be varied about 0.7.
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It should be emphasized that equation 5.29 representing the

integral controller is true only if the initial voltage on the

capacitor Cl is zero. Any non zero initial voltage is then added to

the output. This implies that special care must be taken to

re-initialize the controller otherwise undesirable transients will

take place when a switch from open loop to closed loop operation

occurs. After considering many options the following circuit design

illustrated in figure 5.13 has been created. This is an arrangement

of ganged switches which provides a smooth transition between open

loop and closed loop control. The circuit diagrani of the voltage

controller is shown in figure 5.14. The output voltage demand signal

is achieved by the circuit incorporating IC1 and P1, which may

provide an output voltage set value varying from OV to 223V. The

open loop control voltage is realised by the circuit incorporating

1C4, P1, R9 and RiO. This may alter the RNS field current from OA to

about 2A.

5.10 RESULTS AND DISCUSSION

To demonstrate the usefulness of the proposed control system to

keep constant the machine output voltage of the variable speed

constant frequency generating system, some experimental tests based

on the model developed in section 5.8, were conducted. These were

achieved over a wide range of load and prime mover speed variations
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as shown in figures 5.15 to 5.28.

The machine voltage demand signal was set to give lOOV RNS

output voltage. This reduced stator voltage of bo y was selected so

that the operating range of the controlled system may be broadened

without the need to increase the inverter dc link voltage.

Steady state performance tests were carried out for three

different modes of operation: synchronous, subsynchronous and

supersynchronous, For each mode of operation, two tests were

performed. One test with the generator loaded with full rated load

and the other test where the generator was loaded with minimum load

which is about 1/7 rated load. The results of these are displayed in

figures 5.15 to 5.20.

It can be seen that for each mode of operation a decrease in

load demand leads to an increase in generator shaft speed. In this

case the field current is automatically reduced in frequency and

amplitude to compensate for the increase in machine shaft speed and

output voltage respectively, and consequently machine constant

frequency and constant voltage outputs are maintained. As expected,

the peak-to-peak value of the field current is a function of the

load demand and independent of the mode of operation.

Figure 5.21 shows the machine RNS line voltage response to a
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step change in machine voltage demand signal from OV to bOy, at

constant machine 50Hz output frequency. Figures 5.2l.a and 5.21.b

show a quite good agreement between the predicted model and the

experimental one. The RNS line voltage was measured at the feedback

Vvt as shown in figure 5.6. The integral controller coefficient was

adjusted so that the damping ratio,	is around 0.7 as explained in

section 5.9. This has resulted in a small overshoot which is about

4% to 5% of the final value and zero steady state error, as

illustrated in figure 5.21.b. However the system transient response

is quite slow. The system has a 5% settling time, t	l2seconds and

a time constant, r	4Seconds. Transient specifications for fast

response generally require that	< 1. The difficulty with ( < 1,

when using an integral controller, is that t is fixed by the

dominant time constant of the system and is not affected by the

system gain. In this case the voltage feedback time constant, T =
vf

2Seconds is the dominant time constant which is quite large. Thus

improvement in the system transient performance requires a feedback

control design with a minimum time constant. One possibility of

speeding up the voltage feedback, is to reduce the smoothing filter

time constant T , with more ripple introduced. However this method
vf

is rather crude.

Transient performance of the constant voltage constant

frequency generating system was tested over a wide range of

generator shaft speed and load variations. These results are
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presented in figures 5.22 to 5.28.

Figure 5.22 shows the controlled RNS machine output voltage,

which was sensed from its feedback signal, V , when a variation in
Vt

machine shaft speed from subsynchronous to supersynchronous at

constant rated load has occurred. It can be seen that the deviation

of the machine R14S voltage from its set point is about 2% and

therefore negligible. This is because dynamic variation in prime

mover shaft speed has a little effect on the RMS machine voltage

when the output frequency is maintained constant as is the case

here. This effect may be reduced or even eliminated if higher power

machines with bigger inertias are used. It is hardly possible to see

the frequency variation in the ouput field current waveform because

of the oscilloscope's sampling rate which is quite low at this

selected time base. However it can be seen that the field current

peak-to-peak value is relatively constant over this shaft speed

variation.

Figures 5.23 to 5.28 show the system dynamic performance with a

1 to 1/2 rated load change, and visa versa, is made. This has been

repeated for three different modes of operation: synchronous

subsynchronous and supersynchronous. It can be seen that the RMS

output voltage deviates from its set point, by 12% in the worst case

(figure 5.28), whenever a variation in load demand has occurred. The

integral action of the controller reacts to this deviation and
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eliminates it when the system reaches its steady state. The

transients takes about l5seconds to decay particularly when a step

down in load demand (from 1 to 1/2 rated load) is made. This is

still acceptable as long as the output voltage overshoot is within

10% of its set point.

5.11 CONCLUSION

In this section it is shown that the VSCF generation stand

alone wound rotor induction machine, described in the previous

chapter, can be used to produce constant voltage generation for

various speed and load conditions by controlling the amplitude of

the field current appropriately. Analysis and realisation of this

were carried out with a simple per phase equivalent circuit similar

to the one used for the conventional synchronous machine. To satisfy

the requirement of a constant machine output voltage generation, a

regulatory control application using a controller with an integral

action has been created and tested. This has provided excellent

steady state performance at the expense of slightly degraded

transient performance.

This controlled generating system is able to provide 100V and

50Hz CVCF generation over a shaft speed range of about

[1000-20001rpm and load variation from 0 to rated load. This was

achieved with the assistance of the back-up power source which
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consists of a variable amplitude and variable frequency regenerative

current source inverter supplied by a 60V lead acid batteries set.

The limits of the shaft speed range shown above were set by the

onset of distortion in the rotor current. If these limits are

exceeded the field current waveform becomes distorted and becomes

flat-topped. This is followed by a deviation in machine output

voltage as control is lost, and the voltage controller is unable to

compensate for it. This may be explained by the fact that the

machine ENF is requiring such a field current amplitude value which

the current source inverter is no longer able to supply. On the

other hand the machine output frequency deviation from 50Hz is small

and still within the tolerances unless the operating range is vastly

exceeded. This operating range may be broadened by increasing the dc

link voltage of the inverter. The current source inverter was built

to support a dc link of 150V. For the current source inverter to

operate properly, there must be sufficient voltage to force the

rotor line currents in the desired direction. Therefore the

requirement on the dc voltage in the worst case where the machine is

stationary and supplying a rated load, is that it should be greater

than the peak-to peak value of the terminal stator voltage the

inverter is trying to drive current into.
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CHAPTER 6 SYSTEM POWER FLOW CONSIDERATIONS

6.2. INTRODUCTION

Steady state performance of the variable speed constant

frequency and constant voltage generating system, based on power

flow considerations are presented in this section. Apparatus which

was required to measure different voltages, currents and powers at

different operating points of the system, were fitted in the test

rig. Results were obtained within the machine shaft speed operating

range for two different load conditions.

6.2 AC GENERATOR POWER FLOW

The direction of power flow in the secondary excited induction

generator operating at subsynchronous and supersynchronous as a

result of rotor (secondary) power control is depicted in figure 6.1.

If the shaft power to the ac generator from the dc motor

simulating a variable power prime mover is defined as p , then the
m

mechanical power input to the generator is given as:

PP	-P	........................(6.1)
g	m	gr

Where P represents the rotational losses of the generator which is
gr

largely made up of bearing friction and windage losses.
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When the ac generator is running at subsynchronous speed as

shown in figure 6.l.a, the power crossing the air gap P	isag

accordingly greater than the mechanical input power P . This is
g

given by equation 6.2.

P

P	
=	
.(6.2)ag	(1 - S)

In this case the secondary power must provide a power P given as:

P=SP	+P	.......................(6.3)b	ag	cr

Where:

S is the slip given as:

n -n

S =
	
.(6.4)

n
S

n and n represent the synchronous speed and generator shaft speed
S

respectively.

P represents the losses in the rotor windings and the currentcr

source inverter.

The net power consumed by the load is therefore:

P=P	-P	........................(6.5)s	ag	Cs

Where	represents total stator power loss which consists mainly
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of stator copper losses and iron losses.

For supersynchrorious operation the situation is altered, as

shown in figure 6.l.b. This time the power crossing the air gap P
ag

is less than the mechanical input power P. This is given by

equation 6.6.

P

P	
=	
.(6.6)

ag	
(1 + S)

The remaining power SP is returned to the secondary circuit to
ag

provide secondary losses P and power P to the battery.
cr	b

6.3 DC MOTOR POWER FLOW

The power flow diagram of the simulator dc motor is illustrated

in figure 6.2. The electrical input power P . originating from the

line supplies the field power needed to establish the flux field as

well as the armature circuit copper loss needed to maintain the flow

of the armature current I . The armature input power P and armature
a	 a

copper loss 
ca 

may be computed using equation 6.7 and 6.8

respectively.

= Va la ..........................(6.7)

And
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ca = Ral:	
• (6.8)

Where, V is the armature voltage and R is the armature resistance.

	

a	 a

Subtracting the armature copper loss P and the electrical loss in
ca

the carbon brushes (which is frequently taken to be 
21a 

on the

assumption that the voltage in the brushes is about 2V) from P
a

gives the developed electromechanical power	Removal of the

rotational losses P from P yields the mechanical output power P
mr	e

6.4 SYSTEM POWER FLOW MEASUREMENT

The experimental rig which consists of the dc motor coupled to

the controlled ac generator supplying an isolated load, and the set

of back-up batteries is shown in figure 6.3 . This is equipped with

all the necessary transducers to measure different power flow in

different parts of the system at various operating points.

Measurements were taken within the operating range of the CVCF

generating system. This range was defined as the range of dc motor

speeds for which the generated line voltage was not noticeably

distorted. The parameters which were recorded over the system

operating range for full load and about half load consumption, are

as follows:

Generated line voltage, V(V)
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Generated output frequency, f(Hz)

Generated stator power, P (W) (Two wattmeter method)
S

Rotor RNS current, I (A) (deduced from the rotor current transducer)
r

Battery voltage, Vb(V)

Battery current, Ib(A)

Dc motor armature voltage, V (V)
a

Dc motor armature current, I (A)
a

Motor Shaft speed, n(rpm)

Figures 6.4.a and b, show the per-phase rotor RMS current I
r

the inverter dc link current 
'b' 

the inverter dc link voltage V and

the per-phase stator RMS current I versus machine shaft speed for
S

two different load conditions within the operating range of the CVCF

generating system. I , I and V are measured variables. I , however
r	b	b	 S

is calculated from the measured variables P and V as follows:
S	 t

P

I =
	
.(6.9)

cose
t

Where, Vt = 100V and cose = 0.9, is the load power factor.

As expected it can be seen that for a constant load consumption, I
S

I , and V are constant with increasing shaft speed. However I is
r	b	 b

decreasing proportionally with the increase in shaft speed. These

are characteristics of the current source inverter in the VSCVCF

generating system. Ideally	should be null when the machine shaft

speed reaches its synchronous speed, but because of the rotor losses

this has taken place at about 1700Rpm and 1780Rpm in figures 6.4.a
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arid b respectively. Figure 6.4.b shows that a reduction in load

consumption is followed by a reduction in I and obviously an

increase in system operating range is noticeable.

The dc motor input power P , the inverter dc link power P , the
a	 b

load power consumption P and the system efficiency i versus machineS

shaft speed for two different load conditions, are given in figures

6.5.a and b. In this case, P and P were the results of the product
a	b

of the measured variables (V , I ) and (V , I ) respectively. P was
a	a	b	b	s

recorded as the sum of the powers displayed by the two wattmeters.

The system efficiency on the other hand was found as in equation

6.10.

P

11 =
	

(%)	......................(6.10)

p +p
a	b

As expected, figures 6.5.a and b, show that the power consumed by

the motor P has increased while that of the rotor P decreased with
a	 b

increasing machine shaft speed n for constant load consumption P
8

At P = 44.5W (see figure 6.5.a), the generator is able to return
S

excess power back to the batteries at supersynchronous mode.

However, due to rotor losses, this does not occur until about

1700Rpm. The efficiency of the system decreases with the increase of

the machine shaft speed within the system operating range. This is

due to the losses which have increased with the increase of the

shaft speed. The system efficiency is very low within the operating

range of the generating system. This is mainly due to the machines
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used in this project which are very small arid inefficient by

commercial standards. The use of the ac generator having an output

voltage of 100V which is half that of its rated voltage of 200V,

also causes reduction in the system efficiency with resultant added

losses in the generating system. The current source inverter has an

output rating which is greater than the load used requires. This

also reduces the efficiency of the system. Thus since the system

efficiency is the combination of the efficiencies of all the

components of the system, good management requires a consideration

of the total system of which the ac generator is a part.

Compared with the previous case (P	44.5W), at reduced load
S

consumption (P = 22W, figure 6.5.b), P and P are also reduced and
s	 a	b

as expected the operating range of the generating system has

slightly increased. Here as well the system is capable of

regenerating excess power back to the batteries at supersynchronous

mode after satisfying the rotor losses. However unlike the previous

case, this happens at a speed of about 1780Rpm. This 80 Rpm excess

speed is to compensate for the reduction in machine electromagnetic

torque due to reduction in load demand, in order to satisfy the

rotor losses. Reduction in load demand also results in a further

decrease in system efficiency.

6.5 SYSTEM LOSSES ESTIMATION

The rotational losses of both dc motor and ac generator may be
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measured by running the system at various speeds with no excitation

of the ac generator. The dc motor armature current and voltage were

recorded at various speeds. Therefore the total rotational losses

may be found by removing motor copper loss from the dc motor

armature input power as in equation 6.11.

P=P	+P	=VI	-RI2	............... (6.11)
RL	mr	gr	aOaO	aaO

Where the suffice 0 denote that the measured values were recorded

with no excitation of the ac machine. The dc motor armature resistor

R was also measured by applying a dc current of lA and measuring
a

the voltage developed. An average value of three readings gave R =
a

l8Q. The total rotational losses versus shaft speed characteristic

is illustrated in figure 6.6.

The mechanical power input to the generator, P may be found by
g

removing the dc motor armature losses P	and total rotational
ca

losses P	from the dc motor mechanical input power P as in
RL	 a

equation 6.12. The carbon brushes loss were negligible compared to

P.
ca

P = P - P	- R 12(6.12)
g	a	RL	aa

Once Pg has been deduced, it is possible to work out the power

crossing the air gap P and rotor power Sp using equations 6.4
ag	ag

and 6.6.
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Figures 6.7.a and b, show P , P	and SP	which were
g	ag	 ag

calculated from measured variables, along with P , P and P , versus
a	s	b

machine shaft speed within the system operating range for two load

conditions. This gives a general outlook of system losses. It can be

seen that the gap between P and P increases with increasing shaft
a	g

speed. This is due to total rotational loss becoming dominant at

higher shaft speeds. The total stator loss may be represented as the

difference between P and P . These losses consist of copper losses
ag	S

in the stator winding and iron losses. Removal of 
ag 

from	gives

the total rotor loss which includes the rotor winding losses and

losses in the current source inverter.

6.6 CONCLUSION

The power flowing into and out of the system at various

operating points were presented in this section. This gave a measure

of the system efficiency. The results shown in figures 6.4 to 6.7,

were achieved at constant voltage constant frequency output by

varying the prime mover speed over the range which the control

system could cope with. The low-power level of the test rig and the

fractional horsepower machines with higher losses than normal used

here, have unfortunately affected the overall efficiency of the

generating system. Also the copper losses in both machines and iron

losses in the ac generator would account for most of the rest of the
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power loss. The use of higher power machines would therefore lead to

an improvement in overall efficiency of the system.
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CHAPTER 7 MICROCOMPUTER AIDED SIMULATION OF WIND TURBINE BY MEANS

OF STEP DOWN CHOPPER CONTROLLED A DC MOTOR

7.1 INTRODUCTION

This section deals with the design and implementation of a

microcomputer controlled separately excited dc motor able to provide

the torque/speed characteristics of various selected prime movers.

This consists of a pair of BBC microcomputer controlled slitwidth

modulators driving the field and armature of the dc motor. The

microcomputer was programmed such that the dc motor simulates the

torque/speed characteristics at different wind speeds of a given

wind turbine, by independently regulating the field and armature

currents. The experimental method is described in detail arid the

results are presented. A block diagram representing the secondary

excited induction generator driven by a wind turbine which will be

simulated in this section is shown in figure 7.1.

7.2 WIND TURBINE CHARACTERISTICS

The mechanical power P and the torque T developed by a wind

turbine of blade radius R rotating in a wind stream velocity V, <2>,

are as follows:

P = l/2 • C AirR2V3
t	p

(7.1)
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T = l/2C AitR3 V2	(7.2)
t	 t

'there, C	is the power coefficient representing aerodynamic

efficiency of the blade of the wind turbine, C is the torque

coefficient of the wind turbine, and A is the mass density of the

air. The wind turbine characteristics are usually represented by C

and C which are functions of the ratio of the turbine shaft speed
p

(w to wind speed (V) 1 expressed as the tip-speed ratio A defined

by equation 7.3.

A = wR/V ..........................(7.3)

Also C and C are related by:
t	p

C = C IA ..........................(7.4)
t	p

A typical variation of C and C with A is shown in figure 7.2. The
I:	p

tip-speed ratio at which the power coefficient is maximum is denoted

by A . From C -A and C -A characteristics it is possible to
max	 t	 p

determine a family of curves describing the output torque and shaft

power versus shaft speed at a number of given wind speeds using

equations 7.1 and 7.2 . This is shown in figure 7.2. C	is the
tmaX

maximum torque coefficient developed by the turbine at tip-speed

ratio A and the turbine may operate without being stalled for A >

A. Consequently the normal operating region of the wind turbine on

the torque-speed characteristics is to the right of the maximum
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torque points. The torque is also proportional to the square of the

speed at the maximum power points. The maximum power for a given

wind speed is proportional to C	and also to the cube of the
pmax

shaft speed at the maximum power line.

7.3 SEPARATELY EXCITED DC MOTOR CHARACTERISTICS

The separately excited dc motor has the advantage of developing

a wide variety of torque/speed characteristics. The set of equations

needed to compute the steady-state performance of a dc motor, <50>

is listed below.

Speed/current .....w = (V - I R )/K ..........(7.5)
r	a	aa

Torque/current . . . . T = KI ...............(7.6)
m	a

Torque/speed .... . T = KØ(V - Kw )/R .........(7.7)
m	a	r	a

Converted-power/speed .P = T c =	(V - Kw )/R . . . . (7.8)
m	mr	r a	r	a

Where, w is the angular shaft speed in (rad/s), V armature
r	 a

terminal voltage, I armature current, Ra armature resistance,

field current, K motor constant, T electromagnetic torque, and P
m	 m

converted power. For a separately excited dc motor the field current
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is given as:

I f = V/R	..........................(7.9)

Where, V and R are the field terminal voltage and the field
f	 f

resistance respectively. If the saturation could be neglected it

would be possible to write:

= GI f = GVf /Rf ......................(7.10)

Thus replacing equation 7.10 into 7.5 to 7.8 gives:

Speed/current ......= (V - I R )R /GV ....... . (7.11)r	a	aa f	f

	Torque/current . . . . T = CI I	..............(7.12)
m	fa

Torque/speed .....T = (GV /R R ) (V - G(V /R )w ) . . . (7.13)
m	f fa	a	f f r

Converted power/speed .P = (CV w /R ) (V - CV w /R )/R . . (7.14)
m	fr f	a	fr f	a

The speed/current, torque/current, torque/speed and power/speed

characteristics for fixed rated field voltage, V with variable
fn

armature voltage, V and fixed rated armature voltage, V with
a	 an

variable field voltage, Vf are plotted in figures 7.3 and 7.4

respectively. The torque/speed characteristic of figure 7.3 shows
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that, if the field current of the motor is adjusted to its maximum

value I	for which the machine is designed, the torque/speed
fn

relationship for a given V may be represented by a straight line of
a

negative slope with an intercept on the speed axis. The

torque/current characteristic of the same figure shows that the

torque depends only upon the armature current.

The torque/speed characteristic of figure 7.4 shows that a reduction

in Vf and consequent reduction in 
I 

and , results in a straight

line with an increased intercept on the axis of w and an increased

negative slope. Speed control using field weakening method is

limited by the mechanical design of the motor and maximum speed may

be from three to six times the base speed. Preferably the revolving

speed should not be more than twice based speed.

The torque/current characteristic in this case shows that for a

given field current, the torque is directly proportional to the

armature current. Referring to figures 7.3 and 7.4, it can be seen

that the separately excited dc motor may have a wide range of

torque/speed curves by controlling V and V . However this is
f	a

limited by the rating of the motor. The field voltage rating, V

determines the maximum slope and the armature voltage rating, V
an

determines the maximum intercept. When the dc motor is driven by two

independent dc choppers in current control mode so that the armature

current I and field current I may be controlled independently from
a	 f

each other, as illustrated in figure 7.5. In this case, the behavior

of a the dc motor is governed by three independent variables: speed
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n, armature current I and field current I within the rating of the
a	 f

motor. At any operating point characterised by the speed and the

torque, a combination of the armature current and field current can

be found that meets the requirements of the operating point.

7.4 THEORETICAL BASIS OF THE SIMULATION

The simulation deals with creation of the physical system

starting from a mathematical model. Considering a rigid shaft and

neglecting viscous friction, dynamic behavior of wind energy

conversion system, WECS, may be represented by the torque balance

system of equation 7.15

Jdc /dt = T (V,w ) - T	................... (7.15)t t	t	t	g

Where, J is the combined inertia of the system, V is the wind

speed, w is the turbine's shaft speed, T(V,w) is the torque

produced by the turbine as described in equation 7.2 and T is the

torque consumed by the generator. A block diagram representation of

this model is shown in figure 7.6. It has been mentioned in section

7.2	that	wind	turbines	exhibit	nonlinear	torque/speed

characteristics. Turbine torque T(V,w) is a function of both wind

stream velocity and the shaft speed. In practice an average torque

expression is used as the mathematical model for the turbine

encountered. It should be emphasized that this representation does

not take into account variations in torque as a function of angular
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position of the blades and assumes a uniform, laminar air flow,

since the aim of the simulation is to obtain steady state and

dynamic performances of a given wind turbine. To have a complete

dynamic simulation of a wind turbine, it is necessary that the

moment of inertia of the simulation system, J and that of the
S

actual system, J must be the same. Unfortunately J is much bigger

than J . NATHAN, G.K AND TAN, J.K, <51> show in their work that the
S

moment of inertia of both systems may be matched by attaching

flywheels to a coupled parallel shaft rotating at a higher speed

than that of the dc motor shaft. This is illustrated in figure 7.7.

By selecting appropriate values of flywheel inertia and speed, it is

possible to achieve the same mass moment of inertia for both systems

with a small additional rotating mass. Equating the kinetic energy

of the wind turbine to that of the simulated system:

J (2irn )2 = j + K 
2	

. ( 2irn )
2

(7.16)
t	t	 m	2	f	 m

Where, K is the step-up ratio of the parallel shaft, J the mass

moment of inertia n shaft speed in (Rpm) and t, m and f denote

turbine, motor and flywheel respectively. In the case where this is

not a feasible solution, some modification in the software will

yield the same result with an acceptable accuracy, <52>. This idea

may be expressed mathematically as follows. If the dynamic behavior

of the simulation can be represented by:
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J dw /dt = T (V,w ) - T	 . (7.17)
s S	m	S	L

Then the model becomes an exact simulation of the actual system if:

	

w=w	...........................(7.18)
S	t

	T=T	...........................(7.19)
L	g

T (V,w ) = T (V,w ) - Mdco /dt ................(7.20)
m	s	t	t	 t

Where, IXJ = J - J , is the additional inertia, and w , T (V,w ) and
t	S	 S	m	S

T are the operating shaft speed of the simulation system, torque

production of the simulation motor and torque demand of the

simulation generator respectively. It is seen that this method

requires the shaft speed to be differentiated with respect to time.

This can be achieved by hardware or numerically in the software. In

steady state the shaft speed is constant and the mathematical model

given by equations 7.18, 7.19 and 7.20 reduces to:

T (V,w ) = T = T (V,w ) ...................(7.21)
m	S	L	t	t

It has been mentioned earlier that the torque of a separately

excited dc motor is proportional to the field and armature current,

thus:
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T (V,w ) = ci i	 (7.22)
m	s	fa

Figure 7.8, shows the torque/speed responses of the dc motor with

that of the wind turbine overlaying it. Complete reproduction of the

torque/speed curves of the wind turbine is not possible and only

relevant operating ranges of the wind turbine to operate the ac

generator will be simulated. It is obvious from this that, if the dc

motor is going to respond like a wind turbine, then further control

of the motor is necessary.

7.5 SYSTEM DESCRIPTION

The simulation system designed and realised consists of two

identical step down transistor choppers, which separately control

the field and the armature currents of a dc motor, a microcomputer,

peripheral devices and an interface circuit and two analogue

controllers, are shown in figure 7.9. It can be seen that the

simulation philosophy represented here is implemented by setting up

a multivariable system with two inputs and two outputs. Wind speed V

and shaft speed n are the input variables and the field current

and the armature current I , needed to evaluate the torque T
a	 m

represent the output variables.
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7.6 SYSTEM CONTROL LOGIC

The method of control chosen is to monitor the shaft speed, and

to adjust the torque on the motor shaft output so that it responds

as a wind turbine with a predetermined set of characteristics. This

is a continuous process in which the torque produced by the motor

changes in response to changes in wind speed or shaft speed due to

alteration in load conditions, or both, at the same time. The

overall system control is achieved using a BEC Master microcomputer.

The logic of the controlling software is set out in figure 7.10.

For the simulator to operate correctly, several different

variables must be included in the control program. As far as the

wind turbine is concerned, the torque/speed characteristics, the

swept area and the moment of inertia are required. In some cases

real-time wind speed data may also be needed. Referring to figure

7.10, it can be seen that the computer reads the actual motor shaft

speed w and determines the equivalent turbine shaft speed w. Using

this value of speed and the initial wind speed V, the tip speed

ratio A is calculated and hence the torque coefficient C(X) is

found from the torque/speed characteristics of the wind turbine. The

theoretical wind turbine rotor torque T is calculated using

equation 7.23.

T= 1/2•C(A).A.,t.R.V2 ...................(7.23)
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The equivalent motor torque T is calculated and the armature
m

current i is set as in equation 7.24.
a

T (V,w

a =	 .......................( 7.24)

The appropriate field current 
i 

is set according to a predetermined

table which gives { f = g(V)}. This table contains different values

of field current 
i 

versus different values of wind speed V. and is

created on purpose to make sure that the dc motor is working within

its ratings while simulating the wind turbine.

7.7 HARDWARE DEVELOPMENT

A block diagram representing all the hardware system is

illustrated in figure 7.11. In this study the simulation of the wind

turbine is achieved by the use of a BEC microcomputer controlled dc

motor. The dc motor employed is a separately excited machine the

torque control of which is carried out by armature and field PWM

voltages within current control modes. The computer reads the actual

wind speed V and shaft speed w and determines the required armature

and field currents, i and i respectively.
a	f

7.7.1 THE STEP DOWN Dc/Dc CHOPPER

The two dc/dc choppers (armature and field), which drive the dc
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motor are identical except for the calibration of their current

feedbacks which will be shown later. Thus only one dc chopper is

presented. The dc chopper created here is of the hysteretic

controller type which is common in PWM control techniques. Referring

to figures 7.9 and 7.11, it can be seen that the dc chopper is made

up of:

(i) An output circuit which consists of a power MOSFET with added

snubber network and current sensor.

(ii) A power MOSFET drive.

(iii) A current controller which compares the reference signal with

the feedback current and determines the control required for the

current to track the reference within a hysteresis band.

7.7.1.1 THE OUTPTJT CIRCUIT

The output circuit contains the power switching device,

protection circuit and the sensing circuitry. This is illustrated in

figure 7.12.

The use of bipolar transistors for speed control of dc motors

is taking a firm hold in the marketplace, for power ratings up to

several of horsepower. Recently, power MOSFETS are becoming more and
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more available in production quantities and are already being

utilised for switched power applications including motor control,

<53-55>. In the present application the switching frequency

typically will be in the range of a few hundred Hz to a few KHz.

This, of course, is well within the capability of power bipolar

transistors. It was decided however, to use power MOSFET transistors

as switching devices instead of the bipolar transistor, mainly for

its improved performance and to take advantages of other attributes,

<56>, such as:

(1) Quality and reliability of MOSFET5 are an order of magnitude

better than for bipolar transistors, providing a much better system

reliability.

(ii) MOSFETs have a high gain and are voltage driven devices

requiring simple drive circuits with low-energy sources such as MOS

logic or optodevices. Unlike the bipolar transistor, the gain of

power MOSFETs does not decrease with increasing current.

(iii) Improved safe operating area with no secondary breakdown

during turn-off, thus it has an extremely rugged switching

performance and the snubber circuitry in switching applications is

reduced.

For the controller, an N-channel HEXFET, 1RFp350, was selected
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due to its improved performance, reliability and availability. This

can accommodate a constant drain current of up to I	= l6A. The
DSmax

drain-source breakdown voltage is V	= 400V and maximum power
DSmax

dissipation 
D 

= 180W.

The practical implication of using power MOSFETs in power

switching applications requires some care, <56> and <57>. To ensure

that the maximum gate source voltage of the power MOSFET is not

exceeded, a 12V clamping zener diode was used between the gate and

the source, placed physically as close as possible to the terminals.

A l2V zener diode was chosen, since the maximum gate source voltage

is approximately 20V and b y is required to turn the power device

fully on. The fast switching speed of the MOSFET is obviously

conducive to self-inflicted overvoltage transients when switching

off, due to stray drain circuit inductance. To minimise the effects

due to stray inductance, a varistor was used as a local external

voltage clamp and connected physically close to the drain and source

terminal. The switching losses may be reduced by using an RCD

snubber across the power device. The usual purpose of a snubber is

to reduce voltage and/or current stress on the device. It has been

seen in section 3.7 that by altering the switching waveforms, a

snubber can also remove much of the switching loss from the power

device. This allows it to run cooler, in turn helping reduce

conduction losses. Therefore the use of a snubber can significantly

improve overall efficiency; in fact, the use of a snubber should be
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considered even if it is not needed for device protection.

A freewheeling diode was used which is usually employed across the

output terminals of the chopper as shown in figure 7.12. This

provides a freewheeling path for the energy stored in the inductive

components of the load.

The dc chopper was powered, from a bridge rectifier connected

to the mains via a variac which is represented in figure 7.9. A

large decoupling capacitor was also used across the power rail to

prevent unwanted oscillations in the dc source voltage.

The current sensing devices used in the field and armature dc

choppers were isolated dc/ac current sensor interface modules, types

LT8O-P (similar to the one described in section 3.5.3). Gains of the

field and armature current feedback sensors were calibrated to be

k = 20V/A and k	= 2V/A respectively. Their ouput circuits are
cff	cfa

shown in figure 7.13.

7.7.1.2 POWER MOSFET DRIVE

The HEXFET is a voltage controlled power MOSFET device and

requires a drive which takes into consideration dv/dt current. The

gate-source and gate-drain self capacitances must be charged and

discharged fully to obtain the required switching speed, so the

drive circuit must have a relatively low output impedance. To
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achieve switching efficiently, notably at higher frequencies, 1 or 2

Amps may be required on a pulsed basis in order to quickly charge

and discharge the gate capacitances.

A fairly standard design power MOSFET drive circuit using

discrete components which fulfilled these requirements is

illustrated in figure 7.14. The rise time of the drive pulse is

fairly low although the fall time is faster. To isolate the low

voltage control circuitry from the high voltage power circuitry an

opto-isolator, HCPL 2601, was used. When a logic high is applied to

the input "a" the photo transistor is turned on, turning Ti off.

Then T3 and T5 are switched off quickly, and T2 and T4 are switched

on with a delay time characterised by R3, R4 and C7 combination

load. When the voltage is applied between the gate and the source

terminals, an electric field is set up within the HEXFET. This field

modulates the resistance between the drain and source terminals, and

permits a current to flow in the drain in response to the applied

drain circuit voltage. The amount of current that flows in the drain

depends upon the amount of voltage applied to the gate, assuming the

impedance of the external drain circuit is not limiting it. A logic

low input turns Ti, T3 and T5 on, and T2 and T4 off, thus the gate

potential is brought to the ground and the power MOSFET is quickly

turned off.
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7.7.1.3 CURRENT CONTROLLER CIRCUITRY

A hysteretic type controller has been created. This is shown in

block diagram form in figure 7.15 and in circuit diagram form in

figure 7.16. This controller is simple to implement and responds

rapidly to sudden load changes. The field or armature feedback

current is compared with a reference signal corresponding to the

desired output. The comparator IC1 has a hysteresis band V , that
w

determines the permitted deviation of the field/armature feedback

current from the reference value before the power MOSFET switching

is initiated. Therefore, when the feedback current is less than the

lower hysteresis boundary, the power MOSFET is switched on; when the

feedback current is greater than the upper hysteresis boundary, the

power MOSFET is switched off. Neither t nor t	is fixed, and the
on	off

variable frequency of operation is a function of the load and the

hysteresis band V. Typical voltage and current waveforms for the

power MOSFET transistor applied to the dc motor armature circuit,

are shown in figure 7.17. Figure 7.18, shows the armature current

response to a step change in reference value.

7.7.2 DC MOTOR SPEED MEASUREMENT

The operating speed of the dc motor is measured by means of the

same tachogenerator, TO described in section 4.4. This has a gain of

k = O.0208V/Rpm. The output of the TG is filtered throughout a low
n

148



pass filter Ri and Ci and calibrated to give b y at 2500rpm. This is

shown in the circuit diagram of figure 7.19. The corresponding

signal is fed to an 8-bit successive approximation A to D converter,

ZN448, via a sample and hold circuit, LF398, which is described in

the next section.

7.7.3 BBC MICROCOMPUTER HARDWARE

In this study the simulation is realised by using a BBC

microcomputer (6502 microprocessor with 128k bytes ROM and 64k bytes

RAN). It carries out the required calculations, makes decisions and

communicates with the environment in the usual manner. The BBC

Master microcomputer has three major mechanisms for the connection

of the input devices <58>.

(i) The analogue "in" port, is a four channel input port and allows

four independent analogue voltages, in the range of CV to

(ii) The "user" port which, consists of 8 data line input/outputs, 2

control lines, 2 low power 5V and 3 grounds.

(iii) The 1MHz bus, which is an 8 data lines input/output port, has

greater potential than the "user" port, and it is possible to

connect up 254 different devices to the one set of 8 data lines.
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It has been stated earlier that the wind turbine simulation

requires two input signals n and V 1 and two output signals 
'a 

and

from the microcomputer. To achieve this, the 1MHz bus was chosen as

an input/output port because of its greater potential. This

interface allows direct access to both the address and data bus of

the 6502 microprocessor of the Master microcomputer. The 1MHz bus is

illustrated in figure 7.20, and is available via a 34 pin connector

mounted at the front edge of the main BBC microcomputer circuit

board. It is accessed from underneath the keyboard. A buffered data

bus and the lower 8 bits of the address bus are connected together

with a series of useful control signals. The specification for the

signals on the 1MHz bus connector along with various other matters

relating to the use of the 1MHz bus may be found in <58>.

Broadly speaking, the 1MHz bus allows up to 64K bytes of paged

memory to be used as well as 255 memory mapped devices (plus the

paging register). A page on the BBC microcomputer, is represented by

256 bytes of memory. Therefore, as the BBC has 64K bytes RAM, there

are 256 pages of memory. It is specified that the memory mapped I/O

page is known as 'FRED' and that the 64K bytes expansion page is

known as 'JIM'. For the simulation of wind turbine, it is sufficient

for the hardware (and finally the software) to be related with

processes that involve the memory mapped I/O device page 'FRED'. The

memory I/O device page, 'FRED' represents page &FC of the

addressable memory of the BBC. Some bytes of this memory page &FC
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are reserved for peripherals with small memory requirements. The

remaining bytes however, are allocated to various applications

designed by Acorn. The initial allocation of space in 'FRED' is

given in more detail in <58>.

When designing circuits to add on the 1MHz bus, the 'Not page

&FC' (NPGFC, as shown in figure 7.20) signal together with the lower

8 address lines should be decoded to select an add-on circuit. In

most applications however, a 'clean up' circuit is required on the

NPGFC signal to avoid false address decoding glitches from arising,

which may cause incorrect selection. All 1MHz peripherals are

clocked by a 1Mhz 50% duty cycle square wave, designated as 1MHzE in

figure 7.21. This clock rate was chosen to allow chips such as the

6522 VIAs (Versatile Interface Adapter) to use their internal timing

elements correctly. The system 6502 CPU of the BBC runs at 2MHz

which is twice the speed of the peripherals, thus, if the CPU wishes

to access any device on the 1MHz bus, the processor has to be slowed

down. Figure 7.21 shows the effect of this slow down circuit. After

generating a valid 1MHz address the slow down circuit stretches the

clock high period from "T" to "U". This operation causes two major

problems:

(i) Spurious address decoding 'glitches' - Problem 1.

Addresses on the system address bus will only usually change when

the 2MHz processor is low. However, the 1MHz clock is alternatively
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low, then high when the CPU addresses change. This gives rise to

address decoding glitches labelled "Q" and N P" in figure 7.21. The

Q" glitches are not normally important because the 1MHzE clock is

then low. The "P" glitches can cause problems because the 1MHzE

signal is then high. Spurious pulses may therefore occur on various

chip select pins, leading to possible malfunction of some devices.

(ii) Double accessing of 1MHz bus devices - Problem 2.

If the 1MHz bus device is accessed during a period when the 1MHzE

clock is high (point °R in figure 7.21), that device will be

accessed immediately. The device will be accessed again when 1MHzE

is next high (point "V"). This is because the CPU is held high until

the next coincident falling edge of the 2MHz and 1MHz clocks (point

"U). Double accessing a peripheral does not normally present a

problem. However, if reading from or writing to a device which has

some other function, such as changing an interrupt flag, a problem

may arise.

To remove these two problems stated above from occurring, two

standard clean up circuits, known as 'clean up' circuit 1 and 'clean

up' circuit 2 may be used <58>. The former can provide a 'clean page

select' output (CNPGFC1) which can only be set low if 1MHzE is low.

The net effect of this circuit is shown in figure 7.21. In this case

the "P" glitches are removed and the page select only goes low at

'S". after 1MHzE clock has gone low. The HQ11 glitches however are
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still there. In the purpose of this work which is concerned with the

simulation of a wind turbine, a totally glitch free page is

required. This type of page select may be provided by the 'clean up'

circuit 2 which represented in figure 7.22. In this case, before

CNPGFC can go low, a valid page address with 1MHzE low must occur.

The page low is then latched into a D-type flip-flop on the rising

edge of the 1MHzE clock. As shown in figure 7.21, CNPGFC2 will go

low a time lag (4OnS) after 1 MHzE has gone low again.

Two ouput signals I and I , and two input signals n and V. are
a	f

required for the simulation of the wind turbine. As far as the wind

speed data input V is concerned, this signal may be taken from an

anemometer, or it may be produced by a signal generator or read from

a tape/diskette previously recorded. Within the scope of this work,

wind speed data V is entered directly from the key board. Thus wind

speed data is no longer part of the hardware.

The hardware structure created here is shown in block diagram

form in figure 7.23 and in circuit diagram form in figure 7.24. It

can be seen that the processor collects the data via interface

elements. In these elements, digital/analogue quantities are

converted to analogue/digital form.

The digital field and armature current data outputs are

converted to analogue reference signals by monolithic 8-bit D to A
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ZN425 converters as shown in figure 7.24. Output current reference

signals were calibrated to be (-1OV, OV, 1OV) for digital values of

(0, 7F, FF) using a voltage divider Rl and R2 (R9 and Rio), and a

differential amplifier TLO81 ICl5 (1C14). This corresponds to a

range of (-O.2A, OA, O.2A) for the field current demand and (-5A,

OA, 5A) for the armature current demand.

The measured analogue shaft speed is converted to a digital

form using an 8-bit, successive approximation A to D converter

ZN448, shown in figure 7.24. This was made to cycle by inverting the

BUSY output and feeding it to the CONVERT input so that a

free-running conversion can be achieved, <59>. To ensure that the

converter starts reliably after power up, an initial start pulse is

required. This can be ensured by using a NOR gate and feeding it

with a positive going pulse which is derived from the R27 and C7

network that gives a single pulse when the power is applied. This A

to D converter will complete a conversion on every eighth clock

pulse, with the BUSY output going high for a period determined by

the propagation delay of the NOR gate, during which time the data

can be stored in the latch. The A to D converter was used in

conjunction with a monolithic sample and hold LF198 shown as ICl3.

Thus, the measured shaft speed signal may be sampled whilst the A to

D converter is converting and the value is held constant while the A

to D converter is reading it. The conversion of the A to D converter

is (l/8)NHz, as it takes 8 clock pulses to complete the conversion.
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The capacitor value was chosen to produce an acquisition speed of at

least half of the A to D conversion speed. This allows the sample

and hold output signal to reach its steady state before it is read

by the A to D converter. Therefore a 4.7nF capacitor was used giving

an acquisition time of about l6Mseconds. The droop rate for a

0	-2
capacitor of this value at 25 C was 4lO V/Sec. Since the hold time

is dictated by the frequency of the BUSY which is 125KHz, the signal

will drop by 32OlO 9V, which for this purpose is negligible.

Unlike the "user" port, the 1MHz bus data lines are not

latched. This means that when an output is sent to the data lines

the voltage change lasts a few ,.iseconds. For this reason, the

following latches were required:

a) Two octal D-type Flip-Flops, positive edge triggered, 74HC273

incorporating 105 and 106 were used as latches for the field and

armature current data outpouts. The master reset, MR, of the two

Flip-Flops were tied high. The data present on the data bus is

latched into the appropriate latch when the common clock, CP, goes

from low to high.

b) An octal D-type Flip-Flop, positive edge triggered, 3 state

74HC374 incorporating 1C7 was used as a latch for the actual digital

speed data input. When the output enable OE is high, the data is

latched into the 74HC374 latch unless the BUSY output is high too
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and Q0 to	outputs of the latch are in a high impedance off state.

When OE goes low, Q to Q valid data output is set on the data bus.

A timing diagram of the A to D converter and the latch is shown in

figure 7.25.

'Iio 74HC138, 1C3 and 1C4 used as decoders, were required to

enable the appropriate latch by decoding three binary weighted

address inputs AO, Al and A2. The 74HC138 decoder incorporating 1C3

is	used	for write	operations,	Cl	is	tied high,	so

when G2A and G2B go low and AO, Al and A2 are low, 10 goes low and

the binary word representing the field current data output present

on the data bus is latched into 105 at the rising edge of 10. A

similar operation forYl (armature current data output) may occur,

but this time A0 is high and Al and A2 are low. The 74HC138

incorporating 1C4 is used for read operations. This time however,

G2B is tied low, so when C2A is low and and Cl is high with Al low

and A0 and A2 high, the output 12 goes low and the binary word

representing the actual shaft speed stored in the 74HC374 latch is

set on the data bus at the rising edge of the 74HC374 clock.

7.7.4 SOFTWARE DEVELOPMENT

The software consists of two main parts, the soft-start

software routine and the main software routine. The aim of the

soft-start software routine is to provide a soft-start for the dc
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motor which is coupled to a loaded ac generator and to make sure

that the torque-speed characteristics of the dc motor are matching

those of the turbine in the stable working region. This can be

achieved by fixing the field current to its rated value and

increasing step by step the armature current until the synchronous

speed of the ac generator is reached. Once this has been achieved,

the main software routine may be loaded into the computer. The main

software reads the appropriate wind speed chosen and the actual

shaft speed then fixes the value of the field current, calculates

the armature current which should be supplied to dc motor and sends

proportional signals to both field and armature controllers. This is

summarized in block diagram form in figure 7.26.

7.8 APPLICATION TO A SMALL-SCALE WIND TURBINE

In order to verify the usefulness of this proposed simulator a

small-scale wind turbine, <60> has been simulated as an example. The

variables and parameters of both small-scale wind turbine and

simulator including the dc motor are presented in figure 7.27. The

torque scaling was chosen so that 300Nm on the turbine corresponds

to 2.4Nm in the laboratory simulator. The shaft speed scaling factor

was chosen so that the generator synchronous speed, 1500rpm,

corresponds to 150rpm on the turbine. Thus the power scaling may be

deduced as, 3000W on the turbine corresponds to 240W in the dc motor

simulator. Torque/speed and power/speed characteristics of the wind
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turbine are shown in figure 7.28 for four different wind speeds. The

torque/speed characteristic of the wind turbine given in figure 7.27

was programmed in the BBC computer in Basic. The logic of the

controlling software is as described in section 7.6. The computer is

also able to execute an assembler program much faster than the one

written in Basic. However Assembler language was not used throughout

because it is cumbersome and relatively difficult to alter. Table

7.1 of figure 7.29 gives the applied field currents when simulating

the torque/speed curves of the wind turbine at different wind

speeds. It is assumed that the steady state behavior of the dc motor

and the wind turbine may be made compatible this way without the

need of exceeding the dc motor ratings, within the selected ranges

of experimental parameters. Thus the transient characteristics of

the wind turbine due to changes in wind speed are simulated by

switching from one pair of applied field and armature currents to

another; the pairs correspond to initial and final wind speeds. The

smaller change in wind speeds could be simulated by changing the

armature currents alone. However if bigger changes in wind speeds

are to be simulated it may be necessary to change the field and

armature currents simultaneously.

7.9 RESULTS AND DISCUSSION

Steady state and transient performances of the physical

simulation system were obtained by conducting a series of tests in
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the laboratory. Experimental results that will be presented in this

section are related to the wind turbine described in section 7.8.

The simulating separately excited dc motor is coupled to the

variable speed constant voltage constant frequency generator

described in the previous chapters.

Torque outputs of the actual wind turbine and the simulation

system for different wind speeds as a function of shaft speed are as

illustrated in figure 7.29. These were achieved by varying the

torque output from its minimum value to its maximum value and

measuring the corresponding shaft speeds for a given wind speed.

Torque variations were produced by alteration of the field amplitude

of the ac generator representing the load. Figure 7.29 shows that

the agreement between the actual wind turbine and the simulation

system is best at lower wind speeds and shaft speeds. At higher wind

speeds and shaft speeds, it can be seen that the torque output of

the simulating system is lower than the actual wind turbine one.

This is due to the increase in EMF of the dc motor following the

increase in shaft speed, which causes an error between the dc motor

armature current and its reference signal at higher torque (armature

current) outputs due to the limited armature voltage. The losses in

the fractional power dc motor are also high and consequently reduces

the range of its torque control. Therefore, if a bigger dc machine

having a power output of the same range as the wind turbine one was

used, this would have broadened the range of simulation. However
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with reference to the project objectives, the main interest is in

the simulation of the relevant points which are close to the maximum

power locus of the wind turbine. Figure 7.29 shows that the

simulation torque outputs correspond quite well to the ones of the

actual wind turbine in the vicinity of the maximum power locus.

The second test carried out studied the dynamic response of the

simulation system, the results of which are given in figures 7.30

and 7.31. A step change in wind speed is applied to the system and

the response of various parameters was measured. The duration of the

transient wind speed is approximately l.5seconds. Under real

conditions, a step change in wind speed from 5m/s to 6m/s or from

6m/s to 7xn/s is very rare and the inertia of the real wind turbine

generation system is significantly greater than the laboratory

system. The system is quite well damped since there is no evident

oscillation during the transient period.

Figures 7.32, 7.33 and 7.34 show the steady state response of

the combined system (CVCF induction generator/wind turbine

simulator) for three different wind speeds at rated load conditions.

It can be seen that the generator terminal voltage and output

frequency are kept constant regardless of the wind speed value.

Finally figures 7.35 and 7.36, illustrate the dynamic

performance of the same combined system. In these graphs, it is
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shown that the generator terminal voltage and output frequency are

kept constant while the wind speed is increasing by a step function

from 5m/s to 6m/s and from 6m/s to 7m/s respectively.

7.10 CONCLUSION

Two MOSFET powered, slitwidth current amplifiers have been

designed and built with computer interfaces so that the field and

armature current of the dc motor can be separately driven. This

enables torque/speed characteristics to be programmed into the dc

motor to enable it to simulate various prime movers such as wind or

sea wave turbines. With reference to the project objective, the

computer was programmed such that the dc motor simulates the

torque/speed characteristics of a given wind turbine. The simulation

system described here permits scaling in shaft speed, torque and

power. Laboratory results have shown that any turbine operating at

steady state can be simulated satisfactorily within the ratings of

the controlled dc motor, by the physical system developed here. In

order that an acceptable simulation of the dynamic response may be

fulfilled, normally the mass moment of inertia of the simulator and

the wind turbine should be the same. Usually a wind turbine has a

larger inertia than the dc motor as in the case here. A flywheel of

moment of inertia equal to the difference between the moment of

inertia of the actual system and the simulation system should be

coupled to the shaft of the simulation system. The execution time,
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electrical time constants of the dc motor and settling time of the

controller should also be negligible when compared with the time

constant of the simulation system. An other possible way of

simulating the transient characteristics such as controlling the

pattern of change of wind speed can be achieved by regulating the

switching time from one pair of field and armature currents to

another. In this work the computer was programmed in Basic which may

be acceptable for steady state simulation or small changes in wind

speed. However, if continuous changes in wind speed, especially at

higher frequencies, have to be simulated, then in this case the

whole program or at least part of it may have to be written in

assembler language. The wind speed data has been entered directly

from the key board, but wind speed data may also be taken from an

anemometer or signal generator which may be easily interfaced to the

BBC microcomputer via the 1MHz bus.
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ADC 1MHz Clock

ADC BUSY

ADO CONVERT

0-Type Flip-Flop
Output Enable ö

0-Type Flp-F1op
ClockCP

ADO Data Output

D-Type Flip-Flop
Data Output

Data Bus

Fig 7.25 The analogue to digital converter and data latches timing



Dc motor
softstart routine

Enter turbine parameters

Main routine
which calculates the

torque produced by the
turbine, sets the appropriate
field current as function of

wind speed, and calculates the
armature current which should

be supplied to the dc motor

Fig 7.26 Block diagram of the developed software



SMALL-SCALE WIND TURBINE CHARACTERISTICS

Swept area, A	= 28.3m2

Diameter, D	= 6m

Design rotor speed, N = 153 Rpm

Cut in wind speed, V	= 3.5m/s
cut

Turbine inertia, J	= 150Kg/rn2

Performance characteristic

C = (3.42X2 + 5.8A + 1.24)
	

A < 3.9

C = (88.4 - 2.14A
	

3.9	A < 4.5

C = (95 - 0.84A2).103
	

A	4.5

DC MOTOR CHARACTERISTICS

Output power, 
m	

= 1/3 Hp (about 249W)

Rated armature current, I	= 2A
a

Rated field current, I	= 0.2A

Rated speed, n	= 1400Rpm

Rated torque, T	= 2.3Nm
em

Armature resistance, R	=
a

Field resistor, R f	= i000

Armature inductance, L	= l8OmH
a	

2
Torque coefficient, G = T /(I . 1 ) = 5.8Nm/A

em	a f	
2

Inertia, J	 = 0.0362Kgm
m

INTERFACE SIGNALS

Field and armature current Data are sent by the processor via

A to D converters where digital values between 0 to 255 are

equivalent to a voltage range of -1OV to +1OV.

Fig 7.27 Variables and parameters of the wind turbine
and the simulator



Output field current to the current controller

(Digital Value) - 127

I =	 (A)

256

Output armature current to the current controller

(Digtal Value) - 127

I =	 (A)	IfI	O
a	

25.6	
a

(Digital Value) - 127

I =	 (A)	IfI <0
a	

25.4	
a

Dc motor shaft speed is received by the processor via D to A

converter where digital values between 0 and 255 are

equivalent to OV to +1OV.

Input dc motor shaft speed from the tachogenerator

(Digital Value) = n	/ 9.8
(rpm)

Fig 7.27 Variables and parameters of the wind turbine
and the simulator (continued)
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Notes:

500	1,000	1,500	2,000

SHAFT SPEED (Rpm)

2

2,500

Wind speed	Field current
(nIs)	 (A)

4	 0.1

5	 0.1

6	 0.15

7	 0.15

8	 0.2

Table 7.1

o Practical simulation system
- Mathematical wind turbine model

Fig 7.29 Torque/speed characteristics of the actual
wind turbine and the simulation system
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Fig 730 System dynamic response to step
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DC Motor
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Fig 7.31 System dynamic response to step
change in wind speed
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0
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Fig 7.32 System steady state perfomaflCe
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A-Phase Field
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DC Motor
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DC Motor
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and 6mIs wind speed

Fig 733 System steady state perfomance
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DC Motor

Shaft Speed
(Rpm)
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1
DC Motor

Armature Current
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Fig 7.34 System steady state pertomance
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Line Voltage
(V)

1
A-Phase Field

Current	a
(A)

DC Motor
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(Rpm)

C

DC Motor
Armature Current

(A)
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At rated load
and CVCF generation

Fig 735 System dynamic response to step
change in wind speed from 5m/s to 6m/s
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Fig 7.36 System dynamic response to step
change in wind speed from 6m/s to 7m/s



CHAPTER 8	MAXIMISATION IN OVERALL SYSTEM EFFICIENCY

8.1 INTRODUCTION

The control schemes introduced in previous chapters have

demonstrated the feasibility of maintaining CVCF generation

regardless of prime mover speed variations and load conditions. In

the case where the prime mover is a wind turbine, variable speed

operation is desirable if maximum power from the wind may be

extracted. It is well known that maximum conversion efficiency

occurs when the wind rotor is loaded in such a way that its

rotational speed is allowed to fluctuate in sympathy with wind speed

variations. Based on this assumption another controlled energy path

known as the maximum power tracker was developed and added to the

VSCVCF generating system. This is a separate slitwidth type of

amplifier which has been designed and built to charge the inverter

battery from the constant voltage constant frequency output. Surplus

power may then be recycled back to the battery even at

subsynchronous speed and consequently the battery power flow may be

optimised which in turn maximises the overall system efficiency.

Steady state analysis based on power flows in different parts of the

system with the aim of optimising battery power flow were carried

out on the laboratory setup, while wind turbine characteristics were

simulated by a computer controlled dc motor. Finally two closed loop

control systems for battery power optimisation are discussed and
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suggested for further work.

8.2 MAXIMUM POWER EXTRACTION FROM THE WIND

Simple wind turbine theory in section 7.2 has shown that there

is a maximum value of power coefficient known as C	for a given
pmax

tip-speed ratio A	(see figure 8.1), where:
max

A =	R/V ........................(8.1)
max	t

If the tip-speed ratio is held at A	corresponding to the peak
max

power coefficient C	, by controlling shaft speed w as a function
pmax	 t

of wind velocity V. then steady state wind turbine operation will

occur at the peak power coefficient C	. In this way maximum power
pmax

from the wind may be extracted.

Therefore, the maximum power line is of the form:

P= K ............................(8.2)
tm

The corresponding torque values being:

	

T(at P	= P	) = K' Co2 ...................(8.3)
t	t	tm

8.3 CONSTANT STATOR POWER GENERATION

It has been seen in previous chapters that it is possible to
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keep the stator power constant as a direct result of CVCF

generation, for a given load demand under varying prime mover

parameters by controlling the rotor power.

This principle can be described with reference to the

torque/speed characteristics of figure 8.2. Suppose that the system

is operating under steady state conditions at wind speed V and at

synchronous shaft speed w, as seen in figure 8.2.a. If it is assumed

that the system is lossless, the stator power output, which is the

product of the synchronous speed w and load torque Td is represented

by the area (Td a w 0), as shown in figure 8.2.a. If the wind speed

increases from V to V3 , the operating point will shift from a to b,

and the frequency and voltage controllers will react to this change

by altering the generator load line from position "1" to position

"2". Thus the operating point is shifted from b to c bringing the

stator power output to its previous value. The excess of power

represented by the area (a c	w) is regenerated back to the

battery by the rotor circuit. Alternatively, when the wind speed

decreases from V2 to V. as illustrated in figure 8.2.b, the control

system alters the load line to position "4", however this time the

rotor power represented by the area (c a w w3 ) is supplied by the

battery to compensate for the shortfall in power due to the decrease

in wind speed.

Although the control system implemented has performed quite
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well, the task of maintaining CVCF generation for the given load

torque T under an increase in wind speed, by dumping the excess

power into the rotor, the overall system efficiency is not optimal

as the load line of position 02 of figure 8.2.a, is not matching

the maximum power locus where maximum stator power may be extracted

for that particular wind speed V 3 . There are also other

disadvantages with this constant stator power control strategy which

may lead to a low power conversion efficiency. This may be the case

if the load torque increases rapidly with wind speed. Then the rotor

will be held in the stall region and will only accelerate to a

reasonable operating speed when the wind speed reaches a

sufficiently high value. Thus in this situation the stator is

stalled for most of the time and substantial energy will be

extracted only in a very high wind speed, the consequence being a

low annual energy yield. A similar case may occur when the increase

in load torque with wind speed is too slow. This will allow the

rotor to run at a higher than optimal speed, again resulting in a

low energy yield. Somewhere between these two extremes of loading is

an optimal running condition where the system can be expected to

deliver maximum energy output.

8.4 MAXIMISATION OF POWER GENERATION FROM THE WIND

In order to withdraw as much energy as possible from the wind,

the wind energy conversion system should follow the wind speed in
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such a way that maximum power transfer is obtained. It is obvious

that in order to assure this end, the CVCF generator should be

loaded in such a way that its output power is matching the maximum

power locus where maximum power from the wind may be extracted. This

may practically be realised by adding to the generating system a

separate type of amplifier which converts part of the generator

stator power and generates it back to the battery while CVCF is

maintained and thus maximisation in overall system efficiency may be

achieved. This is shown in a simplified block diagram form in figure

8.3.

The principle of tracking maximum power from the wind using the

technique described above can be investigated by considering the

torque/speed characteristics depicted in figures 8.4. Assuming that

the wind speed is at a steady state value of maximum power given by

"a" (see figure 8.4.a) and that the system is lossless. If the wind

speed increases to be V the operating point will shift from a to b,

and normally the voltage and frequency controller would have reacted

to this change by altering the generator load line from position "1"

to position '2". Now if the power transferred from the stator to the

battery is adjusted such that the required load torque is shifted

from "T" to "T, then maximum power from the wind may be obtained.

Finally the voltage and frequency controller alters the generator

load line to position "3" and therefore CVCF generation is

sustained, Consequently, the stator output power is represented by
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the area (T e co 0) in which the power (Td a w 0) remains constant

and excess power in the stator represented by the area (T1 e a Td)

is transferred to the battery in addition to the power (e d

recovered from the rotor side. Conversely, if the wind speed

decreases from V2 to V as seen in figure 8.4.b, maximum system

efficiency may be realised if the required torque Td is reduced to

become T
2

8.5 HARDWARE IMPLEMENTATION

A block diagrant of the VSCVCF generating system supplying an

isolated load, at which a controlled energy path known as a maximum

power tracker was introduced, is illustrated in figure 8.5. In this

part of the work the ac generator is controlled in voltage and

frequency output independently of prime mover speed variation and

load conditions. The prime mover is a microcomputer controlling a

separately excited dc motor to mimic a wind turbine. The controlled

energy path will be adjusted in an open loop fashion so that maximum

power extraction from the wind may be found in a steady state regime

at a given wind speed and fixed isolated load while CVCF generation

is maintained.

The efficiency maximiser control loop is shown in block diagram

form in figure 8.6. This consists of:
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- an isolating three phase transformer with 1:1 turns ratio.

- An uncontrolled three phase bridge diode rectifier and a smoothing

capacitor.

- A smoothing inductor which ensures continuous current flow to the

battery set.

- A controlled dc/dc chopper which is made up of a power MOSFET,

added snubber networks, a MOSFET drive, a current controller of the

hysteretic type and an isolated current transducer.

The power MOSFET, added snubber network, its drive and the

current controller designed here are similar to the ones described

in the previous chapter. Circuit diagrams of the latter are depicted

in figures 8.7 to 8.10, respectively. The current transducer used

here is an isolated ac/dc current sensor interface module LT 300-S.

This has a ratio of 1:2000. Thus, using a 2K resistor, the gain of

the current feedback sensor incorporating Id is lV/A, as in figure

8.9. A reference signal for the converted stator battery current was

realized by 1C2 (figure 8.9) using a OV to 5V demand signal.

Consequently, the reference stator/battery current demand, may vary

from OA to 5A, which is sufficient for experimental purposes.

8.6 SYSTEM STEADY STATE ANALYSIS AND PERFORMANCE

In order to demonstrate the ability of the proposed control

strategy, an experimental setup was realized as shown in figure
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8.11. This was fully instrumented to measure different power flows

at various operating points. The analysis was to generate constant

voltage and constant frequency output to the isolated load while the

dc motor is controlled to behave like a wind turbine, and to

manually alter the energy transferred from the stator to the battery

set at a given wind speed and a constant isolated load within the

operating range of the CVCP' generating system. The following power

measurements were recorded:

- The simulated wind turbine shaft speed, P which was calculated
mw

using equation 8.4.

P= T (V,7tn/30)1rn/3O ...................(8.4)
mw	m

where, T(V,itn/3O) is the dc motor torque simulating the wind

turbine.

- The generator stator power, P was measured by the two wattmeter
S

method.

- The power transferred from the generator stator to the battery,

P , was also measured by the two wattmeter method.
Si

- Power input to the battery generated from the stator machine side,

sb 
was calculated from the measured voltage and current variables.

- Power input/output to/from the battery from/to rotor generator

side, P was also calculated from the measured voltage and current
br

variables.
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Direction of power flow, including losses in different parts of the

induction generator at subsynchronous and supersynchronous modes,

are shown in figure 8.12.

Performance characteristics of the generating scheme (figure

8.11) which were investigated experimentally by the method described

above, are shown in figures 8.13 to 8.16. The dc motor was

programmed to simulate the characteristics of the small scale wind

turbine previously described in section 7.8. The generator was

controlled automatically to generate an RMS voltage of 100V and an

output frequency of 50Hz as both prime mover and load parameters

were varied. The characteristics of figures 8.13 to 8.16 were

achieved for four values of wind speed and two isolated load

conditions, within the operating range of the system which is

constrained mainly by CVCF generation. Difficulties in reading the

measured variables were encountered during the execution of this

experiment due to small fluctuations in power which were observed on

measuring devices. This fluctuation in power was believed to be

caused by the low inertia of the laboratory generating system and

the low resolution of the A to D converter, ZN448, which was

converting the measured shaft speed in the simulation system. Thus

the experimental values recorded were indicative average values

rather than absolute values.

Figures 8.13 to 8.16 show that the secondary excited induction

171



generator is capable of generating more power than the isolated load

requires, for a fixed wind speed by converting part of the stator

power and generating it back to the battery set while CVCF

generation is maintained. The generator stator power P and power
S

input to the battery derived from the machine stator P increased
sb

with the increase of shaft power P for a given wind speed and load
mw

condition. However the rotor power P also increases with increase
rb

in P to balance the stator power. For higher wind speeds such as V
mw

= 6.5m/s and V = 7rnls in figures 8.15 and 8.18, it can be seen that

the rectified stator power recovered by the battery	is higher

than the power required by the rotor from the battery	Thus

excess power is stored into the battery and even at subsynchronous

speeds. For a wind speed V = 7m/s (figure 8.16), it is observed that

excess power is recovered by the battery from the rotor and the

stator sides of the induction generator for shaft speeds higher than

synchronous speed. The amount of excess power recovered at this wind

speed, depends on the isolated load condition.

In the stand alone wind turbine generating system proposed

here, there are different categories of power losses (see figure

8.12):

- P , which are losses of mechanical origin, i.e., bearing, arid
gr

windage in the coupled wind turbine and generator shaft.

-	
which are losses of magnetic and electrical origin in the
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stator of the ac generator, such as iron and copper losses.

- P , which are losses of electrical origin in the rotor of the ac
cr

generator, i.e. copper and current source inverter losses.

- P , which are losses of electrical origin, i.e. copper,
sbl

rectifier and dc/dc chopper losses.

Thus steady state system operation with reference to figure

8.12 occurs where the power from the wind is equal to the sum of the

power consumed by the isolated load and the power losses other than

battery losses, plus the sum (difference) of the power stored

(supplied) by the battery:

P	(V. itn/30) = P + (P	̂ P	+ P	+ P	) ± P ......(8.5)
mw	L	gr	Cs	cr	sbl	b

Figures 8.17 and 8.18 show plots of generator shaft power, P
mw

and power flow into/out of the battery	for different wind speeds

and load conditions. The power	was plotted as the difference

between the power P and P . It can be seen that the battery power
sb	rb

may be optimised, i.e. for a given wind speed V and isolated load

power consumption P, maximum power may be stored into the battery

or minimum power may be supplied by the battery depending on the

battery power flow direction. Figures 8.17 and 8.18 show that the

locus of operating points where 
b 

may be optimised could be

situated at the right-hand side of the maximum power locus of P
mw

This may be due to the losses featured as a function of shaft speed,

which prevent the peak of the P from coinciding with the peak of
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the C curves. Therefore the goal of the conversion process is now
p

the maximisation of the battery power	for a given wind speed V

and load consumption P rather than maximum wind power extraction.

However this is not an easy task as P is a complicated function of

generator system losses, isolated load demand, battery state of

charge and shaft speed variables. Methods of optimising the power P

will be discussed in the next section.

8.7 PROPOSED CONTROL SYSTEMS FOR FURTHER WORK

In previous sections, it was shown that it is possible to

optimise the power flowing in/out of the battery for a given wind

speed and load demand in an open loop fashion by manually altering

the rectified stator/battery power. Here, two closed loop control

systems known as a "feedback control based on power signal" and a

"hill-climb controller" are suggested for further work to optimise

power flow in the battery and thus improve the overall system

efficiency. The success of these two control strategies may be

achieved on the assumption that a slow varying wind speed is applied

to the system, the system must be stable, the system mechanical

inertia is high enough so that it would result in smoother power

generation, and the voltage regulator must react as fast as possible

for fluctuations in machine terminal voltage caused by the variation

in load conditions.

174



8.7.1 FEEDBACK CONTROL BASED ON POWER SIGNAL

In this control strategy, use is made of a predetermined set of

optimal steady state battery power/shaft speed characteristics to

change the torque applied to the rotor shaft. This will be achieved

by regulating the rectified stator power transferred to the battery.

The	optimum	characteristics	(Pb=f(n))	may be	determined

experimentally for different wind speeds and load conditions P. The

optimum system configuration based on this control technique is

shown in block diagram form in figure 8.19. The measured analogue

shaft speed is converted to an 8-bit word to address an EPROM. The

isolated load power is also measured and converted to digital form

to be addressed to the same EPROM. Here the wind speed is not

required as an input signal. The optimum characteristics

are stored in different pages of the EPROM. The power reference

P	for a particular wind speed and isolated load condition is
bopt

determined from a look-up table on the EPROM, and the digital signal

is converted to an analogue reference signal. This is compared with

the actual battery power P feedback signal and an error will be

produced, and once integrated, will tend to alter the dc/dc chopper

current demand and consequently the rectified stator/battery current

I	until the error becomes zero and I	stabilises to a new
sb	 sb

operating point where 
b 

is optimal at that particular wind speed V

and isolated load consumption P. The control suggested here, is
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simple to operate, and does not require a measured wind speed

velocity signal. Under transient conditions the battery loading will

not remain at its optimal predetermined value. However it endeavors

to stabilise at this point in the steady state. The shorter the

integrator time constant, the closer will be the tracking of P
bopt

8.7.2 HILL-CLIMB CONTROLLER

A hill-climb controller for maximising power extraction from

the wind was presented in <19>, but was not tested. On the other

hand, an optimal control approach to maximise the output power from

the wind using a hill-climbing algorithm and its implementation

through a microprocessor-based controller was described in <61>.

The hill-climbing control technique is used when the mathematical

system model is not well defined and/or is subject to parameter

changes or disturbances. The power optimisatiort is approached from

the controller's point of view. A block diagram describing the use

of such a controller to the present VSCVCF generating system is

illustrated in figure 8.20. It is known from previous sections, that

there is an optimum load level, where power extracted from/or stored

in the battery may be optimised. Consequently a function

H(I	,V,P ) exists (see figure 8.20). The method consists of
sbop	L

experimenting with the system in order to find the optimum rectified

stator/battery current I	for a given wind speed and isolated
sbop

load condition. The experimental search schemes are known as
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hill-climbing techniques. It is feasible to start by seeking the

direction of "the top of the hill" H(I	,V,P ) for a given V and
sbop	L

L and then moving in that direction. The control strategy for

optimising b is to take continuous samples of the actual battery

power and depending on whether the present sample is greater or less

than the previous one, to increase or decrease the load torque so as

to always increase	This may be achieved by an implementation

of a hill-climbing algorithm through a microprocessor-based

controller. This provides a greater flexibility as modifications can

be introduced by changing the program rather than the hardware. The

advantage of such a system is that its operation does not require a

precise knowledge of the mathematical model and it is independent of

wind rotor, generator and load characteristics and their

nonlinearities. Unlike the feedback control based on the power

signal, the hill-climb controller requires a wind speed signal to

work properly. The wind speed signal may be provided by an

anemometer. If wind speed variation and/or alterations in the

isolated load consumption occur, then the effect is a moving hill of

continuously changing height. Under continuous wind speed and

isolated load variations operation on the top of the hill is not

possible and the success of this control strategy will depend on its

speed of adaptation to wind speed and isolated load variations.
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8.8 CONCLUSION

A scheme for controlling the load torque of a given wind

turbine, while feeding power to an isolated load under VSCVCF

generation, to optimise the power yield from the wind and

consequently improve overall system efficiency was described. This

consists of a rectifier and MOSFET power, amplifier which converts

part of the generator stator power and generates it back into the dc

battery set while constant voltage and frequency outputs are

maintained. The wind turbine is in reality a microcomputer

controlled separately excited dc motor which has been described in

the previous chapter. Laboratory experimental results, using the

technique mentioned above, have shown that it is possible to

optimise the power in and out from the battery for a given wind

speed and isolated load consumption, while the generator is

supplying a constant voltage and frequency output to the isolated

load as its primary function. In the case where the battery set

capacity is not large enough to absorb the surplus power during

gusty winds, an auxiliary dump load may have to be added to absorb

extra power. This will reduce the size of the inverter and the

battery set capacity at the expense of usable power. Finally two

closed loop control systems known as a "feedback control based on

power signal" or a "hill-climb controller" were suggested for

further work to automatically optimise power in the battery. This

control strategy is simpler than using mechanical means such as wind
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turbine blade pitch angle control.
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CHAPTER 9	CONCLUSION AND SUGGESTIONS FOR FURTHER WORK

9.1 COMMENTS AND CONCLUSIONS

The task of this work was related with the design, development

and implementation of a closed loop control system to regulate the

output voltage and frequency of a 3-phase induction generator

independently of variations in its rotor speed and load conditions.

This is applicable to autonomous generating systems where such

generators are powered by variable speed prime movers such as wind

turbines. The system may also be controlled in such away to maximise

the overall system efficiency. Valuations of system costs were not

considered in this thesis. However, the total capital cost of this

system for stand-alone wind energy conversion application, may be

optimised by evaluating the desired reliability of the system

<62-63>.

The slip ring induction generator responsible for the

electromechanical conversion was controlled in voltage and frequency

outputs over a wide range of subsynchronous and supersynchronous

speeds. This was achieved by suitably exciting the rotor of the

machine through a current source, slitwidth modulated inverter which

generates 3-phase current waveforms of variable amplitude and

frequency, over a wide frequency range. The current source inverter

created here, is a transistorised 3-phase bridge using power
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Darlington transistors powered from a 60V battery set. This has an

inherent regeneration capability. The inverter is able to produce a

current waveform from dc to typically +60Hz or -60Hz where the

phasor rotates backwards. However 60Hz is attainable at lower

current amplitudes. The amplitude of the waveform is also variable

from 0 up to 2A which can be reached at lower inverter frequencies.

The inverter lower frequency is therefore 0Hz. This is realizable

since the inverter has the ability to produce three dc currents

which have a spatial distribution so as, when they are applied to

the rotor of the machine they produce a stationary MMF field. The

upper operating frequency of the inverter however, is as defined in

Appendix three.

The method of control involves only generating a 2-phase

reference sinewave at the desired output frequency and current

amplitude and comparing this reference with actual rotor current

within a hysteresis band. The rotor current flow was controlled

within three modes of operation: bsorption, regeneration and

flywheel. Selection of the appropriate conduction elements according

to the output requirements were achieved by the use of an EPROM

which effectively has removed a large amount of discrete logic,

replacing it with one chip. This has resulted in the development of

an inverter with a reduction in component count, cost and

commissioning time.
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Although the generator output voltage and frequency are

normally interrelated and a complex multivariable control system

would normally be designed, the simple control strategy developed

here has shown that it is possible to keep the machine terminal

voltage and its output frequency constant over a wide range of prime

mover speed variations and load conditions, by controlling them

independently.

Owing to the linear relationship between the prime mover shaft

speed and the inverter output frequency, a feedforward control

system based on this rapport has been implemented. The objective was

to compensate for the effect of the measured main disturbance, which

is the shaft speed, before it enters the process, by correctly

altering the current source inverter output frequency, so that the

machine output frequency remains undisturbed. This attempt has been

achieved using a single gain comparator which took control action

with an effect equal and opposite to the effect of the disturbance.

Dynamic compensation was not required because alterations in the

inverter output frequency are much faster than variations in prime

mover speed. Excellent steady state and dynamic system performance

using this control technique was recorded under different shaft

speeds and load variations.

The machine terminal voltage is now only proportional to the

load current, since the output frequency is kept constant and
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undisturbed, by the frequency control strategy. Thus a machine model

based on the per phase equivalent circuit has been created and a

feedback control system utilizing a controller with integral action

has been implemented in an attempt to compensate for the main

disturbance which is the load current and other secondary

disturbances such as variations in machine parameters, by altering

the amplitude of the rotor current accordingly. This has resulted in

an excellent system steady state performance. However the large time

constant of the feedback loop has eventually caused a slight

deterioration in dynamic performance. The CVCF generation has been

evaluated over a wide speed range and load variation. This range may

always be extended by increasing the operating range of the current

source inverter and therefore the dc link battery voltage.

Overall efficiency of the test equipment incorporating the

controlled generator, the battery/inverter back-up power and the dc

motor simulating the prime mover, has been determined by considering

the power flow in and out of the system at various operating points,

over a wide speed variation and load condition. This has shown that

the overall system efficiency has been affected by the low power

level of the test rig.

Previously the shaft speed of the prime mover dc motor was

controlled by a manually adjusted variac/rectifier set. In order

that the torque/speed characteristics of the dc motor can be
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computer controlled by driving the field and armature current, it

was necessary to remove the variac/rectifier connections and replace

them with connections to the computer. Thus, two controlled dc/dc

choppers, each made up of a power MOSFET, added snubber networks, a

MOSFET drive, a hysteresis controller and an isolated current

transducer, associated with a computer interface have been designed

and built. These allow torque/speed characteristics of various prime

movers such as windmills, seawave turbines or diesel generators to

be programmed into the dc motor so that it can simulate them. As far

as the aim of the project is concerned, a given wind turbine model

has been programmed in basic into the computer. The simulation has

been achieved by the computer which monitors the shaft speed and

separately adjusts the field and armature currents as a result of

variation in wind speed or load conditions so that the dc motor is

forced to behave like the concerned wind turbine. Steady state

results have shown that an acceptable degree of matching between the

dc motor and the wind turbine torque/speed characteristics has been

achieved. Dynamic response of the uncontrolled wind turbine and the

CVCF generation to a step change in wind speed have been presented.

This has shown that the generator is able to maintain CVCF

generation and that the overall system is quite well damped although

the mechanical time constant is shorter than what it would be in a

real case. For detailed dynamic simulation, it may be necessary to

couple appropriate inertia loads to the shaft of the dc motor for

both systems to have the same inertia.
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One of the main features of variable speed operation in a wind

energy conversion system, is the possibility of extracting a larger

fraction of the energy from the wind, especially gusting winds. This

requires that a controller design should be made capable of loading

the generator to the wind turbine in such a way that maximum energy

conversion is possible. To achieve this end, a rectifier and MOSFET

powered, slitwidth amplifier have been designed and implemented.

This converts part of the CVCF generator stator power and supplies

it back into the battery. Experimental results were carried out by

slowly increasing the stator/battery energy flow within the CVCF

generation limits for different wind speeds and load consumptions,

whilst the dc motor is simulating a wind turbine. These have shown

that there are cases where it is possible to generate power back to

the battery at subsynchronous speeds and that sometimes, under

certain circumstances, power back to the battery may be regenerated

from the stator and the rotor circuits at supersynchronous speeds

depending on the wind speed and isolated load consumption. System

steady state performance has also demonstrated that, by controlling

the generating system this way it is possible to optimise the power

flowing in and out of the battery and consequently higher overall

system efficiency may be obtainable. In the end, two control systems

which are intended to maximise overall system efficiency by

optimising battery power flow were discussed and suggested for

further work.
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9.2 SUGGESTIONS FOR FURTHER WORX

Here, a control system which demonstrated the ability of

maintaining CVCF generation for variable speed operations by means

of a battery/inverter back-up power which balances the power input

to the isolated load demand, has been achieved over a wide operating

speed range and load conditions. It is always possible to broaden

this range by increasing the power of the inverter. However, under

realistic conditions this is limited to a certain extent. In a

practical case, the choice of the inverter and battery will depend

on the required economy of the system established by the load demand

and wind output during the whole year. The battery set capacity in

particular may depend on the critical load requirement and duration

of gusty winds. In the case where the battery capacity is not large

enough to absorb excess power, an auxiliary dump load may be added.

This could be used in a variety of applications such as hot water

heating, space heating, farmhouse heating or crop drying.

Consequently, the overall system efficiency may be quite high with

duntp resistor/battery capabilities.

In the case where the inverter power has to be increased

because of an enlargement in machine size, new base drives and

snubber designs are required for the new power rating of the

Darlington transistor. However the inverter's control logic along
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with the control policy developed remain applicable to the chosen

machine.

As the technology matures and the cost falls, the use of

insulated-gate bipolar transistors IGBTs, which combine the best of

power	MOSFET	input	characteristics	and	bipolar	output

characteristics as switching devices, may succeed in a development

of a current source inverter with higher performance, less weight,

bulk and cost, and requiring smaller and less complex gate drives.

The output voltage control system needs an improvement in its

transient response. This can be realised by speeding up the feedback

loop. This arrangement could be improved in several ways:

(i) More crudely, the smoothing filter time constant may be reduced

and more ripple accepted.

(ii) The smoothing filter could be replaced by an integrate and dump

filter.

With reference to this work, the Hill-climbing controller

scheme seems to be the most attractive way of optimising overall

system efficiency through an experimental approach. This is because

the hill-climbing controller does not require a precise knowledge of

the mathematical model and its performance will not be affected by

either parameter changes and/or disturbances. However some knowledge

of the system dynamics and some features to avoid stalling may be
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required by the algorithm.

Unbalance or single-loads which may be applied between one line

and another, may have a considerable effect on the behavior of the

generator. Ai-i unbalanced load may lead to a distortion of the

machine main flux and hence the output voltage of the generator. At

one occasion, the present system was generating three phase voltages

to the delta load which was only made up of two bulbs. The third

bulb has been omitted. Under these conditions the lamps were

flashing, which was a good indication of the degree of unbalance.

The peak to peak line voltage and peak to peak field current were

both fluctuating. However, the output frequency of the machine ouput

voltage waveform remained constant. To avoid this from occurring, it

would be wise to replace the one block of the rectified dc/dc

chopper which charges the battery from the CVCF generator output by

three independent rectifier dc/dc choppers. Consequently, the

unbalanced phase may be re-balanced by adjusting accordingly the

rectified power of the phase concerned in a closed loop fashion.

Under certain circumstances, as in the case for a vertical axes

wind turbine which is not self starting, the generator is required

to run in motor mode at the start. The controlled machine developed

is capable of starting as a motor. Here, the current source inverter

may be controlled so that the machine is excited through its rotor

and turns in the opposite direction to the motor operating with
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stator excitation. Thus self starting is possible.

Realistic operational conditions of a wind turbine may be

simulated by the computer controlled dc motor created here, if real

wind speed data was recorded and applied as an input to the model.

Samples of wind speed may be recorded using an anemometer, a signal

conditioning circuit and a tape recorder. This may easily be

interfaced to the BBC microcomputer via the 1MHz bus. The input

signal to the simulator must be adjusted conveniently such that the

upper voltage will represent the maximum allowable wind speed.

Flywheels should be coupled to the system so that the inertia of the

the combined simulator/generator system will be the same as the wind

turbine generator system. Also the rate at which the computer works

must be taken into consideration, and a newer microcontroller

implementation may be required.

The proposed system may also be applicable to an isolated power

system consisting of a wind turbine generator operating in parallel

with a diesel generator. Here, the battery/inverter will provide the

balance between the input power and the load demand. This will

enhance the performance of such generating systems, by being an

active short term storage. The control strategy may differ slightly

from the one developed in this work. The frequency feedforward

control system for instance, will require another control loop which

senses the frequency at the load bus to compensate for it in case
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the latter is deviated by changes in diesel generator parameters.

Likewise, parallel operation of the WECS with the diesel set must be

investigated and overall system stability must be studied.

Most diesel generating units, to maintain constant frequency

output, are running at constant speed independently of the load.

However the efficiency of a diesel unit varies significantly with

speed and load. This is because the diesel fuel consumption depends

to a great extent on the operating load as shown in figure 9.1,

<64>. The efficiency with which the engine uses fuel falls as the

load on the diesel engine is reduced, the reason why many diesel

manufacturers specify a minimum load for their engines, typically

40% of the full load. Thus, if the control strategy developed here,

can be applied to the generator driven by the diesel, A digital

controller fitted with a preset of diesel torque/speed

characteristics and fuel consumption, can be created. This will

regulate the amount of power recovered from the CVCF generator

output to the battery depending on the isolated load consumption,

the batteries state of charge and diesel fuel consumption, so that

maximum overall system efficiency is achieved.
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APPENDIX ONE

DERIVATION OF INVERTER MODE LOGIC FTJNCTION

From the state diagram illustrated in figure 3.7.a, we can deduce:

a) STATE TABLE

Present state	New state

00
	

01	11
	

10

F
	

F
	

A	F
	

R

A
	

A
	

A	A
	

F

R
	

R
	

F	R
	

R

x
	

F
	

F	F
	

F

1) ASSIGNEMENT STATE TABLE

A1,A0	A,A
H	L.

00	01	00	11

F	00	00	01	00	11

A	01	01	01	01	00

R	11	11	00	11	11

x	10	00	00	00	00

Nunthers 0 and 1 mean that a transition has occured.
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C) NAP COVERING REQUIRED BY THE J-K FLIP FLOP

Karnaugh entry map
	

Required input

J	K

0
	

x	1

1
	

1	x

0
	

0	X

1
	

x	0

x
	

x	x

Form the state transition table, the logic function of the J-K flip

flop can be written in karnaugh map as:

J
1

A, A
H	L

A, A
1	0

00	01	11	10

00
	

0	0	0	ji

01
	

0	0	0	0

11
	

1	0	1	1

10
	

o	o	0	0

K
1

A, A
H	L

A, A
1	0

00	01	11	10

00
	

0	0	0	1

01
	

0	0	0	0

11
	

1	0	1	1

10
	

0	0	0
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Thus:

	

J =A .A .A	 . (A1.1)
1	H	L	0

K=A	.A +A	-A	....................(A1.2)
1	H	L	1	0

0

A, A
H	L

A, A1	0
00	01	11	10

00	0	1.	0	1

01	1	1	1	0

11	1	0	1	1

10	0	0	0	0

K0
A, A

H	0

A, A1	0
00	01	11	10

00	0	1	0	1

01	1	1	1	0

11	1	0	1	1

10	0	0	0	0

Thus:

	

J = A IA	.A +A	. A	.................(A1.3)0	11 L	H	L	H)

	K=A.A	.A+A	.A.A	...............(A1.4)
0	H	L	1	H	L	1
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APPENDIX TWO

The derivation of the capacitance value C, the network

resistor's average power dessipation P, the transistor average

power dessipation over the switching period T attributable to turn

off P and the total loss in the protected circuit equations in

terms of the ratio x and the circuit parameters is shown below:

Case 1,

t < t or	< 1, see figure 3.l7.b.
C	f

The capacitor voltage is:

t

	

1	Ic

	V = -	I	I	dt .....................(A2.l)

	

C	J	
cap

0

t
1 rclt

v= -	
L	

dt .....................(A2.2)

cJ	t
0	f

2
It

v 
=	L c(A2.3)

2Ct
f

t

Knowing that =
	

gives:

t
f

It

v 
=	L f	2 (A2.4)

2C

Or
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It
Lf	2

C=

	

	 . (A2.5)

2V

The energy stored in the capacitor is given as:

1

w = - c ........................... (A2.6)

2

Substituting for C from equation A2.5, gives:

t

w =	L f
(A2.7)

4

This energy is dissipated in the resistor every switching period T.

Consequently, the power dissipated in the resistor is given as:

VI t 
2

p	=	 ......... . (A2.8)
R	

2T 2

The average power P, dissipated in the transistor during the fall

time t	is:

t

1

P =	I	V (t)i Ct) dt .................. (A2.9)

	tJ	
T

f	0

	iCt) = i	- i	......................(A2.1O)
T	 L	cap
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(A2.14)

It
L

i (t) = I - -
T	 L

t
f

..... . (A2.11)

The transistor voltage is:

( 1 t	it

- J	
L 

dt,	t < t

ci	t
f

V (t) =
T	I

[vi	t <<
C	 f

(A2.12)

Integrating equation A2.12 and substituting C from equation A2.5

gives:

it2	t2v
IL __

t<tI	22'
2Ct	t

() = 4	f	............... (A2.l3)I v 1	t
c	f

Hence:

t

L

1 {Jc{ 

VIt2

p =_
22

t
f	f

0

t

L	)
vIt3	lvi

t	I	J j	L	23	
dt+

	

f	/
t

C

vlt •'I
L	

dt

t	Jf
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VI	
2	

4a

p = ___J:	- -	+ 1	 . (A2.15)
2	12	3	J

The average transistor PoWerPQA over a period T is:

2

P =	-	- -	+ 1 ...............(A2.16)
QA	

2	T	2	3	J

The total power losses in the transistor and the resistor, 
T 

is:

P=P	+P	........................(A2.17)
T	QA	R

VIt	(	4o	1
=	L f	2 -	

+	................. (A2.18)
T	

2T	J

Case 2,

t > t or	> 1, see figure 3.17.b.
c	f

t	t

i	i

V = -	
L	

dt + - I	i dt ..............(A2.19)
Ci	t	Ci	

L

f
0	 t

f

It

V 
=	L f	

(2 - 1)
	

(A2.20)

2C

Or,
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It
L

iCt) = I - ____
T	L

t
f

.. . (A2.25)

It

c 
=	L f	

(2 - 1)	 . (A2.21)

2V

Substituting for C in equation A2.6, gives the energy stored in the

capcitor as:

VI t

w
L f	

(2	- 1)	..................... (A2.22)

4

This energy must be dissipated in the resistor every switching

period, T. Therfore, the power dissipated in the resistor is:

VI t
=	L f	

(2o - 1)	.................... (A2.23)
R	

4T

The transistor average power dissipation attributable to turn off is:

t

1

P =	I	V (t)i Ct) dt .................. (A2.24)

	t j	
T	T

f	0

1I
VCt) = - I i	Ct) dt ................... (A2.26)

T	 J cap
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It

V (t) =
	L	

(A2.27)
T	

2Ct
f

Substituting for C from equation A2.21, gives:

V (t) = ......................(A2.28)
T	

(2x - 1)

Substituting for	and V(t) from equation A2.25 and A2.28

respect evly.

Consequently, equation A2.24 becomes:

t

1 11	it
L

p

J {	(2 - 1) t J	L	tf } dtf

VI
=	L L

(A2.30)

12 (2a - 1)

The average power P. over switching period T is:

	

VI t	1
= ....................(A2.31)

QA	
2	T	6(2o-1)

The total power losses, 
T 

is:
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VI t	E26+2
p = __-	 . (A2.32)

T	2	T	3 (2t - 1)
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APPENDIX THREE

THEORETICAL MAXIMUM FREQUENCY OPERATING RANGE OF THE INVERTER

Theoretically, the maximum operating range of the inverter is

reached when the inverter is not able to supply such changes in load

current required by the load, and is then beyond its capability.

Here, the inverter is applied to the rotor circuit of the

induction generator via slip-rings. This is seen by the inverter as

a primarily inductive load with a resistor term. Thus, the load may

be represented by the differential equation as follow:

VR i	+ L di /dt .....................(A3.l)
1	11	1

Which, however applies approximately since the rotor leakage

inductance is a function of the rotor frequency and the voltage is

actually the battery voltage minus the induced voltage due to stator

current. Consequently V is a dynamic value which varies with

variation in generator stator current.

The increase in load current may be given as

-R t/L

i V /R	(1 - e	
1	....................(A3.2)

The rate of change of current is then:
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-R t/L

di/dt	VIL e 
1	 . ( A3.3)

This has a maximum value of:

di Idt I	= V /L ......................(A3.4)1	max	1

The load current is a sinewave having a rate of change given

by:

di/dt = Dci, coswt .......................(A3.5)

and a maximum value of:

di /dt l	= 11w ........................(A3.6)

Equating equations A3.4 and A3.6 results in:

Uw = V/L ..........................(A3.7)

Or, in terms of electrical frequency, this gives:

V

Of 
=	1

(A3.8)
2itL

Equation A3.8, says that maximum admissible product of

operating frequency and peak amplitude are defined by the fixed

parameters V and L which are determined by the supply voltage and
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the load. Thus, the operating frequency of the inverter may be

extended at the expense of a reduction in the output current

amplitude.

The product of the operating frequency and peak current

amplitude may also be extended by increasing the supply voltage V1.
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APPENDIX FOUR

DETERMINATION OF THE AC GENERATOR EQUIVALENT CIRCUIT PARAMETERS

The ac generator equivalent circuit parameters of figure 5.l.a,

may be estimated from the result of one short circuit test and an

open circuit test carried out on the ac machine as shown in figures

A4.1 and A4.2.

The stator and rotor per phase winding resistors were measured

by applying a dc current of 1A to each pair of winding and measuring

the voltage developed. An average readings was taken and the per

phase resistance calculated as being half the value measured due to

the star connection of the stator (rotor). For the deduction of the

rotor resistor, readings were taken for different positions of the

0
rotor spaced by 120

This gave R = 4.5c2 and R = 8.6c2.
S	 r

The first test carried out on the machine consists of a short

circuit test. Figure A4.l, shows the current source inverter applied

to the stator windings with the rotor windings short circuited.

There the machine was stationary and was behaving like a short

circuited transformer. The current source inverter was forcing an

RMS per phase current	= l.06A into the stator at a frequency of

50Hz. The line-to-line voltage and total power at the stator input
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were measured accordingly. From this short circuit test:

V	=	I /R2 ^ (L 25O)2(A4.l)
tss	ss	es	ss

= 3 R	I........................(A4.2)

Where,

R	= R + a2R	 .(A4.3)

L	=L +aL	 .....(A4.4)
ss	s	r

Thus, we can deduce:

p

R	
=	. .

(A4.5)
ss

/ (V2 / 312 ) - R2
L	I	tss	ss	SB

(A4.6)
ss /	(2irSO)2

The effective stator to rotor ratio a:

a = 
/7 
R- R(A4.7)

For wound rotor machine, L = a2L, giving:
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L = a2L = L/2	 .
	(A4.8)

and

L

L =
	
..(A4.9)

r	2
2a

The second test conducted on the ac machine involves an open

circuit test. This test gave information about the magnetising

inductance N . The current source inverter was applied to the rotor
m

windings of the machine. The stator windings, however were open

circuited. The machine was running at a speed close to synchronous

speed. The induced voltage at the stator terminal was cycling at

50Hz frequency. The induced ENS terminal voltage V	and the ENS
tsO

rotor current I were measured.
rO

This gives:

V= -- /' N 2ir50 I	.................. (4.10)
tsO	a	m	rO

Thus, the per phase magnitising inductance may be deduced as:

aV
tsO

M= .....................(A4.lj.)
m	

V'2ir50I
rO

Experimental results are as follows:

Short circuit test
	

P	= 40.5W
ss

V	= 80V
tss
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I	= l.06A
ss

Open circuit test	V	= bOy
tsO

I	= 0.43A
rO

Calculated values	R	= l2Q
ss

L	0.l33H
ss

a	= 0.93

L	= 0.06H
S

L	= 0.07H
r

M	= O.39H
m

207



ci

0

In

tsO

Inverter

Fig A4. 1 Rotor short-circuit test

I nverter

Fig A4 .2 Stator open-circuit test
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