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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



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

- Effective stator/rotor ratio

Cp, Ct....Respectively wind turbine power and torque coefficient
£, fIN....Respectively machine and inverter output fregquency

IIN ....... Per-phase RMS inverter current

Ia' If....Respectively dc motor armature and field current

Is, Ir....Respectively stator and rotor RMS phase current
koo Coefficient

L, L_....Respectively dc motor armature and field inductance

Ls, Lr....Respectively stator and rotor leakage inductance
Miooooaon. Magnetizing inductance

P......... Power

Ra' Rf....Respectively dc motor armature and field resistance
Rs, Rr....Respectively stator and rotor resistance

= Laplace transform operator

S, Slip

A Time constant

Tt ........ Wind turbine torque

Tg, Tem...Respectively generator and dc motor torque
Veeeeono.n. Wind speed

Vt ........ Generator RMS line-to-line terminal voltage
Ao Tip-speed ratio

€......... Damping ratio

w, wIN....Respectively machine and inverter output angular frequency



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



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 SYSTEMS (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



hand may offer a 1long term prospect of making an important
contribution to electricity production, but the threat of nuclear

accidents and radioactivity made it constrained by  Dbeing

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 poctentially 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.



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 "energy 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
circumstances, wind-electric systems earn both "energy credit" and
some "capacity credit®. In large scale wind energy conversion
systems, the wind turbine generator is wusually 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 1lies 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



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 o0il 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 1load. 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



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 wvirtually 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



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>.



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 wvariable 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 wvariable
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 (PAM)
windings: This is shown in figure 1.l1l.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



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 1.l1l.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 1link choke and commutation capacitors of the current
source inverter, may be used instead. However the cvcloconverter 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



down to obtain mains frequency. This is illustrated in figure l.1l.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
fr which varies with the varying speed of the prime mover. The
output 1is an amplitude modulated wave consisting of (fr * 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, fr must be at least 10 times the 1line
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 1.1.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 1.1.4.1.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 EMF, 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 1.2.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 1.2.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 1loss is negligible. Here as well, the system
suffers from same problem as in 1.1.4.2.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 1.3.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 * fg) (Rem) . . « . « « ¢ ¢ o o o .o .o . . W (D)

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

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 1.3.b, and assuming the following expressions for the applied

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

v =V sinwt . . . . . L L L0 s e e e e e e e . .. W (1.2)
s )
i =0 sin (Wt - @ ) . . . . . . i . i e e e e e e e e . (13
S S S
v. =V sin(wt - a) . . . . . .. .00 0. .. ... 100
r r g r
i =0 sin (Wt - -¢ ) . « . ¢ « v v v v v v v v . .. (1.5
r r g r r
Where,
WS = peak applied voltage per phase in the stator, (V).
Wr = peak applied voltage per phase in the rotor, (V).
ﬂs = phase-current magnitude in the stator, (A).
ﬂr = phase-current magnitude in the rotor, (A).
o = arbitrary phase angle, (electrical rad.).
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¢ = phase angles between voltage and current, (electrical rad.).
w = angular frequency of the stator supply, (rad/s).

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

With reference to figure 1.3.b, the equation voltage for phase

As is then
. . d .
V sinwt =R 1 sin (wt - ¢ ) + — {10 sin (wt - ¢ )}
S 8 S S S 8 S
dt
d .
+ — [ml sin {wt -a -¢ - (8-wt)}] . . . .(1.6)
S g r r r

dt

The sign (& - wrt) 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 Ar is

V sin (wt - a) =Rl sin (wt - a - ¢)
r g r rr g r r
d .
+ — {10 sin (wt - a - ¢ )}
ac rr g r r
d .
+ — [ml sin {wt - ¢ + (8 - wt)}] . . .(1.7)
r r r
dt
Where,

wr = angular velocity of the rotor.
d = angle between phase As and phase A at the instant t = O,
r
(electrical rad.)

RS = stator phase resistance, (Q).
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Rr = rotor phase resistance, (Q).

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

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

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

and rotor phase, (H).

However w = wr + wg, therefore equation 1.6 and 1.7 may be rewritten

in vector form as:

(R o+l )T+ dumt e . . . . . . . . ... ... . (1.8
S S s r

<
n

(R +jw1)T+jwm‘1_e5..............(1.9)
r gr r g s

<
I

. j& . .
Dividing equation 1.9 by se’ , where S is the slip, S = wg/w,

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
vV = (R + jwlsfi;+ jwam -—E-e‘ja S ¢ A 5 B

The terms inveolving 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 1leakage
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 Z @R e e e e e e e e e e e e e 11y
r r

L =(1 -am) . . . . . e e e . S O A - D
S S

2

L’ = (@1 =-am) . . ¢ ¢ v o o i i i e e e e e e e e e e e e (11
r r

M = AGmM . « & ¢ & s e & s et e e e e e e e e e e e e e e e e (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
magnetising 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 wunits 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, "l* 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, "2', 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

19



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 1.8A

Speed 1400Rpm

Output power 1/3HP, (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.

- Batteries/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 maximiser, “5%, 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 fIN, a rotating

flux distribution is generated electrically. The flux rotates with
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respect to the rotor at the frequency fIN 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 £ 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:

f =n p/120 % £ e e e e e e e e e

B S D
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 = Orpm, and the relation
between the frequency f of the stator voltage and the inverter
frequency fIN is 1:1, thus if the current source inverter is capable
of generating a frequency, fIN = 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, fIN = 0OHz, 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 1is excited at a positive and
negative phase sequence respectively. In this case the generator is
behaving 1like 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 1.6.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 1is acting as a generator and
supplying an isolated load, thus the direction of stator current is

negative. Also it has been assumed that:

.(1.18)

IN r ' .

Hence in vectorial form the steady state per phase stator

voltage-ﬁ;, seen from the stator side, may be written as:

1 — . —
vV = = IINjme (RS + jwls)Is B O A D)

.

]

Where, a is the effective stator/rotor ratio, and-T;N is the rotor
magnitude current in vector form, supplied by the current source
inverter.

In RMS form, equation 1.19 may be rewritten as:

Vo= 2 I 50M = (R o4 50l e e e oe e e e e e e . . (1.20)
p a "IN m s s s
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Equation 1.20 shows that the per phase stator RMS voltage Vb is
proportional to the angular output frequency w and the RMS stator or
load current IS for a fixed RMS rotor current. Therefore the
terminal voltage Vt (Vt = V?Vp), may vary with ® or/and IS. However,
as we are concerned with mains frequency w is maintained constant to
be 50Hz which is satisfied by equation 1.17. Is on the other hand is
not always a constant value and it may vary with load conditions.
Therefore to maintain constant voltage generation the RMS rotor
current IIN 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.
(i) 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 fregquency 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 1is 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 1is 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 flcws 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.
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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 1is 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 sol:rce 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
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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 S / 4.4 fIN e - B

Where fIN 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 1is controlled
adaptively within the hysteresis band irrespective of the dc voltage
fluctuation. The RMS 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 tL 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
iar and the feedback current ia is compared to a triangle waveform
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.

34



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 CONTROLLEZR

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 wus assume that the 1load is

represented by the differential equation as follow:

Vv = Rl 4+ L di/At + @ . . . i i i i i e e e e e e e e e e e e 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 for i :

n + 1

1 (T )=f{T(T),7(T),?(T)}..........(2.3)
n . n n

The inverter voltage and counter EMF are assumed to be constant
over one sample period. When substituting the reference value of

current'i; (T ) in place of_i-(Tn N 1), the optimum voltage

n + 1

vector-;-(T ) that changes the current from 1 (Tn) to the commanded
n

value 1 (T ) can be written as follows:
r n + 1
v (T) =h { i (T ), 1 (T ), e (T ) } e e e e e e e e 2.0
n r n + 1 n n

If the load is described by equation 2.2, then-;-(Tn) is given by:

R{T(T ) - T (T) e R/
r n + 1 n

v (T ) = +e (T) . . . . (2.5
_ TTR/L "

Where T is the sample period. In order to drive the inverter, the
voltage vector-g_(Tn) must be transformed into a weighted average of
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

1/2T, 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) / Nc(k) e 2 )

Where, ¢t, NC, and k are the predicted time before next inverter
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 implementation,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 Tl 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.

1 0+ 1+ 1 =0 v e e e e e e e e e e e e e e e e e e e e (2.7

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 T1 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 T1 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, Dl1. The load current feedback signals are
compared with two controlled amplitude, variable frequency sine
waves displaced by 120°. 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
2.6.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 1is identical. The current

feedback signal ia, 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 immf' This gives an error which is put through a Schmitt
triggers to generate the slitwidth signal-ﬁzj 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
prhase being the sum of the other two. The operaticn 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.

(i) Absorption: With T1 and T4 conducting, the full supply voltage
is applied to the load and current flow increases towards maximum

value of V/R Amps.
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- Y 1 - ey . Where T = L/R + = + o e e e e . .(2.8)

(ii) Flywheel: With Tl 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/T

= — e 7
1load R e ( )
(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.

e Y 2e T i1y s (200

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
2.10.a are represented in figure 2.10.b. simplified diagrams
representing the modulator and the error signal generator used in
this type of inverter are shown in figures 2.l1l.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 ccntrol
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 VEKﬁUS ratings of the
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
2.12.a, so:

v - 2 N
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
2.12.b, so:

v Z 2V b i i i e e e e e e e e e e e e e e e e e e e e W(2012)
CEOSUS

Therefore, to provide similar frequency response from the four and
six transistor inverter, power devices with twice the V rwust

CEOQOSUS

be used in the four transistor inverter. This increase of VCEOSUS
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,
it is 1less 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 fregquency.

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 2.13.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
2.13.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 1is 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 O). 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 1likely to bhe 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 to. reduce 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 5us 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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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 1is 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 1200.

(b) A modulator, which compares the reference signals with feedback
signals and determines the control required for the current to track
the reference.

(¢) 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
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uncontrolled phase.

3.2 REFERENCE GENERATOR

The reference signals required by the inverter are two
sinusoids of equal amplitude and frequency, but 120o out of phase.
The amplitude has to be controllable, The frequency should be
variable from a positive value, through zero to a negative wvalue,

where the phasor rotates backwards.

There are several possible methods of achieving this end. 2an
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 loock-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

360N
1024 °

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 240{
producing sin (6 + 1200) and sin (6 + 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, ICl which sets the rate with which the waveform are
clocked out of the EPROMs. The gain of the voltage to frequency
converter, ICl 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 ICl 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, "Amp Adj." which controls both gains of the D to A
converters, ICll and IC1l2.

The generated reference sine waves for the a-phase and b-phase are

51



sin (8 + 2400) and sin (0 + 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[ar (V]b) with the current
1 1br

feedback signal, Viaf (Vibf)' and generates the following signals in

each phase, (phase a and b):

(PA, PB), which represent the polarity signals.

(AH, BH), which indicate that the current feedback has exceeded
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the upper slitwidth boundary.

(AL, BL), which indicate that the current feedback is less than

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 AL, AH and PA for the a-phase, (BL, BH and PB for
the b-phase). The equations, which govern the generation of these

three signals are as follow:

A = Sign v - (Vv +V + V) (3.1)
L h w
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A =Sign{ Vv - (v +V +V) (3.2)
iaf iar h w

P =8Sign{ Vv (3.3)
A iar

Where, V., , V., , V. and V are the a-phase current reference
iar iaf 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 Viaf is 1less than the lower
slitwidth boundary (Viar - V&), as it is shown in figure 3.6.a, the
output of IC6c switches to a high state and to a 1low state
otherwise, as in figure 3.5. Similarly the output of ICé6d goes high
if viaf is greater than the upper slitwidth boundary (V’iar + V;), as
it is shown in figure 3.6.b. The output of IC7, 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 D1, 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 TLO84 was used
because its output slew rate 13V/us ensures that the time taken for
the op amp to change state is less than the sample period Sus. 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 IC4 and
ICl17. 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 Q of the JK flip flop IC4 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 AH return low. V£ remains
switched in by the memory action of JK flip flop. Subsequent
circuits sample the error signals at the clock edge as AH 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

pctentiometer and can be varied between 0 and 0.25V.

3.4.2 INVERTER MODE LOGIC CIRCUIT

A synchronous sequential c¢ircuit 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 AH and AL, refer to the more positive and the more negative
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boundaries respectively. The state X represents the "not allowed"
state. Howe;er 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 AND PROTECTION CIRCUIT

A circuit diagram representing the decoder, output protection
circuits and board clock is shown in figure 3.9. The EPROM ICY 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 350ns after a change in any input state.
Thus to remove any illegal states from happening, the octal latch
IC8 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 5us to

provide minimum on and off time to the transistors. This 5us 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
Spus 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 5us 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 1limb
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 fed 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 slitwidth 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 inverter phase current. An easy way of
realizing this is to connect three resistors at a star connected
load as shown in figure 3.ll.a. However this method may have several

disadvantages:

(i) 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 1in 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
215mV/A and 125mV/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 3.1ll.c,

<41>. This can be used for measurement and control of complex
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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, 100A. RMS.

- turns ratio, 1 : 1000.

- Internal resistance, 30Q.

- 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 1V/mA.
This voltage drift has been nulled using a simple differential
anmplifier 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 same 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, 1IC5a and ICS5b, are V, and V[b
1

iaf f

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

follow:

_ v,
k = —saf _ _IPE _ oy/a (3.4)

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, Darlington 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 traunsistor. 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 Dbipolar
transistor is a current ccntrolled 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 1levels, 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 100k#z and the best choice for 1lower 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 100kuz.

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 Vﬁmmus rating of 450V, continuous
collector current of 15A 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 wvoltage 1is 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 wvoltage would
change as shown in figure 3.13.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 3.13.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 1is 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 1is 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 1limits the rate of rise of the collector-emitter
voltage V;e when the collector current falls, hence, the transistor
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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E.T. CALKIN and B.H. HAMILTON, <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 1is 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 wvalues 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, tc to collector current fall time, tf, as follows :

(3.5)

Broadly speaking, the capacitor value C, the network resistor’s
average power dissipation PR, the transistor average power
dissipation over switching period T attributable to turn off PQN

and the total loss in the transistor and the resistor PT, are

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

r ILtf 2
o, o =<1 (3.6)
2V
C=11¢
L f
(2a-1), a =1 (3.7)
2V
\
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( VIt o«
_ o =<1 (3.8)
2 T 2
Pr =7 VIt (2a - 1)
_ , a =1 (3.9)
2 T 2
\
( VIL tf o’ 4o
—_— - - — 4}, o <1 (3.10)
2 T 2 3
Poa = 1 VIt 1
_ P o =1 (3.11)
2 T 6 (200 - 1)
\
( vi ot (, 4«
— s - — + 13, o =<1 (3.12)
2 T 3
P =<
T VI tf 6o - 6 + 2
o ' oa =1 (3.13)
L 2 T 3 (2 - 1)

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

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

c=c = —=>=f @ =1 (3.14)

The average power dissipation in the transistor attributable to turn

off in the absence of the snubber network is :

= —>&f (3.15)

Full details of the derivation of equation 3.6 to 3.13, are shown in
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Appendix two. Replacing equation 3.14 and 3.15 into equations 3.6 to

3.13 gives
2
Ca, a =1 (3.16)
c = n
Cn (2 - 1), a =1 (3.17)
( “2
off a <1 (3.18)
2
PR = 4 (20 - 1)
P _— a =1 (3.19)
" off
2
\
( o’ do
P S e + 1y, a =<1 (3.20)
° 2 3
PQA = 1
—————— a=z1 (3.21)
| ° 6 (20 - 1)

5 o
P o - — + 1}, a =1 (3.22)
of £
P = 4 3
T 6a2— 6o + 2
P , azl (3.23)
Lot 3 (g - 1)

This shows that the power lost in the resistor increases and
the transistor losses decrease with «. 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 «.

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 PT

to zero, as follows:

dPT 4
—_ =20 - — =0, a =<1,
dt 5 3 (3.24)
o= —
3
5 2
So, P = — P , at ¢ = — (3.25)
Tmin 9 off 3

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

. . . 2 . .
optimum capacitance to give, a = 3" 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:

ILtf o
C=z ———— (3.26)
2V
This gives C = 5.9nF for a = '%u In this calculation, the 1load
current was taken as the absolute maximum value of I = 5A, V =

Lmax

150V and tf = 0.8us, <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 « 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 IDc' when added to the maximum design collector
current at turn on, does not exceed the maximum permissible

collector current thus:

v

Where: V, is the DC link voltage, V = 150V.

Ai, is the maximum allowable increase in collector current, Ai =

10A. Equation 3.28, and 3.27 give R = 15Q and R = 213Q
min MAX

respectively, using absolute minimum time Sus. In order to limit the

discharge current to a wvalue much lower than Ai = 10A, a discharge

resistor of 120Q was selected. This limits the discharge current to

1.25A and takes 2.82us 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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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.

I
Tosar = — (3.29)
h
FE
Where, I , I and h are the base current required for the
BSAT cmax FE

saturation of the transistor, the maximum collector current and the

transistor’s current gain respectively. I is given as 1A for

BSAT’
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 1.5A 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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Tl and T4 on. Thus the base current is forced into the power device
through R13 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

R14 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 wunder 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 1is 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 IB to Ic' can be obtained with a
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circuit called a "Baker clamp", also known as an "antisaturation

circuit*, as in figure 3.21. If the transistor tends to be too
heavily saturated, the collector-emitter voltage VEE decreases, and
part of the control current I0 is bypassed via the diode D1, thus
reducing the degree of saturation, <47> and <48>. This can be

accomplished by clamping VEE to a predetermined 1level and the

collector current is given by:

Véc VEM
(3.30)

Where V is the clamping voltage and V >V . The base current
CcM CcM CESAT

which is adequate to drive the transistor hard, can be found from

equation:

B po ~ Ve
(3.31)

(3.32)

Once the colléctor current has risen and the transistor is turned

on, the diode D1 gets forward biased and conducts, and clamping

takes place, then:

(3.33)
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The load current is:

cc CE cC BE DO D1 (3.34)

The collector current with clamping is:

h

FE
Ic = hFE IB = hFE (I0 - IC + Ir_.) = — (I0 + IL) (3.35)
1 + hFE

For clamping, VDO > Vbl and this can be achieved by connecting two
or more diodes in place of D0O. The resistor R.C should satisfy the
condition, hFE IB > IL. From equation 3.34,

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

VEE, 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
D1 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 keing 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 D1 which, prevents the collector voltage from descending
below a given wvalue, thus maintains the power device 1in the
quasi-saturation region. An increase from 0.2V to 0.5V 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 VBE to the
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start of change of VEE. 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 TS5. 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 TS5
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 PA, the a-phase higher slitwidth
boundary error signal AH and lower slitwidth boundary error signal
AL’ described in section 3.4.1, are also represented in figure 3.26.
It can be seen that the switching rate of A.H and AL is 1less
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 PA,
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 1little 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 S5A from a dc link voltage of 150V. The
frequency ope_ration 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 1load inductance do not require the higher voltage.
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Therefore the wvoltage 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 1link using 60V lead acid
batteries which may provide currents up to S5A 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

Boundary
f-'Reference Signal

Lower Slitwidth

Boundary

Feedback Current

Upper Slitwidth

Boundary
7,.' Reference Signal

Lower Slitwidth

Boundary

\ /7
r‘ < 7
/ \ 4
/ \
’ N7
/ \NY
o Viar M
Viaf
a) Viat < (Viar- Vi)
2 T
/ \
4 \
7 \
’ \
Y \
Vs \
\
< —_
- —————t = —_ \\
/ \ /
Vw , vo s
/ iaf | » ’
" Y
/ \ /
’ \
’ N
.’ \v/
Viar

b) Viat > (Viar+ V)

Feedback Current

F Ig 3.6 Basic error signal waveform



00/F
11/F

Key: AH AL / Output

10/F

00/A 00/R
01/A X 11/R
11/A 10/R
a) State Diagram
State Output Current Inverter Mode
A1 A0 Direction Demand
A o 1 Positive Absorption
Negative Regeneration
F 0O O 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

Flg 3.7 state diagram for the inverter mode logic
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DATA

INPUTS DEMAND TRANSISTORS

ADDRESS

2

3

6 5 4

oA
08
00
12
28

~-F

-F

00
01
02
03

04
05
06

29

00

10

+R

-F

07
08
09

02
00
00
12
20

0A
0B
0c

21

0D
0E
OF
10

00
20

+R

-R

00
00
00

11
12

00
00
00

13

+F
+A

14
15
16

00

00

+R
~-F
-R

17
18

18

1 1 0 0

0

-A
-A

18
00

19

1A
1B
ic
1D
1E
1F

1a
19
09
00
18

-A
+F

-A
-A

Flg 3.10 Modulator EPROM coding



DATA

INPUTS DEMAND TRANSISTORS

ADDRESS

6 5 4 3 2 1

14
20

-F
-R

+F
+F
+F
+F

0
1

20

21

00
16
05

21

22

01 1 O

-A 1

1
0
1

23

+F +F
+F +A

+F
+F
+A
+A
+A
+A
+A

24

25

00

0 0 0 O
0 0 1

0

26

04
26

+R
-F
-R

1
0
1

27
28
29

1

1 0 0 1
1
0 0 O
0o 0 0 1 1

1 0

24

0

00
06
24
25
" 00

0

0

27
2B
2C

-A
+F

1
0
1

1

+A +A
+A

2D
2E
2F

24
00

1

+A +R

1

30

00

31
32

33

00
00

00
00

34
35
36

00
00
10

0 0 0

0

—i

37

0 1 0 0

-F
-R

+R
+R
+R
+R
+R

0
1

38
39

10
00

3A
3B
3C
3D
3E
3F

12
01

21

-A
+F

1
0
1

1 0 0

+R +A

+R
+R

00
00

+R

1

Flg 3.10 Modulator EPROM coding (continued)



Machine
o—
Phase Sensor
O
Inverter - Load Star
Machine o———— Machine Sensor i
Phase Point
Interface
ot
Machine
o—
Phass Sensor
O

a. Basic Current Measurement

Hall Effect
Devices

\V,

Ferrite

b. Linear Hall Effect Current Measuring Transducer

Primary
Current |

\'
Secondary
Current

C. Isolated DC/AC Sensor Interface Module LTP100-P

Flg 3.11 current measuring devices
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Voltage
Current
Vce IC
Time
a) Ideal waveforms
A Voltage
Current
Vee le
- — — — 7\
/
/
Time

b) Practical waveforms

Flg 3 1 3 Power transistor switching waveforms



R
Load ? ZS Flywheel

Diode

Snubber

|

| |

| |
°_|< :DSZ RiRCD

| |

| |

Flg 3.14 RcD snubber circuit diagram

|, A
f -

Without
Snubber

With

Snubber

.
Veo

Flg 3.15 Tum-off switching load lines for transistor
with and without snubber
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a) without snubber
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Current
le
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b) with snubber

Flg 3.16 Power losses attributable to the finite
tumn-off time of the switching power transistor



A Voltage

Current
IL Vce
.
Time
a.Small Snubber
C < GCn
and
AVoltage | A <1
Current |
I |
|
|
[
I
| -
tc Time
fa—>
|t b.Normal Snubber
l-(—b
C = GCn
and
A Voltage o =
Current
IL Vce
>
Time

c.Large Snubber

C > Ca
and

o > 1

Flg 3 . 1 7 Transistor tum-off characteristics

with different snubber capacitance values



Power (W)

0.7

0.6

0.5

0.4

03

0.2

0.1

. 3 o
|_ A/ —-x——x——x——é-—-x-—x-—x——x-‘; ........

.

O

Current (A)

Notes:

1. Turn Off Transistor Average Power Dissipation Without Snubber
2. Transistor and Snubber Network's Resistor Total Loss

3. Tumn Off Transistor Average Power Dissipation With Snubber

4. Snubber Network’s Resistor Average Power Dissipation

Flg 3.18 Transistor tum-off power loss
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Base Current (A)
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Flg 3.23 Base drive characteristics
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Notes:
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2. Basic Base Drive With Baker Clamp
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Flg 3.26 A-phase inverter output current waveform
and output logic signals
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Flg 3.27 A-phase inverter output current waveform
and output logic signals
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)

Time
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(A) 0
A
B-Phase Field 1
Current
(A) 0
A
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Current

Time
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Peak current 0.95A
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Flg 3.28 Inverter output current waveforms
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A-Phase Field 1
Current
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Current
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A 0
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Flg 3.29 Inverter output current waveforms
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Flg 3.30 inverter output current waveforms

Peak current 0.3A
Frequency 25Hz
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Flg 3.31 inverter output current waveforms
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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 1load, an alternating

current flows in the armature, as shown in figure 4.l1l.a. The rotor
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mechanical frequency is given as follow:

£ o= 2 ... Y /B B

Where n is the prime mover speed.
The frequency of the synchronous machine induced voltage is
determined by its prime mover speed n(nm) and its number of poles P

as in equation 4.2.

P n
f = SOttt ottt e e e e e e e e . . (4.2)
Or,

P
f = -5 fm A 9D

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 machine 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 fregquency W o 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 wr and rotor current angular

frequency wIN speeds as in equation 4.5.

w=w o O € 39 )

For a P poles machine, the rotor electrical radian frequency is as

follows:
P
wr._ -5 a% O € )

Where w is the rotor mechanical angular velocity in (rad/s).

Substituting equation 4.6 into 4.5 gives:

w = g—-w + w e € 3D

Or, in terms of frequency in (Hz), equation 4.7 becomes:

P
= = + T .
f=3 £ . (4.8)

Figure 4.1.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 1is changed by changing the frequency of the rotor

current.Finally, substituting equation 4.1 into equation 4.8 gives:

o
s}

— +
3 zo ¥ fIN e e e e e e e e e e e e e e e e e e e e (409).

A characteristic of fIN 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 fIN 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 £ 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 Vft of

the frequency feedback sensor changes. It 1is 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 fo. 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 fd' 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 1is 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 fo to maintain
the controlled variable f at its set point fd. If the calculation is
done correctly, the controlled wvariable 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 locad. 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 tachogenerator TG was used as
illustrated in figure 4.4. This provides a voltage ng which is
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 vft = -6V when the rotor is running at a synchronous

speed of 1500rpm. This gives a speed measurement signal of Vft = [0
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to -12V] 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 (R1l, Pl) and an inverting unity
gain amplifier ICl. A low pass filter which consists of Rl and Cl
was used to reduce the tachogenerator ripple. The task of the zener
diodes D1 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 fd is compared to the calibrated tachogenerator voltage vft
The difference value is fed to a noninverting amplifier IC3 which
generates the required rotor current frequency demand signal vf{
The fd signal was set to 6V which is proportional to a mains
frequency 50Hz using P2 and IC2. A characteristic of v versus

ff

rotor shaft speed n is depicted in figure 4.8.c.

4.6 GENERATION OF THE ROTOR CURRENT +/- FREQUENCY; ANALOGUE/BINARY

SIGNALS

The rotor current frequency demand signal fo 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 Ve respectively. This is explained by the
block diagram of figure 4.9 and by the characteristics of figure
4.10.4. Figure 4.11 shows the «circuit which converts the
bi-directional inverter frequency demand signal Ve into a sign
signal FD and modulus demand signal.

The sign signal FD is created by a comparator IC4 followed by a
zener diode D3 which turns the polarity of ka 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 IC2 and IC3 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 oﬁtput frequency of the inverter 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 vff 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 Vi
is applied to a voltage to frequency converter, ICl which increments
or decrements the ROM addresses. The gates of IC5 direct the clock
pulses to either the "up" or the "down" count inputs depending on
the polarity of VEf. A 10-bit up down counter was built from three
4-bit counters, IC6, IC7 and IC8, with two bits left over. This
counter is applied to two 1k 8-bit EPROMs, IC9 and ICl0 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, fIN = (50 - 2fm) Hz.

The Two digital sine waves of equal frequency but 1200 out of phase
stored into the EPROMs are converted into analogue forms by the D to
A converters, ICll and ICl2.

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:

£ =f +-2P—n— e e e e e e e ... (4.10)

Where fIN 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= £ o+ e e e s oo (a1

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., o= 0.0208°N . . . vttt e e e e e e e e e e e e e e e . . (4.12)

tg

Where n is the rotor speed in rpm.

94



The characteristic voltage/speed of the tachogenerator has been

shifted using R1 and Pl of figure 4.7, so as to be:

v, = -0.004n . . . . . . . 0 oL L L0 e e e e e e e e . J(4.13)
ft

The low pass filter which consists of Rl and Cl has a time constant

Ttg = 58ms. This can be neglected because of the slow variation of

the prime mover speed. Consequently, the speed measurement transfer

function is a gain of kft = -0.004V/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, Ve into three phase inverter current frequency
output, fIN. 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._=4.8'v e - Y

and, kINf = 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, fIN' This may be achieved using P3 and IC4 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 fo should vary over a range of *12.5V.
This is realized by IC4 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, fIN is S50Hz
when the machine is stationary, (vft = 0V), and the system is in

automatic controlled mode, an additional gain is necessary, as

illustrated in figure 4.14. This may be deduced using egquation

4.13.

k =20 X R VB T 3
INE

Consequently the frequency comparator gain, kfc is of 1.73. This is
realized using IC3, R5, R7 and the variable resistor R1l1l 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 1in 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 RMS machine output voltage of about 100V
using "Amp. Adj.". The a-phase field current of the ac machine was
simulated by its feedback signal Ve which is the output of IClA
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 ICl 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 1like 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 wvariation which may be due to other
secondary disturbances such as alterations in machine impedance, 1is
insignificant. Figure 4.18 shows the terminal voltage at constant
50Hz oupug 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 1is noticeable for speeds approaching
1000rpm. This 1is 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 EMF 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 1is 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.

101



i , at frequency f

/
/ Stator

g e

n
B N S

@\ X & ®
J D.C.:f.=0 i Rotor

a) Synchronous machine

i, at frequency f

/
/ Stator

{ s e
}<”_ ®/\\/@) Rotor

) 7/
i, at frequency fy,

f= (P2) fa t fu
‘fm= n/60

b) Secondary Excited Induction Machine

F Ig 4.1 A plan view of synchronous and
secondary excited induction machines



fIN (Hz)
50 A
0 | >
1500 3000 N (Rpm)
-50 T

F lg 4.2 inverter frequency/Prime mover shaft speed
characteristic



I

l

Amplitude :
l I
[

Controller

Adj.
Vit |Current Source
Inverter
Frequecy
Feedback -

Prime Mover

n

P/2-1/60

l (o — o

Ac generator

Speed
1

a) Output frequency feedback control system

Vi

Vit

I Prime Mover
Speed Speed
measurement -——— — 1
| |
: P/21/60 | |
Amplitude | |
Adj. |
: o
Current Source | fin + ANt | f
Inverter !
[ - — — 4

Ac generator

b) Output frequency feedforward control system

F lg 43 Constant machine output frequency control systems



peo
s|qelUeA

walsAs Bunessuab ayy 0} paidde
ABajens jonuoo Aouanbaly syl jo weibep yoolg T Dl -

\

Aeneg

lalanu|

’

J0)BIBURYD) QY

<"

L/

—/

® @

¥

.

JOJON 04
JOAON
awild

jonuon
abejjon
ainyeuly

Xoeqposd e
ueuny Aouanbai4
Jojeloudr)
JOIEINPON  fg— aoualejey
Jueweinsesy peads
uolne.qiied
—
o] ™ peadg

A



50

Tachogenerator Output Voltage (V)

0 500 1,000 1,500 2,000

Shaft Speed (Rpm)

Flg 4.5 Tachogenerator voltage/speed characteristic
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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 1load 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.l1.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.l1.a, the induced RMS armature winding

voltage per phase, E0 may be obtained as follows :

E =V + I (R + 30L) v v v v v v v v e e et e i e v e e . (5.1
0 P s 8 s

Where, VE, I, Rs and Ls are the per phase RMS voltage, per phase
s
RMS stator current, stator resistance and stator leakage inductance

respectively.

The induced RMS armature voltage may also be obtained as:

=3 T -
E = juM I (5.2)

Where, Mh is the magnetizing inductance seen from the stator and Io
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is the magnetizing RMS current.

Referring to figure 5.1.a, the magnetizing current can be written as:
I = — I =T & v v v v v e et e e e e e e e e e e e e e 5.3

Where, a is the ratio of stator number of turns to rotor number of
turns and IIN 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:

. 1 .
E0 = JmeTE_IIN - jmeIS Y -8

In the case where the load is removed equation 5.4 becomes:
= joM —1T e e e e e e e e e e 4 e e e e s e e e e . . (5.5)

Efo 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 IS known as Er:
m
E =-JuMI . . . . . . v v v v ot « v v o s s v e+ e . . (5.6)
r m s

Replacing equation 5.4 into equation 5.1 and defining,

Ef = (l/a)IIN-jth gives:
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E =V + { R + jw(L + M) } Y A
f p s s m s

Equation 5.7 represents the governing equation of the generator
which may be represented by the equivalent circuit depicted in
figure 5.1.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-ﬁg. To this is added an armature reaction reactance
drop jme_f;. The resultant is the excitation Voltage-ﬁ;. The
leakage reactance drop and the armature reaction reactance drop
added along the same line and both being perpendicular to-i;,
represent a total reactance jw(LS + Mm) called the synchronous

reactance.
5.4 CONSTANT VOLTAGE OPERATION

Replacing equation 5.4 into equation 5.1, the RMS 1line-to-line

terminal voltage may be written as follows:
v =v3{i1 joM - { R + jw(L + M) I .
t a "IN m s s m s c - -« . . .(5.8)

The generator is supplying an isolated 1load. Thig requires a

105



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 Vt. The rotor current RMS value is

assumed to have two components; one for open-circuited stator II

’

NO

and one for short-circuited stator II .

NL
If I =1 + I__, is substituted into equation 5.8 and 5.3, and
IN INO INL
then two stator conditions are considered; namely, IS = 0 and Is *

0, the following equation are obtained:

(i) The condition IS =0
1 .
V=\/?7?I FOM . L L . L L . e e e e e e e e e e e e . (5.9)

and

=1 T - 0 D)

(ii) The condition I = 0
S
0= ST e - R+ e I (5.11
a INL® m g T Il + M) Gt e e e .11)

and
=1 S - )

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 IINL must compensate for the stator impedance drop. Equation 5.12
shows the required current source IINL. Therefore, to maintain

constant voltage operation for various load conditions the RMS rotor

current IIN, has to be controllable.

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 Vc
is obtained and fedback to the controller as input V;t. When the
load current IS which represents the main disturbance varies, Vt and
V&t also vary. The controller notices this variation after comparing
V;t to the set point Vd, then it alters the rotor current reference
signal Vif so that to reduce the error. A basic block diagram

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 wvoltage 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 ICl, 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 IC3. The combination of RS8
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;t on the

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 1load conditions, the

rotor current RMS value has to be controllable. To achieve this end,
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the amplitude demand signal, Vif is applied to both positive
reference voltages (VR+) of the D to A converters ICl1l 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 Vif'
5.8 SYSTEM MODEL
5.8.1 MACHINE MODEL

The ac machine may be modelled using the governing equation

V=V37E-{R+jw(L+M)}1 R € % < )
t f s s m s

The relationship between the terminal voltage Vc and the load

current I , assuming E = V?Ef, is as follows:
8

E_ =V +V3ZI . . . v v v v v v v it e e i i e e e e 51
fl t s s

Where, Z is the total stator impedance given as:
S

/ 2 2 2
Z = R+ (L +M) w e e e e e e e e e e e e e e e e a (5.15)
S S S m

109



Replacing LS, Mﬁ and Rs by their wvalues shown in figure 5.1.a,
gives: ZS = 141.4Q.
The machine terminal voltage is also related to the load current as

follows:

V =12 e - XY

Where, ZL is the rated load impedance between two lines and which is
estimated to be 560Q at Vt = 100V.
Substituting for Vt from equation 5.16 and replacing it into
equation 5.14, gives:

ZL + 3Zs

Efl e 5 - Y B
ﬁ =]

Thus, the transfer function between V£ and Efl may be given as:

Vt(s) I (s) Vt(s) Z
= s . = =0.569 . . . . .(5.18)

Efl(s) Efl(s) Is(s) ZL + BZs

The transfer function between the excitation voltage Efl and

the rotor current IIN, when the load is removed, may be modeled as:

=k . . . . . . e i it e e e e h e e e e e e e e . (5l19)

Where, Kf is the proportionality constant between the line-to-line
RMS EMF E and I_ .
f1 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 "Ampl. 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 kf was found to be 230V / A .

lineRMS 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.
(o}
For the reference generator, an input signal of Vif = 1V, gives a

peak output voltage V, =V, = 1V.
iar ibr

Therefore, the required inverter gain is given as follows:

IN(S) 1
= = = 0.353Aa /V .o . oo . . .(5.20)
RMS

Nv V. (s) V2 k
if cf

5.8.3 VOLTAGE FEEDBACK MODEL

The transfer function of the voltage feedback loop may be

written as:
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vV (s) ¢
vt = v Y € P2 8 |

V (s) T s+ 1
t v

Where, kvf and T;f are the voltage feedback dc gain and voltage
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, kvf = 0.0224v/V. The voltage feedback time constant
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 va =

2S8econds.

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;t for changes in the set point Vd, but
changes in load are not conveniently studied because the load is
represented by ZL, and a change in ZL alters the wvalue 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 AIs

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 Vif is proportional to the

integral of the error, (Va - V;t). This gives:

Vif(s) = (V&(s) - V;t(s)) e e e e e e e e e e e e .. W(5.22)

Where kI is the integral gain.
Before proceeding to the calculation of the integral gain, two

assumptions were made:

(i) The feedback two seconds time constant swamps the transient

response of the machine, ie: T c is the dominant time constant.
v

(ii) The feedback signal V;t 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 5.1l.a, the transfer function of the system

becomes:
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1 ZL
vV (s) kaINkakvf T . ) 3Zs+ Z

G(s) = ve = v L - (5.23)
V _(s) 2 1 1 L
d .
S+ kaINkakvf T 3Z + 2
vE s L

vi

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:

0.52k
I

G(s) = e o1y

s + 0.5s + 0.52k_

This has a characteristic equation:
C(s) = s° + 0.58 + 0.52K_ + « « + .« s u e e e e w .. . . (5.25)

This gives:

w =V 0.52kI e - 1))

n

Where w 1is the natural frequency.
n

And,

£ = N - 9 Y D'

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, kI can be found as:

k = =0.245 . . . . . . o . . o . o o o . .(5.28)

2 ,.2
47’ £%0.52

Replacing kI by 0.245 in equation 5.26, gives a natural frequency wn

= 0.357rad/sec.

The integral controller is of the form depicted in figure 5.12.

This has a transfer function as follow:

1
v, (s) = (Vo(s) -V (s)) . . . ... ... .(5.29)
* s(R1 + 2R3)C1
Therefore:
1
k = Y € 9 11

(R1 + 2R3) C1

Where Cl was chosen to be 1.5uF 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 Rl = 2MQ and R3 = 1IMQ. R3 is a variable resistor,
thus from R3 = 0 to R3 = 1MQ, kI varies from 0.33 to 0.16

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 diagram of the voltage
controller is shown in figure 5.14. The output voltage demand signal
is achieved by the circuit incorporating ICl and Pl, which may
provide an output voltage set value varying from 0V to 223V. The
open loop control voltage is realised by the circuit incorporating
IC4, P1l, RY9 and R10. This may alter the RMS field current from 0A 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 wvariable 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 100V RMS
output voltage. This reduced stator voltage of 100V 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 RMS line voltage response to a

117



step change in machine voltage demand signal from 0V to 100V, at
constant machine 50Hz output frequency. Figures 5.21.a and 5.21.b
show a quite good agreement between the predicted model and the
experimental one. The RMS 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, ts & l12seconds and
a time constant, T & 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;f =
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 constanF va, with more ripple introduced. However this method

is rather crude.

Transient performance of the constant voltage constant
frequency generating system was tested over a wide range of

generator shaft speed and 1load variations. These results are
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presented in figures 5.22 to 5.28.

Figure 5.22 shows the controlled RMS machine output wvoltage,
which was sensed from its feedback signal, V;t, when a variation in
machine shaft speed from subsynchronous to supersynchronous at
constant rated load has occurred. It can be seen that the deviation
of the machine RMS 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 ra;ed 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

119



eliminates it when the system reaches its steady state. The
transients takes about 15seconds 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 Ggeneration over a shaft speed range of about
[1000-2000])rpm 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 1limits 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 EMF 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 1line «currents 1in 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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Notes:
R,=4.50 Ohms L.=0.06H
R,=8.60 Ohms L,=0.07H
a =0.93 M,=0.39H
W= Sw
R jwlg WM,
o____/W\/__g_JWL Y'Y\
~ A
-
| ) i
T
I
o
b)

Fig 5.1 Machine per-phase circuit diagrams



| Fig 5.2 Machine Phasor diagram
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Line Excitation Voltage E 10 (V)
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F lg 5.9 Machine no-load characteristic
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