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Oving to the continued growth in turbogenerator
size, the dynamics of the steam powesr plant in a power sia-
tion havwe assumed imporitance. Two mathematical models of a
steam power plant were developed to analyse the dynamic chae
racteristics of the welevant part of the power system, one
of these models is suiteble for digital calculmiions and the
other for analogue comnuter studies, In conitrast with nost
transient stability studies that have appeared in the litera-
ture, the models in this thesis consider the turbine and boi-

.

ler characteristics in detail,

The main object of this thesis iz the simulation

6]

of the transient pvhenomena in a steam power staticn after a
fault has taken place. For this purpose, a turbine dynamic
characteristic simulator for a micromachine set was develop=-

ed that was linked t¢ the boiler simulator.,

A comparison is presented between results of tests
carried out in the Goldingten and Northfleet power stations,
. micromachine simulations and digital calculations, In partie-
cﬁlar, load rejection and pole=slipping transients in theose
twoe power statiéns are discussed in detail, For both trane-
sients, a comprehemsive explanation of the controel aspects
of theo phenomena is attempited, and two ways of dealing with

short duration faults din the transmission system are suggested.



Since the advent of the thyristor,; controeiled rec-
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exrs. have been extensively used, such rectificrs bein

many instances part of a closed=loop system, A controlled

PN

rectifier operating under constant current control was employed
to drive the micromachine set. In an attempt to analyse the

dynamics of the micromachine drive system, two new discrete
rectifier models were developed, a rigorous onoe capable of
simulating large perturbation transients and a linearised one

suitable for small perturbaticons. Using these models,an cptimum

design for the micromachine drive was achilieved,
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CHAPTER 1

INTRODUCTION

1.1 General

Over the past decade considerable research has been
undertaken on the analysis of high order dynamic systems,
First, a mathematical model of the system is usually postu-
lJated after which the quality of the model can be assessed
by simulation of true life situations, Predictions can then
.be effected with a degree of confidence determined by the
closeness of the simulation results to the real situation and
finally, a synthesis can be made if optimization of the dy-

" namic process is sought.

This work is concerned with the simulation of power
systems, As economic optimization of power system operation
and design is attractive due to the considerable cost saving
that may result, there is a real need for accurate simulation
of power system dynamic behaviour, The solutions of the pro-
blems arising in bower system simulation studies are impor-
tant not only in the power field but also in other bréﬁches

of theoretical and applied science that deal with high or-

der controlled systems,

The main purpose of this thesis is the simulation
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of post-fault phenomena that can jeopardize the system reli-
ability, In particular)the behaviour of a single steam power
plant connected to a large system is studied. using a micro=-

machine.,

1.2 Historical review of micromachine studies

.As early as 1923 Schurig1 constructed a per-unit
scale model of a power system using small synchronous machi-
nes, Schurig din his pionering work did not model synchramous
machine parameters, turbine characteristics or AVR action as
his work was concerned with the transmission system over-

voltages and overcurrents arising from system faults,

Late in the 30s and during the 40s extensive work

2 In 1950, Robert’'" publi-

was carried out in the U,S.S.R.
shed in France the laws of similarity for the modelling of

large synchronous machines by means of micromachines and res-
tricted his investigations to the turbogenerator transient be-
haviour after a fault. He also devised a systems approach to
the multimachine problem and deveioped what has been known

as 'microreseaux', in which scale models of large synchro-

nous generators are interconnected by model transmission li-

nes,

In 1957, the dynamic behaviour of several alterna-

tive extensions of the U.5.S.R. grid was assessed using mi-

5

cromachines”, This work provided the specifications for the



new hydro power stations supplying consumer centres through

5

very long transmission lines?

..

In the 50s, apart from France and the U.S.S.R.,
there were only a few other countries possessing microma-—
chine instalations, Of particular importance was the work

carried out at Imperial College? Work has also been in pro-

gress in AustraliaT.

The beginning of the 60s saw the digital computer
becoming an increasingly powerful tool for the analysis of |
power system dynamic behaviour, Power system simulation stu-
dies were given a boost but interest in micromachines some=
-Wwhat decayed as it was considered that the digital computer
would be a more economic and flexible tool for simulation

studies,

Dufing the 60s, micromachines were used at Imperial
College to corroborate digital computer calculations with
experimantal results 8’9’10’11’12, in particular, Park's

equations were solved and the merits of the d-q transformas=

tion were evaluated,

A CIGRE exercise was carried out in 1962 to evalu-~
‘ate transient stability methods of analysis. The reporé of
the exercise was published in 196#13 and was based on the
results of the High Marnham tests‘h. The microreseaux simu-

lation of Electricite de France in the CIGRE exercise com-

pared favourably with digital and analogue computer results



and network analyser simulations,

In 1970,Aa second CIGRE exercise was carried out '~
and the results of the Northfleet tests16 were taken now as
a basis for comparison. On this occasion, the micromachine
simulation compared less favourably with test results than
in the_previous exercise, This was a direct consequence of
poor parameter similarity and a realization that in certain
aspects of direct simulation of power system dynaﬁics, mi-
cromachines were being superseded by the more versatile di-

gital cowmputer,

During the last few years; several developing
countries have shown interest in micromachines and some ha-
ve actually bought microreseaux instalations, This may sti-
mulate further research and it is hoped that micromachines
will continue to play an important role in power system dy-

namic studies. -

13 Present research on micromachines

Since the advent of the digital computer the aims
of micromachine studies have changed., In the same way, . re-
‘cent advances in the electronic field have rendered obsolete
many micromachine components. Moreover, rapid progress in
technology made possible the introduction of more powerful
controllers in power stations. As a result, research in mie-

cromachines is proceeding simultaneously in three main di-



-

rections: ..

1) development of the micromachine system,

..

2) simulation studies, and

3) experimental support for inunovations in power

system control,

1.3.1 Development of the micromachine system

Micromachine designs are under continuous review,

"in particular, efforts are directed toward a reduction of

the high per~unit resistances which adversely affect simu~-
lation results 12’17’18. It is interesting to point out that
the reduction of the microalternator resistances is an eco=
nomic problem as larger micromachines do not suffer from

this deficiency, but, the microreseaux cost is severely in-

creased if ratings are augmented.

Research is also orientated towards implementing
improved instrumentation, It is of particular importance to
monitor the load angle, rotor speed, acceleration and torque;

References 10, 19, 20, 21, 22 describe monitoring schemes

~arising from micromachine research which may find, in the

future, direct application in a real power station,

A considerable part of this thesis is dedicated

to the simulation of turbine characteristics for microma-



chine studies, The simulation of these characteristics was
first implemented by Roberts’4 in 1950, the resulting scheme

being dynamically slow and accurate only for small perturba-

. tions,

Turbine simulation on micromachines can be pursued
in two directions, namely a speed control system for the d.c.
machine drive and development of the simulation of turbine

characteristics.,

In the search for a speed control system, Evans et
a123 in Australia have recently developed for this purpose
a power amplifier based upon pulse width modulation techni-
ques with about 1 ms sampling time. The author 2k and Ham-
mons25 have developed three-phase fully controlled recti-
fiers, with sampling time of 3.3 miliseconds, Recent work
in rectifier dynamics, described in chapter 4, has permitted
the design of a rectifier speed céntrol system with a negli-

gible overall transient response cémpared to'the turbine

transient characteristics.

In this thesis a scheme is developed capable of
taking into account with reasonable accuracy large per-
turbations and therefore capable of simulating turbine cha~
racteristics under any operating conditions, Special care
is taken to represent both the torque and the torque-speed-

-slope at any operating point.

The high per-unit loss of the micromachine set is
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discussed in chapter 3 where it is concluded that the micro-
alternator losses gre excessively high and thus core loss
compensation is necessary, However, 12r losses in the armatu-
re circuit of the microalternator are more difficult to es-

-

timate.and no compensation was attempted.

Recently, other turbine simulators for micromachine

26,27

studies have been suggested, but in the author'!sopi-
nioﬁ, these simulators do not compare favourably either in
transient response or in steady-state accuracy with the re-
presentation developed here, In particular, special analo-

gue circuitry was developed to account for the singular be-

haviour of the hydraulic amplifier transfer function (sectim

-2,8).

1.3.2 Simulation studies

In this work, the simulation studies'of other in-
vestigators in the field are extended so that a more com-
prehensive dynamic model of a steam turbine could be consi-
dered, The simulation of the interceptor wvalve behaviour is
shown to be of particular importance in the event of load
reiection and pole-slipping conditions, A boiler model is

also developed enabling power system disturbances of up to

several minutes to be studied with reasonable wvalidity,

In addition, full load rejections have been succes-

fully simulated on a micromachine set for the first time
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and pole~slipping conditions were also simulated resulting

in a comprehensive explanation of the phenomena involved,

All simulations described in this thesis are con-
cerned with the Goldington28 and Northfleet16 tests, Several
reports of simulation studies carried out by other investi-

15,28,29,30,31

gators are available for comparison purposes,

1.3.3 Experimental support for innovations inpowersystem control

Micromachines are capable of providing experimen-
tal validation of new control schemes, An example of this
type of research is at preseﬂt being carried out at Impe-
rial College, in which a direct digital control is being im-
plemented on a turbogenerator in order to test wvarious

32

optimum control strategies~ ™,

1.4 Power system dynamic simulation

Developments in the power simulation fleld during

33,34,

the last few years have produced an increased accuracy

35. The introduction of the boiler in this simulation has
permitted the analysis of the dymamic behaviour of power

33,34,36

systems over longer periods + The trend in the search
for a general purpose complete power system simulator influ-
enced the work of this thesis and as a result the author in-

troduced a boiler into the micromachine simulation,
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Little detailed consideration has been given in
the past to the turbine behaviour but in this work, the tur-
bine and its controllers are congidered in some depth.

The various components of the simulated power syse-

tem are now introduced in greater detail,

1e4.1 The transmission system and load

The transmission system does not in theory offer
difficulties, but for system studies a great deal of re-
search is necessary to simplify transmission networks sys=
~tematically and to extract the fundamental characteristics,
A single power station connected to an infinite bus bar by

an impedance is used throughout this study,

The behaviour of the load under disturbed wvoltage
and frequency conditions has lately received attention in

37338139. If the simplifying assumption of an

the literature
infinite bus bar is lifted and load characteristics are si-
mulated, frequency and voltage variations will take place
and, with due regard to boiler characteristics, a complete
power system simulation can be obtained., The coordination
"of all control systems, from boiler pressure controllefs,
turbine governors, and voltage regulators to strategies for

load shedding and line switching can then be embodied in a

single study.



“1.b4.2 The synchronous machine and automatic voltage regu-
lator
The basie theory of synchronous machine modelling

has been.wéll ;stablished in the literature by Teslaho,
Blonde1!, Park*?, and Adkins™3. This theory is based on

a first harmonic Fourier approximation of space~time waves,
but nevertheless the theory has been used with some success
to predict phenomena like the backswing (section 5,5.3) which
takes place over very short time intervals, Furthermore,
nonlinearities like saturation have been taken into account
in this apprcach with a fair degree of accuracy resulting in
closer approximations to synchronous machine dynamics. In
this context, a micromachine is a particularly useful model
because the full harmonic content of the space~time wave is
considered and it can be argued that saturation is better
represented in a micromachine than in most digital computer

simulations,

The author has developed in this thesis (sectidn

2.4) a simplified mathematical model of a synchronous ma-

29,44

chine directly from Park's equations

White and Woodsonhs.

as written by

A Cauer expansion technique46 was used to reduce
the order of automatic voltage regulator transfer functions
for system studies. This technique offers two main advanta-
ges of simplicity and accuracy over Bode diagram approxima-

tionsdescribed in reference 47 and used by most investigators,
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1eie3 The turbine and governor system

The torque speed characteristics of a turbine re-
gquire special attention and an analysis of the basic mecha-
nism of power transfer that takes place in a turbine blade’
is pertinent., From this analysis, briefly described in section
2.7, and well known to blade designersu8, it is shown that
constant power lines in the torque-~speed plane are good
approximations to turbine steady-state characteristics. The
foundations of the analysis of blade power transfer mecha=
nisms are well established from the experimental results

ko

on blade simulators by Waren~Keenan ~, Dollin50 and the

51

Steam Nozzles Research Committee . Oa.kden52 has assessed:

favourably the validity of blade simulator investigations
with reference to the application of one dimensional analy-
sis to a three dimensional process, However, this one dimen-
sional method of analysis breaks down when long blades are
studied. This may be the case when last blade rows of LP

turbine cylinders are considered as has been pointed out by

53

Kearton” -, Experimental corroboration of turbine steady-state

characteristics have been obtained for s.hip5br and train55

steam drives,

In this study a dynamic model of a turbine cylin-

der is rigorously developed from the early works of Stodola56

and Kearton?7 where from the model of a cylinder, the dynamic
equations describing the behaviour of a non-vreheat turbine

= .
are readily derivedJS. In reference 28 a similar set of

equations for modelling a non-reheat turbine is employed and



28

good correlation with experimental results is obtained in

the event of a full load rejection (section 5,2).

The steady-state evaluation of turbine characte-~
ristics (section 2.7) is in agreement with the extensive

experimental research carried out by General Electric59’6o’
61,62
..

57

Using the Stodola56 and Kearton equations, a cir-
cuit formulation of the steam path of a reheat turbine is

63

made in section 2,7 « This formulation is similar to the
approach suggested by Jolleyéu and results in a non-linear
model, The circuit formulation can be used as a basis for
comparison of the classical linear approach to reheat turbi-
ne dynamic characteristicsBu’6u’65’66. It can be shown that
this classical approach in which the turbine characteristics
are assumed to be linear is not a linear incremental appro-
xiﬁation of the more rigorous non-linear circuit model and
hence the classical model produces.errors of roughly 10 to
20% in both small and large perturbationAstudies. Similax
conclusions have been drawn by Jolley6u and Hughe367 who
have also pointed out that if the turbine characteristics

are assumed to be linear the HP cylinder is poorly represen-

ted,

The governor behaviour under large disturbances
is of special importance, It is shown that a slow opening

rate of the hydraulic relays as compared with _the closing
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rate improves stability margins, Particular importance is
6L

also given to govefnor multiple time lag characteristics

and relay constraints,

1.4.4 Boiler dynamics

Early boilers had a very large stored energy capa-
city and for all practical purposes, boiler dynamics were
decoupled from turbine and generator controllers. During the
last two decades with the accumulation of knowledge on the
heat transfer process, boiler dimensions were relatively
.reduced with a resulting reduction in the relative encrgy
,storageés « This trend culminated in the "once through"

69

boiler having a very low energy storage « As power stations
grew in size, the per-unit boiler stored energy decreased
and it is therefore not correct to assume in such cases
non-interaction between the boiler, the turbine and genera-
tor controllers, Laubli and Fenton7o have shown that insta-

bility of these controllers is likely to occur if adequate

allowvances are not made to avoid it.

The boiler model developed here is a modified ver-

sion of Profos69'original approach and the experimental

‘work reported recently by Astrom71 supports the modelling

approach employed in this thesis,

Of all boiler dynamic models published in the

literature only the works by IBMBB, YOung34, Profos69,
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71

Laubli-Fenton70 and Astrom are relevant for large power

T72,73,74,75,76,

system studies. Other boiler dynamic models

77

involve detailed analysis of heat transfer dynamics and

are not directly relevant to the problem under discussion,

-

15 Rectifier dvnamics

The controlled rectifier is one of the fastest
power amplifiers available., Since the advent of the thyris-
tor, such amplifiers have. found a large number of applica-
tions, In this work, a three phase fully controlled recti-~
fier was used for speed control on the d.,c., machine drive
motor of the micromachine set. The torque speed characte-
ristic specifications for the d.c. motor demand that the
rectifier forms part of a closed-loop current~control sys-
tem. Experimentally, it was found that instability occured
when the gain of the current-control loop was made too lar-
ge. In order to analyse the instability phenomgna as well
as to attain a specified transient performance, dynamic

modelling of the rectifier was necessary,

In chapter 4, first a rigorous mathematical model
of the rectifier system employed is developed based on the

78

"central process" idea and this model describes the dyna-
mic behaviour of the rectifier under any operating conditios.,
Good correlation was obtained between experimental results

and digital computer calculations using this model, These

calculations, however, are time consuming and a small per~
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turbation model was required,and thus a critical analysis of exis-

ting rectifier small perturbation models was undertaken,

As early as 1951, Busemann79 studied the hunting
of convert&rs operating under current-control, and modelled
the rectifier using impulsive analysis, Busemann's method
can determine whether a particular operating point is sta~
ble without any indication of the stability margin, This
method neglects resistances, overlap angles and pulsing
circuitry characteristics,

f

Reiderso in 1957 modelled the rectifier using the
principle of "equivalent areas", later used by Andeen81’82
to model pulse-width modulated systems., In chapter 4 it is
shown that this principle, as applied by Reider, is restric-~
ted to extremely simple system configurations, Reider, how=-
ever, was first to use sampled data systems theory and thus

was capable of giving an indication of the degree of stabi-~

lity of the system using Nyquist plots.

83

Bjdresten modelled the rectifier in 1963 using
impulsive analysis and was first to take into account the
pulsing circuitry, Bjaresten neglected resistances and
overlap angles and analysed the system under short circuit
‘conditions only.

Fallside et alSh’S5

also used impulsive analysis,
but employing. Fourier transform rather than z-transform tech-

niques they obtained an infinite series expansion for the
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critical gain, Thi§ infinite series expansion for the criti-
cal gain can be shown to be equivalent to Bjaresten's earlier
work86. Taking only the first term of the Fourier transform
of the infinitesimally small rectifier voltage output at the
critical stability point, Fallside derived a so-called des-
cribing function approximation tg the convertor transfer
function, This approach has the main disadvantage that the
frequency of self-oscillations has to be postulated, Like
Fallside, Persson87 used a first harﬁonic approximation,
although this author was more concerned with the represen-
tation of the a.c. system impedance attached to the recti-
fier mains supply.

88,89,90 pave modelled the rec-

Lately other authors
tifiexr using-a sample and hold circuit based upon a shape
similarity idea, In chapter 4 it is shown that this idea

has severe limitations when applied to rectifier systems,

In this thesis a comprehensive analysis of the
rectifier under small perturbations is presented which re-~
sults in an exact linear incremental mod9191. The analysis
permits the inclusion of ovérlap angle effects and a thorough

representation of the pulsing circuitry,

An alternative,equally rigorous, procedure due

92

to Flower and Hazel is the linearisation of the rectifier
difference equations, Flower and Hazel, however, considered

only a very simple system structure,



CHAPTER 2

STEAM POWER PLANT SIMULATION

2.1 General

In this chapter the simulation principles for a
general purpose steam power plant model will be discussed,
The model should be capable of simulating two steam power
plant major disturbances, namely a short circuit near the
synchronous machine terminals andra full load rejection,
'The emphasis of the simulation is placed on governor action
and therefore-governor, turbine and synchronous generator
mddelling are considered in detail. As the boiler stored
energy plays an important part in long term power system
dynamics, a boiler model suitable for power syétem studies

is introduced. .

Two models were developed, one suitable for digi-
‘tal computer applications and another for analogue compu=
ter studies which were used in conjunction with a microma-
~chine set to simulate the synchronous machine behafiouf.The
size of the digital model was kept within 20 first order
differential equations so that computation could be carried
out economically. A systems approach towards the problem was

maintained throughout the study,.
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2.2 Physical description of a steam power plant

The physical processes involved in 'the generation
of electricity in a steam power plant are described diagra-
matically in Fig, 2.1. The plant consists of a boiler in
which chemical energy from a fuel is transformed into heat,
this heat raises steam the energy of which is transformed
into mechanical energy in a turbine, in turn this energy is
transformed into electrical energy in a generator from where
it is transmitted to the consumer, The modelling of such a

process will now be described,

2.3 The micromachine system

Thé micromachine system consists of a small syn-
chronocus machine and a two phase tachogenerator both driven
by a d.c. motor, This small synchronous machine is designe-
ed to give a range of parameteré that correspond, on a.
per-unit basis, with those of large alternators,., The micro-
alternator is connected through a network to a fixed supply
of a much bigger capacity than that of the set and which can
be treated as an infinite bus, A selection of flywheels may
be fixed to the shaft of the set for adjustment of the iner-

tia constant of the system,

On scaling down a large machineﬁa desired simula-

tion is achieved in most respects with the exception of the
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open circuit time constant of the field winding of the micro
machine which owiné to physiqal limitations is much smaller
than that of a large alternator. The time constant regulator
is a device designed to reduce the effective field resistan=-
ce and therefore alter tLa open circuit time constant to the
order of those required for the simulation of a large machi-
ne, A time constant regulator developed at Imperial College
and used in earlier experiments is shown in Fig. 2.2.9 The
transient and frequency response of this device were measured
and the resulits are presented in Fig. 2.2, The transfer fun-
ction of this time constant regulator can be identified now
as a second order system with a break frequency of 25 Hz,
The break frequencies of the Goldington and Norithfleet exw
.citers are in comparison two orders of magnitude smaller,
therefore, the transient behaviour of the time constant re-
gulator can be neglected &ithout introducing any serious

exrxroxr,

The high armature resistance and the small subtran
sieﬁt time constant of the micromachine per-un;t parametefs
show a certain amount of disagreement with the correspon-
ding parameters of the synchronous generators being simula-

ted. These discrepancies were accepted as it wasd practically

impossible to avoid some differences (Table 2.1., pp 88),

The turbine torque-speed characteristics were Si-
mulated by armature control of the d.c. machine, The system

adopted is described in chapter 3.
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Three states of the micromachine system were meaw
sured: the micromachine terminal voltage, the shaft speed and

the load angle.

The micromachine terminal voltage was monitored by
means of a step down voltage transformer, rectifier and smooth-

ing circuitry as shown in Fig. 2.3.

The shaft speed was obtained by rectifying the two
phase tachogenerator output voltage and passing it through

smoothing and scaling circuitry as shown in Fig. 2.4,

The micromachine load angle was measured with re-
ference to the infinite bus bar. The shaft driven tachogpnew
rator generates a sinusoidal voltage whose phase with res-
pect to the infinite bus voltage changes in accordance with
the rotor positionTO, thus the rotor angle detection problem
can be transformed into a phase detection problem between
the infinite bus bar voltage and thg tachogenerator output
voltage. The sensor that was designed and tested by
another research student 10 has an operating range of 180
degrees, however as pole-slipping with load angle variations
of 360 degrees were expected the original design was modi-
fied, In the new design the load angle is measured as shown
diagramatically in Fig. 2.,5. Additional filtering is intro-
duced to reject the 50 Hz component present in the output

of the load angle detector owing to this modification, The

final design of the filter is shown in Fig. 2.6,
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A bleck diagfam of the micromachine system for the
simulation of a steam power station is presented in fig.2.7
in which an analogue computer‘was used for the simulation
of the governor, tﬁrbine and boiler,

In order to check the wvalidity of the micromachine
simulation against test results, a mathematical model of a
synchrénous machine suitable for digital computer calcula-

tions was next developed.

2.4 Mathematical modelling of synchronous machines

L3

According to the '"generalized machine theory"
the equations describing mathematically the dynamic béhaviour
of a synchronous machine after applying a modified form of

42,93

Park transformation to the original phase variables are
given in reference 45 and reproduced here, The same sign

convention and per-unit system are adbpted._

Voltage equations

Ve =Te dp +p ¥
Vea =0 = Tpq iyg * P ¢kd
Vig = 0 = Ty Ipq * P ¢kq (2.1)

Vg = -r o dig+py, -0 ¢§
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Mechanical equation:

tur

Flux linkages equations:

O ¥ = (Zpg + Xpq) dp = Xpq i+ Xpq dyy

Wby = Xpg Fp = (Xpg + X09)ig + Xpq 34 (2.1)
wo¢a = -(xmq + xal)iq X g ikq

©o¥%a = *na Fr = Fma i * (Fpg * *kae)ika

m°¢kq = =X iq + (xmq + xkql)ikq

In order to save computer time and to keep the
order of the simulation within reasonable limits it was
considered necessary to reduce the order of tﬂ; mathemati-
cal model representing the synchronous machine, This was
achieved by reducing the number of energy storage elements
considered. The most important output quantities of a syne
chronous machine ffom a system point of view are the rotor
angle, the rotor speed, the armature current and the térmi-
nal voltage; allienergy storage elements which do not have
a signifiéant effect upon the variations of these output

guantities may be neglected without seriously affecting the

L
accuracy of the:simulationh'.
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Damper windings are responsible for large damping
torques and their éffect should be taken into account., A
convenient way adopted by many investigators,- of considering
this effect, is to introduce a variable velocity damping

Vcoefficient thereby reducing the number of energy storage
9k

elements by two, Crary”  gives the following formula for

this damping coefficient:

2 n /1 1 2 w [ 1 2
Td = Vb Td }-C.ﬁ- - J?r sin”~ & + Tq pos E-'- cos O (2.2)
d d q q

Energy storage elements associated with the stator
coils can be eliminated by neglecting p Qd and p wq terms
in the voltage equations, The effect of eliminating these
two terms has been assessed in the literature and shown to
be equivalent to neglecting 50 Hz transient629'31’95e
These transients influence the output gquantities of the

alternator significantly only during very short time inter-

_vals and are therefore neglected here,

Synchrohous machine equations are obtained ne-
glecting saturationuz . Some investigators have introduced
the effects of saturation by changing synchronous machine
coefficients according to flux levels., These methods have
‘been succesfull in obtaining closer approximations to
machine dynamics, Saturation is neglected here because ga-~
‘ ving on computer time was desirable and its inclusion would
not have changed qualitatively the solution of the problem

although it would have increased its accuracy. On the basis
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of no saturation, a simplified set of equations describing

synchronous machine dynamics with constant coefficients is

obtained as follows:

Voltage eqﬁations

pd
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e
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qu al) iq

(2.3)

Having neglected all but three of the synchronous

machine energy storage elements it is wvital to choose judi=-

" ¢cliously the state variables. If the field current were chosen

as a state variable numerical difficulties would be intro-

duced because the corresponding state equations would be a
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function of the derivative of the machine terminal voltage.
As during faults the machine terminal voltage changes stepe
~wise, its derivative becomes infinitelma In .order to avoid

this difficulty Qf was selected as a state variable,

Equations 2.3 are now rewritten in state space
form as a set of three first order differential equations
with constant coefficients and &, pd and Qf as state va=

riables (appendix 1),

k)
™
(o4
et

il

[p8]

25 2

p[p6 ] = TT[Ttur - Td Pd - S1 sin® § = S cos & =
s v 1? in & ; v
- BIpo f] - Sh sin cos 5 - 85 sin & [wo f]-

- S¢ cos 6[(»0 %]]

plo, %1 = o, v, =Blo ¥, 1 +csin &+ D cos b

(2.4)

2.5 Representation of excitation systems and automatic

voltage regulators

The excitation systems and voltage regulators con-
sidered here correspond to those in action during two tests

carried out on the British grid. Relevant descriptions are
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given in references 16 and 28 that deals with the tests of

Goldington and Northfleet power stations,

A block diagram of the Goldington automatic volt~
age regulator and exciter is shown in Fig, 2,8, The equations
describing the dynamic behaviour'of this system are repro-

duced here from reference 28

Vm1 = -GVs (Vt = vr)
GmT
JE vl S . >
sz = (Vm1 + vexs + Vms) * Km1 vm2“'vm22 Vm2
1+Tm1p max min
. > 5
Vexc = Vma * sz _ Vexc_vvex\_ Veoxe
14T ,p max ~ min
G ' (2.5)
vf = Vexc
1+Texp
T P
v _ ms

ms = Cms TFT P exc
ms

No reference is made to the rectifiers since it
is assumed their characteristics are linear and thé ripple
in the voltage output of the rectifier does not affect sig-

nificantly the system response, Equations 2.5 include se=
veral constraints imposed upon the voltage output of the

magnetic amplifiers and the excitery in the analysis that
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follows, in order to reduce the complexity of the voltage
regulator and exciter representations, these constraints
are lumped together into one.single nonlinear block which
represents excita£ion ceiling voltages. The excitation sys=

tem can thus be represented as shown in Fig. 2.9,

The set of transfer functions defining the Be-
haviour of the magnetic amplifiers, amplifier stabilisers
and a.c. exciter can be lumpéd into one single transfer
function H(R) as shown diagramatically in Fig, 2.10; H{p)

can be obtained analytically from Fig. 2.9 as

Gm1Gm2Gex(1+Tmsp)

H(p) =

(1+Texcp)((1+Tmip)(1+Tm2P)(T+Tm£a+Gm1Gm2GmsTmsp)

(2.6)

46

Equation 2,6 can be decomposed into the following form .

. - G
H(p) = TR
1 + Tap
1+ s 4
‘! T sescss e (207)

LR N R B BN 3
* 6 & &

L

Where Ti are known as "partial coefficients", and

the form of this expansion is due to Cauer46¢ Based on this
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Cauer expagsion, reduced models can be built discarding a

certain number éf high order partial coefficients. In genow-
ral, an approximation is said to be of order n if all Tifbr
i>n are made equal to zero. In chapter 5 will be shown that
a first ;r&er Cauer approximation for H(p) is sufficient for

the accuracy required, i.e.

: Gé

- (2.8)
1+leqp
]
where
eq = GmTGEZGexc
eq = Tm1 * Tm2 * TmsGmiGmZGms + Texc

The final strdcture of the excitation system is
presented in Fig, 2.11 where Y1 and Y2 were selected as sta
te variables, For reducing the order of the system this
approach is simpler and gives better or equally good results
compared to curve fitting methods by trigl and error in Bode

planes as described in reference 47 and used by most inves-

tigators,

The veoltage regulator and exciter of the North-
fleet test generator is similar to Goldington's but it has
three rather than two stages of magnetic amplification and

a d.c, exciter instead of an a.c. exciter, From the numerie



cal values of the nominal-exciter-response given in referen-
ce 16, an equivalent time constant for the exciter response

96

can be obtained” ", thus the Northfleet exciter was represen-
ted as a simple time lag and a limiter representing exciter

ceiling voltages.

2.6 Network simulation

Single line diagrams of the system chosen for study

are given in Figs., 2,12 and 2.13.

The Goldington unit transfor@er and transmissicn
line are represented by impedances in series with the ma-
chine terminals. The resistances associated with these impe
dances are lumped with the machine armature resistance and
the reactances are lumped with the machine leakage reactance
for calculation purposes. In the micromachine system two
external reactances were used to connect the micromachine

terminals to the microreseaux infinite bus bar,

The Northfleet system depicted in Fig, 2.13 is
more complicated, Here, there is a mixture of cables, over-
head lines and other components. For calculation purposes
and micromachine simulation the same general procedure as

described for Goldington was used for Northfleet,
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2.7 Simulation of modern steam turbines

The turbine external characteristiecs as seen by
the boiler, governor and generator must be modelled mathe-

matically in order to simulate a power plant. The simulation
of these external characteristics requires adequate modeiljng
of the turbine steam flow, the turbine torque applied to the
shaft of the generator as a function of the shaft speed, the
steam quality at the turbine's inlet and outlet and the throttie
33

and interceptor valve positions”-, Internal turbine characte
ristics are of secondary importance; however, in order to
model the turbine external characteristics the internal tur-

bine behaviour should be considered in at least an approxi-

mate manner,

- Most modern steam turbines consist of high, inter-
mediate and low pressure cylinders with several steam ex-
tractions a;ong the steam path., A survey of several turbine
designs made by the author showed that on average, steam extractions
are negligible in the high pressure cylinder, of the order
of 5% of the main steam flow in the intermediate pressure
cylinder and about 15% in the low pressure cylinder, Thus,
steam extractions form a small enough part of the steam main
flow, to enable dynamic effects of these extractions to be’
neglected in this study. The block diagram of a steam éurbi«
ne is now shown diagramtically in Fig. 2.14, where steam ex-

tractions from the main flow are not shown.

The mathematical approach taken here to model a
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reheat turbine steam circuit is shown in the form cof a flow
chart in Fig. 2,15. EBach cylinder is assumed to act instan-
taneously and time lags introduced by entrained steam are

lumped before each cylinder,

In this work temperature variations throughout the
plant will be mneglected but the effects of mneglecting these
variables are difficult to assess. From the turbine point
of view, the power output of a cylinder depends upon the
squarre root of the steam inlet absolute temperature and va—
riations in efficiency with variations in temperature are
negligible; therefore, temperature variations have only a
minqr influence on cylinder dynamic performance, Moreover,
the temperature is strongly dependent on the space variables
and thus the success of a method that assumes constant tem-

perature drop across a cylinder is limited.

Turbine characteristics will now ﬁe analysed under
two sets of different operating conditions; first the steam
quality at the turbine's inlet and outlet are assumed inva-
riant but the speed of the rotating shaft is allowed to vary;
and second the speed is assumed constant but the steam guali-
ty is allowed to vary. The first analysis will give the tor-
gque~speed characteristics of the turbine and the second will

define the turbine performance,

Assuming that the sieam state at the turbinets iniet
and outlet remains constant, turbine torque speed chara-

cteristics can be obtained by analysing the principles under
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Fig. 2.15. Block diagram showing the general mathematical formulation of the dynamics of a reheat turbine
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which energy is transfered from the steam to the rotor, name-
1y, the impulse principle and the reaction principle, Mo
dern large steam turbines used in power systéﬁs have blades

97

of the reaqtion type” . The variation in stage efficiency
with speed ratio is obtained in appendix 2 for a 50% reaction
blade by means of velocity diagrams and the results are shown
graphicallf in Fig. 2.16u8’56’57. Since turbine blades are
designed to work in the plateau part of this curve, it is
concluded that the turbine efficiency is insensitive to re-
latively large variations in the shaft speed; thus turbine
power output can be assumed to be independent of the shaft

speed for power system studies where only relatively small

speed variations occur,

In modern reheat turbines the degree of reaction
is small at the blade root increasing progressively +toward
the blade tip97; this effect of having different degrees
of reaction along the blade introduces a severe.complica-
tion into turbine ana1y51553’57’98. The blade has to be
subdivided into several small sections and the resulting
torgue-speed characteristics obtained as the vectorial addi-
tion of all velocity diagrams. This requires that the tur-
bine should be considered as a three dimensional gas dyna~
mic system,'a problem which is outside the scope o0f the pre-
sent work, These effects, however, are onlylimpcrtant fqr
blades with a mean radius which can not be considered re-
presentative of the blade radius. Turbine blades where this

effect is rather marked are those at the exhaust end of the

cylinder{and constitute less than 10% of the total blading).



In this work,

a symmetrical 50% reaction blade will be assu-

med to be representative of all iturbine blades,

The

turbine performance will now be evaluated un-

der the assumption that the shaft speed remains constant,

57

Kearton has

shown that if in a turbine the following assum-

ptions are wvalid,

(1)
(2)
(3)

(&)
(5)

(6)

(7)

there are no leakages or extractions,

the system is in equilibrium,

the variations in load speed ratio with load
variations are negligible (Kearton99 has shown
that this assumption is justified for all tur-
bine stages but the last few),

steam flow is subsonic,

steam expansion processes are essentially po=-
lytropic,

the deviation from the blade root and tip velo-
city is not marked, and

an overall efficienc& coefficient gives a good

approximation of the efficiency of all stages;

then the turbine flow is given by

P, P i
W "’k‘\j{ in _ out (2.9)

wvhere:

steam turbine flow
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inlet and outlet turbine pressure

in,out
. inlet and outlet turbine specific volums
ingout

k! " a constant

In a condensing turbine (low pressure cylinder of

a reheat turbine) the ratio Pout/v " is very small compared

ou

with Pin/vin and may be ignored, then to a good approximation
Pin
W= k') - (2.10)

Superheated steam may be assumed to behave as a

perfect gas (PV = RT), therefore equation 2,10 becomes

P.
W=kt 20 : (z.11)

JTin

As temperature variations are neglected the turbine
flow becomes proportional only to the turbine inlet pressure,

The validity of equation 2,10 can be assessed more
rigorously if the distribution of pressures along the cyline-
der is considered, In appendix 3 it is shown that the sube-

sonic steam flow through a nozzle is given by

- ' Y Y+1 .
P;_ P; \2 P;y \' Y 1}
W, =k, C_ Agllz —Y i-1 i _ ._,;i__> ¥
+ toa Y-1  Vioq Pjm1 \ Pioq
(2.12)
where
P, stage i outlet pressure
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‘gi—l stage i inlet pressure
Y is the ratio of specific heats cp/cv

When the turbine inlet pressure changes, the inlet
pressures fo all stages change propertionally, therefore the
pressure ratio P./P. remains unchanged for all stages ex-

if T i1 Y Y+1
cept the last and the term ((Pi/Pi-1)2 - (Pi/Pi—1) Yo
does not vary; thus equation 2,12 is equivalent to equation
2,10 for all stages except the last, The inlet pressure for
the last stage changes proportionally with the turbine inlet
Pressure and as the condenser pressure remains essentially
unchanged the pressure ratio for the last stage changes. New=
verthless,; economic design dictates that the last stage flow
must be just critical and if this were the case relatively
large changes in the pressure ratio could occur without a
significant change in the steam flow as can be seen graphi-
cally in Fig. 2.17. Cotton and Schofield'°C have in fact
shown that the deviation from linearity of the flow with pres
sure is less than 5% for the first stage owing to the large
amount of work doné in this row of biades which cause the
inlet temperature for the second stage to become smaller;

this departure from linearity diminishes for successive sta-

ges,

For a noncondensing cylinder,i.e. the bhigh pressure
and intermediate pressure cylinders of a reheat turbine,equa-

tion 2,9 must be used fully,

As a polytropic process is-considered, equation



[«
"

EFFICIENCY @

THEORETICAL

o
o1
|

0.0 T I o
0.0 0 SpEED RATIO 2.0

Fig. 2.16. Combined nozzle and blading_efficiencies of
a_reaction stage as a function of the velocity ratio

1.0
=
)
™ REGION OF
g SUPERSONIC et
S STEAM FLOW
<
tw
-
0
0.5

0o T |
0.0 . 0.5 Pout 1.0
Pin

Fig _2.17 Steam flow through é nozzle as a _function of the

pressure ratio, for constant pressure at the
nozzle jnlet




2.9 becomes

Y-=1
. 2..17 ———
P Y
‘Pin Pout .
Ve Koo 1 - | —_—— (2.13)
| . v, } P,
in in in

where

ﬂp is the polytropic efficiency.

Superheat steam may again be assumed to behave as

a perfect gas, and therefore equation 2.13 becomes

v =___.._.....pind 1 - [out (2.14)
ViR Tt P,
in

If temperature variations were neglected then

Y1
ey —
.Y

2 P -
Wa=k" P 1 -f.2ut (2.15)
in ——— .

in

Eéuation 2.15 i8 very close to Stodola's experiw.

56

mental ellipses law given by

2

Pout
W=k" pin# 1 - (2.16)

Pin

Stodola’s law has two advantages over equation

2.153 first, it is simpler to implement numsrically and
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second it has strong experimental support; hence Stodola's

law is used in this study,

As a polytropic process is being considered the
drop AH in enthalpy for a turbine cylinder can be obtained

as shown in appendix 2

-1
P p ¥
AH = K'T |1 - [—28% (2.17)
P:i.n

If temperature variations are neglected equation

2.17 can be written as

-1
, li’“
P .
AH = K* |1 - [0UE (2.18)
Pin

The power output . of a turbine cylinder is obtained
as the product of the steam flow, the enthalpy drop and the
representative stage efficiency as a function of the shaft

velocity

Py, = Wy AH, oM (2.,19)

In the general case of a multicylinder turbine

Pout = ,z: [ vy Hy nnbi] (2,20)
all turbine
cylinders
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As both the steam flow and the enthalpy drop are
functions of the steam quality at the turbine inlet and out-
let, and variations in efficiency according to speed are ne-
glected in-this study, the product{WiAHi nnbi can be consi-
dered to be a fgnction of Fi,the inlet and outlet steam sta-
teé

i i i i
Pout - }EI . Fi(?in’ Poutlet’ Tin' Toutlet)
all turbine

cylinders (2 21)

Turbine losses are an important factor under cer=-
tain conditions, For example, during transients when turbine
valves may be fully closed turbogenerator losses have a
great influence in the variations of the shaft speed; as a
conseqguence, the modelling of loss terms should be accurate.
Part of the turbine losses have been already taken into
account by the efficiency coefficients., However, rotational
and other fixed losses not yet considered will be modelled,
for computational purposes, by a fixed loss coefficient
64,66,

(Ploss)’ following the example of other investigators

101. This is justified, by the fact that steam turbines

in power systems experience only small speed variations,

The entrained steam in different bowls introduces
"time lags in the steam circuit of a turbine and this effect

may be modelled as shown in appendix Uk,

All the elements of the steam circuit of a reheat

turbine (Fig.2;1h) have been considered and modelled ma-~
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thematically. A block diagram showing how the integration
of the relevant differential equations was carried out is
presented in Fig, 2,18. Pressures were chosen-as state va-

riables,

As shown in Fig, 2,19, the system is partially 1lie
nearised so that the turbine equationsare now amenable to

34,65

analogue computation o

2.8 Governor simulation

The governor of a modern reheat steam turbine con-
sists of a speed sensing device, several stages of amplifica-
tion, the valve positioners in the form of hydraulic relays

and the throttle and interceptor valveé.

The speed sensing device can be realized as an a.c.
tachogenerator or a flyweight governor; the speed of respon-
se of such a system is faster than that of the hydraulic re-
lay by at least an ordexr of magnitude in the case of the go-
vernor or even more in the case of the tachogenerator, hence
the dynamic effects of the speed sensing device can be neglec-
ted without serious error,

The speed sensing device 1is thus represented by

its steady-state characteristics

1A
b

X =G, pdb -~ Y X < X

1 0 min™ max (2‘22)
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T?e hydraulic relay has no competitor as a force
amplifier for steam wvalve actﬁation and its dynamics are
considered next. No other form of mechanical or electrical
amplifier can be produée the very high power demanded by
modern sfeém tﬁrbine valves together with the high ratio of

torque to inertia for the quick action required,

A typical hydraulic relay is shown in Fig. 2.20,
The analysis of this mechanism is presented in appendix 5,
where it is shown that to a good approximation this system

can be modelled as follows 33’102’103.

A

Y e Yy . <Y<y (2.23)
1 + pT* min max

i

Many turbine relays are single acting, with oil
in only one side of the main piston and a spring actihg on
the other. As a fesult, the pressures on the piston are not
equal on opening and on closing hence piston velocity will
be different at the same point of travel for the two opera-
tions, It is regarded as good practice to arrange the re-
lays so that they respond faster in the closing as compared
to the opening acticn.,

This effect is simulated using a different time
constant for each relay, in the closing and opening action.
This nonlinearity is of prime importance in the dynamic res-
ponse of the system and has a significant effect on the sta-

bility as will be shown in chapter 5.
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The opening rate of the relay is limited by pla-
cing orifices in the ¢il inlet of the relay to avoid any de-
pression c¢f the pump delivery pressure causing malfunction
of the loy pressure protection system. This is simulated by

imposing a limit on the rate of movement of the piston,

These last two sources of asymmetry introduce two
very nonlinear characteristics in the dynamics of the system,
The special analogue circuit shown in Fig. 2.21 was designed
to take into account both asymmetries, The effect of impo-
sing a limit on the rate of opening of the relay was not re-

presented because the magnitude of this factor was not known,

An important characteristic of governor relays is
that they operate in cascade, therefore the governor respon-
se is characterized by multiple time lags giving the impres-
sion of the existence of a pure delayéu. This can be explai-

ned mathematically by the following expression the validity

of which can be easily proved:

e”TS = Iim ! (2.24)
n-—o (1 + 2 S)n
n

where

T is a constant

An approximation of order n can now be obtained

for a pure delay as
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Fig. 2.21. Analogue simulation of a hydraulic relay
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-Ts , 1
’ (1 + L )™
n

it

Thus, in order to simulate accuratelly the effect
of multipie‘time lags it is necessary to model as many re—'
lays as practicaﬁle, The Goldington governor has two relays
both of which were simulated, The Northfleet governor, how-
ever, has six relays and bearing in mind that each relay si-
mulation requires three operational amplifiers, modelling
of all relays became prohibitively expensive, In order to
save analogue componeﬁts each set of three relays was re-
presented by two equivalent time constants, the numerical
values of which were obtainedby the following optimum secoﬁd

order approximationt

1 1

~ (2.26)
* * * )
(1+ST1)(1+5T2)(1+ST3) (1+sTa)(1+sTb)
where

T? 2.3 time constants of hydraulic relays
¢ ?

Ta b time constants of equivalent relays
]

lThe relationship between a %alve position and the
steam flow through the valve chest will be determined next.
This relationship is obtained assuming a steam valve i8 an
orifice of variable area, The flow of a gas through an ori-

fice was obtained in appendix 3 as



Pd
W= AC, P, f'(Tu, ’1’:3"") (2.27)
' u
where i
W flow through wvalve chest
A orifice area
Cd discharge coefficient
Pd upstream pressure
Pu downstream pressure
Tu stagnation temporature
+1
2y 1 Pu\Y/2  (Puyiitg P .
J[ -7 € Rr. ((‘I‘D’g“)y/ - ('1'5"1"1‘> Y )] —= > critical
Pd u d Pq pressure
f’!(‘ru’ .I.)_..) = _ ratio
u
‘/[( 2 )-E} Y_ 1 Pu _oritical
Y+1 & RTﬁ.J P4~ pressure
ratio

Equation 2,27 is used in the elaborate digital mo-
del for modelling the steam flow through a valve, In the

analogue solution the following simpler form is used:
W=K P, A (2.28)

This equation is again nonlinear but much easier
to implement in an analogue computer, The use of this equa~
tion is Jjustified for supersonic valve flows which normally

occur for less than maximum rating.
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2.9 Boller simulation

The most important dynamic aspects of a boiler
from a complete power station simulation study are those
external characteristicsttbat affect the turbine behaviour,
These characteristics can be obtained through modelling of
@) the pressure variations before the throttle valve fox
changes in the operating conditions and (b) the flow of ener-
gy through the reheater., When the temperature variations are
neglected, the flow of energy through the reheater becomes
unimportant. The approach taken here to model a boiler is
that of energy balahceé9’71, Jdeal feedwater mechanisms are

assumed,

First the dynamic behaviour of the firing system
will be considered, Following Profos's approach69, the term
dynamic behaviour of the firing system is here used to de=-
note the wvariation of the.fire intensity F on the control
variable Cf; where Cf is the loading signal transmitted to
the fuel and air supply systems, In this work ;vtransfer

" function of the following form has been used to describe fi

ring system dynamics

F = 1 Ce (2.29)
(1 + pTg) . .

This transfer function naturally depends upon the

type of firing system used,
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The dynamic behaviour of the steam generator is
considered next, The starting point in the modelling of a
steam generator is to consider the boiler as .a reservoir of
 energy. The evolution of the system in time can then be des-
cribed mathematically as a "fill-in" process, as can be seen

diagramatically in Fig. 2.22, Thus
) =4 (2.30)

where

Qin flow of energy entering the boiler from

the firing system

out flow of energy leaving the boiler

L

energy content of the boiler

The flow of energy entering the boiler can be assu-
med to be proportiocnal to the firing rate, the flow of ener=-
gy leaving the boilexr being'a function of the steam flow
leaving the boiler and the state of this steam, Prof0569 has
- shown that good correlation is obtained when the energy flow
leaving the boiler is assumed to be proportional to the vire

tual steam production Sv’ Therefore, equation 2,30 becomes

A (F - s,) = J (2.3i)
p

69

Profos has also shown that good correlation is
obtained if J is assumed to be a function of only the virtual

steam production (Fig.2.23). Profos assumption is also jus=-
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Qy Energy entering boiler
QqyrEnergy leaving boiler
J Boiler energy content

J = %[Qm’oour]

Fig 2.22 Schematic_picture of a boiler as an energy reservoir

ENERGY CONTENT
OF A BOILER

ENERGY ENTERING BOILER

Qn, MAX

Fig. 2.23. Energ}'/ content of a boiler as_a function of

the steam production




tified by Astrom71 whe showed that %if the distribution of
energy stored in the steam and the iron masses do not
change during transients, then any state representing the

 boiler can define its energy content",

1(F - 8,) =J3(s)) (2.32)
1%

and for small perturbations around an operating

point

1 (Fr - sv) =S, | (2.33)

where

Figure 2,23 also illustrates, that equation 2,33
can be employved for large perturbations as well;, howevex,
Tv should be defined now as the slope of an optimum linear

fitting to J(SV) as depicted in Fig. 2.23 by the line 1,
As shown in Appendix 5, pressure variations in the
‘boiler can be modelled as a fill-inprocess in the working

medium, Therefore

-S.) =P X (2.34)
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The steam flow in the boiler pipes is in a turbue-
lent state and therefore, the steam flow is proportional to

the square root of the pressure difference(3?) as

s, =P, - ».} (2.35)

where

P pressure before the throttle valve

There remains another delay caused by the entrain-
ed "steam in the piping connecting the boiler with the tur«
bine main throttle valve which can be modelled as shown in

appendix 5,

The pressure control system of the boiler is as-
sumed to have a proportional plus derivative plus integral

structure and to be acted upon according to the firing rate,

thus
C:K(P—P)(1+-—1—~+K —-—ET&—) (2.36)
£ P b t pT d 1+pT *
i de
where
P pressure setting and other terms as

bo
defined in the list of symbols

Fig. 2.24 shows the block diagram of the nonlinecar

boiler mathematical model developed above, In fig. 2.25
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a linearised approximation to boiler dynamics is presented

suitable for analogue simulation.

2,10 General system repiPesentation of a reheat turbogenera—

tor, governor and boiler for digital computer studies

In this section the system equations of a steam
power plant as developed in the previous paragraphs of this

chapter are summarised in state space form

$(1) = Xa 3(6) - y(1) T,

y(2) = Ko (T3 ¥(6) + 3(6) + ¥(1)) Vi minSY(2)<yy Lo
¥(3) = (v(2) - y(3))/1, 0Sy(3)< vy oo
y(#) = (v(3) - y(#))/1,

$(5) = (y(¥) = Wy)/Tg

v(6) = (Wy = W 1) /T,

V(7)) = (ipp = W) /Ty,

¥(8) = (Wyp = Wy )/Ty

¥(9) = (Wpy = Wpp)/Tqp (2.37)

y(10)= (Wiy, - Wip)/Typ

y(11)= (y(12) - y(11)) /1,
v(12)= (6,v, -~ v(12))/Tp, Yov minS YOIy,
v(13)= (v(1%) - v(13))/T1y,
y(1)= (G, v, = y(14))/Tpy, Y1y minSY (%) S vpy o

F(15)= (P . = Prrpe)/(H(1 + D ¥(15))
¥(16)= y(15)
v(17)= o_ v(18) = & y(17) + B sin(y(16)) + C cos(y(16))

y(18)= G, (Vy = Vo 0 - v(19) = v(18))/1
v

.n~5y(18).~<_Vf

f mi max

e



v(19) = (¢

W

OXs

where

Tows Y(18) = y(19))/T
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S

derivative signal of the pressufe controller
proportional plus integral signal of the
pressure/controller

firing rate

virtual steam production

boiler pressure

pressure before throttle valve

HP cylinder chest pressure

reheatgr pressure

IP cylinder chest pressufe

.LP cylinder chest pressure

first throttle valve relay position
second throttle valve relay position
first‘interceptor valve relay position
gecond intercepto? valve relay position
shaft speed

load angle

field flux linkages

exciter voltage

derivative signal of exciter stabiliser
Gy v(15) - Yo Yl\ minS Y1 5Y1 max

G, 8‘(3’(15))“‘3’5 Y2 minSY2 £¥p pax

g(y) dead band characteristics

Ky (5) - y(6)}
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o 6
e

R . K, y(i2)
_ 8
Wiy = Ky y(14) £ 5T )
2
Ve = L Kaliv(1)? - y(8)?)
. 2 |
Wip = KAy (9)% - y(10)%}
Wp o= K yv(10)
Pelec = Td(y(16))y(15) + 8, sin® (vy(16)) +
+5, cos®(y(16)) + s, y(17)% + 5, sin (y(16))
cos(y(16)) + S5rsin(y(16)) y{17) +
+ Sg¢ cos(y(16)) v(17)
Piur Pup + Pyp + Prp = B
N, Y=1
P = K, W 1- 8 } Py )
HP * 7 "HP v (7
Ny Y=1
10 PN
Pop = Kg Wip \1 - 50 )
')LP = K9 WLP
Vt = machine terminal veltage

TTV1,TV2,IV1,IV2 subject to constraints and limiting action
as described in section 2,8

K constants
1,270009 s~

The above 19 differential equations were integra-

ted using a standard Runge-Kutta-Gill subroutine 104 i

n a
CDC 6600 digital computer, A special subroutine was used
to determine boiler and turbine initial constants; the data

réquired for détermining these constants being available from
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the results of am acceptance fest carried out on a turbine =
The data from the Laubli-Fenton paper70 was assumed to be
representative of a modern boiler and was used in this study,
The initial condition problgm of this set of differential
equation does not requiré the solution of a set of nonlinear
equations but can be obtained through an exact a;gebraic

noniterative algorithm from readily available data.

2.11 General system representation of a reheat turbogenera-

tor governor and boiler for analogue computer studies

In secticn 2,10 the System equations represcnting
a steam power plant supplying pover to an infinite bus bar
were summarised; almost all these equations were nonlinear,
In this section approximations to equations 2,37 are preéen»
ted in order to make these equations ameﬁable for analogue

computation,

Two analogue simulations will be described; first-
ly, a pure analogue model of a steam power plant is presen-
ted in fig. 2.26 where the synchronous generator is modelled
only by its inertia constant. This model is similar to the .
one described in section 2,10; the differences are only that
‘the power output and steam flowsvof the turbine cylindérs
are linearised to save analogue computer components and a
cruder representation of the synéhronous generator is used.
The details of this analogue simulation are shown diagrama-

tically in Fig. 2.27.
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Secondly, the synchronous machine representation
in the analogue computer simulation of & steam power plant,
shown in Fig, 2,26, was greatly improved upon using a mi-
cromachine set as described in section 2,3, The quality of
this synchronous'machine approximation can be appreciated in
table é.1, where the per-unit parameters of the micromachine
sét are compared with Northfleet constants; and in Fig, 2&28
where a comparison of the micromachine with Northfleet open

circuit characteristics is presented.
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Fig. 2.28 Open circuit characteristic_of Northfleet
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TABLE 2,1

Per-~unit parameters of Northfleet turbogenerator and microma-

chine (micromachine stator No., 334818, rotor No, 334827 )

Particulars Northfleet| Micromachine
Base voltage 13.8 KV «25 KV
Power factor «8 .8
Base current 6.28 KA 5.77 A
Base stator impedance 1.27 25
lBase armature power 150 MVA 2.5 KVA
Synchronous reéctance X4 (50%) 1.85 1.8k
x, (50%)] 1.76 1.67
Armature leakage reactance . 175 «131
Transient reactance 270 216
Subtransient reactance « 190 «15
Field open circuit time constantf 6.6 s 6.6 s
Transient time constant .97 s .63 s
| Subtransient time constant .0U6 s .008 s
Armature reistance 0014 0127
Inexrtia constant 3.36 s 3,22 s
Equivalent impedance to infinite bus 499 JAu8
Speed 3000 rpm | 1500 rpm

" Saturation characteristics (see Fig. 2.28)



CHAPTER 3

STMULATION OF STEAM TURBINE CHARACTERISTICS

3.1 General

The mathematical model of prime mover dynamics con
sists of differential equations which may be simulated on an
analogue or digital computer as was shown in chapter 2, IFX
these equations were to be integrated by a computer at a
rate which is faster than or equal to real time, a microma=
chine soet could be linked to such a computer in order that
the correct torque and torque-speed~slope is enforced at all
times (Fig. 3.1). This chapter describes the micromachine
turbine simulation and the principles dictating the link

between the micromachine and the computer.

3«2 Principles of turbine simulation on micromachines

In chapter 2 it was shown that for power system -
studies and to a good approximation the output power
‘of a turbine cylinder in steady state is a functiom of the
steam state at the cylinder's inlet and outlet., Thus, the
power output of a multicylinder turbine can be expressed by

Py = ro(ed, o 2, 1) (3.1)

all turbine
cylinders
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As
Py
T p—4 —" Q?v
t = (3.2)
it follows that
aTt ’
7~ <O . (3.3)
2
a~T
t
d n? » 0

The Taylor expansion is used here to analyse diffe
rent approximations to the turbine characteristics, An ine-
cremental linear approximation to the turbine characteris—
tics around an operating point (p: , n°) must satisfy the

following three conditions:

Tt (po’ n°)>= Tsi(po!no) ) . (3"4)
'[aTt] =’:6Tsi] (3.5)
a n PO, nO Jn po’ no -
[aTt} = [aTsi] - (3.6)
ap oP_ .
¢ Pz’ n° ‘Sl Pgi3 n®

Such an approximation is adequate for dynamic studies

involving small perturbations around an operating point, but



if the behaviour of the system to large perturbations were

required, then

T, (pys n) =T, (p ;s ) (3.7)

should be satisfied throughout the operating range. If equa=
tion 3,7 were satisfied then the simulation would be exact.
As will be shown later, it is an almost impossible task to
design a prime mover for a micromachine set capable of satis-
fying this reguirement, therefore, only approximations to

equation 3.7 will be considered.

Extending the analysis to second derivatives, the
guality factors 61 (i = 1,6) give a measure of the gocodness

of a given approximation:

61 ’= Tt(I?,_s n) - TS-i (%’ n)
- BTt ) BTsi
2 " dn on y
5 - aTt BTSl
3 oPy OPgy
(3.8)
2 2
&, = aTt aTsi
L = d n? - 3,2
ath T
6 - S
5 "dp,dm dp ;on
2 2,
by = 3 :t -9 Pgi
BPt op i



The factors &, (1 =1, 6) can be embodied in §_ as
2 2 ‘
5, = ‘4[61 + a (62 + 6§) + b(ﬁi + 6§ + 6?)]dpdn ;(3,9)

where; a and b are weighting parameters and A is the working

area,
From equations 3.4, 3.5, 3.6 and 3.8 it is clear
that a linear incremental approximation requires that 61 = 0
(i = 1, 2 and 3) at the operating point.,
The object of the following sections is to synthe-

size a scheme capable of minimizing 60.

3.3 Barly work on turbine simulation on micromachines

An early turbine simulator consisted of aAdirect
voltage source driving a d.c., motor through an external re-
sistance with excitation current held constant as shown in
Fig. 3.23 such a system can be described mathematically by

Ve = (R' + R,) iy +X 4 n ip (3.10)

As the torque produced by a d.c, machine is given

by

- de if I'4
i
3 P d



O
ze

then substituting equation 3.10 into 3.11, the torgue speed

characteristic of the system shown in Fig. 3.2 is obtained as

T, =4-Bn (3.12)
where
de if vsi
A=
9
2n(R +Ra)
de if
B =
9
21 (R +Ra)

A linear incremental approximation to turbine cha-
racteristics méy be synthesized at the oprating point (po,no)
if governor action is ignored, At the operation point the

quality factors &, = O (i = 1, 2) thus

o

Tt(po, n®) =—23 = A-Bn°
n
(3.13)
BTt . EE - s
On® 52

and these two equations can be satisfied by properly selecting

Vv and R!' as

ai

T
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2np:

As governor action is neglected &6, = 0, The necessa-

3
ry and sufficient conditions for a linear incremental approxi-
mation to turbine characteristics are satisfied because

5, = 0 (i =1, 2 and 3). The quality of this approximations

can be observed graphically in Fig. 3.4,
The following conclusions can now be drawn:

1 this scheme is inefficient as the veltage drep
across the resistor R' demands an excessive volt-
age and power capability from the source vsi’

2 no governor action or pressure variations are
allowed for, thus only transients under these

simplifying conditions could be studied, and
3 the model is only valid for small perturbations.

The performance of this system can be improved
greatly if the resistor R' were introduced artificially by
means of a controllable voltage source the magnitude of which
is made dependent on the d.c. machine armature current throush

a feedback loop 2’3’4’5’25’2h,

The controllable voltage source reguired by the

turbine simulator may be realized by means of a three phase
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fully controllable rectifier as shown in Fig, 3.3,

The steady-state performance of a three-phase rec-
"tifier is developed in chapter 4. Neglecting harmonic effects
the rectifier shown in Fig., 3.3 may be represented in steady

state by a d.c, voltage vdc cos ¢ and an internal resistance

R , where
c

343 v
3%
R =

[#]

The firing angle may be determined by inspection

of Figo 303

@ =a® + K iy 4 (3.15)

also

V, cos @ = (Rc + Ra) iy + X

deo ng B ip (3.16)

Substituting equations 3,15 and 3,16 into 3,11
and rearranging, the torgue speed characteristic of the sys=-

tem shown in Fig. 3.3 is obitained as

o
n = A' cos (a” + B! Tsi) - C! Tsi (3.17)
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where

AY = -
T de 1f
21 K°
B! =
xmd 1f
o o z(Rc + Ra)n
2 .2
de 1f

. As previously, a linear incremental approximation
to turbine characteristics a;ound an operating point (p:i,ﬂﬁ
can now be synthesized if governor action is omitted., At the
operating point, the quality factors 6i = 0(i =1, 2), and

therefore

o o
’ P P
(s 0 si si
n = A' cos (o~ + B! no) - Ct —= -
. (3.18)
2 o
no o si
- pS, T A' B' sin (a” + B! —=%) -C!

These two equations can be satisfied by properly

o

. o o
selecting o and K as follows:

o
- p
a® = cos™! D - (p2. + C° Si) Dt?
si e
I1
X 1 Do (3.19)
D
Ko - md T f (no + C')
2

where



At si
.0
D'"‘d AR © ' gii
“ wn + C 0

Thus a linear incremental approximation to the tur-
bine characteristics has been obtained, The quality of this
approximation can be observed graphically in Fig. 3.4, At
the point of the approximation the concavities of the two
curves are,however, different. In the model uvnder considera-

tion

whereas, according to equation 3.3, for the real turbine

B

As a result 66 increases the further the deviation

from the operating point,

Some authorsz’s’b"S’25 have introduced governor
action by making a® dependent on'the power level as gi%en by
the simulation of turbine dynamics, This procedure is inaccu-
rate since according to equation 3.5 for a given increment
of spéed around a new operating point, corresponding incre~

ments in torque would be different in the turbine simulator

\
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if compared to the real turbiﬁee Furthermore, the relatione
ship between'ao and the power level applied to the shaft of
the microalternator is nonlinear, thus further compensation
is required. Such an approximation would be accurate only

for small perturbations about a fixed operating point,

3.4 Improved turbine simulation on micromachines

~ Previous turbine simulators were not capable of si-
mulating turbiné characteristics accurately for large pertur-
bations because the torgue and the torque-speed=slope imposed
by the d,c. machine on to thé shaft of the microcalternator,
were not equal to those supplied by the real turbine to the
shaft of the real generator.'To achieve this compatibility,
Wao and XK° should change with the operating peoint in order to
. fulfil the torgque and the torque-speed-~slope equalities
throughout the operating region, Turbine simulation on =a
micromachine can, however, be extended throughout the region
of interest by storing functions a(psi, n) and K(psi, n) as
shown in Fig. 3.5, thus satisfying the strong condition of
_approximation given by equation 3.8 and therefore 61 = 0
(1 = 0, 1, +eee6), As this approach is very expensive to im-

plement simpler schemes were considered.,

A first simplification would be to consider the
turbine simulator as a controllable constant power supply
source. The controlled rectifier can be used as a constant

power source through a feedback loop incorporating a power
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sensor as shown in Fig. 3.6, Here, the losses in the arméture
resistance of the d.c. machine need compensation and there-
fore an additional loop supplying a signal equal to this loss
.term has been addea. A steady-=state error arises from this
implementation since the gain chan not be made infinite
because otherwise steady-~state errors would be inherent to

this type of regulator,

A second possibility would be to omit the speed
feedback loop shown in Fig. 3.5 as due to governor action
speed variations should be small. The function generator shown
in Fig, 3.5 is now simplified to two single input single out-
put function generators as shown in Fig, 3.7. These two funce
tion generators are calibrated in such a way that for each
povwer level psi an incremental linear approximation to ture
bine characteristics is obtained at pominal speed. The quality
of this approximation may be appreciated graphically in Fig,
3.8, where both the real turbine and the simulated turbine
characterisfics are shown, Theoretibal calculations showed
that the maximum error between the real turbine and the si~
mulated turbine would be less than 1% if speed variations of
:10% around nominal speed are considéred,

The evaluation of function generators F andvF2

1

(Fig. 3.7), using equations 3,19, showed that to a good

approximation F/ could be represented by a first order hy-

1
perbola (F1(p31) = A/psi, where A is a constant) and F, by
a straight line as in Fig. 3.,9. The nonlinear elements in Filg.

3.7 can be replaced, toc a good approximation,; by only one
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nonlinear element as shown in Fig, 3,10, The model of Fig,
3.10 combines accuracy with simplicity. Details of this simu-

lator design are given in appendix 6,

3.5 Loss compensation

The losses in the micromachine set can be subdivi-

ded as follows:
1 losses in the armature and field winding resis-

tances of the d.c, machine,

2 lcsses in the armature and field winding resise-

tances of the microgenerator,

3 losses in the magnetic circuit of theo d.c, ma-

chine,

L losses in the magnetic circuit of the micro=

generatoeor, and
5 rotational losses,

The turbine simulator takes into account losses in
th;Lzachine windings; furthermore, losses in the microgene-
rator windings ﬂay be assessed guantitatively although they
will be higher than in the real generator, However, modelling

of the losses in the magnetic circuits of the micromachine

set 4is outside the scope of this work, Compensation of all



%z
7

s 5

Bias sigNaL 1 ‘ ! 12 e SMC
Zom

ek

Fig. 3.10. Prototype turbine simulator. Analogue realization of function generators Fy and F» %

-3

S Switch on pesition 1 indicates manual power contro! through potentionmeter P1

S Switch on position 2 indicates automatic power contrcl from turbine valves



108

Table 3.1 Amplifier and potentiometer table{with

reference toc analogue set up shown on

Fige 3.10)

POTENTIOMETER TABLE

control)

P Function VAIUE
1 | power output of the turbine simulator when
manually controlled g si
2 | Steady-state power compensation O normally
3 | scaling factor KO 5
6 | Steady-state power compensation to be tuned
7 | Manual control of the firing angle of the
rectifier
8 | As determined by equation 3.19, Ko/(Ko.10)
9 | Loss compensation and drift correction
(small setting) to be tuned
15} Setting valve for 1 per unit power output to be tuned
AMPLIFIER TABLE
A Function
1 | Power output of the simulator (Buffer) P .
si
2 |Power output of the simulator (INVERTOR) -
si
I
3 {1039 (output of nonlinear element) 10 1d
Poq . F;i
b |K I4 inverted stage e5Ig
5 -10%3 (inverted output of nonlinear) -10 %Q_
si
6 |-101d (Buffer stage) "
si
8 |Control veltage of pulsing circuitry Ve
11|{Last amplification stage of the current I4
sensing device
12 |Firing angle {when on manual or starter o
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open circult losses of the micromachine set, neverthless,
was implemented successfully and thus it was possible for

valid load rejectidn simulations to be carried cutl,

The microgenerator electrical torqgue, from Park's

equations, is given by

T = n(wd i, -~ vy 1d) (3.20)
If open circuit operation ¢f the microgenerator

is considered
T =i, =4 =0 . (3.21)

Variations in the open circuit voltage of the mi-
crogenerator afmature owing to variations in the microgene=
rator field current do not in theory produce variations in
the electric torque and although, under these conditions
current may circulate in the damper windings , this power is
drawn from the exciter. In practice, however, losses in the
magnetic circuit of the microgenerator vary substantially
with the armature voltage, the necessary power being extracted
from the prime mover, These effects are not shown in Park's)
equations because of the symplifying assumptions involved
in their derivation, Under open circuit conditions oscillia-

tions of the shaft of a real generator are governed by

tur elec Tloss = 2 (3°22)



The turbine simulator obeys a similar differential
equation; but the loss term is much larger and therefore com-
pensation is necessary., This compensation is achieved by ine-
troducing a bias signal in the current sensing device (Fig,
3.10), a procedure which is valid as automatic veltage regu-
lator action keeps the machine terminal voltage roughly cons-
tant and as it is shown later in chapter 5, load rejection
tests using this mode of compensation give very acceptable

results,

3.6 The turbine simulator in transient state

The turbine simulator does not act instantaneously,
therefore, undér transient conditions there would be a time
lag between the power level as determined from the simulation
of turbine dynamics and the required torque being applied to
the shaft of the microalternator. Compensation of this time

lag may be reguired,

From Fig, 3.7 it can be seen that the turbine si-
mulator current feedback loop gain is given by K F1(psi)

and from Fig, 3.9 it can be observed that

lim K F, (p
P ©

) = o (3.23)

si

This gain cannot be implemented physically because

of scaling constraints in the analogue circuitry and due to



the fact that the simulator becomes unstable when the gain

of the current feedback locp is made too large.

- As it can be seen, there were conflicting demands
of steady~state ‘accuracy, scaling of analogue circuitry, and
transient response and stability. No methods were available
in the literature suitable for analysing the dynamic behaviour
of control systems involvingcontrolled rectifiers, as the one
shown in Fig, 3.5, when a fast transient response was speci~
fied, As a result, small perturbation and large perturbaw
tion models were developed for the system under considera-
tion as shown in chapter 5 after which the dynamics of the

system were better understood,

In chapter 4 it is shown theoretically that with
no time delay in the current feedback loop the system being
studied is stable regardless of the gain., It turned out,
however, that the saturation of chopper amplifiers placed
directly in the current feedback loop of the turbine simu=-
lator is detrimental to stability marginsi this is so becau-
se their itransient responsewbecomes worse when they are dri-
ven into saturation. The relatively large ripple in the oute
put current of rectifiers and the high gain involved in the
current feedback loop resulted in a greatly amplified fipple
content in the current error signal which tended to saturate

these amplifiers,

In the analeogue set.up shown in Fig. 3.10, ampli=-
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fier No., 5 goes first into saturation during the peak of the
current harmonics. The Zener diode shown was employed 1to re~
move these peaks and to limit the gain of the current feed-
back circuitry without affecting significantly the steady-
~atate behaviour of the system, The effect of the Zener
diode on the gain of the current feedback loop can be seen
graphically in Fig. 3.11, The turbine simulator developed,
bécause of amplifier saturation effects, becomes unstable
for large gains of the current feedback loop, when the Zener

diode is removed frem the circuitry.

As the output current of the rectifier is not
smooth, it is difficult to aséess qualitatively a mathema-
tical structure for its transient response, In chépter h it
is shown that the rectifier cutput current evolves exponen-
tially for small step disturbances if the effects of over-
lap angles and current ripple are neglected, For the purpo-
se of estimating quantitatively the transient behaviour of
the simulator, the rectifier may be modelled in this manner,
as in Fig, 3.,12a, An equivalent time constant for the simu-

lator can be obtained as follows

- L
T, = L (3.24)

51 V. sina® XK© + R!
dec

The simulator equivalent time comstant depends
on the operating point as k° and ao depend on that point,

Theoretically and experimentally it was found that this
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time constant varied from 5 to 10 miliseconds, If it is assu
med that the simulator behaves with a fixed time lag, this
inherent delay could be compensated as shown in Fig. 3.12b,
However, if very fast turbine transients are not being stue
died this last compensation may not be required as the time
ccnstants.normally involved in turbine dynamic problems are
¢f the order of seconds, the response of the simulator,
béing two orders of magnitude faster, can be neglected with-

out serious error,

Furthermore, considerations of transient performan=-
ce demand a small overlap angle for the rectifier (see chapter
4 for explanation of the phen@menon) and therefore a mains
transformer of small leakage reactance, which results in

high short circuit levels and expensive rectifier design,

3.7 Other control schemes

In this project a three~phase fully controllable
rectifier was used to feed the armature o¢f the d.c. machine,
The simulator transient response if reguired can be improved
if the sampling interval is reduced (chapter 4), this can
"be accomplished either by increasing the frequency of the
rectlfier a.c. §upply or the number of phases. Alternatively,
d.c. to dec, convertors, such as pulse width modulators could
be used, However, all these improvements are expensive to

implement,
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Electromechanical convertors have becn used in the
past for quick speed control of d,c. machines but these con=
vertors do not compete in speed of response with solid state
devices, However, d.c., machines with a number of windings,
such as metadynes, could result in satisfactory modelling,

but at the expense of increased complexity and cost,

If the microalternator prime mover torgue were
directly sensed, the contrellable rectifier employed in this
project can be used, incorporating this sensor, to produce
the torque speed characteristics of a real turbine . This
approach would have the advantage of being independent of all
prime mover losses, However, such a simulator would be more

complex,
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CHAPTER U

SIMULATION OF RECTIFIVER DYNAMICS

L.,1 General

As menéioned inn chapter 3 the author met conside-~
rable difficultieé in the design of the rectifier speed cone-
trol system for the micromachine set drive, It was found
tﬁat existing dynamic models of controlled rectifiers that
héveJappeared in various papers failed to describe the real
system behaviour undex transient conditions. It was therefore
felt that the modelling of a controlled rectifier in a clesed
loop system should be looked at again., In this chapter
first, a rigorous mathematical model is developed which des-
cribes the rectifier transient behaviour under small cr large
signal conditions, This model is complex, requires the use
of a digital computer for the evaluation of characteristics,
can be applied only to simple system configurations and does
not give much insight into system design., On the other hand,
such a model‘is the only tool known to the author capable

of analysing accurately the system behaviour under large dis

turbances,

A rigorous small-signal model for the wrectifier

was then developed. This model represents accuratelly the
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sampling nature of the wrectifier together with its pulsing
units, and takes into account for the first time the commutae
ting inmpedance, With this model the dynamics of a system can
be assessed throughout a xrange of possible variables and

thus an optimum solution to the design problem can be chosen,

Finally, the small-signal models suggested in the
literature were examined critically and their step response,
Nyquist plots and stability boundaries compared with the au=-

thorts models,

4.2 Steady-~state output of a controlied rectifier

The instantaneous output voltage of the generali-
zed gephase controlled rectifier cof Fig, It is shown in Pig,
h,2 for finite & and u. This waveform, as well as id(t) and
vc(t), admit a Fourier series expansion resulting in a sum-
mation of an infinite number of terms. In contrast, Laplace
methods result in a closed form expressipn for id(t)and'njt)
and convergence is achieved at the discontiﬁuities of the
wvaveform, This is of great importance as the behaviour of
vc(t) at the instants of discontinuity is wvital in the ana-

lysis of rectifier systems,

As far as the author is aware, Bayoumi108wes first
to apply Laplace techniques to the mathematical formulation
of the rectifier output. This approach is here generaliged

to include a finite commutation amngle and a feedback loop.
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The output voltage of the rectifier vd(t)isasswﬂed
to consist of the two components v;(t) and vé(t)rnpresenting
the output voltage with u = 0 and the voltage drop due to com-

'mutation respectivély, Therefore
- ' L ' l
vy(t) = vi(t) = v (%) (ho1)

Over one conduction period TS these components can

be defined as follows (Fig. 4.2):

' - 1 1 i < "
v1(t) = V sin (mot + a') O=ts Ps

V sin L sin (w t + ¢®°) 0<tST  (4.2)
q o u

vo(t) =
0O ) T L<t<T
. ) u s

where o0 = O + .z
2 q

The Laplace transform of expression 4.2 is

vi(s) =V Wo(cosa' - e-SQ;COSY'> + s(sina' - ewsgssinY')
1 - ' —

(02 + 83) (1 - o7%)

(&.3)

vé(s) - Vsin & Wl cosa® - 9-3110057") + s(sina® = oM gin ")
q -
(02 + 2) (1 - o %%
(hol)

where Y'!' = o' + %; and Y" = ¢ + u

The Laplace transform of the output current id and

the control voltage v, are given respectively by

vi(s) - vi(s) ~ B /s

R, (1 + 8 T, )

(4.5)

id(s) =



ey
B3
iy

v (s) = X [ vi(s) - vé(s} - EO/S _ Tros ] (k.6)

¢ R (1 + sT?)(ﬁ +8T,) . s(1 =+ sT,)

where it is assumed that

K Ly

G(S) =

The\constanté Rt and Lt include both the load and

the internal rectifier resistance and inductance, The internal
effective resisfance and inductance of the rectifier change
from Rle and L16 when one element 1s only conductlng,toIﬁgﬁz

and Lle/z when two elements are conducting, These constants

can be averaged as follows:

R = (&1L .. uo AR + uo a1 R
av \ q ) 2 le on 2 le

L = iE - uo) 4, Ll + 0 L1 Ll
av q - 2n -+® 21 2 ¢

The steady-state control voltage vz(t) and the
steady-state current output ig(t) can be found in a closed
form from equations 4,3 teo 6-using Laplace transform or mo-
dified z~transform, Both derivations are eqguivalent and'equauy
lenghty, and only the Laplace formulation is presented in

appendix 7.

The classical method of solution of differential
equations provides a simpler approach to the determination
of the steady-state characteristics of a controlled recti-

fier (appendix 8), as compared with either Laplace transform
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or modified z=transform., The classical method does not regui-
re the simplification of averaging rectifier internal impedgg,
ces, This is of particular importance because an exact solu;
tion of the rectifier initial conditions problem is thus obe
tained, If transform methods are used to determine the steady=
state characteristics of controlled rectifiers taking into
account the effect of varying rectifier intermal impedancesy
the solution is obtained in the form of an infinite Volterra
series expansion, and this makes these methods extremelly

difficult to treat numerically,

4.3 Rigorous mathematical dvnamic model

The operation of a rectifier consists of a succes-
sion of similar processes, If a mathematical description of
one process is developed, the repeated use of the same pro=-

cess will describe the dynamic behaviour of the rectifier78e

The rectifier of Fig, 4,1 can operate with none,
'one, two or more elements conducting simultaneously at an
inséant in time, In the analysis that follows, a seguence

of periods with none,one or two elements counducting is only
considered i,e. the current can become discontinucus but
double commutation on overcurrent is net antecipated, These
restrictions caﬂ, of course, be lifted if the operating con-

ditions so demand,

With one element conducting the rectifier circuilt
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of Fig, U4.1 becomes equivalent to circuit A in Fig. 4.3. The
cutput current of the rectifier during the one element conduc-
tion period At1 can now be found through network snalysis,

It is given by:

: -t
v B v J O™ OE
! = . e : LI =0 - L .o
id,T(t) - cos (wot + B 61)+[R1 + T 7] cos(p 91}}e R,
] .

(4.7)
for i1(t)2.0 and 0% t<At, . Otherwise ig 1(t) = 0
9

where 21::#E% + (wQLI)Z]QLR1 and L, being the effective re-

sistance and inductance under these conditions

-1 '
g. = tan (woL1/R1), T

T
o= "o -
, 1 WL,‘/R“? g® = « u

,q = final current of the anterior process, Let us also

define Io2

= 11(At1)f.

With two elements conducting, the g-phase rectifier
comes to be equivalent to circuit ¢ in Fig., 4.3. Further, by
means of a Theven?n egquivalent circuit across points A and B,
circuit B assuues the'form of circuit €, Thus, the output
current during the interval of commutation At2 is finally

obtained as

1 = V .
id’z(t) = ﬁg cos g cos(wgt & e 92) +

t
QL 'ﬁn(a—@z)]e T .

caes

2 Z2 i

o 1R



CIRCUIT A

(a) Rectifier equivalent circuit with

one valve conducting
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ZcH
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CIRCUIT B

(b) Rectifier equivalent circuit with
two valves conducting.
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CIRCUIT C

(c) Thevenin equivalent circuit of (b)

Fig. 4.3. Rectifier equivalent circuit under different
modes of operation




for 0<¢< A%, . Otherwise iy ,(t) = 0. Also for the
¥

26

case I_, = O, iz(t)_mO.

’ 2 2
where Z, _HQ[R + (woLE) ], R2 and L

2 2 being the effective

2

resistance and inductance under thes=e conditions,.

_ -1 'i -
6, = tan (woLz/RZ), T, = LZ/RZ

Let us now define 101 = id,z( Atz)

The interval 'At1 is dependent on the transfer

function G(s) and on the nature of the pulse generator,

From Fig, 4.1
vo(8) =n(e) « L(a(s)) (4.9)

The function h(t)\is a piece~wise continuous funce
tion with discontinuities in the first derivative at the
transition instants when the one element or two element

process finishes,

If G(s) can be expressed as a rational function of
s the function vc(t) can be determined explicitly. For the
present investigation it is assumed that
, K
G 8) = mme————— k.10
(s) T + 8Ty a ( )
In the rectifier circuit depicted in Fig. 4.1, both .

the current sensor and the auwplifier have their outputs cors-—

trained within an upper and lower limit. The system under



discussion can operate in certain cases with very large gains,
as a consequence, the ripple content of the rectifier oute
put current is greatly amplified and under these conditions
the limiters have a marked influence in the system transient
behaviour., Hence, in the”rigorous mathematical model, cons-
traints are imposed upon the variations of the current semsor
and the amplifier outputs. Incidentally, in certain cases,
before the stability boundary of the real system is reached,
a limit in the maximum gain is imposed owing to scaling dif-

ficulties in the amplifier circuitry and to system noise,

The pulses firing the rectifier elements c¢an be
retarded or advanced with respect to thé a.c., voltages through
the éction of the control voltage Voo There are several ways
of generating pulses synchronized to the supply fregquency,.

In the method considered here, vc(t) is compared to a ramp
refefence vr(t), a pulse being generated when theinﬂ)signals‘
ére equal, If the response of the system to a perturbation

is to be analysed, the firing instants are determined through

the successive solution of the following equation
J = (!
vi(t,) = v (¢)) (ho11)

wvhere tj is the instant at which element j is fired and At1

is linearly related to tJ.g

The ramp reference signals are initiated at the

instants at which the a.c. phase voltages e, and ej_i

equal, Equation 4,11 may be sclved by means ¢f a Newton-

are



~Raphson iterative procedure, Provided the initial conditions
are judiciously chosen, five to six iterations are sufficient

for convergence,

At the firing of an elenent, the two element pro-
cess takes over from the one element process, The time dura-
tion of the two elements conduction is determined by the time
required for the current of the outgoing element to reach zevo,

.

This current consists of 1 (t) of eqn, 4.8 plus the couutating

2
current given by
I -
i (t) = = 2V ainl. sin(w_t+a-6 )+[—3§+§Xsiniieixﬂa—eﬂ e t/T3
c Zs 2q o 3 2 Zg 2q

_ (o12)
where Z =‘J‘#2 + (0w L )2] R, and L. being the com=-
3 e o le L - le
mutating resistance and inductance

-1
85 = tan (woLle/Rle), Ty = Lle/Rle

The interval Atz is obtained from the solution of

idgz( Atz) + ic( Atz) = 0 (4.13)

Again a Newton-Raphson iterative procedure can be
used, five to six iterations normally resulting in conver-

gence.,
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k.t Linear incremental Model of the pulsing unit

The open loop gain of the pulsing system (Aa[Avc)
is a necessary and‘sufficient constant for the prediction
of behaviour under open loop conditicus, due to the harmonic
content of A~ dvc/dt is different to zero at the instants

83

of firing. Bjéresten’ was first to introduce the concept
of a gain correction factor that considers these harmonics,
In this section, the gain correction factor is generalized

to include the effect of system resistance and commutation

angle at any operating peint.

The d.c. gain of the pulsing circuitry is definéd
in Fig, 4.ka as the ratio Aa/Avc with the rectifier on open
loop i.e., with no harmonics present in vc. In the anzalysis

that follows, this gain is assumed to be unity,

The effective gain of the pulsing circuitry is de-
fined as Aa/Avc with the rectifieerperating on closed loop
i.e, with harmonics present in vc; The expression for the
gain corfection factor can be determined if the behaviour of
the pulsing circuitry is studied under perturbed conditions,
This is ilustrated in Fig.l,kb where a perturbation inv, is
followed by a change in 0. In Fig.lt.lkc the relevant portion

of Fig.h.kb is shown magnified,

For small perturbations, the effective gain can be
expressed as the d,c., gain muliiplied by a correction factor

L
P
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Fig.4.4. Effect of the ripple on the control voltage

(a) D.C. gain of the pulsing circuitry
(b) Effective gain of the pulsing circuitry

(¢c) Definition of the correction factor



From Figure k. ke

dv AV, = AV
tan 0(1 T e T - < . w
dt AC e
. . a 3
tan 0, = Vr = Tﬁvc w
2 dt aQ c

Solving for F*we geot

F*= 1lim AC o ! (h.1h)
Av5+0 Av, av
dt
(-
dv,.
dt
As
dx
Tt - Yoo (4o15)
dve Ve d4g Ave  4a
dt da dt Aa dt

~therefore using equation 4.15

e oo " (4.16)

dat °
Expressions for the control voltage as a function
of time and in a closed form are derived in appendices 7and 8.
Introducing dvc/dt as obtained in appendix 7 and dvr/dt = wo

into equation 4,14 the correction factor is obtained as

* 1 - VK 51n(Y‘ -G - B) _ K3 (1 - K1)
oy 1 ~ p
Ry Vit + (0o )it + ( weT2)?) u%(ers/T} 1)
T /T
KA1 - KJ) K, (1=K e " 7)) K1 (1 ~Kle u/ 2)\ﬂ =
- 3 T /T +sin~ T %T + T }T ]



The wvarious constants in this expression are defined in ape

pendix 7. The overall loop effective gain is now obtained

from

K, = X F* (L.18)

4,5 Continuous dyvnamic models

L.5.1 Simple continuocus model

If the commutation angle is negligible, the res-—
ponse of the rectifier output in the time domain under open
loop conditions and for a step disturbance can be found from

equation 4,5 (appendix 7)

N4 gin(mB ~ € + a') . _WoTzcosa'~sina!

RL \/{1 + (0,T)?} 1+ (0,Ty)?

id(t) =

oI (m~1)/T2 (1 - STon/T2y _

x (1 =K, d(-T,)) T

E -
=22 (1 - &7H/TRy g oTH/T2 (4.19)
2

where T, = RL/LL » and R; and L, are the load
resistance and inductance respectively, Remaining constants

are defined in appendix 7.

Equation 4,19 admits the following structurs



b

-t /T
1,(t) = I, - 1L e /T2

a 4 + r(t) (4.20)

where r(t) is a periedic function and describes the ripple
content of the rectifier output current, Id and Ié are

constants.

Equation 4,20 proves that for a step disturbance
and under open loop conditions, even in the presence of rip-
ple, the perturbed Dbehaviour of the rectifier output cur-
rent is exponential., The process is depicted in Pigoelte5 =
where the rectifier output current jft) is decomposed in
t/To

its three components I, Iée" and r(t). This suggests a

modelling of the rectifier as a voltage source

Vd = {q/n) v sin (n/q) cos a = Vdc cos o

feeding the d.c., circuit, The pulsing circuit gain has been
Jumped with the amplifier transfer function in G (s), there~
fore the sy#tem model under closed loop conditions d4is as
shown in Fig.h.6. With due regard to fhe simplifying assunp-
tions, this model will predict the transient behaviour of
the d.c. component of the output current of the rectifier if
the system were stable and siow disturbances were only con-

sidered,

L.5.2 Transportation time delay model

In an attempt to account for the sampling nature
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Fig.4.5. Evolution of the rectifier output current after a_ step disturbance

and_under open loop conditions (u=0}

Lo
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of the rectifier, the inclusion in the loocp of a probabilisw-
5 . 3 88,90 . .
tic transportation time delay has been suggested « This
is justified by the fact that the rectifier can not be cou=
. trolled during the interval between two successive firings
therefore a statistical transportation time delay egqual fo

TQ/Z can be postulated. A linearised model based on this

assumption is shown in Fig.lt.7.

L,6 Discrete dynamic models

4,6,1 Sample and hold model

The rigorous mathematical model developed earlier
results in a system of non-linear difference equations, Te¢
determine a linear incremental model which accounts for the
sampling nature of the system, the rectifier should be studied
under perturbed conditions, In rig.4.8 a perturbation A«
results in an output variafion Avd; Assuming fhat Agx— O and
therefore the height of the pulse train is constant the
system operates on a pulse width modulation principle.

89

First Reiderso and then others modelled this
behaviour by spreading the arcea of the train of pulses over
the sampling period as shown in Fig.4.8c, The resulting
model is shown in Fig,4t.9 where the rectifier has been re=
placed by a sampler followed by a zero order hold with gain

Vdﬂ sin Go.
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Fig. 4.6. Continuous dynamic model of a rectifier under

current control (u=0)

AlLres @ Aa o I, RuSc [7Ai,

Fig. 4.7 Probalistic_transportation time delay model of

a rectifier under current control (u=0)
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Reidergo Justifies the sample and hold model on
the grounds that the evolution of a sampled system would
be fully characterized from the knowledge of the state of
the system at the sampling instants only, provided that there
are no hidden oscillaticons,., On this principle the incremental
voltage output can be replaced by another voltage waveform
of the same "equivalent area?, il the rectifier load is high-
| 81,82

1y inductive, The Yeguivalent areas" principle is derived
Y q p

mathematically as follows,

If the load circuit is purely inductive the recti-
fier output current satisfies the following law

L _Gdig

L —E = vy (4) o (wez)

The incremental rectifier output current at the

end of the jth sampling period is thus given by

Ady (,st) = Ad g ((j - 1)TS) + [ i%_gi)—- dt: (4.22)
(3-1)7, -

and, therefore

) =2 (k.23)

Aig (1) = A1y ((3 = N)T)) + (AVy oooee T

Equation 4,23 proves that, under the simplifying
assumptions stated earlier, the incremental output voltage
of the rvectifier can be replaced by any veltage waveform

with the same ‘equivalent area®,
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The Yequivalent areas" assumption is valid if resis-
tances are neglected and if in a closed loop system, G1(s)is
not frequency dependent. It is of great importance thatx%(t)
is of the correct value at the sampling instants and if, thevre-
fore, G1(s) is freguency dependent vc(t) at these instants is
a function not only of the "area" but also of the waveshape
of the current, Under these conditions the "equivalent areas"

concept breaks down,

Parish et a188 and Hazel et a189 advocate the sample
and hold modelling of a rectifier on "shape similarity" pre-
mises, They argue that the rectifier output voltage depicted
in Fig.lk.10a is "similar in shape” to the sample and hold
'output in Pig.4.10b, The modelling of nonlinear discrete
systems, by means of steady-state "shape similarity" with a
small perturbation model, is wvalid if, and only if, thesvsten
operates on an amplitude modulation principle, As the system
operates on ;dgglse modulation fashion, the "shape simila-

rity" argument is not wvalid,

It is interesting to note that the transportation
time delay model can be derived from the sample and hold
model if the pulse transfer function of the latter is ex=
panded in series and only the first term is considered%BThis
is wvalid for low-pass systems, both methods therefore yield-
ing the same characteristics for high values of fime constant

Tl'
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L,5,2 The impulse model (u=0)

As mentioned above, as Ax-—>0 the height of the

train of pulses Avd(t) becomes constant and equal %o

. : o ;
2 V sin % gin ¢ . The Laplace transfovrm of one of these pulses

is given by

Ag

e o 5

1=-e (]

L,(Avd’j(t)) = «ZVsingsinao (h,24)

S

A

s . . .
Expanding e Wo in Taylor series and finding the

limit when Ad-—>0 we get

lim LfAvd’j(t)) = ~2Vsin§ sing oo

. (4.25)
AQ —s

Obtaining now the inverse Laplace transform of

equation 4,25

1im A {t) = =T_ V ina® 6(t) Ax 4,26
Aa—i?O vd’J( ) s Vo sin (t) ( )

where 6&(t) = impulse function,

It now follows, that when AQ becomes infinitesi=-
mal the train of pulses forming the incremental perturbed
output of the rectifier assumes the form of the train of

sinao AC.

impulses shown in Fig. 4.8d of strength - T, Vq4

G

As a quasi-steady~state condition 1is being considersd the
sampling time is constant. The resulting model is now depicl-
ed in Fig., 4,11, This model is a linear sampled data system

trully representing the sampling structure of the rectifier
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when infinitesimal variations 1in the firing angle are

considered and overlap angles are neglected,

4,6.,3 The impulse model (u#0)

As overlap angles are now considered, the differ-
ence between the perturbed output and the unperturbed oute
put voltage of the rectifier is obtained with a finite com-
mutation time as shown in Fig. 4,12, By analogy with the
case where no overlap was considered as the width of the
train of pulses becomes infinitesimal they can be replaced
by impulses of the same avea of the original pulses.In this
case, however, there are two impulses for each(sampling

reriod

Av

i

t) - 1/2 T,V sina® 8§(t) Ax

d,l( de

(4.27)

. O y
Avd,z(t) = - 1/2 T, V4o sina 6(t~Tu)Au

d
The strength of the second train of impulsesﬁ&(t)

must bé explicitly obtained as a function of beth, the ine

crement in the firing angle AG and the increment in the

rectifier output current Al With the resistances of the

d'

commutation circuit neglected, a simplification introdicing

negligible error if the ratio woLc/R~ is high, a and u are
L &

G2

related by the well known expression1

Wy Lo

(k.28)

cosq - cos{o + u) = ;
V sinft/qg
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Fig. 4.12. Rectifier output voltage under small
perturbations in_the firing _angle (U#0)




Equation 4,28 under perturbed conditions becomes

Wolre (I§+Aid) (4.29)

o o, 0
cos(a +Aa) ~ ces{a +u +Aa+Au) =
. : V sinn/g
Expanding in Tayloxr series the nonlinear terms,
neglecting high order infinitesimals and subtracting the

steady-state components, we get

. o
Au = 2o A - Yoo AT (4.30)
sin{a®+u®) V sinn/q sin(a%+u®) " d

FPinally, substituting equation 4,30 into 4,27

. e o ~ ; . o] . . o s
g%ﬁit)— 1/2 T, Vy, sina” 6(t) Aa + L AT, 8(t=1, ) (4.31)

A block diagrem of the resulting linearised dis-
crete model of the rectifier is shown in the proken-line box
of Fig. 4,13, where

-sT
o sina® (1 +e )

(]
-t
—
m
~—
il

1/2 T, V4

_ 1
Gals) = R(1 + sTy) : (e32)

5T
Gy(s) ==L, e
3( / le
The model depicted in Fig. 4.13 is based upon eqn.
4,28, As mentioned earlier, this equation neglects the effect
of resistances in the commutation circuit, If on the other
hand, the effect of these resistances were taken into account,

equation 4,12 instead of 4.28 ought to be studied under per=-

«
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turbed conditions. This would result in a slightly better ap-

proximation of the transfer function GS(S).

h,6.4% Approximate impulse model (u#O)

Sucena~Paiva1’0 has shown that, as is generally

the case, T2>> T, and LC<< L, and it is possible toa very
good approximation to disregard the impulsi&e nature of the
voltage drop due to the commutating reactance and simply to

consider this drop as caused by an equivalent resistance

t-?

eq o/ Ty =aquw, L/ 2n (k.33)
The block diagram of this simplified impulse model

is shown in Fig, 4,14 where

Gé(S) = -N-v—_-:_——s-r— and R! .:: R « LC/TS (L&.Blﬁ)

It can be shown that the poles and zeros of the
models in Pigs, 4,13 and 4,14 are very close to each other,
Numerical calculation carried out with L/LC = 100 and
TZ/TS = 50 have shown that the error in the critical gain
(at the onset of instability) predicted by the approximate
nodel amounts to less than 0.5%. In many practical cases in
which the assumptions stated at the begining of this sub=
~section are valid,; this proposed model is a very acceptable

representation,
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L .7 Step response of models

The performance of the various models to a step
change in the feedbaclk amplifie? gain is illustrated in Fig.
bets i"()::c"’fi‘,i = 0 and negligible commutation angle., The agree-—
ment between thé rigorous mathematical model and test results
is seen to be>good._The disturbance occurs at scme instant
between t = 0 and t = ta'and unlike the discrete models,; the
éontinuous model responds immediately. The current as repre-
sented by the discrete models changes/at fixed intervals
although as is obvious from the test results the intervals

‘with a noninfinitesimal disturbance are not equal,

The principle of “equivalent areas" is illustrated
by the fact that the cqrrent predicted by the two discrete
models at the end of each interval is approximately eqgual,
However, the stair-case representation of incremental cur-
rent predicted by the impulse model is closer to the tfutb
than the ramp waveform of the sample and hold model. This is
confirmed by Fig., k,16 where the difference between the per-—
turbed and unperturbed ocutput current of the rectifier is
illustrated as derived from the rigorous mathematical model,

The case shown is an extreme one where the system has reached

a limit cycle of instability at half the sampling frequency.

Figure 4,17 shows the evelution of the rectificr
cutput current as predicied by the rigorous dynamic model
after disturbance in the gain of the current feedback loop
1/ £

has - cured, The system goes instable at 1/3 of the sampling
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frequency and instead of for@ing & limit cycle, the oscil~-
lations grow until the thyristor constraint idZ 0 is
violated. However,; as the perturbations arec made smaller
the system goes unstable at 1/2 of the sampling frequency,
83

Similar results were reported by Bjaresten - who modelled

the rectifier using analogue techniques, This is in agrec-
ment with the impulse model of the rectifier which predicts
that the critical frequency of oscillations in this case is

1/2 of the sampling frequency, if small perturbations are

involved,

4,8 Stability analvsis on small cf rectifier systems in

the fregquency domain

L.8,1 Continuous model

The qualitative Nyquist plot of the simple conti-
nuous model of Fig, 4,6b is shown in Fig. 4.18a, This model

predicts no instability,

4,8.2 Transportation time delav model

The probabilistic time delay model possesses a
‘Nyquist plot shown in Fig. 4.17b. Analysis of the model using
continuous control system theory gives the following critical

gain at the first crossover:

. R ‘%’[ 2,2 2 .2
K .. = (140 T5)Y(1+0° T ﬂ (4,35
ot Vi sina® c 1 c "2 )
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tan (mc ’11) + tan (wc ’1‘2) + = w T =T (4.36)

* Thesé fesults mean that self-oscillations can
occuxr at any frequency less than wq/Z, a fact that contra-
dicts practical tests and predictions from the impulse model

with u € 0,

4,8.3 Sample and hold model

The sample and hold model of Fig. 4.8 possesses
two Nyquist plots depending on whether instability occurs
at ws/z, Fig. 4.18c, or at less than ws/z, Fig, 4.18d, Analy-

sis of the model using sampled~data theory gives the follow-

ing two critical gains (appendix 9):

Ry exp(Tg /1) exp(Tg/Tp) = 1
K 4= (4.37)
Vao 8ina® T, (exp(T,/T;)=1) - Ty(exp(Tg/T,)~-1

p—

for instability at less than ms/z and

R Teo - T
Keit ™ % o Tz ! = (4.38)
Vy8ina T, tanh— - T, tanh 2
275 2T,

for instability at ws/z.
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e84 Impulse model {(u=0)

The impulse model {u=0) shown in Fig. 4,11 possese
ses a Nyquist plot whose gualitative shape is depicted in
Fige. 4.18 c. The shape of this Nyquist plot shows that self-
-oscillations commence at half the“sampling frequency. In ap-
pendix 10, the critical gain éf the system uﬁder study with

u = 0 is determined by means of z-transform and it is given

by
Kerst™ 2 - ) (4.39)
. o - - 3
V4 Tg8ina (tanh Tg/sz tanh Té/211)

The critical gain expressions derived by Busemann
r2 and BjélrestenS3 are special cases of equation 4,39 for
‘purely inductive load (T2~eﬁn)

2L
K .. = 2L (4 .40)

arit V, T sina® tanh T /27T
dc™ s s 1
_Fallsidesn developed an élternative aﬁproach'uﬁng
Fourier transform, Fallside's method, hoﬁever, has two main
disadventages namely, a) it requires the hypothesis of the
self-oscillations to be at half the sampling frequency, and

b) the critical gain is obtained through a series expansion.

Fallside's series expansion can be added  wusing
Laplace transform technigues and it can be shewn that it

yields equation %,39.
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A so-called Ydeseribing functicon' method was in-

, N -1 . . )
troduced by Fallside by taking only the first harmonic of
the series expansion. This gives the fellowing critical gain
for oscillations at half the sampling freguency:

~s & 2
“f 7 . 2 )
Ry - Ty + w7(Ty+T,) + (n°TyT,/T,)

I

(L.k1)

crit” V4. sina® Z(RQTITZ - TSZ)

Sucena»PaivaEfO has generalized this approach by
expressing F(z) in an infinite series of s and considering
only the first two terms, The Nyquist stability criterion
can rnow e used replaciﬁg ¢ by Jjw, The resuliing eqguation
for the critical gain using this method is identical to
equation 4 .41, This procedure offers a very important ad=
vantage, the hypothesis of the freguency of selfwoscillations

is not necessary,

The so=called "describing function' method rests
on the following important a priori assumption: "the self=
-oscillations, when they take place, are quasi-sinusoidal,
i.e, they can be approximated by their first harmonic®", It

may of course happen that this assumption is not valid,

4.8.5 Impulse model (uf0)

1

The stabiiity analysis of the comprehensive impulse
model depicted in Fig. 4.13 is presented in appendix 11.
1

The system admits either of the two differcent Nyguist diagrons

qualitatively shown in Ffigs. 4.18c and d., Therefore,depending
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1
upon the system parameters, instability may occur at,or less

than, half the sampling frequency,

Instability at half the sampling frequency occurs

at a critical gain given by

2R(Ty = Tq)

Kcrit = &
“Tszu _TS“'TLl
1 -6 11 _1 - T2
Y o) -
VdcTsSan. __,]ié _Eﬁ
T T
\ T +e | 1 +e 2
12,
T =T T =T Ts
5740 sy Lc -TT -1
. i . To 1 - 'E-I (1 + e )
- - 1= (4okz)
e ""'r"[?"' - "?[\—'
1ve 1 146 12 jlee T (14e 1)—1
Ly
In most practical cases LOQ(Ll, Ts<<T? and, to & good
approximation
. 2R (T9 -~ T1)
K . = 2 ! (ZL.LLB)
crit
Ty=Ty, Tg=Ty v
T4 T2
1 - e _d=-c
. O T
Ve T sina _$ﬁ ,%u
1 +e 1 +e °
Furthermore, if T2<(Ié, the resistance in the load
circuit may be neglected without incuring any significant

error, therefore,



Instability at freguencies less than the sampling

frequency occurs at a critical gain given by

X T S
To T1 . Ty
= 2(Ty=To) R 1 = @ (e = (Lo/Lq) e )
@ity T _sina® _ Te=Tu _ Ts  _ Tg=Ty _ Tg
o To o T1 - e To o To
(h.45)

For given values of the parameters two critical
gain values will be obtained from equations 4,42 and L. 45,
The smallest of the two will define a point on the stability

boundary.

4,8.6 Approximate impulse model (uf0)

The Nyquist diagram of the approximate impulse
model is very sinmilavr to the Nyguist ploet of the comprehens=
. . .. 110 .
sive impulse model. Sucena~Paiva has shown, using 2z=-
—transform theory, that the critical gain for dinstabie

lity, at half the sanpling frequency and less than half

the sampling frequency is given respectively by
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- Ts - 28
T L
i+ e L T + e =
. TS 1‘5
o - - Fr
« 2R (Th-T)) o Ve 2-1 (4.,46)
“erit T ina® ‘
VaoTy sina _ Ty _ E%

k.9 The convertor transfer function

In section 4.6 it was shown that under quasi-steady-
=state conditions a rectifier adnits a linear sampled data

system equivalent,

Hence it is possible to define a pulse transferx
function for a convertor, this being the ratio of the sam~
pled output.to the sampled imput into the system, Clearly it
is not possible to measure the pulse transfer function using
a conventional transfer function analyser, The analyser will
correlate the output to the fundamental harmonic of the ine

put without an indication of the cutput harmonics,

The transfer function of a linear sampled data
system measured with a transfer function analyser requires
special interpretation owing to the harmonics generated in
the sampler, This measurewment will become increasingly diffi-

cult in the region ms/34(m <ws/2 due to the presence of the
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jower sidefband W, - in fig. k619211 At W = wsja the side
band coineides with the signai frequency and the measnr&kmaﬁs—
fer function depends on the phase of the input signal, the
transfer function locus at this frequency describing a closed

path.

Fig. 4.20 shows a comparison between the calculated
transfer function and experimental points delermined by a

transfer function analyser for small conditions,

The rectifier can be simulated by a pure linear
sampled data system only for infinitesimal perturbations, If
the disturbance signal is non-infiniftesimal, oscillations

will occur at cother subharmonic frequencies given by qf/Zn

and not predicted by the small signal models of this chapter,

In general, all oscillations at wS/Zn where n‘is
any integer greatér than cne, produce a fixed "phase" between
the harmonic wS/Zn of Vo and the ramp waveform Vo of fré$wnqy
Wy e As a consequence, a 2T phase shift of the ws/zn distur-

- bance will result in a closed locus for the rectifier trans-

fer function at this frequency,

Assymmetries in the supply voltages and the firing
%
circuitry will accentuate the subharmonic oscillation pheno-
mena, As the system is highly non-linear subharmonic loci

willi depend on the amplitude of the disturbance signals.
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Figure 4,21 shows measurements of the two most ime
portant subharmonic loci of the system under discussion cavried
out with a transfer function analyser for small signal cone-

ditions, The relatively large sizes of these subharmonic locies

emphasize the importance of sublarmonic dynamic characterig-

tics,

System assymetries are manifested particularly at
150 Hz (half the sampling frequency) and at 50 Hz and hence
the twisted shape of the transfer function measurements when

the locus passes near these two frequencies,

)

ed

(2B

Large signal subharmonic oscillations were stud
in reference 84 using an approximate approach based on des-

cribing function techniques,

4,10 Comparison of performance of various models with experi-

mental results

A comparison between the models developed in this
chapter and other models suggested in the literature was
made with the three-phase bridge rectifier supplying the d.c.
machine driving the microgenerator comnected to a three-phase
a.,c, infinite busbar. The d.c, motor was working with éons—
tant ekcitation and a feedback loep was enforcing constant

armature current,

In fig. 4.22 the stability boundaries for u = 0 asg
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predicted by different models are compared to experimenial
results under negligible commutation angle conditions. The

boundary is a plot of time constant T, against the critical

1

gain. Points on the left of the boundary are stable,

.

Curve 1 presents the results with the rectifier
modelled as a pure transportation lag of half the sampling
time in a continuous contrel loop. Curve 2 resulits from the
sample=and~hold model of reference 7. Curve 3 uses equation
4 42, To view the models of curve 1 and 2 in the most favour-
able 1light in comparison with the models developed in this
chapter, in all three cases the gain correction factor F¥

of equation 4,17 was implemented,

Curve 4 was obtained from Fallside's describing
function a;{)prex:Lma,tion%zi As the attraction of this method

is its simplicity, the gain cecrrection factor was not used,

Curve 5 was obtained from the rigorous mathematical
model described in section 4.3, by means of a digital compu-~
ter which solved exactly the difference eguations of the
system, With this programme it was possible to determine
whether a particular operating point was stable by applying
a small perturbation to the current reference value, This
method, which was incidentally very time consuming, showed
that for sméil perturbations,Ainstability occured at half
the sampling freqguency., It also showed that if the perturba-
tions were large, the system could become instable at other

subharmonics of the sampling freguency.,
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Because of tho small uncertainty involwved in de
wining the value of gain at which self-cscillations are suge
tained, the experimental results are shown in Fipgure 4.22 as

band 6 rather than as a curve,

From figure 4,22 we can conclude that the pure dee
lay model and the sample and hold model, even when improved
by the gain correction factor, give unacceptable stability

boundaries,

The discrete model developed in this chapter gives
results consistent with the rigorous mathematical model and
the experimental data, over lhe whole wrange of the regiocn ex

plored,

The describing functionm method gives perfectly
acceptable vesults for large time consbants but diverges fon

low time constants,

With u = 0 and neglecting the gain correction
factor, fhe exact solution gives curve 1 of Figure 4,23, In
‘the describing function method, the effect of neglecting all
terms but the first is a fortunate shift of the boundary_
towards cleser proximity with the exact solution corrected

for gain, viz. curves 4 and 3 of Figure 4.22,

The influence of the gain correction factor on the
&

statility boundary is shown in Flgure 4.23, At low values

of T1, the ripple in the control voltage reduces the effecctive

SRR
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gain as shown earlier in Pig. 4.3c¢c., This loss of gain de=
creases the region of stable operation under the T! - K
boundary and the expansion of the stable region becomes more

pronounced the nearer v approaches zero,

From Pigure h,zjlwe can conclude that the gain cor =
rection factor has a very marked effect on the boundary espe=-
cially at small commutation angles and should be taken dinto

account if accuracy is required at low time constants,

The influence of the commutation angle on the sta-
bility boundary is illustrated by Figure 4,24, With increase
of commutation angle, the stable region contracts. The point
of slope discontinuity on the stability boundary is caused
by the intersection of the boundaries described by equations
4,42 and 4,45, For points on the stability boundaries of Fi
gure 4,24 located below the discontinuity instability occurs
at half the sanmpling frequency; for points above the discon-
tinuity instability takes place at lower frequencies. The ex-
perimental points determincd for the case u = 20° shew a good

agreement with the corresponding theorctical boundary,

Figure 4,24 shows that the effect of commutation
is to decrease the region of stability, At high time céns»
tants T1 this decrease is caused by oscillations at frequene
cies lower than half the sampling freguency, At low time cons -
tants the decrease is caused by a different mechanism, The
presence of cémmutation decreases the slope of the control

-

voltage whieh; in turn, increases the gain~correction fazctor,
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For non-infinitesimal disturbances, o¢scillations
at other subharmonics will be experienced even for u = 0 ,
These modes of instability have been analysed using appro=
ximate meéthods e.g. describing-function techniques.Alterna
tively, the rigorous mathematical dynamic model developed
in this chapter can be used, In this model a perturbation
of varying severity can be imposed, For non-infinitesimal
ampiitude disturbances the model corrchorates the test rew-
sults of Fige. 4.15. For large amplitude perturbations,limit
cycles at other subharmonics were predicted by the model
and encountered in practice during tests on a controlled
rectifier, These oscillations occur at frequencies giveﬁ
by qf/zn for u € 0 and at these fregquencies as well as at

frequencies unrelated to the sampling frequency for u # 0,

To summarise, the discrete model developed in
this chapterendﬂésus to take into account the process of
comnutation and to apply successfully sample data theory
to determine the frequency of self-oscillations and sta-
bility boundaries, It is shown that even moderate commu-~
tation angles have amarked influence on the stabilit&h
and frequency of self-oscillation of the syéteme A gene-
ralized gain correction factor is also used to allow for
the variation of the loop gain caused by the presence of

ripple in the control voltage,

The test results show that the small perturbae

tion model developed in this chapter gives betiter predice

o
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tion of stability compared to other technigues for u ¥ 0O
and is the only model Lknown to the author capable of pre-

dicting stability boundaries for u#O.



CHAPTER 5

RESULT OF STIMULATION STUDTES OF STEAM POWER PLAMNTS

5«1 General

In this chapter the simulation of a simple non-
reheat turbogenerator system is discussed, The evolutién of
this system after a severe disturbance on the turbogenerator
is compared to results from the mathcematical modelling of
synchronous genecerators and excitation systems described in
chapier 2 and to tests on a real system. A full load rejec
tioen of this turbogenerator is used next to corroborate the
mathematical modelling of this simple type of turbine and go
vernor system, The analysis of this disturbance validates the
assumptions of prime-mover simulsation on micromachines,

The simulation is extended to a modern large type
of prime-nmover and a reheat turbogenerator is then introdu-
ced, Full load rejections of this more general form of pri-
me-pover are analysed, More severe disturbances are studied
when pole-slipping conditions are considered. As the boiler
plays an important part in long term dynamic studies, the
restriction of infinite boiler capacity is lifted and the
boiler model developed in chapter 2 is incorporated in the

simulation.

Finally, the yrole of pfovernors in power systoems is
Ye ! b
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discussed and some methods for improving their dynamic bew

haviour are suggested.mn oha\ate"é’-

5.2 Goldinstoen simulation

The Goldington testsgg were used to corroborate
the synchronous generator and excitation system model develo
ped in chapter 2. A 3-phase short circuit of short duration,
electrically close to the turbogenerator terminals was employ-
ed to test the quality of these mathematical models, A compa-
rison of the load angle oscillations that follow this tyrpe
of fault in the actual system and a digital computer solu-
tion of the mathematical model of the Goldington synchronous
machine and exéiter is shown in Fig. 5.1. The correlation
shown in this figure, within the limitations of the model,
gives a geood enough indication that a 1st order Cauer expan-
sion of the excitation system transfer function and the sim=
plified synchronous machine modelling of chapter 2 are re-
prresentative of an actual system. The results compare favou-

rably with other appfoximate models e.g, reference 25,

The full load rejection test of Goldington power
station28 was next considered for the purpese of validating

the quality of the prime-mover simulation,

An enalogue simulation was first used to obtain a

rough approximation of the real system and then a digital
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representation was employed ﬁo improve the accuracy ol the
parameters in the mathematical model and to carry cut a sen-
sitivity study.

The original s;t of constants of reference 28 were
modified so that the same transient réspcnse was obtained
from the mathematical model as from the original system., In
fact, this new set differed little from the original, only
thie droop and the time lag due to the turbine entrained steam

were reduced by 20%,

- A sensitivity analysis has shown thal small changes
in the governor drﬂcp; the‘time constant caused by the
entrained steam or the inertia constant of the system are
the only constants influencing considerably the transient
response of the system. Changes of 25% in all other parame-
ters do not cause significant variaﬁions in the evolution of

the shaft speed after a full lcad rejection has taken place,

The evolution of the shaft speed with time, as ob=
taincd by the different methods of analysis, is presented in

Fige 5.2 after a full load rejection has taken place,

The Goldington load r@jection results show that
the turbogenerator shaft overspeeds rapidly just afﬁer'load
has been rejected, The throttle valve is fully closed by
governor action at t = A485s,. Owing to the entrained stecam

the shaft reaches its maximum overspeed of 5,850 at
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t = 1.85 i.e. some time aflter. the throtile valve has been
fully closed, The shaflt speed then, under ithe action of tihe

set losses, slows down with a slope given by

P
41 losg
‘3&% = “’“‘"‘“ﬁ - (5.1)

The machine eventually reaches its final speed
given by its governor droop multiplied by the amount of load
being rejected, Some oscillations occur before reaching this
final overspeed, With the original data of reference 28 these
oscillations do not die away but form limit cycles, The ana~
logue simulations shows that if, as depicted in Fig. 5.3,the
>synchronous machine is represented as an integration, i.e,
the model is valid if open circuit operation is considered,
the system becomes steady-state unstable, The micromachine
and digital simulatims confirm this steady-state instability
of the system. The eigenvalues of the plant'in fact show
that the go#ernor and turbine representation form an unsta-
ble system, However, if the micromachine is connected to the
micrqreseaux infinite bus bar the generator synchronizing
torque stabilizes the system., With the revised set of Gole=
dington parameters the shaflt speed reaches a final stable staw-

te a8 temm00

Fige 5.2 also illustrates tihe effect of the loss
term on the shape of this transient. If the loss term is not
simulated (curve £), the shaft speed does not slow dovn and

tends to show a larger numerical value for the maximum over-
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speed as cbmpared with the real systom , If the Joss torm is
.too large (curve d), the system simulation gives a smallor
numerical value for the maximum overspeed, the rate of de~
cay of speoed is larger and the final speed smaller as comw-

pared with the veal gvstem,

5¢3 Northfleet simulation-greneral

As mentiomned in section 5,1 after simulating a sim=-
pPle form of turbogenerator prime-mover, the simulation methods
were extended to analyse a more representative large modern

type of turbogenerator including a reheat section,

Northfleet power station was chosen as a test syse
tem because its data and test resuiis were readily available
in reference 16, Furthermore, the main parameters of North-
fleet turbogenerator resemble those of a 660 MY unit and
therefore the simulation of this generator offered additionsl

attractions,

5. Northfleet simulation-load rejection

The. simulation of a full load rejection of this

power station was carried out wusing a digital computer;, a

R

micromachine set and an analogue computer. The evolution in
time of the most important states, as predicted by all simu-

lations, are presented in PFigs. 5.4, 5.5 and 5.6,
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As with the Goldingten turbine, the shaft overspeeds
rapidly after load has been rejoscted, Dy governor action, the
throttle valve is closed fully at t = .25 s. and the intercep~
tor valve at t‘# 1 s. There is a delay between the closing of
both interceptor valves and the time the shaft reaches its
maximﬁm overspeed of 9.3% at t = 2.0 s,, this is due to the
entrained steam between both governor valve chests and the
respective turbine cylinder inlets and between the IP cylin-
der outlet and the LP cylinder inlet. The entrained steam
continues accelerating the rotor for some time after all

governor valves have been fully closed. All simulations ese

timated this effect very well,

Having arrived at a maximum ,the shaft speed slows
down under the action of the losses as given by equation 5.%.
The shaft speed, however, does not return to its final state
given by the govérnor droop and the amount of load being re-
Jected as in the Goldington load rejection test, but hunts
around the overspeed setting of tﬁé interceptor valve, The
turbogenerator losses are now supplied from the energy stored
in the reheater. All simulations show hunting at this parti~
cular operating conditicen. The oscillations form a limit cy-
cle of instability. The shape of this limit c¢ycle exhibited
by the micromachine is similar to that of the pure anaiague
simulation, The digital simulation however, shows a somewhat
different limit cycle., These differences are mainly due

to two reasons:

a) inaccuracies in both analogue and micromae



chine sinuvlations ¢f the coustraints imposed

upon the motion of governo:r relays, and

b)the system is highly nonlinecar at this opera-
ting condition and in the digital solution the welevand
nonlinearities were taken into account more

thoroughly.

The energy stored in the reheater runs out just
over two minutes after the full lcoad rejection has teken place
according to the digital computer solution, The micromachine
simulation,; however, gives 1,2 minutes for this time inter-
val, This differeiice is due to the fact that a small error
in the setting of the loss term is integrated over this rela-
tively longltime reriod. Only a small change in the leoss term
of the analogue model was required to reduce this time in-

terval to the magnitude obtained from the micromachine tost,

When the energy stored in the reheater is exhausted
the interceptor valve;opens fully and the throttlie valve
conmiences to regulate the shaft speed..After'some oscilla-
tions the rotor speed finally reaches its final state - as

given by the governor droop muliiplied by the load being

rejected.

As soom as the load is rejected the pressure pefo-

re the throttle valve begins to¢ rise quickly until it

5]

reaches the same level as the bheiler prossure, These two

pressures then rise slowly owing to the encrgy stored in the
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boiler piping circuitry. The final beiler pressure is about
2 per~unit and is reached about 1 minute after the load rem
Jection cccurs, O0f course, long before the boiler pressure

attains this level, the safely wvalves opon.

In a load rejection, relatively long time inteir-
vals are involved before the system reaches the final stable
state. This is due to the uncceordinated action of the control
system and is not due to the numerical values of the plant
time constants. For instance, a reheater time constant of 6
seconds is capable of holding the turbogenerator speed 5%

above rated for more than 2 minutes,

5¢5 Northflcet simulation-pole«slinping

The next disturbance considered is Northfleet test
No. 6, Here, the turbogencrator is operating at a leading
power factor and a short circult near the generator terminsls
is applied for a short time interval, As a result, the gene=
rator loses synchronism, The machine is allowed to slip po=
les until by governor action it automatically recovers synw
chronism, [lelevant results of this test are reproduced from

reference 16 in Fig, 5.7.

The object of the simulation studies is te analyse
governor behaviour after a severe disturbance to the power

station has occured, A digital computer solution of the ma-
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thematical model representing Norithfleet power station and
a micromachine simulation of the same station were employe

‘to analyse this transient,

Figures 5.8, 5.9, 5,10 and 5,11 show the results
from the micromachine simulation with various ratios of gow
vernor relays opening-to-closing time constants, For compa-
rison, Figs. 5,12 and 5,13 show digital computations of the
evolution of the same transient for a range of system para-~

meters. The data for all simulaticns is given in Table 5.1,
The procesées of turbcgeneratcr less of synchrow-
nism and subsegquent recovery can be divided into five paris:
1)} rotor backswing,
2) loss of synchronism,
3) rotor deceleration,
4} resynchronization and
5) postesynchronization,

These will each be considered in more detail in the following

sections,

5¢5.1 Rotor baclkswing

The sotor movemnent 0 -~ 100 ms after the disturbance

{
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FIG. 549 MICROMACHINE SIMULATION OF NORTHFLEET TEST No. 6
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Fige 5.10 MICROMACHINE STMULATION OF NORTHFLEET THEST No.b
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Fig. 5.11 MICROMACHINE SIMULATION OF NORTHFLEET TEST No. 6
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has received considerable atitention wecently in the literas

ture§’31’95

" The micropgenerator shows that approximately during
the first 80 milliseconds after the fault is applied there
is no increase in the load angle. In fact, the rotor is ree
corded swinging marginally backwards, a fact which is in
agreement with the fiundings of reference 15. The digital
solution neglects both pwd and pﬁq texms and therefere doecs

not show the backward swing., The Northfleet machine was re-

ported as swinging backwards for'ahout 35 millisecondsz6
8 °5 31
Mehta and Adkins,; Shackshaft; " and Harley and Adkins- have

explained the backswing phenomenon and discussed the effects
of meglecting p¢d and pwq. They also stress the importance

of using the correct numerical values of synchronous machi-~
ne resistances so that turbogenerator rIz losses can be mo=
delled adequatelf. The micrcgenérator has larger per-unit

resistances than the Northflecet machiﬁe and therefore a more

severe backswing would be expected,

In Norhtfleet test No. 6, 200 milliseconds elapse
before any significant movement of the throtitle valve is
observed, This long delay in the throttle valve motion, which
has been interpreted as a transportation time delay, is of a
more complex nature, Initially, the throttle valve is opsra-

¢

ting at its limits. To simulate this test, it is there¢fore

&

necessary to determine the speed changer seitting so that the

in

o
(0]
=3

i

@

additional dead band introduced by operating the

Yy
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this manncr con he assessed, Furthermore, the rotor back-
swing and governor multiple time lags described in section
2.8 accentuate this delay effect. Norithfleet test No. 3 was
carried out with the governor operating within its constraints

and hence nc additional dead band was introduced. As a re-

suldt only 100 milliseconds elapsed before throttle actio:

=1

commenced, In the case of the microturbine, the governor
opéraﬁed within its constraints, and the throttle valve re-
cording shows that only 120 milliseconds after the fault has
been applicd a significant movement in the closing direction
can be observed, Of these 120 milliseconds, approximatelly
80 are due to the machine swinging backwards and 40 due to
the governcr multiple time lags. This delay effect iz more
marked in the microturbine owing to iis more severe backe
swing., It is interesting to point out that no closing movee
ment of the Northfleet throttle walve should be expected for
at least 75 milliscconds,. Of these, 35 wmilliseconds are due
to the machine swinging backwards qnd Lo to governor multi-~

ple time lags. The digital simulation of the throttle valve

motion shows a delay of 40 milliseconds,

5.5.2 Loss of svynchronism

After the generator rotor has swung backwards the
second part of the transient begins, The rotor accelarates
owing to a pover surplus that exists until the short ciy-

cuit is cleared, With conventicnal conirollers the gynchrae

nous generator may come back to its original operating cone
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ditions with or without peole-slipping depending mainly u

ot

when the fault is

3

the numerical value of {the load angl
cleared,
If the machine does not slip poles after the fault

has been clearecd, the rotor decelerates, In the case under

¢

discussion the machine slips poles, the shaft being accelom
rated'for a short interval, The load angle, however, conti-
nues to grow, initially at a slow rate., With the throttle
valve closing, the turbine torque diminishes only merginale
1y wing to the relatively long time delays involved in
the rehecater. As the ibad angle increases, the generator

e 2

electrical pover, decrcases, hence, the rotur starts accelew
rating again, This results in a kink in the rotor velocity
and an ianflection in the motion of the load angle., As in
Nortnfleet, the micromachine governor senses this variation
in the rotor velocity-and stops closing the throttle valwve
for 200 ms., In the digital sclution the rotor backswing was
not present, hence, the throttle valve is almost fully clesed

when the kink in the rotor wvelocity occurs,

As the load anglc approaches 180 degrees, the
electrical torgque is reduced and the rotor acceleration in-

creases.

Beyond 180 degrees, the synchronocus gencrator opce-
rates as a motor and the rotoxr zcceleration is a maximum. It
is enly ithem that the microturbine iantorvceptor valve starts

closing (t = 600 ms), reaching its fully closed position at



t = 500 ms, The real system gives 600 and 950 ms, the digi-
tal solution 400 and 600 ms respectively. This completes the

first part of the transient,

5e5¢3 Rotor deceleration

This third part of the transient is characterized
by the synchronous machine pole-slipping and a period of
average deceleration. Each time the generator slips onc pele,
the difference between the power supplied to the infinite
bus bar and the motoring power taken Trom the infinite bus
bar is negative and therefore the rotor velocity slowly dimi-

nishes, -

The real systém £lips 13 poles before resynchvonie
zation is achieved; in contrast the micromachinenslips only
3 poles, The cause of this difference is the high per unit
resistances of the microalternator, which producés high
losses and quick deceleration, This was proved with the digi-
tal simulation where low values of the damping coeflfficient
produces a large number of pole-slips before resynchroniza-

tion (Figs. 5.12 and 5,13).

ALl simulations show viclent swings in the gclece

trical states of the system while the synclhironous gemerator

is pole~slipnping., In particular the maschine torminal volta-
ge swings from o maximuwn of about 1.2 per-unit to o miniieun

of around O.1 per-unit, The maximum cccurs approximnately



when the back EMP Qroduced by the field exciting current and
the infinite bus bar %olﬁagevar@ in phase and the minimum
when these two phasors are about 180 degrees out of phase,
Both, the micromachine and the digital simulations show a
noteh in the oscillograms of the gencerator fterminal voltage
wvhen the trace passes through o ﬁaximum. This notch does not
appeary in the recordings of the real system, No explanation

has been found for this discrepancy.

This part of the tramsient ends when the roctor s

s

is small eawvugh for resynchronization to commence,

5¢5.4 Resynchronization

Part 3 of the transient Dbegins when conditions aive
such that resynchronization can ftake place, According to Po-
. 112 . ' & 1
liack when the rotor speed is about 2% higher than syn-
chronous, resynchronization is initiated, All simulations and
measurements in the system under discussion confirm Poliack's

observation,

The condition arising when the rotor speed first
becomes eqgual to synchronous is of particular importance. At
this instant the load angle is at a maximum in the range of
150 to 170 degrees. The load angle can stay =t this maximum
for a relativoly long time interval depending upon systom
conditions, If the system recovers synchronisnm slowly, thé

plateau part of the load angle oscillagram is relatively lomge
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A large dopression in the machine terminal voltage scours bee

]

cause at this operating conditicn the voltape behind the sube
trensient reactance is nearly 180 degrees out of phase with
the infinite bus voltage, therefore, large currents circulate
thyxough the generator armature, This phenomena actually occure
ed in the digital simulations shown in Figas., 5.12 and 5,13,

The micromachine simulation presented in TFig., 5.14 is another

example o slow resynchronization, In contrast, the Northw

.

Fleet test and the micromachine simulation depicted in i

5.8 to 5.11 are examples of quick resynchronization and deo

Do

3

not show this long plateaun region in the load angle oscilloe

b

gram, nor the depression in the machine voltage,
If aifter the plateau repion in the load angle o5
cillogran has beeon reached the load angle commences to de-

creasc, synchronism has been regained and part b of this tran

sient ends.

5.5+5 Post~svnchronization

After synchronization, fluctuations in all system
states occur till the final state is reached, The early por-
tion of this last part of the transient is characterized by
relatively large oscillations and the latiter by small oscil-

lations,

-

In order to simulcs

£

te the poestesynchronizatiocn phe-

nomena it is of prime dmportance to model accurately the dye
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namic bebaviour of the cpening action of geverner relavs,

By successively reducing opening time constauts
with respect to the closing time constants, in Figs 5.8 to
5.11 1

is shown that the part of fthe transient under dise

cussion cennot be successfully simuloted,

When the opening time constants of the governor
relays are made equal to the closing time constants, the sys
tem shows a marked tendency to hunt and stability margins
under small oscillations are reduced considerably. In general,
boethh Northfleet valves show very sluggish reopoening. The sie
mulation of the load angle wotion becomes similar to the vool
system when both governor valves are opened in such a manner

that they are deccupled from the load angle oscillations,

The simulation studies carvied ocut by the author

112,113

confirm observations of two early investigators who
have found evidence that limiting the opening rate of both
governor valves facilitates resynchronization, In particular
the opening rate of the interceptor valve must be limited

because this wvalve has the ability to control guickly a rcla-

tively large amount of powver.

Minor alterations in power plant design can be made
with useful dimprovementg in bturbogenerator dynamic behaviour

under pele~slipping conditiens., I
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5.15 whers the copening rate of all governor roloys dn the

digital simulation of Northfleet power station wvas made 25



times slowelr than the closing rate, This is about the maxie
mum that can be used safely so that if both governor valves
arec fully closed prefauvlt loading is restored about 10 seconds
after the Qlésing motion of governor valves takes place, Row
latively large changes in the most important system parame-
ters féiled to change the number of polese—slipped Lor the
example depicted in Fig,-EQTS, This emphasizes, as mentioned
préviously, that a decrease in the opening rate of governor
relays ié beneficial for quick recovery cof synchrouism, Rirther,
the interaction between the governor system and the AVR ié
minimized and therefore both controllers can be designed as
if they were decoupled., This is favorable from a dynamic;gﬁﬂt
of view, and the time evolution of the load angle is better
damped now than in all previous simulations, see for ins&ﬁ#ﬁ

Figs., 5.12 and 5.13,

In general, the system being simulated is very sen-
sitive to small changes in main system parameters in either
the synchronous machine or the governcr system. Mathematical-
ly, the simulation of this transient can be regarded as a
numerically ill conditioned problem. However, this éystem is
‘noet very sensitive to relatively large changes in tho AVR
parameters, due to the relatively low exciter ceiling volte-
ages and slow transient response of this particular excitation
system, This effect is illustrated in Fig. 5.16 where it is
shown that a variation of 2.5 times in the excitar time conse-

ant fails to modify siguaificantly the system transient res-

N
v

ponse,
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5,6 Limit cycles involving pole~slipping

Pole-slipping transzients are complex and three dJdif-
ferent types of dnstability have been observed as a rTesult
of this severe operating condition:

T

a) The generator may never regain synchronism auto-
matically, because as soon as the rotor' speed
slows down the interceptor wvalve opens and the
rotor is égaih accelerated, This type of insta=-
bility has been reported in an actual power
étafion!Tu According to the simulation studies
carried out by the author this type 
of instability is prominent in systéms which

~

exhibit poor damping characteristics.

b) The machine can recover synchronism and lose it
a short time after, The digital simulation of
Northfleet depicted in Fig. 5.17 is an example

of this type of instability,

c) The machine recovers synchronism and loses it a
short time after from excessive deceleration,
"This type of instability has been reported by

Busemann!15
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TABLE 5,1

DATA FOR NORTHFLERET STIMULATION STUDIES

207

Simulation Turbogenerator Exciter Subtransient
results depicted|{power output|time constant|time constant{ M*
in figures _(per-unit) (second) T; = T;
5¢55354645.7 «80 1 - 3
5.8 .84 1 See table 2,1 1
5.9 .84 1 See table 2,1 3
5.10 .84 1 See table 2,1 5
5;11 +8h 1 See table 2,1| 10
5.12 .8U 1 .322 10
5.13 .8l 1 R 5
5.1k .80 1 See table 2,1| 10
5.15 .84 1 A5 25
5.16° .8l 1./.39 .322 10
5017 . 8L 1 . 184 5

Note: Other data as given in reference 16 for test No 6

*all governor relays opening time constant =

closing time constant

**rig.

M

relays

5.16 shows a comparison of the simulation depicted

in Fig., 5.12 with a case of reduced exciter time constant
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CHAPTER &

DISCUSSION ON THE TMPROVEMENT

OF PLANT DYNAMIC BEHAVIOUR

6.1 General considerations on governor dynamic behaviour

The governor of a turbogenerator in a large power

system is required to:

1) control system frequency by means of:
a) a fast automatic action if a disturbance in
the demand-supply power balance occurs, and
b) a response to load dispatching signals in
order that the steady-state errors owing to

governor droops can be slowly compensated,

. 2) damp power system oscillations,
3) damp turbogenerator oscillations, and

h) protect turbogenerators against overspeeds.

The first of these tasks requires alteration of
turbogenerator lcadings with system frequency variations.
Changes in loading by governor action stabilize power system
oscillations and should be carried out with an optimum mana-
gement of the power plant stored energy capabilities, Dise

turbances under these.circunstances are normally slow with



periods of several seconds and governor control is effected

only by the throttle wvalve,

As power systems grow in size, the ratio of a par-
ticular generator power ;utput to the total system generation
diminishes, thus variations in the turbogenerator load is
no longer a governor feedback problem but an open loop pro-
cess because changes in a generator loading do not affect sige
nificantly system frequency. The governor structure, however,

should be preserved because the fast automatic action is of

prime importance for power system frequency stability,

In géneral, faster governing systems combined with
reduced dead-bands improve frequency control, contribute be-
neficially towards damping of turbogenerator oscillations and

offer better protection in the event of overspeeds,

A_compreheﬁsive analysis of governcr performance
involves a complete examination of power system design phi-
losophy. An analysis of this nature is outside the scope of
this study, This investigation is confined to the discussion
of tfans;ent conditions arising from faults, in particular

the dynamic behaviour of the most affected power station.
For the purpose of the following discussion,faults
are classified into two broad groups:

‘a) long duration faults which result in a complete

ﬁnerngmion of power transfer from the power



station, and

b) short duration faults, i.e. faults in the trans-
mission system which are cleared within a few

A,cycles.

6.2 Long duration faults

Long duration faulfs present a very difficult ope-
ratiﬁg condition, If during the fault the station loses its
auxiliaries, the problem becomes‘even worse and valuable time
is spent in restarting units and restoring them to full load.

Hence, it has been suggested116,117,118

that aftexr a fault of
this type the power station should be designed to withstand

a full load rejection and to continue supplying its own aux-~
iliaries for as'long as required, This procedure improves

power system relizbility and reduces power system operational

costs, In the debit side, power station design becomes more

expensive,

Akers ot a111? have estimated that every éingle
occcurence of such'a fault can result in approximatelly 1/&
to one per-cent of the total fatigue capacity of the turbine
rotor owing to thermal stresses, Fast disturbances in the
turbine operating conditions are critical for the turbine ro-~
tor as can be assessed from this fatigue figure, However,
these severe stresses are not developed if load is restored

in less than 10 minutes,
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6.3 Short duration faults

In order to cope with short duration faults, in a

planning.stage, the following alternatives may be considered:

a) design options,
b) power control, and

c¢) operational strategies.

6.3.1 Design options

The most important design options are:
1) fast clearing times,

2) modifications in the turbogenerator or grid

conventional design,

3) fast AVRs and high exciter ceiling voltages,

and

L) optimum control strategies.

Fast clearing times have been specified in the past
to achieve a given transient stability margin each time a
new generation of turbogenerators with increased power ra-
ting and reduced inertia was brought into service, Fault
clearing times have been reduced as far as modern technology

117,120,121

permits. It has been reported that in some cases,

clearing times were insufficient to maintain the transient



stability of a unit. With the next generation of turbogenera-
tors, and bearing in mind that more remote sites are sought,
the transient stability problem becomes more acute, It is
therefore important to consider other alternatives if sta=

bility margins are to be maintained or even improved,

Advances in technology have made it possible to in-~
crease turbogenerator ratings one hundredfold in the last
sixty years, This trend in growth might stop when the eco-
nomical gains from increased unit ratings are moxre than com-
pensated by the increase in system complexity and hence cost.
The transient stability is one of.the many problems which
becomes more expensive to solve with increased ratings, The
eéonomical gains obtaingd from 1érger setsy, however, more

than compensatés today these extra expense5122

Modifications in the turbogenerator design in order
to increase its inertia constant, reduce two of the main sa~
vings in increasing turbogenerators power output namelyire-A
duced relative physical dimensions and weight. The design of
the rotor windings however, offers two interesting pcssibie-

lities:

1) a divided winding rotor arrangement101, and

2) closed turns linking the interpole axis thus

providing support for the rotor flux in the

quadrature axisz23

;101,123

In both cases, investigator have claimed substantial
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improvements in turbogenerator stability.

The grid provides alternatives which can be bene-

ficial from a dynamic point of view 3

1) reduction in the step~up transformer leakage re-

124
actance ’

}
2) series capacitors12+,

3) phase shift insertion125, etcetera,

Fast AVR action with high ceiling voltages combined-
with an optimum strategy marginally increase "critical clear-
ing times", The basic problem however, remains, i.e. "a power
surplus" exists at the end of the short circuit and therefore
the load angle can go above its critical value with subsequent

loss of synchronism,

Optimum control has been suggested during the last
few years as a method of improving transient stability. Such
" methods do not solve the "power surplus problem" per se but

optimize theicontrol strategy of existing controllers,

6.3.2 Power control

The "power surplus" problem can only be solved by
direct power control, e.g. through the use of

a) braking resistors or



2
ek
I

b) fast turbine valving.,

Brakiﬂg resistors are applied to the machine termie-
nals through circuit breakers by means of a somewhat compli-
cated control system after a fault has occured. Part of the
"power surplus" in the power station is thus prevented from
accelerating turbogenerator rotors and hence there is a sub -
stantial gain in transient stability margins. Park reports
‘that expenses of the order of £100000 are involved in braw

king resistor schemes for an 1000 MW station!zs

Fast turbine wvalving aims to control the turbine
power output and hence reduce the '"power surplus" in the
station, The main requirements for turbine valving to be

effective are:

1) valve positioners should be fast acting and

have a high degree of manoceuverability,

2) entrained steam between IP and LP cylinders,
and between both governor valves and respective
turbine cylinder inlets should be minimized,

and

3) valves should be controclled in such a way as to
minimize the power plant thermal stresses while

~making an optimum contribution to stability,

The first of these requirements has been met by the

new electrohydraulic relay. Valve closing times of +05 second
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have been réported317’127

Turbine cylinders and connecting pipes grow with
turbogenerator sizes, hence larger time constants are asso=
ciated with steam turbine piping circuitries the larger the
set, However, if valves are mounted on the turbine casing
the entrained steam between both governor valve chests'and
respective cylinder inlets can be reduced considerably. This
last arrangement tends to increaﬁe marginally the turbine

costs as piping forces acting on the cylinder casing become

larger,

Fast turbine valving strategies can be divided in-

to two groups,
a) controlling only the interceptor valve, and

b) controlling both throttle and interceptor val-

VesS e

The first of these strategies has been implemented
by Westinghouse in several power stations, Aanstad and Lo-

128

kay claim that fast control of only the interceptor val-

ve is the most practical way of varying turbine power output

for transient stability purposes,

In order to obtain a significant improvement in
transient stability margins by means of turbine valve con-
trol the feedback structure of classical governor systems

has to be abandoned, A so~called "fast-valving-logic" has



beenn introduced instead, This is a conseguence of a trend
towards optimality of the plant dynamic behaviour and there-
fore a form of supervisory. control has to be used which looks
after the plant when severe disturbances'in the normal ope=-
rating conditions occur, This is normally the case when non-
linear systems of a 1arge order ére considered and optimisa-

tion of their dynamic behaviour is sought,

Fast valving control schemes take the form depicted

128’129 In the Westinghouse "fast valving logic"

in Fig, Gete
as soon as there is a significant unbalance between generated
and‘prime mover power output closing of the interceptor val~
ve is initiated and thus the turbine power output is consi~
‘derably reduced. Lokay and Aanstédes have shown that an ine-
crease in critical clearingvtimes of about one cycle can be
obtained in this manner if fast valving is employed in only
one set of the power station and two cycles if it is employed
in all sets. The Westinghouse "fast valving logic" has a
feedback structure, alternatively, open loop strategies, in

a supervisory fashion can be implemented énd as soon as a

severe disturbance is detected full closing of the inter-

ceptor valve is initiated and governor action is inhibited,

Fast vélviné of both throttle and interceptor fal;
ves can increase even m;re transient stability margins, This
is so because all turbogenerator power outpﬁt can be control-
led, As with strategies controlling only the interceptor val-
ve large thermal stresses should not be expected in the tur-

bine rotor if the prefault load is restored in less than 10



217

state sensor —— — — — — — -1

turbogenerator

exciter AV R

valve positioner governor

/
\/

CONTROL INHIBIT

supervisory control b -— — = — — —J

Fig 6.1 Westinghouse fast-valving-(ogic as a form
of _Supervisory Control




seconds., Iﬁ‘the debit side, boiler protection and design be-
come more expensive as allowances for fast excursions in the
normal boiler operating cénditions have to be made, If such
a control were implemented fault clearing times may not be

critical for the transient stability of a unit,

6.3.3 Operational strategies

' If the transient instability of a unit is economi-
cally inevitable, the turbogenerator is either shut down or

allowed to pole-slip,

Shutting down the turbogenerator after a short du-
ration fault decreases the system reliability and therefore
increases the running spare capacity required with a detxi-

mental effect on the economic operation,

Pinally a possible strategy is to allow the genera-

. tor to pole-slip after fault élearence and to implement auto-
matic resynchronization. The biggest single difficulty of

this scheme is to pfevent rower station auxiliaries from
malfunctioning owingto the excessive fluctuations aﬁd depressions
in the machine terminal voltage while pole-slipping takes
place. The station can, however, be designed to‘allow for
pole~slipping, If the béhaviour of the control system approaches
an optimum, the severity of the fault can be reduced to a

large extent, If the number of pole~slips is limited to only
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one and an improved voltage sﬁpply to the power station auxe-
iliaries is utilized, pole-slipping may be a very convenient

way of dealing witﬁ the transient stability problem. DBoth

the goverhor aﬂd the AVR are potentially capable of offering

assistance during this transient.

If thé time duration of the period of the transient
when the machine is pole-glipping must be reduced, the gover-
nor and the AVR must act to prevent the rotor from being acce-
lerated. As describedAin section 5.3 the acceleration of the

turbogenerator rotor is due to two reasons:

a) the motoring action that takes place in the ma-
chine when the load angle is roughly between 180

and 360 degrees, and

b)} the turbine power output,

If after the first cycle of motorihg action the rotor has not
overspeeded much above 2% (section 5.5.4) the turbogenerator

can resynchronize slipping only one pole;

Inmorder to reduce the motoring power while the
synchronous generator is acting as a motor, the field exci-
‘tation current must be reduced, From the recordings of the’
Northfleet pole~slip test it can be observed that the exci-
ter voltage is being driven towards a maximum whilst mo-

toring takes place. This action of the AVR is undesirable.



220

If the roteor is not allowed to overspeed much sbove
2% (section 5.5.4), then the governor does not sense an abe
normal situation. As a result, the throttle valve is only
partially closed éndtme&interceptor valve is not closed at
all. As the throttle valve controls turbine power outpgt
slowly owing to the long delays associated in the reheater,
and as the interceptor wvalve is fully opened, the turbine

power output is reduced only slightly.

As a consequence of poor performance by the exciw
tation and governor systems during pole-slipping a supervisow
ry control similar in structure to the fast-valving-logic
can be wvery advantageous, If such a control scheme senses an
abnormal situation with.iminentVpole-slipping, the excitation
and governor éystems should be inhibited, both turbine con-
trol wvalves closéd and exciter voltage output reduced. A very
significant reduction in the acceleration can be achieved in
this way. Xf the prefault turbogenerator loading is restored
in less than 10 seconds the plant may not suffer abnormal

thermal stresses.,

In order tec improve power station auxiliary supply
voltage, the auxiliaries can be fed from the local grid rather
_than from the generator terminals. Hence, from both improve-
ments, power station auxiliaries can be saved from malfunction

during pole-slipping.
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6.4 Exceptional forms of power control

There are several other methods of dealing with the
transient stability problém. For instance, h.v.d.c. links
between power stations and consumer centers may be economie-
cally advantageous in certain cases., Furthermore, in conven-
tional steam power stations there are many possibilities of
power control which in the author's opinion has not received
in the literature the attention they deserve, In one of these
possibilities, a full load rejection is implemented after a
short duration fault has developed outside the power station,
‘This rejection is followed by very fast resynchronization in
say less than 20 seconds,the prefault load restored in ano-

ther 10 seconds. This strategy will now be discussed.

In the éimulation results of Goldington full load
rejection test pfesented in section 5,2 it can be observed
that resynchronization can not be performed at the end of the
transient when the shaft speed has reached its final value
because the governor droop has introduced a relatively large
épeed error, Operator action is required to modify the speed
changer setting in“order to reduce the speed error and thus

make resynchronization possible,

In the Northfleet case the situation is more com-
plicated, Here the rotor speed is held near the overspeed
setting of the interceptor valve for a long period, Again,

operator intervention is needed to reduce rotor speed errors



before resynchronization can 'be attained.

If a device were provided which inhibits the openiﬁg
of governor valves after a full load rejection has taken pia~
ce, the turbogenerator could be resyncronized as soon as the
rotor speed equ;ls synchronous; automatic governocr control
can then be restored., The station could thus generate prew-
fault load in say 5 to 10 seconds after resynchronization

has taken place,

In Fig. 5.19, curve "a" shows the estimated beha-
viour of the rotor speed of Northfleet power station when
the unit does not run its own auxiliaries and it is resyn-
chronized by inhibiting the opening of governor valves as

described above,.

Curve "b" describes a similar case but the unit
supplies now the station auxiliaries, The situation is now
more favourable because the station auxiliaries introduce a

braking action,

Curve Y“c" present a hypothetical case in which
braking resistors are used, This case is similar to the con-
dition where the generator is left supplying a local load,
Again an improved dynamic behaviour is obtained as more
braking power is availilable, Braking resistors are applied
to the turbogenerator terminals for the short time interval

between the instant of time at which the turbogenerator rotor



)
N
i

OVERSPEED (HERTZ

W
7
< b
-~
Z
wyo ™
g
g
go c b a
Fo :
= i 1 B
O R
L
>
£}
- 1
bd
- 25
ot -
7] c b
20
.
E O L 1 1 —
< 40

0 ‘ 10 20 30

Fig. 6. 2. [lustration of three possible types of full (oad rejections fo'(!owed

by -very fast =

resynchronitation.




ib]
™o
o=

is at a maximum and when resynchronization is attained,

Undue stresses in turbine rotors are not likely
to occdf‘becauSe load is restored before the rotor has cooled
down. As with the case of fast wvalving of both governor val-
ves the boiler is subjected to exceptional disturbances, It
is doubtfull, however, in the author's opinion whe?her a full
rejection cycle followed by very fast resynchronization would
produce more severe stresses in the boilexr superheaters than
say during a hot start of the unit. Where an extra expense
may be incured is in the boiler protection system which should
discriminate between this full lecad rejection strategy from
full trip of the unit, This is, however, a minor problem as

compared with the potential benefits,

As the load is restored in less than 30 seconds
problems involvihg system operation at low frequencies,;owing

to momenfary power shortage, are not antecipated,
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CHAPTER 7

-

CONCLUSTIONS

T.1 General conclusions

The main purpose of this thesis has been the deve-

lopment of a large perturbation simulator of steam turbine

characteristics for micromachine studies, This gcal was

accomplished and as a result much broader simulation studies

using micromachines are now possible, The following general

conclusions can be drawn frém the studies described in this

thesis:

1) Boiler characteristics are of increasing impor-

tance in power system dynamics, With the advent
of large turboalternators boiler characteristics
have changed in such a way as to influence con-

siderably the overall system dynamic behaviour,

The classical linear formulation of turbine cha-
racteristics shows deficiencies in both sﬁall
and large perturbation simulations, In the non-
linear model of a turbine ﬁresented in this the-
sis an attempt has been made to correct these

deficiencies,



3)

b)

5)

6)
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The two turbine governor valves offer great po-
tential for improving power system dynamics,
With the advent of the new electro-hydraulic re-

lay this potential can be easily exploited,

It was shown that slow opening as compared with
closing rates of governor relays has beneficial
effects in power system dynamic behaviour on

small or large perturbations.,

A study of pole-slipping éonditions using a mi-
cromachine set and a digital computer resulted
in a comprehensiﬁe explanation of the control
aspects of the phenomena., It is concluded that if
in the event of a short duration short circuit in
the transmission system, pole-slipping folldws,
automatic resynchronization cén be.an effective
way of dealing with this type of fault. Alterna-
tively, this strategy could provide back-up pro-
tection in the event of circuit breaker malfunc-

tion,

Analysis of the simulation results of the load
rejection tests of Goldington and Northfleet
power stations has provided a detailed inter-
pretation of this important transient and also
resulted in devising anocther interesting alter-

native for dealing with short duration faults,



7)

8)

9)

In this alternative the turbogenerator could
be made to go through a full load rejection
cycle and subsequent very fast resyvnchroniza-

tion,

Micromachine losses have not received in the

-past much attention, It should be emphasized

that in those cases where turbine characte-

ristics are studied in detail, turbogenerator
losses become very important, thus a high per-
~unit loss in a micromachine affects adversely

simulation results.,

Micromachines are'eminently suitable for inves-
tigating the performance of new controllers,

It is hoped that this thesis will encourage
research in the analysis of turbine and boiler
characteristics and the synthesis of optimum

controllers,

Bxisting rectifier dynamic models were found

to be incapable of describing the dynamic ‘be—
haviour of the rectifier emploved in the micro-
machine drive. The author therefofe developed
rigorously a large perturbation dynamic model
foer the rectifier in the micfomachine drive,
Owing to the complexity of this model, and

poor performance of other existing models,the



N
A
[y

author jointly with Sucena-Paiva developed a
small perturbation model for a controlled rec&b
fier, This small perturbation model permits

the use of z-transform techniques for the dyna-~
mié analysis of rectifier systems,., The recti=
fier speed control system of the microalterna-
tor drive is in many respects dynamicﬁl%y egui-
ﬁalent to rectifier systems employed in hevede.ce
schemes conneéted to strong a.c. syséems.

t

7.2 Original contributions

In the author's opinion the following contributions

are considered to be original:

3)

A nonlinear mathematical formulation of turbine

characteristics for power system studies,

The development of a general purpose simulator
of turbine characteristics for micromachine
systems capable of simulating small or large
perturbation conditions of steam turbines em=-
ployed in power stations,., The model was fully
tested and good correlation was obtained with
the results from real systems,

Two general purpose models of a steam power
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plant were developed to investigate the inter-—
" actions between the plant and its mest impore
tant controllers i.e, boiler pressure controle
ler, governor system and automatic voltage re~
gulator, OCne of the models was specially desigﬁ—
ed for digital calculations and the other for

analogue simulations,

4) A rigorous large perturbation model of the recti-
fier was developed, In this model allowances
are made for overlap angles, the ripple content
in the rectifier output quantities and the dy-
namic characteristics of the control systemn,
Good correlation was obtained between this mo-

del and experimental measurements in a real

system,

5) A small perturbation model for the rectifier
was also developed jointly with Sucena-Paiva.
This model is capable of taking into account
overlap angles and the characteristics of the

pulsing circuitry,

7Te3 Suggestions for further work

The following are some of the limitations of the

present study that need further investigation:
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k)

5)

230

Further development of the boiler model. The
parameters of this model should be determined
from actual boiler characteristics. This model
should also be capable of predicting accurately
steam conditions before the throttle wvalve under

any operating conditions,

The nonlinear formulation of turbine characte~
ristics presented in this thesis need experiw

mental corroboration.

A more detailed assessment of turbogenerator
losses in connection with turbine dynamic stu=-

dies is desired,

Power system simulation employing several mi-
cromachine sets furnished with turbine and boie-
ler models can lead to deeper understanding of
power system dynamics. Owing to the large amount
of work that a project of this type would re=
quire, the formation of a small team of re=-

search students seecms necessary,

In chapter 2 the dynamic model of a steam power
plant was formulated mathematically and used
to simulate only two power system transient

faults, There is scope for the use of the model

"in investigating other transient conditions.
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8)

i)
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It is possible "to devise strategies that will
deal with exceptional operating conditions in
a power system, Further research is required

in this field. The micromachine system can va-

lidate the feasibility of the theories,

The dynamics of rectifier systems operating
under constant current control could be undere
stood better if the large perturbation beha~-
viour of these systems were assessed more
thoroughly. The application of the Liapunov Sew
cond Method to these rectifier systems offers

an interesting area of research,

Using the discrete models presented in this
thesis modern optimum control theory could be
apblied to rectifiers operating under constant

current control,
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APPENDIX 1

State space simplified formulation of synchronous machine

dynamics

 Xglg
' 4
X4
& et
30
AR
1 &
I

TFig. A1l Synchronous machine phasorial diagram

Equations 2.3 show that a synchronous machine is
represented by the phasorial diagram drawn in Fig., Al., From

this diagram the following vectorial equation may be written

- o - - - .
v = 1% 5

w Yo =r (Id+Iq) + JxgIy o+ qulq + V, (a1,1)

where

r =T, + Toxt

X4 =X 4 v xX_ 4 Xoxt

xq = qu X4 + Xeoxt

w—rt

1d q vectors representing direct and gquadrature
]

currents in quasi steady-state.
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Vt bus voltage

[

v, = \k v, L[sind + cosb]
adarfiin . . .

wp Wfo = (lf xmd) J

Equation Al,.1 can be decomposed into two scalax
eguations
’ _ _ .
W, qfo = r 1q Xy Iq 0t Vé vy cosd
(a1.2)

sind

d

O =r I, ~x I + VN2V
_ q q -d b

Id and Iq can now be obtained as functions of Q%o and &

. X Xmd - T - . - o
Id e E%[:mo q}b“”"' mm-dz Vb sind -JZ Vb cosb]

de Xq
(41.3)
1 Eng T R : -
1q = -E‘:—:m.~ W, @%0 hd-JZ Vb sind 1~J2 Vb cosé}
Z Xrd .
where

»
i
"

fd md £l
vy = x, - S
Xrd
2 2
= ! x
Z r + Xd xq

From equation 2,3 the differential equation of the

field winding can be written as follows

D [wo 4%] =0 Ve = 0 roig (A1.4)

From equation 2,3 the flux linkage equation can
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also be wfitten
i, = x . T (A1,5)

Eliminating if and Id irn equations Al1.3, Al,4 and

Al.5 the first state equation is obtained
p [b, ¥] =0, Vo= B o ¥, + C sind + D cosY (A1,6)

where

X
D=8
r

Finally, the electrical torque as a function of the
state variables has to be determined, From equation 2,1 the

electrical torgue is given by
1
= e Vo5 - i
T, Z[wO ANEEA 1d} (41.7)

After substituting equation Al1.3, Al1.,5 and the flux
linkage eguation 2,3 into equation A1,.,7 the electrical torgue

can be obtalned as a function of the state variables only

T =8 sin26 + S

2 2
o 3 5 cos & + S3 (wo Tf) + (A1.8)

+ Sh sind cosd + 85 sind W, @f + 86(%)@% cosd
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APPENDIX 2

-

EFFICTIENCY OF A SYMMETRICAL REACTION STAGE

v, v,
ooooooooluaeoaoe-b—o WM
U
AN
WA
W\
(AR
—— 71N
° U /////l
W, : ////
v ® . _// /s
28 wz7 g
®
plgrooecese *
U Vou u

FPig. A2 velocity diagram of a symmetrical reaction stage

According to Newton's second law of motion, force
is measured by the ratve of change of momentumi hence, the
force acting on a rotor blade per unit of steam mass is given

by

Force = (v1 - (Az.1)

% )
g u 2u

The power supplied by the stage to the rotor is
equal to the force multiplied by the distance moved per-

~gecond,



B
Ut
Q

. = ‘g Y
Power = = (V1u - VZu)U (42.2)

Equation AZ.2 can be written as a function of the

entering and leaving steawm velocities

Power =

mic

cosd (A2.3)

r%-
(v1 cosa¥= v,

From Fig. A2 it can be readily seen that

Power =

w i

(2v1 cosa*= U) (Az.l4)

Subs?ituting the speed ratio (r::&l) into equation

2
VT 2
Power = —= (2r cosa*- r") (A2.5)
g

Assuming the same nozzle efficiency nn for both
stationary and moving rows and letting nco be the carry over

efficiency, the kinetic energy leaving one stage and available

. 2

A
for work in the next is nco —z $ therefore

2

2
v : -V
Jnﬁ‘ﬁﬁi = -t . nco £ (A2.6)
-2 2g 2g

For a stage consisting of two symmetrical rows the

energy available is

2 5 ™
J Mph = m [Zg = o Bg (42.7)
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The combined nozzle and blade efficiency (n FA 4

nb) ¢

- now be obtained dividing equation A2,5 into equation AZ,7

- 2
0 - 2% cos0¥e T (42.8)
nb Vo o
- \—..?:.)"'
L 'nC ( Vi
Prom Fig, A2, it can be shown that
Vo 2
(w&) =1 + r® = 2r cosa (A2.9)
v
1

And substituting equation A2,9 into equation A2,8

the stage efficiency as a function of the velocity ratio is

finally obtained.tL8

2 r cosgte r- (2,10)

1 - Teo (1 + r® - 2r cosa¥

“nb n

The stage efficiency as a function of the wvelocity

ratio is plotted in Fig, 2,17,
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APPENDIX 3

" GAS PLOW TN NOTZLES

The expansion of a gas in a nozzle can be analysed

applying the first law of thermodynamic in both sides of the

(23.1)

entering and leaving the

energy entering and leaving

entering and leaving the

volume entering and leaving

The difference of internal energies in equation

nozzle, thus
v2 v2
Ze "M TPV EEg Y
Where
v steam velocity
[ :
nozzle
u steam internal
0,1
the nozzle
P steam pressure
O,
nozzle
v steam specific
o4l
the nozzle,
A3.,1 represents the isentropic work

(a3.2)
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Substituting inte equation A3.2 the eguation des—
cribing the isentropic expansion of a gas (va = ¢, Where
Y is the ratio of specific heats Cp/Cv and ¢ is a constant)

and integrating

P Y=1
1

u - ou, = 2 =2 G- ih T
Lo

(A3.3)

The exit velocity of the gas can now be obtained

by substituting equation A3.3 into equation A3.1

P l:l l
S S i RN 7] 2
v, "[Yﬂ Rg PV, (1 - Po) ) o+ Vo] (A3.4)

The steam flow (W) can be obtained using the

eguation of continuity

W = -~ (a3.5)

If the gas behaviour is perfect, at the nozzle

iniet

Y Y41
2

P, 2 P
W= Ap o A J(=1) o (1) |+ ¥P
FO O

Y-1 RTo Po Po




Vhere
T, up stream stagnation temperature
R universal gas constant

In many cases the gas entering velocity can be

negliected, thus

T p. L p. Ll
. 2y A Ay 2 _ 3y 2
W= AP, gi‘g 1 Fr, [( Po) (Po) ]g
(A3.7)

4 velocity discharge coefficient {cg) is introduced

by many investigators in order that equation A3.7130 matches
experimental measurements
. Y V1
W= A c 2 (ﬁl)z - (El) 2 :
=4 Py Cagi®BY-T Rio 2 P
o o}
(43.8)

If the gas flow is supersonic, eguation A3,8 does

not depend upon fthe down stream pressur6131
Y41
= 2 _yY-1 . '
Weap, o Y[ ED e 7] (43.9)

Summarizing, the flow of a gas through a nozzle
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is of the following form

£ (P, T, =) (A3.10)

where

P
1
1 P P ‘eritical
f(Po,To, 5:) = ¢ o o

1
()
o

critical’

Lav]
—
N
<=
EEC
ok §ooed
o
i«
| S
Lev]
-
VaN
g

[»}



APPENDIX L

TIME LAG CAUSED BY BNTRAINED STEAM

CONTROL VOLUME

Fige. Al

The time delay caused by entrained steam will be
evaluated here assuming a fill in process takes place in the
- control velume, The mass balance in the working medium of the
system shown in Fig., Al can be modelled mathematically by

means of the following differential equation

VpasE [?2 - WJ = p[rV] (ak.1)

Where

WT per-~unit steam flow leaving the control volume

W2 per-unit steam flow entering the control volume



W, « bkase in which steam mass flows are refered
BASE
v Volume under consideration

p steam density

Assuming steam behaves as a perfect gas, and an

isothermal process takes place in the control volume equation,

Al .1 becomes

— Y

Wy = Wy =T p(pc, , (Al 2)
Where

'V P
TL” BASE

Wpase PV
P, “control volume pressure

o - . “‘ ) - 2 i3

PBASE ' base to which control volume pressure is

refered
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APPENDIX 5

ANALYSTS OI" A HYDRAULIC RELAY

The basic assumptions associated with the modeliling

‘of a hydraulic relay, of the type shown in Fig. 2.20, are:
(1) the hydraulic fluid is incompressible,
(2) friction forces are negligible,

(3) inertia forces are small compared with hydraulic

forces, and
(h) suppiy and drain {Iuid pressures are invariant.

Undexr these condiftions, the flow of oil through an

orifice of the type shown in Fig. 2.20 is given by102

2= oa by {207 - 7)) G

Where

G hydraulic fiuvid flow
C3 discharge factor

A,5 orifice area

Pp supply pressure

PB drain pressure

p hydraulic fluid density
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As dnertia and friction forces are assumed to be
negligible and the fluid is treated as incompressible, the

motion of the main piston is given by
= = w F o
A, Ppy=q = oy A1-¥[2 (Pp PB)/PJ - (A5.2)

The area A, is proportional to the main piston dis-

1

placement

Reagrouping equations A5.2 and A5,3 and taking the

supply and drain pressures as invariants
Py = K*v (A5.4)

- Where

f_@_;;i [2 (Pp - PB)/p]

K=
The linkage shown in Fig, 2.20 among points A,B
and C constraints the motion of these three pointsi mathe-

matically’o3

X =~y + ==v (45.5)

Substituting equation A3.5 into equation A5.b4



a Kt b oo
py = Koo (x = = )

Therefore

}r
14+pT

Where

o
i
oip

. a+b
S <.

h
o
-

{(A5.6)

(A5.7)
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APPENDIX 6

THE TURBINE STIMULATOR DESTGN

Some details of the turbine simulator design are

given in this appendix, : .

The power circultry of the rectifier is shown in
Fig, A6.1. In order to satisfy accuracy, transient rese
ponse performance and to isolate the power from the electiow
nic circuityry, a Hall effect device was used to sense the d.c.
machine armature current, The small voltage level of the
output signal of this device was amplified by means of inte-

greted circuits as shown in Fig. A6.2,

The firing circuitry for the thyristors of the recti-
fier is presented in Fig, A6,3. The pulsing units were deve-
loped by Kumar and are described107 elsewhere, Ramp rising
reference voltage signals are initiated for each thyristor
at the cross over points of the corresponding commutating
voltage, At the instant at which the ramp signal and the

control voltage are equal a pulse is applied to the corresw

ponding thyristor gate,

The protection system of Fig, A6.4 has been designed

to provide proper action under any of thé folleowing faults:
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1 field circuit ¢f thed.c.machine opens suddently,

2 armature current of thed.c, machine increased

above nominal levels, and

3 armature voltage of thed.c. machine increased

above nominal levels,

Micromachine set details and list of components

are shown in Tables A6,1 and A6.2
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Fig. A6.1. Circuit _diagram of the rectifier (Power side)
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-100V ]
CLD1 cLD2 CcCLD3
STS Wl ] e
. e [ 4 [
CLD1 CLD2 CLD3
SMC e o &
LJ &y [
C
CLD1 CLD2 CLD3
S$ g s e
andl © e

Fig. A6.4. Relays diagram and protection system
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PLATE of d.c. micromachine drive motorxr

ALSTHOM

NAP TARBES 1954
MOTEUR CY CONTINU TYPE B3 42
No 336305 t smn . 1500
KW 2,2 Ch 3
VOLTS 220 Amp 12
SERV CONTINU Echauf  UTE Isol, Cl, A,B
EXCIT COMPOSEE VOLTS 220 ANMP 0.7
PROTECT SEMI-PROTLEGE Poids 70 Kg

PLATE of a.c, Microalternator

ALSTHOM
NAP Belfort 1954
ALTERNATEUR Y TYPE A 56,6 / 10,8
No 334818 ts: mn 1500
Volits 190/230 Amp KVA 0.6 o5
Serv CONTINU Echauf UTE  Isol, Cl, A
cos ' Hz  50° Protct SEMI-PROTEGE
EXCITATION v A Poids Xg
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TABLY AG.2

LIST OF COMPONENTS

300 € o 3A C 1 uF 1200 v F 5A -~ 600V

1 1
300 Q c, 1 upF 350 V. F, GSG 1000/25
2000 Q Cy 2 MR 500 V Fy 14/250 Vv (DC)
10 KQ C) 200 pr F) 1A/250 Vv (DC)
10 & 05 500 pP FS JS5A/ 15V
820 Q Cg 20 pF
13 KQ Coy 50 wF Z, 260 V 5 W
130 KQ Cg 100 wF 25 vV 1z, 6.3V 5 W
hg Q 23 5.1 V .4 w
1.5 KQ T, 2N2926 Z), 6.2 V 1 W
1.2 KQ - T, BFY50 THI 404 LOOV THYRISTOR
10 Q |
1.3 XQ
200 @
0.25 H (10A DC without saturation) (KESTON)

small inductance (10 turms) to be used in connection
with the Hall device, Small core, See Fig., 11D for

dimensions,

709-~-0PA  (RADIOSPARE)
415 A / 450 Y - 25 KVA - used as 415 = 254
12 V. TYPE S-M Mains transformer (RADIOSPARE)

pulse transformer

o
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RE, Magnetic devices Relay 305 EP8/1000/G2/12/CON/DIAC/
/9288113
REZ Electromagnetic everload Relay TYPE "Sc" (ALLEN WEST)

RE3 12 @ coil = ,3Ad.c. RELAY

B Circuit breaker (2 air-break pattern d.c. Contactor
TYPE “D") (ALLEN WEST)
HDw= b} Heavy duty RELAY (11 ping, 230 V Coil, Three pole

change over) (RADIOSPARE)

D, 25 A 6007V
D, 10 4 600V
D, RS54
D, RS514
D, O0A800
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APPENDIX 7

STEADY=STATE CHARACTERISTICS OF A CONTROLLED

RECTIPTER-LAVPLACIEE METHOD

The determination of the steady~state characterise—
tics of a controlled rectifier was forimulated in section 4.2,
this appendix deals with the inversion of the resulting Laplace

transform equations 4.5 and 4.6,

Equation 4,6 can be written as

v (s) vy (s)
! - K = -
Rt(1+sT1)(1+sP2) Rt(1+sT1)(1+sT2)

v_(s) =K

E I
QO - K ref (A7 1 )
Rt(1+sT1)(T+sT2) s(1+sT, ¢

- K
The control voltage signal vo(s) can be decomposed

into the following four parts:

v (5) = voq(s) + vy(s) + voq(s) + vy (s) (a7.2)

Where )



o]
i

vg(ﬁ)

(s) = K e e
ci Rt(1wa11)(1+s;

AY

2/

1
v, (s)
Vepls) = =K g (1+q§ J{1+sT, )
S g\ TS 2

E,
Rt‘s(1+sT1){:+sP2)

<
Q
[
o~
&}
S
]
i
=

vch(s) -k s (1+sT

The Laplace inverse of ch(S) is obtained next.
Substituting equation 4.3 into the expression for vc1(s) we

get

- 't -
wo(cosa'-cosY' T8y 4 s(sina'-siny’ e 5Ts)

2)

v _,(s) = Kv -
1 2 —s1
¢ R (0+87) (1~ s ®)(1+s7,) (14sT,)

(A7.3)

Decomposing equation A7.3 into two parts

- -1 T
v . (t) = K na 1 % % cosa'~cosy'e”"ts +

ct I P, 2. _2y¢ . ’ ~sTg
t @O+s )\1+s£1)(1+sT2) 1—e

-"‘1 [a3)
- -1 . 1 . N gl
. X év ! s LU sing =-sinY'e

: ) . i -5
e @§+sz)(1+sT1)(1+sT2) 10"

(AT %) .



The first component of these two parts can be exe

pressed as time functions, from tables

et
| Wo sin (wot~6~F)
(02+s?) (145T;) (14+875) %]H(m T1)]<¢J[T+(u) Tz)]
- t
W T? e Tq Wy T2 e Té
+ +
, 2 2
(T1“T2) (1+(w0f1)?) (Tg'TT) (1+(WOT2) )
-1
L We _ cos((x)o't-@-ﬁ) .
(w§+sz) (1+sTy) (14sT,) JE+(mOT1YﬂJE+(wOT2)ﬂ
- -t
. we Ty e T1_ 4 We T1 e T2
(Ty=Tp) (140,T;)%) (To=T1) (14(0,T5)%)
where

w
it

ATAN (on1)

@
H

ATAN (ong)

Using these two time functions, equation A7.,4 can

be rewritten as

L

2 v
sin{wet=6=p) N we T7 e T

COSCXI
W RyE o] @roma) Gratogn)®

vc1(t) = MRy

2 ey -1
.+ (.Uo TZ e Td . 1
*i’ msf”
(T, ~T,) (1+(w Tz) ) lme & °
- i
o E.

~1n(mot”°”5) . Wo T e Ti

[
Mﬁm T1 [1-%(0)01@2] (r-15) (1+((L>OT2)2)

= cosY!




- b
2 T
o o T 2 e 2

(To=17) (1+(w,T5)%)

cos{W,t~6=F)

;= "\—--sTS
A
¥ j« e e S
we gD
lwe o8
-k
T1 e ?Iﬁi

4+ singt

f*{moTz)%ygE+(wcTzfﬂ (T1=T2) (1+(0eT2)%)

- L -
- T2 o T2 M e |
I [ 2 -sT
I,
- siny' cos{Wot=6=P) Ty e Tz _

-i.

T2

T e

(Ta~T1) (1+(0gT2)%)

Rearranging equation A7.5

K V

EHQE+(MOT‘yﬂQE+(w°TZ)ﬂ

(¢) =

VCT

-1
- sin(mot«GmB+Y') d(nTS)) *.L
A . -
. gxg Ti(onTCosa' - sznzf) L
Ry (T~T2) (1+(w,Ty)%)
{1 ' -1 4 =1
. To{0,Tycosa! ~ sina’)

{(To-T7) (?+(moT2}2)

where

[_‘\;@[["”*("-’0'1‘1 )2](4[1 '*‘(%T,?)Z}- (Ty~T5) (M(%Tz)z)

(sin(wot-s-ﬁ+a') -

~ +
1 emsrS
wsT
- S n
1-h19 1
-3
iee s s-H/T1
- -gT -
1.e”%"s =41/T|
(47.6)



We Tf cosY'! = sin¥!

K-z =
) Wo T cosq! ~ sinat
k' = Yo Tp cosY! - sinY'
1 T t i t
d(mx) functional expressing a pure delay of x

seconds on the function it multiplies.

Bquation A7.,6 consists of three parts, The first
part is a portion of a periodically repeating sine wave, The
second and third parts can be inverted by making use of Jury
Laplace tramnsform table of rational functions of s with pure

32

delaysz’ Thus vcl(t) is obtained in a closed manner,

. 2T _ o .
P rworo®] (e oom?]
(m=1) -
’ , ~T (m~1)/T e
T ' S 1 £y
N T1(on1cosa 81na2) (1—K1d(-Ts)) e ﬂ—e 1)+
(T1-T2) (1+(weTq)=) o TS/TL1
-1 (m=1)/T ~nis
s . s 2 T
N Tz(moTzcosa smnaz) (1-K;d(—TS))e (1_0 1)}
(To=T7) (1+(0,T5)3) o Ts/T2_ |
(A7.7)
wvhere

t = (n=1+n) TS

n = number of sampling periods

m = a numeric such that at all times 0<m <1.
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W1

The Laplace transform inverse of ch(s) is obitalne
Fr

ed follewing the same method as for Vc¥(5)e We get

| . i ‘ LIS Lt |
. J o T L - 4 2"‘E
v ,(t) = K - sin /g sin(m2mn/q-6~B+a) ]
cl l‘"t . 5 //‘ ' - )2
Ev(onj) %["‘((DOPZ’ _]m;-:()
Ty {wT Q=s5ind) —Ts(m_1)/T1 mﬂ%i
' cosl=5ing ) .
1A% 1 S (1-Kya(-1,)) 3 77 (1me 1)
(T1-T5) (1+(0 7)) TS /Ty

Ty (WoTocos=sind )

T
—TS(Mm1)/T2 ”nTi
)

(1=K'd(~1 )) & (1-e
2 13 , N
(T2=T1) (1+{0oT2)?) oTs/T2_y
(A7.8)
where

K W T cosY!" -~ giny"

! Wo T cos® = sina

. We T2 cosY" = sin¥"
K2 =

Wy Tp cosa = sing

The other two components of the control voltage
vc3(t) and vch(t) are readily obtained by mean of Laplace

transform tables, The control volitage is finally obtained as

v (8) = v (t) +v_,(t) ~

ct
-t/T -t/T
EO 1e 1 - 2@ 2 ""t/r["[
- K =2 (14 ) = I (1= e )
Ry N ref
2771

The steady state condition is obtained when n ap-

proaches infinity



N
ol
[

vo(t) = 1im v (t) (A7.10)
¢ 3300 ¢

This limit is readily obtained using eguations

AT Ty AT.8, AT.9 and A7.10

2m -
(s4n(nZL —0-g+a!)-s1nk oin(mZL ~0-p+a) J
ot 3 4 1 q st
vo(t) = K =~
C R't, . - -
, gﬁ+(on1)]QD4{moT2)]
~ e . -1, (m=1 )/T.‘
+ (1~K1) ll(wof1cosa'-slna;) e ° .
/ Al 5 o /
(T1~T2) (1+{0eT9)") | e*stTl -1
~Tg{m=-1)/T
t Tz(moTZCOSG’msina!) o glm Y/ 2
+ (1—K1) y )
(To-T1) (1+(0yT2)%) eT5/T1 ;

) o . -Tg(m=1)/T4
rT(on1cosa - sina) e

(1-K2d(4r))siﬁ§
- C(1=To) (14(w,Ty)?)  JTs/Ty

T (woT2cosq® - sind)

!
- (1-K,d(-7))sink
2 ( ) q

e-Ts(m—1)/T2 }

(To=T1) (14(w,Ty)%) Ts/T2 _

) E
- K 'E%" - Top (AT.11)

The steady state output current is obtained if in

equation AT.11, K = 1 and T1 = 0, If Tu = 0 as well,

equation A7,11 becomes Bayoumi expression for the rectifier

output current!o8

Bjéresten equation for the control Voltageg3 is
also a particular case of equation A7.11 when Tu =R, = 0O

and short circuit conditions are considered i.,e, o =‘m/2.

o+



vl
-3

APPERDIX 3

STEADY-STATE CHARACTERISTIC

OF A CONTROLLED RECTIFIER - TIME DOMATN METHOD

The stead&—state characteristics of a rectifier
were determined in section 4,2 using Laplace transform teche
niques, The time domain technique presented here requires a
somewhat different formulation to the steady~state problem
if the simplifying assumption of averaging the rectifier in-
ternal impedance is not made, The time=-domain technique is

illustrated next.

The differential equation defining the current out-
puf of a g-phase rectifier can be writtem through network
analysis
d ig(t)

E (A8~1)

vd(t) = R(t) id(t) + L{t) o

where all time functions are periodically varying with a

period Ts
V cos I cos(wot + a) 0Lt
a

V cos(wot + @ = g) T,St<T



. ] . {_:<r1
Rle + bCH + Ra 0O mi_.iu

N -

R (t)

i

. < T
Rle 4 RCH + Ra Tust,_ 'ls
1
e 0o <t
5 Lle + LCH + La 0<t STﬁ
L (t) =
<
Lle + LCH 4 La TuSt__TS

In contrast with the Laplace transform formulation,
steady-state conditions are assumed to exist throughout and

hence the following border conditions apply

i
H

i, (nTs) ; n=,,e=34=2,=1,0,1,2,3,...(A8,2)
D=4 e0=3,=25=1,0,1,2,3,4..(A8,2)

id(nTs+Tu) = I,

Using these two border conditiomns, the solution

of the differential equation A8,1 may be written

v cosg.cos(wot + o - 6,)

4
Zp
; = E V cos & =8 ~t/T) &
14(t)= sz, + B0 Y comgoos(a8p) | "H/%2 Do (ign
R 7. R, u
2 2
V cos(Wwot + & = & = 91)
+
29
SRR =
E Veos{a+u +x -6 ) i i
+ I, + =2 - ( g = e T - T, LtST



where R. . 2 e and T.

1,2 1.2 1.2 ", , are defined in sectiomn k.3,
$ ¢ e §

-
H

As the current is continucus

V cos % cos(weTy + ¢ .= 85)

22
- T - - !
. (I . B V cos & coo(auéz))e Tu/TZ _Eg
T
V cos{W Ty, 4+ 0 = = = @&
i (T ) = T = ( o™ g 8] 1) -
d s 1 A

0

!

L E, V cos (@+u-~ -g_ —91) -'(TS—%)/T{ E
AN §: i 4q ) i

o)

1

(A8.4)

The two unknowns 11 and 12 can now be determined
solving the system of two linear equations A8,4, With this
solution, the steady-state rectifier output current is fully

characterized in equation A8,3, Equation A8,3 can also be

written as

t
I, cos{w t + a, ) + I e-t/T2 - 1" 0<HLT
at Yo a1 a1 at =t =4y
i (t) =
¢ I (w_t ) + If ~t/T " TLt<T
az COS\B T+ Uyn) * Lyp @ = Y4z us U=ty
(48.5)
where
I, =

ar =V cos(n/q) / Z,

i

v / Z,



Ay, = &= 8,

Ugo = & = T/ - @;
Ié1 = I, + B /R, =
Tgz = Ip

Tar = B, / Ry

132 = Eo / RT

Vcos T/ cos(anez) / Z,

/R - -2
+ }LO/R1 Vcos T/q cos(a+uA(a81) / z,

The control voltage vc(t) is related with the cut-

put current through the feollowing differential equation

where,

fi

%31

K(id(t) - I

d vc(t)

A8,.6
= ( )

This equation is readily solved using superposition

:KId-' COS(th‘*‘aé‘—‘ )

‘ -t /TS
« B T3 /T4 + KIM. 4+

a1l
- 2 L\
1+(0,Ty) Ty =Ty
i - " ¢ | |
KY. ,cosq I .7 -t /T
+F%1- al §~ﬁ<d12+1&ﬂe /T4 0Lt LT,
’ ml :
1+ (w7 ) LT
_ ) .
KT _cos(w t+a' ) xr' 7! -(t-T,)/T,
d.2 ) iz + 'dd 1 e + I{IHP +
2 7t =
1+(m0T1) L,~T,
(t-%,)
i t 1 - .
I..T T
+[Vc2 . Klyoc0s (06:12 +:) -X (.%E_J "LI;z)] e 1 T, <t < T,
T+ (w, Ty F T, -T4
(A8.7)
= ad1~ATAN(wOT}), and &}, = adz-AIAN(onz).
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‘Az steady=state conditions are assumed, the follow-

ing border conditions result

i
<

vc(nTs) ct

11?-"-'.,.“39“2?"19091,2;00- (A898)

il
<«

vc,(nTs+ru) c2
As the control voltage is continuocus at the firing
instants and at the end of commutation, the following two

eguations are satisfied

KT cos(w T +a’ ) 1T, -Ty/TH
[~ o '
o]

I.. cosq' ! 71! -T /T
v at al 41 2 n u’ 1
+ [VM+1{( + + Id?)] e

1+(,T¢ )%  Tg~Ty

KI,,cos(w T_+o ') ' 1t (1. ~T YT
dz +K(d21e STLX 1+n)+

c s Vc1 = s
4'E+((00T2)4j

f\' - _’\
[ (:r cos(a d2+u) T T . )] (T P )/ T
+1V =K dz2 da + I..ile
c2 dz

1+ (woTy )? TI-T,

T!wp

(48.9)

Solving the set of linear equations A8.,9 both un-

knowns V01 and Vc? are determined, thus the steady-state

equation (A8,7) for the control voltage is fully defined,
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APPENDIX ©

STADILITY BOUNDARY

OF CONTROLLED RECTIFILR -~ SAMPLIE AND FIOLD MODEL

The sample and hold model of the rectifier system
operating under comstant current control depicted in Fig,

b.9 is described by the following transformed equation

G(s) AT o - H1(s) G(s) Aa® = Aca (4541)
where
. V4, sina® 1 - o %Ts
H1(5) = G
R (1+sT2)s

Converting equation AS.1 into an expression of

transformed sampled functions, we have

% . * * PRI
G AL . = E G(z) Aa® = Aa (49.2)

from which

*
GAiref
1+ H;G(=z)

Ac® = .

(49.3)

3
The z=transform HIG(z) is obtained from tables -~



T, Zoe | Ty Z 1 )

-7 /T - =D fD
Q/ 1 T2 T-l D g2

(A9.4)

Equation A9.4 possesses two qualitatively dif-
ferent Nyqulst plots, depending upon the numerical values
of the time constants ‘1‘1 and T2, which are éhown diagramas-
tically in Figs, 4,18c and d. In Fig., ¢ the plot intercents
the feal axis twice, thus the critical frequency wc is half
the samﬁling rate, In Fig, d the plﬁt crosses the real axis
threevtimes, the critical frequency is now obtained making
the imaginary part of equation A9.4 equal to zerc, After

some manipuiations the frequency of the third crossing is

obtained
T,/2T, T T. Tg/2Tp T P
-1[T e sinhew=cosh2 -7 e sinhfwsinh-2
W R coSs 271 T2 272 T1
e
T To/27T . Ts/2T, T,
Tqe sinh ——= -~ T,e sinh ~—
2T‘[ 2T2

(49.5)

The critical gain is fully determined making the

real part of HG*(z) equal to one at the critical frequency

' : R
— 1
Kcrit =
T Zo=1 I ARy
vchin“o(i + — oy - = /T>
Tz—’ll 7 - S ] Tz—'l! 7 o ] “
c c
(1‘19@6}
stmc

where Z = e
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Rearranging eguation A9.6 the following two critical

gains are obtained

T/Ty T/ Ty

X - Ry e e -1
crit T . .~ R
Vv sin(xo Tq/l'} Ts/rlz
de T, (e © -1) =T,(e ~-1)
1 T2
- (49.7)
for instability at less than w /2, and
K ., = BRI, To = T1
crit o
Vaosina™ T, tanhTS/2T2 -T, tanhrs/.z'r1
(A9.8)

for imstability at ws/2.
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APPENDIX 10

STABILITY BOUNDARY

OF CONTROLLED RECTIFIER -~ IMPULSE MODEL (u=0)

The dmpulse model of the rectifier system operating
under constant current control (Fig. 4.11) is characterized

by the eguation

G(s) AITef - Hz(s) G(s) Ad” = Aa (Aa16,1)
where
. 0 :
' VdcTs sindg 1
HZ(S) =
RL 1+ST2

Eguation A10.1 can be comverted into an expression

of sampled functiocns

AT H,G (2z) Ad" = Ao 0.2)
G e f. : s 2 “ Aa L] Aa (A 1 ‘e
Vhereform
GAT*
*
Ao = ——xef (410.3)
1+H2G(z)

The ‘z~transform of HZG(S) is obtained from tables' -

.



[y
L
LN

., . o
v X rs sin ¢ ( 7z %

) (810 4)

suo=Ts/T1  _~Ts/T2
*
It can be shown that the Nyquist plot of HZG (z)
intercepts the real axis only twice, hence the critical fre-

quency can only be halfl the sampling frequency. The critical

gain is therefore obtained from the equation
* -
H,G (-1) = -1 (A10.5)

Substituting equation A10.4 into equation A10.5,

we get

2Ry (T1 - T2)

~T,/T ~Tg/T
V., T sineo{l=S ‘&/ 2_ 1ze”"s/ 1)
dc s 1ee~Ts/ Ty 4, =Ts/Ty

Kcrit =

2R, (T, = T.)
= L1 2 (A10.6)
(o] TS TS
Vo T sin « (tanh T; - tanh T?




APPENDIX 11

STABILITY BOUNDARY

OF CONTROLLED RECTIFIER .- IMPULSE MODEL (u#0)

The comprehensive impulse model of the rectifier
system operating under current control (Fig.h.TB) is fully

characterized by the following set of two eguations

# ' %
wG(S)G1(S)G2(S).Aa - G(s)GZ(s)GB(s)AId + G(s)A:tmf = Ac
(A11.1)
¢ (s)6,(s)Aa” + GZ(S)GB(S)AI;: = Aig

Where GT(S)’ Gz(s) and GB(S) are defined in section
h.6,3.

The set of equations Ai1.1 can be converted inte =z

set of transformed sampled functions

#| = #
GAT

ref

]

" S x
(1TGG1G2(Z)) GG2u3(&, Aa -
(A11.2)
\ *
G1G2(z; (1+G2G3(z)) AT 0

The determinant. of equation Al11.2 determines the



L%
o
co

characteristic equation

' p(z) - 1+GG1Gz(z)+G2G3(z)+GG1G2(Z)G2G3(z)mG1G2(z)GG2G3(z)

(411.3)

The ze~transforms in equation Al1,.,3 are obtained

from tables132

GG, G, (z) = d

K Ve Tg sina® (z+e-(Ts"Tu)/T1 z+e"(T3"Tu)/T2)
2R(T1~T2)

.z-e"Ts/T1 Zwe"Ts/TZ

~(Ts=Ty) /T2

GZGB(Z) w= LI? =
"Ts/TZ
Zie=Q
(a11.4)
V. T sina® zre~(Ts~Tul/Ty
dc s
GTGZ(Z) = :
2L z~e-Ts/T2
KLc e‘"{Ts"'T‘u)/TT e"(Ts"Tu)/Tz
GGZGS(Z) = : -
R(T,~T,) po=Ts/T1 peo=Ts/T2

Using equations A11,3, Al1.,% and A11.5 an explicit

expression for D(z) is now obtained



L VdeT sina® y%e"(Ts“Tu)/Tl 7@@“(T5”Tu)fT2
bz) = 1 4 reeh J .
e f r , r'\ o fe,
2(11“r2) e“rs/11 — 15/i&> .J

%

. Ay

e (Te=Ty) /T  wffg=Ty) /T2 K VdeT. sing®
|1 - Le e “~ . %% e - 3 «

L s} ' hY N
no~Te/T2 o=Ts/T2 2(1,-1,)

b e

~(Ts=Ty )/ T

o~ Ts/T2

o~ (Tg=Tu)/Ty  ~(Ts=Tyu)/T2

X [

=T/ T o o=Ts/T

Le z+e
L

Z A

(411.5)

Reaaranging equation A11,5, an equation with the

following structure is cebtained

D(z) = 1 + —& ?;Ei)+(§if; d' (A11.6)

The critical condition for stability is given by

z (K a+b) + Ke + d
(z-e) (z=f)

1 + = 0 (411.7)

Equation A11.7 can also be written as

1 + X Bz + ¢ = 0 (A11.8)

(z=e) (z=f) + bz + d
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Factorisin the cdenominator and substituting the
o

constants, we obtain

N

8 L oo b T en] / - - P ,,,q
KV, T sin a z{(i—if)(e (Te=Tu)/Ty_ - (Ts Tu)/T2)+e -

U

ac
1 +

R{T, =T, -T./T -7,/ T ~(Tg=T, ) /T

2R i.l 2‘) (z-—e s/ ’l) (z——(e S/ Z_Lce ( s u)/ 1/L))

T. T, T

"e”ﬁé}..(e-(Ts"Tu)/T1e“i§ - 9-(Ts-Tu)/T29“T%)

L = 0

(411.9)

The system possesses two aqualitatively different
Nyauist plots depending upon the sysiem parameters as shown
in TFigs, 4.18 ¢ and d. Therefére, the system can become
instable at half the sampling freguency or less., The gain is

critical when equation A11,.,9 is satisfied, mathematically

) o . ) / ~ wen oo
Z{TTMTZ)R Teme TS/TT(G Te/T2 16 o (Ts Tu)/TZ/L)
K

crit N - \ o/ ,
V4o T, sino G—Ts/i¢eu(TS»Tu;/Tg_emfs/Tze—(Ts—Tu)/Pg

(411.10)

for instability at iless then half the sampling frequency ,

and
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(e poun . [ " L

(% . -l i} .
crit «

vdc Tﬁ sino® {(1“ %?C)(GW(TS”Tu)/Ti - GM(QS-TF)/T%}

R

vom (Ta=TW) /Ty =Ts/To _ _=(Ts=Ty)/T2 ~Ts/T|

) (A11.11)

 for instability at half the sampling frequency.
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a new discrete model
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ABSTRACT

The paper is concerned with the stability of closed-loop control systems incorporating controlled rectifiers. A
suitable small-signal model for a convertor is developed which takes into account the discrete behaviour of the
controlled rectifier. This model permits the use of standard sampled~data control-system theory in the stability
analysis of the system. Contrary to usual practice, the a.c. system reactance is not neglected in the modelling. It
is shown that the commutation angle is an important factor in the determination of stability boundaries. Finally,

a gain-correction factor is employed to allow for the effect of the ripple under finite-commutation-angle conditions.
Discrete Laplace transformation (z transformation) is used throughout the analysis together with root-locus tech-
niques. Stability boundaries derived from the new model and other existing models are compared, and it is shown
that experimental results are in good agreement with the theory developed in this paper.

LIST OF SYMBOLS

o = firing angle

u = commutation angle

V4 = output voltage of rectifier

Va = d.c. component of vgq

q = number of controlled phases

Ve = control voltage

Vp = ramp reference voltage

Vy' = d.c. back voltage of load

Vdo = V4 under no load and & = 0°

Vp = r.m.S.phase voltage

ig = rectifier output current

Ia = d.c.component of iy

I = direct~current reference value

R = load resistance plus effective resistance of recti-
fier

L = load inductance plus effective inductance of recti-
fier

R, = commutating resistance per phase

Le = commutating inductance per phase

Ty = firing or sampling period

T, = time constant of control amplifier

T, =L/R

T, = commutation time

wo = mains angular frequency

wg = firing or samp}ing frequency

K = control-amplifier gain

K’ = overall loop gain

Ko = overall effective loop gain

F = gain correction factor

s = Laplace operator

zZ = exp(Tgs)

Superscript © denotes steady-state values.
Superscript * denotes sampled variable

1 INTRODUCTION

Since the advent of the thyristor, a.c./d.c. convertors have
been extensively used in light and heavy industrial applica-
tions, such convertors being, in many instances, part of a
closed-loop system.

Paper 6766 P, first veceived 29th March and in vevised form
13th June 1971
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In power systems, mercury-arc valves (and, in convertors
under construction, thyristors) form an integral part of
h.v.d.c. transmission links. In such schemes, closed-loop
control is also utilised.

Owing to this large growth of convertor applications, the
stability problem of control systems incorporating rectifiers
has recently attracted the attention of several authors. As
early as 1951, Busemann,! who was primarily interested in
h.v.d.c. transmission, studied the hunting of rectifiers opera-
ting under constant current control. He found that hunting
occurred at half the firing frequency.

Bjiresten? and Fallside? modelled the rectifier as a pure
sampler and, using small-perturbation analysis, were able
to derive, respectively, a closed form and an infinite series
for the critical gain of the closed-loop system at half the
firing frequency. With the introduction of a correction fac-
tor, Bjiresten? and later Fallside5 were able to take into
account the effect that the ripple present in the control volt—
age has on the closed-loop gain.

Other authors3,7 modelled the rectifier as a sampler followed
by a zero-order hold element, or, even more approximately,
by a transportation lag of half the firing period.s

1
The model proposed in this paper represents accurately the
sampling nature of the rectifier and takes into account for
the first time the effect of the commutating reactance. The
commutation angle is by no means negligible ina large number
of convertor applications. In heavy industrial applications
and d.c. motor drives,‘as well as in h.v. d.c.transmission, con-
siderable commutating reactance is designed into the system’
50 that short-circuit currents are limited. As a result, com~
mutation angles in excess of 30° are not unusual in 3- phase
bridge convertors.

Discrete Laplace transform (z transform) and root-locus
techniques are used to determine the system stability bound-
aries and closed-form expressions are derived for the criti-
cal gain. With negligible commutation angles, the model
developed in this paper is reduced to the pure sampler model
suggested by Bjiresten and Fallside.

2 DISCRETE MODEL OF g-PHASE CONTROLLED
RECTIFIER

2.1 General

A general g-phase rectifier and its output waveform are
shown in Fig.1. It is assumed that the capacity of the a.c.
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system is much larger than the convertor rating, so that no
voltage-loop instability can occur. 8,10 The voltage drop across
the rectifying elements during conduction is neglected, but
the reactance of the convertor transformer is taken into
account. The load is assumed to be inductive and the output
current continuous.

[¢]

Fig. 1
g-phase rectifier

a Circuil diagram
b Output voltage

The firing system considered in this analysis is the so-called
constant-a system. A ramp voltage v, is initiated for each
element when the associated commutating voltage passes
through zero and becomes positive. A firing pulse is genera-
ted at the intersection of v, and a control voltage v,. The
control voltage can be either an independent reference volt-
age if the system is operating on an open loop, or the differ-
ence between the reference and a fedback guantity if the
system is operating on a closed loop. In this type of firing
arrangement, @ is proportional to the control voltage and
has the advantage over the inverse-cosine system that better
definition of o is achieved at small firing angles.

The inverse-cosine system, however, possesses the advan-
tage of a {iring system-convertor gain which is independent
of .

The analysis in this paper, although based on the constant-a
system, can be applied to any alternative type of firing
arrangement.

2.2 Derivation of mathematical model

The general black diagram of a closed-loop system incor-
porating a controlled rectifier is shown in Fig. 2. Control of
the output voltage is not continuous, but only effective at
discrete instants of time that correspond to the instants of

294

changes in the firing angle; it is also influenced by the out-
put current due to the regulation introduced by the commuta-
ting reactance.

If a small variation Aa of the firing angle is considered with
the output current kept constant, the increment in output
voltage will consist of two pulses in each firing period. This
ig illustrated in Fig. 3 for positive and negative Ax. As
shown in Appendix 8.1, for an infinitesimal change of Ac,
the two pulses can be replaced by impulses having the same
strength as the pulses they replace. This permits us to con-
sider the rectifier as an ideal sampler which samples the
incremental firing angle and produces two impulses, one at
t%(; sampling instant and another delayed by the time T, =
u®/w,.

! .
_.:hé_(cx u)

a
° E
>
<
l E wt
b
4
u°r
e—
l Kfiring instants
Rl
<>1 Iy wet
ry c
Fig. 3

Small variations of fiving angle a (I; = constant)

a Output voltage
b Incremental output voltage
¢ As bwhen a =0

The voltage-time area of the first pulse is given by

AAy =2V, sin (7/9) sin a®(Aa/w) (1)
Also \

wg = 2u/qTg (2)
and

Vo = % x/EVp sin (7/q) (3)

Substituting eqns. 2 and 3 into eqn. 1 gives
1 .
AA ZEVdOTs sin a0 Aw 4)
The area of the second pulse is given by

AAy = V2 v, sin L gin (@0 + uo) Ale +u)

firing. Under steady-state conditions, the interval between P ! “o
successive firings is 27/q rad. The output voltage is pri- _1 . 0 0
marily influenced by the control voltage, which introduces -2 VaoT sin (@0 +u%Ale +u) (5)
error firing .
reference rectifier load —» output
amplifier system
transducer
Fig. 2

Block diagram of closed-Joop system incorpovating contvolled vectifiers
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With the resistance of the commutating cireuit neglected, a
.. simplification introducing negligible error if the ratio
- wgLeRe is high, o and u are related by the well known ex-
pression

ch

V2V, sin (n/q) I ©)

From eqn. 6, assuming constant current,

cos @ —cos (& +u) =

Mcosa —cos (@ +ul =10
and therefore
sin ¢%Aa = sin (@0 + uA(x +u) (7)

From eqns.4, 5 and 7, it is clear that A=A,

If a small variation Alq of the output current is now con-
sidered, with the firing angle kept constant, the increment in
output voltage will be one single pulse delayed by T,, with
respect to the sampling instant as shown in Fig. 4.

\
ubot
a
Avd'
’ wot
b
Avy |u4
! /firing instqnts\! i+
| |u°‘_ wot
v ' c
Fig. 4

Small variations of output curvent Iz (o = constant)

a Output voltage
b Incremental output voltage
¢ Asbwhenly=20
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From basm rect1f1er considerations, it can be shown that the'
commutation area A in Fig.4 is given by
V2V

[

A=

,

sin % {cos @ — cos (@ + u)} (8)

From eqns. 6 and 8, we obtain
A =1Ly )
and therefore

AA = Leoalg (10)
If the current variation during the commutation periods is
assumed to be negligible, the action of the rectifier can now
be represented by a sampler which samples the current at
the firing instants and produces impulses delayed by Ty with
respect to the firing instants. The area of an impulse 1s
proportional to the deviation of current from the steady-
state value.

A block diagram of the linearised discrete model of the
rectifier is shown in the broken-line box of Fig. 5.

The voltage increment AVy is given by

AVy = G, (s)AIG" + Gy(s)aa* (11)
From eqns. 4 and 10, we obtain

G,(s) = 1 5 VaoTg sin a1 + exp( ——sTu)} (12)
and

Gy(s) = — L exp (—sTy) (13)

3 STABILITY ANALYSIS

The complete block diagram incorporating a feedback loop
for constant-current control is shown in Fig. 5. This system
will be analysed using linear sampled-data control-system
theory.

The firing or sampling period T4 will be considered con-
stant, an assumption which is valid since only the onset of
instability is to be predicted. An inductive load possessing

a large time constant T, is assumed. Owing to the impul-
sive output of the convertor, the output current will be dis-
continuous at the sampling instants, and therefore the current
sampled by 8, is taken to be the value just after the discon-
tinuity. Finally, the time constant of the current transducer
(e.g.a Hall-effect device) is neglected. -

The error amplifier is assumed to have a low-pass charac- |
teristic represented by a single time constant T,.

In Appendix 8. 2, it is shown that the z transform of the
sampled output of the system is given by

Ali(z) = Aly G4 (2)G,Gy(2) (14)
¥ T 1r G1G,G3G5(2) — GG, (2) — G1G,G3G5(z)GG,(2) + G1G3G4G5(z)G2G3(z) '
r———=-"=-===-"=-"==-= M
| |
AT, I . Ale AId
reference : E/ Gy(S) Lo :B‘A i G,(S) 2 G3(S) [—» » output
- & [51 - l
amplifier : j load
(
| L
I G, (8) |y
: rectifier ]
i ALy
s
1 2 1
b __41__23
G (S)
current
. transducer
‘Fig. 5

. Block diagvam of linearised discrete model of rectifier undev curvent control
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Transfer functions G,(s) and G,(s) are given by eqns. 12 and
13. The remaining transfer functions are

Gl(s) =— _I_—IKE’I—‘; N (15)
1 1

G3(8) = R+ L= R+ sT5) (16)

Gyls) = 1 (1)

The constants R and L include both the load and the internal
rectifier resistance and inductance.* The internal effective
resistance and inductance of the rectifier change from R,
and L, when one element only is conducting, to R¢/2 and
L./2 when two elements are conducting. These constants
can be averaged as follows:

21 q
Rav_—('a'_“O) 27 Re + 005 5 Re

2 q qg 1

2w L 3 2
Lav—(q u>2nL0+u 21T2LC

The gains of the amplifier, pulsing units and current trans-
ducer have been lumped into one factor K.

Let
TF(z) = GG ,G3G5(z) — G3G,(8) — G;G,G;G5(2)G;G,(2)
+ G;G;G,G5(2)G,G,(z) (18)
unit circie
o)
- 2 Re
a
Im
/\ unit circie
z Pq P

b
Fig. 6

Root loct for closed-loop systems
a Small time constant Ty
b Lavge time constant T4

The dynamic behaviour of the closed-loop system is speci-
fied by the position of the roots of the characteristic equa~
tion

1+ TF(z) = 0 (19)

The open-loop transfer function TF(z) is derived in Appen~
dix 8. 2. The poles and zeros are determined in Appendix

x The intevnal vectifier vesistance R, is heve included as it
may, in some cases, represent a considerable proportion of
the total resistance R
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8.3. From eqns. 42 and 43, it is clear that the two poles are
located on the positive real axis. Since the load time con-
stant T, is assumed to be large compared with the sampling
period, pole P, is close to point (+1, 0).

The zero is situated on the negative real axis between the
origin and the point (—1, 0). Its location is determined by
the commutation time T, and time constants T, and T,
(eqn. 44).

The root loci in Fig. 6 are for two values of T,. With T
small (Fig. 6a), increase of loop gain beyond a critical value
results in instability when the root locus crosses the unit
circle at the point (—1, 0). Self-sustained oscillations there-
fore occur at half the sampling frequency.

With T, large, the root locus intersects the unit circle as
shown in Fig. 6b, with the result that oscillations may occur
at any frequency less than half the sampling frequency.

With a negligible commutation angle, the zero is located on
the origin. Under these conditions, the root locus intersects
the unit circle only at the point (—1, 0); i.e. oscillations may
occur only at half the sampling frequency. The authors
experimental results are in agreement with this prediction.
In contrast, the root~locus analysis based on the sample~and-
hold model for u = 0° predicts that ogcillations are possible
at any frequency.?

Oscillations at other subharmonics of the sampling frequency
are, however, liable to occur for u = 0° if the disturbances
are large. These modes of instability cannot be predicted

by the small-signal model of this paper and can only be
analysed using approximate methods, e.g. describing-function
techniques.4

Closed-form expressions for the critical gain that leads to
instability can be found by means of the modified Routh-
Hurwitz criterion. If the change of variable z = (r + 1)/
(r — 1) is carried out in the characteristic equation, eqn. 19,
we obtain

TF'(r) =0 (20)

The gain leading to instability can be determined from the
coefficients of eqn. 20. Instability at half the sampling fre-
quency occurs at a critical gain given by

T,—T
Kerit = <“g‘-f;'—‘1‘>
%1 —exp (k) 1—exp(Kk,) i
1+exp ki) 1+exp (k)

3 exp (k) exp () 2[1
Tl +exp (ky) 1+ explky)
1— (Le/LH1 + exp (k)i D—l
T T (L /1) exp ()L + exp (k)1 L @)

where k,, k,, k; and k, are defined in Appendix 8. 2.

In most practical cases, L, < Lg, T, > Tg and, to a good
approximation,

- T, ~ T, @22
crit — 1 —exp k;) 1-—exp(—k,) )
s|1 +exp k;) 1+ exp (kp)

If the commutation angle is negligible, eqn. 22 becomes
T2— Ty
(23)

Kerit = Tg{tan h(T4/2T;) — tan h(Tg/2T,)}

It can be shown that the critical gain expressions derived by
Busemann! and Bjiresten® are special cases of eqn. 23 for
a purely inductive load (T, — ©).

Instability at frequencies less than the sampling frequency
occurs at a critical gain given by

, T,— T,
Kerit = ( Ty )

[ 1 — exp (—k {exp (—k,) + (Lo/L) exp (—k4)}]
exp [k ) exp (k,) — exp (~k,) exp (-k,)
PROC.IEE, Vol.119,No.9, SEPTEMBER 1972

(24)




; : : ‘ ‘.‘\; ,/w?"' ;:, .r":‘ 4‘\
For given values of T, T, and Ty, two critical-gain values

. will be obtained from eqns. 21 and 24. The smaller of the
two will define a point on the stability boundary. o

B

4 GAIN-CORRECTION FACTOR

The model developed above does not take into account the
presence of ripple in the control voltage v,. Bjiresten? was
the first to introduce the concept of a gain correction factor
that considers the effect of the ripple. In this Section, the
gain-correction factor is generalised to include the effect of
system resistance and commutation angle at any operating
point,

0

e

)

FAv,

Fig. 7
Effect of ripple on control voltage

a D.C.gain of pulsing civcuitvy
b Effective gain of pulsing civcuitry
¢ Definition of corrvection factor

The d.c. gain of the pulsing circuitry is defined in Fig. 7a as
the ratio Aa/Av, with the rectifier on open loop, i.e. with

' no harmonics present in v,. In the analysis that follows,
this gain is assumed to be unity.

The effective gain of the pulsing circuitry is defined as Aa/
Av, with the rectifier operating on closed loop, i.e. with
harmonics present in vg. Owing to these harmonics, dvc/ dt
at the firing instant is not zero. This is illustrated in Fig.
Th, where a perturbation in Ve is followed by a change in Aa.
In Fig. 7c, the relevant portion of Fig. Tb is shown magnified.

For small perturbations, the effective gain can be expressed
as the d.c.gain multiplied by a correction factor F.

From Fig. 7¢,
' ' dvg Av, —FAv,
tanozl =_dt— = — ——Ka—————wo
dvy, FAve
tana, =3 = Ba %Yo

Solving for F, we get
N X

; CAa , ‘
F= ‘}::nl o 7:‘% = 1/[1 — {(av/dt)/(dv,/dt)}] ' (25)

. PROC.IEE,Vol.119,No.9, SEPTEMBER 1972

As g =wo _ (26)
 dvy  dvp do
“dt T de & T Aa dt
Therefore, using eqn. 26,
avy. . ‘
G T Yo - : ’ (27)
An expression for the derivative of the control voltage with

respect to time and in a closed form is presented in Appen- -
dix 8.5 and is given by eqn. 45.

Introducing dv,/dt and dv,/dt = w, into eqn. 23, the correc-
tion factor is obtained as

_ {1 3 szpK
siny — 6 — 8) B K, (1 —K;)
<4{1 + (@TD?W1 + (woT2)2  wqiexp (Ts/Ty) —1}
— K'S(l _ '1) + sin I
wolexp (Ty/T,) — 1} q

[K4{1 — K, exp (T/T,)} '+
wof exp(Ts/T,) — 1}
K,{1— K’, exp (Ty/T,)} )§~1
wofexp (Tg/Ty) — 1} j|
The various constants in this expression are defined in

Appendix 8.5. The overall loop effective gain is now obtained --
from

Ko =K'F (29)” -

(28)

stable

K.rad/A

Fig. 8
Stability boundavies aof 3-phase brvidge rectifier

d Describing-function model
e Digital-computer solution
J Experimental results

a Pure-delay model
b Sample-and-hold model
¢ New discrete model

5 COMPARISON OF PERFORMANCE OF VARIOUS
MODELS WITH EXPERIMENTAL RESULTS .

A comparison between the model developed in this paper and
other models suggested in the literature was made for a
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3-phase bridge rectifier supplying a d.c.machine driving an
a.c. generator connected to 3-phase a.c. mains. The d.c. motor
was working with constant excitation and a feedback loop

was enforcing constant armature current.

In Fig. 8, the stability boundaries for u = 0° as predicted by
different models are compared to experimental results under
negligible-commutation-angle conditions. The boundary is

a plot of time constant T, against the critical gain. Points
on the left of the boundary are stable.

1
10

10

unstabie

stable

F‘{g‘:‘ 9 K,rad/A

Influence of ripple on stability boundayry

a Boundary predicted by discrete model, neglecting effect
of vipple,u = 0°

b As a, but u = 30°

¢ Boundary a as modified by gain-coryvection factor

d Asc, but u=30°

Curve a presents the results with the rectifier modelled as
a pure transportationlag of half the sampling period ina con-
tinuous control loop.8 Curve b results from the sample-and-
hold model of Reference 7. Curve c uses eqn. 21 of this
paper. To view the models of curves a and b in the most
favourable light in comparison with the model of this paper,
in all three cases the gain-correction factor F of eqn. 28 was
implemented.

Curve d was obtained from Fallside's describing-function
approximation.4 As the attraction of this method is its sim-
plicity, the gain-correction factor was not used,

Curve e was obtained from an elaborate digital program
which solved exactly the differential equations of the system.
With this program, it was possible to determine whether a
particular operating point was stable by applying a small
perturbation to the current reference value. This method,
which, incidentally, was very time consuming, showed that,
for small perturbations, instability occured at balf the sam-
pling frequency. It also showed that, if the perturbations
were large, the system could become unstable at other sub-
harmonics of the sampling frequency.

Because of the small uncertainty involved in determining

the value of gain at which self oscillations are sustained,

the experimental results are shown in Fig. 8 as band f rather
than as a curve.
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The influence of the gain-correction factor on the stabili?y
boundary is shown in Fig.9. At low values of T, the ripple
in the control voliage reduces the effective gain as shown
earlier in Fig. 7c. This loss of gain increases the region of
stable operation under the TK boundary, and the expansion
of the stable region becomes more pronounced the nearer u
approaches zero.

The influence of the commutation angle on the stability boun-
dary is illustrated by Fig. 10. With increase of commutation
angle, the stable region contracts. The point of slope dis-
continuity on the stability boundary is caused by the inter-
section of the boundaries described by eqns. 21 and 24. For
points on the stability boundaries of Fig.10 located below
the discontinuity, instability occurs at half the sampling
frequency; for points above the discontinuity, instability takes
place at lower frequencies. The experimental points deter-
mined for the case u = 20° show a good agreement with the
corresponding theoretical boundary.

Spot checks of the experimental frequency of oscillations at
high values of T, gave good agreement with theoretical pre-
dictions.

The oscillograms of Fig. 11 confirm visually some of the
results arrived at in this paper. In Fig. 11a, the time con-
stant is low (T, = 1ms) and self oscillations occur at

150 Hz. In Fig. 11b, the time constant is high (T, = 100 ms),
oscillations now taking place at approximately 25 Hz, which
compares favourably with the predicted frequency of 26 Hz.

4
107
\J=30°
20
10
ol
10
-1 o}
10 [
-2
10
stable
unstable
n
S
-3]
10
-4
10
-5
10 3
10
) K,rad/A
Fig. 10

Influence of commutation angle on stability boundary

6 CONCLUSIONS

From Fig. 8, we can conclude that the pure-delay model and
the sample-and-hold model, even when improved by the gain-
correction factor, give unacceptable stability boundaries.

The discrete model developed in this paper gives results
consistent with the digital- computer solution and the experi-
mental data over the whole range of the region explored.

The describing-function method gives perfectly acceptable
results for large time constants but is pessimistic for low
time constants. This technique, as developed in Reference
4,uses only the first term of a solution in series form

PROC.IEE, Vol.119,No.9, SEPTEMBER 1972



derived by 1mpulse analysis. The result obtamed by takmg \

. into account a large number of terms 1s 1dent1ca1 to the
closed-form solution for u = 0° of this paper. Further, if
TF(z) of eqn. 18 is expressed as a function of s in 1nf1mte—

"« series form and only the first two terms are considered, the
. approximate results obtained are 1dent1cal to those from the
descr1b1ng-function method.

Eig. 11

Oscillatory behaviour of vectifier

e’ =15° u®=20°

a T, =1 ms,time scale = 5§ ms/division
Frequency of oscillation = 150 Hz

(i) Dirvect curvent

‘(i) Control voltage

1 (£i4) Rectifiev oulputl vollage

b T, = 100 ms, time scale = 20 ms/division
Approximate frequency of oscillation = 25 Hz
Traces (i), (if) and (iii) as in a

With u = 0°, and neglecting the gain correction factor, the
exact solution gives curve a of Fig.9. In the describing-
function method, the effect of neglecting all terms but the
first is a fortunate shift of the boundary towards closer
proximity with the exact solution corrected for gain;i.e.
curves d and ¢ of Fig. 8.

From Fig. 9, we can conclude that the gain- correction factor
has a very marked effect on the boundary, especially at
small commutation angles, and should be taken into account
if accuracy is required at low time constants,

Fig. 10 shows that the effect of commutation is to decrease
the region of stability. At high time constants T, this
decrease is caused by oscillations at frequencies lower
than half the sampling frequency. At low time constants, the
decrease is caused by a different mechanism. The presence
of commutation decreases the slope of the control voltage

. which, in turn, increases the gain-correction factor. As the
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mﬂuence oﬁ the gain- correctlon factor is partlcularly pro-

nounced at low time constants, the regmn of stability eon-
tracts as u increases.

Finally, from Fig. 8, it can be concluded that, with u = 0, the
1st-order system resulting if T, is reduced to zero is un-
conditionally stable, However, from Fig. 10, we can see that,
for u larger than some specific value lying between 0° and
10°, the 1st-order system is only conditionally stable,

To summarise;the discrete model developed in this paper
ehables us to take into account the process of commutation
and to apply successfully sampled-data theory and root-locus
techniques to determine the frequency of oscillations and
stability boundaries. It was shown for the first time that
even moderate commutation angles have a marked influence
on the stability and frequency of oscillation of the system.

A generalised gain-correction factor was also used to allow
for the variation of the loop gain caused by the presence of
ripple in the control voltage.

The test results show that the model developed in this paper
gives a better prediction of stability compared to other tech-
niques for u = 0° and is the only model known to the authors

capable of predicting stability boundaries for u = (°.
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8 APPENDIXES

8.1 Abproximation of narrow pulse by impulse

The Laplace transform of a narrow pulse of height h and
duration r is

L{v())} = n L= xpETS) (30)

Expanding exp (— 78s), eqn. 30 become§

L{v)} = h[l

—{1—75+ (rs)2/2!
]

—....}]

Letting 7 — 0 and neglecting high-order infinitesimals,

lim L{v()} = br (31)
70

As
L —1[nm' L{v(t)}] = lim v(t)
70 T
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therefore

Lim v(t) = hrd(t) (32)
70

where 6(t) is the impulse function.

8.2 Input-output relationship of closed-loop system

Referring to Fig. 5, the following expressions can be written.
[The notation G,.. ,Gn(z) denotes the z transform of G, (s). ..
G, (s), where z = e5T

Al4(z) = Aa(z)GyG4(2) + Aly(2)G4G ,(z)

300
Tr(e) = {2k (-2 )11 — Le/Lexw i) — exp (i)
+ exp (ky) — exp (hy)] + (Lo/L) exp (k)
+ KT/ (T, — Ty)Hexp (k) exp (—k,)
— exp (—k,) exp (—k,)} — (Lo/L) exp (—k,) exp (—kl)é
[{z — exp (~ko)Hz — exp (%£,)}]1 (40)

8.4 Pole-zero pattern

Substituting egn. 40 into the characteristic equation, eqn. 19,
we obtain an expression that has the following structure:

Therefore
z(K'a +b) + K'e +d
G4G,(2) Sy P Ty
Als(z) = Aal(z 33
or, after rearrangement,
Also
1+K az + ¢ =0
Aa(z) = — G1G,G,G5(2)aa(z) — G,G5G,G5(2) (z—e)z—1) +bz +d
+ ALG (2) (34) Factorising the denominator and substituting the constants,
Eliminating A (z) between eqns. 33 and 34, we obtain we obtain
AL G4 (2)G,G4(z)

Ald(2) = T57G,G,G,05(2) — G364 (2) — 10,0405 (2)G50, @) + G,0;G,G, (21, G4 @)

8.3 Derivation of transfer function TF(z)
Using eqns. 12, 13 and 15-17, and letting

K =1 (KVg, sin a0)/R

2
we get
1+ exp (—STu)
x 36
G,G,G,G;(z) KTSZB(I + 5T, )(1 + sT,)) ©o
Le {exp (—sTy))
GyG,@) =5 7 3‘i‘+ﬁ§ o
I{Lc exp (—STu) s
_ 8
G163G4Gs2) = ¢~ Z g + sTo)) o
K'TS 1 +exp (—STu)
G2G3(Z) == K 2 1+ ST2 (39)
Let
TS TS TS _ Tu
ky=g>  ky=rgo fo=—g—
1= 2 =T, 3T
TS - Tu
ky, = T,
Now
R T —
{(1 + 8T )(1 +sT,)

_ 1 i z _ z (
T Ty~ Ty {z—exp ky) 2z exp (k)

exp (—_STu)
%(1 +sT )1 + st)g

% exp (k,) exp (k) &
TT,—T; lz—exp(ky) z— exp (~ky)

1 | 1
231 +5T,) T,

il
z — exp (k)
1

=T,

exp (—sTy)

z 1+sT,

€Xp (—k4) ;
z— exp (—ko)

Substituting the above expressions into eqns. 36-39 and using
eqn. 18, we obtain the following expression for TF(z):
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(35)

T
1+ K'(ﬁ,—z—_iT—;)(z[{l — (Lo/D)Hexp (k) — exp (—k,)}

+ exp (—k,) — exp (—k,)] — {exp (—k,) exp (—k,)
— exp (—k3) exp (’“kz)}) ({Z — exp (_k]_)}[z - {exp (_kg)
— (Le/L) exp (—kg)H)"1 =0 (41)

It is clear from eqn. 41 that there are two poles and one
zero. The poles are situated on the real axis and are given

P, = exp (~Tg/T,) (42)

P, = exp (—Tg/T,) — (L/L) exp {— (Tg— T,)/T,} (43)

The only zero is also situated on the real axis, its abscissa
being given by

Z, =
! €Xp (_k4) exp (—k;)— exp (_ka) €xp sz)

{1 - (Lc/L)}{eXP (_k4) — exp ("ks)} + exp (—kz) — exp (—kl)
(44)

8.5 Derivative of steady-state control voltage

The steady-state control voltage of a g-phase controlled rec-
tifier with finite commutation angle can be obtained in a
closed form by means of a Laplace transform.

The first derivative with respect to time of the steady-state
control voltage at the firing instant is given by

dve Kw/ZVp <w0 cos {(21/q) +a’'— g — &}
at RO+ @ T2V + @, To)%
_ K1—Ky) K41 — K)
exp (Tg/Ty) — 1 exp(Te/T,) —1

[K4{1 — K, exp (T,/T,)}  Ki{l — Kj exp (Tu/Tz)}D
exp (Tg/T,) — 1 exp (Tg/T;)—1

+ sin (r/q)

where (45)

T
LV ) I S
a' =« 77 g
woT; cosy — siny

_ K woT, cosy — siny
17 woT,coso’ —sina’ 1

T wyTycosa’ —sina’ -

_ woTycosy’—siny’ , _ woTgcosy’ —siny’
~ woT, cos al—sin o 27 woTg cos a® —sinad

K,
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" w,T, cos @’ — sin a’ w,T, cos &’ — sin o’

K, = Ky =
37 (T, — THL + (woT)% (T, — T {1 + {wTo)2}
woT, cos @0 — gin a0 ,  woTycosal—sinal

K, Ky =

= (T,— TaH1 + (onl)g (T2 — TNl + (woT2)2}
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$ 301,
6 = tan™ (sz) 5= f;an"l (wT4)
If the commutation angle and all the resistances in the circuit

are set to zero and operation under short~circuit conditions

with @ = 90° is assumed, eqn. 45 is reduced to the expression
derived by Bj'ai;jesten.z
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Discussion on

Thermal insulation for energy storage

L.C.Parker: I feel that much of what we have been hearing
about today I would be unwilling to accept for the conven-
tional free~standing controlled-input storage radiator. I
think that this type of radiator has probably reached its opti-
mum size, that is somewhere near 22°5 cm in depth. i is
using materials to their maximum advantage, and is giving
excellent results. There is another reason. Mr.Dickson
mentions the fact that, to obtain improved performance, one
must increase the core temperature. I think there are
several reasons why one should not increase the core tem-
perature. The first is that refractories become electirically
conductive, and element temperatures should not be much
above 950°C, I see the use of evacuated insulation in storage
radiators as being applicable to heaters connected by a pipe-
work, probably evacuated from a central site, and this is a
quite different animal from the conventional storage radiator
to which I have just referred.

Another important aspect which I feel must be taken cogni-
sance of is that, in storage appliances incorporating air
movement, most manufacturers use an insulation which is
moderately flexible because this gives a sealed joint, and so
a core box is not necessary to prevent leakage of air. There~
fore, when specifying the desirable qualities of insulation,

one thing should be added, that is to make certain that it
maintains its rigidity. If one is thinking in terms of using a
board, not only conductivity but also rigidity must be taken
into account, The author does mention that he feels that there
is a future for dense board. I have seen quoted costs,and I
felt that they were far too high, but, if there are more recent

figures I am interested to know if they are now more realistic,

In Table 1, the author has analysed one of the insulations and
suggests a maximum temperature of 650°C because of the
envelope. Is this envelope necessary after manufacture ? I
see nothing wrong with the envelope disappearing, being

burnt off, once it is in situ, provided that one has stability,
and in this material I know that, when the envelope is burnt
off at high temperature, it in no way affects the conductivity.

I wonder if the author isn't being a little harsh with the manu-
facturer.

Mr.Dickson has summarised the 'pros and cons' of powder
insulation excellently, and I feel that, for storage radiators,
they are negative, because the balance between particle size
and density could not economically be maintained on a pro-
duction line.

The crux of the paperisthe economics. Mr.Dickson says
that 'the cost multiplied by the conductivity should not be
used as a yardstick for choosing insulations, as it seriously
undervalues the best materials’'. I feel that what has been
done is a start, but that we have now to find the right mater-
ial; and this is based neither on a K value nor on a material
density, but on a material which strikes a correct balance
between size, price and performance to give maximum accep-
tability, What we are talking about is heating people, and it
must be quite clearly shown that the effects of the improved
insulation are noticed by Mr. and Mrs, Smith as they are
watching Coronation Street, That is what matters.

Miss M.V, Griffith: Has any work been done to establish the
life of vacuum insulation at high temperature in terms of the
maintenance of the high thermal resistivity ? Vacuum insula-
tion has been used for many years for low-temperature
work, but, at high temperatures, outgassing of metal con-
tainers in use may cause difficulty, for example, It is not

Paper 6495 P by DICKSON, D.J. [see 1971,118, (10), pp. 1399-
1407}
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realistic to consider continuous evacuation with appliances
such as storage radiators,

Mr, Parker's point about stability of thermal insulation is
important. When storage radiators are dismantled for mov-
ing, the insulation may partially collapse. When the heater is
put together again by people who perhaps do not realise the
consequences of inadequate insulation, bad performance or
even the danger of fire may result.

The variation of thermal resistivity with temperature has a
great influence on the performance of storage heaters, and
the use of opacified silica aerogel, the conductivity of which
increases very little with temperature up to 700°C, has al-
ready led to better performance. It is a pity that we cannot
find a material with a positive temperature coefficient of
thermal resistivity for this purpose.

The maximum permissible temperature of storage-heater
cores should not be too restricted. The better types of re-
fractory do not increase rapidly in electrical conductivity
until about 1200°C, and just below that temperature are still
better electrical insulators than firebrick at 700°C. Kanthal
heating elements can be used up to 1250°C, and some thermal
insulation is usable up to 1150°C or more. Unless it has
been decided that only electrically conducting storage mater-
ials such as feolite are to be used, so that sheathed ele-
ments become necessary, it is still feasible to reduce the
size of storage heaters without paying the penalty of in-
creased weight by the use of refractory cores at tempera-
tures up to 1000°C.

J.Belson: I was particularly interested in your curves show-
ing the change of conductivity with gas pressure for an alu-
minosilicate blanket. If you wanted to utilise this change in

a device of variable conductivity, would you have to take
account of the resilience (or rather, the possible lack of re~
silience) of the material? Presumably, you would be confin-
ing the blanket at different pressures, and would want to re-
produce repeatedly a given thickness for a given pressure.
Have you considered this at all ?

D.J.Dickson (in reply): In general,I agree with Mr. Parker's
comments, and, in particular, that storage radiators incor-
porating evacuated insulation must be considered as a com-
plete central-heating system rather than as individual
radiators.

Regarding the 650°C limit imposed by the glass-cloth enve-
lope of the microporous insulation, if it will never be neces-
sary to dismantle and reassemble that part of the heater
using the original materials, this insulation can be used up
to 1000°C.

The question of economics is a difficult one at this stage,
and we must be careful not to discard a promising line of
investigation prematurely because it looks too expensive.

While a 'factory-sealed' evacuated insulation as envisaged
by Miss Griffith would be very attractive,I do not consider
it to be economically feasible at the moment, but continuous
evacuation is not out of the question using a central vacuum
pump.

It is true, as Mr. Bilson suggests, that, on evacuating a fibrous
blanket under load-bearing conditions, a large initial com-
pression is experienced, and that the original thickness is
not regained on returning to atmospheric pressure. The
curves showing the change of conductivity with gas pressure
refer to the blanket after this large initial compression has
taken place. Subsequent evacuation produces much smaller
changes in thickness, and, although the thickness for a given
pressure may not be exactly reproducible, the resultant
variation in thermal conductance is very small compared
with the total change throughout the pressure range con-
sidered. ~
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