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ABS ACT 
nyza 

Owing to the continued growth in turbogenerator 

size, the dynamics of the steam povrer plant in a power sta-

tion have assumed importance. Two mathematical models of a 

steam power plant were developed to analyse the dynamic cha-

racteristics of the relevant part of the power system, one 

of these models is suitable for digital calculations and the 

other for analogue computer studies. In contrast with most 

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 is the simulatioTt 

of the transient phenomena in a steam power station after a 

fault has taken place. For this purpose, a turbine dynamic 

characteristic simulator for a micromachine set was develop-

ed that was linked to the boiler simulator. 

A comparison is presented between results of tests 

carried out in the Goldington and Northfleet power stations, 

micromachine simulations and digital calculations. In parti-

cular, load rejection and pole-slipping transients in those 

two power stations are discussed in detail. For both tran-

sients, a comprehensive explanation of the control aspects 

of the phenomena is attempted, and two ways of dealing with 

short duration faults in the transmission system aresufgested. 
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Since the advent of the thyristort  controlled rec-

tifiers have been extensively used such rectifiers being in 

many instances part of a closed-loop system. A controlled 

rectifier operating under cons tant current c ontro 3. 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 one capable of 

simulating large perturbation transients and a linearised one 

suitable for small perturbations . Using these modelf.-,,an cptdmum 

design for the micromachine drive was achieved. 
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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-

lated 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 power system simulation studies are impor-

tant not only in the power field but also in other branches 

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 in his pionering work did not model synchrarlaus 

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 

was carried out in the U.S.S.R.2 In 1950, Robert3'4 publi-

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 developed 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.S.S.R. grid was assessed using mi-

cromachines5. This work provided the specifications for the 



new hydro power stations supplying consumer centres through 

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.6   Work has also been in pro- 

gress in Australia7. 

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-

what decayed as it was considered that the digital computer 

would be a more economic and flexible tool for simulation 

studies. 

During the 60s„ micromachines were used at Imperial 

College to corroborate digital computer calculations with 

1211109 experimantal results 8 ' 	„ in particular, Park's 

equations were solved and the merits of the d-q transforma 

tion were evaluated. 

A CIGRE exercise was carried out in 1962 to evalu-

ate transient stability methods of analysis. The report of 

the exercise was published in 196413 and was based on the 

results of the High Marnham tests14 The microreseaux simu-

lation of Electricite de France in the CIGRE exercise com-

pared favourably with digital and analogue computer results 
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and network analyser simulations. 

In 1970, a second CIGRE exercise was carried out15 

• 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 dynamics, mi-

cromachines were being superseded by the more versatile di-

gital computer. 

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. 

1.3 Present research on micro achines 

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 micromachiiie components. Moreover, rapid progress in 

technology made possible the introduction of more powerful 

controllers in power stations. As a result, research in mi-

cromachines is proceeding simultaneously in three main di- 
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rections: 

1) development of the micromachine system, 

2) simulation studies, and 

3) experimental support for innovations in power 

system control. 

1.3.1 Development of the micromachine system 

Micromachine designs are under continuous reviews  

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- 
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chine studies. The simulation of these characteristics was  

first implemented by Robert3,4 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 ques with about 1 ms sampling time. The author 	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 control system with a negli-

gible overall transient response compared 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 repi-esent 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 are excessively high and thus core loss 

compensation is necessary. However, I2r 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 

studies26127 
	

have been suggested, but in the author's opi- 

nion, 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 (sectina 

'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 valve behaviour is 

shown to be of particular importance in the event of load 

rejection and pole-slipping conditions. A boiler model is 

also developed enabling power system disturbances of up to 

several minutes to be studied with reasonable validity. 

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-

gators15,28,29,30,31 are available for comparison purposes. 

1 . 3 . 3 Experimental support for innovations in po!,rersystem control 

Micromachines are capable of providing experimen-

tal validation of new control schemes. An example of this 

type of research is at present being carried out at Impe-

rial College, in which a direct digital control is being im-

plemented on a turbogenerator in order to test various 

optimum control strategies32.  

1.4 Power system dynamic simulation 

Developments in the power simulation field during 

the last few years have produced an increased accuracy33,34, 

35. The introduction of the boiler in this simulation has 

permitted the analysis of the dynamic behaviour of power 

systems over longer periods33,34,36. 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 considered in some depth. 

The various components of the simulated power sys-

tem are now introduced in greatejc detail. 

1.4.1 The transmission s stem 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 voltage 

and frequency conditions has lately received attention in 

the literature37'38'39.  If the simplifying assumption of an 

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 controllers, 

turbine governors, and voltage regulators to strategies for 

load shedding and line switching can then be embodied in a 

single study. 
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1.4.2 The .synchronous  machine and automatic volta,e re u-, 

lator 

The basic theory of synchronous machine modelling 
• 

has been well established in the literature by Tesla4o 

Biondel41, Park42, and Adkins". 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 approach 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 (section 

2.4) a simplified mathematical model of a synchronous ma- 

chine chine directly from Parkts equations 	as written by 

White and Woodson45. 

A Cauer expansion technique"  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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1.4.3 The turbine and overnor s stem 

The torque speed characteristics of a turbine re-

quire 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 

i 2.7, and well known to blade designers48  i , 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 mocha-

nisms are well established from the experimental results 

on blade simulators by Waren-Keenan49 Dollin50  and the 

Steam Nozzles Research Committee51 Oakden52 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 

Kearton53. Experimental corroboration of turbine steady-state 

characteristics have been obtained for ship 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,57  where from the model of a cylinder, the dynamic 

equations describing the behaviour of a non-reheat turbine 

are readily derived". In reference 28 a similar set of 

equations for modelling a non-reheat turbine is employed and 
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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 Electric59,60, 

61,62 

Using the Stodola56 and Kearton57 equations, a cir-

cuit formulation of the steam path of a reheat turbine is 

made in section 2.7 63 This formulation is similar to the 

64 approach suggested by Jolley6 	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 characteristics34,64,65,66.It can be shown that 

this classical approach in which the turbine characteristics 

are assumed to be linear is not a linear incremental appro-

ximation 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 perturbation studies. Similar 

conclusions have been drawn by Jolley64 and Hughes67 who 

have also pointed out that if the turbine characteristics 

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

ted. 

The dovernor 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 



29 

rate improves stability margins. Particular importance is 

also given to governor multiple time lag characteristics64  

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 energy 

,storage68 . This trend culminated in the "once through" 

boiler having a very low energy storage69 . 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 Fenton70 have shown that insta-

bility of these controllers is likely to occur if adequate 

allowances 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 IBM33, Young34 Profos69, 
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Laubli-Fenton70 and Astrom are relevant for large power 

system studies. Other boiler dynamic models 72 ,73,74,75 ,76,  
77  involve detailed analysis of heat transfer- dynamics and 

are not directly relevant to the problem under discussion. 

1.5 Rectifier dynamics 

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 phenomena 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 

"central process" idea78 and this model describes the dyna-

mic behaviour of the rectifier under any operating conditium. 

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, axed thus a critical analysis of exis-

ting rectifier small perturbation models was undertaken. 

As early as 1951, Busemann79 studied the hunting 

of convertors 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. 

Reider8  0 in - 1957 modelled the rectifier using the 

principle of "equivalent areas", later used by Andeen8182 

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. 

Bjaresten83 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 al8485 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. This 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 spiall rectifier voltage output at the 

critical stability point, Faliside derived a so-called des-

cribing function approximation to 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 harmonic approximation, 

although this author was more concerned with the represen-

tation of the a.c. system impedance attached to the recti-

fier mains supply. 

Lately other authors88,8990 have modelled the rec-

tifier 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 model91. The analysis 

permits the inclusion of overlap angle effects and a thorough 

representation of the pulsing circuitry. 

An alternative,equally rigorous, procedure due 

to Flower and Hazel92  is the linearisation of the rectifier 

difference equations. Flower and Hazel, however, considered 

only a very simple system structure. 
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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 and a full load rejection. 

The emphasis of the simulation is placed on governor action 

and therefore governor, turbine and synchronous generator 

modelling 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 system 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 behavioux'.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. 



2.2 Physical descri tion of a steam power lant 

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  

The micromachine system consists of a small syn-

chronous machine and a two phase tachogenerator both driven 

by a d.c. motor. This small synchronous machine is design-

ed to give a range of parameters 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 machine,a 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 owing to physical 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 the 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 results 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 Northfleet ex-

citers are in comparison two orders of magnitude smaller, 

therefore, the transient behaviour of the time constant re-

gulator can be neglected without introducing any serious 

error. 

The high armature resistance and the small subtran 

sient time constant of the micromachine per-unit parameters 

show a certain amount of disagreement with the correspon-

ding parameters of the synchronous generators being simula-

ted. These discrepancies were accepted as it was practically 

impossible to avoid some differences (Table 2.1., pp 88)0  

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 mea-

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 tachogene-

rator generates a sinusoidal voltage whose phase with res-

pect to the infinite bus voltage changes in accordance with 

the rotor position10„ thus the rotor angle detection problem 

can be transformed into a phase detection problem between 

the infinite bus bar voltage and the 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 pf the filter is shown in Fig. 2.6. 



11111 
MICROALTERNATOR 

39 

709 OPA OPERATIONAL. AMPLIFIER 	• 

T 	3 SINGLE PHASE TRANSFORMERS 
R 10K 
C .511F 

to AVR 

to 
ga vanometer 

Fig. 2.3. Microalternator voltage sensing  device 

PRECILEC 
AC TACHOGENER-
AIOR N° 32718 

to governor 

to galvano- 
meter 

P TEN TURN HELICAL POTENTIOMETER 

R1 1MQ 
R2 400K 
C1 0.015P.F C2 = 11-LF 	C3 = 2.2 1.1. F 
R3 10K 
R4 100K 
D 0A81 

fig. 2.4. Microalternator speed sensing device 



Signal from 
A C tachogenerator 

Reference signal 
from infinite bus 

Wave shaper 
amplifier 
squarer 

Wave shaper 
amplifier 
squarer 

buffer 	Al 
differentiator 

buffer 
different iator B1 

bistable 
on by 91 
off by Al 

double 

buffer 

2 pole 
low-pass 
filter 

dc bias 

100 and 
300 Htz 
twin T 

50 Htz 
band 

elimination 
filter 

Fig. 2.5. Block diagram of microalternator load angle sensing device 



R14
R17

.:'--_--=-- ---11 OUTPUT

R13
+14

R10R6R5
+14

C2

R3

R1 47KQ R11 2.35 KQ C4 0.39 ~F
R2 5.6KQ R12 5.6 KQ C5 O.78lJ.F
R3 181-<Q R13 6.4KQ C6 0.113lJ.F
R4 5:6KQ R14 3.2KQ C7 0.1131lF

R5 4~7KQ R15 3.2KQ C8 0.22J..lF
R6 4.7KQ R16 240KQ C9 0.6~F

R7 2 ~35KQ R17 50KQ C10 0.61lF

R8 5.6KQ C1 0.22~F C11 1.41lF

R9 4~7KQ C2 0.221lF OPA1 SL701 B

R10 4.7KQ C3 O.391lF OPA2 709 OPA

T1 ME4103,

Fig 2.6. Circuit diagram of load angle detector filters

(overall characteristics: cut frequency- 20 Hertz,' band elimination at 50, 100 and 150 Htz )



42 

A block diagram 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 thq simulation 

of the governor, turbine and boiler. 

In order to check the validity of the micromachine 

simulation against test results, a mathematical model of a 

synchronous machine suitable for digital computer calcula-

tions was next developed. 

2.4 Mathematical modellin of s chronous machines 

According to the "generalized machine theory"43 

the equations describing mathematically the dynamic bdiaviour 

of a synchronous machine after applying a modified form of 

Park transformation42'93 to the original phase variables are 

given in reference 45 and reproduced here. The same sign 

convention and per-unit system are adopted. 

Voltage equations 

Vf  - rf if p f 

Vkd - ° = rkd 1kd P 41kd 

Vkq = 0 = rkq ikq p kq 

Vd  = -ra  id 	p 4.d  - W 4/q.  

(2.1) 

Vq  = -ra iq 	4/q  w d  
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Mechanical equation: 

Ttur = J. p 	+ n (11/d iqqd) 

Flux linkages equations: 

wolf = (xmd xfl)  if xmd id xmd ikd 

wod = xmd  if 	(xmd + xal)id  + xmd 'kd 	(2.1) 

w = (xmq o 	xal)1q + xmq ikq 

WAccl = xmd if - xmd 	(xmd xkde)ikd 

w o  111/kq  = -xmqq + (xmg + 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 the 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 syn-

chronous machine from a system point of view are the rotor 

angle, the rotor speed, the armature current and the termi-

nal voltage; all energy storage elements which do not have 

a significant effect upon the variations of these output 

quantities may be neglected without seriously affecting the 

4h accuracy of the simulation 



Damper windings are responsible for large damping 

torques and their effect should be taken into account. A 

convenient way adopted by many investigatorst-of considering 

this effect, is to introduce a variable velocity damping 

coefficient thereby reducing the number of energy storage 

elements by two. Crary91!' gives the following formula for 

this damping coefficient: 

[" (1 	1 
Td 	b 

T 
 d 117 x sin

2 	T"
q 	1 - T = v 	 1 

d 	30 	 cos26 (2.2 
d 	

) 

Energy storage elements associated with the stator 

coils can be eliminated by neglecting p ttc, and p *01  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 transients29,31,95 

These transients influence the output quantities of the 

alternator significantly only during very short time inter-

vals and are therefore neglected here. 

Synchronous machine equations are obtained ne-

glecting saturation42  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 sa-

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 saturations  a simplified set of equations describing 

synchronous machine dynamics with constant coefficients is 

obtained as follows: 

Voltage equations 

Vf = rf if + 

Vd = -ra id w q 

V = -ra iq w q 

Mechanical equations 

Ttur =Jp--En(41 i - 	i)+Td p5 (2.3)n 	d q q d 

Flux linkages equations 

We 	= (xmd xfl) if-  xmd id f  

w
o 	= xmdf - (xmd xal) id 

w 	= -(xmq x) q o q 	al  

Having neglected all but three of the synchronous 

machine energy storage elements it is vital to choose judi-

ciously 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 step-

-wiser  its derivative becomes infinite44. in.order to avoid 

this difficulty 4f  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 5, p5 and 4f  as state va-

riables (appendix 1). 

= [p5] 

1-1[T 	Td p5 	S sin 2 	2 
P[P5 	H tur 	6 - S 1 	2 cos 6 

2 — 53  [coo  wf ] — S4  sin 6 cos 5 — s5  sin 5 [too  

— s6 cos 5 [0.) '11  f 

p w 0-f = wo of - B[wo ‘&fd]  + C sin 5 + D cos 5 

(2.4) 

2.5 apresentation of excitation systems and automatic 

vol  

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 



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 

Vml = -Gvs (Vt Vr ) 

Gml  Vm2 	(Vml + V exs  + Vms  ) Kml Vm2>-Vm2>- Vm2 1+Tm1p 	 max 	min 

Gm2  Vexc tl 	
Vm2 + Km2 	Vexc Vex Vexc 1+Tm2p 	 max 	min 

V 
Gex  V 

1+Tex
p exc 

(2.5) 

T  
= G 	

p ms  Vms 	ms 1+T ms V p exc 

V 	= G 	T exsP 	 V 
exs 	f exs 1+T P exs 

No reference is made to the rectifiers since it 

is assumed their characteristics are linear and the 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 exciter; 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 excitation 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 lumped into one single transfer 

function H(p) as shown diagramatically in Fig. 2.10; H(p.) 

can be obtained analytically from Fig. 2.9 as 

Gm1Gm2Gex(14.T p) ms 
HOD) 

(11-Texcp)((1+Tm1p)(14-Tm2p)(11-Tm1)+GmiGm2GmsTms0) 

(2.6) 

Equation 2.6 can be decomposed into the following form46 

H(p) 
Geg  

1 + 
1 + 	 T2 it) 

   

(2.7) 

   

 

• 0 • * 

00 

 

Where Ti  are known as "partial coefficients", and 

the form of this expansion is due to Cauer46. Based on this 
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Fig. 2.10 Structure of Goldington voltage regulator after having 
lumped all nonlinearities into a single block 
and obtained a transfer function H(S) for  all 
magnetic amplifiers and stabilisers.  

Fig. 2,11. Structure of Goidington voltage regulator after 
having reduced the order of the system. 
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Cauer expansion, reduced models can be built discarding a 

certain number of high order partial coefficients. In gene-

ral, an approximation is said to be of order ,n if all Tifor 

i>n are made equal to zero. In chapter 5 will be shown that 

a first order Cauer approximation for H(p) is sufficient for 

the accuracy required, i.e. 

H(p) (2.8) 

where 

Geq = GmlGin2Gexc 

Teq = Tml Tm2 TmsGmlGm2Gms T 
OXO 

The final structure of the excitation system is 

presented in Fig. 2.11 where Y1  and Y2  were selected as sta 

to 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 trial and error in Bode 

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

tigators. 

The voltage 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 numeri- 
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cal values ,of the nominal-exciter-response given in referen-

ce 16, an equivalent time constant for the exciter response 

can be obtained96 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 transformer and transmission 

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. 



54 

 

CID 	 

 

TRANSMISSION 
	

INFINITE 
TURBINE 
	

GENERATOR 	TRANSFORMER • 	SYSTEM 
	

BUS BAR 

Fig. 2.12. Goldington test system  

TURBINE GENERATOR TRANSFORMER TRANSMISSION 
SYSTEM 

INFINITE 
BUS BAR 

  

AB generator transformer 13.8:130.8KV(.37,11.6, 0) 
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Fig. 2.13. Northrleet test system  
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2.7 Simulation of modern stew. turbines 

The turbine external characteristics 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 modelling 

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 throttle 

and interceptor valve positions33 Internal turbine characte 
ORO 

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 along the steam path. A survey of several turbine 

designs made by- theauthorshowedthat 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 turbi-

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 of a flow 

chart in. Fig. 2.15. Each 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 neglected but the effects of neglecting these 

variables are difficult to assess. From the turbine point 

of view, the power output of a cylinder depends upon the 

square root of the steam inlet absolute temperature and va-

riations in efficiency with variations in temperature are 

negligible; therefore, temperature variations have only a 

minor 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 be 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 quali-

ty is allowed to vary. The first analysis will give the tor-

que-speed characteristics of the turbine and the second will 

define the turbine performance. 

Assuming that the steam state at the turbine's inlet 

and outlet remains constant, turbine torque speed chara-

cteristics can be obtained by analysing the principles under 



13 oiler 
:tempe-
rature 

and 
PreSSLIC 

Throttle 
c%,-nlve 
steam 
flow 

H.P bowl 
temperature Cn 

0 

• n 
%.< 
= 

Cr a 
O ct  

Throttle 
valve 
steam 
flow 

H.P. bowl 
temperature 

and pressure 

HP cylinder 
steam flow 

I. P. bowl 	L.P. bowl 
temperature (11 r- temperature 

and pressure 

I.P. cylinder 
steam flow 

and pressure 

L.P. cy inder 
steam flow 

Condenser 
temperat rr  

Condenser 
pressure 

4,1=■.011111.01•1111,  

Throttle 
valve 
positioner  

Reheater 
inlet 

temperature 

and pressure 

H.P cylinder 
steam flow 

Energy from 
boiler entering 
Reheater 

Reheater 	y 
outlet 

temperature 

and pressure 

Interceptor 
valve steam 

flow 

Interceptor 
valve 
positioner 

L.P bowl 
temperature 

and pressure 

Interceptor 
valve steam 

flow 

L.P. bowl 
temperature 

and pressure o. 	 

I.P. cylinder 
steam flow 

L . P. cylinder 
power output 

L.P. cylinder 
power output 

H.P cylinder 
power output 

Loss Term 

JT 
0:1 
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which energy is transfered from the steam to the rotor, name- 

ly, 	the impulse principle and the reaction principle. Mo- 

dern large steam turbines used in power systems have blades 

of the reaction type97. 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 

graphically in Fig. 2.1648'56'57. Since turbine blades are 

designed to work in the plateau part of this curvet  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 analysis53157'98. The blade has to be 

subdivided into several small sections and the resulting 

torque-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 of the pre-

sent work. These effects, however, are only important for 

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). 
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In this work, a symmetrical 50 reaction blade will be assu-

med to be representative of all turbine blades. 

The turbine performance will now be evaluated un-

der the assumption that the shaft speed remains constant. 

Kearton57 has shown that if in a turbine the following assum-

ptions are valid, 

(1) there are no leakages or extractions, 

(2) the system is in equilibrium, 

(3) 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), 

(4) steam flow is subsonic, 

(5) steam expansion processes are essentially po-

lytropic, 

(6) the deviation from the blade root and tip velo-

city is not marked, and 

(7) an overall efficiency coefficient gives a good 

approximation of the efficiency of all stages; 

then the turbine flow is given by 

W = in out (2.9) 
Vin Vout 

where: 

steam turbine flow 



W = k' 
 in V (2.10) 
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P.inlout 	inlet and outlet turbine pressure 

inlet and outlet turbine specific volume Vinsout 

a constant 

In a condensing turbine (low pressure cylinder of 

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

with Pin  /V. and may be ignored, then to a good approximdA.on xn 

Superheated steam may be assumed to behave as a 

perfect gas (PV = RT), therefore equation 2.10 becomes 

W = k4  Pin 
	

(2.11) 
Tin 

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 cylin-

der is considered. In appendix 3 it is shown that the sub-

sonic steam flow through a nozzle is given by 

	

Y 	Y+1 
Pi-1  K Pi )2 ( 	Y 

q W. = k1 C Al/2  Y  
P. Y-1 V 	P 	. x-1 

P. in 

(2.12) 

where 

P. 	stage'i outlet pressure 
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i-1 	stage i inlet pressure 

Y 	is the ratio of specific heats c /c 
P v 

When the turbine inlet pressure changes, the inlet 

pressures to all stages change proportionally, therefore the 

pressure ratio Pi  /P. 	remains unchanged for all stages ex-  x-1 Y+1  
cept the last and the term ((P0

1-1)2 	(P /P. ) 	) i i-1 

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. Ne-

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 	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 done in this row of blades 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 high pressure 

and intermediate pressure cylinders of a reheat turbine,equa-

tion 2.9 must be used fully. 

As a polytropic process is considered, equation 
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P Y 
in pout 1  ) 

s11Pi 

Vin in 	 in 

(2.13) 

2.9 becomes 
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where 

n is the polytropic efficiency. 

Superheat steam may again be assumed to behave as 

a perfect gas, and therefore equation 2.13 becomes 

2- 7/ 1=-1- 
= 	. 
\R T

in

} 

Pin 
	

Pan 
W 	

. n  

P Y 

If temperature variations were neglected then 

W = k P. 11 	 Pout  

in 	
P. 

(2.15) 

Equation 2.15 is very close to Stodolas experi- 

mental ellipses law

56 

given by 

2 

W 

	 p 11 	 0111  

in 	

P

in 

(2.16) 

Stodola i s law has two advantages over equation 

W = kI 

2.15; first, it is simpler to implement numerically and 
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second it has strong experimental support; hence Stodolals 

law is used in this study. 

As a polytropic process is being considered the 

drop pH in enthalpy for a turbine cylinder can be obtained 

as shown in appendix 2 

p 	 P I 
All = KIT [1 - 	out 

P. 
in 

(2.17) 

If temperature variations are neglected equation 

2.17 can be written as 

I-1 

P 	\P Y 
dH 	 out = K" [1 .. 

in 

(2.18) 

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 

p 
o • =1!1 	 ri

nbi 
	 (2.19) 

In the general case of a multicylinder turbine 

out = 	E [ Wi Hi 'nbi] 

	
(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 W Alli nnbi  can be consi-

deredtobeafunctionofFigthe inlet and outlet steam sta-

tes 

Pout = 	
:E] 	F.(Pi 	Pi 	• T1 	i 	) i-n T - in' outlet' " outlet all turbine 

cylinders 

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 

consequence, 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 

(1)loss' following the example of other investigators
6466 

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 4. 

All the elements of the steam circuit of a reheat 

turbine (Fig.2.14) have been considered and modelled ma- 

(2.21) 
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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 li-

nearised so that the turbine equations are now amenable to 

analogue computation 34,65 

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 valves. 

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 order 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 is thus represented by 

its steady-state characteristics 

X = G1 p5 Y0 	Xmin-< X < -Xmas 
	 (2.22) 
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The hydraulic relay has no competitor as a force 

amplifier for steam valve actuation and its dynamics are 

considered next. No other form of mechanical pr electrical 

amplifier can be produce the very high power demanded by 

modern steam turbine 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  

X 
Y 	 < YYmax min (2.23) 

1 + PT* 

Many turbine relays are single acting, with oil 

in only one side of the main piston and a spring acting on 

the other. As a result, 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 action. 

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. 



1 -Ts e  = lim 
n-400 (1 + 	s 

n 

(2.24) 

7o 

The opening rate of the relay is limited by pla-

cing orifices in the oil inlet of the relay to avoid any de-

pression of the pump delivery pressure causing malfunction 

of the low 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 delay64. This can be explai-

ned mathematically by the following expression the validity 

of which can be easily proved: 

where 

T is a constant 

An approximation of order n can now be obtained 

for a pure delay as 



71 

Y 

Fig. 2.20. Schematic diagram of a hydraulic relay 
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Fig. 2.21. Analogue simulation of a hydraulic relay 
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e-Ts 	1 

 

(2.25) 

 

T 
n 

Thus, in order to simulate accuratelly the effect 

of multiple time lags it is necessary to model as many re-

lays as practicable. 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 components each set of three relays was re-

presented by two equivalent time constants, the numerical 

values of which were obtainedbythe following optimum second 

order approximation; 

(2.26) 

 

WI•0■708*IIINI• 	IMM*Iiissae■ 	 

 

  

(14-sT1)(14-sT)(1-1-sT;) 	(11-sTa )(14sTb) 

where 

1,2,3 
	time constants of hydraulic relays 

T
a,b 
	time constants of equivalent relays 

The relationship between a valve position and the 

steam flow through the valve chest will be determined next. 

This relationship is obtained assuming a steam valve iS an 

orifice of variable area. The flow of a gas through an ori-

fice was obtained in appendix 3 as 



P I±1 p 

('‘"12) y 	critical 
d r 

Y/2 2 

Pd pressure 
ratio 

Pu < critical 
Pd  - pressure 

ratio 

Pd \ 
Pu 

fl(Tu 

Pd 
W = A Cd Pd f/(T --) u' Pu 

(2.27) 
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where 

flow through valve chest 

A 	orifice area 

Cd 
	discharge coefficient 

Pd 
	upstream pressure 

Pu 
	downstream pressure 

Tu 
	stagnation temperature 

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 = Ko Pd A 
	

(2.28) 

This equation is again nonlinear but much easier 

to implement in an analogue computer. The use of this equa-

tion is justified for supersonic valve flows which normally 

occur for less than maximum rating. 



F 

ring system dynamics 

1 

(1 	pTF) 
(2.29) 

2.9 Boiler simulation 

The most important dynamic aspects of a boiler 

from a complete power station simulation study are those 

external characteristics that affect the turbine behaviour. 

These characteristics can be obtained through modelling of 

(a) the pressure variations before the throttle valve for 

changes in the operating conditions and (b) the flow of ener-

gy through the reheater. When the temperature variations are 

neglected, the flow pf energy through the reheater becomes 

unimportant. The approach taken here to model a boiler is 

that of energy balance69'71. Ideal 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 variation 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 a transfer 

function of the following form has been used to describe fi 

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 

1 	in (Q 	— out) = 	 0 (2.3 —  
p 

where 

flow of energy entering the boiler from Qin 

the firing system 

Qout flow of energy leaving the boiler 

energy content of the boiler 

The flow of energy entering the boiler can be assu-

med to be proportional to the firing rate, the flow of ener-

gy leaving the boiler being a function of the steam flow 

leaving the boiler and the state of this steam. Profos69 has 

• shown that good correlation is obtained when the energy flow 

leaving the boiler is assumed to be proportional to the vir-

tual steam production Ste, Therefore, equation 2.30 becomes 

(r sv) J 	(2.31) 

Profos 	has also shown that good correlation is 

obtained if J.  is assumed to be a function of only the virtilnl  

steam production (Fig.2.23). Profos assumption is also jus- 
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Fig 2.22. Schematic picture of a boiler as an energy reservoir 

ENERGY ENTERING BOILER QIN, MAX 

Fig. 2.23. Energy content of a boiler as a function of 
the steam  production  
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tified by Astrom7l who 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", 

(F 	sv) = J(Sy) 
	

(2.32) 
p 

and for small perturbations around an operating 

point 

1 (F - Sy) = Sy  
T p 

(2.33) 

where 

T 	03-(Sv)  
a sv 

Figure 2.23 also illustrates, that equation 2.33 

can be employed for large perturbations as well, however, 

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 fin-inprocess in the working 

medium. Therefore 

(S 	Sx) = Pb 
	 (2.34) 
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The steam flow in the boiler pipes is in a turbu-

lent state and therefore, the steam flow is proportional to 

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

Sx =-V1Pb - p
t1. 	 (2.35) 

where 

P
t 	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-

amedto have a proportional plus derivative plus integral 

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

thus 

1 	PTde  C = K
p (P1)0 P

t 
)(I 	7,77 	Kd

de ' 
1 

r 
(2.36) 

where 

Pbo 
	pressure setting and other terms as 

defined in the list of symbols 

Fig. 2.24 shows the block diagram of the nonlinear 

boiler mathematical model developed above. In fig. 2.25 
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so 

a linearised approximation to boiler dynamics is presented 

suitable for analogue simulation. 

2.10 General  s stem re,tesentation of a reheat turboTenera- 

for 	overnor a.ncl boiler for digital com uter 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 

Y

• 

(1 } = Ka y(• 6) - y(1) Tde  

Y(

• 

2) = Kpi  (Tpi  y(6) + y(▪ 6) + y(1)) 

;(3) = (Y(2) - Y(3))/TF  

;-(4) = (Y(3) - Y(4))/Tv  

37r(5) = (y(4) - WB )/TB  

gr(6) = (WH 	
WTB)/TP 

3r(7)  = (WTB 	WBP)/THP 

ir(8) = (WHp  - wiv)/TH  

34r(9)  = (WIV WIPVTIP 

y(

• 

10)= (Wip 	WLP)/TLP 

3r(11)= (y(12) - y(11))/TTV2 

;(12)= (G1y1  - y(12))/TTvi  

i'r(13)= (y(14) 	
Y(13))/Tiv2 

;(14)= (s2  y2  - y(14))/Tivi  

;(15)= (ptur 	PELEC )/( ( 1 + D Y(15)) 

1-(16)= y(15) 

(17).= wo  y(18) - A y(17) +B sin(y(16)) 	C cos(y(16)) 

;(18)= Geq(Vt  - Vref  - y(19) ® y(18))/Teq  

Vf  min _y(18),LC.Vf  max  

Y1 • min_. .y(2)_< yi  max  

0
'5- Y(3):5:  Y3 max 

(2.37) 

yTV < y(12)-< yTV max 

'IV minty (1 	YIVmax 
4 



81 

Y(19) 	(Gexs T  exs  ;(18 
	

Y( 19))/Teas  
(2.37) 

where 

y(1) derivative signal of the pressure controller 

y(2) proportional plus integral signal of the 

pressure controller 

Y(3) 	firing rate 

y(4) 	virtual steam production 

Y(5) 	boiler pressure 

y(6) 	pressure before throttle valve 

Y(7) HP cylinder chest pressure 

Y(8) reheater pressure 

Y(9) IP cylinder chest pressure 

y(10) LP cylinder chest pressure 

y(11) first throttle valve relay position 

y(12) second throttle valve relay position 

y(13) first interceptor valve relay position 

y(14) second interceptor valve relay position 

Y(15) 	shaft speed,  

y(16) load angle 

y(17) field flux linkages 

y(18) exciter voltage 

y(19) derivative signal of exciter stabiliser 

Y1 = 	G1 Y(15) - Yo 	Y1 mini Y1 Y1 max 

Y2 2: 	G2 g(Y(15))-Yt 
	

y2 min Y2 	2 max 

g(y) dead band characteristics 

W
B 

= 	Ko4y(5) 	y(6)} 
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K
2 

y(12) ..t"?( 

K
3 

y(14) fl(  f21 
Y 9  

K4N(IY(7)2  - Y(8)21 

K
5
1lly(9)2  - y(10)21 

K
6 
y(10) 

WTV 

WIV = 

W
HP 

 

WIP = 

WLP 

Pelee 	
Td(y(16))y(15) + S1  sing  (y(16)) + 

+S2  cos2(y(16)) + S3  y(17)2  + S4 sin (y(16)) 

cos(y(16)) + S5  sin(y(16)) y(17) + 

+ S6 cos(y(16)) y(17) 

P
tur 	

PHP + PIP + PLP - FLoss 

IPHP = 	
K W 	( 1- 7 
7 HP 	1 	1 P  

n Y-1 

Y 

n  y-i 
/ 	 P y \ 

IPIP = 	 K8 WIP kl  Y 9 ) 

rLP = 	 K W
LP 

Vt = 	machine terminal voltage 

subject to constraints and limiting action T
TV1,TV2,IV1,IV2 

as described in section 2.8 

K 

	

	 constants 
1,

n
,..09 

The above 19 differential equations were integra- 

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

CDC 6600 digital computer. A special subroutine was used 

to determine boiler and turbine initial constants; the data 

required for determining these constants being available from 
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the results of an acceptance test carried out on. a turbine e 

The data from the Laubli-Fenton paper
70 was assumed to be 

representative of a modern boiler and was used in this study. 

The initial condition problem of this set of differential 

equation does not require the solution of a set of nonlinear 

equations but can be obtained through an exact algebraic 

noniterative algorithm from readily available data. 

2.11 General s stem re resentation of a reheat turbo enera-

.1overnor and boiler for analo ue corn uter studies 

In section 2.10 the system equations representing 

a steam power plant supplying power to an infinite bus bar 

were summarised; almost all these equations were nonlinear. 

In this section approximations to equations 2,37 are presen-

ted in order to make these equations amenable 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 flows of the turbine cylinders 

are linearised to save analogue computer components and a.  

cruder representation of the synchronous 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 a 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 2.1, where the per-unit parameters of the micromachine 

set 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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TABLE 2. 

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 

Base armature power 150 	MVA 2.5 KVA 

Synchronous reactance Xd  (50%) 1.85 1.84 

X
q 
 (50%) 1.76 1.67 

Armature leakage reactance .175 .131 

Transient reactance .270 .216 

Subtransient reactance .190 .15 

Field open circuit time constan 6.6 	s 6.6 

Transient time constant .97 	s .63 	s 

Subtransient time constant .046 s .008 s 

Armature reistance .0014 .0127 

Inertia constant 3.36 s 3.22 s 

Equivalent impedance to infinite bus .499 .48 

Speed $000 	rpm 1500 	rpm 

Saturation characteristics (see Fig. 2.28) 
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OALIPILI 

SIMULATION 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. If 

those equations were to be integrated by a computer at a 

rate which is faster than or equal to real time, a microma-

chine'set 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 Princi les 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 function of the 

steam state at the cylinder's inlet and outlet. Thus, the 

power output of a multicylinder turbine can be expressed by 

  

F  (pi. Ti. Pi Ti) 
I" i' 0,  0 

 

Pt 

 

(3.1) 
all turbine 
cylinders 
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As 

Tt 
= Pt 	 (3.2) 

it follows that 

aTt  
an < o 	 (3.3) 

a2Tt  
a n2 

The Taylor expansion is used here to analyse diffe 

rent approximations to the turbine characteristics. An in-

cremental linear approximation to the turbine characteris-

tics tics around an operating point (pt n°) must satisfy the 

following three conditions: 

Tt, (13°, n°) =' si  .(P°01°) 	 (3.4) 

r Tt 	=[ 
n] 0 	0 	

aT s i ] 
an 

	no p0, n p,n 
(3.5) 

raTtl 	= raTsii 
Lapt o 	Lapsi 

pt, n 

(3.6) 

Such an approximation is adequate for dynamic studies 

involving =all. perturbations around an operating point, but 
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if the behaviour of the system to large perturbations were 

required, then 

Tt (pt" n) = Tsi (psi' n) 
	

(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 requirement, therefore, only approximations to 

equation 3.7 will be considered. 

Extending the analysis to second derivatives, the 

quality factors e) (i = 1,6) give a measure of the goodness 

of a given approximation: 

Si  = Tt(plop n) 	Tsi 	n) 

)Tt  aTsi  
62 - 

aTtt  )T si 

3  — 13t 	psi 
(3.8) 

T . 
1 

54 = 

2Tt 
n2 - 	flL)  

2T
t 2Tsi  

5 717;77 ap si 

2T
si 64  = 2Tt 
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The factors Si  (i = 1, 6) can be embodied in 6o 

2 	(5 	,2 6 = f [6 +a k0 + •do ) 	b(5124.  +S5 + 52ddpdn. 	(3.9) So 	 1 	2 	3 A 

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 Si  = 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 So.. 

3.3 Early work on turbine simulation on micromachines  

An early turbine simulator consisted of a direct 

voltage source driving a d.c. motor through an external re-

sistance with excitation current held constant as shown in 

Fig. 3.2; such a system can be described mathematically by 

V . = (RI + Ra) id + Xmd n if 
	(3.10) 

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

by 

Xmdf Tsi 
271 

d (3.11) 
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then substituting equation 3.10 into 3.11, the torque speed 

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

Tsi  =A-Bn 	 (3.12) 

where 

Xmd if Si 
A 

211(11 1 +Ra ) 

and i.f 
13 - 

2n(RI+Ra ) 

A linear incremental approximation to turbine cha-

racteristics may be synthesized at the °prating point (poolo) 

if governor action is ignored. At the operation point the 

quality factors 61.  = 0 (1 = 1, 2) thus 

O f Tt(p
o  n.0) =-- = A - B n°  

n  

(3.13) 
`1%t = - L10 

?■n° 	nce  

and these two equations can be satisfied by properly selecting 

Vs4  and RI as 

. 
Si = 2 Xmd  nf 
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X2 4 no 
and f 

R  

  

 

a 
2npt  

As governor action is neglected 63 = O. The necessa-

ry and sufficient conditions for a linear incremental approxi- 

mation 	to turbine characteristics are satisfied because 

Si  = ID (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 voltage drop 

across the resistor RI demands an excessive volt- 

age and power capability from the source V " si 

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 RI were introduced artificially by 

means of a controllable voltage source the magnitude of which 

is made dependent on the d.c. machine armature current throih 

a feedback loop 23/'52524. 

The controllable voltage source required 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 dec. voltage Vdc cos a and an internal resistance 

Rc, where 

Vdc 

 

 

it 

3X5  
R = 

The firing angle may be determined by inspection 

of Fig. 3.3 

a = a° 	K°  id 
	 (3.15) 

also 

V
dc 

cos a = (Rc Ra) id Xmd n f 
	(3.16) 

Substituting equations 3.15 and 3.16 into 3.11 

and rearranging, the torque speed characteristic of the sys-

tem shown in Fig. 3.3 is obtained as 

n = A' cos (a° 	13' Tsi) 	C' T 81  . 	(3.17) 



Fig. 3.2. Early turbine simulator (Linear incremental model) 

Fig. 3.3. Turbine simulator (linear incrementalmode! )  

9 '7 



where 

AI = 
Tc Xmdf 

2n Ko 

Bt 	 
Xmd if 

2(Rc Ra)7r 
Ct 

X2 i2 md f 

As previously, a linear incremental approximation 

to turbine characteristics around an operating point (p:ia) 

can now be synthesized if governor action is omitted. At the 

operating point, the quality factors bi  = 0(i = 1, 2), and 

therefore 

0 	0 
P • 	P • 
si 	nono = At cos (a0 + Bt - no--)  - Ct --- 

(3.18) 

po n
o2 

/ 

	

- -7- = 	k At Bt sin (a°  + BI-Ct 
Psi  no 

These two equations can be satisfied by properly 

selecting a°  and K° as follows: 

0 

	

-1 D 	(posi 	CI P ao = cos-1 	DI2  

(3.19) 

Ko 	
Xmd if Dt (n° 	ct) 

2 

98 

where 



[A DI= 

9 9 

A ( D = 	no 	CI p°'\ si)  

Psi no 	CI ---] 
no  

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 under considera- 

tion 

a2T . 
Si  < 0  

whereas, according to equation 3.3, for the real turbine 

a 2Tt  
a 11

2 
0 

As a result 66 increases the further the deviation 

from the 	operating point. 

Some authors234525 have introduced governor 

action by making a°  dependent on the power level as given by 

the simulation of turbine dynamics. This procedure is inaccu-

rate since according to equation 3.5 for a given increment 

of speed around a new operating point, corresponding incre-

ments in torque would be different in the turbine simulator 

on2 
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if compared to the real turbine. Furthermore, the relation-

ship between a°  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, 

3.11. Improved turbine simulation on micromachines 

Previous turbine simulators were not capable of si-

mulating turbine characteristics accurately for large pertur-

bations because the torque and the torque-speed-slope imposed 

by the d.c. machine on to the shaft of the microalternator, 

were not equal to those supplied by the real turbine to the 

shaft of the real generator. To achieve this compatibility, 

ao and K° should change with the operating point in order to 

fulfil the torque 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(psit  n) and K(psit  n) as 

shown in Fig. 3.5, thus satisfying the strong condition of 

. 1113ProximationgiveribYequation3•8 andtherefore 5- --10  

(i = 0, 1, ....6). 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 armature 

resistance of the d.c. machine need compensation and there-

fore an additional loop supplying a signal equal to this loss 

.term has been added. A steady-state error arises from this 

implementation since the gain Klcan 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 func-

tion generators are calibrated in such a way that for each 

power level psi an incremental linear approximation to tur-

bine characteristics is obtained at nominal speed. The quality 

of this approximation may be appreciated graphically in Fig. 

3.8, where both the real turbine and the simulated turbine 

characteristics are shown. Theoretical 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 considered. 

The evaluation of function generators F1  and ,F2  

3.7), using equations 3.19, showed that to a good 

approximation F1.  could be represented by a first order hy- 

perbola (Fl(psi) 	Aipsi, where A is a constant) and F2  by 

a. straight line as in Fig. 3.9. The nonlinear elements in Fig. 

3.7 can be replaced, to 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 Laa.122m2tnaaLian 

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 losses in the armature and field winding resis-. 

tances of the microgenerator, 

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

chine, 

4 losses in the magnetic circuit of the micro-

generator, and 

5 rotational losses. 

The turbine simulator takes into account losses in 

the machine windings; furthermore, losses in the microgene-

rator windings may be assessed quantitatively although they 

will be higher than in the real generator. However, modelling 

of the losses in the magnetic circuits of the micromachine 

set is outside the scope of this work. Compensation of all 
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TaLia_241 Amplifier and potentiometer table(with 
reference to analogue set up shown on 

Fig. 3.10) 

POTENTIOMETER TABLE 

p Function VALUE 

1 power output of the turbine simulator when 
manually controlled P

si 

2 Steady-state power compensation 0 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,  K°/(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 

Function 

12 

Power output of the simulator (Buffer) 

Power output of the simulator (INVERTOR) 

(output of nonlinear element) 

KoId inverted stage 

-10L (inverted output of nonlinear) 

-10ZA (Buffer stage) 
Psi 

Control voltage of pulsing circuitry 

Last amplification stage of the current 
sensing device 

Firing angle (when on manual or starter 
control) 

P . 
Si 

. 5 la  

—10 psi  
It 

vc 

Id 

3 
L. 

5 

6 

8 

11 
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open circuit losses of the micromachine set, neverthless, 

was implemented successfully and thus it was possible for 

valid load rejection simulations to be carried out. 

The microgenerator electrical torque, from Park's 

equations, is given by 

Te = n(Atdqq id) 
	

(3.20) 

If open circuit operation of the microgenerator 

is considered 

Te = id = i = 0 q 
(3.21) 

Variations in the open circuit voltage of the mi-

crogenerator armature 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 oscilla-

tions of the shaft of a real generator are governed by 

9 
d"-.5 Ttur Telec 	Tloss 

= „ 	 2- 
dt 

(3.22) 



p 5. 
lim 	K F1  (n .) = co - sol. (3.23) 

1 1 0 

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 in-

troducing a bias signal in the current sensing device (Fig. 

3.10), a procedure which is valid as automatic voltage regu- 

- later 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, under 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 required. 

From Fig. 3.7 it can be seen that the turbine si-

mulator current feedback loop gain is given by K Fi (p .) 

and from Fig. 3.9 it can be observed that 

This gain cannot be implemented physically because 

of scaling constraints in the analogue circuitry and due to 
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the fact that the simulator bbcomos unstable when the gain 

of the current feedback loop is made too large. 

As it can be seen, there were conflicting demands 

of steady-state -accuracy, scaling of analogue circuitryiand 

transient response and stability. No methods were available 

in the literature suitable for analysing the dynamic behaviour 

of control systems involvingcontrolledrectifiers, as the one 

shown in Fig, 3.5, when a fast transient response was speci-

fied. As a result, small perturbation and large perturba-

tion models were developed for the system under considera-

tion as shown in chapter 4 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 slum- 

, lator is detrimental to stability margins; this is so becau-

se their transient response becomes worse when they are dri-

ven into saturation. The relatively large ripple in the out-

put current of rectifiers and the high gain involved in the 

current feedback loop resulted in a greatly amplified ripple 

content in the current error signal which tended to saturate 

these amplifiers. 

In the analogue setup 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 to re-

move these peaks and to limit the gain of the current feed-

back circuitry without affecting significantly the steady-

-state 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, 

because of amplifier saturation effects, becomes unstable 

for large gains of the current feedback loop, when the Zener 

diode is removed from the circuitry. 

As the output current of the rectifier is not 

smooth, it is difficult to assess qualitatively a mathema-

tical structure for its transient response. In chapter 4 it 

is shown that the rectifier output 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 

LL  Tt. sx Vdc sina° K° RI 
(3.24) 

The simulator equivalent time constant depends 

on the operating point as K°  and a°  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 
COP 

mod 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 stu-

died this last compensation may not be required as the time 

constants normally involved in turbine dynamic problems are 

of the order of seconds, the response of the simulator, 

being 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 phenomenon) 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 of the dec. machine. 

The simulator transient response if required can be improved 

if the sampling interval is reduced (chapter 4), this can 

be accomplished either by increasing the frequency of the 

rectifier a.c. supply or the number of phases. Alternativelyy 

d.c, to dc. convertors, such as pulse width modulators could 

be used. However, all these improvements are expensive to 

implement. 
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Electromechanical convertors have been 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 torque were 

directly sensed, the controllable 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. 



CHAPTER 4 

SIMULATION OF RECTIFIER DYNAMICS 

  

4.1 General 

As mentioned in chapter 3 the author met conside-

rable difficulties in the design of the rectifier speed con-

trol system for the micromachine set drive. It was found 

tilat existing dynamic models of controlled rectifiers that 

have appeared in various papers failed to describe the real 

system behaviour under transient conditions. It was therefore 

felt that the modelling of a controlled rectifier in a closed 

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 or 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 rectifier 

was then developed. This model represents accuratelly the 
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sampling nature of the rectifier together with its pulsing 

units, and takes into account for the first time the commuta-

ting impedance. With this model the dynamics of a system can 

be assessed throughout a range 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-

thor's models. 

4.2 Stead;--state  out ut of a controlled rectifier 

The instantaneous output voltage of the generali-

zed q-phase controlled rectifier of Fig. 4.1 is shown in Fig. 

4.2 for finite a and u.. This waveform, as well as d(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 expression for id(t) and -c(t) 

and convergence is achieved at the discontinuities of the 

waveform. This is of great importance as the behaviour of 

vc(t) at the instants of discontinuity is vital in the ana-

lysis of rectifier systems. 

As far as the author is aware, Bayoumi108  was first 

to apply Laplace techniques to the mathematical formulation 

of the rectifier output. This approach is here generalized 

to include afinite commutation angle and a feedback loop. 
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The output voltage of the rectifier v Misassumed 

to consist of the two components vi(t) and v(t)representing 

the output voltage with u = 0 and the voltage drop due to con 

 mutation respectively. Therefore 

vd(t) = vi(t) 	v(t) 	(4.1) 

Over one conduction period Ts  these components can 

be defined as follows 

v/(t) 	= 1 

v(t) 	= 

(Fig. 	4.2): 

V sin (wt + a') 

V sin jcii sin (coot 

1 0 

+ a°) 

0 	t 	Ts  

0 	.....t ---Tu.  

T <t 	Ts 

(4.2) 

where a t  = a0 	n  - It 
2 q 

The Laplace transform of expression 4.2 is 

vi(s) = v 

  

cosat 	cosy') + s(sinat 	e 	sin)" 

kwo + 
2\  s ) (l 	e-s  2  

  

v I  ( s ) = Vsin 

  

(4.3) 

-srA!' -sTa  
cosa°  - e 	cos)") + s(sina° - e 	sin(") 

(w2 + s2) 0 - 0 	) . 0  

  

(4.4) 

where yl = a' 	-- and *r. = ao 	u
o 

The Laplace transform of the output current id  and 

the control voltage ve  are given respectively by 

id(s) 
vi(s) 	17-2'(s) 	E is 

Rt(1 + s T2) 
(4.5) 



vc(s) = N 	
vi(s) - v3(3) 	Eo/s 	'ref 
Rt(1 	sT1 )(1 	s(1 	sT1) 

(4.6) 
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where it is assumed that 

G(s) 

 

K 
sT1 

and T = 
2 	Rt  

 

The constants Rt and Lt include both the load and 

the internal rectifier resistance and inductance.lheinternal 

effective resistance and inductance of the rectifier change 

from Rle and Lle when one element is only conducting,toR. /12 le 

and Lle/2  when two elements are conducting. These constants 

can be averaged as follows: 

R = ( 	u2n 	°) 	R 	u°  q 1  av 	2i1 le 	27u 2 R n 	le 

Lay = 	- u°) 	Lle u° q  1 Lleq 2n 	2n2 

The steady-state control voltage v(t) and the 

steady-state current output 1.(t) can be found in a closed 

form from equations 4.3 to 6 using Laplace transform or mo-

dified z-transform. Both derivations are equivalent and equally 

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 characteriotics 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 requi-

re the simplification of averaging rectifier internal impedan 

ces. This is of particular importance because an exact solu-

ntion of the rectifier initial conditions problem is thus ob-

tained. If transform methods are used to determine the steady-

state characteristics of controlled rectifiers taking into 

account the effect of varying rectifier internal impedances, 

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 i orous 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 rectifier78. 

The rectifier of Fig. 4.1 can operate with none, 

one, two or more elements conducting simultaneously at an 

instant in time. In the analysis that follows, a sequence 

of periods with nonet one or two elements conducting is only 

considered i.e. the current can become discontinuous but 

double commutation on overcurrent is not antecipated. These 

restrictions can, of course, be lifted if the operating con-

ditions so demand. 

With one element conducting the rectifier circuit 



rho  
102 

2 

I 

of Fig. 4.1 .becomes equivalent to circuit A in Fig. 4.3. The 

output current of the rectifier during the one, element conduc-

tion period At1  can now be found through network analysis. 

It is given by.: 

t 

rp7"  
V 	 4.1 

11 	t) 	 cos (03

o

t 	p" -0 )4E-2+1 	cos("-0/ 	1 - 1-= 
IT 

d 1 

	

	 1 Ri 	G 	Zi 	 . Ri Z i  

(4.7) 

for i1 
et ) 0 	and 0 t At1 	

Otherwise i 1(t)  = 0 

where Z1  =lip 4- (w0L1)21Il1  and L1  being the effective re-

sistance and inductance under these conditions 

-1 f 01  = tan 	t, OJo in 	T = L1/R1 	p" = a - 	u 

101 = 
	final current of the anterior process. Let us also 

define 102 = i1(At1
). 

With two elements conducting, the q-phase rectifier 

comes to be equivalent to circuit c in Fig. 4.3. Further, by 

means of a Thevenin equivalent circuit across points A and B, 

circuit B assumes the form of circuit C. Thus, the output 

current during the interval of commutation At2 is finally 

obtained as 

It (t) = L. cos a. cos(0)ot 	- 02) qd,2 	2 

t 
IT  cos 2- ain ( a-62  )] 	E 
Z2 

(4.8) 



CIRCUIT A 

(a) Rectifier equivalent circuit with 
one valve conducting 

CIRCUIT B 

(b) Rectifier equivalent circuit with 
two valves conducting. 

24 

1 y pi 4 Vio  

Za  

CIRCUIT C 

(c) Thevenin equivalent circuit of (b) 

Fig. 4.3. Rectifier equivalent circuit under different 

modes of operation 
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for 0 1Ct 15_.t2. A 	Otherwise id,2(t) = O. Also for the 

case 102 = 0, i2(t) =0. 

2 	N where Z.2  =11[R. 	kw L2
2  ) I'  R2  and L2 being the effective 2 	o  

resistance and inductance under these conditions. 

- / 82 = tan
1  kW L /R ) T1  = 2 L2/R2 o2 2  

Let us now define Io1 = (1,2( At2) 

The interval At1 is dependent on the transfer 

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

From Fig. 4.1 

vc(t) = h(t) * 1:1 0-(8)) 	(4.9) 

The function h(t) is a piece-wise continuous func-

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 

G(s) ) - 
1 + sT1 
	 (4.1o) 

In the rectifier circuit depicted in Fig. 4.1 I  both . 

the current sensor and the amplifier have their outputs cons-

trained within an upper and lower limit. The system under 
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discussion can operate in certain cases with very large gains, 

as a consequence, the ripple content of the rectifier out-

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 sensor 

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 can be 

retarded or advanced with respect to the a.c, voltages through 

the action of the control voltage vc. There are several ways 

of generating pulses synchronized to the supply frequency. 

In the method considered here, v(t) is compared to a ramp 

reference vr(t), a pulse being generated when the two signals 

are 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 

vJ(t.) = v (t.) r j 	c j 

where t. is the instant at which element j is fired and At
1 

is linearly related to t., 

The ramp reference signals are initiated at the 

ins tants at which the a 	phase vol tages e and ej I  are 

equal. Equation 4 . 1 1 may be solved by means of a Newton- 
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Raphson iterative procedure. Provided the initial conditions 

are judiciously chosen, five to six iterations are sufficient 

for convergence. 

At the firing of en element, 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 toreachzero. 

This current consists of 2(0 of eqn. 4.8 plus the caninutating 

current given by 

ic(t) = - 2V -- n 	\ sin-- sin(wot+a-03
)4 

2q 
Io2 2 	n 1- -V  sin--sin(a-ed e-t/T3 

23 2 	Z3 	
2q 

(4.12) 

where 	Z3  = lftzle  

mutating resistance 

93  = 

	

+ (woLle) 	], 

and inductance 

tan-1 	(w o Lle 

Rle  and Lle  being 

le' ) 	T3  = Lle/Rle 

the 	com- 

The interval Ott is obtained from the solution of 

id9 2( At2) 	ic(  At2)  = o  (4.13) 

Again a Newton-Raphson iterative procedure can be 

used, five to six iterations normally resulting in conver-

gence. 
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4.4 Linear incremental lodelof the 	sinT unit 

The open loop gain of the pulsing system (a/v) 

is a necessary and sufficient constant for the prediction 

of behaviour under open loop conditions, due to the harmonic 

content of v dv/dt is different to zero at the instants 

of firing. Bgresten83 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 point. 

The d.c. gain of the pulsing circuitry is defined 

in Fig. 4.4a as the ratio La/v0  with the rectifier on open 

loop i.e. with no harmonics present in vc In the analysis 

that follows, this gain is assumed to be unity. 

The effective gain of the pulsing circuitry is de-

fined as Aa/Avc with the rectifier operating on closed loop 

i.e. with harmonics present in vc. The expression for the 

gain correction factor can be determined if the behaviour of 

the pulsing circuitry is studied under perturbed conditions. 

This is ilustrated in Fig.4,L-b where a perturbation invc  is 

followed by a change in a. In Fig.4.4c the relevant portion 

of Fig.4.4b is shown magnified. 

For small perturbations, the effective gain can be 

expressed as the d.c, gain multiplied by a correction factor 

F*. 
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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 
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C 
Av 	 dvc 

(4.14 ) 1 

411 +
I

+ ( w'r2)2 .  
9,  

130 

From Figure 4.4c 

tan a1 
dvc 	Ave  FAv 

. dt 	Aa 

tan a, = 	w  
2 	o  dt 	Aa 

Solving for F*we get 

dv 

dt 
1 - 

dv 

dt 

As 
da = 	. 
dt 	0' 

dvr = dvr  da  Ave  da  

dt 	da 	dt 	Act 	at 

therefore using equation 4.15 

dv 
= m

o dt 

(4.15) 

(4.16) 

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 = 

into equation 4.14 the correction factor is obtained as 

1,, = 1  ... VK 
Rt  

K3 (1 - K1) 

o(eT5/T1 
s 	-1) 

irk2 
K) K4(1-K2eT11; ')

+ 
k 	

K4(1 _1(?-u 2)) 

, Ts/T2 t Ts/T2 
we e 	-1) 	(00(e 	- 1) w_ a 1))J1 

1(/4.17) 
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The various constants in this expression are defined in ap-

pendix 7. The overall loop effective gain is now obtained 

from 

K.  = K F* 
	

(4.18) 

4.5 Continuous d namic models 

4.5.1  ElgalasalLLammlmagal 

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) 

i 	=  V 	i_ a t  woTpcosal-sinat 

1 	(w0T2)2  

x  (1 - KIt  d(-Ts) e  -Ts  (m-1 )/T2T2 
6.re/T2 

J.Tsn/T2)  

En  , 
-= (1 	e t/T2) 	Io e-t/T2  R2 

(4.19) 

where T2 = RL/LL and RL and LL are the load 

resistance and inductance respectively. Remaining constants 

are defined in appendix 7. 

d ' RL 	
-V-11 (0.)0T)9 

Equation 4.19 admits the following structure 
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-t/T9 
Id(t) = Id 	r(t) 	(14.20) 

where r(t) is a periodic function and describes the ripple 

content of the rectifier output current, Id  and I; are a 

constants. 

Equation 4.20 proves that for a step disturbance 

and under open loop conditions, even in the presence of rip-

ple, the perturbed behaviour of the rectifier output cur-

rent is exponential. The process is depicted in Fig.4.5 

where the rectifier output current 	t) is decomposed in 

its three components Id, I0-t/T2  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 a 

feeding the d.c. circuit. The pulsing circuit gain has been 

lumped with the amplifier transfer function in G (s), there-

fore the system model under closed loop conditions is as 

shown in Fig.Lt.6. With due regard to the simplifying asstuup-

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 slow disturbances were only con-

sidered. 

4.5.2 Trarlu2Ltation time delay uodel 

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 (uz.0) 



of the rectifier, the inclusion in the loop of a probabilis-

tic transportation time delay has been suggested
88'

90
. This 

is justified by the fact that the rectifier can not be con-

trolled during the interval between two successive firings 

therefore a statistical transportation time delay equal to 

T/2 can be postulated. A linearised model based on this 

assumption is shown in Fig.4.7. 

4.6 DiscE212_gynamic models 

4.6.1 Sample and hold model 

The rigorous mathematical model developed earlier 

results in a system of non-linear difference equations. To 

determine a linear incremental model which accounts for the 

sampling nature of the system, the rectifier should bestiwdied 

under perturbed conditions. In Fig.4.8 a perturbation A a 

results in an output variation Avd. Assuming that Act-40 and 

therefore the height of the pulse train is constant the 

system operates on a pulse width modulation principle. 

88 80  
First Reader and and then others 	' modelled this 

behaviour by spreading the area of the train of pulses over 

the sampling period as shown in rig.4.8c. The resulting 

model is shown in Fig./4.9 where the rectifier has been re-

placed by a sampler followed by a zero order hold with gain 

Vdc sin a
o 



(a) Nonlinear dynamic model 

A 

(b) Linearised dynamic mod& 

Fig. 4.6. Continuous dynamic model of a rectifier under 

current control (u-0) 
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Fig.4.7 Probalistic transportation time delay model of 

a rectifier under current control (u=0) 
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Fig. 4.8. Rectifier output voltage under small perturbations 

in the  firing angle 
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Reider80  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 oscillations. On this principle the incremental 

voltage output can be replaced by another voltage waveform 

of the same "equivalent area", if the rectifier load is high- 

81 82 ly inductive. / 	The "equivalent areas" principle is derived 

mathematically as follows. 

If the load circuit is purely inductive the recti-

fier output current satisfies the following law' 

L, did - Vd(t) dt 
(4.21) 

The incremental rectifier output current at the 

end of the j
th sampling period is thus given by 

jTs  

Aid  (jTs) 	&id  ((j 	1)Ts) 	Jr  ' vd(t)  dt' (4.22) 
LL 

A  

and, therefore 

Ts  
) 	(4.23) Aid  (jTs) =Aid  ((j 	1)T 

	(AVd,average 	LL 
 

Equation 4.23 proves that, under the simplifying 

assumptions stated earlier, the incremental output voltage 

of the rectifier can be replaced by any voltage waveform 

with the same "equivalent area". 

(j-1)Ts  
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The "equivalent areas" assumption is valid if resis-

tances are neglected and if' in a closed loop system Gi(s)is 

not frequency dependent. It is of great importance thatvc(t) 

is of the correct value at the .sampling instants and if, there-

fore G1  (s) is frequency 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 al
88 and Hazel et 0.89 advocate the sample 

and hold modelling of a rectifier on "shape similarity" pre-

mises. They argue that the rectifier output voltage depicted 

in Fig.4.10a is "similar in shape" to the sample and hold 

output in Fig.4.10b. The modelling of nonlinear discrete 

systems, by means of steady-state "shape similarity" with a 

small perturbation model, is valid if, and only if, thesystem 

operates on an amplitude modulation principle. As the system 

operates on a pulse modulation fashion, the "shape simila-

rity" argument is not valid. 

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. This 

is valid for low-pass systems, both methods therefore yield-

ing the same characteristics for high values of time constant 

T1. 
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4.6.2 The impulse n 

As mentioned above, as Aa--*-0 the height of the 

train of pulses Avd(t) becomes constant and equal to 

2 V sin - sin ao. The Laplace transform of one of these pulses 

is given by 

Aa 
W-s 

L 
 7 	 .-e 

dtj
(0) = -2Vsin-sina

0 	o 
 (4.24) 

Aa 
s 

Expanding e Wo in Taylor series and finding the 

limit when Aa--)-0 we get 

it . o 4a Jim 	.(t)) = -2Vsin- smna 
at.) q 	Wo  

(4,25) 

Obtaining now the inverse Laplace transform of 

equation 4.25 

lim  Ev dlj 	= -Ts Vdc  sina° 
	Aa 	(4.26) 

where 5(t) = impulse function. 

It now follows, that when Aa becomes infinitesi-

mai the train of pulses forming the incremental perturbed 

output of the rectifier assumes the form of the train of 

impulses shown in Fig. 4.8d of strength - Ts  Vde  sineAa. 

As a quasi-steady-state condition is being considered the 

sampling time is constant, The resulting model is nowdepii.-1- 

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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Fig. 4.9. Sampler and hold model of a rectifier under 
current control (u-70) 

Ts 	 Is 
(a) 
	

( b) 

Fig.  4.10. Pulse shapes  for (a) the q-phase rectifier(u= 0) 

and (b) the sampler and hold voltage output 

LgJ pylse model of a rectifier under current control (ux0) 
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when 	infinitesimal variations in the firing angle are' 

considered and overlap angles are neglected. 

4.6.3 The pulse nodeLl 

As overlap angles are now considered, the differ 

ence between the perturbed output and the unperturbed out-

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 area of the original pulses. in this 

case, however, there are two impulses for each sampling 

period 

[Ivd,1(t) = - 1/2 Ts Vde sina° 
 5(t) Aa 

(4.27) 

Avd,2(t)  = 	1/2 Ts Vde sina°  o(t-Tu)Au 

The strength of the second train of impulses(t) 

must be explicitly obtained as a function of both, the in-

crement in the firing angle Aa and the increment in the 

rectifier output current Aid. With the resistances of the 

commutation circuit neglected, a simplification introducing 

negligible error if the ratio w o  L  c  /Rc  is high, a and u are 

related by the well known expression
109 

W L 
coca 	ccs(a 	u) 	---f 	 

V sinTC/q 
(4.28) 



Urn ExVd 
Acc-4.0 

AVd 

wt 

Firing instants 

Fig. 4.12. Rectifier output voltage under small  
perturbations in the firing angle (U 40) 
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Equation 4.28 under perturbed conditions becomes 

o 	o a 	cor,Ln 
cos(a +Aa) - costa -Fu -FAU+Au (I°+AI ) (4.29) d d V sinn/q 

Expanding in Taylor series the nonlinear terms, 

neglecting high order infinitesimals and subtracting the 

steady-state components, we get 

Au= sin a°  
sin 

 

cloLc 	 
V sinniq sin(04u0) 

AId (4.30) 

 

Finally, substituting equation 4.30 into 4.27 

l 2(t)  = -1/2 Ts Vdc sina°  5(0 Aa c Aid b(t-Tu) (4.31) 

A block diagram of the resulting linearised dis-

crete model of the rectifier is shown in the broken-line box 

of Fig. 4.13, where 

G1(s) = 1/2 Ts  Vdo  sine (1 	
e -sTu  

G2(s) 

G3(s) 

1 
R(1 	sT2) 

-sTu 
le 

(4.32) 

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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Fig. 4.13. Comprehensive impulse model of rectifier 

system under current control (ug0) 
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turbed conditions. This would result in a slightly betterap-

proximation of the transfer function G3(s). 

4.6.4 ALproximate im221120sLLL_(ui2) 

Sucena-Paiva110  has shown that, as is generally 

the case, T2>> Ts and Lc<< L and it is possible toavcry 

good approximation to disregard the impulsive nature of the 

voltage drop due to the commutating reactance and simply to 

consider this drop as caused by an equivalent resistance 

Req =Lc /Ts =qW L /27r o (4.33) 

The block diagram of this simplified impulse model 

is shown in Fig. 4.14 where 

Gl(s) = 3 	and TO = R L /T C s (4.34) 

It can be shown that the poles and zeros of the 

models in Figs. 4.13 and 4.14 are very close to each other. 

Numerical calculation carried out with L/L
c = 100 and 

T2/Ts = 50 have shown that the error in the critical gain 

(at the onset of instability) predicted by the approximate 

model 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. 



G(S ) 

Fig. 4.14. Approximate impulse model of rectifier under current control (U  #0) 
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4.7 Ste-e reu2nse of models 

The performance of the various models to a step 

change in the feedback amplifier gain is illustrated in Fig. 

4.15 for T1 
= 0 and negligible commutation angle. The agree-

ment between the rigorous mathematical model and test results 

is seen to be good. The disturbance occurs at some instant 

between t = 0 and t = to 
and unlike the discrete models, the 

continuous 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 current predicted by the two discrete 

models at the end of each interval is approximately equal. 

However, the stair-case representation of incremental cur-

rent predicted by the impulse model is closer to the truth 

than the ramp waveform of the sample and hold model. This is 

confirmed by Fig. 4.16 where the difference between the per-

turbed and unperturbed output 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 .17 shows the evolution of the rectifier 

output current as predicted by the rigorous dynamic model 

after disturbance in the gain of the current feedback loop 

has -eured. The system goes instable at 1/3 of the sampling 
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frequency and instead of forming a limit cycle, the oscil- 

lations grow until the thyristor constraint 	0 	is 

violated. However, as the perturbations are made smaller 

the system goes unstable at 1/2 of the sampling frequency. 

Similar results were reported by Bjaresten83 who modelled 

the rectifier using analogue techniques. This is in agree-

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 Stabilitr analysis on small of rectifier s-rstems in 

1112LE211:LA211La 

4.8.1 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 dela model 

The probabilistic time delay model possesses a 

Nyquist plot shown in Fig. 4.17b. Analysis of the modelusing 

continuous control system theory gives the following critical 

gain at the first crossover: 

0 	11 	T.1)(1+0) 	(4.35) 
Vdc  sina 



 tP  Vdcsina° T1(exp(Ts/T1 )-1) 	T2(exp(Ts/T2)-1) 

RL 	exp(Ts/T1) exp(Ts/T2) - 1 (4.37) 

152 

.where the critical angular frequency is given by 

tan 	) T1 ) 4- tan T2) 	w T =TE 	(4.36) 
2 

• These results mean. that self-oscillations 	can 

occur at any frequency less than 0)912, 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/21  Fig. 4.18c, or at less than ws/2, Fig. 4.18d. Analy-

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

ing two critical gains (appendix 9): 

for instability at less than ws/2 and 

RL 
= 
Vdcsina° 

T 
(4,38) 

Ts  
T2 tan ---h 	T tank 1 2T2 	2T1 

for instability at ws/2. 



4.8.4 Illmulse model u=0‘ 

The impulse model (u=0) shown in. Fig. 4.11 posses-

ses a Nyquist plot whose qualitative shape is depicted in 

Fig. 4.18c. The shape of this Nyquist plot shows that self-

-oscillations commence at half the sampling frequency. In ap-

pendix 10, the critical gain of the system under study with 

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

by 

4 

2R1(T2 	T1 ) 

V
doTssine(tanh T 2T2 - tanh Ts  

(4.39) 

The critical gain expressions derived by Busemann 

79 and B,A7resten83 are special cases of equation 4.39 for 

purely inductive load (T
2 

K 	- 07it 
2L1 (4.4o) 

VdcTs sina°  tanh Ts
/2T

1 

Fallside84 
 
developed an alternative approach using 

Fourier transform. Fallsidels method, however, 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. 

Fallsidefs series expansion can be added using 

Laplace transform techniques and it can be shown that it 

yields 	equation 4.39. 



(a) 
	

(b) 

(c) 
	

(d) 

Fig. 4.18. Nyquist diagrams 
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A so-called "describing function" method was in-

troduced by Fallside84 by taking only the first harmonic of 

the series expansion. This gives the following critical gain 

for oscillations at half the sampling frequency: 

K crit 

, 	/ 	,2 

c 

R1 . Ts + n
2kT +T ) 	kn-TIT2/Ts) 1 

sina° 2(TC2T1T2 - Ts2) 
i)  

Sucena-Paiva110 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 now be used replacing s by jw. The resulting equation 

for the critical gain using this method is identical 	to 

equation 	This procedure offers a very important ad- 

vantages  the hypothesis of the frequency of self-oscillations 

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 (u0)  

The stability analysis of the comprehensive impulse 

model 	depicted in Fig. 4.13 is presented in appendix 11. 

The system admits either of the two different Nyq iF;t dioL;ram7, 

qualitatively shown in Figs. 4.18c and d. Therefore,depending 
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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(T2 - T1) 
Kcrit 

Ts-T1 
Ti 

T5...Tu 
1 - e T2 

VdeTssina° Ts 	Ts  
Ti 	T2 

1 +e 	1 + e 

.VIMMIRMIII01013.0 

1 

Ts-Tu 	Ts-Tu  
fiN 

T2 

e 	e 
-L  1 

Ts  

1 - 	( 1 + e 
Lc  

(4.42 ) 

	

Ts 	Ts  
TI 

1+e 	' 	1+e 

Ts-Tu 	_Ts  
T1 

(1+0 1 ) ' 
L1  

In most practical cases Le<< Ll Ts <<TP and, to a good 

approximation 

Kcrit 

  

2R (T2 - 

Ts-Tu  

T1 

    

    

     

T2 

 

        

Vdc T ssina° 
TI 	T2 

1 +e 	1 + e 

Furthermore, if T2<<T5 p the resistance in the load 

circuit may be.. neglected without incuring 	any significant 

error, therefore, 



s 	s 
T2 , T1 

2(T -T2 ) R 1 	e 	(e 
V T sjna°  dc's 

Ts  -Tu  

) e 
	T1 

Ts  -Tu Ts 	 Ts  

  

157 

K - = crit 

   

(4.44) 

   

  

T1 '  

  

VdcTs sina° 	
Ts  

1 - e 
	Ti 

Instability at frequencies less than the sampling 

frequency occurs at a critical gain given by 

e T2 	T1 e  T2 e  T2 

(4.45) 

For given values of the parameters two critical 

gain values will be obtained from equations 4.42 and 4.45. 

The smallest of the two will define a point on the stability 

boundary. 

4.8.6 Lapr.22iLmail uise TT_____L2sLe:1_1122.1 

The Nyquist diagram of the approximate impulse 

model is very similar to the Nyquist plot of the comprehen-

sive impulse model. Sucena-Faiva110 has shown, using z-

-transform theory, that the critical gain for instabi-

lity, at half the sampling frequency and less than half 

the sampling frequency is given respectively by 
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211' (T3-Ti  ) 
Kcrit VdcTs sina° 

Kcrit 
2R' (TkT1 ) 

T5 
T1 e 2 - 1 (4.46) 

dcTs sina° Tu 	Tu  
T1  TA 

4.9 The convertor transfer functi n 

In section 4.6 it was shown that under quasi-steady-

-state conditions a rectifier admits a linear sampled data 

system equivalent. 

Hence it is possible to define a pulse transfer 

function for a convertor, this being the ratio of the sam-

pled output to the sampled input 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 in-

put without an indication of the output 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 measurement will become increasinglyeaff-

cult in the region w5/3<w <ws/2 due to the presence of the 
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Fig. 4.19. Frequency spectrum of a sinusoidal waveform 
(X (t) sin wt) 
(a) no sampled signal, x(t) 
(b) sampled case, x(t) 
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111 Lower side-band ws 	CO in fig. 4.19. 	At CO = the side 

band coincides with the signal frequency and the measurii:krans-

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 determined 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-infinitesimal, oscillations 

will occur at other subharmonic frequencies given by qf/2n 

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

In general, all oscillations at ws/2n where n is 

any integer greater than one, produce a fixed "phase" between 

the harmonic w5/2n of vc and the ramp waveform vr of frequency 

w
s 

As a consequence, a 2n phase shift of the ws/2n 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 
3 

circuitry will accentuate the subharmonic oscillation pheno-

mena. As the system is highly non-linear subharmonic loci 

will depend on the amplitude of the disturbance signals. 
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analyser,  u•=0 (low frequency region) 
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Figure 4.21 shows measurements of the two most im-

portant subharmonic loci of the system under discussion cam:.J.nd 

but with a transfer function analyser for small signal con-

ditions. The relatively large sizeiof these subharmonic locies 

emphasize the importance of subharmonic dynamic characteris-

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. 

Large signal subharmonic oscillations were studied 

in reference 8!i using an approximate approach based on des-

cribing function techniques. 

•10 Esau. r 	 lance of 	models with (x7-)eri 

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 connected to a three-phase 

a.c. infinite busbar. The d.c. motor was working with cons-

tant excitation and a feedback loop was enforcing constant 

armature current. 

In fig. 4.22 the stability boundaries for u = 0 as 
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1 —2  sampling frequency loci 
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3 

Fig. 4.21. Rectifier transfer function as measured with a 
transfer function  analyser, u=0 (high frequency 
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predicted by different models are compared to experimental 

results under negligible commutation angle conditions. The 

boundary is a plot of time constant T1 against the critical 

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 control loop. Curve 2 results 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 light in comparison with the models developed in this 

chapter, in all three eases the gain correction factor F*  

of equation 4.17 was implemented. 

Curve 4 was obtained from Fallsidels describing 

84 function approximation. 	As the attraction of this method 

is its simplicity, the gain correction 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 equations 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 small perturbations, instability occured at half 

the sampling frequency. It also showed that if the perturba-

tions were large, the system could become instable at other 

subharmonics of the sampling frequency. 
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Because of the small uncertainty involved in deter-

mining the value of gain at which self-oscillations are sus 

tamed, the experimental results are shcwn in Figure 4.22 as 

band 6 rather than as a curve. 

From figure 4.22 we can conclude that the pure de-

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 the whole range of the region ex 

plored. 

The describing function method gives perfectly 

acceptable results for large time constants but diverges for 

low time constants. 

With u = 0 and neglecting the gain correction 

factor, the 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 closer 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 

stability boundary is shown in Figure 4.230 At low valne3 

of T1 , the ripple in the control voltage reduces the effectYe 
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gain as shown earlier in Fig. 4.3c,  This loss of gain 	in- 

creases the region of stable operation under the T1  - K 

boundary and the expansion of the stable region becomes more 

pronouncod the nearer u approaches zero. 

From Figure 4.23 we can conclude that the gain cor-r 

rection factor has a very marked effect on the boundary e Pe-

cially at small commutation angles and should be taken into 

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 sampling frequency; for points above the discon-

tinuity instability takes place at lower frequencies. The ex-

perimental points determined for the case u = 200  show a good 

agreement with the corresponding theoretical boundary. 

Figure 4.24 shows that the effect of commutation 

is to decrease the region of stability. At high time cons-

tants Ti this decrease is caused by oscillations at frequen-

cies lower than half the sampling frequency. At low time c1s - 

tants the decrease is caused by a different mechanisnu, The 

presence of commutation decreases the slope of the control 

voltage which, in turn, increases the gain-correction factor. 
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For non-infinitesimal disturbances, oscillations 

at other subharmonics will be experienced even for u 0 . 

These modes of instability have been analysed using appro-

ximate methods e.g. describing-function techniques.Altorna 

tively, the rigerous mathematical dynamic model developed 

in this chapter can be used. In this model a perturbation 

of varying severity can be imposed. For non-infinitesimal 

amplitude disturbances the model corroborates the test re-

sults of Fig. 4.15. For large amplitude perturbations tlimit 

cycles at other subharmonics were predicted by the model 

and encountered in practice during tests on a controlled 

rectifier. These oscillations occur at frequencies given 

by qf/2n for u V 0 and at these frequencies as well as at 

frequencies unrelated to the sampling frequency for u 0. 

To summarise, the discrete model developed in 

this chapter enablesus to take into account the process of 

commutation 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 amexked influence on the stability 

and frequency of self-oscillation of the system. 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 perturba-

tion model developed in this chapter gives better predic- 
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' tion of stability compared to other techniques for u 	0 

and is the only model known to the author capable of pre-

dicting stability boundaries for 40. 



TER 

RESULT OF SIMULATION STUDIES OF STEAM POWER PLANTS 

5.1 General 

In this chapter the simulation of a simple non-

reheat turbogenerator system is discussed. The evolution of 

this system after a severe disturbance on the turbogenerator 

is compared to results from the mathematical modelling of 

synchronous generators and excitation systems described in 

chapter 2 and to tests on a real system. A full load rejec-

tion 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 simulation on micromachines. 

The simulation is extended to a modern large type 

. of prime-mover and a reheat turbogenerator is then introdu-

ced. Full load rejections of this more general form of pri-

me-mover 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. 

17 

Finally v  the role of governors in power systems is 



discussed and some methods for improving their dynamic be-

haviour are suggested4110WArG. 

5.2 Goldingto simula ion 

The Goldington tests28 were used to corroborate 

the synchronous generator and excitation system model develo 

pod 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 type 

of fault in the actual system and a digital computer solu-

tion of the mathematical model of the Goldington synchronous 

machine and exciter is shown in Fig. 5.1. The correlation 

shown in this figure, within the limitations of the model, 

gives a good 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- 

. presentative of an actual system. The results compare favou-

rably with other approximate models e.g. reference 25. 

The full load rejection test of Goldington power 

station28 was next considered for the purpose of validating 

the quality of the prime-mover simulation. 

An analogue simulation was first used to obtain a 

rough approximation of the real system and then a digital 
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representation was employed to improve the accuracy of the 

parameters in the mathematical model and to carry out a sen-

sitivity study. 

The original set of constants of reference 28 were 

modified so that the same transient response was obtained 

from the mathematical model as from the original system. In 

fact, this new set differed little from the original, only ' 

the droop and the time lag due to the turbine entrained steam 

were reduced by 20%. 

.11 sensitivity analysis has shown that small changes 

in 	the governor droop, 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 variations in the evolution of 

the shaft speed after a full load rejection has taken place. 

The evolution of the shaft speed with time, as ob 

tamed by the different methods of analysis, is presented in 

Fig, 5.2 after a full load rejection has taken place. 

The Goldington load rejection results show that 

the turbogenerator shaft overspeeds rapidly just after load 

has been rejected. The throttle valve is fully closed by 

governor action at t = .45s. Owing to the entrained steam 

the shaft reaches its maximum overspecd of 5.05% at 
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t = 1 •8s i.e. some time after, the throttle valve has been 

fully closed. The shaft speed then, under the action of the 

set losses slows down with a slope given by 

dnloss = ----- 
dt (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 simulatiaasconfirm this steady-state instability 

of the system. The eigenvalues of the plant in fact show 

that the governor and turbine representation form an unsta-

ble system. However, if the micromachine is connected to the 

microreseaux infinite bus bar the generator synchronizing 

torque stabilizes the system. With the revised set of Gol-

dirTton parameters the shaft speed reaches a. final stable sta-

te as t----0-co. 

Fig. 5.2 also illustrates the effect of the loss 

term on the shape of this transient. if the loss term is not 

simulated (curve 0, the shaft speed does not slow down and 

tend S to show a larger numerical value for the maximum over- 
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speed as compared with the real system If the loss term is 

,too large (curve d), the system simulation gives a smaller 

numerical value for the maximum overspeed, the rate of de-

cay of speed is larger and the final speed smaller as com-

pared with the real system. 

5,3 Northfleet simulailsm=asmay22 

As mentioned in section 5,1 after simulating a sim-

ple form of turbogenerator prime-mover, the simulation methods 

were extended to analyse a more representative large modern 

typo of turbogenerator including a reheat section. 

Northfleet power station was chosen as a test sys-

tem because its data and test results were readily available 

in reference 16. Furthermore, the main parameters of North-

fleet turbogenerator resemble those of a 660 MW unit and 

therefore the simulation of this generator offered additional 

attractions. 

5.4 Northfleet simulation-load =ILLtLaa 

The, simulation of a full load rejection of this 

power station was carried out using a digital computer, 

micromachine set and an analogue computer. The evolution in 

time of the most important states, as predicted by all simu-

lations, are presented in Figs. 5,/4,  5.5 and 5.6. 
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AS with the Goldington turbine, the shaft overspeects 

rapidly after load has been rejected. By 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 

maximum 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 es 

" 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 5.1. 

The shaft speed, however, does not return to its final state 

given by the governor droop and the amount of load being re-

jected as in the Goldington load rejection test, but hunts 

around the overspeed setting of the interceptor valve. The 

turbogenerator losses are now supplied from the energy stored 

in the reheater. All simulations show hunting at this parti 

cular operating condition. The oscillations form a limit cy-

cle of instability. The shape of this limit cycle exhibited 

by the micromachine is similar to that of the pure analogue 

simulation. The digital simulation however, shows a somewhat 

different limit cycle. Those differences are mainly due 

to two reasons: 

a) inaccuracies in both analogue and microma- 



chine simulations of the constraints imposed 

upon the motion of governor relayst and 

b)the system is highly nonlinear at this opera-

ting condition and in the digital solution thc ,,efwmd 

nonlinearities were taken into account more 

thoroughly. 

The energy stored in the reheater runs out just 

over two minutes after the full load rejection has taken place 

according to the digital computer solution. The micromachine 

simulation, however, gives 1.2minutes for this time inter- 

val. This difference is due to the fact that a small error 

in the setting of the loss term is integrated over this rela-

tively long time period. Only a small change in the loss term 

of the analogue model was required to reduce this time in-

terval to the magnitude obtained from the micromachine test. 

When the energy stored in the reheater is exhausted 

the interceptor valvc'opens fully and the throttle valve 

commences to regulate the shaft speed. After' some oscilla-

tions the-rotor speed finally roaches its final state as 

given by the governor droop multiplied by the load being 

rejected. 

As soon as the load is rejected the pressure befo 

re the throttle valve begins to rise quickly until it 

reaches the same level as the boiler pressure. These two 

pressures then rise slowly owing to the energy stored in the 
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boiler piping circuitry. The final boiler pressure is about 

2 per-unit and is reached about 1 minute after the load re-

jection occurs. Of course, long before the boiler pressure 

attains this level, the safety valves open. 

In a load rejection, relatively long time inter-

vals are involved before the system reaches the final stable 

state. This is due to the uncoordinated action of the control 

system and is not duo 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 Northflee simulation 

The next disturbance considered is Northfleet test 

No. 6. Here, the turbogenerator is operating at a leading 

power factor and a short circuit near the generator terminals 

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 syn-

chronism. Relevant results of this test are reproduced from 

reference 16 in Fig. 5.7. 

The object of the simulation studios is to 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 Northfleet power station and 

a micromachile simulation of the sane station were employed 

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 go-

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 simulations is given in Table 5.1. 

The processes of turbogenerator loss of synchro-

nism and subsequent recovery can be divided into five parts: 

1) rotor backswing, 

2) loss of synchronism, 

3) rotor deceleration, 

4) resynchronization and 

5) post-synchronization. 

These will each be considered in more detail in the folloics 

sections. 

5.5.1 Rotor backswiT21: 

The rotor movement 0 - 100 is after the disturbance 



FIG. 5.8 	MICROMACHINE SIMULATION OF NORTFFLEET TEST No. 6 
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FIG. 5.9 	MICROMACHINE SIMULATION OF NORTHFIRF,T TEST No. 6 
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Fig. 5.10 MICROMACHINE SIMULATION OF NORTHFLEET TEST No.6 
V
T 	MICROMACHINE TERMINAL VOLTAGE 
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has received considerable att6ntion recently in the litera- 

8 	 -95 ture 31.' 

The  mbcrogenerator 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 re-

corded swinging marginally backwards, a fact which is in 

agreement with the findings of reference 15. The digital 

solution neglects both pkd  and P'q terms  and therefore does 

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

ported as 	swinging backwards for about 35 milliseconds16. 

Mehta and Adkin4 ShackshaftVand Harley and Adkins31  have 

explained the backswing phenomenon and discussed the effects 

of neglecting 1)1d and 	. They also stress the importance 

of using the correct numerical values of synchronous machi-

ne resistances so that turbogenerator r12 losses can be mo-

delled adequately. The microgenerator has larger per-unit 

resistances than the Northfieet machine and therefore a more 

severe backswing would be expected. 

In Norhtfleet test No. 6, 200 milliseconds elapse 

before any significant movement of the throttle 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 opera-

ting at its limits. To simulate this test, it is therefore 

necessary to determine the speed changer setting so that the 

additional dead band introduced by operating the system in 
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this manner can be assessed. Furthermore, the rotor back-

swilg and governor multiple time lags described in section 

2.8 accentuate this delay effect. Northfloot test No. 3 was 

carried out. with the governor operating within its constraluts 

and hence no additional dead band was introduced. As a re-

sult only 100 milliseconds elapsed before throttle action 

commenced. In the case of the microturbine, the governor 

operated within its constraints, and the throttle valve re-

cording shows that only 120 milliseconds after the fault has 

been applied 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 governor multiple time lags. This delay effect is more 

marked in the microturbine owing to its more severe back' 

swing, It is interesting to point out that no closing move-

ment of the Northfleet throttle valve should be expected for 

at least 75 milliseconds. Of these, 35 milliseconds are due 

to the machine swinging backwards and 40 to governor multi-

ple time lags. The digital simulation of the throttle valve 

motion shows a delay of 40 milliseconds. 

5.5.2 Less of svnebroniem 

After the generator rotor has swung backwards the 

second part of the transient begins. The rotor accelarates 

owing to a power surplus that exists until the short cir-

cuit is cleared, with conventional controllers tho synehro-

nous generator may come back to its original operating con- 
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ditions with or without pole-slipping depending mainly upon 

the numerical value of the load angle when the fault is 

cleared. 

If the machine does not slip poles after the fault 

has been cleared, the rotor decelerates. In the case under 

discussion the machine slips poles, the shaft being accele-

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 imydna1- 

ly 	owing to the relatively long time delays involved in 

the rehcater. As the load angle increases, the generator 

electrical power,decreases, hence, the rotor starts accele-

rating again. This results in a kink in the rotor velocity 

and an inflection in the motion of the load angle. As in 

Northfleet, the micromachine governor senses this variation 

in the rotor velocity-and stops closing the throttle valve 

for 200 ms. In the digital solution the rotor backswing was 

not present, hence, the throttle valve is almost fully closed 

when 	the kink in the rotor velocity occurs. 

As the load angle approaches 180 degrees, the . 

electrical torque is reduced and the rotor acceleration in-

creases. 

Beyond 180 degrees, the synchronous generator ope-

rates as a motor and the rotor acceleration is a maximum It 

is only then that the microturbine interceptor valve :tarts 

closing (t = 600 ms), reaching its fully closed position at 
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t = 900 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. 

5,5.3 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 one polo, 

the difference between the power supplied to the infinite 

bus bar and the motoring power taken from the infinite bus 

her 3s negative and therefore the rotor velocity slowly dimi 

nishes. 

The real system slips 13 poles before resynchroni-

zation is achieved; in contrast the micromachine slips only 

3 poles. The cause of this difference is the high per unit 

resistances of the microalternator, 	which produces high 

losses and quick deceleration. This was proved with the digi-

tal simulation where low values of the damping coefficient 

produces a large number of pole-slips before resynchroniza-

tion (Figs. 5.12 and 5.13). 

All simulations show violent swings in the elec-

trical states of the system while the synchronous generator 

is pole-slipping. In particular the machine terminal volta-

ge swin,a-s from a maximum of about 1.0 per-unit to a minimum 

of around 0.1 per-unit. The maximum occurs approximately. 



when the back EMF produced by the field exciting current and 

the infinite bus bar voltage are 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 

notch in the oscillograms of the generator terminal voltage 

when the trace passes through a maximum. This notch does not 

appear in the recordings of the real system. No explanation 

has been found for this discrepancy. 

This part of the transient ends when the rotor speed 

is small enough for resynchronization to commence. 

5.5.4 Res nchronization 

Part 3 of the transient begins when conditions are 

such that resynchronization can take place. According to Po-

liack112 when the rotor speed is about 2% higher than syn-

chronous, resynchronization is initiated. All simulations and 

measurements in the system under discussion confirm Poliackts 

observation. 

The condition arising when the rotor speed first 

becomes equal 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 at this maximum 

for a relatively long time interval depending upon system 

conditions. If the system recovers synchronism slowly, the 

plateau part of the load angle oscillagram is relatively long, 
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A largo dopression in the machine terminal voltauc oocurs be-

cause at this operating condition the voltage behind the sub 

transient reactance is nearly 180 degrees out of phase with 

the infinite bus voltage, therefore, large currents circulate 

through the generator armature. This phenomena actually occur-

ed. in the digital simulations shown. in Figs. 5.12 and 5.13. 

The micromachine simulation presented in Fig. 5.14 is another 

example of slow resynchronization. In contrast, the North 

hoot test and the micromachine simulation depicted in Figs. 

5.8 to 5.11 are examples of quick resynchronization and do 

not show this long plateau region in the load angle oscillo-

gram, nor the depression in the machine voltage. 

If after the plateau region in the load angle os-

cillegran has been reached the load angle commences to de-

crease, synchronism has been regained and part 4 of this tran 

sient ends. 

5.5.5 Post-synchronization 

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 latter by small oscil-

lations. 

In order to simulate the post-synchronization pho-

nomona it is of prime importance to model accurately the dy- 



11.1■!. 
,•7•••• 
M111111•111.11■■ 

7-■ 

	4711. 111=11 /.11111 1•71mm 
MI -WMIt 

200 

■ 17 

• • 

=Env= 1MM 	 .1717 
77 

41.77 
717 MI=NdiElMa 

- 1-;' 

mmee. 
11.7 
71■ 
.77 
711. 
1711._ ■ 117 — 
■ 17 •••■ 

• .1•1=1■07 	  
77/ 	  

771 777 	 Mn7 •••••7 	 NNW nnWer 	  IN01•1117 	  
•••7 	  
1•7117 	  

7 7 
7. MEM. 

.4117/...•••• 

7.1.. 
l■ ••••••■ 

	

	 dIIM17.1.1,m7 -...■...7■117.,11■ 7. 7 WM, AM 71 	 AIM1.11,71 7. - •=1177■17■■•••■•77..••• avialria. 	 =•.' =..■ .. .,,,••• 

ll 
a NM Ma 	 IN I= 	 7• MMI.....1M 

71 	 1■17 	 =1 M. 	 17 AMM. 7 	 M. • 
- 

71Mr 	 11M 	  
 7. 	  

711111.1111. 
• 7 

Fig. 5.14 	MICROMACHINE SIMULATION OF NORTHFLEET TEST No.. 6 

V 	MICROMACHINE TERMINAL VOLTAGE 

1 	THROTTLE VALVE POSITION 

Y2 	INTERCEPTOR VALVE POSITION 

RELAY OPENING TIME CONSTANTS = 10 (RELAY CLOSING TIME CONSTANTS) 



201 

namic behaviour of the opening action of governor relays 

By 5UCCOSS1VOiy reducing opening time constants 

with respect to the closing time constants, in Figs 5.8 to 

5.11 it is shown tbat the part of the transient under dis-

cussion cannot be successfully simulated, 

When the opening time constants of the governor 

relays are made equal to the closing time constants, the sys 

tern shows a marked tendency to hunt and stability margins 

under small oscillations are reduced considerably. In general, 

both Northfleet valves show very sluggish reopening. The si 

mulation of the load angle motion becomes similar to the real 

system when both governor valves are opened in such a manner 

that they are decoupled from the load angle oscillations. 

The simulation studies carried out by the author 

confirm observations of two early investigators112,113 wbo 

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 valve has the ability to control quickly a rela-

tively large amount of power. 

Minor alterations in power plant design can be made 

with useful improvements in turbogenerator dynamic behaviour 

under pole-slipping conditions. This is illustrated in Fig, 

5615 where the opening rate of all governor relays in th 

digital simulation of Northfloet power station was made 25 



20 

times slower than the closing rate. This is about the maxi-

mum that can be used safely so that if both governor valves 

are fully c3osed prefault loading is restored about 10 seconds 

after the closing motion of governor valves takes place. Re-

latively large changes in the most important system parame- 

ters failed to change the number of poles-slipped for the 

example depicted in Fig. 5.15. This emphasizes, as mentioned 

previously, that a decrease in the opening rate of governor 

relays is beneficial for quick recovery of synchronism. Rw-ther, 

the interaction between the governor system and the AYR is 

minimized and therefore both controllers can be designed as 

if they were decoupled. This is favorable from a dynamic point 

of view, and the time evolution of the load angle is better 

damped now than in all previous simulations, see for instance 

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 governor system. Mathematical-

ly, the simulation of this transient can be regarded as a 

numerically ill conditioned problem. However, this system is 

not very sensitive to relatively large changes in the AVR 

parameters, due to the relatively low exciter ceiling volt-

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 exeitar time cons-

tant fails to modify significantly the system transient res- 

ponsc. 
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Pole-slipping transients are complex and three dif-

ferent types of instability have been observed as a result 

of this severe operating condition: 

a) The generator may never regain synchronism auto-

matically, because as soon as the rotor speed 

slows dawn the interceptor valve opens and the 

rotor is again accelerated. This type of insta-

bility has been reported in an actual power 

station.11  According to the simulation studies 

carried out by the 	author this type 

of instability is prominent in systems 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 

115 Busemann. 
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Fig. 5.17 Digital simulation of Northfleet test N° 6 (Data in table 5.1)  
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TABUL521  

DATA FOR NOZTHFLEET SIMULATION STUDIES 

Simulation 

results depicted 

in figures 

Turbogenerator 

power 	output 

(per-unit) 

Exciter 

time constant 

(second) 

Subtransient 

time constant 

T 	= T" Td 	q 

5.5,5.6,5.7 .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 

5.11 .84 1 See table 2.1 10 

5.12 .84 1 .322 10 

5.13 .84 1 .42 5 

5.14 .80 1 See table 2.1 10 

5.15 .84 1 .45 25 

5.16**  .84 1./.39 .322 10 

5.17 .84 1 .184 5 

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

*all governor relays opening time constant = M relays 

closing time constant 

**Fig. 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  6 

DISCUSSION ON THE IMPROVEMENT 

OF PLANT DYNAMIC BEHAVIOUR 

6.1 General considerations on c2x2EaaEaznamic  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 

4) protect turbogenerators against overspeeds. 

The first of these tasks requires alteration of 

turbogenerator loadings 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. Dis-

turbances under these.circunstances are normally slow with 
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periods of several seconds and governor control is effected 

only by the throttle valves 

As power systems grow in size, the ratio of a par-

ticular generator power output 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 sig-

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 general, 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 comprehensive analysis of governor 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 transient 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 

interruption of power transfer from the power 
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station, and 

b) short duration faults, i.e. faults in the trans-

mission system which are cleared within a few 

cycles. 

6.2 L211aduralloaLELI1ts 

Long duration faults present a very difficult ope-

rating 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 suggested116017,118 that after 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 reliability and reduces power system operational 

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

expensive. 

Akers et al119  have estimated that every single 

occurence of such a fault can result in approximatelly 1/4 

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 

4) 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 

permits. It has been reported117'120121 that in some cases 

clearing times were insufficient to maintain the transient 
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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 more 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 

economical gains obtained from larger sets, however, more 

1 than compensates today these extra expenses.22  

Modifications in the turbogenerator design in order 

to increase its inertia constant, reduce two of the main sa-

vings in increasing turbogenerators power output namely re-

duced relative physical dimensions and weight. The design of 

the rotor windings however, offers two interesting possibi-

lities: 

1) a divided winding rotor arrangement101 and 

2) closed turns linking the interpole axis thus 

providing support for the rotor flux in the 

1 quadrature axis.23  

In both cases, investigators101,123 have claimed substantial 



improvementS in turbogenerator stability. 

The grid provides alternatives which can be bene-

ficial from a dynamic point of view : 

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

actance124 

2) series capacitors  

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 the control 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 
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b) fast turbine valying. 

Braking resistors are applied to the machine termi-

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-

siamtial gain in transient stability margins. Park reports 

that expenses of the order of £100000 are involved in bra-

king resistor schemes for an 1000 MW station.26  

Fast turbine valving 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 manoeuverability, 

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 controlled 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 

o-r4 

new electrohydraulic relay. Valve closing times of .05 second 
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1 have been reported.17 '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 increase 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- 

ves. 

The first of these strategies has been implemented 

by Westinghouse in several power stations. Aanstad and Lo-

kay128 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 



216 

been introduced instead. This is a consequence 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 large order are considered and optimisa-

tion of their dynamic behaviour is sought. 

Fast valving control schemes take the form depicted 

in.Fig. 6.1* 128,129 In the Westinghouse "fast valving logic" 

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 Aanstad128 have shown that an in-

crease in critical clearing times 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 and as soon as a 

severe disturbance is detected full closing of the inter-

ceptor valve is initiated and governor action is inhibited. 

Fast valving of both throttle and interceptor val-

ves can increase even more transient stability margins. This 

is so because all turbogenerator power output 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 
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Fig. 6.1. Westinghouse fast-valving- logic.  as a form 
of Supervisory Control  
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seconds. In the debit side, b'oiler protection and design be-

come more expensive as allowances for fast excursions in the 

normal boiler operating conditions have to be made. If such 

a control-  were'implemented fault clearing times may not be 

critical for the transient stability of a unit. 

6.3.3'222rallaalltsLLIILts 

'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 detri-

mental effect on the economic operation. 

Finally a possible strategy is to allow the genera-

tor to pole-slip after fault clearence and to implement auto-

matic resynchronization. The biggest single difficulty of 

this scheme is to prevent power station auxiliaries from 

malfunctioningowin 	the excessive fluctuations and depressinns 

in the machine terminal voltage while pole-slipping takes 

place. The station can, however, be designed to allow for 

pole-slipping. If the behaviour 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 supply to the power station aux- 

iliaries is utilized, pole-slipping may be a very convenient 

way of dealing with the transient stability problem. Both 

the governor and the AVR are potentially capable of offering 

assistance during this transient. 

If the time duration of the period of the transient 

when the machine is pole-slipping must be reduced, the gover-

nor and the AVR must act to prevent the rotor from being acce-

lerated. As described in 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 motoring action the rotor has not 

overspeededmuch above 2% (section 5.5.4) the turbogenerator 

can resynchronize slipping only one pole. 

In order 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. 
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If the rotor is not allowed to overspeed much abuire 

2% (section 5.5.4), then the governor does not sense an ab-

normal situation. As a result, the throttle valve is only 

partially closed andthe,interceptor valve is not closed at 

all. As the throttle valve controls turbine power output 

slowly owing to the long delays associated in the reheater, 

and as the interceptor valve is fully opened, the turbine 

power output is reduced only slightly. 

As a consequence of poor performance by the exci-

tation and governor systems during pole-slipping a superviso-

ry control similar in structure to the fast-valving-logic 

can be very advantageous. If such a control scheme senses an 

abnormal situation with iminent pole-slipping, the excitation 

and governor systems should be inhibited, both turbine con-

trol valves closed and exciter voltage output reduced. A very 

significant reduction in the acceleration can be achieved in 

this way. if the prefault turbogenerator loading is restored 

in less than 10 seconds the plant may not suffer abnormal 

thermal stresses. 

In order to 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. 



6,4 LIsaptional forms of ewer control 

There are several other methods of dealing with the 

transient stability problem. For instance, h.v.d.c. links 

between power stations and consumer centers may be economi-

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 simulation results of Goldington full load 

rejection test presented 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 

speed 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 

'el -' A 
4.0ag 
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before resynchronization can'be attained. 

If a device were provided which inhibits the openAng 

of governor valves after a full load rejection has taken pla-

ce, the turbogenerator could be resyncronized as soon as the 

rotor speed equals synchronous; automatic governor control 

can then be restored. The station could thus generate pre-

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 "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 available. Braking resistors are applied 

to the turbogenerator terminals for the short time interval 

between the instant of time at which the turbogenerator rotor 
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Fig. 6. 2. Illustration of three  possible types of full load rejections followed by -very fast 
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is at a maximum and when resynchronization is attained. 

Undue stresses in turbine rotors are not likely 

to occur-becauSe load is restored before the rotor has cooled 

down. As with the case of fast valving of both governor val-

ves the boiler is subjected to exceptional disturbances. It 

is doubtful', however, in the author's opinion whether a full 

rejection cycle followed by very fast resynchronization would 

produce more severe stresses in the boiler 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 load 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 involving system operation at low frequenciesl owing 

to momentary power shortage, are not antecipated. 

P 2'4- 



CHAPTER 7 

CONCLUSIONS 

7.1 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 goal was 

accomplished and as a result much broader simulation studies 

using micromachines are now possible. The following general 

conclusions can be drawn from 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. 

2) The classical linear formulation of turbine cha-

racteristics shows deficiencies in both small 

and large perturbation simulations. In the non-

linear model of a turbine presented in this the-

sis an attempt has been made to correct these 

deficiencies. 

225 
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3) The two turbine governor valves offer great po-

tential for improving power system dynamics. 

With the advent of the now electro-hydraulic re-

lay this potential can be easily exploited. 

4) 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. 
L 

5) A study of pole-slipping conditions using a mi-

cromachine set and a digital computer resulted 

in a comprehensive explanation of the control 

aspects of the phenomena. It is concludedthatif 

in the event of a short duration short circuit in 

the transmission system, pole-slipping follows, 

automatic resynchronization can 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. 

6) 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 another interesting alter-

native for dealing with short duration faults. 
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In this alternative the turbogenerator could 

be made to go through a full load rejection' 

cycle and subsequent very fast resynchroniza-

tion. 

7) 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. 

8) 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. 

9) Existing rectifier dynamic models were found 

to be incapable of describing the dynamic be-

haviour of the rectifier employed in the micro-

machine drive. The author therefore developed 

rigorously a large perturbation dynamic model 

for the rectifier in the micromachine drive. 

Owing to the complexity of this model, and 

poor performance of other existing models,the 
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author jointly with Sucena-Paiva developed a 

small perturbation model for a controlled recti-

fier, This small perturbation model permits 

the use of z-transform techniques for the dyna-

mic analysis of rectifier systems. The recti-

fier speed control system of the microalterna-

tor drive is in many respects dynamically equi-

valent to rectifier systems employed in h.v.d.c. 

schemes connected to strong a.c. systems. 

7.2 Ori inal contributions 

In the author's opinion the following contributions 

are considered to be original: 

1) A nonlinear mathematical formulation of turbine 

characteristics 	for power system studies. 

2) 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. 

3) 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 most impor-

tant controllers i.e. boiler pressure control-

ler, governor system and automatic voltage re-

gulator. One of the models was specially design- 

ed 	for digital calculations and the other for 

analogue simulations. 

4) A rigorous large perturbation model of the recld 

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 system. 

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. 

7.3 Suzzestions for further work 

The following are some of the limitations of the 

present study that need further investigation: 
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1) 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 valve under 

any operating conditions. 

2) The nonlinear formulation of turbine characte-

ristics presented in this thesis need experi-

mental corroboration. 

3) A more detailed assessment of turbogenerator 

losses in connection with turbine dynamic stu-

dies is desired. 

4) Power system simulation employing several mi-

cromachine sets furnished with turbine and boi-

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 seems necessary. 

5) 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. 



6) 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. 

7) The dynamics of rectifier systems operating 

under constant current control could be under-

stood better if the large perturbation beha-

viour of these systems were assessed more 

thoroughly. The application of the Liapunov Se-

cond Method to these rectifier systems offers 

an interesting area of research. 

8) Using the discrete models presented in this 

thesis modern optimum control theory could be 

applied to rectifiers operating under constant 

current control. 
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APPENDIX 1 

State_Laue s irrrn 1. if Led formulati,2E_RL_LzasIlmnaaamaaLLa2 
dynamics 

Fig, Al 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 

co 'P = r Cr-  +I ) + jxdId + jx I + Vt 
	(Al .1 ) 

where 

r 	=r a  + rext 

xd 	=x md ±x  al + xext 

=x mq +x  al q  +x  

d,q vectors representing direct and quadrature 

currents in quasi steady-state. 

2145 
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bus voltage 

vt 	= N(2 Vb [sin5 	j cosh] 

wo Tfo = (if 	) 

Equation A1.1 can be decomposed into two scalar 

equations 

wo Tfo = r Iq  xd Id 4. .N12 Vb cos6 

0 = r I
d x

q  Iq 
 4- N6 Vb sin6 

	(A1.2) 

Id and Iq  can now be obtained as functions of fo  and 6 

Id =2 L o 
T
fo Vb sin5 4s12 Vb coso] z   xfd xq  

(A1.3) 
= 	 - xi Ni2 Vb  sdno - r N12 Vb coso] q z2 x fd  o fo d 	b " 

where 

Xfd = Xmd  + Xfl 

x2.  xl = x d d xfd 

Z2 = r2 	xl x d q 

From equation 2.3 the differential equation of the 

field winding can be written as follows 

p No 	= wo  Vf  wo  rf  if 	(A1.4) 

From equation 2.3 the flux linkage equation can 
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also be written 

w
o 

kiff  = 	
iu 
	xfl) f - xmd Id 
	(A1.5) 

Eliminating if  and Id  in equations A1.3,  A1.4 and 

A1.5 the first state equation is obtained 

p o f] = Wo Vf 	B wo4f 	C sine) 	D cosY (A1.6) 

where 
x  2 

B = o rf _1- 
2 xfd 	2 x- fd 

0 = w r_ r xrad-N/2 Vb 0 I Z2xfd 

D = ff.9. B 
r 

Finally, the electrical torque as a function of the 

state variables has to be determined. From equation 2.1 the 

electrical torque is given by 

1 
T 2 0  d e = 
	[u.) 	`11 zq 	 \Ifq id] (A1.7) 

After substituting equation A1.3, A1.5 and the flux 

linkage equation 2.3 into equation A1.7 the electrical torque 

can be obtained as a function of the state variables only 

To = S1 
 sin2 + S2 cos

26 + S3 (wo 	)2  + 	(A1.8) 

+ S sin5 cosh 	S
5 

sinb wo 'f S60 f  cosh 



where 

 

24-8 

 

xind  xct  r 11.2 S2  = 1) 
Xfd Z 

x2 
S3 	

2 md  (r + xd xq 2 2 xfd Z 
xmd 3Cq ) 

 

S
i+ = 

2 
xmd  

xfd 

( r2 	x xdi ) v2  
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x 
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APPENDIX 2 

EFFICIENCY OF A SYMMETRICAL REACTION STAGE 

Fig. A2 velocity diagram of a symmetrical reaction stage 

According to Newton's second law of motion, force 

is measured by the rate of change of momentum; hence, the 

force acting on a rotor blade per unit of steam mass is given 

by 

Force = 	
lu 	2u) 
	

(A2.1) 

The power supplied by the stage to the rotor is 

equal to the force multiplied by the distance moved per-

-second. 
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2 	2 

	

Ahs Vi 	V2 Jn === 
fl 	 co 2 	2g 	2g 

(A2 .6) 
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Power = 
	

(vlu 	2u)l) 
	

(A2.2) 

Equation A2.2 can be written as a function of the 

entering and leaving steam velocities 

Power = 

• 

(v

• 	

1  cosa*- V2  cos6*) 
	

(A2.3) 

From Fig. A2 it can be readily seen that 

Power = 

• 

(2v1 cosa*- U) 
	

(A2.4) 

U Substituting the speed ratio (r = 	) into equation 
\ 

A2 24 

2 

	

V1 , 	r2) Power = 	(2r 	cosa*- r2  ) 	(A2.5). 
g 

Assuming the same nozzle efficiency !in  for both 

stationary and moving rows and letting nco  be the carry over 

efficiency*  the kinetic energy leaving one stage and available 

V2  
for work in the next is 1 	; therefore co 2  

For a stage consisting of two symmetrical rows the 

energy available is 

2 	,2 
v21 Vi 
-- J = TE coc 2g 

n 
(A2.7) 



2 r cosa*- r 

1 + r2  - 2r coso6 

(2.10) rl
nb 

= 
1 — 

co 
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The combined nozzle and blade efficiency (1nb) can  

now be obtained dividing equation A2.5 into equation A2.7 

nb 
2 r cosa*- r2 

V2-0 
n 	( c 

(A2.8) 

From Pig. A2, it can be shown that 

,v2,2 	2 k--) = 1 	r - 2r cosa 	(A2.9) 
1 

And substituting equation A2.9 into equation A2.8 

the stage efficiency as a function of the velocity ratio is 

finally obtained"' 

The stage efficiency as a function of the velocity 

ratio is plotted in Fig. 2.17® 
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APTENDILa 

GAS FLOW 1N NOZZLES 

The expansion of a gas in a nozzle can be analysed 

applying the first law of thermodynamic in both sides of the 

nozzle, thus 

V
2 	

V
2 

1 + u
1  + p1 v1 1 v. = 	+ uo + p 2g 	2g 	o o (A3.1) 

Where 

V011 

o s 1 

V
o g 1 

steam velocity 

nozzle 

steam internal 

the nozzle 

steam pressure 

nozzle 

steam specific 

the nozzle. 

entering and leaving the 

energy entering and leaving 

entering and leaving the 

volume entering and leaving 

The difference of internal energies in equation 

A3.1 represents the isentropic work 

v1 
uo  - u1  = I 	p dv 
	 (A3.2) 

v 0 
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Substituting  into equation A3,2 the equation des-

cribing the isentropic expansion of a gas (pvY = c. Where 

I is the ratio of specific heats C /C and c is a constant) p 

and integrating 

P1 141  RT 	(1.)  , ) 

Y-1 	0 

(A3.3) 

The exit velocity of the gas can now be obtained 

by substituting  equation A3.3 into equation A3,1 

p y-1 
v1 = -I- 2g  po  v (1 - i  p) I) 	1 2 	(A3.4) 0 Y-1 

The steam flow (w) can be obtained using  the 

equation of continuity 

A V w  = 	1 
v1  

(A3.5) 

If the gas behaviour is perfect, at the nozzle 

inlet 

Y1-1 

U 

P (2y 1 Fl) 
y-1 HT()  Po 

• P i  2 
(-1) + v2) 

Po 
W = A 

(A3.6) 



Where 

To upstream stagnation temperature 

R 	universal gas constant 

In many cases the gas 

neglected, thus 

	

2y 	1 

	

W  = A Po 118  y-I 	RTo 

A velocity discharge coefficient 

entering 

P ( 	1\ 

velocity 

I 	y+1 
2 	( 	1 ) 	2 ‘P 

(cd) 	is 

[‘ 	P/ 

experimental measurements 

p 11 
 

Cd 	

p  y+1 
11 2Y w = A p c) 	 g Y-1 RTo [ P 	

2 

P  0 	o  

( A3 „ 8 ) 

If the gas flow is supersonics  equation A308 does 

not depend upon the down stream pressure131 

I±1 
2 \Y-1 	y w = A go  cd  g 11.T0  (A3.9) 

2'01- 

can be 

(A3.7) 

introduced 

by many investigators in order that equation A3,7130 matches 

Summarizing, the flow of a gas through a nozzle 



is of the following form 

P1  = A. cd f (P 	T 	) 
o, 	Po 

(A3.10) 

where 

1\ f(P T —/ o' o9 Po 

P Y-1-1 
2 	1 	2 	) y 

0 1/1y-
Y 

 1 	RT0 ( 'P
o 

.1
/\ 
 W 
 

P1 \(/31 \  
Po /-‘1)o /critical 

P1 
-1 2 	y 1 	/ /Pi 

y+11
) y 	

RT01 	P
o o' critical 

P
o 
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APPENDIX 

TIME LAG CAUSED BY ENTRAINED STEAM 

CONTROL VOLUME 

W2 

1111 

W1 

Fig. A4 

The time delay caused by entrained steam will be 

evaluated here assuming a fill in process takes place in the 

control volume, The mass balance in the working medium of the 

system shown in Fig®  A4 can be modelled mathematically by 

means of the following differential equation 

wBASE [112 	W1  = p [ v] 
	

(A4.1 ) 

Where 

1 per-unit steam flow leaving the control volume 

W2 per-unit steam flow entering the control volume 



WBASE base in which steam mass flows are refered 

V 	Volume under consideration 

steam density 

Assuming steam behaves as a perfect gas, and an 

isothermal process takes place in the control volume equation, 

A11.1 becomes 

W2 	W
1  = T p(p) 
	

(A4.2 ) 

Where 

T — 
WBASE P v 

P 	'control volume pressure 

BASE base to which control volume pressure is P   

refered 

• PBASE 
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APPNILTILI 

ANALYSIS OF A HYDRAULIC RELAY 

The basic assumptions associated with the modelling 

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 

(4) supply and drain fluid pressures are invarant 

Under these conditions, the flow of oil through an 

orifice of the type shown in Fig. 2.20 is given by
102 

q = c
d  A1 '‘I[2(Pp 	PBVP] 

Where 

hydraulic fluid flow 

cd 	
discharge factor 

orifice area 

supply pressure 

PB 	drain pressure 

hydraulic fluid density 

(A5 :1 ) 



259 

As inertia and friction forces are assumed to be 

negligible and the fluid is treated as incompressible, the 

motion of the main piston is given by 

A/  py = q = Cd A1  142 (Pp  - PB)/P1 	(A5.2) 

The area A
l is proportional to the main piston die- 

placement 

A1  = K* 
	

( A5 .3) 

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

supply and drain pressures as invariants 

py = K*v, 	 (A5.4) 

, Where 

A 	 I[2 (Pp 	PB)/P] 

The linkage shown in Fig. 2.20 among points A,B 

and C constraints the motion of these three points; mathe-

matically103 

X = a+b v a (A5.5) 

Substituting equation A5.5 into equation A5.4 
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PY K*a. kx 
	 (A5.6) 

Therefore 

G y 	X 
1 +PT 

Where 

a G 	17; 

a+b 
T  = -1771-3 

(A5.7) 
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APPENDIX  

T1 E TURBINE SIMULATOR DESIGN 

Some details of the turbine simulator design are 

given in this appendix. 

The power circuitry of the rectifier is shown in 

Fig. A6.1. In order to satisfy accuracy, 	transient res- 

ponse performance and to isolate the power from the electro-

nic circuitry, a Hall effect device was used to sense the dec. 

machine armature current. The small voltage level of the 

output signal of this device was amplified by means of inte-

grated circuits as shown in Fig. A6.2, 

The firing circuitry forthethyristors 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 corres-

ponding thyristor gate. 

The protection system of Fig. A6.4 has been deigned 

to provide proper action under any of the following faults: 
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field circuit o'f: the the. machine opens suddently,  

2 	armature current of the d.c. machine increased 

above nominal levels and 

3 	armature voltage of the d.c. machine increased 

above nominal levels. 

Micrornachine set details and list of components 

are shown in Tables A6,1 and A6,2 



Fig. A6.1. Circuit diagram of the rectifier ( Power side) 
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Fig A 6. 2, Circuit diagram of the rectifier  pulsing circuitry 
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Fig. AG. 3. Current sensing device (Hall Effect Device) 
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Fig  A6.4. Relays diagram and protection system 
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TADLE A6.1 

PLATE of d.c, nicromachine drive motor 

ALSTHOM 

NAP 	TARBES 	1954 

MOTEUR C— CONTINU TYPE 	B5.42 

No 336305 	t:mn 	.1500 

KW 2.2 	Ch 	3 

VOLTS 220 	Amp 	12 

SERV CONTINU 	Echauf UTE 	isol. Cl. A. 

EXCIT COMPOSEE 	VOLTS 	220 	AMP 0.7 

PROTECT SEMI-PROTEGE 	Poids 70 Kg 

PLATE of a.c. Microalternator 

ALSTHOM 

NAP 
	

Belfort 	1954 

ALTERNATEUR Y 	TYPE 	A 56,6 / 10,8 

No 334818 	t: mn 	1500 

Volts 190/250 	Amp 	KVA 0.6 4.5 

Sery 	CONTINU 	Echauf UTE Isol, Cl. A 

cos 	Hz 50 	Protct SEMI-PROTEGE 

EXCITATION 	V 	A 	Poids 	Kg 



TABLE A6.2 

LIST OF COMPONENTS 

R1  

	

300 Q 	.3A 	C. 	1 Ar 	1200 V F1  5A - 600v 

R2 	300 Q 	c2 	1 yr 	350 V F2 GSG 1000/25 

R
3 	

2000 Q 	C3 
	

2 yr 	500 V F
3 

1A/250 v (DC) 

R4 	10 KQ 	C4 200 pF 	F4 1A/250 V (pc) 

R
5  

	

10 Q 	0
5 	..) 

	

500 pF 	F. .5A/415 V 

R6 	820 Q 	06  20 pF 

R
7 	07 	!.F KO 	50 r 	Z. 260 v 5 W 

R8 	130 ICQ 	C8  100 yr 	25 V Z2 	6.3 V 5 w 

R
9 	

49 Q 	 z
3 	5.1 V .4 w 

R10 	1.5 KQ 	T1 2N2926 z4 	6.2 V 1 W 

RI I 	1.2 KQ 	T2 BFY50 	THI 40A koov TIMUSTOR 

R12 	10 Q 

R13 	1.3 KQ 

R14 200 Q 

	

0.25 H 	(10A DC without saturation) 	(KESTON) 

L2 
	small inductance (10 turns) to be used in connection 

with the Hall device. Small core. See Fig. IID for 

dimensions. 

Al  709-orA (RADIOSPARE) 

TR 415 A / 440 Y - 25 KVA - used as 415 - 254 

TR2 12 V TYPE S-M Mains transformer (RADIOSPARE) 

TR3  pulse transformer 

268 



269 

RE1 Magnetic devices Relay 305 EP8/1000/G2/12/CON/DIAC/ 

/9288113 

RE2 Electromagnetic overload Relay TYPE "SC" (ALLEN WEST) 

RE
3 

12 Q coil - e3Ad.C, RELAY 

Circuit breaker (2 air-break pattern d.c. Contactor 

TYPE "D") 	(ALLEN NEST) 

RD-1- heavy duty RELAY (11 pint  230 V Coil, Three pole 

change over) 	(RADIOSPARE) 

Di 
	25 A 600 V 

D2 	lo A boo v 

D
3 
 RS51A 

D4  RS51A 

D
5 
 0A800 



APPENDIX 7 

STEADY-STATE CHARACTERISTICS OF A CONTROLLED 

RECTIFIER-LAPLACE METHOD 

The determination of the steady-state characteris-

tics of a controlled rectifier was formulated 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 

vl (s) 	(s). K vc (6)  = K  W-77717-77777 Rtk1-1-sT )(17477-7 t 	1 	1  

(A7.1) 
2 	1 

The control voltage signal v0(s) can be decomposed 

into the following four parts: 

v(s) = v 1 (s) 	v9(s) 	vc3(s) 	vc4(s) 
	

(A7.2) 

Where 

27o 
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v I(S ) 

v ( )
c1 	" R 	All-sT2) 1 

V02(S)=  K T-77717-7TTET-T t 	2 

(s) = 
2 

ref 
vc4-(5)  = 	777777 1 

The Laplace inverse of v(s) is obtained next. 

Substituting equation 4.3 into the expression for vcl(s) we 

get 

- (cosa-.cosY e-sTs) 	s(sina -sin)" esTs)  
v 1(s) = KV 

  

t 	-sTs\, Rt(cooJrs )kl-e 	A1q-sT1 )(11-sT2) 

( A7 .3 ) 

Decomposing equation A7.3 into two parts 

V
cl
(t) = 

-1 
I 	cosa -cosie sis 

2 2\,
4- 	

-sT 
+5 )0ST1 )(14-sT) 	1-e 	s 

- 

-1 - 
VS 	f sina 	sTs K 
Rt 	12 	 1-e-sTs vi)o 	)(1-i-sT1 )(14-sT2) 

V2 (s) 

(A7.4) . 



l_e sTs  [   

1 
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The first component of these two parts can be ex-

pressed as time functions, from tables 

wo 	 sin (w t-e-(p) 

kWo
2 	(1-FsTi ) (1+sT2 ) )1,1[1-1-(0)01,2 ).1 

	

t 	 t 

	

T1 e- Ti 	wo  T e^ T2 

(TI -T2 ) ( 1-1-(w0T1 ) 2 ) 	(T2-T1 ) (14-(w0T2 ) 2 ) 

COF W t -0 -43) 

(q)-1-s2) (1-1-sTi ) (1-1-sT2) 	,‘/EJr(w0T ) 
L 

t 
we  T1  e T1 	w T1  e 

N (Ti-T2) (14.w0T1 )2) 	(T2-T1 ) (1+(w0T2)2) 

where 

p = ATAN (woT1) 

0 = ATAN (WoT) 

Using these two time functions, equation A7.4 can 

be rewritten as 

-1 
L Wo  

V vcl 	= K 	cosy Rt  

sin(wot-O-p) 

0T1 )11F(w0T2)1(11-T2) (1-1-(w0T1)2  

e  T2 	-1 

(T2-T1 ) (1-1-(W0T2)2) 

sin(wot-0-13) 	wo Ti e-  T1 
• , 

ooTi d tilF(w0T2)1 (T1-T2 ) (1+(w0T2)2) 

Wo Ti 
	T 
e 	1  

- cost 

elf 



•••• 

2 
co T2 e 

(T2-T1 ) (1+(w0T2)2) [ 

11 .'.•.2,-, 
1-e 	.› 

12 

cos(wot-e-P) sinYl.  
[14.(W0T2)2  (T1-T2) (14.(w0T2)2) 

t 
T1 e 

2 7 :3 

+ sinal 
—P7,:c71714+(w0T2i1 

cos(wotO-P) 	

(T1-T2) (1+(W0T2)2 ) 

- 

t 
T e  

  

  

  

   

(T2-T1 ) (1+(woT2)2) 

  

   

T e T2 -1 -sTs  
e 

(T2 -T1) (1 WoT2)2) 1-e -s 

(A7.5) 

Rearranging equation A7.5 

vc1 (t) K V (sin(wt-e-p+at) 

- sin(w0t-G-P4Y 1 ) 	d(-Ts)) * 

T1(W0T cosal 	sina') 

Rt 	(T1-T2) 	(1+(wT1)2) 

T 	0\ 	2cosal 	sina') 2‘(,0.m 

-1 

-1 

-1 

1 
-sTs  

1-e 

-sT 
s  [1-K4 e 

1-e
-sTs 	s+1/T1  

-sTs [1-ice 1 

(T2-T1) ( 1 +`1(-) 	)2) '  1 s+1 /T 

   

(A7.6) 

where 



T2 cost' 	sin)" 
= 1 

Wo T2 Cosa' 	sina/ 

	

T1 cos)" 	sinY1  

	

wo T1 cosa' 	sinal 

Mo 

 

d(x) 	functional expressing a pure delay of x 

seconds on the function it multiplies. 

Equation 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 transform table of rational functions of s with pure 

132 delays. 	Thus vc1(0 is obtained in a closed manner. 

vo(t) K 2L./ 
Rt 1 +(moT1 )111p(MoT2)1 

Ts  
—Ts(m-1)/T1  

T1(MoT1cosct-sinal) 
(1-K d(-T5)) 	0 

e 
Ts 

-1 
0T1)2) 	1  (T1 -T2) (1 

T2(w0T2cosat-sinal) 
	 k1-Kt d(-T ) 

(T2-T1 ) (14-(moT2)2) 

-Ts(m-1)/T2  -nirs 

(1-e T1)} 

e 
Ts/T2 

(A7.7) 

where 

t = (n-l+m) T s 

n = number of sampling periods 

m = a numeric such that at all times 0 < m <1. 



-T5  (m--1 )/T1  
e le  T1 

Ts/Ti 
-1 

-t/Ti 	-t/T2 
En 	T e-Toe 

K 	(1 
Rt 

(1- e-t/T1) 

(A709) 

) Iref 
T -T 2 

The Laplace transform inverse ofVc2  (s) is obtain-

ed following the same method as for Vci(s). We get 

v02(t) = K 
t 

{

sin nig 
sin(m27t/q-0-13-1-06) 

------- +0,05a 	 ) ÷( wo,,,,2] - m=0 

1. 

21z q  

Ti(woTicosa-sina) 
(1-K2d(-Tu) 

• (T1-T2) (14-(w0T1)2) 

(w0T2cosa-sina) 
kl-Kt d(-T ) 2 

(T2-T1) (1+(w0T2)2) 

-Ts(m-1)/T2 

e
Ts/T2

-1 

(A7.8) 

where 

K1  = 

	

T1 cosY 	inY" 

	

wo  T cosy 	sina 

wo  T2 cosa 	sina 

The other two components of the control voltage 

v 3(t) and v 4(t) are readily obtained by mean of Laplace 

transform tables, The control voltage is finally obtained as 

v (t) = v 1(t) 

• 

v02(t) 

The steady state condition is obtained when n ap-

preaches infinity 
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ve
0(t) = lim vc(t) (A7.10) 

This limit is readily obtained using equations 

A7.7, A7.8, A7.9 and A7.10 

In.. 	q 

isin(rn-33 -9-p+a 	 sin(ra-,a -0-13+0 

v:(t) = K Rt  
4-(cooTi 	+NoT2  

, T1(w0T1 cosal-sinal) 
(1-K1) \ (TI-T2) (14-(w0T1)

2  ) 

-Ts(m-1)/T1  

Ts/T-1  
- 1 

-Ts(m-1)/T2  
T2(w0T2cosa/-sina') 

4, (1-K 
eTs/Ti - 1 

—Ts(m-1)/T1 

	

(T1-T2) (14-(w0T1)2) 	eTs/T1 - 1 

(1-Ke d(-T))sina 
q 

11(W0T2cosa sina) e- 
T5(m-1)/T2  

- (1--K2  d(-T} 

	

 (1+(w0T2)2) 	eTs/T2 
 
- 1 

K --a- - Iref Rt  
(A7.11) 

The steady state output current is obtained if in 

equation A7.11, K = 1 and T1  = 0. If Tu  = 0 as well, 

equation A7.11 becomes Bayoumi expression for the rectifier 

108 output current. 

Bjaresten equation for the control voltage83 is 

also a particular case of equation A7.11 when Tu  = I t  = 0 

and short circuit conditions are considered i.e. a = Tc/2. 

1 
(T2-T1 ) (14-(W0T2)2) 

T (woTi cosa 	sina) 	e 
(1-K2d(-T))sinE 



vd(t) = R(t) id(t) 	L(t ) d id(t) 	E  
d t 

(A8-1) 

APPENDIX 3 

STEADY-STATE ChWCTERISTIC 

OF A CONTROLLED RECTIFIER- TIME DOMAIN METHOD 

The steady-state characteristics of a rectifier 

were determined in section 4.2 using Laplace transform tech-

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-

put of a q-phase rectifier can be written through network 

analysis 
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where all time functions are periodically varying with a 

period Ts 

vd(t) = 

V cos -:1 cos(Wot + a) 

V cos 	+ a - q 

0 <t < Tu 

Tu  < t < T 



(I + E° - L222jELLLItal e-t/T; E°  1 4" 	 ..._ ideo= 
R2 	Z2 	R2 

1 •7  Rle  + RCH  + Ra  

R (t) 

o 444  Tu 

278 

	

Rle + RCH + Ra 
	T < t< Ts  

e 	LCH + La 	0 _<_.t <Tu  

L (t) 
Lle ++ La LCH 	Tu< t <Ts 

In contrast with the Laplace transform formulation, 

steady-state conditions are assumed to exist throughout and 

hence the following border conditions apply 

(n 	n=...-39-21-1„0,1,2,3,...(A8.2) Ts) 	= I1  
n=...-3,-2 ,-1 ,011 ,2,3„ ...(A8.2) 

d(nTs+Tu) = 12 

Using these two border conditions, the solution 

of the differential equation A8.1 may be written 

V cosit.cos(coot 	a - 92 ) 
z2 

z i  
(t-Tu) 

E 	V cos (a +u +c -ei) 	Er-0 ) 
Tu<t5T + 

2 R
1 	ZI 	

s 

(A8.3) 



V cos(w Ts  + a 
d(Ts) = 	- 

- 01) + 
z i  

2 7 9 

where R1 	Z1,2 0 	and 31 2 - aro defined in section 4.3.1  9   

As the current is continuous 

d(Tu) = 12  
V cos 	ou 	a. 92 

 

Z2 

('1 

4.  E0  .4. 
( 	

V cos 7. cos 

 iZ2 

	

	 R2 Z2 

-Tu/T E 

+ (12 -a - 
R 	

Vcos(u+u-21.-0)) -(Ts-V/T1 	E
o q 1  

1 	Z1 	R1  

(A8.4) 

The two unknowns 	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/T I  
1 I 

	

	1 e 	2 _ In dl cos(w t o i-..F 	. adl ) 	dl 	dl 0 < t < Tu.  

id(t)  = 
-t/TI  1 

d2 
cosk t + ad2) 	I 	e d2 	d2 T-Li t T :5 its - I " 

(A8.5) 

where 

'dl 
= V cos(n/q) / Z2 

T  = V / Z -d2 	1 



ad 1 	a  - 92 

ad2 = a - n/q 	e1 

I Idi  = I1 	Igo/I22Igo /I22 Vcos Tc/q. cos (a-e2) / Z2 

It 2  = 12 + Eo/121 - Vcos it/q cos (a+u- 	) / Z d 	 q 1 

I"di = Eo R2 

IC3.2 = Eo 	R
i  

The control voltage vc(t) is related with the out-

put current through the following differential equation 

K(id(t) 	Iref) = vc(t) 
d vc(t) 

d t (A8 ,6 ) 

This equation is readily solved using superposition 

= 1.1412221(00t+Il1)K c 
T 0-t/T 

1+(woT1 )2 
	

T  —11) 

K 	„ 
+ [VC 1 	, 

dl 2 4. 	e-t/T1 0 t <Tu. 
(11  Tt 	

dl
id 1 cos adi  

1+ kwoTi  )2 	'i2- 
 • T 1 

%, w ti-a t  ) 	KI 1  T1  -(t-Tu)/T1  0 	d2 	 "2  + T
td2 1 e 	+ KId  -T 1 	1 11-(WoT1 )2  

i  
+[c2 

w .51Lol(alg  +u) 

(t- Tu ) 
2T;  

TI T

.,T,T )] e  T1  
Tu <Ts 

1 	1 1 + (wo T1 )2  

(A8.7) 

where, aAl  = adl-ATAN(w0T1 ), and ad2  = ad2-ATAN(w0T2). 
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steady-state conditions are assumed, the folio-

ing border conditions result 

= Vol 
n=...-3,-2,-11 00 ,2 ,... 	(A8.8) 

v c(nT-1-T u) = Vc2 . 	s 

As the control voltage is continuous at the firing 

instants and at the end of commutation, the following two 

equations are satisfied 

KI cos w T +at \ u dl 	„ IdlT2 -T /T,) u - 
vc(nTs-I-Tu) = Vc2  = 	 e +I") dl 

11-1-(w0T1)] 	T2-T1 

Idl"sat 	it Tt  

1+(w0T/  )2 T2-T1 

d 	di 2 + ft ) e-TuiT1 
dl [ + Vol + K 

K 	cos(w-T +a' ) 	I t  Ti  -(Ts-T4TI  
id2 	o  s d2 	w d2 1 	1 

Nrc (nTs ) = Vol 
= 	- 	e 

11.[+(woT2 )1 
	

T1 -T 1 

c2 - 
I. cos(ce +u ) It  Ti 	- (T ' )/T1  
1 d2 + ...c1.21 + f

d2 
 )10   

i + (cooT i  )2 Ti_Ti   

(A8.9) 

Solving the set of linear equations A8.9 both un-

knowns Vcl and Vc2 are determined, thus the steady-state 

equation (A8.7) for the control voltage is fully defined. 



APPENDIX 

STABILITY B UNDARY 

OF CO TROLLED RECTIFIER SAMPLE 	HOLD MODEL 

The sample and hold model of the rectifier system 

operating under constant current control depicted in Fig. 

4.9 is described by the following transformed equation 

G(s) i f 	H (s) G(s) Aa-  =Aa 
	

(A9.1) 

where 

H1  (s) 
1 - e

-sTs 
 Vde sina° 

 

R
L 	(1+sT2)s 

Converting equation A9.1 into an expression of 

transformed sampled functions, we have 

G AI 	H1 G(z) Aa*  = Aa* ref (A9.2) 

from which 

= GA1* 
Aa*  

hi G(z) 
(A9 .3) 

The z-transform H
1G(z) is obtained from tables

13 



z-1 	z-1 + 	A- --_-- 
TT 	 -Ts/T2  

 

K sine 

 

111 G(z) = 

 

RL  

 

  

2 1 z-e 	T2-T1 z-e -  

283 

(A9,4) 

. Equation A9.4 possesses two qualitatively dif-

ferent Nyquist plots, depending upon the numerical values 

of the time constants T
1 and T2, which are shown diagrama-

tically in Figs. 4.18c and d. In Fig, c the plot interceTats 

the real axis twice, thus the critical frequency We  is half 

the sampling rate. In Fig, d the plot crosses the real axis 

three times, the critical frequency is now obtained making 

the imaginary part of equation A9.4 equal to zero. After 

some manipulations the frequency of the third crossing is 

obtained 

Ts/2T1  T, 	T. 	Ts/2T2 
® e 

=--- cos 
T 

1 	
T 	To 

 T e 	sinh--t-i-cosh 
	 2 	 2T2 Tj 
T5/2T1 	Ts/ T2  

	

T 	Ts  T1 e 	sinh 
s 
 T2  e 	sinh 

2T1 	2T2 

(A9,5) 

The critical gain is fully determined making the 

real part of HG*(z) equal to one at the critical frequency 

K . = crit 

•  
Vdcsina

o 	+ 
T2-T1 Z -e

-Ts/Ti 
r 
 T -T 	-Ts  T2) 

1 	- 

2 1  

(A9.6) 

where 
jT w S Z = e 

-1 

C 



Ts/T Ts /T 
0 	-1 

/ 
T 
	Ts/T2 \ T1 ke 	-1) -T2(e 	-1) 

RL Kcrit 
Vdesina

o 

2814 

Rearranging equation A9.6 the following two critical 

gains are obtained 

( A9.7 ) 

for instability at less than ws/2, and 

Kerit - 

Vdesina
o T2 tanhTs/2T2 -T1 tanhTs/2T1 

(A9.8 ) 

for instability 	W /2. 

RL 
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APPENDIX 10 

STABILITY BOUNDARY 

OF CONTROLLED RECTIFIER - IMPULSE MODEL u=0 

The impulse model of the rectifier system operating 

under constant current control (Fig. 4.11) is characterized 

by the equation 

G(s) AIref 	H2(s) G(s) Aa =Aa 	(A10.1) 

where 

H2(s) 

Equation A10.1 can be converted into an expression 

of sampled functions 

G AIref. 	- H2G (z) Aa = Aa
* 	

(A10.2) 

Where:Corm 

GAI*  ref Aa 
1+H2

G(z) 
(Al o.3 ) 

VdcTs sina
o 

1 

14-sT2 RL  

The'z-transform of H2  G(s) is obtained from tables132 



V K T sin ao cc 

R ( ' (ze -Ts/T-1 ., 

) (A10.4) 
Z-0 

-Ts/T2 
H2G(z) 

z 	z 

2RL (T1 	T2) 

V 	T si rv°(10-Ts/T2 
1_e-Ts/T1  

do s 14-e-Ts/T2 i+e-Ts T/  

2R (T 

286 

It can be shown that the Nyquist plot of H2G (z) 

intercepts the real axis only twice, hence the critical fre-

quency can only be half the sampling frequency. The critical 

gain is therefore obtained from the equation 

H2G*( -1) = -1 
	

(Alo.5) 

Substituting equation A10.4 into equation A10.5, 

we get 

K crit 

(A10.6) 
T  Vdc Ts sin a°  tanh 	tank 
-2 	T1 
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87 

STABILITY BOUNDARY 

OF CONTROLLED RECTIFIER. IMPULSEMODU1 

The comprehensive impulse model of the rectifier 

system operating under current control (1i'ig.4.13) is fully 

characterized by the following set of two equations 

. —G(s)G1(s)G9(s).Aa
* 	G(s)G2(s)G,(s)AI* 	G(s)AIref = Aa 

(A11.1) 

G1(s)G2(s)Aa*  G2(s)G3(s)AI: = 'Aid 

Where G1  (s)'  G2  (s) and G3(s) are defined in section 

4.6.3. 

The set of equations A11.1 can be converted into a 

set of transformed sampled 

(1+GG1G2(z)) 	GG 	,t,z) 2Gj
i  

G1 G2(z) 	(11- 2  G,Gr(z)) 

functions 

Aa*  

AT 
"d 

GAT_ref 

0 
j 

(A11.2) 

The determinaltt,  of equation A11.2 determines the 



GG2G3(z) 

V 

R(Ti  

T 

 -T2) 	 Ts/Ti 	z...-Ts/T2 

(Ts-Tu)/Ti KLc   

characteristic equation 

D(z) = 14-GG1  G2  (z)+G2  G,(z)+GG1  G,,(z)G2  G,(z)-G1G2(z)GG2G3(z) 3  

(A11.3) 

The z-transforms in equation A11.3 are obtained 

from tables132  

GG1G2(z) 
o 	-(T -T )/T  K Vdc 	sina 	z-re 	s u 	1 	z-re 

2R(T1-T2) 	-T /T z-e s Z0.0 

G2G3(z) 
Lc e's-Tu)/T2 - 
- L z-e-Ts/T2  

(A11.4) 

G1G2(z) 
dc s sina

o 

 

-(T -T )/T, z+e s u 2 

2L 

 

z-e-Ts/T2 

Using equations A11.3, A11.4 and A11.5 an explicit 

expression for D(z) is now obtained 



-Ts/T2 
Z-0 

Lc 
L 

K a+b + Kc + d D(z) = 1 z-e) (z'-f) • (A11.6) 
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D(z) = 1 + 
K VdcT slimo 

S 
-(Ts-TO/T1 

-Tg/T1 

z+, ( 	-11)1T. 
ITS  

...1,74/ 12 z-e 

    

4rs-Tu)/T2 

z-e-Ts/T2  

K VdcT sina° 

2(T1-T2) 

e_(TsT/'T1 

z-e-Ts/Ti 

-(Ts-Tu)/T2 

z-e-Ts/T2  

Lc z+o-(Ts-Tu)/T2 
L 

z-e-Ts/T2  

(A11.5) 

Reaaranging equation A11.5, an equation with the 

following structure is obtained 

The critical condition for stability is given by 

K a+b Kc + d - o ( A1 1 .7 ) 

 

Equation A11.7 can also be written as 

1 + K 
	C 	 - 0 	(A11.8) 
(z-e) (z-f) + bz + d 
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Factorising the denominator and substituting the 

constants, we obtain 

K Vdc Tc; sin a°  

1 	 L  • 

2R(Ti-T2) 
(z-e

-Ts/Ti
) (z-(e

-T
s 	

-(Ts-Tu)/Ti 
/1,)) 

Ts 	TS 	Ts  
-u /T1 	 T s-Tu)/T2e  -17)  12 

-0 

(A11.9) 

The system possesses two qualitatively different 

Nyqu:Lst plots depending upon the system parameters as shown 

in Figs. 4.18 c and de Therefore, the system can become 

instable at half the sampling frequency or less. The gain is 

critical when equation A11.9 is satisfied, mathematically 

a(T1-T2)R Kerit Vde Ts sina 0-Ls  e-(Ts-Tu)/T2 -Ts/T2e-(Ts-Tu)/Ti --e 

1 -Ts/Ti ' (e Ts/T24-Le e-(Ts-Tu)/T2/L) -e - 

(A11,10) 

for instability at less than half the sampling frequency- , 

and 



K crit 

-T„ 211 T "T '1 (1+e 1  -2  
1+0-T/T2 Lcc e- (Ts-Tu)/T1/0 

V
de  ill a Le  

c)l 
\f e-(Ts-Tu)/T1 	e -- L • 

-(Ts-Tu)/T2) 

•8 
	)/T1 e-Ts  T2 	e- Ts-Tu)/T2 e-Ts/Tii  

(A.11.11) 

for instability at half the sampling frequency. 



APPENDIX 12 

12 

SUPPORTING PUBLICATION 



PROCEEDING'S. 
	 293 

THE INSTITUTION OF ELECTRICAL ENGINEERS 

Volume 119 
	 Power 

Stability study of controlled rectifiers using 
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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, 
again-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 
a 	= firing angle 
u 	= commutation angle 
vd 	= output voltage of rectifier 
Vd 	= d.c. component of vd 
q 	= number of controlled phases 
Ire 	= control voltage 
vr 	= ramp reference voltage 
Vd' 	= d.c. back voltage of load 
Vdo = Vd under no load and a = 0° 
yp 	= r.m.s. phase voltage 
id 	= rectifier output current 
Id 	= d.c. component of id 
Ir 	= direct-current reference value 
R 	= load resistance plus effective resistance of recti- 

fier 
L 	= load inductance plus effective inductance of recti- 

fier 
; 	= commutating resistance per phase 
Le 	= commutating inductance per phase 
Ts 	= firing or sampling period 
T1 	= time constant of control amplifier 
T2  = WR 
Tu 	= commutation time 
w o 	= mains angular frequency 
ws 	= firing or sampling frequency 
K 	= control-amplifier gain 
K' 	= overall loop gain 
Ke 	= overall effective loop gain 
F 	= gain correction factor 
s 	= Laplace operator 
z 	= exp(Tss) 
Superscript 0  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 received 29th March and in revised form 
13th June 1971 

The authors are with the Department of Electrical Engineer-
ing, Imperial College of Science & Technology, Exhibition 
Road, London SW7 2BT, England 

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,1  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. 

BAresten2  and Fallside4  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, Bjltresten2  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.6  

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 in a large number 
of convertor applications. In heavy industrial applications 
and d.c. motor drives,4as well as in h.v. d.c.transmission, con-
siderable commutating reactance is designed into the system 
so 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 Bj9.resten and Fallside. 

2 	DISCRETE MODEL OF q-PHASE CONTROLLED 
RECTIFIER 

2.1 	General 
A general q-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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Fig. 1 

q-phase rectifier 

a Circuit diagram 
b Output voltage c • 

a 

firing instants, 
mot 

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. 

 

	

0 	 
	 vZ 	 

	 vq 	 

   

    

    

    

    

    

    

      

a 

U 

29k 
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 is 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 
is illustrated in Fig. 3 for positive and negative Aa. As 
shown in Appendix 8.1, for an infinitesimal change of Aa , 
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 
the sampling instant and another delayed by the time Tu  
uo/w o. 

Vd 

The firing system considered in this analysis is the so-called 
constant-a system. A ramp voltage vr  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 vr  and a control voltage ve. 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 quantity if the 
system is operating on a closed loop. In this type of firing 
arrangement, a is proportional to the control voltage and 
has the advantage over the inverse-cosine system that better 
definition of a is achieved at small firing angles. 

The inverse-cosine system, however, possesses the advan-
tage of a firing system-convertor gain which is independent 
of a . 

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 block 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 
firing. Under steady-state conditions, the interval between 
successive firings is 2a/q rad. The output voltage is pri-
marily influenced by the control voltage, which introduces 

Fig. 3 

Small variations of firing angle a (Id = constant) 

a Output voltage 
h Incremental output voltage 
c As b when a = 0 

The voltage-time area of the first pulse is given by 

Ai  = V2Vp  sin (r/q) sin a° (c, a/coo) 

Also 

co 0 = 2x/qTs 

and 

Vdo 	dvp  sin (x/q) 

Substituting eqns. 2 and 3 into eqn. 1 gives 

sin ao,c,a Ai = 1 —2 v  do" s 

The area of the second pulse is given by 

o A2  = A2 VP 	q sin sin (a° + 	A(a  u)  

= 2 , v  do's sin (a° + u0)6,(a + u) 1  
(5) 

output • 
error 

amplifier 

firing 

system 
--• rectifier reference load 

transducer 

Fig. 2 

Block diagram of closed-loop system incorporating controlled rectifiers 
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With the resistance of the commutating, circuit neglected, a 
simplification introducing negligible error if the ratio 
wsLeRc  is high, a and u are related by the well known ex-
pression 

L cos a — cos (a + u) 42 V sin c(r/q) P 
From eqn. 6, assuming constant current, 

bc{cos a — cos (a + u)} = 0 

and therefore 

sin a 0Aa = sin (a o + uo)A (a + u) 	 (7) 

From eqns.4, 5 and 7, it is clear that Al  = A2. 
If a small variation AId 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 Tu  with 
respect to the sampling instant as shown in Fig. 4. 

vd 

a 

b 

Fig. 4 
Small variations of output current Id (a = constant) 
a Output voltage 
b Incremental output voltage 
c As b when Id= 0  
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From basic rectifier considerations, it can be shown that the '  
commutation area A in Fig. 4 is given by 

A = 
4-2-Nrn 
	 sin —7T  

w o 	
{cos a — cos (el + u)} 

From eqns. 6 and 8, we obtain 

A = LeId 	 (9) 

and therefore 

AA = LcAId 	 (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 Tu  with 
respect to the firing instants. The area of an impulse is 
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 AYd is given by 

AVd = G4(s)AId*  + G2(s)Aa* 

From eqns. 4 and 10, we obtain 

G2(s) = 	•IrdoTs sin a 	+ exp(—sTu)} 
	

(12) 

and 

G4(s) = — Lc  exp (—sTu) 	 (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 Ts  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 T2 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 S2  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 T1. 
In Appendix 8.2, it is shown that the z transform of the 
sampled output of the system is given by 

Id 	(6) 

(8) 

AId(z) = 1 	 
AIr  G (z)G2G3(z) 

+ G1G2G3G5(z) — G3G4(z) — G1G2G3G5(z)G3G4(z) + G1G3G4G5(z)G2G3(z) (14)  

current 

transducer 
Fig. 5 
Block diagram of linearised discrete model of rectifier under current control 
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unit circle 

unit circle 

Transfer functions G2(s) and G4(s) are given by eqns. 12 and 
13. The remaining transfer functions are 

G1(s) 	
K   1 + ST1  

G3(s) — 	
1  

R + sL= 	
1  

 R(1 + sT2) 

G5(s) = 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 Rc  
and Lc  when one element only is conducting, to Rc/2 and 
Lc/2 when two elements are conducting. These constants 
can be averaged as follows: 

RaV ( cTir 1143) 	Rc +uo 2 2 Rc 

Lay = 	u 	Lc + u° 2 -12 Lc 

The gains of the amplifier, pulsing units and current trans-
ducer have been lumped into one factor K. 

Let 
TF(z) = G1G2G3G5(z) — G3G4(z) — G1G2G3G5(z)G3G4  (z) 

+ G1G3G4G5(z)G2G3(z) 	 (18) 

Fig. 6 
Root loci for closed-loop systems 
a Small time constant T1  

b Large time constant T1  

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 

* The internal rectifier resistance Rc  is here 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 T2  is assumed to be large compared with the sampling 
period, pole P 2  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 Tu  and time constants T1 and T2 
(eqn. 44). 
The root loci in Fig. 6 are for two values of T1. With T1  
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 T1  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 oscillations are possible 
at any frequency.7  
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 

T2  — Ti)  

	

lqrit = 	Ts  

(I  11  —± e:p k  k3) ) 	eexp ((—__Ic4) k2)  

exp (—k4) 	exp (—k3) 
	 1 

— 
 

1 + exp (—k2) 1 + exp(—k1) 

1 — (Lc/L){1 + exp (—k2)}--1 	1) 

1 — (Le/L) exp (—k4){1 + exp (-1K2)}-11) 

where ki, k2, k3  and k4  are defined in Appendix 8.2. 

In most practical cases, Lc  < Ls, T2  >> Ts  and, to a good 
approximation, 

K' crit 	— exp (—k3) 1 — exp (—k4) 
Ts 1 + exp (—k1) 1 + exp (—k2) 

If the commutation angle is negligible, eqn. 22 becomes 

T2 — T1 
K' 	 r 	  crit — Tsitan h(Ts/2T1) — tan h(Ts/2T2-g 

It can be shown that the critical gain expressions derived by 
Busemannl and Bjaresten2  are special cases of eqn. 23 for 
a purely inductive load (T2  co). 

Instability at frequencies less than the sampling frequency 
occurs at a critical gain given by 

K' 	
(T2T-  lJ  

crit 	
Ts  

1 -  exp (—k1){exp (—k2) + (Lc/L) exp (—k4)}1 
L exp (—k3) exp (—k2) — exp (—k4) exp (—k1) 

(21) 

T2  — T1  
(22)  

(23)  

(24)  
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Stability boundaries of 3-phase bridge rectifier 
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For given vAlues of T1, T2  and Tu, 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. 

4 	GAIN-CORRECTION FACTOR 
The model developed above does not take into account the 
presence of ripple in the control voltage ye. Bjaresten2  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. 

Acv 
Fig. 7 
Effect of ripple on control voltage 
a D.0 . gain of pulsing circuitry 
b Effective gain of pulsing circuitry 
c Definition of correction factor 

The d.c. gain of the pulsing circuitry is defined in Fig. 7a as 
the ratio Aa/Ave  with the rectifier on open loop, i.e. with 
no harmonics present in ve. In the analysis that follows, 
this gain is assumed to be unity. 
The effective gain of the pulsing circuitry is defined as Ace/ 
Ave  with the rectifier operating on closed loop, i.e. with 
harmonics present in ve. Owing to these harmonics, dvc/dt 
at the firing instant is not zero. This is illustrated in Fig. 
7b, where a perturbation in ye  is followed by a change in Aa. 
In Fig. 7c, the relevant portion of Fig. '7b 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. 7c,  

da As = 

	

dt 	° 
dvr  dvr da Ave  da 

	

' dt 	da dt = Ace dt 

Therefore, using eqn. 26, 
dvr  
dt = (4'0  

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 dve/dt and dvr/dt = cue  into eqn. 23, the correc-
tion factor is obtained as 

F=U  {1  112V1/K  

+ sin - 
cau{exp (Ts/T2) - 1} 

[K4{_ K2  exp (Tu/T1)} 

L w o{exp(Tstri) — 1} 

K'4{1 - K'2  exp (Tu/T2)}1)}-1  
(28) 

we{exp (Ts/T2) - 1} ji 

The various constants in this expression are defined in 
Appendix 8.5. The overall loop effective gain is now obtained 
from 

Ke  = K'F 	 (29) 

(26)  

(27)  

sin (y - B - 6) 	K3  (1 — K1) 
(.0 0T1)2M1 + (00'1'2)21 	{exp (Ts/T1) - 1} 

K3(1 - 

dye 	A - FA ve  
tan a 1 = dt - 	 w o 

tan a — dvr  FAve  
2  dt Ace w o  

Solving for F, we get 

F =A 
ve  
Um  0 "vc = 141 - {(dvc/dt)/(dvr/dt)}] 

->  

a Pure-delay model 
	

d Describing-function model 
b Sample-and-hold model 

	e Digital-computer solution 
c New discrete model 

	f Experimental results 

5 	COMPARISON OF PERFORMANCE OF VARIOUS 
MODELS WITH EXPERIMENTAL RESULTS 

(25) 	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 T1  against the critical gain. Points 
on the left of the boundary are stable. 

10 

Fig: 9 
	 K,rad/A 

Influence of ripple on stability boundary 

a Boundary predicted by discrete model, neglecting effect 
of ripple,u = 0° 

b As a, but u = 30° 
c Boundary a as modified by gain-correction factor 
d As c, but u = 30° 

Curve a presents the results with the rectifier modelled as 
a pure transportation lag of half the sampling period in a con-
tinuous control loop.6  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 half 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 stability 
boundary is shown in Fig. 9. At low values of Ti, the ripple 
in the control voltage reduces the effective gain as shown 
earlier in Fig. 7c. This loss of gain increases the region of 
stable operation under the T1K 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 T1  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 (T1  = lms) and self oscillations occur at 
150 Hz. In Fig. 11b, the time constant is high (T1  = 100 ms), 
oscillations now taking place at approximately 25 Hz, which 
compares favourably with the predicted frequency of 26 Hz. 

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 
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derive4 by impulse analysis. The, result obtained by taking 
into account a large number,  of terms is identical to the 
closed7form solution for u = 0° of this paper. FUrther, if 
TF(z) of pqn.18 is expressed as a functiOn of s in infinite-

, series form and only the first two terms are considered, the 
approximate results obtained are identical to those from the 
describing-function method. 

a 

b 
Fig. 11 
Oscillatory behaviour of rectifier 
a° = 15° u° = 20° 
a T1  = 1 ms, time scale = 5 ms/ division 
Frequency of oscillation = 150 Hz 
(i) Direct current 
(ii) Control voltage 
(iii) Rectifier output voltage 
b T1  = 100 ms, time scale = 20 ms/division 
Approximate frequency of oscillation = 25 Hz 
Traces (i), (ii) and (iii) as in a 
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influence of the gain-correction factor is particularly pro-
nounced at low time constants, the region of stability con-
tracts as u increases. 
Finally, from Fig. 8, it can be concluded that, with u = 0, the 
1st-order system resulting if T1  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 
enables us to take into account the process of commutation 

(i) 
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 x 0°. 
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8 	APPENDIXES 

8.1 	Approximation of narrow pulse by impulse 
The Laplace transform of a narrow pulse of height h and 
duration r is 

(ii) 

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 c 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 T1, this 
decrease is caused by oscillations at frequencies lower 
than half the sampling frequency. At low time constants, the 	As 
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 

L 	L {v(1= lim v(t) 
LT-40 	1  TO 

Z. {v(0} - h 1  -  exp(-rs) 	 (30) 

Expanding exp (- Ts), eqn. 30 becomes 

L. Iv (t)} - h [1  - 11  - TS  + froS)2/21  -  • • • • I 

Letting r --> 0 and neglecting high-order infinitesimals, 

lim L {v(t)} = ITT 	 (31) 
TAO 
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Z1  = Let 

k — Ts Tu  3 — TI 

exp (—k4) exp (—k1) — exp (—k3 ) exp (—k2)  
{1 — (Lc/L)}{exp (—k4) — exp (—k3)} + exp (—k2) — exp (—k1) 

(44) 
k— 

Ts 
k — 

Ts 
1 T1 	2 T2 

— TU  
4 

S — 
T 

 

Now 

T2  

300 
therefore 

lira v(t) = hr6 (t) 
T—>0 

(32) 

where .5(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 G1...G.,(z) denotes the z transform of G1(s)... 
Gn(s), where z = esTs1 

Ts  
TF(z) 	z(IC'(,r2 	Ti )[(1 — Lc/L){exp (—k4 ) — exp (-10} 

+ exp (—k2) — exp (—k1)] + (Lo/L) exp (—k4)) 

+ K'ITs/(T2  — T1)}{exp (—k3)  exp  (—k2) 

— exp (—k4) exp (-1[1)1 —  (Lo/L) exp (—k4) exp (—k1) 

— exp (—k2)}{z — exp (-1i/)}]-1 	 (40) 

8.4 	Pole-zero patWrn 
AId(z) Aa (z)G2G3(z) + AId(z)G3G4(z) 	 Substituting eqn.40 into the characteristic equation, eqn. 19, 

we obtain an expression that has the following structure: 
Therefore 

2G3(z) 
AId(z) — 	 1 G — G3G4(Z) Aa (z)  (33) 

1 + z(K'a + b) + K'c + d  _ o (z — e)(z — f)  

or, after rearrangement, 
Also 

Aa (z) = — G /G2G3G5(z)Aa (z) — G /G3G4G5(z) 1 + K' 	az + c 	0 (z — e)(z — f) + bz + d 
+ LiIrG i(z) 	 (34) 

Eliminating A.a (z) between eqns. 33 and 34, we obtain 

AIrGi(z)G2G3(z) 
AId(z) — 1 + G/G2G3G5  (z) — G3G4 (z) — G/G2G3G5  (z)G3G4(z) + G/G3G4G5  (z)G2G3  (z) (35)  

Factorising the denominator and substituting the constants, 
we obtain 

(36)  

(37)  

(38)  

(39)  

8.3 

	

	Derivation of transfer function TF(z) 
Using eqns. 12,13 and 15-17, and letting 

K' = 1 (KVdo  sin a 0)/R 

we get 
1+ exp (—sTu)  G/G2G3Go (z) = K'Ts Z (1 + sT1)(1 + sT2) 

Le  zexp (s
—T2

sTu) 

KLc  

G3G4(z) R 	1 +  

exp (—sTu) 
G/G3G4G5(z) = 	 R Z  )(1 + sTi)(1 + sT2) 

K'Ts 	+ exp (—sTu) 
G2G3(z) 	K 	 Z 	1 + sT2  

Ts 1 + 	)(CI. — ( L/L)}{exp (—k4 ) — exp (—k3 )} 
'2 '1 

+ exp (—k2 ) — exp (—ki)] — {exp (—k4 ) exp (—k1) 

— exp (—k3) exp (—k2)})({z — exp (—k1)}[z — {exp (—k2) 

— (Lc/L) exp (—k3)}})-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 
by 

P1 = exp (—Ts/T1) 	 (42) 

P2  = exp (—Ts/T2) — (Lc/L) exp (Ts  — Tu)/Til (43) 

The only zero is also situated on the real axis, its abscissa 
being given by 

1  
(1 + sT1)(1 + sT2) 

1 	z 	 z  
— T2  — Ti  1 Z — eXp (k2)  Z — exp (—k1) 

Z 
i 	exp (—sTu) 
) (1 + sT1)(1 + sT2) 

1  	
) 
i exp (—k4 ) 	exp (—k3) 

— T2  — T1  Z — exp (—k2) z — exp (—k1)c 

Z 	 1 -I-1sT2 —  Tjz — 	expz  (—Ic2) 

Z
) 
 exp (—sTu) 	1 i exp (—k4) 

1 + ST2  i— T2  Z — exP (—IQ) I 

Substituting the above expressions into eqns. 36-39 and using 
eqn.18, we obtain the following expression for TF(z): 

8.5 	Derivative of steady-state control voltage 
The steady-state control voltage of a q-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 

dye  KV2Vp (coo cos {(27r/q) + a' — e — o} 
dt 

- 

R 	+ (w oTi )2W{1 + (w0T2)21 

K3(1 — K1) 	K'3(1 — K1) 
	  + sin Or/q) exp (Ts/T1) — 1 exp(Ts/T2) — 1 

	

— K2  exp (Tu/T1)}K,'1{1 — 	exp (Tu/T2)}]) 
L 	 L exp (Ts/T1) — 1 	+ 	exp (Ts/T1) — 1 

(45) 

,-, 	TT 	7T 
a' = av +___ 

2 q 

woT / cos y — sin y 
K/ — co0T1 cos a' — sin a' 

w oT i  cos y' — sin y' 	G.I 0T2  cos — sin 7/' 
2 = 	  w0T2 cos a — sin a 

z 

where 

cO oT2  cos y — sin y 
Kr 	   1 = cooT2 cos a' — sin a' 

K = 2 W OT1 cos a° — sin a° 
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K, — (T1  — To){1 + (w0T1)2} 

w 0T1 cos a 0  — sin al)  
K4  — (T 	T2){1  + (co oT 1)21 

K3 = (T2  — T1){1 + (cooT2)2} 

ce 0T2  cos ao — sin a° 
—(T2 — T1* + (co 0T2)21 

woT i  cos a' — sin a' cooT2  cos a' — sin a' 

301 

= tan-1  (UT2) 	 o = tan-1  (coT1) 

If the commutation angle and all the resistances in the circuit 
are set to zero and operation under short-circuit conditions 
with a = 90° is assumed, eqn.45 is reduced to the expression 
derived by Bjaresten.2  
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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. It 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 electrically 
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 paper is the 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 
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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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