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"Zach venture
Is a new beginning, a raid on the inarticulate

With shabby equipment always deteriorating.”
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ADSTRACT

With the increasing use of digital computers in the control of
electric power systems a need arises for a means of tesling and evaluating
different control algorithms before implementing them in the real system.
An electronic simulator has been built in the Power Systems Laboratory
at Imperial College which is suitable for this purpose.

This simulator consists of two main sections: the actual representation
of the pover system, and a digital computer to which this representation
is interfaced. The dynamic equations of the generating plant are solved
using analog circuitry and the network is represented by 2 scaled model,
the whole system being similar to a conventicnal network analyser.

This thesis is concerned mainly with the analog section of the
similator. A generator unit has been designed on a modular basis,
and includes simulations of the synchronous machine, its voltage regﬁlator,
and of a steam or hydro turbine. Thé synchronous machine model is based
on an electronic 2 axis representation which gives good results under both
steady-state and transient conditions.

Electronically controllable current sinks have been designed and
analysed, acting as system loads in which both the real and reactive
components of current may be controlled. Interconnections.have been
specially designed for the netwofk elements and for interfacing the
similator with the computer. )

Finally, the whole system has been used in experiments designed to
investigate its suitability for diverse purposes.'A digital boiler model
operating in conjunction %ith the analog turbine simulation was teéted,
and the whole model has been used as a test bed for implementing a simple
load-frequency control scheﬁe. The analog section has also been used alone
to investigate the measurement of system parameters using correlation
methods. The success achieved in all of thesé experiments demonstrates

the feasibility of using a simulator of the type described,
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CHAPTER 1 ) INTRCDUCTICN

1.1 Vhy Real-Time Contxol?

The fact that electrical energy cammot be directly stored in any
appreciable gquantity plays an important part in the control of an
electric power system. There must, therefore, be an exact match at all
times between the mechanical power generated and that consumed by the
various loads attached to the system. The control problem is increased
by the large number and varied nature of these consumers, whose behaviour
exhibits random characteristics, and by the fact that the power is
generated by many separ=te plants.

The shortfall between generation and consumption must be constantly
monitored in order to adjust the level of generation to meet the load.
The generation deficit manifests itself inifially as.a change of system
frequency, since the machine shafts slow down, and this is detected by
thé speed governors. The governor constitutes the primary form of
generation control, since it is a fast acting de&icg which alters the
steam or water flow in such a way as to change the power output of the
prime mover to ﬁaintain ngar—constant.speed. A governor is characterized
both by its dynzmic perfbrménce and also by its static gain which gives
the familiar "droop" characteristic. |

In order to change the pattern of generation, or to alter the system
frequency, the governor set-point must be changed by actuating the
speeder gear. The problem of maintaining frequency and of deciding on the
loading levels of different sets is omne wﬁich is usually solved at a
central control centre in a power system, since there are many factors
which must be taken into account before a decision can be made. The control
problem is further complicated by the intercomnection of many smaller
systems into.one large system using comparatively weak tie lines. This

intercomnection is pexrformed so that in the event of a2 fault, mutual
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assistance can be given, thus loweripg the total spinning reserve
requirement. Economic adventages can also be obtainad if there is a
varied plant mix over the constituent sub-systems, such as one area
being predominantly hydro, while another right consist of base-load
thermal plant. Finmally, the effects of random loading can be more easily
compensated in a highly interconnected system. The vhole intercommectiion
éoncept is not without its difficulties, hovever, as it requires good
frequency control over the whole system, together with control of tie
line flovws, in order to avoid possible tie line tripping and consequent
system islanding.

Since system intercommection on a large scale became a reality during
the 1930's, analog equipment has been employed for the regulation of
tie line power flows, and has proved quite adequate for the purpose.
However, over the past 15 yeurs many changes have occurred, owing to

the increasing size and centralization of power systems. Conventional

analog controllers and metering systems are no longer able to conveniently
cope with the size of systems, and the advent of the digital computer
has allowed a revolution in the concepts of system control and monitoring
to Qccur.

The objectives of an electricity supply system may be listed as:

- the prﬁvision of a reliable supply
- the operation of the system in an economic way.

These two requirements naturally conflict, especially if economies
are to be made where they can be most effective,,némely at the planning
stage. The benefits which can be reaped from economic operation, while
tangible, are harder to gain, since once a system'hés been constructed,
there is not a great deal of operational flexiﬁility left, especially
during periods of peak loading.

It is worth noting some. of the factors which must be taken into

account in just the day-to-day operation of a power system, for the
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advantages of ins£alling a computer to assist with these different tasks
become apparent immediately:
(i) Protection of generating plant and tiansmission system
(ii) Run-up and shutdown of generating plant
(iii) Generator scheduling according to plant availability and
economic considerations
(iv) Control of frequency and synchronous time
(v) Maint o nance of adequate spinning reserve
(vi) Planning of unit commitment on the basis of load forecasting
and scheduled mainte nance
(vii) Control of interconnecticn flows
(viii) Ensuring both transient and dynamic stability of the systenm
(ix) Voltage control
(x) Monitoring of the system configurafion
(xi) Formulation of load shedding strategies
(xii) Minimization of reactive power flow by'compenéation and
voltage control
(xiii) Security assessment and line outage studies
(xiv) Scheduling and accounting interconnection flows
(xv) Fault caloulations
Although this is a long list, it is by no.meéns complete, and it serves
to show the complexity of the whole system operation problem. Indeed,
one of the major problems is not the control of the system per se,
but merely knowing what the state of the system is at any particular
moment .
The first major application of on—l}ne computers in power systems was
in the realms of data gathering and display1’2. The number of measurements
which are made on a system is so large that some kind of digital display

System has become necessary merely to present the information to the
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operator.-As soon as a computer is used for driving such displays, fhere
are many other functions which it caﬁ usefully perform, such as initial
validation of the raw data measurements and the construction of a validated
data base, Such a validation process can take a large number of different
forms, some of which are mutually compatible. The problem is basically

to determine the state of the system from measurements of line flows,

nodal injections and circuit breaker status indications. The simplest
methods are logical checks on the data, such as ensuring that there

is no power flow in a line whose breakers are supposed to be open. or

by ensuring that the sum of all the measured flows into a node is nearly
zero.At the other extreme, in a system where there are redundant
measurements it is possible to use a full state-estimation algorithm3,
where the vector of differénces between the measured and estimated values
is minimized., Although such algorithms are claimed to be able to detect
bad data, the best system is érobably a combination of these two methodg,
where gross errors could be detected by logical checks, the bad values
discarded, and a state estimator then used on the remaining data.

Once the computer is used for this data acquisition and display
funcfion, it is a matural progression to use it for more of the functions‘
listed above, especially as the computer has access to the data base
which contains all the'required information about the system state, and
may also contain details of plant availability, load forecasts and
interconnection schedules., The availability of all this information puts
the computer in an unrivaled position to control khé system in a reliable
and secure manner,

The main areas in which a digital computer can assist in the control

4

of the whole system are load-frequency control ,'on-line security

5

assegsment” and economic dispatch6’7, All these subjects have received
great attention over the paqt 10 years, and many algorithms have been

developed. However, the evaluation of the merits of alternative schemes
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is very difficult, as the results presented are usually obtained from
off-line studies, using reliable daté, and while this may demonstrate
that a method works, it does not show how sensitive it might be to data
errors, or how long it will take to execute in a real-time syétem. These
problems can only be answered by testing the algorithms either on a real

system, or by using 2 simulation of the system.

1.2 The Need for a Power System Simulatox.

For many years in the design of conventional control systems, a
simulation of the syster which is to be controlled has been used to
evaluate and tune the performance of the controller. Such a simulation is
most conveniently performed using an analog computer, a device which is
capable of fast parallel integration, and is suitable for the modelling
of a dynamic system. Using analog equipment also gives the user a much
better feel for the problem than can be achieved when the differential
equations are solved numerically. For investigations of power systems
problems, the ordexr of the dynamic systems involved is so large that
only very small systems can be studied on conventional analog computers.
It therefore seems that a purpose built analog model, interfaced to
a digital computer, would be useful for studying power system control
problems., The construction of such a model, and an examination of its
capabilities has been the wmain aim of this project,

There are other aspects of power systems studies in which such a
model might be of use, namely in the fields of operator training and
student teaching. Training simulators for complex equipment find
widespread use, since déspite their often high capi?al cost, they can
offer advantages over training based on a "hands-on" approach with the real
eguipment. First, it mightbbe cheaper to operate the simulator than the real
plant, a good example being the aircraft simulators now in widespread
use, With the ever-increasing cost of aviation fuel, it has become
much cheaper to purchase and operate a simulator than to use a real
aircraft for the training of pilots. Secondly, it is possible to give
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2 much wider range of experience to the trainee through the uvse of a
simulator, for unstable operating conditions can be set up without risk

and the operator can then try and restore the system to the normal

operating state. This is a point which is particularly valid in the case

of a'power system operator, for the chance of an operator gaining experience
of operating a system which is in danger of breaking up, is very slim
through his everyday experience. However, with a simulator such events can
be set up with impunity, and the operator trained to respond in the

most effective way to the particular contingency.

The teaching of power systems at an elementary level is considerably
simplified if deronstrations of the dependence of power flow on angular
differences, and of reactive powér flow on voltoge magnitude differences
can be performed. The use of a simulator, which would demonstrate not
only the static lehaviour of a power system, but also the dynamic
charactistics would be a great advantage, since the effects of governor
droop and voltage regulator performance can easily be seen.

The objectives of the project, therefore, may te summarised as
producing a total power system simulator, consisting of an analog
simulation of the plant equations, which is interfaced to 2 digital
computer. This simulator should be suitable not only for control studies,
but should also fulfil a training and teaching role. The educational
use of the system demands that comprehensive instrumeptation and
facilities for m:nual control are included, so thét the analog section
of the equipment may be used independently of the digital computer,

A subsidiary part of the project was the prep:ration of a feasibility
study by Dr. S. Miniesey and the present writere. This report was further
edited by Dr. M.J. Short before being passed to a commercial organization,
This report examined the possibility of commercial production of a power

system simulator, based on the experience gained in this project, for




educational purposes. The proposal was warmly received by the company
concerned, but any further action has been delayed until details of the

funding of the production prototype have been resolved.

1.3 Organization of the Thesis.

This thesis describes the work carried out by the writer on the
construction of the analog hardwore, and on the use of the whole simulator
for various tasks, in order to demonsfrate its complete operation and
capabilities,

Chapter 2 deals with the actual structure of the whole simulator,
and discusses vhich items of plant need to te represented. The actual
hardware of a generator unit is described in chapters 3 and 4, of which
the latter deals at length with the simulation of the synchronous machine,
while the former is concerned with the rest ef=tie of the generator unit.
Chapters 5 and 6 deal respectively with the load units and the network
representation. Also included in chapter 6 are detailé of the various
signal interconnections between the various units.

Chapter 7 deals with a novel method of system representation, in which
a high-frequency network signal is employed, instead of the 50 Hz which -
is uéed in the conventional model. Chapter 8 describes briefly the computef
system, the interfacing arrangements and the basic software which is
provided for users of tﬁe model,

The penultimate chapter, chapter 9, describes some work which has

been carried out using the simulator, and this demonstrates the potential

14

of the whole system. Finally, the conclusions summarize the whole development

work which has been carried out, in particular the original contributions
of the present writer, and discusses in which directions further work

might most profitably be pursued.



CHAPTER 2 : THE STRUCIURE OF THE LCDEL

2.1 Introduction.

The simulation of electric jower systems is a subject which has been
of great interest for the past 50 years, but although the actual problems
have been well defined for many years, it is the computational aspects
which have placed limitations on the ability to solve many problens,
The first stage in any simulation is to define the problem, and to
examine the plant under consideration? For an electric power system,
the main items of plant may be listed as:

(1) The prime mover and governing mechanism
(i) The boiler plant

(1ii) The synchronous machine

(iv) The voltage regulating system

(v) The traﬁsmission network

(vi) The protection

(vii) The system loads

(viii) The data acquisition systenm

(ix) The control systems

For any particular simulation, only certain of these items need to
be included, and the selection of which items are té be included is
dependent oﬁ their dominant tire constants. There are five main areas
of interest, and these may be defined as:

| (i) Travelling wave phenomena - such as lightning and
switching overvoltages
(ii) Subsynchronous resonance phenomena
(iii) Transient and dynamic stability
(iv) Plant response to controls

(v) Total system response

15
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The first iwo of these areas are concerned principally with electrical
phenomena associated with the transmission system, and consequently
fall outside the scope of the present work. The requirements of plant
representation for the last three kinds of problem are all fairly
similar, and the basic problem is illustrated in Fig. 2.1, Folloving
some change in the syster,such as

(a) A change in network topology
(v) A change of load
(¢) A change in the pattern of generation
the problem is to solve for the behaviour of each group of plant, as in
Fig. 2.1, and for the real and reactive power {lows in the network. For
a large system, this is evidently a very considerable problem, and there
ére three main ways in which it can be simplified, either
(a) By dynamic system reduction - the cmission of insignificant
time constants
or (b) By the use of dynamic equivalents19 grouping together
plant which is at some distance from the point of
interest in the network, and which under dynamié
conditions tends to behave in an aggregated fashion.
The plant thus aggregated is replaced by a fictitious
equivalent, |
or (¢) By the use of very simple models - such as ignoring all
voltage effects in a total systeﬁ model, and only
considering the active power balance between generation
and load 1912013,

The total problem which is posed, therefore, is the solution of a large
number of differential equations, both linear and.non—linear, which
describe the behaviour of the plant, and a large set of non-linear
similtaneous equations which describe the real and reactive power flows

in the netwoxk,
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2.2 Methods of Solution.

Prior to 1929, calculations made on power systems were all performed
by hand, and it was only possible to try ard solve the simplest of
problems., The first AC network analyser permitted solution not only
of the load flow problem, but also step by step solution of transient
stability problems, albeit in a very cumbersome way. Continuous solution
of differential equations became = reélity with the construction bty Bush14
of the first mechanical differential analyser, This used Kelvin's wheel-
ard-disk integrators with torque amplifiers, and vas embloyed by Lyon15
to solve single machine - infinite bus protlems.

During the 1630's and 1940's, the scarcity of differential analysers
led to much work being done on AC network analysers, and also by hand,
with no major advances in solution methods teing achieved until after the
Second Vorld Var. The great develorments in electronic technology which
occured during this war enabled all-electronic analog computation
equipment to be constructed. Simulators for fault and critical clearing
time studies were constructed by Boastjé and Kaneff}7 and Adamson18. Tvo
of the rajor problems were the measurement of electrical power and the
inteération of the equation of motion, and electromechanical solutions,
using dynamometers and velodynes, were frequently adopted.

In 1957, Adamson19produced an electronic 2 axis model of a‘synchronous
machine which was suitable for short-circuit studies; and this was a
great advance in the accurate representation of the machine., The next
major step foward was the inclusion by Mileszo and Aidredz1 of govermor
and voltage regulator action. A large power system model was constructed
in 1966 for the Central Electricity Research Laboratories and is
described by Bain22. This included 40 generators énd over 100 transmission

lines., Recent work on analog modelling of power systems has been

concentrated on high speed transient analysers, working at over 100 times

18
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real time23.

The digital computer has providedva reans of solving by numerical
methods any problem which can be formulated ir watheratical terrs, and
it has found rany applications in the power system field. For the study
of pover system dynawics, many large-scale transient stability programs
have been produced, and solution methods are well established. More
recently, the digital differential ahalyser, an all-digital analog computer,
has been applied to a simple problem?4but the great cost of the machine
seems to preclude its widespread use. However, with the advent of cheap
microprocessors, it is possible that a fast and inexpensive digital
solution to the problem might bve found.

For a fast solution of the network equations, an AC network analyser
cannot be bettered, for as soon as the voltages are applied to the network
and the initial transients have died away, a steady state solution is
present, This suggests that it is worthwhile to consider using a direct
representation of the network in a power system mcdel, Fig. 2.2 shows
a typical generator unit from a network analyser, comprising a magslip
and an auto-transforrer, The phase of the generator is determined by the
shaft position of the magslip, and the amplitude of the terminal voltage
is adjusted using the auto-transformer. During the early 1360's work
was done using an existing 50 Hz network analyser, the two shafts being
driven by servo motorszs. These servos were controlled by analog equipment
vhich simulated the dynamics of the governing and voltage regulating
plant, and thus a dynamic simulation could be perfofmed.

Although this equipment functioned satisfactorily, the whole system
was very large, the servo motors and their amplifiers require h;gh foltages
and currents, and as with any mechanical system,.problems occur with the

moving parts. Replacement of the mechanical parts with electronic circuitry

offers many advantages, and this was the starting point of the whole project.
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During %he late 19€0's part of the CERL model, mentioned above, was given
to Imperial College, and in 1969 work was started on it by Sheldrake26’27.
The original equipment used motor-resolvers for changing the shaft positionm,
and initially Sheldrake coniinued to use these parts. However,aftexr
many mechaniqal problems,an electronic alternative was scught, and this is
shown in Fig. 2.3. The heart of the new system is a voltage-controlled
oscillator. This produces a sinusoidél output, in the range 45 - 5% Hz,
whose frequency is proportional to a d.c. control signal. There are
several ways in vhich such a system can be implemented, and the two main
methods will be outlined in Chapter 3.

The advantage of using a voltage-controlled oscillator is that the
frequency is variable over a wide rcnge, and a model of a power system
can work at different frequencies, rather than only bteing able to study
relative angular swincs between machines. Yowever, in a multi-machine
systen the stability of the oscillators, and their accuracies, must be
excellent, since an error in frequency is integrated to give an error in
phase angle.

28,29, 30 for the model is

The structure of a whole generator unit
showh in Fig. 2.4, and the basic items of plant identified., The voltage
regulator and the turbine/governcr system are represented using standard
- analog circuitry, since well-established transfer funptioﬁ models exist
vhich are easily implementecd. The representation of-the synchronous
machine is more complex, and this is discussed in greater detail in
Chapter 4. The electrical and mechanical power signéls, derived respectively
from the machine and turbine analogs, are fed into the equation of motion
integrator, which drives the voltage-controlled ésciilator. The
sinusoidal oscillator output is fed to the machiﬁe analog, whose other

input is the excitation signal derived from the voltage regulator. The

simulation of the boiler is a more difficult problem, since it involves
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both lonz tire ccernstants, for the boiler storage effects, and also pure

delays, which occur in the fuel feed system. It wes tierefore decided to
sirmulate the boiler digitally., The sheer size of the dyramic system for

a complete pover syster precludes the use of an analcg computer, and

-~

demancis that special purycse araleg circuitry is constructed.
Loads on a pover system have six rzin characteristic331-35, vhich are
cf importence in a dyrenic simuletion, and tleswe arc:
(i) Voltage dependerce
(ii) FPrequency dependicnc:
(iii) Lons-term trends
(iv) Zandor fluctucticns
(~) Tlock ctarges
(vi) Dymamic characteristics

Since the inertia of the aggregate lozd at ary given poirt on a
pover syster is small, the dynamic charactistics are ‘srored, All the other
characteristics could be simulated using analog components, but it was
decided that it is simpler to perform these tasks digitally, and to have
controllable sinks of real and reactive power attachéd to the system. The
computer then controlg the load at a given point acording to the voltage
and frequency, the load trénd and its random features. This gives a good
deal of flexibility coupled with comparatively'simple hardware.

The transnmigsion lines are represented by nominal pi lumped models, and
facilities are provided for switching the lines, generators and loads.
Since all connections are made with a patching system, any configuration
within the capacity of the model may be set up, The whole model comprises:

(i) 6 generator units
(ii) 5 load units
(iii) 10 transmission lines

(iv) 16 network switches
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Provisioﬁ igs made for measuring both real and reactive power flows at
both ends of the lines, and for indicating to the computer the status of
each network switch.

No representation is included of the system protection, as this lies
outside the scope of this model, However, it is possible to simulate
such devices as low-frequency relays using the digital computer., Since
the model uses a2 direct représentation of the system network, it is
quite feasible to construct electronic circuitry to simulate any type
of protective relay, if this is necessary for any particular study.

The per-unit values which have been chosen are the same as those used
in the original CERL model, which were:

1 p.u. voltage = 20 V rms

1 p.u. current = 30 mA rms
1 p.u. impedance = 667 Ohms
This gives a per-unit inductance of 2,12 H, and a per-unit cazpacitance of
4.TTLF. In retrospect, the use of a lower voltage would be a great advant
and the consequent reduction in base impedance would allow the use of
smaller inductors to represent the transmission lines.
'In a system which is designed to evaluate different kinds of control

algorithm, it is essential to include simulation of the problems associate

age,

d

with data acquisition and with the actual control of the' plant. The typical

stages in the "data gathering to control" process are:
(1) Transducer delays
(i) Telemetry system delays
(iii) Initial processing of the d;ta
(iv) Construction of a validated data base
(v) Execution of the algorithm

(vi) Telemetry system delays

I T e 1)
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(vii) Control actuator operation delays

A1l of these rust be borne in mindlwhen devising control strategies, since
in a large system the whole chain might take tens of seconds to operate.
The delays associated with the transducers and the control actuators are
easily included in the analog hardware of a generator unit, whereas all the
other processes must be simulatel in the computer. The initial processing
of the data might consist of parity checking and digital filtering, in
the case of a digital telemetry system, aﬁd these are performed in the
system model. The construction of a validated data base might take the
form of either a complete state estimation routine, or it might only
be a system of logical checks, such as ascertaining that there is no
current flowing through an open circuit breaker.

The advantages of testing algorithms in a real-time system is that
they have to deal with real data, and gevere constraints are placed on
their execution time and their length, since they must run in a control
type of computer, rather than asa job in a specialized batéh processing
computer which is designed for scientific computation. Additionally,
redundancy. requirements can be assessed, and any fail-safe features checked.

The control requirements for one generator unit are shown in Fig. 2.5,
and it can be seen that there is a bidirectional transfer of analog data,
and digital status indications are provided to indicate whether a particular
unit isvun&er manual or computer control. The computer must therefore
be fitted with analog to digital and digital to analog converters,
togéther with a digital input/output unit.
2.3 Conclusion.

The structure of the whole simulator has been explained, and ¥ke
the methods of simulation‘vhich are used fulfil the objectives which
were set in the first chapter. The requirements of an accurate simulation
can be met, provided that sufficient care is taken in the electronic design,

and the adoption of analog simulation and a direct representation of the

e e m—— i 1 e+ e = e e = 5 g
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network facilitate understandinz of the operation of an electric power
system. This is particularly suitable for meeting the training and
teaching objectives, since the changes in phase angle, voltage magnitude

and power flow can instantly be secen.
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CHAPTSR 3 HE GENERATOR UNIT

3.1 Introduction.

In the previous chapter it was explained that the sections of the
generating plant to be simulated using analog equipment are the synchronous
machine, its voltagze regulator, and the governor and turbine. Despite
the varied nature of power system plant, it is apparent that certain
sections of the-analog equipment are common to all simulations, and so
it was realized that if a generator unit were to be built on a modular
basis, it would be a simple matter to assess different models and different
types of plant, The generator unit has been broken down into four sections,
each of which represents a section of the actual plant. These are:

(1) The main chassis unit - comprising all the circuits
common to any simulation

(ii) The synchronous machine analog

(iii) The automatic voltage regulator

(iv) The turbine and governor model -

The nodular gystem utilises a 24 way bus, to Which each of the above
sections is connected. This bus carries povier supplies and all the
necessary interconnecting signals between the sections. Provision is also
made for the bus to be connected to external equipment, such as an analog
computer, which can be used to test simulations easily without having to
build special prototype equipment. Each section will be described in

turn,its circuit will be explained, and calibration details will be given.

3.2 The Main Chassis Unit.

The following circuits are included in the main chassis unit, as they
are common to all the proposed simulations:
(i) The power amplifier
(ii) The voltage-controlled oscillator

(iii) The supply regulators

[ e LI
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(iv) Terminal current measuring circuit
(v) Terminal voltage meaéuring circuit
(vi) Reactive power measuring circuit
(vii) Rotor angle meter
Each of these circuits will now be described, and calibration details

given where necessary.

3.2.1 The Power Amplifier.

The amplifier is required to provide the alternating voltage which
drives the network, and this places certain rather unusual regquirements
on the amplifier, It must have good regzulation, a low output impedance
and must also be capable of operating with a load of any power factor.
There were financial constraints on the design, and these necessitated
the use of the output transformer and power supply form the original
CERL model. Depending on the type of representation usedfor the synchronous
machine, the amplifier must also be able to pro#ide up to 80 V rms at the
terminals, at full load current, The circuit diagram is shown in Fig. 3.1,
The design is based on one by Sheldrake and Giles, with subsequent
modification by Tan36.

The output stage consists of a transformer-coupled push-pull transistor
pair, Tr 3 and Tr 4, and these in turn are biassed and driven by a pair
of emitter followers, Tr 1 and Tr 2, The complementary drive to these
transistors comes from OA 3 and OA 4, with the first of these combining
the input signal and the feedback derived from the output, while OA 4
provides a phase reversal to give the balanced drive; The amplifier
proper is preceeded by a 2 pole low-pass filter, OA 1, and a phase
correction circuit, OA 2, This is included to remove ény distortion which
might be present in the 50 Hz waveform, and is afranged to have two
coincident poles, with a cut-off frequency of 80 Hz. The actual power

amplifier has a flat frequency response from 25 Hz to 1 kHz, with a phase
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error of less than 2 degrees. The overall gain of this section is adjusted
to be 10, and Fig. 3.2 shows the regulation for different load currents
at unity power factor, and it can be seen that the regulation for 1 p.u.
current is better than 2%. The gain is also constant for output voltages

up to 75 V rms, and the maximum voltage attainable is 83 V rms.

3.2.2 The Voltaze Controlled Oscillator.

The voltage-controlled oscillator (vco) is the most important part
of the simulator, for the ultimate accuracy of the whole simulation
depends on it., There are two main approaches to the problem, one of
which depends upon varying the feedback gain of a second order system.
This is éhown in Fig. 3.3. The frequency is given by K, where X is
the loop gain, and thus if a voltage-controlled attenuator is inserted
in the loop, such that Kacvz, where V is the controlling voltage, then
the frequency will be proportional to this controlling voltage. The
magnitude of the oscillation, however, is determined by the integrator
iﬁitial conditions, in the case of ideal integrators, but in practice
a limit cycle oscillation will occur, giving a non-sinusoidal output.
This approach was adopted by Ehsan?BWho managed to produce'a working
circuit, but it required»Careful adjustment,and was considered
unsuitable for general use.

The other technique does not produce a sineIWave directly, but
rather a triangular wave. The principle is shown in Fig. 3.4. A capacitor
is charged from a voltage-controlled current source, VCCS 1, with a
current I, and it can be dischargel by comnecting a second ‘current

gource, VCCS 2, across it. This second source is connected by a comparator

when the capacitor voltage reaches a certain value, and is then disconnected

when the voltage is reduced to zero. The rate of change of voltage is
proportional to the current, and hence the frequency is proportional to

the controlling voltage, provided the switching thresholds remain constant

P
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The triangular wave can be fed into a diode function generator, to give
a good approximation to a sine wave. An oscillator based on this
technique is manufactured in integrated circuit form by Intersil39, and
one of these devices was tested in the circuit showm in Fig. 3.5. The

frequency of oscillation is given by
3V
2R

T = is the voltage between

C Ve 11

is the power supply voltage. The first of these

6 where v68

pins 6 and 8, énd Ve 11
is the controlling voltage, and the switching thresholds are determined

by the supply voltage. Thus the frequency is very dependent on the power
supply voltage, and for this purpose a precision voltage regulator was
built. This comprises OA 8, Tr 5 and Tr 6. The reference element, Tr 5,

is a reversed-biased base-emitter junction of a planar transistor, which
has a sharper cut-off and is thermally more stable than a zener diode,

OA 8 acts as a comparator, and drives Tr 6 which is the series regulating
transistor. The voltage is adjusted to be exactly -12 V, and this has been
found to be accurately maintained in use. The controlling voltage is
pasged through a limiting circuit, consisting of OA 5, OA 6 and OA 7,

and this prevents the oscillator from operating at abnormally low or

high frequencies. The limits are set to give a frequency range of 45 - 55 Hz,
The actual frequency of oscillation is adjusted by changing the RC
combination associatel with the oscillator, and is set to éive 50 Hz

for an input of +5 V, with a sensitivity of 0.1V/Hz. The output of the
oscillator is capacitively coupled to an amplifier, OA 9, whose gain is
adjusted to give a sinusoidal output of 10 V p-p. A calibration curve
showing the frequency of the output against the control voltage is given

in Fig. 3.6.

3.2.3 The Voltage Reculators.

Two voltage regulators are included in the main chassis, for supplying
those circuits which require a stable voltage, and also for use as
manual reference control signals. One positive and one negative regulator

were built, using a circuit similar to that employed in the voltage-
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controlled oscillator. The outputs were adjusted to L1 volts, and the
regulation for a load current of 150 mA was founl to be better than 2,

3.2.4 Current and Voltage 'feasurcment.

The terminal current of a generator unit is measured by a resistive
shunt which is included in the secondary of the amplifier output
transformer. The circuit is shown in Fig. 3.7. The gain of the amplifier'
is adjusted such that 1 p,u. current gives 8 V p-p at the output. The
circuit to measure the terminal voltage is shown in FPig. 3.8, and it
congsists of two stages. The first, OA 11, is a buffer stage with a zain
of -0.25, and its output is used to drive the VAr meter and the rotor
angle meter, The next stage, OA 12 and 0A 13, is a "perfect" rectifier
circuit, which produces a full-wave rectified version of the terminal
voltage. Each of these two amplifiers acts as a perfect half-wave
rectifier on alternate half-cycles, and the output is the sum of the
two amplifier outputs, as shown in Fig. 3.8(b). This connection gives
complete compensation for the diode voltage drops, and consequently
is very linear.

3.2.5 Reactive Power leasurement.

While there are different methods of measuring the real power produced
by a generator unit, depénding on the machine representation employed,
the most satisfactory method of measuring reactive power is from the
product of the voltage and current at the terminals. If the voltage
signal is shifted in phase b& 90 degrees, and multiplied with the current,

the average value of the product is the reactive power. Thus

=] B

T :
S V sin(Wt+90 ).I sin(Wt+ ) = VI sind
0 2

Reactive power

[t}

The circuit employed is shown in Fig. 3.9. The current and voltage

are derived from the measurement circuits already descrihed; and the

BEE N §



l O F

I 47k | 180k by
A 50k
V - |
+OA14 M1 OA15 —
047 33k
Fig. 3. Var Meter.
A
5 t
Vv
? S\ E
z [ S
A t
VOE
(a) t
47v 0.47F !
vV 10k | v 10k a '
VYV \  180k—ANA—
10k QA17 _
'F\N\r—/ 50 k
YA/RY, —V/\N—1—0A2 >
— 4T ‘ s
E 10 k
E fan \
OA18

Output (b)

10v7 . .
E \ (c)
! i
! !
: 1 Angle
| | T
11" 2T 3T

Fig. 310 Rotor Angle Meter - Principles and Cirguit,




36

voltage is phase-shifted by 90 degrees using OA 14. The multiplication

is then performed using an analog multiplier, } 1 and OA 15; further details

of the mltipliers are given in appendix A, The product is then passed
through a low-pass filter, whose time constant is adjusted to reduce the
ripple component of the signal to less than 5% of its original value. The
measured reactive power is then displayed on a front panel meter,

3.2.6 Rotor Angle Measurement,

This circuit measures the angle between a pair of sinusoidal voltages,

and the principle of operation is shown in Fig. 3.10(a). The two

sinusoids are first converted into TTL compatible square waves by comparators

OA 17 and OA 18, and these square waves are then exclusive-ORed together,
The output of the exclusive-OR is a series of pulses whose width is
proportional to the time between the zero-crossings of the two waveforms,
and thus the average value of this waveform is proportional to the phase
angle between them. The variation of the output with phase angle is

shown in Fig. 3.10(c), and in the actual circuit, the signal is scaled
and filtered by OA 19 and 0A 20. One disadvantage of this kind of circuit
is that it gives no indication of which voltage leads which, but under
steady state conditions, it is known that the rotor angle will lie in
the range O to 90 degrees,

3.2.7 Interconnection and Layout.

The whole generator unit is arranged to fit in standard 19" racks,
and the front panel, shown in Fig. 3.11, carries ail tﬁe metering and
manual controls. The electrical interconnection of the units which make
up the main chassis is shown in Fig., 3.12, and the function of the unit
bus is shown in Table 3.1, which also gives the magnitudes of the various

signals.

In addition to those circuits already described, there are two

additional parts of the main chassis unit, The first of these is the selection

g
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Table 3.1.

The Unit 3us and its Connections.

39

Pin No, Function Sisnal Level

1 Barth

2 +15 v Supply FProm Regulators
3 +12 v Supply J in Unit

4 -12 v Supply

5 =15 v Supply

6 =20 v Supply

T Reference Power Setting T -5 v = Full Load
8 A Reference Power Setting |

9 Electrical Power 5 v =1 p.u,

10 Reference Voltage Setting =5 v =1 pe,u,

1 A Reference Voltage SettingiJ

12 Terminal Voltage llagnitude 5v =1 p.u,

13 Amplifier Input

14 Machine Terminal 20 v = 1 p.u.

15 Current Signal 8 v pk-pk for 1 p.u.
16 Oscillator OQutput 10 v pk-pk

17 Frequency Signal 5v = 50 Hz

18 AVR Output 1 v gives rated voltage

on open-circuit

19 Amplifier Output
20 . |
21 _
22 Spare
23

24
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of the voltage raference and the speeder gear setting, which can be
supplied either manually or as an output from the computer, and there is

a corresponding status signal which indicates to the computer whether or
not a particular control signal is provided manuwally. The second additional
circuit is the inclusion of an inductor, XT’ which represents the generator
transformer reactance, and also a tap-changing transformer whose ratio

| goes from 0.85 to 1.15 in steps of 0.02, The output of this transformer

is the point which connects the generator unit to tne rest of the network,
and this point ié taken to the genexrator patching panel.

3.3 The Automatic Voltaze Regulator.

A typical voltage regulating system is shown in Fig. 3.13(a), and the

section of it which is simulated in the AVR unit comprises the comparator,

the amplifiers, the exciter and the stabilizing transformer. There have been

many proposals for representing voltage regulators40 - 43, but the
method adopted here is that suggested by the IEEE Working Group of the
Excitation Systems Subcommittee as their Type 1 mode14o. This is shown
in Fig. 3.13(v), and typical parameters are given in Table 3.2. This
representation is designed for simmlating continuously acting systems,
with'rotating exciters, but by a suitable choice of parameters, it can
be made to represent almost any type of excitation scheme,

The conversion of the block diagram of Fig. 3.13(b) into an electronic
circuit presents no great difficulty, except for the process of rectifying
the terminal voltage waveform. The high loop gain and the number of poles
in the system demand that the time constants assoqiafed with the
rectification and filtering of the terminal voltage waveform should be
ags small as possible,

3.3.1 Filtering the Rectified Waveform.

In a real system, the terminal voltage is measured using a three
phase full-wave bridge rectifier, whose cutput can be expressed as

o0
Vv =3V -6V E -1
r _ n 2
: n v =6,12[VS -1

cos (W Vt)

sy
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where v is the peak value of the waveform. The first harmonic is at 300 Hz,
and its masnitude relative to the dc component is 0.057., In the model,

a single phase representation is used, and the rectified version of the

terminal voltage can be expressed as
Jobs)

cos(WVt)

The first harmonic here is at only 100 Hz, and its magnitude relative
to the dc compoﬁent is 0.66.,

Thus it can be seen that the problem of renoving the harmonics from
the measurement of the termin2l voltage is much more severe in the case
of the single phase model, The reason why the hamenics must be removed
is that the ouéput from the amplifier stage, VA’ must be reasonably
free from ripple. If a 10% ripple is permissable, then with an amplifier
gain of 400, the ripple on the input signal must be less than 1/4000
of thé dc component of the input. If the excitation limits are set to
* 5 x rated field voltage, then if the ripple is greater than 1.2% of
the dc component, the output of the amplifier will be driven between the
two saturation levels. A simple filtering scheme to femove the harmonics

rendered the whole AVR‘system unstable, and the method finally ~dopted

is shown in Fig. 3.14. A pair of twin-teec notch filters remove respectively

the 100 and 300 Hz compohents, and an extra pole is also included., The effect

of this pole is then cancelled out by the inclusion of a coincident
zero as part of the exciter trénsfer function, This is quite satisfactory
provided that one of the amplifier limits is not reached, but even in
that eventuality thé errors were found to be quite tolerable.

The circuit diagram is shown in Fig. 3.15; the rectified terminal
voltage VT

time constants, and is then filtered by the pair of twin-tee filters. These

is applied to OA 21, which represents the filter and rectifier

eliminate the 100 and 300 Hz components, and are buffered by OA 22, The

next amplifier, OA 23, acts as the comparator, and also serves to produce

Rl
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the extra pole which is required for the filtering. The gain, KA’ is
"divided between this stage and the next, OA 24, which includes the limits
and the amplifier time constant, OA 25 represents the exciter, and also
the additional zero, while the signal is finally inverted by the unity
gain OA 263 this signal is the synchronous machine field voltage. The
stabilization signal is produced by OA 27 and fed back to OA 23. The

relationship between component values and the system parameters is given

by the following equations:

T, = C,R, sec Rz/RB = 28/
Extra pole = 02R4 = Extra zero = R7C4 sec
K, = ( RyRg )/ ( RyR, ) T, = R601 sec
TE = R705 sec

Kp = By / Ry Tp = RgCg  sec

As constructed, the AVR had the following parameters:

TR = 0,01 sec
KA = 400 TA = 0,04 sec
TE = 1.0 sgc

- 0,04 ' Tp = 1.0 sec

Fig. 3.16 shows the reéponse of the system to a 2% change in reference
voltage, with the synchronous machine on open bircuit, with a time
constant Téo = 6,0 sec., The predicted value is also showm, and the
agreement between the two is g§od. Steady-state tests showed that the

AVR behaves in a linear fashion over the working range.

3.4 Governor and Turbine Simulation.

The prime movers employed in generation plant are almost exclusively
hydro or steam turbines, and electronic representations of both these
types of plant have been developed. The system devised for modelling the

hydro turbine and governor will be discussed first, although practical
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experience has shown that the simulation of a hydro turbine in this way
leaves much to be desirad.

3.4.1 The Hydro Turbine and Governor,

The speed sensing device in the governor may be a pair of flyballs,

44,45

as in the mechanical-hydraulic governor , or an ac tachometer may
46

be used, as in the electro-hydraulic type’ . The speed of response of
the latter kind of governor is better, but a satisfactory representation
involves a compiicated transfer function. In consequence, and because
they are fitted to the majority of hydro turbines, it was decided to
simulate a governor of the mechanical-hydraulic type; the basic layout
igs showvn in Fig. 3.1747. The shaft speed of the machine 1s measured by
the height of the flybzlls, and the displacement of the link, N is
fed to'the top floating lever. The left end of this goes to the lower
floating lever, whose left-hand end is connected to the pilot valve and
servo., The rignt-hand end of this lower lever is connected to the
follow-up linkage from the speed adjuster, and the linkage from the
main servo actuztor. The right-hand end of the upper lever is connected
via the transient droop dashpot to the servo actuatof. The folloving
equations can be written:

a= n -0z -'ns -c
For the dashpot, it can be shown that

c = ] 6Tr .2

1 + sT
r

While for the pilot servo and the main servo respectively:

b = K,‘ -} Z=E-2-‘.b
1+ s’l‘p 8
Which gives
Z = a

Tg is equal to the time in seconds for a 1 p.u. change in shaft speed

Batau-S AN }
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to produce a 1 p.u. change in gate position, and is related to the gate
closing time Tc by Tg = BTc’ where Tc is the closing time in seconds,
and B is the per-unit speed deviation required to saturate the pilot
valve, Additionally, limits are placed on the maximum rate of travel of
the gate by the saturation of the distributing valve,

However, the displacement of the top link, n_, is not only due to the
speed, as the flyball position is also determined by the speeder gear setting,
wnich operates on the lower end of the spring, such that n, = VvV - Pref’

where V is the shaft speed and P is the speeder gear setting., This

ref
can all b2 reduced to block diagram form, as shown in Fig, 3.18. This can
be gimulated in a straight-foward manner using analog equipment, and the
circuit diagram is shown in Fig. 3.19.
The Tirst amplifier, OA 28, produces a signal proportional to the
speed deviation, VYV - n_, and this signal is then inverted by OA 29. The
next amplifier, 0A 30, represents fhe pilot valve, summing the speed error,
the speeder gear setting and the two droop signals; it also includes the
gate velocity limits, This velocity is integrated by 0A 31 to give the
zate vosition, which is limited between fully osen z2nl fully closed. The
outout of this amplifier is then fed to 0A 32 and 04 33, which produce
the permanent and transient droop sizgnals respectively,
Given that the signal levels are:
Speeder gear setting: -5V =1 p.u,
Maximum gate velocify: oy
Gate position: 0 to 10V
The component values to produce the desired parameters can be obtained as:

Permanent droop,0, = ( RyRs )/( R,Ry ) when R4 = 2Ry

Pilot wvalve time constant, Tp, = R601 sec

%

I

Transient droop / permanent droop = R1O/ R9_

Washout time constant, Tr’ = R, C, sec

973
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The chosen values were

T

o
2

0.25 sec Tp 0.03 sec O = 0.04 O = 0.30

T 5 sec T

r C

5 sec,

Fig. 3.20(a) shows the steady state calibration of the governor, for
values of 0 = 0.04 and 0 = 0.08, and Fig. 3.20(b) shows the dynamic
performance, with zero initial gate opening, and with a speed change of
0.5 Hz. The performance, both static and dynamic, is quite accurate
enough for the intended purpose,

The requirement for a model of a hydro turbine for the simulator is
that it should operate over the whole range of power output, without
parameters having to be changed, The great problem is that a hydraulic

48,49,

turbine is very non-linear and any model which purports to be
accurate must take into account the fact that all the pafameters are

a function of the operating conditions, such as the head, the zate position
and the blade angle, Several compromise solutions have been developed

for use in analog computations, but these all employ several multipliers
and square-rooters, and such an implementation is not suitable for a
low-cost model, It was decided, therefore to use the classic water starting

50

time model”’", which is frequently employed in transient stability studies.
This relates the output torgue Tm to the gate position according to
the transfer function
T = 1-Ts , 2
m W
1+ 0.5 Tws
where Tw is called the water starting time constant, and is a function

of the flow conditions in the conduit; it is given by

T = 1lv where 1

w
h I‘g v

length of the conduit

water velocity
hr = rated head of turbine

g = acceleration due to gravity.
Under steady flow conditions, the water velocity is proportional to

the gate opening, so that v can be written as KZ and the expression for
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torque as

T = 1 -c¥'2 .2 vhere X' = T

This can be expanded as

—_ - t - 1
T =3 ( X'z ).sZ - (K Z/2).sTm

and can b2 orzanized in block form as shown in Fig. 3.21. This includes
the use of a difrerentiator, which is rather undesirable, but as the
changes in gate position are limited by the maximum gate velocity, the
differentator can be made to have a small bandwidth, ani this overcomes
the main objection.

The turbine model must also represent the mechanical dynamics of
the shaft, to produce a signal proportional to the shaft speed V.
Writing an equation for the motion of the shaft, we have

V =1¢( Tm - Pe - DV) vwhere Tm is the mechanical torgue
M v Pe is the electrical power
DVis the frictional loss

and M 1is the moment of inertia

This can be integrated as shown in Fig. 3.22, which assumes that the

shaft speed changes are sufficiently small to be neglected when calculating

the electrical torgque term.

The circuit diagram of the vhole turbine simulation is shown in
Fig. 3.23. The summation of the gate position and torque'signals and
their differentiation is performel by OA 34 and OA 35 respectively, and
this signal is then multiplied by a filtered gate position siznal. An
RC network is included to filter the gate position signal to enable the

constant Tw to change only slowly, and not to follow rapid fluctuations

of the gate position., The multiplier output is added to the position signal

by OA 37, whose output is the torque signal. This is inverted by OA 38,
ahd then fed to the equation of motion integrator OA 39, This sums
the mechanical and electrical torgque signals, which are of opposite

polarities, and also includes the effect of frictional damping. The

- gy
N
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inertia constant, H, is given by 3101, and the damping coefficient, D, by

: 2
R1 /RZ' Fig. 3.24 shovs the effect of a step input in gate position, from

0.4 to 0.5 p,u., and the agreement with the ﬁredictel response is shown

to be gool, except for the initial edge, where the differentiator roll-off
produces an error. lowever, in the whole simulation, the rate of change

of gate position is limited by its maximum velocity, and can never be
discontinuous.

3.4.2 The Steam Turbine and Governor.

In many respects, 2 simple representation of a steam turbine is much
eagier to implement, for there are many possible mode1551’52’53 which
have been proven, of varying degrees of complexity. Additionally, a linear
model has applicability over a wide range of operating conditions, As has
been explained previously, the boi%er plant is simulated digitally, and
provision must bve made for the interfacing of such a_digital model with
the analog representation of the turbine, The way in which this is
acéompiished will be explained here, tut the details of the actual boiler
similation will be given in Chapter 9. '

A block diagram of the governor representation is shown in Fig. 3.25,
and it can be séen that it is much siﬁpler than the one used for the
hydro turbine. By ignorihg the velocity limits, it is possible to eliminate
the droop feedback, and to produce an open Ioép'system. A speed error
signal is produced, and multiplied by 1 /R, where R is the droop, and it
is then limited, to represent the limits of the flyball sleeve movement,
This is then added to the speeder gear setting, Pref’ and a low pass
filter is included to represent the dynamics of the hydraulic relays and
valves, The output sigral is then limited, to represent the fully open
and‘fully shut positions of the main throttle valve,

A simple model for a re-heat turbine is shown in Fig. 3.26(a); a single
delay represents the h.p. cylinder, and another the i,p, and 1l.p.
cylinders, while the coefficientsAK and Ki

h 1
proportion of the power from the h,p. and the other two cylinders. this

represent regpectively the
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can be reﬁuced, for ease of simulation to the system of Fig. 3.26(b),

where T' is given by T!' = K The input of the turbine wodel is a

h'Tl'
signal representing steam flow, while the governor produces a signal
proportional to valve position, so it is asgumed that

Steam flow = Valve position x Boiler pressure.

'In the cases when no boiler simulation is used, the per-unit values of
valve position are the same, but if a boiler simmlation is required, a
multiplier must be included 2t this point. The solution of the mechanical
equation of motion is the same as in the case of the hydro turbire.

The complete circuit diagram is shown in Fig. 3.27. The speed error
signal is produced by CA 40, and is inverted and limited by OA 41, The next
amplifier, OA 42, sums the speeder gear setting and the speed error,
similates the governor delay and also includes the limits on the valve
vosition. Between OA 42 and OA 43, the boiler pressure tultiplier must
be included, if a boiler simulation is to be used, for 04 43 represents
the h.p. stage of the turbine, OA 44 represents the i.p. and l.p. stages,
and sums the power contributions from the various stages. The power
signal is inverted by OA 45, while OA 46 is the equation of motion
integrator. The component values are related to the parameters by the
foilowing expressions:

Droop, R, = ( R1R4)/( R2R3)

Governor time constant, Tg’ = C1R5 sec -

H,p. time constant, T, , = C2R6 sec
I.p. and l.p. time constant, Til, = C4R7 sec
H.p. power fraclion, Kh, = C3 /C4

I.p. and 1l.p. pover fraction, Kil’ =
Inertia constant, H, = 3905/2

R11/(R10*R_11>

Damping constant, D,
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The chosen values viere

R = 0,04 Tg = 0.25 sec T, = 0.5 sec Til = 10.0 sec

Kh = 0,28 Kil = 0.72 H=4 D= 0.05

Fig. 3.28 shows the valve position for different speed errors and speeder
rear settings, while Fig. 3.29 shows the transient response of the turbine
section of the simulation to a 1CG change in steam flow. The static
accuracy of the governor is good, as is the dynamic response of the
turbine section, although the latter could be imoroved by using better

feedback capacitors,

3.5 Conclusion.

This chapter has described some of the models which have teen produced
for use in the modular generator unit, and some of the problems involved
have been discussed. Vhile the transformation from block diagrams of
transfer functions to circuit representation may look simple, it is
by far the most complex part of the operation, when, as in this case low
grade components are used. However, satisfactory models have teen developed

and have proved to be reliable in use,

cov - - e, e p— i e - e e e Rt T
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CHAPTER 4 : THE SYNCHIONOUS NACHINE ANALOG

4.1 Introduction.

Althocugh the purpose of this simulator is not to study the fast
electrical transients which occur in a power system, the model which
is used to represent the synchronous machine proves to be a very important
factor in the performance of the whole system., The nature of an analog
simulation demands that the representation of a generator includes
sufficient damping as to ensure stability in the presence of noise; such
problems do not affect the designers of transient analysers, for in
that instance the duration of the simulation is only a few seconds. This
means that if it is to work satisfactorily, the machine model must give
a closer approximation to the real btehaviour of the rachine than is really
required. The work done by Sheldrake27 employed a simplz rnodel of a
voltage behind a synchronous reactance, and the problems associated with
this will be discussed. As a result of these difficulties, it was decided
to build a model employing a 2 axis representation of the machine, this
beln"‘“égt%lrs ?ﬂéé of such a model in a contimuous real-time simulation.

The dynamic and static characteristies of this machine representation

will be examined. and its superiority over previous models estakblished.

4.2 The Reactance lfodel.

The simélest rethod of representing the static electrical behaviour
of.a synchronous machine is to use the model of a constant voltage tehind
the éynchronoué reactance of the machine54. The way>in which this can be
included in the power system model is shown in Fig. 4.1. The sinusoidal
output of the VCO is taken to be in-phase withlthe internal voltage Ei’
whose magnitude is proportional to the current in the field winding. If

the VCO output is multiplied by a de signal proportional to i., the field

f’

current, then it can be taken to represent Ei' This signal is then passed

et & et T4
! !r
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through a pover amplifier, 2nd a large choke is used to represent the
synchronous rezctance XS. The effect of the inductance of the field winding
may be taken into account by passing the signal which represents the field

voltage e_. through a simple lag circuit to give the field current i

£ £
The electrical power is measured by averaging the product of the terminal
voltage and current.

This simple model will work adeguately in a single machine - infinite
bus system, but will not do so in a two machine arrangerment. This has
teen found to be due to a2 lack of damping in the rtachine model, and the only
reason why it viorks in a single machine system 1s tecause the terminal
voltage is held constant, and the limitations of the electronics for
some reason prevent instability. & linearized model of a machine model of
this type. with its terminal voltage held constant, is showvn ir Fig. 4.2.
It is arranged as a disturbance model, to examine the damping of the system

when a small change in rotor ongle occurs,

This change in rotor angle[;ﬁo_produces a corresponding change in

T .

The measurement of this change of power introduces a lag term, represented

the actual electrical power,AP, given byAP = KASO, where ¥ =§_E , = B,V cosﬁo

by the time constant T; this is due to 2 combination of the filters
associated with the elecfronic vattmeter, and‘aléo to the fact that in =
single-phase system, the instantaneous powef isbnot invariant, as it is

in a 3 phase system, and this introduces an inherent delay into the
measurement of electrical power. This measured signal is then introduced

into the mechanical equation of motion, producing a change in shaft speed.
The effect of the voltage-controlled oscillator is to integrate changes of
frequency to give a change in angle relative to the infinite busl&ﬁ,

which will be in such a direction as to oppose the disturbance of the initial
angle\ 50.

The stability of this system can be examined using the‘Routh-Hurwitz

o C e mamen - PRPpTS RSTR——- Japp— “eetes e aean . e pep oy
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criterion, and this shows that for the system to be stable,

T+ %é ;> ;%gg T

D

Typical values are

=28 D= 0,02 K =1
which meéns that for stability, T £ 0.02 seconds; the root locus is shown
in Fig. 4.3.

This shows that' for the loop to be stable, the time constant associated

with the electrical power measurement must be less than one periocd of the
system frequency. This is difficult to achieve, and to ensure stability

27

additional damping must be included. Sheldrake provided this extra
damping by including an additional texm in the equation of motion which
was proportional to the rate of change of rotor angle, This is shown
dotted in Fig. 4.2. Suitable choice of the coefficient Kb provides an
adequate representation of the effects of the interaction of the positive=-
sequence air-gap field with the rotor damper circuits. However, this
coefficient is very dependent on the operating condition of the machine
and it wag found in practice that this caused problems of small amplitude
oscillations. The effect of this damping term is to introduce two additional
zeros into the system, and their loci for different values of KD is

shown in PFig. 4.4(a), while for a typical value of Kp» the root locus of
the éystem is shown in Fig. 4.4(b). The location of the zeros ensures
stability, and this has been found in practice to be true for a wide

range of wvalues of KD'

Although this simple model of the machine can be made to work, there
are several other objections to its use., The use of a fixed reactance
.introduces a number of problems, for in a real machiﬁe the reactance is
a function of the dynamic state of the fluxes aﬁd currents. For the

investigation of the short term transients, which involve voltage effects,

~ the reactance which is used. should be the transient reactance, while for

© e e R S ome - ————- P C e e—— N e ypem 1
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the steady state conditicn, the synchronous reactance is required, so thaot
the field voltage is the correct value. The choice of ithe synchronoug

reactance by Sheldiake27

means that under changing conditions, the model
moves from one steady state to another, while what happens in betlween
is uncertain, In this model, a change of load produces a large instantaneous
change in the terminal voltage, and hence in the measured electrical
power, while in a real machine the voltage changes occur with lags of
the transient and sub-iransient time cinstants. The problem of changing
time constants occurs in the lag term associated with the field circuit,
for on open circuit this should be the open circuit transient time constant
while as the loading increases, it should tend towards the short circuit
transient time constant.

These are the wain technical disadvantages of the model, the lack
of damping and the need for changing reactance and time constant with
operating condition, but there are also two practical objections to this
method., First, a large high-G iron cored choke is required to represent
this synchronous reactance, and secbndly the power amplifier must be
able to supply several times the base voltage of the system, for when the
senerator is supplying lagging load, the internal voltage is much greater
than the terminal veoltage. A suggested method for overcoming these two
problems is showm in Fig;4.5. An inductive shunt i is included in the

1

terminal current path, and the voltage developed across it, jIKl, is
amplified and subtracted from the signal representing the internal voltage
Ei' However, this involves the effective differentiation of the current
by the inductive shunt, which prodﬁces noise which in turn distorts the
terminal voltage.

Thus it can be seen that this simple model which at first sight offexrs
many advantages due to its simplicity, in fact presents severe difficulties

for a sucessful practical implementation, which is why it was decided to

construct a more complex 2 axis model of the synchronous machine.



4.3 The Two Axis Model.

The representation of a synchronous machine using an analog 2 axis
model is well established for use in transient stability studie555’56,
but such a model does not appear to have been used in a continuous
frequency simulation. The problem can te broken down into three main
sections, which are:

(1) Transform the terminal currents into the axis currents
(11) Solve for the fictitious axis coil voltages
(1ii) Produce the terminal voltage by inverse transformation
from these co6il voltages;
The first and third stages of this operation present no great difficulty,
but it is the middle stage which gives scope for different methods of

solution., A basic review of 2 axis theory is necessary to understand

the operation of the adopted model.

4.3.1 Basic 2 Axis Theory.

All the results stated here are derived in Ref. 57, but they are given
here to facilitate the derivation of the model equations. Fig. 4.6 shows
the arrangement of the axis coils, and for these the flux 1inkage equations

may be written as:

Wa =Tna 1 + Tpg j‘kd; (Lpg+ 35 ) g (4.1)
ep = (rp + s( L g+ 1p)) ip+ 8L 4 ikd-.r sL 4 i (4.2)
0 =8l ,ip+ ( g + s( L+ Lg )) iq + Sbog i (4.3)
Wy = bng fegt (Tpg * 1g ) ig (4.4)
0 = ( Tyq s( Lpg + 1kq )) iq * %lng iq (4.5)

and the voltage equations for the axis coils as

eq = sUy +VLUq + T, iy - (4.6)
e, =V, + sUf + r3g | | - (4.7)
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The main problem is to solve for the axis fluxes in terms of the axis
currents and the applied field veltage., The simplest solution in many
respects is to vse the operationazl impedances, which give the fluxes

directly as

Ygq = xd(s) iy + ¢(s) e, (4.8)
W W
Yo = 5t8) 5y (4.9)
W
where
xd(s) = {1+ sTé (1 + sTé' ) Xy . (4.10)

1+ sTéé)(-ﬁ + sTy! )

G(s) = (1480, X4 (4.11)
1+ sTéQ( 1+ sT4! ) e
xq(s) = (14 sT1) e ' (4.,12)

1+ sTéé

This method of solution has several disadvantages, however, for an
analog representation, since the time constants are complex functions of
the basic machine parareters. Thus if it is desired to change one value,
say the quadrature axis reactance,‘then several coefficients must be
altered. Also the use of this technique means thaﬁ the only outputs are
the total flux linkages of the coils, and no'information is available
about, for example, the damper winding currents. An alternative method
of solution, which is particularly suitable for digital computation work,
is based on the use of the axis equivalent circuits, which are shown in Fig.
4.7. If these netwofké are fed wifh the axis currents and the field
voltage, then solutions for the differentials of the fluxes are given
at the terminals, and the other currents may be measured in the network,
However, straight modelling of these circuits is not practicable, as
they demand the use of pure inductors, and of ideal integrators to integrate

the derivatives of the fluxes. By suitable manipulation of ‘the circuits,
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it is possible to arrive at a system which is very suitable for analog
modelling.

4.3.2 Manipulation of the Eguivalent Circuits.

Consider the simple circuits shown in Fig., 4.8; for each of them the

voltage equations can be written

(a) v

a

i.R_+ s i.L
a a

(b) +

b i./(s Cb) + i.Rb

Now if Ra = 1/Cb and La = Rb, then it is evident that v, = SeVie Thus it

can be seen that by changing the inductors in a circuit into resistors, and
the resistors into capacitors, the voltages in the second circuit will

be the integral of those in the initial circuit. This can be applied to

the original axis equivalent circuits, to yield a system which gives

the fluxes directly. First, however, the applied field foltage must be
converted into an eguivzlent current source, using Norton's theorem, as

shown in Fig. 4.9. Equation (4.2) m2y be rewritten as
0 = (rf + s( Lmd + 1f ) if‘+ sLmd g+ sLmd i - If r. (4.13)

where If is the eguivalent injected current, equal to ef/rf. The'two axis
circuits may now be converted to the resistive-capacitive f&rm, as shown
in Fig, 4.10, It can be showm that these networks satisfy equations (4.1)
and (4.4) as well as equaiions (4.3),(4.5)and (4.%3) when they have been
integrated. o

The circuits shown in Fig. 4.10 are svitable for modelling as they

stand, but further simplification can be achieved by making use of the

relationships
Wa=Wpa*ttaig
and Wq =1umq + 1a 1q

By solving for Qde and ujmq it is possible to eliminate two of the
constant current sources, and the first stage is showm in Fig. 4.11

for the direct axis. This involves eliminating the resistor which represents
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the armature leakage reactance, and it is then possible to change the
current source and the shunt resistance Lmd into a voltage source and a
series resistance. This is shown in Fig. 4.12 for both axes, eand these are
the networks which are employed in the model,
This method of representation was used by several people19’58’59’60’61
during the late 1950's, but only for transient machine problems; this
ig the first use of this technique in a continuous simulation, It offers
several advantages, including a clear insight into the effect of the
damper windings, and also illustrates the build-up of current in the field
windings. Furthermore, with no excitation applied, the model becomes that
of a simple induction machine, with the inductances correctly represented,
and the effect of slip on the rotor circuit resistances accounted for.
Practice has shown that the model will run as an induction generator,with
a reactive power demand of the right order of magnitude.
The total system required for a machine representation is shown in

block form in Fig. 4.13, and consists of four sections:

(1) Current Resolvers

(i1) Equivalent Circuits

(iii) Component MNodulators

(iv) Electrical Power leasurement
Each of these blocks will be considered in turn, and its performance
examined. The model will be shotm to perform accurately ﬁnder both
steady state and transient conditions, and to be suitable for inclusion
in the whole system model.

4.4 Realization of the 2 Axis Model.

The synchronous machine model which has been built is designed to
work with the rets of the modular generator unit, and consequently all
. the signal levels have been made compatible with those used in the unit

bus,
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4.4.1 The Current Resolvers,

The phasor diagram for a synchionous machine oper.ting under steady
conditions is shown in Fig. 4.14. The reference phasor is the voltage Eo’
vhose magnitude is proportional to the field current. For resolving the
terminal current Ia into its two components Id and Iq, it is only
necessary to know the phase of Eo. This is therefore taken as being the
sinusoidal output of the voltage-controlled oscillator, and it is with
respect to this voltage that the direct and quadrature components of the
various signals are established. The conventional method of electronic
signal resolution is to use synchronous switching in a phase-sensitive
detector, but with this method, the output signal contains many harmonics,
and the filtering required to ébtain a dc signal introduces unacceptable
delays into the system,

The technique employed is based on a sampling system, and mey be
understood by refq&ing to the phasor diagram, fig. 4.14, and the waveforms
showvn in Pig. 4.15. When the projection of Eo on the direct a2xis is zero,
then the instantaneous value of Ia will be Id’ vhich may be sampled and
held at this instant. The measurement may thén be updated when the projection
of Eo again passes through zero in the same direction. From Fig. 4.15,
it can be seen thazt when E0 goes through zero from negative to positive,T '

then the value of Ia sampled is I., but if it passes through zero in

d
a negative'direction,l s, then the sampled value wouldﬁbe -Id. A system
shovm in Fig. 4.16 enables two measurements of the components to be made
per cycle, by arranging to sample either Ia or -Ia,-dépending on whether .
E0 passes through Zero T orl .

By determining the sampling instants from the zero crossings of a
waveform in quadrature with Eo’ the sampled &alues will be Iq instead

(1

The sampling switches are FET analog switches, and they are closed for

of I..

10 microseconds, which is sufficient time for the capacitor C to charge

up to the required voltage. A complete circuit diagram is given in Fig. 4.17.

-
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The input voltage Eo is phase~shifted through 90 degrees by OA1, and this
is then converted into a square wave by OA 3, while OA 2 sguares Eo. These
square waves are used to trigrmer the monostables @ 1 and T 3 when there
is a positive transition, and Q@ 2 and Q 4 when there is a negative
transition. These monostables generate sample pulses of 10{L s duration,
and these close the respective paths in the dual analog switches, S 1
and S 2, and thus charge up the two capacitors C 1 and C 2 which hold the
two signals, Id and Iq. These analog switches are buffered by dual FETs,
Tr 1 and Tr 2, which are comected as source followers, These FETs
themselves are buffered by voltage followers OA 5 and OA G, and the outputs
of these amplifiers drive the equipment directly.

During the sampling period of 10|ls, the 50 Hz sinusoid changes by
less than 0,3/, and the total offset introduced by the analog switch and
the source followers is less than 10 mV. The range of the measured signal
is + 4 volts, and so the accuracy of the whole measuring system is of the

order of 0.%%, which has been verified by test measurements.

4.4,2 The Equivalent Circuits.

.This section of the machine model comprises three main sections, which
are:
(i) Field voltage to equivalent current conversion
(ii).  The networks themselves
(iii) The scaling of the network outputs to ggve the coil
voltages and flux linkages.
The scaling of the voltage signals and of the component values in
the equivalent circuits require a per-unit system to be devised., There is
only one constraint, and that is that time constants must remain unchanged

in the transformation from the conventional axis circuits to the new

equivalent circuits. Choosing a value to represent 1 p,u. reactance, and




T4

a voltage to represent the magnetizing flux* fixes all the values to be used.

In this model, it was decided that

1 p.u. reactance 200 k2

and Nagnetizing flux = 2 volts

This gives 1 p.u. (1/ Resistance) = 1/(2.105.314)i1 F = 0,01592UF

Prom a knowledge of these parameters, it is simple to compute the
equivalent field current If, and the applied voltages 1%na and 1quq
once the machine parameters are known. They are given by the expressions:

I, (rated) = 10/;:]nd LA

igx g = 2. 1d(p.u.). X 4 volts

ix 2, i Us)e X volts
q mgq q(p ) mq

The machine to be represented had the following parameters,and the

model equivelents are also given:

X 4 2,0 p.u. 400 x §2
% 1.33 p.u. 266 k §2
xa 0.14 p.u.

X q 0.04 p.u. 8 x§2
e 0.04 p.u. 8 x 2
T4 10,0125 p.ou.  1.28lF
qu 0.0125 p.u. 1.28L F.
z, 0.00107 p.u. 15.0[L T
Xp 0.14 p.u. 28 k§?

The resultant equivalent oiicuits are shown in Fig. 4.18, and it can be
shown that for the chosen parametqrs the voltage sources on the direct
and quadrature axes'have values of 4 V and 2.66 V respectively, for 1 p.u.
current on that axis, The measured voltages which represent the flux
linkages are buffered using the same high-impedance circuits which are

used in the current resolvers,

* The term magnetizing flux is given to that flux which on the direct axis

will produce rated voltage on open circuit. This equals 1 p.u. flux/314.
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The equivalent field current source rust produce 5L A to give rated
voltage on open circuit, and the circuit which is used is shown in Fig.
4.19. This is a voltage to current converter, which produces 5[ A output
for 2 V input, With the resistor ratios shorm, the current is given by
i= -v/R2 s and when tested the circuit was found to perform linearly,
and it was not possible to measure its output impedance. The current was
measured using a moving spot galvanometer, and within the accuracy of
the instrument, about 15!, the circuit was linear, even when working into
an active load of complex impedance.

The equivalent circuits provide signals to representlumd andlumq, but
it is necessary to producel[)d andluq, as well as the two axis coil

voltages, &3 and eq. These are related by simple equations
UJd = UJmd + lald
wq = wmq + 1a1q

and ed

i

suh +V\Uq + T, i
eCl =—v\]}d + s\l)q + r&i(1
The resistance of the armature windings, T, is neglected, and the shaft
speed,V , is assumed to be constant. To include these terms would greatly
increase the complexity of the circuitry, involving the use of another
two multipliers. These equations may easily be solved, and the circuit
employed for this purpose is showm in Fig., 4.20, The qmplifiers 0A 10
and OA 11 produce respectively theUJd and\l}q signals, the armature leakage
reactance 1a being determined by the ratio of the input resistors. The
next amplifiers produce the coil voltages, including the derivative
terms; the resistors Rx are to provide high frequency roll-off for this
signal, to reduce noise. |

This concludes the section of the synchronous machine model which solves
the dynamic equations for the fluxes and coil voltages, and it can be
seen fhat it provides insight into the behaviour of the machine by being
able to observe the damper winding currents and other internal effects of
the machine.
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4.4.3 The Comvonent liodulaters.

The two coil voltages €4 and eq must be converted into a sinusoidal
voltage which is the terminal voltage of the machine, The phase voltage is
related to these coil voltacges by the expression

e, = & cosWt + eq sinWt.
This can be agomplished by using the signals e3 and eq to amplitude
modulate a pair of orthogonal sine waves, one of which is in phase with
Eo. These wavefbrms are already available from the current resolving
circuit, and need not be duplicated, The diagram of the system is shown

in Fig., 4.21, where the outputs of the two low-cost multipliers are summed

to give a sign~l proportional to the terminal voltage of the machiné.

4.4.4 Power Neasurement.

There are two main ways in which the electrical power of the machine
can be measured, and each method has certain advantages. If the power is
measured at the terminals of the machine, by averaging the product of
the'voltage and current signals, this does not take into account the effect
of damping power {lows, and gonsequently supplemeﬁtary damping signals
must be included. Thiq system, however, only requires the uge of one
multiplier. The alternatiye method is to sum the p;oducfsbof axis currents
and flux linkages, according to the relation

Yo =_\£"2 a1y -¥g 1)
If the power is measured in this way, the effect of the damper windings
is included, and thus a better representation of the machine is achieved,
but at a greater expense in ﬁardware. By neglecting changes in shaft speed,
it is possible to implement this scheme Wifh only two multipliers, but
the power signal is the difference of two éther signals.,

It was decided to adopt this latter scheme, using better quality
miltipliers than those used in the component modulators. The arrangement
vsed is shown in Fig. 4.22, and with the multipliers used, the accuracy

is of the order of 1%,

I 1o s oy UL GO R S
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4.5 Testing of the Synchronous lachine fnalog.

The tests performed on the anzlog fall into two groups, those associated
with the static characteristics, and those concerned with the dynamic
aspects of the operational impedances.

4.,5,1 Static Characteristics.

These tests are concerned with the linearity of the various circuits
when they are intercormected to foxrm the whole analog, The first test
is the measurement of the open circuit terminal voltage against the applied
field voltage, and the results are shown in Fig., 4.23. The analog vas
operated at fixed frequency, with the power amplifier commected, and this
test examined the linearity of the voltage;to-current converter, the
scaling circuits and the quadrature voltage component modulator. The resulis
éhow good linearity, within 1%, and this error can be ascribed to the
multiplier used in the modulator. A similaxr test was also performed on
the other modulator, by injecting a signal to represent quadrature current,
and this was found to have an accuracy similar to that of the quadrature
voltage multiplier,

The second static test was one pexforred or ithe watimeters, under
conditions of both fixed terminal voltage and also fixed excitation. The
results shovm in Fig. 4.24 are for the constant terminal voltage test,
using a variable resistance load. The graph is plotted for wattmeter
ovtput against the reciprocal of the load resistance, and it can lLe secen
that the accuracy is of the order of 15 of full-scale reading. The other
tests performed on the wattmeter were the measurement of the power/angle
curve, and these tests were done with the steam turbine simulation,
connected, and were obtained by comnecting the generator unit to the
infinite bus, and by then adjusting the excifation and the electrical
power, This also enables the limit of stability to be found. The results

are shown in Fig, 4.25, and show that the unit performs as required. The
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decrease in accuracy as the limit of stability is reached is due to the
difficulty in making measurements at this point because of the oscillatory
nature of the operating point. The salient structure of the machine mecns
that with no excitation, the machine should run on reluctance torgue, and
this is clearly shown,

4.,5.2 Dynanic Tests.,

Three main sets of tests were performed on the synchronous machine
nodel in order to assess its dynamic performance. The first set of tests
were to measure the operstionzl impedances xd(jU)) and xq(jUO) as functions
of frequency. The measurements were made with the aid of a transfer
function analyser, which wes synthesised on an EAL analog computer, For
constant amplitude sinusoidal signals introduced into the id and iq amplifiers,
the resulting axis fluxes were measured, both in amplitude andvphase.
The measurements, together with the predicted response, are given in
the Nyquist plots of Figs. 4.26 and 4.27. The agreement is good, except
at low frequencies, and this can be ascribed to the problem of measuring
the two components of the output signal, together with the drift in the
analyser oscillator.

The second dynamic ‘test was done with the machine ruming with no
excitation, as an induction senerator, commected to the infinite bus.
The axis currents and fluxes both bave sinusoidal variations, and
measurement of their respective magnitudes and phase angles enables
measurecrnents te be made of the impedances under these operating conditions.
The trace is shown in Fig. 4.28, and the points are plotted on the main
operdtional impedance graphs. The.agreement,is shown to be good, The ability
of the machine to run asynchronously is also a useful validation of its
performance. Such phenomena as pole-slipping can also be demonstrated,
but limitations of the powexr amplifier preclude short-circuit tests being
performed,

The final test is that of voltage response, following removal of an
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inductive load, with fixed excitetion. The terminal voltage response is
shown in Fig. 4.29,and from this can be estimated the sul-transient

reactance, x'', and the ojen-circuit trarcient tire constenty,

T . The
d do
recoured values and the calculated cnes are:
Measured Czlevlated
xé' 0.19 p.v. 0,17 p,u.
L
TAO 7.0 gec £,5% =ec
This shows recsonzble agreerent fer the voligge »eo o o 3l 1o

quadrcture c2is flu, and other tests have showm that with the rejection

of resistive load, the response also agrees with the predicted values,

4.6 Conclusion,

The synchronous machine analog has been described, and it has been
demonstrated that both its static and dynanie characteristics are in
agreenent with theoretical predictions, It has been found to work well
under all conditions of operation, except that it #ill not simulate
adequately a short-circuit, due to limitations of the power amplifier,
Since it is a single phase model, it only represenis balanced operation

of the machinc, but there is no reason why a 3 phase version could not be

built, to investizate unbalanced operation, and with a good power amplifiexr

it would be possible to study unbalanced shorbt-circuits, In conclusion,
therefore, .it has been shown that this analog is a good representation
of ‘a real machine, and thes it provides 2z degree of insight into what

is happening inside the machine, in terms of fluxes and currents.
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CHAPTER § THE LCAD UKRIYS.

5.1 Introduction.

For maximum simulator flexibility,the revresentation used for loads
on the systen must allow the load at a given node to be infinitely
variable,both in magnitude and pover facltor,and the load should zlso
be controllable either manually or by the computer. This precludes
the use of switched resistiances, inductors and capacitors, such as

are employed in netwverk analysers, and indicates that electronic

representation is required. The original CERL model used such a representation,

where a load unit acted as a programmable power sink, and as a source
or sink of reactive power. This representation was initially employed,
but was found to be unsatisfactory for use in small systems and had

to be atandoned. However, a similar scheme has been developed using the
load as a constant current sink, rather than a power sink, and this

has been found to be satisfactory for all conditions of operation with
the rest of the simulator.

In this chapter,the two approaches to load unit design are examined
and their stabilities are analysed. Calibration and dynamic response
data are also provided for the load unit which has been finally adopted
for use in the simulator.

5.2 Fundamental Concept.

The concept underlying the design of both types of load unit is
illustrated in Fig.5.1(a), and by its companion.phasor diagxém Fig.5.1(b),
The resistor,R, is connected between the load busbar of voltageV, and the
electronic load unit, which produces a voltage E. Clearly, by changing
the magnitude and phase of this voltage E, the current I can be made
to have any mignitude and phase with respect to the load busbar voltage V.

The internal voltage, E, can be resolved into two components, ep and eq;

S e e g
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similarly the load current can be resolved into components Ip and Iq'
From the phasor diagram it can be seen that
V-e =R.I

p p

and e =R, I
q q

Thus it is possible to control independently the in-phase and quadrature
components of ihe current, Ip and Iq’ by varying the two components of
the intermally generated voltage, ep and eq with respect to the load
busbar voltage V.
In the constant power and reactive power model, it is desired to

maintain the products V.Ip and V.Iq constant, whereas in the constant
current unit, only the magnitudes of Ip and Iq must be held to the
required value. This can be achieved as shovm in Pig.5.2. The internal
voltage E is produced by summating its two components ep and eq, which

themselves are derived from two amplitude modulators. These modulators
have as their respective inputs voltages in-phase and in quadrature
with the temminal voltage V and these are amplitude modulated by d.c.
signals de%ived from integrators which integrate (P - Pref) and

actual
(@

constant power model, but if the power and reactive pgwer signals are

actual Qref)’ the two error signals. This‘description applies to the
replaced by signals representing the two components of current, then
the unit becomes a constant current load. .
Since thg two control loops operate on signals 90 out of phase, they

are completely independent provided that the temminal véltage does not

change. Additionally, if the terminal voltage remains constant then the
behaviour of the constant current model will be exacfly the same as
that of the constant power model,

503, . The Constant Power Load Unit.

A constant power and reactive power load unit was constIructed as described

in the previous section, and when comnected to a low impedence source

[P o A s i = ey
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its performance was stable, but when comnected to a generator unit of
the type designed Ly Sheldrake , it proved to be unstable for large
values of absorbed power. Analysis showed that this instability was
caused by the larpe series reactance used in the synchronous machine
fepresentation. For a series combination of inductance X, and resistance
R, the maximum power is dissipated in the resistance when X=R, Now
consider the system shovm in Fig.5.3: Z is the controlling voltage from
the output of the integrator and the internal voltage E is then V.Z.

The following equations can be written :

I

1

v(1-2)/R
v2(1-2)/R

2 2 2 2 2 2
also V= Vg - X% and I°= vs/(Req + X%)

'U
It

where R is the eguivalent resistance of the load unit.

Ry = R/(1-2)

Thus P =(1-2) Ec- E°X°
R 2 2
eq

=E2( 1-2) R

R B2 + x2(1~z)

For the system to be controllable-%g must be negative, for otherwise
Z
the integral control will act in the wrong direction as it tries to
maintain the current at the desired value. The limit of stability can

be found by considering the turning points of the function P(2). If this

function is differentiated, then it can be shown to have roots
1t B/xP
R/(1-2) = Roq

This shows that the limit of power transfer in the steddy state is

Z

whence X

1

reached when the equivalent resistance of the load unit equals that
of the reactance through which it is fed. In the case of a machine

represented by its synchronous reactance, which may be 2 p.u.,this

]|
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means that a load unit will not work above 0.5 p.,u. power, which reduces
its usefulness,

Clearly, in the original CERL model, the system was of such a size
that the network reactance geen by a given load unit was sm2ll enough
for the unit to work satisfactorily, and it is only in small systems that
this problem manifests itself. It was thought, however, that the presence
of a voltage regulator on the machine might tend to improve the stability,
for as the terminal voltage dropped, as the load unit took more power,
the voltage rezulator would tend to increase this voltage. To examine
the dynamic interaction of a load unit with a voltage regulator, the system
shown in Fig. 5.4 was considered,

The equations describing the system have been linearized, and the
effect of the rsactance has been reduced to two parameters KIPV and
KEV’ which describe the way in which the terminal voltage V changes with
alterations in the in-phase load current and the synchronous machine

internal voltage Ei, respectively. The equations for the system can be

written:
KIPV.-:_%\% Ar - v.A1 + 1.AV
’ | A1 = _;I_{(Aep + (1-ep)AV)
KEV _ %_% . Av = KIPV‘A Ip"'"-K_E‘V‘A Ei
i
4&2‘ - KA AP - 1 —
AV 1 + STE AT 1+ sTp

These can be arranged in state variable form as

nel T g MM T il

Aep - [ o K, 0 Ae + [k, [Pref]
Apx K, -1/'13p K, APx 0

AEi X, 0 K, AEi 0

L . L. -4 L - L. ..

The parameters K

and KEV.

The roots of this system were then determined by finding the eigenvalues

are given in Appendix B, as are the coefficients KIPV

1-4

of the above matrix, for different values of load unit gain, Kp, reactance
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and voltaée regulator gain. Some of these results are shown in Fig. 5.5,

for a terminal voltage of 1 p.u., and a power absorbtion of 0;7 p.u.,, giving
an equivalent loazd resistance of 1,43 p.u.. Root loci are plotted for

the following three cages:

(a) No voltage regulator Tp = 0.02 sec Kp = 1.0

(v) With AVR K, = 400 Kp = 1,0 TP = 0,02 sec T, = 5.0 sec
Urs — — — —_
(c) With AVR K, = 400 Kp =0,001 Tp = 0,02 sec Tz = 5.0 sec
In the first case, A, the stability limit should be X = R = 1.43 p.u.

eq
and this can be seen to be the case. If, however, a high speed voltage

regulator is included, then the critical reactance decreases, B, and

even if the dynamics of the load unit are slowed right down, C, then although
the magnitude of the poles decreases, the reactance for instability remains
the same as that for case B, Further studies showed that the stability
becomes worse as the AVR gain falls over the normal range of such gains,

only to rise to the calculated reactance value as the gain tends to zero.

The poor performance of this type of load unit led to its being abandoned

in favour of a constant current type, which is described below.

5.4 The Constant Current Load Unit.

Once the problems of the constant power load unit had been ascribed
to voltage instability, it was realized that a constanﬁ current load unit
would not suffer {rom the same problems, and it was decidéd to construct
a prototype. The block diagram is shown in Fig, 5.6: Several of the circuits
employed have already been described in connection wifh the generator unit
and will only be briefly mentioned here., Each section of the unit will
be considered in turn, aﬁd finally the performance of the whole system

will be considered.

5.4.1 The Current Resolvers.

It is necessary to measure the two components of the current at the
terminals of the unit, and it is on the accuracy of these measurements that

the whole unit depends. It would be possible to use resolving circuits of
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the sampling type, such as are employed in the generator unit, but in
this case it was decided to use phase-sensitive detectors. These produce
a sim2l whose average value is proportionzl to the magnitude of the
component of the input signal vhich is in-phase with a switching waveform.
Since an electronic watt and var meter had been built for the constant
power load, this was modified as showvm in Fig, 5.7 to work as a pair of
phase-sensitive detectors., The principle of operation is that the current
signal is fed to both multipliers, and in one case it is multiplied by a
squared version of the terminal voltage, while in the other it is multiplied
by a square wave in quadrature with the terminal voltage. If there is an
angle between the terminal volfage and current waveforms, then the
average output over half a cycle is

2T T cosO

L o
and for the sguare wave shifted by 90

27" 1 sinB

L
Since the signals are fed into integrators, only a small amount of filtering
is necessary, and this allows the ﬁse of this type of detector. The circuit
diagram of this section of the unit is showm in Fig., 5.8.

The amplifier OA 1'takes the current signal, derived from a resistive
shunt in the pover amplifier output, and amplifies it to a suitable level
to be fed to the two multipliers M 1 and M 2. These are the low-cost
MC 1495 type. The terminal voltage is fed through a'high resistance
potential divider, and is then buffered by a voltage follower OA 2. It is
then fed to the first multiplier via a squaring circuit, OA 3, while it
is fed to the second multiplier via a phase-shifter, OA 4, and another
squarer, OA 5, The two multiplier outputs are then fed to two low-pass
filters, OA 6 and OA 7 respectivély, each with a time congtant of 0.02 sec,
This removes the highest harmonic components, and these signals are then

used to provide the integrators with the measured currents, and also to

drive the front panel meters. Further filtering is done on these signals
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by OA 8 and OA 9, to reduce the ripple to less than 1%, so that these
siznals are suitable for direct A/D conversion by the computer. The

outputs are calibrated to give the following signals:

1 p.u, Ip = =10 volts
1 p.u. Iq lagging = =10 volts
leading = +10 volts

To determine the accuracy of this section of the load, on which everything
else depends, a test was carried out using an RC series network to act as
a load of 0.85 power factor, and the current components were measured when
this was fed from an ac source. The results are shown in Fig. 5.10., The
worst error ocurs in the middle of the range, where it is of the oxder of
2%. This error is produced entirely by the multipliers, and the only
remedy is to use more expensive multipliers. This was not done since

twenty multipliers are required for all the load units.

5.4.2 The Integrators.

The integrators are the main elements in the feedback loops, and
they provide the principal control of the loop gains, which determine the
system performance, The circuit is shown in Fig. 5.9. The demand signai
and the measured signal have opposite signs, anl the integrator is driven
in such a direction as to reduce the sum of these two signals to zero.
Since these integrztors are used in feedback loops, they ﬁay be constructed
usingvlow cost operational amplifiers, as any offséf or drift is
automatically cancelled. The feedback capacitors are chosen to give the

desired value of loop gain.

5.4.3 The Amplitude Modulators.

The circuit employed here is identical to that used in the synchronous

machine analog, and will not he discussed further,
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5.4.4 The Filters and Power Amplifier,

If the voltage applied to the load unit by the network is a purs
sinusoid, and the internal voltage, I, contains harmonics, then the
resultant current will also contain harmonics., For the whole simulator to
operate accurately, it is important that all the voltages and currents
should be sinusoidal, and for this reason, great care must be taken to
ensure that the units which comprise the simulator should introduce the
smallest amount of harmonic distortion. In the amplitude modulators,
distortion is produced in the waveforms. owing to imperfections in the
multipliers, and a filter, shown in Fig. 5.11, is included before the
power amplifier.

The first stage, OA 10, sums the two components, ep and eq, and drives
a two pole filter, OA 11, This is arranged to have both poles coincident,
with a cut-off frequency of 80 Hz, and its phase-shift at 50 Hz is
compensated by the phase adjusting circuit, OA 12, It is important that
there is no overall phase-zhift between the multiplier outputs and the
power amplifier output, for this eﬁsures that there will be minimal
interaction betweon the real and reactive current loops. This is
adjusted when the amplifier is operating under zero lozd conditions.

The amplifier itself has the unusual requiremept that it must be able
to absorb power at its output terminals, as well as being able to operate
at any power factor. The power amplifier used in the genérator unit was
. found to be unsatisfactory, and required redesigning. Financial considerations
led to the retention of the existing output transformer, power transistors
and heavy duty power supply, but ﬁhese all introduced constraints into
the design. The circuit finally adopted is shown in Fig, 5.12.

The push-pull transformer coupled output stage has output transistors
Tr 3 and Tr 4 resistively biased,- and they are driven by the phase-splitter
Tr é. This in turn is driven by the preamplifier, comprisihg OA 13, OA 14
and Tr 1, and there is a feedback path from the secondary of the transformer
to both of the operational amplifiexs. Regulétion teats showed that the

amplifier could absorb up to 1 p.,u. current with a change of less than
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Zﬁ in the secondary voltage. Currents of up to 5 p.u. could be absorbed,
but then the regulation fell to 15, However, the amplifier gain is not
critical, since the integral feedback reduces the steady-state error to

ZEeT0.,

5.4.5 Control 2and Auxiliary Circuits.

In addition to those parts of the load unit which have already been
described, there are additional civcuits for control and measurement.
These comprise: '

(i) Voltage regulators
(i1) Terminal voltage measurement
(iii) Control sigmal routing

The voltage regulators, showm in Pig., 5.13, are used to provide
stabilized voltages for the phase-sensitive detectors, and also for
certain zero adjusfing circuits. The zener diode acts as the reference
element, and the series regulation is done by a Darlington pair, with
a single transistor acting as a comparator.

The terminal voltaze is measured using the circuit of Fig. 5.14, which
provides two outputs. The first drives the front panel meter, with an
absolute measurenent éf the voltage, ﬁhile the second provides the computer
with a signzl which indicétes the voltage deviation ffom 1 p.u.. The input
signal is fed through a potential divider, and buffered by a voltage
follower, OA 15. The next pair of operational amplifiers, OA 16 and OA 17,
form a perfect full-wave rectifier, and the final stage subtracts the
wmeasured value from a reference, to provide a signal proportional to the
voltage deviation; this stage also includes a low-pass filter to remove
the harmonic components from the waveform.

The control signals come either from potentiometers mounted on the
front panel, or from the computer, and a manual change-over switch is
provided, This switch also provides a status signal to the computer, to

indicate whether control is manual or from the computer. An additional
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Signal . Min. Value Max.Value
Iy meas. -10v  tp.u. Ov 0 p. u
lq meas. -10v 1pulag| +10v 1pu. lead
V meas. -10 v 0.8p.u. 10 v 12p.u.
Ip cont. -10v 1p.u Ov . Op.u.
Iq cont. -10 v 1p.u-lag| +10v 1p.u. lead

Table 5.1
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status switch is also incorporated, and this can be used in conjunction
with the computer to provide control over a load simulation program.
Details of the sizgnal levels, for both measursment and control, are given

in Table 5.1.

5.5 Choice of Loop Gain.

Vhen 2 unit had been const&ucted and tested, its dymamics were analysed
in order to select the best value of loop gain for both real and reactive
cuﬁrent loops. A linearized model of the unit was derived, and is shown
in Fig. 5.15. The effect of the transmission line is represented by the
two parameters KIPV and KIQV’ which give the change in receiving-end
voltage for a change in the two components of current at the receiving-
end. These parameters are derived in Appendix B, The following state

equations can be derived, and the coefficients ZA-D are also given in

Appendix B,

AY: _lo -K 0 0 ] K oT I
°p | = p & B I pref
A I ZD/Tp -1/Tp ZC/TP 0 AIpx 0 © Toref
Ae 0 0 0 =X he 0 K

q qQ q q
A1 T

ax 2/ a0 ZA/Tq -1/7 A1 0 0
] L 9L ¥ L _

As can be seen from the figure the only coupling between the two loops is
that due to changes in terminal voltage, and an examination of the
eigenvalues of the matrix for various lengths showed that even for large
reactances, the coupling effect is small, and thqt the two loops are
nearly independent, and can be regarded as second order systems.

.To avoid the possibility of hunting phenomena, it was decided to make
the response of the in-phase current loop twice as fagt as that of the
other loop, and convenient values of gain are Kp = 12,0, Kq = 6.0. This

gives real current loop poles at T oog * j13,. and the reactive current
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loop poles at -40, =10, This should give 2 damped response to changes in

I , and a slightly oscillatory response to a change in Ip Two test

qrefl ref*’

responses are shown in Fig. 5.15, one for a change in Ipref’ the other for

ref* The results show that the response is of the form

indicated by the eguations, and that the unit has an acceptable transient

a change in Iq

response., Coupling between the loops through changes in terminal voltage
manifests itself as a change in the other component when one reference

signal is changed.

5.6 Conclusion.

The final version of the load unit has been shown to have good linearity
and an acceptable transient response., Five of these units have been
constructed, and their psrformance is similar in standard to that of the
prototype. The present design is satisfactory, but it would be beneficial
to redesign the power amplifier and to improve the quality of the multipliers -

uged in the phase-sensitive detectors.,

e cm ey
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CHAPTER 6 NETORK IIODEL AND ITEASURTENTS

6.1 Introduction.

The major sections of the power system model, namely the generator and
load units, have been described, and this chapter will deal with the
interconnections of these units by the network, and also with the comnection
of the model to the computér interface. The network section of the model
comprises the lines, the grid tap-change transformers, and circuit breakers
to connect the various items of plant together. Both the lines and the
transformers are fitted with current transducers, to enable measurements
of the line flows to be made, and there is also provision for measureing
nodal voltages. The network intercomnections are made in a patching area,
and a patching scheme is also used for the routing of control signals and
measurenents between the model and the interface., Fig. 6.1 shows the
basic arrangement of the whole system, and each section will be described
in turn, in three main groups: (1) Network and network patching, (2) AC
signal pracessing, and (3) signal patching and the general operation of
the interface.

6.2 The Network and MNetwork Patching,

The elements which comprise this part of the model have already been
listed, and their physical layout is shown in Fig. §.2. A system has been
adopted whersby the network configuration can be easily changed, The original
system proposed by Sheldrake26 employed a system of buébars, to whicn any
item of plant could be connected, and hence the whole network set up, but
this method used a very large matrTix of several hundred switches., While |
this gave complete flexibility, without the use of patching leads, it is not
a simple task to produce programs for the Aigital computer to convert a change-
in switch status to a change in, say, the nodal admittance matrix. The
method which has been adopted employs a small number of switches to act

as circuit breakers, and these are then commected in known places in the
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network, By examining the status of a given switch, which is known to be in
series with a particular line, it is an easy matter to defermine the exact
configuration. Additionally, these switches may also be operated either
manually at the front panel, or by the computer., The system has the capability
of being expanded indefinitely, but the present capacity is 16 circuit

breakerg, 10 transmission lines and 4 tap-change transformers.

6.2.1 The Lines and Transformers,

Once the system per-unit values have vecn decided, the line parameters
for the model are fixed, With the inherited base impedance of 6670}, it was
decided to take the lines ag being 132 XV single circuit62, and to selec%t
the line lengths according to the available inductors, For a line with a

crosg-sectional area of 0.4 inz, the model parameters are

X series inductance 0.00341 p.u,/ mile 100 IVA base
R series resistance 0,00072 p.u./ mile
B shunt susceptance 0,0008 p.u./ mile

To achieve the necessary linearity, iron-cored inductors are used
throughout, and these exhibit less than 107 change in inductance at a current
of 270 mA, which is 9 p.u. current, A nominal pi representation is used,
and the line lencths provided are 12, 12, 24, 24, 30, 38, 42, 63, 120 and
126 miles respectively, the lengths being determined by the available
inductors,

The tap-change transformers were specially wound for the original model,
and are auto transformers with ratios from 0.85 to 1.15 in steps of 0.02,
The magnetizing current of these transformers is less than.Tﬁ of the base
current, and the transformer mey therefore be considered as an ideal one.

In order to measure line flows in the network it is necessary to have
a means of measuring line currents, both in phase and magnitude. There are
two'main ways in which this can be done, the first of which is to use a

small resistive shunt in the line, and to measure the voltage drop across it.
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If this is to be done electronically, it means measuring a small differential
voltage in the presence of a large cémmon-mode one, and this calls for

the use of an accurate differential amplifier, built using precision
resistors. The main alternative is to use a current transformer, but the

use of a real current transformer is precluded on grounds of cost, It was
discoverad that for currants up to 500 mA a small Radiospares transistor
amnplifier output transformer, type T/T 763, worked excellently., Using the
speech coil as the primary winding, with a 100 burden across the whole of

the secondary winding, this was very linear, and performed most satiafactorily.
In particular, the phase angle error was only about 1°over a wide current
range, which is superior to many commercial C.T.'s. This transformer has

a ratio of 9.2:1, so thereferred primary resistance is O.118§2p1us the
transformer resistance of 0.2(2 The voltage appearing across the burden

when per-unit current flows through the primary winding is therefore 32.6 mV.
This is then amplified as showm in Fig. 6.3(a), and the current signal is
sent to the signal patching panel. Additionally, a voltage signal is also
sent to this patch panel.

The arrangement of the terminals, the current transformers and the tap-
change transformers is shown in Fig. 6.3(b), and it can be seen that the line
unit can be changed without disturbing the current measuring arrangements.
The units all fit in 19" racks, and are intercomnected using mulﬁi-way

plugs and sockets.,

6.2.2 The Circuit Breakers,

Small electromechanical relays are used to represent the circuit brezkers,
and they may be operated.either manually or by the computer., The circuit
arrangement is shown in Fig., 6.4 for one relay, BLA. This relay may be
operated either by the mamual switch or by the transistor, depending on
thé state of RLB. This is a 16 way change-over relay which determines
whether conrol comes from the computer or from the local switches. A lamp
is provided to show the status, and a digital indication is also produced

using an auxiliary set of contacts to indicate to the computer whether the
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breaker ié open or closed, The large capacitor is comnected across the
relay coil to prevent the relay from.operating when the control relay RLB
operates.,

Although this unit functions satisfact&rily, it has given more trouble
than any other pzrt of the model, owing to the electromechanical components.
An alternative system using a high frequency transistor switch has been
tested, and will probably be fitted in the near future. Its only disadvantage
is that the high frequency switching waveform will penetrate into the network,
but on the other hand, it operates in 2 few microseconds, and could be

used in studying transient problems, where the switching instant is important.

6.2.3 The Infinite Bus and The Busbars.

For certain tests it is desirable to have a source which will function -
as an infinite busbar, and a unit of this type has been included. It
consists of two step-down transformers whose outputs are comnected in series, -
while the primary of one of these transformers is fed from a Variac. This
allows fine control of the voltaze, and a rectifier meter is included to
measure  the terminal voltage. This source has a very low output impedance,
giving good regulation, but at certain times of the day, notably in thé
early evening, frequency variations of the mains can interfere with the
generator unit governors, and produce spurious results, It is recommended
that a stable oscillator driving a power amplifier shouldﬁ%sed in place of
the present arrangement.

The terminals of each generator and load unit are brought out in the
patching area, and to assist with the interconnections 16 busbars are
provided, each one consiéting of 6 sockets connected together., All the

network connections are made using standard 4 mm plugs and sockets.

6.3 AC Simmal Processing,

From the AC measurements of voltage and current at various points in the
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network, it is necessary to produce steady DC signals which correspond to
such variables 28 real and reactive power flow, voltage and line angle,
which may bz sampled and converted to digital data by the computer. Circuits
have been produced for all of these functions, and each will be described

in turm.,

6.3.1 The Watt/Var Meter,

The mezsurement of the line currents using the curranp transformers has
already been describel, and it is this current signal together with a voltage
gignal from the same point in the network vwhich are used to measure the line
flow. The block diagram of this unit is shown in Fig. 6.5, and it can be
seen that the Var measurement section is the same as that used in the
generator unit. The unit is calibrated such that 1 p.u. flow will give an
output signal of 5 V dc, and the cut-off of the filters is arranged so that
the output ripple is less than 1% of the maximum signal. Twenty of these
units have been built, and their accuracy has been found to be dependent
on the particular batch of multipliers used. The prototype had an accuracy
of the order of Z%, but later versions have not mét this specification, and

54

an assesament of their errors is beingz undertaken .,

6.3.2 Angle Meagsurement.

A circuit for the measurement of angles ha; already been described in
connection with the generator unit, but it only provides information as to
the magnitude of the angle, and not as to which voltage leads which. This
can be overcome using a modification of the system of Fig. 3.10, and this
is shovm in Fig, 6.6. The two inpuf stages, consisting of the RC divider

65

networks ™, give a combined phase-shift of 90°, irrespective of frequency,
at their mid-points. By thus effectively adding a phase shift of 90 1o one
of the input signals, the range of a 0° to 180° angle meter is changed to

that of a =90° to +90° meter, thus giving a lead or lag indication,

[N
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These respective characgﬁstics are shown in TFiz, 6.7. The output of the
exclusive-OR zate is a pulse train with a fundamental frequency of 100 Hz,
and to eliminate the harmonics while providing = fast response, two twin-tec
filters, centered respectively on 100 and 300 Hz, are cascaded., A final
stege provides level shifting and filters the higher haraonics. The output
ripple is less than %%, and the accuracy, when compared with a digital

phase meter, is better than 1°.

6.3.3 Voltage lMeasurement.

Ten circuits are provided for the measurerent of the voltége at chosen
points in the network. The output is proportional to the voltage deviation
from 1 p.u., and is heavily filtered to remove the ripple. The circuit is
shown in Fig. 6.8, and as can be seen it is most economical on components.
The amplifier OA 1 is a buffer, connected to a high resistance potential
divider, while amplifiers CA 2 and OA 3 comprise a perfect rectifier, with
a gain given by R1/R3. This alone would give an output proportional to the
actual voltége, but a variable source connected via R2 is used to null the
output for an input of 20V mms. The gein is adjusted to give +10 V output
- for 1.2 p.u., inmut, and =10 V for 0.8 p.u.. "hen set up, the circuit is
very linear, but the high gain and the nulling of the output give a coupling
between the various controls, and as a result the circuit is very difficult
to set up. It is recommended that future circvits of.this kind are constructed

to the design used in the load units. : *

6.3.4 Period and Frequency leasurement,

One of the most important quantities to be measured is frequency, and
this poses a number of problems, The method used at high frequencies is to
count the number of zero crossings of the waveform under examination in an
interval of time, this interval being determined by a crystal oscillator,

At low frequencies this method is useless if a fast measurement is required,
since the measurement of a 50 Hz signal to an accuracy of 0.1 Bz requires
an interval of 10 seconds., The main alternative is to measure the period of

a waveform; by counting the number of clock pulses vhich occur between

r
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successivé zero crossings. Using this method, the digital reriod count can
he fed to the digital computer, and fhe frequency determined by taking the
reciprocal of the period. This method does not give an analog indication
and this would be a useful facility for the operator of ihe model. A system
has been devised which provides a digital output of period, and an analog
output vhich is a non-linear function of freguency. The block diagram is
showm in Fig. 6.9.

The period meter consists of a crystal oscillator, at 5 FHz, and a
divide-by-48 chain, This divided output is counted by a 12 tit counter, the
counting period being determined by zero crossings of the input waveform,
which is itself divided by 2 in order to remove the effects of any distortion
in the waveform. Vhen the count has been completed, the output is strobed
into 2 latch, this number being the binary measurement of period. The timing
arrangerent is shown in Fig. 6.10. The clock frequency used gives a
resolution of 0,025 Hz, and the measurement of period is made 25 times
per second,

The relation P =K/F can be written, vhere P is the period count, F the
waveform frequency and X is a constant dependent on the clock frequency.
For.small changes,[&F = 12%5?, and by assuming that for very small changes
the temm (_EQ ) does not ihange, a method of measuring small changes in
frequency ig aveilable. A base frequency, 48 Hz in this case, is chosen
and the period count for this frequency is subtracted from the actual
period count., The resultant binary nurber is a measure of the frequency

)y

deviation from the base frequency. Thus ( P e).K' = (F

actual” Pbas actual-Fbase

and the resultant rnumber may be fed into a digital to analog converter to
give an analog signal which is proportional to, but 2 non-linear function
of, the frequency deviation.

Since an 8 bit digital to analog converter (DAC) was available only an
8 bit version was built; the least significant bits of the period count
are added to the iwo's complement of the number which represents the count

at 48 Hz, using a binary adder. The adder output is fed to the DAC, and

e e e e g s
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the output of this is scaled to give the characteristic shovm in Fig. 6.11.
There is an inherent non linearity in the system, since the term FQ/K
changes with frequency, and the error is of the order of 2" of the range
of interest, in this case of 4 Hz, giving a direct accuracy of 0,1 Hz.

This is, however, a constant non-lirearity, and a woving coil meter has
been specizlly calibrated to give a true reading. It can also te adjusted
such that the error lies at the ends of the range, or at the centre.

The choice of the former region of error was chosen, since rost of the

time the frequency lies in the region of 50 Hz,

6.4 Signal Patching.

The actual hardware which constitutes the model has all been described,
as has the auxiliary circuitry which processes the AC signals of the
network., It remains only to describe briefly the wiring which conmects the
signal inputs and outputs of the interface to the measuremgnt outputs
and control inputs of the model. There are four basic types af signal which
flow between the model and the intexface, and these are:

(1) Analog inputs measurements on load and generator units
outputs of the AC signal processing circuits
(2) Anzloz outputs control signals to load and generator units.
(3) Digital inputs status sienals from circuit breakers and
load and generctor units_
(4) Digital outputs control signals to circuit breakers
computer acknowledgement of status
The‘terms input and output are relative, and hereaftef will be used as those
employed by an observer on the computer side of the interface.

Each load and generator unit is provided with four analog input lines and
four analog output lines, together with two digital input lines. In a load
unit, the inputs will be the two current signals, and the voltage deviation,
and the digital input will be the comput er/ manual étatus,‘while the control

outputs will be the two current reference signals. In a generator unit

e rme i e me s memetmemm o n ey ey
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the analog inputs can te chosen from many variables, such as power output,
valve position, voltage, reactive power, governor sleeve position, or
speeder gear setting, while the controls may be the reference voltage and
the raise/lower control for the govermor. The status signals will be
whether the AVR has its feference supplied locally or from the computer,
and whether the speeder gear is similarly controlled. All this wiring is
permanently commected from the rear of the units to the signal patch panel.

This patch panel is shown-in Pig, 6.12, together with the analog inputs
and outputs to the interface. The model connections are in three groups,
comprising the measurements on the loads and the generators, thg controls
for the same, and the AC signals from the lines and transformers. The inputs
and outputs of the signal processing circuits can be seen. In addition,
there are six variable voltage sources which may be used to provide accurate
voltages for testing and control purposes, and twelve centre-zero meters
are also included for general indication purposes, All the connections are
made with 1 mm plugs and sockets, which have proved most reliatle in use.

All the digital inputs and outputs are hard-wired to their respective
units, to redvce the patching complexity, and they are orgapized as four
16 bit words. In order that the computer can identify when a digital status
has changed, a status disprepancy feature is included., This is initialized
by the computer reading all the digital inputs and then transferring these
inputs into the output latches. These latches contain the status as the
computer believes it to be. The output of the latch and its corresponding
status input are fed into exclusive-OR gates, which will produce an output
when one input differs from the other. Thus if the actual status changes,
the output of the corresponding exclusive-CR will change. If the outputs
of all the exclusive~OR gates are then logically ORed together, a signal
can be produced if any status changes from that which the computer believes

it to be. This can then cause an interrupt, to notify the computer of a
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status change. This is shown diagrammatically in Fig, 6,13, If the use of
interrupts ig to be avoided, the status discrepancy bit is also included as
a digital input, so that the computer only has to check one bit to see

if any status change has occurred.

6.5 Conclusion.

The interconnection of the various parts of the model itself have been
described, as has the connection of the model to the interface, which is
necessary vhen the model is to be used in conjunction with the digital
computer. Circuits for the processing of the AC signals encountered in the
network have also been described, and these are available for such functions
as line flow, voltage, angle and frequency measurement. The system which
has been adopted is very flexible, and emnables any configuration within
the capacity of the model to be set up. Similarly, there is a wide choice
available of the measurements which can be made on the system, and in the

vay in which these measurements may be fed into the interface.



CHAPTER 7 ‘ HIGH.FREQUEHCY STULATICN

7.1 Introduction.

66

It has long been realized by the designers of AC network analysers

that it is advantageous to operate with a system frequency higher than 50 Lz,
The principle reason for this is that to achieve a given per-unit reactance,
smaller, and thus cheaper, components may be used as the frequency increases.
The advantages of using a higher frequency in the Imperial College model
mey be sunmarised as:

(1) Smaller network components

(2) sSimplification of the actual electronics

(3) Simplification of the signal processing
In particular, it is the last advantage which gives the greatest incentive

to increasing the frequency, for if the ratio of

Yodel Freguency x Solution Time
Real Frequency Problem Time

can be increased, then the difficulties associated with filtering various
waveformg in the Avr and the power measuring circuvit will become less acute.
This can te done either by increasing the model frequency, or by retaining
the 50 Hz network sirmal and increasing the solution time, Eoth of these
metholds are used in the design of transient énalysers, and while the latter
has been employed in dynemic simulators, it means that the simulator no
longer works in real time, | |

The main problem vwhich occurs in a continuous simulation is that it is
the actual frequency.deviation vhich is of importance, not the percentage
deviation from a nominal value. This can be easily grasped by considering
the problem of synchronising two generators, with a speed difference of 150,
At 50 Hz, this corresponds to a 0,5 Hz difference, which would be possible,
vhereas at 1 kHZ it is a 10 Hz difference, which ié not feasable, Thus it

can be seen intuitavely that it is the actual frequency deviation which is
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of interest. This problem is not encountered by the designers of transient
analysers, for they are only inteiested in fixed frequency operation, where
relative swings between the rotors of the various machines occur.

The implication is that for a contimuous sirmlation it is necessary
to have a voltage-controlled oscillator whose output frequency changes
from the nominzl value by, say, ¥ 5 Hz., At 50 Hz this represents a total
frequency change of ¥ 104, while at 1 kHz it is only b 0.5%. Using
elementary techniques it is not possible to build a2 VCO with stability and
linearity of this order of magnitude, and the only solution to the problem

would seem to be to synthesise the high frequency signal,

T.2 The Single-Sidetand Approach.

Consider the products of two pairs of signals:

x = A sin(w _t +@_) y = B sin(W t +9,)
z = C sin(W_t +@,) z = C sin(W_t +§ )
XeZ = %Q[ cos((W ~Ww )t + -9,.) - cos((W +W )t +@ '“Pa)]
V.2 = _]ésg[ cos((wc-ws)t +Q, -\pb) - cos((wc+ws)t +P, '“Pb)]

These expressions can be recdgnised as resulfing from the balanced modulation
of carrier z by signals x and y respectively., Considering the two upper
sidebands, it can be seen that there is a phase difference between them

of (Lpa -(Pb), vhich is the same as that which existed between the original
modulating signals. Iig. 7.1 shows the system as orig{nally conceived,

where the outputs from existing voltage-controlled oscillators are fed

into single-gideband modulators, all of which use the same carrier signai.
The upper sideband is then used to feed the remainder of each generator

unit; this is the basic principle behind the work which has been done in

this area.

T.2.1 Methods of S5B Generation.

There are three conventional methods of producing a single-sideband
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signal, and these are:

(1) Use a balanced modulator, and filter the product to give the
desired sideband§7
(2) Use two modulators, with 90° phase shift in the carrier and the

signal to one of the modulators, and sum the two outputs,
(3) Use four modulators in a double conversion scheme, with two
carriers, each with phase and quadrature components.

The last method is just too complex, and this leaves the first two

techniques as possibilities,

T.2.2 Fethod 1.

This is shown in Fig. 7.2, and employs a balapced modulator of some kind,
followed by a filter, which either (a) accepts only the desired sideband,
or (b) rejects the unwanted one. The better solution is to use filter (b),
as its phase characteristic, éjg, can be made nearly zero in the region of
interest, which will ensure fgéz response to changes in the signal. Vith
certain types of nmodulator, such as the Cowan, the output signal contains

many hazrmonics and intermodulation products and in that case a bandpass

filter, of type (a) must bte used.

7.2.3 Hetbod 2.

Two modulators are uséd, as éhown in Fig. 7,3,.and phase shif{s of 90°
are introduced into the signals which are fed to one of the modulators.
-Vhen the two ovtputs are surmed, the two lower sidebands cancel out, leaving
only the upper sideband. The problem with this system is to design the 90°
phase-schifter for the input signal, as it‘must have exactly 90° shift, and
no change in amplitude over the range 45-55 Hz, Considering all the factoxrs

involved, it was decided to construct a system using method 1,

7.3 Experimental Vork.

The system used to test this new idea is shown in Fig. 7.4, and is based
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“on an existing generator unit and an infinite bus, vwhose frequency is
manually controlled, This requirés two single-sideband generators, a
carrier oscilletor and a 50 Hz oscillator; the carrier frequency was
chosen to be 1542 Hz, which gives sn» operating frequency of 1592 Hz,_or
= 10,000 rad/sec. Each section will be described in turn, and the overall

static performance examined,

7.3.1 The Modulators end Filters.

The first element to be considered is the modulator itself, and a
variety of types were tried. The Cowan modulator was quickly rejected,
owing to its nurerous intermodulation products. The most promising device
apyeared to be an i.c. balanced modulator, MC 1496, but its performance
was not up to its data sheet specification in several respects, and this
wasg probably due to the low freguency at which it was used, as it is an
r.f, device, Eventually a low-cost analog multiplier was used and found to
be the best solution, as it produced the output with the lowest harmonic
content. ﬁowever, in addition to the two sidebands, various other frequencies
were found to be present in the output, and this influenced the design of
the subsequent filtering syster.

¥any diffexvent types of filters were tried, and it was decided that the
use of notch filters to reject the unwanted sideband would be the most
satisfactory solution, for the use of band-pass fiiters aloné would give:

| (1) Large variations of gain in the xregion of interest
(2) A large group delay, tending to reduqe the stability
of the system. |

The simplest form of notch filter is a high-Q LC series combination,
and this can be included in an active networﬁ“%s shovm in Fig. 7.5. At
resonance, 4 = 0, and if R1/R2 = 1H/R then the circuit is a differential
anplifier with a common input signal, and there will be zero output.

However, at other frequencies, as Z—oo, the circuit becomes a follower, with
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a gein of 1. The resonant frequency is 1//LC, and the Q isWL/R. To

obtain a sufficiently high Q at 1.5 kHz would require a special choke, and
to avoid this, the circuit of Fig. 7.6 was used. The effective impedance
looking into the input is given by69 Z =R+ jE?C s, Whnich is the same as

4

- . . 2 . .
that of a grounded inductor with inductance L = R C and resistance K. Thus

4

the filter can be realized with two amplifiers, as showm in Fig, 7.7, with

a resonant frequency given by = 1/J (.32 0102) and with a Q of %’_El .
: 4 C

2

Two of these filters are cascaded, one centered on 1489 lz, the other
on 1494 Hz. This combination provides adequate rejection of the unwanted
sideband, but does nothing to reduce carrier feed-through, and the inter-
modulation products. To reduce these spurious frequencies, a band-pass
filter7oof the type shown in Fig. 7.8 is included. The parameters vere
chosen to give a2 Q of 40, and the resonant frequency was chosen to be just
over 1598 Hz, This means that the gain of the filter isincreasing over
the range of operation, and this con be adjusted to give an approximation
to the change of electrical machine output voltage with a change in shaft
speed. Care must be taken however that the phase éhift introduced by this
band-pa;s filter is swmall, otherwise undesirable interactions with the
machine annlog will oceur.

The overall response of the filter system is showm in TFig, 7.9, where
log( response) is plotted against the frequenby..The rejection of the unwanted
sideband, and the sharp discrimination in the region of irterest can be
~seen clearly,

It was found necessary to introduce an extra low-g bandpass filter alter
the synchronous machine analog, to remove fhe slight distortion caused by
the component modulators, Measurements of the harmonics of the waveforms
were made at points in the system shown in Fig. 7.10, and the results are
shovn in Fig. 7.11(a)-(e). As can be seen, the upper sideband signal is

48 dB above the carrier, with the lower sideband suppressed by more than 60 dB.
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The synchronous machine analog introduces some distortion, which is then
largely filtered out, btut harmonics appear in the terminal voltage due to
the amplifier distortion. This could be corrected in a new design, since the

amplifier is not really suitable for operation at 1.6 1z,

7.4 Performance.
Yhen set up and tested, the system was found to work excellertly, and
the performance was no different to that at 50 Hz. The synchronous machine
analog exhibited better damping characteristics, and the whcle operation
vias more stable; this can be ascribed to the faster measurement of
electrical power. However, to try and understand the influence of the modulators
and filters on the unit performance some analysis was performed, and the
results indicate that the dynamics of this section of the equipment have

no real effect on the system,

T7.4.1 Transient Perforrance of the l'odulator and Filters.

The process of balanced modulationis essentially a linear one, in that
if the modvlating signal can be resclved into components of a given
frequency, then the output will have components at the appropriate
frequencies. Thus the influence on the transient performance of the system
comes from the filtering section, and two cases are considered:

(1) Small oscillations in the modulating signal, perhaps due to
- synchronising oscillations, about a steadx cperating point.

(2) L sudden change ir modulating signal frequency.

Te4e1.1 Small Oscillations in the Input Signal.

————— -

In any simulation of power system dynamics, there occur small oscillations
in the rotor angles of all the machines, and the form of these oscillations
is nearly sinusoidal, If the maximum deviation from the steady statefio

is, then the oscillation of the angle may be written as

e s T X et
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O = 60 + sincuxt vhere (1) - is the oscillation frequency.

The output of the voltage-cont:olied oscillator may then be written as
v=TVT cos(wmt )=V cos(u)mt +0 o +a sm(u)xt))

This last expression can be recognised as that chiurzeterisirg an angle
modulated carrier, and can be e:{panded71 using Bessel functions., For this
system, however, ({ is sufficiently small for zll the terms Jn to be
ignored, for n= 2. Thus it can te written as

v = VIEos(wmt +5o) + (cos(wmt +6° +(,L)xt) -cos(wmt +6o —th)):l

This is the signal which is the input to the modunlator, whose output
will contain three frequencies in both the upper and lower sidebands, since
the input contains three frequencies, Under steady~-ctate corditions, the
filters will give a steady response to each of the components, and
assuming that u)xsgoom, then all of the lower sideband components will be
eliminated, vhile those of the upper side-~-band will be passed. If the
filter has only a small change in phase angle in the range UJC +(um icox,
then the ﬁpper sideband group of signals will pass undistorted, and
the oscillations vhich were present in the output of the VCO will appear
in the high frequency output.'

In the practical system the phase changes associzted with the filters
are sufficiently small to allow such oscillations as thege to pass

unchanged throuzh the system,

74.1.2 Step Change in Input Freguency,

Te study the effect of rapidly changing input signals, the case of a
step change in freguency was considered, as this is the simplest case to
study analytically., The response of a notch filter to a suddenly applied

sine wave can easily be determined using Laplace Transforms. The transfer

2 2
s +UUO

92 + W 4—0)2
o o

Q

function of a notch filter iz G(8) =
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where u)o-is the notch frequency. The response to the suldenly applied
sine wave can be obtained as

-Clt

v(t) =W e cos Rt + X e—CLtsin t + Y cosw_t + Z sinw_t
X x

where (1 = 2wo, and B:.— wg - 2, and 7,X,Y and Z are functions of SV
Qe

UUX and Q. . The first two terms are the damped response of the filter's
owvn modes of oscillation, and the second two terms give the steady-state
regponse to the input signal,

The sudden change in input freguency can be produced by considering the
renoval of a sine wave of one frequency, and its replacement by one of another
frequency. The response of the filter will show a transient output,
caused by the modes of oscillation of the filter, and also the final
steady-state response to the input,

Consider the case with a carrier of 1542 Hz, and a change in modulating
signal from 50 to 51 Hz. The lower sidebands do not contribute to the
steady-state output, as the filter is tuned to reject 1492 Hz, but it
does produce a contribution to the transient response. The transient
response has been calculated for two filters, one with a Q of 20, the
other with a 9 of 100. For a unit amplitude sine wave input, the'responses

were: 250t

Q =20: V=0,018¢e

cos() _t
o)

ot

Q = 100: V = 0,098 e cos( b

It can be seen that the contribution to the total response is dependent
on the Q of the filter, both in magnitude and also in duration, Even with
a Q of 100, the transient dies away with a time constant of 0.02 seconds,

which for a severe change such as this is quite adequate.

7.5 Gonclusion.
Although the additional complexity of this afiangement to operate at

a higher frequency may at first seem to be undesirable, experience has

shown otherwise, In return for the inclusion. of a balanced modulator

and a filtering system, it is possible to simplify the rest of the

—— oo . - ey
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generator unit. Smoothing regquirements of the waveforms associated with
measurements are zreatly eased, and this would also enable the computer
to measure signals which are not as heavily filtered as at present.

Once the egquipment was get up, it was found to be perfectly stable,
and operated satisfactorily for four months without adjustment., Greater
attention must be pzid to the layout of the AC parts of the generator unit
at this freguency than is necessary at 50 Hz, but there is no reason way
the frequency should not be increased still further. The only parts of
the generator unit which are affected by the higher frequency are the
power amplifier and the synchronous machine analog; the former was not
really suitable for use at the new freguency, and lack of itime prevented
a new design being produced. The machine analog only encounters the AC
signal in the current resolvers and the component modulators, and both
of these parts will operate up to a frequency of several kiloliertz
without modification; all the other sections of the analog use only DC
signals, and at the higher frequency it means that the current signals
are updated more frequently. This gives a faster response to electrical
power measurenent, and consequently this accounts for the slightly
improved danmping performance of the machine analog at this higher
frequency,

In conclusion, it can be said that this new methol of operating
a continuous simulation at a higher frequency is a useful one, and despite
the apparent complexity it offers grest simplifiéation in signal filtering,
and also enables smaller elements to be used in the representation of the

transmission systen,
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CHAPTER 8 THE COMPUTER AND THE INT=ZRPACE

8.1 Introduction.

In order to understand how the whole power system model is used, it
is necessary to have a knowledge of the way in which the analog section
is connected to the digital computer, and also how various computer programs
may be run in order to monitor and control the model. Examples of some
actual uses of the model will be given in the next chapter, and the space
here will be devoted to a discussion of the actual computer and the
interface, together with a brief explanation of the Real Time Executive
used in the machine. The basic software which is used to acquire data
and to dispatch control signals will also be described; this software has

72,73

been written by two other research students » and the present writer
claims no credit for the detail of it, but it is felt that a short
discussion of it will clarify the operation of the digital section of the
model, The chapter will be divided into two main sections, one of which

will deal with the actual hardware, while the other section will concentrate

on the software aspects and the particular features of the model and the

computer which influence the approach which has been adopted.

8.2 The Comnuter and the Interfacing Hardware.

The digital computer which is used with the model is a Digitél Equipment
Corporation PDP-15, a medium sized machine intendedlfor scientific use,
Developed during the late 1960's, it is very large by modern standards
and the method of construction reduces its reliability below that of
present-day mini-computeis. However, it is equﬂbed with many usefui
peripherals and was available for use in conjunction with the power system
model., It is located on Levél 5 of the Electrical Engineering Department,

The PDP-15 is a single accumulator machine, using an 18 bit Wofd length
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and is presently equﬂ}ed with 24 K of core store, liass storage is provided
by two fixed-head disk units, each with 256 K words of storage, and by
a dual DECtare drive. Four of these gsmall DECtapes are reguired to save
an image of the whole disk system. The central processor unit is fitted
with a hardware multiply and divide unit, but a floating point processor
is not included., The implication of this is that any oserations performed
which-use floating point arithmetic tend to be slow, and this is of
congiderable importance in the execution of mathematicz2lly complex programs.

The peripherals which are attached to the computer comprise:
(1) A local teletype, pardlelled by a Tektronix storage
type visual display unit.
(2) A teletype controller, type LT 19, which can control
up to 5 remote teletypes.
(3) A high-speed paper tape reader.
(1) A high-speed paper tape punch.
(5) A serial printer.
(6) An X-Y plotter.
(71 A 4 chammel D to A converter, with a 10 bit word length,
(8) An A to D converter with a selectable word length of
between 5 and 12 bits, together with a 16 channel
local multiplexer,
-(9) A digital input/cutput unit,
(10) A real-time clock.
The input/output processor in the computer is also fitted with the
Automatic Priority Interrupt (API) option, which considerably increases
the speed of interrupt handling. Mull details of most of these peripherals

74 ana they will not be discused further

are given‘in the relevant DEC manual
here. The main items of importance to the use of the PDP-15 with the model
are the A/D converter, the D/A converter and the digital IfO unit, since

these provide for the transfer of both analog and digital data between the two.
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As was explained in the previous chapter, the whole system requires
bidirectional transfer of both analog and digital data between the computer
and the model, and to achieve this end the digital I/0 unit and the Level 8
interface were designed and constructzd by 1L.J.P. Bolton75’76. There are
two main cables which run between Levels 5 and 8, one of which is a 50 way
screened lead used for the analog signals, and the other is a 50 pair
twisted cable used for the digital signzls. The interface on Level 8 provides
for the multipléxing of both analog and digital signals, to give sufficient
gignal inputs and outputs., It would be more convenient to havs the interlace
adjacent to the computer and its other peripherals, but the cabling cost
for this scheme would be very large. The whole system is shown in Fig. 8.1,

A block diagram of the interface is shown in Fig. 8.2, where its facilities
may be gseen, These include:

(1) 96 analog inputs

(2) 64 analog outputs

(3) 64 bits of digital input and output
(4) A phase-locked 1o§p

(5) Period measurement

(6) An interrupt facility.

The various modes of operation are selected by'a digitzl input word,
which may be supplied either Dby the computer'or‘by a local switch panel,

This word may be either an instruction (bit O =0) or digital data ( bit 0 =1),
gso once it has been clocked into a register it is decoded to decide on

its function, If it is an instruction, it operates the appropriate section

of the interface, whereas if it ié data it is clocked into an output latch.
The instruction format is shown in Fig, 8.3.

The analog multiplexer is connected to six of the inputs of the Level 5
multiplexer, and each line is multiplexed 16 ways, to give a total of 96
analog inputs. The conversion range of the A/D converter is £ 10 V, so
all the input signals must lie within this range., The channel address for

the multiplexer is held in its owm register,‘and if bit 1 is set the data
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word will update this address, which is given by bits 2-5.

The analog demuliiplexer uses all four channels of the D/A converter,
each channel being demultiplexed 16 ways. The address of the appropriate
channel is determined in the same way as that of tﬁgwmultiplexer, but the
actual anzlog switches are only closed far 2Q;1s following an updating of
the channel address, Since the analog output is required for use as a conbrol
signal, the demiltiplexer is followed by zero-oxrder hold circuits, consisting
of capacitors wﬁich are charged up to the D/A output voltasze during the
20|k s period when the switches are closed. The capacitors are connected to
high impedance buffer amplifiers, and the whole holding systen has a droop
of about 10 mV per second.

The phase-locked loop is a voltage-controlled oscillator running at
256 times the AC line frequency and locked in phase to it. The output of the
oscillator is divided dovm and fed to the phase comparator with the line
voltage. From the frequency division chain various multiples of the input
frequency are available, the multiple being determined by bits 6~8. The
waole phase-locked loop systsm is enabled by bit 9. The main_use of the
loop is to permit sampling of a periodic waveform to‘be synchronized with
that waveform, and since there is no necessity to look at the sinusoidal voltages
in the model. this facility is not usually required.

| The digital I/0 unit is comnected to the APT gystem and a line to the

interrupt input is brousht up to Level 8 to permit interrupts to be
generated from the model. The interrupts are enabled by bit 10, and also
as a further precaution by a front panel switch, which mey bz operated to
prevent spuriqus inferrupts. The main use -of this facility is in conjunction
with the status discrepancy system which was described in the last chaptewr,

Digital data may be input and output from the computer aﬁd this data
is organised as four 16 bit words. Bit O cannot be used as it determines
whether a given word is an instruction or data, and bit 17 is also not
used. There are, therefore, four channel multiplexers and demltiplexers,

the address being determined by bits 13 and 14. The 'digital inputs go
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sr£aight into the multiplexers, with no double-buffering, while the digital
outputs are held in data latches. The system is akin to that used for
mals,

o

the analog si
The cable comnecting Levels 5 and 8 have already been mentioned, and
they carry the following simals:
Digital Cable Analog Cable
18 digital inputs 6 analog inputs

1 intefrupt line

18 digital outputs 4 analog outputs
1 timing pulse Teletype cable
Intercom

The digital cable is fitted at both ends with conventional balanced
line drivers and receivers, and no trouble has been experienced with this
arranzement. The analog cable, however, presented several problems, owing
to the capacitive nature of the screened lead. Special driving amplifiers
were designed to counteract ringing on the line, and the problsm was
then overcome, This analog cable aiso carries the teletype lines from the
teletype controller to the sccond Tektronix VDU which is situated alongside
the model, and the lines of the intercom, which is used to facilitate
communication between the model and the computer operators.

It can be seen that the whole computer and interface system is well
adapted for use with the model, providing as it does the capability of
digital and analog data transfer, The VDU situated adjacent to the model
is used for both the display of measured data and for the control of
programs running in the computer;

8.3 Reguirements of the Computer.
There are three main areas in which the conputer plays an important

role as part of the whole sinmulator, and these may be listed ag:
(1) Monitoring
(2) Simulation
(3) Control

e
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The monitoring section of ths problem is concernad with the acquisition
of data from the model througa the interface, and the praliminary

L

processing of this data., This data must also be displayed to tﬁe operator
in a convenient form, and also be logzed to give a permanent rscord of the
system state. The simulation to be performed by the :1lizital computar is of
those sectiong of the power system which cannot b2 conveniently simulatetl
using analog equipment for one reason or another. Two simple examples ar:z
the simulation of load characteristics, both voltaze and frequency
dependence and the effects of trends and random fluctuations in demand,
and the_simulation of boiler plant. The former task poses problems as it
requires extra multipliers if it is to bs done using analog circuits, and
the latter involves both very long time constants and also pure delays.
The control algorithms are likely to be very varied, since it is for the
purpose of investigating different control stratsgies that the whole system
has been developed. Typical tasks might bhe load-frequency control, economic
dispatch or security assessment.

It can be seen that when the simulator is operating fully, all the
computer programs which perforn these tasks must be rua 2t the correct
time without intervention from the operator. The data must be acguired, say,
every second, and the simulation programs must run at regular intervals.
This is not an easy job to arranzs, since certain programs must have
priority over others, and the running of all prograns on a regular basis
must be scheduled by interrupts from the real-time.clock. Given the complexity
of the problem, it was decided to use the Real Time Executive supplied
by DEC which is knovm as RSX phase 1.

8.4 The Real Time Executive.

The usual operating system used with the Electrical Enginecring
Department's PDP-15 is the Disk Operating System (DOS)77, and this is a
single-user system with a comprehensive range of system software. Facilities
include a text editor, a file handling system, an assembler for the MACRO -

agssembly language, a Fortran 4 compiler and a linking loader. All user-

— . . . me e e e e
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generated interrvupts must be handled by programs written in MACRO., The loader

only executes one orogram at a time, and if this operating system were to
be used in conjunction with the simulator, all the routines for scheduling
the running of the separate programs and handling the interrupts would
have to be written in MACRO, This would bs a complex job, ani the problem
can be overcome by using the Rzal Time Bxecutive,

A Real Time Dxecutive is an operating system which enables many prosrams
to be active in.a computer at one time, and these programs cun then te
scheduled to run at regular intervals, or be run on request, The user is
spared the problems of dealing with the timing and the interrupts from
the real-time clock, and as the programs may be given a specified priority.
the system will ensure that the most urgent program will be run when the
machine is next free.

For the ESX system to be implemented on a PDP-15 there is a certain

minimum hardware configuration which is necessary, and among the

peripherals which are required are the disk, the API system and the real-tice

clock, Each seperate vrogram is converted into a -Task, which is a binary

t-

ile contairing the program, its priority, its linkages and_information

as to the section of core in which this program is to run. The production
of a task is pverformed uvsing a utility program, the Task Duilder, which is
available under a third operating system, Advanced Jonitor,

The core of the wachine is divided into partitions, and each program is
allocated a pertition in which it will run; the program may either be
resident in core, or stored on the disk and loaded into its partition when
it is required to fun. Obviously those programs which ére required to run
frequently must be fixed in core, to avoid an excessive number of disk to
core transfers. The éize of the partitions must be chosen carefully so that
2ll the various programs required to run in the same partition can be

accarnodated, and so that even those programs which are not core resident

are transferred as infrequently as possible between disk snd core. Data

RN 2 A R XN
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may be transferred !etwvecn different programs, and between succegsive runs
of the same vrogroam if it is not c§re resicent, by using variables in
cormon storage areas. These orezs are defined in advance, and rhen a task
is built the references of the prosram to these common areas must be
specified,

Then an ISX system is rumning all the possible tasks are stored on the
disk, and must be installed in the system. This, and all other cormunication
with the system, is achieved through the ifonitor Console Houtine, which
operates with any teletype comnected to the system, This rouiine wvrovides
the following facilities for dealing with tasks:

(1)  Installing a task in the system

(2) Fixing the task in core - if this is done, no other
task can run in the same pertition

(3) Punning a task - the task can either te run immediately
or at some specified time in the future

(4) Scheduling a task - the task can te requested to run
veriodically, vwith the pericd being variable in steps
of 0,02 seconds

(5) Cancelling a task

(6) Removing a task from the system

(7) Changing the priority of a task in the systerm.

It can be seen that this system performs all the necessary handling
ofvthe programs without undue complication foxr the user, who is not concermed
with all the detailed timing arrangements.

8.5 The Basic Softwere.

The system within which all the programs run has been described, and with
an understanding of that, the basic sofiware can now be explained. The
original concept was that this basic software would perform all the input

and outpul of cdata to and from the model, so that the user could run his

own control programs without requiring a detailed understanding of the

[
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interfacing arrangements, The input vrosram would acquire data from the

model and store it in a comncen storase area, whence it could be accessed

become apparent that this was a naive view to take of the oreration of

the simulator, owing to the great complexity of the whole system. Howevex

have been adopted.,

There are three programs concerned with the handling of data, these
being the analog input program, the analog outpul prozrocm and the digitel
data program. The analog input program controls the analog rultiplexers
and the A/D converter, All 96 channels are converted in turn, and before
the results are stored in the CCIXON area DATIN, a digital low-pass filier
is used to filter the converted value. This is to rerove any spurious values
and to smooth the measuvurements made on the system when small hunting
oscillations occur. A word length of 10 bits is used with the A/D
converter, since this gives a resolution of 19,6 mV on a range of t 1oV,
The filtered results are stored as 2's complement numbexrs.

The analog output program takes valuves from the output signal COLMION
area, DATOUT, and controls the D/A converter znd the derultiplexer., The
data stored in the DATOUT area is in the same format as that used in the
DATIN area, even though the A/D and D/A cenverters. vse different nunber
representations, This facilitates the use of the system. There are iwo
vays in which the digital data program cen orerate; first, it could oﬁerate
on interrupts from the Level 8 interface, which indicate status changes,'
or secondly it could read the status words frequently, to see if a change
hadoccd&ed.The former method was initally used, but following changes made
to the computer hardware, ihe interrupt line no longer works reliably, and
the second method had to be adopted. The digital data words are also

stored in the DATIN and DATOUT areas.

- : . A ~ P i g Tmme e e = e B L]
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These pfograms perform 211 the data handling, anq the other main
facilities provided by the basic soffware are the monitoring and logrirz
functions. The monitoring vrosrzm. produces a display on the VOU of certain
important veriatles, such as voltages and the frequency, and the time zt
which the datz was recorded. This display is updated at intervals of atout
15 secords., There are logring progrars for meking permanent records of
systen measurements, ore program logging the results on the serizl printgr,
the other cnto the DECtape for subseguent off-line analysis.

A1l this software provides a framework within which different control
and simulation algorith rgs may be easily tested. and the use of the
Real-Time Executive enables the whole system to operate efficiently, with
a minimm of operating system overheads. The following chapter will
describe work which has been done using the whole simulator, and the advantages

of the softwvare system which has been adopted will become clear,

e ey
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CHAPTER 9 DENONSTRATION OF THE CAPABILITIES OF THE SINULATOR

9.1 Introduction.

The purpose of this chapter of the thesis is to give details of three
demonstrations of the capabilities of the whole simulator, The first of
these is designed to show how the digital computer can be used for the
simulation of processes with long time constants, and how such a digital
simulation is accommodated by the analog hardware. The example chosen is
the implementation of a simple boiler model, and demonstrates how this
is interfaced with the analog governor and turbine model.

The second example shows how the simulator may be used for testing a
control algorithm, The example here is a load-frequency control system
with a unit scheduling scheme which employs digital compensation to
minimize control action. The third demonstration shows how the model can
be used to evaluate a proposed method of power system parameter measurement.
This invo;ves the identification of the power/frEquency characteristic
and the determination of the system inertia,

The investigation of these three diverse problems demonstrates fhe
versatility of the whole simulator, and its potential value as an aid to

powver system studies.,

9.2 The Digital Simulation of Boilers,

'As has been explained previously, the boiler plant "is simulated digitaliy,
and the choice of a suitable model involves a number of compromises. Any
reagl-time simulation demands that the chosen algorifhm is numerically
stable, an important point in a machine with a short word-length., The
algorithm must also be capable of fast execution, especizlly when it is
only one of & number of programs which have to be run seguentially. The
technigue adopted here not only produces an efficient boiler model, but
also demonstrates the principles which should be followed for any other

digital simulation which is performed in conjunction with the model.
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Traditibnally, boiler models can be divided into two rain classes,

depending on the use ito which the model is to be put. In the first class

79

L

are the very complex models'”, involving perhaps 20 or 30 state variables,
which represent each section of the boiler separately. For example, the
performance of the super-heater will be calculated in terms of the heat
transfer throush the tube walls to the steam, and such calculations invelve
the solution of partisl differential equations, whose coefficients are
functions not only of the boiler geometry, but also of the steam conditions,

49,80

In the second class, at the other extreme, are models concerned only
with the terminal performance of the vhole boiler system, and these
calculate changes in boiler pressure for changes in the throttle valve
position. Such a model is adeguate for use with the power system similator,
ag great accuracy is not required in this area. Changes in the boiler
pressure are usually limited by the pressure un-loading gear to less than

10%, so even if the model itself has an error of 107, this will only contribute

a 1% error to the whole system.

9.2.1 The Boiler lNodel.

The model which has been adorted is one which has been used by the

cigpl3

in their system response studies, and it is shown in block diasgram
form in Fig. 9.1. This model can be decomposed into three main sections,
one associated with the boiler storage effects, the second representing the
pressure control loop, and the last part being the fuel feed and firing
systems. The boiler is represented as a steam storage system, in which

the difference between the heat input to the boiler and the steam flow oﬁt
through the throttle valve is integrated to give the change in pressure.
The gsteam flow is assumed to be equal‘to the product of the valve position
and the steam pressure.

The pressure control system is a conventional 3 term controller, with

the error signal being the pressure deviation from the set value. The output
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of the controller is known as the master control signal, and this acts on
both the fuel feed system and the gir supply. The heat input to ihe boiler
is given as the product of this control signal and the fuel density. The
firing rate is determined by a deleyed version of the master conitrol signal,
the pure delay and the simple lag representing the transport delsy and the
lags associated with the firing system. The fuel density is obtained by
integrating the difference between the fuel arriving, givern by the firing
rate, and the fuel consured, given by the heat input to the boiler.

It can be seen that this is a very simple model, but a suitable choice
of the various parameters enables it to represent a wide variety of boiler
plant. Typical values of these parameters for a drum boiler are given
in Fig. 9.1.

9.2.2 Solution of the Differential Eguaticns.

From a dynamic point-of view, the model described above is a fourth
order non-linear system, and a real-time simlation of this system requires
the solution of the differential equations. There are many ways in which
these may be solved, but in a real-fime simulation the execution time of
the algorithm rust be as short as possible, commensurate with stability
of the sclution. Conventional numerical methods, such as predictor-
corrector or funge-Yutta algorithms will give satisfactory results, tut

frequent

their execution times tend to be long, owing to evaluation of the

function, and to the relatively small time increments which must be used

namerical
to guaranteefstatility. In recent years much interest has been centered

on simpler methods of solution, which are faster in execution. In the
power systems area Domel and Satoe1 have recommended the use of the

trapezoidal rule in fast transient stability studies, and in the field of

- . . . . 8
space vehicle dynamics success has been achieved using operational methods.

The basic concept behind such operational methods is the development
of a discrete integrating operator, which can then be directly substituted

in the system transfer function to give a set of difference equations. The
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83

best known such operator is that due to Tustin -, who derived it in terms

of "time series'". The original manipulation is rather cumbersome, but a
useful explanation of its derivation using the foward shift operator, 2z,

is given in Ref., 82. The integrating operator, 1, is given in discrete
s
terms as

m m

Z 1
2 - 1

1
s

(ST

where T is the time step. For an integrator with input x and output y,

y(s) = x(s). 1 or v(z) =x(2). T 2z + 1
5 2 z -1

or in terms of a difference equation

Yn = Yn-q +'% ( *n * Xn-1)

which can be recognized as being the familiar expression for trapezoidal
integration. All that is required for the soluticn of a linear system is
to derive the transfer function, and to isolate powers of 1 , which are
then replaced by the appropriate power of the discrete opeiator, and a
difference equation can then be derived.

‘Once this difference eguation has been derived; apd its coefficients
calculated, the solution of the system is a simple task. A ron-linear
system m2y be broken dowm into a set of linear sections, linked by
non-linear equations, andAeven_time-varying parameters mey be accommodated
by periodic re-evaluation of the coefficients..For fecedback systems
containing a non-linearity, where an open-lcop equivalent cannot be obtained,
the feedback path introduces a delay of T, and this can cause problems of
stability; various techniques have been devised to accommodate this problem,

and these involve matching closed-loop gain and eigenvalues by introducing
a digital compensator84’85.
These methods have given excellent results in the solution of many

problems, one of the most interesting being the case of the simulation of

a space vehicle, with six degrees of freedom, The use of Tustin operators



was found to be the only stable way in which a real-time sirmlation could
be developed, and this offered an execution time saving of over Q05!
compared with a conventional Runge-Kutis method.

It was therefore decided to use the Tustin orerators for the boiler
model, in order not only to ensure fast program execution but also to
enable a simple trial of these melhods to be made., The results have been
very satisfactory, and the use of such operators is strongly recommended
for any fufther.dynamic simulations which may be required.

9.2.3 Tmplementaticon of the Boiler }Model and the Results.

Before the boiler model was implemented on-line, tests were carried out
to determine the smallest time increment vhich could be used, and some of
these results are shown in Fig. 9.2, for time steps of 0,1, 1.0 and 5.0
seconds, It can be seen that the difference between the 0.1 and 1.0 second
step lengths is minimal, and since the whole real-time system could
accommodate the boiler program to be run every second, this step length

vas chosen. The parametiers used in this test were those later adopted for

the on-line simulation, and these are:

T., boiler storage time constant 240 seconds

B’
Xy controller derivative gain =0

Ko controller proportional gain = 20.0

KI, controller integral gain = 0,04

TD’ fuel feed delay = 30 seconds
TF’ firing system lag = 30 seconds
?M’ mill storage time'constant = 2.0 secqnds

The analog hardware associated with the.inclusion of the boiler model
is shown in Fig. 9.3. In the actual generator unit, an analog multiplier
is used to give the steam flow from the valve position and the pressure
signals. A potentiometer is used to provide a manual pressure signal when
the boiler simulation is not in use, and this also serves to give the

reference pressure to the digital model. The basic software performs the

[
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transfer of the analog and status signals between the model and a CCOLLION
storage area in the computer core. The progrem examines the status signal,
to detcrmine vhether the prescure signal is provided locally or by the
computer; in the former case the computer pressure signal is updzted to be
equal to the potentiometer setting. If the boiler model is in operation,
at each iteration the valve pozition and the reference pressﬁre are read
and the new boiler pressure calculated and outrut to the zenerator unit.

Test results for the model are given in Fig 9.4 for three tests, and the
practical results are compared with those produced by an off-line program.
The conditions for the threc tests were:

Initial Fingl

Valve Pos. Ref. Pressure Valve Tos. fef., Pressure

Test 1 0.5 p.u, 1.0 p.u, 1.0 p.u. 1.0 p.u.
Test 2 " 1.0 p.u. 1.0 p.u. 0.5 p.u. 1.0 p.u.
Test 3 1.0 p.v. 0.95 p.u. 1.0 p.u. 1.0 p.u.

These correspond to the valve opening, the valve closing and to a change
in reference prescure. As can be secn, the results obtained using the
sirulator bear a close reserblence teo those generated by the off-line
program, the accuracy being better than 3f. this is due to the A/D and D/A
converter offset crrors, and subscquent work has reduced these to less than
0.5

Thé aim .of developing a boiler model suitable for on-line use in
conjunction with the analog hardware has been achieved, and the use of
integrating orerators has been showm to be convenient in real-time

similation wozrk.
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9.3 The Test Iosd-I'requency Control Schere,

9.3.1 Intrcduction.

The basic principles of the various methods of load-frequency control
have been understood for the past 40 years, and most moderm schemes differ
only slightly from these original concepts. Despite considerable activity
during the late 1960's, the use of techniques from modern control theory,
in the areas of stochastic and optimal control, has found no favour in
practical implementations and the design methods employed are largely
heuristic, To evaluate the TDP-15 in the role of a digital computer
controlling a model power system, it was decided to implement a simple
Avp +KA£‘86 controller,

Such & controller consists of five stages:

(1) leasurement of power flows and frequency, and up-dating of
the agreed interchange schedule,
(2) Calculation of the area control error (ACE), according to
the relationship
FTI=

ACE = E 1 (TLSi-mU\i) + K(FS—FB.) + IPB
A=

where NTIE is the mumber of tie-lines connected
’I‘LS:.L is the scheduled flosw in line i
TL!'Li is the actuzl flow in line i
}T‘s is the schedulcd. frequency
Fa is the actval frequency
IPB is the inadvertant payback, determined by
accumilated flow error or time error.’
(3) Determination of the total demand, PDT, knowing the actual
generation and the area control error
NUUIT
PDT = %;_‘_’, PGEN,  + ACE
where NUNIT is the mumber of uwnits on control

PGENi is the power generated by the :i.‘bh unit,

B i s 1]
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(4) Xnowing the total generation requirement, this rust be diviced
between the units available, according either to a previcusly
calculated generation schedule or as calculated by an on~line
econowic dispatch algorithm. At this stage security considerations
must be taken into account.

(5) Control of the individual units, once the target power is knowm.
Control signals must be sent to each unit to indicate whethex
generation is to be increased, decreased or held constant, and
this change should be accomplished in a reascnable time and
without introducing oscillations into the system, Since a zero
steady-state error is required, a closed loop system rust be
used, and there are two main methods:

(a) Pulse end Tait Method.

If it has been decided that a unit should increase its generation
from 100 i to 150 KW, the controller will issue a Raise pulse
to produce vhat it believes to be a 50 IV increase. After the
prime-mover transients have died away, the controller may look
at the output and find it to be only 140 137, It will then issue
a Raise pulse for a further 10 I77, and wait.

Since some of the time constants might be of the order of tens
of seconds, this gives a very slow control over the system, but
it does mean that no knowledge of the plant dynamics is required,
beyond the settling time. F
(v) Iransient Response lonitoring lethed.

If the form of the transient response is k;own, it is possible
to monitor the response of the unit following the issuing of a
control pulse, and if it deviates from the anticipated response
by more than a certain amount, then corrective pulses can
be issued. |

9,3.2 The Unit Control Loop.

On a generating unit fitted with a conventional mechanical/hydraulic
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covernor, changes in the reference setting are accomplished by driving

the speeder gear motor in the correct direction, and the change which is
accomplished is proporbtional to the time for which the motor is switched on.
Thus the speeder gear, to a first order, may be rezarded as an integrator
of control pulses. However, many factors cowmbine to make this only an
approximation to the true behaviour. First, the actual zovernor characterist
are non-linear, and secondly the motor transmission system will have a
certain amount of slack and slip, the motor will take time to accelerate
and will continue to coast after the removal of its power supply. All

these factors combine to give an uncertainty of perhaps-% to 2 in the
integrator gain figure which is to be used, and hence in the calculation

of the duration of the Raise/Lower pulses which are to be sent.

In the light of this zain uncertainty the need for a closed loop control
system can be secen. The simplest scheme is shown in Tiz. 9.5, where the
computer acts as pvart of a sampled data system, computing a new value of
the'Raise/Lower pulse every 4 seconds. The gain is assumed to be known,

and the turhbine dynamics are represented by a simple lag with a 10 second

1C3

time constant. The behaviour of the closed loop system is showm in Fiz, 9.6(a),

while the open loop response is given in Fig. 9.6(b). It can be seen that
although the closed loop response is more rapid, it has a larze overshoot,
is poorly damped and gives rise to excessive speeder motor action.

One of the main criteria for a satisfactory control}scheme is that it
should not cause oscillatory effects in the system and this is not met by

the simple closed loop system. Additionally, it is advantageous to reduce.

control activity to a minimum, as this not only reduces wear on the mechanical

components but also reduces disturbances to the system. A better closed
loop control scheme can be produced by incorborating a digmital compensator
in the unit control algorithm, but such a compensator demands a knowledge

of the prime-mover transfer function. There are many possible compensation

el st Y]
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techniques which could be applied, but the one adopted here aims not to

improve on the open loop response of the unit but to correct for tae

uncerbain gain of the system., That is, if an increase in generation is reguired,
a Raise pulse will be issued on the basis of an assumed system gain, and

the power output of the turbine at the ncext sampling instant will be

predicted on the basis of this gain and of the system open loop r2sponse,

Only if the actual response differs by more than a certain amount fron

the predicted responge will additional control pulses be issued, Thus when

the gain is exactly kmomm only the initial control pulse will be issued.
Knoving this, it is possible to derive an expression for the desirel form

of the compensation,

Fig. 9.7 shows the control loop in terms of a sampled data system87’88

with compensation C(z) and a unit transfer function G(z). For a step input,

R(z) = 2z, the control pulse sequence should be of the form 1,0,0,0,0,0....,
Z=

&

thus I(z) = 1. Prom the fisure we can write

O(z)

A=) S i(.g('z)(.}((‘:?zj

K9 - it
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ECRp oo

= I(z) 1.+ C(z) G(2)
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Thus c(z)

I

ozl
z- (2z-1).G(z)

Hence knowing the pulse transfer function for the units, it is possible
to derive the compensation block ¢(z). For the generator units in the model,

it was assumed that the prime-mover transfer function was of the form

(1« sT1 ) vwhile the speeder gear motor is represented as K,
- _—, X
s

(14 8T )14 ST, )
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where K is a variable gain., A special hardware unit was constructed to act
as a slow integrator, and a dead-band was included so that if the masnitude
of the control pulse iz less than 5. of the maximum Raise/Lower level, then
the integrator is put into its "Hold" mode. The nominal gain of the
integrator is such that the full Raise level will drive the valve from
fully open to fully closed in 40 seconds. The gain can be changed to see
how the control scheme performs under different conditions,

Off-line computations were performed to examine the predicted behaviour
of the compensation with different gains, and the results are given in
Figs. 9.8(a)-(c). The sampling interval was two seconds, and the prime-
mover time constants were T1=3.0 sec, T2=1.0 sec and T3=10.0 sec, The
results show the response of both the compensated and the un-compensated
systems, with X = 1, &, and 2, where the controller believes XK to be 1.

The great reduction in control activity can be seen, and the shape of the
response of the compensated system can be seen to be similar under all
conditions.

9.3.3 The Control Scheme.

The control scheme which has been implemented is a simple frequency-bias
tie-line control scheme, together with the unit control method described
. above, The flow chart is shom in Pig., 9.9. The problems of data input
and control simnal output are handled by the basic software, so #he actual
program is a brief Fortran one, with all its data traﬁsfers accomplished
through Common storage areas. The test system is shomn in Fig. 9.10, and
consists of an infinite bus and two generator units; connected by short
transmission lines., The section which is to be controlled depends on the
naturz of the test, for in a fixed frequency experimént the two generator
units are controlled in order to resulate the flow into the infinite bus,
but in a variable frequency test only one machine is controlled, with
the other machine acting as.the rest of the systen.

The parameters of the mechanical systems of both machines are:

Inertia Constant, H, 4 p.u.

S gy
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H.P. Cylinder time congtant 7.0 sec.
I.P. Cylinder time constant 0.5 sec,
1.P. Cylinder power fraction 3075
Governor Droop 455
Governor time constant 0.2 sec,

A total of four tests were performed, and these -ars detailed belowm:
Test 1. System connected to the infinite bus, with a change in
reference flow from 0.6 to 0.2 D.U. Fig. 9.11(a)
Test 2. System connectad to the infinite bus, with a change in
internal lozd from 1.¢ to 1.4 D.u. Fig. 9.11(b)
Tegt 3. Isolated system with a load change in the uncontrolled
half of the system Fig. 9.11(c)
Test 4. Isolated system with a load change in the controlled
half of the system Tig. 9.11(d)
In tests 3 and 4 the second generator unit was under manual control, which
acted to restors the tie-line flow to its original wvalue.

Test 1 shows that after a step change in reference flow, the controls to
increase.thc genemation start to act after a shoxrt delay, this being the nex
time the control vrogram was executed, The tie-line flow is increased steadily
to its new value, and this is reached with no overshoot. Since the gain
of the speeder motor system was knowm, only the initial control pulses
had to be issued,

Tegst 2 shows how, following a step change in load, the tie-line flow
increases, and after 2 seconds thecontrol starts to bring the flow back
to its original valﬁe. On this occasion, thexre is a small overshoot, but
this is quickly counteracted. This was probably due to external variations
rather than a fault with the control logic.

In Test 3, the controlled machine is Wo. 1, and no control pulses are sent
to it, since the constant K is correctly chosen. The change in power oubtput

of this machine is due entirely to governor action, and the restoration of
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the correct tie-line flow and hence the frequency is accomplished by
machine 2,

In Test 4, however, the change in load oceurs in the controlled aresa,
and hence control action is talien, resulting in the restoration of the
correct tie-line flow. No manual action was taken with the uncontrolledd
machine, Wo. 2., The gimilarity between the results of Tests 3 and 4 is
because the manual control in Test 3 acted in a vexry similar way to the
computer control of Test 4. |

The behaviour of this simple load-freguency control scheme is zs expectad,
and demonstrates that the combination of the compubter and the power system
model is suitable for further work in this field., In particular, the
behaviour of control algerithms in a system with noisy.measurements is
of interest, and some experiments along these lines were attempted. However,
the available noise generator was unable to produce satisfactory noise at
a sufficiently low frequency. The noise was centered about 1.5 to 2.0 Hz,
and this was effectively filtered by the digital filter associatedl with the
analoz input. program, However, there is scove for further work, provided

that suitable noise gources are used.

9.4 The Yeasurement of Power System Zaraneters.

The incresasing desire in recenu years to unlerstand and to be able to
predict the behaviour of power systems has led to a need for accurate
measurements of many varameters. Such measurements arg frequently
difficult or impossible to perform using conventiongl methods of system
testing, and recourse must be made to more sophisticated techniques. This
is particularly true in the case of the measurement of power system inertia.
This is a most important parameter, as it determines the rate of fall of
frequency following a loss of generation, This parameter has in the past

been measured by arranging the system into two large areas, connected by

a single tie-line which carries an appreciable power flow. By tripping this
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line, one area will suffer a loss of infeed, while the other will have
a surplus of generation and frequency changas will occur,
This method has a nmunbaer of disaivantages, which moy be summarized as:
(1) In order to produce a freguency deviation which can be
accurately measured, the power transfer must be of a
reasonable nagnitude, and it is possible that the tripning
of the line may cause stability problems.
(2) It has been found that the long term plant resnonse is
different in planned tests from that which occurs following
wnforseen incidents, This can be attributed to increased
overator awareness.
(3) Considerable planning must be undertaken befors such tests
can be performed, |
In recent years much interest has been focused on the identification
of control system parameters using random test signals superimposed on
the ordinary input89-91, and then crogs-correlating the output with the
input, This then gives the system impulse response, frém which may be
derived its transfer function. Tt was decided to investigate the use of
this method for the determination of system inertia, The principle is
shown in Fig. 9.12. A rendom power infeed is applied to the system, and
the frequency of the system is cross-correlated with this random input.
Such a variable infeed can ve achieved if the system under test is linked
to another system by a d.c. line., Small changes in‘poﬁcr flow nay be used,
provided that the experiment is continued for a sufficiently long time,

9.4.1 Theoretical Backszround,

Consider the system of Fig., 9.13, which shows a linear s&stem whose
impulse response is h(t). Its output y1(t) is contaminated with noise n(t),
to zive a total output y(t). The cross-correlation function q)yx may
be written as . |

¢ (T) = %KO y(t) =(t-T) dat
now

v($) = y,(t) + n(t)

e s e atmt]]
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The systen ocutput 3,*1(1:) may be writtea in terms of the convolution integral:

y1(t) = S n(z) x(t-z) dz
° i i i
¢ (1) =1E x(t-T ) dtj‘ h(z) x(t-z) dz + _1_§ n(t) =(t-) dt
Jx TJ0 0 740
© T T
d)yx(-c) = _1_§ h(z) dzg x(t-T) x(t-2) at + 1[ n(t) x(t-1) &t
TJo 0 74O
write
T
Q)_):y(‘c -z) = 1} x(t-T ) x(t-z) dt
- TJ O
and

<

ﬁ/\
-
1t

T
_1_5 n(t) =(t-T ) dt
TJd O

¢ (1)

JECEMCIOR PG

If the noise and the input are uncorrelated, then ¢ qx = O» and
. - ¢

(Dy:c = j‘o h(z) (D}:{('E-z) dz

For a random signal ¢ vz is the impulse response, and thus

d>yx'(t) = h(t)

For practical purposes, the use of a true random input is not conveaicnt,
and a pseudo-randon binary sequence is freguently employed.. Such a sequence
has a value of either & a, and transitions from one state to another mayr
occur after each clock interval T. The sequence is of fixed lené;th, 1,
and thus repeats itself every nT seconds. The auto-correlation function is
showm in Fig. 9.14 and as T—-0 and n-o0, then this trends towards the

92

impulse function”~. Such a sequence may be generated by using modulo-2

feedback around a shift rezgister; for a register with N stages the maximal
. i) . - .

length sequence occupies 2 =1 clock periods, The sequence generator which

wag employed in these tests is described in Appendiz C.
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Since the input test sequence repeats itself, the measurad cross-
correlation function will also repeat itself every nT seconds, and this
means that the sequence length and the clock freguency must bz adjusted
so that the part of the response which is of interest occurs within this
time nT. The fine-ness of the detail in the response is determinel by the
clock freguency, as the non-ideal auto-correlation of the test signal leads
to a smearing of the results., However, a high clock frequency will, in
general, only cause very small changes in the system output, which might
be difficult to measure, Thus the choice of clock freguency and seguencsa
length must be made with a prior knowledge of the form and duration of
the resoponse, and certain compromises must be made,

The longer the period of measurement the more accurate the results
will be, and this period is limited only by the eguipment used for the
test. Analog correlators are prone to drift, whilst in the digital system
used here, the limitation is imposed by the storage available.

The use of correlation methods enables system measurements to be made
wnile the system is operating normaily, and with a low iével of test
signal. This causes a2 ninimum of disturbance to the system, gnd permits

measurenents to be nade in the presence of noise,

9.4.2 Test Tesults.

The test system is shomn in Fig., 9.15, and éonsists of a single generator
unit connected to a small nebtwork with fixed loads, and with a switchable
load, This latter load is rated at 2 of the base powsr, and its power
factor is adjusted such that when the load is switched in, no change of
network voltaze occurs. This avoids the infroduction of voltage effects,
both of the other loads and also of those associated with the voltage
regulator, Provision was also made for the contamination of the frequency

signal with noise derived from a separate noise source,
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In addition to the correlation measursments, step responses were also
obtained, in order to demonstrate the ability of the correlation technigue
to recover sismals from noise. The characteristics of the teat signal werc:

31 bit sequence

2 Iz clock frequency

2 samples/clock cycle

256 sanples per test
This enables the first 15 seconds of the response to be examined, and the
whole test lasts for four complete sequences. As has been previously
explained, the results obtained from the cross-correlation give the system
impulse response, and this was numerically intezrated using the traovszoidal
rule to obtain the step response,

Four different sets of results are given here, with the system operating
under the same conditions, but with the frequency measurement signal

contaminated with different levels of noise. These noise levels were

Test Number Signal/Noise Ratio Figure MNo.
1 No Hoise 5.16(a)
2 20 dB 9.16(b)
3 10 4B 9.16(c)
4 -10 4B " 9.16(a)

The results of the conventional step changes are given.in Fig. 9.16(a)-(a),
and the effect of the noise level .can be clearly segn; In particular, in
Test 4 the signal/noise ratio of =10 4B means that no information about the
system response can be gathered, Fig 9.17.shows a comparison of the step
responses of the system obtained using both the cérrelation method_and
the ordinary step response, in the "no noise" test. The results can be seen
to be almost identical for the first 9 seconds of the response, while after
that time the correlation results start to give an error, which can be
ascribed to the short duration of the whole test.

Sections of typical test records are given in Fig. 9.18, which shows the

- wp—t
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test sequeﬁce and the neasurel frequency for Tests 1 and 3; in this figure
one complete sequence occurs in 15.5 seconds, and the freguency records cazn
be secn to repeat themselves. The results of Tests 1-4 using the cross-
correlation method are shown in Fig, 9.19. These have all becn normzlized
such that the peak freguency deviations for all the tests have the same
magnitude, This enzbles easier comparison of the shape of the dynamic
regponges, and with a knowledge of the peak deviation, given below, shows

the relative accuracies.

Test Humber Peak Frequency Deviation
1 0,165 Hz
2 0.155 Hz
3 0,16 Hz
4 0,14 Hz

The ability of this method to obtain results such as these from such
noisy data indicates that there is great potential in such work for the
measurement of power system parameters, Having obtained the step response,
the system droop and inertia must be determined, and by knowing the {inal
steady-state frequency, the power infeed and the initial rate of change.
off frequency, this can be done easily.

The droop is given by

Droop = Final Treguency Change = _A_f.
Powrer Change AP
while the inerbtia is given by
df=_1 .A D where H is the inertia constant
dt 28H

and df is the initial rate of change
dt
of frequency.
From these tests, values of droop and inertia were obtained, and as can

be seen, they are close to the design values, which have becn validated in

other tests,
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Design Value Obtained From Correlation Test 1
Droop A | 3.8
Inertia Constant 4.0 4.5

These measurements have an accuracy of about 10ﬁ, and this was obtained
during a test which lastel only just over one minute. By increasinz the
measurement period, the variance of the results will be reduced, since the
error is proportional to the square root of the reciproczl of the number

of measurenments. 3imilarly, if the behaviour of the system for periods up

to minutes was of interest, a longer sequence could be employed, and the test

conducted for many hours., This is of particular use, since following a

disturbance, the aim is to restore the system to its normal operating condition

as quickly as possible, and thus it is nol desirable to allow the system
to operate with no control, just so that its long-term performance can be
observed, With the correlation methods, the disturbance can be made very
small, such that the operator will not be influnced by it and consequently
will not take any action to counteract the perturbations., Additionally, the
ability to recover signals which are buried in noise is a great advantaze

and in a power system context would prove invaluable.

2.5 Conclusion.

These three examples of the worlk which has been performed using the
simulator snow that it is suitable for a wide range of fuﬂctions; The
computer has been found to work adequately in its three roles of data

acquisition, simulation and control., The comparative ease with which

different experimants can be conducted demonstrates the value of the simulator

for the study of power system control methods.

B ant I
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CHAPTER 10 CONCLUS TONS

10.1 Summary of the Tork,

The first chapter of this thesis described the need for a power system
simulator, both for the purpose of control investigations and for
educationzl usc. The system which has been developed is capable of meeting
these requirements, and thus the basic aims of the project have been
achieved,

The general structure of the simulator, with the dynamic plant
similation performed with anzalog equipment, the network represented by a
scale model and the digital computer interfaced for measurement and control
purposes, has been described. The concepts behind, and the operation of,
both the generator and load units have been explained, and their performance
has been shown to be adeguate, with errors in the region 1-27 . The interconnect-
-ions between the different sections of the model and the interface were ©
detailed, as this shows the potential versatility of the whole simulator.

The role of the digital computer was explained, and details given of
the basic software, to provide an understanding of the way in which the
analoz and digital sections may be used together., Finally, three exaﬁpies
of work performed using the simulator were given, to show its uses in
the areas of plant representation investigations, control studieé and

he evaluation of system parameter measurement techniques,

10.2 Original Contrihution.

It is the present writer's opinion that the following pieces of work

were his own contribution to the project:

(1) The design and construction of a modular geﬂerator unit, in which
not only individual parameters, but alsé large sections of the model
may be changed by just un~plugzing one unit and plugging another
one in., In particular the facility for connection with an analog

computer is of great convenience, Within this generator unit, the
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(2)

(3)

(4)

(5)

187

simple representation of a hydro turbine is also new, since only
thermal plant had been considered previously. lowever, the model is
not very satisfactory, and further work could profitably bz done

in this area.

The inclusion of a 2 axis machine representation in a continuous
frequency simulation, rather than in a transient analyser., The

model which is used not only gives the correct terminal response,

but also‘the,pquivalent circuits which form the basis of the solution
of the machine equations provides an insight into the intern=al
behaviour of the machine, making it particularly suitable for
educational use. The main advantages of this 2 axis model over

the previous reactance models are the superior damping characteristics
and the improved voltage response, One of the major problems with

the reactance model is that a change in load on a machine produces

a step change in terminal voltage, which then affects the electrical
power measurement,

The design, construction and'analysis of the load units. The original
constant power loads were found to be unstable when operated with
generator units of the reactance machine model type, and analysis
shoved this to be due to voltage instability. A new design was
produced for a constant current load gnit, which was found to serform
satisfactorily., The analysis of the system was found to agree with
the measured results, and this enabled a suitable choice of loop
gains to be made,

The develovment of a systeﬁ for interconnecting all of these units
with the network model, and the development of all the instrumentation
for the measurement of network quantities, such as power flows,
voltages and angles.

The invention of a novel technique whereby a high network frequency

may be used in a real-time model where the frequency is continuously
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variable. The direct method of just using a high Trequency
voltage-controlled osciliator is not feasible, since a vexy high
dersree of stability is rejuired and this is not attainabdle with
inexpensive eguipment. The idea of the single sidebznd system
wag then concieved, and a orotoblype was constructed, which pexrformed
well, The advantages of a high network frequency lie mainly in the
realns of signal processing, and the use of such a system should
enable transient stability stuiies to be performed,
(6) The use of a digital boiler simulation with an analog rmodel of
a steam turbine. This system has been showm to perform as designed,
and further work on the development of simple boiler models would
be useful. For any other digital on-line simulation work, the
use of intezrating operators is recommended, since they can give
a great increase in solution speed over conventionnl numerical
integration methods.
(7) The investigation of the use of nseudo-random binary seguences
for the icentification of power system characteristics. Using
this method, it has been pos:ihle to devermine the effective
inertia and the damping in the system, and it is felt that this
method might have potentinl for use in rezl systems, where random
power injections may be made over a d.c. line,
It is felt that the above list is a surmary of the writer's ovm
cohtribution, but inevitably more vork was corried out than is described in
this thesis, since much of it proved to be abortive. :

10,3 Recommendations,

The recommendations which are to be made fall into two main categories;
first, there are suggestions for improvemenfs and further work which would
continue the present line of investigation. Secondly there is & suggestion
for a new type of model which could be used for system, rather than plant,

control studies,

et e s e e e en i eee e ey ——.



10.3.1 Iaxdvare Improvements.

Improverents in the accuracy of the whole rodel could easily te
achieved by using more exvensive components. In particular, the use of
higher quality analog multipliers would effect a great improvement. These
are used in the phase-gscnsitive detectors in the load units, and for the
measurerent of electrical power in the generator units, two functions vhich
determine directly the accuracy of the whole model, It is recommended that
rultipliers with an accuracy of the order of 0.2%: are used, although
these cost abtout £40 each; two would be reguired in each load and genersior
unit.

The amount of circuit calibration could be reduced if high-vrecision
resistors were used nore widely. Their accuracy should be better than 17,
for if several circuits using such resistors are cascaded, the errors
soon accurulate. The use of precision capacitors is not recormended, as they
can be very expensive, and for the limited number which are required, it is
simple to make wp parallel combinations to obtain the desired value, All
pre-set resistors should be either of the wire-wound or the cermet type,
since the long-terr stability of the carbon track type is very poor,

Although tyve TA1 operational amplifiers have been used almost
exclusively throuchout the present rodel, there are many situations where
other, more cxpensive amplifiers would be useful, Tn the sirulation of
long time constoents a high impedence tyve, such as a FET input 5mp1ifier is
necessary, and there are other greas where low-offset or low drift amplifiers
would be ugefvl, as this would reduce the number of “"zero-adjust" pre-cets.

For the whole system, it has teen shovm that a more compact arrangement
is posgcible, and with care, the whole model could be.fitted in two 6' racks,
instead of the five now occupied., This would involve constrvcting all
the circuits on printed circuit boards, and arranging the metering and the
controls to be remote from the actual electronics,

The most fundamentalchanée recommended is that the per-unit system of the

model should be changed. The case for using a higher frequency has been put,
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in Chapter 7, and it is suggested that the base voltage should also be
changed. The recormended valve is 5 V rms, vhich would be within the range
of operational amplifiers, and would simplif{y the design of the power awplifiers. -
These could be replaced with directly-coupled transforrerless anplifiers,
wnich would remove the currently weckest link in the system, the present
ermplifiers,

Also, there are several disadvantoges with the present computer, the
PDP-15. Tt is not reliatle, and being physically remote from the model it
is not convenient for this type of work. A further limitation is the limited
time for which it is available to the Simulator group. A small mini-computer

dedicated to the project would enable much fastier progress to be rade.

10.3.2 Further Vork on This Project.

There are many directions in which this work could usefully develop.
Further work on the hardware would be beneficial, particularly in respect .«
of prime-mover siralations., The need foxr a hydro turbine model has already
been menticned, and this is an important priecrity. Cther kinds of plant
which should be considered are gas-turbines and diesel engines, both of
which are now finding a role for peak-lopping purposes.

Further work on boiler modelling, in particular for different kinds
of boiler, would be useful, to produce simple models suitable for real-time
use, The verification of these simple models against eithér complicated rodels
or, preferably, real data is an essential part of fhe work,

In the system control field, there is no limit to the schemes which can
be evaluated, The simulator allows different algorithms to be evalunted
in a realistic context, énd comparisons between alte;native methods
may then be made, In particular, the simulator is suitable for the testing
of'whole systems pf prograﬁs, for such complex tasks as the restoration

of a whole system to a normal operating state following a major disturbance.

B e
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10.3.3 A New Tyve of Total System Iodel.

In recent years, interest has centered on the study of total system
response, rather than on individuzl plant performance. In this type cof
mode111'13, all voltage and reactive power effects are neglected, and only
the power bzlance lLetveen generaticn and load is considered. A typical
scheme is shown in Fig. 10.1. The generation is grouned into blocks,
according to the plant mix, of thermal, hydro, gacs turbine and perhaps
pumped storage.plant, and their outputs are surmed to give the total
generated power. A load model, containing the load trend and its random
fluctuations, gives the power demand, and the difference between generation
and load gives the accelerating power. This is intesgrated to give the
system frequency, the integrator gain being determined Ly the system .
inertia.

This can be extended to interconnected system operation, by integrating
the frequency error to give the angular difference. This is shcwn in
Fig. 10.2. The tie-line flow is assumed to be a linear function of the
angle acrosc the line, vwhich is valid for swall changes. The total infeed
in one arez is then added to the generated rowver.

Fodels of this kind have given useful results in studies on generation
loss, load shedding sizategies and tie-line txipping, as they give the
vhole systen response with only a fraction of the comput:tional effort
which is required for a full dynamic analysis.

The new idea is to build a ﬁodel vhich simulates such a system representation,
with all the calculations being performed digitally. Suitable methods
would involve using.integrating operators, in oxder to achieve the neceszary
speed of execution, Suéh a system would involve using micro-processors for
the solution of the equations, with one such processor for each area
of the system. These would be interconnected viaa data bus, but each processor
would operate autonomously, as the only information required about another
area is its azngle. Bach iteration cycle would be initiated'by an interrupt,

which would be sent to each processor in the system.
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Such 2 system vould te irexrensive to Luild, althoush the initi=l

'3

rogramming of the plart euvgations viould be a lengihy process., Fowever, the
final system would have the advantages over analog equivment of drift-free
and reproducible operation, whilst having the adventage of parallel

operation,



APPEEDIX A DETAITS CF THE CIRCUIT:Y USED IN THE STHULATCR

The constraints imposed on the circuit design were painly financial,
and they deranded the use of irexpensive componenls, The main items to be
affected are the oreratioral amplifiers and the analog multipliers. These

. : . : N circuils
two areas will be considered first, and finally certein miscellaneousf{will

be explained,

Onerational Amnlifiexrs,

The ideal operational amplifier can be defined as having the following

characteristics:

Infinite Input Impedance

Zero Output Impedance

Infinite Gain

Infinite Bandwith
Figs., 4.1 to A.5 show some cf the standard circuits which have becn used, *
together with their transfer functions,

In any practical system, these circuits are subject to several limitations,
depending on the characteristics of the orerational amplifier which is
employed. The main problem which arises in a simulation of the kind
undertaken here is the representation of long time constents. These reguire
a large RC product, and since the upper limit for cavacitors lies in the
range 1—1OLLF,‘high resistance values must be used, The 1limit fof capacitors
is determined by both their physical size and their price, since non-

polarized types must be used, and they mist possessgood long-term stability.

The upper bound for resistance values is determined by the input characteristics
of the amplifier, in particular the hias current taken by the input

long~tail pair. This pair might be either bipolar or field-cffect transistors,
the former offering bvetter temperature stability and lower drift, while

the latter have the advantage of very small bias currents and higher

input impedance,
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Vithin the availatle financial range, one type of each such kind of
amplifier was selecied, the 741 op-amp, costing about 22 p, and a rmodified
version of this amplifier, with a I'Y input stage, sold by Fadiospares
for about £2.50. These are both very inexpensive, but arc cuite suitalle
for uvse in the simulator. In any circuit vwhich requires resistance values
greater than about 200 k§¢, FET tyre amplifiers must be used. Although
the use of higher quality amplifiers would improve the vhole system, and
reduce the number of adjustments, the extra exvense would be consideratle
and the money would be better spent in other arezs.

Analos Iultipliers.
There are three moin types of electronic rultiplier in common use at
the present time, these lLeing:
The Transconductance Type
The Pulse Height/¥idth Xodulator
The Hall Effect Type;
The Hall effect kind of wmultiplier is of no great use in elecironic
systers, since it is nct only rthysically large, but is also very susceptible

<

to temperature changes., This leaves the iwo other tyrves, both of which
are widely uscd. The pulse height/vidth rodulator is capable of high
accuracy, of the order of 0.1%, but is exvensive, perhaps £50 for a 0.9 rodel,
This leaves the variable trensconduciance type, which is shown in principle
in Figc 1&060

"For the stage showm, it is poscible to write

Av = K.AV. I S '
B
so that the voltage difference at the collectors is proportional to the
product of the input voltage difference and the total emitter current.
Such a property may be used in an analog muitiplier, by having as one input
the differentizl voltage,lﬁv, and using the other voltage to control the
current I,
E
The system rust be designed to accommodate operation in all four

quadrants, to allow input signals of both polarities. A practical multiplier

-



has four main adjustments, each of which has a corresponding term in the

expression for the outrut VO.

vo=E, [}x-xo).(y—yo):] + V., + hi

vhere x,y are the respective inputs

her texms

[ogg]

Kx is the gain adjustnent
X9V, are the resvective input ofi'set
adjustments
vox ig the output offset adjuvstwent
Two different devices were erployed, one, The llotorola IiC 1495, with
an accuracy of 3, and the other, the Analog Devices AD 533, with an
accuracy of 1¢’, Tor the 1'C 1495 device, the output is & balanced signal,
consisting of a larse d.c. common-mode voltace, about 10 V, and a small
signal voltage, about 0.5 V. The amplifier which follows the multiplier must
have excellent common-mode rejection, and also the system requires highly
stable power supnlies, for othervise variations in offset will occur.
The AD 533, however, contains its own supply regulators and output amplifier.

and is much less sensitive to voltage varistions., Ls a result, it 1is more

c

convenient lo use {han the IC 1495, and is vpreferable despite its higher

cost. For about £15 it i

&)

rossible to buy complete rultivlier chips which
recuire no externnl adjustiments, since these are all made in the factory
during wenufacture, by lasexr trimmins. These would obviously be the hest
solution, if cost were no object.
fidscellaneous Circuite,

The first of these miscellaneovs circuvits is the limiter, showvn in Fig. 4.7,
The circuit actis by'the potentizsl VB becoming greater than AN

transistor, which turns on the transistor. The current through this

for the
e

transistor flowa into the summing junction, and tends to reduce the output

voltage, causing a limiting action. The potential Vﬁ is determined by the

and the potential divider R, and

outpul voltage VO, a reference voltage V >

R

R3. The brealk-point of the limiter, Vi, is given by

]
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and the slope of the limited portion by

slore = R3

_ R
In general, the slope can be made at least < 0,001, depending on the input

resistor and the gain of the transistor., The diodc is included to prevent
reverse-treakdeim of the bhase-cmitter junction when the output voltage
goes negative. By changing the transistor to a p-n-p type, reversing the
diode and changing the polarity of Vﬁ and VC, & negative limiter can

te produced.

In the instances where a very high input imvedance is required, such as
in "Hold" circuits, a dval FET is used, as shown in Fig. A.8. The upper
device is connected as a source follower, while the lower de&ice acts as
a dynamic load, This gives a low offset between input and output, <10 mV,

and the dual device offers good thermal tracking.
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APPIEDIN B LOAD UIIT ANALYSIS PARLIITINS

For an analysis of the behaviour of the lozd unit it is necessary to
know how the masnitude of the terminal voltame varies with changes in the
phase and quadratures components of the lozd current, when the unit is
connected via a complex impedance, as showm in Tig., B.1.

The phasor diagranm is showm in Fig, B.2, and it is apparent that

(v +AV)? +BY?
2

2 2
E" = (V + RI XI LI_ - RI
( i p * q )7+ Y q)

2

By avplying in turn small increments to Ip, Iq and E, the corresponding

changes in V can be found, and the desired parameters obtained, These are:

Av - - vRy 1.2° =K
== o TPV
Ap V+IX+ IR
q P
2
— - —
Av - 7K+ 12 = Kooy

>
»QH

V+IX+ IR
q P

>
o
0
1

- oy

1
B 1+ XTI+ RI
A C . )
The coefficients for the analysis of the system of Fig, 5.4(b) are

siven below; all the variadles are definel in the text of Chapter 5.

Let
X1 = (1-KAKEV)/TE X2 = -(K,X IPV)/ I
X3 = 1/(R-KIPV) X4 = X3, L.RE oy
And then

=
]

VX1 + LK. ,.X3)/T
] (7.%1 4 LX oy <3)/1p

K, = (v. X4 + LXK + X4. KIDV) Tp

{, = X2X

Y3 2X3

K4 = X1 + K3
For the system of Fig., 5.15, the coefficients are given below:
Let )

Y1 =(1 - epo).KIPV Y2 = (1 - epo).KIQV__

¥3 = ¢ .X :

q IPV Y4 = e, KIQV

¢ = 1/R

At T
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And then

Z
A

1

[\
]

I\
u

. o]
6/( 1 - oY4 - 67.Y2Y3)
1 =« GY1

623/ ((1 - 6¥4)(1 = G¥1) - 6°¥2Y3)
e?y2/((1 - 6Y1)(1 ~ 6Y4) - 52Y2v3)

¢/( 1 - CGY1 - _C-_?:Y2Y3 )

1 - GY4
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APPEINDIX C THE DPSEUDO-RAKRDCY BINARY SEQULLNCE GZIERATOR

Such sequences are generated using a shift resgister, with feedback from
its various outputs back into the inputs, via exclusive-CR gates, as
shovm in Fig. C.1. For a shift register of n stages, the sequence will
repeat itself every 2.1 clock pulses. Such a sequence is called a maximal
length sequence, and certain feedbeck connections have been esiablished

vhich will generate them, A table of such connections is given telow:

Stages Sequence Length Fecdbaclk Connections
) 3 2,1
3 7 ' 3,1
4 15 441
> 31 5,2
6 63 6,1
7 127 7,1
8 255 8,7,2,1

A generator was constructed on these principles, and is showm in block
form in Fig. C.2, The clock frequcncy is de?ermined by a division chain
vhose input is derived from a 1 IHz crystal oscillator., The first stage
of the division chain in a 3 decade rate rultiplier, controlled by three
thumbvheel switches on the front panel. For an input of frequency fo,
the output. can be adjusted to Iie inthe renge O.OO‘If0 to O.999f0. Text
there is a fixed division by 103, followed by a sﬁitchable division chain
of three stages of +10, The internal clock may therefore be adjusted frog
999 Hz to 0,001 Hz. There is also facility for using an external clock
’signal.

Before this signal is used to clock the shift register, there are 3
switchable <2 stages, to enable the generated sequence to run at a

fraction ( 1, &, %, L ) of the clock frequency, permitting synchronous

]

sampling. The feedback connections around the shift register are also



2C4

Clock
Output
Shift Register
®
Feedback
Fig.C.1 _Principle of PRBS Generator.
1 MHz 3 Decade =10 =10 =10 =10
Osc. Rate Mult
T 1T 1
Select S ,
Rate T —
8 bit Shift oML
Register
] 1 E xt.
M Clock
Select
Feedback
X2
[o]
N
X1

PRBS Generator.

Qutput



205

switchable, allowing 31, 63, 127 or 255 bit sequences to be genexrated.

The output sequence is a TTL compatible waveform, and an analog systen
has been zttocked to the outrut to provide control signals suitable for
use with the rodel. This outpul consists of a fixed level, determined by
input X1 and potentiometer P1, with an increment which is switched by tie
random sequence, of magnitude X P . Thus the output can be written as

- T T
X, = L [ (,_ 2)]

ovltchqble ueteITlneu by

inversions  sequence

An intermn2l +10 V reference signal is also provided.

B U
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