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ABSTRACT

The thesis describes Load Frequency Control techniques which may be
used for real-time on-line control of large electrical power systems. Traditionally
the frequency control of power systems has been carried out using standard
fixed parameter control schemes, which give control over the immediate steady-
state error and the long term accumulated frequency error, but do not account
for the fact that system conditions can alter due to the change in consumer
load and generating patterns. The thesis presents a method of controlling the
system frequency using adaptive control techniques, which ensure that optimal
control action is calculated based on the present system conditions. It enables
the system operating point to be monitored so that optimal control may
continue to be calculated as the system operating point alters. The proposed
method of frequency control can be extended to meet the problems of system

interconnection and the control of inter—area power flows.

The thesis describes the work carried out at Durham on a fixed parameter
control scheme which led to the development of an adaptive control scheme.
The -controller was validated against a real-time power system simulator with
full Energy Management software. Results are also presented from work carried
out at the Central Electricity Research Laboratories under the C.A.S.E award
scheme. This led to the development of a power system simulator, which along
with the controller was validated on-line with the Dispatch Project used by the
Central Electricity Generating Board.
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CHAPTER 1

INTRODUCTION

1.1 An Introduction to Electrical Power Systems

The primary function of an electrical power system is to provide a secure,
economic and reliable source of electricity to the consumer. The term consumer
refers to both the domestic user, who will use in the order of a few tens of
kilowatts of power, to an industrial user such as a steel works who may use

several megawatts of power.

The electricity is supplied to the user as an alternating current with a
sinusoidal voltage wave form. Industrial users are usually supplied by three
phase supply which consists of three alternating currents with a phase shift
of 120 degrees between each of the voltage wave forms. The voltage level is
measured between each of the phases and can be as high as several tens of
kilovolts depending on the user’s requirements. It is more economical in terms
of capital expenditure to construct a power system as a three phase supply
and it is hence only split into three single phases just before it reaches the
domestic user. For the domestic user, the voltage is measured with respect
to the neutral line, its value varies from country to country but is usually in
the range of 120-240 Volts. The load imposed on the system by the domestic
users is divided evenly amongst the three phases, thus it is sufficient for the
power system operator to consider only one of the phases of the system and it

is usual for diagrams and displays only to detail one phase.

The process of supplying the consumer with electricity can be divided into
three distinct functions, .these' are: generation, transmission and distribution.

These are briefly discussed in the following section and are illustrated using




references to both the Central Electricity Generating Board 209.210 (C.E.G.B.),
which supplies England and Wales, and also to other power system companies

where relevant.

The formalisation of the electricity supply industry 42 in England and
Wales occurred in 1947, with the Electricity Act. The Nationalised Industry,
was formed from the British Electricity Authority, together with fourteen area
boards. The Electricity Act in 1957 created the Electricity Council and the
C.E.G.B.

Electricity generation is basically a conversion process in which a primary
energy source is converted into electrical energy. The primary element of an
electrical power system is the plant in which a basic fuel is converted into
electricity. The fuel may take many forms from coal or oil to nuclear fission, or
the recovery of kinetic energy from moving water. In most plant the basic fuel
is directly or indirectly used to produce steam by the extraction of energy from
the fuel as heat. The high pressure steam is then used to drive a turbine which
in turn supplies mechanical energy to an electric generator. There are many

general references available, some of the better ones are 113,114,139,147,215,222

Coal-fired plant is the type most -used in the UK, but this is not so
for all countries. The coal is used as the primary energy source, which has a
great effect on the positioning of the power station. The schematic diagram

for a conventionally fired power station is shown in diagram 1.1.

A steam turbine generally consists of a high pressure (H.P.), intermediate
pressure (LP.), and a low pressure (L.P.) cylinder. The exhaust steam from
the H.P. cylinder is reheated in the boiler before it enters the I.P. cylinder.
Reheating increases the temperature of the steam, which enables the power
output of the unit to be increased by the useA of the I.P. and L.P. cylinders. It
also reduces the problem of wet steam in the L.P. section of the turbine. In the
L.P. section the turbine blades are long and the peripheral blade speed is very
high. This means that water droplets in the steam can cause severe pitting of

the turbine blades. The LP. cylinder exhausts to the L.P. cylinders, which in
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turn is exhausted under vacuum to the condenser. The condensate is de-aerated
and pre-heated prior to being fed-back into the boiler. Turbine-generator sets
of 660 MW capacity represent the most recent types used at the moment but
units of 1000 MW have been designed and will appear.

Oil-fired stations provide an alternative to the problems of fuel trans-
portation and the handling associated with the fuelling plant. However, the
economy of such stations has become more difficult to assess due to the change
of the cost of oil during the decade. The availability of the supply of oil, and
the uncertainty of the national long term energy policy will greatly affect the

future of oil-fired stations.

Nuclear plant uses the heat generated by the fissile material to heat

water, replacing the boiler in conventional plant.

Pumped storage stations use the excess system power, which is not
required by the consumer load when they are in pumping mode. The capital
cost of such installations is very high and can only be built in particular
geographical conditions. The energy is stored in the potential energy of the
water of a lake high above the turbines. As the water falls through the height
of the head its kinetic energy is converted into rotational energy by the turbines.
The drive shaft is connected to a generator, and a governor is used to control

the speed of rotation of the shaft by altering the water flow.

Hydro—electric schemes are organised along the same lines as those of
the pumped storage schemes. They use the energy stored in a moving river,

whether it be dammed or free flowing.

Diesel generators differ from the others in that a conventional internal

combustion engine is used to drive an electrical generator directly.
Gas turbine plant has a relatively high operating cost but a fairly low
initial cost. The energy source in gas turbine generators is fuel-oil, its energy

is converted into rotational energy by passing the hot exhaust gases through a
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turbine. They are often used as standby generators because of the high cost
involved in their operation, but they have a quick response time and are often

used in emergency situations.

The rotational energy produced by the primary energy source is trans-
formed into electrical energy by a generator, which exploits the electro-magnetic
interactions between a magnetic field and a moving conductor. A power station
generally has several generating sets, with the larger stations having as many
as six turbine-generator units. Modern steam turbine generators usually have
terminal voltages between 6.6 to 23.5 kV, and a power output of up to 660 MW.
The older equipment may operate at lower voltages and ratings. The voltage
produced by the generator is increased using generator-transformers to step up
the voltage to that value required by the transmission network. Typical gas
turbine generators can vary from as little as a few kilowatts to several hundred

megawatts.

Recent coal-fired stations built in the UK have a capacity of 2000 MW,
but there is a need in the shorter term for more larger capacity stations. The
subject of the planning and positioning of power stations is still under review,
and involves political decisions as well as engineering ones. In the C.E.G.B.,
fossil fuels account for approximately 85% of the total fuel used, the remainder
is made up from nuclear (approximately 12.5%), gas turbines, and some diesel
generators. Pumped storage generation is also used, but this requires energy

from the system in pumping mode to keep the top lake full.

Before 1983 the C.E.G.B. had approximately 130 power stations, but by
Oc:tober 1983, it had reduced this number to 90 as new, larger and more efficient
power stations were commissioned 42. The total generating capacity in January
1987 was in excess of 52 GW. The maximum total recorded peak demand was
48 GW. Centres of generation and consumer load are often distributed over a
wide area and often do not coincide. The generation sites are generally placed
in locations which are acceptable after consideration of the environment and
ease of communication. The location of such power stations is governed by

two major factors. Firstly, easy transport of the fuel to the power station, and
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secondly, the availability of a plentiful supply of water for cooling purposes.
Hence, power stations are usually situated on the coast or near large rivers. In
the case of coal-fired stations, they are generally placed near to, or within easy
access of, a coal field. Oil-fired stations are usually situated near an oil-refinery.
The placing of pumped-storage stations is generally more diﬁicﬁlt, as a very
specific geographical location is required. Diagram 1.2 shows the location of

the major power stations in the C.E.G.B. network.

The large thermal generators, whether they are fossil fuel or nuclear
units, are usually the most economical to run, and hence are usualvly run
continuously at fairly steady output level. As would be expected, the output
of large generating units cannot change quickly and it may take several hours
to synchronise such a generator to the network from a cold start. Gas turbine
generators are, however, expensive to run. This means they are only run for
short periods of time, but they have the major advantage that they can be
synchronised to the system within a matter of minutes. Hence, they are used

to meet sharp increases of load on the system, or during emergency conditions.

Pumped-storage units are operated in a different way again. During
periods of low demand electricity is used to pump water from the lower
reservoir to the upper reservoir. This usage of power enables some of the
large thermal units to remain synchronised with the system during periods of
light load. When the load increases, the water stored in the upper reservoir
is returned to the lower reservoir. The kinetic energy gained in the fall is
used to drive a hydro—electric generator. These units can respond very quickly
to the demand of the system, typically ten seconds from rotating in air to
the full output of 400 MW. Hydro—electric schemes again are similar to the
pumped-storage approach, but the water used is from a river, and hence no

pumping action is required.

The control of the generating units is a complex problem which takes
into consideration the following criteria: the predicted load both in the near
future (that is, the next 30 minutes) and the more distant future (that is, the

next 4-6 hours), the time taken to synchronise a generator if it is not already
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synchronised, and the rate of change of the output of a generator once it is
synchronised. In the case of the pumped-storage schemes the volume of water
available, and in the case of hydro-electric schemes, the rate of flow of the

river, also have to be considered.

The frequency of the power system provides an easy and direct method
of precisely monitoring the balance between the consumer load demand and the
power being generated by the system. If the generators are not being supplied
with sufficient energy to supply the load demand, then the rotational kinetic
energy of the generators decreases, as the load demands more energy. This
happens automatically provided the generator remains synchronised with the
network. In this case the generator will start to lose kinetic energy and hence,
it slows down, thus the system frequency falls. Conversely, if too much energy
is being supplied to the generators, the excess energy is seen as an increase in

the rotational energy of the system, and hence the system frequency increases.

The control of the power generation throughout the network is a hierar-
chical process, 200:201  which requires the interaction: between many layers of
command and will be a differing amount of interaction depending on the time
scales.

Manual control will usually be much slower than automatic
digital control. With the recent availability of large scale digital computers,
~ has come the ability to implement many of the levels of control automatically,
which were previously under manual control. The higher levels of control are
generally manually controlled, 119209 but the shorter time scale activities can
be fully automated by on-line c.omputer control. The time scale involved ranges
from several hours to less than a second. Diagram 1.3 shows the main elements

of the control hierarchy and the approximate time scales in which they operate.

The automatic control activities start with a prediction of the consumer
load demand at a central control centre, and ends with closed loop controllers on
the turbine-generators themselves. These regulate the amount of energy supplied
to the generators in response to variations in the desired and the actual values

of frequency and output power. The hierarchical levels in the control sequence
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include control schemes, which require long and short term demand forecasts,
and are constrained by economic factors. The long term ordering of which
generators need to be synchronised (unit commitment), is based on the long
term load forecasts The short term adjustment of the desired levels of generation
(economic dispatch) is based on the short term load forecasts. The desired
operating frequency is maintained by load frequency control, and finally, the
continual adjustment of the local generator regulatox;s is achieved by fast acting

closed loop controllers.

The C.E.G.B. divide the unit commitment and economic dispatch prob-
lems amongst a National Control Centre and six area control centres. The
National Control Centre is responsible for determining the overall operating
levels throughout the network, while the area control centres are responsible
for implementing the levels. Diagram 1.4 illustrates the location of the control
centres of the C.E.G.B.

To supply remote consumer load a transmission system is required, linking
the main generation centres to the main load centres, and then to the individual
consumers. The transmission network is usually an interconnected system of
high voltage transmission lines, with numerous bulk supply points from which
the consumers are supplied. The system must also be able to be isolated when
fault conditions occur, to allow for periodic maintenance and to maintain the
‘security of supply. The transmission network is operated at high voltages for
economic reasons. High voltages reduce the power flow losses in the transmission
lines, caused by the line impedance, and also reduce the physical dimensions of

the conductors required to transport a given power flow.

The transmission network of the C.E.G.B. is operated at 400 kV, and
the lower voltage of 275 kV. Similar operating levels are used both in Europe
and America. Trials are in progress to evaluate the use of even higher voltages
but this can lead to problems with insulator breakdown. The transmission,
or supergrid network of the C.E.G.B. consists of approximately 10,000 km of
400 kV lines and 5,000 km of 275 kV lines. Diagram 1.5 illustrates the layout
of the supergrid.

- 10 -
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The supergrid is principally madé up from 400 kV, 3-phase, overhead
lines, although some underground c‘a-b'les are used. The underground cables
are far more expensive than the overhead ones (approximately twenty times),
as they are made from copper as opposed to aluminium, and require greater
insulation. The network has to be capable of supporting power flows in excess
of 9,000 MW from generating stations in the North, to consumer load in the
South. To assist with this large power flow, a Channel link was installed, to
link Southern England with France. This link was originally a 160 MW, D.C.
link, but in 1986 a larger capacity 2000 MW link was installed.

Transformers are used to couple networks of different voltage levels,and
these have some form of on-load tap-changing ability in order that the voltage
can be controlled. The voltage of the system has a legal requirement to be
+ 6% of the rated voltage at the load and so medium voltage tap-changing

transformers are used.

Very large industrial complexes are supplied directly from a bulk supply
point of the supergrid network, or, alternatively, consumers can be supplied by

the distribution network.

The distribution networks are usually supplied by several bulk supply
points from the transmission network. The voltage level is transformed to a
level of a few tens of kilovolts. The distribution network in England and Wales
is maintained by 12 area boards. The boards typically operate transmission
lines at 132 kV (for bulk distribution), 66 kV (for industrial users), through
to 33 kV, 11 kV, and 415 V, then finally single phase 240 V for the domestic
consumer. The method used to convey electricity from the power station to
the consumer is shown in diagram 1.6. The design of the distribution network
is essentially based on two types. A radial type of network where the lines

radiate outwards from the bulk supply points, or a mesh type of network where

the lines are connected to the supply points at both ends instead of just one.

The load demand created by the consumers varies enormously from day

time to night time and from season to season. Such a power demand changes
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continually due to mainly the switching of heating, lighting and motor loads.
The power system must be capable of matching the demand, maintaining reliable
and safe operating conditions, and keeping the customers supply voltage and
frequency within statutory limits. In the U.K. these limits are +6% variation in
voltage level and +1% variation in the frequency. Ideally the system frequency
in the UK should be at 50 Hz, while in other countries the value of 60 Hz
is sometimes used. Some power demand variations are cyclical in nature and
can be accommodated to a certain extent by planning and scheduling. Load
déemand varies seasonally, in the U.K. for example the winter load is very much
greater than the summer load due to heating requirements. In hot climates
the reverse may be true because of the load created by air conditioning. Other
cyclic variations occur on a daily basis in general peak loads occur in the
morning and early morning, while the lowest loads are during the afternoon
and the night. The role of forecasting the load deinand is difficult task and is
often a matter of judgement based upon the load demand for similar days in

the past, weather forecasts and the television schedules.

A standard C.E.G.B. load curve is shown in diagram 1.7. This shows
the seasonal variation of the daily load during the summer, winter and autumn.
The daily curve shows the typical curve of a low night load, increasing towards
a morning peak. The afternoon load flattens off, until the evening peak starts
to rise. The late evening load decreases to the overnight plateau. This curve
is common for all seasons, but obviously the load peaks are far higher during

the winter than in the summer.

The company responsible for the operation of the power system usually
has a set of guide lines specifying the operating conditions of the system.
These guidelines specify the required level of operation, together with a list of
tolerances which should be adhered to under normal and emergéncy operating
conditions. The pressures on the power system operators are forever increasing
as the consumers expect, and sometimes demand, a more reliable supply,
local and national governing bodies require stricter control of the pollution and
nature conservation, and economic pressures force the company to reduce capital

expenditure and operating overheads.
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In order to be able to meet the ever more stringent operating condi-
tions with the ever decreasing levels of equipment reduﬁaancy, the operatuor
requires up to date and accurate information about the state of the entire
system 202, The function of supplying the operator with this information and
additional information on the security of the systiém derived by processing the
raw measurements, can be provided by on-line digital computer. The compufer
continuously receives measurements of voltage levels and power flows from se-
lected points in the network. The measurements are then validated to remove
those which are in error, and values are then calculated for all the unmeasured
points. Additionally the computer is able to notify the operator of any alarms
which already exist and perform calculations to advise the operator if an emer-
gency condition would arise from the loss of any single piece of equipment.
The computer may also perform calculations to determine the generator output

levels required to satisfy the current load in the most economic way.

The installation and development of a computerised control centre is
economically justified by the company: by reduction of the capital expenditure,
which would otherwise be required to provide the additional equipment needed
to maintain a secure supply if such detailed knowledge of the state of the system
were not available, by the reduction of manning levels required to operate the
system, and by the reduction in fuel costs gained by operating the system more

efficiently.

The use of computers in the control of electrical power systems is a
rapidly growing area. Energy management systems provide automatic control

for the whole, or part of the system, and can be used to great effect by utilities.

The C.E.G.B. use some computer control and prediction to assist in
load forecasting. Their objective is to respond to, and anticipate, changes in
consumer load demand over all parts of the system, which ensures that it
continues to operate economically, securely and safely. To meet the changes,
the C.E.G.B. needs to predict continuously, and as accurately as possible, levels
of demand over the next 24 hours. They use demand forecasts based on the

analysis of pé.st weather observations, past ]evels of load demand and special
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occasions. When these are all combined in a computer program, with the
latest information about the performance of generating and transmission plant,
a generator schedule is produced for the period in question. A small reserve is
kept to protect against forecast errors and failures, but this can be kepf. to a

minimum with good accurate prediction.

This thesis is concerned with the control of the active power of the
generators which in turn controls the system frequency. This function is termed
Load Frequency Control (L.F.C.) or sometimes Automatic Generation Control
(A.G.C.). This thesis investigates the methods of system frequency control that
have been used in the past by various utilities around the world. Many of
these controllers use the idea of a fixed control scheme, which does not enable
optimum control action to be taken under all system conditions. One such
fixed parameter control scheme is considered and implemented on a real-time

power system simulation.

This thesis also investigates the use of adaptive control techniques, which
can be used to track a system under study. The controller proposed is
able to track the system operating point and use this to calculate optimum
control signals. Various problems associated with adaptive control techniques

are considered and some solutions are proposed.

The application of the controller is presented operating in several different
systems. The first test system was a simulated 30 node network, operating with
full Energy Management Software, the second was a multiple area system derived
from the 30 node test network. The controller is also presented operating with
a'C.E.G.B. simulation and compared with the present manual solution. A
section of work is presented using the controller operating along side the real

C.E.G.B. system using actual system data.

It must be remembered that for a system to make full use of the
optimised dispatching of generators a method of control of the generator—
turbines is needed. In fact, the control of generator units was the first problem

faced by the early power engineers, when designing systems. The methods
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developed for the control of individual generators and eventually control of
large interconnected power systems play a vital role in modern energy control
centres. Previous L.F.C. functions have not considered the practical questions
of controller interaction with other software used for system management. This
thesis investigates the various quantities required by the control scheme and
methods of collecting them and verifying them from the system in question. The
links between the Dispatching and Unit Commitment functions are investigated

and recommendations made for the type of interaction required.

The following section describes in more detail the contents of the thesis.

Chapter 2 introduces the ideas involved in the computer control of large
scale power systems. It discusses the various control functions that are required
and their relative time scales. The interaction of the various control functions
is considered along with their hierarchical relationship with each other. The
use of the system frequency as a measure of the imbalance between the system
generation and consumer load is introduced and the control of the generator units
active power is explained to redress the state of imbalance. The generators
are controlled using a Load Frequency Control scheme, which relies on the
calculation of an error signal based on the system conditions at any given
time. The chapter describes power system variables that are required to be
measured and those which are to be minimised. There is a brief discussion of
the extensions to the basic algorithm, such as the control of tie-lines and the
minimisation of the time error of the system. The inherent problem using the
fixed term controllers as described is that any changes in the system are not
catered for by the controller. This thesis presents ways in which the controller

can track the system it is controlling, and change its control action accordingly.

Chapter 3 explains the use of system modelling as a tool that can be
used by the controller. The ideas presented in this chapter can be used to
create a mathematical model of the system by collecting the system inputs
and outputs. The system under study may be totally unknown or contain
unmodelled dynamics. The system modelling enables the systems dynamic

behaviour to be accurately modelled. Once the system behaviour has been
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estimated, the model can be used to predict the future behaviour of the plant.
The use of parameter identification is used to form a suitable model for control
action to be based upon. The model itself is formed using linear least square
estimation which is suitable for a one off estimation for a stationary system.
However, power systems are non-stationary, so the method may be expanded
to continuously track the system behaviour. This repeated estimation is termed
recursive estimation. An improvement of this method is discussed by the
addition of forgetting factors which enable the system status to be tracked

regardless of the rate at which it is changing.

Chapter 4 follows on from chapter 3 by considering the use of control
strategies which can be used in conjunction with the system modelling from
the previous chapter. With an updated system model, control actions can be
calculated to reduce the system error to zero at a future time step. A control
scheme is proposed in this chapter which is designed to minimise the error term
at a given time in the future operation of the plant. This control algorithm
is termed minimum variance control as it aims to minimise the variance of the
system error at the future time interval. Several differing versions of the basic
control scheme are discussed, including an expansion to the specific controller
to the generalised case. The minimum variance control scheme and the system
model estimation may be combined to form what is termed a Self-tuning
Regulator. This full control scheme is discussed in a later chapter, with full

application details.

Chapter 5 is divided into two sepafate sections. The first section describes
the Real Time Power System Simulator of the University of Durham. The
second section describes the application of Load Frequency Control applied to the
simulation. The O.C.E.P.S. (Operational Control of Electrical Power Systems)
simulator is used for the development of a fully integrated Energy Management
System. The frequency controller is developed and tested within the confines
of the simulation package. The controller in this earlier case is a standard
fixed parameter scheme described in an earlier chapter. This enabled the the
subject of frequency control to be reviewed and the interactions between other

control functions in the Energy Management Package to bevinvestiga.ted. Results
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using the developed controller opérating under differing system: conditions are

presented, along with the effect of changing the controllers fixed parameters.

Chapter 6 describes the application of the adaptive control theory from
the previous chapters to the application of the frequency control problem. A
general discussion of self-tuning regulators is used to establish a proposed L.F.C.
strategy. A full adaptive L.F.C. scheme was implemented on the O.C'.;E.P'.S.
simulation and results are presented for varying system gains and diﬁ'ering
operating conditions. Various methods are considered to imprfifre the numerical
stability of the control routine and its control action. The use of different
order system models is invéstiga.ted and the time period of the model. Sample
period and control action period are considered and a suitable compromise is
made between continuous control of the generators and undue operation. The
ability for the self-tuner to track its own performance is considered. This
enables consideration to be taken of the goodness of the control action, and
use of controller jacketing is made to guard against controller instability. The
problems of controller blow up is considered if the system is not sufficiently
exciting. The last section of the chapter looks at the different control modes
that are available within the frequency controller and the effect that these have

on the rest of the system and the generator responses.

Chapter 7 describes the use of the self-tuning regulator applied to a
multiple area power system. This test system comprised of the O.C.E.P.S.
simulation reconfigured as a two area system. The chapter reviews some of
the reasons why electrical power utilities often interconnect their system to a
neighbouring system and discusses its advantages and disadvantages. There is
a modification proposed for the standard single area frequency controller which
enables it to operate fully in this multiple area environment. The use of the
inter-area power flows on the tie-lines against the scheduled power interchange
is made use of to form the control area error. The Sélf—tuﬁi:fvlgf'zrégulator is
required to weight the frequency error and the tie-line error against each other
and a variable weighting system is proposed. The latter part of the c},iai):ter
describes the application of the controllér. to the test network during differef}t

system loadings and operating conditions.

- 21 -



Chapter 8 descri_b;es a gecfibn of wofk that was carried out in conjunction
with the C.E.G.B. us_'i._xig’ a simplified system model. The proposed model is
designed to model the whole of the C.E.G.B. transmission and generation
system. The model was used as a réduc’ed order simulator which could produce
satisfactory results of several hours operation in a short time period enabling the
effect of control action taken on the system to be seen readily. A simulation of
the manual control action used by the C.E.G.B. to control the actual network
was designed. This manual control action is compared to that of the automatic
control action calculated by the implementation of the adaptive L.F.C. scheme.
The results of several simulation runs to compare the manual action with that
of the automatic scheme are presented. An investigation into the controller
action, number of parameters, changes in consumer load, system constraints

and sampling interval are all presented.

Chapter 9 is again concerned with work carried out under the guidance
of the C.E.G.B. This chapter describes some work which was carried out in
conjunction with the C.E.G.B. Dispatch Project. The aim of the work was to
investigate the problems associated with the implementation of a L.F.C. scheme
with the existing Dispatching capabilities used by the C.E.G.B. A simulation
of the C.E.G.B. system was proposed to be used as a way of closing the
control loop for the trials. The trials consisted of using actual system data in
conjunction with the control packages developed:by C.E.R.L. and the proposed
adaptive L.F.C. scheme. "Results are presented of the initial testing of “the
simulation leading to results gained from wusing on-line sysfém data. The
ability to close the loop of the control scheme between the Dispatcher and the
L.F.C. is presented during some actual system runs. The requirements for the
interaction between the various control levels of such a scheme are considered

and are presented in the results section.

This thesis presents several distinct sections of work. A general review
of the requirements of L.F.C. is carried out with reference to a fixed parameter
type control scheme. Later, the main aim of the thesis, an investigation
into adaptive control methods, applied to L.F.C. schemes is presented. With

the use of system identification and a review of suitable control methods, a
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control scheme is developed. The implementation of these methods into an
L.F.C. scheme is discussed and results are shown from several different types
of system. The ability of the self-tuning regulator to change as the system
configuration alters is shown to achieve an optimal control strategy. The results
from the operation of such a controller are presented showing the controller
is able to operate not only in realistic simulations but also alongside a real

system.
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CHAPTER TWO

INTRODUCTION TO LOAD FREQUENCY CONTROL

2.1 Introduction

This chapter briefly describes electrical power system networks and their
use in transferring electrical energy from its source of generation to the centres
of consumer load. The requirement for the control of the system frequency is
discussed and a short review is given of the early techniques which were used
for the control of the system frequency. The most widely used technique is
that of the proportional plus integral control scheme which is described in some
detail. These techniques are termed as Load Frequency Control (L.F.C.) or,

if used with a full Energy Management system, Automatic Generation Control
(A.G.C.).

The use of L.F.C. is required by many utilities to match exactly the
power provided by all sources ofr generation to that demanded by the consumer
l_oa:d. As the ele.ctricalrenerg‘y‘ required to maintain supply to the whole ofA a grid
system is large and there is no easy means by which this energy can be stored,
the pattern of generation must follow closely the pattern of consumer load. The
L.F.C. function is designed to carry out the short term reallocation of power to
keep the system frequency error within a set of predescribed limits. The task
of L.F.C. can also include the control of the power flows on transmission lines
to neighbouring utilities, such lines are termed tie-lines, and thus thé control
is termed tie-line control. This enables a system which has a large number
of interconnections to honour the agreements which its has with neighbouring
utilities without incurring any economic penalties. A review 102:163,207,209  of

these general power system ideas may be seen in many publications.
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2.2 The Generation of ']Elé‘c'tricity

An electrical power system 147:215:222 may be thought as a mechanism for
transporting energy from one location to another. The energy conversion takes
place at the generation station. This is generally thermal energy converted to
electrical energy which is then transmitted, via the transmission and distribution
network to the centres of consumer load. A diagrammatic representation of
this process is shown in diagram 2.1. This process is such that there is only a
small amount of energy stored in the system as a whole, compared to that of
the total system output. The storage of the energy in the system is stored as
steam in the boilers, the inertia of the rotating machines, the electromagnetic

energy stored in the transmission lines and perhaps the load itself.

A turbine-generator has a large mass of up to 200 tonnes, which rotates
at a typical speed of 3000 rpm. The machine itself has large inertia and
can store a significant amount of energy, although this is small compared with
the system as a whole. A typical turbine-generator has an inertia constant,H,
of approximately four seconds. This means that if all the rotating energy -
was converted into equivalent generator power output, then the machine would

rotate for about four seconds.

Thg electrical energy stored in the transmission network is stored as
'elettrdmaénétit: energy in the lines themselves. "Generally  most transmission
lines are relatively short and hence their energy storage capacity is low. How-
ever this storage element may become significant where the system is weakly

interconnected by long transmission lines.

The consumer load will also have some energy storage capacity in the
fact that some of the load is made up of rotating machines, which have their
own associated inertia.

2.3 System Frequency

The system frequency is a very good indication of the balance between
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consumer load and the system generation 29. The energy injected into the
system must be equal to that dé,m"a.n'&e_d by thé’ consumer load o’bheijw_iée a
state of imbalance will occur. If there is an imbalance between the power
taken by the load and that generated by the system, then the excess energy
must appear elsewhere, it can only go to increase the stored energy of the
system. This will result in an increase in the speed of the rotation of the
turbine-generators and hence the system frequency will rise. The link between
the mechanical energy input to the generator and the electrical energy produced
by the generator is shown in diagram 2.2. This is shown by the wéll known
equation, relating the difference between the generated and demanded power,

the system inertia and the rate of change of the frequency.

d 1

Et-(f) = -I?'(AP — APg)

If the imbalance of power was to continue, then the system frequency would
continue to increase as the increasing energy causes the turbine-generators to
increase in speed. This in theory could go on indefinitely, if there were no
control loops involved in the system (or at least until the protection operated).
However this behaviour is not so dominant in practice as many loads are
frequency sensitive, and as the frequency increases, so does the amount of
power demanded by the load. Also an increase in the voltage will produce an
increase in the power demanded by the load.

Different types of load respond in different ways to a change. in system
frequency and voltage. The common example 4of a purely resistive load, for
example, an electric heater, is unaffected by a change in frequency, but increases
as the square of the voltage. A motor load such as a fan will increase load
with both system voltage and frequency. It has been found (CEGB) 29 that
in general a 1% .increase in the system frequency will produce a 1% to 2%
increase in load. The system load is made up from a wide range of consumer
loads and hence if an imbalance between generated power and that demanded
by the consumer load occurs, a frequency drift, away from its nominal value

will occur.
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2.4 Turbine Governors

The change in system frequency must be controlled in some way, so
a local control loop is fitted to many tubihe—generators. The control loop
monitors the speed of rotation of the machine and controls it as required, such
equipment is termed speed controllers or governmors 697274211, These devices
constantly monitor the speed of rotation of the turbine against that of its set
value. The error signal created from the set point and the actual operating
point of the unit can be used as a drivin‘g;’error to alter the governor valve
position and hence control the turbine speed: The droop is the percentage speed
(or frequency) change which results in 100% change in power output of the ‘set.
A typical droop setting for a turbine generator set is 4%, which implies that if
the grid frequency falls by 0.2% due to a system load change, then the power
output of the set would be increased by 5% (that is 100/4x 0.2%). Another
way of considering this is that an increase of 4% in the rotational speed of a
turbine will alter the governor value from the fully closed position to the fully
open position. The C.E.G.B. use a typical governor loop setting of twenty—five,

or 4% on the majority of their thermal units.

The operation of the governor valve in response to a fall in frequency
can only have a short term effect. The additional steam flow which comes from
the boiler in response to the change in governor posxtlon W1ll decrease over a
period of approx1ma.tely five mlnutes “The pressure of the steam in the b01ler
decreases and hence the turbine output will also decrease. The rate of firing

of the boiler has to be increased in order to maintain the steam pressure.
2.6 Generation Loss

The rapid loss of a turbine-generator from the system will result in a
frequency transient 194, The typical response is that the frequency falls very
suddenly directly after the loss incident. This is due to the rapid decrease
in the angular momentum of the system which has been dissipated by the
consumer load. The fréquency decrease causes the govérnor valves to open

resulting in an increase in the amount of steam flow into the boiler. This
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will 1n1tla.lly increase the power output of the turbxne-generator However, after
typically five minutes the stored steam will have been used- up, “its pressure
drops and hence the turbine will begin to slow down. If the lost capacity is
relatively small the power loss will almost be restored, but the new frequency
will settle out at a value lower than the value before the incident but generally
the frequency will continue to decrease. At this point, corrective control action
is required to increase the firing rate of the boiler or to take up the genefation
deficiency using the spare capacity of other plant. This control action may
be manual intervention ( as in the case of the C.E.G.B.) or if the system is
operated using automatic controllers, the L.F.C. will take corrective action. In
the long term other generation plant on the system may be required to be

synchronised, but this is the task of a longer range control function.

Some turbine-generators are used in a mode, in which the firing is
automatically altered by the changes in the turbine output. This mode of
operation is termed boiler-follows-turbine. Plant which is unable to respond
due to the operation constraints placed on it, such as some fossil fuelled plant
and nuclear plant may not have automatic adjustment of the boiler output and
the turbine output is fixed” by the boiler capacity. The governing of this type
of plant must be restored eventually to match the output of the boiler, however
it may respond initially to frequency deviations. This mode of operation is

termed turbine-follows-boiler.
2.6 Real and Reactive Power Control

The primary function of an electric power system is to provide the real and
reactive powers demanded by the various loads which make up the system. The
power supp‘lied fxlust be continuous and also meet certain minimum requirements
regarding the- quality of supply such as, constant frequency, constant voltage,
and a high reliability. The power in a power system may be represented as a
complex quantity but any charge in the generator mechanical vout‘put will have
an affect generally only the system frequency, whereas changes in the excxtatlon
will aﬁ'ect generally only the system voltage. Thus it is" falrly stralght forward

to divide the control of a power system’ into two separate sectlons, the megawatt
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frequency control and the megavar voltage control. The contr_'ol of the real
power generator output, in response to tlre changing syst‘em’:‘fréQuency and tie-
line transfer, to maintain scheduled system frequency and tie-line intercha.nge
is termed Load Frequency Control. The control of the reaél;i‘:_ve‘power balance
in the system is treated separately and concerns the contrOl: of. the excitation
of the generator units. See diagram 2.3 for details of governor characteristics.
The power allocated to each generator in the system is calculated based on data
from load prediction calculations 200 which is associated with the Dispatch

calculation, which in turn is linked to the L.F.C.
2.7 The Frequency Control Problem

The early attempts to control frequency were by using filywheel governors
on the synchronous machines, but this was found to be ineffective for large
scale power systems and entirely unsuitable for interconnected systems. The
suggestion of a secondary control to be added to the governor led to the ability
to control the system frequency. To correct for the changes in the area frequency
with changing load, the area can be brought back to the nominal frequency
with the use of supplementary control action. The control criterion in a L.F.C.
strategy is to; minimise the area control error, inadvertent power interchange,
and the time deviatiOn using the minimum of su'ppleme’ntary' control. There
have been two main approa.ches to the problem, the classma.l approa.ch and the
optimal approach The classxca.l control scheme used for thls purpose was the

standard proportional plus integral (P+I), type algorithm 39,65,66,80,165/167

A common feature of both approaches is the linearisation of the models
under study. The classical approach determines the optimum integrator gain for
the area control errors and the frequency bias settings. General"‘this may lead to
relatively large overshoots and transient frequency dev1at10ns “Also the set;tlmg
time of the system frequency deviation is relatxvely long, of ‘the order of. 10~20
seconds. The modern state-space approach determlnes 144 90,104, 123175,295 1207
an optimal controller using linear ‘optimal control theory. The p’a,rarneters
calculated by the optimal controller are strongly dependent on the coeﬁiaents

of the quadratic performance 1ndex The mam problem w1th the linear optlmal
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control approach is the fact that no practical guide lines exist on: fhe sélectjdn

of the coefficients of the performance index.

The load Frequency Control problem of an interconnected power system
is a well defined problem. The system is divided into groups of generators
which are interconnected by tie-lines. Each group of generators is called an
area, and each area must be able to meet its own load changes and any import
or export targets set by the controllers in advance. Each area has its own
response characteristics which relate the area frequency and total generation for
load changes on the specific area. This curve is the regulation curve of an
area and represents the area gain (in MW/Hz). The area gain or regulation
is a direct measure of the effects of all the governors on the prime movers
within the area, and plays an important part in the steady-state and dynamic

performance of the system.

The normal procedure used in the design of L.F.C. functions is to
construct a linear system model with fixed parameters. This is obtained by
linearising the system around an operating point, however, this approach is not
strictly correct as the system response characteristics tend to be non-linear.
Power systém parameters, are a function of the operating point. Hence, as
the operating conditions change, the calculated operating point will no longer
be optimal. To keep the system performance near to optimum, a way of
‘_t'r»é-cking the bperatin_g-—éoncfitiions of the 7sifstemwirs >requiréd which will enable
the continuous updating of the system parameters. The control signal can
then be computed based on an optimal approach using the newly updated

parameters.

Load changes in the system are random in magnitude and time. To
control the transient response effectively and to take into account the sensitiv-
ity problem of L.F.C. in interconnected power systems the use of self-tuning
controllers is considered. It seems more appropriate to consider the system as
a stochastic system and to improve control ﬁerformance, design an ad‘dﬁﬁi,v‘e

stochastic controller than the fixed schemes used previously 8:11:12,14,
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2.8 Generator Dynamics

The system frequency as stated earlier is a measure of the imbalance of
the system 200, This system error may be used as an input for a control function
which will attempt to reduce the imbalance of the system. So that the system
frequency may be controlled, the real power output of: the turbine-generators
must be continually adjusted to match the consumer load 29.30.41,134,186  For
synchronous machines the real power generated depends on the torque produced
by the prime mover. This in turn is dependent on the steam input to the
main control valve for the steam turbine, or the water valve of a pump storage
scheme. This consists of several involved thermo-dynamic interactions, ‘which
mean that there are many factors which effect the dynamic response of the of
the steam turbine-generator unit. These factors are: the lag due to the steam
between the inlet valves and the first stage of the turbine, and the lag in power
output changes of the high and low pressure sections of the turbine. The last

lag is mainly due to the storage action of the reheater.

" During steady state operation, the mechanical torque produced by the
turbine must balance the electrical torque imposed on the generator by the
consumer load. The steady-state load frequency response of the system is given
by the change of power for a given change in system fréequency. This is known
as the stiiﬁtess, regulating coefficient, or gain of the system. The smaller the
change in the system frequency for a given load change, the stiffer the system.
The power-frequency characteristic of a particular system is can be approximated
to a straight line of slope K, where K is a constant (PUmw /PUy, or MW /Hz)
depending on the governor and load characteristics. If there is a sudden increase
in the system load AP, then there will be a change in generation of AP, from
the governor action. This results in an imbalance in the power system given
by

AP = AP, - AP,

The gain of the system K is given by

_ AP AP,

~Af T Af
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AP,
Af

where

represents the effect of the frequency characteristics of the load. AP, is
proportional to (P, — P,), where P, is the generation capacity connected to
the network and P, the total generator output. When there is a return to
steady-state operating conditions, the load P, is equal to the generated power

P,, neglecting system losses. Hence
K=K,P,— KiP

where K, and K| are the coefficients relating to the turbines and the load

respectively.

The K can be determined experimentally by a change in the system
loading. For the C.E.G.B. system test have shown that the value of K lies
between 2000 and 5500 MW /Hz 69200210, With systems that have large values
of K the same frequency control can be achieved by manual control if the
necessary types of generation capacity are available (such as pumped storage).
However, for systems that have smaller values of K, less than 2000 MW /Hz
for example, these require continuous cont;ll”ol’ action to be taken to keep the
frequency within the pi'e—deﬁned limits. The fréquency error as‘sociatedﬁwith;a
given load loss or gain is hence larger. If any. inter-area power "t_r@ngfer- is to
- be achieved--between -interconnected - power systems, the t\:avo*‘indépéridé"z:ﬂ.; areas
require local frequency and tie-line power controllers to ensure that the transférs

are met, in addition to the local area frequency control.

Normally the electrical connections within a single control area of a
multi-area system are strong compared to those which form tie-lines to the
neighbouring areas. Each area can then be seén as a single \'%frequen‘cy and .a.ll
generators within the area will change load angle together. Howéver, in practice
every bus voltage will vary its load angle at a different rate or .frequeﬁcy, but vif
the interconnections do not introduce any significant load angle changes between

nodes, the approximation is valid.
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2.9 Control Objectives

The main objectives of the Automatic Generation Control (A.G.C.) 200
function are
(a) To match the generated power to the load -dex’ii’qr;d’éd by the consumer
(b) Adjust the system frequency to the reference set frequency
(c) Control the power export to other areas in the interconnected case to
keep to scheduled interchange agreements
(d) To control each individual area to share the generation in the most

economic way.

The first three objectives are under the control of the L.F.C. and the
last involves the use of economic dispatch. The system dynamics must be

considered and the complete regulator built up from this start position.

Generally there have been two main types of solutions proposed to the
problem of L.F.C., the more conventional solutions which have been used in
practice for many years and the more modern ones have only been proposed

without any practical implementations.

As mentioned earlier the conventional .controllers use the well known and
understood proportional plus integral - type éontrol ,schge‘fnes. These are based
on the -theory associated with s,erVOmechaﬁisms*‘W:ﬁich“ was ‘developed in the
1950’s. These schemes use what is ﬂo’r’ma.lly ter;ifl,edt uﬁcb‘nétrained economic
dispatch, that is the control is permitted to carry: outﬁ"’*:ény control action it

deems necessary without any regard to the economics of this control action.
2.10 Definition of Good Control

The future developments for A.G.C. are based on t'he definition of how
a good L.F.C. function and economic dispatch a;relf;cg}?iablé of acting. This
definition is not a well defined quantity, but there §r¢ fs"e’xier_al properties which

must be regarded as necessary for the completion of a good frequency controller.
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(1) It must be robust in its interaction with other ¢ontrol functions and
numerically stable, | |
it must avoid data complexity,
it must be dencentralised on an area basis.
(2) It must take the system constraints into account, and place extra emphasis
on,
system security,
power rate limits and daily dynamic constraints.

(3) It must be able to show some economic improvement in operation,
seen directly through a suitable interface with economic dispatch,
seen indirectly by the reduction of the spinning reserve and regu-
lation plant margins.

(4) It must be able to cope with system transients,
by having large stability margins,
by issuing smooth control commands which improves the economy
by decreasing the wear and tear on the generation units,

the interface between L.F.C. and E.D. must be correctly solved.
2.11 Early Load Frequency Control

The L.F.C. problem has been a major area for research and inves-
tlga.tlon for both Power System ‘Engineers and academics for several, years
22,661200,210,216,223 However, wrnany of the propbsed solutions have rehed on
poor modellmg and simulation techniques along with reduced order system
models leadlng to uncharacteristic responses of the plant. The control problem
has become more srgmﬁcant as the size of the systems has grown and the
greater ex_t':ent to which systems have become vlnterconneg:ted. The growth in
such systems has re_quire_d’ larger and more powerful computers to both monitor

and in many cases control the system as a whole.

2.11.1 Centralised L.F.C.
Much of the ea:‘r:l"y research started using the classical control
theory. approach 36,39/66,80,165,167 ‘but'fur..ther research .continued due ‘to lt_ihfi_s

rélatively simplistic approach in using simple modelliﬁg techmquesandonly




two interconnected areas 36.80.185,201 = Many investigations used models which
represented nonreheated steam plants and did not represent any =nd‘hlix1earities
such as genérator rate constraints, limitations on generator output, or the
difference between regulating and non-regulating plant. Some of the ideas used
involved the use of large central controllers with system variables being sent to
the main control from many out laying stations. This was somewhat impractical
due to the large amounts of data which need processing and the in some cases

the use of system variables which were not readily measurable.

2.11.2 Non-centralised control

The problems associated with centralised control schemes lead to the
investigation of decentralised control of large dynamic systems 28177200, Many
of these such solutions were heuristic in design but were successful and worked
well in practice. The emphasis of the control schemes became involved not only
with the frequency deviation but also with the interaction with other control
functions. These control functions tended to be the longer time scale operations

to enhance the systems economic operation and security of operation.
2.12 Quality of control action

The question of the quality of control has not been well defined but
was covered by Bose and Atiyyah 28, The quality of system frequency control
depends on the quality of service that the utility is exi)_éété&“or required to
provide for its customers. This quality of service is most clearly seen in the
effect that it has on electric clocks, which will deviate from the actual time if
the supply frequency deviates from the actual frequency. To keep the frequency
error at zero would be clearly almost impossible, but a zero average time error
over a 24 hour period may be acceptable. The quality of control must also
take into account the maximum and minimum frequency bounds that a utility
would require to stay within, whether it be a legally enforced limit or one
defined by the utility.
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2.13 Operation Modes

The L.F.C. schemes were oi'igina.ll.y designed to operate with three separate
modes of operation 3¢, These were defined to be basic control, emeigency action

and corrective control.

2.13.1 DBasic control

This mode of basic control was designed to maintain the frequency
error within a specified error boundary and any power exchanges over inter—
area tie-lines to scheduled values. The control was also réQﬁvired to maintain
the distribution of generated power between all the generators nominated as
regulatory units in an area constant. These generatorsr,‘rwhich are defined to
be available for regulation are allocated by the economic dispatch function and
hence, the interface between the frequency control and the economic function
must be well defined. The L.F.C. objective is to contrel the generator output by
altering the set points of the regulating units in response to changes in system
frequency and tie-line interchange values. This power balance is achieved by
us'ihlg units selected for regulation and tracking the set points of the turbine
governor. This action is in addiﬁon to their primary local control loops, which
take action when the locally mg@ured frequency deviates from the reference

value. Thus L.F.C. is sometimé termed secondary control action.

| i—zoa.‘d-fng é.mbhg -the regula,tmg »ur;it‘;s is aétérmined using economic con-
sideratibns. The use of static and dynamic programs to calculate the economiic
minimum operating point of each unit gives each turbine generator a base
point value and a future output target. This optimisation is termed economfc
diép‘atch ‘and has the task of supplying an area consumer load in the most
economic manner possible, aiming to find the minimum operating costs for a
g-f;;éliISet of constraints. The operation and use of an economic control function
is" often thought of as a tertiary control, as it is ohe layer above the L.F.C. and
go‘v’er’ﬁor. Due to the time scales involved, L.F.C. is regarded as a dynamic
operafﬁiOn where as the optimiéatibn of. the generating:“_ cost is regarded .as a
sté@tic operation. The gcb,nomic,idjsgpgitc};ingl'a.nd LFC are both controlled’ from

a longer range control function-terrmed Unit Commitment. This conitrol function
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is designed to calculate the time of start-up and shut-down of all the plant
fully supply the consumer demand. These three control functions are operated
very closely and use the same system data, hence integration of tfieSe operations

is essential for the smooth running of the overall control function.

2.13.2 Emergency Mode

The emergency mode of L.F.C. is entered if there is a large disturbance
on the system and the question of system security may become important. In
this case the surrounding areas are required to give support to the problem
area, as well as the area itself attempting to support the demand. Initially the
support from surrounding areas may be able to assist the troubled area, by
altering the tie-line interchange, but eve‘ritually spinning reserve may need to
be allocated or the re-schdeuling of the areas own generators will be required.

In extreme circumstances load shedding may be required.

2.13.83 Corrective Control Action

The third standard control mode is that of corrective action. This control
action is required during periods of inadvertent power interchange between
neighbouring areas, due to non-scheduled power exports or imports of power.
The corrective action required is obtained by changing the reference set point of
the tie-line interchange and the area frequency. The value of the offset depends
on the time predicted for the c&i‘recﬁivé action and the}‘vajl»ué of the inadvertent
power interchange. The L.F.C. and economic dispatch still operate in their
normal modes as previously, but their calculations are based on a new set of
reference points. The aim of this corrective action is to return the quantities

to their scheduled values.
2.14 Dencentralised Control

Generally the L.F.C. applied to many systems is of the decentralised
type, which is carried out in each individual area. Some techniques use the
tie-line bias technique, where the control is biased on the tie-line flows rather

than the frequency error. This enables the controllers to operate s\gpata,_:tely

— 40 -~




in each area and still mteract with the other interconnected areas, keepmg the
economic benefits of the smgle area calculation. Ea.rly developments of the
classical control theory showed their ability to solve the L.F.C. problem, and
further developments allowed refinements from the earlier work. Work >0n the
control of transient oscillations and reaction to small disturbances of the L.F.C.
and its sensitivity to system changes enabled a more practical solution to the
problem to be achieved. The integration of L.F.C. and economic dispatch was

also investigated.
2.15 Operating Characteristics

The early L.F.C. proposals all had two common themes. Firstly the only
mode which was covered in any great detail was the normal operating mode
for the steady-state operation. The problems arising from the other modes

mentioned earlier have not been provided with any clear solutions.

The second common theme is the design of centralised controllers for
the whole of an interconnected network. Several papers have made attempts
to use a single system model to simulate various networks. This approach
hae’bee'n used even for the inter-area control problem and also investigation of
decentralised control algorithms where separate system models would seem to be
more approprlate A few attempts have been made to a.pply an area dyna.mlc
mode‘l‘ to the process of L.F.C. However, the use of a smgle overall system
model to the inter area problem has lead to problems in the computational
requirement. The number of variables required for the multiple area calculations
is large, and often the data must be gathered from a wide range of transducers
and geographic areas. This mass of data must then be solved using a single pass
type calculation in real time, which is not possible due to the constraints placed
on the data gathering system by the external plant. This problem lead to the
d‘evelof)r_nent of decentralised design techniques. These techniques use the idea
of ‘dividing the multiple area power system into several decomposed: subsysteﬁxs.

Each subsystem may then be controlled ‘using a d‘ecentralised L.F.C. technique.

This systern requires the use of decentralised model and area controller.




The practical use of the centralised or decemralisgd'con'tfollers_ dg,és not
appear to be possible at the present time due to the impl‘ém;e’ntéjtiOn.!-apji'éb:l"ems of
optimisation and system data collection. The theoretical problems encountered
are due to the fact that optimal control theory has difficulties coping with
the large size and complexity of power systems as well as the data structures

required for a well programmed L.F.C. scheme.
2.18 Implementation of Frequency Control

The L.F.C. function is required to carry out the calculation on which
the control correction signals are based for the future alteration of the power
output levels, of specified generation units on the power system. The control
loop revquired to implement the commands from the L.F.C. function and the
associated telemetery is shown in diagram 2.4. Depending on the mode of
operation of the L.F.C. computation set by the dispatch operator, the program
will operate to control a selection of system frequency, interchange powers,

system time and interchange energy as closely as possible to scheduled values.

The main computation for the L.F.C. function is the calculation of the
Area Control. Error, (A.C.E.) 201,202:203 This calculation is normally carried
out on the known regulating characteristics of the power system together with
deviations in system frequency and mterchange power }eve}s Thesé deviations
are cc;r;lputed on the l;asxs of telemetéred values and target values input from
the system. The basic objective of the L.F.C. control function is to control
the system frequency within the statutory bounds, in the region of minimum
operating cost, and hence there is no requirement to correct for random
fluctuations in load provided that the system remains within the specified
bounds. Unnecessary control action is undesirable due to the continuous
operatlon and unnecessary use of the speed—changing (governor) equipment of
ea.ch generation unit. So that the control action Snot excessive, the A.C.E.
is filtered over several cycles of telemetered data. It is now recognised that

improved. system performa.nce can be achieved, partlcularly in the case of slower

acting thermal units by varylng the gains adaptively to suit different classes




‘v Increase/decrease Increase/decrease
o command command

/

| /[ Control i
7 logic |

v Paes master | master

station |  station

. Governor
|prime mover | |-

At control center | At generating plant

. Diagram 24 IB'},_aSinggeneraIUlOn control loop via telermnetry




of disturbance on the “sy:stem;.ga.nd different system gai'n; in different. ‘ope:ra;ting

points.

The L.F.C. function must be capable of supporting the ability of the
power system to carry out manual ramping of selected .generé,tors, which are
‘not under the control of L.F.C. between pre—deterrnined"levels over a specified
time period. This facility is required for example to allow the sét up of an
interchange schedule, or the ramping of a generator to replace one which is
going out of merit. So that the LFC may operate while these manual control
actions are being carried out, some knowledg_e'of the pre-scheduled ramping

must be available to the control function.

The control signals from the L.F.C. function must be allocated between
the generators available for regulation, with some emphasis placed on economic
operation and rate limits of the system. Two sets of limits are generally
specified. Regulating limits apply during normal operation, while sustained
limits, situated outside the regulating limits, are used in emergency situations
on the network. When the L.F.C. function is used in conjunction with an
Economic Dispatch (E.D.) *® control function, the allocation of power can be
decided:on using economic data and units constraints. However, if E.D. is not
in opera.tlon, the power allocatlon can be ca.rrled out as deﬁned by the system
_operator. |

The calculation of the A.C.E. and the allocation of power mﬂstgoomp‘leted
taking into account the difference in chara_cteriétics between fast acting plant
such as hydro-generation and the slower thermal units. Generally the comtrol
requirements of the thermal units are more involved due to their slower response.
It is important to consider the number of units specified . for operation under
L.F.C. C.\lea,fly, the h‘igh’er -the number of pa.rt1c1pat1ng units in the system,
the faster the response -of the actual electrical output to a gwen control
sxgnal The closed loop response of the system must be examined: so that the

approprra.te values for the’ ga.ms of the A.C. E. calculatlon may “be estlma.ted

The control outputs to 1nd1v1dual generators must not be ma.de at- levelsi below

the dlspatcha.ble minimum.




The A.C.E. will be checked against a minimum and ma.xunum hmlts

set at the operator interface. If the A.C.E. value is less than the mmlmum
level, then the control output is automatically inhibited. If the upper limit
is exceeded then an alarm condition is created and the control status enters

emergency mode.

The operation of the L.F.C. within a given area, which is part of an
interconnected system, can only carried out correctly if the frequency and tie-line
interchange is correctly controlled. This control must be similar to that of the
neighbouring areas, and a similar coordinated policy must be initially agreed.
If there is a nﬁaj’or imbalance between two neighbouring areas, the primary
objective becgmes one of controlling the system frequency and interchange of
power must be allowed to deviate as necessary within line limitations and
loading limits. This may be achieved under L.F.C. either by switching modes
to exclude interchange power control altogether, or by reducing the weighting

factors associated with the interchange power error in the A.C.E. computation.
2.17 Calculation of the Area Control Error

The task of the Load Frequency Control is to regulate the power output of
the electrical generators within a given area, in response to changes in the system
frequency, tie-line loading or the relation of f,hese, to each other 80.119,200,201,204,
This will enable the scheduled system frequency 'tgi-iﬁe_‘_ihalfﬂiai‘ne}i and/or the
agreed power interchange with other areas to be kept within the pre-defined

limits.

So that the control of both :the system frequency and the tie-line power
interchange, may be controlled as required, the control action is designed to
alter the set pdiﬁt of each of the generators regulating on the system. Further
corrective action may be required if the frequency, or clock error ’deviates from
a certain band. Each change of the generator set poifﬂ:s is a step 'change in

the system power, which itself may introduce an unwa.nted frequency transxent

before the control actlon has chance to carry out 1ts 1ntended actlon:' So that_f

these transients may be avoxded the generators umts must be. ramped to- thelr




new required outputs "ov:er a reasonable time interval, and" be constrained by
their ramp limif'at'i'ons The automatic computer control schemes that have been
proposed 119:204 allow the change in generator set pomt to control the system
frequency error and the tie-line power exchange to be smoothly controlled. To
enable the control scheme to operate as required, the control is based on the
calculation of the A.C.E. The A.C.E. is calculated based on the equation

ACE.= APy, + KAf

where

AP;,-e is the error between the scheduled and actual tie-line power interchange,
in MW. Af is the error between the reference frequency and the actual system
frequency.

K is the system stiffness, or gain (MW /Hz).

The control scheme must calculate an A.C.E. before it is due to alter the
generator power set points for each unit. At each time interval, the A.C.E.
represents the change in generation that must be allocated to various units by
the alteration of the individual set points of the regulating generators, taking

into account the dynamic limitations of the individual units.

The other quantities which must be taken into account are: The inad-
vertent power interchange (IPI) which is given by
v - b, - - .t RO,
LPL =) APy,
0

datiation

The time (T.D.) is given by
t
T.D. =) Afdt
0
The area sup'pl'ementary ¢ontrol (A SC) is ca-lcuidted ‘based on the

following criteria. The aim of the control scheme is . de51gned as: bemg to to'

minimisé the area control error {(A.C.E.), inadvertent mterchange of power (I I)




and the time deviation (T.D.) with the minimum area supplementary control

(A.S.C.). This may be stated more clearly as

A.CE. = APy, + KA — 0
IPI = [ APy dt — 0

T.D. =/Afdt -0

while ensuring
ASE. = {(A.CE,LP.I,T.D.) —» minimum

This ensures that unwanted transients in the system and equipment usage are

reduced to a minimum.

However, this is only the theoretical value of the power deficiency in an
area and not the actual value in practice. The A.C.E. does not give the true
value of the generation deficiency, because of the physical limitations of the
system,

(a) metering errors which are inherent in fast responding instruments
(b) inaccuracies in the frequency bias K, in both magnitude and phase and

(c) telemetry failures.

‘Based on the theoretical point of view, the action of the A.S.C. would

change generation in such a way so that the A C.E. is kept to a mlmmum

However, practlca.lly this minimisation is not always physxcally poss1b1e
or necessary.

(1) The dynamics of the system combine with‘ the physical limits of the
system tend to limit the speed of response of the total system.

(2) The closed-loop gain of the total system varies with the number and
characteristics of the controlled generators. A control scheme designed
for 'éptim'iim performance with one set of system parameters may not ‘be
optunum for a change in the system -parameters and hence a rediction
in the contl;’ol scheme efficiency would be. seen. |

(3) The ma.x1mum permlssxble rate of cha.nge of -the generators output in

Z'?-'by the de51gn of ‘the units and W1ll probably not be

'.lmea,r over the entlre operatlng reglon




(4) The mechamcal parts espec1ally in the forward loop create dea,d-zones in
the system The use of | a, sensitive controller in a closed—mode system
can lead to limit cycles.

(6) The aim to cogjtrol the generation, so that it rapidly follows the time
varying load is undéSirable. It not only creates undiie wear and tear on
the valve control systems but the financial cost of such an operation may be
substantial. Also the rapid varying of ‘the units output may lead under certain

conditions to unwanted and unnecessary transients set up in the system.

The constraints placed on the control by the physical system and the
uncertainties in the closed-loop systems can result in deviations from the desired
criteria of T.D, L.LP.I. and A.C.E. This can lead to the following problems:

(1) A large A.C.E. may be introduced in to the system which can cause
problems for the tie-line control.
(2) The required change in generation can lead to oscillations set up in

certain control areas.
2.18 Computation of the Area Supplementary Control Signal

The A.8.C. value is calculated using the expression which combines the
ffgquér’léy error, the tie line power error, the time error and the inadvertent

power interchange.

AS.C.=g.B(f; —fm)+hK1/ Prs) dt

t
+pK2/O (1—1;1) dt
) 14
+ ¢.Ks /0 (P,; — Ponj)dt

where

f’,'.ff'iS" the reigr’enq:e frequency in Hz,

fm is. the measured fréquency in . Hg,

_Bis the area bxasr parameter in MW /Hz,

' 1nterchange of power on tie-line j in MW

: hange of power on t1e—1me 7 in MW



n is the number of mterconnectmg ‘tie-lines

Ky, K2, K3 are the weighting factors
K for normal operation
0 < K3 < 1 for the operation with major imbalance in neighbourirrg area.
The parameter B is computed using the sum of the frequency bias‘pa'ra.meters
Bi, By, Bs,...,B, input as data by the dispatch operator for all n generating

units on-line in the area.

g, h,p,q are the logical operators with values of 1 or 0. depending on

the mode of operation.

The integration for time and energy errors would be computed from the
aggregate of the product of sampled values and time between samples. This
operation will itself introduce errors due to the sampling. A preferable technique
would be to obtain the time error as a mea;s'u'red value from an iistalled time
error transducer. Similarly, the energy error could be obtained _mere accurately
from the difference between the scheduled valﬁe and the telerhetered output

from a M'W'Hr' transducer.

The calculation comp'utatio’nal"requireinent (€ R. )> the amount of power
to be allocated to the system is” then based on a- standard proportxonal plus

1ntegral (P+I) controller of the fornr

L n
CR =K, x ASC.+ 2= [ asca

where
K, is the proportional gain, and

K; is the integral gain.

These gains represent the dynamlc response of the power system to a
L.F.C. input command: Typlcal values of K and Ky are glven m everal

references 80204

K,—01 to 10 -




K; —10 to 30 seconds

These values are only valid for systems which contain only thermal generation

units.
2.19 Conclusion

This chapter has introduced the ideas concerned with the frequency
control of electrical power systems. It has discussed the generation of power
~ and how the system frequency changes as the consumer load varies. The effect
that the loss of a generation unit has been shown along with the characteristic
system response. The control of the system frequency and active power has
been separated so that each variable can be concentrated on individually. The
use of syét'em gain as a measure of the system resﬁonse to a control signal
or to a consumer load increase has been discussed along with the generator
dynamics which may vary the system gain. Previous L.F.C. schemes have been
investigated based on the linearisation techniques, optimal control theory and

classical ideas.

The chapter has considered the definition of good control schemes and
their main aims. Centralised eontrO'l schemes a:nd decentralis'éd'-vtechxii’i;_ues have

been rev1ewed based on cla.ss1cal control methods The caleul'é;tidn of the A. C‘E

system. Quantltles which may be 1ncorporated mto the calculatlon of the A S E

have been investigated and the minimisation of this va.lue ha.s been hlghhghted

This chap‘t'e'r was designed to introduce the concept of load frequency
control, the problems involved with the static contro] systems which have ‘been
used and to 1nvest1gate the various quantities that ‘may be used to control the
frequency of an electrical power system. Later chgpters in- this thesis use the

ideas discussed in.this chapter, to propose the de51gn of an L.F.C. scheme,

which was then validated against a real-time poévef“;js"iétem= simulator.




CHAPTER 3

SYSTEM MODELLING

3.1 Imtroduction

‘The control of a system is made possible if a mathematical model of the
system under study is already known. If the system has unmodelled dynamic
behaviour, or is totally unknown, then a system model of some form is required.
The system model can be calculated fully, or more normally estimated to a
given degree. Once a system model has been estimated, it can be used to
predict the future behaviour of the plant under study, and hence used as a
basis for the calculation of control commands. The type and accuracy of the
estimated system model is dependent on the'ty.pe of system being considered

and the required application for the model.

Generally a model of a complex system can be obtained by reducing the
_system. under .Jst';u‘dyilfinto _sﬁialiler;more._,easily,,deﬁne’d blocks:._Each. block, may
then in turn be bfoken down, and itself modelled as' a systéem, if tl}e- internal
characteristics of the system are knhown. The complexity of each model «_can»"‘be
decided upon by considering the use to which the model will be put, and the
required accuracy of the result. Also, the complexity of the model will have
implications on the time taken to calculate the model, and hence this must
be considered when time is also a constraint on the modelling process. Gften
a complete description of a system cannot be achieved because of unknown
parameters or variables which cannot, or are not measured. Also, often the
system which is to be described by the model is an extremely comphcated and
detailed prf)cess. A general ovéririew of systein m,od}ellilrzlg_ can be found 1nthe
following references (_6,—-1*1,12},;14‘,,15,18‘,19,20-,24;34,37,58;59,70,71,82,-161,175).




Any system can be modélled to a given degree by carrying out a set
of detailed experiments on the plant. The unknown variables in the model
can be determined using an exact mathematical description of the system (if
known) and this will then represent the plant under all operating conditions.
However, in some cases this can be too precise, as what may actually be
required is a general model of the system under study. Also, when the plant
is in normal operating mode, it may only be subject to a small preportion of
the conditions modelled, and certain operations included in the model may not
have any effect in this particular operating range. It is known that for most
controller designs, the control is found to be satisfactory, if it is based on a
very simple system model which can be obtained over one particular set of
operating conditions. The most commonly used approach to find any model is
to use the data from the actual plant inputs and outputs, when it is operating
dynamically within its normal range. However, this itself causes problems due
to the nature of the system. The raw plant data is noisy because of random
fluctuations, disturbances and noise introduced by the measuring and telemetry
systems used. This process of using data directly gathered from the system
under study, including the added noise, to obtain estimates of the parameters

of the model of the plant is called System Identification 1417:24,218

System identification is therefdre, the procedure carried out to model

systems mathematlcally, takmg into consideration the externa.l physxcal mterac—

tlons whlch are mherent in the system uhder st;udy Factors whxch must be
~taken into comnsideration when modelling a system include; the processing of
noisy data 82 , the choice of the model form 89 , the accuracy of the model
required, the time allowed to obtain a valid Vmodel, and ways of checking the

model produced to assess how good a representation it is of the actual system
120,190

This chapter considers the different methods available for system iden-
tification and how they can be linked together with information which may
already have been oBt_a,ined from the plant. Generally this involves applying

statistical tests to the set of plant input-output data in"order to estimate both |




model order and the respectiVe values of the parameters within a model of".ath?;t

order.
3.2 Introduction to System Identification

The identification of any system is generally based on information collected
from the system under study, which has been gained &uriné previous onfl_ihe
operation. This is usually achieved by applying statistical tests to the plant
input and monitoring its output. This collected data can then be used to make
an estimation of the model of the plant. The estimate will have to include the
order of the model required, and then the actual parameters of the model sthat
can be estimated. For a system which is finite, for example a batch process
system, the system can be used directly in the identification process, and a

system model can be directly based on this.

If the system is such that its parameters vary with time, this static
identification method cannot be used. In this case, the time-varying system
must be tracked so that the continuously estimated model is always up to date.
The tracking of t;he system is- necessary if the system under study‘ is part of
an on-line contréi algorithm, where the estimateu ’Iﬁiidel is used as a basis for

comntrol signal calculations. The system must ajlse- "be tracked . if the operélting

point of the process cha.nges eugmﬁcantly In""thls‘ case- the estimated. model

- must be upas.ted perxo 1cally The estlma.ted model of the pla__ must mclude:
the plant response to past coiitrol signals and be updated to: shov;/ the response-
of the plant to more recent control action. Dependmg upon the ra.te of change
in the operatmg point, more or less of the previous data should be relied on to
model the system The updating of the system model based on its pa.st values

is a contmually cychng procedure and is hence, termed recursive zdentzﬁc tzon

or recurswe parameter estzmatzon There are many references conc

of system modellmg is useful not only in control structures, _but a.lso in the

field of s1gna1 processmg and ﬁltermg




The order and structure of the model of the estimated systemls generally

predefined, but it is possible to change the modél order on-lifie, However, this
may cause problems as the on-line calculation of the estimaited' model order
is very demanding on computer time and this could have a disadvantage in
real-time operation. The ch;anging of the model order on-line, however, is not
normally required as the system structure does not normally tend to change or
drift dramatically as time varies. Hence, one predefined model order is usually

chosen and kept throughout the control operation.
3.3 TUse of Fixed Control Schemes

The design of control systems for dynamic plant depends on the avail-
ability of sufficiently accurate plant models in either the time or frequency
domain. In process control, the system models are not normally known, to a
great enough accuracy so the Proportional plus Integral plus Differential (P.I.D.)
controller is normally used 27 . This can give a good response if the coefficients
of the equation have been correctly tuned for a given set o_f opérating conditions.
The required output level, or set point can calculated using known theory2?7,
and after some time and »ef{bx‘\t by the control engineer, the system tuned to
give a reasonable fespons_e. Hewever, this theory is- q"_fﬁ_en difficult to implement
in the practical situation, this' may be difficult to. eéhieve because of problems
encountered with phys1ca.l systems. o

(1) The plant may have coxnnlex dynamlcs W1th 2 grea.t deal of phase la.g,
or. large dead timies.

(2){ Non‘iineafitiés in the plant or the actuator may make the gain of the
plant --vary according to the set-point. Actuators such as valves generally
e%hibit dead-bands,hysteresis and saturation. |

(3) The dyna.mlcs and gain may vary with txme a.nd operatlng point.

(4) Interactlons between control loops. often mean tha. ey cannot be tightly

tuned. 1ndependently,u and hence, many systems ate currently de51gned to

mmlmxse thxs effect leadmg to less economlc' pera.tlon

(5) The materla.l input mto a. process. may-f‘ ua.ntxty or there ma.y'*

be env_ujonnn_ental: dlsvturbanges‘v (for. exampl hange ‘in coolmg water




temperature). These effects themselves are seen as “load disturbances”,
which can vary gnea;t'l‘y.
(6) The output measurement can also be corrupted by noise and quantisation

€rrors.

Some of the above problems can be solved using the familiar P.I.D.
controllers. This type of three-term control as it is termed is simpler and more
robust than most so called simple alternatives. It is normally thought that the
more conventional P.ID. regulator is very effective in practice, but its initial
tuning and the maintenance of good tuning on a system with many control
loops can be a time-consuming activity, especially if the process dynamics are
slow. The three gains of the controller system have to be tuned manually, and
although manual tuning rules and algorithms exist, such as Zielger and Nichols
193 the problem of finding the best or optimal set of P.I.D. coefficients can be
difficult and time consuming. It can be shown under quite general requirements,
such as with quadratic costing or prespeéiﬁed closed-loop dynamics, that the
P.I.D. control. is optimal for second-order plant subjected to load-disturbances
of a Brownian motion type. This, however, implies that for more complex
plant, such as those with dead-fime, the P.ID. algerithm is too simple and
would have to be detuned from its optimal values (for example have the gain
reduced). With the increasing demands fdi tighter quality control and good
system response it is seen that some of the critical systemcqntrol loops require
controllefs ‘With many parameters. The paratheters have to be chosen in &
more rigorous way. In these cases the ai;;tbmatgd tumng i’ofi PID cont;gllér;é,
such as those proposed by Astrém 13 would nist work well For this type of
system more advanced control laws, such as those using séii‘ituning algorif.hﬁ:s
can be used as their structure can adapt to changes in the system, and the

system operating point can be tracked with respect to time.

3.4 Self-tuning Controllers

The use of self-tuners is one approach to the automatic tu

ing problem
16,17,125,144,145,146 [t 'has the advantage that it can beused 'gif{;?he 53, ng

aid for control ‘la.i_avs that are more complex-than the standardPID cont
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but which have fixed parameters, or as a means by which a :time—vafying‘.'fprqicess
can be controlled in an consistent way. Self-tuning algorithms are also ideal
for operation in real-time control schemes, as the computational requirements
are well defined and known before operation. Avl—thoﬁgh the contrél is not
optimal in the sense of dual control, it can, if properly used, give »-gd"dd tuning
and control performance for a wide range of practical systems. Self-tuning
algorithms are useful for many applications as they need only a small and
easily predictable amount of computing resources. A self-tuning algorithm takes
only a small amount of the computational resources of a typical industrial
microprocessor-based regulator, and probably has no greater requirements than
that of a P.I.D. based system. This increase of performance means that the
self-tuning controller could replace more standard controllers even for control

operations where there is no need for any form of adaptive capability.

An algorithm is called self-tuning 9:895130,180 jf for constant plant
parameters, the controller parameters tend towards those which would have
been obtained if the plant parameters were exactly known. A self-tuning
controller consists of several basic functions, which can be relatively simple, or

can be very sophisticated depending on the type of system under study.

Generally, a self-tuning controller has three main elements 50,5152 | There
is a feedback law of some form, which takes the form of a difference equation.
This acts upon a set of values such as the measured ,(‘m‘tpt—xt_ a.nd feedforward
sigxials, the current \s‘etspofi.nts and other requirements, which produce the new
control action. A recursive parameter estimator' monitors the system inputs
and outputs and compﬁtes_ an estimate of the plant dynamics in terms of a
set of parameters in a predefined model. The parameter estimates are fed into
a cbhtfohdesign algprithm which then provides a new set of coefficients for
the ’fee‘f‘d’bﬁgk law. The general structure of a self-tuning cortroller is s‘hown in
diagram 6.2. The control design algorithm simply accepts current estimates and

ignores their uncert_'c};_intigs (unlike dual control algorithms), this p‘rogedure is

termed cefﬁéinj;y-equii}alent. This approach is us,ed'because"f,'» alt
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means that the overall algorithm is much sxmphﬁed A further 51mp11ﬁcat10n
is obtained by removing the control-de51gn stage in an 1mphcﬂ; self—tuner The
process model equations are reformulated in this case so that the estimator
directly produces the coefficients of the required control law, a self-tuner which
includes both an estimator bof a standard process model and a control design

stage is termed explicit.

3.4.1 Implicit and Explicit Self-tuners

Explicit self-tuners 130 identify the system transfer-function directly,
using any of the available recursive methods. At each sample interval they
perform some algorithmic calculation to resolve the polynomial identity to place
closed-loop poles in certain prespecified locations, Implicit 58 self-tuners, on the
other hand require no intermediate algorithmic computations as they identify
the parameters of the appropriate controller, rather than those of the plant

transfer-function.

3.4.2 Modelling Schemes

The recursive parameter estimator (a plant identifier), calculates the
system parameters. Then a control design procedure, is used to provide
fe'edha.Ck controller coefficients. This means that the manual operator is no
longer required to set the values of the P.LD. constants K, T; and Ty. The

-self-tunlng algorlthm is used to momtor the closed loop. performa.nce of the

plant and calculaté the requn'ed control actlon .The 1mporta.nt ablhty of self-
tunmg control is that even if the plant model is not known the adaptlon
algonthm is able to contmuously monitor and follow the desired closed loop
performance by ‘automatically adjusting the controller parameters. For ‘many
systems the number of parameters rt:ha,t may be inv"olired could be gréater
than the three of the P.LD. fo:m, and so could not practica‘lly be manually
tuned. However, the proofs of - cénvergén"ce 183,151,178,187,192  for 's‘élf-tu‘ners to

the true controller values depend on a.ssumptlons about the process such as,

27,107,108,109,110,224,225,226, It is clea.r tha.t the algonthms ca.nnot work d"_

115,116,117,127,137,156,104 " ip @ ‘control scheme, so many self-tuner alg rithms




when used in a practical situation require the use of supporting or ‘jacketing’

software. They also rely on theoretical convergence considéerations.

3.4.83 [Early Self~tuning Algorithms

The ideas involved in self-tuning are not new. Kalman 92137 inijtially
derived the first so called self-tuning algorithm and attempted to implement
the algorithm on a special computer. However, theoretical and technological
advances were required before this new technique could be compared with the
state-space methods being investigated. The theory was revived and extended
to cover stochastic aspects by Peterka 179-182 but it was not until Astrém
and Wittenmark 22! that there was a great deal of work carried out in this

area.

Many research papers have been written on the subject of system identifi-
cation and several practical applications have been investigated 42,73:105,118,168,169,
This led to new theoféticel developments as new problems were defined, which
enabled the of use of adaptive control techniques to be applied to new areas.
New algorithms have been proposed for differing applications. It is relatively
easy to derive a new @lgofithm, or to show if one method is better than

another, but the conv.ergehce analysis of alggrit’hms is more involved.

3.4.4 Performance Objective _

" The performarice objective of the original self-tuning regulator of Astrom
and Wittenmai'k 221 wa.s the minimisation of the variance of the iﬁeasured'
procesxs"»}:' output y(t) at the sampling instants. It is seen to be the Sfégha.s_tic
equivalent of the discrete-tithe one-step controller, ® and shares the sane
defeets. The overall control algorithm takes no account of the conﬁfol—"éffo rt
requn‘ed which may lead to excessive control signals being. generated, an, ‘1n
some - cases there will be closed loop 1nstab1hty 138 However, . the sxmplest

1mphc1t algorithm normally forms the basis of general self-tuners The 1dea,of

“the performance objective was developed for self-tunmg controllers -
and Gawthrop 6394 which: were interpreted by Gkawthrop 6 and la

¢

g’ﬁ"ie a wideé vériety of p fOi‘fhance objectives. These 1mphc1t algorlt'

set-point va.natxons, whlch enables trackmg as well as regulatlon
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can be seen for example as minimising a combination of control and output
variances. This means that the control effort can be traded against output

variations to suit the available a,étua.tor characteristics.

3.4.5 DPredicitive Modelling

Simple implicit self-tuners are based on predictive control theory which
depends on a knowledge of the system time-delay k. However, with explicit
methods, although they have a heavier computation requirement, they do not
require any knowledge of this delay as it can be estimated as part of the process
dynamics. These ideas are seen in Wellstead 217 which are based on his earlier
work. In this work the design procedure involves the placement of the closed-loop
poles at predescribed locations while the zeros in their closed-loop positions.
This has been extended to cover tracking and regulation, by Astrém and
Wittenmark !9 who have produced a similar design procedure which also places
safe process zeros in the deterministic servo case. A further extension to these
ideas uses state-space methods, in which the estimated model is transformed
into its equivalent state-space representation, and the design procedure becomes
that used for linear-quadratic-Gaussian control. Early work in this area was
carried out by is due to Peterka and Astrdm 182, Although the LQG approach
requires the most computation, various devices. can be used to minimise the

computing load 2:3:7,46,78,152

An algorithm is called self-tuning if, as the number of input and output
samp’lés tends to infinity, the estimated pardmeters become close to those:
which wo.urld; be produced if an accurate sjrétem model was ‘directly known.
This convefgence property depends on various assumptions about the process,
such as ti‘iﬁe-invariant dynamics, and most of the methods have ‘been shown
theoretically and experimentally to produce self-tuning beha,yibur. However,
in :pra..éfi(:e‘, s’élf-t‘uners are used for more general -prbb_le'ihs, such as for time-

varying processes, and the —a,lgorithx‘ils are adjusted so that effective control is

robustness is still an on going research topic 23:93:140,




3.4.6 Recent Developments

Recent developments have been made in the theory cofrfi%espondingw to
continuous time-process models which are assumed by the self-tuners, and how
the corresponding discrete-time model is obtained, how models operate in the
predictive form, and the locations of the discrete-time poles and zeros 218:160
The derivation from the standard recursive-least-squares parameter estimation
algorithm, and its generalisation to cover certain types of correlated noise is
also being investigated. Other work includes; the derivation of prototype self-
tuning regulators which minimise the process output variance, the generalised
self-tuner and interpretations of its performance, and the derivation of explicit

self-tuners based on the placement of closed-loop poles in prescribed locations
81,82,112,153,206 _

3.5 Dynamic System Modelling

The main aim of identification is to model to the required extent for a
given purpose, the dynamic system under study. There are certain structures
within the model which must be defined along with an estimation of the
parameters contained within each particular model. A good model structure
should approximate the system tb a reasonable degree and contain all the known
relevant information about the system operation. It must also be flexible and
lead to simple estimation procedures.

Models -may be divided into two main classes, parametric and non-
parametric. The type of model considered in this section is parametric because
the system order must be specified so that the model estimation is simplified
and the associated errors are removed. In non-parametric models, .hQWeirer, this

specification is not required, ma’lgipg the estimation more complex and involved.

To apply a self-tuner to the system ﬁnder study, it assumed that the
modél used is -capable of .at. least approxxmatmg the ;beha.vxour of the class of

system to whxch it is a.pphed Usually the cot tre

within an upper and l:o.w_rern limit due to the physica

constant over long ~per»ibtié. So a locally;linearised'_ m




model the plants characteﬁi‘stics over a given time. For the case of a sjrstem
under discrete-time operait'i&ih, whnch is a single input-output system , the output
may be expressed in terms of previous inputs and outputs using the standard

difference equation 130

y(t) + Z a;y(k—1) = E b;u(k — ¢) (3.1)

t=1

where

y(t) is the system output at time ¢ = k,

y(k — 1) is the system output at time t =k — 1

u(t) is the system input at time ¢ =k,

u(k — 1) is the system input at time ¢t = k£ — 1 and so on.

The time period t = k—1 to ¢ = k is a measure of one sample period or length
of time between each output sample.

This assumes that one time period will have elapsed before the system model
will respond to any external influence, which will effect the system output. The
model expresses the current output vector as a linear combination of the past
outputs a.ndthe past inputs. ThlS form of model is termed Auto Regresswe
Moving Average (ARMA) 9z | The past values of y are the auto regressive

components, and the u are the moving average compon_ents.

3.6 Prediction Error Models

The most useful class of models for parameter estimation is that of
predlctlon error models. These models use a mathematical representation of
the system descnptlon such as that in equation (3.1) from which the parameters
al,a,g, @y and bl,bg, b are estimated. If the same input, u(t) is then
apphed to both the system and the mathematical model of the system, the
outputs of the system and model can be compared. The error involved in the :
compa.nson shows how good the parameter estimates are, or ‘the error gives an

1nd1ca.tlon. of how clgse the mat_hematxcal representa_tlon ‘is to the real;».s_ystem.

One of the most lmportant factors concemmg the accuracy or: goodness of ~
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there will be a large error between the output of the a,ctua,l pla.nt gnﬁ that of

the model. However, there will ‘also be an error mtroduced mto the system if

too many parameters are estimated, that is the system is over modelle'd.

When considering a practical system, the system output i,sﬁinbfteh- corrupted
by noise due to disturbances, measurement devices and telemetery. This implies
that when considering such sy.stein the @; and b; parameters, are inappropriate.
This is due to the fact that large variations in the system noise many have an

effect on the parameters and an inaccurate model may be calculated.

8.6.1 Error Minimisation

The prediction error, €(t) at time t = k of a system can be used to
access the effectiveness of the modelling technique empléyed. This error can
be used to obtain a more exact mathematical model using a revised set of
estimates of a; and b;. However, trying to minimise the direct error causes

2 instead of the error itself is used in

problems. The square of the error €(k)
most identification procedures. Generally, the model is formed by collecting a
number of samples N from the system mput and -output. This error signal is
squared and forms the sum of the squares of the errors, which is the basis
of . the cost. function. This function is m_;nlmlsed by estl_ma,tmg_ the required
number of -a;“and b; parameters. This method rédﬁuees the effect of system
noise. |

Many procedures exist for the minimisation of the cost ,~f1ihctibn; The
technique discussed in this section is probably one of the more simple methods

avaiilf‘able, this scheme is termed linear least squares.
3.7 System Modelling
The model used to describe the system was defined earlier to be

=1 =1

(3:2)

 The discrete time description of the system to. be modelled is




which may be rewritten as

y(t) = z-k‘i—g%u(t) + et) (3.4)

where

y(t) is the sequence of output signals form the model
u(t) are the input signals, and

€(t) is the disturbance signal.

The polynomials A(z) and B{z) are defined as

Alz) =14 az"  + ...+ 7" (3.5)
and

B(z) =bo +biz7t + ...+ b " (3.6)

The delay operator z~! is defined to be z *y(t) = y(t — 1)
k is dependent on the delay time of the system.

If the plant being modelled does not have a time delay, then k. =1. If
the plant does have a time delay 74 = k'T, where T is the sample period, then
k = k' 4+ 1 The equation used to describe the system model can be rewritten as

() = Zeu + ety (5.7

Often when modelling discrete systems, the system is modelled using the more

conventional term of the backward difference operator gq.
A(9)y(t) = ¢7'B(q)u(t) + €(t) (3.8)

A(q) and B(q) are the same form as above with z replaced by ¢g. By definition
g *y(t) = y(t —4). If the system is subject to a stochastic disturbance, then

the previous discrete model can be extended to

A(q)y(t) = ¢~' B(q)u(t) + C(g)£(t) (3.9)

where £(t) is a zero mean uncorrelated random sequence representing the

disturbance.
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The transfer function C(g)/A(g) relates to the transmittance of the

disturbance through the system to the measured output

C(q) is a polynomial having the form

Clg)=1+ecrg7 ' +...+ecn,qg™™ - (3.10)

Then the equation may be written in the alternative form using
y(t) = 67 z(t) + (t) (3.11)
The parameter vector 87 is
67 = (@1,82y...,85,b1,b2,...,b,) (3.12)
The vector z(t) is known as the regressor vector and is given by

T (t) = (~y(t — 1), —y(t — 2),...,—y(t — n),u(t — 1),u(t — 2),...,u(t — n))
(3.13)
The polynomials A and B are considered to be nth order, however, it is more
correct to say that the higher order polynomial is of order n, such that the
higher order parameter values of the polynomial of order less than n are then
equal to zero. The effect of a pure time delay between input and output,
is seen in the estimated model by setting the lower order terms of the B

polynomial to zero, or by changing the equation (3.2) to involve a time delay

k.
v+ 3 eyt — i) = 3 baule =i = B) (3.14)

=1

It is also possible to account for zero mean coloured noise, in the system
using
e(t) = Cz7le(t) (3.15)

where
C(z~1) is of a similar form to that of A2~} and

e(t) is a white noise sequence.
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A non-zero mean disturbance can also be considered by making
e(t) = C(z"Me(t) + d (3.16)

where d is a scalar offset bias level, but this is not often required.
3.8 Linear Least-Squares Estimation

The main aim of the least-squares calculation 51:56:213 s {0 make the
sum of the squares of the differences between the model output and actual
system output data a minimum. If this can be achieved then the estimates in
the model are as near as possible to that of the actual values. Consider the
model of equation (3.14) with k = 1, which gives the output of the system at

time t = nT as

y(t) = —a1y(t—1)—azy(t—2) .. .—a,y(t—n)+bou(t—1)+biu(t-2) .. . +bpu(t—n-1)

(3.17)
The output at following samples y(n + 1),...,y(n + N) is given by
y(t +1) =—ay(t) —acy(t —1)... —any(t —n +1)
+ bou(t) + byu(t — 1) ...+ byu(t — n) (3.18)
yEt+N)=—ay{t+ N —-1) —asy(t+ N —2)... —a,y(t + N — n)

+bou(t + N —1) + bju(t + N —2)... 4+ byu{t + N — n — 1(B.19)

These equations at the various sample intervals provide a set of simultaneous

equations which can be solved to obtain the parameters
G1,82,...,8pn,b0,b1,...,bn
The equations can be expressed more compactly in the following matrix form
Y=X0+F

where

Y =[y(t),y(t +1),...,y(t + N)T (3.20)
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y(t—1) y(t-2) ... ylt-n)
y(?) y(t—-1) ... ylt—-n+1)
X = y¢+N-1) yt+N-2) ... y(t+N—n)
y(t—1) y(t—-2) ... y(t-n)
y(t) y(t — 1) cer Yt —mn+1)
lyEt+N-1) yt+N-2) ... y(t+ N —n)
u(t — 1) u(t — 2) u(t —n —1)
u(2) u(t — 1) u(t — n) (3.21)
ut+N—-1) uwit+N-1) ... uwit+N-n—-1)
and
0 =|—ay,—az,...,=p,boybyy.eyenn,bn]T (3.22)

and FE describes the effect of measurement noise and disturbances affecting the
system. The single output measurement taken at time instant ¢, can be written

y(t) = ﬁ’: 0;z;(t) + e(t) (3.23)

Consider now, how an estimate of the parameter vector, (), can be obtained
by least squares approach. Using the estimate a, the prediction of the system
output Y is given by

Y = X6 (3.24)

and the prediction error ¢ by
e=Y Y =Y — X0 = [e(t), et +1),...e(t + N)]T (3.25)

This is obtained by minimising the cost function
N
Min. J =) é(t) (3.26)
1

The predicted value of # given by  which minimises the sum of the squares
of the errors between y(k) and the predicted output §(t), 3;z(t) summed from
t=1,...,N, can be written in the vector form

S = (Y - X0)T (Y - X0) (3.27)
This equation must be minimised by selecting a set of system parameters, b
for a given set of input and output data. The value of f is a minimum when

the differential is set to zero hence

§=(XTXx)"1xTy (3.28)
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This is on condition that XTX is invertable, so that a unique solution may
be found. This is the standard least-squares equation, which is derived below.
The value of & which minimises S , the sum of the squares of the errors can

be found as follows

§=éTe= (Y- X8T(Y - X0) (3.29)
%;;- = 2XT (X8 - Y) (3.30)

Hence S is minimised when
2XT(X0-Y) =0 (3.31)

that is when

8= (XTx)"1xTy

An estimate of § can therefore be obtained provided (XTX) is non-singular
(which it will be if the system is ‘persistently excited’). If the system is not

excited, then common rows can occur in X, making (X’r X) singular.

If the system is subjected to a stochastic disturbance e giving a model
of the form
Y=X0+e

then pre-multiplying equation (3.32) by (XTX)~1X7T gives
§=0+(XTX) 1XTe

This expression indicates that the least-squares estimation will be biased with

the bias being given by E[(XT X)~1XT¢].

If z(t) and e(t) are independent, as assumed, the expected value of 8(t)
will depend on the expected value of e. If it is also assumed that the noise has
zero mean then E{0(t)} = 6(t), the true parameters vector, then the estimates
are unbiased. If also e(t) is an uncorrelated (white noise) sequence, the least
squares estimates can be shown to have minimal variance compared with all
the other linear unbiased estimates. The accuracy of which depends on the

covariance matrix

E{(8(t) - 6)(6(t) — 6(£))T = A (X(O)TX(2)) ™
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where o2 is the variance of e(t). If e(t) = &(f) that is uncorrelated zero mean
sequence, then e(Z) is uncorreiated with the elements of X7T, which involves only
past values of y,these are y(t —1),y(t —2)... and therefore £(t—1),4(t—2)...
,consequently E[(XTX)"!XTe] =0 and the estimates are unbiased.

A better guide in ‘terms of how good a particular algorithm is, can be
found by consideration of statistical confidence regions corresponding to each

method. For this purpose the ‘residuals’ vector E must be obtained from

such that the sum of the squares of the residuals is calculated by means of the

equation
2

N
- e(k)
S=>
k=1 02
and this is distributed in the form of xz(MN) where N is the number of
parameters and A is the number of data points. It is , however, fairly

straightforward to apply a t distribution if this is preferred to the Chi-square
test.

3.9 Recursive Least-Squares

The previously described least-squares approach is suitable only for batch
processing, it can be used as an off-line estimator, but if the system model
changes slightly or drifts, the change in the model can not be detected by
the identifier. Thus it is necessary to convert fhe previous method into a
recursive form so that the estimates may be updated when new data has
become available. This enables the estimator to track the system on-line
enabling real-time identification. This recursive form of the estimator is termed

Recursive Least Squares 47:85.88,195199 (R 1,.S)) identification.

In common with all recursive methods, the R.L.S. method requires a
window of the most recent data. This means that only the newer values of
the plant input and output are stored, and they are only kept for a certain

time. Once the data has been stored for the required time, it is automatically
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discarded and replaced by new system data. Using this method a known
amount of storage is required in the computer and the data is continuously

cycled through the defined window.

Normally the vector z(2) is used to store plant input data and the vector
y(t), all the plant output data. At any time %, the vector will contain the most
recent values of y and u, being y(¢) and u(t), and the input and output values
from n time intervals ago. The system parameters are stored in 6(t) and then
an initial guess, or estimate of the system model is defined as a(t) for each of

the parameters which go to make up the actual parameter vector 6.

At time instant (¢ — 1), when a new control input is known, not only is

the vector #(f) known, but also the vector of the previous inputs and outputs.

2T (t) = (=gt — 1), ~y(t = 2), .., 3t — 1), ult — 1), ult = 2),...,u(t —n))

This enables the estimate of the system model to be made, based on the system
equation. The estimate of the next output y(t) is then based on this updated

data. Hence § can be calculated
§(t) = 8(t — 1)z(t) (3.32)

The value of § is the prediction of the output signal y(t), which is made using
the information available at time (¢ —1). However, when the new actual output

signal is measured, the error in the prediction can be found as before using
e(t) = y(t) — 9(t)

It is obvious that if the noise signal e(t) is relatively small, and if the parameter
estimates @ are fairly close to their actual values of 4, then the error e(t) should
also be small. However, if the estimates of § are not very accurate, then the
value of £(t) would be expected to be large. The magnitude of the error e(t)
can be taken to account and can be used to improve the parameter estimates.

The estimates can be improved using
8(t) = 8(t — 1) + K(t)e(t)
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From this equation, it is seen that if the value of &(t) is small for any value of
K(t), then there is very little change made in the estimates, however, if there
is a large change in (t) then a large change in the estimates is required. The
choice of K(t) is important. Thus a way is required to calculate a useful value
of K(t).

Obtaining the recursive calculations required can be very involved, so a
simplified version is explained here to demonstrate the basic concepts behind
the procedure. One of the benefits of this approach is that a strictly fixed
amount of computation is performed for each new piece of data. There is also
the advantage that the dimension of X7 is fixed,it does not increase with N.

The following definition is made
S() 2 (X()T X(1) (3.33)

where
X(t) is the matrix of known data acquired up to time ¢. This equation may

be written in the partitioned form

[Y(;(Z) 1)] _ [Xg (t)l)] - [e(tﬁ (;)1)] (3.34)

The estimate for at time T of #(t) can hence, be given as

b(t) = (X(&)T X(8) " X()TY ()7
then
B() = [Xt — )TX()™ + 2(6)= ()] (X[t - )TV ()" + 2(6)Ty(#)] (3.35)

or using the S defined as above, more simply

6(t) = S(t)* [X(t — )TY(t - 1) + z(t)y(t)]

= S(t)~ [S(t - 1)b(t - 1) + z(t)y(t)] (3.36)
but
S(t) = St —1) +z(t)2T(2) |
b =25 [S()b(t — 1) — =(t)zT (1)t — 1) + z(t)y(2)] (3.37)

B(t — 1) + (&) =(t) {w(t) — " (®)d(t — 1)} (3.38)
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this gives together with (3. 32) the recursive updating of é
B(t) = B(t — 1) + K (2) [u() - =7 (1)B(¢ — 1)] (3.39)

Where K(t) is an n-vector (the Kalman Gain). It is seen that the estimation
update for each parameter is of the feedback form

d
r}ew = ?l + gain X (prediction error of old model)
estimate estimate

However these equations cause problems for convergence analysis as these equa-
tions involve the inverse of S(t) at each stage. A further simplification may be
made possible by the use of the well known ‘matrix inversion lemma’ 53 which

involves P(t), the inverse of S(t). This gives

-1 ' —1) zzT -
P(t) = (S(t —-1)+ z:z:T) = P(t-1) - P(; - i)TP(t.;Pi(tl)z 1)

Using this lemma, recursive least squares (R.L.S.) becomes

P(t — 1)z(t)
K@) = 1577 (t) P(t — 1)z(2) (340)
P(t) = [I - K()z"(t)] P(t - 1) (3.41)

This has the advantage that no matrix inversion is required. However, S~1!
exists only after n observations have been made, and so a starting value is

required for the initialisation of P(0).

The algorithm works as follows
(a) An initial value of P(0) is chosen.
(b) At each time, ¢, X is obtained using the new data
(c) Equation (3.40) is used to update K(t)
(d) Equation (3.41) is used to update P(t)
(¢) Finally equation (3.39) is used to obtain the parameter estimates 8(t).
Using this method the data storage (#,z, P and K) and computational require-

ments stay constant with time.

The form generally used for the starting value of P is a diagonal matrix

ol where the value of a is taken to be (10%) 92106, This shows there is
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little confidence in #(0) and allows rapid initial changes, so that a reasonable
estimate of @ is achieved as §(t) changes slowly. The covariance matrix of the
estimates is given by o2P(t) (for large ¢ at least) 02 can itself be estimated
using the model prediction error e(t). I P(0) = al, where a is large, if the
plant is noise-free, if the X (t) vector is ‘persistently exciting’, and if the plant

is accurately modelled by a constant parameter vector 6 then
8(t) - 6  exactly inn steps (3.42)

This is the fastest, possible rate of convergence. For example, if the self-tuner
has 5 parameters then 5 samples ( after the data vector have been filled up)

are sufficient to get good estimates.

However, this is not always the case when practical systems are being
investigated. The matrix S{t) = ¥ z(5)z7 (¢), so that the magnitude of S is
small initially but tends to infinity, provided that z(t) is ‘sufficiently exciting’.
The matrix P should be symmetrical and positive definite, but round-off errors
may cause P to lose symmetry. If this is the case, then the algorithm will
become unstable and the estimates will rapidly diverge. This does not usually
happen until about 5000 iterations 58.106,136 hich fneans that the controller
has to be used under continuous conditions for a long time under real conditions
before it is seen. This action can be prevented with the use of an update
factor for P(t). As P is positive, it can always be written as using the
UD factorisation, 57:106,130,213,214,217 [ DUT, where U is the upper-triangular
matrix with units down to the diagonal and where D is a diagonal matrix. The

updating then becomes U and D, and P may be reconstructed using UDU7T
3.10 Forgetting Factors

When P is updated using (3.41), the elements of P tend to reduce in
magnitude. This causes the gain matrix K to eventually be reduced to zero,
and the estimation of the parameters 8, tends to 8. This is only useful if
the parameter values are constant with time. This means that the estimation
routine is unable to track slowly-varying parameters and hence, cannot be used

for the identification of systems which have time varying parameters. Once the
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gain term becomes negligible, even though the estimation error may be large,
the estimated parameter values will not adjust, so the tracking of time varying

parameter values is not possible.

The problem may be overcome with the use of a so termed forgetting
factor. This instead of giving equal weights to the errors in least-squares
criterion, gives more weighting to the more recent data preventing P(t) from
becoming too large. The speed at which the adaption takes place is determined

by the asymptotic memory length described by Clarke and Gawthrop %2

1

V=T

(3.43)

This implies that the information contained in the data storage elements of the
algorithm decays with a time constant of N sample intervals. For A = 1, the
P(t) is the standard covariance matrix described earlier. After the initial tuning
phase of the algorithm, the control will become better and hence the elements
of P(t) become larger, as they are continually scaled by a factor less than
one. This means that if there is little information gathered about the system
dynamics due over long periods of steady-state operation, numerical instability
may occur as the magnitude of P(t) increases. The regulator becomes very
sensitive to any disturbance or a numerical error, which may cause any change
in the set point to lead to a temporary unstable system or to total system

instability.

Some solutions have been proposed to avoid this problem such as, placing
bounds on the diagonal elements of the P(t) matrix, but the exact values for
the boundary are difficult to decide upon. A more useful approach is to decide
upon the amount of system information that the algorithm stores. Thus a
forgetting factor is used to define the amount of system data that is stored.
This can prevent the covariance matrix from blowing-up but still enables the

algorithm to adapt to the system changes.

3.10.1 Variable forgetting factor
To chose the size of the forgetting factor, 196,172 the state of the system

must be taken into account. If the error between the actual system output
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and the calculated output is small then two cases may have caused this:

The system may be near the correct set of system parameters, or the estimator
is capable of reducing the parameter error. If this is the case, then it would be
sensible to keep the maximum amount of system information, thus a forgetting
factor close to unity is required. However, if the error is large, the estimator
sensitivity may be increased by selecting a lower forgetting factor. This has the
effect of shortening the memory length of the algorithm until the errors become
s_ma,ller.. Using this idea it is possible to define a the amount of information
which is to be stored about the system as the weighted sum of the squares of

the error. This is calculated recursively by
S(t) = MO - 1) + [1 - u(t - k - )TK)] (&)T (3.44)

This was discussed by Fortescue 39 . The forgetting factor may then be be
defined by keeping X(t) such that

() =S(t-1)=... =00 (3.45)

Thus the size of the forgetting factor at each time step corresponds to the
amount of new information in the latest data set. This ensures that the

estimation is always based on the same amount of system information. Thus
At) =1—- — (3.46)

where
2o

(1 -yt — k- 1)TK()) &)
N(t) is the equivalent asymptotic memory length if A = A(t) were to be used

N(t) = (3.47)

throughout the estimation. As X is related to the sum of the squares of

errors, one possible choice 89 is to express ¢ as
20 = O'gNo (3.48)

where
0o is the expected measurement noise variance based on real knowledge of the

process. Ny then, will control the speed of adaption because it corresponds to
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a nominal asymptotic memory length. It is shown 213:214 {hat if £y is chosen

this way, then for a stationary process

E{N(t)} =no as t— oo | (3.49)

and E{P(t)}=Po as t— oo | (3.50)

The sensitivity of the system is controlled by choice of Ny. A small value of
Ny will give a large covariance matrix and a sensitive system, a larger value

will give a less sensitive estimator and slower adaption.

Typical values of A are in the range 0.95 (for fast variations) to 0.99
(for slow variations). If the system is not ‘persistently exciting’, then P(t) can
increase indefinitely, which will cause numerical problems in the algorithm. The

way this occurs is easily seen if z; is set to a null vector when
1
P(t) = XP(t -1) (3.51)

with A <1, P(t) — oo as t - co. Hence, when the forgetting factor is used,
checks should be used and the value of A adjusted, so that numerical difficulties

are avoided.

One advantage of the R.L.S. method is that the matrix P(t) is pro-
portional to the covariance of the parameter estimates, so that a near-singular
P indicates that there are badly estimated directions in the parameter spacé.
This could indicate, for example, that the number of parameters is too large

or that the data is invalid.
3.11 Conclusion

This chapter has described the use of system modelling for system
identification and prediction of the behaviour of unknown systems. The methods
discussed enable a mathematical model of the system to be calculated using only
the system input and oufput data, without the need for test signals. Clearly
this is very useful for application when modelling industrial processes such as

electrical power systems. It allows a reasonable system model to be calculated
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without disturbance to the system which is required for real-time applications.
The use of least-squares estimation has been discussed and shown not to be
particularly useful in itself for modelling power systems due to thé non-static
mode of operation. An extension to enable on line monitoring and calculation
of the system model was presented and this type of recursive technique shown
to be is useful té track power system dynamics and behaviour, and hence allows
suitable control action to be calculated based on the most recent system model.

The method of calculating such control signals is discussed in the next chapter.
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CHAPTER 4

MINIMUM PREDICTION ERROR CONTROLLERS

4.1 Introduction

The previous chapter discussed the use of mathematical modelling as a
tool to produce a representation of a system. This method of modelling a
system from its general response without the need to apply artificial test signals
is very useful for the control of electrical power systems. It enables the control
to be calculated on-line in real-time without disturbing the operation of the
system. Based on the updated model a suitable control signal can be calculated
using various techniques. This enables the power system to be controlled to

the required level without causing economic operating penalties.

The previous model description was capable of providing a way of pre-
dicting the future outputs of the system based on the past outputs and present
inputs 121550,52 Tt would seem reasonable that the modelling process may
be reversed and the ideas used in the modelling process may be then used to
calculate control action for the system. The aim of the control action is to
determine what control at the present time would bring the future .outptit of
the system to the required value. This process is especially simple if the future
outputs are a linear function of the present control, since then the determination

of the control action involves the solution of a set of linear equations.

This chapter discusses the use and equations involved in a control criterion
termed minsmum variance control 106:111,161  3nd then describes the extension
to this technique that enables the control of non-minimum phase systems and
reference following. Minimum variance control is the stochastic eéuiva.lent of

one-step-ahead control which is used in the deterministic case to bring. the
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system output at time ¢ + k, y(t + k) to some previously defined required
value. Minimum variance control is used because by reducing the variance of
a given variable, the controller set point can be kept at a reasonable value for
the system while ensuring that the rest of the output meets a given criterion.
There are many papers describing design work in this area, much work has been
carried out by Clarke, Gawthrop and earlier Astrém. There are consequently
many references, some of the better ones are (16,17,18,52,53,54,57). Other work
is reported in (64,131,141,162,164,180,194,214,217,219,220,221,226).

4.2 Predictive Models

Many self-tuning strategies, particularly implicit methods, are based on
predictive control design, where the prediction horizon or time, is the system
delay k 4512,15,190,213  This delay is introduced because the output at time
t+k, y(t + k) is the first output that can be influenced by the present control
u(t). During this time, disturbances will be acting on the system, so if an
optimal prediction is to be made at time ¢, for time t + k 16515253  {he
effect of the disturbance on the system at time t + k must be predicted at
time ¢. This enables a control signal, u, to be calculated at time t for time
t + k. Thus the effect of these disturbances on the system can be removed
by the calculation at time t. The effectiveness of this control depends on the
accuracy of the predictions, which itself clearly depends on the characteristics

of the disturbance and on the prediction interval k.

The system is modelled as described earlier using
A(z"Yy(t) = z'kB(z"l)u(t) + C(271)E(2) (4.1)

where

Alz) =14 a1z7  +apz72 + ... + a2z,

B(2) = bp + b1z7 ! + bz7%2 + ... + by z™™ and

Cz2) =1+c1z7t + 2272 +... 4 ¢pz7P.

The disturbance £(t) is taken to be a weakly stationary sequence of uncorrelated
random variables with zero mean. The system delay k and the orders of 4, B,C

are n,m,p respectively and are assumed to be known. The system is such
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that due to physical constraints, the discrete closed-loop system must contain
at least one time delay, hence k£ > 1. The delay %k is equal to the magnitude
of the pole excess of the model £k = n — m which appears because of the use
of the backward shift operator. The polynomial C is taken not to have roots
outside, or on the unit circle in the z-plane, this can be achieved without loss

of generality, as is shown in 53,

The input signal u(t), can only change the output signal y, k sample
periods ahead of time so the a control scheme is required that aims. to make

the expected value of the output error, k steps ahead in time equal to zero 130,

A minimum variance controller is proposed in this chapter which is
capable of controlling the system output at a given time ahead to a previously
defined value. The equation (4.1) can be. rewritten using the more normal
backward shift operator g as used for discrete systems. The outpuf k samples

ahead is given by

ya+@=§%qn+%%w+m (4.2)

By expanding 1/A as an infinite series in ¢, it is seen that the disturbance
term has two components. The first is (¢ + ¢), where ¢ takes the value from
the present time, to the time k steps ahead in the future. The term £t — 7)
represents the all previous values of ¢ up to the present time, that is —co — 0.
These past values of £(t) can be reconstructed using the above equation and the
measured input-output data u(t),y(t), but the future values are unpredictable as
13 is an uncorrelated sequence. This development is shown in 59:106,130,166,181
The term C(g)/A(g) can be split up into its constituent parts by using the
identity

cla) _ E(q) + q-kﬂq—) (4.3)

Alq) A(q)
where

E(q) =eo+e1g”t+...+en,q™ and

F(q) = fo+ fig™t + ... + fa, ¢

E(q) and F(g) are both polynomials which can be obtained uniquely by
comparing the coefficients of powers of ¢! if the degree of E < k— 1. It
is seen that if the degree of ey = 1 then the degree of F is k — 1, this is
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shown in the example later. The equation above shows that the order of E(q)
is restricted by the order of C(g). The order of C relative to % indicates to |
what degree the past and future noise will be considered. If C is of a high
degree, then past and future noise is considered, but if C is small only future
noise is considered. This equation C(g)/A(g) represents two values of noise,
the first E(gq) accounts for the future noise up to time (¢ + k), and the second
F(q) represents the noise from —oo — ¢, that is from the start of the algorithm
to present time. The expansion of C(g)/A(q) is demonstrated using a simple

example, where the polynomial in C is simply stated as
C=1-c1q"" —c2q? —caq™® —cag™® —cs5q™° (4.4)

If all the coefficients are set to —1 and +1 successively, then the polynomial

may be written as
C=1-q¢'+¢2-q3+¢g*t-¢q° (4.5)
The polynomial in A is writteﬁ as
A=1-aq"! (4:6)
where the coefficients of A are taken to be 1, hence A may be rewritten as
A=1-g¢"! (4.7)
The value of k in this example is taken to be 3. The division of C by A gives

simply

C(q)

m =1+4+¢2+q* (4.8)

This is expanded and rewritten as

— =14 q—2 + q—S(q—l)

(9) 1—gq-?
C(Q) -3 -3 -q—l - q—2
A o - .9
Al — 1Tt T (4.9)
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This is now compared with the equation
F
—= = E(q) + q"k—-ﬁ2 _ (4.10)

and clearly shows that
E(g=1+q7? (4.11)

where, the order of E is less than that of &k, and
Fl=¢'~q? (4.12)

Thus as mentioned earlier, E(q) has degree such that £ < k—1 and the order
of F(q) is seen to be k — 1. It is seen that the term, has been split into two
distinct sections, one represents the quotient and the other the remainder of
the term. The first is the noise disturbance predicted for the future, and the

second, the noise up to the present time. Equation (4.2) may be rewritten as
A(q)y(t + k) = B(q)u(t) + C(q)é(t + k) (4.13)

and equation (4.3) as

Clq) = E(9)A(q) + ¢ *F(q) (4.14)

The equation (4.13) is pre-multiplied by E(g) giving

E(g)Alq)y(t + k) = E(q)B(q)u(t) + E(q)C(g)¢(t + k) (4.15)

subsituting for E(q)A(g) from (4.14)

Clq)y(t + k) — F(q)y(t) = G(q)u(t) + E(q)C(q)€(t + k) (4.16)

where

G(q) = E(q)B(q) This is rearranged to give a value of y(t + k)

F(q)y(t) + G(q)u(t)
C(q)

This equation shows the two sections that are required to make up the prediction

y(t +k) = + E(q)¢&(t + k) (4.17)

for the output at (¢ + k). The output is a function of the previous inputs
and outputs and a noise factor. The first term is deterministic, and concerns

the previous outputs and inputs. The second term is probabilistic, and takes
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into account the noise that will occur up to time (¢ + k). The future noise
term is of length X. The optimum prediction at time ¢ + %k, made at time ¢
is represented by (¢ + k | ¢) and is defined to be y°(¢t + &k | t). The error in
this prediction at the same time is given by §(¢ + &k | ¢). This means that the

equation (4.17) can be rewritten as
yt+k|t) =y @ +k|t)+t+k]|0)

This defines the total predicted output at the prédiction time (¢ + k)

This equation may be rewritten to show the two term as
Cla)*y(t +k |'t) = Flg)y(t) + Gla)ult) (4.18)
gt + k[ t) = E(g)€(t + k) (4.19)

Hence the prediction depends on the previous values in the data vectors. The
order of £ is k, but the order of the input and output vectors is defined by
the size of the window of data which is to be kept. Also it is noted that it is
necessary for y* and § to be orthogonal. This is general when considering an

optimum predictor. The prediction accuracy can be obtained from 16
Var {§} =21+ e+ +...+¢€_,)

This is the variance with k.
4.3 Minimum Variance Control and the Self-Tuning Regulator

As shown, the system model can be written as in the predictive form.
4,5,15,16 of '

Cla)y™(t + k | t) = F(q)y(t) + G(q)u(t) (4-20)

or

[E(9)A(q) + 7' F(g)] w*(t + & | £) = F(q)y(2) + E(g) Blg)u(t) (4.21)

and

Y+ k) =y (k| )+l k| =y (t+k ]+ EQE+F) (422
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A control law is used which selects the value of u(t) such that the variance J

is minimised. This is shown by the following equation.
Min. J = E{2(t+k)} (4.23)

Where this is true over the whole of the data range (—co,t) and this includes
the random processes £(t + ¢) which affects the output after time ¢. J is
chosen as the control target in order to reducé the effect of disturbances on
the regulated process output, this enables the process output to be kept within
a defined range. This range is a constraint placed on the control system by

the physical system itself.

These constraints are defined by the physical system, such as: ramping
rates, upper and lower limits, speed of response and the desire for smooth and
economic control action. If there are largé fluctuations in the control output,
the calculated set-point will vary greatly. This will lead to the unsatisfactory
operation, such as causing unnecessary operation of the machine, which leads to
unnecessary wear and tear on the machine, unnecessary ramping may also lead
to unstable system operation. However, the major consideration when varying
J rapidly, is that the system would not be operated at its most economic
operating point for a particular set of conditions. If these fluctuations in the
control commands are minimised, the set-point can be tracked giving the speed

of response and quality of control that is required by system operations.

To minimise the variance of the output of the plant 58, the value of J is
chosen so that this is achieved by the control system. Several references cover

this complex topic, some of the better ones are (16,18,57,59,61,106,110,111,120).
Min. J=E{*(t+k)}=E{(y*(t+Fk|t)+y(t+k| t))?} (4.24)

= (v (t + k| ))” + B{(3(t + k | 1))} (4.25)

The first term in the above is again seen to be the deterministic element of
the equation, and the second, the probabilistic representation. This first term
is a prediction of the value of the output k steps ahead of time, and based on

information at time . The second term is a prediction of the future disturbance
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noise, it is obviously unknown at time ¢, and it is independent of the control
applied to the system. The terms § is concerned with a white noise sequence
into the future, while y* is concerned with the future control commands. Thus
¥ and y® are orthogonal, and when multiplied the middle term is lost. Also
the value of y* is known at time ¢. The value of ¥ is thus unaffected by
#(t). The minimum value of J is found when the value of y° is set to zero by
choosing a suitable prediction value for y*, which is made zero. In this case a
suitable value of y* is zero. Hence from (4.20)

F(q)y(t) + G(q)u(t) =0 (4.26)

This may be rearranged and expressed as the feedback law

- _Flay()
“) = ~ 5B (4.27)

Using this control value, the minimal variance J,;, can simply be written as

being that of the k-step-predictor error o%(1 + €} +...+ €7_,).

The full closed loop equation can hence be stated as

) ~F(g) 97*B(ag) -

y(t) _ __B(g)E(a) A(g) 28

wt) ~ |, _Fl_g "B 2%)
B(q)E(q) Alqg)

The closed loop characteristic equation is thus

F(q) g*B(g) _

Y B0E@ 4w 0 (429)
B(q) (E(9)Alg) + g7*F(q)) = 0 (4.30)

which using the identity (4.14) becomes
B(g)C(q) =0 (4.31)

If the control law F(q)y(t) + G(g)u(t) = 0 is satisfied, at all samples, then

y(t + k) = E(q)&(t + k) (4.32)
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Thus for identification, the following equation may then be used from (4.20)

and (4.22)

F(q)y(t) + G(g)u(t)
C(q)

As E is order of (k—1), E£(t) is uncorrelated with Gu(t —1) + Fy(t —1). Thus

-the least squares estimation algorithm can be used, and the estimates will be

y(t + k) =

+ B(q)€(t + k) (4.33)

unbiased.

As C(q) is a stable polynomial it is seen that the closed-loop stability
depends on the sampled-process zeros. However, there are many cases ( for
example those with fast saxnpliﬂg or large fractional delay) where B(q) may
have roots outside the stability region. Hence, minimum-variance control should
be used with caution. There are various ways of o_vercoming this inherent

problem.

The original self-tuning regulator designed by Astrém and Wittenmark

17,19 ysed the minimum-variance objective function. If equation (4.17) is

considered where C(g) # 1 and, at time ¢ rather than ¢t + k

) - Q=)+ Claute -

y(t) = A'(q)y(t — k) + B'(q)u(t — k) + E(q)£(t) (4.35)

The control that is required to make the predicted value of the output k steps

+ B(q)€() (4.34)

ahead of time equal to zero is given by

, _
ult) = F9(t) = Frg o7 (1.36)
Which can be seen to be of the same form as (4.27) It is seen that the
controller involves cancellation of system zeros by controller poles. Thus, if
the system has non-minimum phase characteristics, the controller will contain
unstable poles, and since in practice exact cancellation will not be achieved, an

unstable closed-loop system results.

The previous chapter discussed the system model used for identification

purposes. The model was shown in the form

y(t) =0,z (t) + 02$2(t) + 93$3(t) + ...+ 0nxn(t) + f(t) (437)
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which can be written more simply as
Y(t) = 0X(t) + &) (4.38)

If the controller equation (4.36) is compared with (4.38) and it is seen to be

in the same form as shown below.

07 (t) = (for f1s- - s fnm1,00,01s -+ - 1 Gnte=) (4.39)

2T (t) = (y(t — k)y...,u(t —k),...,ut —k —n +1)) (4.40)
e(t) =€) +erb(t—1)+... +ex1é(t —k+1) (4.41)

and y(t) = y(t) (4.42)

Here €(t) is an autocorrelated process, but is independent of all elements of the
known data vector z(t). Hence the Recursive Least Squares algorithm described
previously can be used to obtain unbiased (though not optimal) estimates of 8.

These estimates are then used in the certainty-equivalent control law:
Fla)u(e) + G2)ut) = 0 (4.43)

This is an implicit self-tuner, as the required feedback parameters are estimated

directly rather than via a control-design calculation.

The estimated parameters in (4.38) are not unique, for this equation
may be multiplied by an arbitrary constant without affecting the calculation of
u(t). This means that the estimates will lie on a linear manifold wandering.in
unison (52,53) and may lead to excessively large or small values with possible
numerical problems developing. A unique estimation can be achieved by fizing
one parameter, such as go = by the first value of the. estimated B parameter

vector. This can be done in two ways.

(a) The first is to not use go and u(t — k) in 0 and z to make Z =
y(t) — Bou(t — k), where by is the fixed value of go.
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(b) The second method is to set the corresponding diagonal element in P(0),
which would otherwise be af to zero, indicating that the parameter value was

considered to be exactly known.

Although this second method involves slightly more ® computer time,
it has the advantage that the same basic self-tuner software can be used with |
any chosen parameter fixed. The value of 50 does not need to be close to bg
but the convergence rate depends on the ratio bg /50 so a small value of 30 may
initially lead to excessive control signals. This can be seén if (4.41) is solved
for u(t) |

) =~ (ov(t) + Fislt = 1) + ...+ duu(e = 1) (4.44)

A simpler alternative is to ignore the lack of uniqueness in the estimation and
not to fix any parameter, although this complicates convergence analysis the

self-tuning performance is still effective.

As an example consider what happens when the self-tuner is used with
a system where C(¢~1) # 1 but is a general polynomial. With reference
to recursive estimation it may be thought that the Recursive Least Squares
method is not sufficient and that Extended Least Squares or Recursive Maximum
Likeliﬁood methods should be used, however, this is not the case. This can be

seen by expanding 1/C(q) as an infinite polynomial
C_l =1+ clq_l + 62q_2 + ... (445)
The predictor model may be written as

y(t) =F(q)y(t — k) + G(q)u(t - k)
+e1 (F(Qu(t — k — 1) + G(g)u(t — k- 1)) +... + E(q)é(t) (4.46)

If the aigorithm has converged in such away that b= @, then the control from
(4.41) will set all the terms on the R.H.S. of the equation to zero so that this
equation reduces to (4.40) as if ¢; = 0 and hence as if C(g) # 1. This implies
that 6§ = 0 is a fixed point of the algorithm, but this in itself does not prove
that it is a stable fixed-point, f,his must be done using alternative methods. In

the initial tuning stage, however, 6 may be rather different from # and then ¢;

- 87 -



may then have a significant effect on the true convergence rate. The dynamics

of 1/C(qg) and the convergence rate are clearly reiated.

In practice, the dynamics of the model depend on the certainty equivalent
equation (4.41) being satisfied by the control u(t). In many systems there are
constraints on the control that can be implemented by the operators, or the
physical reality of the plant itself and there may be times when the desired
control u(t) cannot be used so that the equation no longer holds. This means
that in theory R.L.S. will then fail to give unbiased estimates of F(g) and
G(g), but it is found that provided u(t) is not always clipped the algorithm is

still effective.
4.4 Generalised minimum-variance self-tuning control

The objective of the self-tuning regulator, in miniinising the output
variance, is restrictive and may only be applied to a only few industrial
situations. The example which is generally quoted is the paper industry, where
minimal variance output means that the mean thickness of the paper may be
reduced whilst ensuring that only a given percentage of the paper falls below a
specified minimum thickness. This criterion is less applicable to process variables
such as temperature, flow, pressure and so on. Another drawback with minimum
variance control is that no account is taken of the control effort required to
achieve this minimal variance, if this is found to be excessive the only variable
that can be altered is the sample interval of the controller. Diagram 4.2shows
a représentation of the generalised minimum-variance controller in block form.

With the self-tuning controller 5¢ greater flexibility is achieved by defining
a generalised output ¢(t) of the form

¢(t + k) = P(¢~ )yt + k) + Qg™ ult) — w(t) (4.47)

where

P(g~!) and Q(¢™!) are the transfer functions which can be specified by the
control designer to achieve one of the variety of the objectives. The signal
w(t) is the set point (this may be pre-filtered to avoid sudden changes) which

is available at time t, the use of w(t) allows the self-tuner to be further
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generalised so that it includes system tracking along with control regulation.
The cost-function which is to be minimised (given the known parameters) is

the variance of the generalised output
Min. J = E{$(t + k)} (4.48)

This cost function in conjunction with the equation (4.47) can be used in several
ways.

In equation (4.17) the value of y(t) was calculated from the two terms
represented in the equation, the deterministic term and the 'prob"ab'ilis'tic one.
The variance J was determined using (423) In the same way the equivalent

cost function for thié‘more general case may be given by
Min. J = E{(y{t + k) — w(t + k))% + (Qu(t))? | )} (4.49)

The minimisation is carried out on the data available up to time ¢. This means
that the first term of the Q vector is equal to the first term of the B vector,
that is go = bg. For example, if @ is chosen to be a constant, A and P is

chosen to be one, then the cost function may be written as

J = B{(y(t + k) — w(t)? + bodu(t)? | 1} (4.50)

This equation is useful as it allows the user to assign a weight to deviations in

y(t) from the set point w(t). These are weig'ht_@ad against the minimum variance

control of u(t). Howevef, there is a problem. involved in Vthis.op_eré,tion because,
the weighting is dependent on the fixed parameter by and he’ncé will be system
dependent.

Another possibility 5 is to chose Q@ such that @ = A(1 — ¢~1). This

leads to a cost function which depends on chang’és in the control
T = E{(y(t + k) — w(t))? + boA(u(t) — u(t — 1))? | £} (4.51)

Other suggestions are made in the literature 50, If @ = O then equations (4.17)
and (4.47) show that if a control is used such that ¢*(t + k) |t = 0, then

Bt + k) = Bt + k| £) = P(g™")y(t + k) — w(t) (4.52)
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which gives
1

P(g™1)
The transfer function of P can be chosen to be the inverse M~! of some

desired closed loop model M. Thus from (4.53) y(t + k) can be written as

y(t + k) = (w(t) + (¢ + & | 1)) (4.53)

y(t + k) = Mw(t) + Mt + k | t) (4.54)

This corresponds to model reference tracking systems 53, In this case the
disturbance behaviour in closed loop is also prespecified to some extent. If
P(g7') =1 and Q(¢~') = L™, where L is the transfer function for instance
of a P.ILD. controller. The control which minimises J and sets ¢* to zero is

again from equation (4.47). In this case
v (t+k|t)+ L u(t) - w(t) =0 (4.55)

or

u(t) = L(w(t) — y*(t + & | £) (4.56)

This form of this equation is that of a classical feedback control law, except
that the optimal k step ahead prediction y* is fed back rather than the current
output y(¢). This has the effect of removing the phase lag of the process time
delay k and allowing for tighter conventional P.I.LD. control.

The derivation of this control which minimises the variance of ¢ is
relatively straight forward 0 and is shown below. This achieved by substituting

equation (4.47) defining ¢, into the system model given by (4.2). Hence,

A(g™Ng(t+k) = (P(a7)B(g™") + Qg™ Alg™)) u(t)+P(g7)C g7 )€(t+k)— A(g™ ) w(t)
(4.57)
In this case,the term —A(g™!)w(t) is known, so without this term (4.57) gives

a model describing equation of

A'¢(t) = B'u(t + k) + C'E(2) (4.58)
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é(t + k)

For the somewhat more complicated case, P(¢”') and Q(¢™') have both
numerator and denominator dynamics, rather than just being polynomials. If
P(g!) and Q(g~!) are to be defined as

—1y _ Palg™h) -1y _ Qnlg™h)
P(q )—m and Qg )"m

then a model like (4.1) is calculated, where

A" = Pi(g™")Qa(e7 1) Ala™),

B' = Pa(¢")B(¢7")Qa(97") + Qnlg7!)A(g™ ' Pa(g™") and

C' = Po(¢7")Clq™)Qulg™")

This equation is in the same form as (4.2), so the derivation of the control signal
to minimise E{¢*(t + k)} follows the previous derivation for the minimisation

of E{y?(t + k)}. From equation (4.58) it is seen that

b(t + k) = DB + QTNAW™Y) | PO by gy e

C(g™7) A(g™1)

(4.59)
The polynomial identity of (4.3) is also altered to become
P, -1 -1 _ F -1

( ) ( ) E-(q )+q k (q ) (4.60)

Pi(g=')C(q71)
This change gives the system model in equation (4.2) that relates £(t) to y(t)

P.(¢"")A(g71)

and u(t). This rather involved equation is

_P(g"Y)B(g™") + Qe Al

i + EE(t + k)+
Rl (A(Q“')y(t + k) — B(q~")u(t — k)) — w(t)
Py(g~1)A(q™1) e (

___F@@™h P(g"1)B(¢Y) + Qe 1A~
RO GRe Alg) +)
B(g™') (P(g1)C(¢7Y) -1 -1
- C(q“lv) ( A - E(q )) u(t) — w(t) + E(g”€(t + k)
__Flev(t) | Ble"H)E() +C(e71)R(¢e™")
Pa(q~1)C(g™1) C(g~1)
- F (Q“)Qd(q“)y(t)
Py(q=1)Qalg~*)C(¢7Y)

Pd('fl)[(( NE(g”)ga(g™!) + Clg1)Qnlg™H)]u(t)
Py(g~1)
Jw

alg~1)C(g™1)
_ Pa(¢71)Qa(g™")C (g~ )w(t)
Palg-1)Qa(e~NCla )
+ E(g~h)E(t + k) (4.61)
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It may be simplified to
$lt+k) =" (t+k 1)+t +Ek]|t)

As before, the control which minimises E{$?(t + &)} must set ¢*(t + k& | t) to
zero. This results in the minimised control being given as '
Pa(g7")Qd(¢71)Cla~Mw(t) — Fla~*)gala™ ) y(?)
Py(q~1)[B(a"1)E(q-1)Qalg™!) + C(a71)Qn(g™?)]
_ClaYu(t) = Fla~)ylt)/Pala™) we)
B(g~')E(q~1)+ C(¢~1)Q(g™1) '

When in a closed-loop, this control given by (4.62) shows the following be-

u(t) =

haviour in terms of the set point w(t) and the disturbances £(t).

The Output Signal is given by

B(q~')Pa(g~")Qa(g"")

R A A + Pl B E ) Y
Pa(g~1)Qa(¢™") B¢~ )E(¢~!) + Pi(g~1)Qu(q 1)C(q“)
T Qe Al )P F Bala DBl ) Qalg ) HEP)
The Control Signal is given by
u'(t) — | A(q—l)Pd(q_l)Qd(q—l) w(t)
Qn(a~1)Alg~")Palg™t) + Pd(Q“‘)lB(Q‘l)Qn(q‘l)
Qd(qf— )F(q_ ) f(t) (4.64)

" Qa7 A(e M) Pa(a7Y) + Pule~1)B(a71)Qala™Y)

The characteristic equation of the closed loop system is

Qnl(g ) A(g™ ) Pa(g™") + Pu{gY)Blg™1)Qulg"t) =0

For the applications when self-tuning regulators are required to minimise E{y?}
and also the cases of model reference control, the self-tuning controller has no
control weighting, hence, Q,, = 0. This gives a characteristic equation whose
roots are simply those of P.{¢"!)B(¢~')Qa4(g~!). For stability these roots
must lie within the unit-circle, and this implies that the discrete-time model of
. equation (4.2) must have its zeros within the unit circle St

However, this constraint of zeros within the unit circle is an unreasonable

restriction in practice, because systems with fractional delay times, or system of
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high-order with short sampling intervals could have discrete-time models with
zeros outside the stability region. To allow such control in these cases of
instability, a control weighting is used where @ = A produces a characteristic
equation of

M(¢7N)Pa(g™! + Pale™h)B(¢7Y) =0

Thus if the system is open loop stable (that means if the roots of A are in
the stability region), and if the design algorithm has chosen P4 correctly, the
parameter A may be varied to enable the closed loop poles to be moved into
the stability region. Such a control may be seen as detuned model reference
control. In such control, the control effort is traded off -against closeness of
model following. If a parameter such as A is not available in an implicit
self-tuner, stability can only be achieved by either increasing the sample time
or assumed value of the system’s delay k5°.
A self-tuning algorithm based on the generalised minimum variance ap-

proach can be calculated using the following steps:

(a) Collect value of y(t)

(b) Using the most recent controller parameter estimates, calculate the control

signal u(t) such that,

(Bla™)E(@™Y) + Clg™1)Q(a™) ult) + F(g™)y(t) — Clg™ )w(t) = 0

This control command may then be sent out to the system.

(c) Calculate the vector to describe #(t)
$(t + k) = Pg™"y(t + k) + Qg™ )u(t) — w(t)

(d) Update the controller parameter estimates using a suitable estimation

technique (least squares)

$(t+k) = [(B(e™HE(™) + C(7)Q(e™Y) u(t) + F(g~ )y(t) — Clg~ )w(?)]

(e) Store the updated parameters and return to (a), to continue the process

In the previous sections it has been shown that the generalised minimum
variance approach of self-tuning offers a very flexible method for system stochas-
tic disturbances. With the specification of the auxiliary function, the emphasis

of the design criterion is moved away from minimising the system’s output
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variance, to one of providing the closed loop system with a particular closed
loop dynamic characteristic. The way in which the dynamic characteristics can

be controlled is dependent on the way in which the system is operated.
4.5 Conclusion

This chapter has discussed the control methods that may be used to
control systems with known parameters. The control methods surveyed are
more advanced than the more usual P.ID. controller which is implemented
in many industrial applications today. The use of the special case of the
minimum variance controller was investigated and seen to be useful in industrial
applications but has the limitation of the single objective and the fact that no
account is taken of the control action whichi is required. This is a problem
when considering the control of power systems, where the magnitude of control

as well as the quality of control must be considered.

It has been shown that the control action may be improved using the
generalised minimum var'iance control technique, along with some of the defining
equations used in the techﬁique. A brief discussion of the type and order of
calculations which are necessary for the implementation of the one of these

schemes in a control package has also been presented.
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CHAPTER &

SYSTEM FREQUENCY CONTROL

5.1 Introduction

This chapter is. divided into two separate sections. The first section
describes the Durham University Powe‘r ‘System Simulator and Energy Manage-
ment software, known as O.C.E.P.S. ('.Opera_,ti‘onalv Confrél of Electrical Power
Systems). This software suite is a highly. integrbatled system which uses several
different com'put‘ers‘ to simulate and control an Elect—rical Power System. The
simulation and control are both real-time operations and hence require special
computing techniques and a large amount of computer hardware. The power
system simulation is carried out on an array processor hosted by a Perkin
Elmer 3230 minicomputer and the control software is run on a Digital Equip-
mént Corporation, VAX 8600. Diagra;h 5.1 shows the set-up of the computer
facilities uSedrfoﬂr the O.C.E.P.S. ‘project. The software is mainly written in
FORTRAN 77 which supports real-time operation. The simulator is used to
execute extensive tests and vélidation of the Céhtrol software as well as offer

an opportunity to research into simulation techniques.

The second section of this chapter describes the requirements for Load
Frequency Controllers, their interaction with other control functions and a
standard frequency controller. This frequency coﬁtroller has been developed
and tested within the corfines of the O.C.E.P.S. research project and was used
to define the problems associated with the introduction of an L.F.C. scheme into
an energy management software envirenment. The fesults of several simulation
runs under differing system conditions, times of day and consumer loads are
presented. Also discussed is the effect that .changing the controller parameters

has on the system response.

— 96 —



Diagram S.1

0O.C.EP.S. Computer System
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$.2 Operational Control of Electrical Power Systems

The computer control of electrical power systems generation, transmission
and distribution is a complex task, which involves data processing and a high

degree of contrel software interaction.

The Operational Control of Electrical Power Systems 186:200 (Q.C.E.P.S.)
project at Durham was designed as an integrated package of software programs
for the control of electric power systems. Monitoring and control fgn_{;ti_ons
are coordinated in a real time package and the verification of softw"arexusing'_ a
real time simulator is made. The configuration of the simulation and coritrol

functions is shown in diagram 5.2.
5.3 System Simulation

The use of this real-time approach has several advantages in that a
realistic test-bed for control schemes has been created. This scheme means
that the generators and other plant, along with the transmission network, may
be directly controlled in such a manner that the effect of the calculated control
action is seen to have a direct affect on the actual plant 132:185186,196  Clearly
there is a requirement for highly robust software and a modular structure is
required. The staft up and shut down of control functions in the simulator
transfer 'coﬁt,fol-".from one mode to another, which leads to problems in data
txfansféf and  communications: between the algorithms and the simulated system.
Thls fe‘quire_s, that the scheduling of the tasks in overall co_n'tfol‘schem'e syn-
chronised. During emergency conditions when the system is changing rapidiy,
the controi tasks are a heavy load on the computer and require some scheduling
of the tasks to be carried out is needed. The functional control, memory occu-
pancy and processor loadings have been considered and an integrated solution

has been found.
The simulation used to test the control algorithms is a full dynamic
system simulation which will operate in real time, 200:201,203,211  that is one

second of simulation time is equal to one second of actual time. The simulation
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provides a simplified representation of the elements found in a power system
such as, generators, loads, transformers, static compensation and other such

elements.

5.3.1 Generator models

The simulation includes a set of generator models which are all based
on the same type of units but with slightly different characteristics, along with
differing output limitations. Presently the simulation does not provide models
for non-thermal units of any kind, for instance pumped storage or gas-turbine.

(a) A set of generator models is used so that the realistic situation of each
system generator is modelled. The input and control system is modelled
individually for each generator sé that the representation is as accui@te
as possible. :

(b) Each unit is provided with an automatic voltage regulator so that the
voltage magnitude of the units may be kept near to the set point by
variation of the excitation level.

(c) The governor model is used to control the electrical power output of
the generator by varying the mechanical power input. This controller is
responsible for the very short term control (less than one second) of the
turbine—generator unit.

(d) The boiler model used represents the drum type or once through boiler

which has an integral boiler-turbine control system.

Turbine models are used to represent the prime mover of the units. These ‘are
of the three stage re-heat type and are controlled by the mechanism mentioned

above.

5.3.2 Network models
The simulation includes a selection of plant which is found in a typical
power system.
(a) Transformers of the fixed type and automatic type are modelled to enable

differing voltage levels to be represented by the simulation.
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(b) Transmission lines are included so that the effect of the losses involved
in such items can effect the simulation. The line parameters vary with
system frequency.

(c) Static compensation of the inductive or capacitive are included to correct
for the unacceptable high or low voltage conditions in the network.

(d) Consumer loads are modelled as frequency and voltage dependent as well

as being of the constant power, constant current and constant impedance

type.
5.4 Measurements for Simulation

The effects of measurement corruption and total loss due to faulty
transducers and data communication equipment is simulated. Random noise is
added directly to the numerical values of the simulator before they are sent
to the control systems. This represents both static and dynamic errors, gross
errors and component failure can also be simulated. The effect of the noise
on the simulation can be removed completely if required so that its effect may
be clearly seen on the control algorithms. Part of the aim of the control
algorithms is to be able to remove the noise so that its effect is removed from

the control action.
5.5 Protection Equipment

Some protection equipment is represented to guard against generator
over-speed, under frequency and line overloadings. The time step is accepted
to be too great to be able to model accurately protection operation.

v

5.8 Network Topology

The network topology or connectivity of a system varies during normal
operation due to the switching action of the system controllers and the protec-
tion. This information of the system configuration may be used by the control

algorithms to calculate the which part of the network are energised.




5.7 Electrical Islands

The simulation is capable of splitting the system into multiple independent
electrical islands. This is useful for the investigation of emergency conditions
should the system reach the undesirable point when it has d_eg'ra.ded to such
a point that totally independent area of islands are formed. This requires all
the control algorithms to have the capability of splitting their control action
such that they are able to function on separate islands simultaneously. The
resynchronisation of these island is possible through the con;tr;)l of L.F.C., but

the control command to start the process must be input manually.
5.8 Simulation Sub-systems

The simulation is made up from several sub-systems which are arranged
in a database formation. The physical system data block contains information
on the physical state of the network, such as the state of the network, breaker
conditions, loading conditions and so on. The link between the connectivity
data from the busbar to nodal level is achieved by exact topology determination.

The simulation system is shown in diagram 5.3.

The simulator uses non-linear algebraic models of the network in con-
junction with a set of low-order differential equations which represent genérator
dynamics to produce telemetry information. To (obtain stable numerical inte-
gration at the high solution speeds required, the implicit trapezoidal technique

is used with sparse Newton—Raphson techniques.
5.9 System Coordination

The control and simulation software is coordinated into an integrated
system. This configuration is similar to a standard automatic control sys-

tem. The information is monitored via the telemetry:system, load—monitoring,

topology determination and state-estimation subsystems. Feedback control is
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Diagram 5.3 O.C.E.P.S. Overall Scheme
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achieved using Load Frequency Control, generation rescheduling and load shed-
ding. Feedforward control is implemented by the use of load-prediction, security

analysis, economic dispatch and unit commitment functions.

This system is modular in structure which enables each task to commu-
nicate with others through shared memory areas with specified access privileges.
The timing of the task execution and their execution is achieved by flags set
by each individual task in shared data area. Every task is capable of being
started and shut down without affecting the operation of the other functions,
or the integrity of the control system as a whole. The coordination of the

control sub systems is shown in diagram 5.4.
5.10 Simulated Network

The test system used is an extended version of the 30 node LE.E.E.
standard test network 186, Each of the nodes in the test system cons_isf.s of
a number of busbars which are connected via links. Each of these links can
have one or more circuit breakers, and represents the coupling circuits between’
busbars of other connection points. The test system used in the simulations
is shown in diagram 5.5. A substation may co‘ﬁtain more than one node with
the number of nodes of each substation depending on the operating conditions.
The substations are not fully defined by the IEEE standard and thus have
been designed to allow éwifching and control é.’c_ﬁon to be carried out in Va

manner that is probably more complex than in a conventional system.

The system itself represents six generators, the largest capable of pro-
ducing 200 MW, the smaller ones have a maximum output of 100 MW. The
consumer demand is designed to follow a load curve which is based on actual
C.E.G.B. data (from 1985) scaled to the appropriate size for the network. A
typical load curve for one day is shown in figure 5.1. The lower plot, figure
5.2 shows one day of recorded past load data, along with the prediction for
the following day. Also shown is the actual recorded load curve. The error

between predicted and actual load is small so the Dispatch calculated values
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Diagram 5.4 Coordination of Subsystems
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Diagram 5.5 QOGE‘,POS;Projcet'thmy'SUbsﬁaKﬁan test system
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should satisfy the consumer load without too much alteration by the L.F.C.

function.
5.11 Load Frequency Control in O.C.E.P.S.

The following sections describe the basis of the L.F.C. function that
has been implemented within the O.C.E.P.S. environment. The earlier sections
discuss in general terms the points that should be considered when plannihg, a
frequency control scheme and its implementation, further igggs Hr;naLy be found
in several references (8,251,36,38,40,49,80,86,98,121,123,1-24,18§\)T ~An derview of
the measurement and control scheme used by the L.F.C. function to collect the
required measurements and send out the control commands is shown in diagram
5.6.

The later sections discuss the application of the L.F.C. as an in'-cegr,a‘ted
part of the O.C.E.P.S. control hierarchy 2°°v2°1'2°4¥216. These sections describe
the problems encountered with the implementation of the control function, ’the
interface with the other existing longer‘ran_ge control schemes and the s’ystém
limitations which constrain the control scheme. The last section gives some
ty'_ﬁica'l plots of the integrated control scheme in action in varying system

conditions.
.12 I[;oad' ]E‘r:equency Reqﬁirements

The standard proportiohal plus integral control equation discussed in
the previous chapter is used for the main calculation for the computation
requirement (C.R.). Many papers have investigated the use of this control
error, some of the better ones are 7,55,141,149,157,184,201,204,214,227. Some
of the following section is based on a combination of ideas from this.'extensive

list of references.
1
CR. = —5 3 Ki(APuc + KA A% K,(APs. + KAS)] (5.1)

where

C.R. is a fraction of the system regulating capacity P
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Figure 5.1
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K; is the integral action gain, and

K, is the gain of the proportional action.

This equation does not take into account the inadvertent power interchange or
the time error which was added later to the above equation. In theory the
C.R. represents the generation deficiencies of a particular area at any given
time but in reality this is not actually so. The inherent errors of measuring
devices, the system non-linearities and telemetry failures mean that the C.R.
in practice does not represent the exact value for the generation deficiency for

a given area.

Each generator power set point could be continually altered to keep the
value of C.R. close to zero, however, this would take no account of system
dynamics, the system gain, the governor characteristics, or the dead bands
which occur in all control equipment. Also the unrestricted movement of the
power set points may well violate the maximum rates of change of a generator
and rapid variation of the set points may cause unnecessary wear and tear
on governors. This would lead to uneconomic operation especially in thermal
plant. It is thus necessary to consider the implementation of the required power

change to satisfy the C.R. for each area.

The total change in system power that is required to satisfy the C.R.

can be distributed among the regulating units 290 wusing
Pan = Pon+ T\'I:Jrn

where

P,, is the base load or ordered generation for generator n, and

P, is the required amount of regulation from unit n.

The ordered generation of each unit is calculated manually from load prediction
data or automatically using Economic Dispatch programs. If it is decided that
a unit should not be used in regulation of the system, then the P, for that

particular unit n is set to zero.

The power set points P,, must be constrained by the maximum and

minimum limits Py, and Pr,. This means that the units output must be
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within the band specified by
PLn S Psn S PHﬂ.

If the calculation of the C.R. requires the unit to go outside this band, then it
is set equal to the limit and the difference between the origiﬁal value and the
limit must be allocated between the other units which have not reached their
limits. This iteration of power allocation continues until at one unit is within
its limits or all units are limited. For this latter condition, the C.R. cannot be
satisfied and hence an alarm condition must be entered. This may require the
use of rescheduling or load shedding. In some cases it is permissible to run a
unit outside these limits for a given time depending on system conditions and

so this must be considered before the other emergency conditions are used.

If there is a large change in system load over a short time period, the
units may not be able to respond to the required changes in power set point
as calculated by the C.R. because of the speed that these units are permitted
to change their power output. The machines are ramp limited in both the
increase and decrease of their set points.

<
ot — ot = ot

The partial derivative is used to show that the limits depend on unit output.
Generally the units often are slower to respond at higher power outputs. This

response problem may be solved by using one of two solutions.

Firstly, the generators are arranged so that the faster units take over
the load that cannot be generated by the slower units. The slower units then
increase their output until they have achieved the required power output, the

faster units then gradually reset their set points to lower values.

The second solution requires that the slower units are changed at their

maximum rates and no control action is taken on the faster ones.

The first arrangement enables the requirement of the L.F.C. to always

be satisfied but has the disadvantage that the faster units are subjected to
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additional wear. The ramping operation also leads to poor economic operation.
The second solution has the effect that to satisfy the L.F.C. cominéﬁds may -t’é.ke
longer and hence, the correction of the error takes longer. A better solution
would seem to be to allocate the power to the generation units in a given
proportion so unless an emergency condition occurs, the L.F.C. requirement is
satisfied by spreading the required change in power over all the regulating units
on the system. This a,lloca,tibn of power is discussed later in the éhapter, under
the implementation of L.F.C. in O.C.E.P.S.

If alteration of the generator power set points from the base loading Py,
frequency set point fo, or the tie-line power interchange setting Pio is heedéd,
the units must be ramped from one output position to the new position. This
ramp action avoids a step change in the C.R. which could result from the
proportional tcrm of the controller. This would have a similar effect on the
system as a step change in consumer load. The period over which ramping
action takes place is dependent on the time scale and the size of the system

load fluctuations.

A limit is also imposed on the C.R. so that

dC.R. < dC.R.
ot — dtmax

and |N|. <1

This means that the maximum rate of change of C.R. is restricted to the value
of the maximum rate of change of the system load. Also, if |N| exceeds 1,
then all the available generator regulating capacity has been taken up. In this

case the rescheduling is required or the dispatch calculation must be initiated.

The L.F.C. can operate in three modes which can be integrated into the
set of control equations using the integer operators, ¢ and b, which take the
values of 0 or 1. _

(a) With @ =0 and b =0 the A.C.E. is zero and the mode of operation is
one of flat frequency
(b) With ¢ =1 and b = 0, the A.C.E. represents the change in generation

needed for flat tie-line operation.
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(c) With @ = 1 and b = 1 the control system will operate biased towards

tie-line operation.
C.R. = —%{/ K. (aAP;, +bKAf)dt + Ks(aAPy + bKAf)] (5.2)

The control based on this equation can be easily implemented so long
as the integral gain K., the proportional gain K; and the sampling time

T, is known.

The operation of the algorithm is as follows: Consider that the pow'_‘e'r: system
is initially in the steady state, that is AP, Af and C.R. are all equal f;é‘ Zero.
The sum of the base generation P,, will balance the consumer load exactly.
Initially both the integral term -and: proportional term will be at zero. If then
the load increases, the system frequency will fall and the tie-line power import
will increase. The deviations that this causes will directly affect the C.R. which
is seen in the proportional term, this amount depends on the gain K,. The
integral term will take several seconds to rise to a similar level. As the power
set points are altered by the control action, the tie-line power and the frequency
deviations will begin to return to zero, this leads to a reduction in the control
action from the proportional term. However, the integral term will continue to
increase, but at a rate slower than before, until AP and Af are zero when
the increase will stop. The control action from the proportional tefm will then
be zero and the integral term will be the change in load ”comp:ared with that
of the base generation. However, it is unlikely that the frequency will return
exactly to zero, it generally overshoots. In this case, the proportional term
will increase leading to a reduction of the C.R. and also the integr-a—l": will begin
to decrease. This action will continue to oppose any variation of AP and Af
until the steady-state is achieved. Thus the control action from the integral
term is necessary as part of the calculation as it represents the required change

from that of the base generation.

The implementation of L.F.C. in an automatic control system for an
electrical power system requires sampling of the tie-line power flows and the
system frequency, along with the generator power set points of the units. The

interval of the control action does not need to be the same as that of the
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sampling interval. It is better that the two intervals should be different as the
integral term would have a reduced and less accurate contrib_ﬁtion if it was not
the case. A suitable a sampling period would be at least five times shorter
than the control period T,. This is needed to reduce the effect of system and

measurement noise and of transmission disturbances.

The input data for the L.F.C. calculation is gathered from the system
using the various telemetry channels around the power system. Checks on the
data must be carried out to ensure that the data is correct and no corruption
has occurred. In energy management situations the incoming data can be
checked by or against the values of the state estimator to ensure data integrity.
The checked values of Af ‘and AP can then be used to update the valuesof
the C.R. At the gzth sampling instant given by

—

CRup = —%{@ > Tom(aBPre,, + bKAfm) + Ki(aAPue,, + bEAfr) \(5.3)
™ a=1 - )

‘*%(”—7 Ko —

Where - Chush /] Tow. = ¢ mh (L poad

Tpm is the actual time between adjacent/samples 20!, It is clear that from
the equation above if control action is to be taken less frequently than the
sampling interval then the only the last values of AP and Af will be used
in the proportional term. This proportional action is susceptible to noise on
the measurements, so the situation can be improved if the values of AP and
Af since the last control action are averaged before the proportional term is
calculated. This does need not be carried out for the ihtegrall term as the néiée

with zero mean will tend to cancel.

Although the straight averaging procedure is a reasonable crude filter,
it gives equal weighting to all samples. The more recent values are a more
accurate measure of the current state of the system. Exponential smoothing of

Af and AP can be used to give results in the presence of noisy measurements

where ] _ _ ]
Af(m) = ezp tl} Af(m—1)+{1—exp | }Af‘(m) (5.4)
-TaM- -TaM-
and
a —T51 2 =T,
AP(m) = exp |=—| AP(m — 1) + {1 —exp | }AP(m) (5.5)
LT pr L Ty pr
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Af (m) and Af (m) are the new smoothed values and directly replace Af and
AP in the proportional term of equation above. The effects of telemetry delays
inherent in the scanning the various tie-lines flows and the frequency do not

usually affect the operation of the control scheme.
5.13 O.C.E.P.S. Frequency Control

The following sections describe the use of the proposed L.F.C. scheme op-
erating as part of the O.C.E.P.S. Energy Management system and its interaction

with the other control schemes within the operating environment.
§.14 O.C.E.P.S. Simulator

The subsystems communicate via commen blocks and a shared database.
All control functions are able to access the database to change the value of
variables or just to read their value. To ensure the common block are entered
in an orderly fashion and in the correct sequence, a set of flags are used so
that once a program has entered the common block, another control function
cannot access the data to read it or change it. When the data has been read or
altered and is once again consistent, the block is freed and can be accessed by
other control functions. Where possible each control function is capable of being
started or aborted at any time without unbalancing the system. The algorithms
are designed to operate under steady-state and transient conditions and under

other unusual conditions such as multiple electrical islanding 200,201,203

The O.C.E.P.S. package is initialised and loaded after the dynamic sim-
ulator has been started. The functions are loaded in a strict sequence so that
the system is seen to be as realistic as possible. The control functions start
as soon as they have been loaded and require no manual intervention to bring

the system on-line.
5.15 ILoad Frequency Control Function
The L.F.C. control function has been designed to be one part of the

- 115 -



integrated control function of the O.C.E.P.S. control package 103204, The
positioning of the program in the control hierarchy is such that it is the last
function before any values are available to control the system'. The variables it
calculates are directly applicable to the system and are sent directly to control
the power set points of the generators. The control function consists of a
main section along with four subsections which are used in turn to carry out
their individual functions. The main program is concerned with the set up
and initialisation of the start-up conditions. Once this has been achieved, the
calculation of the Area Supplementary Control (A.S.C.) for each island can be
calculated and finally the setting of the power set points required to satisfy
the ordered control action. The interaction between the Dispatch function and
L.F.C. is important as the Dispatch calculated generator set points are altered
by the L.F.C. function. The output from the program is piaced in a common
block and the appropriate control action is implemented onto the simulator.

Diagram 5.7 shows a flow chart on which the L.F.C. control program was based.

The first subsection is concerned with the filtering and validation of the
tie-line powers and frequency measurements which is measured throughout the

network.

The second subsection calculates the value to which the power set points
should be ramped in order to meet the target output and the time set by
Dispatch.

The third subsection is concerned with the allocation of the excess power,
on top of the Dispatch set targets, which is required to satisfy the A.C.E. and
hence keep the frequency within the previously defined limits.

The fourth subsection is used in conjunction with the Reschedule function
which removes any emergency conditions and hence is given priority over the
control of the frequency at the discretion of the operator. The interaction of
the L.F.C. function and the other control and measurements systems is shown

in the generation and load control subsystem diagram, 5.8.
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5.15.1 Load Frequency Control Set—-up

The initial conditions for the controller are set up using the most recent
values from the simulator. The starting point for the calculation of the power
set points is the most recent value received from the simulator through the
communications program. Initially the O:C.E.P.S. package did not posses an
interactive Dispatch function, the initial conditions was based on ‘the current
generator outputs and a target was set for thirty minutes into the future. This
did not take into account any load prediction or change in loading conditions.
At the end of the thirty minute p‘e‘rivdd’,ut}'ie next target was seét based on the
previous “target set points. ‘This. did not take into accéunt any - variation in
lc;a,d, eniéi‘éency conditions, su'dden changes in load, loss 6f généﬁtiﬁg units: .or
time of the day. Such occurrences where seen-only by the program due to the
change in tie-line powers a,hd frequency, But this limited the dynamic response

due to the set target values.

If the power system consisted of several islands, the previous targets
were still valid and no changes occurred. This lead to the problem that the
targets values could be in direct contradiction with the change in frequenéy and
hence the response was not ideal. Dynamic respon‘sie" was improved with the
introduction of the Economic Dispatch function. Tﬁis enables the ‘seﬁ points
calculated from an economic view point to be used as the starting point for
the L.F’.HC. calculation on the initialisation, and provides an update of each
iin‘d'ividx.;a,‘l generator s.et.i‘ i)oint at -spééviﬁ'e{d intervals, generally fhirty nﬁnutes if
the system is in stea}d"y state. The updates occur as required in emergency

situations, or change of network topology.
5.16 Economic Dispatch

As mentioned earlier, the Economic Dispatch has close links with the
L.F.C. function 8201202, The Economic Dispatch function is concerned with
the allocation of target output powers for generators to satisfy the predicted
consumer load at a minimum cost. This requirement would be fairly easy to
meet but this minimum must be reached within the system operating constraints.

This control function is basically predictive one in which targets are required

- 119 -



on a time scale of five minutes and upwards. Each generator is allocated a
target output value by Dispatch which it is calculated based on the most recent
load prediction and an economic configuration of the generators tb satisfy the
consumer demand. The target output of each generator is calculated along with
a target time for this output to be reached. These values for each generator

are the basis for the L.F.C. calculation.
5.17 Corrective Power Error Calculation

The calculation of the A.S.C. signal starts with the tie-line power inter-
change and the frequency of the intercbnn_e_c’ted system. The frequency value
is taken from the telemetered values from‘ Va..:roun‘d the sy‘stem and any tie-line
interchanges are monitored. Sufficient values are metered to allow the system
to be split into separate islands and ensure that each island has at least one

frequency measurement associated with it.

5.17.1 Filtering measurements

The required measurements from the plant are. filtered to remove gross
errors and noise which has been added by the simulator. Firstly a filter is
used to remove the 'gfoss ervors or bad data. This requires a robust ﬁitering
technique. This is provided by minimising the weighted sum of the absolute
errors, a minimum L1 norm estimation technique is used. An upper andflower
limit is set for the frequency measurements an‘dw any t'eie}neféréd _v_é.lués Which
are outside this boundary is rejected. This may be due to corruptéd telemetered
data of bad data from the measuring device itself. This uses a least modulus

estimation and is a non-weighted technique.

With the erroneous data removed, the second level of filtering is carried
out using a weighted least squares method. This is less robust than the first
technique, and is used to average value of all the frequency measurements which
have been collected from the system. With the weighted calculation completed,

the validated measurements are returned to the main program.
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The standard frequency of the system is that of the normal operating
frequency used by the C.E.G.B. of 50Hz. This is used in all frequency
calculations as the standard set point, but a facility is available to change this
reference point if required. This may be required for the resynchronisation of
two islands to reach a common frequency achievable by both islands. This
reference value may then be used along with the validated system frequency to

form a system frequency error.

The measured power flow on each tie-line is compared against the sched-

uled power flow and a power error is calculated.

The frequency error and power error are combined to form the Area
Control Error which is a measure of the system imbalance. This value is used

to calculate the C.R. as described in the earlier chapter,

5.17.2 Area Supplementary Control

The A.C.E. is used in the calculation of the A.S.C. which as described
previously uses the standard P+I control technique. The P+I1 constants were
determined by close observation of the generator response and tuned for each
individua,l generator. This tuning process is somewhat iterative and several
values were tried before a suitable set of constants were found, for the average
operating. conditions of the system. The constants, oh‘ce tuned are not changed
and hehée must produce a reasonable i'es:islonse for all system o‘peré.ting cbﬁdi—
tions. These constants must also take into account the amount of participation
in regulation that each generator will be required to carry out. Together with
the appropriate smoothing factor, the target value for the particular island is
calculated, whether it is an increase or decrease in power allocation. This
power must be distributed through the system using such a method that it

itself does not introduce instability within the syétem.
5.18 Generation Ramping

The calculation for the ramping of each generator is calculated based

on their Dispatch set targets. This enables each generator to be ramped
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progressively from its previously set Dispatch target to the next Dispatch set
target, in the specified time. The targ’e‘t output and time is stored in the
common blocks and accessed as required by the L.F.C. function. The ramp
rate of each generator is calculated and checked against the ramp rate of each
machine. Also the output of the machine is checked against the upper and
lower output values to ensure that none of the control commands viclate the
machine limits. At each period ofxcalc;ulaﬁbn the new target power set point
is calculated with the consideration of »the long term Dispatch set targets.
However this does not take into account the deviation of the system from the

desired frequency.
5.19 L.F.C. and Economic Dispatch

The targets that are calculated by the Dispatch are altered by L.F.C. to
take into account the change in the system frequency and the tie-line power
interchange. The ramp schedules calculated by Dispatch define the power output
of each unit for the end of the Dispatch period. This schedule is used by L.F.C.
for the start point of the power allocation to each generator. The power to
be allocated is split amongst the participating generator units and this is used
to alter the Dispatch set values at e'agiii LFC time interval. At the end of
the Dispatch period, the new set of targefs are calculated based on the L.F.C.
controlled targets. Thus the interaction between the two control functions must
be well defined to enable the smooth t;fansfer of valid data;.bétween the two

functions and ensure that the interface is robust.
5.20 Participation factors

The effect of the frequency deviation caused by the imbalance in the
system power is removed by the allocation of the excess or deficient power using
an allocation section of the control program. This section of the control function
allocates the power that has been calculated by the A.S.C. The power allocated
to the system could:%oncentrated on one generator only or split up between
the units available for regulation. So that the power was allocated around the

whole of the system proportionally, all generators that were participating in
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control action area allocated an amount of power. Each unit has a. participation
factor which is fixed by the operator and determined by taking into account
the speed of rotation of a machine, its size and ability to react to a control

command.

The free space of each generator is calculated, that is the change in
output of the unit whether it be positive or négati’i/e b‘efo‘ré the upper or lower
limit is violated. The generators are then ranked in.order of free space, and
the power is allocated to them according to thexr part1c1pat10n factor If there
is excess power remaining after the first pass of" the allocatlon, then a second
pass is used to reallocate the generators w1th__ more available space. If after
this has occurred, the power allocation has still not been flilﬁlle,d fh‘en it is
impossible to satisfy the requirexﬁent with the available units. 'Eitﬁér more
units have to be placed under ’the.control of L.F.C. or emergency action has
to be taken, such as rescheduling the generators. However this situation is
rarely encountered-as the Dispatch in most caSeé has ensured there is sufficient
capacity on the system. The amount of power for each generator to change
by has been calculated and so the previously calculated Dispatch set points
can now be altered accordingly. Thus the output control signal consists of the
Dispatch calculated set points, modified by L.F.C. to suit the system status at

any given instant in time.
5.21 Power Set Points

The new power set points for each generator are sent as a control
signal to the common areas of the computer memory and are transferred to
the simulator by the communications program. This ensures that the correct
protocol is followed and the most recent values are always available. It also
ensures that variables cannot be changedwhile they are beihg accessed by some

other control function.
This operation is carried out for each electrical island that is existing
within the system. When the calculation has been completed, for the system,

it is ensured that there has not been a change in topology. If this is so and
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a new island has been created, the allocated power is initially split amongst
the generators in proportioﬂ? to their loadings. The accumulated A.S.C. n"iuSt
also be divided up into suitable values to be used in each island. This is
done simply again by dividing the value in the proportion of island loading.
The Dispatch control function should then be able to reallocate the po_\}ver_er
each island configuration and then the L.F.C. can continue with the fine tuning

control action.
5.22 Rescheduling of Generators

In emergency situations where there is insufficient generation available
to meet the system load, or:, if t!léi‘e has been an unexpected generation loss
incident, it is hecesséry to bé able to raﬁidly reschedule generation and allocate
a deéfee of load shedding. In this case the L.F.C. is contfolled by the
Rescheduling function. The target set points for each generator are specified
by this emergency function and the L.F.C. must implement these new values
in the speciﬁed time. Once these values have been reached, then the L.F.C.
function can then take over control of the generators again, ensuring that the
transition from one control mode to another itself does not cause any transients

to occur in the system:.
5.23 Load Frequency Controller Results

This section presents some of the results that have been achieved using
the L.F.C. function to control the simulated power system. The results are
presented in graphical form so that the response of the system variables can
be clearly seen with respect tb each other. Generally the first gr?ap’h presented
shows the calculated power set point which is sent to each generator in the
system. The second plot shows the frequency of the system during the simulation

period.
$.24 Standard Loading Conditions
The following sections describe the operation of the power system under
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normal (steady-state) operating conditions.

§.24.1 DMorning peak

These first figures show the system under normal operating conditions,
where the only driving force for the system is the consumer load curve. Figure
5.3 shows the response of all six generators on the system during the rise td the
morning peak loading conditions. All generators have been ramped to meet the
predicted load, with the short range generator short fall ‘b?ei,_ng made up by the
L.F.C. function cont:oll action. Generators ,fo@lr and five a;e' at their ma.ﬁ:_imum
output, generator three is ramped to its maximum, followed by genérator six.
The units one and two are then used to satisfy the continuing load increase.
The lower figure 5.4 shows the system frequency over the 'morning'.périod as
the load increases. Clearly the system frequency is stable and controlled well

within its limits.

5.24.2 Morning load

The figure 5.5 shows the continuation of the morning load conditions.
At this point in time the load has begun to become steady and hence any
increase of the generation is not required. There is a small movement of the
power - set points as dictated by the L.F.C. to follow the load directly, but the
amount of movement is small. This shows that the machines are not being
controlled to such an extent that they are required to follow every frequency
tr‘end,' but sufficiently to fine tune the system frequency. The lower figure
5.6 indicates the system frequency over the period of almost constant loading

conditions.

5.24.3 Generation loss incident

The figure 5.7 shows the control response to a generation loss incident.
During the approach to the evening peak, nearing five o’clock, generator four
has been removed from the system. This loss has been initiated manually
to simulate a unit tripping under fault conditions. The loss of -generati‘dn is
made up initially using both units one and two. However, after a short time,
the second unit reaches its upper output limit and cannot participate in any

regulation. The first unit is thus required to increase its output until the
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Figure 5.3
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Flgure 5.5
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frequency error is reduced. The other units on the system have not been

allocated any control action as they are at their lower limits.

The figure 5.8 gives a plot of the system frequency during the incident.
The characteristic initial drop of frequency is seen 1mmed1ately as the system
losses its inertia. This followed by a smooth return towards the target frequency

without any overshoot to continue at the target frequency.

5.24.4 Midnight load response

The figure 5.9 shows the system response just after midnight. The system
is placed under a heavy transient with a light conéhmer load. Generator three
was on its lower limit as. c0mmanded threﬁgh the Dispafeh targets from Unit
Commitment. The generator was due to be femoved from the system due to the
:llght loading conditions, which through L.F.C. it was desynchromsed. This was
also due to happen to ur_nt six, which was also on its lower limit. Just before
this unit was desynchronised, generator one was removed to simulate a system
fault. This unit was SUpI;orting a fair proportion of the consumer load and
hence requires the generation deficiency to be made up rapidly. Generator two
was rambed at its maximum rate along with units four and five. These latter
units soon reached their limits requiring g'ene'ref'br two ‘to continue increasing.

There is some overshoot of the unit as it reaches its new output level.

The figure 5.10 shows the system frequency frespoﬁs‘e. to the transient
condition. The removal of the first unit is seen by a slight de'crea,se in frequency
which is made up, but this is then followed by a lafge i'apid decrease. The
recovery assisted by unit two is oscillatory following the control of the generator
unit. This indicates that the controller parameters are not optimal for this set
of operating conditions. Although this situation is rather extreme, the system

response is not ideal.

5.24.5 Early morning system response
This figure 5.11 again shows that the controller parameters are not ideal
for all system operating conditions. This plot is during the build up load to

the morning peak. Generator six has been synchronised as determined by the
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Figure 5.7
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Figure 5.9
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Unit Commitment. The units three has reached its upper limit, so the units
one and two are required to ramp up to follow the increase in load. With
the introduction of unit six the excess generation requirés the other units to
decrease their output to enable the generated power to be distributed to all
the units on the system. Thus there is a marked decrease in the output of

units two and to a lesser extent of unit one.

5.24.8 Early morning control parameters

This figure 5.12 shows that the controller parameters are suitable at
other operating conditions. In this plot the third unit is synchronised before
the morning peak starts to rise. The other units all respond to the increase in
system generation by reducing their output in a smooth and controlled manner.
The transition of the change of generated power between the available units
is clearly seen as the new unit takes over generation from the smaller units
to a greater extent than the larger units with higher output. The economic
operation of the units requires that the third unit operates in preference to the

smaller units under this particular set of operating conditions.

5.24.7 Mid—morning system response

This figure 5.13 shows the system response during the mid-morning load
conditions. At this point the load is decreasing from the morning peak, so again
the system conditions have changed. A transient is caused by disconnecting
generator three from the sysfem. This rapid loss of capacity causes the L.F.C.
to increase the available units output. The units fdur, five and six are on
their limits, so the increase of capacity is provided by the units one and two.
These increase their output rapidly which causes the frequency to overshoot,
consequently the units decrease their outputs which causes the frequency to
undershoot. This transient behaviour is unsatisfactory and takes ten minutes
to decrease. The frequency plot 5.14 shows the dramatic change in frequency
and the continuous oscillatory behaviour of the system. Clearly the response
of the controller is not ideal in this case and the controller parameters should

be altered to be able to handle the operating conditions.

- 131 -



Figure 5.11
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Figure 5.13
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5.24.8 Telemetery failure

Figure 5.15 shows the problems that are encountered when the teleme-
tered data from the system is stopped for a period due to measurement failure.
The time of operation is approximately the same as the previous figure, but in
this case the incident is a loss of generator two. This would be expected to
have caused a severe transient as shown previously, however, due to the lack
of system data the controller does not increase the value of the A.C.E. This
consequently means that the control command causes the generator to continue
with its previous output. When the system frequency is returned, the controller
continues to increase the output of this unit. The transient behaviour that was
seen in the previous plot does not occur to such a great extent, but there is
some decrease in the system frequency as shown in figure 5.16. The eventual

steady-state frequency is achieved some twenty minutes after the initial incident.

5.24.9 TFixed controller parameters

This system incident (figure 5.17) is designed to show the drawbacks
of the fixed control scheme. The system is in a state of light load when unit
two is removed. This causes a frequency transient which causes the controller
to respond by increasing the available units output. Clearly this control action
is too severe for the system conditions and there is overshoot of the generator
set points. The frequency is returned to is required value after a decrease
in the units output, but as this happens the generator which was removed is
resynchronised. The frequency is rapidly increased, but the generators do not
respond to this increase for several minutes., Their response is seen by the
decrease in the set point targets, but there is still a period where the control

action takes adequate steps to control the frequency as shown in figure 5.18.

This system incident (figure 5.19) shows that the controller parameters
are tuned correctly for the state of the system for this operating point. The
loss of generator three is responded to by the increase of output of units one,
two and six. This latter unit soon reaches its upper limit and the control
action is taken by the larger units. The frequency is returned to it original

value by this control action as shown in ﬁgure 5.20. The effect of the loss of
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Figure 5.15
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Figure 5.17
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the frequency measurement is see again briefly as the set points respond to the
lack of data.

5.24.10 Change of controller parameters

The next set of figures show the effect of changing the controller gain
constants for a given system operating point. The first figure 5.21 is the
controller response to the loss of generator three with the system conditions
as above. The proportional gain has been increased by a factor of two on
that used above. This would be expected to have the effect of increasing the
speed of response of the unit but could also cause an overshoot if the gain was
too great. The initial increase of generator one and two is greater than the
previous ramp rate, and unit one overshoots quite noticeably and then drops
back to an output value equal to the ﬁrst case. The frequency plot (figure
5.22) follows the trend of the previous plot although the steady-state frequency

is increased from the previous one.

The figure 5.23 shows the system response with the integral gain of
generator one increased by a factor of two. The response of the unit is seen
to be more rapid after the initial increase than in the first case as the integral
action is stronger. The frequency (figure 5.24) is returned to the nominal value

more rapidly than in the previous case, but there is no noticeable overshoot.

The figure 5.25 shows the effect of the controller parameters on generator
one when the integral action is completely removed and a larger proportional
value is used. The speed of response is clearly increased when compared with
the first configuration but there is no control action to remove the steady-state
error. Thus the frequency response seen in figure 5.26 takes a longer time to
return to the average steady-state frequency value. The initial response takes
longer to return to the nominal value, but it is also effected by any change in
the system as there is no stabilising effect from the integral action, hence the
frequency tends oscillate around the nominal value with the proportional action

directly responding to the system frequency fluctuations.
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Figure 5.19
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Figure 5.21
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Figure 5.23
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Figure 5.25
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The controller was tested against the O.C.E.P.S. standard scenario. The
scenario is described in detail in Appendix 1. The result of the controller action
is shown in figure 5.27 with the corresponding system frequency (or frequency
of island one) in figure 5.28. It is seen that the controller is able to respond
to the earlier system faults reasonably well, but when Unit 2 is desynchronised
Unit 1 is commanded to increase its output rapidly and over compensates for
the loss. Later when the system is islanded, the controller is able to respond to
the individual islands, but their individual frequencies are somewhat different.
This means that when the synchronisation command is given, the individual
islands will not resynchronise. Thus the test finishes with two of the three
islands resynchronised but the third one is unable to be synchronised due to

the frequency difference.
5.25 Conclusion

This chapter described the O.C.E.P.S. simulation and control project as a
test facility for power systems software. The first section discussed the types of
models used in the simulator, the system simulated, the computer configuration

and the energy management software.

The second section described the application of L.F.C. to control the
simulated system. The control function must have well established links with the
other subsystems in the energy management scheme, eépecially with Economic
Dispatch, Unit Commitment and the Reschedule function. The interface between
the L.F.C. has been investigated especially with Economic Dispatch so the control
action can be economically based unless security considerations have to be taken

into account.

The controller that was implemented was based on a standard P+1 control
scheme. This control method was chosen initially because it is well known and
understood but has the draw back that the parameters of the controller are
fixed. Although the controller is robust in its control commands the optimum
control action can only be tuned for one -operating point. This operating

point can change with; the time of day, different days (week days, weekends
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Figure 5.27
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or holidays) and the time of year (differing seasons) and is dependent upon
the type and amount of regulating plant there is on the system at any given
time. This scheme is discussed in detail and results from its implementation

are presented in graphical form.

The fixed parameters of the controller are shown to produce suitable
control action under certain system conditions. However the parameters were
tuned to give an average response for all system operating points and hence
this leads to a degrading of the controllers performance during certain times of
the day. As the plant on the system changes during the day, the system gain
also changes depending the type of generators that are on the system. Thus
the controller parameters cannot take into account the change in system gain,
the change in tie-line power‘ interchange and cannot account for the change
in the generators performance as they become older and less responsive. In
emergency conditions, such as the loss of a large generator unit the controller
cannot respond as would be required and the control action can under certain
circumstances add to the system transient behaviour. This control action is
clearly unsuitable for a system where the gain may vary greatly, or where
there is a large number of different types of generators which may be used.
The stationary nature of the control system must clearly be removed from the
control scheme and a scheme that is capable of tracking the power system

status be investigated.
The following chapters discuss the methods that are required to implement

such a scheme where the system operating point is tracked and updated as the

system configuration changes.
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CHAPTER 6

ADAPTIVE LOAD FREQUENCY CONTROL

6.1 Introduction

This chapter describes the application of the adaptive control theory
discussed in an earlier chapter. The self-tuning control theory is used to form
an effective load frequency controller which can be used to replace directly the
fixed control scheme described in the previous chapter. The earlier sections
briefly discuss the ideas involved in adaptive control and their application to
the L.F.C. problem. The later sections give details of the design, construction
and testing of a full scale L.F.C. scheme. This was tested and validated
in conjunction with the O.C.E.P.S. energy management control software and
power system simulator. The use of forgetting factors, more stable numerical
calculation methods, order of the system model and system control techniques

are also discussed along with their implementation.
6.2 The Need For Adaptive Control

The previous chapters have discussed the use of Load Frequency Control
techniques which have been implemented for various systems. These schemes
use the standard procedure of creating a linear system model which has by its
very nature fixed parameters. These parameters are found from the linearisation
of the system about a specific operating point. When considering the control of
electrical power systems it must be remembered that due to the physical nature
of the system, it is inherently a complex mannerliness system. The parameters
of such a system are a function of the system operation point. Thus as the
system operating conditions change, so do the systemn parameters. Hence, any

optimal control scheme based on these parameters is no longer optimum. In
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order that the controller performance is kept optimum, it is proposed to track
the operating conditions and hence, continuously update the system model.
This should then lead to a control signal which is always optimal for the
system under any set of operating conditions 204208209 Djagram 6.1 shows a

basic adaptive control configuration to control an industrial process.
8.3 Stochastic Control

Many of the previously used control techniques take the system distur-
bance as step changes in the consumer load. However, in the real system the
load changes are random in nature, both in magnitud‘e and in period. Thus it
is proposed to consider the system as a stochastic system and design an adap-
tive stochastic controller which should lead to better control performance. The
adaptive controller combines a parameter estimation algorithm with a control
algorithm. The parameter estimation algorithm is used to update the on-line
system parameters of a discrete noisy model of the system and the controller is
a minimum variance algorithm based on the updated model. The combination
of this estimator and controller is termed a self-tuning regulator; it uses a
recursive least squares estimation technique and a minimum variance control
strategy. Diagram 6.2 shows the arrangement of a typical Self-tuning Regulator

scheme.

The use of self-tuning regulators has been successful in various processes,
mainly in the chemical industry, although it has been reported controlling

voltage and speed regulators for electric generators 43.48,128,219

The application of self~tuning algorithms for the control of multi-area
electrical power systems has been described in 9135 However, in the first
instance the proposed controller will only be applied to a single area power
system. This test system was once again the O.C.E.P.S. simulator and control
systems. The choice of the initial single area investigation was made because
the O.C.E.P.S. simulation had not previously been operated as a multiple
area simulation, which meant that certain modifications were required before

simulation of a multiple area system was possible. This also gave an opportunity
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for the new controller to be tested directly against the previously described
fixed parameter control scheme. The ideas involved in the control of multiple
area power Asystems are discussed in the following chapter. The next chapter
covers the use of tie-line control as a method of controlling an interconnected
power system, discusses the algorithms required for the adaptive control of such
systems and presents results from the tie-line controller operating within the

O.C.E.P.S. environment.
8.4 Formulation of the Area Control Error for Single Area Systems

The A.C.E. of a single area system is formed simply using the weighted
sum of the frequency error. This is taken to be the controlled variable. With
the simplified single area, the frequency error is the only control measurement
available and is independent of all other system variables. Thus if the frequency

error can be minimised, minimum variance of the A.C.E. can be achieved 9:25:26,

One of the advantages of using this technique is that the control scheme
only requires locally (to the area) available measurements. The frequency error
is the only input required for the control scheme. The function of the controller
is to control the frequency in the single area and thus easy to implement using
a relatively small amount of computing powér. The control is such that the
scheme is easily implemented on the VAX 8600 control computer and will
operate in real-time without incurring any loss of the machines performance.
In fact this algorithm is simple to implement and may be used on even relatively
limited microprocessors. It is hoped that the performance of this controller set
up will be better than that of the more conventional fixed control scheme. The

flow chart of the organisation of the proposed control is shown in diagram 6.3.

Previous frequency controllers have used the system frequency error to
form the A.C.E. control where the integral of the A.C.E. is fed-back as a
control signal. More complex schemes have been considered for both continuous
and discrete time control using optimal and sub-optimal approaches. It must
be remembered that these techniques do not take into account the dynamic

nature of the system under study. These techniques take the parameter values
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of the power system to be known and remain constant through its operation,
this is not the case. Generator dynamic characteristics change sufficiently with
operating conditions, and the equivalent droop characteristics of an area vary
widely with percentage loading of the plant due to the changes in the numbers
of the turbines performing regulation duty 19. Thus an adaptive control scheme
is required that can evaluate relevant dynamic characteristics during operation

and can suitably adjust control parameters when they change.

In self-tuning control, the order of the controller model is determined by
the order of the predictive model used to determine fhe system behaviour. For
a single area system using thé frequ_enc'yAerror and the tie-line power‘i_rlterchange
as the control variables, a third to fourth order model has been shown to be
suitable 0. The matter of the model order is investigated for the single area

case, and the multiple area case is discussed in the following chapter.

The use of a minimum variance controller involves the cancellation of
system zeros by controller poles. Thus if the system has any discrete model

zeros outside the unit disc, then stability problems will occur.
8.5 Self-tuning Regulator

The self-tuning regulator is a good alternative to the conventional L.F.C.
controller as it offers versatility and the potential for applicatioh in real-time
control applications. The development of the self-tuning regulator is fairly new,
it has been applied to several real time applications. As mentioned in an
earlier chapter the general structure of the self-tuning regulator can be split
into two separate sections. The first section is the identification process and
the second is the control command calculation associated with the identification.
The identifier is used to calculate a model of pre-assigned order of the plant
at each required time interval. The identifier calculates the system parameters
at each required sampling interval. The controller uses the updated parameters
and data from the system to calculate a control signal which is sent to the

plant. Diagram 6.4 shows the set-up of the adaptive control scheme used in this
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application. Self-tuning regulators are 8d7iscussed in many referégces, the author
found the following most useful 9,25,2‘6,}22,126,129,131,148,159,170,171—174,'179‘,!83.

8.5.1 The identification routine

Each separate section of a power system is a complicated non-linear
system. The identifier within the self-tuning regulator uses the system data
available to it to model the system by a linear-discrete finite order model with
time varying parameters. The system operating conditions are tracked by the
identifier which calculates the model parameters at every sampling period. It
uses the actual input and output of the system for the parameter calculation
and hence a dynamic model of the plant may be created of a pre-assigned

order. A discussion of the implementation of identification routines many be

found in 92,93,135,196,197,214.

The task of the identifier is to give unbiased estimates of the values
of the parameters. In a real-time control situation, the following recursive

computations are performed for the solution of the above problem.

The model is described using the following equation

yE+k+ 1) +ay(t)+...+ anylt —m+1)
= Bolu(t) + fru(t — 1) + ... Bu(t -] +e(t+ k+1) (6.1)

where

m=mn,l=n+k-1,

Bo is a previously selected constant parameter,

a; and B; are the computed model parameters for all ¢; = 0 and

the disturbance €(t) is a moving average of order k of the driving noise e(t).

To estimate the model parameters, equation (6.1) may rewritten at the

instant t, by replacing (t — k — 1) in equation (6.1) as follows

z(t) = HT(t) 9 (6.2)
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where

z(t) =y(t) — Pou(t — k — 1) (6.3)
H(t) =[-y(t —k-1),...,-y(t — k — m),

Bou(t — k),...,Bu(t —k—-1-1)|T (6.4)

0= [ty s 0tmsBiye--s BT (6.5)

where

[]T represents the transpose of the matrix.

There are several recursive parameter estimation algorithms which can
be used to obtain an estimate, 8(t) for the parameter vector §. One of the

more commonly used is the recursive least-squares
b(e) = B(t — 1) + K(1)[=() — HT ()7 (¢ - 1)] (6.6)

The correction vector, K(t) can be calculated as

P(t-1)H(t)

K(t) =17 HT (t)P(t - 1)H(t)

(6.7)

where P(t) is the covariance matrix of estimation error and is found using the
recursive equation

P(t) = [ - K()) HT(§)]P(t - 1) (6.8))

The equations (6.6), (6.7) and (6.8) are often referred to as the Kalman filter
algorithm, and the vector K is the Kalman gain of the set of equations All
the matrices are of the size 2n X 2n and the vectors are of the size 2n. Where
n is the optimum number of estimated parameters (the order of the estimated
system). It is clear that the algorithm has to be started with some initial
values of P(t) and 6(t), after which the calculations may be repeated.

The initial values are arbitrary, but a good starting point seems te be
PO)=[I]xv
8(0) = [ece. .. €]

where ¢ is a small number (can be zero) and I is the unit matrix.

v is a relatively large scalar quantity, and can be calculated using

1 N
v = (10)5 7 2 v)
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where N > 2n

The algorithm has been shown to give acceptable values of @(t) within

ten samples 92,

The above calculations may be repeated every sample interval but. can
be repeated recursively and the most recent parameters are pé.ssed on to the
controller. However, the system model is only required to change when there is
a change in the system itself. This can be difficult to define, but the criterion
used in these experiments was the rate at which the frequency changed, and

when it was outside a pre-defined dead-band.

The identification process is used to calculate the most recent system
model. With the updated model the estimate available, the control can be
calculated on it. There are several control schemes available which are suitable
for real-time operation, but the most widely reported one is that of minimum
variance control. This control strategy was discussed in an earlier chapter but
is considered here in this specific application. Oncef(t) is obtained, u(t) can

be calculated as

MQ=%Mdmm%h“+&m@wU~m+U]

~Bi)ult —1) — ... = Bi(t)ult = 1) (6.9)

8.5.2 Minimum variance control scheme _

The minimum variance controller was discussed in a previous chapter,
but its implementation is briefly discussed here. Further details may be found
in a variety of references 28,60,61,97,135,198 but only very basic control schemes

are discussed. From previous discussion the single area is modelled as

y(t) = - i a;y(t —J) + i bu(t — k — 7) + ¢ i ce(t — k) (6.10)

where

u(t) is the input to the actual system (the control variable, the A.S8.C)
y(t) is the output of the actual system (the input variable, the frequency error)

and e(t) is the disturbance acting on the actual system.
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So long as the system under study behaves in such a way that the
input and output are linked by a cause and effect relationship, it is possible to

construct a model of the plant. The model pla,ht parameters are

Clse0.38n; bls"-’bn; Y/) 1ClyeeyCp

co = 1 without loss of generality,

n is the order of the model,

(t-j) represents the time (t-jT), and
T is the sampling period.

The controller chosen to be associated with the identifier is a minimum
variance regulator, although more complex control algorithms are available. The
minimum variance controller is chosen as it is fairly simple to irﬁpiement, and
has the ability to work in real time with a very satisfactory performance. The
criterion for the controller is

N
minimise [V =3 yz(i)] (6.11)
i=1 .
The controller aims to minimise the square of the deviation of the output
from the desired value. The controller is designed to minimise the variance of
Y, (k + 1) sampling periods ahead of time. Then at time (¢ + k + 1) the model
given by equation (6.1)

yt+k+1) +ayt+k)+...+ayt+k+1—n)
= biu(t) + ... + dpu(t + k)
+ple(t +k+1) +ere(t+ k) +...+cpe(t +k+1—n)(6.12)

The standard equation (6.1) may be written at times (¢+k), (¢-+k—1),..., (t+1).
Then by substituting in equation (6.12) to eliminate y(t+k),y(t+k—1),...,y(t+
1), the equation may be modified to

yE+k+1)+ayt)+... + any(t -m+1)
= Po[u(t) + Bru(t — 1) + ... + Biu(t — )] + €(t + & + 1) (6.13)

where

m=n,
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l=n+k—-1,

Bo is a previously selected constant parameter,

aj and B coefficients are computed from the parameters a; and b; in equation
(6.1) for all ¢; = 0, and

the disturbance ¢(t) is a moving average of order k of the driving noise e(t).

For any system modelled by the equation (6.13), if the parameters of the
model are constant and known, the minimum variance strategy can be stated

as follows

u(t) =-ﬁ1—0[a1y(t) + ...+ apy(t - m+ 1))
- Pt —1)— ... Bu(t 1)

If the system under study has unknown parameters, then the parameter
estimation routine described earlier is used. This estimation may be required

at every sampling interval depending upon the system under study.

In the self-tuning regulator the parameters ai,...,qa,, and fi,...,06
which ferm the assumed model equation (6.13) are estimated on-line at any
sampling instant, %he estimated values &;,...6; and ﬁl, cen ,B; of the parame-
-ters are then used to calculate the minimum variance control strategy equation
(6.13).

6.6 Forgetting Factor for Adaptive Estimation Controller

With the use of recursive operations in the least squares algorithm, it
is clear that more information about the process under study is accumulated
as time goes on 677677,  As more system data is collected, the parameter
estimates tend to converge and become steadier. The effect of this convergence
‘i seen by the decrease in size of the elements of the Kalman gain vector
matrix K. The equation (6.7), the Kalman gain vector controls the size of
the update to the system parameter estimates. This convergence is needed for
constant parameters systems as the low gain tends to suppress the effect of

measurement noise on the estimate of §. However, when the parameters are
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from a time-varying process it is necessary to stop the continuous alteration
to the estimates §. This will allow changes in the system parameters to be
followed. However, by not enabling the covariance matrix from decreasing, the-
random errors in 9 are increased, which means that the estimate variance is

increased.

In the practical application of these equations there is a trade off between
the parameter adaptive capability (which requires the calculated value of K)
and the noise suppression feature of the estimation algorithm (which requires

small values of K).

This is usually achieved by the use of a forgetting factor 91:142,143,155
to control the size of the elements of the covariance matrix of P. The use
of the forgetting factor, which is generally a scalar parameter, =, enables the
building of memory attenuation into the recursive least squares algorithm by
exponentially weighting past values of the elements of P. This weighting factor
is implemented by replacing P(t — 1) by %’P(t —1) in the equations (6.6),(6.7),

(6.8). Thus the following equations are formed

8(t) =8(t — 1) + K(t)[2(t) — HT ()67 (t - 1)) (6.14)
K(Y) =£(t—’y——1)H(t) §+ ar =D | (6.15)
P(t) =% I — K HT@)]P(t - 1) (6.16)

where

a=1-—+ and

0<~<1

When 4 = 1 the normal algorithm of equation (6.8) applies. As « is decreased
the covariance matrix elements are slightly increased at each recursion, which
allows the algorithm to ‘forget’ the old parameter values. This has the effect
that there is less emphasis placed on the older values, than the newer ones by

the algorithm.
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The equation (6.14) shows the formula that is used to update the next
value of the estimate. This shows that the term HT(t — 1) 8(t — 1) is the
output that is expected at the time t based on the previous data H(t), and the
previous estimate, 5(t —1). Hence the next estimate of 8 is given by the old
estimate corrected by a term linear in the error between the observed output,
y(t), and the predicted output, HTa(t— 1). The gain of the correction, P(t), is
given by (6.15) and (6.16). Clearly, there is an advantage using this process in

that there is no matrix inversion required, there is only the need for division

by
1

p + HT(t)!Ll)

H(t)

which is a scalar. However, some numerical difficulties are reported to remain
50,9192 and may effect these recursive calculations. Thus the use of a more

stable method of calculating the P matrix was investigated.
8.7 Use of the Square Root Filter

The numerical stability problems can be solved using the upper triangular
matrix and its transpose of P, as this matrix is positive and definite. This
solution was proposed by Peterka 17°. The P matrix is factorised into S(t)S(t)T
where S(t) is the upper triangular matrix. The updating of this matrix is

achieved using

STt = 1)aft — K)aT(t — k)S(t — 1)
§2

} St -1)T (6.17)

where
p2 =0+ 2T (t - k)S(t — 1)ST(t — 1)zt — k)
The vector f = STz is defined and T is an orthogonal matrix so the above
equation may be written as
1 : i
S@)sT(t) = —=S(t-1)| i | 11T [1——]5%—1
07O = 75861 | ¢ | 57 -1

m

1

VB

(6.18)

The value of T is chosen such that
{ sﬂ} T = [H0|
I
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where

H is the upper triangular, and

0 is a vector of zeros, then an upper triangular square root of P may be

updated as
1

R

It is seen that the algorithm requires m extractions of the square root, where

S(t) S(t — 1)H(t)

m is the number of estimated parameters. Clearly this is not a great problem

to compute these values.

With the UD factorisation is written as UDUT where U is the upper
triangular with units stored along the diagonal and D is a diagonal matrix

corresponding to the variances of the individual 'parametér estimates.

The square root method involves about (4m? +5m)/2 multiplications plus
m square roots per cycle, whereas the UD method uses about :(3m2 + 3m)/2
multiplications per cycle. The advantage of the UC method is that there is a
built diagnostic test without the extra computation that would be required for

the square root case.
8.8 TFactors which Effect the Controller Action

There are several factors which effect the controller operation such as
(1) The order of the model which is used to model the area under observation
(2) the time interval between which control commands are sent out on to
the system and, |

(3) the sample period of the identifier.

Studies can be carried out to find the optimum value for the above

parameters using the integral squares technique described below.
The flow of logic used by the controller is shown in diagram 6.5. It starts

with the initialisation procedures, ensures that the support software is active

and is then able to carry out the system identification and system control.
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The implementation of the proposed control scheme is shown in diagram
6.6. This shows the measurements required by the controller from the system

and the interaction between the variéus elements of the controller.
8.9 Choosing the Correct Model Order

It is possible to fit models of differing order to the data obtained from the
system 57198 Thus the control action could based on several different model
orders. If the wrong order for a model is chosen, this can cause problems
with the modelling process and can lead to spurious control commands. Over
modelling can lead to problems of redundancy of model terms, and under
modelling may not sufficiently model the process under study well enough for
the control action to be effective. Thus there is a need for a test which can
determine the optimum model order for identification process, a test for the
correct or best model order is needed. Such a suitable test is a sum of squares
test, which if applied over a given period of discrete time can be thought of

as an integration of the errors.

As the model order increases, the sum of the squares of the residuals
will decrease due to the better fitting which is being achieved. If this decrease
is small between modgls of increasing order, the order of the use of the higher
order model will not significantly reduce the sum of the squares. These index
values can be used as a measure of the quélity of control (or goodness) of the

regulator. The lower the integral value is, the better the quality of the control.

The prediction error term may be defined using

£(t) = a(g™My(t) - Bla™)u(t) (6.19)
The sum of the squares is then defined as
L=3 =1% | €0 P (6.20)
k

where
N is the number of data points, and

n is the model order.
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For a collected set of data, the coefficients of the polynomials & and ,3
may be found for a given model order using the techniques described earlier.
‘This same procedure may then be carried out using models of different orders.
The best model order for the system under study is chosen by plotting a graph
of I, against n. By choosing the slope of the graph at a given point, m’ say,
where the slope of I, is steep for n < m’ and shallow for n > m' the best

model order may be selected.

The figure 6.1 shows the result of a frequency integral test to determine
the optimum model order for the simulated test network. The model order
of m=2 or m=3 is seen to be the value required, however, it is difficult to
determine which order is best suited to t’hé system model. Thus a continuous
integral of squared .frequenc& error test was ‘carried out over a reasonable
amount of time see lower figure. It is clearly seen that the model order of m=2
produces the least error. It is also interesting to observe that the models where
m=3 and m=4 produce about the same integral error. Thus the majority of
control operations were carried out using m=2, with some experiments using
m=3 to determine if there was significant improvement in the system control

and response.

One such test was carried out to show the response of the controller
during the morning increase of consumer load. The initial test carried out
was during the steady-state operation of the system. The figure 6.2 shows the
controller response using a controller model of m=2, and the ﬁgures;gvith
m=3. There is no obvious difference between the controller response in each
case, the frequency is kept constant as the consumer load increases. The Units
1 and 2 are ramped to meet the demand increase, with the other Units on or

nearing their upper limits.

The steady-state operation did not really show any differences in the
control action calculated by the differing control schemes. The effect of the
controller model is more noticeable however, when the system is subjected to
a transient. The figures 6.4 and 6.5 shows the system response to change

in controller model order from m=2 to m=3 when there is a generation loss
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Figure 6.2
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incident. The first figure shows a steady increase of the Units set points
when Unit 3 is removed from the system, followed by the resulting frequehcy
trace. The next figure shows a répid change in the controller command after
the generation loss which eventually is restored and continues to calculate the

required control action, the frequency trace is produced below.
6.10 Sample Period

The system model is dependent upon the sample period used for the
collection of data used to construct it 57198 , The time interval represented
by the model needs to be sufficiently short to fully model the required time
constants in the actual system, but does not need to model the fast acting
control such as the almost constant control from the governor control. Thus
the model period should be greater than one second so that the faster acting
control operation is not represented in the model. The time interval was varied
from one second upwards. This was observed that the model time interval did
not adversely effect the model construction so long as it was kept to tens of
seconds. Thus the time interval used for the modelling period was either 5 or

10 seconds.

A factor which must be taken into account when considering the sample
period is the practical limitations due to the taking of mea.éurements from the
system. Earlier work 107 has suggested that a suitable interval for the sample
period would be 0.6 to 1.5 seconds, however, this interval is really to quick
to be practically realised on an actual system. This decreased interval is also

nearing the effects of the governor control action and hence was disregarded.
6.11 Control Calculation

The control command as explained is based directly on the most
recently updated system model. However, if the system was in steady-state
it was unnecessary to alter the model even if the parameters altered slightly.
This small alteration in the steady-state operation was due to the noise on the

frequency measurements. Thus the model was found to be constantly altering
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Figure 6.3
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Figure 6.4
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even though the system was not actually altering itself. A dead-band was
imposed on the amount the system parameters were allowed to alter before
the new parameters were used in the system model. This removed unnecessary
alteration of the model when the system was operating without any changes in
operating mode. The model parameters were seen to constantly wander slightly
over a short period, but the trend over a longer period (say ten sample periods)
was constant. Only when the rate of change of the measured variable (the
frequency) exceeded a defined amount, were the new model parameters used to

form the model.

This dead-band idea was also used in conjunction with the calculation
of the control command. The control command could Be refreshed at every
sample interval as the adaptive control scheme is designed to do, héwever, this
seems unnecessary if again the system is in steady-state. The control signal
was not updated unless it was significantly different from the previous one.
This filtering enabled the control signal to be smooth and not require any
unnecessary movement of the controlled plant. The filtering of the raw control
signal along with the later filtering from the participation calculation leads to

a smooth ramping of the controlled participating units.
8.12 Estimated System Frequency Response

One of the many advantages of using the adaptive control scheme over
the fixed parameter system is that the self-tuning regulator relies on a recent
system model for its calculations. This systemm model may be used additionally
to estimate the system response to a load loss, or gain incident. In this case,
the system gain and response remains essentially constant so that the estimated
model is valid. However, if the effect of a generation loss incident was to be
modelled the system parameters could change slightly, so the estimation would
be less valid. The system frequency error can be estimated by using a snap
shot of the system model parameters and introducing a step change of load to
what is essentially the system transfer function. The process would be very
useful for application in the security analysis field to answer the “What if

7 type of question. Although the technique is limited only to load changes, the
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system operators would find the ability to predict the system frequency under

emergency conditions useful for the forward planning of Unit Commitment.

The figures 6.6 and 6.7 show the results of two such estimated frequency
calculations. The first response is using a set of standard system parameters
collected during the control of the morning peak. The estimated frequency
trace is the result of a 0.1 p.u. increase in consumer load. The general shape
of the response is that of the typical system response to a step load change.
The system gain is calculated to be 0.42 MW/Hz, which is comparable with

the values calculated from the simulated system during this operating period.

- The second plot shows the estimated system frequency with a 0.2 p.u.
load increase. Again the response is seen from a ‘snap shot’ of the system
parameters taken from system operation before the morning demand increase.
This trace is slightly longer in time compared with the one above it, and clearly
shows the typical system response to a step load change, with several under
and over shoots which then settle out to a steady-state frequency error. The
gain of the system in this case was calculated to be 0.427 p.u./Hz, which again

is close to the calculated value of the simulated system.
6.13 [Effect of Forgetting Factor on the Controller Response

The effect of varying the forgetting factor used by the controller was
investigated with the system under a rapid change situation. The figure 6.8
shows the system response during the mid-day load along with the controller
operating with no forgetting factor operating. The system is changing quite
rapidly, but the controller model is unable to calculate control commands which
exactly satisfy the system conditions. The frequency plot 6.9 shows that the
frequency error is contained and returned to its required value, but it is slightly
oscillatory in the steady-state region. In this case the model is not changing
sufficiently quickly for the controller to operate to its full effect. In most
cases the controller commands are based on an outdated system model which

is clearly not suitable for the system in its present state.
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Figure 6.5
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Figure 6.6
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The effect of a fixed forgetting factor is shown in 6.10 with the system
frequency response due to the control action show in figure 6.11. The forgetting
factor was fixed at the value of 0.95. This fixed approach produces a smoother
set of control actions compared with the above method but still does not
respond with the optimal control. The frequency plot shows that some of the
oscillatory action is removed, but it does not produce as smooth a response as

is required for system operation.

The use of a variable forgetting factor as discussed above is shown in
figure 6.12 with the corresponding frequency response in figure 6.13. The ability
of the control algorithm to keep the required amount of system information
is seen in this test. The control algorithm produces a smooth control action
which is sent to the Units on the system. When Unit 2 is lost, the controller

model can respond as required and follow the state of the system.

The ability of the controller to respond to changes in system configuration
is shown in figure 6.14 along with the corresponding frequency trace in figure
6.15. The Units 4,5 and 6 are all placed in Base mode and hence are not
available for direct control from the L.F.C. function. The only Units that are
available for control after the loss of Unit 3 are Units 1 and 2. Unit 2 is put
to its upper limit, so all the control action must be carried by Unit 1. This
unit is able to respond to the control commands from the L.F.C. scheme and

is able to restore the frequency trace to its required value.

The same system configuration was used as in the above test to investigate
the ability of the controller to respond to differing system conditions. In this
case (figure 6.16and 6.17) the system is operating during the mid—evening load
conditions. The trace shows the effect of the loss of Unit 3 again, with Unit

1 taking the majority of the control action as Unit 2 reaches its upper limit.

As a comparison, the system response is shown in figure 6.18 and 6.19
of the system operating under normal conditions during the same time period
as above. In this case there are no transients created or any loss of load.

The driving variable in this case is purely the consumer load. Without the
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Figure 6.8
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Figure 6.10
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Figure 6.12

TITLE:, 0.C.E.P.S. SINULATION 08/02/1985.07:20:30

F1GURE Gongrator Power Set Points

—_— Gant @ = Gen 3 . ——— Gan §
o Gan 2 ——— Gen 4 ——— Lan &

SET POINTS
1.500 7
1.125
0.750

T

0.3754 s
0.000 1+ ; T T :

¥ 1 1 ; i 1
00:00:,00 00:04,492 00:08:249 00:,14:06 00:;18:49
PERIOD Chraminssec)

TITLE, O0.C.E.P.S. SIMULATION D8/02/13B85.07:20:23

F1GURE Adpative control of system frequency

System Freq

FREQUENCY MERSUREMENT (Hz)
50,100 |

50.050 T

13. 950 ~

1

p9-900 3 + - a
00:00,00 00:04544 00:09.,28 00:14512 00:18:57
PER1OD <hrimingsach

r_f

Figure 6.13 - 177 -



Figure 6.14-
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loss of Unit 3, the unit 1 is commanded to ramp up its output to replace the
generation capacity of Unit 2 which has been commanded to reduce its output
by Unit Commitment. The L.F.C. scheme controlled this change .in generation

pattern without any action which could lead to system transients or instability.
6.14 Irregular Generation Patterns

The L.F.C. scheme was tested to its limits by using an irregular pattern
of generation. Figure 6.20 and 6.21 illustrate the loss of two generators (Units
3 and 6). These are lost one after another for test purposeé but this is unlikely
to occur in actual operation. The remaining units are able to take up the loss
of generation as the controller model is able to respond to the state of the
system. This test was carried out jﬁst after mid—hight when the system gain is
low. However, the controller is able to respond to the system state and control

the available units to reduce the frequency transient to the steady-state.

A further test was carried out on the system by simulating a generation
synchronisation of Unit 3 followed by the loss of the Unit. The system response
is shown in figure 6.22 along with the frequency trace in ﬁgﬁre 6.23. The
initial increase generation due to Unit 3 does not effect the system frequency
greatly so the controller does not requir‘e a great deal of control action for the
regulating units. The new unit was required to take up load through the Unit
Commitment action as the morning consumer load increases. The loss of the
unit as the load increases causes the controller to increase the output of the
other available unité, which requires the increase of the power set points of

Units 1 and 2.

To validate the control scheme for operation on an actual system, the
synchronisation of new units on the system as well as the loss of generation
units from the system was simulated. The figure 6.24 and 6.25 show the
synchronisation of Unit 3 to provide support for the morning peak increase.
The use of the variable forgetting factor provides comstant monitoring of the
system as its state changes, although the system model may take several

controller cycles to settle down after a major perturbation. This is seen in
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Figure 6.16
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Figure 6.i8
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this example where after the Units 3 is brought on to the system the control
signal to Unit 1 is increased unnecessarily because the model has not changed

sufficiently to closely model the system status.

It is seen that the frequency trace losses some data towards the end of
the plot. This simulates the loss of data from transducers. The controller has
no input data to calculate an updated control signal. The target output level
of the Units therefore remains constant. When the data is collected again, the
controller continues to calculate the control signals without any abrupt change

of Unit power set points.
6.15 System Operation in Varying Conditions and Control Modes

One of the advantages of this adaptive control strategy is the ability
of the controller to monitor the system status and alter its control action
accordingly. In the operation of many power systems, the generator units are
often set in generation patterns which are required not to be changed due to
economic factors. Often units are placed in Base mode so that the base loading

of the system is satisfied without any alteration to the base loaded units.

The figure 6.26 and the frequency plot 6.27, show the operation of the
controller when the largest unit, Unit 1 is in Base mode. There is a generation
loss incident of Unit 2, the second largest unit on the system which causes
a rapid decrease in frequency. This loss is immediately made up using the
remaining four units on the system. The controller model is operating so that
the control signal matches the system state, but the unit outputs are constrained
by rate limits. This leads to an irregular control signal sent to the three smaller
units as all system regulation is under their control. The frequency trace shows
that the transient is removed and that the lack of controlling units is not

directly seen in the frequency error.
To investigate the system response after such a drastic incident as the
above, the Unit 2 was synchronised to the system a few minutes later. The

figure 6.28 and 6.29 show the system response to this rapid increase in generation
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Figure 6.22
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Figure 6.24
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capacity. The slower responding smaller units are immediately commanded to
reduce their outputs while the new unit increases its output to replace the
lost generation. This causes an overshoot of the unit power set points, due to
the fact that the controller model has not been able, in the time available, to

remodel the system to a sufficiently accurate degree.

The previous results show the effect of drastic changes on the system.
This is unlikely to occur regularly in practice so to provide the controller with
a more realistic situation, a test was carried out a period of lighter load. The
Unit 3 was synchronised in the early morning with a light load. In this case,
the units are able to respond with suitable regulation action. The controller
model is able to change to match the simulated system changes, resulting in a
controlled ‘decrease in the output of Units 1 and 2, shown in figure 6.30 and a

stable system frequency, shown in figure 6.31.

The control of the system frequency with an increase in system generation
is seen in figure 6.32 and 6.33. The light loading of the system combined with
the availability of many of the system generators for regulation enables the
frequency transient caused by the resynchronisation of Unit 2 to be controlled.
The Unit 3 was under Base control mode so was unable to respond to the
system situation. The smaller units rapidly decrease their outputs, along with
Unit 1. Again the lack of frequency measurements is seen for a short period,
which causes the generation not to be controlled as would have been desired
as the smaller units are required to increase their outputs slightly to match
the generation deficiency. The latter part of the plot shows Unit 2 increasing
its output while Unit 1 is decreasing its output. This operation is linked with
the economic dispatch control function setting the long range targets for each

of the available units.

The controller was tested directly against the standard O.C.E.P.S. test
scenario; the results are shown in figure 6.34 with the corresponding frequency
trace in figure 6.35 (see Appendix 1 for scenario details). It is difficult to make
direct comparisons with the previous fixed controller response to this test, but it

can be seen that the maximum output of Unit 1 is less than in the previous case.
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Figure 6.26
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Figure 6.28
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Figure 6.30
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There is little difference between the frequency deviations, but the adaptive
controller requires less generation control to achieve the same deviation. One
condition that must be noted is that all the islands were resynchronised by the
adaptive controller and the test ends with a single system unlike the previous

case.
8.18 Conclusion

This chapter has discussed the use of adaptive control and its potential
application in the field of L.F.C. The early sections discussed the techniques
required to build a system identification process and a suitable control scheme.
The use of the self-tuning regulator for this purpose was investigated and found
to be suitable with some modifications. Basing the control calculations on a

system model was shown to be reliable if the correct model order was used.

The use of the minimum variance control scheme based on the updated
system model was investigated for many system configurations and types of
operation. The modelling technique is capable of producing a valid model
quickly so that the control algorithm may effectively use the investigated

technique.

The basic controller was enhanced using forgetting factors to alter the
speed of the construction of the controller model. It is shown that the use
of the forgetting factors can improve the control commands even during major

frequency transients.

Differing control modes were used for the generation units to effectively
change the system gain and response time for different system conditions. The
results have shown that the controller has the ability to track the system status
and calculate suitable controls in situations where the fixed parameter schemes
would be unsuitable. However the control scheme has not been tested under
multi-area -conditions where the use of inter—area tie-lines cause many control
problems. This problem is discussed and a suitable control scheme is proposed

in the next chapter.
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Figure 6.32
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Figure 6.34
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CHAPTER 7

Control of Interconnected Power Systems

7.1 Introduction

The previous chapter discussed the use of adaptive control techniques
for the control of the system frequency. The use of the self-tuning regulator
was developed for a single area utility without any connections to other power
systems. This chapter considers and reviews some of the reasons why electrical
power utilities often connect their power system to that of neighbouring power
systems, and the problems that this causes with the frequency control of the
interconnected system. A modification is proposed to the frequency control
method described in the previous chapter for the single area problem, which is
capable of controlling multiple area systems. This algorithm uses the inter-area
power flows, along with the individual area frequencies for the system control.
With the use of adaptive control the inter-area dynamics can be tracked directly

and suitable control action taken.

The latter part of the chapter describes the application of this adaptive
algorithm used for the control of the O.C.E.P.S. simulator, which was split into
two interconnected areas. There is a discussion of the additional variables that

are required for control purposes and the use that the algorithm makes of them.
7.2 Interconnected Power Systems

There are some power systems in the world that are single entireties,
but the majority of systems are connected to other utilities for one reason or
another. The C.E.G.B. system is often thought of as a single system, but there
are links to Scotland and the cross Channel D.C. link with E.D.F. in France,
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although the system does not rely on these links for control action. There
are many reasons why one utility should connect with another one, such as
geographical or political reasons. Many utilities, throughout the world connect
their system to that of their neighbours because of ma,irily economic and security
considerations. Some of the more interesting references available on the subject

are (113,201,204,205,207,209,210,215,222).

The advantages of the interconnection of electrical power systems are that:
it ensures reliability, makes the individual system more secure, and enables the
systems to be operated at a cost less than that if left in its separate parts.
Interconnected power systems have better regulating characteristics in response
to consumer load changes in any of the systems. This is because the load
change is responded to by all units in the interconnection, not just the units in
the control area where the consumer load change has occurred. This fact also
makes interconnections more reliable as the loss of a generating unit in one
area can be made up from spinning reserve of the other units linked by the
interconnection. Thus, if a unit is lost in one control area, control action from
units in all connected areas will increase the generation to make up the deficit,
until stand-by units can be brought on-line, although an economic penalty may
be paid. If a power system were to be run isolated and lose a large unit,
the chance of the other units in the isolated system being able to make up
the deficit are greatly reduced. Extra units would have to be run as spinning
reserve, and this would mean a leéss economic operation. There is also the
advantage that one area will generally require a smaller installed generation

capacity if it is planned as part of an interconnected power system.
7.3 Economic Operation of Interconnected Power Systems

One of the main arguments for interconnecting systems is the economic
one. Better economic operation can be attained when the systems are intercon-

nected 139:201,222 This chance to improve the operating economics of an area

is due to the fact that the two power systems have differing incremental costs.
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Consider the following example

(1) Utility A is generating at a lower incremental cost than B

(2) If the Utility B were to buy the next Megawatt of power for its load
from utility A at a price less than if it generated that Megawatt from
its own generation, it would save money in supplying the increment in
consumer load. |

(3) Utility A would also benefit economically from selling. poWer to Utility B
so along as Utility B was willing to pay a price that was greater than

the cost to Utility A for generating that block of power.

The problem is to achieve a so termed mutually beneficial transaction

and to establish a fasr price for the cost of the interchange sale.

There are other, longer term transactions that are economically advanta-
geous to interconnected utilities. One system may have a surplus of power and
energy and may wish to sell if to an interconnected company on a long-term,
firm supply basis. It may, under other conditions wish to arrange to sell this
excess only on a when, and if avaslable basis. The purchaser would probably
agree to pay more for a firm supply (in the first case) than for the interruptable

supply of the second case.

In all cases of power interchange the question of a fair and equstable
price must be considered. In many cases the economy of interchange is such
that they are all based on an equal division of the operating costs that are
saved by the utilities involved in the interchange. This is not always the case
since fair and equatable is very subjective depending on the utilities own view
point. What is fair and equatable to one partner may be totally unfair and
inequitable to the other. A 50-50 share of the costs of the interchange is often
used in the U.S.A. as in normal operation it appears to be the fairest mode
of operation. Pricing arrangements for long-term interchange can vary widely
and can become very involved including so termed taeke-or-pay split savings, or

fixed price contracts.
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7.4 Energy—interchange

There are often other reasons for the interchange of power than simply
obtaining economic benefits. Interchange arrangements are made between power
utilities for a variety of reasons, however the major reason is clearly economic.

The following sections briefly describe some of these other reasons.

7.4.1 Capacity Interchange _

In normal operation, a power utility will ensure that it has sufficient
generation available so that the capacity of its normal units is equal to that
of its predicted load plus a reserve to cover unit outéges. If for some reason
this criterion cannot be met, the system may enter into a ca,pacity agreement
with a neighbouring system. So long as the neighbouring sysﬁem has a surplus
capacity greater than what it needs to supply its own peak load and maintain
its own reserves this operation is feasible. When selling capacity, the system
that has a surplus agrees to cover the reserve need of the other system. This
may require running extra units during certain hours, which represents a cost
to the selling system. The advantage of such agreements is that each system
is able to schedule increased generation at increased time periods by buying
capacity when it is short, and selling capacity when a large unit has just been

brought on-line and it has a surplus.

7.4.2 Diversity Interchange

Daily diversity arrangements may be made between two large systems
covering operating areas that span different time zones. Under such circum-
stances one system may experience its peak load at a different time of day
to the other system, because the second system is 1 hour behind. If the
two systems experience such a set of conditions, they can help each other by
interchanging power during the peak. The system that peaked first would be
able to buy power from the other and then pay it back when the other system
reached its peak load.

This type of interchange can also occur between systems that peak at

different seasons of the year. Typically, one system will peak in the summer
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due to air—conditioning load and the other will peak in winter due to winter
heating load. The winter peaking system would buy power during the winter
months from the summer peaking system, whose system load would be lower
at that time of the year. Then in the summer, the situation would be reversed
and the summer peaking system would buy power from the winter peaking

system.

7.4.3 Energy Banking

Energy-banking agreements usually occur between a system which has
mainly hydro units and is interconnected to a system which has mainly thermal
units. During high water runoff periods, the hydro system may have energy to
spare and will be able to sell it to the thermal system. Conversely, the hydro

system may also need to import energy during periods of low runoff.

7.4.4 Emergency Power Interchange

It is possible that during future operation a power system would have
a series of generation failures. This may require a single system to load shed.
However, if the systems are interconnected, one system would be able to import
power rather than load shed. Under such emergencies it is very useful to
have agreements with neighbouring systems to supply power so that there will
be time to shed load. This may occur at times that are not convenient or
economical from the incremental cost point of view. Therefore, such agreements

often require that emergency power be priced very high.

7.4.5 Inadvertent Power Interchange

The A.G.C. that utilities use can sometimes fail to control the tie-line
power flows to the required values. This has the result that over periods of
time a significant amount of energy may be accumulated by one area. This
is known as inadvertent interchange. Under normal circumstances, the system
operators would pay back the accumulated inadvertent power interchange over
periods during the next week of operation. However, with the use of more

advanced A.G.C. functions these interchange errors may be greatly reduced.
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7.4.6 Energy Trading

Energy trading is a method used to enable the scheduled interchange
power to be monitored and any deviation made up at some future time. The
power interchange is monitored and averaged over a five minute or half-hour
period, at the end of which the schedule may be altered to account for any
change from the scheduled interchange. In some the cases the deficit of power

may be made up at a later time depending how the agreement is made up.
7.5 Inter—area Economic Power Interchange

Power systems are able to operate in a more economic manner if they
operate in an interconnected mode rather than alone. The problem that this
creates is that a Dispatch for all the units in the interconnected system has to
be carried out. This implies that all the information required by the Dispatch

algorithm, such as input-output curves, fuel-costs, unit-limits, unit status, and
| so on, are available in one location and that the calculation for an overall
dispatch is carried out as if the areas were part of the same system. However,
unless the two power systems have formed a power pool or communicate the
required information to each other, or to a third party who will arrange the
transactions, this assumption is incorrect. Generally the system operations
within each of the control areas communicate with each other. It is assumed
that one area has the data and the ability to perform an Economic Dispatch
calculation for its own system and that all information about the neighbouring

systems has to come over a communications link.

The simplest way of carrying out an Economic Dispatch for the inter-
connected system is to Dispatch as if someone was carrying out an economic
dispatch calculation for both systems combined, the most economic way to
operate would require the incremental cost to be the same at each generating
plant assuming losses are ignored. The two control centres are able to achieve
the same result by |

(1) Assuming there is no interchange of power being transmitted between

the two systems.
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(2) Each system control centre runs an Economic Dispatch calculation for
its own system.

(3) Predetermine which system has the lower incremental cost. The control
centre in the system with lower incremental cost then runs a series of
economic calculations each one having a greater total demand. Similarly,
the system operations in the system having the higher incremental cost
runs a series of economic dispatch calculations each having a lower total
demand.

(4) Each increase of consumer demand on the system with lower incremental
cost will tend to cause a raise in its incremental cost, and each decrease
in demand on the high incremental cost system will tend to lower its
incremental cost. By running the economic dispatch steps the two control
centres can determine the level of interchange of energy that will bring

the two systems toward the most economic operation.

Under the idealised free market conditions, both utilities attempt to min-
imise their respective operating costs and if they assume no physical limitations
on the transfer, their power negotiations will lead to the same economic results
as a pool dispatch performed on a single area basis. These assumptions are
however, critical. In many practical situations there are physical and local con-
straints that prevent interconnected utility systems from achieving the optimum

economic dispatch.
7.6 Tie-line Model

Consider an interconnected power system which has been broken into
two areas which each have one generator as in diagram 7.1. The areas are
connected by a single transmission line. The power flow over the transmission
line will appear to be a positive load to one area and an equal but negative
load to the other area, depending on the direction of flow. The direction of
flow will be dictated by the relative phase angle between the areas, which is
determined by the relative speed deviations in the areas. If a two area system
is considered, the power flow is defined as going from Area 1 to Area 2, the

flow appears as a load to Area 1 and a power source (negative load) to Area
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2. If it is assumed that mechanical powers are constant, the rotating masses
and tie-lines exhibit damped oscillatory characteristics known as synchronising

oscillations.

It is interesting to analyse the steady-state frequency deviation, tie-line
flow deviation, and generator outputs for an interconnected area after a load
change occurs. Consider a load change AP, in Area 1. In the steady-state,
after all synchronising oscillations have been damped out, the frequency will be

constant and will be the same value in both areas. Then

d(Awy) _ d(Aw,)

Aw; = Awy = Aw and % Tt 0 (7.1)
and
APpeony — DPyio — APp, =AwK; (7.2)
APoeony + APsse =AwK, (7.3)
APrech, = _I?Iw (7.4)
APron, =—RA2 - (7.5)

by making the appropriate substitutions in equation (7.2,7.3)

—APye — AP, =Aw (Ri + Kl) (7.6)
1
APy, =Aw (-1%- + Kg) (7.7)
2
or finally
Aw = —APp,

B+ K+ Ke
form which it is possible to derive the change in tie-line power flow
—AP, ("ﬁl; + Kz)

APy, = - 7.8
At E kit ke (78)

It must be remembered that for the conditions described in equations (7.7) to
(7.8) are the new steady-state conditions after the load change. The new tie
flow is determined by the net change in load and generation in each area. It is

not necessary to know the tie stiffness to determine this new tie flow, although
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the tie stiffness will determine how much difference in phase angle across the

tie will result from the new tie flow.

7.7 Tie—Line Control

When two utilities interconnect their systems, they do so for a number
of reasons. One is to be able to buy and sell power with neighbouring systems
whose operating costs make such transactions profitable. Also, even if no power
is being transmitted over ties to neighbouring systems, if one system has a
sudden loss of generating plant, the units throughout the whole interconnected
system will experience a change in frequency and can assist in the restoration

of the frequency deviation.

Interconnection presents problems when controlling the allocation of the
generation to meet the consumer load. As an example assume there are two
systems that have similar generation and load characteristics. (R; = Ry, K; =
Kz2) and assume Area 1 is sending 100 MW to Area 2 under an interchange
agreement made between the two operators of each system. Area 2 experiences
a sudden load increase of 30 MW. Since both units have an equal generation
characteristics, they will both experience a 15 MW increase, and the tie-line
will experience an increase in flow from 100 MW to 115 MW. Thus the 30 MW
load increase in Area 2 will have been satisfied by a 15 MW increase in the
generation in Area 2 plus 15 MW increase in its flow into Area 2. This would
be allowable however, Area 1 has contracted to sell only 100 MW to Area 2,
and not 115 MW. The generating costs of Area 1 have just gone up without
anyone to charge the extra cost to. What is needed at this point is a control
scheme that recognises the fact that the 30 MW load increase occurred in
system 2 and, therefore, would increase the generation in Area 2 by 30 MW
while restoring the frequency to the nominal value. It would also restore the

generation in Area 1 to its output before the load increase occurred.

Such a system must use two pieces of information: the system frequency

and the net power flowing in or out over the tie-lines.
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Such a control scheme would need to recognise the following

(1) If the frequency decreased and net power interchange power leaving the
system increased, a load increase has occurred outside the system.

(2) If frequency decreased and net interchange power leaving the system

decreased, a load increase has occurred inside the system.

A control area is defined to be part of an interconnected system within
which the load and generation will be controlled 135, The control area’s
boundary is simply the tie-line points where power flow is metered. All tie-
lines crossing the boundary must be metered so that the total control area net
interchange power can be calculated. Diagram 7.2 shows two small systems

that may be typically interconnected.

The change of generating level from one interconnected set to another is

difficult. The system inertia is large compared with the torque output
of one of the units and no easily detectable speed change occurs. However,
if a speed change occurs on the system, it is detected by all the units, and
their combined torque change affects the speed rapidly. If the governor speed
droop of one unit is increased, the rate of response of the units is increased
to a change of consumer load with no apparent effect upon the system speed.
Hence, with the exception of slow speed response to a set point change on one
unit of a system, the function of speed governing can be implemented by the
same governor characteristics which are optimum for isolated operation, even

when the units are operating in parallel.

7.8 Control of interconnected systems

The interconnection of power systems which can provide security of
supply, economic operation and reduce capital costs of the system introduces
more complex control problems 200201 In an interconnected system, system
frequency is no longer a suitable measure of the system imbalance. As an
example, consider two interconnected systems. If system B experiences an

increase in load then the following events occur.
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(1) The speed of Area B will begin to fall as the increased demand is
supplied from kinetic energy in the rotating masses.

(2) The phase angle on the tie-line increases and more power flows into B.

(3) The speed of Area A begins to fall due to the increased load out on the
tie-line to B.

(4) The governors on both systems will detect the change in spéed and each
system will respond in proportion to its regulating characteristic.

(5) The two system will settles out at a new frequency common to both

systems and a new tie-line load.

All this takes place in few seconds and is taken to be completed before

the other system control functions respond.

Consider the change in power transferred from A to B when a change of
consumer load results in an out of balance power AP in Area B. This change
in power is defined to be AP, and is positive when power is transferred from
A to B. The change in frequency in Area B due to an extra load AP and
an extra input of AP; from A is —(AP — AR)/Kp, where the negative sign
indicates a fall in frequency. The drop in frequency in A due to the extra load
AP; is —AP,/K4, but the change in frequency in each system must eventually
be equal. Hence

—(AP - AR) _ AP,

MKB K,

hence
K,

" K.+ Kp

The dynamics of a tie-line interconnection as opposed to the steady state

AP, AP

analysis can be derived as follows

Consider an area ¢ which is radially connected with neighbouring areas
Jyk.... The total power flow exported from area i, P;;, equals the sum of all
out—ﬂowing'line powers P, in the lines connecting area ¢ with areas j,k...
Thus

Pti =ZPtin

Where the summation extends over all n lines that terminate in area 1.
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If the line losses are neglected, the individual line powers can be written

in the form
AN
Xin‘P i

~ PipMog sin(6; — 6,)

Ptin =

Sin(&' - 571)

where Vi = |V;|e?® and V, = |V,|e?on

are the terminal bus voltages of the line, and X;, its reactance. Pipmaz
represents the maximum real power, expressed in per unit of area P,;, that can

be transmitted via the line. The tie-line is termed weak if Pipraz < Pri

This steady-state example suggests that the tie-line load change and
frequency change should be combined to define an amount of power for each
area necessary for it to reduce the total power error, this is area requirement for
an interconnected system. The computational requirement derived earlier may

thus be redefined to incorporate the effect of the tie-line power interchange.
C.R. for area 7= AP; + KAf;

where
AP;; is the net change in the tie-line power flow out of area : and
Af; is the frequency deviation in area 1.

The C.R. is thus positive when the load increases within area z.

If the system control is to control the generators in its area on the idea
of keeping the area requirement at zero, then changes in generation must match
changes in demand. If this is so, the equation must be solved continuously
by the controller. The tie-line and frequency deviations AP,;; and Af; can be
obtained by comparison of actual telemetered tie-line load with the scheduled

value and actual frequency with scheduled frequency.

System regulation based on the equation is generally termed tie-line bias
control, since it can be considered as a form of tie-line control biased by
frequency error. Sometimes control of only tie-line load is acceptable if the

system is small and tied radially to a much larger system.
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7.9 Supplementary Control for Multiple Area Systems

Clearly, the use of adaptive control techniques applied to interconnected
systems has a great advantage over the use of the fixed parameter type schemes
mentioned in earlier sections. The adaptive scheme may adapt to the state
of the whole interconnected system without having to have prior knowledge
of the system configuration 147:198 This means that none of the complicated
tuning for fixed parameter schemes is required and the system may change
configuration as dictated by the economics of the situation (to follow previously
agreed power transfers) rather than constraints placed on it by the control
system. The overall gain of the interconnected system will change more rapidly
than that of a single area as each utility will plan the utilisation of each of
their generator units. Thus the gain of the interconnected system would be
more difficult to estimate than that of a single system, if each single area did
not know the configuration of their neighbours. The problem which must be
considered is that of the measurements required for the control calculation, but

this occurs for standard fixed parameter control schemes.

7.9.1 Controller Algorithm
The modelling equations discussed earlier may be expanded to account

for interconnected area operation 9:25:26,28,173 The jth area is modelled as

y:(t) = — E a;;y:(t —7) + Z biu;(t — ki — 5) + 1/15-25 cei(t — k) (7.9)
=1 j=1 =0

where

yi(t) is the output of the system at various time intervals (the A.C.E.
in this case)

u;(t) is the control input to the plant of the ith area

e;(t) is the disturbance in the ith area acting on the plant.

For any system modelled by the equation (7.9), if the parameters of the

model are constant and known, the minimum variance strategy can be written

- 207 -



for interconnected systems as

w(t) 71;[&“%(:) bt iyt — m + 1)
= Baui(t — 1) — ... Ba,ui(t — 1) (7.10)

7.9.2 Identifier Algorithm

The identification routine discussed in the earlier chapter may be ex-
panded for interconnected operation 9:135214  There follows a brief summary of
the equations from the previous chapter that are required to identify a system

model for multiple areas.

To estimate the model parameters, equation (7.9) may rewritten at the

instant ¢, by replacing (¢t — k; — 1) in equation (7.9) as follows

z(t) = HT (t) 6; (7.11)

where
z(t) =y:(t) — Biowa(t — ki — 1)

Hi(t) =[-wit — ki = 1),...,—u(t — ki — m3),
Biowi(t = kiy)y. -, Bus(t — ks — ; — 1)|T

T
b; =[at'5 ey aim,-’ﬂils cee 1ﬁ1’l,-]

where | |7 indicates the transpose of the matrix. There are several
recursive parameter estimation algorithms which can be used to obtain

an estimate, 3,-(t) for the parameter vector .

The recursive parameter least-squares technique is rewritten and refor-
mulated as
b:(t) = 8:(t - 1) + Ku(t)[=:(t) — HT (£)67 (¢ — 1)] (7.12)

The correction vector, K;(t) can be calculated as

Ki() = 2D | Ly g B

H;(t 7.13
Yi wy Vi ( ) ( )
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where P;(t) is the covariance matrix of estimation error and is found using the

recursive equation
Pt) = = 1 - K@ BT IRt - 1 (r14)

The equations (7.12),(7.13),(7.14) are seen to form the Kalman filter type
algorithm as before, with the vector K; being the Kalman gain of the set of

equations.
7.10 TFormulation of the Area Control Error

The extension to the single area control scheme must also take account
of the changes required to calculate an A.C.E. This is based on the inter-area
power flows along with the area frequency error, some method of combining
the two errors was required so that a single A.C.E. could be calculated for the

whole interconnected system.

The A.C.E. is formed using the weighted sum of the frequency error
and the deviation of the total tie-line power. The control criteria was to
minimise the variances of the frequency error and deviation of the tie-line
power individually. Clearly there must be some division between the error from
the frequency measurements and those of the tie-line power measurements to
enable a suitable A.C.E. to be calculated. To achieve this aim of the controller
in the system, weighting factors may be used to proportion the effect that each
set of measurements has on the control action. A fixed weighting scheme could
be used to control this apportioning of the control effort, but in a time varying
system such as interconnected power systems it is proposed to use a weighting
factor which alters dynamically as the system conditions alter. Thus the area

control error, y;(t), of area ¢ is be defined to be
Yi(t) = (1 — pi) APy s(t) + piASi(2) (7.15)

where
AP, ; is the deviation in the ith tie-line power,
Af; is the area ith frequency error, and

p; is the calculated weight for Af;.
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The aim of the controller is to determine the control action, which will

minimise the individual variances of Af; and AP ;.

The variance of the y;(t) using the new formulation of the A.C.E. is
defined to be V;, and is given by

Ve =E{y(t)}
=(1 - p:)*Var,,; + piVay,
+2(1 = pi)piE {APuics(t) + Afi(8)} (7.16)

Once again the S.T.R. uses y;(t) as the input from the system, and its aim is to
calculate a control signal that minimises the variance of y;(t). In the previous
case, when there was only one variable, this minimisation was requirement was
straight forward. However, in this case there are now two non-independent
variables that each need to be minimised. The third term in equation (7.16)
does not disappear as AP.; and Af; are not independent. This means that
to minimise the variance of y;(t), does not lead to the minimum variance of
AP;;.; and Af; individually. To minimise the variances of AP;.; and Af;
individually the use a time—varying relative weight factor is used. The weighting
factor is calculated based on the following criteria

(1) Initially a nominal value of p; is taken at the start according to the

system requirements under steady state conditions.
(2) The value of p; is altered dynamically according to the variances of

frequency and tie-line power deviation.

Changing the weight factors will change dynamically the value of the
A.C.E. To be near minimum variance of a variable, the corresponding weight
has to be increased as the variance increases. Hence p; can be considered as
a relative value related to the integral of the weighted frequency error and the

integral of the weighted tie-line power deviation.

The weighted integral of tie-line power deviation and frequency error

respectively is calculated using the sum of the squares of the error term, this
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is shown below.

Earuns(t) = Y [AP, ()Pot (7.17)
=0

Epgi(t) = i[Af;(j)lzp"J (7.18)
Jj=0

where

The discount factor p is given the value so that 0 < p < 1.

The weighting function, pt~7, will assign a weight equal to 1 to the latest value
at time ¢ and an exponentially decreasing weight to the earlier values of the
error squared. For the special case when all the weights are the same, p = 1

may be used.

The variables in equation (7.17) and equation (7.18) are calculated using

the recursive operations

Enpy, i(t) =pEAPﬁa i(t - 1) + [APﬁe i(t)]2 (7'19)
and
Ensir) =pEasi(t — 1) + [Af: ()] (7.20)

The weight factor p;(t) may be calculated using

Pg-(t) _ EAfi (t)

" Eay(t) + MiEap,, (t) | (7.21)

where

A:, is a constant that determines the relative importance of AP;e; and Af;.
The parameter ); enables one of the variances to be closer to the minimum
than the other. The value of this parameter may take a wide range of values,
although there are methods of calculating the optimum value of A; 198, Thus the
control problem may be defined as determining a control signal u;(t) which will
enable the minimise variance value of y;(t) to be achieved. The minimisation

of
Y; (t) = [1 — p; (t)]APt,'e,'(t) + pi (t)Af.; (t) (7.22)

must be calculated using a value of p;(t) from equation (7.21). The combination

of the above calculations enabled the frequency controller proposed in the
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previous chapter to be expanded to control multiple areas. A diagrammatic

representation of this control scheme is shown in diagram 7.3.
7.11 The O.C.E.P.S. Network as an Interconnected Power System

The O.C.E.P.S. simulation was initially designed to be a single area
test network which had the ability of forming individual electrical islands, but
there was no requirement to operate the network as an interconnected system.
Clearly for the investigation of tie-line control the system had to be split into
separate areas connected by several lines. As it was very difficult to change the
system topology radically, it was decided to leave the whole system very much
the same and to define a system split that could enable the system to operate
as two interconnected areas. Thus several lines of the system were taken to
be tie-lines which now connected two areas together. The lines chosen to split
the system into two viable areas were 5, 6, 7, 21, 25 and 32. The normal
operation of inter-area control is to monitor the power flow on these lines and
to ensure that the power flow is kept to the scheduled values decided before
operation for the transfer of power. In this case, the schedules were taken to
be the normal operating power flows on the transmission lines. These values
obviously change as the system requirements change, so in order to simulate a
table of scheduled tie-line interchanges, the power flow was monitored on that
set of lines for several days of operation. The following simulations were the
only carried out for these specified days. The tie-line schedﬁle was arranged
so that for all operating times and conditions, each area controller was able
to scan through the look—up table and choose the appropriate scheduled power
flow for each line. Thus the overall power interchange could be achieved by
considering all the individual power flows on the connecting lines. The diagram
7.4 shows the two areas into which the system was split. Generator units 1, 2

and 6 were in area one, with Units 3, 4 and 5 in area two.
7.12 Multiple Area L.F.C.

The L.F.C. function was altered to enable it operate in the multiple

area environment 592526,135  The generator units available in each area were
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assigned to a controller. For this case, the L.F.C. requirement was such that
each area needed its own controller totally separate from that of the other
area. In the actual case of operation it is unlikely that each utility would have
any knowledge of the neighbouring areas operating conditions, so two separate
controllers were required. A suitable frequency value for each area was measured
in each area so that each area could operate as a totally independent island if
the tie-line links were removed. The active power flows on the tie-lines was also
measured and filtered as described previously for the frequency measurements.
Together with the frequency error for each area, they were used to calculate

the C.R. for each area, and used in the equations described previously.
7.13 Adaptive Control

This type of split operation is suitable for adaptive control techniques to
be applied to as there is no requirement for the controller to know the state
or make up of the system. This means that there does not have to be a set of
predetermined controller constants. Clearly as the system to be controlled has
changed quite considerably from the previous case, the adaptive properties of
the controller enable it to control the individual areas and overall power flows

in an optimal manner regardless of the changes to the system.

7.14 Interconnected Area Tests

The initial tests of the controller were carriedj\‘:i;ing steady-state operation
of the system. To test the control action, based entirely on the tie-line error,
a simulation run was carried out using purely the power error between that
measured on the tie-lines and that scheduled. The results of this simulation
are shown in figure 7.1 and 7.2. The tie-line error clearly has an effect on
the control of all units in both areas. The alteration in the output of the
units can be seen in the control signals of Units 1, 2 and 6. All these Units
are in Area 1. The other Units in Area 2 are at full output and are hence
unavailable to carry out control action. This method of control is suitable
for the system frequency in the steady-state as shown in the frequency plot,

but has undesirable effects on the generation units. The control action clearly
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needs to be calculated based on both the frequency error and the tie-line error.
The following examples highlight the application of the previously discussed

frequency controller as applied to an interconnected system.

7.15 Steady-—state tie-line operation

The controller was operated with a fixed set of frequency and tie-line
weighting factors. Figure 7.3 shows the controller operation just after midnight.
The output of the Units is low with the consumer load decreasing. The
output of Unit 3 has been decreased over the period of the plot to match the
change in consumer loading and to match the tie-line transfer constraints due
to the two area operation. The lower figure, Figure 7.4 shows the frequency
of Area 1 during the change in generation of Unit 3. The system frequency
remains constant throughout the operating period. In this case, the frequency
weighting was greater than that for the tie-line, so the tie-line power error has

a proportionally smaller effect on the control action.

7.18 Generation Loss Incidents

The controller was tested under transient conditions to consider the effects
of frequency and tie-line variable weighting and also the effect of changes in
consumer loadings. Initially the frequency weighting factor was kept constant
at a value calculated using the previously discussed equation (equation 7.21).
Figure 7.5 and 7.6 show the overall system response to the loss of Unit 3 due
to a fault condition. With the control effort weighted in favour of the frequency
error, the error is reduced by the increase of generation in Area 1, although
the loss occurred in Area 2. The response of the Controller is slower than it
was in the single area case as part of the control error is obtained from the
tie-line schedules, which are in effect operating in a sense opposite to that of
the frequency error. This fixed biasing scheme is useful in some circumstances
depending on the mode of operation of the interconnected system. If there
are large penalties for incorrect tie-line operation clearly the weighting should

reflect this, but if the frequency error is more important in the operation then
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the weighting factor should reflect this also. The type of operation is dependent

on the utilities within the interconnected system.

The effect of frequency biased weighting factors is shown in figure Figure
7.7. The figure show the effect on the interconnected areas of the synchronisation
of Unit 3 in Area 2. The overall active power of the system exceeds that
demanded by the consumer load and hence the output of the largest unit, Unit
1 is reduced. With the reallocation of power in the system the line flows change
to accommodate the change in generation. The figure 7.8 shows the change in
the power flow of line 5, which actually decreases because of the introduction
of Unit 3. The line power flows are taken to be negative if power is flowing
out of the node, thus in the figure, the power flow on line 5 actually decreases.
The import of power into Area 2 has decreased on this line as dictated by the
frequency error of the interconnected system, but the tie-line scheduled values
are only effecting the power flows to a small extent. The level of the flows on

the other tie-lines remains essentially unchanged.

Biasing the controller in favour of the tie-line scheduled values is shownin
figure 7.9 and 7.10. The frequency error has less of an effect on the controller
in this case. The effect of the tie-line error causes an overshoot of the allocated
power shown by the response of Unit 1, which is then compensated for, and
its output is decreased due to the frequency error. There is a steady-state
frequency error after the incident because of the tie-line power biasing which

clearly is not acceptable for standard frequency control but may be

tolerated for tie-line operation.

The above incident is rather severe and rather unfair for the controller
in such a small system, where the amount of generating capacity is limited in
each area. The figure 7.11 and 7.12 shows a more realistic loss of a smaller
unit, Unit 6. The control error is again weighted in the favour of the tie-line
operation. The power flow on line 5 is changed after the loss of Unit 6, but as
this unit is in the same area as Unit 1, the response rate of this unit is capable
of making up the generation loss along with Unit 2. The Unit 4 responds in a

similar fashion, to redress the loss of imported power as it is in Area 2. The
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Figure 7.9
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power flow on the line 5 is corrected after the initial change in flow and is

returned to a steady-state operating position.

The synchronisation of a unit to an interconnected area can- also cause
problems for the control regime. Figure 7.13 and 7.14 show the effect of
connecting Unit 3 to the system just after mid—-day. Initially the frequency was
above the average value due to a previous system incident. The controller was
taking some action to reduce the frequency error, but a more severe transient
was introduced on the system with the resynchronisation of Unit 3. The
frequency of the system is reduced as the output of Unit 3 is increased by
increasing targets from Economic Dispatch. The output from all the other units
on the system is decreased to account for the increase in generation above that

required by the consumer load.
7.17 Variable Weighting Factors

The use of fixed weighting factors has been discussed above. It is shown
to be useful in certain circumstances where the control of one of the variables
is more important than the other. However, in many interconnected areas the
minimisation of both of the errors is required for standard operation. Earlier,
the use of variable “forgetting factors” was discussed to enable the weighting
scheme to change dynamically in an effort to reduce the error of both of the

independent variables.

Figure 7.15 and 7.16 show the effect of the use of the variable weighting
factors on the interconnected system. The figures show the effect of the
increasing the load in Area 1. The frequency of the interconnected system
immediately decreases as the system inertia is insufficient for the consumer
load. Clearly, the tie-line interchanges must increase to accommodate the new
operating conditions and this was allowed for in the tie-line schedule look-up
tables. As determined previously, as the load increased suddenly, the tie-line
flows were altered to match the required new set of power flows. System
frequency recovers due to the control action from all the available generators,

_ as both the frequency error increases and the tie-line target values change.
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Figure 7.13
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Again the frequency is retuned to its nominal value in a a suitable time period

due to the change in weighting and the change in the power flow targets.

The problem of changing the tie-line schedule on-line could cause prob-
lems on the system, if the change was carried out abruptly. In fact a sudden
change in the schedule power flow values could have the same effect as the
loss of a medium size generator of change in system load. Thus, the scheduled
values for the tie-line interchange were altered progressively between d‘iffering
operating levels. Figure 7.17 and 7.18 show the effect of this gradual change. It
was scheduled that the Units in Area 1 should increase their power outputs to
simulate a change in generation pattern of the interconnected system. The top
figure shows the increase in output of the Units in Area 1, with a corresponding
decrease of the outputs in Area 2. The frequency trace over the same period
shows that the transition of the change in generation was successfully completed

without causing any undue transients on the system.

The effect of the loss of a medium size generating unit along with variable
frequency weighting factor was investigated by the manual tripping of Unit 5.
During the mid-day load cycle, Unit 5 was removed form the system. The
figures 7.19 and 7.20 show the effect that this generation loss incident had on
the system. The power flow on line 21 decreased, with the change in power
being moved to line 6. The flow on line 21 remains essentially the same after
the incident as before the loss with a period of change due to the change in
the pattern of generation. The set points of the units in Area 1 clearly must
increase to replace the loss of Unit 5. In this case the other units in Area 2

are at their maximum outputs, so are unavailable to take any control action.
7.18 Conclusion

This chapter has considered the use of a self-tuning A.G.C. scheme
for interconnected power systems. A review of the reasons why utilities may
wish to connect their power system to a neighbouring one was followed by a
discussion of the problems of controlling such a set-up. The use of adaptive

control techniques for the control of the inter-area frequency and tie-lines was
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Figure 7.17
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Figure 7.19
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discussed in detail, based on the ideas presented in the previous chapter for
single area operation. The alteration of the single area controller to enable
it to interact with other such controllers in neighbouring areas was discussed,

along with its implementation.

The proposed controller was implemented within the O.C.E.P.S. control
scheme. Using the simulator to create two separate areas numerous tests
were completed to investigate differing control strategies. The use of fixed
frequency weighting factors, variable weighting factors and tie-line scheduling
was investigated. The results were presented of the controller action along with
the effect of this action on the system indicated by the joint system frequency

or the change in the tie-line power flows.

It is seen that using a controller with a variable frequency weighting
factor in neighbouring areas suitable inter-area control can be achieved. The
changes in configuration of either area are accommodated for by the ability of
the controller to adapt to the system operating conditions at any given time.
This enables the controller to be used without the need for pre-tuning, or the
manual alteration during its operation. The control of the tie-line power flow
and the frequency error can be minimised with respect to each other using the
described techniques, leading to a optimal and robust control scheme which is

able to respond to a variety of system incidents.
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CHAPTER 8

MODEL FOR POWER SYSTEM SIMULATION

8.1 Introduction

A simple power system model is proposed in this section, using as a
basis equations suggested to the author by the Central Electricity Research
Laboratories. The model was designed to give a reasonable representation
of the response of the whole of the Central Electricity Generating Board’s
generating system. The model was constructed to represent the response of the
generation system and consumer load, but was not designed to represent any of
the transmission network, which is not required in the description of a model
to be used for the testing of Load Frequency Control techniques. This would
only lead to more complexities in the model which are unnecessary. For this
reason, the model of the generators used is greatly reduced when compared with
that, used by the Operational Control of Electrical Power Systems (O.C.E.P.S.)
simulator for example. The model presents a fair response of the system in
question withdut having to use complicated and time consuming mathematical
models and methods. Hence, the model can run in an off-line sense, enabling

several hours of real-time operation to be simulated in several seconds.

The simplicity of the model allows test routines to be run repeatedly
and quickly with the same start-up conditions and parameters. As this system
is simplified, it does not require any of the lengthy and complicated setup,
or involved control and monitoring procedures which are used in advanced
simulation and energy management systems, such as the O.C.E.P.S. simulator
and control package 186, The model also enables the effect of the command
signals calculated by the control algorithm under test to be seen directly. The

signals are not filtered by other command and control procedures which could
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influence the calculated control signal, and in some cases totally remove its
effect. The simulation was initially designed to simulate 240 minutes running
‘time, which was felt to be a good compromise between the execution time of

the computer and the amount of data produced.
8.2 The System Model

The model is designed to give a response that closely follows the total
system output response of the entire C.E.G.B. 10:41,193,223 generatjon system.
Although this reduced model does not allow for the more advanced control
techniques, such as the introduction of Economic Dispatch and Unit Commitment
to be studied, and their interaction to form a fully integrated energy management
system with Load Frequency Control, the model is suitable for the purpose for
which it is designed. This simplified model represents all the essential elements
in the actual system, to such an extent that the response of the model to a
disturbance closely follows that of the actual system. The model is made up
from a number of transfer functions which model different parts of the system
in question. Clearly the generators must be represented to a suitable degree
of accuracy, along with the change of the consumer load, and its response to
change in generation. The model also represents the response of generators
which are not available in the O.C.E.P.S. simulation, such as pumped storage
units. The representation of these units are essential if the C.E.G.B. system is
to be modelled to any d>egree of accuracy. The model itself consists of

(2) a load change to drive the simulation,

(b) a transfer function to represent the inertia of the system,

(c) the response of the consumer load to the change in generation,

(d) the response of the generators to a change in system frequency, and

(e) a simulation of the manual dispatch which is presently used by the

C.E.G.B. while running the system.

The size of the system which is simulated by this simulation program is
50 GVA, a true representation of the actual system. The generator response is
made up from two main types of generators. Their responses are sustained and

non-sustained, which gives the characteristic frequency response to a step load
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change, this being a rapid decrease in frequency and then a recovery, and then a
slow decrease again. The decrease is governed by the proportion of plant which
has sustained and non-sustained responses. Later a pumped-storage model was
introduced so that its effect could be seen on system operation. The system
model is designed to simulate the perturbation of the output about the normal
steady-state operating conditions, hence, long range dispatching is assumed to
have been carried out, and the load disturbance is due to the error of the
load prediction, rather than that of the total system load. The frequency error
produced by the simulation is that error from the standard operating point,

that is, the deviation from 50 Hz.

The various model elements of the simulation are now considered, along

with a discussion of the mathematical techniques used to solve the equations.
8.3 Load Change

The model is intended to give the predictive error of the load, and not
the total load variation. This predictive error is based on work carried out at
C.E.R.L. to simulate actual system loadings. The error on the prediction, (the

load error) is represented by a random walk given by
load error = power system size x 200 MW? per minute
This random walk is limited at 30 minutes to
power system size X 6000 MW?2

The sample interval is 12 seconds, which enables the computer code to be
somewhat simplified. The prediction error is limited for practical reasons rather
than theoretical ones. The dynamic range of interest of the simulation is, for
example, 1 to 30 minutes, and if the variation is not limited, the load prediction
error becomes increasingly large. The prediction errors are stored in a ring
buffer arrangement, so they are continuously circulated through the buffer, and

used as and when required by the program.

The random walk is generated by the addition of normally distributed

random variables. The random variable function is generated using 10 evenly
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distributed random numbers and removing the mean. This value is then scaled
to give the 200 X random variable MW? per minute which is required for the
50 GVA system. The load randomness is assumed to increase linearly with the .
system size. The load error once calculated, becomes the driving error for the

simulation.
8.4 Numerical Integration Techniques

The system model is represented by a set of differential equations, which
must be solved simultaneously to sufficiently describe the physical system. The
solution of differential equations involves the process of integration. This process
must be carried out in the computer by replacing the analytical integration by
some numerical method which calculates an approximation to the true analytical

solution 35193,

Consider a continuous signal z(t). This may be represented by a series
of values z¢,z;,z2,...,Z,, which define the signal amplitude at corresponding
times to,%1,%2,...,¢n. These sample values are usually equally spaced time
intervals, and if the sampling interval is chosen to be small enough, then none
of the information about the signal is lost. Usually a sample frequency of at
least twice that of the signal under study is required to stop effects such as
aliasing. Clearly the smaller the sample used, the more faithful the reproduction
of the original signal will be. This is also true for the sélvihg of the equations.
The smaller the time step used, the more accurate the end result will be. This
value varies depending on the application but is always when the calculated
values were made available to the control algorithm. The sample interval for
this simulation was chosen to be a twentieth of the time interval that was
being simulated. Using this discrete representation of the continuous signal,
differential equations are converted to difference equations and integration may
be carried out in a stepwise fashion. The solution of difference equations
requires the integration of a signal, Z(t), which itself is a function of z(t). As

an example of this, consider the first order differential equation

i(t) = az(t) + bu(t) (8.1)
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If the value of z(t) is known at time ¢, the value of z at time ¢ + At is given
by
. t4+At
st + A = o)+ [ ()AL (8.2)
i

However to evaluate this integral, it is necessary to know z(t + At). There are
many intergration routines to choose from, which will enable the next value of
z(t) to be estimated. To solve a differential equation, the unknown trajectory
Ty,Z2,Z3,...,Zn is built up progressively, one integration time step at a time,

starting from a known value of zo.

One of the simplest integration algorithms is the Euler Method, which
assumes that the function to be integrated and the derivative function, remains
unchanged from ¢ to t+ At, with the value which it has at time t, that is &(t).
Thus %(t) may be found using

z(t + At) = z(t) + Ati(t) (8.3)

This shows that the values z(t) and z(t) are used to estimate z(t + At). For
a specified input function u(t), starting at a known initial output value z(0),
equations (8.2) and (8.2) can be alternatively and repeatedly applied to calculate

successive values of the output functions.

z(At) = z(0) + At{az(0) + bu(0)}
z(2At) = z(At) + At{az(At) + bu(At)}
z(3At) = z(2At) + At{az(2At) + bu(2At)} (8.4)

and so on to complete the time interval.

The Euler Method is useful to understand the use of numerical integration
routines, but it is not often used in practice as it uses a poor estimate of
the mean value of the derivative function for the time interval At¢. For better
accuracy of a given integration step size, multiple stage algorithms are used.
The Euler Method may be improved by using a two stage process, this is
termed Improved Euler Method. The Improved Euler Method uses the original
Euler Method to estimate a first value of the next point. The derivative at this

point is calculated from this estimated point, and compared with the derivative
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at the start of the time step. The average of these two derivatives is calculated,

and then used to calculate the value of next point.

There is a further extension to Euler Method, known as the Modified
Euler Method. This again uses a two stage calculation, firstly an estimate of
the midpoint between the present point and the next point is obtained. The
midpoint derivative is calculated and this is used to calculate the value of the
next point. This more complex and accurate method‘was used to solve the
differential equations for the generator models in the system simulation. This
calculation is repeated for the number of times the simulation time interval
has been sub-divided into, and hence, accurate answers at the end of each

simulation time interval can be found.

More complex methods are available, such as methods that only use the
current value to estimate the next value, but estimates three, or more, usually
four derivatives to do this. This method is called the Runge-Kutta Method. A
more advanced class of integration algorithm uses predictor-corrector methods,
which make use of both present and past values to predict the next value and
then 'correct the predicted value by an appropriate algorithm, the prediction
and the correction sometimes being done iteratively. However, these methods
are far more complex than required for the accuracy of this simulation. The
integration routine used in the simulation was the Modified Euler Method, using
a time step of one twentieth of the time interval. This does not pose great

overheads in the computational time, and produces accurate answers.
8.5 Inertia Model

The inertia of the system represents the total of all the rotating masses
in the system as described earlier. This is modelled using the following transfer

function.
AP

Af = T,s

(8.5)

where
Af is the system frequency error, in Hz, the driving error for the generators

and the control functions,
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AP is the power error, in MW, that is, the difference in power between
that demanded by the load and the mechanical power that is supplied by the
turbines, and

T, is the system time constant. This is given by
. = PS x H, x 0.667 (8.6)

where

PS is the power system size in GVA,

H, is the specific system inertia and is assumed to be 10 MW sec/MVA. The
factor of 0.667 is introduced to describe the response of the load, in response
to the change in system voltage. If system voltage decreases, this is followed
by a reduction in the consumer load. If the factor is not introduced, then the

typical response curve is not followed exactly as predicted by the equations.
8.6 ILoad Response

There is a change in the response of the consumer load in response to
a change in system frequency. This is due to frequency sensitive loads, such
as induction motors which and are included in the model. The load response

is assumed to be 2% per Hz. The change in the consumer load is taken to be
U =AfxPS x20 MW (8.7)

where
U; is the load response, in MW,
PS is the power system size, in GVA, and

Af is the frequency error, in Hz.
8.7 Generation Response

Turbine generators are extremely complicated, large systems in their
own right. The terms non-sustained and sustained response are introduced in
an attempt to reduce these systems into a form that may be approximated
by simple mathematical equations. These equations are used to describe the

response of the whole turbine generator system, both thermal and electrical.
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The turbine generator as explained in an earlier chapter is made up of a boiler,
turbine and electrical generator, along with the support equipment. Hence,
when they are designed initially, it is very difficult to determine the exact
response characteristics, as their response is a combination of many different

factors.

Consider a machine which is on part load. If the valve is opened further,
the initial inflow of steam to the turbine will enable the unit’s output to be
increased. After a given time period, the boiler will not be able to support
this amount of output as its reserves are drained, hence, the power output
of the machine will decrease, unless the boiler firing rate can be chahged
quickly enough. Consider the movement of the steam from the boiler which
is saturated, then superheated, and then loses its energy in the turbine and
becomes non-saturated. This is clearly a very complex process in which different
thermodynamic laws operate at each stage in the transfer from wet steam in,

the boiler to dry steam in the turbine.

If a turbine generator is considered at full load, with the governor fully
open, a drop in system frequency will require an increase in the unit’s output.
The governor demands more output from the electrical generator, and inturn
the output of the turbine must be increased. This implies that the boiler is
able to produce more steam, but this is governed by the steam path. The
efficiency decreases as the speed increases, and if no more fuel is fed into
the boiler, the reserve in the boiler will be depleted. Hence, while the unit’s
output will initially increase as the boiler loses its steam reserves, these are not
replaced, so the unit’s output will then begin to decrease, and may decrease
to a level below that at which it was operating previously. This is termed
as non-sustained generation, as there is no mechanism of sustaining the unit’s
output from its reserves. A sustained unit, as its name suggests, is capable of
sustaining its change in response for a longer period of time. In this case, the
unit is less constrained than in the previous example, has fewer steam losses
and its boiler reserves cannot be depleted so easily or quickly. Hence, it can
continue to operate at a particular increased output level for longer, before

decreasing its output.
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Generally the more modern the machine, the more capable it is of
operating above its design limits. For example, the 500 MW machines were
generally not capable of operating over their limits, but the more modern 660
MW machines may have some spare capacity. These machines may be capable

of operating at 690 MW for extended periods, peaking at 720 MW,

The response of the unit is dependent on the operating position of the
unit at any given time. If a unit is operating in the middle of its range, then
it will be more capable of increasing its output more rapidly, than for example,

one which is at its upper limit.

The time period of response also has a bearing on the response of the
unit. If the time scale for governor operation is being considered, the reserve
energy in the system will be more capable of responding to and supporting a
change in demand than it would for a longer time scale control. For the period
involved in considering Load Frequency Control, the boiler dynamics tend to
dominate the response, but really the mill response time should also be taken
into account. There are no control schemes at the present time which place

the control of the boiler under that of an automatic generation control scheme.

The generators in the model represent all the system generators lumped
together as one unit, and hence could be described by one transfer function.
However, the representation of the units is split up to give two types of response,
as described, sustained and non-sustained, in an attempt to produce a realistic
response. The mechanisms involved are clearly very complex and cannot be
modelled exactly using the techniques explained in this section, of lumped
parameters. However, the overall response of the simulation is an adequate

representation of the system as a whole. The system is shown in diagram 8.1.

8.7.1 Sustained generation
The response of the sustained generation is given by the following
transfer function

P, = K,Af (8.8)
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where

P, is the sustained output in GW,

Af is the frequency error in Hz, and

K, is the sustained gain, which is assumed to be 5 GW/Hz.

The sustained response equation is obtained by combining the above equation
with the system inertia equation given earlier. This gives

K,

P =
¢ sT,

Af (8.9)

8.7.2 Non-sustained generation
The response of this type of generator is given by the following transfer
function

sT,
P, = K, ——"—
1+ sT,

Af (8.10)
where
P, is the non-sustained output in GW,
K,, is the non-sustained gain, which is assumed to be 1 GW/Hz, and
T, is the non-sustained plant boiler time constant, assumed to be 180 seconds.
Again as above the non-sustained response equation is obtained by combining
the above equation with the system inertia equation. This gives

P = K, sT,

'i sT, 14 sT,

Af (8.11)

So that the accuracy of the response of the model could be increased, a term to
represent further turbine generator dynamics was added. This transfer function
represented the turbines of the units, and took the form

0.5 0.5
8.12
(1+STl+1+8Th) (8.12)

where

T; is the time constant which represents the delay of the low pressure steam,
taken to be 0.05 minutes, and

T, is the time constant which represents the delay of the high pressure steam,
taken to be 0.025 minutes.

Clearly the response is split equally between the two terms. This is slightly

incorrect as under steady-state conditions, three quarters of the output comes
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from the low pressure turbine, but under transient conditions the split becomes
more equal between the two terms. The transfer functions for the sustained

and non-sustained response were changed accordingly, to become, respectively

K 0.5 0.5
p, = 2L ( ) 8.13
sTy, \1+ 8Ty 1+ sTy ( )
and
K, sT, 0.5 0.5
= A 8.14
F sT91+sTn(1+sT1+1+sTh) f (8.14)

To run the model to give reasonable accuracy at one second time intervals
as intended, it was necessary to include this generator transient model. The
model cannot have time steps much smaller than this because the much faster

generator transients are not included in the model.
8.8 System Modelling

The use of transfer functions is a well known tool in the modelling
and analysis of linear control systems. The approach is based on Laplace
transformation, which enables the system performance to be predicted without
actually solving for the roots of the characteristic equation. However, with the
advancement of digital computers, a method using state-space representation is
widely used. This representation enables the use of mathematical techniques
that lead to a more systematic design process than is possible using transfer
functions. The state-space method involves transforming a single nth order
differential equation into a set of n first order simultaneous differential equations,
which are generally written in a matrix form. This method requires the use
of additional variables, termed state-variables. The number of state-variables
required to define a system completely is equal to the order of the system.
These variables are not unique and are chosen to suit the particular application.
The use of matrices is useful in this approach, as the A and B matrix specify
the dynamic characteristics of the particular linear system under study, and
so the dynamic properties of the system can be studied by investigating the

properties of the matrices.
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To enable the model equations to be solved using the described integration
routines, the equations are reformulated into the state-space (canonical) form.
The transfer function can be treated as an algebraic expression. The numerator
and denominator of equations (8.13) and (8.14) are divided by the highest
power of s to replace all the differentiating terms by integrating terms. The
state variable diagram for the sustained and non-sustained cases are shown in
diagrams 8.2 and 8.3. The variable V(s) is introduced to avoid the need for
differentiation. The state variable diagram is formed by integrating V(s) three
times and combining the signals required. This form of the equations can now
be easily solved using the Modified Euler Method.

8.8.1 Sustained response
Again from the diagram 8.2 by inspection it is seen that the state
equations are
1(t) = =z2(2)

I2(t) = za(2)

:i:(t)—Ks'Af— 1 . _(Tl-{—Th)m
WESnm, T Tm:\nm, )7
The matrix form of these equations is
1 0 1 0 zy K
. — 0 0 1 0 2 ] A
“7:?2 _ 1 _T'l‘*‘Th 0 X I2 +[0 21‘1ThTe ( f)
s TT,  TTa ””3
This takes the familiar form of
{5(t)} = A{z(t)} + Bu()
Also
P, =2z, (t) + z2(t)(T1 + Th) | (8.15)

The values of &,(t) are solved using the Modified Euler Method, and then the

output of the generators are calculated using the above matrix equation.

8.8.2 Non-sustained response

From the diagram 8.3, by inspection it is seen that the state equations
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are

21(t) = 22(t)

£2(t) = za(2)
3 (t) — KnAf _ 1 gy — (1‘1 + Th + Te
3 o2TTWT, TTT, T,T,T,

) z2 — (T + Th)z3

These can be written using the matrix notation

I 0 1 0 Ty X
i = 0 0 —r
2 L LA AT g 1 = +[ 0 2T;ThTa](Af)
e TTWT. ~ TTwT. PN A
The output can also be obtained by inspection from diagram 8.3, and is
seen to be

P, = 221 (t) + 22 (t)(Ty + Th) (8.16)

8.2 Manual ]Diépatch

The dispatch algorithm was designed to model the manual action which
is carried out by the system control engineers at National Control. Useful
discussions of this may be found in (41,75,79,83,132,157,209,210,223) .The allo-
cation of generation is carried out such that the frequency error is kept to a
“minimum, sampling the frequency at minute intervals. The dispatch is defined
as a linear ramp over a given number of minutes, assumed to be five in this
case, which means that any newly set target by dispatch will be reached in five
minutes from the present time. A dispatch dead-band of 0.1 Hz was assumed,
so that until the frequency moved outside this band no manual control action
was taken. The gain for the dispatch control was taken to be 5 GW/Hz,
which represents a change in generation of 5 GW for each 1 Hz change in
frequency. This is a typical value for such a system. The rate of change of
frequency for the dispatch calculation was taken to be 1 GW Hz/minute. The
dispatch itself was carried out at minute intervals, in line with the frequency

error measurements.
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8.10 Description of Operation

The diagrammatic representation of the simulation model developed is
shown in diagram 8.4. The simulation is driven using the load input as a
random variable, as described earlier. The summing block defines the power
error, to which the system responds. This power error is made up from:

(2) the change in the load response due to the change in frequency, AU,
(b) the change in generation due to that ordered by the manual dispatch
calculation, AUy,
(c) the change in generation due to the response of the generators acting on
the frequency error. This value is made up from the two components described
earlier, that of the sustained response and the non-sustained response of the

turbine generators, A(P, + P,).

Hence the power error is given by
AP = AU + AUy + A(P, + Py) (8.17)

The frequency error is calculated by the system inertia term shown earlier.
This then becomes the driving error for the other model components and hence
the loop is completed. The starting point for the simulation is taken to be
that of the steady-state, with no power or frequency error. The load input
then follows a random walk, and this produces a frequency error, to which the

other components will react.

The initial test of the simulation was carried out using the basic simulation
model, without including the turbine representation. The turbine model was

then added to the working simulation with some differences noted.
8.11 Pumped Storage

The use of pumped storage units is well known and was briefly described
in a previous chapter. The C.E.G.B. system has several pumped storage units
which should be included in the model if it is to simulate the whole system

as required. It must be remembered that the use of pump storage, is as its
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name indicates, a method of storing energy and not of primary generation.
Thus, strictly the model should include some representation of the reverse
pump action, which is required to refill the storage reservoir during periods
of light consumer load. This restoring action is usually carried out overnight
when the consumer load is decreased, and there is spare generation capacity
on the system. However, to simulate this fully would make the model more

complex than required, and is unnecessary because as described earlier,
the simulation is designed to represent the error of the prediction, rather than
the complete system load. The Unit Commitment and Economic Dispatch is
assumed, so the allocation of the power for reversing the pumps is assumed to
have been available and used as required. Thus, the energy from the pump
storage units can be used as and when required by the  generation control
method employed at the time. The simulation model was further expanded

improved by the addition of the pumped storage model, which is now described.
8.12 Pumped Storage Model

The pumped storage transfer function is of a similar form to those models
used for the sustained and non-sustained generation. The model clearly does
not need the representation of the steam turbine and hence acts directly on

P

the frequency error. The response to the frequency error is given by

TPG -

= K,,—P-_Af - - 8.18
KP 1+8Tpa f ( )

P,

where
P,, is the pumped storage output in GW/Hz,
K,, is the pumped storage gain, which is assumed to be 3.6 GW/Hz, and
Ty, is the pumped storage time constant, assumed to be 1_80;seconds.
The pumped storage response is given for the whole system by the corﬁbination
with the inertia equation shown earlier. This gives

_ Ky Ty

P,, = A 8.19
P §Tps 1 + sTy, / ( )
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The state-space diagram for the pumped storage model is shown in diagram

8.5.

From inspection of the diagram 8.5 it is seen that the state equations

are
21(t) = za(t)
) K., A
£at) = TT[ - T,z

These can be written using the matrix notation

T 0 1 z [ Kps ]
= 0 ——— | (A 8.20
{5’2} [—Ta 0] X{$2}+ TpsTs (A1) (8:20)
The output of the units is obtained by inspection of diagram 8.5 and is seen

to be
Pps = I (8.21)

With the addition of this new element in the simulation, the power error can

now be written as
AP = AU + AUq + A(P, + P, + Pp,) (8.22)

The complete diagram of the simulation system is shown in diagram 8.6.
8.13 Simulation Results

This section describes and comments on the use of the system simulation,
using both the simulated Manual Dispatch technique and the Adaptive Load

Frequency Control technique discussed earlier.

8.13.1 System response to a step input

Figure 8.1 shows the response of the system to a single step input.
The single step is provided by the prediction error, which is suddenly changed
to a new constant value. The variables which are plotted may be described as
follows:
(a) Power Error
The power error at the summing junction immediately reacts to this load change

and abruptly changes. The error in the power is reduced by the intervention
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of the manual dispatching technique, which changes the power allocated to the
generator units. In this case, the load change is actually negative, that is a
decrease in load, but it is seen as a positive prediction error.

(b) Dispatched Power

The same is true for the dispatched power, in that the dispatched value of
power changes, and this is seen as a decrease in allocated power at the summing
junction. Thus the allocated power and the power demanded by the consumer
load is almost equal once again. The power error decreases, but is not zero
reflecting the fact that the allocated power and demanded power is not exactly
matched. This is seen in the error in the frequency, which has not returned
to zero, as it would if the dispatch had exactly allocated the required amount
of power. This power error continues as the frequency error is less than the
dispatch dead band, and hence the power allocation to the generator units is
not changed.

(c) Frequency Error

The frequency follows, a pattern which characterises the operation of the
C.E.G.B. system. There is an initial increase in frequency as the load on the
- generator units is decreased. The units are still being provided with the same
amount of energy as before the incident, so the excess energy in the system is
seen as a rise in frequency. This initial rapid change in frequency is in direct
response to the load change, and would continue to increase if no control action
was taken. The dispatch provides the required control action, with the decrease
in generation which causes the frequency to increase. The overshoot of the
frequency is reduced by the redispatching of the generators, meaning that the
decrease in load and change in generation is almost matched, calculated by the
change in frequency. There is still a small difference between the dispatched
power and the consumer load and hence a small frequency error is seen on the
system. This frequency error cannot be removed from the system in its present

state because the error is inside the controller dead-band.

8.13.2 Manual dispatch
Figure 8.2 shows the simulation controlled by the manual dispatching
technique. The simulation run represents 4 hours actual time. The Dispatch

gain was taken to be 5 GW/Hz, a value which was felt to be correct for
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the size of system under study. The effect of the dispatching technique can
be clearly seen. There is a delay between the change in consumer load and
the reallocation of generator power. It is clear that the dispatch tends to
allocate the required power at a time later than the load change, and the
actual amount of power allocated does not match the load change. The power
error is kept fairly small over the operating time, although it is quite random.
The frequency error scale has been enlarged to enable a trace to be seen on
the graph, although it is still rather small. The dead-band in control is seen
when the frequency error is small and the generated power and consumer load
do not match. The mean frequency error is —0.004 Hz, it has a standard

deviation of 0.0871 and the sum of the frequency error squared is 1.8168.

8.13.3 Altered dispatch gain

Figure 8.3 shows the simulation following the same (4 hour) load profile
(load error) as the previous figure, although the dispatch gain has been increased
to 6 GW/Hz, a value which was felt to be slightly high for the system model

used.

8.13.4 TFrequency response to dispatch

Figure 8.4 shows the frequency associated with the simulation on a
greater scale than the previous figure. It is seen that the frequency initially
starts to decrease as the load increases, the dispatch responds to the frequency
error after several minutes and reallocates generator power. A large amount of
power is called for by the dispatch which causes the error frequency to increase
and change sign. This process continues for the duration of the simulation,
with a large deviation in frequency approaching 49.70 Hz. This is corrected by
a ‘large increase in the allocated power, greatly in excess to that required by
the load. The reallocation of power is greater than in the previous example,
as the sum of the square of the frequency error is 1.86760, the mean frequency
error is —0.007 Hz and the standard deviation of this is 0.0882. The control
action in this case is increased due to the increased gain, but this causes more

overshoots and increases the system frequency error.
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8.13.5 System response to manual dispatch

Figure 8.5 shows the simulation following the same load curve as before,
but with the conditions as used in figure (8.2): All the appropriate values
are plotted on the same graph to give an idea of the overall operation of the

system and the response of the dispatch to the frequency error.

8.13.6 Prediction error
Figure 8.6 shows the demand change of the consumer load (in GW) in

greater detail, this is the error in the load prediction.

8.13.7 TFrequency response to lower gain dispatch

N Figure 8.7 is the frequency error trace as'sociated with this particular
run of the simulator. It is included to show in greater detail the frequency
error which drives the dispatch calculation. With the decrease in the dispatch
gain, the sum of the squares of the frequency error has decreased to 1.3590,
showing that the initial value of the gain set at 5 GW/Hz was a better value

for this particular simulation than the lower value.

8.13.8 Manual dispatched power

Figure 8.8 shows the associated manual dispatch plot in more detail.
This enables the amount of power allocated to be compared with the change
in the consumer demand. The sum of the squares of the consumer load (seen
in figure (8.5)) is 46.3025, whereas the sum of the squares of the manual
dispatched power is 67.4221. This shows that the frequency control method
used is not as accurate as could be used, and this will lead to periods of
operation which are not as economic as they might be. Unnecessary power is

allocated in this case and the frequency is not kept under tight control.

8.13.9 Sytem response to manual dispatch

Figure 8.9 shows the simulation following the same load curve as the
previous cases, with a different manual dispatch due to the fact that the
dispatch period started slightly later than the start of the simulation. The
results of the dispatch are quite different and it is interesting to note that the

mean frequency error is worse than the previous value of —0.004 Hz, the value
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Figure 8.3
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Figure 8.5
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Figure 8.7
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in this case is —0.008 Hz, with the sum of the squares of the frequency error
being slightiy greater than the last simulation. In this case the sum of the
squares of the frequency error was 1.1469, previously it was 1.3590. Hence, it is
clear that the quality of the frequency control can vary greatly using the same
technique applied at a different time. The delays in the system cause problems
for the manual aispatching techniques, along with the speed of response of the
control. In some cases the control makes the a greater error because of the way
in which the control responds and the application of any previous knowledge

of the system state.

8.13.10 System response with pumped storage model

Figure 8.10 shows the simulation following the same load curve as before,
only in this case the model contains the pumped storage model, allowing the
system to respond to the consumer load more quickly than before. Figure 8.11

shows the corresponding load curve for direct comparison with figure (8.10).

Figure 8.12 shows the simulated frequency of the system, which if com-
pared with figure (8.7) is seen to have a smaller frequency error due the faster
response of the pumped storage units. Figure 8.13 show the corresponding
manual dispatch for the simulation, showing that less power is needed to be
reallocated as the available power is able to react more quickly than in the
previous case. Thus overall less allocation is required to give the frequency
control required. The mean frequency in this case was found to be —0.007 Hz,
with a standard deviation of 0.0685. The sum of the squares of the frequency

error was calculated to be 1.1280.

This simulation provides a good testing ground for the application of
frequency control techniques, without the complication of economic considera-
tions which will be considered elsewhere. The dispatch technique used in the
simulation is obviously not the most effective way of controlling the system
frequency. However, it provides a good indication of the advances that can
be achieved, if an automatic frequency control technique is used, instead of a
manual technique. The adaptive frequency control technique described earlier

was applied to the simulation so a comparison could be made with the manual
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Figure 8.9
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Figure 8.10

TITLE, SYSTEM SINULARTION

FIGURE; Frequency Error, Prediction Error, Han. Dispatch

—— Frequency = - Man Disp
"""" Pred. Errer
QUTPUT
1.300 7] :
; "
4 < 0 N
0.750 . 4 ] :d 0t o e
. e R 1 R [ .
s ] H ko oo
Ts o 1 I T R
] ) YA Y I R
o N VRN Tt A
i N I B B
o o N T
- . NE RN | L
ol .t S R PO A
o . P IR SRR
a L SIS M
. of T '-"5"' ._|::| "
' ] eyl
2y g R%/,! \#ﬁJ\AﬁMV\
VT e S ‘L
td |‘.,l b .
A S S 1ot w10
P Ty v c1-c A
0,350 + ¢ oac) d o S H
|'. ‘ ll... ‘l‘ H Sl
[ 11" v | St
[ [ - oy ! 31 !
1! Vi oy 4 '
! il i | Y
H 1l < Vi
il i e it
u y @ 1
-0.300 ] ] ! 1

f T T 1 1
00:,00:00 01:,00:515 02:,00:30 03,00:48 04:,01:00
PERIOD (hrimingsec?

TITLE: SYSTEM SIMULATION

FTIGURE s Prediction Error

Prad. Error

0.750 T

0.200

-0 . 350

'O'SOU‘M 1 1 . 1 ]

 { i ] 1

00:00500 01,00515 02:00:30 03:00245 04501500
PERIOD <¢hrimtingsec?

Figure 8.11 - 262 —



Figure 8.12
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approach. The technique used the same modelling algorithm and minimum
variance control technique as described previously in Chapter 6. The driving
error for the controller again came directly from the system frequency error.
In this case there was no noise on the driving error variable, so the filtering
on the input to the controller was reduced. There was no possibility of the
frequency error being out of bounds or corrupted by communication failure, so

the removal of the filtering techniques was felt to be justified.

The controller was used to directly replace the manual dispatch as used
in the previous section, which was removed completely. The diagram of the
simulation model used is shown in diagram 8.7. The simulation was run using
the previous load curve to allow a direct comparison could be made with
manual dispatching technique. The interval for the operation of the controller
was chosen to be 10 seconds, and an investigation into this time interval is

discussed later.

8.13.11 Controller without forgetting factors

Figure 8.14 shows the system output using the load frequency controller
directly without any forgetting factors, based on a model using three parameters.
On this scale the frequency error cannot be distinguished clearly, but has been
included to indicate that no significant deviations are observed. The mean
frequency error is 0.001 Hz, with a standard deviation of 0.0072. The sum of
the squares of the frequency error .is 0.0105. The frequency error is greatly

reduced over the whole of the operating time.

8.13.12 Controller using forgetting factors

Figure 8.15 shows the system output using the load frequency controller
with a forgetting factor of 0.98. This was running under the same conditions
as the example shown in figure (8.10), but the sum of the squares of the
frequency error has decreased to 0.0079. Although it is difficult to see this
directly on the plots, it indicates that if the input data is weighted in favour of
the more recent data, the results achieved by the controller can be improved.
In both examples the controller has very nearly matched the reallocation of
the generator power, with that of the change in consumer load, giving a mean

frequency error of 0.001 Hz.
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Figure 8.14
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8.13.13 Control model based on three parameters

Figure 8.16 shows the system output using the load frequency controller,
with the control based on a model of three estimated parameters. The scale
has been altered in comparison to the previous figure so that the frequency

error is slightly more clearer.

8.13.14 Model system parameters

Figure 8.17 shows the estimated parameters used in the system model
to calculate the load frequency control action from. It is seen that the
parameters take some minutes to reach a steady-state. The initial guess of the
adaptive model is based on the starting values of the algorithm. These are
chosen arbitrarily, as they are soon replaced by valid parameters. The actual
parameters are approached from the start point and converge well to the final
continuous value. The plot has been stopped after the time shown as the detail
at the beginning is far more important than the steady-state operation, once
this has been achieved. The initial adaption of the model rpal;a,meters could
cause the system to become unstable if the control action was calculated on
the nonconverged parameters. So for the first couple of iterations the control
action is kept constant at a predefined starting value. The control is then
calculated on the model produced as the parameters start to converge, even
though they have not reached their final value. This control action helps to
increase the speed of adaption, as the model parameters begin to react to the
control commands issued. This method of control is acceptable if the control

command is filtered to ensure it is not outside the required range.

8.13.15 Controller using five estimmated parameters

Figure 8.18 shows the system response to an estimated model using
5 estimated parameters. The estimated model converges at approximately the
same speed as the 3 parameters model and the control action causes a slightly
greater sum of the squares of the frequency error to be calculated. Thus it
would appear that the optimum number of parameters to model for this model

was 3 parameters. The parameter adaption is shown in figure 8.19.
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Figure 8.18
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8.13.18 Sum of the squares of the frequency error

The number of parameters that were required for the model to be
optimum was unknown at this stage. To decide upon the optimum number of
parameters to be used in the estimated model, a sum of squares of the frequency
error was calculated. This calculation was repeated for estimated numbers of
parameters from 2 to 9. The experiment was carried out following the same
load curve, over the same time and using the same operating conditions. The

results are shown in figure 8.20.

Number of A parameters | Sum of squares of frequency error
N Af?
2 0.5474
3 0.5635
o 4 2.2529
5 6.9441
6 0.8797
7 0.6546
8 0.6546
9 0.6044

Figure (8.20)

Sum of squares of frequency error for different numbers of estimated parameters
Thus the number of parameters that were chosen for the parameter estimation
was three. Although the square error using two parameters was slightly smaller
the effect of one more parameter did not degrade the controllers performance.
It was felt that the three parameter controller could track the system slightly
better than the two parameter version due to the time constants it could
identify. The use of one parameter was felt to be insufficient to model the
system to a sufficient degree of accuracy. The use of four and five parameters
causes massive control action to be taken which is totally unnecessary but
still within the system capabilities. These control schemes estimate system

models where the corresponding a and b parameters actually cancel themselves
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out. More than five parameters shows a decreasing sum of squares of the
error, this is because the control action calculated from these models tends to
swamp the system under control. This leads to over modelling and calculated
control action which is excessive and unstable. Thus following the idea of
the minimum number of parameters to model a system sufficiently, a three

estimated parameters model was chosen to base the control calculation on.

8.13.17 [Persistently exciting systems

A standard problem in the fiéld of adaptive control is ensuring that
the system under study is ‘persistently exciting’, that is the driving error for
the modelling provides sufficient information for the model to represent the
actual system. In some cases (references) the lack of a suitable input to the
identifier causes the parameters to drift and become unrepresentative of the
system being modelled. To observe the effect of no input to the controller, the
load error was reduced to zero for twenty minutes and then continued. The
result of this simulation run is seen in figure 8.21 , along with the corresponding
parameters in figure 8.22. The parameter estimation is stopped when the load
error is reduced to zero and the values are kept at those calculated before the
interruption, until the input data returns to its non-zero value. This does not
adversely effect the parameter estimation, nor does it slow down the adaption
process. The plot of the system outputs shows that the controller continues
the control action after the loss of data with the same effect as it did before
the incident. Thus the safeguards built in to the controller program are able

to handle the lack of relevant data without losing track of the system state.

8.13.18 Faster sampling interval

Although the controller is cycling at 10 second intervals, for the sake of
clarity, the system outputs are only recorded every minute. Thus it was possible
that under some circumstances some of the faster system responses may be
lost by the slower sampling interval. To check for the faster system response,
the simulation was executed with a data collection time of 10 seconds. The
result of this simulation is shown in figure 8.23. It is shown that the sampling

interval used previously of 1 minute is suitable and no faster transients are lost
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using this time interval. The advantage of the slower sampling interval lies in

the fact that the data recorded and stored is greatly reduced.

8.13.19 System constraints

The initial simulation runs using the load frequency controller were
carried in such a way that the change in power required by the controller was
allocated as and when required. This is not the case in actual system, where
the turbine-generators have limits associated with them, such as ramping limits
and ﬁpper and lower output limits. The simulation wz_is made more realistic by
limiting the allocation of the requested power by the controller to the system
generators. The Ou;ti)'ut of the generators is clearly much smoother than in the
case when it was following directly the load change without any constraints.
The small perturbafidns are follbwed well by the controller, as this does not
violate any of the §ystem limits, but the larger load changes require a longer
time period for the system to respond due to the constraints. The result of

the system constraints is seen in figure 8.24.

8.13.20 Change in system loading conditions

Figure 8.25 shows the system response to a different set of load changes
to determine the controllers ability to track differing loading conditions. The
associated parameters are shown in figure 8.26. In this case the mean frequency
deviation was found to be 0.001 Hz, with a standard deviation of 0.0055, the

sum of the squares of the frequency error was calculated to be 0.0073.

8.13.21 Constrained system output

Figure 8.27 shows the system response to the same set of load changes
as for the previous figure, but in this case the output was constrained. The
output is much smoother than the driving error and the frequency error is
somewhat worse than the previous case, but this is only to be expected due to
the system constraints. The figure 8.28 shows the parameters of the model used
in the controller for the simulation. The system constraints stop the model
parameters from wandering greatly as would be expected, and are brought to
a steady-state value more quickly than before. However, this converged value

is not as continuous as in the previous case. The mean frequency in this case
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is 0.002 Hz with a standard deviation of 0.002. The sum of the squares of the

frequency error is 0.01.
8.14 Conclusion

This simulation is shown to be an accurate representation of the system
that it set out to be modelled. The use of diﬁereﬁt generator representation,
along with pumped storage models enhances the simu‘la‘m_‘tion. The manual
dispatch techniques used are shown to be -adequate - for- the control of the
system frequency. However, it must be remembered.‘that: the long range control
functions of Unit Commitment and Economic Dispatch were assumed to have
been carried out. Hence, none of the interaction between the higher level

control functions have been modelled.

The simulation model along with the simulated Manual Dispatch produced
results that are very similar to current operating practices of the C.E.G.B. The
C.E.G.B. standard deviation of frequency variation is around 0.08 Hz, which
agrees well with the simulated value. The model has shown that without any

automatic frequency control it is not possible to improve the frequency control
of the C.E.G.B.

The use of adaptive control has been shown to produce tight frequency
control, taking in account the system constraints and limits. The ability of
the controller to keep the model parameters constant when invalid data or
not ‘sufficiently exciting’ data is presented to it has been demdnstrated. The
identification of the number of parameters for the model has been carried out
and the model obtained from these parameters is shown to be adequate for the

control of the system frequency.

The implementation of automatic control on the system has shown that
the frequency error can be greatly reduced by almost an order of magnitude
in some cases. This is a useful result as it shows that some type of dedicated
frequency control would improve the operation of the U.K. network. However,

this simulation was operated without any interaction with any sort of Unit
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Commitment, plant or'dgeri-nfg or. egiqndmic cqnsidératiqn. Thus it is probable
that in the event of automé,tic fredﬂéncy control being used by the C.E.G.B.
that such a great improveﬁient over the frequency error would not be achieved.
It must also be remembered that the tests were carried out using a ﬁxed set
of operating const_jr_aints a.nd over a fixed period - of time. C»lea.rljffurther ‘work
would be required to invesf;igate the effect of prolonged fr‘eque'ncy‘ control on

the network and during periods of large changes in the cOnéumer load.
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CHAPTER 9

ON-LINE SYSTEM CONTROL

9.1 Introduction

This chapter describes work which was carried out in conjunction with
the Central Electricity Research Laboratories (C.E.R.L.), Leatherhead. The aim
of the reséarch was to investigate the requirements for the interface between the
C.E.G.B. dispatching project and load f’réquency control. A further aim was to
implement the adaptive load frequency controller developed on the Operational
Control of Electrical Power Systems Simulator at Durham into the dispatching
controller. The dispatching project developed by the C.E.G.B. has been under

development for a number of years at C.E.R.L. and a brief description follows.
9.2 Dispatch Project

The C.E.G.B. system is one of the largest systems under single man-
agement compared with other utilities. It is controlled as a single entity, with
little emphasis on tie-line flows. The system operation is characterised by slow
ramping, due to the capabilities of the thermal plant, mainly coal-fired gener-
ators. There is also some pumped storage plant available , but this reserve
is valuable and is dispatched regarding the economics of operation. The
short term frequency control is achieved by each unit’s governor on the thermal
plant, backed up by automatic start-up facilities on the pumped storage units
and gas turbines 29:30:193, The pumped storage and gas turbines plant can
be started up manually if required to control the system frequency. There is
also another option which can be used to control the system frequency but

this is not used often as it involves removing the consumer load. In extreme
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emergencies frequency sensitive protection will load shed, this is very rarely

invoked.

The time scale of this control action is a few minutes onwards. The
control of the real power of the: system is entirely by that of manual action,
although there are numerous off-line computer aids available to the dispatch
controller. The metering on the system and control e‘q'uip»ment{ is designed for
mainly manual operation. The use of automatic control must take this Aiir‘nitation
into consideration and the reqﬁirér‘nent of a continuous Slijjplji delivered to the

consumer.

9.2.1 Inter Area Transfer system

. The manual control of such a large system would very difficult indeed
if it were based centrally. To reduce the difﬁculfy of the control prdblem, the
system is split up into six areas, each with their own Area Control Centre,
which are co-ordinated by a central control at the National Control Centre.
This system of reducing the network into several smaller area is called the
Inter Area Transfer System. The National Control Centre defines an amount
of export or import power for each area and the area control centres adhere
to this centrally calculated amount. The power transfers are calculated off-line
several hours in advance, and updated using the most recent information of each
areas incremental and decremental generation costs alon;g“wif,v}} t}__,;g_ l_imita.,tiO,ns
Vimpo'sed on the system by the ti‘a.nsmission network. In this way %ﬁe large
dispz;tching problem is broken down into six smaller ones, each of which can
be handled by the control engineer in each area. The targets can be biased in

proportion to the system frequency, to assist the effect of the unit’s governors.

The advantages of the Inter Area Transfer System are

(a) The smaller dispatch problems can be handled by one or two control
engineers; this would be very difficult for the whole system.

(b) The task of National Control is eased by the fact that the sum of the
transfers of all areas is zero.

(c) The transfers are selected to avoid overloading the Inter-Area transmission

lines, and the local Area engineer can avoid the overloading of local lines.
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(d) If the transfer calculation is not updated, then the system can still
continue to operate, although it would be less economic.

(e) The errors in demand prediction and target following can be accommo-
dated and reduced by inter-area transfer.

(f) The system has been operated in this mode for many years and the

characteristics of the operation are well known.

The Inter-Area Transfer system worked well in the past, but developments
in the system, computational techni_qﬁes and the desire for more economic
operation required an updating of the dispatching for the system. The generation
of the system became concentrated into a smaller number of larger units and
hence, the concept of central control became feasible. The increase in computer
power enabled the benefits of centralised diépatch linked with a degree of
automation to be considered. The benéfits of centralised dispatch are

(a) Centralised dispatch has the ability to use on-line information that can
be regularly updated. This enables optimisation to be performed more
frequently and hence, the optimal point for system operation can be
followed.

(b) The short term variations from the load prediction can be satisfied from
the whole system rather than by the local control area.

(c) The pumped storage capacity can be treated as a system resource and
used under certain circumstances..

(d) Repeatedly calculated central dispatch calculations potentially provide an
economic benefit by reducing the system requirement for spinning reserve.

(e) The use of computer based dispatch techniques provides a basis for future

developments such as optimisation with respect to consideration of transmission
losses. These transmission losses are incorporated into the calculation at present

foss
by assigning each,a penalty factor.

9.2.2 Dispatch function

The Dispatch Project 8384 was set up in 1981 to review dispatch
procedures in the C.E.G.B. and investigate the advantages of centrgslised dis-
patching techniques for the allocation of real power generation 32:33,79,158,223

The use of computers has enabled the Dispatch Project to be implemented as
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an off-line advisory control function, both in the ‘NaftiOna;l Control Centre and

in Area Control Centres.

The dispatch calculation was performed every five minutes to ensure
that is was up to date, but the results were implemented manually as thoﬁght
necessary typically every 15-30 minutes. Diéf)atéh tétgets are set for each
generator in time steps ranging from ten minutes to two hours, including
pumped storage units. Generator costs "are mode'jjled as picewise-linear using
upto three segments for each -generator, and are uséd to ea‘léﬁla.te t‘h_e individﬁal
targets. The start-up and shut-down times for each unit, are used by a separate
program known as Generating Ordering and Loadihg. (G.0.A.L.) which provides
input data for the dispatch. The dispatch calcilition does not attempt to
carry out any frequency control as the cycling period of five minutes was not

sufficiently fast.
9.3 Load Frequency Control and Dispatch

The aim of the work carried out with C.E.R.L. as described was to
investigate the interface between the Dispatch Project and that of Load Fre-
quency Control, with a view of linking the adaptive L.F.C. into the dispatch
calculation. Clearly this control function requires a completely closed loop
system for operation. The mechanism for closing this loop is not available, and
if it were available extensive testing would have to be carried out before the
loop could be closed in reality. A way in which the controller could be tested

out on-line was required, so a way of closing the loop had to be found.

The L.F.C. function was to be interfaced with the off-line version of the
Dispatch Project which is used for development work. The data base that
the off-line Dispatch software works from is updated as is the on-line version,
but the off-line version can be altered as required with the addition of new
variables for test purpose without affecting the on-line version. This interface
would enable the L.F.C. to run in such an environment that it was reacting to
on-line data from the actual system updated in real-time in conjunction with

the Dispatch calculations.
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The control loop for the L.F.C. was to be closed using a simulated
system which could operate along with the actual system, and react as the
actual system. The input data for the simulation would be a combination
of live data from the data base and data calculated by the L.F.C. and the
dispatch set values. The dispatch set values were calculated from lLve data
from the system data base, including ramping rates, start-up and shut-down
costs and other system constraints to produce an economically determined set
of generator target set points. The configuration of the data base, dispatch

software and the frequency controller is shown in 9.1.

Later it was possible to close the loop completely such that the Dispatch
was reacting to the values calculaﬁed from the L.F.C. itself and theén reacting
to values from the simulation, rather than the actual system itself. Clearly it
was not at all possible to feed control signals from the L.F.C. back to the real
system. The data was still taken from the live data base, so the real system
status still affected the off-line calculation. If was felt that the duration of the
simulation was not long enough for the simulation and the actual system to
deviate to any great extent, so the data from the actual system could still be
used on the system without the loss of any validity. The modified system with
the feedback to the Dispatch function is shown in diagram 9.2. The model
used for the simulation of the system and its requirements are discussed below.
This is followed by a presentation of the results of both the off-line and on-line

studies, along with discussion of the L.F.C. function.
9.4 Simulation Model for Frequency Control Investigation

The L.F.C. function is designed to interact in real-time with the Dispatch
control function and so the model must be capable of reproducing the response
of the system to a reasonable degree. This model is required to be simple so
that it does take up too much of the main computing resource, yet realistic
enough so that the Dispatch function can fully function along with the L.F.C.
and associated control functions. A discussion of the work carried out at

C.E.R.L. follows including: the simulation model used, the use of the on-line
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data base, the operation of Dispatch, the use of L.F.C., the generator unit’s

response and the results obtained from the real system data.
2.5 Dispatch

The Dispatch produces a sequence of target values for every generator
in the system and cycles at every five minute interval. The new set point for
each generator is made available to the database, although the value is not sent
to the generator unit. The new set point is only taken as advisory and must
be implemented manually at present. The simulation assumes that each set
point is directly sent to the generator unit as it would be in a fully automatic
control system. Most of the set points of the generators are kept constant in
the actual system as they are run at their most economic operating point, with
only a few generally available for control purposes. The dispatch calculated set

points for each generator are denoted by U.
9.6 Load Frequency Control

The Load Frequency Control function cycles every few seconds and
produces a modified total additional megawatt signal XAU. This is the total
amount of power which needs to be allocated to the generators for the frequency
error to be reduced to zero in the next time period. The value AU is the
amount of power which is to be allocated to each individual generator, and this
is found by a partitioning algorithm. A value for AU is found only for a small
subset of the generators (typically 12). This is because only certain generators
are allowed to participate in control action for load frequency control. The
generators which are allowed to contribute are decided upon through several
factors

(a) Does the unit have a suitable governor.

(b) Is the unit operating near its maximum or minimum limit, and if so can
it run over these limits for a given period.

(c) Does the unit have to go through any breakpoints. For example does a

coal mill have to be started in order to sustain a power increase.
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(d) What is the unit’s increase, or, decrease rate, and what is the unit’s
turn around time, that is what is the time for the unit’s to change its
ramping direction.

(e) What are the plant characteristics, does the unit have local computer
control?, is the generator flexible enough for change of output (for example
a nuclear station will operate at one point continuously).

(f) Is the generator unit well instrumented, can control commands and
outputs be monitored, are there enough communication channels.

(g) Does the increase in generation of one generation station violate the

transmission line limitations.

The units which are capable of participation in the control of frequehcy in this
case are selected by the Dispatch function and made available to the L.F.C.
function through the data base facility.

At any time there is a combined target for all generators. This is U
for most of the units, but for the proportion which are able to participate, it
becomes U + AU.

9.7 Generator Response

The generator units respond to the target signal which has been calculated
by the dispatch and altered by the L.F.C. of U+ AU and also to the frequency
error Af. Ideally the output should be

(U + AU) — KAf (9.1)

Hence their output is the sum of the dispatch set targets, altered if necessary by
the L.F.C. and the contribution of the governors response to the frequency error.
The governors short term response ensures that the instantaneous frequency error

is reduced.
9.8 Response to Dispatch Set Targets

It is reasonable to assume that generators will follow their dispatch set

targets fairly well, since these are premeditated and calculated using the most
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recent system data. Hence, all the values calculated by the dispatch should
be capable of being reached by the generatofs. However, complete and true
response of all the generator units to the dispatch commands would be an
unrealistic situation to assume 29:30:79.83,8¢ T, add some variation to the
generator response, it was decided to alter the dispatched set point sent to the
generator, by a random amount based on the output of the particular unit five

minutes ago. Hence

P(U) = Pua+ R % (U — Pold) (9.2)

where
P,i4 is the output five minutes ago, and

R is a random number between 0.7 and 1.1

9.9 Response to Load Frequency Control Set Targets

The response of the generator units to the targets altered by L.F.C. is
less predictable as it does not take into account the ability of the machine to
respond to the command issued. The new target to be reached will also be
subject to a firing delay. This unpredictability of the response of the generator

unit is reflected in the way the simulated plant respond to the control signal.

The ability of the machine to respond depends on the type of generator,

so the following criterion was proposed for the plant response.

(2) Oil Plant is certain to respond directly if AU is in the opposite sense
to (U — Pyig) and,
has a probability of 0.6 of responding as ordered if it is in the same
sense as (U — Pyyq) or, if U = Pyg.

(b) Coal plant is the same as above but with probabilities of 0.7 and 0.3.

(c) Nuclear plant, AU is not permitted .

(d) Pumped storage responds directly to system frequency.
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Time response to the control command is very variable, depending on
whether mill or burners have to be started.
Thus the following transfer function was proposed to model the delay in a unit

responding to a control command.

1
1+ TrresAf
The value of Tt ro was determined as approximately one minute, thus Trpe = 1

APrre = (9.3)

minute. The configuration of the L.F.C. function is shown in diagram 9.3.
9.10 System Response to Change in frequency

The generators output respond to a change in frequency due to the

governor action. This is usually quoted as
Change in generation due to change in frequency = KAf (9.4)

However in this case the simulation model must be included in this term as the
model represents the change in the system output in response to the frequency.

Thus the response is re-written as
Change in generation due to change in frequency = KG(s)Af (9.5)

where

G(s) is the system transfer function, and

K is the total gain of the system, made up from the sum of all the generators
distfibﬁtéd about the system. The value of K ié tékeh such tha;t YK =~ 5000
MW /Hz

It is noted that the system becomes harder to control as £K reduces,

as it is less responsive to the control action.
9.11 Simple Simulation Model

The system is modelled using a transfer function which describes the
system in a fairly simple way, but models the reaction of the system to an

input effectively. The simplified representation of G(s) was taken to be

1 1
_ _ _ A 9.6
Power output = ( 1 Tls) (1 1+ T S) f (9.6)

- 289 -




Calculation
every five
seconds

Allocation power

I
System
~ frequency
error
D AN
V ;
Set points Load
supp.lied} from frequency
System response dispatch controller
y p calculation v
to frequency
error
v
ﬂ Partition
’ algorithm
System
gain Power for each
J, generator unit
Allocation
Consumer delay
load
+]
+ +
Change in system power
< due to load variation,
: system response and
System response L.F.C. control
to change in
Frequanpy : power
error
Diagram 9.3 Load frequency control

interfaced to system simulation

- 29

0 -



where

T, is the rise time constant, taken to be 10 seconds, and

T is the decay time constant taken to be 180 seconds.

This is a suitable representation for a system which contains units whose
response is non-sustained (see previous chapter), but if some of the units in
the system have a sustained response, then the term becomes

1 P
pover antpt. = (=2) (1= 2 ) a o
ower output 1T Tos 1 T3 s f (9.7)

where
the value of p < 1 (a typical value would be 0.95).
This situation makes it easier for to control the system using L.F.C., as the

control function can rely on some support from the sustained response units.
9.12 Complete Simulated System Response

Clearly, the generators cannot respond directly and immediately to the
control commands. The response of the generators to the control signal (U+AU)
is strictly limited by the physical constraints, such as the unit’s minimum and
maximum output. It is also limited by the individual generators ramp rates,
but the declared ramp rates for the units are conservative, as they are defined

to specify long sustained ramps, not short control ramps as required by the
L.F.C.

Thus the ramp rates of the generator units could be defined from the
values residing in the data base. It was assumed that the response to the
control command U was constrained by the declared ramp rates (as it actually
was, as the long range ramp rates are declared to dispatch). It was also decided
that the total response of the generators to the error signal U + AU — KAf
should be constrained to within a practical limit. Thus, constraints were placed
on the ramping rates such that the units were restricted to 2% above that
of the maximum ramp rate and 5% below that of the minimum ramp rate.

Also, the ramp rates should not be exceeded by more than 10% of the unit
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maximum ramp rate. The system simulation, along with the L.F.C. and the

Dispatch was shown in diagram 9.4.
9.18 The Generation of the System Frequency

The system frequency was calculated using the standard equation of the
error between the demanded power by the load, and that supplied by the
generators, taking into account the system inertia. This is given by
£(8f) = (5P - D) (0.4
dt Ky

where

3P is the sum of all the generator outputs at time ¢,

D is the total consumer demand at time ¢, and

Af is the system frequency

K; is the system inertia and was given the value of 50000 MW.Hzs.

In this model there was no need for a —K'Af term because this is included

in the frequency response of the plant.
9.14 Solving the Model Equations

“The system. simulation as defined, using the transfer functions described
implies a differential equation description for each generator. To simplify the
progrzimming of the simulation and reduce the number and type of generators
represented in the network, it was decided that the generators could be ‘lumped’
together. This enables one transfer function to be used to represent all the
generators in the system. This implies that all the generators in this system
have the same time constants, and are of the same type. Clearly, this is untrue
as there are many different types of generators in the system. However, the
approximation enables a realistic system response to be obtained without the

use and complexity of many different generator models and types.

When responding to a change in power of AU, it must be remembered

that the power at time t,is only influenced by AU at (t — At). To solve the
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differential equations, it was decided to use Euler Intégratidn, as this is' a simple

and easy to implement method.

The equations were solved using the Modified Euler Method described in
an earlier chapter and so were converted into the state-space form. The state

variable diagram for the system response is shown in diagram 9.5.

Again, as in the previous chapter the variable V(s) is introduced to
avoid the need for differentiation. The state variable diagram is formed by
integrating V' (s) twice and combining the signals required. In this form,
the initial differential equation may easily be solved using the Modified Euler

Method. By inspection of diagram 9.5, the state equations are

#1(t).= 2(t) (9.9)
, Af 1 T, + T

£) = - - 9.10
£2(t) T, Th T 2 (9-10)

These can be written using the matrix notation

{2} B X {z‘}+ {_g_] (Af)  (o11)

0 1
1 T+ T
T2 T\ To
This takes the form of

T TT, T, T,

z(t) = Az(t) + Bu(t)

The output (change in power) can also be obtained from the diagram 9.5 and
can be seen to be

Output = 2,15 K

. The equation to calculate the frequency

d 1
7 (8f) = (2P - D) (9.12)

is treated in the same way and gives

Af 1

Tpa T, ps

ia(t) = o 9.13)

These can be written using the matrix notation

b = [—T; | x 21+ [Ti J@an (0.14)
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9.15 Simulation Demand Modelling

The total system demand varies with a change in frequency according to
D=Dy+ Kp x Af (9.15)

where

Kp represents the change in the consumer load of the frequency sensitive load
which is approximately 2%/Hz

Thus the equation (9.17) becomes

D = Do(1 +0.02Af) | (9.16) -

where
Dy is the consumer load at nominal frequency the change in frequency. The total
system inertia is generally proportional to the total of the plant synchronised

to the system, and hence to the demand. Thus
Kr~17xD (9.17)

However as this model is to be used as a test for L.F.C. it does not enter directly
into the dynamics. It must be remembered that the data and pa.rarﬁeters given
are 'only estimates and that a further enhancement to the model would involve
revising the transfer functions for the individual genérators. However, this
thodel is good' eno,u_gh to provide a valid “test of L.F.C. The values used in the
simulation are a reasonable approximation for a realistic simulation although
individual generator units are not modelled. The model could be made more

exact by incorporating several different generator types.
9.16 Pumped Storage

To enhance the simulation, it was felt that a representation of the pumped
storage generators available on the system should be included as they can be

selected by the dispatch function.

9.18.1 Selection of Pump Storage »
If they are available, but not selected, they should trip in on low
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frequency. The pumped storage units are organised in a cascade arrangement
such that if the frequency reaches 49.9 Hz,
(a) one Dinorwig set at a nominal 200 MW is tripped in with a nominal
rise time of 10 seconds If the frequency reaches 49.85 Hz,
(b) two Ffestiniog sets, with a total of 180 MW and a rise time of 60 seconds
are tripped in.
(c) If the frequency reaches 49.8 Hz, a second Dinorwig set is tripped in as

above.

If the Dinorwig sets are spinning in air the rise time is ten.seconds,
otherwise it ié 120 seconds. In normal operation, the first unit is spinning in
air, the second one is not. Eventually Diébaﬁch will select whether thé set is
spinning, depending on the distribution of -the other reserves. To simplify the
situdtion, the two reaction times were averaged, and the reaction time taken

was 60 seconds.

The two Ffestiniog sets, which can produce a total of 180 MW, and are
tripped in when the frequency drops below 49.9 Hz. These Ffestiniog sets are
only capable of generating at nominal output and hence, are not capable of

regulation.

9.16.2 Pumped storage response
The Dinorwig sets respond to Af ”rhudklumor_e strongly than the thermal
units so this was reflected in the transfer function used to describe their
reéponse. As for the other generators represented by the model, the factor used
was
Power output = Kp, x G(s) x Af (9.18)

clearly showing that the response of the units is sustained.

where G(s) has the transfer function

1

G(s) = 1+ Tpes

(9.19)

where
Tps is the pumped storage rise time, and takes the value of 10 seconds, and

K,, is the pumped storage gain and has the value 600 MW /Hz per running
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set, whether started by Dispatched or on auto start However, the response is
limited by an upper and lower limit of 320 MW and 140 MW, these units have
a sustained output of 300MW.

The response to AU is the same as that to U and hence is given by

the transfer function
1

Gls) = 1+ Toss

(9.20)

The units will respond to the control command with essentially 100% certainty,

but its response is limited to U + AU < 300 MW.

In normal system operation units which come on in this auto start mode
are switched off manually when the system has settled down. Thus a simple
criterion for this was used -to simulate this switching action.

If the frequency has béen above 71:19?.99 Hz for greater than ten minutes
and 10 minutes has elapsed since the last switch-off, then the last block of
auto-start pumped storage that was switched on, is switched off. The term

block is used to indicate one unit at Dinorwig or two units at Ffestiniog.
9.17 Pumping Mode

The level of the reservoir for the pumped storage units is clearly main-
““tained by pumping watér back into 'thé lake above the generation station. This
is seen in the system as a consumer load, and is generally carried out at
times of light consumer load. At the same frequencies as above (49.9, 49.85
and 49.8 Hz) any of the generators which are in pumping mode, will trip off,
thus relieving the system of 300 MW per set of Dinorwig and 75 MW per set
at Ffestiniog. These trippings are taken to be instantaneous at the staggered
frequencies. The pumped storage units cannot offer any frequency regulation

in pumping mode.
0.18 Gas Turbines and Load Disconnection

If the pumped storage auto-start facilities described earlier are insufficient,

a number of gas turbines have auto-start capability with a rise time of five
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minutes. If the frequency falls further and there are no more units available
then the consumer load is disconnected progressively. The engineers will also
start other unused pumped storage and gas turbine plant at their discretion.
Time constants of these activities are likely to be in thé range of five to
fifteen minutes. Load disconnection is designed to cater for local deficiencies in

generation, rather than the system shortfall as a whole.

Clearly, these situations are not concerned with the normal running of
the system and hence it seemed inappropriate to model these more extreme

features until the more basic featiires were validated.
9.19 System Transfer Function Response

The effect of the system transfer function was investigated with the use
of a commercially available control package. The transfer functions used to
describe the system as a whole were combined so that their total response could

be observed.

9.19.1 Non-sustained response

Figure 9.1 shows the response of the system to a step change in
consumer load. This gives the response of a non-sustained system, as described
by equation (9.6). This response consists of the required and familiar rapid
decrease in the system fréquénéj, followed >bjr a short term recoverj_r, then a

continuous decrease.

9.19.2 Sustained response

Figure 9.2 shows the response of the system which contains a proportion
of sustained plant. This models the system as described in équation (9.7). The
usual test of applying a step change in consumer load was carried out and the
resulting change in system frequency noted. This response is typical of such
a system which has a certain amount of plant which is capable of sustained

operation.
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Having determined that the proposed system model responde‘d as required,

the system model was then programmed in the main simulation program.
9.20 Participation Factors

The power error of the system is calculated by the L.F.C. and is allocated
amongst the participating generator units by altering their Dispatch calculated
set points by an appropriate amount. The amount of power allocated to each
unit can be partitioned in many different ways. The -Dispatch calculation
calculates the amount of available capacity on each unit and thé power can

then be allocated between the controlling: units.

The way in which the power is allocated was taken to be as simple as
possible, as this Was only a test of thé;r'e'ciuireméhts. of the interfacing and
interaction, rather than a complete economic calculation. Clearly, economic
factors-play their part in the allocation of the additional power for the system,
but in this case it was felt sufficient to use the order calculated in the Dispatch

calculation.

The. Dispatch function calculates the list of available units based on
economic runniﬁg at every five minute calculation period, which was felt to be
sufficient for this task. This function provides a ranked list of all the units on
the system and their available spare capacity. The top of the list is dominated
by the pumped storage units, but it was felt better not too' allocate these
in preference to other units, as the reverse pump action could not be taken
into account. T-he pump storage units were modelled in the simulation as
described and operated as discussed, but they were not placed directly under
the command of the L.F.C.

Thus the required system power was allocated according to the availability
of each unit, typically the first twelve units were chosen for regulation. This
number was decided upon as it provided sufficient capacity for the allocation
to be effective and yet it left unaltered units which were not to be used in

regulation. Thus at every cycle of the L.F.C. function the first twelve generators

- 301 -



in the list were available for power set point alteration. It was also found that
as the power was allocated in such a way as to take up the available slack on

each unit then only about ten of the available units were ever re-allocated.
0.21 Off-line Simulation Testing

The simulation was tested initially in an off-line sense. This work was
carried out to ensure that the simulation programme operated as required and
that problems encountered with the computer code could be solved E‘efore the
simulation was installed at C. E.R.L. The simulation testmg was carried out
using a varlety of forcing functions, which represented the change in consumer
load. These included

(a) Transfer function analysis,

(b) single step changes, to investigate the system response to a sudden
generation loss incident,

(c) multiple step changes to follow the response to continuous level changes,

(d) sinusoidal inputs to follow the system response to slow repeatable changes
in load, and

(e) random load inputs to follow the systém response to actual operating

conditions.

With the use of the features in the model it was possxble to 51mula.te a
‘m;n_nb_errof system 1nc1dents such-as
(2) the loss of a 500 MW generation unit
(b) the increase or decrease of load of a 500 MW demand step
(c) step changes in system gain, inertia and loss of regulating capacity. The
off-line testing procedures are described below. The following sections describe
the off-line testing procedures used to test the model and some of the results

achieved from the testing. -
9.22 Simulation Studies using Sine Wave Inputs

Many of the results-that follow show the adaptive controller at the

beginning of its operafion, Clearly, during the initial operation, the controller
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has no in built knowledge of the system. This means that the initial tuning
transients are seen in the results. In practice these tuning transients would
be filtered out of the control acfion, or the controller would be started with
a rough system model. This would lead to control action calculated on a
standardised system model that could be used for all tests of a particular
system in a particular configuration. The use of the tuning transients indicates
the speed at which the estimator can adapt to system about which it has no

prior knowledge.

For off-line testing purposes, the first forcing function (or driving error)
used was that of a low frequency sine wave. The sine wave was used directly
as the driving error, along with a small proportion of noise on the directly

calculated wave form. The effect of this ‘load error’ is shown in figure 9.3.

The calculated control signal initially is very oscillatory. This rapid
increase and decrease is due to initialisation of the parameter estimation routine.
The oscillatory nature is shown to illustrate the effect of the initial parameter
tuning, starting from a completely undefined system. This command control
signal would clearly not be allowed to be sent on to the system generators
themselves, as this is only required for the parameter tuning and would cause
great instability in the system and unnecessary wear and tear on the machines
themselves. Clearly this type of control action is not required on the system.
Once Vthe paraméter adapt.ionr has .taken place the control commands follow
directly the forcing function. In this initial case there were no lags introduced
into the system and so that direct control action could be taken, but not of
a practical nature. The frequency error due to the load change is controlled
tightly as would be expected with the direct method of éontrol. The noise on
the load error is seen directly on the control action through the noise generated
in the frequency. This noise is filtered somewhat by the plotting technique used.
This simulation was carried out taking the calculated data every twenty seconds
as the input to the L.F.C. routine. The number of estimated parameters used
in parameter estimation routine was two parameters, which is seen to model

the simulated system well.

- 303 -



The effect of .higher order estimated parameter models is seen in figure
9.4. The number of estimated parameters used in the modelling process in this
simulation was four. It is clear that the system is over modelled. The control
action based on the model is excessive and sometimes unstable. This control
action is obviously following the load error but is over reacting to the frequency
error. The load error pattern is followed tightly by the control action, but
clearly the control effort is too great. The frequency error is of the same order
as the previous figure, but in the previous figure, the control effort was greatly

reduced.
9.23 Simulation Studies Using Step Inputs

The simulation was subjected to a number of step inputs to simulate
generation loss incidents or sudden increases in consumer load. The system
response was tested without using any control effort to take corrective action,
this is shown in figure 9.5. The frequency response shows a rapid decrease,
as the load change occurs. This is followed by a small increase, then a drop
back to a continuous steady-state error. This plot similates a system with a
large proportion of sustained response, in that the frequency deviation recovers
after its initial decrease, and then stabilises out at a continuous error. This is
a typical plot of a system which has a controller that contributes no integral
effort to the control action. The consumer load is a step of 300 MW and the
ﬁnal“stea.dy state frequency error is —0.006 Hz, giving a sj;stem gain of 5000
MW /Hz, as defined in the specification.

The simulation responds as required in the previous test, but it was felt
that this was somewhat unrealistic as the system it was designed to model does
not have a large proportion of machines which are capable of giving a sustained
response. Thus the System simulation was altered in such a way as to decrease
the proportion of sustained response machines represented in the simulation.
This was carried out by altering the transfer function as described earlier. The
factor used on the top of the transfer function was set to 0.95, representing the
fact only 5% of the machines in the simulated system were capable of giving

a sustained response. The effect on the frequency error is shown in figure 9.6.
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Again the change in load is as before, but in this case the frequency error
recovers only slightly and then begins to fall away, characterising the system
response of the actual system under study. In this case the system does not
have sufficient reserves to support the load change and the system frequency
decreases. The frequency would continue to decrease until the pumped storage
units came in under frequency relay control or more drastically other consumer

load was removed from the system.

9.23.1 System gain test

Figure 9.7 shows the response of the system to a typical system gain
test. The system is operated in a mode such that there are no external control
functions operating, the only control in the system are the individual gererator
governors. The step load change is applied to the system and corresponding
change in frequency noted. In the steady state, the constant frequency error is
measured and used to calculate the gain of the system. An unrealistically large
load was used to illustrate the decrease in frequency for plotting purposes. The
change. in frequency is seen to be 0.1 Hz, this is a very large change in system
frequency, and produces a gain of 5000MW /Hz, the programmed system gain.
The figure also illustrates the problems encountered vsampling the output of the
simulation at minute intervals. The sampling frequency is such that the overall
shape of the response is shown, but the actual detail of the response may be
missed. In this case the recovery of the frequency after its initial rapid decrease

is not captured, but is known to exist by studying the previous figures.

9.23.2 Delay of load frequency control signal

Figure 9.8 shows the system responding to a sinusoidal disturbance,
with the L.F.C. function responding to the frequency deviation. In this case
the excess power allocated by the L.F.C. is delayed using the delayed function
described earlier. This simulates the inherent delay that would be seen by
the L.F.C. commands as they are sent to the system, and before they are
implemented on the system. This system delay would be modelled in the
estimated model calculated by the controller as the control action is seen
to affect the simulated system after a finite time. Again noise has been

superimposed on the driving error to simulate noise that would be picked up
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in the system operation. There is some noise seen on the control action, but
has been greatly reduced by a simple averaging procedure used to filter the
input. It is seen that the adaption routine is affected by the system noise and
this can lead to incorrect control action being calculated, hence, filtering of the

input variables is essential.

Figure 9.9 shows the system response to a step change in load, and
the response of the L.F.C. reacting to the frequency deviation. The L.F.C.
response has been limited to avoid rapid change in power and overshoot from
the step input. The L.F.C. estimation routine has started from an unknown
system and hence needs to adapt as the disturbance is seen through the system.
The initial change in the control action is influenced by the adaption of the
parameter estimation rather than the load disturbance. Once the estimator has
adjusted to the system it is modelling, the control action becomes dependent
on the driving error rather than the estimation routine. There is a slight
frequency error which persists in the system, and this is the driving error for
the controller. The control action is increasing to remove the error totally from
the system, which it would achieve given time, once the estimation routine has
produced valid model parameters. If the system model is known before-hand
from previous runs of the simulator, clearly the initial adaption is not required,
and the control action is directly relevant to the system disturbance. The
control action during the parameter tuning phase of operation w:ould clearly

not be sent to the syste'm'to be implémented.

9.23.3 Delayed control action

Figure 9.10 shows the effect of the delay term in the simulation acting on
the calculated control action. The figure shows the amount of power allocated
by the L.F.C. function for the control of the system frequency and the power
actually allocated to the system at any given time. The power that is actually
allocated to the system lags behind that scheduled for allocation by the control
function and there is clearly a deficit of power allocation to the system. The
allocation of power is, however, greatly filtered by the system and hence, the

actual allocation of power is far smoother than it would have been if directly
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Figure 9.7
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applied to the system. The controller signal would require filtering before being

sent to the generator units, as this signal is exceptionally noisy.

9.23.4 Parameter identification

Figure 9.11 shows the estimated parameters for the system model in
response to a step response. The L.F.C. function was working in a monitoring
mode only in this case. This mode of operation enabled the parameter adaptionv
part of the control function to be studied, without the interaction of any control
action. Initially the parameters for the system model are unknown, and hence,
the step input is the first of the system information to be collected by the
estimation routine. The estimated parameters converge to constant values for
several tens of minutes, but then they begin to diverge. This movement of
estimated parameters is due to the system input not being ‘persistently exciting’,
and after a period of no new system information, the estimated parameters
begin to wander away from their previous values. The lower figure, figure 9.12
shows the decrease of the system frequency as there is no control action to

respond to the change in consumer load.

9.23.5 Step input with noise

Figure 9.13 and figure 9.14 show the parameter adaption for the model
estimation for the simulated system, and the consumer load change. There are
two parameters estimated for the system model, which converge to steady state
values after the step disturbance. The parameter estimation, initially has no
prior information of the sjstem and hence, the first estimations are required to

start to converge on the system model parameters.

There is, initially only noise on the measurements, as the system is
in steady state. The parameter adaption routine start to converge to a set
of parameters with little system information to which to respond. The step
input in demand enables the controller to begin the modelling process, which is
clearly seen as an increase in the control command signal. The control ramps
up rapidly, as the controller responds to the demand change, with values based
on the previous estimated parameters. The step information provides extra

information for the estimation routine to react to, but by this time there has
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Figure 9.11
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Figure 9.13
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been an overshoot of the control action. The control action is restored by
a rapid ramping down of the power Set points and settles to a value exactly
matching the disturbance. The parameters of the model have converged rapidly
to the new system model, and this assists the control action to be restored to

its correct course.

9.23.6 Constrained system output

Figure 9.15 shows the control calculated for the system when a sinusoidal
input was used to describe the system load. The output of the L.F.C. function
was heavily constrained by the rarrip limits placed on it. These ramp values
were deliberately chosen so that the calculated -control commands could not be
executed as required. The effect of these constraints on the controller is shown
to produce a triangular shaped waveform as expected. This shows the problems
encountered when control action is required that cannot be delivered by the
system in question. The system frequency is seen to follow a sinusoidal form,
dictated by the input driving error, and the lack of ability of the control action

to be allocated as desired by the values calculated by the control function.

9.23.7 Controller with previously known parameters

Figure 9.16 shows the effect of the system responding to a step change
in load, controlled by a controller that has prior knowledge of the system. The
parameter estimation results of a previous simulation are used as a basis for
the parameter estirtiation of the next simulation. The data arrays used in the
controller do not need to be filled up with valid system data in this case as
the initialisation of the controller uses previous valid data. The step change in
consumer load is directly followed by a change in generation, which settles to
its required value without any overshoot or oscillations. The system frequency
is seen to have a small offset, which is due to the problem of ‘persistently
exciting’ inputs. The step input does not contain any other change level, so the
set of estimated parameters used to model the system are in fact incomplete,
and another disturbance would be required to completely describe the system

and hence enable the the estimated parameters to fully model the system.
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Figure 9.15
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9.23.8 Steady-state parameters

Figures 9.17 and 9.18 shown the system response to a step change in
consumer demand and the corresponding estimated parameters calculated by
the controller. The system is known to the controller by storing the system
state as described earlier. The parameters converge rapidly after the system
disturbance, and are unchanged as time progresses. The same problem as above
is seen again as the input remains at a constant after the change, which lead
to a small steady-state frequency error. This error will remain on the system

until the model can be updated by the system reacting to another disturbance.

0.23.9 System response to square-wave inputs

Figure 9.19 and 9.20 shown the system response to square-wave inputs.
They both show the initial parameter adaption phase, with the excessive control
action. This is then replaced by control based on a known system model as the
estimated parameters converge. The system error frequency is greatly reduced,
and no steady state error is observed as the system is fully modelled by the

estimated parameters.

The figure (9.19) shows the controller response to a load change which
is always greater than zero. Figure (9.20) shows the controller response to a
positive and negative load change, along with periods of constant load. The
estimator tracks the disturbances in such a way as to enable the controller
ensure that the frequency error never exceeds + 0.02 Hz. Hence, the controller
has been shown to be able to track quite drastic changes in system load and

continue to produce suitable control signals.
9.24 Controller Model Response

The simulation was operated several times using a step change in load
as a driving error. The corrective action from the adaptive controller has been
shown in several of the previous figures. The estimated model parameters used
by the controller to calculate the corrective action were also recorded. These
parameters are able to model the system themselves, so a check for the accuracy

of the model estimation was carried out. The control and simulation package

- 316 -



Figure 9.17

TITLE: Rdeplive control analysis
System Simulallon and LFC Control

FIGURE,
—— Frequency  -——-— Control
...... Demand .
QUTPUT
0.530 T L
LI * '.‘-“-'-w”;”_5_._..A--=h--,.-s--..~rq——-“~~..g~
J'J’,,fl"“"
o
0.380 T
Y4
J'
/
/
f
i
§
!
0.250 + !
i
'
I
i
t
1
i
1
0.110 + !
-
D
o
g
:r b r':-:g
e T
-0.030 1 1 1 1
i 1 1 I L
00:00.00 00:14:55 00:29:50 00:494,4S 00:59, 41
PERIOD Chrumin: sec)
TITLE: Adeplive control snalysts
F1GURE Parameter sstimatas
A1 A3 ~—— B 2
------ ﬁ 2 — - — - — B 1
PARANETERS
. 470 F .
2.787
0.105 -
-2.877 +
%
A
-5.260 - I } 1 1
00:214,57 00:23:55 00:44,53 00:59.51%
PERIOD Chrsmin:sec)

00:00:00

Figure 9.18 _ 317 -



Figure 9.19
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mentioned earlier was again used to investigate the nature of the estimated
model. The estimated parameters were arranged to form a transfer function
which represented the system response. This transfer function could then be

subjected to step inputs, just as the simulated system.

These discrete transfer functions were programmed using the package.
The estimated model was then subjected to rather arastic load changes so a
significant response could be seen. The response of the model to the change
in load is shown in figures 9.21 9.22 9.23 and 9.24. The value of n shown in
the top figure in each case is equal to 10. H?eﬁde, the time scales of the upper
and lower plots are the same. The lower figure m each case is. a plot of the

continuous time representation of the response.

The first figure is.the response using two ‘A’ parameters, the second is: the
response using three A parameters. There is little difference between the shape
of two responses, except the first one has a slightly greater maximum frequency
deviation and a greater steady-state frequency error. From the calculated
figures, the system gain for the first case was calculated to be approxima.fely
5000 MW /Hz, from a load change of 660 MW to simulated the loss of a large
modern generator unit. ‘The second case pﬁro»duced a gain of approximately
4888 MW/Hz, about the sz@me‘ value, only slightly less than the simulatio_h
progl_'ammed gain. Tﬁus it is seen ihat’ the model estimation is good enough
to model the simula,t’éd system. 'T‘hié model produées a gbod“es’timation of the
system parameters such that the control commands that are calculated based

on the model -are valid. -
9.25 Implementation of the Control Scheme

The L.F.C. function was interfaced to the C.E.R.L. Dispatch function
and on-line database, as shown in earlier in diagram 9.1. This was achieved
by incorporating the appropriate link commands and required variables into
the L.F.C. function. This interaction was complex as the database entry was
strictly defined. The interaction between Dispatch and L.F.C. was designed
along the lines of that proposed in the O.C.E.P.S. simulation work. The
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controller programs were operated from a single timing and scheduler controller.
This enabled the use of the D.E.C. V.A.X. hibernation command, which enables
a task to be active for a given amount of time to allow it to perform it specific
operations. After its operation has been completed, the task becomes dormant
until it is scheduled to come out of hibernation. The use of this scheme enabled
the required information flow between the two controllers to be synchronised
without undue loading on the computer that was used to run the controllers.
The hibernation controller is clearly the key to the smooth running of this
combined control action and may aspects of its operation had not previously

been considered.

The variables supplied from the database and Dispatch are as follows

(a) the maximum number of generators,

) the number of generator real power measurements,

) the generator status (connected, or disconnected),
(d) the system frequency measurement,

) the present time in seconds,

) the power set point of each generator, at the present time,
(g) each generator’s lowest power output,
(h) each generator’s maximum power output,
) each generator’s maximum ramping up rate, at each output level,
) each generator’s maximum ramping down rate, at each output level,
(k) each generator’s dispatch calculated participation factor
) the dispatch set point target for each generator,
(m) the total system output,
(n) the total system load

9.25.1 Off- line simulation testing

The simulation was initially tested using an off-line load curve to
investigate the system operation and the problems involved with the database
interfacing. When these problems had been solved, the simulation was driven

from the system load updated from the data base. The L.F.C. was fully
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operational at this stage. The simulated frequency from the system model for

two simulation runs is shown in figure 9.25 and 9.26.

9.25.2 Actual system frequency response

The actual system frequency was not available at this time for a direct
comparison, but it is known that the system was in its normal steady-state
without any significant perturbations. Later, the actual system frequency was
made available from the database. This enabled the actual system frequency
to be monitored for periods of time. A plot of the recorded system frequency

at minute intervals, over a fifteen hour period is shown in figure 9.27.
9.26 Comparison of Simulated and Actual Frequency Responses

With the availability of the on-line frequency at minute intervals, if was
possible to compare the actual system frequency with that of the simulation.
The simulation was run for periods of approximately thirty minutes and suitable
data recorded. This time period was used so that the amount of data collected
from the system and simulation did not become to great. A plot of the
recorded system frequency and the system simulated frequency, over a twenty-
eight minute period is shown in figure 9.28. The system frequency is greatly
smoothed by the frequency of the collection of the data, but it gives a general

trend of the system behaviour.

The simulated frequency deviates from zero, as the simulation has to
start from the steady-state unlike the actual system which is always in a state
of change. After the initial start it then begins to follow the trend of the
system frequency. The simulated frequency is also greatly smoothed due to
the data collection interval of a minute. The simulation was again run to
simulate 20 second time periods, but because of the overheads involved, the

L.F.C. function could only be operated every minute interval.
This figure shows the first closed loop operation of the controller, simulator

and the on-line data. This is the fist time that such an operation has been

carried out using live data from the C.E.G.B. system. The results obtained
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Figure 9.25
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Figure 9.27
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from this successful test show that closing the loop on the controller does not
cause any instability within the loop. The control loop is stable within the
confines of the simulation. Although the simulation is crude, it does contain
details such as implementation delay of the control action and the fact that
the generators have only a limited probability of responding to the calculated
control action. Thus the limited implementation of this control scheme initially

shows promising results.

The Dispatch function up to this point had been providing values for
the L.F.C. calculation directly from the database, there was no feedback from
the frequency controller itself. The links between the L.F.C. and Dispatch are
shown in diagram 9.2. With the links between the database, Dispatch and
L.F.C. operating as required, it was decided to further integrate the control
functions. The generator power set points from the Dispatch function were
passed to L.F.C. and altered as required. These set points were used by the
simulation as an input but were not fedback to the Dispatch. The data flow
was re-arranged so that the altered generator set points were sent to the system
simulation, and to the Dispatch function. This enabled the Dispatch to calculate
the new set points based on the previous L.F.C. target set points, rather than
the values from the system. The result of this interaction is shown in figure
9.29. The simulated and actual frequencies are shown for a period of twenty
seven minutes. The simulated frequency again starts from the no error and
proceeds downwards following the general trend of the system frequency. - The
system frequency and simulated frequency are not as close as in the previous
example as the Dispatch calculation is based on the simulation response, rather

than that of the actual system.

This plot shows that the controller loop is still stable even when introduc-
ing the Dispatch function to the complete loop. The ability of the simulation
to follow the general trend of the actual system frequency should be noted.
The simulation frequency error should not be as great as that of the actual
due to the fact of the control scheme in operation. This is in fact so but only
over a limited period of time. Due to operational difficulties periods of longer

testing could not be carried out.
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Figure 9.28
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9.27 Conclusion

This chapter has described the work carried out in preparation to test
the L.F.C. function operating in an actual system. The work included an
investigation into the variables required to form the interface between the
controller and the external system and the requirements to operate along side
a real-time data base. The links between the controller and the Dispatch
function have been investigated along with the reaction of the Dispatch to

control commands calculated by the L.F.C.

The use of system simulation was considered to enable the L.F.C. function
to operate with the Dispatch system, and hence form a closed system. The
system was designed to model the action of the whole of the C.E.G.B. generation
system in a general way. This aim was achieved and proved by comparing the

simulation system output with that of a typical C.E.G.B. system output.

The simulation was shown to respond well within the limitations of the
rather crude modelling approach. There are the required similarities between
the actual system and the simulation which make the simulation sufficiently
accurate to use in the further tests. The model satisfied the engineers at
C.E.R.L. that the response was the correct shape to simulate the actual system

to a reasonable degree of accuracy.

Some of the most interesting results from the tests were achieved when
a square wave was used as the driving error for the simulation. In these cases
the controller was sufficiently exzcited and responded well. The actual system
has enough noise and general changing of recorded values that the problems
of having non-stationary values for long periods of time is small. Various safe

guards may be built into the controller to remove this problem.

The parameter model that is calculated by the L.F.C. function was
used to create a model of the simulated system to check the accuracy of the
estimation procedure. The result of this has shown the modelling process to

estimate an accurate model of the system under study.
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The plots presented in the latter part of the chapter were constrained to
a short time period due to operation difficulties with the on-line data collection
and recording. The time period of the plots shows that the system was in
fairly steady-state operation. In this case the manual operation of the system
from National Control is possible without the need for a great deal of manual
controller interaction. It is seen that in this state, the automatic controller
is able to react as well as the manual approach. It would be interesting to
observe thie prolonged effect of the described control scheme on such a system.
The data presented was from the system in steady—state. Unfortunately there
_were no System Incidents while the data was being recorded or minor problems
on the system. The effect of a so termed snteresting event would be useful to
access the controllers reaction to that of a change in the system status. An
instability on the system is not seen too often so prolonged data acquisition

would be required to record any meaningful results.

Although the simulation is only a crude representation of the system
is does include some the important factors seen in the actual system. The
integrated control scheme remains stable in closed loop operation, and the
simulation follows the trend of the actual system. This project has given some
insight into the problems of placing an advanced control scheme on a system
that previously had little automatic control. It has enabled the system response
to automatic control action to be observed, from a simulation of the actual
system, using actual system data. The results are promising but due to time
constraints, the project was unable to continue. However, it considered some of
the implementation problems that would be associated if any sort of frequency

control scheme were to be used on the C.E.G.B. system.
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CHAPTER 10

CONCLUSION

This thesis has presented the results of a study of power system control
with special emphasis on the integrated control of the system frequency. This
has been achieved by direct automatic control of the turbine-generators in the
system to establish what is termed Load Frequency Control (L.F.C.). The use
of L.F.C. schemes to balance the energy demanded by the system load and
that produced by the system generators has been studied in great detail. The
original algorithms for L.F.C. were developed using fixed parameter type control
schemes, much work has been published in this particular area. However, the
use of non—-dynamic controllers led to non-optimal control of power systems.
Clearly, there was a need for optimal controllers that could alter their control
action depending on the state of the system and operate within economic

constraints.

The general trend in power systems control has been towards centralised
control rooms were Energy Management Systems are used to control networks
with greater speed and efficiency than with the traditional manual approach.
This has led to more economic operation of the system and has had a dramatic
effect on long system operation and planning. Computer assistance may be
used in long term system planning as well as in hour by hour, down to the
second by second operation of the system. The use of Energy Management
systems has enabled power systems to be operated in a more economic manner

and with increased security of supply to the customer.

Initially, the type of controller investigated was of the fixed parameter
type. This served two purposes, firstly it helped to define the problems faced

when implementing an L.F.C. scheme in an Energy Management system, and
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secondly general experience was gained in the a.réa. of system control. The
controller chosen for this application was a fixed parameter controller, using a
well known and understood P+1I control scheme. Although this scheme produces
numerically robust control action, it can only calculate an optimal response for
a defined set of operating conditions. In the case of power systems, this leads
to periods of non-optimal control action as the system can change its gain, and
hence its operating point as system conditions alter. Thus the fixed control
scheme is not ideal for use with dynamically clha.nging systems. The requirement

for a non-static controller was realised early on in the project.

Before using adaptive control techniques, it was necessary to decide the
type of control required. The two questions, what is adaptive control, and
is it useful in this application, were initially considered. Clearly there was a
requirement for a control scheme that was able to change its control action
depending on the response and the state of the system at any given time.
The use of stochastic control theory cannot directly solve a non-linear problem,
however, the problem may be linearised and then a theoretical solution may
be calculated. With the repeated use of stochastic control schemes it has been
shown possible to control a non-linear system. One problem that can occur
is that the due to modelling errors, a sub-optimal solution for the assumed
process may be calculated. Also, if the assumed model is incorrect compared
with the actual piant, errors from the control action can become significant. It
has been shown that the reduced Iﬁodeiliﬁé prgéesé pfopoéed' in. this thesis is

able to model a system sufficiently accurately for these errors to be reduced.

The use of adaptive control to produce a self-tuning regulator was
investigated. The regulator may be split into two distinct sections. Firstly
there is the system identification function, followed by the calculation of the
control action. Various methods were reviewed for these operations. The
methods finally used were hybrids of those reported in the literature. Many of
the methods use the same basic ideas with some alteration to suit a particular
set of constraints. The controller proposed in this thesis is a combination of
several versions of the basic controller, to enable it to track rapid changes in the

system and also follow periods with little change. This thesis has considered
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adaptive control schemes which enable the control action to be calculated, based

on the current system status and operating conditions.

The estimation scheme used for the controller was a recursive least squares
type of calculation. This is useful for dealing with systems that vary slowly
with time. Modifications are required to the basic algorithm if the system
under consideration varies more rapidly with time. The effect of swamping the
algorithm with dé,ta. may be seen under some circumstances. For this reason, an
exponential window is used to control the data flow. The old data is removed
exponentially as the new data replaces it. It is also possible to make the
adaptive algorithm more robust to enable it to cope with plant non-lineararities
and sudden parameter changes. The estimator must be able to respond quickly
to changes in system conditions, this can be achieved or assisted by the use of

a variable forgetting factor.

The use of a self-tuning regulator was considered so that the changes
in the system conditions could be tracked and allowed for by the controller.
The ability of the self~tuning regulator to produce robust control commands in
real-time is a great advantage for the on-line control of a power system. The
regulator requires an estimiated model of reduced order of the system under
study. This model must be sufficiently a,ccura.t-e to estimate the system status
to a reasonable degree, without causing errors by over modelling.

The use of variable forgetting factors in the estimated system model has
been proposed for frequency control. These forgetting factors allow for the fact
that the system changes status at differing rates. The data accumulated by
the estimator may be weighted in favour of the newer data points if the system
is undergoing a period of change, or it can be stabilised if the system is in

steady-state.

The proposed controller uses the updated estimated system model as a
basis to calculate the control action. The controller is designed to minimise the
variance of the system error whether it is a single system or an interconnected

system. The basic controller may be extended so that it can be used to control
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an interconnected system as well as a single network. The frequency error and
the tie-line power flows can be both used as control variables as required. The
use of weighting factors in the calculation enables the required minimum to be
reached depending on the method of operation either frequency error, tie-line
error, or a combination of both. It is not possible to minimise against both of

the variables as they are totally independent.

This control scheme is able to react to all system operating conditions.
It is able to track the system and offer optimum control action for large abrupt
changes in consumer load or generation, or slower smaller changes. The scheme
is two way adaptive in that it uses an on-line continuously updated model for
the regulator, and the weighting assigned to the frequency error and tie-line
error. The use of this controller improves the frequency response of the system
tested. It is beneficial in system operation in both steady-state and transient
conditions because of its ability to ché,nge the control action as the system

conditions change. This also makes it useful for direct on-line applications.

- The current trend of linking power systems to their neighbours has
helped to reduce their operating overheads. This method réquires less plant for
for system regulation, less spinning reserve and has increased system security.
However, this trénd has also increased the demands placed on the control
functions of the system. Well defined ‘mod'els of the neighbouring systems are
required to allow the meaningful control of power interchange to be achieved.
This has effected all the control functions in the energy management of the
system and all control schemes should now be capable of considering the effect
of influences outside the original system. This is especially true for the L.F.C.

strategy.

The use of generator control modes was introduced to the controller to
interact with the simulation. This enabled the generators to be controlled in a
more realistic way. The introduction of Base mode and Ramp mode provided
the opportunity to simulate differing control modes in the system. It enabled

part manual control and part automatic control of the generator units which
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could not previously be achieved. This placed more constraints on the L.F.C.

function as the system characteristics could be changed even more dramatically.

The operation of the adaptive controller was unaffected by these manual
control operations and continued to operate with meaningful control action. The
ability of the system to track the control state of the generators enabled the
other long range cohtroller functions to take account of the manual interaction
and integrate this into the automatic control scheme. The control states of the
generators allowed the operator to see directly the system operating state. If
the data from the system became invalid either by telemetery fault or' failure the
control state could be changed and indicated to the operator. Appropriate action
could then be taken either automatically or manually. Once the data became
valid once again the control state could be changed and the unit incorporated
into the control scheme once again. This type of change on the system clearly
would have caused problems to the fixed control scheme investigated in the
early stages of the project. The enforced partial control of only some of the
areas generators would clearly have caused the controllers response to be non-
ideal. However, using the adaptive control techniques proposed in the thesis
the controller was able to change its system model to reflect changes in the

actual system and hence, the control action it calculated.

The thesis also presents an investigation into the types of support software
which is required in an L.F.C. scheme to assist the adaptive controller.- This
important subject was carried out in two separate sections. Firstly, there is
the interface between the L.F.C. function and the other command functions in
the controller hierarchy. Secondly there is the support software required by the
adaptive controller itself within the L.F.C. function. The interface between the
other command functions is important because there needs to be a well defined
exchange of information within the controller hierarchy for the optimal control
of the system to occur. The support software around the adaptive routines
themselves is important for the robustness of the controller. Little work had
been carried out previously in this important area which is required to ensure
that the controller is numerically stable, protected by invalid data values and

continues to operate when the data is not sufficiently exciting.
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The work into the interface requirements was continued when the con-
troller was tested as part of the software used by the C.E.G.B. This work
allowed the controller to be tested on lLve data from an actual system. Due
to the constraints placed on the testing, only a simulated system could be
controlled. However, the control loop was able to be closed by linking the
L.F.C. function to Dispatch function also running alongside the simulation, yet

receiving its data directly from the live system.

The controller has been validated against the O.C.E.P.S. simulator, which
has been in turn validated by the C.E.G.B. The controller has also been operated
inconjunction with a C.E.G.B. proposed simulation model. This model was a
reduced order system model giving a realistic response with out the buffering
effect of any complicated Energy Management software. It enabled a direct
comparison to be made of the proposed automatic control action and a simulation

of the currently used C.E.G.B. manual control and dispatching techniques.

The project has enabled the problems of interfacing L.F.C. techniques
with Dispatching and other software. The use of on-line database operation
and definition has also been investigated. The controller has been used directly
with a Dispatching technique employed by the C.E.G.B. at National Control.
Tl_i-is showed that the controllér was able to function well with action based on
rea’l—fime live data as well as defiriing the interface between the control functions.
The' cloSed loop operation between the L.F.C. and Dispatching function along
with the system simulation and live data showed that the proposed system
could well work to control the frequency of the C.E.G.B. system, although

clearly there is far more work to be carried out.

With the ever expanding size and complexity of both power systems and
their control centres there is an increasing need for L.F.C. schemes. External
pressures both economical and political require the control of the C.E.G.B.
network to be altered in such a way that computer control will be required
to carry out much of the day to day operation. Previously, systems which
have relied on manual frequency control will, through external circumstances

require tighter control over system frequency. There may even be a requirement
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for economic operation using interconnecting lines to other utilities, perhaps in
other countries. The subject of an integrated power system control strategy is

clearly important from an operational and economical view point and should

continue to be investigated.
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Appendix 1

O.C.E.P.S. Scenario

The standard test for all software within the O.C.E.P.S. package is an
hour long scenario. This test is designed to create difficult control situations
for the automatic control functions in the O.C.E.P.S. environment. It creates
a set of system conditions to simulate those operating conditions which would
be met by an actual system. The test is designed to simulate the steady-state
running of a system and severe emergency conditions, to the limit where the
system actually becomes separate sections. It ranges from the standard loss of
consumer load, the loss of a generator unit and loss of transmission lines to
the more severe condition of system islanding when the system forms separate
electrical islands. This test causes severe transients on the system as well as
splitting the system into separate self-supporting networks. The last test in the
scenario requires the resynchronisation of the separate electrical islands. Clearly
all the control software must be capable of not only controlling the system

during these severe transients but also under islanding conditions.

The scenario itself is presented at the end of this section. There follows
a brief description of the various commands that are used to drive the scenario.
It initially starts with the loss of consumer loads, a transmission line and then

a generator.

The scenario starts at 07:00
1) after 4 minutes load 4 is disconnected,
4 minutes later load 4 is reconnected,

minutes later the breaker on the sending end of line 1 is opened,

—~ e~~~
- T ]
St

(4]
N Nampe? g

minutes later line 1 is reconnected,

minutes later generator 2 is disconnected from the system,

L )

—~ e~
D

minutes later generator 2 is resynchronised to the system.

At this point the network is split into an active section and a non-active

region which are then recombined.
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(7) 4 minutes later 3 lines and 2 links are opened to form a passive region
of the network,

(8) 4 minutes later the region is re-energised.

The network is now split into islands
(9) 3 minutes later the network is éplit into 2 separate electrical islands,
(10) 6 minutes later the system is split into 3 separate electrical islands,
(11) after 5 minutes of split operation, there is an attempt to resynchronise
part of the network to form 2 islands.
(12) after 10 minutes of split operation there is an attempt to resynchronise

both islands to reform the complete network.
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. SCENARIO OCEPS SIMULATION OFFICIAL DEMO

REVISION 3.00.00

DATE 24.02. 87

F I

#TITLE OCEPS SIMULATION OFFICIAL DEMO R3.00.00
R

STIME 8/2/1985.7:0:0 ;% wait until required date and time
M )
SWAIT 0.0:4:0 ;¥ wait for 4 minutes

$OPEN LOAD, 4 ;% disconnect load number 4

&

SWAIT 0.0:4:0

$SCLOSE 1OAD, 4 ;% reconnect load numbexr 4
%

S$WAIT 0.0:2:0

SOPEN LINE SEND,1 ;% disconnect line number 1 at sending end
#

SWAIT 0.0:4:0

$CLOSE LINE SEND,1 ;* reconnect line number 1
* :

SWAIT 0.0:4:0

S0PEN GEN, 2 ;* disconnect generator number 2
%

SWAIT 0.0:4:0

SCLOSE GEN, 2 ;* reconnect generator number 2
%

SWAIT 0.0:4:0

SOPEN LINE SEND, 32 ;* disconnect line number 32 at sending end
SOPEN LINE SEND, 24 ;* disconnect line number 24 at sending end
SOPEN LINE SEND, 19 ;% disconnect line number 19 at sending end
SOPEN LINK, 42 ;% disconnect link number 42
SOPEN LINK, 43 . ;% disconnect link number 43

* *

a region of the network is now de-energised
*

SWAIT 0.0:4:0

$CLOSE LINK, 42 ;* reconnect link number 42
$CLOSE LINK, 43 ;* reconnect link number 43
® * the region is now re-energised

%
$WAIT 0.0:3:0

SOPEN LINE SEND, 15 ;* network now split into two islands
%

$WAIT 0.0:4:0
$OPEN LINE SEND, 10
$OPEN LINE SEND, 41
%
$WAIT 0.0:2:0 '
SOPEN LINE SEND, 33 ;* network now split into three islands
%
SWAIT 0.0:5:0 3
$SYNC LINE SEND,32,0.0:7:0 ;* request synchronisation of islands land 2
%
$WAIT 0.0:7:0
SCLOSE LINE SEND, 19
SCLOSE LINE SEND, 24
$CLOSE LINE SEND, 15
®
SWAIT 0.0:3:0
$SYNC LINE SEND,33,0.0:7:0 ;* request synchronisation of remaining island
% _
S$WAIT 0.0:7:0
$CLOSE LINE SEND, 41
$CLOSE LINE SEND, 10
%

SEXIT
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Appendix 2

Recursive Least Squares Algorithm

1) Select the values of a, v by and m.

2) Using the fact that a = 4 = 1 is the ordinary least squares; a =1 — v
and 0 < v < 1 is exponentially weighted least squares.

3) Select initials values for P(m) and 8(m).
4) Collect y(0),...,y(m) and u(0),...,u{m) and form HT(m + 1)

5) Let t — m.

o k()= ng [i ¥ HT(t)P“T‘”H(t)]_I

7) Collect y(t) and u(t)

8) B(t) « B(t — 1) + K(t) [(2(t) — 6T (2)B(t — 1))
2(t) = w(t) - bou()

9) P~ [1- K()E" ()] PW)

10) Form H(t + 1).

11) Let t «— t + 1.

12) Goto step 6.




