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i imal control theor y dzcaﬂg changed the analysis
an i e conirol systems. These circumstances have led to the
gevelo technigues which result significant 1mprovement in the

ontrol. The Eea}iza’{%e*z of these control methods gives essentially a more
icated constzuctio than the conventional PID compensation and at the
i i of a priori information in order to design a regulator.
So it requires the knawiedg of the structure of the system to be controlled, its
order, its parameters, the type and the statistical features of the disturbances
acting on the process. These parameters often are unknown, and it is difficult to
measure or change them in time. In this way the parameters of a regulator
which are optimum under a given condition will be far from their optimum
values under another condition.

From the control technigues developed during the past few years, the
methods of the seli-tuning regulators seem to be the best for practical
applications. These methods were introduced by Peterka and by Astrom and
WirTenmark for the optimum control of systems with unknown parameters [ 1,
2]. A self-tuning control algorithm is based on the parameter estimation of the
closed loop system and the estimated parameters are directly applied by the
control law itself. The basic method was later improved [3, 4] and successfully
applied for process control [5, 6].

The purpose of this paper is to direct the attention to the possibility of the
application of the self-tuning minimum variance regulator for the load-
frequency control of interconnected power systems on the basis of successful
simulation investigations.
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2. Purpose of the load-frequency control

The basic task of a power system is to satisfy continucusly the
requirements of the consumers in respect of both quality and quantity. This
means that the power plants of the power system have to ensure the real and
reactive power required by the consumers in such a way that the voltage and
the frequency have to be kept between given limits [ 8]. Since the electric power
cannot be stored in reiative big quantity, therefore power plants have to
immediately and continuousiy fulfil the consumers’ requirements.

A great number of regulators ensure the satisfaction of the requirements
for the electric power system. In this paper an element of this hierarchical
control system, namely the load-frequency contrel is considered,

The tasks of the load-frequency control (LFC) are the following:

o to maintain the frequency on a given value
to follow the tie-line power schedule.
& expert and the mpert of electrical energy is settled in the base of half
£o0 the extra energy obtained over the scheduled
lepends on the average f equency in the current period. Therefore one of
he control system is to ensure that the required energy is equal to
heduled values at the accounti g time instants.
The operation of the load-frequency controller can be characterized by
=nt guaniities. For ex a“\ples
f; y deviation from iis set point (
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It is desired to construct a reguiator for load-irequency contro! which performs
optimally the following objectives:

o It is desired to keep the area control error as small as possibie.
According to this the systern shouid cover the ioad changes arising in
the system itself. it is attermnpied to LOilOVJ the permanently varying
load fluctuation and tc realize the minimum variance control of ACE.

o The minimization of the area control error does not ensure the desired
value of the integral of the tie-line go wer at the accounting time by all
means. Nevertheless this is the base in the international accounting

ystem, It is wanfed to ensure il a‘t the reguired energy be the
scheduled one at the accountin

.J“

g time.

o The above two obijectives have to be satisited at z minimum of
intervention in such a way that the control signals sent to the power
plants be minimum with compromising other coniro! objectives.

These purposes are contradictory. The minimum variance conirol

requires frequent intervention. Scheduled values of the exchange energy can

only be assured by increasing the variance. ence it is evident that the synthesis
of the optimum controller will be the result of a compromise.

The method used to describe the power system consists of two generators
mnterconnected by a loss-less network. The loads are modelled as real power
sinks. The model is shown in Fig. 1. In our study it was assumed that

E —E
vy T Lig
and
0, —0,<k1 (in radians).

These assumptions are valid for the investigation of small changes in the
process.
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Fig. 1. Interconnected power systers
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The reduced model of the process can be described be a differential
equation system on the basis of physical considerations. Fig. 2 shows the block
diagram of the turbine-generator-network system obtained from the
equations,

p,— deviation of the tie-line real power from its scheduled value

f— deviation of the frequency from its nominal value

p.— change of the reference value of the tie-line power

p,,— mechanical power deviation

x,— deviation in generator position

p;— deviation in demand

7,— turbine time constant

T,~— governer time constant
— drop of the area
— load damping coefficient
— system constant

a— system constiant.

in the co-operating power systemn the
considered to be an integral type regulato

»._._.
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Fig. 3. Effect of the transfer system
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area, the time delay between the command and the execution and the effect of
the limiter in the governer of the turbine must be taken into account [9]. The
step response of this part is illustrated in Fig. 3. Here 7 is the time delay and Ty,
determines the maximal gradient of the response. Fig. 4 shows the block
diagram of the model completed by the above influences.

This model is used for the investigation of the load-frequency control.
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Fig. 4. Block diagram of the interconnected power systems

4, Optimum ceoatrol sirategy

The conventional load-frequency control is based on the tie-line bias
control where each area tends to reduce the area control error to zero. The
importance of ACE is shown by the fact that in steady-state the value ACE=0
means that production and consumption of the given area are balanced taking
the reference values of the system frequency and tie-line power into
consideration. The frequency factor (B) in Eq. (1) determines the rate of
cooperation between the cooperating partners in case of disturbances. If the
frequency characteristic of the area is nearly the same as that of the controller
then the system itself is practically able to cover the load fluctuation arising in
the system and in case of slow changes there is no co-operation between the co-
operating systems.

The conventional proportional-integral type control action

1
u(t)=P*ACE+ T JACE dt

1

takes care that the ACE becomes zero in steady-state. P and T; determine the
speed of the response.

For the suitable choice of the load-frequency regulator it is necessary to
investigate the dynamic features of the cooperating power systems. A high
speed LF C is not favourable because of the great control action. On the other
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hand a slow LF C gives great control error caused by the load fluctuation. The
above reascns motivate the optimal setting of the countroiler.

With the known systemn parameters, optimum tuning of the regulator
parameters is not easy, but not too difficult problem if an effective computer-
aided design system is available. Much more complicated work is the
investigation of the parameier sensitivity, the observation of changes in the
parameters and in the features of the disturbances, and then the ¢ Iysrmanent
tuning of the regulator. These problems can be solved by an adaptive regulator
which is able to adjust itself according to the system parameters.

It was mentioned in the description of the load-frequency control that it is
desired not only the minimization of the variance of the area control error
which is the output signal, but also to ensure the scheduled value of the tie-line
exchange energy during the accounting period.

The aim of this paper is not to give the theoreticai background of the
regulator which satisiies the above objectives. This can be found in [6, 8]. in
this paper only the appl 2 ed g orithm is presented.

Theada ptzve controller uses the discrete values of twe measurabie signals
of the p»o

tie-line power and
o thesampled values of theenergy
line,
Inthe roilo\v’uw’t supposed that the vaiue of the eniergy counter is zero af the
i eriods of accounts and its value is reduceé by its wor K!nd
Dcint, S0 e{t} is ‘[he integral of the difference between the tie-line power and i
ule
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Fig. 5. Structure of the control system



ADAPTIVE REGULATOR I¥ POW'ER SYSTEM a5

H
LL

ct us assume that N samples are obtained during a period. Our purpose
is to minimize the loss function

Vo= {eV)]

where E{.} tands for mathematical expectation. At the k-th instant of the
accounting period it is attempied to minimize the loss function

Viky=Ele(N|kj} k=12 N 2)
where e{Nik) can be estimarted from
1
AL e iV N s (4]
eiMiky=e{k)+h \L B, k), (3)
i=k—1

where /1 1s the sampling time. At the k-th step e(k) is known and the deviation of
the tie-line power p,(k + 1|k}, p{k+d—1lk)are determined by the controi
action ..., u{k—2}), u{k— 1) in case of the known time delay d. In Eq. (3) a
possible est.ma ion of the values p,(k+dlk) p ANk is

. (Jlk)=p.A )

where p.(j)is the scheduled vaiue of the tie-line power. In order to determine
the extremum of the loss let us chiange the reference value in every stepin such a
way as to meet:

E(N|xj=0
i pc s constant during the period, the value of the modified reference signal
Pon(k+d) can be determined from the equation
E+d—1
ek)+ Y B (k)

i=k+1

p. (k+d): - - z
" N—k—d+1

The minimum of the area conirol error can be reduced by a self-tuning
controller. The optimum control law [8] is

=[ACE (k+d)—gulk—1)—gu{k—2)—.
—poACE(R)—pACE(k—1)— ... 1/4o.
where

ACE, (k+d)=p.nlk+d).

The parameters to create the optimum control signal can be estimated in a
recursive way, for example, by the recursive ieast squares method. In this case
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the parameters of the equation
E(k)y=gouk—d)+duk—d—1)+ ... +pACE(k—d)+

+p,ACE(k—d—1)+. ..
are determined.

In practice the total control is a process consisting of N steps. Thus
because of the time delay u(N —d—1),.. ., u(N) will already control the next
period. In these steps the control relies on the original reference value again.
The modification of the reference signal has especially great influence at the
first part of a period, namely the average value may significantly deviate from
the scheduled one, or at the last steps when e(k) is far from zero.

5. Simulation results

Simulation resulis verify the effectiveness of the presented self-tuning
atgorithm. Here we would like to find such regulators where the pole z =1 of the
controller is fixed. This means, if the number of parameters in the denominator
of the regulator eqwls 0, 1 or 2, the wanted regulator corresponds to ahe
conventional discrete I, PI, PID controﬂers respectively. But, of course,
differs {from them in several aspects:

o The parameters of the controller are automatically tuned in an

optimal way,

o The parameters of the regulator adapt themself according to the

variation of the process parameters.

o At the accounting time instants the scheduled value can be assured.
Fig. 6 shows the system response using adaptive integral type controlle
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Fig. 6. Dynamic behaviour of the controlled system
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sampling time is I minute. The time of the simulation is 120 minutes. In the
disturbances a step of 0.05 pu is found in addition to the stochastic component.
The cost values at the accounting time instants are given in Table I both for
adaptive and conventional regulators. The figure and the table show that the
adaptive controller is able to compensate both the deterministic and the
stochastic co p nent of the disturbances, and finally the loss functions are
significantly better using the self-tuning regulator.

’ 1.03 0.5 —7.39 215
controiler
adaptive _ : o
e —0.79 —0.40 0.13 0.08
controller |

£

Among the techniques of the modern controf theory the best method for practical applications is the
self-tuning regulator developed by Peterka and by Astrém and Wittenmark. In the case of the load frequency
control of interconnected power systems a modified version of the basic control algorithm ensures that the
parameters of the regulator converge to their optimum values, independent of their initial value, they vary
according to the system disturbances and the control algorithm guarantees that the tie-line exchange energy
is the scheduled one. This value plays fundamental role in the international accounting system. The paper
varifies the above statements by simulation ezamples.
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