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FOREWORD

The expected energy exchange between cooperating systems is an important infor-
mation supporting capacity expansion planning for electric power systems. A model based
on engineering considerations and a program system on IBM/PC-XT or AT compatibles
has been developed for the stochastic analysis of the electric energy exchange between two
interconnected power systems. Data required for the analysis are expected generation and
load in the individual systems, and interties data. This work has been carried out in the
frame of the IIASA Contracted Study “Modeling of interconnected power systems”.

Alexander B. Kurzhanski

Chairman
System and Decision Sciences Program
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INTRODUCTION

The utilization of power systems has to be adopted to
management objectives. The main thrust of electric power
system operation are the security and cost of operation and
quality of supply. One of the ways to fulfill the management

objectives is the cooperation among electric power systems.

The purpose of this paper is to present methods for the
computation of electric energy exchange between cooperating
systems. The stochastic nature of the availability of
generating units and transmission lines and the randomness in

consumer demand are taken into account.

The approach employed here is based on a paper by T.
Terstyanszky [1]1 and on the papers [2, 3, 41.

The main features discussed are listed below:
— statistical analysis of the random effects influencing
electric power exchange,
- stochastic modeling of the interconnected systems
consisting of submodels for the individual components.
- computational procedures for the =solution of the
model .

- possibilities for further development.

The capability of calculating the expected electric energy
exchange between cooperating systems can be utilized both for
short-term production planning and long-term capacity
expansion planning. For a short-term horizon better
utilization of the existing equipment can be achived. In the
case of long-term planning, a large amount of alternatives
for the development of the energy system are analyzed,
compared and an appropriate variant selected. In this case
the energy exchange 1is calculated for the 1individual

alternatives



MAIN CHARACTERISTICS OF ELECTRIC ENERGY EXCHANGE

In most countries the electric power industry has realized
the economic and technical advantages of cooperation. The
exchange of electric power became part of the international
trade, too. But in contrast with other commodities
electricity has the very specific character as it can't be
stored in large quantities. This implies that in an emergency
situation C(caused e.g. by forced outages) the risk of
breaking the continuity of supply increases considerably. In
this case the supply continuity for customers can be ensured
by power transfer from other power systems. The quantity of
electric power exchanged among the cooperating countries or
utilities is the result of a compromise between a concern for
electric power independence, the economic advantages of
cooperation, and the technical problems arising from

different strategies of frequency control.

The overall amount of electic energy exchange for the year
1885 can be seen on Figures 1 and 2 for the Western and
Eastern European countries, respectively (see also [5,86]).
The relative importance of electriec power exchange for

selected European countries is shown in Fig. 3 [7].

Two diagrams are presented to show the stochastic character

of the power exchange:

Fig 4. shows the aggregate sum of simultaneocus loads of
electric power transfer connections across state borders
in the West European UCPTE system, over a 6 years period

for a specified time of a month.

The power exchange can be seen in details on Fig. B, for
the case of the Hungarian inter—-ties. This figure shows
the load pattern of one-hour averange schedul ed
export—-import on long-term agreement, in comparison with
the actual 1load which contains also the short-term
random power exchange performed on the basis of mutual
assistance between the Hungarian Power System and the

Interconnected Power System of CMEA.
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Considering the unmistakably undeterministic nature of
electric power exchange a stochastic modeling approach 1s an
aproppriate way of dealing with the problem. The model and
computational methods presented in this paper are developed
for the estimation of power exchange based both on long term

and short term agreements.
STATISTICAL ANALYSIS OF ELECTRIC ENERGY EXCHANGE.

The base load of tie-lines between cooperating power systems
is fixed by long term agreements. The actual load of lines
however, differs from this assigned transfer level as a
result of changes in operating conditions such as forced

cutage of units.

As the power exchange is of a stochastic nature, its amount
can be considered as a random variable. To provide a basis
for model —development a statistical analysis of transferred
power between a large system having installed capacity of
approxi mately 70000 MW and a small system with 4000 MW was

carried out.

To ensure sufficiently large sample sizes actual power data
of transfers for daily high load pericods in one year have
been taken into account. C(Fig. 6.). The analysis was repeated

for 5 consecutive years.

The hypothesis to be tested was the following: The power
exchange 1is a normally distributed random variable. The
assumpion underl ying our investigation was that the
distribution function belongs to the Pearson family of
probability distributions [8].

Results of the analysis confirmed in all cases considered
that the short-term electric power exchange is normally
distributed, since the corresponding constants in the
differential equation identifying Pearson’ family were found
to be approximately zero.



For the sake of a more accurate evaluation, it is appropriate
to represent data in relative units. The mean value
representing the systems® cooperation fluctuates in principle
around zero, therefore it is reasonable to examine the short
term power exchange in per unit representation with respect

to the standard deviation (see Fig. 7).
In order to verify the hypothesis concerning the distribution
of the power exchange a chi-square-test was carried out,

which confirmed the hypothesis of normality.

PROBLEM FORMULATION AND SOLUTION METHODOLOGY

4.1 A MATHEMATICAL MODEL OF COOPERATING POWER SYSTEMS

A power system is designed in such a way, that mostly it can
satisfy the consumer demand, moreover it has a reserve for
the case of failures, so usually it is possible to give
assistance for the cooperating partner if it is in trouble,

and vice vercsa.

In the model presented both energy systems are reduced to a
node; each with its own generation and load and with no
internal transmission limitations. Their energy consumptions,
the available power plant capacities and the transmission
capacity of the tie-line system are considered to be random

variables [21.

For the evaluation of the exchange of energy between the
cooperating systems the following variables will be
introduced:

- r, and rzdenote the random variables of the aggregated
available capacity of generating units in the first and
second system, respectively.
g1CzD and g2Cz) denote their density functions, G&Cz) and
GZCZ) the distribution functions.

- 61 and 62 denote the random variables of the consumer

demand in the first and second system, respectively.

o



- Let s be the deterministic wvariable of the scheduled
exchange of energy predefined according to long term
agreement. In the model this type of energy exchange is
taken into account as a demand. Let H and “z denote the
energy demand modified by s

Hy T 61 *s

B, = 62 - s 1>
Let h1C>O and thx) be their density functions, H1Cx)

and HszD the distribution functions.

- 61 and cz are random variables of deficiency-excess of

energy for both systems

El.:rt—pl

2 Y27 H €25

If the ¢H<O (i=1,2) then there 1= deficiency of energy
in the ith system, 1if £k=0 then the demand and the
generated energy are balanced, otherwise there is energy
excess in the system.

Let f1Cx) and fZCxD be their density functions, F1Cz)
and'FzCz) the distribution functions.

e, and £, can be assumed to be independent random
variables because they mainly depend on internal

characteristiecs of the individual systems.

— Let ¥ denote the random variable of energy exchange
flowing through the transmission lines connecting the
systems. Let FC(z)> denote the distributon function of ¥.
The value of ¥ can vary between the maximal demand of
the first system multiplied by -1, and the maximal
demand of the second system. A positive ¥ means energy

flowing from the first system to the second one.

In our model we assume the following assistance policy:
Within a system no consumer limitations are imposed due to
deficiency in the other system. Assistance is only given when

energy reserve is available.



There are other possibilities for an assistance policy, e.g.
the systems could share the costs of damage and limitation
of consumers in a predefined ratio. However we think that
this policy is not a feasible one in the normal economical,

accounting relations between different countries.

According to the assistance policy assumed above the exchange

of energy is determined by the following expression:

mi nC 51.—52) if 51>O and 52<O
g = maxC £ ,-£. D if £ <O and £ >0 3
1 2 1 2
O otherwise

The main problem addressed in this paper is the computation
of the distribution of wvariable ¥.

The distribution function of ¢ is the following function.
[ PC minCe ,-£ 23<z, £ >0, £<0 D+
1 2 1 2

+PC max(£1.—£2)<z. £1<0. £z>0 o+
FCzd> = PCE<D= o +PC ‘l£z>o D if z>0

| PC maxCe .-£3<z, £<0, £>0 > if 2=<0
1 2 1 2
c4>
It is easy to see that this function can be expressed in the

simple form given below:

1 - PC s;>z. sz<—z D) if z>0
FCzD

s
PC £z, £€>-2 O if z=0O
1 2

Using the distribution functions of £ and £  the function

1 2
can be rewritten as follows
i1 - (1-F;Cz)) FzCz) if z>0
FCz> = CBD
F1(zD 1 - FZCz)) if z=0



Function F(z) has a nonzero jump at z=0 of the fecllowing

magni tude

Fo =1 + 2F1CODF2COD - FiCOD - FZCOD 7>
expressing the probability of the event +that no energy
exchange occurs. This is the case when either both systems
can produce the sufficient amount of energy to satisfy their

consumers or both systems have energy deficiency.

As the distribution function has a jump there does not exist
a corresponding density function. To characterice
probabilities of the different amounts of energy exchange the

following function will be introduced and calculated.

- For z{0 1t expresses, in the same way as usual
histogram=s, the probabilitiez of the amount of
energy transmitted from system 2 to system 1.

- For z=0 1its value is the probability of no power
exchange.

- For z>0 it expresses the probabilities of the amount
of energy transmitted from system 1 to

system 2.

This function will be called exchange probability function
and denoted by f(zd. As it plays same role as histograms we
will also refer to it as exchange histogram. Using the
formula given below for F(z) an explicit form can be obtained

by differentiation:

fic—z) [1—F2Cz)] + fZCz) Fic—z) if z>0
£f¢zd = fzc—z) [1—F1Cz)] + f1Cz) FZC—zD if z<O0 (82
1 + ZF‘CODFZCO) - F1CO) - FZCO) if z=0

For computation of the exchange histogram fCz> it is
necessary to determine the density functions f‘Cz) and
fZCzD. Since £, and £, are the sum of random variables
as given above, they can be computed by convolution

integrals. The corresponding distribution functions can



be obtained afterwards by integration. In the

computations histograms are used as empirical density
functions.

The main steps of the calculation are the following:
- Computation of the availability  histogram of
generating units for both energy systems, which means

calculation of the histograms corresponding to ga(z)
and QZCZD.

Computation of the deficiency-excess histograms f1CzD
and szzD on the basis of the availability histograms
91C z) and ng 2). of generating units, and the daily

variation of consumer demand. The consumer demand

includes scheduled export—-import.

- Knowing the deficiency-exce=s histogram for both
system=, the program calculates the probabilities of
different amounts of energy exchange between the two
system=s. In this way the histogram of the energy
exchange 1is calculated. In this step the cooperating
line system is considered to be an ideal connection

without capacity limitations and without any failure

or outage.

- In the last step transmission line system limitations

and possibilitiez of failure are taken into account.

The computation of the power exchange presupposes the
modeling of the generating units, the consumer-demand, the
scheduled export-import, as well as the model of the tie-line

system. These components are described as follows.

4.2 ELEMENTS OF THE POWER SYSTEM
4.2.1 GENERATORS
The required data for the capacity-availability
characteristics of the generating blocks are summarized as

follows.

- maximum capacity of the individual blocks CPi in
[MWiD,

10



— self-consumption of the blocks CSi in (215,

- failure probability of the blocks Cpi in [113.

Denocte by Ni the capacity of the i-th block decreased by its

selfconsumption, where i denotes the index of the block.
4.2.2 CONSUMER-DEMAND

The consumer demand is described by the random variables 61
and 62 which are assumed to be normally distributed. The time
horizon is subdivided into periods. The expected values and
standard deviations are considered to be constant along each
time-period, so the expected daily load-curve 1is a stepwise
constant function of time. Therefore the consumer demands are
modeled by

— their stepwise constant function expected

val ues CDk in [MW1D,
—~ their standard deviations Co inf11>.

k
where k denotes the time—-interval index.

The deviation O ax is given with respect to the peak Dmax' in
percentage of the peak value. The deviations for the

individual periods are calculated by the following formula:
D
o = o [............l? .......... QD

This equation expresses the tendency, that a lower load is

associated with a lower deviation.

The determination of the consumer-demand i=s based on the
forecasting of daily load curves. The calculation of the
energy exchange 1s usually carried out for a longer
time-interval, e.g. for one year. OQOur program allows for
selecting six seasons with optional lengths., and it is
possible to select different daily-load curves to all of the
seasons. Fig 9. shows an example of a typical daily load

curve.

11



4.2.3 SCHEDULED EXPORT-IMPORT BASED ON LONG TERM AGREEMENTS

The scheduled export—-import energy exchange, denoted above by
S, 1s modeled as a consumer-demand. It is assumed to be
deterministic, and its variation within the time horizon is
considered as a stepwise constant function. Therefore the
scheduled export-import is modeled by a stepwise constant

function with values Ek in [MW], where k denotes the
time—-interval index.

As for the consumer-demand model it is here also possible to

select different curves, according to the seasons.

In both energy systems the generating units must serve the
algebraic <sum of the consumer-demand and the scheduled
export-import.

.2.4 TIE-LINES

The data required for the description of the cooperating lines

are the following.

- maximum transfer capacities ':L.,l inlM¥1D,

~ fajlure probabilities Cl_l inf113.

where i denotes the index of cooperating line.
4.3 THE COMPUTATIONAL PROCEDURE

4.3.1 COMPUTATION OF THE AGGREGATED CAPACITY-AVAILABILITY
HISTOGRAM OF GENERATING UNITS

The probability distribution of the availability of
generators is a discrete distribution, so its density is
calculated in the form of a histogram. Let we consider one of

the power systems individually.

Let e, i=l,....n be the following random variables
T

deseribing unit availability for the ith unit

s = { 0 with probability p,L c10d

N, with probability 1-—p.s‘l
where n is the number of generating units in the system.

1=



Denote by B_L the partial sums of B_L's

o i=1.,....n. 11>
8
1

~
8.=
L.
18

M-

The calculation of the aggregated capacity availability
histogram will be carried out in the following way:

For 91 = 91 the histogram is known.

Knowing the histogram for B_LC 1<i€n-1 3> the histogram

for o +1 can be computed by convolution since

~ A L ~

8 =0 +8 . Using this procedure the histogram for 8
1+1 i ite n

is the aggregated capacity availability histogram gix>.

Denote d the length of the subintervals in the histogram, and

n
k=entierC} N_‘/d) + 1

1=1
is the number of the subintervals in the histogram.

The first step:

P, if x < d
g (x> = 1-p if a < x< b 12>
1.1 1 o (s
@) otherwise
wher e a°=d enti erCNi/dD and

b°=d CentiercC N1/d3 +1D

general step: Let already be Cid machines in the system.
Then the next machine Cnumber i+1) is added to
the system by the following cyecle, with

m=k-1, k-2,...,1.

I, me3P I XNy AP if o a, ox<b
g_l_u'mCxD = g,L'm_HC)O Pty 1if Cm-12 4 <x m d

g. 0 otherwise €13

t,mt1a

13



where a. = d (m—-1> + d entierCN,+‘/d)
A8

L,m
. = dm+ d entierCN, sdd,
TL.Mm it4

and g

C =
42, TP TGy

CNi is the capacity, decreased by the selfconsumption; and P
the failure probabilityd.

Performing the general step for every machine in any order,
the function gl(x>, i.e.the capacity-availability histogram of
the generators is obtained.

The computation of the exact distribution of random variables
y‘ and v, Caggregated capacity availabilityd is
computationally infeasible for systems of realistic size
because of the combinatorial exploison. It is clear that the
computational effort needed to get the results heavily

depends on the length of subintervals in the histogram.

Fig. 11. shows a capacity-availability histogram, calculated
by the program, while Fig. 12. shows the distibution function.

4.3. 2 COMPUTATION OF DEFICIENCY-EXCESS HISTOGRAM

For both systems, the energy produced by the machines must
serve the algebraic sum of the energy demanded by the
consumers and the scheduled exchange of energy between the two
systems. Since the comsumption 1s supposed to be normally
distributed, therefore the sum of consumption and scheduled
export/import, denoted above by H, and H, are normally

distributed, as well. The expected value 1is Mk=Dk+Ekand the
standard deviation o,-

Denoting by hkaJ the density function of the random variable,
having the parameters defined above, the following convolution

integral gives the deficiency-excess density function:

hmax

kax) = I hkCy—x) dGiCyD C14>
o)

14



k=1,2, where GkCyD denotes the distribution function of <the

capacity—-availability of generators.

This calculation can be performed for both power systems, so
we have the functions which describe the probability of

energy deficiency or excess for both systems.

4.3.3 COMPUTATION OF EXCHANGE POWER

The exchange histogram is calculated according to the
expression(8). This expression refers to a given time interval
which is a subinterval in the daily locad curve. The exchange
histogram for a given period of time, e.g. for a day or for a
year, can be determined by summation of the histograms for

these subintervals.

4.3. 4 COMPUTATION OF EXCHANGE POWER FOR REAL. CONNECTION

Let c.),L i=1,...,k denote the following random variables,
describing transmission capacity availability for the ith

tie-line.

o = { o] with probability l_L 1)

L with probability 1—1_L

where k is the number of transmission lines in the tie-line

system.

The method for the determination of aggregated transmission
capacity availabilty histogram 1is +very similiar to the
procedure applied for the aggregated capacity availability
histogram for the generating units. Denote pCx) the histogram
of the aggregated capacity availability, PCx) its distribution
function, and QUx=1-P(xD.

Fig 10. shows an example of the distribution of the available

transfer-capacity of the cooperating-line system.

Taken intc account the probability distribution of the capacity
of the cooperating line system, 1i.e. the possibility of

unexpected break-down or outages, the histogram of the exchange

18



power which can be transmitted on an ideal line system (8) is

modified according to the following relations:

»

f ¢z > =1Czd ®» X |z]|d if |z| = M 16D
famax
f ¢ MDD = pCMiD » I fC(x) dx 17>
Mi
—flmax
f C—MiD = pCMiD * I f{xD dx cied
-M,

i
Fig. 13. shows an example on the histograms of exchange

power. Fig. 13r/a shows the histogram for cooperation lines
with unlimited capacity. Fig. 13-b cshows the case of rezl
connections, while Fig. 13/c shows the not realised exchange

power rezsul ting from limitations or failure of the

transmission system.

5. REALIZATION ON IBM/PC

5.1 OVERVIEW OF THE PROGRAM SYSTEM

The algorithm outlined above has been implemented on an
IBM-PC. To provide a convenient user interface with

mult -window facility and graphical representation of results

graphics toolkits are utilized.

Typical applications of the system require a series of runs
with input data which are variants of a base case data set.
Data structures are designed to support this kind of usage.
Input data for the different parts of the model are stored in
different data-files, and the system 1s endowed with
convenient data retrieval, modification and storage
facilities. The result of the computations appears in a
graphic form on the screen, which can be copied to a dot

matrix printer.

16



The program-system consists of three programs. The actual
computations are performed by the program COOPER, while
results are displayed by the programs GENER and EXCHANGE.

Running time of the program largely depend=s on the size of
the problem. For systems with 10000 MW generation capacity
and assuming a 24-periods subdivision for the daily load
curves, the running time is around 10 minutes on an IBM~PC AT
with arithmetic coprocessor and turbo cards. Collecting data
is a crucial point in the real-life applications of the
system. Usually users have data for their own country or
utility, but obtaining correct data from the cooperating

partner is not always an easy task.

5.2 RUNNING THE PROGREAM

The first action to be performed when using the system is the
loading of the graphics drivers. This can be performed simply
by executing the files WM and GRAPHICS. The first of these
supports window-manipulations, the second provides a

print-screen copy utility.

The general pattern of data input or modification is the
following: Data are to be typed into specified fields on the
screen, data input into a specific field is closed by
pressing <RETURN>, closing input for a particular screen can

be performed by pressing the <F10> function—-key.

The main computational processes are performed by the program
COOPER, which displays during run time the required user
interactions and information on the current stage of

computations.

The actions to be performed imn a typical user session are

listed below.
1r Execute the files WM and GRAPHICS, and afterwards
COOPER, by simply typing their names on subsequent

system prompts.

17



27

3/
4
S/

5/

77

8~

1=V

11~

1zr

13-
14-
15~

16/

177

i8-

197

20/
217

227

Press <F10>, a menu appearsfor modificatons of
general parameters of the interconnected systems.
Perform modifications,if needed.

Press F10 to close input.

A prompt appears asking whether the new data set is
to be saved. Save data set if necessary.

Press <F10>, a menu appears for modifications in
generator data Ccapacity, self-consumption and
failure probabilitydof the first power system.
Perform medifications,if needed.

Press F10 to close input.

A prompt appears asking whether the new data set is
to be saved. Save data set if necessary.

Carry out steps 6 - 9 for the second system.

Press <F10>, a menu appears on modifications in the
scheduling of consumer demand and export-import, as
well as in their maxima.

Perform modifications,if needed.
Press F10 to close input.

A prompt appears asking whether the new data set is
to be saved. Save data set if necessary.

Press <F10> for possible modifications in tie-line
capacity-distribution. Transmittable power should be
specified in decsreasing order of probability.
Perform modifications,if needed.

Press F10 to close input.

A prompt appears asking whether the new data set is

to be saved. Save data set if necessary.

Press <F10>, the computation are started.
After running the program COOPER, execute the file

GENER by typing its name. This program displays the
availability histograms and distributions for both
systems.

Toe display the histograms and distributions of the
exchange power for transmission lines of unlimited
capacity, with real connections, as well as the not
realised exchange power, execute the file EXCHANGE
by typing its name.

18



6.

POSSIBILITIES OF FURTHER DEVELOPMENT

In the year 1987 the program system for calculation of
exchange power between two cooperating systems has been
developed. We intend to make further improvements on this

model including the following items:

- To get a more accurate load-model, the daily load
curves should be incorporated into the medel by taking
into account their dependency on the type of the day
(first workday after a holiday,. general workday,
saturday, holiday, etc.D.

— The present program works with the probability
distribution function of transmission capability
between the two system=. It would be desirable to
develop a method for the computation of this
distribution from the transmission capacities and

breakdown probabilities of the individual tie-lines.

- The energy produced by the generating units is
decreasing according to the scheduled maintenance.
Usually the stochastic analysis of exchange power is
performed for long term predictions (5 - 20 yearsd, so
the maintenance schedule is not known when the analysis
is carried out. Since the capacity-availability of the
generating units depends on the selection of generating
units having different failure probabilities, it is
worthwhile to incorporate a2 simulation of maintenance

scheduling.

The possibilities of development outlined above refer +to
further developments of the two-point model. We intend to
perform further research to develop a stochastic model for
the analysis of interconnected systems consisting of more

than two systems.

Prekopa [8] developed a general mathematical programming
model for capacity expansion planning of transportation type

networks. Prekopa and Boros [10] developed an algorithm for

19



the computation of LOLP for a discrete moment in cooperating
systems. We will investigate the possibilities of integrating
this technique into our model consisting of more than two

energy systems.

20
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