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Abstract

In the restoration state of a power system, the time taken for a dropped gen-
erator to parallel in, and the cost of interruption of electrical service vary according
to the operating conditions just before the fault concerned, the amount of the load
expected to be consumed during the fault and accidental factors.

In this paper, the authors propose a method of determining the loads restora-
tion sequence which takes into account the cost of interruption of electrical service,
in which the above factors are considered.

The authors develop a new calculating method which takes into account the
distributions of these values. Comparing this method to the one previously presented

1)

which used fixed expected valuesV, the authors confirm that the former method is

fully capable of determining the loads restoration sequence.

1. Introduction

The cost of interruption of electrical service (we use “cost of interruption”
hereafter) depends upon not only the kind of load but also the magnitude and
the duration of the interruption, etc.®

Accordingly, it does not minimize the cost of interruption to restore the
loads by using fixed priority levels of loads defined long before the fault occurs
at the individual electric utility. Therefore, the authors have proposed a method
of determining the loads restoration sequence which takes into account the cost
of interruption, in which fixed values of the cost of interruption and expected
time taken for a generator which has dropped out to parallel in, are used!?.
But in the restoration state of a power system, the time taken for a generator
which has dropped out to parallel in and the cost of interruptions vary according
to operating conditions just before the fault occurs, the amount cf load to be
consumed during the fault and accidental factors. Therefore, considering the

* A part of this article was presented at the Information Processing Symposium of The
Institute of Electrical Engineers, Japan (1980) Osaka, and three other conventions of IEE].
** Department of Electrical Engineering, Kitami Institute of Technology
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distribution of deviations of these values, there arises a storng suspicion that
results which take into account the distributions of these values will differ from
those using fixed expected values.

In this paper, the authors at first develop a new calculating method which
takes into account the distributions of these values®®. Secondly, the authors give
examples using actual size model systems, and in conclusion, compare this method
to the one using fixed expected values, and so, confirm that the method using
fixed expected values is adequate to determine the loads restoration sequence.

2. Formulation considering the distribution of deviation of
the cost of interruption and the time taken for
a dropped generator to parallel in

2.1 Assumptions of the formulation

The following assumptions are made for the formulation.

(1) The magnitude of load is some integer times a fixed value 4. (we can
divide the magnitude of the load by 4, and the result is referred to as
a “divided load”.)

(2) Loads are never reinterrupted.

(3) Minimizing the cost of interruption is the only objective, minimizing
the generating cost or the loss of transmission is not considered.

(4) Magnitude of the loads are constant throughout the period under con-
sideration.

(5) Paralleling the generator is the first priority if the generators are
dropped as a result of the fault, and restoration of the interrupted loads
is the next priority. It is assumed that the generator buses have been
charged before this calculation starts.

(6) The total output of generators increases to meet the interrupted loads
with in a finite period, and the operations for paralleling the inter-
rupted loads finish before the time when the total output of generators
increases to meet 4.

(7)  Abnormal voltage and over-loads never occur during restorative opera-
tions for paralleling the designated load.

It is assumed that output of a generator ¢ increases as described by the

following equations.

G,(t) =dy(ty—ty) +e (1)
Where,

at zero output (£,<t,) 16 dy =10, g;=0

at increasing output (t;=t,<ftp): d;>0 ¢=0 (2)

at constant output (f,=t,) 2 dy =0 =yl

G, (t,): output of generator g at 7,
L, . relative time that the generator ¢ is tripped out is considered 0
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by = by (i3)
tyers ¢ elapsed time to start this calculation after generator ¢ is dropped out.
u : relative time assuming that the time this evaluating calculation starts
is 0.
ty : time required for generator ¢ to start to pick up load after its drop-
ping out.
t;, : time required for output of generator ¢ reach the rated outout after
it starts to pick up load.
te = {bo—(e}—dy+t))} [, (4)
¢, : minimum output of generator ¢, or output before the fault if it did
not drop.
p, : rated output of generator ¢.

G, at t, is determined if d,, ¢, and ¢, are decided. ¢, is decided from the
status of generator ¢ and d, is the value predetermined by design. As 7, varies
according to the generator status before the fault and the plant operating situa-
tion after the fault and other factors, in this paper, ¢, is treated as a stochastic
variable. Although distribution of ¢, is different for individual generators, it is
estimated from the past operating pattern, and its probability density function
is represented by w' (t,).

Although the cost of interruption for the 7th divided load is approximated
as a quadratic function?, it is not always exactly as described by the quadratic
function and varies according to the status of the load just before the fault or
the expected power consumption during
the outage and other factors. After that, ?cfss:rik";:?e:r?p%?o:f
the cost of interruption covers a wide

distribution as shown in Fig. 1. The
distribution of cost of interruption varies
according to individual divided loads.
The cost of interruption F;(¢,) is also
treated as a stochastic variable and its

Expective value
of cost of
interruption

Cost of interruption

probability density function is repre- g
sented as 7’ {F;(¢;)}. If the divided load ol ofl 2

. . . u 10n o utage
contains some different kind of load, N S
r {Fi (Q)} is defined as the weighted Fig. 1. The c.ost of 1r?terrupt10ns of

: Sl ) e electrical service.

summation of the individual probability
density function weighted by the magnitude of the loads”. In this case, the
socially important loads must be correctly evaluated through weight factors.

2.2 Cost minimizing problem
The cost of interruption is represented as F; if the ith divided load is
restored at the point of time that the total output of generators increases just
sufficient to meet j4. Considering the constraint of the generators’ output increas-
ing pattern, the problem of minimizing the total cost of interruption for all
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devided loads is formulated as a minimum cost flow problem, as follows.

Objective function :

F

= i nZF@'j'xw—ﬂMin (5)

i=1j=1

Constraints :

i Xij = aj (FOI' j:1, 2, LICC, n)
i=1

Zv_,:xiiji (for i=1,2, -+, m) (6)
j=1

;=0 (Por. i =1, 215y J 21512510, 2)

Where,

Iij:{

1: at sth divided load is restored at u;
0 : otherwise

Fi; = Fi(t) (7)
ti — u]’+tiers ( 8)
uj the relative time that the total output of generators takes to increase
to meet j4, assuming the time when this calculation starts is 0.
tirs: the time to start this calculation after the ith divided load is dropped.
n number of divided loads. m=n—n,.
ng number of abbreviated constraint equations formed by binding several
equations described divided loads with the same cost of interruption.
b; number of constraint equations binding to ith equation, and
Z bi =n.
i=1
a;=gd .,
L. : minimum magnitude of load which must be restored at the ith time
point. L; is some integer times 4.
n'
n minimum positive integer satisfing ), a;=n
i=1

u; namely ¢; is also a stochastic variable, because 7, is a stochastic variable

stochastically deviates. Accordingly, Fy; is a stochastic variable by

eq. (7), and eq. (5), (6) must be solved as a stochastic programming problem.
Generally the stochastic programming problem is solved under the constraints as

eq. (6)~(8)

by introducing a preference function H(f) as®

H{f (F : 2,)}—Min or Max

f(F:x;;) is a distribution function of F in eq. (5) which is calculated at a deter-

mined z;;

assuming that the simultanious distribution function of Fy; is given.

Usually, a preference function is selected for the purpose of one of the fol-

lowing three optimizations?.
(a) Minimizing the variance of the cost of interruption, with the constraint
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of achieving the predefined expected cost of interruption. (this is referred
to as an “expected cost type problem”.)
(b) Defining the expected utility function of the cost of interruption and
minimizing it. (This is referred to as a “utility function type proble,”.)
(c) Setting a probability so that the cost of interruption is under a certain
level, and minimizing this level. (This is referred to as a “cost level
type problem”))

2.3 Formulation of the problem

As the expected cost to be achieved itself is a value given by solving this
problem, it is difficult to apply the expected cost type problem to such a case
as this. So, the remaining two methods shall be considered.

(I) Cost level type problem

The cost level type problem is defined as %
minimizing F, under the constraint of <
£ 1B
p(F.= .12 ; Fijexi) 2y (9) 2 =
Where, p(r) means the probability that r is N

F,

Cost of interruption

Fig. 2. 7% bound.

true. This problem is solved by minimizing F,
illustrated in Fig. 2, for every combination of
Fij, and is known as 7% bound. Namely the
purpose of this problem is to minimize F, given that the probability that F of
eq. (5) is under F, is 7%. Accordingly, this problem is formulated as a nonlinear
programming problem as follows, assuming that the distribution of F is a normal
distribution. (See section 3. 1.)

Objective function :

Gy i RN m n’ 1/2

Fg: Z Fijxij—i—a(z' Z aj-:cij> —)Mln (10)
i=1j=1 i=1j=1

Constraints :

i Xy = Ay (fOI‘ j:l, 2, €385 71,)

=1

i‘ x5 = b, (for i=1,2, .-+, m) (11)

=

2y =1 or 0 (for i=1,2,---,m, j=1, 2, .-+, #)

Where, F;; means the expected value of F;;, ¢,; means the variance of Fy;.
The problem of minimizing eq. (10) under the constraints of eq. (11) must
be solved fundamentally by means of a combinational enumeration method. So,
as m or 7' increases, large memory capacity and much computing time become
necessary proportional to those increased values of 7 and 7', even if we use
the branch and bound method or the lexicographical enumeration method®.

(2) Utility function type problem
If F and 6 mean the total cost of interruption and the positive constant
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respectively the utility function is defined as follows.
H(F)=¢F—1 (12)

As F becomes greater, the value of the utility function monotonically increases.
Since the distribution of F can be considered as a normal distribution (See sec-
tion 3.2), for the purpose of minimizing the expected value of eq. (12) under
constraint of eq. (11), the objective function is as follows?.

E{H(F)} :72—'71;1,27»500 (50F_1)'6_,(1""—Q.dF

= ¢ wte'm _1——Min (13)

Where, ¢ means the expected value of F, and ¢ means the variance of F.
After all, eq. (13) can be rewritten as eq. (14) in the appropriate range of 6.

=5 5 Fyezy+ L 5 56t m—>Min (14)
=1

i=14=1 2 i=14
In eq. (14), we can use the relation of z;;=x%, as x;; takes only 0 or 1, and
eq. (14) becomes a linear function of z;.

An appropriate value of § must be selected, because the value of eq. (13)
widely varies according to g and ¢®. This can be done by relating 0 to a in
the cost level type problem as follows.

(3) Relation of ¢ and a

Let us assume that the value of the objective function of eq. (10) or eq.
(14) is at a minimum at the z;;’s combinational pattern A,, for a determined ¢
and a, and also assume such a pattern A, exists that the value of the objective
function becomes less than that of pattern A, as # and a increases. Let us also
assume 6, and «a, are the exact values of 0 and « respectively when the values
of the objective functions of the two patterns are the same. Then, the objective
function of pattern A; becomes less than that of pattern A, by a small increase
of § or a from 6, or @, For the pattern A, and A, Fa, Sui, Fag S4g are
defined as follows respectively,

m n’
Fa=2 2 Fixij

i=14=1

T
Sa =2, 2,000 xi;
i=14=1

m n’
Fea=2, 2, Fij’xfijz

i=1j-1

m n’ y
e A2
2=, 2. 011Xy
i=14=1

In the cost level type problem, for a=ay, eq. (17) holds.
(FA1+C¥N/:S-,;)_(FA2+Q"/57AZ)§O (16)
a=(Fuy—Fa)/WSe —VSu) (17)



Determination of the Loads Restoration Sequence Taking into Account the Cost 57

In the utility function type problem, similarly eq. (18) helds for #=6,.
0/2 Z(F 41— F 4)/(Sa2—Sa1) (18)

The sign of equality holds in eq. (17) and eq. (18) just at a=a,, #=6, and
it is also a boundary where the value of the objective function of pattern Al
becomes smaller than that of pattern A2. So, it can be considered that 6, is
exactly equivalent to a,. Taking a ratio of /2 and ay,

(66/2)/ oo = 1/(W:S.s +Saz) (19)
0, = 20’0/(*/52 +*/SA2 ) (20)

Accordingly, 6, can be defined as equivalent to a, if Sy and Sy, are known.

3. Solution of the problem

The cost level type problem is a nonlinear programming problem and it
takes an enormous calculating time to solve even for ordinary fault cases. How-
ever, the meaning of « is easily understood, so the solution can be obtained in
reasonable computing time and the value of coefficients of the objective function
are easily determined by solving the utility function type problem through relating
0 to a.

3.1 Calculation of F;; and o%;

F;; and ¢, in eq. (14), the objective function of the utility function type
problem, must be calculated. Let us assume s(«;) and § («;) are the distribution
function and the probability density function of u; respectively. u; is the time
required for the total output of generators to increase to meet jd.

On the other hand, we can calculate #; corresponding to u; from eq. (8),
we can also calculate as follows the expected value F;; and the variance o?; of
the cost of interruption of the ith divided load at the point of time when the
total output of the generators increases exactly to meet jd.

Fu=|" s) | Fuey-r{Fie)-drie-du,

SOO s (ltj\ 'F,:(t,,) -duj

—00

m b5

= 25 8 (ug) Fi(ts) « duy (21)

uJ'O

ot = {Fi(ti)}z_{F;j .
zjo;s%uj) -S:{Fxti)}ﬁ-r’{Fi (1) +dF (t)du;~{F.,f

:Zs (”)[(,?Z() (Fie)) -r{Fu(t)} AF(2) |- duy—{Fis*  (22)

Where, #m Fimin(t) and Fim. (t;) indicate the boundaries of the practical
integral domain of the probability density function.
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s (u;) is not always a normal distribution even if the distribution of ¢, is
a normal distribution, because of the upper and lower limits of generator output.
So, distribution of F;; is not always a normal distribution either. However, we
can approximate the distribution of eq. (5) as a normal distribution regardless
of the distribution pattern of ¢, and F;(¢;) etc. This is because, we can apply
the central limit theorem®!? to the calculation, as F is a linear summation of

F;; and u; is appropriately concentrated around the expected value u oW,

START

Calculate s’ (u;)

Calculate Fij, o%; l

e

=

Calculate the load restoration sequence
by Ford-Fulkerson’s method using 01

and #; as initial values

ay = a(n% bound) ?

Are restoration
sequences
different ?

ES
rvY

l Oy = (01— 0:)/2 ]

through
R, pass?

\& 01=10, NO
Calculate restoration
sequence by Ford- Take restoration Take restoration
Fulkenson’s method sequence corre- sequence corre-
sponding to f; as sponding to 6 as
L a optimum solution a optimum solution
Is restoration
sequence in fy same
as that of 0, or 0,? R
Ro
1 = Was all block- NO Set next
diff t same Fostng AL RTIAE alo block-priority
f;ogel?oth Lime a3 0, as b priority calculated ? ock-priority
l YES
0y =10, Oy =0,
l J END
(AR
Fig. 3. Flowchart.
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3.2 Algorithm

The problem of minimizing eq. (14) under the constraint of eq, (11) becomes
a linear programming problem (minimum cost flow problem), and it is easily
solved by Ford-Fulkerson’s method”. The flowchart for this algorithm is shown
in Fig. 3. In Fig. 3, at first s’ (u;) is calculated by the method shown in Appen-
dix, in the next place, F;; and ¢?; are calculated by eq. (21) and eq. (22). Then,
eq. (14) can be minimized under the constraints of eq. (11) by Ford-Fulkerson’s
method, if # can be determined. Although the value of ¢ is not yet known
here, we can solve the problem as follows.

Let #, mean the value of ¢ corresponding to =507 (equivalent to the value
using expected values), and @, also mean the value of # corresponding to 7=
100%. 6, and 0, are estimated by Y Min {0};} and eq. (20), and we can develop
the following calculation by using 01], 0, as intial values. That is, if restoration
sequences calculated by Ford-Fulkerson’s method are the same for #, and 6,
we can take the restoration sequence calculated by using ¢, or 6, as a optimum
solution because the optimum loads restoration sequence does not change over
the range of »=50-100(%). If the loads restoration sequence are different for
0, and 6,, 0,, the point of # where the optimum loads restoration sequence changes,
must be calculated by the bisection method® and a, will be calculated correspond-
ing to 6, by eq. (20). If the calculated «, is smaller than the predefined a cor-
responding to 7% (predefined standard level), the optimum solution is that cor-
responding to f, and similarly when «, is greater than the predefined a, the
optimum solution is that of #,. Moreover, we must calculate through R, in Fig.
3, if other loads restoration sequences are obtained in the process of the bisection
method’s calculation.

Besides, if we take into account the block priority?, we can only do the
over all calculation after the calculation of F;; and ¢%;, in accordance with

the priority sequence as described in reference [1].

4. Examples and considerations

4.1 Model system

The method mentioned above is applied to a 30 buses 9 generator model
as described in Fig. 4. The model system has 1 water turbine generator and
8 thermal generators. The startup and output-increasing characteristics of gen-
erators are shown in Table 1. The coefficients of quadratic functions for the
expected values of the costs of interruptions and their variances are shown in
Table 2. Although w () and 7 {F;(t)} are of course arbitrary functions, in
this example they are assumed to be normal distribution functions in order to

simplify the problem.

4.2 (onsideration of the results derived from the examples

Simulations of the model system have been done for the 4 cases shown in
Table 3, assuming that there are no minimum output constraints for the gen-
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Fig. 4. Power system model.
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Table 1. Characteristics of generators

%::Iﬁ:ir i PyO ‘ dy ‘ tgl | Otgl ‘ %e&’lselﬁt)(?r i[ Pyo | d.!/ ‘ 231 ? Otgl
| | | | |
1 03% | 001 | A ‘ oMol alle 1] 1340 -00e” [y he—agasi
10 0480 | 005 e e 25 | 0072 | 0.02 ‘ 50 | 30
12 0617 | 001 | 200 | 50 26 0400 | 0.04 ‘ 15.0 || 3.0
14 0.955 | 0.05 | 100 | 30 | 30 | 0265 | 005 | 100 \ 3.0
20 1570 | 0.01 ot Wi ‘
1
Table 2. Characteristics of loads
CLoad [N o f g [ [ T b el g
i | of load | S | ST | gl
5| 12 1750 | 1,500.0 | 0.0 | 1250 ’ 7,500.0 —180,000.01 1 ‘ 0.3% F (ti)
6 | 02 50.0 } 10,0000 | 0.0 50.0 | 10,0000 | 00 2 0.2x Fi(t;)
7 | 11 75.0 | 00| 00 | 450 36000 —108,000.0 6 0.5X Fy ()
8 0.5 50.0 | 17,500.0 | 0.0 | 750 | 14,500.0 = 90,0000 | 5 | 0.2XFy(#)
11 0.2 100.0 00| 00 \ 450 | 65000 | —192,000.0 3 ‘OAXFi(t,:)
13 } 0.1 250 | 50000 | 0.0 . 61.25 i 650.0 | 130,500.0 | 4 0.3 % Fy (i)

al,bh, ch: h=1; 0=<t<60 (min)
h=2, 60=<t¢<1440 (min)
op,: Standard deviation of the cost of interruptions of ith devided load at .

Table 3. Fault cases

Cags ’Il‘gégl ‘ Denisédclosd 7Generator output‘P.V[vI.i (dropped generatorﬁ, if output=0)
dropped| Bus No. $1 | $10 | $12 | 14 i 820 | $24 | §25 | §26 | 430

1| 28 |5671,13 01 |06 |00 |00 1255 | 1345 0.0 00 | 00

2 2.6 ! 567,13 028 06 | 00 ‘ 0.0 | 1.270 ‘ 1.345 | 0.0 ; 0.0 |0.0
3 15 | 5,11, 13 ‘ 0.396 ‘ 0552 | 0.0 |00 |1.570 1.345 0.072 04 | 0.265
4 03 | 11,13 ‘ 0.396 | 0.454 | 0.343 | 0.955 | 1.570 1345 0.072 ‘ 0.4  0.265
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Table 4. The results of computation

=00 ‘ a=0.1645 \
Case T T e 1 i ST —| ,_
No. Value of the objective| Load restoration | Valﬁ‘%c(;gvzhe Load 'restatation | (Fo—Fa)/Fy
function Fi(Fp) sequence | fl?nétion 7, sequence
| %1,000Yen i \'7777‘71:000\(“9&1 el ool s [
L1ydsi 12,149 (11,923) i 6—5—13—11—-7 i 13,077 6—5—11—7—13 | 4.48x10—4
2 | 11,717 (11,511 | 6-5-13-7 | 12659 | 65713 5.28 %10~
3 13,230 (12,943) | 5113 | 13,230 i 5-11-13 0.0
4 761 (724) | 1311 761 13-11 0.0

erators. The conclusions are shown in Table 4. In Table 4, F, means the total
cost of interruption calculated by using the expected values of the costs of inter-
ruptions of divided loads, and the condition F,# F, arises from distortions in the
distribution of the generators’ output, and from errors inherent in integral cal-
culations in eq. (21). F, is the value of the objective function when a=1.645
using the restoration sequence calculated with a=0.0.

The following results are shown in Table 4.

If we take 7=95% (a=1.645), as the pre-defined standard level, the optimum
restoration sequence of cases 1 and 2 are different from those using expected
values, but in cases 3 and 4, they are the same. In cases 1 to 3, Fyu<Fy,
S >S4 hold. But in case 4, Fyu<Fa, S4u<Su and the restoration sequence
will never change for any value of a. In case 3, the difference in standard
deviations between S, and S, is so small in comparison with that of the ex-
pected values F, and F, that a large a is necessary to change the optimum
restoration sequence (a=28.6, y=100). So, in 7=95(%), the loads restoration
sequence is the same as that of using expected values.

In this example, it is considered that the difference of the values of the
objective functions (the total cost of interruption at %) is very small even if a
difference in the restoration sequences exists between this method and that of
using expected values. This difference depends on the expected value F' and the
variance .S, and we will investigate this difference in the rest of this section®.

We will consider only the cost level type problem hereafter, because the
utility function type problem can be related to it.

Let us assume two patterns Al and A2 exist, and a value of eq. (10) namely
F, for the pattern Al is different from A2 at the same a.

Where,

FAI >FA2 ’ JSAI’<'¢S;27 (23>
and Fg, Fu5, Su, Ss are defined in eq. (15).
Let it also be assumed
x/SAlr = (11F.41
JSAZ = q2FA2 (24)
FAI == ,BFAZ
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Then the difference (d) in the value of the objective function for patterns Al
and A2 is as follows.

d=1+aq) Fu—(1+ag) Fu<O0

From eq. (23)~(25),

1<ﬂ<<1+a‘b)/(1 +aq) =¢§

Dividing d by the value of the objective function of pattern Al,

-

:ll_g

B

d

. a (1+agy)
FA1+JSA1

B(1+aq)

p-|

(27)

The relationship of & g, D is illustrated in Fig. 5 on refering to eq. (25).
relationship of & and S is

i i@ Fionip off
= 1aq 147 T 147 P

1.0 105 1 -

Fig. 5. Relation D and /.

0.05

0.01 |

0.005

0.001

1.02 1.05 1.10 115

C={SalSu -

Fig. 6. Relation between D and c=+Sa WS4 .

(28)

The
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Where,

c=VSu /NSy and y=aq,.

From eq. (27) and eq. (28), the relationshop of ¢ and D at the parameters 8 and
7, is illustrated in Fig. 6 for y=0.3 and y=0.5.

Fig. 5 and Fig. 6 show that the difference in the values of the objective
functions is 1~5 percent at most, according to the relation of £ and B or the
relations among ¢, y and B, even if the loads restoration sequence calculated
taking into account the distribution of the cost of interruption and the time
taken for the generators which have dropped out to parallel in, differs from
that calculated by use of these expected values.

It can be considered that only a slight difference exists between the two
calculating methods, because errors of quite a few percent are included in the
distribution of the expected values of the cost of interruptions. Moreover, the
necessary calculating time of the method taking into account the deviation is
up to several hundred times longer than that using expected values.

Accodingly, we can conclude that the method using expected values is suf-
ficient to calculate the optimum loads restoration sequence.

5. Conclusions

In this paper, the authors developed a method of determining a loads restora-
tion sequence taking into account distribution of the cost of interruptions of
electrical service and the time taken for generators which have dropped out
to parallel in. The conclusion from this method is compared with that from
the method using expected values.

The examples and the considerations show that for the a corresponding to
a 7 percent bound, the optimum restoration sequence is different from that using
expected values, but the difference in the values of the objective functions (total
costs of interruption) for the same a is less than a few % for most of the cases.
Accordingly, it is confirmed that the method using expected values is sufficient
to decide the loads restoration sequence, taking into account computing time
and uncertainty of the cost of interruption of electrical service, irrespective of
the distribution pattern.
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Appendix

Calculation of s (u;)
G, output of generator ¢ at the arbitrary time u;, is given as follows from

eq. (1).
G, = dy(tsy+tgers—ta) ¢ (App. 1)

Then, from App. Fig. 1, for the range of 0=G,=Gn.x, the following equation

holds.

(st tgers) + €4/ dy =t 1 = (ttp+tgers) + €4/ dy — Ggmax/dy (App. 2)

Where,

G,=0 (> us+tgers €5/ dy) l (App. 3)
Gq = Ggmax (tgl < “f+ tgers + eg/dg e Ggmax/dy> J

G,max: rating or maximum output of generator ¢, can be calcu-
g g

lated from eq. (8).

/
Pio | generator ¢

generator ¢

Gmax = Py

eé

gradient=d,

ndino 103819Ud5) —

Time —

R

App. Fig. 1. Output of generators.

ty is distributed in the range of #,s=t, =00, and so, P;(G,), the probability
density function of G, at u, is given as follows for the range of 0<G,<Gymasx

from App. Fig. 2.
1

G,
Py
Gomax= dy*1iy

‘-. tﬂel!

1 u=0 wu=us

W) Probability
of
G Probability of
G,=0
t;=0 tg=1tgers o= toorstur

App. Fig. 2. Distribution of # and generator output at ur.
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PGy =/ (urttyerst €)/dy— Gyl dy) (App. 4)

As u>0, the probability of G,=0 or G,=G,m.x can be considered as the
shaded area of App. Fig. 2, then,
P(G,=0)=1—w(us+ters+6,/d,) (App. 5)
Py(Gy= Gmax) = w(tty~+2tgers+ €5/ dy— Gomax/dy) (App. 6)
Where, the following exist.
DL UL pore + Colely— Gigpaaxi oy (App. 7)
Gymax must be calculated as follows.
G :Ju}dg-i—c’g at uy+tyes+e,/d,—(rated output)/d,<0
" |(rated output) :  at up+Lyes+e,/d,—(rated output)/d,=0
(App. 8)
P;(TG,\

« Puls with the area equivalent
to probability of G, = Gymax
Puls with the area equivalent —

to probability of G,=0

)
3

Gymax

n\%\ﬁ
0

Gy —

App. Fig. 3. Probability density function of G, at ur.

The probability density function P}(G) of G, at «, is shown as App. Fig. 3.
P} (G,) for various G, calculated from eq. (App. 4)~eq. (App. 6), then, by con-
voluting these functions for all generators, the probability distribution function
P(G) for the total incremental output of generators G can be calculated as fol-
lows, because functions P;(G) are independent of each other'?.

PAGS) =((-+[+] PHG)-PI(G)-P}(Gy)-dG,-dGy-dG
. (App. 9)

Accordingly we can obtain a matrix of the distribution pattern of the total
incremental output of generators as App. Fig. 4, by calculating eq. (App. 1)~eq.

Time
Total D e Uy |rm=== Umax
incremental
generator output
1-4 P(1:d) |- = - = = - Pi1:d) | = - = = = Prax(1:4
2-4 Py(2:4) |~ ~ Py(2-4) !
] ] < T T
| ! il 8 | !
jd P,(j-4) Py(j-4) )
! | | T s 1
1 [l | i |
ned Pmd) |- - = - - - Pined) | = = = = =|Pnax(n+d)

App. Fig. 4.

Distribution of generators’ total incremen tal output.
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(App. 9) as the values of «;and j are increased from u«,=0 and j=1 respectively.

P,(j4) monotonically decreases as j increases from 1 to n at the column
u; in App. Fig. 4, because total generator output monotonically increases as time
passes. On the other hand, at the line j4, it is guaranteed that P;(j4) mono-
tonically increases as f (subscript of u«,) increases from 1 to maximum (#; tO %max)-
It can be considered that the line j4 in App. Fig. 4 decribes the distribution
of u, the time required for the total output of generators to increase to meet
jd.

Consequently, the probability density function s (x;) can be calculated for
u;, the discrete value of u; as follows.

s (g =uy) = Py (4) — Pr1(j4) (App. 10)

Where, u«; is the time required for the total output of generators to increase
to meet j4, explained above.
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