A new method to calculate bus failure frequency of composite
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This paper is a directicontinuation of the work in which a reliability assessment of a composite
power system based on graph partitioning technique was developed. The technique is expanded
to calculate bus failure frequency of composite power systems. The proposed algorithm is more
efficient and accurate than others and it is tested on IEEE-Roy Billinton Test System (RBTS).
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1. Introduction

Calculation of the frequency of occurrence
of an insufficient capacity condition at certain
bus is as important indeX as bus reliability
index.

This paper introduces an effective
approach to be used in calculating failure
frequency of any bus in composite power
system reliability assessment. This method is
an expansion of the method represented in [1].
The developed method is based on the graph
partitioning  technique [2] taking into
consideration, the amount of available system
generation and its reliability, maximum
transmission lines capacity and maximum
available load to be connected at each bus.

The validation and efficiency of the
proposed technique are realized through
application to the IEEE-RBTS bus power
system model [3].

2. Basis of the proposed method

The developed method can be divided into
three main parts as follows:
1) Calculation of generation failure frequency.
2) Tearing the whole network into trees and
tearing elements.
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3) Calculating bus failure frequency.
2.1. Calculation of generation failure frequency

In this part each generator is represented
by two-state model as shown in fig. 1, and the
forced outage rate (FOR) of each generator is
considered to be an independent event.

Fig. 1. Two-state model of generating units.

The load at each bus is assumed to be
fixed and equal to its maximum value and the
transmission line losses are negligible.

Also the total system load is assumed to
be shared between generating stations as
proportional to the installed generation
capacity at each bus.

2.2. Tearing the whole network into trees and
tearing elements

The network [N] under study is torn into
“a” subnetworks [N;,N2,Ns,...... N.] called trees
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and “b”
elements [t;,to,......t].

follows an  efficient
technique developed in [2].

separate elements called tearing
The tearing process
graph partitioning

2.3. Calculating bus failure frequency

In this part the initial values of bus failure
frequency are calculated in each tree. The
tearing elements are then added in steps and
at each step the buses failure frequency are
updated. The following assumptions are made:
(a) Every line has a maximum transmission

capacity. It can not supply higher loads.

(b)There is only one direction for the power
flow in each transmission line.

This part can be achieved in the following

steps:

(i) In the initial calculation part the buses
failure frequency and failure rate of each
tree are calculated.

(ii)In the repetitive calculation part, the tearing
elements are added sequentially. Priority is
given to a tearing element to enhance the
insufficient supply of certain bus load
demand. This is divided in a number of
passes in each of which all buses connected
loads are fed.

3. Algorithm structure

An algorithm based on the method
described in the previous section is developed
for computer implementation. This algorithm
is divided into the following modules:
1-Data-input module.
2-Generation failure frequency module.
3-Tearing module.
4-Initial calculation module.
5-Repetitive calculation module.

3.1. Data-input module

Power system configuration can be
presented in a text file. The computer program
reads the data from this input file and saves
them in records [1].

3.2. Generation failure frequency module

In this module failure frequency of the
installed generation capacity at each bus is

calculated. The procedure is as follows:
(1) Calculate total system load demand as

Tioaa = iLi . (1)
i=1

Where L; is the load demand at bus number "i"

in MW and n is the total number of the buses

in the network.

(2) Calculate the installed generation capacity
at each bus.

m;
Gi= Y gVi=12,. n (2)
i=

Where m; is the number of generating units

installed at bus # i.

(3)Calculate total system installed generation
capacity Tgen ,where

n
Teen = ZGi . (3)
i=1

(4)Calculate the amount of generation " GS;"
that each bus in the network will share to
feed system loads according to the
assumptions mentioned in section (2.1).

Gj
T

gen

GSF

* Tioad - (4)

(5)For each bus # i  having connected
generating units, calculate the failure
frequency of the generating station at this
bus to supply an amount > GS; . This value
can be calculated as follows:-

eAssume that every generator unit has two

states, up and down. The probability of any
unit to be down is equal to its forced outage
rate (FOR). The total number of states for all
possible combinations of generator units
installed at this bus is K;,

Ki= 2 mi . (5)
e The total rate of departure at any state "i” of

generators combinations Astate# i is
calculated as follows,
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n m number e+v+1 where e is the total number
Astateffi _ ij +Zuj ; (6) of lines in the system and v is the total
j=1 j=1 number of the previously added virtual lines.
The availability ,frequency failure and
outage rate of this virtual line are equal to

where n is the number of generators in the .
P(GS)) , f(GSi) and A(GSi), respectively.

up state and m is the number of generators
in the down state in state # i of generators
combinations in a bus with generating
station have m+n generators installed, A is
the generator outage rate and p is its repair
rate.
Convert the decimal number of each state
(from O to Ki-1) to a binary number
consisting of number of bits equal to "m;".
Each bit represents the state of a generator
unit at this bus (1 means up and O means
down).
o For each state j multiply each bit of its
equivalent binary number by the capacity of
the generator unit it represents and add

3.3. Tearing module

The aim of this module is to tear the whole
network into "a" trees and "b" tearing lines [1].

3.4. Initial calculation module

The aim of this module is to calculate
failure frequency at all buses of each tree. Two
factors must be taken into consideration. The
first is that the power flow in each line has
only one direction, the second is that the
power flow in each line must not exceed its

these products to calculate the generation ?rixa];n;?llm;:?amty' Tae steps™alihp padule
available capacity "GA ") " at this state. (i Calculate the availability of system lines.
If GA ¥ * >GS; then calculate the probability The availability constant "A" of a line #i
of this state P; by multiplying "FOR" or "1- having an ou.tage rate A per year and mean
FOR" of the first generator if its bitis O or 1, (?utage duration r; hours is calculated as
respectively, by the "FOR" or "1-FOR" of the follows:
second generator if its bit is O or 1,
respectively and so on. A [ (i ), (9)
o Calculate the failure frequency of this state f; : ;
[4): where pi=8760/r; is the repair rate per year.
(ii) Save the maximum transmission capacity
f =P, *)stac#i, (7) of each I.ine into a vector consisting of "e"
rows. This vector will be called the capacity
¢ The probability P(GS;) and failure frequency vectar €. A

(iii) Construct a vector consisting of "n" rows
to save system buses reliabilities that are
updated at each step. This vector will be
called the reliability vector R. Initially
R(1)=R(2)=...=R(n-1)=R(n)=0.

(iv) Construct a vector consisting of "n" rows

f(GSj) that this generating station can
generate its share GS; or more are obtained
by adding all the state probabilities and
failure frequency respectively in which

state #

GAT™" 2GS . to save temporary reliabilities of system
buses. Each entry represents the reliability
* The equivalent outage rate of this generating of a bus whose available transmission
station to supply its share of the system load capacity at a certain step is not enough to
is calculated as follows:- feed its total load that means that only a
part of the load equal to the transmission
MGS)= f(GS) / P(GS)). (8) capacity will be fed.  This vector will be
' called the temporary reliability vector Rt.

¢ Avirtual transmission line is added between Initially Rt(1)=Rt(2)=.......... =Rt(e)=0.
bus no. "i" and the virtual bus number “0” (v) Construct a vector consisting of "n" rows to
(the source bus) and is given the code save system buses failure frequency which
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are updated at each step. This vector will
be called failure frequency vector f. Initially
fl1)=fl2)=........... =f(n-1)=f(n)=0.

(vi) Construct a vector consisting of "n" rows
to save temporary failure frequency of
system buses. This vector will be called the
temporary failure frequency vector ft.
Initially ft(1)=ft(2)=.......... =ft(e)=0.

(vii)Consider any tree as shown in fig. 2. Each
node in this tree has its own order . The
source node order is “0” and node #a order
is "1” and so on. The load connected to a
node whose order is"X"is L(ory). Likewise,
each line has its order "ory", avaliability
A(ory),capacity C(ory) and outage rate A(ory).

d

L(or.a

@ or) @ orz orj3

I T O

Aor)
"L(ory L(ory

Fig. 2. Processing of initial calculation module.

[T}

(viii)For any node # "i" of order "x" >1 in a tree
and whose load is Li; there are three
possibilities:

(1)If each transmission line preceding this
node has a capacity higher than the load at
node #i, i.e., min{C(orz),C(or3),........ ,Clory)} 2
L, , then node "i" reliability at this step is
calculated as follows:

R!(i)= A(or)xA(orz)x...A(ory). (10)
The equivalent failure rate of this node[S]:

}\’lq(i)= Zl(orj). (1 1)
P

The failure frequency of this bus is calculated

as follows:
RN DU 12
f O=R OO (12)

The capacity of all these lines are

decreased by an amount equal to L. Ji.e.,

C(ory) = C(orz) - Li, C(ors) = C(ors) - Li ...,C(ory)
=C(oryx) - Li .

The load at bus #i in this pass will be set

to zero as it is now fully fed ,i.e., Li=0 .

(2)If any of the transmission lines preceding
this node has a capacity smaller than the
load at mnode i, ie., min{C(orz),C(ors),

..,C(ory)}<Li ,the load is partially fed by an
amount equal to the minimum
transmission capacity available. A
temporary reliability value for this node is
calculated as follows:

Rt!(i)= A(or;)xA(orz)X...A(ory). (13)

The temporary equivalent failure rate of this
node

xt @)= Zx(or, (14)

i=

The temporary failure frequency of this bus is
calculated as follows:

fi'©=Rt'O"ALO (15}

The bus reliability and failure frequency
will be still equal to zero R(i)=0. The reliability
of all subsequent nodes will equal to zero. The
process in this tree will be ended. The load at
this bus and the capacity of all lines preceding
this bus are decreased by an amount equal to
min{C(orz),C(org) ,......... ,C(ory)}.

(3)If any of the transmission lines preceding
this node ,i.e., of order x or less has a zero
capacity then the reliability and failure
frequency of this node will remain zero ,i.e.,
R(@{i)=0 and the reliability and failure
frequency of all subsequent nodes will also
equal to zero, ie, R(i+1)=R(i+2)...=0 &
fi+1)=f{i+2)...=0. The process in this tree
will be ended.

3.5. Repetitive calculation module

In this module the tearing lines are added
one at a time and after each the reliability
vector of all system buses is updated. The
addition of the tearing lines will be carried out
in number of passes. In the first pass only the
tearing lines whose addition results in feeding
all the loads are added.In the second pass
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each load is fed again' by another path

constructed by adding the remaining tearing

lines. Subsequent passes are carried out until
all tearing lines are added. The procedure in
any pass #i is as follows:

(1)At the beginning of each pass ,say at step #
s+1, scan the temporary reliability vector ,if
there is a bus #i -in tree #a- has a nonzero
temporary reliability ,i.e., Rts(i) # O ,then
first add a tearing line "t" as shown in fig. 3.
satisfying the following conditions:

(i) Its second end is node #i ;or, if there is not
any, a node previous to it in the same tree,
i.e. tree #a.

(i) Its first end "j" is a second end of a line of
order "x" in another tree ,say, tree #b. The
tearing lines which have less order have to
be added first ,i.e., try x=1, then x=2 and
So on. '

(iii) Its first end node load and all preceding
node loads in tree #b are equal to zero, i.e.,
they are fully fed before.

(iv) The capacity of any line which has
order "X" or less in tree #b must be
higher than zero.

QTree #a Qé.(or,), Aé‘“f", - ©

Element &£ N g ,Q
SO Q . Q

Qszee #b @
b(Ol’x.)

Fig. 3. Processing of repetitive calculation module.

After adding each teanng line there are
two possibilities:

(i) If the added tearing line and each
transmission line preceding its first node "j"
in tree #b , has a capacity higher than the
remaining load at node #i which is L'} ,i.e.,
min{Cy(orz),Cp(0r3),...,Ch(ory),C(or)} = L';.

The procedure to calculate node "i" failure

frequency at this step is calculated as follows:

oLet Rs*1(i) =Ap(or))xAp(orz)X...XAp(ory)xA:, (16)
where Ap(ory) is the availability of the line

whose order is "X" in tree #b & A: is the
availability of the tearing line.

eNode "i" failure frequency at this step is
calculated as follows:

Let A's*i(i) =Ap(or)+Ain(ors)+...+Ap(ory)+iy,  (17)
where Ap(ory) is the outage rate of the line

whose order is "X" in tree #b & A is the outage
rate of the tearing line. «

eThe series equivalent of  A'**1 & Aits is
calculated as follows:
A'stl=) s+l + )ts. (18)

e The series equivalent of R's*!(i) & Rts is
calculated as follows:

R's*1(i)=Rs*1(i)* Rts (19)
o Letfs1(j)= A1 % R's*1(j), (20)

e Hence, the failure frequency of bus#iat
this step (s+1) will then be the parallel
equivalent of [f *(i) & f 's*1(i)] which is
calculated as follows [5]:

fsri= [fo(i)*(1- R's*1(i)] + [£'=*1(i)*(1- Rs(@)]. (21

The capacities of all the lines belonging to
tree #b and their order from 2 to x and that of
the tearing line are decreased by an amount
equal to L. The load at bus #i in this pass will
be equal to zero as it is now fully fed, i.e., Li=0

The failure frequency of the nodes after
node #i in tree #a and their loads was not fed
in this pass will be updated in order, as there
is enough transmission capacity until a
temporary reliability value is calculated for a
node which means that there is not enough
transmission capacity.

(i) If the added tearing line or any
transmission line before its first node "j"
in tree #b has a capacity less than the
remaining load at node #i, the load is

fed by the minimum transmission
capacity  available. The temporary
failure frequency for this node is

calculated as follows:

eLet Rt's*!(i) =Ap(or))xAp(orz)xX...Ap(orx)xAr.  (22)
e The temporary reliability value for this node
at this step is updated and will equal to the
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each load is fed again' by another path

constructed by adding the remaining tearing

lines. Subsequent passes are carried out until
all tearing lines are added. The procedure in
any pass #i is as follows:

(1)At the beginning of each pass ,say at step #
s+1, scan the temporary reliability vector ,if
there is a bus #i -in tree #a- has a nonzero
temporary reliability ,i.e., Rts(i) # O ,then
first add a tearing line "t" as shown in fig. 3.
satisfying the following conditions:

(i) Its second end is node #i ;or, if there is not
any, a node previous to it in the same tree,

i.e. tree #a.
(i) Its first end "j" is a second end of a line of
order "x" in another tree ,say, tree #b. The

tearing lines which have less order have to
be added first ,ie., try x=1, then x=2 and
SO on. '
(iii) Its first end node load and all preceding
node loads in tree #b are equal to zero, i.e.,
they are fully fed before.
(iv) The capacity of any line which has
order "X" or less in tree #b must be
higher than zero.

; QTree.# aQA.(or,)(g A&'yﬂ@ : g?

Element Iﬁ‘ﬁg‘ ng i

Ko
gaTsee #b @ @ @ B Q

A s(oro)

Fig. 3. Processing of repetitive calculation module.

After adding each teanng line there are
two possibilities:

(i) If the added
transmission line preceding its first node "j
in tree #b , has a capacity higher than the
remaining load at node #i which is L'} ,i.e.,
min{Cy(ors),Ch(0r3),...,Cs(orx),C(ory)} = L';.

The procedure to calculate node "i" failure

frequency at this step is calculated as follows:

tearing line and each

nen

oLet R's*1(i) =Ap(or))xAs(orz)X...XAp(orx)xA:, (16)

where Ap(ory) is the availability of the line
whose order is "X" in tree #b & A: is the
availability of the tearing line.

eNode "i" failure frequency at this step is
calculated as follows:

Let A s*i(i) =Ap(or))+ip(ore)+...+Ap(ory)+h,  (17)
where Ap(ory) is the outage rate of the line

whose order is "X" in tree #b & A is the outage
rate of the tearing line. «

eThe series equivalent of  A's*1 & At is
calculated as follows:
A'stl=) 's+1 + )ts. (18)

e The series equivalent of R"*!(i) & Rts is
calculated as follows:

R's*1(i)=R*1(i)* Rts (19)
o Let f's1(i)= A"s*1 % R's*1(i). (20)

e Hence, the failure frequency of bus#iat
this step (s+1) will then be the parallel
equivalent of [f #(1) & f '**1(i)] which is
calculated as follows [5]:

fsvi= [fo(i)*(1- R3] + [£=+2(i)*(1- Re(@)].  (21)

The capacities of all the lines belonging to
tree #b and their order from 2 to x and that of
the tearing line are decreased by an amount
equal to L. The load at bus #i in this pass will
be equal to zero as it is now fully fed, i.e., Li=0.

The failure frequency of the nodes after
node #i in tree #a and their loads was not fed
in this pass will be updated in order, as there
is enough transmission capacity until a
temporary reliability value is calculated for a
node which means that there is not enough
transmission capacity.

(i) If the added tearing line or any
transmission line before its first node "j"
in tree #b has a capacity less than the
remaining load at node #i, the load is
fed by the minimum transmission
capacity  available. The temporary
failure frequency for this node is
calculated as follows:

elLet Rt's*!(i) =Ap(or)xAp(ors)X.. . Ap(ory)xA:.  (22)
e The temporary reliability value for this node
at this step is updated and will equal to the
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series operation of Rts and Rt's*l, ie.,

Rts*1=Rts x Rt's+l
o Let A s*i(i)=hu(or)+Ao(0rz)+... ¥hn(or)*Ahe. (23)

e The temporary outage rate for this node at
this step is updated and will equal to the
series operation of Ats and At's*!, i.e.,

Atstl=)ts + )t'stl | (24)

e The temporary frequency failure for this
node at this step is calculated as follows:

ft"‘(i)= Atstl * Rts+l(i) . (25)

The bus reliability and failure frequency
will still have their values at step #s ,i.e.,
Rs*1(i)=Rs(i) & f s*1(i)=f s(i).

The capacities of all these lines are decreased

by an amount equal to min {C; (orz), Cy (013),

.ors Colory), C¢}

The load at this bus is likewise decreased
by the amount it is' fed, ie., L"i=L'-
min{Cy(or:),Cy(0ra),...,Cp(orx),Ci}

(2)After adding the tearing lines in the just
described way wuntil all loads which are fed
partially are completely fed, add a tearing
lines which is connected between a node #i
in any tree #a which is completely unfed in

this pass (if it is the first pass then its

reliability is still equal to zero) and a
second node #j in any tree #b. This line
must satisfy the previously mentioned
conditions in (l). After adding each tearing
line there are two cases:

(i) First case, min {C;, (or2), Cp (or3), ..., Cp (ory),
C(ory)}> L

eLet R's*(i) =Ay(or))xAp(orz)X...xAp(orx)xA:.  (26)

Let L\'s*1(i) =hp(or;)+Ap(ora)*...+Ap(ory)+he.  (27)

Let f's*1(i)= A's*1 * R's*1(j), (28)

eHence, the failure frequency of bus # i at this
step (s+1) will then be the parallel equivalent
of [f #(i) and f 's*1(i)] which is calculated as
follows[S]:

£5+1 = [£+(()*(1- R=*1(0)] + [£=10)*(1- Re@)]. (29)

The capacities of all the lines belonging to
tree #b and their order from 2 to x and that of
the tearing line are decreased by an amount
equal to L. The load at bus #i in this pass will
be equal to zero as it is now fed in this pass.
The reliabilities and failure frequencies of the
nodes subsequent to node #i in tree #a whose
their loads were not fed yet in this pass will be
updated in order as there is enough
transmission capacity until a temporary
reliability value is calculated for a node which
means that there is not enough transmission
capacity.

(ii) Second case, min{ C;, (orz2), Cs, (or3), .., Cp
(orx), Clory)}< Li

In this case the load is fed by the minimum

transmission capacity available. The

temporary reliability and temporary outage

rate for this bus are calculated as follows:

Rts*1(i)=Ap(or)xAp(012)X. .. Ap(0Tx)XA:. (30)
At sti(i)=Ap(or;)+hp(or)+. ... Ap(orx)+Ac (31)

The temporary frequency failure for this node
at this step is calculated as follows:

f t*3(i)= Ats*2 # Rt=* (i) . 2

The bus reliability and failure frequency
will still have their values at previous step.
The load at bus #i and the capacity of all these
lines are decreased by min{C; (orz), Cy(or3), ...,
Cb(orx),Ct}.

(3)After all the loads are equal to zero which
means that they are all completely fed, this
will be the end of this pass numberi. If
there is remaining tearing lines then
another pass will begin by restoring all the
loads to their original value and the
previous two parts are repeated.

4. Application

The proposed technique is tested by
applying it to the IEEE-RBTS. The single line
diagram of the test system is shown in fig.4.
All the data needed to calculate its buses
failure frequency are given in [6]. After
applying generation failure frequency module
the system new configuration will be as shown
in fig. 5. The obtained data for the two added
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virtual lines are given in table 1. The output
results of the tearing module is shown in fig.
6.

8uUs 3

asMwW

BUS 6 l
Le 20MW

BUS 6 e—femee

20MwW

Fig. 4. Single line diagram of RBTS.

Table 1
The obtained data for the added vjrtual lines

Virtual Its Its failure Its failure
line # availability rate frequency
10 0.940429 29.40316 27.6516
11 0.978675 29.429586 28.802

The obtained results are compared with
that obtained in [3] to check the accuracy of
the developed method. Ref. [3] solves the
IEEE-RBTS system once with the “Network
Flow Approach” and once with the “AC load
flow approach”. It calculates failure frequency
of each load bus. Table 2. compares the
results obtained by the developed method with
those of [3].

It can be seen that the results have a
slight difference in some buses which are
buses # 2,4 and 5. The obtained failure
frequency is higher in buses # 3 and 6. [3]
itself when using two 'different methods
obtained different results. The difference in
results is due to the assumptions assumed in

each method procedures. The developed
method gives pessimistic results since all the
buses are assumed to have their maximum
load at the same time. The developed method
contains no iterations, it only contains simple
algebraic operations. The execution time of the
developed software package program, using
Intel 486 machine and compiler of the Pascal
language, does not take more than 0.1 of the
second in comparison with other analytical
methods which requires the execution of load
flow programs hundreds of time to solve the
composite system reliability problem and the
execution time on the same machine may take
several hours.

Table 2
Comparative results between the developed method and
other methods

Bus Bus failure frequency
4 Developed Network flow AC load flow
method approach approach

2 2.52633 3.6419752 2.6840122

3 10.43242 3.7288585 4.2465763

4 1.82512 3.7290108 2.8416128

S 3.13957 3.7314045 0.2929301

6 11.74721 4.8542213 1.1587838

5. Conclusions

This paper introduces an effective
approach to be used in calculating failure
frequency of any bus in composite power
system reliability assessment. This method is
an expansion of the method represented in [1].
The developed method is based on the graph
partitioning technique presented by the
authors in [2].

The developed method has the following
merits over other ones:

(1) The solution steps do not include any
complex calculations, it contains only
simple algebraic operations.

(2) It does not include any load flow iterations
that are time consuming and subject to
divergence in some contingencies.

(3) The CPU time for any program based on

this algorithm will certainly be very small

compared to Monte Carlo simulation methods
or contingency enumeration methods.
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Fig. 5. a) Single line diagram of the RBTS after adding the virtual lines. b) The stochastic network of the RBTS after adding
the virtual lines.
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Fig. 6. Results of the tearing process on the modified RBTS system.
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