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Abstract-Failure events in substations often result 
in multiple outages of generators, lines andlor 
loads in power systems. The simulation of substa- 
tion originated outages for practical substation 
configurations is difficult, due to the complex 
switching actions with disconnect switches and 
circuit breakers that can take place. A digital 
computer program has been developed at the 
Delft University of Technology, which simulates 
these complex switching actions following substa- 
tion failures. The simulation algorithms, which 
deduce the contingencies before and after switch- 
ing actions with their corresponding reliability 
indices, are described in detail in the paper. The 
paper reports on results obtained from analyzing 
six different busbar schemes with redundant 
components. 

1. Introduction 

Many studies of substation reliability have been 
conducted in the past. The majority fall into one of 
two categories 113. The first [2,3] has been concer- 
ned with deducing system states, their likelihood 
and the impact they have on connectivity including 
the modelling of active and passive failures. The 
second [4,5,6] has been concerned with the deducti- 
on of station-originated outages in a composite 
generation and transmission system due to active 
and passive failures in substations. Few, if any, 
have dealt with the assessment of the sequential 
complex reconfiguration events that can be used to 
recover energy supply following component failures 
and protection relay responses [l]. This paper des- 
cribes an approach to incorporate such complex 
switching actions with disconnect switches and 
circuit breakers in the reliability evaluation of sub- 
station topologies. 

A station-originated outage is a forced outage of any 
number of system generators, lines and/or loads, 
caused by a failure inside a switching station or sub- 
station [SI. The probability and frequency of a stati- 
on-originated outage can be high and can contribute 
significantly to the reliability indices of electricity 
supply [ 3 S ,  6,71. 

The various failure modes in substations which can 
cause station-originated outages are [5,6] : 
* Passive failure events 
* Active failure events 
* Stuck-condition of breakers 
* Overlapping failure events 

Passive failure events are referred to as all compo- 
nent faults that do not cause operation of protection 
breakers. Examples are undetected open-circuits and 
inadvertent operations of circuit breakers. 

Active failure events are all component faults that 
cause the operation of the primary protection zone 
(breakers) around the failed component. An example 
is a short-circuit fault. 

Stuck-condition of breakers arise when circuit brea- 
kers in the primary zone fail to operate following an 
active failure event. Back-up protection must then 
respond and a larger section of the substation may 
become isolated. 

Overlapping failure events arise when substation 
components fail during the restoration time associ- 
ated with a previously failed substation component. 
The overlapping failure events usually considered 
are those involving only two station components. 
The probability of higher-order outages is normally 
negligible [5]. 

A previously proposed approach [5,6] applied to 
Dutch substation configurations appears to have 
certain limitations. Therefore, a computer program 
has been developed at the Delft University of Tech- 
nology which contains a set of enhanced algorithms. 
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S : Busbar Section 
T : Transformer 
B : Circuit Breaker 
D : Disconnect Switch 
x : Normally Closed 
381 : ~ o r m a l ~ y  open 
/ : Normally Closed 
0 : NOIDI~IIY Open 

Figure 1. Single line diagram of a duplicate busbar scheme 

2. Improvements 

The first improvement to existing methods is to 
include both normally open and normally closed 
disconnect switches and/or circuit breakers in the 
analysis. This was impossible in the models previ- 
ously used. To illustrate the impact of the incor- 
poration of normally open and normally closed 
disconnect switches and/or circuit breakers, consider 
the single line diagram of a typical Dutch duplicate 
busbar substation configuration, as shown in figure 
1. 

Assume that breaker B3 suffers a short-circuit (acti- 
ve failure) which causes the operations of the sur- 
rounding breakers B1 and B6. This event causes L1 
and LD1 to be outaged and this is a station-origina- 
ted outage. After the operation of the breakers, the 
faulted breaker B3 is disconnected from the other 
healthy components, by opening the disconnect 
switches D7, D18 and D15. Simultaneously, the 
disconnect switches D9, D16 and D19 are comman- 
ded to close, followed by closing commands on the 
circuit breakers B1 and B4. Therefore, after these 
switching operations, the load LD1 is again sup- 
plied. This example demonstrates that the contingen- 
cy caused by a fault on breaker B3 can be alleviated 
by switching operations with several breakers and 
disconnect switches. 

In the models previously used, active (and passive) 
failure modes have been modelled together using the 
three-state model, shown in figure 2. The three 
states are: 
* State before the fault (U) 
* State after the fault but before isolation ( S )  
* State after isolation but before repair (R) 

When the three-state model of figure 2 is used, an 
active failure on breaker B3 lead indirectly to state 
R. According to the model of figure 2, this state 
causes the contingency of LD1 during the whole 
repair time of breaker B3 (a passive failure on B3 
lead directly to state R). 

Active Failure 

Switching v Passive Failure 

Figure 2. Three-state failure model 

Therefore, the three-state model can not be used in 
reliability evaluation studies of substation configura- 
tions with redundant components (which are associa- 
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ted with normally open disconnect switches and/or 
circuit breakers). One of the assumptions in the con- 
cepts previously developed was that all circuit brea- 
kers (and disconnect switches) are normally closed. 
It should be clear that more detailed simulation 
algorithms, which take switching operations with 
redundant coniponents into account, are necessary. 

A second improvement to existing methods is to 
consider also failures on transmission lines in com- 
bination with stuck circuit breakers. From experi- 
ence, it is a well known fact that failure rates of 
transmission lines are usually higher than failure 
rates of substation components. Therefore, it is not 
consistent to simulate active failures on substation 
components in combination with a stuck circuit 
breaker and to ignore active failures on transmission 
lines plus a stuck circuit breaker.This paper extends 
the present techniques by describing a set of en- 
hanced algorithms which simulate several failure 
modes of substation components and the following 
switching actions, using principles of network relia- 
bility and failure mode and effects analysis. The 
resulting contingencies for each substation failure 
event are deduced and their corresponding reliability 
indices are evaluated. 

3. Enhanced simulation algorithms 

In the algorithms it is assumed that only the follo- 
wing substation components can fail: breakers (B), 
transformers (T) and certain busbar sections (S). 
Failures on other substation components are neglec- 
ted. The fundamental concepts on which the algo- 
rithms are based are described in detail in Reference 
1. A summary with certain modifications is given in 
this section. 

Some realistic assumptions are adopted in the algo- 
rithms. These are: 
* All the analysis is performed for a single weather 

* Circuit breakers actively failing cannot clear their 

* Circuit breakers can operate due to faults in either 

* Passive failures only occur on circuit breakers 

condition 

own faults 

direction 

The basic structure of the computer program is: 
(i) Read the substation data. 
(ii) Simulate passive events on breakers. 
(iii) Simulate active events on breakers, transfor- 

mers and busbars. 
(iv) Simulate active events on breakers, transfor- 

mers and busbars, followed by a stuck-condi- 
tion of the circuit breakers that should have 
operated. 

(v) Simulate overlapping failure events involving 
two substation components. These include 
passive and active failures overlapping the 
failure of another component. 

(vi) Classify contingencies by order, group the 
failure events leading to the same contingency 
and evaluate the total probability and frequen- 
cy of each contingency. 

Reading substation data 
In this step, the data defining the substation topolo- 
gy, the normally open or closed positions of circuit 
breakers and disconnect switches and the reliability 
parameters of the substation components are read. 

Simulating passive events 
The substation shown in figure 1 can be used to 
illustrate a passive event. Assume breaker B1 in 
figure 1 suffers a passive failure event. This failure 
event results in the isolation of line L1. From the 
figure, it appears that repair of breaker B1 can only 
take place when the disconnect switches D 1, D3 and 
D4 are open. From figure 1, it can also be seen that 
switching operations with disconnect switches can- 
not lead to energizing of line L1, before the faulted 
breaker B1 is repaired. Therefore, the probability of 
being found in the passive contingency state and its 
frequency of occurrence is equal to the probability 
and frequency of the passive failure event which 
leads to it. These two indices can be approximated 
by : 

Ppc hP . r 

fpc = ?Lp 

where: 
Ppc the probability of the passive contingency 
LC the frequency of occurrence of the passive 

contingency 
hp the failure rate of a passive failure event 
r the repair time of the substation component 

Assume now that breaker B3 in figure 1 suffers a 
passive failure event. This failure event results in 
the isolation of load LD1. From the figure it appe- 
ars that repair of breaker B3 can take place when 
the disconnect switches D7, D8, D15 and D18 are 
open. After the opening of these disconnect switch- 
es, the disconnect switches D9, D16 and D19 are 
manually closed, followed by the closing of circuit 
breaker B4. Therefore, load LD1 is energized, 
before the passively faulted breaker B3 will be 
repaired. The probability (P,,) of being found in the 
passive contingency state and its frequency vPc) of 
occurrence can be evaluated by a modified form of 
(1) and (2): 
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From figure 1, it appears also that it is possible that 
Ppc = K s (3) some severe outages can be alleviated but not totally 

relieved. Such an event occurs when for example 
breaker B1 actively fails. The breakers B3 and B6 
will trip and line L1 and load LD1 are on outage. 
By opening the disconnect switches D1 and D3, the 

where: faulted breaker B1 is isolated and after this, the 
s the switching time of the substation component healthy breakers B3 and B6 will be closed again. 

After these switching actions, the contingency is 
The algorithm to simulate passive failure events is alleviated from L1,LDl to L1. Therefore, in the 
as follows: situation before switching, the equations for the 

4. (4) 

Select a circuit breaker. 
Open this circuit breaker. 
Identify whether generators, lines and/or 
loads are disconnected and set the value of 
the number of isolated generators, lines 
and/or loads before switching, N,, to the 
total number of generators, lines and/or 
loads on outage due to this failure event. 
(a) If Nbs=O, go to step (viii). 

Open all neighboring disconnect switches 
around the breaker which has passively 
failed. 
Close all other disconnect switches. 
Close all healthy circuit breakers. 
Identify the generators, lines and/or loads 
which are now disconnected and set the 
value of the number of isolated generators, 
lines and/or loads after switching, N,, to the 
total number of generators, lines and/or 
loads on outage after these switching actions. 
(a) If N,=Nbs, determine the probability 

and frequency of this outage, using the 
equations (1) and (2). 

(b) If N,=O, determine the probability and 
frequency of the outage, using the equa- 
tions (3) and (4). 

Restore the original topology, and repeat 
steps (i) to (vii) until all circuit breakers 
have been considered. 

(b) If Nbs>O, go to Step (iV). 

Simulating active events 
The substation configuration in figure 1 can also be 
used to illustrate active events. Assume that busbar 
S8 suffers an active failure event. The breakers B1, 
B3 and B6 should operate. Therefore, line L1 and 
load LDl are forced out. The faulted busbar S8 is 
then isolated by opening the disconnect switches 
D3, D7 and D13. After this isolation all disconnect 
switches connected to busbar S7 are closed, follo- 
wed by the closing of the breakers B1 and B3. By 
doing so, the line L1 and load LDl are only on 
outage for a short duration, defined by the switching 
time of the faulted substation component. Therefore, 
the equations (3) and (4) are valid, provided that X' 
is replaced by Xu (active failure rate). 

probability (PE,bs) and frequency Cf&) of such a 
contingency created by an active failure on a com- 
ponent are given by: 

fac,bs la 

For the situation after switching, the probability 
(PE,m) and frequency uh,,,) of this contingency can 
be evaluated by: 

(7) 

The algorithm for simulating active failure events is 
as follows: 
(i) Select a substation component. 
(ii) Open all neighboring circuit breakers around 

this component. 
(iii) Identify whether generators, lines and/or 

loads are disconnected and set the value of 
Nbs to the total number of generators, lines 
and/or loads on outage due to this failure 
event. 
(a) If N,=O, go to step (viii). 
(b) If Nbs >o, g0 to Step (iV). 

(iv) Open all neighboring disconnect switches 
around the substation component which have 
actively failed. 

(v) Close all other disconnect switches. 
(vi) Close all healthy circuit breakers. 
(vii) Identify the generators, lines and/or loads 

which are now disconnected and set the 
value of N,  to the total number of gene- 
rators, lines and/or loads on outage due to 
these switching actions. 
(a) If N,=O, determine the probability and 
frequency of the outage, using the equations 

(b) If N,=N,, determine the probability and 
frequency of this outage, using the equations 
(1) and (2) with A" in stead of A*. 
(c) If O<N,<N,, determine the probabili- 

(5 )  and (6). 
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ties and frequencies of both outages, using 
the equations (3, (6) and (7), (8) respective- 
1Y * 

(viii) Restore the original topology, and repeat 

occurrence of an overlapping contingency state of 
two components are evaluated from network reli- 
ability concepts and can be approximated by: 

(14) steps (i) to (vii) until all substation compo- p*c = hA2r1r2 
nents have been considered. 

Simulating stuck-condition of breakers 
Again, figure 1 is used to illustrate such failure 
events. If line L1 suffers an active failure, breaker 
B1 should operate. Suppose B1 fails to operate 
(stuck) and therefore, B3 and B6 respond causing 
the removal of line L1 and load LD1. Therefore, in 
this situation before switching, the equations for the 
probability (PSc,J and frequency KC,J of this con- 
tingency created by a stuck condition of a circuit 
breaker are given by: 

PSC,& = Aa * P, . s (9) 

where: 
P, the probability of a stuck condition of a 

circuit breaker 

The probability, P,, can be evaluated from a data 
collection scheme and is given by [8]: 

(11) number of failures to operate 
number of commanh to operate 

Ps = 

After such severe failure events, the operators of the 
power system should try to restore the substation 
topology as far as possible. This means in the pre- 
sent case that line L1 and circuit breaker B1 are 
isolated by opening the disconnect switches D1, D3 
and D4. After this fault isolation, the breakers B3 
and B6 are closed. In this new situation, both loads 
LD1 and LD2 are again supplied and only line L1 is 
on outage. For the new situation after switching, the 
probability (P,,,,) and frequency E,,) indices of 
this contingency can be evaluated by: 

In equations (14) and (15), XI is the total failure rate 
(Ap+X,a) of the first component of the overlapping 
event to fail; rl is its repair or replacement time. 
The parameters A, and r, are similarly defined. 

The algorithm for simulating overlapping failures of 
substation components, is a slight modification of 
the algorithms presented earlier. 

Classifying contingencies 
In this step, the different substation failure events 
leading to the same contingency are identified. 
From the previous examples it appears, that many 
distinct failure events (passive failures, active fail- 
ures and stuck-condition of breakers) might cause 
the same station-originated outage or contingency. 

The total probability, Pck, and frequency, f c k ,  of 
each specific contingency can be determined by: 

i ek 

A k  = CJlk (17) 
i6k 

where: 
Pck the probability of contingency k 
fck the frequency of contingency k 
Pik the probability of event i leading to contin- 

gency k 
Jk the frequency of event i leading to contin- 

gency k 
i E k the failure events leading to contingency k 

Psc,m = La * Ps (r-s) (I2) The mean duration of contingency k,  D,, is given 
by : 

The algorithm for simulating an active failure on a 
transmission line or a substation component in com- 
bination with a stuck breaker, is a slight modifica- 
tion of the algorithms presented earlier. Therefore, 
it is not presented here. 

Simulating overlapping events 
The probability (P,) and the frequency vac) of 

These three indices constitute the information requi- 
red for composite system reliability evaluation stu- 
dies. They take into account station-originated out- 
ages and switching actions, performed by the opera- 
tors, after faults in substations. However, the algo- 
rithms can also be used for reliability assessment 
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Figure 3. Single line diagrams of six different busbar schemes which are often used 
in (sub)transmission networks 

studies of individual busbar schemes, as will be 
shown in the next section. 

4. Numerical examples 

Consider the six different busbar schemes of figure 
3 which are often used in (sub)transmission net- 
works and the reliability data in table 1. These data 
are taken from References 1 and 2 but more actual 
data could have been used as well. In each configu- 
ration, the loads LDl and LD2 are supplied by two 
transmission lines L1 and L2 via three transformers, 
where the third transformer is a spare transformer. 
The interlaying busbar schemes are different. 

Breaker 0.01 0.01 1 12 0.06 
Busbar 0.025 -- 2 25 -- 
Transformer 0.10 -- 1 150 -- 
Line 1.00 -- 1 IO -- 

Table 1. Reliability data 

J 

The busbar-data given in table 1 are only valid for 
the thick busbar sections in figure 3. The correspon- 
ding active failure rates of the thin busbar sections 
in figure 3 are assumed to be equal to zero. 

Figure 4 shows the frequency and duration indices, 
F and D respectively, of load LD1 being disconnect- 
ed, for all six busbar schemes. These indices are 
calculated using the enhanced simulation algorithms. 
Because all substation configurations are symmetric, 
the values of F and D for load LD2 are identical. 
For each contingency, the total probability, Pck, fre- 
quency, Fck, and mean duration, Dck, is calculated, 
using equations (16) to (18). Then, for each contin- 
gency a check is performed to assess the connection 
of the load with at least one of the feeding transmis- 
sion lines L1 and L2. 

The results presented in figure 4 show the differen- 
ce in reliability indices as a result of ignoring swit- 
ching actions with redundant components (which are 
associated with normally open and normally closed 
disconnect switches and/or circuit breakers). From 
these differences, it can be seen that switching 
actions with redundant components have considera- 
ble effect on the mean duration (and probability) of 
load being disconnected. This influence is mainly 
due to the large repair times and the relatively small 
switching times of substation components. The 
frequency indices are not influenced by modelling 
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Figure 4. Frequency and duration indices of the load points LD1 and LD2 for the busbar schemes 
presented in figure 3 

these switching actions, which is clear. Figure 4 
shows that modelling techniques can have significant 
effect on the calculated reliability indices. For ex- 
ample: the mean duration of load point LD1 being 
disconnected in substation configuration a reduces 
from 59.11 hours to 3.26 hours and the mean dura- 
tion of load point LD1 being disconnected in confi- 
guration f reduces from 83.35 hours to 1.12 hours, 
which is approximatcly cqual to the switching time 
of several substation components (table 1). 

The proposed concepts in this paper improve consi- 
derably previously developed concepts. In previous- 
ly developed concepts [5,6],  the assumption was 
made that all circuit breakers (and disconnect 
switches) are normally closed. However, this as- 
sumption is not always valid, and in order to incor- 
porate switching actions with redundant compo- 
nents, a set of enhanced algorithms was developed, 
resulting in a more realistic simulation approach. 

It is very important to simulate these contingencies 
in the most appropriate manner. For such simula- 
tions, a thorough understanding of system behavior 
and operation is essential. 

This paper demonstrated the effect of switching 
operations with normally open and normally closed 
disconnect switches and/or circuit breakers on the 
frequency and duration indiccs of contingencics, 
caused by station-originated outages. The paper has 
described the simulation aspects in detail. The pro- 
posed concepts in this paper improve considerably 
previously developed concepts. 

The enhanced simulation algorithms described in 
this paper are currently used in a decision-making 
process to determine appropriate busbar schemes for 
the PNEM, a utility in the southern part of the 
Netherlands. In the project, called 'Substation- 
2000', several new substation concepts are com- 
pared to their costs and reliability. 

5. Conclusions 

The contingencies caused due to failures in substa- 
tion configurations are an important aspect in the 
reliability evaluation of electricity supply. 

The authors would like to thank the PNEM, for 
providing the financial support for the Ph .D .-project 
on reliability evaluation of transmission networks. 
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