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Abstract: In this paper, a mathematical model consisting of forward and backward models is built on parallel genetic algorithms
(PGAs) for fault diagnosis in a transmission power system. A new method to reduce the scale of fault sections is developed in the
forward model and the message passing interface (MPI) approach is chosen to parallel the genetic algorithms by global single-population master-slave method (GPGAs). The proposed approach is applied to a sample system consisting of 28 sections, 84
protective relays and 40 circuit breakers. Simulation results show that the new model based on GPGAs can achieve very fast
computation in online applications of large-scale power systems.
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INTRODUCTION
The fault diagnosis and identification (FDI) of
an electric power system is a process of discriminating the fault system by tripping protective relays and
circuit breakers. Fast and correct fault section diagnosis is very important to power system restoration.
Up to now, a number of techniques have been developed, which include genetic algorithms (GAs)
(Chantler et al., 2000), Boltzmann machine (Sun et al.,
1998), expert systems (Cardozo and Talukdar, 1988;
Park et al., 1997), Petri nets (Ren et al., 2005; Chuang
et al., 2006), Bayesian networks (Chin, 2003; Zhu et
al., 2006), neural networks (Narendra et al., 1998),
etc. The fault diagnosis of large-scale power systems,
however, is still an unresolved problem because of the
large amount of information received after fault, the
need for high accuracy and high speed, the existence
*
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of hidden failures, and model’s un-adaptability to
topological changes.
Researchers have already utilized optimization
techniques to perform diagnosis in power systems
(Dysko et al., 1999; Huang S.J., 2002; Liu et al., 2007).
But the computation speed for large-scale power
systems is low. So, many methods have been developed to improve the optimization techniques. The 0-1
integer programming model based on GAs, Tabusearch and simulated annealing have been researched
(Wen and Han, 1997). In this paper, the model based
on GAs is adopted in the backward model, and the
forward model reduces the searching scale of fault
sections. In this way, the size of the problem can be
greatly reduced and very fast computation can be
achieved even for large-scale power systems.

FORWARD AND BACKWARD MODELS FOR
FAULT DIAGNOSIS
We first establish the mathematical model based
on the relationships of sections, protective relays and
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circuit breakers. This model is divided into the forward part and the backward part. The forward model
finds the possible fault sections in a given power
system and the backward model identifies the fault
components (sections) from the possible fault sections. A simple example as shown in Fig.1 is used to
illustrate how to determine the mathematical model.
A
CB1

B
CB2

L1

CB3

C
CB4

L2
CB5

CB6

Fig.1 A simple example consisting of 5 sections, 6 circuit
breakers and 15 protective relays

In this system there are 5 sections, 6 circuit
breakers and 15 protective relays. The 5 sections are
buses A, B, C and lines L1, L2 (their statuses are denoted by s1~s5; si=0 corresponds to the normal state
and si=1 the fault state). The 6 circuit breakers are
CB1~CB6 (their statuses are denoted by c1~c6; ci=0
corresponds to the non-operational state, and ci=1 the
operational state). The 15 protective relays are Am,
Bm, Cm, L1Am, L1Bm, L2Am, L2Cm, L1Ab, L1Bb,
L2Bb, L2Cb, L1As, L1Bs, L2Bs, L2Cs (their statuses
are denoted by r1~r15; ri=0 and 1 correspond to the
non-operational and operational states, respectively).
The detailed description of the protection system and
the operating logics of the main protective relays and
backup protective relays can be found in (Wen and
Chang, 1996).
Forward mathematical model
Take line L1 (s4) as an example. The protective
relays which have relationships with L1 are L1Am (r4),
L1Bm (r5), L1Ab (r8), L1Bb (r9), and L2Cs (r15). Based
on the operating logics of the protective relays, the
mentioned relays are triggered and CB2, CB3, CB5
operate when there is a fault on L1. The following
function reflects the causality relationship between a
fault on L1 and the trips of L1Am (r4), L1Bm (r5),
L1Ab (r8), L1Bb (r9), L2Cs (r15), CB2, CB3, and CB5:
s4* = 1 − (1 − r4 c2 )(1 − r5 c3 )(1 − r8 c2 )(1 − r9 c3 )(1 − r15 c5 ). (1)

We call it the possible state function of L1. s4*=1 and 0
correspond to the possible fault state and the normal
state of L1, respectively. The function can be

simplified as
s4* = 1 − (1 − r4 )(1 − r5 )(1 − r8 )(1 − r9 )(1 − r15 ).

(2)

Possible state functions of other sections are
⎧ s1*
⎪ *
⎪ s2
⎨ *
⎪ s3
⎪ s*
⎩ 5

= 1 − (1 − r1 )(1 − r12 ),
= 1 − (1 − r2 )(1 − r11 )(1 − r15 ),
= 1 − (1 − r3 )(1 − r4 ),

(3)

= 1 − (1 − r6 )(1 − r7 )(1 − r10 )(1 − r11 )(1 − r12 ).

Inputting the state information of protective relays and circuit breakers into the forward mathematical model, we can obtain the possible fault sections. These sections will be identified in the next
process.
Backward mathematical model
The model proposed by (Wen and Chang, 1996)
is adopted as the backward mathematical model. The
fault diagnosis process is to find the best interpretation of the alarm of protective relays and circuit
breakers. It is denoted by the minimum of the following function:
nr

nc

k =1

j =1

E ( S ) = ∑ | rk − rk* ( S ) | + ∑ | c j − c*j ( S , R ) |,

(4)

where nr and nc are the number of protective relays
and circuit breakers in the given power system, respectively; rk*(S) is the expectation of the kth protective relay in the given power system. As rk*(S)=1, the
kth protective relay operates, while rk*(S)=0 not.
cj*(S, R) is the expectation of the jth circuit breaker in
the given power system. As cj*(S, R)=1, the jth circuit
breaker operates, while cj*(S, R)=0 not.
Also, we use the example in Fig.1 to illustrate
how to determine rk*(S) and cj*(S, R).
There are three kinds of protective relays: main
protective relays, primary backup protective relays
and secondary protective relays. It is easy to obtain
the expectation functions of main protective relays
based on their operating logics:

⎧⎪r1* ( S ) = s1 , r2* ( S ) = s2 , r3* ( S ) = s3 ,
⎨ *
*
*
*
⎪⎩r4 ( S ) = r5 ( S ) = s4 , r6 ( S ) = r7 ( S ) = s5 .

(5)
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It is a little difficult to determine the expectation
function of backup protective relays. Take L1Ab (r8)
as an example. L1Ab should be triggered when there
is a fault on L1 and L1Am (r4) fails to operate. So the
expectation function can be obtained as
r8* ( S ) = s4 (1 − r4 ) .

(6)

Other functions can be obtained in the same way:
⎧r9* ( S ) = s4 (1 − r5 ), r10* ( S ) = s5 (1 − r6 ),
⎪ *
⎪r11 ( S ) = s5 (1 − r7 ),
⎪ *
⎨r12 ( S ) = 1 − [1 − s2 (1 − c3 )][1 − s5 (1 − c3 )(1 − c4 )], (7)
⎪ *
*
⎪r13 ( S ) = s1 (1 − c2 ), r14 ( S ) = s4 (1 − c5 ),
⎪r * ( S ) = 1 − [1 − s (1 − c )][1 − s (1 − c )(1 − c )].
2
4
4
3
4
⎩ 15

The expectation functions of circuit breakers are
more difficult to determine than those of protective
relays, because the state of a circuit breaker has relationships with several sections and protective relays.
For example, the expectation of CB2 is dependent on
the state of A (s1), B (s2), L1 (s4), L2 (s5), Am (r1),
L1Am (r4), L1Ab (r8) and L1As (r12). Based on the
operating logics of circuit breakers, we determine the
expectation functions of circuit breakers as follows:

⎧c1* ( S , R) = s1r1 ,
⎪ *
⎪c2 ( S , R) = max{s1r1 , s4 r4 , s4 (1 − r4 )r8 ,
⎪ {1 − [1 − s (1 − c )][1 − s (1 − c )(1 − c )]}r },
2
3
5
3
4
12
⎪
*
⎪⎪c3 ( S , R) = max{s2 r2 , s4 r5 , s4 (1 − r5 )r9 , s1 (1 − c2 )r13 },
⎨ *
⎪c4 ( S , R) = max{s2 r2 , s5 r6 , s5 (1 − r6 )r10 , s3 (1 − c5 )r14 },
⎪c* ( S , R) = max{s r , s r , s (1 − r )r ,
5 7
5
7 11
3 3
⎪ 5
⎪ {1 − [1 − s2 (1 − c4 )][1 − s4 (1 − c3 )(1 − c4 )]}r15 },
⎪ *
⎪⎩c6 ( S , R) = s3 r3 .
(8)
The first key point in this paper is to reduce the
scale of fault sections greatly by adding the forward
mathematical model into the fault diagnosis process.
For example, there are 2100 possible fault cases in a
system consisting of 100 sections. By using the forward mathematical model, when a general fault occurs, only a few cases need to be considered. Compared to many methods developed by other

researchers (Wen and Chang, 1996; Huang Y.C., 2002;
Hu et al., 2005), the model presented in this paper is
better for reducing the scale of fault section estimate.
Since fault diagnosis has become a mathematical
problem, the best way to resolve it is to use GAs. Here,
the second key point is to parallel the GAs for
speeding up the fault diagnosis process.

PARALLEL GENETIC ALGORITHMS
There are a few approaches to applying parallel
computation to power system problems, such as optimal reactive power dispatch (ORPD), load forecasting (LF), optimal power flow calculation (OPFC),
etc. Parallel genetic algorithms (PGAs) perform the
GAs in parallel and have three different versions:
global single-population master-slave genetic algorithms (GPGAs), massively parallel genetic algorithms (MPGAs), and distributed genetic algorithms
(DGAs). Here, we adopt GPGAs in computation
because it is easier to meet the requirement of programming in MPI (message passing interface) environment.
There is only one population in GPGAs, but
evaluation of fitness is distributed among several
processors. Here, selection and mating are global:
each individual may compete and mate with any other.
The evaluation of the individuals is usually parallelized, because the fitness of an individual is independent of the rest of the population and there is no
need to communicate with each other during this
phase. Communication occurs only as each slave
receives its subset of individuals to evaluate fitness
when the slaves return the fitness values. The GPGA
is synchronous if the algorithm stops and waits for the
fitness values for all the population before proceeding
into the next generation. Synchronous GPGAs have
the same properties as the sequential GAs, but it is
faster if the algorithm spends most of the time on the
evaluation process.
The MPI approach is chosen to implement
GPGAs in this paper. Fig.2 shows an example of MPI
based parallel computation using n processors. First,
processor 0 reads and preprocesses all the data before
scattering them to other processors’ memory. After
processor 0’s initialization work, all the processors
calculate the fitness of individuals with the data sent
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Step 2: Processor 0 reads power system data and
generates a population of chromosomes, each of which
stands for a candidate solution to the FDI problem.
Let the size of chromosome population be p.
Step 3: Let m=p/n, m is an integer. If p cannot be
divided exactly, let m=m+1, thus mn>p.
Step 4: Processor 0 partitions the population into
n parts, each of which has m or m−1 chromosomes.
Then processor 0 sends these parts to other processors.
Each processor receives m or m−1 chromosomes from
processor 0.
Step 5: Each processor calculates the fitness
values of its own chromosomes based on the method
in the previous section.
Step 6: Processor 0 gathers the fitness values of
all chromosomes from processors 1~(n−1) and produces the next generation based on GA parameters.
Step 7: If the generation number meets the requirement, go to Step 8; otherwise, go to Step 4.
Step 8: Processor 0 outputs the solution with the
best fitness value in the last iteration. All processors
exit in MPI environment.

by processor 0 through the message passing interface
(Obviously, processor 0 already has the required data
in its memory, so there is no communication inside it).
When the calculations are done, the results are sent
back to processor 0’s receiving buffer to be dealt with.
Then processor 0 decides whether to continue computing or to output the final results and terminate the
program. In this section, we will first briefly outline
the transmitter optimization, and then consider the
Lloyd algorithm for the codebook construction.
Assume there are n processors running this program simultaneously. The GPGA flow can be described as follows:
Step 1: Processors 0~(n−1) initialize GPGA parameters and MPI environment.
Processor 0
Initialization,
data processing
and calculation

Sending
buffer

Receiving
buffer

Processor 1
Input

Calculation

Output

Processor 2
Input

Calculation

Output

…

TEST RESULTS

Processor n − 1
Input

Calculation

A power system as shown in Fig.3, which consists of 28 sections, 84 protective relays and 40 circuit
breakers, is used to test the new mathematical model
for the FDI problem.

Output

Fig.2 An example of parallel computation based on MPI
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Fig.3 A sample power system consisting of 28 sections, 84 protective relays and 40 circuit breakers
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The following is a very brief description of the
system:
s1~s28 represent 28 sections: A1~A4, T1~T8,
B1~B8, L1~L8; c1~c40 represent 40 circuit breakers:
CB1~CB40; r1~r84 represent 84 protective relays.
Among the 84 protective relays, r1~r36 represent 36
main protection relays: A1m~A4m, T1m~T8m, B1m~
B8m, L1Sm~L8Sm, L1Rm~L8Rm; r37~r60 represent 24
backup protection relays: T1b~T8b, L1Sb~L8Sb,
L1Rb~L8Rb; r61~r84 represent 24 second backup
protection relays: T1s~T8s, L1Ss~L8Ss, L1Rs~L8Rs.
The operating logics of protective relays are
described in the Appendix of (Wen and Chang, 1996)
and not presented here. The forward and backward
models of this system are built on the rules described
in Section 2. We will study several fault cases as listed
in Table 1.
Case 1: This is a very simple case. Input the
alarm signal information into the forward model and
obtain the result that the fault section is B1 from the
function
s13* = 1 − (1 − r13 )(1 − r61c4 )(1 − r62 c5 )(1 − r77 c11 )
⋅ (1 − r78 c12 )(1 − r79 c28 )(1 − r80 c27 ).

(9)

Here, s13* represents the possible fault state of B1.
There is only one possible fault section and no need to
identify it through the backward model.
Case 2: Possible fault sections are L5, L7, B7, B8,
T7 and T8 from the forward model’s computation.
There are 26=64 possible fault cases. It is easy to
obtain the result by sending all 64 cases to the parallel
computation processors. Hence, in the backward
model we use GAs when the number of possible fault

Case
1
2
3

Case
1
2
3

sections is more than 8 and the traversal method when
the number is not more than 8. The final result is that
the fault sections are L5, L7, B7, B8 and T8.
Case 3: A more complex case is given here.
Possible fault sections are L1, L2, L5, L7, L8, A2, A4, B3,
B6, B7, B8, T7 and T8 from the forward model’s
computation. The real fault ones are found from the
13 sections through the backward model based on
GPGA. The final result is that the fault sections are L1,
L7, L8, B3, B6, B7, T7 and T8. From the results, it can
be seen that B3m, B6m, B7m fail to operate and L2Rb
makes a wrong operation when the fault occurs.
The results of these cases are compared with
traditional algorithms in Table 2 and the comparison
shows that the new model can also deduce the correct
results.
The parameters of GPGAs are set as follows:
Population size=50, maximum permitted generations
number=10, initial crossover probability=0.9, initial
mutation probability=0.001, MPI processors number
=10, and the stop criterion is that the maximum permitted generations number has been reached.
All 28 sections’ state should be identified in
traditional algorithms, while GPGAs only search the
fault sections from the possible fault ones which are
given in the forward model results here. Obviously,
we can conclude that the workload of the new model
is greatly reduced through the comparison in Table 3.
In addition, we compared the calculation time of Case
3 with that of traditional algorithms. The new model
based on PGAs consumes less than 1 s while other
methods for FDI need more than 5 s. The simulation
results show that the new model based on GPGAs can
be applied to online applications in large-scale power
systems.

Table 1 Alarm signal list of fault cases
Alarm signals
Operated relays
Tripped circuit breakers
B1m, L2Rs, L4Rs
CB4, CB5, CB7, CB9, CB12, CB27
T7m, T8b, B7m, B8m ,L5Sm, L5Rb, L6Ss, L7Rm, L8Ss
CB19, CB20, CB30, CB32~CB35, CB39
T3s, T4s, T7m, T8m, T7s, T8s, L1sm, L1Rb, L2Ss,
CB7, CB8, CB11, CB12, CB14, CB15, CB19, CB20, CB29,
L2Rb, L5Ss, L5Rm, L5Rs, L6Ss, L7Sb, L7Ss, L7Rm,
CB30, CB34~CB40
L7Rs, L8Sm, L8Ss, L8Rb, L8Rs
Table 2 Results compared with traditional algorithms
Forward model
Backward model
Traditional algorithms
B1
B1
B1
L5, L7, B7, B8, T8
L5, L7, B7, B8, T8
L5, L7, B7, B8, T7, T8
L1, L7, L8, B3, B6, B7, T7, T8
L1, L2, L5, L7, L8, A2, A4, B3, B6, B7, B8, T7, T8 L1, L7, L8, B3, B6, B7, T7, T8
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Table 3 Comparison of searching scales between different
models
Case

Forward and
backward models

Traditional
model

Improved
model

1
2
3

1
2 =64
213=8192

228=268 435 456
228=268 435 456
228=268 435 456

22=4
2 =1024
218=262 144

6

10
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In this paper, a mathematical model for FDI
based on GPGAs has been developed. The model
consists of forward and backward models which are
built on the operating logics of protective relays and
circuit breakers. The scale of possible fault sections is
reduced greatly by the forward model and the genetic
algorithm is paralleled in GPGAs. These two methods
accelerate the FDI process. Simulation results show
that the forward and backward models based on
GPGAs is time and computation efficient for
large-scale power systems.
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