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Abstract—Many engineering areas are benefiting from the
abundance of powerful computing capabilities, which allows for
the application of computationally intensive techniques, such
as computational intelligence. Such techniques are frequently
universal and do not require excessive tailoring for the specific
problem. That makes it attractive for wide use, but is however,
sometimes, unjustified.

This paper discusses the necessity to evaluate whether a par-
ticular problem is suitable to be addressed using such techniques,
for the particular case of combined power system state and
topology identification.

Index Terms—Randomized optimization, Genetic algorithm,
Power system state estimation, Topology, Power Systems.

I. INTRODUCTION

ADVANCES and availability of computational power has
encouraged many important technological breakthroughs

during past several decades. To mention some of the rapidly
developing areas beyond the IT industry itself: the material
science, chemical industry, computer-aided design, industrial
control are a few examples [1].

Power Systems are nonlinear, large-scale complex systems
that are subject to numerous events/phenomena with various
physical impacts and time scales. These systems require
different modeling and computational techniques, and due to
the nonlinear relationships and high-dimensionality of power
system processes, power engineering is a promising possible
application area for analysis using intensive computations.
Furthermore, frequently optimization of such processes results
in non-convex, non-smooth problems, where the classical
derivative-based methods perform poorly if they can find a
solution at all.

A number of derivative-free optimization methods was
developed for these types of problems, such as genetic al-
gorithms, simulated annealing, ant colony optimization etc.
These methods direct the search toward an optimum based
on the collected statistics of the objective-function values
combined with a randomized search mechanism. There are
many examples of very successful applications [2], [3], [4] of
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artificial intelligence in power system area encouraging further
interest within the community.

It would seem that Power System State Estimation (SE)
[5], [6], [7], [8] - a widely used control center tool which
synthesizes a real-time power system state from a set of
raw redundant measurements through a maximum likelihood
approach, could be another promising area for the randomized
optimization. Indeed, since the topology of the system is not
always known and the performance and reliability is strongly
dependent on the validity of the power system model, SE could
be formulated as a combinatorial optimization problem. In this
case, binary variables could encode possible topologies as well
as which measurements to exclude from the consideration as
bad data.

A variant of combinatorial-based optimization [7] and the
generalized state estimation [9], [10], [11] was successfully
implemented as a commercially available software package
[12]. This algorithm is based on the branch-and-bound method,
i.e., in this case structured enumeration of the possibilities,
systematic evaluation of each option varying one parameter
at a time. The cost function in this case is the number of
wrong measurements and the state estimation verifies bad
data presence in the considered measurement sample and the
assumed model assumptions (such as switch statuses). The
algorithm lists a number of possibilities and converges fast [9]
in the reasonable vicinity of the correct solution. The algorithm
targets identification of the wrong status of some switches
rather than full reconstruction of the substation topology from
the ”flat start” and requires knowledge of the substation layout.

Limited redundancy, lack of the substation layout infor-
mation or large number of switches having unmonitored
status may lead to the weak initial point, particularly, at the
implementation stage of the state estimator. That shall create
a promising niche for such algorithms as tabu search, cross
entropy or genetic algorithm.

The major concern, however, regarding the feasibility of the
randomized combinatorial optimization application, in case of
topology identification, is the behavior of the SE objective
function in the neighborhood of the correct topology. Since
all the randomized optimization methods are based on the
statistics of the objective function evaluations in the search
space, the optimization becomes more efficient than the blind
random search only in case, when the statistics gives better
indication concerning the search direction.

This paper proposes several possible algorithm performance
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indicators for the evaluation the suitability of randomized
optimization methods for a general problem, while considering
the combined state and topology estimation problem as a
particular example.

II. BACKGROUND ON THE RANDOMIZED OPTIMIZATION

A. Genetic Algorithm

GA encodes each point in a solution space into a bit string
and associates it with an objective function or fitness value.
Comparing to more traditional approach, as for example the
derivative-based optimization algorithms, instead of a single
point at each iteration GA keeps set of points as population
that evolves constantly towards a better overall fitness using
the operators below [1]:

• Evaluation: evaluation of each individual solution con-
tained in the population

• Selection: chooses individual solutions from the popula-
tion that shall be a basis for the next iteration (offspring)

• Crossover: random recombination of the parameters of
the selected individual solutions

• Mutation: randomized change of the selected individual
solution.

The iteration of the algorithm proceeds as follows. First,
elite individuals are selected from the population based on
their overall ranking. Repetitive tournaments between four
randomly selected individuals define parents of the crossover
and mutation children. The crossover rate defines the number
of crossover children, as a fraction to non-elite population.
The rest of the population is formed by selected parents that
may mutate with the probability defined by the mutation rate.

Consequently, the overall characteristics of the population
improve when nearing optimal solutions, while allowing a
certain degree of random diversity.

B. Cross-Entropy Algorithm

The Cross-Entropy (CE) method [13] is a population based
combinatorial or continuous optimization method belonging to
the class of randomized algorithms. The optimization accord-
ing to this method consists of three major steps:

• Generate a number of random solution vectors according
to the specified mechanism

• Evaluate the solutions
• Update the parameters of the random mechanism to

produce a better next set of solutions.

Thus, similarly to genetic algorithm it operates with the set
of solution vectors (population). Unlike GA, CE uses statistics
of the whole population rather than individual solutions, to
produce the next population - the offsprings. In contrast to
GA, the generation of the offspring is more straightforward:
it is based on the bit presence statistics in the successful indi-
viduals. The quantile defines how many fitter individuals are
considered to be successful. The next generation is produced
by sampling from the obtained statistical model. The iterative
process stops, when each of the bits show either 0 or 100%
presence statistics. CE does not involve such operations as

mutation and crossover. The justification and derivation of the
algorithm can be found in [13], [3], [14].

Instead of the immediate probability vector update, as
above, the update of the probability vector can be done with
some learning rate:

P k = LR × Pgen + P k−1 × (1 − LR) (1)

where P k is the probability vector to be used for the next
generation sampling, P k−1 is the probability vector used for
the current generation sampling, Pgen is the probability vector
of the bit success computed from the current generation.

The pseudo code of the algorithm, is:

% define size of population,
SizeOfPopulation = 20

% quantile and initial probability = 0.5
Quantile = 4
P = 0.5*ones(length_genome, SizeOfPopulation)

while probability of each bit <> 0 or 1

% generate population
population = ...
rand(length_genome, SizeOfPopulation) < P

% evaluate
Evaluation = evaluate(population)

% compute probability for the next sample
Sorted_Evaluation = ...
sort(Evaluation, "descending")
gamma = Sorted_Evaluation(Quantile)
loop for each bit j in genome

P(j) = (number of ...
best individuals’evaluations >
gamma coinciding with bit value = 1) /...
(total number of best individuals >gamma)

end
end

Several other evolutionary algorithms could also be consid-
ered for this problem, namely Population-Based Incremental
Learning (PBIL) [15], Evolutionary Strategies, Covariance
Matrix Adaptation Evolution Strategy [16]. However, the
performance of all these randomized algorithms is dependent
(in a similar way) on the statistics of the values of the objective
function during the search.

C. Performance Measures

Specifically, for the evaluation of the application feasibility
of the genetic algorithm the question to answer is: are the fitter
(w.r.t. a certain criteria) parents more likely to produce target
offspring?

To direct the search towards an optimum, GA employs se-
lection followed by two variation or reproduction mechanisms:
mutation and crossover.

Let us first address mutation, and evaluate whether fitter
solutions are more likely to produce optimal offspring. We
only consider one bit mutation, which has a much higher
probability to occur compared to two or more bit mutation.
The probability that any solution produces an optimal solution
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through mutation can be computed, as:

Pmutated =
1
N

N1

CN
, (2)

where N1 is the size of one bit neighborhood of the optimal
solution, CN is the total number of all combinations, N is the
number of bits.

In other terms, this Pmutated is defined as probability of
selecting one of N1 solutions out of all the possibilities
coinciding with the mutation of the “appropriate” bit.

On the other hand, the probability that elite solutions, i.e.
solutions with superior fitness, would mutate to an optimal
solution can be computed, as:

Pmutated elite =
1
N

N1elite

CE
, (3)

where N1elite is the number of elite solutions, which form one
bit neighborhood of the optimal solution, CE is the number of
all the elite solutions. This probability would, naturally, depend
on the level of elitism and the optimum solution sought.

To preserve the simplicity and without loss of the conclu-
siveness, we neglected the necessity to consider the Bernoulli
scheme [17] in the derivations, which shall be applied if
mutation or crossover rate specifies several parents.

Similarly to mutation, assuming a one-point crossover
mechanism, the probabilities of creating the targeted offspring
by any two parents can be defined, as follows:

Pcrossover =
1
N

N∑
1=1

CiCN−i

C2
N

, (4)

where Ci and CN−i are the number of solutions with first i-
bits and last N − i bits corresponding to the correct solution,
respectively.

An expression for the probability of the targeted offspring
creation by the crossover mechanism from two elite parents
can be derived in a similar way as (3).

For the rational application of the genetic algorithm, fol-
lowing these indices, one should expect at least:

Pmutated < Pmutated elite (5)

Pcrossover < Pcrossover elite. (6)

In comparison, for the random search method the probability
of finding an optimal solution at each iteration is 1

CN
and the

expected number of computations to reach the optimum is
1
2CN .

III. TOPOLOGY OPTIMIZATION FOR

THE STATE ESTIMATION

The majority of implemented state estimators (SE) rely on
the bus-branch transmission system model equivalaneced by
the topology processor from the detailed physical level model
i.e. including switches and the status measurements of the
switches (Fig. 1). The switch status information is known
to be very unreliable [8] or frequently not even available
to the control center (albeit it might be available at the
substation level [18]). Subsequently when assumed switch
statuses are wrong, the topology processor will produce an

erroneous model. As this may lead to a wrongly estimated
state that endangers the system security, it would be desirable
to preserve the information regarding the possible topologies
and to verify it by SE.

Let us first review traditional power system state estimation.
SE involves mapping the states x to measurements z with
measurement errors e:

zi − hi(x) = e

x = (θ1θ2 . . . θnU1 . . . Un)T (7)

where h(x), known as the measurement function, relates the
system state vector x containing voltage angles and magni-
tudes to the measured quantities - voltage magnitudes Ui, bus
power injections Pi, Qi, branch power flows Pij , Qij .

The measurement errors are assumed stochastic with a
Gaussian probability distribution, zero mean and mutual in-
dependence. Therefore, equation (7) can be solved for the
most likely values of the state variables based on the given
redundant measurements.

Since the measurement error expectation values have been
assumed to be zero, the most likely state will result in a
minimum of the following objective function [5], [8]:

J =
m∑

i=1

Wii [zi − hi(x)]2 . (8)

The weights Wii are commonly taken as being inversely
proportional to the measurement error variance Wii = 1/σ2

i .
The minimum of J can be determined using the first order

optimality conditions g(x) = ∂J(x)
∂x = 0. Expanding g(x)

in Taylor series around x(k) and neglecting the higher order
terms, we obtain:

g(x(k)) +
∂g(x(k))

∂x
(x − x(k)) = 0. (9)

Thus, the Gauss-Newton iterative solution scheme [17] can be
employed to find x satisfying (9). Proceeding with rearrange-
ments leads to the formulation known as Normal equations:

G(xk)Δx(k+1) = HT (x(k)) · W · [z − h(x(k))], (10)

Topology processor

Physical Level Model

System State 

NO

includes 
all switches

Corrected Data

Analog
Measurements

State Estimation

V,

Bad Data 
Detected?

Branch-Bus model

Start

V,P,Q   

Input/Output Data

Switch Status

on/off

Bad Data 
Identification

YES

Fig. 1. Influence of the wrong topology on the classical state estimation and
bad data detection technique
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where

• G(x) = ∂2J(x)
∂x2 = HT (x) · W · H(x) is gain matrix

• Δx(k+1) is the update of the solution at iteration k, so
x(k+1) = x(k) + Δx(k+1)

• H(x) = ∂h(x)
∂x is measurement Jacobian.

Solving equation (10) for Δx(k+1) and iterating until the
required accuracy ε is reached, i.e. Δx(k+1) < ε, one will
obtain the solution of SE.

The topology information, such as whether the branch is
connected to one or the other busbar within the substation,
can be encoded by the binary vector t into the measurement
Jacobian H(x) and the measurement function h(x). The
nested optimization problem can be then formulated:

min
t

min
x

J, (11)

where for every candidate topology t an optimal state x is
obtained by (10).

Besides, several experiments were performed with different
estimators, such as least absolute value or only injection
residuals considered. The results of these test were similar
to the described below.

IV. SIMULATIONS AND RESULTS

A. Power System Model

The performance of the algorithms was tested on the exam-
ple of the 5-bus (or more precisely in this case, substations)
system. The detailed physical level model including switches
at substations 1 and 2 is shown in Fig. 2 and its’ single line
diagram of bus-branch representation is in Fig. 3.

It is assumed that the statuses of the section breaker at
the substation 1 and the substation 2 are not known, i.e. it
is not clear whether the busbars are split or not. Moreover,
the line connections to the busbars at these substations are not
known. Thus, a number of possibilities for the topologies can
be defined.

These combinations are encoded by a 4+4 bit-strings, since
each of the substations has 4 connected lines. In such a bit-
string, one would denote connection of the particular line to
busbars B as 1, while 0 means the that line is connected to
busbars A:

ti =
{

0 if connected to A
1 if connected to B.

(12)

1A

?

?

?

?

?

?

?

?

1B

9

?

3
4

5

?

?

?

?

?

?

2A

2B

Fig. 2. Physical level model of the test system, explicit modeling of the
switches at substation 1 and 2.

G

2

3

4

5

1

Fig. 3. Bus-branch equivalent of the test system.

For example, the combination 0001 0100 determines, that the
first three connections are coming to busbar 1A, while the
forth to 1B. For the substation 2, the second connection is
closed on busbar 2B and the other three connections 1, 3,
4 to busbars 2A. If the busbar injections are excluded from
the measurement set, it naturally follows that the combination
0000 is equivalent to 1111 and the section breaker is closed.

B. Statistics of the objective function

The characteristics of the state estimation objective function
versus distance of the topology from the correct one are shown
in Fig. 4- 5. Indeed, distance implies if one, two or more bits
of the encoding are wrong. The comparison of the objective
function statistics for various distances has been performed
for a number of randomly chosen topologies and the results
presented in Fig. 4-5 appear to be representative.

0 1 2 3 4 5 6 7 8
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Fig. 4. Characteristics of the objective function vs distance to the optimum,
the optimal topology is 0001 0011.
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300

400

Fitness vs distance to the correct topology,
excluding non-converged cases

0 1 2 3 4 5 6 7 8

Fig. 5. Characteristics of the objective function vs distance to the optimum,
the optimal topology is 0100 0101.



5

The improvement of the average, median or best solu-
tion, when approaching the correct topology can hardly be
observed. Removal of the non-convergent cases from the
consideration does not change the overall picture, as well
as replacing equivalent all-ones with all-zeroes (or opposite)
encodings in order to avoid distortion of the statistics.

C. Performance of the GA

Performance of the GA was studied applying indices (3),
(4) for different levels of the elitism and the several different
topologies. The probability of creation the optimal offspring
among elite solutions, as in Fig. 6 is slightly higher in some of
the cases, but no general rule can be derived. The probabilities
are generally in the same order.

Similar results were obtained for the probabilities of the
optimal solution creation by crossover among elite and any
parents. The probability grows only for very high levels of
elitism, which are difficult to obtain.

Fig. 7 shows number of the solutions versus value the
objective function distinguishing the potential parents for the
crossover and the other solutions, the last column corresponds
to non-convergent cases. It can be observed that there are no
more parents in the elite range that non-parent and simultane-
ously, there are many parents with the high objective function
value (non-convergent cases).

Matlab’s GA toolbox [19] was used in the simulations in
Fig. 8-10. Some additional algorithm tuning options would be
possible in self-developed code, for example, preservation of
the uniqueness among elite solutions. However, it is conjec-
tured that the obtained results are quite indicative.

Fig. 8-10 show genealogy and improvement of the objective
value, for different size of the population, mutation and the
crossover rates and different optimal topologies. The elitism
defines number of best solutions to be kept for the next gen-
eration, tournament size is the number of competing solutions
for the reproduction, crossover rate is the part of the non-elite
population to be reproduced by crossover and the mutation is
the probability of mutation in the remaining offspring.

Fig. 8 and Fig. 9 (a) exploits relatively large tournament
size, then most of the solutions are originating from elite in

0 200 400 600 800 1000
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035
Probability of targeted mutation, combination: 0001  0010

Pelite

Pall

Fig. 6. Comparison of the probabilities of creation the optimal solution by
mutation among elite and any solutions, optimal topology 0001 0010.

0 50 100 150 200 250 300
0

50

100

150

200
crossover position: 3

Fig. 7. Distribution of the SE objective function of the potential parents in
the 1-7 crossover positions, optimal topology 0010 0100.

contrast to Fig. 9 (b) and Fig. 10. Higher randomization, i.e.
smaller elite, smaller crossover rate as in Fig. 8 (b) generally,
show better results. Two further studies for different topologies
are shown in Fig. 10 and exhibit similar properties.

In many cases, GA finds a good solution within few
iterations. However, frequently non-sufficient variety of the
population prevents the algorithm to develop from the local
optimum Fig. 9 (b). In that case the level of crossover is
increased and the tournament size is decreased, in order to
achieve higher diversity, which shows an improvement.

The results demonstrate that GA performance does not show
advantage over random search for this problem, that should in
average find the optimal solution after 128 evaluations.

D. Performance of the Cross-Entropy method

CE with the 100% probability learning rate suffers from the
premature convergence to non-optimal solution. The conver-
gence criterion is a discovery of the optimal solution. Table I
summarizes results for other learning rates, sample sizes and
several combinations.

TABLE I
STATISTICS OF THE CROSS ENTROPY METHOD PERFORMANCE

Combination Learning Sample Nr. of SE performed
Rate Size (average of 5 trials)

0001 0011 0.1 20 168
0.2 20 676 (> 1000)
0.2 40 480 (> 1000)

0010 0100 0.1 20 96
0.1 30 168
0.2 40 120

0100 0101 0.1 20 712
0.2 20 192
0.2 40 136

If at least in one of five trials the optimum was not reached
within 50 iterations or 1000 SE evaluations, the indication
> 1000 is given in brackets.

Clearly, the larger size of the sample the smaller number
of iterations is needed to find the optimum. In the extreme
case, when the population size is 28, the optimum should be
discovered in the first iteration. In general, CE shows poorer
performance when compared to a random search.
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Fig. 8. Evolution of the GA populations. The optimal solution 0001 0010, is reached in 10 and 4 iterations. Black - elite children, red - mutation, blue
crossover. Tournament size - 4. (a) Elitism - 10, Crossover - 0.5, Mutation - 0.8; (b) Elitism - 5, Crossover - 0.3, Mutation - 0.5;
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Fig. 9. Evolution of the populations by GA. The optimal solution 0100 0101 is reached in 12 and 19 iterations. Black - elite children, red - mutation, blue
crossover. Elitism - 3, Crossover - 0.3, Mutation - 0.9; (a) tournament size 4; (b) tournament size 2.
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Fig. 10. Evolution of the populations by GA. The final solution reached 11 and 5 iterations. Black - elite children, red - mutation, blue crossover. Elitism -
3 Crossover - 0.3, Mutation - 0.8, tournament size 2. Optimal combination (a) 0001 0011; (b) 0010 0100.
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V. CONCLUSIONS

Randomized optimization can be a powerful method, par-
ticularly suited for the non-convex problems with multiple or
local optima. However, it is necessary to evaluate expected
performance of the method and the suitability to the particular
problem.

The indices proposed in this paper seem to be indicative.
For example, studying the results obtained while addressing
the topology identification problem, it was demonstrated that
the randomized combinatorial optimization algorithms are not
well suited for the problem at hand.
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