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Abstract- In this paper, global optimality of the recently developed Optimal and Flexible Control (OFC) based
Active Power Filters (APFs) is investigated and verified by means of Genetic Algorithms (GA). In particular, two
well-examined and important compensation strategies, that is the strategy maximizing the load power factor
subject to some constraints on harmonics and unbalance currents, as well as the strategy that minimizes the load
voltage harmonics, are taken into consideration. The GA optimization method acknowledges the global
optimality of the previously published results.
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1 Introduction

So far, there have been many efforts for developing
compensating systems to mitigate the harmonics
produced by nonlinear or non-stationery loads in the
power network. One of the well-known equipments
used to compensate harmonics is Active Power
Filter (APF), which has found much attention in the
literature in the past three decades [1]-[3]. Recently,
some optimization based APF systems have
introduced to the field which are capable to operate
under distorted voltage conditions. Ref. [1]
introduced a new control system for APFs called
Optimal and Flexible Control (OFC) system. OFC
[1] and its variants [2,3] provide the compensating



system with a possibility to optimize any objective
functions can be selected from a wide range of
interesting functions subject to some suitable
constraints. The objective and constraints can be
formed based on any power quality indices such as the
load power factor and current THD. The OFC based
APF runs an iterative nonlinear optimization program
to reach the optimal variables, that is the filter bank
gains. Therefore, for any given set of objective
functions and constraints, the following two important
questions may arise:

a) Is the optimization program convergent for
any given initial values for the filter bank
gains?

b) Is there any guarantee for the optimization
program to reach the globally optimal
results? Or it may converge toward one of
the local optimal points. It off course may
occur whenever there is more than one
optimal point in the search space.

The above questions are generally regarded as
important issues in most of nonlinear optimization
processes. Providing a comprehensive response for
the general cases with any desired objective
function/constraints is quite a difficult task. Here,
we consider two most suitable compensation
strategies; a) the strategy mmaximizing the power
factor subject to some constraints on the current
harmonics and unbalance currents, and b) the
strategy which minimizes the load voltage THD
[1]-[3]. Investigations confirm that for the
aforementioned strategies, the optimization program
is almost always convergent for any given set of
load voltage harmonics. Ref. [2] presents the results
of a successful control system based on Neural
Networks (NN). The optimization program should
run for many different values of the load voltage
harmonics to produce the required data for training
the NN. The program was convergent for every
given set of voltage harmonics. It also resulted in a
unique optimal response for any initial values.

However, there is an important issue needs more
investigations about the global optimality of the
results obtained. In this paper, the Genetic
Algorithms (GAs) are used to prove the global
optimality of the results. The optimization problem
looks to be convex, however an analytical approach
for evaluating the similar cases can be considered in
the subsequent works.In section 2 a brief review of
the OFC is presented, whereas section 3 presents
the GA based results. The paper also addresses the
results obtain from the GA optimization for the
recently developed OFC strategy operating under
non-stiff voltage situation. The results of the

addressed strategy are presented in section 4. The
conclusions are given in section 5.

2 Brief Review Of OFC

2.1 OFC Structure

Fig. 1 shows the block diagram of the OFC
system [1]. The OFC structure in a-b-c frame is
characterized by following equations:

ES ES

=W, (1)
e (s)=G(s).e(s) )

Where ', is a constant scalar for balancing the
active power of the compensated load and voltage
vector e is a filtered version of the load actual
voltage, e. Filter bank G(s) is designed based on a
selected compensation strategy through an
optimization algorithm [1].
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Fig. 1: Block diagram of the OFC active filter

2.2 Compensation Strategy

The following indicates one of the most
interesting load compensation strategies that can be
realized by the OFC system used in [1]-[3].

Max 7 (G)
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For example, the harmonic constraints can be
selected according to the IEEE standards for
harmonics [5]. Moreover, any other power quality
indices, e.g. THD of the compensated load currents
can be considered as the cost function as well [1].

2.3 Control Algorithm
Considering the first N terms of the Fourier
series for e and e , we have:

N
e,=e, + e, cos(iot+¢,) 4

i=1

e, =e, G, () . i=123,..,N (%)



Similar equations can also be developed for phases b
and c. The phase responses of the filters for all
harmonic frequencies are set to zero. Neglecting the
dc components, the effective load voltage E, the
effective filtered voltage E*, andgj(_ =(' ¢, can be

represented by the Fourier series coefficients of e and
the filter gains as [4]:

E= /%i(ei+e,i +el) (©)
i=1

E' = \/%i (e;G2()+6,G, () +e.G (i) 7

N
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i=1

The desired load current (i* = ‘PJ €") is calculated

by solving the non-linear programming problem
introduced by the compensation strategy e.g. (3), to
determine the optimal values of G (i), G, (i), and
G, (i) - Power factor 7 is calculated by (9) and is a

function of the filter bank gains and the load voltage
harmonics. After calculating the optimal values of

the filter bank gains, parameter y/ is calculated by
(10) to balance the active power of the load.
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3 Genetic Optimization of Power

Factor

This section and the next one, consider the
application of classic Genetic Algorithms [5] to
calculate the optimal results of OFC systems. In
this section we consider the compensation strategy
(3) that maximizes the load power factor subject to
constraints on the current harmonics . Due to lack
of space, a review of GA is omitted; interested
readers can be referred to [6,7].

GA based optimization approaches are well-know
approaches for calculating optimal results of any
unconstrained or  constrained  optimization
problems with no need in knowing the explicit
form of the objective function or constraints. In
brief, in a GA program, there are some main
operators called selection, crossover, and mutation,
which incorporate in producing any new generation
from the current generation. The first generation in
formed by a set of randomly produced strings,

which are candidates for the optimal design vector.
In this problem, each string consists all gains of the
filter banks placed in phases ab, and c. The
specifications of the problem under study are given
as follow:

1. The number of filter bank gains in each
phase has been selected to be equal to 11.
Hence, the total number of the unknown
parameters to be calculated is equal to 33.

2.  Each string consists 33 elements, which are
real numbers that is we do not consider a
binary GA optimization.

3. Each generation has 40 elements, and the
first generation is produced randomly with
uniform distribution between 0 and 1.

4.  The fitness function used to evaluate the
strings is the same power factor produced by
each string.

5.  To improve the algorithm performance, the
string with the highest fitness in each
generation is copied into the next generation.
By this, it is guaranteed that each generation
contains the best string of all of the previous
generations.

6. Each generation has 40 members. Every
new generation is produced based on the
previous one. 75 percents of its population
are produced by means of the crossover and
mutation operators, acting on the strings with
highest fitness. For each generation, thirty
strings are randomly selected from the
current generation. Then, for each pair(

A=[a,a,..a;;]1 and B=[bb,..b;]) of

strings selected randomly, the
aforementioned operators act on and result in
two new strings. One is the average of the
selected strings ([A+B]/2), and the other is
the one its elements are a random selection of
the corresponding elements of one of the
initial string A or B.

7. Random selecting within the current
generation produces the rest of elements. The
selected strings’ members are then changed
randomly. The maximum change in each
element is limited to % 10%. This will
extend the search space of the procedure and
reduces the risk of terminating at local
optima.

8. To assure about the constraints must be
fulfilled, the fitness value of any string
violating any constraints is multiplied by 0.6

That significantly reduces the chance of
such strings in contributing to the next
generation.



9. The algorithm continues for 370 successive
generations.

3.1 Simulation Results
In this section the results obtained for two different
optimization approaches are presented and
compared. The two approaches are a) the classic one
obtained from the MATLAB 7 optimization
toolbox, and b) the genetic algorithm based one
described in this section.
Considering the large number of variables/
constraints, the GA based optimization is not an
easy task. The GA optimization program runs for
more than 2 hours while a 1700 MHz Pentium IV
personal computer is used. Many different cases
with different level of constraints have been
evaluated, but the simulation results of only one
case are reported with details. In this study, the
constraints on the current harmonics are based on
IEEE 519 standards [4].
Figure 2 shows the filter banks frequency response
obtained from classic and GA approaches
respectively. It clearly shows that the two results are
very close to each other. Also, Fig. 3 shows the
Phase “a” waveforms of the load voltage and current
before compensation together with the compensated
current when the GA optimization method has been
used. The results obtained from the two different
optimization methods are so close that a separate
drawing of the results for the classic method is not
necessary. Fig. 3 can be considered as the result of
the GA method as well. Fig. 3 also indicates the
corresponding current spectra before and after
compensation. The final power factors obtained are
as follow, which are almost equal:

a) Classic optimization: 0.9313

b) GA optimization: 0.9318
To explore more details on the results, Table 1
shows the phase “a” filter bank gains resulted
from the two different methods. Table 2 also
indicates the last generation’s power factor,
while flag “*” beside some of the table’s
entities means that the associated entity
complies with the optimization constraints. Fig.
4 depicts the power factors associated with the
last 35 generations. It confirms that the total
number of steps equal to 370 is quite sufficient
to reach the global optima with high certainty,
as there are no significant changes in the strings
existing in the subsequent generations in the last
steps of optimization.
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Fig.2: Frequency response of each filter bank.
a) results obtained from the classic optimization
b) results obtained from the GA

Table 1: Optimal filter gains (phase “a”) obtained
for the classic and the GA optimizations

GA Classic
Optimization | Optimization
1.0135 1.0000
0.9760 1.0000
1.0241 1.0000
0.0356 0.0323
1.0051 1.0000
0.1329 0.1333
0.9290 1.0000
1.0237 1.0000
0.9796 1.0000
1.0373 1.0000
0.9530 1.0000
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Fig. 4: Power factor associated with the strings of
the last 35 generations

4 Genetic Voltage minimization

4.1 OFC under Non-Stiff Voltages

Ref. [3] addresses a new compensation strategy that
minimizes the load voltage harmonics. Also, the
control system proposed in [3] has the capability of
working under non-stiff voltage situation, that is
when the source impedance is significant. This
strategy is particularly useful for the cases where the
relative impacts of source voltage and load current
harmonics, on the load voltage distortion cannot
easily be recognized. The mathematical

Table 2: Values of the fitness function for the last
generation of GA.
*: members who comply with the constraints

0.9312* 0.9314* 0.9315*
0.9315* 0.9316* 0.9316*
0.9316* 0.9316* 0.9317*
0.9317* 0.9315* 0.9315*
0.9317* 0.9317* 0.9315 *
0.9315* 0.5590 0.9316*
0.9315* 0.9315* 0.9317*
0.9317* 0.9315* 0.9315*
0.5587* 0.9313* 0.9315*
0.9316* 0.9316* 0.9315*
0.5589 0.5588 0.5590
0.9313* 0.9312* 0.5589
0.5582 0.5590 0.5585
0.9318*
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Fig. 5: a) block diagram of the non-stiff system
under study with Z.,, (in each phase)

representation of the subject compensation strategy
is as follows

Max () +H, +H,) (11)
Subject to:
n (G) > 77, and,
H(isya’ Hbl S yb’ H;Syr’ Hzi,nS/lu,n’
; . — .0
Hé,ns;ib,n’ Hé.ns;ic.n’%su;’ L < uo’

3 2

n=1,2,...N



To have the highest compensation capability the
compensator system is equipped by a series LC
filter in each phase as shown in Fig. 5. Also, the
control system considers the possibility of having
non-zero values for the filter banks’ phase
characteristics. By this modification, the number of
optimisation variables to be designed is doubled, but
the compensation performance of the system is
elevated to the highest possible degree. Due to this

modification the load voltage “e”, load virtual
voltage “e’, ¢, =(¢'."), and the load desired current

k.
i in abc frame are represented as (x= a, b, and ¢):

N
e, =e, + z e, cos(iwt+ ¢ ) (12)

i=1

N
e. = +Ye G ()cos(imm+p, +6,() (13

x
i=1

£, :%i(ei G, (i) Cos(6,(D)+e; G,(i) Cos(6, (i) +€. G, (i) Cos(6.(1)))

(14)
i, =¥ (15)
In the above equations the resulting desired currents
are directly calculated in time domain. And with

this approach there is no need to use additional filter
banks [3]. This can significantly improve the

transient response of the system. ‘P; is calculated

according to Eq. (10) and the power factor 1 should
be calculated based on the “overall load” ( real load
together with the Zm,) voltage é ( Equ. (17)) and
currenti as follows:

77 — Pdc — Pdc :(ere*)dr (16)

¢, =(1+2,,, (jnw).G,(jnw)y,) € (17)

In Eq. (16), neglecting the minor active power loss
of Zcomp » Pac 15 as same as the active power of the
load. Also, E is the effective voltage of the overall
load that can be calculated similar to Egs. (6) and

(7).
4.2 Simulation results of the classic OFC

Here with consider the same compensation strategy
used in [3] for minimizing the load voltage
harmonics with the same data. In this case both the
load current and source equivalent voltage are
distorted and incorporate in the load voltage
harmonics. Here due to considering 13 components
for the load voltage harmonics including zero
frequency components, the total number of variables
to be optimized is equal to 78. Figure 6 shows the
load voltage and current waveforms before

compensation Figure 7 shows the source voltage
waveform, the load current before and after
compensation, and the load voltage after
compensation  obtained from the Classic
Optimization procedure by means of MATLAB
Optimization Toolbox. The resulting objective
functions value after 400 iterations is equal to 0.021.
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Fig. 6: Voltage and current of the load before
compensation (phase a)
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Fig. 7: Source, as well as, load voltage and current
after compensation (phase a)

4.3 Simulation results of the GA

The same strategy mentioned in section 4.2 is
optimized by MATLAB’s Genetic Optimization tool
named GATOOL. Figure 8 shows the optimization



trend starting with a random initial population with
50 elements. The curve indicates the best fitness
function (three-phase THD of the load voltage) in
each generation. The resulting fitness value is 0.020,
which is sufficiently close to the previously obtained
value from the classic approach. Hence, the results
again confirm the suitability of the previously
reported results in [1]-[3]. Also, Figure 9 indicates
the GA results when no mutation operator is used in
the optimization. As seen, due to lack of such useful
operator, the optimization process is unable to reach
the global optimum point.
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Fig. 8: Best results of GA after each generation
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5 Conclusions

In this paper, the global optimality of the OFC
filters was taken into consideration. A genetic
algorithm optimization program was developed to
verify the optimality of the previously reported OFC
system. Through two important case studies as the
most suitable compensation strategies, it was shown
that the results of the genetic algorithm are quite
close to those obtained from the classic optimization
method by means of MATLAB optimization
toolbox. The results validate the optimality of the
classic approach already wused. Analytically
investigating the optimization problem would be an
interesting topic for the future researches.
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