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Abstract

Nonmodel-based controllers have been explored for the control
of a shunt active power filter (APF) designed for harmonic and
reactive current mitigation. In this paper, soft computing
technique i.e fuzzy logic used to design alternative control
scheme for switching the APF. The model for these control
scheme is designed and simulated in MATLAB.

Index Terms—Active power filter (APF), Soft computing
technique, fuzzy logic.

1.INTRODUCTION

Soft computing is a technology to extract
information from the process signal by using
expert knowledge. It either seeks to replace a
human to perform a control task or it borrows
ideas from how biological systems solve problems
and applies it to control processes. The main areas
in soft computing notably are fuzzy logic, neural
network, genetic algorithm(GA), rough sets, etc.
Soft computing has experienced an explosive
growth in the last decade partially due to
uncertainties and vagueness in the process signal
and occurrence of random events, and partially
due to nonlinearity and complexity of the
processes. Traditionally, the design of a control
system is dependent on the explicit description of
its mathematical model and parameters. The
system can be complex with nonlinearity and
parameter variation problems. An intelligent or
self-organizing control system can identify the
model, if necessary, and give the predicted
performance even with a wide range of parameter
variation. Soft computing is an alternative solution
to meet the process and user’s requirements
simultaneously. The authors in this paper
therefore have developed algorithms based on
fuzzy logic for controlling the switching of a
shunt active power filter (APF) configuration. The
comparative merits and demerits of this scheme
including those of a conventional Pl algorithm are
discussed.
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2. PROBLEM IDENTIFICATION

Most of the load and control equipment today use
computers, embedded systems, microcontrollers,
and power-electronic devices and converters to
obtain the desired control performance. These
devices and controllers draw nonsinusoidal
current from
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the supply, resulting in the generation of current
and voltage harmonics. APFs have now become
an alternative solution to harmonic filtering
technology. An APF is a power-electronic
converter that is switched to inject equal but
opposite distorted current in the power-supply
line, connected to a nonlinear load. Its switching,
regulated by PWM, generates the harmonics and
reactive power required to maintain the mains
current sinusoidal and in phase with the mains
voltage, irrespective of the load current. A number
of methods exist for determining the reference-
switching current for the APF [1]-[3]. In this
paper, we have considered the control strategy
based on the regulation of the dc capacitor voltage
[4], [5]. Soft computing techniques have been
applied to APF control to a certain extent [6]—[8],
however; detailed investigations and possible

|
ol
muHipies

liu’.mit‘.ll

Fig. 1. Configuration of the APF.

www.ijert.org



International Journal of Engineering Research & Technology (IJERT)
ISSN: 2278-0181

combinations of these methods have not been preferred because the referenge | I%Hergeggwbe;szm

explored. The objective of this paper focuses
mainly on developing soft computing algorithm-
based control strategies for switching single-phase
shunt APFs. They offer an efficient control
method under the uncertain and varying load and
supply conditions and offer a much better
dynamic response.

3. ACTIVE POWER FILTER

The main objective of the APF is to compensate
the harmonic currents due to the non linear load.
These filters are generally designed around a
PWM bridge converter having a capacitor on the
dc side. Fig. 1 shows the shunt APF configuration
with a proportional-integral (PI) controller. The
switching frequency fsw of the bridge determines
the frequency range of harmonic currents that are
generated by APF. It is expected to correct up to
fsw/10 or fsw/5 . The aim now is to control this
switching so that the voltage source lines, the
nonlinear load, and the filter work together. This
leads to designing the control algorithm which is
best suited to compensate the harmonic and
reactive currents.

4.PI ALGORITHM

The PI control scheme involves regulation of the
dc bus to set the amplitude of reference current for
harmonic and reactive power compensation [4],
[5]. Assuming no power losses in the
compensator, the dc-link voltage remains constant
if no real power is drawn from it. However,
practically, there are switching losses in the APF
that increase with the increase in the reactive
power demand of the load. These losses are
supplied by the capacitor, and its voltage drops.
The capacitor also has to supply active power
during transient states when the real-power
demand of the load increases. Thus, in either case,
the capacitor voltage drops. Similarly, the
capacitor voltage will increase if the reactive/real
power demand of the load decreases. Hence, by
monitoring the capacitor voltage, the real power
supplied by the APF can be estimated and the
amplitude of the fundamental active component of
the supply current was estimated indirectly using
the real-power balance theory. The control is on
the supply current directly. Only one sensor is
required to sense the supply current and there is
no delay in the compensation process. A Pl
control algorithm is used to regulate the dc link
voltage of the shunt APF. This method is

generated without calculating elther the load

current harmonics or the load reactive power. This
results in an instantaneous compensation process
and the associated hardware is simple to
implement, thereby increasing system reliability.
The block diagram of the overall control scheme
is shown in Fig. 1.The control variables used by
the PI control algorithm are the dc bus voltage,
supply current, and supply voltage. In the control
scheme investigated here, a sample-and-hold
circuit is used to take capacitor voltage samples at
every 10 ms for a supply frequency of 50 Hz. The
error input to the PI controller and the amplitude
of the supply current provided by the controller
are thus made available at zero crossing only and
the supply current is maintained constant for the
entire period of one cycle. Hence, the correction
action is achieved every half cycle. The ripple in
the capacitor is eliminated with this technique and
there is no need to use a low pass filter. The dc
capacitor voltage has to be maintained at more
than twice the peak supply voltage for proper
operation of the shunt APF system. This is taken
as the reference dc-link voltage (Vref) and
compared with the actual voltage of the capacitor
(\dc). The resulting error at the nth sample instant
Is expressed as

Veln) = Vier(n) — Vacln) (1)

The compared result is fed to a PI controller and
the output of the PI controller is given by

Voim) = Vin—1)+ K, {Vo(n) — Vo(n — 1)+ K Veln) (2)

where and are proportional and integral gain
constants of the voltage regulator. and are the
output of the controller and voltage error at the th
sampling instant. This output of the controller is
limited to a safe permissible value depending on
the rating of the APF switches, and the resulting
limited output is taken as the peak value of the
reference supply current for harmonic and reactive
power compensation. The phase information is
obtained by a unit amplitude sine wave derived
from the mains voltage. The reference current so
obtained is compared with the actual supply
current and fixed frequency PWM is used to
generate the switching signals for the APF
converter. The switch control applies or on the ac
side, forcing the compensation current to track the
reference current. From Fig. 1 of the APF, the
following equations can be written:
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f:..; = H:Il' - |’_|r (3)

ﬂ U — vy — Ry
And dt Ly (4)

The filter output voltage can be controlled only by
the duty cycle of the bridge. Therefore, we obtain

vE = uy - Ve (5)
The problem of a soft computing control
algorithm is, therefore, to determine the duty cycle
in such a way that remains as constant as possible
and produces the right harmonic-compensated
current.

4.1 Simulation Results

The harmonic model of a computer [9],
consisting of a diode bridge rectifier with a large
smoothing capacitor is used to represent a typical
nonlinear (NLL) load. The load was simulated for
a supply voltage of 230 V, 50 Hz RL=430Q and
C=1000uF and the performance parameters were
found as Irms=3.41 A, THDI= 149.7%,THDV at
PCC=0.124%, DF=0.98, HF=1.497, and
PF=0.585. It is seen that the root mean square
(rms) supply current is increased due to the
presence of harmonics and low power factor. Due
to the presence of the smoothing capacitor, the
load current is seen to be discontinuous [Fig.
2(c)].

The PI control algorithm is applied to control
a shunt APF for compensating harmonic and
reactive power drawn by the computer load. The
system is simulated using MATLAB and the
results are presented in Fig. 2. The waveforms for
supply voltage, supply, load, and filter currents
and dc-link voltage are shown in Fig. 2(a)—(e). It
can be seen from Fig. 2(b) and (c) that the supply
current becomes sinusoidal while the load
continues to draw current in nonsinusoidal pulses.
The harmonic spectrum of the supply current
before and after compensation is shown in Fig.
3(a) and (b), respectively. The total harmonic
current distortion is reduced from 149.7% of the
uncompensated load to 4.49% after compensation.
The power factor is improved to 0.98 from 0.585
of the uncompensated load. The compensated rms
supply current is 2.668 A and it is seen that the
rise in supply current due to the presence of
harmonics is effectively brought down.
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Fig. 2. Dynamic performance of PIAPF with the computer load. (a)
Supply voltage (V).(b) Compensated supply current (A). (c) Load
current (A). (d) Filter current (A). (e) Voltage across the dc
capacitor (V).
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Fig. 3. (a) PI APF with the computer load: Harmonic spectrum of
the supply current before compensation. (b) Pl APF with the
computer load: Harmonic spectrum of the supply current after
compensation.

The dynamic response for addition and
removal of the load can be observed from Fig.
2(b). The supply current settles smoothly to a new
steady-state value within a half cycle of a 50%
decrease in load at 0.1 ms and a 200% increase in
load at 0.3 ms. There is a small change in the dc-
bus voltage [Fig. 2(e)] at the instant of disturbance
in the load to balance extra energy due to an
increased or decreased level of compensation. The
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dc-bus voltage settles to its steady-state value particular variable. Fuzzy numberg henge ¢an take ...,

within a few cycles.

The APF with PI control for a self-supporting
dc bus has several advantages viz; instantaneous
compensation, no need to sense reactive power
demand or load harmonics, the advantage of using
only one current sensor, and simple control logic
and hardware. However, in this scheme, the
nonlinear model of the APF system is assumed to
be linear and the PI controller design is based on a
mathematical model of the linearized system. A
set of equations that describe the stable
equilibrium state of the control surface is
developed by the root locus or some other method,
and coefficients are assigned to the proportional
and integral aspects of the system.

+The Pl  controller  applies the
mathematical model to a given input and produces
a specific output from the mathematical algorithm.
The Pl model may seem to be simple and
economical for a set of designed Pl parameters
and the harmonic compensation achieved by the
APF and the response to step change in load is
satisfactory, but a tendency to overshoot the set
value still exists,
while compensating large errors. Further, for the
same set of parameters, the system may lack the
capacity to adjust satisfactorily to large
fluctuations and, hence, fine tuning of the
designed parameters was necessary. Practically,
the fine tuning of Pl parameters is mostly
accomplished by trial and error, which is a time-
consuming process. Hence, soft computing
methods are developed in this paper to develop a
reliable autotuning method in order to automate
this process.

5. FUZZY CONTROL ALGORITHM

Fuzzy logic is a multilevel logic system in which
the fuzzy logic set has a degree of membership
associated with each variable. Basically, a fuzzy
set has three principal components: 1) a degree of
membership measured along the vertical axis (Y);
2) the possible domain values for the set along the
horizontal axis (X); and 3) the set membership
function (a continuous curve that connects the
domain values to the degree of membership in the
set). A large class of fuzzy sets represents
approximate members of one type or other. Some
of these fuzzy sets are explicitly fuzzified
numbers whereas others simply represent the
fuzzy numeric interval over the domain of a

many shapes triangular, trapezoidal, sigmoid, and
bell shape, etc. The fuzzy set principally attributes
two fuzzy numbers: a center value and a degree of
spread. The degree of spread is also called the
expectancy (E) of the fuzzy number; when the
fuzzy number is a single point, it is called single
tone. As the expectancy increases, the number
becomes fuzzier. This results in an increase in
information and entropy. The triangular fuzzy
membership shape is commonly employed in
control applications due to primarily low
computational costs of creating and integrating
triangular fuzzy sets. However, they are less
robust. The sigmoid function and bell-shaped
fuzzy numbers are better in robustness since their
center value is not a single point. The trapezoidal
number is slightly different from the triangular
and sigmoid number shapes because the set does
not pivot around a single central number.
Conventionally, only standard triangular MFs are
used in fuzzy control and the suitability of other
membership functions is not investigated. In the
present study, the fuzzy-logic control system was
designed with five functional definitions of MFs
viz; triangular, trapezoidal, pSigmoid, Gaussian
and Gaussian Bell MFs. After a comparative study
in terms of harmonic compensation achieved
under steady-state and transient load conditions, it
was observed that the Gaussian MFs gave the best
results. Fig. 4 shows the structure of the fuzzy
controller for APF.
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4. Structure of the fuzzy controller for APF.

5.1 Fuzzy Control Scheme for APF

In order to develop the fuzzy-logic control
algorithm for APF, two inputs: 1) the voltage error
(reference voltage minus actual capacitive voltage
e), 2) the change of capacitive voltage (previous
error minus current error; ce) were considered
over one sample period. The two inputs were
represented by set of seven membership functions
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and expressed in linguistic values as negative big
(NB), negative medium (NM), negative small
(NS), zero (ZE), positive small (PS), positive
medium (PM), and positive big (PB). The range
for the “error” input was set as and that for
“change of error” was set as. A limiting block was
introduced before the fuzzy block in order to
truncate values beyond these ranges before
supplying them to the fuzzy-logic controller. The
shape of these membership functions was varied
and the effect on the system was studied. The
input to the defuzzification process is a fuzzy set
(the aggregate output fuzzy set) and the output is a
single nonfuzzy number, obtained by the center-
of-gravity (COG) method of defuzzification. The
output (magnitude of reference supply current, ) 0
is a represented by a set of nine membership
functions (MFs) (NVB to PVB) whose shape was
taken to be similar to the shape of the input MFs.
The range for the output was set as ]. The output
of the fuzzy-logic controller was multiplied by a
unit sine wave in order to bring it in phase with
the supply current before comparison. The AND
method used during interpretation of the IF-THEN
rules was “min” and the OR method used was
“max.” Also, “min” was used as the implication
method whereas the “max” method was used for
aggregation. The input and output MFs so applied
are shown in Fig. 5.The 49 fuzzy IF-THEN
weighted rule base was designed to maintain the
capacitor voltage constant by providing the
required reference current amplitude. Rule
generation and weighting were decided based on
the pendulum analogy. The resulting rule matrix
with assigned weights is shown in Table I.

5.3 Simulation Results

The PI controller block in the control scheme of
the APF (Fig. 1) was replaced by the designed
fuzzy inference system (FIS). The APF was then
simulated for the same load with all other
parameters maintaining the same. The simulation
results for the fuzzy-logic controller designed with
Gaussian MFs are shown in Fig. 6(a)—(g). Fig.
6(b) shows that the supply current is sinusoidal
with the total harmonic current distortion reduced
from 149.7% of the uncompensated load to 3.7%
after compensation. The seemingly triangular
form of the compensated current is due to current
spikes and higher order harmonics.
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Fig. 5. Gaussian membership functions for input variables: (a)
error, (b) change of error, and (c) output variable Im.
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fig. 6. Dynamic performance of the fuzzy control scheme with Gaussian
MFsfor an APF with computer load: (a) supply voltage (V), (b)
compensated supply current (A), (c) load current (A), (d) filter current (A),
(e) voltage across dc capacitor (V), (f) harmonic spectrum of the
compensated supply current, and (g) performance of the fuzzy control
scheme with Gaussian MFs for an APF with the computer load: Transient
behavior for a large error in dc-link voltage.

The harmonic spectrum of the compensated
supply current is shown in Fig. 6(f). The power
factor is improved to 0.9983. It is observed that
the capacitor voltage is maintained constant by
the FIS. The dynamic response for the addition
and removal of the load can be observed from
Fig. 6. The supply current settles smoothly to a
new steady-state value within a quarter cycle of a
50% decrease in load at 0.1 ms and a 200%
increase in load at 0.3 ms. The dc-bus voltage
settles to its steady-state

value within a few cycles [Fig. 6(e)]. The
response of the system for compensating a large
initial error of 50 V is also observed. The
capacitor voltage reaches the steady-state value
without overcompensating or overshooting the set
value, as shown in Fig. 6(g). The FIS-controlled
APF was found to provide better and robust
performance under transient and varying load
conditions.
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