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Abstract: Optimizing the performance of power system
networks using conventional mathematical modeling based
approaches is quite difficult because of the complex nature
of systems that are highly nonlinear, non-stationary and
involve a large number of inequality constraints. In this
paper, Particle swarm optimization (PSO) is proposed to be
implemented to enhance the harmonic compensation
capability of conventional shunt active power filter (APF).
An analysis of the APF performance is carried out under
ideal, distorted and unbalanced supply voltage conditions.
Extensive MATLAB simulations were carried out and results
demonstrate that the APF with proposed implementation of
PSO is very efficient in bringing down the Total harmonic
distortion (THD) in source current to drastically small
values so that IEEE-519 std. on harmonic levels is satisfied.

Keywords: Active power filter, Particle swarm optimization,
Instantaneous active and reactive power (p-q) method,
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1. Introduction

Intensification of harmonic pollution in power
system at an alarming rate has brought down the
efficiency and power factor, with increase in the risk of
electromagnetic interference with neighboring
communication lines [1, 2]. This is principally due to
the proliferation of typical nonlinear loads such as arc
furnaces, fluorescent lights, power electronic
converters, microprocessors, motor drives, electronic
loads, saturated transformers, switching mode power
supplies, various domestic appliances, etc. that draw
significant amount of harmonic current from the utility.
Moreover in three-phase networks, the harmonic
currents with order in multiples of three (3", 6™, 9™,
etc.) add on to the neutral conductor being in-phase
with each other. High neutral currents may result in
overloaded power feeders, overloaded transformers,
voltage distortion, and common mode noise [3].

Shunt APF emerged as a powerful solution to
overcome the difficulties encountered in power system
such as current harmonics, excessive neutral current
and reactive power burden [4-7]. APF generates the
required compensation filter current of same magnitude
and opposite phase as that of the harmonics in load
current. This is injected into power system at the point
of common coupling (PCC) between the source and the
load. Ultimately, sinusoidal, balanced and compensated

current is drawn from the utility lowering down the
THD in source current below 5% thereby satisfying the
IEEE-519 standard recommendations. The APF
comprising of Pulse-width modulation (PWM) based
voltage source inverter (VSI) employing various
control schemes has gained well-recognition [8, 9].

This paper evaluates the APF performance under
both ideal and non-ideal supply voltage conditions.
Distorted supply in power system may be categorized
as DC off-set, harmonics, inter-harmonics, notching
and noise; caused primarily due to static frequency
converters, cycloconverters, arcing devices, switching
power supplies and other power electronic devices.
Unbalanced supply condition may result due to the
generators in the system, presence of unequal single
phase loads in a three-phase system, blown fuses in one
of the phases of a three phase capacitor bank or single
phasing conditions.

Control scheme for the APF makes use of a
Proportional-Integral (PI) controller to overcome the
inverter losses occurring inside APF itself. Proportional
and integral gains of PI controller obtained by
conventional approach may not give satisfactory result
for a wide variety of operating conditions [10, 11]. In
this paper, PSO algorithm is proposed to extract the
optimized PI controller gains that can overcome the
drawbacks in conventional methods.

Shunt APF configuration is briefly explained in
Section 2. The DC-link voltage controller, APF
reference compensation current generation scheme,
PSO algorithm and simulation results are described in
Sections 3, 4 and 5 respectively. Finally the conclusion
is summarized in Section 6.

2. Shunt Active Power Filter

To implement an APF in three-phase four-wire
systems, there are two possible configurations viz.
three-leg VSI based APF and four-leg VSI based APF,
which has been shown in Fig.1. In three-leg topology,
the neutral wire is connected to mid-point of the split
capacitor, whereas in four-leg topology, an extra leg is
provided exclusively for neutral current compensation.
Many researchers prefer the implementation of four-leg
VSI based active filter topology over three-leg split
capacitor topology [12, 13].
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Fig.1(a). Three-leg VSI based APF configuration

This is because the three-leg VSI based APF topology
suffers from following drawbacks.

(a) Requirement of large DC-link capacitors

(b) The DC-link capacitor voltages need to be properly
balanced

(c) Control scheme is comparatively complex as it
requires DC-link voltage balancing

3. DC-Link Voltage Control of VSI

Inherent switching actions carried out inside the
inverter leads to high switching losses in three-phase
four-leg inverters due to the presence of more number
of switching devices. The DC-link capacitor voltage is
utilized to overcome these losses. For quality
performance of the APF, DC-link voltage (V,.) needs
to be maintained at a constant pre-specified reference
value (V,.*) by the utilization of a PI controller. The
tuning of PI controller using conventional
methodologies becomes complicated as the power
system network presents itself as highly nonlinear and
non-stationary. Moreover, the PI controller response
may not be satisfactory at an operating point other than
the point at which it is designed to operate. Thus,
optimized values of proportional gain (K},) and integral
gain (K;) can be obtained by the use of PSO which does
not require any prior system information and is
independent of the system dynamics. Performance
criteria chosen in this paper is integral square error
(ISE). Objective function to be optimized (J) is
formulated using maximum overshoot (AV .uax)s Vae
transient settling time (#,) and steady-state error (E,;) as
the parameters which is shown in (1).

J=ISE=[(AV,) dt
0

=B AV, . +1=P)t, ~1)+a|E, (1)

In the expression, f, indicates starting time of the
transient V,; o and f are weighing factors. Factor a is
used to overcome the steady-state error, S controls the
overshoot and settling time.
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Fig.1(b). Four-leg VSI based APF configuration

4. Reference Filter Current Extraction for APF

Initially proposed by Akagi [14, 15], the
conventional instantaneous active and reactive power
(p-q) theory has gained popularity worldwide as a
powerful control scheme for active filters. However, it
is not capable of yielding satisfactory solution when the
mains voltages are not ideal; because while calculating
the instantaneous active and reactive powers, the
multiplication of distorted load current and distorted
source voltage caused amplification of harmonic
content. Hence this theory has been subjected to
various improvements to enhance the compensation
capabilities of active filter. This paper exploits the
modified p-g method proposed by Kale and Ozdemir in
the year 2005 [16] for generation of reference
compensation filter current. Voltage harmonic filtering
is done in this control scheme in order to make the
source voltage balanced, sinusoidal. This entire method
of reference current generation is illustrated in Fig.2,
which can be realized as follows.

The source voltages (Vy4, Vg, Vyc) are transformed into
d-g coordinates using Park’s transformation given by
(2), where @ represents the rotational speed of
synchronously rotating d-g axes.

v o[ sinwe  coswr J[1 —1/2 172" )

= [— vV
v, 3| —coswr —sinwt ||0 372 —3/2| "
v

sc

The voltages (v, and v,) are then subjected to harmonic
filtering by use of 5" order low-pass filters with cut-off
frequency of 50Hz. Since, the zero-sequence voltage
component is filtered out; the zero-sequence power (py)

is always zero.
sinwt || v,
— 3)
coswt || v,

[va} [ coswt
vg | |—sinwr

The voltages V_d and V_q are then transformed into a-f8

coordinates by using (3). Outputs of the voltage
harmonic filtering block v, and vy are assumed ideal to
be utilized for further calculations. The 3-phase load
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Fig.2. Reference compensation filter current extraction scheme for APF
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The currents i1, iz and voltages v,, v are then used for
the calculation of instantaneous active power (p) and
reactive power (g) as per (5).

MR 1o
q Vs Vo ||llp

Both the instantaneous powers p and ¢ include an
average component (p,q) and an oscillating

component ( p, g ), which can be described as (6).

p=p+p

4=q+q (6)
For absolute compensation of harmonics, unbalance
and neutral current, the whole of reactive power (@D,
oscillating component of active power (p ) and
average power loss occurring inside inverter (a )are

taken into account for extraction of reference filter
currents in a-f coordinates (ic,*, ics™).

iul * _ 1 vll _vﬂ -Pp + plom (7)
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The zero-sequence reference compensation current
(i.0*) should be same as that detected in the load
current (ip), but in opposite sign; so that it can provide
the required zero-sequence current compensation.

o=~ ®)

1

ip* i..*) and for the neutral conductor (i.,*) can be
calculated by (9) and (10). The actual filter currents are
then forced to follow the reference current in a
hysteresis current controller which in turn generates the
switching signals for the VSI. Ultimately, the generated
filter current provides the necessary compensation for
current harmonics present in the source current.

5. Particle Swarm Optimization

The particle swarm optimization is a nature inspired
stochastic optimization tool which mimics the
swarming behavior exhibited by a bird flock or fish
school. Proposed by Eberhart and Kennedy in the year
1995 [17, 18], PSO has been employed in various
fields of research and applications and is successful in
yielding optimized solution [19, 20].

For initialization, a group of randomly dispersed
particles are assigned with some arbitrary velocities.
The particles fly through the problem space in search
of global optimum position by updating their positions
and velocities at every iteration as per (11) and (12).

Vk+1i =w: Vki +¢h '[PLheszi _'xki]
(1)
(12)

While flying each particle keeps track of its coordinates
in the search space corresponding to the best fitness
value attained by that particle as yet in Py,,,. Along
with this, the particle swarm optimizer keeps track of

+0, 1y [Py — %]
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Initialize the positions and velocities and evaluate
the fitness value of each particle

I

Set Local best fitness = current fitness
Local best position = current position of each particle
Global best fitness = min (Local best fitness)

l
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Fig.3. Flowchart of PSO

the location of the best solution achieved thus far by
any particle in the swarm in Pg. . In the above
expression, k and i indicate the pointers for number of
iteration and particle number; x;’ and v’ are the current
position and velocity of ith particle at kth iteration; x; ;'
and v, ;' the position and velocity of ith particle at
(k+1)th iteration; w, c¢; and c; are inertia, cognitive and
social constants respectively; r; and r, are random
numbers in the interval [-1, 1]. Acceleration of the
particles is decided by the values of constants ¢; and ¢,
whereas w provides a sense of balance between local
and global search. The search process comes to an end
when the number of iterations executed becomes equal
to the predefined maximum number of iterations or
when a further better global optimum solution is not
available. A flowchart showing the entire process of
PSO has been illustrated in Fig.3.
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Fig.4. Convergence of V. with conventional PI controller
and PSO based PI controller under (a) Ideal supply,
(b) Distorted supply and (c) Unbalanced supply
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6. Simulation Results

Extensive MATLAB simulation was carried out for
three different supply conditions. A comparative
evaluation of the V, convergence characteristics
reveals that PSO converges to the desired solution at a

Table 1

faster rate compared to the conventionally tuned PI
controller. Hence PSO is more efficient method as it
provides quick prevail over the current harmonics i.e.
within 1.5 cycles (0.03 s). Moreover, the overshoot in
PSO based PI controller is much less compared to that

Comparison of V. transient response with conventional and PSO based PI controllers

Supply voltage AV gemayx in Volts for

AV gemax i Volts

Settling time (t,) in Sec Settling time (t,) in

condition conventional-PI for PSO-PI for conventional-PI Sec for PSO-PI
Ideal supply 893.2 847.6 0.056 0.037
Distorted supply 898.7 852.2 0.074 0.039
Unbalanced supply  902.6 879.5 0.081 0.039
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Fig.6. Simulation waveforms for source voltage, DC-link voltage, Compensation filter current, Source current after
compensation and THD in source current after compensation under (a) Ideal supply voltage, (b) Distorted supply
voltage and (c) Unbalanced supply voltage



in conventional PI controller. A comparison of the V.
transient response is given in Fig. 4 and the maximum
overshoot and settling times of the two controllers have
been compared in Table 1. When the APF is not being
operated, the source current is exactly same as the load
current as shown in Fig.5. The THD in the source
current before compensation is 20.61%.

The various simulation waveforms obtained with
PSO-PI controller based APF have been presented in
Fig.6. The THD in source current after compensation is
reduced to 1.92%, 2.09% and 4.79% under ideal,
distorted and wunbalanced supply conditions
respectively from its value of 20.61% before
compensation. Hence the ultimate objective of
lowering down the THD below 5% is fulfilled.

7. Conclusion

To verify the robustness of APF, evaluation was
carried out taking huge distortion and unbalance in
supply voltage and it is revealed that the proposed
implementation of PSO algorithm to APF offers faster
convergence to reach the global optima, resulting in
quick prevail over the APF losses, thereby fulfilling the
ultimate objective of lowering down the value of THD
in source current. Since it is not empirical in nature, it
does not require extensive experimentation.
Furthermore, the proposed implementation of PSO
makes it computationally less expensive, independent
of the objective function gradient.
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