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Abstract: The increasing use of power electronic devices has resulted in harmonics that
may cause in power systems overheating of equipment, poor power factor and voltage
distortion. Shunt active power filter (SAPF) provides the most useful means for harmonics
mitigation in power systems. In a certain number of SAPFs, the dc link capacitor voltage
is regulated by means of a Pl controller. This paper proposes a variant of a population
based Jumping Spider Algorithm for optimal tuning of the PI controller to enhance the
performance of the active filter. The SAPF considered in this paper uses the p-q theory to
extract its reference current and the hysteresis current control to produce the triggering
signals for the controlled switching devices of its inverter. The overall SAPF is developed
and validated using MATLAB/Simulink tool under two different nonlinear loading
conditions. The results obtained by simulation show that the SAPF with the proposed Pl
controller effectively controls the dc-link capacitor voltage and mitigates current
harmonics.

1. INTRODUCTION

Nowadays, there is an increased use of nonlinear loads such as computers, microwave
oven, adjustable electric drives and arc furnaces in both domestic and industrial applications.
These nonlinear loads give rise to current harmonics which cause power losses, overheating
of equipment, and premature damage to motors, cables, transformers and sensitive equipment
[1]. The Shunt Active Power Filter (SAPF) is preferred for reducing harmonics, compensating
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for reactive power and improving power factor. The widely used SAPF consists of voltage
fed or voltage source inverter (VSI) and its controller. The controller performs four main
control actions [2], namely the extraction of harmonic currents or generation of reference
current, control of dc link capacitor voltage, current control and synchronization. In some
controllers, synchronization action is not explicitly required. The efficient performance of
SAPF largely depends on the effectiveness of its control techniques [3].

The contribution of this paper is in the area of dc-link capacitor voltage control. The
conduction and switching losses in the VSI cause a drop in the value of the capacitor voltage
which then adversely affects the compensation performance of the active power filter [4].
Therefore, the capacitor voltage is regulated to keep it constant. The most common approach
to regulate the capacitor voltage is the use of PI controller [5]. Conventional PI controller
may not give optimum solution, because they require precise linear models. Again, the PI
controller underperforms in the presence of non-linear loads, parameter variation, and
disturbance [6]

Recently, researchers have used metaheuristic algorithms-based optimization
techniques such as PSO [7], Ant Colony (ACO) [8], Genetic Algorithm (GA) [9], Bacteria
Foraging [10], artificial bee colony (ABC) [11], to find the optimum gains of the PI controller
of SAPF. None of these techniques seems to have yielded optimal parameters for the PI
controller [12] and as one particular meta-heuristic algorithm is not capable of producing
good results in all fields, researchers continue to try with new ones. This paper presents a new
metaheuristic algorithm known as Enhanced Jumping Spider Algorithm (EJSA) for finding
the optimum gains of the PI controller of the SAPF. The paper is organized as follows, section
2 — Theoretical background, section 3 — Implementation, section 4 — Results and discussions,
and section 5 — Conclusion.

2. THEORITICAL BACKGROUND
2.1. SAPF Configuration and operation

A shunt active power filter has two main components, namely the power component
and the control component. The power component consists of a VSI, an energy storage dc
link capacitor, which maintains DC voltage at the VSI input, and an inductor which connects
the VSI to the power system and acts as a filter. The function of the power component is to
inject the needed mitigating current.

The SAPF works as follows. The power system’s current in the absence of the filter
at the point of common coupling (PCC) can be expressed as:

g =1, =1l +iy (1)
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where is = supply current, i. = load current, and i1 = fundamental component of the load current
and iy = harmonics present in the load current.

A SAPF connected to the PCC introduces these additional currents: the compensating
current i injected by the SAPF which is equal and opposite in phase to iy and then the dc link
current iz drawn by the SAPF to account for the losses occurring in its switching devices and
to keep the dc link capacitor voltage constant. The source current then becomes:

s =iy = [iyy +ig] —ic + igc 2)

Harmonics mitigation current is obtained through the dc link capacitor voltage. By
maintaining this voltage at a preset level, the compensation current becomes inversely identical
to the harmonic component of the non-linear loads, thereby cancelling out each other. The
source then supplies sinusoidal current having the fundamental frequency [2]. Equation (2) now
becomes:

s = Uy + lge (3)

The SAPF controller continuously monitors the harmonics in the source current, which
varies with time and then commands the power circuit to inject the necessary mitigating
current.

2.2. Harmonic extraction algorithm

Harmonic extraction algorithm generates a reference current from the distorted load
current. It is considered to be the most important control action [13]. The existing techniques
that can be used to generate the reference current are many. The p-q theory, one of the most
widely used time-domain techniques, is used in this work. These techniques require simple and
less calculations and therefore, reduce the control process time. It does not require
synchronization algorithm such as phase-lock loop technique, which involves complex
calculations [2]. The p-q theory uses Clark transformation to convert currents and voltages from
abc frame representation to Oof} frame representation as follows:

Yz e
i @

B 0 \/g/z \/§/2 c
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where i,, i, and i, are three-phase currents and v,, v,, and v, are three-phase voltages in abc
frame, and iy, i, and iz are three-phase currents and vy, v,, and vz are three-phase voltages in
Oaf frame.

For a three-phase, three-wire supply system considered in this paper, the zero-sequence
component is absent. The instantaneous complex power s in the Oof frame is given by:

S=p+jq =vaging = (v — jvg)(ia + jig) = (Vaie + Vgig) + j(Waipg — vgia) (6)

where p = instantaneous active power and ¢ = instantaneous reactive power. The symbol “* "
denotes conjugate.
The p and g can be restated in the matrix form as follows:

B =125 ][] ™

where nonlinear loads are present, p can be expressed as the sum of AC and DC components as
follows:

p=p+p (8)

The component p is the DC component or average of p. It represents the power due to
the fundamental voltages and currents and corresponds to the power drawn by the load from
the source. The component p is the AC component of p and represents the energy that flows to
and from the load and the source. The harmonic reference current is calculated from p and g
after p has been extracted by a low pass filter.

If the power absorbed by the SAPF to account for losses in the switching devices to
keep the capacitor voltage constant is denoted by P, . then the ac component of the
instantaneous real power is calculated as follows:

ﬁ:P_ﬁ_ﬁloss (9)

The reference supply currents in aff-frame (i, ig) are then obtained by (10) and are

further transformed to the abc-frame (ig, i, i;) through the inverse Clarke’s transformation by
(12).
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Figure 1 is a block diagram showing how reference current is generated using the p-q
theory [14].
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Fig. 1. Block diagram of reference current generation by p-q theory

2.3. Hysteresis Current Control Technique

The hysteresis current control technique is employed to produce the VSI triggering
signals in such a way that its output current will have a wave shape identical but opposite in
phase to that of the reference current. This paper uses the hysteresis current control technique
which is the most widely used technique because of its fast response, accuracy, assured stability
and easy implementation [15]. In this technique, the current produced by the inverter lsanc is
kept in a hysteresis band around the reference current lranc. The controller compares the two
currents and, based on the error, outputs appropriate switching pulses to the VSI so that the
filter current lanc is maintained inside a hysteresis band [16].

2.4. Algorithm for Regulating dc link Capacitor Voltage

In SAPF, it is important to keep the DC side of the voltage fed inverter constant by
controlling the capacitor voltage. Ideally, the capacitor voltage should remain constant and the
filter should not draw active power from the power system. This is, however, not the case
because conduction and switching losses occur in the VVSI during its operation [2]. Most SAPFs
use a PI controller to regulate the capacitor voltage because it is simple to implement. The
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measured capacitor voltage v,.and the desired reference voltage V. ... are compared and the

corresponding error e(t) is used to feed the PI controller. The PI controller output current is
given by:

iac = Kpe(t) + K; [, e(t)dt (12)
where e(t), the dc-link capacitor voltage error, is defined as
e(t) = Vdc_ref — Ve (13)

with V.= the measured capacitor voltage and V. .= the reference capacitor voltage.

This current is used to adjust the reference current so that the right amount of real power
will be absorbed by the filter to account for its conduction and switching losses [2].

This paper uses EJSOA to obtain the optimum gain parameters of the PI controller with
its fitness or objective function defined as the integral time absolute error (ITAE). The ITAE
performance index, the preferred criterion when designing this controller [17], is given by

J= [ tle(®ldt (14)

2.4.1. Enhanced Jumping Spider Optimization Algorithm (EJSOA)

EJSO is a novel and simple meta-heuristic algorithm which mimics the hunting
strategies of a jumping spider. A random population of spiders is initially produced to catch
a prey in a multidimensional space. The spiders are deemed to use three hunting strategies,
namely search for prey, consisting of local search and global search, attack by persecution
and attack by jumping on prey[18]. The local search is described by the equation:

Zi(k + 1) = Bposs (k) + walk (% —¢) (15)
i=123,..,n
where X;(k + 1) =the ith spider new position, X,.s:(k) = best location of spiders from previous
iteration, walk = a uniformly distributed random number generated in the interval [-2, 2] and
¢ = arandomly generated number in the interval [0,1].

The Lévy flight is applied for the global search. It is given by:

fi (k+1) = J_C)best(k) +¥. Lo (S) (16)
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where ¥;(k + 1) = the ith spider new position and y (y > 0) = the step size, L,(S) gives a
random walk with a random step length S. The search ability is most affected by the value of «
[19]. A value of 1.5 is usually used.

Attack by persecution represents the situation where a spider is not close enough to the
prey and it has to crawl close to the prey before it jumps on it. This walk is represented by:

%0k +1) = 2 (%:00) — (k) (17)

where X;(k + 1) = the ith spider new position, X; (k) = the ith spider position in the preceding
iteration, and x,.(k) = the position of spider r (r # i) randomly selected from the preceding
iteration.

In the case of attack by jumping on prey, the spider is close to the prey so it jumps on
it. The jump is modelled by:

%(k + 1) = (%(k) tan(a) — 2200 ) (18.3)

2V cos?(a)

a=2 (18.h)

~ 180
where x;(k + 1) = the ith spider new position and x; (k) = the ith spider current position. Both
¢ (in degress) and u are random numbers produced in the interval (0, 1). Vo = the speed of the
spider projection and g = acceleration duet o gravity. Vo, = 100 mm/sec and g = 9.80665 m/s..

The fitness values of search agents are normalized. The normalized value called
pheromone is calculated as follows:

Fitnessmax—Fitness(i) (19)

pheromone(i) = — .
Fitnesspymax—Fitnessmin

where Fitness(i) = the ith spider current fitness value and Fitnessmax = the best fitness value of

the current generation and Fitnessmin = the worst value of the current generation. The maximum

pheromone value, the best value, is 1 and the minimum pheromone value, the worst value, is 0.
If a spider has its pheromone value < 0.3, its position is updated as follows:

%:() = Rpese (k) + 5 (Fra (k) = (=1)7 % £ (k) (20)
rET
where X, (k) and X,., are the positions of spiders r; and r, which are randomly selected,
Xpest (k) is the best position of the spiders in the preceding iteration and o is a binary number
selected at random from 0 and 1.
The EJSO algorithm is represented by the flow chart shown in fig. 2.
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Fig. 2. Flowchart of Jumping Spider Algorithm [18]

2.4.2. Tuning of PI Controller with EJSOA
The following steps are taken to obtain optimum tuning values of the Pl controller

using EJSOA:

Build the SAPF model including the controller algorithms in Simulink.

Set parameters of the SAPF.

Set initial parameters of EJSOA (i.e., population size (N), dimension (D), maximum
number of iteration)
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4. Generate initial random population of spiders (S; = 1,2, ..., N) with dimension D = 2
(representing K, and Kij)
5. Run the SAPF model for a specified nonlinear load using the initial K, and K; values and
calculate the initial fitness of spiders Syit using (14) for a specified T and sampling rate z
6. While iteration < maximum number of iterations do
if random number generated < 0.5 then Attack
if random number generated < 0.5 then
It is Attack by persecution. Use (17)
else
It is Attack by jumping on the prey. Use (18)
end if
else Search
if random number generated < 0.5 then
It is local search for prey. Use (15)
else
It is global search for prey. Use (16)
end if
end if
7. Calculate pheromone rate using (19)
8. Update search agents’ positions (K, and Kj) that have low pheromone rate using (20)
9. Run the SAPF model and calculate the new fitness of spiders Stitnew Using (14)
10. if Stitnew < Stitthen
11. set Siit = Sfit,new
12. end if
13. iteration =iteration + 1
14. end while
15. Output the best K, and K; values

3. IMPLEMENTATION

MATLAB/Simulink tool has been used to determine how effective the proposed Pl
controller is in mitigating current harmonics. Figure 3 shows the complete Simulink models
of the power and control blocks. The power blocks comprise the following three components:
a three-phase, three-wire voltage source, a nonlinear load consisting of a three-phase
uncontrolled rectifier feeding a passive load and a shunt active power filter. The shunt active
power filter comprises a dc-bus capacitor, six-IGBT switches with diodes.
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Fig.3. MATLAB/Simulink Model of SAPF

3.1. Optimal tuning of the PI controller

The EJSOA parameters used for finding the optimum tuning values of the PI controller
are presented in Table 1. The parameters of the power system, the SAPF and the nonlinear load

are given in Table 2 and the complete Simulink model of the control circuit with ITAE block
is shown in fig. 4.

Table 1. Parameters of EJSOA for optimal tuning

Parameters Values
Population size 50
Number of iterations 30
Sampling period T 1
Sampling rate ¢ 0.005 ms

g Coupling
ACTIVE Inductee

Fig. 4. Simulink model with ITAE block
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Table 2. Parameters of overall system for optimal tuning

Parameters Values
Source voltage 380V
frequency 50 Hz

Line inductor Ls=10mH
Filter inductor Ls =0.15mH
DC-link capacitor C =1000 pF
DC load resistance 50Q

DC link capacitor voltage 600 V

3.2. Testing

After finding the optimum tuning values of the PI controller, the performance of the
proposed SAPF was evaluated using dc load resistances of 50 ohms and 25 ohms. The 50-ohm
load resistance is the same as what was used for the optimal tuning of the Pl controller. The
constants of the power system and the SAPF are as defined in Table 2. The Simulink model of
the control blocks used for testing the proposed system is the same as that given in Fig. 4 without
the ITAE block.

4. RESULTS AND DISCUSSIONS
4.1. Optimal tuning values of PI controller

The optimal gains obtained were: Ky = 0.057175 and Kj = -1. These gains were then
used to verify the effectiveness of the proposed Pl controller. Two dc resistances were
considered. These two gain values and other system parameters were maintained for the two dc
resistance loads.

4.1.1. Source Current Waveform and its Harmonic Spectrum
Case 1: DC resistance = 50 Q

Figure 5(a) and fig. 5(b) show the source current waveform and its harmonic spectrum
before connecting the SAPF.

Figures 6(a) and 6(b) show the corresponding curves when the SAPF is in circuit.
From the FFT analysis, the THD reduces from 26.12% to 0.55%.
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Case 2: DC resistance = 25 Q
Figure 7(a) and fig.7(b) show the source current waveform and its harmonic spectrum
before connecting the SAPF.
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Fig. 7. Source current before compensation
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Figures 8(a) and 8(b) show the corresponding curves when the SAPF is connected.
The FFT analysis shows a reduction of the THD from 24.15% to 0.53%.
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Fig. 8. Source current after compensation

4.2. DC link capacitor voltage response

Figure 9 shows the response of the dc link capacitor voltage regulated by the proposed
P1 controller for the 50-ohm dc resistance load. The corresponding response for the 25-ohm dc
resistance loads is shown in Fig.10. The two waveforms show a fast and stable response with
zero steady-state error. Each of the waveforms also has an overshoot of about 17% which makes
the response fast. Figure 11 gives the waveform for the case where the SAPF was run with
initial dc resistance load of 50 ohms and at t = 0.25s the dc resistance load was suddenly
decreased to 25 ohms to double the load current. As shown by the waveform, the voltage across
the capacitor dropped when the current drawn by the load suddenly doubled but it quickly
recovered.
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Fig. 9. SAPF capacitor voltage 50-ohm dc load resistance
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Fig.10. SAPF capacitor voltage for 25-ohm dc resistance
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Fig.11. SAPF capacitor voltage when load current doubles.
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5. CONCLUSION

The EJSOA has been applied to optimally tune the PI controller of SAPF to mitigate
harmonics in power systems. The Pl controller has been used for the regulation of the dc link
capacitor voltage of the SAPF. The EJSOA has employed the ITAE as the fitness function to
determine the optimum gains of the Pl Controller. SAPF using this Pl controller has been
developed and simulated in MATLAB/Simulink environment. The EJSOA-PI controller
produced a dc link capacitor voltage response that is fast, stable and steady-state error-free.
The capacitor voltage also recovers quickly when it drops in value following a sudden
variation in load. The results also showed that the SAPF with the EJSOA-PI controller is
capable of reducing the THD of a balanced power system from 26.12% to 0.53%, a figure
which is far below the IEEE harmonic standard limit of 5%.
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