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Abstract— This paper presents a simulation study and an experimental implementation of a single-phase Series
Active Power Filter (SAPF) for the mitigation of harmonics in the load voltage. The aim is to regulate the injection
voltage of the SAPF to compensate the grid voltage via the injection transformer in addition to maintaining the
load voltage stable. The control strategies investigated in this work include Backstepping Sliding Mode Control
(BSMC) and a neuro-fuzzy controller based on ANFIS (Adaptive Neuro-Fuzzy Inference System) 1. The proposed
control strategies for the single-phase SAPF are initially evaluated in simulations under MATLAB/Simulink and
then validated on a laboratory-scale hardware experimental set up consisting of a source and a single-phase SAPF.
A comparative study of these controllers with respect to their performance and robustness in mitigating power
quality against voltage disturbances and harmonics is presented. Both simulation and experimental results have
demonstrated that ANFIS-based controller was able to achieve superior performance and a lower total harmonic

distortion (THD) as compared to the other control methods.
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1. INTRODUCTION

In recent years, power quality issues have become a vital concern for both the utility and end-users. This is due to
the widespread use of nonlinear loads and modern power electronics devices in various domestic and industrial
applications, such as electrical motor drives, power supplies, induction heating, electronic lighting, etc., [1-3].
These electronic and solid-state-based devices generate current harmonics which are injected into the distribution
network and cause voltage disturbances at different points of the network.

Electric equipment connected at these points is directly affected by these harmonics and negative effects, notably
a distortion in the voltage, may appear instantaneously or occur later. Harmonics can also cause overheating of
electric cables as well as a disruption in the operation of certain electrical equipment or even cause a complete
shutdown of certain machinery [4, 5]. The limits on harmonics levels were established by IEC61000 standards,
and IEEE Std. 519-1992 [6].

Passive filters are traditionally used to mitigate harmonic distortion and have long been employed in the industrial
and utility sectors [7]. However, passive filtering has several drawbacks including the lack of adaptation during
variations of the load and network impedance. Furthermore, passive filters may cause resonance with network and
in some cases this latter, when excited, can cause large harmonics in the voltage and current of the filter capacitor
and the network [8-10]. Unlike passive filters, modern Active Power Filters (APFs) are power electronic-based
devices which offer superior filtering performance and have faster transient response. They can compensate for
current and voltage harmonics, reactive power and provide voltage control in the distribution network [11]. APFs

are basically classified into two types: Shunt, parallel and series APFs. Shunt active filters are connected in parallel



and inject into the network a current that is equal in amplitude to the harmonic current to be suppressed but with
opposite phase. Series active filters, on the other hand, are connected in series with the network voltage via a
matching transformer and behave like a voltage generator which imposes a harmonic voltage such that, when
added to network voltage, produce a sinusoidal-like voltage waveform at the connection point [12,13]. SAPF can
compensate for voltage disturbances acting on the load side [14].

The aim of this work was to propose robust control strategies to improve the performance of the SAPF for the
mitigation of harmonics in the presence of nonlinear loads in the network. Backstepping Sliding Mode Control
(BSMC) is a switching type of control which can cope with nonlinearities, parameter uncertainties and
disturbances and therefore can be considered as a suitable candidate for this application. ANFIS offers the desired
robustness and learning ability to enhance the performance of the SAPF in dealing harmonics and can operate
under various operating conditions.

This paper presents an analysis, a simulation study, and an experimental validation of three controllers for a SAPF
to mitigate voltage disturbances and improve the power quality in the distribution network.

The remaining of the paper is organized as follows: Section 2 introduces the basic circuits of the SAPF and derives
the control methods proposed in this work including Backstepping Sliding Mode Controller (BSMC) and an
Adaptive Neuro-Fuzzy Inference System (ANFIS)-based controller. Section 3 presents the simulation results and
discussions. In Section 4, the experimental prototype of the SAPF is described and the experimental results are

presented under different voltage disturbance conditions. Finally, Section 5 summarizes the conclusions of this

paper.

2.  MODELING OF THE SAPF SYSTEM
The overall structure of the SAPF is represented by the converter circuit depicted in Fig. 1. Kirchhoff’s voltage

law gives [15]:
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Where v, is the output inverter voltage, V,; is the SAPF output voltage, V. represents the voltage of the DC link,
i;, and i; are the currents flowing the inductor and capacitor filter respectively, L¢, Cf are the inductance and

capacitance of the filter, Ry represent the inductor equivalent series resistance.
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Fig. 1: Equivalent circuit of the SAPF.

Taking Laplace of (1) and (2), the system is described by the following equation:



Vini () = SV(s) + S 1) )

Where Vin;(s), V¢ (s) and I, (s) represent the Laplace transforms and s denotes the Laplace operator.

3. PROPOSED CONTROL STRATEGIES FOR THE SINGLE-PHASE SAPF

Fig. 2 depicts the basic control scheme of the SAPF. The control scheme is based on a closed-loop control which
regulates the injected voltage of the SAPF via an IGBT Voltage Source Inverter (VSI) driven by a Pulse Width
Modulation (PWM) control strategy [16,17].
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Fig. 2 Diagram of the SAPF and its control system.

Two control strategies are implemented in this work namely BSMC and ANFIS. The aim of these controllers is to

regulate the injected voltage of the single-phase SAPF.

3.1 Backstepping sliding mode controller design

Consider the following state-space model:
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Where u denotes the control output.

The backstepping control strategy is designed in two steps [18-20]:
Step 1: Design of the virtual control function

The tracking error is defined as follows [21-23]:

Zy = X1 = 2y )

Then the time derivative of z; is given by,
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Where z, is a reference voltage and the injected voltage and its derivative as Viy,; = x; and X; = x, respectively.

Then, the model becomes:
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Define a virtual control function as
a; =Cz4

where, C; is a positive constant.

By taking an auxiliary tracking error variable,
Zy, =71 — 03

Now, define the first Lyapunov function as

1
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Then the time derivative of V; becomes,
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Step 2: define second augmented Lyapunov function and sliding surface
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Where S is the sliding surface given by:
S =0z, + 2,
Using Equations (12) and (13), the first derivative of V, is defined as follows:
V, =V, +58S =2z2, — Cz,? + S[C,( 2z, — C12,) — 7]
The derivative of z, with respect to time is given by:
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S = f(S) * Hsgn(S) 7)
Where, H > 0

f(8) ==[1/qa($)] (18)
And q(S) is given by:
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The sliding mode occurs if S= $§=0. Then, the control law is finally obtained as:
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3.2 ANFIS-based control design for the single-phase SAPF
ANFIS has been proposed by Jang in 1993 [24-27]. It combines the learning capability of artificial neural networks
(ANN) with the knowledge representation and reasoning ability of fuzzy systems. ANFIS uses a hybrid learning
algorithm which combines least-squares estimation and the gradient-descent method. During training, each epoch
is performed in two steps. In the forward pass, the output consequent parameters are estimated using simple Least
Squares. Once the output consequent parameters are estimated, the network output is evaluated, and the error is
then determined. In the backward pass, the antecedent parameters are updated using the gradient descend algorithm
according to the chain rule. A brief definition of ANFIS layers structure is given in Appendix A.
The design of the ANFIS-based controller is performed with the Fuzzy Logic Toolbox of MATLAB. The data
used to train ANFIS controller was obtained from the transient response of the system with a PI controller (error
and control signal). The design methodology followed consisted of training ANFIS model to work as controller.
We used the input and output data (i.e. error and control signal) from the PI controller designed for the SAPF to
train ANFIS. We have performed extensive simulations in order to obtain the optimal PI controller gains K, K;
and K,; which produced the desired transient response. Although ANFIS has been trained with PI, the resulting
controller has superior performance and robustness as compared to the original PI. The ANFIS controller obtained
has better response characteristics such as shorter settling time and faster rise time than a PI controller. The neuro-
fuzzy features of ANFIS provide it with the ability to learn and adapt to new operating conditions which the
original PI cannot handle and must be re-tuned to cope with the new parameters of the system.
The inputs to ANFIS controller are the error £(k)and error change Ae(k) defined as:

e(k) = Vier = Vinj (21)

Ae(k) = e(k)— e(k—1) (22)
Where V,..f is the reference voltage, Vi, is the injected voltage. The membership functions of the error € and error
change A¢ are defined as triangular membership functions M1, M2 and M3 are shown in Figs. 3 and 4 respectively.
The fuzzy inference system (FIS) of the Sugeno type is modeled by constructing nine rules using three linguistic

variables for the ANFIS controller.
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Fig. 3 Membership function of €.

Fig. 4 Membership function of Ae.

The output variable Y given by ANFIS training is a vector of constants Y = [y, ¥2, ¥3. ¥4> V5, Y6> ¥7> V8> Yol

The fuzzy rules are implemented as illustrated in Table 1. A compact representation of the controller rule base is

given in Table 2.

Table 1 Fuzzy rules.

IF input is And THEN output is
N1 M1 Vi
N1 M2 Vs
N1 M3 V3
N2 M1 Va
N2 M2 Vs
N2 M3 Ve
N3 M1 ¥,
N3 M2 Ve
N3 M3 Yo

Table 2: Fuzzy rule base representation.

& Ag M1 M2 M3
N1 Y1 Y2 Y3
N2 Va Vs Ve
N3 Y7 Vs Yo

The three-dimensional rule surface shown in Fig. 5 visualizes the variation of the output against the two input

which are the error and change of error.

Fig. 5 Surface viewer of ANFIS.



4. SIMULATION RESULTS

This section presents the simulations that have been undertaken to evaluate the performance of the BSMC and
ANFIS-based control for the single-phase SAPF to reduce harmonics in the network. The parameters values
employed in the model are listed in Table B.1 of Appendix B.

The single-phase SAPF model is implemented in MATLAB/Simulink. A detailed description of the Simulink
models of the SAPF and BSMC control are given in Fig. C.1 and Fig. C.2 respectively (Appendix C). The proposed
SAPF is interconnected to the distribution system, which is modelled as a single-phase power supply voltage V.
The system has been simulated under several fault conditions including voltage disturbances (sags and swells) and
harmonic distortions. The simulation results demonstrate the ability of the SAPF with the proposed control scheme
to compensate for voltage disturbances and harmonics.

From Figs. 6 and 7, it can be noted that from time t = 0.2 s, the single-phase SAPF begins to compensate for the

harmonics in the voltage, by injecting compensating voltages which are synchronized in amplitude but with
opposite phase to the source voltage.
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Fig.7: Voltage waveforms with ANFIS.

Based on the simulation results, the effectiveness of single-phase SAPF to improve energy quality and compensate

for voltage disturbances has been demonstrated. The results obtained with BSMC and ANFIS controllers have

shown good performance and robustness. This is reflected by THD levels that meet the IEEE standards. Figs. 8

and 9 present the total harmonic distortion (THD) results for BSMC and ANFIS-based controllers.
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Fig. 9: Total harmonic distortion with ANFIS control (a) source voltage, (b) load voltage.

Table 3 presents a comparison between the THD values before and after harmonic voltage compensation for the

two control methods proposed in this paper.



Table 3: Comparison of the THD for the two controllers in the simulation tests.

THD without control THD with control
BSMC ANFIS
44.55% 3.83 % 2.96%

S. EXPERIMENTAL EVALUATION AND RESULTS

This section presents the hardware used to design the experimental set-up of the SAPF and its auxiliary circuits.

Fig. 10 shows the laboratory prototype of the system of the single-phase SAPF designed in this work for the

mitigation of harmonics. The single-phase SAPF consists of the following components:

An injection/booster transformer for injecting voltage during abnormal condition.

A 20 kVA three-phase IGBT Inverter SKM 100 GB 123 D, rated 1200 V and 90 A and one anti-
parallel diode. The power switches are turned on and off using +5 V and -5 V voltage pulse
respectively.

Voltage regulators.

A power and energy analyzer ca-8335-qualistar

A driver hepl3120 from Agilent Technologies generates PWM signals. The driver circuit is supplied
from £15 V.

A non-linear load.

Voltage sensors.

A dSPACE DS1104 board running under the integrated development environment of
MATLAB/Simulink RTW, implements the controllers and generate the PWM signals for the

converters.
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Fig. 10: Experimental setup of the SAPF circuit.



The proposed SAPF should be able to compensate for the problem of voltage harmonics that occur frequently in a
single-phase distribution system. The single-phase SAPF injects the required voltage so that the magnitude of the
load voltage is maintained constant and is not distorted.

The PWM switching frequency was set at 15 kHz. A resistive load has been used in these experimental tests. As
can be seen from the results, the SAPF system was able to effectively attenuate the harmonics in the network
voltage waveform and which are supplied to the load. These harmonics appear betweent=15.6 s and t=6.3 s. The
waveforms of the compensated voltage, load voltage and the injection voltage for BSMC and ANFIS controllers
are presented in Fig. 11 and 13 respectively. Figure 12 and 14 shows the THD of the compensated voltage without
and with SAPF. The parameter values used in the simulation model are identical to those of the experimental
prototype. Depending on the waveform of the injected voltage, the proposed control scheme successfully generated

the desired voltage with a waveform like the highly distorted source voltage.
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Fig. 11: Harmonic voltage compensation with BSMC.
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Fig. 12: Total harmonic distortion with BSMC: (a) source voltage, (b) load voltage.
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Fig. 14: Total harmonic distortion with ANFIS: (a) the source voltage, (b) load voltage.

Table 4 compares the THD values without and with control for the three controllers.

Table 4: Comparison of the two controllers in the experimental tests.

THD without control THD with control
BSMC ANFIS
44.55 % 3.5% 2.6 %

It can be observed that the THD is reduced to 3.5% with SMC and 2.6 % with ANFIS. This demonstrates the
effectiveness of ANFIS-based controlled as compared BSMC.

6. CONCLUSION

This paper presented a simulation study and a real-time validation of a single-phase SAPF (Series Active Power
Filter) with two different control schemes based on Back-Stepping Sliding Mode Control (BSMC) and neuro-
fuzzy control based on ANFIS (Adaptive Neuro-Fuzzy Inference System). The SAPF was able to effectively
compensate the voltage harmonics to satisfy the international IEEE standards (IEEE 519-1992 and IEEE 1159-



1995). The two control strategies have been compared under various fault conditions and ANFIS-based controller
has demonstrated improved performance in terms of THD values of the voltage output waveforms. In addition,
ANFIS-based controller gave a faster transient response than BSMC. The proposed control strategies have been
successfully validated experimentally on a laboratory-scale SAPF prototype. Both BSMC and ANFIS were able
to enhance the performance of the SAPF and mitigate harmonics to produce improved quality of the voltage
waveforms. The control scheme with ANFIS gave improved performance and robustness. Based on the
performance analysis, it can be concluded that the SAPF makes the most economical with a compact size and can
provide very effective compensation for the problem of harmonics. It can be used in all places where the harmonic
problem arises.

As future work, the authors propose to design and develop a parallel-serial topology (Unified Power Quality
Conditioner (UPQC)) given the many advantages they offer, including voltage and current harmonics filtering.
Other voltage inverters with multilevel topologies produce enhanced voltage waveforms and therefore give an
improved spectral performance of the output quantities and increase its power. Finally, the use of rectifier-based
power sources powered from the voltage source and associated with a controller whose role is to regulate DC

voltage can also be investigated.
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Appendix A

The layer structure of ANFIS is depicted in Fig. Al.

Layer 4

Layer 1 Layer 2 Layer 3

Input 1 M,
X M,
M;
Ny

Input 2
Xs N2

Premise

Consequent

Fig. A1 Structures of ANFIS.

There are two inputs: input 1 (x;) and input 2 (x,) and each layer consists of nodes. ANFIS consists of adaptive
nodes (square-shape) and fixed nodes (circle-shape).
Layer 1: x; is the input to node i, and 4; is the linguistic label (M;, M,, M3) associated with this node. The

membership functions used here are triangular. The node equations are given below:

Qi = uM; (x1) (A.1)
0 X, <a; or¢; < X4
nM; (xl):{ bi-a; % <X < by (A.2)
t% by <x; < ¢

Where, i =1, 2, 3, Q} is the output of the i node and a;, b;, ¢; denotes the parameters of the triangular membership
functions.
Layer 2: this layer multiplies the incoming signals and transmit them to Layer 3.

W = uM; (x1) * uN; (x2) (4.3)
Wherei =1, 2,3andj =1,2,---,9.

The output from each node is the firing strength of a rule.



Layer 3: The output of this layer calculates the normalized firing strength of every rule

oW
W S @4

Where, j =1,2,--- 9.
Layer 4: The parameters of this layer are called consecutive parameters. The output of the node is a weighted sum
of these intermediate outputs:

0} = Wif; = Wi(pjx, + Sjx, + t;) (A.5)
ANFIS’s rule is written as:

if x4 is A, and x, is By, then f, = ppxy + Spx, + t,

Wheren =1,2,---,9 and
Of = Output of the j" node of Layer 4.
VT/J- = output from Layer 3.
M;, N; = fuzzy membership functions
i=12,-,7andj=1,2,---,49.

Layer 5: This layer has only one node represented by a circle. The output Y of this layer is the sum of all incoming

1/=0L.5=Zoi4
i

The parameter of adaptive nodes changes during the training process. Equation (A.6) gives the overall output of

the ANFIS model.

signals.

(A.6)

Appendix B
Table B1. Parameters values of the simulation model and hardware setup.
Parameters Values
Source voltage frequency, f 50 Hz
Source voltage, V¢ 7.3 Vrms
Load resistance, R, 123 Q
LC filter capacitance, C¢ 1nF
LC filter inductance, L 9 mH

Transformer 12V/230V/1kVA
DC-bus capacitor 2200 pF
Reference voltage, Vy, 241V

PI gains (simulations)

K, =72, K; = 33

PI gains (experimental)

K,

, =88, K, =424

Sliding mode controller parameters

k, = 250,k, = 0.023, a = 57, f = 400,y = 0.001,k = 0.01




Appendix C
Details of the Simulink implementation of SAPF connected to the distribution grid and the Backstepping Sliding
Mode controller are depicted in Figs. C1 and C2 respectively.
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Fig. C2 Simulink model of the BSMC.



