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Shunt Active Power Filters (SAPF) are an emerging power electronics-based technology
to mitigate harmonic and improve power quality in distribution grids. The SAPF proposed
in this paper is based on three-phase Flying Capacitor Inverter (FCI) with a three-cell per
phase topology, which has the advantage to provide voltage stress distribution on the
switches. However, controlling the voltage of floating capacitors is a challenging problem
for this type of topology. In this paper, a controller based artificial neural networks
optimized with particle swarm optimization (ANN-PSO) is proposed to regulate the filter
currents to follow the references extracted by the method of synchronous reference frame

(SRF). The simulation results showed an enhancement of the power quality with a
significant reduction in the THD levels of the current source under various loading
conditions, which confirms the effectiveness, and robustness of the proposed control
scheme and SAPF topology.

1. INTRODUCTION

Power quality has become a serious concern for utility
companies, end-users and equipment manufacturers. The
problem of harmonics in the electricity grid, also known as
harmonic pollution, is not a new phenomenon. Non-linear
loads connected to the grid absorb non-sinusoidal currents and
generate harmonic  distortion, which cause several
disturbances in the electricity network. These current
harmonics will in turn generate harmonic voltages at various
grid connection points [1, 2]. There are several harmonic
reduction solutions, among these, the shunt active power filter
(SAPF) has been selected.

SAPFs are connected in parallel between the source and the
nonlinear load and produce harmonic components that cancel
out the harmonic components of nonlinear loads. Different
SAPF topologies have been proposed, which are related to the
nature of the components and the methods used for harmonic
identification [3, 4].

The performance of the SAPF depends largely on the
isolation of the harmonic signal caused by the load. Therefore,
it is imperative to identify this signal to inject its image, in
amplitude and phase opposition, into the electricity network.
However, the reliability of the identification method
guarantees good harmonic compensation, and consequently
improves the power quality. Several techniques exist among
these the instantaneous reactive power theory (PQ) [5, 6], the
synchronous reference frame (SRF) [7], the a-b-c reference
frame [8], the synchronous detection (SD) [9]. For simplicity
the synchronous reference frame algorithm (SRF) is applied
here to determine the reference currents [10, 11].

Multilevel converter topologies are increasingly being used
due to their high power, high-quality waveforms, better
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electromagnetic compatibility and lower switching losses [12].

A survey and a comparative study discuss different kinds of
multilevel inverters and its applications in the filtering [ 13-20].

The shunt active power filter based on flying capacitor
inverter (SAPF-FCI) is of interest because it has two important
features: 1) it increases the voltage level, The addition of
several serial switching cells reduces the voltage across the
IGBTs and thus increases the filtering power and voltage value
of the interconnection network [21]; 2) it increases the
bandwidth. Indeed, by taking advantage of the specific degrees
of freedom of the FCI, the converter's bandwidth can be
improved as compared to other multi-level structures such as
the Neutral Point Clamped (NPC) inverter or the cascaded
inverter [22].

However, controlling the converter to balance the voltage
of each capacitor can be very complex [23]. It should be noted
that for a three-phase configuration, the control of each arm to
balance the flying capacitor voltage, can be done
independently, which reduces the complexity of the control
and makes it more flexible [24, 25].

Proportional Integral (PI) and Proportional Integral
Derivative (PID) controllers have been widely used to control
the current loop of the SAPF due to their simplicity, ease of
tuning and implementation [26]. An ANN-based control is
employed for the SAPF [27, 28]. Kumar and Mahajan [29]
proposed an adaptive neural network algorithm to compensate
harmonics and reactive power with the PQ strategy [29].
Fuzzy Logic Controllers (FLC) with different types of
membership functions are compared in the studies [30, 31]. A
comparison between a PI regulator, Adaptive Neuro-Fuzzy
Inference System (ANFIS) and FLC is presented [32].
However, these controllers tend to exhibit poor performance
under variable operating conditions.


https://crossmark.crossref.org/dialog/?doi=10.18280/ejee.220301&domain=pdf

In this paper, the proposed controller for the SAPF current
loop is based on an ANN whose parameters (weights and
biases) are optimized by PSO. This control scheme is
combined with simple proportional control to balance the
floating capacitor voltage of FCI to achieve good performance
of the SAPF-FCI and maintain the flying capacitor voltages
around their references. This ensures a balanced voltage
sharing on the converter switches of the FCI even under
variations in the system parameters.

The remaining of the paper is organized as follows: Section
2 presents the modeling of the SAPF-FCI circuit and the SRF
algorithm to extract the reference currents. Section 3 explains
the operating principle of the FCI and presents the control of
the flying capacitor voltage and the regulation of the DC bus
voltage. In Section 4, the current loop controllers are derived.
The simulation results obtained are discussed in Section 5.

2. MODELING OF THE SAPF-FCI SYSTEM
2.1 SAPF-FCI topology

The system used in this work consists of a three-phase
source, a non-linear load and a SAPF-FCI. Energy storage is
provided by a capacitor (Cdc). The IGBT inverter is interfaced
to the grid via three inductive filters to remove high-frequency
currents.

The generation of intermediate voltage levels is based on
the connection of several DC voltage sources in the form of
floating capacitors, by acting on the logic states of the
switching cells. The inverter structure uses IGBT switches.
The topology of the SAPF-FCI is illustrated in Figure 1.

The dynamic model of SAPF-FCI in the dg frame is given

, digq ,
(Usd = de - Rflfd - Lf W - Lfa)lfq

di
. f .
Usq = qu - Rflfq - Lfd_tq + walfd (1)

dv,
X = Syira + Sqirq

C -
dc dt

2.2 SRF algorithm for reference currents identification

The nonlinear load absorbs a current consisting of a
fundamental and harmonic components. The SAPF function is
to generate harmonic currents with the same amplitude but in
phase opposition to those absorbed by the load. Thus, the
current absorbed by the network becomes sinusoidal. It is
therefore necessary to identify these harmonic currents
accurately. The SRF method is applied to generate the
reference current as shown in Figure 2.

The Park Transformation is used here to convert the load
currents from the abc to dq coordinates (reference frame
rotating with the fundamental frequency) in order to calculate
the reference currents for the SAPF [34].

This transformation of the load currents from three-phase
(i1as @b, i1c) to (it ijp) 18 given as:

.
=5 4
i1 3 V3

Y

The transformation of the currents i, and ij to i and i, is
given by:
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Figure 1. Schematic diagram of the FCI-based SAPF connected to the distribution grid
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The i;; current can be decomposed into two terms, the
fundamental and harmonic. The harmonic term behaves like
an alternating component and the fundamental term behaves
like a continuous component, therefore:

g =Uq +la (4)

1;4: Fundamental component of load current in the dq frame.

{;q: Harmonic component of load current in the dq frame.

A low-pass filter (LPF) is used to separate the two
components as shown in Figure 2.

The direct and quadrature reference currents (ifq and if;)
are compared to the currents (iw and ir;) measured at the output
of the converter after a transformation in the Park reference
frame. The regulator then takes the error and generates voltage
references in the Park reference (V; and V) and after
transformation into the abc frame using a PLL (Phase-Locked
Loop), the reference voltages (V,", Vyand I.") are deduced as
shown in Figure 3 [35]. Then, a pulse width modulation
(PWM) control signal applies the control signals for the
converter IGBTs.

Vdc
PLL )
cos(9) . *
sin(@) | Vac E
* ¢ HPF
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ilc i
> 113
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Figure 2. Block diagram for the reference currents extraction

PLL
cos(8)
sin(0)

Figure 3. Block diagram of the currents controlled by ANN-
PSO

3. BALANCING OF THE FLYING CAPACITOR
VOLTAGES

3.1 Modeling of FCI

This FCI structure is based on the series connection of
switching cells between which a floating voltage source is
inserted. The general diagram of an FCI arm is shown in
Figure 4. It consists of pairs of switches separated by floating
capacitors. The two switches in each pair must always be in an
opposite state, in order to avoid a short circuit of the voltage
sources. This is achieved by controlling both IGBTs with
complementary signals [36].
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Figure 4. Equivalent circuit for phase a of the FCI

The principle of this topology is to split the DC bus voltage
into several elementary voltage sources. The operation of each
switching cell is similar to that of a two-stage inverter with a
voltage source equal to Vi/p (p is the number of cells) and a
current source. Each blocked switch must maintain a
maximum voltage equal to Va/p.

The structure of a three-phase FCI is composed of three FCI
arms, noting the phase index (j= a, b, ¢) and number of cell
»=1, 2, 3).

The variation of the voltage across capacitor C; is related to
the current i, which is a function of the state of the adjacent
cells (Cellk+1, Celly) and the filter current ir. The current i is a
function of the switch control signals Sy and S.

ik = [Sk+1 — Silis (5)

Given the capacitor value C, the equation governing the

voltage V. is written as:

AV [Ske1 — Skl
- i 6
dt ¢, 7 ©)

C is the k'™ flying capacitor and V the floating voltage for
k=12, - p-1.

The operation of the three-phase three-cell arms is governed
by the following equation.

d
Echl

d 1 ,
T Veiz = s (Sjs = S12)iz

1 )
=, (Sjz = Sj1 )iy
. 7

3.2 Flying capacitor voltage balancing

The control method proposed by Hemici et al. [37], consists
of adding a compensation term of the duty cycle, which results
from the comparison of the flying capacitor voltage with the
desired reference. This method allows direct control of the
current. The average value of the current of the k™ flying
capacitor is:

(®)

e = (U1 — Wiy



By adjusting the difference in the duty cycle (ui+;- uy), the
voltage gap is filled in one pulse period. The following
relationship is obtained.

kV,
dc _ Vck 9
i, =C ©)
k= Ck T
From Eqns. (8) and (9), the desired value is obtained as:
Cr (kV4e
= _v )
s~ = 7 (5~ Ve (10)

where, T is the switching period.

It should be noted that there are p control variables, p duty
cycles) and (p-1) capacitor voltages to be controlled. This
implies that the additional control variable will be chosen
constant according to the operating point or will be used to
control an output variable of the converter. The focus here is
to control of the voltages V., the input variable is constant and
the duty cycle u, is chosen arbitrarily. The synoptic of the
control law is shown in Figure 5.

v

Flying

Capacitor

Inverter

Figure 5. Control of the flying capacitor voltage

where,

Verrer: the k' desired references of the floating voltage equal
to kVy./p.

K = proportional gain equal to Cj iy/T.

3.3 PWM control
The control signals of the cells switches are generated by a

PWM which consists in using the intersections of a reference
signals (V", V,; and V") with the triangular signals defined by

Eq. (11).

12 1. (2m T
Py =E{;sm [sm<?t—<pjk +E>] +1}

Y
The angle gj is the same for all Py signals and is given by:
2

jr = (k — 1)? (12)

The control signal u is obtained as follows:

If reference signal = P, thenu;, =1
{ Else uj =0
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3.4 DC bus voltage regulation

A basic PI control loop for the DC bus voltage is shown in
Figure 6.

Vdc—ref + Ve

.
™

5§ Cyc

Figure 6. DC voltage regulation with PI

Using the control design method proposed by Rahmani et al.
[38], the PI controller gains are obtained as follows:

K, -28 w,Cy,

Ki (13)

— 2
- Cdcwn

4. ANN-PSO CONTROLLERS OF CURRENT LOOPS
4.1 Artificial Neural Network (ANN)

In general, a formal neuron is a processing element with »
inputs x;, x2, ; x;, X, (Which are the external inputs or outputs
of the other neurons) and one or more outputs shown in Figure
7. The neuron calculates the sum of its inputs and this value
passes through the activation function to produce its output Y¥;
[39].

n
Y, = f, zwij.xj + b, (14)
=

where, w; is the connection weight between the input and
output neuron, b; is the bias of the neuron, and f is the
activation function, which determines the characteristics of the
neural network.

Hidden
Layer
Neuron

Output
> ( > Layer
Neuron
Inpu /'O
43 Output
Laver
Input
Layer
e Hidden
Layer

Figure 7. Artificial Neural Network (ANN) architecture

The learning process of neural networks is the modification
of the connection weights (including biases) and very rarely
the number of layers number and neurons, in order to adapt to
the pattern of data presented at its inputs.



4.2 Overview of Particle Swarm Optimization (PSO)

The Particle Swarm Optimization (PSO) algorithm in its
global version is initialized by a population of potential
random solutions interpreted as particles moving in the search
space. Each of the neighboring particles being considered has
a speed and a small memory, allowing it to remember its best
performance, in position and value. The performance of each
particle is measured according to a predefined objective
function related to the problem to be solved [40]. The velocity
at iteration (#+1) for each particle is a linear combination of the
position and velocity at iteration t and the distances that
separate the current position of the particle from its previous
best position and best overall position, respectively. The
equations formalizing the motion of the particles are given by
Eqns. (15) and (16).

'Ui(t) = w. vi(t - 1)
+¢p.17. (Pibest(t -1)

—x(t-1) (13)
+c,.15. (Gbest —x;(t — 1))
x;(t) = x;(t — 1) + v (¢) (16)

where,

x; represents the solution (position) of the i particle.

v; is the velocity (speed) of the i particle.

Pies: represents the i best solution (position) of particle i.

Giest 1s the best overall solution (position) of the group.

w is called constant inertia coefficient, ¢; and ¢, are two
constants called acceleration coefficients, »; and 7, are two
random numbers in the interval [0,1] at each iteration and for
each dimension.

Eqns. (15) and (16) are iterated until the convergence is
reached [41].

4.3 Training the artificial neural networks by PSO
algorithm

ANN training aims to obtain optimal values for the weights
and biases of the network. Different techniques are used to find
the appropriate values of weights and biases of the ANN. In
this paper, PSO algorithm used. The algorithm can be
summarized in the following steps:

Step 1: Random initialization of all local positions
X;(weights and biases).

Step 2: Evaluate the fitness function given by Eq. (17) of
each particle f{X;) of initialized particles and set local positions
Piresrand global position Gpes:.

f= z J(target — actuel output)? (17)

Step 3: Update all the best local Pjses positions.

Step 4: Evaluate the fitness function new local best and

Iff(Pbest) <f(Gbest) then Gbest = Pbest-

Step 5: Update of the weights and biases of the neural
networks using Eq. (15) and Eq. (16).

Step 6: if the stop criterion is satisfied then stop otherwise
go to step 2 and present the weights and biases for a new
iteration.

Convergence is reached when the synaptic coefficients
stabilize around a final value and the total square error of the
network is less than a threshold. In addition, it is possible to
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stop the learning by setting a limit on the number of iterations.
Figure 8 shows the flowchart for the training algorithm.

Start

v

Choose required accuracy ( £ )
For ANN

v

(Generate population of particles with the variables of each|
particle corresponding to the weights and biases of ANN

€

v

Find fitness function (f) for each particle in the
population by using Eq. (17)

v

Determine Gbest particle and its corresponding
fitness function (Fapes)

Optimal weights
and biases
values are

obtained and
they are used for
ANN

Find velocity ¥; using Eq. (15)

Update position (X7) of each
particle using Eq. (16)

;

Generate new population

Figure 8. Flowchart of the training the ANN using PSO
algorithm

5. SIMULATION RESULTS

The current controllers and SRF detection method have
been tested on a distorted waveform produced by a nonlinear
load (diode bridge rectifier with RL load) and three-cell FCI
inverter used SAPF. The simulation is conducted using the
parameters given in Table 1.

Table 1. Parameters values of the simulated system

Parameter value
Source voltage and frequency 220V, 50Hz
Source impedance Rs, Ls 1 mQ, ImH
Line impedance Ry, L: 1 mQ, ImH
Coupling impedance Ry, Ly 1mQ, 0.8mH

DC bus voltage 800V

DC Bus capacitance SmF
Load impedance Rex, Len 10Q, 10mH

Flying capacitor 0.1mF

Cells number 3
Switching frequency 10kHz
Sampling time 105

To confirm the convergence conditions of the PSO
algorithm based on the selected parameters, the algorithm was



tested for the values of the social and cognitive coefficients c;
and c; respectively as well as its inertia factors wye: and Wy
which are given in Table 2. The details of ANN architecture
of the proposed controllers are also presented in Table 2.

Table 2. ANN-PSO parameters used in the model

Parameter value
PSO algorithm:
swarm size 40
Maximum iteration 100
Inertia coefficients [Wmax, Wmin] [0.9,0.4]
Acceleration coefficients [c1, ¢2] [2,2]
ANN network:
Maximum epochs 500
Learning rate 0.05
Performance goal 0.0001

No of neurons in hidden layer 3
Activation function (hidden/output) tansig/purelin

Figure 9 show that ANN-PSO controllers give almost the
same results as PI controllers. The load current has a non-
sinusoidal waveform, with a THD of 24.14%. The control
strategy adopted is based on the synchronous detection of
reference currents as it allows a good extraction of reference
currents. The injection of the compensation current into the
grid makes the grid current sinusoidal with a very low THD of
1.05%.

The DC bus voltage and the voltages across the floating
capacitors are represented in Figure 10. After a transient, the
DC bus and floating capacitor voltages reach their final values
Ve, Va/3, 2Vae/3, respectively.

IINNIINNIINNIINE
L L

44 0,
Time (s)

’ Time (s) '

Figure 9. Load and source currents waveforms with ANN-
PSO controllers
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Figure 10. DC-bus and flying capacitors voltages

To assess the robustness of ANN-PSO controller under load
variations the following test was performed. At time t = 1 s,
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the resistance of the non-linear load is decreased from 20 Q to

10 Q. The results are shown in Figures 11 and 12.
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Figure 11. Load and source currents waveforms with ANN-
PSO controllers under varying load conditions

Figure 11 shows that the source current waveform remains
sinusoidal during load variations. The performance of the
ANN-PSO controller and its ability to eliminate harmonics is
better than the PI controller. Indeed, the THD is reduced
significantly from 24.14% to 1.12% for ANN-PSO controller
and to 1.74% for PI controller, which demonstrates the
robustness of the proposed ANN-PSO controller.
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Figure 12. DC bus and flying capacitors voltages under
varying load conditions

The PI regulator keeps the DC bus voltage at its reference
value (Vic-=800 V) under load variation. The flying capacitor
voltage perfectly follows their references (Va/3, 2Va/3) with
a short transient response as shown in Figure 12.

To test the robustness of the ANN-PSO control to DC bus
voltage variations, at time =1 s, the DC bus voltage is
decreased from 800 V to 700 V. The results of this simulation
scenario are shown in Figures 13 and 14.

Figure 13 shows the load and source currents waveforms
during Vg, variations. It can be observed that the ANN-PSO
controller leads to a better performance than the PI. For ANN-
PSO controllers, the THD is reduced to 1.06%, while PI it is
reduced to 1.34%.



Figure 14 shows that the DC bus voltage reaches its new
value of 700 V. It should be noted that the flying capacitor
voltages perfectly follows their new references.
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Figure 13. Load and source currents waveforms with ANN-
PSO controllers under varying DC bus voltage

120

0 0,25 0,5 0,75 1

Time (s)

1,25 15 1,75

1200

777777777777777777777777777777777777777

800

Vc2a
= VC2b
+Ve2e

capacitors voltage (v)
»
o
o

Vcia
c1b
Veic

Time (s)

Figure 14. DC-bus and flying capacitors voltages under
varying DC bus voltage

Table 3. Total harmonic distortion of source currents

controller PI ANN-PSO
Without SAPF 24.14% 24.14%
With SAPF 1.06% 1.05%
With SAPF under load variation  1.73% 1.12%
With SAPF under Vdc variation  1.34% 1.06%

Table 3 shows a comparison of the THD of the load current
and the THD of the source current achieved by the two
controllers. ANN-PSO controller leads to a significantly better
performance than the PI regulator during the variation of the
load or the variation of the DC bus voltage.

6. CONCLUSIONS

This paper proposed an effective current control scheme for
a Shunt Active Power Filter (SAPF) with a Flying-Capacitor
Multilevel Inverter (FCI) topology. The controller is based on
Artificial Neural Networks (ANN) trained with Particle
Swarm Optimization (PSO). The reference currents of the
SAPF have been extracted using the Synchronous Reference

205

Frame (SRF) theory. The overall model and control scheme
have been developed under MATLAB/Simulink.

The simulation results obtained in steady state have shown
that both ANN-PSO and PI controllers lead to similar
performance yielding a quasi-sinusoidal source current with a
very low THD (1.05%).

The robustness of these controllers has been tested by
applying a change of 100% in the load and a variation of 100
V in the DC bus voltage. These results have shown that ANN-
PSO controller has better performance as compared to PI
control in terms of THD level, and improved transient
response with a perfect steady-state tracking of the references
for both the DC bus and floating voltages of the flying
capacitors of the three-cell inverter.
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NOMENCLATURE

IGBT
PWM

PLL
PI

Insulated Gate Bipolar Transistor
Pulse Width Modulation

Phased Locked Loop
Proportional-Integral

load current

source current

filter current

Greek symbols

& damping ratio

Wn natural frequency

Subscripts

1,2 flying capacitor 1, 2

j:a;b;c  phase a, b, or ¢ of the converter

dc DC-bu

d; g d (direct), q (quadrature) axis

a, B stationary two-axis reference frame





