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ABSTRACT

In this paper, a current controlled-hybrid power compensator (CC-HPC) is presented to reduce
the effect of input current harmonics on battery chargers. Passive filters have significant power
loss and degrade system frequency due to excessive harmonic attenuation. The proposed sys-
tem integrates the Higher Order Sliding Mode Controller (HOSMC) with a generalized form of
p-q power theory and a Time Series — Atrtificial Neural Network (TS-ANN) is used to produce
compensating reference current for a three-phase system and generates DC link inductor cur-
rent. Switching pulses to Current Controlled-Active Power Compensator (CC-APC) switches are
generated using a reference compensated signal. The development of CC-HPC and its control
approach helps to reduce the overall harmonic distortion of the supply current used in battery
chargers are the main contributions of the proposed system. HOSMC is a robust and adaptable
controller that tracks reference current without causing chattering is the significant advantage
of the proposed method. The control algorithm is designed in MATLAB/SIMULINK software for
various load conditions and the experimental setup has been developed for rectified fed RC load
using TS-ANN. The filtering process of CC-HPC can maintain the harmonic distortion of supply

ARTICLE HISTORY
Received 30 May 2022
Accepted 12 April 2023

KEYWORDS

Power quality; Pl controller;
HOSMC; CC- HPC; time series
artificial neural network

current within the IEEE 519-2014 standard.

1. Introduction

Power quality issues such as voltage and current dis-
tortions have been caused by the continuous growth
of power electronics converter-based nonlinear loads
in domestic and commercial applications. Grid voltage
distortion and overheating equipment in distribution
network are the main causes of harmonic degradation.
An unbalanced three-phase system can seriously dis-
tort the power supply. Numerous investigations have
shown these voltage distortions vary in duration from
a small fraction of a cycle to a few cycles [1]. When
the loads are purely resistive, the supply side power fac-
tor is unity, while the load current and voltage are ideal
in nature. However, if the loads are nonlinear, the volt-
age and current generated on the supply and load sides
are non-sinusoidal, resulting in harmonics in the power
system [2]. A nonlinear converter produces an insuffi-
cient power factor due to harmonic current injection on
the utility side, which in turn reduces system efficiency.
Electrical disruption is analysed by current and voltage
distortions from the ideal shape in order to detect the
disturbances caused by power quality. During a steady
state condition, deviations are caused by imbalanced
currents, harmonic distortions and voltage profile. The
distribution of nonlinear loads over the power grid can
cause power quality issues [3]. A distributed system

uses inverters to maintain a constant frequency and
voltage, even when the load is unbalanced or nonlin-
ear. Various types of nonlinear load create harmonic
waveform by producing non-sinusoidal currents on the
load side [4]. According to Rajesh Francis et al. [5],
the power quality of a system with respect to the devi-
ation of real and reactive power is improved, and it
enhances the efficiency of energy storage components
in all the systems. The unified power quality condi-
tioner is the most ideal and feasible approach for reduc-
ing the power quality issue in modern power systems.
The increased usage of dynamic voltage restorer for
real-reactive power sharing decreases the demand on
UPQC and enhances system efficiency and reliability in
all operating scenarios [6]. Active power filter is con-
structed by interconnecting two separate power con-
verters. This hybrid architecture, on the other hand, is
made up of two independent converters that create two
separate current sources. The system becomes more
complex and time consuming as the number of con-
verters increases [7]. Different types of compensators
are used in the research work that include series, shunt
and hybrid power compensator. Current harmonics are
compensated by shunt power compensator, whereas
voltage harmonics are compensated by series power
compensator. By using a hybrid power compensator,
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harmonics in both current and voltage are compensated
[8]. Based on the previous studies in the literature, it
has been determined that there are various issues in
the design and control of active power compensator for
compensating current harmonics, which are outlined
below.

e A passive filter’s high impedance compared to load
impedance makes it difficult to construct. Passive
filters can only be used for a certain amount of
compensation, and the methods for compensating
reactive power and unbalanced systems are more
challenging.

e Harmonic issues can be solved with conventional
passive compensators (L-C). However, these com-
pensators often have a fixed compensation, parallel
resonance and overloading issues.

e The active power compensator is expensive when
used in isolation and has a high-power rating.

e The majority of traditional control techniques
assume perfect supply circumstances with constant
loads. However, there may be variations in the input
supply, as well as imbalances and distortions in the
supply voltage.

e Choosing the appropriate passive elements and
active compensator for a given application is essen-
tial and the errors obtained in the classical controller
can be reduced by implementing intelligent control
methods.

As aresult, the proposed system uses a hybrid power
compensator which compensates imbalanced load. The
current controlled-hybrid power compensator is com-
prised of a passive power compensator (PPC) and
a current controlled-active power compensator (CC-
APCQC). In steady state, a conventional proportional inte-
gral controller maintains a constant level, but in tran-
sient state, the level varies from the initial value. The
results of some researchers have been unsatisfactory by
using linear control approaches to construct their con-
trollers. The DC inductor current is regulated using a
number of advanced signal processing control meth-
ods which includes p-g theory, direct testing com-
putation, synchronous reference frame, general inte-
gral method, Fourier transform, sliding mode, back-
stepping algorithm and least mean square (LMS) algo-
rithms. Despite the fact that it is one of those controllers’
primary functions is to track the generated reference
current accurately and quickly. It is difficult to the rapid
change of frequency response of that reference. The
attenuation of the switching frequency content would
be affected if the reference was followed more precisely.
Furthermore, the processing latency of certain current
controllers can lead to significant error in the terms of
distortion. These critical aspects are also used as per-
formance criteria in this particular scenario [9]. Power
components are extracted using the LMS approach, and

the weights are estimated using a wiener filter [10].
Model predictive controllers degrade the control prob-
lem into steady and transient state problems, which are
solved individually to identify harmonics, and power
quality issues are improved by using a Kalman filter, as
per Narender Reddy [11]. A multi Pulse Width Modu-
lation (PWM) is a periodic signal that is derived from
a sequence of discrete real numbers and consists of
limited number of Fourier components that are deter-
mined by the harmonic content of the signal. The multi-
level PWM is a switching signal that contains distortion
of harmonics different from those specified. Harmonic
distortion is caused by harmonic content in multilevel
PWM that is not the part of the prescribed set. As a
result, it is better to maintain harmonic distortion to a
minimum level for all applications [12].

CC-HPC is a hybrid modulation technique that can
be used to generate a sinusoidal current profile with the
appropriate phase and magnitude for a wide range of
applications. The techniques used to control the com-
pensating reference current have a major impact on
the steady and dynamic state performance of the active
power compensator. The load current harmonics of
the Rectified fed battery charger may fluctuate rapidly
and the active power compensator has a rapid-dynamic
response to overcome the issues faced by the nonlinear-
ity. As a result, hysteresis controller is used in this study
because it is theoretically simple, higher reliability and
can be easily implemented in digital controllers [13]. A
hysteresis band controller produces a suitable switching
signal to CC-HPC and to generate three-phase com-
pensating current at the point of common coupling
(PCC) by using fundamental band computation. A fast
response to the active power compensator is provided
by a carrier-less PWM technique [14]. Sliding mode
controller is one among the best methods to reduce har-
monic currents in nonlinear systems, although robust
controller design is uncertain. The traditional sliding
method drives a model by changing the direction of a
shape in response to an interrupted signal. When slid-
ing mode algorithm is used, the system states are not
examined at a constant rate. The presence of chatter-
ing in the sliding mode controller reduces precision,
decreases system efficiency, and causes intense heat dis-
sipation in electrical loads. The chattering effect’s con-
straints are reduced by a number of techniques, includ-
ing dynamic extension, the design of a high gain control
algorithm, and the second-order sliding controllers. It is
difficult to analyse the stability of bounded time due to
uncertainties [15].

Numerous studies have analysed about the reduction
of the chattering occurrence, which is discussed in more
detail below.

e The inertial delay approach is used to control the
unbalanced disruptions present in the multitudi-
nal sliding mode controller. The chattering issue



is solved by the hysteresis function, which ensures
that the controller state is transferred to the sliding
surface [16]

e The magnitude of chattering phenomenon is reduced
to sustainable level by extending the number of
phases and establishing a suitable phase difference
between each two successive phases. Each phase of a
master-slave converter can be supported by numer-
ous consecutively connected “slaves”, for a two-
phase converter, so that the entire phase difference
equals the specific value [17].

The hysteresis band’s breaking points are improved
via the nonlinear sliding approach. Consequently,
switching losses are reduced and ripples in the grid
current are minimized [18]. The proposed methodol-
ogy uses a higher-order sliding mode controller along
with a generalized form of p—q theory to prevent the
undesirable oscillation (chattering) that results in high
switching frequency. To calculate the CC-HPC state
space model, the uncertainties of system parameters
must initially be taken into consideration. An induc-
tor is connected parallel to the utility grid at the point
of common coupling in which the CC-HPC compen-
sates the source current harmonics. The large number
of active harmonic compensators, especially when tun-
ing proportional integral controllers, requires a com-
plex numerical model. Even though the PI controller
is effective for steady and transient state conditions, its
gain values have a significant overshoot, which delays
the response of the system. It is difficult to develop
a computational model using conventional methods
because of nonlinear parameter changes. This problem
can be solved using artificial intelligence (AI) tech-
niques such as neural networks, multi-modal optimiza-
tion algorithms, fuzzy logic and emotional controllers.
It is possible for machines to simulate human-like intel-
ligence through these methods. Moreover, training with
evolutionary control algorithms requires more time
due to the prolonged computational period. According
to Keyhan Kobravi [19], the search process in multi-
modal optimization technique has less intense than
sequential and arbitrary search but it is less compli-
cated than iterative process. The accuracy of the final
outcome is adjusted by optimization algorithm. The
proposed system is implemented with time series —
artificial neural network-based HOSMC. The model is
controlled by a biological neural network.

Neural network provides reference current for
the current controlled - hybrid power compensator
because of its parallel computation and learning pro-
cess. The error is minimized by training the weight
of each input neuron and compensating current ref-
erence is generated with minimum oscillation. The
weight is updated by using gradient descent method
[20]. In contrast to fine-tuning the PI controller, the
neural controller is highly robust in improving the
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input and system parameters. Furthermore, the pro-
posed HOSMC helps to minimize the chattering to
the greatest extent possible. The contributions of the
proposed systems are given below:

e The source current harmonics are reduced by a pro-
posed current controlled - hybrid power compen-
sator.

e The proportional integral tuned HOSMC with the
generalized P-Q theory is designed for time-varying
sliding surfaces.

e The proposed method is estimated for proportional
integral tuned higher order sliding controllers.

e Time series — artificial neural network algorithm is
implemented and analysed with PI-tuned HOSMC.

e Harmonic analysis of input current in the consumer
end is reduced to IEEE-519-2014 standard ( < 5%).

e The experimental setup for rectified fed RC load
has been developed using neural algorithm-based
HOSMC.

2. Design of higher order sliding mode
controller for harmonic current compensation

Higher order sliding mode controller encompasses
variable time states with intermittent feedback process
that frequently switch from one linear structure to other
structure in accordance with the original state. Figure 1
depicts a power circuit without harmonic compensator
and a PI controller-based HOSMC with time series neu-
ral algorithm. The power circuit is formed by connect-
ing a three-phase supply to rectifier-fed battery charger.
It is essential to reduce the unwanted harmonic distor-
tion in the input side. Input voltage, load current, DC
link current and I rer are inputs for a proportional-
integral controller tuned HOSMC. The sliding mode
parameters S;, Sy, S3 and Sy are analytically determined
from HOSMC and the three-phase reference current
is produced from the generalized form of p—q theory.
Similarly, the generated current reference is delivered to
the hysteresis band control. CC-APC uses the switch-
ing PWM signals produced by the hysteresis band to
produce the compensated filter current. The measured
CC-HPC currents (Ir—_gpc) are compared with compen-
sating reference currents (Ic_gp.) through compara-
tor block. The current error signal is determined by
each comparator and fed as an input to the relay with
a reduced hysteresis band. This relay maintains the
switching functions of the IGBT switches in the three
inverter legs (S1, S3, S5) such that the filter current
maintains within the specified hysteresis band. Switch-
ing is made to reduce the filter current when the error
signal exceeds the upper bound, and vice versa. The
proposed hybrid compensator with HOSMC is shown
in Figure 1.

The proposed compensator produce harmonic - less
current on the source side by cancelling the battery
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Diode Bridge Rectifier Fed
Battery Charger (RC Load)

D, B
> lL,abc Z S ’
LTIV
ET /|
IV

D,
3 R C
— lS_al)c L L
_C )—I\ NN\—T00™ 2’ -
I—@—/\N\,—fum‘ L N <
= _C)_/m/\,_rmp ( I\ M
Three phase T
AC source Ustc I D, D¢ D
Voltage and Current F— abc 2
Measurement
Is_abe
S S;
Compensating CC-APC
Current _l _|
HOSMC ‘ Reference s
s
I . g
C_abe
S,
Hysteresis Band .
Current ’
Controller - Gate Pulses - L] _| _| s
Pulses to . S 6
cCire CC-APC . % 7

Figure 1. Proposed hybrid compensator with HOSMC.

charger load currents and filter currents at the PCC.
This system has been designed to prevent the network’s
chattering affect for the section of relative degree two.
The designed controller effectively suppresses the chat-
tering issue and improves the variation of parameters
occurring in the system.

2.1. Modelling of HOSMC

Higher order sliding mode controller consists of cur-
rent and voltage control loop. The mathematical model
of PI-tuned HOSMC is discussed in this section.

Derivative function for input voltage and load cur-
rent is as follows:

dUg _ 1 1 I
o [c— - c—} H @
] _[1_ 17[Us

ks [?} B [LF LF} [UL] @

Where Lg refers for the load current state equations.

Us is converter source voltage and is represented as
[Us] = [Usa, Usp, Use]T. I is the converter load cur-
rent and is denoted by [I1] = [Ir4, I1p» It U repre-
sents the load voltage.

Three phase reference a-b-c frame from
Equations (1) and (2) are converted to synchronous

direct and quadrature axis frame (d-g).

dUsq 1 1

— = oUsg— C—FILd + C—FISd ©)
% = —wUsy — CLFILq + CLFISq (4)
%:_L_lp sd+a)ILq+iULd (5)
% - —L—IFUSq — wlig + LLFULq (6)

where w = 2I1f refers to the angular frequency. The
input current and voltage of the d—q axis are denoted
by Isg, Is; and Usg, Usg. Similarly, the load current
and voltage of d-q axis are represented as I1 4, Ir4 and
ULd> Urg. It is assumed that the capacitor and induc-
tor’s active harmonic compensators are Cras Y and L
as Y3, respectively. Because some parameters are diffi-
cult to precisely determine, they can be considered as
variable parameters.

Variable parameters of the proposed system are
determined as

Y1 =Yin + AY,
Y =Y+ AY;

where Y1, and Y, are represented as nominal values
and Ay, Ay, are denoted as parameter uncertainties.
Equations (3)-(6) are simplified to:

dUsg
(Yim + AYY) i oY+ AY)Usqg — Itg + Isq

)



dUs,
(Yim + AYy) pri —o (Y1 + AY)Usg

— Iy +1Ig (8)
dlrg
(Yo + AYZ)? = (Yo + AY2)I1 g — Usg + UL
)
dly,
(Yom + AYZ)? =—wYom + AY2)I14
— Usy + Uy (10)

From Equation (7) to Equation (10), the mathemat-
ical representation of the inverter side can be stated as

follows:
dUgy Ir,4 AY; d
_—= U —_— Us, — —U.
at Y1m+w Sq T i, wUsgg g Sd
1
+ o (11)
1m
dUsq ILq AY; d
—=—— —wUgyy— — | —0Ugy — — U,
dt Yim @Ysd Yim ( @Ysd dt Sq)
Isq
+— (12)
Ylm
dlg Usgq ULd
4 0% o, + 2
dt Yom @ Yom
AY, d
+ — I, — —1, 13
Yo (a) Lq i Ld) (13)
di U
dt Yom Yom
AY), d
- — Irg+ —1 14
Yo (a) Ld dt Lq) (14)

N1, N3, N3 and Ny represent the nominal model func-
tion, ANy, AN,, AN3 and ANy denote the uncertain
function model and input control variables are denoted
by hl, hz, h3 and h4.

Usd
N = C()Usq;Nz = —wUgy4; N3 = —Y— -+ a)ILq;

2m
Ny = _Ya _ ol g
YZm
AN; = ﬁ <wU5 - iUd) + IS—d
Yim T a Yom
ROy
Yim dr 1 Yom
AN3 = ﬂ <wIL — iILd) 5
Yo T gt ’
AN, = — 212 (wILd + iIL ) ;
Yom dr 1)’
h; = IL—d;hz = —IL—q;h3 = %;]’M = %
Yim Yim Yom Yom

With 25% uncertain parameters, the system performed
best, hence 0.25 is chosen for Y; = 0.25 Yy, and
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Y, =0.25 Y,,,, where Yy, and Y5, are the corre-
sponding gain values. The current and voltage con-
troller are incorporated to the equations from (11) to
(14) through Equations (15)-(18).

dl

TL;’ = Ny + ANy + Iy (15)
dlr,

7 =N, + AN, + h, (16)
du,

73" — N3 + AN; + hs (17)
dUs,

7 = N4+ ANy + hy (18)

The calculation of sliding variable for load current is
given below:

St = Ira — I1a pef (19)
S = ILq - ILq_Ref (20)

Whereas I14_gef and I14 gt are represented as load cur-
rent reference values and it is assumed as,

—I1d Ref = 115 —1Lq_Ref = 12

Derivative function (S, S;) is obtained by incorporat-
ing Equations (19) and (20) in Equations (15) and (16).

S1 = —I14 Ret + N1 + ANj + 11 (21)
S2=—Iig ret+No+ AN2 + 1, (22)

The calculation of sliding mode variables for input
voltage is determined by,

S3 = Usq — Usqg_pef (23)
84 = USq - USq_Ref (24)

Whereas Usgg get and Usy gef are denoted as input
source voltage references and by defining —Ugg s =
r3 and _USq_Ref = 14.

The time derivative function of the sliding mode
variables for Equations (23) and (24) is related with
Equations (17) and (18) we get,

S3 = —Usg ret + N3 + AN3 + 13 (25)

S4 = —Usq Ref + Na + ANy + 14 (26)

$; and S, are the time derivatives of control variable for
the current control loop, which is stated in two phases
(d-q). The compensating currents in d—q axis are given
below:

—1

C+8). () + (25)
—1

T ) (Bs) - (@)

(27)

ICd=(

(28)
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The d-q axis from the generalized form of p—q theory
is used for power calculation.
Voltage Vector, u = Ugg + jUsq
Current Vector, i = Irg + jli4
Power = u x i
= (Usq + jUsq) * (ILa + jlLq)
= Usalpg + j(Usqlra) + j(UsalLg) — UsqlLg
= (UsalLa — Usqlrg) + j(Usalrq + Usqlra)
=P, +jQ;i
P, and Q; are real (active) power and imaginary (reac-
tive) power determined by generalized form of p-g
theory.
Py = Uggirg — Usgilq (29)
Qi = Uggirg + UsgiLa (30)

In a similar manner, the equations for the compensated
voltage in the d-g frame are

—1

(S§ 4 Si) . ((Pr.33) + (QZS4))
—1

Vo= G580 (2. %0) = (%)

(31)

Ucq =

(32)

S5 and S are the derivative function of sliding parame-
ters for the voltage control loop. The three-phase I,_;_
current is generated by converting the two-phase com-
pensating currents from d-q frame, respectively.

Ica = +/2/3.0ca (33)
Iey = v/2/3. [(_0.5.ch) + \/3/2.101] (34)
Iee = \/2/3. [(—0.5.1Cd) - (,/3/2.1&1)] (35)

By using PI-tuned HOSMC and a generalized form

3. Time series - artificial neural network

During the learning process, the network is highly
refined for nonlinear mapping and harmonic compen-
sation with load balancing is achieved. Operation of
training dataset is obtained by PI-tuned HOSMC. The
network connects a set of numeric inputs and outputs
to a dataset. Through the regression process, the net-
work gets trained and error is minimized between the
actual output and the essential target data [21] as per
the below Equation,

e = Yactual — Ytarget (36)

The learning rule changes the internal weight of the
neuron, which represents the data set to reduce the
error function. The samples of DC link and reference
DC link current obtained from PI controller are cho-
sen for training the network. If the network satisfies the
validation process, time series Simulink model is gen-
erated. The analysis of the neural network is continued
until the data satisfy with good results. The results are
compared with classical PI-tuned HOSMC.

The TS-ANN design is shown in Figure 2 which
has eight inputs: three phase-source voltage (Usg, Usp,
Us,), three phase-load current (I14, Ip, I1c) and Ipc and
Ipc_ref- The outputs of the TS-ANN with 30 hidden
neurons are chosen to generate compensating current
reference (Ic,, Icp and I¢).

4. Results and discussions

The system is developed with PI-tuned HOSMC and
TS-ANN that operates under different load circum-
stances. The control parameters of the proposed work
are depicted in Table 1.

Table 1. Specifications of the control parameters.

of p—q theory, three phase reference compensating cur-  Parameters Symbol Values
rent is produced. Total harmonic distortion (THD) of  Source voltage Vs 440V
the input current with proposed PI-tuned HOSMC E);‘]Pp'yf’eq“ency P";, ?g Hz
. ase ree
is 4.63% (Load 1) and 3.21% (Load 2). The neural  Rectified fed RC Load R&C Ry = 2509;C; = 10pF
network-tuned HOSMC further enhances the perfor- | | Ry = 75Q;C; = 100 uF
. > Proportional controller gain Kp 5.35
mance of input current’s THD. The data from the con- Integral controller gain K 2750
ventional PI-tuned HOSMC delivers the input refer-  Inputresistance Rs 275Q
ence signal to the time series neural network controller, ~ MPutinductance Ls 025 mH
Input Hidden Layer with Delays Output Layer Output
Us_abe —» > I
IL-abc q @ »@ >V -" i L —» ICb
Ipe —» 7|4 o ]
Ipc_ret — b b — Ic.
8 3

30

Figure 2. Design of proposed time series — artificial neural network.



4.1. Current harmonics - before compensation

Three phase diode bridge rectifiers fed RC nonlinear
load produces distorted current in input side. The dis-
torted current produced for the two varying RC loads
requires compensation as total harmonic distortion of
input source current is not within IEEE standards.
Figure 3 explains the input current profile of battery
charger without filter for two different loads. The time
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period from 0.4 Sec to 0.5 Sec the amplitude of source
current is 1.85 A and 0.5 Sec to 0.6 Sec the amplitude of
source current is 3.6 A.

The Fourier analysis of two different loads is shown
in Figures 4 and 5. The overall harmonic distortion of
source current for load 1 is 30.50%, whereas it is 23.34%
for load 2. The harmonic distortion produced by bat-
tery charger is reduced by implementing PI and time
series neural algorithm.

Simulation output of source current without filter

5 T T T T

Current(A)

I T I I
P "\ .. .....om Load1:Rlis 250 Ohm; Clis 10 Micro Farad

Load 2: R2is 75 Ohm; C2 is 100 Micro Farad -

! L !
0.44 0.46 0.48

I
4 0.42

i
0.5

I L I
0.52 0.54 0.58

0.56 0.6
Time (Sec)
Figure 3. Source current waveform of battery charger — before compensation.
Felianayas Fundamental (50Hz) = 1.866 , THD= 30.50%
100 T T T T T T T T T T
2 80 .
[=
(]
£
5 60- 2
(=
>
(T
s 40- .
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Figure 4. Fourier analysis of input current before compensation - Load 1.
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Figure 5. Fourier analysis of input current of Load 2 before compensation.
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4.2. Current harmonics after compensation -
Pl-tuned HOSMC

Simulink model of PI-tuned HOSMC is shown in
Figure 6 which consists of control circuit, hysteresis
band current controller and the compensator circuit.

It was observed that the harmonic disturbance of
the input current is reduced by implementing PI-tuned
HOSMC using MATLAB Simulink. In Figure 7, the
results of Proportional Integral tuned HOSMC are pre-
sented. In this figure, (a) V, determines the input volt-
age with amplitude of 600V, (b) I depicts the load
current for two distinct loads having distorted out-
comes, (c) If represents the compensated filter current,
(d) the input source current (Is) produced by battery
charger is reduced to IEEE 519-2014 standard, in which
the harmonics are reduced by implementing PI-tuned
HOSMC and (e) I, represents the DC inductor current.

The supply current becomes sinusoidal and the dis-
tortion reduces from 30.50% to 4.63% (Load 1) and

Discrete
Se-05s. e
Powergui Clock1 '0 Workspacel
sand Is
Vab|
Tab:

from 23.34% to 3.21% (Load 2) as per IEEE standard.
Figures 8 and 9 illustrate the Fourier analysis of the PI-
tuned HOSMC (source current) for theload 1 at 0.4-0.5
Sec and the load 2 at time 0.5-0.6 Sec.

4.3. Current harmonics after compensation - time
series neural network algorithm

With 66,771 PI controller samples are used to train the
neural network and 30 hidden neurons are chosen. The
network’s execution is calculated with 473 iterations
using mean square error. It is necessary to use primary
weights so that the network can converge rapidly with
a minimum amount of error.

Training set continues when the error for the train-
ing data set decreases. The network is designed to retain
the training set to a specific level, when the error perfor-
mance is increased. During this stage, the set of training
data is denoted as T, set of weights that need to be
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Figure 6. Simulink model of CC-HPC.

PROPORTIONAL INTEGRAL TUNED HOSMC

Controller Current Controller

Load varies dynamically (i) 0.4 to 0.5 sec the amplitude of source current is
3 1.85 Amp (ii) 0.5 to 0.6 Sec the amplitude of source current is 3.6 Amp.
Correspondingly total harmonic distortion varies for two different loads.
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Figure 7. Results of proportional integral tuned HOSMC. (a) Input voltage, Us; (b) Load current, /;; (c) Compensating filter current, If;

(d) Supply current, Is; (e) DC link inductor current, Ipc.
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Figure 8. Fourier analysis of source current with Pl controller — Load 1.
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Figure 9. Fourier analysis of source current of load 2 with PI controller.

trained is W and the predicted accuracy is denoted as
A. These three terms are connected by the equation,

Weight

= Accurac 37
Training sy (37)

Training process of TS-ANN is shown in Figure 10.
The 66,771 PI controller samples are divided into
three divisions at random. A total of 70% of the samples

are used in the training segment, which includes 10,016
samples. The network gets adjusted during the training
process based on its error mapping. The validation and
testing steps require 15% of the total samples, respec-
tively. Figure 11 shows the validation and test data of
the proposed system.

Testing performance of the proposed system is
shown in Figure 12. The best validation result is

Algorithms

Data Division: Random (dividerand)
Training:
Performance:
Derivative:

Progress

Epoch:

Default (defaultderiv)

Time: I

Performance: 2.30e+05
Gradient: 9.39e+05

Mu: 0.00100 |

Validation Checks:

0 I T

Levenberg-Marquardt (trainim)
Mean Squared Error (mse)
0 [ rations | 1000
0:09:26 |
0.00
y 1.00e-07
0.100 | 1.00e+10

Figure 10. Training process of time series — artificial neural network.
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4\ Neural Network Time Series Tool (ntstool)
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Figure 11. Proposed validation and test data of TS-ANN.
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Figure 12. Validation performance of TS-ANN.

attained at the 467 iterations out of 473 iterations.
According to observations, the system’s performance
varies depending on the input data and hidden units.

The network forecasts an output variable as a func-
tion of the inputs using a regression procedure. Pro-
posed regression analysis is shown in Figure 13.

Response curve of the proposed system is shown in
Figure 14.

The results of TS-ANN are shown in Figure 15 in
which the harmonic current produced in supply side
is reduced to IEEE 519-2014 standard ( < 5% THD for

source current). The %THD of input supply current
is reduced by utilizing neural controller (Figure 15)
as compared to PI controller (Figure 7). I, current in
TS-ANN is significantly improved and stabilized at the
amplitude of 3.6 A.

Fourier analysis of input source current for the two
different loads is shown in Figure 16 and 17.

The proposed TS-ANN is developed for battery
charger applications has achieved the best results by
reducing the harmonic distortion of supply current.
According to the results of the harmonic spectrum
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Figure 13. Regression plot analysis of TS-ANN.

analysis, the majority of the primary harmonic com-
ponents are reduced when the TS-ANN controller is
used in battery charger applications to improve power
quality disturbances.

4.4. Experimental results

Experimental setup of CC-HPC is depicted in
Figure 18. It consists of three phase - three leg
current source inverter and IGBT power module
(PEC16DSMO01) through a FPGA Spartan 3A with
DSP. Three phase supply of 100V, with frequency of
50 Hz and source inductance of 0.25 mH is connected
to rectified fed RC load (R = 30Q and C = 100 pF).
The CC-HPC of inductor current is 15 mH. Hall sen-
sors are used to monitor voltage (LV 25-P) and cur-
rent (LTS 25-NP). The sensing circuits are devel-
oped and the measured voltages and currents are
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delivered to DSP by analogue to digital converter.
In addition to the DSP, a power quality analyser
and a simulation instrument (DSO) are used to
record the results for steady-state and dynamic
loads.

This research examines the three-phase rectified
fed RC load since the rectifier serves as the primary
converter for variable-speed drives and power supply
units. The controller receives input from Uy, I, Ipc,
I1, Ir and rectifier obtains power from an auto and
step-down transformer. The intelligent power module
is a bridge-type inverter consists of IGBT along with
driver and protection circuits. A high-frequency fer-
rite core inductor is used to connect it to the PCC. The
FPGA controller is used to produce compensating ref-
erence of three phase current and DC link inductor
current regulation. Experimental results are shown in
Figure 19.
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Figure 14. Proposed time series response of neural network.

Harmonic distortion of Source current (Is) waveform for the two dynamic loads is
reduced when compared to Pl tuned HOSMC and the DC link inductor current (Idc) is

Y much improved in time series neural network and stabilized at the amplitude of
3.6A.
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Figure 15. Results of time series — artificial neural network tuned HOSMC (a) Supply voltage, Us; (b) Battery charger current, /;; (c)
Compensating current, I¢; (d) Source current, /s; (€) DC inductor current, Ipc.
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Figure 16. Fourier analysis of source current with time series neural network — Load 1.
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Figure 17. Fourier analysis of source current of load 2 with TS-ANN.
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Figure 20. Experimental results of battery charger with source current before compensation.
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Figure 21. Experimental results of source current after compensation with TS — ANN.

Source current THD before and after compensation 5. Conclusions
is shown in Figure 20 and 21.

Table 2 compares the experiment results and simu-
lation results of the existing and proposed systems.

The development of CC-HAPC is important because it
reduces harmonic distortion of input currents, resulting



Table 2. Comparative result of proposed and existing system.

Performance
of source
Author name Technique employed current THD
P. Thirumoorthi Instantaneous power of PQ
etal. theory
(a) Simulation Pl - CSHPF 6.10%
Results
FLC - CSHPF 4.50%
(b) Experimental FLC-CSHP 2.70%
Results
Manoj Badoni et al.
(a) Simulation Wiener Filter 1.68%
Results
Least Mean Square 3.00%
Algorithm
(b) Experimental Wiener Filter 2.30%
Results
Least Mean Square 4.10%
Algorithm
N. Narender Reddy Model Predictive Control
etal. Algorithm based Tree
structured multi-level
Control system
Selective Harmonic
Elimination
Particle Swarm
Optimization SHE
(a) Simulation Improved PSO - SHE 6.31%
Results
Multitudinal Sliding Mode 5.99%
Control (MSMC)
PI Controller 4.72%
Vijayakumar Gali Conventional SMC
etal.
MSMC
(a) Simulation Pl Controller 4.30%
Results
Conventional SMC 3.84%
MSMC 1.50%
(b) Experimental Unified Power Quality 4.60%
Results Conditioner — Nonlinear
Sliding Mode Control
Load 1 & Load 2 - 3.70%
Conventional PI
controller
Load 1 & Load 2 - UPQC 2.40%

Rajesh Kumar
Patjoshi et al.

Neural Learning Algorithm

Higher order sliding mode
controller and Time
series neural network

Pl tuned HOSMC

(Load 1 & Load 2)

(a) Simulation 3.26% and 4.32%

Results
TS-ANN tuned HOSMC
(Load 1 % Load 2) 2.42% and 2.84%
A. Senthil Kumar TS-ANN tuned HOSMC 2.08%
etal.
RaheniTDetal (Load 1 & Load 2)
(Proposed System)
(a) Simulation 4.63% and 3.21%
Results

2.65% and 1.27%
(b) Experimental 1.525% and 1.056%

Results

in improved power quality. The current controlled —
hybrid power compensator based on a time series neu-
ral network is designed to reduce the supply side cur-
rent harmonics caused by battery chargers. PI and
TS-ANN-tuned HOSMC are used to calculate refer-
ence current. The performance of CC-HPC with neural
algorithm is examined and compared with PI-tuned
higher order sliding mode controller. The simulated
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results are used to validate the control algorithm.
The time series neural controller tuned HOSMC has
achieved best performance in comparison with classical
PI-tuned sliding mode controllers (Table 2). The dis-
tortion produced on the supply side is reduced through
intelligent control methods.

For battery charging applications, the proposed neu-
ral network tuned HOSMC has been effectively val-
idated (Figures 18-21). However, the experimental
results demonstrated the viability and efficacy of the
HOSMC approach in CC-HAPC. Harmonic distor-
tions are below 5% according to IEEE 519-2014 using
time series neural network-based hybrid power com-
pensators. The proposed CC-HPC is most suitable for
harmonic mitigation in electrical power distribution
systems, especially for medium and high-power appli-
cations.
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Appendix 1: Design of passive power
compensator for fifth order harmonic

(a) Vs = 440 V; F = 50 Hz; @ = 30°

Vg = % = 254.03V

(b) AC load RMS current, I} = %

DClink inductor current is 1.85 A (measured); I; = 1.5103 A
(c) Fundamental RMS value of load current (I1) is calculated
as,

V6 Ip; Therefore Iy, = 1.17757 A

I, = (7
(d) The load current active component is determined by,
I1a = I cos30° = 1.01980 A

(e) Active power is calculated by the following equation,

Py =3VgI1) cos30° = 1171.942 W

(f) Reactive power is computed as follows,
Q; = 3V I sin 30° = 676.621 VAR

(g) Filter capacitor, Cr

Q

2
mwVy

Cr =

m — Number of phases

o - Fundamental frequency of the supply
Cr = 0.7411 yF

(h) Filter inductor, Lg

Lp = szCF = Lp = 546.859 mH

Appendix 2: MATLAB coding for neural
network

% Solve an Input-Output Time-Series Problem with a Time
Delay Neural Network

% Script generated by NTSTOOL.

% Created Wed May 16 9:59:30 IST 2022

%

% This script assumes these variables are defined:

%

% data - input time series.

% data - target time series.

inputSeries = tonndata(data,false,false);

targetSeries = tonndata(data,false,false);

% Create a Time Delay Network

inputDelays = 1:2;

hiddenLayerSize = 30;

net = timedelaynet(inputDelays,hiddenLayerSize);

% Choose Input and Output Pre/Post-Processing Functions
% For a list of all processing functions type: help nnprocess

net.inputs1.processFcns = ’removeconstantrows’,
‘mapminmax’;
net.outputs2.processFcns = ’removeconstantrows’,
‘mapminmax’;

% Prepare the Data for Training and Simulation

% The function PREPARETS prepares timeseries data for a
particular network,

% shifting time by the minimum amount to fill input states
and layer states.

% Using PREPARETS allows you to keep your original time
series data unchanged, while

% easily customizing it for networks with differing numbers
of delays, with

% open loop or closed loop feedback modes.
[inputs,inputStates,layerStates,targets] = preparets(net,input
Series,targetSeries);

% Setup Division of Data for Training, Validation, Testing

% For a list of all data division functions type: help nndivide
net.divideFcn = ‘dividerand’; % Divide data randomly
net.divideMode = ‘time’; % Divide up every value
net.divideParam.trainRatio = 70/100;
net.divideParam.valRatio = 15/100;
net.divideParam.testRatio = 15/100;

% For help on training function ‘trainlm’ type: help trainlm
% For a list of all training functions type: help nntrain
net.trainFcn = ‘trainlm’; % Levenberg-Marquardt

% Choose a Performance Function

% For a list of all performance functions type: help nnperfor-
mance

net.performFcn = ‘mse’; % Mean squared error

% Choose Plot Functions

% For a list of all plot functions type: help nnplot
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net.plotFcns = ’plotperform’,’plottrainstate’, plotresponse’,

‘ploterrcorr’, ‘plotinerrcorr’;

% Train the Network

[net,tr] = train(net,inputs,targets,inputStates,layerStates);
% Test the Network

outputs = net(inputs,inputStates,layerStates);

errors = gsubtract(targets,outputs);

performance = perform(net,targets,outputs)

% Recalculate Training, Validation and Test Performance
trainTargets = gmultiply(targets,tr.trainMask);
valTargets = gmultiply(targets,tr.valMask);

testTargets = gmultiply(targets,tr.testMask);
trainPerformance = perform(net,trainTargets,outputs)
valPerformance = perform(net,valTargets,outputs)
testPerformance = perform(net,testTargets,outputs)

% View the Network

view(net)

% Plots

% Uncomment these lines to enable various plots.
%figure, plotperform(tr)

%figure, plottrainstate(tr)
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%figure, plotresponse(targets,outputs)

%figure, ploterrcorr(errors)

%figure, plotinerrcorr(inputs,errors)

% Early Prediction Network

% For some applications it helps to get the prediction a
timestep early.

% The original network returns predicted y(t+1) at the same
time it is given x(t+1).

% For some applications such as decision making, it would
help to have predicted

% y(t+1) once x(t) is available, but before the actual y(t+1)
occurs.

% The network can be made to return its output a timestep
early by removing one delay

% so that its minimal tap delay is now 0 instead of 1. The new
network returns the

% same outputs as the original network, but outputs are
shifted left one timestep.

nets = removedelay(net);

[xs,xis,ais,ts] = preparets(nets,inputSeries,targetSeries);

ys = nets(xs,xis,ais);

earlyPredictPerformance = perform(net,ts,ys)
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