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S.G. Buriakovskyi, L.V. Asmolova, An.S. Maslii, Ar.S. Maslii, I.V. Obruch

Development and study of a microprocessor automatic control system for a mono-switch tie
type with a linear inductive electric motor and a discrete speed controller

Introduction. The article is devoted to the development of the microprocessor automatic control system for a gearless controlled
electric drive of a mono-switch tie based on a linear inductor electric motor. This solution provides control the position of the switch
point, to carry out the transfer process with a smooth drive of shanks to the frame rail, to protect electric motor elements from
overloads. Goal. Development and study of the behavior of microprocessor automatic control system for mono-switch tie type with
linear inductive electric motor and discrete PID speed controller which coefficients are adjusted according to Chien-Hrones-
Reswick method to meet modern traffic safety requirements and improve operational reliability factors. Methodology. On the basis
of electric drive theory, a kinematic line of a mono-switch tie type with nonlinear friction characteristic is presented. Using
differential equation theory and Laplace transformation, a mathematic description of a linear inductor electric motor has been made.
Using the z-transform method, a difference equation for describing a discrete PID speed controller is obtained, the coefficients of
which are derived using the Chien-Hrones-Reswick method. A simulation mathematical model of the electric drive mono-switch tie
type as the microprocessor automatic control system with linear inductive electric motor and discrete PID speed controller and
nonlinear friction characteristic was built in MATLAB. Results. Simulation modelling of a mathematical model of the
microprocessor automatic control system of the electric drive mono-switch tie type with the linear inductive electric motor and
discrete PID speed controller and nonlinear friction characteristic have been developed and performed. Studies of dynamics of
switch point movement have shown that, a drive time of less than 0.7 s at a constant speed motor armature of 0.2 and 0.3 m/s
provides to meet modern requirements for railway switch points. The application of discrete PID speed controller has shown
improved dynamics of switch point. Originality. First for the electric drive of the mono-switch tie type with linear inductive electric
motor a mathematical model of the discrete PID speed controller and nonlinear friction characteristic as an object of speed control
of switch point movement, has been developed. Practical value. Mathematical model of a railway track switch of the mono-switch tie
type with linear inductive electric motor and discrete PID speed controller has been developed to carry out the control of the
position of the switch point, process with a smooth drive them to the frame rail, to protect electric motor elements from overloads.
References 25, tables 2, figures 12.

Key words: electric drive with linear inductive electric motor, electromechanical system, control system, discrete PID speed
controller.

Poboma npucesuena pospobyi mikponpoyecopnoi cucmemu agmMoOMAmMuyHO20 KepyBanHus 6e3pe0yKmMOpHUM pe2yNbO8aHUM
eNeKMPOnpUBOOOM CIMPIIOUHO20 NEPeBoOy MOHOWNAILHO20 MUNY HA 6a3i NiHIlIHO20 THOYKMOPHO20 0sucyHa. Taxe piuents 003801€e
KOHMPONI08AMU NONONCEHH 20CMPAKIG, 30IUCHIOBAMU Npoyec Nepegoody 3 NIAGHUM 008000M 20CMPAKI6 00 pPAMHOI peliKi,
3aXUCUMU eneMeHmu enekmpooUeyHa 6i0 Nepesanmadicetb. 3anponono8ano cmpykmypny cxemy ouckpemmozco I1l/]-pecyismopa
WBUOKOCMI, CUHME308AHO20 8 Z-300PANCEHHI A OMPUMAHO diazpamu po3nooiny 1io2o Koegiyienmie 3a memooom Yuna-Xpouca-
Pecsixa. Hasedeni pesyiomamu KoMR 10mMepHo20 MOOEN08AHH NOKA3AU, WO YAC Nepedody 2ocmpskie menwiuli Hide 0,7 ¢ npu
cmanomy pieni 3aoasants weuokocmi axops 0,2 i 0,3 m/c, wo 0036015€ peanizysamu CyuacHi 6umozu 00 CMPIIOYHUX Nepesooie
saniznuunozo mpancnopmy. bion. 25, tabn. 2, puc. 12.

Kniouogi cnosa: enekTponpuBoj 3 JIHIHHMM iHIYKTOPHMM [IBHIYHOM, eJeKTPOMEXaHiYHA CHCTeMa, CHCTeMa KepyBaHHi,
nuckperHuii [II/I-peryastop mBuakocTi.

Introduction. The transport system is an important
component of the economic growth of the national
economies of the world economy. The development of
railway international transport networks contributes to the
integration of trade between the European Union (EU)
and Ukraine. Therefore, the renewal of the transport
infrastructure of Ukraine is one of the main directions of
the implementation of the National Transport Strategy of
Ukraine for the period until 2030 [1], which lays the
foundation for changes in the transport sector for the next
8 years, namely the development of new high-speed
interregional connections, connections with EU countries
and the renewal urban transport infrastructure [2].

Turnouts are an integral part of the railway
infrastructure. The development of their automation
systems and the improvement of service technologies
contribute to a large extent to the increase of traffic safety
and the improvement of economic indicators of railway
activity [3-5].

Global companies are working on the creation of
new types of turnouts [6, 7], namely, their mono-switch

tie implementation. Their general concept, both for
normal and high-speed traffic, comes down to ensuring
maximum reliability and safety, with minimal ongoing
maintenance costs. Modern turnouts are equipped with
new electric motors [7—-10] and control systems [4, 11].

In Ukraine, the lack of adjustable electric drives for
turnouts requires the creation of specialized electric
drives. To increase their efficiency, there is a need to
create new types of electric drives [12—14]. In [15], the
questions of the development of the functionality of the
railway turnout by introducing an electric drive with a
valve-inductor motor were considered, which is justified
by the simplification of the mechanical part of the turnout
by replacing the gearbox with a ball-screw pair and
placing the entire kinematic line of the turnout on one
sleeper.

The replacement of rotary electric motors with linear
ones provides even more simplification of the design,
which ensures an increase in efficiency, a decrease in
maintenance costs, and an increase in the reliability of the
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operation of turnouts. A distinctive feature of such motors
is their ability to convert electrical energy into mechanical
translational movements of the executive mechanisms of
the turnouts — points and movable cores of the crossbars,
directly, without intermediate mechanical converters. The
electric drive taking into account linear electric motors of
the electromagnetic type (LMEMT) was considered in
[16]. The rationality of such a technical solution consists
in the reserve of excess energy, which takes place at the
end of the cycle of the electric drive of the turnout, in
order to use it later at the beginning of the movement of
the turnout. This article is devoted to the improvement of
the microprocessor system of automatic control of the
gearless adjustable electric drive of the mono-switch tie
type based on the linear motor of the inductor type to
obtain a given law of control of the movement of the
sharps and reduce the time of the switch transfer.

The peculiarity of turnouts of this type is that, thanks
to the unique properties of the structures and the
capabilities of the control systems, they ensure high
accuracy of the positioning of the spikes and the
necessary controllability of the traction force, taking into
account the increase in speed and cargo flow of
transportation.

Thus, the way proposed in the article to create a new
control system for the electric drive of the turnout is
relevant from the point of view of the need to transition to
a new modern element base of automation systems and
new design solutions.

The purpose of the article is the development of a
microprocessor-based system for automatic control of a
mono-switch tie type turnout with a linear inductive
electric motor (LIEM) and a discrete proportional-
integral-differential (PID) speed controller with adjusted
coefficients according to the Chien-Hrones-Reswick
method to ensure modern traffic safety requirements.

To achieve the intended goal, the following tasks
are set:

e development of a system of automatic control of a
mono-switch tie type turnout with LIEM, which allows
the transfer process to be carried out with a smooth
approach of the spikes to the frame rail, protection of the
motor from overloads and control of the position of the
spikes for high-speed and ultra-high-speed electric
transport railways;

e synthesis of a discrete PID speed controller for an
electric drive with an inductive motor, as an element of
improvement of the microprocessor system of automatic
control of the turnout transfer to improve its operation
both in regular and non-stationary modes.

Research material. The functional diagram of the
electric drive of the turnout is shown in Fig. 1, which
includes three units: a LIEM, a speed regulator with a
power converter as part of the control unit, and a sensor
for the position of the spikes, which monitors the
movement of the spikes and their close fit to the
frame rail.

Figure 2,a shows the cross-section of the LIEM,
which is placed in the sleeper as shown in Fig. 2,b.

Control unit LIEM
i
x ]
1| Speed Power 1
! regulator converter |1 a
I
! ]

Spike
position
sensor

Fig. 1. Functional diagram of the electric drive of the turnout
with LIEM

Spike
position
sensor

Frame rail >
B, nal

Control
unit

Transverse
thrusts

LIEM

Fig. 2. Design of LIEM (a)
and placing it in one sleeper (b):
1 — stator; 2 — pole tips of the external stator;
3 — poles; 4 — armature; 5 — phase coils; 6 — housing

The linear electric motor has four phases 4, B, C, D
and consists of two stators 1 (internal and external), which
makes it possible to obtain a minimum air gap in the
inter-tooth area with small dimensions of the machine,
concentrating the magnetic flux in the tooth area.
Alternating switching on of the phases of the electric
motor (4, B, C, D) ensures a uniform distribution of the
electromagnetic force during the movement of the
armature 4. When increasing the number of coils (phases),
it is possible, if necessary, to significantly reduce the
fluctuation of the force acting on the armature during its
movement. Additional armature advantage of this design
of the induction motor is the relatively long length of the
armature compared to the electromagnet, which will allow
to easily implement the movement of the spikes without
changing other overall dimensions of the motor.

Depending on the signal from the sensor of the
position of the spikes, which are installed on the outside
of the frame rail and provide control over the tight fit of
the spike to it, the power converter, located in the control
unit and made on the basis of field-effect or IGB
transistors, connects the stator coil to the power source.

Electrical Engineering & Electromechanics, 2022, no. 5



And the electric motor converts electrical energy into
mechanical energy, setting the armature in motion.

Such an electric motor requires a different automatic
control system than LMEMT and, as a result, another
solution, but provides reverse operation without the use of
additional springs [16].

The mathematical description and simulation model
of LIEM based on the solution of the Lagrange equation
is given in [17] and in the normal Cauchy form has the
form:

di, 1 . OV, (i,.x)

E =—8¥’A(iA,x) (UA -ri, _—Gx vj ;
0i,

di, 1 . oY (lB,x)

ORI (U i ]
O,

di. 1 6¥’C(1C,x)

U W) (U“ i j
5 (1)

di, 1 [U ~ aavD(zD,x) j

dt 0¥ (ipx)
0i,

dv F,-F, —av

i om

dx

o

where Uy, Up, Uc, Up is the voltage of power sources;
T4, ¥, Vo, Tpy 4, Ip, ic, ip are the active resistances and
currents in the corresponding phases of the stator;
¥, ¥, Yo, ¥p are the flux linkages of the respective
phases; x is the displacement of the armature; F,,, is the
resistance force; « is the coefficient of friction between
the guide and the armature; v is the armature movement
speed; m is the mass of the armature; F,; is the driving
force of the electric motor.

An electronic switch is required to connect the
motor phases to the power source and adjust the voltage
on it. Since the operation of the LIEM does not depend on
the direction of the current in the phase, a half-bridge
circuit is usually used to switch the current in it [18].
A fragment of the circuit of the electronic switch (for
phase 4) is shown in Fig. 3.

+3

A

U, VD12

N\ VD2

»

—g
Fig. 3. Schematic of phase 4 of the electronic switch
for a 4-phase LIEM

Phases (4, B, C, D) are
semiconductor switches (phase 4 — V'T1 —

included between
VT2; phase B —

VT3 — VT4; phase C — VTS — VT6; phase D — VT — VT8)
operating in PWM mode depending from the position of
the spikes and the direction of their movement. Protective
diodes (for phase 4 — VD1 — VD2, for phase B — VD3 —
VDA4; for phase C — VD5 — VD6, for phase D — VD7 —
VD8) ensure the flow of current after closing the upper or
lower switches in the phases.

To control the LIEM, a digital PID speed controller
was synthesized, which is described by the transfer
function:

Tyz z—1
W K,+K,——+K , 2
ple)=Kp 4 K B Koo @

where K, is the transfer coefficient of the proportional
component; K; is the transfer coefficient of the integral
component, K, is the transfer coefficient of the
differential component; 7y is the period of discretion, s.

Based on the transfer function (2), a difference
equation was obtained that describes the algorithm of the
discrete PID controller:

u[n] = er[n]+ K, (u[n - 1]+ Toe[n])+

+ o (eln]-eln-1)- ®

0

= er[n]+ K[Y"Oe[n]+%(e[n]— e[n - 1])+ K[.u[n - 1] .
0
According to (3), the structural diagram shown in

Fig. 4 is built.
e[n]

?—; IKn

| K £ uln]
1T,

0

Fig. 4. The structure of the discrete PID controller

Since the LIEM is described by a nonlinear
function [17], the standard methods used for adjustment
of linear objects are not suitable for adjustment of the
coefficients of the PID controller [6, 19]. Therefore,
their calculation was performed according to the Chien-
Hrones-Reswick method [20], which allows obtaining a
larger stability margin than the traditional Ziegler-
Nichols method [21, 22].

According to the Chien-Hrones-Reswick method
for calculating the coefficients of the PID controller the
response of the control object to the step input signal is
observed. The elements of the control object, which

have an aperiodic characteristic (Fig. 5), are
approximated by the serial connection of the aperiodic
link and the delay link.

From Fig. 5 it can be seen that two parameters a and
L are used to calculate the coefficients of the PID
regulator using the Chien-Hrones-Reswick method. Their
calculation was performed under the conditions of the
absence of overregulation (CHR0%) and its presence in
20% (CHR20%). The formulas by which the coefficients
K,, K; and K are calculated are given in Table 1.

Electrical Engineering & Electromechanics, 2022, no. 5
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Fig. 5. An example of the acceleration curve of the control
object
Table 1
Calculation of the coefficients of the PID regulator according to
the Chien-Hrones-Resvik method in the absence of
overregulation and its presence

Method K, K; Ky
CHR0% 0,6 L 0.3L
A .6 £
a K p K P
. 0,95 1,4L 0,47L
CHR20% P Kp Kp

The calculated parameters of the PID controller were
adjusted manually to improve the quality of the control,
since the analytical expressions are based on simplified
models of the object and give an error. Adjusting the
parameters of the regulators is performed according to the
following rules: an increase in the proportional coefficient
K, increases the speed of operation and reduces the
margin of stability; with a decrease in the integral
component K;, the adjustment error decreases faster over
time; reduction of integration constant 7; reduces the
margin of stability; increasing the differential component
K, increases the speed.

After adjusting the coefficients of the PID speed
controllers, they take the form shown in Fig. 6.

>~

e ey
— D s L O 1200 D
T —

0 01 02 03 04 05y ms
Fig. 6. Coefficients of the PID regulator

From Fig. 6 it can be seen that all coefficients
depend on the speed of movement of the spikes, namely:
the coefficient of the proportional link K, increases
sharply from 0.25 to 1 at speed above 0.3 m/s;
the coefficient of the integral link K; has a sharply
decreasing linear characteristic at low speeds of
movement up to 0.08 m/s and changes in the range from
0.7 to 0.2; the coefficient of the differential link K, has a
gentler characteristic and varies from 0.3 to 0.5 at the
speed of movement of the spikes above 0.2 m/s.

Taking into account this Fig. 4 will look as shown in
Fig. 7.

| o~ elnl

'
\T:' feedback

Fig. 7. The structure of the discrete PID speed controller
with adjusted coefficients according to the Chien-Hrones-Resvik
method

The detailed functional scheme of the turnout
transfer is shown in Fig. 8, where LIEM with a sensor of
the position of the spikes, an electronic switch (Fig. 3), a
distributor with a pulse converter and a speed regulator
(Fig. 7), which are parts of the control unit, is separated
by dashed line.

The control system of the mono-switch lie type
turnout is considered as a two-loop system of subordinate
coordinate regulation with a PID speed controller, which,
together with the LIEM, is reduced to a general
simulation model in MATLAB [23, 24], taking into
account all elements, parameters and relationships
between them in Fig. 9, and Fig. 10 shows the diagram of
the mechanical part.

Control | %, ()—»Av Speed Yse AY J

panel regulator

A

£

Ufcedback

PWM
generator
1kHz

S

U,
5| .
Electronic

switch

B

Pulse
distributor

2

‘aﬁp‘ap?

El

Spike
position
sensor

Current

A A A

sensor 1,

Pulse Ups
converter

Fig. 8. Expanded functional scheme of the electric drive of the turnout with LIEM
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Fig. 9. Generalized simulation model of turnout with LIEM

in the MATLAB environment
@ I

Fig. 10. Structural diagram of the mechanical part of the turnout
with LIEM
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In the feedback of the system, there is a load block
v = f (F_), which reflects the friction characteristic [25],
since the turnouts operate in different weather conditions
under the influence of random factors (fallen leaves, rain,
snow, substances that spill from the cars, etc.).
The average values of the coefficient of friction on the
rail-cushion surface (steel-steel) are given in the Table 2.

Table 2
Coefficient of friction at rest and sliding
Coefficient of friction
Friction at rest in a sliding state
materials without with without with
lubrication | lubrication | lubrication | lubrication
rail - 0.8 0.5-04 | 0.15-03 | 0.05-0.18

cushion

Figures 11, 12 show the transients of the electric
drive of the turnout, namely the movement of the spikes
and the speed of the turnout with a PID speed controller,
taking into account the nonlinear characteristic of friction
at different settings of the speed of movement of the
spikes.
v, m/st

0,25
0,2
0,15
0.1
0,05

0 01 02 03 04 05 06 07 0,8 09 1,048

X, m
0,16

0,12
0,08
0,04

0 01 02 03 04 05 06 07 08 09 1,045
Fig. 11. Transients in mono-switch tie type with PID speed
controller when setting the speed v, = 0.2 m/s

0 01 02 03 04 05 06 07 is

0 0,1 02 03 04 05 06 07 LS
Fig. 12. Transients in mono-switch tie type with PID speed
controller when setting the speed v, = 0.3 m/s

From the obtained graphs of transients, it was
established that the PID controller supports the set speed
of movement of the spikes of 0.2 m/s (Fig. 11) and
0.3 m/s (Fig. 12), which allows control of the position of
the spikes. It also provides a transfer process with a
smooth transition of the spikes to the frame rail, which
protects the elements of the -electric motor from
mechanical overloads.

The graphs of the transients of the movement of the
spikes show their impact-free tweaking to the frame rail,
which is confirmed by the speed curves at the end of the
transfer process at ¢ > 0.6 s.

Conclusions.

1. A microprocessor-based system for automatic
control of a mono-switch tie type with LIEM and a
discrete PID speed controller was proposed and
researched, which made it possible to improve the quality
of the dynamics of its operation.

2.0n the basis of the analytical methods of
z-transformation, a discrete PID speed controller was
synthesized and its simulation model was developed
taking into account the nonlinear characteristic of friction,
which confirmed the improvement of the dynamics of the
operation of the turnout drive with LIEM.

3. Using the Chien-Hrones-Resvik method, distribution
diagrams of the PID regulator coefficients were obtained
depending on the speed of the armature movement: the
coefficient of the proportional link increases sharply from
0.25 to 1 at speeds above 0.3 m/s; the coefficient of the
integral link has a sharply decreasing linear characteristic
at low speeds of movement up to 0.08 m/s and varies
from 0.7 to 0.2; the coefficient of the differential link has
the smoothest characteristic and varies from 0.3 to 0.5 ata
speed of movement of spikes above 0.2 m/s.

4.0On the basis of the study of the transients of the
movement of the spikes, the possibility of shock-free
bringing them to the frame rail is shown, which is
confirmed by the speed curves at the end of the turnout
transfer process, which go to 0 as well as the possibility of
obtaining the transfer time of the spikes in less than 0.7 s
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at a constant setting level of speed of 0.2 and 0.3 m/s of
armature movement for LIEM.
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A. Guezi, A. Bendaikha, A. Dendouga

Direct torque control based on second order sliding mode controller
for three-level inverter-fed permanent magnet synchronous motor: comparative study

Introduction. The permanent magnet synchronous motor (PMSM) has occupied a large area in the industry because of various benefits such

as its simple structure, reduced moment of inertia, and quick dynamic response. Several control techniques have been introduced for the
control of the PMSM. The direct torque control strategy associated to three-level clamped neutral point inverter has been proven its
effectiveness to solve problems of ripples in both electromagnetic torque and stator flux with regard to its significant advantages in terms of
fast torque response. Purpose. The use of a proportional integral speed controller in the direct torque control model results in a loss of
decoupling with regard to parameter fluctuations (such as a change in stator resistance value induced by an increase in motor temperature),

which is a significant drawback for this method at high running speeds. Methods. That is way a second order sliding mode controller based
on the super twisting algorithm (STA) was implemented instead of PI controller to achieve a decoupled control with higher performance and
to insure stability while dealing with parameter changes and external disturbances. Results. The simulation results carried out using
MATLAB/Simulink software show that the model of direct torque control based on a three-level inverter-fed permanent magnet synchronous
motor drive has better performance with second order sliding mode speed controller than the proportional integral controller. Through the
response characteristics we see greater performance in terms of response time and reference tracking without overshoots. Decoupling,

stability, and convergence toward equilibrium are all guaranteed. References 9, table 2, figures 9.

Key words: permanent magnet synchronous motor, direct torque control, second order sliding mode controller.

Bcemyn. Cunxponnuii 0sueyn 3 nocmitinumu maerimamu (CAIIM) 3aiinag eenuke micye 8 npomMuciogocnii 3a805KuU PisHUM Nepesazam, maxum
AK 11020 NPOCMa KOHCMPYKYis, 3MeHUeHUI MOMeHm iHepyii ma weuokull ouramiunui eio2yk. /na kepyeanns CLIIM 6yno e6edeno Oexinbka
Mmemooie kepysanHs. Cmpamezian npsamo20 YnpaeniHHsA KPYWHUM MOMEHMOM, NOGSI3AHA 3 MPUPIGHEBUM THEEPMOpoM 3 (IKCOBAHOIO
HEUMPATLHOKO MOUKOI0, 006€1A C80H0 eHeKMUBHICMb Olisl GUDILUEHHS. NPOOIeM NYIbCAYILL SIK eNEKMPOMASHINHO20 KPYMHO20 MOMEHNY, MAK i
MAZHINHO20 NHOMOKY CMAMOPA, BDAX0GYOUU 1020 3HAYHI Nepedact 3 MOUKU 30py WBUOKOL pearyii Kpymno2o momenny. Mema. Buxopucmarms
NPONOPYITIHO-IHMESPATLHOL0 PEYNAMOPA WEUOKOCIE MOOE NPSMO20 YRPAGTIHHA KPYIHUM MOMEHMOM HPU3B00UMb 00 SMPAMU PO36 3K
10 GIOHOWEHHIO 00 KOTUBAHb NAPAMEMPIE (MAKUX K 3MIHA 3HAUEHHS ONOPY CMAMOPA, SUKTUKAHE NIOBULYEHHAM MEMNEPanypu 08USYHA), W0 €
icmomuum Heoonikom 07 yiei Mooeni Ha sucokux pobouux weuoxkocmsax. Memoou. Taxum wunom, samicme I1l-pecynamopa Oye peanizosanuii
KOB3HULL pe2yNaAmop Opy2020 NOPAOKY, 3ACHOBAHUIL HA aneopummi cynepckpyuysans (STA), 0ns 0ocsenents po3ga3ano2o ynpaeninus 3 Oinbiu
BUCOKOI0 NPOOYKMUBHICIIIO Ma 3a0e3neuerHs CmabiibHOCmi npu pobomi 3i sMiHamu napamempie ma 306HiuHiMu 30ypeHnsamu. Pesynomamu
MOOEN0BAHHS, BUKOHAHO20 3 BUKOPUCIIAHHAM NpospamHozo 3abesnedenns MATLAB/Simulink, nokazytome, wo Mooenb npsamozo KepyeaHH:
KDYNHUM MOMEHMOM, 3ACHOBAHA HA MPUPIGHEEOMY NPUBOOT CUHXPOHHO20 OBUSYHA 3 NOCHILIHUMU MASHIMAMU 3 THEEPMOPHUM JICUBTEHHSIM,
MA€E Kpaugy eqexmusHICIb 3 pecyismopoM WUEUOKOCI 3 KOBZHUM PENCUMOM OPY2020 NOPAOKY, HIdIC NPOROPYILIHULL IHMeZPAbHULL KOHMPOep.
3aeosixu xapakmepucmuxam 6i02yKy 6auumo OLbUL GUCOKY epheKmuUGHICIb 3 MOYKU 30py HACy GI02YKY ma GI0CMediCeHHs. NOCUIaHb Oe3
nepepecynmosanns. Poss'sska, cmabinbhicms ma 30ixicHicmsy 00 pieHosaeu capanmosani. bion. 9, Tadm. 2, puc. 9.

Kniouosi cnoséa: cCHHXpOHHUI IBMI'YH 3 MOCTIHHUMH MarHiTaMu, npsiMe KepyBaHHsI KDyTHHM MOMEHTOM, KOHTPOJIEP Pe:KUMY
KOB3aHHSI IPYroro NOpsiaKy.

Introduction. In recent years, thanks to the rapid
development of power electronics technology, permanent
magnet synchronous motor (PMSM) has taken a wide
space in the industry due to many advantages such as
higher energy efficiency and higher torque to weight
ratio. In the term of its control, several techniques have
been presented in the literature; such as voltage/frequency
control, which is limited to low-performance uses, and
field oriented control, which has a complex process and is
highly sensitive to parameter changes. nevertheless, the
direct torque control (DTC) has been the most attractive
control due to its notable advantages regarding its
simplicity and its rapid torque response [1], This
command need an external loop to control the speed
either by the classic PID controller [8] or through other
methods of control such as: fuzzy logic control [9],
sliding mode [2], as well as the second order sliding mode
controller (SOSMC) [2] which is designed to achieve high
performance for systems with parametric variation and to
ensure closed loop stability.

The purpose of this work is to compare between
the PI and the second order sliding mode speed
controllers in a direct torque control for three-level neutral
point multilevel inverter-fed permanent magnet
synchronous motor drive system.

In this paper, the mathematical model of PMSM has
been introduced. In order to obtain a better performance
for the PMSM, the technique of DTC associated to three-
level neutral point clamped (NPC) multilevel inverters
with a PI controller has been used. However, this solution
has a major drawback represented by the speed's
sensitivity to load variation. In order to remedy this
problem, the DTC with the sliding mode controller
(SMC) was generally used to improve its robustness and
its insensitivity to parameter variations and external
disturbances. However, the presence of the chattering is a
major drawback for conventional SMC controllers. In
order to minimize the phenomena, a SOSMC was used.
For the purpose of evaluating and testing the different
control techniques proposed for the PMSM fed by three-
level NPC inverters drive system, a simulation study was
carried out. The comparison study based on the obtained
simulation results confirms the efficiency of the second
order sliding mode controller over the PI controller under
different operating conditions. [2].

Model and equations of the PMSM. The two-phase
model of the PMSM is carried out by a transformation of
the real three-phase reference into a fictitious two-phase
reference, which is in fact only a change of base on the
physical quantities (tensions, fluxes and currents), it leads
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to a reduction of the machine equations. The transformation
best known by electrical technicians is that of Park, the
representation is shown in Fig. 1.

Fig. 1. Two-phase representation of PMSM

The stator voltage equations are given by the
following equations in the matrix form [3]:

[qu]=[Rs]'[idq]%[codq]w-ﬂ[wfzq], (1)

[qu]:{ﬂ @

where

q
R, 0
[Rs]:[O R} 3)
iy - m , “@

_ Pd * _(oq
[(od ]_|:¢q:|’ (pdq_|:¢d :| (5)

We note also that:

b I < G

where Vg V,, ig iy La Ly @q and @, are the dg
components of the stator voltage, current, inductance and
flux linkage, respectively; R, is the stator resistance; ¢y is
the rotor flux linkage generated by the permanent
magnets; p is the pairs of poles.
The electromagnetic torque expression is given by:
T,=0/2)p-\La L, ) ig iy +op i) (7)
In the case where the machine has non-salient poles
(La= L), this equation (7) is simplified to:
T, =(3/2)p-oy iy ®)
DTC with three-level inverter. The principle of the
DTC is to maintain the stator flux within a specific range
[3, 4]. This technique is based on the direct determination
of the commands sequences applied to the switches of a
three level inverter. This strategy is generally based in the
use of hysteresis comparators whose role is to control the
amplitudes of the stator flux and the electromagnetic
torque. The synoptic of DTC control is shown in Fig. 2.
The stator flux equation is expressed as:

by =boa + idsp )
where

t
¢sa :I(Vsa - R Isa)dt;

’ (10)
&sﬁ = J(Vsﬂ —RS ]Sﬁ)dt’

0

where Vi, Vig, i, isp, are the af components of the stator
voltage and current, respectively.

Hysteresis
Speed Controfler

o T+o AL [0 & o
@] @ tH T LA

al =% r.

Current
Sensors
3

o

Fig. 2. The synoptic of DTC control

Once the 2 flux components are obtained, the
electromagnetic torque can be estimated by the formula below:

an

Moreover, in order to obtain the sector, the rotor flux
angle is determined by:

A3 A .
Ce =3P Psa Lsp —Psp Isa |-

5 (12)
Sa

This model is updated with 3 level hysteresis controller
for the flux and 5 level for the torque in order to build the
optimized switching table as illustrated in Table 2 that led to
determine a vector between 27 state vectors to apply to a
three level NPC inverter (Fig. 3) noting that those vectors are
distributed on 12 sectors of the stator flux plane Fig. 4.

6 = arctg

phase

v

Fig. 3. One leg of 3 level inverter layout

“11-)  (@1-1) 119

¢1-11)
Fig. 4. 12 sectors with switching vectors
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In 3-level NPC inverter there are 3 switching state
for each leg (S1, S2); (S1, S1); (S1°, S2’) which result in
3 voltages levels respectively V., V,/2, 0. Consequence
of these switching possibilities, 27 state vectors will be
obtained as shown in Table 1 [5, 6].

Table 1
Distribution of the 3-level inverter voltage vectors into 4 groups

Zero state Vi Vg Vs
vectors 0,0,0) (1,1, 1) (-1,-1,-1)
V2 V3 Vy Vs Ve V5
short (100 (1, 1,0)(0,1,0) (0, 1, 1) (0,0, 1) (1,0, 1)
Vg Vo Vi Vi1 Vip Vs
Vectors
(0,-1,-1) (0, 0,-1) (-1, 0,-1) (1, 0, 0)
(-1,-1,0)(0,-1,0)
Vie Vi7 Vig Vig Voo Vy
g (-1, (1, L) (L LD L 1 )
(_1a _15 1) (1a _1’ 1)
: Va2 Va3 Vag Vo5 Vs Vg
Medium 1 (1,0,-1) 0. 1, -1) (-1, 1,0) (-1, 0, 1) (0,1, 1)
vectors
(1,-1,0)
Table 2
DTC modified switching table
o7 Stator flux sectors

12 (3[4[5]6]|7[8]9]10]11]12
+2 1221712318 [24|19[25[20126[21 27|16
+1(22]13 (23] 4 (245 (25|16 (267 [27]2
+1)0 |1 [ 8|15 1 |8 [15]1 |8 |15[1]|8]15
—1[27[2 (223|234 (245 ]25|6[26]7
—2[27[16(22]17|23|18[24|19]25|20|26]21
+2 1231812419 [25120(26(21|27|16|22]17
+1(23]4 (245 |25[6 (267|272 |22]|3
O|l0 |1 |8 151 [8[15]1 |8 |15[1]|8]15
126 7 (272|223 [23]4|24|5|25]6
—2126[2127[16[22|17[23[18|24[19[25]|20
+2 1824 119(25[20126(21(27]16[22|17|23
+1]4 (245|256 (267 [27|2|22|3 |23
-1 0|1 8151 |8 [15]1 |8 |15]1]|8]15
—1]6 (267|272 (223 [23]|4|24]|5 |25
—2120[2621[27]16)|22|17(23]18[24|19]25

PI speed controller. The PI controller determines
the reference torque in order to maintain the
corresponding speed [2]. The speed dynamics is given by
the following mechanical equation:

Q= -1, , (13)
JP+ f,
where T,, T;, J, f,, P are the motor torque, load torque,
moment of inertia, viscous friction factor and Laplace
operator, respectively.

The functional diagram of speed controller is shown

in Fig. 5.

Tr

K Te + l-
K+t L 1 s
i - JP+ f,

Fig. 5. Speed control loop

nref i

Adopting the pole placement method considering
that the closed loop speed transfer function is given by:

Kp-[P+ i]
Q K
Fe = = d

Qs J-PP4(f+K,) P+K;

(14)

The controller parameters Kp, K; become as:
K;=2-p*J;
K,=2-p-J-f,
where p represents the module of the real part and
imaginary part of the 2 poles.
Conventional sliding mode controller. The sliding
mode controller has been built to control the speed to
ensure good tracking, accurate response and insensitivity

to changes in drive system [2, 7]. The sliding surface has
been selected as:

(15

So =0, — Q. (16)
In addition, the electromechanical equation of the
motor is expressed by:

dQ

J'E-Ffr'Q:Te—TL. (17)

By considering (17), the derivative of (16) becomes:

. ) 1
SQ=Q,ef—7-(Te—TL—fr~Q). (18)
The reference control variable is written such as:
Tref: Tequm (19)
where T,, and 7, are the equivalent and switching
components of the control variable, respectively.
In the sliding mode (S = 0), the equivalent

component is determined by:
Toqg=J Quer +T1 + - Q. (20)

Moreover, the switching component is written by
T, = Ko -sign(So ), 1)

where Ky, is the positive coefficient.

Second order sliding mode controllers (SOSMC).
The conventional sliding mode controller is known by the
chattering phenomena, to address this issue, we proposed to
extend the basic SMC model to a second derivative of the
sliding surface (SOSMC), with the objective of minimizing
the chattering band [2]. The equivalent component remains
the same, the switching component become:

T, = Koy |SQ|Sign(SQ)+ngjSign(SQ)dl, (23)

where K, and K, are the positive constants.

Simulation results. Digital simulation using
MATLAB/Simulink has been used to test the techniques
described in this paper. In this simulation, the frequency
is 50 Hgz, stator resistance is 2.3 €, inductance
L; = L, = 7.6 mH, moment of inertia is 0.032 kg-m?,
permanent flux is 0.4 T and number of poles is 4. The
PMSM starts with a constant reference speed equal to
100 rad/s. At t = 0.2 s the rotor speed decreases to
80 rad/s. At t = 0.5 s a reverse of rotation to —100 rad/s
was performed finally at # = 0.7 s, a nominal load torque
T, =5 N-m was applied, then removed at = 0.9 s.

In the instant # = 0.7 s when applying the load, a
speed drop from —100 rad/s to —101 rad/s was noticed
with the PI controller unlike the SOSMC model where the
speed remains in an excellent range maintaining its
reference (Fig 6, 7). Also an overshoot of the speed is
observed when decreasing the speed to 80 rad/s (t=0.2 s),
contrary to the SOSMC results where the speed keep
tracking the reference without overshooting (Fig. 6, 7).

As can be seen, compared with model of PI-DTC,
the model of SOSMC-DTC has a better dynamic response
for both speed and torque indicating that SOSMC
controller was less sensitive to the load disturbance.
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When the rotation was reversed, the motor torque
required longer time to reach equilibrium (0.06 s), this
time was clearly reduced in SOSMC model (Fig. 8, 9).
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Conclusions. In this paper a comparative study of
proportional integral and second order sliding mode
controller in a direct torque control system based on a 3-level
neutral point clamped inverter-fed permanent magnet
synchronous motor drive has been presented.

Simulation results prove that second order sliding
mode controller provide better tracking performances than
the proportional integral in terms of rise time and overshoot
as well as less sensitivity of motor speed to load disturbance.

How to cite this article:

The return to the equilibrium point was 0.02 s less than the
proportional integral controller. In the other hand, the
dynamic performance and steady-state accuracy of the PI
controller were not very satisfactory since the motor speed
sensitivity to load disturbance and motor variations was very
high (1 rad/s) then it was improved and reduced to 0.1 rad/s
with the sliding mode controller.
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Impact of fractional filter in PI control loop applied to induction motor speed drive

Introduction. One of the main problems of electrical machine control systems is to obtain a satisfactory performance in the rejection of
load disturbances, as well as in the set-point tracking tasks. Generally, the development of control algorithms does not take into account
the presence of noise. Appropriate filtering is, therefore, essential to reduce the impact of noise on the output of the controller, in
addition to the machine output. Recently, there has been a great tendency toward using fractional calculus to solve engineering
problems. The filtering is one of the fields in which fractional calculus has received great attention. The importance of filters in signal
processing and other engineering areas is unquestionable Novelty. The proposed work is intended to be a contribution in the recent
works conducted on the influence of the fractional filtering on the control robustness of induction machines control. Purpose. The main
contribution of this research is the application of fractional filtering to the standard PI control loop for an induction motor speed drive.
Methods. In order to assess its impact and benefit, different structures for introducing the filters are investigated, A first order filter is
considered in different positions, whether before or after the controller or even in both positions at the same time, with a noise source. A
review of the index performance evolution (the Integral Square Error, Integral Absolute Error and Integral Time Absolute Error) has
allowed a configuration design of the filter. Results. Intensive simulations were performed with a control setup using integer and
fractional order filters, which permitted to conclude that the fractional filters give better performance indices compared to the integer
one and thus improve the dynamic characteristics of the system. References 27, tables 4, figures 12.

Key words: fractional filter, first order filter, index performance, induction machine, PI controller.

Bcemyn. Oouicio 3 ocnognux npobnem cucmem KepyBaHHA eNeKMpPUdHUMU MAWUHAMU € OMPUMANHS 3A008IIbHUX XAPAKMEPUCUK NpU
NpuoyuieHHi 30ypeHb HABAHMANCEHHS, A TAKONC 3A80AHH IOCMENCEHHS YCMABoK. 3azeuyail, npu po3pooyi aneopummie KepyeawHs
Hasi8HICMb WyMY He epaxogyemuvcst. Tomy nompiona 6i0nogiona @inbmpayis 05 3HUNCEHHS 6NIUEY ULYMY HA BUXIOHUL CUSHATI KOHMPOepa
Ha 000amoK 00 6uXioHo2o cueHany mawuny. OcmauHiv 4acom CnoCmepicaemvCsi 4imKa meHOeHyiss 00 GUKOpUCmants Opo60602o
00OYUCIeHHsL OIS BUPIULEHHS THIICeHEpHUX 3a80anb. Ditbmpayis — ye 00Ha 3 obracmell, 6 sKitl OPIOHOMY 0OUUCTEHHIO NPUOLTEMbCS BEIUKA
yeaza. Baoicnueicmo hinbmpis y 06pobyi cuenanie ma inuwux 2anyssax mexuiku nezanepeuna. Hoeusna. 3anpononosana poboma nokmukana
CMamu 6HeCKOM ) HeOagHi poOOmu, NPUCBAYEH] BNIUBY OpoO06OT (hinbmpayii a HAOIIHICIb KepY8aHHa ACUHXPOHHUMU MawuHamy. Mema.
OCHOBHUM 8HECKOM Yb020 OOCTIONCEHHSL € 3ACMOCY8aHHs Opo606oi ginempayii 0o cmandapmmnozo koumypy I1l-pezyniosanisi 0 npugoody
WBUOKOCT acUHXPOHHO20 08ueyHa. Memoou. 1]o6 oyinumu 11020 6niue ma Kopuchv, O0CTIONHCYIOMbCA PI3HI KOHCMPYKYIT 051 66e0eHHs
inempis. Dinemp nepuioco nopsaoOKy posenadaemvCs @ Pi3HUX NOTONHCEHHAX 00 abo nicis KOHmMponepa abo HABIMb 8 000X NONONCEHHAX
oonouacno 3 Odcepenom wymy. O2ns0 po3gUMKY NOKA3HUKIG egekmusHocmi (inmezpanbha KEAOPAMUYHA NOMUWIKA, [HMeZpanbHa
abConomHa NOMUIKA ma iHmespanbHa abcomomHa NOMWIKA 3d 4acom) 003601ue po3pobumu Kougizypayito ¢irempa. Pezynemamu.
3naunuii 0bcse modemosans Oys nposeOeHull 3 HANAWIMYBAHHAM KePYBAHHS 3 BUKOPUCIAHHAM DibMpie YinouucenbHo2o ma opoo06o2o
NOPSIOKY, Wo 00360UN0 3POOUMU BUCHOBOK, W0 OpobOSI Gitbmpu 0aromv Kpauji NOKA3HUKU eQeKmUEHOCME NOPIGHSHO 3 YIIOUUCETbHUM |
MAaKUM YUHOM NOKPAUYIONb OUHAMIYHI Xapakmepucmuku cucmemu. bioin. 27, tabn. 4, puc. 12.

Kniouosi cnosa: npodoBuii ¢inbTp, ¢QUILTP NepmwIoro MOpsiAKy, NOKa3HMK e(eKTHUBHOCTi, aCHHXpPOHHA MammuHa, [II-
peryJsTop.

Introduction. In recent decades several scientific
research efforts have focused on the use of fractional order
systems in identification, modeling, and control
engineering. Applications cover a wide number of physical
science fields, including mechanics, electricity, chemistry,
biology, economics, modeling, and notably control theory,
mechatronics and robotics [1, 2]. Fractional order control is
nowadays one of the emerging research topics gathering a
growing number of works [3, 4]. The main reason is that
fractional order systems allow more powerful control
performances and robustness compared to classical integer
order ones [5, 6].

Actually, one of the main issues in machine control
systems is often to achieve a satisfactory performance in
the load disturbance rejection and in the set-point
following tasks, simultaneously. The PID algorithm is the
core function in low-level controllers. The majority of
design strategies ignore measurement noises [7, 8].
Filtering the control loop signals is one possible solution
to this problem. In [9], authors investigate how filtering
the observed signal affects unwanted control actions
caused by measurement noises, the load disturbance
response and process uncertainty. The analyses are
reduced to a set of design rules.

In another work, Hagglund has proposed a signal
filtering in PID control loop [10]. Set-point, process output,

and measurable load disturbances are the three basic analog
input signals for the controller. Before entering the PID
controller, these signals should be filtered. The process
output filter is used to remove unwanted components from
the signal such as measurement noise and to compensate for
undesirable process dynamics.

With the successful implementation of non-integer
order fractance devices, interest in using fractional order
filters has grown. Seminal works on fractional order
filters presented in [11, 12], were concerned with
applying filter design theory to the fractional-order
domain. Since then, several studies on the design of
fractional order filters have been conducted, including
[13, 14]. In [15] discussed the design and optimization of
fractional filters, as well as their use in adaptive control of
industrial processes [16].

Recently, the concept to «fractionalization» was
proposed in [17]. It consists in replacing the classical
integrator in a control loop by a combination of two
fractional order integrators, which adds in fact fractional
order filters in the feedback control loop, hence, improving
the robustness against noises. Consequently, fractional
order filters better approximate the ideal response than the
classical ones; this fact makes their generalization for
industrial control systems very advantageous.
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This present work aims for the improvement of the
induction machine speed control robustness applying
fractional order filters in a simple PI feedback control
scheme. Different structures of introducing the filters are
investigated, whether before or after the controller or even
in both positions at the same time (see Fig.1).

[ ' DISTUREANCE SIENAL

FILTHRS EROCESE FILTERS 10
| OUTPUT MGRAL

Fig. 1. The basic feedback loop with process, controller and the filters

Fundamentals of fractional calculus. Definitions.
The concept of fractional calculus has been there since the
inception of regular (integer-order) calculus, with the first
reference most likely attributed to Leibniz and 1'Hopital in
1695 [18], where the half-order derivative was discussed.
The generalization of integration and differentiation is
fractional calculus.

Fractional-order fundamental operator D% is
defined as in (1), where a and ¢ are the limits and a is the
order of the operation [19]

a

dt
1

if a>0;

DE=11 if a=0; (1)

a

dr)* if a<0.

QA —y
—_

The most commonly used definitions for fractional-
order integral and derivative are Grunwald-Letnikov
(G-L) and Riemann-Liouville (R-L) definition.

Definition of Riemann-Liouville (R-L). The
fractional-order integral, in the sense of Riemann—
Liouville, is defined as

I (e )fﬁj (=0 f(0)dr, )
and the fractional order derivative is expressed as
Df = - d
0= )dtj( oSz 3)
with the Gamma function given by
re=[ yleay, )

where I'(x) is the Euler’s Gamma function; #y and ¢ are the
operation bounds; a is the number identifying the
fractional order; 7is the time constant

In this paper, a is taken as a real number that
satisfies the restriction 0 < o < 1 [2, 19]. Besides, it is
assumed that ¢ = 0 and the convention ,D,* = D, is used.

Definition of Grunwald-Leitnikov (G-L). The
fractional-order integral, in the sense of Grunwald-
Leitnikov, is defined as [19, 20]:

j=(t-a)lh

PPN F—a+l) . . _
AL F @ =1im b ,Z(; i PO
and the fractional order derivative is expressed as
J=(t—a)lh l_,(a)
Daf(t)—hmh “ z (- )/ﬁf( —-jh), (6)

where / is the samphng period.

For many engineering applications, the control laws
are implemented in the frequency domain, using the
Laplace transform method. The Laplace transform of the
G-L and R-L fractional derivative/integral, under zero
initial conditions for order a is given by [21]:

LD/ f (1)) =s""F(s)- ™

Approximation methods. One of the most difficult
aspects of dealing with fractional order operators and systems
is figuring out how to implement them using rational
functions. Many researchers have concentrated on this
problem and many approximation strategies, such as
Oustaloup’s recursive algorithm and Charef’s singularity
Function approximation method, have been presented [18, 22].

The Oustaloup approximation algorithm is based on
the approximate transfer function of a continuous filter for
s” with rational functions as follows [23] by a rational
function:

N .
s*=C [] 217“;: (8)
where the poles, zeros, and gain are computed from [18]:
o, =ww >N, ©)
a)k — a)la)u(Z,k—l+a)/N; (10)
C=0/, (11)

where @, =4 @, /o, is the unity frequencies’ gain and
the central frequency of a band of frequencies distributed
geometrically; w;, and w, are respectively the upper and
lower frequencies, o is the order of derivative, and N is
the filter order.

Charef and al presented the singularity function
approximation method [22], which is very similar to
Oustaloup’s method basing on the function approximation
of the type s“ by a quotient of polynomials in s in a
factorized form as follows [24]

N
[Ta+s/z)

:KdiN=0— ,
[Ta+s/p)
i=0

computed on the frequency interval @ € [w, @], such
that

(12)

Kd = wcan
where w, is the cutting frequency computed as

(13)

10(10.0:

and the coefficients are calculated to obtain a maximum
deviation of ¢ (dB) from the original magnitude response
in the frequency domain defining
a= 105/(10‘(1—0‘))’ (15)
The poles and zeros of the approximated rational
function are obtained applying

z,=w.~b (16)

z,=z,(ab) ,p, =az,(ab) . (17)

The number of poles and zeros is related to the

desired band-width and the error criteria formulated by
the expression:

_])
D=, ) (14

b — 108/100{
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N =log@,/p) 4 (18)
log(a.b)
where ¢ is the acceptable error chosen by the designer
following the desired precision such that £< 3 dB.
Fractional order filters. Fractional-order low-
pass filter. The generalized transfer function of a
fractional order low pass filter was proposed in [11] as:

Fy=—b -4 (19)

l+75% s%+a
where d=K/rand a=1/7.

To determine the characteristics of this filter, a
frequencies analysis is deemed necessary. For this
purpose, the operator s is set as s = jw to obtain

d

®®.cos(a.z/2)+a+ j.o".sin(a.7/2) .

F(jw)= (20)

The magnitude response and phase of the filter is
expressed as

d
IF(j.o) = ;
\/a)z"’.+2.a.a)“.cos(a.7r/2) +a’ @D
Arg(F(j.)) = —arctg o sin(a.7/2) (22)

®%.cos(a.7/2)+a

Figure 2 shows the Bode representation of different
approximations of the fractional filter and the original one
with

F(s)= (K =1, 7=0.006 , o =0.6) ,

l+7.5%

From the frequency representation (Fig. 2), it can be
seen that singularity function approximation method
provided a better fit, hence this latter is the one to be
opted for in this paper.

]

=

—— Original function
—— Approximated function

Magnitude (1)
=

PR SR TSP TSR T B A PET P TTY ST T ST
10 w 1w’ " 1w !t wnls) ef
I I T A P o ey T Yt
i 1
I3
B ——Original function |
-0 —— Approximated function |
B =
L T ! " sl PPN P T i——
wh 10t 10 w* 10" W wirdis 10
a
g0 -
= Original function
ER L —— Approximated function
E-Zn
=
1w 1wt e 1w’ 1w 10 wirds) f
0 4
g
2 5 —— Original function |
2 —— Approximated function
£ 10 !
=
60 i i e i s sl e sl s e il
1w wt 10 ' 1t 10wl g0f

Fig. 2. Bode representation of the filter transfer function:
a — oustaloop recursive algorithm;
b — singularity function approximation

Induction machine model and control strategy.
The dynamic model of the induction machine described in
the arbitrary Park referential considering state variables
stator current and the rotor flux [iy iy Py ch,]T is given
as follows [25]:

e voltage equations:

dt
. iqs
Vis =Ry +0.Lg _t+ €5
(23)
V,=0=R_.i, +—L+e, ,
Vy=0=R.i,+ 7 +eg, .
e mechanical equations:
dQ
J?-FfQ:Tem_Cr’ (24)
M . .
Tem :p.L—((Ddr.qu _q)qr'lds), (25)
e auto drive equation:
o, =0, +pLl. (26)

The e; and e, terms are the consequence of
electromechanical and electromagnetic coupling between
the windings, which is analogous to the electromotive
forces produced by a direct current machine, expressed as
follows:

e =— Ailjr Dy — 0Ly —Lﬂr.p.Q.d)q,
g5 = Lﬂ.p.Q.q)d, +0.L,.w,.ig —M‘—IE’ZQW
" g (27
ey =—(0, - pQ).O,, + MR, Ay,
e, =(0,—pQ).D,, - MR, dgg

Thus the induction machine model is illustrated by
the causal informational graph (Fig. 3) [26]. All symbols
from figures are described in Appendix.

Stator

Rotor

\Vqr ¢qr

Fig. 3. Causal informational graph representation of the
induction motor

Strategy of control. The flux and the current
creating the torque must be decoupled in order to control
the induction machine. To do this we use a control known
as vector control or field oriented drive, which directs the
flux along the Park referential’s axis.

The rated flux is aligned along the d-axis for rotor
field orientation, thus @, = @, and @, = 0. Using the
voltage equations of the rotor, we will come to
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L d®
M.y =®,, +—L—r
ds dr Rr dt -
MR, . %)
a)r'q)dr_ I lqs

The g-axis current is used to adjust the torque as follows:

M
Tem = p‘L_'((Ddrqu) .
Two magnitudes, the flux and its position, are to be
controlled using (28), (29). The current iy govern the flux, so
Va4, while the torque is controlled by the current iy, so Vi
For an indirect control, we impose: @, = ®@,,r= const.

The scheme control is depicted in Fig. 4 with speed
and currents controllers [26] using the principles of
inversion of the causal informational graph. Thus the
induction machine model with oriented control field

.—..u- Paise|-

(29)

proposed and the filters are illustrated by Simulink
scheme block in Fig. 5. The parameters of the induction
machine are shown in Table 1.

idx_mes L)

@s

€gs_ est iqs_ref

Vo ref .
iy MeS 1unnn

Fig. 4. Control scheme of the induction machine

——
DISTURBANCE

Vi abe  Tam|

INVERTER SIGNAL CONTROL

SPEED _FILTER

% FILTER

ORIENTED FLUX
CONTROL

=1

REFERENCES

Fig. 5.Simulink model of the induction machine with field control and filters

Design of controllers. One important feature of the
proposed method is the use of standard and simple PI
controllers, which are very easy to tune.

For the speed control, we have considered the
MATLAB tuner for PI controller; whereas, for the current
control we have considered the pole assignment approach

GENERATOR
e
" Ee
mag
PERFORMAN
Table 2
Parameters of the controllers
K, K;
Current controller 3.3068 80.9024
Speed controller 135.6340 | 445.692

Design of filters. There are several performance

for the PI . parame.ters’. adjustment. The resulting indexes that can be used for this purpose. The most
controllers gains are given in Table 2. frequently used are the integral absolute error (IAE)
p £ the inducti hTable ! index, the integral square error (ISE) index or the integral
arameters of the induction machine time absolute error (ITAE) index [27] respectively
Stator resistance R,=1.02Q defined as follow.
Rotor resistance R,=0.495Q The integral absolute error (IAE):
Stator inductance L,=0.035H
s J :Iet .dtzj r(t)-y(t) |.dt . 30
Rotor inductance L,=0.032H . [4E e | Oy ®] (30)
Mutual inductance M=0032H The integral square error (ISE):
Friction coefficient | f=0.0000620 N-s/rad
Moment of inertia__| J = 0.000494 kg-m’ Jise = [ e =[G (31)
Reference flux 02 Wb The integral time absolute error (ITAE):
Reference speed 1200 rpm
Electrical Engineering & Electromechanics, 2022, no. 5 17



Jimag = [ tlehdr = [y, (32)

where r(¢) and y(¢) are respectively the desired value and
the output value of closed control loop.

For the PI control, the filter time constant is a
fraction of the system time constant. Thus, the considered
integer filter is

F(s)=

, (33)
1+7.s

with K =1.01 for 7=6 ms.

To configure the filters to be introduced in the
control loop, the model is simulated with different
positions of integer filters, then the three performance
indexes are evaluated. It is, therefore, noticed that for a
standard PI controller, the minimum value of Jyz
performance index is obtained when the additional filter is
placed after the controller, as shown in Fig. 1.

Simulation results are carried out using the
MATLAB/Simulink environment. To evaluate the added
filters, the test of the process in a noisy environment is
proposed with PI controllers tuned as in Table 2. For this,
the process is simulated in the feedback control closed
loop injecting random noise with mean value magnitude
of 5 % added to the system output. Considering a
fractional 1storder-like low pass filter of transfer function:

F(s)= La , (34)
1+7.s

with K = 1.01 and 7 = 6 ms and the order a varies from
0.05 to 1 with a step of 0.05 as shown in Fig. 6.

] 380 14
I 360 |~ 1)
\ -\.‘\ 1.2 = .
7 N 340 k N
\ -
6.5 \ W 320 Y [ w' \
= \ 3 [ = %
. \ =
6} \ ano \\‘ | o8 \
kS | 280 \
\
AR, LRI | 0.6 \
5 N A 260 N0 M
45 240 . D4
a 0.8 1 [ 0.8 1 i 08 1

Fig. 6. Performance Index representation vs the fractional order a

From the simulation results represented in Fig. 6,
minimum values of Jyg Jisg and Jjrye performance
indexes are obtained for the order « values 0.85, 0.8 and 1
respectively.

Simulation results for the machine speed control
without additional filters are represented in Fig. 7, 8 for the
safe and noisy cases, respectively, while Fig. 9 illustrates
the system response with an integer order filter.

Table 3 shows that the optimal index performance
values for Jr or Jigz are obtained with a fractional filter
order o = 0.85 (filter 1), a = 0.8 (filter 2), respectively,
and the third criterion J;74x is minimized in case of integer
value a = 1.

According to these values, the response of the
machine is depicted in Fig. 10, 11. The dynamic
characteristics are shown in Table 4.

A comparative output response for these different
cases is given in Fig. 12. It indicates an improvement of
the dynamic characteristics (overshoot and oscillations)
when using the second fractional order filter minimizing
the Jjgg criterion.

1500
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Table 3
Performance indexes evaluation

Table 4
Dynamic characteristics evaluation

Jue Jise Jirae Rise time, s|Settling time, s|Overshoot, %
Safe case 7.8722|388.6414|1.2588| |Safe case 0.0445 0.4811 12.0944
Noisy case 7.6084|354.8585|1.2262| |Noisy case 0.0454 0.5800 11.8373
Noisy case with integer filter 5.0743|292.8749|0.4876| |Noisy case with integer filter 0.0149 03111 23.2262
Noisy case with fractional filter 1|4.7587]245.1812]0.6070| [Noisy case with fractional filter 1| 0.0194 0.3559 11.4581
Noisy case with fractional filter 2| 0.0221 0.3913 10.0467

Noisy case with fractional filter 2 |4.8903]244.6224|0.6589
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Fig. 12. Machine speed response for different filter fractional orders

Conclusions. The main contribution of this paper is
the application of fractional filtering to standard PI
control loop for an induction motor speed drive. To
evaluate its impact and benefit, intensive simulations have

been realized with a control configuration using an integer
and fractional order filters.

As a result of the conducted simulation, it is
concluded that the fractional filters give better index
performances (Jiz = 4.7587 and Jisz = 245.1812 for the
fractional filter 1 and Jyz = 4.8903 and J;5; = 244.6224
for the fractional filter 2), as compared to integer one
(J4e = 5.0743 and Jigp = 292.8749), which improves the
system robustness against noises and disturbance.

As regards the dynamic characteristics and though a
slight degradation of the rise and the settling times, a
significant amelioration of the overshoot is obtained,
namely a lesser overshoot of 10.04 %, compared to a
result of 23.22 % and 11.83 % with integer filter and
without filtering, respectively.

This study may provide an opportunity for further
research on considering other sources of disturbance.
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APPENDIX

R, Stator resistance Xy Rotor variable on the d axis
R, Rotor resistance X, Rotor variable on the q axis
Ly Stator inductance X mes |Measured variable
L, Rotor inductance X est |Estimated variable
M Mutual inductance X ref |Reference value

Number of pole pairs D Flux

Friction coefficient D,.s  |Flux reference
J Moment of inertia T Electromagnetic torque

2
o=1- 1 Blondel’s dispersion coefficient  |C, Load torque
s
V Voltage [0} Stator pulse
i Current w, Rotor pulse
(d,q) Park axis 0 Speed
Xys Stator variable on the d axis Qref |Speed reference
X Stator variable on the q axis T Time constant
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The method of multi objective synthesis of stochastic robust control
by multimass electromechanical systems under non-gausian random external disturbances

Aim. Development of the method of multi objective synthesis of stochastic robust control by multimass electromechanical systems to satisfy
various requirements for the operation of such systems in various modes under non-gausian random external disturbances. Methodology.
The problem of multi objective synthesis of stochastic robust control by multimass electromechanical systems to satisfy various
requirements for the operation of such systems in various modes under non-gausian random external disturbances solved based on the
choosing of weight matrices in the robust control goal vector.The calculation of the target vector is performed based on the solution of the
zero-sum vector antagonistic game. The components of the game payoff vector are variable quality indicators that are applied to the
system operation in various modes. The calculation of the components of payoff vector game are performed based on the simulation of the
initial system closed by the synthesized stochastic controllers in various operating modes and under various external influences and
variations in the parameters of the uncertainty of the initial plant. Results. The results of multi objective synthesis of stochastic robust two-
mass electromechanical servo systems modes under non-gausian random external disturbances in which differences requirements for the
operation of such systems in various modes were satisfied are given. Based on the results of modeling and experimental studies it is
established, that with the help of synthesized robust nonlinear controllers, it is possible to improve of quality indicators of two-mass
electromechanical servo system in comparison with the system with standard regulators. Originality. For the first time the method of multi
objective synthesis of stochastic robust control by multimass electromechanical systems to satisfy various requirements for the operation of
multimass systems in various modes is developed. Practical value. From the point of view of the practical implementation the possibility of
solving the problem of multi objective synthesis of stochastic robust control systems to satisfy various requirements for the operation of
multimass electromechanical systems in various modes is shown. References 38, figures 3.

Key words: multimass electromechanical systems, stochastic robust control, multi objective synthesis, zero-sum vector game
solution, computer simulation, experimental research.

Lline. Pospobxa memody bazamokpumepianbHozo — CUHmMe3y  CHOXACMUYHO20 — pobacmHO20 — Kepyeamhs — 6a2amomacoeumu
€NIeKMPOMEXAHIUHUMU CUCeMAMU O 3A0060eHH s PIBHOMAHIMHUX 6UMO2 00 pobOmMU 6a2amomMaco8ux cUCHeM 8 PI3HUX PedCUMax npu
He2aycosux GUNAOKOBUX 306HIWHIX 30ypennsix. Memoodonozia. 3adaua bazamoxpumepianiozo cunmesy CMOXACMUYHO2O POOACHIHOZO
KepyBanHsi 0azamomacosuMu eneKmpoMexaniyHumMuy cucmemamu O 3a0060CHHS PISHOMAHIMHUX 8UMO2 00 pobOmu cucmem 6 pi3HUX
PEACUMAX NPU HE2AYCOBUX BUNAOKOBUX 30GHIUHIX 30YPEHHSX GUPIUEHA HA OCHOBL BUOOPY 6A208UX MAMPUYb Y 6eKMOpPL Yili pobacmHozo
xepyeants. OOuUUCTeHHs. 6eKMOpY Uil BUKOHYEMbCS HA OCHOSI DIUUEHHs GEKMOPHOL aHMALOHICMUYHOT 2pU 3 HYJIbOBOIO CYMOIO.
Komnonenmamu eexmopa yinu icpu € nokasHuku axocmi, AKi npeo'agnsiomvca 0o pobomu cucmemu 6 pisHux pescumax. O0uucienus
KOMNOHEHMI8 GeKMopa YiHu cpu 6UKOHAHO HA OCHOBI MOOEMOBAHHS GUXIOHOI CUCMeMU, 3aMKHEHOI CUHMEe308aHUMU CMOXACTUYHUMU
pecyIAmMopamu 8 PI3HUX pexcumax pobomu ma npu Pi3HUX 306HIWHIX GNIUGAX MA 8aApiayisx NApAMempie HeeU3HAYEeHOCE GUXIOHOT
cucmemy. Pesynomamu. Hasedeno pesynemamu — 6azamoxpumepianiozo —cuHmesy — CMOXACMUYHUX — POOACMHUX — OBOMACOBUX
eNIeKMPOMEXAHINHUX CEPBOCUCTEM NPU He2ayCOBUX BUNAOKOBUX 306HIUHIX 30YPEHHSIX, 8 AKUX 3A0080IbHAIOMbCA UMOU OO POOOMU MAKUX
cucmem y pisnux pesxcumax. Ha ocnosi pesynsmamie Mooentosants ma eKCnepumeHmanbHux 00CaiodiceHb 6CMAHOBIEHO, WO 3d O0NOMO20I0
CUHME306AHUX CIOXACMUYHUX POOACMHUX De2yiIsIMOpI6 MOJNCHA NIOGUWUMU  SIKICHI NOKA3HUKU  080MACOB0L  eleKMpOMexaniuHoi
cepeocucmemy 8 NOpIGHAHHI 3 cucmemolo 30 cmanoapmuumu pezyramopamu. Opucinansnicme. Bnepue pospobreno memoo
bazamokpumepianbHo20 CUHmMeE3y CMOXACMUYHO20 pPObACHHO20 KepyeanHs 6a2amomacosumy eneKmpomMexaHivnumMu cucmemamu Ons
300060I€HHS PISHOMAHIMHUX 8UMO2 00 pObOMU MaKux cucmem y pisnux pexcumax. Ilpaxmuuna yinnicme. 3 mouxku 30py npakmuunoi
peanizayii, NOKa3aHo MOJICIUBICIb GUPilUeHHA 3a0adi Oa2amoKpumepiano2o cunmesy CMoXacmuidHuUx pooachHux cucmem Kepye8amHs Ois
3a0080JIEHHS PISHOMAHIMHUX 8UMO2 00 POOOMU DALATMOMACOBUX ENEKMPOMEXAHIYHUX cucmeM 8 pisnux pexcumax. biom. 38, puc. 3.
Kniouogi crnosa: 6araToMacoBi eJIeKTPOMeXaHiYHi CHCTeMH, CTOXaCTH4YHe PO0acTHe KepyBaHHs, 0araToKpuTepiaJbHMil CHHTeE3,
pillleHHs BEKTOPHOI AHTATOHICTHYHOI I'PH 3 HYJIHOBOIO CYMOIO, KOMII’I0TepHE MO/IEJTIOBAHHS, eKCIIePUMEHTANIbHI T0CTi/IzKeHHS.

Introduction. The central problem of the modern
theory of robust control is the creation of systems that can
function effectively under conditions of uncertainty in the
values of parameters, and possibly also in the structure of
models of the plant, disturbances and measurement noise.

To date, impressive results have been obtained in the
synthesis of robust controllers, which make it possible to
obtain guaranteed results in control and identification
problems and are designed for the most unfavorable case.
However, the payoff for obtaining a guaranteed result in
the most unfavorable case is the excessive «caution» of
such regulators.

Recently, the theory of stochastic robust control has
been intensively developed [1-4]. Stochastic robust
control systems have a number of advantages. First, they
are robustly stable, i.e. maintain stability when changing
the parameters of the control object within certain limits.

Secondly, they have a significantly lower sensitivity to
changes in the parameters of the control object compared to
optimal systems, despite the fact that the dynamic
characteristics of stochastic robust systems may differ slightly
from the corresponding characteristics of optimal systems.
Therefore, the issues of designing control systems operating
under random setting and disturbing influences are relevant.

The problem of designing an anisotropic controller
minimizing the anisotropic norm of a closed system was
posed and solved in [1-4]. This refers to the synthesis of
controllers for systems whose model parameters are fully
known. However, there is no complete information about
the object model, which entails the need to develop
methods that are robust not only to external disturbances,
but also robust to the model parameters.

When creating methods for the synthesis of robust
control, a new area of application of the theory of
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dynamic games has appeared, when one of the players is
the control, with the help of which the norm of the goal
vector is minimized, and the other player is an external
influence, which is considered independent during the
synthesis of the system is determined from the condition
maximum «evilness» (worst-case disturbance) — the
maximum deviation of the norm of the same goal vector.

When synthesizing an anisotropic controller that
minimizes the anisotropic norm of a closed system, it is
assumed that the goal vector of robust control is given. In as
a result of the synthesis, a control is found, with the help of
which the anisotropic norm of the target vector, i.e. a scalar
value, is minimized. @However, for multimass
electromechanical control systems, in addition to the
requirements for the accuracy of processing or compensation
of random input signals, certain requirements are often
imposed on the quality requirements of its work in various
modes of operation.

Until now, in the theory of synthesis of anisotropic
controllers, the problem of multicriteria synthesis of
anisotropic controllers, robust to inaccuracies in setting
the parameters of the object model of multimass
electromechanical systems has not been solved [5, 6].
Therefore, the development of a method for the
multicriteria synthesis of anisotropic controllers those are
insensitive to the parameters of the object model of
multimass electromechanical systems and allows taking
into account all the requirements for the operation of such
systems in various operating modes is an urgent problem.

The purpose of the work is to develop the method
of multi objective synthesis of stochastic robust control
by multimass electromechanical systems to satisfy various
requirements for the operation of multimass systems in
various modes under non-gausian random external
disturbances.

Statement of the problem. The current state of the
theory of robust systems is characterized by a wide
variety of problem statements and formulations of criteria
for the synthesis of robust controllers. It is customary to
distinguish between classes of parametric (structured) and
non-parametric (unstructured) uncertainties. In practice,
there are cases of joint uncertainty (both parametric and
non-parametric) [7—-10].

Non-parametric uncertainty is understood as such
uncertainty in the control object, which affects the
structure of the object, changing its order [11-14].
Parametric uncertainty is understood as changes in the
coefficients of an object in a certain area [15-19].

The main approach to the synthesis of robust control
in the time domain is based on solving the optimal control
problem [20-23]. However, unlike the classical approach
to the synthesis of optimal control systems, with robust
control, in addition to the control vector, the equation of
state of the original control object also includes the vector
of external influences [24, 25]. Moreover, the vector of
external influences characterizes the change in the state of
the system due to parametric and structural changes in the
model of the control object.

For a discrete robust plant of a multimass system with
state vector x;, control vector u, the vector y; of measurable
variables and the vector z; of the robust control target the
difference equation of state is represented in the standard
form adopted in robust control theory:

Xi41 = Axk + Boa)k + Bzuk,

Zy :Cka +D12uk, —wo<k<o (])

Vi = Coxg + Dy .
The anisotropic regulator is adopted in the form of a

discrete dynamical system, which is given by the
difference equation:
Skv1 = Ak + By,
ey =CE

The input of this dynamic system (2) is the vector y;
of measuring variables, and its output is the control vector
u; of the control object (1).

An advanced system that includes a control object
(1) closed by a controller (2) has a state vector that
includes the state vector x; of the control object and the
state vector & of the controller. The input vectors of this
extended system are the vectors @ of external signal and
parametric perturbations, and the output vector of the
system is the target vector z; of robust control. We
introduce the matrix of this extended system in the state
space is taken as

2

A

4 BC| B, B
éCz 1:1 éDZl 0 =...
G DC| 0 0 3)

4| B, K
G lo oo

When synthesizing an anisotropic controller that
minimizes the anisotropic norm of a closed system, the
vector z; of the robust control goal is specified as a vector
of some variables that are functions of time and represent
a linear transformation of the variables of the state vector
x; and control vector u, of the original system (1). In as a
result of the synthesis, a control u; is found, with the help
of which the anisotropic norm of the target vector z, i.e. a
scalar value, is minimized.

Notice, that when synthesizing a robust deterministic
controller, the target vector is also specified as a vector
function of time, however, during the synthesis, a scalar
variable is minimized in the form of the H, norm of this
target vector. We also note that under the classical
optimal control, a scalar variable is minimized in the form
of a H, norm of a linear transformation of the variables of
the state vector and control of the original system.

However, for multimass electromechanical control
systems, in addition to the requirements for the accuracy
of processing or compensation of random input signals,
certain requirements are often imposed on the quality of
transient processes — the time of the first coordination, the
time of regulation, re-regulation, etc. Thus, in addition to
the requirements for the operation of the system with
random input signals, there are certain requirements for
working out by the system of deterministic influences —
stepwise signals. Moreover, these requirements can differ
significantly for transient processes when the system
works out «small» and «large» impacts.

In addition, certain requirements are often imposed
on multimass electromechanical systems for processing
harmonic signals of fixed frequencies, or a given
frequency range, which are also deterministic signals.
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These requirements can be satisfied with a deterministic
approach to the synthesis of the designed system.

Naturally, the designed system must simultaneously
satisfy all the requirements for the operation of the system
in various modes and with various input signals.

When designing a system, it is necessary to set the
goal vector of robust control in such a way that the
designed system must simultaneously satisfy all the
requirements for the operation of the system in various
modes and with various input signals.

Solution method. Consider the method for
calculating the target vector of anisotropic robust control
that the designed systems satisfy all the requirements for
the operation of the system in various modes and with
various input signals.

Let us introduce the vector of the desired parameters 6,
the components of which are the elements of the C; and D,
matrices in (1), with the help of which the goal vector z; of
the stochastic robust control is formed in the form of a linear
combination of the variables of state vector x; of the original
system and of the component of control vector u.

Let us introduce the vector J of quality indicators that
apply to the operation of the system in various operating
modes. The components of this vector, in particular, can
be: the transient times are usually specified when certain
input signals are applied: the accuracy of working off the
specified minimum speed value the uneven movement of
the working body at the minimum speed: minimum value
of the stabilization dispersion of a given random change in
the reference action is usually required under the action of
random disturbing influences caused, for example, by a
random change in the road profile.

Let us also introduce the vector B of binary preference
relations for pairwise comparison of performance indicators
of the system in different modes, with different input signals
and with different uncertainty parameters of the original
multimass system.

In addition, we introduce a vector G of limitations, the
components of which can be the limiting values of voltages,
currents, rates of change of currents, moments, elastic
moments, rates of change of moments (jerks), speeds of
various elements of a multimass electromechanical system,
their positions, etc.

We also introduce the vector & of uncertainties in the
parameters of the initial system and external influences.
The components of this wind, in particular, can be
changes in the moments of inertia of the working body.

The dynamic characteristics of the synthesized
stochastic robust system are determined by the molel of the
initial system, external master and disturbing influences, and,
of course, the parameters of the synthesized stochastic robust
controllers. The control system designer can only change the
stochastic robust control target vector.

For a given value of the vector 8 of the desired
parameters, with the help of which the goal vector of the
stochastic robust control is formed, a stochastic robust
controller can be calculated. For this synthesized
stochastic controller, the values of the components of the
vector J of quality indicators, the vector G of of
restrictions and the vector of B of binary preference
relations can be calculated in the course of simulating the
operation of a closed system in various operating modes,

for various input signals and for various values of the
vector parameters of uncertainties of the initial system.
Then, using the given value of the vector & of these
desired parameters, the vector J of the values of quality
indicators that are imposed on the system operation, and
the vector G of the restrictions when the system is
operating in various operating modes and for various
setting and disturbing and for various values of the vector
O of the uncertainty of the initial system parameters and
external influences the problem of multi objective
synthesis of non-linear robust control can be formulated
as the zero-sum vector antagonistic game [25, 26].
J(0,6)=[4,(6,5),7,(6.5).... @
0.8).

In this game, the first player is the vector of the
desired parameters €, the components of which are the
elements of the C; and D;, matrices (1), with the help of
which the goal vector z; of the stochastic robust control is
computed, and it strategy is to minimize the game pay
vector J. The second player is the vector o of uncertainties
in the parameters of the initial system and external
influences, and it strategy is to maximize the same game
pay vector J. This approach is the standard approach in
the robust control synthesis for the «worst» case.

Naturally, in this case, it is necessary to take into
account restrictions on the strategy vectors of the first and
second players in the form of a vector inequality

G(6,6) < Gax %)
the components of which are the limiting values of voltages,
currents, rates of change of currents, moments, elastic
moments, rates of change of moments, speeds of various
elements of a multimass electromechanical system.

To correctly calculation of solution of this vector
antagonistic game from the set of Pareto-optimal solutions,
binary preference relations of local performance criteria B
are used.

In conclusion, we note that the computation of the
payoff game vector J, the constraint vector G, and the
vector B of binary preference relations is algorithmic in
nature and requires large computational resources. First,
to calculate the stochastic robust control. Then, in order to
calculate the values of payoff game vector J, the
constraint vector G, and the vector B of binary preference
relations it is necessary to simulate the initial non-linear
system closed by synthesized stochastic robust controllers
for given system operation modes and for given driving
and perturbing influences at given values of the stochastic
vector certainty of the parameters of the original system.

The algorithm for calculating of the solution of a
multicriteria game. Let us consider the algorithm for
calculating the solution of a multicriteria game (4) with
constraints (5) from the set of Pareto-optimal solutions,
taking into account binary preference relations [26-30],
based on the particle multiswarm optimization (PSO)
algorithm [31-34]. To date, a large number of particle
swarm optimization algorithms have been developed —
PSO algorithms based on the idea of collective particle
swarm intelligence, such as gbest PSO and lbest PSO
algorithms. The use of stochastic multi-agent optimization
methods to solve vector antagonistic game today causes
some difficulties and this area continues to develop
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intensively. To solve the initial vector antagonistic game
with constraints, we construct an algorithm for stochastic
multiagent optimization based on a set of swarms of
particles, the number of which is equal to the number of
components of the pay vector game.

In the standard optimization algorithm by a swarm
of particles, the change in particle velocities is usually
carried out according to linear laws [35-38]. To increase
the speed of finding a global solution, a nonlinear
optimization algorithm by a multiswarm of particles,
proposed in [36], is used, in which the motion of 7 particle
— of j swarm is described by the following expressions

Vl](t+l):W1]Vl](t)+ o] ’i](t)*
* H{py 0= 21 (0 (0) - (6)

e O30, 0)
“ij(f“): wy ju z]( )+03;r3]( t)H *
(g (0 - &3 Oz 1) 05, () ]+ )

et gy (OH pag () — 45 (t)

k5 0)-3,0)
e,y.(z+1):e,»j(¢)+v,-j(t+1), (8)
é',-]~(t+1):§,-j(t)+u,-j(t+l), ©9)

where (1), d(f) position and v(¥), u;(f), velocities of i
particle of j swarm.

Note that due to the fact that the solution of the
multicriteria game (4) are two vectors of strategies of the
first #and second O players, each i particle of j swarm has
two position components G(¢), 0;(f), and two velocity
components v;(f), u;(f), to find two vectors strategies of
the first and second players.

In (6) — (7), yi(t), z;(¢) and yj*, zj* are the best local
and global positions of i particle found, respectively, by
only one i particle and all i particles by ; swarm.
Moreover the best components of the local y;(¢) and
global y; *(¢) position i particle of the j swarm are
understood in the sense of the strategy of the first player
6,(1) to minimize the components of the vector payoff (4).
However, in this case, the best components of the local
z;(f) and global zj* position of the same i particle of the
same j swarm are understood in the sense of the strategy
of the second player J,(f) to maximize the same
components of the vector payoff (4). This approach
corresponds to the motion of particles along the gradient
and antigradient when using deterministic algorithms for
solving games [24].

Four independent random numbers 71,(¢), r,(¢), r3(%),
r4(1) are in the range [0, 1.0] and determine the stochastic
components of the particle velocity components.

Positive constants c¢y;, ¢y and cy;, ¢4 determine the
cognitive and social weights of the particle velocity
components.

Note that the peculiarity of the solution of this game
is that the components of the strategy vector (¢) of the
first player are the components of which are the elements
of the C; and Dy, matrices in (1), with the help of which
the goal vector z; of the stochastic robust control is
formed in the form of a linear combination of the

variables of state vector x; of the original system and of
the component of control vector u;.

Therefore, the values of these constants cy;, ¢;; and
c3j, C4; are chosen taking into account the range of possible
changes in the strategies (), J(¢), of the players.

A feature of the solution of this multicriteria game
(4) with restrictions (5) is the presence of «ravines» and
«ridges» in the vector payoff (4). This is due, firstly, to
the fact that the values of the components of the strategies
0,(t), 5,(), of the players and differ by more than an order
of magnitude. Secondly, a change in some components of
the players' strategies leads to insignificant changes in the
vector payoff of the game (4).

Therefore, to improve the speed of finding a global
solution with small increments of the vector payoft (4) to
determine the strategies 6(¥), 0;(), of players, in (6) — (7)
a non-linear search algorithm (Cuckoo Search) [34] is
used for stochastic optimization by a multiswarm of
particles. The Heaviside function H [35] is used as a non-
linear function for switching the particle motion to the
local y(?), z;(¢) and global y_,-*(t), zj* optima, respectively.

The switching parameters py;, ps3; cognitive and
social p»;, ps; components of the particle Veloc1ty
components to the local y;(?), z;(f) and to the global Y (1),
zj optima were taken as increments of changes in the
components of the vector payoff (4) for the strategies of
the players (), 5;(¢), when moving, respectively, to the
local and global optima.

Random numbers &(f), &i(?), &;(H) and &)
determine the parameters for switching the motion of
particles, respectively, to the local and global optimums.
If p1j < &(¢) and p»; < &;(¢), then the component v (¢) of
the velocity of movement of 7 particle of j swarm does not
change at the ¢ step, and this particle moves in the same
direction as at the previous optimization step. Similarly, if
Py < &(f) and py; < &;(t), then the component u;(f) of
the velocity of movement of i particle of j swarm does not
change at the step ¢ either.

To improve the quality of the process of finding a
solution, inertia coefficients wy;, wy; are used, in the range
(0.5-0.9).

Note that the solutions of the original vector game
(4) are the Pareto set of optimal solutions. The narrowing
of this set occurs at the stage of search by taking into
account constraints (5) on the state variables and control
of the original system. As limitations G (5) in this game,
first of all, the the limiting values of voltages, currents,
rates of change of currents, moments, elastic moments,
rates of change of moments (jerks), speeds of various
elements of a multimass electromechanical system, their
positions, etc are taken into account.

In the considered problem of synthesis of the servo
system, in particular, the limitations on the armature
current of the drive motor and the speed of rotation of this
motor is hindered to decrease the time of the first
coordination in the mode of working out large angular
mismatches by this servo system.

The maximum particle velocities vy(t), u;(f) were
also limited, based on the desired accuracy of obtaining
solutions to the corresponding components of the strategy
vectors G(t) and Jy(t), as well as to improve the
convergence of the solution to the game (4).
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To find the global optimum solution of the
multicriteria game (4) in the course of searching for local
optimal solutions to this game, individual particles and
swarms exchange information with each other. At the
same time, to calculate the speed of a particle of one
swarm, information about the global optimum obtained by
particles of another swarm is used, which makes it
possible to identify all possible Pareto-optimal solutions.
To do this, at each step ¢ of the movement of i particle of j
swarm, the functions of binary preference relations of
local solutions obtained by all swarms are used.

The solution @*(t) obtained in the course of solving
the game J(6°(¢), Ar)) with the help of j swarm is more
preferable than the solution 6, (f) of the game
J(6,(f), &t)) obtained with the help of k swarm, if the
condition

B(J(0j°(t),5(t))< B(J(Hk'
(e)6())

In this case, as the global optimal solution 6 (¢)
obtained by the k& swarm, the global solution @*(t)
obtained by the j swarm is used, which is more preferable
than the global solution 6 (f) obtained by the k swarm
based on the binary preference relation (10).

An example of such a binary preference can be a
situation where a decrease in the time of the transient process
when working out small mismatches leads to an increase in
the dispersion of the tracking error. Due to an increase in the
component of the dispersion for measurement noise due to
the expansion of the system bandwidth. In this case, it is
more preferable to reduce the dispersion of the tracking
error. Since it is this quality indicator that determines the
potential accuracy of the tracking system and the possibility
of capturing and auto-tracking the target.

In fact, this approach implements the main idea of
the method of successively narrowing the area of
compromise solutions — Pareto-optimal solutions from the
initial set of possible solutions based on information
about the relative importance of local solutions that
cannot be chosen in accordance with the -formation about
binary preference relations (10).

Solutions are removed until a globally optimal
solution is found. As a result of applying this approach,
the potentially optimal solution will not be removed at
each stage of the narrowing. Note that the art of applying
the multiswarm particle optimization (PSO) algorithm lies
in the reasonable choice of its tuning constants.

In conclusion, we note that the original multicriteria
game (9) — (10), taking into account the algorithm for
solving it (11) — (13), is a multicriteria stochastic dynamic
game, since it clearly has time and random search [26].

Calculation of the Anisotropic norm. Stochastic
approach to H,.-optimization of automatic control systems
based on the use of the quality criterion of the stochastic
norm of the system. Such a norm quantitatively
characterizes the sensitivity of the system output to
random input disturbances, the probability distribution of
which is not known exactly. The concretization of this
approach, obtained by combining the concept of the
stochastic norm of the system and the average anisotropy
of the signal [1 — 4], leads to a special version of the
stochastic norm — the anisotropic norm.

(10)

Average anisotropy is a characteristic of the space-time
coloring of a stationary Gaussian signal, which is closely
related, on the one hand, to the information-theoretic
approach to the quantitative description of chaos using the
Kolmogorov entropy of probability distributions, and on the
other hand, to the principle the isotropy principle of a finite-
dimensional Euclidean space. The anisotropic norm of a
system characterizes its sensitivity to input Gaussian noises,
the average anisotropy of which is limited from above by
some non-negative parameter.

This norm is used when a priori information about
the input disturbance is that the disturbance is a Gaussian
random sequence with zero mean and mean anisotropy
bounded from above [4]. The latter is a measure of the
correlation of the components of a random vector in a
sequence (or, as they say, «coloring») or, which is the
same, a measure of the deviation of a sequence of a
random variable from Gaussian white noise.

The main concepts of the anisotropic theory of
stochastic robust control are the anisotropy of a random
vector, the average anisotropy of a random vector, and the
anisotropic norm of the system. The anisotropy functional is
an entropy measure of the deviation of a probability
distribution in Euclidean space from Gaussian distributions
with zero mean and scalar covariance matrices.

The average anisotropy of a stationary random
sequence characterizes the magnitude of the statistical
uncertainty, understood as the discrepancy between the
inaccurately known actual noise distribution and the
family of nominal perturbation judels in the form of a
stationary discrete Gaussian white noise.

The anisotropic norm of a discrete linear stationary
system quantitatively determines the capabilities of the
system to suppress disturbances by the largest ratio of the
power norm of the output of the system to the power norm
of its input, provided that the average anisotropy of the
input signal does not exceed a given non-negative level.

The keypoint is the definition of the anisotropy of a
random vector, the mean anisotropy of a Gaussian
sequence, and the anisotropy norm of the transfer function
of a closed system. Covariance matrix, therefore, to
calculate the anisotropic norm, it is necessary to solve the
Ricatti equation — as a necessary condition for the
minimum Kullback-Leibler informational deviation [3].

Consider the original system (1) closed by a
stochastic controller (2) in the form of the state equation
of discrete system

{xkﬂ :Axk +Ba)k; (11)
Zp = ka + DCUk .

To calculate the anisotropic norm of this system

must solve the Ricati equation with respect to the matrix

nxn.,
AT (12)
R=ARA" + BBT — AOAT,
where
A:(ARCTJFBDT)@*,
e=Ccrc? +pDT .

Then the average anisotropy is calculated based on
the following expression

4(G)= —%m det[ mo

TracelCPCT + DDT)] -
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where P is the controllability Gramian that satisfies the
Lyapunov equation

P=4pP4" +BBT .

Calculating of the payoff vector of the game. To
calculate the values of the vector of quality indicators, the
initial nonlinear system is modeled, closed by the
synthesized anisotropic controller in various operating
modes and under various input influences. The central
idea of the synthesis of robust control systems is related to
the synthesis of a system that minimizes the quality
criterion according to the control norm, but maximizes the
same criterion according to the norm of the vector of
external influences. At the same time, due to the
introduction of the norm of the vector of external
influences with a minus sign into the Hamilton function,
the synthesized system minimizes the sensitivity of the
system to the variable parameters of the control object,
and therefore ensures the robustness of the system.

This approach corresponds to the game approach to the
optimization problem, when the first player «control»
minimizes the goal function, and the second player
«undefined parameters of the plant» maximizes the same goal
function. Moreover, since the original system is described by
a system of differential equations - a matrix equation of state,
and both players use the same goal function, then such a
game is called a zero-sum differential game.

We synthesize a complete anisotropic controller of
multimass electromechanical systems with parametric
uncertainty by reducing it to the solution of the
optimization problem without parametric uncertainty by
introducing an additional input, so that the obtained
problem is a mixed / optimization problem.

We use the results of differential games to solve the
problem of synthesis of anisotropic regulators. To find the
worst input, forming vector of structural perturbations,
that maximizes the anisotropic norm of the system, solve
the following first Riccati’s equation

Y=4Y4, +IITIL, +0, (14)

where
L =N""F'Y4,, I=r-FYF,
t = ¢ 14, =l —=ry Iy,
To find the worst input, forming vector of parametric

perturbations, that maximizes the anisotropic rate of the
system, solve the following second Riccati’s equation

R=4LR4, +qclc, +17 37 L, (15)

where
_ T T
L= Z(B[URAQ + quCw),

T 1
> =\l,u—B,RB, ]| .

For the synthesis of anisotropic observers of the
state of multimass electromechanical systems with
parametric uncertainty, which are necessary for the
realization of anisotropic regulators of complete order, we
solve the third Riccati equation

S = 4,54 + BB —AGAT, (16)
where
_~ ~T . npT
0= CZISCZI +DD ,
A= (leSale + ElﬁTb_l .
To synthesize the optimal anisotropic state regulator

that minimizes the anisotropic norm of the system, we
solve the fourth Riccati equation

T=A'T4,+clc,-NTON , (17)

where

v =BI'TB, +DLD,,

N = —‘P_I(BMTTAM +DhC, )

The obtained algorithm for the synthesis of
anisotropic regulators is reduced to an iterative solution of
the problem of stochastic robust optimization. The
solution of the problem begins for fixed values of
tolerance parameters, the values of which must be large
enough for the equations to have solutions. Then we solve
a system of four related Riccati equations (14) — (17),
Lyapunov equation and special expression (13). This
system of equations is numerically solved using the
homotopy method, which includes vectorization of
matrices and iterations according to Newton's method.

The optimal anisotropic controller of the complete
order is the optimal estimator of the optimal control law
in the problem with complete information about the
system state vector for the case of the worst input. The
principle of separation in the mixed problem of robust
control does not mean the independence of the Riccati
equations. Unlike classical A, and H, optimization, the
problem of estimator synthesis and the problem of
synthesis of the optimal static regulator in the form of
feedback cannot be solved independently of each other.

This generalized distribution principle allows us to
interpret the results obtained in terms of the theory of
differential games. Control of the system in the presence
of external perturbations is considered as a differential
game between two players — nature and the regulator. The
optimal strategy of the first player — the regulator, is to
obtain optimal control, and the optimal strategy of the
second player — nature, is to obtain the «worst»
perturbation in the form of parametric uncertainty of the
control object. At the same time, each of the players
knows about the optimal strategy of his opponent.

Simulation results. Let us consider multi objective
synthesis of stochastic robust control by two-mass
electromechanical servo systems to satisfy various
requirements for the operation of such systems in various
modes under non-gausian random external disturbances. One
of the most stressful modes of operation of such a servo
system is the guidance mode with a random velocity celm
under the action of random non-Gaussian perturbations on
the plant. On Fig. 1 are shown the implementation of random
processes of state variables: rotation speed @y(¢) of the motor
(a), rotation speed wp(f) of the plant (b) and the disturbances
Mp(?) acting on the plant (c).

An analysis of these implementations shows that the
system accurately processes the low-frequency components
of the master random process; however, when processing the
high-frequency components, the system error is about 20 %.

In this example anisotropic controllers demonstrated
the best quality of suppression of external disturbances and
tracking at the lowest control costs, and closed systems with
anisotropic controllers have greater noise immunity.

Taking into account apriori information about the
input action, which consists in the limitation from above
of the functional of the average anisotropy of the input
perturbation by a known parameter, makes it possible to

26

Electrical Engineering & Electromechanics, 2022, no. 5



obtain controllers that are more robust with respect to the
specified action than H, controllers and less conservative
than H, regulators, which makes them very attractive for
practical use instead of classical LQR regulators
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Fig. 1. The implementation of random processes of state
variables of two-mass electromechanical servo systems

Note that the solutions of the original vector game
(4) are the Pareto set of optimal solutions. The narrowing
of this set occurs at the stage of search by taking into
account constraints (5) on the state variables and control
of the original system. In particular, the decrease in the
time of the first coordination in the mode of working out
large angular mismatches by the servo system is hindered
by limitations on the armature current of the drive motor
and the speed of rotation of this motor.

Further narrowing of this set at the search stage
occurs on the basis of binary preference relations. In
particular, in the mode of working out small mismatch
angles, with a decrease in the time of the first matching,
the dispersion of the tracking error increased due to the
expansion of the system bandwidth at the amplification of
the noise of the meters. For the tracking system under
consideration, the error variance is a more preferable
criterion, since it determines the potential accuracy of the
tracking system. Therefore, the solution corresponding to
the shorter time of the first matching in the mode of
working out small angles was discarded.

Experimental research. For experimental research
of the dynamic characteristics of synthesized stochastic
systems the research stand of a stochastic two-mass
electromechanical system was developed. The scheme of
this stand of a stochastic two-mass electromechanical
system is shown in Fig. 2.
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Fig. 2. The scheme of research stand of a stochastic two-mass
electromechanical system

The mechanical part of the stand is made on the
basis of two identical micromotors of direct current motor
—DCM 25-N2.

The converter of electric motor into mechanical is
the micromotor M1, and the micromotor M2 forms the
amount of load for M1. The shafts of engines M1 and M2
are connected by an elastic transmission. With the help of
the second motor M2 the loading moment is created.

The angle of turn of shaft of motors M1 and M2 is
measured the optical sensors of angle of turn S1 and S2.
The sources of power of P1 and P2 provide the power of
current load of motors M1 and M2. Forming of controls
influence for the sources of power is executed in the
regulator of position (G). To simulate a random effect on
the system at the input of the M2 is a random signal from
the output of the forming filter (FF) in the form of an
oscillating link. A white noise signal from a random
signal generator (RSG) is fed to the input of the
generating filter. Characteristics of random change of
loading moment are defined by parameters of the forming
filter and actually the motor M2.

Experimental studies of the dynamic characteristics
of a two-mass electromechanical system with typical
regulators and with synthesized anisotropic regulators
were carried out at the stand.

On Fig. 3 are shown the implementation of random
processes of state variables of research stand of a
stochastic two-mass electromechanical system. In Fig. 3
are shown the following state variables: rotation speed
ayn(f) of the motor M1 (a); rotation speed @y(f) of the
motor M2 (b), the armature current /,(¢) of the motor M1
(c¢) and the armature current /,5(f) of the motor M2 (d).

It is shown that the use of stochastic robust control
of the stand of a two-mass electromechanical system with
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a random change in the load moment allows to reduce the
control error of the rotation speed of the second motor by
more than 1.5 times and to reduse the error in regulating
the angle of rotation of the shaft of the second motor by
more than 2 times in comparison with a system with
typical regulators.

Fig. 3. The implementation of random processes of state
variables of research stand of a stochastic two-mass
electromechanical system

Discussion. The construction of various robust
controllers under the action of external uncontrolled
disturbances showed that these controllers, along with a
number of undeniable advantages, also have disadvantages.
The main feature of H.-regulators is the fact that in the
process of functioning of a robust system only a priori
information about possible external disturbances is used.
This leads to the fact that robust control systems are
characterized by some conservatism.

This is explained by the fact that robust systems
must remain operational (maintain robust stability and a
given level of quality) under the maximum permissible
perturbations, without «having information» about when
this perturbation will occur, i.e. the regulator is «always
ready» for the worst case.

This is a common characteristic feature of all
minimax controllers (which include H.-regulators).

When using anisotropic controllers built at an
appropriate level of average anisotropy of the input signal, a
significantly smaller control achieves almost the same
quality of transient processes in terms of controlled variables
compared to a H, controller. The calculation of anisotropic
robust controllers and anisotropic robust observers is similar
to the calculation of deterministic robust controllers and
deterministic robust observers in the four Ricatti approach.
The solution of the Ricatti equation used as a necessary
condition for the extremum of the corresponding quality
criterion in the corresponding variables. When synthesizing
an anisotropic robust controller and an anisotropic robust
observer, a game approach is used.

The first game related to the synthesis of a robust
anisotropic controller. The payoff of the first game is the
anisotropic norm of the target vector. In this game, the
first player is the anisotropic controller and its strategy is
to minimize the anisotropic norm of the control goal
vector. To calculate this controller, the fourth Ricatti
equation (17) is solved. The second player in this game is
the vector of external structural disturbances acting on the
original system, and its strategy is to maximize the same
anisotropic norm of the target vector over the vector of
external disturbances in accordance with the wirst case.
To calculate this vector of external perturbations, the first
Ricatti equation (14) solved.

The second game related to the synthesis of a robust
anisotropic observer. The payoff of the second game is the
anisotropic norm of the error vector of restoring the state
vector of the original system with the help of an observer.
In this game, the anisotropic observer is the first player, and
his strategy is to minimize the anisotropic norm of the error
vector of restoring the state vector of the original system
with the help of the observer from the gain vector of the
synthesized aniso-triple observer. To calculate this
observer, the third Ricatti equation (16) is solved.

The second player in this game is the vector of
external noise measuring the output vector of the original
system and acting on the observer, and its strategy is to
maximize the same anisotropic norm of the vector of the
error vector of restoring the state vector of the original
system with the help of the observer from the vector of
external parametric disturbances in accordance with the
wirst case by chance. To calculate this vector of external
paramrtric disturbances, the second Ricatti equation (15)
is solved. Thus, the solution of the stochastic robust
optimization problem is reduced to the calculation of four
algebraic Riccati equations, the Lyapunov equation, and
an expression of a special form for calculating the level of
anisotropy of the input signal.

Thus, with zero average anisotropy of the input
signal corresponding to a signal of the white noise type,
the anisotropic controller is the optimal stochastic
controller that minimizes the H* norm. With an infinite
average anisotropy of the input signal corresponding to a
fully defined deterministic signal, the anisotropic
controller is the optimal deterministic robust controller
that minimizes the H”* norm. With values of the average
anisotropy of the input signal in the 0 < a < oc range, the
anisotropic controller occupies an intermediate position
between the controllers that minimize A* and H* norms.
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Conclusions.

1. For the first time the method of multi objective
synthesis of stochastic robust control by multimass
electromechanical systems to satisfy various requirements
for the operation of such systems in various modes under
non-gausian random external disturbances is developed.

2. The problem of multi objective synthesis of
stochastic robust control by multimass electromechanical
systems to satisfy various requirements for the operation
of such systems in various modes under non-gausian
random external disturbances is formulated by solving a
zero-sum vector antagonistic game.

3. The computation of the game payoff vector, the
constraint vector, and the vector of binary preference
relations is algorithmic in nature and requires large
computational resources. To calculate the stochastic robust
control it is need to solve the algebraic Riccati equations, the
Lyapunov equation, and an equation of a special form for
calculating the level of anisotropy of the input signal. Then
as a result of modeling a closed system, the vector of the
values of the quality indicators that are imposed on the
system operation, and the vector of the restrictions, when the
system is operating in various operating modes and for
various setting and disturbing and for various values of the
vector of the initial uncertainty of the system parameters and
external influences are calculated.

4. The results of multi objective synthesis of stochastic
robust control by servo two-mass electromechanical systems
under non-gausian random external disturbances in which
differences requirements for the operation of such systems in
various modes were satisfied are given. The results of
modeling and experimental studies of and realizations of
state variables of of servo two-mass electromechanical
system under random external influences are presented.

5. Based on the results of modeling and experimental
studies of a servo two-mass electromechanical system
with a random change in the load moment it is
established, that with the help of synthesized robust
stochastic controllers, it is possible to reduce the error of
the rotation speed of the plant by more than 1.5 times and
to reduse the error in regulating the angle of rotation of
the shaft of the plany by more than 2 times in comparison
with a system with typical regulators.
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Design of single switch-boosted voltage current suppressor converter
for uninterrupted power supply using green resources integration

Introduction. Uninterrupted power supply is the major requirement in the areas since it involves human lives. In the current scenario the
demand and price of fossil fuels is increasing rapidly and availability also is not sufficient to the needs, an alternative identification to
power generation is solar and wind energies. The purpose of designing an aimed, single switch boosted voltage and current suppressor
(SS-BVCS) converter topology that interfaces both the wind and solar hybrid model. The method involves in the proposed chopper
converter is derived by simply merging a switch and a pair of diodes and CLC filter which is used in realization of zero voltage
switching for the main switch and a reversing diode to extract high voltage gain. The designed SS-BVCS converter topology can able to
have a tight self-control on two power-processing paths. The novelty of the SS-BVCS converter module is designed to ensure maximum
throughput, feeding to the load with high quality uninterrupted output, by boosting the DC voltage to a required amount and thereby
supressing the current. Practical value obtained by the developed model utilizes both the sources for supply to the load individually or
combined based on the extraction availability of the feeder. Also, the proposed SS-BVCS module delivers with efficient lesser component
count and gaining maximum power from the harvest of green energy. References 30, tables 1, figures 13.

Key words: single switch-boosted voltage current suppressor converter, green energy, switch smoothening, uninterrupted
power supply.

Bcemyn. [[oicepeno 6e3nepebitinoeo scuenents € 0CHOBHOIO BUMO20I0 8 2ANY35X, WO NO8'A3aHI 3 TI0OCLKUMU JHCUmmAMU. Y nomoyHii
cumyayii, Koau nonum ma yina Ha BUKONHe NAAUBO WBUOKO 3POCMAIONb, d iX OOCMYRHICMb MAKOAIC HeOOCMAMHsL Ol 3d0060AeHH S
nompeo, anbmepHAMUEHOI MEXHON02IEI SUPODHUYMBA enekmpoenepeii € conauna ma eimposa enepeis. Memoiw ¢ pospodka
Yinb06oi mononoeii nepemeopiosaua 3 NIOBUWEHOI0 HANPY20l0 MA NPUSHIYyeauem cmpymy 3 oOHum nepemuxavem (SS-BVCS), axa
83a€mM00ic AK 3 6iMpPo6oio, max i 3 2ibpuonolo modennio couaunoi enepeii. Memoo exnouac 3anponoHOBaAHUI NepemeopIosay
NepepuSHUKA, OMPUMAHULL UWLISIXOM NPOCMO20 31umms nepemuxaya, napu 0iooie i CLC-¢ghinempa, skuii 6uKopucmogyemocs Os
peanizayii nepeMuKaHHs npu HyI1b080MY HANPY3i Ol OCHOBHO20 KAOUA | peBepcusHo20 0ioda 07 8UTYYEeHHs 8UCOK020 KoeiyieHma
nocunentsa no Hanpysi. Pospobnena mononozia nepemeoprosaua SS-BVCS mooice 3abesneuumu Hcopcmruti CAMOKOHMPOTb HA 080X
nanyrozax oopodxu enepeii. Hosuzna mooyna nepemsoprosaua SS-BVCS npusnauena 0as 3abe3neuenns MaKcumaibHoi nponycKHol
30amMHOCMI, JHCUBTEHHS HABAHMAICEHHS 3 AKICHUM Oe3nepebiliHuM GUX000M WIISAXOM NIOBUWEHHS Hanpy2u NOCMIUHO20 cmpyMy 00
HeoOXIOHOI eenuuuny i, MAKUM YUHOM, npuoywients cmpymy. Ilpakmuuna yinnicme, ompumana 3a80sKu po3podieHitl Modeli,
003607151€ BUKOPUCOBYBAMU SK 0JHCEPENA HCUBTEHHS HABAHMANCEHHS. OKPeMO, MAaK i KOMOIHOBAHO 3ANENHCHO 610 MOMCIUBOCHI]
6i06opy idepa. Kpim moeco, 3anpononosanuti mooyis SS-BVCS 3abesneuye epexmugne GUKOPUCMAHHS MEHUIOL KilbKOCMI
KOMNOHEHMI6 Ma OMPUMAaHHs MAKCUMAIbHOI NOMYJICHOCMI 3a paxyHoK 30upanns 3enenoi enepeii. biomn. 30, Tabmn. 1, puc. 13.

Kniouogi cnosa: meperBopoBay HANPYrH CTPYMY 3 OJHHM IepeMHKadeM, 3eJleHA eHeprif, 3r/1aJKyBaHHs INepeMHKaHb,
JKepesio Oe3nepediliHOrO KMBJICHHS.

1. Introduction. An attentiveness of green power generator, comparatively to all generators,

revolution over the years has been greatly increased due
to the reducing availability of the ground supplies such as
coal and other fossil fuels. To overcome this problem, the
role of producing energy from the solar and wind power
plays vital. If also the energy is harvested from the natural
resources there is a need for the efficient utilization of the
generated power there by integrated power converters are
designed using the semiconductor switches to attain the
solid conversion for the desired application with compact
structure at low cost. The nature of the solar and wind
plants outputs is inconsistent and it cannot be directly fed
to application, hence it requires an efficient conversion
topology with a battery backup is normally required.
Nowadays the large wind turbines are increased in
numbers and are more efficient. A group of wind turbines
collectively forms a grid. The appealing of the system
turns to much higher cost. On looking to the smaller
applications like road signs, small buildings, there is need
for small wind turbines for the closest customers [1, 2].
The flawless working of a small wind turbine (SWT)
is a major issue due to its poor throughput and high cost.
As discussed in [3], the SWT throughput falls on several
factors which include power converters, the integration of
low-cost power converters leading to a poor efficiency of
SWTs. The another important factor expands in [4], is the

permanent magnet synchronous generators (PMSGs) have
a greater efficiency due to the cu losses in the rotor are
small and a larger energy density, PMSGs allows the
generator to directly coupled with the wind turbine and
can be used at low varying speed applications [5, 6].

The overall design topology for the proposed model
is shown in the Fig. 1 where inputs from renewable
energy resources are fed to the proposed converter
through a filter for the ups application.

Proposed Triple
Input LC filear woltage boost
omverter

Solar panel with
MPP tracking

Boosted output for
UPS application

Wind energy with
MPP tracking

Fig. 1. Block diagram of the proposed model

Viewing solar energy as one of the vital resources in
green energy, standalone photovoltaic panels are used for
this energy source. To grasp a continuing energy from the
source a string of PV arrays is integrated. In order to
supply to the load which is generated from the
photovoltaic (PV) array, their voltage level must be
increased while converted in to another form. Due to the
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limited power generation by the PV panels because of
maximum radiation at the day time only, and energy
production costs higher. Key to note the efficiency of
these structures is viewed seriously [7-9].

For low level power applications, simple PV
systems development and precise control approach of
converter provides higher efficiency. In addition, grid is
deployed for storing the excessive power generated at the
peak hours by gaining maximum power using tracking
approach and AC inverter module is much needed for
conversion and energy storing in grid it matches the
losses between the PV arrays and efficiency is improved
comparatively [10-14].

Regulated voltage can be supplied to the load by
integrating the inverter stage and the converter module
through a transformer will adjust the galvanic isolation
between the converter and inverter stage [15, 16]. To
reduce the overall system size and cost factor of the
proposed multiple source input DC-DC conversion
module, it requires multiple inverter module for DC-AC
(two-stage) inverter. To overcome this issue, the chopper
topology and inverter module are merged and maximum
power point tracking (MPPT) provides the increased
voltage level to the single converter [17, 18].

In [19, 20], a system with more than one input
module of solar and wind is discussed, the drawback of
non-isolation provides increase in leakage current which
causes its application limited. In [21, 22] proper choice for
high power applications is a multiple input inverter using
multi-string have discussed. A single-phase multi-input
single output system with a new converter introduced in the
[23-26] have a greater number of semiconductor switches
since both the converters are magnetically coupled lead to
increase in the cost and system structure size. Followed in
[27] without reducing the number of semiconductors
switches the transformers of N number of inverters are
merged. In [28] a multiple input system is evaluated and for
each input an individual chopper boost converter is
proposed and output is produced by paralleled the
converter circuits, which increases the number of
semiconductor elements thereby increasing the cost of the
system thereby two auxiliary circuits are necessary to
provide soft switching.

The objective is to develop a low-cost, reliable, and
efficient wind energy conversion system (WECS) and PV
array power supply unit and integration of both the unit
by using the proposed converter for uninterrupted power
supply applications. A new boost converter module with a
freewheeling diode produces the blocking of reverse
current flow and to obtain the protection of the converter
switch and by using high stability IGBT switching device
is used in the topology. This configuration results in
increased in the output voltage level and produces
continuous voltage and minimum current by tracking the
renewable system efficiently.

2. Methodology.

2.1. Energy Conservation Process. The WECS is
made of a permanent magnet synchronous machine. The
PMSG wind turbine produces torque from wind power.
Then the generated torque is shifted through the generator
shaft to the rotor of the generator. Then the electrical
torque is produced by the generator, and the mechanical

torque from the wind turbine differences with the
electrical torque from the generator determines the
mechanical system gaining speed, lowering speed or no
change at constant speed. The maximum power at base
wind speed 12 m/s produced is shown in Fig. 2.

i s

os | — s 4

Turbine output power

. |
o oz o4 a6 as 1 1.2 1.4
Turhing speed (pu of nominal generator speed)

Fig. 2. Turbine power characteristics for different values of wind
speed

In [29] a Darrieus vertical axis wind turbine is
analyzed. The generator receives the mechanical power
output from the turbine is expressed as

B=Cy(A} By =5 Cpiprpd Vs (D)

where P,, is the power supplied by the wind, W; 4 is the
area of the turbine, m%; ¥,, is the wind speed, m/s; p is the
air density (around 1.2 kg/m’® in the usual condition of
temperature and humidity); C, is the power coefficient of
the turbine; A is the turbine shaft speed, rad/s; f is the
blade pitch angle, deg.

The power coefficient C, can be estimated by a
fourth-order polynomial is expressed as

4
C,(2)=>ck-IF, ©)
k=0

where k refers to the gain.

2.2. MPPT of the solar panel. The tracking method
of solar is modelled as switching frequency (f;) is
modulated with a carrier of sinusoidal variation, input
voltage (V;,) and reference voltage (V,,) are detected.
Then by gain parameter £ is used to scale V;, and made it
compared with V,,; The AC component is obtained from
Vi, by using a peak detector obtained in V., The low-pass
filter removes the switching frequency component in V.
The required value of duty cycle d is obtained by utilizing
the error amplifier which controls the pulse width
modulator to adjust of internal resistance R;,. This process
will have record of the output characteristics of solar
panel by not evaluating the V-I relationship [30].

Figure 3 reflects the characteristics output of current
to voltage and power to voltage waveforms of the
proposed solar panel.

10r NPT 1

N

o] 10 20 30 40 Sl [#1¥] T B
Voltage (V)
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Voltage (V)
Fig. 3. I-V and P-V characteristics of 1Soltech ISTH 220-P
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2.3. Proposed high step up boost converter. The
proposed integrated single switch boosted voltage and
current suppressor (SS-BVCS) module is made of IGBT
switch, C,, L1, input side filtering followed by a
conversion IGBT switch along with charging capacitor
C1 with reverse blocking diodes D1 and D2, the output
filtering uses C2, L2, C3 components followed by a RL
load to determine the output voltage. Figure 4 represents
the overall block model and Table 1 represents the
parameters of the proposed model.

Py 1
roposad step up RL Load
boost converter
| S —
Wind Turbine with v P
generator

¥_Wird,]_tind PWM generatar |

Fig. 4. Proposed model structure
Table 1
Parameters of the proposed model

Input rated voltage, V 71.97|Snubber capacitance C,, nF| 250

Capacitor Cip, C1, C2, uF| 100 |Resistance Roy, mQ 1
Inductor L1, mH 3 |Inductor L2, mH 3
Capacitor C1, pF 100 |RL load resistance, Q 20

Diode 1, Diode 2 (Loy, H)| 0 |RL inductance, mH 1

Forward voltage Vi, V 0.8 |Output boosted voltage, V |114.4

Snubber resistance R, Q | 500

2.4. Operating principles of the proposed boost
converter. In the operating mode 1 (Fig. 5), when the
voltage is applied it follows through the path (L1-SW1-
C1-D2—(C2, L2, C3)-Load) the inductor L1 charges the
current and switch on the switch SW1, the capacitor C2
charges and flows through the diode D2 and it charges the
capacitor C2 which allows through the LC filter produces
the boosted output across the load.

—_—r = e
— |—"'_']:‘/
ﬂ =
=

W, 40
IR

Flg 5. Operating mode 1

=i

In the operating mode 2 (Fig. 6), when voltage is
applied it flows through the inductor (L1-(C2, D2, D1)-
C2-L2-C2-Load), though in the reverse voltage it
follows the path that is already charge inductor current L1
flows through the mentioned path to produce the
uninterrupted power supply to the load.

. .rmL_ ke

Fig. 6. Operating mode 2

The switching triggering pulse applied to the switch
SWI1 is tracking back from the proposed SS-BVCS
converter output voltage and compared with the voltage
required and along with MPPT algorithm is evaluated in
order to extract the maximum possible output, since the
input varies according to the irradiation of wind and solar
the switching sequence to the switch also varies based on
the algorithm designed. The switching PWM pulse is
shown in the Fig. 7.

1

Vaoltage(V}
===
B oW @

=
=]

=]
=}

02 04 06 08 1 12 14 18 18 2
t,s =107

Fig. 7. PWM pulse to the switch

3. Simulation results. The proposed SS-BVCS
converter with the integrated renewable sources model
has stimulated using MATLAB software for evaluation.
The proposed simulated model is shown in the Fig. 8. The
PV and PMSG are fed as an input source to the proposed
SS-BVCS converter, since the output of both the sources
is not constant all the time due to climatic and seasonal
changes. The MPPT is implemented to track the
maximum power from the input renewable resources.
According to the input is sampled from both the energy
sources, the frequency to the switches is tuned to gain the
maximum power output from the proposed model.

Fig. 8. Overall Simulink model for the proposed design

The proposed SS-BVCS converter has been tested
with constant and also with varying wind and solar
energy. The duty cycle achieved in the Fig. 8 is for the
generated power from the wind speed equal to 12 m/s and
PV array power of 850 W.

1Soltech 1STH-215-9 PV module is utilized as a
solar energy generation system and its model parameters
are next. The proposed solar of 1Soltech 1STH-215-9
module with a irradiance of [1000, 500, 100] (W/m?),
produces the maximum power of 213.15 W, 60 (Nc)
cells per module, produces a voltage V,, at maximum
power point 29 V and current /,, at maximum power
point of 7.35 A. The permanent magnet synchronous
machine is used for wind energy generation system.
Further, its electrical and mechanical specifications are as
follows. The PMSG produces a mechanical output power
of 1.5:10° VA with the base power of the electrical
generator is 1.5-10° VA/0.9 pu, produces a base wind
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speed of 12 m/s with a maximum power at base wind
speed is 0.73 (pu of nominal mechanical power).

Figure 9 shows the simulated wind generator output
voltage and current, and Fig. 10 represents the rotor speed
of the PMSG generator. Figure 11 shows the rotor angle
of the PMSG turbine generator, and Fig. 12 shows the DC
output after rectification from wind turbine generator.
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Flg. 9. Wind output voltage and current waveforms
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4. Conclusions.

In this work an adequate modelling of permanent
magnet synchronous generators wind energy and solar
power conversion process has been presented. A
maximum power point tracking was designed, which
permanently controls the duty cycle of the boost converter
by retrieving the variable input from the renewable
resources to improve the power supply to the load, by
viewing the simulation results verifies that it attains zero
voltage switching by makes use of the input filter and also
produces the high voltage gain by suppressing the current
in the output, the overall output show the output rated
voltage is step up conveniently for the uninterrupted
power supply by using renewable energy resources.
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Single phase transformerless inverter for grid connected photovoltaic system with reduced
leakage current

Introduction. Transformerless inverters are of vital importance in the field of grid connected solar photovoltaic systems offering
higher efficiency than the conventional one. i.e., using transformer. General grid connected inverters are constituting of transformers
requires more area besides the loss in them. Problem. Eliminating transformers can cause leakage current due to the variation of
common mode voltage which in turn due to parasitic capacitance effect. Research literature in transformerless inverters has
addressed the problems of common mode leakage current issues by offering the study of different inverter topologies like H4, H5, H6
and HERIC etc. utilizing variety of modulation strategies like unipolar, bipolar pulse width modulations. Goal. The paper
significantly presents a new transformerless inverter topology, analyzes common mode voltage and leakage current behavior of the
system. The simulation is carried out for comparing the leakage current profiles with other transformerless inverter topologies in
literature. Novelty. This paper gives an impression of the efficient transformerless inverter for grid connected photovoltaic system.
Results. The various inverter topologies full bridge with different pulse width modulation techniques are analyzed and to determine
the common mode voltages and leakage currents. References 13, tables 2, figures 17.

Key words: transformerless inverter, leakage current, photovoltaic system.

Bcemyn. Besmpancghopmamopni ingepmopu maioms JHCUMmeso 8adiciuge 3Ha4eHHs 8 001acmi COHAYHUX POMOeNeKMPUHUX CUCTEM,
NIOKNIOYEHUX 00 Mepedici, ma 3a6e3neuyroms Oilbil BUCOKY eheKMUGHICMb, HIJC 36Udaliti, 3a605Ku mparcgopmamopy. Ilioknoueni 0o
3a2anbHOl Mepedici ineepmopu, AKI CKIA0armsvcs 3 mpancgopmamopis, nompebyroms 6invuioi naiowi yepesz émpamu y nux. Ilpoonema.
Yeynenna mpancgopmamopie modice Cnpuvunumu cmpym 6Umoxy uepes sMiHy CUHQA3HOI Hanpyau Yepe3 6Naue NapasumHoi eMHOCHI.
Hocnionuyvka nimepamypa 3 6e3mpancghopmamoprux iHeepmopie npucesuena npoonemMam CUHQA3HUX CMPYMi8 6UMOKY, NPOROHYIOUU
odocnioxcenHs pisHux mononoeii ingepmopis, maxux ax H4, H5, H6, HERIC ma in., 3 UKOpUCmMaHHam pisHux cmpameeiti MoOYAAYii,
makux —AK ~ YHinonapna, OinonsApHa  wiupomuo-imnyibcna. Mema. Y cmammi  00K1GOHO  NOOAHO  HOBY  MONONO2IIO0
besmpancgopmamopHozo ineepmopa, npoananizoeano NOeoiHKy CuH@asHoi nanpyeu ma cmpymy eumoxy @ cucmemi. Mooemogsanns
NPOBOOUMbCA 0715l NOPIGHAHHSL NPOQINi6 CMpyMy 6UMOKY 3 IHWUMU THONONOSIAMU Oe3MPAHCHOPMAMOPHUX THBEPMOPIE, ONUCAHUX Y
nimepamypi. Hoeusna. L{n cmamms micmumo egexmugnuti 6esmpancopmamopnuii ingepmop 0ns (pomoenekmpuyHoi cucmemu,
nioxmouenoi 00 mepedci. Pesynemamu. Ilpoananizoeano pisni mononoeii ineepmopie 3 nOGHUM MOCHWIOM Md PI3HUMU Memooamu

WUPOMHO-IMIYIbCHOT MOOYISIYIL, G MAKOJIC BUBHAYEHO CUH@asHy Hanpyay ma cmpymu eumoky. bion. 13, tabn. 2, puc. 17.
Knrouosi cnosa: 6e3rpancgopmaTopHuii iHBepTOp, CTPYM BUTOKY, (poTOrajIbBaHiuHA CHCTEMA.

Introduction. Fossil fuels are getting depleted over
past few years. Renewable energy sources are facing a huge
demand despite the rise in energy requirements of the world.
Photovoltaic (PV) generation is the highest among all the
renewable energy sources due to its simplicity and little or no
maintenance. PV systems are of two types of standalone, and
grid connected. Grid connected PV system has been widely
in commercial use due to its modularity in scaling and ease
in its energy conversion process. As per a study by council
on energy, environment and water, India set a goal of raising
450 GW to reach by the year 2030 [1]. Conventional grid
connected inverters will use a transformer which will provide
galvanic isolation. It can be a low or power frequency
transformer on ac side of the inverter i.e., grid side, or a high
frequency transformer is used on DC side of the inverter.
Transformer will increase the size of the inverter and will
cause loss in transformer by which efficiency of the inverter
would be reduced. By eliminating the transformer galvanic
isolation will not be available.

It causes leakage currents from PV panel to ground due
to the parasitic capacitance effect between PV panel and
ground. The range of parasitic capacitance will be 7 nF/kW
to 220 nF/kW. As shown in Table 1 the leakage currents are
indicated against the time within which circuit must be
isolated. However, protection equipment will be engaged to
protect the circuit from leakage currents [2].

It is expected to break the circuit within 0.3 s if the
leakage current exceeds 300 mA and a sudden change in
the current must be within the range of prescribed limits
and it also advisable to monitor grid frequency for the
reliable and stable grid. The reduction in leakage currents

Table 1
Leakage currents against the time
Leakage current Time
i>300 mA 300 ms
Ai>30 mA 300 ms
Ai > 60 mA 150 ms
Ai > 150 mA 40 ms

can be achieved either by incorporating the hardware
changes i.e., different inverter topologies or software
manipulations i.e., different pulse width modulation
(PWM) techniques. Basic half bridge inverter produces a
constant common mode voltage resulting zero leakage
current. But the output voltage 50 % of the output voltage
given by full bridge inverter for the same input voltage [3].

The full bridge inverter with bipolar switching
technique will give constant common mode voltage results
zero leakage current. Unipolar PWM with full bridge
inverter will cause leakage currents though it has higher
conversion efficiency. Based on isolating DC side to ac side,
different inverter configurations are broadly classified into
two types. First that uses switches to isolate on DC side and
the second using switches on AC side [4]. The variation in
capacitor voltage will cause larger change in leakage
currents. Figure 1 indicates an inverter connected to PV on
DC side and is connected to grid on ac side. Figure 2 shows
some of transformerless inverter topologies.

Common mode voltage Avoiding transformer in grid
connected PV systems will result in common mode leakage
currents which are caused because of variable common
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mode voltage that is given by (1) ie. average of the
voltages of mid points of respective legs of an inverter with
respect to negative of DC bus point as shown in Fig. 3:

VCommon mode = (VAN + VBN)/29 (1)
where V,y is the voltage at midpoint of the first leg of the
single-phase inverter with respect to neutral point; Vpy is
the voltage at midpoint of second leg of the single-phase
inverter with respect to neutral point.

r‘ | G
A‘f} FILTER N
PV ] D

PANEL

C 1;
CONVERTER

Fig. 1. Schematic of transformerless inverter

Main aim is to reduce the ripples in common mode
voltage and achieve constant voltage such that leakage
current limited to very small value

VCammon mode = (VAN + VBN + VCN)/3’ (2)
where Vyy, Vpy and Vey are the inverter leg midpoint
voltages with respect to negative of DC bus.

Equation (2) shows common mode voltage of a three
phase inverter circuit.

Transformerelss inverter topologies The widely
used common mode topologies are H4, H5, H6, HERIC
(Highly Efficient and Reliable Inverter Concept) as
shown in Fig. 2. H5 inverter topology is adding a switch
on DC side to a basic full bridge inverter, H6 topology is
formed by incorporating two switches on DC side of full
bridge [5]. HS inverter shown in Fig. 2,a configuration is
formed by adding one extra switch on DC side of the full
bridge inverter with one capacitor on DC side. The use of
this type of transformerless inverter circuit is limited due
to the variable common mode voltage resulting
considerable magnitude of leakage current, besides it
gives good performance under resistive loads. Figure 2,6
indicates HERIC is framed by explicitly adding extra leg
of switches on ac side of the inverter. It will isolate the
PV from grid on ac side unlike H5 inverter which
disconnects the circuit on PV side [6] H6 inverter circuit
is two DC link capacitors.

T
4 G 5.
R
:"‘”-lan_z %. ™
a

Fig. 2. a — HS inverter topology; b — HERIC inverter topology;
¢ — H6 inverter topology; d — improved H6 inverter topology

The power dissipation in this type of inverter is
smaller compared to H5 circuit [7]. In H6 inverter circuit
switching scheme will be unique to the switches position
and it is not complementary to the other switches.
Because of the usage of diodes reverse operation of the
diodes will cause reverse recovery time delay. Common
mode can be made invariable with the help of the

capacitances across each device as shown in Fig. 2,d. As
the circuit contains capacitors and inductors resonance in
the circuit will occur for common mode voltage. Though
capacitances at the junction would cause oscillations and
the effect of stary capacitances on the board may also have
an influence [8-13]. The mentioned circuit topologies in
Fig. 2 indicate transformerless inverter topologies for
handling common mode voltage, leakage current of the
system and isolating DC (i.e. PV) from grid.

Proposed T2D4 inverter topology The proposed
T2D4 inverter topology shown in Fig. 3 uses 4 diodes in
upper half of the circuit and 2 IGBTs in lower half of the
circuit. The respective diodes acts in forward mode and
will act as freewheeling diodes during which IGBT
switches are in on and off position respectively. The
switches are operated at high frequency and their operation
is complementary. The operating principle mentioned in
terms of phases in the next section of the paper.

T TELLLg

B
PV Vg

L1

11l
I
o

Fig. 3. T2D4 inverter topology

Operating phases of the circuit.

Phase 1. During positive half cycle the switch T2 is
turned on and the current flows in the direction P-D3—
L1-Grid-L2-T2-N vyielding a voltage V,y = Vpy and
common mode voltage is 0.5Vpy.

Phase 2. T2 is switched off during freewheeling
action and the current closes its path via diodes D2,
instead of T2 and the current paths will be as follows D2—
D3-L1-Grid-L2-D2 so that Vy= Vay = Vpy, V4 = 0 and
V, oM™ 0.5 VPV~

Phase 3. In this phase of negative half of grid
current flows via P-D4—-L2—Grid—L1-T1-N. Switch T1 is
switched on during this phase, so Vyy = 0, Vay = Vpy,
VAB = VPV and VCM =0.5 VPV

Phase 4. In this phase D1, D4 will be in forward
biased and form freewheeling path so that current through
the grid held constant isolating PV from the inverter via
the path D1-D4-L2-Grid-L1-D1, so Vv = Vay = Vo,
VAB =0and VCM =0.5 VPV~

In T2D4 inverter topology the 2 switches T1, T2 are
switched alternately at grid frequency and the diodes are
conducted during freewheeling period. However, diodes
D3 and D4 will be conducted during the turn on period of
T1, T2 respectively [9, 10]

Control scheme. Figure 4 shows control flow of grid
connected transformerless inverter which is fed with PV at
the input side. The gate pulses to the inverter are fed from
PWM pulses that are generated from af to dg
transformation. The d axis current is controlled by the
reference input as shown in Fig. 4.

Perturb and observe MPPT is being used to track the
peak power point in PV.
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Fig. 4. Control structure for single phase transformerless inverter

Bipolar PWM technique is used to design a
controller that controls the output voltage of the inverter
following reference value set. A phase locked loop (PLL)
gives the phase angle after it receives grid voltage as the
input. PLL used to synchronize the output voltage of the
inverter with grid voltage (Fig. 5).

v y
»| Phase |

Ve Shift _ |aProdg =0
z;?
l I, 7
»| Phase Srod —
. aftodg
7| shift - | S
au -lrrr Fy b

4o ’ ’

Fig. 5. a — PLL for measuring phase angle;
b — generation of /; and /,

Simulation results. MATLAB simulation is carried
for analysing various inverter configurations and observe
common mode voltage and leakage currents. The
parameters to perform the simulation are shown in Table 2.

Table 2
Simulation parameters
Parameter Values Parameter Values
DC bus voltage 400 V Filter inductor | 3.6 mH
Grid voltage 230 V Rated power 3.6 kW
DC bus capacitor | 1000 uF | Filter capacitor | 3.1 uF

Bipolar PWM is the common method sinusoidal
PWM in which a sinusoidal of supply frequency is
compared with a high frequency carrier signal so that the
resulting modulating signals are fed as gating signals to
IGBTs of a H bridge inverter. It gives 2 levels of output
voltage of the inverter +V,. and —V,. Bipolar PWM
technique results in greater total harmonic distortion when
compared to its counterpart i.e. unipolar PWM.

Unipolar PWM technique is pursued by considering
two sinusoidal signals which are phase shifted by 180° are
compared with a high frequency triangular waveform to
obtain the gating signals to IGBTs of the inverter.

Figure 6 indicates bipolar PWM and Fig. 7 — unipolar
PWM. Common mode voltage and leakage current using
bipolar PWM is shown in Fig. 8, Fig. 9. Common ode voltage
is constant when used bipolar PWM whereas it is varying
when used unipolar PWM as shown in Fig. 10, Fig. 11.
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Fig. 6. Bipolar PWM
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Fig. 7. Unipolar PWM
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Fig. 8. Common mode voltage using bipolar PWM
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Fig. 11. Leakage current using unipolar of H bridge inverter
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Common mode voltage and leakage currents of HS
inverter is shown in Fig. 12 and Fig. 13, indicating the leakage

current is getting varied in terms of hundreds of milliamp.
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Fig. 12. Common mode voltage of H5 inverter
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Fig. 13. Common mode leakage current of H5 inverter

The common mode voltage and leakage current of
H6 inverter are shown in Fig. 14 and Fig. 15. It is
observed that the variation in common mode voltage is
small in H6 inverter when compared to H5 and H4 bridge

inverter unipolar PWM.

Common mode voltage
205 T

= 200
=
Z
[
K
2 195
‘ ‘ ‘ £, s
994 0.45 0.5 0.55 0.6
Fig. 14.Common mode voltage of H6 inverter
Common mode current
0.1 ;
__0.05¢ 1
(%]
Q
3
<
Z o0
f=
g
3
-0.05 1
t,s
- 1 Il I b}
084 0.45 0.5 0.55 0.6

Fig. 15. Leakage current of H6 inverter

The main focus is on T2D4 inverter topology whose
inverter common mode voltage and the leakage current
profiles are compared with other Transformerelss inverters.
From Fig. 16 and Fig. 17, it is observed that T2D4
transformerless inverter topology found to give constant
common mode voltage in zero or in the order of micro amps
of leakage current so that H2D4 inverter found to be one of
the efficient transformerless inverter. This indicates that the
leakage current profile of T2D4 inverter offers superior
leakage current profile.
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Fig. 16. Common mode voltage for T2D4 inverter
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Fig. 17. Leakage current of T2D4 inverter

Conclusions.

The common mode voltage profile is the measure of
efficiency of the inverter topology which describes the
performance of the system. The various inverter topologies
full bridge, HS, H6 and H2D4 with different pulse width
modulation techniques are analyzed and to determine the
common mode voltages and leakage currents.

The performance of the H2D4 inverter in terms of
leakage current is found to be superior with constant
common ode voltage of 200 V and leakage current in the
order of nano Amps when compared to other inverter
configurations. In addition to the inverter topologies
discussed in the paper, there are various other configurations
are also present in the literature for which evaluation is not
pursued in this paper.
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Sensors placement for the faults detection and isolation based on bridge linked configuration
of photovoltaic array

Introduction. The photovoltaic market has been increased over the last decade at a remarkable pace even during difficult economic
times. Photovoltaic energy production becomes widely used because of its advantages as a renewable and clean energy source. It is eco-

friendly, inexhaustible, easy to install, and the manufacturing time is relatively short. Photovoltaic modules have a theoretical lifespan of
approximately 20 years. In real-life and for several reasons, some photovoltaic modules start to fail after being used for a period of 8 to

10 years. Therefore, to ensure safe and reliable operation of photovoltaic power plants in a timely manner, a monitoring system must be
established in order to detect, isolate and resolve faults. The novelty of the proposed work consists in the development of a new model of
sensors placement for faults detection in a photovoltaic system. The fault can be detected accurately after the analysis of changes in

measured quantities. Purpose. Analysis of the possibility of the number and the position of the sensors into the strings in function of
different faults. Methods. This new method is adapted to the bridge linked configuration. It can detect and locate failure points quickly
and accurately by comparing the measured values. Results. The feasibility of the chosen model is proven by the simulation results under
MATLAB/Simulink environment for several types of faults such as short-circuit current, open circuit voltage in the photovoltaic modules,

partially and completely shaded cell and module. References 21, tables 6, figures 7.

Key words: sensors placement, fault detection and isolation, healthy and faulty operating, photovoltaic field.

Bemyn. Punox ghomoenexmpuunoi enepeii 3pic 3a 0CmanHe 0ecAmunimms HeluMOSIpHUMU MeMAamM HA8imb y CKIAOHI eKOHOMIYHI YaCu.
Bupobnuuymeo ghomoenexmpuunoi enepeii cmae wupoxo UKOPUCHO8Y8aHUM Hepes 1020 nepesaci sIK 6IOHOBTIOBAHO20 MA YUCIO20 dJicepend
enepeii. Bin exonoeiuno yucmuil, HeguuepnHuLl, RPOCMull 8 YCMAHO8YI, d Yac 6U2OMOGIEHHSI BIOHOCHO KopomKuil. DomoenekmpuuHi Mooyl
Maioms meopemuynull. mepmin cyoscou npubausno 20 pokis. YV peanvHomy dcummi 3 KilbKOX NPUYUH OesKi (omoerekmpuyti Mooy
nouuHaloms guxooumu 3 1ady nicisa euxopucmanns npomsazom 8-10 poxie. Tomy ona ceoecuacHoeo 3abe3neuenns 6e3neunoi ma HAOIHOT
pobomu homoenekmpuuHUX eneKmpocmanyiti. HeoOXiOHO CIMBOPUIMU CUCIEMY MOHIMOPUHEY ONsL BUAGNIEHHS, NIOKAM3aYii ma YCyHeHHs.
necnpasnocmeil. Hoguszna 3anpononoganoi pobomu nonseac @ po3podyi Hoeoi Mooeni poamiujenHs Oam4uKie 0 UAGNeHHA HeChpagHocmell
v ¢homoenexmpuyniti cucmemi. Hecnpasnicmo MOXMCHA MOYHO 6UABUMU NICTA AHATIZY 3MIH uMIposanux eenudur. Mema. Awnaniz
MOICTUBOCTE KITbKOCMI Ma pO3MAauty8ants OAm4uKie y psaokax 3aneicHo 6i0 piznux necnpagnocmell. Memoou. Lleii nosuti memoo
adanmosano 00 Koughieypayii, nos si3anoi 3 mMocmom. Bin mooice wieuoxo 1l mouno @uagisAmu ma JOKAi3y8amuy moyku 30010, NOPIGHIOYU
eumipsini  3nauenns. Pesynomamu. 30iticnennicmb 0Opanoi MooOeni niOmeepoiCyeEmvCs pe3yibmamamu MOOCIOBAHHSL 6 Cepe0osULyi
MATLAB/Simulink Ons Kintbkox munié HeCNpasHocmell, MAKux sK CHPYM KOPOMKO20 3aAMUKAHHS, HAnpyed XOA0CMO20 X00y 6
homoenexmpunHUX MOOYISIX, HACMKOBO MA NOGHICMIO 3aMeMHeHa KOMIPKa ma modyw. bioi. 21, tabm. 6, puc. 7.

Kniouogi cnosa: po3MillleHHs1 JAaTYMKiB, BUSIBJICHHA Ta YCYHeHHs HeCIPAaBHOCTel, cIpaBHa Ta HecnmpaBHa po0oTa,
(oToesieKTPpUYHE MOJIE.

Introduction. Photovoltaic (PV) market has been
increased over the last years at a remarkable rate despite
the economic difficulties. Worldwide photovoltaic energy
production has surpassed 100 GW during the last decade
reaching 138.9 GW in 2013 [1]. PV energy production
becomes widely used because of its advantages as a
renewable and clean energy source. It is eco-friendly,
inexhaustible, easy to install, and the manufacturing time
is relatively short. PV modules have a theoretical lifespan
of approximately 20 years. In real-life and for several
reasons, some PV modules start to fail after being used
for a period of 8 to 10 years [2, 3]. Therefore, to ensure
safe and reliable operation of PV power plants in a timely
manner, a monitoring system must be established in order
to detect, isolate and resolve faults.

The goal of the paper is the use of the bridge linked
configuration to improve the performance of the photovoltaic
field. The current of each string is measured continuously,
however the voltage of each two successive modules and the
overall voltage are measured only when the current of a
string is reduced compared to the other strings. The
photovoltaic generator operates at the maximum power point
with the maximum power point tracking (MPPT) function
regardless of the environmental effects.

Subject of investigations. This paper carries out a
comprehensive study of the selection and the analysis of
different topologies of sensors placement in the
photovoltaic field. The conversion of solar radiation into

DC occurs thanks to PV cell which represents the main
component of PV array. One diode PV cell model shown
in Fig. 1 is widely used regarding to its simplicity.

[L Rs

Fig. 1. One diode model of PV cell

Several electric models have been proposed to
represent this model. PV cell is characterized by its
characteristic current-voltage (I/V) which represent all its
electrical configuration [4]. PV cell curve illustrated in Fig.
2 is defined by 3 essential variables: open circuit voltage
(Vse), short circuit current (/) and maximum power point
(MPP). Maximum power is obtained with an optimal
voltage (Vppy) and optimal current (Ippy) [5, 6]. Operating
the PV generator at its MPP is the role of MPP tracker.

The voltage generated by a PV cell is approximately
0.6 V. They should therefore be associated in series in
modules [7, 8] (Fig. 3). The experimental results obtained
from the 3 kinds of coupling series-parallel connection
(SP), total cross tied connection (TCT), bridge linked
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(BL) connection presented in [3], show that the TCT and
BL wiring schemes have lower mismatch losses
comparing to the SP structure leading to increase the
power supplied by the PV field.
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Fig. 2. Current-voltage (I/V) characteristic

In our case we are interested only in the BL
configuration shown in Fig. 3,f. This topology reduces the

number of connections between the modules by about half
compared to the TCT topology, which significantly
reduces the amount deducted and the length of the wiring
of the PV array.
Fig. 3. Main interconnection models of PV modules:
(a) serial connection, (b) parallel connection, (c) series-parallel
connection (SP), (d) total cross tied connection (TCT),
(e) honey-comb connection (HC), (f) bridge linked connection (BL)
Faults detection and isolation. The process of
voltage and current sensors placement is illustrated in
Fig. 4. One voltage sensor is placed for two successes PV
modules linked by node and one current sensor is placed
at the end of each string. For each field (M, N), N current
sensors and [(N-1)-(N+1)/2] voltage sensors are needed.
If [(N=1)-(N+1)] is odd we use the integer number for
voltage sensors which use (m, n) label as follows.
This new model allows detection and isolation of the
faults by comparing the following measured quantities:
e the current of each string (/; ... 1);
e the overall output voltage U,

e the voltage of 2 successive modules connected by a
node U,,,,.

By this way, the string fault can be detected by
current analysis of all strings and accurately locate the
fault according to U,,. In the healthy operating state, the
currents of each string in the same PV modules number
are identical and the voltages of each two successive
modules linked by node are identical.

Different topologies of connecting PV modules. Like
it is shown in Fig. 3, several PV module’s interconnection
topologies are proposed in the literature [9, 10].

Different types of faults. The main type faults and
their causes are detailed in Table 1 [2].

Table 1
Categories of faults
Types of
Increase of the series resistor R;.
Module . .
damage Decrqase 1p shunt res1stpr Ry, ‘
. Deterioration of the antireflection layer of the
(aging) cell.
This failure easily occurs in thin film cells
Short |Cell  |because the top and bottom electrodes are much
circuit closer together.
Module|Resulting faults in the manufacturing process.
Open [Cell  |Fragmentation of cells
circuit{Module|Loose wires
Hot point Partial and total shading

Method for voltage and current measurement.
The collection of measured values using current and
voltage sensors at different points of the PV field allows
to detect precisely the fault and to isolate it through
comparison of these measures with nominal data. A brief
summary of literature works in this context is presented in
Table 2. According to authors in Table 2, voltage and
current measurement methods focus on two axes:

a) methods designed for TCT coupling;

b) the proposed methods for SP coupling.

The following methods can be cited as follow.

Methods of voltage measurement. This method is

described by authors in Table 2.
Table 2

Methods of voltage measurement proposed in the literature
Methods of voltage and current measurement

Types of

coupling

Reference Analysis

This model is used for coupling. In

Total cross each string is placed one voltage

tied (TCT) |[11, 12] |sensor for measurement with parallel
connection connection. Each string is subdivided
into group which use current sensor.
This sensor placement model is used
for PV field connected series-parallel.
Series- Each bloc can present one group of
parallel (SP) [[13, 14] |PV modules with current sensor. The
connection faults position can be located by

analyzing the current and voltage
variation of each branch.

Method of an infrared imaging. The faults in PV
array can be precisely located using a thermal camera [15].

Method of operating point analyzing. This method
is based on analysis and comparison of the current with
the expected MPP [16].

Other methods. In [17],
neural networks analysis and in [18] and [19],
control theory is used for diagnosis.

authors used artificial
fuzzy
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New voltage and current measurement method.
This new method is adapted to the BL configuration.
Fault points can be detected and isolated quickly and
accurately by comparing the measured values.
Considering that a PV array consists of N strings
containing M modules per string, we can determine
[(M-1)-(N-1)/2)] connections (if (M-1)-(N-1) is an odd
integer is used [(M-1)-(N-1)/2]). The connection is
labeled (m, n) if it is located below and to the right of the
(m, n) module [18, 20, 21].

Sensor’s placement technique. In this case, a
voltage sensor is placed for two successive modules
connected by a node, and a current sensor is placed at the
end of each string as illustrated in Fig. 4. Then a field for
(M, N) needs N current sensors and [(M-1)-(N+1)/2]
voltage sensors (if (M—1)-(N+1) is an odd integer is used
[(M=1)-(N+1)/2]). Each voltage sensor takes the label (m, n)
with:
m=1.M—1.

N : pair

n=2k)—(1-—mmod?2).

k=1....N/2(m: pair).
where :

k=1....(N/2)+1(m:impair).
m=1.M-1.
N timpair

{n =(2k)—(1—mmod?2). 2)
where:k=1...(N +1)/2.

N strings

Uzn-1L @M ] 2N

M modules on string

== Connection
*s, Hode

<
v.‘......,........

U(M-1)N+1

Fig. 4. New sensor placement scheme in PV array

Faults diagnosis principle. This new fault diagnosis
model is used to isolate the detected fault point by
comparing the following measured quantities:

The current of each string (I, ... [), the overall
output voltage U and the voltage of two successive
modules connected by a node U,,,. The thong fault can be
detected by current analysis of all the strings and precise
location of the fault can be localized according U,,,,.

In healthy operating state, the current of each string
to identical number of PV modules is the same. Thus, the
fault in a string is confirmed if the current is dropped
compared to another healthy string.

A criterion Ig (standard current) is specified to
distinguish between real faults and small perturbations.
For example, in a (3, 3) PV array as it is shown in
Fig. 5, this criterion is given by:
Is=90% I ax, Where I = max {I, b, .., Iy}.
If the first string is supposed to be faulty, then /;< I5 and
the standard current Ig = 90%lay, Where I,,= max (b, [5).

o ]

ui12 (1.2) Ul4
[ . |
=) <] 5
| |2 22 2.3 ;
(177 SRS W1 ) B |
A ] ]
3,1 3,2 33

Tt

Fig. 5. (3, 3) PV array

_—

Lo

e U}, and U, are the voltage values of the first faulty
string.

e U); and U,; are the voltage values of the second
faulty string.

o U4 and Uy; are the voltage values of the third faulty
string.

e Ug=2/3U is the standard voltage.

The result between Uy, U, and Us allows locating
the faults in the faulty string.

Three cases are possible:

if U12 < Us, U21 > US and ]1 < IS then module(l,l) 1s faulty,
if Uy <Ug, Uy <Ug and I; < I then module(2,1)is faulty;(3)
if Uj, >Ug, Uy <Ug and I} < I then module(3,1)is faulty.

According to this criterion, a fault in the string is
determined if the current is less than the standard current
Iy when the faulty state is not confirmed.

The voltage U,, of two successive modules
connected by one node is identical to the healthy
operating state and vice versa.

After determining the £ faulty string, the fault point
location in this string is located in function of its voltage.

The values of i and j are given by the following
relationship:

i=1.M-1.
Jj=k+imod2(k :impair) 4)
j=k+1—imod2(k: pair).

The criterion for a fault point location is Us = 2U/M,
where U is the output voltage of the PV field; M is the
number of modules per string. When Uj; exceeds Us, it
means that there is no fault in these 2 modules. Finally,
the fault point will be located after the comparison
between each voltage of U;; and Us.

Faults detection and isolation algorithm. The
algorithm of the faults detection and isolation (FDI) is
illustrated in Fig. 6.
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Fig. 6. FDI algorithm

Simulation results. The feasibility of the sensor
placement model proposed in this work is proven by
simulation results under MATLAB/Simulink environment
for several types of defects.

The PV module used in this simulation is «Solarex
MSX-60» with 36 cells in series. The electrical
characteristics are represented in Table 3.

The criterion of the selection of the standard current
is specified in order to distinguish between the real fault
and the perturbations.

If the current decreases less than 10 % of the
nominal current then no fault was detected because this
situation cannot be dysfunction the model.

This criterion explains how the 90 % threshold was
chosen to distinguish a defective string from the string
with a maximum current.

The simulated model contains 9 (3, 3) modules (Fig. 7).
5 voltage sensors and 3 current sensors have to be placed.

The simulation is carried out under standard
conditions (solar irradiance is 1000W/m?, atmospheric
mass is 1.5 and cell temperature is 25°C.

The BL configuration illustrated by Fig. 7 in the
paper with sensors placement is realized under
MATLAB/Simulink and after simulation of this model we
obtained the results of 3 scenario of Table 4 and 5. This
model can be realized in real time with more material tool
which is not available at our laboratory.

The simulation parameters of the module are chosen
as follows: serial resistor Ry = 0.23 Q, parallel resistor
R = 6720.65 Q, photo-current 1,, = 3.81 A and ideality
factor n = 1.29. In the simulation the module faults
(disconnected, short-circuited) and shadow faults (hot
point phenomenon) are considered.

Three different scenarios can be proposed: the
module is disconnected (scenario 1); short-circuited cell,
several short-circuited cells, short-circuited module
(scenario 2) and different levels of shading (scenario 3).

Table 3

Methods of voltage measurement proposed in literature

Faulty strings String 1 String 2 String 3
Standard current /g 90% max(/y, 13) 90% max(/y, 13) 90% max(/,, 1)
Faulty string current 1<l L<Ig <[

Faulty module anlenlehlaaler]lcy | wd]ed] 33
Standard voltage Uy 2/3)U 2/3)U 2/3)U

Voltage of two successive U12<US U12<US U12>US U13<US U13<US U13>US U14<US U14<US U14>US
modules with faulty string U21>US U21<US U21<US U23>US U23<US U23<US U24>US U24<US U24<US

First scenario. In this scenario, we disconnect a
string of modules. All other elements of the field are in
normal conditions. From the results of Table 4, the open-
circuit fault is confirmed due to the zero value of the first-
string current of PV array.

The faulty module number is limited between (1, 1)
and (2, 1) as U, < 2/3U, but the (2, 1) module is
confirmed flawless because U,; value is greater than
2/3U, this analysis can confirm that there is an open-
circuit fault at the module level (1, 1).

Second scenario. In this scenario, three faulty states
are treated: a shorted cell, a group of short-circuited cells
(18 cells) and a short-circuited module (36 cells at a time).

According to the results in Table 4, the output
current and voltage decreased due to the short circuit
fault. It is found that the faultier cells increase over the
current and voltage also decreases.

However, the operating state is almost the same as
the healthy state when the fault occurred at a single cell,
because of this small decrease cannot confirm whether a
default has occurred or not at installation.

The standard current g is equal to 90 % I, with
Inox = max {1, I, I;}. According to this criterion, the fault
is confirmed in the system when a group of 18 cells
(82.7 % I, = I,) or when a module is completely shorted
(41 I = 80 %). In both cases the current string in fault /; is
less than /5. On to less than 2/3U, Uy, and Uy, voltages are
higher than 2/3U, so the fault is located at the module
level (1, 1).

Third scenario. In this scenario, different shading
rates are applied on a cell module covering the cell
partially and completely. Shading of the PV cell greatly
affects the power output of the plant.
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Fig. 7. The simulated model under Matlab/Simulink environment

Table 4
Scenarios 1 and 2
o) Scenario 1 Scenario 2
Z 5 _ P 2
£ E 3 B S
o a — 2 ﬁ
Z o
1, 3.54 0 3.52 3.12 3.04
L 3.54 3.57 3.56 3.77 3.80
L 3.54 3.57 3.56 3.77 3.80
Ui, 34.03 32.25 33.81 | 27.41 18.43
Uy 34.03 4091 34.17 | 35.65 35.95
Ups 34.03 34.49 33.88 | 29.64 23.69
Uy 34.03 35.17 3391 | 30.30 24.51
2/3U | 34.03 34 33.88 | 29.86 23.96
Table 5
Scenario 3
Scenario 3
g | = 3 E z
= g . T R RS
E | ES | 22 | 2% | £3
Z =7 | 88 | 8% | 37
o — — Q
I 3.54
L 3.54
L 3.54
U, 34.03 34.59
Uy, 34.03 34.38 342 34.29 33.83
Ups 34.03 34.47 35.06 34.63 36.25
Uns 34.03 34.41 34.42 34.6 34.28
2/3U | 34.03 34.17 34.84 35.28 35.6

According to the results of Table 5, the power is
reduced to 29 % of the real value when PV cell is
completely shaded.

When the shaded area of the cell is less than or equal
to 50 % of the total area, the fault cannot be confirmed
because of the value of the current /; fault string exceeds
Is (1> 1, 90 %).

In the case when a cell in a PV module is completely
shaded, 83 % I, = L, then the fault is confirmed. Because
of the value of Ui, is greater than 2/3U and U, is less
than 2/3U, I is produced at the module level (3, 1).

The comparison between SP and BL configurations

can be summarized in Table 6.
Table 6

Results of SP and BL configurations

Normal state Open circuit
SP BL SP BL
I, A 6.79 3.54 0 0
L, A 6.79 3.54 6.87 3.57
L, A 6.79 3.54 6.87 3.57
U, V 54.99 34.03 42.95 32.25
Uy, V 54.99 34.03 65.30 40.91

The voltage in the faulty string of BL configuration
is less than the voltage in SP configuration.

Conclusions.

In this paper, a new sensor placement combination
for the detection and isolation of faults in the photovoltaic
field and the simulation results for different types of faults
are presented.

The number of sensors required and the costs are
reduced significantly in this model compared to other
existing models.

The faults detection and isolation method developed
in this work is confirmed by three different scenarios by
showing how different faults affecting the photovoltaic
field such as short-circuit current, open circuit voltage,
partial and total shading can be presented.

This study opens many perspectives:

o applying this method to the real photovoltaic field;

o applying one structure for faults identification;

o for the diagnostic multi faults cumulated can be
expected.
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Method for assessing unevenness of cellulose insulation layers aging
of power transformers winding

Introduction. Improving the methods of estimating the insulation aging of the oil-immersed power transformer windings is an urgent
task for transformer condition monitoring systems. The scientific novelty of the work is to take into account the uneven distribution
of temperature and humidity along the vertical axis of the winding in modeling the aging of insulation and to develop methods for
determining the conditions under which the aging rate of insulation in the intermediate layer will exceed aging rate in the hottest
layer. The purpose of the work is to evaluate the wear unevenness of cellulose insulation based on modeling the distribution of
temperature and humidity along the vertical axis of the power transformer winding. Methods. The transformer winding is mentally
divided into horizontal layers of equal height, the reduction of service life is calculated in parallel for all horizontal layers. Layer
with the maximum degree of aging for the entire period of operation and storage of the transformer is recognized as determining the
reduction in the service life of the insulation of the transformer as a whole. A model of the interaction of winding layers is developed,
with determination of temperatures, humidity, relative rate of aging of each layer due to temperature and humidity as a function of
traditional design parameters such as load, cooling temperature, heat capacity and thermal resistance of transformer. The index of
exceeding the aging rate by the layered method in comparison with this rate for the hottest layer is offered. The method of genetic
algorithms determines the conditions for obtaining the maximum value of this index. Results. A computer model has been developed
to predict the aging of the cellulose insulation of transformer windings. According to the proposed method, a layer with significantly
shorter insulation aging time (in the example, time reduced by 39.18 %) than for the upper layer was determined, which confirms the
feasibility of layer-by-layer monitoring and modeling of insulation aging processes of power oil-immersed transformer windings.
References 25, tables 2, figures 4.

Key words: power oil-immersed transformer, cellulose insulation aging, computer model of layer-by-layer aging of winding
insulation.

Bcmyn. Boockonanenns memooux oyinku cmapinus yearoa03noi i301ayii 06MomoxK cuio8020 MacioHano8Heno20 mpancgopmamopa
€ AKMyanbHUM 3a80aHHAM OISl CUCIeM MOHImopunay cmany mpancgopmamopis. Haykoea nogusna pobomu noiseac 8 ypaxyeammi
HEPIGHOMIPHOCII PO3NOOINI6 MeMNEpamypu ma 604020CHI 63008JiC GePMUKANLHOI OCi 0OMOMKU Npu MOOEn08aHHI npoyecie
cmapinHa 301ayii ma y po3podyi MemoouKu GUSHAYEHHS YMO08, 3a SAKUX WGUOKICMb 3HOCY [30A8Yil Y npomidcHomy wapi Oyoe
MAKCUMATIbHO NEPesULy8amu weuoKicmo y Haubiibul Hazpimomy wapi oomomxu. Memoro pobomu € oyinKa HEPIBHOMIPHOCIE 3HOCY
YentoN03HOT 130Yil HA OCHOBI MOOENIO8AHHS PO3NOOLLY MeMnepamypu ma 601020CHi 630064C GePMUKATLHOI 0CI 0OMOMKU CULOBUX
mpancgopmamopis. Memoou. Obmomra mpancopmamopa noOyMKU pO30iIeHA HA 2OPU3OHMANbHI Wapu PIGHOI eucomu,
niopaxyHoK CKOpOYEHHs CMPOKY CHyicOU BUKOHYEMbCA NAPANENbHO 34 YCiMa 20PUSOHMANLHUMU WApAMY, 4 wap, Wo Mae
MaKcumanoHull Cmyninb CMapinHa 3a 6ecb nepioo excnayamayii ma 30epicanns mpancgpopmamopy eusHacmuvcs Haubinbut pecypc
BUMPAMHUM WAPOM, AKUU BUHAYAE CKOPOUEHHS CMPOKY cAydcou izonayii mpancgopmamopa 6 yinomy. Pospobrena moodens
830€MOOIT Wapie 0OMOMKU, 3 BUSHAUEHHAM MeMNepamyp, 601020Cni, 8IOHOCHOI WBUOKOCHI CIAPIHHI KOJHCHO20 WAapy 6HACTIOOK Oif
memnepamypu ma 6ono2u AK QYHKYIi mpaouyitinux po3paxyHKOGUX Rnapamempis, MAakux sK HABAHMAICEHHS, MeMnepamypa
0XON0OHO20 Ccepedosuwd, MeNIOEMHICIMb ma Meniosull onip mpancghopmamopa. 3anponoHo8anuti NOKAZHUK NepesUuUeHHs
WBUOKOCIE CKOPOUEHHSI CIMPOKY CyHCOU NOUAPOSUM MEMOOOM y NOPIGHAHHI 3 Yiel weuoKicmio 0 HAlOLbul HAZPimo2o wapy.
Memoodom cenemuunux ancopummie UsHaA4eHi YMOSU 015l OMPUMAHHA MAKCUMATLHO20 3HAYEHH: Ybo20 nokasHuxa. Pezynemamu.
Po3spobnena komn’romepna modenb 015 nPoSHO3YBANHA CMAPIHHA YeNl0N03HOI i301aYii 06MOmMOK. 3a 3anponono8ano0 Memoouroio
BU3HAYEHO HAUOLIbW Pecypc UMPAMHULL WAp 3i 3HAYHO MEHWUM YACOM CMApPInHA 30aayii (v npuknadi yac smenuweno na 39,18 %),
HIDIC OIS BEPXHBORO WAPY, WO NIOMBEPOHCYE OOYINLHICHIb NOUAPOBO2O MOHITMOPUHSY MA MOOETI08AHHSA NPOYeCie CMAPIHHA 130aYii
06MOMOK CUN0BO20 MACIOHANOBHEH020 mpancgopmamopa. bibin. 25, Tabn. 2, puc. 4.

Kniouoei cnoea: cuiioBuii Maci0HaNnOBHeHUH TpaHcopMaTop, cTapiHHA LeII0J03HOI i30Lil, KOMI'IOTepHA MOJelb
NMOUIAPOBOTr0 CTAPiHHSA i30/11ii 00MOTOK.

Introduction. The issues of assessing the technical
condition of power transformers, including the aging of the
cellulose insulation of oil-immersed power transformer
windings, are invariably in the focus of research by the
world energy community [1, 2]. As is known [3], the
residual service life of cellulose insulation is determined by
the time during which the degree of polymerization of
cellulose molecules decreases to 250 units. In turn, the
aging rate depends on a number of operational factors, the
main of which is considered to be temperature.

The result of comparing the assessment of insulation
aging for a particular transformer with the assigned
resource determines the moment the transformer is
decommissioned and the probability of a transformer
failure when it continues to operate [4].

The state of oil-immersed power transformer
insulation is determined by the following methods: by

means of analyzing cellulose degree of polymerization
[3]; by indirect methods, for example, by the presence of
certain gases in transformer oil [5, 6]; by online
monitoring of operating conditions [7, 8]; based on the
statistics of transformer accidents [9]; by modeling the
reactions of the transformer to the predicted changes in
operating factors [10].

The advantage of the latter method for determining
the state of power transformers insulation is the ability to
take into account the predicted dynamics of external
operating factors. Therefore, this method is discussed in
more detail below.

Previous research. Modeling of cellulose insulation
aging includes modeling the thermodynamic and moisture-
dynamic processes in the transformer, as well as modeling
the effect of these processes on the insulation aging rate.
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Known thermodynamic models are built on the basis
of various differential equations of the heat balance of the
transformer, which use various transformer equivalent
circuits [11, 12]. Solutions of these equations are found
both by analytical methods [13] and by computer
simulation [11, 14-16].

Thermal modeling techniques are based on dynamic
analogies of electrical and thermal processes,
Computational Fluid Dynamics (CFD) and Thermal
Hydraulic Network Model (THNM). Models based on the
first technique do not take into account the nonlinear
dependences of transformer thermal parameters. Models
based on the other mentioned techniques require large
computing resources and expensive commercial software
for implementation.

The basic model for assessing the rate of insulation
aging is the Montsinger equation [17], which determines
the instantaneous rate of relative thermal aging of the
insulation. Integration of this rate in a certain time interval
gives the value of thermal aging of the insulation in this
interval. The corresponding expression is called the
«aging integral». Over time, multipliers were added to the
aging integral, taking into account the influence on the
cellulose insulation aging rate of its humidity, as well as
the acid number of transformer oil [9, 11]. In other studies
[4], these factors are taken into account in the expression
of the aging rate through the values of the activation
energy F and the pre-exponential factor 4, due to the
influence of humidity, acids, and oxidation.

There are studies in which the influence of the
humidity of cellulose insulation on the deterioration of its
technical condition is experimentally confirmed [18, 19].

At the same time, the known models of insulation
aging do not take into account the relationship between the
temperature and moisture distribution in the winding
insulation along its vertical axis. The intensity of transformer
insulation aging is determined by the hot-spot temperature
(HS) which is located in the upper part of the winding.
Accordingly, it is assumed that the greatest service life
reduction also occurs at the top of the transformer. On the
other hand, the aging rate of cellulose insulation, in addition
to temperature, is affected by the degree of cellulose
humidity and the oxidation of transformer oil. It is known
that the wettest spot, (WS) in an operating transformer is
located in the lower part of the winding.

In [20], the concept of the most resource
consumption spot (RCS) is introduced, it is shown that
this spot may not coincide with the HS and WS spots, can
change its position in the direction of the vertical axis of
the winding depending on the dynamics of the load
current of the transformer, humidity of cellulose
insulation and other factors.

During the simulation of temperature and humidity
distributions, the transformer winding with height H is
mentally divided into N layers of the same height, as it
shown in Fig. 1.

The number of layers is chosen in such a way that,
within each layer, changes in temperature and humidity
along the vertical axis of the winding can be neglected [20].

Winding layers are numbered from bottom to top. In
this case, the n-th layer number (1 < n < N) characterizes the
excess of the layer boundaries over the bottom of the

winding. The excess of the upper 4, and lower /,, boundaries
of the n-th layer is determined by the expressions:

Hn Hn-1
hp=—. Iy, = g
N > N
Height
H |
| Ay SN Winding
ey =My @ Layer N
v Layer (N-1)
hy=hy,
hn’ =hb_’ v lﬂyer 2
A N T

Fig. 1. Structure of the winding layers

Thus, in the case of a change in the value of N (for
sufficiently large N), the excess of 4 will correspond to
another layer. For example, with /=2 m and N = 10, the
point located at a height of 1.4 m lies on the boundary of
the seventh, and with N = 20, the 14th layer.

Due to the oppositely directed temperature and
humidity gradients in the layers, accelerated aging of the
different winding layers at different points in time is
possible.

Therefore, it is necessary to take into account the
aging rate of the insulation for each layer and, by
integration, determine the most aged layer since the
manufacture of the transformer. It can be assumed that the
aging of this layer determines the aging of the winding
insulation as a whole.

It should be noted that in the layered model given in
[16] there is no mechanism for the interaction of the
processes of dynamic redistribution of temperatures and
humidity of cellulose along the vertical axis of the
winding. This, in turn, does not allow performing
computer simulation of layer-by-layer aging of insulation
under non-stationary load conditions of the transformer.

The purpose of this work is to evaluate the aging
unevenness of cellulose insulation based on modeling the
distribution of temperature and humidity along the
vertical axis of the winding of power transformers.

The task of the work is to develop a computer
model for calculating the reduction in the service life of
winding insulation layers based on the current values of
the transformer load, ambient temperature, winding
humidity and thermodynamic parameters of the
transformer, as well as to develop a methodology for
determining conditions under which cellulose insulation
aging in the intermediate layer is greater than in the layer
with the hottest spot.

Layer-by-layer model of power oil-immersed
transformers cellulose insulation aging. To solve the set
tasks, a computer layer-by-layer thermo- and moisture-
dynamic model of the transformer is proposed. The
structure of the model is shown in Fig. 2. The model as a
whole and its elements are external models (black box
models), that is, models that establish the dependence of
outputs on inputs without detailing the physical processes
in the transformer and in its parts.
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Fig. 2. Structural diagram of the layer-by-layer model of transformer winding insulation aging
(TDM - thermodynamic model; MDM — moisture dynamic model)

The model consists of the unit for the formation of
operating conditions, models of layers and units for
determining the layer-by-layer insulation aging.

The operating conditions formation unit sets the
values of the transformer load currents, the ambient
temperature and the amount of moisture penetrating into
the transformer tank. The layer model determines the
input power, temperature and absolute humidity in the
layer at the boundary of the «cellulose insulation-
transformer oil» system. According to these data, the unit
for determining the layer-by-layer aging of the insulation
calculates the instantaneous rate of relative aging and the
value of the aging of the cellulose insulation in the layer
in accordance with the «aging integral» [4, 9-11].

Thus, the layer model consists of the input power
model, thermodynamic and moisture dynamic models.

The input power of the n-th layer is determined from
the expression [1]:

p P _I’ZtR 0
nin N N >
where P;, is the transformer power losses, W; [ is the load
current, A; Z is the winding resistance, Q; P; is the
no-load loss, W; N is the number of layers.

The thermodynamic model of the n-th layer is based
on the heat balance equation in the winding cellulose
insulation layer immersed in transformer oil. In the
proposed model, the differential equation of the first
degree is chosen as the heat balance equation:

den Pnin 1
Zn _nin _ 0,-0, 1), 2
dt  C, C,R, 2 (r 1)) @

where 0,, 0.1 is the temperature of the n-th, (n—1)-th
layer, °C; d@,/dt is the time derivative of the temperature
of the n-th layer; C, is the heat capacity of the n-th layer,
J/K; R, is the thermal resistance of the n-th layer, K/W.

A feature of the thermodynamic model of each layer
is that it describes the thermal balance between the thermal
power that is released in the layer winding as a result of the
flow of load current and no-load losses and the thermal
power that is transmitted through the moving oil to the
overlying layers of the winding. Taking into account the
direction of oil movement in the transformer tank from
bottom to top, the thermal energy received by oil in the
lower layer is involved in heating all layers of the winding.
At the same time, the thermal energy released in the
intermediate layer does not participate in the heating of the
underlying layers of the winding. We also note that the oil
heated in the N-th (upper) layer enters the cooler inlet, in
which the oil temperature drops to the value 8, and contacts
the lower layer of the winding.

To determine the values of parameters — heat
capacity C,, and thermal resistance R, of the n-th layer,
methods of comparing these parameters with the results of
thermal tests or transformer condition monitoring were
used [21].

The method takes into account the conditions (load
current, ambient temperature, cooling modes) and the
results (temperature of the upper layer of transformer oil,
thermal constant of the transformer) of thermal tests.
These parameters determine the requirements for the
coefficients of the computer model of the heat balance
equation of the transformer as a material point:
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dem =Pmin_ 1 (em_ga)’ (3)
dt C, C,R,

where d6,/dt is the time derivative of the top oil temperature;

6, 1s the top-oil temperature, °C; 6, is the ambient

temperature, °C; P, ;, is the input thermal power (power

loss), W; C, is the heat capacity of the transformer, J/K;

R, — thermal resistance of the transformer, K/W.

The values of the equation coefficients of this model
are chosen experimentally to ensure that the simulation
results coincide, with a given accuracy, with the results of
thermal tests.

If during transformer operation the current value of
the thermal parameters changes over time, then it is
advisable to use condition monitoring data to determine
the thermal parameters. For this purpose, we substitute the
results of measuring the top-oil temperature and the
ambient temperature for two points in time into the heat
balance equations (3). Then we solve the resulting system
of algebraic equations with respect to the coefficients of
the original differential equation — the heat capacity and
thermal resistance of the transformer [21].

At the next stage, the equation (2) coefficients are
expressed in terms of the equation (3) coefficients. The
following assumptions are taken into account:

1. Top-oil temperatures in these models must be equal.
Ie. gm = QN.

2. The lower layer inlet receives oil from the cooler
outlet, which has a temperature 6,. The moisture content
of the oil in the cooler does not change.

3. The thermal resistance R, of the section «cellulose
insulation-transformer oil» in the layer model is expressed
through the thermal resistance R, of the transformer
model as a material point:

R,=R,(N+1-n)/g, “4)
where (N+1-n) reflects the increase in thermal resistance
R, relative to the resistance R,; g is an empirical
coefficient that takes into account the decrease in the
thermal resistance of the «winding layer-transformer oil»
section of the layered model compared to the thermal
resistance of the «top oil layer-environment» section of
the «single point» model, which is used to adjust the
layered model.

As follows from (4), when # increases, R, decreases
and, consequently, the dissipated power in the layer
increases. This leads to a decrease in the power going to
the heating of the layer substance and a decrease in the
layer temperature increment.

4. The heat capacity of the layer and the thermal power
that is released in the layer n is N times less than the
corresponding values of the transformer model as a
material point:

C
C,= A’;’ ; (5)
P .
P}’l in = % . (6)
After substituting expressions (4) — (6) in (2) we get:
do, P, Ng

—= 16, -6,_p ) 7

dt  C, CmRm(N+l—n)(" ) @
The temperature values 6, of the n-th layer obtained

as a result of application in the layer model are used to

determine the absolute humidity, the rate of relative aging
of the insulation of this layer and determine the
temperature of the (n + 1)-th layer.

The moisture-dynamic model of the layer is based on
the well-known method for calculating the degree of
cellulose insulation humidity from the measured value of
the relative humidity of transformer oil [22]. The calculated
humidity of cellulose insulation of the n-th layer at a certain
point in time is determined from the expression:

_ . k., +a,- 0
W(n)=Ady, e BwOn plw TGO

where W(n) is the calculated humidity of cellulose
insulation of the n-th layer, %; A4,, B,, k., a, are the
empirical coefficients [24]; 6, is the temperature of the
n-th layer of the transformer winding, (n = 1, N), °C;
p is the partial pressure of water vapor, mmHg.

The value of the partial pressure of water vapor
depends on the relative humidity of the transformer oil in
the n-th layer at the corresponding temperature of this
layer [24]:

Py = (p‘-10(8’0589 1729,9875/(6, +273,856)) ’
where ¢' is the relative humidity of oil at the temperature
of the n-th winding layer 6,, %.

Relative humidity at 6, is determined from the
expression [24]:

Wy

c@,)

where Cp{(6,) is the limiting humidity of oil at the
temperature of the n-th layer, g/t; W), is the absolute
humidity of oil, taking into account the temperature of the
n-th layer, g/t.

The value of the absolute humidity of transformer
oil can be either determined by direct measurements or
obtained empirically (for example, a value corresponding
to a low degree of the oil humidity is taken). To take into
account the dynamics of humidity in the system
«cellulose insulation-transformer oil» due to changes in
the thermal regime of the transformer, a model is used in
the form of a state diagram [22]. This model is
characterized by three states — moisture transfer from
cellulose insulation to transformer oil, moisture transfer
from transformer oil to cellulose insulation and an
equilibrium state (is the initial one).

Thus, the moisture-dynamic model of the layer
determines the absolute humidity in the layer based on the
temperature value 0,

The oil at the outlet of the cooler has a moisture
vapor pressure corresponding to the temperature of the
upper layer. Therefore, moisture removed from the
cellulose insulation in the top layer is returned to the
cellulose insulation in the bottom layer. Similar processes
occur in other layers, which together form the distribution
of moisture along the vertical axis of the winding.

Simulation using the model on Fig. 2 was carried out
for the conditions given in [22]. The initial data for setting
up the model were the results of thermal tests of the
transformer ATJIITH100000/220/150. During these tests,
the transformer was placed in a climatic chamber, in
which the temperature was maintained at 6, = 40 °C and
kept under a load of 7, = 244 A in a certain cooling mode

Q=
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for a time significantly longer than its thermal constant. In
this case, the temperature 6,, of the upper oil layers was
constantly measured. According to the measurement data,
the temperature of the excess of the upper oil layers
Af = 40 °C and the thermal time constant 7 = 2.4 hours
were established. Based on these data and the passport
value of the no-load loss parameter P;, the coefficients
C,, R, of equation (3) were determined using the method
[21, 25]. To solve equation (3), a computer model was
used in the Simulink environment with the values of the
input variables corresponding to the conditions of the
thermal tests performed. The deviations of the values of ¢
and A@ obtained as a result of modeling from the results
of thermal tests do not exceed 5 %.

At the next stage, using this computer model, the
temperature of the upper oil layers was determined for the
conditions of the experiment with a layered model (Fig. 2):
the load current /; changed according to the profile shown
in Fig. 3, and the temperature 6, is taken equal to 40 °C.
Further, the parameters of the layered model, in
particular, the coefficient g, were selected in such a way
(g = 11.11) that the temperature of the upper oil layers in
the layered model was equal to the corresponding
temperature of the original «one-point» model. After that,
the temperatures obtained in the course of modeling using
a layered model were used to determine the moisture
distributions and aging rates.

Load current, A
ad curremt, A

300

200

0—

EEESERREREN EREEEEN”
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Fig. 3. Simulation results

The moisture content of cellulose insulation was
calculated for the following initial data: 4,, = 6.1; B,, = 0.04;
k,, = 0.33; a,, = 0.0033 (empirical coefficients correspond
to K-120 cable paper [24]). The mass of cellulose
insulation of the transformer is assumed to be 6 tons, the
mass of transformer oil is 47 tons. The graphs of changes
in the parameters of these processes obtained as a result of
modeling are shown in Fig. 3.

The steady-state values of temperatures, humidity,
rates of relative aging of cellulose insulation and the aging
itself in the layers of the model are given in Table 1.

Table 1
Results of modeling by layers
Layer | 6(n),°C | W(n), % Vo Vi Vo -V
10 91,10 0,846 0,4403 | 2,2545 | 0,9927
9 89,90 0,877 04111 | 2,3912 | 0,9830
8 88,86 0,913 0,3485 | 2,5588 | 0,8917
7 86,55 0,980 0,2666 | 2,8323 | 0,7551
6 83,23 1,089 0,1830 | 3,2981 | 0,6036
5 78,80 1,250 0,1120 | 4,0648 | 0,4553
4 73,27 1,480 0,0609 | 5,2739 | 0,3212
3 66,601 1,800 0,0292 | 7,1129 | 0,2077
2 58,82 2,237 0,0123 | 9,8245 | 0,1208
1 49,97 2,800 0,0045 | 13,7142 | 0,0617

From the results obtained it follows:

e under these conditions, the most consumable
resource and the most heated is the upper layer of the
transformer winding;

o the increase in temperature and humidity from layer
to layer is not a constant value. That is, the functions 6(n)
and W(n) are non-linear.

The following notation is used: Gy.x = OV); Oin = 0(1);
A0 = (emax - amin); Wmax = W(l), Wmin = W(10)>
AW = Wmax - I/Vmin~

Using the simulation results, the coefficients of
temperature change relative to the maximum values and
humidity relative to the minimum values in the winding
are calculated:

_ Omax —0(n) . _ W(n) —Wnin

kg(n) VAR N

The obtained dependencies ky(n) and ky(n) are
approximated by polynomials of the third degree. These
polynomial functions and the resulting quality of
approximation are shown in Fig. 4. Approximation
quality was assessed using the determination coefficient
R*. The calculated values of R’ are close to 1, which
indicates a sufficient quality of the approximation.

Using the obtained dependences of the coefficients
k¢(n) and ky(n), the dependences of the temperature 6(n)
and humidity W(n) of the layer as a function of 0,,,, Af,
W uins AW and n are obtained:

O(n) =Opax —AO -kg(n); ®)
W(n)=Wyin + AW -ky (n) . )

When assessing the rate of relative aging of the
insulation, the hot-spot temperature of each layer was
used, which is determined by the expression:

0,(n)=0(n)+ A6, (10)
where A#, is the temperature rise of the winding above the
oil temperature in this (n-th) layer, which, in accordance with
the recommendations of IEC [4], is assumed to be 22 °C for
all layers.
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Fig. 4. Graphs of dependencies: a — ky(n); b — kw(n)

The values of W(n) and 6,(n) from expressions (9)
and (10) are substituted into the expressions for
determining the rates of relative insulation aging. As a
result of the action of temperature [6, 7]:

(6, (n)-98)
Vo(my=2 6 (11)
and humidity
W( ) 1,493
n
Vw (n)Z( j . (12)
Wpase

where Wy, is the base humidity of cellulose insulation, %.
The designation for the product of the relative rates
of thermal and moisture aging of insulation for layers
n and N has been introduced:
V,=Ve@m)-Viy(n); (13)
Vi =Vo(N) -V (N) . (14)
Evaluation of the effectiveness of the proposed
method is based on the assumption that there is some non-
top (n-th) layer with a higher insulation aging rate than in
the top layer (N-th). Without taking this fact into account,
we underestimate the intensity of insulation aging. Thus,
the conditions under which the resource is underestimated
are determined from the expressions:
Vy <V, (15)
or
Vy =V, <0. (16)
In this case, it is assumed that Vy and V, are positive
and different from zero and infinity. The following index
is proposed:

Pty (17)
V}’l
Then condition (15) can be rewritten in the form:
F<l1 (18)

Moreover, the greatest underestimation of the aging
intensity is achieved with a minimum index F.
Substituting expressions (11-14) into expression (17), we
obtain an expression for determining F"

gV VoM Ty Vo) V()
Vi Vo) V() Vo(n) Vip(n)

where
(0y-98)
(QN _971)
6 SN TR/
M) 2 =2 ¢ .
Vo(n) — (6.=9%)
6
1,493
Vw(N) _ \Wpase

1,493
= (W(N)J . (2D
W (n)

VW(n) ( W(n) )1,493

Wpase
Substituting (20, 21) into (19), taking into account
(8), (9) and approximation results in Fig. 4, we obtain:
(AO(=0,00021° + 0,0166n° - 0,268n + 1,254)

YotV _, ‘ . (22)
Vo(n)
B (V) _
Vi ()
1493 (23)
_ I
1+ A7 000147% + 0,0406n> 039750 + 1357)

min
Analysis of expressions (15) and (16) shows that:
Vo) | oog V@) |
Vo (n) Vi (n)

Therefore, the F index can be either less or greater
than 1. When F>1, the greatest insulation aging occurs in
the upper layer of the winding.

To determine the conditions under which Fp, is
achieved, the method of genetic algorithms [23] was
applied. In accordance with this method, expression (19),
taking into account expressions (22) and (23), is a fitness
function, the minimum of which is to be determined.

The search for Fy;, was carried out using the ga
function from the MATLAB software package. The initial
restrictions on the input variables, the obtained value F,
of the value of the input parameters and the number of the
layer at which Fy,;, is reached are given in Table 2. This is
a method of finding a function extremum by directional
iteration of the values of the function arguments. Its
advantage is that it does not impose requirements on the
complexity of the function.

Table 2
The results of determining the indicator Fy;,
Name, designation, Value | Foy | Layer
unit measurements, | Value range for Fo | value | number
variable type mn
Number of layers, N=10 10
N, pieces, integer
Oil temperature range,
AB, °C, real 20<A0<60 20
Absolute humldlty of 0,6 182 8
the upper layer, 0,3<W(N)<1| 0,3
W(N), %, real
Winding humidity
change range, 0<AW<1,5 1,5
AW, %, real

52

Electrical Engineering & Electromechanics, 2022, no. 5



As can be seen from Table 2, the value of the index
Foin = 0,6182 obtained during the operation of the genetic
algorithm takes place for the eighth layer. From here,
according to expression (17):

V,=Vy/!Fpn=16176 Vy . (24)

Thus, the adjusted value of the insulation aging rate
is 61.76 % higher than that calculated by the original
method. If we assume that the wear rates V,, Vy have a
constant value, then the service life of the insulation will
be reduced at these rates for different times. Wherein

Vntl = VNt2 . (25)
where t, f, are expected service life of cellulose
insulation of the n-th and upper (N-th) layers of the
winding, respectively, years.

Since for Fo;, < 1 we have V, > Vy, then t; < t,.
Then, taking into account (24) and (25), we have a
reduction in the service life:

At =(1y =) =1(1 = Fiyin) - (26)

Where does the relative reduction in service life,
expressed as a percentage, be defined as:

At/ t5[%] = (At/15)-100% = (1— Fpy;p ) -100%.  (27)

For example, with #, = 10 years and F;, = 0,6182
we get At = 3,918 years, ¢ = 6.182 years, At/t, [%] =
= 39,18 %. That is, the calculation of the resource
consumption time rate according to the proposed method
gives a significantly lower (in the example by 39,18 %)
residual insulation life.

Conclusions.

1.1t has been established that the distribution in the
layers of the winding of the average values of temperature
and humidity of cellulose insulation in the direction of the
vertical axis of the winding is multidirectional. Therefore,
under certain conditions in which the insulation operates
(for example, at high absolute humidity, a large
temperature difference along the vertical axis of the
winding, etc.), it is possible that the aging rate of the
insulation under the action of temperature and moisture in
the intermediate horizontal layer of the winding exceeds
the aging rate in the layer with the most hot point, and as
a result, greater wear of the intermediate layer.

2. The index F is proposed for assessing the excess rate
of aging of cellulose insulation under the influence of
temperature and moisture.

3.Using the method of genetic algorithms, the
maximum excess of the rate of relative wear of insulation
in the intermediate layer Fp;, was estimated under given
restrictions on the parameters of temperature and moisture
distribution, as well as the number of layers into which
the transformer winding is mentally divided.

4. The method for determining the dynamics of the
distribution of temperature and humidity along the
vertical axis of the winding has been improved with
experimentally obtained results of measurements of the
ambient temperature, load current and calculated values
of the thermophysical parameters of cellulose insulation,
which makes it possible to improve the accuracy of
assessing its technical condition.

5. The expressions obtained in the work for determining
the index F' refer to one variant of estimates of the average
rate of relative wear of insulation from among those
presented in the known literature. Namely, ratings:

- for thermally unimproved cellulose insulation;

- with the determination of the thermal wear rate
according to the Montsinger equation;

- taking into account the relationship of various factors
(temperature, humidity, and others) in the form of a product
of aging rates as a result of the action of one factor.

5.In the future, it is planned to obtain an analytical
expression for determining the index F for other
assessment options: aging of paper insulation with
improved thermal characteristics; determining the average
rate of aging as a function of the activation energy £ and
the pre-exponential factor 4; an additive form of the
relationship of average aging rates, taking into account
individual factors.
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Diagnosis and localization of fault for a neutral point clamped inverter
in wind energy conversion system using artificial neural network technique

Introduction. To attain high efficiency and reliability in the field of clean energy conversion, power electronics play a significant role in a
wide range of applications. More effort is being made to increase the dependability of power electronics systems. Purpose. In order to avoid
any undesirable effects or disturbances that negatively affect the continuity of service in the field of energy production, this research provides
a fault detection technique for insulated-gate bipolar transistor open-circuit faults in a three-level diode-clamped inverter of a wind energy
conversion system predicated on a doubly-fed induction generator. The novelty of the suggested work ensures the regulation of power
exchanged between the system and the grid without faults, advanced intelligence approaches based on a multilayer artificial neural network
are used to discover and locate this type of defect, the database is based on the module and phase angle of three-phase stator currents of
induction generators. The proposed methods are designed for the detection of one or two open-circuit faults in the power switches of the side
converter of a doubly-fed induction generator in a wind energy conversion system. Methods. In the proposed detection method, only the
three-phase stator current module and phase angle are used to identify the faulty switch. The primary goal of this fault diagnosis system is to
effectively detect and locate failures in one or even more neutral point clamped inverter switches. Practical value. The performance of the
controllers is evaluated under different operating conditions of the power system, and the reliability, feasibility, and effectiveness of the
proposed fault detection have been verified under various open-switch fault conditions. The diagnostic approach is also robust to transient
conditions posed by changes in load and speed. The proposed diagnostic technique's performance and effectiveness are both proven by
simulation in the SimPower /Simulink® MATLAB environment. References 31, tables 2, figures 7.

Key words: artificial neural network, insulated-gate bipolar transistors, fault diagnosis technique, neutral point clamped
inverter, wind energy conversion system.

Bemyn. [[is docsiznenns 6ucokoi eghekmugHocmi ma HAOHOCMI Y 2ay3i YUCMO20 NepemseopenHst enepeii cuiosa elekmponika sioizpac
8ADICIUGY POb Y UUUPOKOMY CReKmpi 3acmocy8annsl. JJoknadaiomsbcs 3ycunns ons niogueHHA HaoIliHOCH cUCeM CUNOBOI eNeKMPOHIKU.
Mema. [1]ob yHuxnymu 0yob-sKux Hebaxcanux eghekmis abo nepewroo, wo He2amueHo 6NIUBAIOMb HA De3nepepsHicb pobomu 6 2any3i
BUPOOHUYMBA eHepeli, y YboMy OO0CNIOJUCEeHH] NPONOHYEMbCA MemoOuKa BUAGIEHHS HeCHpagHocmell OINONAPHUX MPAH3UCMOPIE i3
3016068aHUM 3aMBOPOM NPU 0OPUSE TAHYI02A 8 MPUPIGHeEOMY iHBepMOpI 3 0I0OHOIO iKcayielo cucmemy nepemsopeHts eHepeii 8impy, wo
IDYHMYEMbCS HA ACUHXPOHHOMY 2eHepamopi 3 noodsitimum dcuenennam. Hoeusna sanpononosanoi pobomu 3abesneuye pecynio8aHHs
NOMYICHOC, WO OOMIHIOEMbCS MIJIC CUCIEMOI0 ma mepedicelo, 0e3 30018, ONsl GUAGTEHHS. Ma JOKAN3ayii yvbo2o muny oegexkmy
BUKOPUCIMOBYIOMbCSL NEePedosi  IHMEeNeKMYalbHi NiOX00U, 3ACHOBAHI HA 0OA2amowapositi. wmyuHill HeupoHHill mepexci, 6asza O0anux
3acHosana Ha MO0y ma pazoeomy Kymi mpu@asHux CmamopHux CMpymie ACUHXPOHHUX 2eHepamopis. 3anponoHo8aHi memoou
NpUsHAayeHi 05 BUAGTEHHS 0OHO20 AO0 080X 0OPUBIE ) CUNOBUX KIIOUAX OOK08020 NEPemaoposaid ACUHXPOHHO20 2eHepamopa NoO0GiliHO20
JICUBTIEHHA V' cUcmeMi nepemeoperts enepeii eimpy. Memoou. Y 3anpononosaromy memooi 6usAeieHHs 01 i0eHmuikayii HecnpagrHo2o
BUMUKAYA BUKOPUCOBYIOMbC MITbKU MpuazHuil mooyne cmpymy cmamopa i ¢asosuii kym. Ocnosnolo memoro yici cucmemu
O0laeHOCMUKY HeCNpasHoCmell € epeKmueHe UABIEHHS A TOKANI3ayis 6iOMO8 8 00HOMY a0 HABIMb KITLKOX IHEEPMOPHUX NEPEMUKAYAX 3
@ixcosanoro netimpansroio mouxoro. Ilpakmuuna yinnicms. Poboui xapaxmepucmuky KOHMpoaepie OYiHIomMbCsl 3d Pi3HUX YMO8 pobomu
eHepeocucmemu, a HAdIlHICMb, 30ICHEHHICHb MA eheKMUSHICTb 3aNPONOHOBAHO20 GUAGTICHHSI HECHPASHOCMEl OV nepesipeHi 3a PI3HUX
VMO8 GIOMOBU POZIMKHYMO20 eumuxaud. [liaeHocmuunutl nioxio makoxc Cmitikuii 00 NEPeXiOHUX CMAaHie, CHPUYUHEHUX 3MIHaMU
Haeanmasicenna ma weuoxkocmi. IIpodykmueHicms ma eQekmugHicms 3anponoHO8aHo20 OiAeHOCIMUYHO2O0 MemOoOy NiOMEePONCceHi
mooemosannsm y cepedosuufi SimPower/Simulink® MATLAB. Bi6x. 31, Tabn. 2, puc. 7.

Knwouosi crosa: mTydHa HeHpPOHHA Mepe:ka, OimOJSPHI TPaH3UCTOPH 3 i30JbOBAHMM 3aTBOPOM, METO] JiarHOCTHKH
HecnpaBHOCTeli, iHBepTOp 3 (ikcauicro HeliTpai, cucTeMa epeTBOPeHHs eHeprii BiTpy.

Introduction. The latest global reports on the state
of wind energy in the world show that this energy has
become an important investment sector in major
industrialized countries. This is due to various factors
such as the significant drop in production costs and the
development of the field of power electronics that has
solved many problems regarding the quality of the energy
produced and the possibility of integrating this energy
into the grid [1].

The wind turbines are equipped with a double fed
induction generator (DFIG) to produce electricity at
variable speeds. It is connected to a multi-level inverter of
neutral point clamped (NPC) structure, to improve the
performance of this system.

During operation, NPC inverter faces various
constraints that can cause certain faults which is why
production lines must be equipped with efficient fault
detection and diagnostic systems, because any failure even
the most trivial, can lead to multiple mandatory damages.
The causes of IGBT failure in NPC inverters can be

classified into three categories: control faults, transient
operating regimes, in particular those concerning terminal
voltages, thermal overloads, and environmental conditions
of use [2]. The environmental conditions leading to IGBT
failure are mainly extreme ambient temperatures, humidity,
natural ionizing radiation, and mechanical vibration [3, 4].
Less frequently, contamination and dust are also sources of
IGBT malfunction.

A simple switch-open or circuit-open defect usually
results in the whole or partial loss of operation of one of
the IGBTs constituting the static converter it occurs due
to a gate failure or a break in a connecting wire in the
transistor, this break can be caused by thermal cycling or
a short circuit fault [5]. An open circuit (OC) fault is one
of the most prevalent faults of the IGBT in NPC inverter,
it is necessary to examine and fault diagnosis in the arm
of the inverter and detect it [6-8].

Recently, several methods for detecting faults in
power transformers have been developed to correspond to
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the diversity of problems encountered [9-17]. Park’s
vector-based methods [18-22] unfortunately require
complex pattern recognition algorithms. Voltage-based
methods require the use of additional sensors [23, 24];
The proposed diagnostic approach [25] is based on
analyzing the inverter’s output pole voltages and output
currents. In [26] utilized a diagnostic procedure based on
the phase current's instantaneous frequency after
analyzing it with the Hilbert transform. In [27, 28] an
artificial neural network (ANN) based multiple open-
switch fault diagnostic approach was proposed. Using the
DC components and total harmonic distortion (THD) of
the stator currents, the 21 fault modes of multiple open-
switch faults were localized. In this article, we focus on
sophisticated intelligent techniques based on ANN to
identify and detect these faults. We are interested in
intermittent faults of the open circuit type of IGBT in the
rotor side converter (RSC) to diagnose and locate them, to
avoid degradation of the performance in the wind energy
conversion system (WECS).

Topology of a three-level diode-clamped inverter
and fault detection method. Topology of an inverter.
Figure 1 depicts the NPC inverter topology [29, 30]. The
DC-link supply was shared by each phase of the inverter,
as indicated in Fig. 1. The common point of the series
capacitors is connected to the center of each phase. The
inverter is powering a three-phase load with an AC.
According to the DC-bus voltage, the output has 3 levels:
(_Vdc)a 0’ and (+Vdc)'
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Fig. 1. NPC inverter circuit

The working principle is shown in Table 1. The
converter should offer complementarities between both
the couples of switches (S;;, Sig) and (Sp, S;3) in obtaining
to get the appropriate 3-level voltages, where i denote the
indication of phase (i = A, B, C), and Vj, is the phase-to-
fictive midway point value.

Table 1
The functioning principle for NPC inverter

o NPC inverter i-phase
Switching states
Sil Si2 si3 Si4 Voltage
N 1[1]0]0| +Vg/2
(0] 01101 0
P 010 1|1 | -Vy/R2

Table 1 depicts i-phase switching in Fig. 1 with
switching stages and output voltage levels.

To simplify the intricacy of the structure of a 3-level
inverter, each pair (transistor — diode) semiconductor is
marked by a single bidirectional switch S, and can be seen

that, the structure is symmetric. Figure 2 illustrated the
structure of a single leg, with an open circuit fault in S,;.
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Fig. 2. A single leg of a 3-level NPC inverter

The OC fault is influences by raising the oscillations
of the power signals and the deformity at the level of the
stator-phase current with the increase of their amplitudes.
In order to avoid these faults, which negatively affect the
work of the power conversion system, we must put in
place mechanisms to monitor and detect these faults in
order to avoid any disaster that may arise. Among the
detection techniques, we have presented in this work a
technique based on the neural network, which has shown
us a satisfactory performance.

Fault detection method. Diagnosis by neural
networks (NN) is a computational model whose design is
very schematically inspired by the functioning of real
human neurons, so the principle is inspired by biological
neurons, to identify faults in a system, the diagnosis
carried out by NN must have an adequate number of
examples of good functioning and defects to be able to
learn them. During the training phase, the features are
provided to the input network, and the output network
receives the required diagnosis [31].

Firstly, we apply a Fourier analysis technique to the
stator current properties presented in Fig. 3 in this model.
After the neuron network processes, the data, the system
monitors the phase angle and amplitude of the 3-phase
stator currents (Igu.), which will be the inputs to the NN;
the semi-faulty driver is recognized and identified by the
network. The selected features of each fault, which are
specified in the tabular form of samples to be
investigated, are used to extract features.

’ A\ Calculation of amplitude &
the phase-angle of Isg. \

The inputs
of ANN
(‘Isabc‘» L ISabc)

The currents
ISabe

—_—0 = O -

Fig. 3. The neuron network’s structure
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Simulation of system studies. In this work, for power
conditioning in the WECS applications, various topologies
of power converters have been suggested (Fig. 4). The
multilevel converters, particularly the NPC topology, are
widely utilized in the creation of high voltage and high
power, wind power plants because of their benefits, which
include the optimum waveform of the output voltage and a
reduction in overall harmonic distortion.

Grid|

Ps+s*Ps

ek

Energy

Fig. 4. Structure of the wind power conversion chain based on
DFIG with NPC structure of RSC

power_elec

scope

We simulate the wind energy conversion chain
(WECC) based on a DFIG on SimPower/Simulink®
MATLAB environment, as shown in Fig. 5. In which the
multilevel inverter of NPC structure is controlled with
indirect vector control of active and reactive powers.

Structure of ANN. The process of creating and
validating NNss is separated into 3 stages.

Inputs of the network. An ANN's inputs are the
two features of a 3-phase stator current (Is,,.), resulting in
a total of 2 inputs to this network.

Outputs of the network. When a fault is detected, the
network displays a binary code. Any output relating to a
component’s failure. In our work, we have the following:

o the total outputs of the network are 12;
e Table 2 lists the numerous problems in the inverter’s
components, along with their related codes.

The system was able to assess circuit faults using a NN
to obtain fault codes for OC switches. The system was tested
using two inputs, the first representing the amplitude of stator
current and the second representing the phase angle.
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Fig. 5. Model Simulink of WECS and fault diagnosis using neural network

Tests of ANN. The NN achieved higher learning
performance to discover the fault position in the circuit
after numerous tests; Fig. 6,a,b,c shows the training
performance, regression, and error histogram of the study.
To achieve and assess the NN learning and training
performance, we use the mean quadratic error (MQE).

The ANN in our case reached a value of 1.9656-10%°. The
goal error has been reached after just 470 of the 1000
epochs of the training parameter, and the regression figure
shows an acceptable regression (R equal to 1) among both
network outputs and network targets.

Training; R=1 . ) .
Best Training Performance is 1.9656e.20 at epoch 470 1 Error Histogram with 20 Bins
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Fig. 6. a — Training performance plot for the classifier; 5 — NN-training regression and ¢ — error histogram

Electrical Engineering & Electromechanics, 2022, no. 5

57



Table 2

Neural network training data

Normal 22.26 | —0.01744 | 000000000000 Scl 45.52 -1.21 000100000000
Sal 46 -0.3975 000000000001 Sc2 4591 | -1.106 001000000000
Sa2 47.46 1.233 000000000010 Sc3 51.17 23.51 010000000000
Sa3 47.05 2.59 000000000100 Sc4 47.93 | 0.3295 100000000000
Sa4 45.78 | -0.2721 000000001000 Sal & Sa2 49.54 | -1.683 000000000011
Sb1 45.69 | 0.3253 000000010000 Sal & Sbl 42.37 | -0.2402 | 000000010001
Sb2 48.93 | —-0.9666 | 000000100000 Sal & Scl 39.95 4.864 000100000001
Sb3 45.99 3.038 000001000000 Sal & Sbl & Scl [ 45.71 | —0.02463 | 000100010001
Sb4 49.12 2.8 000010000000

Checking the performance of the neural network.
We did tests for numerous sorts of operations, and the
results are displayed in Fig. 7. Once the ANN was
established and our learning had attained an acceptable
level, we made tests for various types of operations.

—
Sa2
0| Sa3
0| Sad4
e o sbi
M |u;::l_. = .a]| sb2
e o e > 3| Sb3
=..:u.m~r'.n---.g Meural Network of| Sb
0]} Scl
In healthy system 0f| Sc2
Se3
[ dfse
0| Sal
0| Sa2
0ff Sa3
1| Sa4
T
wi " Ly e e |
it ‘U:I_‘ i RNET  Gup | sb3
- al| Sba4
Function Fitting Neural Network 3l sc1
Open circuit faults in Sy 0| Sc2
-0j} Sc3
0| Sc4
sl
0{Sa2
[ 0)[Sa3
[ 0][Sa4
Freq Freg | gjfSbl
m L 3  WWET |—o]5b2
we  Lu i—m‘ "" | '“1‘5133
ol[Sb4
Function Fitting Meural Network Allsc1
Open circuit faults in S¢y 0J|Sc2
-0J|Sc3
1J|Sc4
 S—

Fig. 7. ANN testing

Conclusion. This work proposes an open-switch
fault detection approach for a rotor side converter with a
neutral point clamped topology in a wind energy
conversion system; where a neural network was used to
obtain fault codes for open-circuit switches, the system
was able of analyzing circuit faults when tested with two
inputs, the first representing the current module and the
second representing the phase shift. Simulation in a
MATLAB environment was used to create open circuit
failures in one or more insulated-gate bipolar transistors.
The detection and diagnostic system monitor and records
the module and argument values of these currents, which
will be the neural network's inputs, after extracting the
three-phase stator currents for healthy and fault-free
functioning. After the neural network has trained and

processed this information, it recognizes and locates the
malfunctioning insulated-gate bipolar transistors.

A 3-phase neutral point clamped inverter monitoring
system is built using the stator current spectrum analysis
technique paired with the artificial neural network. Where
the suggested feature extraction is simple because it does
not require any complexity, and we proved that the
system's performance has vastly improved in terms of
accurately detecting faults; where the mean squared error
was approximately 1.9656-10%°, and training regression
was equal to 1 which indicates that the training
performance of the network was good, which facilitated
the rapid detection process. Therefore, the system is
capable of identifying the various operating causes of
neutral point clamped inverter (the healthy and the open-
circuit faulty of insulated-gate bipolar transistors).
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Development and validation of enhanced fuzzy logic controller and boost converter topologies
for a single phase grid system

Introduction. Solar photovoltaic system is one of the most essential and demanding renewable energy source in the current days, due to the
benefits of high efficiency, reduced cost, no pollution, and environment friendly characteristics. Here, the maximum power point tracking
controller has been implemented for obtaining an extreme power from the photovoltaic array. For this purpose, there are different controller
and converter strategies have been deployed in the conventional works. It includes perturb and observation, incremental conductance, fuzzy
logic systems, and hill climbing, and these techniques intend to extract the high amount of power from the solar systems under different
climatic conditions. Still, it limits with the issues like increased design complexity, high cost consumption, high harmonics, and increased time
consumption. The goal of this work is to deploy an improved controlling and converter topologies to regulate the output voltage and power fed
to the single phase grid systems. The novelty of the work aims to develop an enhanced fuzzy logic controller based maximum power point
tracking mechanism with the boost DC-DC converter topology for a single phase grid tied photovoltaic systems. Practical value. Also, the
higher order harmonics suppression and unbalanced current elimination are handled by the use of LCL filtering technique, which efficiently
reduces the harmonics in the output of inverter voltage and current. Moreover, it helps to obtain the reduced total harmonics distortion value
with improved accuracy and efficiency. Results. There are different performance indicators have been evaluated for validating the proposed
enhanced fuzzy logic controller—maximum power point tracking controlling technique. Moreover, the obtained results are compared with
some of the conventional controlling algorithms for proving the betterment of the proposed work. References 30, tables 5, figures 7.

Key words: photovoltaic systems, boost DC-DC converter, enhanced fuzzy logic controller, maximum power point tracking,
LCL filtering, pulse generation, single-phase grid system.

Bcemyn. Consiuna ghomoenexmpuyna cucmema € 00HUM 3 HAUOLIbUL BANCTUBUX MA 3aMPedy8aHUX BIOHOGTIIOSAHUX OXcepell eHepeli 6 Hawil OHI
3a605KU NEPEBA2aM BUCOKOT egheKmusHOCI, HU3LKOI 8apmochii, 8i0CYMHOCHI 3a0PYOHEHHs M eKONOSIYHO 6e3neUHUM XAPAKMEPUCTHUKAM.
Ilpu yvomy 6yn0 peanizo6anHo KOHMPONEP CMENHCEHHA 3a MOYKOI MAKCUMANLHOI NOMYICHOCII ONs OMPUMAHHS eKCHPeMAanbHOT
nomyascHocmi 6io pomozanveaniuHoi bamapei. 3 yiero Memoro y mpaouyiiHux pooomax UKOPUCMOBYIOMbCS Pi3HI cmpamesii KOHmpoaepie
ma nepemeopiogayis. Lle exnouac 30ypens ma cnocmepesicerts, inkpemeHmHy nposioHicmb, cucmemi HewimKoi 102iKu ma cxoo0dicents Ha
nazopo, i yi Memoou NPU3HAdeHi O OMPUMAHHS 6ETUKOT KUTbKOCE eHepeli 13 COHAYHUX CUCIEM ) PISHUX KIIMamuyuux ymosax. Tum He
MEHU, Ye 0OMeACYEMbC MAKUMU NpobreMami, SIK NIOBUWEeHA CKIAOHICIb KOHCMPYKYIT, BUCOKI BUMPamu, 6UCOKI 2apMOHIKU Ma 301TbUeHHS.
eumpam uacy. Memoro yici pobomu € po3sumox 600CKOHANCHO20 YNPAGTIHHA Ma MONON02I NEpemsoplosaia Osl pe2ylio8aHHsl GUXIOHOT
Hanpy2u ma NOMYJCHOCH, wjo hnodaemvcsi 00 00HOgasHux mepedxcesux cucmem. Hoeusna pobomu cnpamoeana na pospooky
600CKOHANEHO20 MEXAHIZMY BIOCINEICEHHS TNOYKU MAKCUMATILHOT NOMYHCHOCMI HA OCHOGI KOHMPONEpA 3 HEeimKOIO JI02IK0I0 3 MONOJIOZIEI0
nepemeopiosaya NOCMIlHO20 CMpyMy, Wo niOsUULye, 0sl 0OHOQDAZHUX OMOENEKMPUYHUX cUcmeM, npug'ssanux 0o mepedci. Ilpakmuuna
yinnicmo. Kpim moeo, npuoywienns 2apMoHix Suuux nopsaoKié ma YCYHeHHs He30AIAHCOBAH020 CIMPYMY 30IUCHIOEMbCA 3a OONOMOZOK0
memody LCL-ginempayii, saxuil eghekmusHO 3MEHULYE 2APMOHIKY HA 8uxo0i ingepmopa Hanpyeu ma cmpymy. Kpim moeo, ye donomaeae
ompuMamu  3MeHuieHe 3HA4eHHs NOBHO20 2aPMOHINIHO20 CHOMBOPEHHsl 3 NOKpawjeHolo mounicmio ma eghexmugnicmio. Pesynsmamu.
Icnyroms pisni nokasHuKU egpekmueHocmi, ki Oyiu OyiHeHi 05 NepesipKU 3anpOnOHOBAHO20 NOKPAWEHO20 KOHMPONEPA HeuimKol 02iKu —
Memooy Kepy6aHHsl GIOCMENCEHHAM MOYKU MAKCUMATbHOT nomydcHocmi. Kpim moeo, ompumani pezynsmamu nopieHiolomucst 3 0esikumu
BEUUALIHUMU ATI2OPUMMAMU KOHMPOIIO 015 008€0eHHs Kpawjocmi 3anponotosanoi pooomu. biomn. 30, tabn. 5, puc. 7.

Kniouoei cnosa: dotoranbBaHiuHi cucTeMH, NepeTBOPIOBAY MOCTIi{HOr0 CTPyMY, 10 MiABHILYE, YI0CKOHAJCHUIi KOHTpoJIep 3
HEYiTKOI0 JIOTiKO0I0, BiICTe:KeHHs TOYKHM MaKCHMAIbHOI noty:xHOcTi, LCL-pinbTpanisa, renepaniss iMmmysbcis, ogHodasni
MepeKeBi cucTeMu.

Introduction. Solar photovoltaic (PV) systems have
gained a significant attention [1, 2] in the recent days due
to their benefits of easy accessibility and availability.
Also, it has been widely applied in various application
sectors like residential, transportation, and construction.
Typically, the PV systems [3] can produce the required
amount of energy from solar for the grid connected
systems with the help of appropriate methodologies and
equipment. The important features of the solar PV
systems are cost efficiency, pollution free, maintenance
free, and high availability rate [4]. The major challenges
that are associated with the grid integrated PV systems [5]
can be categorized under the components of PV panel,
power converters, and grid system. In which, the
processes of optimization, voltage/current maintenance,
and panel monitoring are need to be highly concentrated
on the PV panel. Then, the efficiency, high reliability,
temperature measurement, communication, monitoring
and safety measures are need to be satisfied by the power
converter topologies. Moreover, the power quality
improvement, voltage level maintenance, and fault ride
through capability are the dependable factors of the

converter and controller topologies, and these factors
supports to obtain an improved system performance [6].
In the solar PV systems, the PV array can be categorized
with respect to the solar irradiation and temperature
measures. So, it required an operating point for extracting
the maximum power from the PV array that is represented
as an MPPT controller [7].

Then, it helps the PV arrays to obtain the maximum
efficiency under varying climatic conditions. Generally,
there are different types of maximum power point
tracking (MPPT) controlling techniques have been
utilized in the traditional works, which includes
incremental conductance (IC) [8], fuzzy controller [9],
perturb and observe (P&O) [10], and temperature gradient
[11]. Also, various power converter design topologies
have been utilized in the existing works [12] like buck
converter, bi-directional converter, SEPIC converter, and
Luo converter. But, these techniques limits with the issues
like increased circuit design complexity, high cost
consumption, reduced speed, and requires an accurate
model. Moreover, harmonics elimination and current
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balancing are also plays an important role in a single
phase grid integrated PV systems [13, 14]. The filtering
techniques can be used to suppress the level of harmonics
for improving both efficiency and system stability [15,
16]. Thus, the proposed work focused on the development
of an advanced controlling mechanism for a single phase
tied PV systems. The major objectives behind the
proposed work are as follows:

e to obtain the maximum power extraction from the
PV panels, the functionalities of an enhanced fuzzy logic
controller (EFLC) is incorporated with the MPPT
controlling technique;

e to improve the operating efficiency of the entire grid
system, the boost converter topology is utilized;

e to reduce the unbalanced current, and harmonics
distortion, a higher order LCL filtering technique is employed.

Related works. This sector reviews some of the
existing controlling techniques and converter topologies
related to the solar PV power generation and extraction.
Also, the working operations of the converter and
controller topologies have been discussed with its own
merits and demerits.

Podder, et al. [17] conducted an extensive review
about the MPPT methods used for generating the power
from solar PV systems. The different methods analyzed in
this work were P&O, IC, and hill climbing (HC). Also,
various types of DC-DC converter topologies such as buck,
boost, bidirectional, CUK, flyback, SEPIC and Zeta were
compared based on the measures of computation
performance, input current, and output voltage. From this
study, it was analyzed that the P&O was the most suitable
MPPT technique for solar PV systems due to the benefits
of simplicity and reduced cost consumption. Kumar, et al.
[18] deployed a neural network based controlling technique
for improving the performance of grid based solar PV
systems. The key factor of this work was to obtain the
maximum power extraction with increased utilization
factor and efficiency by using the HC-MPPT mechanism.
Still, this work failed to reduce the harmonics distortion for
obtaining the better performance rate. Basha and Rani [2]
analyzed the performance 5 different MPPT techniques
such as HC-FLC (fuzzy logic controller), ANFIS (adaptive
neuro-fuzzy inference system), PSO (particle swarm
optimization), ACS (adaptive cuckoo search), and P&O for
selecting the suitable technique to get an extreme power
extraction from PV systems. Here, it was stated that the
operating point estimation plays an essential role during
MPP extraction, which could be more helpful to reduce
both the operating and installation costs.

Venkatraman and John [19] intended to increase the
performance of MPPT with the use of buck converter
topology for PV charging system. Here, the P&O
algorithm has been utilized to reduce the settling time,
increase the bandwidth, and improve the tracking
performance. From the paper, it was perceived that the
P&O scheme offered the better results with minimum
possible updation. Keyrouz [20] aimed to gain the
maximum power obtainment from the solar PV systems
under varying temperature and irradiation values. For this
purpose, a machine learning technique, named as,
Bayesian function has been utilized to obtain global MPP
in a specified time. Moreover, the PID (proportional

integral derivative) controller was used to reduce the
overshoot and rise time with high tracking efficiency.
Priyadharshi, et al. [21] employed a hybrid Gravitational
Search Algorithm (GSA) — PSO technique for improving
the tracking performance of MPP. In this design, the
CUK-SEPIC converter was adopted to reduce the ripple
content and to obtain the optimum PV value. During
optimization, the processes of fitness evaluation, global
best solution estimation, and position updation have been
performed. The major benefit of this work was, it has the
ability to work under low sun isolation level with reduced
cost consumption.

Basha and Rani [22] suggested high step-up boost
converters for increasing the tracking efficiency of MPPT
controlling technique. In this work, there were different
MPPT techniques have been surveyed that includes
variable step size P&O, fractional open circuit voltage
(FOCV) and modified IC (MIC). Also, the working
descriptions of these mechanisms have been described
with its pros and cons. Hassan, et al. [23] recommended
an FLC controller and push-pull converter for optimizing
the output power of PV systems with increased gain
value. The work focused on tracking the power from PV
panels without any oscillations and noise with the help of
FLC MPPT mechanism. From this work, the importance
and benefits of using FLC mechanism in solar PV
systems have been studied. Li, et al. [24] implemented the
beta parameter based FLC mechanism for improving the
performance of MPP in solar PV systems. Here, the
number of fuzzy rules has been reduced for simplifying
the process of membership function generation. Rezk, et
al. [25] employed an adaptive FLC (AFLC) based
controller topology for obtaining an improved efficiency
of PV applications. This methodology was mainly
deployed to attain an accurate and optimum tracking
performance with reduced power fluctuations. The key
advantages of this controller were faster convergence,
high accuracy, and simplicity. Karafil, et al. [26] designed
a high frequency resonant converter design with the pulse
density modulation — MPPT mechanism for a single
phase grid based PV systems. In this controlling
algorithm, certain controlling pulses have been eliminated
with respect to the command sequences without any
deviation in the frequency value.

Sun, et al. [27] utilized an artificial neural network
(ANN) based controlling strategy for an efficient power
tracking from the PV array. The main scope of this work
was to ensure the factors of reliability, safety, improved
performance and controllability of a grid connected PV
systems. Here, some of the major requirements that could
be used for controlling the solar PV system have been
discussed, which includes:

1. Exact tracking of MPP under varying irradiance and
temperature measures.

2. Accurate locating of MPP.

3. Maintain the same MPP value under different
climatic conditions.

Bhattacharya, et al. [28] applied an advanced
controlling mechanism based on ANN algorithm for a
grid connected PV systems. In this work, the conventional
PI (proportional integral) controlling mechanism has been
replaced with the functionality of ANN algorithm. Then,
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it offered an improved system performance with
improved dynamic response and reduced settling time.
Rajput, et al. [29] suggested a second order filtering
technique for increasing the power extraction of single
phase grid associated PV systems. Here, a robust
controlling mechanism with the boost converter topology
has been implemented and validated under various power
quality enhancement features. Gomes, et al. [30]
implemented an LCL filtering technique for eliminating
the harmonic distortions in the grid connected voltage
source converters. Here, a detailed analysis about
harmonics elimination, and clear illustration about the
damping techniques were discussed.

From this study, the impact of different MPPT
controlling mechanisms, converter designs, and filtering
approaches were analyzed with its working definitions.
Then, it will be more helpful for selecting the suitable
approaches that are used for improving the overall
performance of solar PV systems.

EFLC-MPPT based controlling strategy. In this
segment, a clear description about the proposed EFLC
based MPPT mechanism is presented for a single phase
grid systems. The purpose of this paper is to extract the
maximum amount of power from the solar PV systems
under varying climatic conditions by implementing an
advanced converter and controlling techniques. Here, the
boost DC-DC converter has been utilized to increase the
efficacy of overall system performance. In addition to that,
the reactive power support and harmonics elimination are
also concentrated to provide the reliable output for the
single phase grid systems. For this purpose, the LCL
filtering technique is employed to decrease the harmonics
and unbalanced current in the grid systems. The block and
schematic representations of the proposed EFLC-MPPT
based controller design are presented in Fig. 1, 2
respectively, which comprises the following stages:

e power extraction using EFLC-MPPT;

e boost DC-DC converter design;

e LCL filtering.

The purpose of this work is to obtain the maximum
amount of energy from the solar panels by implementing
an advanced controlling and converter topologies.
Normally, the performance of entire power generation
system is highly depends on the controlling signals
generated by the controller. Here, the switching pulses
generated by the proposed EFLC-MPPT controlling
mechanism are fed to boost converter for operating the
switching components. When compared to the other
controlling models reviewed in the literature, the
proposed EFLC-MPPT integrated with boost topology
could efficiently produces the regulated output voltage
fed to single phase grid systems. Also, it suppresses the
harmonic contents by regulating the output of PV panels
with reduced loss of power.
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Fig. 1. Block representation of EFLC-MPPT based controller design
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Fig. 2. Schematic representation of the EFLC-MPPT controller design

EFLC-MPPT based power extraction. At first, the
maximum power tracking from the PV panel is performed
by using the controlling technique. The essential part of
the PV system is PV array, which is used to generate the
required power from the solar. The MPPT controller has
been used to increase the amount of power generation
from PV array. Conventionally, there are different types
of MPPT techniques are available for power extraction, in

which the FLC is one of the extensively used controlling
mechanism due to the non-linear structure of the
converter. Also, it could act as a controller that helps to
obtain the requirements and specifications of the plants.
In this work, an EFLC based MPPT mechanism is
deployed for extracting the maximum power from the
solar PV systems with increased static and dynamic
performance. The typical illustration of the EFLC system
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is depicted in Fig. 3, which comprises the following
stages: fuzzification, inference rule generation, and
defuzzification. During fuzzification, the set of inputs like
temperature and irradiation are incorporated with the
stored membership function, which can be assigned to
each fuzzy input. Then, the rule evaluation process is
performed with the help of linguistic rules, which is used
to determine the control action with respect to the set of
input values. From the rule evaluation, the fuzzy output
can be obtained for each subsequent action. At last, the
expected output variable is computed based on the
isolation of the output fuzzy sets during defuzzification.

Fuaifivd Fury
InIurn Conclusions
5 Inference L 2
: : 5 Mechanism % { Fuzy 5
Mpits. ;3 E] L8 TTTTTTTY P urpnt
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Fig. 3. Working strategy of fuzzy controller

Let consider the inputs as error (E,) and change of
error (CE,), which are represented as follows:

_ Ppy(x)=Ppy(x-1),
Erlw)= Vpy ()= Ppy (x~1)° .
CEr(x): Er(x)_ Er(x _1); ()

where Ppi(x) is the PV power; Vpi(x) is the PV voltage;
Ppi(x—1) and Vp{x—1) are the previous power and voltage
respectively.

Then, the rule generation process can be carried out
based on the Mamdani model. Here, the 5 set of rules
such Very Low (VL), Low (L), Very High (VH), High
(H), and Medium (M) have been generated with respect to
the error and change of error values as shown in Table 1.

Table 1
Fuzzy rules generation
E| VL L M H VH
CE,

VL VH VH H VL VL

L H H H VL L

M H H N L L
H H H L L VL
VH H H L L VL

After inference rules generation, the defuzzification
process can be applied to get the output that is denoted as
the duty cycle D,, which is represented as follows:

n
Z#(Dci)— Dy
i=1

D=5 ———; (3)
Z/J(Dci)
i=1

Moreover, the key benefits of using ELFC-MPPT

controller are as follows:

e it has the ability to handle an inaccurate input;

e it does not require any exact mathematical model;

e it has a non-linearity structure;

e it helps to obtain the maximum power output under
different climatic conditions;

e it offers reduced complexity in design;

e it increased robustness.

The P-V and I-V characteristics of the proposed
EFLC-MPPT controlling mechanism are depicted in
Fig. 4,a,b. These characteristics can be used to validate
the overall efficacy of the MPPT controlling technique.
Based on the I-V and P-V characteristics analysis, it is
evident that the EFLC-MPPT provides the better current
and power values with respect to different voltage levels.
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Fig. 4. P-V (a) and I-V (b) characteristics

Boost DC-DC converter design. Here, the boost DC-
DC converter is placed between the PV panel and grid
system for changing the output voltage with respect to the
maximum power point. The corresponding circuit model of
boost converter is represented in Fig. 5, which contains the
components of input source voltage V5, inductor L, diode D,
switch Q, capacitor C, and output load. Based on the
requirement of output, the switch can be either opened or
closed, in which the output voltage is always greater than the
value of input voltage source. The main factor of using this
converter design is to increase the voltage level without use
of transformer. Also, it offers an increased efficiency with
the inclusion of single switching component.

The transfer function of the boost converter can be
illustrated as follows:

Va = Dc’ VPV» (4)
where V, is the output voltage; D, is the duty cycle of the
control; Vpy is the output voltage of PV array.

Based on the Kirchhoff’s voltage and current law,
the relationship between the input and output of boost
converter is illustrated as follows:

ds
L'd_;:VPV_VL; (5)
dv,
C-— =, = VL[ R; (©6)

where R is the resistance; L is an inductor; /, is the output
DC-DC current.
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LCL filtering. The output of boost converter is
given to the filtering unit for removing the harmonics and
unbalanced current. Here, an LCL filtering technique is
mainly deployed to protect the gird system from
switching harmonics, and to obtain improved dynamic
performance. Moreover, it offers better decoupling
between the grid impedance and filtering with good ripple
attenuation. The LCL filter can be composed based on the
series connected L, + Ry, L, + R,, and C + R, components,
which helps to eliminate the injected harmonics on the
grid. The mathematical model of LCL filtering technique
can be illustrated as follows:

.l N

co

&
LI'E'FRl‘ll =x,~—xc—RC

L dig R, -i R.-i
=+ Ry =X, - X, — R, -1,
2 dt 292 c g ¢t

()

C- dr =
dt

i =ig +i.

Then, the resonant frequency is estimated as follows:

Rfr:L' M’ (8)
2z LI'LZ'C

where R;. is the resonant frequency of filter; L,, L, are the
inductors; Ry, R, are the resistors; C is the capacitor.

The key merits of using LCL filtering technique in this
design are efficient total harmonics distortion (THD)
elimination, high attenuation ability, and better system stability.

Results and discussion. The performance evaluation
of the proposed EFCL-MPPT controlling mechanism is done
in this sector with respect to different performance
indicators. This controlling system has been designed by
using the MATLAB/Simulink software, where the PV array
under irradiance of 1000 W/m® and temperature of 25 °C.

Simulation results. Figure 6 shows the output power
(a), irradiance () and temperature (c) analysis with respect
to varying time. In this simulation, the system is tested under
different irradiance levels of 800 W/m’, 400 W/m’, and 1000
W/m’. This results shows that the proposed EFLC-MPPT
technique efficiently tracks the maximum power of 200 W,
150 W, and 250 W respectively with the time of 5 ms.

Figure 7 shows the inverter output voltage (a) and
current (b) after eliminating the harmonics by using the
LCL filtering technique. To validate the output of inverter
voltage and current, the THD is estimated for the
proposed controlling mechanism.
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‘iP’ WI 1 I I 1 1 I I
L S e e e T e
1 1 I I 1 1 I I
1 1 I I 1 1 I I
i i i i i i i i
400 fp====t====t=m e m e e -
1 1 I I i 1 I I
1 1 I I 1 1 I I
1 1 ] 1 1 1 | |
1 1 I I 1 1
200 i e + +=
1 1 I 1 I I
1 1 I I
1 1 | I [ 1 | It’s
0 i i L L i i ' ' >
0 0.005 0010 0015 0,020 0.025 0030 0035 0.040
a
. Al W/m?
1500 t----i ----- RS e
I | I I I I 1
I I I I I I I
1 1 1 I I I ]
I ] I I I I I
1000 p———4-————d————d————4———— 4 ———— —
1 ] I I I 1
— 1 | 1
1 I | I
5 SRR VSRS YSPO kTN PO VUL VS T
00 r_ | 1 | | | | [
I 1 I I I I I
A S U N S S 53
0 : L e
0 0.005 0.010 0015 0.020 0.025 0.030 0.035 0.040
b
“T, °C
26 oo
- 1 ] 1 1 1 1 1
1 1 1 1 ] 1 ]
1 1 1 1 I 1 I
1 ! ! ! ! ! ! ! _
3 R S S E E
1 1 1 1 ] 1 ]
1 1 1 1 | 1 |
W AN A U SN U SN N A
- 1 1 1 1 | 1 |
1 1 1 1 I 1 ]
1 ] i 1 1 ] 1 t.s
- i i L . L i L iy
0 0005 0.010 0015 0020 0.025 0.030 0.035 0.040
C
Fig. 6. Output power (a); irradiance (b); temperature (c)
AV, V

300

0 005 .10 0.15 0.20 0.25 0.30

0 0.05 0.10 0.15 .20 0.25 0.30

Fig. 7. Inverter output voltage (a) and current (b)

Comparative analysis. Generally, the efficiency of
the filtering technique can be determined based on the
analysis of THD. Table 2 depicts the THD analysis of
existing and proposed techniques with respect to varying
irradiation (W/m?). In this work, an LCL filtering circuit
is implemented in this design for suppressing the high
order harmonics and unbalanced current in an efficient
manner. Based on the result outcomes, it is evident that
the proposed mechanism EFLC-MPPT with LCL filtering
could efficiently reduce the THD value, when compared
to the existing filtering technique.

Table 2

THD analysis
Irradiation 7,, W/m® 400 | 800 | 1000
Existing THD, % 1.7211.95| 2.14
Proposed THD, % 1.68 | 1.93 | 1.95

Table 3 compares the existing FLC, P&O and
proposed EFLC-MPPT controlling techniques with
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respect to the measures of input voltage V;,, input current
1,,, input power P;,, output voltage V,, output current /,
and output power P,. Based on the comparative analysis,
it is proved that the EFLC-MPPT could offer an improved
results compared than the conventional techniques.

Moreover, the proposed EFLC-MPPT technique
could efficiently extract the maximum power from the
solar PV systems by the use of boost converter and LCL
filtering components. Also, it helps to obtain an improved
performance rate of the single phase grid systems.

Table 3 Table 4 shows the comparative analysis between the
Comparative analysis between existing and proposed controlling  existing and proposed MPPT controlling techniques under
techniques varying irradiance measures such as 400 W/m?, 800 W/m*
Topologies V. VIL, AP, W[V, V]I, AP, W and 1000 W/m?> The measures that have been compared
Conventional FLC [12.08] 1.03 [ 12.44 | 24.6 [0.485/11.93|  in this analysis are PV voltage Vpy, duty cycle D,, output
Conventional P&0O | 8.5 | 2.5 [21.25[31.30[0.622] 19.3 | voltage ¥, and output power P,. When compared to the
EFLC-MPPT 12.08[2.932]59.94 [35.42[2.785] 166.9|  existing controlling techniques, the proposed EFLC-
MPPT technique provides improved results for the
varying irradiance measures.
Table 4
Comparative analysis between the existing and proposed MPPT mechanisms

under 800 w/m’ (0 to 0.6 s) under 400 w/m” (0.6 to 1.2's) under 1000 w/m* (1.2 to 1.8 s)
MPPT method* | Vpy, V| D. |V, V| Py, W | [ Ve, V] D. |V, VI Py, W] Ve, V| [ Ver, V] D. |V, V| P,, W | Vpy, V
VSS-P&O 34.0 [0.604| 86.0 |148.44|| 17.0 [0.711] 59.0 | 77.0 | 17.0 38 0.59 | 94 |196.31] 38
MIC 343 [0.601| 86.1 | 150.7 17.5 59.6 | 77.8 | 17.5 39.2 | 0.58 195.31|197.48| 39.2
FOCV 33.8 1 0.62 | 89 155 17.0 [0.715] 59.8 | 78.0 | 17.0 39.28 | 0.59 | 96 | 197.5 ] 39.28
FSS-RBFA 33.0 [0.627]| 87.0 [ 155.76|| 17.4 [0.719| 62 |79.53| 17.4 40.1 10.586| 96.8 | 198.78 | 40.1
VSS-RBFA 34.2 [0.609| 87.5 | 156.5 18.5 1 0.72 | 66.4 | 79.6 | 18.5 39.8 | 0.6 [100.5] 200.2 | 39.8
AFLC 34.8 10.614]190.32| 158.2 24.0 | 0.64 | 68.0 | 80.0 | 24.0 453 | 0.56 | 105 | 201.8 | 45.3
PSO 34.71 [0.622] 92.0 | 158.5 24.8 1 0.66 | 73.7 | 82.0 | 24.8 47.07 | 0.64 | 132 1204.40| 47.07
CS 37.27 1 0.59 193.17[161.73 || 25.76 | 0.65 |73.89| 82.2 | 25.76 || 47.54 | 0.65 | 138 |205.18 | 47.54
Proposed EFLC-MPPT | 39.28 | 0.55 [94.23]|162.35|| 26.2 | 0.59 | 74.2 | 83.5 | 26.2 48.20 | 0.62 | 139 |206.25| 48.20

*VSS-P&O — variable step size- perturb and observe; MIC — modified incremental conductance; FOCV — fractional open circuit
voltage; FSS-RBFA - fixed step size-radial basis function algorithm; VSS-RBFA — variable step size-radial basis function algorithm;
AFLC — adaptive fuzzy logic controller; PSO — particle swarm optimization; CS — cuckoo search; EFLC-MPPT — enhanced fuzzy

logic controller-maximum power point tracking.

Table 5 depicts the tracking time of the existing
P&0O and IC, and proposed MPPT controlling
mechanisms. Typically, the tracking time is one of the
important measures to validate the tracking efficiency of
the controlling technique. Moreover, it is defined as how
much amount of time that the controller could take for
tracking the maximum power point from the PV panel.
From the results, it is evident that the proposed EFLC-
MPPT provides the reduced tracking time of 5 ms, when
compared to the other controlling techniques.

Table 5
Tracking time of existing and proposed MPPT techniques
MPPT mechanisms Tracking time, s
P&O 0.3
IC 0.25
Proposed EFLC-MPPT 0.005

Conclusions. A new enhanced fuzzy logic controller
integrated with boost converter topology design is
implemented in this paper for obtaining an extreme power
extraction from the solar panels. Here, the boost DC-DC
converter is mainly used to increase the voltage level without
use of transformer. Also, the proposed controlling topology
intends to extract the power under varying climatic conditions
with increased accuracy. In addition to that, an LCL filtering
circuit is employed in the proposed design for suppressing the
harmonics and unbalanced current in the inverter output. The
major benefits of the proposed design are, it has the ability to
handle an inaccurate input and does not require any exact
mathematical model for controlling. During performance
evaluation, the controlling technique could be tested under
different irradiance values of 400 W/mZ, 800 W/mZ, and 1000
W/m®. Moreover, some of the traditional controlling
techniques are compared with the proposed controlling
mechanism based on the measures of harmonic distortions,
tracing time, PV output power, voltage, and current. Based on

the comparative analysis, it is studied that the proposed
controlling technique offers an improved performance results
compared than the conventional techniques.

In future, this work can be extended by implementing
an optimization based controlling mechanism for a single-
phase grid system.
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Solar flat plate collector enhanced by two reflectors: optimum tilts of reflectors

Introduction. In some solar concentrating system applications, in which the incoming sunlight is augmented by using commercial
flat plate reflectors placed on different sides of the planar collector, it is very important to choose the optimum tilts of boosters
(attached edge-to-edge on the top and bottom sides of the solar collector) for each month, to enhance their received solar irradiation
over the year in the southern Algeria. The novelty of the proposed work consists of the development of a novel mathematical model in
which the reference of the reflector’s tilt angles is the collector plane, and optimal tilts are optimized on the average day of each
month. Purpose. This paper proposes a novel analytical model of two identical planer reflectors, placed on the top and bottom of a
latitude tilted flat plate solar collector, for optimizing their optimal inclination angles during the daytime throughout the year in
QOuargla city, southeast of Algeria. Methods. Optimal tilt angles of reflectors were obtained by searching for the optimum captured
solar irradiation on the collector’s surface from each reflector in the representative day of each month of the year. After that, the
obtained tilts were used for calculating incoming solar irradiation on the received area and comparing them to the solar collector
without reflectors. Results. The findings of this paper showed that the reflector’s inclination angles were variable from one month to
another in which the upper reflector’s tilts reached its maximum in June and minimum in December, contrarily for the lower
reflector. Again, an increase of 28.05 % in the daily received solar irradiation on the collector surface with reflectors compared to
the conventional one. References 17, table 1, figures 4.

Key words: booster reflectors, flat plate collector, optimum tilts, solar irradiation.

Bemyn. YV Oesxux COHAYHUX KOHYEHMPYIOUUX CUCIEMAX, 8 SKUX COHAUHE CEIMI0, Wo Naoac, NOCUTIOEMbCS 34 PAXYHOK 6UKOPUCTAHHSL
KOMEPYIHUX NIOCKUX 8I00UBAHIS8, POMIWEHUX NO PI3HI CMOPOHU NIOCKO20 KOJEKMOPA, Oyiice 8aANCIUBO GUOPAMU ONMUMATIGHI HAXUIU
niocuno8aie (MPUKPINIEHUX KPOMKOIO 00 KPOMKU 36€PXY). | HUNCHI CIMOPOHU COHAYHO20 KONEKMOPA Ol KOHCHO20 MicAya, wob 30inbuummu
00epoicyéane HUMU COHAYHE GUNPOMIHIOBAHHA NPOMsA20oM POKY 6 niedennomy Anxcupi. Hoeusna 3anpononosanoi pobomu nonseac y
Po3pobyi HoBoI MamemamuuHoi Mooeni, 8 AKili emanoHOM Kymig Haxuny peghnekmopa € NiowuHa KoneKmopd, d Onmumanbii Haxuiu
ONMUMIZVIOMbCA Y CEPeOHill OeHb KodcHo2o micsaysa. Mema. Y yiti cmammi nponoHyemvcsa HO8a AHATIMUYHA MOOeTb 080X T0eHMUYHUX
ONMUMATLHUX KYMI6 HAXUTY 80€Hb NPOMALOM POKY y micmi Yapena, na nisdennuii cxio 6i0 Anicupy. Memoou. OnmumansHi Kymu Haxumy
pechnekmopie Oy OMPUMAHI WIAXOM NOULYKY ONMUMAILHOZ0 COHAYHO20 BUNPOMIHIOBAHHS HA NOBEPXHIO KONEKMOPA Bi0 KONCHO20
peghrexmopa 6 penpe3eHmamueHi OHi KOJXCHO20 Micsiysi poKy. TTicns yboeo ompumari HaxuIu BUKOPUCHOBYBATUCS OIS PO3PAXYHKY COHSIUHOL
padiayii Ha ompumany niowy i NOPIGHAHHA iX 3 COHAUHUM KoAekmopom Oe3 eiobusauis. Pezynomamu yici cmammi noxkazanu, wo Kymu
HaxXWiy pegaekmopa 3MIHIOBANUCS 6I0 MiCsysi 00 MICAYSl, KO HAXUIL 6EPXHLO2O pPepheKmopa 00Cs12a8 MAKCUMYMY 8 YepPGHI | MIHIMYMY 6
2pYOHI, Ha GIOMIHYy 6i0 HUdICHLO2O peghnexmopa. 3nosy dc maxu, 36inbuwenna na 28,05 % wjooenHo 00epicyBaHo20 COHAUHOLO0
BUNPOMIHIOBAHHS HA NOBEPXHIO KOAEKMOopa 3 8i0busayamu nopigraro 3i seuuatinum. biomn. 17, Tadmn. 1, puc. 4.

Knrouoei cnosa: nigcuaoBadi Bindusadi, N10CKuii K0J1eKTOP, ONTUMAJIbHI HAXWJIH, COHSIYHE BUIIPOMiHIOBAHHS.

Introduction. In recent years, the use of solar
energy has become persistent all over the world, which
has attached significant efforts. So, for the no-tracking flat
plate solar collector, augmenting solar-gain using booster
reflectors is a key area of interest in the context of
reducing the cost factor of the system. Moreover, it is an
economical solution for enhancing the output of solar
collectors, which is strongly influenced by the amount of
received solar irradiation [1-4]. For that, many reports
about the effect of adding multi-reflectors on different
sides of a flat plate solar collector on the received solar
irradiation have been presented. Garg et al. [5] studied the
maximization of the solar energy received by the collector
attached to two mirrors at their top and bottom sides.
Bhowmik et al. [6] examined two mirrors on the right and
left sides of the solar collector and their effects on the
power output of the whole system. They obtained that the
average energy yield was about 10-19.84 % in the
summer period and 10-13.23 % in the winter. Huang et al.
[7] experimented with the effect of top-bottom side
mirrors on photovoltaic panel power output. They found
that the PV power generation was increased by about
23 % compared to the panel without mirrors. Bahaidarah
et al. [8] investigated the performance of the V-trough PV
system. They obtained that the power output was
enhanced by 34.6 % on March 13" and by 37 % on
September 16™. Baig et al. [9] analyzed and experimented

with the seasonally tracked V-Trough PV/T system in
India. They observed an average augmentation of 35 % in
the electrical power output from the V-Trough PV/T
system as compared to the conventional one. Kosti¢ et al.
[10] examined the influence of the position of reflectors
made of aluminum sheet on the thermal efficiency of a
solar thermal collector. They have found that the
reflectors made of aluminum sheet have a positive effect
on the thermal efficiency of the PV/T system. An energy
gain of about 35-44 % has been attained in this study [10].
Rahman et al. [l1] examined the performance
enhancement of a PV solar system by mirror reflection.
They achieved an average increase of around 25 % in
short-circuit current, as high as the sun tracking, can be
obtained. Bione et al. [12] compared the performance of
PV water pumping systems driven by fixed, tracking, and
V-Trough generators. They realized a cost reduction of
19 % for the tracking system and a reduction of 48 % for
the concentrating system compared to the static
configuration. Tabet et al. [13] optimized tilts of reflectors
placed in left-right sides of PV/T collector. They obtained
an increase of about 23 % in received solar irradiation on
the collector’s surface by using reflectors compared to the
conventional one.

Those boosters must be tilted at their optimal
inclination angle to capture more incoming sunlight
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during the whole year, which is the aim of this paper,
where an optimization tilt of two flat plate reflectors,
placed on the top-bottom sides of a fixed solar collector in
the southeast of Algeria [14], will be exposed.

2. Method.

2.1. Description of the system. In order to enhance
incoming sunlight, the south-oriented solar collector with
a tilt angle equal to the latitude of the Ouargla region
(B = 31° 57" N fixed over the year) in the southeast of
Algeria , is attached to two identical reflectors (on the top
side tilted at a; from collector plane and on the bottom
side inclined at a, from collector plane as illustrated in
Fig. 1), which have the same dimensions as the solar
collector, for constructing a V-Trough concentrator.

bottom

South T V) 2 South

Fig. 1. Schematic diagram of the solar collector with:
(a) top and (b) bottom reflectors

2.2. Mathematical model. The total received solar
irradiation by the collector surface /.., is estimated
using Capderou’s model [15], and is equal to the sum of
solar irradiation on its surface without reflectors 1, .
(Lnercor 1 equal to the sum of the direct solar irradiation
Lgircor, solar irradiation diffused from the sky Zyy,cor, and
the reflected solar irradiation from the ground /g,..,;) and
the sum of the reflected solar irradiation from the top
reflector /., and the bottom one Iz, which are
calculated by using the following expressions:

Itot,col = Inet,col + [r'cfﬂs,col ) (1)
Inet,col = Idir,col + Isky,col + [gr,col s (2)
Idir,col = Idir,h'cos(e)a (3)

where 1, is the direct solar irradiation on a horizontal plane
and @ is the angle of incidence of the beam irradiation.

The o, and o, are the sun’s altitude and declination
angles, which can be calculated using the expressions [16]:

o, = arcsin[cos(d,)-cos(w;)-cos(¢@) + sin(dy)-sin(@)], (4)

05 = 23.45-sin[(360-(N; — 121))/365], &)

where w; is the hour angle of the sun; ¢ is the longitude of
the localization; N; is day of the year.

The sun’s azimuth angle y, can be found using [16]:

yy = arcsin[(cos(dy)-cos(wy))/cos(a)], (6)
where I o501 18 the sum of the reflected solar irradiation
from 2 reflectors and given by:

[r'cfﬂs,col = Irc{ﬂ,l + 1rc{ﬂ,29 (7)
Liepi1 = p-Laisin(2-a, o, +4-180°)-sin(180°—(asta 1)), (8)
Irejﬂ,Z = p'ldir,h'Sin(z'a27asfﬂ)'5in(asfa2+ﬁ): (9)

where p is the reflector’s reflectance.

The solar irradiation diffused from the sky Z,,,; and
the reflected solar irradiation from the ground I, ., are
given by:

[sky,col = Idir,h'(l + COS(ﬁ))/z,

Igr,col = pgr'ldir,h'(l - COS(ﬁ))/Z,

(10)
(11)

where 1., is the diffuse solar irradiation on a horizontal
plane; I, is the global solar irradiation on a horizontal
plane; p,, is the reflectance of the ground.

2.3. Simulation procedure. The previous equations
have been implemented in a MATLAB program.
L (i =1 and 2) have been measured for different values
of a; (i = 1 and 2) varied from 0° to 90° in each perfect
day of the month (Table 1). The optimal tilt angles of
reflectors a,,; (i = 1 and 2), corresponds to the optimum
of I.u; (i = 1 and 2) over the perfect day of each month.
This procedure has been repeated for all average days of
months [17].

3. Results and discussion. The optimal inclination
angles of reflectors a,,; (i = 1 and 2) are achieved by
searching the maximum of the reflected solar irradiation
from each booster alone /,.;; (i = 1 and 2) described in (8)
and (9), for the average day of each month (Table 1).

Table 1
Average days of months [17]

Date Perfect Day Number
17 January 17
16 February 47
16 March 75
15 April 105
15 May 135
11 June 162
16 July 198
16 August 228
15 September 258
15 October 288
14 November 318
10 December 344

Figure 2 shows the variation of the reflected solar
irradiation from each reflector on the solar collector
surface in the average day of December (December 10™),
as a function of local time and angles o; (i = 1 and 2).
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Fig. 2. Variation of reflected solar irradiation from
(a) top and (b) bottom reflectors on December 10%.
1 — optimal tilts; 2 — optimal reflected solar irradiation
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For the top side reflector (Fig. 2,a), to obtain the
maximum reflected solar irradiation from this booster in
December, it must be tilted at 51° from the collector plan,
which is the optimum tilt of the top reflector in this month.

Similarly, for the bottom reflector (Fig. 2,b), the
optimal inclination angle in December for this reflector is
83° calculated from the receiver plan.

Doing the same steps for the other months, the
obtained results are presented in Fig. 3.

]

Angles ()

B2

50

135 162 19a 228 358 2BA 31B 34
Day Number of the year

Fig. 3. Annual variation of optimal tilts of:
(1) top and (2) bottom reflectors

17 47 75 105

Figure 3 shows the annual variation of optimal tilt
angles of reflectors, as a function of the day number of the
year. O,y achieved a maximum in June (83°) and a
minimum in December (51°). Furthermore, a,,,, touched its
uppermost in December (83°) and lowermost in June (51°).

Figure 4 illustrates the annual variation of the
reflected solar irradiation from the top and bottom
reflectors as a function of local time and days number of
the year. /,.;; take a minimum in the summer period and a
maximum in spring and autumn. On the other hand, /..
extended their superior in the summer months when the
sun will be at its highest, and inferior in winter when it
will be at its lowest.

| Lps (W/m®)

A, _—

127 g r
Local time {h}) : Dhays

a

w3 ] 02 (W/m?)

Fig. 4. Annual variation of the reflected solar irradiation
from the (@) top and (b) bottom reflectors

4. Conclusions.

In this paper, optimal tilt angles of two flat plate
reflectors, attached edge to edge on the top and bottom
sides of a solar collector, are optimized. The impact of
adding reflectors on the amount of incoming solar

irradiation is examined. The principal results obtained in
this paper are:

e the quantity of solar irradiation reflected from the
top side reflector can be increased by tilting this booster
forward during the summer and backward during the
winter, in contrast to the bottom reflectors.

e Due to the difference in the sun's altitude angle, the
optimal tilts of the top and bottom reflectors were
observed to fluctuate significantly from month to month.

e The model described in this work can be utilized
anywhere for all solar applications with the exception of
photovoltaic applications that do not require cooling,
particularly during the hot months of April to August in
hot climates.

Conflict of interest. The authors declare that they
have no conflicts of interest.
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Approximate method for calculating the magnetic field of 330-750 kV high-voltage power line
in maintenance area under voltage

Problem. In order to organize effective protection of working personnel from the action of strong electromagnetic influence when
performing work on live high-voltage power lines (HVPL), the existing methods of calculating the magnetic field (MF) need to be
developed in the direction of their simplification during operational use. Goal. The purpose of the work is to develop an approximate
method and a simplified methodology for calculating the magnetic field flux density near the surface of the 330-750 kV HVPL wires
for the prompt determination of the safe distance of the working personnel to the surface of the HVPL wires at the current value of
their operating current. Methodology. A new approximate method of calculating the flux density of the MF in the area of work on
live HVPL based on the Biot-Savart law and determining the maximum values of the flux density of the MF on the axes of symmetry
N of the suspension of N wires, which are decisive for the protection of working personnel, is proposed. Results. Exceeding the
maximum acceptable level of the MF for individual power lines at their nominal currents, adopted in the European Union, and the
need to implement measures to reduce MF were revealed. Originality. It is shown that the distribution of the 330-750 kV HVPL near
N of its split wires with an error of no more than 2.5 % can be determined by the current of only one of the phases of the HVPL. This
distribution of MF, which is uneven, is determined by the order of axial symmetry N with the maximum values of the flux density of
the MF lying on the axes of symmetry N of the suspension of the phase wires. Practical value. The development of an approximate
method and a simplified methodology for calculating the flux density of the MF near the surface of the wires of 330-750 kV HVPL,
which allows you to quickly, without the use of a computer, calculate the safe distance to the wires of a specific HVPL at the current
value of its operating current, as well as determine the necessary measures for the protection of personnel from the MF, which can
be implemented either by physically limiting the minimum distance from the worker's body to the surface of the wires to a dangerous
one, or by necessary reduction of the HVPL operating current during repair work. Verification. An experimental verification of the
proposed method and methodology was carried out on a laboratory installation with a mock-up of a phase of a 330 kV HVPL from
AC 400 type wires at 1500 A current, which confirmed the correctness of the proposed calculation relationships. References 30,
figures 9.

Key words: high-voltage power line, live-line maintenance, magnetic field near wires, calculation method.

Ilpoonema. /[na opeanizayii epexmugno2o saxucmy pob60o4o20 nepconany 6i0 Oii CUNbHO20 eNeKmpoMAzHimHO20 GNIUEY Npu
BUKOHAHHI pOOIM HA BUCOKOBONbMHUX NIHIAX enekmponepedadi (JIEII) nio nanpyzoio, nompebyiomv po3eumky iCHYIOYi mMemoou
po3paxyuky maznimmnozo noas (MII) e nanpami ix cnpowenns npu onepamusnomy euxopucmanui. Mema. Memoio pobomu €
PO3POOKA HAOTUNCEHO20 MEMOOY Ma CHPOWEHOT MEMOOUKU POPAXYHKY THOYKYIL MAcHIMHO20 noas nobausy nosepxui nposodie JIEIl
330-750 kB ons onepamusHozo susnaueHHs b6e3neuroi oucmanyii pobouoeo nepcouany 0o nosepxti npoeodis JIEII npu nomounomy
3HauenHni ix pobouoco cmpymy. Memooonozia. 3anpononogano Ho8ull Habaudicenull memoo po3paxyuxy inoykyii MII 6 3omi
sukonanns pooim na JIEII nio nanpyeoio, wo rpynmyemucs na 3axoui bio-Casapa, ma susnauenni MakcumanbHux 3Havens iHoyKyii
MI1 JIEII na ocsix cumempii N niogicy N npo6o0is, wo € eusHauaibHumu 015 3axucmy pobouoeo nepconany. Pezynemamu. Busigneno
nepesuwenns npulinamozo 6 €epocoiosi epanuuno donycmumozo piens MII ons okpemux JIEII npu ix nHominanvhux cmpymax, ma
HeobOxionicme peanizayii 3axo0ie i3 smenuwienna MI1. Opuzinansnicme. [lokazano, wo posnodin MII JIEII 330-750 kB nobnusy N ii
po3ujenienux npogooie 3 noxubkoro He oinvut 2,5 % moowce susnavamuca sa MIT minoxku ooniei i3 ¢as JIEIL Leii posnodin MII, wo €
HEPIGHOMIDHUM, BUSHAYAEMbCA NOPAOKOM 0Cb080i cumempii N 3 MAKCUMATbHUMUY 3HAYEHHAMU THOYKYIL MASHIMHO2O0 NOs, WO
nexcamv Ha ocax cumempii N niogicy npogodie ¢as. Ilpakmuuna winnicme. Buxonana pospodxa Habaudscenoco memoody i
CHPOWeHOI MemoOUKY PO3PAXYHKY THOYKYIT MASHIMHO20 NOAs NOOAU3Y NOBEPXHI npoeodie eucoxogorvmuoi JIEIT 330-750 kB, wo
00380711016 ONEPAMUBHO, 6e3 BUKOPUCMAHHS KOMN Tomepa, po3paxogysamu 6e3neuny iocmans 00 npogodie konkpemnoi JIEIT npu
NOMOYHOMY 3HAUeHHI T pobouoeo cmpyMy, a Makodic eusHauamu HeoOXIOHI 3axoou i3 3axucmy nepcouany 6io MII, sxi moscymo
6ymu peanizoéani abo WIAXOM DI3UUHO20 0OMENCeHHsT MIHIMANbHOI 8I0cmani 6i0 mina pobImMHUKA 00 NOBEPXHI NpPoeodie 00
Hebesneunoi, abo HeobXiOHo20 3meHwenHa pobouoeo cmpymy JIEIl na uyac pemonmuux pobim. Bepugpikayia. 3oiticneno
eKCnepuMenmanvHy nepesipKy 3anponoHO8aHux Memooa ma mMemoouKy Ha 1abopamopHiil ycmanosyi 3 makemom gasu JIEII 330 kB
i3 npogodie muny AC 400 npu cmpymi 1500 A, axa niomeepouna KOpeKmuicms 3anpONOHOBAHUX PO3IPAXYHKOBUX CNIB8IOHOULEHD.
Bi6m. 30, puc. 9.

Knrouoei cnosa: BHCOKOBOJIBTHA JiHiA ejiekTponepenadi, poéoru 0e3 3HATTS HANPYrH, MArHiTHe moJie m00/M3y NPOBOIIB,
MeTO/I pO3PaXyHKY.

Introduction. One of the effective ways of
increasing the profitability of main power networks is to
carry out the repair work on overhead power lines (PLs)
of ultra-high voltage under working voltage [1-6]. This
allows to preserve the power supply of consumers during
the repair period. However, when organizing such works,
which are carried out in Ukraine by the staff of the
National Energy Company NPC Ukrenergo near power
lines (Fig. 1), there is a problem of protecting personnel
from the action of a strong electromagnetic field of power
frequency, which is characterized by the current values of
the strength E of the electric field (EF) and the flux

density B of the magnetic field (MF) and can reach a
dangerous level [7, 8].

At present, the problem of personnel protection from
the EF is practically solved with the help of special
shielding protective suits (Fig. 1) made of electrically
conductive material [9-13]. But these suits do not shield
the MF [14, 15]. The known methods for passive and
active shielding of the PL’s MF used to reduce it in
residential and public buildings [16-20] also cannot
be applied near PLs’ wires, as they require a significant
amount of free space for placing shielding elements,

© V.Yu. Rozov, S.Yu. Reutskyi, D.Ye. Pelevin, K.D. Kundius

Electrical Engineering & Electromechanics, 2022, no. 5

71



|

L

| t-I

i
! I
I

gil
!
» l

|II»!'I
\
o
ii\llii

F
fi

|
|
III\|IiIII]ii

Fig. 1. Execution of repair works by NPC «Ukrenergo»
on the 330 kV power line under voltage

which is not near PL’s wires. Therefore, the protection of
personnel from the PL’s MF near its wires, which is
potential [21, 22] and decreases when moving away from
the PL, can be carried out in the traditional way — distance
protection [19] by introducing a safe distance between the
wires and the worker's body. Such distance should ensure
that the flux density of the MF on the worker's body falls
to the maximum permissible level (6 mT), which is
regulated by the requirements of the European Union
[7, 8]. To determine this safe distance, it is necessary to
quickly, in the field, after receiving data on the current
load of the PL, perform calculations of the flux density of
the MF in the working area of the PL (Fig. 1). The
working zone is formed at a distance of 2 mm to L mm
from the surface of the PL’s wires. Here, 2 mm is the
thickness of the protective suit, which limits the minimum
distance between the wire and the worker's body when
he/she touches the wire, and L is the safe distance at
which the flux density of the PL’s MF is guaranteed to
fall to the maximum permissible level.

However, the known methods of calculating MF,
near PL’s wires [23-27], are based on numerical
calculations that are quite difficult for the practical use
and require the use of the computer special code. This
makes it difficult to perform an operational determination
in the field of the flux density of the MF near the PL’s
wire, which is necessary for the organization of safe work
of personnel from point of view of the MF when
performing repair work on the PL under load under
voltage. Analytical methods based on Biot-Savart law
21, 22, 28] are more acceptable for operational
calculation of the MF of the PL. But these methods are
justified only for calculating the MF at a significant
distance from the PL, which exceeds the interphase
distance between its wires [21, 22, 29]. In addition, the
specified methods do not take into account such a feature
of the design of the phase wires of the 330-750 kV PL’s
wires as their splitting, which is essential for the
calculation of the MF [2, 3, 30] and also require the use of
a computer. Thus, the known methods of calculating MF
near 330-750 kV PL’s wires need to be developed.

The goal of the work is to develop an approximate
method and a simplified technique for calculating the flux
density of the magnetic field near the surface of 330-750 kV
PL’s wires for operational determination of the safe

—

distance of working personnel to the surface of PL’s wires
at the current value of their operating current.

Design of 330-750 kV power lines. The analysis of
the geometric dimensions of the suspension of wires of
real 330-750 kV PLs [2, 30] shows that their phases are
performed by split into N € (2-5) wires, the axes of which
lie at the vertices of regular symmetrical polygons (Fig. 2)
with the radius of the circumscribed circle R.
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Fig. 2. Design of the suspension of the wires of the 330-750 kV
PLs working in Ukraine

As follows from Fig. 2, diameters d of the PL’s
wires of 27-31 mm is an order of magnitude smaller than
the distance D of 0.4-0.6 m between split phase wires
and the interphase distance of 8.4-18.5 m. This makes it
possible to ignore the non-uniformity of the current
density in the wires caused by the proximity effect when
calculating the MF, and to successfully use the
analytical method [22] for the approximate calculation
of the MF’s flux density of the PL at observation points
P (Fig. 3), which are located near the surface of the
wires (/. € (0.002-500 mm).

Method of calculation of the MF. We substantiate
the possibility of performing the calculation of the flux
density of the MF when placing the observation point P
(Fig. 3) near the surface of the PL’s wires, based on the
use of the method proposed by the authors in [22, 29],
which is based on the Biot-Savart law and has undergone
thorough experimental verification.
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Fig. 3. Coordinates of the location of the wires of the PL’s

phases and observation point P on the example of a 750 kV PL
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We perform the analysis on a plane oriented normal
to the direction of the PL’s axis direction for the
suspension of wires in accordance with Fig. 4 with typical
assumptions [21, 22] about potentiality and plane-
parallelism of the PL’s MF. These assumptions must be
supplemented with the provisions that the currents in the
split wires of the individual phases of the PL are identical,
have a uniform density, and the wires are made of a
homogeneous material and have the correct right shape
with diameter d.

330kV  AY

Fig. 4. Geometry of the suspension of the phase wires of the
330-750 kV PLs

750 kV.N=4

Then, according to [22, 29], the effective values of
the components of the MF’s flux density vector of each
phase £€4,B,C at the observation point P (Fig. 3) when
the phases of the power line are split into N wires can be
calculated as:

B, (p)=H0 L Yo~ Ven (1)
x,E.n ’
27 Nn:l(xp‘xg’,n)zJ’(yP_yé,n)z

Hy 1 N Xp =X n

o mi @)
y,gf,n( ) 27;N,1Z=‘1(xp—x§,n)2+(y13_y§’”)z

B,(P)=/(B,(P)P +(8,(P)F . 3)

where 7 is the phase current of the PL; xp, yp are the
coordinates of the observation point P; xz,, yg, are the
coordinates of the intersection of the axes of the wires of
n phases £€A4,B,C of the plane, perpendicular to the axis
of the PL, B,(P) is the module of the MF’s flux density
vector at the point P.

The results of the calculation of the magnetic flux
density distribution of phase A4 of the PL according to
(1)-(3) at different N (Fig. 2) and nominal current are
presented in Fig. 5. The distribution of the MF for other
phases of the PL is identical.

-  750kV.N=5

X, m

Y

03
0.6

Fig. 5. Distribution of the MF’s flux density near phase wires of different PLs in a plane normal to its axis

The analysis of the nature of the distribution of the
MF’s flux density (Fig. 5) shows that it is irregular and has
zones with maximum values that coincide with the
directions ¢ (Fig. 4, 5), which are determined by the order
of axial symmetry of N wires of the PL’s phase. Therefore,
it is proposed to calculate the MF on the axes of symmetry
under the conditions P € ¢, which correspond to the worst
cases for the working personnel with the maximum values
of the MF’s flux density and at the same time make it
possible to significantly simplify the calculation.

Figure 6 presents the results of the calculation
according to (1)-(3) of the flux density of the MF phases
of different PLs at nominal currents and remote
observation points from the surface of the wires by
distance /.. As follows from Fig. 6, at nominal currents,
the flux density of the MF at the minimum distance from
P to the wires (2 mm) ranges from 11.4 mT for 330 kV
PL to 6.4 mT for 750 kV PL and exceeds the maximum
permissible level of 6 mT in 1.9-1 .07 times.

B, uT
12000 — — .
[ . o
— _ Maximum permissible __
10000 :}_— :{ - ']: —_}: :‘| - level according to the
1'__'__|_ norms of the EU i
8000 =+

6000

4000

2000

0

Fig. 6. Dependence of maximum values of the MF’s flux density
of different PLs on the distance /. to the surface of their wires
(1-PL 330, N=2,,=1.7kA; 2-PL 750, N=4, =2 KA,

3 —PL 750, N=5, I,=2 kA)
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For the worst case (for 330 kV PL, Fig. 2,a), the flux
density of the MF drops to the maximum permissible
level only at /. = 17 mm, which indicates the need to limit
the working distance by 15 mm, or to reduce the load of
the PL and its operating current accordingly to 0.52 from
the nominal. Here, the working zone L of the PL in the
calculation can be limited to a distance of /. = 20 mm, at
which the mutual influence of the MF from the currents of
different phases of the PL can be neglected. Then the
calculation of the maximum values of the flux density of
the MF near the PL’s wires can be performed for one
phase and according to (1)-(3) will be described by the
following relationships:

Peé,\/(xp—xn)z+(yp—yn)2>Ra “)

Yp = Vn

to 1 <
B P)= 5
maxx,n( ) o N’;(xp_xn)2+(yp_yn)2 ,(5)
Mo 1 < Xp—Xn
Bmaxy,n(P): Z 5 (6)

2z Nn=1 (xP_xn)2+(yP_yn)

Biaxa (P) = \/(Bmaxx(P))z + (Bmaxy(P))z , (D
where ¢ is the vector the direction of which coincides
with one of the N axes of symmetry of split PL’s wires.

Here, the relative error of the calculation when using
(4)-(7), which do not take into account the mutual
influence of the MF from the currents of different phases
of the PL compared to the calculation based on (1)-(3),
does not exceed 2.5 % (Fig. 7) and is quite acceptable for
approximate calculation.

“5,%
5t —— — — — — —

T v s
Y S N PN

+—+=F-
]

0 005 006 009 012 015
Fig. 7. Calculated by (4)-(7) and (1)-(3) the relative error of
calculation of the MF of different PLs near wires of one phase
without taking into account the influence of the MF from
currents of other phases (N € 2-5)

[, m
.

To further simplify the calculation, we transform the
ratios (4)-(7), moving from the coordinates of the location
of the wires xp, yp, X,, , to the geometric parameters
of the suspension of the wires R, D and the distance /
(Fig. 2-4) and obtain the following simplified calculation
relations for different V:

By_o(l)=1 .&M

27 I(1+2R)’ ®

o1 2(1+1.5R)
By_s()=1-20| 2y 2120 9
w=sl) 67TL+12+3RZ+3R2 O
3
By_u()=1.L0_(+R) (10)

2 m ’

By_s(1)= I'S—;BJF

N 2(I+ R—Rcos(27/5))
(1+R—Rcos(27/5)f +(Rsin(27/5))

. 2(/+ R— Reos(4r/5)) }
((+R-R cos(47z/5))2 +(R sin(47r/5))2 ’

an

where R = ; [ is the distance from the axis of

2sin(z/N)
the wire to the point of observation P.

The obtained calculation relationships (4)-(11) are
the scientific basis for a simplified calculation method and
allow to quickly, with the help of a calculator, calculate
the maximum values of the magnetic flux density of the
PL for the current values of the load current as a function
of the distance / to the PL’s wires, taking into account the
geometry of their suspension.

Thus, on the basis of the above analysis, an
approximate calculation method (4)-(7) and a simplified
calculation technique (8)-(11) built on its basis can be
proposed for the operational determination of the flux
density of the MF in the area of performance of works on
live PL, which is based on the Biot-Savart law and
determining the maximum values of flux density for any
of the phases lying on the axes of symmetry of the
suspension of the split wires and determining the safe
distance to the wires of a specific PL at the current value
of its operating current.

The use of the proposed method and technique
allows to quickly determine specific measures to protect
personnel from the MF when performing work under
voltage, which can be implemented either by limiting the
minimum distance from the worker's body to the wires
(installation of capes or mats of the required thickness on
the PL’s wires in the working area), or a corresponding
reduction in the operating current of the PL for the period
of repair works.

Experimental verification of the proposed
method and calculation technique. The experimental
verification of the proposed calculation relationships
(8)-(12) was carried out on an experimental installation
with a laboratory model of a phase of the 330 kV PL
(Fig. 8), which was created at the magnetomeasuring
stand of the magnetodynamic complex of the Department
of Magnetism of Technical Objects of the Institute of
AM. Pidhornyi Institute of Mechanical Engineering
Problems of the National Academy of Sciences of
Ukraine.

The model is made on the basis of 2 PL’s wires of
AC 400 type with d = 28 mm and length of 5 m and their
arrangement according to Fig. 2,a. The experimental
installation allows to carry out research with current in
each wire from 100 to 750 A (200-1500 A per phase).
A three-phase induction regulator of the IR62 type
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(P,=30kVA, U, =22-382 V), loaded on two step-down
single-phase transformers of the OSU-80/0.5 type
(P, =100 kVA, U, = 12.2 V, I, = 8140 A), which are
connected to the corresponding wires of the laboratory
installation, was used as a regulated power source. The
MF’s flux density was measured by a Gaussmeter 410
type magnetometer with a special sensor positioning
system (Fig. 8), and the current in the model wires was
measured using TNFP3000/5 A type current transformers
and E526 type ammeters.

R | ok A L
. ¥ f I3 rh
e | o) - . i |I p Al

—

Fig. 8. Experimenal instalation with a laboratory model ofa
330 kV PL’s phase and a magnetometer sensor positioning
device

The results of the experimental studies are presented
in Fig. 9 and confirm the coincidence of the results of the
calculation and the experiment at nominal current in the
wires of 500-750 A with a spread of no more than 10 %,
which is quite acceptable for a physical experiment.

L T I T TT T
——t “_I'— calculation |
8000 B e e oo experiment *l

|, 1=500 A [ R T R R A

5000} i s v s e b
NS+ s s+ ——+ +—— 4
o ¢l N N N O O R

0 0 80 %0
Fig. 9. Results of measuring the flux density of the MF
on the laboratory model of the phase of the PL 330 (Fig. 8)
at /.= 0.002-0.150 m and currents in wires of 100-750 A
and their comparison with the calculation

This spread is mainly related to the imperfection of
the AC 400 type wire (it is made of twisted cores, see
Fig. 8) and requires further analysis. When the current
decreases, the error increases which is associated with an
increase in the influence of interference from the power
supply cables of the model (Fig. 8).

Conclusions.

1. An analysis of the geometric dimensions of the
suspension of wires of typical 330-750 kV PLs was
performed, based on which it was shown that for the
approximate calculation of the magnetic flux density near
their wires, an analytical method based on the Biot-Savart
law can be used with the determination of the magnetic
field only for one of its phases, without taking into
account the influence of the magnetic field of the currents
of other phases, which allows to simplify the calculation
with a limited error not exceeding 2.5 %.

2. The calculation of the magnetic flux density near the
wires of operating overhead power lines 330-750 kV was
carried out at their nominal currents, which showed an
excess of the maximum permissible magnetic flux density
level adopted in the European Union (6 mT) for 330 kV
power lines with N=2 (at distance from the surface of the
wires of 17 mm) and 750 kV with N=4 (at distance of
3 mm) and the need to take measures to reduce the
magnetic field acting on personnel when performing live
work.

3. An approximate method of calculating the magnetic
flux density near the surface of N the split wires of the
phases of the 330-750 kV power lines, the axes of which
lie at the vertices of symmetric polygons with the order of
symmetry N, is proposed, which is based on determining
only the maximum values of the magnetic flux density
lying on the axes of symmetry of N suspension of wires
and are decisive for the organization of protection of
working personnel from the action of the magnetic field.
The method allows to significantly simplify the
calculation, performing it only for the axes of symmetry,
and not for the entire space.

4. On the basis of the proposed approximate method, a
simplified technique of calculating the magnetic field has
been developed, which can be implemented without the
use of a computer, which allows in the field to quickly
calculate the safe distance to the wires of the specific
power line at the current value of its operating current and
to determine the measures necessary to protect personnel
from the MF when performing live work, which can be
implemented either by physically limiting the distance
from the worker's body to the surface of the wires to a
dangerous distance, or by necessary reducing the
operating current of the power line during repair work.

5. Experimental  verification of the proposed
approximate method and the simplified technique of
calculating the magnetic field based on it was carried out
on a laboratory installation with a phase model of a
330 kV power line made of wires of the AC 400 type at
nominal current of 1500 A (750 A per wire). The
experiment confirmed the coincidence of the results of the
calculation and the experiment with an acceptable error
for engineering calculations of no more than 10 %, and
the correctness of the proposed calculation method, as
well as the feasibility of developing on their basis

Electrical Engineering & Electromechanics, 2022, no. 5

75



normative documents of the Ministry of Energy of
Ukraine on the protection of working personnel from the
negative impact of the magnetic field when performing
work on power transmission lines under voltage.
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