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K.I. Snitkov, Y.V. Shabatura

A METHOD OF REDUCING THE ERROR IN DETERMINING THE ANGULAR
DISPLACEMENTS WHEN USING INDUCTIVE SENSORS

Goal. Representation of a special mathematical software for determining the angular displacements of the rotor of the induction
angle sensor — resolver (rotating transformer) for applications in which the speed of the sensor's rotor is close to zero. As well as
performing its experimental verification. Methodology. The presented method is based on the determination of the phase shift
angle of the output signals of the induction sensor, which is determined by comparing the obtained arrangements of signal values
with a circular discrete convolution in order to achieve the most precise approximation of the obtained signal values to cosine and
sine. The conversion of orthogonal components to an angle is based on the use of a digital phase detector which is use of a
software comparator and inverse trigonometric functions. Results. Based on the obtained results of mathematical modeling and
experimental research, the characteristic dependencies of the angle of rotation of the rotor of the induction sensor relative to its
stator, the nature of which is linear, were obtained. In addition, the estimation of measurement errors of angular displacements is
carried out that occur when defining such angles by the method offered. The obtained results of the computer simulation taking
into account the high signal noise, as well as the results of experimental investigations, confirm the high precision of this method
and the fact that it can be used in systems where high positioning accuracy is required and the speed of the sensor shaft is close to
zero. Originality. This article introduces, for the first time, special mathematical software for a new method of determining the
angular displacements of the rotor of an induction sensor, which is based on the determination of the orthogonal components of
the signal in combination with the use of a circular discrete convolution in the determination of the phase shift angle of the
induction sensor signals. Practical meaning. The proposed method does not require the use of demodulators, counters and
quadrant tables associated with conventional methods for determining the phase shift of signals. The presented method can be
used to measure the full range of 0-27 angular displacements in real time, is simple and can be easily implemented using digital
electronic circuitry. References 9, tables 3, figures 16.

Key words: angular displacements, mathematical method, induction sensor, rotating transformer, circular discrete
convolution, orthogonal components, precision, phase shift.

Y pobomi euxonano 00cnidricenna Ho6020 Memoody 3MeHUIEHHA NOXUOKU GU3IHAYEHHA KYyMOBUX NepemiujeHb 3a 00NOMO2010
iHOyKyiiinozo0 Oasaua, 1020 mamemamuyne 3ade3neueHHA ma eKcnepumenmanvha nepesipka. IlIpeocmaenenuii memoo
Oazyemuca Ha uMiplOGanni Kyma 3cyey haz cuznanie oasaud, 6UHAYEHHA AKO20 30IUCHIOEMbCA 34 OONOMO2010 CRIGCMABICHHA
ouugposanux 3nauenv cUCHANIG 0A8aya iz KPY2060t0 OUCKPEMHOIO 320PMKOI0 MA NOOAILIMUM GUIHAYEHHAM iX OPMOZOHAILHUX
cknadosux. Ha ocnogi 3Hauenv ompumanux OpmoZOHANbHUX CKAA008UX 30ICHIOEMbCA GU3HAYEHHA Kyma 3a 00NOMO20i0
uuposozo demexmopy azu, ¢ ocnosi pooomu AK020 EHCUNL 3ACIMOCYBAHHA NPOZPAMHO20 KOMRAPAMOpY ma obepHeHux
mpuzonomempuunux QyHKyiil. 3anponoHoeanuii Memoo He 6UMALAE BUKOPUCIMAHHA 0eMOOYIAMOPIE, NINUIbHUKA Ma MAOIULb
Keaopanmie, AKi acoyilomsca i3 mpaouyilinumu Memooamu 6U3HA4YeHHA Kyma 3cyey ¢haz cuznanie. Ilpedcmaenenuii menoo
Modce Oymu GUKOPUCMAHUIL 0718 8UMIDIOGAHHA Kymie y Oianazoni 0-27 € npocmum, i Moxyce 0ymu 1ezKo peanizoeanuil 3a
00nomozoio yugposux 3acopis. bion. 9, Tadm. 3, puc. 16.

Kniouosi cnosa: kyToBi mepeMillleHHsl, MaTeMaTHYHUN MeTo[, iHAYKUiiiHMA AaBa4, o0epToBUii TpaHcdoOpMATOpP, Kpyropa
JHUCKPEeTHA 3rOpTKa, OPTOroHAJBHI CKJIa10Bi, npenusiiiHicTb, 3cyB (a3u.

B pabome gvinonneno uccneooganue H06020 MemooOa yMEHbUIEHUA NOZPEUIHOCHU ONpedesieHUA Y2l06bIX NepemMeuieHull ¢
nOMOWBIO UHOYKYUOHHO20 0amMYUKd, €20 MamemamuiecKkoe obecneyenue u IKcnepumenmanvruan nposepka. Ilpeocmaenennoiii
Menoo OCHO8AH HA UIMEPEHUU Y2la cO8uza (ha3z CuzHano8 0amuuxa, onpeoeierue KOMoOpPoz0 OCYUW{eCmenaemca ¢ nOMOuibIo
CONOCMAGNeHUA OUUPPOBAHHBIX 3HAYEHUII CUZHAN08 OAMYUKA ¢ KpPy2o6oll OUCKPDEMHOU C8EPMKOI U NOCAeOyIoujuUm
onpedenenuem uUX OpmMOOHANbLHBIX cocmasnawwux. Ha ocnose 3nauenuil nonyueHHvIX OpPMOZOHABHBIX COCHAGNAIOULUX
ocywiecmenaemca onpeoeyieHue y2ia ¢ NOMOWBI0 UUPPo6o2o0 Odemekmopa ¢ha3vl, 6 OCHOGE pPADOMbBL KOMOPO20 NEHCUMm
npuMeneHue RPOPAMMHOZ0 KOMRAPAMOPA U O0OpAMHBIX mpuzoHomempuyeckux @ynkyui. IlIpeonorncennviit memoo ne
mpegyem uUcnonb3o8anus 0emMooynAmopos, CHemuuKa u maoauy Keaopanmos, KOMopvle AcCoyuupylomcsa ¢ mpaouyuoHHsIMu
Memooamu onpeoenenusn yana cosuza ¢paz cucnanos. Ilpedcmaesnennslii memoo modxcem 0blmov UCHOIL308AH ONA UBMEPECHUSA
y2noe 6 ouanazone 0-27 A611€MCA NPOCMBIM, U MOXHCEN ObIMb J1€2KO PeAnlUu308aH ¢ HOMOWbIO UUPPosvIx cpedcme. bubim. 9,
tabn. 3, puc. 16.

Kniouesvie cnosa: yriioBble 1nepeMellleHHsl, MaTeMaTH4YeCKMii MeTOld, HWHAYKUHOHHBIH JaTYMK,
TpaHcdopMaTop, Kpyropasi JMCKPeTHAasl CBePTKA, OPTOrOHAJbHbIE COCTABJISIOLIUE, TOYHOCTh, CABUT (a3bl.

BpalAOLIHICS

Introduction. Today, in many fields of science and
technology as devices that provide information about the
current state of the actuators, angle measuring systems are
widely used. In most cases, especially for devices and
mechanisms that work in extreme conditions,
electromechanical sensors (angle sensors) are used, the
work of which is aimed at converting angular
displacements into an information signal.

As is known from [1] to determine the angular
displacements, there are a large number of types of
sensors, such as: optical encoder, gyroscopic sensors,

magnetic encoder, and induction sensors. However, the
use of the above types of sensors in angular measurement
systems should be used taking into account the purpose of
such systems, environmental conditions and requirements
for their accuracy. There is no doubt that today optical
encoders have become widely used in angular measuring
and positioning systems. However, despite their
widespread use, positioning systems continue to operate
today, using induction electromechanical transducers as
part of the control system, both in the field of armaments

© K.I. Snitkov, Y.V. Shabatura
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and military equipment, and in industries. The use of
induction electromechanical transducers in the above
fields is explained by their ability to operate in difficult
operating conditions and unpretentiousness to external
conditions [2]. However, along with the positive
properties, they also have disadvantages — induction
mechanical transducers do not provide high enough
accuracy to identify angular displacements. In particular,
in tracking systems, positioning systems and automated
weapons guidance systems, where such sensors are the
main sensors of angular movements. The use of the
aforementioned sensors such as optical encoder, electron
gyroscope, with the appropriate bit rate, would allow the
identification of angular displacements with higher
accuracy, the requirements for which, to date, reach tens
of angular seconds. However, their use does not meet the
above requirements for the operating conditions of such
systems. In addition, in the case of modernization of angle
measuring systems, which operate on the basis of the use
of an induction sensor, by replacing it with modern digital
encoder will involve significant financial costs, as well as
design changes in the system.

Thus, given the above, there is a need to increase the
accuracy of determining the angular displacements using
an induction sensor, which is used in existing and
advanced angle measuring systems based on the use of
special mathematical processing of the information signal
of such a sensor.

Analysis of publications. Today, many publications
are known, which consider both hardware and software
methods and means of determining the angle of rotation
of the rotor of the induction sensor, most of which are
considered in [3]. The analysis of these publications
provides an opportunity to gain knowledge about the
existing methods of determining the angular
displacements of the induction sensor, as well as to get
acquainted with promising areas of future research.

In particular, the use of analog hardware (so-called
signal filters), which operate on the basis of the use of R,
C elements really do reduce the error of identification of
the angle, but with insufficient accuracy. Moreover, its
further increase is impossible due to the influence of
destabilizing factors, such as temperature, time,
frequency, which affect both the parameters of R, C
elements and the parameters of the induction angle sensor
[4]. Also, digital tools offered by leading electronics
manufacturers (e.g. Texas Instruments, Freescale
Semiconductor, Analog Devices) have become
widespread, as ready-made solutions for processing
information signals of the induction converter based on
the implementation of simple calculations using modern
electronic components in  combination  with
microcontroller technology [5]. Also, in [6], the latest
software and hardware method for identifying the angle of
rotation of the rotor of the induction sensor, which is
based on the use of phase autotuning frequency is
proposed. Using the proposed scheme of this software and
hardware method, there is no need to demodulate the
signal, use a table of quadrants, pulse counters and
digital-to-analog converters. However, the error in
determining the angles of rotation of the rotor of the
sensor when using this method is 0.3 % over the full

range of values 0-360°. Also, such a hardware-software
method is based on the proposed scheme, the
implementation of which is carried out using simple
electronic elements, in particular, resistors, and therefore
the ambient temperature factor will affect the accuracy of
the identification results.

In [7, 8] methods of converting sensor signals into
an angular position based on the application of
mathematical calculations using a polynomial of the 3rd
order [7], and generating auxiliary sinusoidal signals [8],
for the implementation of which semiconductor
components and microcontrollers are used are presented.
As a result of application of such methods high accuracy
of definition of angular positions at high frequency of
rotation of a shaft is reached. However, in the above
methods, it is proposed to demodulate the sine and cosine
signals to determine the angle of rotation, and therefore it
is assumed that the sensor shaft must rotate at a given
speed required to modulate these signals. Based on the
above, the use of such methods is impossible in systems
such as stabilization, positioning, or systems using
gearless actuators, where the speed of rotation of the
sensor shaft is close to zero.

Thus, the goal of the work is the development of
special mathematical software for determining the angular
displacements of the rotor of the induction sensor based
on the determination of orthogonal components from the
digital values of the sensor signals using circular discrete
convolution. Also in the paper the experimental check of
the developed special mathematical tool for induction
angle measuring sensors in which the speed of rotation of
a rotor is close to zero is carried out.

In this work, an induction sensor — resolver (rotating
transformer) is used as an angle sensor. The design of
such sensors is typical and consists of two windings
placed on the stator in the same magnetic system, but
their geometric axes are perpendicular to each other.
Similarly, the rotor windings are in the same magnetic
system and are mutually perpendicular to each other. A
typical way to provide excitation of a rotating transformer
is to connect one of its stator windings to the mains, and
the other winding is short-circuited or connected to a
potentiometer, which is implemented in the method
considered in [7].

However, the essence of the implementation of the
method proposed by the authors of this work is not to
measure the amplitudes of the signal with its subsequent
demodulation, but to determine the phase shift between
input and output signals, which can be done by
connecting both induction windings of the sensor to the
power supply of sinusoidal voltages, as shown of (Fig. 1).

Sine winding

Ss1 pAAAR Ss2
VUUVY
Cs1
Cs

2

Excitation winding

E1
G1
E3
E2 @ E4
G2

Fig. 1. Configuration of induction sensor windings

Cosine winding
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Figure 1 shows a diagram of the specified
configuration of the windings of the induction sensor — a
rotating transformer to determine the phase shift of the
output signal depending on the angle of rotation of the
rotor of this sensor. The excitation voltage G1, G2, which
is equal in amplitude and frequency, but shifted relative to
each other by 90°, is applied to the terminals of the
excitation winding E1-E3 and E2-E4, respectively, which
can be described by the following expressions:

Gl=U 4 = A-sin(at), (1)

G2=Uyp =4 cos(er), ()

where A4 is the amplitude of the supply voltage of the
sensor, @ is the angular frequency of the excitation signal,
t is the time.

Due to the receipt of symmetrical current supply, in
the air gap of the magnetic system of the induction sensor
there is a rotating magnetic field, the vector of which has
a constant value and rotates uniformly with the supply
frequency. Then the signals generated on the terminals
Ss1-Ss2 of the winding «sine winding» and on the
terminals Cs1-Cs2 of the winding «cosine winding» take
the form of a sinusoidal voltage of constant frequency,
which are shifted in phase relative to the excitation
voltage of the sensor, and the phase shift will be
determined by the rotation angle of the induction sensor
rotor, because the rotation of the magnetic field vector is
carried out at a constant speed, so the maxima of the
output signals will correspond to the time of passage of
the magnetic field vector through the direction of the axis
of the longitudinal winding of the induction sensor rotor.
The description of the signals on the terminals Ss1-Ss2 of
the winding «sine winding» and on the terminals Cs1-Cs2
of the winding «cosine winding» can be made by the
following expressions:

Uy = k- A-sin(ot + ), (3)

Uy =k-A-cos(at + B), @)
where U is the value of the signal at the terminals Ss1-
Ss2 of the winding «sine winding», U, is the value of the
signal at the terminals Cs1-Cs2 of the winding «cosine
winding», & is the transformation factor, £ is the angle of
rotation of the rotor relative to the stator (in other words,
[ is the angle phase shift of the signal winding relative to
the excitation winding).

Determination of the rotation angle of the rotor of
the induction sensor relative to the stator is based on the
method of determining orthogonal components from
arrays of values that contain information about the signals
of the sensor using a circular discrete convolution, which
can be implemented according to the proposed simplified
block diagram (Fig. 2).

In Fig. 2 the following notations are accepted: Uy,
Uy — analog values of signals coming from the excitation
winding and described by expressions (1) and (2); Uy, Ui,
— analog values of signal windings (3), (4); ADC (analog-
to-digital converter) — m-channel analog-to-digital
converter (ADC) with Nypc bit rate and sampling

frequency fie; U DC, > U DCy > Upc, -Upc, — digital

values of signals of excitation windings and signals
of signal windings after passing of the ADC block;

UDC U"'
Uye Ly . >
> L o
A ® I oom
Ups - Upc,, | ¢ a] Uys - g =9
» I~ > P -
U N e=| o (283
i 25 U, c © Ugg mOo o
EE— 23 DCyy =7 223
8 > 22 » S 53
U ol w - [}
s¢ z " {7 4
— Upc,, ! ke
) Cc
v v
Bac DIGITAL PHASE
< DETECTOR

Fig. 2. Simplified block diagram of the proposed method for
determining the angular displacements of the induction sensor

Circular Discrete Convolution — a block for forming a
discrete convolution of the signal by multiplying the
arrays, which are formed on the basis of the values of the
signals obtained from the sensor windings with the values

of the generated sinusoidal signals; Uyg, Ug, Ug,
U,. — the results of the formation of arrays of values of
the circular discrete convolution of the signal of the
induction sensor in digital form; Decomposition
Orthogonal Components — the block of release of
orthogonal components, the result of which calculation is
a pair of numbers S and C, which come to the block
Digital Phase Detector — the block of digital phase
detection. The result of the calculation in the Digital
Phase Detector is the angle ;. which is equal to the angle
of the rotor position. Thus, as follows from the
description of the operation of the above circuit, to
implement the proposed method it is involved to use
modern means for converting an analog signal into a
digital code, as well as the use of microprocessor
technology to perform calculations.

The operation of the proposed circuit is as follows:
signals Uy, Ug, U, U, which are described by
expressions (1)-(4), come to the block ADCZ/I*)L;C, the
operation of which should convert the values of signals as
functions of continuous variables into a function of
discrete variables as a finite number samples of discrete
values. Therefore, the values of the signals after the ADC
conversion can be described by the following expressions:

(A +rnd(5) —g]‘cos(a)tsi)

trunc(2 Napc =1, y )
U =4- ,(5
DCi 2 N 4pc -1 ( )
o) .
A+rnd(6)— 5/ s1n(a)tsi)
trunc(2 Napc-1. y )
U =4 ,(6
DCpi 9 Napc~1 ©)
5 .
(A +rnd(9) _Ej . sm(a)tsi + ﬂ)
trunc(2NADC -1 y ) %)
U =4-
DCy; 2N apc-1 ’
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(A +rnd(8)— g] -cos(aty; + )
4 i ,(8)

tmnc(ZNADC -l

Upc,, =4 2 Napc-1

where U DCy U DC,, are the digital values of the signals
of the excitation winding of the induction sensor, Upc .,
Upc,, are the digital values of the signals of the sine

winding and cosine winding, respectively; trunc function
is the function of rounding a number to an integer value;
rnd unction is the software generator of random variables;
0 is the value of random perturbations, which reaches
1 %, which is known from experimental studies [9], one
of the results of such a study is shown in Fig. 3; 2Napc-l
is the ADC bit rate is reduced by one bit, which is used to
determine the polarity of the function; ¢, is the signal
sampling period, which is determined by the formula:

tsi =1 Tyge, ©)
where i is the sequence number of the ADC sample,
which takes values from 0 to Ng; T, is the ADC
reference period:

1
T =——, 10
. fadc ( )
fadc
N, =Jade 11
s=7 (11)

where f4. is the ADC sampling frequency; f 1is the
excitation frequency of the induction sensor; N,is the
number of ADC samples.

S0n ~ 30V~ 0 5me

Dmf

Fig. 3. Influence of random perturbations on the signal
amplitude of the induction sensor

The obtained arrays of signal values U DCpy >

U DCy 0 Upc,,» Upc,, are fed to the Circular Discrete

Convolution block, in which the signal convolution is
formed due to their multiplication with the generated sine
function, thus digital signal filtering takes place. Based on
this, formation of the signal convolution can be described
by the following expressions:

N

N 2

Ug, = 2 Uncy, R S I A
J=0 i i—j)+Ns7 otherwise :
N, 2

Ug, = 2\Upc,, U i i iepo |y 49

sin;

J=0

i—jJ+N,, otherwise

Ny 2
Uss, = _ Ubc,, .Usin.i—j, if, i-j20 N_s (14)
JZO_ Ni—j)+ Ny, otherwise |
NX
Use; = _ Unc,, .Usinli—j, if, i-j20 v 1
JZO_ M-y Ny, otherwise | §
where
. i
Usin,- = sm[Zer} (16)
N

The result of graphical modeling of expressions
(12)-(13) is shown in Fig. 4, and expressions (14)-(15) —
in Fig. 5.

After filtering through the digital filter of the
Circular Discrete Convolution block, the digital signal

arrays Up , Upg., Ugyr Uge; arrive at the
Decomposition Orthogonal Components block, where
they are decomposed into orthogonal components in the
form of a pair of numbers § i1 Cand which are
essentially vector coordinates in the Cartesian coordinate

system:
N, -1

S= 2 ( ss:"Ufs,-JrUscl"Wci)’ amn
i=0
N,-1 -
C= z ( ssi 'Ufci U Ufsl) (18)
i=0

Comvolution of digital signals of the excitation winding

@ 13,_
Fig. 4. Graphical representation of circular discrete convolution
of digital signals of the excitation winding of the induction
sensor

Convelution of digital signals of the signal winding

Fig. 5. Graphical representation of circular discrete convolution
of digital signals of the signal windings of the induction sensor
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To determine the phase shift of the signal, and hence
the angle of rotation of the rotor relative to the stator of
the sensor, the values of orthogonal components S and C
go to the Digital Phase Detector, which converts the
coordinates of the vector into the angular value of the
rotor position in real time according to the algorithm
shown in Fig. 6.

Icl =18l

[C<0] and
[5=0]

[€=0] and p=2-n—a
[S<0]
[C<0] and B=n+a |

[5<0]

v

Angle of rotation 3 [rad]
in real time

Fig. 6. Algorithm of the Digital Phase Detector block operation

On the basis of expressions (1)-(18) computer
simulation was performed using the values of the
parameters of real ADC and induction sensor, which are
listed in Table 1.

Table 1
ADC and induction sensor parameters

Parameter | Values | Units
ADC
Bit rate 2'6 Bit
Frequency of samples 10-10° Hz
Induction sensor
Amplitude of excitation voltage 12 v
Frequency of excitation voltage 400 Hz

The results of this computer simulation are shown in
Fig. 7, where ¢ is the value of the angles that are set, f; is
the value of the angles that are determined.

In addition, the constructed mathematical models
allowed to obtain the dependencies of the errors in
determining the angle (based on the method of
determining orthogonal components using a circular
discrete convolution) on the angle of rotation of the rotor
of the induction sensor:

5=p-p, 19)
where J is the error of determining the angle in absolute
values (rad).

[, rad

5 ¢, rad

[ 2 4 6 i

Fig. 7. Dependence of the determined angle /3 on the angle of
rotation of the rotor of the induction sensor ¢ in the full range of
angular displacements 0 — 27

The graphical result of modeling expression (19) is
shown in Fig. 8.

Simulation of the error ¢ dependencies of the angle
s determination on the angle of rotation of the rotor of
the induction sensor ¢ allows to obtain the value of the
root mean square error ¢

where N is the number of defined angles, in the range
from 0 to 27, which in a computer experiment takes the
value of 60,000.

o, rad

o, rad ¢

Fig. 8. Dependence of errors & of the determination of the angle
L on the angle of rotation of the rotor of the induction sensor ¢

Experimental verification of the obtained results.
In order to confirm the results of theoretical modeling of
the proposed method, an experimental study was
conducted using laboratory equipment, the general view
of which is shown in Fig. 9.
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; =
5 angular scale

S

Fig. 9. Experimental equipment for determining angular
displacements

The composition of such equipment includes the
following components: worm gear (Fig. 10), which is
designed to position the exact angles of movement, which
consists of a worm wheel (position 1.¢ in Fig. 10) with
588 teeth and a worm shaft (position 1.5 in Fig. 10),
connected to an angular scale (Fig. 9), which has 360
divisions. Therefore, the rotation of the worm shaft by
360 divisions of the scale corresponds to the fact that the
worm wheel will move by 1.068-107 rad. Therefore,
moving the worm shaft by one scale division will move
the worm wheel by 2.967-10" rad.

As an induction sensor (Fig. 9) a rotating

transformer VT-5 KF3.031.104 (Fig. 11,a) of accuracy
class A, the nominal technical parameters of which
correspond to the data of Table 1 was used. Excitation of
such a sensor with the required voltage and frequency is
carried out using a laboratory two-channel signal
generator type G6-26 (Fig. 11,b).

Fig. 10. Worm gear (general view): 1.a — worm wheel; 1.b —
worm shaft

a b

Fig. 11. General view: a — rotating transformer VT-5;
b — two-channel signal generator type G6-26

ADC (Fig. 9) and digital oscilloscope
INSTRUSTAR ISDS2062B (Fig. 12,a) were used as a
converter of input analog signals into a discrete code in
the form of an array of values with the subsequent transfer
of these arrays via USB interface to a computer (Fig. 9)
performing mathematical processing. The MEGATRON
M600 optical encoder is also used in the experimental
setup for additional control of the accuracy of worm
transmission (Fig. 12,b).

Fig. 12. General view:
a — digital oscilloscope INSTRUSTAR ISDS2062B,
b — optical encoder MEGATRON M600

The description of functioning of experimental
installation can be carried out on the basis of use of its
structural scheme (Fig. 13).

On the common axis of the installation the worm
gear is assembled — 1 (Fig. 13), in which the worm wheel
l.a placed in a horizontal plane with two ends of the
output shaft. One end of the output shaft is connected to
the rotor of the optical digital encoder 7, and the other end
of the output shaft through the adapter is connected to the
rotor of the induction sensor of the angle 3. Thus, by
rotating the worm shaft 1.b of the worm gear 1, the worm
wheel rotates with the output ends of the shaft, and hence
the rotation of the rotor of the digital encoder on one side
and the rotation of the rotor of the induction sensor on the
other side.

5
3 ~ inducion [*
lr;iicslgn signal generator
2
1b 1.a 4
S . N S
] [0) >
: i El ADC
5 >
! Se worm 2
, 8 EG wheel g
o Q 3
[ H =
| E § 6
12

7 >
\ optical
encoder

Fig. 13. Block diagram of the experimental installation:
1 — worm gear; 1.a — worm wheel; 1.b — worm gear shaft;
2 — angular scale; 3 — induction sensor; 4 — ADC; 5 — signal
generator, 6 — computer, 7 — optical encoder

computer

In turn, the induction sensor 3 receives excitation
voltages from the signal generator 5, which are applied to
both of its stator windings (excitation windings), and
these excitation signals are equal in amplitude and
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frequency, but shifted from each other by 90°. To
represent the signals in digital form, its windings are
connected to ADC 4, the role of which in this installation

Table 3

Results of measuring the angles of rotation of the rotor of the
induction sensor in the range from 0 to 2.968e—3 rad

is performed by a digital oscilloscope, which, in turn, is The
. . Angle of measurement Error
connected to a computer via a USB interface. Also, a rotation o, The measurement result| by the 8 rad
digital optical encoder 7 is connected to the computer for rad by encoder o, rad proposed
power supply and information exchange via the interface method /3, rad
RS-232. 0 0 0 0
To reflect the results of the study, it was taken into 1.484¢-4 1.5432383¢4 3.240248¢4 | —1.756e-4
account that in expression (20) as N (number of defined 2.968e—4 2.8634171e—4 3.9410138¢4 | -9.73e-5
angles) 60,000 values was used, the number of which 4.452¢-4 4.4453627c—4 6.3563009¢—4 | —1.904e—4
inevitably affects the root mean square error, but to 5.936e-4 5.5750648¢ 4 5.6524419¢-4 | 2.835¢-5
display this number of experimental values is impossible 7 4204 8186346304 1.040776e—3 | —2.988c4
due to their significant number beyond the scope of this 390404 8.596197c4 6875504104 | 2.0280c.4
paper. Therefore, the display of the result§ of de}ermining 103903 1.008040803 33604738c4 | 2.027c4
the gngles f’f rotation .of the? rotor of the induction sensor 118763 [ 124465703 8365309204 | 350704
relative to its s'tator will be in the range from 0 to 27 with 133603 127842183 1236758563 | 9.8830-5
a step 7r/4, which reflects the completeness of the range of 48403 | 480688203 1689287903 | 205304
determining the values of angles b.y thg proposed methqd. 63203 1596330803 6191303 132505
The r.esults of such a study are given in Table 2, and its 78103 727626503 622988203 | 157804
graphical representation — in Fig. 14.
Table 2 1.929¢-3 1.9333049¢-3 2.0505456e-3 —1.214e4
Results of measuring the angles of rotation of the rotor of the 2.078¢-3 2.0740721e-3 2.1002799¢-3 | —2.27e-5
induction sensor in the range from 0 to 27 and the measurement 2.226e-3 2.1709733e-3 2.2081033¢-3 1.787¢-5
error 2.374e-3 2.3909902¢e-3 2.6908347e-3 -3.165¢—4
A The measurement 2.523e-3 2.5283926e-3 2.6856021e-3 —1.628e—4
ngle of |The measurement result by the
rotation g, | result by encoder | " Y (R | Error, Srad 2.671e-3 2.6501764e-3 2.7511128¢-3 | —7.994e-5
rad a, rad B rad 2.82e-3 2.7910538e-3 2.5065176e-3 3.131e4
0 0 0 0 2.968e-3 3.0097617¢-3 2.9269924e-3 4.097e-5
4 0.7853541 0.785423 —2.481e-5
2 1.5707623 1.5707155 8.078e-5 310
374 2356187 23560015 1.929¢-4 frrad =
T 3.1414934 3.1415226 7.004e-5 2
5S4 3.9269856 3.9271619 —1.71e—4
372 4.7124053 4.7124368 —4.781e-5
774 5.4977544 5.4979427 —1.556e—4 e’ /
2r 6.2831808 6.2831571 2.824e-5 s
Lo , , o00 @
B, rad T 7 T L " 1x107 207 34107
Fig. 15. Dependence of the measuring angle £ on the angle of
o rotation of the rotor of the induction sensor ¢
I l . o, rad
210 4 41074 T T
10, rad | i
— ' | L f/’.g 2107 1
. . [
i [ I T & I 3

0 2 a 6 8

Fig. 14. Dependence of measuring angles £ on the angle of
rotation of the rotor of the induction sensor ¢ and the error of
their measurements &

Also, to assess the precision of this method, in the
experimental study the values of the angle ¢ are set in the
range from 0 to 2.968-10° rad with a step of 1.484-10*
rad. The results of such studies are given in Table 3. Also
Fig. 15 shows the graphical dependencies of the
measuring angle £ on the angle of rotation of the rotor of
the induction sensor ¢, and Fig. 16 — dependence of errors
0 of the determination of the angle £ on the angle of
rotation of the rotor of the induction sensor ¢.

—aa0”

—ax10™

1072

2a073

3x107

Fig. 16. Dependence of errors o of the determination of angle
from the angle of rotation of the rotor of the induction
sensor ¢

The results of the obtained values of errors 6, which
are listed in Table 3, with their subsequent substitution in
expression (20), allow to estimate the root mean square
error of determining the angles of rotation of the rotor of
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the induction sensor relative to its stator. The result of this

calculation is 1.913e-4 rad, and thus allows to confirm a

sufficiently high precision of the proposed method.
Conclusions.

1. This paper presents special mathematical software
for a new method for reducing the error of determining
the angular displacements of the rotor of the induction
sensor, which is based on determining the angle of phase
shift of the signals. This method uses a circular discrete
convolution to achieve the most accurate approximation
of the obtained signal values to the cosine and sine,
respectively. Then the orthogonal components are
determined and the phase shift angle in the full range of
027 of angular displacements is determined with the
help of a digital detector.

2. The presented results of computer modeling and the
results of experimental research are somewhat different,
which can be explained by the fact that during the
experimental study an analog-to-digital converter of lower
bit size than in the mathematical model is used. However,
the obtained results of computer simulation taking into
account the high level of signal noise and the results of
experimental research allow to confirm the high precision
of this method and the fact that it can be used in systems
where high positioning accuracy is required and the
sensor shaft speed is close to zero. .

3. The authors propose software and hardware to solve
this problem, and its implementation can be carried out on
the basis of the use of commercial analog-to-digital
converters and inexpensive microprocessors. However,
the parameters of such electronic components will
influence on the accuracy and speed of determining the
angles of movement of the rotor of the induction sensor
by the proposed method, and therefore it involves
developing a methodology for choosing hardware and its
impact on the accuracy and speed of the angle
measurement process which may be the next development
of research in this field.
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A.A. Stavinskiy, A.M. Tsyganov

DESIGN AND TECHNOLOGICAL PROPOSALS FOR IMPROVING A SINGLE-PHASE
TRANSFORMER WITH LAMINATED MAGNETIC CORE

Goal. The purpose of the work is to analyze the features and substantiate the advantages of the spatial radial electromagnetic
system of a single-phase transformer with rectangular sections of the rods of a charged magnetic circuit. Methodology.
Improvement of single-phase transformers is possible by structural-geometric transformations of active elements. The
Justification of the advantages of such transformations is achieved by the method of invariant objective functions with
dimensionless optimization components and universal relative controlled variables. Results. Replacing the rectangular contours
of the variants of a planar magnetic circuit with a hexagonal circuit leads to a decrease in the volume of steel and the loss of three
angular zones of changes in the direction of the magnetic flux relative to the texture compared to planar counterparts. The
separation of the windings into sections with an arrangement on three rods leads to a decrease in the average length of the coil.
Originality. A three-core magnetic core can consist of rod and jugular-angular parallelogram plates of anisotropic and isotropic
electrical steel. It is advisable to combine a combination of steels by integral welding of billets with subsequent separation into
chevron jugular-rod elements. The method called on has developed mathematical models of the mass, cost, and active power
losses of variants of a single-phase electromagnetic system of a transformer with rod and armor planar and spatial radial three-
core magnetic cores. Practical significance. It was found that the decrease in the extrema of the mass and cost indicators, as well
as the calculated decrease, under the condition that the coefficients of additional losses are identical, the extrema of the losses of
the single-phase radial three-rod system of the transformer relative to the planar analogue with a bar stocked magnetic wire from
anisotropic steel, respectively 13,0-12,3 %, 15,3-10,1 % and 15,1-18,1 % with copper windings and 10,8-10,2 %, 12,8-13,7 % and
12,6-12,3 % with aluminum windings. The main indicators of traditional single-phase systems with rod and armored magnetic
circuits differ insignificantly, which is consistent with early known optimization and calculation data of transformers. References
10, tables 4, figures 4.

Key words: single-phase transformer, electromagnetic system options, target functions, a combination of electrical steels,
mass, cost, loss.

Pozenanyma  moycausicms  yOOCKOHANEHHA  O0OHO(A3HUX  mpancgopmamopie Ha O0CHOGI RPOCMOPOBOI  padianbHoi
eNeKMpPOMazHimHol cucmemu 3 MPUCMPUNCHEGUM MAZHIMONP06odom. Cmpudicnegi ma APEeMHO-KYMOSi OiNAHKU MAK0O20
MaAZHIMOnpoeoody Moxcyme Oymu euzomoeeHHi 3 napanenozpamnux niacmun ani3omponnoi i i3omponnoi cmani ma 3’conani
iHmezpanvHUM 36apHOGAHHAM 3A20MIBOK, WO PO30inAwOmMbcaA Ha wieéponni enemenmu. Ha ocnosi memoody ineapianmnux
uinvosux ynKuiti 3 0e3pPOIMIpHUMU ONMUMIBAUIIHUMU CKIAO0SUMU Tl YHIGEPCAIbHUMU GIOHOCHUMU KEPOBAHUMU 3MIHHUMU
PO3pobeno mamemamuuHni mooeni macu, éapmocmi i eémpam aAKMuUeHOI nOmMyxcHocmi naanHapuux i padianvnoi cucmem 3i
CIpPUdICHEGUM, OPOHLOBUM MA MPUCHMPUNCHEGUM WIUXMOGAHUMU MAZHIMONPOBOOAMU 3 NPAMOKYMHUMU Repepizamu.
Ompumani 6e3po3mipHi wuci06i 3HAUEeHHA NOKAZHUKIE MEXHIUHO020 PIGHA 6KA3AHUX 6APIAHMIE, WO XAPAKMEPU3YIOMb nepesazu
padianvHoi mpucmpusicresoi enekmpomaznimnoi cucmemu. bion. 10, tabn. 4, puc. 4.

Knouosi cnosa: opnogaznuii TpancopmMaTop, BapiaHTH eJIEKTPOMATHITHOI cucTeMM, UiILOBI (yHKUil, koMOiHauis
eJIEKTPOTEeXHIYHHUX CcTaJIeil, Maca, BapTicThb, BTPaTu.

Paccmompena 603moiicHOCHb  YCOGEPUIEHCINBOBAHUA OOHODAZHBIX MPAHCHOPMAMOPOE HA OCHO6E NPOCMPAHCIMEEHHOT
PaouanvHoil I1eKMpPOMAZHUMHON CUCHEMbL C MPEXCHEPIHCHEGHIM MAZHUMONP08ooom. Cmepiichegvie U APEMHO-Y2106ble
YUacmKu maxKozo MazHUMONPo8ooa Mozym Ovimby GbINOIHEHbl U3 NAPATIIEN0ZPAMHBIX NIACMUH AHU3OMPONHOU U U30MPONHOIL
cmanu u CoeOuHeHbvl UHMEeZPAIbHOU CEAPKOUl 6 pA30eNAeMblX HA ule6pOoHHble remenmut 3azomoskax. Ha ocnoee memooa
UHEAPUAHMHBIX UeNe6blX (PYHKUUL ¢ 0e3pasmepHbiMU  ORMUMUSAUUOHHBIMU  COCMAGNAIWUMY U  YHUBEPCAbHBIMU
OMHOCUMENbHOIMU YRPAGTACMOIMU NEPEMEHHBIMU PA3PAOOMAHbL MAMEMAMULECKUE MOOETIU MACCHl, CIOUMOCIU U Nnomepsb
AKMUBHOU MOULHOCIMU NIIAHAPHBIX U PAOUATLHOU CUCHEM C CHEPIHCHEELIM, OPOHEELIM U MPEXCMEPIHCHEELIM UUUXMOBAHHBIMU
MAZHUMONPOGOOAMU C NPAMOY201nbHbIMU  cevenuamu. Ilonyuenvt 6e3pazmepuvie uuCnI0Gble 3HAYEHUA NOKA3AMenell
MEXHUYEeCKO20 YPOGHA YKA3AHHBIX GAPUAHMOE XAPAKMEPUZYIOWUE NPeUMywecmea paouanibHoil MmMpexcmepilicHesoll
anexkmpomazuumnou cucmemsl. bu6bin. 10, Tabn. 4, puc. 4.

Knrouesvie cnosa: ogHoda3ublii TpaHchopMaTop, BApHAHTHI JIEKTPOMATHUTHOI CHCTEMbI, lejieBble (PYHKIUH, KOMOMHALMSA
3J1eKTPOTEeXHUYECKHUX cTajeil, Macca, CTONMOCTD, NOTEPH.

Introduction. In the period from 1970 to 2000, the
losses of transformers were reduced to 50 % [1]. Further
increases in energy costs are constantly driving the
reduction of losses. With almost incomplete loading of
transformers during the service life, reducing no-load
losses becomes a priority. It is also important to reduce
the weight and cost of each new development of the
transformer [1-8]. The main losses of electricity occur in
distribution networks with transformers with power of up
to 1000 kV-A, among which a significant part are single-
phase transformers. Such transformers are produced
mainly with rectangular sections of rod and armored

planar magnetic cores. The powers of transformers with
rectangular cross-sections of rods of laminated magnetic
circuits have been increasing recently [8]. The structures
of single-phase and three-phase planar electromagnetic
systems (EMS) have remained unchanged for a century,
which is associated with technological conservatism and
the rejection of costs for new developments [2, 3, 7]. In
connection with the known shortcomings and the practical
limit of the development of traditional designs [2-6], as
well as in connection with the need for further energy
saving, the tasks of finding and justifying the advantages
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of new technical solutions for EMS of transformers are
important and relevant.

In the majority of modern works systematized in [7],
the main methods and directions for improving
transformers, as in the past decades, are the use of new
electrical materials. Cardinal methods of energy saving in
transformer construction are based on complex
technologies for the production of composite conductors
of windings with "high-temperature" superconductivity
and amorphous electrical steel (ES). However, the cost
increases significantly, and questions arise about the
specifics of the design, operation and assembly of
transformer and technological equipment. Such issues and
disadvantages include: the exit of the winding from
superconductivity after a protective shutdown, a decrease
in the magnetic flux density of the nominal mode and
saturation, technological sensitivity to mechanical
influences and the fragility of a multilayer amorphous
tape. New insulating materials for traditional conductors
and cooling systems ("cable" and "SF6" transformers) are
being created, and the characteristics of anisotropic and
isotropic ES are improved.

There is also known a method for improving
transformers by transforming the structures and
configurations of EMS elements using both traditional
and new materials and existing technological capabilities
and equipment [2-6].

The problematic issue of transformer construction is
the increase in losses of the finished magnetic core
relative to the specific losses of ES [1, 4-7]. In twisted
magnetic cores, regardless of the texture, the losses
increase due to the iregular distribution of the magnetic
field in the cross section with different lengths and
saturation of the elementary layers of ES. In laminated
magnetic cores made of anisotropic ES, regardless of the
shape of the joint, a sharp increase in losses in the angular
zones of rotation of the magnetic flux relative to the
direction of the texture occures.

The goal of the work is the substantiation of the
advantages of the spatial radial EMS of a single-phase
transformer with a three-rod laminated magnetic core
over traditional planar versions with rectangular cross-
sections of the rods.

According to [4-6], reduction of losses is possible on
the basis of a combination of brands of different ES in
sections or elements of magnetic cores.

Reducing the losses of the corner zones of planar
laminated magnetic cores with rectangular winding
windows is achieved by a combination and alternation of
anisotropic and isotropic ES in the rods and yokes [5]. In
this case, the transition of the flow from the rod to the
yoke occurs in the isotropic ES, but the losses in the rod
and yoke sections from the isotropic ES increase relative
to similar anisotropic sections.

A significant reduction in no-load losses is possible
by performing all corner sections of the combined
magnetic core from isotropic ES and all rod and yoke
sections from anisotropic ES. However, such a solution in
the variants of the EMS planar topology with rod (Fig. 1)
and armored (Fig. 2) magnetic cores doubles the number
of joints and increases the additional losses and reactive
power losses. The task of overlapping joints and ensuring

the structural integrity of the magnetic core becomes more
complicated.
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Fig. 1. Single-phase planar electromagnetic system
with bar magnetic core in the longitudinal (a)
and cross-sections (b)

Replacing the rectangular outer contour of the EMS
magnetic core (Fig. 1,a) with the contour of a symmetric
hexagon creates a spatial radial EMS with minimum
volume of the corner zones of the three-rod magnetic core
[2] (Fig. 3). The rectangular sections of the winding coils
in the windows of the traditional magnetic core are
converted into almost triangular sections (Fig. 3,a). In this
case, an increase in the winding sections to three leads to
a slight decrease in the average length of a turn of the
EMS windings (Fig. 3) relative to the analogs (Fig. 1, 2).

b
Ny ZA 7

/ w2

=]

Fig. 2. Single-phase planar electromagnetic system
with armored magnetic core in the longitudinal (a)
and cross-sections (b)
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These features create the prerequisites for improving
single-phase EMS. The rhombic configuration of the
joke-angular region creates the minimum mass of the flow
turning zones relative to the texture direction. When
minimizing the outer EMS contour (Fig. 3), the inner
contour can be hexagonal with small central corners of
the smaller edges. The connection of the rod and yoke-
angular sections, respectively, of anisotropic and isotropic
ES forms a magnetic core of chevron elements with a
reduction in joints from six to three. Laminating of such
elements "interlaced" (Fig. 3,a) leads to rotation of
adjacent oblique joints by 180° and solidity of the
magnetic circuit. It becomes expedient to solve the
problem of permanently joining anisotropic and isotropic
sections of chevron plates in joints using a special
welding method. Such a joint should reduce current and
no-load losses and allow separation of the ES strip.

s ;

D.

Tys

Fig. 3. Single-phase spatial electromagnetic system with three-
rod magnetic core in a cross-section («) and with fragment of a
longitudinal section ()

Elimination of significant complications in the
production of magnetic cores with the connection of joints
of isotropic and anisotropic ES is possible by integral
welding and transverse separation of workpieces.
Workpieces of the ES combination for transverse
separation into composite plates of the EMS magnetic
core (Fig. 3) are formed by combining and joining along
the joint lines of fragments of strips of anisotropic (Fig.
4,a) and isotropic (Fig. 4,b) ES. One, two or more
fragments of an isotropic ES strip can be welded to a
fragment (fragments) of an anisotropic ETS strip. Before
joining the fragments, the anisotropic components are
located with the texture direction parallel to the separation
lines (Fig. 4,c). The separated sections of fragments with
two or several seams are divided at specified angles into
plates (Fig. 4,d) with a combination of ES.

Assessment of the effect of structural EMS
transformations on the characteristics of the transformer
should be carried out by the method of invariant structural

synthesis.

amsotroplc ES

sétroplc ES

((\/‘

Wel ing ¢

&/ 'r'/'w

Separatlon

Fig. 4. Components of the combined magnetic core: transverse
separation of rolled anisotropic ES (a)
and isotropic ES (b) of electrical steels on
fragments; welding of fragments along the lines of joints into a
workpiece and its transverse division into sections (c); division
of sections of fragments into combined plates (d)

The well-known optimization mathematical models
of transformers, in particular [1, 9, 10], contain
geometrical controlled variables (CV) of EMS elements
(diameter of the rod forming contour, aspect ratio of the
rectangular cross-section of the rod) and electromagnetic
loads (EML). Such models allow performing parametric
optimization of transformers of specific powers, structural
designs, cooling systems and purposes based on specified
criteria. The use of such models complicates the structural
synthesis of EMS.

Comparison of EMS options (Fig. 1-3) is carried
out by a universal method of structural-parametric
synthesis [3, 8]. For a generalized comparison by the
named method of any i-th options, in this work the rod
(==1), armor (i =2) and radial (i =3) EMS, ij of objective
functions with indicators (components) I*,-j of the form [3]
in dimensionless (relative) units are used:

=(IT) K; Il]cu(al)= (1)

where /7 is the indicator of the initial data and EML of the
transformer; K; is the component of the specific
characteristics of used ES corresponding to the indicator
I*,jw(,,;) of the EMS with a copper (aluminum) winding.

The main objective functions of structural (in this
work) and structural-parametric synthesis characterize the
mass (j=1), cost (=2) and active power losses (j=3) of the
EMS of the transformer. The extrema (I je ) of the
optimization indicators (1) are determined by numerical
calculations. The named extrema represent indicators of
the technical level of the i-th variant of EMS [3].

The values of 1*,-1(2)0,4@/) are determined by the filling
factor of the winding window with conductive material

F;'jcu(al)
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K, (voltage class) and invariant (acceptable for any
structures and configurations of EMS elements) relative
geometric CVs. The main geometric CVs are determined
by the ratio of the sizes of the diameters of the calculated
circles of the magnetic core Dy; and D,; (Fig. 1-3), as well
as by the ratio of the height 4,,; and the width b,; of the
winding window. An additional relative CV used in the
part of EMS is the trigonometric function #(a.) of the
central angle of the rod o, (Fig. 1,c, 2,¢):

Fieu(al) = Ji@)eutan [KwsXe> Vst (@)]s - (2)
X =Dyj /Dy 3)
Yw :hwj/bwj' “4)

The optimization indicator I*,-M(a,), in addition to the
CVs (3), (4), depends on the relative electromagnetic CV
losses z; [3, 8]

Fgcu(al) = fi3cu(al) [Kw’xc’yw’t(ac )’Zl]' (%)

The electromagnetic CV is determined by the ratio
of the coefficients of the additional short-circuit Kja
and the no-load K. losses, the ratio of the specific losses
of the winding (depends on the specific losses I*,cu(a,) and
the current density J,,.. of the winding) and the specific
losses of ES [, and also the values of the density of
copper (aluminum) Y., and ES v,

Zleu(al) =

2
chu(al)Ilcu(al)‘]wcu(al)ycu(al)
chystlst

Mathematical models of optimization comparison
(structural synthesis) should provide a comparison of
EMS options based on the identity of their
electromagnetic power (I/r equality), invariance
(universality) of the CV and independence from the
conditions of a specific technical specification of
parametric synthesis.

These conditions correspond to the objective
functions Fii@)eun (1), the optimization components of
which and the optimal geometric EMS ratios according to
the particular criteria of the minimums of mass and cost
are determined only by the geometric CVs and do not
depend on the EML [3]. However, the objective functions
Fiscuay are additionally determined by the EML.
Therefore, in order to exclude the dependence of the
generalized structural synthesis on the power, the type of
cooling and other design data and limitations, the CV (6)
and the value of the F *l‘3cl,(a]) indicator should accordingly
change and be determined in a certain real design range of
the known minimum and maximum calculated EML
values.

For an adequate comparison of EMS (Fig. 1-3), in
addition to the identity of /7, electrical materials, voltage
classes, filling factors of the ETS magnetic core K, and
the average values of the magnetic flux density
amplitudes of the cross-sections of the magnetic core
elements are taken accordingly. The real windings of each
EMS are replaced by the calculated windings [3] of
structurally and configurationally equivalent reactors.

(6)

Due to the lack of experimental data on the specific
losses of a three-rod magnetic core and a magnetic core of
combined connected plates, for a preliminary comparison
of the "5 indicators, the design of a radial three-rod EMS
with three anisotropic parallelogram ES plates in each
layer of the magnetic core is adopted. In this case, it is
possible to estimate the dependence of losses on the
structural features of the EMS (Fig. 1-3) in the same
range of variation of the electromagneticCV (6). The real
design range of change of z.,, of transformers
calculated using ES 3407 is taken. It is found that such a
range of change of the electromagnetic relative CV is
identical for copper and aluminum windings [8]

3 < Zlcu(al) < 24
Indicators (2), (5) of the objective functions (1) of

the rod EMS (Fig. 1) are represented by the equations:
3

8

Il*lcu(al) = . o )
sina . Ky K, ), (xc _Sin;j

. QL . a .
xsina, [(xc —51n70j0,5yw +[xc —sm;"j+smac}+

2
+K\ vy {0,25()% —sina—zcj [cosa, +sina, +

n . a
+4[xc —Ssin ;j:|}7wcu(al)/Yst}; ™

3

{0,5K; x

8

11*2cu(al): . o )
sina K, K, », (xc —sin;j

0 a.
xsina,. [(xc —sin;‘jO,SyW+(xc —sinj‘]+sincxc}+

{0,5K; x

2
+Ky v {0,25(% —sin%j [cosa, +sina, +

T .o
+Z(xc _Sln?j}}cwcu(al)chu(al)/(CstYst )}a (8)

3

* 8
113cu(al) =K. ‘{/ x

2
. v
sina, K K,y (xc —sm;)

x{0,5K; sina, [(xc —sina—;jO,Syw +(xc —sin(%cj+

2
+sina, |+ K, »,{0,25 (xc —sin%j [cosa,. +sina, +
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T . O,
+4(xc —Ssin ch:|} Zlcu(al)Y weu(al) /Yst}' )

Indicators (2), (5) of the objective functions (1) of
the armor EMS (Fig. 2) are determined by the equations:

3

8

*
[210u(al) = 4 2 X
. .o
\/sm a. K K, y, (xc —sin ZCJ

X{O, 5K sina, Kxc —sin%j 0,5y, +(xc —sin%j+

2
+sina7c} +K,,v,, {O,ZS(xc —sin(%cj |:2COS(170+

Lo, m .o
+Zsm7‘3+5(xc —smj‘jﬂ}yww((l,)/yst}; (10)

3

1

*
I cuqaly = ) 3
\/0, Ssina. K K, (xc —sin ach

X{O, 5K sina, Kxc —sin%j 0,5y, +(xc —sin%j+

2
_a . a 4
+s1n7‘3}+1<wyw {0,25[xc —sm;‘jj [cosa, +sina, +

X

T . a
+5(xc _Sln?j chu(al)ywcu(al) /(Cstyst )}9 (1 1)

3

1
I;3cu(al) =K 4{/ X

2
0,5sina KK, (xc —sin (’;j

X {0’ SKSZ‘ sin O |:(xc —sin %j 09 Syw + [xc —sin %j +

2
+sin%}+KWyw {0, 25[)56 —sin%) [cosa, +sina, +

T . a
+E(xc —SIII?CJ Zlcu(al) 'chu(al)/Yst}' (12)

The equations of indicators (2), (5) of the objective
functions (1) of the radial three-rod EMS (Fig. 3) are as
follows:

1
KstKwyw (xc -

1)J {Kwyw (xc —l)><

Bieu(an = 2»394[4

x(x, +0,5)+0,75K,, x
XYy + 2%, =0,9532) Y ,yuar) /yst}; (13)

1
KstKwyw (xc -

I)J {KWJ’W(XC _I)X

x(xe +0,5)+0,75K,,, (7, + 2%, —0,9532) x

I;Zau(al) = 2,394{4

XCyeu(al) chu(al)/csﬂst} ; (14)
3
I3cu(ary = 2.394K), [4 WJ x
x<{K gy (x. =1)(x, +0,5)+0,75K,, x
% Zieu(at) (Vo + 2% —0,9532)}. (15)

Calculations according to equations (7) — (15) are
performed at K, = 0.97 and values K,, = 0.3; 0.25; 0.15, as
well as in real ranges of cost ratios Ccya) and Cy of
copper (aluminum) winding conductors, taking into
account insulation and ES:

(Coeu/Cst)=3.5-5,5 (Cppat /C ) =3-4,7.

The results of calculations of indicators of the
technical level of EMS (Fig. 1-3) are shown in Table 1-4.

From the calculation results of Table 1-4 the
potential for improvement of single-phase transformers
with laminated magnetic cores based on a spatial radial
electromagnetic system with a three-rod magnetic circuit
follows.

Table 1

Extreme values of indicators of the mass of options for single-phase electromagnetic systems of transformers
with copper and aluminum windings

. . . Value of mass indicator extremum, at values of
Designation of mass indicator S .
winding window fill factor
extremum
0,3 0,25 0,2
(1) e 20,201 21,234 22,633
1) 11,841 12,605 13,641
') 20,714 21,941 23,600
(30w 12,747 13,656 14,887
'3 17,574 18,544 19,859
(30 10,556 11,275 12,251
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Extreme values of indicators of the cost of options for single-phase electromagnetic systems of transformers

with copper windings

Table 2

Value of cost indicator extremum, at values of

Designation of cost Winding window fill . .
. ratio of material costs
indicator extremum factor
3.5 45 55
0,3 38,789 44,721 50,229
(012 e 0,25 40,205 46,228 51,815
0,2 42,122 48,271 53,963
0,3 37,694 43,003 47,906
(I'2) e 0,25 39,374 44215 52,337
0,2 41,648 47,215 52,337
0,3 32,855 37,687 45,164
') 0,25 34,183 39,101 43,651
0,2 35,982 41,016 45,664
Table 3
Extreme values of indicators of the cost of options for single-phase electromagnetic systems of transformers
with aluminum windings
Designation of cost Winding window fill Value of cost 1pd1cator ex'Fremum, at values of
. ratio of material costs
indicator extremum factor
3 3,8 4,7
0,3 19,268 21,601 24,009
(12w 0,25 20,276 22,671 25,137
0,2 21,641 24,118 26,664
0,3 19,878 22,064 24,303
() 0,25 21,075 23,335 25,643
0,2 22,697 25,055 27,458
0,3 16,798 18,736 20,729
('32) 0,25 17,745 19,741 21,788
0,2 19,028 21,101 23,224
Table 4

Extreme values of indicators of the loss of options for single-phase electromagnetic systems of transformers
with copper and aluminum windings

Value of loss indicator extremum, at values of

53?3?3;1;);;23?1 Wlndln%a\cxilonrdow fill electromagnetic controlled variable
3 3 24
0,3 35,613 62,764 125,456
(13 e 0,25 36,975 64,508 127,754
0,2 38,819 66,868 130,873
0,3 19,268 31,663 59,145
(13w 0,25 21,276 32,952 60,846
0,2 21,64 34,699 63,148
0,3 34,914 59,137 113,562
(53 e 0,25 36,531 61,207 116,289
0,2 38,722 64,011 120,308
0,3 19,451 31,329 55,938
('53) 0,25 21,075 32,861 57,957
0,2 22,697 34,935 60,692
0,3 30,261 52,321 102,786
(33) 0,25 31,539 53,953 104,935
0,2 33,269 56,165 107,846
0,3 16,798 27,027 49,392
(33) 0,25 17,745 28,237 50,985
0,2 19,028 29,877 53,143
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Conclusions.

1.1t is found that the decrease in the extrema of the
mass and cost indicators, as well as the calculated
decrease, with the conditional identity of the additional
loss coefficients, the extrema of active power loss of a
single-phase radial three-rod EMS of the transformer
relative to a planar analogue with a rod laminated
magnetic circuit made of anisotropic ES is, respectively,
13-12.3 %, 15.3-10.1 % and 15.1-18.1 % with copper
windings and 10.8-10.2 %, 12.8-13.7 % and 12.6-12.3 %
with aluminum windings.

2. Decrease in the number and volume of ES of the
angular zones of the magnetic core of the radial three-rod
EMS relative to traditional planar analogs creates the
prerequisites for additional energy saving by reducing the
main and additional losses of the magnetic cores; it also
seems expedient to combine anisotropic and isotropic ES
in the rod and yoke-angular sections.

3. The main technical level indicators of traditional
single-phase planar EMS with rod and armored magnetic
cores differ insignificantly, which agrees with the
previously known optimization and design data of
transformers.
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ANALYSIS AND VERIFICATION OF THE OPERATION OF THE STABILIZING
ROBUST CONTROLLER'S ELECTRICAL CIRCUIT OF THE ROTOR FLUX-LINKAGE
CONTROL SYSTEM

On the basis of the classical theory of robust control, the theory of stability and the theory of continued fractions, the
linearized mathematical model, the procedure for calculating and designing an analog electrical circuit of the Ho-suboptimal
robust controller of the flux-linkage control system of the rotor of an asynchronous electric drive, protected by Ukrainian
Patent no.137157, were built. The circuit contains three operational amplifiers, several resistors and capacitors. The proposed
mathematical model, the procedure for calculating and choosing the parameters of the resistors and capacitors of the circuit
take into account the random variations of the object and the controller within the specified boundaries. An analytical
relationship between the transfer function coefficients and the resistances of the resistors and the capacitances of the
capacitors of the controller's electrical circuit was established. On a specific example, by calculation according to the
developed algorithm, the limiting values of the tolerances of the circuit's resistances of the resistors and capacitances of the
capacitors were identified and these values were selected with a margin from the standard series. Analysis of noise filtering by
the electrical circuit of the controller in the Multisim package shows its insensitivity to noise spreads within fairly wide
boundaries. References 10, table 1, figures 4.

Key words: asynchronous electric drive, flux-linkage control system, robust controller, electrical circuit.

Ha 6a3i knacuunoi meopii pobacmmozo ynpaeninnsa, meopii cmiiikocmi i meopii nanyiwzoeux 0podie nooyoosano
nineapu3o0eana Mamemamuyna Mooeas, Rnpoueodypa po3pPaxyHKy i NPOEKmMYGAHHA AHAI02080i eleKMPUYHOi cxemu
Hoo-cybonmumansnozo podacmmuozo pezyismopa Cucmemu YRPAGAiHHA NOMOKO3YENIeHHAM POMOpPA ACUHXPOHHOZ0
enleKmponpueooy, uio 3axuuiena namenmom Yxpainu Ne 137157. Cxema micmums mpu onepayiiinux niocunreaua, Kinivka
pe3ucmopie i KonoeHcamopie. 3anponoHo08aAHA MAameMaAmuuHa Mooeilb, npouedypa pOo3PaxyHKy i eudopy napamempis
pe3ucmopie i KOHOeHCamopie cxemu 8paxoeyiomov GURAOKO0GI eapiayii 00’ckma i pezynramopa 6 3A0AHUX MeHCaAX.
Bcmanoeneno ananimuunuii 36’130k mixce Koegiyicnmamu nepeoaganvHoi @ynkuii i onopamu pe3ucmopie i emHocmamu
Konoencamopie enekmpuunoi cxemu pezyasmopa. Ha konxpemnomy npuxnadi po3paxyHKoGuM WAAXOM 34 po3poOieHuUMm
anzopumMoMm 8UAGIEHI 2PAHUYHI 3HAYEHHA OONYCKI6 ONOPIe pe3ucmopie i emnocmeil KoHOencamopie cxemu i 30ilicnenuil ix
eudip i3 3anacom 3i cmandoapmuux paoie. Ananiz ginempayii 3a6a0 enekmpuunol cxemoro pezyaamopa 6 nakemi Multisim

nokasye it Heuymaugicmo 00 po3maxis 3aead y docums wupoxux mescax. bion. 10, radmn. 1, puc. 4.

Knrouosi cnosa: acuHXPOHHMIl eJleKTPONPHUBOA,
eJIeKTPHUYHA cXxeMa.

Introduction. In the patent [1], an analog electrical
circuit of the H,-suboptimal robust controller of the
flux-linkage control system of the rotor of an
asynchronous electric drive is proposed. Its design was
carried out in the following sequence. First, a
mathematical model of the control object was built and
the transfer function of the controller was calculated, as
in works [2-4]. Then this function was expanded into a
continued fraction [4]. The coefficients of this fraction
were used to construct a circuit diagram of the
controller. This scheme is made in the form of an active
quadripole. This quadripole contains nine resistors and
three capacitors. The nominal values of such resistances
and capacities of such elements are determined in this
work in the process of rounding off their calculated
values to the values of standard series [5], and their
accuracy is based on the calculation of the stability of
the rotor flux-linkage control system with random
variations of the parameters of the object, resistors and
capacitors of the circuit within the specified boundaries.
At the same time, to set the boundaries of random
change in the nominal values of resistances and
capacitances, the rounding errors of their calculated
values and the spread in the values of permissible
deviations by standard series are taken into account. An

CUCTEMa yl'[paB.J'liHHﬂ NOTOKO34YCIJICHHAM,

pobdacTHMil peryuasTop,

unreasonable choice of these elements of a high-
precision circuit can lead to a significant increase in its
cost, and the choice of low accuracy — to a loss of
efficiency. A compromise between cost and accuracy
can be achieved theoretically only in the process of
analyzing the stability of the flux-linkage control system
with random variations of the nominal parameters of
real circuit elements. However, such an analysis cannot
be carried out without determining the analytical
relationships between the coefficients of the transfer
function of the controller and the parameters of the
resistors and capacitors of the circuit, which vary
randomly within the specified boundaries. Due to the
linearity of the mathematical model of the robust flux-
linkage control system [4], such formulas cannot be
obtained exactly [6, 7]. Therefore, it is necessary to
quickly check the operation of the circuit. It can be done
in the interactive package Multisim. Such a check makes
it possible to evaluate not only the operability of the
designed circuit, but also the level of noise inhibition by
this robust controller circuit [8].

The above approach allows solving the considered
problem of analyzing and checking the operation of the
electrical circuit of the controller. It was proposed by us
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in [4]. However, in this work, only the relationship
between the coefficients of the transfer function of the
controller and the parameters of its structural scheme was
taken into account. Therefore, in this work, this
relationship between the coefficients of the transfer
function of the H,-suboptimal robust controller and its
electrical circuit is taken into account when analyzing and
checking the operation of the circuit.

The aim of the work is to analyze and check the
operation of the stabilizing H,-suboptimal robust
controller's electrical circuit of the rotor flux-linkage
control system.

Research methods and results. Consider an
undefined control object [4], consisting of a frequency
converter and stator and rotor windings of an
asynchronous electric motor. Represent the equations of
its state in the normal operator matrix form (1):

px = Ax + Bu; )
y=0Cx,
where
1 Ll 0
I, Ty,
A= 0 - ! En ;
Tleq Rlequeqln
0 0 -—
L T ]
K U, 4
B{o 0 M} . Cc=[1 o o];
chEn

where p is the Laplace operator; x=(x;, x,, x3)" is the
phase vector, where x1=¥/¥,; x,=I/l,; x;=FE/E,; ¥ is the
rotor flux-linkage vector's module; 7 is the current in the
rotor flux-linkage channel; £ is the EMF of the frequency
converter; u=U/U, is the control action; U is the controller
output voltage; y is the one-dimensional vector of the
output, along which the feedback is closed; T%., K. are the
time constant and gain coefficient of the frequency
converter; Tieq=Licq/Rieq 1s the electromagnetic time
constant of the stator winding, where Rleq:R1+(k,)2R2 and
Liq=0L, are its equivalent resistance and the leakage
inductance; R;, R, are the active resistances of the stator
and rotor windings; 75=L,/R, is the electromagnetic time
constant of the rotor winding; L,, L, are the inductances
of stator and rotor windings; L, is the mutual inductance
of stator and rotor windings; k=L»/L; 6=1 — (L1,)*AL1L,)
is the coefficient of magnetic field scattering.

The extended system of equations [4] with uncertain
parameters of the object K, Rieq, R, Ly, Ly and Ly,
corresponding to Eq. (1) is represented in the form (2):

px = Ax+ Byjw+ Byu;
z=C1x+D11w+D12u; (2)
y= C2)C+D21W+ Dzzu,

where

_R2n R2n 0
L2n LZn
Y= 0 _Rleqn Rleqn
Lleqn Lleqn
1
0 0 -—
L ch
[ PR, PL PR |
0 0 0 2 12 -pL _ 2
L2n L2n ? L2n
PRy
B=| 0 PL 0 0 0 0 i
fed Lleqn
% 0 0 0 0 0 0
L Tt i
[0 0 0 |
Rleqn Rleqn
Lleqn Lleqn
0 Rieqn 0
G=| 0 Ry, 0 |3 G=[1 0 0]
0 Ry, 0
_R2n R2n 0
L2n L2n
| Ry 0 0|
0o 0 0 0 0 0 |
PRlcq
0 -pp, 0 0 0 0
a Lleqn
0 0 0 0 0 0
D=0 0 0 0 0 0o
0 0 0 DR, 0 0 0
0 0 0 PR, Pr, . _ PR
L2n L2n : L2n
_0 0 0 0 0 0 0
1
BZT:{O 0 —} phL=[1 0 0 0 0 0 0];
ch

Dyy=[0 00 0 0 0 0] Dy=[0];

where z = (z1, zp,..., 27)T, w = (W, Wp..., w7)T are,
respectively, the input and output uncertainty vectors
interconnected by the matrix expression w(p)=A(p)-z(p),
in which the uncertainty matrix A(p) has a diagonal form.

The system of Eq. (2) is used to numerically
determine the transfer function of the H,-suboptimal
controller using the mixed sensitivity method [9]. This
transfer fractional-rational function for the nominal object
has the form (3):

P’ +thp+b

K(p)=k—F— NG
agp- taptaptas
where k, by, by, ag, a1, a,, az are the some coefficients, the
values of which are determined during the numerical
solution of the problem.

The transfer function (3) vanishes at the point p = .
Therefore, it can be expanded by the Euclidean method
into a continued fraction. Then, after multiplying the
numerator and denominator of this fraction by a scale
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factor p, it can be represented in the vicinity of the point
p = by a ladder RC function (4):
kp
1 )
1

(4)

cap+

n+
cHp+
rn+

1
1
Gp+—

3
where k, = kp.

As is known, the coefficients of this function
correspond to the calculated values of the resistances
(r; values) of resistors and capacities (c; values) of
capacitors.

The relationship between the coefficients of the
transfer function (3) and the ladder RC function (4) is
determined in the process of folding the fraction (4) into a
fractional rational expression and equating the
coefficients of this expression with the corresponding
coefficients of expression (3). As a result of such
transformations, the following relations between them
were found (5):

To make relationship between the coefficients of the
ladder circuit (4) with the resistances and capacitances of
the electrical circuit of the robust controller, expressions
(6) are used:

c=Cl;, n=Rl; ¢,=C2

n = R2, c3 = C3, 3= R3,
where R1, R2, R3 are resistances of resistors; C1, C2, C3
are capacitances of capacitors.

If among the coefficients (6) of the ladder RC
function there are negative capacitance ¢; with index i and
negative resistance r; with index £, then they are replaced
by expressions of the form:
R4
75 (7

Moreover, the indices in the right-hand sides of
Eq. (7) denote the numbers of capacitors and resistances
of the circuit according to Fig. 1; R4=R5 and R6=R7; the
fractions in Eq. (7) are irreducible, because the resistances
of the circuit are selected with tolerances.

The written Eq. (7) with negative parameters of
capacitance and resistance correspond to active circuits
based on operational amplifiers studied in [10].

(6)

Ci:_Ci l”k =—

b= 1{1 1 11 1] The relationship of the numerator k, of the ladder
1_3 ZJFE +g ZJFE ’ RC function (4) with the resistances RS and R9 of the
operational amplifier of the circuit is described by the
by ( 1 +L+L} ao =Gt equation (8):
Ce3\ s nr3 nn H _R9 3
MR ®
11
a :—(r—+clbl } (5) Relations (6) — (8) make it possible to construct a
KA basic electrical circuit of the controller. This circuit for
111 1 1(1 1 i = k =2 is shown in Fig. 1. It contains negatrons of
a2 :E Tl er  cn r_+r_ +aiby negative capacitance NC and negative resistance NR,
HLm22 WA 2 designed to suppress interference, and differs from circuit
. 1 Cn=c [11] only in other designations of resistance and
HCyC3n Py tn: capacitance indexes.
erﬁffffszffffjl R®
| oR2 | oms
¥ +
R1 : ™~ : Re —D——o
o —1 . / i ——1 =
L _ |
1| R6 [
e ——
'NC T :
| (] |
I I |
! T+ hi !
—ci : = Cz \ DA1 || R4 []Rsl : []RT : —=C3 []Rs
| e - - - - 0
| |
[ |
(I I _
O O

Fig. 1 Electrical circuit of a robust controller

The choice of the resistances of the resistors and
capacitances of the capacitors of the electrical circuit is
carried out in the process of rounding the calculated

values of the RC function coefficients (4) to the values of
the standard series, and their permissible deviations are
determined from the calculation of the stability of the
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robust rotor flux-linkage control system with random
variations in the object parameters (1) and controller (4)
within the specified boundaries. In this case, the
resistances R4...R7 of the circuit resistors are selected
from design considerations, and their accuracy from the
same stability calculation.

The procedure for calculating and selecting the
parameters of resistors and capacitors of the electrical
circuit of a stabilizing robust rotor flux-linkage controller
consists of the following sequence of actions:

1. The transfer function (3) of the controller of the
nominal object is calculated.

2. The decomposition of the found transfer function
into a continued fraction is performed and the ladder RC
function (4) is compiled.

3. The coefficients of the ladder RC function (4) are
rounded to the values of standard series [5].

4. The transfer function of the controller (3) is formed
programmatically according to Eq. (5) — (8).

5. The boundaries of the change in the nominal
parameters of the object, the resistances of the resistors
and capacitances of the capacitors of the electric circuit of
the controller are set, taking into account the rounding
error of their calculated values to the values of the
standard series [5], as well as the accuracy of manufacture
and cost.

6. A software system for the stabilization of the rotor
flux-linkage consisting of the series-connected transfer
functions of the controller (3) and the object (1), covered
by a single feedback is made.

7. Curves of flux-linkage transient processes for a
closed system and a Bode diagram for an open control
system are calculated with random variations in the
parameters of the object and the controller within the
given boundaries.

8. The accuracy of stabilization of the flux-linkage is
determined by the ranges of the curves of steady-state
transient processes of the rotor flux-linkage, and by the
Bode diagram the stability margins in amplitude and
phase were determined.

9. The calculation according to items 5 — 8 is repeated
until a compromise in the choice of the controller's
electrical circuit element's tolerances and their cost is
achieved.

The calculations were performed at the following
nominal values of the initial data of the object (1):
T = 0,001 s; Ry, = 2,65 Q; Ry, =2 Q; Ly, = 0,186 H;
L,,= 0,189 H; Ly, = 0,179 H; 6 = 0,0996, corresponding
to an asynchronous electric drive with a MDXMA100-32
motor.

Calculated from these data, the nominal values of
the parameters of the robust controller (3) turned out to be
equal: k£ = 5,016:10%; b, = 148,963; b, = 1,0612-10%
ap=1; a,=1,451-10% a, = 1,262:107; a5 = 3,532-10". The
calculated values of the resistances and capacitances of
the ladder RC function (4) at p = 10~ corresponding to
these parameters were: ¢; = 10 uF; r1 = 6,963 Q;
¢y ==197 uF; r; =-5,709 Q; ¢; = 12,56 mF; r3 = 28,79 Q.
These values were rounded to the values of standard

series [S]. These series, rounded values of quantities to
the values of series, rounding errors and recommended
tolerances of the series are shown in Table 1.

Table 1
Selection of resistances and capacitances of the circuit
. . A row Rounding | Recommended
Designation|according to| Value N o
[5] error, % | row tolerance, %

R1 E96 6,98 | 0,24 2
R2 E96 5,69 0,33 2
R3 E24 30 —4,2 5
R4 E24 100 0 5
RS | Q E24 100 0 5
R6 E96 100 0 2
R7 E96 100 0 2
RS E24 100 0 5
R9 E24 510 -1,7 5
Cl1 F E24 10 0 5
| * E24 [ 200 | -1 5
C3 | mF E24 13 3,5 5

The undefined parameters K¢/Kg n, Ricq, R2, L1, Lo
and L, of the object (1) varied within the range of £90 %,
the resistances R1, R2, R6, R7 — in the range of £3 %;
R3, R4, RS, RS, R9 and capacitance C1, C2, C3 — in the
range of £10 %. These errors of elements overlap the
values of row tolerances recommended by [5] and other
guiding documents approximately twice.

Fig. 2 shows 20 curves of the rotor flux-linkage
transient processes corresponding to random variations of
the undefined parameters of the object and the controller
selected by the Monte Carlo method within the given
boundaries. They are obtained in the MATLAB
application packages with a single abrupt change in the
reference action.

As seen, the curves of transient processes shown in
Fig. 2 do not go beyond the boundaries of 3 % tube.

Step Response(20 samples)

1.4

1.2

iy

Amplitude
e e
(2] [=-]

0 i .
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time (seconds)

Fig. 2. Rotor flux-linkage transient processes

Fig. 3 shows a Bode diagram with 20 generated
amplitude L(w) curves and 20 phase ¢(w) frequency
response curves with the same undefined parameters as in
the previous case. From the amplitude L(w) and phase
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@(w) characteristics presented in this diagram, it can be
seen that the system is stable, since the amplitude
characteristic crosses the abscissa axis earlier than the
phase characteristic, finally falling off, going beyond the
angle value of —180 degrees. In this case, the calculated
values of the stability margin in amplitude is 19.2 dB, and
in phase is 50.6 degrees for the nominal values of the
parameters of the object and the controller with scatter of
random curves not exceeding 4 dB for amplitude and
15 degrees for phase frequency characteristics.

Bode Diagram
50 :

o

Magnitude (dB)

=50

Phase (deg)
8

-270

-360 L L
102 10° 102 10*
Frequency (rad/s)

Fig. 3. Open-loop Bode diagram

Checking the operation of the circuit, which is
shown in Fig. 1, was carried out in the Multisim
package. Its modeling was carried out with random
variations in the resistances of resistors and capacitances
of capacitors of the specified accuracy. A constant
voltage of 1 V and a harmonic signal with a frequency
of 20, 50, 5000 Hz and an amplitude of 0.5 V were
applied to the input of the circuit, which approximated
the limit values of interference during the operation of
the controller in the flux-linkage control system (for
example, sensor noise, contacts in connectors,
electromagnetic fields, interference with the frequency
of the supply network, etc.). The voltage filtered by the
controller was recorded at the output of the circuit.
Recording of these wvoltages was carried out
continuously with a multimeter (Fig. 4).

As expected, the electrical circuit of the
H,-suboptimal robust controller provides high-
precision noise suppression. In this case, both with
accurate and with rounded values of resistances and
capacitances, the same voltage value of 11.8 V is set at
the output, regardless of the frequency of the
interference at the input. This voltage is approximately
an order of magnitude less than the steady-state value
calculated by Eq. (3) at p = 0, because at the output
from the circuit it is always determined with an
accuracy to a constant factor.

uyv
10
§
0 0.1 0.2 0.3 04 0.5 ts
a
uv
10
5
/—\_WM_/

0 0.1 0.2 0.3 0.4 05 ts
b
uv|
10
5
0 0.1 0.2 0.3 0.4 05 ts

C

Fig. 4. Dependence of voltage U at the input (sinusoidal line)
and output (straight line) on time #:
a—20 Hz; b —50 Hz; ¢ — 5000 Hz

Conclusions.

1. For the first time, analytical dependences of the
ladder RC function coefficients on the resistances of the
resistors and capacitances of the capacitors of the
H.-suboptimal robust controller's circuit diagram were
obtained, which allow, together with the control object
within the ranges of the specified boundaries of the
change in the undefined parameters of the object, the
resistances and capacitances of the controller, to carry out
calculations and analysis of stability of the stabilizing
flux-linkage system and the selection on this basis of
resistors and capacitors of the circuit from the series of
preferred values, taking into account the margin of
tolerances.

2.Based on the calculation and analysis of the
stability of the robust flux-linkage control system and
the obtained analytical expressions describing the
relationship between the coefficients of the transfer
function of the robust controller and the resistances of
the resistors and capacitances of the capacitors of the
electrical circuit of the controller, the limiting values
of the tolerances for the selection of resistors and
capacitors of the circuit from the preferred series,
identified by a specific example.

3. The analysis of the filtering of sinusoidal signals of
various frequencies by the electric circuit of the regulator
in the Multisim package carried out using the same
example, taking into account the selected limit values of
the tolerances of resistors and capacitors, shows its
insensitivity to these signals.
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V.A. Lebedev, G.V. Zhuk, N.J. Ostroverkhov, A.M. Khalimovskyy

CONTROL OF VALVE ELECTRIC DRIVE COORDINATES OF AUTOMATED
WELDING EQUIPMENT FEED MECHANISMS

Goal. Finding ways to improve the quality of operation of the electrode wire feeder in terms of increasing the frequency of
undistorted pulse feed with controlled characteristics, in particular its speed, as well as developing methods to simplify the
adjustment of regulators of fast-acting electric drive to improve the results of the arc welding and surfacing process.
Methodology. In the work, methods of analysis of existing technical solutions were used to increase the speed of operation of
electric drives for a specific purpose with the choice of the most rational solution based on the use of the method of synthesis of a
control system based on the concept of inverse problems of dynamics with subsequent computer simulation, confirming the
adequacy of the applied method of synthesis of high-speed systems. Results. The authors considered the possibilities of increasing
the speed of control systems for gearless computerized electric drives in a system with modern designs of valve electric drives for
electrode wire feeding systems. A mathematical model of a rectifier motor has been developed with some assumptions that
significantly influenced the simulation results. The new possibilities are based on the use of an original synthesis method based
on the use of the concept of the inverse problem of dynamics with the subsequent study of the operation of the automatic control
system for pulse wire feed, which was performed with aperiodic adjustment of the velocity contour by different methods. This
approach made it possible to obtain the necessary laws of electric drive control without the traditional solution of the optimization
problem. The developed control system for the electrode wire feed with pulsed motion algorithms provided the required linear
movement of the wire at a pulse repetition rate of 100 Hz. The carried out computer simulation of the new control system
confirmed the results of the study. It was found that an increase in the pulse time duration over 50 % of the pulse repetition
period for given feed frequencies leads to an increase in the wire movement in the pulse, as well as to a decrease in the worked
out frequency of the wire linear displacement feed. It was not possible to provide the required wire movement in the impulse feed
mode for aperiodic adjustment of the speed loop with a P-controller for the same system parameters. Originality. The development
was carried out for a specific application in the electrode wire feed systems of mechanized and automatic equipment for
consumable electrode arc welding with obtaining certain algorithms of pulse motion. To effectively solve the complex problem of
increasing the frequency of feed pulses with the provision of a displacement step, an original technique of the concept of inverse
dynamic problems with confirmation of the result by mathematical modeling by practical results was used. Practical significance.
The use of standard settings of the valve electric drive of mechanized and automatic welding equipment provides the frequency of
undistorted electrode wire feed in the pulse mode of the feed mechanisms up to 50 Hz. New possibilities of settings made it
possible to increase the frequency of wire feed, which makes it possible to raise the quality indicators of welded products - the
formation of a welded joint, a decrease in electrode metal losses, an increase in the mechanical properties of a welded joint.
References 16, figures 6.

Key words: valve electric drive, automatic control system, adjustment of regulators, pulse wire feed mechanism, welding
equipment.

Mocnioyncenns nokasanu, w0 6UKOPUCHAHHA CHAHOADMHO20 HANAWIMYBAHHA KOHMYPY WGUOKOCMI HA CUMEmpPUYHUIL
ONMUMYM CUCEMU KePYBAHHA MEXAHI3MOM ROOAYi aA6MOMAamu306anozo 36aplo6aibHO20 00NAOHAHHA 3a0e3neuye Yyacmomy
imnynscHoi nooaui enekmpoonozo opomy 00 60 I'y ma noxpawienna akocmi 3eapnux 3'conansv. Ha ocnoesi konyenyii 360pomnux
3a0ay OuHamiKu é NOEOHARHI 3 MiHIMI3auiclo QyHKUIOHANY MUMMEBO20 3HAYUEHHA KIHeMUYUHOT eHep2ii CUHIME306aHO0 pezyamop
weuoKocmi, w0 003601un0 nioguwumu uacmomy imnynvcie 0o 100 I'y npu eionpayroéanni HeoOXiOH020 NIHINIHO20
nepemiwienns opomy. Lle icmommno pozuwiupioc moxcnusocmi 3eaproeannsn i nanaaenenna. Cucmema KepyeanHs Mexamizmom
nooaui opomy peanizoeana Ha 0CHOGI De3pPedyKMOPHO20 6eHMUNBbHO20 efleKmponpueoda. bibi. 16, puc. 6.

Knrouogi crosa: BeHTHIbHMIA €JIeKTPONPHBO/, CHCTeMAa AaBTOMATHYHOI0 KepyBaHHsI, HAJIAIITYBAHHS PeryJsiTopiB, MexaHi3mM
iMIyJIbCHOY oAa4Yi IPOTy, 3BapIOBaJibHe 0012 JHAHHS.

Hccneoosanus noxazanu, 4umo ucnonb3oeanue CMaHOApmMHON HACMPOUKU KOHIMYPA CKOPOCMU HA CUMMEMPUYHBLIL ONMUMYM
cucmemyl ynpagieHus MexXanuIMom HOO0AYU AGMOMAMUZUPOSAHHOZ0 CEAPOUHO20 000pYO06aAHUA OOecneuusaem Yacmomy
UMRYILCHOU nOOAuU INeKMPOOHOU nPo6oaoKu 00 60 'y u ynyuwenue kauecmea ceapnvix coeounenuii. Ha ocnose konyenyuu
00pamHuIX 3a0a4 OUHAMUKU 6 COCOUHEHUU ¢ MUHUMU3AYUEN QYHKUUOHANA M2HOBEHHO20 3HAYEHUA KUHEMUYECKOl IHepZuu
CUHME3UPOBAH PeYNAMOP CKOPOCMU, YN0 NO3B0JIUI0 ROGLICUMY Yacmomy umnyascos 00 100 I'y npu ompabomke mpedyemozo
JNIUHENHO020 nepemMewienus nPo6oaoKU. Mo CyuecmeeHHO PACUIUPACH 603MOICHOCIU ITIEKMPOOY20601l C6APKU U HANAGKU.
Cucmema ynpagnenus MexaHUIMOM NOOAYU NPOBOJIOKU Ppeaiu306aHa HA OCHO6e 0e3PedyKmOPHO20 6eHMUIbHO2O0
anexmponpueoda. bubn. 16, puc. 6.

Kniouesvie crnosa: BEHTHIbHBIH JJIEKTPONPHBON, CHCTEMa AaBTOMATHYECKOr0 YNpaBJEeHHs, HACTPOiika peryJsiTopos,
MeXaHH3M HMITYJIbCHOM MO/Ia4H MPOBOJIOKH, CBAPOYHOE 000py/A0BaHHe.

Introduction. Mechanized and automatic electric  source [3, 4] and pulse feed of an electrode wire [5, 6].

arc welding and surfacing using electrode wire is
constantly being improved on the basis of technical and
technological innovations [1, 2]. One of the ways to
improve the quality indicators of welding and surfacing is
the use of pulse methods of influence on the arc process,
which are carried out both by means of a welding current

The relevance of the search for technical solutions that
provide an increase in the frequency of wire feed pulses
above 60 Hz for the required range of linear displacement
per pulse is due to the task of improving the quality of
welding and surfacing [7]. One of the main directions of
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improving the technology of welding and surfacing with a
pulse feed of an electrode wire is the use of high-speed
gearless computerized electric drives based on valve
electric motors. In this work, on the basis of the concept
of inverse problems of dynamics (CIPD) in conjunction
with minimization of local functionals of instantaneous
values of energies, a synthesis of a control system for a
pulsed electrode wire with a valve electric drive (VED) is
performed. On the basis of computer simulation of the
dynamic processes of  the system  using
MATLAB/Simulink, satisfactory results were obtained, in
particular, the speed of operation, which is so necessary
for obtaining pulses of electrode wire movement to
control the transfer of electrode metal droplets in a
controlled mode into the weld pool. A comparative
analysis of the results of operation with the control system
based on the standard setting of controllers is carried out.
Features of control of wire feeders based on VED.

Perspective direction is due to the control of the transfer
of electrode metal and associated with it the following
main advantages of the process [8]:

o the possibility of a significant improvement in the
structure of the weld metal and deposited layer;

e implementation of the task of controlling the shape
of the welded joint, the value of reinforcement and
penetration;

o reduction of energy and resource consumption.

The implementation of the controlled pulse feed
process can be carried out in several ways using different
systems. Recently, the most rational technical solution for
obtaining a controlled pulse feed is the use of feed
mechanisms based on specially developed valve electric
motors with a conventional gearless roller propulsion
mechanism and a computerized control system [9].

Investigation of the characteristics of the welding
process using a valve electric drive with standard settings
of the controllers made it possible to determine that the
frequency of the pulse feed with a certain step of moving
the electrode wire significantly affects the results of
surfacing welding in almost all parameters. For an
example, partially described in [10], Fig. 1 shows
microsections of cross-sections of rollers made on alloy
steels at different frequencies of the electrode wire feed.

The analysis of microsections shows that with a
pulse feed, the growth of crystals sharply decreases, their
disorientation increases, which leads to an increase in the
strength and wear resistance of the product being
deposited or welded [11].

From the results of the cycle of conducted studies, it
is obvious that the wire feed mechanism should have a
wide range of wire feed frequencies.

Fig. 1. Microstructures of deposited rollers (X200) at pulse feed frequencies: a — 0; b — 28 Hz; ¢ — 45 Hz

The goal of the work is improving the quality of the
wire feed mechanism to improve the characteristics of the
arc process by developing a method for adjusting the
controller to increase the speed of the speed loop of the
electric feed drive.

Application of standard settings of VED of
mechanized and automatic welding equipment provides
the frequency of undistorted electrode wire feed in a pulse
mode of operation up to 60 Hz. An increase in the
frequency of wire feeding makes it possible to increase
the quality indicators of welded products — the formation
of a welded joint, a decrease in electrode metal losses, an
increase in the mechanical properties of a welded joint.

Mathematical model of the VED control system.
In the study of the automatic control system (ACS) of
feeding the electrode wire, the valve electric motor is
described by the mathematical model of a DC machine
with independent excitation [15, 16]. A standard ACS has
a dual-loop structure of a slave control system, consisting

of an internal current control loop with a relay PPT
controller and an external speed control loop with a P-
controller, shown in Fig. 2. Dynamic processes in ACS
are described by the following system of equations:

M-My=J p-w
__ W-r) |
SRy (Tpep+)
UKD Ky |
Ry (T, ptD)
E=cF - w,

M =cF-I,
I*=(0*-K, ) Ky,

where @', @ are the speed setting and motor rotation
speed; I', I are the current loop setting and motor current;
M is the electromagnetic torque of the electric motor;
M, is the moment of resistance on the motor shaft;
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U is the output voltage of the power converter; E is the
EMF of the electric motor; K, is the gain of the speed
P-controller; K, is the transmission coefficient of the
power converter; 7, is the time constant of the converter;
K, K, are the current and speed feedback coefficients;

Ry is the linear active resistance of the electric motor in a
heated state; T is the time constant of the motor phase;
cF' is the coefficient of excitation of the electric motor;
J is the total moment of inertia, reduced to the motor
shaft; p is the Laplace operator.

Electric motor

e Cumentloop i e — cF :
' ' ' M, |

P-controller ! PPT U i 1€ | | _ i

0] & K, ' 1 ! o)
Kk, [ ﬂL | B Ly, At YR
: T,p+l | R(Tip+)) || P
| K, |
b e Dl |
K,
Fig. 2. Block diagram of the automatic speed control system of the valve electric drive of wire feed
. &
Synthesis of the law of VED speed control by the D =ap. 3)

method of inverse problems of dynamics. Analysis of
synthesis methods for closed-loop control systems has
shown that the use of a non-standard control algorithm
synthesized on the CIPD in combination with
minimization of local functionals of instantaneous energy
values makes it possible to improve the quality of control
and the frequency of wire feed. Control laws based on
CIPD also provide weak sensitivity to parametric and
coordinate  disturbances, carry out a dynamic
decomposition of an interconnected system and are
simple to implement, since they do not contain
differentiation operations [12-14]. The advantage of the
synthesis method is the definition of control laws without
the traditional solution of the optimization problem. The
control laws are determined by the type of the differential
equation of the object and the type of the differential
equation, with the help of which the desired quality of the
transient of the closed control loop is set.

According to Fig. 2, the speed loop consists of an
optimized internal current loop and an integrating element
representing the electromechanical part of the drive. The
input of the loop receives the signal of the speed reference
w* When developing the control law of the speed
controller, the inertia of the optimized current loop in the
form of a first-order aperiodic link model with a small
time constant 7; is not taken into account. However, after
the synthesis is completed, an analysis is made of its
influence on the control quality indicators. After such
assumptions, the control object of the speed controller is
described by the following first-order differential equation

()

For a first-order object (1), the order of the equation
of the desired quality of speed control is also taken to be
equal to one

. F
o=L1%

Z+apz=ayw* )
with the provision of first-order astatism and a given
quality factor in speed equal to

The required duration #,, of the aperiodic transient of

the speed is given using a single coefficient of equation (2)
t = 3/ Q-

It is necessary to find the control function of the
speed controller 7* so that the quality of speed control w
approaches the desired one, given by equation (2). The
degree of approximation of the real process to the desired
one is estimated by the functional, which characterizes the
energy of the first derivative of the kinetic energy
normalized to the moment of inertia

G(I*) =%[Z'(t)—a')(t,1*)]2 “)

The functional is minimized according to the first-
order gradient law
dl*(t)
da —°
whereA,>0 is the constant.
The derivative of the functional taking into account
(1) and (2) is equal to
dG(I*) cF . .
=) (6)
After substituting (6) into (5), the speed control law
is found

_dG(I*)

ar= -~ ©)

1*(t)=ky(z - ), (7)
where k, = cF-4,/J is the speed controller gain.

The variable Z in (7) plays the role of the required
acceleration, which is determined in real time from the
equation of the desired quality (2) by closing the speed
feedback z=w

z=qy (0*-w). ®)

The speed control law takes its final form after
integrating both sides of equation (7) taking into account
®

I*(t)= ke - (z - 0);
z= aoj(a) *—w)dt.

)

26 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.6



The block diagram of the speed controller built on
the basis of (9) is shown in Fig. 3.

*
@
ke

> %

1
p

Fig. 3. Block diagram of the speed controller

The speed controller contains only the parameter ¢
of the desired control law and does not contain the
parameters of the control object, which is typical for
classical control laws.

Closed loop speed equation

. cF . cF cF

a)+7.kw-a)+7~ka, - oa)=7-kw-a0-a)* ,(10)
obtained after substituting control law (9) into the object
equation (1), shows that closed-loop system (10) is stable
even with an unlimited increase in the gain of the speed
controller k,—o. According to the Hurwitz stability
criterion, the coefficients of equation (10) are positive

%-kw>0; %-ka,-ao>0.

An important task is to determine the properties of
the speed loop at finite values of the controller gain.
According to the transfer function of the speed open loop
obtained on the basis of (10)

F -k .

W (p) _ C kw (24 /J ’
p-(p+cF-k,lJ)
the speed loop has a given first-order astatism, as well as

a speed quality factor equal to the given one (3)

(11

*

This ensures the degree of approximation of the real
transient of the speed to the desired process specified by
(2), with moderate gain of the speed controller £,,.

I
o N A P
}vl‘v:‘v" ‘x':'v:vv‘ﬂ:ﬂ’)\'
0 \/'H \/-'x;lwla}f‘!‘"\/’;\
VY EVERYIEVEVIRVIEY RVIRY
BE'SVEISIRIRIRIBIRI B
-10 H [N
0 20 40 60 80 100
1, ms

a

The estimation of the influence of the unaccounted
inertia of the current loop with a small time constant 7 on
the dynamic properties of the speed loop is carried out
using the characteristic equation of the closed-loop
system obtained similarly to (10)

T-Ty-p> +Ty-p* +ky ptky-ag=0,  (13)
where T, = J / c¢F is the time constant of the controlled
object.

For the stability of the speed loop according to (13),
the condition ay<(1 / T;) must be satisfied. Thus, the
inertia of the current loop limits the desired speed of the
speed loop.

Investigation of the VED control system. The
research was carried out by modeling in the
MATLAB/Simulink software package. To assess the
efficiency of the speed control system of the valve electric
drive of the wire feeder, a comparative analysis of the
simulation results of the proposed system with a
controller (9) and an ACS with a speed P-controller was
carried out. The value of the P-controller gain K, = 8.75
was obtained when the speed loop was tuned to an
aperiodic process. When simulating a two-circuit ACS,
the following values of the parameters of the structural
diagram were taken: 7,= 0.5 us; R,=0.9 Q; cF'=1 V-s;
J=0.001 kg-mz; K;=1.94; K, =0.25. The current loop of
each of the systems under consideration contains a PPT
with a dead zone of 0.5 V. The voltage at the output of the
power converter is U =24 V.

The simulation results of the current loop with a
sinusoidal reference signal with a frequency of 100 Hz for
the adopted settings are shown in Fig. 4. Analysis of the
simulation results of the current loop for the reference
signal [* shows the satisfactory dynamics of its
development.

—IA
10

Wiy ,\‘w\\a‘\. "

Fig. 4. Results of simulation of transients of the system current loop

The results of modeling the transients of both
systems with a stepwise reference signal are shown in
Fig. 5. Curves @, correspond to a system with a controller
(9), and @, — to a system with a P-controller. Comparative
analysis of the graphs of transients of the speed of
systems (Fig. 5,a at ay = 500; Fig. 5,b at a9 = 1700)
confirms the dependence of the time of the transient on

the value of the parameter ay. Increasing this parameter at
a constant value k, = 100 shortens the transient time.
Based on the simulation results, the maximum value of
the parameter ay = 1700 was determined for the aperiodic
adjustment of the speed loop. With an increase in the
value of this parameter, at a jump in the speed reference,
overshoot appears in the system.
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Fig. 5. Results of simulation of transients of systems with a jump in the reference signal

The results of modeling the transients of systems
when generating a reference signal in the form of
rectangular pulses with a duration of #,,, = 5 ms with a
pulse repetition rate of 100 Hz are shown in Fig. 6.
Formation of the speed reference signal @ in the form of
rectangular pulses for the simulation conditions shown in
Fig. 6,a, provides a movement L, of the wire (Fig. 6,b) by
3 mm with aperiodic adjustment of the loop using the
CIPD. In the system with the P-controller of the speed
loop, the movement L, of the wire (Fig. 6,b) was only
1.8 mm. The simulation results showed that with a load
surge from 0 to 5 Nm for a 4 ms pulse and a pulse

"
W, Wi, Wa

30

25

0.1 0.12 0.14 0.16 0.18 0.2
fs
a

repetition rate of 100 Hz, the wire displacement L, per
pulse varied from 2.64 mm to 2.35 mm. The movement L,
of the wire in the automatic control system with a speed
P-controller for the same conditions of changing the load
was less than 1.4 mm. When increase in the pulse time in
the system with the speed P-controller up to 8 ms, the
wire movement L, per pulse was changed from 2.2 mm to
2.8 mm with a decrease in the load in the range from
5 Nm to zero. Reducing the value of the moment of
inertia J by 2 times allows with a load of 5 Nm and
duration of pulse of 5 ms to ensure the wire movement
Ly by 2.4 mm.

Ly, Ly, mm

60

L, mm
--- L, mm

50

40

30

20 -

10
0.1 0.12

Fig. 6. Results of simulation of transients of systems with a reference signal in the form of rectangular pulses

Conclusions.

1. The results of the study of the system with the
proposed speed controller shown that the electrode wire
feed mechanism provides the required linear movement
with a reference signal in the form of rectangular pulses at
a repetition rate of 100 Hz. The recommended pulse width
of the speed reference should not exceed 5 ms.

2. Studies of the system have also shown that at certain
ratios of parameters, the speed P-controller can ensure the
development of the required movements at a pulse
repetition rate of 100 Hz, but with inferior quality
indicators. Taking into account the possible range of
variation of the system parameters, the final choice of the
type of controller and the method of its adjustment should
be determined by the technological requirements for the
quality indicators of the ACS.
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BREAKDOWN VOLTAGE OF MICRON RANGE AIR INCLUSIONS IN CAPACITOR
PAPER

Purpose. To substantiate the breakdown mechanism of capacitor paper on the basis of numerical-field models with segmented
cross-sections of cylindrical volumes of air and water, and also use the proposed models to determine the breakdown strength of
air in micron-sized gaps under normal conditions. Methodology. The model bases on a finite element solution to an electrostatic
problem in a volume of capacitor paper consisting of cellulose and pores with air and water. First, the possible scenarios for the
growth of breakdown in capacitor paper are analyzed and to the conclusion is made, that complete breakdown developed from a
partial breakdown in the air cavity. A brand of capacitor paper is chosen in such a way that when its thickness changed, the
breakdown strength of the electric field changed over a wide range. Then, for the paper with the lowest average electric field
intensity the possibility of explaining the complete breakdown by the breakdown of air segments on the basis of the Paschen
dependence is checked. Further points of the obtained dependence by constructing models of papers of the same brand and a
different thickness under the assumption of the similarity of electrostatic fields are determined. As such a criterion, the constancy
of the equivalent effective permittivity are taken. Results. The dependence of the breakdown strength of the air in the range of
1.36...5.54 uym under normal conditions is determined. The obtained relationship is between the Peschot and Taev curves.
Originality. For the first time, the possibility of indirectly estimation the breakdown strength of an insulating material using an
electrostatic field model is indicated. Practical value. The proposed method for the numerical calculation of the breakdown
voltage of air inclusions in the presence of water inclusions in the thickness of solid insulation can be applied to other types of
solid thin-layer insulation. References 11, tables 3, figures 5.

Key words: electrical breakdown, model of capacitor paper, micron gap, electrostatic field, finite element method.

Ompumana 6 podomi 3anexcHicmv HARPYHCEHOCMI eNeKMPUUHO20 NONA NOGIMPA 6i0 006)CUHU PO3PAOHO20 NPOMINHCKY
3A006i1bHO NOACHIOE 3HAYEHHA NPOOUGHUX HANDPYZ 3PA3KI6 KOHOCHCAMOPHO20 nanepy npu 3Mini iX mapok i moeujunu.
Ilobyoosana 3aneixcuicmov npoousHoi Hanpyycenocmi NOGImpsa npu HOPMAIbHUX ymoeax 6 Oianazoni 1,36...5,54 mkm na
niocmagi po3paxynKy eneKmpocmamuiHux NoONi6 6 MOO0enaxX KOHOCHCAMOPHO20 nanepy 3 CeZMeHMHUMU NOnepeyHumMu
nepemunamu YURiHOpuuHUX 00’°cmie nogimpa i 6oou. Ilpoeedeno 3icmaenenns ompumanoi 3anericHocmi 3 Gi0oMuMU
excnepumenmansHumu oanumu. Ompumani oani ¢ dianazoni 2...5,54 mxm Haiidinbw O1U3bKI eKCnepuUMEHMAaabHUM OAHUM
Ilewo. bi61. 11, Tabm. 3, puc. 5.

Knrouogi cnoga: eneKTpUYHMIT MPOGii, MOJeIb KOHIEHCATOPHOr0 Mamnepy, MiKpOHHHIi MPOMIKOK, eJIeKTPOCTaTHYHE MoJe,
MeTO/l CKiHUeHHHUX eJleMeHTiB.

IHlonyuennan ¢ pabome 3a6uUcCuUMOCHbd HARPANCEHHOCMU ITIEKMPUUECKO20 NOJIA 8030yXA OM ONUHbBL PAZPAOHO20 NPOMENCYMKA
Y00611€MEOPUMENbHO 00BACHAEM 3HAYUECHUA RPOOUGHBIX HARPANCCHUI 00PA3U06 KOHOCHCAMOPHOU dymazu nPU UIMeHeHUU Uux
Mmapok u monwgunsl. Ilocmpoena 3aeucumocms npooUGHOT HARPANCEHHOCINU 8030YXA NPU HOPMANLHBIX YCI06UAX 6 OUANA30HE
1,36...5,54 mxm na ocnosanuu pacuema 31eKmMpoOCMAMUYECKUX NOICH 8 MOOEIAX KOHOCHCAMOPHOU OyMaA2u ¢ Ce2MEHMHbIMU
nonepeuHvIMU ceueHUAMU YUIUHOPULECKUX 00bem06 8030yxa u 600bl. IIposedeno conocmagnenue noyueHHON 3a6UCUMOCHU C
U36eCMHLIMU IKCHEpUMEHMAnbHbiMu  Oannvimu. Ilonyuennvie Oanunvie ¢ oOuanazone 2...5,54 mxm Haubonee Onu3Ku
Ixcnepumenmanvuvim oannvim Ilewo. buodn. 11, Tadn. 3, puc. 5.
Kniouesvlie  crnosa:  diiekTpuyeckmii  mpo0od, Moaean
3J1eKTPOCTATHYECKOE T10JIe, METO/I KOHEYHBIX 3J1eMeHTOB.

KOHIEHCATOPHOH  OymMard, MHKPOHHBIH TNPOMEXKYTOK,

Introduction. If the technological mode of arrangement of the components. For example, for the

impregnation is violated (insufficient pressure during
impregnation), air inclusions remain in the thickness of
the capacitor paper, in which discharges occur during
operation under high voltage. Therefore, it becomes
necessary to evaluate the breakdown voltage of air
inclusions of capacitor paper.

In this paper, it is proposed to determine the
breakdown voltage of the power frequency of air in the
micron range based on indirect estimates of the calculated
values made on the basis of numerical modelling of the
electrostatic field in capacitor paper with air inclusions.
Capacitor paper is a three-component dielectric made up
of cellulose, air and water. The choice of such a dielectric
is based on the assumption that a change in the
breakdown voltage with a change in thickness is
explained by the development of a complete dielectric
breakdown from a partial one in the air region. When the
test voltage is applied, the electric field is distributed
irregularly according to the dielectric permittivity and the

considered insulating material in water, the modulus of
the electric field strength (EFS) is the smallest, and in air
it is the largest. Then, the possibility of a breakdown is
checked for a section with an almost uniform EFS vector
both in absolute value and in direction. If the check is
satisfied, then this area is replaced with a perfectly
conductive one. And everything is repeated until the
discharge spreads over the entire thickness of the
dielectric.

Literature review. In 1889 Friedrich Paschen
established that the breakdown voltage in gases depends
on the product of the gas pressure and the distance
between the electrodes. Further studies have shown
deviations from this law of similarity of gas discharges.
Reviews of experimental studies of air breakdown at
normal atmospheric pressure and micron gaps are given in
[1-3], and the latest data in [4]. As a result, it was found
that at normal pressure the left branch of the Paschen
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dependence falls with a decrease in the product of
pressure and the distance between the electrodes, and the
dependence of the breakdown voltage on the material of
the electrodes is also determined. However, the
experimental data of various authors differ greatly and
sometimes even contradict each other.

It was also found that for air the breakdown voltage
does not depend on the frequency at /= 0...50 Hz in
discharge gaps up to 600 cm. For water and solid
dielectrics, an increase in dielectric strength is observed at
voltage exposure time commensurate with the
germination time of the discharge channel (for liquids —
0.01 ps at a thickness of 10...100 um, for solid dielectrics
—0.1 ps at a thickness of 1 mm) [5].

The influence of air cavities on the development of a
discharge in a polymer, taking into account the
distribution of the electrostatic field and mechanical
stresses, was analyzed in [6]; however, the Paschen
dependence is taken as the breakdown condition.

The goal of the work is the determination of the
breakdown voltage of micron range air inclusions in
capacitor paper on the basis of numerical-field models of
the electric field with segmental cross-sections of
cylindrical volumes of air and water in cellulose.

A mathematical model. The volume ratio of the
components of the capacitor paper is determined based on
the equations:

Vppp (l - y) =Vepe +Vapas

Viwpw =Voppy;

%=%+%+%»

where V,, V., V, and V, are the volumes of paper,
cellulose, air and water, respectively; p,, pc, pa and py, are
the densities of paper, cellulose, air and water,
respectively; y is the relative mass content of water in
insulating paper.

Then the radius of pores containing air and water, of
the length / and the amount N in the cellulose volume is

r=[(Va+ V)lzl-N)I*.

An example of the location of the volumes of air and
water in a pore is shown in Fig. 1. The cross-sections of
the cylindrical volumes of pore materials are divided by
the central curved trapezoids into three regions. The bases
of such trapeziums occupy 20 % of the length of the line
of separation of air and water media. This was done in
order to distinguish subregions with practically uniform
EFS in the air and water regions.

—o—g
nAir

oWater o Water

oWatdr

S
o Cellulose

Fig. 1. Fragment of the calculation area

The calculation of the electric field in the cross-
section with respect to the length / of the capacitor paper

with the width » and the thickness /4 is based on the
following differential equations [7], compiled for each
isotropic region with relative dielectric permittivity &:

Vip=0;
E=-Vog;
D =808E,

where ¢ is the electrostatic scalar potential;
E is the EFS vector; D is the electric induction vector; g,
is the electrical constant, &, = 8.854-10'"2 F/m.

At the interface between the two media, the
condition of constancy of the electrostatic scalar
potential and the condition of equality of the normal
components of the vectors of the electric induction of
these media are satisfied, which takes the following
form for two dielectrics or a dielectric and a conductor,
respectively [7]:

oy
6n12

op

=0; ¢ =0,
6n12

09,
2 anlz

where ¢, and &, are the relative dielectric permittivities of
the first and second media, respectively; n,, is the normal
from the first to the second medium; o is the surface
charge at the interface between two media.

On the upper and lower planes perpendicular to the
thickness of the considered volume, scalar electrostatic
potentials are set equal in magnitude to half of the
amplitude of the breakdown voltage of the capacitor paper
indicated in [8], but with different signs. The solution area
is limited by a cylindrical surface with radius of 200 pm,
length of 100 um and a zero potential on its surface.

To implement the connection between the value of
the breakdown EFS of the material and its geometry, the
area occupied by the material is divided into a number of
subregions of a rectangular or curvilinear trapezoidal
shape so that the vectors of the EFS of their individual
elements are parallel to the direction vectors of the two
sides of the subregions (hereinafter called lateral) with a
given accuracy, and the values of the moduli of the EFS
vectors changed insignificantly. Further, the EFS vector is
averaged over the area of the subregion S:

&1 &

Ep -+ [ Eas .
§ N

Then the modulus of the resulting vector will be
equal to its normal component defined for the base of the
subregion. Consequently, with this approach, the modulus
of the EFS vector determines the onset of breakdown in
the discharge gap equal to the length of the side L of the
subregion under consideration.

The basic assumptions of the model: dielectric
materials do not possess conductivity; there are no
charges at their interfaces; there are no space charges in
dielectric materials, and their volumes do not change
under the influence of an electrostatic field; ideal
conductors with infinitesimal thickness are sources of an
electrostatic field; the time of breakdown development in
the volume of the samples under study is less than 1 ps.

Numerical calculation of the electrostatic field by
the finite element method is implemented in the FEMM
computer code.
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The theory of point defects can explain an increase
in the breakdown voltage of paper with a decrease in
thickness and an increase in density due to the fact that
structural defects of the cellulose itself decrease [9]. An
alternative explanation can be the well-known effect of
increasing the breakdown voltage of thin samples of one-
component insulating materials. In our case, the
hypothesis is that with a decrease in the thickness of the
capacitor paper, the areas occupied by cellulose also
decrease, and their breakdown voltage  will
correspondingly increase. Consider samples of capacitor
paper of various brands and the same thickness given in
Table 1 [8]. If, in this case, the air volumes do not
determine the breakdown voltage of the insulating
material, then it turns out that the breakdown voltage
should be higher for papers with a lower average density
than for papers with a higher density, since their areas
occupied by cellulose will be smaller. However, this is
contrary to experience. Consequently, this hypothesis
about the explanation of the change in the breakdown
voltage of a series of capacitor paper of different
thickness cannot be consistent. The influence of water
volumes on the resulting breakdown voltage of the sample
is insignificant, as shown by modelling. This is due to an
insignificant voltage drop in the specified region, and
upon its breakdown, the distribution of the electrostatic
field in the paper will change negligibly little.

Table 1
Breakdown voltage of capacitor paper
Breakdown voltage amplitude

Paper brand
UV

MKOH 0,8-
10 495
CKOH 1-10 594
KOH 2-10 537
KOH 3-10 594

In the reference literature for cellulose, the values of
the breakdown EFS are in the range of 120...320 MV/m
[10]. The dependence of the breakdown EFS of water on
the length of the discharge gap is shown in Fig. 2. The
points were obtained in [11] at a pulse voltage with
amplitude of 800 V and front steepness of 0.5 ps. It is
proposed to approximate the law shown in Fig. 2 by the
dependence
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Fig. 2. Dependence of the breakdown strength of the electric
field of the water gap on its length

The unambiguity of determining the breakdown ES
of air is provided by information on the pore size, but
such information is absent in [8]. Therefore, to explain the
difference in the breakdown voltage of capacitor paper
brands with a change in their thickness, a hypothesis was
proposed that the electric fields in the samples under
consideration are similar, and their quantitative
characteristics — the potential and strength frm point to
point differ only by the proportionality coefficient. That
is, for capacitor paper samples of different thicknesses,
the equivalent dielectric permittivity must be constant.

Strongly ionized regions arising during partial or
complete breakdown were modelled by a material with
relative dielectric permittivity ¢ = 16000. This value was
chosen for the practical implementation of the model of an
ideal conductor with & — oo, which is several times higher
than the value of the maximum dielectric permittivity of the
model materials. The rest of the physical parameters used
in the model are given in Table 2.

Table 2
Physical properties of dielectric materials
Density at 20 °C,
Name ke Jm> €20
Cellulose 1530 6,5
Air 1,205 1,00058
Water 998 80,2
Research results. The dependencies of the

breakdown EFS and voltage for air, obtained on the basis
of the proposed model for a series of capacitor paper of
the KOH 2 brand of various thicknesses, are shown in
Fig. 3, and additional information is presented in Table 3.
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Fig. 3. Dependences of the breakdown strength (@) and breakdown voltage (b) of the air gap on its length, determined from the
curves of Paschen (1), Peschot (2), Taev (3), Slade (4), and calculated according to the proposed model for a series of papers
KOH 2 (5), KOH 3 (6)
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Table 3

Model parameters of capacitor paper KOH 2

Air Water Relative Water electric ﬁe%gl strength
. . Voltage . . . module £,-107, V/m
Dimensions . Number of| subregion | subregion equivalent
Paper brand amplitude U, . . . by
hxbxI um pores N | length L,, | length L, dielectric maximum by
\V4 o dependence
pm pm permittivity ¢ model 1)
KOH 2-30 | 30 x 190,08 x 100 975,80 24 5,54 3,76 5,241 2,41 6,836
KOH 2-18 | 18 x 202,36 x 100 721,24 33 3,78 2,56 5,241 3,44 6,856
KOH 2-15 | 15 x 184,72 x 100 664,68 33 3,31 2,23 5,234 3,73 6,862
KOH 2-12 | 12 x 165,44 x 100 622,26 37 2,63 1,79 5,217 4,30 6,870
KOH 2-10 | 10 x 150,84 x 100 537,40 33 2,43 1,65 5,217 4,40 6,872
KOH 2-8 8 x 134,92 x 100 494,98 33 2,07 1,39 5,238 4,34 6,876
KOH2-6 | 6x116,80 x 100 395,98 27 1,84 1,24 5,264 5,34 6,879
KOH 2-4 4 x 95,40 x 100 339,42 27 1,36 0,92 5,232 6,60 6,884

Figure 3 also shows the dependencies obtained on the
basis of the experimental Paschen curve [5] recalculated
to normal atmospheric pressure, the Taev curve for
electrodes made of a metal composition of silver and
cadmium oxide [1], the Slade curve [2] and the Peschot
curve determined in the high precision -electrode
positioning system with a breakdown criterion of 50 nA
[4]. The construction of dependencies based on the
numerical calculation of the electrostatic field began with
the creation of a paper KOH 2-30 model. The value of the
lateral side of the curvilinear trapezoid in the air segment
of this model corresponds to the discharge gap of the
Paschen curve with EFS equal to the modulus of the EFS
vector averaged over the area of the indicated trapezoid. It
should be noted that the distribution of the EFS in
different air sectors is not the same. Therefore, the
maximum value of the modulus of the averaged ES vector
is taken as the breakdown one among the subregions
located in the central part of the sample under
consideration. Then, the equivalent dielectric permittivity
was calculated using the energy method similar to [7].
The geometry of the next model of paper was selected so
that its equivalent dielectric permittivity (within the error)
was equal to the initial one determined for KOH 2-30.

Based on the values of the lateral side of the curved
trapezoid and the maximum modulus of the averaged EFS

vector among all air segments in the central region of the
sample, all subsequent points of the proposed
dependencies were plotted. The obtained dependencies
were verified by matching these curves and the known
experimental point with coordinates 70 MV/m and 5 pm.
The correctness of the obtained data is confirmed by the
values of the moduli of the averaged EFS vectors over the
areas of curvilinear trapezoids in the water segments of
the pores of each model, which are less than the
breakdown voltages for these gaps, determined by (1).
However, after the breakdown of the air segment in water,
the required value of the breakdown EFS is reached.

To confirm the obtained dependencies, a dependence
was constructed in a similar way based on a series of
capacitor paper of the KOH 3 brand of various
thicknesses, shown in Fig. 3,a. The discrepancy between
the values obtained for this section does not exceed 9 %.

On the basis of the proposed model, the minimum
EFS value was determined at which a breakdown begins
to develop in cellulose. For paper brand MKOH 0.8-15,
the radius and the number of pores were calculated in
accordance with the proposed EFS curve. A fragment of
the region of the sample under study is shown in Fig. 4.
For the subregion of cellulose with a lateral side of 0.34
pum, the EFS modulus was 141.5 MV/m, which is within
the above range of values.
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Fig. 4. Fragment of the distribution of the electrostatic field in MKOH 08-15 at partial breakdown
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Fig. 5. Distribution of the electrostatic field during the development of breakdown according to Taev scenario for paper KOH 2-6 (a)
and according to the Peschot scenario for paper KOH 2-4 (b)
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The possibility of using the Taev curve to explain
the breakdown mechanism of capacitor paper was verified
using the example of a 1.84 um discharge gap. The
corresponding distribution of the electrostatic field is
shown in Fig. 5,a. In this case, the breakdown EFS of
cellulose is 1.6 times exceeded, which leads to the
identity of the breakdown voltage for papers of different
thicknesses. When using the Peschot curve, the question
of the mechanical shear strength of paper KOH 2 samples
with a thickness of 4...6 pus arises It is also impossible to
explain the value of the breakdown voltage of KOH 2-4.
As seen from Fig. 5,b, the pore diameter is practically
equal to the thickness of the paper KOH 2-4 sample, and
the average EFS is 5.6 % less than the predicted value of
the Peschot curve. In the range of 2.09..3.28 pm, the
values of the EFS of the Peschot curve should be less by
1.6...7.1 % to explain the regularity of the breakdown
voltage of the capacitor paper.

Conclusions. The dependence of the electric field
strength of the air on the length of the discharge gap
obtained in the work satisfactorily explains the values of
the breakdown voltages of the samples of capacitor paper
with a change in their brands and thickness. The best
agreement of the obtained data is observed with the
experimental Peschot dependence. The maximum
divergence of the curves was 32 % in the range of
discharge gaps 2.00...5.54 um. The proposed method for
numerical calculation of the breakdown voltage of air
inclusions in the presence of water inclusions in the
thickness of solid insulation can be applied to other types
of solid thin-layer insulation.
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AN INNOVATIVE ALGORITHM FOR A HYBRID FC/BATTERY SYSTEM ENERGY
MANAGEMENT

Purpose. This paper targets to manage the energy of a hybrid fuel-cell (FC)/battery power system using an innovative algorithm.
The hybrid FC/Battery power system is based on four stacks PEM FCs and a NiMH battery, boost and buck DC choppers for
controlling the FC and the battery input currents respectively and a developed algorithm both for managing the power system
energies and for delivering the FC and the battery reference output voltages compulsory for the DC/DC converters control
circuits. The study is verified by means of computer simulations using MATLAB/Simulink where several cases of the battery SOC
and the power demand levels were taken into account. The results demonstrate a good functioning of the proposed hybrid
FC/Battery power system managing algorithm. References 25, tables 4, figures 17.

Key words: hybrid FC/battery system, PEM FC, NiMH battery, boosts and bucks DC/DC converters, innovative management
algorithm.

Mema. Cmammsa cnpamoeana Ha ynpasiinHa eHepeicio 2iopuonoi cucmemu HeueieHHsA 6i0 NAIUEGHO20 eleMeHMA/AKYMYIAmopa 3a
0onomozoio innosayiinozo anzopummy. I'iopuona cucmema s#cuenenna nANUGHUIL elemMeHm/aKyMyaamop 3acCHO6aHa HA YOMUPbLOX
bamapeax nAnUGHUX eleMeHmié 3 NPOMOHOOOMIHHUMU Mmemobpanamu ma NiMH akymynamopi, niocunioeauax i nocnaonioeauax
ROCMITINO20 cmpymy O YRPAeIiHHA RATUGHUM €1eMEHmOM Mma 6XIOHUMU cmpymamu oamapei 6ionogiono ma po3poodneHomy
aneopummi AK ONA YNPAGIIHHA eHepP2icl0 eHepzocucmemu, maK i 011 nooaui HaA NATUGHULL e1eMEeHMm | aAKyMynamop Guxionoi
Hanpyzu, 0006'13K0601 0114 cxem YnpasiinHA nepemeoprosauamu nocmiiinozo cmpymy. /locnioxyicenna nepegipeno 3a 00nomMoz0io
Komn’tomepnozo mooentoeannn 3 euxopucmannam MATLAB/Simulink, oe 6yno epaxoeano Kineka eunaodkxie pieHa 3apaody
AKYMynAamopa ma pieHie cnoxcueanns enepeii. Pezynomamu demoncmpyioms 000pe (hyHKYioHy8anHsa 3anponoHoeano2o 2iopuonozo
AZOpUMMY YRPAGTIIHHA CUCHEMOIO HCUBICHHA 610 NANUGHO20 eflemenma/akymynamopa. bion. 25, Tabmn. 4, puc. 17.

Kniouoei cnosa: ribpuHa cucTeMa NAJTUBHUN eJleMEeHT/aKyMYJIATOpP, NAJUBHHI eJleMeHT 3 IPOTOHOOOMiIHHUMH MeMOpaHaMH,

NiMH akymyasTop, miacuaoBadi Ta nepeTBoproBayi NOCTiHHOTO CTPyMy, iHHOBalifiHUIi AJITOPUTM yHpaBJIiHHS.

Introduction. Fuel cell (FC) technology is known
as the most cleaned converter of hydrogen into electrical
energy which constitutes an advantageous alternative to
polluting fossil fuel sources of electrical energy [1-4].
Moreover, FCs are highly efficient, modular and low
cost with less weight and volume if compared to
conventional power generation sources [5, 6]. Various
technologies of FCs are commercialized but the low
temperature proton exchange membrane (PEM) fuel cell
is the most popular [7, 8].

However the PEMFCs response time is considerable
which involves assistance of energy storage equipment to
convey the energy to the loads which power demand
varies rapidly [7], [9]. The hybridization of FCs is
generally performed with batteries or super-capacitors or
both of them [10, 11].

Particularly, when it is question of a hybrid
FC/battery system, an energy management unit is
primordial for achieving the optimal performances since
both FCs and batteries face many challenges during the
operational mode which influences on their lifetime and
reliability [12].

Hybrid FC/battery systems can be found in diverse
applications including but not limited to portable power
generation, power transportation and stationary power
generation [13].

In this paper, an innovative algorithm is presented
for managing the energy of a hybrid FC/battery power
system. The adopted FC is a PEM type whereas the
battery is from NiMH technology. The energy
management is based on controlling the FC and the
battery input currents through DC/DC boost and buck

converters. Simulation tests on a resistive load were
performed on a wide range of voltages.

System description. The considered system is
depicted in Fig. 1. The system contains four stacks fuel-
cell system, a battery, a unidirectional boost DC/DC
converter, a bidirectional boost/buck DC/DC converter,
and an energy management algorithm. Further details are
reported in the following sections.

Model of the hybrid fuel-cell/battery system. FCs
have the benefits of high efficiency since they transform
fuel energy directly into electrical energy without any
internal combustion. Nevertheless, they are heavy and
bulky systems with long start-up and response times [14].
Hybridization of the FC with a battery, which is a peaking
power source is an effective way to overcome the FC
drawbacks. This is why the hybrid FC/battery system is
considered in this contribution. The model of the fuel-
cell/battery hybrid system is based on fuel cell and battery
blocs available in the SimPowerSystem (SPS) library
browser of MATLAB/Simulink.

1. Fuel cell model. Fuel cells are electrochemical
devices organized in stacks that transform chemical energy
from an electrolytic reaction to electrical energy, evacuating
heat and water. Nevertheless, FCs remain incapable to
supply a regulated DC voltage although they are a spotless
source of energy. FCs found their utility in many
applications such as power generation and co-generation
plants, main power sources in remote locations (spacecrafts,
weather station and so on), automotive appliances (cars,
buses, motorcycles, bicycles, airplanes, forklifts, submarines
and so on), and others (distributed generation, emergency

© B. Bourouis, H. Djeghloud, H. Benalla
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power systems, UPS’s, notebook computers, small heating
systems and so on). Many kinds of FCs exist namely:
alkaline (AFC), proton exchanges membrane (PEMFC),
phosphoric acid (PAFC), molten carbonates (MCFC), and
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solid oxides (SOFC) [15]. PEMFCs are the most widespread
fuel cells because of their low operating temperature
compared to the other kinds (60-100 °C) [16].
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Fig. 1. Description of system

1.1. Modeling of the PEMFC. The SPS FC model
is the approach proposed in [17]. The model of the FC
stack implemented in SPS is shown in Fig. 2.
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Fig. 2. Fuel cell stack model

e Transient state. This model is selected for this

paper and the main equations are as follows [17]. The
controlled voltage source (Ey.) is expressed as:
Ep= NAl(fc];, (1)

Ta 4y
3

where E,. — open circuit voltage, V; N — number of cells;
A — Tafel slope, V; iy — exchange current, A; 7, — the
response time, s; ir, — fuel cell current, A.

The first order transfer function appearing in (1)
represents the FC activation losses due to slowness in
chemical reactions occurring in the electrodes surfaces.

These losses can be electrically modeled by a parallel RC
circuit. Then 7, can be taken as 3 times the time constant
7 = RC. Thus the FC voltage considering both electrodes
and electrolyte losses is determined from (2) :

Vie=Egp-Rp-ig, (2)
where Ry — internal resistance of the FC, Q; V. — fuel cell
voltage, V; E,., iy, A are as follows:

EOC - NC E}’l ’ (3)
-AG

. _Z'F'k(PH2+P02) W

o = e M 4)
R-h
R-T

A= , 5
z-a F ©)

where R = 8.3145 J/(mol-K); F = 96485 A-s/mol; z —
number of moving electrons (z = 2); E, — Nernst voltage,
V; a — charge transfer coefficient; PH2 — partial pressure

of hydrogen inside the stack, atm; P , partial pressure
of oxygen inside the stack, atm; PHZO — partial pressure of
water vapor, atm; w — percentage of water vapor in the
oxidant, %; k — Boltzmann’s constant (1.38-10 ’ J/K);

34
h — Planck’s constant (6.626-10  J-s); AG — activation
energy barrier, J; T — temperature of operation, K;
K. —voltage constant at nominal condition of operation.

~4443 R-T :
1229+(7+298)- 22+~ (pH Po/)
T <100 °C;
En= %Y ©
— . Py -Py /2
1229+ (7 +208). =483 [ R | 7 70,7 |
z-F z-F PH20
T>100°C;
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Py =(-Upm ) x-Pho: (7)

Fo, Z(l—Ufo2 )y Py s (®)
PHZOZ(WJFZ'J’"UfOZ)'Pair; )
UfH _ 60000~R~T-N~ifc : (10)
T2 FPhor V fier X
g, = SOOI Ny o
P 2z F By Vo y

where Py, — absolute supply pressure of fuel, atm; P, —
absolute supply pressure of air, atm; V., — fuel flow rate,
l/min; V,, — air flow rate, I/min; x — percentage of
hydrogen in the fuel, %; y — percentage of oxygen in the
oxidant, %.

The air compressor has a delay that results are a lack
of oxygen inside the fuel cell. Consequently the
utilization of the cell exceeds the nominal values which
influence the Nerst voltage. This influence can be
expressed as [17]:

(12)

where Kj. — voltage undershoots constant; Ug, =~ -

Ep(modified) = £n — K g (Ufoz a UfOZ nom);

nominal oxygen utilization, %.

e Steady state. The modeling of the steady state
consists to consider the previous equations with their
given values (nominal values) and to suppress the transfer

function.
Vi = Ege =N-4-In(ig)-Ry.; (13)

1
Vnom:Eoc_N'A'ln(%j_Rfc'Inom; (14)
0

1
Vinin = Eoc _N'A'ln( TaXJ_Rﬁ: “Trnax » (15)
0

where V), Viem and Vi, are voltages corresponding to
currents 1 A, I, and I, respectively.

_N-RT,

= 16
z-F-N-A (16)
i
AG:_R'Tnom'h{Ki]j; (17)
- 2'F'k'(PH2(nom) +P02(nom)) . as)
b h-R :
PHz (nom) Xnom * (1= Usz (nom)) “Phiel(nom) 3 (19)
POZ (nom) Ynom - (1= Ufoz (nom)) “Fuir(nom) 3 (20)
s T A UL0G)N
fHZ(nom) 2-F -Viyom
Uso = 60000- R - Thom - N - Inom (22)
Smom) 2.z F Fuir(mom)  Vair(nom) * Ynom
K.= Eoc ; (23)
En(nom)

Entmom) = En|Un, =U oy V10220102 oy @4
v,
Ky “ ; (25)

KC (U/ 0, (max) B Uf 0, (nom))
_ ("1 =Vaom) " Umax =D =" =Vain) - Unom =1 ;(26)
1n(lnom) ) (Imax - 1) - ln(lmax) : (Inom - 1)

Vl _Vnom _N'A'ln(lnom) .

R, = 27
fc Inom 1 ( )
Vl - Eoc + Rfc

ip =exp| ———— ™ |. 28

0 p[ oA (28)

Equations (16), (17), (23) and (25) determine the FC
parameters.

1.2. Polarization curve of the considered

(PEMFC). The polarization curves are V-I and P-I
characteristics specified by two distinguished regions: the
activation region and the ohmic region. In the V-I
polarization curve, four particulars voltages are showed:
the open circuit voltage E,,, the voltage V' corresponding
to 1 A, Viem and Vi, corresponding to ip.g. In the P-I
polarization curve, three main powers can be observed:
P,y which is the power relating to 1 A, Pyom and Py A
typical polarization curves is depicted in Fig. 3.

F
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region region N
%)
=]
1
=
°
I~
i
>} .
g |
Py
« |
|
|
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0 1 ‘Inom {Tmax
4 . |
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-
@ : |
E Pmax|---- e s
= ' : |
2 Ppom|-----ooiioi . I
P : : [
3 j
@ Pidlel--.+ , I
0o 1 Inom Imax
Current (A)

Fig. 3. Typical polarization curves

1.3. Validation of the Detailed Model. The dialog
box of the FC SPS block allows to plot the ideal
characteristics of one stack voltage and power vs. the
stack current as shown in Fig. 4. These characteristics
describe specific points corresponding to the nominal and
the maximum currents which values are respectively
45V, 37 V (which corresponds to the values mentioned in
Table 1), 5.9985 kW, 8.325 kW. In this contribution, four
stacks of PEMFCs are considered and which
specifications are reported in Table 1 [17].
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Fig. 4. Polarization curves of the considered stack

Table 1
Parameters of the preset 6 kW/45 V. fuel cell stack model
Parameter Value
[Eoe, V11, V [65, 63]
[Znoms Viomls A, V [133.3, 45]
Umaxs Viminls A, V [225, 37]
N 65
Mnoms %0 55
Thom, °C 65
Vairnom»> 1/min 300
[Pfietnoms Pairnom], bar [1.5,1]
z 2
[Xnom> Ynoms Wnoml], %0 [99.95, 21, 1]
Ty s 1

2. Battery model. A battery is a device composed of
one or more electrochemical cells that convert electrical
energy into chemical energy during charging and the
inverse during discharging where the electrolytes are able
to move as ions within allowing the chemical reactions to
be completed. Batteries have virtues of fast response speed,
high ramp rates, easily sited, modular and good energy
efficiency [18]. There are three main sorts of batteries: lead
acid, nickel-based, and lithium-based [19]. The battery
considered in this paper is of type Nickel-Metal-Hydride
(Ni-MH) as they have proven to exhibit high energy
density and efficiency, low prices and safety [20].

2.1. Modeling of the Ni-MH battery. The SPS
battery model is the approach proposed in [21] and which
is shown in Fig. 5. This model is selected for this paper
and the main equations are as follows [22, 23]. The
battery voltage either in charge or discharge modes is
expressed by:

Voat = Ebant = Rpan 1> (29)

where

R (it+i7)+ Exp(1)

—in discharge mode; (30)
Epon = 0 0 .

Eo — Kpan ﬁ’i'f*Kban ml + Exp(t)

—in charge mode;

Exp(t) = Vbatt|i : t| (- Exp(t)+ Apan - ”(t)) > (1)

where V,, — battery voltage, V; E, — battery constant

voltage, V; Kpu polarization constant, V/A-h;
O - battery capacity, Ah; it = [idt — actual battery
charge, A-h; 4,,, — exponential zone amplitude, V; Bp,; —
exponential zone time constant inverse (A-h)’;
Ry, — internal resistance of the battery, Q; i — battery
current, A; i’ — filtered current, A; Exp(f) — exponential
zone voltage, V; i(f) — battery current, A; u(¢) — charge or
discharge mode

. Abatt i(t
exp_| A" aoe—"0
l— 1+ 1 s Charge
Boali()] |« <0
j Discharge 0
0 +
Discharge m
Internal
Exp_of  Eo-Koatt. @ (it+i%)+Exp Resistance
Q-it | Ebatt—,. £
Charge s
Eo-Kbar. @ it-Kpar__ Q@ i*+Exp|
Qi i-0..Q

Fig. 5. Ni-MH battery model

2.2. Discharge and charge curves. Typical
discharge and charge characteristics are illustrated in
Fig. 6.

Fully charged
Exponential
Nom|

Nom
Capacity (Ah)

Exponential

] s se i tb s Bl e

Voltage (V)

Nom} ..

0 20 40 60 80 100 120
State of Charge (%)
b
Fig. 6. Typical discharge and charge characteristics:

discharge curve (@) and charge curve (b)

The discharge curve of battery voltage vs. capacity
contains three zones (Fig. 6,a): the first zone (exponential
area) where the voltage drops exponentially when the
battery is charged; the second zone (nominal area)
illustrating the charge that can be extracted from the
battery until the voltage drops below the nominal value;
the third part (discharge) which shows the total discharge
of the battery when the voltage diminishes rapidly.

The charge curve of battery voltage vs. the State-Of-
Charge (SOC) is depicted in Fig. 7. It describes four
zones:
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e zone I: 5 % < SOC < 20 %, where the voltage
increases rapidly;

e zone II: 20 % < SOC < 80 %, where the voltage
increases very slowly;

e zone III: 80 % < SOC < 100 %, where the voltage
starts to increase exponentially;

e zone [V: SOC > 100 % , a new cycle of exponential
discharge begins.

2.3. Validation of the model. The parameters
required by the model are illustrated in Table 2 extracted
from Panasonic NIMH-HHR650D battery data sheet. The
simulated discharge curves of the considered battery are
shown in Fig. 7. The upper curve concerns the discharge
for the nominal current where the three zones are clearly
highlighted. The lower curves display the discharge
characteristic for different currents (70 A, 90 A, 117 A). It
is obvious that more the current is bigger more the
discharge is faster.

Table 2
Battery model input parameters
Parameter Value

Viatmoms V. 180

Orom» A'h 585

Omaxs Ah 630

Vbattmax> \ 212

Liinom A 117

R, Q 0.0030769
[Vbarrexps Qexpls V, A-h | [195.25 117]
Initial SOC, % 85
t, s 30
[—— Discharge curve [ |Nominalarea || Exponential ara
20 - T 1
s
EN ﬁ 1
140 1
[} 1 2 {{h) 3 4 5 B
inal Current Discharge Ch Istic at 0.2C
[- = ma- a4

- : i
Eicl "9 |
160 - : M
0 1 ? 3 4 5 6 7 8 9

Current Discharge Characteristic for different currents

Fig. 7. Discharge curves of the considered battery

DC/DC converters models and control circuits. In
this section models and control circuits of DC/DC
converters used as interface between the hybrid
FC/battery and the active power filter DC buses are
presented. The considered DC/DC converters are
operating in unidirectional boost mode for the FC and in
bidirectional boost/buck modes for the battery (boost
mode for discharging and buck mode for charging).

1. Models of DC/DC converters power circuits. In
this part the average model is adopted since it is less time-
consuming as the switches are substituted by controlled
voltage and current sources [24].

Figure 8 shows the average models of the DC/DC
converters. Figure 8,a concerns the buck mode whereas

Fig. 8,b illustrates the boost mode, where o5, Gpuck are
duty cycles of boost and buck modes respectively;
n — efficiency, %; V;, V, are input and output measured
voltages, V; I, I, are input and output measured currents,
A; L — smoothing inductance, H; C — filtering capacity, F.

+ Switch Modd

To=0*Ruck* A anck Yi=*nac*Vo

a

Swlich Model

7
00+

Vi=(1-00*Aocs)* Vo Lo="] Aoost* (1 0 *Roas)* Tk

b
Fig. 8. DC/DC Power circuit buck mode (a) and boost mode (b)

2. Control circuits. The principle of the control
circuit is to provide both the FC and the battery with their
respective input reference currents (I*fc, I*,,a,,) as
mentioned in Fig. 1. For that, the control approach is
organized in two steps: generating at first the output
reference voltages (V*Ofc, V*DBM,) and then the input
reference currents (I*iﬂ., I*igan). The first step is carried-out
from the algorithm of energy management. The second
step is performed in the block of input reference current
on-line identification.

2.1. Energy management algorithm. The idea of
this algorithm was inspired from [19] related to hybrid
electric vehicle system. The algorithm receives data about
the demand power measured at the DC/DC converters
terminals (P,,,) and the battery state of charge (SOC),
then it realizes energy management in such a way to
express reference FC and battery powers (Pﬁ}c, P*ba,,)
depending on the SOC rate. The algorithm inputs also
values of FC idle, low and high powers (Py. iz, Pt iow» and
Pi hign) and battery maximum power (Ppuy max). AS
resumed in Fig. 9, different situations can be considered
according to the demand power rate (high, medium, low)
and the state of charge of battery (discharged — SOC < 40
%, little charged — SOC > 40 %, high charged — SOC <
80 %, and completely charged — SOC > 80 %).

High demand power Pfc high < Pdem < Pfc high + Phat max-

e [f SOC < 40 %. The battery can’t provide power to
satisfy the high demand. Then, the FC can just feed the
DC bus and can’t ensure power to charge the battery:

Pt = Paems Py = 0.

e [f SOC > 40 %. The battery can contribute to satisfy
P dem-

o If Pdem is very hlgh Pdem > Pfc high + Pbat max- The
battery and the FC work together for feeding the DC bus
(hybl'ld pOWGI’il’lg): P*fc = Pdem - Pbatta P*batt = Pbatmax'

o If Pdem is hlgh Pfc high < Pdem < Pfc high + Pbat max- The
battery continues to help the FC to feed the DC bus
(hybrid powering): P*fc = Plenigh, P*bat, = P*fc —Puop.
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Medium demand power Py, < Py < Pp jigh-

e If SOC < 80 %. Since the demand power is less high
and the battery is not completely charged. Thus, the FC
power can simultaneously satisfy Py, and charge the
battery: P*fc = Pfc highs P*[,{m = P*fc — Pdem-

o If SOC > 80%. In this case, the battery is completely
charged. So, there is no need to share the FC power
between the DC bus and the battery: P*fc =Piom P*,,m, =0.

Low demand power P, < Py < Py,

¢ If SOC < 80 %. The battery lacks of little amount of
charge Then it needs to be charged from the FC even P’ f
1s low. Accordlngly P fe w111 be shared between P,,,, and
P batt- P fc‘_PfclowaP batt— P fe— Pdem

e If SOC > 80 %. The major amount of power needed
from the DC bus comes from the completely charged
battery, the FC bemg at jts weakest power
Pfc idle- P fe P/‘c idles P batt — Pdcm p fee

Pdem @ demand pewer ; P¥k : power of the fuel coll system

Peidle : the mimimum nct design power output of FC | SOC ; state of charge

Prenigh : FC pewer at high operating point ; Prelow : FC power ai lew eperating point
Phani : power of the baitery ; Poatmax : peak power that baliery cam produce

Inputs:
Pdem , SOC, Pfeidle,
Pichigh, Pfelow, Phatmax

/ /

Pdem>Pfchigh P Preidle<Pdem<Pfclow #  end
N
Yes
SOC<80%
S0C>80%
Pdem>(Pfehigh+Phatmax) Yes
Yes No Yes Mo
AT
¥
P*fe=Pdem P*batt=Pbatmax P*fc=Pfchigh P*ic=Pfelow P*fe=Pfcidle P*fc=Pdem P*fe=Pichigh
P*bate=0 P*tc=Pdem-P*batt P*batt=Pdem-P*fc P*batt=P*fc-Pdem || P*batt=Pdem-P*fc P*batt=0 P*batt=P*fc-Pdem

Power Hybrid Powered by
FC and Battery

Hybrid Powered by Battery Hybrid Powered by
FC and Battery hargmg FC and Battery

Battery
charging

Power
by FC

Fig. 9. Energy management algorithm

Once the FC and battery reference powers are
carried-out from algorithm. Reference voltage can be
easily deduced from:

v Py
Vo =2 (32)
Iojc
* P,
Vobart = [l;att . (33)
obatt

To determine Py igie, Pre iow» and Py jign, ONE can use
the characteristics showed in Fig. 10 representing one cell
voltage, one stack net power density and one stack
efficiency vs. one cell current. Py, is the power
corresponding to 1 A. Py 4, and Py j,, are the powers
around 50 % of the efficiency curve (in it rising and
falling regions respectively) obtained at 50 % of the
nominal current.

Considering a 24 FC of 4 series connected stacks
kW (each stack is rated at 6 kW, 45 V). Then, Py i, Pr
tows and Py 10, can be deduced by multiplying the stack
specific powers extracted from Fig. 11 by 4.

To obtain Py max, one can use the following
formula:
(34)

nominal

Frattmax = Voattmax L disnom »
where V. max — fully charged voltage, V; Ljmnom —
discharge current, A.

2.2. Input reference current on-line identification.
The DC/DC converter input current can be subtracted
from the efficiency formula given by:

Po Io'Vo
=-0_20 "0 35
=7 1, (35)

1
For the reference input current, one can substitute /;
by I'; and V, by V', this latter is provided by the
algorithm which justifies the on-line aspect in this

identification:
*

[;k = LoV , boost mode ; (36)
Vi Mhoost
. 1,V
I; :M,buck mode. 37)

i

40
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Fig. 10. Typical operating characteristics of a fuel cell system
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Fig. 11. Operating characteristics of the considered stack

To obtain the efficiency (77), a two dimensional
mapping data (Fig. 12) provided by the manufacturer
BRUSA BDC546 DC/DC converter is adopted [25]. The
data was implemented in 2-D look-up tables having in
their entries the duty cycle a of the considered mode and
the output current /,. The duty cycles of boost and buck
modes are respectively given by:

%
_ o .
Opoost =1——3 (38)
Vi
y
_Yo
Apyck =7, - (39)
Vi
g ‘ =
- | I
ki a7 - \ :/ =
E _-—-——""—‘_'_“"—\ \ / = | [
[\
4 | Y\ /
A [
,"\ J,' —BOCHE @
B ' s ULS=380V
| g ."l — BOCSIG &
. | ULS=250v
e R t— -BOCHE @
| )/ . ULS=150V
BO 1 1 /
\ —BOC546 @
| \ IT ULS=50v
87 ' I ;
400 300 200 100 D e g e
Bucimods Wi i

Fig. 12. Power DC/DC efficiency map [25]

The block schemes of the on-line reference input
current identification in both modes boost and buck are
depicted in Fig. 13.

The unidirectional DC/DC converter operates only
in the boost mode during powering mode for delivering

the power required by the load while the bidirectional
DC/DC converter operates both in boost and buck modes
during powering and charging modes.

V¥
07 Buck |
=l E fficiency &
- * I7i
Map TBuck: _I_b
Buck > = / —>
To_p] Mode |—b I
Io Vi
a
V¥
" Boost Io : | *
E fficiency - *i
Map 1] Boost L — >
Boost Rl . > ir
Iu_.. Mode |—.I_
Vi
b

Fig. 13. DC/DC control circuit buck mode (@) and boost mode (b)

Simulation results discussion. In this section
simulation works about the previous study are presented.
They were carried out using MATLAB/Simulink software
and considering the parameters reported in Table 3.

Table 3
Simulation parameters
Parameter Value
Plonom 24 kW
Phamax 21 kW
Py iae 3162 W
Priow 1.6452 kW
Prenigh 13.348 kW
Ofeboost [0.45,0.51, 0.81, 0.81, 0.9, 0.7, 0.58]
Opartboost [0.5,0,0.83,0,0.88,0,0]
Obattbuck [0,0.38, 0,0, 0,0.29, 0]
SOC [85, 70, 50, 35, 50, 70, 85] (%)

The principle of the simulations studies consists to
impose time varying duty cycles (Gpoosts Obartboos: and
Oparuck) and SOC then to extract the corresponding input
and output DC/DC converters voltages, reference powers
(P*dem, P*fc, P*bm) and measured powers (Pgem, Pry Ppan)-
Finally, the measured powers are compared to the
reference powers.

Figure 14 represents the imposed duty cycles and
SOCs. In some time intervals one can observe that o.up00s:
takes the value 0, this occurs when the battery is incapable
to help the FC to satisfy Py, (case of SOC < 40 % and
Pem > Ppenign) or when P, is not high, then the FC has no
need to the battery help (case of SOC > 80 % and
Pion < Ppiow), or when Py, is very low and the battery
SOC is little inferior to 80 % (case of SOC < 80 % and
Piem < Prow), or when Py, is quite low and SOC is also
little inferior to 80 % (case of SOC < 80 % and
Piem > Ppriow). The same observation can be pointed out
with apaumuer Which values are different to 0 only when the
battery is charging from the FC (case SOC < 80 % and
Pdem < Pfclow or SOC < 80 % and Pdem > Pﬁ[,,w), otherwise,
it is takes the value 0. Consequently, the battery
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converters do not work all time. They work only when the
battery power is required to help the FC to satisfy Pg,,
provided that the SOC is comprised between 40 % and 80
% or when the battery is in charging mode (the SOC is
little inferior to 80 % and P, < Pp).

I_ Meboost ™ “hattbosst “battbuck |
08 - | n|
0.6 — 1
So4r -
02r 1
0 = T
o 2 4 6 a B 10 12 14
T T T
Fal T =
O 60 1
% w0l — .
0 2 4 5 ys) 8 10 12 14
b

Fig. 14. Duty cycles of DC/DC FC and battery converters (a)
and state of charge (SOC) (b)

Figure 15 shows the obtained output voltages of
DC/DC FC and battery boost converters and DC/DC
battery buck converter. It is obvious that the FC boost
converter works all time since its output voltage V. is
continuously greater than its input voltage Vi as
illustrated in Fig. 15,a. However, the battery DC/DC
boost converter operates only when the FC is incapable to
fulfill Py, alone and when SOC is grater than 40 % or 80
%. As shown in Fig. 15,5, from the beginning to 5 s, the
FC power is very low (Pr = Pprige) whereas
Prigie < Pyem < Ppiow then, the battery is switched on to
compensate the lack of power. Similarly, it is switched on
once again between 10 s and 15 s when P, is high
(Paem > Pienign), then the FC can not feed the DC bus alone
which involves the help of the battery in order to satisfy
Pern. Finally, the battery is once more switched on when
Pom is very high (Puew > Prnigh + Pharmax) from 20 to 25 s.
All these situations result in the battery boost voltage
presented in Fig. 15,c where Vo, is sometimes equal to
Vieart When the battery is switched off (ctpuupoos: = 0),
otherwise it is always greater than V;,,;; when the battery
is switched on (@pumpoos: # 0). Now, when P, is low
(Pridie < Paem < Preiow) and quite 1ow (Priow < Paem < Prenigh)
and SOC is little inferior to 80 %, the DC/DC buck
converter is operational to charge the battery; this occurs
between 5 s and 10 s and between 25 s and 30 s as
depicted in Fig. 15,c. Finally, Fig. 15,d shows the
obtained demand voltage V., which is all time equal to
Voges Vobat and Vipgyo since the outputs of the FC and the
battery boost converters are connected in parallel with the
input of the battery DC/DC buck converter.

In Fig. 16, the currents curves are presented. In each
one of parts (a, b and ¢) of this Fig. 16 is plotted the
measured input current and its reference and the measured
output current of each converter. The most important
observation is the perfect agreement between the input
current and its reference. Figure 16,d represents the
demand current which max value is 30 A corresponding
the max Vs 1550 V giving an apparent power of
48.6 kVA.
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Fig. 15. Input and output voltages of DC/DC converters DC/DC
FC boost converter (a), DC/DC battery boost converter (b),
DC/DC battery buck converter (c¢), and demand voltage (d)
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Fig. 16. Input and output currents of DC/DC converters DC/DC
FC boost converter (a), DC/DC battery boost converter (b),
DC/DC battery buck converter (c), and demand current (d)

The last set of figures (Fig. 17) concerns the
measured powers curves of the FC (Fig. 17,a), the battery
(Fig. 17,b) and the demand (Fig. 17,c) and their respective
reference powers.

As first statement measured powers and their
corresponding references are almost tighten most of the
time. Indeed, one can see a good settlement between FC
and battery powers and their references P*fc, Py
(Fig. 17,a, Fig. 17,b) especially when P, is low
(Pfczdle < Pdem < Pfclow) and medlum (Pfdow < Pdem < Pfchzgh)
however, P,,, and its reference P’ ,, are perfectly tighten
all time (Fig. 17,¢).

Recall that reference powers are delivered from
energy management algorithm developed in previous
section.
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Conclusion.

The work, presented in this paper, concerns a hybrid
FC/battery DC power system.

Firstly, theoretical studies about FC and battery
systems are stated.

Secondly, the adopted average models of boost and
buck FC and battery DC/DC converters and their control
strategies are exposed where a big focus is given to the
innovated energy management algorithm and the input
DC/DC  converters  reference  currents  on-line
identification using the efficiency map-based method.

Finally, the presented works are numerically verified
through computer MATLAB/Simulink simulations. The
studies are based on an adequate choice of the DC/DC
converters duty cycles and the battery SOC, as well as the
FC/battery speciﬁc powers (Pﬂ’high’ Pﬂ’lowa Pfcid]e: Pbattmax)-
The battery converters are functional only when the
battery is needed to help the FC to satisfy Py, provided
that (SOC > 80 % or SOC > 40 %) or when the battery
SOC is little inferior to 80 % and the FC power is greater
than Py,

All these situations are summarized in Table 4.

The obtained results demonstrate the algorithm
satisfactory operation.

Table 4
Conditions of battery DC/DC converters working
Ofehoost Ofeboost
beidle < Pdem< Pfclowa Pfc = beidlea ¢0 =0
SOC > 80 %
Pfchigh < Pdem < behigh + Pbatmax’ ¢0 =0
ch = Pfchigh, SOC > 40 %
Pdem > P/"Chigh + Pbatmaxa Pfc = P_/'chigha ¢0 =0
SOC > 40 %
Pfcidle < Pdem < Pfclowa Pfc = Pfclowa =0 #O
SOC <80 %
Preiow < Paem < Prenigh» Pre = Prenighs -0 £0
SOC <80 %
P/bhigh < Pdem < P/'Chigh + Phatmaxa =0 =0
Pfc = Pfc’high’ SOC <40 %
Preiow < Paem < Prenigh» Pre = Prenighs -0 -0
SOC >80 %

The continuation of the contribution concerns the use
of the managed P, to feed a three-level shunt active
power filter (3L-SAPF) and to study the impact on the
power quality. Moreover, development of a regulation
loops to carry out the DC/DC converters duty cycles
automatically is envisaged. Also, energy efficiency study
of the whole system is being considered.
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SLIME MOULD ALGORITHM FOR PRACTICAL OPTIMAL POWER FLOW
SOLUTIONS INCORPORATING STOCHASTIC WIND POWER AND STATIC VAR
COMPENSATOR DEVICE

Purpose. This paper proposes the application procedure of a new metaheuristic technique in a practical electrical power system to
solve optimal power flow problems, this technique namely the slime mould algorithm (SMA) which is inspired by the swarming
behavior and morphology of slime mould in nature. This study aims to test and verify the effectiveness of the proposed algorithm
to get good solutions for optimal power flow problems by incorporating stochastic wind power generation and static VAR
compensators devices. In this context, different cases are considered in order to minimize the total generation cost, reduction of
active power losses as well as improving voltage profile. Methodology. The objective function of our problem is considered to be
the minimum the total costs of conventional power generation and stochastic wind power generation with satisfying the power
system constraints. The stochastic wind power function considers the penalty cost due to the underestimation and the reserve cost
due to the overestimation of available wind power. In this work, the function of Weibull probability density is used to model and
characterize the distributions of wind speed. Practical value. The proposed algorithm was examined on the IEEE-30 bus system
and a large Algerian electrical test system with 114 buses. In the cases with the objective is to minimize the conventional power
generation, the achieved results in both of the testing power systems showed that the slime mould algorithm performs better than
other existing optimization techniques. Additionally, the achieved results with incorporating the wind power and static VAR
compensator devices illustrate the effectiveness and performances of the proposed algorithm compared to the ant lion optimizer
algorithm in terms of convergence to the global optimal solution. References 38, tables 6, figures 9.

Key words: optimal power flow, slime mould algorithm, stochastic wind power generation, static VAR compensators.

Mema. Y cmammi npononyemocsa npouedypa 3ACmOCY8AHHs HOG020 MEMAegPiCMIuecKo20 Memoody 6 peanbHil
eleKmpoenepzemud it cucmemi 0 po3e’A3aHHA 3a40ay ONMUMATILHO20 HOMOKY eHepzii, a came anzopummy ciu308oi yeii,
AKUWI 3ACHOBAHUIL HA ROBEOTHYI POI10 | MOPEh0oN02iT 130601 Yini ¢ npupooi. /lane 00CAI0HCEHHA CRPAMOBGAHE HA MECMYBAHHA
i nepegipky eghekmugnocmi 3anponoHOBAH020 AN2OPUMMY 018 OMPUMAHHA XOPOWUX PIieHb 0711 nPOOIeM ONMUMATILHO2O
HOMOKY HOMYMHCHOCHI WIAXOM 6KTIOUEHHA NPUCMPOI8 CIMOXACMUYHOIO 6imPOo6oi zenepayii i cmamuuHux KOMREeHcamopis
VAR. Y 36'a3ky 3 yum, po3znaoaiomoca pizui 6unaoku, wioo Minimizyeamu 3azanvHy éapmicms zenepayii, 3HUIUMU empamu
aKkmuenoi nomysdcnocmi i noninwumu npogine nanpyzu. Memoodonozia. B axkocmi uyinvoeoi Qyukuyii 3aeédannsn
PO32NA0AEMbCA MIHIMANbHA CYKYRHA eapmicmb mpaouuiinol zenepauii enexmpoenepzii i cmoxacmuyunoi eimpoeoi zenepauyii
npu 3a0060nenni oomedxncens enepzocucmemu. Cmoxacmuuna Qynkyia enepii eimpy epaxogyc eeauvunu wmpagie uepes
HeO0OoUinKy i pe3epeni sumpamu uepe3 3a6uUnieHy OYiHKy 00cmynnoi eimpoeoi enepeii. Y oaniii pooomi hpynkuia winenocmi
umogipnocmi Beitbynna euxopucmogyemuvcsa 0as1 MOOEII08AHHA | XAPAKMEPUCMUKU PO3NO0OINie weuokocmi eimpy.
Ilpakmuuna yinnicme. 3anpononosanuii anzopumm 0ye nepesipenuii na cucmemi wun IEEE-30 i eéenukuii anycupcokoi
mecmogiit enepzocucmenmi 3i 114 wuunamu. Y eunaokax, Konu mema nonazae ¢ momy, wj0o 3eecmu 00 MiHiMymy mpaouyiiine
GUPOONEHHA elleKmPOoeHepzii, 00CAZHYmMI Pe3yibmamu 8 000X mecmosux enepzocucmemax noKa3anu, wio aizopumm ciu3o08oi
ueini gpynkyionye Kpauje, Hixc inwi icuyroui memoou onmumizayii. Kpim mozo, oocazuymi pezyromamu 3 6UKOPUCIMAHHAM
eimpoeoi enepzii i cmamuunozo komnencamopa VAR intocmpyroms epexmuenicmo i npoOyKmuenicms 3anponoHoeanozo
anzopummy 6 NOPIGHAHHI 3 AN2OPUMMOM ORMUMI3AMOPA MYPAUWIUHUX J1€8i6 3 MOUKU 30py 30idcHocmi 00 2100a1bHO20
onmumanvrozo piwmenns. bion. 38, tadmn. 6, puc. 9.

Kniouogi cnoséa: onTuMaibHUi NOTIK eHeprii, a1ropuTM CJIHM30BOI IBii, cTOXacTHYHA reHepalis eHeprii BiTpy, cratuuni VAR
KOMIIEHCATOPH.

Introduction. In the last decade, energy developing thanks to the technological advances made in

consumption has been increased significantly especially
in developing countries. Renewable energy can be known
as green energy or clean energy is one of the best
solutions to the increasing demand problem, and it is
inexhaustible energy that comes from natural resources or
processes that are constantly replenished [1], even if their
availability depends on weather and weather conditions,
and whose exploitation causes the least possible
ecological damage, does not cause toxic waste and does
not cause damage to the environment. They are cleaner,
more environmentally friendly than fossil fuels and fissile
energies, environmentally friendly, available in large
quantities around the world.

Nowadays, the integration of renewable energy
sources — RESs (i.e., solar, wind, hydropower, etc.) into
the electrical grid is experiencing a rapid increase. Among
the various RESs, wind energy considered is one of the
most desirable sources in recent years that keeps

the field of wind generators to reduce the cost of system
installations. In addition, the application of flexible AC
transmission systems (FACTS) controllers such as static
VAR compensators (SVC) devices that considered one of
the most controllers used in the case of the high demand
for energy to maintain the magnitude of bus voltage at the
desired level, improve voltage security and minimize the
total power losses.

With the growing penetration of RESs in the power
system, the study of optimal power flow (OPF) becomes
necessary to solve power system problems or improve the
performance of this system. The OPF for the system that
includes RESs such as wind power generators is the
subject of ongoing research models nowadays. It is
necessary to confront the stochastic nature of this source
for analysis of the planning and operation of modern
power systems, in order to obtain much more precise
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results [2]. In general, the problem with wind power is the
stochastic nature of wind speed. Therefore the model
which considers the probability of the available wind
power can represent the cost of overestimating and
underestimating this power at a certain period.

Recently, OPF with stochastic wind power has
extensively been studied by more researchers. In [3]
authors proposed a Gbest-guided artificial bee colony
algorithm (GABC) to solve the OPF problem in the IEEE
30 bus system incorporating stochastic wind power. In
attempting the same problem in [4] author proposed a
modified moth swarm algorithm (MMSA) to solve the
OPF problem incorporating stochastic wind power. In this
work, three different objective functions are considered,
which are the minimize the total operating cost, reduce
the transmission power loss, and improve the voltage
profile enhancement. In another study [5] authors applied
the success history-based adaptation technique of
differential evolution algorithm to solve the OPF problem
comprises of stochastic wind-solar power with
conventional thermal generators under various cases. The
OPF incorporation with wind power and static
synchronous compensator STATCOM was studied in [6]
by using a modified bacteria foraging algorithm (MBFA).
The results obtained proved that MBFA efficiency and
better than the ACO algorithm for solving OPF problems
in power systems. Bird Swarm Algorithm (BSA) for
solving an OPF problem with incorporating stochastic
wind and solar PV power in the power system is studied
in [7]. The proposed approach applied in the modified
IEEE 30-bus system with objective function is to
minimize the total energy generation cost, which is the
cost of thermal-wind-solar. In [8] authors applied a
modified hybrid PSOGSA with a chaotic maps approach
to improve OPF results by incorporating stochastic wind
power and two controllers in the FACTS family such as
TCSCs and TCPSs. The proposed method is applied in
the power systems to minimize the thermal generators'
fuel cost and the wind power generating cost.

Several metaheuristic optimization algorithms were
developed and applied for the OPF solution. Some of
them are: salp swarm optimizer [9], moth swarm
algorithm [10], differential evolution [11], glowworm
swarm optimization [12], differential search algorithm
[12], moth-flame optimizer [14], stud krill herd algorithm
[15], artificial bee colony algorithm [16], symbiotic
organisms search algorithm [17], improved colliding
bodies optimization algorithm [18], firefly algorithm [19],
black-hole-based optimization approach [20], the league
championship algorithm [21, 22], multi-verse optimizer
[23], harmony search algorithm [24], earthworm
optimization algorithm [25]. Among several numbers of
the available metaheuristic algorithm, a new flexible and
efficient stochastic optimization algorithm has been
proposed to solve our problem and satisfy our imposed
conditions, this technique namely a slime mould
algorithm (SMA). SMA is based upon the oscillation
mode in nature and simulates the swarming behavior and
morphology of slime mould in foraging.

In this paper, a new flexible and efficient stochastic
optimization algorithm called slime mould algorithm
(SMA) has been proposed with the aim is solving the

OPF problem in power systems incorporating stochastic
wind power and SVC devices.

Modeling of SVC. The static VAR compensator
(SVC) device is an important member of the FACTS
controllers’ family. The importance of SVC is to maintain
the bus voltage magnitude at the desired level by
providing or absorbing reactive energy. In the power
system, SVC is modeled by shunt variable admittance.
SVC's admittance only has its imaginary part since the
SVC device's power loss is assumed to be negligible and
is given as follows:

ysve = jbsyc - (1)

The bgyc susceptance can be capacitive or inductive
to provide or absorb reactive power, respectively. In this
study, SVC is installed in the power system as a PV bus
with the objective is to regulate the voltage magnitude V
by injecting reactive power to a bus where it is connected.
The current Igyc and reactive power QOgyc absorbed or
injected by the SVC device is calculated as follow:

Isyc = jbsycVis (2)

Osve =—Vibsyc - ©)
Optimal power flow problem formulation. The
optimal power flow problem solution aims to give the
optimum value of the objective function by adjusting the
settings of control variables. Generally, the mathematical
expression of the optimization problem with satisfying
various equality and inequality constraints may be
represented as follows:

min F' (x,u) ; “4)
Subjected to g(x,u) =0; 5)
h(x,u)s 0; (6)

where F(x, u) denotes the objective function that to be
optimized, x and u represents the vectors of the state
variables (dependent variables) and control variables
(independent variables), respectively.

Control variables. In the OPF the control variables
should be adjusted to satisfy the load flow equations. The
set of control variables can be represented by vector u as
follows:

e Fo, By Bws, - Bwsy, V6, Ve

Oc,---Ocyo T+ Inr»SVC...SVCysyc |
where Pg is the thermal generator active power; Py is the
wind active power; V is the generator voltage; Oc is the
reactive power injected by the shunts compensator; 7 is
the tap setting of transformers; SVC is the static VAR
compensator; NG is the number of generators; NW is the
number of wind farms; NC is the number of shunts
compensators units; N7 is the number of regulating
transformers; NSVC is the number of SVC devices.

State variables. The set of variables which describe
the electrical power state can be represented by vector x
as follows:

X = Pastack 06, Q6 Ows, -+ sy Ve -+ Vi »Sty Sty ()
where Pgy,q 1S the active power generation at the slack
bus; Qg is the reactive power outputs of the generators;
Ops 1s the reactive power outputs of the wind farms; V; is
the voltage magnitude at load bus; S; is the apparent
power flow; Ng is the total number of generators buses;

(7
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N; is the total number of load buses or PQ buses; V, is the
total number of transmission lines.

Equality constraints. The equality constraints
represent in the power system the load flow equations of
the balanced powers and reflect the physics of the power
system. The equality constraints can be represented as
follows:

N
PG,'+PWS,‘_Pdi =VlZVJ(gU0055U +Z,/SIH5U), (9)
j=1

N
QGi +QWSI- —le_ = Vlej(gl] Sll’l5lj +Z!'/' COS5I'J') (10)
=

Inequality constraints. The inequality constraints
reflect the limiting of the power system operation. These
inequality constraints can be represented as follows:

min max ,
PG,- <K < PG,- ;

min max ,
st < Bys, < P
min max ,
QGi < QGi < QGi s
min max ,
szag < Ops, 55§2wag=
min max
< < :
Ve < Vg, SVER

)

min max
< < :
7}vn. <Tyr, "J}JE ’

min max .
QSVC,- = QSVC,- = QSVC,- >

< max
NAERH

Objective function. In this study, the objective
function is to minimize the total generation cost (TGC)
subject to operating constraints. The objective function is
formulated as:

N NW
Fior = ZFt(Pl)+ chr(Pwr)+
i=1 i=1 (12)

NW NW
Zcp.wr (Pwr.av - Pwr )+ Zcr.wr (Pwr _Pwr.aw )
i=1 i=1

In the expression of the objective function
formulated in the (12), the first term denotes thermal
power generation cost, second, third and last term of the
objective function shows the costs of wind power,
respectively. Details of all terms are explained below.

Fuel cost of the conventional generator. The cost
function of the thermal generators as follows:

N

FI-(PI-):[Zal- +b,Pg + PG ] (13)
i=1

where Pg is the active power generated from the

available thermal generators; a;, b; and ¢; are the cost

coefficients of i-th generator.

The direct cost function for wind power. The grid
operators pay the cost of purchasing wind power from a
wind power producer based on the power purchase
agreement. This cost is termed as the direct cost and is
defined as follows [5]:

er(P Wr) = drP wrs (14)

where d, is the direct cost coefficient for the j-th wind
generator and P, is the scheduled power output.

Cost function due to the underestimation. The
underestimation situation is due when the actual wind
power is higher than the estimated value. So, the utility
operator needs to pay a penalty cost for not using the
surplus amount of available wind power [4, 5]. The
penalty cost functions due to the underestimation of
available wind power represented by (15), it can be given
as [26]:

Cp.wr(Pwr.av _Pwr): kp(Pw.av _Pwr):
Pr.()
(15)
:kp I(W_Pwr)'fw(Pw)’

P,

where C,,, is the cost associated with wind power
shortage (underestimation); P,,, is the actual available
power output; &, is the penalty cost coefficient due to
underestimation and f,(P,) represents the probability
density function (PDF).

Cost function due to the overestimation. On
contrary to the underestimation situation, the
overestimation situation is due when the actual wind
power is less than the estimated value. So, a spinning
reserve is needed for grid operators [5]. The penalty cost
function due to the overestimation of available wind
power represented by (16) as follows [27]:

Cr.wr(Pwr - Pwr.av): kr(Pwr _Pw.av):

P,

wr (16)
:kr J‘(Pwr_W)'fw(Pw)’

0

where C,,,. the cost associated with wind power surplus
(overestimation) and £, is the reserve cost coefficient due
to overestimation.

Wind power model. The distribution function was
used in this work to model and characterize the
distributions of wind speed known as Weibull probability
density function (PDF) [28], and can be represented as:

flv)= f[ijk_l L,

c\¢C

an

here v is the wind speed; & and ¢ respectively the shape
factor and scale factor (m/s).

The probability density function for the continuous
portion of wind energy conversion systems (WECS)
power output random variable becomes as follows:

f ()= KL Veuin ((1 0 Wi jkl ]
C

c

, (18)

c

exp| — ( (1 +p l)vcut—in jk

where | = (Viaged — Veurin) ! Veurin 18 the ration of linear
range wind speed to cut-in wind speed; v, ;, is the wind
speed at which wind turbine starts to generate power;
Veur-of 1 the wind speed at which the wind turbine is
disconnected; Vv, is the wind speed at which the
mechanical power output will be the rated power;
p =P,/ P, is the ratio of wind power output to rated
wind power.
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The probability for the discrete portion of the WECS
power output is expressed by (19) and (20), respectively
as follows [5, 291:

1.(B)={P,=0}=1- exp(— [V;ﬂ .

¢
v k (19)
+exp —(Mj :
c
v k
fW(PW):{Pw:Pwr}:eXp _[ mC'tedj
v k (20)
—exp —[MJ :
c

Slime mould algorithm. A slime mould algorithm
(SMA) is a new stochastic optimizer technique nature-
inspired proposed in 2020 in [30]. This technique based
on the oscillation mode of slime mould in nature and
simulates the swarming behavior and morphology of
slime mould in foraging. The SMA algorithm features a
special mathematical model that uses the adaptive weight
to simulates the combination of positive and negative
feedback from the bio-oscillator-based propagation wave
that was inspired by slime mould to form the optimal
pathway to connect food. Some of the most interesting
characters in the slime mould are the unique pattern based
on the various food sources to create a venous network
connecting them at the same time. This scheme gives the
high capability of escaping from local optima solutions.
The algorithm is aroused by slime mold diffusion and
foraging behavior. In SMA, slime mould can approach
food, depending on the smell in the air. The slime mold
morphology varies, with three different forms of
contraction. The following section will explain in detail
the mathematical model for simulating the behavior of
slime mould during the foraging [30].

Approach food. The following formulas for
imitating the contraction mode is proposed to model the
behavior of slime mould to approaching food according to
the odor in the air as follow:

m: XB(I"‘F\TI;(WXA(I'—XB‘t’)F<p,
\Iﬂ%lrEp,

where X denotes the slime mould location; X, is the
individual emplacement with the highest odor
concentration currently found; X, and Xjp are indicated
two randomly selected individuals from the swarm;
vb is a parameter distributed in the range of [-a, a];
ve decreases linearly from 1 to 0; ¢ shows the current
iteration; W represents the slime mould weight and given
below by (24); p is the parameter given as follows:

2

p =tanh|S(i)- DF|, (22)
where S(i) shows the fitness of X cie 1,2, .., nm
DF is the optimum fitness obtained in all iterations.

The parameter of a is given as follows:
a= arctanh(—( ! J+ 1] . (23)
max_ ¢

The expression of W define the location of slime
mould and is given as follows:

bF - S(i)

1+r-lo
g[b —-wF

1-7r- log[bF;S(l) + 1], others,
bF F

- W

+ 1), condition;

W (Smelllndex(i))= (24)

where condition denotes that S(i) is ranked first half of the
population; r represents the random value distributed in
the range of [0, 1]; bF and wF are represented the optimal
and worst fitness value obtained in the current iterative
process, respectively; Smelllndex represents the sequence
of fitness values sorted as:

Smelllndex = Sort(S). (25)

Wrap food. This portion mathematically simulates
the contraction mode in the slime mould venous tissue
structure while searching. In this context, the higher the
food concentration reached by the vein, the stronger the
bio-oscillator-generated wave, the quicker the cytoplasm
flows and the thicker the vein. The following
mathematical  formula  represents updating the
emplacement of slime mould:

rand -(ub—Ib)+Ib, rand < z;
Xp(t +1Tb~(W~XA(t)—XB(t)),r<p;
%-m,er,

where /b and ub denote the lower and upper limits of the
search range, respectively; rand denotes the random value
distributed in the range of in [0, 1].

Grabble food. Slime mould is primarily dependent
on the propagation wave to change the cytoplasmic flow
in the veins, so they appear to be in a better concentration
of food. Slime mould can approach food faster when the
concentration and quality of food are high, while if the
food concentration is lower, approach it more slowly, thus
increasing the efficiency of slime mould in selecting the
optimal source of food.

X - (26)

In the SMA process, the value of the parameter vh
oscillates randomly in the interval between [—a, a] and
progressively approaches zero as the iterations increase.
The value of vc oscillates randomly in the interval
between [—1, 1] and finally tends to be zero.

The pseudo-code of the SMA to solve the OPF
problem is shown in Algorithm 1.

Algorithm 1 Pseudo-code SMA algorithm
Read the system data (bus data, line data, and generator data);
Initialize the parameters of search agents, size of the
population, the maximum number of iterations, the number and
position of the control variables;
Initialize the position of the slime mould X; using (21);
While iteration < Max _iteration,
Calculate the fitness of all slime mould using (26);
Update the best fitness, X3
Calculate the ¥ by using (24);
For each search space
Update the parameters of SMA which are: p, vb and vc;
Update the best positions of the slime mould;
Calculate the best value of the objective function (12);
End For iter=iter +1;
End while
Return best Fitness found so far, X3.
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Simulations and results. To demonstrate the
performance and efficiency of the SMA algorithm to
solve the OPF problem by incorporating stochastic wind
power and FACTS devices such as SVC, the present work
aims to apply the SMA on IEEE 30-bus and Algerian
114-bus systems with different test cases study. In this
context, the minimization of total fuel cost and wind
power cost is considered as objective functions. The
description of all these test cases can be found in the
following section. All the simulations are carried out by
using MATLAB 2009b and computed with specification
Intel® Core™ i5 CPU@1.80 GHz with 8 GB of RAM.
For establishing the robustness of the SMA algorithm,
30 independent trial runs are performed for all the test
cases. In this work, the population size is 40 and the
number of iterations maximal is 500.

IEEE 30-bus test system. The first test is dedicated
to the standard IEEE 30-bus power system in order to
verify the performance and efficiency of the SMA for the
small scale power system. This system includes
6 generators unit, 41 transmission lines, 4 transformers
located at lines 6-9, 4-12, 9-12, and 27-28. Nine reactive
compensators are located at buses 10, 12, 15, 17, 20, 21,
23,24, and 29. The total load is (2.834 +j-0.735) p.u.

The upper limit and lower limit variables are shown
in Table 1. In this section, two different parts are
considered, the first part is solving the OPF problem
under normal conditions and the second part is solving the
OPF problem under the contingency state.

OPF solution under normal condition. In this part,
the SMA is applied to solve the OPF problem under the
normal condition with active power loading is 283.4 MW.
Three different cases are examined via SMA as follows.

Case 1: Minimization of total fuel cost. The objective
function used in the first case under normal condition is to
minimize the total fuel cost according to the optimal power
distribution of the production units and is described by (13).
Table 3 tabulates the results obtained by the SMA algorithm
for Case 1. It can be seen that the optimal settings of control
variables are all within their acceptable limits. Furthermore,
we can also see that the fuel cost obtained by SMA is
798.9709 $/h, this value is lower and better compared to
those obtained by MSA, GSO, MFO, BHBO, ALO, MSCA
which are mentioned in Table 1.

Table 1
Comparison of solutions achieved using SMA
and different methods for Case 1
Method Fuel cost ($/h)

Slime mould algorithm 798.9709
Moth swarm algorithm [10] 800.5099
Glowworm Swarm Optimization [12] 799.06
Moth-Flame Optimizer [14] 799.072
Black-hole-based optimization [20] 799.921
Ant lion optimizer [31] 799.0133
Modified Sine-Cosine algorithm [32] 799.31

The convergence characteristics of the proposed
method and the ALO algorithm are shown in Fig. 1. It can
be seen that the SMA algorithm outperforms the ALO
algorithm in terms of convergence rate towards the global
optimum solution. So, the results achieved showed the
SMA superior and robust compared to the ALO algorithm
in order to get the best solution to solve the OPF problem.
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Fig. 1. Convergence characteristics of the SMA & ALO: Case 1

Case 2: Minimization of total fuel cost and wind
power cost. In this test case, SMA is applied to solve the
OPF problem by incorporating stochastic wind power.
Thus, the objective function is minimizing the total
generation cost that includes fuel cost and wind power
cost. The cumulative cost, described by (13). In this case,
the standard IEEE 30-bus system is considered by
including two wind farms located at bus numbers 10 and
24. Moreover, the two wind farms (WFs) consist of 30
units of wind turbine generation (WTG) with a nominal
power rating of each WTG is 2 MW. Thus, each WF
having a total capacity of 30 MW.

Table 2 details the specification of wind turbine
characteristics used in all optimization cases in this study
concern with incorporating wind power for the IEEE 30-bus
system [33].

Table 2
The characteristics of this wind turbine
Parameters Value
k 2
c 3
d, 1.3
pP,, 2000 kW
Veut-in 4 m/s
Vrated 12 m/s
Veut off 25 m/s
K, ; (penalty factor) 1 $/MWh
K., (rserve factor) 4 $/MWh

Table 3 presents for case 2 the results obtained by
SMA to minimize the total generation costs, which are the
total fuel and wind costs. The sizing of the two wind
farms can be referred to in the same table. For this case,
SMA exhibit bus 10 and 24 as the optimal locations of the
wind farm. At active power loading of 283.4 MW, It can
be seen that the TGC produced by SMA is reduced from
798.9709 $/h to 725.7113 $/h. Moreover, the active
power losses have also increased from 8.5752 MW to
6.2413 MW which is lowered by 27.21 %. Thus, SMA
provides the best values to minimize the TGC and reduce
the active power losses in the IEEE 30-bus test system by
incorporating wind power compared to the case without
the implementation of wind farms. In general, the
implementation of wind farm installation to the system
has significantly reduced the values of the total generation
cost and the active power losses.

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.6 49



Table 3

Best control variable settings obtained via SMA for IEEE 30-bus system including WPG and SVC devices

Control Variables .Limits Active power loading 283.4 MW Active power loading 410.93 MW
Min | Max Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Psi(MW) 50 | 200 177.5784 139.3865 139.6782 199.9977 195.2207 195.2576
P (MW) 20 80 48.6770 39.6216 39.4803 78.8218 57.6992 57.8394
Pgs(MW) 15 50 21.2668 18.6332 18.5144 42.4211 32.9495 32.7988
Pe(MW) 10 35 21.2316 10.0000 10.0292 34.9915 34.9999 34.9896
Psii(MW) 10 30 12.0890 10.0000 10.0025 29.9997 21.9266 23.1781
Psi3(MW) 12 40 12.0000 12.0000 12.0042 38.2946 20.3897 19.1394
Pysi(MW) 0 40 - 30.0000 30.0000 - 30.0000 30.0000
Py (MW) 0 40 - 30.0000 30.0000 - 30.0000 30.0000
Vei(p-u) 095 1.1 1.1000 1.1000 1.1000 1.1000 1.1000 1.1000
Vea(p-u) 09 | 1.1 1.0879 1.0894 1.0873 1.0843 1.0804 1.0818
Ves(p.u) 09 | 1.1 1.0618 1.0644 1.0597 1.0286 1.0264 1.0263
Ves(p-u) 09 | 1.1 1.0701 1.0760 1.0719 1.0616 1.0669 1.0694
Veri(pu) 09 | 1.1 1.1000 1.0539 1.0233 1.1000 1.1000 1.0964
Veis(p-u) 09 | 1.1 1.1000 1.0183 1.0150 1.1000 1.0516 1.0371
Ty1(p.u) 09 | 1.1 1.0259 1.0903 1.0989 1.0189 1.0896 1.1000
To(p.u) 09 | 1.1 0.9010 1.0286 1.0887 1.0211 1.0991 1.0993
Tis(p-w) 09 | 11 0.9803 1.0980 1.0786 1.0511 1.0997 1.0974
T36(p.u) 09 | 1.1 0.9568 1.0594 1.0429 0.9609 1.0272 1.0455
Ocio(Mvar) 0 5 4.3806 0.0139 1.7150 4.8813 4.1783 3.8886
Oc12(Mvar) 0 5 4.7790 2.8581 0 1.9164 4.8901 0.8560
Ocis(Mvar) 0 5 4.8272 0 4.7098 3.1109 3.1556 1.6088
Oci17(Mvar) 0 5 4.9942 2.2721 1.4631 4.9727 49617 5.0000
Oco(Mvar) 0 5 2.5651 2.7844 1.0131 1.3915 1.1554 4.1684
Ocr1(Mvar) 0 5 2.8396 5.0000 4.8532 4.9937 0.0066 4.9944
Oc;(Mvar) 0 5 3.4609 4.8785 0.5928 2.9808 2.7736 4.7325
Ocs(Mvar) 0 5 4.9957 0.2167 1.8172 4.6307 1.3769 0.0423
Oc9(Mvar) 0 5 1.1562 0.9389 0.4900 1.1981 1.2900 4.8493
Owsi1(Mvar) -15 | 40 — -3.9319 39.4803 — 4.7442 57.8394
Ows(Mvar) -15 | 40 - 3.3754 0.8719 — 10.3240 32.7988
Osvczo(Mvar) -25 | 25 - - 5.6479 - - 6.6716
Total generation cost ($/h) 798.9709 725.7113 725.8855 1339.4776 1198.1826 1198.2092
Power losses (MW) 8.5752 6.2413 6.3087 13.5964 12.2555 12.2729
Voltage deviation (p.u.) 1.4494 0.6285 0.5195 0.7413 0.6066 0.5465
Reserved real power - 53.5074 53.5074 - 53.5074 53.5074

The convergence curves of the SMA and ALO for
case 2 are shown in Fig. 2, which allows us to note, in the
first place, that the SMA converges towards the global
optimum value at iteration 120 compared to the ALO, that
the convergence towards the optimal solution is reached
at iteration 270.

Case 3: Minimization of fuel cost and wind power
cost by considering the SVC device. In this case study,
SMA is applied for solving the OPF problem by
incorporating wind power and SVC devices. The optimal
location of the SVC device for the IEEE 30-bus system
found by SMA is bus N°30. The objective function used is
to minimize the TGC as described by (13). From this case,
It can be seen that the voltage deviation is reduced from
1.4494 p.u (case 1) and 0.6285 (case 2) to 0.5428 p.u. The
voltage profile obtained by the SMA algorithm for cases 2
and 3 is shown in Fig. 3. It is seen that the effect of the
SVC device to improve the profile voltage, especially in

the busses far from generators units such as bus N°25
until bus N°30.
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Fig. 2. Convergence characteristics of the SMA & ALO: Case 2

OPF solution under the contingency state. In this
part, the SMA is applied to solve the OPF problem under
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the contingency state, which is increased loading at 45 %.
Thus, the active power loading is 410.93 MW. Three
different cases are considered for this part.

Case 2
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Fig. 3. Profile Voltage magnitudes for case 2 and case 3

Case 4: Minimization of total fuel cost. In this
case, the objective function is to optimize the total fuel
cost in the IEEE 30-bus system with increased loading at
45 % and is described by (16) addition to the penalty of
line power. From the results given by the SMA algorithm
for the case N°5, It can be seen that most generators work
near their maximum limits, due to the increased load
compared to the results given in case 1 without increased
load. Moreover, we can also see that the fuel cost, active
power losses, and voltage deviation are increased as
presented in Table 3. The convergence characteristics of
the SMA and ALO for case 4 are shown in Fig. 4.
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Fig. 4. Convergence characteristics of the SMA & ALO: Case 4

Case 5: Minimization of total fuel cost and wind
power cost. The minimization of total fuel cost and wind
power cost, in this case, is formulated as the objective
function, which is described by (13). At higher active power
loading of 410.90 MW, SMA provides 1198.1826 $/h for
the TGC, this value better than a value obtained in a case
without incorporating wind power. On the other hand, the
implementation of wind farms has reduced the active
power losses and the deviation voltage in the system.

The convergence characteristics of the SMA and
ALO for case 5 are shown in Fig. 5. From this figure, it
demonstrates that the SMA algorithm can converge to the
global optimum at iteration 170, while ALO towards the
optimal solution is reached at iteration 230.
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Fig. 5. Convergence characteristics of the SMA & ALO: Case 5

Case 6: Minimization of total fuel cost and wind
power cost by considering the SVC device. In this case, we
have study the influence of SVC devices on a power system
to improve the voltage profile. The voltage profile for case 5
and case 6 are shown in Fig. 6. Unlike case 5 where profile
voltage decreases after overloading, adding the SVC to the
power system, in this case, improves the voltage as seen in
Fig 6. Through the given results, we note that the effect of
SVC is significant in the case of increased load.
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Fig. 6. Profile voltage magnitudes for case 5 and case 6

Algerian electrical network system. In order to
verify the performance and efficiency of the ALO to solve
nonlinear problems in larger-scale dimensions, OPF is
performed on the Algerian electrical network system. This
system includes 15 generators, 175 transmission lines,
and 16 located from line 160 to line 175. The technical
and economic parameters of generator units of the
Algerian electrical network system are presented in [34].

Case 7: Minimization of total fuel cost. In this
case, SMA is tested to identify the optimal fuel cost on
the large-scale Algerian electrical network system with
114 buses. Table 4 presents the optimal settings of control
variables reached by SMA with three different cases
taking into consideration the vector of control variables
contains the active powers generated and the generator
voltages. The best value of fuel cost obtained by SMA for
the vector of control variables contains the active powers
generated is 18914.105 $/h and better than other methods
as well as previously reported methods in Table 5.

The convergence characteristics of the proposed
algorithm and ALO algorithm for case 7 are shown in Fig. 7.
It can be seen that the SMA algorithm outperforms the
ALO algorithm in terms of convergence rate towards the
global optimum solution.
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Table 4

Best control variable settings obtained via SMA for ALG 114-bus system including WPG and SVC devices

Control Variables Case 7 Case 8 Case 9 Control Variables | Case 7 | Case 8 | Case 3
Psy(MW) 451.3078 | 444.8246 | 446.5335 Va(p.1) 1.0997 | 1.1000 | 1.0999
Pss(MW) 451.1405 | 446.1754 | 443.8411 Ves(p.u) 1.1000 | 1.1000 | 1.1000
Psii(MW) 99.9998 | 99.9992 | 99.9993 Veii(p-u) 1.0954 | 1.0990 | 1.0993
Psis(MW) 193.3981 | 190.5629 | 188.6959 Veis(p-u) 1.1000 | 1.1000 | 1.0993
Ps17(MW) 446.9078 | 439.3309 | 441.6877 Vei7(p.u) 1.1000 | 1.1000 | 1.1000
Pi1o(MW) 194.8571 | 190.8661 | 189.4341 Veio(p-u) 1.0599 | 1.0523 | 1.0590
Psn(MW) 191.8038 | 190.0866 | 186.7558 Vioo(p.u) 1.0620 | 1.0589 | 1.0683
Pgs:(MW) 188.5324 | 186.9000 | 185.9111 Vasa(p.u) 1.0661 | 1.0622 | 1.0668
Psso(MW) 190.4592 | 184.5212 | 186.0970 Vso(p-u) 1.1000 | 1.1000 | 1.0998
Psgs(MW) 187.8661 | 181.9296 | 183.6420 Vesa(p.u) 1.1000 | 1.1000 | 1.1000
Pgos(MW) 188.6026 | 183.2775 | 184.3464 Vos(p-u) 1.1000 | 1.1000 | 1.1000
Pgioo(MW) 600.0000 | 599.9998 | 600.0000 V100(p-u) 1.1000 | 1.1000 | 1.1000
Pgi10i(MW) 200.0000 | 200.0000 | 200.0000 Veio1(p-u) 1.1000 | 1.1000 | 1.1000
Pros(MW) 100.0000 | 99.9995 | 99.9985 Vioo(p-u) 1.1000 | 1.1000 | 1.0998
Pgi1i(MW) 99.9976 | 100.0000 | 100.0000 Vern(p.u) 1.0701 | 1.0650 | 1.0792
Pysi(MW) - 15.0000 15.0000 QOsyesg(Mvar) - - 22.000
Py (MW) - 30.0000 | 29.9999 QOsyeso(Mvar) - - 32.800

Case 1 Case 2 Case 3
Fuel cost ($/h) 18914.105 18624.9978 18610.7234
Power losses (MW) 57.8726 56.4733 54.9422
Voltage deviation (p.u.) 4.9714 4.8197 4.5968
Reserved real power — 41.0227 41.0227
Table 5 located at busses 99 (Setif) and 107 (Djelfa). Moreover,

Comparison of solutions achieved using SMA
and different methods for Case 7

Method Fuel cost ($/h)
Slime mould algorithm 18914.105
Differential evolution [34] 19203.340
Grey wolf optimizer [35] 19171.958
Hybrid GA-DE-PS [36] 19199.444
M-objective ant lion algorithm [37] 19355.859
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Fig. 7. Convergence characteristics of the SMA & ALO: Case 7

Case 8: Minimization of total fuel cost and wind
power cost. In this case, SMA is applied to solve the OPF
problem on the large-scale power system by incorporating
stochastic wind power. The Algerian power system ALG
114-bus is considered by including two wind generators

the two wind farms (WF) consist of 40 units of wind
turbine generation (WTG) are connected to the system at
busses 10 and 24 with a nominal power rating of each
WTG is 1.5 MW. Weibull settings for the sites that have
been chosen are taken from [38]. The choice of the
turbine has been set for General Electric GE 1,5-77
machines. The characteristics of this wind turbine are
shown in Table 6.

Table 6

The characteristics of this wind turbine

Parameters Wind turbinel | Wind turbine
k 1.425 2.008
c 4.083 5.178
d, 1.75 2
P, 15 MW 30 MW
Veut-in 3.5m/s 3.5m/s
Vyated 12 m/s 12 m/s
Veut-off 25 m/s 25 m/s
K, ; (penalty factor)| 1.5 $/MWh | 1.5 $/MWh
K, ; (rserve factor) 3 $/MWh 3 $/MWh

Table 4 summarizes the best results reached by
SMA to minimize total generation cost, reduce active
power losses and improve the voltage profile by
incorporating two wind farms. Based on the results
achieved by the SMA in case 7 compared to case 8, the
incorporation of wind farms into the system in the ALG
114 system gave more significant profit in TGC and
reducing active power losses. The convergence
characteristics of the SMA for case 8§ are shown in Fig. 8.
The convergence of the SMA is reached in the first 170
iterations, while the convergence of the ALO towards the
optimal solution is reached at iteration 230.
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Case 9: Minimization of total fuel cost and wind
power cost by considering the SVC device. In order to
illustrate the effectiveness of the SMA in presence of
SVC devices on the power system, the ALG 114-bus is
considered by including two SVC devices at busses N°68
(Sedjerara) and bus N°89 (Souk Ahras). These locations
of SVC devices are considered the optimal placement in
the Algerian 114-bus system found by the SMA
algorithm. After the results of the simulation, the
installation of the SVC improved considerably the total
generation cost, the active power loss. Figure 9 represents
that the effect of SVC devices is significant in the
Algerian 114-bus system to maintain the voltages within
the acceptable limits.
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Fig. 9. Profile voltage magnitudes for case 8 and case 9

Conclusion. This paper proposed a recent
metaheuristic technique called a slime mould algorithm to
solve the optimal power flow problem incorporating
stochastic wind power and static VAR compensator
devices. In this study, nine cases have been considered
and examined via the proposed algorithm on the IEEE
30-bus system and practical Algerian power system ALG
114-bus. The objective function solved is a minimization
of the total generation cost that includes fuel cost and
wind power cost. Also, the nature of the wind output
function used is based on the Weibull probability
distribution model. For the case without considering wind
power and static VAR compensator devices, it is worth
mentioning that the proposed algorithm is capable of
achieving and getting the best global optimal solution for

both of the testing systems compared to the other methods
in the literature mentioned in this paper. With considering
wind power and SVC devices, the numerical results
obtained show a better performance of the proposed
algorithm to solve the optimal power flow problem
compared to the ant lion optimizer algorithm.
Additionally, incorporating the wind power and static
VAR compensator device has a high influence on the
power system through minimize the total generation cost,
reduce the active power loss as well as improve the
voltage profile. Thus, the results obtained prove the merits
and efficiency of the proposed algorithm to solve the
stochastic optimal power flow problem.
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THE INVESTIGATION OF DISTRIBUTION OF THE MAGNETIC FLUX DENSITY OF
OPERATING TWO-CIRCUIT POWER LINE 110 kV «CHTPP-CHERNIHIV-330» IN THE
RESIDENTIAL AREA AND METHODS OF ITS DECREASING TO A SAFE LEVEL

Purpose. The problem of evaluation and analysis of magnetic flux density of overhead power lines is very relevant now, since the
magnetic field of industrial frequency can have a negative effect on human health. The analysis of the magnetic field of the
operating double-circuit overhead transmission line was made in this work. This overhead line is in the residential area of
Chernihiv, Ukraine. The purpose of this work is to determine safe habitation conditions as a function of the magnetic flux density
along the route of two-circuit power line with the voltage 110 kV «ChTPP-Chernihiv-330». Real modes of operation are taken
into account. Recommendations are given for reducing the magnetic flux density level in the residential area to a value that will
not exceed the standard value. Methodology. Methods of electromagnetic field theory were used to calculate the magnetic field of
power lines. The location of the phase wires on different types of supports of the existing power transmission line and the
minimum distance between the conductors and the ground were taken into account. The current value of the current in the
Pphases of the transmission line was taken from the Company «Chernihivoblenergo». Also, the calculation of the magnetic flux
density was made for the perspective loads of the transmission line. Estimation of the value of the magnetic flux density was made
for the zone of one-story and multi-story buildings near power lines. The option of uniform loading of two power transmission
lines was considered and the case where the entire load is transferred along one circuit was also considered. Results. In this work,
the distribution of magnetic flux density at a height of 1.8 m in the direction perpendicular to the power transmission line for the
sections built on supports of the Ul110-2 and PB110-2 types was obtained. The graphs show that the magnitude of the magnetic
flux density at the boundary of the protection zone of the transmission line will be exceed twice the standard value 0.5 uT for the
existing and perspective loads. This problem is relevant in the case of transmission lines in single-circuit mode. The graphs of
distribution of magnetic flux density on the facade of an apartment building, located at a distance of 20 m from the axis of
symmetry of the transmission line, were constructed. As a result, it is shown that at a height of 11 m from the earth's surface,
magnetic flux density will be 1.5-2 uT. Practical value. It is determined that safe habitation along the route of two-circuit power
line with the voltage 110 kV « ChTPP-Chernihiv-330» can be achieved when facades of an apartment building are removed from
the axis of symmetry of the transmission line at a distance of 33 m for high-rise buildings and at a distance of 27 m for one-storey
buildings. Recommendations for reducing the magnetic flux density of this power transmission line have been developed.
References 16, figures 19.

Key words: overhead transmission line, electric loads, magnetic flux density, residential building.

3a icnuylouux ma nepcneKmuUGHUX eNeKMPUUHUX HAGAHMANCEHHAX OO0CTIONCEHO Pi6eHb MAZHIMHO20 NOJA  080KO1060F
nosimpanoi JIEII nanpyzoro 110 kV «YTEL] — Yepniziecbka-330», saxa npoxooumsv no mepumopii 00HONn0oeepxoeoi ma
0azamonoegepxoeoi 3a0yooeu y m. Yepnizie. Ilokazano, wio inOyKuyia mazHimnozo noasa 6 30Hi 3a0y006u ma Ha Mex ci 0XOPOHHOT
30HU MOdCce nepesuuiyeamu Oe3neunuii Ona AOOUHU pigeHb, 0coodauso y eunaoxy pooomu JIEIl y oonoxonoeomy pexycumi.
Busnaueno 6e3neuni ymosu ona nposcuseanna nacenenna noonusy oanoi JIEII, 30kpema, 6e3neuny giocmans 6i0 oci mpacu
JIEII 00 micyb pozmauiyeants 00HONO08EPX08UX ma Gazamonogepxoeux Oyounkie. Iloxazano, w0 3acmocysanHsa 6eKmopHoi
Komnencayii 0036014€ 00CAZMU 3HAYHO20 3MEHUIEHHA PIGHA MazHimHO020 nonaa. bidn. 16, puc. 19.

Knrouoei cnosa: nositpsina JIEIL, ejiekTpu4Hi HABaHTAKeHHs, iHAYKIi MAarHITHOIO 0JIsl, ;KMT/10Ba 320y10Ba.

Ilpu cywecmeyrouux u nepcneKmueHvIX INEKMPUUECKUX HAZPY3KAX UCCIE006AHO YPOGEHb MAZHUNHO20 NONA O0GYXUEHHOU
6030ywnon JIDII nanpsascenuem 110 kV «9TEIL] — Yepnuzoeckan-330», komopas npoxooum no meppumopuu 00HOIMANCHOU U
MHO020ImMaxcHoil 3acmpoiiku ¢ 2. Yepnuzos. Ilokazano, umo uHOyKYUA MAZHUMIHOZ20 NOJAA 6 30HE 3ACMPOUKU U HA Zpanuye
OXPAHHOU 30HbL MOXMCEm NPeeuliamy 0e30nACHbLl 0N 4el08eKa ypoeeHs, ocobeHHno 6 cayuae pavomwl JIIII ¢ oonouennom
pesicume. Onpedenenvl 6e3onacuvie yciosus 014 RPOHCUGAHUA Hacenenusn eonusu Ooannou JIDII, ¢ wacmnocmu, 6e3onacnoe
paccmoanue om ocu mpaccol JIIIT 00 mecm pazmewjenun 00HOIMANCHBIX U MHO20IMANCHBIX 00M08. Tlokazano, umo npumenenue
6€KMOPHOU KOMNEHCAUUU NO360/1Aem 00CMUYb SHAUUMEIbHO20 YMEHbUIEHUA YPOGHA MAZHUMHO020 noas. bubn. 16, puc. 19.
Kniouesvie cnosa: pozpymnas JIIII, snekrpuyeckue Harpy3Ku, HHIyKIUsS MATHUTHOTO N0JIf1, KHJIasl 3aCTPOIiKa.

Introduction. Recently, more and more attention is
paid to the impact of magnetic fields on humans. One of
the powerful sources of magnetic field of power
frequency is overhead power lines, near which can be
located residential buildings or offices. People who
permanently live or work near power lines are in the area
of the magnetic field influence. In developed countries,
such as the United States, Canada, France, Sweden and
others there are rather strict restrictions on the level of
magnetic flux density of power frequency, it is constantly
monitored in buildings and outdoors near overhead and
cable power lines, on the territory of substations and
outside them. There are a number of medical studies that
show that the magnetic field acts on living organisms at

the cellular level, and it is noted that prolonged exposure
to even a weak magnetic field over time leads to a variety
of health problems [1]. Thus, according to the
recommendations of the World Health Organization, the
level of magnetic flux density of 0.2-0.4 uT is acceptable
for long-term exposure to the population.

Much attention is paid around the world to the
problem of reducing the level of the magnetic field [2, 3]
to minimize its impact on the environment. It should be
noted that in Ukraine the problem of normalization of the
magnetic field level has not been finally resolved since
Electrical Installation Regulations [4] contains a norm
only for the magnetic field of cable lines, which is 0.5 pT
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inside the premises. In [5], the problem of calculating the
induced losses in overhead power lines is considered and
it is shown that the reduction of the magnetic field also
leads to an increase in the efficiency of electric energy
transmission.

The problem of reducing the magnetic field becomes
especially relevant in the conditions of increasing electric
loads. In large cities, new neighborhoods are constantly
being built, entire neighborhoods and residential
complexes with multi-storey and single-storey buildings
are being built, with appropriate infrastructure — shopping
and entertainment complexes, commercial and communal
enterprises, industrial enterprises, etc. As a result, the load
on existing overhead power lines, which supply power to
such cities and individual areas, is increasing. For
example, in the city of Chernihiv in the last 15 years there
is an active construction of new residential areas, such as
Masany and N. Podusivka. These areas are supplied
through substations connected to the existing 110 kV
overhead transmission line «Chernihiv Thermal Power
Plant (ChTPP) — Chernihiv-330», respectively, the load of
this line has increased significantly in recent years and
will continue to grow in the future. The above
transmission line passes through the residential area
which includes multi-storey and single-storey buildings.
Therefore, there is a need to determine the safe living
conditions of the population of the city of Chernihiv in the
area adjacent to the specified transmission line, as well as,
if necessary, the choice of methods to reduce the magnetic
field to a safe level.

It should be noted that the problem of studying the
magnetic field of overhead power lines [6, 7], as well as
methods for reducing it, is being actively studied in
Ukraine and around the world. For example, in [8, 9] the
distribution of magnetic flux density of transmission lines
in residential areas in the general case is considered and
analyzed. It should be noted that a similar analysis should
also be performed for a specific transmission line, taking
into account the conditions of its operation, current and
future loads, operating modes, distance of residential
buildings from the transmission line route and the
protection zone boundaries, features of construction in a
residential area near transmission line (one-storey, multi-
storey), etc.

In order to comply with the conditions of safe living
of the population near overhead power lines, it is
necessary to assess the distance from the route of the
power line, on which one-storey and multi-storey
buildings should be located. However, such measures are
appropriate at the stage of designing new overhead power
lines or when planning the construction of vacant land
plots near power lines. But, in cities there is often a
situation where the overhead power line already passes in
the immediate vicinity of residential buildings, which can
be located even in the protection zone of the power line.
In this case, with a significant load of the transmission
line, it is necessary to apply techniques of reducing the
level of the magnetic field in the residential area.

There are a number of methods for reducing the
level of the magnetic field of overhead power lines, which
are considered in [10, 11]. Among those that can be
applied to existing transmission lines, we should highlight

the shielding and optimization of the geometry of the
suspension of conductors (vector compensation method).
The latter method can be quite effective, as noted in [10].

In the case of a two-circuit overhead transmission
line, the location of the phases of different circuits on the
support is usually chosen to be the same in accordance
with Fig. 1.

A A,
B, B,
C, C,

LTI

Fig. 1. Typical arrangement of phases of two circuits
on the support of the two-circuit overhead transmission line

This phase arrangement option provides the highest
level of magnetic field in the space around the
transmission line. The most effective in terms of reducing
the level of the magnetic field is the location of the phases
of the two circuits in mirror symmetry [10], as shown in
Fig. 2.

7 Q\
A, i
B, B,
C, A,

S LA L ITL LTS

Fig. 2. Mirror arrangement of the phases of two circuits
on the support of the two-circuit overhead transmission line

This method of reducing the level of the magnetic
field of a two-circuit transmission line is quite easy to be
implemented in practice, however, its efficiency for each
transmission line may be different depending on the
geometry of a particular line.

The goal of the paper is to determine the conditions
for safe living of the population at the level of the
magnetic field along the route of the two-circuit 110 kV
transmission line «ChTPP — Chernihiv-330» taking into
account the real modes of its operation and to develop
recommendations to reduce the magnetic field of this
transmission line o the regulatory level.

The main materials of the study. The calculation
of the electric and magnetic fields of overhead and cable
transmission lines was performed in accordance with the
method [12], which was substantiated in [13].

According to the method [12], for some calculation
point P(x,, »,) the effective values of the components or
spatial components of the magnetic flux density induction
vector from the current in each of the phase conductors of
the transmission line should be determined by the formulas:
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where /; is the current in the phase of the k-th circuit of
the transmission line, A; x4, 4 are the coordinates of the
location of phase A of the k-th circuit of the transmission
line; xp, va are the coordinates of the location of phase B
of the &-th circuit of the transmission line; xcy, v are the
coordinates of the location of the phase C of the k-th
circuit of the transmission line; 4 is the magnetic
permeability of vacuum (4n:10”7 H/m).

Also in formulas (1)-(6) it is taken into account that
the transmission line to be considered is two-circuit.

The effective value of the components or spatial
components of the vector of magnetic flux density at the
calculation point is found by the expressions:

2 2 2
Bx(xpayp):[BxA +Byg” + B, - %)
0.5
_BxA 'BxB _BxB 'BxC _BXC 'BxA]
2 2 2
By(xpayp):[ByA +ByB +ByC - (8)

0.5
_ByA 'ByB _ByB 'ByC_ByC 'ByA]

The effective value of the magnetic flux density at
the calculation point is found from the expression:

B(rpoyp) =By Gipoy) + By () . (9)

Overhead power lines often pass through areas with
dense multi-storey and single-storey buildings, especially
in large cities, including the city of Chernihiv. One such
example is a two-circuit 110 kV transmission line
«ChTPP - Chernihiv-330», the structural diagram of
which is shown in Fig. 3.

Some sections of this transmission line in dense
residential areas are made on supports type U110-2 and
PB110-2. The dimension of this overhead transmission
line according to its support scheme is 7.3 m (minimum
distance from the lower wire of the transmission line to
the ground). All the geometric dimensions necessary for
the calculation of the magnetic field of the transmission
line are shown in Fig. 4, 5 for sections on supports
U110-2 and PB110-2, respectively.

=9

Chernihiv TPP u | [ | Substation 330 kV
@ «Chernihiv»
Substation

110/27,5/10 kV
«Traction»

v Substation
110/35/10 kV
LAY «Podusivka»

Fig. 3. Structural diagram of the electric network with 110 kV
overhead transmission line «ChTPP — Chernihiv-330»
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Fig. 4. Geometric model of the section of the 110 kV
transmission line «ChTPP — Chernihiv-330» on U110-2 supports
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h
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Fig. 5. Geometric model of the section of the 110 kV
transmission line «ChTPP — Chernihiv-330» on PB110-2

supports

The calculation of the magnetic field level for the
section of the above-mentioned transmission line, made
on the supports U110-2, is performed at the level of 1.8 m
from the ground surface in the direction perpendicular to
the route of the transmission line. According to the data of
JSC «Chernihivoblenergo» on electrical loads, the
calculation maximum current of one circuit of the 110 kV
overhead transmission is about 150 A, which may change
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insignificantly during the day. In case of repair or
emergency shutdown of one circuit, the second circuit
will take over the entire load — about 300 A.

The results of the calculation of the distribution of
the magnetic flux density of the transmission line along
the coordinate «x» are shown in Fig. 6. It is obvious that
at the boundary of the protection zone of the transmission
line (at x = £25 m) the magnetic flux density practically
corresponds to the normative value of 0.5 uT under the
current value of 150 A in the phases of both circuits.
However, if one circuit is switched off, the magnetic flux
density on the boundary of the protection zone on the
right side of the transmission line (on the operating circuit
side) is 0.77 uT, and the point with safe magnetic flux
density value is at a distance of 30 m from the
transmission line axis. It should also be noted that some
private houses, in particular, two-storey, are located
almost below the extreme phases of this transmission line.
In this case, the normative value of magnetic flux density
will be exceeded several times.

B, uT T Protection zone of the transmission line

6

2

4

>

1 o

e | e
30 25 20 -15 -6 -5 0§ 10 15 20 235 30 xX.m
1 — at the effective value of the current in the phases of both

circuits of 150 A;
2 — at disconnection of one circuit (effective value of the current
of the second circuit is 300 A);

3 — line of the normative level of magnetic flux density of 0.5 pT
Fig. 6. Distribution of the magnetic flux density of the 110 kV
overhead transmission line «ChTPP — Chernihiv-330» at the
level of 1.8 m from the earth's surface along the «x» coordinate
for the section made on the U110-2 type supports

According to the predicted level of load growth for
10 years [14], the current in the section of this two-circuit
transmission line can increase to 195 A for each circuit.
The results of the calculation for this case are shown in
Fig. 7.

The curves in Fig. 7 indicate an even higher level of
magnetic flux density with a promising increase in
electric loads. For example, with a uniform load of both
circuits, the magnetic flux density at the boundary of the
protection zone can reach 0.77 pT, and when
disconnecting one circuit is even equal to 1.0 pT, the safe
value of the magnetic flux density corresponds to the
distance from the axis of 32 m and 35 m, respectively, i.e.
beyond the protection zones.

From the above we can conclude that it is necessary
to limit the time of single-circuit mode of operation of this
transmission line, as it is characterized by a significantly
increased level of the magnetic field from the circuit that
operates.

B, uT

Protection zone of the transmission line |
|

-35 -30 -25 -20 -15 -10 -5 0 5§ 10 15 20 25 30
1 — at the effective value of the current in the phases of both
circuits of 195 A;
2 — at disconnection of one circuit (effective value of the current
of the second circuit is 390 A);
3 — line of the normative level of magnetic flux density of 0.5 uT

Fig. 7. Distribution of the magnetic flux density of the 110 kV
overhead transmission line «ChTPP — Chernihiv-330» for the
section made on the U110-2 type supports at the predicted
increase in electrical loads

35 X.m

As mentioned above, one of the options to reduce
the magnetic flux density of the transmission line may be
the use of vector compensation due to the mirror
arrangement of the phases of two circuits, the results of
the corresponding calculations are shown in Fig. 8, 9
(compared to the traditional arrangement of phases).

B, uT w

Protection zone of the transmission line |
- >

s o SN
o X.m

/
15
1 /
0.5 —q
-3 -25 20 <15 -10 -5
1 — for the typical arrangement of the phases of two circuits;

2 — for the mirror arrangement of the phases of two circles;
3 — line of the normative level of magnetic flux density of 0.5 uT

Fig. 8. Distribution of the magnetic flux density of the 110 kV
overhead transmission line «ChTPP — Chernihiv-330» at the
level of 1.8 m from the earth's surface along the «x» coordinate
for the section made on supports type U110-2, with typical and
the mirror arrangement of the phases of the circuits (effective
value of the current in the phases of both circuits is 150 A)

B, uT

0 5 10 15 20 25

Protection zone of the transmission line N
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$ z b gl
o= i B s

35 X,m

15 =30 25 20 -15 -10 -5 O 5 0 15 20 25 30

1 — for the typical arrangement of the phases of two circuits;
2 — for the mirror arrangement of the phases of two circles;
3 — line of the normative level of magnetic flux density of 0.5 uT

Fig. 9. Distribution of the magnetic flux density of the 110 kV
overhead transmission line «ChTPP — Chernihiv-330» at the
level of 1.8 m from the earth's surface along the «x» coordinate
for the section made on supports type U110-2, with typical and
the mirror arrangement of the phases of the circuits (effective
value of the current in the phases of both circuits is 195 A)
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It is obvious that the safe value of magnetic flux
density of 0.5 uT at the mirror arrangement of the phases of
two circuits and the phase current of one circuit of 150 A
is achieved at a distance of 16.5 m from the centerline of
the transmission line, i.e. within its protection zone.

Thus, even with the predicted increase in electrical
loads, vector compensation will effectively reduce the
level of the magnetic field of a two-circuit 110 kV
transmission line «ChTPP — Chernihiv-330» (a point with
a safe level of the magnetic flux density for humans is
within the protection zone at a distance of 18.3 m from
the axis of the power line).

In the area of passage of this transmission line at a
distance of 20 m from its axis of symmetry is a
residential multi-storey building with a height of about
20 m. Figure 10 shows the location of the building, as
well as the location of the coordinate system for
calculating the magnetic flux density on the facade of
the building along the coordinate «y».

A_—]

20m

ODoOoOdoOoOdd
DOodogn

20 m "
Fig. 10. Location of a multi-storey residential building
in the protection zone of the two-circuit 110 kV transmission
line «ChTPP — Chernihiv-330»

The results of the calculation of the distribution of
the magnetic flux density on the facade of a residential
building along the coordinate «y» are shown in Fig. 11.

B, uT*

L6} = —

I \-1| __h‘":““\«
|2/ | | *\\\

06|

0.4/

0.2

0 2 4 6 8§ 10 12 14 16 18 20y,m
1 — at the effective value of the current in the phases of both
circuits of 150 A;

2 — at disconnection of one circuit (effective value of the current
of the second circuit is 300 A);

3 — line of the normative level of magnetic flux density of 0.5 pT
Fig. 11. Magnetic flux density of the 110 kV overhead
transmission line «ChTPP — Chernihiv-330» on the facade
of a multi-storey building

As can be seen from Fig. 11, on the facade of a
multi-storey building, the normative value of the magnetic
flux density of 0.5 uT is significantly exceeded more than
2 times with a uniform load of both circuits, and more
than 3 times if one of the circuits is switched off.
In [15, 16] and in a number of other investigations it is
noted that the magnetic field penetrates into apartment
houses practically without weakening.

Similar graphs are constructed for promising
electrical loads (see Fig. 12).

From curve 2 in Fig. 12, which corresponds to the
single-circuit mode of operation, it is seen thatat y = 11 m
there is an excess of the magnetic flux density by 4 times.
Obviously, it is necessary to use magnetic field reduction
techniques here.

B, uT +

0.4}
02|
0 2 4 6 & 10 12 14 16 1§ 20y,m
1 — at the effective value of the current in the phases of both
circuits of 195 A;
2 — at disconnection of one circuit (effective value of the current
of the second circuit is 390 A);

3 — line of the normative level of magnetic flux density of 0.5 uT
Fig. 12. Magnetic flux density of the 110 kV overhead
transmission line ChTPP — Chernihiv-330» on the facade of
a multi-storey building at the predicted increase in electrical
loads

Figures 13, 14 show the results of the corresponding
calculations under the condition of the mirror
arrangement of the phases of the two circuits of the
transmission line in comparison with the usual variant of
their arrangement.
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1 — for the typical arrangement of the phases of two circuits;
2 — for the mirror arrangement of the phases of two circles;

3 — line of the normative level of magnetic flux density of 0.5 pT

Fig. 13. Magnetic flux density of the 110 kV overhead
transmission line «ChTPP — Chernihiv-330» on the facade of a
multi-storey building with typical and the mirror arrangement of
the phases of the circuits (effective value in the phases of both
circuits is 150 A)
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1 — for the typical arrangement of the phases of two circuits;
2 — for the mirror arrangement of the phases of two circles;

3 — line of the normative level of magnetic flux density of 0.5 pT
Fig. 14. Magnetic flux density of the 110 kV overhead
transmission line «ChTPP — Chernihiv-330» on the facade of a
multi-storey building with typical and the mirror arrangement of
the phases of the circuits (effective value in the phases of both
circuits is 195 A)

The location of the phases in the mirror symmetry
allows to effectively reduce the magnetic field on the
facade of a residential building. For phase currents of both
circuits equal to 150 A, the excess of the normative value
of the magnetic flux density is absent at all points, and for
the perspective current of 195 A there will be a slight
excess. Obviously, with a further increase in phase current
(above 195 A), the vector compensation will no longer be
sufficient and other methods of reducing magnetic flux
density, such as shielding, will need to be used.

If we do not apply vector compensation, it is
obvious that it is necessary to determine the safe distance
from the axis of the transmission line to the facades of
multi-storey residential buildings, which will be greater
than 20 m. The results of the corresponding calculation
are shown in Fig. 15. It is assumed that the facade of a
multi-storey building can be located at a distance of 20 m
to 40 m, and the value of the magnetic flux density is
calculated for a point at a height of 11.3 m, as the graphs
in Fig. 11, 12 show that it is at this height that the
magnetic flux density reaches its maximum value.

B, uT
1.6

1.4

20 22 24 26 28 a0 32 34 36 38 40 dm
1 — at the effective value of the current in the phases of both
circuits of 150 A;

2 — at disconnection of one circuit (effective value of the current
of the second circuit is 300 A);
3 — at the effective value of the current in the phases of both
circuits of 195 A;
4 — at disconnection of one circuit (effective value of the current
of the second circuit is 390 A);
5 — line of the normative level of magnetic flux density of 0.5 uT

Fig. 15. Magnetic flux density of the 110 kV overhead
transmission line «ChTPP — Chernihiv-330» at a height

of 11.3 m when changing distance from the axis of the
transmission line to the facade of a multi-storey building

Thus, without the use of vector compensation, the
facade of a residential building must be located from the
axis of the transmission line at a distance of 29 m at the
same current in the phases of both circuits of 150 A.
When single-circuit transmission lines operation with
current of 300 A (or two-circuit operation with promising
load of 195 A in the phases of both circuits), the safe
distance should be 33 m, it is obvious that this distance is
appropriate in the current situation. Provided that only
one circuit with phase current of 195 A will operate, the
corresponding distance should be 37 m.

The section of the transmission line «ChTPP —
Chernihiv-330», built on supports of the PB110-2 type,
runs mainly along the private sector of the city, and in
some places the supports are actually located in the yards
of private houses or close to the fence.

The results of the calculation of magnetic flux
density in such a section at the level of 1.8 m in the
direction perpendicular to the transmission line route are
shown in Fig. 16.

B, uT T Protection zone of the transmission line
61 +
5!
4|
] |
30 -25 20 -15 -10 -5 0 5 10 15 20 25 30 X.m
1 — at the effective value of the current in the phases of both

circuits of 150 A;
2 — at disconnection of one circuit (effective value of the current
of the second circuit is 300 A);

3 — line of the normative level of magnetic flux density of 0.5 uT
Fig. 16. Distribution of the magnetic flux density of the 110 kV
overhead transmission line «ChTPP — Chernihiv-330» at the
level of 1.8 m from the earth's surface for the section made on
the PB110-2 type supports

Residential houses in this section of the transmission
line are located at a distance of 6-10 m from its axis of
symmetry, it is obvious that the field at such points can
exceed the normative value by 6-8 times. At the boundary
of the protection zone of the transmission line (£23.5 m
from the beginning of the coordinate system in Fig. 16)
under uniform load of both circuits, the magnetic flux
density corresponds to the normative value, in single-
circuit mode it is 0.6 puT, and the point with safe magnetic
flux density value in this mode corresponds to the
coordinate x = 26 m. It should also be noted that all
houses have attics, and some of them are generally two-
story, respectively, the magnetic flux density in such
premises will be even greater. It is obvious that the
location of buildings within the protection zone of this
section of the transmission line is unacceptable.

Similar graphs for the current in phase of 195 A are
shown in Fig. 17.

In the two-circuit mode of operation with uniform
load on the border of the protection zone on the right side
there will be magnetic flux density of 0.65 uT, and in the
operation in the single-circuit mode — 0.8 uT. The safe

60 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.6



value of the magnetic flux density is observed at a
distance of 27 m and 30 m, respectively.

B, uT 4

Protection zone of the transmission line

e

30 Xom
1 — at the effective value of the current in the phases of both
circuits of 195 A;

2 — at disconnection of one circuit (effective value of the current
of the second circuit is 390 A);

3 — line of the normative level of magnetic flux density of 0.5 pT
Fig. 17. Distribution of the magnetic flux density of the 110 kV
overhead transmission line «ChTPP — Chernihiv-330» for the
section made on the PB110-2 type supports at the predicted
increase in electrical loads

30 25 20 -15 -0 -5 0 5 I0 15 20 25

The use of vector compensation in this case will also
achieve a significant improvement in the situation, as seen
in Fig. 18, 19.
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1 — for the typical arrangement of the phases of two circuits;
2 — for the mirror arrangement of the phases of two circles;

3 — line of the normative level of magnetic flux density of 0.5 pT

Fig. 18. Distribution of the magnetic flux density of the 110 kV
overhead transmission line «ChTPP — Chernihiv-330» at the
level of 1.8 m from the earth's surface along the «x» coordinate
for the section made on supports type PB110-2, with typical and
the mirror arrangement of the phases of the circuits (effective
value of the current in the phases of both circuits is 150 A)

B.uT#* Protection zone of the transmission line
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1 — for the typical arrangement of the phases of two circuits;

2 — for the mirror arrangement of the phases of two circles;

3 — line of the normative level of magnetic flux density of 0.5 pT

Fig. 19. Distribution of the magnetic flux density of the 110 kV
overhead transmission line «ChTPP — Chernihiv-330» at the
level of 1.8 m from the earth's surface along the «x» coordinate
for the section made on supports type PB110-2, with typical and
the mirror arrangement of the phases of the circuits (effective
value of the current in the phases of both circuits is 195 A)

For the case shown in Fig. 15, the safe value of the
magnetic flux density of 0.5 puT is already at a distance of
12 m from the centerline of the transmission line route, at
the boundary of the protection zone the magnetic flux
density is 0.1 uT. It should also be noted that for the
section made on the supports PB110-2, the mirror
arrangement of the phases of the circuits allows to
significantly reduce the magnetic flux density at all points
in space at the level of 1.8 m, including directly below the
transmission line route.

Figure 19 shows that at currents in the phases of
each circuit of 195 A changing the location of the phases
of different circuits in mirror symmetry (vector
compensation) also allows to effectively reduce the
magnetic field of the transmission line, the magnetic flux
density reaches a safe value at a distance of 13.8 m from
the center the transmission line rote, and at the boundary
of the protection zone is 0.13 uT.

The results of the calculation of the magnetic flux
density at the currents obtained in JSC
«Chernihivoblenergo» were checked using the device
TM-192 of the TENMARS Company, which is designed
to measure the magnetic flux density of power frequency
in the range of 0.01-200 pT. The measurement results
confirm the correctness of the calculations.

Conclusions.

In this work the magnetic field of the two-circuit 110 kV
overhead transmission line «ChTPP — Chernihiv-330»
passing through the residential area in different modes of
its operation (single-circuit and two-circuit) under current
and perspective load is considered and the ways of its
reduction to the safe level are investigated.

It is shown that the level of the magnetic flux
density of the two-circuit 110 kV transmission line
«ChTPP — Chernihiv-330» at existing and prospective
loads (current of one phase of each circuit of 150 A and
195 A, respectively, or of 300 A and 390 A when
operating in single-circuit mode) can exceed the
normative level of 0.5 pT at the boundary of the
protection zone up to twice, and a particularly significant
level of the magnetic flux density will be observed during
the operation of the transmission line in single-circuit
mode at prospective load.

It is determined that safe living of the population
along the route of this two-circuit transmission line is
achieved if the facades of residential buildings are at least
33 m away from the axis of the transmission line for
multi-storey buildings and at least 27 m for single-storey
buildings.

When working in two-circuit mode in case of
exceeding the normative level of the magnetic flux
density, it is recommended to use the method of vector
compensation [10], which is realized by the mirror
location of the wires of different circuits of the
transmission line. It is shown that this method allows to
effectively reduce the level of the magnetic field of the
given transmission line outside its route and, in particular,
at the boundary of the protection zone.

Further reduction of the negative impact of the
magnetic field on the population in the conditions of
increasing electric loads can be achieved by limiting the
operating time of two-circuit transmission lines in single-
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circuit mode, characterized by increased magnetic field
from the operating circuit, and the use of magnetic field
shielding.
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AMELIORATE DIRECT POWER CONTROL OF STANDALONE WIND ENERGY
GENERATION SYSTEM BASED ON PERMANENT MAGNET SYNCHRONOUS
GENERATOR BY USING FUZZY LOGIC CONTROL

Purpose. Electricity is a basic energy for life and its consumption increased so we need the discovery of new sources of energy
such as wind energy .for this ameliorate the quality of generated wind energy by using the intelligent artificial control, this
control is made to optimize the performance of three-phase PWM rectifier working. Methodology. These strategies are based on
the direct control of the instantaneous power, namely: the control direct power control (DPC) with classic PI regulator and direct
Ppower control with fuzzy logic regulator. The fuzzy characterized by its ability to deal with the imprecise, the uncertain has been
exploited to construct a fuzzy voltage regulator. The simulation of these methods was implemented using Matlab/Simulink.
Results. A comparison with the results obtained by the classic PI showed the improvement in dynamic performance. This makes
the fuzzy controller an acceptable choice for systems requiring quick, precise adjustments and less sensitive to outside
disturbances. Originality. The proposed this control strategy using for to obtain a performance adjustment of the DC bus voltage
and sinusoidal currents on the network side. Practical value. Fuzzy logic is proven to be effective in terms of reducing the
harmonic distortion rate of the currents absorbed, correct adjustment of the active and reactive power and DC voltage and unit
Ppower factor operation. References 26, tables 6, figures 15.

Key words: direct power control, fuzzy logic control, permanent magnet synchronous generator (PMSG), PWM technique,
wind energy system.

Mema. Enekmpoenepzin € 0CHO8HOI0 eHepicto 0N deumms, i i CRONCUBAHHA 30INbULYEMBCA, MOMY HAM HEOO0XIOHO 8IOKpUmMms
Hosux Oxicepen enepeii, makux AK enepeia eimpy. /lna noninuwienna AKOcmi enepeii 6impy, wi0 2eHepyEmMbcsa 3a 00NOMO20I0
YRPAGNIHHA HA OCHOBI WIMY4UHO20 IHMeENeKmy, maxKe YnpaeiiHHA HPU3HA4eHe O0aA onmumizayii npooykmuenocmi podomu
mpudpasnozo IHIIIM eunpamnaua. Memoodonocia. /lani cmpamezii 3acno8ani Ha RPAMOMY YRPAGAIHHI MUMMEBOI0 NOMYMCHICHIIO,
a came: npame ynpaeninua nomyxcuicmio 3 knacuunum Ill-pezynamopom i npame ynpasiinna ROMYMNCHICIIO PeyNAMOPOM 3
Heuimkoto nozikorw. Heuimkicme, ujo xapakmepuszyemuoca it 30amuicmio cnpagiamuca 3 Hemou4Hicmio, HegusHayenicmio, oyna
GUKOPUCMAHA 014 CMEOPEHHA HedimKoz20 pezynamopa nanpyzu. Moodentoeannsa yux memoodie oyno peanizoeano 3a 00NOM020i0
Matlab/Simulink. Ompumani pesynemamu. Ilopienanna 3 pesynomamamu, OMPUMAHUMU 3d 00nOMOz0t0 Kiacuunozo III-
pezcynamopa, noka3ano nouinuienna ounamiunux xapakmepucmux. Ile pooums newimkuilt Konmponaep RPUIHAMHUM 6UOOPOM
O cucmem, w0 GUMA2AIOMy WEUOKOI i MOYHOT HACMPOUKU | MeHW YYmAUGUX 00 306HIWIHIX nepeuwikod. Opuzinanvhicme.
3anpononoeano cmpamezito ynpagninns, w0 UKOPUCHOBYE Ol OMPUMAHHA PezyNI06aAHHA NPOOYKMUGHOCHI HANPY2U WIUHU
nocmiitnozo cmpymy i cuHycoioanvui cmpymu Ha cmopoui mepexci. Ilpakmuuna yinnicms. /losedeno, wio neuimka n0zika
epekmuena 3 MoOUKU 30pY 3HUINCEHHA Koepiyienma 2apMOHIAHUX CHOMEOPEHb NOZIUHAIOMBCA CIMPYMI8, KOPEKHIHO20
Pezynioeanna aKmueHoi i peakmugHoi nomyxycHocmi i nocmiiinol Hanpyzu, a makoxc Koegiuicnma nomyxcnocmi poéomu
onoky. bion. 26, Tabu. 6, puc. 15.

Knrouogi crosa: npsime ynpaBJliHHSA NMOTYKHICTIO, YIPAaBJIiHHSA 3 HEYiTKOI0 JIOTiK0I0, CHHXPOHHUH reHepaTop 3 MOCTiiiHUMH
marditamu, merox LIIIIM, BiTpoeHepreTuuHa cucrema.

Introduction. The readily available renewable 1980s. Now multi-megawatt wind turbines are widely
energy especially the abundant resources of solar energy installed even up to 6-8 MW [3] (Fig. 1).
and wind energy have led to a steady growth of interest
concerning distributed generation units. As the adoption 800 760
of system into the smart power grid is seen a tendency of 700 - Wor'dwmfa‘?;dﬁg}f:; Sy
becoming a new paradigm to sustainable energy, the 800
integration of power converters to take control of the — 500

smart grid operation become one of the main research 400

areas that require immense attention. The three phase grid 300 . - —

. 7
connected voltage source converter which features — 200 —
Bidirectional power flow, nearly sinusoidal input currents, 1% . ! i i l l I I
COHtrOllable power faCtor’ and hlgh quallty DC output g .':;-Q ?CT)O ?CE“ ?ﬂ-D? I?UDZ% 2004 2005 2008 é‘:(-? 2008 ).C'UQ 2010 2011 EUlé e éUQU
voltage have made it an increasingly important proportion ©
in renewable energy system [1]. Fig. 1. Global cumulative installed wind power capacity

There are three type of renewable energy: from 1999 to 2020 [3]

e mechanical energy (wind energy);
e clectric energy (photovoltaic panels);
e cnergy in the form of heat (geothermal, solar [2]).
Wind energy, is one of the available non-conventional
energy sources, which is clean and an infinite natural
resource. Wind power is still the most promising renewable
energy in the year of 2013. The wind turbine system

Wind energy based power system operation is
challenging under fluctuating nature of wind speeds and
variable load conditions, particularly when the operation
mode of the hybrid wind power system is stand alone.
The changing wind speeds causes fluctuations in wind-
turbine generator, which causes fluctuations in load

T tart ith a few tens of kilowatt r in th
(W S) started w a lew fens o owatt powe ¢ © R. Lebied, R. Lalalou, H. Benalla, K. Nebti, I. Boukhechem
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voltage and frequency in the stand-alone wind-energy
system. Variable speed wind-turbine systems are more
advantageous when compared with the fixed speed wind
turbine systems. They generate maximum amount of
power and gives less mechanical stress, higher power
quality and efficiency than fixed speed wind-turbine
systems [4, 5]. Standalone wind energy conversion
systems are electric energy alternative sources for isolated
area. They usually supplies air conditioning mechanical
loads, ventilation and water pumps [6]. Various control
strategies have been proposed in recent works on this type
of PWM rectifier. It can be classified for its use of current
rent loop controllers or active/reactive power controllers.
The well-known method of indirect active and reactive
power control is based on current vector orientation with
respect to the line voltage vector. It is called voltage
oriented control (VOC) [7]. VOC guarantees high
dynamics and static performance via internal current
control loops. However, the final configuration and
performance of the VOC system largely depends on the
quality of the applied current control strategy. Over the
last few years, an interesting emerging control technique
has been direct power control (DPC), developed
analogously with the well-known direct torque control
(DTC) used for adjustable speed drives [8].Therefore, the
wind generating system is found to be of a great potential
as a very attractive supply option for industrial and
domestic applications. Several electrical generators can be
used to perform the electromechanical energy conversion.
Permanent magnet synchronous generator (PMSG) offer
significant advantages over conventional synchronous
generators as a source of isolated supply. Brushless,
absence of a separate DC source, and maintenance free
are among the advantages. However the variable natural
of wind and the fluctuation of load profiles lead to
fluctuating torque of the wind turbine generator. This
causes variation in the output voltage and frequency [9].
The relay control can be performed by selecting an
optimum switching state of the converter, so that the
active and reactive power errors can be restricted in
appropriate hysteresis bands, which is possible by using a
switching table and several hysteresis comparators. The
latter is based on a calculation of the voltages for each
switching state of the converter by detecting the line
currents, and the calculation is performed by utilizing the
active and reactive power as intermediate variables. Since
this method deals with instantaneous variables in
obtaining the voltages, it is possible to estimate not only a
fundamental component [10]. Fuzzy logic control has
found many applications in the past two decades. This is
so largely increasing because fuzzy logic control has the
capability to control nonlinear uncertain systems even in
the case where no mathematical model is available for the
control system [11]. This paper proposes a novel DPC for
a three phase PWM rectifier, which makes it possible to
achieve unity power factor operation by directly
controlling its instantaneous active and reactive power
without any power-source voltage sensors. In this
situation, the DPC based on fuzzy logic control is used
instead of DPC. This control technique greatly lowers the

fluctuations of the active and reactive power and the
harmonic distortion rate THD [12].

This paper is organized into the following sections:

e Section I describes about the stand-alone wind
energy system configuration with PMSG modeling;

e Section II represented different control strategies;

e Section III discusses about the simulation results;

e Conclusions.

Section 1. Stand-alone wind energy supply
system. The system consists of the following components
(parameters are presented in Appendix in Tables A.l1 —
A3):

e wind turbine;

e PMSG which is directly driven by the wind turbine
without using a gearbox;

¢ uncontrolled rectifier PWM.

Profile wind turbine model. The first step
necessary for a wind production project is the
geographical choice of the site. The properties of wind are
interesting for the study of the whole wind energy
conversion system, since its power, under ideal
conditions, is proportional to the cube of the wind speed.
To know the characteristics of a site, it is essential to have
measurements of the wind speed and its direction, over a
long period of time. It is modeled by an addition of a
number of harmonics and the wind speed variation is
according to the following equation [13, 14]:

V =6.5+(0.2sin(0.1074¢) + 25in(0.2665¢) + sin(1.2930¢) +
+0.25in(3.66451)).

Turbine modeling. The turbine is a device used to
convert wind energy into mechanical energy. The

mechanical power P of wind turbine extracted from the
wind can be expressed as follows [15]

(M

P=CpP, = %CppﬂR2V3 : )

where Cp is the power coefficient which is a function of
the pitch angle of rotor blades € [deg] and of the tip-speed
ratio A; P, is the dynamic force; p [kg/m’] is the air
density; R [m] is the blade turbine radius; V' [m/s] is the
wind speed.

The dynamic force accessible:

1 3 1
By ZPSV 5P
The tip-speed ratio A is defined as
QR
A o “)
where Q is the angular mechanical speed of the turbine
rotor.

Modeling of PMSG. AC machines are generally
modeled by non-linear equations (differential equation).
This non-linearity is due to the inductances and
coefficients of the dynamic equations which depend on
the rotor position and time. A three phase — two phase
transformation necessary to simplify the model (reduce
the number of equations). In the PMSG, the rotor
excitation is supposed constant. The electrical equation
represented by [16, 17]:

RV 3)

d
Vd = _Rsld _Ld E]d +a)qu1q 5 (5)
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d
Vy :_Rslq_LqE[q —oLyly+w.0f ., (6)
where V,; and V, are the components of stator voltage;
R, is the stator resistance; L, and L, are the components of
stator inductances; I, and /, are the components of stator
current; ¢ is the permanent magnet flux; o, is the electric
pulsation; 7, is the pole pair number.
The electrical rotation speed is given by:
We =1y, W, (7

where 7, is the pole pair number; w is the mechanical
speed.
The electromagnetic torque 7, represented by:
3
Te:E-npwpf-Iq. ()
The equations for active power P and reactive power
Q are provided by:

3
P:E(Vd'ld—Vq‘[q); (9)

Q=%(Vq gVl (10)

Uncontrolled rectifier PWM. The wind generator,
which is based on a variable speed turbine and a PMSG,
is connected to a DC bus by through a PWM power
converter [18]. Since we have three phase line voltage and
the fundamental line currents in:

U,=E,cosat; an
U, =E,, cos(a)t+27”); (12)
2r
U.=E, cos(a)t—T); (13)
i, =1, cos(wt+¢); (14)
2

ip =1, cos(a)t+7ﬂ+¢)); (15)

. 2w
i.=1, cos(a)t—T+¢)) s (16)

where E,, I, are the amplitudes of the phase voltage and
current respectively; w is angular frequency; ¢ is the
phase shift.

Line to line input voltages of PWM rectifier can be
described as:

Usa =(Sa_sb)'udc; (17)
Ugp = (s =5¢)-ttge (18)
Usm (sc_sa)'udca (19)
and phase voltages equations give by:
Ugg = 254~ (;b * SC) Ude s (20)
Uy = 2o ) @
g —
U = w g )

where s, 5, and s, are the switching states of the rectifier
and uy, is voltage rectifier.

Section II. Generalized strategies control.

DPC of PMSG. The objective of the proposed
command is to control the DC voltage at the input of the

inverter u,.. From the desired value of the DC voltage, it

is possible to express that of the reference power by:
Pref =Uge lge

where i, is the rectifier output current.

The principle of DPC and it was later developed for
several applications. The aim was to eliminate the
modulation block and the internal loops by replacing them
with a switching table whose inputs are the errors
between the reference values and the measurements.
Then, a similar technique was proposed for a rectifier
control application (generator in our case). In this case,
the quantities controlled are the instantaneous active and
reactive powers, use this quantity as control variables and
which does not need to use modulation blocks because
the switching because the switching states are chosen
directly by a switching table .

Figure 2 gives the DPC structure adopted for the
application studied.

Recrifier

(23)

Qrey=10

Fig. 2. Diagram of DPC for the PMSG

Estimated instantaneous power. The instantaneous
active power is defined by the dot product between the
currents and the line voltages. Whereas, the reactive power
is defined by the vector product between them [19, 20]:

S=UxI=P+jQ; (24)

S . . | .
S=Ua.la+Ub'lb+Uc'lc+Jﬁ[(Ub_UC)l(l+ (25)
+ (UC _Ua)ib + (Ua - Ub)ic],
where U is instantaneous source voltage; [: is line
instantaneous current; L is the line inductance

1 di, . d;. . L
Q:E[?’L(T:lc+ﬁla)_udc(Sa(lb_lc)+

(26)
+Sb(ic_ia)+Sc(ia_ib))];
di, . diy . di, . . , .
P= L(sza +7fzb +7;zc) + g (Syiy + Spip +S,0.). (27)

The first parts of the two expressions represented
above present the power in the line inductors, noting here
that the internal resistances of these inductors are
negligible because the active power dissipated in these
resistors is in fact much lower compared to the power
involved. Other parts represent the power in the converter.

Voltage estimation. The line voltage working area
is required to determine the switching orders. In addition
it is important to estimate the line voltage correctly, even
with the existence of harmonics, its gives a high power
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factor. The following expression gives the line currents i,
ip, i in the stationary coordinates o — S

-1,
Iy 211 2 2 “
== i | (28)
Lﬂ} \/;0 ﬁ __\/g l'b
2 2 e

We can write the expressions of the active and
reactive powers as follows [21]:

P =V (abe) Uabe) =Vala +Vpip (29)

Q:K(abc)Ai(abC):V_aiﬁ_V_ﬂig' (30)

The matrix writing of the expressions (29) and (30) is:

o)

The matrix equation (31) can be rewritten,
depending on the line current (measured) and the power
(estimated), as follows:

Va _ 1 ia _lﬁ |:P:|
V| iL+ilglip o O]

Concordia's inverse transform of line voltages is
written [22]:

1)

(32)

1 0
Va ) -t ﬁ v
Yy =\E 2 2 {V“} (33)
A B EERER S

2

Hysteresis controller. The main idea behind the
DPC method is to maintain the instantaneous active and
reactive powers within a desired band. DPC consists of
two hysteresis comparators whose inputs are the errors
between the reference and estimated values of the active
and reactive powers, respectively.

AP =B, — P;
AQ =0,.p=0.

The hysteresis comparators provide two logic
outputs dp and dyp. The state «1» corresponds to an
increase in the controlled variable (P and Q), while «0»
corresponds to a decrease

ifAP2h,=d,=1
IfAP < —hp = dp =0;
ifAQ2hg =dp=1;
fAQ <—hg = dgp =0,

(33)

(35)

where /1p and /1 denote the hysteresis bands [21].
Switching table. The digital error signals Sp and Sy
and the working sector are the inputs of the switching
table where the switching states S,, S, and S, the PWM
rectifier are stored. By using the table, the optimum
switching state Of the converter can be chosen at each
switching state according to the combination of the digital
signals Sp and Sy sector number, that is to say, that the
choice of the optimum switching state is made so that the
error of the active power can be restricted in a hysteresis

band of width 2H_p, and likewise for the error of reactive
power, with a band of width [22].
The sectors can be numerically expressed as:

(n-2)2<0, <(n-12), (36)
6 6
wheren=1,2, ... ,12.

By using several comparators, it is possible to
specify the sector where the voltage vector exists. The
digitized error signals Sp and Sy digitized voltage phase
are ¢, input to the switching table in which every
switching state of the converter is stored, as shown in
Table 1. By using this switching table, the optimum
switching state S,, S, and S, of the converter can be
selected uniquely in every specific moment according to
the combination of the digitized input signals (Fig. 3).
The selection of the optimum switching state is performed
so that the power errors can be restricted within the
hysteresis bands [23].

Table 1
Possible switching table
S | So | 6] 6|6 | o6 05 06
0 0 Ve Vi V] V) V) V3
1 Vi V) V V3 V3 V4
1 0 Vs Ve Ve Vi A4 V2
1 V3 V4 V4 Vs Vs V6
SP SQ 97 98 09 010 011 912
0 0 V3 V4 vy Vs Vs Ve
1 V4 Vs Vs Ve Ve V]
1 0 Vo V3 V3 V4 V4 Vs
1 Ve Vi Vi Vo V) V3
f axis
&6
& . ' &
W BUROTPOOORIN /. B¢ . v .1
d ., B

) G | o 2002
10 {6 -

Fig. 3. The vector piane divided into 12 sectors

External voltage regulation loop. The external
regulation loop maintains a load assimilated to a
resistance R. The impedance thus formed is charged by
the current i, from the PWM rectifier. The current iy is
the current from the PWM rectifier (Fig. 4). The product
of the reference DC with the DC voltage gives the active
power of reference. Capacitance voltage DC at a
reference voltage is u4..r . The capacity C is in parallel
with load (resistance).

udcl_

— PI
Udcref

i dcref

— > —

P ref

Fig. 4. DC voltage regulation
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Fuzzy logic control for DPC. Improving the quality
of the currents absorbed by the PWM rectifier and
maintaining of the DC voltage at the output around the of
the DC voltage at the output around the reference requires
voltage regulation and fast and robust currents[24]. For
this reason presents a DPC operating with a fuzzy logic
controller which replaces voltage in conventional
commands. Figure 5 gives the block diagram of the
proposed fuzzy logic controller for DPC of three-phase
PWM rectifier.

Ractifier

WAL ) s Lt)
L I i | &
2 2 u 1
n ;
1] | : !L; [ R1 ‘ |
T 55| 1
- SWTTG || Estimatedinstantancous | TEANSFARMATON

OF CONCORDIA

cn | — e i l l 5
(5a55.50) ESTIMATE OF LINE
y VOLTAGE

Fig. 5.The block diagram e block diagram of fuzzy logic
controller for DPC of three-phase PWM rectifier

Qpep =0

The configuration of the voltage loop is illustrated in

Fig. 6, it is composed of [25]:

e normalization factors relate to the error (e) and the
variation of the command (Ae);

e a block of fuzzyfication of the error and its variation;

e rule of inference. The control strategy is presented
by an inference matrix presented in table;

e a defuzzification block used to convert the fuzzy
control variation into a digital value.

ﬂ“‘"’f seeesccsscccscccssncnsnncssncnnne P"'l'f
"\ -
sl ')\f:) :Tm"ﬂr-ﬂo- Rule of inference | Deffuzsvfication E—-
— dl.-__; .
P L L L L L LT LT T PR PP PP PP
u Fuzzy logic controller
de

Fig. 6. Diagram of the proposed fuzzy logic controller for DPC

Fuzzyfication. This step deals with the
transformation of numeric values to inputs into fuzzy
values or linguistic variables. The input variables which
are the velocity error and its variation are subjected to a
fuzzification operation and therefore converted to fuzzy
sets. The normalized universe of speech of each variable
of the regulator (the error, its variation and the variation
of wvariation and the variation of the command) is
subdivided into seven fuzzy sets; these are characterized
by the following standard designations:

e large negative noted LN;

e average negative noted AN;
e small negative noted SN;

e about zero noted AZ;

e positive small noted PS;
e average positive noted AP;
e large positive noted LP.

For the membership functions we chose for each
variable the triangular and trapezoidal shapes.

Inference rules. The rule base represents the control
strategy and desired goal through linguistic control rules.
It makes it possible to determine the decision or action at
the output of the fuzzy controller and to express
qualitatively the relationship that exists between the input
variables and the output variable. From the study of the
behavior of the system, we can establish the control rules,
which connect the output with the inputs. As we
mentioned, each of the two linguistic inputs of the fuzzy
controller has seven fuzzy sets.

Fuzzy rules table (Table 2) showing change in
control output [26].

Table 2
Fuzzy rules table

LN AN SN AZ PS AP LP
Ae

LN LN LN LN LN AN SN | AZ
AN LN LN LN AN SN AZ | PS
SN LN LN AN SN AZ PS | AP
AZ LN AN SN AZ PS AP | LP
PS AN SN AZ PS AP LP Lp
AP SN AZ PS AP LP LP LP
LP AZ PS AP LP LpP LP LP

The logic for determining this matrix of rules is
based on a global or qualitative knowledge of the
functioning of the system. As an example, consider the
following two rules:

e ifeis LP and Ae is LP then Au is LP;
e if eis AZ and Ae is AZ then Au is AZ.

They indicate that if the speed is too small compared
to its reference (e is LP and Ae is LP), then a large torque
demand (Au is PG) is needed (to bring the speed back to
its reference). And if the speed meets its reference and
settles (e is AZ and Ae is AZ) then keep the same torque
(Au is EZ).

Deffuzzyfication. When the fuzzy output is
calculated, it must be transformed into a numeric value.
There are several methods to achieve this transformation.
The most used is the center of gravity method, which we
have adopted in our work. The abscissa of the center of
gravity corresponding to the output of the regulator is
given by:

~ Ix}/(x)dx
- [roax

Section III. Discusses about the simulation results
and discussion. Simulations and results of DPC are
presented in Fig. 7-15. We present the wind turbine
profile (Fig. 7); the stator voltages of PMSG (Fig. 8); the
stator voltage and current of PMSG (Fig. 9); the rectified

(37
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voltage DPC (Fig. 10); the active (Fig. 11) and reactive
Fig. 12) power for classic DPC and fuzzy DPC technique
(Fig. 13-15).
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Fig. 7. The profile wind turbine
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Fig. 10. The rectified voltage DPC
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Simulations and results of Fuzzy logic control for
DPC.
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Fig. 13. Rectified voltage DPC fuzzy logic
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Fig. 14. The active power DPC fuzzy logic
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Fig. 15. The reactive power DPC fuzzy logic

During the transient response (Fig. 10) shows that
there is an overshooting in the rectifier output voltage
caused by PI parameters choice and the signal produced
by the start of the PMSG, but at (t=0.3 to 2.5 s), note that
the direct voltage reaches its reference value (230 V) and
(280 V), but for fuzzy logic the direct voltage reaches its
reference value from (¢ =0 to 0.025 s) (Fig. 13), and the
instantaneous powers (P, Q) followed by the reference
power (P =550 W) and (P =850 W) in the Fig. 11, and
(¢ = 0 vAR) with a considerable presence of oscillations
around the reference (Fig. 12), but for the DPC by PI
regulator from (¢ = 0 to 0.3 s) the response very slow and
from (¢ = 2.5 to 2.8 s) it there is a disturbance produced by
the change of the reference voltage on the other hand
fuzzy logic DPC instantaneous powers (P, Q) followed by
the reference power from (¢ = 0.24 s) and response time
speed very and the absence of disturbance produced by
the change in the reference voltage (Fig. 14) and decrease
in oscillations around the reference (Fig. 15), the voltage
and current of the PMSG are in phase, and the line
currents are sinusoidal (Fig. 9).

The active and reactive power responses follow their
references perfectly, these results, show the superiority of
fuzzy regulator compared to the conventional PI. With
fuzzy regulators no overshoot is produced, fast response
in transient conditions and the static error is nearly zero.

THD comparative study. The objective of this
study is to show the contribution of each two methods
presented throughout this work. The two criteria taken
into account in evaluating the performance of these
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controls are: the rate of distortion of the network currents
(THD). Table 3 shows the THD values obtained in steady
state for the two control modes. All of these commands
give acceptable THD values of less than 5 %. We also
notice the superiority of fuzzy logic regulator over the
other control; in fact, it can reduce the THD to a low
value of approximately 1.87 %.

Table 3
THD values
Control Clas51%2£rgilélator PI Fuzzyfé?%(l;) g)mml
(ff?fgﬁz) 3.58 % 1.87 %
Conclusion.

The proposed control is simple, robust, not sensitive
to the parametric disturbance and variation of the system,
and with very good dynamic characteristics. For DPC
fuzzy the value of rectified voltage is 0.025 s and very
speed time response of disturbance produced by the
change in the reference voltage 0.01 s. It can be said that
the use of fixed PI regulators gives a robust control
system and an acceptable response 0.3 s, but the
conventional problems of the PI regulator such as the
response time and the robustness against external
disturbances have appeared, and to solve the problems
mentioned above we will use the fuzzy control to
establish a regulator robust.

The fuzzy logic adjustment
programmatic approaches, allowing
knowledge acquired by the operators.

Spectral analysis of line current shows that all low-
order harmonics are well attenuated which gives a THD
around to 3.6 %.

The fuzzy DPC simulation results obtained good
performance in steady state and transient conditions
especially for the case of current harmonic distortion rate
which is good for other techniques; it is able to reduce the
THD to a low value of around 1.87 % with better
convergence of active power (P =550 W and P =850 W),
however reactive power (¢ = 0 VAR) towards their
respective references.

gives a very
integrating the

APPENDIX
Table A.1
Wind turbine parameters
Parameter Symbol Value
Power P 7.5 kW
Radius R 3.24m
Inertia J 7.5 kgm®
Friction coefficient F 0.06 N-m-s/rad
Table A.2
PMSG parameters
Parameter Symbol Value
Direct stator inductance Ly 0.012 H
Stator quadrature inductance | L, 0.0211 H
Permanent magnet flux o 0.9 Wb
Stator resistance Rg 0.895Q
Inertia J  ]0.00141 kg-m®
Number of poles n, 3
Friction force F 0 N-m/rad-s

Table A.3
Rectifier parameters

Parameter Symbol Value
Line resistance R, 0.7Q
Line inductance L 0.01 H
Filtering capacity C 0.0033 F
DC voltage reference Uderer 230-280V
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