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V.F. Bolyukh, Yu.V. Kashansky, I.S. Schukin

FEATURESOF EXCITATION OF A LINEAR ELECTROMECHANICAL CONVERTER
OF INDUCTION TYPE FROM AN AC SOURCE

Purpose. The purpose of the article is to establish the basic laws of operation of induction-type linear electromechanical converter
(LEMC) during operation in high-speed and shock-power modes and excitation from an AC source of increased frequency.
Methodology. With the help of a mathematical model, the regularities of the course of processes in a LEMC, excited from an AC
source, were established when working with shock-power and high-speed modes. The solutions of the equations of the mathematical
model, which describe interrelated electrical, magnetic, mechanical and thermal processes, are presented in a recurrent form.
Results. It was found that when the LEMC operates in the shock-power mode, the maximum value of the current in the inductor
winding occurs in the first half-period, and in the inhibited armature winding in the second half-period. The electrodynamic force
changes at twice the frequency, taking on both positive and negative values. Since the positive values exceed the negative ones, the
magnitude of the impul se of the electrodynamic force increases with each period of the force. Depending on the initial voltage phase,
the relative change in the magnitude of the force impulse is 1.5 %. It was found that when the LEMC operates in high-speed mode,
the current in the inductor winding in the first half-period has the greatest value, but after several periods it takes on a steady state.
The temperature rise of the inductor winding increases with the time of connection to the AC source, and the temperature rise of the
armature winding has the nature of saturation. The electrodynamic force has an oscillatory character with strong damping and a
significant predominance of the positive component. Depending on the initial phase of the voltage, the relative change in the
maxi mum speed of the armature winding is 2.5 %. Originality. For the first time, a mathematical model of the LEMC, excited from
an AC source, was devel oped, the solutions of the equations of which describe the interrelated electrical, magnetic, mechanical and
thermal processes. For the first time, the regularities of the course of processesin LEMC were established when working with shock-
power and high-speed modes. Practical value. The characteristics of LEMC are obtained, which determine the efficiency of work in
shock-power and high-speed modes. It is shown that the initial voltage phase has no significant effect on the power, high-speed
thermal performance of the converter excited from an alternating current source. References 16, figures 5.

Key words: linear electromechanical induction-type converter, mathematical model, high-speed and shock-power operation
mode, alternating current sour ce, maximum speed, electrodynamic forceimpulse.

Pospobnena nanyrocoea mamemamuuna mooensb JNiHILIHO20 eEKMPOMEXAHIYHO20 Nepemeopiosaua IHOYKYiliHo20 muny npu
30y0acenti 8i0 Odcepena 3MIHHO20 CMPYMY, 8 AKIU PilleHHA DI6HAHb, WO ONUCYIOMb B3AEMONOS A3AHI eNeKMpUuyHi, MASHImMHI,
MexaHiuHi ma mennosi npoyecu, AKi npeocmasieni 6 peKypeHmuHomy euenadi. Bcmanoaneno, wo npu pobomi nepemsopiosaua 6
YOapHO-CUTIOBOMY DEICUMI eNIeKMPOOUHAMIYHA CUNA 3MIHIOEMbCA 3 NOOBIIHOI0 YACHOMOIO, NPUUMAIOYU AK NO3UMUGHI, MAK i
HezamueHi 3nadens. Tlo3umueni 3navenHs cunu nepesuWyioms He2amuGHi i 6eNUdUHa IMRYIbLCY eNeKmpoOUHAMIYHOT Cumu 3
KOJICHUM nepiodom nioguwgyemucs. B 3anexcHocmi 6i0 nouamxogoi ¢pasu Hanpyau 8i0HOCHA 3MIHA 8EIUYUHU IMIYIbCY CUTU CKIAOAE
1,5 %. Ilpu pobomi nepemeoprosaua 8 w8UOKICHOMY PEHCUMI MAKCUMATLHULL CIPYM 8 00Momyi IHOYKmMopa 6 nepuiuti nignepioo mae
Haubinbule 3HAYeHHs, ale Yepe3 OeKilbKa nepiodie npuiimae nocmiline 3Hauenus. B sanescnocmi 6i0 nouamxoeoi ¢asu manpyeu
BIOHOCHA 3MIHA MAKCUMATLHOT weuoKocmi oomomxu sxops ckraoae 2,5 %. bion. 16, puc. 5.

Knrouogi cnosa: NiHIiHUN eneKTpoMexaHiYHMII MepeTBOPIOBaY iHAYKHIHOro THIY, MaTeMAaTHYHA MOJe]b, IBUIKICHMI i
YAapHO-CHJIOBUI pesKHM pPo0OTH, JKepeio 3MIHHOT0 CTPYMY, MAaKCHMAJIbHA IBHAKICTh, iMIYJIbC eJIeKTPOAHMHAMIYHOI CHJIN.

Paspabomana yennas mamemamuyeckas MoOenb JUHEUHO20 dNEKMPOMEXAHUYECKO20 npeobpazoeameis UHOYKYUOHHO20 Muna npu
6030YHCOCHUU OM  UCMOYHUKA NEPEMEHHO20 MOKA, 6 KOMOPOU peuleHus YPAGHeHUll, ONucklearuue 63aumMoCesa3anHble
INeKmpu1ecKue, MAZHUNHbIE, MEXAHUYECKUE U MeNL08ble NPOYEeCcsl, NPEOCMABLeHbl 8 PEKYPPEHMHOM ude. YCmanoeieHo, Wmo npu
pabome npeobpazoseamens 8 YOAPHO-CULOBOM pedlCcUMe INEKMPOOUHAMUYECKAS CUNd USMEHAemcss ¢ YOBOEHHOU Hacmomoll,
NPUHUMAA  KAK — NONOJICUMENbHble, MAK U Ompuyamenvuvle 3HayeHus. Ilonoxcumenvuvle 3HAYEHUs CUbL  NPEBbLIUAION
ompuyamenvHvie U eIUYUHA UMNYALCA DNEKMPOOUHAMUYECKOU CUTBL € KANCOBIM NEPUOOOM yseruyusaemcs. B zasucumocmu om
HAYANbHOU  (Pa3bl HANPANCEHUS OMHOCUMETbHOE USMEHEHUe 6eudunbl umnyibea cunvl cocmasiiem 15 %. Ipu pabome
npeobpazoeamens 6 CKOPOCMHOM PedcuMe MAKCUMATbHBIL MOK 6 00MOMmKe UHOYKIOPA 8 Nepsbviil NOIYyNnepuoo umeem Hauboavulee
3HaYeHUe, HO Yepe3 HeCKONbKO Nepuodos8 npuHumaem NnOCMOSHHOe 3HaAueHue. B 3asucumocmu om HayanbHoOU (aszvl HANPAXCeHus
OMHOCUMENbHOE USMEHEHUe MAKCUMATbHOU CKOpocmu 0omomxu sixopsa cocmasnsem 2,5 %. bubn. 16, puc. 5.

Knrwouesvie crosa: JUHEHHBIH 3JIEKTPOMeXaHHYeCKMil npeodpa3oBaTejb MHAYKIHOHHOIO THIIA, MaTeMATHYeCKas MOJeb,
CKOPOCTHOH M Y/IapHO-CHJIOBOH pe:KMM PpadoThl, MCTOYHMK IIEPEMEHHOI0 TOKA, MAKCHMAJIbHAsl CKOPOCTb, HMILYJIbC
3JIEKTPOAUHAMHYECKOI CHJIBI.

Introduction. Linear electromechanical converters
(LEMCs) of induction type are used to accelerate the
actuation element to high speed in a short active section
and to create powerful force pulses on the object of
influence with a slight movement of the specified element
[1-4]. Such converters operate in  high-speed
(accelerating) and shock-power modes. They are used as
actuating elements of electromechanical accelerators and
shock-power devices[5-7].

In LEMC of induction type, a movable armature,
made in the form of a single- or multi-turn short-circuited
winding, inductively interacts with the stationary winding
of the inductor. In a converter of coaxial configuration,
the windings are made in the form of discs. The armature
winding is installed and moves axially relative to the
inductor winding. When the inductor winding is excited
from the power source, the current flowing in it through

© V.F. Bolyukh, Yu.V. Kashansky, I.S. Schukin
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the magnetic field induces a current in the armature
winding. The resulting el ectrodynamic forces between the
windings are transmitted to the actuation by means of the
movable armature winding.

The most common excitation of LEMC is from a
high-voltage capacitive energy storage [2, 8]. However,
this requires special high-voltage equipment and
appropriate winding design. In addition, such excitation
occurs over a relatively short period of time, which can
limit a number of performance and technical applications
of the converter.

At one time, other sources of excitation of LEMC of
the induction type were considered, for example,
inductive and of alternating current of increased
frequency [9]. In [10], an AC source was investigated for
an electromechanical accelerator of a cylindrical
configuration, in which the armature winding moves
coaxidly inside the inductor winding. The following
options were considered:

1) excitation from a source of increased frequency;

2) excitation from a source, the frequency of which
increases as the armature winding accelerates;

3)winding of the inductor winding with an increasing
step, which is excited from a source of constant
frequency.

Option No. 2 requires a special generator. Option
No. 3 is appropriate only for an accelerator, in which the
armature winding moves inside the inductor winding.
Option No. 1 was developed in [11], where an
electromechanical accelerator was described, in which the
armature winding was accelerated inside a row of axially
installed sections of the inductor winding. The sections of
the inductor winding, as the armature winding moved,
were sequentially connected to the sections of the AC
source, in each of which the frequency of the alternating
current was constant, but increased in relation to the
frequency of the previous section. Note that such an
excitation system is complex and requires a complex
switching system.

All studies of excitation sources concerned LEMC
operating in high-speed mode, in which the time of
effective interaction of the accelerated armature winding
with the inductor winding is insignificant. But when
operating in the shock-power mode, the indicated
interaction time can be significant, being limited by other
factors, for example, thermal one.

The goal of the paper is the establishment of the
basic laws of operation of induction-type LEMC when
operating in high-speed and shock-power modes and
excitation from an AC source of increased frequency.

LEMC mathematical model. Consider a
mathematical model of an induction-type LEMC in a
high-speed mode, in which the magnetic coupling
between the windings changes during the excitation of the
inductor winding. In this model, we use the lumped
parameters of the fixed inductor winding and the
accelerated armature winding [12]. To take into account
the interrelated electrical, magnetic, mechanical and
thermal processes, as well as a number of nonlinear
dependences, for example, resistance on temperature, the
solution of equations describing these processes will be
presented in arecurrent form [9, 13].

To caculate the indicators and time characteristics
of LEMC, we use a cyclic algorithm. For this, the
workflow is divided into a number of numerically small
time intervals At = .1 — ty, within which all quantities are
considered unchanged. On the k-th cycle, using the
parameters calculated at the time ty as initial values, the
parameters are calculated at the time ty.;.

To determine the currents over the time interval At,
we use linear equations with unchanged parameter values.
We choose a small value of the calculated step At so that
it does not have a significant effect on the calculation
results on a computer, while ensuring the required
accuracy.

Initial conditions of the mathematical model are:
TA(0) = Ty is the temperature of the n-th winding; i,(0) = 0
is the current of the n-th winding; h,(0) = hy is the
distance between the windings;, u(0) = Ugsiny, is the
voltage of the AC source; v,(0) = 0 is the speed of the
armature winding along the z axis.

Since the inductor and the armature are made in the
form of muilti-turn tightly wound windings, it is advisable
for them to use the concepts of inductances and mutual
inductance. The change in the spatia position of the
armature winding is taken into account by the change in
flux linkage ¥ between the windings [14]:

d¥, dip, . dM
@ M(2) pm +Vz(t)-ip prog D
where n = 1, 2 are the indices of the inductor and
armature windings, respectively; M(2) is the mutual
inductance between the windings; v, is the speed of
movement of the armature winding along the z axis; i, is
the current of the n-th winding.

In this case, the electrical processes in the LEMC

windings can be described by the system of equations:

o dy di, dM 1,
T)ip + L —=+ M5 (2) —= +iov, (t =u(t), (2
Ry (Ty)iq 14t 12()dt 2V (1) = ®.

dz
where u(t) = Upsin(at+yy,) is the power supply voltage;
R, L, T, ae the active resistance, inductance,

temperature and current of the n-th winding, respectively.
Let’sintroduce the notation:

R =Ri(T1); Ro = Ry(Ty);
M =M15(2) = M21(2); v, =V, (t);u=u(t).
We will find solutions for currents in the form:

_u —ﬂ;—zlwﬂexp(alt)wz explast) . (4)

) di di; .
RZ(T2)|2+L2d_'c2+ M21(Z)d—t1+'1Vz(t) =0, (3

i =—

R
ip = —ﬂLEH Porexplagt) + A &xplazt),  (5)
where a;, =055y 1+ {o.zsg2 P [Rle - ﬂzJ;[l}

are the roots of the characteristic equation for the free
component described by the differential equation

déi di
St c SRR, - 2 =0, ®)

dt?

dam 2
ﬂ=VzEZ s=LR+LR-2/M; y = |—1|-2(1—KM)i

x
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Ky =M (L3L,) ™0 is the magnetic coupling coefficient
between windings, Ajq, Aip, Ao, Ay are the arbitrary

constants determined at time t, for the free component of
currents equal to

aplpt R - utR iyt =

= ; 7
& (|05m—6¥| Jexp(eyty) | Y
amlia(ty) +ig(te) SR |-
Por = (am—a Jexplegt) ®
wherel =1,2, m=3-1;

[I]

1 {U(tk)+'1(tk)[ﬁ——R1]+
T Lh-x2 ) Lo
- R :
) 2B I
+'2(k)[ L, ﬂ}

1 . M M
Q= L K2 {'2(tk)[ﬁ|—__ Rz]—u('fk)L—Jr

1 1
+|1(tk)( ﬂjj

In the final form, the currentsin the LEMC windings
are described by the expressions:

1) =~ 2020 060 - Rish0) T bVt
dv J o explapAt) - o exp(ayAt) L ult)
a Ri(a-a) R €)

, explapht)- exp(alAt)){u(tk)Lz {vz(tk)M & RlLZ}

|—1|-2(0!2 a - K

X'l(tk)*{RZM =V, (t)L, ddM }lz(tk)}

- _ (v (ty) dM i1 (t)ve (t) dM
'2(tk+1)— — _— X

— |:I (te)+
R2 R2 dz
92 exp(aqAt)- oy exp(aZAt) explapAt) - exp(aAt)

LiLo(ap - e Ji- KM)

X{il(tk)[RlM _Vz(tk)l-l%\i}_u(tk)M +ig () x

d
X |:Vz(tk)M Thj— R2L1:|},

where u(ty) = Upsin(atitu); At = g — i
The value of the displacement of the armature

winding together with the actuation element relative to the
stationary inductor winding can be represented as a
recurrent relation [15]:

hy (tis1) = N () + V2 (L)AL + 8- At (mg + mp), (11)
where v, (1) =V, (t) + 9- At/(my + mp) is the speed of
the armature winding together with the actuation element;

9= 1,(2.1) — KV, (t) ~ 0125758 DEVE (1)
fZ (Z! t)

the axial electrodynamic force between the windings; m,
m, is the mass of the armature winding and the actuation
element, respectively; h, is the value of displacement of

- (20)

= il(tk)iz(tk)dd—M(z) is the instantaneous value of
z

the armature winding; Ky is the coefficient of dynamic
friction; 5, is the density of the medium of moving; g, is
the coefficient of aerodynamic resistance; D, is the outer
diameter of the actuation element.

When the LEMC operates in the shock-power mode,
there is a thermal contact between the windings through
an insulating pad. In this case, the temperature of the n-th
winding can be described by the recurrence relation [16]:

Toltes) =Ta(t)E + (- e 2R (T(DZ ~ D2+
+0,257TgDenH natn + Tm(tk)/la(T)dgl]x

aqHt
x{0,25707,DenHp +4a(T)dz |

(12)
L(o,zs%am +

ﬂa(T)J .
n)7n daHn

A(T), d, are the thermal conductivity and the thickness of
the pad, respectively; D¢, Dj, are the outer and inner
diameters of the n-th winding, respectively; o, ¢, are the
heat transfer coefficient and heat capacity of the n-th
winding, respectively.

When the LEMC operates in high-speed mode, the
temperature of the n-th winding can be described by the
recurrent relation:

|.T0 +47

Tt =Talti)zr + (@2

1112
xRy (Th)an DenHn (Den_Din }1

where & = exp{—

%2t ) x
(13)

where y = expf 0,25AtDgnar 1, cgl(Tn)ygl}.

When implementing equations (9) — (13) on a
computer, a cyclic agorithm is used, in which at each
numerically small calculation step, the values of the
currents i, temperatures T,, resistances R, (T,) of the
windings, the thermal conductivity of the pad 14(T), the
values of axial electrodynamic force f(z, t), speed v, and
displacement h, of the armature winding, mutual
inductance M(2) between the windings are sequentialy
calculated.

The main parameters of the LEMC. Consider a
LEMC of the induction type, in which the inductor
winding (n = 1) and the armature winding (n = 2) are made
in the form of disk coils. The windings are tightly wound
with 0.9 mm copper wire. The number of turns of the
inductor winding N; = 450 and the armature winding
N, = 180. The outer diameter of the windingsis Dg, = 100 mm,
their inner diameter is D;, = 10 mm. The axial height of
the inductor winding is H; = 10 mm, of the armature
winding is H, = 4 mm. The windings are made in the
form of massive disks by impregnation and subsequent
hardening of epoxy resin. The windings are installed
coaxialy so that the initial distance between them is
ho = 0.5 mm. The power supply is characterized by
frequency of 100 Hz and an amplitude of U,,= 300 V.

Consider the duration of the connection time of the
inductor winding to the source t = 50 ms. Let us estimate
the efficiency of the LEMC when operating in a high-
speed mode (mass of the actuation element m, = 0.25 kg)
by the value of the maximum speed V., and when
operating in the shock-power mode by the value of the

impulse of the electrodynamic force PZ:jfZ(z,t)dt
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(we assume that there is no displacement of the armature
winding) with minimal rise of the winding temperatures
Hn = Tn - To.

Consider the electrical and thermal characteristics of
the LEMC when the inductor winding is connected to an
AC source and there is no armature winding, assuming

wu =0 (Fig. 1).
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Fig. 1. Electrical and thermal characteristics of LEMC
in the absence of the armature winding

The maximum current density in the inductor
winding j; in the first half-period is 24 % higher than
during subsequent steady-state oscillations. After each
half-period of oscillations, an increase in the temperature
rise 6, is observed. By the end of the considered time
interval t = 50 ms, the temperature rise of the inductor
winding is #,=0.86 °C.

Excitation of LEMC in shock-power mode. Let us
consider the excitation of LEMC in the shock-power
mode with the armature winding inhibited. Due to the
induction effect of the inductor winding on the armature
winding, current with density j, flows in the latter
(Fig. 2,a).

The induced current in the armature winding has a
phase shift with respect to the current in the inductor
winding. Compared to operation in the absence of the
armature winding, the maximum current density in the
inductor winding j; increases by 6.7 %. In the first half-
period, the current density in the armature winding takes
the smallest negative value, but aready in the second
half-period, the largest positive value j, = 121.3 A/mm?
appears. The rise of the temperature of the inductor
winding 6, by the end of the considered time interval
increases by 18.5 % compared to the operation of the
LEMC in the absence of the armature winding. The
temperature rise of the armature winding is practically the
same as that of the inductor winding and is 8, = 1.03 °C.

Due to the phase shift between the winding currents,
the electrodynamic force changes with a doubled
frequency practically according to asinusoidal law, taking
both positive (repulsive) and negative (attractive) values
(Fig. 2,b).
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Fig. 2. Electrical, thermal (a) and power (b) characteristics
of LEMC when excited in shock-force mode
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Positive force values (currents in the windings have
opposite directions) are several times higher than negative
values (currents have the same directions). The maximum
value of the force of the first positive oscillation is
f, = 0.542 kN, dightly increasing in subsequent half
periods. The value of the first negative oscillation is
maximum and is 0.182 kN, subsequently decreasing by
67 %. Since positive oscillations of the force prevail in
magnitude over negative ones, the value of the impulse of
the electrodynamic force P, increases with each period of
the force f,, reaching the value P, = 10.98 N-s by the end
of the considered time interval. At positive values of the
force f,, the value of the impulse of the force P, increases,
and at negative values of the force, the value of P, has
characteristic decreases.

The initial phase of the voltage at the moment of
connecting the LEMC to the AC source can be in the
range y,€(0; 180°). The influence of the initial phase of
the voltage on the values of the temperature rises of the
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windings and the impulse of the electrodynamic force for
the considered time interval t = 50 msisshownin Fig. 3.
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Fig. 3. Dependence of thermal and power indicators of LEMC in
shock-power mode on theinitial voltage phase of the AC source

To assess the influence of the initial phase of the
source voltage, we use the relative change in the value of
the indicator «:

Ax = 2Kmax ~ Kmin ’
Kmax t Kmin
Where kmax, kmin are the maximum and minimum values of
the indicator «, respectively.

The minimum value of the value of the impulse of
the force P, for the considered converter occurs
approximately at y,=50°, and the maximum value — after
90°. The relative change in the value of the force impulse
isinsignificant and amountsto AP, = 1.5 %.

The temperature rise of the windings has an
extremum at the center of the considered interval . The
temperature rise of the inductor winding at w,=90° is
minimal, and of the armature winding is maximal. The
relative changes in thermal indicators are A9;=6.6 % and
AG,=2.8 %.

Excitation of LEMC in high-speed mode. The
high-speed mode of LEMC is characterized by the fact
that, under the action of an electrodynamic force, the
armature winding, together with the actuation element,
moves relative to the inductor winding, causing a
weakening of the magnetic coupling between the
windings (Fig. 4). In this mode of LEMC operation, the
current in the inductor winding has the following features
(Fig. 4,a). In the first half-period, the maximum current
density in the inductor winding has the highest value
j1 = 125.2 A/mm?, but after several periods it reaches a
steady-state value j; = 99 A/mm? (as when operating with
the missing armature winding). The induced current in the
armature winding has an oscillatory-damping character
with the highest maximum value in the second positive
half-cycle.

The indicated character of the flow of currents leads
to a significant change in the temperature rise in relation

to the shock-force mode of operation of the LEMC. The
rise of the temperature of the inductor winding by the end
of the considered time interval is 6,=0.88 °C and
increases from the moment of connection to the AC
source. The rise of the temperature of the armature
winding has the nature of saturation, reaching a
significantly lower value 6,=0.16 °C during the
considered time.
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Fig. 4. Electrical, thermal (a) and mechanical (b) characteristics
of LEMC when excited in high-speed mode

The mechanical characteristics of LEMC of
induction type in high-speed operation mode have the
following features (Fig. 4,b). The electrodynamic force f,
takes on an oscillatory character with fast decay and a
significant predominance of the positive component. The
largest value of the force f, = 0.4 kN is less than when the
LEMC operates in the shock-power mode. But the value
of the force impulse is even more significantly less,
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having P, = 1.25 N-s by the end of the considered time
interval.

The nature of the change in the speed of the
armature winding is influenced by both positive
(accelerating) and negative (braking) components of the
electrodynamic force. By the end of the considered
excitation interval, the speed reaches its maximum value
Vin=2.36 m/s.

The influence of the initial voltage phase on the
LEMC indicators is shown in Fig. 5. Compared with the
shock-power mode of operation of the LEMC in the range
w.€(0; 180°), there is no symmetry of the temperature
rise of the windings. The relative changes in thermal
indicators are Ag; = 8 %, A9, = 1.9 %. The maximum
armature winding speed takes place at approximately
wy = 90°. It dightly depends on the initial phase of the
voltage (the relative changeis AV, = 2.5 %).
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Fig. 5. Dependence of thermal and mechanical parameters

of LEMC in high-speed mode on the initial voltage phase
of the AC source

Based on the research carried out, the following
conclusion can be drawn. Excitation of LEMC of
induction type from an AC source makes it possible to
implement new technical applications. For example, when
the LEMC operates in the shock-power mode, it is
possible to multiply the time of the force action on the
actuating element in comparison with the excitation from
the capacitive energy storage. Such a long-term force
effect is necessary in presses with a large range of impact
energies, in drives of cold rolling mills, in vibrating
mixers, metering devices, pumps, in test complexes for
checking critical equipment for power loads, in magnetic-
pulse devices for pressing ceramic powders, in devices for
electrodynamic treatment of welded joints, etc. [9].

Conclusions.

1. A chain mathematical model of the LEMC with
excitation from an AC source has been developed, in
which the solutions of equations describing interrelated
electrical, magnetic, mechanical and thermal processes
are presented in arecurrent form.

2.1t is found that when the LEMC operates in the
shock-power mode, the maximum value of the current in

the inductor winding occurs in the first half-period, and in
the inhibited armature winding in the second half-period.
The electrodynamic force changes at twice the frequency,
taking on both positive and negative vaues. Since the
positive values exceed the negative ones, the value of the
impulse of the electrodynamic force increases with each
period of the force. Depending on the initia voltage
phase, the relative change in the value of the force
impulseis 1.5 %.

3.1t is established that when the LEMC operates in
high-speed mode, the current in the inductor winding in
the first half-period has the greatest value, but after
several periods it takes on a steady state. The temperature
rise of the inductor winding increases with the time of
connection to the AC source, and the temperature rise of
the armature winding has the nature of saturation. The
electrodynamic force has an oscillatory character with
strong damping and a significant predominance of the
positive component. Depending on the initial phase of the
voltage, the relative change in the maximum speed of the
armature winding is 2.5 %.
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V.V. Vasilevskij, M.O. Poliakov

REPRODUCING OF THE HUMIDITY CURVE OF POWER TRANSFORMERSOIL
USING ADAPTIVE NEURO-FUZZY SYSTEMS

Introduction. One of the parameters that determine the state of the insulation of power transformers is the degree of moisture
content of cellulose insulation and transformer oil. Modern systems of continuous monitoring of transformer equipment have
the ability to accumulate data that can be used to reproduce the dynamics of moisture content in insulation. The purpose of
the work is to reproduce the curve of the of humidity of transformer oil based on the results of measuring the temperature of
the upper and lower layers of oil without the need for direct measurement of moisture content by special devices.
Methodology. The construction of a fuzzy neural network is carried out using networks based on adaptive neuro-fuzzy system
ANFIS. The network generated using the Grid Partition algorithm without clustering and Subtractive Clustering. Results. The
paper presents a comparative analysis of fuzzy neural networks of various architectures in terms of increasing the accuracy of
reproducing the moisture content of transformer oil. For training and testing fuzzy neural networks, the results of continuous
monitoring of the temperature of the upper and lower layers of transformer oil during two months of operation used.
Considered twenty four variants of the architecture of ANFIS models, which differ in the membership functions, the number of
terms of each input quantity, and the number of training cycles. The results of using the constructed fuzzy neural networks for
reproducing the dynamics of moisture content of transformer oil during a month of operation of the transformer are
presented. The reproducing accuracy was assessed using the root mean square error and the coefficient of determination. The
test results indicate the sufficient adequacy of the proposed models. Consequently, the RMSE value for the network
constructed using Grid Partition method was 0.49, and for the network built using the Subtractive Clustering method —
0.40509. References 14, tables 2, figures 7.

Key words: power transformer, transformer oil, cellulose insulation, ANFIS, modeling.

Bcmyn. Oonum 3 napamempis, wjo 8usHauaromos cman i301ayii CUL08UX MPAHCHOPMAMOPI8, € CMYNiHb B01020CMI Yea0N03HOT
izonayii ma mpancgopmamopnozo macaa. Cyuacui cucmemu HenepepeHo20 KOHMPONIO MPAHCHOPMAMOPHO20 001aAOHANHSA
MAOMb MONCIUBICMb HAKONUYYBAMU OAHT, AKI MONCYMb OYMU BUKOPUCTNAHT 01 8I0MEOPIOSAHHA OUHAMIKYU 801020CMI 1304aYii
npu  3MiHeHHi meniogoeo  pedicumy —mpaucgopmamopa. Memow pobomu € giomeopenHs Kpugoi  8o1020cmi
MPAHCHOPMAMOPHO20 MACAA 3d Pe3VIbMAmamu GUMIPIOGAHHS MeMNepaAmypu BepXHIX [ HUNCHIX wapie macia 0Oe3
HeoOXIOHOCmI NpAMO20  BUMIPIOBAHHS B0A0208MIcmYy cheyianrbHumu npucmposmu. Memoodonozia. Ilobydosa wueuimkoi
HEUpOHHOT Mepedici 30iUCHIOEMbCS I3 GUKOPUCMAHHAM a0anmueHux Heupo-weuimkux cucmem 6usody ANFIS. I'enepysanns
mooeni euxonano 3a memooamu Grid Partition ma Subtractive Clustering. Pesyabmamu. Hasedeno nopiensnvnuii anaiiz
mooener ANFIS piznoi apximexmypu 3 mouku 30py nioSuweHHs MOYHOCMI GIOMEOPEHHS KPUBOi 6010208Micmy
MPAHCHOPMAMOPHO20 MACIA 3a PE3YTLbMAMAMU KOHMPOIIO MEeMRepamypu 020 8epxXHix ma HudcHix wapis. IIpu nasyanni ma
mecmyeanni mooeneti ANFIS esurxopucmosysanuce pesynomamu nenepepenozo KOHMPONIO MPAHCHOPMAMOPHO2O MACIA
npomsazom 060x micayie excnayamayii. Pozenawymo 0eadyame womupu eapianmu apximexmypu mooeneti ANFIS, saxi
BIOPI3HAIOMbCA QYHKYIAMU NPUHALEHCHOCTI, KITbKICMIO MepMie KOMCHOI 6XIOHOT GeIUYUHU A KibKICMIO YUKIi8 HABUAHHA.
Ilpeocmaeneni pesynomamu euxopucmarnus nobyoosanux moodenei ANFIS ona siomeopenns kpueoi oumamixu eonococmi
macia npomsieom micays excnayamayii mparcopmamopa. Tounicmv 6i0meopenHs Kpugoi 801020Cmi MAcia OYIHIOB8ALACD
WIAXOM PO3PAXYHKY KOPEHe8Oi cepeOHbOKe8aopamuuHoi noMuiku ma kKoegiyicuma demepminayii. Pesynemamu mecmysans
c8iouames npo 0OCMAmMHIO A0eK8AMHICMb 3aNPONOHOBAHUX MoOeell. 3Hauenns Kopenegoi cepeOHbOK8adpaAMmuyHOi NOMUIKU
ons modeni, nobydosanoi i3 euxopucmannusm memody Grid Partition, cmanosunro 0,49, a oasn modeni, nobyoosanoi 3
suxopucmannsim memody Subtractive Clustering — 0,40509. bi6un. 14, Ta6u. 2, puc. 7.

Knrouoei cnosa: cuioBuii TpanchopMaTop, TpaHchopMaTOpHe MacJIo, Heiroa03Ha i3oasuis, ANFIS, moaenoBanus.

Introduction. Power transformers are one of the
most important and expensive components of modern
power supply systems. A factor, which has a significant
impact on the technical condition of the oil-immersed
power transformers in operation, is the moisture content
of his cellulose insulation and transformer oil. Sources of
moisture in cellulose insulation and transformer oil are the
moisture penetration from the atmosphere and the
decomposition of cellulose and oil as aresult of aging.

Increased moisture content of cellulose insulation
can have the following negative consequences [1]:

1. Increasing the thermal-aging rate of cellulose. At a
moisture content of 2 % by weight of paper, the thermal-
aging rate increases by 6-16 times, and at 4 % — by 12-45
times than at a humidity of 0,3 %.

2. Increased probability of breakdown of transformer
oil as a result of the formation of water vapor bubbles
during transformer overload.

3. Precipitation of water in transformer oil when the
transformer is turned off, which causes arisk of electrical
breakdown when the transformer is next turned on.

A number of techniques are currently used to
measure the moisture content of cellulose insulation, such
as Karl Fischer titration, frequency dielectric
spectroscopy, using moisture equilibrium curves with oil
Karl Fischer titration data [2, 3]. At this stage, there are
no generaly accepted methods for directly on-line
measuring the moisture content of cellulose insulation.

One of the indirect methods for identifying the
degree of moisture content of cellulose insulation is its
assessment by the measured humidity of transformer oil
and moisture equilibrium curves [4]. At change of a
transformer thermal mode there is a migration of moisture
in «celulose insulation — transformer oil» system. The
direction of moisture migration is due to the fact that the
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hygroscopicity of cellulose decreases and the solubility of
water in transformer oil increases with a temperature rise
[5 — 7]. Thus, the temperature change is a factor that
affects the humidity dynamics of transformer oil.

The purpose of the work is to reproduce the curve
of the of humidity of transformer oil based on the results
of measuring the temperature of the upper and lower
layers of oil without the need for direct measurement of
moisture content by special devices.

To construct such a curve, the use of the
mathematical apparatus of fuzzy logic, in particular,
adaptive neuro-fuzzy systems (fuzzy neural network,
Adaptive-Network-based Fuzzy Inference System,
ANFIS), is promising. Continuous monitoring systems for
transformer equipment, which are currently widely used,
alow to accumulate significant amounts of data that can
be used to train ANFIS models. For example, such
systems allow constant monitoring of the temperature and
humidity of transformer oil. The results of monitoring the
temperature and humidity of transformer oil during 13
days of operation are given in [1]. The obtained graphs
demonstrate the presence of a significant correlation
between the dynamics of the moisture content in
transformer oil and its temperature.

Previous research. Adaptive-Network-based Fuzzy
Inference Systems were developed in 1993 [8]. The
advantage of ANFIS is the ability to use neural networks
to form the rule bases of fuzzy products of the Takagi-
Sugeno-Kang models. Such systems are widely used for
reproducing and identifying parameters of transformer
equipment.

Thus, a description of the adaptive neuro-fuzzy
system ANFIS for assess changes in the degree of
polymerization of power transformers cellulose insulation
is given in [9]. The dielectric characteristics of
transformer oil during operation and the gases dissolved
in transformer oil were used as input variables for
modeling. Authors propose using this model as an
aternative to assessing the aging of cellulose insulation
under the content of furan derivativesin ail.

In the work [10] the following fuzzy inference
methods were used for interpretation the results of
analysis of gases dissolved in transformer oil: Mamdani,
Takagi Sugeno, and ANFIS. It is noted that the ANFIS
model has high accuracy, which can be improved in case
of an increase in the data array on which the ANFIS
model is trained. A similar problem of identifying and
localizing a malfunction in the cellulose insulation of a
power transformer based on the analysis of gases
dissolved in oil by using ANFIS models were considered
in[11, 12].

A method for detecting partia discharges in
insulation, in which a nonlinear adaptive system using the
ANFIS model is used to solve the noise reduction
problem of the measured signal have been proposed in
[13]. For training ANFIS model with two inputs is used.
A hybrid learning algorithm, in which a generalized bell-
shaped membership functions are implemented, is
employed.

The results presented in the considered works
demonstrate the relevance of using adaptive neuro-fuzzy
systems for identification, reproducing and prediction

parameters of cellulose insulation and transformer oil. At
the same time, in the articles that have been anayzed, the
issue of reproducing the curve of the humidity of
transformer insulation by using ANFIS is not considered.

Monitoring of temperature and moisture content
of transformer ail. A significant part of the transformer
park of Ukraine consists of transformers with oil-barrier
insulation. The existing systems for continuous
monitoring of transformer equipment have the ability to
control the following parameters of transformer oil:
temperature of the upper and lower layers, measurement
of its gas content and degree of moisture content.

The benefits of continuous monitoring of
transformer oil humidity are:

1. Taking into account the dynamics of moisture in
«cellulose insulation — transformer oil» system when a
transformer thermal mode changes, while during the
scheduled oil sampling and Karl Fischer titration it is
necessary that the «cellulose insulation — transformer oil»
system was in equilibrium state to obtain adequate resullts.

2. Possihility to estimate the moisture content of
cellulose insulation directly during transformer operation
using the results of continuous oil control and moisture
equilibrium curves.

Relative humidity can be measured by using
capacitive thin-film sensorsimmersed in oil. The moisture
sensor should be located in the flowing oil at the top of
the transformer tank. Measured relative humidity
expressed as a percentage and is equivalent of dissolved
(active) water [6]. Methods for measuring the temperature
of transformer oil are given in IEC 60076-2. The top-
liquid temperature is conventionaly determined by
sensors immersed in the transformer oil at the top of the
tank. The bottom liquid temperature shall be determined
by sensors placed at the return headers from coolers or
radiators. The results of continuous monitoring of the
transformer oil parameters, which were used for training
ANFIS models, are shown in Fig. 1, 2.

Fig. 1. The results of continuous temperature monitoring of the
upper (x1) and lower (x2) layers of transformer oil during the
month of operation

Fuzzy neural network which is based on Grid
Partition algorithm. Twenty-four variants of ANFIS
models were considered in order to select the optimal
neural fuzzy network architecture according to the
criterion of accuracy. They differ in the membership
functions, the number of terms of each input quantity, and
the number of training cycles (Table 1).
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Fig. 2. The results of continuous moisture monitoring of
transformer oil during a month of operation

Table1
Parameters of ANFIS model
Number | Number
ANFIS Membe_rship of terms _of_ MAPE,| RMSE, R
models| function | of each | training % ppm
input cycles

1 trimf [33] 150 3,8 |0.53148| 0.917
2 trapmf [33] 200 3,69 |0.49815| 0.888
3 gbellmf [33] 200 7,27 | 1.4385 | 0.393
4 gaussmf [33] 250 595 | 1.0115 | 0.621
5 gauss2mf | [33] 450 | 24,054 7.9 | 0.0019
6 pimf [33] 1560 | 31,080 | 0.64101 |0.804280
7 dsigmf [33] 480 |12,587| 5.89 |0.00014
8 psigmf [33] 500 |[10,284 | 5.9347 | 0.00011
9 trimf [6 6] 200 17,771| 8.2638 | 0.173
10 trapmf [6 6] 250 |29,649| 2.678 | 0.397
11 gbelImf [66] 250 | 25562 | 1.817 | 0.340
12 gaussmf [66] 150 8,4117| 4.4459 | 0.350
13 gauss2mf [6 6] 130 [22,836| 6.94 0.246
14 pimf [66] 630 |22,523| 7.6274 | 0.1369
15 dsigmf [66] 260 9,7469 | 4.4915 | 0.3271
16 psigmf [66] 260 |4,6720| 4.4175 | 0.3311
17 trimf [99] 30 19,703 | 5.5186 | 0.0006
18 trapmf [99] 100 [ 19,793| 1.9127 | 0.482
19 gbelImf [99] 50 24,170 | 5.0538 | 0.326
20 gaussmf [99] 20 20,175| 5.0131 | 0.302
21 gauss2mf [99] 40 19,892 | 2.058 | 0.615
22 pimf [99] 105 8,6381 | 1.9058 | 0.53329
23 dsigmf [99] 60 21,305| 5.035 |0.008617
24 psigmf [99] 60 22,367 | 5.1968 | 0.00533

To generate the structure of ANFIS model, Grid
Partition algorithm was used. The following membership
functions of the input quantities were applied: triangular
(trimf), trapezoidal (trapmf), bell-shaped (gbellmf),
Gaussian (gaussmf), combination of two Gaussian
functions (gauss2mf), pi-shaped (pimf), difference
between two sigmoidal membership functions (dsigmf)
and product of two sigmoidal membership functions
(psigmf). Models containing 3, 6, and 9 terms of input
guantities were considered.

Each ANFIS model was trained by using continuous
monitoring data snippet of the upper and lower layers of
transformer oil temperature of a single power transformer
during amonth of operation.

The following parameters were accepted as input for
ANFIS model: x1 — daily average temperature of the
upper layers of transformer oil, °C; x2 — daily average
temperature of the lower layers of transformer ail, °C.

The output parameter of the ANFIS model vy is the
average daily absolute humidity value of transformer oil
in ppm.

The tota amount of data used for training and
testing ANFIS includes 60 values for each parameter x1,
x2 and y. This volume is divided into two subgroups -
training data and testing data.

The first subgroup, consisting of 30 values for each
parameter, was used to train ANFIS. The obtained model
was tested using the second subgroup — testing data.

The number of training cycles (epochs) is from 20 to
1560 varies depending on the chosen architecture of the
ANFIS model. The training was performed by using a
hybrid learning algorithm. After training, ANFIS models
were tested by using data not involved in training.

To assess the reliability of the test results, the root
mean square error (RMSE) was calculated by using the
following well-known expression:

1N N O\ L i 2
RMSE:\/N.Z (\NOH(I)_WO”(I)) ,
i=1

where N is the total number of data; W, is the value of
moisture content in transformer oil obtained as a result of

continuous monitoring of the transformer; V\70H is the

reproduced value of moisture content in transformer oil.

Lower RMSE value means higher accuracy of the
developed model. The lower value RMSE = 0.49 ppm
was obtained for ANFIS model No. 2, the topology of
which isshownin Fig. 3.

Fig. 3. The structure of ANFIS model No. 2

In addition, the adequacy of the constructed neural
networks was estimated by using mean absolute
percentage error (MAPE) and the coefficient of
determination R%:

Wi ~Wos f

RE (Woj Woip ) =5 —
é(Won Wit

where W, isthe average value of experimental data.

The value of the coefficient of determination R?,
lying in the range of 0.8-1 indicates a sufficient adegquacy
of the developed model. ANFIS models No. 1, No. 2 and
No. 6 correspond to this criterion.

ANFIS model No. 2 contains two inputs which are
correspond to the temperature values of the upper and
lower layers of transformer oil at given times and one

M=
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output which is corresponds to the reproduced value of
the oil moisture content. Each input variable has 3 terms
with trapezoidal membership functions (trapmf). The
linear membership function was used for the output
quantity.

Grid Partition training error of ANFIS model No. 2
is shown in Fig. 4. It is seen that after 160 epochs,
network training has stopped, and the value of the error
has stopped decreasing. The results of the ANFIS model
testing are shown in Fig. 5.

Fig. 4. Grid Partition training error of ANFIS model No. 2
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Fig. 5. Testing of ANFIS model No. 2

In the case of a low correlation between the
temperature of the transformer oil and the degree of its
moisture content, the training efficiency and accuracy of
the neuro-fuzzy model test results may decrease.

It is possible to increase the accuracy of the model
by taking into account additional parameters that affect
the dynamics of transformer oil humidity. Consider the
training outcomes of two ANFIS models. The first model
has a topology identical to that shown in Fig. 3. The
second model differs in the presence of the input
parameter x3 — the temperature of the environmental
cooling medium, °C.

For training models used the results of continuous
monitoring oil parameters of another transformer. The
correlation coefficient between the data on the
temperature of the upper layers of the oil and its humidity
is 0.43 (weak correlation). The training outcomes are
givenin Table 2.

The obtained value of R® and RMSE indicates
greater efficiency of training of the model with three
inputs.

Table2
Training error of ANFIS models with low correlation between
input and output parameters

ANFIS|Membership| NUmoerof | yape | RMsE,
i terms of each R
models| function . % ppm
input

With 3| o [33] 0.237 0.0207 | 0.998
inputs
with 2
inputs| a0 [33] 0.4777 0344 | 068

Fuzzy neural network which is based on

Subtractive Clustering algorithm. The purpose of
clustering is the partition large amounts of data into
groups of similar objects (cluster centers), which allows
to reproduce the system behavior more accurate [14]. In
the process of reproducing the moisture content of
transformer ail, the Subtractive Clustering method was
used to improve the fuzzy model of moisture dynamics.

An ANFIS model based on the Subtractive
Clustering agorithm is built, trained and tested. The
standard values are accepted when the network structure
is forming: Range of influence — 0.5; Squash factor —
1.25; Accept ratio — 0.5; Reject Ratio — 0.15. The
resulting error in training of the neural network was
0.20337, after which the network was tested. Figure 6
shows the results of testing of ANFIS model based on
Subtracting Clustering algorithm.
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Fig. 6. Testing of ANFIS model based on Subtracting Clustering
algorithm

Obtained value of RMSE of ANFIS model based on
Subtracting Clustering algorithm test was 0.40509 ppm. It
is less than the RMSE value of a fuzzy neural network
constructed by using the Grid Partition method. Obtained
value of R of the fuzzy neural network constructed by the
Subtractive Clustering method amounted to 0.929336 and
MAPE value is 2.5 %. Obvioudly, a network built by
using the Subtractive Clustering algorithm is not inferior
in accuracy to a network built by using the Grid Partition
agorithm. Figure 7 shows moisture content of
transformer oil reproducing error by using ANFIS model
No. 2 and model based on Subtracting Clustering
agorithm in %. It is seen from the graph that the
constructed ANFIS models have sufficient accuracy
(received error less than 15 %) and can be used for solve
the problem of reproducing the humidity of transformer
oil of power oil-immersed transformers.
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Fig. 7. Moisture content of transformer oil reproducing error
by using ANFIS model No. 2 and model based on Subtracting
Clustering algorithm

Conclusions.

1. The training, testing and comparison of fuzzy neura
networks with different architecture for reproduce the
curve of the humidity of transformer oil on the basis of
continuous temperature control of the upper and lower
layers of oil has been investigated.

2. Studies have shown that the use of fuzzy neutral
networks allows to accurately at least 85 % to reproduce
the dynamics of the moisture content in the transformer
oil during the operation of the transformer without the
need for direct measurement of humidity by special
devices.

3. To improve reproducing accuracy in the formation
of the structure of the neural network, the Grid Partition
and Subtractive Clustering methods were used. The neural
network was tested by using the results of continuous
monitoring of transformer parameters during a month of
operation. The RMSE value for the first case was 0.49
(obtained MAPE value — 3.69 %), and for the second case
—0.40509 (MAPE — 2.5 %).

4, Achieving adequate results to reproduce the
humidity curve of power transformers oil for each single
transformer requires retraining the model using
continuous monitoring data from that transformer. In
addition, other factors can be taken into account in the
model structure, such as the operating mode of the
transformer cooling system and the temperature of the
cooling medium. In this case, the corresponding input
parameters x3 and x4 are add into the model.
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ANALYSISOF THE PAYBACK PERIOD OF A MODERNIZED PUMP UNIT WITH
INDUCTION ELECTRIC MOTORS OF ADVANCED ENERGY EFFICIENCY CLASSES

Aim. The comparative analysis of energy consumption, electricity costs during lifetime cycle and payback period of a pump unit
with 90 kW 2-pole induction motors, belonging to various energy efficiency classes, feeding directly from power grid. Methods.
The examined operating modes aligned with a typical operating cycle of a pump unit with approximately constant flow rate of 75-
110 % of the rated flow. The calculations were based on the pump and induction motors nameplate data, which, in their turn,
were based on the manufacturers' experimental data. Results. The calculations of energy consumption, electricity costs and
payback periods of a pump unit with 90 kW 2-pole induction motors, feeding directly from power grid have been performed in the
article. The application of induction motors belonging to I1E2, IE3 and |1E4 energy efficiency classes has been discussed. Practical
value. It has been demonstrated, than in case of replacement of an induction motor of energy efficiency class IE2 due to planned
retrofit, payback period for an I1E4 induction motor is 2.18 years, energy savings within a calculated 20-year operating period
are 268MW-h, which makes €41110 in money terms. Under the same conditions, the replacement of an induction motor of energy
efficiency class IE2 with an induction motor of energy efficiency class IE3 will allow to save 88 MW:h within a calculated
operating period, which, expressed in monetary terms, is €13500 and the payback period is 5.11 years. Thus, the article proves
that despite a higher initial price, the choice of an induction motor of energy efficiency class | E4 tends to be more economically
advantageous. References 27, tables 4, figures 1.

Key words: centrifugal pump, energy efficiency, energy efficiency class, induction motor, throttling control, energy saving,
lifetime cycle, payback period.

Mema. Ilopisnanvhutl ananiz po3pAaxyHKi6 eHepeOCHONCUBANHS, SUMPAM HA €NeKMPOEHEPllo NPOMALOM HCUMMESO20 YUKTY i
MepMIini@ OKYRHOCMI HACOCHOT YCMAHOBKU 3 2-NOJIOCHUMU ACUHXPOHHUMU eneKmpoosuzynamu nomycuicmio 90 kBm pisnux knacie
eHepeoeekmuUsHOCMI, WO HCUBTAMbCS 6e3n0cepednbo 60 enekmpuunoi mepesci. Memoouka. Posensmymi pesxcumu pobomu
8I0N06I0AIOMb MUNOBOMY YUKTY POOOMU, XAPAKMEPHOMY OISl HACOCHUX YCMAHOBOK 3 NpubaIu3Ho nocmitinor eumpamoiro 75-110 %
6i0 HOMIHALHO20. PO3PAXYHOK TPYHMYBABCA HA NACNOPMHUX OAHUX HACOCA | eNeKMpPOOSUSYHIB, AKI 68 C80K0 uepey 3ACHOBAHI HA
eKCHepUMEHMANbHUX OaHux eupobnuxie. Pezynomam. YV cmammi npoee0eHO pPO3DAXYHKU eHEP2OCNOJICUSAHHS, SUMpPAm Hd
eNIeKMPOEHEP2Io | MePMIHI6 OKYNHOCMI HACOCHOT YCMAHOBKU 3 2-NOMOCHUMU ACUHXPOHHUMU elleKmpoosuynamu nomyoickicmo 90
KBm, wo orcusisimovca 0Oesnocepednbo 6i0 eneKmpuunoi mepedici. Po3ensinymo 3acmocysanus enekmpoOuUeyHie 3 Kiacamu
enepeoepexmusnocmi 1E2, |E3 i |E4A. Ilpaxmuune 3nauennsn. I[loxazano, wo 6 pasi 3amiHu eleKmMpPOOSUSYHA KIACY
enepeoepexmuenocmi |E2 6 36’ 513Ky 3 nianosoro mooepHizayicio eiekmpoosucsyHom Kiacy enepeoepexmuenocmi |E4 mepmin
okynHocmi cmanosums 2,18 poxy, exonomisn enekmpoenepeii npomseom pospaxynkosozo 20-piunozo mepminy exchayamayii cknaoae
268 MBm - 200, wo 6 epowogomy eupadxcenni cmarosumv 41110 €. [lpu mux dce ymosax 3amiHa eneKmpoosucyHa Kiacy
enepeoepexmusnocmi |E2 na enexmpoosueyn xaacy ewepeoegpexmuenocmi |E3 0oseonums Odocsemu exonomii enexmpoenepeii
npomsa2omM po3paxynkogozo mepminy excnayamayii 88 MBm-200, wo cmanosume 6 zpowosomy eupadicenni 13500 €, i mepmin
okynnocmi € 5,11 poxy. Taxum uunom, 6 cmammi ROKA3AHO, WO HE36ANCAIOYU HA OLIbWL BUCOKY NOYAMKOBY 8apmicmb, 6Ubip
enexkmpoosucyna knacy enepeoegpexmusnocmi |E4 6invw eucionuil 3 exonomiunoi mouxu sopy. bion. 27, tabn. 4, puc. 1.

Kniouogi cnoea: BigueHTPoBHil Hacoc, eHeproegeKTUBHICTb, KJIAC eHepProe)eKTHBHOCTI, ACHHXPOHHMIl eJIeKTPOIBHUIYH,
JIpocesibHe PeryJIiOBaHHs, eHepro3oepe:KeHHs, s KUTTEBUH IUKJI, TEPMiH OKYITHOCTI.

Llens. CpagrumenvHulll aHAIU3 PACYEMO8 IHEP2ONOMPeONeHUs, 3ampPAm Ha IJIeKMPOIHEPSUIO 8 MEYeHUe HCUSHEHHO20 WUKIA U
CPOKOB OKYNAEMOCMU HACOCHOU YCMAHOBKU € 2-NONIOCHBIMU ACUHXPOHHBIMU dNeKmpodsueamenimu moupocmuro 90 kBm pasnuunsix
KIACCO8 IHEP2OIPDEKMUSHOCIU, NUMAIOWUMUC HANPSIMYIO Om 3aekmpuyeckoi cemu. Memooduka Paccmampusaemvle pexicumbl
pabomsl COOMEEMCMEOBANU MUNOBOMY YUKILY PAOOMbL, XAPAKMEPHOMY Ol HACOCHLIX YCMAHOBOK € NPUOIUSUMENLHO NOCMOAHHbIM
pacxooom 15-110 % om Homunanvro2o. Pacuem ocrosvléancs na nacnopmuvix OAHHLIX HACOCA U dNeKMPodsucameell, KOmopule
€B8010 0uepedb OCHO6AHbI HA DKCNEPUMEHMANbHLIX OAHHbIX npouzsooumenei. Pezynomam B cmamve npousseden pacuemvi
9HepeonompedieHs, 3ampam Ha dNEKMPOIHeP2UI0 U CPOKO8 OKYNAEMOCHU HACOCHOU YCMAHOBKU ¢ 2-NOMOCHbIMU ACUHXPOHHBIMU
anexmpoosuzamenamu mowpocmvro 90 kBm, numarowumucs Hanpamyro om sneKmpudeckou cemu. Paccmompeno npumenenue
anexkmpoosuecamenei ¢ kiaccamu suepeospgpexmuenocmu |E2, |E3 u |E4A. IIpakmuueckoe 3nauenue. Iloxkasano, umo 6 ciyyae
3aMeHbl dNIeKmpodsueamenst Kiacca snepeodggexmusnocmu |E2 6 cesa3u ¢ nianosoii modepruzayueil snekmpoogueamenem Kiacca
anepeoapexmusnocmu |E4 cpox oxynaemocmu 0ns anexmpoosueamens kiacca snepeodpgpexmuenocmu |E4A cocmagisem 2,18
200a, IKOHOMUA dNeKmpodnepeuu 6 meuenue pacuemnozo 20-1emue2o cpoka skcniyamayuu cocmasisem 268 MBm-u, umo 6
Odenesicnom gvipadxcenuu cocmasnsiem 41110 €. [Ipu mex sice ycrogusx 3amena s1ekmpoogueameis Kiacca dHepeodpexmusnocmu
IE2 na snexmpodeucamens knacca snepeosgpgexmusnocmu |E3 nozeonum oocmuus sK0HOMUU 2ReKmpodIHepIUU 6 medeHue
pacuemnozo cpoka sxcnayamayuu 88 MBm-u, umo cocmasnsiem 6 oenexcrom evipadxcenuu 13500 €, u cpoxa oxynaemocmu 5,11
200a. Takum 06pazom, 6 cmamve NOKA3AHO, YMO, HECMOMPS HA 6OJee BbICOKYIO HAYABHYIO COUMOCHb, 8b160D 1eKMpPOO8uames
Kaacca suepeoagppexmusrnocmu |E4 6onee evicoden ¢ skonomuueckoll mouxu 3penus. bubmn. 27, radn. 4, puc. 1.

Kniouesvie cnosa: 1eHTPOOEKHBIH Hacoc, 3Heprod¢eKTUuBHOCTb, KJIACC IHEProd@eKTHBHOCTH, ACHHXPOHHBII
3JIEKTPOJBUIaTElIb, IPOCCEIbHOE PEryJIMPOBaHue, JHeprocoepekeHne, JKU3HEHHbIH LUK, CPOK OKYIAeMOCTH.

Introduction. In the world and, in particular, in the  processes. An important part of it is the establishment of
European Union, work has long and consistently been energy efficiency classes for electric motors, both
carried out to increase the energy efficiency of household powered directly from the electrical network [1], and
appliances, industrial equipment and technological operating as part of avariable frequency drive (VFD) [2].
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This is due to the fact that according to the research [3],
electric motors consume 46 % of the electricity generated
in the world, and the share of electricity consumption by
electric motorsin industry is about 70 %.

In accordance with the EU regulation [4] of 2009,
with the addition of 2014, from January 1, 2017 all
electric motors with power from 0.75 to 375 kW, with the
exception of those specified in the Standard, must have an
energy efficiency class of at least IE3 or IE2, if they are
used as part of a VFD. In 2019, the requirements for the
energy efficiency of electric motors were updated in the
new EU regulation [5], according to which the scope of
application of the requirements was expanded and the
timing of the introduction of more stringent requirements
was determined. So, in [5] it isindicated that from July 1,
2021 2-, 4-, 6-, 8-pole electric motors with power from
0.75 to 1000 kW, with the exception of those specified in
the Standard, must have an energy efficiency class of at
least IE3. From July 1, 2023 2, 4, 6-pole electric motors
from 75 to 200 kW inclusive must have an energy
efficiency class of at least IE4 [5]. In the USA,
Switzerland, Turkey, Canada, Mexico, South Korea,
Singapore, Japan, Saudi Arabia, Brazil, Taiwan and a
number of other countries, the use of electric motors with
an energy efficiency class of at least IE3 is mandatory [6].

The relevance of the work. According to a
European Commission report [3], pumping systems
account for almost 22 % of the energy consumed by
electric motors worldwide. Therefore, studying the
possibilities of increasing the energy efficiency of
pumping unitsis an urgent task.

Centrifugal pumps often do not require a wide
control range, as well as high starting torque and speed.
Therefore, induction electric motors (IMs), operating
directly from the electrical network, are widely used in
the drives of the mechanisms mentioned above. In this
case, the regulation of the performance of the pumps is
carried out using valves (throttle control), by means of a
controlled change in the characteristics of the hydraulic
network. It is known that due to the high costs of
frequency converters, not only pumps are characterized
by the use of electric motors powered directly from the
electrical network. For example, according to the
European Commission [1], the share of VFD was about
30 % for Germany, and about 20 % for Switzerland,
according to the study described in [7].

Increasing the energy efficiency of a pumping unit is
possible due to changes in the hydraulic network on
which the unit operates, the use of VFDs, optimization
and distribution of loads (in the case of parallel pumping
units), as well as due to the proper selection of unit
elements, in particular the use of higher energy efficiency
class electric motors [8]. A large number of articles[9-12]
are devoted to the issues of reducing the energy
consumption of pumping units by using electric motors of
different operating principles of higher energy efficiency
classes. However, in al of the above-mentioned articles
[9-12], a method of regulating pump performance using a
VFD is considered. This article discusses the use of
electric motors with a higher energy efficiency class, as
the most relevant way to improve the energy efficiency of
pumps with throttle control.

Note that the classification of electric motors for
energy efficiency in the regulatory documents [1, 5] is
based only on the efficiency in the nominal operating
mode, i.e. a rated shaft power, and does not take into
account the efficiency of electric motors a a load
different from the rated load, which is more or less
characteristic of electric motors as part of pumping units.
So, for circulating pumps with power up to 2.5 kW
operating mainly with variable flow rate according to
[13-15], the relative operating time in the nominal mode
does not exceed 6 %.

For water pumps, according to [16], standard
operating modes with flaw rate of 75 %, 100 % and 110 %
of the nominal flow rate are adopted, and the
requirements for energy efficiency in these modes are
presented. In [14, 15], a typical operating cycle for these
modes is given, typical for pumping systems with an
approximately constant flow rate. This profile assumes
operation 25 % of the time at 75 % flow, 50 % of the time
at nominal flow rate and 25 % of thetime at 110 %.

Literature review. In [17], a pump unit with
nominal power of 2.2 kW operating at a variable flow rate
was analyzed. Line-start permanent magnet synchronous
motors and IMs with energy efficiency classes IE3 and
IE4 were considered. Annual electricity consumption,
annual €electricity costs, share of life cycle costs
determined by the cost of electricity and annual energy
savings in kind and in monetary terms when choosing an
electric motor were calculated. However, the calculation
of the payback period was not made, since the main goal
of the article was to show that the choice of an electric
motor only according to the energy efficiency class,
which is assigned according to the efficiency at the rated
load, does not lead to the minimum energy consumption
when operating a pumping unit with a variable flow rate
according to the typical operating cycle givenin [13].

In the article [18], the analysis of the same indicators
was carried out for a pumping unit operating at an
approximately constant flow rate, with power of 11 kW
with two IMs of energy efficiency classes IE1 and IE2,
and the payback periods of technical solutions for
replacing an electric motor of class IE1 with an electric
motor of class |E2 were calculated. However, it should be
noted that replacing the IE1 energy efficiency class with
IE2 electric motorsis relevant only in some countries. For
example, in the countries of the Eurasian Economic
Union (Russia, Kazakhstan, Belarus, Kyrgyzstan,
Armenia), the legidation of which in the field of energy
efficiency [19] does not prohibit the use of electric motors
of the IE1 class until September 1, 2021.

Thus, as the review of literature sources shows, a
comparative analysis of energy consumption and
economic indicators of operation of electric motors of
energy efficiency classes IE2, IE3, IE4 in pumping units
of medium and high power with throttle regulation and
approximately constant flow rate has not been previously
carried out.

The goal of the work is a comparative analysis of
energy consumption and payback periods of a pumping
unit using 2-pole IMs of energy efficiency classes IE2
[20], IE3 [21] and IE4 [22] of power of 90 kW from one
manufacturer, powered directly from the mains, for a

16 I SSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 1



typical cycle of operation, typical for an approximately
constant flow rate according to [14, 15].

Initial data and calculation methods. For the
calculation, the data of the pump Grundfos NB 65-
315/308 AF2ABAQE — 97836805 [23] with rated power
PRATE = 90 kW and rated Speed NRaTE = 2980 m are
used. Pump data are given in Table 1, where Qgep is the
flow rate at the best efficient point (BEP) and Hggp is the
pump pressure at the BEP.

Tablel
Pump passport data
Parameter Value
Type NB 65-315/308
Prate, W 90 000
n, rpm 2980
Qgep, M3/h 182
Hgep, M 120.6
Efficiency, % 73.8

The graphs of the main characteristics of the pump
(dependence of pressure, power consumption and
efficiency on flow) are shown in Fig. 1.

Q, m3/h

taking into account year-round and round-the-clock
operation, was determined as

3

Eqm =365ty 'Z[Pl.i.m t_I] . @)
i=1 Iy

where t; isthe total operating time taken equal to 24 h and

t; isthe operating time in each mode.

Electricity cost (€) at tariff GT = € 0.188 / kwh for
industrial consumers in Germany in the second half of
2019 [24] was determined by the formula

Cym=E/m-GT. 3

The annual cost savings in electricity were

calculated as
S31=C3-Cy1; §2=C3-Co §21=C2- Ca. 4)

Taking into account that the life cycle of pumping
units according to the data [25, 26] is about 15-20 years,
for the calculations the service life was assumed n = 20
years. The electricity costs were calculated over the life
cycle of the pumping unit, since the total cost of the life
cycle of a pumping unit is mainly the cost of consumed
electricity (at least more than 50-60 %) [25, 26]. The net
present value (NPV) of the life cycle, determined by the
cost of electricity consumed, was calculated as

Ciecenm = Cyn/(1+ (y — p))", ®)
wherey isthe interest rate (taken equal to 0.04) and p isthe
expected annual inflation (taken equal to 0.02) [25, 26].

The difference in éectricity costs during the life
cycle of the mth IM relative to the existing IM was
determined as

AC ccensm = Crecens — Clecenm: (6)

In the case of replacing the existing IM of the IE2
energy efficiency class with an IE4 or IE3 IM, the
payback period Ty, of the m-th IM was determined as

Tm = Ciic.m/ S/.Sm- (7)

a where Cii.m is the initial cost of the considered electric
e ' ! ' ' ' 1 ! motors, which are given in Table 4 according to [27].
: Results of calculationsand their discussion. Table 2
ol SESSEEE CaEgEgrey shows the results of calculating the pump operating
il §E7 Zgsai modes.
® e dl Table2
g j: E Results of calculating the pump operating modes
Number of
i modes (i) L 2 3
ol Qi, % 75 100 110
SESEcioorssroEEssiia . ; Q. m%h 136.5 182.0 200.2
% 25 50 75 100 125 150 175 200 Hpumo.i: m 132.6 120.6 113.9
g' man Hourpeis % 713 738 727
. L Prechi» W 69176 81045 85471
Fig. 1. Interpolated pump characteristics and reference Prrccnis % 76.86 90.05 04.97

points from catalog data:
a) Q-H characteristic and power consumption versus flow rate;
b) dependence of pump efficiency on flow

The active power of the m-th IM in the i-th operating
mode consumed from the electricad network was
calculated according to (1) taking into account the
interpolated values of the efficiency of electric motors
nwim and the mechanica power Prenim fOr modes
corresponding to a typical cycle of operation, similar to
the approach used in work [17]

P1im = Prechim/ #imim. 1

The annual energy consumption for each IM in the
considered typical operating cycle of the pumping unit,

Table 3 shows the efficiency values of electric
motors according to the catalog for loads of 50 %, 75 %
and 100 %, as well as for each operating mode of the
pump in accordance with the considered typical operating
cycle.

The calculation results using (1)-(7) are shown in
Table 4. If an IE2 electric motor in an existing pumping
unit is replaced by an IE4 electric motor, the energy
savings over the design life are 268 MWh, which is €
41,100 in monetary terms, and the payback period is 2.18
years. In case of replacement with an electric motor of the
energy efficiency class |E3, the energy savings during the

I SSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 1 17



Table 3
Initial and interpolated efficiency values of electric motors

Efficiency according to catalog

Electric motor type,

m IE class data, % at load

50 % 75 % 100 %
1 IM WEG W22, IE4 95.5 96.2 96.5
2 IM WEG W22, IE3 94.3 95.2 95.2
3 IM WEG W22, IE2 94.0 94.6 94.6

Electric motor type, Interpolated values of efficiency

m IE class 7mi.m % in operating modes
1 2 3
1 IM WEG W22, IE4 96.27 96.43 96.46
2 IM WEG W22, IE3 95.20 95.20 95.20
3 IM WEG W22, IE2 94.60 94.60 94.60
Table4
Results of calculating energy consumption and electrical energy
savings
m 1 2 3
Electric motor type, | ALWEG | ALTWEG | AqWEG
IE class W22, 1E4 | W22, IE3 | W22, IE2
Eym MWh 719.5 7285 732.9
Cy.m, thousand € 135.27 136.96 137.78
Siam € 2513.4 824.8 0
Clccenm thousand € 2211.9 2239.5 2253.0
AC| ccen.am, thousand 411 135 0
€
Ciicm: € 5486 4220 0
T, Years 2.18 511 -

design life are 88 MWh, which is € 13,500 in monetary
terms, the payback period is 5.11 years. Thus, for the
considered conditions, it is advisable to modernize the
pumping unit by replacing the electric motor of the IE2
energy efficiency class. Here, despite the higher cost, the
use of an electric motor of the energy efficiency class IE4
will provide a significantly shorter payback period than
the use of an electric motor of the class |E3.

Conclusions. In the work, calculations of electricity
consumption and cost indicators of energy savings for
induction electric motors of 1E2, IE3, |E4 classes were
made, in the case if they are used in a pumping unit
operating with flow rate varying within 75-110 % of the
nominal one. A comparison was made of the payback
periods and electrical energy costs throughout the life
cycle for the case of replacing the electric motor in
connection with a planned modernization. The payback
period for replacing an 1E2 motor with an IE4 motor is
218 years. Here, the payback period in case of
replacement of an electric motor of the energy efficiency
class IE2 with an éectric motor of the energy efficiency
class |E3 is much longer and amounts to 5.11 years. Thus,
the choice of an IE4 motor is more cost-effective when
upgrading, even though its cost is 30 % higher than that of
an |IE3 motor. It should be noted that such a technical
solution will be especialy relevant in light of the
reguirements of the document [5], according to which in
the European Union the use of IE4 class electric motors
for powers above 75 kW is mandatory from July 1, 2023.
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ON THE SOLUTION OF THE PROBLEM OF SYNTHESISOF THE CONTROL SYSTEM
FOR THE PROCESS OF DOSED FEED OF ELECTRODE WIRE FOR ARC WELDING
EQUIPMENT

Goal. Refinement of the methodology for the development of an effective control system for an electric drive with controlled relay-
type regulators for organizing a metered feed of an electrode wire using the parameters of the arc process with the possibility of
using it in design practice and practice of technological application. Methodology. The proposed method for the mathematical
description (mathematical model) of the system of the developed structure electric drive - arc process with current feedback of
welding with a variable structure device is based on the theory of automatic control as applied to nonlinear elements, the application
of the theory of operational calculus. At the same time, a selection and description of a nonlinear node in the feedback circuit in the
form of a relay element with a certain structure and subsequent linearization of this element was made. As an electric motor of the
electrode wire feeder, a new development of a specialized valve electric motor is used, which is used in the system with a
microprocessor controller. Results. Due to the presence of a substantially nonlinear link, the calculation of the valve electric drive
system — the arc process can be found on the basis of a system of nonlinear differential equations, which is practically impossible for
practical application. In this work, these complications are overcome on the basis of a rational choice of the description of the
nonlinear link, its harmonic linearization and obtaining on this basis a mathematical description of the system, from which, using the
methodology of operational calculus, the relations necessary for calculating the parameters of the system are determined in
analytical form. Originality. The problem of calculating a rather complex problem of mathematical description of the valve electric
drive system — a technological link in the form of an arc process with a substantially nonlinear link in the feedback circuit in the
work is solved with the effective use of a set of methodological methods, which include as a means of representing individual links,
including nonlinear links selected simplifications and solutions of the obtained differential equations using original methods of
operational calculus. The proposed method (mathematical model) is tested in two directions — oscillography of a real system, as well
as system simulation. Practical significance. Using the developed methods for describing the control system, it is possible to
calculate its characteristics and, on their basis, select the parameters for setting the electric drive controller, which allows, without
additional experimental research, to obtain the necessary character of the transfer of electrode metal, and, consequently, the quality
of the result of the arc process. References 12, figures 4.

Key words: welding process, electrode wire, pulse feed, control system, mathematical description, calculation.

Ilpoananizosano icuytoui cucmemu aKmuHO20 6NAUBY HA NEPEHEeCeHHS eleKMPOOHO20 MemAny npu YHPAGIiHHI npoyecom
0Y206020 36apPIOGAHHA NIAGKUM €LeKMPOOOM, 8 MOMY YUCAL, | HA OCHOGI IMNYAbCHOI nodaui enrexkmpoonoz2o opomy. Ocobauso
BUOLNEHO HOBUL CNOCIO 36APIOBAHHS — 3 KEPOBAHUMU NAPAMEMPAMU PYXY 3A PAXYHOK 68€0€HHS 6 eeKMPOnpuU8o0 360POMHUX
36’ A3Ki6 3a napamempamu 0y208020 NPoYecy 38aplo6AHHA-HANIABNIEHHA 3 00308aHOI0 noodayero opomy. Pozenanymo anzopumm
peanizayii 36aproéanus 3 00306anoi0 nodaueio. OOPano ereKmponpueod Mexaizmy nooaui, siKull 6a3yemvcsi HA CHReYialbHO
PO3POONIEHOMY WBUOKOOITIOUOMY GEHMUTLHOMY €eKMpPOOGUSYHI 3 KOMN'IOMepUu308anum pecynosanHam. s ananizy i eubopy
napamempie yici cucmemu 3anponoHO8AHO po32na0amu ii 8 KOMHAEKCi 3 0y208UM HPOYEcoM i3 3ACMOCY8AHHAM Memooie
eapmonitinoi nineapuzayii. bion. 12, puc. 4.

Knrouosi crosa: 3BaproBajbHuil mpouec, eJIeKTPOAHMI APIT, iMIyJIbCHA MOJa4a, CHCTeMA YNPABJIiHHSA, MATEMATHYHMIA omuc,
PO3PaxyHoOK.

Tpoananuzuposamnvi cywecmeyloujue CUcmemvl AKMUBHO20 GIUSIHUAL HA NEPEHOC INeKMPOOHO20 Memdalid Npu YnpagieHuu
npoyeccom NeKmpooy2080U CEAPKU NAABAUUMCA INEKMPOOOM, 8 MOM HUcle, U HA OCHOBE UMNYAbCHOU NOOA4U IeKmMpOOHOU
nposonoxu. Ocobo evidenen HOBbLL CNOCOO CBAPKU — C YAPAGIACMbIMU NAPAMempamMu OBUdICEHUs 3d CYém 66edeHusi 8
9IeKMPONPUBOOd 0OPAMHBIX C6sI3ell NO napamempam 0y208020 npoyecca CeEPKU-HANLAGKU ¢ 003UPOGAHHOU Nodaueil NPoGoLOKU.
Paccmompen ancopumm peanuszayuu ceapxku ¢ 003UpOBAHHOU nooauell. Bvibpan 2nekmponpusod Mexamuzma nooauu, KOmopwiil
bazupyemcst Ha CReyuaibHO pazpabomanHoM ObiCmMpoOeiCmEYIoWeM GeHMULLHOM IJeKmpoosueamene ¢ KOMIbIOMEPU306aAHHbIM
pezynuposanuem. s ananuza u eibopa napamempos 3mou CUcmemsl npeododceHO PACCMAmMpPUams e€ 8 KOMNIeKce ¢ 0y208biM
npoyeccom ¢ npumeHeHuem Menooos 2apmMonudeckol nuneapusayuu. bubin. 12, puc. 4.

Kniouegvie cnosa: CcBapoOYHBIN MpolecC, 3IJEeKTPOIHAS MPOBOJOKA, HMIYJbCHAsl I0Ja4a,
MaTeMaTH4ecKoe ONMHCAHNe, PACYET.

cHucTeMa ynpaBJeHHs,

Introduction. Arc mechanized and automatic
welding and consumable electrode surfacing is one of the

aimed at improving the process technology, as well as
updating the park of mechanized and automatic

most common technological processes with a wide range
of applications and it is predicted that it will continue to
develop in the future, improving in al directions and
areas of application. The widespread use of mechanized
arc welding using both solid and flux-cored electrode
wires determines the search for new technical solutions

equipment with new technical capabilities[1].

The main directions in improving the technology of
welding and surfacing and the corresponding types of
equipment are associated with the use of pulse algorithms
for the functioning of automatic and semi-automatic

© V.A. Lebedev
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systems [2]. Recently, the technical and technological
improvement of automatic and semi-automatic devices is
associated with the development and designing of one of
the main systems — an electrode wire feed system with a
basic unit — a feed mechanism. The main developmentsin
this direction are associated with the use of a pulse feed of
an electrode wire. There are developments of both simple
systems with practicaly no regulation of pulse
parameters, and with sufficiently perfect mechanisms, and
this is described in detail in [3]. It can be noted that the
use of a modern feed mechanism providing pulse maotion
of the electrode wire alows, with correctly selected
parameters, to control the transfer of electrode metal
drops, which in turn alows (mainly) [4, 5]:

o to significantly reduce the loss of electrode metal for
waste and splashing;

e to change the geometrical dimensions of the weld
and weld bead, as well as the heat-affected zone;

e to influence the structure of the weld metal,
improving its operational properties (strength, wear
resistance, including corrosion, etc.);

¢ to reduce energy costs for conducting welding and
surfacing processes.

Additionally, it should be noted the low value of the
inertia of the electric motor.

The improvement of the electrode wire feed system
is developed using the achievements of the element base
and technical solutions based on them. The latest
developments of mechanisms with pulse algorithms of
functioning are based on the use of gearless electric drives

with brushless vave and stepper motors with
microprocessor control of the rotation frequency of their
shafts, and, consequently, the movement of the electrode
wire with high speed levels. Such systems are constantly
being improved in different directions and in different
systems of automatic welding and surfacing equipment.
One of them develops quite intensively in the electrode
wire feed system and is associated with the introduction
of feedbacks into the electric drive regulator according to
the parameters of the arc process — either current or
voltage. This solution made it possible to implement a
new type of arc process — welding-surfacing with a dosed
feed of the electrode wire [6].

The goal of the work is the refinement of the
methodology for the development (synthesis) of an
effective control system for an electric drive with
controlled relay-type regulators for organizing a dosed
feed of electrode wire using the parameters of the arc
process with the possibility of using it in design practice
and practice of technological application.

Statement of the problem. Figure 1 schematically
shows the formation of feedback on the arc process. In
this case — by the welding current in the process with
short circuits of the arc gap at the moments of switching
on and off the drive of the electrode wire feed,
depending on the desired (required) results of

technological processes of welding and surfacing.
Switching times on the graph in Fig. 1 marked with
points «c» (lymin) and «b» (Iy max)-

Fig. 1. The operation algorithm of the electrode metal transfer control system associated with the parameters of the arc process
current: l,, —welding current; U,, — welding voltage; v, — feed speed of the electrode wire;
a—transition of the drop into the bath; b — pause in feed rate; ¢, d — start of feeding

For synchronization (coincidence) of mechanical
pulses (feed pulses) with the frequency of short circuits of
the arc gap, information feedback on the parameters of the
arc isintroduced into the control system so that a pausein
the supply always begins after a short circuit.

It should be noted that informational feedback on
the arc process current is more effective than voltage
feedback due to the fact that arc power sources used in
the welding-surfacing process, having, as a rule, rigid
external volt-ampere characteristics, are less sensitive to
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the voltage of the welding process in the feedback.
Conditions may exist where voltage feedback will take
priority.

Feedback makes it possible to automatically self-
adjust the electric drive of the feed mechanism according
to the parameters corresponding to the natura (physical)
nature of the welding arc and, which eliminates the time-
consuming choice of frequency and duty cycle of
mechanical pulses, the parameters of which are very
difficult to predetermine.

Figure 2 schematically shows the system of dosed
control of the arc welding process with short circuits of
the arc gap, including the main links of the system with
transmission elements. W; — valve motor; W; — arc
welding process;, W, — electric drive regulator; W, —
nonlinear link that determines the moments of switching
the welding current at the minimum iy, yin and maximum
iwmax Currents of the welding process.

Motor . i
geed — Motor Wire feed speed Welding
setting Electric drive Ve current iy,
——» (REGULATOR) (— Wi > W, >
W

Setting | max

‘ Wy

Setting I min

Fig. 2. Block diagram of the control system of the welding process with dosed wire feed with non-linear switching link

The expressions for determining the gear ratios of
the links are defined as follows.

It is known that the transfer function of a valve
motor in operator form can be identified with the transfer
function of a DC motor [7] and written in a somewhat
simplified form

Wa (p) _op) K ,

U(p) Tmp+1

where w is the shaft rotation frequency; U is the supply

voltage; K is the value inversely proportional to the

constructive constant of the electric motor; T, is the

electromechanical constant of the phase of the electric

motor, taking into account the inertial characteristics of
the gearless feed mechanism (rollers).

For the transfer function of the link describing in the
operator form the arc welding process with short circuits
of the arc gap, an expression is proposed that we obtained
in[8].

oy

E
iw(P) R+05-b
Wnl(p):;v(p)'T-p2+p+k
or
iw(P) S
Wnl(p)_a)(p)'T12~p2+p+k’ @
where
_ L . .. AHE
R+05-b; ' R+05-b '

in turn L, R are the inductance and equivalent resistance
of the welding circuit, respectively; b; is the coefficient

characterizing the slope of the static characteristics of the
arc to the current axis; E is the electric field strength in
the arc column;

P
M-.z-r
where U; is the open circuit voltage of the welding power
source; M is the coefficient determining the thermal state

of the electrode metal

M=Ch7nTh=Co 7 Tot 7o

where C,,, C, is the heat capacity of the metal at melting
and ambient temperatures, respectively; i, % is the
density of the metal at melting and ambient temperatures,
respectively; r, is the latent heat of fusion; T, T, are the
melting temperature of the electrode metal and the
ambient temperature, respectively;

sS—— =
R+ 0,5b;

Usually, for an electric drive regulator providing
additional control qualities (minimum  overshoot,
minimum possible time for changing the frequency of
rotation of the electric motor shaft in transients, etc.),
various structures are used, for example, Pl regulators,
relay current regulators, etc. In our case, to simplify
consideration of the dosed control system without
pregjudice to the essence of the analysis, we take the
regulator transfer function in the operator representation
in the following form

. H =U,(0,285-0,0052-U),

_Ug(p) . Kp
Wy (p) = U(p) Typel’ ©)
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where U, is the supply voltage; K, is the regulator gain;
T, isthe controller time constant.

The description of the transfer function of a
nonlinear link providing switching of voltage levels
proportional to the current of the welding process presents
some difficulties, in particular, because the nonlinearity
has an asymmetric nature.

Several options for analyzing such a nonlinear
system can be proposed. The simplest and most effective
option may be using mathematical modelling. However,
such a solution is not aways possible for use in design
and especially technological practice when choosing the
parameters of the nonlinear link in the feedback circuit
that determine the characteristics of the transfer of
electrode metal drops.

Presentation of the main material. In the system
under consideration, by switching, the connections
between the elements change depending on its state,
therefore, such a system can be fully attributed to a
system with a variable structure [9]. The structural
diagram of such a system changes during the transient in
such a way as to ensure the high-quality performance of
control tasks for the welding process by influencing the
transfer of electrode metal drops. A serious obstacle to the
use of analytical methods and computational tools for the
construction of effective control algorithms for modern
technical objects, which include arc welding processes,
including with doses feed, is a wide range of their
characteristics, both in the composition of the system
components and in the effects. A promising method in
solving problems of describing systems with variable
structure can be the use of techniques for analyzing
dliding modes. However, the obvious complexity of
obtaining analytical expressions for this method of
studying a system with a variable structure also cannot be
applied both in design and in technological practice.

The two above-mentioned methods of analyzing a
system with a nonlinear element are quite accurate, but
obvioudly difficult for application. It is necessary to
consider approximate methods of obtaining the
mathematical description of nonlinear links [10, 11]. A
number of these methods are discussed in the monograph
[12]. It seems to us that the harmonic balance method will
be the most acceptable for the considered control system.

Figure 3 in a formalized form shows a nonlinear
asymmetric relay element corresponding to the Wi, link in
Fig. 2.

A Uy,
b, N

& N
N /T

m 'bz

N
A\

\\/4 Uin

>

Fig. 3. Formalized representation of arelay asymmetric link
(designation in the text)

Obviously, nonlinearity is ambiguous, which should
be reflected in the transfer function of the nonlinear link.

The transfer function of the nonlinear link in Fig. 3
consists of an equivalent complex transfer coefficient,
which includes a constant component F° and harmonic
linearization coefficientsq and '

=FoAX0) +q(AX0) +q(A), @

where F° is the constant component; A, X’ are the

amplitude and displacement of the center of oscillations,

which, according to [10], can be defined as

b —x°
A

+arcsin

FO(AX) =—-

m~b2—x0)_
A

c .
—(arcsin
va

At

- 0‘, A>

xo—m.bz‘, (5)

where ¢, b, m are the maximum value of the relay pulse;
the period in which the pulse is switched off; the part of
the period at which the pulse turns on, respectively

q(A,XO):i[\/l—M \/ M] (6)
A A2 A2
at

Az‘bz—xo‘, Az‘xo—mbz‘,

a(m=-S2a-m),
T

at

Az‘bz—xo‘, Az‘xo—mbz‘, (7)

Taking into account (4)-(7), as well as using simple
algebraic transformations, we obtain an approximate
linear dependence of the output variable of the nonlinear
link on itsinput variable: with the transfer function

bz— m-by =Xy |
A

Wm(p):c%—2 (arcsin +arcsin

! [\/1_(b2—x) +\/1_(m-bz—x°)2

g
7r~a)-A(l m)}.

1- (8)

Thus, under the influence of harmonic vibrations,
the nonlinear link seems to be linearized and can be
considered approximately as a linear link. The
coefficients q and ¢ indicated above can be called
harmonic gains of the nonlinear link. It can be seen from
the formulas for the coefficients that F°, g and g depend
on the amplitude of the input signal. This dependence
reflects the nonlinear properties of the link and because of
it, the superposition principle is inapplicable for a
harmonically linearized nonlinear link.

The transfer function of the closed-loop control
system of the arc welding process with a dosed feed of the
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electrode wire can be written as an eguation in operator
form asfollows:

i(p) _ W, (p) - Wy (P) - Wi (P)
Unt(P)  1+W, (p)-We (p) Wy (P) Wey (p)

where Uy, is the setting voltage.
Let usintroduce the notation

(©)

0 0
D:c{l—i(arcsinbz_x +arcsinmb2—_x)+
2 2r A
1 (p-x9? (b —x°%)? o
—X mb, — X .
+E[\/1_ 22 +Jl— 2 ]},
__ b
N=-—2_(1-m), (11)

Taking into account (1)-(3), (9)-(11), we obtain a

complete expression for determining the desired
dependence ) _inthe operator form:
Uu(p)
i(p) _
Uu(p) (12)

K, Kg-S
(T, p+D)-(Tg - p+D)- (T2 p?+Tp- p+K)+K,, -Kg - S(D-N - p)

The solution of the operator equation (12) in the
form of obtaining the anaytical dependence i = f(Uy)
presents certain difficulties, including because of the high
order of p. Such a possihility is presented when using
machine research methods and using mathematical
modelling.

Modern mathematics does not allow solve equations
in general form above the third order by simple methods,
so we will look for ways to lower the order of the
unknown p whose maximum order is p*.

Severa engineering calculation methods are used to
study a linearized link system. First of all, take into
account that the time constant of the regulator is very
small and the transfer function of the link (3) can be
excluded or included in the transfer function with the gain
that is taken into account by the link (1). Taking thisinto
account, equation (12) can be rewritten in a simplified
form

i(p) _
Un(p)

(13)
~ Kq-S
_Td T2 PP+ (T2 +Tg Tp)- p?+ (T k+Tp)- p+k+ Ky -S(D-N-p)
We will study the linearized equation (13) using one
of the engineering methods — the frequency method of
E.P. Popov.

From expression (13) we determine the
characteristic equation
Ty T2 pP+ (T2 +Ty To)- p° +
d"'1 1 d 2 (14)

+(Tq -k+Ty) - p+k+Ky-S(D-N-p)=0.

Let us divide equation (14) into the rea and
imaginary parts by substituting p = j -w as shown below

(k+Kq-S:D-(T2+Ty4-T,) 0? =0; (15)

(Ty -k+To+Kg-S-N)-w+k-Ty -T2 -0®>=0. (16)
The fregquency of the periodic process o is

determined by solving the quadratic equation (16). The
discriminant of equation (16)

Ty -k+T,+Kg-S'N)?-4.T4 -T2 -k=0. (17)

An important conclusion follows from expression

(17) that self-oscillations with frequency o can take place
under the condition

(Td.k+T2+Kd.S~N)224~Td~T12‘k. (18)

Having determined the frequency o from equation
(15) and substituted it into equation (15), one can also
determine the amplitude of self-oscillations.

Since, among other things, the frequency and
amplitude of self-oscillations are determined by the
values of b, and mb,, which practically corresponds to
the minimum iy, min and the maximum iy, ma Values of the
current of the arc process, which in turn determines the
nature of the transfer of the electrode metal, which
determines the results of welding with the use of a dosed
feed of the electrode wire.

Checking the obtained results. The evaluation and
reliability of the results obtained were carried out by
comparing the oscillograms of the arc process current
with the results obtained in mathematical modelling with
the sameinitial data.

Figure 4 shows several options for presenting
currents and voltages for mechanized electric arc welding
in a protective gas environment when feeding the
electrode wire in the usual way (Fig. 4,a) and using the
algorithms for dosed feed (Fig. 4,b).

Comparison of real oscillograms of current and
voltage with data obtained by computer simulation using
the MATLAB (Simulink) environment (Fig. 4,c) indicate
a fairly close result in frequency of the transfer of
electrode metal.

A coincidence was obtained within 10-15 % and this
is an acceptable result for the technologies of mechanized
and automatic welding processes — surfacing with pulse
algorithms for feeding the electrode wire and confirming
the efficiency of the proposed method.

The proposed method for calculating the operating
parameters of an electric drive in the system of technical
implementation of the welding and surfacing method with
a dosed feed of the electrode wire based on the
introduction of an adjustable feedback on the arc process
current has a very important practical application and
makes it possible to determine the combination of the
minimum i, min @nd maximum iy, ma Values of the welding
process current which determine the frequency and
amplitude of the arc current pulses and, as a result, the
controlled frequency of transfer of the electrode metal
drops and thereby provide the quality indicators of the
resulting welds and deposited layers (spattering, heat
input, formation, penetration, electricity consumption,
etc.). Experimentally, it is rather difficult to select the
parameters of the feedback settings, since in practice
various types and diameters of the electrode wire are
used, different process modes are used, etc.
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Fig. 4. Comparative results of the study of the arc welding and surfacing process: a — current of the conventional process; b — current
of the process with dosed electrode wire feed; ¢c —modelling of the welding process (qualitative representation)

Conclusions.

1. The control system for the arc welding process with
a dosed pulse feed of the electrode wire, which includes a
mathematical representation of the welding process,
contains a substantially nonlinear link in the arc process
current feedback loop, which can be linearized to study
the system. In this case, for the problems of choosing the
parameters for controlling the transfer of electrode metal,
the method of harmonic linearization is most applicable,
in which a nonlinear element can be represented by an
asymmetric relay link.

2. The study of the developed control system can most
expediently be caried out using the methods of
operational calculus, the use of which makes it possible to

obtain results applicable in design and technological
practice, and determining the results of the arc process.

3. Verification of the applied research methods of the
developed control system of the welding process with the
use of adosed feed of the electrode wire carried out using
computer simulation and obtaining characteristic
oscillograms confirms the adequacy of the selected
research methods.
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NEW ALGORITHM FOR ENERGY DISPATCH SCHEDULING OF GRID-CONNECTED
SOLAR PHOTOVOLTAIC SYSTEM WITH BATTERY STORAGE SYSTEM

Purpose. In last decade the problem of energy management system (EMS) for electric network has received special attention from
academic researchers and electricity companies. In this paper, a new algorithm for EMS of a photovoltaic (PV) grid connected
system, combined to an storage system is proposed for reducing the character of intermittence of PVs power which infect the
stahility of electric grid. In simulation model, the PV system and the energy storage system are connected to the same DC bus,
whereas EMS controls the power flow from the PV generator to the grid based on the predetermined level of PV power. In the
case where the PV power is less than the predefined threshold, energy is stored in the batteries banc which will be employed in
the peak energy demand (PED) times. Otherwise, it continues to feed the principal grid. The novelty of the proposed work liesin
a new algorithm (smart algorithm) able to determine the most suitable (optimal) hours to switching between battery, Solar PVs,
and principal grid based on historical consumption data and also determine the optimal amount of storage energy that be
injected during the peak demand. Methods. The solution of the problem was implemented in the Matlab R2010a Platform and the
simulation conducted on Laptop with a 2.5 GHz processor and 4 GB RAM. Results. Smulation results show that the proposed
model schedules the time ON/OFF of the switch in the most optimal way, resulting in absolute control of power electric path, i.e.
precise adaptation at the peak without compromising consumers comfort. In addition, other useful results can be directly
obtained from the developed scheme. Thus, the results confirm the superiority of the proposed strategy compared to other
improved techniques. References 14, tables 1, figures 12.

Key words. PV generator and maximum power point tracker (MPPT), inverter, battery storage, management and control
strategies, injection of energy.

Mema. B ocmanne Oecsmunimms npobnemi cucmemu enepzomenedxcmenmy (CEM) ons erexkmpuunoi mepesici npudiianacs
ocobnusa ysaza 3 60Ky HAYKO8Yi6 ma eleKmpoeHepeemudnux Komnanii. Y yiti pobomi npononyemuca nosuti areopumm oaa CEM
domoenexmpuunoi (QPE) cucmemu, niokmouenoi 0o mepedici, 06'cOHAHOI 3 CUCMEMOI0 HAKONUYEHHS eHepaii Ol 3MeHUleHHs.
xapaxmepy nepepuguacmocmi nomyoxucnocmi @E cucmemu, wo enausac na cmabirbHicmy enekmpuuHoi mepedsici. YV
pospaxyHukogii moodeni OF cucmema ma cucmema HAKONUYEHHS eHepeii nioKaoueHi 00 OOHiel i miel dc wuHu NOCMItIHO20
cmpymy, mooi sik CEM xepye nomoxom nomyacrocmi 8i0 @E ecenepamopa 00 mepesici na ocrogi 3a30ane2iob 8U3HAYEHO20 PigHs.
nomyscnocmi @PE. Y momy eunaoky, konu nomyxcnicme QE menuie 3a30a1e2iob 6U3HAUEH020 NOPO2Y, eHep2is HAKONUYYEMbCA 6
bamapesx aKymyasamopie, wjo 0yoe GUKOPUCHMAHO 6 YACU NIKOBO20 nonumy Ha enepeilo. B inwomy eunaoxy @E npoodosscye
orcusumu  ocnogny mepedxcy. Hoeusna sanpononosanoi po6omu nonseac ¢ HOGOMy ancopummi (PO3YMHOMY ai2opummi),
30amHOMY GU3HAUUMU HAUOLIbW NIOX00Awi (ONMUMANbHI) 200UHU OISl NEPEMUKAHHSL MIdC aAKyMYAAmopom, consunumu OE ma
OCHOBHOIO Mepedicelo HA OCHO8I OAHUX Npo ICMOPII0 CHOJCUBAHHA, A MAKOJIC BUSHAYUMU ONMUMANLHY GeIUYUHY eHepeil
HAKONUYeHHsL, WO 8600UMbCsL Ni0 Yac nikosoeo nonumy. Memoou. Po3e' sizanns 3adaui 6yno peanizoeano na niamgopmi Matlab
R2010a, a mooeniosanna nposedeno na noyméyyi 3 npoyecopom 2,5 I'Ty ma 4 I'B onepamuenoi nam'smi. Pezynomamu.
Pesynomamu moO0ent06ants nOKA3yOmMb, Wo 3anpPONOHO8AHA MOOelb HAUONMUMANbHIWE WIAHYE YacC YGIMKHEHHsGUMKHeHHs
BUMUKAYA, WO NPU3800UMb 00 ABGCOTOMHO20 KOHMPOIIO NOMYICHOCMI WLIAXY elleKmpoenepeii, mobmo mounoi aoanmayii Ha
niky 6e3 wkoou 01 komgpopmy cnodcusauis. Kpim mozo, 3 po3pobnenoi cxemu modxcha 6e3n0cepedHb0 ompumamu iHuL KOPUCHI
pesyromamu. Taxum uunom, pe3yibmamu niomeepodicyloms nepeeazy 3anponoHo8anoi cmpameeii NOpPiGHAHO 3 [THUUMU
60ockonanrenumu memooamu. bion. 14, tabn. 1, puc. 12.

Kniouosi cnosa: ¢oTOeNeKTPUYHMII TeHEPATOP Ta TpeKep TOYKH MAKCUMAJIBHOI MOTY/KHOCTi, iHBepTOp, aKymyJsiTop,
cTparerii ynpaBJiHHS Ta KOHTPOJII0, BIOPCKYBAHHS eHeprii.

I ntroduction. The photovoltaic (PV) technology has
the reliability to become potentially one of the most
important renewable energy sources for future electricity
supply, Also under the implementing effective and
efficient policies that attract sufficient investments to
deploy renewable energy sources [1]. Also, the PV
generators are environmentally friendly as that don't
contribute air, water or greenhouse gas pollution [2].

The large-scale ingtalation of photovoltaic
distributed generators (PV-DG) connected on the low
voltage grid; it requires more attention due to its impact
on the electric grid. Because, high integration bring some
negative impact on the system such as reverse power
flow, voltage rise, transformer and cable rating, voltage
unbalance and increase power losses [3].

A previous study also proved that the main factors
for integrating renewable energy sources (RES) such as
solar energy into the modern electricity grid are climate
change [4], and due to the intermittent nature of solar
energy, Therefore there is a difficulty in accurately

predicting the power product by the PV-DG, then is
injected to the grid.

A wide range of solution measures have been
suggested in severa literary works to reduce problems
arising from by large scale PV integration into power
grids [5]. In a paper [6], the author explains the
accelerated energy transition using new datasets
renewable energy data. Technological advancements in
control and communication schemes lead to the
modernity of the smart grid, and the role of the smart grid
and the development of communication between devices
and data analytics are very important in the effective and
successful implementation of the proposed solutions.

It is recognized that the burden of voltage regulation
fallsin the PV producers, this requires the use of a smart
grid that relies on Smart Meters to acquire and monitor
the electrical signa characteristics signal during the day
[7]. The suggested solutions to reduce voltage deviations
problem is to constrain the PV generation during the

© F. Slama, H. Radjeai, S. Mouassa, A. Chouder
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lower energy demand. However, this solution it's not an
appropriate ones, because leading to lost revenue to the
producer resulting in limitation into increasing PV
penetration. To avoid such solution, it is required of the
PV producer using the storage system [8] in an effort to
prevent leakage of this energy [9]. The authors in [10]
present a study about a PV-battery energy storage system
installed in a grid-connected residential house wherein
daily experimenta results shown that the presence of
energy storage system has positive effect by reducing the
peak energy demand (PED) in midday feed-in of excess
PV power, thus providing benefits to the distribution
network in terms of reduced pesk load and voltage
swings.

In view of aforementioned researches, we can see
that amost of them rely on a permanent and accurate
communication protocol and these clashes with the reality
and capabilities of some rural families or poor countries
as they using an unreliable communication network. This
makes it difficult to implement the solution with the
extreme precision suggested by previous authors. So an
aternative solution was proposed in this paper, as the
process of communication protocol for data entry has
been facilitated, and it helps to expand the presence of
photovoltaic energy within the energy system in rural
areas and developing countries in particular.

This paper aims to present more discussions to
create different models having ability to adapt with the
conditions and possibilities available. The methodology
consists of finding the optimal way to limit to feed the
grid by the intermittent energy and to mitigate the impact
of intermittence of PV power. In addition, the proposed
algorithm is used to adjust the energy value which fed the
grid by constant value within period's time despite
constant changes in the atmosphere. For this purpose, the
PV system and the energy storage system are connected
to the same DC bus Fig. 1.

Load curve data

Solar Energy_, ..

Wi

N -l
E w/m z requested per day

Calenl Control and Manacement aloarithm 1. A

Tinverter

Load =
Grid

Battery

Fig. 1. Schematic of the system model illustrating the main
components and energy

Among these positives, it also reduces the possible
scenarios of grid-connected photovoltaic with storage-
battery of home consumption as a fixed PV matrix size of
3 kWp. In the case where the PV power is less than the
predefined threshold value, the energy is stored in the
batteries bank, which will be used during PED hours. In
the other case, it continues to feed the main grid. It is

worth to mention that in this work, we are not interested
in studying the capacity of battery storage; detailed study
of battery storage are can be obtained in [11].

Modeling and simulation of the system and
developed algorithm.

Photovoltaic module modeling system. Numerous
models have been developed in the literature for
describing the behavior of solar cells; a special attention
has been focused on the single-diode model. Basically,
the PV cell is a p-n junction semi-conductor which
directly converts light energy into electricity. Its
equivalent circuit is presented in Fig. 2 [12], in which
indicated: Iy, is the generated photo-current; Vp is the
voltage of diode VD; Ry, is the shunt resistance which
usualy very large can be neglected; R is the series
resistance of the PV module; |4 and V.4 are respectively
current and voltage of cell.

® "Wl e

Fig. 2. Equivalent PV cdll circuit

In order to extract maximum energy from the
photoelectric cell shown in Fig. 2 and to get shape of the
injected current into the grid, it's necessary to calculus the
coordinates of the maximal power point (Vmgp, |mpp)-
Mathematically it can be defined by the following
equations [13]:

Impp:NP'[lm“'EE"'Kt(Tc_Tn)J; (1)

n

Vipp = Ng .[vt ~In[1+|scl_lnw~[exp[\\/;’°j—ljj— Ryl mpp}(2)
C t

where N, is the parallel cell number; N; is the series cell
number; |, is the reference short circuit current; E is the
irradiation (W/m?); E, is the normalized insolation; K; is
the temperature coefficient of cell short circuit current I
T. is the cel temperature; T, is the normalized
temperature; R; is the series resistance of the PV module;
V, isthe thermal voltage; V. is the open-circuit voltage:
W= @

voc=ﬂ'|n['ic+1j; 4
q lo

3
(T} od 3B (1 1
(] o252 1) o

where K is the Boltzmann's constant; B is the diode
quality factor; q is the charge of an electron; |, is the
saturation current of diode are given by [12]; |y is the
reverse saturation current; E; — energy band gap.

To assess the behavior and simulation of the
proposed system we have utilized the real data have been
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obtained from an acquisition system available in the
Renewable Energy Development Center (REDC) in
Algeria, asillustrated in the Fig. 3. The data used here are
based on the real data of solar insulation and temperature
of one day for both winter season and summer. In our
application, module Isofoton 106 Wc is used as PV
generator. Table 1 summarizes the manufacturer
characteristics of module, in which V4 is the maximum
grid voltage; # is the inverter efficiency; Ly, R are the
inverter parameters.

Fig. 3. Synoptic total of the system acquisition
(GPIB — general purpose interface bus; Tqy, — ambient
temperature (°C); Gy p — global horizontal irradiation;
Gic and G, —inclined irradiation; Vpc, mes— DC link voltage
measured; Vac, mes —AC voltage measured; Ipc, mes— DC link
current measured; | acmes —AC current measured)

Tablel
Simulation parameters values
Parameters Vaues Parameters Values

En 1000 W/m? K, 23102 A/l°C
Tn 298 K Rs 0.1532/36 Q
I 6.69/2 A K 1.38.102 JK
Voe 20.32/36 V N 540

lor 1.406-107/2 A N, 4

. 6.03/2A Ly 0.02H

E, 1.12eV R 0.02Q

q 1.602-10° C Vinax 220+/2

B 13 n 0.95

Inverter modeling. The inverter connected to a grid
receives the DC current from PV plant and converting it
to AC current to inject in electric grid with unity power
factor. A simplification has been introduced to the
inverter model. The full bridge DC-AC converter is
modeled as current controlled voltage source where the
harmonic content is ignored. Fig. 4 shows the schematic
diagram of grid connected inverter. The key variable for
controlling this operation is the voltage of inverter (Vin,).
Theinverter current (I5) can be written as

Vinv _Vac

lg=—"r—5, 6
g iLro (6)

where Vi, is represent fundamental component of inverter
output; Vy is the utility grid waveform; o defines angular
frequency of the voltage vector.

Inverter

VLf

@ v o] el

Fig. 4. Grid connected inverter

Smulation of the PV grid inverter.

The implementation of this system in MATLAB
platform that the behaviour schematic of PV grid
connected inverter is presented in Fig. 5. In this case
indirect current control is used for drawing a reference I
current that must injected to the electric grid is calculated
according the power produced from PV generator model
and modelled as a controlled current source. The
amplitude of current that inverter drawing in from
continuous source is deduced by the power balancing
principles[13].
201V

lg =

)
Vmax
where |, and V,,, represent the coordinates of the maximal
power point.

# 7]
Node_Vinv § -
_ | @31 Load

1
15
|

{
1

Fig. 5. Matlab schematic of PV grid connected inverter

Proposed algorithm. A magjor reason for grid data
unavailability and transparency shortfall is data
accessibility [14]. On the other hand, the input data
needed by grid models or so-called grid data and their
demands highly variant depending on the type of the grid
model used. In this paper we focused only at the Load
Curve Data required within day. Fig. 6,a,b confirms that
energy demand has nearly stable during of both monthly
and seasonal periods. Thus, in order to fulfilling the gaps
of data accessibility, the monthly load curve, which
represents the inputs data of agorithm is obtained by
using 30 daily load curves. The proposed agorithm can
be summarized in adiagram asindicated in Fig. 7.

The work of the algorithm consists of several steps.

The first step to determine the time corresponding to
the PED, within winter season there is only one peak of
energy demand named T, but at season summer, there
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is one off-peak hour between 2 on-peak hours demand, The third step consists to identify discharging time
named, Tminz, Tmaxt @Nd Traxe respectively. These peaks of battery according to the signal provided by the

are calculated using algorithm shown in Fig. 8. algorithm.
The second step is dedicated to find right time for
charging the battery.
The average day in the month for load curve data requested The average day in the month for load curve data requested

: - ; : 15000 , ; 1 :
12000 January day i i ‘

: : : : . May day
R0/ V) SRS HSSSSORRSNS SHSOSUSPHOS SIS SO Fibruary day

‘ March day

June day
o :
o : July day
4000 - -{ —— October day
November day
L e
—— December day
ol i i i i 0 i i i
4 9 14. 19 24 0 4 9 14 19 24
time (h) time (h)
a b

Fig. 6. Daily load curve data

In Figures are indicated:
sbat_Dischar_Tmax1 status switch
for the battery charge at Traxa;
Delta t T1 rest the rest hours of
capacity in the battery witch
discharged at Taxi;
sbat_Dis_Tmax2 status switch for
the battery charge at Tpaxo

Fig. 7. Diagram of different stages of the algorithm
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Fig. 8. Algorithm to define the time for Tra, Tmaxe and Thins

Based on the data acquisition system using in
Algerian Renewable Energy Development Center
(AREDC) can extract a profile of solar radiation during a
day, which contains 1440 (24 h x 60 min) values of solar
radiation, so that each minute in day represent a value of
solar radiation as operation point. in other side, the
simulation time required during 1440 operating points is
Tanaxs IN the same way we can determine ssimulation time
in seconds that correspond of one value of solar radiation,
(i.e., one operating point corresponding to a real single
minute in day); thus, we can identify the real time in
minutes X and hours h at any moment of simulation time.
To this end, the proposed smart algorithm can easily
managing the maximum and minimum peaks of energy,
as well as staring time of charging and discharging
batteries.

Follow calculate the power that will be stored in the
batteries:

AP =Ry pp_pv ™~ Road if

AP =PFnpp_pv

Prpp_pv > Road (8);
if  Prnpp_pv <Road (b);

(8)

X=¢-t, 9)
where t is time of simulation; Py oy 1S the maximum
power generated by the PV generator

Xmax .
= . (20)
TSmaX
re=rem (X,60), (11

where rem indicates of remainder after division; Tgm 1S

the maximum simulation time; X, iS the maximum
operating minutes.

ho (X=re) (12)
60
Calculate the battery current | patery T,
AP .
| battery T 1= if h< Thaxa- (13)
Vev
Calculate the total battery current before Taa
ibat_T, =COEF x " lpattery 7 - A'h. (14)

Calculate the battery current I patery T,
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AP .
| battery T, :V_ if h> T - (15)
PV
Calculate the total battery current after Traa
I lbat T, =coef Z I battery T, A-h. (16)

Calculate the hours of capacity in the battery before
Tmaxt that will be discharged by the value of current I

Tipat_T1

hours= floor ; an

le

T
(% - hours] . 60( , (18)
C

where term floor () denotes the nearest integer less than or
equal to hours or minutes.
Calculating At_T; isthe time of battery discharge
At _T, =hours- 60+ minute. (19)

Calculate the hours of capacity in the battery after
Tmaxt that will be discharged by the value of current I

minute= floor

T
hours= floor [Tz | ¢ Tmax1 20;
i (20)
. Tibat T, . _
minute = floor I——hour 60 if Thaxa =0
Cc
T T
hours = floor | that, T2 ¥ Wbt T, if Tax1 =0
c (21)

. Tibat 71+ Tibat_T ,
minute = floor| ————=

—hour)G({ if Tmax1 =0

c

Calculating At_T, isthe time of battery discharge
At_T, =hours- 60+ minute. (22)

Resultsand discussion.

PED emerges as a phenomenon which epitomizes
the relevance of social practices which lead us to our
understanding of the dynamics of energy demand is the

40 ‘ ‘
Ig selected ; ;
with algorithm :P‘ﬁl ! !

35 g selected |
— without |
30 algorithm !

- Hour (h)

< P Period

225 | | |

8 | | . |

3] l Cap

L 20----- e PRI §

[} | [ 1

(72} | 1 1

= | ! 2 ',’J

Q15 - (S A

5 | .

|
© PLl i
10—4—}» f:f -
o
| 1
Y ]
|
: |
0 ; ‘
0 5 10

time (s)
Fig. 9. Simulation shape of injected current |4

position that the timing of energy demand is determined.
It has been defined of PED times by using the smart
algorithm, through the data base as shown in Fig. 4,
which represents the energy demand curve for days for
months of the year. For example, in January, we find that
Tiaxe = 19 h, Trins = 16 h, and in June we find that Tpaa =
14 h, Thae =22 hand Tring =19 h.

Simulation results for typical days, sunny and
cloudy in the summer and winter, respectively. The value
I which represents the value of current when the battery
is discharged is choosed in a proportional to the current I,
produced by the PV generator when the solar radiation E
is equal to the threshold Eg, in order to maintain the same
size of electrical wires. As for the choice the threshold of
solar radiation Eg, it is related to the storage capacity of
the batteries, taking into account the cost, but in this study
it was an experimental direct choice.

Simulation results by using the data of a day in
the summer. Based on the daily load curve data for
energy-consumption pattern illustrated in Fig. 6 and the
weather conditions, we obtained the results presented in
the Fig. 9 and Fig. 11, in which illustrates the different
energy flow scenarios produced by the PV generator, over
time periods determined and with different quantities,
according to the solar radiation profile and the value of
the energy stored in the batteries shown in Fig. 10 and
Fig. 12.

Simulation results by using the data of a cloudy
day in the winter. From Fig. 9 Period 1 it can be seen
that before 06:52 AM, the value of the current | is equal
to 0, which means that the photovoltaic generator (PVG)
does not produce any energy due to the unavailability of
sunlight; during this period the local load is totally
supplied from public electric network, so 14 = 0.

Period 2 within the interval time 06:52 am — 11:00
am, the PV G charges battery by current I,, and supply the
local load by energy, 0 Ig = lpy — Iy = ljgag-

! — Switch Battery Charge

4 - —

switch
-
T
|
|
|
.
|

T Ibat (Ah) |bat (A)

switch
-

0
30

7] S e e

10— —--L-——-1

hours (24 h)

time (s)
Fig. 10. Switch of control for simulation current of battery
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Fig. 11. Simulation shape of injected current |

Period 3 during 11:00 AM to 14:00 the local load is
covered by PV G and the excess energy is injected into the
network, because the solar radiation exceeds his threshold
Eq. In addition, herein the battery is focused only to store
intermittent energy causing from the weather conditions,
or the solar radiation is inferior to his threshold, so
lg=lp.

? F;:’eriod 4 in the time domain of from 14:00 to 15:47,
the PV G feeds the local load and contributes with battery
to inject energy into the electrical network in coinciding
with the time T4, the conjunction of PV systems with
batteries enables as additional increase energy, so
lg=lpv+ Iy

Period 5 within the interval time between 15:47 to
18:21, the PVG is charging a battery and the local load
feed also, Wherelg: Ipv_lb: l0ad-

Period 6 the time interval between 18:21 to 21:13,
the PVG doesn't generate eectricity, due to the total
absence of sunlight, so in this case the local chargeis feed
from the public network, so Iy = I, = 0.

Period 7 in the last case, between 21:13 to 22:47, the
battery are discharged into the public network in
conjunction with Ty, time, so the current Iy = |,

Figure 11 shows that over the course of the day,
period 2 through 07:00 to 14:15 all the intermittent energy
produced by the PVG is stored in the battery without
resorting to feeding the grid with this fluctuating energy.
In the end, this strategy was able to supply the main grid
with energy during the peak, within a specified time
interval period 4 between 17:30 to 20:20, which lead to
facilitate the monitoring of the network's stability.

Conclusions.

In this paper, a new management scheme based on a
system behavioral approach is proposed with a novel
power flow management strategy to grid-connected PV
system smart scheme, based on the real load curve data.

It is shown that the demand for energy is relatively
stable within a month, which allowed us to understand the
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Fig. 12. Switch of control for ssmulation current of battery

dynamics of energy demand and we developed a novel
strategy to facilitate the communication between the
distributor of electricity dispatcher and the producer of
energy generated by solar panels, so that the defect
existing in this type of generator is corrected.

The proposed strategy describes how to exploit the
power produced from PV generator based on determining
the solar radiation threshold that is relied upon in
specifying the energy path, either directly injected into the
network or stored in order to inject later as per schedule
given by algorithm.

This study not only alowed us to anticipate and
estimate the amount of energy that will be injected into
the network, but also to define the appropriate schedule
for injection, supplying the network with energy at the
peak energy demand times, in avoiding to supply
intermittent power into network even under bad weather
conditions. On the light of the obtained results, it would
be very helpful and facile to control the stability dispatch
in power networks. More importantly, the proposed
strategy reduces the negativity of the intermittent nature
of solar-energy, which encourages widespread investment
in solar power generators.

Acknowledgements.

We gratefully acknowledge the support of the
Renewable Energy Development Center (www.cder.dz) at
Algeria. This work was supported fully by the University
of Ferhat Abbas, Setif-1.

Conflict of interests. The authors declare no
conflicts of interest.

REFERENCES

1. Polzin F., Egli F., Steffen B., Schmidt T.S. How do palicies
mobilize private finance for renewable energy? — A systematic
review with an investor perspective. Applied Energy, 2019, vol.
236, pp. 1249-1268. doi:
https://doi.org/10.1016/j.apenergy.2018.11.098.

2. lvanova D., Barrett J., Wiedenhofer D., Macura B.,
Callaghan M., Creutzig F. Quantifying the potential for climate

I SSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 1 33



change mitigation of consumption options. Environmental
Research Letters, 2020, vol. 15, no. 9, p. 093001. doi:
https.//doi.org/10.1088/1748-9326/ab8589.

3. Kenneth A.P.,, Folly K. Voltage rise issue with high
penetration of grid connected PV. Conference Paper of 19th
World Congress, International Federation of Automatic Control
(IFAC, 2014), Cape Town, South Africa. August 24-29, 2014,
vol. 19, no. 3. doi: 10.13140/2.1.2274.2406.

4. Ascencio-Vasquez J., Brecl K., Topi¢ M. Methodology of
Koppen-Geiger-Photovoltaic  climate  classification  and
implications to worldwide mapping of PV system performance.
Solar Energy, 2019, vol. 191, pp. 672-685. doi:
https://doi.org/10.1016/j.solener.2019.08.072.

5. Sampath Kumar D., Gandhi O., Rodriguez-Gallegos C.D.,
Srinivasan D. Review of power system impacts at high PV
penetration Part |1: Potential solutions and the way forward.
Solar  Energy, 2020, vol. 210, pp. 202-221. doi:
https.//doi.org/10.1016/].solener.2020.08.047.

6. GidenD., Boshell F., Saygin D., Bazilian M.D., Wagner N.,
Gorini R. The role of renewable energy in the globa energy
transformation. Energy Strategy Reviews, 2019, vol. 24, pp. 38-
50. doi: https://doi.org/10.1016/j.esr.2019.01.006.

7. Benabdalah I., Oun A., Cherif A. Grid Connected PV Plant
based on Smart Grid Control and Monitoring. International
Journal of Advanced Computer Science and Applications, 2017,
vol. 8, no. 6, pp. 299-306. doi:
https:.//doi.org/10.14569/ijacsa.2017.080639.

8. Guidara I., Souissi A., Chaabene M. Nove configuration
and optimum energy flow management of a grid-connected
photovoltaic battery instalation. Computers & Electrical
Engineering, 2020, vol. 85, p. 106677. doi:
https://doi.org/10.1016/j.compel eceng.2020.106677.

9. Ariyaratna P., Muttagi K.M., Sutanto D. A novel control
strategy to mitigate slow and fast fluctuations of the voltage
profile at common coupling Point of rooftop solar PV unit with
an integrated hybrid energy storage system. Journal of Energy
Sorage, 2018, vol. 20, pp. 409-417. doi:
https://doi.org/10.1016/j.est.2018.10.016.

10. Bagdini V., Zhao B.Y., Wang R.Z., Desideri U. Solar PV-
Battery-Electric Grid-Based Energy System for Residentia
Applications: System Configuration and Viability. Research,

How to citethis article:

2019, vol. 2019, pp. 1-17. doi:
https://doi.org/10.34133/2019/3838603.

11. Ru Y., Kleisd J, Martinez S. Exact sizing of battery
capacity for photovoltaic systems. European Journal of Controal,
2014, vol. 20, no. 1, pp. 24-37. doi:
https://doi.org/10.1016/j.ejcon.2013.08.002.

12. Vinod, Kumar R., Singh S.K. Solar photovoltaic modeling
and simulation: As a renewable energy solution. Energy
Reports, 2018, vol. 4, pp. 701-712. doi:
https://doi.org/10.1016/j.egyr.2018.09.008.

13. Slama F., Chouder A., Radjea H. Simulation of
Photovoltaic generator Connected To a Grid. Mediterranean
Journal of Modeling and Simulation, 2014, no. 1, pp. 25-33.
Available at: https://hal .archives-ouvertes.fr/hal-
01293445/document (accessed on 22 June 2020).

14. Medjroubi W., Miller U.P., Scharf M., Matke C., Kleinhans
D. Open Data in Power Grid Modelling: New Approaches
Towards Transparent Grid Models. Energy Reports, 2017, vol.
3, pp. 14-21. doi: https://doi.org/10.1016/j.egyr.2016.12.001.

Received 01.11.2020
Accepted 14.12.2020
Published 25.02.2021

Fateh Sama’, Ph.D. Student,

Hamoud Radjeai’, Professor,

Souhil Mouassa?, Doctor of Engineering,
Aissa Chouder 3, Professor,

! Department of Electrical Engineering,
Ferhat Abbas University of Setif 1, Algeria,
El Bez Campus, Setif 19000, Algeria,
e-mail: damafateh@univ-setif.dz, hradjea @univ-setif.dz
2 Department of Electrical Engineering,
University of Jaén,

23700 EPS Linares, Jaén, Spain

e-mail: souhil.mouassa@univ-bouira.dz

3 Department of Electrical Engineering,
Mohamed Boudiaf University of M’ Sila,
PB 166 M'sila 28000, Algeria,

e-mail: aissa.chouder@univ-msila.dz

Slama F., Radjeai H., Mouassa S., Chouder A. New algorithm for energy dispatch scheduling of grid-connected solar photovoltaic
system with battery storage system. Electrical Engineering & Electromechanics, 2021, no. 1, pp. 27-34. doi: 10.20998/2074-

272X.2021.1.05.

34 | SSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 1



Engineering Electrophysics. High Electric and Magnetic Fields Engineering
UDC 621.327.7 doi: 10.20998/2074-272X.2021.1.06

K.V. Korytchenko, O.V. Shypul, D. Samoilenko, |.S. Varshamova, A.A. Lisniak, S.V. Harbuz, K.M. Ostapov

NUMERICAL SIMULATION OF GAP LENGTH INFLUENCE ON ENERGY
DEPOSITION IN SPARK DISCHARGE

The aim of the work is to study the influence of the length of the spark gap on energy input into the discharge channel during its
gas-dynamic expansion. Methodology. The research is carried out by numerical modeling of the process of spark discharge
development at variable values of the discharge gap length and at invariable other discharge conditions. The length of the gap
was set in the range from 1 mm to 20 mm. The study was conducted using a humerical model of spark development, which takes
into account the processes of nonstationary gas-dynamic expansion of the spark channel, the transient process in the electric
circuit, nonequilibrium chemical processes, gas ionization, heat transfer and electrons thermal conductivity. The simulation
was performed in atmospheric pressure nitrogen. The calculation was performed for various parameters of the RLC circuit,
such as capacitance, inductance, resistance and voltage across the capacitor. Results. The study evaluates the influence of the
spark length on the discharge current, the resistance of the spark channel, the energy deposited in the spark channel, and the
distribution of thermodynamic parameters of the gas during the development of the spark discharge. It is confirmed that
increasing the length of the gap increases the resistance of the spark. The deviation from the linear relationship between the
deposited energy or the radiated energy and the length of the spark gap is estimated. Scientific novelty. A linear relationship
between the gap length and the deposited energy is revealed when the total energy is above tens of Joules. Deviations from the
linear dependence were detected in the discharge circuit when the total energy is below one of Joules. Practical value. The
research results allow predicting the effect of the spark gap length on the energy input into the discharge channel under
conditions of a slight change in the discharge current. In the conditions of essential change of amplitude of discharge current it
is expedient to apply numerical researches for specification of changes in the energy deposited into a spark discharge.
References 31, table 1, figures 13.

Key words: spark discharge, energy deposition, gap length influence.

Memoro pobomu € 00cniOdNHCeHHsT GNAUBY OOBICUHU ICKPOBO2O NPOMIJICKY HA 66e0eHHs eHepeil 6 po3psAOHUL KAHAL Ni0 4ac 1020
2az00unamiynoz2o posutupenns. Memoouka. [ocniodcenns 30iUCHEHO WIAAXOM HUCENbHO20 MOOENIO8AHHA NPOYecy pPO36UMKY
iCKp0o68020 pO3psA0Y 30 GIOMIHHUX 3HAUEHb OOBMHCUHU POPAOHO20 NPOMINCKY MdA 34 He3MIHHUX THWUX YMO8 po3pady. [Josxcuna
npomisicky 3adasanace 6 medcax 6i0 1 mm 0o 20 mm. Jocaiodcenns nposedeHo 3 UKOPUCTIAHHAM YUCENbHOI MOOeN PO36UMKY
ickpu, w0 6paxoeye npoyecu HeCmayioHapHo20 2a300UHAMIYHO20 PO3UIUPEHHs ICKPOBO20 KAaHANYy, nepexioHuli npoyec 6
eNeKMPUYHOMY KO, HepIBHO8AdCHI XiMiuHi npoyeci, iOHI3ayito eazy, Meni00OMiH SUNPOMIHIOBAHHAM MdA eNeKMPOHHOIO
mennonposionicmro. Moodenosannsa 30ilicHioganoce y aszomi ammocgeprozo mucky. PospaxyHox npoeoouscs 0aa pizuux
napamempie RLC kona, maxux ax emuicmv, iHOYKmugHicmov, onip i Hanpyea Ha emuocmi. Pesynemamu. B pesyrvmami
00CHI0JCEHHsT OYIHEHO BNIUE O0BIICUHU ICKPOBO2O HA PO3PSAOHULL CMPYM, ONIP ICKPOBO2O KAHANLY, €Hep2ilo, W0 GUOLIAEMbCS 6
iCKpoBOMY KaHai, ma po3noodii MepMOOUHAMIYHUX NAPAMEmMPI8 2a3y nid Yac po3eumKy icKpogoz2o pospsdy. I[liomeepocero, uo
30IMbUIEHHS O0BIHCUHU RPOMINCKY 36inbutye onip ickpu. OyineHo 8IOXUNeHHs 810 NIHIUHO20 CHIGBIOHOUEHHS MIJIC eHep2Iiel0, Wo
BUOLNIAEMbCSL, ADO eHepP2Icio, WO SUNPOMIHIOEMbCSL, MA O0BACUHOIO ICKP0B8020 npomidxcky. Haykoea nosusna. Y pospsonomy xoui
i3 HAKONUYEHOI0 eHepP2ieI0 NOHAOD 0eCAMKU 0XHCOYVII8 BUABNEHO JIHILIHY 3ANEHCHICMb MIHC 008ICUHOTO NPOMINCKY MA eHepeicio, o
BUOINAEMBCA Y HbOMY. Y pO3PAOHOMY KOZi i3 HAKONUYEHOIO eHep2icio 00 00HO020 OXHCOYAA BUABNEHO GIOXUNEHHA IO NiMIUHOT
sanexcnocmi. Ilpakmuune 3nauenmnsa. Pesynemamu Oocniodcensb 00360JA10Mb NPOSHO3Y8AMU 6NAUE OO0BXUCUHU ICKPOBO2O
NPOMINCKY HA 86€0eHHs eHepaii 8 PO3PAOHULL KAHAN 8 YMOBAX He3HAUHOI 3MIHU PO3PAOH020 cmpymy. B ymosax cymmeeoi sminu
amMnaimyou po3apsioHo20 CIMpPYMY OOYIIbHO 3ACMOCO8Y8AMU YUCETbHI O0CHIONCEHHs OISl YMOUHEHHs. 3MIH 8 eHepell, uo 6600UmbCs
6 ickposuii po3pad. bion. 31, Tabn. 1, puc. 13.

Kniouogi cnoea: ickpoBuii po3psii, BBeleHHsI eHeprii, BIIUB JOBKUHH NPOMIKKY.

Introduction. Spark discharge is used in various
devices where the length of the spark gap can vary in a
wide range. The variation of the spark gap length results
in the change of the spark channel resistance and it affects
the discharge current. Finally, a change in the length of
the spark gap leads to a change in the energy deposited in
the spark discharge.

Resistance of an electrical conductor of a uniform
cross section and conductivity is directly proportional to a
length of the conductor. Therefore, an increase in the
length of the electrical load leads to alinear rise in energy
released in the load when a discharge current is the same.
If the resistance of the discharge circuit significantly
exceeds the resistance of the load, a change in the length
of the load practically does not affect the discharge
current. Thus, in a first approximation, there is a linear
relationship between the load length and the energy

released in the load when the mentioned conditions take
place. But the spark channel is an electrical conductor in
which the cross section and conductivity change during
the expansion of the spark channel. The discharge current
determines the process of the spark channel expansion
and, accordingly, affects the distribution of gas
conductivity over the cross section of the spark channel.
At the same time, the development of the discharge
current depends on the resistance of the spark channel. As
a result, the energy deposited into the spark channel
deviates from a linear dependence on the spark gap
length.

The study of the influence of the gap length on the
deposited energy is important from a practical point of
view. This is because spark energy affects the reliability
of combustible mixtures ignition [1]. The energy of a
spark discharge affects the detonation initiation process in
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a detonation devises such as a pulse detonation engine
and a pulse compression detonation gun [2-4]. The energy
deposited into the spark channel has an impact on the
period of the recovery of the dielectric strength of spark
switches [5]. In nanoparticle generators, a change in the
length of the discharge gap leads to a redistribution of the
energy balance between the energy deposited in a gas-
discharge channel and the energy loss at near-electrode
regions [6]. This redistribution influences the efficiency
of nanoparticle generation. The energy balance in the
spark discharge also affects the energy efficiency of
electrical discharge machining [7].

The energy deposition in a spark discharge with
varied gap lengths was investigated experimentally in the
work [8]. The authors measured the voltage across the
spark gap with varied gap lengths to extract a voltage
drop across the gas-discharge channel and a sum of
cathode and anode voltage drops. So, it was assumed the
voltage drop across the gas-discharge channel is directly
proportional to the length of the spark gap. And the sum
of cathode and anode voltage drops and electric field
strength in the gas-discharge channel depend on a
discharge time only. The voltage across the spark gap
with varied gap lengths was measured at the different
discharge time. Then the voltages were compared at the
same discharge time to extract the voltage drop across the
gas-discharge channel and the sum of cathode and anode
voltage drops. Such comparisons were made at the
different discharge time. Then the history of the voltage
drop across the gas-discharge channel was found out. It
allowed dividing the energy deposited in the spark gap
into energy deposited in the spark channel and the energy
deposited at the cathode and anode regions.

It has to note that an assumption of direct
proportionality between the spark gap length and the
energy deposited in the spark channel is correct if the
discharge current does not change when the gap length is
varied. But an increase in the spark gap length leads to a
rise in the resistance of the discharge channel, and it
decreases the discharge current, respectively. As a rule,
the resistance of the spark channel is significantly lower
than total impedance of the electric discharge circuit.
Therefore, a change in spark resistance caused by a
change in the gap length affects the discharge current
slightly. Nevertheless, this effect occurs and it requires an
evaluation.

An experimental study of the gap length influence
on the energy deposition in a spark discharge was made in
work [9]. The total energy of the spark discharge ranged
from 25 to 45 mJ. The deposited energy was measured
using a calorimetric technique. It was found out that an
increase in the length of the discharge gap leads to growth
in the energy deposited in the spark discharge. And it was
evaluated that the increase in the deposited energy
deviates from directly proportional dependence on the gap
length. But measuring accuracy of the calorimetric
technique did not allow updating the dependence of the
deposited energy on the gap length.

The energy deposition in the spark discharge was
investigated in works [2, 10] by damping factors
comparison of a short circuit current with the discharge
current when a gas-filled spark gap is used as aload. So,

the resistance of the electrical circuit was calculated from
a damping factor of a short circuit current. A series
connection of the spark gap with the electrica circuit
leads to an increase in a resistance of the discharge
circuit, and it influences on the damping factor of
discharge current. Thus, the resistance calculated from the
damping factor when spark gap is connected equals the
sum of the circuit resistance and an average spark
resistance. It alowed evaluating the average spark
resistance then. And the deposited energy was found out
by integration of discharge power over time.

It should be noted that the method applied in works
[2, 10] does not give acceptable accuracy of the deposited
energy measurement. It is caused by a wide range of the
spark resistance change during the spark discharge
evolution. Therefore, this method is not reasonable to use
for studying the effect of the gap length on the deposited
energy. Moreover, this method does not allow extracting
the energy deposited in the gas-discharge channel from
the energy deposited in the spark gap.

A gas-dynamic stage of spark development starts
with a process of plasma channel contraction. The
contraction usually happens when the duration of spark
discharges exceeds a few hundreds of nanoseconds
[11, 12]. Due to a significant growth in current density in
the forming channel, the thermal ionization of the gas
takes place in the channel, the gas becomes highly
ionized, and the gas state exceeds an equilibrium one. The
further development of the spark channel is accompanied
by its gas-dynamic expansion. When duration of a spark
discharge is over one microsecond and more, energy
deposited in a gasfilled spark gap during the breakdown
stage is typically lower than energy deposited during the
stage of the gas-dynamic expansion. And the energy
deposition at the expansion stage depends on the
discharge current where a discharge electrical circuit
influences the discharge current. So, we have studied the
effect of the length of the gap on a spark discharges
development when the energy deposition in the spark
channel depends on the parameters of the electrical
circuit.

There is a plurality of numerical models of spark
development which adequately predict the processes
occurring in the spark channel [13-18]. We used a
numerical model of the spark channel expansion which
was previously tested in awide energy range [19-23].

The aim of the work is to study the influence of the
length of the spark gap on energy input into the discharge
channel during its gas-dynamic expansion.

Numerical model of spark channel expansion. It
was assumed in the developed model that the expansion
of the spark channel is determined by the following
processes. non-stationary gas-dynamic expansion of the
spark channel, a transient process in the electrical
discharge circuit, nonequilibrium chemical processes,
ionization of gas, radiation heat transfer and electron
thermal conductivity. The process of collisons of
electrons with atoms and molecules outside the thermally
ionized spark channel was neglected because the electric
field strength in the spark discharge during its expansion
decreases to 100-1000 V/cm and lower [8]. The electrical
conductivity was evaluated for a region of thermally
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ionized gas where the degree of gas dissociation is high.
Gray body radiation theory was used to take into account
the radiative heat transfer in the high temperature gas and
to simulate energy radiated from the high temperature
spark channel [24]. Spectral radiative heat transfer in the
low temperature gas was neglected due low power
density. The nonequilibrium vibrational excitation of the
gas in the shock wave was not considered. Molecular
thermal conductivity was not taken into account because a
value of such conductivity is significantly smaller than
values of electron and radiative heat conductivities. The
diffusion of atoms and molecules was not taken into
account due to the high rates of mass transfer of the gasin
the expanding channel. The scope of the model was
limited by the condition that the magnetic pressure
created by the discharge current is much less than the gas
pressure.

Within  the framework of the considered
assumptions, the simulation of spark expansion was
carried out by the system of equations
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where p is the gas density; u is the velocity, p is the
pressure, ¢ is the specific internal energy of the gas, kr is
the therma conductivity, E is the electric field strength,
o is the electrical conductivity of the gas, Wey, is the
radiative loss, r is the radial coordinate, t isthetime, T is
the gas temperature.
The radiated energy was calculated using the
expression
Wy = o7 /1R, )
where o is the Stefan—-Boltzmann constant, Ig is the
Rosseland mean free path.
The heat conductivity coefficient was calculated
using the expression
T25
Kr =Ko +Krag = 2.65m+5.33058T3|R, 3)

where k. is the electron heat conductivity coefficient,
kiag is the radiative heat conductivity coefficient, In4 is
the Coulomb logarithm.

Transient electrical process was calculated by the
equation

LY R+ ].i+ijidt—o (@)
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where C is the capacitor capacitance, R is the resistance
of a discharge circuit; L is the inductance of a discharge
circuit, Ry, is resistance of the spark channel, i is a
current.
Resistance Ry, was defined by the expression
Y
RspzlqO/IZMOdr, (5)

0
where Ig, is the discharge gap length (channel); Y is
maximum radius of the simulation domain, o is an
electrical conductivity.

The conductivity was calculated by equation

o=282.10"% Ne

, (6)
NNOLGY +NgLO
where n. is electron number density; oy is the transport
cross-section of the elastic collisions of the electrons with
the neutral plasma components; o is the Coulomb
collision cross-section; ny is the number density of neutral
components; v is amean thermal velocity of electron.

The number density of neutral components was
defined by equations of chemical reaction kinetics
considering the reaction (Table 1) where forward rate
constant ks is expressed as

-E
n af
ki = AsT " ex )
f = Ay IO[ — J (7)
Table1l
The coefficients of the rate constant of forward reaction
and the activation energy [25]
Reaction A " =
N+ M oN+N+M 8.508-10% -2.25 225

Remark. M denotes the third particle. The values are expressed in
calories, moles, cm?, and s.

The Saha equations with regard to the single and
double ionization of gas with components of e, N, N*, N**
was applied to calculate the electron density n, when the
gas temperature exceeds 8000 K. It was assumed that
plasma in the channel is quasi neutral too. A difference
between temperature of electrons and temperature of
atoms was estimated in the next section to evaluate a
correctness of the local thermodynamic equilibrium
approximation application.

The gas pressure was calculated using the expression

p= kTch | (8)

where n. is a number density of all components (e, N, N¥,
N™, Np).
The simulation procedureis presented in Fig. 1.

Initial gas state
p. T, puey;

New p, T, p,u.ey;

tial condition i’

electrical curciut
U Iy

MNew Up. Ip

Chemical Electric conductivity Spark resistance Transient process in
kinetics alt) Rsp . electric curcuit
i I ’
Gas dynamic and Electric energy Electric field
heat transfer oE? E= Rspluflsp

Fig. 1. Schematic of simulation procedure

Detail descriptions of the model and simulation
procedure are presented in work [19].

The method of splitting by physical processes was
applied to simulate gas-dynamic spark channel expansion
combined with heat transfer and radiation, components
concentration changing due to dissociation/association
process, thermal gas ionization and transient process in
electrical circuit.

The gradients of thermodynamic gas parameters are
assumed to be absent for the discharge channel axisin a
cylindrical symmetry. The computational area size was
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prescribed in the manner of preventing disturbance from
reaching the boundary. It is assumed that initial
conditions have no gas dynamic perturbations in the entire
computation region.

The model requires a circuit shorting to start
simulating. The shorting of the discharge circuit occurs in
a spark discharge as a result of the development of
avalanche-spark or streamer-spark transition processes
when the gap length is not extremely large. These
processes are investigated, for example, in [5, 16]. As a
result of these processes, a narrow channel with a radius
of up to 0.1 mm is formed where a gas temperature of
more than 10,000 K is reached, and the state of the gas
approaches local thermodynamic equilibrium. Therefore,
the energy was deposited into the channel of a small
radius to rise the gas temperature from the initial one to
10,000 K. It is well known that when the capacitor
discharge happens over the spark gap, the main part of the
discharge energy is released during the high current
pulses. Thus, the shorting energy was set in such a way
that its value was significantly less than the total
discharge energy. Therefore, a change in the conditions of
the shorting energy deposition does not significantly
influence the spark channel expansion because the further
energy input into the spark is determined by the
parameters of the discharge circuit. So, an energy was
inputted initially in the simulated region with a radius of
ro= 50 um during a time of t= 10 ns to form a narrow
current-conducting channel. This energy was 2.8 mJ.

Results and discussion. A spark discharge in series
RLC-circuit with various circuit parameters was
investigated. The first circuit had follow parameters
where the damping factor was ¢ = 0.38. A capacitance of
C = 0.2 yF, an inductance of L = 500 nH, a resistance of
R. = 1.2 Q were applied. The charge voltage was
Uc = 3 kV. These circuit parameters correspond to the
first simulation conditions. The second circuit had the
following parameters where the damping factor was
¢ = 0.11. A capacitance of C = 0.1 pF, an inductance of
L = 2 pH, aresistance of R. = 1 Q were applied. The
charge voltage was Uc = 30 kV. These circuit parameters
correspond to the second simulation conditions. In both
cases, a spark is ignited in molecular nitrogen with the
initial gas temperature of 7o = 300 K and the initial gas
pressure of 0.1 MPa. A gap length was in a range from
1 mm to 20 mm.

The discharge currents at two electrical circuits with
various spark gap lengths are shown in Fig. 2, 3. It is
observed that an increase in the gap length led to a
decrease in the amplitude of the discharge current at the
both electrical circuits. But this effect is more pronounced
at the first electrical circuit. So, the current amplitude at
the first half cycle of the discharge decreased from
1111 A to 1010 A or by 10 % at the first circuit (Fig. 2)
when the gap length is increased 3 times. Moreover, the
current amplitude at the second half cycle of the discharge
decreases by more than 45 %. The growth in the gap
length to 6 mm caused a fall in the current amplitude at
thefirst half cycleto 873 A or by 27 %.

The current amplitude at the first half cycle of the
discharge decreased from 5669 A to 5471 A or by 3.65 %

only when the gap length is increased 10 times at the
second circuit (Fig. 3). Moreover, the current amplitude
reduction did not exceed 6.5 % in the second half cycle of
the discharge. The current amplitude at the first half cycle
of the discharge did not exceed 5261 A by the gap length
of 20 mm.
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Fig. 2. The discharge current over time at the first electrical
circuit with the gap length of 1 mm, 3 mm and 6 mm
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Fig. 3. The discharge current over time at the second circuit with
agap length of 1 mm, 10 mm and 20 mm

The dependences of the spark channel resistance on
the discharge time at two electrical circuits with the
various spark gap lengths are shown in Fig. 4, 5. In both
cases the increased length of the discharge gap led to a
rise in the resistance of the spark channel. The minimum
value of the spark resistance in particular increases from
59 mQ to 196 mQ or 3.3 times at the first circuit (Fig. 4)
when the gap length is enlarged three times. A six-fold
increase in the length caused the minimum value rise to
449 mQ or 7.6 times.

The minimum value of the spark resistance rises
from 6.45 mQ to 69 mQ or 10.7 times a the second
circuit (Fig. 5) when the gap length is enlarged ten times.
And the minimum value grows to 147 mQ or 22.8 times
when the twenty-fold gap increase happens.

Thus, it was simulated that the minimum value of
the spark resistance is nearly in direct proportion to the
gap length.

The study of the gap length influence on the electric
field strength in the spark channel at the calculated cases
is presented in the Fig. 6, 7.

It is observed at the both circuits that a decrease in the
field strength happens in 0.2-0.3 ps from the spark
expansion start and the strength reduces to 1000 V/cm
and lower. The effect of the gap length on the field
strength is more pronounced at the first circuit (Fig. 6)
than it effects at the second circuit (Fig. 7).
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Fig. 4. The spark channel resistance over time at the first circuit
with agap length of 1 mm, 3mm and 6 mm
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Fig. 5. The spark channel resistance over time at the second
circuit with agap length of 1 mm, 5 mm, 10 mm and 20 mm

3000

2000

1000

Electric field strength (Wiem)

Time {ps)

Fig. 6. The electric field strength over time at the first circuit
with agap length of 1 mm, 3mm and 6 mm
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Fig. 7. The electric field strength over time at the second circuit
with agap length of 1 mm, 10 mm and 20 mm

The energy deposited in the spark channel over time
at the calculated circuits with the various gap lengths is
shown in Fig. 8, 9. We multiplied data of the deposited
energy with a gap length of 1 mm by a number which
equaled aration of the gap growth to find out the effect of
the gap length on the deposited energy. It is observed that
the deposited energy increases when the gap length rises.

Pulses of the discharge current cause an increase in the
deposited energy. A main energy deposition happens
during the first half cycle of the discharge. It is explained
by a high discharge current and a high spark resistance
during this period of the discharge development. The
deviation of the energy growth from the directly
proportional dependence on the gap length is observed at
the both circuits (Fig. 8, 9). So, the three-fold increase in
the deposited energy at the first circuit with the gap length
of 1 mm differs by 11 % from the deposited energy at the
case when the gap length was 3 mm (Fig. 8). Such an
energy difference grows by 29 % when the gap length
exceeds 6 mm. It should be noted that the Joule energy
deposited in the resistance is directly proportiona to the
square of the discharge current. Therefore, it was
previoudly expected that when the spark gap is increased
from 1 mm to 6 mm at the first circuit, the deposited
energy will decrease 1.27x1.27 =~ 1.6 times relative to
0.478 J (see Fig. 8) due to a decrease in the discharge
current 1.27 times (see Fig. 2). So, the expected deposited
energy was 0.298 J. But it was smulated that the
deposited energy equals 0.371 J when the gap length is 6
mm. It occurs because a decrease in the discharge current
causes an increase in the spark resistance that partially
compensates for the drop in the deposited energy. For
instance, when the gap length at the first circuit is
increased 6 times, the minimum spark resistance increases
not 6 times, but 7.6 times.
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Fig. 8. The energy deposited in the spark channel over time at
the first circuit with a gap length of 1 mm, 3 mm and 6 mm. The
dotted line denotes the three-fold increase in the deposited
energy at the first circuit with the gap length of 1 mm. The dot-
and-dash line denotes the six-fold increase

The ten-fold increase in the deposited energy in the
second circuit with the gap length of 1 mm differs by 6 %
only from the deposited energy at the case when the gap
length was 10 mm (Fig. 9). The deviation of the energy
growth from the directly proportional dependence on the
gap length at the first half cycle of the discharge did not
exceed 3.6 % when the gap length was 10 mm. The
difference in the deposited energy exceeds 13.2 % when
the gap length equals 20 mm.

According to the simulation results we think that the
energy deposited into the spark channel is directly
proportional to the length of the spark gap as the first
approximation. But when the minimum resistance of the
spark channel and the resistance of the discharge circuit
have the same order of magnitude and the damping factor
is high, it is necessary to specify the deposited energy
growth due to the gap length increase. A difference in the
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discharge current can be used as a sign to specify the

deposited energy.
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Fig. 9. The energy deposited in the spark channel over time at
the second circuit with a gap length of 1 mm, 5 mm, 10 mm and
20 mm. The dashed line denotes the five-fold increase in the
deposited energy at the second circuit with the gap length of
1 mm. The dotted line denotes the ten-fold increase, and the
dot-and-dash line denotes the twenty-fold increase

Although extensive research has been carried out
where the length of the discharge gap has been variable
[6, 26], there is a problem to compare the calculated
results with the experimental data. The reason for this is
that a change in the gap length under constant gas
pressure leads to a change in breakdown voltage. The
increased breakdown voltage requires to rise the charge
voltage of the discharge capacitor and, accordingly, to
increase the total discharge energy. And growth in the
total energy is accompanied by an increase in the energy
deposited into the spark discharge. As a result, there are
difficulties to separate the effect of the capacitor charge
voltage from the effect of the gap length on the deposited
energy.

Therefore, it was carried out a comparison of the
calculated results with the results of experimenta studies
[9, 27], where the breakdown voltage did not change
when the gap length is variable due to a regulation of the
gas pressure p in the discharge medium.

It was assumed that the following condition take place
Up =const, if p-lg =const, 9

where Uy, is the breakdown voltage.

The results of experimental studies [9, 27] confirm
that an increase in the length of the spark gap leads to a
rise in the energy deposited into the gap. It is aso
confirmed that the change in the deposited energy
deviates from a directly proportional dependence on the
factor of change in the length of the gap. For example, it
was found out in [9] that the thermal energy is 7 mJ at the
experimental circuit when the gas pressure is 2 bar and
the gap length is 1 mm. The therma energy is about
12,5 mJ at such a circuit when the pressure is 1 bar and
the length is 2 mm. Thus, there is a 1.78-fold increase in
the deposited energy in the case of atwo-fold increase in
the length of the spark gap and a decrease in the pressure
of the gas-discharge medium by a factor of two. To
separate the effect of pressure from the effect of the gap
length on the deposited energy, we use the data from [23],
where it was found out that a 2-fold increase in gas
pressure leads to an increase in the deposited energy by
10 %. So, we have that a decrease in gas pressure from
2 bar to 1 bar by the gap length of 1 mm would lead to a

decrease in the deposited energy from 7 Jto 6.3 mJ. Asa
result, we have that a two-fold increase in the gap length
led to a 1.98-fold increase in the deposited energy.

The results of an experimental study of the effect of
the gap length and the gas pressure on the realized energy
are also presented in [27]. It should be noted that the total
energy deposited into the discharge gap consists of the
sum of the energy realized into the gas discharge channel
and the energy released in the near electrode regions. The
results of [27] dlow us to separate these energy
components. In particular, the energy released in the near-
electrode regions corresponds to the total deposited
energy when the spark gap length is about zero.
According to the results of experimental studies, a close-
to-linear relationship was found out between the gap
length and the deposited energy. For example, it was
measured [27] that the total deposited energy is 2.3 J at
the investigated circuit with a spark gap of 1 mm and gas
pressure of 1 bar. The following energy balance happens.
The energy of 1.8 J is released in the near-electrode
region, and the energy of 0.5J is deposited in the spark
channel. The total deposited energy equals 4 J at such a
circuit when the gap length is 10 mm and the pressure is
0.1 bar where energy of 1.4 Jis released in the near-
electrode region, and energy of 2.6 Jis released in the
spark channel. According to the results of [23], an
increase in pressure by a factor of 10 leads to an increase
in the deposited energy by 70 %. It follows that a decrease
in pressure from 1 bar to 0.1 bar over a spark gap of 1 mm
would lead to a decrease in the deposited energy from
0.5Jt00.29 J.

Thus, an increase in the length of the gap by a factor
of 10 led to an increase in the deposited energy 8.96
times. We have that the influence of the gap length,
revealed by the results of numerical studies, is in
satisfactory correlation with the experimental data.

Distribution of pressure, temperature and gas density
along the radia coordinates at different time allow to
evaluate an influence of the spark gap length on the
discharge channel expansion (Fig. 10, 11).

There is a dlight deviation of thermodynamic
parameters with a change in the length of the spark gap at
the first circuit (Fig. 10). This effect is caused by a
reduction in the spark energy deposited per a unit of the

gap length.
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Fig. 10. Distribution of pressure, temperature and gas density
along the radial coordinatesat time of 1 ps, 2 ysand 3 ps a the
first circuit with agap length of 1 mm (full lines) and 3 mm

(dotted lines)

Negligible deviation of thermodynamic parameters
was observed at the second circuit. Thus, it was difficult
to show the difference in the Fig. 11.
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The simulated results of the spark evolution at the
both considered cases correspond to the experimental data
in general. So, the shock wave starts separating from the
current conductive region (high-temperature region) in
about 1 ps from the spark expansion start. Also, the
growth of the total energy of the discharge, which occurs
during transition from the first to the second circuit, leads
to an increase in the intensity of the generated shock
wave. This qualitative comparison and the previous
verification of the model give reason to consider that the
obtained results are reliable.

Due to the visible difference in the temperature
distribution at the first circuit, the effect of the gap length
on the energy radiated by the spark discharge was
estimated for this case. The results of the radiated energy
versus time for the gap length of 1 mm, 3 mm and 6 mm
are presented in Fig. 12.

It is observed that growth of the gap length leads to a
rise in the radiated energy. A three-fold increase in the
radiated energy at the first circuit with a gap length of 1
mm differs from the radiated energy at such a circuit with
a length of 3 mm by 13 % (Fig. 12). Thus, we have a
similar tendency of influence of the gap length on the
radiated energy. But the influence on the radiated energy
is dlightly intensive than the influence on the deposited
energy.

We should separately discuss the possible effect of
changing the length of the discharge gap on the cathode
and anode voltage drop and, accordingly, on the energy
released in the spark. There are two contradicting results
on the magnitude of the voltage drop in the near electrode
regions in the spark discharge.
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r
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g1 K 9.34 mJ
5 !
g b ¥amm e m
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Fig. 12. Dependence of energy radiated by the spark discharge
on time at the first circuit with a gap length of 1 mm and 3 mm.
The dotted line denotes three-fold increasing radiated energy
when the gap length was 1 mm. The dot-and-dash line denotes
the six-fold increase

According to the data of [28], the near-electrode
voltage drop does not depend on the discharge current that

happens in the stationary arc discharge. And the voltage
drop is about severa volts. Since the voltage drop across
the spark channel, as a rule, is severa times higher than
the mentioned near-electrode voltage drop, the influence
of this factor on the balance of energy release in the spark
can be negligible in this case. According to the
experimental data of [29], the voltage drop in the near
electrode regions changes during the spark evolution. And
this voltage is comparable in magnitude with the voltage
drop across the spark channdl. It was assumed in [23] that
an increased voltage drop in the near electrode regions is
caused by an increased current density in the spark
discharge. Since a change in the length of the discharge
gap leads to a change in the discharge current and current
density, the influence of the change in the voltage drop in
the near electrode regions on the balance of energy release
in the spark discharge can influence more strongly in this
case. Therefore, thisissue requires a separate study.

It has to discuss a loca thermo-equilibrium
approximation application to a region where gas
temperature is above 8000 K. We use a two-temperature
plasma model to evauate a difference between
temperature of electrons and temperature of atoms [30].
We assumed that the temperature of electrons is quasi-
steady and plasma is neutral. The atomic gas was
considered. The double ionization of gas was neglected.
The follow systems of equations were solved [30, 31]:

0.5
Zi E
Ne =| 6.06-10%ny Z—'Tel'Sexp(——'H ., (10
e

a KT,
22
e“E 3
= ST -T), (1)
MgV m
p=nnKT; +nek(Te+Ti)v (12
Vm :(UtrnN + ol ne)'01 (13)
v=67110"- [T, , (14)
2.87-10 “InA
oy =220 INA (15)
Te
3 1
INA = 7.47+Elog(Te)+EIog(ne), (16)

where T is temperature of electrons; T, is temperature of
atoms; Z, and Z are partition functions, E; is the
ionization potential; e is electron charge; m is electron
mass, v, is the effective collision frequency for
momentum transfer; J is afraction of energy transfer by a
single collision of electron with atom (6 = 2mJ/m,, where
m, isamass of atom); InA is the Coulomb logarithm.

The system of equation (10) — (16) can be solved
when the gas pressure and the electric field strength are
known. The growth in the strength of the electric field
causes the rise in the temperature difference that follows
from equation (11). Thus, we use data of the strength
histories (Fig. 6, 7) by loca maximums of the strength
curves.

It was found out that when p =1 MPa, E =300 V/cm
and T; = 10...13 kK, the temperature difference was varied
in the range from 0.5 % to 5.5 % (Fig. 13,a). This condition
corresponds to the first circuit a time of 0.7...1 ps.

I SSN 2074-272X. Electrical Engineering & Electromechanics, 2021. no, 1 41



The temperature difference growth when the temperature
of atoms decreases. So, it was found out that when
p=03MPa E =150 V/icm and T; = 8...9 kK, the
temperature difference was varied in the range from 11 %
to 19 % (Fig. 13,b). This condition corresponds to the first
circuit at time of 2.5...3 ps. But this difference cannot
significantly influence on the simulated result because the
main energy deposition stopped at about 1 ps (Fig. 8).
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Fig. 13. Dependence of the temperature difference on the
temperature of atoms when: a) p =1 MPa, E = 300 V/cm and b)
p=0.3MPa E =150 V/cm

The similar tendency for the temperature difference
charge happens at the second circuit. Taking into account
the low value of the temperature difference, it allows usto
assume that the local thermo-equilibrium approximation
can be used in the numerical model.

Conclusions.

It was confirmed by the numerical study that the
increase in the length of the discharge gap leads to growth
in energy deposited into the spark discharge, adecreasein
the amplitude of the discharge current and an increase in
the resistance of the spark channel. But the change in the
amplitude of the discharge current caused by the gap
length variation depends on the discharge circuit
parameters. We think the effect of the gap length on the
discharge current enhances in case of a rise in the
damping factor. So, it was observed that when the
damping factor equaled { = 0.38 a the simulated
discharge circuit, three-hold increase in the gap length
caused the decline in the current amplitude by 10 % at the
first half cycle of the discharge. But when the damping
factor equaled ¢ = 0.11, ten-hold increase in the gap
length caused the decline in the current amplitude by
3.65 % only. The effect of the gap length on the electric
field strength was more visible by the increased damping
factor too. It was observed insignificant effect of the gap
length on the spark channel expansion. It was found out
that the minimum spark resistance, the deposited energy
into the spark channel and the radiated energy are
practically directly proportional to the spark gap length.
But deviation from the direct proportionality rises when
the minimum resistance of the spark channel and the
resistance of the discharge circuit have the same order of
magnitude and the damping factor is high. It was found
out that the influence of the spark gap variation on the
radiated energy is slightly intensive than the influence on
the deposited energy.
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G.V. Bezprozvannych, |.A. Kostiukov, O.A. Pushkar

SYNTHESISOF CONSTRUCTIVE-TECHNOLOGICAL DECISIONS OF REGULATION
OF WORKING CAPACITANCE OF CABLES OF INDUSTRIAL NETWORKS

Introduction. Over the past 10 years, the number of industrial networks has more than doubled. At the physical level, all
industrial technology networks are based on twisted pair. Purpose. Synthesis of constructive-technological decisions of
regulation of electric capacitance of the insulated conductor at a stage of manufacturing of twisted pair of cables of industrial
networks. Methodology. The method of secondary charges to determine the capacitance of the insulated conductor by varying the
thickness of the solid and foamed polyethylene insulation. Practical value. Effective regulation is provided on the basis of the
obtained dependencies of the effective dielectric constant, the tangent of the dielectric loss angle and the capacitance of the
insulated conductor on the degree of foaming and the thickness of the protective film of two-layer insulation. At a degree of
porosity of 40 %, the dielectric constant decreases by 25 %, the tangent of the dielectric loss angle — by 33 %, the electrical
capacitance of the insulated conductor — by 20 %. References 18, tables 3, figures 5.

Key words: industrial networks, twisted pair, insulated conductor, foaming, insulation thickness, effective dielectric constant,
electrical capacitance.

Jogedeno Ginvuty uymnugicms pecynro8aHHs MeEXHOL02IUHO20 NpOYecy GU2OMOBNIeHHs 130J1b08AH020 NPOGIOHUKA 6UMOi napu npu
0X0N00%iCeHHT Y 8001 8 NOpPiGHAHHI 3 nogimpanum. Ilpu 3minenni moswunu i3o1ayii 6 4 pasu eleKMmpuyHa EMHICMb 1301b08AHO20
NPOGIOHUKA 3MIHIOEMbCS Olnbute, Hidic 6 2 paszu, ma Ha 5 % npu 3naxoddxcenni y 600i ma nosimpi 6ionosiono. Epexmusne
pe2yniosants 3a0e3neuyemupcs Ha NiOCMasi OMPUMAHUX 3ANEeHCHOCMEU epeKmueHoi OleleKmpUUHOI RPOHUKHOCMI, MAH2EHCY KYma
OleIeKMPUYHUX 8MPAm ma EMHOCHI I301b08AH020 NPOGIOHUKA 60 CMYNEHIO CNIHEeHHs. Ma MOGWUHU 3AXUCHOL NIIGKU 080UAPO6OT
izonsyii. Ilpu cmyneni nopucmocmi 40 % oienexmpuuna nponuknicme smenutyemocs na 25 %, maneenc Kkyma OieleKmpuiHux
empam — na 33 %, enexmpuyna emuicme i3010068ano020 nposionuxka —na 20 %. bi6a. 18, tabn. 3. puc. 5.

Knwouosi cnosa: mpoMHCJI0BI Mepexi, BUTa mapa, i301b0BaHUl NPOBITHUK, CHiHEHHs, TOBLIMHA i30JsUii, edeKTUBHA
Jie1eKTPUYHA NPOHUKHICTh, eJIEKTPUYHA EMHICTD.

Hokazano 601bwyto 4yecmeumenibHOCmy pe2yiupo8aniis MEXHONI02UYECK020 NPOYecca Uu320moeieHus U3onUpOSaAHHO20 NPOBOOHUKA
6UMOTL NAPbl NPU OXTAHCOEHUU 8 8600€ NO CPAGHEHUIO ¢ 8030yuiHbIM. TIpu usmenenuu monyunsl usonayuu 6 4 pasa snekmpuueckas
eMKOCHb  U30IUPOBAHHO20 NPOBOOHUKA MeHsiemcsi Oonee yem 6 2 paza, u Ha 5 % npu naxoocOoenuu 6 600e u 6030yxe
coomeemcmeeno. Dhekmuenoe pecyruposanue o0becneuusaemcs Ha OCHOBAHUU NOJYYEHHBIX 3dasucumocmell p@exmusHol
OUINEKMPUUECKOU NPOHUYAEMOCU, MAHZEHCA Y2ld OUDIEKMPUYECKUX NOMepb U eMKOCIMU U30TUPOBAHHOZO NPOBOOHUKA OM
Cmeneny 8CHEeHUBAHUs U MOTWUHBL 3AUUMHOU NAEHKU 08YXCIOUHOU usonayuu. IIpu cmenenu nopucmocmu 40 % ousnexmpuueckas
npouuyaemocms ymenvuiaemes Ha 25 %, maueenc yena ousnekmpuyeckux nomepv — Ha 33 Y, snekmpuueckas eMKOCHb
uzonupogannoeo npogoonuxa —na 20 %. bubin. 18, Tadn. 3, puc. 5.
Kniouesvie crosa: MpOMBINLIEHHbIE CeTH, BHTasg Mapa, W30/JIHPOBAHHBIA NMPOBOJHHK, BCIIEHHBAHWE, TOJIIIMHA W30/ISIIHH,
3¢ peKTHBHAST AMIJIEKTPHYECKAs MPOHUIIAEMOCTh, YJIeKTPHYECKast eMKOCTh.
Introduction. The rapid growth of digita Table1

technologies has prompted cable manufacturers in Characteristics of industrial networks

Ukraine to introduce new technologies and types of Type of industrial Signal Maximum signal
cables, in particular, based on twisted pairs of different |bustopology network| transmission | transmission range, m
categories, with an appropriate set of transmission 5 Gs'li’g’.ag
parameters, both for structured cable systems and for Profibus DP 12 kBIit/SS_ 100 - 1200
security systems — video surveillanc_:e, fire anq securi_ty Profibus PA 31.25 KBit/s 1900
adarm system [1-6]. At the same time, each industrial 62.5 KBit/s —

; it Canopen ) . 30-1000
enterprise to ensure the competitiveness of manufactured 1 MBit/s
products contributes to the automation of both individual DEviceNet 125 — 500 kBit/s 100 - 500

technological processes and production as a whole. For

this purpose it is necessary to enter al active and passive With the advent of Ethernet and the Internet for

devices into a single information industrial-technological
network, where the interaction between the devices takes
place using software-logical communication protocols.
Industrial networks usualy do not go beyond a single
enterprise. Over the past 10 years, the number of
industrial networks has more than doubled [7]. By 2025,
it is expected to grow by 280 % compared to 2010 [7]. At
the physical level, all industrial-technological networks
(FieldBus Profibus, LonWorks and others) are based on
twisted pair or optical fiber, and solutions based on
electrical cables are used to a greater extent (Table 1)

[3,4,7].

industrial networks they began to apply the same
classification as for information, structured, local area
networks (Table 2). The industrial Ethernet market is
growing at a rate of 51 % per year [7]. Asthe network is
modernized, which involves the transition from obsolete
fieldbus to Industrial Ethernet, communication cable
infrastructure becomes the basis for connection to the
communications of the industrial enterprise.

Existing Industrial  Ethernet physical level
technologies have a limit on the distance to which the
signal is transmitted — no more than 100 m.

© G.V. Bezprozvannych, I.A. Kostiukov, O.A. Pushkar
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Due to the fact that process automation
applications require distances of 1 km and even more in
combination with reliable field devices suitable for use
in zone O applications (intrinsically safe), a new
approach to the implementation of Ethernet physical
level technology was needed. Adopted new standard
10BASE-T1L of physical level of Industrial Ethernet
(IEEE 802.3cg-2019 (Table 2)) will radically change the
field of process automation by significantly increasing
the operational efficiency of the enterprise by organizing

a highly reliable seamless (without the use of gateways)
connection to Ethernet at the field level, which provides
a variety of devices, including sensors and actuating
mechanisms — actuators, programmable logic controllers
[7]. The 10BASE-T1L Standard solves the problems that
currently limit the use of Ethernet in the field in the area
of process automation: insufficient bandwidth, relative
complexity of cabling, limited data transmission range,
which is directly related to cable bandwidth
(constructive-technological solutions).

Table2
International Standards and categories of twisted pair cables for Industrial Ethernet networks [7]
Y ear of Maximum Cable category
adoption signd Signal Twisted pair according to the | Number
of the |EEE 802.3 Standard transmission |transmission speed| cable bandwidth| recommendations | of pairs
Standard range, m of ISO/IEC
1999 |EEE 802.3ab 1000BASE-T 100 1 GBit/s 125 MHz Category 5e 4
2006 |EEE 802.3an 10GBASE-T 55 10 GBit/s 250 MHz Category 6 4
2006 |EEE 802.3an 10GBASE-T 100 10 GBit/s 500 MHz Category 6 4
2006 |EEE 802.3an 10GBASE-T 100 10 GBit/s 600 MHz Category 7 4
2006 |EEE 802.3an 10GBASE-T 100 10 GBit/s 1000 MHz Category 7a 4
2015 IEEE 802.3bw | 100BASE-T1 | 15mUTP 100 MBit/s 66 MHz SPE 1
40 .
2016 IEEE 802.3bp | 1000BASE-T1 15m UTP 1000 MBit/s 600 MHz SPE 1
10BASE-T1L 1000 .
2019 IEEE 802.3 cg 10BASE-T1S | 25mUTP 10 MBit/s 20 MHz SPE 1
2020 IEEE 802.3 ch Multi-Gig (15m) (2.5/5//10 GBit/s) - SPE

The 10BASE-T1L Standard supports two signal
amplitude modes: 2.4 V for cable lengths up to 1000 m
and 1 V at a shorter distance. The 1 V full amplitude
mode means that this new physical-level technology can
also be used in Ex-proof systems, following strict rules to
l[imit maximum energy. Most importantly, the 10BASE-
T1L Standard provides long-distance transmission thanks
to two-wire technology with power supply and data on
one cable in the form of twisted pair and belongs to the
family of environments with single-pair Ethernet (SPE)
(Table 2).

It should be noted that the enterprises of the cable
industry of Ukraine do not produce cables for industrial
networks. The suppliers of such cables to Ukraine for
industrial automation and control are the world's leading
companies, in particular, ABB, Siemens, Belden,
Helucable[7].

The development of innovative cable products by
Ukrainian enterprises requires solving the problem of
synthesis of design and technological solutions to
establish the production of cables for industrial networks
with the appropriate set of electrical parameters.

The goal of the paper is the synthesis of
constructive and technological solutions for regulating the
electrical capacitance of an insulated conductor at the
stage of manufacturing twisted pair cables of industrial
networks.

Problem definition. The transmission range and
bandwidth of signals in the cable depends on the design
and technological solutions that determine the
attenuation coefficient, which is determined by the
active resistance of conductors R, inductance L, working
capacitance C,, active insulation conductivity G

(dielectric loss tangent tgd) [8].

In the high-frequency range, the attenuation
coefficient has two components. losses in the metal
(conductor) o, and losses in the dielectric (insulation) oy

/C
o = 8.69- B _p+9 L =
2V L 2\Cp
C C,tgo
=8.69- R _P+M L.
2\'L 2 \C,

R [1 wtgs
:8691’CP[E E+T\/L_]:am+ad,d8/m,

where

Ot =8.69 /cpg\/%, ag =8.69,/C, .&295\{.(2)

The working capacitance of the twisted pair (Fig. 1),
the conductors of which are twisted with the
corresponding step h, determines the losses in the
conductors and in the insulation (see (2)).

C, =y Tl0E
a-r
r

where y is the twist coefficient of pair conductors to
reduce electromagnetic influences, w is the coefficient
that takes into account the effect on the working
capacitance of adjacent pairs and the metal screen, aisthe
distance between conductors determined by the radius r;
of the conductor (1) and insulation thickness A; (2), ¢ is
the dielectric constant of the insulation (Fig. 1).

(D

F/m, 3
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The working capacitance of unshielded and shielded
twisted pairsis determined based on the calculation of the
electric field [9-13]. For example, in [11] the working
capacitance of unshielded twisted pair is determined on
the basis of the application of the method of conformal
mappings and finite elements in the ELCUT environment.
In [12, 13] the working capacitance and the influence of
the thickness of the layers of three-layer polyethylene
insulation on the working capacitance of the shielded
twisted pair of category 7 were determined by the method
of secondary charges.

Ar

ri

a

Fig. 1. Twisted pair design

At the technological stage of manufacturing an
insulated conductor, as the main structural element of
twisted pair, the electrical capacitance is measured. The
conductor is a capacitor, one of the covers of which is a
metal core of the wire, and the other one is water that
cools after applying the insulation, which is in eectrical
contact with the tubular electrode, through which the
controlled insulated conductor moves continuously. This
method of control is implemented in the development of
leading companies specializing in the production of
control devices for the cable industry: Sikora, Zumbach
(Table 3) [14, 15]. Electronic units of the measuring
system are equipped with modern data ports for
connection to display processors or to the main computer
(local computer network) by means of industrial
interfaces (cables) Profibus DP, Rs-232, -432, -485 [1].

Table 3
Technical characteristics of measuring systems
of electric capacitance of cables at technological stage [14, 15]

Company| Devicetype | Range of Rangeof |Accuracy,
diameters, | capacitance | pF/m
mm values,
pF/m
Capacitance 05-10 0-300 +0.45
' 2010
Sikora c ”
apacitance i !
2025 1-25 0-300 +0.45
0-300
Zumbach| CAPAC® - 0600 | 00
0-1800 =070

Continuous control of the electrical capacitance of
the insulated conductor along its entire length allows to
make timely decisions on the regulation of the
capacitance at the technological stage of manufacture.

Influence of design decisions on the electrical
capacitance of an insulated conductor. Based on the
application of the method of secondary charges [12, 13],
the electrical capacitance of the insulated conductor is
determined by varying the thickness of solid and foamed
polyethylene insulation, the environment in which the
conductor is at the technological stage of manufacture.

Figure 2 shows the results of calculations of the
electrical capacitance of an insulated conductor with
constant diameter r; of the conductor and varying the
thickness A; of solid insulation for two cases: when in air
(curve 1) and in water (curve 2). The dielectric
permittivity of the technical cooling water is assumed to
be equal to 100 [13].

Figure 2,a shows the absolute values of capacitance,
Fig. 2,b — relative vaues regarding the calculated
capacitance in the case r;=A;. At this scale, the
capacitance calculations coincide for the three values of
the conductor diameters 2r; = 0.511; 0.57 and 0.64 mm.
Curve 1 refers to the case of cooling the insulated
conductor in air, curve 2 —in water.

When cooling in water, the electrical capacitance of
the insulated conductor changes more than 2 times, with
air cooling — no more than 5 % when varying the
thickness of the solid insulation (compare curves 1 and 2,
Fig. 2,a,b).

Increasing the insulation thickness by 50 % relative
to the radius of the conductor (curve 2, Fig. 2,a,b) leads to
a decrease in the capacitance of the insulated conductor
by 20 %. Such a constructive solution causes growth of
mass and dimensions of the twisted pair as a whole. A
more effective design and technological solution is the
use of foam insulation [12].

=

Cvar

,F/m

10 mﬁ

05 15

0.5 1 15

b
Fig. 2. Influence of solid insulation thickness on electrical
capacitance of insulated conductor in air (curve 1) and water
(curve 2)

/r2

var 1
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Foaming insulation as an effective solution for
capacitance regulation. Insulation foaming technology
has recently become widely used, including in twisted
pairs [12, 16-17]. The most well-known chemical
foaming agent is azodicarbonamide, an exothermic
chemical foaming agent. It releases a large amount of
nitrogen gas into the polymer together with a smaller
amount of carbon dioxide.

To caculate the effective dielectric permittivity of
foam insulation, which is a statistical mixture (chaotic,
disordered in space), the Lichtenecker formula [18] is
used — the logarithmic law of mixing.

For a foamed mixture of two components of solid
insulation based on polyethylene filled with a large
number of small gas pores, the dielectric constant of
which is equa to ¢ = 1, the effective dielectric
permittivity €anm IS determined by the dielectric
permittivity of solid polyethylene epe and the ratio of the
density of foamed pram and solid ppe insulation,
respectively

T lgepe - (4)
PPE

Figure 3 shows the dependence of the effective

dielectric permittivity of foamed polyethylene insulation,

the tangent of the angle of dielectric loss and the electrical

capacitance of the insulated conductor on the vaue

19 foam =

inverse to the degree of porosity 1 pee

P foam

At the degree of porosity of 40 % (the relative
content of solid polyethylene is 60 % = Fig. 3), the
dielectric permittivity of the mixture decreases in
2/1.6 = 1.25 times. Accordingly, the tangent of the
dielectric loss angle decreases by 33 % and the electrical
capacitance of the insulated conductor decreases by 20 %,
which proves the effectiveness of the use of foam
insulation.

The presence of alarge number of poresin the solid
polyethylene insulation requires a solution to protect the
pores from moisture penetration during cable operation.
The most attractive is the use of an additional continuous
film on the surface of the foam insulation, which acts as a
barrier to the penetration of moisture into the foam
insulation [12] (Fig. 4).

The influence of the film thickness depending on the
degree of porosity of the polyethylene insulation on the
effective dielectric permittivity (a), the effective tangent
of the dieectric loss angle (b) and the electrical
capacitance (c) of the insulated conductor is presented in
Fig. 5. Curve 1 in Fig. 5 corresponds to the solid
polyethylene insulation, the thickness of which is equal to
the radius of the conductor and remains unchanged when
foamed Aam- The step of the degree of foaming is equal
to 0.05 (curve 11 corresponds to 50 % of the polyethylene
content and 50 % of the gas pore content). The thickness
of the solid protective film Agag Varies from 0.5 % to
60 % relative to the main insulation.

The use of an additional layer of solid film on the
surface of the core to ensure the «rigidity» of the structure
with a constant total thickness of insulation leads to an
increase in the capacitance of three-layer insulation by no
more than 5 % compared to two-layer insulation.

P foam

foam /
19 /

1.7
1.6
135 0.6 0.7 0.8 09 P .1
a
lO.Sx 10
tg é‘foam
10 /
9.5
9 5
8.5 /
7.5
7
6 r'/
0.5 0.6 0.7 0.8 09p 1
foam
b
1.05
Cc IC
foam
1
0.95]
0.9 5
0.85]
0.8
0.75
045 0.6 0.7 0.8 0.9 1

c foam
C

Fig. 3. The effect of the degree of porosity of polyethylene proam
on the effective dielectric permittivity (a), effective
dielectric loss tangent (b) and electric
capacitance (c) of the insulated conductor

AR ‘
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Ly .ll"”
';I""-"'n‘r TI \ *I:I‘J:l

un-.u
Sl
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‘.I.- “ L 1O

a b
Fig. 4. Structure of foamed polyethylene insulation without
protective film (a) and with protective polyethylene film (b):
1—film, 2 —transition zone, 3 — proper foam insulation [16]
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Fig. 5. 3D-diagram of the influence of the degree of porosity of
polyethylene and the thickness of the protective solid
polyethylene film on the electrophysical characteristics and
electrical capacitance of the insulated conductor

Conclusions.

The location of the insulated conductor in the
cooling water provides a high sensitivity to the settings of
the technological process for regulation of the capacitance
when varying the thickness of the insulation. When the
insulation thickness changes 4 times relative to the
diameter of the conductor, the electrical capacitance
changes more than 2 times. When in the air — by 5 %.

For the first time, nomograms of effective dielectric
permitivity, dielectric loss angle tangent and relative
capacitance values depending on the degree of foaming of
solid polyethylene insulation and protective film thickness

are obtained, which alow to effectively regulate the
electrical capacitance of twisted pair conductor insulation.

The methodology of synthesis of constructive-
technological solutions for regulating the capacitance of
twisted pair cables of industrial networks at the
technological stage of manufacturing an insulated
conductor is substantiated.

The developed technique can be used to adjust the
technological process of manufacturing insulated
conductors of cables for various purposes, including
power ones.
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CHAOTIC-BASED PARTICLE SWARM OPTIMIZATION ALGORITHM FOR OPTIMAL
PID TUNING IN AUTOMATIC VOLTAGE REGULATOR SYSTEMS

Introduction. In an electrical power system, the output of the synchronous generators varies due to disturbances or sudden load
changes. These variations in output severely affect power system stability and power quality. The synchronous generator is equipped
with an automatic voltage regulator to maintain its terminal voltage at rated voltage. Several control techniques utilized to improve
the response of the automatic voltage regulator system, however, proportional integral derivative (PID) controller is the most
frequently used controller but its parameters require optimization. Novelty. In this paper, the chaotic sequence based on the logistic
map is hybridized with particle swarm optimization to find the optimal parameters of the PID for the automatic voltage regulator
system. The logistic map chaotic sequence-based initialization and global best selection enable the algorithm to escape from local
minima stagnation and improve its convergence rate resulting in best optimal parameters. Purpose. The main objective of the
proposed approach is to improve the transient response of the automatic voltage regulator system by minimizing the maximum
overshoot, settling time, rise time, and peak time values of the terminal voltage, and eliminating the steady-state error. Methods. In
the process of parameter tuning, the Chaotic particle swarm optimization technique was run several times through the proposed
hybrid objective function, which accommodates the advantages of the two most commonly used objective functions with a minimum
number of iterations, and an optimal PID gain value was found. The proposed algorithm is compared with current metaheuristic
algorithms including conventional particle swarm optimization, improved kidney algorithm, and others. Results. For performance
evaluation, the characteristics of the integral of time multiplied squared error and Zwe-Lee Gaing objective functions are combined.
Furthermore, the time-domain analysis, frequency-domain analysis, and robustness analysis are carried out to show the better
performance of the proposed algorithm. The result shows that automatic voltage regulator tuned with the chactic particle swarm
optimization based PID yield improvement in overshoot, settling time, and function value of 14.41 %, 37.91 %, 1.73 % over recently
proposed IKA, and 43.55 %, 44.5 %, 16.67 % over conventional particle swarm optimization algorithms. The improvement in
transient response further improves the automatic voltage regulator system stability for electrical power systems. References 44,
tables 4, figures 6.

Key words: proportional integral derivative (PID) tuning, chactic particle swarm optimization (CPSO), robustness analysis,
automatic voltage regulator (AVR), transient response.

Bcmyn. B enexmpoenepeemuutitl cucmemi NOMYHCHICMb CUHXPOHHUX 2eHepamopie 3MIHIOEMbCA BHACTIOOK 30ypeHb abo pi3Kux 3MiH
naganmasgcenns. ILli 3minu 6 NOMYJUCHOCMI Ceplio3HO GNAUBAIOMb HA CMAOIIbHICMbG eHepeemuyHoi cucmemu ma AKICMb
enekmpoenepzii. CunxpoHHUll 2eHepamop OCHAWEeHUT A8MOMAMUYHUM Pe2YIAMOPOM Hanpy2u O NIOMPUMAHHA HANPY2U HA 1020
KIemMax Ha pieni HOMiHanbHOI Hanpyeu. [ekinbka Mmemooieé ynpaeniHHs GUKOPUCOSYIOMbCS O NOMNWIEHHS peakyii cucmemu
ABMOMAMUYHO20 Pe2YISMOPd HANPy2u, OOHAK NPOnopyitHutl inmezpanvHuti noxionuii konmponep (PlD-kowmponep) € Haiubinvw
4acmo BUKOPUCIOBYBAHUM KOHMPOAEPOM, aie U020 napamempu eumazaroms onmumizayii. Hoeusna. Y yiii pobomi xaomuuna
NOCNIO0BHICMb, 3ACHOBAHA HA JIOZICMUYHIL cXeMi, 2IOpUoU3yEMbCsL 3a 00NOMO20I0 ONMUMI3AYil pol0 YACMUHOK, W06 3Haumu
onmumanvhi napamempu PID ona cucmemu aémomamuunozo peeynamopa muanpyeu. Iniyianizayis na ocHnosi xaomuunoi
NOCHiI006HOCMI NIOICMUYHOT cXeMu ma HAuKpawuil eno6ansHull 8ubip 003601A10Mb AN2OPUMMY BUUMU i3 JIOKANLHOI MIHIMATLHOL
cmazHayii ma noxpawumu weuoKicme 30idcHOCMI, Wo O0ae Haukpawi onmumanvhi napamempu. Mema. OcHO8HOW Memoio
3anpPONOHO8AH020 NiIOX00Y € NONINUEHHs NepexioHol peakyii cucmemu a8MOMAMUYHO20 Pe2yIamopa Hanpyau wWasxom MiHiMisayii
MAKCUMATbHO20 NEPESUUJeHH S, YaCy 6CIMAHOGNEHH, Yacy HAPOCMAHHA MA NIKOBUX 3HAYEHb HANPY2U HA KAeMaxX I YCYHEeHHS NOMUTKU
y cmayionaprozo cmani. Memoou. Y npoyeci nacmpotixu napamempie mexHiky onmumizayii poio XaomudHux 4acmuHoK KilbKa
pasie npomyckamu uepes 3anponoHosaHy 2iOpudOHy Yinbosy (QYHKYiO, AKA 6pAXo8ye nepegazu 060X HAUOLIbUL YACMO
BUKOPUCMOBYBAHUX YINbOBUX (DYHKYIU 3 MIHIMAIBHOIO KIIbKICMIO Imepayill,i 3HAU0eHO ONMuMAlbHe 3HAYeHHS KoegiyicHmy
niocunenna PID. 3anpononosanuil aneopumm nOpieHIOEMbCA 3 CYUACHUMU MeMAeSPUCUNHUMU  AN2OPUMMAMY, BKIIOYAIOYU
36UYAIIHY ONMUMI3AYII0 POI0 YACMUHOK, 8OOCKOHANEHUN aneopumm Hupox ma inwi. Pesynemamu. [[na oyinku egexmusnocmi
00'€0HYIOmMbCA XapaKmepucmuKy iHmezpana y 4aci, NOMHONCEH020 Ha NOXUubKu y keaopami, ma yinvosux @yuxyii Llee-Jli 'etinea.
Kpim moeo, nposodsmvca ananiz y uacosiii obnacmi, ananiz y 4acmomHoi obiacmi ma ananiz cmitkocmi, wyob nokasamu Kpawy
ehexmugHicmy 3anPONOHOBAH020 anzopummy. Pesynomam noxasye, wjo agmomamuynull peyismop Hanpyeu, Halaumosanull Ha
XaomuyHy onmumizayilo poio 4YacmuHok, 3acnoganuil na noxinuwenni euxody PID 6 nepesuwennsx,uaci narawmysanna ma snauenni
¢yuxyii nepesuwye na 14,41 %, 37,91 %, 1,73 % uewooasro 3anpononosanuti Hupkoeuii arcopumm ma Ha 43,55 %, 44,5 %,
16,67 % nepesuwye 36uuaiini arcopummu onmumizayii poro wacmunox. Iloninwenns nepexionoi peaxyii we Oitbuie noKpawye
CcMabiNbHICMb A8MOMAMUYHO20 Pe2yIsamopa Hanpyau 0Jis cucmem elekmpoenepeemuru. bion. 44, tabn. 4, puc. 6.

Kniouosi cnosa: mpomnopuiiiHe pery/OBaHHSI iHTerpajibHOI IOXiAHOI, ONTHMIi3alisi Xa0THMYHOr0 POI0 YACTHHOK, AaHAJI3
CTIHKOCTi, ABTOMATHYHUIi Pery/JsiTOp HANPYTH, NepexilHa peaKuis.

Introduction. The disturbances such as change in
transmission line parameters, sudden load changes,
fluctuation in the turbine output, etc., causes the
synchronous generator to show an oscillatory
performance around the equilibrium state [1]. Under such
oscillations, the power system stahility is greatly affected.
To assure the power quality and to enhance the power
network stability, excitation of synchronous generator is
equipped with automatic voltage regulator (AVR) and

power system stabilizer. AVR keeps the output voltage of
synchronous generator at rated value. The transient
response of AVR system extremely affects the stability of
the power system [2].

A number of control methods were studied, such as
predictive controls, fuzzy controls, and neural controls for
process controls system. Despite much effort,
proportional integral derivative (PID) controllers are the
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main element of industrial controller systems and can be
used in the form of embedded controller, distributed
control system and programmable logic controller [3].
Overschee and Demoor stated 80 % of PID controllers are
not tuned to optimal level in the industries. Furthermore,
they reported that 30 % of the PID controllers operates in
manual settings, whereas twenty 5 % work in the default
settings [4]. Over the years, numerous techniques for
tuning of PID parameters were proposed like traditional
techniques including Ziegler/Nicole, Cohen/Kun, pole
position and latest techniques (i.e., gains scheduling,
minimum fluctuations and prediction) [5]. Some
drawbacks of traditional control technique for PID
controllers tuning are:

inadequate dynamics of closed loop response;
excessive rulesfor setting gains;

mathematical complexity control design;

difficulty in dealing with nonlinearities [6].
Therefore, in academia and industry, the tuning a
PID controller is an interesting research topic.

Numerous techniques like artificial neural networks
(ANN) and neural fuzzy systems were used for the tuning
of PID-AVR parameters. However, these techniques
require a quite large amount of data for training process
[7]. On the other hand, metaheuristic optimization based
tuning algorithms such as improve kidney-inspired
algorithm (IKA) [8], particle swarm optimization (PSO)
[9], biogeography-based optimization (BBO), local
unimodal sampling algorithm (LUS) [10], artificial bee
colony (ABC) algorithm [11], slap swarm algorithm
(SSA) [12], artificial electric filed (AEF) [13], Harris
hawks optimization (HHO) [14], sine cosine algorithm
(SCA) [15], whale optimization algorithm (WOA) [16],
etc., are applied for PID tuning in AVR system.

Many objective functions were proposed in literature as
performance criteria for optimization of PID-AVR. The
integral error is extensvely used as an objective function,
which is based on difference between reference and the
system output. The frequently used integral functionsinclude:

e integral absolute error (I1AE);
e integral time absolute error (ITAE);
e integral squared error (ISE);
e integral time squared error (ITSE).

Minimizing the ISE and IAE provide relatively small
overshoots with longer stabilization time. Alternatively, the
ITSE and ITAE can overcome the limitations of the ISE
and |AE, but they cannot guarantee the required stability
[17]. In addition, Zwe-Lee Gaing (ZLG) defines the time
step performance criterion by using a weighted factor with
the parameters of time response [7].

A brief literature review of the tuning techniques
applied on AVR systems over the past years is shown in
Table 1, which encapsulates the performance indexes and
analysis approaches used in the literature.

Genetic algorithm (GA), ABC, and PSO algorithms
have tendency to solve numerous optimization problems,
but affects with issues like memory capabilities, etc.
Improved results might be obtained through other
optimization methods, but they might have drawbacks
such as initial convergence, local minimum congestion,
difficulty in selecting control parameter, and increased

computation time dependent on size of the studied system
[18]. Also, there is no exact technique for finest
parameters tuning of PID controller for AVR system.
Therefore, studying novel heuristic  optimization
algorithms is an imperative and observable issue for
researchers. Since metaheuristic algorithms have establish
their place in efficiently solving numerous global
optimization problem that can be applied to various
scenarios, however the major problem faced by them is
the premature convergence leads trapping in local optima
[19]. Chaotic features diversify solution space, creating
space to exploit and explore more space. Chaos
phenomena can take place in a deterministic nonlinear
dynamic system and is sensitive to initia conditions.
Thus, chaotic movements within a certain range can travel
all states without repetition. The easy implementation and
its capability to escape from getting stuck in the local
optima evolved in chaos based search algorithms [20].
Experimental studies argue for the benefit of using
chaotic instead of random signals [21].

In this study, optimization of PID controller for
AVR applications using the hybridization of chaotic
initialization in particle swarm optimization (CPSO) is
proposed. The combined ITSE and ZLG performance
criterion is used. The ITSE-ZLG not only minimize the
steps response characteristic that are settling time (t),
pesk time (t,), rise time (t;), overshoot (%MP), and steady
state errors (es), but also the average of time weighted
absolute errors between the measured and rated voltage.
The results obtained on the basis of the proposed
technique are then compared with existing techniques
algorithm in the literature. To show the supremacy of the
proposed CPSO-PID approach, transient response
analysis, frequency response anaysis and pole-zero map
under AVR system parameters changes are performed. At
the end, the robustness analysis is performed.

Mathematical model of AVR. To maximize the
power quality of system, AVR is crucia in maintaining
the terminal output voltage of synchronous generator to
predefined level through generator exciter control.
Operation of AVR is dependent upon the difference
between pre-defined voltage levels to variable terminal
voltage level, which may arise due to disturbance in
power network. Excitation mechanism serves the purpose
to maintain the generator terminal voltages in case of
system interruptions. Potential transformer measure’s the
voltage magnitude, afterwards rectified and compared
with the reference. Error signal generated through this
mechanism is amplified to control the field excitation,
hence maintain the synchronous generator terminal
voltage. Generation of reactive power increases/decreases
to new stable equilibrium, maintaining the output voltage
to defined rated value. Modelling of various parts of AVR
systemis given in the following equations:

Ka
Gampiifier (S)= ;
Anpllfler( ) 1+S-TA (1)
0.02<Tx<0.1, 10<K,<40;
K
Geyiter (8) = ——E—;
EXC|ter( ) 1+ S~TE (2)

04<Tg <1, 1<Kg <10
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Table 1

Tuning method for automatic voltage regulator system

Performance indices Analysis methods
Proposed . . Pole
Reference | 4 gorithm Comparison |\ el selI TAE|ITSE|ZLG|Other| T7aNSENt | 700 | Freauency | b ctness
response | o | response

— PSO, DE, ABC,
Ekinci et al. IKA LUS, PSA, BBO, - 4 4 4 4
(8] GOA
Ekinci et al.
4 HHO BBO + + +
Demiroren et
A 119 AEF PSO, BBO + +
Mosaad et al. BA, CSA, FPA,
[16] WOA 1 pso, sca, wwo * *
fzez']'k etd. SOS | ABC,MOL, BBO + + + + + +
Georgeeta. | \yca WOA, GA + +
[23]
Celiketal. ABC, MOL, LUS,
[24] SFS | wco, GsA, BBO * * * * *
Ekinci et al.
2 SSA ABC, ZN + + +
Odili et al. PSO, GA ACO,
[25] ABO BFOA * "
Bingul etal. PSO, MOL, ABC,
[26] s BF-GA, LUS L * * * * *
Hekimoglu et
. [15] SCA  |ZN, DE, ABC, BBO + + + + +
E"’;]”S” ed | psoGsa | ZN, PSO, MOL + +
Chatterjec et GA, PSO, LUS,
a. [28] TLBO PSO, ABC L * * * *
[C;g‘]’enc @d. | pgo | ABC,DEA, PSO + + + + +
Sahibetal. ABC, DEA, GA,
[9] PSO MOL, LUS * * * * *
Mohantya et
al. [10] LUS ABC, PSO, DE + + + + +
Tang et a.
(30] CAS PSO + +
g‘ﬁdeet a. ABC PSO, DEA + + + + +

In Table 1 the following abbreviation is used: IKA —improved kidney-inspired algorithm, SSA — dlap swarm agorithm,
SOS — symbiotic organisms search, SFS — stochastic fractal search, CAS — Chaotic ant swarm, ABO — African buffalo optimization,
WWO — water wave optimization, TLBO — teaching learning based optimization, CS — cuckoo search, water wave optimization,
PSO — particle swarm optimization, DE — differential evolution, ABC — ant bee colony, LUS — local unimodal sampling,
PSA — pattern search algorithm, BBO — bio-geography-based optimization, GOA — grasshopper optimization algorithm,
GA - genetic agorithm, MOL — many optimizing liaisons, ZN - ziegler-nichols, WCO - world cup optimization,
GSA — gravitational search algorithm, WCA — water cycle agorithm , WOA — whale optimization algorithm, ACO — ant colony
optimization, BFOA — bacteria foraging optimization Algorithm, CSA — crow search algorithm, BA — bat algorithm, FPA — flower
pollination algorithm, SCA — sine cosine algorithm, BF-GA — hybrid genetic algorithm and bacterial foraging.

Kg
G S)=——"2—;
Generator( ) 1+S-TG (3)
1<Tg <2, 07<Kg<L
Ks
G S)= ;
Sensor( ) 1+S-TS (4)

0.001<Tg<0.06, 1<Kg<2
where Ku, Kg, Kg and Kg are the amplifier, exciter,
generator and sensor gains respectively, Ta, Tg, Tg and Ts
are the amplifier, exciter, generator and sensor time

constant respectively.
The linearized AVR transfer function system
without PID is given asfollows:

AUGS)

AU gt (S)

©)
Ka-Kg-Kg-(1+sTg)
1+ Tp)-@+sTe)-L+sTg) L+sTg)+Ka-Ke -Kg-Kg'
AVR system with PID controller. The PID
controller consists of 3 main control actions/gains with
respect to the error signal:
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1) proportional (K) control;
2)integra (K;) control;
3) derivative (Ky) control.
In industrial control processes, a constant gain PID
controller has been extensively used. PID controller
transfer function is given as

t
Uc(t)= K pAUg(t)+ K; [ AU g(t)dt + Kq (dAUg(t))/ t, (6)
0

where U, is the control signal; AU(s) is the error signa
among reference AU, «(s) and measured signal AU(s), and
Ko Kg and K; are the control gains of proportional,
derivative and integral term, respectively.

The closed loop AVR transfer function with PID is
derived as

AU(s) _
AUref (S)_ (7)
Ka-Kg-Kg ~(1+S-T5)~(52~Kd +s-Kp+Ki)
A :
where

A=s-(1+sTp) 1+ Tg) 1+ Tg) (L+s-Tg)+
+KA-KE.KG-KS-(52-K(,+s.Kp+Ki)

The challenge in PID tuning is to determine the
optimum parameters to reduce the time domain
characteristics like t, t, t, and %M, Therefore,
optimization of PID tuning parameters is required using
optimization methods.

PID parameters optimization for AVR system.

Particle Swarm Optimization (PSO) is a
population based optimization algorithm inspired from
socia behaviors of bird flocking [9]. In this algorithm,
population (known as particle) is initialized. In
n-dimension given problem, N particles are travelling in
the solution space. The X(t) = (X1, Xz, ..., Xjm) denotes
the location of the j-th particle at the i-th iteration and Xjm
€ [Lm Unl, 1< m < N, where L, and U, represents the
lower and upper bound having values [0.2 — 2]
respectively. The P; = (Pj1, P2, ..., Pjm) denotes the best
position searched by the j-th particle known as Ppg.
Finally, the global best position achieved by the swarm is
identified as global best Gpes and represented as Py = (Pg,
Pg, ..., Pgm). The velocity vector at the i-th iteration is
Vi(t) = (i1, Vizs ..., Vim). Finally, the updated velocity and
position variables of the particle for succeeding iteration
are obtained as

Vit+1)=W-v;(t)+

413 Cp - (Poet 1)~ % (1) + ®
+12-Cy '(Gbest i ()-x;(t))
xj (t+1)=x; (t)+V; (t) 9)

where the parameter C, and C, are acceleration
coefficient, Wis called inertia weight (i.e.,, set to 1 in the
conventional PSO), r; and r, represents random number
between [0, 1].

The PSO algorithm has several advantages including
fast convergence, less complex computations unlike GA
(e.g. coding/decoding, mutation and crossover), easy to

compute and simple to implement [32]. But, PSO has
drawbacks, such as easily stuck in local optima and
decrease in the convergence rate in the later period of
evolution [33].

Chaotic Particle Swarm Optimization (CPSO).

Generating random sequences with good uniformly
is very important in the field of sampling, numerical
analysis and metaheuristic optimization. The concept of
using chaotic sequence instead of random sequence have
been emerged in research fields using chaotic neural
network (CNN) [34] and chaos optimization [35], etc.
Chaos is a random movement of particles having
characteristics of pseudo-randomness, ergodicity, and
regularity determined through a deterministic equation
[36]. A chaotic signal can cross every state in a certain
search region in such away that every state isvisited only
once. The diversity of random numbers generated by
chaotic motion is better than the randomly generated
values. Chaos search has a very specia ability to improve
the diversity of particle in search space that helps the
optimization algorithm to escape from stucking in local
optima [37]. Therefore, using chaotic seguences in
evolutionary algorithms is a promising approach to obtain
high quality solutions. Different kinds of chaos maps have
been used in literature [38].

In this paper, to improve the searching performance
and to escape from trapping into local minima, chaos
dynamics is integrated into the PSO. The conventional
PSO agorithm faces up to premature convergence
because information can be exchanged between particles
quickly and the particles are getting near to each other
rapidly, especially in case of problems with multiple local
optima. Thus, the dispersion of particles decreases in the
search space and it is difficult to escape from local optima
[39]. In order to increase a population’s diversity in
conventional PSO, chaos sequences were used to initialize
the particles population and velocity. In this paper,
chaotic sequence is generated using the logistic equation
[40Q]. The process of initializing using logistic chaotic map
is defined through the subsequent equation [41]:

ng' 1) _g. Cx?) - (1— ngI *1))
=12, .., m,
where Cx is the j-th chaotic variable and i denotes the
number of iteration.
The procedure of chaotic search using logistic map

isasfollows[42].
Step 1: Setting i = 0 and maps the decision variables

x,-i to chaotic variabIergi) positioned in the interval (0O, 1)

(10)

using below equation
[
oxli) = XE ) ~ Xmin, j
) Xmax, j ~ Xmin, j (11)
i=123,..,n

Step 2: Calculating the chaotic variable ng”l) for
the succeeding iteration using logistic map equation
according to ng').
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Step 3: Adapting the chaotic variable ng”l) to

decision variable xgi +1) ng below equation
xﬁ‘ ) Xmin, j + CX? ). (Xmax j — Xmin, j )
i=123...n
Step 4: Cdculating the new solution with decision
variable xg” ).

Step 5: If the new solution is superior to the
previous decision variable or predefines maximum
number of iterations is reached, take the new solution as
the new result of chaos search else, leti =i + 1 and go
back to Step 2.

Another improvement in conventional PSO lies in
using the adaptive parameters (W, C;, C,) instead of
constant values using the following equations

(12)

W —W; _
W=W-———.Gen, W>W); (13
MaxGen
Cii —Cut
=Cj —-Gen, (C;i >Ci¢ ); 14
C=C aGen (ll lf) (14)
Cyi —Cot
Cr,=Cyp ————-Gen, (Coi >Coh:); 15
2=Ca — e (2| 2f) (15)

Ci=2,Cs=1,C;=2,Cx=1,W =09 and W; = 0.4,
where Gen is the current generation of the swarm,
MaxGen is the maximum evolutionary generation, the
indexesi and f denotesinitial and final, respectively.

Fig. 1 shows the flow chart of CPSO.

Fig. 1. Flow chart chaotic particle swarm optimization

Performance evaluation criterion. Severa
performance criterions were proposed in the literature to
examine the performance of the AVR system [43]. The
most of the criterions were associated with improvement
in time domain parameters such as %M, ess, t; and ts of
the step response [44]. The frequently used criterions for
the performance evaluation of AVR system are

1) Integral absolute error (1AE):
te

IAE = SﬂAut(t]dt; (16)
2) Integral squared erro(r) (1sB):
ISE = tsjm(AUt(t))Zdt; 17)
3) Integral time wei gr?ted absolute error (ITAE):
ITAE = tﬁ AU (t)dt; (18)
4) Integra time wel ggted squared error (ITSE)
ITSE = tjmt (AU (b)) dt; (19)
5) Zwe-Lee Gaing (OZLG):
26=f1-ef)(Mp-eg)re” (ts-t,), (20

where AUy(t) is the difference between steady state value
and its present terminal voltage; ty, is the simulation time
duration; g is the weighted factor and its values ranges
between [0.5 - 1.5].

In the abovementioned criterions, ITSE and ZLG are
frequently reported and resulted in improved results. ITSE
resulted in high overshoot, whereas ZL G increase the rise
and peak time. In this study, combined ITSE and ZLG are
used [19]

J=ITSE + aZLG, (21
where « is the weighting factor to balance the ITSE and
ZLG performance criterions and its values ranges between
[30-50].

The above criterion can be changed
optimization problem with constrained as

min J{ITSE, %M p, e, ts, t; |

02<Kp<2
subject t0<0.2< K; < 2
02<Kg<2.

The optimal values of free parameters (ITSE, %M,
ess, ts and t,) are estimated using CPSO. Fig. 2 shows
the complete implementation of CPSO for AVR.

Simulation result and discussion. The different
analyses were performed including convergence, pole
zero map, robustness etc. to show the improved
performance of CPSO-AVR. Furthermore, the voltage
response analysis is aso carried out by considering
different cases. All the analysis were done using
MATLAB/Simulink (2018 Version) on an Intel i3,
processor 1.90 GHz with a RAM 4.00 GB. The
population size and maximum iteration for the anaysis
were chosen as 30. Subseguent sections show the
important results after analysis.

in to

(22)
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Fig. 2. Chaotic particle swarm optimization implementation

Convergence profile. The convergence curve of
PSO and CPSO is shown in Fig. 3. The CPSO agorithm
converges to optimized values only in 5 iterations as
compared to PSO. Optimized value of PID gains obtained
using CPSO were

K, = 1.0535, K; = 1.0112 and K4 = 0.3752.

Convergence Curve
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Fig. 3. Convergence curve

Equation (23) shows the overall transfer function of
AVR system obtained with these optimized values

AU(s) _
AU ref (s) -
- 0.0599s° + 6.103s” +10.53s+10.09
©0.0004s° + 0.0454s% + 05583 + 7.5002 +11.43- 5+ 10.09

Comparative analysis with different algorithms.
Comparison of obtained results using CPSO with other

Pl Doptim =
(23)

optimization algorithms were done to show the
effectiveness and supremacy of the CPSO technique. The
other algorithms used to optimize the PID parameter for
AVR system include IKA, PSO, BBO, LUS, ABC, SSA,
AEF and HHO. In order to evaluate the performance, the
time domain characteristics %M, ess, t, and ts of the
transient response as well as value of the criterion were
compared. The comparative analysis of CPSO-PID with
other meta-heuristic techniques is tabulated in Table 2.
The percentage improvement of CPSO over other
optimization algorithms is also reported in Table 2. It is
important to note here that PID controller tuned with
CPSO algorithm using the cost function given in Eq. (21)
for AVR system will result in less oscillatory and stable
response. Fig. 4 shows the simulation result of step
response of AVR terminal voltage obtained from different
agorithms. It is noted that the CPSO yields better results
as compared to other algorithm.

Step Response
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Fig. 4. Comparative analysis of step responses

Pole-Zero and frequency response Analysis. The
pole-zero map helps to determine the system stability and
provide the information about the position of closed-loop
zeros, poles and their resultant damping ratio (DR). To
check the stability of AVR, the analysis of pole-zeros and
bode-plot were done with tuned controller parameters
obtained using CPSO. From pole/zero analysis for
CPSO-AVR, the closed loop poles are

5 =-101, $,3=-494+)865 $5=-13+j0.91
as shown in Fig. 5 and the corresponding DR values are
1.00, 0.49 and 0.81, respectively.

Pole-Zero Map
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Fig. 5. Pole-zero analysis of chaotic particle swarm optimization
based automatic voltage regulator
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Table2

Comparative analysis of chaotic particle swarm optimization-PID with other meta-heuristic algorithms

PID parameters | Transient response parameters Objective function Improvement contributed by CPSO-PID
Controller type
Ko | Ki | Kg |%My| tsS | t,S | t,s | ITSE | ZLG |ITSE+ZLG| %M, ts s ITSE+ZLG
CPSO-PID (Proposed)|1.0535|1.0112(0.3752(13.11| 0.564 |0.1743|0.3732|0.0078(0.2299| 0.6214 — — -
IKA-PID 1.0426{1.0093| 0.599 |15.00| 0.753 | 0.128 | 0.328 [0.0062(0.3246| 0.6322 1441 37.91 1.73
PSO-PID 1.3541{0.9266|0.4378|18.82| 0.815 | 0.149 | 0.328 [0.0072(0.3668| 0.7250 43.55 4450 16.67
BBO-PID 1.2464(0.5893|0.4596{15.52| 1.446 | 0.149 | 0.317 |0.0078|0.5774| 0.9656 18.38 156.38 55.39
LUS-PID 1.2012{0.9096|0.4593| 15.56| 0.800 | 0.149 | 0.322 [0.0064|0.3378| 0.6577 18.68 41.84 5.84
ABC-PID 1.6524{0.4083(0.3654|25.01| 3.094 | 0.156 | 0.360 [0.0177(1.2430| 2.1295 90.77 448.58 242.69
SSA-PID 1.3381{1.1204(0.6361|20.30| 0.690 | 0.119 | 0.263 [0.0056|0.3407| 0.6203 54.84 22.34 0.25
AEF-PID 1.1062(0.9543|0.5178{14.30|0.7760| 0.140 | 0.291 |0.0060|0.3300{ 0.6302 9.07 37.58 141
HHO-PID 1.0887{0.9882(0.5361|14.42|0.7657| 0.137 | 0.290 [0.0060(0.3223| 0.6227 9.99 35.76 0.20

Table 3 shows the values of peak-gain, phase margin,
ddlay margin, and bandwidth for different algorithms using
Bode analysis. The peak gain for CPSO-AVR is found as
0.79 dB (7.11 rad/s), whereas phase margin and delay
margin are 95.8 and 0.178s (9.38 rad/s), respectively.
Finally, the bandwidth is 12.267 as shown in Table 3.
From the aforementioned analysis, the CPSO-AVR
yielded stable and good frequency response as all closed

Robustness analysis. To evauate the robustness of
CPSO-AVR, time constant of exciter, amplifier, sensor
and generator were varied between 50 % to +50 % as
shown in Fig. 6. The results of transient response after the
variations in AVR parameters are listed in Table 4. It is
observed in Table 4 that the total deviation range for
different values of parameters of AVR time constants are
in acceptable range showing the robustness of AVR

loop poles were in the left half s-plan. system with CPSO algorithm.
Table3
Peak-gain, phase-margin (deg.), delay-margin and bandwidth of automatic voltage regulator system
Controller Peak-gain Phase-margin (deg.) Delay-margin Bandwidth
CPSO-PID (Proposed) | 0.79 dB (7.11 rad/s) 95.8 0.178 5(9.38 rad/s) 12.267
IKA-PID 1.78 dB (10.6 rad/s) 76.7 0.095 s (14.0 rad/s) 16.785
PSO-PID 1.79 dB (8.29 rad/s) 79.3 0.121 s (11.5 rad/s) 13.915
BBO-PID 1.56 dB (8.65 rad/s) 81.6 0.112 s(11.7 rad/s) 14.284
LUSPID 1.43 dB (8.59 rad/s) 83.2 0.126 s (11.6 rad/s) 14.208
ABC-PID 2.87 dB (7.52 rad/s) 69.4 0.111 s(10.9 rad/s) 12.880
SSA-PID 1.51 dB (9.7 rad/s) 80.8 0.11s(12.9 rad/s) 15.624
AEF-PID 1.45 dB (9.45 rad/s) 81.8 0.114 s (12.5 rad/s) 15.286
HHO-PID 1.51dB (9.7 rad/s) 80.8 0.11 s(12.9 rad/s) 15.624
Table 4
Robustness analysis of chaotic particle swarm optimization-PID for deviation in parameters of AVR system
Model Rate of change (%) Range of total
parameter Performance parameter -50 -25 +25 +50 deviation
Peak value (p.u.) 1.168 1.799 1.172 1.206 0.066
T ts, S 0.2402 0.4793 1.3530 1.4793 1.620
A t, S 0.1601 0.1652 0.1846 0.1943 0.114
t5, S 0.3157 0.3445 0.4104 0.4285 0.148
Peak value (p.u.) 1.135 1.130 1.13 1.143 0.010
T ts, S 0.6548 0.7419 1.5231 1.6749 1.969
E t, S 0.1155 0.1465 0.2006 0.2257 0.294
t,, S 0.2421 0.3011 0.4444 0.5156 0.381
Peak value (p.u.) 1.230 1.168 1.107 1.943 0.717
T ts, S 1.0112 0.7536 1.8619 2.1511 2.814
¢ t, S 0.1059 0.1409 0.2076 0.2414 0.384
t5, S 0.2356 0.3002 0.4451 0.5341 0.431
Peak value (p.u.) 1.112 1.121 1.140 1.151 0.017
T ts, S 0.5660 0.5652 1.1758 1.1977 1.123
s t, S 0.1791 0.1769 0.1724 0.1702 0.027
tp, S 0.3717 0.3813 0.3649 0.3760 0.021
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Step Response
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Fig. 6. Step response for variation between +50 to -50 in
Te (a), Ta(b), Tg (c), and Ts(d)

Conclusions.

In this paper, chaotic particle swarm optimization
based proportional integral derivative (PID) controller was
used for the optimal tuning of automatic voltage regulator
syssem. The logistic map chaotic sequence-based

initilization and globa best selection enables the
agorithm to escape from loca minima stagnation and
improve its convergence rate and resulting precision. In the
process of parameter tuning, the chactic particle swarm
optimization technique was run severa times through the
proposed objective function, which accommodates the
advantages of the two most commonly used objective
functions with a minimum number of iterations, and an
optimal PID gain value was found. Automatic voltage
regulator system with chaotic particle swarm optimization
based PID controller minimizes the performance criterion
vaue to obtained optimized parameters of PID.
Performance comparisons were performed with 8
optimization algorithms (improved kidney algorithm,
particle swarm optimization, bio-geography based
optimization, local unimoda sampling, artificial bee
colony, slap swarm agorithm, artificial electric filed, and
Harris hawks optimization) to demonstrate the usefulness
of the chaotic particle swarm optimization based PID for
automatic voltage regulator system.

The comparative analysis of results revealed that the
proposed chaotic particle swarm optimization based PID
controller based system showed an excellent transient
response in terms of t;, %M, and performance criterion
value. In addition, bode analysis, pole-zero and robustness
analysis were done to show the system stability optimized
by the chaotic particle swarm optimization algorithm. The
analyses depict that the stability of automatic voltage
regulator system is good and the proposed controller is
less affected the possible variations in the parameters of
the system. The proposed chaotic particle swarm
optimization technique can be implemented to tune the
controllers for the swing-up and stabilization for a
pendulum-cart system.
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MULTI-OBJECTIVE OPTIMAL POWER FLOW CONSIDERING
THE MULTI-TERMINAL DIRECT CURRENT

Introduction. In recent years, transmission systems comprise more direct current structures; their effects on alternating current
power system may become significant and important. Also, multi-terminal direct current is favorable to the integration of large wind
and solar power plants with a very beneficial ecological effect. The novelty of the proposed work consists in the effects of the
aforementioned modern devices on transient stability, thus turn out to be an interesting research issue. In our view, they constitute a
new challenge and an additional complexity for studying the dynamic behavior of modern electrical systems. Purpose. We sought a
resolution to the problem of the transient stability constrained optimal power flow in the alternating current / direct current meshed
networks. Convergence to security optimal power flow has been globally achieved. Methods. The solution of the problem was
carried out in MATLAB environment, by an iterative combinatorial approach between optimized power flow computation and
dynamic simulation. Results. A new transient stability constrained optimal power flow approach considering multi-terminal direct
current systems can improve the transient stability after a contingency occurrence and operate the system economically within the
system physical bounds. Practical value. The effectiveness and robustness of the proposed method is tested on the modified |EEE 14-
bus test system with multi-objective optimization problem that reflect active power generation cost minimization and stability of the
networks. It should be mentioned that active power losses are small in meshed networks relative to the standard network. The
meshed networks led to a gain up to 46,214 % from the base case. References 24, table 3, figures 11.

Key words: transient stability constrained optimal power flow, multi-terminal direct current.

Bcmyn. B ocmanni poku cucmemu nepeoaui enekmpoenepeii 6Knouaoms 6 cebe binbuie cmpykmyp HOCmIitiHo20 cmpymy; ix nius na
enepaocuUcmeMy 3MIHHO20 CIPYMY Modice cmamu 3HavyHum i eadciueum. Kpim mozo, bazamomepminanvhuii nocmiinHui cmpym €
cnpusmaueuM Onia inmezpayii 6enuKux GimpouUX Ma COHAYHUX eleKMPOCMmAanyii 3 0yce NO3UMUSHUM eKOJIO2IUHUM egheKmom.
Hoesusna 3anpononosanoi pobomu noiseac y 6nAUGI 6UWE3AZHAYEHUX CYUACHUX NPUCMPOI8 HA NepexioHy cmadinbHicmbv, wo
BUABTAECMbCA YIKABUM NUMAHHAM 051 00CNiOxcenns. Ha naw noz2nsio, 60HU cmanoseiams HO8y npobiemy ma 000amKo8y CKIAOHICMb
0N GUGUEHHA OUHAMIYHOI nogedinku cydachux enexmpuynux cucmem. Mema. Mu wykanu po3s’azanns 3adaui nepexionoi
CmadinbHOCMi, 0OMENCEHOI ONMUMATLHUM NOMOKOM NOMYNCHOCMI 6 Mepedcax 3minnozolnocmiinozo cmpymy. 36ixcnicms 0ns
3a6e3neyenHs ONMUMAIbHO20 NOMOKY eHepeii byna enobanvno oocasHyma. Memoodu. Po3é’ a3anna 3adaui 6yno 30ilicHeHo 6
cepeoosuwi MATLAB 3a odonomozcoro imepamuenozo KoMOIHAMOPHO20 NiOX00Y Midc ONMUMIZ308AHUM OOYUCTEHHAM NOMOKY
nomyscHocmi ma OUHaMiyHuM mooentogannam. Pezynemamu. Hoguii nioxio, wo oomedicye nepexiony cmabinbHicms, 3 ypaxy8anHam
bazamomepmMiHANLHUX — cUCmeM NOCMIUHO20 CMPYMYy MOdce NOKpAwjumu nepexiony cmabinbHicmb RICAA  6UHUKHEHHS
HenepeObayeHux cumyayiti ma eKOHOMIUHO eKchayamysamu cucmemy y @isuunux meocax cucmemu. Ilpakmuune 3nauenns.
Edhexmusnicmes ma naodilinicms 3anponoHo8ano2o memooy nepesipacmvca Ha Mooughikosariti mecmosii 14-wunniti cucmemi |EEE 3
BUKOPUCTAHHAM —0a2amoyinb0goi 3adaui onmumizayii, aKka 6i000paxcae MIHIMI3ayilo eumpam HA aKMUeHy 2eHepayiio
enexmpoenepeii ma cmabinbuicms mepedic. bion. 24, tabn. 3, puc. 11.

Karouosi cnosa: mepeximiHa cTabiibHiCTh, 00MeKeHAa ONTHMAJLHHM MOTOKOM HOTY:KHOCTi, 0GararoTrepMiHabHHUI
nocTiiiHui cTpym.

Introduction. In a competitive economic  where different goals and different constraints have been

environment that has placed the need for reconciliation of
economic and transitional stability conditions, the cost of
losing synchronism by transient instability is
exceptionally high and of significant importance. For this
reason, the traditional optimal power flow (OPF)
approach has been extended to take into account the
transient stability constraints of the system, giving a new
transient stability constrained optimal power flow (TSC-
OPF) approach [1]. The TSC-OPF procedures are
classified in either global or sequential approaches [2, 3].
The global TSC-OPF approaches are reported in [4-7].
The sequential TSC-OPF approaches perform a standard
OPF analysis to assess an optimal operating point [1]. A
transient stability anaysis is then caried out
independently from the optimization process to check if
the optimum point is transiently stable, so that the time
domain simulation-related set of differentia agebraic
equations is not embedded in the traditional OPF problem
[2, 8-10]. In recent decades, various optimization
approaches have been proposed [11]. Among them, those
dedicated to solve the multi-objective TSC-OPF problems

taken into account [12-14].

A proposed network topology in [15-18] has been
used in our work for simulations propose. The meshed
topology is of great interest for our proposed
methodology.

This paper is organized as follows: first part
concerns modelling AC/DC power system. In the second
part, the TSC-OPF problem has been formulated. In the
third part, the experimental results and conclusions are
presented.

AC/DC power system modelling. A generaized
AC/DC system of Fig. 1 consists of three parts.

1. AC grid. We present here the expressions for
active and reactive power injections. Reader may refer to
[19] for more details:

n

AC AC AC : .

Py =ZN HVJ "(GijCOS@HBiJS'Mu)’ @
=t
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where Pgﬁc, Q) ae active and reactive power

VvV are nodal
voltage values at buses i and j respectively; ¢ is angle
voltage of unit i and j; G; is the conductance; Bj is the
susceptance; n isthe total number of generators.

generations at bus i respectively; V,*,

: vV, /6
Ellé‘l J X, V 49 2n+1 2n+
1
V2n+N492n+ :
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Fig. 1. Model for combined AC and DC grid
2. HVDC converters. Assuming a lossess

converter model. The active power of the AC side
converter coincides with that of the DC side:

A D
F’c = Pc C- 3)

An HVDC converter station was modeled as a
voltage source with variable value V" and angle &°"

connected to an AC bus via a reactance X&' . By

varying the voltage source, it is possible to produce the
desired active and reactive power flow from the DC to the
AC network or vice versa
 AC \/conv
HDC =\/| \/I Sn(glAC _HiCOHV); (4)
X conv
eq

c V'Z,AC V_AC conv
_

Q|D — _ S(e AC 0 conv ) ( 5)
X conv X conv
3. DC grid. The power flows over the DC lines can

be calculated as follows:
RPC = (6)

Rj

Problem statement and formulation. The theory of
TSC-OPF is an extension of the standard OPF problem to
include supplementary constraints for imaginable credible
contingencies cases. In a standard form, the OPF problem

is defined asin [20-22]:

min f(x,u), 7)

subject to
h(x,u)=0; (8)
g(x,u)<0. 9)

where x is a vector of state variables; u is a vector of
control variables; h, g are functions; f(x, u) is an objective
function.

In generd, the intention is to minimize the objective
function with the solution satisfying a number of equality
and inequality constraints. But the TSC-OPF problem can
be mathematically considered as a standard OPF with
other inequality dynamic constraints forced by the rotor
angles of generators during the transient period in study
for agiven set of contingencies.

1. Objective function. The objective functions f of
TSC-OPF is minimization of fuel cost for all generators:

f—man(a,+q i +C - gz)

where ng is number of generators; &, by, ¢, are cost
coefficients of unit i; Py is an active power generations by
unit i.

2. Equality constraints. The equality constraints
h(x, u) are the sets of the load flow equations that govern
the power system:

P§© +RPC Py =0,

Q4 +QP° -y =0, (12)

where Py, Qq are active and reactive power loads by unit
i respectively.

3. Inequality constraints (standard OPF). The
inequality constraints g(x, u) are the set of constraints that
represent the system operational and security bounds like
the limits on the following:

(10)

(11)

P,&“C'”g, < Py < PaGgis Wherei =1..,ng;  (13)

QE'Crfgi <Qqg <QACGi: wherei =1,...,ng;  (14)

VA <V SRR =Ly (15)

AN < <O i=1..ny; (16)

TMN<T < TMX: =10, 17)

where P, P2 and Qp,,Qx. are the lower and

AC,gi ' CAC,gi
upper limits of active and reactive power generation at
bus i of AC network respectively; Qg is reactive power
generations at bus i; V2" ,V™ are the lower and upper

AC,i? "ACii
limits of voltage value at buses i; V; is voltage value at
buses i; n, is total number of buses, ™, 6™ are the

lower and upper limits of angle voltage; 4 is the angle
voltage of uniti; T™, T™ are the lower and upper limits

of transformers tap settings; T; is transformers tap settings
of unit i; ny istotal number of transformers.

4. Inequality constraints (transient stability). The
transient stability problem in power system is defined by
a differential algebraic equation, which can be solved by
time domain simulation. The swing equation for i"
generatorsis:

d

d_‘?: Mﬂi[(Pm -PRy)-Dlos-m)} (18

ddf =w — s, Where i =1,..... \Ng (19)

dEg; 1 i

—d =,—[_ Eg +(Xqi - Xai)lqil (20)
dt a0
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ddf_@ ws, where i =1,.....,ng, (24)

where P, is the mechanical input generator by unit i;
P is the electrical output generator by unit i; M; is the
moment of inertia of i generator; w is the angular speed
of the rotating synchronous reference frame of unit i;
ws 1S the angular speed of the generator rotor of unit i;
& is rotor angle of unit i; D is the generators damping
torque coefficient; E;, E; are the interna transient

voltage of generator of unit i; E¢; is the excitation voltage
of generator of unit i; i, iq are d-axis and g-axis courant
of generator of unit i; Tig Tgoi are the d-open circuit

and g-open circuit transient time constants of generator of
unit i; Xg, Xg are the d-transient reactance and

g-transient reactance of generator of unit i; Xy, X are the
d-synchronous reactance and g-synchronous reactance of
generator of unit i; V.« is voltage reference of generator
of uniti.

The inequality constraints of transient stability are
formulated as:

|6 = dcor | < Smax:

Ng

D M5,

dcol = % : (26)
M
i-1

where & is the rotor angle of unit i; 6co is the position
angle of centre of inertia (COIl — centre of inertia); oma is
the maximum allowabl e rotor angle deviation

The sdlection of & is frequently based on
experiment operation. It was generally limited to 100° to
allow network having sufficient stability margin [23, 24].

5. Inequality constraints (multi-terminal direct
current — MTDC). The last constraint limits the variance
of the all DC nodes have their minimal and maximal
voltage angle limits, in which the equipment can operate
safely.

min .
fpc,j <pc,j <Ope; j; Where j=1...ny;

(25)

(27)

PDC j < PDC i < PDC,j; where ] =1..... Ny, (28)

min P

where Ppcj, are the lower and upper limits of

active power generatlon a busj of DC buses; Ppg; is the
active power generation at bus j of DC buses,
0pC. . OpC,; are the lower and upper limits of angle
voltage of DC buses; 6hcj is the angle voltage of DC
buses; ny isthetotal number of DC buses.

Simulation results and discussion. In this paper,
the MTDC system presented for the simulation with
integrated offshore wind farm is shown in Fig. 2. This
system is a modified version of the IEEE 14-bus test
system. A meshed DC grid including an additional
generator has been added, that connects to the AC system
to various buses through voltage source converters (VSC).
The bus 19 is not connected to any VSC. The bus and line
parameters were given in the [24]. All the simulations
were performed on source codes developed in MATLAB
environment running on an Intel Core i5 2.67GHz CPU
and 3GB RAM.

Fig. 2. Modified |EEE 14-bus

The fault priority list was given in Table 1. The top
4 faultsin critical clearing time (CCT) are considered.

According to Table 1 and Fig. 3, it is evident that the
most unfavorable case is the three-phase fault (3p).
However, it should be noted that there are, for certain
types of connection, cases where other types of fault are
more damaging. The best known of these faults are:

e single line to ground fault (SLG), when the
generator neutral is connected to ground directly or
through low impedance;

e single line to ground fault, when the transformer is
connected in Y -A with neutral grounded.

P, [p.u.]

Fig. 3. Power injected by the generator, depending on the type
of fault (LLG isdoublelineto ground fault; LL islinetoline
faults; SLG issingle line to ground fault; 3¢ is three-phase fault)
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Tablel
Priority list of fault for IEEE 14 bus system

Cases Faults Line | CCT(9
3 | SLG
1 1 12 0.33
2 1 15 0.36
3 1 12 0.38
4 2 12 0.40

The severity criteria considered in this study is the
critical clearing time (CCT). This study was performed
according to the 2 different faults (three-phase fault and
single line to ground).

In this section, the modified IEEE 14-bus system has
been used to illustrate the effectiveness of the proposed
method. There are 5 cases to be discussed here, each with
2 scenarios:

e Case 1isthe standard power flow (PF);

e Case 2 is the standard OPF without transient
stability constraints;

o Case 3is OPF with transient stability constraints;

e Case 4 when |IEEE 14-bus is modified, with added
MTDC and without transient stability constraints;

e Case 5 using a new configuration of network with
transient stability constraints.

Theresultsare given in Table 2.

Table2
Optimization results for IEEE 14 bus system
Case 1l Case 2 Case 3 Case 4 Case 5
3¢ fault | SLG fault | 3¢ fault | SLG fault | 3p fault | SLG fault | 3p fault | SLG fault | 3p fault | SLG fault
Py, MW 232 194.41 186.63 | 174.97 146.41 137.63 | 120.06
Pg2, MW 40 36.74 37.03 37.44 25.61 34.34 39.61
Pgs, MW 0 28.61 3153 35.41 0 0 0.07
Pgs, MW 0 0 0 1.28 0 0 8.82
Pgs, MW 0 8.52 12.44 17.58 0 0 3.23
Pgio, MW - - - - 100 100 100
Fuel cost ($/h) - 8080.77 8084.20 | 8102.18 5526.65 5549.29 | 5691.48
CCT (9) 033 | 038 051 | 045 057 047 028 | 037 0.31 0.39
L osses (MW) - 9.277 8.610 7.674 1.417 1.370 1.187

First, smulation results were presented with standard
PF (case 1). With this generation, it was found that system
transient stability was lost following the three-phase fault
disturbance at bus 1 (cleared by tripping line 1-2 at 0.33 ),
and was logt following single line to ground fault at bus 1
(cleared by tripping line 1-2 at 0.38 s) respectively. Visibly
the system can’t operate under this mode.

The second smulation (case 2), was the standard OPF
without transient stability constraints; the objective function
(fuel cogt) reached 8080.77 $/h. But with this generation, it
was found that system transient stability was lost following
the fault disturbance at bus 1, as shown in Fig. 4, 5,
respectively. Visbly the system can’t operate under this
mode because security of the network is aways violated.

Case 3, scenario 1 (3¢ fault), the active power of
generator 1 is reduced from 194.41 MW to 186.63 MW,
while those of generators 2, 3 and 8 were increased from
36.74 MW, 28.61 MW and 8.52 MW (case 2) to 37.44
MW, 31.53 MW and 12.44 MW (case 3) respectively.
A fuel cost was increased from 8080.77 $/h (case 2) to
8084.20 $/h (case 3) as shown in Table 2 and Fig. 6.
A consequence of satisfying the transient stability
congtraintsisthe increasing in fuel cost only by 0.042 %.

For scenario 2 (SLG fault), the active power of
generator 1 is reduced from 194.41 MW to 174.97 MW.
While those of generators 2, 3, 6 and 8 were increased
from 36.74 MW, 28.61 MW, 0 MW and 0852 MW
to 37.44 MW, 3541 MW, 1.28 MW and 17.58 MW
(case 3) respectively. The fuel cost was increased from
8080.77 $/h (case 2) to 8102.18 $/h (case 3) as shown in
Table 2 and Fig. 7. A consequence of satisfying the
transient stability constraints is the increasing in fuel cost
only by 0.246 %.

From Fig. 6, 7, the use of transient stability congtraints
in terms of OPF solution gives better results and ensures

system transient stability following the fault disturbances.
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Cases 4 and 5 the network is modified, and at the
present the total loadsis 295 MW (new load at bus 1, active
power 11.6 MW) and a hew generator is present on the DC
bus (bus 19). The solution of cases 4 and 5, with and
without transient stability constraintsis given in Table 2.

The fourth smulation (case 4), the fud cost was
reduced to 5526.66 $/h. But with this generation, it was
found that system transent stability was lost following the
fault disturbance at bus 1, as shown in Fig. 8, 9, respectively.
Visbly the system can’'t operating under this mode because
security of the network was violated.
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Fig. 9. Response of rotor angle (case 4, OPF, MTDC), SLG fault

In case 5, scenario 1 (3¢ fault), in order to retain the
transient stability limits, the active power of generator 1
was reduced from 146.41 MW to 137.63 MW, while that
of generator 2 was increased to 34.34 MW. The fuel cost
was increased from 5526.66 $/h to 5549.29 $/h as shown
in Table 1 and Fig. 8. A consequence of satisfying the
transient stahility constraints was the increase in fuel cost
by 0.409 %.

For last scenario (SLG fault), the active power of
generator 1 is reduced to 120.06 MW. While those of
generators 2, 3, 6 and 8 were increased to 39.61 MW,
0.07 MW, 882 MW and 3.23 MW, respectively. A
consequence of satisfying the transient stability
constraints was the increase in fuel cost by 2.982 %.

From Fig. 10, 11 it was obvious that the use of TSC
in OPF solution gives better results and guarantees
transient stability following the fault.
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Fig. 10. Response of rotor angle (case 5, TSC-OPF, MTDC),
3p fault
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For the best compromise solution, we must maintain
a balance between stability and economy. The solution
obtained enhances the transient stability of the system at
the best acceptable cost. Generally, in this situation, the
cost is marginally higher as the economy is sacrificed for
the improvement of transient stability. In case of lower
cost solution, more emphasis is given to economy of the
system and this solution is unable to improve the global
transient stability of the network. For minimum cost
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Fig. 11. Response of rotor angle (case 5, TSC-OPF, MTDC),
SLG fault

case 4, the CCT for the fault at bus 1 cleared by tripping
line 1-2 becomes 0.28 s whereas it was 0.33 s for three-
phase fault and 0.37 s to 0.38 s for base case for single
line to ground fault, as shown in Table 3.

Table3
CCT comparison
3p fault SLG fault
Casel 0.33 0.38
Case 2 0.51 0.45
Case 3 0.57 0.47
Case 4 0.28 0.37
Caseb 0.31 0.39

Finally, the solution sought for the problem of the
transient stability constrained optimal power flow, in the
last case, compared to all the previous solutions that
maximize the transient stability index, has the highest cost
as more focus is placed on optimizing the system's
transient efficiency. In the event of emergency situations,
this approach can be extremely useful.

It should be mentioned that active power losses are
small in mixed AC/DC networks relative to the standard
AC network. The AC/DC networks led to a gain up to
46,214 % from the base case. This confirms the potential
need for construction of solar or wind farms, considering
their advantages.

Conclusions.

It isvery likely that future transmission systems will
contain more multi-terminal direct current links and the
effects of such system on transient stability are yet to be
determined. The increase of the future system hasled to a
growing complexity in the study of its problem and so
presents new defy to power system stability. This paper
suggests a new version of the multi-objective optimal
power flow, taking into account the transient stability of
the power system. Two goals were concurrently
considered; minimizing the cost of the fuel and
optimizing the system's transient stability margin at the
point of fault clearance. Furthermore, this study was
performed on the basis of two different faults namely
three-phase fault and single line to ground fault.

Simulations were carried out in MATLAB
environment, the transient stability of the system is

compared with and without the presence of transient
stability constraints. The use of transient stability
constraints in terms of optimal power flow solution gives
better results and also ensures system transient stability
following the fault disturbance.
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K. Nebti, R. Lebied

FUZZY MAXIMUM POWER POINT TRACKING COMPARED TO SLIDING MODE
TECHNIQUE FOR PHOTOVOLTAIC SYSTEMSBASED ON DC-DC BOOST
CONVERTER

Aim. This paper presents the amelioration of maximum power point tracking using fuzzy logic methods for photovoltaic
system supplying a standalone system. Method. The main role of the maximum power tracking is to force the system for
working at the maximum point for each change of meteorological conditions. The classic technique Perturb and Observe is
more attractive due to its simple and high efficiency. Siding mode is a non-linear control technique; characterised by
robustness against the parameters change or disturbances, it gives a good maximum power operation under different
conditions such as changing solar radiation and photovoltaic cell temperature. Novelty. Fuzzy logic tracking technique is
treated. Fuzzy rules construction is based on Perturb and Observe behaviour when the appropriate disturbance step is
produced in order to obtain a fast system with an acceptable precision. We use in our study 60 W photovoltaic panel
associated to boost chopper converter in order to supply a standalone system. Results. As show in results figures using fuzzy
maximum power point tracking the ameliorate performances especially the very low oscillation rate (nearly 0.6 W), and very
acceptable response time 0.1 s. References 20, tables 1, figures 19.

Key words: solar panel, maximum power point tracking, perturb and observe, siding mode, Fuzzy logic.

Mema. YV yiiti pobomi npedcmasieno NOKpAwjeHHs GIOCMEdCeHHs MOUYKU MAKCUMANbHOI NOMYICHOCMI 3 GUKOPUCAHHAM
Memodie Hewimkoi 102iKu 018 POomoereKmpuyHoi cucmemu, wWo NOCMavae erekmpoeHepzilo 00 ABMOHOMHOI cucmemi.
Memoo. Ocnosna ponv 6i0cmedcens MAKCUMATLHOI NOMYACHOCMI — NPUMYCUMU CUCHEMY RPAYlo8amu 6 MAaKCUMAanbHiil
mouyi npu KOMCHIU 3MiHi Memeoponoziunux ymos. Knacuuna mexunixa 30ypenns ma cnocmepedgicents € 0invui npugadaugon
3a60saKU  c60ill npocmomi ma Gucokit egexmuenocmi. Pejcum Koezamms — ye HeRiHIUHUL Memoo Kepy8aHHs,
Xapakmepusyemvbcs Cmiikicmio 00 3MiHu napamempie abo nopyuienb, 04€ XOpPOuly MAKCUMAIbHY NOMYICHICMb pobomu 6
PDISHUX YMO8AX, MAKUX AK 3MIHA COHAYHO20 BUNPOMIHIOBAHHA ma memnepamypu @omoenekmpuunux eremenmis. Hoseusna.
Buxopucmosgyemuvca memoouka eiocmesicens 3 UKOpUcmannam Hewimxoi noziku. I1o6yoosa nevimkux npasun 6a3yemocs Ha
n06edinyi 30ypeHHs ma CnoCmepedtCceH s, Kou 8upoOIaEMbCs 8i0N08IOHUL KPOK 30YpeHHs, Wob ompumamu weuoKy cucmemy
3 NPUUHAMHOI MOYHICMIO. Y yboMy 00CHiONCeHHI GUKOPUCMOBYEMBCA (omoenekmpuiuna naveiv nomyoswcHicmio 60 Bm,
nioxnoueHa 00 nepemeopiogaud, wo nidguye, 0 NOCMAYants erekmpoenepeii 00 agmonomnoi cucmemu. Pezynomamu. Ax
NnoKasylomy pe3yabmamu, 0aHi 6UKOPUCHOBYIOMb HEYIMKY MAKCUMAAbHY MOYKY NOMYICHOCMI, AKA 8I0CMedcye NOKpaujeHi
Xapakmepucmuku, 0cobaueo Oydice HU3bKY weuoxicmos koausans (matioce 0,6 Bm) i Oyoce nputinamuui uac siozyxy 0,1 c.

Bi6a. 20, Tabu. 1, puc. 19.
Knrouosi cnosa:
KOB3aHH#, HeYiTKa JIorika.

Introduction. Renewable energies represent an
attractive solution as replacement or complement of the
conventional sources. Among renewable energies, are
those resulting from the sun, wind, heat of the ground,
water or of the biomass. With the difference in fossil
energies, renewable energies are unlimited resource.
Renewable energies are divided in a certain number of
technological fields according to the developed energy
source and useful energy obtained. The field studied in
this paper is photovoltaic (PV) solar.

In direct couplings of the loads to PV system, the PV
panels are often oversized to ensure a sufficient power to
provide the load; thisled to an excessively expensive system.

It very is easy to calculate the operating power of the
PV panels. But, the determination of the reference power
is more delicate view that it is function of meteorological
parameters (temperature and illumination).

This variable reference, characterized by a non-linear
function, makes the operation a maximum power more
difficult to achieve. Then, maximum power point tracking
(MPPT) is necessary. Generally it is based on the adjustment
of the duty cycle controlling the static converter until it is
placed on the PPM. Different MPPT methods have been
published in the literature for optima functioning, such as
short-circuit current, incremental conductance agorithms,
modified hill climbing MPPT method [1].

COHfIYHA IaHeEJIb, BiHCTe)KeHHﬂ TOYKH MAaKCHMAJILHOI IIOTy?KHOCTi, 36ypemm Ta CHOCTECPEKECHHSA, PEKUM

Perturb and observe (P&O) method is largely
widespread approach in the research of the MPPT because
it is simple and requires only measurements of voltage
and current of the photovoltaic panel (Vpy and Ipy
respectively, two sensors necessary), it should be known
that this type of control imposes a permanent oscillation
around the maximum power point (MPP) [2].

The sliding mode control technique is generally used
to control the power electronics converters that constitute
systems with variable structure [3, 4]. Recently sliding
mode is used to control a grid connected PV system [5, 6]
supplying stand alone PV system such as the pumping
system.

In order to ameliorate the respond time and
eliminate the oscillation around the MPP, a fuzzy control
based on P& O idea is applied with different membership
and fuzzy rules at both sides of MPP. Under this method,
the perturbation step is adjusted according to controller
inputs and working point.

The aim of this paper is the amdlioration of maximum
power point tracking using fuzzy logic methods for
photovoltaic system supplying a standal one system.

Electric model of PV cell. To predict the PV system
performance, it is better to make an equivalent model and
analyze its behavior under variable conditions.

© K. Nebti, R. Lebied
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The simplified equivalent circuit of the PV cell with
junction p-n (Fig. 1) includes a current source lpy, Who
gives the photoelectric current model, associated with a
diode in parallel which gives the junction p-n model,
whose polarization determines voltage.

Rs 1
{ >

ylo
Sy )™ . v
ORAY

Fig. 1. Equivalent model of the smplified PV cell

And aso a series resistance which is the internal
resistance of the cell, it depends mainly on the resistance
of the semiconductor used, it is also affected by
temperature influence [7]

I =1pn+lp; 1)
I'pn = |ph(|-1)‘[1+ Ko-(T-TI; 2
o () = oo (T) [Gﬁoj , 3

where | is the current produced by the PV cell; 1, is the
photonic current, proportional to the illumination G; Ip is
the current flowing through the diode; T, is the reference
temperature (T; = 25 °C = 298 °K); Gy is the reference
illumination (G, = 1000 W/m?); K is the coefficient of
variation of the current as a function of the temperature T,;
| is the short-circuit current (the current flowing through
the junction under illumination when the cell is short-
circuited).

And the relationship between current and voltage of
asolar cell is:

(Q(\/+Rs'|))
), 4)

=1, -1s(e

where |g is the saturation current; k, is Boltzmann
constant; V is the voltage at the cell terminds; Rs is the
resistance series, n is the diode ideality factor, where
1< n<2; qistheelectron charge (q = 1.602-10*° C).

Boost converter modeling. Boost converter (Fig. 2)
is composed of a boost inductance L, a controlled switch
K, a diode VD and filtering capacitors C. When the
switch K is on, the boost inductance current increases
linearly, the diode VD being blocked. When switch K is
off, the energy stored in the inductor, pass through the
diode to the output circuit [8].

VD i

Fig. 2. DC-DC boost chopper scheme

The modeling of this converter passes by the
analysis of the different operation sequences that we will
suppose durations fixed by the command S. There appear
two operation sequences according to the state of the
switch K.

When K isclosed so VD is opened:

Vey = '—dI—L:
dt 5
v ©)
0=C—oad i
dt
When K is opened:
di
Vpv = Ld_i_+vload;
(6)
_ Nipgg -
i, =c—1oad L
L dat S

By putting (S = 1) when the switch K is closed and
(S = 0) for open K, we can represent the converter
according to the switch state S by the following
equations:
di
Vpy = Ld_;_+vload 1-9); ()

(1—S)-i,_:CdV('j—‘;ad+is. (8)
Perturb and observe algorithm. The principle of
P&O MPPT control is to disturb the voltage Ve, with a
low amplitude around its initial value and analyze the
behaviour of the power variation Ppy resulting. So, as
shown in Fig. 3, we can deduce if a positive increment of
the voltage Vpy generates increased power Ppy that means
that the operating point is left of MPP. If not the system
has exceeded the MPP. Similar reasoning can be made
when the voltage decreases [9, 10].

Fig. 3. P&O principle

At each cycle, Vpy and Ipy are measured to calculate
Prv(K), where k indicate the present cycle. This value
Pryv(K) is compared with the value Ppy(k — 1) calculated in
the previous cycle.

The disadvantage of this type of control is that if
quick change of the illumination such as a mobile cloud,
this command has more losses, generated by the long
response time of the control to reach the new MPP.

P& O MPPT simulation. We apply two fast change
of illumination, the first at timet = 0.4 s, from 1000 W/m?
to 700 W/m? and the second at time t = 0.8 s from
700 W/m? to 900 W/n.
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In Fig.4—6 which represent the evolution of the
current, power and voltage, these curves contain
fluctuations, especiadly in transient periods, due to the
oscillation of P& O around MPP with fixed step.

PV current & load current, A

PV panel power & load power, W

Output & input boost voltage, V

Fig. 6. Load and PV panel voltage for P& O MPPT

But in other side we observe that the output power
follow the power generated by the PV panel, we keep the
operating point on the MPP, which confirm the
effectiveness of this method. The difference in power is
due to the converter losses.

P& O technique is based on applying a disturbance to
the voltage (positive or negative) to reach the maximum
power point.

The problem with this technique is that the
disturbance is fixed. In order to reach the point max
quickly, we must apply a large disturbance, but this
causes ripples, unlike that, if we apply a small
perturbation, we will have a good precision but a very
long response time.

Sliding mode MPPT. Sliding mode control is a
nonlinear control type. It was originally introduced for the
control of Variable Structure Systems (VSS).

In the control of the VSSs with sliding mode, the
state trgjectory is brought to a surface and then, by the
switching law, it is obliged to remain in the vicinity of
this diding surface.

The diding mode controller is based on the
assumption of zero hysteresis on the diding surface
S(x, t) =0, and thus on a variable switching frequency.

The idea is to divide the state space by a decision
boundary called «dliding surface».

Stabilization on the dliding surface is achieved by
switching at each crossing of the decision boundary
[11-13]. When PV panel is operating in its maximum
power, we can write

T _o; ©
Npy
oVpy - |
oy (PV pV) || Lev Vey +1py |1 (10)
Npy Npy Npy
Fov _ Aoy Vev + ey 11
Npy  OVpy

The switching surface adopted is the derivative of
the power with respect to the voltage, and from equation
(11) the diding surface can be obtained by the following
relation:

oP ol
==Ly +lpy (12)
Npy  Vpy
The switch control can be selected as:
0, S>0;
= (13)
1 S<O0.

There are two operating zones separated by the MPP
(8x) = 0) asshown in Fig. 7, zone 1 for which the dlopeis
positive (S(x) > 0), and zone 2 for which the dope is
negative (S(X) < 0).

We can writealso [14]:

1 .
=5 a-sgn(9)). (14)
A MPP
P 5=0
:. Zone 2
Zone i §=0

S=0 '

\ Vgt

Fig. 7. Operating zones of PV system

Simulation of diding mode MPPT. For the same
conditions applied with P&O we obtain the following
results. In Fig. 8-10 we observe amelioration of
performances, with a ripple and disturbance less than the
P& O technique.
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Fig. 10. Load and PV panel voltage for sliding mode MPPT

Ameéliorate diding mode MPPT. In diding mode
technique, the study is focused on the derivation of the
power with respect to the voltage, thusit is appeared two
zones depends on the sign of the sliding surface.

The ameliorate diding mode is based on P&O
principle, each switching control take into consideration
the direction of the power variation (AP), and also the
direction of the voltage variation (AV).

We can define four cases as shown in Fig. 11:

Ppyr

4 MPP
S=0
Case3 :
Casel : So - -AV
AP>0
AV=0
. AP=<0
S e
V<0 So: +24V So =24V
.‘pr

» >

Zonel, S=0 Zone 2, S 'l.')
Fig. 11. The four situations of the operation point

'~ §
L |

A

Zonel, case 1:

When operating point moves in zone 1, from point
(k—1) to (K) we notice that it approaches more the MPP,
then, it should continue in the same direction.

Vev (k+ 1) = Vpy (K) + AV.

Zone1l, case 2:

When operating point always moves in zone 1, from
the point (k — 1) to (K), we note that it moves away from
the MPP. In this case, it must change direction; we apply
apositive double step (disturbance)

VpV (k + 1) = VpV (k) + 2AV.

Zone 2, case 3:

When the operating point moves in zone 2, from the
point (k— 1) to (k), we notice that it is closer to the MPP,
so that it will continue in the same direction

(15)

(16)

Vpv (K+ 1) = Vpy (K) — AV.

Zone 2, case 4:

When operating point always moves in zone 2, from
the point (k — 1) to (K), we note that it moves away from
the MPP, then, in this case we must change the direction;
we apply a negative double step (disturbance)

VpV (k + 1) = VpV (k) —2AV. (18)

We conclude that the step of disturbance must be
doubled when AP <0

Ppy (K) < Ppy (k—-1), (19)
where Vpy(K), Ppy(K) are, respectively, the voltage and the
power of the PV panel, at the iteration (K); AV is the step
of disturbance of the voltage; AP is the resulting power
variation due to the voltage disturbance.

Simulation of ameliorate sliding mode MPPT.
For the same conditions applied with P& O we obtain the
following results (Fig. 12-14).

This technique is simple and easily realized, because
it is based on classic P& O MPPT. By using the ameliorate
sliding mode, the clear optimization of the performances
but it needs more calculation time because of the
existence of four cases, which means more precision but
more iterations.
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MPPT
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Fuzzy logic MPPT. The theory of fuzzy logic was
developed in by Prof. Lotfi A. Zadeh. The text «Fuzzy
Sets» appeared in 1965 in the review «Information and
Control» [15].

The majority of the developed controllers use the
simple diagram suggested by I. Mamdani for the single-
input/single-output system [16-18]. This diagram is
shown in Fig. 15 (where SE, SCE — inputs gains; SdD —
output gain).

Fig. 15. Genera structure of afuzzy controller

According to this diagram fuzzy system includes:

e the fuzzification corresponds to the process of
determining the degree of member ship to each fuzzy
partition;

o fuzzy rules (inference) indicate the use of the rules
started by the various fuzzified input;

e defuzzification block corresponds to the
transformation of outputs fuzzy values (linguistic form) to
real values (AV).

These methods allow formulating a set of decisions
in linguistic terms, using fuzzy sets to describe the error
amplitudes, its variation and the appropriate control. By
combining these rules, we can trace decision tables to
give the values of controller output corresponding to
situations of interest [19, 20].

The scale factors should be selected based on the
study of the system such that, when the small transitory
phenomenon, the permissible range for the error and its
variation are not exceeded.

Description of the fuzzy system.

Error E. The error E is defined as the error between
dP/dV and the seeking values dP/dV = 0. The latter value
corresponds to the unique extreme value of the curve
P(V). This extreme point is a maximum. More E is
positive; more the value of P increase .Conversely, more
E is negative, more the value of P decreases. Finally when
E tends to 0, the value of P tends towards its maximum,
the MPP.

Variation of the error AE. The change in the error
AE indicates in which direction and in what proportion
the error changes in proportion as the agorithm is
running. So when AE tends to 0, the system stabilizes (but
not necessarily MPP).

Output criteria (disturbance). The disturbance or
increment corresponds to the adjustment value added to
the voltage in each iteration of the algorithm. The fuzzy
rules allow determining and connecting the output of the
controller to input signals by linguistic terms taking into
account the experience acquired by a human operator.

Rules table. After having done some tests by
varying the number of output classes and rules alocation,
we get the following rules table [10] (Table 1).

Table1
Fuzzy rules

E
AE

NG NG NG NG NG | NM NP Z
NM NG NG NG NM NP Z PP
NP NG NG NM NP Z PP | PM
Z NG | NM NP Z PP PM | PG
PP NM NP z PP PM

PM NP Z PP PM PG PG | PG
PG Z PP PM PG PG

NG NM NP Z PP PM | PG

Simulation of fuzzy MPPT. For the same
conditions applied with P&O we obtain the following
results (Fig. 17-19).
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Fig. 19. Load voltage and PV voltage for fuzzy MPPT

We observe the amelioration in the evolutions of the
various curves comparing to the classic P& O MPPT and
aso comparing to the other techniques. Very low
fluctuation in voltage, in power or in current evolution,
this confirms the effectiveness and the superiority of the
fuzzy system applied.

The advantage of this technique is that the step of
disturbance is adapted by the fuzzy system according to
the variation of inputs, thus a transient period is shorter
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without any overshooting compared to diding mode
MPPT and the ameliorated sliding mode M PPT.

Conclusions.

In order to supply an isolated site using
photovoltaic system, it is very easy to connect directly
the load to the supplying system. In this situation the
photovoltaic panels are often oversized to ensure a
sufficient power to provide the load; this led to an
excessively expensive system.

The operation point system is obtained by the
intersection between the curve of current depending to the
voltage and the load curve.

It is necessary to integrate a power point tracking
system, which has a role of detecting this point, and
forces the system to works precisely on it via an
electrostatic converter. For this aim a boost converter is
used; its role is the adaptation of the supplying power and
the augmentation of the output voltage.

As a comparative study, the converter is controlled
by two techniques, diding mode and fuzzy maximum
power point tracking.

In the first part a classic perturb and observe method
is treated and simulated in order to validate the studied
model.

In gliding-mode method we define the dliding
surface which is based on a hysteresis method, using the
slope of the derivative of the power with respect to the
voltage in order to reach the maximum power point.
This method presents the advantage that it is
independent on the system parameters. The simulation
result shows the remarkable amelioration compared to
the classic perturb and observe. The oscillations on the
power response are the major disadvantage of this
method.

The tracking behavior shows that Fuzzy maximum
power point tracking system successfully and perfectly
tracked the maximum power point with better
performance than dliding-mode technique.

This controller guarantees high dynamic system
performances, and eliminate the ripples in the power, the
current and the voltage responses.
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