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EnekTpoTexHi4Hi KOMNIIEKCU Ta CucTemMm
UDC 621.3

https://doi.org/10.20998/2074-272X.2024.2.02

K. Abed, H.K.E. Zine

Intelligent fuzzy back-stepping observer design based induction motor robust nonlinear
sensorless control

Introduction. The control algorithm of Induction Motor (IM) is massively dependent on its parameters; so, any variation in these
parameters (especially in rotor resistance) gives unavoidably error propagates. To avoid this problem, researches give more than
solution, they have proposed Variable Structure Control (VSC), adaptive observers such as Model Reference Adaptive System, Extended
Luenberger Observer (ELO) and the Extended Kalman Filter (EKF), these solutions reduce the estimated errors in flux and speed. As
novelty in this paper, the model speed observer uses the estimated currents and voltages as state variables; we develop this one by an
error feedback corrector. The Indirect Rotor Field Oriented Control (IRFOC) uses the correct observed value of speed; in our research,
we improve the observer’s labour by using back-stepping Sliding Mode (SM) control. Purpose. To generate the pulse-width modulation
inverter pulses which reduce the error due of parameters variations in very fast way. Methods. We develop for reach this goal an
exploration of two different linear observers used for a high performance VSC IM drive that is robust against speed and load torque
variations. Firstly, we present a three levels inverter chosen to supply the IM; we present its modelling and method of control, ending by
an experiment platform to show its output signal. A block diagram of IRFOC was presented; we analyse with mathematic equations the
deferent stages of modelling, showed clearly the decoupling theory and the sensorless technique of control. The study described two
kinds of observers, ELO and EKF, to estimate IM speed and torque. By the next of that, we optimize the step response using the fuzzy
logic, which helps the system to generate the PI controller gains. Both of the two observers are forward by SM current controller, the
convergence of SM-ELO and SM-EKF structures is guaranteed by minimizing the error between actual and observed currents to zero.
Results. Several results are given to show the effectiveness of proposed schemes. References 25, table 2, figures 9.

Key words: induction motor, indirect rotor field oriented control, extended Kalman filter observer, extended Luenberger
observer, fuzzy logic control, sliding mode control.

BcTyn. AAropuTM KepyBaHHS aCUHXPOHHUM ABUryHoM (ALl) 6araTo B YoMy 3a/e>KWTb Bif MOro napameTpiB; ToMy 6yab-Aka 3MiHa
LUMX napameTpiB (0CO6AMBO OMOpy pPOTOpa) HEMUHYYe NPU3BOANTL A0 NOLWMPEHHS NOMUnoK. LLLo6 yHUKHyTU Uiel npo6nemu,
[OCMIAHMKM NPOMOHYTb LWOCh 6ifblUe, HiXX MPOCTO pilleHHs: BOHW 3anponoHyBanM ynpaeniHHA 3MiHHOW cTpykTypoto (VSC),
afanTUBHI cnocTepiradi, Taki SK aganTyBHA CUCTEMa €TalOHHOI MOAeni, po3LMpeHnid cnocTepirad JltoeH6eprepa (ELO) Ta
poswwmpennii GinbTp KanmaHa (EKF); Ui pilleHHs 3MeHLY0Tb nepeg6adysaHi NOMUIKM 3a NOTOKOM Ta WBMAKICTH0. HOBM3HO L€l
CTaTTi € Te, WO cnocTepiray WBNAKOCTI MOAEN BUKOPUCTOBYE OLiHEHI CTPYMU Ta Hanpyry SiK 3MiHHI CTaHu; M1 po3pobnsemo
/iloro 3a J0MOMOrOK KOpEKTOopa 3BOPOTHOrO 3B'A3Ky Nomuiku. HempsiMe ynpasniHHs 3 nomo potopa (IRFOC) BMKOpUCTOBYE
npaBuibHe 3HAYEHHS LIBMAKOCTI; Y HALIOMy AOCNIAXKEHHI MW MOKpallyemo po6oTy crnocTepiraya, BMKOPUCTOBYHOUN KepyBaHHA
KOB3HUM pe>KuMoM (SM) 3i 3BOPOTHWM KPOKOM. MeTa. IeHepyBaTu iMNyNbCu iHBEpPTOPA LUMPOTHO-iMMYNbLCHOT Mogynauii, AKi
LUBMAKO 3MEHLLYIOTb NOMUW/KY, BUKIMKaHY 3MiHamu napameTpis. MeToaun. [1na JOCATHEHHS L€l MeTU MU PO3PO6ISEMO JOCAIIMKEHHA
[BOX PI3HMX MiHIHMX CcrocTepirayis, WO BYKOPUCTOBYHOTHCS A1 BUCOKONPOAyKTMBHOrO npueogy VSC A, CTillkoro Ao 3MiH
LUBMAKOCTI Ta MOMEHTY HaBaHTa>KeHHs. IMo-nepLue, M1 NpeacTaBASeEMO TPUPIBHEBMIA IHBEPTOP, BMOPaHWiA Anst XKuBneHHs ALl; Mu
NPeLCTaBNSEMO MOro MOLENIOBAHHA Ta MeTO[ YNpas/iHHS, 3aKiHYyl0UM eKCrepuMEHTalbHO N1aT(OopPMOto, WO AEMOHCTPYE #oro
BUXigHWiA curHan. MpeacTasneHa 6nok-cxema IRFOC; Mu aHanisyemo 3a [ONOMOrOl MaTeMaTUYHWX PiBHAHb Pi3HIi eTanu
MOZENOBaHHS, HA0UHO AEeMOHCTPYHOUM Teopito PO3B'A3KN Ta Ge3CEeHCOpHUIA MeTOog KepyBaHHA. Y LOCAIL>KeHHI onucaHi Asa Tunu
crnocTepiradis, ELO Ta EKF, gna OuiHKW LWBMAKOCTI Ta KpyTHOro mMoMeHTy Af. [ani MM ONTUMI3yeMO MepexigHy peakuito,
BMKOPUCTOBYIOUM HEUiTKy NOriky, fka fonoMarae CUCTEMi reHepyBaTu KoedilieHTn nocuneHHs Ml-perynaTopa. O6uasa 3 ABOX
crocTepirayis nepefaldThcs KOHTPoNepoM cTpymy SM, 36amdkeHHs cTpykTyp SM-ELO Ta SM-EKF rapaHTyeTbca 3a paxyHOK
3BEfIEHHA [0 HyN MOMWIKM MidK (haKTUYHUM Ta CrnocTepedKyBaHum CcTpymamu. PesynbTaTwu. HasefieHO pesynbTaTw, L0
MoKasyTb eeKTUBHICTb 3anponoHOBaHNX cxeMm. bibn. 25, Tabn. 2, puc. 9.

Kno4oBi cnoBa: aCMHXPOHHWUIA ABUIYH, HENPSIME KepyBaHHA Mo MO0 poTopa, pPo3LUMpPeHMiA cnocTepirad ginbTpa Kanmana,
PO3LLMPEHNIA cnocTepiray JTtoeH6eprepa, KepyBaHHSI HEYiTKO JIOFiKOK, KEpYBaHHSA KOB3HUM PEXMMOM.

Introduction. Recently, in the literature researches
develop Induction Motor (IM) control in modern
methods, taking in consideration IM parameters variations
as inputs and signal behaviors as wishes outputs, the
implantation of modern observers in control schemes is
more than necessary.

In several structures and families, observers take
places in linear and non-linear configurations systems as
important solution can deals with motors states variations
in good manner; for example, in the case when IM
parameters was changed, we can see in [1-7] that the
researches use adaptive observer as solution to get a speed
convergence, in [8-11] researches deal with this problem
by using back-stepping control, which gives better results.

We can see also in [12-24] the using of fuzzy logic
technique to observe the controller parameters. In [22] the
writer gives a model of Sliding Mode (SM) observer
powered by fuzzy logic technique in goal of minimizing

the error surface. In [22, 24], they use fuzzy logic to
esteem the PI or PID parameters (K, and K;) which vary
with the IM parameters variation during system operation.

Purpose. In our work, we take a new reasoning
method to preserve the system divergence when changing
motor parameters (rotor resistance in our case). We
propose the using of a Variable Structure Control (VSC)
methodology in order to improve the system robustness,
the application runs by the implementation of SM in two
observers structures combining by Extended Luenberger
Observer (ELO) and Extended Kalman Filter (EKF) is
shown in [12-17] the system is vector-controlled by
indirect rotor field control scheme.

Not only the control of parameters variations is
reached in our proposed method; but the robustness is
also ameliorated by using SM, which we can observe in

© K. Abed, H.K.E. Zine
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lateral conditions of speed and torque variations during
system operation.

In addition, in our paper, we made a comparison
between SM control and fuzzy logic technique, this
comparison allowed us to select our prefer method which
plays a role in the improvement of the IM nonlinear
sensorless control.

The simulation results, in the end of work, are given
to show the effectiveness of proposed control approach.
Those results are obtained from a drive control algorithms
in the laboratory, with the help of MATLAB tool.

Three levels voltage inverter. We can create Three
Levels Inverter (3LI) voltages in complete bridges by
collecting three half-bridges using capacitive divider
structure (Fig. 1).

1
— £ = E =
a1 4@ 21 —{'f? 31 4@

D11 'r:z —i@ D21 'ru _ZEE D31 T:z _jli]
. L 1 1 "1 7 T
Loh Lo -
mz T13 —jﬁ? D?l Tﬁ:{ﬂ 032 ngﬂ
T = —= —=
1 g 5 5
Ti14 juﬁ _::_'\TET‘ %

Fig. 1. Three Levels inverter Neutral Point Clamped (3LI-NPC)

1. Inverter’s command strategy. The output
voltages of 3LI are given in:

b b
Va 2 1 1 Bn Bio
1
Ve = 1 2 1 BY Uy BY Uy . ()
b b
Vc 1 12 B31 B3O

where B; is the transistor’s base command Tg;.

Researchers have controlled the 3L1 with deferent
pulse-width modulation (PWM) strategies; in the next
(Fig. 2 and Table 1) we present simulation and
experimentation comparison between three strategies
methods, we found that saw tooth-sinusoidal command is
the better one to use; we use it, in this research, with two
identical carriers. The experimental results in [18] were
raised by using the acquisition card AT-MIO-16X
through a current and voltage sensor card.

A0 i il
ViV I ik
B0 IS 1
Wi s
11T e L [
R 111 111 s B
. 1
200 AT e
S 1 i
7 I | [
15 1.5 -
V,V 1 [Ref—— Carrier —| V,V 1 [Ref—— Carrier —
RN " IR RR
\ \
0 RERL WA AN ANRAN) c 0 d
SN \\l‘ ¥ os DT
B s I -] \ ’
-lSo wom v NU\ tysv .]'54 N o= n o n ’sg
285c88¢8 3388383

0 ts
& o3 0 001 0.02 0.030.04 0.05
Fig. 2. Output voltage V, as a function of time:
- triangular-sinusoidal command with one carrier simulation
result in (a) and experimentation result in (b);

- principle of saw tooth-sinusoidal command with two carriers:
reference voltage and saw tooth carrier 1 in (c) and reference
voltage and saw tooth carrier 2 in (d);

- saw tooth-sinusoidal command with two carriers simulation
result in (e) and experimentation result in (f);

- vector modulation strategy simulation result in (g)
and experimentation result in (h)

Table 1
Comparison between harmonics of the various command types
Command strategy THD max | THD min
Triangular-sinusoidal with one carrier 0.671 0.669
Saw-tooth-sinusoidal with two carriers 0.421 0.420
Vector modulation 0.498 0.497

2. Power stage. The IGBT transistor characteristics
are: IRFBC40, 3 to 8 kHz, Ve = 600 V, Ic = 49 A,
Vce (sat) <2V, Ers <9 mJ.

The commutation diode characteristics: BYT30PI
1000, Vrem = 1 kV, IF =30 A, t,, =55 ns, Vs = 1.47 V.

Command stage:

PIA card (Parallel Interface Adapter);

a galvanic insulation card for the PC and card PIA
protection;

an interface card.

Sample of experimental installation is shown in Fig. 3.
\ [N

“Sinduction Machine

PC + PIA Card

Fig. 3. Experimental installation constituents

Field oriented control structure. This plan uses a
more robust strategy (Fig. 4), which exclude all kind of
sensors in its algorithm.
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The Indirect Rotor Field Oriented Control (IRFOC)
Proposes:

: k
dlﬁ e — p N k
dt r )
digs . b N K k _'ds
dt r lgs
d dr L_m 0 i e P N dr
ddt r r qr
L 1
ar 0 —_m e PN —_ (2)
dt r r
2o where ig, igs are the d-q axis stator

Lg currents; Vg, Vgs are the d-g axis

o L Vds stator applied voltages; o, g are
Ly Vgs  the d-qg rotor flux linkages; . is the
0 0 rotor time constant, , =LJ/R,; .is
0 0 the synchronous angular speed;
k =M/ LL; , k are the simplifying constants; =1-M

ZILyL,; N is the estimated speed:; L, L, are the stator and rotor
inductances; L, is the mutual inductance; R, R, are the stator
and rotor winding resistances; M is the mutual magnetizing

inductance; is the leakage coefficient; p is the number of
pole pairs.

The decoupling between d and q axes can be
realized by: 4 =0;d o/dt=0,and 4= . where .
is the rated flux. So:

: 2
di M* . . M

Vds '—sf Rs Rrl__%'ds e Lsigs —%Rr r

Vo L s L RRMZi MoN -

gs S 4t e Lslgs s Rr L% ds L% rv(3)

d r .

e Mi

LA r ds

M igs

e PN —&

r r

The mechanical equations, electromagnetic torque

and motor speed are related by:
RICARN Te T) (4)
dt

where T, T, are the electromagnetic and load torques; f is
the friction coefficient; J is the total inertia.

The expression of electromagnetic torque is:
M .
Te P— rigs- ®)

Ly
The decoupled system is given by:
Vds  Vds1  €ds: (6)
Vqs Vqsl eqs:
where
~ . M
€ds e Ls'qs FRr r
r
) @)
ee o Liige M- M7,
S e Bslds 7 e r St
4 Ly Le v a

where «™» is the estimated value; «*» is the reference value.
Sensorless speed control design. The estimation of
synchronous angular speed is calculated by using the row 4 in (3):

|
o pn Mo ®)
r r

= 0.01 is the constant to
v 0.

where | is the estimate flux;

avoid the mathematical divergence when

From the row 3 of (3) we estimate:
~ M

[T

r 1 I’p ds
From the synchronous angular
odt . To estimate the speed, we

Speed control.

speed, we obtained

establish following function:

: 9
3 e ™ ©)

Closed loop Luenberger observer implantation.
Several researches use ELO in sensorless control of IM
[14, 16, 17], the goal is to remove all mechanical sensors.
From (4) and (5) we have:

M
aN iN PV r igs lTI . (10)
dt 3 Iy J
The 2" order ELO is given by: Y' cAXH BU L(Y Y);
% N obs Il ;
where X L , and we have finally:
TI obs Iy
dNobs f 1
L
a7} obs o 0 Tl obs
dt (11)
pM
L (igs) |'1 N,
0 2

where Ngps is the observed speed; T, s iS the observed
load torque. We put |, = 250, l,= —600 to fix the observer
dynamics.

Control with extended Kalman filter observer.
EKF offers the estimation of the systems states [12, 13].
The forward approximation is used to discretize (2):

xk 1 fxk,k guk,k;

12
yk hxk, k, (12)
where
f(x(k), k) + g(u(k), k) = Agx(k) + Bqu(K);
Ag =1+ AT, By =BT

12
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where T = (t — ty_1) is the sampling time.
The stochastic model of the disturbances is
established by adding noise vectors as below:

x(k 1) f(x(k),k) g(u(k),k) w(k);
y(k) h(x(k),k) v(k),
where u(k), y(k) are the input and output signals; w(k) is
the process noise; v(k) is the measurement one; x(k) is the
state vector, which can be observed by the EKF as:
Xk ) f(xX(k),k) guk),k) Keyk h(xk)k). (15)
By using Riccati difference equation, we can
establish the Kalman gain K, and we can simplify it as:
0 0 0 cos, sin,
i kez Kes  sin o cos o
where kg1, Kep, kez are the adjustable parameters, and:
h(x(K)) cos (k) sin o(k) .
The output variables of the EKF may be chosen as:
y1(k), y2(k) s s 17

s are the a-f3 stator flux linkages.

(14)

Ke , (16)

where
When x , W, w ' are the state variables with

w as the double integration of noise.
When we put u(k) = 0, the model (14) can be written as:
x(k 1) F(x(k))  wk);

_ (18)
y(k) h(x(k)) v(k),
where
1T, 0
F 0 1 1
0 0 1
So, W, and , can be observed by:
ip(p) el ? ®) G K ®; 19
We(k 1) We(k) w(k) kp (k);  (20)
wik 1) w(k) ks (k); (21)
() ya(k)cos ¢(k) yi(K)sin ¢(k)- (22

The block diagram of the EKF used is shown in Fig. 5.

_____ 2 rigp)

Fig. 5. Simplified EKF observer block diagram

SM current and flux observer design. The
application of SM control to IMs has been widespread in
[8-11, 22]; we implant it to estimate the speed and rotor
time constant, our method guarantees the convergence of
the current during control time and produces, as well,
fluxes along the d and q axes. From (2) we can write:

_idgs -
ht I’dS k dr i vdS . (23)
_las. Igs ar Ls Vos '
t
e -
Id d
o= T (24)
ar rlos ar
t
where
dr  UdsSign(Sgs) ; gr  UgsSign(sgs) ;
- d
Ugs igs K T_r PN ¢ ;
' (25)
= qr
Ugs ‘ igs kK — PN g |,
r
where i_dS idS ids’i_qs iqs iqs;
Ai pl\]k A
dr r . e (26)
qr ka - qr

and Sds ids ids; qu iqs iqs'
So, speed and real value of the rotor time constant
can be calculated by:

l ~ ~
= 1 dr gr dr
oo - . , @7)
pNk | r| qr dr ar
s "2 ~2
Where| r| ( & qr)'
Fuzzy-Pl controller architecture. It has been

developed recently in [19-24], we use fuzzy logic
algorithm, as a smart attitude, to reconstruct the rotor
resistance and load time constant, after their variations. The
fuzzy part in the controller adjusts the PI gains, which
planned to enhance the step feedback; the improvement of
PI observers has been developed in other way by [25].

The speed error and its rate of change are the
controller inputs, the K; and K, are its outputs,

e(k) N N and ek) ek) ek 1)

The program uses such linguistic tags: NL (Negative
Large), NM (Negative Medium), NS (Negative Short), ZE
(Zero), PS (Positive Short), PM (Positive Medium), PL
(Positive Large). Every fuzzy tag has a related membership
function. «Set if then» is the logic sentence, which
represents the fuzzy control rules, these rules are formulated
as follows: If e(k) is NL and Ae(k) is N then T, (k) is ZE.
Results for speed control are shown in Table 2 with E is the
error, CE is the convergence of error.

Table 2
Control rule base

CE/E NL | NM | NS | ZE|PS | PM | PL
N ZE| S M| L| M| S |ZE
ZE ZE| S M| L| M| S |ZE
P ZE| M L|L|L|M]|ZE

To produce the inference mechanism, we use
Mamdani Max-Min method (Fig. 6). We apply the center
of gravity process to crisp the output value in the
defuzzification stage:
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Fig. 6. Synoptic model of fuzzy controller for IM

Results and analysis. We consider the IM as
continuous model. The IGBT based inverter is a 3LI-NPC,
controlled by an 18 kHz PWM. The robustness of sensorless
speed control is verified, in the first, we apply varied load
torque values as: +10Nmin1s,-10Nmin25s,+10Nm
in6s,-10 Nmin 7s, 0 Nm in 8 s with flux 0.8 Wh.
The speed is fixed at 150 then —150 rad/s into 3.5 s.

In Fig. 7,a we show, obviously, that the dynamic
performances of the speed are very good.

, rad/s a Zoom |, rad/s b
0 e S s s T T ] 1 ]
150 ' A[—FpPLELO} | 180~ =T = N
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2.05 2.1 215 LS
Fig. 7. Simulation results of the improved EKF and ELO
observer by FPI controller: IM speed in (a); zoom in speed gives
a comparison between the observer’s time responses in (b);
zoom in speed during control shows the speed overshoots in (c);
speed delay time during the change of the speed reference in (d);
harmonics observed during control in (e)

Presented in Fig. 7,b the Fuzzy Proportional-Integral
FPI-ELO gives the better time response; it is more
reliable and less-noise than the FPI-EKF (Fig. 7,d and
Fig. 7,e). But it makes a slightly overshoot as shown in
Fig. 7,c when step changes take place in the load torque.

Figure 8 shows the superiority of the FPI-EKF
controller compared to the traditional Proportional-Integral
PI-EKF either in the overshoot or in the harmonic’s noises.

In other stage of studying, using VSC with SM, we
have tested the strength of our controllers, with load torque
applied as the following way: +10 Nmin 1.5s, 0 Nmin
255, +1I0NmMin6s,-10Nmin7s,0Nmin8s.

The comparison in Fig. 9,a,b,c reveals that the
observation by ELO or EKF of the electromagnetic torque.

I 0.
g IS 6 7

6 65 7 75
Fig. 8. Estimated electromagnetic torque T (a); «d axe» flux in (b)
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Fig. 9. Simulation results of the improved EKF and ELO

observer by SM control: observed electromagnetic torque
in (a and b); harmonics observed during electromagnetic control
in (c); comparison between SM-ELO and SM-EKF speed in (d);
comparison between SM-ELO and SM-EKF speed response
time in (e); harmonics observed during speed control in (f);
comparison between SM-ELO and SM-EKF speed delay time
during speed reference change in (g)

Conclusions. The high-performance intelligent
sensorless based variable structure control in an indirect
rotor field oriented control scheme, of the induction motor
drive, using Luenberger and extended Kalman filter
observers is discussed in this literature. The robustness of
the speed response using two different observers design
has been compared, and it has been found to be favorable.
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The results investigation confirms that the combination of
sliding mode with adaptive observers achieves a pleasing
performance even in the presence of noises or variations
in the induction motor parameters and drive conditions.
Moreover, it can be said from the results that the
estimation of rotor speed has been done satisfactorily, and
the sliding mode extended Kalman filter has better
characteristics than the other observer presented.
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Harmonics suppression in high-speed railway via single-phase traction converter
with an LCL filter using fuzzy logic control strategy

Introduction. The railway Traction Power Supply System (TPSS) encounters a common challenge related to high-frequency harmonic
resonance, especially when employing AC-DC-AC traction drive systems in high-speed trains. This resonance issue arises when the
harmonic elements introduced by the traction AC-DC converter on the grid side of trains align with the innate resonance frequency of
the TPSS. The novelty the proposed work focuses on the challenges associated with resonance elevation and high-frequency harmonics
in high-speed trains, while simultaneously enhancing energy quality. This is achieved by integrating a pulse-width-modulated converter
on the grid side with a single-phase configuration and incorporating an LCL filter. Methodology. In order to optimize the system’s
efficiency, a robust control system is employed, taking advantage of the capabilities of a fuzzy logic controller (FLC). The choice of the
FLC is justified by its straightforward design and reliability, emphasizing the dedication to precise control, as fuzzy logic excels in
handling complex, nonlinear systems. Through the use of linguistic variables and heuristic reasoning, the FLC adjusts to dynamic
changes in the system, demonstrating its efficacy in enhancing both transient and steady-state responses. Practical value. A grid-side
LCL filter-based converter was meticulously designed and rigorously simulated using the MATLAB/Simulink platform. The inclusion of
an advanced FLC in the system introduced a novel approach to control strategies, surpassing the traditional PI controller. Through a
comprehensive comparative analysis, the simulation results showcased the remarkable efficacy of the proposed solution in an effectively
mitigating high-frequency resonance within the TPSS. This outcome underscores the potential of FLC as a sophisticated control
mechanism for enhancing the performance systems in railway applications, showcasing its superiority over conventional control
methods. The study contributes in shedding light on innovative approaches for optimizing the control and efficiency of grid-side LCL
filter-based converters in high-speed train systems. References 33, table 2, figures 16.

Key words: grid-side converter, LCL filter, harmonics, power quality, fuzzy logic controller, simulation, high-speed rail.

BcTyn. CucTema TSroBOro enekTporocTavaHHs 3anisHuup (TPSS) CTUKaeTbCA i3 3aranbHOK NPo6AeMOo, MOB’A3aHOK 3
BMCOKOYACTOTHUM TapMOHIHAM PE30HAHCOM, OCOG/MBO MpU BUKOPUCTAHHI CUCTEM TArOBOTO NPWUBOZY 3MIHHOMO, MOCTIlHOrO Ta
3MIHHOIO CTPYMY Y BUCOKOLUBMAKICHWX Moi3gax. Lis npobnema pe3oHaHCy BUHWMKAE, KOMM FapMOHIiHI e1emMeH T, WO BHOCATHCA TArOBAM
nepeTBOPIOBAYEM 3MIHHOTO CTPYMy B MOCTIAHWA CTPYM Ha CTOPOHI Mepe>Ki noi3gis, 36iraloThCs i3 BHYTPILLHLOK PE30HAHCHOH
yacToTol TPSS. HoBM3Ha 3anponoHOBaHOI POGOTW 30cepedPkKeHa Ha MpobneMax, MOB’si3aHMX i3 MiABWLLEHHAM pe3oHaHcy Ta
BMCOKOYACTOTHUMM FapMOHIKaMW y BUCOKOLLIBUAKICHUX MOi3gaX, Npy OAHOYACHOMY NifBWLLEHHI AKOCTI eHeprii. Lie gocaraeTbes 3a
paxyHoK iHTerpauii nepeTBOptoBaYa 3 LUMPOTHO-IMMYLCHOID MOZYNALIEID HAa CTOPOHI MepeXKi 3 oAHoa3HoK KOoHirypauieto i
BK/HOUeHHA hinbTpa LCL. MeTogonoris. na onTumisayii epeKTUBHOCTI CUCTEMM BUKOPUCTOBYETHCA HagiliHa ccTeMa YnpaeiHH,
fKa BUKOPUCTOBYE MOXKMBOCTI KOHTponepa HeuiTkoi noriku (FLC). Bubip FLC BunpaBaaHuii ioro NpocTo KOHCTPYKLUiEl Ta
HaZIMHICTIO, WO MiAKPECOTb NPUXUNLHICTbL 40 TOYHOTO YMPaBfiHHS, OCKi/lbKM HeYiTKa Norika YyfoBo CrpaBnsie Thes 3i CKNagHUMm
HeNiHIiHMMU cucTeMamn. 3aBAAKN BUKOPUCTAHHIO MIHIBICTUYHMX 3MIHHUX Ta eBpUCTUYHUX MipKyBaHb, FLC MmpuMCTOCOBYETHCH [0
JVHaMIYHMX 3MiH Y CMCTEMI, AEMOHCTPYHUM CBO e(PEKTUBHICTL Y MOCWIEHHI SK MepexigHuX, Tak i CTilkux peakuiil. MpakTuyHa
LiHHICTb. MepeTBoptoBay Ha ocHOBi LCL-(hinbTpa Ha CTOPOHI MepeXKi peTenbHO CrpOeKTOoBaHWA Ta peTenbHO 3MOAENboBaHWiA 3a
ponomoroto nnaTdgopmm MATLAB/Simulink. BKatouyeHHs g0 cucTemm BLocKoHaneHoro FLC npeacTaBuno HOBWIA migxig 4O cTpaTerii
YNpaBniHHg, LU0 repeBepLUye Tpaauuiiinmia Mi-perynsTop. 3asgakn BCeGIYHOMY MOPIBHSAMLHOMY aHanidy, pesynbTaTy MOLENOBAHHS
MPOAEMOHCTPYBa/IM YyA0BY eEKTUBHICTb 3ampONOHOBAHOTO PILLEHHS B e(heKTUBHOMY MOM’AKLUEHHI BMCOKOYACTOTHOIO Pe30HaHCy
TPSS. Lleit pesynbTaT nigkpecnoe noTeHyian FLC gk cKnagHOro MexaHiamy ynpasfiHHA MigBWLLEHHSIM NPOAYKTUBHOCTI CUCTEM B
3ai3HNYHMX  3aCTOCYBAHHAX, AEMOHCTPYIUW IOro repeBary Hag TpaguuiiHUMW MeTofamu ynpasfiHHs. [loCnif>KeHHs crpuse
MPONMBAHHIO CBITNA Ha iHHOBAWifHI Migxoay A0 onTwMi3auii ynpaBniHHA Ta epeKTVUBHOCTI MEPE>KEBVX NepeTBOPLOBaYiB Ha OCHOBI LCL-
(inbTPiB y CMCTEMaxX BUCOKOLLBMAKICHWX NOT3giB. bibn. 31, Tabn. 2, puc. 16.

KntouyoBi cnoBa: mepexkeBuil nepeTBoptoBad, LCL-(inbTp, rapMoHiKK, SKICTb e/1eKTPOEHeprii, KOHTPO/IEp HEYITKOT 0TiKK,
MOJEeN0BaHHS, BUCOKOLUBUAKICHA 3ai3HMLS.

1. Introduction High-speed rail frequently employs
AC-DC-AC traction converters featuring Pulse Width
Modulation (PWM) within electric units. This is done so
as to enhance the energy quality and dynamic
performance of railway electric systems [1], nevertheless,
the presence of high-order harmonics is a common
occurrence in railway electric networks, resulting in the
challenge of high-frequency resonances [2, 3]. These
harmonics give rise to a range of issues, including
increased errors and disturbances, torque surges, thereby
affecting the overall performance of the traction network
[4]. Two primary strategies are commonly explored to
tackle the issue of high-frequency harmonics in high-
speed trains: one involves addressing the matter within
the traction electrical system, meanwhile, the other aspect
concentrates on the drive unit of high-speed trains.

The predominant research emphasis has been on
mitigating harmonics within the traction system, with
many scholars opting for the use of passive filters to alter
the impedance of harmonics in this system [5]. In order to

improve power quality, a grid-connected voltage source
converter has incorporated an LCL-type filter, renowned
for its superior high-frequency harmonic attenuation in
comparison to conventional L-type filters. LCL filters
find extensive use in grid-connected converters [6, 7] and
front-active rectifiers [8, 9].

Comprehensive design procedures for a single-phase
converter with an LCL filter were extensively discussed
in [10, 11]. In addition, LCL filters often produce
resonance peaks that endanger the stability of the grid-
connected voltage link converter and impair the reliable
operation of the traction power system.

Therefore, developing controllers suitable for LCL
type single-phase converters faces huge challenges.
Traditional PI linear controllers are usually used for grid-
side converters of high-speed railways [12, 13]. However,
the process of adjusting the Pl parameters in the voltage or
current control loop can be a problem, as incorrect settings
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may result in undesired low-frequency oscillations in
traction networks. In order to overcome this issue, various
advanced nonlinear control techniques like model
predictive control [14] and sliding mode control [15] were
proposed in order to improve the dynamic behavior of
systems.  Nonetheless, implementing and adjusting
parameters for these controllers in real-world scenarios can
be difficult due to the presence of unknown parameters,
complex structures and intricate mathematical models.

Fuzzy logic-based control has demonstrated
effectiveness in various industrial applications [16, 17],
owing to its heuristic nature, simplicity and efficiency for the
utilization of fuzzy logic-based control has shown
effectiveness in diverse industrial applications [16, 17], due
to its simplicity, heuristic nature and efficiency for both
linear and nonlinear systems. By utilizing linguistic variable
knowledge, an intelligent fuzzy controller can be developed
without the need for a complex mathematical model of the
system. This not only reduces computation time but also
improves the transient response characteristics of the system
[18, 19]. However, designing an effective fuzzy controller in
order to enhance the performance of a plant remains a
challenging task, often requiring multiple trial-and-error
procedures based on computer simulations.

As a solution, a proposed approach involves a
simplified structure for the Fuzzy Logic Controller (FLC).
Previous studies on line-side converters in high-speed
railways have mainly focused on various aspects of
controller design, including dynamic performance, stability
analysis, and the mitigation of high-order harmonics [20-24].

Introducing a model predictive control for line-side
traction rectifiers has demonstrated superior performance in
suppressing high-order harmonics compared to traditional Pl
controllers. Another innovative method involves utilizing a
nonlinear controller with active disturbance rejection control,
aiming at optimizing the load characteristics of the train
rectifier and reducing harmonics [25].

The application of the harmonic transfer function was
employed to examine the stability of oscillating voltage
fluctuation and controller performance [26]. Additionally, a
combined predictive and extended state observer-based
control system was proposed to mitigate voltage oscillations
and reducing current distortions on both the train and
network sides [27]. Some researchers have suggested a
passivity-based control model for traction rectifiers so as to
enhance both dynamic and static characteristics [28].

While these analytical methods have exhibited certain
enhancements in controller performance, they heavily rely
on precise mathematical models and a multitude of
unknown parameters, often challenging to ascertain in
practical applications. Despite the challenges associated
with modern intelligent controller design, it is evident that
existing control methods possess limitations. Specifically,
they struggle to eradicate high-frequency harmonics, attain
optimal system performance, and adjust control parameters.
This limitation may impede the broader adoption of single-
phase traction converters with LCL filters, consequently
hindering advancements in railway electric systems.
Notably, only a few endeavors have been made to explore
the effectiveness of a fuzzy logic-based controller in
electric drive applications [29, 30].

For high-speed railway line-side converters, the
FLC emerges as a promising solution, eliminating the

necessity for a detailed mathematical model of the
system. Furthermore, it introduces a transparent physical
approach to the control base in the closed loop, deviating
from the use of cumbersome rings by others, implying an
improvement in computational efficiency.

The goal of the paper is to devise a precise controller
utilizing fuzzy logic control for a single-phase traction
converter equipped with an LCL filter, with the aim of
enhancing energy quality and mitigating undesired harmonic
distortions within the railway traction power supply system.

2. System topology. A standard configuration for a
high-speed railway traction power supply system is
visually depicted in Fig. 1, offering a clear representation
of the system. In this diagram the three-phase 220 kV
utility undergoes a step-down transformation within an
electrical substation to become two single-phase 27.5 kV
feeders. This transformation is crucial for providing
power to the all-parallel autotransformer-fed network
through a V/x structure traction transformer.

Reginal Grid
220KV =
— |

Traction
Substation

Catenary

\Em

li©

Train

= Rails
Fig. 1. Typical power-supply system for high-speed railway

Figure 2 illustrates a simplified diagram that
showcases the positioning of the electrical train within the
traction network system, in which: Zg is the feeder
substation’s equivalent impedance; iy is the electric train’s
current; 1y is the separation or gap between the electric
train and the substation; |, is the distance between the
electric train and endpoint of the feeder section.

Electrical Substation Section Post

°
H s Train @)] it
+ I »le b >

Fig. 2. The electrical train location diagram
in the traction network system

This diagram incorporates various components such
as communication wires, feeders, protection wires, rail
and integrated grounding wires. The methodology used to
create this diagram has been described in [31]. In this
representation, the electrical train load is conceptually
equated to a current source that contains harmonics.

Using the equivalent m-circuit model for multi-
conductor transmission lines, Fig. 3 depicts the traction
power network, in which: Zr; and Y1, are the impedance
and admittance from the train to the substation; Z+» and
Y1, are the impedance and admittance toward the
supplying segment termination. The expressions for these
values are:
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Zgcos Iy 1. sin |y
Zyy ——— Y11 ——
sin | Z
. @
ZO Ccos |2 1 . Sin |2
Ly ——— 55— Yro2 —=,
sin |, Z

where y, Z, are the unit-length propagation constant and
characteristic impedance of the contact line, respectively.
These parameters can be mathematically expressed as:

Zo NZ IV
VZ i

where Z, Y illustrate the impedance and admittance per
unit length for the contact line, respectively.

(@)

Zr 4 Zr4 Z7, Z7,
—{} 1 1 = o

“ Zsg =VY71 Q)iT =Y7, Zc

Fig. 3. Representation of equivalent traction network using
topology of a m-circuit

]

When viewed from the train’s electric system within
the traction network, the parallel input impedance (Z,.)
formulation for the traction network can be expressed as:
Zgcos | 1y Zgcos Iy Zgsin Iy @)
Zgsin | Zgcos | '

The overall extent of the contact line, denoted as |
(sum of I and 1,), influences the parallel resonance in the
traction network. The system exhibits parallel resonance
when the denominator in (3) becomes 0, leading to the
maximum impedance (Z,,). The resonance condition is
expressed as follows:

Zgsin | Zgcos | 0. 4)

Given that yl is significantly less than 1, it is valid to
approximate tanh(yl) as =, leading to the simplification as:
1 5)
jCl jcC
where Lg is the internal equivalent inductance of the
electrical supply substation (Zs=jwlLg); C. is the
distributed capacitance per unit extent of the contact line;
C is the overall capacitance along the contact line.

The frequency of parallel resonance fy is:

1
for —F/—.
2 4/LsC

The resonance in the traction power network is a
parallel resonance involving the equivalent inductor of the
electric supply substation and the distributed capacitance
across the multi-conductor transmission line. The
resonance frequency is determined by the inherent
properties of the traction network and remains unaffected
by the electric train’s location [32].

3. The LCL-type converter analysis. Figure 4
illustrates the unit equivalent to the traction drive for a
high-speed locomotive, featuring a single-phase LCL-type
converter topology on the grid side. In each power unit,
line-side converters connect to the DC-link and
incorporate an LCL-type passive filter. The traction
transformer is idealized; Ly is the comparable leakage

ZPa

J Lss

(6)

inductance on the secondary side; C4 is the DC-link
capacitor; Vg is the voltage on DC-link; R, is the load
equivalent for the traction inverter-motor drive system.

g i
' |,

Contact line

ig Ls J st J s2

& Tq Vi | == lca RL
J’%m [ &s ‘

DC-Link The equivalent
Load

Fig. 4. Equivalent circuit of LCL-type rectifiers on the single-
phase line side in every propulsion unit of a high-speed train

Traction
Transformer

LCL-type Filter

Rectifier

3.1. Designing and modeling LCL filters and their
parameters. The inductance on the converter side L is
usually determined based on the acceptable maximum
converter current ripple (Aina), typically ranging from 30-
40 % of the rated current level. Therefore, the constraint
condition for the inductance L can be expressed as:

Ugc
= 8fs imax | )
where fs is the switching frequency of the converter
guides the selection of filter capacitance C:.

Balancing high-frequency harmonics suppression and
managing reactive power at the primary frequency is crucial
[33]. To meet allowable reactive power, capacitance C; can
be calculated using (8), particularly at the primary frequency:

P
Cy . (8)
2 fUsg
where P, is the specified power of the converter; is the

coefficient constrained to be under 5 %; f, is the primary
frequency of the grid voltage.

The design of the grid-side inductor Ly involves
leveraging the proportion of high-order current on the
converter side to that on the grid side. Due to unipolar
PWM in a single-phase converter, emphasis is on high-
order harmonics around double the switching frequency.
Assuming no high-frequency components in the grid
voltage, the LCL filter at double the switching frequency
is addressed, as illustrated in Fig. 5.

ig(k) ir(k)
' YY"
Lg Ls *
ug(k) =Cr as(k)

Fig. 5. Model of LCL filter

In Fig. 5 the transfer functions describing the
relationship between u,, and iy, as well as ig, can be
articulated as:

Uap (K) J kks i kLng j ELngCf _

i (k) 1 lf|_g(;f ’ )
uab(k) . .3

o L L LL,Cs,
|g(k) kbs ) & g J kLs gvf

where wy is the twice angular frequency of switching.
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Consequently, the calculation of the ratio between
harmonic components on the grid-side current and high-order
harmonic current on the inverter side can be determined as:

ig (k) 1
ik n fL, c

where the permissible ripple amplitude in the converter
current set between 30 % to 40 % of the rated current,
choosing at 15 % magnitude ensures a maximum
fluctuation in grid-side current of around 5 %.

Consequently, the potential range for Ly can be
inferred as:

: (10)

23

12 2C¢

In conclusion, the values of the inductor and capacitor
need recalibration so as to align with the permissible design
parameter range for the resonant frequency f,. This study
ensures that the resonant frequency f, of the LCL filter is
confined within the specified range:

5f, f, fs.

The filter parameters specified in Table 1.

4. Control block diagram. Figures 6, 7 depict the
control diagrams using a PI controller and a FLC,
respectively. Table 1 presents the values for the single-
phase traction converter with LCL filter parameters.

Lg (11)

(12)

Table 1

System parameters

Parameters Value
Contact-line voltage Vg, V 1550
\oltage across the DC-link Ve jink, V 3000
Capacitor of the DC-link Cy, uF 3000
Frequency of switching f;, Hz 550
Primary frequency f, Hz 50
LCL-type filter L,, mH 1.3
Inductance on the converter side Ls, mH 1.6
Filter capacitance C;, uF 125
Load resistor R, Q 20

4.1. Control diagram with PI controller. Figure 6
shows the control scheme of the LCL rectifier based on Pl
controller, in which Vg is the output voltage across the DC-
link, where the initial block denotes V.. The regulator
calculates the discrepancy between the reference and actual
voltages, forming the input for the PI control unit. The
output current from the PI regulator, combined with cos t
from the phase-locked loops (PLL) block, serves as the
input for the 2nd block. The 3rd block represents the error
from comparing the previous two values.

v + PWM ACDC
PR Controller Rectifier

+!
Vg

Fig. 6. Control scheme of the LCL rectifier based on PI controller

The output value (PR) from the proportional
resonant controller (PR) unit becomes the voltage
reference Vi, added to Vgrig. This resultant value is used
in PWM generation for driver signals in the power
electronic IGBT rectifier with a LCL filter, as shown in
Fig. 6. The summarized mathematical equation for the
system is:

Iref Kp(Vdcref Vdc) K| (Vdcref Vdc)dt- (13)

4.2. Control diagram with FLC. Figure 7 shows
the control scheme of the LCL rectifier based on FLC.

Fuzzy
Rule base
Controller
Inference -
Fuzzification N Défuzzification
engine

Data base

v+ PWM ACDC
PR Controller Rectifier
1

Vg

Fig. 7. Control scheme of the LCL rectifier based on FLC

A fuzzy control system leveraging fuzzy logic,
evaluates input values in analog form using Boolean
variables with continuous values ranging from 0 to 1. This
contrasts with classical or digital logic, which operates on
discrete values of either 1 or 0. The fuzzy controller
consists of 3 stages: fuzzification, where inputs are
converted into fuzzy representations using predefined
membership functions; the rule-based inference system,
which generates a fuzzy response based on linguistically
defined rules; and defuzzification, converting the fuzzy
response back into a crisp output. The design employs the
Fuzzy Logic Toolbox in MATLAB/Simulink.

The inference engine in fuzzy logic, using Mamdani’s
method, connects membership functions to rules,
generating fuzzy output. Defuzzification is the reverse
process, transforming a fuzzy quantity into a precise value.
In this application, the centroid method computed the result
of the FLC, particularly the reference current in Table 2.

Table 2
Rule base of FLC
de/e NB NS Z PS PB
NB NB NB NB NS Z
NS NB NB NS Z PS
Z NB NS Z PS PB
PS NS Z PS PB PB
PB Z PS PB PB PB

The inference engine is crucial in fuzzy logic, linking
membership functions and fuzzy rules to generate the fuzzy
output using Mamdani method. Defuzzification is the reverse
process, transforming a fuzzy quantity into a precise value.
In this application, the center of gravity method determined
the output of the FLC, particularly the reference V, as shown
in Fig. 8, illustrating the surface of fuzzy rules.

e ———

lre . S\

30 20 10 0
Derivate

Fig. 8. Fuzzy rules surface
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5. Results and comparison. Figures 9, 10 depict
simulated waveforms of the DC-link voltages (Vqc),
utilizing both the PI controller and the FLC, respectively.
The observation highlights that the FLC reduces ripples
and distortions in the capacitor voltage to a certain extent,
while reducing the stabilization time to a value of t =0.1s
compared to the PI controller, where the stabilization time
is higher (t = 0.6 s), hindering the system’s performance.

|[—Vdc-ref
4000
v,V M
3000
2000 |-
1000
0 L L L L t’ S
0 0.5 1 1.5 2 2.5 3
Fig. 9. The simulated waveforms of DC-link voltages based on
PI controller
4000 — Vdc-ref
V.,V — Vdc with FLC
3000
2000 /
1000
t,s
0 ‘ ‘ ‘ ‘
0 0.5 1 1. 2

5 2 2.5 3
Fig. 10. The simulated waveforms of DC-link voltages based on FLC

This result indicates that the FLC brings a significant
improvement in reducing fluctuations and distortions in the
capacitor voltage, contributing to a faster and more stable
system response. In comparison, the Pl controller exhibits
inferior performance with a longer stabilization time, which
may compromise the overall system performance. These
findings underscore the effectiveness of the FLC in
enhancing dynamic response and the quality of the voltage
across the DC-link in the considered converter.

Figures 11, 12 wunveil the simulated voltage
waveforms V, of grid-side voltage during the functioning
of a single-phase LCL rectifier using Pl and FLCs,
respectively. Examination of these figures reveals a
significant disparity in the high-order harmonic
components in the LCL rectifier with both controllers.

It is clearly evident that under the regulation by the
PI controller, the voltage V, exhibits more pronounced
high-order harmonic components compared to those
observed in the LCL rectifier operating with the FLC.
This observation highlights the remarkable ability of the
LCL converter topology with the FLC to significantly
attenuate high-order harmonic resonance.

It is crucial to note that this enhanced harmonic
attenuation capability offers substantial advantages in the
context of power quality, thereby contributing to the
stability of the traction power system. These results
underscore the notable effectiveness of the FLC in
reducing harmonics in comparison to the PI controller,
suggesting that the adoption of the FLC could constitute a
significant improvement in LCL rectifier applications,
especially when it is crucial to effectively suppress high-
order harmonic resonance.

Figures 13, 14 depict simulated waveforms of the grid-
side current I, of the LCL-type converter with Pl and FLCs,
respectively. The ability to eliminate high-frequency
harmonics proves to be a crucial factor in the evaluation of

filters and control systems. Following the comparison
between Fig. 13, 14 it is noticed that the grid-side current is
distorted, especially during the period 0-0.2 s, with higher
harmonics from the PI controller compared to the FLC.

4000 : ‘ ‘
V.V — Vg with PI
2000 - l
of ”
-2000
ts
-4000 ‘ : ‘ ‘
0 0.5 1 1.5 2 25 3
4000 : : |
Vv,V Zoom — Vg with PI
2000 -
0 M}%WMWW
~2000 - 1
s
-4000 : : : :
0.5 0.6 0.7 0.3 0.9 1

Fig. 11. The simulated waveforms of the grid-side voltage V,
using the PI1 controller

4000 ‘
ViV [— Ve with FLC|
2000
0 PR |
22000
-4000 ‘ : : _bS
05 1 s 2 25 3
4000 T T : ;
[ Ve with FLC|
2000
0
22000
-4000 ‘ : ‘ ‘
0.5 0.6 0.7 058 0.9 !

Fig. 12. The simulated waveforms of the grid-side voltage V,
using the FLC

1000 T : : .

I A —Ig with PI

-1000

22000 | | |
0 0.1 0.2 0.3 0.4 0.5

Fig. 13. The simulated waveforms of the grid-side current ()
using the PI controller

1000 LA —Ig with FLC
of
-1000 |
1000 T T T —Ig with FLC
0
-1000 ' : :
0 0.1 0.2 0.3 0.4 0.5

Fig. 14. The simulated waveforms of the grid-side current ()
using the FLC
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This observation suggests that the attenuation of low-
order harmonics operates effectively for the FLC, and
low-order harmonics exhibit no significant impact
influencing the grid-side current. This conclusion is
corroborated by the results obtained from Fast Fourier
Transform (FFT) analysis.

An examination of the results highlights the superior
performance of the FLC in terms of harmonic reduction
and waveform maintenance of the grid-side current,
particularly during the critical period 0-0.2 s. These
observations indicate that the choice of the FLC could
represent a significant improvement in LCL-type converter
applications, demonstrating increased effectiveness in
suppressing harmonic distortions.

FFT algorithm is employed to assess the harmonic
order within the grid-side current and THD of said current
in a single-phase LCL converter utilizing Pl and FLCs.
THD measurements are contrasted for the Pl and FLCs, as
illustrated in Fig. 15, 16.

Fundamental (S0Hz) = 462.9 , THD=4.60%

L8]

0 1000

(=1

2000 3000
Frequency (Hz)
Fig. 15. The harmonic spectrum of the simulated grid-side

current utilizing the PI controller

4000 5000

Mag (% of Fundamental)

= Fundamental (50Hz) = 462.2 , THD= 0.21%
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Fig. 16. The harmonic spectrum of the simulated grid-side
current utilizing the FLC

Figure 15 displays the THD measurement results for
the PI controller, yielding a value of 4.6 %. Conversely,
Fig. 16 illustrates the corresponding results for the FLC,
showing a notably reduced value of 0.21 %. These values
fall well below the critical threshold of 5 %, aligning with
harmonic standards.

This analysis demonstrates that the LCL filter ensures
satisfactory compliance  with  harmonic  standards,
guaranteeing that the THD is below 5 %. Specifically, the
results highlight the enhanced effectiveness of the FLC in
harmonic suppression, particularly for high-frequency
switching sub-harmonics. These findings underscore the
notion that the implementation of the FLC represents a
significant improvement for the LCL converter, notably
ensuring a substantial reduction in THD.

Conclusions. A topological investigation and a
mathematical model have been undertaken for the traction
power supply system and the circuitry of single-phase
line-side LCL-type rectifiers in each power unit of a high-
speed train.

The control system aims at addressing high-order
harmonic resonance in traction converter systems,
particularly focusing on attenuating high-order harmonics
in single-phase LCL PWM rectifiers. When guided by a

Fuzzy Logic Controller (FLC), these rectifiers efficiently
eliminate high-order harmonics in train traction drive
systems. This approach, unlike conventional control units
with a PI controller, effectively avoids stimulating high-
frequency resonance.

The proposed method exhibits notable characteristics
such as heightened robustness and autonomy from
intricate system parameters. The simplicity and efficiency
of the FLC distinguish it, suitable for both linear and
nonlinear systems. Its intelligent control implementation
does not require an intricate system model, reducing
computation time and enhancing response dynamics.

The study conducts a comprehensive comparative
analysis of harmonic suppression performance in the LCL
converter, comparing its performance with a traditional PI
controller to the proposed FLC. Analytical scrutiny and a
THD study emphasize the efficacy of the FLC-controlled
transformer, affirming its role in ensuring high-quality
dynamic performance in traction systems.
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An adaptive controller for power quality control in high speed railway
with electric locomotives with asynchronous traction motors

Introduction. Power quality in an electric railway system pertains to the dependability, consistency, and purity of the electrical power
provided to different components and systems within the railway infrastructure. Assessing power quality offers considerable opportunities
to improve the efficiency of railway systems. Problem. Managing the flow of active and reactive power effectively, decreasing harmonic
currents, and addressing the negative sequence component are all critical parts of improving power quality for electrified rail systems. As
a result, flexible AC transmission systems are the major means of minimizing or decreasing these difficulties. Purpose. This study
describes a half-bridge reactive power railway power conditioner (HB-RPC) with a novel Ynev balancing transformer. HB-RPC is made
up of four switching devices and two DC capacitors and the compensator’s stability is determined by the operating voltage of the DC-link.
Any variations or imbalances in the DC voltage might cause the compensator to operate in an unstable manner. Novelty. Of a novel
balanced transformer with HB-RPC in a high-speed railway system with two scenarios. Methods. The study utilized MATLAB/Simulink
software for simulation purposes. The system integrates a fuzzy logic controller (FLC) and a PI controller to optimize DC voltage,
ensuring its constancy and balance, with the objective of improving the overall stability of the system. Results. The simulation outcomes
illustrate the efficacy of the control approach. Through a comparison of results between scenarios (two and four trains) with the Pl-based-
HB-RPC and the FLC-based-HB-RPC, the system exhibits enhanced stability for the proposed railway system when employing the FLC-
based-HB-RPC, compared to a controller based on PI. Practical value. The proposed configuration elucidates its role in enhancing both
the dynamic performance of the system and the power quality of the three-phase rail traction chain. References 21, table 6, figures 21.

Key words: railway power conditioner, Ynev transformer, fuzzy logic controller, P1 controller, asynchronous motor, power
quality, electric railway system.

BcTyn. AKiCTb enekTpoeHeprii B CUCTEMi €NeKTPUYHMX 3ani3HWLUb BIAHOCUTBLCA A0 HAfIAHOCTI, CTanoCcTi Ta 4ncToTH
€NeKTPOeHepril, WO NoAaETHCA Pi3HMM KOMMOHEHTaM Ta CUCTEMaM 3ani3HUYHOI iH(pacTPyKTypu. OUiHKa AIKOCTI enekTpoeHeprii
BiZKPVBAE 3HAYHI MOXK/MBOCTI MiABMLLEHHA e(DeKTUBHOCTI 3anisHN4YHMX cucTeMm. [Mpobnema. EdekTvBHe KepyBaHHA MOTOKaMu
aKTMBHOI Ta Peak TVBHOI NOTY>KHOCTI, 3HUXKEHHS FAPMOHIVHUX CTPYMiB Ta YCYyHEeHHS KOMMOHEHT & 3B0POTHOI NOCAIAOBHOCT | — BCE Lie
BaOK/IMBI YaCTUHN MOKPALLEHHA SAKOCTI efleKTPoeHeprii AnA enekTPUikoBaHNX 3aNi3HUYHUX CUCTEM. B pesynbTaTi rHyuki cucTemu
nepesadi 3MiHHOTO CTPYMY € OCHOBHUM 3aCO60M MiHiMi3auii um 3MEHLLIEHHS LMX TPyAHOLWiB. MeTa. Y LboMy A0CAIAMKEHHI ONUCYeTheA
HaniBMOCTOBMIA CTabiNisaTop peakTUBHOI NOTY>KHOCTI 3ani3HuLi (HB-RPC) 3 HOBUM 6GanaHcytoumm TpaHccopmaTopom Ynev. HB-
RPC cKknafaeTbCs 3 4YOTWPbOX MEpPeEMMKAoYMX MPUCTPOIB Ta [ABOX KOHAEHCATOPIB MOCTIMHOrO CTPyMy, @ CTabifbHICTb
KOMMeHcaTOopa BU3HAYAEThCA POOOUOK HAMPyrok fMlaHKM MOCTIMHOTO CTpyMy. Byab-aki 3MmiHM abo AucbanaHc Hanpyry NocTiiHOro
CTPyMy MOXKYTb NPU3BECTY 40 HECTabINbHOI po60TW KoMMeHcaTopa. HoBmsHa. CTOoCyeThCst HOBOrO 6anaHCHOro TpaHcchopMaTopa
3 HB-RPC y cucTemi BUCOKOLIBUAKICHMX 3a/li3HUUb i3 [BOMA CLeHapiamu. MeToaun. Y [OC/if>KeHHI BUKOPUCTOBYBANOCA NporpamHe
3a6e3neyeHHss MATLAB/Simulink 3 meToto mogentoBaHHs. CrcTema noeaHye KOHTponep HediTkoi norikv (FLC) Ta Ml-perynaTop ans
onTUMi3aLil Hanpyrn NOCTIHOro CTPyMy, 3a6e3neyeHHs HOro CTanocTi Ta 6anaHcy 3 METOH MOKPALLEHHs 3araibHoi CTabilbHOCTI
cucTemu. PesynbTaTy. PesynbTaTyu MOLEN0BAHHS iNOCTPYOThb eheKTUBHICTb Nigxody A0 YnpasniHHA. 3a JONOMOrOK MOpPIBHAHHA
pesynbTaTiB cleHapiiB (4ga Ta yoTupy noisaun) 3 HB-RPC Ha ocHoBi Nl Ta HB-RPC Ha ocHoBi FLC cucTema AeMOHCTPYE NiJBULLEHY
CTabiNbHICTb AN 3anponoHOBaHOT 3ani3HUYHOT cUCTeMU Npu BUKOPUCTaHHI HB Ha ocHosi FLC-RPC, y NOpiBHAHHI 3 KOHTPONEpPOM 3
3acTocyBaHHaAM [Ml. TMpakTuWyHa UiHHICTb. 3anponoHoBaHa KOHQirypauis nosicHOe 11 poib Yy NiABMLLEHHI AK  AMHAMIYHMX
XapakTepucTUK CUCTEMU, TaK i IKOCTI eneKTpoeHepril TpuasHoro 3anisHYHOro TAroBoro kona. bién. 21, Tabn. 6, puc. 21.

KntoyoBi cnosa: 3anisHUYHWIA cTabinisatop Hanmpyru, Ynev TpaHcopmaTop, KOHTPO/ep HediTKoi noriku, Ml-perynaTop,
ACMHXPOHHUI ABUTYH, SIKICTb e1eKTPOEHepPril, eNeKTpMYHa 3ai3HNYHa cucTema.

Introduction. The configuration and utilization of
electrified railways are well-established [1]. With the

overhead contact line system, and the electric train, as
illustrated in Fig. 1 [1].

surge in rail traffic and widespread adoption of modern L = T
traction vehicles equipped with sinusoidal current L = .f;’.?'ﬁ.
absorption rectifiers, electric transport systems have - 1 :
become substantial single-phase loads for the traction = Tract

.. . . acuon
supply system. Additionally, they function as nonlinear transformer
loads, consuming reactive power and giving rise to power . . -
factor and stability issues. Consequently, electric trains - | — o
contribute to imperfections in the railway supply, ﬁ o ) N @ s

including negative sequence current (NSC), reactive

power and harmonics [1]. Fig. 1. Synoptic of traction chain system

Enhancing energy efficiency and ensuring high-
quality performance have become imperative across
various technical domains today. The prevalent power
quality issues typically fall into two main categories:
voltage irregularities and harmonic distortion [2]. The
traction power system can be segmented into four
components, namely the upstream power system (three-
phase power system), the traction power substation, the

The high-voltage network faces challenges due to the
uncertainty, non-linearity, and asymmetry introduced by
traction loads, resulting in the presence of NSC and
harmonics. The asymmetry and non-linearity within the
traction power supply system contribute to more significant
issues for the power grid, including imbalances and
harmonic disturbances. The characteristics of locomotives,
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utilizing power electronics techniques to adjust speed, make
them non-linear loads. In this scenario, these loads act as
sources of harmonics while also operating as single-phase
loads. This is the reason why the traction system can extract
two single-phase electric powers from a three-phase power
supply [3, 4], introducing a lot of power quality challenges
to the three-phase power system, ultimately impacting the
operation of electrical equipment and the network.

Various methods have been used to improve the
power quality of three-phase power systems in order to
maintain the dependability and balance of electrical
railway power systems. This entails reducing the impacts
of nonlinear traction loads on three-phase power systems
[5] through the use of Flexible AC Transmission Systems
(FACTS) [6]. In particular, the use of balance
transformers (such as Scott, YNvd, Leblanc, and others)
has been a prominent technique to addressing this
difficulty [7, 8]. Balancing transformers possess the
capability to transform a three-phase system into a two-
phase system, thereby reducing NSC on the secondary
side under equal load conditions [9].

However, it is important to note that employing
balancing transformers alone is insufficient to enhance
power quality in the railway traction system.
Consequently, the integration of a compensator into the
traction system has become essential.

Enhancing the efficiency and rapid control features
of these technologies has spurred research into various
FACTS devices [10-12]. The selection of specific FACTS
devices depends on the intended purpose, leading to their
connection in configurations such as shunt, series, series-
series and series-shunt [13, 14]. The compensator’s
overall performance is fundamentally shaped by the
configuration of the controller being manipulated.

The aim of this study is to implement a control
method for the suggested half-bridge reactive power railway
power conditioner (HB-RPC) with Ynev. Consequently, a
fuzzy logic controller (FLC) with 49 rules based on HB-RPC
is developed to govern the outputs of two power switching
legs, thereby enhancing the overall performance of the power
system. Subsequently, the achieved outcomes are contrasted
with those obtained using a Pl controller. This comparison
aims to elucidate which controller exerts a more significant
influence on the dynamic stability of the traction system
under different loads. The paper provides a detailed
description of the traction power substation, the transformer
connections, and the structure of the HB-RPC.

The system operation and the control method for the
compensator under Ynev are described. Trains
(asynchronous motors) are used as loads to validate the
performance of the system. The most important power
quality issues in electrified railways have been investigated
here. Results and discussion are analyzed and concluded in
this study.

Modeling of proposed system. For studying the
performance of our system, an electrified railway system
as illustrated in Fig. 2 is proposed.

The Ynev transformer principles. The traction
loads operate as single-phase loads within a three-phase
system. Consequently, balanced transformers are
employed in the power supply system to generate two-
phase output from the three-phase system, effectively

addressing power quality issues such as the elimination of
zero sequence current and reduction of NSC. In [7, 8],
various connection configurations are illustrated, each
transformer  possessing  distinct  advantages and
disadvantages. The selection of a specific configuration is
contingent on three key factors: Transformer Utilization
Factor (TUF), Line Utilization Factor (LUF), and the
current unbalance ratio €.

TUF SR/ST; 1)

LUF SR/SL; )

|

where SR, ST, SL are the maximum utilization capacities
for the system, transformer and line, respectively;
I, I” are the negative and positive sequence currents.

A
B
It I Ly ¢
B A
Proposed Balanced 4
Traction Transformer N =
C

aJ_ _J
T |

T

w]

R HBRPC R

Fig. 2. The proposed electrified railway system

This study involves the transformation of a three-phase
system into a single-phase system using a Ynev two-phase
balanced transformer (Fig. 3), wherein the primary three-
phase winding is interconnected in a star configuration with
a grounded neutral point.

Grid network %
>

O m <
—
| | i | l
£ - X - 3 - X
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MMM m_me._m m e m

Q‘JD Com (3 )Beta

Fig. 3. Ynev transformer wiring diagram

2 JAipha

This transformation not only enhances system
protection but also involves a secondary winding connected
in an open delta configuration [9-15]. The magnitudes of the
mathematical voltage expressions on the secondary side are:

1/3
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where N,, N3 are the turn ratios associated with the
windings of the transformer.

The current relationships can be expressed as:

I A N, Nj N3

Ig N3 Nz Nj

lc N3 N
where la, g, Ic are the primary side’s phase currents;
I, Ig are the secondary side’s two-phase currents.

The components of three-phase currents zero
sequence 1°, positive sequence 1*, and negative sequence
I~ currents are:

10 0 0
1 2 2 (7
| =~ Njy1 Nzl N, Ng 1

3
| N, 1 N3l 2 N, 2 Ny 2 1

NGO

Load model. In this paper, we model an electric
locomotive train, illustrated in Fig. 4, each asynchronous
motor driven by two inverters controlled through pulse
width modulation. The system incorporates static power
converters to transform the physical characteristics,
specifically voltage, prior to reaching the traction motor.

i J |

l

4 Motors axis

ac s Traction  load

AC DC Asynchronous
DC AC Motor

-

Fig. 4. High speed train’s traction circuit schematic diagram

Power system

HB-RPC configuration. HB-RPC is one of the
FACTS devices that have been specifically designed for
railway traction power supply [11]. As illustrated in Fig. 5,
HB-RPC is made up of four switching devices and two DC
capacitors, which reduces the number of switches
compared to a normal railway power conditioner (RPC).
As a result, this structure is employed to lower the cost and
complexity of the control. It is utilized to manage active
and reactive power flow, as well as harmonics suppression.

4
C1 -

+# Lb j

E+—mT g
(Y
5L
I

+
::

—

Fig. 5. HB-RPC topology proposed in MATLAB

The Ynev transformer’s secondary side is linked to
the half-bridge converters through a pair of step-down
transformers and inductors. This setup is designed to
mitigate the transmission of harmonics and reactive
power through the transformer. In this arrangement, each

side of the traction power substation accommodates two
electric trains (in the 1st case) and four trains (in the 2nd
case), with iy and ig representing the currents of sections a
and f3, and denoting the compensating currents.

To address symmetrical and sinusoidal waveforms in
the secondary side currents (i, ig), the HB-RPC introduces
compensatory currents (icq, icg) into the system through
interface inductances (L, Lg) and step-down transformers.

The load currents can be written as [9-16]:

It \/ELLP cos t 1 \/Elh cos t
h

8
\/EILP cos t ®)

2

V2 I cos t 4
h 2
where lyq, Ing are the h'" order harmonic currents of the o
and E phases, respectively; 8, Bns are the phases degree
of h™ order harmonic currents of the o and B phases; 6y, 8,
are the phase difference between a and 3 phases; I pa, lipg
are the active components.

The compensation currents (lcg, lcg) for the two half-

bridge converters can be expressed as:

e 1t g t;
lc 1t lg t,

where |g, Ig are the secondary side currents; leeq, lrerp are
the reference currents.

The connection between the compensation currents
and the reference currents can be established as:

2
It T \/;Impcos t;

It

©)

(10)
2 2
| t —lpp COS t —
ref \/; mp 3
where |y, is the DC component:
1
lmp She e (11)

where I pq, I pg are the active components of two loads
currents of traction power arms.

Operation and control method of the system.

A. Operation of the HB-RPC involves the dynamic
exchange of power between sides, achieving the transfer
and equilibrium of active power, and compensating
reactive power to meet the load requirements. This is
accomplished by charging or discharging capacitors C1,
C2 as illustrated in Fig. 6, 7, representing the primary
goal of the HB-RPC [16-18]. The operations modes of
HB-RPC are next:

when the supply current i > 0: the charging mode of
the DC-link capacitor, diode D1 is conducted and the
discharging mode of the DC-link capacitor, power switch
S2 is conducted (Fig. 6);

when the supply current i < 0: S1 is conducted, the
capacitor C1 is discharging, and |i| starts to increase, when
D2 is conducted, the capacitor C2 is charging, and |i|
starts to decrease (Fig. 7).

B. DC-link voltage control. The utilization of two
capacitors gives rise to a voltage balance issue. To
address this and attain dynamic energy equilibrium, two
FLC and PI controllers are suggested. These controllers
generate the reference current signals for phases A, B, C
along with a compensator to maintain the DC-link voltage
stability and minimize power losses.
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Fig. 6. Charging (above) and discharging (below) mode
of HB-RPC for the supply currenti >0
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Fig. 7. Charging (above) and discharging (below) mode
of HB-RPC for the supply currenti <0

Approach utilizing a FLC. It is a mathematical
framework designed to assess analog input values in the
context of logical variables with continuous values
ranging from 0 to 1 [14-19]. FLCs are particularly well-
suited for addressing uncertain control problems. The
FLC is structured into 3 components: fuzzification, fuzzy
inference, and defuzzification (Fig. 8) [20, 21].

base

Fuzzy Fuzzy

. —inputs [ |pference | Outputs
. c - o
engine
'-~- Membership ]
functions

Fig. 8. Architecture of FLC

Fuzzification is the process of transforming crisp inputs
values into language values represented by membership
functions. FLC’s inputs are designated as the error (e) in DC-
link voltage and derivate error (de) at simple times t [15]:

et) Ve, () Vgct;
de(t) e(t) e(t 1.

Common types of input membership functions
include triangular, trapezoidal, or exponential shapes.

(12)

In our study, we used triangle membership (Fig. 9).
Seven linguistic variables for both inputs and output were
selected as results there are 49 rules for FLC.

INE N z PB

MAAAN/
AANAAAN

VARRVARVA \

“input variable <ERROR»

NB NM NS Z PS PM P8

0.5

-10 ] 10 20 30
input variable «<DERIVATE»
I \ f

ou.t;)zut varia:\ble «Ir;»
Fig. 9. Membership functions of fuzzy system

The inference engine plays a crucial role in fuzzy logic
operations by linking membership functions with fuzzy rules
to produce a fuzzy output. Memdani method is employed to
execute this process. On the other hand, defuzzification is the
opposite of fuzzification, involving the conversion of fuzzy
guantities into precise values. In our case, the center of
gravity is employed to calculate the output of the FLC,
specifically the reference current as outlined in Table 1.

Table 1
Rule base of FLC

dele NB NM NS Z PS NM PB
NB NB NB NB NM NM NS Z
NM NB NB NM NM NS YA PS
NS NB NM NM NS Z PS PM
Z NM NM NS VA PS PM PM
PS NM NS Z PS PM PM PB
PM NS Z PS PM PM PB PB
PB Z PS PM PM PB PB PB

Figure 9 illustrates the membership functions of
the input and output variables in the fuzzy system, while
Fig. 10 displays the surface of fuzzy rules.

Derivate
-20

-100
Fig. 10. Fuzzy rules surface
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The configuration block of the compensator control
system for HB-PRC is shown in Fig. 11.

iy

cos(uu

S'm(m.' -?0}

§m(m 90;

Flg 11. HB RPC control system with FLC

P1 controller approach. The PI controller’s
efficiency in limiting steady-state error, as well as its ease
of implementation, are the grounds for its extensive
application. Figure 12 shows the PI controller principle
and the configuration block of the compensator control
system for HB-PRC.

Desired Control [K\\
Objective I/P'
Measured Control

Objective

Output of
Control

Ki s

fra—
Sinfer-3 @_l

Y

Vo

Sinfer-90)
i

Ve

Fig. 12. HB-RPC control system with Pl

Results and discussion. The aforementioned test
system was created in MATLAB/Simulink. This section
is further divided into two scenarios:

case (1) has HB-RPC in high-speed railway system
with 2 trains;

case (2) has the HB-RPC with 4 trains.

A comparison of the DC-link voltages and
simulation results for scenario (1) and (2) is performed,
taking into account both scenarios with and without a
compensator and controller. The simulations were utilized
to verify the effectiveness of the proposed compensator
and control method, as well as to evaluate the new
transformer’s ability to alleviate NSC.

A standard electrical traction system was selected to
facilitate an authentic comparative case study between
FLC and PI controllers with two scenarios with varying
load conditions are examined to analyze the influence of
the proposed topology. The assumed values for the public
electrical grid voltage are 230 kV, and its secondary side
provides a 27.5 kV supply to the traction loads. In the
analysis of our electric railway system, electric
locomotives are modeled as asynchronous motors, which
representing nonlinear loads and providing a suitable
basis for result evaluation.

The compensator is linked in parallel with the three-
phase power system. The specific parameters of the
chosen traction system are outlined in Table 2.

Table 2
Simulation parameters

Transformer (class TPS) ratio 230 kV /27,5 kV
Ynev transformer ratio 275/1
Interface inductance, mH 4
DC-link capacitors, mF 40
Nominal power, MW 10
Voltage of DC capacitor Vdc,e, V 2000

The controller is used to correct the error between
the reference value of the DC-link voltage Vdc, and the
instantaneous actual value V4. The HB-RPC’s controller
should issue instructions for the compensation currents to
be injected, followed by the acquisition of sinusoidal and
symmetrical currents on the three-phase electrical grid
side without the NSC and to transfer active and reactive
energy from one segment to another.

The DC-link voltage is displayed in Fig. 13, at

= 0.5 s, the HB-RPC is activated the Vg4 voltage
following to the reference signal Vdc.. It is clearly
observed that the DC-link voltage stable and regulated
(reducing the voltage fluctuation) better with the FLC
compared to the PIl. Fuzzy control demonstrates
robustness by efficiently managing variables with distinct
fuzzy logic and facilitating the enhancement of fuzzy
rules. The utilization of fuzzy control for refining
compensation contributes to improved performance in
achieving better compensation outcomes.
Ve, V

—Vdcre

3500
+—Vdc With FLC

3000
2500

2000
1500
1000

500
t, s
0 0.5 1 1.5 2
VdCy \'4

0

3500

—Vdc_—Vdc With PI

3000
2500

2000
1500
1000

500

t,s

0
0 1 2 3
Fig. 13. DC-link voltage with FLC (a) and with PI (b)

Case | with two trains. The currents of the primary
side and the secondary side are shown in Fig. 14; I, Ig
and I¢ are unbalanced and unequal, when the compensator
turned off, which contain NSC but after the HB-RPC is
turned on at 0.5 s, the currents are more stable (balanced,
equal, phase difference 120 ). It is clear appeared that the
time response of the compensator with the FLC is less
than the PI.
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I, A

400 _
— 1, —Ilg— I, With FLC
200
0 a
-200 U
t,s
-400
A 05 0.55 0.6
400 2 -
—1, —Ilg— I With PI|
200
0 b
-200 \
t,s
-400

. 0.5 0.55 0.6 .
Fig. 14. Three-phase currents before and after compensation

with FLC (a) and with PI (b) for Case |

In Fig. 15, as we can see the secondary current of the
transformer Iy, Ig are balanced even before turned on the
HB-RPC, which confirms the transformer’s ability to
reduce the imbalance.

1500 LA

—I1_—1, With FLC
a B

1000

500

-500 k
t,s
0.5 0.55 0.6

-1000

1500
—I1_—1I, With PI
a B

1000

500

-500

-1000
0.5 0.55 0.6
Fig. 15. The secondary side current of the traction transformer

with FLC (a) and with PI (b) for Case |

Figure 16 presents the compensation current lgg, lcp.
After 0.5 s the present current is sinusoidal which shows
that it includes most effective active current without
harmonics, which can induced balanced three-phase
currents on the power grid.

Ie, A

1500
—I With FLC

Ca_ICB

1000

500

-500

-1000

t,s
0.5 0.55 0.6

-1500

1500

c a_l c BWith Pl

1000

500
0| b
-500

-1000

t,s

0.5 0.55 0.6
Fig. 16. Compensation current with FLC (a) and with P1 (b) for Case |

According to Fig. 17, which shows the NSC which
is reduced to almost zero and explain the symmetrical
three-phase current. We called the relationship between
the NSC and PSC the current unbalance ration. Table 3
represents the ratio index before and after the HB-RPC
start working.

-1500

100 1A
'—NSC with FLC —NSC with Pl

80
60
40
20 .

0

0 0.5 1 15 LS 2

Fig. 17. Negative sequence currents with FLC and PI for Case |

Table 3
NSC ratio in the public electrical grid current with Pl and FLC

HB-RPC integrate Before | After
Time, s 0-04 | 05-2

Pl, % 2.08

FLC, % 25 1.17

Table 4 shows the FFT analysis results before and
after the compensation of the currents at the phases A, B
and C; it is observed that the performance of the HB-PRC
and Ynev transformer with the FLC is superior to the PI
controller for harmonic elimination.

Table 4
THD compensation results
Cases 2 trains Ih | Ig Ic

7.88|8.94|13.68
1.18(0.92| 151
3.16|1.69] 2.74

Without compensation, %
Compensation / FLC, %
Compensation / Pl, %

28

EnekTpoTexHika i EnekTpomexaHika, 2024, No 2



Case Il with four trains. The loading situation,
which was created by delivering a step load to the system,
was simulated in order to stress the system with a high-
power variation for a stability test.

Figures 18, 19 illustrate the simulation outcomes
corresponding to case Il. In this scenario, the absence of a
compensator (no HB-RPC) interval is associated with
elevated levels of nonlinear signal components and
harmonics, necessitating compensation.

I, A

400

‘—IA—IB I with FLC

"IN

0
-200
t,s
-400
/A 0.5 0.55 0.6
400 -
— I, —lg— I with PI‘
200
-200
t,s
-400
0.5 0.55 0.6

Fig. 18. Three-phase currents before and after compensation
with FLC (a) and with PI (b) for Case Il

1500 LA

‘—Ia—lp with FLC‘

1000

500
0 a
-500

-1000
t,s
06 065 0.7

-1500
0.5 0.55
A

_Iu_lp with PI

1500 [
1000

500

0 b
-500

-1000

t,s

) 0.5 055 0.6 065 0.7 )
Fig. 19. Two-phase currents before and after compensation

with FLC (a) and with PI (b) for Case Il

Figures 18, 19 illustrate the three-phase and two-phase
current waveform under HB-RPC-based FLC and PI control

-1500

in response to variations in traction load. The three-phase
side currents maintain stability amid changes in traction load.

Figure 20 shows the compensatory currents of the
converter in FLC/HB-RPC and PI/HB-RPC, respectively.
Following t = 0.5 s, the HB-RPC is activated. As depicted in
Fig. 20, all power quality indices show enhancement and
comply with the specifications outlined in the IEEE 1159
Standard. Therefore, drawing from the findings of the two
cases, the suggested system has effectively mitigated grid-
side nonlinear signal component, and current THDs.

1500 1 A

Ca_ICB

With FLC‘

1000

500

0

-500

-1000

-1500

1500

1000

500
0 b
-500

-1000

t,s

0.5 0.55 0.6
Fig. 20. Compensation current with FLC (a) and with P (b) for Case Il

NSC values for the FLC/HB-RPC are significantly
lower compared to those of the PI/HB-RPC as illustrated
in Fig. 21 and Table 5.

Table 6 displays the results of FFT analysis conducted
both before and after current compensation for phases A, B,
C. The data indicates that the HB-PRC and Ynev
transformer, in conjunction with the FLC, outperform the PI
controller in terms of harmonic elimination.

100 1A
‘—NSC with FLC—NSC with Pl

-1500

80

60

40

20

0
0 0.5 1 15 £,s 2
Fig. 21. Negative sequence currents with FLC and PI for Case Il

Table 5
NSC ratio in the public electrical grid current with Pl and FLC

HB-RPC integrate Before | After
Time, s 0-04 | 05-2

Pl, % 2.1

FLC, % Ar.4 1.2
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Table 6
THD compensation results

Cases 4 trains Ia Ig lc
Without compensation, % 25.37 | 16.05 | 39.55
Compensation / FLC, % 221 | 112 | 281
Compensation / P1, % 542 | 1.88 | 3.89

Conclusions. Addressing power quality issues in the
traction power supply system of a high-speed railway
equipped with Ynev wiring transformer. Ynev transformer
is characterized by the capability to provide symmetrical
two-phase current for traction loads and balanced three-
phase current in railway system.

This study introduces a novel power quality control
approach centered around half-bridge reactive power railway
power conditioner (HB-RPC). The paper initially examines
the mathematical model and control strategy of HB-RPC to
improve the power quality in high-speed railway system.
The use of adaptive fuzzy logic control is demonstrated to
offer enhanced stability compared to PI control.

Through an analysis of two traction load scenarios, it
is determined that HB-RPC, under adaptive fuzzy logic
control, exhibits superior stability. Beyond improved
stability, the response times are faster when compared to
PI control, both during HB-RPC activation and changes in
traction load. The use of fuzzy logic control ensures a
combination of swift response and stability, thereby
guaranteeing the reliable and efficient operation of HB-
RPC. Both scenarios demonstrate that proposed system
has superior stability and dynamic performance.

Conflict of interest. The authors declare that they
have no conflicts of interest.
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B.I. Kuznetsov, A.S. Kutsenko, T.B. Nikitina, I.V. Bovdui, V.V. Kolomiets, B.B. Kobylianskyi

Method for design of two-level system of active shielding of power frequency magnetic field
based on a quasi-static model

Aim. Development of method for design a two-level active shielding system for an industrial frequency magnetic field based on a quasi-
static model of a magnetic field generated by power line wires and compensating windings of an active shielding system, including
coarse open and precise closed control. Methodology. At the first level rough control of the magnetic field in open-loop form is carried
out based on a quasi-static model of a magnetic field generated by power line wires and compensating windings of an active shielding
system. This design calculated based on the finite element calculations system COMSOL Multiphysics. At the second level, a stabilizing
accurate control of the magnetic field is implemented in the form of a dynamic closed system containing, in addition plant, also power
amplifiers and measuring devices of the system. This design calculated based on the calculations system MATLAB. Results. The results
of theoretical and experimental studies of optimal two-level active shielding system of magnetic field in residential building from power
transmission line with a «Barrel» type arrangement of wires by means of active canceling with single compensating winding are
presented. Originality. For the first time, the method for design a two-level active shielding system for an power frequency magnetic field
based on a quasi-static model of a magnetic field generated by power line wires and compensating windings of an active shielding
system, including coarse open and precise closed control is developed. Practical value. It is shown the possibility to reduce the level of
magnetic field induction in residential building from power transmission line with a «Barrel» type arrangement of wires by means of
active canceling with single compensating winding with initial induction of 3.5 uT to a safe level for the population adopted in Europe
with an induction of 0.5 uT. References 53, figures 9.

Key words: overhead power line, magnetic field, quasi-static model, system of active shielding, computer simulation,
experimental research.

MeTa. Po3pobka MeTody NpoeKkTyBaHHs ABOPIBHEBOI CCTEMW aKTUBHOTO EKPaHYBaHHA 18 MarHiTHOrO No/is MPOMUCIOBOI YaCcTOTK
Ha OCHOBI KBa3iCTaTWYHOI MOAENi MarHiTHOrO Mnofis, SiKe CTBOPHETLCS MPOBOAAMM NiHIT enekTponepefady i KommneHcauiiiHmm
06MOTKaMV CUCTEMU aKTMBHOTO eKpaHyBaHHA, BKOYatoun rpybe po3iMKHyTe i TOuYHe 3aMKHyTe ynpasniHHa. MeTogonoris. Ha
MepLUOMY PiBHI MPOrpamHe KepyBaHHSi MarHiTHUM MOfeM B PO3IMKHYTIil (hOpMi 34iCHIOETLCA Ha OCHOBI KBA3iCTaTWYHOI MOAeni
MarHiTHOro nons, sike CTBOPHETHLCS MPOBOAAMM MiHIT enekTponepegay i KOMMeHcauiiHuMu 06MOTKaMu CUCTEMU aKTMBHOrO
eKpaHyBaHHs1. Lle NpoeKkTyBaHHsA BWKOHYETLCSA HA OCHOBI PO3PaxyHKOBOT CMCTEMM CKiHYeHuX enemeHTiB COMSOL Multiphysics. Ha
[ipyromy piBHi peani3oBaHo CTabinisytoue ynpasniHHA MarHiTHAM nosem B oopMi AYHAMIYHOT 3aMKHY TOT CUCTEMMU, L0 MICTUTb, Kpim
00’€KTYy YynpaBniHHA, TakoX nifcunioBadi NOTY>KHOCTI Ta BUMIpIOBabHI NPUCTPOI. Lle NpOeKTYBaHHA BUKOHYETHCA B
pospaxyHKoBiii cucTemi MATLAB. PesynbTaTu. HasefeHo pesynbTaTy TEOPETUYHMX Ta eKCNepUMEHTabHUX [AOCMiA>KEHb
ONTUMabHOI ABOPIBHEBOI CUCTEMU aKTUBHOMO eKpaHyBaHHS MarHiTHOrO NONs 3 OAHIEHD KOMMEHCYIOUO0 0BMOTKO A4/ XKUT0BOT0
6yAMHKY Big Ail MarHimHOro nons NiHii enekTponepesadi 3 po3TallyBaHHAM MPOBOAIB Tuny «b6oyka». OpuriHaibHICTb. Bneplue
3anporoHoBaHO MeTO[, NPOEKTYBAHHA [BOPIBHEBOT CUCTEMW aKTWUBHOTO eKpaHyBaHHA MarHiTHOrO noas NPOMUCIOBOI YaCcTOTU Ha
OCHOBi KBa3iCTATW4YHOI MOAENi MarHiTHOro nonsi, fKe CTBOPIHETLCA MPOBOAaMW MiHIT enekTponepegay i KomneHcauiiHuMm
00MOTKaMV CUCTEMU aKTUBHOTO eKpaHyBaHHS, B BUMASAAI FPY6Oro po3iMKHEHOrO i TOYHOrO 3aKMHYTOro ynpasfiHHA. [MpakTuyHa
LiHHICTb. MoKa3aHO MOXK/MBICTb 3HUXKEHHS PiBHS IHAYKUiT MarHiTHOrO nofis B >XWT/I0BOMY OyAVHKY Bif, MarHiTHOrO nons NiHii
efeKTponepefay 3 po3TallyBaHHAM MPOBOAIB TuNy «6ouKa» 3a JOMOMOro OAHIEI KOMMEHCYHHOi 06MOTKM, 3 NOYATKOBOI IHAYKUIT B
3,5 MKTn 8o 6e3neyHOro piBHA L1 HACENeHHS, AKWiA NpUAHSTWiA B €Bponi, 3 iHgykuieto B 0,5 MKTn. Bibn. 53, puc. 9.

Knouosi cnosa: MOBITpAIHA NiHIA enekTponepefadi, MarHiTHe rnose, KeasicTaTU4Ha Mofeflb, CUCTEMA aKTMBHOIO
eKpaHyBaHHS, KOMMN’IOTEPHE MOAE/TIOBaHHS, eKCNEPUMEHTa/IbHI AOCIKEHHS.

Introduction.  The  constantly  accelerating large residential and populated areas. They are densely

technological progress in energy and communications
means that our environment is becoming more and more
saturated with electromagnetic waves of various spectra,
which can threaten human health. The main cause for
concern is the possibility that chronic exposure to low-
level non-ionizing radiation can lead to long-term effects
such as cancer or degenerative diseases of the immune
and nervous systems [1-3].

Therefore in recent years, the terms «electromagnetic
ecology», «electromagnetic pollution of the environment»
have become firmly established in the topics of scientific
publications, scientific conferences, and public hearings
and in the controversy of social networks. These terms
reflect the awareness of the fact that such presence poses a
threat to human health. Such risks of prolonged exposure to
an electromagnetic field on the human body are assessed by
the World Health Organization and the International
Agency for Research on Cancer [1-3].

The most negative impact on the residential
environment is provided by overhead power lines that cover

distributed in the modern environment of long-term human
stay in residential, industrial and public buildings and in the
residential area. Overhead power lines generate industrial
frequency magnetic field (MF) inside residential buildings
located near power lines, the level of which is often 3-5
times higher than the norms for safe living in the level of the
magnetic field adopted in Europe [4-6].

Prolonged exposure of the population to even weak
levels of the industrial frequency magnetic field leads to
an increased level of cancer in the population living in
residential buildings near power lines. The creation of
methods and means of normalizing the level of the
electromagnetic field in existing residential areas near
power lines without evicting the population or
decommissioning existing electrical networks determines
the economic significance of such studies. Therefore, all
over the world, methods are being intensively developed
to reduce the level of the magnetic field in existing
residential buildings located near power lines to a safe
level for the population to live in it [7-23].
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The magnetic field active shielding system is an
automatic control system, with the help of which a
compensating magnetic field is automatically formed,
directed against the original magnetic field, which needs to
be compensated [24-28]. All fundamental results of the
theory of automatic control systems are obtained on the
basis of mathematical models of controlled processes in the
form of systems of ordinary differential equations [29-33].
Analysis and synthesis of control systems for objects, given
in the form of systems of differential equations, is a purely
mathematical problem based on the structure of solving
differential equations in an analytical form, or on numerical
integration methods [34-38].

The cornerstone of the theory of automatic control is to
obtain the time dependences of the parameters that determine
the state of the control object. In the most general case,
mathematical models of control objects can consist of a
composition of subsystems of ordinary differential equations
and partial differential equations [39-43].

Mathematical modeling of an electromagnetic field
reduced to solving a boundary value problem for the
system of Maxwell’s equations [6]. Maxwell’s equations
are a system of partial differential equations. When
modeling the electromagnetic field of power frequency, a
quasi-stationary magnetic field is used, which at each
moment of time is completely determined by the
distribution of electric currents at the same moment of
time and can be found from this distribution in the same
way as it is done in magnetostatics.

The task of synthesizing a magnetic field control
system is usually complicated by significant uncertainties
in the mathematical model of the control object [34-37].
Due to objective circumstances, such as the inaccuracy of
the first level model, unmeasured external and internal
disturbances, the actual values of the output coordinates
will differ from the calculated ones [44-47]. In this
regard, we will consider design of two-level magnetic
field control system.

At the first level, rough control of the magnetic field
is carried out on the basis of a mathematical model of the
first approximation. At the second level, a stabilizing
accurate of the magnetic field is implemented, which aims
to eliminate errors in the output coordinates due to the
inaccuracy of the mathematical model of the first level.

In this regard, we will consider a two-level system of
active shielding of the industrial frequency magnetic field
based on a quasi-static model of the industrial frequency
magnetic field generated by power line wires and
compensating windings of the active shielding system.

The aim of the work is to develop a method for
design a two-level active shielding system for an power
frequency magnetic field based on a quasi-static model of a
magnetic field generated by power line wires and
compensating windings of an active shielding system, and
including rough open-loop and accurate closed-loop control.

Quasi-static model of a magnetic field. Mathematical
modeling of an electromagnetic field in general terms can be
reduced to solving a boundary value problem for Maxwell

partial differential equations system [6]
rotH j (D Jex: 1)
rot E B, 2

where E is the electric field strength, H is the magnetic
field strength, D and B are the electric and magnetic
induction vectors, j — conduction current density,
jex — density of extraneous currents created by sources
outside the area under consideration.

The first equation expresses the generalized Ampere
law, which states that the total current density is a vortex of
magnetic field strength. The second equation contains a
differential formulation of Faraday law that the change in
time of magnetic induction generates a vortex electric field.

In particular, the magnetic field induction in the
immediate vicinity of the wires depends on two spatial
variables and changes harmoniously with time and
therefore satisfies the second-order elliptic equation

1 B 1 B .
— = — == i B0 0@
X X y y
where - relative magnetic permeability, - circular
frequency of the electromagnetic field, - electrical

conductivity, - relative dielectric constant.

An intermediate position between a constant field and
a rapidly changing field is occupied by the so-called quasi-
stationary field, which is of particular importance in
technical applications. A quasi-stationary field is such an
electromagnetic field, in the study of which displacement
currents can be neglected in comparison with conduction
currents. Maxwell equations for a quasi-stationary field are

rotH j  Jex; (4)
rot E B . (5)
It follows from the first equation of this

approximation that the quasi-stationary magnetic field at
each given moment of time is completely determined by
the distribution of electric currents at the same moment of
time and can be found from this distribution in exactly the
same way as it is done in magnetostatics.

To assess the impact of the magnetic field of power
lines on the environment, most calculations were
performed [33-41] based on the Biot-Savart-Laplace’s
law for elementary current

2O @ r), ®)
4 R

where the vector R is directed from an elementary segment
dl with a total current I(t) to the observation point P(x, y, 2).
Then the total field strength vector is equal to:

Hpt Lt AR 7)
4 R

This formula is widely used to calculate the
magnetic field of air power transmission lines instead of
Maxwell equations system.

Thus, the dependence of the magnitude of the MF
intensity on the current is static and is described by (7).

In conclusion, we give one more form of writing a
quasi-stationary model of an electromagnetic field those
changes in time according to a sinusoidal law. The basic
equations and methods for their solution can be significantly
simplified by excluding from consideration one of the
independent variables — time [6]. When analyzing such
fields, a symbolic method is used and harmonically
changing quantities are written in complex form

dH (t)
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1(x,t) Ax)el t, (8)

where A(x) is the field amplitude.
First level control system synthesis. The block
diagram of a two-level control system is shown in Fig. 1.
disturbance

Fig. 1. The block diagram of a two-level control system

At the first level, program controller C, in the form
of an open loop rough control u; is carried out on the
basis of a quasi-static mathematical model of the first
approximation. At the second level, a stabilizing accurate
controller C, is implemented in the form of a closed loop
control u, based on the equations of the dynamics of a
closed system, taking into account models of actuating
and measuring devices, disturbances and measurement
noise, and aimed at eliminating errors in the output
coordinates due to the inaccuracy of the mathematical
model of the first level.

The magnetic field generated by the power line must
be reduced to a safe level. With active shielding with help
compensation windings, it is necessary to generate a
magnetic field directed against the original MF generated
by the power transmission line. The task of the active
shielding system design is to calculate the coordinates of
the spatial arrangement of the compensating windings, as
well as the magnitudes of currents and their phases in the
compensating windings.

We set the currents amplitude A; and phases ¢; of
power frequency w, wires currents power lines. Then we
set wires currents in power lines in a complex form

it Aexpj t . 9)

The magnitude of the currents of power lines do not
remain constant and have daily, weekly, seasonal and
annual fluctuations. Moreover, the magnetic field
generated by multi-circuit transmission lines and groups
of transmission lines, when changing currents, changes
not only the intensity, but also the spatio-temporal
characteristic. Therefore, we introduce the vector & of
uncertainties of the mathematical model of the magnetic
field. Then, for given currents (9) of the wires of a power
transmission line or a group of power lines the vector
BL(Q;,0,t) of the magnetic field generated by all power
lines wires B;(Q;,0,t) in point Q; of the shielding space
calculated based on Biot-Savart’s law (8)

B Q;,0,t B, Qi o,t . (10)

Let’s set the vector X; of initial geometric values of
the dimensions of the compensating windings of active
shielding, as well as the currents amplitude A, and phases
@4 in the compensating windings. We set the currents in
the compensating windings wires in a complex form

lait Agiexpj t . (11)

Then the vector B;(Q;,Xy,t) of the magnetic field

generated by all compensating windings wires of active

shielding B4i(Qi,X,t) in point Q; of the shielding space
can also calculated based Biot-Savart’s law

B Qs Xyt By Qi Xpit - (12).

Then the vector Bgry(Q;,X1,0,t) of the resulting
magnetic field generated by power lines and only
windings of the first level active shielding system
calculated as sum

Bre Qi» X180t B Qj.d,t By Q, Xp,t . (13)

Sanitary norms usually limit the value Bgs(Q;i,X1,0)
of the effective value of the magnetic field induction,
which determined by the vector of the instantaneous
value Bg;(Q;,X1,0,t) of the magnetic field induction

T
V2 % By Qi Xq,8,t [Pt . (14)
0

Often they also limit the semi-major axis of the

ellipsoid of rotation of the magnetic field induction vector

Br1 Qi» X1, >

V2
Bry Qi, X1,0 70mtaoﬂsRl Qi X, 8,t].  (15)

Then the problem of designing a first level control
system is reduced to computing the solution of the vector
game

Bri(X1,8)  Bri(Qj X1,9)) (16)

The components of the game  payoff
vector Bgry(X1,0) are the effective values Bgy(Q;i,X1,0) of
the induction of the resulting magnetic field at all
considered points Q; in the shielding space.

In this vector game it is necessary to find the
minimum of the game payoff vector (16) by the vector X,
but the maximum of the same game payoff vector (16) by
the vector 6.

At the same time, naturally, it is necessary to take
into account constraints on the vector X desired
parameters of a combined shield in the form of vector
inequality and, possibly, vector equality

G Xy Gmax» HX; 0. @an

Note that the components of the vector game (16)
and vector constraints (17) are the nonlinear functions of
the vector of the required parameters [5, 6] and calculated
based on the finite element calculations system COMSOL
Multiphysics.

Second level control system synthesis. Consider
the structure of the second level active shielding system in
the form of a dynamic closed system containing, in
addition plant, also power amplifiers and measuring
devices of the system. In the zone of active shielding of
the magnetic field, m sources of the magnetic field —
magnetic executive bodies — are installed. Let’s introduce
a n — dimensional control vector up(t), the m components
of which are the currents I,(t) in the control windings.
Let’s introduce an n — dimensional state vector Xp(t)
whose components include currents 1,,(t) in the windings
of magnetic field sources. Then the state equation of such
magnetic field sources can be written in the standard form

Xpt 1 Apxpt Bpupt, (18)

Iyt (19)

in which the state Ap, control Bp and output Cp matrices
of magnetic field sources as plant.

Cpxpt ,
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This differential equation describes the dynamics of
only the actual windings and their power sources as plant.

Let’s write down the differential equation of state of
discrete PID controllers, the input of which is the us(t) of
measured magnetic field induction components, and the
output up(t) is the vector of closed-loop control of
magnetic executive bodies in the following form

Xet 1 AXct Beugt; (20)

Up t CC Xc t, (21)

in which the state A¢, control B¢ and output Cc matrices
of PID controllers.

To design second level active shielding system, it is
necessary to have magnetic field measuring devices —
magnetometers installed at certain points in space to
measure the magnetic field Hs(t) created both by the output
transmission line and by the executive windings of the
active shielding system. Let’s form a vector us(t) of
measured components at the moment of time t at the
points P; of installation of magnetometers in the following
form

Xg t 1 A5XSt BsHst ; (22)

Ug t CS Xg t W(t), (23)

in which the state A, control Bs and output Cs matrices of
magnetometers.

Let’s introduce the vector X, = {Ac, B¢, Cc} of
sought parameters, the components of which are the
sought elements of the state Ac, control B¢ and output C¢
matrices of PID controllers of second level active
shielding system.

Then for the current 1,,(t) calculated by (19) in the
windings the vector B,(Q;,X,t) of the magnetic field
generated by all compensating windings wires of second
level active shielding By(Q,Xp,t) in point Q; of the
shielding space can also calculated based Biot-Savart’s law

B, Qj, X,,t By Qj, X,,t . (24)

Then the vector Bg(Qj,X1,X;,0,t) of the resulting
magnetic field generated by power lines and windings of
both first and second level active shielding system
calculated as sum

Br Q. X1, X5.5,t B Q.5

By Qi Xt By Qi Xt
Note that equations (18) — (25) describe the dynamics
of a closed second level active shielding system.
Then the problem of designing a second level
control system is reduced to computing the solution of the
vector game

(25)

Ba(X2:8) Br(QuXi.X28).  (26)
The  components of the game  payoff
vector Br(X5,9,1) are the effective

values Bg Qi,Xf, X,,8 of the induction of the resulting
magnetic field at all considered points Q; in the shielding
space calculated for the optimal value of the vector Xf of

parameters of first level active shielding system.

Then the synthesis of the two level system of active
shielding of the magnetic field, which includes open and
closed control circuits, is reduced to finding the X; and
the X, of the parameters of the controllers.

Problem solving algorithm. A feature of the
solution of the considered multi-criteria problem is
inconsistency of local criteria to each other, which
prevents the simultaneous optimization in general by all
criteria at the same time [44]. This is due to the fact that
minimizing the induction at one point, for example,
located in the center of the screening space, leads to an
increase in the induction at the points located closer to the
power line due to overcompensation of the original
magnetic field, and at the same time leads to an increase
in the induction of the resulting magnetic field at points
located farther than the power line due to
undercompensation of the original magnetic field.

This means that one goal cannot be optimized at the
expense of another goal. To solve the problems of
multicriteria optimization, various strategies have been
developed and each approach has its own pros and cons,
and there is no single best option for solutions to multi-
criteria optimization in the general case. The simplest
method for solving the problem of multi-objective
optimization is to form a composite objective function as
a weighted sum of goals, where the weight for goals is
proportional to the preference for this local criterion.
Scalarization of the target vector into one component
objective  function transforms the multiobjective
optimization problem into a single optimization goal.

Usually, the maximum values of partial criteria are
known, which makes it possible to perform normalization.
In this case, the normalized partial criteria are in the range
0 < Bgrn(Qi,X) < 1. Approximation of the normalized
value of the i—th particular criterion to unity corresponds
to a tense situation. If the value of the normalized value of
the particular criterion approaches zero, then this
corresponds to a calm situation. To solve this problem of
multicriteria optimization, the simplest non-linear trade-
off scheme is used, in which the original multi-criteria
problem is reduced to a single-criteria

J
X" argmin ;1 Bgy QX I,

X i1
where ; are weight coefficients that characterize the
importance of particular criteria and determine the
preference for individual criteria by the decision maker.
Naturally, such a formalization of the solution of the
problem of multi-criteria optimization by reducing to a
single-criteria problem allows one to reasonably choose
one single point from the area of compromises — the
Pareto area. However, this «single» point can be further
tested in order to further improve the trade-off scheme

from the point of view of the decision maker.

Note, that such a nonlinear scheme of trade-offs
actually corresponds to the penalty function method with
an internal point, since when the criterion B(Q;X)
approaches unity, i.e. in a tense situation, scalar
optimization is actually performed only according to this
tense particular criterion, and the remaining criteria with a
calm situation are practically not taken into account
during optimization.

Such a non-linear trade-off scheme allows you to
choose criteria in accordance with the intensity of the
situation. If any criterion comes close to its limit value,
then its normalized value approaches one. Then this non-

(27)
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linear compromise scheme, in fact, with the help of a scalar
criterion, reduces the problem of minimizing the sum of
criteria to minimizing this one criterion, according to which
there is a tense situation. If, according to other criteria, the
situation is calm and their relative values are far from unity,
then such a non-linear compromise scheme operates
similarly to a simple linear compromise scheme.

Thus, with the help of this non-linear scheme of
compromises, in fact, the tension of the situation according
to individual criteria is a priori introduced into the scalar
criterion. It can be shown that this non-linear compromise
scheme satisfies the Pareto-optimality condition, i.e. using
this scheme, it is possible to determine a point from the
region of unimprovable solutions. When such a composite
objective function optimized, in most cases you can get one
concrete compromise solution. This processing procedure
multiobjective optimization problems are simple, but
relatively subjective. This procedure is based on
preferences multipurpose optimization.

The second approach is to define the entire set
solutions that are not dominated with respect to each
another. This set is known as the Pareto optimal set. Bye
moving from one Pareto solution to another, always a
certain number of victims in one or more goals to achieve
a certain gain in other(s). Pareto-optimal solution sets are
often preferred over single solutions because they can be
practical when consideration of real life problems. Pareto
set size usually increases with an increase in the number
goals. The result obtained preference-based strategy
largely depends on the relative a preference vector used in
the formation of a composite function. Changing this
preference vector leads to another compromise solution.
On the other hand, the ideal multipurpose the
optimization procedure is less subjective. The main task
in this approach is to find as many different compromises
as possible solutions as far as possible.

Let’s consider the method of solving the formulated
problem. In order to correctly solve the problem of multi-
criteria optimization, in addition to the vector
optimization criterion and constraints, it is also necessary
to have information about the binary relations of
preference of local solutions to each other. The basis of
this formal approach is the construction of areas of
Pareto-optimal solutions. This approach makes it possible
to significantly narrow the range of possible optimal
solutions to the initial multi-criteria optimization problem
and, therefore, to reduce the labor intensity of the person
making the decision regarding the selection of a single
variant of the optimal solution.

The task of finding a local minimum at one point of
the considered space is, as a rule, multi-extreme,
containing local minima and maxima, therefore, it is
advisable to use stochastic multi-agent optimization
algorithms for its solution. Consider the algorithm for
finding the set of Pareto-optimal solutions of multi-
criteria  nonlinear programming problems based on
stochastic multi-agent optimization.

To date, a large number of Particle Swarm
Optimization (PSO) algorithms have been developed —
PSO algorithms based on the idea of the collective
intelligence of a particle swarm, such as the gbest PSO
and Ibest PSO algorithms [48-50]. The application of

stochastic multi-agent optimization methods for solving
multi-criteria problems today causes certain difficulties
and this direction continues to develop intensively.

To solve the original multi-criteria problem of
nonlinear programming with constraints, we will build a
stochastic multi-agent optimization algorithm based on a
set of particle swarms, the number of which is equal to the
number of components of the vector optimization
criterion. In the standard particle swarm optimization
algorithm, particle velocities change according to linear
laws. In order to increase the speed of finding a global
solution, special nonlinear algorithms of stochastic multi-
agent optimization have recently become widespread, in
which the movement of particle i swarm j is described by
the following expressions

Vij t 1 ijij t cljrlj tH le 1j t

yij t Xij t Czjrzj tH pZJ 2j t (28)
yJ t Xij t;
Xij t 1 Xij t Vij t 1, (29)

where, are the position x;(t) and speed v;(t) of the particle
i of the swarm j; ¢; and ¢, — positive constants that
determine the weights of the cognitive and social
components of the speed of particle movement; ry(t) and
r;(t) are random numbers from the range [0, 1], which
determine the stochastic component of the particle

velocity component. Here, y;(t) and y]-k — the best local-

Ibest and global-gbest positions of that particle i are
found, respectively, only by one particle i and by all
particles i of that swarm j. The use of the inertia
coefficient w; allows to improve the quality of the
optimization process.

The Heavyside function H is used as a function of
switching the movement of the time-stick in accordance

with the local y;;(t) and global y; t optimum. Parameters

of switching the cognitive p,; and social p,; components of
the speed of particle movement in accordance with the
local and global optimum; random numbers &;(t) and
&,j(t) determine the parameters of switching the movement
of the particle according to the local and global optimum.
If pyj<esj(t) and py<ey(t), then the speed of movement of
particle i swarm j does not change at the step t and the
particle moves in the same direction as in the previous
optimization step.

With the help of individual swarms j, optimization
problems of scalar criteria B(X,P;), which are components
of vector optimization criteria, are solved. To find a
global solution to the original multi-criteria problem,
individual swarms exchange information among
themselves during the search for optimal solutions of
local criteria. At the same time, information about the
global optimum obtained by the particles of another
swarm is used to calculate the speed of movement of the
particles of one swarm, which allows all potential Pareto-
optimal solutions to be identified [51-53].

For this purpose, at each step t of the movement of
particle i swarm j, the functions of advantages of local
solutions obtained by all swarms are used. The

solution X?t obtained during the optimization of the
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objective function B(X(t),Py) using the swarm Kk
is X]ft > Xy t better in relation to the solution

obtained during the optimization of the objective function
using the swarm j, i.e., if the condition is fulfilled

max B F’.,X?t max B P.,X;t .
i 1m i 1m

(30)

At the same time, the global solution X;t
obtained by the swarm k is used as the global optimal
solution X’;t of the swarm j, which is better than the

global solution X; t of the swarm k on the basis of the

weight ratio.

In fact, this approach implements the basic idea of
the method of successive narrowing of the area of rade-
offs — from the initial set of possible solutions, based on
information about the relative importance of local
solutions, all Pareto-optimal solutions that cannot be
chosen according to the available information about the
attitude of superiority. The deletion is carried out until a
globally optimal solution is obtained. As a result of
applying such an approach, no potentially optimal
solution will be removed at each narrowing step.

Simulation results. Let us consider the results of the
design of a two-level system of active shielding of the
magnetic field generated by a double-circuit power line in

Figure 3 shows the scheme of the two-level active
shielding system design.
Arrangement of active elements

Fig. 3. Scheme of the two-level active shielding system design

Figure 4 shows the dependences of the initial and
resulting magnetic field. With the help of the system, the

level of the magnetic field does not exceed the level of
0.5 uT, which is accepted as a safe level of the magnetic
field in Europe.

Field before (red) and after (blue) compensation, on level z=25m
T

i resu
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Fig. 4. Dependences of the initial and resulting magnetic field

Figure 5 shows the dependences of the spatio-
temporal characteristic of the initial and resulting
magnetic field and the magnetic field generated only by

the compensation winding.
. Bz: T Field at point x=16m, z=25m

initial MF

21-MF generated only . N\g..ooifooo b\ o
by the compensation
3r-winding

Y= 2 o o 1 2z 5 4
Fig. 5. Dependences of the spatio-temporal characteristic of the
initial and resulting magnetic field and the magnetic field

generated only by the compensation winding

Results of experimental studies. Let us now consider
the results of experimental studies of the system. On Fig. 6
shows the compensation winding of the experimental setup.

= L] r
] s 2
L = s .. =
[ - | 3 o
f

-

Fig. 6. Compensation winding of the experimental setup

On Fig. 7 shows the control system of the
experimental setup.

On Fig. 8 shows the experimental spatio-temporal
characteristic of the initial magnetic field.

On Fig. 9 shows the experimental spatio-temporal
characteristic of the resulting magnetic field. On the basis
of experimental studies of the experimental installation of
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a two-level active shielding system, it was found that the
shielding factor is more than 7 units.

R

4 5 i =
= i —

Fig. 7. Active shielding system of the exerimenaletp

CHT 100m%  CH2 100mY Hr Mod
Fig. 8. Experimental spatio-temporal characteristic of the initial
magnetic field

CH1 500mY  CH2 S0.0mY &Y Mod

Fig. 9. Experimental spatio-temporal characteristic of the
resulting magnetic field

If it is possible to measure the current of the current
line of three-phase power lines or to directly measure the
induction of the magnetic field near the current line, then
an open system of active shielding can be built on the
basis of these measurements.

Conclusions.

1. At the first level rough control of the magnetic field
in open-loop form is carried out based on a quasi-static
model of a magnetic field generated by power line wires
and compensating windings of an active shielding system.
This design calculated based on the finite element
calculations system COMSOL Multiphysics.

2. At the second level, a stabilizing accurate control of
the magnetic field is implemented in the form of a dynamic
closed system containing, in addition plant, also power

amplifiers and measuring devices of the system. This design
calculated based on the calculations system MATLAB.

3. Design both first and second level control according
to the developed method reduced to computing the
solution of wvector multi-criteria two-player zero-sum
antagonistic game based on binary preference relations.
The payoff game vector and constraints calculation based
on quasi-static model of a magnetic field. These solutions
calculated from sat of Pareto-optimal solutions based on
binary preferences based on stochastic nonlinear
Archimedes algorithms.

4. Two-level control system under consideration is a
system with two degrees of freedom, which combines
both open-loop and closed-loop control. However, in
contrast to the classical synthesis of robust control of a
system with two degrees of freedom, in the developed
method, the synthesis of open-loop rough control is
performed on the basis of a quasi-static model of the
magnetic field. The synthesis of a closed-loop accurate
control is carried out on the basis of the equations of the
dynamics of a closed system, taking into account models
of actuating and measuring devices, disturbances and
measurement noise.

5. Using calculated optimal two-level active shielding
system made it possible to reduce the level of magnetic
field in residential building from power transmission line
with a «Barrel» type arrangement of wires by means of
active canceling with single compensating winding with
initial induction of 3.5 pT to a safe level for the
population adopted in Europe with an induction of 0.5 uT.
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Smart current control of the wind energy conversion system based permanent magnet
synchronous generator using predictive and hysteresis model

Introduction. Given the increasing demand for performance and efficiency of converters and power drives, the development of new
control systems must take into account the real nature of these types of systems. Converters and dimmers power are nonlinear
systems of a hybrid nature, including elements linear and nonlinear and a finite number of switching devices. Signals input for power
converters are discrete signals that control the ‘opening and closing’ transitions of each component. Problem. In the multilevel
inverters connected to grid, the switching frequency is the principal cause of harmonics and switching losses, which by nature,
reduces the inverter’s efficiency. Purpose. For guarantee the satisfying quality of power transmitted to the electrical grid, while
ensuring reduction of current ripples and output voltage harmonics. Novelty. This work proposes a new smart control, based on a
predictive current control of the three level neutral point clamped inverter, used in Wind Energy Conversion System (WECS)
connected to grid, based permanent magnet synchronous generator, powered by a hysteresis current control for the rectifier. This
new formula guarantees handling with the influence of harmonics disturbances (similar current total harmonic distortion), voltage
stress, switching losses, rise time, over or undershoot and settling time in WECS. Methods. The basic idea of this control is to choose
the best switching state, of the power switches, which ameliorates the quality function, selected from order predictive current control
of WECS. Results. Practical value. Several advantages in this intelligent method, such as the fast dynamic answer, the easy
implementation of nonlinearities and it requires fewer calculations to choose the best switching state. In addition, an innovative
algorithm is proposed to adjust the current ripples and output voltage harmonics of the WECS. The performances of the system were
analyzed by simulation using MATLAB/Simulink. References 33, table 3, figures 11.

Key words: hysteresis current control, permanent magnet synchronous generator, predictive current control, wind energy
conversion system, three level neutral point clamped inverter.

BcTyn. 3Ba>kaloum Ha 3pocTarodi BUMOrM [0 NMPOAYKTUBHOCTI Ta eeKTUBHOCTI NepeTBOpioBaYiB Ta CUNoBUX MPUBOLIB, NpU
po3pobLi HOBMX CUCTEM KepyBaHHS HeOOXifHO BpAaxoByBaTW peasbHy MNPUPOAY CUCTEM Takoro Tuny. MepeTsoptoBadi Ta
PerynsTopu NOTY>KHOCTI ABAATL COOOK HENiHIlHI cucTemu ribpuaHol NpUpoaw, WO BKAOYAK T NiHINHI Ta HeNiHiliHi eneMeHT1
Ta KiHUeBe 4MCno KoMyTauiiHMX NpUCTPOIB. BXigHi CUrHaam ansi CMNoBMX MEepeTBOPHOBAYIB € AWCKPETHUMU CUrHanamu, siki
KEepyloTb Mepexofjamnm «BiKPUTTSA Ta 3akpuTTH» KOXKHOTO KOMMOHeHTa. [pobnema. Y 6GaraTopiBHEBMX iHBepTOpax,
NiSKNOYEHNX [0 MepeXKi, YacToTa NepeMWKaHHs € OCHOBHOK MPUYMHOKD TapMOHIK Ta BTPaT MepeMuKaHHs, L0 3a CBOEKD
MPUPOLOI0 3HM>KYE edIeKTUBHICTbL iHBepTOpa. MeTa. MapaHTyBaTW 3af0BiflbHYy AKICTb eNeKTPOeHeprii, Wo nepesacTbcs B
eNeKTPUYHY MEPE>KY, NMPK OAHOYACHOMY 3HV>KEHHI Mynbcauiil CTPyMy Ta rapMOHiK BUXiAHOI Hanpyru. HoBu3Ha. Y Uil poboTi
MPOMOHYETHCA HOBUI IHTENEKTYabHUI KOHTPO/b, 3aCHOBaHMIA Ha NPOrHO3YUOMY KepyBaHHI CTPYMOM TPUPIBHEBOTO iHBEpTOPA 3
(hiKCOBAHOK HeATPaibHOK TOUKOH, L0 BUKOPUCTOBYETLCA B CUCTEMi nepeTBOpeHHs eHeprii BiTpy (WECS), migknoueHoi go
Mepe>Ki, Ha OCHOBI CMHXPOHHOTO reHepaTopa 3 MOCTIAHAMW MarHiTamm, L0 >KMBUTLCA Bif KepyBaHHA CTpPymom . Lia HoBa
thopmyna rapaHTye 00pPOOKy 3 ypaxyBaHHAM BMAMBY TAapMOHIYHMX MepewKkod (aHanorivHi 3aranbHi rapMOHIYHI CNOTBOPEHHS
CTpPyMy), NepeHanpyru, BTpaT NepeMuKaHHs, Yacy HapoCcTaHHs, Nepe- UM HefOPerynioBaHHs, a TakoxXK yacy cTabinizauii WECS.
MeTogn. OcHOBHa ifies LbOro ynpasniHHA nonsrae y Bu6opi HaKpaLLoro CTaHy NepemMmMKaHHs CUI0BUX NepeMuKadis, LLO NOKpaLLlye
(OYHKLi0 SKOCTIi, 06paHy 3 MOpsiAKY NPOrHO3YHUOro KepyBaHHS cTpymom WECS. PesynbTaTu. lMpakTuyHa UiHHICTb. Llgi
iHTeneKTyanbHWiA METOA Mae Kifbka nepesar, Takux SK LUBMAKA AWHAMiYHa BiAnoBiAb, MpocToTa peanizauii HeniHilHOCTEN i
HeOOXiAHICTb MEHLWOI KinbKOCTI 06YncneHb Ans BWOOPY HaWKpalioro cTaHy nepeMukaHHs. KpiM Toro, 3anponoHoBaHo
iHHOBALiHWIA anropuTM perynioBaHHs mynbcauiil cCTpyMy Ta rapmoHik BuxigHoi Hanpyrn WECS. XapakTepucTuKU CUCTEMU
NpoaHani3oBaHo LUSXOM MOAENtOBaHHS 3 BUKOpUCTaHHAM MATLAB/Simulink. Bi6n. 33, Tabn. 3, puc. 11.

Knto4osi cnosa: ynpaBAiHHA CTPYMOM 3 FiCTEPE3NCOM, CUHXPOHHWIA FeHepaTop 3 MOCTIMHUMW MarHitTamu, NPOrHOCTUYHE
ynpaBniHHA CTPYMOM, CUCTEMA MEPETBOPEHHS eHepril BITPY, iHBEpTOP 3 TPMPIBHEBUM (PiKCYBaHHSIM HEMTPaIbHOT TOYUKMW.

Introduction. The increasing use in the industrial
sector of powered systems electronically and controllable,
motivated by the improvement of their performance, has
led to a proliferation of static converters. Among these
most common structures and the most attractive are the
Pulse Width Modulation (PWM) voltage rectifier [1].

Participation in system services must be on an
alternative grid three-phase. It is then necessary to use an
electronic converter for the DC-AC and/or AC-DC
conversion in the conversion chain wind energy [1, 2].

The advent of power electronics has a major impact
on the world of industry in recent decades. This advent
occurred through the arrival on the market for power
electronic components such as thyristors, triacs, GTO,
IGBT or high-power transistors.

The constant growth of energy consumption in all its
forms and the associated polluting effects, mainly caused
by the combustion of fossil fuels, are at the heart of the
issue of sustainable development and care of the
environment in a discussion for the future of the planet.

Wind energy is clean and renewable energy, unlike
conventional energy which presents the constraints of
distance from the electricity network and the constraints
of fuel transport, as well as the periodic maintenance of
the installations [3].

In recent literatures, authors have investigated the
potential technical impacts in voltage regulation, active
and reactive power variations, transformers loading,
current and voltage harmonics causes with renewable
energy integration [4-6].

In the resolution of harmonics disturbances problems,
many researchers used the sinusoidal PWM approach and
implement it in Wind Energy Conversion System (WECS)
to ameliorate the harmonic content on the output voltage
waveform [7]. Space vector modulation technique
possesses remarkable performance in 3-level PWM
topologies [8]. Other techniques involving modulation
methods at a low switching frequency that have attained
more demand in a broader field of function are staircase
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modulation, space vector control [9, 10], selective
harmonic elimination [10, 11] and sliding mode control for
Permanent Magnet Synchronous Generator (PMSG) [12].

System for application generator. In the studied
system, we are interested in the wound rotor PMSG and its
use for the production of electrical energy from wind power.
The variable speed configuration is represented in Fig. 1.

B

a

WIND \S !

| ‘
r'\ Gearbox
B PMSG

Turbine

Fig. 1. PMSG-based WECS

The rotor is connected to a rectifier (rotor side
converter). A predictive control applied to Three Level
Neutral Point Clamped (3L-NPC) inverter (grid side
converter), which is placed in the output of the rectifier
controlled by PWM hysteresis.

1. The modeling of the turbine. The turbine rotate
speed is depending on wind speed; this makes it possible
to know the wind torque applied to the wind turbine. This
modeling is based on bibliographic cross-checking or
additional information from brochures from different
manufacturers [13]:

1

1
Paer 5% sv,2 7 REV.E, @

where
t_Rt, 2)
VV
where P is the aerodynamic power; c, indicates the
performance coefficient of the wind generator; is the
speed ratio (rad); is the inclination angle of the blade,
which depicts the orientation angle of the blades; . is the
turbine rotation speed; R; is the blade radius; V, is the wind
speed; s the air density (1.22 kg/m® at atmospheric
pressure at 15 °C); the Betz limit is that the coefficient
Cp(A, B) does not exceed the value 16/17=0.59 [13, 14].

2. Modeling of the multiplier. The multiplier
adapts the turbine rotation speed to the PMSG rotation
speed. For this we grant a multiplier between the turbine
and the PMSG, the latter is mathematically modelled by
the following equations:

C,=C/G (3) and t= meen/G.  (4)
The mechanical equations:
Ct ‘]t d mech ft .
3 Cqy oz Jg &t o2 fg  mechs (B
oy (6) and RIS 7)
gz ¢ cz ¢
So, the mechanical equations are:
d
C J mech : 8
mech —dt 8)
Cmech Cg Cem Cvis; (9)
Cvis f mech (10)

where Cpean, Ci, Cq, Ciis are the mechanical, wind,
electromagnetic and viscous torques, respectively; J, J;, Jq

are the total, turbine and generator inertias; f, f;, f are the
coefficient of total friction, viscous friction of the turbine
and of the generator; G is the ratio of the speed multiplier;
mech 1S the generator rotation speed (fast axis).
3. PMSG modeling. By choosing a d-q reference
frame synchronized with the stator flux [3, 14, 15] are next.
The equations of tensions:

d
Veg Rl sd ;
sd slsd dt s sq
d g
Vsq Rslsq T s sds
Vig Rl S0 ; 11
rd r'rd d s rq: (11)
t
d (g
qu Rrqu T S rd s
d
‘Jd_tt Cem Cr fr r
The equations of the flux:
sd Lslsg Mlgg;
sq lesq I\/Iqu; 12)
rd  Lrlrg Mlg;
rq Lrqu Mlsq,
M
Cem L_p arles  arles - (13)
r
The electromagnetic torque becomes:
3M
Cem EL_p gslar  aslar - (14)

S
The stator and rotor active and reactive powers are
expressed by:

3
P 5 Vadlsa  Vsglsq s
3 .
Qs E Vsqlsd Vsd Isq )
3 (15)
F)r Evrd Ird ququ ;
3
Qr Evrqlrd Vrd Irq J

where R, R, are the stator and rotor resistances; L, L,, M are
the stator, rotor, mutual inductances, respectively; lg, lsg, lra,
Iq are the stator and rotor currents in the d-q frame; s,
sy rq are the stator and rotor flux in the d-q frame; p is the
number of pairs of poles; P, Qs, P,, Q, are the stator and
rotor active and reactive powers; Vg, Vs, Vig, Vg are the
stator and rotor voltage components in the d-q frame; s is
the speed of stator magnetic field; = - isthe angular
speed of rotor;  is the mechanical angular speed.
PMSG and turbine parameters are shown in Table 1.

Table 1
PMSG and turbine parameters
PMSG parameters Turbine parameters

P,=1680 W L, =0.6 mH R=18m

Vs=110V Ls=5.25mH J=0.07 kg m?

f=50Hz +=0.1827 rad/s G=1
R, = 0.9585 Q C=8Nm p = 1.25 kg/m®

R| =05Q p= 4
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Hysteresis current control.

1. Modeling of the rectifier. The rectifier bridge
consists of three arms with six bipolar transistors
antiparallel with diodes. These switches are controlled by
closing and opening (pulse time closing «0» and opening
«1»). And in the same arm the switches operate in a
complementary way (K, = K, ) to avoid the short circuit

[16]. The model of bridge rectifier is depicted in Fig. 2.

@m@gﬁ l

e

I [ | .
Fig. 2. Bridge rectifier

e

The different switching and combination states of
the PWM rectifier switches are shown in Table 2.

Table 2
8 possible states of the switches
K Sa Sb Sc Vab Vbc Vac
0 1 0 0 Uge 0 —Uge
1 1 1 0 0 Uge —Uge
2 0 1 1 —Uge Uge 0
3 0 1 0 —Uge 0 Uge
4 0 0 1 0 —Uge Uge
5 1 0 1 Uge —Uge 0
6 0 0 0 0 0 0
7 1 1 1 0 0 0

From Table 1 we can represent the rectifier input
voltages in general as follows [17-19]:

Vab = (Sa - Sb)Udc; (16)
Ve = (Sb = Sc)Uqc; (17)
Vca = (Sc - Sa)Udc- (18)

So we can deduce the phase-to-neutral voltages:

Vp = fUqge; (19)
Ve = fUge, (20)
where:

( %a S S 1)

3
( 2% Sa S . 22)

3
fe 25 2** S (23)

8 possible states of the input voltage V in a complex
plane a-B [20]:
jk

%UdceT for k 0..5;

Vi 1 (24)

V; Vp O

8 voltage vectors noted as Vo(0 0 0) — V(1 1 1) are
presented in Fig. 3, where Vg, Vi, Vea are the complex
voltages; f,, f,, f. are the rectifier switching function;
Ugc is the rectified voltage; S,, Sp, Sc are the switching
states of the rectifier; V,, Vy, V. are the simple voltages.

Vi
110

¥i
> 100
a

E Ve
001 101
Fig. 3. Presentation of voltage vector Vy

2. Functional representation of the PWM rectifier
in the three-phase reference. The voltage equations for
the balanced three-phase system without neutral can be
written as (Fig. 3):

eV, V; (25)
e Ri L9V, (26)
dt
€a la q g Va
€y R ib La ib Vb ) (27)
€ Ie i Ve
The rectifier input voltage can be written as:
1 c
Vi Uge Sp 3 Sn (28)
na

where S, = 0 or 1 are the state of the switches, where
(n=4a, b, ¢). In addition, we can write the DC bus current as:

dUg. -
c—% .. 29
pranil (29)
The current in the capacitor can also write:
ic = igc — ich; (30)
c Ve Saia Spip  Scic e - (31)

Also, the current i is the sum of the currents of each
phase by the state of its switch [16]:

c Ve Saia Spip  Scic ich- (32)
So, the AC side of the rectifier:
H C
% Ri; e; Uge Sy % Sh
n a (33)
1
€a Udc Sa §Sa Sb Sc ;
H C
LI R Uy sy S S,
dt 3
na (34)
1
& Ugc Sp §Sa Sp Sc
H C
%[C Ric €c Udc Sc % Sn
na (35)
1
€c Udc Sc Esa Sb Sc )
where the network voltages are expressed by:
€a = Ensin( t); (36)
ep = Epsin( t=2 /3); (37)
e. = Epsin( t+2 /3). (38)

The above equation can be summarized as:
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c

Gy Rin en Uge Sp : Sn s 39)
dt 3 .2
dug ¢ .
c—% inSn ich (40)
a

where e,, e, e. are the network voltages; V, are the
instantaneous phase voltages; S, are the switching states;
i is the capacitor current; iq is the rectifier output current;
i is the load current; E,, is the maximum phase voltage.

3. PWM to hysteresis band. The purpose of
hysteresis controller is to force the actual current to
follow the predefined reference current. In conventional
hysteresis controller, the comparators switch between the
fixed bandwidths, this technique only requires a hysteresis
comparator per phase [21, 22].

The principle of hysteresis used in this system is
expressed in Fig. 4. The switch opens if the error becomes
less than —H/2, it closes if the latter is greater than +H/2,
where H is the range (or width) of hysteresis. If the error
is now between —-H/2, and +H/2, (it varies within the
hysteresis range), the switch does not switch [21, 23].

1

Y

-Hi2 Hi2

Fig. 4. Diagram of proposed hysteresis controller

The topology of hysteresis current control PWM
technique using in this configuration is shown in Fig. 5.

Rectifier

AC

L >l¢c

DC
s s 5
7
_E]_ vdc ref
Gl
Hysterisis
®

Pl

<«

DC voltage
adjustment

Fig. 5. Control diagram of the hysteresis current control rectifier
connected to the inverter

Implementation predictive current control 3L-NPC
inverter.

1. Modeling inverter 3L-NPC. The power and
control circuit of a 3L-NPC inverter connected to grid is
shown in Fig. 6, each phase of three-phase 3L-NPC
inverter consists of 3 arms constituted of 4 switches (S1,
S2, S3, S4) connected in series and 2 median diodes (D1
and D2). The midpoints of switches (S2 and S3) of each
phase are connected to the load and the midpoints of diodes
(D1 and D2) are connected to the neutral point [24, 25].

In the same arm the switches operate in a
complementary way connection functions of the arm
switches k (a complementary way) will be given by:

Sal SaZ Sal Sa3 Sal Sa4 (41)

Sa3 S.514 Saz Sa4 Sa2 Sa3

Vdc

Fig. 6. The power circuit model of a 3L-NPC inverter connected
to the grid

The switching function on A, B, and C phase can be
defined as follows:

Sk Ska Sk 1 Sy
Sko Ska Sk2 1 Sia

The equations of voltages (a), (b), (c) of the three-
level inverter, with respect to the midpoint «0» of the
input voltage source is expressed as [26, 27]:

(42)

Vao  Sa1Sa2  SasSas Vdc:
Voo  SpiShz  Sb3Sha Vic: (43)
Veo  ScaScz  Sc3Sca Ve
The compound voltages in matrix form are:
Vab Vao Vbo
Ve Vbo Veo
Vac Vao Vco (44)
1 10 SaiSaz  Sa3Sas
0 1 1 SpSp2 Su3Spha Vi
10 1 Sclscz S03504

We can define the simple voltages (va, Vp, V) with
respect to the neutral point n:

Va ' Van Vao Vnos
Vb Von  Vbo Vnos (45)
Ve Ven Veo Vno-

The voltage equation between the midpoint of the
DC power supply of the inverter and the point load
neutral which is written as follows:

Vno %Vao Vbo Veo - (46)
Finally, the system in the matrix form is:
Va 2 1 1 SuSaz SazSas
Vo 7 1 2 1 SpSh2 SpaSps Ve, (47)
Ve 1 1 2 Sclsc2 S(:3804

where Syi, Sk, Ska, Sk are the switching states of the
inverter power switches; Va, Vpo, Vo are the phase-to-
neutral voltages at the output of the inverter between the
phases of the load and the midpoint «0»; vy is the voltage
between the midpoint of the inverter DC supply and the
neutral point of the load; Van, Von, Ven are the phase-to-
neutral voltages with respect to the neutral point n.
Depending on the states of the inverter, this vector
can take several positions in; these positions are
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designated on the vector diagram or switch hexagon
shown in Fig. 7 [24, 26].

Sector II

NPN OPN PPN
Sector I
Sector III PO 0PO PPO PON
/\Ny\oy\ /\
NPP OoPP PPP POO PNN
V. Y \¢ N \
NOO 000 ONN
00P POP

NOP

PNO

Sector IV Sector VI

Sector V
Fig. 7. Space vector diagram of a 3-L NPC inverter

2. Implementation predictive current control. The
proposed predictive control strategy is based on the fact that
only a finite number of possible switching states can be
generated by a power converter static and that models of the
system can be used to predict behavior variables for each
switching state. For switching selection appropriate to
apply, a selection criterion must be defined. This selection
criterion is expressed as a quality function that will be
evaluated for the predicted values variables to control. The
prediction of the future value of these variables is calculated
for each possible switching state. The switching state that
minimizes the quality function is selected [28, 29]. This
approximation is considered in Fig. 8.

Inverter 3L-NPC

Ve

|||+
°

i

Vaez Vaer
y ¥ S*TS°T5=T

Predictive
Model control

Minimization
of cost function g

P=(k+1) T ‘P
Vepp=(k+1) i"=(k+1)

Fig. 8. Block diagram of predictive current control
for a 3L-NPC inverter connected to grid

ia|ib]ic

The system model equations are given as follows:

. di

Van Ria d_? €as
. di

Vpn  Rip Ld—:’ ey, (48)
. di

Ven  Ric d_tc €

After the Clarke transformation and with the use of
Euler’s method to obtain a discrete-time model of the
current, the current equations are expressed as follows:

di ik 1 ik , (49)

dt Ts
where T is the sampling period and k shows sampling
time.

iPk 1 1TSB|k T—Sv e k;

L L

R T, (0)
ik 1 1 T,—i k *v e k.

L L

The currents i, i, supplied by each capacitor Cy, C,
are represented by the following equations:

iCl k idC k Hlai_a k Hlbib- k HlCiC- k X (51)
Hzala k H2b|b k HZCIC k.

The switch states function of the 3L-NPC calculates
the variables (Hi, H,,) and is given by:

ico kK ige K

1 if S "',
X0 other:
. (52)
1 9f S "'
2x 0 other.

We use the Euler method to obtain the equations in
discrete time which allows the prediction of DC bus
voltages as follows:

vik 1 vgk éicl k Tg;

] (53)
chz k 1 Ve2 k Eicz k TS’
where i(k) is i P, i P and represents the current vector in
stationary frame o-B; ic, ic; are the currents flowing
respectively through the capacitors C,, C,; variables Hy,,
H,, depend on the switching states; v, Ve, are the
voltages across DC-link capacitors Cy, Cs.

3. Cost function. The objective of the current
control scheme is to minimize the error between the
currents measured and reference values. This requirement
can be written as a cost function. The cost function is
expressed in orthogonal coordinates and measures the
error between the references and the predicted currents:

g ‘i* ip‘ ‘i* ip‘ i , (54)

where g is the cost function; ¢ is the weighting factor.

The evaluation of the precomputed results and the
determination of future optimal control actions are made
by the cost function [30-33].

4. Diagram smart current control. Predictive
model algorithm applied to control the centralized
3L-NPC inverter in WECS is shown in Fig. 9. To make
the necessary calculation of the equations of the
predictive command Fig. 9 presents the algorithm of the
deferent step of this smart control [28, 29].

Results. This section is to validate the results obtained
from the model smart predictive current control of 3L-NPC
inverter algorithm of WECS through eigenvalues analysis
and also the comparative studies between the proposed
model and the exist solution already used for PMSG
connected to grid. In the first part, the results obtained after
rotor side converter are illustrated in Fig. 8.

Figures 10,a,d show the applied variable change of
wind profile for the studied system. Figure 10,c presents
the form of the DC link voltage. The DC link voltage
reference is set to 540 V, the measured voltage perfectly
follows the reference signal.

p p
Vcl VcZ
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Fig. 9. Smart current control algorithm
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Fig. 10. Simulation results of the rotor side converter:
a — wind speed; b — mechanical speed; ¢ — DC-link voltage;
d — zoom DC-link voltage; e — PMSG power

The second part shows the results after grid side
converter and is illustrated in Fig. 11.

Figure 11,a clearly shows the proper tracking of the
converter reference currents with small currents ripples.

It can be seen in Fig. 9,b waveform of the controlled
currentsi and i is smooth and stable.

Figure 11,c illustrates the DC voltage ripples are low
enough. The spectral analysis of the modulated voltage
signal is presented in Fig. 11,9, where we noticed a drop
in Total Harmonic Distortion (THD).
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Fig. 11. Simulation results of the grid side converter:
a—output current iy, b —controlled currents iq, ig and their
references; ¢ — DC voltages across the two capacitors Ve, Ve,
d — zoom of the DC voltages across the two capacitors Ve, Ve,
e —simple voltage at inverter output V,,; f — output line-to-line
voltage Vy; g — spectrum of current i,

Comparison to state-of-the-art. The purpose of this
part a comparative study between the smart current control
of the WECS and exist solution using in [11]. Table 3
summarizes the principal differences between exist solution
and the new smart current control of the WECS.

These results and comparison showed high stability,
fast response, low disturbance, eases of implementation
and strong the robustness of this smart current control.

Table 3
Comparison of smart current control and exist solution
Parameter E.XiSt Smart
solution [11] | current control

Answer dynamic Stable Stable
The behavior of current
in regime const THD, % 53 1.38
Frequency of switching, Hz 2500 2500
Response time, ms >40 40
Robustness, % 45 80
Complexity of implantation, % 35 10

Conclusions.

1. In this paper, a new design and intelligent control
has been proposed and implemented for wind energy
conversion system based PMSG.

2. All presented results have validated the capability and
effectiveness of the proposed intelligent control strategy
and showed a high performance and dynamic behavior
even at high power. Also, the measured DC voltage follows
the reference voltage closely (transitory response 30 ms)
and this proves its robustness. The control of three level
neutral point clamped inverter is guarantied by smart
advanced current control, which gives good results
regarding THD (1.38 %) in the both of simulation and
experimentation results.

3. Optimizing using metaheuristic algorithms are more
precise for THD optimization and switching loss
mitigation.

4. Experimental validation is the focus of future work:
using DC machine for creating mechanical speed of the
turbine, multiplier, PMSG, PWM rectifier, board
Dspace1104, current sensors, voltage sensors, DC voltage

stabilizer, control interface, three level neutral point clamped
inverter, MATLAB/Simulink and control desk.
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M.I. bapaHoB

Po3paxyHKOBO-eKCMEPUMEHTa/IbHE BU3HAYEHHS LWBMAKOCTI MPOCYyBaHHS N1asmMoBOro
NifepHoro KaHasy iMnyJsibCHOro iICKPOBOro po3psagy B aTMocgepHOMY MOBITPI

HapaHi pesynbTaTy po3paxyHKoBO-eKCNEPUMEHTANILHOTO BU3HAYEHHS YCepeHEHOT WBMAKOCTI V. NPOCYBaHHS MNa3mMoBoro nifepHo-
o KaHany eneKTPUYHOro iMNyNbLCHOrO iCKPOBOr0 PO3pAAY B AOBrOMY MOBITPSAHOMY NPOMIXKKY ABOENEKTPOAHOT PO3PAAHOT CUCTEMM
«BICTPA-MAOLLMHA» (415 ABOX NPUKNagHUX BUNagkiB npu lmin=1,5 M i I,i,=3 M), ika BUNpo6OoBYE Ait0 CTaHAapTHOro KOMyTauiliHoro
anepiofnyHoro iMnynbCy BUCOKOI i HAABUCOKOI Hanpyru 4yacosoi hopmu T,,/T¢=200 Mkc/1990 MKC NO3UTUBHOI NOAApHOCTI. 3anpo-
MOHOBAHWI METOZA YMCENbHOT OLIHKW BEMYMHN Vi B AaHili pO3pagHiii cucTemi 6a3yeThCa Ha BUKOPUCTaHHI OTPUMaHOi eMMipuyHoi
thopmynm Ta OTPUMaHHI ocuMnorpam npoLecy 3pi3y 3aCTOCOBaHMX IMMYNbCIB HAA- | BUCOKOT HANpyrn nNpu enekTpUYHOMY Npo6oi B
Hili JOBrMX MOBITPSHUX MPOMI>KKIB BKa3aHOi MiHiManbHOI AOBXMHN |, Ha OCHOBI 3anponoHOBaHOT HabBAM>KEHOT po3paxyHKoBOT
(hopMyNM | BUKOHaHMX 3a JOMOMOrOK NOTYXKHOr0 HaABMCOKOBObTHOIO BUNPOOYBabHOrO 06nafHaHHA CUNbHOCTPYMOBKX eKcre-
PUMEHT B MOKa3aHo, L0 BKa3aHa LUBUAKICTb Vi PO3MNOBCIOAMKEHHSA B aTMOCHEPHOMY MOBITPI NepefHbOro PoHTY NO3UTUBHOMO
nifiepa iMMyNbCHOro iCKPOBOTO PO3PSAY UMCENbHO cknagae v, =(1+0,03) 10° m/c. OTpUMaHi pPO3paxyHKOBO-eKCNEPUMEHTaNbHI AaHi
ANs ycepeAHeHOI LWBMAKOCTI Vi MPOCYBaHHS B NOBITPI NigepHOro KaHay iMnynbCHOMO iCKPOBOro po3paay 406pe y3roa>KytTbes 3 1T
MPUAHATUMU AN FTPO30BMX ICKPOBMX PO3PSAIB B aTMOC(EPHOMY NOBITPI YMCeNbHUMM NoKasHukamu. bibn. 20, puc. 5.

Knto4osi cnosa: NnasmMoBuiA NifepHNIA KaHa, eNeKTPUYHWI iMNybCHWUIA iICKPOBUIA Po3pAg, NOBITPAHWIA AieneKTpUK, LUBNI-

KiCTb MPOCYBaHHS PPOHTY ICKPOBOr0 po3psidy, PO3paxyHOK, EKCNEPUMEHT.

CTaH Ta aKTya/IbHICTb 3aadi. Y TeXHiLi BUCOKMX
(HaABMCOKMX) €NEKTPUYHUX Hanpyr peasibHy Hebe3neky
AN5 BUKOPUCTOBYBaHOMO €1eKTPOYCTaTKYBaHHsA MpeacTa-
B/ISIE €NIEKTPUYHUIA NPOGIlA 1i0ro BakyyMmHOI, ras3oBoi, pig-
KO abo TBep/oi i30nALiT, KNI CynpPOBOMKYETLCA BUHUK-
HEHHSIM SBULLA KOPOTKOTO 3aMMKaHHA B €/IEKTPUYHOMY
KONi, YTBOPEHHSIM B MicLii Npo6OK BMCOKOMPOBIAHOIO
iCKpOBOro (ZyroBoro) KaHany pospsgy i MpoTiKaHHAM
yepes HLOr0 BENMKOrO iIMMY/IbCHOrO CTpyMmy. oBiTpsiHa
i30/191LLi 3HaliLNa JOCTaTHbO LUMPOKE MPaKTUYHE 3acTo-
CyBaHHS IK B MPOMWC/IOBIW eNeKTpoeHepreTuLi, Tak i B
06/51aCTi BUCOKOBO/IbTHOI iMMY/IbCHOT TexHikn (BIT), npu-
3HAYeHOI 1N HAYKOBMX | TEXHONOTIYHUX Ljineli [1-6].

Bigomo, Lo B JOBrUX MOBITPSAHUX MPOMIKKAX (npw
JOBXMHAX 1 M i Ginbll) X eneKTPUYHWIA Npo6iin 3ailic-
HIOETbCA LU/IIXOM MPOPOCTaHHA Bif OHOrO eneKTpogy
(Hanpwknag, Bifi NOTeHLiAHOro aHoAa) BUCOKOBOMbTHOIO
NPVCTPOIO A0 iHWOro (Hanpuknag, A0 3a3eMJIEHOro Karto-
[a) nifepa eneKTpMYHOro rasoBoro pospsgy — TOHKOro
N1a3mMoBOro NPOBIAHOro KaHasy, CTyniHb ioHi3awii mone-
Kyn (aToMmiB) rasy B IKOMY € 3Ha4HO BULLMM, HiXK B noya-
TKOBOMY CTpMMepPHOMY KaHani po3pagy [3, 7]. Micna po-
CATHEHHS TONIOBKOKO Nifepa eneKTpUYHOro pospsgy, ska
AICKPaBO CBITUTLCS, MPOTUAEXHOIO €NeKTPoAy-KaToda i
PO3MOBCIOPKEHHA MO NiAepHOMY KaHany y 6iK aHoga i3
WBMAKICTIO 6ina Ve=10" M/c cnouaTky 3BOPOTHOI XBUJi
CWIbHOIO €NeKTPUYHOIO MOMA (XBWAI €NEKTPUYHOrO no-
TeHuiasy) i fani 3BOPOTHOT XBUAI CTPYMY MPOBIAHOCTI Ha
Micui nigepHoro KaHany pOpMyeTbCS CUMbHOIOHI30BaHWIA
iCKpOBUIA KaHan po3psLy, AKWIA AcKpaBo CBITUTLEA [3, 7].
I3-3a MPOTIKaHHA MO LbOMY BMCOKOMPOBIAHOMY KaHany
BE/IMKOrO IMMY/IbCHOrO CTPYMY Ta iHTEHCMBHOIO eHepro-
BU/iNEHHS Ha A0Or0 OMiYHOMY Onopi Temnepartypa i TUCK
B HIM Pi3KO 3pOCTal0Tb, WO MPUBOAUTL 40 PO3LUMPEHHS
KaHasly iCKpOBOro po3psigy i3 WBMAKUM padia/ibHUM po3-
NbOTOM Or0 HU3bKOTEMMEPATYPHOI NAa3Mu i YTBOPEH-
HAM B HaBKOMMLUHLOMY MOBITPSHOMY CepefoBuMLLi MOTY-
YKHOT yaapHOT XBWni. He AnBNSYMCL Ha HasiBHICTb H6arato
pa3iB anpoboBaHMX B HayKOBMX nabopatopisix CBiTy Bi-
AOMUVX Teopiii CTPUMEPHOrOo i NifepHOro Npo6oto MoBiT-
psHoI i3onauii [1, 3, 7], MaJIOBUBYEHUMU NUTAHHAMW Ha
CbOrofHi B 06nacTi i3vKy iMNYNbCHOrO iCKPOBOro po3-
psgy B armocepHoMy MOBITPI 3anvwnnucs Ti, AKi
MOB’A3aHi 3 ypaxyBaHHsM 0COB/IMBOCTEN MOr0 NPOTiKaH-

HA B yMOBaXx fii pi3KO HEOAHOPIAHUX CUMbHUX iMMYNbC-
HWUX eNeKTPUYHUX NONIB, XapaKTepHUX L1 eNeKTpoTeXx-
HIYHOT NPaKTWKK, | BU3HAYEHHAM LUBWAKOCTI Vi Mpocy-
BaHHA /AOr0 M1a3MOBOrO NiAEPHOr0 KaHany, SKWil nep-
UMM NpW Npo60oi 3aKopoUdye NOBITPSIHI NPOMIDKKM eNeKT-
POPO3PSAHNX CUCTEM, LLLO BXOAATb 40 CKIagLy Pi3HOMaHi-
THUX BUCOKOBOJIbTHUX MPUCTPOIB.

Pe3ynbTaTv mMaTeMaTU4HOrO i KOMM’HOTEPHOr0 MO-
[eNtoBaHHS  CKNafHWUX eNeKTPOPO3PSAHNX MPOoLEeciB B
pisHMX BuAax pienektpukis [1, 3, 8-14], aki cnpsmMoBaHi
Ha MiABULLEHHS eNeKTPUYHOT MILHOCTI ra3oBoi, pigkoi i
TBEPAOT i301ALii BUKOPUCTOBYBAHOIO B eNeKTpOeHepre-
Tuui i BIT BUCOKOBONBLTHOIO €NEeKTPOYCTATKYBaHHSA, He
[l03BONIAIOTL [jaTW BiAMOBIAI Ha BKa3aHi BULLE aKTyaNbHi
MUTaHHA 3 06NacTi eneKTPodli3MKM rasoBoro icKpoBoro
po3pagy. MornnbneHHs HalnX HayKOBMX 3HaHb MPo ene-
KTPUYHUIA iMMYNbCHWIA ICKPOBWIA PO3pA/, B ra3oBiii i3ons-
LT (30Kpema B JOBrUX NOBITPAHUX MPOMIXKKax), WO Bif-
HOCUTBLCA O KOMMJIEKCHOIO i CKNagHOro enektTpodisny-
HOTO ABMLLA NPUPOAN, AO3BOMSE paLioHa/IbHILE po3pob-
NATN KOHCTPYKLUiT 6aratb0X BYCOKOBOSIbTHUX €/IeKTPOTe-
XHIYHUX | €IEKTPOEHEePreTUYHNX MPUCTPOIB 3 NifgBuLLe-
HOK HafiNHICTIO X po60TK B HOPManbHMX | aBapiHKX
pexxumax, a TakoX 3acoby 6/MCKaBKO3axuCTy §IK NS
Pi3HUX NiTaNbHUX anapaTis, Tak i cTpaTeriyHMx NpomMuc-
NOBO-TEXHIYHMX 06’ €EKTIB Ha3eMHOI IHDPaCTPYKTYpU.

MeToto CTaTTi € PO3paxyHKOBO-EKCNEPUMEHTATbHE
BM3Ha4YeHHS yCepeaHeHOT WBMAKOCTI Vi MPOCYBaHHA nna-
3MOBOr0 NifepHOro KaHany eneKTPUYHOrO iMMy/bCHOMO
iCKPOBOr0 po3psfy B LOBroMy MOBITPSHOMY MPOMIXKY
[BOENEKTPOAHOT PO3PAHOT CUCTEMU «BICTPSA-MOLLMHAY.

1. MocTaHoBKa 3afadyi. TUNOBMM NPUKNaLoM B 06-
nacti BIT eneKkTpopo3psgHoil cMcTemMn 3 Pi3KO HEOAHOPI-
OHUM CUNBHUM IMAYAbCHUM €IEKTPUYHUM MOMEM € [BO-
enekTpogHa pospsgHa cuctema  (OEPC)  «BicTps-
M/IOLLMHE», WO MICTUTb BEPTUKaIbHO PO3MiLLeHMiA noTe-
HUIAHWIA enekTpod Y BWUINSAI METaneBoro CTPMKHA 1
pagiycoMm ry i3 3aroCTPEHNM HIDKHIM KpaeM 3 pagiycom
0ro KPUBM3HM 1 .<<Iq i 3a3eM/IEHMNIA ENEKTPOA Y BUrNagi
rOPU30HTA/ILHO PO3TALLIOBAHOI METa/IEBOI MOLWMHN 2 He-
06MeXeHMX po3mipiB (puc. 1). Xail eneKTpuyHi NoTeHuia-
N umx enekTpogis 1 i 2 piBHi BignoBigHO @y i ¢.=0, a Mix
HUMU B MDKENEKTPOAHOMY i30/1ALiIAHOMY MPOMIDKKY MiHi-

© M.I. bapaHoB

48

EnekTpoTexHika i EnekTpomexaHika, 2024, No 2



Ma/lbHOK [0BXMHO |, PIBHIM AOBXWHI NpsiMOT, NpoBe-
[JEHOT Bifi BICTPA MOTEHLiAHOIO enekTpody 1 3a HopMa/o
[0 NJIOCKOT MOBEPXHi 3a3eM/IEHOIO eNEKTPOAY 2, PO3MiLLie-
HO rOMOreHHe aTMoCtepHe MOBITPSA 3a TakuUX Qi3UYHUX
ymoB [15]: Tvck rasy P,=(1,013+0,005) 10° MMa; a6contoT-
Ha Temnepatypa rasy T,=(293,15+5) K; BigHocHa Bosio-
ricTb rasy y,=(45%15) %.
U12

Imin

Puc. 1. CxemaTuyHe 306padkeHHs AOCNIAKYBaHOT MOBITPAHOT
[LEPC, Ha npuknagj sIKoi po3risaaeTbcs eneKkTpoqisnyHuii npouec
PO3MOBCIOPKEHHS MN/1a3MOBOT0 /iePHOr0 KaHasty iMMy/IbCHOro
iCKpOBOro po3psay B arMocepHomy nosiTpi (1, 2 — BignosigHO
MOTEHLiAHWIA | 3a3eMNeHUIT METaNIEBI €NEKTPOAY; 3 — 3Uraaronogi-
6HMIA NigepHUin KaHan ickposoro po3psigy B AEPC)

Mpuiimemo, L0 eNeKTPUYHA MILHICTb MiXKENeKTpo-
[HOro MoBITPSHOro NpoMiXXKy B JEPC CTOCOBHO ycepe-
[HEHOr0 PiBHS Oro NPo6UBHOT HaNPYXXeHOCTI Ey4 cunb-
HOrO IMMNYNbCHOTO €NIeKTPUYHOro Mons AN iMAynbCy
Hag- i BUCOKOI Hanpyru , Wo nogaeTbcst Ha AEPC, ckna-
pae sennunny Egq ans 1nin=1,5 M i Eg anst 1pin=3 M. Y
UMX 4BOX NPUKNAAHMX BUNaAKax eneKTPUYHWIA MOTeHLi-
an @; Ha Kpato CTpwxHS 3 BicTpam AEPC HabysaTtume
KPUTUYHUX 3HAYEHb, BifMOBIAHO PIBHUX Qg1 | Q1q4p. OO-
MEXMMOCS PO3rNAAOM BUMAAKY, KON amnliTyaHO-4acoBi
napameTpy (AUI) eneKTpUYHOT IMNY/bCHOT Hanpyru
U1o()=(01—¢2) Y MiDKENeKTpogHOMY MOBITPAHOMY NPOMi-
XKy JEPC 3MiHIOIOTbCA B Yaci t 32 3aKOHOM CTaHAapTHOro
KOMYyTaUiAiHOro anepiognyHOro iMNynbCcy Hampyru 4aco-
BOI (hopmn T,,/T4=(250+£50) mKc/(2500£750) MKC NO3UTKB-
HOT MOMIAAPHOCTI 3 BiAMNOBIAHMMM gonyckamu [16-18]. Bka-
)KEMO, L0 came s YacoBa (hopma BMCOKOI (HaaBMCOKOT)
iMMYNbCHOT Hanpyrn 3a3Bnyali BUKOPUCTOBYETLCS B NPO-
MWCINOBIN enekTpoeHepreTuui i BIT npn Bu3HauyeHHi ene-
KTPUYHOI MILHOCTI BHYTPILIHBLOI i 30BHILIHLOT 304Ul
Pi3HOr0 BUCOKOBOMLTHOIO €1eKTPOYCTaTKyBaHHs. [MoTpi-
6HO Ha OCHOBI PO3pPaxyHKOBUX i €KCMepUMEHTaNIbHUX
[aHnX, AKi CTOCYHTbCA MNPOTIKAHHA eNeKTPoi3nyHUX
npoLecis B po3psaHOMY [LOBrOMY MOBITPSAHOMY MPOMIX-
ky AEPC (amB. puc. 1), B HabMKeHOMY BUISAI YMCeb-
HO BM3HAYUTM YCepeaHeHy LWBWUAKICTb V| NPOCYBaHHA
MO3MTMBHOIO fliiepa B M/1a3MOBOMY KaHasi eNeKTPUYHOro
iMMYNbCHOrO iCKPOBOro po3psiay B MOBITPSHOMY MPOMi-
XKY pocnimkysaHoi Hamu LEPC «BicTps-nnowmHa» 3
BKazaHMMM ABOMa YMCENbHUMM 3HAYEHHSIMW MOro MiHi-
ManbHOT AOBXUHU (Imin=1,5 M i 1in=3 Mm).

2. PospaxyHKOBO-eKCNepMMeHTa/IbHa  OLiHKa
LWBWAKOCTI V. NPOCYBaHHS M/1a3MOBOr0 JliAepHOro
KaHasy iMAynbCHOro iCKPOBOro po3psidy B atmocde-
pHOMY MOBITpI. JocnigHi pesynbTati SOCNIAXKEHb B 06-
nacti BIT enekTpuyHoro npo6or [OBruxX MOBITPAHUX
npoMixkiB B IEPC «BiCTps-NAOWMHA» 3 BUKOPUCTAHHSM
CTaHAapTHOro KOMYTaUiiHOro iMnynbCy Hampyru vaco-

BOi thopmun T,/T4=200 MKC/1990 MKC MO3UTMBHOI NOMSpP-
HOCTI cBigyaTb MPO Te, L0 PO3BMTOK B HMX M1a3MOBOrO
NifepHOro KaHany BUCOKOBOMIbTHOMO iMMY/IbCHOIO iCKPO-
BOr0 po3psifly BiabyBaeTbCsA MO LWASXY 3Ur3aronofioHol
thopmu, AOBXMHA AKOrO | 3aBXAN NepeBuLLYE iX MiHIMa-
NbHY AOBXMWHY i, 3 060B’A3KOBUM BUKOHAHHSIM HepiB-
HocTi Burnsagy 1211, [1, 3, 17-19]. Mpw 3MiHi y BKa3sa-
Hil NoBITPAHIV JEPC MiHIMaIbHOT JOBXUHN |y X PO3-
pAAHMX MPOMDKKIB B AianasoHi ly,=(1-4) M paHa Bif-
MiHHICTb Mi>X goBXuHamm I; i |, cknagae Big 10 go 15 %
[17-19]. Ana BW3HAYeHOCTI NOJanbLUMX PO3pPaxyHKOBUX
OL,IHOK YCepeHEHOr0 3HAYeHHS LLYKaHOro napameTpa v
3YMUHUMOCA Ha TOMY MPUKNaLHOMY BUNagKy, KoM LS
BIAMIHHICTb MiX foBXWHamu | i |, B CEpeaHbOMY BUSIB-
NAETbCA PiBHOK Npn6an3HO 13 %, a BigHoweHHS I/l
yncenbHo cknagae 6insa l¢/lyi=1,13. BpaxoBytoun Lei
JocnigHuii pesynbTat, opmyna 4ns HabnvkeHoi pospa-
XYHKOBOT OLLiHKW yCepefHeHOT WBMAKOCTI V. NPOCYBaHHA
M1a3MOBOr0 NilepHOr0 KaHaly BUCOKOBO/IbTHOTO EfeKT-
PWYHOrO IMMYNLCHOTO iICKPOBOro po3pagy B aTMocdep-
HOMY MOBITPI NpuiiHaToi OEPC «BicTps-naowyHa» npu
Inin=(1—4) M NpuiiMae HaCTYMHWUIA EMAIPUYHWIA BUFNAL;
Vi 1’13|min /Tdc , (1)
ne Ty — TpUBaNicTb 3pi3y iMMNynbCy Hanmpyru, SKuii Bu-
KNVKae enekTpuUYHWA Npobiil 4OBroro NoBiTPAAHOrO Npo-
MIXKY B focnigpkyBaHiii JEPC «BiCTpa-naoLWwmHa», MiHi-
MaJlbHa LOBXKVHa SIKOT0 YMCEbHO CKNAAAE lyin=1 M.

Y (1) umcenbHe 3HaueHHs napametpa lyi,=1 m ansa
nosiTpsHOi JEPC «BicTpsA-nnowmHa» BUOUPaETbCS nep-
COHa/IOM BMMPOBYBanbHOT Gpuragn i QikcyeTbea BiAno-
BiAHUM BMMIpIOBa/IbHUM IHCTPYMEHTOM ([OBrO0 MeTpu-
YHOIO MIHIKOK) eKCrepUMEHTaIbHUM LLIAIIXOM, a vmce-
NbHE 3Ha4YeHHs TPMBAIOCTI 3pi3y Tg IMNYNbCY Hanpyru
BM3HAYAETHCS LUMSAXOM PO3LIMPYBaHHA Oro ocumior-
pam y MpoLeci eneKTpUYHOro nNpoboro NOBITPAHOro Npo-
MiXKKY B JEPC JOBXUHOIO |min 3 BUKOPUCTAHHAM LUpO-
BOr0 3anam’aToBYHOHOro ocuunorpaga i HagBUCOKOBO/b-
THOrO OMiYHOro noginbHUka Hanpyru (OMH). 3actocy-
BaHHA y BMNafKy, WO PO3rNsSLaETbCs Hamu, BKa3aHOro
TUMNY NOAISIbHUKA HAABUCOKOT Hanpyru rnos’s3aHo 3 Bij-
HOCHOH MPOCTOTOK 1Or0 BWUFOTOBMEHHA | MOPIBHSHO
HEBENMKOK  BapTICTHO  KOMMAEKTYIOUMX  €NeKTPUYHUX
€M1EMEHTIB, LLIO BXOAATb [0 ioro cknagy [18, 20].

BukopuctaHHa B (1) came BenMuMHU Ty MOSICHHO-
ETBCA TUM (DISUYHUM MOMOXKEHHAM, WO LA TPMBaNICTb
3pi3y Ty iMMynbCy BMCOKOI (HAABMCOKOI) iMMNYNbCHOT
Hanpyru, Lo nogaeTbes Ha nosiTpsHy AEPC, xapakTepu-
3y€ 4ac 3aKOpOYyBaHHS NO MOBITPAHOMY LUASXY peanb-
HOK [0BXWHOK |, NPOBigHWUM NIa3MOBUM NiJEPHUM Ka-
HaJIOM eNeKTPUYHOTO iMNY/IbCHOrO iCKPOBOro po3psasy
BMGPaAHOr0 Hamu MOBITPSHOIO NPOMIXKKY B faHiin JEPC 3
A0ro MiHiManbHOK AOBXMHOK |y | BiAMOBIAHO Yac BU-
PIBHIOBAHHS eNeKTPUYHUX MoTeHuianis (Q;=@,=0) Ha
enekTpoaax gocnigkysaHoi Hamu JEPC.

Ha puc. 2 npvBefeHwii 3aranbHuin BUFsg, A0CHIKY-
BaHOi JEPC «BicTps-nnoLmMHa» 3 AOBIMM PO3PSAHUM MO-
BITPAHUM NMPOMDKKOM AOBXMHOHO |in=3 M, sika 6yna ranb-
BaHIYHO NigKNIOYeHa [0 CWILHOCTPYMOBOIrO PO3PALHOIo
eNIeKTPUYHOr0  Kofla  HafiBUCOKOBO/LTHOIO — FeHepaTopa
CTaHZApPTHUX KOMyTaUiiHWX anepioguyHMX iMNy/bCiB
Hanpyru 4acosoi opmun T.,/T=200 MKc/1990 MKC no3u-
TMBHOT (HeraTMBHOT) NONAPHOCTI, PO3po6/eHOro i CTBO-
peHoro B HAMKI «MonHisa» HTY «XTMi» [17, 18].
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Puc. 2. 3aranbHui1 BUrNsg HaBUCOKOBO/IbTHOT MOBITPSHOT

[LEPC «Bictps-nnowmHa» (I,,=3 M), B AIKiil JO NOTeHUiAHOro
BEPXHbOI0 3ar0CTPEHOr0 Ha HXXHBLOMY Kpato CTa/IeBOrO e/eKT-
pOoAYy-CTPUKHIO pafiyCcoM ry=15 MM, pO3MiLLeHOMY MO LEeHTPY ii

383eMJIEHOr0 HVXKHLOTO MI0CKOT0 €1EKTPOAY 3 OLIMHKOBAHOI
cTani 3 rabapuTHUMK po3mipamu 5 5 M, npuegHaHuin OMH-2,5

Ha HOMiHaNbHY eneKTpUYHY iMNynbCHY Hanpyry 2,5 MB
3 KoegpiLlieHTOM fgineHHa Ky=53650 [18]

Ha puc. 3 HaBegeHa focnigHa ocuunorpama nosHo-
ro CTaHAapTHOrO KOMYyTaUiiHOro anepioAn4HoOro iMny-
NbCy Hanpyru yacosoi ¢opmu T, /T¢=200 MKc/1990 mKc
MO3NTUBHOI MONSPHOCTI, AKWIA Jie B PO3psALHOMY KO
BKa3aHOr0 HafBMCOKOBO/IbTHOIO BUMPOBYBasIbHOMO reHe-
paTopa [17, 18] Ha gocnimKyBaHy Hamu noBiTpsiHy JJEPC
«BICTPS-NNOLMHA» 6e3 eNeKTPUUYHOro NPo6Ooto Ti A0Broro
MOBITPSAHOTO NPOMIXKKY 3aBAOBXKM |pmin=3 M.
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Puc. 3. Ocumnorpama NOBHOIO KOMyTaL,iiHOro anepioguyHoOro
iMNy/ibCy BUCOKOI Hanpyru 4acosoi hopMu
T/ T¢=200 Mkc/1990 MKC NO3UTUBHOT MNOAAPHOCTI 63
€NeKTPUYHOr0 NPOBOHD JOBroOro NOBITPSHOr0 NPOMIXKKY
3aBAOBXKM |min=3 M B JEPC «BicTpsi-naoLmHa»
(Une=11,6 B 53650=622,3 KB — amnniTyga iMnynbCcy BUCOKOT
Hanpyru; T,=200 MKC — Yac HapocTaHHs (nigriomy) iMnynscy
Hanpyrv fo amnaiTyam Upe; T¢=1990 MKC — TpuBanicTb
iMnynbcy Hanpyru Ha pisHi 0,5U,.; MacLuTab 3a BepTUKaII0 —
268,2 kB/gin; macwTab 3a ropusoHTanio — 250 MKc/gin)

Ha puc. 4 306paxxeHa gocnifgHa ocumnorpaMa 3pisa-
HOr0 Ha HapoCTalouil YaCTUHI BWKOPUCTOBYBAHOrO B
eKcnepuMmeHTax CTaHAapTHOro KoMyTauiiiHoro anepiogu-
YHOro iMNynbCy BMCOKOT Hanpyru T.,/T4=200 mkc/1990
MKC 3 efIeKTPUYHUM NPO6OEM [0Broro MoBiTPAAHOrO PO3-
psiAHOro npomikky B JEPC «BicTpA-naowmHa» MiHima-
NIbHOK A0BXMHOK |min=1,5 M, AUl AKOro Bu3Havanucs
3rifiHO BUMOT fitoyoro craHgapty [16].
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Puc. 4. Ocumnorpama 3pi3aHoro CTaHAapTHOrO KOMyTau,iiHOro
anepiogMyHOro iMnybCy BUCOKOI HANpyru 4acosoi hopmu
Tr/T¢=200 MKc/1990 MKC MO3UTUBHOT MOASPHOCTI NpK
€/1eKTPUYHOMY MPOo6Oi OBroro NoBiTPSHOrO NPOMIXKY
3aBAOBXKM |min=1,5 M B JIEPC «BicTpsi-naoLmMHa»
(Unee=11,4 B 53650=611,6 KB — piBeHb 3pi3y iMnynbey
Hanpyru; T,=95 MKC — yac 3pi3y iMny/bCy Hanpyru;
Tgc=17 MKC — TpuBanicTb 3pi3y (KoMyTauil) iMnynbcy Hanpyru;
macLuTab 3a Beptukannto — 107,3 kB/gin;
MacLuTab 3a ropmsoHTasIto — 50 MKc/ain)

INER: (NRE]
b

BrikopucTOBYtOUM OTpUMaHIi 3rigHo puc. 4 gocnigHi
yuncenbHi faHi gnsa TpuBanocTi 3pisy Tg=17 MKC Bignosi-
[HOTO iMMy/bCy BMCOKOI Hanpyru (418 BMNagKy, KOnu
Unmea=611,6 kB) B noBiTpsHiii AEPC (Imin=1,5 M), Wwo pos-
rnagaetoes, 3 (1) aAng ycepefHeHOT LWIBUAKOCTI Vi Npocy-
BaHHA N1a3MOBOro NiepHOro KaHaty imMny/bCHOro iCKpo-
BOr0 po3psiay B aTMOChepHOMY MOBITPI Ti BKa3aHOro A0B-
FOro po3psAHOro MPOMIXKKY BUTIKaE, Lo v, =0,997-10° m/c.
Mpy aHiA WBMAKOCTI V. PO3NOBCIOMKEHHS B aTmocdep-
HOMY MOBITPI NO3MTWMBHOIO flifepa iMNYNbCHOrO iCKPOBOro
po3psgy MPOXigHWIA TM peanbHWiA LASAX JOBXUHOW |. B
MDKENEKTPOAHOMY  MOBITPSHOMY — MPOMiDXKKY — OEPC
(Imin=1,5 M) npw ioro enekTpuuHOMy npo6oi (Tg=17 MKC)
3aCTOCOBaHUM IMMYNbCOM BUCOKOT Hampyry 4ucenbHo
cknagae le=v, T4:=1,695 M. baunmo, Lo B LibOMY BUNaJKY
peasibHa JOBXWUHA | LWAXy PO3BUTKY NiAEPHOr0 KaHaly
iCKpoBOro paspsagy B focnigpkysaHoi JEPC nepesuLlye
MiHIMasIbHY LOBXWUHY |in=1,5 M i po3psgHoro noeitps-
HOro NPOMIXKY Npuban3Ho Ha 13 %.

BigmiTimMo, L0 Npy WBMAKOCTI 36iNbLUEHHS iMMY/b-
CHOT Hanpyry U,(t), ka NpuKnagaeTbes A0 PO3psAHOro
npoMi>ky noBiTpsHOT AEPC, piBHiin dUy,(t)/dt=5 kB/MKc
(K B HalMX eneKTpodhisMYHNX BUMafKax) pO3BUTOK MO-
3UTUBHOIO Nifepa B aTMOCepHOMY MOBITPI Big0yBacTbCS
6e3nepepBHO (6e3 cTyniHyacToro yteBopeHHsi B [EPC
OKpeMux NnasMoBuX NigepHnx KaHnanis) [3]. Mpu Takomy
MPOLIECi NPOCYBaHHSA B NOBITPi NMO3UTUBHOIO Nijepa po3-
pPAgy LOBXMHA |, MOro nnasmoBoro kaHany B uin JEPC
MOHOTOHHO 36inbLyBaTUMeTLCA (AuB. prc. 1).

[ns NOPIBHSHHS OTPUMAHOTO BULLIE YMCE/BHOIO pe-
3ynbTaTy AN CepefHboi LWBMAKOCTI Vi NO3UTMBHOTO Ni-
[iepa, XapaKTepHOro AN eNneKTpopo3psAAHUX MPOLECIB,
AKi NpOTiKaloTb B /1ab0OPaTOPHUX YMOBax B MOBITPSHIN
LEPC «BicTpsi-nnowmHa» 3 ii 4OBrMM po3psiaHMM NpoMi-
XKOM (Imin=1,5 M), 3 BiAOMUMM Bif3HAUMMO, WO 3rigHo [7]
HaliMeHLLIa cepefHs LIBUAKICTb Vi NPOCYBaHHA B aTMocqe-
PHOMY MOBITPi MepefHLOro (PPOHTY HeraTMBHOIO nifepa
[IOBroro iCKpoBOro po3pagy Mix rpo3oBOK0 XMapoto i no-
BepxHeto 3emni  (6MCKaBKKM) KibKiCHO ckafae 6ins
v =10° m/c. AK 6aunMO, OTPUMaHUIA B NaBOPaTOPHIX YMO-
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Bax 3 BMKopucTaHHaM uiei AEPC npu I,i,=1,5 M i cTaHaa-
PTHOrO KOMYTaLiiHOro anepiognyHoro iMnynbCy Haapu-
COKOI Hanpyru yacoBoi opmun T, /T4=200 MKc/1990 MKc
MO3UTUBHOI MONAPHOCTI HABNMXKEHWIA 3 ypaxyBaHHAM (1)
pO3paxyHKOBO-EKCMEPUMEHTaIbHUIA pe3ynbTaT Ans yce-
pefiHeHoi WwBKaKocTi v =0,997-10° M/C NpocyBaHHs B
aTMocthepHOMY MOBITPI NNa3MOBOro fifepPHOro KaHany
iMMY/IbCHOTO ICKPOBOrO PO3psAAY MPakTUYHO LOPIBHIOE Ti
NPUIAHATM B 06/1aCTi (Di3VKM aTMOC(EPHOT eeKTPUKU
(6nmnckaBkm) | eNeKTPOGi3NKN HaABUCOKUX Hampyr Kifb-
KICHUM 3HadeHHaM (v, =10° m/c [7]).

3a3HauMmo, Lo NPV BUKOHaHHI Haf- i BUCOKOBO/Ib-
THUX EKCNEPUMEHTIB 3 BMKOPUCTAHHAM LOCNiAKyBaHOI
nogiTpsiHoT [EPC «BicTps-niowwmHa» (gue. puc. 2) i
OTPUMAHUM Hamu Npy LUsOMY [/ [OBIUX PO3PSLHUX
NOBITPAHMX NPOMDKKIB (lmin=1,5 M i |,in=3 M) gocnigHum
pesynbTaTam 3rigHo puc. 4 i puc. 5 6ynmn 3acTocoBaHi AK
OMiYHMiA noginbHUK Hanpyru Tuny OMH-2,5 (K¢=53650)
[18], Tak i MOBipeHWin fep>KaBHOK METPOOTIYHOK CYX-
60t0 Luposuit ocumnorpad Tektronix TDS 1012B, wio
3anam’aTOBYE KOPUCHI eNeKTPUYHI curHanu (ceptudikar
kani6pysaHHst UAO1Ne1312 Big 29.06.2023 p.).

Ha puc. 5 306paxxeHa ocumiorpama 3pisaHoro Ha gpo-
HTa/IbHI/  YaCTVHI  BMKOPWCTOBYBAHOTO B /1abOPaTOPHMX
CUMBHOCTPYMOBWX €KCMEPUMEHTAX, L0 BUKOHYBa/IUCA Ha-
MW, Ha[BMCOKOBOMIETHOTO CTaHAApPTHOTO KOMYTaLiiHOro
anepioguyHoro imnynscy Hanpyrn T.,/T=200 MKc/1990 mMKc
3 eNIleKTpUYHUM MPoBOoEM [LOBroro MoBiTPSHOIO po3psj-
HOro NpoMiXKKY B gocnigpkysaHin [OEPC  «BicTps-
NNOLLMHE» MiHIMa/IbHOKO AOBXUHOMO |in=3 M.
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Puc. 5. Ocumnorpama 3pi3aHoOro CTaHAapTHOrO KOMyTaLliiHOro
anepiognyHoro iMnysbCy HaZBUCOKOT HaNpyry 4acosoi (hopMu
T/ T¢=200 MKC/1990 MKC NO3UTUBHOI MOMIAPHOCTI MPU eNeKTpUY-
HOMY Mpo6Oi JOBroro NOBITPAHOIO NPOMIDKKY 38BLO0BXKM |yin=3 M
B JEPC «sicTpsa-nnowmHa» (Un=19,8 B 53650=1062,3 kB -
piBeHb 3pi3y iMnynbey Hanpyru; Te=104 MKC — yac 3pisy iMnynbcy
Hanpyru; Tg=33 MKC — TpyBaicTb 3pi3y (KOoMyTaLil) iMny/nbcy
Hanpyruv; macluTtab 3a BepTukanio — 268,2 kB/gin;
MacLUTab 3a ropusoHTano — 50 MKC/Ain)

BKaXemo, L0 HasiBHICTb MiKONOAIGHMX CMeCcKiB Ha
npueeaeHnx 3rigHo puc. 4 i puc. 5 ocumnorpamax 3pisa-
HUX IMAYNbCIB Hanpyrn (cnoyvaTky iX POHTaIbHUX Yac-
TUH) MNOB’A3aHO 3 KOHCTPYKUiAHMMKU 0COBAMBOCTSAMM
nobyfoBN BMKOPWUCTOBYBAHOIO B CXeMi (hOpPMyBaHHS 3a-
CTOCOBAHWX HaMW anepiofuyHuX iMMynbCiB Hanpyru
HaJBMCOKOBONLTHOIrO reHeparopa tuny H-4 [17, 18],
L0 Ma€ PO3MILLEHWNIA Ha BUCOTI ~12 M Hag, 3eM/1er0 Macu-
BHWIA CTaNeBuii eKpaH-aax nnoLero 6ins 60 M2 LLisnakuii
3apsig | po3pag eeKTPUYHOI EMHOCTI LibOro eKpaHy-gaxy

IH-4 i BMKNMKAE NosIBY BKasaHWX MiKiB Hanpyru. Lli
MIKOMOAIGHI CraecKn Hanpyru He MOXYTb BM/IMHYTW Ha
PO3BUTOK €MEKTPOPO3PAAHMX NPOLIeciB Yy Halwin JEPC.
3rigHo gocnigHum gaHum (puc. 5) y pasi enekTpuu-
HOro Npo60olo JOBroro NOBITPSHOrO NPOMIXKY B AOCHI-
mxyBaHili JEPC «icTpa-naowmHay (lyin=3 M) TpuBa-
nictb  3pisy Ty Ha (PPOHTI  HaJBWCOKOBONLTHOIO
(Uneg=1062,3 KB) cTaHAapTHOrO KOMyTaL|iliHOro anepio-
AnuHoro imnynbcy Hanpyrn Tp/Tg=200 Mkc/1990 mMKc
MO3NTUBHOI MOMAPHOCTI MPUAMAE YMCE/IbHE 3HAYEHHS,
piBHe NpM6AN3HO T4=33 MKC. Baummo, WO i3 36iMbLUeH-
HAM yaBidi (3 1,5 M 40 3 M) MiHIManbHOI AOBXUHN |y
MOBITPAHOIO PO3psgHOro npoMmikky B JEPC «BicTps-
NNOLLMHa» NPaKTUYHO YABIYi 3pOCTaE i TpMBaNicTb 3pi3y
Tgc Ha HapoCTatoYilA YaCTUHI BUKOPKCTOBYBAHOIO BUMPOODY-
Ba/IbHOMO iMNynbCy Hanpyrn Uy,(t) (MprbnmnsHo 3 17 MKC Ao
33 MKC 3rijHO AaHUM JOCAigHMX OCLUMnorpam Ha puc. 4 i
puc. 5). [aHi ekcrnepumeHTanbHi pesy/bTaTh BKasyoTb
Ha Te, WO ycepeaHeHa LUBUAKICTb Vi MPOCYBaHHS Mas-
MOBOIO JliIePHOr0 KaHaly iMNy/nbCHOro iCKPOBOro pos-
psgy B arMoctepHoMy MoBiTpi gocnimkysaHol AEPC
«BICTPSA-NNOLWMHA» 3 Pi3KO HEOLHOPIAHUM CUMIBHUM M-
NYNbCHUM €MIEKTPUYHMUM MOMEM MPK 3MiHI B Hiil MiHIMa-
NbHOT JOBXWHU lin B AianasoHi l,,=(1,5-3) M NpaKTU4HO
He 3aN1eXMTb Bif AOBXMHN €NeKTPMYHO MPO6KBaHOro B
Lii AEPC n0oBroro NoBiTPSHOr0 NMPOMIXKKY BUCOKOHO a60
HaJBMCOKOK iMNY/bCHOK Hanpyrot U, (H)=(¢;—¢,), aKa
npuiivae npu  lyn=1,5 M uncenbHe 3HauyeHHs 6ing
Unmee=611,6 KB (aus. puc. 4), a nput lyin=3 M — npn6aunsHo
Unmee=1062,3 kB (guB. puc. 5). KoHKpeTHUM nigTsep-
[PKEHHSIM TOMY € Te, LU0 Y BUKOPWUCTOBYBaHili NOBITPAHil
LEPC «BicTps-nnowmHa» (lnin=3 M), fika BMNpo6OBYE
[It0 CTaHAAPTHOrO KOMYTaUiiHOro anepioguyHoOro imny-
NbCy Hanpyru yacosoi opmn T,/T¢=200 Mkc/1990 MKc,
ycepeaHeHa WBUAKICTb V. NPOCYBaHHA B aTMOCHEPHOMY
MOBITPI M1a3MOBOr0 KaHa/ny NO3WTVWBHOMO Nigepa imny-
NbCHOTO iCKPOBOro po3psify 3 YpaxyBaHHSM eMMipuyHOT
thopmynm (1) npnt 1yin=3 M i T4c=33 MKC YMCEbHO CKNaaae
6ina v,=1,03-10° m/c. Lle KinbKicHe 3HaueHHs ana v, (Mpw
1in=3 M B MoBiTpsHili [EPC) Bifipi3HAETbCS HE Bifbliie HiX
Ha 3 % Bij paHile OTPYMAHOro HaMu Ha OCHOBI 3arporo-
HOBaHOro TYT PO3pPaxyHKOBO-EKCMEPUMEHTANILHOIO METOAY
KiNIbKICHOTO BM3HAYeHHs ycepeaHeHoT LIBUAKOCTI v Npo-
CYyBaHHs B MOBITPi NO3UTUBHOIO Nifjepa LOBroro icKpoBo-
ro pospsgy npu enekTpuyHoMy npoboi B Tii e OEPC
PO3PSAAHOIO MOBITPSAHOrO MPOMIXKKY MiHIMa/IbHOK [0B-
YKUHOM |in=1,5 M UMCENbHOr0 3HaYeHHs ANs Vi, WO CTa-
HOBWTb MPU6AM3HO v, =0,997-10° m/c. PeanbHuii Lwnsx
3aBA0OBXKM |, NpOCYBaHHA B MiXXENEKTPOAHOMY MPOMIX-
Ky noBiTpsHoi JEPC no3UTMBHOrO nifepa icKpoBOro
pospsgy B ubomy BUMAAKY (Imin=3 M; T4~=33 MKC;
v(=1,0310° m/c) 6yde unCenbHO  piBHUM  6ins
1=V Tg=3,399 M, Wwo npunbamnsHo Ha 13 % nepesuLLye
BKa3aHy MiHIMa/IbHY JOBXWHY |nin=3 M po3psaHOro nosi-
TPSHOrO NPOMIXKKY B focnigpkysaHii JEPC «BicTps-
naowwmHa». Mpy ICTOTHO MEHLWIA LWBMAKOCTI Vi Npocy-
BaHHA NO3UTWBHOrO Nigepa po3pagy B nosiTpi AEPC «Bi-
cTps-nnowmHa» (Hanpuknag, npu vi=1,5-10* m/c, aus.
puc. 5.36 B [3]), y AKiiA eneKTpMYHWA Npobiin Ti po3psaa-
HUX NPOMiXKKiB (Imin=1,5 M i l,i,=3 M) 00yMOBNIOETLCA
TakoXX Nnojadero Ha Ti BiANOBIAHI €N1eKTPOAN CTaHAapTHO-
ro KOMyTaliliHOro anepioguyHoro iMnynscy BMCOKOI
(Umeg=611,6 kB) abo HagBucokoi (Ung=1062,3 KkB)
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Hanpyru Yacosoi opmn T,/T4=200 MKc/1990 MKC nosu-
TUBHOT NONMAPHOCTI, AN peanbHO 3aiKCOBaHUX Hamu
YncenbHMX 3HaYeHb TPUBANOCTI iX 3pi3y Ty (BiANOBIAHO
PiBHUX ~17 MKC i ~33 MKC 3rifiHO faHux puc. 4 i puc. 5)
NPOXOMXKEHHA HUM (NOAIGHMM MNO3UTUBHUM NliAEPOM
PO3pPsAY) BKa3aHWX pPeasibHUX LUMAXIB 3aBA0BXKKM |=v Ty,
(y mepwomy Bunagky ansa 1:=1,695 M, a B gpyromy -
[;=3,399 M) cTae NMPUHLMNOBO HEMOXNMBUM. IpK BKa3sa-
Hil weuakocTi v =1,5-10* m/c [3] Ana NPOXomKeHHs Ta-
KUM NiAePOM po3psgy BUKOPUCTOBYBAHUX JOBXMH 1>l min
6ynyTb MOTPIOHI 3HAYeHHA Tye, SKi MOBUMHHI YMCENTBHO
cKnagatu He meHLue (110-220) MKc, Lo 6yae cynepeunTy
yMOBaM i peanisiM MpoBefeHWX Hamy HaABWCOKOBO/bT-
HMX eKCMepuMeHTIB. B 3B’A3Ky 3 UMM BigoMi AocnifHi
AaHi, aki npueegeHi B [7] (awe. Tabn. 17.2) ana Hai-
MEHLLIOT cepefHbOi LIBMAKOCTI v, =10° M/c npocyBaHHs B
aTMocthepHOMY MOBITPI HeraTUBHOMO fifepa 6/IMCKaBKY,
MaloTb Gifblly AOCTOBIPHICTL. Pi3nKa PO3BUTKY Nigep-
HOro NpPo6oK JOBrMX MOBITPAHUX MPOMIDKKIB AK B npu-
POAHWMX, TaK i B N1abopaTopHMX YMOBaX, He AUBASUNCH Ha
3HAYHY PIi3HMLIO NPU LbOMY B PIBHSX HafBWNCOKOI Hampy-
rn Ug,(t), mpn dUso(t)/dt=5 KB/MKC NOBMHHA 3a/MLLATHCS
04HakoBo. OTpMMaHi 3a LONOMOroK 3anponoHOBaHOro
PO3pPaxyHKOBO-EKCMEPUMEHTANILHOTO METOAY [AaHi  Ans
YCEPEAHEHOT LLIBMAKOCTI V. MPOCYBaHHS B aTMOCHEPHOMY
MOBITPi MO3UTMBHOrO figepa IMMYNbCHOIO ICKPOBOrO
po3pagy B AEPC «BicTps-naowmHa» npy lnin=(1,5-3) m
[OMNOBHIOKTb | YTOUHIOTb MaslOBMBYEHI B CBITI €/1eKT-
poi3nuHi 0cOBMBOCTI MPOABY MeXaHi3MiB NigepHOro
Npo6oto AOBrMX NOBITPAHUX MPOMIXKIB Y BUKOPUCTOBY-
BaHili JEPC «BicTpA-niowmHa» 3 pi3K0 HEOAHOPIAHUM
CUBHUM IMNYIbCHUM €EKTPUYHMM MOMEM.

3 ypaxyBaHHAM NpuBeLEHUX B Uil poboTi Habnm-
YEHUX YNCENBbHUX JaHWUX ANA Vi i MiHIMasbHOT NOXMOKM
BUMiptoBaHHA AUl BMKOPUCTOBYBaHMX B MPOBEAEHUX
eKcrneprMeHTax 3a Aonomoro nositTpsHoi AEPC «BicT-
PS-NIOWMHA» CTaHAAPTHUX KOMYyTauiiHUX anepioguny-
HMX IMMAYNbCIB Haf- | BUCOKOT Hampyru 4acoBoi (opmu
Tw/T¢=200 MKc/1990 MKC NO3WTMBHOI NONSPHOCTI, fKa
cKnagae He meHLe 3 % [16, 17, 20], moXHa BBaXKaTK, L0
ycepefHeHa LWBUAKICTb Vi PO3MNOBCIOMKEHHS B aTmMoce-
pHoMy noBiTpi uiei AEPC nepefHbOro )poHTY NO3UTMB-
HOro nifiepa B N1a3MOBOMY KaHasli iMMy/IbCHOIO iCKPOBO-
ro po3psAfy YMCenbHO cknagae 6ins v =(1+0,03)-10° m/c.

3. Po3paxyHKOBO-eKCNepUMeHTa/IbHa OLjiHKa KO-
POTKOYaCHOI eeKTPUYHOT MiLHOCTI AOBrMX MOBITPS-
HUX NPOMDKKIB. TyT BaX/MBO NiLKPECIUTU Te, LIO efe-
KTPUYHa MILHICTb NOBITPAHOT i301ALiT B €N1eKTpoeHepre-
Tuui i BIT BM3HayaeTbes i BUBMPAETLCA, BUXOAAUM 3 Aii
Ha Hel HacTyMHMX ABOX (hOpPM iMMYNbCiB Had- i BUCOKOT
Hanpyru [1, 3, 16]: no-neple, CTaHAAPTHOrO KOMyTaLlili-
HOro anepioAgMyHOro iMnynbCy; No-gpyre, CTaHAApPTHOrO
KOMMBA/IbHOT O 3aracatoyoro CYHycoTfanbHOro iMnysbey.
OTpuMaHHA MOAIGHMX [JaHWX ANs [0BrMX MOBITPAHMX
npoMixkiB (Ans lmix=(1-10) M) npu iMNyNbLCHOT Hanpyru
piBHeM U;,(t)=(1-5) MB noB’s3aHO 3 BEIMKUMU TEXHIY-
HUMW TPYAHOLLAMM | MaTepiaibHUMKM BUTpaTamu. B ubomy
BUMNaAKy HEOOXigHO HafiiHO 3axMLLATW Bifi BUHMKAOUMX
eNIEKTPUYHNX MepeHanpyr SiKk OCHOBHI eNeKTPOnpuCTpol
CaMoro HaiBUCOKOBOJ/IbTHOIO BMMPOOYBA/ILHOIO €eKTPO-
YCTaTKyBaHHSA, TaK i 3B’A3aHi 3 HUM 30BHILUHI XMBNAYi
enektponpucTtpoi [1, 2]. Kpim Toro, npu LpsoMy MNoTpiGHO
nepefodayaTvt 0Co6MBI 3aX0aM K 3 TEXHIKM 6e3neku, Tak i
Mo 3arnobiraHHI0 MOXMBMX ENIEKTPUYHMUX NPO6OIB i30M5-

Uil BMKOPWUCTOBYBaHUX enekTponpuctpois [1, 3, 17].
Y 3B’A3KYy 3 UMM pO3paxyHKOBO-eKCrepuMeHTa/IbHI pe-
3ynbTaTu, SKi NPeLCTaB/eHi BULLE 415 HaABUCOKOBOLTHOI
noBiTpsiHOT JEPC «BiCTpA-NNO0LMHa», AKa BigHOCUTLCA 40
OfHIET 3 OCHOBHMX 6a3nCHMX po3psigHKMX cucTem [1, 3],
MOXYTb MaTu NeBHe NPUKIagHe 3HauYeHHs Mpu BU6OpI B
0061acTi NPOMMCIOBOT eNeKTpoeHepreTukn i BIT miHiMa-
NbHWX PIBHIB PO3PSAAHMX €NEKTPUYHMX Hanpyr i Npobums-
HUX HanpyXeHocTein Eg CUAbHOTO iMNYNbCHOTO eNnekTpu-
YHOro NoJs AN AOBrMX NOBITPAHMX MPOMIXKIB.

Bpaxosytoumn emnipnyny opmyny (1), ans ycepea-
HEHOro 3Ha4yeHHs1 MPOBMBHOT HaMpPYXXeHOCTi Eq4 cunbHOro
€IeKTPUYHOr0 Mons B AOBIMX MOBITPSHWMX MPOMIKKAX
pocnigpkyeaHoi JEPC «BiCTpsi-MoLLMHa» MOXHaA 3aru-
CaTW HaCTYMHe PO3paxyHKOBe CriBBiLHOLLEHHS:

Eq 10 /113lImin) (@)
[e Q19 — €NeKTPUYHMIA NOTeHLian Ha Kpal BEepXHbOro
enekTpody B fgocnimkysaHin JEPC npu enekTpuyHoMy
PaKTepU3yEeTLCS CBOEK MiHIMA/IbHOK [JOBXMHOHO |iin.

Y npuknagHomy Bunagky 1, konm l,in=1,5 M, 3 (2)
npu @15=Q191=Unc=611,6 KB (auB. puc. 4) ana ycepeaHe-
HOro piBHA MPOGMBHOI Hamnpy>eHocTi E4=Egy cunbHOro
iMMNY/IbCHOTO  €/IEKTPUYHOIO MONSA Y BKasaHOMy [OBromy
NoBITPAHOMY NPoMiXKKY JEPC «BiCTpA-N/oLLMHa» OTPUMY-
€MO YKCeNbHE 3HaYeHHs!, MPUBN3HO piBHe E4=360,8 KB/M.
Ona  npuknagHoro Bunagky 2 npu =3 ™M i
015=P197=Upn=1062,3 KB (guB. puc. 5) 3 (2) 3Haxogumo,
O YCEepeAHEeHe 3HAYeHHA MPOOMBHOI HaMpPY>KEHOCTI
Eq=Eg> CWAbHOro iMMy/IbCHOTO €feKTPUYHOIO MoNs B
LbOMY [AO0BroMy MOBITPSHOMY MPOMiXKY AaHoi JEPC
yncenbHO cknagae 6ins E4»=313,4 KB/M. K 6aunmo, i3
36iNbLUeHHAM (y 2 pa3u 3 1,5 M 40 3 M) y AOCHIDKyBaHil
LEPC 3 pi3ko HEOAHOPIAHUM CUNBHUM IMAYNILCHUM efle-
KTPUYHMM NOMEM MiHIMabHOT JOBXWUHK |y TT po3pagHo-
ro NOBITPAHOIO NPOMIXKKY ycepefHeHe 3HaueHHs npo6u-
BHOI HampyXeHocTi E4 B Hili 3MeHLWyeTbCA (NpUGAN3HO
Ha 13,1 % 3 360,8 kB/m g0 313,4 kB/m). Lli po3paxyHKo-
BO-EKCMEPUMEHTASTbHI pe3ynbTaTy 41 yCepefHEHOT npo-
GVBHOI Hanpy>eHocTi Ey CUIbHOrO iMNy/nbCHOrO enekT-
puyHOro nons B MOBITPsAHIN AEPC «BiCTps-naoLWwmHa»
npn lmin=(1,5-3) M gobpe y3romkyThcsa 3 BigOMUMMK B
00nacTi eneKTPOeHePreTUKN [JaHWMK, SKi CTOCYHTbCS
MiHIMa/IbHOT €M1EKTPNYHOT MiLHOCTI MOBITPAHMX MPOMIX-
KiB 3aBOBXKN |nmin=(1-4) m [1-3].

BucHoBKwW.

1. 3anponoHoBaHWiA  HabAMXKEHWIA  pO3paxyHKOBO-
eKCNepUMEHT/IbHWIA METOZ, BW3HAYeHHs yCepeaHeHol
LUBMAKOCTI V| MPOCYBaHHS NIa3MOBOIO /liJepHOro KaHany
€/IeKTPUYHOrO iMMYNLCHOrO ICKPOBOTO Po3psigy B AOBrO-
My MOBITPAHOMY nNpoMiXKy [EPC «BiCTpA-NAoOLLMHEY.
[JaHnii meTop 6a3yeTbcsa Ha 3anpOMNOHOBaHI eMMIPUYHIl
thopmy/ii M JOCNIAHUX JaHUX AN TPUBanocCTi 3pisy (KO-
MyTauii) Tq4 IMNYbCIB MPOOMBHOT HaMpPyrn, OTPUMaHUX
3a pesy/ibTaTamMn po3LWM(pyBaHHA OCLMIOrpamM npoLecy
3pi3y CTaHAAQPTHOro KOMYTAL|iiHOro anepiofnMyHoro im-
nynbCy Haf- | BWCOKOI Hampyru 4acoBoi opmu
Tu/T¢=200 MKc/1990 MKC MO3UTMBHOI MOMSIPHOCTI Mpu
eneKTpMYHOMY Npo6oi y BKasaHiin JEPC aoBrux nosit-
PAHUX NPOMDKKIB 3 TX MiHIMa/IbHOK JOBXWUHOK |min, LLO
[AVCKPETHO 3MIHIOETLCA B AianasoHi lyin=(1,5-3) m.

2. MNokazaHo, WO ycepefHeHa LWBWUAKICTb V. po3ro-
BCIO[DKEHHSA B aTMOC(hepHOMY NOBITPi NepefHLOro (hpoH-
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Ty NIa3MOBOr0O KaHasly NO3UTUBHOIO flifiepa eneKTpUYHo-
ro iMMnynbCHOrO iCKPOBOrO po3psily B [AOCAimKyBaHii
LEPC «BicTpa-nnowmHa» Ans ABOX PO3rASHYTUX MNpu-
KnagHux Bunagkie npn lnin=1,5 M l;im=3 M umcenbHO
cknagae npubamsHo v =(1+0,03)-10° m/c. OTpuMaHmii
Hamu YncenbHWA pe3ynbTaTt ANd Vi 406pe Y3romKyeTbCs 3
BiJOMUMU [OCMIAHMMU JaHUMMW A0S LWBWAKOCTI Npocy-
BaHHs v, =10° M/C B aTMOC(epHOMY MOBITPi M1a3MOBOro
KaHa/ly HeraTMBHOrO nifepa AN [OBroro rpo3osoro ic-
KpOBOro po3psay B JEPC «3apsmkeHa Xxmapa-3emns».

3. PO3paxyHKOBO-eKCNePUMEHTA/IbHAM LLIAXOM BCTa-
HOB/IEHO, WO ANs CTaHAApTHOro KOMyTaLiliHOro anepio-
ANYHOrO iMNYy/bCY BMCOKOT i Ha[BUCOKOI Hanpyrn 4yaco-
BOT thopmm T,/T¢=200 MKc/1990 MKC MO3UTUBHIW nonsp-
HOCTI ycepeaHeHe 3Ha4YeHHs1 NPO6GUBHOT HanpyXeHoCTi Eq
CWUMbHOTO IMMYNBLCHOFO €IEKTPUYHOTO MO B LOBrOMY
MOBITPSAHOMY MPOMIXKKY AocnimpkyBaHoi JEPC «BicTpsi-
NNOLLMHa» MiHIMabHOI JOBXMHOW |min=1,5 M uncensHo
cknagae 6ina E4=360,8 KB/M, a ans Moro MiHiManbHoOi
[OBXUHU |in=3 M — E,=313,4 kKB/M. OTpuMaHi pe3ynb-
TaTu ana Eq nobpe KOpentorTb 3 BIAOMUMW AaHUMK ANs
MiHIMa/IbHOT e1eKTPUYHOT MIiLLHOCTi MOBITPAHMX MPOMIXK-
KiB 3aBOBXKN lin=(1-4) M B AOCNIMKyBaHili MNOBITPSHIN
[OEPC «BicTpa-nnowmHa».

®diHaHCcyBaHHA. P0o60TY BMKOHAHO 3a MigTPUMKM
MiHicTepcTBa OCBiTU | Hayku YkpaiHu (Tema b Ne
0123U101704).

KoH(NiKT iHTepeciB. ABTOp 3asBNS€ NpPoO BIACYT-
HIiCTb KOH(NIKTY iHTepeciB.

CrNCOK NITEPATYPU
1. Bpxesuupkuii B.O., binuii 1.B., Boiiko M.1., Fynb B.1., TypuH AT,
InbeHko O.C., Icakosa A.B., KoHgpa b.M., KonwwuH B.O., KpaByeHko
B.l., Haboka B.I"., Mpouexko O.P., Pygakos B.B., XumeHko J1.T., Xo-
MiHiy B.1., LocTak B.O., AHiwescbkuii B.1. TexHika i enekTpodisnka
BMCOKMX Hanpyr: HasyaunibHuii NocibHuK / 3a pef. B.O. bpxesnLbKoro,
B.M. MuxaiinoBa. Xapkis: HTY «XIl» — TopHago, 2005. 930 c.
2. KHondenb . CBepXcunbHble UMMY/bCHbIE MarHUTHbIe Nons. M.:
Muwup, 1972. 391 c.
3. BbopTHuK V.M., Benornoeckuii A.A., BepewaruH W.M., BepwmnHuH
HO.H., KanmHnH A.B., KyumnHckwii IT.C., JlapuoHoB B.MM., MoHacTbIp-
ckuit AEE., Opnos A.B., TemHukos A.l'., Muutanb HO.C., Ceprees
KO.I"., Cokonosa M.B. 3neKTpotm3nyeckme 0CHOBbI TEXHWUKI BbICOKWX
Hanps>keHuii: YuebHuK ans By3os. — M.: V3gaTensckuidi gom M3OW,
2010. 704 c.
4. Baranov M.I. A choice of sections of electric wires and cables in
circuits of devices of high-voltage high-current impulse technique. Elec-
trical Engineering & Electromechanics, 2018, no. 6, pp. 56-62. doi:
https:/doi.org/10.20998/2074-272X.2018.6.08.
5. Baranov M.1., Rudakov S.V. Electrothermal Action of the Pulse of
the Current of a Short Artificial-Lightning Stroke on Test Specimens of
Wires and Cables of Electric Power Objects. Journal of Engineering
Physics and Thermophysics, 2018, vol. 91, no. 2, pp. 544-555. doi:
https://doi.org/10.1007/s10891-018-1775-2.
6. BoBueHko A.W., borycnasckuii J1.3., MupoLuHnyeHko J1.H. TeH-
[EeHUMN Pa3BUTUA MOLLHBIX BbICOKOBO/bTHBIX FEHEpaTopoB UMMY/bC-
HbIX TokoB B NWMT HAH YkpauHbl. TexHiyHa eneKTpoanHamika,
2010, Ne 5, C. 69-74.
7. Paiizep HO.M. dusmka ra3oBoro paspsiga. M.: Hayka, 1987, 592 c.
8. Niemeyer L., Pietronero L., Wiesmann H.J. Fractal Dimension of
Dielectric Breakdown. Physical Review Letters, 1984, vol. 52, no. 12,
pp. 1033-1036. doi: https://doi.org/10.1103/PhysRevL ett.52.1033.
9. Wiesmann H.J., Zeller H.R. A fractal model of dielectric breakdown
and prebreakdown in solid dielectrics. Journal of Applied Physics, 1986,
vol. 60, no. 5, pp. 1770-1773. doi: https:/doi.org/10.1063/1.337219.
10. Hussein A.M., Janischewskyj W., Chang J.-S., Shostak V., Chis-
holm W.A., Dzurevych P., Kawasaki Z.-I. Simultaneous measurement
of lightning parameters for strokes to the Toronto Canadian National
Tower. Journal of Geophysical Research: Atmospheres, 1995, vol. 100,
no. D5, pp. 8853-8861. doi: https://doi.org/10.1029/95JD00543.

11. XiaY., LiuD.,Wang W., Bi Z., Wang X., NiuJ.,Ji L., Song Y., Qi
Z. Effects of previous ionization and excitation on the ionization wave
propagation along the dielectric tube. Journal of Physics D: Applied
Physics, 2016, wvol. 49, no. 16, art no. 165202. doi:
https://doi.org/10.1088/0022-3727/49/16/165202.

12. Kebbabi L., Beroual A. Fractal analysis of creeping discharge pat-
terns propagating at solid/liquid interfaces: influence of the nature and
geometry of solid insulators. Journal of Physics D: Applied Physics,
2006, vol. 39, no. 1, pp. 177-183. doi: https://doi.org/10.1088/0022-
3727/39/1/026.

13. Hu H.M., Yang Y., Lu W., Zhao G.P. Electrical Tree Simulation
Based on the Self-Organization Criticality. Energy and Power Engi-
neering, 2013, wvol. 5, no. 4, pp. 1273-1276. doi:
https://doi.org/10.4236/epe.2013.54B241.

14. Xiong Z., Robert E., Sarron V., Pouvesle J.-M., Kushner M. J.
Dynamics of ionization wave splitting and merging of atmospheric-
pressure plasmas in branched dielectric tubes and channels. Journal of
Physics D: Applied Physics, 2012, vol. 45, no. 27, art. no. 275201. doi:
https://doi.org/10.1088/0022-3727/45/27/275201.

15. KyximHr X. CnpaBoyHuk no cmsuke / Mep. ¢ Hem. nog ped. E.M.
NelikmHa. M.: Mup, 1982. 520 c.

16. MOCT 1516.2-97. 3nekTpoobopynosBaHue U 3/1eKTPOYCTaHOBKM
nepeMeHHOro Toka Ha Hanps>keHue 3 kB v Bbiwe. ObLive MeToabI
VCMbITaHUA 3NeKTPUYECKO NPOYHOCT U U3onaLmMn. MuHek: Mexrocy-
[apCTBEHHbI/A COBET MO CTaHAAPTU3aLMM, METPOIOTM U CepTUtNKa-
umn, 1997. 31 c.

17. Baranov M.l., Koliushko G.M., Kravchenko V.I. A switching
aperiodic superhigh-voltage pulse generator for testing the electric
strength of insulation of technical objects. Instruments and Experi-
mental Techniques, 2013, vol. 56, no. 6, pp. 653-658. doi:
https://doi.org/10.1134/S0020441213050126.

18. bapaHos M.W., Konmywko .M., KpasueHko B./. TMonydeHvie
CTaHAAPTHbIX KOMMYTALMOHHBIX VMMYNbCOB BbICOKOTO U CBEPXBbICO-
KOTO HampsyKeHWsa 411 HaTYPHbIX UCTIbITaHWIA 3NEKTPO3SHEPreTUHECKNX
00beKTOB. EnekTpoTexHika i EnekTpomexaHika, 2013, Ne 2, C. 52-56.

19. BapaHoB M.l. BubpaHi nnTaHHsa enekTpodpisvku: MoHorpadis y 4
Tomax. Tom 4: EdekT B3aeMogii isnyHmx Tin 3 nonsMu i cTpyma-
mu. X.: «®OIlM MNaHos A.M.», 2023. 552 c.

20. Baranov M.1., Buriakovskyi S.G., Rudakov S.V. The metrology
support in Ukraine of tests of objects of energy, aviation and space-
rocket engineering on resistibility to action of pulses of current (voltage)
of artificial lightning and commutation pulses of voltage. Electrical
Engineering & Electromechanics, 2018, no. 5, pp. 44-53. doi:
https://doi.org/10.20998/2074-272X.2018.5.08.

REFERENCES
1. Brzhezitsky V.O., Biliy L.V., Boiko M.I., Gul’ V.I., Gurin A.G,,
I’enko O.S., Isakova A.V., Kondra B.M., Kopshin V.O., Kravchenko
V.I., Naboka B.G., Protsenko O.R., Rudakov V.V., Khymenko L.T.,
Khominich V.1., Shostak V.O., Yanishevsky V.1. Technique and Elec-
trophysics of High Voltages. Kharkiv, NTU «KhPI», Tornado Publ.,
2005. 930 p. (Ukr).
2. Knopfel' G. Ultra strong pulsed magnetic fields. Moscow, Mir
Publ., 1972. 391 p. (Rus).
3. Bortnik 1.M., Beloglovskiy A.A., Vereshchagin I.P., Vershinin
Yu.N., Kalinin A\V., Kuchinskiy G.S., Larionov V.P., Monastyrskiy
AE., Orlov A.V., Temnikov A.G., Pintal’ Yu.S., Sergeev Yu.G., Soko-
lova M.V. Electrophysics bases of HV technique. Moscow, Publ. House
of MEI, 2010. 704 p. (Rus).
4. Baranov M.I. A choice of sections of electric wires and cables in
circuits of devices of high-voltage high-current impulse technique. Elec-
trical Engineering & Electromechanics, 2018, no. 6, pp. 56-62. doi:
https://doi.org/10.20998/2074-272X.2018.6.08.
5. Baranov M.l., Rudakov S.V. Electrothermal Action of the Pulse of
the Current of a Short Artificial-Lightning Stroke on Test Specimens of
Wires and Cables of Electric Power Objects. Journal of Engineering
Physics and Thermophysics, 2018, vol. 91, no. 2, pp. 544-555. doi:
https://doi.org/10.1007/s10891-018-1775-2.
6. Vovchenko A.l., Bohuslavsky L.Z., Myroshnychenko L.N. Trends
in development of high-powered high-voltage pulse current generators
in the Institute of Pulse Processes and Technology of Ukraine (review).
Technical electrodynamics, 2010, no. 5, pp. 69-74. (Rus).
7. Rayzer Yu.P. Physics of gas discharge. Moscow, Nauka Publ.,
1987.592 p. (Rus).

EnekTpoTexHika i EnekTpomexaHika, 2024, Ne 2

53



8. Niemeyer L., Pietronero L., Wiesmann H.J. Fractal Dimension of
Dielectric Breakdown. Physical Review Letters, 1984, vol. 52, no. 12,
pp. 1033-1036. doi: https://doi.org/10.1103/PhysRevL ett.52.1033.

9. Wiesmann H.J., Zeller H.R. A fractal model of dielectric breakdown
and prebreakdown in solid dielectrics. Journal of Applied Physics, 1986,
vol. 60, no. 5, pp. 1770-1773. doi: https://doi.org/10.1063/1.337219.

10. Hussein A.M., Janischewskyj W., Chang J.-S., Shostak V., Chis-
holm W.A., Dzurevych P., Kawasaki Z.-1. Simultaneous measurement
of lightning parameters for strokes to the Toronto Canadian National
Tower. Journal of Geophysical Research: Atmospheres, 1995, vol. 100,
no. D5, pp. 8853-8861. doi: https://doi.org/10.1029/95JD00543.

11. XiaY., Liu D., Wang W., Bi Z., Wang X., Niu J., Ji L., Song Y., Qi
Z. Effects of previous ionization and excitation on the ionization wave
propagation along the dielectric tube. Journal of Physics D: Applied
Physics, 2016, wvol. 49, no. 16, art. no. 165202. doi:
https://doi.org/10.1088/0022-3727/49/16/165202.

12. Kebbabi L., Beroual A. Fractal analysis of creeping discharge pat-
terns propagating at solid/liquid interfaces: influence of the nature and
geometry of solid insulators. Journal of Physics D: Applied Physics,
2006, vol. 39, no. 1, pp. 177-183. doi: https://doi.org/10.1088/0022-
3727/39/1/026.

13. Hu H.M,, Yang Y., Lu W., Zhao G.P. Electrical Tree Simulation
Based on the Self-Organization Criticality. Energy and Power Engineer-
ing, 2013, wvol. 5 no. 4, pp. 1273-1276. doi:
https://doi.org/10.4236/epe.2013.54B241.

14. Xiong Z., Robert E., Sarron V., Pouvesle J.-M., Kushner M. J.
Dynamics of ionization wave splitting and merging of atmospheric-
pressure plasmas in branched dielectric tubes and channels. Journal of
Physics D: Applied Physics, 2012, vol. 45, no. 27, art. no. 275201. doi:
https://doi.org/10.1088/0022-3727/45/27/275201.

15. Kuhling H. Handbook of Physics. Moscow, Mir Publ., 1982.
520 p. (Rus).

16. Standard GOST 1516.2-97. Electrical equipment and installations
for a.c. voltages 3 kV and higher. General methods of dielectric tests.
Minsk, Intergovernmental Council of Standardization, Measuring and
Certification Publ., 1997. 31 p. (Rus).

17. Baranov M.I., Koliushko G.M., Kravchenko V.I. A switching ape-
riodic superhigh-voltage pulse generator for testing the electric strength
of insulation of technical objects. Instruments and Experimental Tech-
niques, 2013, wvol. 56, no. 6, pp. 653-658. doi:
https://doi.org/10.1134/50020441213050126.

18. Baranov M.l., Koliushko G.M., Kravchenko V.I. Generation of
standard switching aperiodic impulses of high and superhigh voltage for
full-scale tests of electrical power objects. Electrical Engineering &
Electromechanics, 2013, no. 2, pp. 52-56. (Rus). doi:
https://doi.org/10.20998/2074-272X.2013.2.10.

19. Baranov M.I. Selected topics of Electrophysics. Monograph in 4
Vols. Vol. 4. Effects of interaction of physical bodies with fields and
currents. Kharkiv, FOP Panov A.N. Publ., 2023. 552 p. (Ukr).

20. Baranov M.I., Buriakovskyi S.G., Rudakov S.V. The metrology
support in Ukraine of tests of objects of energy, aviation and space-
rocket engineering on resistibility to action of pulses of current (voltage)
of artificial lightning and commutation pulses of voltage. Electrical
Engineering & Electromechanics, 2018, no. 5, pp. 44-53. doi:
https://doi.org/10.20998/2074-272X.2018.5.08.

Hapiiiwna (Received) 30.09.2023
MpuitnaTa (Accepted) 16.11.2023
Ony6nikosaHa (Published) 02.03.2024

bapaHoB Muxaiino IBaHOBWY, 4. T.H., FON.H.C.,
HayKoB0-40CniHWIA Ta MPOEKTHO-KOHCTPYKTOPCLKUIA IHCTUTYT
«MosHis» HalioHanbHOro TeXHIYHOMO YHiBEpCUTETY
«XapKiBCbKMIA NOAITEXHIYHUIA IHCTUTYT»,

61013, Xapkis, Byn. LLleBueHKa, 47,

e-mail: baranovmi49@gmail.com (Corresponding Author);

How to cite this article:

M.1. Baranov

Research and Design Institute «Molniya»

of National Technical University «Kharkiv Polytechnic Institute»,
47, Shevchenko Str., Kharkiv, 61013, Ukraine.

Calculation and experimental determination of the speed of
advancement of the plasma leader channel of a pulse spark
discharge in atmospheric air.

Goal. Calculation and experimental determination of middle
speed v_ of advancement of plasma leader channel of a pulse
spark discharge in the long air interval of the double-electrode
discharge system (DEDS) «tip-plane». Methodology. Bases of the
theoretical electrical engineering and electrophysics, electrophys-
ics bases of technique of ultra- and high-voltage and high pulse
currents, bases of high-voltage pulse technique and measuring
technique. Results. The close calculation and experimental
method of determination of middle speed v, of advancement of
plasma leader channel of an electric pulse spark discharge is
offered in the long air interval of DEDS «tip-plane». This method
is based on the offered calculation empiric formula for finding of
the indicated speed v, and results of decoding of oscillograms of
process of cut of in-use standard interconnect aperiodic pulse of
over- and high-voltage of temporal shape of T,/T4=200 ps/1990
s of positive polarity at an electric hasp in indicated DEDS of
long air intervals with their minimum length of l,;,, numeral mak-
ing 1,5 m (first case) and 3 m (second case). It is shown that mid-
dle speed v, of advancement in atmospheric air of front of plasma
channel of positive leader of an electric pulse spark discharge in
probed DEDS «tip-plane» for two considered applied cases at
Ihin=15 m of I|;=3 m numeral makes approximately
v =(120,03) 10° m/s. The found numeral value of this speed v,
well coincides with the known experimental information for speed
of advancement of v,=10° m/s in atmospheric air of plasma chan-
nel of negative leader for a long storm spark discharge in DEDS
«charged cloud-earth». It is set that for the standard interconnect
aperiodic pulse of high- and ultra- voltage of temporal shape of
T/ Tg=200 ps/1990 ps of positive polarity middle value of aggres-
sive strength E4 of high pulse electric field in the air interval of
probed DEDS «tip-plane» numeral makes minimum length of
Iin=1,5 m near E4=360,8 kV/m, and for his minimum length of
Inin=3 m of — Eg»=313,4 kV/m. Originality. The comfortable is
developed in the use and reliable in practical realization techni-
cians-and-engineers calculation and experimental method of re-
search in the conditions of high-voltage electrophysics laboratory
of difficult electro-discharge processes of development of leader
hasp of long air intervals and determination of minimum electric
durability of air insulation of electrical power engineering and
electrophysics equipment on working voltage of classes of 330-
1150 kV. Practical value. Application in area of industrial electri-
cal power engineering and high-voltage pulse technique of the got
numeral electrophysics results and offered calculation and ex-
perimental method of determination of middle speed v, of ad-
vancement in atmospheric air of plasma channel of leader of a
long spark discharge will allow, from one side, to deepen our
scientific knowledges about a long electric pulse spark discharge
in an air dielectric, and, from other side, to develop high-voltage
electrical power engineering and electrophysics devices with
enhanceable reliability of their work both in normal operation
and malfunctions. References 20, figures 5.

Key words: plasma leader channel, electric pulse spark dis-
charge, air dielectric, advance speed of a spark discharge
front, calculation, experiment.
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Mpu UbOMY 3HAYEHHSI CTPYMY i MOBHOT NOTYXXHOCTI
VSC1 npwu po6oTi Al B cuctemi 3a P, = 1 B.0. 6inbLui,
HiXXK Npu aBTOHOMHIA po6oTi Al' B 1.7 pa3 3a aKTUBHOIO
HaBaHTaXKEHHS | MPakTUYHO OAHaKoBi y Bunagky RL-
HaBaHTaXeHHs. KoedilieHT noTy>xHocTi Al npu po6oTi
B i30/1b0BAHOMY pPeXUMi B YCbOMY fiana3oHi HaBaHTa-
YKEHb CMOXMBaYiB, KpPiM X.X., OINbLUNIA, HDX Npy pPo6oTi
ATl B cknagi CE. MakcumanbHe 3HaueHHs KK, AlN 3a
oro poboTu AK B i301b0BaHOMY Mpavotodomy MEA, Tak
i B cknagi MCE, ctaHoBuno 0.947, a koeilieHT NOTyX-
HocTi Al — 0.91 i 0.88 3a po60TK i30/1b0BaHO i B CKNagj
I"CE, BignoBigHo, Lo fobpe chiBBiAHOCUTLCSA 3 MacrnopT-
HUMW AaHUMW cepiiHmX 3paskiB Al

OCHOBHi napameTpu Ta TeXHIYHI XxapaKTepucTu-
ku T'CE. Po3paxyHKM NMPOBOAMMNCE 3@ HACTYMHUX napa-
METpIB Ta TEXHIYHMX xapakTepucTuk ICE.

AI’ G1. HomiHanbHa NOTYXHicTb / Hanpyra / YacTtoTa
/ KinbKicTb nontocis / 3’egHaHHA: 250 kBT /400 B / 50 '/
4/ (Y); akTBHMIA onip tha3m ctatopa / potopa: 7.7 MOm /
7.7 mOM; peaKTUBHWIA omip pos3citoBaHHA (ha3u cTaTopa /
potopa: 33 MOm / 33 MOwm; onip BTpaT B cTani: 42.3 Owm;
koedivieHT TepTs: 0.015 H ™ c/pas. Xapaktepuctuka Ha-
MarHivyyBaHHs reHepaTtopa 3afaHa B Ta6n. 1.

Tabnuus 1

XapakTepucTrka HamarHivyeaHHs AT G1
dazHuii cTpym, A |20| 27 | 54 |105]|141]191|290|421|592|836
dasHa Hanpyra, B [99]110(154|201|221|243|265|287|310|331

BY, PBH, CHE, nepetBoptoBay VSC1, HaBaHTa-
eHHs, BKK, gpoceni. BuxigHa NoTyXHiCTb reHepartopa
BY - 0,3 B.0.; 33fjaHa NoTy>HicTb PBH 3a BigcyTHOCTI Has-

. - - *
JMLLKY aKTUBHOI MOTYXHOCTi B cucteMi Pgyx 0.1 B.O;

CHE 3apsimkeHa i mpautoe B peXXMmi 06MEXEHHS CTpyMy
AT Ha piBHi 1 B.0.; BTpatamu B nepetsoptoBadi VSCL i
onopamu ApoceniB HEXTYETLCS; HaBAHTAXKEHHS CMOXMBa-
YiB CUMETPMYHE aKTMBHE abo 3 KoediLieHTOM NOTYXXHOC-
Ti 0.9, emHicTb BKK Ha thasy — 2,2 m®.

Ba3oBi 3HAUeHHS MOTY>XHOCTi, HANpPyrun, CTpymy i
YacToTW 3anexHocTeli (puc. 3, 4). 250 kBT = 1 B.0. NoTy-
XHocTi; 230 B = 1 B.0. Hanpyru; 418 A = 1 B.0. CTpymYy;
1500 06/xB. = 1 B.0. YacToTV 06epTaHHs; 50 'y = 1 B.O.
yacToTu.

BucHoBKW. Po3po6reHO METOAMKY —pPO3paxyHKy
CTaTUYHUX XapaKTEPUCTUK aCUHXPOHHOIO reHepaTopa,
Lo obepTaeThbCs Big rigpaBnivHoi TypbiHM BeAyyOoro rig-
poenekTpoarperata i NpaLoe B PEXMMI «MOCTiliHa Hanpy-
ra — nocTiHa YacToTa» napanensHo yepe3 AC/DC Hanis-
MPOBIAHVMKOBWIA NEPETBOPHOBaY 3 [PKepenamu i CrnoXmsa-
yamy aKTMBHOI MOTY)XHOCTI B CKnadi rigpo-BiTpo-
aKyMynAaTOPHOT ri6pUAHOI CUCTEMU €NEeKTPOMNOCTavaHHs,
LU0 YKMBUTb TPU(ha3HE HABAHTaXKEHHS.

Bifomi MeToaMKM po3paxyHKy CTaTUYHUX XapakTe-
PUCTUK aBTOHOMHUX TiBPUAHUX CUCTEM eNeKTporocTa-
YaHHA 3 ACMHXPOHHUMMW TeHepaTopamu i CTaTUYHUMMU
nepeTsoptoBaYaMmn eHeprii No6yAoBaHi HA OCHOBI [WHa-
MIYHMX MOZENEN, WO YCKNaAHKE TX BUKOPUCTAHHSA | MO-
Andikaviro. Ha BigmiHy Bif BiZOMUX METOAMK PO3paxyH-
Ky XapaKTepuCTUK aBTOHOMHOI0 aCMHXPOHHOIO reHepa-
TOpa Ta mapanieNbHO MpaLloYMX aCUHXPOHHUX FeHepa-
TOpiB, Y PO3POO6EHIn METOAMLII PO3pPaxyHKY BUKOPUCTO-
BYETbCA METOZ Cynepnosuuii Ta iHTeprnonsuia xapakTe-
PUCTUK L1 BPaxXyBaHHA LOAATKOBUX [KEPES XMBJIEHHA
Ta CNOXMBaYiB i3 334aHUMKN aNropuTMamm KepyBaHHs. 3a

[IONOMOrOK PO3pP06IEHOT METOAMKM PO3PaxyHKY MOXKHa
OTPUMATU XapaKTepUCTUKM AOCNISKYBaHOI CUCTEMU 415
[OBIfIbHO 33/1aHOM0 3HAYEHHA BUXILHOT Hanpyry 3aBAsKu
nepes6ayeHOMy B MeTOAMLi MapameTpuyHOMY aHanisy
Ljiei cuctemu.

AnpobaLito po3pobneHoi MeToauKKN Byno nposeae-
HO Ha aBTOHOMHIVi CUCTEMI efleKTpomnocTa4aHHs, aka Mic-
TUTb aCUHXPOHHWIA reHepaTop MOTYXHicTio 250 KBT.
OTpuMaHi XapakTepucTUKM aCUHXPOHHOrO TFeHepaTopa,
AKWIA Mpautoe B CKNagi CUCTEMM, BiAPI3HAKOTLCA Bif MOro
XapakTepuCTMK 3a pob0TM B aBTOHOMHO MpaLorYoMy
rigpoenekTpoarperarti i 3anexatb Bifi XapakTEPUCTUK i
anropuTmiB poboTU A0AATKOBMX [Kepen i ChnoxuBauis
aKTUBHOT MOTYXHOCTI cucTemu. 3rigHo pe3ynbTatis npo-
BeJleHUX A0CAiMpKeHb, NPY HOMiHa/bHIA aKTUBHIWA cKna-
[OBI HaBaHTAKEHHI CMOXMBaYiB 3MEHLLEHHS KoediljieH-
Ta NOTY>HOCTI HaBaHTaxeHHs Big 1 fo 0.9 npusseno o
36iNbLUEHHA MOBHOT MOTY)KHOCTI | BXIAHUX CTPyMiB
AC/DC perynsaTtopa B 4.7 pa3v B i30/1b0OBaHOMY PeXUMi
po6oTu rigpoenekTpoarperara i B 2.8 pasu 3a iioro pobo-
T B CKNagi cucteMn. A oTxe noTpebyBaTUMETbCs CyTTE-
Be 30i/bLUEHHA BCTaHOBMEHOT noTyxHocTi AC/DC pery-
nsaTopa K B pasi i30/1b0BaHOI pob0TH rigpoenekTpoarpe-
rata, Tak i 3a ioro po6otn B cknagi cuctemm 3 RL-
HaBaHTEXKEHHSM MOPIBHAHO 3 PEXMMOM PoBOTU Ha aKTu-
BHE HaBaHTaXXeHHS. OTpYMaHi 3Ha4eHHS MaKCMa/IbHOT0
KoegpiiieHTa noTy>HocTi i KK/, aCMHXPOHHOro reHepa-
Topa fo6pe cniBBigHOCATLCA 3 TEXHIYHUMU XapaKTepuc-
TUKaMU CEPIHMX aCUHXPOHHMX MaLLVH.

Mopanblue BAOCKOHaIEHHS | PO3BMTOK BUKIaAEHOT
METOANKN MOX/IMBO 3AINCHUTM 3aBASKW OiNbll TOYHOMY
po3paxyHKy BTpaT Ta po3risfy HOBUX PeXXMMiB poboTu i
CXEMHUX PiLLEHb FGPUAHUX CUCTEM €/1IEKTPONOCTaYaHHS.

KoHpniKT iHTepeciB. ABTOpU AeKNapyoTb BiACYT-
HIiCTb KOH(AIKTY iHTepeciB.
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Steady-state analysis of a hybrid power supply system using
an induction generator with a shunt AC/DC converter.
Hybrid power supply systems (HPSSs) are considered as a good
option for electric power supply of remotely located from the grid
consumers due to significant fuel savings compared to diesel sets.
Quick development and improvement of HPSSs may be achieved
using specialized methodologies and programs. In the paper a
schematic diagram is proposed and operation principles of a 400 V
/ 50 Hz HPSS were developed. The system’s main component is the
master generating unit of the hydropower plant using a 250 kW
induction generator (IG). The voltage of the system is controlled by
the controller of the AC/DC power converter. The electrical fre-
quency of the system is controlled by the speed controller of the
hydropower turbine. A wind turbine, an energy storage system and
a regulated dump load are connected to the IG through the AC/DC
converter. Goal. The paper aims to develop a methodology for
steady state performance analysis of the hydraulic turbine driven
isolated IG operating in parallel through an AC/DC power con-
verter with additional sources and consumers of active power.
Methodology. The methodology for evaluation of performance
characteristics of the IG operating in the proposed system has been
developed. The methodology is based on the equivalent circuit of the
system, equations of active and reactive power balance in the sys-
tem and the superposition method. Results. The equations of fre-
quency, voltage and power regulators of the system are given. The
performance characteristics of the 1G operating in the system sup-
plying resistive and RL load in «constant voltage — constant fre-
quency» mode are obtained. Novelty. The developed methodology is
innovative in taking into account the control algorithms of the sys-
tem. The comparative analysis of the 1G’s performance operating in
the stand-alone generating unit and in the generating unit con-
nected to the proposed system is performed. Practical value. The
developed methodology can be used for development and perform-
ance improvement of hybrid AC power systems. References 19,
table 1, figures 4.

Key words: hybrid power system, induction generator, su-
perposition method, equivalent circuit.
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B.I'. Aryn, K.B. Aryn

AHaNITUYHUIA MeTO[, BU3HAYEHHS YMOB MOBHOT KOMMeHcaLil peaKTUBHOT MOTY>KHOCTI
B CMCTEMI e/IeKTPpOonocTayaHHA

MeTa. MeTol CTaTTi € po3po6Kka aHani TUYHOTO MeTOZY BU3HAYEHHA YMOB [OCATHEHHS NMOBHOT KOMMEHCALT B y3aranbHeHiii cuc-
TeMi eNekTPonocTayaHHs, Ha OCHOBI BUKOPUCTAHHA 3aMiHHUX CXeM, SKi OTPUMaHi 3a [OMNOMOrol0 eKBiB/IEHTHUX NepeTBOPEHb
Tononorii BuxigHoi cxemn. MeTogonorisi. ¥ cTaTTi 3anponoHoBaHO MeTO/MKY 3aMiHU NOCNiA0BHOT KOMMeHcauil peak TUBHOT Mo-
TY>KHOCTIi Y BUCOKOBOMbTHUX TPaKTax CUCTEMU eeKTPONoCTauyaHHsA Ha napanenbHy KOMNeHCaLito peak TUBHOT MOTY>KHOCTI Y
BY3Ni HABAHTa>KEHHA HWU3bKOI Hanpyru. PesynbTaTun. Po3po6neHo anropuTmM NocnifoBHUX NepeTBOPEHb CXEMW XKUBNEHHS, LU0 fae
3MOTY OLHUTU 3HAUYEHHS EMHOCTEN KOMMEHCYBalbHUX KOHAEHCATOPIB, MPU AKUX JOCATAcTbCSA MOBHA KOMMEHcauis peakTWBHOT
MOTY>KHOCTI B cucTemi. OpuriHanbHICTb. 3anponoHoBaHa aHaNi TMYHa MeTOAMKA PO3paxyHKy napameTpiB By3na KoMneHcawii
[03BONSE BIAMOBMTUCS Bif CKNQAHMX KOMM’HOTEPHUX METOAIB ONTUMI3alil Ta Aae MOXKNMBICTb OLHUTY KOMMNEHCALiHI MOXKM-
BOCTI, AIKi NpMNajalnTh Ha YaCTKy HaBaHTaXKeHHs Ta mepexKi. MpakTuyHa LiHHICTb. 3anponoHoBaHa MeTOAMKa [403BONSE 3a
NPOCTUM arOPUTMOM 3 BUCOKOK TOYHICTIO BM3HAUNTU HeobXidHi napaMeTpn KOMMNEeHCaLiiHOro NpucTpoio, AKi 3abesneyyoTb
ONTUMANbHUIA PEXKMUM B CUCTEMI eneKTponocTayaHHs. 3anponoHOBaHUA anropuTM Nerko peanisyeThCs B MiKPOKOHTPONEPHii
CMCTEMi aBTOMaTMWYHOIO KepyBaHHs peXkuMamy CUCTeMW enekTponocTadaHHs. bibn. 15, Tabn. 1, puc. 6.

KntouoBi cnosa: enekTpuyHa CUCTEMa, PEeaKTUBHA MOTYXHICTb, MOBHA KOMMEHcALis, NOLyKoBa OMTUMI3aLis, KoedilieHT

MOTY>XHOCTi, eKBiBa/IEHTHi NEPETBOPEHHSI, 3aCTYMHA CXEMA.

BcTyn i noctaHoBKa 3agadi. KomneHcalis peakTu-
BHOT MOTY>XHOCTI 3a/IMLIAETLCA OAHUM 3 OCHOBHMX 3aCo0-
6iB MiABULLEHHS €HeproeeKTMBHOCTI CUCTEM €NeKTPO-
nocravaHHsa [1-6]. B YKpaiHi npu cyyacHUX ymoBax BO-
€HHOrO CTaHy Ui NUTaHHA NOBUHHI CTaTu O4HVMW 3 FON0-
BHMX (DAaKTOPIB MiABWLLEHHS MOXIMBOCTEN 6Ge3aBapiliHO-
ro NocTa4YaHHs eNeKTPOEHepPriel, 30KpemMa, KomneHcauis
PEaKTUBHOI MOTY)XXHOCTI [J03BOMNTb PO3BAHTAXUTU €fleK-
TPUYHI Mepexi i NigBUWMTKN KoedilieHT KOpUCHOT Aii
cucTem B winomy [4, 5]. Mopsia 3 TpaanUiiHAM MigXoaom
4aCTKOBOI KOMMeHcauil peakTUBHOT MOTYXXHOCTI HaBaH-
TaXeHb 3acC/lyroBYE yBarn PeXXMm MOBHOI KOMMeHcauii
PEaKTUBHOI MOTY)XXHOCTI, MpW SIKOMY B TputasHUx mepe-
)ax KOMMEHCYHOTbCA 3BOPOTHA i Hy/MbOBa CUMETPUYHI
cknagoBsi [7-11], peakTMBHI MOTY)XHOCTI 6e3nocepefHbO
HaBaHTAXEHHS i, KPiM TOro, peakTVMBHI MOTY>HOCTi B
camili eneKTpuYHIi mepexi [12-14]. OcTaHHI TpaguuiiHO
KOMMEHCYIOTLCSA TaK 3BaHOK MOB3A0BXHbLOK KOMIMEHCa-
Li€t0, NpU SIKi KOMMNeHCYBa/lbHi KOHAEHCATOPU BMUKa-
HOTbCSA NOCNIAOBHO B NiHil enekTponepeaasaHHsa [1, 2].
Aute, SiK NokasaHo B [14], KoMneHcauii cknagosux, oby-
MOB/IEHMX IHAYKTUBHOCTAIMU MliHIIA eneKTponepeaaBaHHs,
MOXXKHa JOCArTY 3a PaxyHOK 36iMbLUeHHS EMHOCTEN KOH-
JeHcaTopiB mornepeyHol KOMMeHcauil, WO BOHW LUYHTY-
I0Tb HaBaHTXXEHHA Y By3/1ax Bifloopy enekTpoeHeprii. B
3ara/lbHOMY BWMAfKY BW3HAYEHHS MOBHOI KOMMeHcalii
MOXKe OyTW 3[iiCHEHe 3a [OMOMOroH MOLYKOBOI OMTH-
Misauii [12, 13] HabAMXKEHUMU YMCENbHUMI METO4amu,
OCKiflbKWU MO CYTi MPUXOAUTLCA PO3B’A3yBaTU CUCTEMY
HeNiHIMHNX pPIBHSAHb, B SKMX MICTATbCA SK NapaMeTpu
CUCTEMU, TaK i CTPYMM 3 Hampyramu, i BOHU 3B’A3aHi MiX
CO00I0 OMepaLisiMM MHOXEHHS | aineHHs. Lle BnacTuBe,
AK 6yAe NokasaHO HWXKYe, i Ans BapiaHTy OAHOMIHIAHOT
y3arasibHeHOT CXeMU, IKa MOXKe 6yTW 3acTocOBaHa HaBiTb
NpW PO3rNsAfdi po3rany>XeHux enekTpuuHuMx mepex. Op-
HaK Yuce/ibHi METOAMN 34aTHI NPOBECTM AOCNIMAXKEHHA AnA
KOHKPETHUX YUCENIbHUX 3Ha4eHb, SKi XapaKTepu3yrTb
peXXvMMm MOBHOT KOMMeHcalii. AHaTITUYHI CUMBOJIbHI Me-
TOAN A03BONAIOTb MPOBECTM SKICHUIA aHani3 i OTpMMyBa-
TW y3ara/lbHEeHHI pe3ynbTaTu, peKoMeHAaLii i BUCHOBKMU.

MeTa cTaTTi nonsirae y CTBOPEHHI aHaniTUYHOro
MEeTOZY BUW3HAYEHHSI YMOB AOCArHEHHS NMOBHOT KOMMEH-

cauii B y3aranbHeHiil cucTemi eneKTponocTadaHHs 3af/s
CMPOLLEHHA METOAMKM BU3HAYEHHSI MapameTpiB KOMMeH-
CyBa/IbHUX MPUCTPOIB | JOCATHEHHS pe3ynbTaTiB 6e3 BU-
KOPWUCTaHHA BIiHOCHO CKMafHWX Mpoueayp Ha OCHOBI
ONTUMI3aLiAHNX anropuUTMIB.

OcCHOBHa 4acTuHa J0CNifpKeHHs. byaemo po3srns-
[aTn TpaguuiliHy cUCTeMy eneKTporocTayaHHs 3 nore-
PeYHOK KOMMEHCcaLiEt0 peakTUBHOI NOTYXHOCTI [1-3, 5,
6, 10], sika 306paxeHa Ha puc. 1y 3aranbHOMPUIAHATOMY
LN151 eNeKTPOEeHePreTUKN BUrNAL.

Lito cucteMy BapTO Ha3MBaTW y3ara/lbHEHOK CUCTe-
MOIO e/IeKTPOMNoCTa4aHHs, OCKiSIbKW B Hili BUAIMEHI OCHO-
BHi CK/1aloBi CUCTEMM efIeKTPOrnocTayaHHs npu AoTpu-
MaHHi 3ara/ibHOMPUIAHATUX B €EKTPOEHEPreTULi YMOB.
Takumn ymoBaMu €, Mo-nepLue, NPUMYLLEHHS, WO Tpudga-
3Ha 3a3BUYali CUCTEMa eNleKTPONoCcTavaHHA PYHKLIOHYE B
CUMETPUYHOMY PEXMMI, a TOMY A0CTaTHLO aHanizysaTu 1i
NuLle 3a OAHIED 3 TPbOX (ha3 i 3aBASKM LbOMY MOXHa
po3rnsAaTv Tak 3BaHWUIA OAHONIHIHWIA BapiaHT cucTemu,
TO6TO, 0fjHO(A3HY 3aCTYMHY CXEMY 3 OLHUM [DKepesioM
Hanpyru. Mo-gpyre, napaMmeTpu 3acTYMHOI CXeMU MPUBO-
[ATbCA 00 OfHIET CTOPOHW — abo O CTOPOHM reHepaTopa,
abo [10 CTOPOHW HaBaHTaXXeHHA, AK L, Hanpuknag, po-
OUTLCA MPU PO3PaxyHKax PeXMMIB KOPOTKUX 3aMUKaHb.
Mo-TpeTe, Mepexa, fka MOXe MaTu po3rasy>XeHy Tono-
NOrito, 3aMillyeTbC OLHWM KOMIMJIEKCHUM aKTUBHO-
iHOYKTUBHMM OMOPOM Ha OCHOBI TEOPEMMU MPO eKBiBasIeH-

THWUIA aKTUBHWUIA ABOMOMKOCHVIK.
Zn

es 17—
N -2

[ T o

Puc. 1. ¥Y3aranbHeHa OfHOMiHIHA CUCTeMa eN1eKTPOMOCTa4YaHHs
3 KOMMEHCaTOPOM peakTUBHOI MOTYXXHOCTI

B uili cxemi e; — mKepeno Hamnpyru, sike reHepye i
MocTavyae eneKTPOEHEPrito; Zs — KOMMNAEKCHUIA aKTUBHO-
iHAYKTMBHWIA onip, WO BigoGpaXae NiHil0 enekTponepe-
[laBaHHs i BpaxoBye BHYTPILLHiiA onip camoro reHepaTo-
pa; Z, — KOMMN/IEKCHE aKTUBHO-IHAYKTUBHE HaBaHTaXKEH-
HeA; Cyx — EMHICTb 6aTapei KoHAeHcaTopiB, AKi KOMMEHCY-
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I0Tb PEaKTUBHY MOTYXHICTb B CUCTEMi efieKTponocTa-
YaHHs. 3a3BMYail TPagWLIiHO B eNeKTPOEHepreTuLi Bu-
KOPUCTOBYIOTLCA [OCUTb Hab/MdKeHi OLIHKM 3Ha4eHHs
L€l emHoCTi. BoHa B13HAYaeTbCA AIK Taka, L0 CMPOMOX-
Ha KOMMEHCYBaTVW MeBHY 3afjaHy 4YacTWHY peaKTUBHOI
MOTY)XHOCTI HaBaHTaXXeHHS. Lle noB’A3aHO 3 MOCTIHO
3MIHHOK HaBaHTaXEHb, HANPUKag, B MepeXxax efleKTpo-
MocTayaHHA KOMYHa/lbHUX CnoXuBadiB. Kpim Toro, He-
MOX/MBO BWCTAaBUTWU TOYHE 3HAYEHHSI €MHOCTI GaTapel
KOHAEHCATOPIB HaBiTb TOAI, KON Lie 3HAYeHHs BU3Haue-
HO, OCKiNIbKM Hagae BMMB Ha AMCKPETHICTb 3HaY4eHb EM-
HOCTEn OKpeMUX KOHAEHCaTopiB, WO CKMajalTb baTa-
peto. OfHaK PO3BMTOK HaMiBMNpPOBI4HNKOBOI CWUNOBOT efe-
KTPOHiKM i 3aC06iB aBTOMaTUYHOr0 YNpaBniHHA eNeKTpo-
TEXHIYHUMM CUMCTEMAMW MatOTb TEHAEHUIT umdpoBsisauii
eNeKTPOHIKM i nepexif [0 iHTeNeKTyalbHUX CUCTEM ene-
KTporocTaydaHHs [11], wo [03BONATL BUPILWIUTK B3arani
Ui Npo6sieMu i HagaTM MOXJIMBICTb JOCAITU TOYHMX Na-
pameTpiB KOMMEHCYBa/IbHNX MPUCTPOIB HaBiTb B yMOBax
Bapiauili HaBaHTaXXeHb. Ma€eTbCs Ha yBa3i 3aCTOCYBaHHSA
KEpOBaHUX IHAYKTUBHOCTEN 3 YBIMKHEHUMU 3YCTPIYHO
TUPUCTOPaMK, a TaKOX CUMOBUX aKTUBHUX (iNbTpiB 3
LLUMPOTHO-IMMYNbCHOK MOAYNSLIELD.

Ha puc. 2 HaBefeHO 3aCTyrMHy CXeMmy y3arajisHeHoi
CUCTEMW eNIEKTPONOCTAYaHHSA 3 KOMINEHCATOPOM.

Is Rs Ls
T

e Cf) Rn

Ln

Puc. 2. 3acTynHa cxema y3arasibHeHOoT cMcTeMu
€/1eKTponocTayaHHs 3 KOMMeHCaTopoMm

B uili cxeMmi Rg i Ly — akTMBHWIA onip i IHAYKTUBHICTb
NiHIT enekTponepeaaBaHHsl, Kyam TakKoX BK/HOYEHI i Big-
noBiAHI NapameTpu peanbHOro reHepatopa; R, i L, —
aKTUBHWIA ONip i IHAYKTUBHICTb HaBaHTaXKEHHA Npu Npea-
CTaBNeHHi HaBaHTaKEHHS MOCNIJOBHUM EKBIB/IEHTOM.
CucTema piBHAHb 32 METOLOM KOMM/IEKCHUX amnmiTyg,
L0 OMMCYE L0 EKBIBAJIEHTHY 3aCTYMHY CXEMY, BUTNA4a€E

HACTYMHUM YMHOM B 6a31Ci 3MiHHMX |g, Iy, U, :

(Rs j Lo)ls Ug & 1)
(Ry J Ly U 0; )
I.s I.n J Cy Ljc 0. (©)

Cnif 3ayBaXKuTK, IO B CUCTEMI UMX PiBHAHb Mic-
TATbCA HeBifoMi cTpymmn g, I, i Hanpyra U, a Kpim
TOr0 HeBiZJOMOIO BEIMUMHOIO € EMHICTb Cy, AiKa pa3oMm i3 U,
yTBOptoE 106yTOK CU. . Lie B CBOIO Yepry /LLIae cucTemy
(1) = (3) niHiHOCTI, a KpiM TOrO TPbOX PIBHSIHb BXE He
BUCTaYaE /19 OAHO3HAYHOrO BU3HadeHHa Ig, I, U, i C.
B meToai nowykoBoi onTumisauii Us 3afava po3B’sa3yeThbes
HaK/laJaHHAM [0LAaTKOBUX YMOB KOMMeHcaLii peakT1BHOI

MOTYXXHOCTI 3 NOJ&/IbLUMM BUKOPUCTAHHAM YMCNOBUX asl-
rOpMTMIB i3 3aCTOCYBaHHAM HbIOTOHIBCLKUX METOAIB abo

MeTOAYy ONTMMiI3auii 3a anropuTtMoMm, Hanpuknag, Aedop-
MOBaHOro 6aratorpaHHuka [12, 13].

3acTocyemMo HaCTyrMHi eTanu eKBiBaJIEHTHUX nepe-
TBOPEHb 3aCTYMHUX CXEM Y3arajibHeHO! CUCTEMU ENeKT-
porocTavaHHs.

Etan 1. MepeTBOpUMO MOCNiOBHMIA eKBIBaNeHT Ha-
BaHTaXXeHHS 3 KOMMN/IEKCHMM omopoM R, + j L, B napane-
NbHWUIA eKBIBaNIEHT 3 KOMMMEKCHO NPOBIAHICTIO Gyy — Yo

. 1 R
G Ym - f
O Ry j Ly REO22
j L, R, j Xn
RZ 212 RZ x2 "RZ Xx?

Kpim TOro, koHaeHcatop Cy 3aMiHMMO [BOMa KOH-
neHcatopamu Cy = C; + C,, ae C; Oyfie Npu3HayeHnii ans
KOMMeHcaLii peakTMBHOCTI CYTO HaBaHTaXeHHs, a C,
Oyfe JOMOBHIOBATY NPOLEC KOMMEHcaUil fO PiBHA, KoM
[DKepeno es He Gy/ie NOB’A3aHe 3 PeaKTUBHOK MOTYXHIC-
THO, TOOTO hasn Hanpyrun i CTpyMy mkepena cnisnagyTh i
TUM camum 6yge [OCATHyTa NOBHA KOMMEHCaLisl peakTu-
BHOI MOTY)XHOCTI B cuctemi. OTpumaHa nicns etany 1
3acTynHa cxema 306paxeHa Ha puc. 3.

Rs Ls
—1 A
LT

o <f> c2== c1== vm% Gn1|:|

Puc. 3. 3acTynHa cxema cucTeMu 3 napasesibHum €KBIBa/IEHTOM
HaBaHTaXKeHHS i pO3ﬂO,D,iI'IEHVIM KOMNEHCAaTopoM

Etan 2. BusHayaeMo €MHicTb KoHAeHcatopa Ci,
SKWIA NMOBWHEH KOMMEHCYBaTW iHAYKTMBHICTb Napane/ib-
HOTO eKBiBaNIEHTY HaBAHTAXEHHS:

. . X
] C]_ JY]_ 0 abo Cl —n,
" RY X3
3BifKM:
Xp! L,
“ o w2 ®
n n n n

Ha uboMy >K eTani MOXHa B EKBIB/IEHTHIA CXeMi
(puc. 3) No36aBMTUCS ABOX PeaKTUBHUX efleMeHTiB. Ma-
0TbCA Ha yBas3i iHAYKTUBHICTb NapanenbHOro eKBiBasleH-
Ta HaBaHTaXeHHs 3 NPOBIAHICTIO Y, i KOHAeHcaTop Cy,
AKWA MOBHICTIO KOMMEHCYE UK IHAYKTUBHICTb. CyMma
MPOBiAHOCTEN LMX eNeMeHTIB [OPIBHIOE HyMtO, TOMY 3
TOYKM 30py MEeTOfda KOMMIEKCHUX aMnuiiTyf, WO 3acTo-
COBYETbCA TYT AN aHanisy, Ui eNeMeHTU MOXKHa NpPocTo
BUKJ/IOUMTU 3i CXeMU Ha puc. 3. B pe3ynbTati 0TpPMMaEmo
eKBIBaNlEHTHY CXeMy 6e3 BKa3aHWX e/IeMeHTIB, sika Npea-
CTaBneHa Ha puc. 4.

Rs Ls
LT

Cc2 —

(1) e ]

Puc. 4. 3acTynHa cxema CUCTEMW 3 KOMIMEHCATOPOM PeaKTUBHOI
CK/1af10BOT NiHIT eneKTponepeaBaHHA
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Etan 3. Tenep Tpe6a BU3HAUMTU EMHICTb KOHAEHCa-
Topa C,, KMiA NiAKNKYeHWIA NapanebHO NPOBIAHOCTI Gy
MOBVHEH KOMMEHCYBATW PeaKTVBHY MOTYXKHICTb iHAYKTWB-
HOCTi Lg fiHIiT enekTponepefasaHHs. [lMepeTBopuMo Jani
napanesnbHe kono Gy — C, B NOCNiA0BHe 3’€fiHaHHS eKBiBa-
NIeHTHKX pe3uncTtopa R i koHaeHcaTopa C; (puc. 5).

Rs Ls c3
1 Y I]
LT 1

e (1) e ]

Puc. 5. 3aCTyI'IHa CXemMa CMCTEMW Ha eTari BU3HAYeHHS EMHOCTI
KOMMeHcaTopa 4na NiHiT enekTponepeaaBaHHA
[Mo3HaumMmo: X; =

Lo Yoo = Cy Xez = UV,

Ycs = Cs. TOAi NapamMeTpy HOBOFO KOMa HaBaHTaKeHHS
OTPUMAEMO 3 OYEBUAHMX CMiBBiAHOLLEHD:
. 1 G iY,
Rs iXc3 . ”; J O
Gn Ye2 Gi Y&
3Bifcu icHo, Lo
G
Rna z—nlz; (6)
Gn Ye2
Yc2
Xes 55 )
2 2
Gm Ye2

B cxemi Ha puc. 5 peakTVBHI efeMeHTU YBIMKHEHI
nocnifloBHO, i YMOBM MOB3A0BXHLOI KOMMeHcauii peak-
TUBHOT MOTY)XHOCTI MOMAraldTb Yy BUKOHaHHI  YMOBU
Xs = Xc3, TOGTO

Xs Yeol(Ga Y&), (8)

L0 NPMBOAMTL A0 PO3B’Si3aHHS anrebpaiyHOro Keagpar-
HOrO0 PiBHSIHHSA

1
X—Ycz Gh O 9)
S

vé

3BifCcK MOXHa BU3HAUMTY MPOBIAHICTb KOHAEHCATO-

pa C,:
1 1

2Xs \ax?

fAK BMOHO 3 OTPMMAHOrO BMPa3y, PO3B’A3aHHA Mae
[Ba KOpeHi, 3 AKNX [N peasibHOro BUMagKy cnif obparu
PIBHAHHA 3 MO3HAYKOID «MiHYC» nepef KopeHem. Apyre
3HAYeHHsa NiATBEPYKYE iCHYBAHHA [BOX PEXMMIB MOBHOI
KOMMeHCaLlii peakTMBHOT MOTYXXHOCTI B CUCTEMI eNeKTpo-
MoCTayaHHs, Ha Lo 6y/10 BKa3aHO B MOMEpPeAHixX mpauax
[14, 15], oe mapameTpu APYroro pexumy OTpMMyBaucs
yncenbHUM METOJOM B XOfi MPOBEAEHHS ONTUMI3aLii 3a
METOOM Aed)opMOBaHOro GaraTorpaHHuka. [pyruii Ko-
PiHb BifMNOBIAAE 3aBWLLIEHI EMHOCTI KOMMeHcaLii i 3Hau-
HOMY 30i/bLLIEHHIO CTPYMY, LLO CMOXMBAETLCA Bif [Kepe-
na. EMHicTb koHaeHcaTopa C,: Co= Yo, / . CymMapHa em-
HiCTb, HeoOXifHa Ana NoBHOI KomneHcauii: C, = C; + C,.

YMOBWN [OCATHEHHA PEeXXMMy MOBHOI KOMMeHca-
uii. 3 Bupasy (10) MoXHa OTPUMATK YMOBY AOCATHEHHSA
peXXUMy NOBHOT KOMMeHcaLii, fka nossarae B Tomy, 106
NigKOPiHHWIA BUpa3 6yB NO3UTUBHMWIA:

Yc2 Gh - (10)

1 2
—~_ G4 o (11)
ax2 "
Lle npuBoAnTS A0 BUPa3y:
1
X . 12
s 26, (12)
3 ypaxyBaHHSAM TOrO, LU0
R
Gy —n
" RZ X2
OTPUMaemo:
1 X
Xs =(R, 2D, 13
s 2( n Rr%) (13)

TakMM YMHOM, METOAMKA BUKOPUCTaHHA OTpuUMa-
HWUX BHWLLE PO3PaxyHKOBMX CMiBBIgHOLIEHb MOXE OyTu
ornucaHa HacTynpum YMHOM:

Po3paxoBYyeEMO NapafieNlbHWin eKBiBaseHT HaBaHTa-
YKEHHS.

BrikopucTOBYOUM IHOYKTUBHY CKNafoBy napasnenb-
HOro eKBiBa/leHTa, 3HAaXOAUMO EMHICTb KOMIMEeHcaTopa,
L0 BiH KOMMEHCYE PeaKTUBHY CKMafoBy CyTO HaBaHTa-
YKEHHS 3a CNiBBiHOLLEHHAM (4).

BuKnOYaeMO i3 3aCTYMHOI CXeMM iHAYKTUBHY CKa-
[0BY NapanefibHOro eKBiBa/IEHTY HaBaHTaXEHHS PasoMm 3
T EMHICHMM KOMMEHCATOPOM, OCKIiNbKK X CyMapHa npo-
BIfHICTb [OpPIBHIOE HYNt0. BBOAVMMO B eKBIiBa/IEHTHY CXe-
MY EMHICTb C,, L0 NpU3HaYeHa 4ns KoMneHcauil peakTu-
BHOI CKNaf0BOT NiHii enekTponepefaBaHHs.

3a cniegigHoOLWeHHAM (13) nepesipsemMo yMOBU [0-
CATHEHHS MOBHOT KOMMNeHcau il peakTUBHOT NMOTY)XXHOCTI B
cUCTeMI.

AKLLO NOBHA KOMMEHcaLis MOXe ByTu JOCArHyTa,
CK/alaeMo piBHsHHSA (9) i po3B’A3yeMO Oro 3a CniBBig-
HolueHHsM (10), Wo [A03BONSE BWU3HAYMTU MPOBIAHICTb
KomneHcartopa C..

Po3paxoByemMO eMHicTb C, i CymapHy EMHICTb KOM-
neHcaTopa, Lo 3abe3neyye NMOBHY KOMMEHCALilo peakTu-
BHOT MOTY>KHOCTI B CUCTEMI.

Pe3ynbTaTu 4McenbHOro aHasisy i MofentoBaH-
HA. PO3rNAHEMO Y3ara/lbHeHy CUCTeMY eNeKTpornocTa-
yaHHa  (pc. 2) MpM  HaCTYMHMX  MapaMeTpax:
es(t) = 100sin( t), ge =100 ; Ry=3 Om; Ls = 0,03 In;
R, = 7 Om; L, = 0,05 'H. KomnnekcHWiA onip HaBaHTa-
XeHHs Z, =7 + j15,708.

KomnnekcHa npoBigHICTb NapanenbHO eKBiBasieHTHA
HaBaHTaKEHHS.

1
7 j15,708
MpoBigHicTb KoHAeHcaTopa C;, WO BiH KOMMEHCYE
peakTUBHICTb HaBaHTAXEHHS Yc; = 0,053119 Cwm.
EMHICTb KoHfeHcaTopa Cy:
Yci 005311
100
KBagpaTHe PiBHSHHS 415 3HAXOAKEHHS MPOBigHO-
CTi Yeo:

Gy 0,0237 j0,05311.

anl

C 169,07 MK®.

Y%, 01061 Yo, 56024 10 4 0
3BiKM

Yco 0,05305 \/0,0028 524 10 * 0,0055728 Cm.

EnekTpoTexHika i EnekTpomexaHika, 2024, Ne 2

77



EMHiCTb KoHAeHcaTopa Cy, SKWIA KOMNEHCYE IHAYK-
TUBHICTb NiHIT enekTponepeaBaHHs:

C, Ye2. 17739 wo.

EMHICTb, L0 3a6e3neyye NOBHY KOMMEHCALi0 peak-
TUBHOT MOTYXXHOCTi B CUCTEMI

Ck C C, 186,81 MKD.

3a oTpUMaHVMK pesynbTaTamMi NPOBEEHO MOJEto-
BaHHSA CUCTEMM [/151 TPbOX BapiaHTIB:

| — 6e3 KOMMEHCYBa/ILHOTO KOHAEHCATOPA;

Il — 3 emHicTio C, = Cy, KON 3a6e3nedyeTbCs YacT-
KOBa KOMMeHcalis NnLle peakTMBHOCTI HaBaHTaXKEHHS;

Il - 3 emHicTiO C, = C; + C,, W0 3a6e3neyye NOBHY
KOMMEeHCaLlit0 peakTUBHOI MOTYXXHOCTI B CUCTEMI.

[nsa mopfentoBaHHsA cknafieHa BisyanbHa Mofefb B
cuctemi MATLAB/Simulink/SimPowerSystem. KoHi-
rypauis mMogeni hakTU4YHO NOBTOPIOE CXeMy, NPUBELEHY
Ha puc. 2, i TOMy He HaBOAMTLCA. BUMiptoBanncs Kom-

M/IeKCHi BeMumMHM Hanpyra U Ha KOHgeHcaTopi, To6To
Harpyra Ha HaBaHTa&KeHHI; CTPYM g [pKepena enekTpo-
eHeprii; cTpym I KoHgeHcatopa Cy; CTpym Iz, uepes

HaBaHTaXKeHHs. Pe3ynbTaT MOENHOBaHHA NPUBEAEHi B
Tab6n. 1.

Tabnuug 1
PesynbTaTyt MOLENoBaHHA

MapameTpu | | BapiaHT Il BapiaHT 111 BapiaHT
Ck 0 C, C,+C,
Uc 638 —2,32 | 91,41 -11,77 | 9557 -13,25
I'S 3,7 -683 | 2,16 -11,77 232 0
I'C 0 4,86 78,23 5,61 76,75
I'Zn 3,7 -683 | 533 -77,75 | 556 -79,23

AHanisytoun npuBefeHi pesynbTaTi, BapTO 3ayBa-
XWUTW, WO MPW BIACYTHOCTI KOMMEHCYBA/IbHOTO KOHAEH-
caTopa peXxvM XapaKTepusyeTbCs Haf3BUYaiHO HU3bKUM
PIBHEM Hampyru, fika HagXo4uTb [0 HaBaHTaXeHHs. Big
[pKepena CroXMBaEeTbCA BiJHOCHO BEIMKMWIA CTPYM, KWL
CTBOPIOE Ha KOMMEKCHOMY OMopi NiHii enekTponepeja-
BaHHA [OCTaTHbO BE/IMKE MafiHHS Hanpyru, amnaityga
AKOro gocsrae 6iblw Hix 30 % Big Hampyry caMoro mpke-
pena. OBYMCNEHHSI 3HAYeHHS KoeqilieHTa MOTYXXHOCTI
[ia€ Be/lbMU HU3bKe 3HauYeHHs cos(68,30 ) = 0,369. 3acTo-
CyBaHHS1 4acTKOBOT komneHcauii npn Cy = C; NOBHICTIO
KOMMEHCYE PeakTUBHY MOTYXKHICTb HaBaHTaeHHs. IMpo
Lie CBiAUMTb OAHaKOBI (ha30Bi 3CyBM Hanpyrn HaBaHTa-

eHHst Ug i CTpyMy [, TOBTO HaBaHTaKEHHS! CYMICHO 3
KoHAeHcaTopom C; MoBOAATb Cebe SK aKTUBHWIA pesuc-
Top. Lle B cBOO Yepry nigTepKye Aie3faTHICTb 3acTyn-
HOT cxemu, 306paxkeHol Ha puc. 4 npu C, = 0. [iicHo,
noginueLumM cTpym I Ha Hanpyry Uc OTpUMaeMo npo-
BiJHICTb eKBiBa/IeHTa HaBaHTAXKEHHSA
2,16 11,77
2 9141 11,77
wo cnisnagae 3 Gy, 3aCTynHoT cxemi Ha puc. 4. EksiBa-
NeHTHWIA onip Ry = 1/ Gy = 42,319 Om. be3 komneHcauii
MOZY/Ib HABaHTKEHHS CK/1aB

0,02363 Om™.

|z,| /7% 157082 17,971 Owm.

TakuM YMHOM, NiAKNIOYeHHS KoHaeHcaTopa Cy, Wo
KOMMEHCYE PEaKTUBHICTb HaBAHTaXKEHHS, MOXHA TPaKTy-
BaTM SIK CYTTEBE 3POCTAHHS €KBIBa/IEHTHOIO OMopy Hasa-
HTaKEHHS. 3aBAAKM LibOMY 3MEHLUYETLCS CTPYM, CMOXM-
BaHWN Bif mKepena. B Toli »e yac 36iNbLIYETbCA A0NS
Hanpyru mkepena, ska noctynae 6esnocepefHb0 Ha BYy3-
NN HaBaHTAXXEHHs. Xo4a NadiHHA Hanpyrn Ha NiHii enek-
TponepefaBaHHA 3MEHLUYETbCS Maike BTpuYi i Tenep
cknagae 6ina 10 % Big Hanpyrn [pxepena, Hanpyra Ha
HaBaHTaXXEHHI BCe X Taku He focarae 5 % gonycTumoro
BiIXWUNEHHA. Y TpeTboMy BapiaHTi Cy = C, + Cy, i npu
LIbOMY [0OCAraeTbCsl MOBHa KOMMEHCaLis peakTUBHOI Mo-
TY)XHOCTI B cucTemi. IMpo e cBiguuntsb 36ir hasm cTpymy

Is mKepena 3 (ha3oto Moro Hanpyru eg(t). 3aBAsku ooaa-
TKOBIVi KOMMeHcauil iHAYKTUBHOCTI NiHiT enekTponepesa-
BaHHS Hanpyr HaBaHTaxeHHst U 36iNbLyeTbes i gocs-

rac 5 % [OMyCTMMOrO BiAXWNEHHS Bif Hanpyrn mxepena.
CnoxusaHuin Bifi mpKepena CTpyM fAewo 36ibLuyeTbes.
Lle MOXKHa NOACHWTY NO 3aCTYMHIA CXeMmi, 306paXKeHili Ha
puc. 5, SKLLO NPUIAHATK 4O yBaru, WO Cyma peakTUBHUX
onopiB iHAYKTMBHOCTI Ls i C3; KOHAeHcaTopa AOpiBHIOE
Hynto. ToMy Ui eneMeHTM MOXHa Mpubpath 3i cxemu,
3aMiHMBLUM TX KOPOTKO3aMKHEHUM MpPOBigHMKOM. OTpu-
MaeMO MPOCTY 3aCTYMHY CXemy 3 MOCAifOBHMX NigKto-
YEHHsAM pe3ncTopiB Rs i Rys. O6UMcAMMO onip 0CTaHHbLO-
ro pesucropa 3a (6):
Gny 0,0237

G4 Y& 002372 0,00557282
Sk BUAHO, onip Ry HE3HAYHO 3MEHLLIYETLCS Y MOpiB-
HSHHI 3 R;1. CTpym I'S , 00UMCNIEHMIA 3 ypaxyBaHHSM Rs i Rpa:

Is __ 10 2,326 A,
3 39,9834

Lo cniBnagae 3 pesynbTaTaMuy MOLEN0BaHHS B Tabn. 1.
Hanpyra Ha HaBaHTa&XXeHHi 06YUCMIOETLCA AK Teo-
MeTpUYHa cyma Hanpyr Ha Rps i Cs:

39,983 Owm.

1/2

Uns  (IRig)?  (—— 1) 9559 B,
Cs
LLLO TaKOX CMiBNajae 3 pesysibTaTaMn MOAEMIOBaHHS.

[ns MoZientoBaHHA B 4aCOBOMY NPOCTOpI BUKOPKCTaHa
BisyasibHa mogenb y cuctemi MATLAB/SimPowerSystem
(pvic. 6). BipTyasnbHi npunagmn A03BONAIOTbL BU3HAYATK aMn-
NiTYAM CTPYMIB i Hanpyr, a TakoXX aKTUBHI i peakTVBHI Mo-
TYXKHOCTI Ha e/leMeHTax CUCTEMM.

MokasaHi Ha puc. 6 pe3ynbTaTi BiAMoBifalOTL pe-
XVMY NOBHOT KoMneHcauil. TyT BUAHO, WO IXKepesno Bij-
[la€ nve akTUBHY MOTYXHicTb P, = 116,2 BT, aKTMBHa
MOTY>HICTb HaBaHTaXXeHHA cTaHoBMTbL P, = 108,1 Br,
aKTUBHI BTpaTW Ha NiHIT enekTponepefasaHHs i onopy
reHeparopa Ps = 8,102 BT. PeakTuBHa MNOTYXXHICTb,
MoB’s3aHa 3 [KepesioM eNneKTPOEHEPril, AOPIBHIOE HYNHO,
i TOMy KoeqilieHT noTy>HocTi cos@ = 1. KK cuctemn
npy uboMy cknagae = 108,1/ 116,2 = 0,93. ¥ Toii xe
yac 4/1 HEKOMMEHCOBAHOTO PEXUMY Li BEIMYMHU CKNa-
pjatiote: P, = 68,34 Bt, P, = 47,84 BT, Py = 20,5 BT,

=47,84 / 68,34 = 0,7. PeakTBHa NOTYXHICTb, WO Bia-
[aeTbCA [Kepenom npu Lbomy, cknagae Q. = 171,8 BAp,
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1|0 06YMOB/IHOE HM3bKE 3HAUYEHHA KoediljieHTa NOTY)KHO-
CcTi cos@ = 0,37. Lli pe3ynbTaT HaOYHO CBiAYaTb Ha KO-
PUCTb PeXXVMY MOBHOT KOMMeHcaLiT, 3aBAsKN AKOMY Ha-
BaHTXKEHHS CMOXWBAE Hanpyry, 6113bKy [0 HOMiHa/Ib-
HOT, L0 3abe3neyye B CBOK YEpry HaJIeXHWIA piBeHb
CMOXMBAHOT NOTYXXHOCTI, BTPaTW Ha NiHii enekTponepe-
[laBaHHA 3MeHLUYOTbCA Y 2,5 pasn, a KoedilieHT Kopuc-

HOT AiT NigBULLYETLCA Ha 23 %. TakKuM YMHOM, Npuy peani-
3aui’ NOBHOT KOMMeHcaLlii CyTTEBO MiABULLYHOTLCS eHep-
FeTUYHi NOKAa3HUKM CUCTEMMW €eNeKTponocTayaHHs i 3a-
6e3neuyeTbCsl HOPMasibHE XXMBEHHS HaBaHTaXKEHHS, AKe
npy BiACYTHOCTI KOMMeHcauii nepeBaHTaXye Mepexy i
TUM CaMUM HEMPUIYCTUMO 3HWKYE Hampyry B Touui nig-
K/TIOYEHHS LibOr0 HaBaHTaXKEHHS.

Pe
NN 116.2 Ims
s 2.324
al s -0.004877]
< sub—s[  0.002404
© Qe
Fouriert Fils Pn
' —v P> 108.1
o L In1
=1 — b e
3 Rs=3 Ls=0.03 I; 852 —L>
Qn
o C=C1+C2 Umn
. L. ot || 95.57|
Us Ps T
. ( " zuls -13.25]
v P 8.102 Un
E=100f=50 i} . Rn=7 Ln=0.05 Fourer FiUn
j — I d 'Ly 25.45
e Ss

Qs

ul 22.99
£u 72.35
 —

Fourier2
FiUs

Continuous

powergui

Puc. 6. BisyanbHa Mogenb cuctemu Ans Bepudiikauii pexxrmMy noBHOI KoMneHcaw it

BucHOBKM.

1. 3anponoHOBaHO aHaNiTUYHWIA METOL BU3HAYEHHS
YMOB [JOCATHEHHA MOBHOT KOMMeHcalil peakTMBHOI Mo-
TY)KHOCTI B Yy3ara/lbHeHi CUCTEMI €neKTponocTavaHHs,
O TPYHTYETbCA Ha 6a3i eKBiBaIEHTHMX MEPEeTBOPEHb
TOMOAOrii CUCTEMM €NEeKTPOMNOCcTayaHHs Ta [03BO/SIE He
3aCTOCOBYBATW CKMaAHi METOAN PO3B’SI3aHHA HENiHIMHMX
PiBHSAHb iTepaliiHMMK Ta ONTUMI3aLiAHMMKU METOAAMMN.

2. Ha ocHOBi 3ampornoHoBaHOro MeTofy po3pobneHa
aHaniTMyHa MeTOAMKa PO3PaxyHKY napameTpiB KOMMEH-
CYHHOr0 MPUCTPOIO | PEXVMHUX MapameTpiB cucTeMu, Ta
BMKOHaHa i Bepudikauisa, Lo nigTeepanna cnisnagiHHA
OTPUMaHMX Pe3ynbTaTiB i3 BiJOMUMM NpUKNagaMun peani-
3auii MOBHOT KOMMeHcaLiT peakTUBHOT NOTYXHOCTI.

3. 13 npoBefeHOro aHanisy BWTIKae, L0 3arajibHO-
NpUIAHATa YacTKOBa KOMMEHcaLis PeakTUBHOCTI HaBaH-
T&KEHHA MOXe He 3abe3neyyBaTy HaNEeXHOro 3POCTaHHS
Hanpyrn Ha HaBaHTaXXEHHi, B TOW e Yac 3aCTOCYBaHHS
MOBHOT KOMMEHcaL,iT peakTUBHOT MOTY)XXHOCTI 3a6e3neuye
nojaiblie NiABULLEHHA HaNPyru Ha HaBaHTaKEHHI.

4. MokasaHo, WO npouecn 36iNbLUeHHA Hanpyru Ha
HaBaHTaXEHHI | 3MeHLLUEHHS CTpyMy /Kepena MOXHa
TpaKTyBaTV fIK 36i/IbLLIEHHS eKBiBaleHTHOro Onopy Haga-
HTaKEHHS.

5. 3anpornoHoBaHi MeTo[ Ta MeTOAMKA PO3paxyHKy Ha
Oro OCHOBI MalOTb MepcrneKkTnBy 6yT 3aCTOCOBaHUMMU
npy aHanisi NpoLeciB KOMNeHcalil peakTUBHOT NMOTYXKHOC-
Ti B €NEKTPUYHMX Mepexkax 3 6araTbMa HaBaHTaXKEHHAMM |
AEKiNbKOMa ApKepenamuy nocTavaHHs eneKTpoeHeprii.

6. Pe3ynbTaT MOMENHOBaHHS PEXMMy B CUCTEMi Ha
mogeni, cknafeHin B nakeTi MATLAB/Simulink/Sim-
PowerSysten npy 3afaHnX BUXiAHWX NapameTpax i 3Hai-
AeHVX napameTpax KOMreHcaTopa rnokasyoTb abcosoTHe
CniBMajiHHA 3 po3paxoBaHMMK 3a JOMOMOro po3pobine-
HOI METOAMKW pe3yNibTaTaMu PO3paxyHKiB peXXMUMIB.

KoHpniKT iHTepeciB. ABTOpU AeKNapyroTb BiACYT-
HiCTb KOH(AIKTY iHTepeciB.
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Goal. The purpose of the article is the development of an analyti-
cal method for determining the conditions for achieving full com-
pensation in the generalized power supply system based on the
use of substitute circuits, which are obtained using equivalent
transformations of the topology of the original circuit. Methodol-
ogy. The article proposes a methodology for replacing series re-
active power compensation in high-voltage paths of the power
supply system with parallel reactive power compensation in a
low-voltage load node. Results. An algorithm for successive
transformations of the power supply circuit has been developed,
which makes it possible to estimate the values of the capacitances
of compensating capacitors, at which full compensation of reac-
tive power in the system is achieved. Originality. The proposed
analytical method for calculating the parameters of the compen-
sation unit makes it possible to dispense with complex optimiza-
tion computer methods and makes it possible to estimate the com-
pensation capacities that fall on the share of the load and the
network. Practical value. The proposed technique allows, using a
simple algorithm, to determine with high accuracy the necessary
parameters of the compensating device, which provide the optimal
mode in the power supply system. The proposed algorithm can
easily be implemented in a microcontroller system for automatic
control of the modes of the power supply system. References 15,
table 1, figures 6.

Key words: electrical system, reactive power, full compensa-
tion, search optimization, power factor, equivalent trans-
formations, substitute circuit.
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