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Abstract. The aim of the work is to develop a model of a hybrid reactive power compensator with
adaptation of the control system to the parameters of the voltage supply. The task was achieved by
applying the control algorithm for the operation of the control system of the active part of the reactive
power compensator, which is based on the regression analysis method. The traction drive of the AC
electric locomotive VL-80K, which is operated on the railways of the Ukraine, was chosen as the object
of study. The simulation of the traction drive operation was carried out for a traction drive with and
without a reactive power compensator, for cases where the process of changing the voltage in the
catenary was a stationary deterministic process and for the case when this process was a non-stationary
non-deterministic process. The most important result is the development of a block diagram of the
control system for the active part of the reactive power compensator based on the implementation of the
Levinson-Durbin linear prediction algorithm. The significance of the results obtained lies in the
possibility of the proposed control scheme for the active part of the compensator to adapt the operation
of the compensator to the voltage parameters of the catenary, that is, to the actual operating conditions
of the electric locomotive.

Keywords: active power, reactive power, apparent power, reactive power compensation, traction drive,
electric locomotive, control system.

DOI: https://doi.org/10.52254/1857-0070.2023.1-57.01

UDC: VK 621.316.722.076.12
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Rezumat. Scopul lucrarii este elaborarea unui model al compensatorului hibrid de putere reactivd cu adaptarea
sistemului de control la parametrii tensiunii de alimentare. Sarcina a fost realizata prin aplicarea algoritmului de
control pentru functionarea sistemului de dirijare al partii active a compensatorului de putere reactiva, care se
bazeaza pe metoda analizei regresiei. Ca obiect de studiu a fost ales sistemul de tractiune al locomotivei electrice
AC VL-80k, care este operata pe cdile ferate din Ucraina. Simularea functionarii tractiunii a fost efectuata pentru
0 unitate de tractiune cu si fard un compensator de putere reactiva, pentru cazurile in care procesul de modificare
a tensiunii in reteaua de contact a fost un proces stationar determinat si in cazul unui proces nestationar
nedeterminat. Cel mai important rezultat este elaborarea diagramei bloc a sistemului de control pentru partea activa
a compensatorului de putere reactiva bazata pe implementarea algoritmului de predictie liniara Levinson-Darbin.
Semnificatia rezultatelor obtinute constd in posibilitatea schemei de control propuse pentru partea activa a
compensatorului de a adapta functionarea compensatorului la parametrii de tensiune ai retelei de contact, adica la
conditiile reale de functionare a locomotivei electrice. Utilizarea unui compensator hibrid de putere reactiva cu
adaptarea sistemului de control al partii active la parametrii de tensiune ai retelei de contact a facut posibila
cresterea factorului de putere al locomotivei electrice si, ca urmare, reducerea puterii totale consumate de catre
locomotiva electrica din reteaua de contact.

Cuvinte-cheie: putere activa, putere reactiva, putere aparentd, compensare putere reactiva, tractiune, locomotiva
electrica, sistem de control.
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I'uOpuaHbIi KOMIEHCATOP PEAKTHBHOM MOLIHOCTH ¢ aiaNTanueil padoThl CHCTEMbI YNIPABJIeHUS K
napamMeTpaM HanpsKeHUsl MUTAIOIEH ceTH
I'yaak C.A.!, Tkauenko B.IL', Kupnuenko M.A.%, Kozuaos C.C.2
TocynapcTBeHHbIH yHUBEpCUTET MHPPACTPYKTYpPHI U TexHooruii, Kues, Ykpauna
2KueBCcKuii HALMOHABHBIA YHUBEPCUTET CTPOUTENLCTBA U ApXUTEKTYphl, Kues, Ykpauna
SHauuoHanbHbli TeXHUYECKHI YHUBEPCUTET «XapbKOBCKUI HOJIUTEXHUIECKUI MHCTHTYTY,
XapbKoB, YKpanHa

Annomayus. Llensio paboTHI ABIsETCSA pa3paboTKa MOAETH THOPHIHOTO KOMIIEHCATOPa PEaKTUBHOW MOIITHOCTH
¢ aganTanyeil paboThl CHCTEMBI YIIPAaBJICHUS K TapaMeTpaM HanpspKeHHs nuTaronield cetu. [locraBnennas 3anaya
OblTa JOCTUTHYTA ITyTEM MIPUMEHEHHMS aJiTOPUTMa YIPaBICHUs pa0OTOI CHCTEMBI YIIPAaBICHUS aKTHBHOW YacThIO
KOMIIEHCATOpa PEaKTUBHONW MOIIIHOCTH, B OCHOBE KOTOPOTO JISXKUT METOJ PErPeCCHOHHOr0 aHanu3a. B kauectse
o0bekTa HccieqoBaHMsl ObLI BBIOpaH TATOBBIM HPUBOJ JIIEKTPOBO3a HepeMeHHOro Toka BJI-80k, xoTopslii
IKCIUTyaTHPYETCsl Ha JKeJIe3HBIX JIoporax YKpauHbel. MoaenupoBaHue paboThl TATOBOTO MPHBOJA MPOBOUIOCH
JUISL TSTOBOTO NPUBOZAA C KOMIIEHCATOPOM M 03 KOMIIEHCATOpa PEaKTUBHOM MOIIHOCTH, JUIS CIIydaeB, KOrja
MpOLECC M3MEHEHNUS HANPSDKEHNS B KOHTAKTHOM CETH SIBISLJICSA CTAIIMOHAPHBIM JETCPMHUHUPOBAHHBIM IPOLIECCOM
M JUIS CIIydasi, KOTZa 3TOT IPOLECcC SIBJISUICS HECTAIIMOHAPHBIM HEAETEPMHHUPOBAHHBIM HporeccoM. Hanbonee
BOXHBIM PE3YJIbTATOM SIBISIETCS pa3pabOTKa CTPYKTYpHOH CXEMBI CHCTEMBI YIPABICHUS AKTUBHOM YacTbhIO
KOMIICHCAaTOpa PEaKTUBHOM MOIMHOCTH HAa OCHOBE pealu3aludl aJITrOPUTMa JIHHEHHOTO NPOTHO3HPOBAHMS
JleBuHcona-/lapOvHa. 3HAaYMMOCTh TIOJyYEHHBIX PE3YJIbTATOB COCTOMT B BO3MOXKHOCTH HPEIIOKEHHOW CXEMBbI
YIIPaBIICHUS] aKTUBHOM 4aCThIO KOMIIEHCATOPA alallTHPOBATh pabOTy KOMIIEHCATOpa K MapaMeTpaM HalpsHKEHHS
KOHTaKTHOM CETH, TO €CTh K peaIbHBIM YCIOBUAM paboTHI AIeKTpoBo3a. [IpuMeHneHne rubpuiHoro KoMIeHcaropa
PEaKTUBHOM MOIIHOCTU € aJanTalieil CUCTEMbI yNpaBiICHMs aKTUBHOM 4YacThIO0 K IapaMeTpaM HalpsKEHUs
KOHTAKTHOM CETHU MO3BOJIUIIO MOBBICUTH KOB(b(bI/ILII/IeHT MOIIMHOCTHU 3JICKTPOBO3a U, KaK CJICACTBUEC, YMCHBIIUTDH
MOJIHYIO MOIIHOCTB, KOTOpasl MOTPeOIsIeTcsl 3JIeKTPOBO30M C KOHTAKTHOH ceTH. Pe3ynmpTaThl MOIEIHUpPOBaHUA
MOKa3aJIn, 4TO HauOoJbmuid 3 GeKT 0 MpUMeHeHHs: THOPUAHOTO KOMIIEHCATOPA PEaKTUBHOIM MOIIHOCTH MMEET
MECTO B YCJIOBHSX HECTallMOHAPHOTO HEAETEPMHHHPOBAHHOTO IpOLecca M3MEHEHUS HANPSHKEHUS KOHTaKTHOW
ceru.

Knrouesvie cnoga. akTUBHAs MOIHOCTh, PEAKTUBHAS MOIIHOCTh, MOJHAs MOIIHOCTh, KOMIIEHCAIUS PEaKTHUBHOM

MOITHOCTH, TSTOBBII OPpUBOA, 3JICKTPOBO3, CUCTECMA YIIPAaBJICHUA.

INTRODUCTION

The system of the traction electric supply is
one most powerful load of the public network.
They have serious problems with the electric
energy quality. Various topologies of the supply
for these systems resulted in substantial quantity
of the types of distortions in the network voltage
and current in the system of the traction electric
supply, united energy system and neighboring
consumers [1]. The operational process of the
electric rolling stock leads to occurrence of
nonsymmetric currents, voltage falls in the
catenary, overvoltage, high-order harmonics of
voltage components in the catenary [2]. Increase
in these factors’ impact on the form of voltage in
the catenary enlarges the losses and decreases the
power coefficient, i.e., reduces the quality indices
of the electric energy system of the traction
electric supply. This fact increases the cash
accounts, which the infrastructure managers must
pay to the operator, who supplies the electric
energy to the railway system [3].

The most powerful electric energy consumer
in their traction electric supply system is the
electric rolling stock. It is this transportation mode
that introduces the highest distortions into the
system of the traction electric supply, which

decrease the indices of quality of the traction
electro-supply system. These distortions are
caused by the:

- phase shift between the voltage of the
catenary and the traction current;

- generation the voltage super harmonic
components into the catenary by the electric
rolling stock;

- condition of passing the feeder zone by the
electric rolling stock;

- the presence of several units of the electric
rolling stock at a single feeder zone;

- quality of current collection;

- change in the modes of work of the electric
rolling stock [4-6].

To remove the negative factors that influence
on the distortions of the quality indices of the
traction electric supply system, the electric
locomotive is equipped with the reactive power
compensators [7, 8]. The reactive power
compensators can be realized as:

- passive filters [9, 10];

- active filters [11, 12];

- hybrid filters (combination of passive and
active filter) [13, 14].

To remove the phase shift between the voltage
of the catenary and the traction current, the
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passive filters are the most efficient [9, 10].
However, for the inhibition of the super harmonic
components of the traction current, these filters
are inefficient, since they are adapted just for a
definite frequency [13, 14]. The active filters are
efficient for the inhibition of the super harmonic
components of the traction current [11, 12],
however, they are inefficient in removing the
phase shift between the catenary voltage and
traction current [13, 14]. The efficient for the
reactive power compensation on the electric
locomotive are the hybrid compensators [7, 8].
The passive compensator part, which is the LC-
filter, that removes the phase shift between the
catenary voltage and traction current, and the
active part of the compensator, which is an
independent inverter of voltage, generates into the
circuit of the secondary winding of the traction
transformer the super harmonic components of
the traction current in a counter phase to those
existing [7, 8]. In this context, the algorithm of the
work of the control system of the independent
voltage invertor is constructed based on the
analysis of the super harmonic components of the
traction current. The analysis of the super
harmonic components of the traction current is
performed based on the algorithm of the Fourier
fast transformation [15].

The process of the voltage change in the
catenary is nonstationary, nondeterministic, non-
gaussian process [16, 17]. This fact is resulted
from the operation modes of the electric rolling
stock[18]. In conditions when the process of
changing the controlled  parameter s
nonstationary, nondeterministic, non-gaussian,
the Fourier transformation algorithms application
to it is incorrect [19, 20].

For the spectral analysis under conditions,
when the process of changing the controlled
parameter is nonstationary, nondeterministic,
non- gaussian, there is a good reason to use the
algorithms of a correlation analysis [21, 22].

Since the voltage change in the catenary is a
non-gaussian process, it is reasonable to use the
methods of nonlinear prediction when carrying
out the correlation analysis [23]. In [23], the
system of monitoring by the active part of the
reactive power compensator was offered based on
the modified autoregressive method. Regardless
of high speed of the compensator operation and
high level of inhibition of the high-order
harmonics components of the traction current, the
introduction of additional double integration into
the system decreases the system tolerance.

In [18], the Levinson-Durbin algorithm is
proposed for the realization of the compensator
monitoring system of the reactive power. Low
speed of operation is the disadvantage of this
method. However, in the track electric-supply
systems the process of changing voltage in the
catenary is not a speedy process from the
viewpoint of signals’ digital processing methods.

The advantages of the method are high
stability and the possibility to process large bulk
of data [18]. However, in [18], this method was
realized conceptually.

In this work, the system of monitoring by the
active part of the hybrid compensator of the
reactive power that allows the reactive power to
be compensated in conditions of nonstationary,
nondeterministic, non-gaussian process of voltage
change in the network.

The realization of the monitoring system is
performed based on the algorithm of the
Levinson-Durbin linear prediction, which made it
possible to carry out the monitoring by the
compensator power part with a high stability and
operate using a large data bulk.

The results of this work can be used when
designing the reactive power compensators,
which are introduced into the traction driver of the
AC electric locomotive.

The aim of this research is to create a model of
a reactive power hybrid compensator for the
traction drive of the AC electric locomotive with
taking into account the real conditions of the
electric locomotive operation.

This work is distinguished by the fact that
during the development of the model of the
system for the monitoring by the active part of the
hybrid power compensator, the Levinson-Durbin
linear prediction algorithm was proposed to
determine the high-order harmonic components
of the traction current.

This allowed the possibility of the high-order
harmonic traction current components to be to
compensated in conditions of the nonstationary,
nondeterministic, non-gaussian  process  of
changing voltage in the catenary.

In addition, the use of the of the proposed
model of the system for the monitoring by
reactive power compensator active part, allowed
considering the real conditions of the electric
locomotive exploitation during the compensator
operation.

DEVELOPMENT OF STRUCTURAL
ARRANGEMENT OF MONITORING



PROBLEMELE ENERGETICII REGIONALE 1 (57) 2023

SYSTEM USING REACTIVE POWER
COMPENSATOR

The traction drive of the VL-80K AC
locomotive that is used for the Ukrainian railway

lines was accepted as the object for the research.
The technical characteristics of the track drive of

the VL-80k AC locomotive are shown in Table 1.

Table 1
VL-80K AC locomotive traction drive technical characteristics
S Unit of
Parameter Designation measurement Value
Total power of initial (of network) traction winding of S, KVA 4485
transformer
Nominal voltage of traction transformer primary winding U; \Y 25000
Nominal current of primary traction winding I1 A 245
Frequency of supply voltage f Hz 50
Nominal voltage of secondary traction winding of U, v 1218
transformer
Nominal current of secondary winding of traction
oL ) . P A 1750
transformer (1 section) in continuous service
Number of traction locomotives in one section k 4
Nominal rotation frequency of motor shaft n rpm 915
Nominal power coe_ff|C|ent of locomotive including drive ko ohm 0,866
of supporting machines
Nominal coefficient of efficiency considering supporting
. : n % 84
machines drive

All the rest studies will be performed under
condition that the drive of the supporting
machines of the locomotive will be disconnected.

The mathematical model of the active part of
the hybrid filter was based on its calculation
scheme (Fig. 1) [24]. Transistors VT1-VT4 and
diodes VD1-VD4 form the scheme of the four-
guadrant converter connected to the source of the
alternative voltage u; (the transformer secondary
winding) via the smoothing chokeL,. The DC

circuit of the active filter is modeled by the
voltage source, whose internal voltage is r, .

As to its circuit simulation, the converter is an
autonomous inverter of voltage (AIV) with a
voltage pulse-width modulation (PWM). The
scheme of a four-quadrant converter are two
back-to-back bridge rectifiers: monitored VT1-
VT4 and uncontrolled VD1-VD4, connected on
the side of the clamp-locks of the alternative
voltage.

These points are connected with an output
source of the alternative voltage u, .

The input voltage in the form of the EMF Ed

is switched on between the anodic and cathode
groups of the uncontrolled VD1-VD4 rectifier.

The principle of the converter operation suggests
including inductance L, into the source circuit
Uy .

Switching on and off of the VT1 and VTI4
transistors of the converter is performed
according to the law that ensures the pulse-width
modulation of voltage according to the form of
modulating voltage.

Monitoring voltage for VT1-VT4 is formed
using the controlling system by comparison of
two signals: modulation voltage u, and

generator voltage of sawtooth voltage ugsr, (Fig.
2).

Generator frequency fgen, =k-f,, must be
odd-multiple to the frequency of source u,. Figure
2 shows the diagram voltages and currents
relative to work 4qsS - of converter with k=9.

Pulses monitoring transistors VT1-VT4 are
formed now of equality of voltages u,, and uggr,
and correspond to the following logical functions

):
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ivTL ¢ .
ivD1

VT3 i | T IvD3
VQE 52|

Ed

At di, /dt>0, increase in the current i, and
energy accumulation in inductance L, occur.

Figure 2 shows that the output current i, looks
like as a zigzag line consisting of growing and

The degree of the smoothing current is defined

u2
vt |, T ivia |, T .
VT2 Ivoz VT4 v
4{ /\ vD2 4{ /\ vD4
Fig. 1. Calculation scheme for the activ'e filter.
VTl:{l if U, —Ugry =0,
0 if uy —Ugp <0,
VT2 1 if -uy, —Ugq 20, 1) decreasing sections.
0 if Uy —Uggy <0,

VT3=VT1, VT4=VT2

According to Fig. 2, upon switching on
diagonal transistors VT1 and VT4 (VT2, VT3),
voltage uyp is formed on the clamps of the
alternative current converter with amplitude +Ed
and which is regulated using the law of
modulating voltage u,, . \VVoltage phase u1: depends

on the phase u, um relatively source voltage u,
and E, the current in circuit i, can be determined
using the following formula:

di

L, - dta =U; —Uy. (2)

At connecting the adjacent elements (e.g, VT3
and VVD1), the current contour is formed, which is
closing via the back valve VD1 and transistor
VT3. Upon that, source E, is disconnected from
the converter by the closed transistors VT2, VT4,
therefore the voltage at the clamps of the
alternative current u,, ,as well as the current, equal
to zero. The converter output current i,is
restricted by the inductance L,, at u,=0is
expressed using the following expression:

di
a 'd_ta:uz (3)

by inductance L, of the input source, as well as
the frequency of the saw tooth voltage u, . The
increase in these values makes i, form to be

smoother. The system of equations composed in
accordance to the first and second Kirchhoff laws
for the system presented in Fig. 1 looks like as
follows:

o1 +hvos =i —lrs —ig =0,

b1ty —hro o + id =0,

hr2+hrg —lpo —hpy +ig =0,

7o Br+ oy Koy =0,

hr2Br2+hpy o2 =0,

hrs Fors oy Fops + L '%_Ita:uz’ (4)

. . di

hrafratioe Koo + Lo == Uy,
dt

hrs Frs s fps =0,

iVT4 gt iVD4 “Nps = 0,

hrs Rorat pa Fpa +1g -1y =—Ey.

In equations 4 there are: r;, —k,, Lo, —F

vT4) 'vD1~ 'vD4
relevant to resistances of transistors VT1-VT4
and diodes VD1-VD4, u,is the voltage of the

transformer secondary winding, E, is the voltage
in the circuit of the rectified current, i, —is,.,
o —hos s I,a@nd i, are the branch currents.
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Fig. 2. Diagrams of currents and voltages that explain the voltage autonomous inverter operation.

In [18] it was noted that one method for the
construction of the system for monitoring by the
active part of the reactive power compensator can
be the system, whose operation is adapted to the
form of the current, which is passing in the
secondary winding of the traction transformer (for
instance, the monitoring scheme exhibited in Fig.
3).

The operation principle of this scheme is as
follows. Using a current sensor, the value of the
passing current is measured in the circuits of the
secondary winding of the traction transformer.
The measurements are performed discretely. The

discrete values, using the analogue-digital
convertor (ADC), turn into the binary code and
are supplied to the harmonic components
evaluator, where the spectral components of the
amplitude-frequency Ar(®) and phase-frequency
oiz(w) are calculated. In the block of selection of
high spectral components, all of the spectral
components like the amplitude-frequency and
phase-frequency spectrum, except for the first
harmonics, are multiplied by unity. The spectral
components of the first harmonics are multiplied
by zero.

. (plz (CO) _ ¢;2 (CO)
Carrent] iz il Block for determining g Selection block
sensor ADC > the harmonic A, () higher harmonic A ()
components of current GRNEN components of current 2
Ugsty Generator of saw-
VT1 < Comparator | .| pevoltage
”i m _l m
VT2 <— inverter [« i Block of
— DAC |« inverse Fourier
Uy, transform |«
VT3 « Comparator Ugsry
VT4 <— inverter [« )

Fig. 3. Monitoring scheme of the active part of reactive power compensator.
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After this the inverse Fourier transformation is
fulfilled for the purpose of obtaining the current
modulation curve i_. The current of modulation

is supplied to the digital-analogous converter
(ADC), which transforms the current from the
digital into analogous form. Since to obtain the
modulation current curve from the power circuit
current, it is necessary to subtract the obtained
current value (the scheme designates it as um). To
realize the pulse-duration modulation (PDM)
according to Fig. 2, it is necessary to have two
channels. One channel that works with a direct
form of modulation signal, realizes the laws of
monitoring for transistors VT1 and VT2. The
second channel that works with a modulation
signal form, whose phase differs by = radian from
the direct form of modulation signal, realizes the
laws of monitoring for transistors VT3 and VT4.
For this purpose, the direct modulation signal -
Uy, Which realizes the monitoring law for
transistors VT1 and VT2 at the output of the
ADC, is multiplied by -1 and is supplied into the
comparator where it is compared with the voltage
of the saw-type generator uggr, . FOr transistors
VT3 and VT4, the modulation signal is fed to the
other comparator, where it is compared to the
generator voltage of the saw-type voltage ugg, -
At the outputs of the comparators, the monitoring
pulses are formed by transistors VT1 and VT3.

o Linear | Discrete

15 (t e t )

2 ( prediction y( Fourier
filter transform

According to equations (1), the monitoring
signals for transistors VT2 and VT4 are
inversions of the monitoring signals for transistors
VT1 and VT3. On the scheme, this operation is
fulfilled by the invertor, which inverts the
monitoring signals’ values for transistors VT 1 and
VT3, correspondingly.

- using the linear prediction filter the output
value, which in this case is the power circuit
current of the traction drive, turns from the
random nonergodic value into the ergodic value,
which can be applicable to the discrete Fourier
transformation;

- the discrete Fourier transformation allows
determining the components of the amplitude-
frequency and phase-frequency spectrum.

Hcexons r3 BBIIEU3II0KEHHOTO, CTPYKTYPHAs
Based on the aforementioned, the structural
scheme of the block of determination the
harmonic components looks like as shown in Fig.
4.

Since the input current at the output of the
analogue-digital converter is a discrete value in
time, we can introduce the following designation:

iy (t) =iy (nT)=i; (n)=x(n). (5)
where T is the discretization period; n is the
account number.

Block of calculation [ ¢, ()
—»| of phase-frequency |—»
components
Y(w)
Block of calculation
of amplitude- | A, (@)
— ™ frequency — >
components

Fig, 4. Structural scheme of the block for harmonic components’ definition.

The essence of the method for definition of the
spectral components of current and voltages in the
traction drive circuits of the AC locomotives for
the scheme offered (Fig. 4) consists in the
following [18]:

-the statistical series of the input data x(n) is
applicated with the L length Hamming window;

-the equation system is arranged for the input
data of x(n), whose matrix form of the record is:

R-a=r,

(6)

where R is the symmetrical matrix of coefficients;

a is the vector of parameters of linear prediction;
r is the vector of free terms.

The elements of symmetric matrix of the
coefficients are calculated using formula (7):

> x(1-K)-x(1-i) =Ry,

1=1

(7)

where k is the column number;
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1 is the line number.
The elements of the vector free terms are
calculated using formula (8):

L

> x(1)-x(1-i)=R. ®)

1=1

- the order of prediction K is selected, and the
obtained equation system is used to separate the
first block with a size of K-1;

— for each equation of the first block of data,

the coefficients of the prediction filter a!" are

calculated using the Levinson-Durbin method.
The initial conditions are preset

E, =R, (9)

where E, is the initial mean quadratic error of the

linear prediction.
Gradually, at a step of iteration
i (i=12,...,K) the calculations are performed

using the recurrent formulas (10-13):

r= kT (10)
al =r; (11)

al) =ald _r.al? 1<k<i-i (12)
E =(1-r’)-E_. (13)

-prediction is increased by 1 with each step, as
long as it achieves the value of K;

-the output signal value is calculated using
formula

K

y(n)=> al x(n-k). (14)

k=1

-the transition to the next block of data by
increasing the line index by 1 of each equation;

-for each equation of the data block the
prediction filter coefficients a" are calculated by
the Levinson-Durby method. The value of the
output signal is calculated by (14) only for the last
equation of the block;

-the quantity of the blocks processed will be L-
K-1;

-the spectral components are defined for the
obtained series of stationary determinate output
signals using the discrete Fourier transformation

L-1

V()= y(me ™, (15)

=0

>

where K is the harmonic component number;
Y (k)is the value of harmonic component in a

complex form.

-the components of the amplitude-frequency
(16) and phase-frequency (17) spectrum are
calculated:

A, (k)=mod (Y (k)), (16)
¢, (k)=arg (Y (k)). (17)

-to obtain the monitoring signal the inverse
Fourier transformation is necessary to perform

L1 io1, (k) jn,k,zl
> A (k)-e™ e b (18)

2
)

n(m) =

>

Since to realize the algorithm of operation of
the reactive power compensator monitoring
system, the recurrent formulas are used, during
the development of the imitation model the
monitoring system is simpler to realize as the
program block.

DEVELOPMENT OF MODEL OF VP-
80K LOCOMOTIVE TRACTION DRIVE
WITH REACTIVE POWER
COMPENSATOR

The scheme of connection the hybrid
compensator with AC locomotive power network
is shown in Fig. 5 [24].

The simulation model of the reactive power
hybrid compensator is carried out in the MATLab
program medium. The power part, which realizes
scheme of (Fig. 5), is performed using the
elements of the library
Simscape/Electrical/Specialized Power Systems.
The monitoring system is realized using the
program from which the monitoring signals are
supplied into the power part by transistors VT1-
VT4. The simulation model reactive power
compensator is combined into block “Reactive
power compensator” (Fig. 6).
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Fig. 5. Scheme of connection the hybrid filter to VL-80K locomotive.

In the work (Goolak et al. System Model
Traction  substation-contact  network-traction
drive of the VL-80K series electric locomotive.
Collection of scientific papers of the State
Economic and Technological University of
Transport. Series: Transport systems and
technologies, 2016, vol. 28, pp. 99-109. irbis-
nbuv.gov.ua), the simulation model of the traction
drive of VL80K electric locomotive is described.
In this work, one section of the electric
locomotive has two sections of the secondary
winding of the traction transformer x1-01 and x2-
02. Therefore, the simulation model has two
compensators of the reactive power ‘“Reactive
power compensator 1” and ‘“Reactive power
compensator 2”. The simulation model of the
traction drive of one section of the electric
locomotive with the reactive power compensators
is shown in Fig. 6. All studies were carried out for
the nominal mode of operation of the traction
electric drive, which corresponds the 28 position
of the machinist controller.

The elements of the passive part of the hybrid
reactive power compensator are calculated based
on the following reasons.

The filter condenser capacity is defined by the
reactive power, consumed by the load and
calculated using the following ratio [25]:

Quon 1066-10°

C, = - — 8827, uF, (19
‘T 271U 2.7-50.620° #F.(19)

where f;=50 Hz is the frequency of the main
voltage harmonics on the secondary winding of
the traction transformer;

Uc=U,=1218 V is the voltage across the
condenser (Table.1);

Qrom is the nominal value of the reactive power

Qnom = |2 'UZ \ll_ki =

=1750-1218-4/1-0,866> =1066,kVAr,

(20)

where 1,=1750 A is the current of the first
harmonics of the second winding of the traction
transformer (Table 1);
k,=0,866 is the power coefficient of the secondary
winding of the traction transformer (Table 1).

According to the obtained value of the
condenser capacity, the necessary value of the
choke inductance was established, satisfying the
condition of voltage resonance at a frequency of
the first voltage harmonics on the secondary
winding of the traction transformer.

Power Systems and entered the blocks of
“Reactive power compensator]l” and “Reactive
power compensator2”.
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Fig. 6. Single-section traction drive model for VL-80K locomotive with reactive power

compensator
L-— 1 .
f_(g.ﬂ.fl)z.cf_ At the simulation model (Fig.6) four
1 (21)  experiments were carried out. The first

- = 4,44,mH.
(2-7-50)" -2287-10°°

The elements of the passive filter at the
simulation model are realized on the elements of
the library Simscape/Electrical/Specialized

RESULTS OF MODELING

experiment consisted of reading the time
diagrams of voltage and current on the primary
winding of the traction transformer (Fig. 7) in the
absence of the reactive power compensator and
under condition that the process of changing is of
a stationary deterministic character.

10
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Fig. 7. Time diagrams of current (a) and voltage (b) on the primary winding of the traction
transformer obtained during the first experiment.

The second experiment consisted in taking the
time diagrams of voltage and current on the
primary winding of the traction transformer (Fig.
8) with the reactive power compensator and under
condition that the process of changing is of a
stationary deterministic character.

The third experiment consisted in taking the
time diagrams of voltage and current on the
primary winding of the traction transformer (Fig.
9) without the reactive power compensator and
under condition that the process of changing is of
a nonstationary nondeterministic character. For
the task of the nonstationary nondeterministic

300

200 ¢
100 1
50

-100

-200 1

-300

4998 49985 49.99 49.995 50
t,s

a)

process on the primary winding of the traction
transformer in addition to the voltage of the
catenary the interferences of the type of a “white
noise” were supplied with a dispersion of 5000 V.
For the conditions analogous to the third
experiment there was a forth experiment. Unlike
the third experiment, into the composition of the
track drive, the reactive power compensator was
introduced. The diagrams of the current and
voltage at the primary winding of the track
transformer are shown in Fig. 10.

4 ‘ ‘ ‘
4998 49985 4999 49995 50
t,s
b)

Fig. 8. Time diagrams of current (a) and voltage (b) on the primary winding of the traction
transformer obtained during the second experiment.
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Fig. 9. Time diagrams of current (a) and voltage (b) on the primary winding of the traction
transformer obtained during the third experiment
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Fig. 10. Time diagrams of current (a) and voltage (b) on the primary winding of the traction
transformer obtained during the fourth experiment

All four experiments were performed for the
nominal mode of operation of the traction drive,
maintaining the nominal frequency of the motor
shaft of 915 rot/min. Figures 7-10 show the
graphs of currents and voltages of the traction
transformer primary winding for the steady-state
mode.

According to the results obtained, the
amplitude-frequency and phase-frequency spectra
of currents and voltages of the traction
transformer primary winding were obtained in
accordance with (15). The number of indications
for the period was N=256. Based on the obtained
spectral components for the four experiments, the
coefficients of power and the total power that was
consumed by the electric locomotive from the
catenary were calculated.

12

The locomotive power coefficient upon the
disconnected drive of the auxiliary machines was
determined using formula of [25]:

(22)

where Py is the active power consumed by the
traction transformer primary winding at the main
frequency of the catenary;
S is the total power consumed by the traction
transformer primary winding.

The active power consumed by the traction
transformer at the main frequency of the catenary
[25, 26] is as follows:

0 =l Y .cos(goum _(0'1(1))’ (23)
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10y IS the amplitude of the first harmonics of the

current in the primary winding of the traction
transformer;
U,y is the amplitude of the first harmonics of the

voltage at the primary winding of the traction
transformer;
Q) 18 the phase of the first harmonic component

of voltage in the primary winding of the traction
transformer.

The total power consumed by the traction
transformer was determined using formula of [25,

26]:
N 2 2
5=2(Pa) +(Qq) (24)
i=0
where B, is the active power of the i-th harmonic

component consumed by the primary winding of
the traction transformer;
Qy, Is the reactive power of the i-th harmonic

component consumed by the primary winding of
the track transformer.

The active power of the i-th harmonic
component consumed by the primary winding of
the traction transformer is calculated using the
formula from [25, 26]:

Pay =Yy 008 ) (25)

The reactive power of the j-th harmonic
component consumed by the primary winding of
the traction transformer is calculated using the
formula from [25, 26]:

Quy =i by sin( ) (26)

In formulas (24-26) Uy is the amplitude of the
i-th harmonic component of voltage in the
primary winding of the traction transformer; 11(i)
is the amplitude of the i-th harmonic component
of current in the primary winding of the traction
transformer; ¢1(i) is the phase shift between the i-
th harmonic components of voltage and current of
the primary winding of the traction transformer;
N is the number of harmonic components of
voltage and current of the primary winding of the
traction transformer.

The phase shift between the first harmonic
components of voltage and current of the primary
winding of the traction transformer was defined
by the formula from [25, 26]:

Puiy = Puagiy ~ Pugiy (27)
The results of the calculation are presented in

Table 2.

Table 2

Results of calculations of power coefficients and total power consumed by electric locomotive from
the catenary

Parameter Number of experiment
1 2 3 4
Coefficient of power, o.e. 0,85 0,918 0,833 0,912
Total power consumed by electric locomotive from 4886 4595 6543 4643
the catenary, kV-A

From Table 2 is seen that the use of the
reactive power hybrid compensator in the system
of the traction drive increases the coefficient of
power of the traction driver and hence decreases
the total power consumed by the electric
locomotive from the catenary.

The most marked here is the effect of the use
of the reactive power hybrid compensator upon
the nonstationary nondeterministic process of the
change in voltage of the catenary. Thus, in the
traction drive in the absence of the compensator,
at the nonstationary nondeterministic process of
the voltage change in the catenary, the total power

that was consumed by the electric locomotive
from the catenary increased by 33.9 % compared
to the case of the stationary deterministic process
of the change in the voltage of the catenary. A
similar comparison for the traction drive in the
presence of the reactive power compensator
showed that the total power increase that was
consumed by the electric locomotive from the
network was 2.6 %.

CONCLUSIONS
B pabote npemoxxena Mmoaens ruOpuaHoro In
this work, the reactive power compensator model
was offered with adaptation of the monitoring
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system operation to the supply main voltage
parameters. To solve this problem:

-the algorithm of the monitoring system
operation of the compensator active part was
developed;

-the monitoring system structure of the
compensator active part was developed;

-the compensator passive part elements were
calculated;

-the modeling was fulfilled,;

-the simulation modeling of the traction drive
operation of VL-80k locomotive with the reactive
power compensation was fulfilled;

-for the nominal mode of the electric
locomotive operation at the nominal value of
frequency of the motor shift rotation, four
experiments were performed. The first consisted
of obtaining the time current and voltage
diagrams of the primary winding of the traction
transformer for the traction drive with no
compensator under condition that the process of
voltage change in the catenary is a stationary
deterministic process. The second was to obtain
time diagrams of current and voltage of the
primary winding of the traction transformer under
the same conditions of voltage changing in the
catenary, but with a reactive power compensator.
The third had to obtain time diagrams of current
and voltage of the primary winding of the traction
transformer with no compensator under condition
that the process of changing voltage in the
catenary is a nonstationary nondeterministic
process. The fourth one was aimed at obtaining
the time diagrams of current and voltage of the
primary winding of the traction transformer with
a compensator in condition that the process of
changing voltage in the catenary is a
nonstationary and nondeterministic process.

-according to the diagrams obtained for the
steady-state mode the amplitude-frequency and
phase-frequency spectra of currents and voltages
, using which we calculated the locomotive power
coefficient and the total power consumed by the
electric locomotive from the network. The
analyses of the results showed that the reactive
power compensator use in the traction drive
system increases the traction drive power
coefficient, decreasing thus the total power that is
consumed by the locomotive from the catenary.
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