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Improving the Control Method of Energy Losses
in Contact Line

T.I. KIRILYUK

Summary

Purpose. Today energy losses in contact line are determined by calculation, but this
method gives approximate values. It is proved that it is more effective control of the en-
ergy losses in contact line using indirect methods, but existing methods give the error
of 7,5%. It is necessary to improve the control method of energy losses in contact line
by taking into account additional factors.

Methods. The method of integral and matrix calculus used to develop a mathematical
model for determining energy losses coefficient. Theory of experiment planning used for
development a regression.

The Results. Regression equations of the second order for determining energy losses
coefficient for areas of direct and alternating currents were received on the basis of full
factorial experiment. Character of energy losses coefficient was defined, the limits of its
changes were set and recommendations of its regulations were provided on the basis of
the Monte Carlo method. An experimental confirmation of the results was done. It showed
that the proposed improved method reduces error in the determination of energy losses.
Scientific novelty. For the first time, an analytical expression for estimating energy losses
coefficient, which takes into account the number of trains on the zone between traction
substations was found. This allows determining energy losses in contact line more accu-
rately. First established the law of the statistical distribution of the energy losses coeffi-
cient, which makes it possible to evaluate its limits and advice on regulations change it.
Practical significance. The method of determination of the loss factor, which takes into
account additional factors was found. This makes it possible to reduce the taking into ac-
count error of loss of 2,1% as compared with the existing indirect method.

Keywords: overhead contact system, power supply system, electrical energy loses, math-
ematical model

Railway transport is one of the biggest consumers of electricity in Ukraine. It was
consumed 5 249,5 TWh in the last year. The main part of energy losses is losses
in contact line. The average losses in contact line is 10,84%. The structure of

' Ph.D.; Dnepropetrovsk National University of Railway Transport.



50 Kirilyuk T.I.

energy losses in percentage of the total number of consumption electricity is

different in Ukrainian Railways. There are 16% in Donetska railway, 15,07%

in Prydniprovska railway, 11,44% in South railway, 17,26% in Lvivska railway,

5,06% in Odeska railway, 6,53% in South-West railway. The decrease of electric-

ity losses is the state problem corresponding to the state target economic program

of energy efficiency and the development of energy production from renewable
energy resources and alternative fuels for 2012-2015 years.

All Ukrainian Railways buy electricity at the wholesale electricity market
(WEM). Buying electricity in the WEM to satisfy their own needs and needs of
third-party customers is the strategic direction of their activities. It is confirmed
by both the experience of the railways in the WEM and the development concept
of WEM that is approved by the Cabinet Ministers of Ukraine. Conditions of
WEM require continuous analysis of energy losses in a contact line.

Energy losses in contact line are determined by calculating according to the
»Instructions for calculation technological Energy losses in devices Traction
Power Supply” approved by order of Ukrzaliznytsia on 29.08.2003 Ne 342-CH.
But this method gives fairly approximate values. Accuracy and efficiency of con-
trolling energy losses could be increased by using the indirect method. This
method has an average error of 7,5%. This figure could be reduced by taking into
account factors that affect the energy losses in the contact line. These factors are
the scheme of electric power supply of railway section, the wear (reduction of the
area) of contact line, the number of trains on railway section, the environment
temperature, speed and current of trains.

In this way the problem of improving the control method of energy losses in
contact line is really important. For improving the control method of energy
losses in contact line were solved next problems:

1. The factors that affect the energy losses coefficient were selected and their
mathematical models were developed.

2. Laws of distribution influencing factors and the limits of their change were
found.

3. Analytical expressions for determining the energy losses coefficient for direct
current and alternating current based on full factorial experiment were re-
ceived.

4. Law of distribution and the limits of change for the energy losses coefficient
were found.

5. Recommendations for regulations the energy losses coefficient were given.

6. Received theoretical results were verified experimentally.

Determining the energy losses in contact line has a lot of features. At first it
can be explained by the changing current and place of the trains. The indirect
method for determining the energy losses in contact line was described in the
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works of A.V. Bardushko, O.L. Bykadorov, V.T. Domanskyy, M.E. Krestyanov,
A.N. Kuvichynski, K.G. Marquardt, V.T. Cheremysin [1, 3, 4, 5, 6, 8, 13]. This
method is based on the register values of per square ampere — hours on the feeders
of traction substations. The meter is located on the feeder. It measures values of
per square ampere — hours in the unit of time and scales them to the energy losses
using the energy losses coefficient. The energy losses in contact line are calcu-
lated by the next formula [14]:

AW =k, -jlj(t)dt, (1)

where: AW — energy losses in contact line, kWh,
k, — energy losses coefficient,
1/2. (¢) — square of feeder’s current in the given time, A?,
r — time of moving the train in the area, h.

Energy losses in contact line were separated on feeders for calculating k,. The
reason of this was locating meters in the each feeder. Those meters are needed
individual settings. The instant power losses in contact line for double scheme of
power supply are calculated like the sum of multiply of squares of feeders’ cur-
rents and appropriate resistance of contact line [9]:

AP(t)= rox(t)(l(t)L—LX(t)) ‘r (L—x(t))([(t) x(t))

=1 (t)|:x(t)(+(t)) (L- (t))x(t) } )

where AP (t) — the instant power losses in contact line, W,
r, — resistance of 1 kilometer of contact line, Ohm/km,
x(¢) — coordinate of train, km,
1(¢) —train’s current at a given time, A,

L — length of the zone between substations, km.

(L=x(0))° X(t)
r

Denote x() +(L—x(1))—=—=A(x).

The form of the curve of instantaneous losses depends on the scheme of power
supply. Curves of instantaneous losses are shown in the figure 1 (this situation
was described for 1 train in the area). The first component A(x) is the part of the
instant power losses from the first traction substation. The second one is the part

of the instant power losses from the second traction substation.
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Fig. 1. Components of the instant power losses in the contact line: a) double scheme
of power supply; b) junction scheme of power supply: 1) general, 2), 3) components of
power losses from the first and second traction substation, 4) component of power losses
from the current of the passing feeder, 5) component of power losses from the current
of the adjacent feeder

The energy losses coefficient is function from the next values [12]:

ky = f (kg k, sk, sk skpsk,), 3)
where k_— coefficient which takes into account the scheme of electric power sup-
ply of railway section,
k, — coefficient which takes into account the number of trains on railway section,
k, — coefficient which takes into account the wear (reduction of the area)
of contact line,
k,— coefficient which takes into account the speed of trains,
k,— coefficient which takes into account the current of trains,
k, — coefficient which takes into account the environment temperature.

Coefficient which takes into account the scheme of electric power supply of
railway section k_ (table 1) was determined analytically.
Table 1
Instantaneous, equivalent resistances and k for different schemes of
electric power supply

Scheme of electric power

supply r(f) r, kg
. 1 1
Cantilever scheme —rL —
2 2
t 1 1
Double scheme rL— —rL -
T 4 4
Junction scheme* g’”oL/lVoL 2 /1
11 2 11/ 2

*Note: Value for passing feeder is in the numerator. Value for adjacent feeder is in the denominator.
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Expressions for determining power losses in the contact line for different
schemes of electric power supply and squares of feeders’ currents had been writ-
ten. Dependence between energy losses and the wear (reduction of the area) of
contact line was proposed to take into account by the coefficient k£, AS%. Journals
of condition of contact line were analyzed and medium wear was calculated for
defining the wear of contact line. Dependence between k, and medium wear of
contact line (fig. 2) is calculated in next way:

1
- 4
k, A% 4)
100

where AS% — medium wear of contact line in percentage.
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Fig. 2. Dependence between k, and medium wear of contact line

Influence the number of trains on railway section to the energy losses in the
contact line was proposed to take into account by the coefficient &k, [12]. The
scheme for calculating is shown on the figure 3. Formula (5) was gotten using this
one. Let do tolerance that currents of trains are equal and distances between trains
are equal too.

Iy Iy-Ip/y Ip-21s/n Iy-31p/p Ip-(n-Dlo/n
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Fig. 3. Cantilever scheme with # trains

Next formula was written according to the figure 3:
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K ./
2 . , (5)
where I; — square of feeder’s current, A2,
r. — resistance of contact line between traction substations, Ohm,
n —number of trains on railway section,
i — index number of the train.

For real and equivalent schemes AP are equal. This way the next expressions
can be written.

2
TN n]f-—(i—l)lf
i} :72;[—;1 , (6)
\ (n+1—z)
r,=nLl= e . (7)

The sum of the squares of the first #» natural numbers was written for receiving
the expression for coefficient &, (fig. 6). The number of these ones was defined by
the numbers of trains in the area between traction substations.
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Fig. 4. Dependence between k and number of trains on railway section

S=P+22+3+.=)i" (8)
i=1
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Next expression was written on the base of method undefined coefficients:

2n* +3n+1
’LZFOLT’ (9)
2
6n
1 1 1
k,=—t+—+—. 10
"3 2n 6n’ (10)

Influence the environment temperature to the energy losses in the contact line
was proposed to take into account by the coefficient k, (11). Expression (11) was
written on the base of thermal system equation.

T
BS|T+T|e™ -1 ||-£T
cS
k,=1—2 - , (11)
T+a|BS|T+T|e™ —1||-20T

where: ¢ — heat transfer coefficient,

S — cross-section area of contact line, mm?,

I — current in the contact line, A,

o. — temperature coefficient, 1/°C,

T°— heating constant,

t° — environment temperature, °C,

[ — heat transfer coefficient in heat exchange, W/(m-°C).

Distribution lows of factors affecting to the coefficient of energy losses in the

contact line was received on the base of analysis of trains diagrams, journals of
condition of contact line, weather forecasts (table 2) [10].

Table 2
Distribution lows of factors affecting to the coefficient of energy losses
Parameter Distribution low Low’s parameter
The number of trains on railway section | Binomial P=0,0822,n=43
The wear of contact line Lognormal m=17_2,6=15,67
The environment temperature Weibull k=50,51,v=4,6924

The speed of trains Lognormal m=47,52,6=22,07
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The average energy losses in contact line for Pridneprovskaya and Odesskaya
railways were 12,4% and 6,3%. These numbers were identified as a result of
mathematical modeling of the train situation for these areas. The model adequacy
was tested using Fisher’s exact test. Regression equations of the second order for
determining coefficient of losses for areas of direct and alternating currents were
obtained on the basis of full factorial experiment [7].

The regression equation was obtained. Advanced matrix that takes into account
the interaction of factors was written for calculating the coefficients of the equation.
Coefficients of the equation which absolute value is equal or larger than confidence
interval were named statistically significant and the final equation was written. The
model adequacy was tested using Fisher’s exact test and it was recognized an
inadequate. In this way the experimental plan been built to the plan of the second
order (composite plan) and the response function as a complete quadratic polyno-
mial was formed. The final equation for area of direct current is as follows:

k, =1,439+0,021n> —0,3787 +0,003nV, +0,004AS% + 0,005¢° . (12)

The calculated value of Fisher’s exact test for this model is 7,=1,091. For the
given parameters tabulated values is //=1,6. In this way the model was recognized
as adequate. The final equation for area of alternating current was gotten ana-
logically:

k, =9,02240,056n> —0,72n+0,024AS% + 0,033¢. . (13)

Values of the energy losses coefficients witch were identified as a result of
mathematical modeling and values of the energy losses coefficients witch were
calculated using the equations (12) and (13) were compared. Looking at the fi-
gure 5 we can see that those values are almost equal. This fact is proves high
accuracy of the results.
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Fig. 5. Comparing of the energy losses coefficients witch were identified as a result of

mathematical modeling and calculated using the regression equations; a) area of direct

current, b) area of alternating current: 1) & witch were calculated using the regression
equations, 2) klwitch were identified as a result of mathematical modeling
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The character of changing coefficient of losses for areas of direct and alternating
currents was identified by using the Monte Carlo method. There is the lognormal
distribution (figure 6a, 6b). Next characteristics of the energy losses coefficients
distribution were gotten (table 3).
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Fig. 6. Histograms of the energy losses coefficients distributions;
a) area of alternating current, b) area of direct current

Table 3
Characteristics of the energy losses coefficients distribution
l:i;t;e:;ﬁir:l M;(:ian Ml\zge E’R‘;z;:fd Disp]e;‘sion Asyn;llnetry Exyczess (g(;e;frﬁi;it?g;
Square ¢ \%
Area of direct current
1,03 1,02 1,0 0,06 0,00 1,79 9,19 0,05
Area of alternating current
7,04 7,02 6,98 0,13 0,02 0,87 4,38 0,02

Limits of changing the energy losses coefficient were identified. They are
from 0,94 to 1,33 for the area of direct current and from 6,56 to 7,79 for the arca
of alternating current. The average value of energy losses coefficient for areas of
direct and alternating currents are 1,03 and 7,04. Influence factors were examined
for giving the recommendations of changing this coefficient. The main influence
on energy losses coefficient is the number of trains on railway section. The cor-
relation coefficients for areas of direct and alternating currents are —0,7942 and
—0,8562. Instantaneous and equivalent energy losses coefficient for different
numbers of trains for double scheme were studied (figure 7).
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Fig. 7. Instantaneous energy losses coefficients for first and second feeders and there
equivalent values; a) one train, b) two trains, 3) three trains: 1), 2) instantaneous energy
losses coefficients for first and second feeders, 3) equivalent energy losses coefficient

Dependence between energy losses coefficient and time (fig. 8) was received
on the base of information on the distribution of trains on the section of direct
current and received energy losses coefficients.
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Fig. 8. Changing of energy losses coefficient in a week on the section of direct current

Analogically studies were done on the section of alternating current. Error of
averaging of energy losses coefficient in two, three, four hours to 168 hours was
calculated for giving recommendations for regulations the energy losses coeffi-
cient. Researches showed that error changed just a little over time. After one
weak it established at the level 5,8% for alternating current and 4,3% for direct
current and after this increases by a few hundredths of a percent. Experiment was
done in the area of Odesskaya railway for confirmation of the received theoretical
results [11]. Error was 5,4% that shows high precision.

As a result of the research the next results were obtained:

1. Expression for determining the energy losses coefficient was found on the
basis of the method of undetermined coefficients. This expression takes into
account the number of trains at the experimental area. It was established that
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the resistance of the equivalent circuit for different number of trains in general
is the sum of squares the natural series numbers.

2. Probabilistic nature of factors that affect the loss factor was determined. Lim-
its of their changes and laws of distribution were identified. It was established
that the number of trains at the experimental area obeys the binomial distribu-
tion. Speed of trains at the experimental area, the wear (reduction of the area)
of contact line and the current of trains obey lognormal distribution. The envi-
ronment temperature obeys Weibull distribution.

3. Based on the mathematical modeling for areas of Prydniprovska railway and
Odessa railway was found that the average losses at the studied areas are
12,4% and 6,3%. Regression equation for determining the energy losses coef-
ficient for direct current and alternating current were obtained from the full
factorial experiment.

4. The energy losses coefficient for areas direct current and alternating current
obeys the lognormal distribution. These facts were proved on the basis of statisti-
cal tests. Mean values of the energy losses coefficient are 1,03 for the areas of di-
rect current and 7,04 for the areas of alternating current. The correlation coef-
ficients for areas of direct and alternating currents are —0,7942 and —0,8562.

5. The recommendations for changes in regulations the energy losses coefficient
were given. They ensure error of less than 5%.

6. The measuring complex was developed. This complex consists of an adapter
and portable power analyzer.
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Udoskonalenie metody kontroli strat energii
elektrycznej w sieci trakcyjnej

Cel: Obecnie pomiary strat w sieci trakcyjnej dokonywane sa szacunkowo, jednak ten
sposob pozwala uzyskac tylko przyblizone wyniki. Udowodniono, ze bardziej efektywne
jest kontrolowanie strat energii elektrycznej w sieci trakcyjnej za pomoca metod posred-
nich, jednak istniejace metody daja wynik z blgdem rzgdu 7,5%. Niezbgdne jest udosko-
nalenie metody kontroli strat energii w sieci trakcyjnej z uwzglednieniem dodatkowych
czynnikow.

Metodyka: Przy opracowaniu matematycznego modelu do okre$lenia wspotczynnika
strat wykorzystano metody rachunku catkowego i macierzowego. Do opracowania zalez-
nosci regresji wykorzystano teori¢ planowania eksperymentu.

Wyniki: Na podstawie pelnego do§wiadczenia czynnikowego, uzyskano rownania regre-
sji drugiego rzedu do okreslenia wspodtczynnika straty energii na odcinkach z pradem
statym 1 pradem zmiennym. Na podstawie metody Monte Carlo okreslono charakter
wspolczynnika straty energii, ustalono limit zmian i przedstawiono zalecenia dotyczace
jego regulacji. Przedstawiono do§wiadczalne potwierdzenie uzyskanych wynikow, ktore
pokazalo, ze zaprezentowana udoskonalona metoda zmniejsza btad pomiaru strat energii
elektrycznej.

Innowacyjnosé: Po raz pierwszy uzyskano wyrazenie analityczne do okreslenia strat
energii elektrycznej w sieci trakcyjnej, z uwzglgdnieniem liczby pociagdéw pomigdzy sta-
cjami trakcyjnymi. Po raz pierwszy sformutowano prawo rozktadu prawdopodobienstwa
wspotczynnika strat energii elektrycznej, ktore umozliwia oceng jego granic i proponuje
zmiang metodyki.

Znaczenie praktyczne: Opracowano metodyke okreslenia wspotczynnika strat uwzgled-
niajaca dodatkowe czynniki. Daje to mozliwos¢ zmniejszenia btgdu wyliczenia straty o 2,1%
W poréwnaniu z istniejaca metoda posrednia.

Stowa kluczowe: sie¢ trakcyjna, systemy zasilania, straty energii elektrycznej, model
matematyczny
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YcoBepieHCTBOBAHME METOIA KOHTPOJIA NOTePh
JICKTPOIHEPIrUHM B KOHTAKTHOM CeTH

Pesmme

Ieas. Ha ceronusamumii 1eHs NOTEPU B KOHTAKTHOM CETH OINPENEIATHCS pACUETHBIM ITy-
TEM, HO TOT c11ocol JaeT npuOIn3uTenbHble 3Ha4eHust. /lokazano, 4yto 6omee dpPeKTHB-
HBIM SIBJISICTCS] KOHTPOJIb HaJl HOTEPSMHU SIIEKTPOIHEPIHU B KOHTAKTHOM CETH € IIOMOIIBIO
HEMpPsIMBIX METOJIOB, HO CYIIIECTBYOILIME METO/bI JIAI0T MOrpeHocThb 7,5%. Heobxonumo
YCOBEPIICHCTBOBATh METOJ KOHTPOJISL IIOTEPh HJIEKTPOIHEPIUH MyTEM ydeTa JONOJIHH-
TEJILHBIX ()aKTOPOB.

Mertoauxka. [Ipu pazpaboTke MaTeMaTHYeCKOH MOICIH JUTS ONpeeNieHust koahduunenTta
IMOTCPHb UCIIOJIB30BaHbl ME€TOAbl HHTETPAJIBHOIO U MATPUYIHOI'O UCUHCIICHUA. HpI/I paspa-
0OTKEe PErpecCHOHHBIX 3aBHCHMOCTEIl MCIOJIb30BaHA TEOPHs IUIAHUPOBAHUS DKCIIEPHU-
MEHTA.

PesyasTarbl. Ha ocHOBE MONHOTO (hakTOPHOTO SKCIICPHMEHTA MOJNYYEHBI ypaBHEHUS
perpeccun BTOPOTO TOPSIIKA JUTsS OTMpeaeieHnsT kKoaGdHIHeHTa MoTeph A yY4acTKOB
MOCTOSTHHOTO M IIepeMeHHOro TokoB. Ha ocHoBe meToma MoHTte-Kapio onpenerneH xa-
pakTep u3MeHeHHs KO3 (HUIMEHTa MOTEePb, YCTAHOBJICHBI I'PAHMIIBI €r0 M3MCHCHUS U
NPEJOCTABICHbl PEKOMEHIALNH 10 PENIAMEHTY ero M3MeHeHHs. [IpoBeneHo dKcrepu-
MCHTAJIBHOEC MOATBEPKACHNUE MMOJTYUCHHBIX PE3YJIBTATOB, KOTOPLIC MMOKa3ajnu, YTO IIPECI-
JIO)KCHHBIH YCOBEPIICHCTBOBAHHBI METOJI YMEHBIIACT MOIPELIHOCTD ONPEICICHHS 110~
TEPb MEKTPOIHEPTUH.

Hayunas HoBu3Ha. BriepBbie nonydyeHa aHaTUTHYCCKast 3aBUCHMOCTb JUIS OIIPEICIICHUS
ko3 puIeHTa MOTePh AIEKTPOIHEPIHH, KOTOPAsi YUUTHIBACT KOJIUUYECTBO MOE3/I0B Ha
MEXIOACTAHIIMOHHOW 30HE, M MO3BOJISET O0JIee TOYHO ONPE/EIISATh TOTEPH AMEKTPOIHEP-
MU B KOHTAKTHOM ceTH. BriepBble YCTaHOBICHO 3aKOH CTATUCTHYCCKOTO PACIIPEICICHHSI
kod(pHLIeHTa MOTEPb, KOTOPBIH TaeT BO3MOKHOCTh OLICHUTB €r0 IPAaHHMIIbI U 1aTh PEKO-
MEH/IALMY [0 PEIIaMEHTy er0 H3MEHEHHS.

IIpakTHyeckoe 3HaYeHne. PazpaboraHa Meroanka ompeneieHus KodpduimeHra mo-
Tepb, KOTOPAsi yYUTHIBAET HOMOJIHUTENIbHbIE (AKTOPBl. JTO NaeT BOSMOKHOCTh YMEHb-
IIUTh MOTPELIHOCTh y4eTa NoTeph Ha 2,1% Mo CPaBHEHHIO C CYLIECTBYFOLINM KOCBEH-
HBIM METOJOM.

KnaroueBble cjioBa: KOHTAaKTHAs CCTh, ITOTCPH DJICKTPOIHEPT U, MATEMATUYCCKAA MOJICIIb,
CHUCTCMBI DJICKTPOIIUTAHUA



