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ENERGY OF STARTING UP TO SPEED OF DC TRAIN

Introduction

The proposed autonomous (off-line) mode of
recuperative braking in the articles [1, 2] shows
that it is more effective to start up the train using
the energy which was stored in the last phase of
recuperative braking by on-board supercapacitor
storage system (OSSS). First of all, the off-line
mode allows to save significant volume of energy
for the next phase of traction mode. Secondly, it
increases the traffic-capacity of overhead line. But
these facts lead to the question: which energy is
required to starting up the electric rolling stock
(ERS) from zero to some operational speed?

The paper describes the method of energy esti-
mation and shows the results of analysis for DC
multiple unit train EPL2T.

Methodology and main formulae for energy
estimation

As it was established, at the train starting the
energy, which is performed by its traction motors,
Ay consists of: 1) energy for overcoming the fric-
tion Ay in the bearings of wheelpairs; 2) A4, is
the energy for overcoming the main forces of the
train running resistance; 3) variations of stored the
kinetic 4 and the potential 4, energy in the pro-

cess of train acceleration; 4) A4, is the energy of
electrical and mechanical losses of system in the
process of energy conversion and transmission.
Therefore, the energy balance equation of train
starting up is

AstzAfr+Arr+AkJ_rAp+AAem. (D)

Each component of the equation is explained as
follows.Firstly, we consider that the train starting
carried on a horizontal straight section of track
without rises and falls, so potential energy 4, is

absent.The energy sum A4g + A, is frequently not-

ed like 4,,(V'). This energy is consumed on over-

coming of the total resistance to train motion and is
described by next equation:
A,V)=Ag + A =V t-W=Ily - W

=Vt W=Ig-W, 2)

where V' is the speed;
t is the time of starting up;
Iy 1s the distance passed in acceleration period;

W is the total resistance to train motion.
The total resistance W consists of the main
running resistance W, and additional Wy, which

is based on the friction forces in the bearings of
wheelpairs, so

W=Wy+W. (3)

The absolute value of the main running re-
sistance W, is determined as multiplication of the

specific main running resistance w'O on the esti-
mated weight of the train m-g [3, 4]

where m is the weight of the train, t;

2=9,8 m/s” is the acceleration of gravity.
Formulae for determination of the specific main
running resistance wb are shown in [4] for most

common types of main and urban railway electric
transport. Generally, the formula can be written
such as:

wo=a+b-V+c-V?  HKN, (5)

where a, b, ¢ are the coefficients;
V' is the train starting up speed, km/h.

The value of the additional running resistance
W; at the moment of train starting up can be cal-

culated using the formula:
W =Wg-m-g, (6)

where Wfir is the specific additional running re-

sistance which is calculated in accordance with the
Rules of Traction Calculations [3]:

' 28

Wy =—=° 7
T g +27 )
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where my is the physical weight per one axle of

rolling stock, t.
In case when the train has different types of car-
riages and these carriages have different axial

loadmyy, the coefficients m; and Wf'r should be

determined for each type of carriage. That is why
the resulting running resistivity is calculated by the
following formula:

Wf‘IZZWfri'ni, (8)
2

where n; is the quantity of the carriages with simi-

lar type;

Wf'ri is the specific additional running resistance

for i-th carriage is calculated by the formula (7).
Theoretical and experimental researches show

that in formula (1) the kinetic energy 4, is funda-

mental like 4p and A, . As it is known from [4],

the kinetic energy which is transferred to the train
weight in the process of train starting up from zero
to some operational speed is given by:

me V2 m-(1+y)-V?
2 2

4y = BN
where m, and m are the reduced and physical
(calculated) weights of the train respectively, kg;
(1+7)=1,08 is the rotational inertia coefficient
[5].

Energy losses A4,, in traction electrical

equipment consist of losses in traction electric mo-
tor (TEM), mechanical transmission, wires of
power circuit, pulse converter, on-board superca-
pacitor storage system. The corresponding total
power losses determine the efficiency of the rele-
vant units of conversion and transmission system.
Therefore, the value A4, in the calculations of
Ay takes into consideration the efficiencies of the
next elements: TEM 7rgp, the pulse converter
Mpe and OSSS 7,4 -

Abovementioned data determine the energy of
train starting up by the expression:

AW(V) + Ak )
TITEM " Mpc “Tosss

A4 (V)=

(10)

We obtain an expression of the capacity C of
OSSS which is necessary to starting up and accel-
erate the ERS to some speed.
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As it is known, the energy which stored in the
electric field of the capacitor is determined by the
expression:

2
A _ C- UCnom
08sS — 5 >

(11)
where Ugyom 18 the nominal voltage of fully

charged capacitors.

It is not recommended to discharge capacitive
storage for structural views completely to [6] and it
should have some residual charge, so-called “dead
volume”. Therefore, the total energy of the storage
system has two components and equals:

Aosss :Ac +Ad’ (12)

where 4, is the exchange energy between storage

system and traction motors of ERS,
Ajy is the energy of “dead volume”.

The exchange energy can be represented as

C- (U -Ug)

5 ; (13)

AC =
where UC2 —Uc% is the operational voltage range
(charge-discharge);

U, is the voltage of fully charged storage system;
Uy 1s the voltage of discharged storage system

(voltage of “dead volume™).
To determine the capacity C by the energy bal-
ance of Ay (V) and A4, the formulae (10) and (13)

are used:

A,(N)+ 4 V) _C-(Ue -Ug)
ITEM " Mpc *Tosss 2

Finally, equation above allows to get the final
formula:

co 2[4, (V) + 4 (V)]
) 2
(Ue —Uq) - ntEM “Mpe “Mosss

(14)

Using the expressions (10) and (14) we calcu-
late energy for EPL2T starting up and appropriate
for this storage system capacity.

Calculation and analysis results of the start-
ing up energy of EPL2T

The multiple unit train EPL2T basically con-
sists of 8 carriages: 2C+ 4M + 2T, i.e. 2 carriages
with cabs, 4 motor carriages and 2 intermediate
(trailer) carriages.
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Table 1
The starting up energy of train EPL2T
v, V., Wb .| Mo w, Ise> | Ise> | Aws| Ao | Asts Capacity €. F
Case Case
km/h | m/s | NKN| N N s m | MI| MJ | MJ 41 4
10 | 2,78 |1,4667| 81427 |14471,6| 3,71 5 10,074| 2,36 | 3,04 | 0,517 | 0,414
20 | 5,56 [1,7468| 9697,7 |16026,7| 7,41 10 (0,16 9,44 | 12 2,04 1,63
30 |8,33(2,080(11549,2(17878,1| 11,1 | 23 |0,41|21,24|27,06| 4,6 3,68
40 |11,11]2,467(13697,2120026,2| 14,8 | 40 |0,80|37,77| 48,2 8,2 6,56
50 |13,89]2,908 [16141,6|22470,5| 18,52 | 100 |2,25| 59,0 | 76,56 | 13,02 | 10,42
60 [16,67|3,401 | 18824 [25211,3| 22,2 | 150 |3,78 | 85,0 |111,0| 18,86 | 15,10
70 [19,45|3,948 [21919,8|28248,7| 25,9 | 200 | 5,65 (115,66 151,6| 25,79 | 20,62
80 [22,22]4,549 (25253,6|31582,5| 29,63 | 300 |9,47|151,1(200,7| 34,13 | 27,30
It is necessary to set the starting up speed from U, =3960 [V], U4 =1980[V]; the second is

zero to 10...80 km/h. The formula calculation (10)
starts from evaluation of the energy 4,,(V) which

is consumed on overcoming the main forces of the
train running resistance (2)-(9).

According to the experimental results [7], the
main equation of the running resistivity in the
range of V' =30...130 km/h is:

wy =1,24+0,02-7 +0,000267 - V2.

To determine the additional running resistance
Wi by expressions (6) and (7) we obtain the re-
sulting running resistance using expression (8).
According to [4], the carriages of the fully loaded
train have the next weights: carriages with cabs —
63,4 t, motor carriages — 78,6 t, intermediate car-
riages — 62,7 t. Therefore the weight of two car-
riages with cabs is 63,4-2=126,8 t, and values in

formula (7) are my=15,85t, Wf'r =1,225 N/kN .
The weight of four motor carriages is 314,4 t and
coefficients are my=19,651, Wf'r =1,05 N/kN .

Finally, weight of two intermediate carriages is
1254 t and coefficients are my=15,675t,

'

Wi =1,24 N/kN .

So the mean square value of the specific addi-
tional running resistance Wf,r in formula (8) equals
1,14 N/kN.

Then the additional running resistance W , ac-

cording to (6), is equal to 6328,94 N.
In the process of determining A , the formula

(10) wuses the efficiency of TEM type
1DT.003.L8U1 which is equal to 0,915 [4]. The
efficiency of pulse converter [8-10] and on-board
supercapacitor storage system is 0,9 [9]. The re-
sults of calculations are given in Table 1. The cal-
culations are made for two cases: the first is for
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when U, =3960 [V], Uy =990 [V]. In both cases,

. o vV
the starting up time is defined as ¢y =—, where
a

a=0,75 m/ s? is the train acceleration [7]. The
distance passed by train in starting up period /[ is
taken from [7] Fig. 5.4 with respect to time 7 .

From table 1, the train starting up from zero
speed to 10...80 km/h requires the energy from
3,04 to 200,7 MJ. Practical estimation of the
amount of energy was performed for EPL2T in the
process of operation in the section Dnipropetrovsk-
Piatykhatky of Prydniprovsk railway. These results
are presented in table 2 and show the speed ranges

which can be obtained after stopping.
Table 2

The starting up energy of train EPL2T

Name of the The possible
stop/station, where Stored final speed
the train starts recu- enﬁ/ﬁy’ after starting

perative braking up, km/h
165 km 50,27 40
160 km 50,67 40
Dniprodzerzhynsk | 69,7 45
Voskobinia 71,3 50
139 km 4,05 10
Verhniodniprovsk | 38,9 35
128 km 68,62 45
125 km 69,1 45
119 km 59,52 48
114 km 422 35
Hranovo 94,2 55
104 km 105,1 60
Vilnohirsk 79,2 52
Zhelezniakovo 150,1 70
88 km 22,1 30
77 km 41,2 35
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Fig. 1. Graphs of the starting up energy and storage sys-
tem capacity with respect to the train speed EPL2T
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Conclusions

1. Theoretical analysis shows that the additional
running resistance should be taken into considera-
tion in the calculations of starting up and accelera-
tion energy of ERS.

2. The values of energy starting up and capacity
of on-board supercapacitor storage system increase
parabolically with the increasing of the moving
speed.

3. The proposed autonomous (off-line) recuper-
ative braking can be fully obtained, but the final
speed of the train is different and depends on the
track conditions and the quantity of stored energy.

4. The using of stored energy allows to reduce
the energy consumption in traction mode on
18...25%.
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In the last 20 ... 25 years the volume of recuperated electric energy is less than 2% of the consumed by
traction, while it is possible to return about 10 ... 15%. The main reason is unsatisfactory and inefficient usage
of recuperated and transmitted energy to the power supply system. The paper proposes to solve this problem
and induce the efficiency and the degree of recuperated energy of DC multiple unit trains by the usage of on-
board supercapacitive storage system. The methods of the electric traction theory and the theory of pulse elec-
trical engineering are used for the problem solving. The developed methodology allows to calculate the energy,
which is required to starting up the multiple unit train EPL2T to some speed 10 ... 80 km/h after its stopping.
Furthermore, the capacity of the on-board storage is calculated in two cases of storing recuperated energy. The
novelty of the paper is the new method for estimating energy, which is required to starting up (after the stop-
ping) the train to a certain speed. The analytical expression of the capacity of the on-board storage system was
achieved and calculated for the previously estimated energy. For the first time it was found that the energy,
which was saved by the on-board supercapacitive storage system, is sufficient to start up the train to some
speed and reach the characteristic of full field of the traction motors. The proposed autonomous mode of recu-
perative braking allows, at first, to increase significantly the efficiency of energy recovery, and secondly, to re-
duce the weight and size parameters of on-board storage supercapacitors.

Key words: energy; resistance movement; recovery; starting up; speed; train; supercapacitor; on-board stor-
age system; the kinetic energy.
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JHEPI'MSA PASI'OHA SJIEKTPOIIOE3JA IIOCTOAHHOI'O TOKA

3a nocnegHue 20..25 net ob6beM 3Heprum pekynepauuu 31eKTponoe3foB He npesBblwaeT 2% OT MCNOoNb30-
BAHHOW Ha TAry, B TO Xe BpeMs Kak BO3MOXHO Bo3BpawaTtb 40 10...15%. OAHON M3 NPUYMH TaKoro COCTOSAHUSA
eCcTb HeyAOoBfeTBOpUTENbHOE HeI(PPEKTUBHOE UCMOIb30BaHNE 3/1EKTPO3HEPINN, KOTOPas peKynepupyeTcs u ne-
pefaeTcs B TArOBYH CeTb. B cTaTbe npepnaraeTcs MOBbICUTb 3HEpreTuveckyto 3ddeKTUBHOCTb M CTEMEHb UC-
NoJSIb30BaHMUA 3NEKTPO3HEPrMM peKynepaumm NpuropoaHbIX 3/1eKTPOnoe3AoB NOCTOSHHOIO TOKa C nomoubo 60op-
TOBOro €MKOCTHOrO Hakonutens. [ns peleHns nocTaBleHHOW 3a4a4n UCNOoNb30BaHbl METOAbI TEOPUN SMEKTPU-
YECKOM TArM U UMNYSbCHOM 3NEeKTPOTEXHUKN, @ Takxke MeToaMKu MNpasBun TArosBbiX pacyeToBs. M3noxeHa mMeToan-
Ka M YMC/IEHHble pacyeTbl 3/1IeKTPO3HEpPrun, HeobxoanMon Ans pasroHa snekTponoesaa EMJ12T nocne ocTtaHOBKM
Ao ckopoctei 10...80 kM/4vac. bonee Toro, BbIMOIHEHO OLLEHKY eMKOCTM 60pTOBOr0 HakonuTensa Ana AByX ciay4a-
€B HaKOMJEeHUs 3Heprun pekynepauuu. HayyHas HOBM3Ha CTaTbM 3aK/IOHAETCA B TOM, YTO MNpeasioXeH U uc-
Nnosib30BaH HOBbIA METOJ OLIEHKW 3Heprun, HeobxoAuMOM AnS pa3roHa (Mocne OoCTaHOBKM) 3neKkTponoesga Ao
HEeKOTOpPOW CKOPOCTU. [MONyYeHO aHanUTUYEeCKOe BblpaXXKeHNWe eMKOCTU 6OpTOBOro HaKOMUTENS 3NEKTPOIHEPTruK,
HeobxoAMMONM ANA Mycka 3neKTpornoesaa Nnocse OCTaHOBKW. YCTaHOB/IEHO, YTO HakonjaeHHon B 60pTOBOM Hako-
nuTene 3Heprum AOCTaTOYHO AN pa3roHa 3/ieKTpornoes3fa A0 CKOPOCTM BbIXOA4a Ha XapaKTepUCTUKY MOSHOro
BO36Yy>xaeHMs. [peanoXeHHbI aBTOHOMHbIA (Pa30BbI peXuM peKynepaTuBHONO TOPMOXXEHMS MO3BOJSISET, BO-
nepeblX, 3HAYUTENbHO NOBLICUTL 3PPEKTUBHOCTb UCMOSIb30BAHUSA SHEPrMM peKkyrnepauun, BO-BTOPbIX, CHU3UTb
MaccorabapuTHble nokasaTtenn 60pToBOro EMKOCTHOINO HaKoNuUTeNs.

KnwoueBble cnoBa: 3HEpPrusi, COMpPOTUB/IEHUE ABUXEHWIO, peKynepauusi, pasroH, CKOpOCTb, 3/1eKTponoes3s,
cynepkoHaeHcaTop, 60pTOBOI HaKoMuTeNb, KMHETUYECKasi IHeprus.

Buytpennuit peniensent Kysneyos B. I'. Buewmnuii peuensenr [lkpabey @. I1.
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EHEPI'ISI PO3I'OHY EJIEKTPOIIOI3JA IOCTIMHOT'O CTPYMY

B octaHHi 20...25 pokiB 06’eM eHeprii pekynepauii enekTponoisais He nepesulye 2% Big 3aTpayvyeHOoi Ha TAry,
B TOW 4yac sk MoxmBo noseptatv A0 10..15%. OpHi€ i3 NpUYNH TaKoro CTaHy € He3aAoBislbHE HeedeKTUBHE
BUKOPUCTaHHSA efleKTPOoeHeprii, Wo peKynepyeTbCs i NepefaETbCs B TArOBY Mepexy. B cTaTTi NponoHyeTbCA nia-
BULLUNTN eHepreTUYHy edeKTUBHICTb i CTYNiHb BUKOPUCTAHHS efnleKTpoeHeprii pekynepauii NpMMiCbKnX enekTpo-
noi3AiB MOCTIMHOrO CTPyMy 3a A0MNOMOrol 60pTOBOr0 EMHICHOrO Hakonu4yBaya. [Ans po3B’s3aHHS MocTaBfieHOol
3a4a4i BUKOPUCTAHO METOAM Teopii eNeKTPUYHOI TAMM Ta iMMysIbCHOI €NeKTPOTEXHIKK, a TaKoX MeToanku Mpasun
TArOBMX pO3paxyHKiB. BuknageHo MeToAWKY i UYMCenbHi po3paxyHKM enekTpoeHeprii, noTpibHOi Ans po3roHy
enektponoizga EMM2T nicna 3ynuHkn Ao weuakocten 10..80 kM/ro4. Binblw Toro, BUKOHaAHO OLiHKY €MHOCTI 60-
pPTOBOro HakonuyyBada ANns ABOX BMMNAAKIB HAaKOMUYeHHSs eHeprii pekynepauii. HaykoBa HOBW3Ha CTaTTi nonsrae
B TOMY, L0 3anponoHOBAHO HOBMI MeTOoA OLUiIHKM eHeprii, NoTpibHOI ANA po3roHy (nicns 3ynuHKKW) enekTponoisaa
[0 MEeBHOI WBMAKOCTI. OaepXaHo aHaniTUYHMA BUpa3 EMHOCTI 6OPTOBOro HakornuyyBada eneKTpoeHeprii, Heob-
XiAHOT ANA NyCcKy enekTponoisga nicns 3ynuHkW. BcTaHoBneHo, wWo 3aowagxeHoi B 60pToBOMYy Hakonuyysaui
eHeprii AoCTaTHbO ANS PO3rOHYy eneKkTponoidga A0 LWBMAKOCTI BUXOAY Ha XapaKTEpUCTWUKY MOBHOMO 36yAXXeHHS.
3anpornoHOBaHN aBTOHOMHWUI (Da30BUA PEXWM peKynepaTMBHOro rajibMyBaHHS AO3BOJISE, MO-neplue, CyTTEBO
nNiaBnWNTN edeKTUBHICTb BUKOPUCTAHHA eHeprii pekynepauii, no-gpyre, 3HM3NTNU MacorabapuTHi NokasHuku 60-
PTOBOr0 EMHICHOIrO Hakonuyysaya.

KnrouoBi cnoBa: eHeprisi, onip pyXxy, pekynepauisi, po3riH, WBWAKICTb, eNeKTponoi3a, cynepkoHaeHcaTop, 6op-

TOBMW HaKonuuyBay, KiHeTM4YHa eHepris.
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