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Introduction

In Riga City tramcars are equipped with regenerative braking systems arranged on the base of
transistor pulse switches [1,2]. Such a braking mode is characterized with flow of energy to
supply network. Utilization of the energy flow depends on number of active drive tramcars
connected to the substation’s link of power supply during the braking process. If current
generated to contact grid by braking tramcar is fully consumed in drives of other tramcars
then efficiency of regeneration is excellent. If current consumed by other tramcars is smaller
than that generated by the braking then difference of currents must be dissipated in braking
resistors and utilization is not fully realized. It means that efficiency of utilization depends on
casual factors. Utilization should be very efficient if traction substations should invert
regenerated energy to the national grid. Mostly substations are supposed only for
unidirectional power flow i.e. they operated as rectifier stations. Modification of substations is
connected with large capital investments and for estimation of reconstruction efficiency it’s
necessary to evaluate a real volume of energy regenerated and not applied in other tramcar
systems i.e. volume of lost energy. Such evaluation is the main task of this paper.

Technical assumption

Volume of the energy generated by regenerative braking depends on situation in traffic
intensity. Number of active tramcars by expert evaluations in Riga during a working day is
presented in Fig.1.

As it is seen two expressed maximum numbers N, of tramcars exist for rush hours in
duration from 6.00 to 10:00 during five working days and from 16:00 to 19:00 in the evenings
of the same days. In other hours of working days except the right hours with N =0,
number of cars on line is smaller and can be expressed as N, .

Accepting that numbers N, in 12 hours and N, in 7 hours of 5 working days are constant
ones an averaged number of tramcars in day-night motion interval can be calculated as

TN +12N,,,

N,y =2 96 1
ot It} (O]

Number of tramcars operating at weekend along day-night hours are much more regular as
for working days and can be accepted as 0,5 N
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Fig.1. Total number of tramcars in Riga during 24 hours per working day

Taking into account that in Riga there is a radial network of tramlines with transit through
center a number of tramcars in zone of each substation depends on distance [ between
location of substation and center. If substation is closer to the center then number of carriages
connected with this substation is larger. At first approach we can accept that relative
number of carriages in zone of substation is in linear declining dependence with distance I,
(Fig.2.) and this dependence is not connected with character of week’s day (working or
weekend) or day time.

N, =f(l¢)

. 51\ ¢ Vp=fll)
09 0.9
- Vpor | b
S =
05 | ~~_ -} D/ I
I e i
* 5105 T LS == 0.5
Zoa pom = T ~T-, 0.4
03 normal T . 03
02 0.2
01 01
001 23 4 5 6 7 8 9 1011 1213 14 15

L [km]

Fig.2. Relative number of tramcars N’ for one radial line and probability V, of absorption

of recuperated energy in other carriages of the line dependence on distance [, ; D is diameter
of town

Such approach defines that at each time of the day-night at distance [, [km] from center the
total number of carriages in zone of substation is
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where N is a number of carriages at substation in very center, D is diameter of the town. At
such assumption number of carriages at center of town is the largest but at suburbs — the
smallest. Total number of carriages connected with all zones z and lines is equal to the
summative of numbers of carriages for each concentrate zone

2N =N, ©)

m=1

Probability of absorption of recuperated energy in other tramcars on line depends on the
number of carriages in the zone of substation. If there are more carriages, i.e. it is closer to the
center then probability is higher. But number of carriages in zone is increasing with the
increasing of total number of carriages in townN,,. Probability factor 0<V, <1 can be

linearized proportionally to the number N of carriages in zone versus to the number of
carriages and probability factor V,,, for the very center:

N
V,=V, 5

sz @
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Here V,,, depends on time of a day. At the rush hours V,,, is higher than for hours of smaller
load Vpom (Fig.2). For instance for rush hours Vp=0.8 but for normal traffic Vpom=0.6.

Calculation of recuperation parameters

Average number of carriages along one radial route:

N
Ny=o ®)

where M is a number of routes from center to suburb. If number of stops along line is S; then
averaged volume of energy recuperated by traction motors on the examined route during day-
night is

A =%S,AWK 5 O]

K is number of full passages of carriage from center to suburb in day-night. In Riga such
passage from center to suburb lasts approximately 0.5 hours with 0.25 hours interrupts at

suburbs. In this connection the number of passages per day for one route is K ~ 02—;)5 =26.6.

This number K=26 can be accepted as an average believable.
Recuperated energy A, depends on loading of carriage. It can be accepted that on working

days loading is connected with number of carriages in the town. During rush hours a loading
is the highest but at normal number of carriages — the smallest, i.e. averaged for working days
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where A and Arexm are recuperated energy by one tramcar during rush and normal hours
[1].

If for instance on a working day N, =192, N =60, leaving from center number of

rushi

routes M=15, §, =10 stopping, A, =0,15kWh [3], then in one route during a typical
working day all carriages recuperate energy

v 7-192+12-60

M= -10-0,15 26 = 223,47 kWh : (8)
2415

In all M routes in one working day carriages recuperate totally

A¥ =M -AY =15-223,47 =3352,05 kWh. (O]

rec

At weekends loading can be accepted as full, i.e. A% =A

reew = Arecay- Then annual recuperated
energy in the town

S A =WD-A” +RD-AL 10)

rec >

where WD and RD are annual number of working days and weekends. Approximately we can
accept that WD=260 and RD=105. In its turn

0,5N

ALY =M'T’“’”’"S,A K =3744 kWh . an

rec recav

Then total volume of the recuperated energy
A, =260-3352,05+105-3744 =1,264-10° kWh . (12)

A part of this volume of energy can be absorbed by carriages connected with the braking ones

and this absorption depends on value of averaged probability factor V,,, which in its turn

depends on absorption probability in very center of townV . If probability in center at rush
hours is accepted on level 0.8 (Fig.2) but at normal load as 0.6 then
7 12
Vo =0.6(0.8—+0.6—) =042 . 13
pav (¢ Iy T 9) 13)
In such case annual absorbed volume of recuperated total energy is

> Ay, =V, D A, =0525-10°kWh , (14)
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> A, =1-V,,)> A, =073-10°kWh ; (15)

With the current price for electrical energy 0.05 Ls/kWh such an inverting provides annual
economy

C,, =0.05-Y A,, =36.5-10° = 36500Ls. (16)

Considerations of local efficiency of inverting
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Fig.3. Investments efficiency indicator IE , probabilities (1-Vp) and N depending on 1.

Investments efficiency indicator depends on relative distance from center (1;;2) =1@,):

IE =(1-V,)N,, an

where N, is a relative number of tramcars in the zone of substation. Fig.3 presents a case
when probability of absorption for very center V,, =0.8, but N:w =0.6,i.e. in central part
of town located substations are connected with 60% of all tramcars in town.

If both (1-V}) and N"SZ are in linear dependence on distance [, then indicator of investments
efficiency is

S|, 08 I D
IE =Ny 1==5 || A=V,) +08-Vy 5 . 0SL ST (18)
2 2.

55





[image: image6.png]L ! . ; ols
Relative distance 0 ;D corresponding to the maximum of efficiency can be found as

i 1.8-V,, - 0.8
0.5D  1.28 -V,

, 19)

c

where must be between 0 and 1. If indicator V,,, for center is decreasing to 0.45, then

the highest efficiency will be for central substations. If V,,is 0.8, then maximum of efficiency

1
should be at o S‘D =0.62 (Fig.3). Fig.4 presents dependence of distance

maximum of efficiency on absorption probability factor Vy, for central part of town .
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Fig.4. Dependence of relative distance from center for location of substation with maximum
efficiency of investments versus absorption probability in center of town

As it can be seen maximum of the indicator of inverting efficiency corresponds to the distance
close 1/0.5D~0.5-0.6 if probability factor for absorption of the energy regenerated by other
tramcars on line in the central part of town can be accepted as 0.7-0.8 as it is in reality for
rush hours on working days. It means that at reconstruction in the first stage must be
developed with inverting equipment substations at a middle distance from center.
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1. If traction substations are not equipped with inverting devices then large part of braking
energy regenerated by tramcars will be dissipated as losses in additional braking resistors of
tramcars.

2. BEvaluation of braking energy dissipation must be provided using realistic probability
factors of number of tramcars during day-night and taking into account character of a day —
working or weekend.

3. Taking into account different influence parameters averaged value of absorbed by other
tramcars on line-braking energy can be accepted as 42% of all regenerated by total number
of tramcars; 58% of regenerated energy without inverting substations is lost.

4. Most efficient as inverting substations are located at a middle distance from the very center
of town and those substations must be renovated at the first stage of reconstruction.

References

1. Rankis I, Brazis V. Simulation of tramcar’s energy balance// The second International
conference “Simulation, Gaming, Train. and ...”, Riga, 2000.

2. Rankis I, Vitols A. Analysis of power consumption for tramcar with pulse mode speed
regulation. Topical problems of educat. in the field of electr. and pow. eng., Kuressaare, 2006,
31p.

3. Rankis L, Ribickis L., Vitols A. Investigation of biditectional power supply regulator for
electrical traction substations (in Latvian). Sc. Proc. of Riga Techn.univ. Power and Electr.
Eng. Ser.N4, vol.N18. - Riga,2006, pp. 78-83

4. ABB reference list : “Nahverkehr Mass Transit Transports urbains et suburbains” ,1 — 200p

Ivars Rankis, professor, Hab.Dr.sc. ing.

Riga Technical university, Institute of Industrial Electronics and Electrical Drives
Address: Kronvalda Boulvard 1, LV 1048 Riga, Latvia

Phone: 371+7089916

e-mail: rankis@eef.rtu.lv

Aigars Vitols, Ph.D student, M.sc.ing

Riga Technical university, Institute of Industrial Electronics and Electrical Drives
Address: Kronvalda Boulvard 1, LV 1048 Riga, Latvia

Phone: 371+7089916

e-mail: aigars.vitols @inbox.Iv

Anastasija Zhiravetska, Ass. professor, Dr. Sc. ing.

Riga Technical University, Institute of Industrial Electronics and Electrical Drives
Address: Kronvalda Boulvard 1, LV 1048 Riga, Latvia

Phone: 371+7089916

e-mail: zhiravecka@eef.rtu.lv

57




[image: image8.png]Raukis 1., Vtols A., Ziravecka A. Rigas tramvaju rekuperetds energijas izmantosanas efektivitates novertgjums.
Saja publikacija veikis Rigas tramvaju rekuperétas bremzésanas energijas izmantoSanas novértgjums, pielietojot
novértejumus par ekipaiu skaitu uz linijam diennakts laika, ka arf ekipau skaita variacijam nedéfas dienu laika.
Paradits, ka rekuperétds energijas izmantoSanas pakape citos ar liniju apaksstacijas zonds saistitos tramvaju vagonos
ir atkariga gan no tramvaju skaita zond, gan ari no attaluma lidz centram, kurd ir augstaka ekipazu koncentracija un
lielaka izmantoSanas varbitiba. Nemot vera visus minétos faktorus, noteikts, ka 3is fakters vidéji gada laika varétu bit
0,42, i, 58% no visas bremzéSanas energijas tiek izkliedéti bremzésanas reostatos ka zudumi. Novértéts, kuras
pilsétas dalas biitu visefektivak ieviest apakSstacijas inveriéSanas ickartas. Nemot véra, ka pilsétas centra ir liela
varbiitiba, ka energija tiks izmantota citas ekipazas, bet nomalés ir maza tramvaju intensitate, vislielakais efekts
sasniedzams vidéja distancé no centra. Doti absoliitie skaitli par rekuperétas energijas izmantoSanu dazadas
apakSstaciju sistémas komponentés.

Rankis L, Vitols A., Zhiravetska A., Evaluation of utilization efficiency of regenerative energy in the Riga tramcar
system.

The evaluation of utilization efficiency of the regenerative braking energy developed by tramcars in Riga is done
taking into account the number of on-line tramcars during a day and its variations during a week. It is shown that the
utilization of the regenerated energy by other tramcars in the same substation zone depends both on their number and
on the distance from the city centre, where the maximum density of the tramcars and their maximum exploitation are
observed. With all this taken into consideration it was found that the average annual wtilization factor can be up to
0.42, which means that 58% of the regenerated energy (without inverting substations) is dissipated in braking resistors
of tramcars as losses. It is estimated in what city districts the implementation of inverting equipment at the substations
can give the greatest effect. Taking into account that in the city centre a high probability exists that the energy will be
used by other cars and that in the suburbs the tramcar traffic is less intensive, the greatest effect could be expected for
the medium distance from the centre. The authors present the data on the regenerative energy utilization at different
substation components.

Panxuc H., Bumoic A., Kupageyra A., Ouenxa y(pexmusnocmu ucnonb306anis pekynepamugnoi ynepu
pudICKUX mpameaes.

B Oannoii nybnuxayuu npoussedena Oyenka Ucnoib306anus peKynepamuGHoil SHepIUU MOPMOJNCEHUs, NPUMENis
olenKy 06 Konuwecmee Kunadicell Ha IUHUAX 6 MEUEHUl CYMOK, A MAKice Gapuayuu KOAUYECmea sKunajxwcei 6
mevenuu nedenu. ITokasano, wmo cmenens UCNONbIOBAHUS PEKYNEPAMUGHOU SHEpeu 1A OPY2ux Mpameainbix
8A201HAX, CA3AHNGIX 6 30HE NOOCMIAHYUN TUHUY, 3AGUCUM KAK U OM KOMUYECMGA MPAMEaes 6 30He, @ Maxdice om
pAcCmosnuA 00  YeHmpa, 6 KOMOpoM HAUGOTbULAS KOHYeHmpayus sxunadxceil u  OONLULAS  GEPOAMHOCHIL
ucnonb306anus. IIpunumas 6o Guumanue 6ce ykasannvle )akmopsi HalioeHo, Ymo smom pakmop 6 cpednem 6 200y
mooicem cocmasaame 0,42, m.e. 58% om eceii 3nepeuu MopModceHUs pacnpedenciivt 6 MOPMO3NLIX PeOCMamax Kax
nomepu. Oyeneno, 6 Kakux pationax 20poda Guii Ol HauGOTLWUT IPhexm 6600uMb 0GOPYOOBaNUE UHCEPMUPOBAHU
noocmanyuti. Ilpunumas 6o Guumanue, ¥mo 6 yewmpe 20poda OOTLUIAA GEPOAIMNOCIb, 4MO Hepeus Gyoem
UCNONL30BANA 8 OPY2UX IKUNAXCAX, A HA OKPAUHAX MANAS UHMEHCUBHOCMb MPAMBAes, HauboTbulel Ihdhekm moxcem
Obimb  QocmucHym Ha - cpedneii  Oucmanyuu om yewmpa. [awel abcomomusie Oannsie 06 UCNOTb306aNUL
DEKYNEepamusHoil SHep2UU HA PA3TUIHBIX KOMAOHEHMAX ROOCHAH L.
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