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1. INTRODUCT ION

1 ANTRODU CTION

Despite the conbnuous developm ent of electrochemical battery technology and the
multitiede of electric tuses on offer, 1t 15 shll not posstble to exploit elechic busesin whan
transport on an all-day basis without the necesaty of chagng them. It 15 therefore necessary
to buwald pomnt-to-pont comtact charging stabons or induchon chmpgng stahons st the
terminalz. This results in substential financial outleys connected with the constuchon of
chargng statons, mnd the need to extend stopping times at terminals, there are also problem s
which could mise in situstions where bus routes are. The alternative solubon 1z Dynamic
Chmging System of electnc vehicles also kmown as In Motion Charging (TMCY. Ttis achieved
by budlding an infrastruchue that allows for the chmping of vehicl es while in operation, most
often via the use of overhead contact lines

Dynemic charging 15 & combinaton of stenderd battery bus and trolleybus. This
solubion allows you to split the adventages of battery buses and trolleybuses. Dynamic
chargng invalves the supply of elechcity dunng the movement. It can be done i a wireless
way (linear induction loops) or 1n a contact manmer (raction network). Currently, the most
widespread dynamic chegng system 15 the trolleybus traction network. This solution allows
to supply energy to en electic vehicle without hun it off from traffic.

£ 2018 Mikota| Barttom iejczyvk 5
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D OvHAMIC CHARGING OF ELECTRIC BUSES

2 LCHARGING OF ELECTRIC VEHICLES

The charging of elechic vehicles is a broad issue. Multiple clasafications can be
spplied, depending onthe choice of criterin. The most impotent criten s for classfication are
operational as well as technical aspects. Hence, we con distnguish:

Iy devamon mnto chargng strategies from the operational and motor aspect

1) division into chargng methods from a techm cal implem entation point of wiew.
From the opersting snd opershonal point of view, there are four mmn charging strategies

1y stationary charging overnight in the depot, low power 30 - 60 KW,

2y stationmy charging in the depot together with rechmping during the day using

medium (100 - 200 %) or gh power (300 - 600 E'W) charging stabons

3) fast charging only ot end stetions with lagh power (300 - 600 KWW

4y dynamic m otion loading (In Motion Charging, TRCY).

From atechmical poirt of view, charging methods cen be divaded as follows:
Iy charging with a plug-in conne ctor
1) charging in a four-pole system
3) chmrging in a bwo-pole system
4y Inm ohon chergin g (TMC)

Table 2.1. Comparison of chargng strategies md chargng system & indicating which chargng
strategy can be implemented by means of which chargng syst em s

Techmeal chargang method
Fow - pole Two - pole Diynamaic
Flug-1n P P b
E gy stam gyetam chargng
'E Hight charging YES YES YES HO
B
Hi chas with

E gth cherging YES YES YES YES
& re-chargng dunng day
ﬂ Fast chmgng HO YES TES TES

Dynamac chargng HO ja[e] HNO TES

It should be noted that some charging strategies overlap with others in regad to
technical criterin. Table 2.1 presents a comparison of techmical charping methods in term s of
& 2 2018 Mikoeta) Barttomiejczyk
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2. CHARGING OF ELECTRIC VEHICLES

the ahility to hendle indwidual charping strategies For exsmple, vehicles adapted to the
dynamic charging method may also work ina fast charging stratepy o 1nthe case of having a
suffi ciently large battery, 1n mght chargng with rechmgng. A tansport system wang a fast

champing strategy can be operated by a four-wire, twoswire or dynamic four-wire method.

1.1, Classification of charging sirategics from the op erational point of view

The process of charging electic busesie a factor in determining the functioming of this
means of transport in the public transport system. The chargng tme of tachon battenies
warie s within a wide range, from several mimites up to several howrs The velacle's working
cycle iz highly dependent on thi s charging ime.

Currenfly svmlable battery technologies allow electnc buses to achieve renges
between 150-200 Jm . Further incresases in the coverage area requite significent associated
increass s in battery weight. A range of 150-200 km 15 insuffi cient for servicing all-day tasks
on public transport lines It iz therefore necessmry to recharge the bus's battery within the
wmking shaft, which requares the vehicle to be removed from traffic. Therefore, in such an
operstional regime it 1z only posable to operate peak transportation routes.

The disadvartage of mpeht chmpng 15 the very large capacity of the trachon battery,
which causes a aguficant increase 10 the weight of the velucle. In addihon, 1t also mvolves
significant costs in replacing the battery at the end of its ifetime. Fle ducing the capacity of the
battery con be achieved by incressing the charging power to 300 - 600 kW, as a result of
which it 15 posable to sigmficently reduce its capacity - up to 60 - 90 ¥'Wh leading to a
reduchion in the weight and dim enmons of the battery. Charging the elechic bus, however,
requares the vehicle to be out of operabon for a period of sbowt 10 - 20 minutes These periods
must be incorpomted in the fmetable and require an increase in stopping times ot the end
temminuses or stops As s result of thig more electic buses me required to operate the route
compared to classic buses or trolleybuses It is also posatble to recharpe traction battenes
during stops along the route. Ths requares an extension of the stopping tme to about one
mimite, which iz possible onlyin special stuatons.

Another soluhm 1s the dynsmic charging of vehacle s (IMC). This mvolves the supply
of electricity during movement and cen be done in a wireless way (linesr induch on loops) or
m a contact menner (bachon network). Currently, the most widespread dynamic chmgpng
system 1z the folleybus traction network. Wotk 15 also underway on the applicaton of this
type of power supply for trucks (eHighway project) and public transport vehicles (Electo

road).
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N 0YNAMIC CHARGING OF ELECTRIC BUSES

2.2, Classification of charging method s from the techmical point of view
2.2.1. Plug - Im charging

Traction battenies, requanng chargng are mstall ed in the buses to provade the power
sowmce. The easiest wayto charge these batteries iz to do so while the busis at the depot for a
stopover at mght. Thas type of chmging can be compared to refueling for internal combushon
buses Hattery capacity 15 closely aligned with the range of the vehicle. Increasng the range
requares increased battery capacity, which brings with it increased vehicle weight and energy
consumphon.

It i5s posable to charge wia DO or AC cwrent Todey, avalable solutions allow for
charping with a current of 60 - 100 4, which corresponds to s charging power of up to 60 KW
Plug-in systems with higher power have been tested, even up to 300 kW, but they are not
popular. Due to the hmated power and troublesome process of mamual connechon of the
vehicle to the power source, the use of this method 15 in practce limited to night cherging
mode. Fig 2.1 showsmn example of a plugan chrgng system.

Fig 21 Anerample of & plugin chargng system (Bremerd])
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2. cHarcine of ELecTricvEHICLEs [ERID

222, Four-pole charging system

In a four-pole system, chmping takes place using a DC voltage of 600 - 200 V. The
wehicle 15 connected to the chmping stahon by mesns of a pantograph collector with 4
connectors (wires- poles:

- posthve charging pole,
- nepative charging pole,
- protective grounding pole (so-called e sthing),
- grounding control pole.

The protective grounding pole is used to provide protection sgmnst electic shock in
the event of demage to the inmlshon of the electrical installation Due to this safety
requarement, 1t 15 necesgary to ensure a relinble connechon between the vehicle body and the
earttung: prounding pole. This invalves the need to c mtrd the earthing- grounding connechon
and, for this purpose, an addit omal grounding control pole 15 used. Addtonally, a sensor wire
may be used to transmat date between the vehicle and the charging stahon

The charging station is equpped with a charging converter — the so-called charger.
Chargng pow er 15 usually in the range of 1350 - 350 KW, but installations with a capacity of
up to 600 kW are used.

Fig. 2.2 presents a schem shic dingram of a fowr-pole charping system, Fig. 2.3 and 2.4
show examples of realiz sions. The pantograph m sy be pmt of the vehicle (figue 2.3) or part
of the charping station (figure 2.4).

ai__iih

i
)

Faig 2.2 Chargng in four pole syatem
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T OvHAMIC CHARGING OF ELECTRIC BUSES

Fig 2 4 Pantograph of chargng system system Opp Chage (Tusku Helsink)
2.2.3. Two-pole charging system
In m two-wire system, chargng takes place using a DC wvoltage of 600 - 200 V. The
vehicle is connected to the cherging station by m eans of a pantopraph collector contmimng 2
poles (pogtve and negative) from a short section of the trolleybus system. It 15 the amplest
chapng system for electnc buses i the case of a previously exishng tram or tolleybus

10




2. cHarcinG of ELEcTRicvEHICLES [EETD

mvethead contact line. Chmping may take place directly from an exishng trolleyhus
infrastructure, whereas for a tram netw mk it will be necessary to buld a short sechon of the
trolle yhus netw ork

The basic problem for this chmping system 15 providing protechon agminst elechic
shock. Standard elechic buseshave elechnc installations made with single-stage msulation. In
a bwo-pole supply system, the vehicle body 15 not grounded. When charping sn electnic bug
there 15 a rigk of electnic shock if insulation 15 demaged. Therefore, it 15 not permissble to
connect a noteearthed (non- grounded) elechic vehicle equipped with a single-stage electrical
nstallption madstion to the electic power supply. Consequently, for a charging m ethod
based on a two-pole system, 1t 15 necessary to incorporate two-stage insuaton for the
electrical installation of the wvehicle (anal ogous to trolleybus insulat on) or to use a separation
conwverter m the vehicle, as shown schemahcally mn Fig 2.5 The weaght of this converter 15
between 200 - 600 kg, which sgnifi canfly increases the weight of the vehicle. Implem entation
of the converter also mvolves financial outleys It 1z posable to install a separabon converter
in a stationary form. This solubion was used at the electnc bus charging station in Frapue (Fig,
18).

The chargng power in a two-pole system 15 limited by the marimum current of the
pantograph collector. Currently used pantographs allow for a current of 200 - 300 A, which
corresponds to 1530 - 200 EW of charging power.

i
i aubon
I T —
L ]
I | gﬁ
| L
= I
o a
S

Fig 25 Chargng in two pole gystem
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TN OvHANIC CHARGING OF ELECTRIC BUSES

e P P

Fig. 26 Electrac bus cherged in two pole system (Praha, Czech Fepublicy
224.In Motion Charging (Dynamic chargimg)

The dynamic chargng system is 8 combination of two-pole charging with troll eybus
technodogy. In the dynamic charging system, part of the route 18 covered with a trolleytus
tracton network, which allows for the cherging of traction batteries during m ovement (Fig
17y The vehicles cover the rest of the route, 1.6, the part in which there is no contact line,
usnng tachm battery power. This allows for the chargng of the vehicle without stopping,
increamng the flexibility and funch onality of the system. In addition, covening a section of the
route with a traction nebw ork reduces the lenpgth of the route to be travelled in battery mode,
whichin hun allows for areduction in the capacity of the trachon batteries. Tab. 2.2 presents

a companson of chargng methods.

/

Baltery mode Troley mode

Fig 2.7 ldes of dynamic chesgng syetem (In motion chas giog

iz
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Teblall Comperieon of charging methods

Charging Max. chargng | Financial
mathod pewer _— Flexabalaty Advantages Disadvantages
Dafficult
Flug-ln 100 kW Low Madde Low wmvestment costa manual
cormechon
The highest chargng Hagh cost of
Fouw - pole G600 KW haddle Low chargng
powar gtatiom
Easly to inte gy ate
Toro- pele 300 KW Low Low with tram or High cost of
frolleybus supply wehicle
gy stem
Honeed to stop
300 KW whale vehid es dhwing High
IMC travalling, 50 KW High High charging moge investm ant
while stopping flaxatality, lase cost
battery capacity
13
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DYMAMIC CHARGING OF ELECTRIC BUSES

3 . THE EXAMPLES OF DY NAMIC CHARGING APPLICATIONS

3.1. Slide—In System im Landskrona

On 27 September 2003 a completely new trolleybus system was opened in Landskrona
(Bweder), which received the number 3 in the exishng publhic transport system. It connected
the new rabw ey stabion the city center and the harhor. The length of line was3 km and it was
ongnally operated by 3 Solanis Trollino 12 trolleybuses produced in cooperation with the
Hungan sn GAN L company [10, 27].

The tolleytus line proved to be a very gpod soluton snd quickly became the
backbone of the city's tansport. An incresse in passenger haffic led to the decison to
purchase a fousth trolleybug which was put into service in 2010, There were also suggestions
to extend the twolleybus trensportabon system, however the relabvely small smze of the
transport opersbion on the bus lines meant that 1t was not mofitable to extend the traction
network. The solubon to this problem wasto add sn miiliary dove to the trolleybuses that
enabled them to move on sectons without a tacton catenmry [4]. This project was made
possible by the Slideln project.

Slideln is funded by the EUl's LIFE + program. The mmn partner in the project 15 the
Universty of Lund. The other pariners se: Skdnetrafiken, AF (Landskrm transport operator),
Muotrvationshuset, Volvo Powertrmin and E ON [33]. The budget was eshm ated at 1.6 millhion
curos, and ity implememtation tme was September 2011-December 2015, The task of the
project wasto construct a SlideIn electnc bus, test it in operation and evaluate the results Due
to geogmaplical localissbhon and fawvorable condibons, 1t was decided to operste the electic
busin nearby Landskrona and to use 1ts rolleybiie netw ork for charging,

The wehicle was desipned as a stenderd trolleybus with enlarged trachon battenies
enabling the wehicle to move on a sechion without trachom. The power source was hthium
batteries with a capacity of 34 ¥'Wh and a voltage of 430 V. They allowed for a run of 20 km
without supply from a catensry. The schematic dingram sfor ines 3, 4 and 5 are shown in Fig.
3.1. Trolleybus was designed to operate on buslines 4 and 5 in the following woik regme:

14 2 2018 Mikoeta) Barttomiejczyk
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3 THE EXAMPLES OF DYNAMIC CHARGING APPLICATIONS

I’y trolleybus service on line 3, charping from trolleybus catenary, trolleybus goes two cycles
(Figure 11, redline),

1) operahon on bus nes 4 and 5 powered from trachon battenies (fig 3.2, black and orenge
lines).

Dinng daytime operabon, 70% of the total opershonal distance 1z powered by tachon
batteries, with only 30% of the route using the overhead contact line. The operation of the
troll eybus has fully confirmed its strenpgths Line coverage of only 30% of the length of the
fracton network enables operasbon in elechic mode. The maximum discharge of the battery
has been observed at 40%, which mesns that there 15 sufficient storsge capacity o case of
traffic dismuptions

[l
saErrisROn | et
Fig 3.1. Trolleybus system in Landskrona, linie 3 - standard trolleybus line, lines 4 and 5 - battery
operation [33]
15
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TN OvHAMIC CHARGING OF ELECTRIC BUSES

Fig 3.2 5hde ~Introlleybusin Landskiona

Fig 3.3. 5hde =Introlleytusin Landskona

32.Fraha

Prague movides sn example of the partial transformation of an electnc battery bus
system with the addibom of some trolleybus funch onabty. The experiences gmned at DP
Praha (a public transport compeny in Frague) cduing the operstion of stationmy charged
electric battery buses provaded the impetusto indertake tests with a dynemac velacle chagng
system usng s tolleybus overthead contact system. [t should be noted that from 1936 to
1972, a tolleytuis system funchoned m Prague. Num erous plans for its re-opemng were
prepared in the 19805 and in the early 19905 however ecomomic and political chenges
blocked these plans.

18
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3 THE EXAMPLES OF DYNAMIC CHARGING APPLICATIONS

Since 2012, Frague has been conducting a tial operation of electric buses of various
systems and menufacturers. One of the observed limitations was the impact of traffic
congeshon, 1.e. the reduced sm ourt of bus chrgng hme avalable ot the final #op in cases of
delayed mrrival. Additionally, artculated velncles assume the mmn 1ole in the Prague bus
transport system, which sgmfic ently limits the m srket of svaalable electnc buse s The higgest
concern however, was the difficult vertical profile of many routes. Prague is a city with large
wariations in elevation snd, consequently, many street have extreme slopes This creates high
demands on the parem eters of the propulsion system, which also results in an increase in the
weight of the battery. One of the ways of solving thie problem 15 with a dynamic chagng
system for the electric velicles. The use of wvanous power supply m ethodswas consdered
including uang wehicles with two pantograph collectors and a bipolar fraction network
(mmiler to trems). However, the most well developed, ample and proven solub on turned out
to be a trolleybus traction nebtw ork.

On 22 Februmy 2016, the mmnagement of DF Praha approved the "E-Bus =
dynamickym nabijemim" project, which trenslates as "E-bus with dynsmic chargng” This
project involved the construchon of s test sechon of "wrolley-type line” for chmging electnic
buse s whale 1n traffaic. The bus route chosen for the test installation, line 140, 15 charactenzed
by a large dafference in the elevation of the area between the Palm ovka start stop and the
Proselk settlement, with a road gradient of up to 10%.

During the first stage, a tial line of 140 elechic buses uang the IMC system was
proposed on the shortened route from Palm ovka to Letfnsny, with o total length of 5 km. The
trolleybus overhead catensry would be talt on a steep sechom of Prosecka Street, a l
k1l om eter sechon bebtw een Fundratka snd Kelerka stops, which1s 20% of the enhre length of
the test route. After more than a year of techmical project design works, all necessmy permits
were obtmined in July 2017 and the construchon of the test sechm began on Avgust 10, 2017 .
The construct onwas finalized one snd a half months 1ater. The process of official technical
approval took place from 11 to 13 O ctober 2017,

The com pleted route consists of a tw o-w sy section of trolleybus overhead contact line.
In the "top" drection, that is from the Kundmtka stop to the Kelerkn stop, it has a length of
903 meters. In the opposite direchonitis sightly shorter m easunng 613 meters At hoth ends
of the route, “roofs” have been mnstalled for the semi-sutom atic connection of the wrolleybus
collectors. A prefabncated, contmner tram substetion equpped with one rechfier umt 15 used
to supply the pow er for the route. It was previ ousy used as & temporary power sowce dunng

the reconstuch on of tram traction substations i Praguee. The bult-up section, spproxim ately

7
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DTN OvNAMIC CHARGING OF ELECTRIC BUSES

1 km long iz too short to fully charge the traction batteries For thic reasom, a short section of
the trolleybus trachon contact wires was bult m the Palm ovka final stop with "roofs” for
semi-automabc connechon in order to charge the welucles whale they me stopped It 1s
powered by 730 V from the tremway trachon netwmk using a supply stabon named
"Dobudka” Produced by the Czech company Cegelee, “Dobudka™ 15 a contmner convester
staion, poviding galvenic separation snd increasing the voltage value ffom the tram netw ok

The SOR THB 12 Acum ano trolleybus is currently undergping testing (Fig. 3.4 - 3.6).
In the first half of 2018 the next vehicle, the Electron 12T trolley busm smufactured by Ekova
(Ostrava) and equipped with LTO batteries with a capaaty of 47 EWh is scheduled for
testing Skods Electric has aleo nominsted a vehicle for testing Addtionally, there are plang
to test arhculated trolle ybuses, but currently a vehicle with appropriate parameters (mmnly for
muxilinry doive) 18 not avalable i the Czech Repubhe.

Fig 3.4 Trolleybus SOF THE 12 goes uphill on Prosecka streetin Prague powered from the trachon
network

18
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3. THE EXAMPLES OF DY NamiC cHarcIng arpLicaTions [EETID

Fig 3.5 The chargng station at Falmovka termamus with “Dobudka® comvester stabon

Fig 3.6. Trolleytus SOE THE 12 on L effiamy termanous 1n ;itonomous dove mode

19
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Fig 3.7.The schame of tegtroute in Praha [2 DF Praha]

3.3, Marrakesh

The BET system in Marrakesh (Moroced) i5 an example of an urban transport syestem
that uses dynamic charging through a traction network. The trach on netw otk 15 a reduced one,
of a mimmum sze necessay to efficiently operate the route. Imtially, the comstruchom of &
tram line was consdered as in other Moroccan cities (Casablanca, Fabafy. However, due to
the high costs the elechified Bus Rapid Tranmt system was chosen instead. The HRT line
was opened in September 2017 and connects the centre of the aty with the western sububs
through Hassan IT Awenue, with a total hnoe length of 8 km. The length of the section covered
by the catensry 15 2.5 km. The lne 15 supplied with 730 V wvoltage from one trachm
substabon located atthe west end of the route. The BRT line operates on separated bus lanes
along the entire length of the rote (fig. 3.8 - 3.11).

The hne 15 serviced by 10 stendmrd two door Chinese ¥ ANGTSE trolleybuses. Each
velicle 15 equipment with 5 battery packs Each battery pack has a cepacitance of 200 Ah
nominal voltage 1152 V. The total energy copacitance of the batteries 15 1152 ¥\Wh The
trolleybus overhead line will be supplied from a 1 MWh photovoltsd c plant with an ares of 3
ha. The energy genersted from the photovoltsic panels will betransferred to the 750 ¥ DC
power system with any unused surplusbeing sold to the power system operator.

The mnterval of service on the line 15 6 min in peak time. In the fiture there are plans to
by hagher capacitance vehicles and extend the route to Medina the histoncal centre of
Murakesh The BET system in Marrakesh can be seen as en example of amodern electrified

20
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3. THE EXAMPLES OF DyNAMIC cHarciNG appLicaTions XTI

transportation system that could potentially be & much chesper altematve to tram transport
with 1denhical ransportation capacity.

Fig 3 8. The westem end of the cathenary sechon of Mamakechs BET system

Fig 3.9 The eastern end of the cathenary sechon of Marekech's BET system
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DN OvHAMIC CHARGING OF ELECTRIC BUSES
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Fig. 311 The echeme of Mamakechs BET system
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4. TECHMICAL ASPECTS OF DV NAMIC CHARGING SYSTEMS

[
i)

4.TE CHNICAL ASPECTS OF DYNAMIC CHARGING 5Y STEMS

4.]1. Trolleyb us iraciion cathe nary

Tiolleybuses are trackless vehicles and consequently, the trolleybus traction netw ok
15 both the supply snd retuwrn network. It conmsts of two wires parallel to each other,
suspended as stenderd at a height of 5.5 m above the level of mad Tsually, the night-hand
wire (external) 15 the lower-potential {minus) wire, snd the left (internal) wire 15 the higher-
potential (plus wire (Fig. 4.1 However there mre excephons to thie rule and trolleybuses
must therefoe be adepted tow otk with both polant es of the tract on network. Both poles of
the overhead contact line have double insulation

A5 10 the case of rmbsay or ttam frachon, the trolleybus contact netw ok is divided
into supply sections The overhead contact wire paths for both direchons of movement are
permanenfly connected to each other by means of compensatory connechons spaced every

300 - 500 meters An exemploary diagram of the supply sechonis shown m Figure 4.1,

Supply point Cometing point

I

Supmly calbles

Fig 41 Anerenplary disgram of the supply sechion

£ 2018 Mikota| Barttom iejczyvk 23
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DYMAMIC CHARGING OF ELECTRIC BUSES

Fig 4.2 Trolleybus contact lane, L endskrons, Sweeden

Fig. 43 Trolleybus contact line, Plzen, Czech Fepublic

In situations of high trolleybus taffic intensity, a sipmficent electric load on the
trachon network mmy cause excesmve voltage drops. For this reason, additional electrical
reinforcem ent of the overhead contact line may be used to reduce overall electic resstance.

One of the means of achieving this 1s the use of addhonsl DC supply cables In this scenano
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4. TECHMICAL ASPECTS OF DYNAMIC CHARGING SYSTEMS

the traction network section is powered by several catles (fip. 4.4). Another solubm 15 to use

additional overhend wires(fig. 4.5).

E:I' Comknck lies h} Contact lime

Feeder cable

Traction substation Traction substation

Fig 4.5 Trolleybus contact line wath additional overhead wires which recuces the ovesall resistance
(Budape st, Hungany)

An effechve and proven souhon 1s the joint use of tansportation paths by trems and
trolleybuses This makes it posable to use the exising tremway track for other putlic
transport wehicles and to lmat the mpact of traffic congestion (fig 4.6-4.7).

5
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N OvHAMIC CHARGING OF ELECTRIC BUSES

Fig 46 Common transportation stop for tram and trolleybuses, Szeged, Hungary

Fig 4.7. Commom transpostation stop for tram and trolleybuses, special deapgn of trolleybus overhead
cathenary 18 vimble Szeged Hungey

In the case of parallel operahon of trams and tralleybuses, 1t m oy be necessary to cater
for mtuatons where the tachon networke of the two transport systems cross. There are

currently m any solutions for such crosangs (fig. 4.3, 4.9).
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Fig 4.8. High speed crosang of the trem and trolleybus oveshead line, Ostrava, Czech Fepublic

Fig 4.9 High spesd erossmg of the trem and trolleybus ovedhend line. Szeged, Hungany

Inthe case of routes operated by dynamic charged vehicles there 15 posable to charge
vehicles on of - wire section It cen be reabized by cherging stabon adapted for trolleybus
cumert collectors (fig. 4.100.

27
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Fig 4.10. 5tation for stationary chasging of trolleybuses, Caglim, Italy

4.2, Tracton substations

Traction substations convert the energy of the high voltage alternating current received
from the power gnd into a direct current, supplying overhead wires Substabons cen be
supplied with energy from 10 EV to 35 V.
The traction substation c msists of three main parts:
- High V oltage ssitchgear,
- Fectifier umts,
- DC swatchgens.

In the high voltage switchgear, the incoming energy from the power hnes is divided
mte mdivadial devaices located m the sibstabon e the rechfier vumit bansformers and a
transformer dedicated to the smuilisry needs of the substation — e.g lghhng heatng and
control systems. Addihonally, the HV segment incoporates meters measmng electncaty
usage to allow for setflements with the electricity supplier. Due to the high level of reliability
requared of the power supply, it is recommended to use power from two independent pow er
lines Currently, the high voltage sechons of traction substations do not dffer from snalogous
device sinindustial and energy pow er facilibes.

High voltage energy i converted into DC energy in the rechfier umts They consst of
o trensform er, which reduces voltage, snd a rechfier. There 15 the option to use rectifier umts
equapped with additional inverters to allow for the recovery of regenerahve braking energyto
the power grd Traction substations mmy be equipped with one o moe rechfier umts

Installing at least tworechfier units in a substahon mcreasesits mhability

28
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4. TECHMICAL ASPECTS OF DYMAMIC CHARGING SYSTEMS

Converted DC enerpgy 15 divided into supply sechons in the DO switchpesr. The key
components of the DO segment are repid circwat breakers, which provide overcurment
protection for the power supply and trachon nebwork. The current mgger sethngs have values
between 500 - 3000 A Dueto the high load currents, the rendom nature of the tracton load
snd safety requrements mmportant elements of a permenent-cusrent switchgesr ae the
protection relay systems. Elements of the trachon substation sre shown on fig 4.11.

Due to the two ovethead wires of the trachon network, the man element
dishnguishing a trolleybus substabion from a trem or light radl substabonis the presence of a
minus wire disconnector. It 15 used to completely cut off the supply of the overhead catenary
(for most solubons, one pole circuwt breakers sre used - in the case of a short circuwt in the

overhead catenary, the circudt breaker sutom atically switches off the posihive cable only).

HW 5wt hgar
Reoctilior umits
DT Swichgear
* l/ l/ I:Il:un.m‘.ll;ms
| HN'I.I'I-i.I]*
A ﬂ:cum.m
Ling
&

Fig 411 Elactncal sruchure of trolleybus substation
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TN 0YNAMIC CHARGING OF ELECTRIC BUSES

Fig 412 Compact trolleybus substation, Bmo, Czech Eepublic

Fig 4.13. Equepment of trolleybus ttachon substation: HY switchgeear (Qeff), rechfier umt in compact
desmpn (maddle), DC swtchgear (nghf}, Gdyrea, Poland

30
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4. TECHNICAL ASPECTS OF DYNAMIC cHARGING sYsTEMS  [IEETIIND

Fig. 414 DC gwitchgear of trolleybus substation, Gdynaa, Poland

4.2.1. Grounding of the trolle ybus supp Iy system

Imtally (1930-1830p trolleybis routes were bualt 1n place of trem lines or as ther
extension. Therefore, the trolleybus networks used the existing tram way pow er supply. In this
supply system, one pole (usually negatve) of the trolleybus supply system 15 grounded (fig.
415 a). With the development of independent trolleybus systems, an alternative, isolated
power system has become populer (fig 4.15 b). In this system, the electnic circudt of the
trolleybus line 15 not connected with the earth potential.

One of the man disadventages of the grounded power supply system is the relabvely
high rigk of electic shock to passengers in the event of dam age to the electrical insulation of
the trolleybus. In & prounded system, one contact wire (usually negative) has a potenhal close
to the emth potental. Consequently, the potental of the second wire (usually posihive) is
argund 600 or 730 V. In an 15olated supply system dunng standerd conditions, the insulation
resistance posthve pole - earth 15 the same as the insulation resmstance negative pole - sarth

Ag aresult of thg the voltage 15 distbuted symmetrically on both wires and for a supply
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DYMAMIC CHARGING OF ELECTRIC BUSES

system of 600 V has the values 300 V (postive pole) and -300 V (ne gative pole). In normal
operating conditions, the highest voltage of the traction wires in the mnsulated power supply
system 15 half as hagh as mn the grounded system, which reduces the danger resulhng from
electric shock.

a) b)

+600 ¥V +300 v

) T

Fig 415 Grounded (&} and 1 solated (B} supply system of trolleybus nete ok

Isolated power supply systems are also charactenized by a much lower level of the
current of a angle eath fault which sipmficently ncresses the safety of the system's
operation This aspect 15 graphically presented on fig 4.16, showing a situston with an
insulat on fault 1n the wehicle and easth short cucwt with remstance Ry The resistances of the
DC supply cables the overhead contact wires snd the substation grounding resmstance are
a graficantly sm aller than Rg, sothe earth short circuat current con be estim ated as

Iy=2u 4.1y

Rdf

where U7, 15 the output voltage of tracton substabon. Where the supply voltage 15 600 V and
the earth short circut remastence 15 1000 £2 Id, the current will have avalue of 06 A
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4. TECHMICAL ASPECTS OF DvNanic cHaRcING sysTEms IEETD

Fig 4.16. The ragk of electnc shock in case of vehacle insulation fasluse in grounded (o) and 1sclated
(b} supply system of trolleybus nete ok

Inthe case of an 150l ated supply system, the emrth short circwt current will c onduct not
through the substation grounding, but through the traction netw ork insul shion Ra, resistence of
the opposite pole, so the value of Iy will be limited by R, accodingly:

_ _ LUu
Raf+Rdn

I (4.3

In stendmd conditions dunng dry weather, the insulahon reastance of the tachon
network 15 at a level of 300 k02 or igher. Dunng humid weather conditions this drops to
mound 50 k0. In thas stushion, the earth short circat current will heve a value of mound 12
mé, which 1s decidedly less than in the case of a gounded system (0,6 A) Dunng dry
weather condibons this current will be much lower. Consequently, the 15olated supply system
15 more secure from the pomnt of view of elechic shock protechon It should be emphasised
that the R, value plays sn importent role i the reduchon of the earth short circut current.
Therefore, 1n an1solated power supply system, 1t 15 very important to mmntein the 1nsulahon
of the overhead contact wires snd power supply cables to the ground keeping them in good
condition.

Currently the izolated power supply system 15 the most popular method of supply for
trolleybus networks. A mpuficent number of tolleybus systems, previously working as
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earthe d, have already been rebuilt oninsulated netw ks An importent adventage of 150l ated
system 515 their preater relinbility; becsuse a mngle pround faudt (e g. dem age to the insulation
of supply cable) does not require switching off of the system. However, mn this case the
ground insulation fault must be removed as soon as possble, because 1t causes an increased

nsk of electnc shock dus to disturbences of voltage symmetry.

422 Common supply systems of irolleybus and tram metwork

In many cities trams and trolleybuses transport systems operate in parallel which
rmses questions about the possbility of their joint supply. This 18 most  sgmficant m
atuations where both system s have the same supply voltage. There are three possbility of
supply For tram-trolle ybus transportation system s
- using common substatons for ttem end troleybuses with common DC busbms (common
DC potential),

- ugng common substations for tram and tolleybuses with separate DO bushars (dfferent DC
potentials of systems),
- uang separate substations for hoth systems.

The use of c omm on substations for trtam and troll eybuses with common DC bushars is
the mmplest solubon (g 4.17). To implement t, it 15 necessmy to expand the DC
evitchboard with additional outputs for the trolleybus sectons of line or use exising DC
outputs. In this case, the trolleybus network is powered m a grounded system, which
minimize 5 the 1isk of electnic shock to passengersin the evert of demage to the insulat on of
the electrical equipment in the vehicle.

In the case of comm on substations for tram and troll eytuses with separate DC busharg
the DC paitchgesr conmsts of two parts, one feeding the troll eybus netw ork and the other for
the tram system (fig. 4.18). Each of these parts 15 pow ered by separate rectifier umts. This
solubion maekes it possble to supply the tolleybus network in an isdated way. However, 1n
many stustiong this solubon requires deep reconstichon of the exishng tram substabon,
which m akes it an unprofitable option. In m sy cases the costs of reconstruchng the trachon
substations may be so high that 1t will be jushfied to consider the construchon of separate
substations for the tolleybus trachon power supply. In addition, in meny situsbons, the
locaton of exishng tremway substehons 15 not ophmal from the pomt of wiew of the
trolleybus power supply of the traction network. Compenisons of the common trem and

trolleybus systemsispre sented in the table 4.1,
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Tram ine Traleyhus lme

Fig 4.17. Trachom substation with common DC busbars for tram and trolleybus supply system

i {
A

Tean Traleybus
S o ‘Saction

Tram Ena Trolaybus Ene 100V

Fig. 4.15. Trachon substation with separated DC busbass for tram and trolleybus supply eystem
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DN OvNAMIC CHARGING OF ELECTRIC BUSES

Table 4 1. Companson of comm on supply systems of trolleybus and tram network

Subetatone with oommon Subetet ons with & ot och subabelis
DC tushas sepasated DC tushars L
17 Leolated I t
1} Low unestment coste | 17 leolated supply system ) Laclated supply system
of trolleybus natwrork 18
undes favorable of trolleybus natwork 18 bl
nesble
concitione posahle P
ITH bl chiny 3N b lchng; %) Flaxabaltyin
0 new 0 new g
Adkrant 4 & d construction of the
mringes 58 :aquuaf Dt 15[11-“1:1 ; trolleybus supply system
1gy of ener 18 posa hle to use
@ ey & o | di :: it of i 3} 1t18 possible to use
BME, 8. 1M provl erantlevels of s
BL B HREORTE cibusca Fox t 5.1:‘.: v different levels of supply
alang eneIgy recovery voltage for tram voltaga for fram and
UsAER trolleybuses
trolleybuses
1} Costof the ada; of
1} Location of exishng ) betati b F::E
subetation may not be substation cen be bughes
al for trolleybus than construchon of the
optim al for
Disadvant P— TEW DN 1} Heed to find location
e e e 2} Locebiom of existing for substation
2} Only grovmded supply
ayst £ trol substation may not be
Em 0 gybus
al for troll
netwoek 18 posable optum ol for trolleytus
infrasgtruchee
4.5, Insulation of vehickes

Trolleybiises are charactenzed by specific requarements regarding protechon agmnst

electric shock. Unlike rml vehicles trolleybuses travel on the asphalt roadw sy on poneumatic
tires which have commderable remstance. The body of the trolleybus 15 thus 1zolated from the
potential of the emth This creates a nisk of electic shock if the mnsulabon of the electrical
gystem 1n the vehicle 15 dem aged (g 4.18). Stenderd protechon soluh ms, hke earthing, are
therefore not applicable to trolleybuses. The basc mesns of protechon agmnst electic shock
ig the two-stage 1solation of electncal devices (racton motor, converters) that operates with
the potential of the trachon supply voltage. It involves the wse of two independent levels of
msulastion. One of them 15 the internal insulston in the device (eg insulation of motor
winding), the second level iz the inmilahon of the device from the constructon of the vehicle
(e.g. isolator between the traction motor and the body of the vehicle). The double insulaton
solubion 15 shown on fig. 4.19. By conteol of the IE potential it is possible to momtor the
condiion of the mslshm. Fig 4.20 pesents the trolleybus trachon motor with viable
isolators of the second level insulabon between the rachon motor end the vehicle chasas, and
the insulator in the drive shaft.
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4. TECHMICAL ASPECTS OF DYMAMIC CHARGING SYSTEMS

Fig 4.18_Fisk of electnc shock in trolleybus

u A

Fig 4.19 Double mnsulation solution

Fig 4.20. Trolleybus trtachon motore, the elements of second level insulation are visble
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TN OvNAMIC CHARGING OF ELECTRIC BUSES

An exemplary dingram of a trolleybus insulation system is shown on fig. 431, The
middle masses of the electical equipment which woitk under trachon woltage can be
commected with the insulahon m omtonng system - insulahon tester. This enables cotrol of
the insulaton condition of the electrical equipment. Another protecton device 1z the touch
woltage detector. This controls the potental of the velucle body wang conduchve stps which
touch the roadwey. Effechve double insulation of tracton baettenies i complicated to
implement, therefore they are often connected with the trachon mnstallation by means of
battery converter with internal double insudaton (Fig 4223 An alternabve solubon is en
electrical installation with & mmn mnput converter, which enables the separation of the traction
installation fom the voltage potenhal of the supply system (fig. 4.23). This solution 15 very
rarely used due to the high cost of the input converter, but it apnifi cently amplhifiesthe rest of
the electncal metallahon

Fig 421 Bamc diagram of trolleybus dectric mnmilaton
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Biaking
PEH ST
G TIET ] Bm

|

A

Fig 4.22. Basic diagram of trolleybus electnc insulation with sepasation trachion battery convester

= 1| mpuaien

Sagaakan kv i

Fig. 423 Bamc diagram of gepasated trolleybus alactoc equipment
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DYMAMIC CHARGING OF ELECTRIC BUSES

4.4. Limifaton of curreni collector

The curent capacity of tolleybus collectors 168 ome of the factors that limits the
chargng speed 1n dynamic charging systems. A trolleybus current collector diagram 15 shown
on fig. 435, The collector tubes are usually made from insulation material (e.g glass fiber).
At the top of the collector tube there 15 there 15 & spoon - shoe body with a shdng contact -
gkid. The skid of the current collector 15 shown on figs. 434, 4236 The electrical energy from
the shding comtactisreceived by means of mware placed mnside the colle ctor tube.

There are three main limitations o the current of the cdlector:

- the skid - contact between collector and taction wire,
- the current cable mmde the tube,
- the connechon point of the current cable and the spoon - shoe body of the sliding contact.

In practice, the first hmatahon 15 the most mmportent. The current capacity manly
depends on the contact length skit - trachon wire. Inthe case of skid m aterial EHE3WG 1t 15 ot
lewel 16 - 20 Afmm [23]. The contact length is nomainally 100 mm (fig 4.26), so theoreheally
the current capacity should be at level 1600 A - 2000 A In prachce, the pressure of the side
is not equal, resulting in & contact surface of 30-40% of theoretic value. This gives a macim al
average value of current of 400 - 300 V. This value is also confirmed by [13, 20]. The
chapng crrent imitations are greater during stopping peniods, when cooling condit ms are
more difficult to mmnten and the contact point in the collector can easily becom e overheated.
The maximum current that can be recerved when the vehicle i stationary i at the lewvel 150
A

Fig. 424 The spoon- shoe body and slad of cwrent collector [@L ekov, Faiveley Transpost]
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Fig 425 Tha trolleybus current coll ector [@ Lakow, Faveley Transport]
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Fig 4.26. The gad of trolleybus cumrent collector [@V ossloh EKiepe, 18, 20]
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DYMAMIC CHARGING OF ELECTRIC BUSES

S.L]MIT!;TIDNE OF CHARGING SPEED IN THE IMC SYSTEM

The length of sechons accompamied by contact line must be sufficient to charpe the
trachon batteries with energy ot least equal to the energy necessary to cover the catenary-free
secion. Hence it 15 expected that the battery chargng time will be minimised, which means

that the chmging power, 1.6 the charging speed must be macimised.

5.1. Theoretical estimate of dstance and time of traction battery charging
In the IMC system the enerpy accumulated in trachom batteries along the section
accom parued by contact line 15 the source of energy when avelacle covers the sechon without

the catenary. This canbe shown by the dependence:
-Ee.ll R = 'Ed-d'.ll [::‘1}

where K., — energy transferred from the contact line to the battery during chergng, B —
energy collected from the battery when covenng the section without contact line, o —
efficiency of the cherging cycle. Assuming ., as the Bm ¢ of coverning the contact line sechon,
Fu— the power of chmpng from the contact line, ¢ — averapge cmsumption of energy by the
wvehicle, [ — the total lenpth of the route, [" — the route section under the contact line, the

formula (1) cen be presented as:
Pe.ll'tc.ll'rﬂ=|:r_r1]'€ l::‘g

Having taken into consderation the mverage speed of the vehicle driving almg the contact

hine secton (), the form s cen be transform e d mto:
chl'E'JF:U_F]'f 3

By trensforming thi s dependence, the mimmum degree ! of covening the route with overhead

contact ine cen be established:

i L]
I"=m = p— 5.
v 5.9
42 2 2018 Mikoeta) Barttomiejczyk
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5. LIMIT ATIONS OF CHARGING SPEED IN THE IMC SYSTEN

51.1. Assumpion of energy consumpiion

The energy consumph on of an ele chric vehicle signific antly differs from a vehicle with
an nternal combushon engine, m mnly due to the mfluence of external (w eather) condihms.
The mnternal combuston engne 15 charactenized by alow efficiency level of 20 to 40 percent.
Its m huge disadventage on one side, because 1t increases the fuel consumphon But it hasa
good side: duie to the low efficiency there 15 svaidlatle alarge am ount of “waste he at" from the
engine cooling that cen be used to werm the interior of the vehacle. Although most of todey's
buses are equipped with sn additional heat source (eg Webasto), the use of "waste heat”
2 grificently reduce s the amourt of heating energy re quired. Electic dive is charactenz ed by
high efficiency and there 15 no "waste heat”, so during winter we need to heat the interior,
whichis a hig demand mn terms of elechicity consumphon. In addition there may also be the
need to power addihomal on-bomd subsystems such as tickehng machunes snd sisual
information systems. Chiven that passengers' expectations of diving com fort are increasing
todmy, 1t 15 often the case that duning winter the energy consumption for non-drawings exceeds
fracton consumphon For summerime periods, the need for mr conditiomng 1z gradually
becoming stenderd equipm ent for public transport wehicles. The energy consumphon problem
is lustrated in Figure 51, which shows the consum ption values of the Gdyma trolleybus
during a one year peniod Thus, 1t cen be smd that the energy consumphon of an electic
vehicle hae o statistical form, end therefore we can express itwith the histogrem shownin Fig
52

Fig 5.1. Enesrgy consumphion of Gdyma's trolleybus in one year scale from Decem ber to Hovember
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DYNAMIC CHARGING OF ELECTRIC BUSES

The fipure iz based on registrabons collected from one yesr period. They show the
mverage energy consumph m for trach on purposes for individual joumeys of sections betw een
final terminiiges (indivadual vehicle journeys). For further analyasit 1s useful to ohserve the
charactenishc of cumulative energy consumphon means, energy consumphon will be smaller

than e with the probabihty D (Faig 533

1z

Fig 5.1 Histogram of enesgy consum phon of Gdynids trolleybus from one year period

o

] LB i 15 ] ¥

Fig. 53 The cumulative distrabution of aner gy consumption of Gdyre's trolleybus from one year
period

The average wvalue of energy consumphon is crucial fom the point of view of the

requared degree of coverage with the trachion network (fig. 5.1 - 5.3). However, due to the
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S5 LIMITATIONS OF CHARGING SPEED IN THEIMCSYSTEM

random nature of vehicle traffic and the occurrence of traffic congeshon, in particular dunng
rush hourg the average value of energy cmsumphon on a shot-term scale, dunng peak hmurs
(on the level of 1 - 2 howrs coresponding to 10 - 20 km) may be higher then in s longer scale
(full day, 150 - 200 km). This feature 15 presented on fig. 5.4, Thism mnly affects the required
hattery capacity, which will be discussed inthe chapter 5.6,

Higher energy
& consumption possibly
o shom dstand

_____________________ = |

Al day consumption
lowar than
sharl detince ofid

menurﬂﬂ:uﬂlu [WA e

=

1w m L L wa - M - - 1 e e W de e

Avaraging parkd [lem]

Fig 5.4 The vimulization of the marimal enesgy consumpticn dring winter day in function of
averaging distance (period)

5.1.2. Assump tion of charging power and average velocily of the vehicle driving along
the contact line section

The current capacity of trolleybus collectors 15 now the mmn Factor which limits the
charping speed in the IMC system s Trolleybus cuarent collectors me charactenized by the
macimum allowed average current of 500 - 500 A [5]. Limitations on chegng current are
even geater dunng stopping tme, when the cooling condtons mre more difficult and the
cortact pmnt in the collector coan ensily become overheated Therefore, the current collector
load dunng stopping time should not exceed 100-130 A The totel 1oad power F,, tansmitted
by the cusrent callector conmsts of power P, consum ed by traction snd non-tracton needs of

the wehicle, power Fa, of battery charping:

e = Puan + 8y )

go, the value of chmping power can be described as

N_PIM'JI I::‘E}
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DYMAMIC CHARGING OF ELECTRIC BUSES

Maximal power Fee tramsmitted by current collectors depends on the nominal voltage Ih. of

the trach m network snd the macim al value I, of the current colectors value:
Foo = Uy~ L fj?}

Because the maximal collectors current has different wvalue while mowving (1. ) and while

stopping (Teeq), the average value of m axim el charping pow er can be described as

Pz'.h - [utu 'fm—m _FLI&.H—HEJ ’ th + U‘rtu 'fm—: - Pu&h—sJ ) t: (53.}

where: Pupe - vehicle's power duning m ovement, Foa,s - vehicle's pow er duning stopping, fa,
t, - participation of movement tme and stopping time intotal divingtime.

In table 5.1 are presented the mverage values of tolleybus traffic indicatms i the
central part of Gdyma snd two disticts Moreover, there are shown the magimal valies of
chmping duning movement (Fa,.). stopping (F,.) and sverage chmping power (Fu).
Agsuming the energy consumption at 3.7 ¥Whibkm the mummum degree 1™ of covenng the
route with overhead contact line was calculated

Table 5.1 The average values of troll eybus traffic imndicators in central part of Gdymia md teo
chetnicts, and calewlated values of chargng parameters

Cantre Drastract I Digtract 11
Sept. Feb. Sept. Feb. Sept Feb
. 0.63 0.65 0.a7 070 0,73 0,37
t 0.37 0,33 033 0.30 027 023
I [bem /1) 13,01 1428 16,46 18,51 17,53 18,57
Eopn W] 20.E0 3n.53 2478 4452 213,16 40,60
Frapa[EW] 348 31,59 496 34,73 376 40,85
C alculated valuas

P[] 75 155 79 260 aar 159
By [KW] g5 55 g3 [T 24 40
Fo[KW] ) I 195 206 189 124 210

1* for U, =600
v 0.20 0.23 017 019 020 023

1* for U, =750
v 0.1a 0.19 014 0,16 016 g01m
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5. LIMIT ATIONS OF CHARGING SPEED IN THE IMC SYSTEN

5.2, Statmstical analysis of d ynamic charging asp ecis

The energy consumphon of the vehicle is of a statistcal nature (fig 5.1 - 5.3), and
therefore also the limit parameters for the dynemic loading system con also be analyzed from
a statishcal point of view. The calculations presented in the table 3.1 have been m ade for the
macimum value of energy ¢ onsumph on m winter, however, assuming alevel of certmnly less
than 100%, it 15 possible to work the dynemic charging system by a shortened section of the
overhead contact line. In other words, it is possble to snalyze the reliatality of the dynamic
chmping system, with less coverage by the traction network then the one determined on the
bass of maximum energy consumption. [t can be realized on the bazs of the cumulative
distribution of vehicle energy cmsumphon (fig 3.3) converted by equtation (3.4). These
cal culations were realized for 3 vaniants of chmping power:
- Fapw = 70 KW, Py, = 70 ¥W which equals the chagng power applied in trolleytuses
Solaris Trollino 12 operated in O dymin,
- Popw = 200 KW, F,p = 50 EWwhich equalsthe macimal chargng power shown in table 5.1,
cal culated for loading of the collectors with currents 300 A and supply voltage 600V,
- Pipw = 250 KW, Fepg= 70 EWwhich equalsthe macimal chargng power shown in table 5.1,
cal culated for loading of the collectoms with currents 300 A and supply voltage 730V,

The calculations were camied out with the assumpton sn svemge speed of dovang
gpeed at the levels 13 km/b, 16 km/h and 18 km/h The results sre shown m fig. 5.4 - 56 . In
the case of coverage with a trach on netw ork less than ophmal, it will be necessary to have an

additional stop on the end terminus for addibhonal rechargng of the hattery.

— Ed:l-ic\.! l::‘gl}

t
add Fek

E,, = energy transferred from the contact line to the battery duning chergng, E.. — energy
collecte d from the battery when covenng the sech on without contact line, » — efficiency of the
charpng cycle. Assuming the nobficabons the ssme hke as m quotetions (5.1-5.4), the

formula can be converted to:

u
(1=l =Py —1
Pl = (510

Fek-i
replacing I by quotent [*1™:

. IF
=1l —Poy_m—1

= ST ihemTy 5

Eadd - (511
a7
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DYNAMIC CHARGING OF ELECTRIC BUSES

it 15 possible to define the additiomal charging time at the terminue for unitery distance of

transportat on route [mindm]:

- [
toas _ LU —Pop_m 1

(5.1

L Peh-z

The cumulatve distibution of addibonal chergpng tme was calculated for the following
wariants:

- Pipw = TO KW, Py, .= TO KW, ["=0,3,

- Peopw = 200 KW, Pa.= 50 KW, 1"=0,15,

= Pope = 250 KW, Py .= 7O KW, 0"=0,1.

Results of the cal culation are shown onfig 5.5 - 5100

s

Fig 5.5. The cumul ehve distrantaon of successful chargng probability in functaon of covering rate {©
for chasgang power 70 KW

B
Fig 5.6. The cumul shve distrabntaon of successful chargng probability in function of covering rate {©
for chargng power 200 KW
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o

I

] oo a1 [T 02 LEH 0y

Fig 5.7. The cumul shve distraibntaon of successful chargng probshalsty in function of coverng rate [
for chergng power 250 KW

]
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Fig 58 The cumulstve distribution of additonal chergng tme on termanus in case of chargng
powes 70 KW and covenng rate {*=0,3
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Fig 5.9 The rumulative digtribution of additionel chergng time on terminue in caee of chagog
powar 200/50 W and covenng rete [*=0,15
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DYMAMIC CHARGING OF ELECTRIC BUSES

Ll o1 az e A 03 DE or a8

Fig 510. The cumulative distnbubon of additional chergang tim e on temmimis in case of chargng
power 23070 KW and covenng rate {*=0,13

The key paremeter affecting energy consumptionis the outade tem perature, which 15
lustrated in fig 5.11. Inthis way, the temperatume influences the requred minimum degree
of coverage with the overhead cathenmry network (fig 5.13) and eventuslly additionasl
chapng tme dunng stopping (fig. 3.13).

Fig 511 Scefter chasrt of everage ensrgy consumphon of trolleybuses in Gdyma in funchon of
axternal tem perahwe
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Tidl
1% - & L] L] L % o 5 Ll L]

Fig 5121 The mazimum, sverage and mammun value of covenng rete [ for charging powes 200 kW
in funchon of ambdent temperahe

L i
m L1-] i1

Fig 513 The marimum and averags rate of additional chasging tim e on temmims in cese of chargng
power 200/70 kW end covering rate [ *=0,20

5.3, Measuremenisp erformed within Gdynia trolleybus netw otk

Gmnce 2009 PET Gdymia heas been vhlimang tolleytuses equapped with muclisey
battery dove. Ongnally the velicles were equipped with mickel-cadmitm batteries with a
copacity of 16 ¥Wh Smnce 2005 wvelacles wath high-capacity lithium-ion batteries with
capacities of 40 ¥'Wh and 69 k'Wh have been introduced into use. A5 a result, a considerable
amount of operational experience has been acquired.

Due to its excellent opershonal characterigtics, the uhlizabon of sutonomous
trolleybus drive 15 oot only satable in emergency mtustions, but also when there is
insufficient stock on the Odyma bus mutes In such smhistions battery trolleybuses often
function onthe routes charging via the ovethenad contact line covering the common sections

of the routes) This was done m the largest scale from the 20 Tune to the 1% July 2016 when,
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N OvHAMIC CHARGING OF ELECTRIC BUSES

as a consequence of the orgemzabon of the Open'er Festival there was a considersble
shortage of wehicles for bus transport. Trolleybuses equipped with high-capacity lithium-1on
batteries were usedto service some busroutesin Gdyma and Sopot, for example routes 3, 159
and 172, Usng their suxilisry drve, the vehicles were able to cover long sections of the
routes, somebmes as muchas 29 km. This allow ed for the creaton of ameaszement database
covering the operation of battery trolleybuses with consderable use of auribary drive snd
subsequently applying this deta as guidelines when determining the dimensons of public
transport routes based on the IMC.

Table 5.2. Techmcal data of traction batteries in 5 olane Trollino 12 trolleybuses

Humber of battery modules 3, connactad 10 pasallel
Total cepanty of batteries 69 KWh
Teckmology lathiavim -20m
Producer Impact Clean Power / Ener Dal
Single moduls capacity I3KWh/36 Ak
Meazamoum voltage of amodule TV
Mazimum conbirnous ot powes of & moduls 64 KW
Meazimum contirmous powes of module cherpng JE KW

Fig 514 Fear part of aSoleis Trollno 12 trolleybue, 3 battery mocdhl es (black boxes) and the
charging system (& grey box in the upper past of the apparatus} are vamble

Regstered data from three of the new est 3 olans Trolling 12 troll eybuses, belongng to
PET CGdymia's stock (fig. 5.14, 5.15) have been used for snalysie. The techmcal data of
hattery systems have been presested in Table 5.2

52




S LIMITATIONS OF CHARGING SPEED IN THE M CsysTEM [EERIND

i [

-
' DA ——

Fig 5.15 Interice of the rear partof & Solars Trolline 12 trolleybus. The vertical casng contamng
battery modules 18 visible

53.1. Energy consump tion of auxiliaries

The suxilisry systems compnse the elechical equapment of the vehicle which 15 not
directly used in the generation of traction force. The following elements cen be included in
auxilinry systems:

- compressor and hydmulic pum pm otors
- supply of low voltage equipm ent,

- nir condib ming,

- heating,

In practice, the last two elem ents form the mam pat of the micilisey load with heatng
in particular being a major factor. A significent increase i the efficiency of elechic dowve
systems has been ohserved over recent yems, leading to a reduchon i energy cmsumphon
for traction purposes in electric vehicles On the other hand, passenger expectahons regarding,
cabin temperatue comfort mre contrbuting to an increase in power expendihue m heating
devices. The result of these two factors i en increase in the relative share of energy
consumphon for hestng purposes in the elechic tachon in relation to the total energy
consumphon This iz especially im portent for battery vehicles that me powered from a source

withlimited capacity.
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Based on the heat flow equations, the smount of thermal energy O transferred in a
fime ¢ 1n the steady state snd with a small temperature difference AT on both sides of the
partiton can be described by the dependence:

_  EdTE

Q=i= (5.13)

where:
d - thickness of the parhbon,
A - thermal conduchvaty coefficient.

The power used for heating the vehicle 15 equal to the quotient of the smount of
thermal energy transferred outside the vehicle and the hme st which 1t was transferred.
Assuming that the heat dismpation takes place only by transfermng heat energy through the
ade sufaces roof snd cheassis, after comverbing dependence (3.13), the heating power

necessay to memntmin a constant tem perature insde the vehicle can be descrbed as:

PlAT) = ¢ AT (314

where:
¢ - coeficient depending on therm al conductivaty and dimensions of sade swfaces, roof and
wehicle chassis,

The linear nature of the dependence (5.14) 15 confimed by the scatter of the scatter
graph of non-trachon needs as a function of the temperature difference insmde - outmde
presented on the figure 516, Umtery enerpy consumption per km on suxidlisy puaposes
depends o the average velocity vee of the movement and con be descnbed by formuda:

e(aT) =240 (5.1

L

The agmficance of the 1ssue 15 1llustrated 1n Fig. 5.16, whach presents the mean wmtary total
energy consumption per km of a trolleybus as a funchon of the temperature difference insde
wersus outade. The scatter graph Mustrabng the wvalue of non-trachon ne eds per distance as a
funchon of the tempermature difference inside - outside is presented on the figure 5.17. Graphs
pre based m measurements camied out in wolleybus system of Gdymiain 12 meters Solans

Trolling 12 vehicles.
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Difference of Termperatunes [C]

Fig 5.16. Owerall velicle power consumphon in funchon of difference between ambaient end internal
temperahme

lul.vm—o—grmm

Fig 5.17. Scatter chast of mumiliey power consum phon in funchon of difference between ambient and
internal temperatre

PR

- &

Coftarence of carmparanuned (4]

Fig 518 Scatter chart of auxiliary energy coneum phon selated to distence in funchon of diffence
between ambient and internal tamperatine
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DYMAMIC CHARGING OF ELECTRIC BUSES

Under standard opersting conditiong the non-trachm energy umtary consumphon 15
up to 1,2 EWhikm, which accounts for a total energy consumphon of mound 2,5 EWhim.
This consumphon may be hagher in case of dishubances caused by conge stion, what results n
a decrease in the svernge speed of the vehicle. The effect of this may be an increase of energy
demand for nom-trachon purposes according to the formuda (515 Tt dlustrates hngh values of
umitary energy consum ption o non-tracton needs of several measurements shown in picture
518, which exceeds 1,6 ¥Whikm . This requires a mgmficant increase in hattery capacity. On
the other hand, periods of spnificent dem and occuwr very rarely (less than 1% of regstered
jowrneys). For this reason, i1t ie recommended to use heatng power control. This involves
reducing the heating power if the battery 15 discharged 1nder a certmin level. For example, a
reduchion of the inmde temperatue of the vehicle by 8 degrees Celsiug does not cause a
mgmficant decrease m travel comfort (dunng winter weathes, the passengers sre warmly
dressed), while this reduces the energy conmumphon by 0.5 ¥Wh'km. This solubon cen be

used mn the event of non- stendard traffic shuations and ava ds excessve energy consumphion

532, Analysis of overall emergy consumpfion

Based on the m easurement data obtmned atthe tm e when bus route s were serviced by
battery troll eybuse #(20° Tune - 1% Tulyh energy consumphon i individual opersbional modes
has been established The values for the catenary and battery operational modes, aswell as the
walues of energy consumption for trachon purposes and the total energy consumphon value
hawve been set. Energy consumphon for catensry supply with fast battery charging switched on
has also been establishe d (T able 5.3).

Table 53 Average power parameters of battery trolleybuses s ang bus routes from 20" June to 1%

July 2016
C atenary opesation Battery operahon
Ho battery chargang: 1,45 KWhkm
Total enesgy consumphion Teking into account battery ches ?ng 1,27 KWhikm
ener gy in fast chasgpog moda:
406 KWl
Ensrgy conmumption for traction
purpoges with recupeaticn taken into 0,24 KWhlom 1,01 kKWhilm
accoumt
Ensrgy consumption for tracton
purposes(fecuperaion not taken into 1,43 KWhim 1.6 KWhilkm
ac ooty
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5. LIMIT ATIONS OF CHARGING SPEED IN THE IMC SYSTEM

533 Measuremeni estimaie of distance and charging time for iraction b atieries

When servicing bus routes the trolleybuses covered on baettery supply sections of
route varying mn length from 0.5 km to 29 km. Hattery charging from the traction network
took place during the opersbon This allowed for the collection of data making it posatle to
establish boundery paremeters of both battery and catensry dove for the velicles charged n
the IMC system:
- recording the drive with trach on battery supply allowed for the establishm ent of the range of
a vehicle in aut onom ous operation,
- recording the dove with tacton network supply end smulteneous cherging of tachon
batteries allowed for the establishment of the parameters of the fraction battery charging
process.
Based onthe above data three basic snalyses of the obtmned data hwve been performed:
Iy The dependence between the lenpgth of sutonomous dove [, snd the depree of battery
digchmging DOD resulhing from 1t has been established based on the snalyms of the sechms
covered by the vehicle with battery supply (Fig. 5.19).
) The dependence between the degree of battery dechamrging DOD and the required time for
chmping batteries &, from the catenmy has been established based on the route section
covered by the velicle with catenary supply (Fig. 5.20)
3) Addihmmally, the dependence between the degree of racton battery dischargng DOD and
the distance f. required for battery recharping has been established based on the above data
(Fig 5213

Asmmming a constant energy consumphon e, the fomula with have the degree of
battery dischmging DOD con be described as

leys#
Dol = o

drdd

(5.16)

whem Che mesns the capacitance of the batteries This formula cen be presented as hnesr

funchon:
DOD = ky -l (517
where:
ky=— 31
1= oo Ey]
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In the case of constant average chargng power F, charging fime can be described as
following;

DOD - £

oy = ——— (518

Fey-q

# - efficiency of chmging process. Assuming a constent velocity v of m ovement on wired

sechom, the charging distance [, cen be described accordingly:

v DOD- iy

lan = Fen 7 I::‘?UI}
and the corre sponding hine ar funchon:
Loy = ky - DO (320
where:
Y- Cpay
ky= —Pdf"‘;- (320

These dependencies have a hnear character, which 15 corfirmed by the figmes 5.18 - 5300
The linear regresson method was used to obtmn the values of inesr coefficients the value of
ki 15 1,35 and value of b, 150,26,

Analyas | (fig. 5.19) makes it possible to established the battery capacity requared for
covenng a given route sechon, while analyses 2 (fig 5200 snd 3 (fig. 5.21) establish for
establi shing the parameters of the catenary sechon where battery charging takes place. In the
IMC system the route sechon under the contact line ' equals the chaping distance L.
Analogically as in chapter 5.1, the ratio between cherpng distance and the totel length of
movement dunng cycle charging - dechargng can be used for setting the minimum degree I

of covenng the route coverage with overshe ad contact hine:

e de
= 'Ir.'l_'ra:.' I:-'EEH'}
and consequently:
ke, -DGD ks
"= ——m=—"7 5.2
kyDOD+= kg (.29

For conditions of sutonom ous driving in Gdymia, the mimimum degree of covenng the route
with overhead contact line 15 32%.
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5

Fig 5.20. Dependence between the degres of battery dischargng end the tme requured for chargng
battenes from the catenary
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Fig. 521 Dependence between the degree of traction battery sachargng and the distance recuared for
battery rechegng
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T OvHAMIC CHARGING OF ELECTRIC BUSES

The presented walues mre based o expeniences from Cidymia which 1z opershing
trolleybuses with battery charping power 69 kW snd average energy consumphon dunng
measunng period was 1.3 FWh'km. Thanks to the lines dependence (3.15) - (5.24), the
obtaine d results may be used to estimate the chargng tmes and the minimum relabve length
of a route under the catensry for other opersbhonal condihons. Assuming the test condibion as
the reference walues, it 15 possible to estim ate the & and k2 coefficient for another chegng

power Fa, o and energy consum ption e,

Pk _Ja:l g

whem Fyande mesns the reference values (68 W, 1,3 E'Whikm).

Table 5.4 Comparison of chasging perametess

Increase of chegng power
Cument state
Upto 100 KW Up to 160 KW
Mammum coverage of the route with
catenary, when the ene gy consumption 18 32 % 25 % 17 %
1.3 KWhim (1n springhm e}
Mammum coverage of the route with
catenary, when the energy consumpthion is 53 %% 35 %o 15 %%
3.0 BWhidm (1nwintertime)

Table 5.4 presents the companison of eshmated relative lengths of transportath m route
coverage by overhead cotenmry for different operstional conditons snd different charging
powers. There are two sverage values of chargng power malyzed:

- 100 KW,

- 160 W, which equals the chergng with power 200 XYW dunng mobon snd 70 EW whale
standing,

The values of energy consumphon are at the level:

B0
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- 1.3 ¥W/km for sverage spring condibong

= 3,0 KWh'km for extrem e winter conditions

534 . Measuring analysis of battery charging possib iflithes while travelling

Registrabone of energy umpe while travelling can be used to smulate the charging
and discharging cycle of the battery in a dynamic charging gystem . This am ulah on cona ets of
hwo stages
- charping cycle, pasang through a fixed length network secton with an overhe ad cathenary,
- daschmrging cycle, passing through an sutonomous sechon

For the smulstion of dischargng measurement data of the actual load of energy
consumphon by the wvehicle am used The unloading mmulaton is performed unhl the
chmping energy accumulated during the netw otk sechonis fully uhlized. This allow s for the
determinaton of the length of the sutmom ous section. This cycle 15 repeated for many
different registration data. After statishical snalysz it is then posable to determine the
minimum degree of covemge for the racton netw ork.

In the charging cycle, the state of charge B, of the trachion battery iz based on the
state of charge in the previousiterat on and charping power Fa.

Epar(f) = Bpaplty g ) 4+ Fy - AL '::"?E.}

Inthe case of avelicle with a central DC separabion converter with power Pegy the formula

15 a5 follows:

-Euat[tu.] — -Ej.ut[tu.—l] + FMILI.I - &t _Puﬂl[tu] - At '::'Jg.}

where F.y 15 the vehicle enerpy consumption. At indicates the step of the iterston whichis
the same as the mterval of registration (1 second). The value of F., o1 P, depends on the
state of the wehicle due to reduced current capacitance of the collector. While the wehicle 15
standing the value 1z lower. In every step of the caloulshons the actual dnven distence 518
cal culated:

B[tu] = B[tu—l] + !"[tu] - At ':53['.}

where v 15 the vehicle velocity. Where distence si5 greater than the length of the cathenary
sechm fy then sutonomous mode (discharge) starts In the discherging cycle, the state of
charge By of the traction battery 1z based on the state of charge in the previous i1teration and
chaping power Fy,:

E1
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DYMAMIC CHARGING OF ELECTRIC BUSES

Epae (8} = Epaelt o) 4+ Pyl ) - AL (330

the cycle calculahons mre firdshed when the energy of the battery 15 ot zero level The man
outcomes of the calculations ame the length of the sutonom ous runming sechion and the ratio
betw een the length of the cathenmy sechion and the total runming length dunng the cycle. The

scheme of simulation model 18 shown on fig, 5.23.
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Fig. 522 The echem e of smulaton model of Dynamic Chargng

A simulston based on real measurement data allow s for:
- cona derati o of the real travelling tme and stop time whilst 1n trolley m ode,
- talang into account the real value of energy consumphon from tachon batteries dunng
sutonomous drving,
The simulation 1z designed for two different vehicle propulsion system assem blies:
- hwnng a char ger with c onstant charging power,
- having a central separabon cooverter with constent power — in which case the chegng

power depends on the pow er consum ed by the vehicle at a parheular moment.

B2
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Due to the lmited current capacity of trolleybus collectors, the chmrging power is
reduced while the vehicle is stending. Three different scenarios were taken into account for
thas:

- immedinte reduchon of cheping pow er to 80 kW after vehicle stopping,
- reduch m of chargng power to 80 kW in 30 seconds after vehicle stopping,
- reduct on of chargng power to 30 W in 60 seconds after vehicle stopping.

Fig 513 Gcatter plot of simulation resulte in function of sverage speed in charging sechion: chargng

power 120 K'W
- :
a0 ] JETOITH TR
— 1200 SO (30 sk}
25 4o — 120N § B0 KW 15D k) - ...................E... raa

Covering rate [%]
B B

] 15
Avarage igeaed [km/h)

Fig 524 Mimimal covering rate for the wozst cases for several chargng methods (hme value in
brackets inchcates the time after whach the chergng power 18 reduced)
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Fig 523 shows an exemplary scatter plot of the mmulabon resultsin function of the
average speed in the charping sechion, for a cherging power of 120 KW, Each point marks the
result of one doving cycle calculation. It is posatle to see the envelope of data for the best
cage (blue mmked points) and the worst case (red mmked ponts). This allows for the
defimtion of the spproximation line (red dotted hne) which indicates the mimmal rate of
coverage of the transportation route by centenmy in function of speed. This procedure was

repeated for several char gngm ethods. The results me shown on fig 5.4

535 . Estimation of IMC system parameters for articulaied vehicle

Energy consumphon of shculated wehicles 15 greater then in the case of single
vehicles. There are two main reasons for thas
- preater weight of articulated velicle,
- greater non mualisy consumphon needs m srhiculated vehicles, mostly coused by the
higher power requirements of heating,

Tahble 5.3, Com parieon of ovesall enssgy conmumphon of trolleybusges in Lubkn

Ensrgy conmmphion of | Enesgy consumphon of Felation
standard velacla [kKWh] arbeulated velncle betwaen ensrgy
[kWh] consumphone
January 158 3,09 1,2
Fabmary 126 1,58 1,14
Masch 1,86 2,18 1,18
Apnl 1.76 2,13 1,21
May 1.61 1,52 1,19
Juns 1.62 1,78 1.1
July 1.66 1,79 1,08
August 1.7 1,81 1,06
September 1,63 1,91 1,17
Octobes 1,85 1,26 1,22
Hervember 221 2,54 1,15
Orrarall 1.80 2,18 1,16

The weight of articulated vehiclesis armund 30% greater then stendard vehicles. The
wolume of the passenger space of an 18-meter arhculated wvehacle 15 50% larger than a
stenderd one. Thisresults in o 30 - 40% higher energy consumph on for sn sh culated vehicle.
The compeison of overall energy consumphon of tolleybuses in Lublin (Poland) with

fraction energy needed in trolleytuses in Ostrava (Czech Republic) 1e shown in tables 5.3 and
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S LIMITATIONS OF CHARGING SPEED IN THE IMC SYSTEN

56. Inthe first case the overall energy consumphion 15 20% greater for an articulated vehicle
than in stenderd one. Data from O strava shows that traction energy consumphon is greater in
an arheul ated velncle by 40%.

Table 3.7 presents a companson of mimmal catenary coverage rate in the operation of
both stendard and sticulated vehicles. The calculabons were made with sn assumphon of
maximal energy consumphon of 3,0 EWh'km for a standard velicle and 3.9 EWh'lm for en
arhcul ated one. Calculabons were made according to formula (5.4) for chargng power 70
EW, 200 BW (70 EW while standing) and 250 XW (100 KW while stending).

Tahle 5.6. Comparieon of enegy for trachon needs consumption of trolleybuses in Ogtrava

Enesgy consumpticn of | Ensrgy consm phon of Felation
standard vwehicla [KWh] articulated vekacle between ene gy
[KWh] conmumphone
Jarmey 1.81 2,47 1,36
Fabruary 1.69 2,29 1,36
March 1.49 2,13 1,43
Apral 1,53 2,35 1,54
hay 1.36 11 1,56
June 1,32 1,87 1,42
July 1,24 1,96 1,58
August 1.26 2,02 1.6
Septamber 1,32 1,86 1,41
Octobes 1.38 1,95 1,41
Hovem bes 1,57 2,27 1,45
Deacember 202 235 116
Overall 15 114 1,42

Table 5.7. Comparison of mimmal covenngrate of transportation route for standasd and aticul ated

walacle
Chargang powes Mimmal covenng of ransportation route
Standerd velacle Articulated vehicle
70 kW 43% 50%
200 W 26% 31%
250 KW 21% 2%
65
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N OvHAMIC CHARGING OF ELECTRIC BUSES

54. Smukiion of the supp ly system

54.1. The Monte Carlo me thod

The Monte Carlo method 15 based on a combinuous repebibon of a stahshcal expenment by
means of which the analysis of the object’s state 15 made ot randomly selected 1mtial factors.
The effect of this 15 & decompomtion of an exat vansble probability. A smulabon model 15
based on the following inital data:

I’y trolleybues hm etables,

1) dewaations in timetable realization which were lnpghlighted on the basis of the resemch on
public tremsport punctuality cmmed out by the Public Tremsport Authonty (Zarzed
Komumikacy Miejskie)) in O dymin

3) the trolleybus speed profile — arelabonship betw een expe cted vehicle speed and locat m,
trachon charactenishcs of trolleybuses

On the basme of timetables and devistons from their realization a probabiity histopram was
produced mdicabng the number of vehicles opersting smultane ously on the power supply
sechiom (Fig 5.35).

0,14

Fig 5.23. An eample of the nstogram of atrolleybuses number Nwhich are on the power supply
sechion, p — probablity

A number of wvehicles beng on the power supply sechon st the sery moment is
ndicated onitsbass.

The speed profile (Fig 5.26) is the basis for indicatng the layout of specific vehicles
location probability along the power supply sechon (Fig. 5.27).
where: & — the coefficient of proporh onality.

]
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a0 5

20 1

v [km//h]

10 1

o 200 400 GO0 BOD
s [m]
Fig 526 An exemplary speed profile; 5 —the vehade location, v - speed

04 |

a 0,2 1

0 + T -
o 200 A0 600 200
5[m]

Fig 527 Alayout of the velncles (5} location probabality () for the spead profile from Fig 5.25

Probability P(z,, 54) to find the wvehicle between points with coordinates 5; and 5. 15
propotional tothe tm e of travel betw een these two points, which can be wntten:

Plsy 5y =k 220 (5310

where: ve - average speed on the road between pmnts & aod s k - coefficient of
proportionaliby.
This probability 15 equal to the integral of the probability denaty p(s):

Fisy. o) = [ ple)ds (537

marking the dfference 5 — 5 asfs we con wnte:
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N 0YNAMIC CHARGING OF ELECTRIC BUSES

ED A=k —=a:|'_p1:5_]d.: (533
1]

on &z — 0 thig equation takes the form:
pla =k — ~1:-=J (3349

which means that the denmty of the probababty of finding a welicle mm a gven pomt 1
inversel y proporional to its speed.
Abagc amulation cycle (Fig 5.28) includes the following phases.
Iy indicating the number of tiolleybuses operatng on the power supply sechon on the basis
of hmetable 5 end deviah ms from theirreahizabhon
1y determiming the locsbon of specific wvehicles on the bams of the wehicles Iocation
probability Imyout,
3) determimng the currents absorbed from the trach onnetwork by speafic vehicles
4) calculating currents and voltage outfl ow in the power supply system .

This cycle 158 conhnuously repeated and as o result one acquares current snd voltage
probability layout inthe power supply system.

Frtmmea sl Hik @

Hermegram ef welhet 1 Bundom demmmiten ol
Hmlyhma. dby verde semibes om TepEl

HOTE

The demry o vebsrle: |2ousen
e

Caladmo of vehuds
‘il

Calssliten of repphy syides
PRI

Comeaan of vétichs cammrs
depeniaeg on pply TRGERE
[ ]
l‘ﬂ“l

l

Cazdmsy of npgly v
Fa

Fig 5.238. Abamc diagram of a amulabon model
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5. LIMIT ATIONS OF CHARGING SPEED IN THE imcsysTE  [ECTD

The current of specific trolleybuses 15 determined on the bass of the trolleybus speed
and its denivative dw/dt in a defined place, 1.0.:
Iy if dw/dt > 0 — 1t mesns that a tolleybus 15 0 the start-up phase and its ciarent 15
defined on the bams of its charactenstic,
n if defdf < 0 - 1t means that a tralleybus 15 braking, i this stushom one assum es the
energy recovery tothe netw ork, the current value is defined basing on braking characteristic,
3 if defdt = 0 and v > 0 - it mesns that & trolleybus is going with & perm snent speed. In
real condifions (in practice) a permanent speed of the vehicle 15 ac quired through a conhnunus
presang and releasmng the dnve pedal, in reference to which one may say sbout a quam
permanent speed. In this case a trolleybus curent 15 indicated at random, on the bams of a
probability layout acquired from a theoretical ride,
4 if defdd = 0 and v = 0 - 1t m eans that a trolleybus 15 stending and 1ts achon receivers
current 15 zero.

To the cusrents indicated above one should add a trolleybus mucih sy receivers cument,
ie. the current of its suxilisry systems and heating

The state of regenerative braking 15 amulsted in the Following w my:
[§] in the first phase a trolleybus is treated as a current source of with a cizrent value
mndicated on the bass of its tachon characteristic,
n if the walue of voltage on receivers exceeds the permissible lewel of woltage for
regenerative braking (in O dyma 1t 18 730 V), which means the lack of a possbility to receive
generated energy, the vehacle 18 modeled as a voltage source of a voltage value adequate to

permissible woltage for recuperation

542 Example simulaiion of the pow er sysiem

Ewemplary sthiation: [ine with a length 10 b, with 20% covered by overhead wires (fg
5329} operated by single velicles with chorging power 250 KV in motion and 70 kIF
stationary. Nominal spply voltage 750 F The omalvzed trafiic infervals are 2, 3 and 6 min

Umnered saction batbary moda: B len ‘Wired section 1-tsolley mode: 2 km

Fig. 529 Abamc structure of an axemplary line
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DYMAMIC CHARGING OF ELECTRIC BUSES

Based on the Monte Carlo amulation method, & model supply system snalyms of a
dynamic chargng line was realized. The model system consists of a 2 km trolleybus line, on
which operates dynamic charged electnc busss The line 15 divaded mto two supply sectors
with length of | km each supplied from one tachon substation The basic param eters of the
smalyzed system are shown i table 58, It comesponds to sn elechic bus route with dynamic

chmping, where smound 25% of the rowte 15 covered by catensry contact wires.

Table 5 5 Paremeters of model dynamac chargang eystem

The total length of route g km
The length of wared section 2 km
Type of vehicles Standard 2 axle, 12 matess
Supply voltage v
Battery charging power 250 KW (movéy, 70 KW ([ stationaryy
Internal voltage of substaticn 0,03 @2

The four vanent s of supply of dynamic chargngwere analyzed:
1y standmrd trolleybus 2 direchon catenmy (wires 1n both direchons connected mn parallel)
with contact wiresm easuning 100 mm” Cu (fig. 5300,
1) twrolleybus cotenary with additional wire measuring 120 mm® Cu fig 5313,
3) standard trolleybus catensry with additional supply pomt placed st a distence of 640 m
from the substabion snd connected by undergrowund cable 2 x 630 mm’ Al (fig. 5.32),
4) combinstion of verisnts? and 3: using additi onal wire measuring 120 mm® Cu and cable 7
£ 630 mm” Al (fig 533).

The mmulations were generated for the operation of the tensportehon route wath

mtervals of 2, 3 and 6 min The man results are shown m tables 59 - 511,

¥

Q | T

M =

Fig 530 A bamc struchwe of supply systen considered in mmulation
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5. LIMIT ATIONS OF CHARGING SPEED IN THE IMC SYSTEN

B eimicnal wine 13 me Qo

.- SRS RREREE | R

Q T

Fig 531 A struchwe of supply system with additonal overhead wire conmdered in simul shon

¥

Unglerground cabies 1 x £ mnee L1
Q | T
EOm 0.

Fig. 531 A stmctuse of supply system with additional undesground ceable considered in mmulaton

¥

B w bl e M

IREERAAEEEERRERAERAARERERN

I
Q | T

- [ o

Figure. 333 A struchye of supply syetem with additicnal overhaad wire and unde ground cable
consdered in amulation

The control of the enterion for the proper funch oming of short-circuat protechonis one
of the most important elements of the power system cal culations as this element determines
both the operstonal safety and fmlure to protect in the atushom where a short circut can lead
to serious damage, ¢ g thermal demage of the trachon network The bazc and most common
short-carcuat protection of the overhead contact line 18 DC overcurrent protechon realized by a
high speed circuat breaker. To ensure reliatle saitcling of short circudts, the value of the DC
circuat breaker achvebon - the farthest from the substation - should be smaller than the

mimmel short civeuat current value Iy with safety factor &
Iy =k Ly man (535
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DYMAMIC CHARGING OF ELECTRIC BUSES

Most often factor kis taken at the level of 0,3, The g min value of the short-circudt current
15 determined as follows

Uy

(5.36)

L mun = o
e

where U, means substabm voltage, By me means the macim al resstance of short crcut (for
the situstion when the locstion of the short circuat 15 the Farthest from the substah o), which
includes the internal rea stance of the substation, the resistences of the DC supply cables and
overhead wires resistance. In order to ensure the statility of the supply system wok, the I,
value short shoild be higher than the maxim al value of the substation feeder 1oad.

Table 5.9. Resulte of amulations for traffic interval 2 min

ExttaCu Extra 2 xA1630 mm2
Bamc Extra 2 xAl 630
120 mm 2 cables +Cu 120 mm2
gystem mm2 cables
wite wise
Total powes cansumption 1665 1572 1517 1498
(W]
Transmigson logsesin DC
13,7 8.1 3.6 2.6
supply system [¥o]
Average voltags on current
& & 664 710 743 753
collectors [V)
Mimm ol voltage on cument
379 533 647 673
collectors [V]
Average cwrrant of one
& supply 1009 53 919 ik
section [A)
Average mumber of velicles
313 i3 33 33
onone supply sechon
Mazimal shost circuat
027 0,158 0,132 0,093
reastance [(1]
Mimmal short circuwet current 11 3707 4560 f454
[~]
Maximal feader current [A] 2700 2700 2700 2700
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Brought to you by | The Mational Library of the Philippines

Authenticated
Download Date | 104113 916 AN



5. LIMIT ATIONS OF CHARGING SPEED IN THE IMC SYSTEN

Table 5.10. Regulte of mmulations for traffic interval 3 min

B ExtraCu Extra 2 xALE30 Extra2 zA1630 mm2
ME 0 mma | TROREE cables + Cu 120 mm?
gyetem mm2 cables
wire wire
Total power consumpt. [k‘-'-"] 1058 1014 B2 aia
Tranemiemon lossesin DG
10,3 6,0 28 2.0
supply system [%]
Aveaage voltage on cwrrent
& & 708 742 767 771
collectors [V)
Marmm al voltage on oument 366 E16 676 203
collectors [V)
Average cwrrant of one
& supply 641 G614 595 581
section [A)
Average mumber of velucles
13 13 23 112
onone supply sechon
Mazimal shost circuat
027 0,14 0.13 0,09
reastance [{1)
Min. short circwt current [A) 11123 37897 4559 G454
Moazimal feeder cument [A] 1935 1935 1935 1935

Table 5.11 . Regults of mmulations for traffic interval 6 min

ExttaCu Extral xALG30 mml
Bame Extral zAl 630
120 mm 2 cables + Cu 120 maml
Eyetem mm 2 cablag
wie wie
Total powes consumpt. [KW] 328 1z 303 00
Tt I D
ansmigmon lossesin 6.0 30 10 1.4
supply system %]
Aveage voltage on owrsent
& & 751 73 788 794
collactors [V]
Marmm al voltage on oument
383 673 713 743
collactors [V]
Average cwrrent of one supply 370 I 05 303
sechon [A)
Average mumber of velncles
11 11 1,1 1.1
on one supply sechon
Maximal shost carcuat
027 016 0.13 0,09
reastance [L1]
Iin. short circwmt current [A) 2333 787 4336 G454
Mazximal feeder cument [4] 1184 1184 1184 1184
73
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DYMAMIC CHARGING OF ELECTRIC BUSES

543 . Increasing emergy demand where existing trolleyb us imfrastructure is used for the
charging of dynamic charged buses

In many cases, there 15 a twolleytus mnfrastructure that cen be used for chmpng
vehicles. This allows for a sigmficant reduction in infrastructure costs. How ever, 1t requares
the analyas of the exishng power supply system snd 1ts modermz ah on m sy be necessary
some stustions. When using existing trolleybus iofrastucture for dynemic cherging of
electiic buses a significent increase inthe load current shoudd be expected. This is illustrated
in figures 5.34 and 5.35.

000

i

[T J FETERERrEee ...... Dymamic charged bus 350 KW I...

|77, TRUUNRISN AS———— IS S-S AR ———
' H
H 1 5
T .

Fig 5.34 The average value of supply sechon load in funchon of average mumber of velucles forin
the case of standerd wolleybus and dynamic charged electne bue with chasgang power 120 KW and 250
L4y

Calcul st s were also made for a vehicle with lower charging power. The highest
load mncrease occurs in the case of the average load current. For wvehicles charged with power
of 2500 KW the average power consum phion could be more than 5 Hmes greater than stendard
trolleybuses. However, as a benefit, the incresse in the maximum load cument 158 much
am aller. Ite walue 15 2,5 times higher in the case of & 250 KW chmrged ebus compared with a
trolleybus. This 15 importent because in prachce, mcreased hmatations on the trolleybus
system power supply are related to the marimum load values in the most adverse traffic

condib onsrather then the average ones.
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5. LIMIT ATIONS OF CHARGING SPEED IN THE IMC SYSTEN

REREE

;

o + T T T T .
L] 1 2 3 4 3 L] 7
Fig 5.35. The marimal value of supply section load in function of average mumber of vehacles forin

the cage of standerd trolleybus and dynamic charged electrac bus
with chargang power 120 KW and 250 KW

5.5, Traction battery capacitance

The cost of the trachon battery is 30 to 50 percent of the purchase price of the electric
bus In addition, the operator must take into account this expense when replacing the battery
after the end of its useful 1ife. Coverage of pat of route by trolley line enables the reduchon
of traction battery capacitance, which in turn reduces the cost of the velicle. An exemplary
analysis Follow s:
Examplary situmtion: [ine with a length of 10 b (5 operated by stondard length electrical

buses. Maumal ensr gy consumption af the lavel 3 kiFhden is assiomed

Three alternative systems of line electfication smre snalyzed 3 (hg 5.36):
- operation by stendard elechical buswith one charging station snd T erminus 1. The charging
power 15400 KW,
- operation by dynamic charged battery buswith one 3 km wired section (verisnt 1),
- operation by dynsmic char ged battery bus with two wired sechms: | km and 2 km (veriant
n.
The wverage chmgpng power of the dynamic chargng system 1s 140 %W, the average velocity
in the wired sechon 15 20 Jm/h The minim al charge level 15 assumed to be at 30%. In table
5.12 the energy balences of the snalyzed variants sre shown Inthe case of a stendard battery
bus the macimal discharge level 15 60 E'Wh With a mammal dischargng rate of 50%, ths
requares a 120 E%Wh trachon battery. In the first dynamic charged bus varient the battery is

5
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DYMAMIC CHARGING OF ELECTRIC BUSES

digcharged with energy 47 EW, what provides the required battery capacitance of 84 ¥'Wh In
the second variant the battery 15 macimally discharped with power 15 ¥Wh As a result of
that, a trachon battery with capacitance of 30 ¥'Wh wall be enough to fulfill ansportation
rouwte conditions. The fig. 5.37 presents the graph of battery cherge level of the snalyzed
wariants Covenng only part of the transportab on route allows for the reduchon of the requared
fracton battery capacitence. The cepacitance reduchm 15 greater where m ore than one wired
sechm is used. This allows for opershon in alternste modes, chmpgng - dischmpging -
chmping - dischmping, Thanks to thg the smount of discharge i5 sigmfic antly reduced.

Saandiwd slecic bus changing sation

oy oy

(- (-

bagery mode: 10 km

Runames chanped sleciic bus. v arignt L

] S

- -
Secion I bafery medde. T km Sectin 1 walleymade: 3 km

Secton 4 Section 3 Secton 2 Secton 1
baBery mode: 2.5 km oley Mode 7 km habery mose: 45 km trodey mode: 1 km

Fig 5.36. The echem e of an example route operated by standasd electracal bus and two veiante of
dynami ¢ charged buses
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5. LIMITATIONS OF CHARGING SPEED IN THE IMCSYSTEM

A Wred pEEn
e = = e Unreried section

Battary charge bevel [KiVh]

.---......_.-H.. I P i — e —

| section 1 ]_Iib:i'-un.! |_[1-uhn3 |_'_|1-uunl |2 [sectons | [sectonz || [seciont |

o 10 Distance [km] 20

Fig. 537 Diagram of battery charge 1 evel diring operetion of route by stendard electrical bus and two
van mnts of dyneamic charged buses

Due to the effects of traffic congeshon, the energy consum ption i peak hours (chapter
5.1.1, fig. 5.5) 15 greater then the sverage energy consumpthon for an entire day The resulbng
methods of eshmation of battery capacitance snd chergpng power are:
Iy The charging power can be set according the full dey value, in this case the chmping power
mey be msufficient in peak hows (incressed energy consumptiony to fully chamge the
batteries. As a result, the batteries will not be fully charged in some cases while runming in
wire mode. Therefore, 1t 15 necessary to increase the capacity of the battery should it be
unable to fully charge 1t
1y The chmping power can be set according the maximal peak homus energy consum phion
walue. Thiz all ows the batteries to be fully chaged while runmng inwire mode, 50 8 1eserve
battery capacitance i5 not required. On the other hand it 15 necessary to increase the power of
the battery charger.

In snother words 1t cen be partly compered to high energy and high power battery

system sin stabonmy charged electne buss

7
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DYMAMIC CHARGING OF ELECTRIC BUSES

Tahble 5.12. Energy balance of operation of route by standed electncal bus and two vasiants of
dynamic chasged buses, sign *+" mgn means battery chasgang *-* battery diechasgang

Dynamic charged electric bus
Standard e ectrac bus
Voarient 1 W oanemt 2
+ 60 KWh
Tarmimus 1 Sechon 1
9 min Secton ] +7 KWh
+21 kWh wred 1 km
wred 3 km
Sechon 2
5 wrrired -13,5 KWh
£ 4.5 km
& Foute
a - 30 K'Wh Section 2 Sechon 3
10 km + 14 KWh
uimwared: 7 =21 EWh wired 2 km
km Sechon 4
wrrirad - 1.5 KWh
25km
Sechon 4
s ad - 1.3 KEWh
Sechon l 2.5 km
=21 KWh
wred 7 km Sechon 3
ra Foute + 14 KWh
B = 30 kWh wired 2 km
= 10 km
E Section ]
B unwirad -13.5 KWh
Section ]
Behna 4,5 km
urrrired: 3 +21 kWh
Sechon ]
ey + 7 KWh
Termmirans | 1] wired 1 km

Fig 538 shows the graphical comperison of the above menhoned methods, where

two charging soluhons are compared. Inthe case of a charger with low er power (30 kW) the

chmrping pow er 15 mnsuffi cient to fully charge the batteries and reserve capacitance is required.
Crrenater charging power (150 ¥W) allows for the batteries to be Pully charped in case of route

disturhances (traffic congeshon). An exemplary relationship between the chergpng power and

the requared battery capacity as o finchon of the sutmom mis dnving dstance (3, 8 and 13

km) for a coverage of 30% of the route 15 shown in the figure. [tisbased on an enalysie of the

trolleybustrafic in Gdymia therefore 1t 15 indicative (fig 5.39).
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5. LIMITATIONS OF CHARGING SPEED IN THE IMCSYSTEM

Charging leval flosrh]

e L LS CLTTETRE TR Pt

D ool o o - e et et e B e e et e B e o ] e e B e et et et e ]

High energy consumpticon Standand enengy consumption
0+ - - — - e
o L] ] 50 40 50 L] T L] 0 100
Range [km]

Fig 5 33. The 1llustration of short penod iofluence of enesgy consumpthion increasngin case of toro
values of chargng power

loo

=1
-

5

Battary capacitance [kWh|
g g

S0 s s 6 70 75 80 8 %0 85 100
Charging powar [kW]

Fig. 539 The example of dependence between chargng power and requred battery capactance for
tree walues of transportation soute length
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TN OvHAMIC CHARGING OF ELECTRIC BUSES

6.F]I'M.NCI&L ANALY SIS OF THE IMC SYSTEM

The tipggest difference between stabonmy charged electrical buses and dymemic
charged electical buses from the economic point of view 15 the cost shuctures — with the
Iatter having a higher level of fixed costs and s lower level of variable costs. Addibonally, in
the case of electric buses a greater porhom of the costs have o hagh degree of vaniability, 1.6
nsks related to the price of trachon batteries. A decline in battery price can be expected but
the mze of the reduction is very difficult to assess. Currently, the cost of the battery can be up
to 50% of the vehicle price. Moreover, during the entre Lifetme of the wehicle it will be
necessary to replace the battery ot least once. The cost of the driver 15 the second factor that
dafferent ate s the operabng costs of both systems.

Statmary chmping requires an increase in the mmmber of wvehicles servicing the
transportat on line due to the need to provide sn adequate hme reserve for vehicle chmping
This results in an increase in the number of veliclesin service and the number of drvers This
additional cost 15 difficult to estimate due to the differing ways of orgamizing driver service in
various wensport systems, tut currently the cost of drvers accounts for up to 50% of all
mmntensnce costs of the wansport system. Thus even a slight increase 1n the number of
rolling stock can cause a mpmficant increase in costs. For ths reason, thie factor cen aleo be
treated as & random element.

A hnencial snalysis will be done — smalyas of costs, including mmntensance costs and
costs of assets. A finencial comparison of stabonmry cherged elechic buses snd dynamic
charged electric buses will be camied out o the bamsof o dscoumnted ife cycle cost analyas -

LCC. It showstotal discoumted costs(infrastucture snd velacl

=g Capi 5V
FNPV =G+ Ll o~ (6.1

where:

i - matial costy

T- entie peniod of analyasg
- gven hm e periods (years),

B0 2 2018 Mikoeta) Barttomiejczyk
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B. FINANCIAL AnALYsE of THE imcsysTen [IETD

i - financial discount rate.
o (#) - operational costs in s given period i (yeas),
ST - resdual value of infrastructure and vehicles after peniod T of analysis.

The investment and operational costs are shownin table 6.1, The cost of battery 15 the
most uncertam element influencing the 1afe cycle costs of transportation systems The achual
price of battery storage systems can be estimated at level 1 000 euro £ EWh [32]. In 2017 a
15% reduchom in battery price was ohserved. If this trend comtinues, the price of hattery
system 5 may decrease several more tmes On the other hand, meny experts e of a different
opuion [32]. For this reason, the risk analyas assumes a drop in the price of the battery to
15% of the present value in the ophmistic vaniant snd m mntensnce of the current prices in the
pesamishc scenario. Due to the lack of expeniences in the field of battery systems lifespans,
one and b o battery changeswere assumed dunng the Lifehme of the vehicle.

In the case of stabhc charged elechic buses there 15 a need to ensure a gusrenteed
chargng time at end ponts Thisincreases the requared number of vehicles and the mm ber of
drivers. This chargng time is influenced by rendom road congestion conditions and the
orgemzation of work by individusl trensport operstors. For this resson, it should also be
considered as a rendom factor. The maximum increase in the number of velncles due to

charping tme Kpwgeg canbe expressed as:

- ZTr+Tehar E
k’cha.l'gugg T+ e I:E$

where:

- T, - doiving tim e in one ditechon,

- T, - required chargngtime,

- Tie - time of mimmal tweak ot finel stop.

The mimmal valie of Kpegeg 158 1, which means no need to ensure addihonal charging hme.
Charging station is localized on the one terminus. The scheme of dependence betw een several

source s of financial nak related to electne buses1s shown oh fig 6.1,

E1
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DYNAMIC CHARGING OF ELECTRIC BUSES

Life time Hmm of Sop for
g of bamery hamzry price Chargng time
=]
5]
K
&
= Unceartainty of
Uncenainty of ¥
new vehicle ah;“l:r?w
purchase oats

Uncertainly of Uncertainly of
investment costs operational costs

Fig.6.1. Dependence between several sources of finemcial ragk releted to electric buses.

The calculations were m ade with the following addibonal assumptions
- chare of rides in peak hour is set at 23%, which is used to esimate the number of vehicles
needed to serve the connection [32], lower share of ridesin peak hour mesns that lessvehicles
are needed to serve the line, which influences total costs, share of nides in peak hour iz
defined as relative to the increasing fequency of transportation in peak howsin comparizon
to sverage all day fre quency,

- 3 rush hours per daywere assum ed,

- number of workdasy e quavalents per year 15 set at 3100 [32], whach equals 2535 workdeays and
110 nm-workdays with 50% dmly supply of workdays,

- rolling stocks reserve ot 10%.

The mfluence of battery cost reduction 15 presented n fig. 6.2 - 6.3, The calculatons
were made with sn sssumphon of the ssme vehicle price for stendmrd electic tus and
dynamic charged electric bus 1 300 000 FLN. Figures 6.4 - 6.7 present life costs snalysie and
nigk value of life costs for different coverage rates by catenary and different traffic intervals.
Caleul st ons were m ade with assumph s presented in table 6.1, It should be summed up that
the investment in the traction network allows to reduce risk related to operstng costs. This

benefit 18 parheul mly visthle n the hagh frequency of runmng velucles.
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B. FINANCIAL AnALysE of THE imcsysTen IEETD

Teblad 1. The investment and operetion] cost of electric buges (C - cestmn cost, U - uscestasn cost, HU
- Inghly urceitain cost, 5 - static charged bug, D - Dynamac charged bus)

Download Date

Type
Appliceble | ¥ alue, min and
of Annotation
for max . values
coste
Stendard electric
s
300 - 500 kEUR |~ max. price: actual results of
tendere and market analye g
DChar Bus,
g - N, prce; assumphon
a W elncle purchase u s, D wvanant ] :
=l 73% reducing of battery
H 350 - 550 K EUR icn
E DChar Bus, L 3
g wanant: B2
4 335-515kEUR
Trachon substation c D 300 kEUR actual results of tenders [32]
Orverhead cathenary c D 300 kEURAEm actual results of tenders [32)
Charging station c 8 300 EUR techracal analyms [32]
D al
s U 8.D 0,7 EUR A (19,32)
costs
Stendard alectric - mAx. pnce: assum pted
bus: prade 1 k euro &Wh
35.150 KEUR - min price assumphon 7 5%
DChaer Bus, reduc of batter ica
- Battery exchenge e yE
o " HU 5.D wanant ] : 3]
3 Fos 25.100 KEUR | - the caleulation wese made
E DChas Bus, for two vaniente: battery
d vanantl: ex change one hme and twice
& 10-40 kEUE per vehicle ifatime
W oehicle m e ntenance
u 8. D 0.30 EUF/ km [32]
cost
Overhead cathenary
[ D 25 K EUREm [32]
maintenance cogt
Energy [ 8. D 0.08 EVEEWh [32]
E3
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N DYMAMIC CHARGING OF ELECTRIC BUSES

10007 B4 #1 88 £5 52 79 TE TH TO 67 &4 81 55 35 52 40 46 45 40 37 54 51 28 28
Reduction of battery price [%)

Fig 6.1 Influence of the battery price reduction on lafe cyele cost (mln PLH} with assumphon of one
ox change of battery and fransportation route interval & man and covenng rate 30%

100 57 94 91 BB B5 B 78 76 73 TO &7 64 61 58 55 52 49 46 43 &0 37 34 31 13 25
Redustion of batteny price [%)

Fig 6 3. Iofluence of the battery price reduction omlife cyde cost (mln PLH} with assumphion of one
exchange of battery and transportation soute interval 4 man
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6. FINANCIAL ANALYSE OF THE IMCSYSTEM  J5E
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Fig 6.4 Lafe cost analys swith assumphon of 30% coverage of transportation route by overshead wres
{in cese of dyneamic chagng md transportabion route interval 8 min
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Fig 6.5 Analyas of lafe cost nsk (mln PLN} with assum phion of 30% coverage of transportaton
route by overhead wires (1n case of dynemic chegng end tremeportehon route inferval 5 min
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DYNAMIC CHARGING OF ELECTRIC BUSES

FNPY
E

Battery enchange
w Maink. infic

W Eniagy

laink, wehiches
w infriruciune
m¥ehides

P,
Dynamis dharging 1

i
Dynamic chasging 2

Fig 6.6. Lafe cost analye s (mln PLN} with assumphon of 20% coverage of tansportation route by
overhead wires (in case of dynamic chargng) and transportation route intervel 4 man

=
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chargieg 1 charging 2 harging 1 chaiey b
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Fig 6.7 Analyms of lafe cost nek (mln PLH} with assum phion of 20% coverage of transportabon
route by overhead wires (in case of dynenac chegng md tresportaton soute interval 4 min
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7. POSSIBILITY OF IMPLEMENT ATION OF DYMAMIC CHARGING

7. POSSIBILITY OF IMPLEMENTATION OF DY NAMIC CHARGING

In many cihes, there 15 already o trolleybus infrastructure that mwy be used asthe bams
for a dynamic chargng system. The trolleytus netw ok 1o G dymia presents an example of the
posability of repl acing bus lines with electic vehicles in the context of dynamic chagng In
Ch dymin the mmonty (70%) of public trensportation is realized by buses Trolleybuses cover
30% of the tansportation work. Mevertheless most of the bus routes are, in some part,
operated under the existing trolleybus nebtsrork. This trolleybus infrastruchure can be used for
dynamic champing of electrical buses thereby replacing diesel buses Figure 7.1, shows the
degree of coverage of several bus routes by the exishng trollevbus catenary.

105 109 114 119 128 133 137 140 141 146 147 150 152 159 160 170 171 172 181 134 157
L

Fig 7.1. The mate of covenng of several bus routes by the exishng trolleybus network in Gdyma
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TN OvNAMIC CHARGING OF ELECTRIC BUSES

Interm 5 of opersting the fransportation route by dynemic charping buses 20 - 33% of
the route should be covered by overhead wires The coverage value i not explicithy
determaned and depends on several peram eters. Techmical progress allows the reduction of
this value. It was determined how much of the tensportation work can be realized by
dynamic charging buses in function of the mimm sl coverage rate. The results are shown on
fig 7.2

Inearasing of trandpariatian wark [min ke)

o 14 18 iz 6 1] 34 kL 42 L] =0
Percentage covaring rats

Fig. 7.2. Potential of inoreanng of transportabion work by implem entation of dynamic chargng on the
baang of exighng trolleybus infrastruchre in Gdyma in fanchon secpred soite covering rate

Slight extens ons to existing trolleybus netw ork sw ould allow for a 2 gmficent increase
in the posatality of dynamic chegng, This posabiity cen be seen in the example of G dymin
Fig. 7.3 presents the exishng trolleybus network with 3 proposed extensions Sections I, II
and [II. The length of each extension is mound I km. Fig. 7.4 shows the coverage rate of
several bus hines after realization of the extensions Consequently, fig. 7.5 show s the possible
increase of transportation woik. The presented values are related to the actunl transportahon
work of the tus routes (only the bus routes which are located under the exishng trolleybus
netw otk are takeninto account).
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7. POSSIBILITY OF IMPLEMENT ATION OF pynanic cHarcing [EERINEED

Saction |

FATOK A

— GEANTEA
Saection | 4

1
Fig. 7 3. The possbilities (red hned) of extentions of exishng (black line) trolleybus netwosk in
Gdyma
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TN 0YNAMIC CHARGING OF ELECTRIC BUSES
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Fig 7.4. The rate of covenng of seversl bus routes by cethenary in case of externon the exishng
trolleybus network in Gdyma
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Fig. 7.5. Potential of inoreanng of transportabion work by implem entation of dynamic chargng on the
basing of exishng trolleybus infrastucture in Gdyma in funchon requaed route covening rate for
several vanants of trolleybue network extenson
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S.FINAL REEQUIREMENTS AND CONCLUSTIONS

The study analyzed the mimmum requirem ents for the dynsmic system of charpgng
depending on different external parsmeters. Anslyms was camed out based m hmiting
techmical crteria, meaximal values of energy consumphon statistical amalyss of energy
consumphon data and estim ation of data from trachon battenies. The compan son of the results
is shown in table 3.1. The graphical presentation 15 shown on fig. §.1. Due to the random
natue of energy consumphon snd treffic condibhms, the results obtained differ from each
other. Nevertheless, several groups of results are visible along with the regularities resulbing
from them. With currently used vehicles, the mimmum degree of covempge with the trachm
network 15 ot a level of 40% - 30%. This value cen be reduced by incressng chmping power
to 23%. Inthe case of a supply system of 730 V DC it 15 posable to decrease thisrate to 20%.
In the case of areduchon i the heahng power of the velucle or use of heabng sources other
than electric, 1t 15 possible to reduce the degree of coversge below 20%. Fig 2.2 shows mn
estimation of the mimmal covernge rate mn funchion of chmping power, based on (3 .4), the
energy consumphm for a stendard wvehicle was assumed to be 1,5 ¥Wh'h (summer) and 3
EWhikm (winter) snd, correspondingly for sn srticulsted wvehicle, 1,85 ¥Whibm snd 3.9
EFWhkm. Ths confirms the prewviously calculated requitem ents for a dymamic charging
Fystem.

£ 2018 Mikota| Barttom iejczyvk 91
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DYMAMIC CHARGING OF ELECTRIC BUSES

Table 8.1. The comparigon of gevesal requirements for sate of mamm el covesage of route by ttachom
ovethead wies (Fy , - chegng power while movng, £y, - cherging powes winle stopping, of not
mantioned supply woltags a8 600 V)

 onditicns Chegng Maram al
conditiom covenng1ate
= E Fy o=2715EW
QE ;._E Summ er hme, standed velncle (chapter 5.1.7} P =85 KW 16%
g E R =750V
g2 2 ¥ Py o =255 KW
’g {if 2 E Wister fame, stendasd vehucle (chapter 5.1 2) By =55 KW 199,
2:a £5 =750V
EE‘EgH a tima, standerd vehicle (chaptas 5.1.0} Fupo w220 EW 0%
= i e b, e wehacla (o er 5.1
= E-E B Pt Pu  =TO KW
SEES P, .. =200 KW
o E = H Wint er fime, stendasd vehacle (chapter 5.1 3} e 3%
L - Py =60 KW
Py =l0EW
? Standerd vehicle (chapter 3 2% - 40%
B & Py =70 KW
=2 P . =200 bW
E Standerd vehicle (chapter 3 2% - 25%
Fo =70 KW
E & Fo o =250 KW
E! E = Standerd vehacle (chapter 5 23 Fy =100 EW 0%
g = B =750V
E ? E Articulated wvehacle (chaptesr 5 3 4} Fan =IO LW 0%
g & 8 ' By =70 KW
ﬁ E Articulated vehicle (chaptes 5 3 e aid 1%
E E, culated wehicle (chapter 5 3 4) B, =06W
E £ Py n =250 KW
E ‘E: Articulated vehacle (chapter 5.3 4} Py, =100 W 26%
= =750V
8 tima, standerd vehicle (chapter 5.3 Faa =I0EW 31%
. E LHITY B, ard wehicle (chapter 5.3 3) B =70 EW
£ L
2B Py o =T0 KW
| 2] Winter time, stendard vehacle (chapter 5 3.3} - 53%
] "g = By =70 KW
| = F . =200 kW
£ E = Summ e hme, standerd vehacle (chapter 5.3.53} e 17 %
‘ﬁ g Fu =70 KW
5B Puy =200 KW
£5 I chm
2 Sinter time, stendard velocle (chapter 53 3% By =T0EW 25%
g2
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Fig 8.1, Summary of mammum catenary coverage for various opereationsl condiions and charging
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Fig. 8 2. Mimmum catenary coverage in funchon of maximal chargng powes
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T OvHAMIC CHARGING OF ELECTRIC BUSES

The following factors allowing for the finther developmert of dynmamic charging
system 5 con already be defined:

-smprovement of current capacity of the collector, an increase from 500 A to S00 A 15
expected

- mprovement of chrgng converted, m mnly thr ough new semaconductor technologe s (5107,
- reduct om of the energy consum phon of suxilisies Cheat pump, intelligent managem ent).
These treatm ents will allow for further smprovement of the system. It can be summ ed up that
the way forward for the development of dynamic char gng systems 15 open.

Despite the fact that the num ber of cihes exploihng electric buse s in whan transport 15
increamng the exishng systems are test systems, and there 15 shll no agreement among the
userswith regardto an optim al and umiversal solwtion for electic buses. The issue of chargng
15 one of the biggest problem s On the other hand, trolleybus transport in num erous cithesis
considered to be outdated. Dynamic charping m akes it posatble to combine the advantages of
trolleybuses and elechic buses

Dynemic charging requires that only 20%-30% of the route be elechified What 15
more, in the case of common sechoms on many public transport routes, there 15 o possihility
that the overhead contact line may be used by vehicles opersting on a mmm ber of routes This
solubion 15 parhculmly suitable for existing trolleybus netw mks and allows for m ore effective
uhlization of the infrastructure. Moreover in many cases it may be justifisble to construct
brand new public tansport systems based on the IMC, particulmly in connection with the use
of dedicated traffic lanes for buses
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