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Abstract

Electric Road $stem(ERS)is a key technology to achieve the electrificatiothimlong haulage application due

to battery limiations. Beforadeciding onlarge scalénvestmentsn ERS,it is important to analyseshat road
segments that benefit the most of such a systemodel of a hybrid powertrain configured as a long haulage
truck is developed with the possibility for dynamic charging. Simulations are perforna@dliee a region in
Sweden where aBRSdemamstrationis built, to investigate how different ERS configurations affect the energy
consumption of the vehicle. It is found that the fuel consumption is decreased by 66% when the full road is
electrified, andhe travel time decreased by 7%, compared to a conventional vehicle. Simulations also indicate
that it is beneficial to only electrify parts tdie road and using the battery the vehicle as energy buffer.
Furthermore, different data sourcesraadelevation and vehicle speed data haeen evaluatedt is showrthat

Google data and speed limit data can be useful for initial studies, but measured vehicle speed data and laser scanned
data increase the accuracy in the simulations.
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1. Introduction

Electric Road System (ERS) is a technology concept that has the potential to heavily reduce the fossil fuel
dependency in the transport system. ERS is defined by dynamic power transfer from the roaehioléhe/ile

the vehicle is in motion, and could be achieved through different power transfer technologies from the road to the
vehicle, such as rail, overhebide (Olsson, 2014ajpnd wireless solutior{®Isson, 2014b)All these technologies

arenot yet fully mature (Sundelin, 2016), awtat power transfer technolotry be usedh future ERS is not yet

clear. Furthermore, issues regarding the elegtiit system needs to be considered in an ERS (Grahn, 2013).
These issues are not included irstpaper, sincéhe scope here is to quantify the enesgwings wheithere is a
technology tadynamicallytransfer poweto the vehicle

The investments of an ERS is high and it is important to find suitable roads to start introducing the technology.
Aspects influencing the suitability are e.g., traffic intensélgvation and speed profiles. The focus of this paper

is to present a simulation environment that evaluates how diffezbitle speed anelevationdata sources affect

the simulation resulisas well as how different ERS configuratioaféect the energy consumption. The latter
includeswhat road segments that are electrified as well as if there is a maximum electric power the grid can transfer
to the vehicleThe evaluation is performed in thegion GSvieBorlSngeBoliden in Sweden. In thisgion,a 2

km long ERS demonstrati@ite was inaugurated in 20{Begion GSvleborg, 20, 7and there are many indussi
interested in building an ERS in this region

2. Truck model

The vehicle cosidered isa long haulage truck. The configuration of the powertrain is a parallel hybrid electric
vehicle extended with the possibility to connect to the electric road. The energy from the electric road is primarily
used for propulsion of the vehicle and seagdbr battery charging. Thmodel includes dynamics andasward
propagating.Therefore,a model for the vehicle driver is included in the model, as well as a model for the
environment and the vehicle itself, see Figlie vehicle model is divided intbé energy management strategy

and thedifferent components in the powertrain. Each of these component models will be briefly described in this
section.For a more thwughdescription of a similar model structure, see e.g. SundstrSm (20845uzzella

(2012. The overall complexity of the model is kept relatively sintpleeep the simulation time fast.g. a road
distance of 94 km is simulated in $@conds on a standard -yp.
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Figl. Structure of the simulation platform.
2.1.\Driver
The accelerator and brake pedal positions are computed in the system denoted vehicle driver. These two signals
are computed based on ad®htroller based on the difference in vehicle speednd,the reference speedefy
given by the driving cycle. The parametegsadtd K are parameters and the driver control sigmalis computed
as
€= Vpep! V (1)
Uyg = Kpe+Kj /e dt , uyg" {!' 1,1}

Functionality for antiwind-up is implementechithe controller. The pedal gition for the accelrator is calculated
as

accPed = max {Uyq, 0} ()
and the brake pedal position as
brakePed = — min {uyqg,0} (3)

The driver is not to handle a clutch pedal or gear selection since a truck with an automatic transmission is
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considered.

2.2.\Environment

In theenvironmenta driving cycle is loaded including the reference spegdhe slope of the roadl, and the
availability ofERS as well as if there is a limitation in the maximum power the ERS can deliver to the vehicle. All
these signals can vary and are definefliastions of the distance travelled by the vehicle.

2.3.\Engine

The fuel consumption is computed based on three ipaables. Firsthe friction torque in the engineg k.,
depends only on the engine spéea@nd is specified in a loekp table as

Tefric = fef(le) (4)
The maximum torque the engine can deliver is also stored in alfptdbleas
Te=fe(le) (5)

The efficiency of the engine is foundinga two-dimensionalook-up table denoted fwhere the delivered
torque, E is an input signal as

le = fee("er Te+ Tegric ) (6)
Transients in thengine torque results in increased fuel consumption. This is here modelled as & fastd
in the fuel consumption computation. The factor is modelled as aulpddble §; as

o= To(g (Te* Togre ) )

The fuel flow is computed &8
\;4 - (Te + Te,fric ) e

"e(Te; Te,fric '! 9)#f HI

where ' is the fueldensity and Hthe lower heating value of diesel.

$e(Tey Te,fric ) (8)

2.4.\Clutch

A model for he clutch is included in the pertrain model. A control signal,ctken, is computed based on the
accelerator pedal position, speed of the wheels, and whether a gearshiftidezetatch is modelled to be either
fully closed or fully open, i.e. there is not any slip implemented in the mbDdeldelivered torque from the clutch
is computed by

Teuteh = Telclutch »  Uclueh = {0, 1} (9)

2.5.\Gear box

The considered gear box is an automatic manual transmission fMbedelerall gear ratio is, in addition to the
final drive, based on the gear ratios in the split, base, and range of the gear box, ref. The gear ratio in each of these
parts of the components are denotgd, !¢, , and 4, respectively. The overall geeatio in the gear box is
computed by

‘gb = 'gbs A gbhb & gbr (10)

The gear ratio in the final drive is denotg@mhd is used to compute the engine speed based on the whegl speed

n
w

le="'w f gb (11)
The electric machine is connected to the conventional part of the powertrain between the split and the base gear

ratios in the transmission. There is a gear ratio in the connection between the electric machine and the axle in the
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gear box denoted d,, ard the electric machine speed is computed by

! em — ! w f gbyr gbb fiem — ! w fu 4 f.em (12)
gb,s
The delivered torque from the gear box is computed as
!
o =Tel gb! 4" go(gear) + Tem ‘Zb Uil fem (13)
* gb,s

where #, is the efficiency of the transmission and is dependent on the selected gear.

The gear selection strategy is depending e@afdthe accelerator position. Two loalp tables are defined, one

for up-shifting and one for dowshifting, to state at what engine speadip-shift and dowsshift, respectively,

should be performed. A gear shift is implemented to take a predefined time where no torque is transferred from
the engine to the wheels.

2.6.\Electric machine

The delivered torque from the electric machine is modelled to be the requested torque from the overall energy
management, i.e.

Tem = Tem,req (14)
The maximum torque the machine can deliver is also stored irulptdkbles

Tom = frem(Wem) (15)
The speed of the machine,$is ued to compute the mechanical power from the machine

Pem,m = Tem! em (16)
and the power losses are given by a fapkable

Pem,l = 1:em,l (Tema ! em) (17)

2.7.\Power electronics
The power electronics converts the system voltage to the requested voltage by the controller of the electric
machineto achieve the requested torque THowever, in this model representation the voltage over the electric

machine is not computed since this signal is not needed to find the performance of the machine, nor the energy
losses.

The efficiency in the power electronics is modelled to be proportional as

Tpe = { o T Tene (19)
Pem,e rreme

where#, is a constant anl, is the power losses in the power electronics. Rewriting the expression results in

Poes = 1589 Peme 1 1 Py (19)
The power to the power electronics in motor mode is computed as

Ppe = Peme + Ppe; (20)
2.8.\Battery
The current from the battery is computed by the powettlie battery voltage i) and the current from the grid,
Igrid

Ip = %TJr | grid (21)

The open circuit voltage, ¢4, depends on th&tate of charge,gocand the battery temperaturg, that is assumed
to be equal to the ambient temperatugeThe open circuit voltage is stored in a lagktable

Uoc = fuoc (Xsoc, !'b) (22)
The battery isnodelledas an equivalence circuit including the voltage soarmka resistance,,Reonnected in
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seriesR
Up = Uoc + Roplp (23)
The resistance models the electrical resistance in the electrolyte solution [4]. When a beltarged some

electrons are not transformed into charge due to irreversible parasitic reaction in the battery. This is modelled using
the Coulombic efficiency, #This efficiency is ifLuganeRojas,2014 modelled to depend orsgcand b, but

is here modelledbtbe a constant, #,,e

e = Nevalue 1pb <0 (24)
¢ 1 Jdp> 0

The capacity of the battery is denotega@d the computation okycis

1
Tsox = 3jsoc,O! @/nglbdt (25)

2.9.'Chassis

In the chassis model the forces acting on the vehiclmadelled andte resulting force on the vehicle resulting
in anacceleration. The rolling resistanég Aerodynamic drag, & gravitational forcesd-the braking torquand
the tractive torquare used to compute the resulting torque of the vehicle

1
Thet =T — Ty, — (mygC cos(a) + ipAfC’dvz + mygsin(a))r, (26)
—_———— ———
I T

whereThs is the torque from friction brakesy the vehiclemass, g the gravitational constant,adonstant; the

air density,Af the frontal area of the truck; the vehicle speedCd a constantm, the vehicle mass, and the
wheel radius.

The inertia of the powertrain is computed based on the inertia ientjiae, &, the gear box,gh, the electric
machine, dm and the wheels,yd The inertia is used in the computation of the vehicle acceleration and is
compensated for the different gear ratios in the transmission

! 2 (27)
Jot = Je(Ugnl 1)+ Jgo! £ + Jem (!f,em " !f) + Ju
.g ’S

The acceleration of the vehicle is computed by
a= Tnet (28)
Jtot + m’u”’lzu v
and the vehicle speed by integrating this signal

v= / adt (29)

2.10.\Energy management

A heuristic controller is used to determine how much of the requested torggefrdm the driverthatis to be
deliverad from the combustion enginghe electric machineand the mechanical brakdsor propulsion, the
controller primarily uses electric energy from the grid when this is availablg, # Tem, the engine is started to
support the machine in the propulsion of the vehicle. When the vehitlese electric power from the griBlyrid,

this energy is primarily used. However, if tiiaximum power available from the gridyidmay is lower than B,
energyis used from the battery. Fyria max>Pem and Xso<1, the battery is charged from the grid at a maximum
battery current ofpatt,chrgmax When Rm<Pyridmax and %o<Xsocmin the battery is d#eted andPem is limited to
Pgria max During braling energy is stored in the battery only by conversion of kinetic energy and no power from
the grid is usedl' he magnitude of this battery curremfeduy can be larger thdgat,chrg,max DUt if b recug<lbatt,chrg,mak
and the grid is availablgyrid power will be used to achiewetotal charging current ofak chrgmax In this study

I batt,chrg, mad'€presents a charging current of @eddy, 2011)

When the vehicle is driven on a road wWheRSIs not availablea charge depletion charggstan (CDCS) control
strategy is used. This means that the vehicle primarily is using the electric maskiges above gredefined
threshold. There is a hysteresis implemented in the lower threshold for when to start and switch off the engine in
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the chage sustain mode to avoid high frequent start and stops of the engine.
2.11.\Parametrization
Table 1presents some key parameter values used in the simulations in Section

Table 1. Key parameters of the truck.

Parameter Value
Maximum engine power 270 kW
Maximum electric machine power 260 kw
Battery capacity 78 Ah
Battery energy 50 kWh
Maximum charging current from grid 150 A
Battery voltage @ =0,5 630V
Vehicle mass 60000 kg

3. Simulations ofelectric road system

Simulations are performed using different road segments to evaluate the potential of an electric road system.
Furthermore, different data sources for #ievationand vehicle reference speed used in the simulations are
compared.

3.1.1Site

The site considereid the simulationss the region GSviBorlSngeBoliden see Fig. 2Within this site there are

several large industries sending cargo to the GSvle harbor. Trucks are transporting gods in both directions in this
region and this leads to that this regiors f[yod potential for being a good site for BRS A 2 km long
demanstration site foERS is built i the region outside SandvikeReggion GSvleborg, 201and many of the
industries in the region are involved and supports this demonstration site.
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Fig. 2. The region considered in the simulations.
3.2.1Speed data

In the vehicle simulations, a reference speed is used as an input signal. The vehicle driver model uses the
accelerator and brake pedals to make the vehicle follow the reference speed as cloddeggp@ssihe vehicle
limitations. Referencepged data used in the simulation model can be collected in differentVeeySwedish

national road databasecludes the speed limit ¢he nationalroads. This is therefore a fast and easy way for
collecting the reference speed data. However, at real driving the vehicle speed is not equal to the speed limit. To
evaluate how this difference affect the energy consumpgherspeed profile of tuck driving the road segment
GSvleBorlSnge is measured.userstudy in a driver simulator has shown that the driving behavior of a truck in

an ERS is equal to a corresponding conventional vehicle (NCEbo, 2015), indicating that speed profiles for
conventional vehicles also can be used when evaluating ER&8dmiredpeed isised as the reference speed

in the simulation modeio investigate how this affect the solutiocfo more clearly evaluate how the different
speed profiles affect the energy consumption, the electric part of the powertrain is not used in thersiparid

only the engine is used for the propulsidhe results arpresented in Fid3. It can be seen in the figure thhe

two speed profiles results in a similar simulated vehicle spdadtavaydriving, but that there are more regions
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where thespeed is decreased and the brake pedal is used when the reference speed is used at low speed driving.
The reason for this is that this is at city driviagd there are.g. crossings, rourabouts and traffic lights.

Therefore, the average simulated spsddwer when the measured speed is used compared to the speed limit, 67
km/h and74 km/h respectively, whilst the fuel consumption is slightly higher ubiegreasured speed data, see

Fig 3. It can be concluded that speed limit data can be used as the reference speed in the simulations at highway
driving, but measured speed data is important at city driving to get more accurate simulation results
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Figure 3: The upper plot presents the fuel consumption when the reference speed in the simulations are based on
measurement speed data and speed limit data. The simulated speed profiles are presented in the lower plot for
corresponding reference speed profiles. The simulated average speed is 67 km/h when the measured speed data is
used and 74km/h when the speed limit data is used. The simulated road is Gdvle-Borlinge and a conventional
vehicle with only an engine is considered.

3.3.\Elevation data

Three different data sources for tlead elevatiordataare compared to evaluate how accurate these are. First,
elevationdata from the road is collected using laser scanning technique from an airplane. The accuracy is very
high, but the cost is also high. Therefore, it is beneficial to use a cheapesltatizon approach for initial studies

of the ERS potential of different road segments. Thergkapproacts to equip a vehicle with a high accuracy

GPS. This has been done and the measlexdtion is presented in Fig. Bhis signal is very noisy dmeeds to

be filtered. This is here done using a fwasal butterworth filter, and after this processefe@ationprofile is

similar to the laser scanned data. However, if the laser scanned data would not be available, it would be difficult
to know howmuch the signal is to be filteretdhereforethis approach is difficult to use to colledevationdata

for ERS studies. The final approach is to exptevationdata from Google Eartl5pogle,2017). It turns out that

even though this elevatiqurofile is identical to the laser scanned data, the accuracy iseyoogjh for initial

studies to evaluate ERS in the simulation platform. However, laser scanned data is still recommended for final
simulations before recommending a road segment for iseitaple for ERS.
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Fig. 4. Elevation data from three different sources. Both the raw GPS data and filtered data are presented

3.4.\Energy savings using electric road system

For different scenarios of &RSare evaluated with the perspective of energy copsomfor propulsion of the

truck. A conventional vehicle is used as a benchniar&.road considered in these simulations is GBelien,

and theelevation increases from 16 meters to 176 meiérs.technology used f@owertransfer from the road

to the vehicle is not stated in this stude elevationdata used is laser scanned, and the reference speed data is
the speed limit data he first ERS conduration has unlimited electric powavailable along the entire roadd

is denotedCase 1 Simulatbn results are presented in Fig.For this case. In the upper plot the electric energy
and fuel energy used for propulsion for every kilometer of the vehicle is presented. This means that the electric
energy is the energy to the electric machine. Poaermaly flow from the grid to the vehicle, and in the second
plot this energy is divided into battery charging energy and energy used directly for proputsiorbdtseen that

after 34km of driving the battery is fully charged, which is due to thatotigery is charged at 150 A frotime

grid, as stated in Section 2.14 Table 2it is seen that the fuel energy is decreased by 353 kWh (66%), compared

to conventional vehicle, whilst the electric energy consumption is 164 kWh. The time saving uBiR& tise338
seconds (7%).
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Fig. 5. Case 1: The electric grid is available with no power limits at the entire road.

Corresponding results to Fig.vEhen the grid power is limited to 130 k{ase 2)i.e. half the power of the
electrc machine, is present@u Fig. 6. The battery is never fully charged using this limited power since electric
propulsion directly from the grid power is prioritised. In Tableis seen that fuel consumption increases slightly

and the electric energy decreases compared tartlmited power case, but the difference compared to the
conventional vehicle is still significant.



Christofer Sundstrom et. A1/ TRA2018, Vienna, Austria, April 16-19, 2018

|I.|| |hh||||'||;||||| MML

_
o
T

T
I Fuel
Electricity

il

Energy [kWh/km]
(92}

o

Il
2000 1 p 2\() 3\0 4\0 T T T T T 1 00
Il Battery charging
[ IPropulsion

100

ul

20 30 40

o
<)
o
o

o

1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

N A
o o
o o

o

T I r 1 I I I I

10 20 30 40 50 60 70 80 920 100
Distance [km]

Elevation [m] x goc Power from grid [kW]
o o

o

Fig. 6. Case 2: All distance electrified, but the maximum power from the grid is 130 kW.

One case studiedenoted @se 3js that the electric gt isavailable for two kilomets ard thereaftenot available

for two kilometres and so forth, see Fig.There is no power limitation. It is shown in the figure that the battery

is charged at maximum charging current all the time the grid is availablégthattery is not being charged over
time since the battery energy is used when tlteiginot available. In Tableiis seen that the fuel saving is close

to the fuel saving when the grid is available all the time. However, the simulation time in@igagicantly due

to that the battery energy is not sufficient during steep and long uphill driving. The fuel saving per km electrified
road is high in this case compared to the former cases. One drawback is that the battery may bewepieted
thatthere is a high energy flow in the battery with an ERS like this.
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Fig. 7. Case 3: Half distance electrified in sequences of 2 km. No maximum power limit from the grid.

The lastconsiderectase Case 4js only electrification in the uphill driving at3&m to 87 km, see e.qg. Fig, 7
since the propulsion power is high at this roagnsent. As can be seen in Tabldt# fuel consumption saving

per KMERS:Iis the highest for this case. The time saving is also significant compared to the conventional vehicle
case.
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Table 2 Energy consumption for different degree of electric road availahilitg.energyer distancés
theenergy saving per distance where ERS is available

Case Maximum Time [s] Fuel energy Electric Fuelsaving @ Electric energy
power ERS [kwWh] energy ERS @
[kwW] [kWh] [kWh/10km] ERS[KWh/10km]

Conventional vehicle - 4586 536 - - -

Case 1ERS available $ 4248 183 164 38 17

100% distance

Case 2ERS available 130 4309 244 137 31 15

100% distance

Case 3: ERS available $ 4430 214 142 68 30

50% distance

Case 4: ERS available $ 4457 465 37 175 91

4 km uphill

4. Conclusions

A simulation platform for afERShas been developed, with emphasis of the powertrain of a long haulage truck.
The aim of the model is finding how different choices aftaetenergy consumption of the velbi It has been

shown that using speed limit data for initial investigatimimout the ERS potential works better at highway driving
compared to city driving due to the many start and stops and more volatile speedtindheing. Furthermore,

laser scanned data is preferably usgclevation databut due to cost issues google earth data may be good for
initial studies. High accuracy GPS data is very noisy in elevation data, leading to problems in how much the signal
is to be filtered.

There is no significant change in the fuel consumptioneiietactric road is available half of the time or all the

time if there is enough power available for the battery to be charged at the segments where the grid is available.
This is also the case if the maximum grid power is limited to, in this case, tafppdwer of the electric machine.

Most fuel is saved when the electric road is available in the uphill road segment where maximum power of the
truck is requested to keep constant vehicle speed. The time for driving the mission is decreased by updo 7% us
the ERS compared to a conventional vehicle using the same combustion engine.
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