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Abstract

In this thesis, various drive cycles, legislative, offigiahl-world and measured within
the frame of the project, have been studied and charaatidrizerms of speed and acceler-
ation cycle parameters, as well as acceleration and spsgibdiion. The objective was to
assess typical vehicle usage on different road types, batalstudy the implication on ve-
hicle energy consumption due to the drive cycle’s charéties. For this evaluation, three
reference vehicles were designed after different set peeoce requirements, with data on
existing BEVs as a frame of reference. An available tractimtor, power electronic mod-
ule and battery cell were utilized, where the motor was stchieactive length. Finally, the
consequence of downsizing the electric drive system ingasfrenergy consumption and
performance was also studied.

Through comparison between legislative together with iafficeal-world cycles and
measured drive cycles, it was found that even though the uned<ycles reach higher
peak acceleration levels for a certain speed level, thégpnd only slightly more time at
higher levels of acceleration compared to the official cycét least on average over a group
of similar cycles. During the powertrain sizing regardiaggue and power, it turned out that
the acceleration requirement was dominating over otherireaents such as top speed, and
grade levels. The analysis shows that for two cycles withlaimpeed parameters such as
maximum and average speed and time share at low speed, big thieespeed time traces
are very different with many more speed fluctuations in ongecgompared to the other,
in combination with generally higher acceleration levélg increase in net battery energy
consumption per distance may be as high&% for the cycle with more speed fluctuations.
By down-scaling the electric drive system of the City cadbyx, the net battery energy per
driven distance for low speed cycles increased by aBeuts %, while three of the cycles
could not be fulfilled due to limited acceleration capailit

Index Terms: Battery Electric Vehicle, sizing, energy consumption.
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Chapter 1

Introduction

1.1 Background

Today, a large part of the major automotive manufacturettsarworld have developed their

own battery electric vehicle (BEV) model, which they offerfassenger car customers.
Therefore, many different models now exist on the markdh warious performance capa-

bilities, but also different energy efficiency.

The main benefits with BEVs over combustion engine vehictes@lated to environ-
mental issues such as; zero tailpipe emissions and the istereoil dependency during the
use phase. Yet, there is an ongoing research around the arotidw to improve the rela-
tively limited driving range of the BEVs compared to combaoistengine vehicles, without
a major cost increase.

In this light, it becomes important to investigate the eff@e energy efficiency as well
as performance that different design choices have, botmvitheomes to design of the
different components in the powertrain, but also regardimgdesign of the drive system
as a whole. Another interesting research aspect is to igegstthe possibility to design the
drive system according to a specific type of usage, and thasgess the consequence on
energy efficiency.

1.2 Previous work

In order to evaluate tailpipe emissions and fuel consumpaioconventional combustion
vehicles, various drive cycles have been developed ovelagidew decades. Numerous
studies have been conducted that relate different typegaés and their speed and ac-
celeration characteristics, to the resulting levels of fimsumption[[1],[[2], [8] and([4].
However, the influence of speed and acceleration measuitbge @mergy consumption of a
BEV is missing. Moreover the time resolution of the avaibatycles is often relatively low,
which may have influence on the type of information that isslile to extract. Accordingly,
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there is a need for having access to more high frequency rgatlegcles.

A valuable contribution is done if[5] which gives a more dethdescription of differ-
ent performance targets. A developed electric machingydesbl is then utilized in order
to gain suitable geometrical parameters of a machine tmad@eled. The efficiency map is
compared to the machine of Toyota Prius Il, showing a redser@mherence. The machine
size and transmission ratios are then optimized for thriéerdnt official cycles. Especially
regarding the design of the electric machine there are akweeresting contributions, for
instance([6] and]7]. Unfortunately in these optimizatioihe loss consequence of a subse-
guently scaled inverter is not accounted for at the same, time in the second article also
battery losses are excluded from the study.

When it comes to electric powertrain design using perforredargets and drive cycles,
there are also a number of interesting articles, for ingd8tand [9]. Although these ref-
erences contain a lot of useful information, they are ofteritéd to some single case, an
arbitrary vehicle, a few drive cycles, and sometimes witksimg component data, which
makes reproducibility difficult. Furthermore, much rethteork is done with relevant meth-
ods used, usually applied to hybrid electric vehicles,ia.fL0], where component sizes of
a plug in hybrid electric vehicle are optimized based on pasameters, while also consid-
ering drive cycles and performance targets. Alsd_id [11] @8], vehicle simulation over
drive cycles, and performance targets for hybrid electeitiele design are discussed.

1.3 Purpose of the thesis and contributions

The purpose of this thesis is to investigate and quantifyetaion between vehicle perfor-
mance, component size, and energy consumption, while atioguor a large number of
drive cycles as well as vehicles designed based on an ex¢temsinber of existing BEVSs.
Moreover, a target was to account for the performance reménts in an adequate way,
which brought a need to collect high frequency drive cyclbsrg also the acceleration was
determined using an accelerometer in addition to just deyiit from a GPS speed signal.
Finally, an aim was to check the needed drive train sizingrdeoto fulfill various drive
cycles.

The main contributions are:

» Sorting and parameterized characterization of officiaedeycles, putin relation with
own measured cycles

* BEV powertrain component sizing after three differentlyt performance require-
ments, with various existing BEVs as a frame of reference

« Quantification of the consequence in energy consumptiomigéance for different
cycles, while the electric drive system size is varied



Chapter 2

BEV dynamics and powertrain
component modeling

This chapter deals with basic concepts and what is conslderee necessary information
for taking part of the rest of the report.

2.1 Battery Electric Vehicle (BEV) powertrain

The powertrain of a Battery Electric Vehicle (BEV) consistan electric drive system with
a battery serving as an energy buffer. Usually there is onéyadectric machine, typically of
three phase AC type, connected to the wheel shaft via a geartuba differential. However
some applications may utilize several electric machings eib wheel motors. The energy
is stored chemically in a battery, which is electrically nented to the machine viaa DC/AC
power electronic converter accompanied by a control sysfdra control system controls
the frequency and magnitude of the three phase voltageisdppl the electric machine,
depending on the driver’s present request, communicatethei acceleration and/or brake
pedal.

In vehicle applications, it is usually desirable to keepphgsical volume of the electric
machine down. This can be done by designing it for higher dpeeels. A reasonable
compromise is a maximum speed betwéeih00 to 16 000 rpm [13], since it serves as a
good compromise between volume and performance. Stilindurormal on road driving
the speed range of a vehicle may vary between zero to al36utm/h or even higher at
times. This means that the wheels will spin up to arou2@D »pm or higher. Therefore a
reduction gear ratio towards the wheels, is inherently adeddditionally, in order to give
the left and right traction wheels a chance to spin at shgtifferent speeds during turning,
there is also a need for a differential to be connected betwee wheels. Sometimes the
differential often also includes a final gear ratio. A typiB&V drive system, which is also
the type of system studied in this theses, is depicted inrE@ul.
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—_——— S Electric Single Driving

I Converter machine speed Wheel pair
! Gear

\

Differential

B W
—

Figure 2.1 Simple schematic sketch of a BEV powertrain.

2.2 Vehicle dynamics

Vehicle dynamics aim to describe how a vehicle moves on a sadgdce while it is under
the influence of forces between the tire and the road, as weléeodynamics and gravity.

During the powertrain design phase, basic knowledge incleltiynamics is essential,
since it reveals what loads and load levels that the powentr@eds to cope with during
driving. The understanding of vehicle dynamics is equatiportant while evaluating the
powertrain’s impact on the vehicle’s performance (usuaigessed through simulations),
whether it may be time to accelerate, or average energy ogptian per driven distance.

As with modeling of any object, a rolling vehicle can be madkelith various levels
of detail depending on what main phenomena that is targetbd studied. For the type of
dynamical studies in this thesis, where powertrain loadlfand energy consumption will
be analyzed, itis reasonable to assume that the vehicleibadid, hence it can be modeled
as a lumped mass at the vehicle’s center of gravity [14] Heunhore, only dynamics in one
direction, i.e. the longitudinal forward direction, is aftérest while under the assumption
that vehicle stability is not under any circumstances vesla

According to Newton’s second law of mechanics, the dynahnimvement of a vehicle
in one coordinate axis is entirely determined by the sumldhalforces acting on it in that
same axis of direction, as described in the translatiorrad fo

d
ma=1m E U(t) = Ftractive (t) - Fresistive (ﬁ) (21)

wherem (kg) is the equivalent mass to be accelerated including possitdéng inertias in
the powertraing (m/s?) and %v(t) is the time rate of change of vehicle spegt) (m/s),
i.e. acceleration (m/s2), Firactive(t) (Nm) is the sum of all the tractive forces acting
to increase the vehicle speed afids;stive (t) iS the sum of the resistive forces acting to
decrease the speed.

The main tractive force is the one exerted from the poweria the gear, differential
and the wheel shaft to the contact area between the wheethamdad. During downhill
driving gravity may also serve as a major tractive force, &y during uphill driving it
may instead be a large resistive force. Other major resistivces are aerodynamic drag
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and rolling resistance, as well as regenerative brakinggutiie electric power train and
braking using conventional friction brakes.

To conclude, a vehicle will accelerate when the sum of thetitra forces is larger than
the sum of the resistive forces, and thus will deceleratervthe opposite applies. To keep
a constant speed, the net resistive force must be exactshedby the net tractive force.

2.2.1 Aerodynamic drag

The aerodynamic drag that any vehicle unavoidably is exptseluring driving, springs
from the flow of air around and through the vehicle also oftefiemred to as external and
internal flows respectively.

The external drag is caused by two main phenomepigssure drag andskin friction.
The skin friction is caused by the viscous friction betwelea &ir and the surface of the
moving car, both over and under. The friction is also one efrasons that air is pushed in
front of a moving vehicle, causing an increase in air pressuhile at the same time leaving
a wake in the rear with lower air pressure. This pressureiffce causes the pressure drag.
Due to the typical shape of most car bodies, the pressure dbagnates over the skin
drag [15].

Theinternal sources of drag are due to the fact that, vehicle manufasthese learned
to, via inlets in the front, utilize the air flow, e.g. to cobktengine, but also for heating, air
conditioning and ventilation of the passenger compartriEsjt Still the external sources
are the main contributors to the total drag.

Due to the complex shape of automobiles, along with the evereraomplex nature
of fluid dynamics, accurate reliable analytical models abdgnamical drag are very dif-
ficult to develop, even with advanced CFD softwares at hancbrApromise often used to
model the aerodynamical drag forde,, is the partly empirical model, partly based on the
expression of dynamical pressure, which is showing a stdapgndance on the square of
the vehicle speed as

1
F, = 5 Pa Ca Af (Ucar - 'Uwind)Q (22)

wherep, (kg/m?) is the air densityCy is the aerodynamic drag coefficient; (m?)
is the effective cross sectional area of the vehiolg, (m/s) is the vehicle speed and
vwind (M/8) is the component of wind speed moving in the direction of teleicle [14].

The aerodynamical drag thus increases with headl speeds; at head wind speeds
of 10 m/s the added drag is equal to a vehicle drivisgykm/h in no wind, and25m/s
is equal to a vehicle speed 66 km/h. However, the direction of the wind that hits the
vehicle is rather random, and non-head winds increase mptlomvehicle’s effective cross
sectional area, but also the aerodynamic drag coefficieatdnynd5 to 10 % for passenger
cars, in common wind conditions, (slightly more for familgdans and slightly less for
sports cars), according to [14].

Air density varies depending on temperature, humidity and pressurmerethe later in-
dicates an altitude dependance. For comparative studies tbe density value df.225 (kg/m?)
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is used, which represents standardized conditions suclyaéréit15 °C at standard atmo-
spheric pressurd (13.25 Pa) i.e. at sea level[14]. For temperatures betwedf to 50 °C

the density of dry air may b&0 to 110 % of the standard air density, while an increase in
altitude of abouB00 m above sea level leads to a decrease in the dry air densityoot ab
3 % relative to the standard air density [16].

The effective cross sectionatea of the vehicle varies depending on the vehicle size
and shape. According to [L7], the area is to a large partehitied by what is considered to
be a comfortable seating position, and states that for anseitla two seating rows, the area
can be as small as95 m?, while for a 4-5 seat car the area could be arourtd, m?2. For
auto manufacturers, the value of a certain car model’'s aarde found through detailed
drawings or perhaps wind tunnel tests, yet the resultingeva not always communicated
in official vehicle specifications. Therefore external fggrtare often forced to make rough
estimations which relate the area to the product of a vekibleight and width or track
width. Various such estimations can be found in literat@ge;- 84 % in [18], 81 % in [15]
and90 % of the product of track width and height in [19].

In [15] by Hucho from 1998, typical areas for different cassdes are stated as can be
seen in Table2]1. In[18] p. 226 from Wong, sample values afrBroercial passenger car
areas and’y values are published for different car sizes, see Tablevehile the stated
source is a publication of Hucho from 1990. These two sousbesv a good coherence,
apart from possible differences in terminology. It showddhioted though, that the difference
between the largest and smallest area within each categ{@@], may be as large #sl to
0.26 m2. The large difference shows that this is a quite rough gdizat@an, which should
not blindly be trusted.

Table 2.1 Typical frontal areas depending on car size.
Hucho 1998,[[15]  Hucho 1990, through Wong 2008] [18Jmax(A)-min(A) [1€]

Mini: 1.8 1.76 0.11
Lower Medium: - 1.84 0.15
Medium: 1.9 1.87 0.03
Upper medium: 2.0 2.02 0.26
Full size: 2.1 -

Luxury: - 2.06 0.24
Sports: - 1.81 0.10

Thedrag coefficient Cy is a dimensionless parameter that represents all the diesggsef
that are active on the vehicle, i.e. both external and iatestill to acquire an accurate
estimate, it has to be measured. Thus automotive manuéastmeasure the total drag force,
F, in wind tunnels or coast down tests, as well as the crossosedtarea, air density and
vehicle speed. Then, the drag coefficient can be found v&).(& comparison to area, this
parameter is often made official and communicated in car irspixifications. Typically
theCj, value is in the range 0.25-0.35in today’s passenger calsyj@dt may vary between
0.15 for a more streamlined shape upté or higher for open convertibles, off-road vehicles
or other rough shaped vehicles. Furthermore(fh&alue will change if the airflow around

6
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and through the vehicle is altered during driving, for imst& an open side window may
increase th&'; value by aboub % [18]. During the last few decades the general trend has
been decreasing,; values on new passenger cars|[15], much due to the increateedst

in fuel efficiency and emissions. In order not to compromésemuch on the design and
compartment comfort for the passengers, most work on aesodical drag reduction is
likely to be focused on thé€; value [15] rather than on the area.

2.2.2 Rolling resistance

Rolling resistance is caused by a number of different phemmantaking place in and around
the car tires during rolling. One of the major effects is ti@t repeated deflection of the tire
causes a hysteresis within the tire material, which gives td an internal force resisting
the motion [18]. Still, according td [14] p. 110 rolling resnce depends on more than
seven different phenomena, which makes estimation ofigtiesistance through analytical
modeling very difficult. Therefore, the rolling resistarfoece, F,. acting on a vehicle in
the longitudinal direction, is usually expressed as theatiffe normal load of the vehicle
multiplied by the dimensionless rolling resistance cogdfi¢ C,. as

F, = Cr mgcos(a) (2.3)

wherem (kg) is the vehicle masg (m/s?) is the gravity constanty (rad) is the road
inclination angle. Often theos(a) term is neglected since even a large grade sudli) &
(o = 0.1 rad), means thatos(a) ~ 0.995 i.e. an error of less thaf.5 % of the rolling
resistance force.

Empirical studies show that th&. value depends on factors such as; tire material and
design, but also tire working conditions such as inflatioesgure ¢, decrease with in-
creasing pressure), tire temperature (lecrease with increasing temperature), road surface
(structure, wet or dry) and speed,(increase with increasing speed)[18].

For low speed levels},. increases only slightly with speed, while for at higher spee
levels,C,. increases with almost the square of the speed [14]. At evgrehispeed levels a
standing wave appeatrs in the tire which greatly increaseeiergy loss and temperature
rise in the tire, and which may eventually lead to tire fal{t8], [14].

The rolling resistance coefficient’s dependency on spesa\aries with tire tempera-
ture, where higher temperature causes a weaker speed @spgrid8]. During operation,
it may take over 30 minutes of driving at a constant speed,lbedore the tire temperature
reaches its steady-state valuel[20]. Then the rolling tasie coefficient may be some-
what smaller compared to the initial value at the same spmeal. IFor tires found to have
a relatively small positive speed dependency by non thestesdy-state measurements;
a measurement made after reaching thermal steady-stateveayshow a small negative
speed dependency of the rolling resistance coefficientrdotg to [20].

Various published speed dependencie€’ptan be seen in Figule 2.2, where some of
the information represent data foundBoesch Automotive Handbook [19] and Guzzella’s
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\ehicle Propulsion Systems [21], both of which are here assumed to be based on measure-
ments of typical available tires. The notations from Boseimd for design speed limits of
the tires;180km/h for S, 190 km/h for T, 210 km/h for H, 240 km/h for V, 270 km/h
for W, above240 km/h for Z, and finally the ECO tires are low rolling resistancesithat
come in various speed ranges. In addition, Figurk 2.2 showe dbften referred to analytical
estimations; one linear found in [22] (Ehsani), one that é&akly dependant on the square
of the speed found ir [18] (Wong), and one strongly dependimthe square of the speed
foundin [14] (Gillespie). From the comparison in the figlités clear that the analytical ex-
pressions deviate quite a lot from the typical tire dataalt also be seen thét. is slightly
larger for tires of higher speed rating, and that the inaed”, with speed is somewhat
smaller compared to tires of the lower speed ratings.

0.025r------+ e e |
! ! | ! ! [l Bosch: HR, VR, WR, ZRT - up to 270 km/h

* | Bosch: SR,TR - up to 190 km/h

Bosch: ECO

i | — = Guzzella min

3 = = Guzzella ave.

| | — Gillespie 30psi, Cr=0.01+.‘§.24”‘0.005*(vk m/h/160)2'5
3 — Ehsani, Cr=0.01(1+vk m/h/160)

N _ T 2
! Wong, Cr—0.0136+0.4*10 *vk wh

0.02

0.015

0.01

Rolling friction coefficient (-)

e
=3
S
P

0 50 100 150 200 250
Vehicle speed (km/h)

Figure 2.2 Rolling resistance coefficient as a function efespfrom different literature sources:]19],
[18], [14], [22] and [21].

During estimations of vehicle performance or fuel econofijyis often assumed to be
constant, with typical values around)11 to 0.015 for radial types representing passenger
car tires on dry concrete or asphalt [19], [13] ahd|[14]. Doencreased environmental
concerns in recent years, low rolling resistance tires are aiso available, thu€’,. values
as low as0.007 to 0.009 may also be used [13]. In addition, accordingltol [23] moststir
sold in the USA have measuréd values betweef.007 to 0.014. Furthermore[[23] states
that there are few sources with published data on rollingtasce coefficients of presently
common passenger car tires, nevertheless a review of pelldata is provided, covering
some of the main tire manufacturer’s most sold models. Thadt of the data is; rolling
resistance coefficients of new tires, measured under stdizdd circumstances, according
to the SAE J1269 or J2452. The first standard measures tisa(ijrat a speed of0 km /h,
but after the tire has reached thermal steady state. Thedstandard measuré$ during
a180 s stepwise coast down test from5 km /h to 15 km/h, but only after the tire initially
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has reached thermal steady-stat8(atm /h. Most of the data presented [n 23], adhere to
the first standard (J1269). Even data deduced with the setandard (J2452) are presented
as average values. According fo [23], based on tire manufactata of new tires from
2005, the averag€,. of low speed tires (up td80 — 190 km/h) is 0.0098, for high speed
tires (up ta210 — 240 km/h) itis 0.0101, while for very high speed tires (abo2¢0 km /h)

itis 0.0113.

2.2.3 Grading force

In case of a road grade (or inclination), the vehicle’s dyitamwill be affected by the com-
ponent of the gravitational forck, that is parallel with the road as

F, =mgsin(a) (2.4)
wherea (rad/s) is the angle between the level road and the horisontal plsire a

rise %grade
a = arctan(——) = arctan(
TUun 100

) (2.5)

whererise is the vertical rise andun is the horisontal distance. Road slope is often ex-
pressed in terms of %rade, hence this terminology will be used throughout the thesis.

Since the vehicle may be traveling uphill or downbhill thisde may either be resisting or
contributing to the net tractive force on the vehicle, itavill either be positive or negative.

From an energy perspective, driving on a non level road ailise buffering and drain-
ing of potential energy in the vehicle. However, since pagse cars are usually displaced
only temporarily over a day or so, from it's starting pogitie.g. at home), whatever the
route traveled the potential energy when coming back resrthim same. As with decelera-
tion, a BEV is normally able to recuperate some of the enaxgy fgoing downhill.

Grade and acceleration force comparison

Both acceleration force and grading force are products bicle mass, thus it follows that
for any vehicle, a certain acceleration level causes theesaheel force as a certain road
grade level. Typical acceleration and grade levels whicke leguivalent wheel force, can
be seen in Table 2.2.

Table 2.2 Equivalent force for certain acceleration andigtavels.
a(m/s?) 1 2 3 4 5 6
Grade (%) 10.3 20.8 32.1 447 59.2 773
Grade (%) 5 10 15 20 25 30
a(m/s?) 049 0.98 146 192 238 282
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2.2.4 \Wheel force

The tractive forceF,xc.; that has to come to the wheels from the powertrain in order to
sustain a certain speed level, road grade and acceleratiomecfound as in

theel (t) = Facc(t) + Fa(t) + F,(t) + Fg(t) (26)

whereF,.. (Nm) is the force required to accelerate the vehicle mass at aicenagnitude
of accelerationy,.. = ma), seel(Z.1).

A positive value ofF,,..; then strives to accelerate the vehicle, while a negativeeval
can represent either a regenerative braking force fromemtrad motor or friction braking.
Finally, if Fi,neer(t) = 0 and the friction brake is disengaged, the vehicle is saideto b
coasting, that is only,, F. and possiblyF, are acting on the vehicle.

The maximum tractive force on the driving wheels can be &ahiby either the pow-
ertrain’s maximum force capability or the maximum adhesiapability between tire and
ground that is possible to be applied on the wheel withousitopthe grip of the road, i.e.
starting to spin or slide [14] p. 35. The later is limited by tburrent normal force on the
driving wheels Fx and the coefficient of friction between the tire and the rgafl3] as

theel,maw =M Fy (27)

The normal load on the driving wheels or wheel pair is affddig the weight distribu-
tion in the car, hence it varies from car to car, and even fraoasion to occasion for the
same car since the loading may vary, and finally by the changeight distribution during
an acceleration or deceleration, [14] andI[13].

The friction coefficient depends nonlinearly on the londitual tire slip, which is caused
by deformation of the tire during acceleration and decéitema [13]. The slip is defined as

i — (1 — Zear
slip = (1 — )100 (%) (2.8)

and it leads to a non unity relation between the car spegd,(m/s) and the product of
wheel speed (rad/s) and wheel radius (m), which would otherwise be valid.

Starting from zero slip and friction, the friction coeffinieincreases with increasing
slip, up to slip values of abodit5 to 20 % where the coefficient peaks at values around
0.8 to 1, depending on type of tire and road condition,|[13] adnd [22]even higher slip
values, the friction coefficient decreases, but at a lowtertrean before. Moreover, high slip
values means that the wheels, hence also the electric neawfliispin faster than calculated
directly from the vehicle speed while ignoring the tire slip

2.2.5 Wheel power and energy

The instantaneous tractive powe,,..; that has to come to the wheels from the powertrain
in order to sustain a certain speed level, road grade andeaatien is determined by the
tractive force and the vehicle speed as

10
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P’wheel (t) = theel (ﬁ) Vear (ﬁ) (29)

The total consumed energy at the wheel can be found fromrieeititegral of the power
as

Ewheel (t) = /Pwheel (t) dt (210)

During regenerative braking whilg,,;,..; is negative als@,,;..; will be negative, hence
the total consumed energy over time will be reduced.

2.3 Permanent Magnet Synchronous Machine (PMSM)

A PMSM consist of a rotor with permanent magnets and a wouatdrsivhich is energized
by an external AC voltage source, typically of three phape tifhe stator core and the rotor
is made of laminated steel plates that serve as conducttbs fix the magnetic flux.

2.3.1 Equivalent electric circuit model

An often used representation is the circuit equivalent dyinag-model of a PMSM which
can be seen in Figute 2.3, wheatg implies the rotor frame of reference, or synchronous
coordinates. Thelirect or d-axis physically represent a radial axis crossing the ckmée

of the magnets, i.e. directed in the direction of the magrflik from a magnet, while the
guadrature or g-axis represent an axis crossing in between two magnetstwio magnetic
poles), and that i80 electrical degrees ahead of tthexis.

is R, L; ©Lgq iy Ry L, wLgiq
O W
Uy uy, C) ¥,
O O

Figure 2.3 Circuit equivalent model of a PMSM.

The dynamiad- and g-axis stator voltage equations as functions of dhend g-axis
stator currentsif andi,) are;

di
ug = Ld% + Ryig — wy Lyi (2.11)

dig _ .
ug = LqE + Rsig + wrLgiq + w, Yoy, (2.12)
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Chapter 2. BEV dynamics and powertrain component modeling

where R, is the stator winding resistance,. is the electrical angular speed,( =
npwn, Wherew,, is the rotor angular speed ang is the number of pole pairsky andZ,
are thed- andg-axis winding inductances, an,, is the permanent magnet flux linkage.
When considering electrical steady state,dh&it-terms may be omitted.

2.3.2 Mechanical output
For salient machines the produced electromechanicaléargn be expressed as

T, = ;%(\I/diq W) = %(\Pmiq 4 (La - Ly) iaiy) (2.13)
where¥, and ¥, are flux linkage in thel- andg-axis, ¥,,, is the magnet flux linkage, and
K is the scaling constant for transformation between thres@lo two phase space vectors.
For amplitude invariant scalinds” should be set to unity.

The stator inductance relates a change in current with agehiarflux linkage (asl =
L1), and for low current levels (i.e. low torque levels) theatiln is close to linear, but at
higher currentlevels the iron becomes magnetically seadrghus an equally large increase
in current will then only cause a minor increase in the flukdige (i.e. only a minor increase
of the torque). In order for this effect to be representetdédircuit diagram, both theé and
the g-axis inductance could be modeled as functions of currem. Saturation also limits
the magnet flux linkage, hence it could also be modeled asdifumof current.

The part of theelectromagnetic torque production that is caused by theaxis current is
calledreluctance torque. In salient machines, ofteh, is smaller tharl,, due to a higher
reluctance of magnetic material compared to iron. Thusetalide to produce a positive
reluctance torque, theaxis current must be negative.

Ideally the mechanical output of an electric motor, in tewhsorque and power as a
function of speed, can be divided into two main areas of djmerathe constant torque re-
gion and theconstant power region. In the constant torque region starting from zer@dpe
the machine is capable of producing its maximum torque giban it can be fed by the
same level of maximum current. As the speed increases, satlleaduced voltage, hence
the applied voltage must also increase, until the maximultage limit is hit. At this point
the machine is operating at its maximum power limit. The dplegel where this occurs
is referred to adase speed. To be able to reach still higher speeds, the effect of the in-
duced voltage must be decreased. This is done by reducirftutainkage in thed-axis,
by utilizing thed-axis current. Therefore, the same level of maximum torgurer® longer
be provided. Instead the torque becomes inversely pramatito the speed. The power,
however is ideally kept constant up to the top speed of th@mbeénce the name constant
power region.

For a certain machine, the maximum transient low speed &igjaften limited by the
maximum converter current, which in turns is set by therrimaithtions. The base speed
depends on the maximum available voltage from the voltageceo Naturally both the
current and voltage will affect the maximum available pawer
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2.3. Permanent Magnet Synchronous Machine (PMSM)

2.3.3 PMSM power losses

The two largest losses in a PMSM are the resistive losseseirtdpper windings in the

stator, and the iron losses mainly in the stator core, whereopper losses are usually the

larger of the twol[24]. Other causes of power loss are the am@chl; windage and friction.
Copper losses:

Copper losses depend on the number of phases, the statangvptthse resistanc®,, and

the square of thRMSphase currentl; rass. In thedg-reference frame it can be expressed

as
3

2

The stator resistance increases with temperature, sutfothavery25 °C increase in
wire temperature, the resistance increases by abo¥%t This means that, for the same
magnitude of current, the copper losses will increase byanee factor.

Another factor that may increase the resistance duringadiperis the frequency of the
supply voltage, through the so callskin effector by theproximity effect. These effects
are however fairly small.

Iron (core) losses:

Iron losses or core losses depend mainly on two phenomergetia hysteresis and in-
duced eddy currents. The mean losses can be described as

3
Pcu - Rs IS,RJWS2 - 5 Rs (id2 + iq2) (214)

Pfe =k, fr Bpkn + ke f7'2 Bpk2 (215)
where

kp, a hysteresis parameter

fr frequency of the supply voltage

By, the peak flux density in the B-H hysteresis curve

n depends on steel material, (typically 1.6-22);, and f,
ke an eddy current parameter

The core losses are generally very difficult to estimateenily. Even with advanced
FEM softwares the error may be quite large. One of the conitpexs that, induced volt-
ages in machines which are fed by switched inverters cof@imonics beside the base
frequency, hence the flux linkage will also contain harmstiat causes excess core losses.
Both the characteristics of the harmonics and their effethhé material are difficult to pre-
dict correctly.

The rotor losses are usually rather small in PMSM machined,raainly caused by
eddy currentlosses in the iron core and the magnets, whitheegeduced by certain design
choices such as thinner laminations, core material withdngesistivity and by segmenta-
tion of the magnets.

13



Chapter 2. BEV dynamics and powertrain component modeling

2.3.4 PMSM control

As stated above, the PMSM losses depend on the operatingioosdi.e. the current and
the voltage frequency. Moreover, the operating conditideisend on the control method
used, since any given torque and speed operating point, eaadtized with a range of
combinations ofd- and g-axis currents. One control strategy that is rather simplent-
plement in theoretical calculations, is the so called MaximTorque Per Ampere (MTPA)
method, where the anglebetween thal- andg-axis currents is found such that the high-
est torque for a certain magnitude of curreht,is produced (wheré; = I sin(¢) and

I, = I, cos(¢)). This method thus also minimizes the copper losses. TheAvirgel can
be found as

. U, U, 2
sin(¢) = - A(Lqg— LI, \/(4(Ld — Lq)ls) t3 (2.16)

where I, is the stator current magnitude [25]. The MTPA strategy ikdvantil the
voltage limit is hit, after which another strategy has to bglemented, e.g. Maximum
Torque Per \oltage.

2.3.5 PMSM steady state modeling with regard to core losses

Since core losses are rather difficult to estimate with a k@gél of accuracy, an alternative
method may be to introduce a core loss resistafzeas was done i [25] and [26], see
Figure[2.4.

Ly, wLig,

id Rs id,

Iy R lgo

Figure 2.4 Model of a PMSM, taking no load losses into account

Then the stator voltage equations becomes

Ud = Rsid — w,.Lqiq,o (2.17)

Ug = Rsig + wrLgiqo +wr Yo, (2.18)

The electromechanical torque can be expressed as
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2.4. DC-AC Converter loss modeling

3n . ..
T, = Tp(\llmz(m — (Lg — Lg)id.olq,0) (2.19)

2.4 DC-AC Converter loss modeling

A DC-AC converter typically utilizes power electronic seliing devices in order to convert
between the battery DC voltage and the three phase AC volthgdh is demanded by the
electric machine. In automotive application each switchhradly consist of one or a few
paralleled IGBT chips in parallel with one or a few diode chigepending on current rating.

During operation, the main losses in the converter are duertduction andswitchings
both in the transistor and the diode. The losses can be ndslén [27] where an ideal
sinusoidal Pulse Width Modulated (PWM) three phase voliagessumed. Losses dissi-
pated in the driver and snubber circuits, as well as due taaitige and inductive parasitics,
are assumed negligible. For the IGBTSs, on-state, turn-drtam-off losses are considered,
while the reverse blocking losses are assumed negligibteleBly for the diodes, on-state
and turn-on losses are considered, however the turn-oed@ss also neglected, due to an
assumed fast diode turn-on process.

According to [27] the average on-state losses in the IGBTaeni@ switch can be esti-
mated according to
1  mecose

Vero L. (—
)CEO AR

1 m cos

Peond. 16BT = (% 3

)RCE i’ (2.20)

and the average (per switching period) turn-on and turswifching losses as

UL Voo Ko
Psw.IGBT:fswE(on+off)_ (Vf)

— 2.21
s I,-ef ( )

where the following parameters are component dependerst(ane extractable from the
semiconductor component data sheet)

Voo IGBT threshold voltage of the on-state characteristicaperature dependent
Reg IGBT on-state resistance, temperature dependent

Eont+orr Energy dissipated during turn-on and turn-off

Ipey Reference current, to which switching losses in data sheretlate

Vier Reference DC voltage, to which switching losses in datatstwreclate

K, Parameter describing voltage dependency of switching#ysgpicallyl.3 to 1.4

while the others are operation dependent
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Chapter 2. BEV dynamics and powertrain component modeling

m PWM modulation index

® phase angle between voltage and current
I, Amplitude of AC phase current

fsw  Switching frequency

Vpbe DC voltage level

The average diode on-state losses can be estimated as

1 m oS

Pcond. diode — (% - S

and the average turn-off losses as

- 1 mecosyp
Viols + (5 -
) rols T3 T Tan

)RF i’ (2.22)

I, ) (Looy™ (2.23)

1
Psw. diode = fsw ETT (; Iref ‘/ref

Vro diode threshold voltage of the on-state characteristiesperature dependent
Rr diode on-state resistance, temperature dependent

E.. Energy dissipated during turn-off (due to the reverse reppprocess)

K;  Parameter describing current dependency of switchingsggpically0.6

K, Parameter describing voltage dependency of switchingfsgpically0.6

<3

Due to symmetry in operation, it is enough to model the logsassingle switch, and to
attribute the same power loss in the other switches in oodénd the total converter losses.

According to [28], by utilizing the so callethird harmonic injection operation of the
converter, the outputamplitude of the AC phase voltéb,@, ideally depends on the present
DC voltage Vp¢, and the controlled PWM modulation index,, as

Uph = Mg VL\/;

In order to maintain controllability of the current, [28jo@mmends a maximum,, of
0.9, which then sets the limit of the possible output AC \gdtaelative to the DC voltage.

IGBT converter modules are typically designed to withstapdcific voltage levels of
arounds00 V, 1200 V etc. Then at each voltage level, a number of slightly difiénreodules
are normally available, with various current ratings, sasf200 A4, 400 A etc. Since the
losses to a large part depend on the magnitude of currentutinent ratings implies how
large temperature rise due to losses, that the coolingmyistable to handle without risking
overheating of the transistor or diode chips.

(2.24)

2.5 Battery modeling

A very simple equivalent circuit model of an electrocherhittery can be seen in Figure
2.3, whereVyc represent an ideal no load battery voltag®,, and R, represent the
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2.5. Battery modeling

internal resistances during discharge and charge of therpdty the current,, leading to
a load dependent terminal voltayyg [29], [21] and [22].

Rd[s
—»—0
>
Ve (D v

Figure 2.5 Simple battery model, with separate internastasce for discharge and charge, with ideal
symbolic diodes.

The terminal voltage equation is thus

Vi = Voo — Rais I (2.25)

The charge content in the battery is often described by tine d&te-of-charge (SOC)
which changes with battery current as

j;to I (r)dr

Qtot

where SOC;,,;; is the initial SOC levelQ;.: (Ah) is the total charge capacity of the
battery.

In order to make the model in Figure 2.5 a bit more advanceddHead voltage can be
modeled as a function of the battery’s state of charge. Quojreration the battery energy
content is drained which leads to a decrease in the no loaagegldown to a certain point
at a very low SOC level where the no load voltage suddenlysivepy rapidly.

The main power losses in the battery are due to the interastamce and can be mod-
eled asRI? conduction losses.

Normally a lithium ion battery cell has a maximum and minimaitowed terminal
voltage level, and a maximum and minimum allowed currenC-oate, where a discharge
rate of 1C means that the current is such that the batterybeillischarged in one hour.
According to [30] the test to determine a battery’s energptent is usually done for a
constant current discharge a€d3 discharge rate.

With the battery model as in Figue 2.5, the maximum powerr ¢ha be transferred to
the load iSP;,qz,theoretic = i ‘}/gdfj, however according td [30], for practical reasons the
limit is rather set as

SOC(t) = SOC;i — (2.26)

2 Voc?
Pmaz,theoretic = § ]_gdc (227)
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The output power may also be limited by either a minimum \g#tas

Pmax.me = len M (228)
’ Rdis

or by a maximum current limit, which may be due to lifetime loetmal issues, as

Pmaw,fmam = Imaz (VOC + Rdis Imaz) (229)

Both the no load voltage and internal resistances vary dépgron SOC level and
battery temperature.

According to [29], a more dynamical representation of tmenteal voltage is achieved
with one or moreRC-links in the model, where the main capacitive effects withie battery
are also represented.

2.6 Transmission

Automotive gearbox losses generally depend on variousatipgrconditions, where the
main factors are; speed, load level and temperature, igguit typical vehicle gearbox
efficiencies 0f95 — 97 % [21]. According to [31] the losses spring from phenomena tha
are both load independent (spring losses; oil churning andiadage) and load depen-
dent (mechanical losses; rolling and sliding), where sidosses may be the dominating
contributor. The load independent losses cannot easilydiéetad accurately with general
analytical expressions. Instead experimental resultseapgired in order to develop empir-
ical loss models whose validity naturally will be rather ilied. A number of these types of
models have been suggested by various researchers. Foathddpendent losses, physical
expressions can be utilized in the loss modeling, howewarrate parameter estimation can
still be difficult.

In a BEV the transmission is typically of single-speed speargtype, which accord-
ing to [32] and [33] can be assumed to have an efficiency of 96%nergy consumption
assessments.

2.7 Auxiliary loads

During normal vehicle operation, not only the propulsioti diain the battery of energy, but
also a number of secondary loads, which are often fed by a ddtage circuit. These loads
may be air-conditioner, radiator fan, pumps, wipers, winsldights, radio as well as various
control systems in the vehicle [34]. Apart from an overatireased energy consumption,
these types of loads may also demand relatively high peakplewels from the battery, e.g.
1.5 kW for compact cars ané.8 kW for a mid-size car, according td_[13]. Furthermore,
according to[[1B], an electrical air conditioning systendéesigned for a peak power of
6.5 kW and a continuous power dfk 1V .
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Chapter 3

Road type driving patterns, road
grade and daily driven distances

For a successful vehicle design, as with design of any pitooowledge of the use phase
is essential. Vehicles are used in various environmentdijffgrent types of drivers and for
numerous purposes. Each of these circumstances put tieeifisgcapability requirements
on the vehicle, in terms of static and dynamic road load &vel

Through the years much research has been conducted, digpadiarrope and the US,
aiming to identify typicaldriving patterns on differentroad types. The main reason has
then been to assess in which way, and to what degree, veloitlégmt emissions and fuel
consumption are effected by different driving patterns situhtions.

This chapter attempts to identify typical levelssgfeed accelerationandroad grade
attributed to different road types, such as urban (or citijing and high speed motorway
driving, for the purpose of finding suitable powertrain destriteria regarding torque speed
and power. Additionally, typical daily driving distancedivbe investigated, since range is
an important design factor for a BEV.

3.1 Driving patterns

Normal on-road driving is thus affected by many differerdtéas such as; driver behavior,
weather conditions, street type, traffic conditions, j@yrtype as well as vehicle type and
specifications][1]. This makes it a quite challenging tasldentify and to specify typical
driving characteristics.

Many studies have been done under the sponsorships of Aanesied European na-
tional emission regulatory organizations, such as the Usr&mmental Protection Agency
(EPA), the California Air Resources Board (CARB) and thetgdiNations Economic Com-
mission for Europe (UN/ECE). The purpose has then been telojetest procedures which
describe repeatable standardized laboratory tests andigi vehicles, i.e. passenger cars,
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as a part of the type approval procedure. Then legally réggileamissions as well as fuel
economy/efficiency are measured while the vehicle is drvetording to a prerecorded
speed over time; a so callefdive cycle. In order to make sure that the legally set emission
targets are not exceeded in typical real-world traffic, highly desired that the laboratory
test fallout is fairly close to that. Another important ooriee of the test is that they represent
a fair estimation of fuel economy/efficiency for customers.

However as recognized by EPA most test drive cycles werelogse a few decades
ago, and both legal speed limits and vehicle power spedditathus performance have
increased since, [2], the later which has also been notedéu&n by([35]. It was to account
for this that EPA updated the fuel economy test procedur@@82o also include two more
aggressive cycles.

In recent years, several extensive studies have been deadalt around the world,
targeting investigation and identification of typical dng patterns and their effect on fuel
consumption and emissions. As a fact, apart from the addel@syEPA has also con-
sidered such studies in order to find other causes of fueluropgon during real-world
driving, such as fuel energy density, wind, tire pressuckraad roughness[[2]. But instead
of expanding the test procedure, EPA has developed andtérformula where the city
and highway fuel economy label data are calculated baseénairc weighting factors on
sections of each test cycle.

So far, the test procedures in Europe are the same sincedh2@@0. Yet several large
projects have been conducted, where driving data has bdlested using instrumented
vehicles, and corresponding drive cycles have been dexelde most known studies are
the INRETS, HYZEM, ARTEMIS and the latest is the WLTC.

Due to the large interest in gathering information of logd@idg patterns, a wide range
of real-world cycles have been developed to capture thefgpercumstances of driving
on a certain type of road, in a particular city, or region @& thorld. Cycles of this type can
be found from regions such as; (Pune) India, China, Hong Kéebran Iran, (Melbourne,
Perth) Australia, Manila Filipines, Edingburgh UK, Latyithens Greece and Vietnam.

In the Chalmers initiated;he Svedish Car Movement Data Project, 714 cars have been
instrumented during the years 2010-2012, in the south w&iveden and the data is gath-
ered in a data base [36]. As a researcher, access to the datadabe granted, however it
has not been used within the scope of this project.

Instead, in this project sample in-house-measurements bagn conducted, mostly
covering the area in and around Géteborg, but also longémiay sections, e.g. between
Goteborg and Jonkoping and Torslanda-Stenungsund. Dgaiadiag speed and accelera-
tion has been measured with a GPS and an accelerometer, pead&B.

3.1.1 Legislative cycles

During the standardized tests, the vehicle is driven on asi@ynamometer with the driv-
ing wheel pair on a roller, attempting to, within specifiedilis, follow the time series speed
trace of a specified drive cycle. The vehicle’s rolling remige and air drag is estimated
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3.1. Driving patterns

and added as an extra load on the roller. Traditionally,etteee separate test procedures
for measuring pollutant emissions like (CO, HC, NOx, and Ridinpared to measuring
CO-, emissions together with fuel economy/consumption. Théedihces in procedures
may be; the used drive cycle/-s, or at which ambient tempegdhe test is run. European
and Japanese test procedures include only one specifiedogiile (NEDC) and (JCO08) for
both test procedures including BEVs, while the US test pilaces utilize five dissimilar
drive cycles, each aiming to represent various types ofrdyign different road types.

Here follows a short review of the history of the developmeinthe legislative drive
cycles in the US, Europe and Japan.

3.1.1.1 Test drive cycles in the US

Vehicle driving patterns and emissions were studied in Logddes, USA, in the 1950s, due
to the strong suspicion that the city’s smog was to a largeqaarsed by motor vehicles.
In the end of the 1950s one of the first test cycles was devaldpput data was collected
by driving with seven different cars on different types oéds around Los Angeles, and
recording the amount of time spent in certain bins of engpeed and manifold pressure,
as well as time spent to accelerate between the speed I&helsesulting cycle was a so
calledmodal drive cycle with sixteen modes of constant speed and acceleration gsher
relative duration of each mode served as a reflection of thesarements. The top speed
was80 km/h and the maximum acceleration wag4 m /s> [37]. But it wasn't until about

a decade later, in 1966, that a shortened version of it, axsensle cycle, (same top speed
but lower maximum acceleratian8 m/s? representing 24 hours average conditions) was
adopted in Californians first test procedure to measurecleebimissions (HC and CO) and
fuel economy in a standardized manneri [38]][37]. In 196&toeedure was adopted in the
rest of the USA[[3T7].

However already in 1969 the work continued towards an ugldat cycle which could
better represent typical morning traveling in Los Angekesg more measurements were
done. Finally the new cycle was taken from direct speed mreagents from a vehicle driv-
ing on a specific route (the LA-4 route) around Los Angelesthasone out of six runs
which was closest to the averagel[37]. The cycle distancetheasshortened to represent
the typical driving distance in Los Angeles at the timi2 km [37]. The maximum accel-
eration and deceleration rate of the cycle was limited.t® m /s? (3.3 mph/s), due to a
limited measuring range of the lab chassis dynamometér [38]. The cycle was called
the Urban Dynamometer Driving Scheduld¥DS), but it is also known as the LA4-S4
cycle orFTP-72, and was adopted as a new test cycle in the US in 1972 [38]rUestin
labs measuring HC, CO and CO2 showed a very good correspoaeeéthn the real route
emissions. In 1975 the cycle was somewhat modified suchiteatitial cycle was followed
by a 10 min long stand still (soak), after which the initiaB5§econds were repeated, thus
forming theFTP-75 cycle, which is still used today to represent urban/cityidd.

As EPA started publishing fuel economy data of new carsgisie city cycle FTP in the
1970s, the interest rose in similar data also for highwayiwigi [38]. Therefore, EPA started
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a "chase car" measurement series and drovelos@ km on non-urban roads in the area of
Michigan, Ohio and Indiana, where the maximum speed lim&&®&5 km /h (55 mph), as

in most of the USA at the time. The collected data was analgneldesulted in the Highway
Fuel Economy Test cycldHWFET). Also in this cycle, acceleration and deceleration rates
were limited tol.48 m/s?, due to belt slippage during chassis dynamometer teste\ew
these modifications are considered to have only minor inflaesmce they were limited to
the fist ten and last twenty seconds of the cylcle [37].

According to a study by CARB in 1990, large accelerationdabave dramatic effects
on emission levels, still these events were missing in the Ejfcle [39]. As EPA found
a lack of data on the occurrence frequency of such accelamtiuring normal driving,
they initiated a new study. Hence in 1992 EPA together witfRBAand two manufacturer
organizatior@ conducted a vast real-world-driving study based on 100ia8&Bumented
vehicles in each of the three cities; Baltimore, Spokane Attehta [39]. Data was also
recorded using the "chase car" method on routes in Baltin®pekane and Los Angeles
[39]. The recorded driving data showed that during alm@s% of the time, the vehicle was
experiencing higher speed and acceleration levels that wés represented in the FTP
cycle [39]. Based on the measured data from Baltimore tagetlith the collected data
from Los Angeles, Sierra Research which was contracted By #iRided the time traces
into micro-trips, i.e. cutting the cycle at each stand .shllsoftware was then developed
which sampled different micro-trips together to form a driwycle, according to certain
cycle targets. In this way thousands of cycles were cre&iedlly those few with the best
match to targeted speed-acceleration-distribution whosen to be continued with [39].
One of the most famous ones is tR&EP05 which represents aggressive highway driving
where about0 % of the time is spend at higher speed and acceleration leveipared to
the FTP cyclel[39]. Other known cycles are #tieB02 andLA92 or Unified Cycle JC).

Later in the mid 1990s, the EPA emission test procedure wdateq, the so called Sup-
plemental Federal Test Procedure (SFTP), now includingt®w cycles which represents
more aggressive driving and rapid speed fluctuations. Orikemh was thesC03 which
is a low speed cycle, but contains rapid speed fluctuations.dther one was theS06
cycle, which is developed as a shortened combination of Eed® and the ARBO2 cycles,
representing high speed and acceleration levels.

Today EPA's test procedure for emissions comprise of thee FFFSC03, UDDS (FTP-
72), US06 and the LA92 cycles, regulated undéerl — 3. For fuel economy and’O-
emission labeling (regulated since 2012 on a fleet averagis)b¢éhe FTP and HWFET
were the only cycles used until vehicle model year 2008, vaiem the US06, SC03 (run at
35°C) and a cold version of the FTRP-6.7 °C, instead 0223.9 °C as for HWFET and hot
FTP) were added.

When it comes to driving range and fuel economy of BEVSs, eithe FTP and HWFET
cycles can be used, or the five cycles used for conventioitieefuel economy can be
used, until EPA's rules are updated for BEYs|[40].

1The American Automobile Manufacturers Association (AAM#)d the Association of International Auto-
mobile Manufacturers (AIAM)
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Another cycle which has been developed by the EPA, is the Nevk ity Cycle
(NYCC), which represents congested traffic in a large city. Evengih it is not utilized in
any regulatory test procedure, it can be seen in many pwdisiticles regarding Hybrid
(HEV) and Plug-In Hybrid Electric Vehicles (PHEV).

3.1.1.2 Test drive cycles in Europe

Smog was also an increasing problem in larger cities in Eeidyping the 1950s and 1960s,
especially in London. According to [37], a modal cycle wasealeped in the mid 1960s,
which was based on measurements in Paris of engine spesduprebrake pedal activity
and selected gear position, (very much like the work preslipdone in Los Angeles),i.e.
with modes of constant speed and accelerations. Furthefmocording to [37], this cycle
was then modified into the fir€CE 15 cycle (15 modes), based on additional measured
driving patterns in ten European cities. The cycle was aztbiptthe European Community’s
first vehicle emission regulation in 1970 (directive 70/X0C) as a part of a vehicle’s type
approval, with limits on gaseous pollutants depending envéhicle weight [41].

In 1990 EU test procedures, ti&JDC part was added after four ECE-15 cycle repe-
titions, aiming to also represent more aggressive and fighadriving. This combination
formed a cycle called ECE+EUDC, or MVEG-A, which was alsdiaied by a0 s period
of engine idling[42]. From the year 2000, the idling perio@lswyemoved, thus it became an
engine cold start cycle, called New European Driving CyblEDC), or MVEG-B [42].

Today the NEDC cycle is utilized in test procedures of bothypant emissions (reg-
ulated in Eurol — 6) and or testing fuel consumption ard¢dD, emissions. The later is
regulated since 2012. NEDC is also utilized when determgittie driving range and energy
consumption of BEVs. The temperature during the test mayebgden betwee?0 —30 °C.

3.1.1.3 Test drive cycles in Japan

Also in Japan a modal cycle was developed 1969. It was regpB@@3 by an early version

of the 10-mode cycle simulating driving in Tokyo with max spgeof 40 km/h used in
emission certifications, and 1975 an 11-mode was develdpedating suburban driving
with a top speed a80 km/h [37] however this part was not added to the test procedure. No
until 1991 was a high speed mode added to the Japanese ¢eb5-thode cycle, still with a
moderate top speed @6 km/h [43]. During recent years, from 2008 to 2011 the latest and
current test cycle was introduced in the regulations; X868 cycle, which is a step away
from the earlier modal cycles, yet still representing cartge city driving with the relatively
low top speed o080 km/h [42]. As in Europe, the same cycle is used for measuring both
pollutant emissions as well as fuel economy &hd, emissions.

3.1.1.4 Testdrive cycles in the world

Since the 1970s many more countries around the world hayat@ediemission regulations
(for light duty vehicle emissions of CO, HC, NOx and PM in graer driven km) and
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related test procedures, often based on either th@ietSr Europeariuro [43] and [42].
Today Australid, half of south America and most of Asia@ncluding China and India, but
except Japan, have adopted the European regulations, Mdnite America and about half
of south America have adopted the US emission regulatiddjs [1

3.1.2 Non-legislative cycles

Many of the non-legislative cycles are not easily accesdibt external parties, while it
can be assumed that the majority of the automotive industsygained access in order to
develop their final products.

This work is based on cycles from Artemis, WLTC as well as omamouse measure-
ments in the area around Gdéteborg.

3.1.2.1 Artemis

The Artemis project involved 40 European research labdest@nd was founded by the
European Commission, to develop new European methods, tnodels and databases for
accurate estimation of pollutant emissions from transfgigil. Within the project, a set of
real world driving cycles for passenger cars were develppatbgorized asrban, rural
andmotorway, each with sub-cycles representing various driving céoiiét such as traffic
density.

The Artemis cycles are based on data from 77 instrumenteitlestin France, UK,
Germany and Greece collected in 1990s in the previous Espanject<DRIVE-MODEM
andHyZem, each in which a number of cycles were also developed (indtegories; urban,
congested urban, road and motorway) [44].

The Artemis Urban cycle has sub-cycles of congested, devtsiee flow traffic, where
the speed level differs between abaQt— 60 km/h as well as the number of and duration
of stops. The Rural cycle has sections of steady and unstgasids at rural secondary
to main roads at speed levels arodiid— 100 km/h. Finally the Motorway cycle also has
sub-cycles of steady and unsteady speed at speed leveksareslvoud0 — 150 km /h [44].

3.1.2.2 WLTC

Since 2008, the United Nations Economic Commission for gel@N-ECE) are presently
working on finalizing a proposal for a new Worldwide harmaudz.ight duty driving Test
Cycle (WLTC), which can be used for type approval fuel congtiom and emission tests.
The cycle is aimed to represent typical driving on a globalescVehicle data has been col-
lected from instrumented vehicles in USA, Japan, Indiagéand the European countries
Belgium, Germany, Spain, France, Italy, Poland, SloveBiitzerland, United Kingdom

1Australian emission regulations are based on Europeanat&Ems but with some additional selected parts
from US and Japanese standafds [42].

2|n South Korea the diesel engine vehicles are under Euromganation while the gasoline engine vehicles
are under US regulations [42].
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3.1. Driving patterns

and Sweden. The logged data has then been chopped into mjggavhich in turn have
been categorized for further analysis|[45].

Three classes of drive cycles have been developed, whess Cl& to be used by ve-
hicles with power-to-mass ratio af 22 W/kg, Class 2 by vehicles with power to mass
ratios> 22 and< 34 W/kg, and finally Class 3 by vehicles with ratios 34 W/kg [45].
Each class consist of 2 to 4 cycles called; Low, Middle, HigktraHigh, regarding speed
levels. They have different characteristics such as speé@eceleration levels, and cover
scenarios like congestion or free flow traffic.

3.1.2.3 Electric Power Engineering, Chalmers

At the beginning of this work, there was a lack of awarenesamaf access to real-world
cycles, except those used as test cycles. Another impatgeict was the desire to attain
vehicle operation information at a higher time resolutibart what is typically available
from the official test cycles, which are mainly second ba3éerefore a measurement sys-
tem was purchased and a few different cars were instrumelniéayg typical driving in the
area of Goteborg. The measurement system consist$ ¢f aGPS receiver and 20 Hz
3D acceleratorer, thus giving a higher time resolution tivaat can be found in most offi-
cial real-world cycles. Apart from vehicle speed and aaegien, also the road grade has
been estimated with this system, while this is often omiitteafficial real-world cycles. See
AppendiXB for a more detailed description of the measurdmsgstem, as well as filtering
of measured data.

The selected data represent collected logs mostly in trear&odteborg, by a limited
set of; car models, drivers, and routes. Some routes reyrggecal home-to-work routes,
others only typical driving in the city or on the highway.

3.1.3 Driving pattern characterization parameters

Research on the topic of driving patterns have traditigrizdien focused on identifying spe-
cific events during driving that may have an effect on fuelstanption and emissions, as
well as on quantifying this effect through empirical fieldidies with instrumented vehi-
cles. In several such studies, it has been found that higilexation levels in general, and
in combination with high speed in particular, have a majéeefon both emissions and fuel
consumption, even though the frequency of occurrence aktegents is rather small i.e.
only a few percent of the total driving time,|[3] arid [4]. Sthese findings belong to con-
ventional vehicles with internal combustion engines, iikisly that similar measures will
also have an importantimpact on electrically powered vekid®ower demanding measures
are especially interesting in this study since the maximemahded powertrain power is
sought.

The analysis is often based on a set of calculated parametatsd to time, speed and
acceleration. According t@ [3], the parameters can be dividto;level parameterssuch
asmax., average and standard deviation of speed and acceleration, distribution measures
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like relative time spent in bins of speed and acceleration, and byoscillatory measurescon-
sidering for examplehanges of speed levels per distance or time. It is not evident, which
parameters that are relevant when considering the poweam#and energy consumption
of a BEV, however 15 parameters have been chosen to be usaitidbthe discussed drive
cycles in this thesis. As level parameters; total time,efridistance, maximum speed, aver-
age speed, average running speed (i.e. without stops) amdest! deviation of speed, have
been used as well as maximum, average, and standard devi&positive and negative ac-
celeration. As distribution measures; relative time sppeatding still, and in certain speed
levels have been used, as well as relative time spent dudsiiye and negative acceler-
ation, and within certain acceleration level intervals\dflly an oscillatory measure is also
used; Relative Positive Acceleration (RPA), defined as

| speed(t) positive acceleration(t) dt
[ speed(t) dt = total driven distance

RPA = (3.1)
RPA is an indicator of accelerations which demand high ppsiace a large acceleration
may demand a high torque but not necessarily a high powezssiit is combined with a
high speed [3][1].

3.2 Road type specification based on speed levels

The speed levels experienced by vehicles are of great stferdinding necessary top speed
of the vehicles. It is also interesting to know what speedlkethat typically occur on which
road type.

3.2.1 Legal speed limits

Vehicles are driven on roads which are subjected to natiegally regulated speed limits,
which depend on the surrounding area or type of road. Therelifferent types of roads
with various and overlapping associated speed limits winidbce a relatively high level of
ambiguity and makes generalizations difficult, howevesratits of general categorizations
have been made in the found referenéaesge andoutside built up areas andmotorways.
Typically, road types within built up areas have speed BraibunB0 — 70 km /h, outside
built up area§0—110km/h, and on the fastest motorways0 — 130 km /h [46], [47], [48].
Additionally, a few countries in the world have motorway tees with speed limits of
140km/h; higher quality highways in Bulgaria, Poland and the Unitedb Enirates([46].
Some motorway sections in Italy may even have speed limit§@%m /h. The Auto-bahn
in Germany is known to have no speed limits at all, howeveradays, over half of the Ger-
man auto-bahn’s have speed limits ug 20 km/h, while the rest have recommended speed
limits of 130 km/h. On the contrary, in Norway and Japan the speed limit on na@tgs is
not more thari00 km/h [46].
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3.2. Road type specification based on speed levels

3.2.2 Road type speed levels for test cycles/Previous stesli

The US EPA has chosen to divide their fuel consumption cyiridsvo categories; city
or highway, where driving below2 km/h (45 mph) is considered to be typical for city
driving, while the rest is considered to be Highway drivid} [

In the ARTEMIS project, there were three road type categomrehich were defined
partly by average speed; Urban (average speed b#dwun/h), Rural (average speed be-
tween40 — 90 km/h) and Motorway (average speed abdekm/h), [44]. The Urban
cycle has sections of congested, dense and free flow trafiiesenthe the speed level differs
between about0 — 60 km/h as well as the number of and duration of stops. The Rural
cycle has sections of steady and unsteady speeds at ruvaldsgyg to main roads at speed
levels around0 — 100 km/h. Finally the Motorway cycle also has sections of steady and
unsteady speed at speed levels between éfout150 km/h.

In the preparation work with the Worldwide harmonized Liglty driving Test Cycle
(WLTC) by the United Nations Economic Commission for Eur¢p®&l-ECE), road types
were defined as; Urbag 50 km/h, Rural50 — 80 km/h, and Motorway had no specified
speed limit, [[49]. However, during the continuation of therly these three road type cate-
gories were abandoned, partly due to too large deviatiorsaid type speed limits between
the different regions in the world [45], but also due to fowlifferences in speed frequency
distributions between instrumented vehicles in the déffieregions. For the Urban cate-
gory the speed distributions between sample regions shavigid coherence, however for
the Rural category a discrepancy could be seen where Korehdagpanese data indicated
lower speed levels than sample European countries. For theriay data this discrepancy
was even larger. Thus, instead four speed classes were didfme< 60km/h, median
< 80 km/h, high < 110 km/h andextra high > 110 km/h [45]. The chosen combina-
tion of speed levels were decided after a comparative statlyden different combinations
and their correlation with various driving pattern paragngtsuch as average speed, speed
acceleration distribution and vehicle speed frequendyiligion, [50].

3.2.3 Chosen road type categorizations

In this thesis, all used cycles have been assigned to eithéreothree road type cate-
gories;Urban, Rural or Highway, mainly based on share of time spent at speed levels up to
60 km/h, betweer60 — 90 km/h, and abové®0 km /h, respectively, as can be seen in Table
[3.3. with this general rule, many cycles could be categdrixgth as Urban and Rural, due
to the ambiguous data. However, for cycles that were caiteggbas Urban, the time share at
speed levels abov#® km /h was nil or only a few percent, otherwise they were categdrize
as Rural.

As already stated, the purpose of this categorization isntb tfrpical driving charac-
teristics for the chosen road types, therefore the majofithe time spent at certain speed
levels is dominating the categorization.
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Table 3.1 General categorization of cycles based on timestiapeed levels.

60 — 90 km/h > 90 km/h
Urban: < 20% ofthetime ~ 0% of the time
Rural: > 20 % of the time < 20 % of the time
Highway: - > 20 % of the time

3.2.4 Urban

The time series of speed and acceleration for the Urban Jelgtsccan be seen in FigureB.1,
and for the Logged Urban cycles in Figlrel3.2. Three loggeadmicycles were excluded
from the figure, since two of them represent already displagates, and one was similar
to the others.

Cycle data regarding time duration, driven distance andafeels can be seen in Table
[3.2, for both Test cycles and Logged cycles. In order to actfmu non zero measured speed
from the GPS, the average running speed as well as the time stzanding are based on
speed levels & km/h and below, for all cycles, i.e. including the test cycles.

Regarding the time shares within certain speed intervaésselected logs match the
test cycles quite well. The main difference is a longer m@ae share standing for the test
cycles @7 % compared ta7 %), and thus a shorter time share at low speed, compared to
the logs. Most certainly some of the test cycles represent mense traffic conditions than
what was experienced in the Logged cycles.

For the test cycles, the maximum speed varies betw&émn /i for the NYCC cycle
to 91 km/h for the FTP cycles, while the difference is smaller for thgded cycles49 for
the V774 120312 log ta8 km/h for the Prius 120403 log. Still, the logged cycles have
a somewhat higher mean average speed value compared tstlgdkes, while the aver-
age running speed is rather similar. The spread in speet$ lsgen by the speed standard
deviation is a bit larger for the test cycles, especiallytharse with the highest top speed.
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Figure 3.1 Acceleration and speed over time for Urban teslesy[51], [42], [52] and53].
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3.2. Road type specification based on speed levels

Table 3.2 Cycle data for Urban Test cycles, and Logged Urgeles.

Average
Cycle Driven Max. Average running Std. Time share Time share Time share Time share
duration distance speed speed speed speed standing <60 km/h 60-90 km/h >90 km/h

Urban Test Cycles (s) (m) (km/h)  (km/h) (km/h) (km/h) (%) (%) (%) (%)
Artemis URBAN 993 4870 58 18 25 17 33 66 0 0
ECE 780 4058 50 19 27 17 34 66 0 0
NYCC 598 1898 45 11 18 13 44 56 0 0
WLTC CI.3 Low 589 3095 57 19 25 16 28 72 0 0
FTP72 UDDS 1369 11990 91 32 39 24 21 71 7 1
FTP75 1874 17769 91 34 42 26 21 67 11 2
SCo3 599 5761 88 35 43 25 21 65 14 0
jc08 1376 10317 82 27 37 24 28 60 12 0
WLTC Cl.3MdI v5.3 433 4756 77 40 44 22 12 70 18 0

MEAN 957 7168 71 26 33 20 27 66 7 0

Average Time
Cycle Driven Max. Average  running share  Time share Time share Time share
duration distance speed speed speed Std.speed standing <60 km/h 60-90 km/h >90 km/h
Logged Urban Cycles (s) (m) (km/h) (km/h) (km/h) (km/h) (%) (%) (%) (%)
Ecar500 120413 Linneg-City-CTH 2633 12927 60 18 24 15 28 72 0 0
Leaf 130321 CTH-Erksbrg 1558 13130 74 30 35 21 14 71 14 0
Leaf 130322 Korsv-Guldh 826 4959 48 22 24 13 10 90 0 0
Prius 120329 MindI-MInlcke 790 9098 67 41 42 14 2 94 4 0
Prius 120329 Minlcke-MInd| 866 9773 75 41 44 20 8 76 16 0
Prius 120403 Minlcke-CTH 1036 11585 78 40 43 20 7 73 20 0
V60PHEV 130320 Krsvgn-GalvBron 1437 7454 68 19 26 17 29 69 2 0
V744 120312 Cstat-CTH 365 1608 49 16 25 16 37 63 0 0
V744 120318 Klltrp-CTH 694 7762 67 40 46 20 13 75 12 0
V744 120327 CTH-Klltrp 806 7932 64 35 39 18 9 83 8 0
XC60 CTH-Krthsg 1213 5246 53 16 23 14 BS 67 0 0
MEAN 1111 8316 64 29 34 17 17 76 7 0
3.2.5 Rural

The time series of speed and acceleration for the Rural et can be seen in Figure
[3:3, and for the Logged Rural cycles in Figlrel3.4. One loggede was excluded from

the figure, since the same route was already displayed ingpesite direction. However

the graphs show the same route at three different occasitnd; illustrates the deviation

between different runs on the same route.

Cycle data for both Logged Rural and Rural Test cycles carebe g Tabl€_3]3. Also
in this case the mean time share standing is larger for theyekes compared to the logs
(13 % respectived %). Then the time share on medium to high speed levels are shatew
higher for the test cycles compared to the logs. This is @#eated in the maximum speed
levels which are larger for the test cycles. In the same titme,mean average speed as
well as the average running speed are very similar betweete#t and logged cycles. The
UCLA has the lowest average speed of oBykm /h, while the EUDC has the highest at
63 km/h, followed by the Artemis Rural and WLTC High. Itis also EUD@&ENEDC that
have the highest maximum speed levels. For the logs thef@areycles with maximum
speed levels arountD0 to 110 km/h. It can be seen that a high maximum speed is not
necessarily linked with a high average speed, instead yeih lower max. speed may
have similar level of average speed.
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Figure 3.3 Acceleration and speed over time for Rural testesy [51], [42], [52] and[[53].

32



Speed , Acc. Speed , Acc. Speed , Acc.

Speed , Acc.

3.2. Road type specification based on speed levels

C30d2 121219 CTH-VCC

120

0 200 400 600 800 1000

Ecar500 120413 CTH-KIIrd

-40 ‘ ‘ ‘ i
0 500 1000 1500 2000
V744 120307 VCC-CTH
120 (km/h)
80 10 * (m/s%)

0 200 400 600 800 1000

V744 120320 Klltrp—Csttn

300 400 500
Time (s)

0 100 200

C30d2 121219 Henan-Stnsnd

0 500 1000 1500

C30d2 121219 Stnsnd—Henan

0 500 1000 1500

V744 120316 Klltrp—Cstat
120
80
40
0

-40 - - -
200 400 600

V744 120327 Klltrp-Cstat

120

300 400 500
Time (s)

0 100 200
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Table 3.3 Cycle data for Rural Test cycles, and Logged Rywdés.

Average
Cycle Driven Max. Average running Std. Timeshare Timeshare Timeshare Time share
duration distance speed speed speed speed standing <60 km/h 60-90 km/h >90 km/h

Rural Test Cycles (s) (m) (km/h) (km/h) (km/h) (km/h) (%) (%) (%) (%)
UC LA92 1435 15706 108 39 47 32 19 56 14 11
EUDC 400 6955 120 63 70 31 10 31 37 21
NEDC 1180 11013 120 34 44 31 26 55 13 7
Artemis RURAL 1082 17272 112 57 59 25 4 47 42 7
WLTC Cl.3 High v5.3 455 7162 97 57 61 29 7 42 36 15
MEAN 910 11622 111 50 56 30 13 46 28 12
Average Time
Cycle Driven Max. Average  running share  Time share Time share Time share
duration distance  speed speed speed Std.speed standing <50 km/h 50-90 km/h >90 km/h
Logged Rural Cycles (s) (m) (km/h) (km/h) (km/h) (km/h) (%) (%) (%) (%)
C30d2 121219 CTH-VCC 1141 14 349 110 45 49 26 8 60 29 3
C30d2 121219 Henan Stnsnd 1696 30541 100 65 66 22 2 26 60 12
C30d2 121219 VCC-CTH 1340 13726 84 37 41 25 10 64 26 0
Ecar500 120413 CTH-KlIrd 2046 30557 112 54 58 32 7 45 36 12
C30d2 121219 Stnsnd Henan 1684 30879 113 66 68 26 3 27 55 15
V744 120307 VCC-CTH 1178 13 899 85 42 49 25 13 55 32 0
V744 120316 Klltrp-Csttn 716 7574 90 38 47 27 19 59 22 0
V744 120320 Klltrp-Csttn 529 7191 83 49 51 24 4 52 44 0
V744 120327 Klltrp-Cstat 534 7 164 91 48 55 28 12 51 37 0
MEAN 1207 17 320 96 49 54 26 9 49 38 5
3.2.6 Highway

The time series of speed and acceleration for the Highwatycyetes can be seen in Figure
33, and for the Logged Highway cycles in Figlrel 3.6. Cycladagarding time duration,
driven distance and speed levels can be seen in [able 3Motlotogged and Test cycles.
Here it can be seen that the time share standing is only a fevepiefor both test and
logged cycles, while the time shares at high speed are inrginigher for the test cycles
(58 %) compared to the logged1 %). The max. speed levels are higher for the test cycles
with one exception; the HWFET cycle. Consequently, alsoaerage speed levels are
higher for the test cycles, with the Artemis cycles at thehkig} levels. The highest average
speed is logged for the V70 120515 cycle, followed by the @3R{1219 Vce-Stnsnd log.
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Figure 3.5 Acceleration and speed over time for Highwayeyd51], [42] and[53].
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Figure 3.6 Acceleration and speed over time for Logged Hagheycles.
Table 3.4 Cycle data for Highway test cycles, and logged Waghcycles.
Average
Cycle Driven Max. Average running Std. Timeshare Time share Time share Time share
duration distance speed speed speed speed standing <60 km/h 60-90 km/h >90 km/h
Highway Test Cycles (s) (m) (km/h) (km/h) (km/h) (km/h) (%) (%) (%) (%)
HWEFET 765 16507 96 78 78 16 1 10 66 23
usoe 600 12888 129 77 83 40 9 20 15 56
REPO5 1400 32253 129 83 86 32 4 19 13 65
Artemis MW130 1068 28736 132 97 98 35 2 18 10 70
Artemis MW150 1068 29545 150 100 101 38 2 18 10 70
WLTC Cl.3ExtrHgh v5.3 323 8254 131 92 94 36 2 17 18 63
MEAN 871 21364 128 88 90 33 3 17 22 58
Cycle Driven Max. Average Aver?ge std d T':me Time share Time share Time share
duration distance  speed speed funning - spee s ar.e <60 km/h  60-90 km/h >90 km/h
_ Km/h) (km/h) speed (km/h)  standing %) %) %)
Logged Highway Cycles (s) (m) (km (km/h) (%) ;
C30d2 121219 Stnsnd-VCC 3080 54194 111 63 69 36 9 36 21 34
C30d2 121219 VCC-Stnsnd 2309 50426 113 79 81 32 3 21 32 44
V70 120510 CTH-Inkpng 7075 149402 111 76 79 31 4 20 36 40
V70 120515 Jnkpng-CTH 6576 149413 112 82 83 27 2 16 36 46
MEAN 4760 100 859 112 175 78 32 5} 23 31 41

36



3.3. Acceleration distributions

3.3 Acceleration distributions

Since the peak force and power on the wheels often is due teethiele’s acceleration, it
is vital to study what levels of acceleration that are to bgeeted to occur during normal
driving in the different three road types.

In this section acceleration levels will be studied as afionof speed and time. Logged
real-world cycles will be compared with official test cycles

For official test cycles the speed time series is given, hsaal one value per second.
Acceleration has been calculated while considering one sirep forward and one backward
as
a(k):d_v:v(kJrl)—v(k—l)7 (3.2)

dt — t(k+1)—t(k—1)

since it is proven to minimize the estimation error, comgaceonly considering one time
step in the forward or backward direction (Euler forward aie backward).

3.3.1 Urban
Cycle data regarding acceleration levels can be seen ire[Bb| for Urban Logged and
Test cycles.

It can be seen that the time share of positive and negativeeretion are similar for
both the test and logged cycles, where they are shorter éaiest cycles due to the longer
time share standing. Regarding the time shares at certzéfegiation levels, the mean values
are very similar for the test and the logged cycles.

The main difference between test cycles and the loggedsacéethe much larger max-
imum acceleration levels seen in the logs, both positive ragghtive. Amongst the test
cycles, it is the NYCC and Artemis Urban that have the highestls of peak acceleration,
at2.7m/s? and2.4m/s? respectively, while many of the logs have maximum values ove
3m/s?. Still the average positive and negative accelerationiseae similar for all cycles,
while the standard deviations are slightly higher for thgsloAnother interesting point is
that ECE has the lowest maximum acceleration level betweetest cycles, yet in the same
time it has the highest average acceleration, both positidenegative.

Finally the mean RPA values are similar for the test and ldgyeles. Many test cycles
have RPA values arouriid17 to 0.20 m/s?. However two cycles stand out; Artemis Urban
and NYCC, with RPA values df.30 and0.29 respectively. The spread in RPA values seem
to be larger for the logged cycles. The largest values ane feeehe V744 1203120(37)
and XC60.0.32 m/s?.
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Table 3.5 Acceleration cycle data for Urban test and Loggetes.

Max. Max. Average Average Std.pos. Std.neg. Time share Time share Timeshare Timeshare Time share Time share

pos.acc. neg.acc pos.acc. neg.acc.  acc. acc. RPA pos.acc.  neg.acc. a<lm/s’ 1<a<2m/s’ 2<a<3m/s’ a>3m/s’
Urban Test Cycles  (m/s")  (m/s")  (m/s) (m/s') (m/s') (m/s") (m/s’) (%) (%) (%) (%) (%) (%)
Artemis URBAN 2.4 -2.8 0.6 -0.7 0.5 0.6 0.30 38 B5) 92 8 0 0
ECE 1.0 -0.9 0.7 -0.7 0.2 0.2 0.14 19 19 98 2 0 0
NYcCC 2.7 =23 0.6 -0.5 0.5 0.5 0.29 34 B5) 94 5 1 0
WLTC CI.3 Low 15 -1.5 0.5 -0.4 0.4 0.3 0.20 35 40 96 4 0 0
FTP72 UDDS 5 =il5 0.5 -0.5 0.4 0.5 0.17 41 37 94 6 0 0
FTP75 1.5 -1.5 0.5 -0.5 0.4 0.5 0.17 40 37 93 7 0 0
SCo3 25 =7/ 0.5 -0.6 0.5 0.6 0.20 43 37 94 5 1 0
jc08 15 -1.1 0.4 -0.5 0.3 0.3 0.17 39 34 97 3 0 0
WLTC Cl.3MdI v5.3 1.6 =il5 0.4 -0.5 0.4 0.5 0.20 49 28 94 5 0 0
MEAN 1.8 -1.7 0.5 -0.6 0.4 0.4 0.21 38 35 95 5 0 0

Time Time Time Time Time Time
Max. Max. Average Average Std.pos. Std.neg. share share share share share share

pos.acc. neg.acc pos.acc. neg.acc.  acc. acc. RPA  pos.acc. neg.acc. a<lm/s’ 1<a<2  2<a<3 a>3m/s’
Logged Urban Cycles (m/sh)  (m/s') (m/s’)  (m/s") (m/s") (m/s') (m/s') (%) (%) (%) m/s’(%) m/s’(%) (%)
Ecar500 120413 Linneg-City-CTH 22 =52 0.5 -0.5 0.4 0.6 0.26 50 50 93 7 0 0

Leaf 130321 CTH-Erksbrg 3.0 -4.0 0.5 -0.5 0.6 0.6 0.24 50 50 92 7 1

Leaf 130322 Korsv-Guldh 25 -8.5 0.5 -0.6 0.4 0.7 0.21 45 55 94 6 0 0
Prius 120329 MIndI-Minlcke 2.3 -3.2 0.4 -0.4 0.4 0.4 0.17 42 58 95 5 0 0
Prius 120329 Minlcke-Mind| 3.4 -4.1 0.5 -0.5 0.6 0.6 0.22 49 51 91 8 1 0
Prius 120403 Minlcke-CTH 31 -2.7 0.4 -0.4 0.5 0.5 0.19 48 52 93 7 1 0
V60PHEV 130320 Krsvgn-GalvBron 4.3 -3.2 0.5 -0.5 0.6 0.5 0.27 47 53 93 5 1 0
V744 120312 Cstat-CTH 3.8 -3.2 0.6 -0.6 0.7 0.7 0.37 48 52 88 9 2 1
V744 120318 Klitrp-CTH 2.8 =2l 0.4 -0.4 0.4 0.6 0.21 55 45 96 4 0 0
V744 120327 CTH-Klltrp 3.0 -2.7 0.4 -0.4 0.4 0.5 0.21 54 46 95 4 1 0
XC60 CTH-Krthsg 3.8 -4.8 0.5 -0.5 0.6 0.6 0.32 52 48 92 6 2 0
MEAN 3.1 -4.1 0.5 -0.5 0.5 0.6 0.24 49 51 93 6 1 0

The maximum acceleration as well as second based operaiintg gfor the Test cycles
can be seen in Figute 3.7 and for the Logged cycles in Fig@ted3.can be seen, the largest
acceleration levels are experienced at the lower speel$leve

For the test cycles; at speed levels up to arothém /h Artemis Urban, NYCC and
SCO03 have the highest levels of positive and negative aetige at1.7 — 2.5m/s?> and
—2.3 to —2.8m/s2. At higher speeds it is SC03, FTP75 and WLTC Middle that héwee t
highest positive acceleration levels, although stronggcgnding with increasing speed.
At about50 km/h the peak acceleration levels are aroontl— 1.4m/s?, while at about
80 km/h they are around.2 — 0.5 m/s%.

As already noted from the cycle parameter data, the peakesatien levels of the
logged cycles are higher compared to the test cycles, alemwbnsidering the different
speed levels. For the logged cycles, at alb0utm / h the peak acceleration levels are around
1 —2.5m/s?%, while at abouB0 km/h the cycles have already reached their top speed.

In order to compare the distribution of acceleration overdpeed range, between Urban
test cycles and Logged Urban cycles, the relative time spéais of0.5 m/s? and5 km/h
is depicted in Figure 319 and 3]10, along with the highestired acceleration level at each
speed. When creating the plots, to each speed and acaateogterating point a gaussian
noise was added, which was later compensated for in the &saltr The benefit is smoother
contour lines, however a small error is also introducedait be regarded as negligible.
Hence the contour lines outside of the maximum accelergtiaph should be disregarded.
The method is further illustrated in Appendix C.

As was also indicated by the standard deviations, the loggelés spend a somewhat
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3.3. Acceleration distributions

larger share at slightly larger acceleration levels, camgb@o the test cycles. This can be
seen by comparing the acceleration levels for the same tiare £ontour line.

The figures show that for the test cycles, most of the time énspround zero speed
at very low levels of accelerations (less tham /s2), due to frequent stops. For the logged
cycles, most time is spent at speed levels arotimal 10 km/h, but also withinl m /s2.
Furthermore, the test cycles spend a somewhat larger tiare ahhigher speed levels com-
pared to the logged cycles.
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== Artemis URBAN
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=== WLTC CL.3 Low v5.3
== FTP72 UDDS
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Figure 3.7 Maximum acceleration over speed along secorfdapiération points per second, for Ur-
ban Test cycles.
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Figure 3.8 Maximum acceleration over speed along seconkl @peration points per second, for
Logged Urban cycles.
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Figure 3.9 Share of total timg%) of operation in acceleration bins 6f5 m /s> and speed bins df
km/h, with added noise, for all Urban Test cycles.
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Figure 3.10 Share of total tim&s) of operation in acceleration bins 6f5 m /s? and speed bins ¢f
km/h, with added noise, for all Logged Urban cycles.

3.3.2 Rural

Cycle data regarding acceleration levels can be seen il
cycles.

Also for the Rural cycles, the logs show higher peak accaterdevels and standard
deviations compared to the test cycles, while the averalgesare similar. The test cycles
have a slightly larger time share beldwn /s?, while the logs have slightly a higher time

Pk
22
D)

dl for Rural Logged and Test
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share for acceleration levels betweleto 2 m/s2. Furthermore, high RPA values are more
frequent amongst the logs.

For the test cycles it is the UC (LA92) cycle that has the haglpeak acceleration both
positive and negative, as well as the highest RPA value. ®gdhtrary, EUDC and NEDC
have the lowest peak acceleration levels and the lowest RRfev

Amongst the logs, two cycles have similar peak accelerdtwoals; C30d2 121219
VCC-CTH and V744 120327 Klitrp-Cstat, however the laterénavslightly higher aver-
age acceleration, and a much larger RPA valug4(compared td).19 m/s?).

Table 3.6 Acceleration cycle data for Rural test and Loggedes.

Time Time Time Time
Max. Max. Average Average Std.pos. Std.neg. share share Time share share Time
pos. acc. neg.acc pos.acc. neg. acc. acc. acc. RPA  pos.acc. neg. acc. sharea<l 1<a<2 2<a<3 sharea>3
Rural Test Cycles (m/s?)  (m/s®) (m/s®) (m/s®) (m/s}) (m/s?)  (m/s?) (%) (%) m/s> (%) m/s’ (%) m/s’(%) m/s (%)
UC LA92 2Ll =51 0.7 -0.7 0.5 0.7 0.24 38 34 91 9 1 0
EUDC 0.8 -1.4 0.4 -0.9 0.2 03 0.09 26 11 100 0 0 0
NEDC 1.0 -1.4 0.6 -0.8 03 0.2 0.11 21 16 99 1 0 0
Artemis RURAL 24 -4.1 0.5 -0.5 0.4 0.6 0.18 41 40 96 3 0 0
WLTC Cl.3 High v5.3 17 155 0.4 -0.4 0.4 0.4 0.14 47 41 96 4 0 0
MEAN 1.8 -2.5 0.5 -0.7 0.3 0.4 0.15 35 28 96 4 0 0
Time Time Time Time Time Time
Max. Max. Average Average Std.pos. Std.neg. share share share share share share
pos.acc. neg.acc pos.acc. neg.acc.  acc. acc. RPA  pos.acc. neg.acc. a<lm/fs’ 1<a<2 2<a<3  a>3m/s’
Logged Rural Cycles (/s (m/s")  (m/s’)  (m/s") (m/s") (m/s) (m/s) (%) (%) (%) m/s’ (%) m/s" (%) (%)
€30d2 121219 CTH-VCC 29 =25 0.5 -0.5 0.5 0.5 0.24 53 47 93 6 1 0
C€30d2 121219 Henan Stnsnd 23 -3.1 0.3 -03 0.3 0.3 0.13 48 52 97 3 0 0
€30d2 121219 VCC-CTH 36 -2.8 0.5 -0.4 0.5 0.4 0.19 44 56 93 6 1 0
Ecar500 120413 CTH-KlIrd 21 -3.2 0.5 -0.5 0.4 0.5 0.23 56 44 93 7 0 0
€30d2 121219 Stnsnd Henan 26 -2.4 0.5 -0.4 0.5 0.4 0.24 48 52 93 7 0 0
V744 120307 VCC-CTH 3.2 -3.2 0.4 -0.4 0.4 0.5 0.20 53 47 95 5 1 0
V744 120316 Klltrp-Csttn 31 -4.2 0.5 -0.5 0.5 0.6 0.25 54 46 93 7 1 0
V744 120320 Klltrp-Csttn 2.2 -2.9 0.5 -0.5 0.4 0.5 0.25 57 43 93 7 0 0
V744 120327 Klltrp-Cstat 3.6 -4.3 0.6 -0.6 0.6 0.7 0.34 56 44 87 12 1 0
MEAN 2.8 -3.2 0.5 -0.5 0.5 0.5 0.23 52 48 93 7 1 0

The maximum acceleration as well as second based operaiintg gfor the Test cycles
can be seen in Figuke_3]11 and for the Logged cycles in Figd 3

In Figure[3.11 it is clearly seen that the two cycles UC LA98 amtemis Rural differs
quite a bit from the others since the levels of acceleratienarger over the whole speed
range, and even more so for negative accelerations. Also wbmparing with the Urban
test cycles, these two cycles stand out. For the logged €jtotan be seen in Figuke 3]12
that the highest peak accelerations only occur at very leedpevels (belov20 km/h).
Around40 km/h most cycles have peak accelerations betwegro 2.5 m/s?, while for
higher speed levels the difference between the cyclesasere

At about50 km/h the peak acceleration levels are arounéd2.5 m/s? for the logs and
0.5 to 1.5 m/s? for the test cycles, while at abo&® km/h they are0.5 — 2m/s? for the
logs and.3 to 1 m/s? for the test cycles.

As for the Urban cycles, the relative time spent in accei@nabins of0.5m/s? and
5km/h is depicted in Figureé 3.13 ad 3]14, along with the higheatlied acceleration
level at each speed.
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3.3. Acceleration distributions

Also for the Rural cycles, the logged cycles spend slighttyertime at somewhat higher
acceleration levels over the whole speed range. | can alsediethat apart from the time
spent at stand still and very low speed, also much of the tinspént around0 km /h for
both test and logged cycles; km/h for the test cycles, and finally arouftd km/h for
both test and logged cycles.

== UC LA92

== EUDC

=== NEDC

=== Artemis RURAL
== WLTC Cl.3 Hgh v5.3

Acceleration (m/sz)

0 20 40 60 80 100 120 140
Speed (km/h)

Figure 3.11 Maximum acceleration over speed along secottd apieration points per second, for
Rural Test cycles.
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Figure 3.12 Maximum acceleration over speed along secottd apieration points per second, for
Logged Rural cycles.
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Figure 3.13 Share of total tim&%) of operation in acceleration bins 0f5 m/s* and speed bins df
km/h, with added noise, for all Rural Test cycles.
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Figure 3.14 Share of total tim@%) of operation in acceleration bins 0f5 m/s* and speed bins df
km/h, with added noise, for Logged Rural cycles.

3.3.3 Highway driving

Cycle data regarding acceleration levels can be seen ie[Bab) for Highway Logged and
Test cycles.

As for the Urban and Rural cycles, the peak acceleratiortssabigged Highway cycles
are higher compared to the test cycles, while the averagedatd deviations and the time

shares at different acceleration levels are similar. Is taise the test cycles have higher
RPA values.
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3.3. Acceleration distributions

Amongst the test cycles, the US06 and REPO5 have the higbalsigeceleration levels,
however the average and standard deviation of acceleratiomell as the RPA value is
higher for US06.

The acceleration parameters of the logged cycles are rsithéar to one another.

Table 3.7 Acceleration cycle data for Highway test and Lebgeles.

Time Time Time Time Time
Max. Max. Average Average Std.pos. Std. neg. share share Time share share share
poOs. acc. neg.acc pos.acc. neg.acc. acc. acc. RPA  pos.acc. neg.acc. sharea<l 1<a<2 2<a<3  3>3 m/gZ
Highway Test Cycles (m/s’)  (m/s’) (m/s’) (m/s’) (m/s’) (m/s’) (m/s’) (%) (%) m/s*(%) m/s>(%) m/s’(%) (%)
HWFET 14 D) 0.2 -0.2 0.2 0.3 0.07 47 42 99 1 0 0
uUsoe 3.2 -2.8 0.7 -0.7 0.8 0.7 0.19 45 44 90 5 5 1
REPOS 32 =30 0.4 -0.5 0.6 0.6 0.14 52 45 94 4 2 0
Artemis MW130 17 -2.9 0.3 -0.4 0.3 0.5 0.12 48 37 97 3 0 0
Artemis MW150 1.7 -29 0.3 -0.4 0.3 0.5 0.12 47 37 97 3 0 0
WLTC Cl.3ExtrHgh v5.3 1.0 -1.2 0.3 -0.3 0.2 0.3 0.12 51 46 99 1 0 0
MEAN 2.1 -2.4 0.4 -0.4 0.4 0.5 0.13 48 42 96 3 1 0
Time Time Time Time Time Time
Max. Max.  Average Average Std.pos. Std.neg. share share share share share share
pos.acc. neg.acc pos.acc. neg.acc.  acc. acc. RPA  pos.acc. neg.acc. a<lm/s’ 1<a<2 2<a<3  a>3m/s’
Logged Highway Cycles  (m/s’)  (m/s")  (m/s’)  (m/s") (m/s") (m/s") (m/s) (%) (%) %) m/s” (%) m/s"(%) (%)
€30d2 121219 Stnsnd-VCC il 2.0) 0.4 -0.3 0.4 0.4 0.14 48 52 96 4 0 0
C€30d2 121219 VCC-Stnsnd 3.7 -2.9 0.3 -0.3 0.4 0.4 0.13 49 51 96 1 0
V70 120510 CTH-Inkpng 82 -3.2 0.2 -0.2 0.3 0.4 0.09 51 49 98 2 0 0
V70 120515 Jnkpng-CTH 4.1 -3.7 0.3 -0.2 0.4 0.3 0.09 46 54 98 2 0 0
MEAN Bi5) -3.2 0.3 -0.3 0.4 0.4 0.11 49 52 97 3 0 0

The maximum acceleration as well as second based operaiintg gfor the Test cycles
can be seen in Figute_3]15 and for the Logged cycles in Figd@ 3

As could be noted in the cycle parameters, the US06 and RERO&schave higher
levels of acceleration over the speed interval than ther déisécycles, with many operating
points above m/s? up to a speed level &0 km /h. Next to US06 and REPO5, the Artemis
Motorway cycles have the highest acceleration levels dvespeed range, and a particulary
strong braking acceleration at high speed (al2dot3 m/s?).

As can be seen in Figure 3]16, the peak acceleration ovep#ezisange of the logged
Highway cycles are close to one another, but also fairlyeckosthose of the US06 and
REPOS5.

The relative time spent in bins 6f5m/s? and5 km/h is depicted in Figure=3.17 and
[3.18, along with the highest reached acceleration levedet speed.

When comparing the distribution of logged cycles with th& ®ycles, the differences
in time spent at various acceleration levels over the spaegderis rather small. The main
difference that can be seen is the relatively larger timatsathigher speed levels in the
test cycles compared to the logged cycles. It can be seemttia test cycles most time is
spent at speed levels closes®to 130 km/h (110 km/h in particular), while for the logged
cycles most time is spent &0 km /h and betweefi0 to 120 km/h.
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Figure 3.15 Maximum acceleration over speed along secotid agieration points per second, for
Highway Test cycles.
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Figure 3.16 Maximum acceleration over speed along secotid agieration points per second, for
Logged Highway cycles.
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Figure 3.17 Share of total tim@s) of operation in acceleration bins 0f5 m /s> and speed bins df
km/h, with added noise, for all Highway Test cycles.
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Figure 3.18 Share of total tim&s) of operation in acceleration bins 6f5 m/s? and speed bins of
km/h, with added noise, for Logged Highway cycles.

3.4 Road grade levels

As with speed and acceleration, common levels of road greel®fagreat interest when
seeking typical vehicle load levels.

The Swedish office of traffic (Trafikverket) has specified motended maximum road
grade levels for new roads 6%, and for improved roads &%, in their guidelines for how
roads are to be designed [54].

Similarly, according to[[55] the National System of Intaitst and Defence Highways
in the US are designed after guidelines that state a recohmdlemaximum grade level
depending on the road’s speed limit. For speeds W tan/h, maximum grade levels of
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5% are recommended, while it &% for mountainous areas. At higher speed levels the
recommended max grade4$%. According to [14] p. 13, grade levels on US primary and
secondary roads may reach 10 to 12%.

Trafikverket also provide a searchable database called RS8], that contains mea-
sured road data covering different roads in Sweden, whielgathered from several occa-
sions over the last decades via a special measurement vamgstother data, road grade,
road speed limit and speed of measurement vehicle have beerded. It is possible to
make combined searches in the data base on one or more paramesearch on speed
limit of at least 110 km/h and grades of at least 6% but maxim@#fb, results in three hits,
i.e. three different highways in Sweden has sections ofey62 or larger. One is on E6
Bohuslén between Munkedal and Tanum, one in Dalarna bet®edange and Falun, and
one in Skane south of Skottorp across Hallandsasen witregrais — 7% over a distance
of 1.8 km. Another steep slope with a grade of about 7 %, is west of Jdinigbon road
40 along a section of about 1 km at a speed limit of 90 km/h.Heursearches leads to
about a 170 hits on sections with speed limitslo6 km /h and grades of at leaét% but
maximum12%, and1 330 hits on sections with speed limits 86 km/h and grades of at
least6 % but maximuml2 %, for 70 km/h the number of hits i81 638, and for50 km/h it
is 5905. These numbers are however not to be blindly trusted, sioice ©f the later mea-
surements are not coherent with the previous ones and tdicatas much larger grades
than previously.

At low speed levels, e.g. in cities or on drive ways the roaatigrcan be even larger,
perhaps up to and abog6é % as indicated by [57] for several streets is San Francisduen t
us.

3.4.1 Measured road grades

Road grade levels have also been estimated from the logdads#g& histogram represen-
tation in Figuré_3.19. A fair accuracy of the estimation @dvo be rather difficult with the
used measurement system at hand, especially at low spessl Idevertheless, the result-
ing data corresponds rather well to expected values withetgo the information in the
previous section.

Analysis showed only a small dependence on speed, i.e. ijla¢hgrade levels are
relatively less common for the Highway cycles.
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Figure 3.19 Road grade histogram of all Logged Urban, RurdlHighway cycles.

Figure[3.20 presents the difference in altitude betweertiteand start of the Logged
cycles, as well as the difference between maximum and mimimaached altitudes. For a
cycle with a large positive difference between the end aadtart altitude, a significant part
of the energy that is consumed during driving is due to thegiases in potential energy. For
those cycles that adhere to the same driving route and arendn opposite directions, it
can be seen that the difference between end and start aligwgimilar but with opposite
signs. Thus, the total energy consumption may be diffearttie two cycles.
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Figure 3.20 The net altitude difference between the cyadlieeed start points, as well as the difference
between maximum and minimum altitude that is experiencethdthe Logged cycles.

3.5 Average Daily Driving/Traveling Distance

In order to find suitable driving ranges for electric carssitessential to gain knowledge
of how far drivers usually travel. By assuming that the ord¥inite time to charge is over
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night, one can consider information regarding travelethdises per day.

Many countries around the world try through surveys, to nygjcal mobility habits of
people traveling by different commaodities. In these suswaspondents are asked to keep
a traveling or driving journal usually for a single specifialy, thus regarded to be typical,
or in the case of some studies for a number of consecutive @agsmain drawbacks with
these kinds of studies (when it comes to estimating nece&ardriving range) are that
the results are strictly related to mobility of persons, wiay use different vehicles during
the same day, but also that the quality of the results higeépedd on the estimates done by
the respondents as stated|inl[36]. More preferably, singlecles are tracked and studied
during a much longer period, e.g. The Swedish Car Movemeta Pabject or an American
study in the Atlanta region [58].

The type of information gained may be average daily comngudiistances, average
daily driving over a whole population studied. It may alsosbeumulative distribution of
share of daily distances that at least has been covered.

According to National Household Travel Survey in the US(N§)T59], the average
commuting distance by private vehicles in US wass km, and the average driven distance
per driver in 2001 and 2009 respectively were 55 and 49 km oeekday and 46 and 40
km on a Saturday or Sunday.

According to the latest major National Travel Survey in Seredthe average driven
distance per day with private car in 2005/2006 range betW@eto 36 km depending on
region, with a national average of 30 km_[60]. However actardo another report from
the same period (Korstrackor 2006) which is based on datayehicle trip meter (checked
during yearly car check up at Bilprovningen), the averagal wriven distance per vehicle
during 2006 was 14 390 km, which gives an average daily dyidistance of about 39
km [61].

A survey in Europe finds that the average driven distancexirEsiropean countries
(France, Germany, Italy, Poland, Spain and UK) vary betwé@rkm (UK) to 80 km
(Poland) per day, and shows no important difference betweedays in a week [62].

Various sources have been found that present the neededftgada, [63], [64], [65],
[66], [67], [68], [69] and [58]. However the results diffeetween countries, and studies, and
even between the same studies depending on how the answearscmen to be analyzed,
which makes general conclusions difficult to make, see E[@21. For more details on the
different studies, see the related references mentiored he
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3.5. Average Daily Driving/Traveling Distance
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Figure 3.21 Daily driving distances in various countries,dither drivers or cars, extracted by differ-
ent methods.

According to [63],90 % of the people in European countries drive less than about
120 km per day on an average, whi® % of the people in USA drive less tharss km
per day. Itis also seen that Japan seem to have similar gipatterns as EU and that China
seem to have similar driving patterns as US.

As can be seen the information regarding Sweden differs adtiveen the different
sources, perhaps this is due to different methods usedi6dde[65] and [66]. Based on
results from The Swedish Car Movement Data Project whiclecosrs in the south west
of Sweden90 % of the cars travel less than abdiitkm per day on average.

In the US the spread between different published data isivela large. As a sum-
mery of all presented graph®) % of the average daily driving distances are shorter than
6 to 89 km, and80 % of them are shorter thatt 148 km. One study indicate that larger
distances are covered during rural driving compared torudo&ing, [69].
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Chapter 4

Performance requirements and
wheel load analysis of studied
vehicle concepts

Vehicle performance can be summarized in single quaniitatieasures such as; top speed,
minimum time to accelerate froth— 100 km/h, and specifically for BEVs, driving range.

The work in this thesis is concentrated to three concept tigty BEVs, i.e. passenger
cars, each with their own targeted qualitative specificatiich can be seen in Talile #.1.
Apart from the qualitative targets, all vehicles should bkedo manage highway driving in
most countries around the world.

In this section the stated qualitative targets will be fartBpecified into quantitative
performance requirements for each of the concept cars,asitbcted data on 28 existing
light duty BEV models as a frame of reference.

Table 4.1 Qualitative design targets for the three conc&8

Seats Size Speed and acceleration Range
City: 4-5 Small Medium Medium
Highway: 5 Medium High Long
Sport: 2 Small Very high Very long

4.1 Performance requirements based on data of selected
existing BEVs

The performance requirements of the three concept vetdobamainly based on data found
on existing BEVs, and in some cases also on information inp@mg3. Car data that is
relevant for this chapter is; curb weight, height and widthorder to estimate effective
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vehicle area, drag coefficient;, top speed, time to accelerate, certified driving range as
well as energy consumption per driven distance.

Data on the existing light duty BEV models (including consghas been gathered
mainly from manufacturer web sites, mostly American and @grebut also British and
German. In case of data gaps from manufacturers, data lwelsesda collected from sources
such as automobile magazines, online test reports and ®didp The full list of vehicle
models along with the collected data and their sources, eaeén in AppendixA.

For some of the data there exists a level of uncertainty oodhectness and reliability,
since it is not specified in a standardized way, and many ssuta not declare under which
conditions the data is valid.

Firstly, the definition of curb weight is not consistent betm countries and regions,
where American sources often do not include neither the wizasiriver nor cargo, whilst
European sources might do. The curb weight may also diffpedding on initial amount
of fuel and level of equipment that a base car is set up with.

Secondly, the cross sectional area is very seldom statesljtthas to be estimated, e.g.
by a method such as the ones suggested in Chapter 2, i.e. aghaeglgoroduct of vehicle
height and width.

Lastly, the vehicle driving range given is usually specifisdhe certified range gained
by driving according to either American EPA cycles or thedpgan NEDC cycle, however
in some sources this is not declared. Furthermore, in sommrea® manufacturers advertise
their vehicles with only general driving range figures maamepresent real-world driving.
The same issue is also valid for energy consumption pendista

For further ease of benchmarking, the existing vehicle® ltmen categorized into ve-
hicle classes based on size and/or utility irsor, smedium-large carandsport cars
The following 12 models are considered to be included instine: category; BMW
i3, Chevrolet Spark EV, eCar 500 EV, Fiat 500e, Mercedes Sfoaxo, Mini Mini E,
Mitsubishi i.MIiEV, Peugeot iOn, Reault Zoe, Scion iQ EV anolkéwagen e-Up!. The 12
medium-large camodels are; BMW Active E, CODA Automotive CODA, Ford Focus,EV
Honda FIT, Nissan Leaf, Renault Fluence Z.E., Volkswagé&so#; Volvo C30 and four
Tesla Model S models; 40kwWh, 60kWh, 85kWh and Performansk\{f). Finally, the 4
sport carmodels are; Lightning Lightning GT, Mercedes-Benz SLS AMI@BdEic Drive,
Rimac Concept_One and Tesla Roadster.

4.1.1 Speed and acceleration performance

All three concept vehicles should be able to handle highwaéyird) in most countries,
which is typically betweeri10 — 130 km/h, as stated in ChaptEl 3. Only a few countries
have speed limits above this, where the highest limibigkm/h.

Data on top speed has been found for all of the selected mxiBEV models, which
shows a rather wide variety. However the majority (20) of¢hes have top speeds around
150 km/h or lower; three at 25 — 126 km/h, five at130 km/h, six at135 — 137 km/h,
four at145 km/h and two atl50 — 152 km/h. The top speed of the small cars ranges from
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126 — 152 km/h, while itis 125 — 210 km/h for the medium-large cars, @25 — 145 km/h
when excluding the Model S models. The top speed of the spostv@ries betwee20 —
300 km/h.

Based on the data found, the top speed of@itg car is settled tol35 km/h on a flat
road in order to manage highway driving in most countriefaitsmall margin included.
This speed is somewhat higher compared to the lowest spegelsnget it is not as high as
for the fastest small cars. The top speed ofltighway car is set tol150 km/h to handle
highway driving in all countries. This speed level matchesfastest small size BEVs. The
top speed of th&port car is chosen to b&10 km/h on a flat road, which matches two of
the existing sport cars, but not the fastest ones.

The top speed and acceleration time of the three conceptlestdlong with specified
data of the existing BEVs can be seen in Figuré 4.1.
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Figure 4.1 Top speed vs. acceleration for the three concépsEcircles), as well as for the existing
BEVs (filled circlesd — 100 km/h and triangle®) — 60 mph), where small cars are green,
medium to large cars are blue and sport cars are red.

Acceleration performance is usually stated as the minimiome to accelerate from
0 — 100 km/h or 0 — 60 mph (which corresponds t0 — 96.5 km/h), i.e. while using
the maximum power from the powertrain. This type of data heentfound for 26 of the
existing BEVs.

In the found data it can be noted that those models with thiegsictop speed levels, are
also those with the shortest time to accelerate. For the spms the time is arounds, with
one exception &.8 s. For the small cars, the spread in acceleration time isivelgtiarge;
with four models around — 9 s and the 7 rest arount2 — 16 s. The medium-large cars
have acceleration times betwegnr- 14 s, or9 — 14 s when excluding the high performing
Model S models. It can be noted that despite their largermeluhe Model S cars have
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similar speed and acceleration performance as for someaithrt cars.

For the three concept vehicles, only the time to accelerata® — 100 km/h is spec-
ified. For theCity car, the time is decided to be maximuth s, which corresponds to a
medium performance small car. For tHghway car, it is decided to ba0 s, which is also
somewhat of a medium value for the category. Finally the eh6s- 100km /h accelera-
tion time for theSport car is set to4 s, in order to match the sport cars with the highest
performance.

4.1.2 Gradability

A vehicle’s gradability is the maximum grade that a vehicle can climb at a certaindspee
while using the maximum power from the powertrain. Data cadgbility for the concept
vehicles is not based on typical values from existing BEWs;esthis type of data could not
be found.

There are however a few sources that present general gliaddesign goals, such
as [70], in which a set of minimum gradability requirements @efined (among others), in
order for a BEV to be considered to be comparable in the sedtBV America evaluation
project, sponsored by the US Department of Energy. Accgrttinthe goals, the BEVs
should be able to start inZ % uphill grade, drive in a speed 88.5 km/h in a3 % grade,
and in72.4km/h in a 6 % grade. Additionally the BEVs should be able to sustain the
speed oB8.5 km/h in a3 % grade for at least5 min., when starting with &0 % battery
SOC. All of this, while loaded with two passengers with a totablad weight of150 kg.

In contrast, according td_[34], the PNGV gradability goalsveet to sustain the speed of
88.5 km/h at a grade 06.5 %.

When considering typical grade levels on highways, theeerelatively few passages
with grade levels larger thah%, unless perhaps considering mountainous areas. There are
even fewer sections with grade levelslaf% or higher.

Based on the above, as well as the quantitative requirenrefeble[4.1, it is decided
that theHighway car should be able to sustain a speed & km /h at a gradé%, and that
the Sport car is to be able to sustain a highway speed & km /h even in steep grades of
12 %. TheCity car, on the other hand, should have a maximum speed of at98&st./h
at the grade 06 %. Furthermore it is decided that, in coherence with the mimmngoals
stated in[[70], all three concept vehicles should be ablgtda in a uphill gradient of at
least25 %.

4.1.3 Driving range and curb weight

The NEDC driving range for 21 of the existing vehicles hasrbieind, where the small
cars have ranges betweg&h — 210 km, with only two models abové60 km/h. For the

medium-large cars the NEDC ragelé2 — 502 km or 162 — 199 km when excluding the
Model S models, and for the sport cars iRisl — 600 km, or241 — 340 km when excluding

the Rimac Concept_One.
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Itis decided that the conce@ity car is to have a NEDC range of abol&0 km, which
is not as long as for the two top models in the category. As se&igure[3.21, this dis-
tance covers ovel) % of the average daily driven distances in many countriesemtbrld,
although real world driving will most likely lead to a diffent driving range. For thEligh-
way car the NEDC range should be arou@D £m, in order to match the models with the
longest range, still not as long as for the Model S models. NE®C range of theSport
car is to be300 km, which is longer than for two of the sport models, but muchrrdghan
than the one with the longest range.

The curb weight of all 28 BEV models was found. In general tmals cars have the
lowest masses and range from aro98d — 1500 kg. For the medium-large cars the masses
range around 500 — 2100 kg, or 1500 — 1800 kg when excluding the Model S models,
while for the sport cars it range fro300 — 2100 kg.

It may be argued that a BEV'’s curb weight strongly depend ervéhicle’s range, due to
the relatively large mass of the battery in a BEV. While tkigrue and relevant, the weight
also depend on the vehicle size as well as choice of matefialBEVs with NEDC ranges
betweenl 50 — 200 km the curb weights span between aroud0 — 1700.

Based on the found data it is decided that the curb weight efctimceptCity car
may be around 200 kg in accordance with the group of lower weight cars. The weight
of the Highway car may be around 700 kg, to reflect a value slightly above the medium
for medium-large cars. Finally the concefport car is to have a curb weight of around
1900 kg, i.e. a rough mean value.
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Figure 4.2 NEDC driving range vs. curb weight for the threeaapt BEVs as well as for the existing
BEVs, where small cars are green, medium to large cars aeedbld sport cars are red.

4.1.4 Cd and estimated Area

Data on vehicle front area was found for only three of thetagsvehicles. For the rest of
the vehicles the area has been estimated bas&t%oof the product of height and width,
see Figuré 4]3, since it showed to give the closest matchdeetthe methods suggested
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in Chaptef®2, and the found data. For simplicity it is hereuassd that the same weighting
factor can be used for all cars. More details regarding thiemated areas can be found in
AppendixXA.
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Figure 4.3 Estimated area, for existing BEVs.

In Chaptef®, typical vehicle front areas for different \@biclasses based on data from
the 1990s, were presented. However since there is a lackhafrence between different
categorization methods for vehicle classes based on siket#ity, as well as a noted spread
within each category, the practical use of such figures ferdimited. In general it can be
seen that all of the estimated areas for the existing vehiate quite large compared to
those defined to be typical in the 1990s. It is thus very likbt passenger vehicles have
become both wider and higher since then. It is thereby calecuhat the suggested class
based front areas from the 1990s will not be further consitler

The areas of the concept vehicles are mainly determinediias¢éhe estimated areas
of the existing BEVs. The area of ti@ity car is chosen to b&.05m?2, which resembles
a small car, thedighway car area is chosen to b&3 m? which takes after the large cars,
while the Sport car area is chosen to bz0m? which is close to Lightning and Com-
cept_One.

With the published”,; values of existing BEV's as a reference, see Figure 4.4¢Cthe
value of theCity car is chosen to bé.3, theHighway car 0.28, and finally theC; value of
the Sport car is chosen to resemble that of the Roadsie35.
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Figure 4.4 Cd-values for existing BEVSs.

Data on tire radius of existing BEVs has not been found, atsiehas been estimated
based on tire size, see Appendik A. Estimated tire radiubegkisting BEVs can be seen
in Figurel4.5, and it is the base for the assumed tire raditesach of the concept vehicles
which have been chosen accordingly; @iy car 0.31 m, the Highway car 0.32m, and
theSport car 0.34 m.
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Figure 4.5 Estimated tire radius, for existing BEVs.

Finally, the tire rolling resistance coefficient should Istirmated for all of the concept
vehicles. Even though the rolling resistance is known topmed dependent, there is no
clear consensus on how this should be modeled unless peitgegyzecific data is available,
which it is not in this case. Another aspect is that the typstatly in this theses is of
comparative nature, hence a possible speed dependenesrofiitg resistance is expected
to have a rather small impact on the final result. With thegeets as a background as
well as the information presented on the topic in Chalptet B, assumed that the rolling
resistance of the concept BEVs can be estimated by the méaesya.009 for both the
City car and theHighway car representing low rolling resistance tires, while for Sygort
car the tires are expected to be optimized for performance rattam energy efficiency,
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leading t00.012.

4.1.5 Summary of requirements on chosen vehicle concepts

All previously stated requirements of the three concepiolet are summarized in Table

42

Table 4.2 Prerequisites for the three chosen vehicles fosthdy.

City HW Sport
Seats: 4-5 5 2 kg
Mass: 1200 1700 1900 kg
Acceleration 0-100 km/h: 13 10 4 s
Top speed: 135 150 210 km/h
NEDC Range: 160 200 300 km
Aearod. drag coeff.Cy: 0.3 0.28 0.35 —
Area: 2.05 23 2.0 m?
Wheel radius: 0.31 0.32 0.34 m
Rolling resist. coeff.C,: 0.009 0.009 0.012 —
Starting gradability: 25 % 25 % 25% %

Gradability: (Speed at grade) 90at6% 130at6% 130 at12% km/h, %

4.2 Wheel load analysis of chosen concepts

In the wheel load analysis of the concept vehicles, the $evEforce, speed and power at
the wheels, are estimated based on the above stated gtiaatitzhicle requirements.

With help of the information in Chaptét 2 regarding vehicledmics, the forces due
to aerodynamic drad (2.2), rolling resistanice(2.3), roamtig [2.4) as well as acceleration
(2.1) are calculated for all of the concept vehicles, asagrai gravitational constarg, =
9.81m/s% and an air density 0p = 1.2 kg/m3. At this point no regard is taken to time
duration of any of the operating points, only to the level @gnitude. The analysis is also
based on finding information that is of interest for a BEV watkingle speed gearbox.

4.2.1 Road load and grade

The road load wheel forces (aerodynamic drag and rollingtaasce) for each of the concept
BEVs have been estimated at speed levels within their spdafieed ranges, as can be seen
in the left part of Figur&4l6. Due to the aerodynamic drag wheel force shows a strong
dependence on speed. The Sport car demands the largesfarbeelt a certain speed level
compared to the other cars, and the City car demands thetloldescontour lines represent
wheel power for a certain combination of speed and force.

As an illustrative example; if the City car is driving at itptspeed] 35 km/h on a level
road, this demands a wheel power of ab®8i&:1W, while driving at100 km/h demands
roughly half of that. Furthermore, if the City car is driviag 100 km/k i.e. with a wheel
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power load of about3 kW, while the powertrain is able to deliver up28 kW, this means
thatthere is a potential excess wheel power of abo&iV relative to the road load demand.
This excess power equals a wheel force of akidotV, which could give an acceleration
of about0.3 /s> (7357)-

In the right part of Figurg 416, the road load force is norzedi to vehicle mass. Then
it can be seen that for low speed levels the Sport car has latlgligrger road load per
mass, but for speed levels above aroa6dm/h it is the City car that has the highest road
load, relative to its mass. This reflects the relatively éargerodynamic drag compared to
rolling resistance for small cars. Power level contourdiage also included in the right part
of Figure[4.6, however this time each car has their own lilfég excess wheel force and
power over the road load at a certain speed level, can in thigam directly be translated
into a possible acceleration. It can thus be seen that, atahme power level, the power
lines for the Sport car are the lowest, while the lines forGlitg car are the highest, and that
the deviation increases with increasing power levels. fiesns that, for the same speed
level, a possible wheel power 60 kW in the City car would give a higher acceleration,
compared to having the same power level available in thetSpar
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Figure 4.6 Force on wheels due to road load at different sfeeds on a level road, as well as the
wheel force normalized by vehicle mass, for all three coteéhe contour lines represent
wheel power for a certain combination of speed and forceckvis the same for all cars in
the left part of the figure, however not for the right part.

Figure[4.Y shows both absolute wheel forces and mass naedaliheel forces for each
concept car, for road loads at certain grade levels as well @gerating points correspond-
ing to the specified speed and grade performance requirement
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Figure 4.7 Force on wheels due to road load per speed lexeeh@malized force per vehicle mass,
for all three concept cars, along with contour lines repméeg combinations of wheel
force and speed for different levels of wheel power.

Starting with theCity car, Figure[4.7(d) shows that the top speed and the grading re-
quirement at high speed, demand about the same levels of pdweer;23 kW and26 kW
respectively, while the force level at the grading requieenis roughly twice that at the top
speed (about kN and0.6 kN respectively). The takeoff requirement demands the larges
force, almosB kN but since the speed is low, so is the power demand. In the pastiof
Figurg[4.7(d) it can be seen that the takeoff requiremertfLialdo an acceleration of almost
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2.5m/s?, as was predicted in Tadle2.2, and as is also valid for theratrs. To conclude,
if the wheel force is limited t® kN at speed levels up to a power limit 26 k1, above
which the wheel force follows the power line, then all thrpedified operating points will
be achievable. As mentioned, the difference between themew available wheel force
and the road load at a certain grade, equals the vehicleeaation capacity. With the
above limits, the initial acceleration at takeoff would bd®at2.4 m/s? on a flat road, at
50 km/h it would be about .4 m/s? and atl00 km/h about0.47 m/s>.

For theHighway car, shown in Figur¢ 4.7(b), the top speed demands a force oftabou
1kN and a power oB4 kW, while the high speed grading requirement demands a force
of about1.8 kN and a power ob0 kW, i.e. a larger difference between the requirements
compared to the City car (it can be seen that also for the Highoar the demanded power
at6 % grade in90 km/h is almost the same as that at the top speed). For the Highway ca
an initial force level of about.1 kN is required to manage the takeoff requirement, up to
about50 km /h where the power thus can be limited@o k1.

TheSport car, shown in Figurg 4.7(t), evidently demands the highestdesfdorce and
power compared to the other two cars. As for the City car, ltothtop speed and grading
requirements demands roughly the same power led&lsV and 108 kW respectively.
The takeoff requirement demands an initial force of akio8# V. This force level may be
sustained up to abo80 km/h, where the power may be limited 108 k.

4.2.2 Acceleration

Given the above stated demanded levels of force and powsuyepeed due to the three
mentioned requirement; top speed, grade at high speed kadtaat high grade, it can
be noted that the implied acceleration capacity of each caitdbe rather limited. Further
investigations must be made to find suitable levels of forak @ower that will also fulfill
the acceleration requirements.

By assuming a torque and speed characteristic that is tyfpican electric machine, (i.e.
a region of constant torque at low speeds followed by a regf@onstant power at higher
speeds, where the torque is inversely proportional to tleed) various combinations of
initial maximum levels of wheel force and wheel power linden be found, such that they
will all fulfill the acceleration requirement.

As an illustrative example in Figufe 4.8, a set of increasitaximum power levels are
combined with decreasing levels of maximum initial forcéjeh all result in an accelera-
tion time of13 s, as it is thed — 100 km/h acceleration requirement for tity car. It was
found that the lowest level of power in the figurel W) could not be further decreased,
since then regardless of the increase in magnitude of thialifdrce, the acceleration time
was too long.
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Figure 4.8 Speed and distance over time, as well as whed ford acceleration, for various combi-
nations of maximum wheel force and power, durihg 100 km/h acceleration, for the
concept City car.

For higher power levels the speed level at which the forceimes limited by the power,
increases.

In the upper left and right part of the figure, it can be seenftire¢he two lowest power
levels the difference in demanded initial force is muchéargompared to the difference
between the two highest power levels, where the initialddevels are almost the same.

Another interesting aspect is that, even though the aat@eartime fron0 — 100 km/h
is the same for all combinations, the acceleration time féom50 k£m/h, hence alsé0 —
100 km/h differs quite a lot between the two lowest power levels areltiree highest.
This can be seen in the lower left part of the figure, wherewlweldwest power levels with
the highest levels of initial force, accelerate the fasté$dw speed levels, while at higher
speed levels their acceleration times are the longest.

Furthermore, in the lower right part of the figure, the dridéstance is presented show-
ing that the cars with the highest acceleration level at bjgged (i.e. highest power levels)
demand the shortest distance to red@him/h.

It can thus be concluded that the requirement on accelertitice from0 — 100 km/h
alone, is not enough when seeking to specify a vehicles exat&ln performance over the
operational speed range.

Few data regarding acceleration times between differezgdjevels have been found
for existing BEVs, see Appendix]A. Acceleration times fior 50 km /h (found for 500EV,
C30 and Zoe) arg.2 s, 4 s and4 s and for0 — 60 km/h (found for ActiveE, i3 and Smart-
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fortwo) they aret.5 s, 3.7 s, and4.8 s, while the acceleration times f60 — 100 km /h are
6.7 s, and9.5 s, and for60 — 100 km/h they aret.5 s, 3.5 s, and6.7 s.

In Figure[4.9 electric machine power and acceleration tisngrésented for 22 of the
existing BEVs (to connect data with car model, see AppentixpcAppA). It can thus
be seen that for an acceleration time aroufid electric machine power levels 6f) to
70 kW are commonly used. For an acceleration time aroundpower levels betwee$0
to 125 kW are typically used. Finally for acceleration times arodndhe installed power
varies quite a lot, i.e. betweé@5 to 550 kWV. These power levels may be used as reference
values when determining suitable levels for the concepst car
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Figure 4.9 Electric machine power and time to accelerat@ fre- 100 km /h, for existing BEVSs.

4.2.2.1 Acceleration performance of selected logged cars

As a reference, 7 example logged cars accelerating fre00 km /h can be seen in Figure
410, covering one diesel SUV (Sport Utility Vehicle), onEW (Hybrid Electric Vehicle),
one Plug-in HEV and 4 BEVs. The logs should be consideredsxyigi¢ive examples rather
than hard facts, as no standardized test methods were wetedags with noticeable grade
levels were avoided. The vehicle specifications and modal geay also differ from the
data specified for the BEVs in AppendiX A.

In Figure[4.10 it can be seen that acceleration times of até2r are correlated with
initial acceleration levels df.5 — 4 m/s? up to a speed of about km/h, while at a speed
of 80 km/h the acceleration levels ated — 2m/s?. For acceleration times just abo¥ye
the initial acceleration levels are aroufidd — 6.9 m/s?, and sustained up to a speed of
about60 km/h, and at80 km/h the acceleration has dropped to just abbwe/s>.
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Figure 4.10 Measured speed and acceleration of Loggedlestdaringd — 100 km/h tests. The
shortest time for each model is dotted, and the longest srstriped.

All logs show that the peak acceleration is not reached iniatelg from zero speed,
but from speeds df up to15 km/h for the highest levels. Evidently the fastest accelerating
cars are those that reach the highest levels of acceleratibit can also be seen that they
are able to sustain the peak acceleration over a wider speee rThe base speed of the
Roadster seem to be arou6@ to 70 km/h. With a top speed 0201 km/h this means a
base-speed-to-top-speed ratio of arouyigl The same ratio for the C30 seem to be around
1/4t01/3.

Based on estimated vehicle parameters, also the wheelsfarg® powers have been
approximately calculated, see Figlire 4.11 land]4.12. Faethags with acceleration times
around12 to 15 s, the initial wheel force is aroun@lk N, and the peak wheel power levels
are between0 to 90 kW . For the higher performing cars the initial force goes up smd
11 kN, and the power levels to betwe&h0 to 160 k1.
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Figure 4.11 Estimated wheel force of measured speed andeestien of Logged vehicles during
0 — 100 km/h tests. The shortest time for each model is dotted, and thgekirtime is

striped.
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Figure 4.12 Estimated wheel power of measured speed anteeataan of Logged vehicles during
0 — 100 km/h tests. The shortest time for each model is dotted, and thgekirtime is
striped.
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4.2.2.2 Citycar

In Figure[4.1B, three other combinations of initial forcel grower are presented, this time

with base speeds ag4, 1/3 and1/2 of the top speed for the City car, i.e. similar to common
ratios for electric machines.
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Figure 4.13 Speed and distance over time, as well as whez ford acceleration, for base speeds

that arel/4, 1/3 and1/2 of the top speed, during — 100 km/h acceleration, for the
concept City car.

As expected from previous discussion, the lowest base spemthted to the largest
initial force (5 kN), lowest power45 kW), fastest acceleration 6f— 50 km/h (just under
4 s) along with the shortest driven distance, while the acedilen time of50 — 100 km/h
is the longest. Given that this is the City car, it can be adghat low speed acceleration
performance should be preferred over high speed perforedinis thus decided that the
lowest power level should be designed for. Compared to theeptevels of existing BEVs
with similar acceleration times, the chosen power levelialter. However the acceleration
time 0 — 50 km/h complies rather well when comparing with some of the exgsBEVs.

When comparing the results in Figure 4.13, with the onesdadorFigure[4.7(d), the
initial force demanded by the acceleration requirementkhioe aroun@ kN higher than
that for the takeoff requirement (8% V'), while the power should bE) kW higher than that
of the high speed gradient requirement (of 26 kW). It is thhesdcceleration requirement

that will determine the maximum force and power that has toedto the wheels (via the
gear box) from the powertrain.
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4.2.2.3 Highway car

Combinations of initial force and power limits have beerdgd in the same manner for the
Highway car as well, see Figule 4.114.
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Figure 4.14 Speed and distance over time, as well as whewd fond acceleration, for base speeds

that arel/4, 1/3 and1/2 of the top speed, during — 100 km/h acceleration, for the
concept Highway car.

Also here the result is that, the combination that has thhdsginitial force {.7 kN)
and lowest power82 kW), will result in the best low speed performan8e3(s when accel-
erating0 — 50 km /h). However since thé — 50 km/h and0 — 60 km /h acceleration times
of the few existing BEVs that was found are arouhg this is here chosen as a targeted
value also for the Highway car. Thus targeted initial forc6.8 kN and power is89 kW.
That means that the initial force should be ab&atk N more than what was demanded by
the takeoff requirement (af.1 V), and the power should 89 £1¥ more than that of the

high speed gradient requirement (@%W), as seen in Figufe 4.7{b). This would result in
an initial acceleration level of abo8t7 m /s

4.2.2.4 Sport car

Finally, for the Sport car, see Figuré 4.15, an initial force d6.6 kN and a power of

251 kW, will result in the best low speed performance, with an &hisicceleration level of
8.7m/s* up to a speed of abo&d km /h.
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Figure 4.15 Speed and distance over time, as well as whezd fiond acceleration, for base speeds
that arel/4, 1/3 and1/2 of the top speed, during — 100 km/h acceleration, for the
concept Sport car.

According to the logged acceleration tests of the perfomaarehicles in Figure4.10,
the peak acceleration is kept up to aro®d:m /h for an acceleration time which was just
aboveb s, hence it is decided that the Sport car should also have #asib@ise speed. That
means that the middle curve is chosen as the desired poimerfgaability, with an initial
force 0f14.6 kNand a power 0290 kW.

In this case another aspect needs to be considered; the oraxadhesive capability
between the tires and the road, see Chapter 2, section Wineel ft might not be physically
feasible to sustain such a large force on two wheels withmgihg the grip. By assuming
the weight on the driving wheels during the acceleratiomh@#60 % of the vehicles weight
and that the friction between the tire and the road is unitydfy asphalt and performance
tires, then the maximum wheel force becom& kN (0.6 - 1900 - 9.81 - 1 = 11.2kN).
Perhaps this value could be larger if another weight distidim was assumed, or if the
friction constant was a bit larger. Nevertheless, to be enstife side, an All-Wheel-Drive
(AWD) is here assumed for the Sport car, resulting in a maxinheel force of about
18.6 kN.

4.3 Wheel load analysis for selected drive cycles

In this section time traces of speed profiles are used assngugn calculating demanded
wheel power and energy for the three concept cars.
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4.3.1 Peak wheel power for Concept BEVSs, per cycle

Figure[4.16 shows peak positive and negative wheel powecgrefor the Urban, Rural
and Highway test cycles. In general, the Sport car demarmrdatyest power levels and the
City car the lowest. Similarly, the Urban cycles demand theest levels of peak power,
while the Highway cycles demand the highest. There are hemaJfew highway cycles
with similar peak power levels as some of the Urban and Ryidés. The relation between
peak positive and negative power is rather small for the beral most of the Rural cycles,
while it is larger for many of the Highway cycles.

For the Urban cycles it is the SC03 and FTP cycles that havhkigiest wheel power.
This can also be seen in Figlirel3.7, these cycles have thedtigbsitive peak accelerations
at high speed. The same is also valid for UC LA92 and ArtemisaRfor the Rural cycles
and REPO5 and US06 for the Highway cycles.

With a wheel power oft5 kW for the City car, there may be a problem with the two
rather aggressive Highway cycles; REPO5 and US06, as wklllasgenerative braking in
UC LA92, Artemis Rural and the Artemis Motorway cycles. Naily, the highest speed
levels in Artemis150 would not be reached since it exceegltah speed of the City car. On
the contrary, if the Highway car is equipped with a maximurwenof 89 k17, all cycles
should be conceivable, except full regenerative brakinthéArtemis Motorway cycles.
The Sport car will have no problem following the test cyckince the highest peak power
is only 90 W compared to the powertrain’s peak wheel powe2@f £V .
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Figure 4.16 Max. positive and negative wheel power duringddr Rural and Highway Test cycles,
for all the three concept cars.

The peak power levels of the aerodynamic drag, rolling teste and acceleration dur-
ing each cycle, are visualized in Figlre 4.17to #.19. No& the peak power of the ac-
celeration does not necessarily coincide in time with thakpgower of the aerodynamic
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drag, thus the sum of the three contributors are sometingsrlithan the peak power per
cycle. With two exceptions, for the City car in EUDC and NEDX@e acceleration peak
power is the largest of the three, followed by the aerodycairag. The aerodynamic drag
is naturally larger for those cycles with higher top speeele

60—

5787 Aero. drag

I Roll. resist.
I Acc.

P, o

Urban Rural Highway'

S EFTFTSESSSETITESS LS
‘('V\@Q?-\Qo_,'l“b‘on'é‘l‘ & §
L S § 9 &(,‘l/éo\’q?.b@é@'é’q
N4 ) & N S 9 F & 0
S < & Q S & v & &

g& & & FE

& ¢ &

Figure 4.17 Max. Positive wheel power during Urban, Rural Highway Test cycles, for the concept
City car.
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Figure 4.18 Max. Positive wheel power during Urban, Rural Highway Test cycles, for the concept
Highway car.

72



4.3. Wheel load analysis for selected drive cycles

I Roll. resist.

N Aero. drag

I Acc.
P, ma

90

90

Highway:

78

63

Rural

+ 55

54

Urban

100~

|
=
@

|
)
2

PayM

M d

Figure 4.19 Max. Positive wheel power during Urban, Rural dighway Test cycles, for the concept

Sport car.

The maximum positive and negative wheel power for the loggetes can be seen in
Figure[4.20. It can be seen that the City car may have probdereach some operating

3 of the Rural cycles and 3 efHlighway cycles, while

points in 2 of the Urban cycles

ay,cand the Sport car is

the Highway car may have problem with only one of the Rural

likely to not have any problem to fulfill all power levels.
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Figure 4.20 Max. positive and negative wheel power duringdesl Urban

for all the three concept cars.

4.3.2 Wheel energy per distance, per cycle

In this section both the total positive and negative wheelrgy per cycle are calculated
and divided by the cycle distance, in order to find the eneamsumption for each of the
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concept cars. As a frame of reference, certified energy ecopsans per driven NEDC cycle
for 16 commercial BEVSs, are also presented.

4.3.2.1 Concept BEVs

Cycle energy per distance for the three concept cars carebers€iguré 4.211. Over all, the
consumption levels are similar for both Urban and Rural &yclhile they are somewhat
higher for the Highway cycles. Itis clear that the relatinecaunt of braking energy is much
larger for the Urban cycles, and rather limited for the Higlgweycles. Furthermore, for the
Urban cycles, acceleration and rolling resistance are thi@ causes of energy consump-
tion, while the aerodynamic drag is rather small. Due to ttraewhat higher speed levels
in the Rural cycles, the aerodynamic drag becomes largéifd8the Rural cycles the en-
ergy consumption seem to be relatively evenly chaired betvtbe three sources. For the
Highway cycles, the aerodynamic drag is the single largasse of energy consumption,
often followed by the rolling resistance. So, even thougtetration is the main force to
consider when studying peak power levels; when it comes éoggrconsumption it is not
always the superior cause, at least not according to theyekds. For those cycles where
acceleration is the main cause of energy consumption (Upeaes in general, and NYCC,
Artemis Urban and UC LA92 in particular), the braking eneiglso larger compared to
other cycles, thus there is a chance for recuperation.

Amongst the Urban cycles it is the NYCC and Artemis that hédee highest levels
of energy consumption, while ECE has the lowest. This carelzded to Tablé_3]2 10 3.7,
where it can be seen that NYCC, Artemis Urban and ECE havéuedialow maximum and
average speed values, but ECE have much lower maximum eati@teand RPA value than
NYCC and Artemis Urban. For the Rural cycles, UC LA92 has tighést consumption and
NEDC the lowest. Both cycles have similar levels of avergeged but the UC LA92 has
a large time share spent at higher speed levels. It is alsOGheA92 that has the highest
maximum acceleration amongst the Urban cycles, as welleabitthest RPA value, while
NEDC has the lowest. Finally the Artemis motorway cyclesehthe highest consumption
between the Highway cycles, and HWFET the lowest. In thig d¢ais not the cycle with
the highest acceleration or RPA values that consume theenesgy, but it is that cycle that
has the highest average speed and spend the most time apkaghlsvels.

An important note here is however that the energy consumpty driven distance is
sensitive to the method which is used to estimate the aati&larfrom the reference speed
trace. In Figuré_4.22 energy per distance can be seen, wiefeuler backward method
is used instead of the previous method which is a combinatidorward and backward
Euler. For cycles with low levels of acceleration such asNE®C cycle, no difference can
be seen, while for cycles with high levels of acceleratidr INYCC, the increase is over
15 % for the propulsion energy of the City car in the same time theréase in braking
energy is about %.
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Figure 4.21 Positive and negative wheel energy per drivetadce during Urban, Rural and Highway
Test cycles, for all of the three concept cars, while aceglan is calculated using the
described forward-backward method.
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Figure 4.22 Positive and negative wheel energy per drivetace during Urban, Rural and Highway
Test cycles, for all of the three concept cars, while acegélan is calculated using the
Euler backward method.

In Figure[4.238, the positive and negative values of wheeaiggneonsumption per driven
distance as a function of average running speed, is plattegliftest cycles and all three of
the Concept cars, along with calculated wheel energy peendidistance while driving at
different constant speed levels only considering aeroaynand rolling resistance. As can
be seen, the energy per distance increases with increasngge speed. For those cycles
with lower levels of average speed the acceleration reatontribution of the consump-
tion is larger, however so is the possibility of regenemtiwhich reduces the influence of
acceleration on the energy consumption.
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Figure 4.23 Wheel energy per driven distance during UrbamaRand Highway Test cycles, for all
the three concept cars; City-green, Highway-blue and Siped.

In order to get an indication of the relative energy consuompthat road grade causes
for the different cycles, the potential energy increaseemrelase between the end and the
starting altitude level is divided by the total driven dista, and is presented in Figlire 4.24.
Even though there is a large altitude differenté3(and 149 m) for the two cycles V70
120510 CTH-Jnkpng and V70 120515 Jnkpng-CTH (as séen ih3t#driven distance is
also quite long. Hence it is likely that the relative energpsumption due to road grade is
fairly small. In practice the energy consumption due to rgeatie will naturally be larger
than these values, due to the looses in the powertrain.
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Figure 4.24 Change in potential energy between end poinstamting point of the Logged cycles per
driven distance, for all the three concept cars; City-grgeft), Highway-blue (middle)
and Sport-Red (right).
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4.3. Wheel load analysis for selected drive cycles

4.3.2.2 Wheel energy per distance per logged cycle, for themcept BEVs

The wheel energy consumption per driven distance for thgddgycles can be seen in Fig-
urel4.25. In these cycles, energy consumption referreddel@tion is the major source in

both Urban and Rural cycles, although the consumption daedeleration and to grade can
not be separated, thus both are included in these figurethdfomore, no clear conclusion
regarding the comparison of absolute levels between tHerdift types of cycles can be

drawn. The spread within the Urban cycles is quite large.

For comparison the energy consumption as a function of ngnaverage speed is also

presented for the logged cycles in Figlire 4.26, showingheeraimilar result.
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I City — Acc. & Grade
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Figure 4.25 Positive and negative wheel energy per drivetadce during Urban, Rural and Highway

Logged cycles, for all of the three concept cars.
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Figure 4.26 Wheel energy per driven distance during UrbamaRand Highway Logged cycles, for
all the three concept cars; City-green, Highway-blue anaftSRed.

4.3.2.3 Existing BEVs

The certified test results of energy per driven distanceendrilving according to the NEDC
cycle for 16 of the existing BEVs can be seen in Fiqure 4.2 Telluat the values correspond
to powertrain energy consumption, rather than wheel enghggh was so far studied for the
concept cars. One trend that can be noticed is a smalleryenengumption for the Small
cars (marked green) compared to the Medium to Large carsk@ddrlue). Interestingly,
the two sport cars are very far apart, with one that is quiteieft and another that is rather
inefficient.

If an average powertrain efficiency o % is assumed during both propulsion and brak-
ing, and all available braking energy is possible to be recaigd, then the NEDC energy
consumption for each of the concept cars wouldliié; 146 and182 W h/km for the City,
Highway and Sport car respectively. These levels are sirtolavhat can be seen for the
existing BEVs.
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Figure 4.27 Energy per distance during NEDC for commerciVB.

In Figurd4.Z8 the energy consumption per distance is nazethper1 00 kg of vehicle
mass. Then it seems like smaller cars and the sport carsase that are the least efficient
per mass for the NEDC cycle.
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Figure 4.28 Energy per distance normalized by curb weighind NEDC for commercial BEVSs.

4.3.3 Cumulative braking energy per braking power level

In Figure[4.29 cumulative braking energy as a function ofleywpeed, for all three cars
and all test cycles, is depicted (there is no difference betwthe different cars). For the
Urban cycles20 % of the braking energy is available at speeds ugtém/h as lowest
and60 km/h as highest. Thus, a relatively small part of the braking gyerrelated to low
speed levels. However, for those cycles with relatively fovspeed (e.g. the Urban cycles)
a greater part of the braking energy is related to low spebdenit is the opposite for those
cycles with long durations at high speed levels.
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Figure 4.29 Cumulative braking energy per reach speed, l&wedll three concept cars, and all Test
Cycles, where green, blue, red represent Urban, Rural agludiy respectively.

Similarly, in Figurd 4.3D cumulative braking energy as action of braking power, for
all three cars and all test cycles, is depicted. In this daséevels of braking power differs
between the cars. This type of information is interestingemdeciding how large part of
the braking should be done by the electric machine respetttevfriction brakes in a BEV.

In order to capture all of the braking energy from the Urbasieyin the City ca30 kW
of power in the generator mode is needed, while itlig1W and47 kW for the Highway
and Sport car respectively. Similarly, for the Rural cycleskW, 92 kW and 101 kW is
needed for the City, Highway and Sport car respectivelyaliyrfor the Highway cycles, the
levels arer6 kW, 108 kW and120 kW. The higher the power levels the larger the spread
within the same type of cycle category.
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Figure 4.30 Cumulative braking energy per reached brakimgeplevel, for all three concept cars, and
all Test cycles, where green, blue, red represent UrbaralRad Highway respectively.
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Chapter 5

Powertrain component sizing,
modeling and venhicle simulation

As was found in Chaptél 4, the demanded maximum torque andrdosn the powertrain
can be solely determined by the acceleration requiremerdlfof the three concept cars.
Furthermore, it was found that the acceleration requirdmenuld be satisfied with more
than one combination of maximum wheel force and power. Themms that the output
requirement of the powertrain has some degree of freedomToérefore the final choice
will to a large part depend on the characteristics of the eh@®mponents to be used.

In this chapter each of the concept cars will be assigned e:lbes powertrain set-up,
including sizing of, and models for; the electric machinenerter, battery and transmis
sion.

For simplicity auxiliary loads are excluded from the studgwever they are likely to
have an important impact on BEV energy consumption, esleaigparticulary warm and
cold conditions.

Furthermore it is decided that the acceleration requiréstesuld be achieved atld %
SOC level, and that the torque and power at higher SOC levi#laat be functions of the
available DC voltage. This means that the powertrain wilkhghtly oversized at higher
SOC levels.

5.1 Components used for modeling

The analysis is based on the powertrain components deddrilibis section; electric ma-
chine, battery and converters. The aim is to use compondrithvare considered to rep-
resent typical characteristics for this type of applicatiather than state-of-the-art compo-
nents.
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5.1.1 Converter

As can be seen in AppendiX¥ A, most commercial BEVs have DCagelievels of around
300 — 400 V. The only exceptions are the sport cars where the voltagdsiare higher.
Hence an IGBT module with a voltage rating arouisd V' is well suited, since then there
is a margin for increasing battery voltage during braking,diso to handle other phenom-
ena occurring during operation such as induced voltagesp@akng converter switchings
caused by stray inductances. Furthermore, it is assumeththenaximum converter RMS
phase currenizas s mar Can be as high as 2/3 of the current rating in the data sheat. Co
verter models from Infinieon found &t [[71] with different cemnt rating are used for all three
cars.

5.1.2 Battery cell

The battery cell used is a Lithium-ion (cathodgNiO- cathode activeLiMn.0,, anode:
graphite) cell of laminate type, manufactured by the Japaeempanyutomotive Energy
Supply Corporation (AESC), where Nissan Motor Co. is a majority owner|[72]. THit-
teries have also been used in the Nissan Leaf BEV modélg(seies an@ in parallel).
TheUS Idaho National Laboratory (INL) under theUS Department of Energy (US DOE)
have published measured data on the Nissan Leaf battery ipattkding terminal voltage
during a full discharge at a C/3 discharge rate, as well aimtkenal charge and discharge
resistances as a function of energylinl/[73]. Based on thikgeld data, the cell open circuit
voltage,V,. has been estimated by approximating the resistive voltagje during a C/3
discharge rate, see Figurels.1. The figure also includesnessmaximum and minimum
voltages, as well as denoted voltage level$taand90 % SOC. The average open cirquit
cell voltage within the used SOC window((to 90 %) has been estimated 388 V, which

is slightly higher than the stated nominal voltage by the wfacturer;3.75 V. The mean
values of the charge and discharge resistances withio 90 % SOC are also presented in
the figure. The average cell charge capacity is assumed 28.Belh, [73], which can be
compared to the manufacturer value3afs Ah.
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Figure 5.1 Estimated AESC battery cell no load voltage asatfon of SOC, and estimated average
values of cell resistances, based on data from [US DOE, AESC]

5.1.3 Electric machine

The base for the electric machine used here, is a machineviigatiesigned and built at
the division of Electric Power Engineering at Chalmers ia #nd of the 1990's, and is
described in[[74] and [75]. It is a four pole PMSM with insetgnats, designed for a series
HEV application, with water cooling. Machine voltage andreat ratings ([[74] and [75])
along with measured machine parameters| [26]) can be séabld5.].

Table 5.1 PMSM data.

UrMS,maz,L—L : 220V
IR]MS’,maz :3min. 315 A

Rs : 7.9 M
Ly : 230 mH
Lg : (iq = 1pu) 420 mH
U, 104 mWhb
Stator outer diameter: 189 mm
Stator inner diameter: 110 mm
Stator core length: 231 mm
Slot fill factor: 0.45
Conductors per slot: 3

Conductors in parallel: 2

Given the stated peak RMS current (which wakrain. value) and winding structure,
the maximum current density can be found to be abaut /mm? (with a slot fill factor of
about0.45, three turns per slot and two parallel windings the conduartea isl 3.47 mm? ).
According to [24], a liquid cooled brushless machine carefaeurrent density betweén
to 30 mm?. It is here chosen to increase the machine current densy #9mm?, which
leads to a max RMS current of abdid0 A.
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Chapter 5. Powertrain component sizing, modeling and VeBimulation

As was done in[26] and [76], the core losses are estimated) tise added core resis-
tanceR, described in Chaptét 2. The core loss resistance as a faroftapeed is estimated
based on measured no load losses over the machine speedpessgnted in [75] (paper
E), as

3 (w, )
- A
R~ 5o h- (5.2)
For each operating point, the machine core losses are tharatad as ([76])
3 . (2 . N
Pfe - 5 RC(’Ld,o - Zd) + (Zq.,o - Zq) )7 (52)

The efficiency and total losses of the originally sized eleghachine (i.e. with unity
scaling factors) can be seen in Figlirg 5.2, as well as maxitotome over speed using the
MTPA control strategy as described In [76].
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Figure 5.2 Efficiency and total power losses for the eleetréchine with the original size, i.e. unity
scaling factors.

5.1.3.1 PMSM active length scaling

During production of electric machines, the iron core laations are often stamped from
core plates[[24]. Since the lamination design and stamp itochther expensive to de-
velop, electric machine manufacturers often offer diffémachine sizes that are based on
the same stamped laminations, but of different stack lengthcording to[[24], the stack
length-to-diameter ratio is typicallyto 3, but it can also be higher. For low length/diameter
ratios, the losses in the end windings will become more dantirand the torque production
will be limited since only the stator and rotor package letghtributes.

In order to achieve a desired output torque and power, tiggnatimachine is here scaled
by changing the active length. As the flux increases withdasing length, all machine
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parameters (the active parts of the stator resistance dndtence) are expected to increase
linearly with the length, except the current rating. Alse tho load losses used fdt,
estimation are scaled accordingly.

The winding resistance thus needs to be divided into oneeaptirt and one that repre-
sents the winding overhang. According to][75] paper D p.B@,average conductor length
of a half turn,l,,, can be expressed as

low =lpe + 127, + ' (5.3)

wherelr. is the active length i.e. equal to the stack lengthis the pole pitch and is
the estimated axially directed part of the end winding. Ttaels length is231 mm, the
pole pitch is%, where D is the stator inner diametet {0 mm) andp is the pole pair
number (two pole pairs), and finally ttieis assumed to b@.05m as in [75]. This gives a
total average conductor length &$4.7 mm, where the active part 31 mm or 60 % and
the over hang i453.7 mm or 40 %, ( [75] paper D p.80). The end winding inductance is
assumed to be very small, hence neglected, although asanedtin [77] it may not be a
viable assumption for motors with a low length/diameteiorat

The length scaling is implemented using the stack lengtlingctactor, S F gk

5.1.3.2 PMSM rewinding scaling

As described in[25], the machine voltage rating is assum&e relatively freely adaptable
through rewinding of the machine, such that the maximumuergpeed and power remain
the same, as well as the losses and hence the efficiencynilicty, non-integer winding
turns are here allowed.

Then the total stator resistance and both inductances aledsagsing the square of the
rewinding scaling factoi§ F;.,,, while the magnet flux and applied voltage is linearly scaled
and finally the current is inversely scaled wil.,, .

5.2 Components sizing process

The sizing and modeling process for the City car can be seéiigure[5.8, and for the
Highway and Sport cars in Figure b.4. As can be seen, twotslidifferent approaches are
utilized, where some steps are independent while othels bniprevious steps. Each step
will be further described in the following sections.
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IGBT VDC, max — 650V T

NEDC (Wh/km) = Epy (Wh)

V;(90% SOC) =400 V
= cells in series
Yim = Wywheel, top/ Chosen theel, o + v
Wem, top Epa. & cells in series
i = cells in parallel
Tem. max :theel, max r/(ygeurnTm 95 %)) ™ + i
= SFrgu -
A V(10 % SOC), during a
\ 4 ¢ Pmax/T]pT (80 %) discharge
V(10% SOC)
= SFy ;
> | ; 4
RMS, max o
IGBT-module current Rating
= 3/2 IRMS, max

Figure 5.3 BEV powertrain sizing and modeling algorithmttoe City car.
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Figure 5.4 BEV powertrain sizing and modeling algorithmttee Highway and Sport cars.

5.3 Implemented battery models

The battery energy content for each car is calculated bas#teaespective desired NEDC
driving range from Tablg~412 and the calculated wheel eneogysumption for the NEDC
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5.3. Implemented battery models

cycle presented in FigufeZ4121. It is assumed that all of tradlable braking energy is
recuperated. Additionally, an average powertrain efficjenf 80 % is assumed, as well as
a usable SOC-window &0 % (from 10 to 90 % SOC).

In order to have a good margin to the power electronic compbimeeakdown voltage
of 650V, it is chosen that the Open Circuit voltadé,., at 90 % SOC, should be00 V.
Given the assumed average AESC battery cell voltage0sfV” at 90 % SOC, the number
of needed series connected cells is 98.04, which gives ansdwiltage 0f380.4 V. The
same voltage level is used for all cars, hence the same nwhberies connected cells are
implemented.

The number of cells in parallel can be found in two steps, witee first is to estimate the
demanded pack charge capacity as the resulting ratio bettheedesired energy capacity
relative to the pack nominal voltage. In the second step #uk pharge capacity is related
to the assumed cell capacity.

A summary of the parameters of the implemented batteriel ihrae cars can be seen
in Table[5.2. The assumed pack charge resistance are takealad values of the average
cell charge and discharge resistances, within the chos€@nw@@dow.

Table 5.2 Summary of battery data for all three cars.

City Highway Sport

NEDC range: 160 km 200 km 300 km
Energy: 19.3 kWh 29.9kwWh  56.6 kWh
Series cells: 98.04 98.04 98.04
Parallel cells: 1.76 2.73 5.17
Vi at90 % SOC, Pg M, max 325V 317V 283V
Ra;s 160.4mQ  103.4m  54.6mQ)
Rep 134m$2 86.4m2 45.6m2

The calculated energy content is fairly close to officialues for existing BEVs of
similar driving range, as seen in Figlirels.5.
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Figure 5.5 NEDC range and battery energy for existing BEVs.

The battery open circuit voltage as a function of SOC is medielccording to the left
part of Figurd 5.6(a), 5.6(p) aid 5.6(c), which also inchitiee assumed maximum and
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Chapter 5. Powertrain component sizing, modeling and VeBimulation

minimum voltage levels. Furthermore, the estimated veltdigps during constant current
discharges a3C and5C are presented, as well as the voltage drop during a full aohst
power discharge of full electric machine poweiat% SOC. For the City car this power is
close to 8C current rating

In the right part of Figurg 5.6(g), maximum charge and disgdaower limits, accord-
ing to the three types (2.P7), (2128). (2.29) in Chapter 2paesented for the City car. The
theoretical and the voltage limited discharge power liraits rather similar, while the cur-
rent limited discharge power limits are substantially lowAdso a constant discharge power
of 58 kW is depicted, and shows to be just a bit larger than the 3C.IIniting charging,
only the voltage limited charge power is presented. It shaatsonger dependence on SOC
level compared to the discharge power. Similar charatitesiare valid for the Highway and
Sport cars as well, although not shown here.
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Figure 5.6 No load voltage as a function of SOC-level, maxmand minimum terminal voltage, ter-
minal voltage during constant current durid@nd5C' discharge rates, as well as terminal
voltage during a constant electric machine maximum powstdirge. In the right part of
figure a for the City car; maximum charge and discharge poelated to maximum volt-

age sed (2.28), theoreticR[(2.27), current limite8 ahd5C see[[2.20), and finally for the
electric machine maximum power.
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5.4 Implemented EM models including transmissions

For the City car it is decided that the total transmissioforsiiould be based on the direct
relationship between the vehicle and machine top speedheabase speed then is fairly
close to the desired one from Figure 4.13, as well as the plavel. The wheel radius,
the gear ratioy;,,, and the desired maximum wheel force (compensated for antias®n
efficiency of95 %) are then used as inputs when finding a suitable length gcadictor.
Then a value for the rewinding scaling factor is found suddt the DC voltage level is
matching the estimated DC voltage level during a full powscldarge at SOC level of
10 %. Finally, the resulting maximum RMS phase currdiatys s mas iS NOted and used as
a base for choosing the converter current rating,..,. It is assumed that a reasonable
current margin is achieved whép,o,m, ~ 3/2 Ignms,mas-

For the Highway and Sport cars, the transmission ratio isnitilly decided. Instead
the stack length is scaled until the desired output wheebpisweached. In order to realize
the AWD functionality in the Sport car, it is decided that tegually sized electric motors
shall work in parallel; one on the rear drive axle, and oneherftont. This implementation
will also help keeping the length scaling down. Then thegnaission ratio is decided as
the ratio for which the desired wheel force is achieved (a/ftibnsidering the assumed
transmission efficiency). Finally the rewinding scalingttar and resulting maximum RMS
phase currentis found in the same manner as for the Citysamlhas the converter current
rating.

The implemented electric machine torque and power levelseadlsas scaling factors
and transmission ratios can be seen in TRblk 5.3. The tras@miratioy;,,, is defined as in

Wem = VYtm Wwheel (54)

wherew., is the electric machine angular speedd/ s), w.reel IS the angular speed of the
wheelad/s).

Table 5.3 Summary of electric machine and transmission fdatall three cars, along with vehicle
power-to-weight ratio.

City Highway Sport

Yem 10.3882 7.62 6.22
Praz 49 kW 97 kW 153
Trmax 140 Nm 280 Nm 420 Nm
Fyheel, maz 4750 N 6600 N 7700 N
URMS,mazx.L—L ° 207V 202V 180 V
IRM S, ph,mas 233 A 468 A 786 A
SEp sk 0.405 0.795 1.1925
itk 0495 0972 1.458
S Frp: 2.32 1.154 0.687
etamaz at 350 V: 96.2 % 96.9 % 97.0%

Vehicle Power-to-weight ratio 41 W/kg 57 W/kg 153 W/kg
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The resulting output torque and power as function of speedlfears, can be seen in
Figure[5.7, and the resulting wheel forces can be seen in¢flgs.
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Figure 5.7 Maximum torque and power as a function of speeth#original electric machine as well
as all of the concept cars’s scaled machines, where thea@nod power curves adhere to
a DC voltage level during a full power dischargeat% SOC.
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Figure 5.8 Maximum wheel force and power as a function of paed from the electric machine at a
DC voltage level during a full power discharge,1at% SOC.

The implemented electric machine total losses (includongaction losses as ih(2]14),
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5.4. Implemented EM models including transmissions

and core losses as describes above), and associated effieiggay at two different volt-
age levels and for all three machines, can be seen in Higlrers(5.1D for the City and
Sport cars, while the characteristics of the Highway maekar lies in between. The losses
increase mainly with increasing torque, and somewhat vpiged. As can be seen, for each
car's machine, the losses and efficiency are exactly the sarnteethe case of field weaken-
ing, where the losses are slightly decreased at lower wlagls, hence the efficiency is
somewhat increased. This means that the average electhimezfficiency during a drive
cycle simulation will only vary depending on SOC, if any ogiimg point is outside of the
area with similar efficiency.
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Figure 5.9 Implemented electric machine efficiency and pdass maps, for the City car.
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Figure 5.10 Implemented electric machine efficiency andgydess maps, for the Sport car.

In Figure[5.11, the total powertrain efficiencies (excludivatteries) as a function of
mass normalized wheel force and car speed, can be seen.ersartte level of speed and
acceleration, it shows that the City car powertrain is a lterefficient compared to the
Highway and sport cars’s.
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Figure 5.11 Total power train efficiency, including electmachine, converter and transmission, for
the three concept cars, as a function of speed and normaiizeel force.

5.5 Implemented converter model

For the City car a converter module with current rating@d A (Infineon FS400R07A1E3_H5)
is chosen, even though the rating might be a bit too low. FeHighway car a module with
current rating o800 A (Infineon FS800R07A2E3) is implemented. Finally for the $po
car; four modules are used, two in parallel for each of thertvechines, where the module
current rating i500 A (Infineon FS600R07A2E3). That will give a total converterrent
rating of2.4 kA, which is assumed to be able to withstand an RMS currehi6gf A, hence

it is viable for the chosen machine size.

The extracted IGBT module parameters can be seen inTablaril4dhere to chip tem-
peratures of25 °C and a gate voltage @b V. The on-state threshold voltage and resistance
parameters are estimated under consideration of expaateghtlevels. The switching fre-
quency is setta0 kH z.

Table 5.4 IGBT module parameters, for all three cars, wheeedaita for the Sport car represent all
four modules.

City car: Highway car: Sport car:

IGBT Diode IGBT Diode IGBT Diode
Ic,nom 400 A 800 A 4*600 A
Iney: 400 A 550 A 4*400 A
Vies: 300V 300V 300V
On-state threshold voltage:  0.709 V/ 0.803V 0.673V 0.761V 0.66 V 0.775V
On-state resistance: 2.468m  1.999m  1.336mQ  1.12m  0.441mQ  0.352m2
Turn-on Energy loss: 4.2mJ - 12mJ - 44mJ -
Turn-off Energy loss: 16.0mJ 7.25mJ 25mJ 9.5mJ 68 mJ 28 mJ

The total power losses are estimated using (2.20) fo|(2:28),can be seen together
with energy efficiency in Figure5.12 for the City car and igie[5.1B for the Sport car,
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5.6. Simulator structure

in the machine torque and speed frame of reference, whileehgts for the Highway
converter lies in between. The converter losses mainlgas® with increasing torque, while
the efficiency has a strong speed dependency and increaemaveasing speed. Unlike
the electric machine, the converter losses vary somewipating on the DC voltage level
in the whole operating range. The efficiency is mostly higitdower voltage levels in the
same torque and speed operating point, due to lower swijdbgses.
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Figure 5.12 Implemented converter efficiency and powerhoags at three DC voltage levels, for the

City car.
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Figure 5.13 Implemented converter efficiency and powerhoags at three DC voltage levels, for the

Sport car.

5.6 Simulator structure

The input to all simulations (conducted in Matlab Simuliak$ the reference speed cycles
as functions of time. The time resolution of the Test cyclesadl 1 H z, while it is 20 Hz
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Chapter 5. Powertrain component sizing, modeling and VeBimulation

for the Logged cycles. All simulations are executed with adixime step 00.01 s, which
proved to provide reasonable stability. For the loggedeas;chiso the estimated road grade
levels as a function of time is an input to the simulations.

In order to allow deviation from the speed reference a Plednaodel is implemented.
Its input is the difference between the reference speedtanditmulated speed. The pro-
portional K, and integralK(; gains are chosen such that the reference speed and as$ociate
acceleration are followed fairly close by the simulationpau (wherek, = K; = 3). The
output of the driver model is a signal betweem to 1.

The positive output from the driver model is regarded as aelacation pedal signal
and the negative part as a brake pedal signal. These sigadlsea scaled by the maximum
torque from the electric machine in motoring and generatinge, which are implemented
through look-up tables as functions of machine speed andifikGroltage. Thus it gives
the electric machine torque reference signals, via linegrpolation. It is then assumed
that the electric machine can fulfill the torque reference viheel slip is assumed, hence
the electric machine speed is simply found via the simulag&cle speed, the wheel radius
and the transmission ratio.

At each time step the sum of the resistive forces on the whiel/€hicle’s aerodynamic
drag, rolling resistance and possibly also grading foicepnverted to a total resistive wheel
torque. Given the total resistive torque together with tHeegl torque from the electric
machine via the transmission, and the vehicles estimatad martia, (as the product of the
vehicle mass and the square of the wheel radius, while igg@dditional rotating inertias),
the resulting vehicle acceleration is calculated (as ttaiomal form of [2.1)). Furthermore,
the simulated speed is then calculated as the time intebtia¢ wesulting acceleration.

Both the electric machine and converter power losses arkeimgnted trough look-up
tables that are functions of machine torque and speed, hasMeC-link voltage, where the
output is found through linear interpolation. The power flogtween electric machine and
converter is calculated as the added or subtracted lossles techanical machine output,
depending on mode of operation. Likewise is the DC-link pofl@v calculated via the
additional converter losses. The DC-link power flow is thiea input to the battery model,
where the current is found from division of the power with teeminal voltage from the
previous time step. The current is then used to estimate@@I|8vel, (as in[(2.26)) as well
as battery conduction losses together with the dischardecharge internal resistances.
Finally, the terminal voltage is found as the subtractedtige voltage drop from the SOC
dependent open circuit voltage.

Next follows results from the simulations in terms of reguirent and drive cycle ful-
fillment as well as powertrain and energy consumption fordifferent drive cycles.

5.7 Simulated time to accelerat® — 100 km/h

The simulation result from the — 100 km/h acceleration test can be seen in Fidurel5.14
to[5.16, for the three cars respectively, where the idealutations for similar values of
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5.7. Simulated time to accelerdte- 100 km/h

the initial maximum force and power, are also presented afesance. Note that the ideal
calculations for the City car is here adjusted to comply wiith implemented size of the
electric machine. The tests have been conducted fortidthand90 % SOC levels, which
gave different results as expected.
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Figure 5.14 Comparison of acceleration test fi@m 100 km/h, between calculation and simulation,
as well as maximum force on wheels from the electric mactiorehe City car.

For the City car, the time to accelerate frém- 100 km/h by simulation wad 2.8 s, at
a battery SOC level of0 % see Figur€5.14. This is abalb % faster than the acceleration
requirement for the city car, which was s. As can be seen in the figure, above base speed
the simulated wheel force is somewhat larger than the igealculated force, hence the
acceleration will be faster. The simulated wheel force msnelarger at th€0% SOC level,
resulting in an acceleration time df.3 s, i.e. 7.8 % shorter then at0 % SOC. The simu-
lated acceleration time &) km/h is 4 s at 10 % SOC and only slightly smaller at ti$8%
SOC level 3.9 s.
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Figure 5.15 Comparison of acceleration test fiom100 km /h, between calculation and simulation,
as well as maximum force on wheels from the electric mactiorehe Highway car.

Also the Highway car has a slightly shorter acceleratiorettoil 00 km /h compared to
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Chapter 5. Powertrain component sizing, modeling and VeBimulation

the ideal calculatior.7 s, which is3 % faster. The difference between the two SOC levels
is even larger than for the City car, where the time for@h% SOC level is’.9 s which is
8.2 % faster than at0 % SOC. The time t&0 km/h is the same for all cases.
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Figure 5.16 Comparison of acceleration test fi@m100 km/h, between calculation and simulation,
as well as maximum force on wheels from the electric mactiorehe Sport car.

Finally for the Sport car the time t&0 km/h is the same for all cases, while the time to
100 km/his 3.9 s and3.8 s for the 10 and90 % SOC respectively, which means abaui
and5 % faster then the requirement.

5.8 Simulated time to accelerat® — 100 km /h with grade

Here an acceleration frofh— 100 km/h is again simulated, but now for the case of added
road grade as a form of controlling the fulfillment of the regment to be able to handle a
grade at high speed. The results can be seen in Higure 9.1730 5
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Figure 5.17 Comparison of acceleration test fi@m100 km/h, between calculation and simulation,
as well as maximum force on wheels from the electric maclorea road grade of %,
for the City Car.

The City car was to be able to sustain a speed(m/h in a uphill grade of6 %,
which it does. In this case it takes about for the City car to reach0 km/h and about
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5.8. Simulated time to accelerdte- 100 km /h with grade

20 s to reachl00 km/h at10 % SOC. The higher SOC level gives only minor effects on the
time to50 km/h, while it needs3.8 s less to reach00 km/h compared to thé0 % SOC.
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Figure 5.18 Comparison of acceleration test fi@m100 km/h, between calculation and simulation,
as well as maximum force on wheels from the electric macHorea road grade of %,
for the Highway Car.

The Highway car is able to sustain the uphill grades 6§ at the speed of30 km/h.
In this case the acceleration time difference between thgrade case is much smaller
compared to the City car. Also less difference is noted betwhe two SOC levels, only
1.3 s for 100 km/h, and none fob0 km/h.
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Figure 5.19 Comparison of acceleration test fi@m100 km/h, between calculation and simulation,
as well as maximum force on wheels from the electric macHorea road grade of %,
for the Sport Car.

Finally, the Sport car can handle th2% uphill grade ati30 km /h. The time to accel-
erate tol00 km/h only become®.9 s longer compared to the case with no grade, for both
SOC levels.
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5.9 Fulfillment of reference cycle speed in simulation

Due to the use of a driver model (i.e. a speed controller) éxdimulation, naturally the
simulated speed will deviate from the reference speed,teav@m for operating points well
within the operating area of the powertrain. Hence whenyaira energy consumption
and efficiency for a certain cycle, it must be remembered dghslightly different cycle
than the reference, is analyzed. As a consequence, tygikesof the difference between
reference speed and simulated speed have been studietteApatameter worth studying
is the difference in positive and negative average energfyeatvheels per driven distance,
between the simulation and the reference speed and ademieiamight happen that there
is a large speed difference at a certain time step, but teatfiluence on the average energy
consumption difference is rather small.

For the Test cycles the speed differences range betwéerD.4 km/h,0.2—0.5 km/h
and betweef.2 — 0.6 km/h for the City, Highway and Sport cars respectively. Typicatv
ues of the maximum difference between the simulated a@at@earand the acceleration of
the reference Test cycles abe)—0.1m/s?,0.0—0.2 m/s? and0.0—0.1 m/s? for the City,
Highway and Sport cars respectively. Worth noting is thetttme simulation inherently is
a backward calculation, hence the Euler backward methoded tor the reference cycle
acceleration, instead of the otherwise more accurate foRvackward method described in
Chaptef3.

Moreover, during the modal European cycles (ECE, EUDC anB@Ea minor speed
overshoot is noted when the reference speed of the cycleaisgaig rapidly from a con-
stant acceleration to a constant speed, which gives avelatimall difference 06.2 km/h
between the reference and simulated speed. This alsog@swdtsmall oscillation in the
simulated acceleration 0f7 m/s?. Nevertheless, these effects are seen to have little influ-
ence on the average wheel energy consumption during the,dyshce they are ignored.
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Figure 5.20 Electric machine operating points during thbdorand Highway cycles as gray dots,
while the reference cycle dots are shown with different igltor the City car.

For the City car, three points in each of the two cycles USGBREPO5 were outside
of the powertrain’s operational area, causing a maximuniatien of 1.7 km/h from the
reference speed, aridd m/s? from the reference acceleration. These represent speed and
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5.10. Simulated component efficiency per cycle

acceleration levels 086 km/h at 3m/s?, and80 km/h at2.2m/s?, and finally around
120 km/h at1.3m/s%. The consequence on the average energy consumption igibégli
in these cases. Also one point in the Artemis Motorway cyciemd) braking at high speed
is outside of the operating area of the electric machinef-gped5.20. The operating points
of the City car electric machine can be seen as gray dots uwré&[i§5.20 for the Urban and
Highway cycles. In the same figure also ideal electric maehjperating points for a lossless
system is depicted for comparison, and color marked depgradi the type of cycle.
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Figure 5.21 Electric machine operating points during theddrand Highway cycles as gray dots,
while the reference cycle dots are shown with different léor the Highway car.

The US06 and REPO5 cycles caused some deviations also fdighevay car of maxi-
mum1.5 km/h and0.2 m/s%, however in this case the operating points that cause proble
are those that demand high acceleration (alMesy s?) from stand still, see Figufe 5.21.
The problem appears twice in REPO5 and once in US06. Alsothere is no effect on the

net average wheel energy.
For the Sport car, the operating points from all Test cyctessgell within the limits of

the powertrain.

Furthermore, all cars are able to follow the Logged Urbarasyavith typical maximum
speed differences between the reference and simulateglas®B — 0.8 km/h. One Rural
cycle for the City car (C30d2 121219 Stnsnd-Henan) and ajhiday cycles have single
large speed deviations with a relatively large effect onaherage net wheel energy. The
Highway and Sport cars have no major deviations worthy totimen

5.10 Simulated component efficiency per cycle

The average Test cycle efficiency separated into proputsiohbraking mode can be seen
in Figure[5.2b td 5.27, for the City, Highway and Sport carspestively. Also the aver-
age cycle efficiency of each modeled component (electrichina¢ converter, battery and
transmission) is depicted in the figures for comparison.

Although the differences in efficiency between the cycled aars are quite small (a
few units of percent), some trends can be seen when compiéuéngesults between the
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cycles and cars. One tendency is a slightly higher averdgkptowertrain efficiency for the
highway cycles and a somewhat lower efficiency for the Urbates, for all of the cars.
Also the total powertrain efficiency of the City car is gerigra bit higher, and a bit lower
for the Sport car. Furthermore, the total powertrain cydfieiency is normally a few units
of percent higher in motoring mode compared to generatindanehich can also be seen
in Figure[5.11.

The lowest total efficiency for all cars is achieved in the NIY €ycle where both the
electric machine and converter efficiencies are low. Thadsgefficiencies are seen in the
WLTC Extra high and Atermis Motorway cycles. The Sport canvarter configuration
proves to give a rather poor efficiency for several of the Wrbgcles. Perhaps a better
strategy is to implement a control system where the extwrdyivheel pair is only engaged
during higher power and torque demands.

The transmission efficiency is in line with the efficiency b&tconverter and electric
machine. Perhaps a more advanced loss model of the traimsmigsuld be preferred here
in order to differentiate between the various load cases.
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Figure 5.22 Total powertrain efficiency per cycle in profasvs. braking mode (negative y-axis),
and efficiency broken down per component, from simulatiothefCity car, with90 %
initial SOC, for the Test cycles.
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Figure 5.23 Total powertrain efficiency per cycle in propasvs. braking mode (negative y-axis),
and efficiency broken down per component, from simulatiorthef Highway car, with

90 % initial SOC, for the Test cycles.
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Figure 5.24 Total powertrain efficiency per cycle in propasvs. braking mode (negative y-axis),
and efficiency broken down per component, from simulatiothefSport car, witf0 %

initial SOC, for the Test cycles.

Similarly, the total powertrain efficiency for the Loggedctss can be seen in Figure
td 5.2V, for the City, Highway and Sport cars respelgtive

Generally the same trends can also be seen here. Nevesthiblespread within the
Urban and Rural road type categories is here a bit largerabkelute efficiency values per
car, are in line with those for the Test cycles, although ddwier for the Logged Highway
cycles compared to the Highway Test cycles.
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Figure 5.25 Total powertrain efficiency per cycle in propsvs. braking mode (negative y-axis),

and efficiency broken down per component, from simulatiothefCity car, with90 %

initial SOC, for the Logged cycles.
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Figure 5.26 Total powertrain efficiency per cycle in propasvs. braking mode (negative y-axis),

and efficiency broken down per component, from simulatiothef Highway car, with

90 % initial SOC, for the Logged cycles.
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Figure 5.27 Total powertrain efficiency per cycle in propartsvs. braking mode (negative y-axis),
and efficiency broken down per component, from simulatiothefSport car, witf0 %
initial SOC, for the Logged cycles.

5.11 Simulated energy per driven distance, per cycle

The resulting battery energy per driven distance of the Gydes can be seen in Figlre 5.28
to[5.30, for the City, Highway and Sport cars respectivaiythie figures, data on discharge
and charged energy are separated from the net battery ditmsgy

Since the average powertrain efficiency is rather similarafbroad types, the battery
energy consumption per driven distance will to a large pepethd on the drive cycle and
less on the powertrain. This can also be seen when comp&englative levels of wheel
energy consumption in Figure 4121, with the simulation itssuresented here.

There is a rather high coherence between the absolute valube net energy con-
sumption for the Urban cycles, except for the NYCC and Argebrban cycles whom have
higher consumption, with the lowest speed levels but thédggacceleration levels. The
difference between these two cycles and the rest of the £yxlthe smallest for the City
car and the largest for the Sport car. The lowest consumfaioall cars, can be noted for
the ECE cycle, which is explained by its relatively low spémals and the lowest level of
accelerations. This is also despite the relatively low ptra@n efficiency for this cycle in
all cars.

It can also be seen that the energy consumption of the Eundpsticycle NEDC, is
fairly close to the WLTC high and the Artemis Rural, but gexdigrlarger than for the
Urban cycles and much smaller than for the Highway cycles.

The spread in absolute values is the largest for the Highwales, where HWFET
has the lowest levels of consumption per distance due tovtsspeed, while the Artemis
Motorway cycles have the highest consumption as well asdspmels. In general, the
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Chapter 5. Powertrain component sizing, modeling and VeBimulation

simulations show a higher energy consumption per driveiaiée for the Highway cycles.

Those cycles with the highest discharge energy consumat®also those with high or
the highest levels of acceleration and RPA value, withirstirae road type, and in the same
time they often have low maximum and average levels of spEeid.is valid for NYCC,
Artemis Urban, UC LA92 and US06.
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Figure 5.28 Average powertrain propulsion, braking andemetrgy consumption per driven distance,
from simulation of the City car, witB0 % initial SOC, for the Test cycles.

=2
50 Discharge
Il Charge
200
I Net

[
w
>

e
(=3
=

wn
=

Battery energy/dist. (Wh/km

=]

Figure 5.29 Average powertrain propulsion, braking andemergy consumption per driven distance,
from simulation of the Highway car, with0 % initial SOC.
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Figure 5.30 Average powertrain propulsion, braking andemetrgy consumption per driven distance,
from simulation of the Sport car, withd % initial SOC.

Similarly, the discharge, charged and net battery energyffio the Logged cycles can
be seen in Figule 5.81 g 5]33, for all three cars. Perhaps mx@mples are needed in order
to draw any general conclusions though.

The energy consumption coherence between the Logged rpas| fig not as high as for
the Test cycles, except when it comes to the Highway cycléshwdre very coherent. Not
to forget, for the Logged cycles, not only speed and accideraut also road grade levels
are included in the energy consumption figures shown.

The two cycles with the highest energy consumption for akéhcars are the Urban
classified cycles; Leaf 130322 Korsv-Guldh and V744 12038@CTH. Also the cycle
Ecar500 120413 Linneg-City-CTH has a relatively high egexgnsumption. From Figure
424, the reason is a rather long uphill climbing which insthehort cycles has a major
impact on the energy consumption.

It can also be seen that for the three cycles V744 KlitrpsCattdifferent days, two of
them have similar results while the third (120327) have &&igonsumption, even though
the average powertrain efficiency is somewhat higher fotttid case compared to the first
two. In Tablg_3.B it can be seen that the speed levels areasimihile as seen in Table 3.5
the maximum and average levels of acceleration as well aRf#evalue is higher in the
third case, hence the higher consumption.
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Figure 5.31 Average powertrain propulsion, braking andemetrgy consumption per driven distance,

from simulation of the City car, wit0 % initial SOC, for the Logged cycles
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Figure 5.32 Average powertrain propulsion, braking andemetrgy consumption per driven distance,

from simulation of the Highway car, with0 % initial SOC, for the Logged cycles
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Figure 5.33 Average powertrain propulsion, braking andemergy consumption per driven distance,
from simulation of the Sport car, with0 % initial SOC, for the Logged cycles

5.12 Simulated driving range

Simulation of consecutive NEDC cycles for the City car carséen in FigureE5.34. The re-
sulting driven distance wads'4.7 km, which is fairly close to the set requirementi®f) km.

As can also be seen in the figure, the average powertrainegitigiis consistent over the
discharge intervall, which can be expected as the operptimgs of the NEDC cycle are
well within the non field weakening area of the machine evethatowest level of SOC
where the machine efficiency is the same at all voltage leVéle average cycle efficiency
is 86 % in motoring mode an@3 % in generator mode, which can be compared to the effi-
ciency estimation use®( %) when seeking a suitable battery energy content for theerang
requirement.

The results from the range simulation of the Highway and Sgaos can be seen in Table
[E.5. The average powertrain cycle efficiencies are higlar #ssumed also for the Highway
and Sport cars, as can also be seen in the table. The higleeagaywowertrain efficiency
is achieved in the City car, as expected from the compariséigure 5.11L, where the City
car showed a higher efficiency for the same speed and adieter&iven the resulting
values of average efficiency, the energy capacity of theebatt could be reduced by about
3-10%.
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Table 5.5 NEDC range simulation results compared to remérgs.
City car:  Highway car:  Sport car:

Requirement 160 km 200 km 300 km
Simulation result 174.6 km 215.7 km 307.2 km
Relative increase + 92 % + 79 % + 2.4
Propulsion efficiency 86 % 85 % 82 %
Braking efficiency 83 % 82 % 79 %
Net efficiency 77 % 73 % 71%
Suggested decreased battery size -1.9 kWh -1.5 kwh -1.5 kwh

Based on the simulation results of net battery energy copamper driven distance,
possible driving range has been calculated for all Testesyelith the City and Highway
cars, see Figure 5.B5 ahd 5.36. In this illustrative exanthke battery energy content is
estimated t®80 % of 19.3 kW h, which here results in a NEDC range Bf8 km. The dis-
crepancy with the value in Table 5.5, may be due to the assw@neryy content of the
battery which in the simulation varies depending on the lsiithtion. It can be seen that
the lower energy consumption for the Urban cycles genepatlyides20—50 £m more than
the NEDC cycle, while the range is shortened by alBoutm for most Highway cycles.

Similarly, for the Highway car, the range increase for modiah cycles i40 — 30 km,
and the decrease is ab@®— 90 km for the Highway cycles, see Figure 5136.

For comparison, the estimated driving range of the Loggetksyfor the City car can be
seen in FigurE5.37. The ranges are aligot— 250 km, 160 — 280 km and150 — 160 km
for the Logged Urban, Rural and Highway cycles respectjiadya larger variety than for
the Test cycels.
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Figure 5.37 Estimated driving range for the Logged Cycldh wie City car.
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Chapter 6

Effects of EM resizing on
performance and energy
efficiency

In this chapter, the electric powertrain of the City and thighWway cars are resized in
terms of torque and power capability as well as losses, aactdimsequence on vehicle
performance and energy efficiency for the Test cycles, adiexd and quantified.

The re-scaling of the electric machine is simply a lineatisgeon the active length,
as is described in Chapfer 5. For the City car the scalingfa@re here in steps @t %,
from 50 to 150 % of the baseline City electric machine studied in the presiobapter.
For the Highway car, the scaling factors are in step80d¥; from 60 to 140 %. In order
for the converter losses to still be reasonably represeatadlso the on-state resistance
and switching loss parameters are scaled with the samerdagtbere the resistances are
inversely proportional and the switching loss parametexdiaearly proportional.

In this study, only the losses in motoring mode of the electrachine and converters are
implemented in the models, hence it is assumed that the laps in the generative mode
are the same as in motoring mode. The battery energy consampatr distance as well as
the net powertrain efficiency, for the baseline City car dgthe Test cycles are identical to
the results shown in5.25 ahd 51 28. Hence this is an accepabplification.

The gear ratios, the configuration of the battery, thus itergy content are here left
unaltered, as are the vehicle masses.

6.1 City car

The resulting maximum torque and power for some of the rdsetectric machines can be
seen in FigurE 611, together with the vehicle’s road loacttvhemains the same in all cases.
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Chapter 6. Effects of EM resizing on performance and enéifigiency

Even the smallest machine size will be able to sustain thelehtop speed requirement.
The initial maximum torque levels of the scaled machines liaearly proportional to the
scaling factor. As can be seen, the base speed of the mashineaffected by the scaling.

—EM 60 %
EM 80 %
EM 100 %

—EM 120 %

—EM 140 %

N\

//

3 - 0
0 5000 10000 0 50 100
Speed (rpm) Speed (km/h)

EM Torque (Nm)

Figure 6.1 Maximum torque (solid) and power (dotted) as ation of speed, and maximum normal-
ized wheel force as a function of vehicle speed (at 350 V D@)@Mwith road load (gray),
for the resized electric machines to the City car.

As can be seen in Figute .2, the time to accelerate is higfdgted by a change in
the size of electric powertrain. For example, the accetaraime to100 km/h of the 60 %
system i3.7 s which is about 1 s or 87 % slower than the for thel 00 %) baseline system.
Also, the acceleration time 00 km /h of the 140 % system i8.6 s, i.e. aboutt s or 32 %
faster. The increase in acceleration times@km/h for the 60, % system is2.8 s (70 %),
and the decrease for thd0 % system isl.2 s (30 %).
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Figure 6.2 Selected times to acceler@te 50 km/h and0 — 100 km/h at 10 % SOC, for the resized
electric machines to the City car.

As a comparison, the total powertrain energy efficiency l(@kag the battery) of the
50 % scaled system together with the baseline system, as fursctibvehicle speed and
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6.1. City car

mass normalized force, is presented in Fidure 6.3, for a Ditage level of350 V. For
the same speed and acceleration operating points, the scaled system has a lower effi-
ciency, which is caused by higher copper losses.
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Figure 6.3 Total powertrain efficiency (excluding battefigr) the 50 % down scaled machine and the
base machine (100 %) at 350 V DC, for the City car.

The battery energy consumption per driven distance of ahefTest cycles has been
simulated for the different City car system sizes, simjlar$ described in Chapter 5.

For some cycles the down-scaled systems were no longerablestain all of the op-
erating points in the reference speed’s time trace, duertitelil acceleration capability. In
these cases there may be a rather large difference betweesféhence speed and the sim-
ulated speed. However, as noted in the previous chapteeffinet of this deviation on the
average cycle energy consumption per driven distance maglatvely small. As a mea-
sure of the change in cycle energy due to failure to followreference speed, the net wheel
energy of the simulated cycle is compared with the net wheslgy of the reference cycle.
For those cases where there is a large increase or decretageriat wheel energy, the re-
sulting battery energy consumption may be less relevaheityipe comparative study done
here, since the result is then valid for a different cyclenttiee reference cycle.

The results of the simulations are presented in Table 6.fhtodown-scaled systems,
and in Tablé 62 for the up-scaled systems. In the tabledptiosving information is pre-
sented; simulation cycle increase or decrease (in %) in heehenergy per driven distance
compared to the energy per driven distance for the sameleeddcording to the reference
speed, as well as the maximum deviation of the simulateddsfpem the reference speed,
and finally the increase or decrease (in %) of the net batteeygy compared to the base
system (i.e. tha00 % system). As the system size is stepped down, more and mdesgcyc
particulary the high speed cycles, indicate difficultieddlowing the speed reference, as
can be seen by the color marked values in the table. In getieea¢ is no large difference
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noted between the net wheel energy per distance of the nefeiycle versus the simula-

tion.

The battery energy consumption for the Urban cycles, irs@gén the order of a few
percent for the80 — 90 % systems, to up to arourid— 10 % for 50 % system. The highest
increases are seen for the ECE and WLTC Low cycles at the tasystem scalings. The
NYCC and Artemis Urban cycles haté — 25 % increases in energy consumption during
the lowest system scaling, however at the same time the sjgséation is also rather high
and should therefore be analyzed having that in mind. Furtbee, for the50 % down-
scaled system, five of the Urban cycles, and one each of thed Rod Highway cycles can
still be fulfilled, although at the price of abo@it- 11 % higher losses compared to the base-
line system. For the Highway cycles, the energy consumpéad to decrease somewhat
with decreasing system size, still only the HWFET cycle isieged at the lowest system

scaling.

For the case of the up-scaled systems in Tablk 6.2, the dererd is an increase in

energy consumption with increased system size, howevgiyr few percent.

Table 6.1 Table over simulation results during down-scgdifithe electric machine and converter, for
the City car. For each machine size, the left column givesrnbease or decrease (in %)
in net wheel energy per driven distance for the simulatiariecgompared to the energy per
driven distance for the same vehicle according to the reéerspeed. The middle column
gives, the maximum deviation of the simulated speed fronreference speed, and finally
the right column gives the increase or decrease (in %) of¢hbattery energy compared to
the baseline system (i.e. the0 % system)

50 (%) 60 (%) 70 (%) 80 (%) 90 (%) 100 (%)

Ewhes\ Ewhse\ Ewheel Ewhee\ Ewhss\

net net net net net

Sim.  Max Sim.  Max Sim.  Max Sim.  Max Sim.  Max Max

inc. speed Rel. [inc. speed Rel. [inc. speed Rel. |inc. speed Rel. [inc. speed Rel. speed Rel

dec. diff. Cons.|dec. diff. Cons.|dec. diff. ~Cons.|dec. diff. Cons.|dec. diff. Cons. diff. ~ Cons.
Cycle (%) (km/h) (%) [(%) (km/h) (%) (%) (km/h) (%) [(%) (km/h) (%) [(%) (km/h) (%) (km/h) (%)
ECE 9.9 5.1 24 0.9 02| 00 02 0.0
WLTC Low 11.4 6.1 3.1 1.3 04| 00 01 00
jpjc08 5.5 26 1.0 0.2 -0.1] 00 02 0.0
FTP72UDDS 7.6 4.1 2.0 0.8 02| 00 02 00
WLTC MdI 6.2 3.1 1.4 0.5 0.1 00 01 0.0
SCO03 2.0 0.9 02| 00 03 00
NYCC 41 16| -02 03 0.0
Artemis URBAN 3.5 14| -0.1 04 0.0
NEDC 0.9 0.0 -0.3 -04| 00 02 0.0
WLTC Hgh 1.5 0.3 -0.2 -0.4 -0.3] 00 01 00
Artemis RURAL 0.4 -0.1 -02| 00 04 00
EUDC -0.7 -0.9 -0.8 -06| 00 02 00
UCLA92 10.9 06| 00 03 00
HWFET 14 -1.5 -1.3 -1.0 -0.5| 00 01 00
REP05 21.3 13.1 0.0
WLTC ExtrHgh -0.5 -0.5 -0.7] 00 0.1 0.0
Uso6 21.3 13.7 0.0
Artemis MW 130 -0.2 -0.3| 0.0 0.4 0.0
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Table 6.2 Table over simulation results during up-scalifithe electric machine and converter, as is

shown in6.1.
100 (%) 110 (%) 120 (%) 130 (%) 140 (%) 150 (%)
Euheel Euneel Euneel Euheel Evheel
net net net net net

Max Sim. Max Sim.  Max Sim.  Max Sim.  Max Sim. Max

speed Rel. [inc. speed Rel. |inc. speed Rel. [inc. speed Rel. |inc. speed Rel. [inc. speed Rel.

diff Cons. |dec. diff. ~ Cons.|dec. diff. ~Cons.|dec. diff. ~Cons.|dec. diff. Cons.|dec. diff. Cons.
Test Cycles (km/h) (%) [(%) (km/h) (%) [(%) (km/h) (%) [(%) (km/h) (%) |(%) (km/h) (%) |(%)  (km/h) (%)
ECE 00 02 00 0.3 0.9 1.6 25 35
WLTC Low 00 01 0.0 0.1 0.6 1.2 2.0 29
jpjc08 00 02 00 0.4 1.0 1.6 24 88
FTP72UDDS 00 02 0.0 0.2 0.6 1.0 1.7 24
WLTC Mdl 00 01 00 0.2 0.7 1.2 1.9 26
SC03 00 03 00 0.1 0.4 0.9 1.4 2.2
NYCC -02 03 0.0 -0.7 -0.8 -0.7 -0.2 0.6
Artemis URBAN | -0.1 04 0.0 -0.6 -0.7 -0.6 -0.2 04
NEDC 00 02 00 0.5 1.1 1.8 25 33
WLTC Hgh 00 01 0.0 0.4 1.0 1.6 2.2 29
Artemis RURAL 00 04 00 0.4 0.9 1.4 2.0 27
EUDC 00 02 0.0 0.6 1.2 1.8 2.5 3.2
UCLA92 00 03 0.0 0.0 0.3 0.6 1.1 1.7
HWFET 00 01 00 0.6 1.2 1.9 26 33
REP05 0.0 0.4 0.9 14 1.9 25
WLTC ExtrHgh 00 01 00 0.4 1.0 1.5 241 2.7
Uso6 0.0 0.7 11 1.6 21
Artemis MW130 | 0.0 04 00 0.3 0.8 1.3 1.8 24

As an illustrative example, the speed time trace from the BY€ference cycle and
from the simulated cycle, as well as the speed deviationbeageen in Figure_8.4. Af-
ter arouncR00 s there is a large speed deviation for the smaller system.slitesbottom
sub-figure shows this event in an extracted time frame, wtinereffect of the limited ac-
celeration capability can be seen.

The resulting battery energy consumption per driven désathe battery energy nor-
malized to the base system size, and powertrain energyeeitigican be seen in Figure
[6.5. The average powertrain efficiency decreases both fendwaled and up-scaled sys-
tems. Then more energy is required for propulsion, and lesgyg is regenerated, hence the
energy consumption per distance increases, still the griedto the wheels is unchanged.
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Figure 6.4 Speed and acceleration time traces as well aatievirom the NYCC reference cycle,
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Figure 6.5 Resulting battery energy consumption per drilistance for all resized City cars, and en-
ergy consumption normalized to the0 % base line, along with average cycle powertrain
efficiency in motoring and generative mode, for the NYCC eycl

Another example is the HWFET cycle who's speed deviatiorest lsmall in all cases,
as can be seen in Figure b.6.

Here the average powertrain propulsion efficiency mainlgréi@ses by an increase in
system size, while the regenerative efficiency decreasesyfbem sizes larger and smaller
then the70 — 80 % systems. The highest average powertrain efficiency is eghfibr the
60 % down-scaling, as seen in Figlrelp.7.
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Figure 6.6 Speed and acceleration time traces as well aatevirom the HWFET reference cycle,
for all resized City cars.
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Figure 6.7 Resulting battery energy consumption per driistance for all resized City car systems,
and energy consumption normalized to 108 % base line, along with average cycle pow-
ertrain efficiency in motoring and generative mode, for ttWHET cycle.
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6.2. Highway car

The total powertrain efficiency along with the efficiency ath component for th&) %
system can be seen in Figlirel6.8. For some of the urban cypelgsgulary for the NYCC
and Artemis Urban cycles, the efficiency of the down-scalestesn is somewhat lower
compared to the baseline system (see Figurd 5.25), whitbédRural and Highway cycles
the total powertrain efficiency remain unchanged.
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Figure 6.8 Resulting powertrain energy efficiency for thgy@D % system.

6.2 Highway car

For the Highway car, the maximum torque and power for theescalectric machines can
be seen in Figurle 8.9, along with the vehicle’s road loadoAdsthis case, the top speed is
reached in all cases.
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Figure 6.9 Maximum torque (solid) and power (dotted) as ation of speed, and maximum normal-
ized wheel force as a function of vehicle speed (at 350 V D@)@hwith road load (gray),
for the resized electric machines to the Highway car.

The time to accelerate frotm— 100 km/h for the different system sizes can be seen in
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Chapter 6. Effects of EM resizing on performance and enéifigiency

Figure[6.10. The&0 % system takes aboUts longer time to accelerate t0 km/h, and
2.7 s longer to50 km/h, i.e. a change of arourid) %. Instead, thd 40 % system takes8 s
shorter time tal00 £m/h, and1.2 s shorter to50 km/h; that is a change of aroursd %.
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Figure 6.10 Time to accelerae- 50 km/h and0 — 100 km /h at 10 % SOC, for the resized electric
machines to the Highway car.

The total powertrain energy efficiency of thé % scaled system together with the base-
line system, as functions of vehicle speed and mass noreddiizce, is presented in Figure
[6.11, for a DC voltage level d§50 V. As for the City car, the smaller system has a lower
powertrain efficiency for the same speed and acceleratieratipg point.
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CBEM 50 %

CSEM 100 %

(N/kg)

wheel

Norm. F

20 40 60 80 100 120 140 160 180
Speed (km/h)

Figure 6.11 Total powertrain efficiency (excluding bat)efior the 50 % down scaled machine and the
base machine (100 %) at 350 V DC, for the Highway car.

The resulting battery energy consumption per driven degtaadong with the relative
change in wheel energy per distance between the referecteayd the simulated cycle,
and the maximum speed difference, can be seen in Talle 6e3uf4scaled systems have
no large speed deviations, while the down-scaled systemesdpeed deviations on similar
cycles as the City car.

The energy consumptionincreases a few percent for thealpessystems, abouit-3 %
for the 120 % system an@ — 7 % for the 140 % system. The largest increases can be seen
for the Urban cycles. For the down-scaled systems the chiangmerally smallef) — 1 %,
with the largest decrease for the HWFET cycle2® % for the60 % system.
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Table 6.3 Table over simulation results during up-scalihglectric machine.

60 (%) 80 (%) 100 (%) 120 (%) 140 (%)

Euneel Eunheel Euneel Euneel Euwneel

net net net net net

Sim.  Max Sim.  Max Sim. Max |Sim. Max Sim.  Max

inc. speed Rel. [inc. speed Rel. |inc. speed |inc. speed Rel. |inc. speed Rel.

dec. diff. Cons. |dec. diff. Cons. |dec. diff. dec. diff. Cons. |[dec. diff. Cons.
Test Cycles (%) (km/h) (%) |(%)  (km/h) (%) (%) (km/h) [(%) (km/h) (%) (%) (km/h) (%)
ECE -0.3 -1.4| 0.0 0.2 8.9 7.3
WLTC Low 0.4 -1.2| 0.0 0.2 3.2 71
jpic08 -0.8 -1.3| 0.0 0.2 2.6 5.7
FTP72UDDS 0.4 -0.8| 0.0 0.2 2.3 5.2
WLTC Mdl 0.0 -09 0.0 0.2 22 4.9
SC03 0.6 -0.7 0.0 0.3 2.1 4.7
NYCC 3.8 -0.1| -0.2 0.3 3.2 7.5
Artemis URBAN 4.5 0.1] -0.1 0.4 2.6 6.3
NEDC -1.3 -1.3| 0.0 0.2 2.2 4.7
WLTC Hgh -1.2 -1.1| 0.0 0.2 1.8 3.8
Artemis RURAL -0.3 -0.8| 0.0 0.5 1.7 3.7
EUDC -1.9 -1.2| 0.0 0.2 1.7 3.5
UCLA92 2.1 -0.3| 0.0 0.5 1.8 4.1
HWFET -2.2 -1.3| 0.0 0.2 1.6 3.4
REP05 104 -0.9 -0.8| 0.0 1.3 2.8
WLTC ExtrHgh -1.5 -09| 0.0 0.2 1.3 2.7
uso06 13.0 -0.3 -0.7 0.0 1.2 2.7
Artemis MW130 -0.9 -0.8| 0.0 0.4 1.2 25
Artemis MW150 -1.0 -0.8| 0.0 0.4 1.2 24

6.3 Energy consumption sensitivity to vehicle mass

As a comparison, the consequence on energy consumptiomipen distance for different
vehicle masses is also studied, see Tablk 6.4 for the CitgrzhiTablé 6.5 for the Highway
car. The reason is that the change in mass was disregardeel study of the energy con-
sequence due to resizing of the powertrain. It is howevehlikhat a system resizing will
also have an affect on the total mass of the vehicle.

As can be seen, the energy consumption per distance is faiegrly dependent on
vehicle mass. For a changedf0 kg (8.3 %) for the City car, the change 65— 8 % for the
Urban cycles3 — 5 % for the Rural cycles an2l— 3 % for the Highway cycles. For a change
of 100 kg (5.9 %) for the Highway car, the change in energy consumption petadce is
4 — 6 % for the Urban cycles3 — 4 % for the Rural cycles and — 3 % for the Highway
cycles.
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6.3. Energy consumption sensitivity to vehicle mass

Table 6.4 Table over simulation results of different vehiaiass for the City car.

-300 (kg) 200 (kg) 4100 (kg) |City base| +100 (kg) +200 (kg) +300 (kg)

gﬂpixe . Rel. Zﬂpaexe . Rel. zApZXe 4 Rel.  |Max Max  Rel. gnpe’e’; 4 Rel 2’;’; 4 Rel

Cons. Cons. | Cons. |speed diff.[speed Cons. | Cons. | Cons.

diff. %) diff. (%) diff. (%) (km/h) diff %) diff. %) diff. (%)
Test Cycles (km/h) (km/h) (km/h) ’ (km/h) (km/h)
ECE 0.1 -20.7 0.1 -13.9 0.1 -7.0 0.2 0.2 71 0.2 14.2 0.2 214
WLTC Low 0.1 -215 0.1 -144 0.1 -7.3 0.1 0.1 74 0.1 14.8 0.2 22.3
jpjc08 0.1 -16.6 02 -1141 0.2 -5.6 0.2 0.2 5.6 0.2 11.3 0.3 171
FTP72UDDS 02 -17.0 02 -114 0.2 -5.7 0.2 0.2 5.8 0.3 11.6 0.3 17.5
WLTC MdI 0.1 -16.7 01 -11.2 0.1 -5.6 0.1 0.2 5.7 0.2 114 0.2 17.2
SC03 02 -16.8 03 -113 0.3 -5.7 0.3 0.4 5.7 0.4 11.5 0.4 17.3
NYCC 02 -248 02 -16.7 0.2 -8.4 0.3 0.3 8.5 0.3 17.2 0.3 25.9
Artemis URBAN 0.3 -231 03 -155 0.3 -7.8 0.4 0.4 7.9 0.4 16.0 0.8 241
NEDC 02 127 0.2 -8.5 0.2 -4.3 0.2 0.2 4.3 0.2 8.6 0.2 13.0
WLTC Hgh 01 -11.3 0.1 -7.6 0.1 -3.8 0.1 0.1 3.8 0.1 7.6 0.2 11.5
Artemis RURAL 03 -125 0.3 -8.4 0.3 -4.2 0.4 0.4 4.2 0.4 8.5 0.4 12.9
EUDC 0.1 -9.7 0.2 -6.5 0.2 -3.2 0.2 0.2 3.3 0.2 6.5 0.2 9.8
UCLA92 0.3 -143 0.3 -9.6 0:3 -4.8 0.3 0.4 4.9 0.5 9.9 1.1 15.0
HWFET 0.1 -9.0 0.1 -6.0 0.1 -3.0 0.1 0.1 3.0 0.2 6.1 0.2 9.1
REPO05 0.4 -8.2 0.4 -5.5 0.9 -2.8 1.7 2.6 2.8 3.9 5.6 3.7 8.4
WLTC ExtrHgh 0.1 -6.5 0.1 -4.4 0.1 -2.2 0.1 0.1 2.2 0.2 4.4 0.2 6.7
uUSo06 0.5 -8.8 0.8 -5.9 1.0 -3.0 1.6 24 3.0 3.4 5.8) B 8.7
Artemis MW130 0.3 -6.5 0.3 -4.4 0.4 -2.2 0.4 0.5 2.2 0.5 4.5 0.6 6.8

Table 6.5 Table over simulation results of different vehiciass for the Highway car.
Highway
-300 (kg) 200 (kg) -100 (kg) |Base +100 (kg) +200 (kg) +300 (kg)
Ve pen M Rel M el [MEX o (MEX ge (M Re VX R
speed speed speed speed speed speed speed
Cons. | Cons. | Cons. | : Cons. | . Cons. Cons.

diff. ) diff. %) diff. (%) diff. diff. (%) diff. %) diff. )
Test Cycles (km/h) (km/h) (km/h) (km/hy  [(km/h) (km/h) (km/h)
ECE 0.1 -155 0.1 -104 0.1 -5.2 0.2 0.2 5.3 0.2 10.5 0.2 15.9
WLTC Low 02 -16.1 02 -107 0.2 -5.4 0.2 0.2 5.4 0.2 10.9 0.2 16.4
jpjc08 02 -131 02 -88 02 -44| 02 02 44 0.2 8.9 02 133
FTP72UDDS 02 -134 0.2 -8.9 0.2 -4.5 0.2 0.2 4.5 0.2 9.0 0.3 13.6
WLTC Mdl 02 -13.2 0.2 -8.8 0.2 -4.4 0.2 0.2 4.4 0.2 8.9 0.2 134
SCO03 03 -13.3 0.3 -8.9 0.3 -4.4 0.3 0.4 4.5 0.4 9.0 0.4 135
NYCC 03 -17.9 0.3 -12.0 0.3 -6.0 0.3 0.4 6.1 0.4 12.2 0.4 18.4
Artemis URBAN 03 -17.0 03 -114 0.4 -5.7 0.4 0.4 5.8 0.4 11.6 0.5 17.4
NEDC 0.1 -105 0.2 -7.0 0.2 -3.5 0.2 0.2 815) 0.2 71 0.2 10.7
WLTC Hgh 0.2 9.4 0.2 -6.3 0.2 -3.2 0.2 0.2 3.2 0.2 6.4 0.2 9.6
Artemis RURAL 04 -104 0.5 -6.9 0.5 -3.5 0.5 0.6 B15) 0.6 7.0 0.6 10.6
EUDC 0.1 -8.2 0.2 -5.5 0.2 -2.8 0.2 0.2 2.8 0.2 55 0.2 8.3
UCLA92 04 -116 0.4 -7.8 0.5 -3.9 0.5 0.5 3.9 0.6 7.9 0.7 11.9
HWFET 0.1 -7.7 0.2 -5.1 0.2 -2.6 0.2 0.2 2.6 0.2 5.2 0.2 7.7
REPO05 0.4 -7.2 0.4 -4.8 0.8 2.4 1.5 21 24 2.7 49 5.3 7.3
WLTC ExtrHgh 0.2 -5.8 0.2 -3.9 0.2 -1.9 0.2 0.2 2.0 0.2 3.9 0.2 5.9
Uso6e 0.4 -7.7 0.4 5.2 0.7 -2.6 14 2.0 2.6 2.6 5.2 3.1 7.7
Artemis MW130 0.3 -5.8 0.4 -3.9 0.4 -1.9 0.4 0.4 1.9 0.5 3.9 0.5 5.8
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Chapter 7

Conclusions and future work

7.1 Conclusions

In this thesis, various drive cycles, legislative, offigiahl-world and measured within the
frame of the project, have been studied and characterizedrirs of speed and acceleration
cycle parameters, as well as acceleration and speed digtribThe objective was to assess
typical vehicle usage on different road types, but also toysthe implication on vehicle
energy consumption due to the drive cycle’s charactesiskor this evaluation, three ref-
erence vehicles were designed after different set perfocmaequirements, with data on
existing BEVs as a frame of reference. An available tractimtor, power electronic mod-
ule and battery cell were utilized, where the motor was stchieactive length. Finally, the
consequence of downsizing the electric drive system ingesfrenergy consumption and
performance was also studied.

It was revealed that most of the legislative drive cyclesendveloped a few decades
ago, when the performance of passenger cars were genexaly than today’s cars, hence
the drive cycles are not fully representative of today’ddgpdriving. Through comparison
with measured drive cycles, it was found that the measurel@syeport higher peak levels
of acceleration for a certain speed level. On the other hahdn studying the relative time
spent at certain levels of acceleration and speed, the mezhsycles spend only slightly
more time at higher levels of acceleration compared to thieaifcycles, at least on average
over a group of similar cycles.

From a literature study various estimation methods of veHliontal area were found.
These were compared to a few found manufacturer data regptidiee vehicle models.
It was found that a suitable estimation of the are&4i§ of the product of vehicle track
width and height. Furthermore, different, often referredetstimations regarding the speed
dependency of tire rolling resistance were found to deviat®m each other rather much.

Through the mapping of existing BEVs it was found that thera wide spread regard-
ing their top speed and acceleration performance, as weltigieg range, which made a
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categorization ambiguous.

The reference cars consists of a City car, a Highway car anmbet 8ar. When compar-
ing their road load per mass while driving at a constant speeas found that the City car
has a stronger speed dependency than the other two, duediaitteely higher aerodynamic
drag. This causes it to have a higher road load relative tmiss for speed levels greater
than66 km/h, compared to the Highway and Sport cars.

The needed wheel force and power, due to performance reegits regarding top
speed, time to accelerate100 km/h, take off at25 % grade, and driving at a high grade in
a high speed were studied. In a comparison it turned out iesd¢celeration requirement
was the dominating one, hence the only one considered wlemifigpg the needed output
from the powertrain.

Furthermore, it was found that the time to accelerate carcbieeed with various com-
binations of initial maximum force and maximum power. Forigher initial maximum
force, the needed maximum power to red€h km/h at the specified time is lower. This
will lead to shorter time to accelerate 16 km/h, but longer time to accelerate froso to
100 km/h. The conclusion is that a requirement of time to accelerat@ to 100 km/h is
not enough to describe the desired performance of a vettieles must also be an expressed
requirement on low and high speed performance, respegtivel

Another important finding is that the time resolution of tipeed time traces, that de-
fines the official cycles, is relatively low compared to theeraf change of speed. Then the
estimated correlated acceleration is highly dependenhenrethod used for calculation,
whether it is a forward and backward looking method or a simjplst backward looking
method. The consequence on cycle energy consumption pandésis then highly sensitive
to the method used for estimation of acceleration, wherdlifference may be as large as
15 % for some cycles.

Within the same road-type category, those cycles that spwu time at high acceler-
ation and speed levels are those who consume the most er@rdistance during propul-
sion. At the same time, in these cycles more braking energ@gdsavailable for regenerative
braking, which makes the total energy consumption a bitdessitive to speed fluctuations
and high acceleration levels, still the tendency is a higimargy consumption per driven
distance.

As an example, it was noted that two cycles, Artemis Urban\athd C Low, have
similar speed parameters such as maximum and average spktoha share at low speed,
although their speed time traces are very different, whieeeArtemis Urban has many
more speed fluctuations as well as higher acceleration gaeasn(maximum, minimum
and average, as well as more time spent at higher acceletatiels for the same speed
value and time share at acceleratibr- 2m/s%). These differences lead &8 % higher
net battery energy consumption per distance for the Artéirisin cycle, compared to the
WLTC Low, for the City car.

By down-scaling the electric drive system of the City carby?%, the time to accelerate
to 100 km/h becomess7 % longer, while an up scaling b¥0 % results in a decrease of
the acceleration time b$2 %. For the40 % down-scaling, the energy per driven distance

128



7.2. Future Work

for Urban cycles increase aboBit- 6 %, while for a50 % down scaling the increase in
energy consumption i — 11 %. In both cases, the vehicle is only able to follow 5 of the
8 Urban cycles, due to limited acceleration capability. Whp scaling the system ki) %
the increase in energy consumption per distance for Urbdigghway cycles id — 3 %.

By down-scaling the electric drive system of the Highway bgr40 %, the time to
accelerate ta 00 km/h becomes’0 % longer, while an up scaling by0 % results in a
decrease of the acceleration timedf\’%. For the40 % down-scaling, the energy per driven
distance decrease by less thHd# for some of the Urban cycles and increase by abdiiff;
for others. Also, the vehicle is only able to follow 5 of the 8ddn cycles, due to limited
acceleration capability. Furthermore, for &% down-scaling, the Highway car is able to
follow 3 of the 6 Highway cycles, and then the energy consionger distance is decreased
by 1 — 2%. When up scaling the system B9 % the increase in energy consumption per
distance for Urban cycles increasesiy 8 %, and for the Highway cycles it increases by
around3 %.

The conclusion is that a much smaller change in energy coptsoncan be seen for the
down-scaled Highway car’s drive system compared to a doatingrof similar relation of
the City car’s drive system. When it comes to the up scaliegdisults show a larger change
for the Highway car.

Finally, the consequence on energy consumption per disfandifferent vehicle masses,
indicate a relatively important linear relation. As an exdena decrease of the City car mass
by 8.3 %, leads to a decrease of the energy consumption per distgrice B % for the Ur-
ban cycles3 — 5% for the Rural cycles anfl — 3 % for the Highway cycles. An increase
in vehicle weight by the same factor instead cause incréasgsergy consumption of the
same levels. Similar results can also be seen for the Higloaay

7.2 Future Work

As the presented results are valid under the assumptions @wadi models used during
the study, perhaps it would be valuable to assess the comsegon energy consumption
while improving the level of detail regarding some of theemptions and models used. For
example, by modeling the rolling resistance as a functiospefed, and by implementing a
wheel slip model, the change in energy consumption couldsbessed in order to be able
to draw conclusions on the necessary level of detail in thdetiiog of these phenomena. In
general, a sensitivity study on the influence on energy aopsion due to different values

of vehicle frontal areas and aerodynamic drag coefficieotddvbe interesting.

The results show that the energy efficiencies of the diffigpewertrain components are
rather similar. In order to increase the validity of the tesin the study, perhaps also the
transmission losses could be modeled as depending on leeldaled speed, as were the
case with the other components.

The results of the mass sensitivity study show that the ah@mgnergy consumption
per distance due to a change in mass may sometimes be iondiatihe change in energy
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consumption due to a rescaling. Therefore, as the size afrthie system is changed, the
effect on the vehicle mass should perhaps also be consideradler to improve the detail
level of the results.

Furthermore, the loss modeling of the electric machine wasedising constant ma-
chine parameters. By modeling the machine in a FEM calarabftware, load dependent
machine parameters can be extracted and utilized.

Also the modeling of the battery losses and voltage trajgatould be improved by
adding RC-links, although then perhaps a different battetlyshould be modeled where
more data is available.

Furthermore, it would be interesting to deepen the studyefelation between the cycle
parameters regarding speed and acceleration on the on@hd®EV energy consumption
per distance on the other.

Apart from energy consumption, aspects such as life cycte aod environmental ef-
fects of the BEV powertrain design choices, are of vital imi@ace and should be included
in future studies.

Moreover, this study has ignored thermal aspects in the pgoaiue design and evalua-
tion, while these effects are highly important. As a corditien of the work, thermal effects
could be considered, in order to be able to draw conclusiomegessary cooling and tran-
sient performance of the electric machine with respectedaltfierent drive cycles. Different
cooling strategies can also be developed, e.g. one for suiammdeone for winter, where in
the winter the losses could be used to heat the drivers cameat. Another possibility is
to consider an active cooling strategy during driving.

Finally, the derived drive cycles from the measured GPS amelarometer signals,
could perhaps be improved using more advanced filteringhigaks.

130



References

References

[1]

(2]

[3]

[4]

[5]

E. Ericsson. (2000) Driving pattern in urban areas - dptige analysis and initial
prediction model. Lund Institue of Technology, DepartmefitTechnology and
Society, Traffic Planning. Accessed 2013-12-11. [Onlingjailable: http://www.
lunduniversity.lu.se/0.0.i.s?id=12683&postid=627123

(2006, dec) Final technical support document, fuel @roy labeling of motor vehicle

revisions to improve calculation of fuel economy estimatg§ Environmental

Protection Agency (EPA), Office of Transportation and Air afity. Accessed

2013-12-09. [Online]. Available: http://www.epa.gowledel/documents/420r06017.
pdf

E. Ericsson, “Independent driving pattern factors ahdirt influence on fuel-use
and exhaust emission factorsfransportation Research Part D: Transport and
Environment, vol. 6, no. 5, pp. 325 — 345, 2001. [Online]. Available: hitpww.
sciencedirect.com/science/article/pii/S136192090030¢

S. Samuel, L. Austin, and D. Morrey, “Automotive test \dri cycles for
emission measurement and real-world emission levels - &wgvProceedings
of the Ingtitution of Mechanical Engineers, Part D: Journal of Automobile
Engineering, vol. 216, no. 7, pp. 555-564, 2002, cited By (since 1996]&h-
line]. Available: http://www.scopus.com/inward/recard?eid=2-s2.0-0036964445&
partnerlD=40&md5=7dfe8159f1a6d5b00f7a8e1153ee5aas

F. L. Berr, A. Abdelli, and R. Benlamine, “Sensitivity tely on the design
methodology of an electric vehicle,” 04 2012. [Online]. Aahle: http://dx.doi.org/
10.4271/2012-01-0820

[6] A. Abdelli, F. L. Berr, and R. Benlamine, “Efficient desigmethodology of an

[7]

(8]

9]

all-electric vehicle powertrain using multi-objectiverggic optimization algorithm,”
04 2013. [Online]. Available: http://dx.doi.org/10.422013-01-1758

L. Chen, J. Wang, P. Lazari, and X. Chen, “Optimizatiofisagpermanent magnet
machine targeting different driving cycles for electridiaes,” in Electric Machines
Drives Conference (IEMDC), 2013 | EEE International, May 2013, pp. 855-862.

R. Sehab, B. Barbedette, and M. Chauvin, “Electric vihirivetrain: Sizing and
validation using general and particular mission profil@sMechatronics (ICM), 2011
|EEE International Conference on, April 2011, pp. 77-83.

M. Ehsani, K. Rahman, and H. Toliyat, “Propulsion systedesign of electric and
hybrid vehicles,Industrial Electronics, |EEE Transactionson, vol. 44, no. 1, pp. 19—
27, Feb 1997.

131


http://www.lunduniversity.lu.se/o.o.i.s?id=12683&postid=627123
http://www.lunduniversity.lu.se/o.o.i.s?id=12683&postid=627123
http://www.epa.gov/carlabel/documents/420r06017.pdf
http://www.epa.gov/carlabel/documents/420r06017.pdf
http://www.sciencedirect.com/science/article/pii/S1361920901000037
http://www.sciencedirect.com/science/article/pii/S1361920901000037
http://www.scopus.com/inward/record.url?eid=2-s2.0-0036964445&partnerID=40&md5=7dfe8159f1a6d5b00f7a8e1153ee5aa4
http://www.scopus.com/inward/record.url?eid=2-s2.0-0036964445&partnerID=40&md5=7dfe8159f1a6d5b00f7a8e1153ee5aa4
http://dx.doi.org/10.4271/2012-01-0820
http://dx.doi.org/10.4271/2012-01-0820
http://dx.doi.org/10.4271/2013-01-1758

References

[10] M. Pourabdollah, “On optimization of plug-in hybrid egltric vehicles,” Thesis
for the degree of Licentiate of Engineering, Chalmers Ursitg of Technology,
2012. [Online]. Available: http://publications.lib.dingers.se/records/fulltext/170631/
170631.pdf

[11] A. Ayman, G. Singh, S. Singh, S. Fellah, and A. Rouss€2009) Impact of real
world drive cycles on phev fuel efficiency and cost for difiet powertrain and battery
characteristics. Argonne National Laboratory, USA. [@a]i Available; http://www.
transportation.anl.gov/pdfs/HV/564.pdf

[12] J. Kwon, J. Kim, E. Fallas, S. Pagerit, and A. Roussedémpact of drive cycles
on phev component requirements,” 04 2008. [Online]. Alddahttp://dx.doi.org/10.
4271/2008-01-133

[13] J. M. Miller, Propulsion Systems for Hybrid Vehicles. Institution of Engineering
and Technology, London, United Kingdom, 2010. [Online]. alable: http://
digital-library.theiet.org/content/books/rn/pbrn@07

[14] T. D. Gillespie,Fundamentals Of \ehicle Dynamics, 1st ed. Society of Automotive
Engineers, Inc., 1992.

[15] W.-H. Hucho, Ed. Aerodynamics of Road Vehicles, From Fluid Mechanicsto Vehicle
Engineering, 4th ed. Society of Automotive Engineers, Inc., 1998.

[16] (2014, jan) Density of air. English Wikipedia, the fremcyclopedia. Accessed
2014-01-03. [Online]. Available: http://en.wikipediagdwiki/Density _of air

[17] T. C. Moore and A. B. Lovins. (1995) Vehicle design stgies to meet and exceed
pngv goals. SAE Technical Paper 951906. [Online]. Avadahttp://citeseerx.ist.psu.
edu/viewdoc/download?rep=repl&type=pdf&doi=10.19D.17444

[18] J. Y. Wong, Ed.Theory of Ground \ehicles, 4th ed. John Wiley & Sons, Inc., 2008.
[19] R. B. GmbH,Automotive Handbook, 8th ed. John Wiley Sons, 2011.

[20] (2006, feb) The pneumatic tire, dot hs 810 561. NHTSA tidteal Highway
Traffic Safety Administration, U.S. Department of Trangption. Accessed 2014-02-
19. [Online]. Available: http://www.nhtsa.gov/statiefd/safercar/pdf/PneumaticTire_
HS-810-561.pdf

[21] L. Guzzella and A. Sciarrettdfghicle Propulsion Systems - Introduction to Modeling
and Optimization, 2nd ed. Springer, 2007.

[22] M. Ehsani, Y. Gao, and A. Emadilodern Electric, Hybrid Electric, and Fuel Cell
\ehicles: Fundamentals, Theory, and Design, 2nd ed. CRC Press, Taylor & Francis
Group., 2010.

132


http://publications.lib.chalmers.se/records/fulltext/170631/170631.pdf
http://publications.lib.chalmers.se/records/fulltext/170631/170631.pdf
http://www.transportation.anl.gov/pdfs/HV/564.pdf
http://www.transportation.anl.gov/pdfs/HV/564.pdf
http://dx.doi.org/10.4271/2008-01-1337
http://dx.doi.org/10.4271/2008-01-1337
http://digital-library.theiet.org/content/books/rn/pbrn007e
http://digital-library.theiet.org/content/books/rn/pbrn007e
http://en.wikipedia.org/wiki/Density_of_air
http://citeseerx.ist.psu.edu/viewdoc/download?rep=rep1&type=pdf&doi=10.1.1.199.7444
http://citeseerx.ist.psu.edu/viewdoc/download?rep=rep1&type=pdf&doi=10.1.1.199.7444
http://www.nhtsa.gov/staticfiles/safercar/pdf/PneumaticTire_HS-810-561.pdf
http://www.nhtsa.gov/staticfiles/safercar/pdf/PneumaticTire_HS-810-561.pdf

References

[23] (2006) Tires and passenger vehicle fuel economy, miiog consumers, improving
performance, transportation research board special rep®8. Transportation
Research Board. Accessed 2014-02-19. [Online]. Availdtitp://onlinepubs.trb.org/
onlinepubs/sr/sr286.pdf

[24] J. Hendershot and T. MilleDesign of Brushless Permanent-Magnet Machines. Mo-
tor Design Books LLC, 2010.

[25] A. Rabiei, “Energy efficiency of an electric vehicle prdsion inverter using various
semiconductor technologies,” Thesis for the degree of ritieée of Engineering,
Chalmers University of Technology, 2013. [Online]. Availe: http://publications.lib.
chalmers.se/records/fulltext/187097/187097.pdf

[26] O. Wallmarki, “On control of permanent-magnet synaiwas motors in hybrid-
electric vehicle applications,” Thesis for the degree ofdrtiate of Engineering,
Chalmers University of Technology, 2004. [Online]. Availe: http://publications.lib.
chalmers.se/records/fulltext/2386.pdf

[27] A. Wintrich, U. Nicolai, W. Tursky, and T. Reimann. (20L Appli-
cation manual power semiconductors. Semikron InternatioGmbH. [On-
line]. Available: http://www.semikron.com/skcompub/SEMIKRON_Application_
Manual_Power_Semiconductors_.pdf

[28] O. Josefsson, “Energy efficiency comparison between-lavel and multilevel
inverters for electric vehicle applications,” Thesis ftietdegree of Licentiate of
Engineering, Chalmers University of Technology, 2013. |j@]. Available: http://
publications.lib.chalmers.se/records/fulltext/1 7218 4182.pdf

[29] V. Johnson, “Battery performance models in {ADVISOR}ournal of Power
Sources, vol. 110, no. 2, pp. 321 — 329, 2002. [Online]. Availabletphfwww.
sciencedirect.com/science/article/pii/S0378775302d8

[30] T. Reddy and D. Lindertiandbook of batteries, 4th ed. Mcgraw-Hill's, 2011.

[31] J. Croes and S. Igbal. D2.1 document 1: Literature sur@earlosses. ESToMaD,
Energy Software Tools for Sustainable Machine Design. Ased 2014-04-25.
[Online]. Available: http://www.estomad.org/documemi@2_1/D2_1%20Document
%201%20%20L.iterature%20survey%20gears.pdf

[32] E. Nam. (2004) Advanced technology vehicle modelingpéme. EPA, United States
Environmental Protection Agency, Office of Transportaton Air Quality. Accessed
2014-04-15. [Online]. Available: http://www.epa.govdgfmodels/ngm/420d04002.
pdf

[33] T. Hofman and C. H. Dai, “Energy efficiency analysis andparison of transmission
technologies for an electric vehicle,” iehicle Power and Propulsion Conference
(VPPC), 2010 |EEE, Sept 2010, pp. 1-6.

133


http://onlinepubs.trb.org/onlinepubs/sr/sr286.pdf
http://onlinepubs.trb.org/onlinepubs/sr/sr286.pdf
http://publications.lib.chalmers.se/records/fulltext/187097/187097.pdf
http://publications.lib.chalmers.se/records/fulltext/187097/187097.pdf
http://publications.lib.chalmers.se/records/fulltext/2386.pdf
http://publications.lib.chalmers.se/records/fulltext/2386.pdf
http://www.semikron.com/skcompub/en/SEMIKRON_Application_Manual_Power_Semiconductors_.pdf
http://www.semikron.com/skcompub/en/SEMIKRON_Application_Manual_Power_Semiconductors_.pdf
http://publications.lib.chalmers.se/records/fulltext/174182/174182.pdf
http://publications.lib.chalmers.se/records/fulltext/174182/174182.pdf
http://www.sciencedirect.com/science/article/pii/S0378775302001945
http://www.sciencedirect.com/science/article/pii/S0378775302001945
http://www.estomad.org/documenten/D2_1/D2_1%20Document%201%20%20Literature%20survey%20gears.pdf
http://www.estomad.org/documenten/D2_1/D2_1%20Document%201%20%20Literature%20survey%20gears.pdf
http://www.epa.gov/otaq/models/ngm/420d04002.pdf
http://www.epa.gov/otaq/models/ngm/420d04002.pdf

References

[34] M. A. M. Chris Mi and D. W. GaoHybrid Electric \ehicles: Principles and Applica-
tionswith Practical Perspectives, 1sted. John Wiley & Sons, Inc., 2011.

[35] F. Sprei, S. Karlsson, and J. Holmberg, “Better perfance or lower fuel consump-
tion. technological development in the swedish new-cat.flédransportation Re-
search Part D: Transport and Environment, vol. 13:2, s. 75-85, 2008.

[36] S. Karlsson. (2013) The swedish car movement data grfijeal report. Division of
Physical resource Theory, Chalmers University of Techgyl@Online]. Available:
http://publications.lib.chalmers.se/records/fultt&87380/local_187380.pdf

[37] H. Watson. (1978) Vehicle driving patterns and measumet methods for energy
and emission assessment. Bureau of Transport Economictye@a. Accessed
2014-01-15. [Online]. Available: http://www.bitre.g@w/publications/1978/files/op_
030.pdf

[38] I. M. Berry, “The effects of driving style and vehicle ffermance on the real-world
fuel consumption of u.s. light-duty vehicles,” Master ofi&@wxe in Mechanical
Engineering and Master of Science in Technology and PdMagsachusetts Institute
of Technology, feb 2010, accessed 2011-12-20. [Onlinedilable: http://web.mit.
edu/sloan-auto-lab/research/beforeh2/files/IrengBe&iresis_February2010.pdf

[39] (1995, jan) Final technical report on aggressive digvbehavior for the revised
federal test procedure notice of proposed rulemaking. U8r&mmental Protection
Agency (EPA), Office of Transportation and Air Quality andSU.Department
of Transportation, National Highway Traffic Safety Adminéion (NHTSA).
Accessed 2014-01-21. [Online]. Available: http://wwwaagov/OMS/regs/Id-hwy/
ftp-rev/ftp-us06.pdf

[40] (2011) Final rule, federal register, vol. 76, no. 12@rtpii, 40 cfr parts 85, 86 and
600. EPA, United States Environmental Protection Agendfic®of Transportation
and Air Quality. Accessed 2013-12-10. [Online]. Availablevw.gpo.gov/fdsys/pkg/
FR-2011-07-06/pdf/2011-14291.pdf

[41] Council. (1970, march) Council directive 70/220/eeic2® march 1970 on the
approximation of the laws of the member states relating tcasues to be
taken against air pollution by gases from positive-igmtiengines of motor
vehicles. Official Journal of the European Communities. essed 2014-01-
15. [Online]. Available: http://ec.europa.eu/enterptigctors/automotive/documents/
directives/motor-vehicles/

[42] (2014, january) Emission standards, summary of woidéwengine emission
standards. DieselNet, Ecopint Inc., Canada. Accessed -@Q045. [Online].
Available: http://www.dieselnet.com/standards/

134


http://publications.lib.chalmers.se/records/fulltext/187380/local_187380.pdf
http://www.bitre.gov.au/publications/1978/files/op_030.pdf
http://www.bitre.gov.au/publications/1978/files/op_030.pdf
http://web.mit.edu/sloan-auto-lab/research/beforeh2/files/IreneBerry_Thesis_February2010.pdf
http://web.mit.edu/sloan-auto-lab/research/beforeh2/files/IreneBerry_Thesis_February2010.pdf
http://www.epa.gov/OMS/regs/ld-hwy/ftp-rev/ftp-us06.pdf
http://www.epa.gov/OMS/regs/ld-hwy/ftp-rev/ftp-us06.pdf
www.gpo.gov/fdsys/pkg/FR-2011-07-06/pdf/2011-14291.pdf
www.gpo.gov/fdsys/pkg/FR-2011-07-06/pdf/2011-14291.pdf
http://ec.europa.eu/enterprise/sectors/automotive/documents/directives/motor-vehicles/
http://ec.europa.eu/enterprise/sectors/automotive/documents/directives/motor-vehicles/
http://www.dieselnet.com/standards/

References

[43] A. Faiz, C. S. Weaver, and M. P. Walsh. (1996) Air padlitifrom motor vehicles
- standards and technolgies fro controlling emissions. [fternational Bank for
Reconstruction and Development, The World Bank, Washimg®.C. Accessed
2014-01-15. [Online]. Available: http://www.un.org/égie/iandm/faizpaper.pdf

[44] M. Andre. (2004, jun) Real-world driving cycles for nmseaing cars pollutant
emissions, part a: The artemis european driving cycles. BWB - Assessment
and reliability of transport emission models and inventsygtems. Accessed 2014-
01-10. [Online]. Available: http://inrets.fr/ur/lte/pli-autresactions/fichesresultats/
ficheartemis/road3/method31/Artemis_cycles_reporEQ411.pdf

[45] (2013, nov) Development of a world-wide worldwide hamized light duty
driving test cycle (wltc), draft technical report. United atibns Economic
Commission for Europe, Working Party on Pollution and Egd@RPE), Worldwide
harmonized Light vehicles Test Procedure (WLTP), WLTP 8Sulp on the
Development of the Harmonized driving Cycle (DHC). Accekss2013-11-14.
[Online]. Available: https://www2.unece.org/wiki/dovaad/attachments/15237269/
WLTP-DHC-draft_technical_report_ver131101-4.doc2api

[46] (2013, september) Speed limits by country. English ipéklia, the free encyclope-
dia. Accessed 2013-09-13. [Online]. Available: http:Aeikipedia.org/wiki/Speed
limits_by country

[47] (2012) Eu transport in figures - statistical pocketb@®4 2. European Commission
Transport. Accessed 2013-09-13. [Online]. Availablepiitec.europa.eu/transport/
facts-fundings/statistics/doc/2012/pocketbook20dP.p

[48] (2014, january) Speed. The Insurance Institute forMigy Safety (IIHS). Accessed
2014-01-10. [Online]. Available; http://www.iihs.ordis/topics/laws/speedlimits?
topicName=speed#tableData

[49] (2009, aug) Proposal for witc methodology and guidedifor in-use data collection,
proposed by uk and japan dhc group under grpe/wltp informaig United Nations
Economic Commission for Europe, Working Party on Pollutéod Energy (GRPE),
Worldwide harmonized Light vehicles Test Procedure (WLTW)LTP Sub-group on
the Development of the Harmonized driving Cycle (DHC). Assed 2014-01-10.
[Online]. Available: http://www.unece.org/fileadmin/DAtrans/doc/2009/wp29grpe/
WLTP-DHC-01-04e.pdf

[50] (2011, may) Proposal for the threshold vehicle speddwfmiddle/high(/extra-high)
phase. United Nations Economic Commission for Europe, WigrRarty on Pollution
and Energy (GRPE), Worldwide harmonized Light vehicles Rescedure (WLTP),
WLTP Sub-group on the Development of the Harmonized driviygle (DHC).
Accessed 2014-01-10. [Online]. Available: http://wwweae.org/fileadmin/DAM/
trans/doc/2011/wp29grpe/WLTP-DHC-07-02e.pdf

135


http://www.un.org/esa/gite/iandm/faizpaper.pdf
http://inrets.fr/ur/lte/publi-autresactions/fichesresultats/ficheartemis/road3/method31/Artemis_cycles_report_LTE0411.pdf
http://inrets.fr/ur/lte/publi-autresactions/fichesresultats/ficheartemis/road3/method31/Artemis_cycles_report_LTE0411.pdf
https://www2.unece.org/wiki/download/attachments/15237269/WLTP-DHC-draft_technical_report_ver131101-4.doc?api=v2
https://www2.unece.org/wiki/download/attachments/15237269/WLTP-DHC-draft_technical_report_ver131101-4.doc?api=v2
http://en.wikipedia.org/wiki/Speed_limits_by_country
http://en.wikipedia.org/wiki/Speed_limits_by_country
http://ec.europa.eu/transport/facts-fundings/statistics/doc/2012/pocketbook2012.pdf
http://ec.europa.eu/transport/facts-fundings/statistics/doc/2012/pocketbook2012.pdf
http://www.iihs.org/iihs/topics/laws/speedlimits?topicName=speed#tableData
http://www.iihs.org/iihs/topics/laws/speedlimits?topicName=speed#tableData
http://www.unece.org/fileadmin/DAM/trans/doc/2009/wp29grpe/WLTP-DHC-01-04e.pdf
http://www.unece.org/fileadmin/DAM/trans/doc/2009/wp29grpe/WLTP-DHC-01-04e.pdf
http://www.unece.org/fileadmin/DAM/trans/doc/2011/wp29grpe/WLTP-DHC-07-02e.pdf
http://www.unece.org/fileadmin/DAM/trans/doc/2011/wp29grpe/WLTP-DHC-07-02e.pdf

References

[51] (2013, feb) Dynamometer drive schedules. EPA, UnitadteS Environmental
Protection Agency, Transportation and Air Quality. Aceas2011-12-19. [Online].
Available: http://www.epa.gov/nvfel/testing/dynamaerehtm#vehcycles/

[52] (2012, may) Regulation no 101, official journal of eueap union. Economic
Commission for Europe of the United Nations. Accessed 200-31. [On-
line]. Available: http://eur-lex.europa.eu/LexUriSArexUriServ.do?uri=0J:L:2012:
138:0001:0077:en:PDF

[53] (2013, jan) Finalized test cycle, witc. UNECE, Unitedatftbns Economic
Commission for Europe, Worldwide harmonized Light vehscl@est Procedure
(WLTP). Accessed 2013-11-14. [Online]. Available: htfpgww2.unece.org/wiki/
download/attachments/5801079/WLTP-DHC-16-06e_rex3dpi=v2

[54] (2012) Krav for vagars och gators utformning. Trafiketr Ac-
cessed 2013-10-01. [Online]. Available: http://www.dtdte.fl.us/rddesign/qa/Data/
AASHTO-InterstateDesignStandards. pdf

[55] (2005) A policy on design standards interstate systemerican Association of State
Highway and Transport Officials. Accessed 2013-10-01. if@jl Available: http://
publikationswebbutik.vv.se/shopping/Showltem.asgx3848

[56] (2013) San fransisco, ca, usa, streets colored by sldp=fikverket. Accessed
2013-10-01. [Online]. Available: https://[pmsv3.trafikiket.se/Pages/EnkelSok/
EnkelSokView.aspx

[57] (2009, nov) San fransisco, ca, usa, streets colored Ibpes Data Pointed.
Accessed 2013-10-01. [Online]. Available: http://wwwajgointed.net/visualizations/
maps/san-francisco/streets-slope/

[58] N. S. Pearre, W. Kempton, R. L. Guensler, and V. V. Elantiectric vehicles:
How much range is required for a day’s drivingiansportation Research Part C:
Emerging Technologies, vol. 19, no. 6, pp. 1171 — 1184, 2011. [Online]. Available:
http://www.sciencedirect.com/science/article/pi#68090X1100012X

[59] (2011) Summary of travel trends: 2009 national housghoavel survey. US
Department of Transportation, Federal Highway Administra Accessed 2013-10-
09. [Online]. Available: http://nhts.ornl.gov/2009/peti.pdf

[60] (2007) Res 2005-2006, den nationella resvaneundeisgé&n. SIKA Statistik, Statens
institut fér kommunikationsanalys. Accessed 2010-12f@nline]. Available: http://
trafa.se/PageDocuments/ss_2007_19 1.pdf

[61] (2007) Korstrackor gor 2006. SIKA Statistik, Statenstitut for kommunikations-
analys. Accessed 2010-12-21. [Online]. Available: hitpaw.sch.se/Statistik/TK/_
dokument/Korstr_2006.pdf

136


http://www.epa.gov/nvfel/testing/dynamometer.htm#vehcycles/
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2012:138:0001:0077:en:PDF
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2012:138:0001:0077:en:PDF
https://www2.unece.org/wiki/download/attachments/5801079/WLTP-DHC-16-06e_rev.xlsx?api=v2
https://www2.unece.org/wiki/download/attachments/5801079/WLTP-DHC-16-06e_rev.xlsx?api=v2
http://www.dot.state.fl.us/rddesign/qa/Data/AASHTO-InterstateDesignStandards.pdf
http://www.dot.state.fl.us/rddesign/qa/Data/AASHTO-InterstateDesignStandards.pdf
http://publikationswebbutik.vv.se/shopping/ShowItem.aspx?id=5848
http://publikationswebbutik.vv.se/shopping/ShowItem.aspx?id=5848
https://pmsv3.trafikverket.se/Pages/EnkelSok/EnkelSokView.aspx
https://pmsv3.trafikverket.se/Pages/EnkelSok/EnkelSokView.aspx
http://www.datapointed.net/visualizations/maps/san-francisco/streets-slope/
http://www.datapointed.net/visualizations/maps/san-francisco/streets-slope/
http://www.sciencedirect.com/science/article/pii/S0968090X1100012X
http://nhts.ornl.gov/2009/pub/stt.pdf
http://trafa.se/PageDocuments/ss_2007_19_1.pdf
http://trafa.se/PageDocuments/ss_2007_19_1.pdf
http://www.scb.se/Statistik/TK/_dokument/Korstr_2006.pdf
http://www.scb.se/Statistik/TK/_dokument/Korstr_2006.pdf

References

[62] (2012) Driving and parking patterns of european cawets, a mobility survey.
European Commission. Accessed 2013-10-10. [Online].lakkd: http://publications.
jrc.ec.europa.eu/repository/handle/111111111/26394/

[63] (2010) Ample driving range for everyday deeds. Nissamtdd Corporation.
Accessed 2013-04-02. [Online]. Available: http://mwwarsgoom.nissan-europe.
com/download/media/specialfile/41486_3_6.aspx

[64] S. Karlsson and E. Jonson, “The importance of car movermata for determining
design, viability and potential of phevs$Jroceedings of International Advanced Mo-
bility Forum (IAMF) 2011, Geneva Switzerland, 2011.

[65] L.-H. Kullingsjé and S. Karlsson. (2012) The swedishr caovement data project.
Division of Physical resource Theory, Chalmers Universityfechnology. [Online].
Available: http://publications.lib.chalmers.se/regt®fulltext/local_165497.pdf

[66] (2007) Resvanor i géteborgsregionen 2005. Gotebaeayh Yagverket and Vasttrafik.
Accessed 2011-10-11. [Online]. Available: http://wwwaftkkontoret.goteborg.se/
resourcelibrary/Resvanor.pdf

[67] J. Krumm, “How people use their vehicles: Statisticenfr the 2009 national
household travel survey,” 04 2012. [Online]. Availabletph¥dx.doi.org/10.4271/
2012-01-0489

[68] (2007) Axp course design - baseline driving statistidsutomotive Xprice.
Accessed 2011-10-08. [Online]. Available: http://wwvagressiveautoxprize.org/
files/downloads/auto/AXP_FHWA_driving_stats.pdf

[69] R. van Haaren. (2012) Assessment of electric car’s eamgiuirements and usage
pattern based on driving behavior recorded in the nationakéhold travel survey
of 2009. Automotive Xprice. Accessed 2011-10-07. [Onlirfefailable: http://www.
solarjourneyusa.com/HowFarWeDrive_v1.3.pdf

[70] (1999, oct) 1999 ev america technical specificationgecttic Transportation
Applications. Accessed 2014-02-04. [Online]. Availaliieip://avt.inl.gov/fsev.shtml

[71] (2014) Igbt modules up to 600v, 650v. Infineon. Ac-
cessed 2014-03-20. [Online]. Available: http://www.irggm.com/
cms/en/product/power/igbt/ight-module/igbt-modul@d8-650v/channel.htm|?
channel=ff80808112ab681d0112ab69e70c0364

[72] (2014, jan) Aesc home page. AESC, Automotive Energy pBugCorporation.
Accessed 2014-03-14. [Online]. Available: http://wwwoegesc-Ib.com/en/aboutus/
company/

137


http://publications.jrc.ec.europa.eu/repository/handle/111111111/26994/1/
http://publications.jrc.ec.europa.eu/repository/handle/111111111/26994/1/
http://www.newsroom.nissan-europe.com/download/media/specialfile/41486_3_6.aspx
http://www.newsroom.nissan-europe.com/download/media/specialfile/41486_3_6.aspx
http://publications.lib.chalmers.se/records/fulltext/local_165497.pdf
http://www2.trafikkontoret.goteborg.se/resourcelibrary/Resvanor.pdf
http://www2.trafikkontoret.goteborg.se/resourcelibrary/Resvanor.pdf
http://dx.doi.org/10.4271/2012-01-0489
http://dx.doi.org/10.4271/2012-01-0489
http://www.progressiveautoxprize.org/files/downloads/auto/AXP_FHWA_driving_stats.pdf
http://www.progressiveautoxprize.org/files/downloads/auto/AXP_FHWA_driving_stats.pdf
http://www.solarjourneyusa.com/HowFarWeDrive_v1.3.pdf
http://www.solarjourneyusa.com/HowFarWeDrive_v1.3.pdf
http://avt.inl.gov/fsev.shtml
http://www.infineon.com/cms/en/product/power/igbt/igbt-module/igbt-module-600v-650v/channel.html?channel=ff80808112ab681d0112ab69e70c0364
http://www.infineon.com/cms/en/product/power/igbt/igbt-module/igbt-module-600v-650v/channel.html?channel=ff80808112ab681d0112ab69e70c0364
http://www.infineon.com/cms/en/product/power/igbt/igbt-module/igbt-module-600v-650v/channel.html?channel=ff80808112ab681d0112ab69e70c0364
http://www.eco-aesc-lb.com/en/aboutus/company/
http://www.eco-aesc-lb.com/en/aboutus/company/

References

[73] (2011) 2011 nissan leaf - vin 0356. Idaho National Latory (INL), Advanced
Vehicle Testing Activity (AVTA). Accessed 2014-02-04. [(Dre]. Available: http://
avt.inel.gov/pdf/fsev/batteryleaf0356.pdf

[74] J. Hellsing, “Design and otimization of a permanent meignotor for a hybrid electric
vehicle,” Licentiate of Engineering, Technical Report I282L, Chalmers University
of Technology, mar 1998.

[75] J. Lindstrom, “Development of an experimental pernrdraagnet motor drive,” Li-
centiate of Engineering, Technical Report No. 312L, Chatnniversity of Technol-
ogy, apr 1999.

[76] A.Rabiei, T. Thiringer, and J. Lindberg, “Maximizinge energy efficiency of a pmsm
for vehicular applications using an iron loss accountintjojzation based on nonlin-
ear programming,” irElectrical Machines (ICEM), 2012 XXth International Confer-
enceon, Sept 2012, pp. 1001-1007.

[77] M.-F. Hsieh, Y.-C. Hsu, D. Dorrell, and K.-H. Hu, “Invégation on end winding in-
ductance in motor stator windingdylagnetics, |EEE Transactions on, vol. 43, no. 6,
pp. 2513-2515, June 2007.

[78] (2014, feb) Electric car use by country. English Wildfee the free encyclopedia.
Accessed 2014-02-11. [Online]. Available: http://en.jwédia.org/wiki/Electric_car_
use_by country

[79] (2014, jan) The 100,000th nissan leaf owner. Nissandvi@orporation. Accessed
2014-01-21. [Online]. Available: http://reports.nissgiobal.com/EN/?p=14296

138


http://avt.inel.gov/pdf/fsev/batteryleaf0356.pdf
http://avt.inel.gov/pdf/fsev/batteryleaf0356.pdf
http://en.wikipedia.org/wiki/Electric_car_use_by_country
http://en.wikipedia.org/wiki/Electric_car_use_by_country
http://reports.nissan-global.com/EN/?p=14296

Appendix A

Vehicle data

According to [78], some of the top selling BEV models arouhd world so far, are the

Nissan Leaf (with over one hundred thousand cars sold up dartuary 2014, according
to [79]), Tesla Model S, Mitsubishi i-Miev, Peugeot iOn, ©i&n C-Zero, Smart-for-two

and the Renault Zoe. As a frame of reference in this study datthese vehicles and a
number of additional vehicle models (totally 28 models)ébeen gathered from different
sources, and is presented in the following sections.

A.1 Data on existing BEVs

Data on found existing BEVs are presented in Tablel A.1] AG[AM, with associated
references il Al2,_Al4 arid A.6 for the three data tables ictisgdy.
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Appendix A. Vehicle data

Table A.1 Table over collected size related data on seldgiads.

(eee)7C0 @IT (96T (89T 80T T 98IET-WNIPBN S €T0T 32UBWOYI3d S [3POIN BlsaL
(eee7T0 @IVT (96T (89T %80T T 9BILT-WNIPBN' S €T0C UMIS8 S [9POIN elsaL
(eee7T0 @9V (96T (89T #»80T T 98IET-WNIPIN S €T0T UMI09 S I9PON BlsaL
(eee)7C0 @IT (96T (89T 80T T 98IET-WNIPBN S ZTOT YMIOY S [9POIN BlsaL
0800 (melTT (0SST  (LLT (VST (TLV (PP T 38JET-WNIPBN G €T0C 291 uessIN
4)36C°0 VT (T8T  (€ST  (S9E  (0CLT 98IET-WNIPAN S €T0C A3 snaoj pio4
@e)L9°0 09T 59T8T  (@SST  (@8TV  (4SO9T 9BIET-WNIPAN S €10 ERAEEUE] Hneuay
(09)TOE0 ©)09T (gl ()8YT weSLY T 98IET-WNIPAN S €T0C 14 epuoH
(wey8T0 @SPT (@BLT VST ©0TS T ~ d3JeT-wnipan s €107 4109-2 uagems|on
©@8VT  (TLT (8T V99T 9BIET-WNIPBN S €T0C vaod epo)
3800 (o8T'T (5SPT  (58LT  ()SST (09)SCLT ®BIET-WNIPAN S €T0T 211392|3 0€D OAJOA
ea?PT ooSLT  (oIST  (oSEE  (pqPT8T  9BIET-WNIPAN G €TOC 3 2MY Mg
eoTVT 89T o PT (ST SOV T llews z €107 3 1UIN UIN
(49620 ST (9ST  (eoEET  (e)0ET  (,)0T6 llews ¢ €10 “AUOD OMI04 1leWS Hews
»SCED @e)SST (€T  ,OFT WSSET llews ¥ vTI0T A3 >eds 19]04A34D
%6620 mO0ST (89T  (wiPT 060 T llews ¥ €102 A3 0! uops
m90L°0 Ry Ao} WLVl 62T SST 6T T IlBWS ¥ €T0C uo! 1098n3d
SE€0 Wwtot w8VT  yBTT V9T 98T T llews v €10C AJIN-! 1ysiqnsiiN
@191 @8VT  @BTT  (SST  (S6TT llews ¥ €107 0Y3z-D ugod
wBYT WEIT  (9ST  (,)00E  (,SOTT IlBWS ¥ €T0T A3 00S LERE|
wTTE0 WEST  (EIT  (TIVT wSSET IlBWS ¥ €70 2005 1el4
9ST WELT  yIST  ,0PP  (,€0ST llews s €107 307 Hneuay
@60 ()8ET (;8ST @8LT  LST ST ,0LTT llBWS S €T0T gl MINE
06T Wb9T  ()9vT oIz IlBWS S €T0C idn-2 U93eMSH|OA
w9t W6t 560 C Mods z  $TOC  @AUQIMIRBIIONY SIS Zueg-s9padialy
0T 00 0S6 T Hods ¢ ¥T0C auQ3daduo) Jewry
(9SE€0 ©STT @ELT (T SEET Modsz  zT0C 1315peoy BlsaL
©0CT @V6T  (L9T ©0S8 T Hodsz  €10¢ 19 3uiuaysn Suluaysn
() ) ) (w) () @ @ sse)  spwog  awad PPOIN pueig
POV 13202 BaIY W3H WPIM pps o3.1ed ELCIEY PPOIN
Sep Ay quoay o], Xep qn)

140



A.1. Data on existing BEV's

Table A.2 References to Talfle A.1.
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Appendix A. Vehicle data

Table A.3 Table over collected test related data on seldgfeds.
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A.1. Data on existing BEV's

Table A.4 References to Talfle A.3.

Date
Ref. Organization Webpage accessed
a Lightning http://www_lightningcarcompany.co.uk/Lightning/_PERFORMANCE.html 2013-09-17
b CNET News h(tp://news.cnet,ccm/S301-1791273-9997197-72,html 2013-09-17
¢ miljs .se (Autonet)  h se 2013-09-05
d Tesla Motors UsA mtp //www teslamotors.com/roadster/specs 2012-04-17
e Rimac P .rimac- ili.com/concept_one, i ions-10 2014-02-11
f Deimler Media http://media.daimler.com/dcmedia/0-921-614307-1-1535313-1-0-0-0-0-1-11702-0-0-1-0-0-0-0-0.htmI?TS=1348753762840 2014-02-12
http://www2.mercedes-benz.se/content/sweden/mpc/mpc_sweden_website/sv/home_mpc/
g Mercedes-Benz Sweden p g /_car Is_amg/_c197/facts_/drivetrain/alternativetransmission.htm| 2014-02-12
h US Dept. Of Energy http://www. g html 2013-09-05
i Chrysler Media http://chryslermedia.iconi iasite/specs/09_2013_Fiat_500e_SP.pdf 2014-02-10
j Car and Driver http://www.caranddriver.com/reviews/2013-fiat-500e-ev-first-drive-review 2013-09-11
k E Car Norway http://www.ecar.as/ecar-500-ev.html| 2013-09-10
1 E Car http://ecarsweden.com/?page_id=189 2013-09-10
m Citréen Sweden http://www.citroen. es/Content, Pr _C_Zero.pdf 2013-09-09
n Citren Sweden http://www.e-pages.dk/citroen_se/47/ 2013-09-09
http://, i up-/up-2013-
o Volkswagen Sweden 06/_jcr_content/r dition_1.download_: . fle/vw-1035- up_t hyr_100dpi.pdf 2013-09-17
p Volkswagen Sweden http://, i D 9_trimlevel_detail.suffix.htm/e-up-~2Fe-up- 2013-09-17
q Smart UK http://tools.mercedes-benz.co.uk/ct t/brocl t-electric-drive.pdf 2013-09-09
r US Dept. Of Energy http://www. html 2013-09-05
s BMW. http://www.bmw.com/c icles/i/i3/201 hnical_data.html 2013-09-10
t BMW USA http://www.bmwusa. icles/2014/bmwi, 2013-09-10
u BMW Sweden http://www.bmw.. icles/i/i3/201 drive.html 2013-09-05
Vv Mitsubishi Sweden http: itsubishit se/up iles/Parent_Site/Digital_Brochure/Broschyr_i-MiEV_MY12.pdf 2013-09-09
w US Dept. Of Energy http://www. html 2013-09-05
X Peugeot Sweden http://www.peugeot. se/med\a/de\|acms/med\a/65/6544 247435, pdf 2013-09-09
y Auto blog Toyota Press http://www.autoblog.com/2012/09/24/toyota-kills-plans-f fi d 2013-09-17
2 Toyota USA mt,,, b toyota.com/releases/scion+ig+electric+vehicle+d 2013-09-09
aa Mini USA Py .miniusa.ce inie pdf, E-spec-sheet.pdf 2013-09-10
ab Consumer Reports.org http://www.consumerreports. org/cro/news/lOlS/DS/ﬂrs( -drive-the-ch: hock dex.htm 2013-09-09
ac Chevrolet.se http://www.chevrolet.se/upplev/framtida-bilar/spark-ev.html| 2013-09-09
ad Renault Denmark http://www.renault.dk/e-| bruchure/ZDEBlO/pdf/quPDF pdf 2013-09-10
ae Renault Germany http://www.renault.di ator/#, 2013-09-10
af BMW USA http:// bmwusa.com/bmw_xp2, /pdf/TechSpecs pdf 2013-09-10
ag eVgo http://www.evgonetwork. com/electrl: car-reviews-bmw-active-e/ 2013-09-10
ah BMW Germany http://www.bmw. 2011/showr Chtml 2013-09-10
ai Volvo Cars https://www.media.volvocars.com/global/en- gb/downlcad/48779 2013-09-05
aj Volvo Cars https://www.mi olvocars.com/gl 31447 2013-09-05
ak Coda Automotive http://app. com/CarConfi View/Specificati 2013-09-06
al MotorWeek.org http://www.motorweek.org/reviews/road_tests/coda 2013-09-06
am InsideEVs h insic com/2015 If-make debut-at-2013-}; 2014-02-14
an Teknikens Vérld Sweden hltp //www teknikensvarld.se/2013/02/21/38225, -golf-hoj 2013-09-10
http://www.business-standard.com/article/news-cd/new-battery-powered-vw-e-up-and-e-{ golf to-debut-at-frankfurt-2013-
ao Business Standard 113082701179_1.htm| 2013-09-10
ap eVgo http://www.evgonetwork.com/electric-car-reviews-honda-fit-ev/ 2013-09-13
aq AutoWeek http://www.autoweek.com/article/20120628/carnews/120629830 2013-09-13
ar Renault UK http://www.renault.co. es/PDF/Broc _pdf 2013-09-09
as New Electric Cars http:, iccars.wordpress. { pt- 2, It-fI 2013-09-09
at miljs .se hitp: milj se/fordon?vi 2 2014-02-13
au Ford.se P, .ford.se/Personbilar/F Electric 2014-02-13
av AutoWeek http://www. au!oweek com/article/20120417/CARREVIEWS/120419856 2014-02-13
aw miljo e (Autonet) fordon?vi j&id=44063 2014-02-14
ax Tesla USA http //teslamotors com/models/options 2012-04-17
ay Tesla Sverige http://www om/sv_SE, ter 2014-02-13
az Tesla USA http://www. c del performance 2012-04-17
aaa E Car Product Broshure 2013
aab BMW http://www.bmw.com/com/en/newvehicles/1series/activee/2011/_shared/pdf/active_e_flyer.pdf 2013-09-15

143



Appendix A. Vehicle data

Table A.5 Table over collected powertrain related data ¢ecsed BEVS.
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A.1. Data on existing BEV's

Table A.6 References to Talfle A.5.
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Appendix A. Vehicle data

Found data regarding top speed and time to accelerate Greni00 km/h and0 —

60 mph can be seen in Figufe A.1 ahd A.2.

(y/w») paads doyg

Figure A.1 Top speed for existing BEVs, where the small, melisport and Model S models are

colored green, blue, red and orange respectively.
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Figure A.2 Time to accelerate— 100 km/h and0 — 60 mph for existing BEVs, where the small,

medium, sport and Model S models are colored green, blugrmédrange respectively.

Time to accelerate fro — 50 km /h and50 — 100 km/h as well a®) — 60 km/h and

60 — 100 km /h for six of the existing BEVs can be seen in TablelA.7
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A.1. Data on existing BEV's

Table A.7 Time to accelerate between different speed lef@la six existing BEV models.

0-50 km/h  50-100 km/h  0-60 km/h  60-100 km/h
ECar, 500 EV: 7.2s
\Volvo, C30 Electric: 4s 6.7s
Renault, Zoe: 4s 95s
BWM, Active E: 45s 45s
BMW, i3: 3.7s 35s
Smart, Smart-for-two: 48s 6.7s

Found data regarding curb weight and driving range can heisdeéigurdlA.3 andAH4.
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Figure A.3 Curb weight of commercial BEVSs, sorted after nemobf seats. Low speed vehicles are
marked green, medium speed vehicles are marked orange ghdspeed vehicles are
marked red. Also one vehicle is marked blue, since it has aggepd much lower than the
desired 130 km/h.
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Figure A.4 Driving range on NEDC for existing BEVs, where #mall, medium, sport and Model S

models are colored green, blue, red and orange respectively
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Appendix A. Vehicle data

A.2 Area estimation

Figure[AB shows the resulting estimated areas using thffeeeht calculations based on
the methods mentioned in Chadie72;% and84 % of the product of height and width, and
90 % of the product of height and track width. For those BEVs whbrewidth is stated
excluding the side mirrors, this value has been used. Thesfiglgo includes area values for
three cars, where one (C30) was found via the manufactuedyssite, while the other two
(Leaf and i3) were found at a car enthusiast’s web site.

Generally the estimation based 80% of height and track width is the smallest of the
three (with one exception), while the one usB’% of height and width is the largest. For
most vehicles the estimation baseddor% of height and track width and the one based on
79 % of the height and width, are fairly close. The largest diéfeze between the highest
and lowest estimated valuesi3 m? for Focus EV, and the smallest differenc®is2 m?
for both e-Up and iOn, while the mean value of the differens@s1 6 m?.

When comparing the estimation methods with the data founthfothree models, it is
clear that the estimation based &h% of the product of height and width is the one that is
closest in all three cases, with a difference of anly1l — 0.03 m?2. For the C30, the error is
about0.6 %.

2
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- N
25 ~ o
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o ]
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g By ¥
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2 S
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(m2)

Figure A.5 Estimated area, for existing BEVs, included teorfd data for Leaf and i3.

A.3 Tire radius estimation

Tire dimension specifications are normally given in the fatriwidth"/ "aspect ratio" R
"rim". As an example, the specification 205/55R16, means thawitih is 205 mm. The
aspect ratio or profile is the tire height from the inner (ridimeter to the outer, as a
percentage of the width, in this cas&%. Finally the tire rim diameter i$6 inch. Based on
this type of data, the tire radius (in meter),..; can be estimated as

95 4 i inch 2 asp.ratio(%) idth
Twheel = 0.001 ( rlm(lnc )) +é 100 = )

(A.1)
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A.3. Tire radius estimation
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Figure A.6 Estimated tire radius, for existing BEVs.



Appendix A. Vehicle data
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Appendix B

GPS-accelerometer measurement
system

B.1 Description of the measurement system

The measurement system is called MX3 and was delivered byMddidlity in Gothen-
burg. Two units were purchased. Each unit includes a GP$alith a roof top mountable
antenna, a 3D accelerometer and 2 temperature sensorseatticthe end of extension
cables of 1m and 3 m respectively. The GPS module is an IT50®asTrax. The ac-
celerometer is a MMA7455L, by Freeschlavith a range of+2g, and a resolution of
g/64 = 0.15328(m/s%). The temperature sensors are SMT16030 by Smartec.

The unit is strapped on a flat surface in the test vehicle, thighaccelerometer coordi-
nate frame aligned with the vehicle’s coordinate frame. Remnal voltage source is needed
to power the unit, e.g. the vehicl@g8V outlet or an external battery, see FiglrelB.1.

Data is then logged on a PC via a RS232/USB connection andni@rsoftware. The
sampling frequency of the GPS signal5i¢] z, that of the accelerometer signal2e H =
and that of the temperature signalli#/ z.

GPS data regarding GPS time, position (latitude, longiartkaltitude), speed, dilution
of precision (hdop, vdop and pdop), nuber of satelites intfixie received according to the
NMEA format, from the GGA, GSA, GSV, and RMC packages. Thahsraw data from
the satellite communication (e.g distance to satellite)aailable. According to FasTrax,
the GPS position accuracy 1s8 m, and the velocity accuracy &1m/s. DGPS has not
been utilized.

1The data sheet can be found at http://www.freescale.cesifénsors/doc/data_sheet/MMA7455L. pdf
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Appendix B. GPS-accelerometer measurement system

(a) One of the measurement units. (b) The measurement unit strapped in a car.

Figure B.1 The measurement unit and an example of usage.

B.2 Filtering of measurement Data

The speed and altitude signals are low pass filtered with aftérequency of0.5 H z, and
the acceleration signal with a frequencydf z. Then both speed and altitude are resampled
to 20 H z. Traveled distance was calculated as the time integraleo$pieed signal.

Road slope was estimated as the inverse sine of the ratiebete change in altitude
(dh) and a change in traveled distantg, for each sampleo( = arcsin(%)). It proved to
be rather difficult to attain a fair estimate of the road slaggspecially at low speed levels
close to stand still where with very small valuesdaf anddsS, causing an unstable grade
value. In order to deal with this, a few different limitingategies were applied, e.g. to
smooth the grade within a time frame 2§ during the mentioned situations.

Finally the estimated grade was utilized to compensatephgtof the accelerometer
signal that is caused by road grade, see Figurk B.2.

Prius 20403, Inicke TH

—— Meas.
LP Meas.
GPS acc.
—— LP Grade—corr. Meas |

Acceleration (m/$)
L - N S CR

I I L
80 100 120 140

| |
0 200 220 240
Time (s)

Figure B.2 Example of correction for road grade of acceienat
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B.3. Ambiguity of measurements

B.3 Ambiguity of measurements

Even though the

same driver was using the same car, drovare mute, at similar times

of the day, the logs are different, as can be seen in TableaBd.Figur¢ B.B tb BI5.

Table B.1 Cycle data for all CTH - Kalltorp logs.

As can be seen in Figure B.3, the exact same route was driven.

V744 CTH-Klltrp

E [0|gen =4

57.72 o 1
() e —_
cutee 1% Bagaregarden ; Kalltorp 3
57715 ; (A
i ‘ ' 1 4
57.71l . unden
— Nordstaden {20 ] wdnis 5
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~ . &
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g Heden § -
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= e
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57.695 Landala Universeury [“ & o
)
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5
57.685 5 ®
o Delsjén
% Kroksltt a8
S 3 e
11.96 11.98 12 12.02 12.04 12.06
Long (DD)

Figure B.3 Logs on map.

As can be seen in the upper right subplot in Figuré B.4, thecparies from log to log.
The difference may be abo2 km/h.

As can be seen in the lower right subplot in Figurel B.4, theveded road grade may
also vary from log to log. But there is a fair level of consistg.
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Appendix B. GPS-accelerometer measurement system
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Figure B.4 Logged Speed and road grade.
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Figure B.5 Logged Acceleration.

B.4 Logged vehicles

Curb weight, powertrain power and the resulting power-tight-ratio for the vehicles used
during logging can be seen in Table B.2.
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Brand

E CAR
Nissan
Tesla
Toyota
\olvo
\olvo
\Volvo
\Volvo
\olvo
\olvo

Model

500 EV
Leaf
Roadster
Prius
C30D2
C30 Electri
V744

V70

XC60

V60 PHEV

B.4. Logged vehicles

Table B.2 Selected data on logged vehicles.

Fuel type Curb Max. Power-to-weight
weight Power  ratio
(kg) (kw) (kWrkg)
El. 1165 30 26
El. 1613 80 50
El. 1235 225 182
Gasoline 1365-1425 73 53
Diesel 1428 84 59
c EL 1660 82 49
Gasoline 1370 86 63
Gasoline 1640 125 76
Diesel 1920 120 63
Diesel & EI. 2000 16650 80 or 105
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Appendix B. GPS-accelerometer measurement system
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Appendix C

Speed and acceleration dither

In order to get an idea of the total and relative time speniffgrdnt speed and acceleration
operating points for the Urban, Rural and Highway cycleshezycle value is attributed

to a certain acceleration and speed bin).6fm /s and5 km/h, see Figur€ C.1(h) for the

Urban Test cycles. The result can also be visualized in abcopiot, see Figure C.2{a) for
total time in each bin and Figure C.2|(b) for the share of tiita¢ in each bin.

In order to get a more smooth looking contour plot, a randoosgian noise (with zero
mean, and).5 m/s? respectivelyl m/s standard deviation) was added to each operating
point, so called dithering. Furthermore, each drive cydtt ¥he added noise is looped 100
times, after which the total and relative time spent in eaichi®© divided by the number
of loops. The results can be seen in Figure C]1(b)and C.f(bjhe Urban cycles, and in

Figure[C.4 an@ CI5 for the Rural and Highway cycles respelgtiv
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(a) No added noise. (b) With added noise during 100 loops.

Figure C.1 Share of total timg) of operation in acceleration bins 6f5 m/s* and speed bins &f
km/h, for all Urban test cycles.
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Appendix C. Speed and acceleration dither
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Figure C.2 Total timgs) vs. Share of total tim¢%) of operation in acceleration bins 6f5 m/s?
and speed bins d&f km /h, for all Urban test cycles, no added noise.
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(a) No added noise. (b) With added noise during 100 loops.

Figure C.3 Share of total timg%) of operation in acceleration bins 0f5 m /s? and speed bins &f
km/h, for all Urban test cycles.
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Appendix C. Speed and acceleration dither
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(a) No added noise. (b) With added noise during 100 loops.

Figure C.4 Share of total tims) of operation in acceleration bins 0f5 m/s? and speed bins df
km/h, for all Rural test cycles.
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(a) No added noise. (b) With added noise during 100 loops.

Figure C.5 Share of total tim@s) of operation in acceleration bins 0f5 m/s? and speed bins ¢f
km/h, for all Highway test cycles.
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