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Performances of Electric Vehicles

= Vehicle driving performance is assessed by
= Acceleration time
= Maximum speed
= Gradeability

= In EV drivetrain design: the motor power rating and
transmission parameters are selected to meet the performance

specifications

= They depend mostly on the speed-torque characteristics of the
traction motor
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Traction motor characteristics
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At low speed: constant torque

= Voltage supply increases with rotation
speed through electronic converter
while flux is kept constant

At high speed: constant power

= Motor voltage is kept constant while the
flux is weakened,

= Torque is reduced hyperbolically with
the rotation speed

Base speed: transition speed from
constant torque to constant power
regime



Motor torque (Nm)

Traction motor characteristics
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Speed ratio X = ratio between
maximum rotation speed to base
speed

Wmax
X =
WB

= X ~ 2 Permanent Magnet motors
= X ~ 4 Induction motors
= X ~ 6 Switched Reluctance motors

For a given power, a longer constant
power region (large X) gives rise to
an important max constant torque,
and so high vehicle acceleration and
gradeability. Thus the transmission
can be simplified.
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Tractive efforts and transmission
requirement

= Remind traction effort and vehicle speed

C,1 ’U—mee

R (!

Ft:ﬁt

= The use of multi-gear or single gear transmission depends on
the motor speed-torque characteristics.

= For a given rated power, a long constant power region makes
possible to use a single gear transmission, because of the high
tractive efforts at low speeds.

= For long constant torque plateau and a given rated power, the
available maximum torque is sometimes not sufficient so that a
multi gear is generally preferred.



Tractive efforts and transmission
requirement

For a low x (x=2) motor,
tractive effort is not large
enough and 3-gear transmission
may be chosen.

For intermediate x=4, a two-
gear transmission should be
preferred.

For a large x=6, a single gear
transmission is possible.

The 3 designs have the same
tractive force / speed profiles,
and so the same acceleration
and gradeability performance.

a-b-c: 1st gear operation region
d—e-f: 2nd gear operation region A
g-f-h: 3rd gear operation region

Motor speed ratio x =2
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effort
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Ehsani et al. Fig 5.5. Low x (x=2) e-motor
and 3-gear transmission



Tractive effort (kN)

Tractive efforts and transmission

requirement

a-b-c: 1st gear operation region
d-e-f: 2nd gear operation region

Motor speed ratio: x= 4
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Ehsani et al. Fig 5.5. Induction motor (x=4)
and 2-gear transmission
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Ehsani et al. Fig 5.5. High torque e-motor
(SRM) and single gear transmission



EV max speed

Fres=A+Bv?

=
—

max

max

max max

Max speed can be evaluated by
calculating the intersection
between the tractive force curve
and the resistance curve or
alternatively the tractive power
(constant) and the resistance
forces power.

ntpnrgam — A ymaz + B (Vmaa:)B

max max

Then we can define the gear
ratio of the transmission so that
max speed is reached at the
motor max rotation speed

™ N R,
30 V,max

max

?:opt —




EV max speed

xxxxxx

Pres=Av+Bv?
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However sometimes, the
intersection between the max
power and the resistance power
does not exist because it is over
the maximum rotation speed of
the motor

max

tp;;’mx — A Vmaa: + B (Vgaamm)?)

The is the case when the V., is
prescribed

. T Nmaa: R

Vmaa: — ;)nOZ - < V?’:Taa:cw

Or when the gear ratio is given

v, == N ™ R < ymar
max 30 E max
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Gradeability of EV

= Gradeability is ruled by the net tractive
. \F=n P, /v force available

net __
\ F=nC,..i/R, F"" = Fy — Frr — Fuero

max

= F, —mgfcosf—0,5pSC, V?

Fres=A+Bv: m  The maximum grade that can be
overcome at a given speed is:

——————— Ft_FRR_Faero Ftnet

= Check also nonslip condition = It comes :
_ 2 _ 2
1+ f?

d:(Ft_Faero)/mg 11



Gradeability of EV

= The maximum slope can be evaluated as follows
Fy — Foero— Frr — mgsinf =0
< Fy — Faero —mgcosO f —mgsinf =0

= If we set
d = (Ft — Faero)/mg

= It comes:
d—sinf = f cosf

(d —sin6)® = f2 cos?
&= d* — 2dsinf + sin* 0 = f?(1 — sin®0)
= (1+ f?) sin® 0 — 2d sinf + (d* — f?)

0
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Gradeability of EV

= It a second order equation in sin®
(14 f?) sin®6 — 2d sinf + (d> — f?) =0

= Solving for sind gives

2d + \/4d? — 4 (1 + f?) (d? — f?)

sinf =

21+ f2)
AP -2 - P
_ —
AP P dE [ JI-2 1)
B 1+ f2 - 1+ f2

s It comes:

— 2 _ 2

Siﬂ@zd f\/1+f d
1+ f2
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Gradeability of EV

‘ = One can increase the tractive force by
A Ve increasing the transmission gear ratio i
\ .
?
F, = nCmaezr __
t 77 m Re
= However increasing the reduction ratio
is reducing the maximum speed (green
line = blue line)

R

Vma:c = Wmaxzx T

= Itis also positive for the acceleration

Sin@:d—f\/lﬂﬂq—d2 (see after)
1+ f? = Verify that adherence is not saturated
d = (F; — Fuero)/mg Fy < uWy,
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EV acceleration

= Acceleration can be evaluated by the time to accelerate from a
given low speed (often zero) to a given high speed (e.g. 100
km/h).

= Acceleration performance is often more important for drivers
than max speed and gradeability

= Acceleration performance dictates the motor power rating!
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EV acceleration

=  Newton second law:

dV
Ft_ZFres:Fnet:meE

= Effective mass me to account for the inertia of the wheel, the axle, the
transmission, and the electric machine J

Me =Y M
v =1+ (Lu/(m RZ)) + (Jm/(m R)) i* = 1.04 + (Jin/(m R?)) i

= Time to accelerate from 0 to V¢:

Vi m Vi m
At = ° _dv= = d
0=Vs /0 Fret(v) Y /0 Fiy(v) —mgf —1/2pSCLv? v
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EV acceleration

. . o — 400
= Tractive force expression of EV. [~ N\ ffi
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EV acceleration

= Tractive force expression of EV

Ft:"?t
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EV acceleration

W)

Motor power (k

= Acceleration time can be calculated by

the integral
B — 400 Vi
- | - 350 ta — / ym dV
I X Power " o Pi/Vi—mgf—0,5pSC,V?
- ~250 E Vi
Torque ? _|_ / "Ym 5 dV
i —200§ Vi Pt/v_mgf_OJE)IOSCmV

- 150

|
|
|
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|
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Eue iz = Approximation solution: neglect the
N , . rolling and the drag resistances
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Motor speed (rpm)
t Vi V2
a 2Pt ( f b )
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EV acceleration

= Let’s calculate the acceleration time when neglecting the
aerodynamic and rolling resistance

Vi Vy
Ym ym
tace = dV + / av
I mw , mw

Pt 0 Pt 2 Vi
V2—V2
:fy_m ‘/52_}_ f b
P, 2
ym Vi +Vy
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EV acceleration

= Sizing of rated power of electric motor:
» If the acceleration time is given:
ym

Pmaa:: V2 V2
Qta,nt( d " b)

= However to determine more accurately the rated power, one
can add a correction that is the average power dissipated by the
resistance forces during the acceleration phase
1 [te
plies — — | mgfV+0, 5pSCLV? dt
a JO

ym

V2 4+ V) + Pites
2fa77t(f+ 7))+

max aver
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EV acceleration

= To compute the average power dissipation by the rolling and
aerodynamic resistances during the acceleration, one generally
assumes that it is performed at constant power all along the
acceleration (actually it is only the case over V)

F:md—v F:E
dt V
= It comes
P dV _m
2 2 m 2 2 2
t2:/ dt:/ —VdV = — (V5 = V) = —V.
t1:0 Vl_OP 2P( 2 1) 2P 2
t
V(t) =V .
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EV acceleration

= Inserting into the integral,

V() =V, \/tz

= It comes the estimated power of the motor

1 (e
Pyl = — [ mgfV(t)+0,5pSC,V(t)° dt
/2 " 3/2
_ _/ mgf Vf( ) +0,5pSC,Vy (t—) dt
) 9 t3/2 9 5/2 3
— ta mg ta/ 5 t3/2 f

2 1
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EV acceleration

= Power rating of the e-machine to ensure a given acceleration
time
= Inertia forces
v

Pz = VZ+V,
Qtant( / " b)

= Average power dissipated by resistance forces4

2 1
Ples — ZmgfVy + gpSCmVﬁ

aver 3

= Estimated power of the motor

2 1
-mgfVy + gpSCfo

P, = M(VJ?H/l?) + 3

2t
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EV acceleration

t,= 10 sec
t | M,=1200 kg
T ; f.=0.01
» CD =03 :
T~ Af = 2.0 m?
> ' | dPj/dV,
| |
\\ { - |
| |
3 4 5 6 7 8 9 10

X, Max. speed/base speed

Eshani Fig 5.9

-t
o

© = N W & 00 O N © ©

dP,/dV,, (KW/(m/s2))

The result shows that for a
given acceleration performance,
lower vehicle base speeds will
result in smaller motor power
rating

However the power rating
decline rate to the vehicle base
speed reduction is not identical

dP;  vym
—t_ Ty
vy  te

25



EV acceleration

= Fine estimation of acceleration time requires solving exactly
(numerically) the Newton equation

Vy
tq :f L _dv
o Fi—mgf—0,5p5C,V

16 300
P,=63 kW, x=4
14 M, =1200 kg, f,=0.01 260
CD= 03, A, — 20 m2
12 240
10 200 —
3 E
¢ 8
(0] C
E E 160 §
- o)
6 120
4 7 80
Distance
// /‘
2 > - 40
/‘
a— /
0 0

Eshani Fig 5.10
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Final speed, V;(km/h)



Acceleration capacity and impedance adaptation

= 1D system with one electric motor
connected to the mechanical load via a
gear box or reduction ratio r

= M mass of load (here the vehicle)
= Jinertia of electric motor

» i=Z,/Z,, the gear ratio

= R.: tire rolling radius

= r= Re/I transmission length

Transmission ratio r
in distance/radian

Inertial mass J
of effort source

J, o, = a:=dv/dt acceleration of the load
(vehicle)
ﬁ R
[
' M, o,
T 27




Acceleration capacity and impedance adaptation

Lo, = Newton equation of the vehicle

av
W =77, : N F,=M E

= [ractive force

M, o,

? dw,y,
Fy=n— m — JdIm 5,
t= R, (C T =i )

= Relation between engine = Equation of motion
rotation speed and velocity

o R i i dV A%
_ Wm fie —(Cp = T | = M~
V=" nRe( Redt) dt
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Acceleration capacity and impedance adaptation

o, = Newton equation of the vehicle
W i=7./7, T, dV
R, m — . M e ‘ .

j On = (g + MOR1D)

= (M4 JG/R)?) (Refi) &

s Acceleration

s Acceleration

_ Cn (i/R.)
M + J (i/R.)?

a

29



Acceleration capacity and impedance adaptation

= Derivative of acceleration with respect to gear ratio

da Con ~ Cu(i/R.)
0(i/R.) M+ J(i/Ry)?2 (M+ J(i/R.)?)

= 2(i/R.)J =0

= Optimal gear ratio

M
. Re opt __ e
(i/R.) :
= Optimal acceleration power
1 C 1C
mar _ m o _ — “my opt
a WaTaRE ] (i/Re)

= Conclusion: this is the maximum acceleration that can be given
to the load by a motor with maximum torque C...
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EV accelerations in normal operation

£ 100 ——————————— = Driving cycle V(t) is given
= I FTP 75 urban .
= ) = Evaluate the acceleration
o 60 § . . . .
40l _ required: differentiating the
§ 20 ; velocity profile:
%0 200 400 600 800 1000 1200 1400
7 i N dV.  V(tks1) — V(i)
61 FTP 75 urban dt o tk—l—l _ tk
g SO
= 5]
g ks | = Tractive force is given by the
§ Sl ) net force necessary to follow
R - : the driving cycle
0
1 A%
Fy =mgfcosf + §pSC’$SV2 + Wmﬁ
2

"0 20 40 60 80 100 120 140 160 180 200
(a) Vehicle speed

Eshani et al. Fig 5.12 Speed profile and tractive effort in FT75 drive cycle 31



‘_L EV accelerations in normal operation
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Tractive effort (kN)

(a)

1400

100 : . .
80 | FTP 75 urban |
60 x
40 t :
20 r .

00 200 400 600 800 1000 1200
Time (sec)
FTP 75 urban

. 2nd gear

| 3rd gear

AR
H- \

_20 20 40 60 80 100 120 140 160 180 200

Vehicle speed

< 150 T
£ US 06
=,
- 100 + 4
<]
()]
Q
w
o 50°F .
L
<
(]
> 0 1 1 1 1
0 100 200 300 400 500 600
Time (sec)
8

Tractive effort (kN)

+

-+

4
0
(b)

20 40 60 80 100 120 140 160 180 200

Vehicle speed

Eshani et al. Fig 5.12 Speed profile and tractive effort in FT75 and US06 drive cycle
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‘L EV accelerations in normal operation

= 100 : : : : = 40 , ;
< FTP 75 highwa : : : =
£ 0 ghway =, E anl J227a Schedule B
O i el
g =0 3 20 -
& 40 - &
S 20 : “dha
.% 5 1 1 A 1 L 1
> 0 ' : ' ‘ ‘ » 2 > % 70 20 30 20 50 60 70
0 100 200 300 400 500 600 700 80C
Time (sec) Time (sec)
7 ——— e 7
6t FTP 75 highway 6r :
_— 5- ) = 5h
< 4| 2w gear ] £ 4} 2nagear
5 5 3} |
= 3 . S 3rd gear
8 2 @ 2r .
2 2f 3ugear \ : Z \
.g 1 R 8 1\ i
|._
0f .w% . :
1}t - ] -1t d
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(c) Vehicle speed (km/h)
Eshani et al. Fig 5.12 Speed profile and tractive effort in FT75 HW and J227a driving cycle 33



‘L EV accelerations in normal operation
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in normal operation
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Eshani et al. Fig 5.13 Time distribution on vehicle speed and
tractive effort in FT75 drive cycle



EV energy consumption

= In transportation the unit of energy is usually the kWh (kiloWatt
hour) (preferred to J ou kJ)

« ICE with liquid fuels: L/100 km or mpg
= Gaseous fuel (CH,, H,): kg/100 km

= Advantage: size of batteries given in kWh at battery ports so
that the driving range can be calculated immediately.

= Energy consumption results from the time integration of the
power output and input at battery terminal.
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Inverse dynamics

Inverse dynamics

V.1, Q, SOC

M dv/dt
—
F. . .=A+Bv?

D S

F=F . tmdv/dt
>

v=o _Re

Direct dynamics
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EV inverse dynamics

Fres < Fprop Fmot Ul
sP , Ppro > Motor <€<—

2 Vehicle <L Transmission <—— Pelec
e V Generator «———

Fres — mgf
+ 1/2pSC’$V2 v(t) dv/dt P, = un Pot Pm = Ne—M Pelec
mgsin @ . Fyy = nChott/RE Nee M = ne—M(Cmawm)
Fw :FTeS_‘_meE V= Wy Re metRe/i Pm — ' Wi,

Fmot U1 Ul UI
<_Pm0t Motor «———  Power “—— Buatt
«— Pelec o . Pbat attery | periq

omot Geénerator é——— ectronic €——— PRSI

Pbat — Pelec if Pelec > 0
Pbat = —« Pelec if Pelec <0

Q= Qo—/ 38



EV energy consumption

= Energy power output

= Equal to the resistance power and the power losses in the
transmission and motor drive including the power electronic loses

av

V 1
(mgf cos # + mgsin 6 + 5,0803;1/'2 +fym—) > ()

- Tt nm(oma wm)

dt

= The non traction loads are not included (auxiliary loads) while
they can be significant, and they should be added to the

traction load.
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Motor torque (Nm)

EV energy consumption
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Eshani et al. Fig 5.14 Typical electric motor
efficiency characteristics

The efficiency of the traction
motor varies with the operating
points on the speed-torque
(speed-power) plane

Good design: large overlap
between the maximum
efficiency region and the region
visited by the most frequent
operation points
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EV energy consumption

= The regenerative braking power at battery can be evaluated as

: 1 dV
oy = QN N V. (mgf cos +mgsinf + EPSCLCV2 + vmﬁ) < 0
= In which
= road slope sin 0<0 and/or deceleration dV/dt<0
= 0O<a<1 is the fraction of energy recovered during braking

The braking factor o is a function of the applied braking strength
and the design and control of braking system

Typical o is around 0,3
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EV energy consumption

= The net energy consumption from batteries is:

En®t = j{ Peutdt — jﬁ P dt
P >0 P; <0

=  When the net battery energy consumption reaches the total
energy in the batteries, measured at terminal, the batteries are
empty and need to be charged.

= The traveling distance between two charges is called the
effective travel range.

= It is dependent on the battery capacity, the road resistance
power, the driving cycle, the effectiveness of regenerative
braking, the efficiency of the car and its powertrain.
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!'_ Preliminary design procedure of EV

43



EV Design Procedure

= Let’s give the vehicle specifications
= Time t, to accelerate from 0 to V,,
= Maximum speed
= Minimum gradeability
= Range of the BEV

m Assume

= Some vehicle characteristics: S Cx, f...
= Vehicle mass:

= Body in blank

= Mass of battery M = My + My

= Electric motor technology: IPM, Induction, SRM? 2> x=2, 4, or 6
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EV Design Procedure

= First estimate the rating power of the e-motor. Acceleration
time is generally the most critical criterion

ym

Pma:cZQn
ta

(Vf + Vb ) Vi, = Vmaa:/X

= V, can be estimated using N, and the aspect ratio of the selected
e-motor technology (X factor)

= Then a reduction ratio of the transmission can be determined
using the target top speed

o Nmaz R
60 Vinas

= Select one motor from the catalog

7 =
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EV Design Procedure

= Check the top speed
0P = AVipaw + BV?

max

= And the grade ability

d— fy/1—d?+ f2
d=(Fy — F ero
T (Ft — Facro)/myg
= If not satisfied, adapt the gear ratio i and if necessary, select a
second gear ratio to satisfy both specifications

sin @ =

46



EV Design Procedure

= Adapt the base speed

o Nmez R,

Vi —
b 607 X

= Compute a finer estimation of the acceleration power

L2 1 ;

= And solve numerically the time integration of the Newton'’s
second law to quote the acceleration time

Vi
to :f = _dv
o Fi—mgf—0,5p5C,V
47



EV Design Procedure

= Repeat the design cycle till convergence

= Use simulation to estimate energy consumption and size the
battery pack to reach the desired range

= Select the relevant driving cycles

ou v , 1 A%
Pout — (G (mgf cosf + mgsin @ + §pSC$V2 + '}/mg)
: V 1 A%

P =« mgfcosf +mgsinf + =pSCLV?* + ym—

Tt MIm 2 dt

En®t = j’g Peutdt — jﬁ P dt
P; >0 P; <0
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