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Engine

« Generation of the power to drive a vehicle

« QOperating principle
— Force generation by fuel injection and ignition in the cylinder
— Torque generation on a crank shaft from the force through
the mechanical linkage

Specification Gasoline Engine (Otto) Diesel Engine
Ignition Type Spark Ignition Compression Ignition
Compression Ratio Between 8.1 and 121 Between 161 and 2221
Efficiency 25-30% 36-45%
® Maximum Engine Spead TO00-8230 RPM up to 5250 RPM
Exhaust Temperature = o Maloi e ¥ == Calziys
{under full load) 700-1200 Degrees Celsius 300-900 Degree Celsius
RPM —>
. poypne 5- 1: S8
Climbing P [©) P @ ©) 1- 2: ¢ty
. ‘ X 2- 3: =L
Py 3- 4:=E=yn
4 - 1:H{7|HE Ay
- . HY7
% @ 1- 5:Hj7|8#H
@ @
o . —Diesel
ZII-%'L'I El Link —Gas @ vV @ vV
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CAE

Mean Value Model

 Input : fuel mass flow rate
« Output : engine torque

1. Engine dynamic equation
‘]ea)e = Te = Tind _Tloss
J, : engine equivalent inertia [kgm?]
o, :engineangular velocity [rad/s]
T, :engine output torque [Nm]
T,.q :indicated combustion torque [Nm]
Tyoss -PUmMping and friction losses [Nm]

3. Pumping and friction losses

Tloss — Tfric +T
Tfric

Tpump = bOC{)e pman + bl pman

pump

_ 2
=ad,n, +am,+a,

a,,a,,a,,b,,b :parameters dependent on specific engine

P - Manifold air pressure [bar]

2. Indicated combustion torque

m H n.m
n — _ ao . utlit o f
mf _ Tind _
h a)e

m, :air mass flow rate [kg/s]

m,, :fuel mass flow rate into cylinder [kg/s]
L,, :stoichiometric air/fuel mass ratio

T..q :indicated combustion torque [Nm]

H, : fuel energy constant [J/kg]

n, :indicated efficiency

Ambient air @iixjairmamr Y
¥ Ay ! Exhaust Line [{]

(O me . ]

J . I Fuel MER [g/3] !
Traotte conrsl>(_ 3] trotte Forpo{mz - --00  Fuel Consumpsonig]
E Tos L ha
i L
i ]
i ;
L , re XX,
P xooff p »
i
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CAE

* Input : APS (accelerator pedal sensor)

Torgue Map Model

« Output : engine torque

« Calculation of the engine torque from

T, = f (APS,RPM)

the experimental torque map

APS RPM
(input) (calculated)

[

Engine Torque

Torque Map

V' N\
/ - \100

f SN S 7552

N

N\ ~ ) so
N 20 : W N
- k a0 o

RPM

1

Torque
(output)

RPM (0~6000)

Closed WOT

[EL Table Editor - [C;IAMESileSDOII'\btn‘datafEngin;fEngl'neTquueMcrque data] SRR X
FEile  Edit Miew Help
DEEADEX @
Tl dRaQaal ¢+ +4 Display
Farmat: 20 Table APS(O~1) Wiew curve
1 2 3 4 5 B T 8 9 Interpolation type
013 02 033 044 05§ ng7 078 088 1 260 (Dnear )
1 [ i i 00 00 a0 0 i
T 0 0 0 a0 00 a4 0 [ 20 Dut of range mods
3 500 845 E93 624 663 699 723 754 73 05
4 1000 585 100.75 (DSB8 1118 11712285 25.05133.9 1365 (null 150 (bl )
5 2000 -34.45 6175 14495 1715 182,65 185987859045 1924 Fhapens
B 000 -B37 312 113751617 191119525 20282064 208 =0 100
74000 923 195 825 469 183.35 201508652132 2158 200 3 [Mane 3
8 G000 -121.55 -26.66 51,36 1203 16A.36194.36 210062171 221 150 3 50 Yarlahla:
9 G000 -16015 -BRA 269295 1404 167.78396F7.86 1924 [ORTIRE Value: 0.0
S g 3 [ruil 0 c H'Hh‘ﬂ
9‘ 0 omplete to the (&
3 3 )
lg o LR Preview Apply
Format
Standard -
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Motor

« Generation of the power to drive a vehicle
« QOperating principle
— Generation of a rotating magnetic field from an electric current
— Mechanical torque generation on a rotating shaft from the magnetic

ZHO &3 3 Ao £33 JM
£3 £3
) RPM RPM
A
SolSRIc ZE &3 ClEplgel Xl =3
4 ! + SIHS0N E30t =2 S&0M E30t =2
A

r 3
A
——
—
—
—
r 3
F 3
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CAE

Electric Circuit Model

 Input : circuit voltage
e Output : motor torque

1. Equivalent circuit

Fixed di
Teld
: . : V=L—+RI+E,
ANN— TB dt
+ (‘( V :circuit voltage [V]
Armature ..
v (1“) circuit > e Q K L :electric inductance [H]
i - _ | :electric current [A]
bb . .
Rotor R:electric resistance [Q]
E, :back electro motive force [V]
______ Constant torque i Constant | Breakdown
region | power region | torque region . .
g 1 3. Motor dynamic equation
[ Power(VA) |
/: votage | Tm _Tloss =J d)m
| 1
N _Towe | T, - total loss torque [Nm] (k)
|

/ Current
// Slip frequency

J :motor inertia [kgm?]

2. Motor torque
Eb = Kea)m
T. =Kl
K, :back-EMF constant [Vs]
@,, motor shaft speed [rad/s]

T, :motor torque [Nm]
K, :torque constant [Nm/A]

Lot
torgue

Fekes
and lzad
inerlia

4 =4
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CAE

Torgue Map Model

i
5
* Input : APS (accelerator pedal sensor) ;
e Output : motor torque
« Calculation of the motor torque from
the experimental torque map
o f (APS RPM ) rIjx. Table Editor - [C:/AMESim/v1300/libdrv/data/electric motor/Fuel_Cell_Vehicle/max_torgue_em2.data # - = ﬁ1
! File Edit Wiew Help —
DEd Ahax @
APS RPM T‘ &k Q Q¢+ H|E Display
(lnput) (Calculated) Forrnat: 20 Tahle . Wiew curve
/-\Hb(U"'J.) xlDS = Interpolation type
l l (=) 1 g gnn ] P M [Linear -]
o b 940 0 900 1 3 Out of range mode
o 3 e g 57 . 0.5
Torque Map i ¢ o Qe 7 [bloe x)
=) R - 06 Properiiss
T A '
> S [Mone = |
o 8 Bomd 0 143 14 Variable:
[0 d 9 6100 0 69 ' T T
1L 00 D 30 Complete to the left
0z Freview Apply
Speed 0.0 Format
l [Standard -]
dzi 2l EL 2T
Torque
(output)

Powertrain Component - 7



Clutch

« Torque transfer or cut-off between input and output shaft
« QOperating principle
— Generation of the friction torque on a clutch disk by the clutch
engaging or disengaging
— Synchronization of both shaft speeds

FLYWHEEL

DRIVING A DRIVEN
MEMBER f{ S \.-. MEMBER
[ “y [
= e
N\

CLUTCH ENGAGED
iy 7 DRIVEN

DRIVING ///7 ™~ 72
MEMBEI? / f £ MEMBER
= = iy
_p—r]—.
—.—l'\"'.'."_\"'l
\ e f
WA

CLUTCH DISENGAGED

Engaged
< Single Disk > < Multi Disk >
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Friction Torque Model

 Input : clutch actuating force
« Output : output shaft torque

1. Output torque equation

a)
’ :friction force [N
FfI‘IC eff (a)rel G O) fm [ ] .
. T = R, -effective firction radius [m]
T (a)rel =0) o, -relative speed of shafts [rad/s]

2. Friction equation m

—» <«— actuating _ -
force Fric = Haisc P “

F. =F, tanh (2 j
do N

Wy = W, — @,

(out )

T3 ) |
Ly -Friction coefﬂcient Sl
F,:normal force on disk [N]
:clutch actuating force [N]

CAE Foot - Powertrain Component - 9



Effective Friction Radius

dA =2zrxdr
P : normal pressure
n F
F =P|2zr dr P= :
! F[ ”(rlz - r22)
F ’—r

T =uP|2zr? dr =2un %
: }[ : ﬂ(rlz_rzz) 3
3 .3

T=uFR, . R,=20-h)

3(I’1 _rz)

CAE Powertrain Component - 10



ransmission

« Conversion of the torque and speed from input shaft to
the proper torque and speed on output shaft

« QOperating principle
— Selection of a proper gear by operating a clutch
— Increasing or decreasing of the torque and speed from input shaft

= B

DT O

0dd Clutch

< Manual Transmission(MT) > < Automatic Transmission(AT) > < Dual Clutch Transmission(DCT) >
1Ci :: | - =l )
= - ] Ideal traction hyperbola
EfflCIGﬂCy T ,L T EL I%/ | d o (With powertrain efficiency )
50 =4 w
. .- ’;?w =4 bV s T g
Drivability ! 1 1 e L g Is
zn—K‘r\aa AHIE 2 2
0———+ 200 & 8 f3° o
Cost ! - 0 L = Elm( ik § e
RERE NeAR HETH> velaoky ¥
CAE
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Geartrain

« MT/DCT

[
{@}_} =% Clutch 2

Input (5 bt s b

(Engine or Motor)

\ [ %

1

&

Fmpu. SN
! |j_

1

1

| |-
A

Final Gear

A R NG R s R RN

15t Gear 2nd Gear Shaft

WL A e W SRR RN

213l =]c =
o o o o o
Neuiral
Reverse . .
o ] 1th Gear [ ] ®
O Brake/Clutch activated Zrd Gear . .
@ Brake/clutch open 3rd Gear . .-
Ath Gear ®®
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CAE

 Input : input torque/speed
« Output : output torque/speed | marsie”

Parallel Gear Model (MT/DCT)

Gear reduction occurs

teeth than the driven
gear.

1. Gear ratio

_ #of driven gear teeth

S va

0. O

GR = _
# of drive gear teeth
2. Output torque & Speed Overdrive occurs when
the drive gear is larger or
_ has more teeth than the
Tout - Tin xGR driven gear.
Q-
_ n
a)out -
GR

f

© FreeASEStudyGuides.com

X Example : T, =100 Nm, o, =3000 RPM

1) GR =2 (reduction) 2) GR =0.75 (overdrive)
T, =100x2 =200 Nm T, =100x0.75=75 Nm
O =¥=1500 RPM Oy =?(’)Oﬂ=4000 RPM

Powertrain Component - 13



CAE

Coaxial Gear Model (AT)

 Input : input torque/speed
« Output : output torque/speed

IR ——

driven drive fixed Z 1(Z,+2Z,)
SUN GEAR
drive driven fixed (Z,+2,)] Z,
BN TAR fixed drive diven  Z [(Z,+Z,)
BLANETARY fixed driven drive (Z,+2,)] Z,
PINIONS (3) . . .
driven fixed drive =/ / L, reverse
1. Motion equation .
Z. : #of ring gear teeth
Z, L. +Z, _ .
o, +—w, — ®, = 0 Z. : # of ring gear teeth
Z, Z, Z,+Z, : # of carrier equivalent teeth

X Example : T, =100 Nm, o, =3000 RPM, Z =80, Z, =40

2. Output torque & speed
ring(drive), sun(fixed)

T .=T xGR T, =100x3 =300 Nm
7 L, +Z, 40+80
By = - CR= - =3 =399 _ 1000 RPM
out GR ZS 40 a)OUt = —_—
Powertrain Component - 14



CAE

Coaxial Gear Model (AT)

* Motion equation A T
2t 710l 8 HEHMC SEE e

Vs — a)s rs Vr — a)r I’r VC — a)c rc

O17|M 7i2|0 o] HE2f BIX[S§2 |

V. +V, I+,

Ve = S k= 4710 A2 LHHFH
Z L. +LZ

V.=o, o1V, =awr o2z S0+ o, = -, —SZ =0
o, +or I+ > °

2 = @ 2 Example: Ring(driven), Carrier(drive), Sun(fixed)
Ha|stH }4"0‘)“&_';} L. +Z, 0

S r c
o, +or —o(r,+r)=0 Z, Z,
2} 7|0fo| HtX| 22 Ql4-0f H|Zsl2 2 GR.Gn @ __ 4 L L
) w L. +72 L, L. +Z

a)szs +a)rzr — @, (ZS + Zr) =0 out r S r <s S r

Powertrain Component - 15
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Battery

2|50[2 HHE{2|2]
2 2| Hxo|soz
7|

O
2

CY X ) o-=2|9t ~<52
eoe y g3me3 TS
...'. 1 HEE AHdlE O

see Sl oS

.’.‘. @ ‘V\/\/\:/\M oL <;$;§‘>
::: o~~~ L Cs:pcg
000 8ol 2
©.0.0 0/=0 2E5p" 57
000 OlSsi== =) 5

= |
OH7H] g . -
o= ==
AS0|2 AAR HERIQ 8T | YI0IM LR 2IS0122 MU}
7 HYUS 2 L USGIIA YHSIRE SOl MR E
: S22 5= 4

* Providing the current to generate the mechanical torque
from a motor

« QOperating principle
— Conversion of the electric energy in a capacitor to the current by

the battery voltage and resistance

AlAg 2|

A AR 2

100%  50%

o
i

100% -60% 40%

e B

2337 2|50 232 g532| 2|50|232|
Volumetric Energy density Gravimetric Energy density
100Wh/e | 250 Whe 25-40 Whikg | 100-250 Whkg
2| 2% 4| 2
Y Q
o» é 3~74d 15
20°C 0-40°C
GaM 2502z CRia 2SO0l
Actual operating cost Actual replacement
>N g DAY
100% | 30% -+ - = 500cycles | »4000 cycles
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CAE

Equivalent Circuit Model

 Input : motor power (torque and speed)
e Output : state of charge (SOC)

1. Equivalent circuit equation

Ibm —_
Vbat _VOCV R I

in " bat
" V

s

V,. : battery volatage [V]
ocy . Open circuit voltage [V]
. - equivalent internal resistance [Q)]

.. : battery current [A]

© 2. SOC calculation

Mechanical Power = Electrical Power
Tt @t = Vou lpae (discharging)

mot mot
nT, =V o (Charging)

: mot mot
%@a 100

dSOC
dt bat Cnom

100
e

SOC = SOC, . - ., dt

nom

n - motor efficiency
SOC. .
C,., . rated capacity [As]

- initial SOC [%]

Powertrain Component - 17



Equivalent Circuit Model

¥ Example : when T_ =100 Nm, o, =955RPM (100rad/s) during 2 min, final SOC?
Vooy =300V, R, =0.1Q, =1 C . =40,000 As, SOC,. =50 %

V

bat

=V,o, =R, I, =300—0.1x |

in " bat bat

Toot@rot = Vol — 0.112, —3001, . +10,000=0

|, =2966 or 33.7 A

bat

|, dt =50-0.084%x120=39.9 %

bat

SOC =SOC, . — 100 |
C

nom

CAE Powertrain Component - 18



Driving resistances

« Drag forces during the driving from the various conditions
 Air, rolling, climbing, and acceleration resistance

— 15X g /

600 H
— 37N /

E 400
mr
g_o 300 //

200 /

100 //

0
4] 50 100 150
\ 2 fkm/h]
< Air resistance > < Rolling resistance > < Climbing resistance >

E——

Rolling
Resistance

if—
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CAE

Resistance Calculation Model

1. Air resistance

|:air = %Cd Afrpairv .

veh
C, : air drag coefficient
A, : frontal area [m?]
p.. . air density [kg/m®]

V... : vehicle speed [m/s’]

2. Rolling resistance

|:roll = /ur mb g
4. rolling friction coefficient
m, : body mass[kg]

3. Climbing resistance

F.=m,gsin@

grad
0, - gradient [rad]

* Input : vehicle speed, gradient
« Output : drag force

4. Acceleration resistance
Facc =Mma = ‘Jeqawhl Rtire

J., ¢ vehicle equivalent inertia at wheel [kgm?]

a,, - wheel rotational acceleration [rad/s’]
R, : effective tire radius [m]

Gradient

Inertia
Force

I Rolling I
Friction

Powertrain Component - 20



Equivalent Inertia

« Calculation of an equivalent inertia from each inertias

Gear E +E, =E, (energyconservation)
b
Pe(’ ’ 1 1 1
J E Jla)lz + E \]26022 = E Jeq,la)f
a 21 0 w2+ J.R2m2 = 2 - R
0 I, R = ‘Jeq,la)l (0, =Ra,)
R— J

a
J., o b Jop =31+ ,R* = J, :R—12+J2
Equivalent inertia at wheel w.r.t vehicle mass
E,=E,
& =) D PVE =30y Vo =R
Y e ‘Jeq = mbRt?re

CAE Powertrain Component - 21




CAE

Driver Controller

« Torque control to match a target vehicle speed from the
driver request

« QOperating principle
— Reducing an error between the target speed and the real speed

Target e Req. Real
Speed PID Tq. Speed

Controller Vehicle

l

T = Koe(®)+K, [et)dt+ K,

(e(t) :Vtarget _Vreal )
K, : proportional gain

de(t) (e(t)>0: accelation
dt e(t) <0 : braking

K. : integral gain

K, : differential gain

Powertrain Component - 22



CAE

Pl control

. Proportional control

1

Cls)

6(6) - E(s) _R()-C(s) _, C(s) __ 1 R [
Ts+1  R(s) R(s) R(s) 1+G(s) % —
1 1 - controller

Ts+1

Plant

(s)—— (s) = R(s) R(s)== (unit-step func.)
G(s) 1+ K >
Ts+1
E(s)=—>*t 1 — lim e(t) = lim SE(s) = lim -~ = _*
Ts+1+K's t- 50 Ts+1+K K+1

Integral control

Cls)

Ts+1

C(s) K E(s) R(s)-C(s)  s(Ts+l) 22 ) E
R(s) s(Ts+)+K R(s)  R(s)  s(Ts+1)+K 1
_ s(Ts+)) 1 1 "
E(s) = STs+D)+ K s R(s) = 5 (unit-step func.)
e _I|m e(t) =lim sg(s) =lim s (Ts+1) 1 =0
-0 s50Ts?2 +5+K s
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Assignment

BATTERY Vehicle Parameters

| Jeng =0.2kgm?*, J_ ., =0.05kgm’
GR,, =2, GR; =4

M. —1500kg, R,. = 0.3
- MOTOR/
| —

GENERATOR _ _
Tony =80NmM, T, =50 Nm
REDUCTION GEAR

E DRIVE POWER D ELECTRIC POWER

tire

-

(T OO T
=

]*%’JZELS Resistance Parameters
A=2m? C, =0.3, p=1.2kg/m* V =15 m/s
t =0.01, g =9.81m/s?

Problems

1. Equivalent inertia at wheel Eq. Inertia : 148.6 [kan"Z]
2. Driving torque at wheel Driving Torque : 840 [Hn]
3. Drag torque at wheel (air, rolling) Drag Torque - £8.44 [Hn]

4. Venhicle acceleration speed Vehicle dcc, 1,558 [m/s"2]

(Driving torque — Drag torque = Eg. Inertia X Acceleration rotational speed)
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