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CAE

« Generation of the power to drive a vehicle

Engine

* Principle of operation

— 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
{under full load)

T00-1200 Degrees Celsius

300-900 Degree Celsius
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CAE

Mean Value Model

Input : fuel mass flow rate
Output : engine torque
1. Engine dynamic equation

Jea)e :Te :Tind _Text ~ lloss

J, : engine equivalent inertia [kgm®]

o, :engineangular velocity [rad/s]

T, :engine output torque [Nm]

T, -external load torque [Nm]
:pumping and friction losses [Nm]

Ioss

3. Pumping and friction losses

Tloss |:Ioss + I:)Ioss
Fioss = 3,0, +aia) +a,
Ioss — b C() pman + b pman

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

P - Manifold air pressure [bar]

2. Indicated combustion torque

f ind —
L[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
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Torgue Map Model

* Input : TPS(throttle position sensor)

« Output : engine torque

« (Calculation of the engine torque from the experimental
torque map

[EL Table Editor - [C;IAMESim/VlEIDOII'\btn‘datafEngin;fEngineTquueMcrquedata] =NECN X
T =1 (TPS,RPM
€ DEEADEX @
T & v&l QR+ + 4T Display
TPS RPM Format: 20 Table TPS(O"’]_) View curve
1 1 z 3 4 5 5 7 8 39 = Interpolation type
—~ - polation typ
(InpUt) (CalCU|ated) o 013 02 033 044 05§ ng7 078 088 1 260 (nsar )
(@) 1 0 0 o o o o o 0o o o0
8 : 50 i i | 0 o o o o o 50 QUG e e
1 3 5o 845 598 o624 663 689 728 754 793 a0
o 4 1000 5.8 100,75 10556 111,80 11712285 26, 05133.9) 1365 (il 150 [Mone >
= 5 2000 -34.45 51,75 144,95 1715 182,65 185,987.85(30.45 192.4 Properias
T M s 6 3000 637 312 113,75 1677 191.1198.25 202.8205.4) 208 0 1003
Orque ap o 7 4000 623 1.95 8255 1469 183,95 201,5/08.65213.2] 215.8 200 3 [Mane 3
6 GO00| -17165 -26.65 51,35 1209 166,36194 3621062171 221 150 3 E Variable:
[0 d 9 G000 -15015 -5 26 9295 140.4] 167763 95[A7.65 192.4 [ORTIRE Valve: |00
/ — S g 3 LIS C \tlt the left
. Y, N \ 100 @3 ormplete to the [ef
g /’  \ = 03 103 Preview “pply
2 N |9 50 3 -5
& .-‘"’ AN . ~ . " Format
[\ - . o Standard -
AN T30 g0
"P
l !
Torque
(output)
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Motor

« Generation of the power to drive a vehicle

* Principle of operation
— 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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Electric Circuit Model

 Input : source voltage
e Output : motor torque

1. Circuit equation 2. Motor equations
T i
(n* V =IR+E, E, =K.o,
o h) <3 TE ——— V :source voltage [V] T, =Kl
| . i
e T I .ele(,ttrlc current [A] K, :back-EMF constant [Vs]
4 R:resistance [©] _ @,, :motor shaft speed [rad/s]
E, :back electro motive force [V] T :motor torque [Nm]
K, :torque constant [Nm/A]
3. Motor dynamics
( -\0 Tm _Td — \]a-)m + Ba)m Posier supply O C mabor ;Iﬁlland ll::':rI:e

M T ‘L 1 + —
o T_Bo ‘4 T, :drag torque [Nm] D=0 " (1
J :motor inertia [kgm?]
B:damping coefficient [Nms]

CAE Powertrain Modeling - 6



Torgue Map Model

* Input : TPS(throttle position sensor)
e Output : motor torque
« Calculation of the motor torque from the experimental

torque map

T = f (T PS R P M ) PD;. Table Editar - [C:/AMESim/v1200/libdrv/data/electric_motor/Fuel_Cell_Vehicle/max_torque em2.data *| b 4 w - - o] e |
m ! File Edt View Help
DEed AhEaxX @
TPS RPM m &k 'Q R+ +H @ Display
(Input) (Ca|CU|ated) Farmat: 2D Table Yiew curve
| HD(UZ"J.) xlDS = Interpolation type
- 0 1 1.0 [Linear ']
ol [l 4 g o {rul] -
8 2 940 0 900 1 3 08 QOut of range mode
3 1500 0 LYE] -
1.0 - -
Torque Map Lol PR I (tone ]
o 5 3000 0 286 Properties
~ 6 00 o 218 08
= R G (Bloe = |
o 8 6000 0 143 Variable:
D: 0.4
9 6100 0 69 Walue: 0.0
: 107000 0 30 12 Complete to the left
eration N ' Preview Apply
Speed ' ; , 0.0 Format
l . [Standard -]
Az 211 EL 27
Torque
(output)
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Clutch

« Torque transfer or cut-off between input and output shaft

* Principle of operation
— 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) f”c [ ] .
. T = R, -effective firction radius [m]
T (wrel =0) o, -relative speed of shafts [rad/s]

2. Friction equation m

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

F=F, tanh(Z )
dw -

0,y =0, — O,

(out )

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

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

* Principle of operation
— Selection of a proper gear by operating a clutch
— Increasing or decreasing of the torque and speed from input shaft

0dd Clutch

< Manual Transmission(MT) > < Automatic Transmission(AT) > < Dual Clutch Transmission(DCT) >
Efficiency 1 1
Drivability ! T 1
Cost ! - ) g

2
(O 6) 9] 7IE HEAE (O 7 S| 7|E HAAR
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Spur Gear Model (MT)

 Input : clutch actuating force on speed gear
« Output : output shaft torque

..............................

= Clutch 2

4t %
S g =
= |
Z Final Gear
1
+

Shaft — cjyteh 1 o
1. Output torque & speed ' =
=
TOUt — Tin X GR EE
Dy = GE GR :gear ratio -
2. Example : T,, =100 Nm, o,, =3000 RPM
1) GR =4 (lst) 2) GR =2 (2nd)
T, =100x4 =400 Nm T, =100x2 =200 Nm
= 30400 _ 750 RPM @y = 30200 1500 RPM
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CAE

Planetary Gear Model (A

 Input : clutch or brake actuating force

« Output : output shaft torque

Zr : # of ring gear teeth
Zs : # of sun gear teeth

driven drive fix Zr/(Zs+Zr)  7s+7r - # of carrier
SUN GEAR _ _ _ . I h
drive  driven fix (Zs+Zr)/zr ~ €quivalent teet
A tlilld fix drive driven  Zs/(Zs+Zr) ex) Zr=80, Zs=40
: : . ring fixed, carrier drive
BLANETARY fix driven drive (Zs+zr)/Zs egr ratio?
PINIONS (3) _ i i g .
driven fix drive -ZrlZs increasing speed?
decreasing speed?
Eﬂt | Neursl
Reverse . .
1th Gear [ ] ]
i 3rd Gear ®|®
Dﬁn """" Ath Gear o9

L —
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Battery

CAE

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

* Principle of operation
— Conversion of the electric energy in a capacitor to the current by

the battery voltage and resistance
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CAE

Equivalent Circuit Model

 Input : motor consuming power
« Output : state of charge(SOC)

R, 1. Equivalent circuit equation
A — o)
L, _ V. : battery volatage [V
Vbat _VOCV Rln Ibat pat y o ge [Vl
It - - VOCV . open circuit voltage [V]
T. % v _:equivalent internal resistance [Q]
I, : battery current [A]
© 2. SOC calculation
Mechanical Power = Electrical Power
o A _E Tmothot 77Vbat Ibat (dISChargmg)

nT =V, 1 . (charging)

_i : mot mot bat * bat

@’_’@ %3@}* dsoC _ | 100 SOC,, : initial state of charge [%)]
Cdt bat Coom C.... :rated capacity [As]
o T s0e-50C, - =2 [, dt
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Driving resistances

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

— 15X g /

600
—37Ixj% /

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

il
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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 = K mbody g
4, :rolling friction coefficient
My, - DOy mass[kg]

3. Climbing resistance

F. =mgsiné

grad
0,.q - gradient [rad]

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

4. Acceleration resistance
|:acc =Mma = ‘Jeqawhl Rtire

Je, © vehicle equivalent inertia [kgm?]
a,, - wheel rotational acceleration [rad/s’]
R, : effective tire radius [m]

Gradient

Inertia
Force

I Rolling I
Friction
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Equivalent Inertia
« Calculation of an equivalent inertia from each inertias

e E,+E, =E,, (energyconservation)

b
E Jla)l2 +l Jza)z2 = 1 Jeq,1w12

e, 2 2 2
‘]16‘)12 + ‘]2R2a)12 = ‘Jeq,la)lz (0, =Rw)
R =

a
J,, o, b Jeqr = 3.1+ R?)

Equivalent inertia w.r.t vehicle mass
EV W
» 1, 1
& “ D E mv- = E ‘]veha) (V Rtlrea))
m,v ‘]veh
e
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CAE

Driver Controller

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

* Principle of operation
— Reducing an error between the target speed and the real speed

Target e Req. Real
Speed PID Tq. Speed

Controller Vehicle

l

T = K,e()+K, j e(t)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 Modeling - 18



CAE

Pl control

. Proportional control

C(s)

6(6) - E(s) _R()-C(s) _, C(s) __ 1 R6) [«
Ts+1  R(S) R(s) R(s) 1+G(s) ? ==
1 1 . controller

Y

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

CE_ K E(S) R(s)-C(s)  s(Ts+1) 20 SN

Cls)

Ts+1

K
R(s) s(Ts+1)+K R(s)  R(s)  s(Ts+1)+K 1 s
s(Ts+1) 1 1, .
E(s)= = R(s)== (unit-step func.
(s) STs+D 1K S (s) : (unit-step func.)
e _I|m e(t) =lim se(s) =lim s (Ts+1) 1 =0
-0 50 Ts?2 +5+K s
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HEV Model

Power Split Hybrid Vehicle (Prius type)
AMESim / Simulink cosimulation

FULL SIMULINK ECU
AMESim/Simulink interface
+( soc THRice
Votge #(p—-=7- Vohogs icsStorted
e emperature overheat Cakcuiate the torque roquest at the wheel n function
wheeltorue e #O-2 ToraueDiver oy ideWice b o the celecston and e velocey rfles
Wabesl -5 Whael Tom :8: Tom o bake thotte
Wice Wice Tge Toe e *O t% SO
(PR S| 331 ::.ke ; O - | RSO whed o
EMvel O O S ™
Driver
roar/ront brake detrbution
@"O’ wnd ! ;
Wind velocty - :
Gasoline Engine i
12L, 42kw i
Simulation stalistics 242 e B <\
§ o mea) 2o0th
(— =— =
= :] ‘%‘ Silent chain -
2 2
St 300 Mo
fing: 78tocth z
T5tocth

Transmission & CIutc}ﬁ
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CAE

BATTERY

-

HOTDARRIRIR I RERRINAn

"L
TRANSMISSION 1
x|
REDUCTION GEAR

:

Assignment

GASOLINE I '4— INVERTER
ENGINE

MOTOR/
GENERATOR

DRIVE
WHEELS

E DRIVE POWER D ELECTRIC POWER

Problem

1. Equivalent inertia at wheel

2. Driving torque at wheel

3. Drag torque at wheel (air, rolling)
4. Vehicle acceleration speed

Vehicle Parameters
‘]eng = OZkgmz’ ‘]motor
GR,, =2,GR. =4
M., =1500kg, R, =0.3
Teng =80Nm, T_, =50Nm

=0.05kgm’

Resistance Parameters
A=2m? C, =0.3, p=1.2kg/m* V =15 m/s
t =0.01, g =9.81m/s?

Ea. Inertia : 148.6 [kam"2]
Driving Torgue : 840 [Mm]
Drag Torque - B8.44 [Hm]
Vehicle fce. @ 1,588 [m/s"2]
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