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Enerqgy Loss In Vehicles

Standby
17%(4%)

|

Accessories
2%(2%)

Slide 2

Fuel Tank
100%(100%)

5

Aerodynamic Drag
3%(11%)

l

Rolling Resistance
4%(7%)

Braking

!

Engine Loss
62%(69%)

!

Drivetrain Loss
6%(5%)

6%(2%)

Losses of fuel energy in a vehicle in city usage (highway usage)
[U.S. National Academy of Science, 2006]
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Enerqgy Loss In Vehicles
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Fuel Tank
100%(100%)

Aerodynamic Drag
3%(11%)

I
ehide Roaainar| = 110 0

Rolling Resistance
4%(7%)

Road load is define as the “...force or torque which opposes the movement of
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a vehicle...”
[ISO 10521-1, 2006]
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Significance of Road Load Determination

Vehicle platooning [1,2] Roll-over prevention [3]
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Energy

management [4,5]

[SARTRE project test, Sweden]

Offline modeling &
By control development [6]

[Mathworks]
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[Toyota]

Engine certification [7]
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. .

Estimate the road load parameters of a vehicle

Focus on rolling resistance & aerodynamic drag

Use on-road testing of a production vehicle

Use a novel force measurement method & compare results
with traditional method(s)

V V VYV
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Outline
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_ _
Rolling Resistance

For a free rolling tire under no slip:

Mg: Vertical load on the tire due to sprung & unsprung mass
v,: Tire longitudinal velocity w: Tire angular speed R,: Ground reaction force
R,: Rolling resistance force M.,: Rolling resistance moment r: Loaded tire radius

0 R
-

Tire ngrmal force
distribution is asymmetric.
The resultant normal force R, ] i
acts towards the leading a R =M =r-: Rolling resistance
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Aerodynamic Drao

[BMW]

Fdrag =05'p-A-Cy- (vrel)z

L
Density of air — \
Frontal area of the vehicle

Coefficient of aerodynamic drag
Relative velocity of the vehicle wrt the wind
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Total Road Load

The most commonly used form of road load equation is:

2
Froad load— (a +b- " Uy 0T (vrel) )+ M - ax ¢ 51n(9)
e
Predominantly Includes Includes influence

includes the aerodynamicdrag  of road grade

effect of rolling
resistance Includes dependence

of rolling resistance on
velocity & drivetrain
losses

e ‘b’ term is not always included

A number of other formulations exist [8], including
* Influence of rotational inertias
e Correction factors
 Additional dependencies
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Road Load Measurement Methods

1. Individual component measurements

Terrametrix
[Nissan] [ ]

[Volvo]
[Maptek]
Rolling resistance: Tire

testing

Aerodynamic drag:
Wind tunnel testing

Grade: Road profiling

e ——————

Pros: High repeatability, aids in parametric evaluation
ropriecONSHighercast, may not represent real.driving conditions 4ND
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Road Load Measurement Methods

2. Coast-down method [8, 10]

[VTI Sweden]

Pros: Less instrumentation
Cons: Time consuming tests, include
drivetrain losses
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3. Torque measurement [9]

[Timken]

r-------------‘
" F F F R Fr r rr Fr rrrr 8 rr r r rfF F B

Pros: Drivetrain losses are excluded
Cons: Difficult to install on

production vehicle

www.aanddtech.com
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Road Load Measurement Methods

4. Complete vehicle measurement system

[A&D]
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On-road Vehicle Testing

Test Vehicle: FWD Mini Cooper S

Proprietary and Confidential, A&D Technology, Inc.
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A\
Stopm

Start

Ll

Test Track: Proving ground in Tochigi, Japan

www.aanddtech.com

ARD Teahnloge NG,



Instrumentation

_ .

i~

Anemometer
Measures wind velocity & direction

6-Component Wheel Force Transducer

)

(Fx, Fy, Fz, Mx, My, Mz)

Distributed force bridges with model based decomposition to get
orthogonal force components

O Very low cross sensitivity, interference & temperature sensitivity and

high sampling rate

Proprietary and Confidenti@A&l{)’ﬂ%lF@Sm.ution (6N or 18Nm) www.aanddtech.com @



|
Instrumentation

/ Anemometer

Measures wind velocity & direction

6-Component eel Force Transducer

(FxFy, Fz, Mx(My)Mz)

Influence of drivetrain losses is included in this measurement

Influence of a and b terms is included in this measurement (ignoring bearing
Proprietary andfed 645 el "o Heel Well aerodynamic losses) vww-aanddtech.com 40D



| |
Vehicle Instrumentation I

Wheel Position Sensor

Measures 6 degrees of freedom of the tire

Digital Signal Processing «——t—

& Acquisition
100Hz sampling
Proprietary and Confidential, A&D T(emwyTOOkH Z)

Laser Doppler Sensor

Measures vehicle velocity & slip

angle

GPS Sensor & In-vehicle Network
Measures vehicle longitude,

latitude, altitude, and ECU CAN
communication

Inertial Sensor

Measures vehicle roll,
pitch and yaw.

www.aanddtech.com M
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Sample Data

00 | | | | | |

—Acc pedal
—Brake pressure
—100*yaw spd
—Engine spd/10
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Sample Data

4000

Alcceleration . Coastidown ! Acceleration Braking
3000 ' ' ' ' ' ' ' '

2000

1000

0

Fx(N)

-1000

-2000

-3000

] i i i | | | |
4000, 10 20 30 40 50 60 70 80 90

Time (sec)
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Sample Data

Fx(N)

4000

3000

2000

1000

0

-1000

-2000

-3000

-4000
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Acceleration

' Coastidown | Acceleration Braking
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32 34 36 38 40 42 44 46 48

Time (sec)




Outline
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Coast-down Tests

Procedure:
e Conduct tests on a flat road with low wind conditions

e Accelerate the vehicle and put the transmission in N

* Begin coast down in a straight line
* Record vehicle velocity and vehicle velocity relative to wind as a function

of time
35

30

Velocity (m/s)
= ) N
ol o gl

[EEN
o

\
0 10 20 30 40 50 60 70 80 90
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Coast-down Tests

Procedure:

e Conduct tests on a flat road with low wind conditions

e Accelerate the vehicle and put the transmission in N

* Begin coast down in a straight line

* Record vehicle velocity and vehicle velocity relative to wind as a function
of time

Froad load = (a +b-v,+c: (vrel)z) + Mog-sin{ey

Flat road assumption

Road grade (deg)

6
SRR LT EEE EEEEEREET TR LT EREES o

Road grade (deg)

_6 | | ; | | ; | | |
Proprietary and Confidential, A%L(b Techn%q)ogy, Incs.0 80 100 120 1%W.aa:\l1§gtech.cjo$9 200

Time (sec) AR echnciogs .




Coast-down Tests

Procedure:

e Conduct tests on a flat road with low wind conditions

e Accelerate the vehicle and put the transmission in N

* Begin coast down in a straight line

* Record vehicle velocity and vehicle velocity relative to wind as a function
of time

Froad load = (a +b-v,+c: (vrel)z) + Mog-sin{ey

dv,
=1 road load — dt
* Use linear regression to obtain coefficients a, b & ¢
e Use minimization of || L |l;

e Verify by Simulated Annealing
e SAE J1263, 2263 and ISO 10521-1 contain more detailed procedures
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Coast- down Test Results

1200 \

- Measured road load force
1000h- : : | | ---Regression estimates

e Front tires: Bridgestone
Sneaker

800

6004 -

2 e Rear tires: Bridgestone
& 400 Sneaker
s e Estimated Values:
a=194.87,b=3.87,c=0.37
0
-200 ‘ ‘ ! l |

1 \ ‘
0 10 2C 40 50 60 70 80 90

Time (sec)
* (33m/s, 118km/hr, 73mph) - Measured velocity
95% Confidence bounds: | ‘ | Celedated velocly

a: 184 - 204

N
a1

Velocity (m/s)
N
o

b:2.7 =5 o EBpil
15
c: 0.35-0.39
10 ‘ | ‘
| ‘ (7.5m/s, 27km/hr, 16mph)"
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Coast-down Test Results

+ Measured road load force
---Regression estimates
T

Coefficiént of

* Front tires: Bridgestone

Blizzak
- * Rear tires: Bridgestone
g Sneaker

e Estimated Values:
a=191.69,b=2.54,c=0.41

Time (sec) 35,

- Measured velocity

===Calculated velocity
uuuuuuuuuuuuuuuu

95% Confidence bounds:
a: 183 -200

b:1.5-3.5

Velocity (m/s)
N
o

5
c:0.39-0.43
0
[ | | | ; | ; |
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Validation Procedure
F = (a+b v +c (Vye)?)
road load X rel
During coast-down: _Froad load™= M —

Generalized equation under all conditions (including coast-down):

. . | dv,
Tire tractlon/braklng
forde ‘_ Froadload = M —- dt

2F;y —(a+b-vx+c-(v,.el)2)—Mdd—v:

dv

(ZFp—a—b-vy) —c- (vrel)z =
Wheel force@— C* (v‘rel)z + Mdvx

Sensor
Proprietm@agwmmmfﬁ@Snology, Inc. www.aanddtech.com

dt
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Validation Procedure

8000 — | | | | | | |
6000 ' ' ' '
4000
2000
Zz 0
g
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L identification | |
100000 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, i =0 80 30
= ;  Parameter Validation | | |
0 10 20 30 4(_)|_ L (sec)50 60 70 80 90
Estimates are poor outside the coast-down region
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Residual Analysis

SF, = - (vye)? + MZE
dv,
dt

Analyze cross-correlation coefficient of residuals:

Res =XF, — [c* (Vo) + M—=

An example:

x1 e N(0,1) x2€N(0,1) x1 e N(0,1) x2=x13
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Time Time
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" "
Residual Analysis

E, =c' (0,0)% + M=

dv,
dt

Analyze cross-correlation coefficient of residuals:

Res =XF, — [c* (Vo) + M—=

s o Residuals & steering angle S0l T\ Residuals & accelerator
pedal p05|t|on

Proprietary and Confidential, A&D Technology, Inc. www.aanddtech.com e



Slide 30

Limitations of Coast-down Tests

Procedure:
1. Along straight flat track is needed
e  SAE procedures requires a minimum speed band of 70 to 15 mph
2. Results include drivetrain losses and may not be suitable for some
applications
3. Results are not consistent for all driving conditions, especially outside the
coast-down region
e Residuals are correlated with accelerator pedal position, steering
angle,...
4. Predictor basis is not orthogonal giving rise to the mathematical

Aiia +A nmaailFi~rAallinaavidyvg
LUITTITYHICLALIVTTIO UUCT LU TTIUItictulical ity

e Estimates of a, b, c might be biased or have high variance

Proprietary and Confidential, A&D Technology, Inc. www.aanddtech.com e
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|dentification using Force Method

dv
SE, —M——==c" (V,4)?

dt/

Use regression to identify c ‘Ic =0.5371

39 | ID— ID—
| g |
30f------- oo - e [ A -
1 l H
25— A I ******************************** . *************** -
PR N ot U NN N . :
B | i i
E |
215 f - AN e T L -
8 : [ [
()
S10 | | ST ' SR [ - .
| [ [
S Y St e T oo -
0 777777777777777 37777777 -0 " m g B @ gt [ ) 7777777777777777777777! 77777777777777 3
| Validation |
-5 \ \
0 50 100 150 200 250
Time (sec)
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Validation Test

8000—

6000~

4000

2000

0

Force (N)

-2000

-4000

-6000

] i i |
i 50 100 150 200 250

Time (sec)

R?=0.9926

Proprietary and Confidential, A&D Technoaé%. confidence Iimit fqnv\g;ngw&%-mo'ss @



Slide 34

Comparison of Coast-down & Force Metho

8000

—XF,

el Q2 Q-
""" CestdownVo T My Uy

6000

Q2 Q-
____ Crnew 7«-'.:,‘ el + mayVs

4000

2000

Force (N)
=)

-2000

-4000

-6000

: | i |
80005 50 100 150 200 250

Time (sec)

* Front tires: Bridgestone Blizzak
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Comparison of Coast-down & Force Metho
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Comparison of Coast-down & Force Metho
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Cross-correlation of Residuals

—— New residuals

... Residuals & steering angle | coastgoun residuais|

Normalzed cross-correlation coefficient
(Residuals & Steering angle)

Residuals & accelerator —— New residuals 150 200 250

j\ fffffffffffffffffffffffffffffffffffffffffff e ——Coastdown residuals

o
o

=
~

o
w

o
=

o

Normalized cross-correlation coefficient
(Residuals & Acc pedal position)
o
N

-0.1

1
150 2

-0.2 !
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Traction & Braking Scenarios

Assumptions:

m: Mass of tire wheel assembly

'y * Small in.clina'Fion and side-slip angles J: Polar moment of inertia of tire-wheel
— tIiNe vlertlcal displacement of the tire | ;scemply about the center of wheel hub
* Noslip

T: Applied torque at wheel hub
F,: Tire-road friction force

Jo =T — For — Myy
T—Jo— My T-Jb

F, = = — R
a r - X
Let WFS measurements be represented as F,, F, and M,
Then, \4 From laser Doppler sensor
T = My,r =T
W From encoder
. My — ]0.) :
=L — Fy — (mV,, RRC = -

7 :

Proprietary and Confidential, A&D Technology, Inc. Determined bef@qveaeﬂq@e@xperiment @



Calculation of ‘a’ from Force Method

6 constant speed tests for each speed, 18 tests total
140 o | | | | '
120 1 \ \ , ,
~ 100
=

Time (sec)

Assuming that wheel well aerodynamic losses are negligible at low
speeds, calculate

a=2XR, wmp |a=271

Note: Measured value of rolling resistance is much higher than what
standardized tests predict [11]
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Calculation of ‘b’ from Force Method

100

95

90

Rx (N)

85

80

75

70

Mean RRF for RL & RR Tires

| | |
Mean RRF—-85-438-1~N ----------- S AU S N S S S S
oRR,;— 1. 7629 N Mean RRF 84, 5861 N
I A A A A — — — ‘?_Fs_rsf_:_l__?’?t_l_?__'_\_'___? _____ _
i |
X % X
I i ............................................................................. x .................................................................................. —
IS SO SN SN S MeanRRF=848949N |
’ ’ ’ ’ = 2 2092 N ' i i i
. Very slight reduction in rolling resistance as speed increases :
i i i i i i i i i i i

10 12 14 16 18 20 22 24 26 28 30
Speed (km/hr)

mm) | b=0

_ O0(ZRy)
~ % (Zv,)
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Summar

Coast-down Method
a=191.69,b=2.54,c=0.41
R2=0.9280
Estimate variance is higher
Estimation only over coast-down
road load is under-estimated for
non-coast-down conditions
Residuals are correlated with
driver inputs
Changing the tire changes ‘c’
substantially
Influence of drivetrain losses is
included
Less instrumentation is needed
Less distortion of vehicle
aerodynamic

Proprietary and Confidential, A&D Technology, Inc.

’

Slide 41

Force Method

a=271,b=0,c=0.5371
R2=0.9926
Estimation based on physics;
variance is very low
Estimation can be carried out
during all conditions
Correlation is significantly
reduced
Changing the tires preserves ‘c’
very closely
Influence of drivetrain losses is
NOT included
More instrumentation required
Vehicle aerodynamics are
modified to a greater extent

www.aanddtech.com AR abnciogmina.
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More Information

Email: Visit our booth:
Dr. Rahul Ahlawat, A&D
rahlawat@aanddtech.com Booth 2105

Thank you for your attention
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