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APG - Presentation of the Company

APG, Zhejiang Asia Pacific Mechanical & Electronic Company

= One of the major supplier of Brake Systems in China.

This supplier is specialized in research, development &
manufacturing of:

Brake disc/drum assemblies

Vacuum pump

Master Cylinder

Brake Booster

ABS/ASR systems.

ESP systems
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= Main customers: FAW-Volkswagen, Dongfeng-PSA, Chery,
Chang’an Automotive,...
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APG - R&D Program

APG, Zhejiang Asia Pacific Mechanical & Electronic Company

= The current R&D process of the company is mainly based on
Intensive test campaigns

= APG is now looking for new R&D processes relying on simulation:

- Improve the understanding of their systems
- Decrease the testing effort
- Accelerate development time/reduce time to production

- Assist the development and validation of electronic controllers
such as ABS/ASR/ESP control units
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Modeling Approach and Technical Details

(@)
o
T
<
=
=
—
<
@)
3
D
=
2
=
=1
=8
|
[N)
o
[=
[
—
<
@)
(@)
©]
zZ
il
@)
m
P
3
>
—

#% ) Leading Partner in
Test &Mechatronic Simulation




Project Global Overview

Brake system modeling for vehicle performance evaluations

1. Component modeling and behavior validation (one after one)
- Dual Brake Booster &, G

- Master Cylinder '
- Front floating Caliper

- Rear floating Caliper with park brake assembly 4° 0

. Hydraulic piping & hoses: modeling according to the frequency range of
interest
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. Complete Brake System assembly: parameter adaptation and validation

. Final validation of the Brake System Modeling Platform
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Component Modeling and Unitary Validations

= Vacuum Dual Brake Booster

. ' L]
Date: June 2010 /A ES | APG BRAKING SYSTEM : BOOSTER MODEL ‘ MLMS

Author: NSR, LVE 15t Vacuum 2" Vacuum

Chamber Chamber

LM5-Tmagine
Engneenng Services
Lyon, France

Intermediate
Chamber1

10 p2: Contral Vaive Rubber
Cup Assembly
ML: Contral Valve Push Rod .
Atmospheric

Chamber

Intermediate
Chamber2

Intermediate %,
1: Contral Valve Spring. & Chamber 1 @ p::m;,m
2: Control Valve Riod Rubber Disk,
3: Control ¥alve Spring Seat contact stiffess.
4: Diaphragm 2 Vacuum Active Surface,
S: Diaphragm 2 Intermediate Pressure Active Surface,
62 Disphragm 1 Vacuum Active Surface,
7: Diaphragm 1 Intermediate Pressure Active Surface,
8: Control Valve Rubber Cup Assembly Active surface for Intermediate Pressure.
9: Control Vslve Riod Active Surface for Intermediate Pressure,
10: Control Vabve Rod Active Surface for Atmospheric Pressure,
11: Thread Pole Orifices.

AW

v" Functional springs & body relative endstops ~ ,'

g
: : el
(Mechanical Domain). ey

v Vacuum vs. atmo. pressure: functional assistance with
typical active surfaces (Pneumatic domain)
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Component Unitary Validation

= Vacuum Dual Brake Booster ] /
0 —— Amplified Forck at Booster output [M]

lal Force

The booster behaves according "] 7

to 4 main phases: "] / /

Spring preloads overcome ] Pedal Force

Increase

Closing of valves with contact

flexibilities

Amplification due to vacuum T I T T T T T T T T T
. Lation Force at Booster Brake Pedal [M]

assistance

Saturated assistance =

ratio = input/output = 1
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Boundaries: “Quasi-Static Actuation”

—> Validation of booster alone

with an Artificial Master Cylinder modeled D
by means of an equivalent stiffness

Pvacuum
(barA)
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Component Animation

= VVacuum Dual Brake Booster

—— Amplified Forcg at Booster output [M]

Pedal Force
Decrease

7

Pedal Force
Increase

—
1.0 1.5
Actuation Force at Booster Brake Pedal [M]
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Pvacuum
(barA)
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Component Modeling and Unitary Validations

Chamber

= Master-Cylinder secondaryressur i (L B N rkChamber

Date: March 2010 : . H
Author: NSR. LVE Vs | =] ‘ APG Braking System: Master Cylinder Model

LMS-Imagine
Engineering Services
Lyon, France

CPU Time Info 'l AMEANimation Secondary Atmospheric Primary Pressure
]
PC Safety Rod

Tank Chamber Chamber
@ Liquid Props
eesonda'y oing (For brake Safety) M1: Qil Inlet Valve

Pressure (Secondary Cylinder) Pressure Pressure {Primary Cylinder) Pressure  Master Cylinder
2 Seal3 M2: Secondary Cylinder 4 4 Seal2 1 Seall M2: Primary Cylinder 3 3 Seald Push Rod {Input Fc
]

b
n —o

1st Return Spring

Primary Atmaospheric
Tank Chamber x Tank Chamber
Secondary Pressure Primary Pressure

Chamber Chamber
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v Functional springs & body relative endstops (Mechanical
domain).

v Brake vs. atmo. pressure: functional primary & secondary
chambers with typical active surfaces (Hydraulic domain)
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Component Modeling and Unitary Validations

= Master-Cylinder

—— Pressure in the Primary chamber [bar]

The MaSte r_CyI ’ behaves accordlng — Pressure in the Secondary chamber [bar] Kstiff (hyd
to 4 main phases: 2 Chamber)

Dead stroke (Valves are opened).

- Closing of 2" and 1st valve with
contact flexibilities.

—> Fluid compression and air gas
content dissolution (quadratic
shape).

Pressure rise up according to
hydraulic closed volume and

spring loads (linear behavior “Kstiff”).

24— r v %10
-2.0 -1.5 -1.0 0.5 0.0 0.5 1.0 1.5 2.0 2.5

Boundaries: “Quasi-Static Actuation” Master Cylinder Push Rod Displacement ]
- 1stand 2" Hydraulic chambers outlets in closed condition
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Component Animation

= Master-Cylinder: & Behaviors of 1st Valve (Primary Chamber) and 2" Valve
(Secondary Chamber)
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Component Modeling and Unitary Validations

* Front Floating Caliper
ot E /AP ES | APG BRAKING SYSTEM : Front Brake Disk Model | ad LM S’

LMS-Imagine
Engineering Services
Lyon, France

S| ceu Info
J Table of friction

coefficent
as a function of

e e e~ Normal force
i ’%’:_’\-» acting on disk

i | Right Contact
H i Pad force

Half front part
of vehice Inertia

Thermal effects
at Brake Disk

power Y \._ temperature

Disk material
wrties
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v" Functional springs & body relative endstops

v" Hydraulic pressure: functional front caliper ~_, .. &

chamber with typical active surfaces 7J

v'Cooling of the brake disc: 1D compromise to @ ey
-

tve
ity

|Corvectve effectsas |
i:a function of car velodity |

identify the brake temperature and then the s g™
friction coefficient

I
- .

L i

Lo i

T ! = :

= -Q___‘ Py I

with air gas Centrifugal
air coaling into
the disk

¥
Radiative exchange
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Component Modeling and Unitary Validations

* Rear Floating Caliper with park brake system

Do Jine 2020 ZAES | APG BRAKING SYSTEM : Rear Brake Disk Model | Jad LM S’

o S
Wormalforce ¢ e Dk
actng andek WP 7 [ 2 [ snpuratice

Tanpantal force
actng on disk:

v Spring & body relative endstops, Cam Follower for
the park brake system

v Hydraulic pressure: functional rear caliper chamber
with typical active surfaces

v Cooling of the brake disc: 1D compromise to identify
the brake temperature and then the friction coefficient
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Hydraulic Piping Modeling

= |[dentification of the targeted frequency range for the braking application:

= Our model does not include ABS/ESP system which can imply fast dynamics.
Hence, no need to go above the maximum excitation frequency that the driver
can generate at the brake pedal.

= In agreement with APG engineers, we assumed that the driver is able to apply
at the brake pedal up to 3 Hz excitation.

= Then, the frequency range of interest was 0-3 Hz for the brake model.

Length: 0,3 m
Diam: 3, 36mm
DS

Length: 3,3 m

Length: 0,65 m Diam: 3,36mm
Diam: 3,36mm Hose
X-type Hydraulic Metwork (ABS Box)
Rigid Pipef Length: 3,18 m

Diam: 3,36mm
]
Rigid Pfpe Length: 4,32m

Diam: 3,36mm ngld plpeS

Rigid Pipe Length: 0,7 m
Length: 0,8 Diarn: 3,36mm
Diam: 3,36nim | Rigid Pipe

Internal volume for
& calipers

Internal volumes
ength: 0,3m . Hose
Biarﬁ?jS,gSim Length: 1,65 m fOf Master Cyllnder Length: 0,3 m

Diam: 3,3&mm . . Diam: 3,36mm
‘\ NN = ‘\ A o
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Hydraulic Piping Modeling

= Methodology for selection of the appropriate lines & hoses:

v

Linear Analysis - Eigenvalues

Linearization time = 3 sec

BT kil =l|lcomplete_line_tests HLOT .jac2

Eigenvalues

Eigenvalues of the Hydraulic Network with HLO7 (pipes, IR-C) and

HHO4R (hoses, same level C-IR):

0.000000
000000

Frequency Damping ratic | Real part

1.000000

=1l.000000

-0.000000
foooaon

Imaginary part

0.000000
fooanan

1476402
1856744
7.983334
11764326
15,302657

1.000000
1.000000
1.000000
1.000000
1,000000

-9.275510
-11.666268
-50.160767
-73.917442
-96,149431

0.000000
0.000000
0.000000

0.000000
0.000000

16.547033
16.547033
16.714885
16.714685
19.083650
25210239
25.590581
23.735589
23.735539

0.817a80
0.817a80
0.809667
0.803667
1.000000
1.000000
1.000000
0.470143
0.470143

-85.033437
-85.033437
-85.033437
-85.033437

-119.906107
-158. 400606
-160.730364

-85.033437
-65.033437

-158.629355

59.822032
-59.822032
61.636731
-61.636731
0.000000

0.000000
0.000000
159.629355

Format

Frequency

(*) Fixed () Floating

o=

Flot l

® tz

O Radfs

£ ) Leading Partner in
Test &Mechatronic Simulation

Time Constant:
1st order lag due
to RC elements

piping modes:
from 16 Hz up to

160 Hz

Conclusions:

the line & hose natural frequencies begin
at 16 Hz. The frequency range of interest
for our model is below this frequency

(3 Hz).

We can decrease the modeling
complexity and remove the line modes
being not excited. HLO7 and HHO4R are
replaced with HLO1 lines (RC elements)

"(LMS

ENGINEERING INNOVATION
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Brake Systems integration with the Hydraulic Network

= Integration of the sub-systems:

The complete model is composed of a 2D Vehicle model (3 DOF: longitudinal axis, vertical
axis, pitch axis) as a 1st approximation (no cornering, no ABS/ASR/ESP analysis).

ybuAdod

(}'::QZ':—.
Hose [40IR]  Rigd Ppe FL0Z]

2D Vehicle: "
~Longhudng axis dl Front Right
~Vertical a i ¢ Caliper

/] > | V l E

Ripd Ppe [H01]

X-type Mycrabc Network (ABS Box)

b4 Poe F401)

ohe
0
I « -~ — =)
2 2R - -
= = Charsctersc Rarp

)

Front Left
Caliper

Rigd Pe 02

ﬁﬁ;_ ) Leading Partner in
Test &Mechatronic Simulation




Presentation: Table of Content

Brake system modeling for vehicle performance evaluations
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Brake Pedal Feel

252 Quasi-Static
J|=— EBrake Pedal Force at Input Push Rod of the Booster [N] | :
] actuation 200 N/s

204

= Booster and Master Cylinder
Assembly + Calipers and Hydraulic ] 2 3

1.0+

Hoses & Pipings o.s.é PedalActW

] —] AI R
0.0 —

—— ——
-0.005 .Jon 0.005 0.010 0.015
BraHe Pedal Displacement: Input Hush Rod of the Booster [m]

The Driver Brake Pedal Feel is mainly
conditioned by the here below aspects: wio?

6.0+
1|— Booster Oufput Force|with Vacuum Assistance [N]

5.0+

1. Pedal Dead Stroke (non reaction travel)
- Due to clearances before closing of Valves in the
Master Cylinder.

2. Pedal Pumping Stroke (low reaction travel) m_f
- Air gas content dissolution contained into the brake __:

— T T T [T T
-0.005 .goa 0.005 0.010 0.015

and valve contacts deflection in the booster. el

0.0

e Pedal Dizplacement: Input Aush Rod of the Booster [m]
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3. Pedal ASS'Sted StrOke (maX reaCtlon travel) {|— Front Right |Caliper Pressure (1st Chamber of MC) [Har]
- The Booster Vacuum Assistance is acting on the | i ke kb
pedal amplifying the brake torque (caliper pressure)

4. Pedal Hard Stroke (regular reaction travel)
-> Saturated assistance in the booster - 7

/ﬂm ) Leading Partner in

g ” < & —— T T T T
Test &Mechatromc Simulation 0.000 0.005 0.010 0.015 0.020
Brake Pedal Displacement: Input Push Rod of the Booster [m]




Brake Pedal Feel

= Sensitivity of the Brake Pedal
Feel as a function of Actuation
Velocity

Batch Run Boundaries, Pedal Actuation: |

- Run 1: 22,2 N/s (Quasi-Static
Actuation: 2000 N in 90 sec).

= Run 2: 200 N/s (Long brake
Actuation: 2000 N in 10 sec).

- Run 3: 400 N/s (Medium brake
Actuation: 2000 N in 5 sec).

- Run 4: 1000 N/s (Short and Strong
Brake Actuation: 2000 N in 2 sec).

- Run 5: 10000 N/s (Emergency
Brake Actuation: 2000 N in 0,2 sec).

% ) Leading Partner in
Test &Mechatronic Simulation

3

x10

7|~ Brake Pedsl Force st Input Push Rod of the Boaster (run "27) [N]
]| == Brake Pedal Force at Input Push Rod of the Booster (ren 37 [N]
]| —— Brake Pedal Force =t Input Push Rod of the Booster (run "#7) [N]
J|—— Brake Pedsl Force =t Input Push Rod of the Boaster (run "5 [N]

—— Brake Pedal Force at Input Push Rod of the Booster (run ™17 [N]

->Pedal Response
Actuation is different (Valves
Velocity Behavior)

0.0

-0.005

10
6.0

5.0
4.0
3.0
z.n—f

1.0

3
E = Booster Output Force with Vacuum Assistance (run "17) [N]
E —— Booster Qutput Force with Vacuum Assistance {run "37) [M]

J|=—— Booster Qutput Force with Vacuum Assistance (run "47) [N]
J|=— Booster Output Force with Vacuum Assistance (run "57) [N]

—T —T — T — —
0.005 0.010 0.015 0.020 0.025

Brake Pedal Displacement: Input Push Rod of the Booster [m]

—
0.000

— Booster Output Force with Vacuum Assistance (run "27) [N]

Actuation —> Booster Assistance
Velocity —appears sooner

0.0

——

q|=— Front Right Caliper Pressure (15t Chamber of MC) (run "37) [bar]

Nf— Front Right Caliper Pressure (15t Chamber of MC) {run "5") [bar]
{|=—— Front Left Caliper Pressure (2nd Chamber of MC) (run "17) [bar]

I|—— Front Left Caliper Pressure (2nd Chamber of MC) (run "3 [bar]
N Fromt Lent Caliper Pressure (2nd Chamber of MC) (ren "4") [bar]

—— —T— — —— —
0.005 0.010 0.015 0.020 0.025

Brake Pedal Displacement: Input Push Rod of the Booster [m]

—— Front Right Caliper Pressurs (15t Chamber ot MC) (run 1) Lbar]

—— Front Right Caliper Pressure (15t Chamber of MC) {run "27) [har]

T T i
05 0.000

—— Front Right Caliper Pressure (1st Chamber of MC) (run "4 [har]

—— Front Left Caliper Pressurs (2nd Chamber of MC) (run "27) [bar]

Front Left Caliper Pressure (2nd Chamber of MC) (run "57) [bar] .
->Caliper Pressure

(Brake Torque) appears
sooner

Actuation
Velocity

— —T— ——
0.005 0,010 0,015
Brake Pedal Displacement: Input Push Rod of the Booster [m]




Brake Distance

= Sensitivity of the Brake
distance as a function of
Brake Disk Temperature

Disk Temperatures:

- Run 1:

- Run 2:

- Run 3:

- Run 4;

>

- Run 6:

- Run 7:

Front Disks 20°C,
Rear Disks 20°C.
Front Disks 50°C,
Rear Disks 30°C.
Front Disks 80°C,
Rear Disks 60°C.
Front Disks 110°C,
Rear Disks 80°C.
Front Disks 140°C,
Rear Disks 110°C.
Front Disks 200°C,
Rear Disks 170°C.
Front Disks 300°C,
Rear Disks 270°C.

% ) Leading Partner in
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x =5

—— Brake Distance (run "17) [m]
—— Brake Distance (run "27) [m]
—— Brake Distance (run "37) [m]
—— Brake Distance (run "47) [m]
=~ Brake Distance {run "57) [m]
—— Brake Distance (run "67) [m]
—— Brake Distance (run "77) [m]

y_1= 39,5377
y_2= 35.4192
y_3= 326375
y_4= 32.885

y_5= 32,5108
y_6= 326724

y_7= 33.0835

1 Open Loop: 2000 N at the brake
1pedal in 0,2 seconds att=0
{sec for initial Vx-vehicle =80
1Km/h

T —
3.0

—T
4.0

¥ 2 Time (run "17) [5]

—— Vehide Speed (run "17) [m/s]
— Yehide Speed (run "27) [m/s]
— Yehicle Speed (run "37) [m/s]
—— Vehidle Speed (run "47) [m/s]

Vehide Speed (run "57) [m/s]
—— Vehide Speed (run "87) [m/s]
— Vehide Speed (run "77) [m/s]

X =35

y_1=-0.000203874
y_ 2= -9,9046%e-05
y_3= -3,49893e-05

y_4=-3.753575e-05

y_B=-3.35328e-05

y_7=-3.71212e-05

: 3]0 :
¥ : Time (run "17) [s]

I

..

o

—— Yighicle Longitu, Accel (run "17) [m/s/s]
— Yehicle Longitu. Accel run "27) [m/s/s]
— Yehicle Longitu. Accel {run "37) [m/s/s]
— Yghicle Longitu. Accel (run ™47 [m/s/s]

Vichicle Longitu, Accel (run "57) [mys/s]
= Viehicle Longitu, Accel (run "6 [m/s/s]
— Yehicle Longitu. Accel run "7 [m/s/s]

¥ =5
y_1=0.00204106
y_2=-0,00038094%
y_3=0.0001593
y_4= 0.00013351
y_fi=0.000150465
y_7= 8.54088e-05

— 3]0 .
¥ Time (run "17) [s]

4.0 5.

h
] 6.0
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V. Simulated maneuvers with system failures
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Brake Distance with System Failures

Safety braking with

- What’s happened in case of - Park System: 93,82

. ] Leakage into MC 15t Chamber
any sub-system failure ? outlet: 62,21 m

Vacuum Pump Failure:
52,31 m —— Brake Distance {run "17) [m]

—— Brake Distance (run "27) [m]

Simulated Failure Conditions: | Normal Condition: 32,65 m — Brake Distance (un “37) [n]

—— Brake Distance {run "47) [m]

I T T I
& 10
¥ : Time {run "17) [s]

- Run 1: Normal Conditions.
- Run 2: Brake Fluid Leakage
at outlet of MC 1st Chamber.
. . ] — Yiehicle Speed (run "17) [m/s/s]
- Run 3: Failure of Vacuum Assistance. ] — Vehicke Speed (run 27 /]
- Run 4: Braking by means of Parking i —— Vieficke Speed (fun "3 [m/s/s]
E = Yehicle Speed (run "47) [m/s/s]
System (Leakage at outlets of
1st and 2@ Chamber of Master Cylinder).

Boundaries: Open Loop (in terms of Lslip)
v 2000 N at the Brake Pedal in 0,2 second wit
initial vehicle Speed of 80 Km/h.

v Front Disk Temperatures: 80 °C.

v Rear Disk Temperatures: 60 °C.

= \ighicle Langitu. Accel {run "17) [m/s/s]
— \iehicle Longitu, Accel {run "27) [m/fs/s]
—— Viehicle Langitu. Accel {run "37) [m/s/s]
(,{ﬁ, ) Leading Partner in 1 —— Viehicle Longitu. Accel (run 47 [m/s/s]
Test &Mechatronic Simulation :




Brake Distance with System Failures

- What’s happened in case of any Sub-system failure ? AMEanimation
View
Simulated Failure Conditions: = Run 2: Brake Fluid Leakage at outlet of MC 1st Chamber.
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hd I_ “m-“ﬂ§£ | TS =4 Master Cylinder:
'- S| | - -

- Leakage of Brake
Fluid at piping outlet
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Conclusions & Synthesis

= AMESim Added Values:

The model combines Mechanical + Hydraulic + Pneumatic + Thermal phenomena
libraries in a single platform.

Scalability in the modeling assumptions.

The AMEAnimation feature allows animating the CAD of the components in order to
get a bit more insights into the booster, master cylinder and caliper behaviors.

Even if the system does not include any “active” component, the solution is open to
include an hydraulic block from an ABS/ESP and an interface to the control law.

IVILNIAIINOD SN - TTOZ — [euoieulaiu] SN IYybLuAdod

—)O— Controller

#% ) Leading Partner in ’v‘ L M S®

Teist{&u?M:echatronic Simulation ‘ ENGINEERING INNOVATION




Future Extensions

= APG Future ... involving ABS-ESP:

The Hydraulic Component Design Library allows the design and analysis of any
valve technology involved into ABS/ESP hydraulic block (HCU).

AMESIim includes special features for model simplification starting from the current
model to reduce it in a way to be able to run it real time i.e. HiL testing.

The Vehicle Dynamics library to take into account the 3D vehicle contributions when
ABS/ESP is involved.
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Thank you for your attention
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