I
MTS

MTS GROUND VEHICLE SOLUTIONS

Juan Garcia Testing Expo
Stuttgart, Germany
MTS Systems Corp May 17-19, 2011

be certain.

1



MTS GROUND VEHICLE SOLUTIONS

S

Contents

e Motivation

e Hybrid simulation and mechanical hardware in the loop (mHIL)
e  Four corner damper test system

e Steer test system

e Conclusions

be certain.
Proprietary 2



MTS GROUND VEHICLE SOLUTIONS

Addressing Development Challenges

Marketing
and Validation
Targeting

Vehcle Tet

Vehicle Target

System Design

Nian 5 = .
3 L a
S0

/ Component

Design and Test

e Earlier evaluation and validation at both the component and vehicle level.
e Eliminate costly iterative cycles late in the development program.
e Effective use of prototypes for track validation.
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Accelerated Vehicle Development

CAE

Mechanical Hardware in
the Loop (mHIL)

Track Testing

Real-time
Vehicle Model and Test Rig

Early and fast,
but incomplete

Early, fast,
and more complete
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Real Components

Later and slower,
but complete
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mHIL Concept: Hybrid Simulation

MTS GROUND VEHICLE SOLUTIONS

Combine virtual and real elements

Hybrid Simulation is a technique that integrates dynamic
simulation and physical measurements

Why? Uncertainty about components

Real-time coupled hybrid system

Vehicle Model Test Rig
Rig feedback
Reflected-memory CPU
interface

p 'J) > —
—— '} / v . _| “Fast” Rig >
© Virtual Road Input Rig command Conteler

Real-time process Real-time process

be certain.

Proprietary

5



Maneuver
—_—

Road Surface
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Real Vehicle System

mHIL: Bridge the Gap between CAE and Track Testing

mHIL Vehicle System

Maneuver
—_—

Road Surface

Vehicle
Model

Loading Rig
h B T o el

Component and

Component Response

—_— —
Driver Driver
_ S J/ S
Vehicle Response Vehicle Response
Role CAE mHIL Prototype
Target Validation 4 v

Confirmation of Knowns

Identification of Unknowns

vV = Effective
Vv V = Effective and Efficient
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Benefits of Vehicle Development with mHIL

Combining simulation with physical components provides more complete results
earlier in the development process.

Maneuver driven testing provides a development environment that allows for:

- Enhanced characterization to support better model development.

- Evaluation and validation at both the component and vehicle level.

- Advanced test and method development to address increasing complexity.
- Diagnostic tool to support a more efficient track program.

Simple parameter or environment modifications allows rapid testing of platform
and geographic variations.

Expected and unexpected fault conditions can be easily and safely evaluated.
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mHIL Requiremens and Components

e Real-Time Vehicle Dynamic Model and Simulation Software
e Validated Vehicle Parameters

e Rig with Fast, Accurate Control

e Fast Communication Link

Vehicle Model HIL Simulator

Integration i
and User Application Rig Control  Test Bench

Modeling and HIL Technologies

System \ Mechanical Test Technologies
Integration
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Four Corner Damper
Steer

Quarter suspension
K&C/DK&C

Full Axle
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mHIL FCD Description

e FCD combines a real-time vehicle dynamic model and physical
dampers in loading rigs

e Physical dampers replace virtual dampers in the model

e Model calculates damper displacement command to rig

e Rig measures damper forces and feeds back to model

e Model and rig function in closed loop, in real time
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Proprietary 11



I
MTS
I

®

MTS GROUND VEHICLE SOLUTIONS

Operation

Driver and Road
Inputs

Vehicle
Response

>

SCRAMNet

Displacement
Command
—_— >

Force

Feedback
<_

Real-Time Model
(HIL box)
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Response
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Force

Displacement

Control

Loading & Measurement Rig
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d Applications

FCD Features an

e Advanced Control Techniques

Model-based, parametric compensator to minimize lag

e Moment Input

Provide lateral moment for strut configurations, more realistic boundary
conditions

e Applications
— Handling and primary ride simulation
— Maneuver simulation
— Four-poster simulation
— Damper characterization (e.g.: friction evaluation, small amplitude motions)
— ECU algorithm development
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Advanced Control Techniques: Example — DLC Maneuver

1-HADLC_Follow_CompOff.RSP, 1, RF Vert Position Fbk
1-HADLC_Follow_CompOff.RSP, 5, RF Vert Position Cmd
80. ......................... ........................ .. ..................................................

401

201

mm,mm

0.

-201

-40 + + + + + + + + + +
0 1 2 3 4 5
2-HA\DLC_Follow_CompOn.RSP, 1, RF Vert Position Fbk

2-HA\DLC_Follow_CompOn.RSP, 5, RF Vert Position Cmd

80. ......................... ........................ .. ........
401

201

mm,mm

0.

-201

-40 + + + + + + + + + +
0 1 2 3 4 5
Time(secs)
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Advanced Control chniques: Example — DLC Detail

X: 23862 Y: 10.0147 (X: 2.3721 Y: 10.0489) H:\DLC_Follow_CompOff.RSP -1 (H:\DLC_Follow_CompOff.RSP - 5)
DX: 0.0142 DY: -0.0342 1/DX: 70.6207 DY/DX: -2.4149
1-HADLC_Follow_CompOff.RSP, 1, RF Vert Position Fbk
1-HADLC_Follow_CompOff.RSP, 5, RF Vert Position Cmd
14

Without Compensator

2.366 2.368 2.370 2372 2374 2.376 2.378 2.380 2.382 2.384 2.386 2.388
X: 23838 Y: 12.0713 (X: 2.3809 Y: 12.0469) H:\DLC_Follow_CompOn.RSP -1 (H:\DLC_Follow_CompOn.RSP - 5)
DX: 2.93E-03 DY: 0.0244 1/DX: 341.3333 DY/DX: 8.3376

2-HA\DLC_Follow_CompOn.RSP, 1, RF Vert Position Fbk
2-HADLC_Follow_CompOn.RSP, 5, RF Vert Position Cmd

14... .......... . .......... ........... .......... .......... ........... . .......... . .......... ..............
E 12 .................................................................................................................
£ : : : : : : ; :
E 10.. ........... IR e e e T " T R ORI T -
[ ; , , ; ; ; ; With Compensator
glome—sy— , ., & L o s s
2.366 2.368 2.370 2372 2374 2.376 2378 2.380 2.382 2384 2.386 2.388

Time(secs)
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Sine Sweep: Model vs. mHIL

1-H:ATE 2011 Material\FR_ClosedLoop_RSP_zoffsettim, 72, RR Damper Position Siminp Cmd
2-H:\TE 2011 Material\FR_OpenLoop2_RSP_zoffsettim, 72, RR Damper Position Siminp Cmd
P

BT T LT L .

E:, ......
- IR A
K : — Model

1-H:A\TE 2011 Material\FR_ClosedLoop_RSP_zoffsettim, 24, RR Vert For: Fbk

2-H:TE 2011 Material\FR_OpenLoop2_RSP_zoffsettim, 74, RR Damper F ce Siminp Fbk Damper Force
60
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20

;0ffff,.f][][,.]ff[;f]],]f.j],]f.,.,... I

-60
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Sine Sweep: Model vs. mHIL

1-H:ATE 2011 Material\FR_ClosedLoop_RSP_zoffsettim, 110, Vehicle Roll Rate Siminp Fbk
2-H:\TE 2011 Material\FR_OpenLoop2_RSP_zoffsettim, 110, Vehicle Roll Rate Siminp Fbk

degis,deqls

-2.0
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20

b

Roll Rate

10 20
Time(secs)

1-H:ATE 2011 Material\FR_ClosedLoop_RSP_zoffsettim, 105, Vehicle CG-Y Accel Siminp Fbk
2-H:\TE 2011 Material\FR_OpenLoop2_RSP_zoffsettim, 105, Vehicle CG-Y Accel Siminp Fbk

mis*2,mis"2

30

ol A pog ... Lateral Acceleration T
02t S0 WU B 3 O ............................................. ................... .
00FY - e AN ,A |1 AAAAAAAA ,; | [
02t 'llf 44444444 A | UL ...........................
03 ...... ............................................................................................................ .......................................
o 10 20 36

Time(secs)
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Sine Sweep: Models. mHIL

FR_ClosedLoop_RSP_zoffset_asd - (110,110) - (Vehicle Roll Rate SimInp Fbk Vehicle Roll Rate Siminp Fbk) - (dea/s,deals)
FR_OpenLoop2_RSP_zoffset_asd- (110,110) - (Vehlcle Roll Rate Siminp Fbk, Vehicle Roll Rate Slmlnp Fbk) - (deals,deals)

Amplitude

FR
FR

Amplitude

Roll Rate Power Spectrum

1.00e-014 "

1.00e-03

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

1.006-058 - - e

1.00e-07

30

Frequency [0.0, 30.09] Hz — Model
—— mHIL

_ClosedLoop_RSP_zoffset_asd - (105,105) - (Vehicle CG-Y Accel Simlnp Fbk,Vehicle CG-Y Accel Siminp Fbk) - (m/s*2,m/s"2)
_OpenLoop2_RSP_zoffset_asd - (105,105) - (Vehlcle CG-Y Accel Siminp Fbk, Vehicle CG-Y Accel Siminp Fbk) - (m/s*2,m/s"2)

- Lateral Acceleratlon Power Spectrum
00008 N atetal ACLEISTATiON FOWET opeUiivy
1.009'06' ...................................................................................................................
1.009'08‘ ..........................................................................................................
0 1:0 ’ 2:0 ' 3'0

Frequency [0.0, 30.09] Hz
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Curb Drop: Track Cmparison

1-HATE 2011 Material\Hellacious_mhil_feb22_jgc_fixed_4 RSP, 62, LF Road Position SimlInp Fbk
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Curb Drop

1-hellacious_offline_opt_lin_d3K_30kph_RSP_zoffset, 38, RF Damper Position Siminp Cmd
4 Hellacmus mhll feb22_ch fxed 4 RSP zoffset Z0_. sh 46 RF DamperPosmon Simlnp Cmd

- 106-7 ........ T :.’..4...’4..7 ...... * ..................... o R R R e R R =
£
E 4 : _ : P T
£ SOp SRR N T Strut Ilsplacement“'“'"""“'i """""""""""
400 e TR ':~:7 L PR RS R R TR R R TR RRE
-150
30.0 301 30.2 30.3 304 305 306 30.7
Time(secs) M
odel
1-hellacious_offline_opt_lin_d3K_30kph_RSP_zoffset, 48, RF Strut Force Siminp Fbk mHIL
4—Hel|acuous mh|I feb22_jgc fixed_4_| RSP zoffset Z0_ sh, 48 RF DamperForce Siminp Fbk TraCk
o 10000 ““““ ..................... v e ceeerei e,
0
=z : : : : :
=z : T : : : : :
PPV AR ) ST S Strut.Force .(fose_ts..removed‘) ..................
-20000 + + + + + + + + + + + + + +
30.0 301 302 303 304 305 306 307

Time(secs)
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Five-Channel Steer System
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mHIL Steer Rig Description

mHIL steer rig combines a real-time vehicle dynamic model
and a physical steer rack in a loading rig

Physical steer rack replaces virtual rack in the model

Model calculates lateral rack force and vertical displacement
commands to rig

Rig measures rack displacement and feeds back to model
Model and rig function in closed loop, in real time

be certain.
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Operation

ECU

Driver and Road
Inputs

ECU Signals
+—>

Vehicle
Response

I SCRAMNet

SWA/SWT Cmd
Lat Force Cmd
Vert Disp Cmd

—>

Rack Disp Fbk
4__

Real-Time Model
(HIL box)

Proprietary

Component
Response

Loading & Measurement Rig
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lat right
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Rig Cmd =—
Rig Fbk =——

Z

SWA /SWT

\ a“
X rack T N:Iat left
/

right

left
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MTS

mHIL Steer Features and Applications

* Advanced Control Techniques

— Model based, parametric rig dynamics compensation
— Geometric transformation of force and displacement
— Cross-coupling kinematics compensation

* Applications

Open and closed loop handling tests

Steering effort

Safety and fault condition evaluation

Return-to-center and on-center evaluation

Human-in-the-Loop

Proprietary
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Slalom Maneuver: odel vs mHIL vs Track

1-Sla_0p3A_120kph_track, 1, SWA
40.. ......................... ......................... . ......................... . ...............

201

deq

0.

-201

-40 4 : 4 + + ; '
0 . 10 20 30 40

1-Sla_0p3A_120kph_track, 2, Steering Effort —— Model

?-3Ia_093A_1 29kph_mHiI_sw4rack_27_3§;P_scale‘, 29_ Drivef Steering Torqug Fbk Steeri ng EffOrt mH | L

- 40? ...... SN U = ‘ ...................... ................ J ........ ............ Track
DO : ...... O T LY AL AL .. Py ... L. SN T . N

01 /... ....,_.]...--~§"||~';K'I-..kl"..ll ""’u"Tl ...|§..1w‘. ..{...J...}J..]...l.,. . ...||...|.. |
R R Y ‘: ’z ' .az
_20. .......... ™ML . . \ ...... VA \ ..........

-40

N,Nm,Nm

10 20 30
Time(secs)
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Slalom Maneuver

1-Sla_0p3A_120kph_track, 13, Steering Rack Disp. .
2-Sla_0p3A_120kph_mHil_sw4rack_2_RSP_scale, 21, Steering Rack Position Fbk Rack Dlsplacement

Time(secs) MOdel

1-Sla_0p3A_120kph_track, 15, Tie Rod Force RH . - mH I I—
2-Sla_0p3A_120kph_mHil_swdrack_2_RSP_scale, 7, RF Tie Rod Force Fbk T|e
10001 : :

0.

=
Z -10001

-20001

-3000 + + + + + + + +
0 10 20 30 40
Time(secs)
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Slalom Maneuver

1-Sla_0p3A_120kph_track, 4, Lateral Acc.
2-Sla_0p3A_120kph_mHil_swdrack_2_RSP_scale, 38, VehicleCGYAcc

2-Sla_0p3A_120kph_mHil_swdrack_2_RSP_scale, 43, VehicleRollIRateSimInput

mis* 2, mis" 2, mis"2

deqls,deqls degls

elSiminput Lateral Acceleration

107

o

0 10 20 30 40
Time(secs)
1-Sla_0p3A_120kph_track, 5, Roll Rate —— mHIL

_Offline_model_forces_RSP_scale, 43, VehicleRollRateSiminpt Roll Rate

10. .......................... AR EEEEEREEE R R R R R R R R R R R R R LR R R AL SRR | © 0 00 o c

5.

0 10 20 30 40
Time(secs)
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Slalom Maneuver

1-Sla_0p3A_120kph_track, 4, Lateral Acc. vs 1-Sla_0p3A_120kph_track, 2, Steering Effort
2-Sla_0p3A_120kph_mHil_swdrack_2_RSP_scale, 38, VehicleCGYAccelSimInputvs 2-Sla_0p3A_120kph_mHil_

40. ...... SEEERE R s SRR ETEEERE SREERE meenen seeeen REREERIEREEE RRERE weeeen :
301

201

101

—— Model
— mHIL
Track

Steering
Effort

mis"2 mis*2,mis"2

Lateral Acceleration
be certain.
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Conclusions

e “Model what you know, test what you don’t”
e Drive components earlier in a virtual vehicle
e Benefits

— Timely, repeatable, available sooner

— Save time
v’ Learning: Quickly confirm knowns
v  Awareness: Discover / visualize problems earlier
v’ Result: Reduced development time
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