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1) Objectives
2) System Architecture
2) Experimental Set-Up
3) Study Metrics
4) Virtual Model Preparation
5) Control Analysis
6) Sensitivity Analysis
7) Results on the Track
8) Robustness Analysis
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Suggest modifications to current logics for assistance torque 
computation in the electric steering systems with the aim to increase the 
steering quality by:

• exploring potential improvements with simple tuning of parameters through systematic 
sensitivity analysis
• determining areas to propose adjustments of the current control strategies 
• introducing completely new contributions to assistance torque

in view of developing new control strategies for torque overlay to 
augment the safety feeling perceived by the driver and the global vehicle 
stability
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Fiat Auto SpA Study Management, Control Strategies, Model Integration
Elasis SCpA Test bench and prototype set-up, Modelisation, Sensitivity Analysis
CRF SCpA Robustness Analysis
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Driver Torque

Tyre

Reaction

Steering Angle and Rate

Assist Torque

Steering Torque
+

+ +

EPS CONTROL

Assist

Algo

Return

Algo

Damping

Algo
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Guida elettrica: legame tra Gmax/G0 e tempi di 
ritardo
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 Evaluation of the relationship between damping and delay 
time  measured for several vehicles 

fre q u e n c y  re s p o n s e  -  h a n d w h e e l to rq u e  / s te e r in g  a n g le
1 2 0  k m /h  -  2 0  d e g re e s

0 ,0 0 0

1 0 ,0 0 0

2 0 ,0 0 0

3 0 ,0 0 0

4 0 ,0 0 0

5 0 ,0 0 0

6 0 ,0 0 0

7 0 ,0 0 0

8 0 ,0 0 0

9 0 ,0 0 0

0 0 ,5 1 1 ,5 2 2 ,5 3 3 ,5 4 4 ,5

fre q u e n c y  (H z )

D
V

O
L/

C
O

P
P

IA
V

 - 
ga

in
 (d

eg
/k

gm
)

S tilo _ 1 .9 _ 8 v _ s te p 1

3 0 7 _ 2 .0 H D I

F o c u s _ 1 .6

G o lf_ IV _ T D I

G o lf_ V _ T D I

-0,25

-0,2

-0,15

-0,1

-0,05

0

0,05

0 0,5 1 1,5 2 2,5 3 3,5 4 4,5

frequency (Hz)

D
V

O
L/

C
O

P
P

IA
V

 - 
ph

as
e 

(s
)

[s] Delay between Cvol and Dvol at 1 Hz 

 [-] Ratio Gmax/Go of Dvol/Cvol magnitudes at peak and DC  
(damping) 

[Hz] Peak Frequency in Magnitude of function Dvol/Cvol 
[deg /kgm] Magnitude of function Dvol/Cvol @ 0.5 Hz G(1) 
[deg /kgm] Magnitude of function Dvol/Cvol @ 1 Hz G(1) 

UNIT PARAMETER 

�����������	
������ ������	��������
�
�������	���
��
������%�����$��	����� �
�����

��,��
�%����	�


����� �
���.6���������,�� 76���."���8�
��,��
�%�����
��

����%��������



Vehicle Dynamics Expo,  Stuttgart, 10 May 2006

��������	
��������
������������
�����������
��

9���������

Parametri oggettivi      IEL IVR IPV ISP IVU IPS IPC ICE  

           
TAU40                 

KDVOL [deg/g]                 
CVMAX [kgm]                 
KBETA [deg/g]                 

STEERING 
PAD 

           
mVB2/VB1 [1/g]                 
qVB2 [g]                 

qTDVOL1 [s]                 
mDVOL2/DVOL1 [1/g]                 
qDVOL2/DVOL1                 
mDVOL2 [deg/g]                 
qDVOL2 [deg]                 

 STEP 
STEER 
100 kph 

           
CDmi [kgm/deg]                 
CDarea [Kgm*Deg]                 
DAm [Deg/g]                 

SINUSOID
120 kph 

CDmi [kgm/deg]                 
CDcv0 [kgm]                 
PDarea [Deg*Deg/s]                 
CAmi [kgm/g]                 
CDarea [kgm*Deg]                 
CAarea [kgm*g]                 
CAcv0 [kgm]                 

SINUSOID
60 kph 

           
CDcv0BV [kgm]                 
CDcv0DF [kgm]                 

PARKING
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IQS – Measured Steering Quality: 7.9
Fiat Stilo, 1.9 JTD, Step 1

Balocco September 2004-March 2005
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frequency response - yaw rate / steering angle

120 km/h - 20 degrees
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Starting from the stand-alone steering system model, the integration with the vehicle model has
been pursued, aiming to fit model and vehicle performances in handling and mentioned metrics

frequency response - lateral acceleration / steering angle
120 km/h - 20 degrees
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Model Coherence - IQS
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Model Coherence - Sweep Amplitude
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Sweep Coherence

f(Gmax) [Hz] = 1.33 (+1.5%)
Gmax/G0 [] = 1.83 (+12%)
G(0) [deg/kgm] = 37.26 (+12 %)
G(0.5) [deg/kgm] = 41.01 (+4%)
tr(1) [s] = -0.011  (-0.016 s)

IQS Coherence

IPZ: 6.6  (+5 %)

ISS: 7.7 (-3 %)

IQS: 7.7 (-3 %)
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The development phase is an iterative 
process.  Algorithm modifications are 
required only for large displacements
between proved performances and 
driver/Performance Eng. expectations.  
Otherwise the loop closes again on the 
track runs through parameter tuning
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1) Identify curve representative of the actual
Dvol/Cvol in Bode (TFtarget)

2) Define Elementary Transfer Functions
of the system (steer and road)

3) Compute the Transfer Function TFeps=
Tdem/Tsen as function of the actual TFtarget
4) Verify the coherence of computed
assistance with actual assistance
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5) Define the curve representative of desired
TFtargetdes =Dvol/Cvoldes in Bode

6) Compute the Transfer Function TFepsdes=
Tdemdes/Tsen as function of the TFtargetdes

7) Reproduce the compensation filter able to
modify TFeps in TFepsdes
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TFeps=Numeps*(Deneps)-1 
 
�	���'�

�
Numeps (-TFTargetReq*(1-TFXF*TFrk)-TFQD)*(1-TFXF*TFrk) 
Deneps=(-TFTargetReq*(1-TFXF*TFrk)-TFQD)* 
 (TFTM*(1-TFXF*TFrk)+TFTF*TFrk*TFXM)+ 
TFQM*(TFTD*(1-TFXF*TFrk)+TFTF*TFrk*TFXD). 

 TFepsQ= TFTargetDen*(TFTarget*TFTarget1Req
-1 -1)* 

 (TFQM)-1*(1-TFXF*TFRK)-1  
 
�	���'�

�

TFTarget=-TFTargetNum*TFTargetDen
-1 

TFTargetNum=TFQD*((1-TFTM*TFepsT)* 
 (1-TFXF*TFrk)-TFTF*TFrk*TFXM*TFepsT)+ 
 TFQM*TFepsT*  
 (TFTD*(1-TFXF*TFrk)+TFTF*TFRK*TFXD) 
TFTargetDen=((1-TFTM*TFepsT)*(1-TFXF*TFrk)-
 TFTF*TFrk*TFXM*TFepsT)*(1-TFXF*TFrk) 
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Improvements in the virtual environment, IQS
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Iimprovements in the virtual environment, Sweep Amplitude
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Current Control
Modified Control with Shaping
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Option 1: Torque Shaping devoted
to reduction of ration Gmax/Go

Option 2: Torque Shaping devoted
to phase-lead at low frequency
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Criterion
The number of control parameters has been
reduced by about a factor 3 to permit easier

analysis

Current Control Performance Reduced Control Performance

Assistance is slightly affected

Sweep and IQS are slightly affected
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METHOD 
VALIDATED
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20°
Sweep
120 kph
1 Run

Step 
Steer
100 kph
6 Runs

Park 
Cycles
0 & 5 kph
2 Runs

Sin120 
kph
1 Run

Sin 60 
kph
Pad R,L
3 runs

REF SIM

STAB CON

SELF CENT

YAW DAMP

TORQ DAMP

CORE ALGO

Syntesis
Eval

Steer
Release

Parking
Effort

Response
Precision

Sincerity
Feel
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The works has been executed in  
two steps  

1) The first step has been 
devoted to define the 
influence of single 
parameters on the 
performances. 
Ten parameters having the 
largest influence have been 
selected 

2) The second step has 
considered the effect of the 
contemporary variation of 
parameters belonging to 
several SW modules.  The 
combination giving the most 
promising improvements has 
been proved in the vehicle 
during preliminary and final 
test sessions 
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0

2

4

6

8

1 0

IQS Gl obal  Steer i ng Qual i t y

Index

IEL Handwheel  E l ast i c i t y

IVR Handwheel  A l i gni ng Vel .

af ter  a Cor ner i ng M an.

IPV  Handwheel  Osci l l at i ons

af ter  a Cor ner i ng M an.

ISP  Steer i ng T or que i n Par ki ng

M an.
IVU Center  Feel  

IPS Handwheel  T or que

Gr adual i t y

IPC Handwheel  Cont r ol

Gr adual i t y

ICE T or que Deadband i n

St r ai ght  Path

NP T uni ng

Opt i m.  tuni ng
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Nardò (LE) 
November 2005

Calibration “168”
(optimal Sweep)

Improvement of the 
torque graduality in 
the bending 
manoeuvres with 
medium/narrow 
radius

Better elasticity 
(torque graduality
for small angular 
variations)

Smoother but not 
braked centering
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mTDVOL1 [s/g] = - 0.017
qTDVOL1 [s] =  0.208

mDV2/DV1 [1/g] = - 0.059
qDV2/DV1 =   0.378

mDVOL2 [º/g] = 37.75
qDVOL2 [º] =  9.01

mTDVOL1 [s/g] = - 0.012
qTDVOL1 [s] =   0.185

mDV2/DV1 [1/g] = - 0.379
qDV2/DV1 =   0.410

mDVOL2 [º/g] = 33.93
qDVOL2 [º] = 9.49

NOTE: mDVOL2 (-10%), mDVOL2/DVOL1 (-0.379 instead that -0.059) and qTDVOL1 (-11%).  In 
consideration that qDVOL2 is affected by a negligible increment (+5%) these parameters gives the 
indication of a return more damped and faster in the same time. 
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Nardò (LE) 
November 2005
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No anticipation at middle frequenciesFlatter response in both gain and phase

Sweep 120 kph, 20°Sweep 60 kph, 20°

Initial Status
Intermediate Status
Final Status

Balocco (VC) 
December 2005

Lower delay at low frequency
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Larger Damping at second peak Flatter response after second peak

Steer Pulse ≈≈≈≈ 45°, 100 kph Steer Pulse ≈≈≈≈ 100°, 100 kph

Initial Status
Intermediate Status
Final Status Balocco (VC) 

December 2005
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