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Methods and Tools for EPS Feeling Improvement Objectives

Objectives

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

Industrial Team

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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Methods and Tools for EPS Feeling Improvement System Architecture

System H/W Architecture

Power

Steering wheel Sensor signals

Vehicle speed

CAN Databus >‘u’ehicle status signals

PRIVATE CAN

l Sensor power
]E %Optic&lmrque .
= sensor
Motor

Motor drive position
measurement

Gearbox

e

Open EPS ECU

—p—— e,

Rack and Pinion Steering Gear

T

Assistance torque

Steering wheel angle

Sketch of the EPS architecture to dedicated reqll_estl‘eld by
showing the by-pass of nominal | cAn Torque req. from driver 99"l foglc
assistance torque controller Feedback flag

through the dSpace control unit
Switch

Mode switch

Open-EPS Software architecture ‘ ZZII\'I' ol i Assistance torque requested
by RCP dSpace
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Methods and Tools for EPS Feeling Improvement System Architecture

Control SW Architecture
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Methods and Tools for EPS Feeling Improvement

Experimental Set-Up

Test Bench Set-Up and Measurements

Fila '1‘.] et U’.tqu F_Ith IJE'I'.I.ms Tool t‘l ﬁP?LLFJ.HT HH'I'IEHIW E'ﬂ] H{ riclo

-0 Km/h OP
—m— 0 Km/h NP
——50 Km/h OP

\ / ——50 Km/h NP
.- 150 Km/h OP
/\ \ / /7 —— 150 Km/h NP
\ / —=— 0 Km/h OP
b\ / —=— 0 Km/h NP

\\ 77| Taknor
&, ——50 Km/h NP
| | J ‘ ‘ —+— 150 Km/h OP

| —— 150 Km/h NP

A test bench has been designed and
manufactured by Elasis. Before
installation on the vehicle the Open EPS
has been measured and compared with
the Normal Production one
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Methods and Tools for EPS Feeling Improvement Experimental Set-Up

Vehicle Preparation

The Open EPS has been mounted onboard
a Fiat Stilo 1.9 JTD and has been
connected with the Rapid Control
Prototyping System AutoBox dSpace.

)

RCP System

User Interface

It has been verified, on the track, that the
behaviour of the vehicle is identical to the
case of Normal Production vehicle a part for
the parking manoeuvres affected by the
communication delay of the private CAN
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Study Metrics

Steer Angle/Driver Torque (D,,/C,,) frequency response
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Study Metrics

IQS: a subjective-objective quality index

The IQS (by CRF)
synthesises the
steer
performance by
using objective
parameters
measured (or
computed) in a
number of
significant
manoeuvres:
¢ 0.2 Hz
sinusoids @ 60
and 120 kph;
o step steer and
release with
several steer
angles @ 100
kph;
e parking cycles
@ low and null
speeds

Parametri oggettivi

TAU40

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

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

qTDVOLI1 [s]
mDVOL2/DVOLI1 [1/g]
qDVOL2/DVOL1
mDVOL2 [deg/g]
gqDVOL2 [deg]

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

CDmi [kgm/deg]
CDcvO0 [kgm]
PDarea [Deg*Deg/s]
CAmi [kgm/g]
CDarea [kgm*Deg]
CAarea [kgm*g]
CAcv0 [kgm]

CDcvOBV [kgm]
CDcvODF [kgm]

| e | we | wv | s | wu | ws | e | ice |

STEP
STEER
100 kph

SINUSOIL
120 kph
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Methods and Tools for EPS Feeling Improvement Study Metrics

IQS Radar

The procedure identifies a
set of 8 sub-indices:

«Torque Deadband in Ice-centratura in rettilineu_ - i g e ; .Iel-elasticita sterzo inserim. in curva

Straight Path (ICE)

eHandwheel Control
Graduality (IPC)

Ipc-progr. sterzo inserim. in curva . R R : ooy - ler-ritorno vol. uscita di curva

eHandwheel Torque
Graduality (IPS)

{lento)

eCenter Feel (IVU) Lo L
Ips-progr. sforzo ingerim. in curva =~ T L " Ipv-pendolam. vol. in uscita di curva
eSteering Torque in

Parking Manoeuvre (ISP)

. lvu-vucto al centroinrettiinec '~ Isp-sforzo volante in parcheggio
eHandwheel Oscillations

after Corner. Man. (IPV)

eHandwheel Align. Velocity
after Corner. Man. (IVR)

«Handwheel Elasticity (IEL) QS — Measured Steering Quality: 7.9

and a global quality index Fiat Stilo, 1.9 JTD, Step 1
of the steering (IQS) Balocco September 2004-March 2005
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Methods and Tools for EPS Feeling Improvement Virtual Model Preparation

Steer-Vehicle Model integration and fitting on track tests

frequency response - lateral acceleration / steering angle frequency response - yaw rate / steering angle
120 km/h - 20 degrees 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
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Methods and Tools for EPS Feeling Improvement Virtual Model Preparation

Steer-Vehicle Model integration and fitting on track tests

Model Coherence - Sweep Amplitude Sweep CO herence
’ f(Gmax) [Hz] = 1.33 (+1.5%) Model Coherence - IQS

A Gmax/GO [] = 1.83 (+12%)
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Control Analysis

Logic of EPS control
analysis and
modification

DEVELOPMENT,

STUDY

‘ ASSIST
Control

New Algo
Proposal

Tﬁ
ADvoI/ Cvol
B
—>

i

CON. LAWS

Tuning

Algorithm

Modifications

A—
Validated
Algo

Driver &
Perf Eng
Comments

&0
The development phase is an iterative

.
_ i

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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Control Analysis and Assist Shaping

Dvol/Cvol in Bode (TFtarget)

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

3) Compute the Transfer Function TFeps= :> ST
Tdem/Tsen as function of the actual TFtarget £

4) Verify the coherence of computed
assistance with actual assistance

1) Identify curve representative of the actual ‘ Hh—

5) Define the curve representative of desired R
TFtarget,,s =Dvol/Cvol,. in Bode T

6) Compute the Transfer Function TFeps .=
Tdem,/Tsen as function of the TFtarget, )

7) Reproduce the compensation filter able to
modify TFeps in TFeps
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Control Analysis

Block Structures for Assist Shaping Calculation

Qref
Ty,
1 TFq 4@3 TPy | TFor e
\Tcol
> TFrp TFrm TFrg
s
TFxp TFxm TFxr
F,
—  TFx
\\= \4
/\
Tmot [ Tdem
<\ TFpo TF.ps 19—
O Driver (OMechanical Sys  (QRoad & Vehicle  (Assistance & Motor

TF ops= Nt ops*(Denps)”
where:

Numeps (-TFrargeireq ™ (1-TFxp*TFx)-TFop) *(1-TFxr*TF )

De neps:(' TF TargetReq *(1-TFxp*TFy)-TF QD) *
(TEr*(1-TFxp*TF )+ TF1r*TF 3 *TFxp) +

TFou™*(TFp*(1-TFxp*TF )+ TFre*TF «*TFxp).

Qref
T [ st
1 TFdr TFQD TFQM TFQF -
\Tcol
> TFrp TFrm TFrg
\ j{rk
Fy
1 TF,
\ V
mot Tme < dem
\ 1Fena
O Driver (OMechanical Sys  ORoad & Vehicle  (OAssistance & Motor

TFePSQ: TFT“rg"”D"’” *(TFTargef*TFTarget]Req_I -1)*
(TFQM)_I *(]'TFXF*TFRK)_I

where:

-1
TFTarget='TFTargetNum*TFTargetDen

TFrargeNum=TFop*((1-TF1m*TF epst)*
(]-TFXF*TFrk)-TFTF*TFrk*TFXM*TFepST)+
TFou*TF opst*

(TFrp*(1-TFxp*TF )+ TFrr*TFrg*TFxp)

TFTargetDen=((]'TFTM*TFepST) >l<(]'TFXF*TI?rk)'
TFErp*TF 4 *TFxm™*TF epst) *(1-TFxp*TF 1)
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Methods and Tools for EPS Feeling Improvement Control Analysis

Effects of Assist Shaping in the Virtual Environment

sbutilqmA gsswe tnismnoiivns Isuhiv ot ni 2tnsmsvoiqgmil

00008 Improvements in the virtual environment, IQS
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Local Interventions on Assist through Shaping Functions

Magnitude (dB)

Phase (deg)

10 -

200
10°

Option 1: Torque Shaping devoted Option 2: Torque Shaping devoted
to reduction of ration Gmax/Go to phase-lead at low frequency

Bode Diagram Bode Diagram

From: Input Point To: Qutput Point From: Input Point To: Qutput Point

10~

HEH] i [P RN N | i SRR TROE SO Y Oy

Frequency (Hz)
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Other Proposed Assist Functions

Alternative Self Centering

It applies a torque based on measured steering angle and rate looking at the peculiar signs of
these objects if and only if:

o Measured Driving Torque,

e Estimated Reaction Force from the road are lower than prescribed thresholds

and

o Measured Steering Angle is larger than a prescribed deadband

Leading idea:

Estimation of reaction Force from the road is possible using the available information of the
torque commanded to the motor at previous step inside a fixed gains Kalman observer

Longitudinal Acceleration Feedback

The longitudinal acceleration feedback is aimed to correct the steer assistance in the cases of
cornering manoeuvres in power-on and power-off, to make the steering system feeling uniform,
independently from the vehicle acceleration, and to improve the vehicle stability in braking.
Leading idea:

The assist torque contribution is then determined by applying a scaling factor, depending on
the longitudinal acceleration estimation, to the boost torque

Inertia Compensation
The module aims to eliminate the braking effect for the assist torque related to rotor acceleration
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Sensitivity analysis: Method

Criterion
The number of control parameters has been ‘ Assistance is slightly affected
reduced by about a factor 3 to permit easier .
i e analysis ,
i | -
Al uAH i il
i Sweep and IQS are slightly affected ™ W// \

i I
[ 20 40 60 80 100 120 140 160 180 200

Vehicle Speed [kph]

Frequency (Hz)

Current Control Performance Reduced Control Performance

Torque Deadband in Straight Path (ICE): 8.4 1

Torque Deadband in Straight Path (ICE): 8.4
Handwheel Control Graduality (IPC): 5.2
Handwheel Torque Graduality (IPS): 7.3
Center Feel (IVU): 6.5

Handwheel Control Graduality (IPC): 5.2
Handwheel Torque Graduality (IPS): 7.3
Center Feel (IVU): 6.8

Steering Torque in Parking Manoeuvre (ISP): 5.8 Steering Torque in Parking Manoeuvre (ISP): 6.0
Handwheel Oscillations after Corner. Man. (IPV) : 8.4 Handwheel Oscillations after Corner. Man. (IPV) : 8.4
Handwheel Align. Velocity after Corner. Man. (IVR) : 5.5 Handwheel Align. Velocity after Corner. Man. (IVR) : 5.6

Handwheel Elastic(:ity ()IEL): 6.5 Handwheel Elastiz:ity ()IEL): 6.3
Response Precision (IPZ): 6.6 Response Precision (IPZ): 6.6
Sincerity Feeling (ISS): 7.7 METHOD Sincerity Feeling (ISS): 7.5

Steering Quality Index (IQS): 7.7 V ALl D ATE D Steering Quality Index (IQS): 7.5
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Sensitivity analysis: Mechanisation

The correlation between quality indices, control parameters and test manoeuvres, permits
the planning of a sort of “"MonteCarlo” simulation campaign to verify the influence on
performances of each parameter (in the reduced control system) and the potential
improvements obtainable without changes of the state-of-art control structure

Sincerity | Response | Parking Steer Syntesis
Feel Precision | Effort Release | Eval

TORQ DAMP

vawpawe |||
SELF CENT - e

STAB CON

CORE ALGO

REF SIM Sin 60 Sin120 Park 20°

Step

kph kph Cycles Steer Sweep
Pad R,.L 1 Run 0 & 5 kph | 100 kph | 120 kph
3 runs 2 Runs 6 Runs 1 Run

A SW tool has been designed and realised for the
automatic execution and analysis of a large
number of simulations

Sitart fatralisys:
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Sensitivity Analysis

Sensitivity Analysis: Synthesis of Results

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

1QS

40

|CE,¢‘°‘1 IEL

o
e e i
. - :

-

-
S o’

.ﬁ_‘_l_-l-l_l-l-'-'-'

. )
- e
-

g -'-""’:||:>V

Ty
,,,,,
,,,,,,,,
.....

..................................................
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Results on the Track

Sensitivity analysis: Impact on IQS

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

IQSGlobal Steering Quality

Index

10 -
ICE Torque Deadbandin

. -, IELHandwheel Elasticity
Straight Path |

IPC Handwheel Control . IVR Handwheel Aligning Vel.

Gr aduality \ / after aCorneringMan.

IPSHandwheel Tor que. ,’/IPV Handwheel Oscillations

Gr aduality af ter aCornering Man.

ISP Steering Torquein Parking
IVU Center Feel \--—---------- .

Man.
NP Tuning
Optim. tuning
Nardo (LE)
November 2005
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Results on the Track

Sensitivity analysis: Impact on step steer and release

o] D& HDN D
+ D404 S
TOWOLT DX [3]
TOWOLY 5% [3]
o DWOLZ DX deg
+ DWOLZ SX deg
-|'_|_ + + 4] 0 +
Yoo +-.SO + : U + 0
PP e R e
Stampa
mTDVOL1 [s/g] =-0.017 mTDVOL1 [s/g] =-0.012
qTDVOL1 [s] = 0.208 qTDVOLI1 [s] = 0.185
mDV2/DV1 [1/g] = - 0.059 mDV2/DV1 [1/g] =-0.379
qDV2/DVA1 = 0.378 qDV2/DV1 - 0.410
mDVOL2 [%/g] = 37.75 mDVOL2 Eg/g] = 33.93 Nardo (LE)
gDVOL2 [9] - 9.01 qDVOL2 [7] = 9.49 November 2005

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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Results on the Track

Final Results on the Track: Sweep Manoeuvres

Flatter response in both gain and phase

Sweep 60 kph, 20°

10

Dvol/Cvol

Ampiezza

No anticipation at middle frequencies

Sweep 120 kph, 20°

7

Dvol/Cvol

0.1

Fase [s]

02+

-0.3-

Ampiezza
[8,]
T

o
T

3_.

2
0 05 1 15 2 25 3 35 4
reguency [Hz]
05

04
i Frequency [Hz] Frequency [Hz]
Lower delay at low frequency
Initial Status
Balocco (VC) Intermediate Status
December 2005 Final Status
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Methods and Tools for EPS Feeling Improvement Results on the Track

Final Results on the Track: Steer Pulses

Larger Damping at second peak Flatter response after second peak

Steer Pulse =~ 45°, 100 kph Steer Pulse =~ 100°, 100 kph

PIM test - m=Cal. 2005/12/20; b=Cal. NP (¢Space) PIM test - m=Cal. 2005/12/20; b=Cal. NP (dSpace)
T T T T T T

2

(=]

Ay [m/s"2]
)

Steer Angle [deg]

Initial Status

Intermediate Status

Final Status Balocco (VC)
December 2005
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Methods and Tools for EPS Feeling Improvement Robustness Analysis

Theoretical Background

e Methodological approach analysing performance and robustness contemporary

o “structured” uncertainty model representation is preferred, because less conservative

o After the individuation of the parameters set having the largest influence on the system performance, relevant
to each calibration, this analysis may be useful to indicate margins for performance improvements when
they vary contemporary

W
Theorem: Consider the structured perturbation: = AN
* G(K
Hfz{Ap =diag[a A 1: A€l A Il <1 } (K)
The loop possesses robust performance if only if: A 0 0]
—1 10 : 0 |e
- G (augmented controlled plant) is stable 00 4,
. ,uné, [G(w)]<1 Va W y
G

Robust Performance

AeIl;
Robust Stability for ||~ A 0O
‘augmented’ perturbation 0 A, A, I1<1
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Methods and Tools for EPS Feeling Improvement Robustness Analysis

Building the Augmented Controlled Plant

Structured Uncertainties

On the motor

Tsen I {ljl I < {}2 {20 E:"::I-} bandwidth
mﬂ 165,1<0.2 (20 %) On the tyre reaction
force
~ o On the Assist
16,10.1  (10%) 21t

Weight Functions
On the Sensitivity

-1 _
Wit @sle Tsen/noise
' Wo(s) = 0.2222.(s+472.5) On the Comp. Sens.
A J Auxiliary L i <+ 105 Tsen/Tdr
- variables = T —_— -

B g e

e

)ﬁ‘ﬁ <

- + Stability

i Damping |4 NN R
Returnability .

=u

B ST

EPS Control

P rebeee

e @A B e T e R U Y O YL O | e, T LT
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uw Analysis without noise limitation constraint

Sounds del valore singolare siuliursto

Fina) Status

fiociulo
kodiuda

Frequanza fradizec) Frequenza-(rad/ssc)

pkupper = 0.9201 Proposed modifications increases pkupper = 0.5404
the stability margin mainly due to pklow = 0.5357

pklow = 0.8926
the Inertia Compensation block omegapklow = 9.1582

omegapklow = 8.1954
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Methods and Tools for EPS Feeling Improvement Robustness Analysis

1w Analysis with noise limitation constraint

Buounds del salore singolare struitursto Bounds dz! walore singolae strutturato
T ] L e B O S R R

Final Status

Fadulo
Mlodulno

il
Frequernzs (radisec). Frequanza (radisec)

pKupper = 4.4632 New control implies very larger noise rejection pkupper = 1.4034
at high frequency (less vibrations)
at the cost of a possible slight degradation at
low frequency

pklow = 4.3318 pklow = 1.3925

omegapklow = 78.4282 omegapklow = 5.8728
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