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s Abstract

7 This paper describes a simulation of on-center handling test, in which a linear 3 degrees of

s freedom vehicle handling model and a power integral steering system model are incorporated

9 to calculate the time histories of steering wheel angle, steering wheel torque, and vehicle

10 lateral acceleration. The cross plots of steering wheel angle-lateral acceleration, steering wheel
11 torque-lateral acceleration, steering wheel torque-steering wheel angle, steering worklateral

12 acceleration, and steering work gradient-lateral acceleration are drawn and all the oncenter

13 handling parameters are determined from them. The simulation results are compared with the
12 data presented in the literatures, which indicates that the simulation results are reasonable.

15

16 Index terms— on-center handling test; simulation; vehicle handling model; power steering system model;
17 time history; steering wheel angle; steering wheel torque; 1
18 orman (1984) described how to do on-center handling test in detail. On-center handling test has been widely

19 used to measure handling characteristics observed by a car driver during normal highway and freeway driving. It
20 is also one of the essential tests used by car and its steering system manufacturers to quantify the performance
21 of steering systems. The simulation of on-center handling test can help them determine the appropriate system
22 parameters combination to make a car have good on-center handling characteristics.

23 There have been some papers published, in which the methods for simulating on-center handling tests are
24 introduced. Post et al. ??71996) and Kim (1997) described different simulation methods but they didn’t
25 present all the on-center handling cross plots and determine all the on-center handling parameters necessary
26 for characterizing vehicle’s on-center handling performance prescribed by Norman (1984).

27 This paper describes a simulation of on-center handling test, which is based on the test procedure presented
28 by Norman (1984). A linear 3-dof (degrees of freedom) vehicle handling model and a power integral steering
29 system model are incorporated to calculate the time histories of steering wheel angle, steering wheel torque, and
30 vehicle lateral acceleration. The cross plots of steering wheel angle-lateral acceleration, steering wheel torque-
31 lateral acceleration, steering wheel torquesteering wheel angle, steering work-lateral acceleration, and steering
32 work gradient-lateral acceleration are drawn and all the on-center handling parameters are determined from
33 them. Fig. 1 shows the main modules of the simulation program.

34 Input: reference steer angle of vehicle front wheels Output: on-center handling cross plots and parameters

s 1 3-Dof Vehicle Handling Model

36 A linear 3-dof vehicle handling model is adopted in the simulation because the peak lateral acceleration is limited
37 to about 0.2g in the on-center handling tests as prescribed by Norman (1984). Thisrefsf? 2 ura?u? ? + 7
38 +7=(1)rr?2urb?u???2?2?7=2){fffy?CCF?7?7+777=7772213)CF?7?7+7?777=22
39 2?2 4)22,1fTofufyyf?2fsAEr)ura(u-mFE?-E??77?7?24+7?2 472?27 +4+72=277GB)I{ff{fTN
w0 NA??7?27?727?24+272=22,6)22,1fTofufyyf?2ffAr)ura(u-mF??21?77 +?2 4+2 422217777
a 177=22722(M22,2rTonruwryyrrrAEr)urb(u-mFE?-E?2?27? +?272727?224+72=27272(8)r
2 rrrrTNNA??2?2?22?2422=22,(922,2rTnruryyr?rrAr)urb(u-mF?2-21?27?22 472727
3 2721774 2127=77277(10)

44 rear tires lateral force; C ?f , C ?r -front, rear tire cornering stiffness; ? f, 7 r -front, rear tire inclination
45 angle; C 7f | C 7rfront, rear tire camber stiffness; E 7f | E 7r -front, rear roll steer coefficient; E yf , E yr -front,
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2 III. MODEL OF THE STEERING SYSTEM

rear lateral force compliance steer coefficient; E nf ; E nr -front, rear aligning torque compliance steer coefficient;
m uf , m ur -front, rear unsprung mass; A T,f , A T r -front, rear tires aligning torque; N ?f | N ?r -front, rear
tire aligning torque stiffness; N ?f , N ?r -front, rear tire aligning torque stiffness due to camber; 1?7 ?f | 1?7 ?r
-front, rear roll camber coefficient; 1?” yf , I?” yr -front, rear lateral force compliance camber coefficient; 1?” nf
, 1?77 nr -front, rear aligning torque compliance camber coefficient; h f | h r -front, rear roll center height; h uf ,
h urfront, rear unsprung center of gravity height; m s -vehicle sprung mass; ? -roll axis inclination in side view;
h s -distance from sprung center of gravity to roll axis; K 7f , K 7r -front, rear suspension roll stiffness; C 7f , C
?r -front, rear suspension roll damping; a ys -lateral acceleration of sprung center of gravity. The equations of
motion for the vehicle model are derived as follows, in which 7 is assumed to be zero for simplicity because it’s
usually small:21 ) (yyssaFFhmruum+=77474+77277?27?7?2(11)rT{TyyxzszAAFDbF
()()(rfrfssssxzsxsCCKKhgmruhmrII(13)

where, m a -vehicle total mass; I z -vehicle total yaw inertia; I xzs -sprung roll-yaw product; Ixs -sprung roll
inertia; g -gravitational acceleration. Table 7?7 shows the values of the vehicle model parameters used in the
simulation. ZrU],,,[?7777?777=(16)

The equations ( 7?71), (12), and (13) can be written in the matrix form with? ref as the input:ref N U R U M
T+ =777

where, M, R -4x4 matrix; N -4x1 matrix.

Equation ( ?777) is changed into equation ( ??78) by multiplying M -1 on both sides of it:ref NM UR M U ?
TT4+77=77711(18)

Equation ( ?7?8) is solved with Runge-Kutta numerical integration method. In the simulation, the formula of
?refis) 2sin(t fH Arefref? ? 7?7 =777 (19)

where, 7 refA -amplitude of 7 ref ; f H -frequency. Fig. 3 In order to obtain the on-center handling
characteristics, the steering wheel rotation angle and torque have to be determined. A model of the steering
system is constructed to determine them.

2 III. Model of the Steering System

It is assumed that the vehicle studied is a rear drive vehicle equipped with a power integral steering gear and the
inertia forces and moments of all parts in the steering system can be neglected. Fig. 77 shows the model of the
steering system. The formula for the kingpin aligning torque A Tk isref n fy df Tk TrWFrAA?7?7 777
?7?7777??77777?77777 =sin cos cos sin cos cos 1, ,(21)

Jcos (7777 =7tgarctg (22)7 777 +7 =cos)(sdnrtgrr (23)

where, 7 -caster; 7 -kingpin inclination angle; r s -kingpin off-set; r d -radius of front tire; f W -vertical load
on front axle; camber is assumed to be zero.

Fig. ?? shows the section view of the valve body and valve spool in their assembled position as well as the
valve equivalent flow paths.

When the vehicle’s engine is running, the flow Q T from the power steering pump gets into the four axial
supply grooves F on the inside diameter of the valve body through the four supply holes E. Then, the flow diverts
into two parts, QLand QR:) (2Q1APqRPPAC??7?77?7=(24)? AqRAPAC??7?7=42QQ2
(25)?7)(2Q1BPqQLPPBC??777=(26)? BgqBLPBC??77=72QQ227NRLTQQQ+=
(28) BAQQ = (29)

where, the pressure at the center of the spool is assumed to be zero; the leakage in the gear is neglected; P P
-pump pressure; P A | P B -pressure at the groove G R1 ,G L1 ; C q -flow coefficient of the valve gaps; 7 -fluid
density.

A power integral steering gear was taken apart and its valve geometry was measured. Fig. 6(a) shows the
areas of A1, A 2, B 1, and B 2 versus the rotational angle of the spool relative to the valve body. Let P DIFF
be the pressure differential across the cylinder piston, thus L L R k = (31)

The steering gear applies a torque T g to balance A Tk kk TgR A Tln, ? = (32)

Let the over-center turning torque of the integral steering gear be T fo when T g is zero and the steering ratio
of the gear be G R . T fo is assumed to be a dry friction torque. It can be equivalent to a dry friction torque T
fg acting on the gear sector, So, the equations ( ??7) and ( ??72) can be written as a general form, ?76) can be
written as Let the piston velosity be Vp and the flow to the hydraulic cylinder be Q A , Table ?? shows the values
of the parameters used in the steering system model. Fig. 7?7 shows the time histories of pressure differential P
DIFF and T-bar torsional angle T 7 . Fig. 77 shows the time histories of sw ? , sw T , and lateral acceleration
ay (ru? ). On-center handling cross-plots (as shown in Fig. 10) are drawn from the time histories shown
in Fig. ?? and the on-center handling parameters (as shown in Table 3) are obtained from the cross-plots by
using the methods described by Norman (1984). The effects of changing the values of the vehicle and its steering
system parameters on the on-center handling characteristics can be studied with the simulaion, which helps to
find the appropriate system parameters combination to make a car have good oncenter handling characteristics.
For example, if only Q T (flow from the power steering pump to the steering gear) is changed from 9.992 L /m
t0 4.996 L/m, with all other parameters kept unchanged, in the above simulation, the new simulation results are
shown in Fig. 11 In the simulation of on-center handling test, a simple linear 3-dof (degrees of freedom) vehicle
handling model and a comprehensive power integral steering system model are incorporated to calculate the time
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histories of steering wheel angle, steering wheel torque, and vehicle lateral acceleration, from which the on-center
handling cross-plots and parameters are obtained. The linear 3-dof vehicle handling model can give sufficiently
accurate simulation results in the lateral acceleration range (peak value is about 0.2g) of the oncenter handling
tests. Because the rotation angle amplitude and frequency of the steering wheel are small, the inertia forces
and moments of all parts in the steering system can be neglected, which makes the steering system model much
simpler. Compared with the data presented in the literatures, the simulation results obtained are reasonable. So
the simulation can be useful in finding the appropriate system parameters combination to make a car have good
on-center handling characteristics.g kref PrRdtdV?? =In) (? (49) pPnp AAVs??2=Q(50)?77?777?
+ = S3. from sign different has V hen R

Input Linear 3-dof Power integral Data processing Output
—  vehicle handling steering system module —>
model model

Figure 1: Fig. 1:

Figure 2:
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hvdraulic force acting on the piston Artx [

- &

6

ref

Flwd l
fon™

I
T

rack - nut - pis

o

valve body
—— T - bar, K,

valvespool

ST

steering wheel - intermediate shaft, K
ic | |_E

&

s TE.W

Figure 4: Table 1 :



2 III. MODEL OF THE STEERING SYSTEM

Power cylinder

"'-"Z{’? [T

A :
‘i“&q >

S .:_;-M Valve gap arcas: A . A, LB, LB

Fludd tlowes - Qp 0, Q0 Q0

Proegsures -F, . P, P,

Return tusld .::::'- " AXialgrooves. Gpp. Gizs Ugy« Gpe o F
Vavle body I Rl

d F.{supply hcle )

Figure 5:



VALVE GAP AREA wvs. SPOOL RELATIVE ANGLE CURVE
¢ MAX. SPOOL RELATIVE ANGLE: 3.0 DEG )

", B.D[I—_

<

= —

Ty —

T 600 —

L —

=

g 400 —

|_|J —

o —

<«

% 200 —

i ~ AREA 4]
L — AREA B2

o -

~ 000 AR AR RE ARR AR RN

0.00 1.00 .00 3.00

SPO0OL RELATIVE AMGLE [DEG]
¢ Q)

VALVE PRESSURE DIFFERENWTIAL ws. SFOOL RELATIVE ANGLE CURVE
¢ PUMP RELIEF PRESSURE! 10,00 MPa 3

; 10,00

b —| Pump Flow Q4= 9992 L/m
- —

< gop — Qa= -4996 L#m
= - Qa= 0.000

ﬁ ] Qi= 1249

L - Qa= 4996

= —

E 400 —

& —_

7 ]

o .

E —

> 000 —

~L

=

0.00 1.00 =00 3.00

SPDOL RELATIVE ANGLE (DEG)
C b

Figure 6: Fig. 3 (



2 III. MODEL OF THE STEERING SYSTEM

VALWVE PRESSURE DIFFERENTIAL vs. SPOOL RELATIVE ANGLE CURVE
¢ PUMP RELIEF PRESSURE:! 1000 MPa 2

o
L 10,00
i - Pump Flow Q.= 9992 L/m
g 8,00 -E
x
I_I_I re—
m —
Boosnd —
e —
= —
n —
w 400 —
[ —
3
M —
m —
W 200 —
n_ —
L:;J —
< 000
a
> 0.00 1.00 2,00 3,00
SPOOL RELATIVE ANGLE [DEG]
Figure 7:
F/3 GEAR PRESSURE DIFFERENTIAL - TIME CLRWE Fo5 GEAR T-BAP TORSIMAL AMGLE = TIHE CURVE
{ HWaAx, “YALUE LBGS . WM, YRLUE -0%1&4 & 4 Mas, WALUE 2170 , MM, VYALLE 21755 »
LOd
] 2M —3
7 E 15 —E
050 l i 100
o 3
b3 ﬁg 038 3
ES'E n.or 4 'l'_. o —3
-3 EE -0
EZE -0 ( "E -1
& SE -
:_":E -Log - TTTYINT TV T T T AT R
1111} 100 2000 .00 0,00 hLiti] 2000 el ]
WEHICLE: TESTwDO TIME [3] YEHICLE: TESTYH TIME (3]
LA R b3

14

Figure 8: 1 )Fig. 4 :



F/E ETEERING WHEEL ANGLE - TIHE CARVE
oAl WALUE 127902 |, MIW WeLUE 38,7900 2

1300
10.00
.0
nog
-a.a0
[Tz
=% -1500

FERING
EL AMGLE CTEG)

L] e 2000 0
YEHICLE! TESTwD TME [4]

Lo 2

P/% ETEERMG WHEEL TOROUE - TIME CURWVE
€ WAk, VALLE 6099 |, MIN wALLE —2L89 2

200
i
g M
L
B2 om
&
-
. imc
Ll
£ 'l
% -anw
oy 104n 20,00 anen
YEHIELEY TEZTWW TIME [51
L e )

LATERAL ACCELERATIOM(EY [G1

LATERAL ACCELERATION ¢ w @ r » — TIME CLRWE
O HAY, WALUE LEND . HIH YALLE -0.2010 )

.30

DLZD =

.00

—ban —]

_u-au |1|||1l|1||lr1|rrl-|-|-....-.I

LE] Lt ] =] 3000
WEHICLE TESTWd TIME [=]
L T

Figure 9:



2 III. MODEL OF THE STEERING SYSTEM

STEERIMNG WHEEL AMGLE LIETG]

STEERMG WHEEL TORME [MN-ml

STEERTNG WIRK [l

B

3

DH=-CENTER HOMILING TEST . CROSS PLOT
ETEFRING WHEEL AMGLE- LAT. ACC. PLOT

/"

-0 01 oy [T 0.20
LATERAL ACCELERATEON ¢ waes D3]
a2

H-CENTER HHELTHG TEERT , CROSS PLOT
STEERING WHEEL TORGUE— ANGLF PLOT

e
/ [~
R s S L i

-0 0.0 1008
STEERING WHEEL AMGLE LDEGI
Ce 2

H-CENTER HOMILING TELST . CROSE PLOT
ETEERIMG WOFK- LAT. ACC. PLOT

e

Mf?ﬁ
ll!l!lilllllll'lll!l !1I'||!II|rI|1|lIIrI
-026 -0d 0.0 i 020
LATERAL ACCELERATION ¢ uEr> [G]
Ce )

STEERING WHEEL TORGWE [M-m]

STEERTHG WDRK GRADIEMT [H-n/Gl

ON-CEWTER HéHDLTHG TEZT , CROSS PLOT
STEERING WHEEL TORQLE- LAT. ACC. FLOT

3
2 —
1/
0
i 7
-
-4 | Rbbh ki RAALE LML) RALLELERS RALR RLAM
-2 =0l oo ol 020
LATERAL ACCELERATION ¢ ward [
C by

ON-CEWTER HaHDlIMG TEST , CROSS PLOT
STEERING WORK GAADIENT- LAT, AGC. PLOT

k)

2 —

1

1]

] —

LT -

-4 BRRRE ALY RLLLE LARE] RLLLILARLY LELA LLLY
=21 =11 fuad 0l 0.20
LATERAL ACTELERATION { war} [

Cd3

TEST WEHICLE TESTWUO

VEHICLE EFEFD  us 1000 kmrh

T-BAR TORSMNAL RATE Kp= LE00 Ne/TERD
FUHP FLOV Oy= 99924 LM

PLMP FRESZURE RELIEF FPru= L0OF MPo
YALVE TTFE 1

Figure 10: Fig. 6 (

10



ETECRING WHEEL ANGLE [DESY

STEERIKG WHEE. TORGAE (H-nl

ETEFRIMG WORK H-m]

N-CENTEE HaNDLING TEST . CROSE PLOT OM-CENTER HANDLING TEXT . CRIKE PLOT

STEFRING WeETL AL F- LAT, ACC PMLOT - LITEERING WHEEL TORGUE- LaT, ACC, PLOT
2 — ; 4
w 7
" g 2 —
3 i 1 — /
3 _l
0 =3 o
3 / E -1 - /
1w 3 g - ]
d 2
-ﬂ -Illli-lllllIIIIIFllll llllllllllllll|l-llj w '1 |ll|llllll|lllllllll IlIIII'lll'lllIlIlIrll
! 1511 -01 0.00 o1 D20 -0 -l 00 i 0.BO
LATERAL ACCELERATION ¢ umed [51 LATERAL ACCELERATION ¢ wee) [G]
LR Ck >
ON-CEMTER HAKDLING TEST , CPOSS PLOT & OR-CENTER HANDLING TEST . CROSS FLOT
STEEFGHG WHEEL TOWEUE- AMGLE PLOT F STEERING WORK GRATIEMT- LAT. ACC, PLOT
4 LS
a 3 1=
‘] £ o]
i iz
1 — 1 -
W
1] 4 E :l
-] - I N
-g —
= ¥
E 27
-3 - E =4 —]
'-4 Flllllllllillllr”l ll||||'|II|lllI|I|I'| -5 IIIIIIIIIIlIIrllr1T r1|1|IIIllIIII|IIFl
2006 -1000 000 n.m 0,00 020 -0a 000 01 020
STEERING WHEEL ANGLE [DEGI LATERAL ACCOLCRATION € wmr? [E
Cc 2 Cd>
OH-CENTER HAMOLING TEST , CROSS PLOT
STEERING WOFEK~ LAT, AGC, PLOT
4 TETT VEHIRLE TESTWL
VEHICLE SPEED L= 1000 kmeh
3 — T=F4R TORSIOMAL BATE K, = 1200 N-m/DEG

PLHP TLIN Q= 4992 L'n
FLUMF PRESSIRF RELIEF Proe= 1000 MPa
wALVE TYPE L

i
I\

n Il1l1|'lll-lllrrll'rr1l 111|'||r|||l|||'|||rr.
.

-mEa 1 t.oo o mE0
LATERAL ACCELERATION ¢ W) [G]
el

Figure 11: Fig. 5 :Fig. 6 :

11



2 III. MODEL OF THE STEERING SYSTEM

Steering sensitivity at 0.1g ( g’s/100deg SW) : 1.40
Minimum steering sensitivity ( g’s/100deg SW) : 0.72
Steering sensitivity ratio: 0.52

Steering hysteresis ( deg SW): 6.95

Steering torque at 0.0g (Nm): 1.34

Steering torque gradient at 0.0g ( Nm/g ): 20.64
Steering torque at 0.1g ( Nm ): 2.34

Steering torque gradient at 0.1g ( Nm/g ): 5.54
Steering torque gradient ratio: 0.27

Lateral acceleration at 0.0Nm (g’s): -0.057

Steering torque at 0.0deg SW (Nm): 0.63

Steering torque gradient at 0.0 deg SW (Nm/deg): 0.21
Steering work sensitivity (g 2 /100Nm): 4.3

Figure 12: Table 3 :
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Figure 13: Table 4 .
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