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Improvement of value-added steering maneuvering is required more than ever and for a wider range of
passenger vehicles. Steering is one of the key systems to achieve better vehicle maneuvering. Sensory evaluation of

"steering feeling" can hold contingency designing strategy. But, uncertainty of human factors should be taken into
account for evaluation of physical quantities. Some methods that specify the relation between "steering feeling"”
and performance of vehicle dynamics have been proposed but not practically used for actual design of steering
components. This paper describes a theoretical method with a detailed steering model that specifies quantitative

performance and physical quantities for components.
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1. Introduction

Automotive performance has improved remarkably
with the progress of technology. However, not only
reduced failure rates and age deterioration of each part
but also the improvement of added-value features such as
ease of practical use continue to be demanded.

The steering system is an important component, and
such operational features as reaction force change in
response to steering input from the driver and response
during vehicle turning are important to improving
vehicle maneuvering”. It is difficult to quantitatively
evaluate vehicle steering performance, just as vehicle
maneuvering, because sensory perceptions are involved.
Because of this, many attempts have been made in various
fields to quantify operability and use this in designing.
For example, in the field of master-slave type remote-
control systems, quantitative evaluation of operability and
guidance regarding control design have been provided”.
However, in regard to vehicle sensory evaluations, there
are no examples quantitatively clarifying the relation with
element part characteristics with such evaluations.

In that regard, we introduced a steering system model
that strictly reflects physical characteristics concerning
steering performance and analyzed steering system
transmission characteristics utilizing this model. This

*] This paper was originally published in the proceedings
(No.20095430) for "Technical Paper Presentations, 2009 JSAE
Annual Spring Congress of the JSAE (Society of Automotive
Engineers of Japan, Inc.)," and is reprinted herein with the
permission of the JSAE with some additions.
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paper describes a technique for deciding physical values
related to transmission characteristics as design target
values for each part.

2. Steering System Performance

Table 1 shows examples of steering system
performance requirements. In order to pursue
improvement of these performance characteristics
theoretically, quantitative target values must be set in the
system design phase. Further, it is necessary to clarify
the targeted performance values of each element part as
physical values.

The functions of steering and assist torque (Table 1-i)
are evaluated by the power steering assist amount and
other characteristics over time. Regarding strength and
durability performance (Table 1-ii), the steering system is
required to maintain basic functions even under vibration,
impact and other loads. Because these can be evaluated by
clear numerical criteria, such performance characteristics
have been efficiently improved in actual development.

Regarding steering feeling (Table 1-iii), on the other
hand, improvement of performance has depended on
sensory evaluations carried out by skilled evaluators
coupled with tuning evaluations.

15



JTEKT

—Strategy for Transfer Elemental Designing, Employing Physical Characteristic Modeling of Steering Maneuvering (First Report)—

Table 1 Steering system performance requirements

Table 3 Example of pilot rating of steering system

Requirement Performance

Evaluation items | Vehicle A | Vehicle B | Vehicle C

0 Steering elort
0 Power-assist
(i) Function of steering |0 Force deflection
and assist torque 0 Free play of steering wheel
0 Noise
0 Vibration etc.

0 Steering wheel torque
(i) Strength, durability |0 Force on the road wheels
0 Vibrational input etc.

0 Smoothness of torque
0 Feeling of inertia, viscosity,
friction etc.

(iii) Steering feeling

3. Issues in Efforts to Improve Steering
Feeling

3. 1 Sensory Evaluation

Steering feeling is an index used to sensorially
evaluate the relationship between changes in steering
effort required during steering operation and vehicle
behavior. Table 2 shows examples of terms used in
such evaluations. Table 3 shows the example of steering
feeling evaluations applying the pilot rating technique”.

Table 3 indicates that the index of vehicle C's inertia
feeling is low. However, it does not quantitatively
answer such questions as, "Which components should
be improved?" or "How much should the value be
improved?" and these sensory ratings cannot be used
theoretically in design work.

Table 2 Expressions for steering feeling

Phenomena and function Sensory evaluation term

S. A T. (self aligning 0 On-center feel
torque) transformation |0 Build-up feel

to steering wheel 0 Direct feel etc.
No sticky or dragged |0 Smooth without stick
feeling 0 Low-friction etc.

0 Low-inertia feel

Moderate eJort duri
oderate ellort during | _ High rigidity feel

quick steering

0 Wall elect etc.
0 Stability
Stable on-center or at .
keeping andle [ Steadiness
ping ang 0 Solid feel etc.

S. A T. transformation |0 Smoothness
without variation or 0 Continuous
vibration 0 Silky etc.

Assist torque
characteristics

0 Easy driving
0 Preferred/not preferred etc.
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Returnability 6 55 6

Low-friction feel 6 6 55
Low-inertia feel 6 6 4
On-center feel 6 6 55
Response 6 6 6

3. 2 Quantitative Sensory Evaluation
One problem is the fact that feedback from evaluations
carried out by the skilled evaluators mentioned in the
previous section does not constitute quantified physical
values. Moreover, sensory evaluations depend on the
evaluator's skill, and the fact that evaluations may
differ between evaluators depending on their sensorial
perceptions must be taken into account. Therefore, it
has been proposed that the correlation between sensory
evaluation results and physical values representing vehicle
characteristics be investigated by the multivariate analysis
technique” ”. The example of analyzing "steering wheel
torque response feeling" is shown as follows:
<Steering wheel torque response feeling>
Regarding test conditions, slalom driving at
vehicle speeds of 20-140 km/h and maximum lateral
acceleration of 1.96-2.94 m/s* was performed. The
response feeling was judged as good when the steering
wheel torque value at around 0 deg steering wheel
angle was within the range of 0.1-0.2 Nm (Fig. 1-0 ).
Guidelines regarding vehicle characteristic targets
to achieve the targeted steering feeling using such an
evaluation approach have been issued. Moreover, it
is possible to clarify target characteristic indexes for
steering systems by the basic technique of transmission
system modeling”. However, to achieve the targeted
steering characteristics, accurate modeling is required for
quantification of detail specifications for each component.

Steering wheel torque, NOm

/ Steering wheel angle, deg

o
(=

Fig. 1 Example of steering torque and steering angle

characteristics
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4. Analysis of Transfer Characteristics
and Performance of Steering System

4. 1 Investigation of Steering System Target
Performance

Figure 2 shows the feedback control loop of the
steering system including the driver. For example,
the driver decides the steering angle based on traffic
situations and inputs this to the steering wheel system.
This input is transmitted to the chassis system and
tires, and the reaction force from the road causes the
movement of the vehicle. In this case, chassis means
vehicle components such as the suspension that influence
steering characteristics. At this time, the force generated
in the tires is transmitted through the steering system,
and it balances the steering force. The driver recognizes
the vehicle movement by sight, somatic sensations,
deep sensorial perception, etc. and controls the vehicle
accordingly by feedback control. The steering system
including the driver builds the feedback loop.

Steering system

Target value

Fig. 2 Driver - vehicle model

It is known that each driver has his own transmission
characteristics (driver model: H (jw)) and these
characteristics are adjusted to adopt to the controlled
system or turbulence (adjustment operation). Therefore,
it is important that transfer function G (jw) of the entire
vehicle system be estimated to reduce driver work load.
It is similar to other controlled systems in that it is
preferable that the open loop gain of the system be near
-20 dB/dec in the area of a crossing over frequency to
achieve excellent response, attenuation, and steady-state
characteristics in this control system loop. Additionally,
it is better from the viewpoint of easy operation that this
gain be high enough in the low frequency zone and low
enough in the high frequency zone””

The target characteristics of the machine model
(G (jw) = G, (jw)IG, (jw)) are not provided in a single
assumption considering the difference and deviation of
H (jw). To estimate the target characteristics of G (jw)
by numerical analysis, typical driver characteristics are
applied.

In the vehicle design phase, the target characteristic
of the output yaw rate y to input torque T, is defined
as in equation [J . At this time, if chassis characteristic
G, (Jw) is decided, target characteristic G; (Jw) of the
steering wheel can be quantitatively estimated as shown
in equation [J .
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4. 2 Strict Model of Steering System

To design steering feeling using the target characteristic
G;s (Jw) obtained in Section 4.1, the correlation with
characteristics of G; (jw) and of each element part in
the steering system should be estimated. Therefore,
modeling that expresses physical characteristics of the
steering system as strictly as possible is needed. Figure 3
shows an example model of a column shaft assistance
type power steering system (C-EPS®). Item numbers [J
though [0 in Fig. 3 are component blocks composing the
steering system.

[ : Steering wheel
[J: Column shaft (Upper)
O Reduction gear i
O+ Warm gear for torque assistance o
0': Motor q A
0 : Intermediate shaft 6Ty =
O: Pinion shaft S AT et
0 : Rack LA (o
O : Rack housing ,’rACtUGIOI’ R /0 b“_ Rn_'
fortorque - "xlm%“ :
assistance T E
g R € N
7.C, )
R Y
0 G 0.CS3, (I on
LRl s Y
0 G, 0,CK E'

S S

R Con Kin

Fig. 3 Steering model (C-EPS®)

I and M indicate inertia, K is elasticity, R is friction,
and C is viscosity. T is torque, € is displacement angle,
F is force, and X is displacement. Moreover, subscript
h means an steering wheel part, e, means an energy-
absorbing mechanism, C; means an upper column part,
t means the torsion bar, ¢, means lower column parts
including the reduction gear, W means the worm gear,
m means the motor, €, means a lower energy-absorbing
mechanism, in means the intermediate shaft, p means the
pinion shaft, r means the rack, rh means the rack housing,
g means the rack boots, and rl means the rack load part.
K 1s elasticity in the reduction gear, K,, is elasticity
between the pinion and rack gear, d, is pitch diameter of
the pinion gear, and K, is elasticity of the interface part
between the worm gear and motor axis.
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Characteristics of component not specified in Fig. 3
are defined as follows. The influence of fixing parts of the
column housing is considered by R, C, (iJ 1, 2). The
torque change according to phases of the intermediate
shaft universal joints is considered by R;, and Cj,.
Electromagnetism and mechanical torque fluctuation of
the motor is taken into account as parts of R, and C,,. R,
and C, are friction between the rack bar and rack housing,
and the influence of the yoke sheet pressure on the rack
and friction of the bush are considered. Elasticity K,
corresponds to the reaction force of the rack from the tires
corresponding to rack stroke X.

This model is described by equations [J -0 at blocks
of each component (OJ -0J ) shown in Fig. 3. Equations
U -0 are equations of motion along the direction of the
rotation axis. Equations J and [J are equations of motion
along with stroke direction of the rack. K, R, and C are
functions related to displacement and speed of each part,

including nonlinearity. These characteristics are indicated
by A pj (81)’ BAi (6]) (A = Kl R; C Ix_’ = hl Cll"')'

1,0,0 T,0 ad) 0,00 ag) 6,10 a0 0, 6,0 0

106,00 ac) 6, apf) 6,00 @) b, 0,0
O aydy] 001, ﬁhD O

010 1,0 0 ae ) 6.0 apl) 0,0 a 0,,00,0
O ay 0., 0,10 af 0., 0,0 O

1,6,0 0 ach) 0,0 apf] 6,0 @i 0., 0,0
O ak, O 952, HWD O

1,60.0 T, acf) 0,Daph) 6, Ma 6., 6,0 0

1,0,0 0 ach) 0,Maek) 0,0 af) 6, 6,0
0 a k! 6,0 0,0 O

1,6,0 0 ag,0 6, Mag,0 0,00 af 6, X, d,0
0 D 0,0, 0,0 0

M,X,0 0B Xy, X B Xy, X0
DBR!D Xn thl:DIBKD er thD
OB X, Bk b, X, d,0 O

M.iXenD OB e Xon X, B X X,0
DBRrD th‘:l:lﬁmln——l thl:D BKD Xrl thD U

Figure 4 shows the calculation and measurement
comparison of the frequency response characteristic of
rack axis power F, to steering wheel torque T,. This
result shows that this model enables performance to be
analyzed simulating the actual steering system.
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Fig. 4 Bode diagram comparison

4. 3 Estimation of Performance Targets for
Component Parts
Transfer function G,, which equations O -
approximate with linear characteristics, is described by
equation [J .

b,s"O ...b;s0 by

s
G a,s"0...a;s0 a,

OmnOdl 2 ..0 O

Coefficients a; and b; are decided from the parameters
of each component. The design objective G of the
steering feeling shown in the Section 4.1 and transfer
function G, of this model are compared. In this way, the
target parameter values of each element part design are
quantitatively estimated.

Moreover, it is important to provide quantitatively the
target parameter values of each component to the time
response characteristic. For example, the inertial and
viscous influences in equations [ -[1 can be excluded
for very small steering speeds and steering angle. At this
time, it can be described that the relation between steering
wheel torque T, that is the input by the driver and rack
stroke X, that is the output to the vehicle is equation J .

XJ t ?15 T t00 T t0 2fy) 6,060
rl

O fdaedB0O 0

The target parameters of each element are quantitatively
estimated from this I/O relation.
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4. 4 Design Process of Component Parts for
Improvement of Steering Feeling

Based on the above study, the design process for
optimizing the transmission characteristics of steering
system element parts for steering feeling improvement is
summarized below.

O Treat the steering feeling sensory evaluation as

a physical model for steering performance, and
quantitatively estimate the target performance of the
steering system.

U Evaluate the influence that the transmission
characteristics of the vehicle subsystem exert on the
steering performance mentioned above.

Ll Decide the physical values concerning the
transmission characteristics allocated optimally to
each element part as design target values for each
part.

O Judge the adoption of the target values above
in consideration of the design condition of each
vehicle.

Regarding [J above, it is possible to clarify this by
using the multivariate analysis technique explained in
Section 3.2. Statement [J is described in Section 5 as
an example of the comparison between the element
characteristics of the steering system and those of the
chassis components. About statement [, described in
Section 6 is an example of the transmission characteristic
analysis of a steering system component.

5. Evaluation of Vehicle Subsystem
Transmission Characteristic Influence

The influence that the vehicle subsystem characteristic
exerts on steering system performance is evaluated using
a steering system strict model and the vehicle model.

Here, shown as an example is the improvement of
"stable driving feeling" at the time of transitioning from
cornering to straight driving. In this case, the time based
integration value of the absolute yaw rate from the end of
steering input is proposed as an example index for "stable
driving feeling"'"”.

Figure 5 shows one example of evaluation results. The
upper row shows the input steering wheel angle of 1 Hz
sinusoidal waveform and the lower shows yaw rate of the
vehicle. The time based integration value from the end of
steering to settled yaw rate (shaded area) is 0.55 (deg).

The vehicle system and components that influence
the dynamic yaw rate characteristic have been extracted
by factor analysis. Table 4 shows the main component
characteristics. To quantify the influence on the yaw rate
integration value of these elements, numerical analysis
was done. A general four-wheel model'” is adopted and
the steering system element part characteristics shown in
Table 4 are considered.
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Fig. 5 Input conditions and evaluation index

Table 4 Model parameters

Vehicle subsystem Elemental characteristic

(i) Steering 0 Refer Fig. 3

0 Roll (Inertia, viscous, stillness)

0 Pitch (Inertia, viscous, stiness)

0 Change of load

0 Change of toe angle with
suspension stroke

0 Compliance-steer characteristic

(ii) Chassis

0 Cornering force

iii) Tire
(i) 0 Camber thrust

0 Front axle load, rear axle load
0 Yaw moment of inertia

0 Height of gravity center

0 Wheel base

0 Track

(iv) Vehicle

As an improvement of yaw rate characteristics by the
modification of steering system element characteristics
(Table 4-i), viscosity C, at the rack and elasticity K;
of the intermediate shaft has been increased. Figure 6
(B) shows the results of this analysis. Moreover, the toe
angle deviation according to the vehicle movement of
roll direction has been decreased as an improvement by
the modification of chassis component characteristics
(Table 4-ii). Figure 6 (C) shows the results of this analysis.

In the yaw rate integration value from Fig. 6 that is
a guideline for evaluation, the value in case (A) before
improvement is 0.55 (deg). After modification of the
characteristic, it is 0.41 (deg) in case (B) and 0.38 (deg)
in case (C). This shows the possibility to improve the
"stable driving feeling" by the characteristic modification
of either the steering system or chassis components.

However, in the case of (B) that the steering system
characteristics are modified, it takes longer from the
end of the time the steering wheel angle becomes 0 to
the time the yaw rate becomes 0. This means there is
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possibility the vehicle response to steering operation will
be evaluated as slow.

This example shows that physical characteristic
modeling of steering system performance makes it
possible to evaluate accurately the influence that the
transmission characteristics of the vehicle subsystem exert
on steering feeling. This procedure allows us to decide
the best way to improve steering feeling considering the
trade off issue by modification of physical characteristics
parameters.
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Fig. 6 Comparison of yaw rate

6. Optimization of Transmission Characteristics
of Steering System Components

The optimization of physical values related to
transmission characteristics of steering system
components using the strict model of the steering system
are shown below.

6. 1 Target Characteristic of Steering Components
Shown is an example of the characteristics model
to improve corrective steering operation at high-speed
straight driving.
In the case of high-speed driving, the driver inputs
steering angle corrective operation to the target by
slightly increasing and decreasing the steering force. The
driver slightly adjusts steering force based on feedback
regarding the relation between steering wheel angle
change 46, that is important for high-speed driving and
expected vehicle behavior deviation Jy. As described in
Section 4.1, a proper rack axis force 4F, in addition to
Ay should be fed back by eyesight, etc. in order to feed
back vehicle behavior deviation 4y exactly.
Quantitative target values for A6, and AF,
corresponding to input torque T, in this condition are
defined as follows.
Target index A: 46, is 0.7 deg. when T, that is small
input controllable by the driver is
1 NOm'". (Point A in Fig. 8)

Target index B: 4F, is 4 N when T, that is small input
controllable by the driver is 1 NOm.
(Point B in Fig. 9)
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6. 2 Analysis Result with Strict Model

The physical values related to the transmission
characteristics of each element are decided as design
target values of each part in the case of C-EPS® (Fig. 3)
and the pinion shaft assistance type power steering system
(P-EPS®).

The model of P-EPS® is as shown in Fig. 7. Because
the only difference with the C-EPS® model is the position
of the assistance actuator parts (L -0 ), the explanation of
this model is not described in detail.

: Steering wheel

: Column shaft

: Reduction gear
: Warm gear

: Motor

: Intermediate shaft
: Pinion shaft

: Rack

: Rack housing

Actuator ,” o-
for torque assistance

OooooooooOod

‘Actuator 10 Cp Ry I [ 11 0, 0 |

 for torque | 6,007, ] H b
(assistance """ "7 T |
O C, Ru 1 0. '

Ren Con Ko

Fig.7 Steering model (P-EPS®)

The analysis result of characteristics between T, and
0, and characteristics between T, and F, is shown in
Figs. 8 and 9 in both systems. It is understood that in
both of these systems, neither index A nor B is satisfied.
Moreover, the transmission characteristics are different
according to the differing placement of the element parts.
It is understood that P-EPS® is closer to the target value.

N
o

\o)

-
&

—_

o
o

Steering wheel angle, deg

o
o

0.5 1 1.5 2
Steering wheel torque, N1m

Fig. 8 Steering wheel torque - wheel angle diagram
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Fig. 9 Steering wheel torque - rack force diagram

6. 3 Determination of Component Characteristics
Based on Analysis

An example of designing to achieve the target values
with both systems is shown below. In Figs. 8 and 9, each
flexion point and the inclination show the characteristics
of main friction R;,, R,, R, and R, and elasticity K,, K,
and K, in the steering system corresponding to ones with
smaller torque to the placement of the element parts from
the input side.

In C-EPS®, index A was satisfied with about 30%
decrease compared with before changing elasticity K,
(Fig. 10). To achieve this, various design modifications
are needed, regarding such items as part strength, basic
structure, and manufacturing process. On the other hand,
in the case of P-EPS®, K, and K;, only must be decreased
by about 5%. This shows it is easy to achieve index A
compared with C-EPS®.

Moreover, in regard to both C-EPS® and P-EPS®, by
reducing worm gear area and motor area friction (R,
R.) by 40%, index B was satisfied (Fig. 11). However,
considering the actual part design, it is difficult to achieve
this target with these components only, and improvement
with the other element parts is needed.

It is necessary to examine the transmission
characteristics of rack force input F, from the road
surface. In this case, it is necessary to optimize the
transmission characteristics to steering wheel angle €,
and torque T, as an output to the driver in the steering
system. These transmission characteristics are different
because of the differing placement of element parts
between C-EPS® and P-EPS®.

As explained above, physical characteristics modeling
of the steering system, which relates to steering
performance, enables us to quantitatively design the
optimal arrangement of element parts and system
transmission characteristics.
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Fig. 11 Steering wheel torque - rack force diagram (improved)

7. Summary

O The process by which the steering system component
transmission characteristics were optimized to improve
steering feeling was described.

U The technique for evaluating the influence of the
vehicle subsystem transmission characteristics on
steering system performance was described.

O The technique for determining physical values
concerning the transmission characteristics allocated
optimally to each component as design target values
for each part was described.

8. Conclusion

The transmission characteristics of each element part
to optimize all steering feeling features at the same time
are not provided as single values. However, the system
performance can be optimized by providing the physical
values in which the transmission characteristics of each
element part are shown according to the target of steering
feeling and allocating them appropriately. The process for
the design of the steering system element parts according
to each physical value will be clarified in the near future.
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