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Vehicle Active Steering Control System Based
on Human Mechanical Impedance
Properties of the Arms

Yoshiyuki TanakaMember, IEEENaoki Yamada, Toshio TsujMember, IEEE and Takamasa Suetomi

Abstract—This paper presents the experimental data of hu- pioneered the measurement of human hand impedance and
man mechanical impedance properties (HMIP) of the arms examined hand stiffness within a stable arm posture. They
measured in the steering operations according to the angle ¢4 that stiffness strongly depends on the arm posture. Dolan

of a steering wheel (limbs posture) and the steering torque .
(muscle co-contraction). The HMIP data shows that human et al. [4] and Tsuji et al. [S] also showed that human hand

stiffness/viscosity has the minimum/maximum value at the neu- Viscoelasticity is considerably affected by muscle activation
tral angle of the steering wheel in relax (standard condition) levels during isometric contraction. Lacquaniti et al. [6] and

and increases/decreases for the amplitude of steering angle andGomi and Kawato [7] reported that human hand stiffness
torque, and that the stability of arms motion in handling the greatly changed in arm movements for a manual task. These

steering wheel becomes high around the standard condition. : tal studi Ih h trol hanical
Next a novel methodology for designing an adaptive steering experimental studies reveal how humans control mechanica

control system based on HMIP of the arms is proposed, and impedance of the limbs by regulating the conditions of the
the effectiveness was then demonstrated via a set of double-laneNMS.

change tests with several subjects using the originally developed Some studies on human mechanical impedance during
St?ﬁonary drt')‘l"”g S|l£n_ulator and the 4-DOF driving simulator  gtaering operation by the arms have also been reported [8]—
with a movable cockpit o . ~ [16]. For example, Bajcinca et al. [11] designed the robust
Index Terms—Human mechanical impedance, active steering control system including a model of NMS dynamics for SBW
control, steering operation, vehicle systems, and suggested that human stiffness has an important
role for the robust stability for uncertain physical parame-
I. INTRODUCTION ters in the steering control system through simulation and
UMAN drivers skillfully maneuver a steering wheel byexperlmental tests under the limited conditions. However, they

the arms in vehicle driving, in which they actively adjusfr?ated human viscosity as a constant in their control system.

the conditions of the neuromuscular system (NMS), such Bick and Cole [12] measured driver's mechanical impedance
limbs posture and muscle activation, to enable the appropridieNolding a steering wheel according to the magnitude of
control of vehicle motion for driving situations. It is naturallys‘teerlng torque and muscle co-contraction Ievel,_ \_/vhere two
required to consider such human factors in the developmé}"f\nds were af,fa”ged at the quarter to three position and the
of a steering control system so that the driving performan@éms were mamtamed_for the stralght-dnvmg situation. 'I_'hey
and safety would be further improved. [13] developed the driver model with LQR path-followmg
The recent progress of electric-power-assist steering (EPA%)Ptroller_ and NMS to analyze t_he r(_)bustness of driver steering
devises as well as the steer-by-wire (SBW) technology e?antrol with measure_d mechanical |mpedance_ parameters, and
ables to adapt steering operational loads to specific drividgmenstrated the differences of pass-following performance
conditions [1], [2], and supports to embed human factors in tween the _relax condition and the co-contraction stiffness
the steering control system. It brings a numbers of researcl’?ég\'_'v's' Abbink and.MuIder et al. [14], [15] estimated the
on the intelligent steering control system including Nm&dmittance of NMS in the manual control task by analyz-
dynamics corresponding to dynamic properties of driver89 involuntary limb motion of the driver caused by vehi-
arms. cle accelerations, called biodynamic feedthrough (BDFT), in
Generally dynamic properties of human limb can be efhe limited experimental conditions on muscle co-contraction
pressed using mechanical impedance parameters, i.e., stiffiné&€!- They described the BDFT system composed of the
viscosity, and inertia, and many experimental studies on humté"f'l”Sfer function from body acceleration to involuntary force

hand impedance have been reported. Mussa-Ivaldi et al. f%‘]d the function from fqrce t_o position. lkeura et al. _[16]
reported the close relationship between the hand stiffness
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On the other hand, a driver-steering system constructed
with impedance-controlled robotic devices can be regarded A Y
as one of human-machine systems. Many methods have been S ...... . ‘fﬁ‘;fg;fﬂce
proposed for designing and controlling a human-machine sys-
tem constructed with an impedance-controlled robot [17]-[26]
since the overall system can be described by the impedance
property. Those studies can be classified into two types ac-
cording to whether the human impedance property is constant
during operation [18], [19], or variable [20], [21], [22], [23].
Some research studies addressed the method for providing
the realistic feel to improve performances in the manual task
[20], [25], [26], but no detailed discussion has addressed _ o _ _
how a machine should adapt its dynamics for HMIP th%t(ge.erilrig Oigrae}%ﬁlc description of human impedance measurement during
would change widely depending on the NMS condition during
manual operations.

The purposes in this research paper are to present 1) {hg¢ measured time sequences of steering angle and torque for
effective data of HMIP during the steering operation by thge external disturbance of short duration into Eq. (4) with the
arms, and 2) a novel methodology for designing an actiygsst squares method.

steering control system based on HMIP by expanding theon the other hand, a hand displaceméit corresponding

conventional researches for human-machine systems. to df can be given by
The rest part of this paper is organized as follows: Section
Il describes the experimental setup developed using robotic dX(t) ~ rdf(t) (5)

devi(_:es to measure HMIP i_n steering operations by the armsy a reaction force to his hamd” is
Section IIl explains a steering control method that automati- 1
cally adapts mechanical properties of the variable-impedance dF(t) = =dr(¢). (6)
controlled steering device according to human arms motions ) . ro )
and vehicle behaviors. Finally, Section IV demonstrates tH¢cordingly, dynamic characteristics of the human hand in the
effectiveness of the proposed steering control system Jgpgential direction of the steering wheel can be expressed as
the.double—lfane—change test using the origi_nglly Qeveloped MedX(t) +BedX(t) + K.dX(t) = —dF(t), @)
stationary driving simulator and the 4-DOF driving simulator.
where hand impedance parameters in the tangential direction
[l. HUMAN MECHANICAL IMPEDANCE PROPERTIES OF  are calculated by
THE ARMS IN STEERING OPERATION

A. Measurement Method of Human Impedance Properties

Human hand movements during steering operations are
restricted within the rotational axis of the steering wheel witB, Experimental Apparatus

rﬁd”ﬁwdas shO\(/jvnhm Fig. .1’ and c_iyna|m|c_ chara%tenstlcs of Fig. 2 shows a schematic overview of the stationary driving
the hand around the steering rotational axis can be eXpresgﬁﬁiulator developed for this paper. The driving simulator is

with an impedance model [3] as constructed with a direct-drive-type motor (NSK, Ltd., max-
M@hé(t) + Bahé(t) + Kon(0(t) — 0.()) = —7e(t), (1) imum torque: ZQ Nm), a comp_uter for c_ontrolling the motor,

) . and two LCD displays to monitor steering angle and torque
where . is the steering torque generated by the operator;heasured (Display 1) and for the present of a driving scene
the steering anglel. a virtual trajectory of hand equilibrium; ¢ eateq with a real-time 3-D animation software (Display I1).
Moy, Bon, Ko, re_present_hand inertia, v_|sc05|ty, and stiffnesg steering wheel (NARDI, Ltd., radius: = 0.185 m) and
around .the rotational axis of the steering. Assumipgand 5 (otation torque sensor (SOHGOH KEISO Corp., maximum
human impedance parametefd,, Bon, Ko») were constant iorque: 50 Nm) are attached to the rotating part of the motor,

for a short duration, Eq. (1) could be rewritten as follows: 5.4 the steering angle is measured by an encoder built into

iK@h' ®)

1 1
M. = ﬁMGhaBe = ﬁBGhaKe =2

Manf(t) + Bonb(t) + Kon(0(t) — 6.) = —72(2). (2) the motor (encoder resolution: 51,200 pulse/r). The motor is
_ _ controlled by a DSP board (dSPACE: ds1103) that can provide
At the onset time of the external disturbanige we have stable control and high-quality data measurement at 2 kHz

Mond(to) + Bonb(to) + Kon(0(to) — 6.) = —7.(to), (3) Sampling-frequency.
ond(io) onb(to) on{Blto) ) relfo).  (3) Fig. 3 shows an example of the steering andig the

and . can be eliminated from Eqgs. (2) and (3) as angular velocitydé, the angular acceleratiatf and the torque
i ) _ dr measured in estimating mechanical impedance properties

Mondt(t) + Bondd(t) + Kondb(t) = —dr(?), “) of the known spring-mass systemM/{ = 0.5 kg, K. = 879
where df(t) = 0(t) — 0(to), dr(t) = 7e(t) — (o). Thus, N/m) which was attached to the steering wheel. Mean values
the human impedance parameters can be estimated by fitémgl standard deviation for five sets of estimated results are
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Fig. 2. An overview of the developed stationary driving simulator.
Fig. 3. An example of the measured signals for estimating known mechanical
impedance properties.

M, = 0.52£0.01 kg and K, = 874.9428.6 N/m, respectively.

In the bottom figure, the solid line is the measured torque and

the broken line is the calculated torque using Eq. (4) while g, uider

Yy % rad

the estimatedVly;,, By,, and Ky,. The results demonstrate ~ \ Ewow /1
that the developed driving system can estimate impedance 77T/18rad/y 330 mm
roperties successfully.

p p y Hip \‘

C. Experimental method

Fig. 4 represents the experimental condition designed in this
study. A human subject sat in front of the experimental system,
and his shoulders were restrained to the seat back using a
seatbelt. Both hands were fixed to the steering wheel using
a plastic cast to eliminate the passive impedance of the hand
palm. The subject was asked to generate the specified steering
torque while maintaining arm posture using the biofeedback
display that provides the magnitude of steering torque by the
bar graph as shown in Fig. 4(b). In the measurement of human
mechanical impedance properties (HMIP) in operating the

steering wheel by the arms, a dual-arm grip position producing (b)
a symmetrical appearance was set as the position of the right
handéd, = 0, /6, /3, ..., 2/3 rad, and the magnitude of Fig. 4. Experimental condition for the measurements of human impedance

the target steering torque; = —9, —6, ..., 0, ..., 6, 9 Nm. Properties in steering by the arms.

The number of trials was ten for each condition.

2 45;;;:5 a:)lfgg/ psatjrgﬁ;;steg”}ﬁl?hg ng:;zlasﬁeiléﬂfrgjp:ﬁriinf\?gﬂqes and standard deviations of the measured results.for all

HMIP, who were interested in this automobile research. subjects are presented. Note that each of HMIPs was estimated

using Eqg. (4) with the time sequences of steering angle and

) steering torque measured during the external disturbance of

D. Experimental results short duration.

Table | summarizes the experimental data of HMIP of the Fig. 5 visualizes the changes of HMIPédp andr, using the
arms around the steering rotational axis depending on timean values calculated using the measured data for all subjects

specified steering anglé; and torquer,;, where the mean given in Table | by a color map, where human stiffness,
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TABLE |

DEPENDING ON STEERING ANGLE AND TORQUE

[04][rad] 7,=-9Nm 7;=-6 Nm 7,=-3 Nm 7, =0 Nm 7; =3 Nm 7;=6Nm 7; =9 Nm
0 10.13 = 4.686 16.42 + 4.279 27.06 + 5.531 3594 £ 4.175
Stiffness, Ky 7/6 | 3343 £ 5437 2539 + 5.333 12.89 + 6.978 7.99 + 3.326 11.34 = 5.134 24.42 + 9.703 35.42 £10.112
a3 34.85 £ 4.223 32.06 = 6.777 20.74 + 7.229 10.97 = 7.090 1577 £ 6.694 2597 £ 6.714 34.47 +£10.543
[Nm/rad] 7/2 | 4506 = 8.264 41.06 + 2.146 2591 £ 6.136 17.13 = 5.690 16.17 + 7.394 26.82 + 5.181 36.90 £ 6.675
27/3 52.06 +£15.329 44.63 £11.139 37.32 £ 9.691 29.83 +11.541 29.11 £11.977 39.68 + 9.987 46.78 +11.180
0 1.84 = 0.397 1.81 £ 0.371 1.49 + 0.401 1.20 + 0.323
Viscosity, By, 7/6 1.04 = 0.304 1.26 £ 0.311 1.67 £ 0.392 1.86 = 0.412 1.89 + 0.331 1.60 = 0.375 126 + 0.332
[Nms/rad] toal3 111 = 0.206 1.19 + 0.250 1.51 + 0.229 1.51 = 0.338 1.67 = 0.316 1.53 = 0.306 1.34 + 0.402
72 1.06 = 0.352 1.14 + 0.345 1.36 + 0.363 1.36 £ 0.447 1.45 £ 0.539 1.42 = 0.466 122 + 0.488
27/3 124 = 0.217 124 + 0.206 1.30 + 0.338 1.35 £ 0.368 1.46 £ 0.441 124 = 0.335 0.98 + 0.210
0 12.62 = 0.015 12.90 = 0.018 13.60 = 0.014 14.02 £ 0.013
Inertia, M, 7/6 13.07 = 0.014 12.67 = 0.013 11.89 + 0.013 11.67 £ 0.015 11.69 = 0.017 12.47 = 0.019 12.77 = 0.015
, oo a3 11.05 + 0.007 10.81 = 0.007 10.10 = 0.007 9.82 + 0.011 9.64 £ 0.012 10.15 + 0.006 10.45 + 0.004
kg’ x 10°] 7 9.40 + 0.013 9.03 + 0.010 8.41 + 0.011 8.58 + 0.012 8.24 + 0.009 8.77 + 0.009 9.53 + 0.012
27/3 8.79 = 0.013 8.81 + 0.014 8.40 + 0.013 8.14 = 0.012 7.86 £ 0.012 8.76 = 0.014 9.21 + 0.014

viscosity, inertia and the damping coefficient are present@tie steering motor is under a variable-impedance control,
from the top. A white circle is plotted on the measuremenind the database outputs HMIP according to the combination
conditions, and the data between the white circles is calculatfdsteering angled and torquer. Dynamic behaviors of the
by cubic interpolation based on a Delaunay triangulation. steering motor around its rotational axis can be given by
The maps reveal how HMIP changes in the NMS conditions, 6.0) ©)
—Usc) =T,

i.e., limbs posture#;) and muscle co-contraction levet].
Human stiffnessky;, has the minimum value at the Standarq\/hereMQS is the steering inertiaBy, and Ky, are the variable
is a target angle at the

condition, the neutral angle of the steering wheel in retax ( viscosity and stiffness, respectively;
_ . . 1 i
74) = (O rad, 0 Nm), and increases for the magnitudé,0and ot sampling time calculated from the steering impedance
sc IS an

74. The observed characteristics agrees with the previous StHﬂiperties with the current steering torqug and 6
ies on human impedance measurement that reported hurHE}[]ilibrium for Kys. Note that a function of the damping

hand stiffness changes in the limb’s posture and increases [8Licjent of the human-steering systérutputs the steering
the muscle co-contraction level. Interestingly, human viscosi

. o |tr¥|pedance parameters according to the steering motion in
By, has the maximum value at the standard condition, a%erating.

decrease for the magnitude &f andr,, although human hand
viscosity would increase for the muscle co-contraction level &
same as human stiffness addressed in the previous studies.g'

possible reason is that the measured human viscosity is

MOsé.v + BOselv + K@s(ev

To simplify the discussion, a human-steering system manip-
ted by the upper extremities is expressed using a rotational
g-mass-damper system, as shown in Fig. 6 (b). A human
fer grasps a steering wheel with inertia @y, + Mps)
N ) Ahd displaces it from the equilibrium with The left spring
inertia M), depends on almost the steering angle that and dumper work to pull back counterclockwise wiky;,0
means the limbs posture. Furthermore, the damping coefficied% Bynf of torque, while the right ones to push back
Con, the motion stability of the limb in handling the steerin ounterclockwise Wit'thse and By.0 of torque. The torque

wheel, becomes high around the standard condition wh 8ded to the human-steering system can be written as
decays in the larger magnitude @&f andr,. Paradoxically, it follows:

becomes more difficult for human drivers to ensure the stable

control of the steering wheel without any assistance from .. = 7 — (Kg,0+ Ky.0) — (Bgn6 + By,H)

the steering device in the case of driving situations requiring = 7 — (Ko + Kgs)0 — (Bgn + B@s)é-

much larger steering angle and torque, such as an emergency

obstacle avoidance. Thus, the motion equation of the human-steering system can
Based on the obtained evidences on HMIP of the armbge expressed by

measured in steering, the next section discusses a methodology .. .

to embedded the HMIP depending on the steering angle aﬁ%@h + Mps)0 + (Bon + Bos)0 + (Kon + Kps)0 = 7. (11)

torque into an intelligent steering control system assuming dividing both sides of Eq. (11) byi.c, we obtain the
EPAS and SBW systems. following equation as

(10)

I1l. ACTIVE-STEERING CONTROL SYSTEM USING HMIP A+ 20wp X + wi = 0, (12)
Fig. 6 (a) shows a block diagram of the proposed steerimgiere§ = e, ¢ = b/2v/muskns, Wn = \/kns/Mns, kns =

control system including the database of HMIP of the arm&y;, + Ky, bps = Bgn + Bys, andmy, = My, + Mys. The



JOURNAL OF ETEX CLASS FILES, VOL. X, NO. X, Y 201X 5

O my om om0 % o

= 50 ? o] 3 Database of i
] I ! human impedance !
ERR = ! ] :
2 o2 3 :
= 0 = | 1
s’ S 1 :
[ @ | !
g 20 kg ! i
g i | 3
g 10 Z | |
& B 3 :

Steering angle, O [rad]

— L —0] i

= 1.8 %] |

= 6 & :

B 16| | [ 1° 8 !

g = !

A R e 3 02 3

= 14 S |

5 00 2 : K,

Q =1 T o5

- 12 o +— :

= 34 My

g 1o 6 Z | Bys

Rz =] | 7 -

= 08 ) i | lg = Human ! Steering motor

Toom ;e o0 % Tk T 2 motion e
(I St?erin6g angle 69 [ra?d] 2 Propoesed steering control system
bl

—0.14 ; 1 9

= @ (a)

g ,,,,,,,,,,,,,, @ Human impedance Steering impedance
I 012 = : : ;
g | (&

Z.,0.10 g

s 1 E

D

= 0.08 ﬁ

g ~

5 0.06 Z

E i i E

0.04 >
B P s 0 B
Steering angle, 6 [rad]

@ 0.9 N D »

08 &

= =3
Qo 07 =

3 - (5]
% 0.6 §
0.5 y
S =
eéu 0.4 o
a

‘8, 03 -

L o -

. 5.9
S T T R R T T
Steering angle, 0 [rad]

Fig. 5. Dependences of the HMIP of the arms and the damping coefficient
on the NMS conditions in the steering operations.

solution of Eq. (12) can be given by

5 Fig. 6. Block diagram of the proposed steering control system with
A= —Cw,p £V — 1wy (13) considerations of the HMIP database and the vehicle dynamics.

The damping coefficient of the target systérand the natural

angular frequency,, are calculated by operation by actively regulating its own mechanical dynamics

Bon, + Bgs with considerations of HMIP of the arms.
/ (Man, + Mps)(Kon + Kos) (14) An equivalent two-wheel vehicle model [27] as shown in
Fig. 6 (c) was used to represent vehicle dynamics, where the
vehicle runs at a specified speEdvithout sudden acceleration

=3

Wy, = /M_ (15) or deceleration. This model considers the lateral and rotational
Mo + Mo motion of the vehicle’s center of gravity as follows:
The driver's load for steering operations increases with B
the damping coefficient, and vice versa. Ag is designed mV (- +7) =2Y; +2Y; (16)
according to the target driving situation, it will be expected that dry

the steering device can adequately assist the driver's steering Iy =1 2Yp =1 2Y, (17)
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with : Cone

Ly
Y; = —KiB+Ly-0 18 :
f f (ﬂ + V’)/ ) (18) Vehicle PR \] B/ Path of vehicle
lr ~ N
YT = _KT(B + 7’7)7 (19) _m W] - SoE m m om
1% A ----" c\[\‘\~_,
wherem is the vehicle’s mass/ is the vehicle’s moment of e E -
inertia, Yy andY;. are the cornering force of the front and rear |
wheel, K and K, are the cornering power of the front and S 82 ‘ s3 ‘ S4 ‘ 85

rear wheel/; andl, represent the front and rear wheelbase, the

distance between the vehicle’s center of gravity and the fro{g- 7- The regulation course designed for the DLC test (ISO 3888).
or rear axle,S is the sideslip angle of the vehicle’s center TABLE ||

of gravity, v is the yaw angle rate of the vehicle’s center | v paramETERS FOR EACH COURSE IN THIDLC TEST[29].

of gravity, and¢ is the front wheel angle. The relationship

between the steering angleand the front wheel anglé& with sl 2 S3 s4 S5 A B c w
gear ration can be expressed by = 6/n. The limits of

. X Course 1 15 30 25 25 30 1IW+0.25 1.2W+0.25 1.3W+0.25 3.5-A
Corne“ng forces [28] are glVen by Course 2 12 13.5 11 12.5 12 1.1W+0.25 W+1 1.3W+0.25 1
l [m]
Yiime = /ng(i +1) (20)
Yiim = pmg(—d—), (21) -
! Iy + 1, Cimax2
where 1 is the road friction coefficient, ang is the gravi- ;:” c
tational acceleration. Accordingly the steering stiffndgg, g "
representing the steering reaction torque caused by driver’s %
operation and vehicle behavior can be derived as S
£
pEK 1 g
Koo =—————— | —(kal, = Ip) — Iy +1 22 S
0s n2(lf + lr> k]_( 20r f) ( f T) ( ) =) C
with
m lfo - Z’I'K’!' 2 émux
ko= 1- 2l +1,)2 KK, 14 Angular velocity, | 8| [rad/s]
ke = 1-— . m lf V2 Fig. 8. An overview of the designed regulation function of the damping
20 + 1) I, K, coefficient of human-vehicle system.

where¢ is the trail length.

Case la:  Course 1 with the vehicle speed 80 km/h
IV. DRIVING SIMULATOR EXPERIMENTS OF Case Ib:  Course 1 with the vehicle speed 100 km/h
DOUBLE-LANE-CHANGE TASK Case lla: Course 2 with the vehicle speed 40 km/h

The effectiveness of the proposed steering control system Case llb: Course 2 with the vehicle speed 60 km/h
was examined via a double-lane-change (DLC) test, in whichThe damping coefficient of the human-steering system
a human driver is asked to avoid all cones arranged wras designed as a function of the absolute value of the
the specified test course, as shown in Fig. 7, by quick astkering angular veIocityé | as shown in Fig. 8, in whiclq
precise operations of the steering wheel by the arms. Eigldcreases as the velocity increases to enlarge quick handling
healthy subjects (male university students aged 22-25 yeartil its deceleration is occurred and increases to assist the
old) participated in the experiments, who were cooperatigable positioning of the steering wheel as a driver hoped. The
with this research. Note that Subs. E, F and H drive a cdesigned regulation function f@r is formulated as follows;
several times a year while the others drive their own car almost .
every day. Cmaxt (0<[o]<d)

b-DC —ai(| 0 | —d)

A. Experimental design for DLC tests -
b+ (0] —d)

+ Cmina

Two test courses were designed based on the ISO guideline
[29], and the course parameters were set as in Table Il. Course
1 (ISO 3888-1) assumed for a high-speed lane change while . .
Course 2 (ISO 3888-2) for a severe lane change, respectively. _b-DC— aQ(__ 16 ] +d, + Omax)
In this study, the following four cases were designed as: b+ (=10 +d+0max)
(16> d, 49 < _3 rad/s?)

(10> d, %0 > 3 rad/s?) (23)

+ Cmax27
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TABLE Ill
PARAMETERS OF THE VEHICLE DYNAMICS AND THE PROPOSED STEERING
CONTROL SYSTEM UTILIZED IN THE SIMULATOR EXPERIMENTS

Driver view

(@)
Parameter Set value
Vehicle mass, m 1300 kg
Front wheelbase, I, 1.2m
Rear wheelbase, [, 1.5m
Yaw inertia moment, / 2600 kgm2
Front cornering power, K, 40000 N/rad
Rear cornering power, K, 40000 N/rad
Gear ratio, n 16
Road friction coefficient, & 0.8 Course 1 (IS03888-1) Course 2 (ISO3888-2)
Trail length, ¢ 0.04 m Fig. 9. An example of screen images projected in the DLC test.
® R = A =
Cve  Couu o a, a,  drads] = 100 = 100
10 098 03 06 001 3.0 g §8 g 28
% 40 z 40 "l'm
é 20 ;5; 20
) 0 0 ) ) ) ”
where DC' = Cuax — Cmin, b= %825 x a, d is a dead zone of fa b [la b fa b a1
the angular velocity around rad/s,a; anda, are parameters @) (b)

that regulate the curvatures of the wave, émgx is the value
of the angular velocity when switching from acceleration tgig. 10. Mean success rates and standard deviations for all subjects in each
deceleration. case.
The DLC tests with the designed four cases were carried
out using the proposed steering control system, in which the .
steering viscosityBys was varied in the rotational velocity of SégijrgéHzllltEZ)ucor:n E:r:weedirtl(()ji\tri\(;)usael glf:[fgrg:]iecsogféagurgdm
the steering wheel by the regulation functioq including the ( . ), 9 . . o . '
Fig. 11 shows the typical time histories of steering and
measured HMIP of the arms as . . .
vehicle behaviors measured in Case la and Case lla for each
Bgs = 2§\/(Kes + Kon)(Mys + Myr) — Bon. (24) type of the two steering control systems. The trajectories of
Note that the values oy, By, and My, are obtained

the vehicle’s center of gravity, the steering angjléhe angular
- velocity 0, the steering torque, the slip angle of the vehicle
from the HMIP database built into the control structure. Als y g torg P ang
the standard control system was prepared with fixing t 6

and the yaw rate are plotted from the top. The figure plots
. . X ) e measured waves for ten sets of experiments. The waves are
steering viscosity a8y, = 1.0 Nms/rad (CONST), which was P
determined on the basis of general vehicles. The parame

considerably different between HMIP and CONST. Especially,
. tf?‘lré profiles of the steering angular velocity were sharpened in
of the proposed steering control system for the regulati
function and the vehicle dynamics were set as Table IIl.

e proposed human-impedance-based control system.
The operational performance was analyzed by the quanti-
Ten sets of the DLC test were conducted for each of t'fgtive index £ defined with the operational tim& and the

four deS|gned cases (i.e., Cases la, Ib, lla, and llb) with ttﬂ%jectory accuracy/ defined as:
two steering control systems.

E=vT?2+J? (25)
B. Operational Experiment |: DLC test using the stationaryi,
driving simulator g /52dt (26)
Fig. 9 shows the image examples of the presentation screen ’

for a subject in the DLC tests with the stationary driving simwhereT' is the total time during which the steering angular
ulator shown in Fig. 2. Six subjects (A to F) were participatedelocity exceeds 0.05 rad/s ands the lateral deviation from

in the experiment, and conducted ten sets for each drivitlge average trajectory in cases where the subject perfectly
case. avoided all obstacles. Note that smaller values of the indices

Fig. 10 (a) and (b) represents the mean values and standadicate better performance in the DLC test.

deviations for the success rate of “Avoid”, where the subject Fig. 12 shows the evaluation results for six subjects, and
achieved the first lane change, and the rate of “Return” whetemonstrates that the value for the proposed control system
he achieved the 1st and 2nd lane changes, i.e., DLC. Tlas smaller than that for CONST with the significant differ-
success rates are improved by the proposed steering contrates although some individual differences exist. The results
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Fig. 11. Time histories of steering and vehicle behaviors in Case la and lla (Sub. A).

suggest that the proposed control system can actively assticle sound simulator creates realistic sounds of engine and

driver’'s steering motions by adjusting the damping coefficiefdad noise according to the vehicle condition.

of the human-steering system without any degradation in theFig. 14 shows the typical time histories of steering and

driving performances for an emergency obstacle avoidangshicle behaviors for five sets of the experiments measured in

task under the DLC test. each control system, in which the trajectories of the vehicle’s
center of gravity, the steering anglethe angular velocity,

DLC test using a 4-DOFthe steering torque, the slip angles, the yaw ratey and the

driving simulator lateral acceleratiorl,, are plotted from the top. The maximum

The effectiveness of the proposed control methodology wid{eral acceleration, .., for the proposed control system

further examined using a 4-DOF driving simulator developd§nded to be lower. This argues that the proposed system

by Mazda motor corporation as shown in Fig. 13. Four subjedfgProves not only obstacle avoidance capacity and vehicle

(Subs. D, E, G, and H) were participated in the eXperimeﬁ;\ontrollabiIity but also reduces driving load and erroneous
and five sets were conducted for Case la and Case Ib.  OPeration caused by the lateral acceleration in steering for an

The 4-DOF driving simulator is composed of a computdfMergency obstacle avoidance task. . _
for managing the whole system, a movable cockpit, a vehicle The guantitative evaluation of steering and vehicle behaviors
motion simulator, a projector-screen system to monitor ro&gpending on the conditions was carried out by the two indices

images and a vehicle sound simulator. The cockpit has thrég and Ev given as

C. Operational Experiment II:

degrees of freedom (roll, pitch and yaw) to provide a variety
of driving feelings. A steering wheel and a torque sensor are By = \ T +Tg, (27)
attached to the rotating part of an electric motor, and the
steering angle is measured by an encoder built into the motor. Ey =/J2 + T2, (28)

Vehicle motion is calculated from the operational signals for
driving interface devices with a vehicle model, and the drivingghere the steering stabilityy is the time when the steering
scene is projected to the screen placed in the cockpit. Taegular velocity falls below 0.05 rad/s, the vehicle stability
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Fig. 12. Control performances of the driver-vehicle system for all subjects reaction torque
according to the specified test cases.
Operational
signal

is the time when the yaw rate falls below 0.05 rad/s, respec-
tively. Lower values ofl’; and7}, mean higher stability in the | Motion simulator
steering and vehicle behaviors after obstacle avoidances, and (b)
those of Ey and By mean better controllability. Fig. 15 shows

the evaluation results offy; and Ey for all subjects, and Fig. _13. A4-DQF driving simulator for producing realistic translation and
demonstrates that the values for HMIPS was lower compar&iftion of a vehicle.

to those for CONST, especially in Case Ib, although some

amount of difference between individuals can be seen.  regulating the damping coefficient of the driver-vehicle system
Finally, subjective evaluation of the proposed contrQyas analyzed with the conventional control structure. The
methodology was done regarding the obstacle avoidance g&sults demonstrated that the driving performance, such as
pacity, handling and stability by using a five-point ratinghe quickness and accuracy of steering and vehicle behaviors,
method. Fig. 16 shows the mean values and standard de\juld be successfully improved with an appropriate regulation
ations of each subjective factor for all subjects, and indicatgfction of the damping coefficient for the specified driving
that the proposed control system well contributed to improvgyation.
the driving feels in addition to the driving performances. The subjects participated in this paper were limited to young
Consequently the successful integration of HMIPS intgale with little driving career, and thus the validations of the
a steering control system causes the betterment of steefjgposed steering control system should be carried out for

o

performance and operational feeling in vehicle driving.  other subjects with different backgrounds. Future research will
discuss further improvements to handling in considerations of
V. CONCLUSION driver’'s individual differences, as well as design problem of

This paper reveled how the HMIP during steering opefhe damping coefficient in consideration of other situations.
ations by the arms changed in the limbs posture (steering
angle) and muscle co-contraction level (steering torque), aAdknowledgment
proposed a HMIP-based adaptive steering control systemTihe authors should deeply thank Mr. Y. Kashiba for his large
which the steering properties were regulated depending contribution to this research work.
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