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Abstract: This paper proposes to control driver’s steering sensitivity and
vehicle yaw motion based on human sensorial characteristics. Firstly,
linearisation control of steering sensitivity enables the driver to recognize
vehicle and road state via reaction torque of a steering wheel. It is power assist
based on human kinesthetic sense by electric power steering. Secondly,
linearisation control of vehicle yaw motion with in-wheel motors. Humans feel
rotational motion by semicircular canal and vision. A driver controls yaw
motion with the steering wheel. Therefore, this control increases operational
performance for the vehicle. These controls will provide human-friendly man-
machine interface to the driver.
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1 Introduction

In today’s world, the effectiveness of electronic active control systems in stabilising
a vehicle’s motion has been recognised; thus, numerous active control systems have been
developed. Mass produced vehicles are equipped with Antilock Brake System (ABS).
The Direct Yaw Control (DYC) has been developed to stabilise vehicle dynamics.
However, according to traffic accident reports prepared by the Institute for Traffic
Accident Research and Data Analysis (ITARDA) in Japan, almost all traffic accidents
are caused by human error, such as driver negligence or operational mistakes.
Therefore, future technologies need to be able to precisely detect driver’s mistakes and
adopt active control to increase vehicle safety. We are thinking of two methods to resolve
the problem. The first one is constructing a traffic system without a driver, because
people certainly make mistakes. It is the Intelligent Transport System (ITS) incorporating
infrastructures to secure safety. The vehicles have an automatic driving-system-by-radar
cruise to reduce driver’s mistakes. That is to say, it is a position closer to railway systems.
The other idea is assist drivers by informing them of operation mistakes and helping them
to avoid dangerous situations. This paper is based on the latter thinking. We propose
a driver-friendly motion control by using Electric Power Steering (EPS) and differential
torque with In-Wheel-Motors (IWMs) on electric vehicles. This system actively feeds
back the vehicle’s state and road information as reaction torque to the driver. In addition,
it controls vehicle motion characteristics dynamically with EPS and the differential
torque. And it proposes an Active Front Steering (AFS) control based on power assist,
without variable gear ratio steering and by-wire techniques. We have verified the
effectiveness of this system.
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2 Vehicle dynamics equations

The driver controls a vehicle’s dynamics by operating the front wheel angle with
a steering wheel. A two-dimensional vehicle model is shown in Figure 1. Vehicle
parameters in Figure 1 are shown in Table.1. The following equations can be calculated
as two wheel model when right-and-left tyres are same characteristic. In this paper, the
electric vehicle is equipped with two IWMs in the rear tyres. It has two input variables:
the front tyre angle 6 and the differential torque M with IWMs. When the vehicle is in
rotational motion, the tyres sideslip. Then, lateral forces F; and F. in proportion to the
sideslip angles oy and ¢, are generated between the tyres and the road. F; is the front
lateral force, and F, is the rear one. The proportionality coefficients are known as
cornering stiffnesses Ky and K,. The lateral force equations are shown in Figures (1) and
(2). The rear wheel steering is not operated. The lateral forces F; and F, generate yaw
moment ¥ around the centre of gravity of the vehicle. The lateral motion equation is
shown in Figure (3), and the rotational motion equation is shown in Figure (4). [, is the
body yaw moment of inertia. /rand /, are the distances between the centre of gravity and
the front tyre or the rear one.

Figure 1 Vehicle model

Figure 2(a) Driving force observer (see online version for colours)
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Figure 2(b) Steering system
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Figure 4 Simplified block diagram of EPS system

Table 1 Vehicle system parameters
Body mass M,
Body yaw moment of inertia I
Distance between front and rear axle I, I,
Tread dy, d,
Cornering stiffness K, K,
Vehicle speed 14

Front wheel angle 6,
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Table 1 Vehicle system parameters (continued)

Tyre slip angle ar, O

Chassis slip angle B

Yaw rate y

VE+L,
£, =F/L=F./R=_K_/'[¥_9fj (1)
R Sy @
V
dp = =2 2 3
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M is yaw moment by differential torque. In this study, the torque is directly generated
with two IWMs in the rear wheels. The yaw moment equation is shown in Figure (5).
d. is the rear wheelbase. Fyy is the driving force of the right IWM, while F), is the left one.
The driving force F, shown in equation (6) is calculated by the motor torque 7,,, wheel
angular velocity @, radius of a wheel r and wheel inertia 7, with the driving force
observer shown in Figure 2. Motor torque is measured from motor current because the
torque is a linear characteristic of the current. Wheel angular velocity is measured by
a rotary encoder. 7, is the time constant for the low pass filter to reduce sensor noise.
equation (7) shows motor torque distribution with IWMs. F, is a longitudinal torque
calculated from the acceleration pedal signal. IWMs output the torque in halves. The state
equation for vehicle dynamics can be expressed in equation (8).
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Figure 5 Steering and disturbance sensitivity design based on 2DOF
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3 Electric power steering

An Electric Power Steering (EPS) system with electric motors not only reduces the load
of the driver’s operation, but also controls vehicle dynamics and reduces disturbance.
In this chapter, the dynamic equation of EPS is introduced. The system diagram is shown
in Figure 3 and the steering parameters are shown in Table 2. The driver turns the
steering wheel and controls vehicle motion. Then, the EPS system calculates appropriate
assist torque from the vehicle’s velocity, the steering torque sensor and some vehicle
motion sensors. It assists the driver’s operation. After that, the front wheels are turned by
the assist torque. At the same time, the front wheels receive the reaction torque from
the road surface and the torque is transmitted to the driver. These are expressed in the
following equations. First, the dynamics equations for gear 1 and 2 connected to the
torsion bar spring and the assist motor are shown in Figures (9) and (10).

(Jg2+Jm) d20;2 =T —@F 9)
dt 2
ngdzfl = TY—EF—T&,. (10)
dt 2
Table 2 Parameters of steering system
Steering wheel angle ),
Motor angle n
Front axle wheel angle o
Front tyre angle 6
Driver torque Tl
Steering torque T,
Motor torque T,
Rack torque T,
Road reaction torque Ty
Steering wheel of inertia J

Motor of inertia I
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Table 2 Parameters of steering system (continued)
Gear 1 of inertia Jgl
Gear 2 of inertia Jg2
Tyre of inertia J;
Tyre friction B,
Contact force between gear 1 and gear 2 F
Number of gear 1 teeth rgl
Number of gear 2 teeth rg2
Reduction gear ratio a

Equation (11) can be calculated from equations (9) and (10). In addition, equation (13) is
calculated from equation (12), relating gear 1 to gear 2 in terms of the number of gear
teeth.

2 2
ngde - (Jg2+Jm )de -T, -T (11)
dr’ rg2 dr’ ¢
rglé =—-rg26, (12)
1Y &0 1
Jel+| 2| (Jg2+dm) | == =T +| &1, -T, (13)
rg2 dr rg2

In this system, pinion gear inertia in the rack and pinion is ignored because the inertia is
much smaller than the torque transmitted to the gear or the tyre inertia. For this reason,
the rack torque can be expressed as in equation (14)

a6,
Cdr

-7, (14)
Equation (15) can be calculated from equations (13) and (14)

2
[Jg1+a Jt+[ 1} (Jg2+Jm )}d O vorp 4% T+[rgljr +T,. (15)
rg2 dr’

"dt rg2

The EPS block diagram is shown in Figure 3. Plant P(s) is the front steering model
calculated in equation (15). The driver turns the front axle wheel angle and the vehicle
motion via the steering wheel. The EPS system detects the steering torque by a torque
sensor, such as a torsion bar spring. This sensor outputs torsional torque between
the steering wheel angle and the front axle wheel angle. The torque is in proportion to the
spring stiffness K. The electric motor outputs the power assist torque calculated with the
EPS computer. And it controls the front axle wheel angle to follow the steering wheel
angle. Then, the front wheel generates the lateral force proportion to a slip angle of the
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front wheel. At the same time, the front wheel receives the reaction torque as disturbance
from the road surface. The driver receives the reaction torque via the steering wheel.

4 Steering control based on two degrees of freedom and Variable Assist
Torque

In this chapter, we propose a steering control method based on driver sensitivity with
EPS. This system feeds back vehicle state and road information as the reaction torque to
the driver, and it helps the driver to avoid dangerous motions easily. Conventional
techniques control the front wheel angle or yaw rate around the centre of gravity to
follow the ideal yaw rate calculated in the vehicle dynamics equation. It is based on
vehicle dynamics. Our proposed method is designed for the driver. The reaction torque
has two components: necessary information for steering operation, and undesired
disturbance torque to reject. We design a frequency-based two degree of freedom
controller to divide those two components.

4.1 Two degree of freedom control based on power assist and road disturbance
sensitivity with EPS

Figure 4 is a simplified EPS block diagram. In the figure, R(s) is transfer function from
the road disturbance torque to reaction torque transmitted to the driver. It is shown in
equation (16).

() _ PG

R(s)= ) .
(s) 1+ C(s)P(s)

(16)

When divided by the torsion bar stiffness K, it agrees with the complementary sensitivity
function 7(s) of the EPS system.

__C(s)P(s) an

) = s ps)

This led to robust stability and disturbance sensitivity of the system.

The frequency of the reaction torque related to steering operation is less than 10 Hz.
On the other hand, the frequency of it to reduce appropriately is more than 10 Hz.
For this reason, the two degree of freedom control shown in Figure 5 is adopted to realise
both the road disturbance sensitivity and the following capability to ideal vehicle
dynamics. Feedback controller Cy compensates for the angle error between the steering
wheel and the front axle wheel. The controller is designed to increase gain in frequencies
higher than 10 Hz to reduce the disturbance torque (Figure 6). The equation is shown in
equation (18).

cs

Cﬂ’(s)zas+b' (19
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Figure 6 Bode diagram of control Cy, (see online version for colours)
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The driver operates the steering wheel while receiving the reaction torque and adjusting
the steering torque. The feedfoward controller C; compensates the reference value
intended by the driver. The controller is designed to increase gain in the lower frequency
than 10 Hz to assist driver torque. (Figure 7) The equation is shown in equation (19).

C'
C =—. 19
7 (8) Y (19)

Figure 7 Bode diagram of controller Cj(see online version for colours)
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4.2 Variable Assist Torque (VAT) control for linearising driver sensitivity and
vehicle dynamics with EPS

This paper proposes a Variable Assist Torque (VAT) control to linearise the driver’s
steering sensitivity. The control block diagram is shown in Figure 8. Cyar is a controller
of VAT to steering torque. We define steering sensitivity as in equation (20). It is the
torque slope between the driver’s torque input 7,1 and the reaction torque 7, which is
transmitted to a steering wheel. It is linearised by the variable torque assist control shown
in equations (23) and (24). The driver feels the slope with his steering operation.
However, human sensitivity is a non-linear characteristic in general. It is approximated
by equation (21). 7,. is a torque which the driver feels. If a driver applied force to a
steering wheel strongly, the driver may not feel the reaction torque compared to the
driver’s torque. We define driver sensitivity as in equation (22). This technique makes
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the assist torque variable to the steering torque 7, and vehicle velocity V. And the graph
is shown in Figure 9. Driver sensitivity linearisation enables the driver to recognise
vehicle state and tyre conditions such as slip or grip phenomenon, because it relates
to the principle of superposition. The equation includes the exponential function.
Human sensitivity is a non-linear characteristic. When a human applies external torque
T,1 to the steering wheel, the torque 7,, which the human feels is a non-linear
characteristic for the external torque. The equation relating 7,1 to T7,. is shown in
equation (21). Natural logarithm is an inverse function for exponential function. For this
reason, power assist torque using an exponential function can linearise the reaction torque
transmitted to the drive to the driver’s external torque. The linearity reduces the steering
load to operate vehicle motion. In addition, the transfer function from the front wheel
angle 6, to yaw rate ¥ is shown in equation (25). Human feels rotational motion by
semicircular canal and vision. In case of a vehicle, a driver controls yaw motion with a
steering wheel. This function is a first order system. When the yaw moment M is zero,
l;=1,=1, and K;= K, = K, this equation can be calculated from (5). The equation shows
that yaw rate gain is determined from vehicle velocity V, and yaw rate response is
determined from cornering stiffness K. In Figure 10, this lissajous curve compares the
vehicle’s yaw rates on dry roads with is yaw rates on wet roads. The abscissa axis is the
steering wheel angle. And the vertical axis is a vehicle yaw rate. When the vehicle travels
on wet roads, the hysteresis of the lissajous curve is wider than that dry roads, since
cornering stiffness has been low on wet roads. From equation (25), the yaw rate has been
delayed. As a result, the driver turns the steering wheel additionally, and the front tyre
undergoes a slip phenomenon. Therefore, steering control needs driver sensitivity
linearisation to feedback on the vehicle state and road information via the reaction torque,
and assists a driver in avoiding dangerous states. The steering sensitivity factor ¢ is
determined from assist feeling for a driver.

Steering sensitivity d7, (20)
h
7, =In(7,1) @)
Driver sensitivity a7, (22)
h
T, =sgn(T,) K, (e —e"") 23)
Kv = Kﬂ I/max (24)
Vo TV
B =t=">t 25)
e L 0’
t Ky + —
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Figure 8 Block diagram of variable assist torque control
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Figure 9 Variable power assist torque characteristic (see online version for colours)
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5 Direct yaw moment control based on differential torque with IWMs

The experimental electric vehicle COMS is equipped with two IWMs in the rear wheels.
A differential force input with IWMs generates yaw moment M around the centre of
gravity on EV. The equation has been shown in equation (5). In addition, the transfer
function P, from the yaw moment M to the yaw rate yis shown in equation (26), when
the front wheel angle input is zero, /;= /. =1, and K;= K, = K,. It shows that yaw rate gain
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is determined by vehicle velocity V' and cornering stiffness K. If a driver operates a
vehicle on a low friction road, the cornering stiffness would be small and the vehicle
would slip. For this reason, when road friction is low, our proposed method uses yaw
moments with IWMs to assist cornering motions with the steering system. The yaw
moment to the steering wheel is shown in equation (27). It consists of yaw moment gain
G, and distance between wheel and centre of gravity as shown in equation (28).
It linearises the yaw rate to the steering wheel angle. And it enables the driver to operate
the vehicle friendly. Direct yaw moment compensates yaw rate gain and time delay for
road condition. The motor torque distribution of IWMs for the yaw moment M is shown
in equation (7).

_Y 1
v (26)
Is+—2
1%
M= Gl8, (27)
_K}/ I/max (28)
Ty 4V

6 Simulation verification

In this paper, we adopt the COMS produced by Toyota Auto Body as experimental
vehicle. The COMS, shown in Figure 11, is a compact electric vehicle equipped with two
IWMs operated independently in the right and left wheels. The parameter of the EV is
shown in Table.3. The experiment simulates lane changes. The vehicle velocity is
40 km/h. The driver operates the steering wheel at sinusoidal input. The frequency of the
input is 0.5 Hz. The maximum motor torque with IWM is 150 Nm.

Table 3 Parameter of EV

Body mass M, 350 kg
Body yaw moment of inertia L 300 kgm?
Distance between front axle and centre of gravity Iy 0.6 m
Distance between rear axle and centre of gravity L 0.5m
Front tread dy 0.7m
Rear tread d, 0.6 m
Front cornering stiffness K, 10000 Nm/rad
Rear cornering stiffness K, 15000 Nm/rad
Maximum torque In-Wheel-Motor T s 150 Nm

Maximum vehicle velocity Vinax 60 km/h
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Figure 11 Experimental electric vehicle: (a) EV COMS with EPS system and IWMs; (b) EPS
system and (c) In-Wheels-Motors (see online version for colours)

(b) (©

6.1 Simulation verification of reaction torque control based on 2DOF control
for road disturbance sensitivity

In this chapter, when mechanical disturbance torque to reduce is added from the front
wheels, the reaction torque to the driver, the steering wheel angle and yaw rate in the
vehicle are verified. The frequency of the disturbance is 15 Hz. The result of
conventional control without the disturbance sensitivity design is shown in Figure 12.
This control could not reduce the disturbance sufficiently. And the disturbance vibration
has been transmitted to the driver. As a result, the steering wheel angle and yaw rate have
vibrated. Our proposed method, showed in Figurel3, could reduce disturbance
appropriately. When adding the required disturbance for steering operation at 5 Hz,
the disturbance has not been reduced and the driver receives the disturbance as road
information. (Figure 14) The disturbance sensitivity design based on 2DOF control
achieves division of the disturbance to reduce from the required disturbance for the driver.
As a result, it enables the driver to feel a human-friendly interface with the vehicle.
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Figure 12 Simulation result of conventional EPS system in case of disturbance input at 15 Hz
(see online version for colours)
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Figure 13 Simulation result of 2DOF control based on disturbance sensitivity in case of
disturbance input at 15 Hz (see online version for colours)
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Figure 14 Simulation result of 2DOF control based on disturbance sensitivity in case of
disturbance input 5 Hz (see online version for colours)
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6.2 Simulation verification of variable assist torque control based on
linearisation of driver sensitivity

The result of 2DOF VAT control (2DOF-VATC) is shown in Figure 15-(b). The result of
only 2DOF control is shown in Figure 15-(a). Figure 15-(1) shows the driver sensitivity
characteristic from driver input torque 7 to reaction torque 7,, which the driver feels.
The characteristic of 2DOF-VATC is more linear than that of 2DOF control only. In case
of 2DOF-VATC, non-linear power assist torque control is adopted to the steering torque
to linearise the reaction torque for the driver. It enables the driver to recognise vehicle
dynamics and road information because this information is contained in the reaction
torque. When these lissajous figures are compared to the steering wheel angle and the
steering torque in Figure 15-(2), the hysteresis characteristic of 2DOF-VATC is narrower
than that of only 2DOF control. About the reverse steering operation at + 0.6—0.8 rad
without VATC, the hysteresis band of the steering torque or the yaw rate is expanded.
It makes the driver’s reverse steering operation more difficult. In case of the
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2DOF-VATC, since the power assist torques become larger than the steering torque, the
driver could reverse steer easily.

Figure 15 Experimental result of steering characteristics in case of steering input 0.5 Hz
(see online version for colours) (1) Driver torque 7)1 vs. Driver sensitivity torque 7,.:
(a) 2DOF control; (b) VAT control and (c) VAT control w/IWMs; (2) Steering angle 6,
vs. Steering torque 7;: (a) 2DOF control; (b) VAT control and (¢) VAT control
w/IWMs and (3) Steering angle 6, vs. Yaw rate . (a) 2DOF control; (b) VAT control
and (c) VAT control w/IWMs
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6.3 Simulation verification of direct yaw rate control combined with electric
power steering and In-Wheel-Motors on electric vehicle

Electric power steering systems control 2DOF variable torque assist controls (2DOF-
VATC). In addition, the result added to the differential torque control with IWMs is
shown in Figure 15-(c). The yaw moment is directly controlled by the differential torque.
For this reason, it could increase the yaw rate gain without the steering operation in
Figure 15-(3)-(c). And it almost maintains the hysteresis characteristic and linearity of
driver sensitivity to the same extent as that of VATC in Figure 15-(1)-(c). In Figure
15-(2)-(c), the hysteresis band has been a little expanded. It shows that the driver receives
reaction torque of yaw moment dynamics via the steering wheel. The driver feels that the
steering wheel has been heavy and operates the vehicle carefully. This is an advantage for
driver-friendly man-machine interface. Utilising both EPS and differential torque with
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IWMs, we achieve extension of the vehicle dynamics range, compared to conventional
vehicles.

7 Conclusion

We propose a driver-friendly vehicle motion control based on an EPS system and
IWM in an electric vehicle, to reduce driver operational mistakes and traffic accidents.
First, a 2DOF control based on the disturbance sensitivity design divides the required
disturbance for steering operation from the disturbance to reduce appropriately in
frequency ranges with the EPS system. Second, the VAT control linearises driver
sensitivity from reaction torque to driver input torque. These methods enable the driver to
recognise vehicle dynamics and road information via reaction torque. They provides
driver-friendly interfaces with the vehicle. Finally, a differential torque with IWMs
directly linearises the yaw rate response to increase operational performance for the
driver. Human-friendly interface combined with EPS and IWMs enables the driver to
predict risk of the vehicle and road state via reaction torque and to avoid the risk.
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