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ABSTRACT-The driver model during drift cornering was examined, and a technique to improve vehicle movement
performance during drift cornering was investigated. Based on the results obtained, the driver was found to steer using
feedback of the body slip angle and the body slip angle velocity during drift corering. Moreover, improvement of the
cornering force characteristic, at which exceeded the maximum cornering force calm as much as possible is important.
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Simulation
NOMENCLATURE
m : vehicle mass {1,500 kg}
I : yaw moment of inertia {240 kgm?}

/ : wheel base {2.62 m}
I;,I, : distance of front and rear axles from vehicle
center of gravity {1.18, 1.44 m}
: overall steering gear ratio {15.4}
: steering angle
: front wheel steering angle (& = &,/N)
. yaw rate
: yaw angle acceleration
: vehicle body side-slip angle
B : side-slip angle of front and rear wheels
: vehicle forward speed
F, F, :cornering force of front and rear wheels
W, W, : vertical load of front and rear wheels
Weins Weous Wiy W0 vertical load of inside and outside
wheels in cornering (front and rear wheels)
Aw,, Aw,: vertical load movement of inside and outside
wheels in cornering (front and rear wheels)
: coefficient of friction of road
: tire cornering force
: tire slip angle
: tire cornering power
: lateral displacement of target course
: distance to eye point
: lateral displacement difference between eye point
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and target course

k : proportional constant

1. INTRODUCTION

Drivers often perform counter steering in order to avoid
accidents in regions that receive a great deal of snowfall.
The direction of a vehicle can be changed through drift
cornering even when the vehicle cannot be controlled
using the steering wheel. Such emergency driving
operations were investigated in a model by Amano et al.
(1998; 1999) and Shimura et al. (2000). A driver model
of counter steering during a spin was investigated by
Sugasawa (2002). This paper was clarified the driver
operation model during drift running. The present study
investigates the ease of control in such a state of drift. In
addition, a steering model for drift running was examin-
ed, and the improvement of the performance of the
vehicle movement during drift running was examined
using the model.

2. DESCRIPTION OF VEHICLE MOVEMENT

2.1. Equation of Motion
An analysis of the movement of the vehicle was perform-
ed using a vehicle model with two degrees of freedom
(Figure 1).

The equation of motjon is as follows:

mV(+r)=F+F, (1)
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Figure 1. Vehicle model (bicycle model).

I =LF~LF, @)

Moreover, in order to simplify the analysis, the tire slip
angles of the right and left wheels are assumed to be
equal, so that the front and rear wheel slip angles are as
follows:

B=0-B~lrIV (3)
B=—p+1; rlV @

The normal loads on the tires of right and left wheels,
which are considered to be the loads associated with
lateral acceleration, are given below:

Wy =W,/2—Aw,
Wi 0= Wi 24+ Aw,
W,_=W,/2~Aw,
W,_oui=W,/2+Aw,

®)

The cormering force characteristics of the front and rear
wheels are obtained as a function of the slip angle and the
vertical load of the tires of the front and rear wheels. The
cornering force characteristics of the tires is based on an
equation reported by Fiala (1954). The two cases shown
in Figure 2 are used for cases in which the maximum
cornering force is exceeded.

F=f(p)(uW)

where:

fo)=p-lgloi3+9'127 (lpl<3)
o=K tan B/ uw

(6)

When ¢ is 3 or greater, two tire cases are obtained
(Figure 2).
In Tire Case A, the equation is as follows:

1
5
I
~
o
i 05
‘E ———Tire Case A
------ Tire Case B
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p =K, tan, ﬂt/”W

Figure 2. Tire model.

flo)=1-1/87(l¢l -3) (¢l >3)

That is, the maximum value was exceeded, and a
decreasing characteristic is assumed. In Tire Case B, the
equation is as follows:

flo)=1 (lgl>3)

Here, 4 of the rear wheels was set lower than that of the
front wheels in order to allow ease of drifting.

2.2. Steering Model for Drift Cornering
The eye point of a driver during drift comering was
recorded using an eye camera. The eye point of the driver
is related to the body slip angle as shown in Figure 3. The
driver perceives the progress direction vector of the body,
and controls the counter steering angle so as to maintain
the drift angle. Accordingly, in the driver steering model
for drift cornering, the vehicle body slip angle and the
vehicle body slip angle velocity were used as feedback.
The steering model for drift running to maintain an
intentional drift angle in cornering was examined. The
step steering angle upon comnering is as follows:

S=kostep(r) (1A <10) ™
(6,=N8)

(The steering angle is set such that the vehicle body slip
angle S does not exceed 10 degrees.)

Eye point data

Figure 3. Eye point of driver during drift cornering.
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Figure 4. Counter steering model.

Next, the steering angle from the point in time when
the vehicle body slip angle 5 exceeds 10 degrees was
assumed to be as explained below. This indicates the
control steering angle by which the drift angle in the drift
region was maintained. That is, the steering model of the
driver was assumed to be a model in which the vehicle
body slip angle and vehicle body slip angle velocity were
feedback.

O=(k, + B) x ky+ Bx ks (| >10) (8)
(6y=N&)

The drift control steering angle of Equation (8) is shown
in Figure 4.

The inclination of the control steering angle changes
when k; is changed, as shown by the dotted line in Figure
4.

The dotted line shifts up or down when £, is changed.
The solid line in Figure 4 indicates the relationship
between the vehicle body slip angle and the front wheel
steering angle when the front and rear wheels are
balanced by counter steering during cornering. Therefore,
if the steering angle intersects the solid line periodically
and finally settles along a dotted line showing a drift
control steering angle, indicating balance, the drift angle
can be maintained during turning.

In addition, since a delay in feedback steering was
caused when steering was proportionate to the vehicle
body slip angle S, the forecast feedback steering by
coefficient k; at the vehicle body slip angle velocity J
was added as a differentiation element.

3. DRIFT CORNERING SIMULATION RESULT

3.1. Influence of Decrease in Cornering Force When the
Maximum Cornering Force of Tire is Exceeded

The improvement of the performance of the vehicle
movement during drift running was examined by a
simulation analysis.

Figure 5 shows the trajectory upon drift cornering for
two types of tires. Figure 6 shows the trajectory of Tire A.
Step steering of 100 deg was performed for approxi-
mately one second, after which counter steering was
performed. It is understood not to settle to the target drift
angle. The body slip angle, turn lateral acceleration, and
yaw rate of the vehicle are shown in the figure.

200 T T
Tire A case

150

100 |

Vehicle position Y [m]

-50 0 50 100 150 200
Vehicle position X [m]

Figure 5. Running trajectory.
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Figure 6. Simulation results (tire A case).
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Figure 8. Simulation results (tire B case).

On the other hand, the control steering angle required
to maintain the drift angle in the case of Tire B is shown
in Figure 7 and has a tendency to settle.

Similarly, Figure 8 shows the results for a body slip
angle velocity coefficient &, of approximately half that of
for the case of Tire B. As a result, the drift control shows
repeated vibration, as in the case of Tire A.

That is, as the characteristic of the tire approaches that
of Tire B, the slip behavior of the vehicle is achieved at
slower speeds. As a result, the driver can perform drift
control with considerable ease. Here, calculation is
petformed with k=10, k=1.5.

3.2. Influence of constants k,, k, and k; on the simulation
equation of drift control steering angle

The drift angle changes when constant k, of the target
drift angle in the constant of the feedback steering is
changed (Figure 9).
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Figure 9. Simulation results (effect of k,).
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Figure 10. Simulation results (effect of k,).

In addition, the appearance of settling changes when
constant k, of the vehicle body slip angle changes, and
the vehicle entered a spin when counter steering was
insufficient (Figure 10).
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Figure 11. Simulation results (effect of k).

When constant k; of the vehicle body slip angle
velocity changed, the target drift angle was easily reached
because the phase of the steering angle advanced (Figure
1D).

Therefore, the drift angle in the direction of settling
can be achieved by controlling the drift angle according
to the value of coefficient k, of the vehicle body slip
angle and assuming the value of k, to be a moderate
inclination in the driver model.

In addition, settling at the drift angle is easily achieved
by enlarging the value of coefficient &, at some vehicle
body slip angle velocity, which is the differentiation
element, to be small.

4. EXPERIMENTAL RESULTS BY DRIVING
SIMULATOR

4.1. Outline of Experiment Device (Driving Simulator)
A running experiment was performed using a driving
simulator (Virtual Mechanics Company), as shown in
Figure 12. Regarding the simulator, a visual display and
sound generation system simulating the engine sound of
a vehicle when running were built in to reproduce an
actual driving situation. In the experiments, the following
items were measured.

Wheel stroke

Figure 13. Primary components and degrees of freedom
of the vehicle model.

Vehicle drive state data: steer angle, steer torque,
vehicle velocity, positional data, body slip angle, yaw
rate, yaw angle, roll angle, pitch angle, lateral accele-
ration, and the steer angle of each wheel, etc.

4.2. Vehicle Model and Vehicle Characteristics

As a vehicle model, the driving simulator uses the full
vehicle movement simulation software named CarSim
(Version 5.16) of the mechanical simulation corporation
(MSC Co., USA). Figure 13 shows a schematic diagram
of the vehicle model. Table 1 shows a number of the
primary components of the vehicle and indicates the
degrees of freedom. For example, the rear axle is rigid

Axle stroke

Wheel
spin
\ Slip angle
Axle roll

Figure 14. Solid-axle movement.
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Table 1. Components and degrees of freedom of the
vehicle model.

Bodies

Sprung mass body 1
Unsprung mass bodies (wheel catriers) 4
Rotating wheels 4
Engine crankshaft 1
Total 10

Degrees of freedom

Sprung body translation (X, Y, Z) 3
Sprung body rotation (yaw, pitch, roll) 3
Suspension stroke 4
Wheel spin 4
Powertrain (Engine crank shaft) 1
Tire delayed slip (lateral, longitudinal) 8
Brake fluid pressure 4
Total 27

Table 2. Specifications of vehicle.

Width of vehicle (mm) 1500
Wheelbase (mm) 2690

Distance from center of front axle to rear end 3800
of vehicle (mm)

Distance from center of front axle to center of 1014
gravity (mm)

Height from ground to center of gravity (mm) 542

Vehicle mass (kg) 527

Roll moment of inertia (kg-m®) 606.1
Pitch moment of inertia (kg-m?) 2741.9
Yaw moment of inertia (kg-m?) 2741.9

and has two freedom degrees: vertical movement and
rotation of the axle (Figure 14). Details are provided in
Reference (Watanabe et al., 2002).

The vehicle model has an FR layout (front-mounted
engine, rear-wheel drive), which is particularly suscepti-
ble to drift. Table 2 shows the specifications of the
parameters of the vehicle model used in the experiment.

The tire cornering force characteristic used for the
experiment is the two tire characteristic, as shown in
Figure 15.

In addition, the tire characteristic during driving and
braking is assumed to be as shown in Figure 16. By
adding the slip angle and the slip ratio for a specific time,
the concept of the friction circle based on the calculation
of the combined characteristic of CarSim is applied.
Therefore, the vehicle tends to enter spins because the
lateral force of the rear wheel decreases when accelerat-

z
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500 ——— Tire B case

e 3 L1 L 1 3. 1 1 3 1
0 5 10 15 20 25 30 35 40 45
Slip angle [deg]

Tire/ground friction coefficient for this data 0.87

Figure 15. Tire cornering force characteristic.
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Figure 16. Longitudinal tire force characteristic.

ing during critical cornering. Thus, drift cornering can be
achieved by counter steering, and a real car running
under conditions in which the maximum cornering force
is exceeded can be simulated.

4.3. Experimental Results

Figures 17 and 18 show the obtained results. In this
experiment, the vehicle is accelerated to a high lateral
acceleration during a 75-m-radius turn, inducing inten-
tional sliding of the rear wheels, and the driver applies
counter steering. The driver controls the counter steering
angle to maintain a drift turn of 75 m in radius while
maintaining the drift angle (Figure 17). In addition, the
driver intentionally engaged the accelerator, generating a
power slide, upon which time the driver released the
accelerator slightly, so that this state was maintained as
long as possible. As a result, the vehicle velocity of the
drift cornering was maintained within the range of 85-95
km/h. That is, counter steering became the primary
means of drift control under these experiment conditions.
The driver was somewhat accustomed to drift control in
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Figure 17. Experimental results for running trajectory
obtained using the driving simulator.
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Figure 18. Experimental results for body slip angle
obtained using the driving simulator.

the driving simulator. As a result, maintaining the drift
angle through spin became difficult in the Tire A case, in
which the comnering force decreases after having exceed-
ed the maximum cornering force while turning. On the
other hand, the drift angle was maintained and the drift
control was far easier in the Tire B case, in which the
cornering force was assumed to be constant after having
exceeded the maximum cornering force. Figure 17 shows
the running trajectory of the drift turn. Figure 18 shows
the change in the body slip angle with elapsed time. In
the Tire A case, the driving is emanated vibrating. On the
other hand, in the Tire B case, the drift angle was
maintained during counter steering and the return of the
counter steering.

S. TEST VEHICLE RUNNING TEST RESULTS

The vehicle test was performed on a test course of a
skidpad of 40 m in radius. The driver slides the rear
wheel by engaging the accelerator during high-lateral-

Table 3. Experimental results by test vehicle (average
value).

Generation ratio of spin

Tire at the drift control (%)
Tire a case 0 [%]
Tire b case 50 [%]

acceleration cornering. The vehicle velocity for the drift
cornering is approximately 60 km/h. In addition, the
driver controls the counter steering angle and maintains
the semicircle drift angles to a certain degree. The driver
was somewhat accustomed to drift control in the driving
simulator and performed the test 10 times. Two types of
tires were used in this test. Tire a case is a standard radial
tire, and Tire b case is a racing-type tire with a low
decrease in cornering force after the maximum cornering
force has been exceeded. In contrast with Tire a case, it
was possible to control the vehicle without spinning
during drift running for Tire b case (Table 3). That is, the
stability was greatly improved. The drift was easily
controlled in the running test for tires in which the
decrease in cornering force was suppressed, where the
maximum cornering force of the tire had been exceeded.

6. ADDITIONAL EXPERIMENTAL
SIMULATION OF A SEVERE LANE CHANGE
WITH DRIFT

6.1. Steering Model for Lane Change with Drift
The steering model of the driver assumed that the driver
to be looking in the forward direction of the vehicle
L[m]. In addition, the deflection & between the lateral
displacement of the vehicle which will be caused in the
becoming time of L/V when advancing L[m] like present
posture and the target course is detected and used for
feedback control (Figure 19).

That is, it is assumed that the eye point model is

Target course

Eye point

X

Figure 19. Driver steering model (lane change with drift).
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(Velocity:100 km/h)

A
C 3.5m

Ly ‘ ‘

0 30m 40m

Figure 20. Lane change course.

looking forward. The deflection &£ between the eye point
and the target course is as follows:

eg=y+Lsinf-y,, ©)
Oy=NX (kX &) (10)

where L was assumed to be 14 m and k was assumed to
be —1.5.

6.2. Drift Running Simulation Result
In the following, an emergency lane change is simulated,
as shown in Figure 20 (Vehicle velocity: 100 km/h).

6.3. Influence of Decrease in Cornering Force in Area at
which the Maximum Cornering Force of the Tire is
Exceeded

The influence of the difference in tire characteristics for
two types of tire was simulated. The influence of differ-
ence in area at which the maximum cornering force of the
tire was exceeded was investigated. Figure 21 shows
simulation results for a severe lane change for the case of
Tire A, in which the steering angle was approximately
200 deg for approximately 1 second from the start of
cornering. Counter steering was applied afterwards
because the rear wheels skid, and the vehicle posture is
controlled. In addition, the body slip angle, lateral accele-
ration and the state of lateral displacement are shown.
Approximately 3.5 seconds after cornering, a transient
overshoot of lateral displacement of the vehicle of approxi-
mately 2 m occurs. In addition, after approximately 6
seconds, the vehicle settled into the target lane at lateral
displacement of 5 m. Counter steering was found to be
approximately proportional to the body slip angle. Figure
22 shows the simulation results for a severe lane change
for the Tire B case. Approximately 3 seconds after
cornering, a transient overshoot of lateral displacement of
the body of approximately 1.5 m is caused. The vehicle
settled into the target lane at lateral displacement of 5 m
approximately four seconds later. Moreover, the counter
steering was found to be approximately proportional to
the body slip angle, as in the Tire A case. That is, upon a
severe lane change with drift, the transient overshoot of
lateral displacement of the vehicle was decreased when
the cornering force became smooth in the area where the
maximum cornering force was exceeded. Settling was
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also greatly improved.
7. CONCLUSIONS

(1) The use of tires that decrease to the greatest extent
possible the cornering force of the area where the tire
cornering force of the rear wheels exceeds the
maximum cornering force is an effective technique
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by which to improve drift control. The slip behavior
of a vehicle having such tires becomes smooth and
the drift control becomes much easier.

(2) When the drift was controlled, the driver was able to
judge the feedback of primarily the body slip angle
to decide the necessary counter steering angle in
order to maintain the target drift angle. In addition,
because feedback steering was accompanied by
some delays, the body slip angle velocity was also
used for feedback steering in order to provide differ-
ential steering by which the phase was advanced.

In the present study, the mechanism of drift control
was examined. Future studies will examine various addi-
tional considerations. In addition, in order to improve the
movement performance of the vehicle, a new steering
wheel control system will be examined.
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