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1.0 INTRODUCTION

Human error is the critical reason for more than 90% of vehicle crashes (NHTSA, 2001).
According to Malay Mail Online in 2015, the number of lives lost due to fatal accidents in
Maalysia is 1,713, and the primary cause of those accidents is the loss of control of the vehicle.
Wet roads, over speeding in sharp turnings and under steer conditions, load to such accidents.
Malaysia, a mountainous country, has many popular hill destinations - Genting Highlands,
Cameron Highlands, outskirts of Sabah and Sarawak - with scenic mountain roads and lots of
twists and turns. The sharp turns of the road segments in the azimuthal and lateral planes pose
many hazards. Modern high-end cars have active systems to mitigate these risks. But to our
knowledge, there are no such warning systems available in the low- and medium-segment
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passenger cars. Therefore, we propose a passive early warning system to alert drivers of the
possibility of exceeding the hazard limits.

1.1 Background Information

Studies by Qian et al. (2017) and Zhou et al. (2017) reported the various dangers heavy vehicle
pose on mountain roads and also the implementation of assistive driving system for real-time
speed warning. Wang et al. (2017) used lateral acceleration and road data in a safe speed model
to prevent side-slip accidents for commercial vehicles. This paper presents a preliminary
research study to support the need for a passive warning system, which will test the drivers to
mitigate accidents.

According to Lin et al. (2013), 28.4% (22.4+2.8+3.2) traffic accidents of total cars
involved in mountainous roads are passenger cars (Figure 1). Therefore there is a need to reduce
these figures. Active safety system is available for various subsystem of an automobile such as
active steering, active suspension, active braking, and integrated chassis control. However, it
would be cost-effective, and lifesaving by alerting the driver with a warning signal when a high
probability of accident is predicted. The proposed system would be cost-effective as it needs a
flasher such as an LED, steering input, inertia measurement unit and the on-board speedometer.
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Figure 1: Major accidents on mountain highways according to vehicle type (Lin et al., 2013)

Other than that, preventive measures is much valued than correcting the vehicle’s loss of
control. This proposal is in line with Road Safety Plan of Malaysia 2014-2020, where, it is
predicted that there will be an increase of fatalities from road accidents from 2010 to 2020 will
be 56% under Business as Usual (without any intervention) (Road Safety Department, 2014).
It is proposed to implement five strategic approaches to reduce the road accidents. “Use of
safer vehicles” is one of them, and this approach is expected to meet three ultimate outcomes:
(i) reducing the speed, (ii) reducing risk of motor cyclists, and (iii) improving vehicle safety
standards. Under this, installation of speed monitoring devices in the vehicles is included as
one of the mid-term outcome. However, it would be better to include early warning system
which could alert the driver based on the lateral stability of the vehicle.
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Under steer is a condition whereby front wheels of the vehicle loss traction and the
vehicle goes straight instead of turning according to its steering angle. This is common in front-
wheel-drive vehicles and most passenger cars in Malaysia have front engine, front wheel drives
which are prone to under steer. Therefore, it is required to issue a warning to the drivers when
the vehicle is predicted to under steer. In mountainous roads, banked angles and inclination
may reduce traction of the vehicle’s tires that causes under steer. In addition, losing control of
the vehicle going downhill will increase the chances of fatal accidents. Currently, road dividers
act as passive safety device when the vehicles go out of control (road) while turning or skidding
on mountain roads. They will help to prevent the vehicle from falling off a cliff or hitting
opposing traffic. However, they will not prevent the accident. Recently, the road dividers have
rollers to prolong the energy dissipation duration and in turn smooths the impact to increase
the chance of the passengers' survival. However the purpose of this research is to induce the
driver to take action proactively by predicting the danger reduces the need to use road dividers
and to warn the drivers of the potential loss of control.

A large lateral force is one of the main causes of under steer; therefore it is essential to
limit the lateral force in turnings. Race cars have better performance as compared to typical
sedans being able to have lateral force of 0.9g to 1.2g (Motor Trend Staff, 2015). NHTSA
(2001) stated that the lateral force should not exceed 0.7g for road vehicles. Therefore the soft
limit and hard limit are set to be 0.7g and 0.9g respectively to reduce the possibility of under
steer. This research focuses on using the driver's steering input and the instantaneous speed of
the vehicle to warn the driver of under steer. Steering angle measured using an optical encoder,
vehicle speed measured using wheel speed sensor, and along with acceleration and yaw rate
the threshold to warn the driver before under steer occurs is estimated. When the threshold is
approached, the vehicle will alert the driver by issuing a warning by flashing an LED or by
beeping sound. If the driver does not act upon the warning, the assistive breaking will be
initiated (if installed in the vehicle) (Ghoneim, 2013; Chung & Yi, 2007).

2.0 MODELLING

Using the kinematic equation of the vehicle, the steering angle, df in Figure 2 can be estimated
for each turning. Knowing the wheel base, and track, the radius of curvature can be calculated
from the steering angles for Ackermann Steering system. By obtaining the radius of curvature,
and speed from the odometer, the lateral acceleration can be calculated. Lateral acceleration
will then be used as a guideline on how much steering can be applied for specific speeds.
Therefore the steering, speed and steering limits can be calculated.
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Figure 2: Bicycle model representation of vehicle (Rajamani, 2006)
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The popular bicycle model was used for the study and simulation for both flat and banked
road (Figure 3). It is assumed the vehicle has Ackermann steering and therefore simplifying
the four-wheel vehicle to two wheels. Then the limits of steering angle for each speed of the
vehicle are obtained from the Equations 3, 4 and 8 (Table 1).

Table 1: Kinematic equation derived from bicycle model (Rajamani, 2006)

Symbol Nomenclature Equation
X Global X axis coordinate X =Vcos(y + B) (1)
Y Global Y axis coordinate Y = Vsin(y + B) )
Yaw angle, orientation angle of i _ Veos(B) _
v vehicle with respect to global X axis V= Ly+Ly (tan((sf) tan(ar)) @)
B Vehicle slip angle B = tan™t (HLEHEEOD) (g
C Center of gravity location
mgsin(gp)
Figure 3: Banked road vehicle parameters (Rajamani, 2006)
M = Fxr + FxfCOS 0f - Fyf sin 0+ mVy (5)
mv = Fyr + Fx¢Sin 8¢ + Fyf cos 6s— mVy + mg sin @ (6)
I, ¥ = aFxs sin 8¢+ aFyf cos &t — bFyr + g(Fxfr - Fxfi) cos 8f+g(Fxrr - Fxnt) (7

For this study, the main concern is the lateral acceleration of the vehicle. The main reason
for vehicle under steer when the lateral force exceeds the tire traction. Therefore Equation 6
will be mainly used for the study of lateral acceleration on banked roads.

3.0 CALCULATING SAFETY LIMITS

First a relationship is established between angle of steering wheel rotation to that of wheel
(steering angle). The steering wheel angle of a typical road vehicle is 0° — 480° from end to
end. This should be proportional to that of the steer angle of the wheels. We will use the
geometric constraint from Ackermann steering layout for calculating the steering wheel angle
for a given turning radius of the vehicle. The vehicle's turning radius R is (Figure 4):

R= \/er + (G + (Lr + Lp)tan(8p))? (8)
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Figure 4: Vehicle with Ackermann Steering System

The turning radius of the New Saga is known to be 5.1m (Proton, 2016). Therefore, by
assuming Ackermann's steering, the vehicle's steering angle can be obtained with relation to
the driver's steering wheel angle as shown in Equation 9. After substituting R = 5.1m, the
steering angles for both left and right ranges are obtained and is presented in Table 2. However,
Ackermann’s steering can only be achieved accurately in very low speeds and is impractical in
high speeds. Therefore there is a need to further research in high speed steering relationship
between steering angle and driver’s input steering.

Table 2: Vehicle steering range

Parameter Left Turn Range Right Turn Range
Steering wheel 0°—480° 0°—480°
Ackermann 0°—52° 0° —52°
520
Sf = MSSW = 01083 85w (9)

A relationship between the steering wheel angle and steering angle also known as
steering ratio of the vehicle is established in Equation 9. It is found that they are directly
proportional to each other. This show for every 10 degree turning of steering wheel turns the
wheel by one degree (steering angle). It is worth mentioned here that while deriving this
relationship, it is assumed that the CG of the vehicle lies at the midpoint of vehicle’s
longitudinal axis.

An optical encoder can be mounted into the steering wheel to detect the steering wheel
angle and to be used as an input for the LED alarm as well as the assistive braking. Other than
the steering wheel input, the speed of the vehicle and lateral acceleration are used to obtain the
dynamics of the vehicle. The dynamics will be able to determine if the vehicle’s lateral
acceleration is above the tire limits.

On the banked road, the lateral acceleration is shown in Equation 6 and the vehicle has
the same yaw rate as stated in Table 1. Other than that, the normal and lateral forces on the
front and rear tires are assumed to be equally distributed for flat roads. Then the limits of 0.7g
and 0.9g are taken as set points to calculate the vehicle's speed and steering wheel angle for the
limits.
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4.0 SIMULATION AND RESULTS
4.1 Vehicle Parameters for Simulation

Simulation was carried out using vehicle parameters of Proton Saga 1.3L shown in Table 3. It
is assumed the vehicle dimensions are symmetrical. Therefore the L and Ly are obtained from
half of vehicle wheel base. The height of CG of the vehicle is also assumed to be half of the
vehicle’s height.

Table 3: Nomenclature and parameter values of 2016 Proton Saga 1.3L (Proton, 2016)

Parameter Symbol Values and Units
\ Vehicle Speed (m/s)
B Sideslip angle at CG (rad)
i Yaw rate (rad/s)
o Roll angle (rad)
¢y Roll rate (rad/s)
Ot Front steering angle (rad)
dL Front left steering angle (rad)
Or Front right steering angle (rad)
Osw Steering wheel angle 0° —480°
ms Sprung vehicle mass (kg)
m Vehicle mass 1035 kg
Ix Roll moment of inertia at CG (kgm?)
I, Yaw moment of inertia at CG (kgm?)
L, Distance from CG to rear axle 1.233m
L+ Distance from CG to front axle 1.233m
Wb Vehicle wheel base 2.465m
T Vehicle track width 1.689 m
h CG height from roll axis 0.746 m
Co Combined roll damping coefficient (Nms/rad)
0] Combined roll stiffness coefficient (Nm.rad)

4.2 Region of Interest — Genting Road — A View from Google Map

Figure 5 shows Google map of a route from Gohtong Jaya to Genting having many hairpin
turns of gradients ranging from 20° — 30° (Chris, 2000). These turns are dangerous and under
steer would cause fatalities when driving down. By combining the sharp turns and large
inclination of 30°, vehicle that over speed have the tendency to lose control and cause a major
accident.

In certain areas, there are humps built on the roads to slow down the speed. The
inclination of 20° with sharp hairpin turn is a dangerous place to under steer and lose control
of the vehicle. In addition to inclination of gradient 20°, the road is also banked to the left of
the road which may decrease the ability of the vehicle to turn.
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Figure 5: Elevations of the route up to Genting Highlands from Gohtong Jaya showing a hairpin turn
with its gradient of 20° (Chris, 2000)

4.3 Results and Discussion

Simulation uses the lateral acceleration from Equation 6. The, slip angle, B is assumed to be
equal to the kinematic model in Table 1. By varying the banked angle for -10° — 10°,
simulations are done to obtain the steering wheel and speed limits for both soft and hard limits.

Using the soft and hard limits of 0.7g and 0.9g the lateral acceleration of vehicle on flat
and banked roads is compared. When the lateral acceleration reaches its limits, the
corresponding speed limits at the specified steering angle are recorded. As shown in Figure 6,
the steering angle of the vehicle for 0.9g lateral acceleration is 10° when vehicle speed is
40km/h. Iterations are done to obtain the exact instantaneous speed whereby the lateral g forces
are 0.7g and 0.9g for both soft and hard limits.
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Figure 6: Lateral acceleration limits and vehicle’s lateral acceleration

Figure 7 shows instantaneous change in curvature for a set of speed and steering angle
on flat road with different curvature. The instantaneous radii are obtained using calculation

2
from Equation 8. These values are then used to calculate the lateral acceleration using VE. These
data will be used as a hard limit to ensure the vehicle does not have lateral forces above 0.9g.
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Figure 7: Speed limit for each steering wheel angle and instantaneous radius

Figures 8 and 9 show the simulation for banked road at 0.7g and 0.9g loads. The bank
angle causes the vehicle to have different speed limits for same turning radii. This is due to the
weight of the vehicle being able to hold or push the vehicle off the road.

In real time, the bank angle can be estimated using the dynamic model and yaw rate
sensor. Instantaneous speed of the vehicle is obtained using the speedometer readings as
displayed to the driver. When the banked angle is above 5 °, the dynamic model will be used
to calculate the maximum steering angle for the current speed. Other than that, the kinematic
model will be used to calculate the maximum steering angle. In any condition when the
vehicle's lateral g-force exceeds 0.7g, an LED light will be flashing to warn the driver of under
steer risk. In addition, assistive breaking will occur when the vehicle exceeds the predefined
steering angles when lateral force is above 0.9g.
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Figure 8: Speed limit for each steering wheel angle and instantaneous radius of banked road for 0.7g
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Figure 9: Speed limit for each steering wheel angle and instantaneous radius of banked road for 0.99g

4.0 CONCLUSION

This paper reports the results of a preliminary study undertaken on an early warning device
which alerts the driver of vehicle slip and loss of control when the lateral g-load increases
above a given threshold. The steering wheel angle is taken as the primary input and using the
Ackermann steering model, the lateral acceleration is estimated, base on which an early
warning strategy is proposed. Initially, a warning (a flashing light or beeping sound) is given
when the car reaches a lateral acceleration of 0.7g. If the warning is ignored, as a second safety
measure, assistive braking is triggered. This study included the effects of banking. However, it
does not include tire and vehicle slip. A further study including obtaining and measuring terrain
data and slip angles to improve the results further has been planned.
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Appendix I. Derivation of Equation 8

o1,

L1:Lr

Lo =7+ (L, + L)tan(8p)

R= /le +L,?

R = jLTZ + (g + (L, + Ly)tan(8R))?
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