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Abstract

Due to the space limitation of the driving tire, some small electric vehicles with two in-wheel motors employ
a hydraulic-mechanical brake system (HMBS) as a braking system. Although the mechanical braking system is
compact, the rigidness and the response performance of the mechanical braking system is lower than a
hydraulic braking system. On the other hand, a small electric vehicle only employs a seat belt as safety
equipment, and there is no antilock braking system (ABS), which is a basic skid control system. Furthermore,
the inertia moment of the rear tire is larger than the front one because an in-wheel motor was attached to the
rear tire. During braking and disturbance, due to the disadvantage of the mechanical braking system and the
large inertia moment of the rear tire, the vehicle easily loses its stability, increasing the possibility of an
accident. In this paper, to increase the stability and the safety of the small electric vehicle with two in-wheel
motors, we propose a novel method based on the yaw moment of the vehicle. This method is known as a direct
yaw moment control (DYC) using tire steer angle. The state feedback control method and the feedback gain
matrix for tire steer angle have been used in our model. The input of this system is the tire steering angle while
the output is the yaw angular velocity and the side slip angle of the vehicle. The simulation result shows that
during braking and disturbance, DYC can improve the vehicle motion for the driver desired direction and
increase the stability of the vehicle.
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1. Introduction

In recent years, due to the growing needs on energy and

environment protection, electrified driving system is

gradually gaining attention in the automobile industry .
Compared with internal combustion engine vehicles (ICVs),
in-wheel motor have great advantages such as, quick torque
response, motor torque can be measured easily and motor can
be attached at each wheel. These advantages of in-wheel
motor enhance vehicle motion control in the small electric
vehicle 2.

For a small electric vehicle with in-wheel motor at the
rear tire (also known as driving tire), due to space limitation,
an anti-lock braking system (ABS) that is a basic skid control
system is difficult to install. For the same reason, mechanical
braking system is installed at the driving tire. Although the
mechanical braking system is compact, our past research has

proved that the rigidness and response performance of the
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mechanical braking system is lower than hydraulic braking
system > When a vehicle brakes on an icy road or during
emergency braking, the optimum braking pressure and the
driver desired braking deceleration-g is difficult to obtain
). As a result, the vehicle will be skidding on an icy road and
the possibility of an accident will be increased. Based on the
disadvantages of the mechanical braking system, we can say
that a small electric vehicle that uses a hydraulic-mechanical
brake system (HMBS) is not safe enough.

To increase the safety of the small electric vehicle, our
past research has successfully constructed a simulation model
of HMBS with ABS and regenerative brake control. The
simulation result shows that ABS and regenerative brake
control can prevent the vehicle from skidding during braking
on an icy road *7. On the other hand, we also have
constructed a simulation model of HMBS with PID control to
obtain the driver desired braking deceleration-g. The
simulation result shows that PID control can obtain the driver
desired braking deceleration-g " ®.

Although ABS and PID control can improve the safety
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of the small electric vehicle, the stability of the vehicle is still
need to be improved. To improve the stability of the vehicle,
most previous studies have focused on yaw angular speed and
side slip angle control *'?. However, to measure the side slip
angle of the vehicle, we need the specific sensor such as a
lateral acceleration sensor and the cost of that sensor is too
expensive. On the other hand, many researchers were focused
on the yaw moment control instead of the side slip angle
Gyro sensor is the best sensor to measure the yaw angular
velocity of the vehicle and the cost is cheap.

The aim of this study is to improve the stability of the
small electric vehicle during braking on cornering. In this
paper, we proposed the direct yaw moment control (DYC)
using the front tire steer angle to increase the stability of the
small electric vehicle with HMBS. In DYC system, the
vehicle linear model has been used as an observer to obtain
the optimum value of the yaw angular velocity and side slip
angle of the small electric vehicle. The state feedback control
method has been used in our observer to control the input of
the state feedback system. From the algebraic Riccati
equation, we can obtain the optimum value of the feedback
gain and this feedback gain will be used as an input in the
real model. This is the first step of our study on stability of
the small electric vehicle and this paper only focused on to
examine the effect of the optimal control to the vehicle
stability. The effect of our proposed model has been validated
in MATLAB/Simulink and the numerical analysis shows that
our proposed model can give some positive impact to

increase the stability of the vehicle.
2. Analysis Vehicle Model
2.1 Main symbols

B: braking force (N), I: inertia moment of the vehicle (kgm?),
L: length (m), P: pressure (Pa), R: regenerative brake, T:
torque (Nm), W: wheel load (N), X: the longitudinal force
acting on the tire (N), Y: the lateral force acting on the tire
(N), Cg: regenerative brake coefficient, K,and K, : cornering
stiffness for front and rear tire (N/rad), K, and K, the
rigidness of the tire in longitudinal axis and lateral axis
(N/m%), Y, is the disturbance force (N), b and /: width and
length of interacted tire surface (m), g: acceleration of
gravity (m/s%), £ friction force (N), h: center of gravity (m), Iy
and /,: the length from the center of the vehicle to the center
of the front and rear tire (m), m: vehicle mass (kg), »: radius
of the tire (m), #: time (s), u: vehicle velocity in the
longitudinal direction (m/s), v: vehicle velocity in the lateral
direction (m/s), S : side slip angle (rad), & : steering angle
(rad), y

yaw angular velocity (rad/s), u friction

13-17)

coefficient, p : slip ratio, m: tire angular velocity (rad/s)
Subscripts:

f: front, r : rear, fr : front right, fI : front left, » : rear right,
rl : rear left

2.2 Specifications of the analysis vehicle model

A small electric vehicle Toyota COMS (AK 10E-PC) has
been used as an analysis vehicle model. Fig. 1 illustrates the
small electric vehicle Toyota COMS (AK 10E-PC) while the
specifications of this vehicle are provided in Table 1. This
vehicle has several main features such as the direct in—wheel
motors are attached at both rear tires and it has a hydraulic
braking system at front tire and mechanical braking system at
the rear tire. The combination of the front and rear braking
system is called hydraulic-mechanical brake system (HMBS).

Table 1 Specifications of Toyota COMS

Vehicle mass 361.9 (kg)

Maximum speed 50 (km/h)

Height of center of gravity (CoG) | 0.105 (m)

Tread front 0.840 (m)
Tread rear 0.815 (m)
Wheel base 1.280 (m)

Inertia of front tire 0.430 (kgm?)

Inertia of rear tire 2.530 (kgm?)

Driving system 2 in-wheel motors

Motor power output 0.290 (kW)

Lead acid batteries 6 sets, 12 (V), 33 (Ah)

2.3 Braking system of the analysis vehicle model

Fig. 2 shows the two-wheel model of the
hydraulic-mechanical brake system (HMBS). In this model,
the hydraulic braking system was installed at the front tire,
while the mechanical brake system was installed at the rear
tire, which is an in-wheel motor is located on the tire. When
the driver pushes the braking pedal, the braking pressure
generated from the master cylinder flows thru the front brake
hose to the front wheel cylinder. On the other hand, for a

mechanical brake system, the braking pressure generated

Figure. 1 Small electric vehicle Toyota COMS
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Figure 2 Hydraulic-mechanical brake system

in the master cylinder flow to the power cylinder, then the
piston pulls a wire connected to the brake shoe. The equation
of motion in power cylinder and drum brake is expressed in
Eq. (1) and Eq. (2):

dx d?x
pgApHy — k(xp — x4) — kpxp — d, d_tp =My dtzp &)
d d?
k(xp - Xd) - kdxd — dd ﬁ =my dzczd (2)

where, A, is an area of power cylinder, H, is head pressure,
k is the coefficient of the spring, d, and d, are viscous
damping at power cylinder and drum brake, m, and m, are the
mass of power cylinder and drum brake, x, and x, are
displacement of spring at power cylinder and at drum brake

and p 1is density of the brake fluid.
3. Numerical Calculation
3.1 Basic equations of motion

Fig. 3 shows the force vector at each wheel for the
construction of basic equations of motion. The equations of
motion in longitudinal and lateral direction are described as

below UD:

du i
m (E - W) = (—Xpr = Xp) cos 0 + (=Ypr — ¥y ) sin @

- er - Xrl (3)

dv .
m (E + uY) = (Yfr + Yﬂ) cos O + (—Xfr - Xﬂ) sin@ + Y,

+Y+Yy “)

From Eq. (4), Y,is the disturbance and it is caused by the side
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Figure 3 Force diagram of a vehicle

wind. During braking, Y, can affect the stability of the

vehicle.

3.2 Direct yaw moment control (DYC)

The two wheels of the linear vehicle model has been
used to construct an observer for DYC. The linear equations
of motion to measure side slip angle, f and yaw angular

velocity, y of the vehicle are as below '?:

mvf + 2(Ky + K. ) + [mv + 2 (1Ky — LK,) | r = 2K;6(5)

2(LKr — LK, )B + Iy +

The cornering stiffness for the front and rear tire, K,yand X, in
Eq. (5) and Eq. (6) are the lateral force of the front and rear
tire, Yyand Y, per unit side-slip angle of the front and rear tire,

Brand B,. The equations of Ky and K, are:

=9
=35, @)
oY,
K, = 35, (8)

In our past research, we have used brush tire model to
measure the lateral force and side slip angle of the tire ™.
The brush tire model allows elastic deformation in both the
longitudinal and lateral directions 2". From our past result,
the relation of lateral force and side slip angle of the tire was
shown in Fig. 4 and Fig.5. The value of K, and K, can be
known from the gradient of an approximate line between the
lateral force and side slip angle 2. From Fig.4 and Fig.5, the
value of Ky and K, are -9756.1 N/rad and -7142.8 N/rad .

To describe a system in a linear motion, Eq. (5) and Eq.
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Figure 4 Lateral force and side slip angle of the front tire
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Figure 5 Lateral force and side slip angle of the rear tire

(6) can be transformed to the following equivalent linear

state-space equation:

x = Ax + bu )
_ Ty _

{Y1 —C1TX—B (10)

V2=C X=Y

of=[1 0", c,"=[0 1] (11)

where,

Z(Kf+Kr) _l_z(lfo_lTKT)
|, ™ . ", (12)
2K p-leky) _2(11"{/;7:”’“)
x=[8 yI" (13)
u= 26 (15)

Here, Eq. (12) and Eq. (14) can be simplified as:

a b
A= [c d] (16)
b= [¢] (17)
where,
_2(KptKy) b= —1— 2(LK p—1yKy)
mv ’ mu?
2(1£2K s +1,2K,
C=_§(lfo_HKr) . d= _W
_ 2Ky _ 2Ky
T mw A I

In the state-space equation, X is a system state, u is a
scalar representing the input of the system and y is a scalar
representing the output of the system. The matrixes A, b and
¢ determine the relationships between state and input and
output variables. The block diagram of this system is shown
in Fig. 6. In this system, the steering angle, J'is controlled by
the driver.

To increase the stability of the vehicle, by using the state
feedback control method, we used steering angle of the front
tire and the feedback gain as an input in the observer. The
feedback gain, g is proportional to the state vector, x. Then,

the input system in a state-space equation is:
u=-g'x+4§, (18)
where,
g=[g: g.l" (19)
Substituting Eq. (18) into Eq. (9), gives:

X =Ax+b(—gTx +68;)

J E :rr 1/s
[ s |
LA |

Figure 6 Block diagram of the vehicle with steering angle of

the tire
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x=(A—-bgNx + &4 (20)

where 6, is a steering angle of the front tire. The block

diagram of the state-space form in Eq. (20) is shown in Fig. 7.

In the observer, Linear Quadratic Regulator (LQR) problem
is used to find the optimal state feedback. The evaluation
function, J for Eq. (20) is:
(] = f (xTQx + R(Sdz)dt
0
_[a11 O ]
\ Q [ 0 g2
] = fooo(‘hﬂ?z + qa2v? + dez)dt (21)

where q11 , g2 and R denote the state and input weighing

matrixes. From Eq. (18), the optimal solution for the

feedback gain is ¥:

u(t) = —g®)x (22)
where

g=R"1bTP (23)

and P = PT >0 is the unique positive-semidefinite solution

of the algebraic Riccati equation:

ATP + PA — PbR™1b"P = —Q
a by” a b el p-1 g1z O
[c d] P+P[c d]_P[f]R le f1P = _[ 0 ‘hz] (24)
Here, P is defined as below:

e 9
P_[(p y (25)

Then, substituting Eq. (25) into Eq. (24) gives:

P | b P S Kt A | W IE30GT

__ [%1 0 ]
0 gz

(a£+c<p)+(ae+c@)—%[es(es+f®)+f<p(e£+f®)]=q11
(a(2)+cy)+(b£+dy)—%e@(es+f®)+fy(es+f®):0 (26)
(bs+dtp)+(a<p+cy)—%[ee(6<p+fy)+f¢(etp+fy)]=0

(b0+dy)+(b(p+dy)—%[80(e<p+fy)+fy(e<p+fy)]=qzz

where ¢q,;, ¢, and R were set as constant weighing matrixes

by the designer. The relation between ¢;;, ¢, and R are
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Figure 7 Block diagram of the state feedback control with the

gain feedback and steering angle as an input

Table 2 Relation of weighing matrixes to the state output and

input of the system

Large Fix [x] [%] [u]
q11 q22, R Decrease | Increase Increase
qz22 q11, R Increase Decrease | Increase
R q11-922 Increase Increase Decrease

g2 In the numerical analysis, the value of g4, g2, and R

were set as 1, 1 and 3.

shown in Table 2. Based on the Table 2, to increase the value

of state, X, the weighing input, R must be more than ¢;; and

4. Result and Discussions

In the numerical calculation, the initial velocity of the
vehicle is 30 km/h, the initial steering angle is 5 degrees and
the road is dry asphalt. The braking system of the vehicle is
hydraulic-mechanical brake system without ABS and the
initial braking pressure is 1.8 MPa. This baking pressure is
constant until the vehicle is completely stopped. The
disturbance force is 1 kN and this force will start hitting the
vehicle from 1 second to 2 second. In the numerical
calculation, we have set two cases as:

1. Case 1: The vehicle was cornering with disturbance

and DYC was non-operational.

2. Case 2 : The vehicle was cornering with disturbance

and DYC was operational.

4.1 Effect of the DYC using tire steer angle to the motion of

the vehicle

In this part, before we examine the effect of our DYC to
the vehicle motion, we have examined the effect of the
disturbance to the vehicle and tire rotational speed. This
result is necessary for us because ABS was not applied in our

braking system and the possibility of the tire lock occurs
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during braking and disturbance is high. Fig. 8 shows the
changes of the vehicle and tire rotational speed during
cornering and the disturbance was occuring form 1 sec to 2
sec. From Fig. 8, it is shows that the disturbance was not
effect the vehcile speed and tire rotational speed although
ABS was not applied in the braking system. This result
approved that during braking on the dry asphalt, due to the
large friction coefficent of the road, the hydraulic-mechanical
braking system can obtain the optimum braking force to the
all tires.

Then, we have examined the effect of the DYC to the
trajectories of the vehicle. Fig. 9 shows the trajectories of the
vehicle for all cases. From Fig. 9, the trajectories of the
vehicle in case of DYC operational is more steer compared
with the case of DYC non-operational. During cornering and
disturbance, due to the large load at rear tire and weight
movement at each tire, the motion of the vehicle will be in an
under steer condition. However, in case of DYC using tire
steer angle was operational, the vehicle can improve its steer
performance. This result is approved that our proposed model
can improve the motion of the vehicle during cornering and

disturbance.

4.2 Effect of the DYC using tire steer angle to the vehicle
stability

In order to investigate the effect of our proposed model to the
stability of the vehicle, we have examined the result of the
yaw moment velocity of the vehicle,y and side slip angle of
the vehicle,f. Fig. 10 shows the changes of y during
cornering and disturbance. From Fig. 10, the value of y in
case of the DYC non-operational is increased from 0 rad/s to
0.24 rad/s in 1.5 sec, then from 1.5 sec to 5 sec, the value of y
was decreased gradually from 0.24 rad/s to 0 rad/s. In case of
DYC operational, the value of y was increased from 0 rad/s to

0.20 rad/s in 1 sec, then from 1 sec to 4 sec, the value of y

10 ¢ —_ 1 1000
P
SN || ur 1 800
=z disturbance Z
E 6t 1600 S
) o
= o
g 4t \ 1 200 <
(]
>
2 r 1 200
0 L L 0
0 1 2 3 4 5
time (s)

Figure 8 Changes of the vehicle and tire rotational speed

during cornering and disturbance
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Figure 9 Trajectories of the vehicle in case of DYC

operational and non-operational

was decreased gradually from 0.2 rad/s to 0 rad/s. During the
disturbance, from 1 sec to 2 sec, the value of y was not
increased. However, in case of DYC non-operational, during
the disturbance, the value of y was increased. From this result,
it can be said that by using our proposed model, we can
obtain the optimum value of the y although the disturbance
was occurring.

Fig. 11 shows the changes of the f in case of DYC
operational and non-operational during cornering and
disturbance. From this result, in case of DYC non-operational,
the value of f was increased from 0 rad to 0.018 rad in 0.3
sec, then from 0.3 sec to 1 sec, the value of f was decreased
to 0.012 rad. When the disturbance was occurring, from 1 sec
to the vehicle completely stopped, the value of S was
increased gradually from 0.12 rad to 0.04 rad. In case of DYC
operational, from 0 sec to 0.02 sec, the value of f was
increased rapidly to 0.025 rad. Then from 0.02 sec to 1 sec,
the value of f was decreased rapidly from 0.025 rad to 0.005
rad. However, when the disturbance was occurring, from 1
sec to 3 sec, the value of f was increased gradually to 0.03
rad, and after 3 sec to the end, the value of f was decreased

approach to 0 rad. From this result, it shows that during

025 1000
-

3

£ 020 800

2 0.15 600 <
o 2
Rt L.e
g 0.10 400

£

(e}

£ 0.05 200

=

]

>

0.00 0
0 1 2 3 4 5

time (s)

Figure 10 Changes of the yaw moment velocity of the

vehicle in case of DYC operational and non-operational

Proceedings of the School of Engineering,
Tokai University, Series E



Skid Control of Small Electric Vehicles (Direct Yaw Moment Control using Tire Steer Angle)

1 1000

1 800

- 1 600

force (N)

1 400

4 ’ { 200

time (s)

Figure 11 Changes of the side slip angle of the vehicle in case

of DYC operational and DY C non0Ooperational

cornering and disturbance, by using our proposed model, we

can improved the value of £.
5. Conclusions

In this study, to improve the stability of the small
elelctric vehicle with two in-wheel motors, we have
constructed the novel method of the DYC using tire steer
angle. The simulation has been done in the conditions of
the vehicle was braking on the cornering and the
disturbance was hitting the vehicle from 1 sec to 2 sec.
From the simulation results, we found that several
conditions must be needed in our simulation to increase
the stability of the vehicle:

1. The velocity of the vehicle must be constant.

2. The changes of the lateral velocity must be small.
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