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ABSTRACT: With the motivation of the enhancement of the controllability of electric vehicles (EVs), this study proposes an
effective slip ratio control method of EVs that maximizes cornering force of each wheel. A variable slip ratio limiter (VSRL)
is constructed based on brush tire model in order to increase the lateral force of tire. However, a conventional VSRL did not
necessarily maximize cornering force since it did not consider the effect of steering angle and cornering drag force. The new
VSRL is proposed here with a basic experimental verification using a real EV. The results confirm the increase of both yaw
rate and lateral acceleration while turning at the same speed.
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1. Introduction
Electrification of vehicles has been an utmost priority in the ve-

hicle industries due to the arising environmental problems. Var-
ious studies have been conducted in order to electric vehicles
(BVs) such as range extension found in (1) and (2).On the other
hand, BEVs have other advantages in controllability, since elec-
tric motor has fast torque response within several milliseconds
and the generated torque and driving force acting on the wheel
can be easily obtained, and it can be mounted for each wheel
with ease, allowing all wheels individually driven (3). These ad-
vantages are the most important aspect of the maneuverability of
BEVs, and traction control and driving force distribution of each
wheel of BEVs are widely investigated (4) (5).

The group of the author has also been working on these fields.
For maximizing the effectiveness of the traction control while
maintaining simple structure of the controller, we developed a
driving force controller (DFC) (6) in 2011. The DFC has wheel
speed controller in its inner loop and directly controls slip ratio.

In order to fully maximize the tire force at any situation, Fuse
proposed a variable slip ratio limiter (VSRL) considering the lat-
eral slip angle of the wheels for the DFC based on λ-Method tire
model (7). Then, the VSRL based on brush tire model was pro-
posed afterwards so that wider types of tires can be handled (8).
However, when the sideslip angle is too large, the slip ratio (i.e.
longitudinal slip) is limited to zero by the VSRL and the maxi-
mization of the cornering force (perpendicular to the body speed
vector) cannot be achieved.

The newly proposed VSRL increases cornering force in case
the sideslip angle of the wheel is very large.The effectiveness of
the newly proposed VSRL is demonstrated byan experiment us-
ing a real EV, with the increase of yaw rate and lateral accelera-
tion.

2. Vehicle model
2.1. Simplified vehicle model

In this paper, we consider a vehicle model whose wheels are
individually driven. Fig. 1 shows an illustration of the vehicle
model. Detailed explanation of the vehicle model will be given
in the final manuscript.
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Fig. 1 Vehicle model.

2.2. Tire model
2.2.1. Friction circle

Fig. 2(a) shows a simplified tire model to consider. In the fig-
ure, Jω , ω, T , r, F , N , θ, and µmax are inertia of wheel, angular
velocity, torque input by traction motors, radius of tire, resultant
force of the tire, normal reaction force acting on tire, tire force di-
rection, and the maximum friction coefficient, respectively (sub-
scription ij is omitted in the figure).

2.2.2. Generation of Tire Force
In general, longitudinal and lateral force are generated by slip

ratio and sideslip angle respectively. In this paper, slip ratio λij

is defined by

λij = (Vωij − Vxij)/max(Vωij , Vxij), (1)

where Vωij = rωij and Vxij = Vij cosαij . The relation be-
tween slip ratio λ and friction coefficient of road µ is nonlinear
as shown in Fig. 2(b). The friction coefficient takes its maximum
value µmax at a certain slip ratio called optimal slip ratio λp0

when α = 0.

2.2.3. Brush Model
Brush model assumes countless number of brush-shaped elas-

tic body continuously on the surface of tire. Tire force and its
moment are calculated based on the elastic deformation of the
brush. a, b, Cx, Cy denote the length and width of contact area,
longitudinal and lateral stiffness of the brush, respectively. By
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(a) Friction circle.
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(b) λ–µ curve.

Fig. 2 Tire force model.

assuming that the longitudinal and lateral pressure distributions
of contact area are quadratic and constant respectively, resultant
force F , longitudinal force Fx, and lateral force Fy of tire are
obtained as follows (9).

F (λ, α) = µmaxNs(3− 3s+ s2), [0 ≤ s ≤ 1] (2)

where s is the normalized slip. When s = 0, tire is completely
adhesive. When s = 1, all the contact patch area becomes slip-
ping. Since the definition of slip ratio differs in case of accelera-
tion and deceleration, s and θ are respectively represented in each
case. In case of deceleration, they are given by

θ(λ, α) = − tan−1

(
ϕ tanα

λ

)
(3)

s(λ, α) = K

√
λ2 + ϕ2 tan2 α

1 + λ
(4)

K := a2bCx/6µmaxN = 1/λp0t, Cy = ϕCx (5)

where K is a parameter determining s, λp0t is an optimal slip
ratio for driving mode (λ > 0), and ϕ is a stiffness ratio between
longitudinal and lateral direction.

3. Driving Force Controller
Due to the limited space, detailed explanation of the DFC will

given in the final manuscript.

3.1. Block diagram and structure
The block diagram of the DFC is shown in Fig. 3. The feed-

back loop has a slip ratio controller with a limiter. The definition
of slip ratio λ has two cases on both acceleration and decelera-
tion. However, switching between these two is not desired for
smooth control, so the slip ratio reference value y is defined as

y = (Vω − V )/V = λ (λ < 0). (6)

This is the same definition as that of the slip ratio λ for deceler-
ation (λ < 0). y is used for both acceleration and deceleration
solely.

3.2. Previous variable slip ratio limiter
Fuse proposed a variable slip ratio limiter (VSRL) for y ac-

cording to the change of αij based on λ-Method tire model (7)

first, and then based on the brush tire model (8). With the brush
tire model, difference between longitudinal and lateral stiffness
can be taken into account as ϕ, which achieves more applicabil-
ity to wider tire types as compared to the λ-Method tire model.

In the previous study (8), the VSRL based on the brush tire
model is given by

ymax(α) = (λ2
p0t +X1)/(1− λ2

p0t) (|α| ≤ αmax) (7)

ymin(α) = (λ2
p0t −X1)/(1− λ2

p0t) (|α| ≤ αmax)(8)

X1 :=
√

λ2
p0t + (λ2

p0t − 1)ϕ2 tan2 α (9)

αmax := tan−1(λp0t)/(ϕ
√

1− λ2
p0t) (10)

With the VSRL, the normalized slip s is always kept within 1
(s ≤ 1) so that tire force is effectively maximized for both longi-
tudinal and lateral directions as long as |α| ≤ αmax satisfies.

In the previous study, in case of large sideslip angle |α| >

αmax, which means that lateral slip is so large that all the con-
tact patch area slips regardless of longitudinal slip (slip ratio λ),
ymax = ymin = 0 was adopted so that the largest lateral force
can be achieved.

4. Proposal of a new variable slip ratio limiter
4.1. Problem with the conventional variable slip ratio limiter

The previous VSRL did not consider the effect of the steer-
ing angle δf and body sideslip angle β. Therefore, the cornering
force, which is perpendicular to the direction of the body speed
vector, would not necessarily be maximized and the part of the
lateral force of the tire works as a cornering drag force due to the
steering angle δf and body sideslip angle β, especially in case of
large sideslip angle α.

In the previous VSRL, when |αij | > αmax, the DFC limits the
slip ratio λij to be zero. The tire force vector faces diagonally
backward by αij from the direction perpendicular to the body
speed vector Vij (shown as ”conv. VSRL” in Fig. 4). The lon-
gitudinal component with respect to the Vij works as cornering
drag force, which is Fij sinαij . On the other hand, a newly pro-
posed VSRL changes the slip ratio limiter so that the tire force
direction becomes perpendicular to the body speed vector Vij

(shown as ”prop. VSRL” in Fig. 4), effectively maximizing the
cornering force while decreasing the undesired longitudinal drag
force by Fij sinαij .

4.2. Cornering force maximization method
This section derives a desired slip ratio so that the tire force di-

rection becomes perpendicular to the body speed vector and the
cornering force can be effectively maximized. First, we define
ξij that represents the angle between Vij and V , which is given
by

ξij = δf + αij − β (11)

The desired tire force direction θij−CFM that faces perpendicular
to the body speed vector V is given by

θij−CFM = π/2 + αij − ξij (12)

Here, αij and θ = θij−CFM are given so that we can calculate
the desired slip ratio λij−CFM by substituting these values to (3)
as follows.

λij−CFM = ϕ tanαij tan(αij − ξij) (13)

Since we used the formula of the brush tire model in case of
deceleration for the derivation, we can directly use λij−CFM as
yij−max and yij−min.

4.3. Limiter-switching sideslip angle
The next thing to be done is to obtain the limiter-switching

sideslip angle αsw where the VSRL will be switched from the
conventional one to the newly proposed one. When α = αsw,
two relations s = 1 (condition of the original VSRL where the
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Fig. 3 Driving Force Controller with proposed variable slip ratio limiter.
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Fig. 4 The proposed VSRL faces the tire force
direction perpendicular to the body speed vector by

changing the slip ratio limiter, effectively increasing the
cornering force.

tire force becomes maximized) and λ = λij−CFM (condition of
the cornering force maximization) are satisfied simultaneously.
Unfortunately, a certain combination of λsw and αsw satisfying
the two relations is hard to obtain analytically. However, by as-
suming ϕ = 1 (having the equal stiffness for both the longitudinal
and lateral direction) and ξ = 0 (Vij = V ) for simplicity (rea-
sonable approximations for the most situations), we can obtain
the approximated value of αsw. With ϕ = 1 and ξ = 0, the two
relations are represented as follows.

s = 1 =

√
λ2
CFM + ϕ2 tan2 αsw

λp0t(1 + λCFM)
(14)

λCFM = tanα2
sw (15)

By substituting (15) to (14), the limiter-switching angle αsw is
obtained as

αsw = tan−1(λp0t/
√

1− λ2
p0t) = αmax (16)

This suggests that the limiter-switching angle αsw and αmax are
equal, conveniently. Therefore, the newly proposed VSRL lim-
its the slip ratio λ as shown in (7) and (8) when |αij | ≤ αmax,
as the same with the previous VSRL. On the other hand, when
|αij | > αmax, the proposed VSRL limits the slip ratio reference
values as shown in the following.

yijmax = yijmin = ϕ tanα2
ij (|αij | > αmax) (17)

From now on, the newly proposed VSRL ((7), (8), and (17)) is
noted as VSRL-CFM (CFM for Cornering Force Maximization).
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Fig. 5 VSRL-CFM controller and body speed
controller for the experimental verification.

5. Experimental Verification
An experimental verification of the VSRL-CFM was con-

ducted using our experimental EV. The EV approached to a slip-
pery road and made a right turn with gradually increasing steer-
ing angle (manually done by a driver) while the front wheels were
driven by a slip ratio controller with the proposed VSRL-CFM,
and the rear wheels were driven by a body speed controller to
maintain a constant speed of Vref = 6 m/s. At first, front wheels
are driven with the slip ratio reference at the optimal slip ratio
λp0t, but as sideslip angle αfj increases with the increasing steer-
ing angle, the VSRL-CFM reduces the limiter. After reaching the
limiter-switching sideslip angle αsw = αmax, the VSRL-CFM
starts to increase the limiter so that the cornering force can be
maximized. The slip ratio reference and the VSRL-CFM were
set with λp0t = 0.16 and ϕ = 1.14 which were obtained in ad-
vance (8) (10). For comparison, the same cornering experiment was
tested with the conventional VSRL.

5.1. Experimental results
Experimental results are shown in Fig. 6 and Fig. 7. Sideslip

angle αfj increases over 0.3 rad, larger than the limiter switching
sideslip angle αsw ≈ 0.18 (Fig. 6(a) and Fig. 7(a)). Slip ratio λfj

once decreases from 0.16 (λp0t) but then increases again from
around 0.85 s in case of the proposed VSRL-CFM(Fig. 7(b)),
while it is maintained around zero in case of the conventional
VSRL(Fig. 7(b)). Yaw rate γ in case of the proposed VSRL-CFM
reaches to larger (in case of the right turn, they become larger in
negative values) value compared to the conventional VSRL and
the proposed VSRL-CFM(Fig. 6(c) and Fig. 7(c)). Lateral ac-
celeration ay (Fig. 6(d) and Fig. 7(d)) seem to settle in the same
values around -2 m/s2. However, in case of the proposed VSRL-
CFM, ay once reached to -2.3 m/s2 so that we can conclude that
the proposed VSRL-CFM achieves greater lateral acceleration.
If we could have done the same experiment with longer slippery
road and measured the steady state longer, we might have seen
the clear difference. The increase of yaw rate γ and lateral ac-
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(a) Sideslip angle α.
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(b) Slip ratio λ.
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(c) Yaw rate γ.
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(d) Acceleration.

Fig. 6 Experimental results (Conventional VSRL).

0 0.5 1 1.5

Time [s]

0

0.1

0.2

0.3

0.4

T
ir

e 
sl

ip
 a

n
g

le
 

 [
ra

d
]

(a) Sideslip angle α.
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(b) Slip ratio λ.
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(c) Yaw rate γ.
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(d) Acceleration.

Fig. 7 Experimental results (Proposed VSRL-CFM).

celeration ay while on the same speed clearly demonstrates im-
provements of the maneuverability. Therefore, the newly pro-
posed VSRL works well during the cornering with large sideslip
angle α.

6. Conclusion
This study proposed an improved variable slip ratio limiter

(VSRL) for traction control of BEVs, in the view of realizing
better maneuverability for further development of BEVs. While
the conventional VSRL limited the slip ratio reference to be zero
when sideslip angle is large in order to achieve greater lateral
force for cornering. However, the tire force generated by the con-
ventional VSRL faced backwards when fully activated, causing

some cornering drag and cornering force cannot be maximized.
This paper suggested a new method to determine the VSRL based
on brush tire model so that the tire force face perpendicular to the
body speed vector, effectively maximizing cornering force. The
experimental result using a real EV showed increase of cornering
force, along with the increase of yaw rate, lateral acceleration,
and body sideslip angle.
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