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Cornering Force Maximization with Variable Slip
Ratio Control for Independent-All-Wheel-Drive
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Hiroyuki Fuse, Student member, IEEE, and Hiroshi Fujimoto, Senior member, IEEE

Abstract—The improvement of the maneuverability using fast
and precise control of the electric motor is a crucial subject. A
driving force controller (DFC) is considered to be a simple yet
excellent method to secure the traction of the tire by directly
limiting the slip ratio of the wheel. A conventional variable slip
ratio limiter (VSRL) used for the DFC changed the limit value
according the sideslip angle of the wheel, effectively maximizing
either longitudinal or lateral forces of the tire. However, this
did not necessarily maximize the cornering force, which is
perpendicular to the body speed vector. This study presents a
new variable slip ratio control method to maximize the cornering
forces when the wheels have a large sideslip angle, with the aim of
increasing maximum available lateral acceleration. An improved
VSRL is proposed so that even when the sideslip angle of the
tire is large, the tire force direction faces perpendicular to the
body speed vector and the cornering force can be maximized.
Simulations and experimental results using a real EV confirm
that cornering maneuverability can be improved, increasing the
yaw rate and lateral acceleration during cornering with a large
sideslip angle of the tire on slippery roads.

Index Terms—Electric Vehicle, Tire Force Control, Slip Ratio
Control, Motion Control, Critical Cornering

I. INTRODUCTION

Electric vehicles (EVs) with individually driven wheels have
been extensively studied for advantages concerning motion
control. Some of the active subjects are traction control and
yaw stability control by torque distribution. Recently, in order
to enhance the performance of the traction control, numerous
types of controllers have been proposed such as PI(D) control
[1], sliding mode control (SMC) [2], fuzzy control [3], and
model predictive control (MPC) [4]. As a general trend, most
of these studies limit the slip ratio within the optimal slip
ratio or certain ranges to prevent the wheels from slipping. In
some cases–as seen in [5]–the slip ratio limit is additionally
lowered while cornering considering lateral dynamics (such as
body sideslip angle and yaw rate).

The yaw stability control and torque distribution law for
independent-all-wheel-drive EVs (IAWD-EVs) are also ac-
tively studied [2], [6]–[8]. In recent years, concepts of the
hierarchical control structure are widely adopted [2], [6].
Typically from top to the bottom, the vehicle dynamics con-
troller mainly determines desired acceleration and yaw rate,
the second layer controller determines the torque distribution
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to each wheel, and the lower controller regulates the slip
ratio of each wheel. In [2], four-wheel-independently driven
and four-wheel-independently steered EV is considered. The
study tried to solve the interference between each independent
systems (such as anti-lock braking system, electric stability
control, and steering by wire system) by constructing a top-
to-bottom integrated motion control. Numerous studies related
to the yaw stability control and torque distribution law have
achieved various improvements. For example, [7] improves
the cornering response analytically by approximately 30%
via active torque vectoring control. [8] reduces the handling
manipulation effort by 40% using a multiple adaptive sliding
mode control. Additionally, for further safety, an advanced
driving assistance system (ADAS) is actively studied and
applied to commercial passenger vehicles [9]. ADAS concerns
variety of controls such as lane keeping assistance, adaptive
cruise control, and collision avoidance system.

In order to maximize the effectiveness of the traction control
while maintaining the simplicity of the controller, the author’s
group developed a ”driving force controller” (DFC) [10] in
2011 (see Fig. 5). The DFC has a single integrator for the slip
ratio control loop with a constant slip ratio limiter (CSRL)
and a following PI controller for the wheel speed control.
While the CSRL is simple to implement, there are some
situations where the lateral force cannot be generated enough
owing to the longitudinal slip remaining. In order to increase
the lateral force while cornering, a variable slip ratio limiter
(VSRL) for the DFC that considers the sideslip angle based
on λ-Method tire model was proposed [11]. Basically, when
the sideslip angle is large, the VSRL decreases the target
slip ratio up to zero. This allows to enhance the cornering
performance by effectively generating more lateral forces of
tires. However, when the sideslip angle is too large, all the
area of the contact patch goes into slippery mode even though
the slip ratio (i.e. longitudinal slip) is limited to zero by
the VSRL. This could happen when the manually steered
vehicle does not have a full active steering system and a driver
mistakenly turns the steering wheel excessively. In this case,
the lateral force of the tire (especially the front wheels) faces
diagonally backward due to the large steering angle. Therefore,
the cornering force (perpendicular to the body speed vector)
would decrease and undesired deceleration will occur due
to the longitudinal component of the lateral force. Since the
driver shows an intention of turning by excessively steering,
the vehicle should maximize the cornering force.

In order to deal with this problem, this paper proposes an
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Fig. 1: Vehicle model.

improved version of the VSRL. The main idea is to increase
the slip ratio so that the tire force vector faces forward and
becomes perpendicular to the body speed vector when sideslip
angle is large. This is the discerning point of this study, while
most of similar studies are simply trying to decrease the slip
ratio.

The effectiveness of the newly proposed VSRL is demon-
strated by simulations and experiments using a real EV. The
remainder of this paper is as follows. First, the vehicle model
and the tire model used for the simulation and the DFC are
shown. Second, the detail of the DFC and the conventional
VSRL are explained. Third, the newly improved VSRL and
its derivation are described. Then, the simulations and exper-
iments and their results are given to confirm its effectiveness.

II. VEHICLE MODEL

A. 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. In the figure, ax, ay , V , β, γ, α, Fx, Fy , and δf are
longitudinal, lateral acceleration, body speed, body’s sideslip
angle, yaw rate, sideslip angle, longitudinal force, lateral force
of each wheel, and front steering angle, respectively. The
subscription of i will be either f or r, indicating front or
rear wheel, and j will be either l or r, indicating left or
right respectively. For the sake of simplicity, it is assumed
that the steering angle of left and right sides is equal. By
decomposing the tire force vectors of each wheel and summing
up longitudinal, lateral components, we get the equations of
motion as follows

Max = (Fxfl + Fxfr) cos δf − (Fyfl + Fyfr) sin δf (1)
+ (Fxrl + Fxrr)

May = (Fxfl + Fxfr) sin δf + (Fyfl + Fyfr) cos δf (2)
+ (Fyrl + Fyrr).

For the rotation motion, we get

Iγ̇ =
df
2
(−Fxfl + Fxfr) cos δf + lf (Fxfl + Fxfr) sin δf

+ lf (Fyfl + Fyfr) cos δf +
df
2
(Fyfl − Fyfr) sin δf

+
dr
2
(−Fxrl + Fxrr)− lr(Fyrl + Fyrr), (3)

where I is the yaw moment inertia of the vehicle. Normal
reaction force acting on each wheel Nij is obtained by the
acceleration of the vehicle. For example, Nfl is given by

Nfl =
lr
2l
Mg− hg

2l
Max −

hg

2df
May (4)

where hg is the height of the center of the gravity (COG) of the
vehicle. This is a quite simple method and a comprehensive yet
more reliable method to estimate each load could be seen here
[12]. Sideslip angle is geometrically calculated. For example,
αfl is given by

αfl = tan−1 V sinβ + lfγ

V − γ
df

2

− δf ≊ tan−1 Vfl − δf . (5)

In order to simplify the calculations, we do not consider
suspension dynamics (pitch moment and roll moment) or
aerodynamics for the simulations.

B. Tire model

A real tire is extremely complicated and various uncertain
factors are involved with the generation of the tire force.For
analysis or simulations, a lot of tire models have been
presented to quantitatively describe the tire force [13] [14]
[15], with different focus, degree of complexity, and required
parameters.

1) Friction circle: Fig. 2 shows a simplified tire model to
consider. In the figure, Jω , ω, T , r, F , N , θ, and µmax are the
inertia of the wheel, angular velocity, torque input by traction
motors, radius of the tire, resultant force of the tire, normal
reaction force acting on the tire, tire force direction, and the
maximum friction coefficient, respectively (subscription ij is
omitted in the figure). Equation of the rotation of the wheel
is given by

Jωi ω̇ij = Tij − rFxij . (6)

Fundamentally, the torque T causes longitudinal slip due to
the difference between the ground speed on the wheel Vij and
the rotation speed of the wheel Vωij

= rωij . Combined with
the lateral slip, the tire generates its tire force in the same
direction of the overall slip. The following equation has to be
always satisfied

F =
√
F 2
x + F 2

y ≤ µmaxN. (7)

This concept is called a friction circle shown in Fig. 2 (dashed
circle). The tire force vector F never goes out of the friction
circle. Tire workload η is defined by

η =
√
F 2
x + F 2

y /(µmaxN) ≤ 1. (8)

Since the maximum available tire force is limited by µmaxN ,
both longitudinal force Fx and lateral force Fy cannot be max-
imized simultaneously, which is why the VSRL is important
to be able to maximize either of the longitudinal and lateral
force effectively.
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2) Longitudinal tire model: For the calculation of the
tire forces in the simulation, this paper adopts a simplified
Magic Formula tire model [14] to represent the longitudinal
characteristic (no sideslip angle) as follows.

µ(λ) = µmax sin

(
C tan−1B

[
(1−E)λ+

E

B
tan−1Bλ

])
(9)

where µ is a friction coefficient, and µmax is its maximum
value. This simplified Magic Formula can emulate the satu-
ration and the decrease of the friction coefficient when the
slip ratio becomes large. λ is a slip ratio which represents the
longitudinal slip defined by

λij = (Vωij
− Vxij)/max(Vωij

, Vxij). (10)

where Vxij is the longitudinal component of Vij . This curve is
shown in Fig. 3(a), with parameters of B=11.2757, C=1.3303,
E=-0.8501, µmax = 0.8. The friction coefficient takes its maxi-
mum value µmax at a certain slip ratio called optimal slip ratio
λp0 when there is no sideslip (α= 0). In Fig. 3(a), λp0 = 0.16.
In the simulation, these parameters are assumed to be constant
for simplicity (no change in road surface condition).

3) λ-Method tire model: This study utilizes a tire model
called λ-Method to obtain longitudinal force Fx and lateral
force Fy from slip ratio λ and sideslip angle α [15]. λ-Method
assumes that the tire has a uniform friction characteristic
for any direction on the contact patch. Thus, the tire force
vector faces towards the same direction of the combined
slip occurring. λ-Method only requires a longitudinal tire
model which is solely a function of the slip ratio (e.g., λ–
µ curve), in order to calculate the tire force vector. λ-Method
simply considers both slip and tire force as vectors (extending
longitudinal tire model to two-dimensional tire model). Tire
force vector f and slip ratio vector λ are defined by

f = µ(|λ|)Nλ/|λ| (11)

λ =
Vw −V

max(|Vw|, |V |)
=

Vw −V

max(Vw, V )
, (12)

where Vw and V are wheel speed vector parallel to the
rotation plane of the wheel, and body speed vector at the point
of the wheel, respectively (subscription ij is omitted here).

The norm of the slip ratio vector |λ| is represented by slip
ratio λ and sideslip angle α. In case of λ > 0, there are two
cases (|Vw| > |V | and |Vw| < |V |). The following relations
can be obtained geometrically

|Vw| > |V | ⇔ 1− λ > cosα (13)
|Vw| < |V | ⇔ 1− λ < cosα. (14)

In the case of 1− λ > cosα, we have

|λ| =
√
λ2 + (1− λ)2 tan2α. (15)

In the case of 1− λ < cosα, we have

|λ| =

√
sin2α+

(
λ

1− λ

)2

cos2α. (16)

On the other hand, in case of λ < 0, |Vw| < |V | is always
satisfied and the following is geometrically obtained

|λ| =
√

sin2α+ λ2 cos2α (17)

r
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Fig. 2: Tire force and friction circle.
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Fig. 3: Tire models.

Fig. 4 shows the tire workload η = µ/µmax characteris-
tic graph obtained by λ-Method using the equations above
(plotted using the simplified Magic formula tire model with
the parameters of B=11.2757, C=1.3303, E=-0.8501, the same
with Fig. 3(a).

III. DRIVING FORCE CONTROLLER

In this section, the previous DFC is explained.
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Fig. 4: Tire workload η characteristic. The circle is a set of λ
and α where η = 1 and |λ| = λp0 are satisfied. Being outside
of the circle means the overall slip becomes too large and
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for a stabler and safer maneuver.
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A. Block diagram and structure

The block diagram of the DFC is shown in Fig. 5. As
a demand longitudinal force F ∗

x is given by an upper level
controller, feedforward loop outputs an approximately ade-
quate torque reference which ignores the inertia of the wheel
(T ≈ rFx, from (6)). The inner slip ratio and wheel speed
control feedback loops adjust the slight error for the precise
output.

Generally, the longitudinal force of the tire Fx is nearly
proportional to the slip ratio λ in case λ ≈ 0 (Fig. 3(a)),
the DFC increases y, which is defined by y := (Vω − V )/V ,
using the integrator until desired longitudinal force is achieved.
However, since there is a limit to the tire force (µmax) as
explained earlier (see Fig. 3(a) and Fig. 4), we need to add
a saturation limit for y, so that the slip ratio can be kept
within the range where the friction coefficient µ is a monotonic
function of λ. By defining the upper limit yijmax and the
lower limit yijmin for the integrator, the saturation is applied
to the integrator output for limiting y to yijmin ≤ yij ≤ yijmax.
With this saturation limit, we can avoid y becoming too large,
which prevents the wheel angular speed ω and input torque T
becoming too large. In addition, an anti-windup feedback is
added to prevent undesired windup phenomena.

B. Previous variable slip ratio limiter

In the previous studies of the DFC, the saturation values of
yijmax and yijmin are fixed (to be 0.25 and 0.2 respectively,
corresponding to |λ| = 0.2 for example). Considering the
friction circle, it is only appropriate in case αij = 0 and
there will be a situation that intended lateral force cannot
be generated, because the overall slip becomes too large and
available tire force rather decreases.

To prevent this problem, Fuse proposed a new method to
determine the saturation values of y according to the change
of αij based on λ-Method [11]. λ-Method implies that the
norm of the slip ratio vector should be equal or smaller than
the optimal slip ratio λp0 in order to effectively maximize
available tire force, which is given by

|λ| ≤ λp0. (18)

If sideslip angle α is given,the maximum and minimum slip
ratio satisfying the condition are obtained by solving the

equations of (15), (16) and (18) for λ as follows

λmax(α) = sin2α+ cos2α
√
λ2

p0 − tan2α(1− λ2
p0)(19)

λmin(α) =

√
λ2

p0 − sin2α

cosα
(20)

λmax and λmin are for traction and braking mode, respectively.
The loop in Fig. 4 is plotted by the equations above, corre-
sponding to the red line (λmax)and blue line (λmin) in Fig. 4
The saturation value of y in the DFC is given by

ymax(α) =
sin2α+ cos2α

√
λ2

p0 − tan2α(1− λ2
p0)

cos2α+ cos2α
√
λ2

p0 − tan2α(1− λ2
p0)

(21)

ymin(α) =

√
λ2

p0 − sin2α

cosα
(22)

The previous study successfully demonstrated the increase
of the lateral force of the tire and lateral acceleration during
cornering [11]. However, if |α| exceeds sin−1 λp0, tire work-
load η becomes always less than 1 regardless of the slip ratio
λ since it is outside of the circle of η = 1 in Fig. 4 (in that
case, the inside of the square root of the above equations
of the VSRL becomes negative). Such situations should be
avoided by properly adjusting the steering angle if possible.
In that case, in order to minimize the slip of the tire, slip ratio
reference was set to be y = 0 (|α| > sin−1 λp0).

IV. PROPOSAL OF A NEW VARIABLE SLIP RATIO LIMITER

A. Problem with the conventional variable slip ratio limiter

While the previous study was capable of maximizing the
tire force,it did not consider the effect of the steering angle
δf .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.This is illustrated in Fig. 6.

In the previous VSRL, when |αij | > sin−1 λp0, the DFC
controls the slip ratio λij to be zero. Therefore, Vwij = Vxij

holds in Fig. 6(a). Geometrically, the direction of the tire force
is diagonally backward by αij from the direction perpendicular
to the body speed vector Vij (a dashed line below). The
longitudinal component with respect to the Vij works as
cornering drag force, which is Fij sin(αij).
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Fig. 6: Comparison of the tire force direction between the
conventional and proposed VSRL when αij ≥ sin−1 λp0.

On the other hand, a newly proposed VSRL changes the slip
ratio limiter so that the tire force direction becomes perpen-
dicular to the body speed vector Vij as shown in Fig. 6(b),
effectively maximizing the cornering force while decreasing
the undesired longitudinal drag force by Fij sin(αij).

B. Cornering force maximization method

This section derives a desired slip ratio so that the tire force
direction becomes perpendicular to the body speed vector and
the cornering force can be effectively maximized. Fig. 7 shows
an illustration of the proposed method (front left tire is shown
here as an example). Here, Vfl is the body speed vector at
the front left wheel, which is slightly different due to the yaw
rotation. In order to direct the tire force ffl perpendicular to
the direction of the body speed vector V , slip ratio vector
λ has to be directed in the same direction. Therefore, wheel
speed vector Vwfl has to be on the dashed line in the left side
figure in Fig. 7. Since V -direction component of Vwfl and Vfl

are equal, the following is satisfied

Vfl cos(δf − β + αfl) = Vwfl cos(δf − β). (23)

Thus, desired slip ratio λfl−CM (CM for Cornering force
Maximization) is obtained as follows

λfl−CM = 1− cos(δf − β)

cos(δf − β + αfl)
cosαfl. (24)

λfl−CM will be used for the new VSRL in case the sideslip
angle is large instead of λ = 0 (the conventional VSRL).

C. Derivation of limiter-switching sideslip angle

The next thing to do is to obtain the limiter-switching
sideslip angle αsw where the VSRL will be switched from
the conventional to the new proposed one. When α = αsw,
two relations |λ|= λp0 (condition of the original VSRL where
the tire force becomes maximized) and λ ⊥ V (condition of

Y

XVVflVwfl

�

�f

�fl
�

Vwfl|�|
Vfl

Vwfl

�fl
�

K�p0

1

K cos�

sin�

Fig. 7: Illustration of cornering force maximization.

the cornering force maximization) are satisfied. The limiter-
switching sideslip angle αsw can be geometrically obtained
from Fig. 7.

First, since Vwfl > Vfl, slip ratio vector turns out λ =
(Vwfl −Vfl)/Vwfl. Therefore, the norm of Vwfl −Vfl (the
length of the red arrow in the left side figure of Fig. 7) is
Vwfl|λ|. Since we assume |λ| = λp0, we can simplify the
geometric relation as shown in the right side figure in Fig.
7. Here, each arrow is divided by Vfl and K = Vwfl/Vfl. In
this figure, known parameters are ξ and λp0, while unknown
parameters to obtain are K and αfl. From the large right angle
triangle, we have this relation

K2 = cos2 ξ + (Kλp0 + sin ξ)2. (25)

By solving this for K, we get

K =
λp0 sin ξ +

√
1− λ2

p0 cos
2 ξ

1− λ2
p0

. (26)

From the small right angle triangle, we have a relation

(Kλp0)
2 = (K − cosαfl)

2 + sinα2
fl. (27)

By substituting the obtained K and solving the above equa-
tion for αfl, we get the limiter-switching sideslip angle αsw
represented by

αsw = cos−1

 1− λ2
p0

2
(
λp0 sin ξ +

√
1− λ2

p0 cos
2 ξ

) (28)

+
λp0 sin ξ +

√
1− λ2

p0 cos
2 ξ

2

 (29)

ξ = δf + αfl − β = tan−1 V sinβ +
lf
V γ

V cosβ − df

2 γ
− β (30)

So far, we assume Vij ̸= V , but usually they are very close
to each other and the approximation Vij ≈ V does not change
αsw much (numerically, four digits are matched to each other
in the simulations). In that case, ξ = 0 holds and λfl−CM and
αsw are simplified as follows
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λfl−CM = sin2αfl (31)

αsw = cos−1
√
1− λ2

p0 = sin−1 λp0 (32)

Conveniently, αsw turns out to be no other than sin−1 λp0,
exactly the same value where the previous VSRL starts to limit
the slip ratio to be zero. Therefore, the newly proposed VSRL
limits the slip ratio λ as shown in (21) and (22) when |αij | ≤
sin−1 λp0 just like the conventional VSRL. On the other hand,
when |αij | > sin−1 λp0, the proposed VSRL limits the slip
ratio reference values as shown in the following.

yijmax(α) = yijmin(α) = tan2αij (|αij | > sin−1 λp0) (33)

From now on, the newly proposed VSRL ((21), (22), and
(33)) is noted as VSRL-CFM (CFM for Cornering Force
Maximization).

V. EXPERIMENTAL VERIFICATION

An experimental verification of the VSRL-CFM was con-
ducted using an experimental EV.

A. Situation of experiments

The EV approached a slippery road and made a right turn
with gradually increasing steering angle (manually done by
a driver) while the front wheels were driven by the slip ratio
reference at the optimal slip ratio λp0 with the proposed VSRL-
CFM. In order to solely evaluate the effect of the VSRL-CFM,
the outer feedback loop and the feedforward loop of the DFC
were not implemented as shown in Fig. 8.

The setup is emulating a driver presses the accelerator
excessively, but tries to make a turn by steering simultaneously.
In this situation, the sideslip angle of the front wheels becomes
large, precisely emulating the situation where the conventional
VSRL has its issue. As the sideslip angle αfj increases, the
VSRL-CFM reduces the value of yfj−max. After reaching the
limiter-switching sideslip angle αsw = sin−1 λp0, the VSRL-
CFM starts to increase yfj−max so that the cornering force
can be maximized. On the other hand, the rear wheels were
driven by a body speed controller to maintain a constant body
speed of Vref = 7 m/s (see Fig. 8). By maintaining the constant
body speed, cornering maneuverability can be evaluated easily
by comparing lateral acceleration ay , yaw rate γ, and body
sideslip angle β. The slip ratio reference and the VSRL-CFM
were set with λp0 = 0.16, which were obtained in advance
[16]. For comparison, the same cornering experiment was
tested with the conventional VSRL.

B. Measurement and estimation

The algorithm of the VSRL-CFM controller was coded
using Matlab/Simulink. We used a AUTOBOX DS1103 and
Control Desk by d-Space to implement the VSRL-CFM con-
troller on the experimental vehicle. With the measurement
setup, all the necessary variables (ax, ay , γ, V , β, αij , ωij ,
Fxij , Fyij ,δf , Nij) can be either directly measured or calcu-
lated. The lateral force of each wheel Fyij cannot be measured
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*

Trj
*
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Vfj
�fj
�fj
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�fj
*
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VSRL-CFM
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+
−
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−

�p0

�fjyfjmax(�ij)

Fig. 8: VSRL-CFM controller and body speed controller for
the experimental verification.

(a) FPEV2–Kanon. (b) In-wheel motor.

Fig. 9: Experimental vehicle and equipped in-wheel motor.

by the measurement setup (although it is not required for the
VSRL-CFM controller). Although there are studies to estimate
Fyij [19] using somewhat complex methods, this study only
needs those information to estimate the effect of the proposed
method. It should be noted that body speed V and body
sideslip angle β can be estimated without the use of the
optimal velocity sensor as suggested in [17] [18].

C. Experimental vehicle

In this study, we use a real EV ”FPEV2–Kanon” shown in
Fig. 9(a) for the experimental verification. The EV is equipped
with an direct-drive in-wheel motor (IWM) in each wheel. Tab.
I shows the experimental vehicle’s specifications.

D. Computer simulation and results

Prior to the experimental verification, the simulations using
the vehicle model described in the second chapter were carried
out as the confirmation.Tab. II shows the conditions for the
simulations. The absolute value of the steering angle was
increased from 0 to 0.5 rad by the rate of 0.05 rad/s. The
tire model was emulated by Magic formula and λ-Method tire
model, with the same parameters shown earlier. The optimal
slip ratio of this tire is λp0 = 0.16, and maximum friction

TABLE I: Vehicle specification.

Vehicle mass (including driver) M 910 kg
Wheelbase l 1.7 m

Distance from center gravity lf :1.0 m
to front and rear axle lf ,lr lr :0.7 m

Gravity height hg 0.51 m
Front and rear wheel inertia Jωf , Jωr 1.24, 1.26 kg·m2

Wheel radius r 0.302 m
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TABLE II: Conditions of the simulations.

|δfmax| |δ̇f | λp0 µmax Vinit
0.5 rad 0.05 rad/s 0.16 0.23 5 m/s
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Fig. 10: Simulation results. Compared to the conventional
VSRL, the slip ratio of the front wheels λfl started to increase
again when the sideslip angle exceeds αfl > sinαsw, which is
slightly before 5s.

coefficient is µmax = 0.23. They are close to the conditions of
the real experiments.

Fig. 10 shows the simulation results with the conventional
VSRL and the proposed VSRL-CFM (only results of front left
wheels are shown). As the sideslip angle αfl increases, the slip
ratio λfl inversely decreases during 0 to 4 seconds in the both
cases (Fig. 10(a)). Afterwards, it increases again in the case of
the VSRL-CFM. With this, the longitudinal and lateral forces
Fxfl, Fyfl change alternatively, as intended (Fig. 10(b)).

The yaw rate γ, lateral acceleration ay , and body sideslip
angle β have larger value while having large sideslip angle
(after 10 seconds) compared to the conventional VSRL (Fig.
10(c), Fig. 10(d), Fig. 10(e)). Furthermore, as seen in Fig.
10(f), vehicle turns sharper.

E. Experimental results

The experimental results have generally the same tendency
compared to the simulation results (Fig. 11). As the sideslip
angle αfl increases up to 0.38 rad, the slip ratio λfl once
decreases but then increases again from around 0.6s in the
case of the proposed VSRL-CFM (Fig. 11(a)). The large
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Fig. 11: Experimental results. The proposed VSRL-CFM has
larger maximum yaw rate and lateral acceleration.

increase of the longitudinal force Fxfl and the slight decrease
of Fyfl in case of the proposed VSRL are also the same in the
simulations, indicating that the proposed VSRL-CFM worked
properly (Fig. 11(b)). The yaw rate γ and lateral acceleration
ay in the case of the VSRL-CFM reach to the larger maximum
values by 10% and 5%, respectively.

F. Discussions

According to the simulation results, the proposed new
VSRL increases both the yaw rate and lateral acceleration by
5% when the vehicle is turning with the front wheels having
a large sideslip angle compared to the previous VSRL. The
experimental results basically demonstrate the same tendency
with the simulations. Therefore, the proposed VSRL can be
useful when a manually steered IAWD-EV is turning with
an excessive steering angle mistakenly done by a driver. The
proposed VSRL guarantees the maximum lateral acceleration
so that the most important request of the driver to turn a curve
is fulfilled.

However, by applying the proposed VSRL, the body sideslip
angle β also increases so that this control must be enabled
only when β is within a certain range (as seen in the envelop
controls shown earlier) unless the driver wishes to drive
without such assistance (for fun-to-drive). In case the vehicle
has a large body sideslip angle β and becomes unstable,
longitudinal forces must be generated so that yaw rate can
be directly controlled or the vehicle can decelerate (i.e., the
VSRL must be deactivated in that case). Further designs of
the new VSRL considering the preference of the driver and
integration with torque distribution laws and upper vehicle
motion controls should be studied. Another thing to discuss
is the variation of the optimal slip ratio λp0 because of the
change of the road conditions. There are studies to estimate
the maximum friction coefficient µmax and the optimal slip
ratio λp0 seen in [20]. Such the tracking method could be
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combined with the proposed VSRL for operating on various
conditions of roads.

VI. CONCLUSION

This study has presented a new variable slip ratio limiter
(VSRL) to maximize the cornering force of a manually-
steered-independent-all-wheel-drive electric vehicle when the
vehicle is turning while the wheels have a large sideslip angle.
A new method to determine the VSRL is based on λ-Method
tire model so that the tire force face perpendicular to the body
speed vector, effectively maximizing the cornering force. The
simulation results demonstrated that both yaw rate and lateral
acceleration can be increased by 5% when the sideslip angle
is quite large during a turn, along with the slight increase of
the body sideslip angle and decrease of the turning radius. The
experimental results using a real electric vehicle showed the
slight increase of the yaw rate, lateral acceleration, and body
sideslip angle. These results suggest the plowing of the vehicle
can be reduced by the increase of the cornering force.
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