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ABSTRACT
This paper presents an active slip control system (ASCS) for a four-wheel drive electric vehicle (EV)
using an active suspension of the vehicle. The integrated control mechanism is designed using
a combination of a fuzzy controller and a nonlinear back-stepping controller to control the slip
of the individual wheels with the help of the active suspension of the vehicle. In this research,
the presented control mechanism is implemented in two steps. In the first step, based on the
friction coefficient calculated from a nonlinear tire model, the fuzzy controller will generate the
vehicle roll and pitch angles required to reduce the slipping of the individualwheels by changing
the vertical load of the individual wheel. In the second step, a nonlinear back-stepping controller
is used to track the required roll and pitch angles using the active suspension of the vehicle. A
linear seven degree of freedom (DOF) vertical mathematical model is used for the design of the
nonlinear back-stepping controller, while the rules of the fuzzy controller are interpreted from
the friction coefficients of the tyremodel. The performance of the presented control mechanism
is verified using a 14-DOF nonlinear model with nonlinear tyre dynamics. The simulations using
a nonlinear vehicle model show that the presented controller can successfully improve vehicle
stability by reducing the slipping of the individual wheel.
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1. Introduction

Recent years have witnessed an increasing demand for
electric vehicle (EV). Due to the development of the
advance technology for safety and high mobility the
environment friendly EV has become a prime focus
of research in the automobile industry [1]. With the
introduction of in-wheel motors, the four independent
wheel drive (4IWD) vehicles with four independent
electric motors are considered to be more easily con-
trollable as compared to the internal combustion engine
vehicles [2]. The emergence of the independently actu-
ated (IA) drive in EV opened many new research areas
for the improvement of the manoeuvrability and active
safety [3–6].

In spite of the fact that four independent in-wheel
motors can result in fast and accurate torque distri-
bution for the motion control of the vehicle, control-
ling such a vehicle, especially in corners and slippery
conditions, is a most challenging task for the control
designers [7,8].

Different control techniques are utilized to prevent
the vehicle from driving out of its desired path [9];
to name few, for electronic stability controller (ESC),
see [10,11], many studies were conducted regard-
ing vehicle chassis attitude control [12,13] and inte-
grated full-vehicle active safety control systems, see
[14–16]. Although the above-mentioned techniques

greatly improve the performance of the vehicle in
normal and some extreme conditions but the slip-
ping of tyres always limit the performance of the
mentioned techniques. The friction forces between
the road and tyres are normally defined by the road
conditions and are usually out of control of vehicle
driver, and the performance of all active chases con-
trol techniques mainly depends on the tyre friction
forces.

Active suspension systems have been widely studied
for the improvement of the attitude control where the
main task is to improve the ride comfort of the vehi-
cle by using the suspension deflection of the individual
wheels to reduce the roll, pitch and heave motions of
chassis during different road disturbances, especially in
sharp corners and braking manoeuvres [17–19].

This work is aimed at using active suspension of the
vehicle to reduce slipping of the individual wheels. The
basic idea behind the need for an active slip control sys-
tem (ASCS) is the loss of road grip that can lead to poor
steering control and loss of stability of vehicles because
of the difference in tyre forces of the vehicle wheels.
In this paper, with the help of suspension deflection
the vertical load of the individual wheels is manipu-
lated in such a way that improves the slipping of the
wheels. The presented integrated control mechanism
is designed using a combination of a fuzzy controller
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Figure 1. 14-DOF non-linear vehicle model.

and a nonlinear back-stepping controller to control the
slip of the individual wheels with the help of the active
suspension of the vehicle.

In this research, the presented control mechanism is
implemented in two steps. In the first step, based on
the friction coefficient calculated from a nonlinear tire
model, the fuzzy controller will generate the required
pitch and roll angle needed to reduce the slipping by
changing the vertical load of the individual wheel, in
the second step a nonlinear back-stepping controller is
used to track the desired pitch and roll angle using the
active suspension of the vehicle.

A linear seven degree of freedom (DOF) vertical
mathematical model is used for the design of the non-
linear back-stepping controller, while the rules of the
fuzzy controller are interpreted from the friction coef-
ficients of the tyre model. The performance of the
presented control mechanism is verified using a 14-
DOF nonlinear model with nonlinear tyre dynamics.
The simulations using a nonlinear vehicle model under
different driving conditions show that the presented
controller can successfully improve vehicle stability by
reducing the slipping of the individual wheel.

The rest of this paper is organized as follows. Section
2 presents the mathematical models of the tyre and
vehicle. Section 3 describes the design procedure for
the integrated controller. Simulation results using a
high fidelity nonlinear vehicle model are discussed in
Section 4, followed by conclusion.

2. Vehicle mathematical model

This section explains the mathematical models used in
this paper. In this paper, a 7-DOF four-wheel vehicle

vertical model is used for the design of the active
suspension controller that stabilises the vehicle dur-
ing extreme driving condition. The performance of the
designed controllers is then verified using 14-DOF full
car nonlinear model, which is more close to the actual
system. 14-DOF nonlinear car model allows taking
into consideration nonlinear load transfer, the coupling
effect between the vehicle suspension and the handling
dynamics.

2.1. Vehiclemathematical model 14-DOF

Figure 1 exhibits the schematics of the 14-DOF vehi-
cle model used to investigate the effects of the pro-
posed controller. The nonlinear passive vehicle model
as discussed by [20] includes 6-DOF at the mass cen-
tre of the vehicle body and 2-DOF at each of the four
wheels. The 6-DOF represents the vehicle body lon-
gitudinal, lateral and vertical motions along with roll,
pitch and yaw motions in x, y and z directions in body-
fixed coordinate. The 2-DOF at each of the four wheels
represents vertical and rotational motions of each
wheel.

14-DOF model dynamics equations for vehicle
bodys longitudinal, lateral and vertical motions along
with roll, pitch and yaw motions in x, y and z
directions in body-fixed coordinate can be rewritten
as

m(u̇ + ωyw − ωzv) =
4∑

i,j=1
Fxsij + mg sin θ (1)

m(v̇ + ωzu − ωxw) =
4∑

i,j=1
Fysij − mg sinφ cos θ (2)
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Figure 2. Simplified 7-DOF vehicle model for active suspension.

m(ẇ + ωxv − ωyu)

=
4∑

i,j=1
(Fzsij + Fdzij)− mg cosφ cos θ (3)

Jxω̇x =
4∑

i,j=1
Mxij + (Fzslf + Fzslr)wr − (Fzsrf + Fzsrr)wl

(4)

Jyω̇y =
4∑

i,j=1
Myij + (Fzslr + Fzsrr)lr − (Fzsrf + Fzslf )lf

(5)

Jzω̇z =
4∑

i,j=1
Mzij + (Fxsrf + Fxsrr)wl − (Fxslf + Fxslr)wr

+ (Fysrf + Fyslf )lf − (Fysrr + Fyslr)lr (6)

In Equations (1), (2) and (3),m is the sprungmass and g
is known as gravitational acceleration, u,v andw are the
longitudinal, lateral and vertical velocities respectively,
similarly the forces Fxsij,Fysij,Fzsij respectively represent
longitudinal, lateral and vertical forces acting at the
mounting point of the car body, where ij subscript rep-
resents left-front, right-front, left-rear and right-rear
respectively throughout this paper. ωx, ωy and ωz in
Equations (4) , (5) and ( 6) are the roll, pitch and yaw
angular velocities, Jx, Jy, Jz are the roll, pitch and yaw
inertia, and Mxij,Myij,Mzij define the moments in x, y
and z directions respectively.

Also Equations for 2-DOF at each of the four wheels
which represents vertical (wui) and rotational (ωwi)
motions of each wheel can be written as (7) and (8)

mui(ẇui + ωxvui − ωyuui) = Fzgsi

− muig cos θn cosφn − Fzsi − Fdzi (7)

Jwiω̇wi = −Fxwiri + τb (8)

The cardan angles (θ , φ, andψ) can be calculated using
the following equations:

θ̇ = ωy cosφ − ωz sinφ (9)

φ̇ = ωx + ωy sinφ tan θ + ωz cosφ tan θ (10)

ψ̇ = ωy
sinφ
cos θ

+ ωz
cosφ
cos θ

(11)

2.2. Vehicle vertical mathematical model 7-DOF

To design a back-stepping controller, a 7-DOF simple
linear full car model as presented in [11] is used which
ignores the longitudinal, lateral and yawmotions of car
body and rotational motion of wheel. In this full-car
linear model, 3-DOF represents pitch, roll and heave
motions of car body and 4-DOF represents vertical tire
motion for each tire as shown in Figure 2.

Dynamics equations for themotions of car body and
for the vertical motion of four tires are as follows:

mz̈c =
4∑

i,j=1
fij (12)

Jxφ̈l = m(h + z)v̇ + (−ffr + ffl)wr + (−frr + frl)wl
(13)

Jyθ̈l = m(h + z)u̇ − (ffr + ffl)lf + (frl + frr)lr (14)

muiz̈ij = −ktij(zij − zoij)− fij (15)

Fij in Equation (12) defines the vertical forces trans-
ferred to the sprung mass in the vehicle body fixed
frame. in Equation (13) h is the height of the centre
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of gravity (c.g) of the car body from ground. For fur-
ther simplification , Equations (13) and (14) can be
written as

Jxφ̈l = m(h + z)v̇ + Eφ (16)

Jyθ̈l = m(h + z)u̇ + Eθ (17)

where Eφ and Eθ are the intermediate control variables
and can be written as

Eφ = (−ffr + ffl)wr + (−frr + frl)wl (18)

Eθ = −(ffr + ffl)lf + (frl + frr)lr (19)

Suspension forces of car body are generated by the
addition of actuators to the suspension system. This
addition along with spring and dumper can produce
upward and downward control forces, these forces can
be calculated as

ffr = kfr(zfr − zc + lf θl + wrφl)

+ bfr(żfr − żc + lf θ̇l + wrφ̇l)+ ufr (20)

ffl = kfl(zfl − zc + lf θl − wlφl)

+ bfl(żfl − żc + lf θ̇l − wlφ̇l)+ ufl (21)

frl = krl(zrl − zc − lrθl − wlφl)

+ brl(żrl − żc − lr θ̇l − wlφ̇l)+ url (22)

frr = krr(zrr − zc − lrθl + wrφl)

+ brr(żrr − żc − lr θ̇l + wrφ̇l)+ urr (23)

In Equations (20)– (23), kfr, kfl, krl, krr represent spring
stiffness, bfr, bfl, brl, brr define damping coefficients,
zfr, zfl, zrl, zrr denote the vertical displacement and
ufr, ufl, url, urr are called the control inputs at front right,
front left, rear left and rear right respectively, similarly
lf , lr is the distance from the centre of gravity to the front
and rear axles. Using Equations (18) and (19), the inter-
mediate control variables the suspension forces fij can
be written as

[
Eθ
Eφ

]
=

[−wr wr −wl wl
−lf −lf lr lr

]
⎡
⎢⎢⎣
ffr
ffl
frr
ffr

⎤
⎥⎥⎦ (24)

where

A =
[−wr wr −wl wl

−lf −lf lr lr

]
(25)

⎡
⎢⎢⎣
ffr
ffl
frr
ffr

⎤
⎥⎥⎦ = A−1

[
Eθ
Eφ

]
(26)

SinceA is a rectangularmatrix, therefore we can use the
following matrix identity:

A−1 = (AT ∗ A)−1AT

⎡
⎢⎢⎣
ffr
ffl
frr
ffr

⎤
⎥⎥⎦ = (AT ∗ A)−1AT

[
Eθ
Eφ

]
(27)

2.3. Nonlinear tyremodel

Tyre model is one of the basic building blocks of every
vehicle dynamic simulation. Tyre model produces the
forces required to drive the simulation/model. Nonlin-
ear tyre forces (Fxij, Fyij) which are used in the men-
tioned vehicle model are calculated as function of tyre
slip using PacejkasMagic Formula as explained by [21].
The total friction coefficient at each wheel is calculated
as a function of total slip using magic formula as

μij(sij) = D sin(C arctan(Bsij)) (28)

where μij is the friction coefficient, D is the peak value
andC is the shape factor of tyre curve shown in Figure 3.
The resultant tire slip (sij) is calculated as

sij =
√
s2xij + s2yij (29)

where (sxij) are the theoretical longitudinal slips and
(syij) are the lateral slips of the corresponding wheel.
The longitudinal and the lateral slips are calculated as

sxij = Vxij − ωijrij
ωijrij

(30)

syij = Vyij

ωijrij
= (1 + sxij) tan(αij) (31)

where (ωij) is the rotational speed of each of the four
wheels, (rij) is the radius of the corresponding wheel
and (Vxij,Vyij) are the longitudinal and lateral compo-
nents of the vehicle body velocity vector at the cor-
responding wheels. The slip angle at each wheel is
calculated as

tan(αij) = Vyij

Vxij
(32)

Using the friction circle equation, the friction coeffi-
cient components in the longitudinal and lateral direc-
tion are given as

μxij = − sxij
sij
μij(sij) (33)

Figure 3. Magic formula [21] slip ratio versus friction coeffi-
cient.
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μyij = − syij
sij
μij(sij) (34)

Using (Fzij) as the vertical force on each of the four
wheels, the longitudinal and lateral tyre forces can be
calculated as s

Fxij = μxijFzij, Fyij = μyijFzij (35)

3. Control design

This section discusses the design of the controllers used
for the proposed ASCS. Figure 4 shows the main block
diagram for the designed control system. TheASCSwill
be implemented in two stages. In first stage, based on
the slipping condition of the individual wheels a fuzzy
controller is used to calculate the desired roll and pitch
angle of the vehicle to minimise the slip of the indi-
vidual wheel. In the second stage, based on the inputs
from the fuzzy controller, a backstepping controller is
used to generate the control inputs for the individual
suspension in order to increase the vertical load on the
slipping wheels. The details of the individual controller
are explained in the following section.

3.1. Fuzzy controller

The dynamic nature of the vehicles with uncertain and
some time imprecise sensor information makes it very
difficult to accurately and completely model the envi-
ronment of the vehicle [22]. The tyre models and vehi-
cle system dynamics are complex and non-linear, and
the interaction between the wheels and the ground is
hard to model, which led us to design a fuzzy controller
for the calculation of desired pitch and roll angles using
slip information, i.e. a control system based upon fuzzy
logic [23]. The tyre model shown in Figure 3 is approx-
imated using the nonlinear sigmoid and a triangular
membership function. The fuzzy control does not need
a complete mathematical model of the controlled sys-
tem. One of the first fuzzy controllers was proposed in
[24]. Since then, fuzzy control has been applied tomany
problems for the control of car-like vehicles [25–27].

Figure 4. Control architecture for slipping control.

In this paper due to the complexity of the tyre mod-
els and the difficulty to model the interaction between
the wheels and the ground, the fuzzy controller is used
to generate the desired roll and pitch angle based on
the slip ratio of the individual wheels. Figure 3 shows
the plots of Magic formula as explained by Section 2.3
for different road conditions. Based on Figure 3, the
relationship between friction and slip can be divided
into three regions: a stable or always controllable region,
a limit region or partially controllable region, and an
unstable or uncontrollable region. In the stable region,
the tyre road offers maximum friction forces and the
vehicle is controllable. As the slip ratio increases to
the limit region, the forces provided by the tyre road
interaction reach its peak value, which restricts the
maximum driving force. If the slip ratio keeps increas-
ing, it will enter the unstable region where the friction
forces saturate and reach its maximum value, the fur-
ther increase in slip ratio will have no effects on the
available friction forces, in this region due to the lim-
ited friction forces the vehicle could become unstable
and uncontrollable.

Based on the slip information from the individual
wheels of the vehicle, the fuzzy controller will generate
roll and pitch angles required to increase the vertical
load on slipping wheels. To implement the relation-
ship between the slips of the individual wheels and the
required roll and pitch angles, the fuzzy values of each
input variable in the form of individual wheel slip are
described as stable slip region (sijs), limit slip region (sijl)
and zero slip (ZS). The input membership functions for
sij are shown in Figure 5.

In this figure, the membership functions are chosen
based on the stability regions defined in Figure 3. The
fuzzy controller is designed to produce linear output
in the stable region because of the maximum available
frictionwhile a sigmoid function is selected for the limit
region. The fuzzy controller will maintain itsmaximum
output value for the slip inputs corresponding to the
unstable region.

Figure 5. Membership functions for input sij calculation.
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Figure 6. Membership functions for desired pitch calculation.

Figure 7. Membership functions for desired roll calculation.

In this research, the output pitch and roll variables
are described as Positive Big (PB), Positive Small (PS),
Zero (Z), Negative Small (NS),and Negative Big (NB).
Based on the stability regions, the output membership
function is chosen to produce small output in the stable
region and to make the fuzzy controller most active in
the limit region. The fuzzy controller maximum out-
put for desired pitch angle is limited to three degree
while the roll angle maximum output is limited to 10
degree due to active suspension limitations [19]. The
output membership function of the designed controller
for pitch calculation is shown in Figure 6, while out-
put membership function for roll calculation is shown
in Figure 7. After the formulation of the fuzzy rules,
the characteristic graph of the presented fuzzy con-
troller can be as shown in Figure 8. Based on the above
discussion, the fuzzy rules are summarized in Table 1.

3.2. Back-stepping controller

In this paper, an iterative back-stepping nonlinear con-
trol technique is utilized to design a roll and pitch track-
ing controller which is robust as compared to other

Figure 8. The characteristic graph for fuzzy logic.

Table 1. Fuzzy controller rules for active slip control.

Inputs Outputs

Srf Slf Slr Srr Pitch Roll

Srfs ZS ZS ZS PS PS
ZS Slfs ZS ZS PS NS
ZS ZS Slrs ZS NS NS
ZS ZS ZS Slrrs NS PS
Srfl ZS ZS ZS PB PB
ZS Slfl ZS ZS PB NB
ZS ZS Slrl ZS NB NB
ZS ZS ZS Slrrl NB PB
Srfs Slfs ZS ZS PS Z
ZS ZS Slrs Slrrs NS Z
Srfs ZS ZS Slrrs Z PS
ZS Slfs Slrs ZS Z NS
Srfl Slfl ZS ZS PB Z
ZS ZS Slrl Slrrl NB Z
Srfl ZS ZS Slrrl Z PB
ZS Slfl Slrl ZS Z NB
Srfs Slfl Slrl Slrrl NB NB
Srfl Slfs Slrl Slrrl NB PB
Srfl Slfl Slrs Slrrl PB PB
Srfl Slfl Slrl Slrrs PB NB
Srfl Slfs Slrs Slrrs PB PB
Srfs Slfl Slrs Slrrs PB NB
Srfs Slfs Slrl Slrrs NB NB
Srfs Slfs Slrs Slrrl NB PB
Srfs Slfl Slrl Slrrs Z NB
Srfl Slfs Slrs Slrrl Z PB

linear control techniques [28]. This controller will gen-
erate the desired roll and pitch angle commanded by
fuzzy controller using active suspension of the vehicle.
The backstepping controller plays an important role in
incremental stability where the uniform asymptotic sta-
bility of every trajectory is required rather than that of
equilibrium points or in case of time varying trajec-
tory [29]. The back-stepping controller is an effective
approach against disturbances and can avoid unwanted
cancellation. The controller design procedure involves
n-steps, and a virtual controller is designed in each step
to stabilize the corresponding subsystem. Each subsys-
tem is defined in terms of the errors between the output
of the actual system and the desired state.

η1 = θ − θdes (36)

η2 = θ̇ − ζ1 (37)
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where θdes is the desired pitch angle to be tracked and
ζ1 is the virtual controller to minimize η1. The follow-
ing Lyapunov candidate function is used the get the
required virtual controller.

V1 = 1
2
η21 (38)

V̇1 = η1η̇1 (39)

Differentiating Equation (36) and using Equation (37),
we get

η̇1 = η2 + ζ1 − θ̇des (40)

Now putting Equation (40) in (39) as

V̇1 = η1η2 + η1(ζ1 − θ̇des) (41)

For the global asymptotic stability, V̇1 needs to be neg-
ative definite for all (η1, η2) �= 0. We choose the stabi-
lizing function ζ1 as

ζ1 = −κ1η1 + θ̇des (42)

substituting stabilizing function ζ1 into Equation (41),
we can get the following equation:

V̇1 = η1η2 − κ1η
2
1 (43)

From Equation (43), we can say that the derivative of
the Lyapunov function is not negative definite so the
stability of the system cannot be ensured. Therefore
another Lyapunov function is needed to get the final
controller which can stabilize the system. The second
Lyapunov function is selected as

V2 = V1 + 1
2
η22 (44)

Differentiating the above equation and by using Equa-
tions (37),(42) and (43) we can get

V̇2 = (η1η2 − κ1η
2
1)+ η2(θ̈ − ζ̇1) (45)

Using definition of Equation (17), the intermediate con-
trol variable Eθ is derived as

Eθ = −(h + z)u̇ + Jy(ζ̇1 − η1 − κ2η2) (46)

which will ensure the negative definiteness of newly
selected Lyapunov function as shown below.

V̇2 = −κ1η21 − κ2η
2
1 < 0 ∨ η1, η2 �= 0 (47)

where κ1 and κ2 are two Hurwitz constants.
Similarly following the same procedure, we can con-

struct the controllers for the roll motions of the vehicle
body given in the following equations:

Eφ = −(h + z)v̇ + Jx(ζ̇3 − η3 − κ4η4) (48)

Finally by substituting Equations (46) and (48) into
Equation (27) and solving for uij, the control outputs
can be derived as

ufr = ffr − k1(z1 − zc + lf θl + wrφl) (49)

Table 2. Vehicle and tyre parameters.

Variable Data Variable Data

m(kg) 850 h(m) 0.5
Jz(kgm2) 1400 Jw(kgm2) 0.6
lf(m) 1.5 lr(m) 0.9
rij(m) 0.311 B−icy 4
C−icy 1.3 D−icy 0.6
Cxij 10000 Cyij 15000
B−dry 10 C−dry 1.9
D−dry 1.0 − −

−b1(ż1 − żc + lf θ̇l + wrφ̇l) (50)

ufl = ffl − k2(z2 − zc + lf θl − wlφl) (51)

−b2(ż2 − żc + lf θ̇l − wlφ̇l) (52)

urr = frr − k3(z3 − zc − lrθl − wlφl) (53)

−b3(ż3 − żc − lr θ̇l − wlφ̇l) (54)

url = frl − k4(z4 − zc − lrθl + wrφl) (55)

−b4(ż4 − żc − lr θ̇l + wrφ̇l) (56)

4. Simulations

In this section, two simulation scenarios corresponding
to the drivingmanoeuvres of lane change and J-turn are
considered with vehicle velocity of 22.2 and 10.2 m/s
respectively. In the presented scenarios, the lane change
scenario corresponds to high speed driving with small
steering angle input while the J-turn corresponds to
slow moving vehicle with high steering angle input. In
both scenarios, themain control objective is to show the
effectiveness of the presented controller by setting the
road conditions for the left-front and left-rear to be dry
and the road conditions for the right-front and right-
rear to be icy road. Both simulations are performed
using the high-fidelity nonlinear vehicle model with
nonlinear tyre dynamics. The vehicle and tyre model
parameters are listed in Table 2.

4.1. Lane changemanoeuvres

In the first scenario, a lane change scenario is simulated
using a fast moving vehicle with small steering angle.
For this scenario, the simulation is initialized with the
actual driver inputs corresponding to the 22.2m/s vehi-
cle total velocity and steering angle input profile as
shown in Figure 9. In this scenario, the control objec-
tive is to track desired yaw rate in slippery conditions
byminimising the required tire friction using fuzzy and
backstepping controller with the help of the active sus-
pension of the vehicle. The corresponding desired and
actual trajectories generated are shown in Figure 10.
From the generated trajectories, one can see that in the
simulated scenario the vehicle becomes unstable with-
out the use of controller, and this is due to the limited
friction force on slippery road.
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Figure 9. Steering angle input for lane-change simulation.

Figure 10. Yaw Rate comparison for lane-change simulation.

Figure 11. Suspension deflection for lane-change simulation.

Figure 11 shows the comparison of the suspension
deflection generated with and without controller. It can
be seen that suspension is more active with controller
case, and the suspension is deflected in opposite direc-
tion in order to redistribute the vehicle weight accord-
ing to the wheel slips. Figure 12 shows the required
friction coefficient of each wheel, without controller the

Figure 12. Friction coefficient for lane-change simulation.

Figure 13. Roll and pitch angles (fuzzy controller and actual)
for J-Turn simulation.

friction coefficients saturate because of slippery condi-
tions.

4.2. J-Turnmanoeuvres

In the second scenario, a J-turn manoeuvre scenario
is simulated using a slow moving vehicle with large

Figure 14. Steering angle input for J-Turn simulation.
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Figure 15. Yaw rate comparison for J-Turn simulation.

Figure 16. Suspension deflection for J-Turn simulation.

steering angle. For this scenario, the simulation is ini-
tialized with the actual driver inputs corresponding to
the 10.2 m/s vehicle total velocity and steering angle
input profile as shown in Figure 14. In this scenario,
similar results were observed as of lane change scenario,
the yaw rate tracking is improved as shown in Figure 15.

The comparison of the suspension deflection gener-
ated with and without controller is shown in Figure 16
while Figure 17 shows the required friction coefficient
of each wheel. It can be seen that the required friction
coefficients are reduced with the help of the presented
controller. Figure 18 shows the comparison of the out-
put of the fuzzy controller to the actual generated pitch
and roll angles. From this figure, it can be seen that
the controller actually tilts the vehicle in the opposite
direction of motion using the active suspensions of the
vehicle.

Figure 18. Roll and pitch angles (fuzzy controller and actual)
for J-Turn simulation.

Figure 17. Friction coefficient for J-Turn simulation.
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5. Conclusion

This paper presents an active slip control system using
an active suspension of the vehicle. The integrated con-
trol mechanism is designed using a combination of a
fuzzy controller and a nonlinear back-stepping con-
troller to control the slip of the individual wheels with
the help of the active suspension of the vehicle. The pre-
sented control mechanism is implemented in two steps.
In the first step, based on the friction coefficient calcu-
lated from a nonlinear tyre model the fuzzy controller
will generate the required pitch and roll angle needed to
reduce the slipping by changing the vertical load of the
individual wheel. In the second step, a nonlinear back-
stepping controller is used to track the desired pitch and
roll angle using the active suspension of the vehicle. The
active suspension is used tomanipulate the vertical load
on the individual wheel to reduce the slip of the indi-
vidual wheel. Two simulation scenarios, a J-turn and a
lane-change manoeuvre, were considered to check the
effectiveness of the presented controller. The simulation
results using a high-fidelity vehicle model under differ-
ent driving conditions indicate that the proposed sys-
tem can significantly improve the vehicle performance
by tracking the reference trajectory and reducing the
slipping of the individual wheel.
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