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Integrated control of ground vehicles dynamics via advanced
terminal sliding mode control

Eman Mousavinejad, Qing-Long Han, Fuwen Yang, Yong Zhu and Ljubo Vlacic

School of Engineering, Griffith University, Gold Coast, QLD, Australia

ABSTRACT

An integrated vehicle dynamics control (IVDC) algorithm, developed
for improving vehicle handling and stability under critical lateral
motions, is discussed in this paper. The IVDC system utilises inte-
gral and nonsingular fast terminal sliding mode (NFTSM) control
strategies and coordinates active front steering (AFS) and direct yaw
moment control (DYC) systems. When the vehicle is in the normal
driving situation, the AFS system provides handling enhancement. If
the vehicle reaches its handling limit, bothAFSandDYCare then inte-
grated to ensure the vehicle stability. The major contribution of this
paper is in improving the transient response of the vehicle yaw rate
and sideslip angle tracking controllers by implementing advanced
types of sliding mode strategies, namely integral terminal sliding
mode and NFTSM, in the IVDC system. Simulation results demon-
strate that the developed control algorithm for the IVDC system not
only has strong robustness against uncertainties but also improves
the transient response of the control system.
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1. Introduction

Vehicle active safety systems have been developed to improve handling characteristics of

ground vehicles over the past three decades. The handling characteristics of a vehicle are

seen as the vehicle’s response to steering commands and also to environmental inputs,

such as road disturbances and wind gusts, which have an e�ect on the vehicle direction

of motion [1].

A variety of systems designed for vehicle direction motion control have attracted

intensive research attention from both the academia and industry. This type of system-

enhancing active safety of vehicles is referred to as a vehicle stability control (VSC) system.

For VSC, controlling the lateral dynamics of the vehicle plays an important role when it

comes to stabilising the vehicle’s lateral motion in severe cornering manoeuvres.

The VSC system has two main types: (i) the active steering (AS) system and (ii) the

direct yawmoment control (DYC) system. The AS system assists a driver in improving the

vehicle lateral dynamics through the correction of front wheel angles, active front steering

(AFS) [2–8]; and rear wheel angles, active rear steering (ARS) [9]. The main problem with
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AS systems is that the ability of these systems is drastically reduced in the nonlinear range

of lateral tyre forces with respect to tyre sideslip angle (i.e. lateral tyre forces saturation).

In order to stabilise a vehicle in both linear and nonlinear regions of lateral tyre forces,

the direct yaw moment control system was developed [10–15]. The DYC system improves

the vehicle lateral performance by generating the corrective yaw moment produced by the

longitudinal force on the individual tyres. This longitudinal force can be obtained from

the active di�erential braking system. The major de�ciency of DYC is that continuous use

of the braking force causes the vehicle to slow down signi�cantly, so it has an undesirable

e�ect on the vehicle longitudinal motion.

Recent approaches to the above-discussed problems of the AS and DYC systems [16,17]

have suggested that the maximum e�ectiveness of VSC could be gained through the inte-

grated use of AS and DYC systems, which is referred to as an integrated vehicle dynamics

control (IVDC). A comparative study of AFS and ARS coordinated with DYC concludes

that AFS is more suitable to be integrated with DYC than ARS, as ARS is an e�ective

method to control the vehicle only at low speed cornering manoeuvres due to the steer-

ing angle limitation of rear wheels; however AFS is e�ective to control the vehicle both in

high speed and low speed cornering manoeuvres [18].

Over the past two decades, IVDC systems have been an important research topic in the

area of vehicle dynamics and control. Comprehensive reviews on this research �eld may

refer to [19,20] and various robust control techniques have been proposed to achieve the

aim of functional integration of vehicle dynamics control systems.

A comparison between the optimal guaranteed cost coordination control method and

the optimal coordination scheme based on linear-quadratic regulator theory for integrated

AFS and DYC was proposed in [21]. As discussed in [22], sliding mode control (SMC) is

implemented for stabilising the forces and moments in an integrated control algorithm

which coordinates steering, braking, and stabiliser. Other application aspects of the SMC

concept are addressed in [23–25]. To ensure the robustness of integrated AFS and DYC

systems, a control algorithm based on linear parameter-varying (LPV) formulation and

static-state feedback controller was presented in [26–28]. In [29] a switched model pre-

dictive controller and in [30,31] a nonlinear model predictive controller were proposed to

coordinate AFS and DYC. An integrated robust model-matching controller was designed

in [32] using an H∞ technique based on linear matrix inequalities. The controller inte-

grates ARS, longitudinal force compensation and active yawmoment controls. The authors

in [33] introduced an integrated control strategy involving AFS and DYC based on a

gain-scheduled LPV controller for a four-wheel steering vehicle.

In general, a discrepancy always exits between the actual vehicle model and its mathe-

maticalmodel. Therefore, in this paper, vehiclemotion is represented as a nonlinear system

because of the nonlinearities of tyre forces, vehicle dynamics model uncertainties (i.e. vari-

ation of vehicle parameters such asmass, speed, and bodymoment of inertia), and external

disturbance, such as variation of road conditions, which may have an e�ect on controlling

the vehicle motion.

The enhancement of the transient response of the IVDC system is the motivation of

the current study so that the vehicle is able to trace the desired motion with the fast perfor-

mance. The reason for thismotivation is the fact that in a real driving condition, the vehicle

lateral motion stability in the presence of the system’s uncertainties and external distur-

bance relies heavily on its transient response, so the yaw rate and sideslip angle tracking



controllers should have fast transient responses in the process of reaching their steady-state

responses.

In [34], the above-mentioned control strategies for the IVDC system were categorised

and compared in terms of control objectives, advantages, and disadvantages. According

to Mousavinejad et al. [34], these control techniques are able to track the desired lateral

characteristics of a vehicle, yaw rate, and sideslip angle, considering external disturbance

and the system’s uncertainties. However, they are not e�ective enough for improving the

transient response of the yaw rate and sideslip tracking controllers in the presence of

uncertainties and disturbances.

Themain contribution of this study is in improving the transient response of the vehicle

yaw rate and sideslip angle tracking controllers by implementing two advanced types of

sliding mode strategies, namely integral terminal sliding mode (ITSM) and nonsingular

fast terminal sliding mode (NFTSM).

The NFTSM control, which provides a fast-�nite-time convergence and strong robust-

ness with no singularity issue, was proposed in [35]. NFTSM deals with the second- and

higher-order systems. In order to control the class of a �rst-order system, an ITSM control

was introduced in [36]. It is claimed that the proposed ITSM is able to provide a fast-

�nite-time convergence for a �rst-order nonlinear system with uncertainties and external

disturbance.

The rest of the paper is organised as follows: Section 2 presents a strategy for the IVDC

system. The procedure for the design of stand-alone controllers has been addressed in

Section 3. Section 4 introduces the integration mechanism for the stand-alone controllers.

Sections 5 and 6 are devoted to simulation results and concluding remarks, respectively.

2. The IVDC strategy

In VSC, vehicle yaw rate and body sideslip angle, which is the deviation angle between the

vehicle longitudinal velocity and its motion direction, are both critical to control the lat-

eral dynamics of the vehicle [1]. Controlling the yaw rate helps the vehicle to maintain the

desired rate and direction of rotation about its vertical axis. However, keeping the vehicle

moving along the desired path cannot be obtained just by controlling the yaw rate. For

instance, if the tyre–road friction coe�cient is small (i.e. slippery road) or if the vehicle

speed is high, controlling the yaw rate can only maintain the vehicle in the intended ori-

entation, but the vehicle sideslip angle may increase considerably, causing the vehicle to

deviate from its desired path [1]. Therefore, forcing both the yaw rate and sideslip angle to

follow their desired values is essential for improving the lateral dynamics behaviour of the

vehicle.

According to vehicle lateral dynamics, there are two virtual inputs to control the vehicle,

namely lateral force and yaw moment. Therefore, a reference stable region should be cho-

sen for the purpose of controller design. The phase plane method is one of the common

strategies for the analysis of a nonlinear system and the determination of a stable region.

Referring to [37], there are two types of vehicle phase plane: (i) sideslip angle and yaw rate

stable region, and (ii) sideslip angle and sideslip angular velocity stable region. The related

study [38] indicates that the second method is superior to the �rst as, in the strictest sense,

sideslip angle against yaw rate is not a phase plane plot and therefore physical interpretation



Figure 1. Different regions in the β − β̇ phase plane.

of vehicle behaviour is di�cult. The reference region based on the β − β̇ phase plane is

illustrated in Figure 1.

The IVDC strategy can be expressed as follows: in order to improve the handling of the

vehicle within the reference region, Figure 1, the AFS system generates the corrective yaw

moment to force the yaw rate to follow its desired value through adding a corrective angle

to the front wheels and minimising the vehicle sideslip angle by controlling the lateral tyre

force. When the vehicle states exceed the stability boundaries, Figure 1, the DYC system

provides the extra corrective yaw moment to move the vehicle states back to the reference

region by controlling the sideslip angle through the activation of the di�erential braking

system and, therefore, the DYC system enhances the vehicle stability.

3. Stand-alone controller design

In this section, the design procedures of the three types of stand-alone controllers are pre-

sented. The control design is based on a 2-DOF linear vehicle model, as shown in Figure 2,

with small wheel angle and constant vehicle forward speed assumptions [39]. The basic

equations of motion for this model are as follows:

mVx(β̇ + γ ) = Fy, (1)

Izzγ̇ = Mz, (2)

where γ = ψ̇ , andMz and Fy are the required body yawmoment and lateral force, respec-

tively. As discussed in Section 1, stand-alone controllers are designed based on the ITSM

and NFTSM methods to ensure the robustness and fast transient response of the control

system in the existence of a vehicle’s uncertainties and nonlinear characteristics.



Figure 2. Vehicle bicycle model.

3.1. Sideslip angle and yaw rate desired values

In the steady-state condition, the desired values of the vehicle sideslip angle and yaw rate

are expressed as [40]

βdes =
lr − lfmV2

x

2Cr(lf +lr)

lf + lr + V2
xku

δd, (3)

ψ̇des = γdes =
Vx

(lf + lr) + kuV2
x

δd, (4)

where ku is the understeer coe�cient and is de�ned as

ku = m

(

lrCr − lfCf

2(lf + lr)CfCr

)

. (5)

As mentioned in [40], the friction coe�cient of the road is not always able to provide

tyre forces to support a high yaw rate. Therefore, the desired values must be bounded by

considering the tyre–road friction coe�cient, µ. The upper bounds for the sideslip angle

and yaw rate are suggested as

βupper_bound = tan−1(0.02 µg), (6)

ψ̇upper_bound = 0.85
µg

Vx
. (7)

3.2. AFS controller for handling

In the handling region, the lateral tyre force is assumed to have a linear function with the

tyre slip angle as follows:

Fyf ,r = −2Cf ,rαf ,r, (8)

andMz can be calculated as

Mz = lf Fyf − lrFyr, (9)



where α is the tyre slip angle calculated as

αf = β + lf
γ

Vx
− δw, αr = β − lr

γ

Vx
. (10)

From Equations (8) and (10), the lateral tyre force is the function of the front wheel

angle in the handling region, so the vehicle sideslip angle can be minimised by correcting

the front wheel angle through the AFS system.

From Equation (1), in the handling region, the vehicle sideslip angle, β , with respect

to the lateral tyre force, Fy, follows the dynamics of the �rst-order system. As a result,

the ITSM method can be implemented to minimise the sideslip angle. However, from

Equation (2), the vehicle yaw angle, ψ , follows the dynamics of the second-order system

with respect to the corrective yawmoment. Therefore, the NFTSMmethod should be used

to design the yaw rate tracking controller.

3.2.1. Sideslip angle controller design

Equation (1) can be rewritten as

˙̃
β = −γ +

F∗
y

mVx
+ gβ1, (11)

where β̃ = β − βdes, and gβ1, which is an unknown but bounded function to

account for uncertainties and disturbance in the actual nonlinear vehicle model, is

de�ned as

|gβ1| ≤ k′′
β , k′′

β > 0. (12)

The states of the system are considered as

x1 = β̃ ,

x2 = ẋ1 = ˙̃
β .

(13)

From [36], the ITSM surface can be chosen as

sβ1 = β̃ − β̃(0) +
∫ t

0

(

α′′
β

2
β̃ +

β ′′
β

2γ ′′
β
β̃γ ′′

β

)

dt, (14)

where β̃(0) = 0. Therefore, F∗
y , as a control input, is expressed as

F∗
y = −mVx

(

α′′
β

2
β̃ +

β ′′
β

2γ ′′
β

βγ ′′
β − γ +

α′′
β

2
sβ1 +

β ′′
β√
2
sgn sβ1 + k′′

β sgn sβ1

)

. (15)



Proof: De�ning a Lyapunov function as

V1 = 1
2 s

2
β1. (16)

Di�erentiating V1 with respect to time yields

V̇1 = sβ1ṡβ1 = sβ1

(

˙̃
β +

1

2
α′′

β β̃ +
β ′′

β

2γ ′′
β
β̃γ ′′

β

)

= sβ1

(

−γ +
F∗
y

mVx
+ gβ1 +

α′′
β

2
β̃ +

β ′′
β

2
β̃γ ′′

β

)

. (17)

From Equation (15), it follows that

V̇1 = −k′′
β |sβ1| + gβ1sβ1 −

α′′
β

2
s2β1 −

β ′′
β√
2

|sβ1|, (18)

V̇1 ≤ −k′′
β |sβ1| + |gβ1||sβ1| −

α′′
β

2
s2β1 −

β ′′
β√
2

|sβ1|. (19)

Since |gβ1| ≤ k′′
β , we have

V̇1 ≤ −
α′′

β

2
s2β1 −

β ′′
β√
2

|sβ1|, (20)

V̇1 ≤ −α′′
βV1 − β ′′

βV
1/2
1 ⇒ V̇1 ≤ 0. (21)

Equation (21) is the su�cient condition for the system states to converge equilibrium

points in the fast-�nite-time on the ITSM surface.

Finally, from Equations (8) and (10), the sideslip-controlled front wheel angle can be

derived as

δwβ =
1

2Cf

(

F∗
y + 2(Cf + Cr)β −

2(lrCr − lfCf )

Vx
γ

)

. (22)

�

3.2.2. Yaw rate controller design

Equation (2) can be expressed as

˙̃γ = ¨̃
ψ = 1

Izz
MAFS + gψ , (23)

whereMAFS is the corrective yaw moment to improve the vehicle handling, γ̃ = γ − γdes,

and gψ is an unknown-bounded function satisfying the following equation as

|gψ | ≤ k′
ψ1, k′

ψ1 > 0. (24)

The system states are chosen as

x1 = ψ̃ ,

x2 = ẋ1 = ˙̃
ψ = γ̃ .

(25)



From [35], the NFTSM surface can be de�ned as

sψ = ψ̃ + α′
ψ |ψ̃ |γψ1 sgn ψ̃ + β ′

ψ | ˙̃
ψ |γψ2 sgn ˙̃

ψ . (26)

ThenMAFS, as a control input, is rewritten as

MAFS = −Izz

(

1

β ′
ψγψ2

| ˙̃
ψ |

2−γψ2
sgn ˙̃

ψ(1 + α′
ψγψ1|ψ̃ |γψ1−1

) + k′
ψ1 sgn sψ + k′

ψ2sψ

)

.

(27)

Proof: Consider a Lyapunov candidate as

V2 =
1

2
s2ψ . (28)

The time derivative of the Lyapunov candidate is obtained as

V̇2 = sψ ṡψ = sψ (
˙̃
ψ + α′

ψγψ1|ψ̃ |γψ1−1 ˙̃
ψ + β ′

ψγψ2| ˙̃
ψ |γψ2−1 ¨̃

ψ). (29)

By substituting ¨̃
ψ from Equation (23) and MAFS from Equation (27) into Equation (29),

we have

V̇2 = sψ (β ′
ψγψ2| ˙̃

ψ |γψ2−1gψ − k′
ψ1β

′
ψγψ2| ˙̃

ψ |γψ2−1 sgn sψ − k′
ψ2β

′
ψγψ2| ˙̃

ψ |γψ2−1sψ ).

(30)

As |gψ | ≤ k′
ψ1, it can be concluded that

V̇2 ≤ −k′
ψ2β

′
ψγψ2| ˙̃

ψ |γψ2−1s2ψ , (31)

V̇2 ≤ −2k′
ψ2β

′
ψγψ2| ˙̃

ψ |γψ2−1V2 ⇒ V̇2 ≤ 0. (32)

Therefore, the system can satisfy the Lyapunov stability condition and the system states

will reach the NFTSM surface within the fast-�nite-time.

From Equations (8) to (10), the yaw rate-controlled front wheel angle is found as

δwψ =
1

2lfCf

(

MAFS − 2(lrCr − lfCf )β +
2(l2f Cf + l2rCr)

Vx
γ

)

. (33)

Hence, the front wheel angle generated by the AFS system is a combination of δwβ and

δwψ as

δw = w1δwψ + w2δwβ , (34)

where w1 and w2 are the weighting coe�cients and determined through trial and error.

The termMAFS in Equation (33) has to be replaced with the termM∗
AFS = ρMAFS, where

ρ is the adaption gain introduced in Section 4, in order to consider the adaption gain used

for integration of the steering system and braking system. �



3.3. DYC controller for stability

The DYC system employs the body yaw moment to control the sideslip angle. To obtain

the body yaw moment, MDYC, for the sideslip angle control, di�erentiating Equation (1)

and substituting into Equation (2) for γ̇ result in the following expression:

¨̃
β = −

MDYC

Izz
+

Ḟy

mVx
+ gβ2, (35)

whereMDYC is the control input, Ḟy is the derivative of the body lateral force, and gβ2 is an

unknown-bounded function as

|gβ2| ≤ k′
β1, k′

β1 > 0. (36)

3.3.1. Sideslip angle controller design

Since the sideslip angle outside the handling region follows the dynamics of the second-

order system with respect toMDYC, the NFTSM strategy is applied to control the system.

The states of the system are as

x1 = β̃ ,

x2 = ẋ1 = ˙̃
β .

(37)

According to [35], the NFTSM surface can be considered as

sβ2 = β̃ + α′
β |β̃|γβ1 sgn β̃ + β ′

β | ˙̃
β|γβ2 sgn ˙̃

β . (38)

So,MDYC, as a control input, can be found as

MDYC = Izz

(

1

β ′
βγβ2

| ˙̃
β|2−γβ2 sgn ˙̃

β(1 + α′
βγβ1|β̃|γβ1−1) + k′

β1 sgn sβ2 + k′
β2sβ2

)

.

(39)

Remark 3.1: The actual sideslip angle can be estimated by using the lateral acceleration

sensor, speed sensor, and yaw rate sensor based on the following equation:

β̇ =
ay

Vx
− γ . (40)

The sideslip angle estimator is not discussed in this paper and can be found in [41].

Remark 3.2: The Lyapunov stability proof of the DYC control system is omitted as it is

similar to the yaw rate NFTSM controller for the AFS system.

3.3.2. DYC system actuator

The di�erential braking system shown in Figure 3 can be employed as an actuator to

generate the corrective yaw moment commanded by the DYC system [12].

According to [12], the brake torques can be calculated from the corrective yawmoment,

Equation (39), as follows:



Figure 3. Differential braking system [12].

In understeer condition: when a vehicle is turning counter-clockwise, the brake rear left

wheel is activated.

MDYC =
d

2
Fx3 =

d

2

Tb3

Rw
;→ Tb3 =

2Rw

d
MDYC, (41)

when a vehicle is turning clockwise, the brake rear right wheel is activated.

MDYC =
d

2
Fx4 =

d

2

Tb4

Rw
;→ Tb4 =

2Rw

d
MDYC. (42)

In oversteer condition: when a vehicle is turning counter-clockwise, the brake front right

wheel is activated.

MDYC =
(

d

2
cos δw − lf sin δw

)

Tb2

Rw
;→ Tb2 =

Rw
(

d
2 cos δw − lf sin δw

)MDYC, (43)

when a vehicle is turning clockwise, the brake front left wheel is activated.

MDYC =
(

d

2
cos δw − lf sin δw

)

Tb1

Rw
;→ Tb1 =

Rw
(

d
2 cos δw − lf sin δw

)MDYC. (44)

The term MDYC has to be replaced with the term M∗
DYC in all braking torques

(Tb1,Tb2,Tb3,Tb4) in order to consider the adaption gain used for integration of the



steering system and braking system.

M∗
DYC = (1 − ρ)MDYC, (45)

where ρ is the adaption gain, which will be introduced in Section 4.

4. Integration of AFS and DYC controllers into IVDC

A coordination mechanism of the AFS and DYC controllers determines which controllers

are expected to be used in each region.As discussed earlier, the brake-basedDYC technique

is not desirable to control the vehicle lateral motion in the reference (stable) region because

this technique imposes a direct in�uence on the longitudinal motion and so reduces the

vehicle speed. As a result, the use of the DYC system should be restricted to outside the

stable regionwhere the vehicle goes towards instability. The boundaries of the stable region

in Figure 1 are de�ned as [42]

χ =
∣

∣

∣

∣

1

24
β̇ +

4

24
β

∣

∣

∣

∣

< 1, (46)

where χ is the stability index.

Inside the reference (stable) region of the β − β̇ phase plane, improvement of vehicle

handling is the main control aim. In this region, the lateral force and body yaw moment,

obtained in Equations (15) and (27), are utilised to minimise the sideslip angle and to con-

trol the vehicle yaw rate, respectively, through the AFS system. As the vehicle states move

beyond the stability control boundaries, lateral tyre forces are saturated, and therefore the

AFS system is no longer able to control the sideslip motion. Since the vehicle stability

directly depends on the sideslip angle, in this unstable area, the control objective tran-

sits from handling to stability and the DYC system is required to stabilise the vehicle by

using the extra corrective yaw moment, Equation (39). Consequently, the �nal body yaw

moment is calculated as

M∗
z = ρMAFS + (1 − ρ)MDYC, (47a)

M∗
z = M∗

AFS + M∗
DYC, (47b)

whereM∗
AFS = ρMAFS,M

∗
DYC = (1 − ρ)MDYC, and ρ is the adaption gainwhich is de�ned

according to the vehicle dynamics behaviour in the β − β̇ phase plane, as shown in

Figure 4.

Figure 4. Adaption gain for the integrated AFS and DYC control objects [42].



5. Simulation results and discussions

To evaluate the performance of the proposed IVDC-incorporated SbW and di�eren-

tial braking systems, a series of computer simulations are performed with the MAT-

LAB/SIMULINK software. An 8-DOF nonlinear vehicle model, which is described and

validated in [7], with PACEJKA combined slip tyre model [43], is utilised for this purpose.

One of the typical emergency driving manoeuvres for the vehicle lateral stability test is

the double lane change (DLC) under di�erent road conditions, i.e. di�erent tyre–road fric-

tion coe�cients (µ). Therefore, this manoeuvre is implemented to analyse the dynamics

behaviour of the vehicle equipped with the designed IVDC system.

Another critical driving manoeuvre is the step steer manoeuvre by which the steady

state and transient behavioural response of the vehicle can be evaluated. So, this manoeu-

vre is conducted to compare the results of the conventional SMC and NFTSM strategies to

control the vehicle yaw rate in terms of fast transient response of the control system in the

existence of system’s uncertainties and external disturbance. The suggested control struc-

ture used for simulation is illustrated in Figure 5. The steering wheel controller design with

the driver in the loop is not discussed in this study and can be referred from [7].

Figure 5. Control structure block diagram.



From this control structure block diagram, the desired values (βd, γd) are calculated by

Equations (3) and (4) and compared with their actual values obtained from the sideslip

angle estimator and yaw rate sensor, respectively. Following that, the di�erence between

the yaw rate and its desired value is considered as the input of the AFS controller to �nd

the yaw rate-controlled front wheel angle by Equations (23)–(33). At the same time, the

stability index, Equation (46), is calculated to determine the stability boundaries for the

vehicle trajectory in the β − β̇ phase plane. According to the area of the vehicle trajectory,

inside or outside the stable region, the di�erence between the estimated sideslip angle and

its desired value is considered as either the input of the AFS controller to �nd the sideslip-

controlled front wheel angle by Equations (11)–(22) or the input of the DYC controller to

calculate the corrective yaw momentM∗
DYC through Equations (35)–(39), and (45).

Finally, the total corrective front wheel angle δw and yaw momentM∗
DYC are exerted to

the AFS and DYC actuators, respectively. The SbW front wheel motor controller produces

the required motor torque to generate the AFS-commanded front wheel angle through

the SbW front wheel subsystem [44]. Moreover, the di�erential braking system generates

the braking torque for each wheel based on the understeer or oversteer condition through

Equations (41)–(45).

5.1. DLCmanoeuvre

In this manoeuvre, the vehicle moves with an initial speed of 105 km/h on a dry road (µ =
0.9) and 80 km/h on a wet road (µ = 0.5). The driver’s commanded front wheel angle

providing the DLC manoeuvre is shown in Figure 6. The vehicle parameter uncertainties

can be considered as the variation of the vehicle mass and moment of inertia from the

unladen to the laden condition (Tables 1–3).

Figure 6. Steering wheel angle commanded by driver.



Table 1. Vehicle parameters.

Symbol Value

m (unladen) 1300 kg
m (laden) 1600 kg
lf (unladen) 1.2247m
lf (laden) 1.315m
lr (unladen) 1.4373m
lr (laden) 1.347m
D 1.4376m
Izz (unladen) 1808.8 kgm2

Izz (laden) 1991 kgm2

Rw 0.285m
Cf , Cr (dry road) 40,000, 40,000 N/rad
Cf , Cr (wet road) 22,250, 22,250 N/rad

Table 2. Controllers’ parameters.

Symbol Value

α′′
β 50

β ′′
β 0.045

γ ′′
β 0.6

k′′
β 0.05

α′
ψ 2.1

β ′
ψ 0.009

γψ1 , γψ2 1.305, 1.285

k′
ψ1 , k

′
ψ2 0.001, 1.5

α′
β 2.1

β ′
β 1.2

γβ1 , γβ2 1.305, 1.285

k′
β1 , k

′
β2 1.6, 1.5

α′
w 20

β ′
w 0.005

γw1 , γw2 1.305, 1.285
k′
w1 , k

′
w2 0.02, 0.01

Table 3. Parameters’ and variables’ definitions.

Symbol Definition

m Vehicle total mass
lf , lr Distance from (front, rear) axle to vehicle’s centre of gravity
D Wheel track width
Izz Vehicle yawmoment of inertia
Vx Vehicle longitudinal speed
ay Vehicle lateral acceleration

µ Tyre–road friction coefficient
Rw Effective wheel rolling radius
ψ Yaw angle
γ Yaw rate
Cf , Cr Front, rear tyre cornering stiffness
αf , αr Front, rear tyre sideslip
Fyf , Fyr Front, rear lateral tyre force

δd Driver’s front wheel angle
δw AFS front wheel angle



Figure 7. (a) Vehicle yaw rate – dry road. (b). Vehicle yaw rate – wet road.

Figure 7 illustrates the vehicle yaw rate response. The yaw rate of the controlled vehicle

could always follow the desired value; while for the uncontrolled vehicle, the absolute value

of the yaw rate is always larger than the absolute value of the desired value causing the

vehicle to be oversteered.

As shown in Figure 8, the sideslip angle for the controlled vehicle remains between the

upper and lower bounds (10° and 4° for dry and wet road conditions, respectively) during

the whole manoeuvre, but the uncontrolled vehicle sideslip angle increases signi�cantly;

as a result the vehicle loses its stability.



Figure 8. (a) Vehicle body sideslip angle – dry road. (b). Vehicle body sideslip angle – wet road.

The increases in the yaw rate and sideslip angle result in the high lateral acceleration

for the uncontrolled vehicle, as depicted in Figure 9. Therefore, the longitudinal speed is

reduced and the lateral speed is increased in order to generate this large amount of lateral

acceleration, as demonstrated in Figures 10 and 11, respectively.

Having high lateral acceleration and becoming oversteered and unstable lead the uncon-

trolled vehicle to deviate from the desired path. However, the stable-controlled vehicle

covers the desired path well, as depicted in Figure 12.



Figure 9. (a) Vehicle lateral acceleration – dry road. (b). Vehicle lateral acceleration – wet road.

Figure 13 shows how the stability index, the dependency parameter, ρ, and generated

corrective yaw moment,M∗
DYC, evolve according to the driving situations. From Equation

(47a) and Figure 13, when the stability index, χ , is below 0.8, the parameter ρ is equal to 1

and so, only AFS is involved in improving the handling performances. However, when χ

exceeds 0.8, the parameter ρ is less than 1 and therefore DYC acts in addition to AFS to

keep the vehicle stable.

Similarity between the yaw rate amount and covered path in the laden and unladen

vehicles indicates the robustness of the proposed control strategy against the vehicle



Figure 10. (a) Vehicle longitudinal velocity – dry road. (b). Vehicle longitudinal velocity – wet road.

parameters’ uncertainties (i.e. vehicle mass and moment of inertia). In addition, the capa-

bility of the control scheme to stabilise the vehicle in the various types of road (i.e. various

road–tyre friction coe�cients (µ) for dry and wet road conditions) proves the robustness

against this uncertain parameter.

In Figure 14, after the trajectory of the controlled vehicle left the stable region, it is

attracted again to this area immediately due to the e�ciency of the proposed DYC system.

However, the trajectory of the uncontrolled vehicle leaves the stable region and it never

returns to this area.



Figure 11. (a) Vehicle lateral velocity – dry road. (b). Vehicle lateral velocity – wet road.

To assess how the proposed IVDC has employed the available subsystems, AFS and

DYC, the corrective front wheel angle, δwc = δw − δd, can be referred from [44] and the

corrective yaw moment,M∗
DYC, is plotted in Figure 15.

In order to provide the corrective yawmoment commanded by the DYC system, the dif-

ferential braking system produces the braking torque for each wheel. In a DLCmanoeuvre

under dry and wet road conditions, as the vehicle is intended to be oversteered, only the

front wheels’ braking systems are actuated, as illustrated in Figures 16 and 17, and the brak-

ing torques for the rear wheels are equal to zero during the whole simulation time. As the

braking torques exceed their physical limits, i.e. 907.725Nm (unladen) and 1006.506Nm



Figure 12. (a) Vehicle trajectory – dry road. (b). Vehicle trajectory – wet road.

(laden) on dry roads and 363.09Nm (unladen), and 446.86Nm (laden) on wet roads, an

anti-lock brake system (ABS) should be implemented in order to avoid the tyres being

locked. Implementation of ABS is considered as the future work of this study.

5.2. Step steermanoeuvre

Being NFTSM’s internal controller, the ITSM controller minimises the vehicle sideslip

angle and also this controller assists the yaw rate NFTSM controller to follow its desired



Figure 13. (a) Stability index – dry road. (b). Stability index – wet road.

value in the handling region with the fast transient response. Therefore, the e�ect of the

sideslip ITSM controller can be considered as the overall performance of the yaw rate

NFTSM controller and it cannot be evaluated separately.

In order to compare the transient response of the conventional SMC andNFTSM strate-

gies, the performances of these two methods to control the yaw rate of the vehicle are

evaluated by inserting a step steering input of 125° to the steering wheel. The vehiclemoves

at a speed of 80 km/h on a split−µ road surface, where the left side of the vehicle is on a wet

road and the right side is on a dry road. As plotted in Figure 18, the yaw rate controller tran-

sient response based on the SMCmethod has an overshoot of about 3°/s and then reaches a



Figure 14. (a) β − β̇ phase plane – dry road. (b). β − β̇ phase plane – wet road.

steady-state response at around the �fth second of the simulation time; however, the tran-

sient response of the system controlled by the NFTSM method reaches the steady-state

response at the �rst second of the simulation time and with no overshoot. The comparison

between these two SMC methods to control the front wheel angle generated by the front

wheel subsystem of the steer-by-wire system can be referred from [44].

Consequently, it is proved that the NFTSM control strategy with the assistance of the

ITSMcontrolmethod enhances the yaw rate tracking controller’s transient response, which

is faster than the response of the system controlled by the SMC strategy.



Figure 15. (a) DYC corrective yawmoment – dry road. (b). DYC corrective yawmoment – wet road.

6. Conclusion and future work

The major contribution of this paper is in implementing two advanced types of terminal

SMC methods, ITSM and NFTSM, in an IVDC strategy by way of involving AFS using a

steer-by-wire actuator andDYC utilising a di�erential braking system to improve handling

and stability of a ground vehicle in fast and �nite time performance. To organise the inte-

gration of AFS and DYC into IVDC, a phase plane diagram based on the stability index

function of the sideslip dynamics is employed. In this integration mechanism, the AFS

system can be adopted in the stable condition to enhance the handling, while AFS andDYC



Figure 16. (a) Left front wheel braking torque – dry road. (b). Right front wheel braking torque – dry
road.

act together in the unstable dynamic situation, when AFS loses its ability to stabilise the

vehicle. The e�ectiveness of the proposed control scheme including IVDC, SbW, and dif-

ferential braking systems is evaluated by simulation results for an 8-DOF nonlinear vehicle

model in some critical manoeuvres. Simulations conducted under various adverse driving

conditions show that the overall system developed in this study signi�cantly enhances the

transient response of the control system and also reduces the chattering phenomenonwhen

the system operates close to the sliding surface. In addition the proposed control system

demonstrates good robustness against uncertain parameters and external disturbance, and

excellent tracking performance.

As the weighting coe�cients in Equation (34) have been found through a trial and

error method in order to combine the AFS stand-alone controllers, the next research stage

will focus on integration of the AFS stand-alone controllers using the control allocation

technique. Also implementation of ABS can improve the di�erential braking system in

order to avoid the tyre being locked if the braking torques exceed their physical limits.

In addition, research on consideration of the actuators constraints and also sideslip angle

estimator could further enhance the suitability of the proposed control structure for mod-

elling of real-time control aspects. Moreover, this study can be further improved through



Figure 17. (a) Left front wheel braking torque – wet road. (b). Right front wheel braking torque – wet
road.

Figure 18. Comparison of the conventional SMC and NFTSM.



the implementation of the proposed control structure on vehicles for experimental testing

in a real time.
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