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Abstract: Suspension system is one of the most effective vehicle components that play an essential role in
the stability and comfort of the vehicle. The passive suspension can not fully meet a car's stability and
comfort requirements. Instead, an active suspension system has been proposed to improve these challenges.
Active suspension minimizes the vibrations entering the body using a closed-loop control system. To this
end, in this research, an integral terminal sliding mode control (integral TSMC) for an active nonlinear car
suspension system under external disturbances and uncertainties is designed. First, the integral TSMC is
designed to deal with the uncertainties and the external disturbances in the system when the upper bound
is known. Next, an adaptation law is recommended to estimate the upper bound of uncertainties and external
disturbances. The results show that the proposed integral TSMC improves the convergence rate and
tracking error of the closed-loop system. The stability of the nonlinear control system is investigated and
proven using Lyapunov's stability theory. The numerical results indicate a good robust performance and
stability for the proposed controller for the nonlinear suspension system with different road profiles in the
presence of uncertainties and external disturbances. From the results, it can also be understood that
important measures such as ride comfort, road holding, and mechanical structural limitations are met using
the proposed approach.
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1. INTRODUCTION

Due to the recent governmental efforts to move towards the
net-zero emision by 2050, dynamic modeling and control of
hybrid and lightweight vehicles have attracted more attention
in recent years (Reeves et al., 2016; Reeves et al., 2016). This
in turn will increase the level of noise and vibration inside the
cabin and reduce driving comfort. The use of active noise and
vibration control techniques has been proposed as a solution to
address these problems. The suspension system is one of the
most effective vehicle components in terms of stability and
comfort (Montazeri, and Poshtan, 2009; Montazeri, and
Poshtan, 2009). The most critical role of vehicle suspension
systems is to maximize the friction between the road surface
and the tires to create stable steering and proper handling
(Abdelkareem et al., 2018). The three factors of road isolation,
road handling, and cornering are the main factors that make
stability and comfort in riding. Vehicle stability is closely
related to the car's maneuverability (Ning et al., 2018). With
the advancement of various sciences and technologies,
automakers build and use semi-active and active suspension
systems to remove the limitations of passive suspension and
provide a better product, provide more comfort for car

occupants, and improve driving quality (Deshpande et al.,
2013). Active suspension systems respond dynamically to road
changes, adapt to broad road conditions, and work well in a
wide frequency range. Due to the effectiveness of controlled
suspension systems in the vehicle's ride comfort, this topic has
received much attention from researchers. Researchers
(Narayanan, and Senthil, 1998) indicate that passive
suspension systems are not suitable for quality suspension
system requirements. A more appropriate compromise
between the contradictory behaviors mentioned must be
considered to overcome such systems' limitations. To improve
the suspension system performance a controlled suspension is
proposed. The properties of flexible elements or energy
distributors are controlled to optimize the performance target.
In fact, to improve the suspension's effectiveness, an external
force supplied by controlled actuators can be used (Li et al.,
2018). In a controlled suspension, the main purpose of the
control is to provide a solution for calculating the external
energy required to generate the control force.

Various control methods have been suggested to expand
the functioning of recent suspension systems, such as Hoo
control (Erol, and Delibasi, 2018), optimal control (Bai, and
Wang, 2021), adaptive control (Kararsiz et al., 2021), sliding
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mode control (SMC) (Li et al., 2012; Liu, and Chen, 2020),
and adaptive fuzzy logic control (Min et al., 2020). PID
controllers are widely used in industry due to their simplicity
and ease of implementation, however, if the wvehicle
suspension system parameters such as mechanical vibrations
and road disturbances change, these controllers lead to
unfavorable results. Nonlinear controllers can improve the
worst road conditions further to the normal road conditions
(Li, Yu, Hilton, and Liu, 2012). Also, it has been shown that
focusing on some specific performance indicators will lead to
a limited improvement in passive suspensions. SMC is one of
the well-known nonlinear methods for control systems with
uncertainty and external disturbances (Ghadiri, and Jahed-
Motlagh, 2016; Rahmanipour, and Ghadiri, 2020). The SMC
approach is a simple, robust control method that is the best
option to maintain stability and consistent performance in the
face of uncertainty in modeling. SMC's main idea is developed
based on defining a sliding surface that converges the system
to the surface using the proper control law and ensures system
stability (Emamifard, and Ghadiri, 2021) . But the problem
with SMC method is the chattering phenomenon. In this case,
other methods are proposed to reject the chattering
phenomenon, such as terminal sliding mode control (TSMC)
(Wang et al.,, 2020), fast terminal sliding mode control
(FTSMC) (Mustafa et al., 2020), and super-twisting sliding
mode control (STSMC) (Qin et al., 2019). The system's
robustness is enhanced by introducing an integral terminal
sliding mode, while system accuracy and speed convergence
are guaranteed (Liu, and Chen, 2020). Besides, by the analysis
of the stability of Lyapunov function, reassured is the whole
signals' boundless within a close loop system as well. This is
while the vertical displacement and pitch remain within the
specified performance limit. In (Min, Li, and Tong, 2020), the
adaptive fuzzy output feedback control problem has been
designed for the active suspension system of the quarter-car
model.

This research focuses on an active suspension system
stability problem by considering unknown road disturbances
and model uncertainties. In this regard, a novel robust adaptive
control method based on the concepts of sliding mode control
is proposed. The contributions of the paper can be summarized
as follows (1) Road disturbances and uncertainty of the model
are taken into account in the system model. (2) Upper bounds
for the external disturbances and model uncertainties are
assumed to be unknown. (3) A rigorous stability analysis of
the closed-loop system is provided using the Lyapunov theory.
(4) The chattering problem is alleviated by introducing a
continuous approximation of the control signal.

The paper is structured as follows: Section 2 contains
problem formulations. In section 3, the control scheme based
on integral TSMC has been introduced. The simulation results
are explained in Section 4. Finally, the conclusions are
presented in Section 5.

2. ACTIVE SUSPENSION CAR MODEL

The quarter-car active suspension model is demonstrated in
Figure 1. In Figure 1, my; and m, are the sprung mass and
unsprung mass. Fy; and F; are the forces produced by the spring
and damper, respectively. F, and Fj, represent forces
produced by the tire. The control input is introduced by u. z;

and z, are vertical displacements of the sprung and unsprung
masses. z, represents bump road disturbance. Consider a
quarter car system (Ovalle et al., 2021)
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Figure 1. Quarter-car active suspension model.
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meZs = —F(25,2,,) — Fq(Zs,2,) + Fy + u

myz, = F(z5,2,) + Fq(Zs, 2,) — F (2, 2,) (1)
~Fy(Zu2,) — u

which the F, term is considered to show model uncertainty and

external disturbance such as parameter uncertainties, external

forces, and unmodeled dynamics, and

K= k51 (zs — 2,) + ksz (zs — Zu)3

Fy = c1(Z5 — 2,) + ¢3(Zs — 7,)°

Fy = k(zy — z,)

Fy = (2, — Zy) (2

The system state variables are selected as

Xy = Zg, Xp = Zg, X3 = Zy, Xg = 2y 3)

Then, the state-space equation can be represented as

X1 = Xy 4)
¥y = on (<F = Fy+u+ Fy) 3)
X3 = X4 (6)

—F,—u) (7

The performance requirements for the vehicle active
suspension system are expressed with the following measures.

. 1
%3 = = (o Fa = F,

Ride comfort. The suspension's ride is closely related to the
vertical motion of the spring-mass. Therefore, stabilizing the
vertical movement to the desired trajectory in finite time is one
of the important objectives to achieve ride comfort.

Road holding. The link between the tire and the road should
be assured to enhance ride safety and ride handling quality. As
a result, the dynamic tire load should be controlled in a
reasonable range according to

Fe+Fp

(ms+my)g

<1 (®)

Mechanical structural limitation. The suspension deflection
limitations must also be regarded to prevent structural damage
on the suspension. This can be formulated as

|Zs - Zul < Zmax » (9)



where z,,,,, specifies the maximum suspension deflection. The
main control objective here is to design an integral TSMC for
the nonlinear active vehicle suspension system to satisfy the
above-mentioned constraints under the model uncertainties
and external disturbances.

Assumption 1. The model uncertainty A= % is bounded by a

positive constant §; (|JA(t)| < 6,).

3. DESIGN OF CONTROLLER

In this section, an integral TSMC will be formulated. First, the
controller will be designed assuming that uncertainties and
disturbances are known in the upper boundaries. Then, the
adaptive integral TSMC technique is suggested for cases
where the upper boundaries of disturbances and uncertainties
are unknown.

3.1 Integral Terminal Sliding Mode Control

In this part, the integral terminal sliding mode control (integral
TSMC) has been designed to stabilize the vertical movement
of' mass m,. The objective is to stabilize the vertical movement
of the mass mg, i.e. x; and track the desired trajectory x; 4. By
considering the tracking error

€ =X — X14» (10)
€ =X —X1g = X3 — Xqq, (11)
the integral terminal sliding surface can be written as

s=é(t) + ape(t) + a, fote(r)ydr, (12)

where a;, i = 1, 2 are two positive constants, and 0 <y = s <

1, with p and q are defined as two positive, odd, and integer
constants satisfying the condition p < q. The sliding surface
deviation is calculated as

s=é+a.é+ aye’ (13)
Substituting equations (4), (5), (10), and (11) in the above
equations, yields:

S=F +bju+A(t) =¥y +a.é+ aze
where F; = mis(—FS —F;),and b, = mis
Now, the equivalent controller u,, can be calculated from
equation $ = 0, as

(14)

Upg = —bi'[Fy — Xy + a3 (xy — %1q) + €] (15)
The total control input is defined as

U= Ugg + Uy (16)
where

u, = —by[pls|? + &, + (1 — vIshsign(s)] (17)

withp,8 > 0,0 <v < 1,and ¢ =%,wherea,baretwoodd
numbers satisfying 0 < a < b.

To analyze the control stability, consider a Lyapunov
candidate function as follows:

V= % s? (18)
Differentiating (20) with respect to time and substituting (18)
into (14) yields
V =s$=s[A(t) — (p|s|? + &, + 6(1 — vIN)sign(s))].

(19)

After simplifications and applying Assumption 1 results:

V< —pls@I?* = 6(1 = vFIs(@)] (20)

Assuming that p, 8 > 0, 0 < v < 1, and considering Lemma
1, it can be determined that V < 0 and the system state tends
to zero along the proposed sliding mode surface (12).

3.2. Adaptive Integral Terminal Sliding Mode Control

Usually, in practical systems determining the upper bound of
the uncertainties and external disturbances is impossible. To
deal with this problem, a method to estimate the upper bound
of the uncertainty §, is proposed. The estimation error can be
defined as

51(1:) = 81(1:) — 6 (21)
Taking the time derivative of &, (t) yields

81 ) = 81 ®) (22)
Therefore, the adaptation law can be defined as

5,(8) = ksl (23)

where k is a positive constant. Afterward, the adaptive integral
TSMC is obtained as:
Uy = —bi [pls|? + 8,(t) + 6 (1 — vIh)sign(s)] (24)

withp, 8 > 0,0<v <1,and ¢ = %,wherea,baretwoodd
numbers satisfying 0 < a < b.

To investigate the stability of the closed-loop system, the
Lyapunov candidate function below is considered

V=52 +282(0). (25)
By taking the time derivative of (25)
V =55+ 18,8, (0), 26)

and replacing (14) and (23) into (26), we have
27

Substituting the equivalent control (15) and adaptive integral
terminal sliding mode controller (24), we will have

V=s [A(t) - (p|s|¢ +5@®+0(1- v'sl)sign(s))]

+8,Is(®)1. (28)

After taking into account Assumption 1, equation (30) is
rewritten as follows

V< 81s@®] = pls®I?** = 8,(0)Is(0)]

—0(1 = vIN)|s(@© + 81 Is(O)I. (29)

After doing some mathematical manipulation the right-hand
side of (29) can be simplified to

V< —pls@®)|?* —0(1 —vI)|s(®). (30)
Since p, 8 >0, 0 <v <1, the Lyapunov function (30)
decreases gradually, i.e., V < 0 and the system states will
quickly tend to zero.



5. NUMERICAL SIMULATIONS

In this section, numerical simulations are provided to analyze
the performance of the active suspension with the proposed
approach. The performance and robustness of the suggested
approach are evaluated in the presence of various types of road
profiles, uncertainty, and external disturbance. The value of
the system parameters for the vehicle suspension system are
provided in Table 1 (Ovalle, Rios, and Ahmed, 2021). The
continuous bump road disturbance is represented as:

z, = 0.08cos(2mt)sin(0.67t), (31)

Figure (2) is represented the road disturbance profile. For
robustness analysis, simulations will be considered in the
following two cases:

Casel: Without
(Nominal system);
Case2: Considering disturbance (see Figure 3), and
uncertainty: mg; = (1 —20%) X 290, ¢; = (1 +20%) %
1385.4), ¢, = (1+20%) x 524.28), k; = (1 —30%) X
190), ks, = (1+20%) x 14500, kg, = (1 +20%) x
160000, c; = (1 —30%) x 170).

Considering the road profile (31), and the model uncertainty
and external disturbances in case 2, the performance of the
proposed controller is demonstrated in Figures (3)—(7).

external disturbance and uncertainty

Table 1. Parameters of active suspensions.

Parameter Value Parameter Value
mg 290 kg my 59 kg
ks, 14.5 kN/m ks, 160 kN/m
c1 1385.4 Ns/m Cy 524.28 Ns/m
k; 190 kN/m (o 170 Ns/m

Zmax 0.12m g 9.8 m/s?

Time(s)

Figure 2. Road Profile (Bump Road disturbance).
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Figure 3. External disturbance signal in Case 2.

It should be noted that the suspension system must meet the
requirements to reduce the vehicle vibrations and improve the
suspension performance and driving comfort. The suspension
performance and the driving comfort are closely related to the
vertical displacement and acceleration of the body,
respectively. As can be seen from Figures (3)—(4), the body's
amplitude of vertical displacement and acceleration is
significantly lower than the passive suspension system in front
of the uncertainties and external disturbances, and the
acceleration amplitude for the active suspension system is
smooth without any significant changes.

Table 2. Parameters of Controller.
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Figure 3. Displacement of the Sprung Mass.

In addition, it is also observed that despite the change of some
system parameters, the displacements and accelerations have
not been changed significantly, indicating the robustness of the
proposed method. Also, Table 2 shows the controller
parameters. Further to the vertical displacement, and
acceleration, the results for the deflection of the suspension
and the corresponding control signal, as well as the relative
dynamic load of the tire, are shown in Figures (5)-(7). The
results are plotted in comparison with the passive suspension
system. As can be seen, Figures 6 and 7 satisfy the limits
specified in equations (8) and (9). Finally, Figure 8 shows that
the sliding surface has no chattering in case 1 (nominal system)
and case 2 (with disturbance and uncertainty). Thus, the
proposed controller can achieve satisfactory suspension
performance regardless of parameter variation. This issue
demonstrates the robustness of the suggested controller.

5.3 A Comparative analysis

In this section, to illustrate the capability of the recommended
method, it will be compared with the results obtained in
(Deshpande et al., 2014). The continuous bump road profile is
given by (Deshpande, Mohan, Shendge, and Phadke, 2014).
—at} + bt? +c(t); 3.5<t<5,
—at} +bt? +c(t); 5<t<6.5,
—at? + bt? +c(t); 85<t<10,
—atd +bt? +c(t); 10 <t <115,
c(t); otherwise,

where t; =t—35, t,=t—6.5, t;=t—85, t,=t—
11.5, ¢(t) = 0.002 sin(t) + 0.002 sin(7.57t), a = 0.0592,

zr = (32)



b = 0.13332. The performances of the proposed method
compared with the control approach in Deshpande et al. are
illustrated in Figures (9)-(10).
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Figure 4. The acceleration signal of the sprung mass for the
proposed method compared to the passive system.
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Figure 5. The control input signal of the proposed method.
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Figure 9 shows the performance of both the proposed method
and the one in Deshpande et al. in reducing the vibrations
created by the unevenness of the road surface. As can be seen
from this figure, both methods are successful in providing a
good comfort for the passengers. Furthermore, as can be seen
from Figure 10, the sliding surface in the proposed method has
no chattering. Finally, to evaluate the control system's
performance and increase the comfort of movement, Table 3
compares the RMS values of sprung mass vertical
displacement, acceleration, suspension deflection, control
input, and the relative dynamic tire force.
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Figure 6. The suspension deflection signal of the sprung mass for the
proposed method compared to the passive system.
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Figure 9. Displacement of the Sprung Mass.

It can be clearly seen from Table 3 that the proposed active
suspension has a noteworthy improvement in ride comfort and
decreases the RMS values compared to Deshpande et al.

Table 3. Numerical comparison of the suspension system
performance in terms of RMS.

RMS Deshpande et al. | Proposed Method
Acceleration 0.0086 0.0042
Displacement 2.4810x10* 2.0400x10*

Suspension Deflection 0.0383 0.0222
Control Input 1811 338.62
Relative Tire Force 3.4957 1.3916

5. CONCLUSIONS

The paper investigates an adaptive integral TSMC for a
nonlinear active suspension system in the presence of
uncertainties and external disturbances. As the first step, the
proposed controller obtains an appropriate closed-loop
performance in the presence of uncertainties and disturbances
with a known uncertain bound. The stability of the nonlinear
system is analysed using Lyapunov theory. Next, an adaptive



integral TSMC was suggested for the nonlinear active
suspension system considering uncertainties and disturbances
with unknown bounds. The simulation results for different
road profiles demonstrate that the recommended technique
works better, and the system performance is improved using
the proposed controller despite uncertainty and external
disturbances. Furthermore, the results show that the
performance requirements, namely the ride comfort, road
holding, and mechanical structural limitation, have been
satisfied.
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Figure 10. The sliding surface for both methods.
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