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Extended-State-Observer-Based Double-Loop
Integral Sliding-Mode Control of
Electronic Throttle Valve
Yongfu Li, Bin Yang, Taixiong Zheng, Yinguo Li, Mingyue Cui, and Srinivas Peeta

Abstract—An extended-state-observer-based double-loop integral sliding-mode controller for electronic throttle (ET) is
proposed by factoring the gear backlash torque and external
disturbance to circumvent the parametric uncertainties and nonlinearities. The extended state observer is designed based on a nonlinear model of ET to estimate the change of throttle opening angle
and total disturbance. A double-loop integral sliding-mode controller consisting of an inner loop and an outer loop is presented
based on the opening angle and opening angle change errors of
ET through Lyapunov stability theory. Numerical experiments are
conducted using simulation. The results show that the accuracy
and the response time of the proposed controller are better than
those of the back-stepping and sliding mode control.
Index Terms—Double-loop integral sliding-mode control
(DLISMC), extended state observer (ESO), electronic throttle
(ET) control.

I. I NTRODUCTION

U

NDER intelligent transportation systems (ITS), vehicleto-vehicle (V2V) communications can play an important
role in the coordination between individual vehicles as well as
between the vehicles and the roadside infrastructure. For example, to avoid collisions in vehicular traffic flow, a wide variety of
information is desirable from preceding vehicles and roadside
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equipment by leveraging V2V communications [1]–[3]. In this
context, the V2V-based communication of information on the
opening angle of the electronic throttle (ET) of the preceding
vehicles in a lane enables a following vehicle in that platoon to
react autonomously to avoid a collision by adjusting adaptively
its ET. This is because the electronic throttle control (ETC) is
the core of the vehicle control and past studies [4]–[6] illustrate
that the vehicle speed is related to the opening angle of the ET.
This study is motivated by the need for a more accurate and
responsive controller so that platoon stability can be improved
under a stimulus through V2V information communication
related to the ET opening angle. Past studies [7], [8] on ET show
that the accuracy of the controller is important to improve the
stability and robustness of the ET system. Thereby, the stability
of the vehicle speed can be enhanced through smooth changes.
However, multiple nonlinearities and uncertainties including
stick-slip friction, gear backlash, and nonlinear spring [9], [10]
adversely affect the accuracy of the ETC. In terms of the
response time of the controller, studies [11]–[13] on vehicle
platoon control suggest that it is desirable for all vehicles in the
platoon to move with a safe space headway and a safe speed
from a stability perspective. However, under a stimulus such
as an accident just in front of a platoon, the lead vehicle in
the platoon must brake immediately as an emergency response
maneuver to avoid the accident. The following vehicles in the
platoon will then respond accordingly. Hence, a quick response
time is desirable for the ET controller to enhance platoon
stability. This study focuses on developing a more accurate and
responsive ET controller.
Several control strategies have been proposed to improve the
performance in terms of the accuracy and responsiveness of the
ETC, including linear control, nonlinear control, optimal control and intelligent control. From the linear control perspective,
Deur et al. [10] designed an optimized proportional-integralderivative (PID) controller that compensates the effects of friction and limp-home using a feedback compensator. However,
the friction compensator is prone to high-frequency oscillations under steady-state conditions, which are not transferred
to the output signal practically. Yuan et al. [14] proposed a
neural network based self-learning PID controller. However, the
back propagation (BP) algorithm used in the neural network
can deteriorate the performance of the controller [15]–[17].
Sheng et al. [18] proposed a fractional order fuzzy-PID controller for ET and used the fruit fly optimization algorithm
to search for the optimal values of the controller parameters.
However, the gear backlash torque, which plays an important
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role in the controller design, is ignored in this control strategy.
Yadav et al. [19] incorporated the ETC into an uncertain hybrid
electric vehicle (HEV) speed control, where a self-tuning fuzzy
PID controller and model reference adaptive systems with
sliding mode adaptation mechanisms are developed to achieve
robust performance of the ET-controlled HEV. However, the use
of the sign function in the sliding mode control (SMC) leads
to high-frequency chattering which affects control performance
due to the discontinuous control when the system states approach the sliding surface.
From the nonlinear control perspective, Barić et al. [20] proposed a high-performance ETC strategy based on an extended
SMC with a neural network which compensates for uncertainties including friction and limp-home. However, it requires
high computational power due to the quasi-continuous-time
implementation (i. e., a very small sampling time). Moreover,
the control scheme does not explicitly take into account the
constraints on process variables. To account for the process
variable constraints, Pan et al. [21] designed a sliding mode
observer (SMO) based variable structure control (VSC) to
estimate the opening angle change of the ET valve. However,
they only consider the Coulomb friction in the friction torque,
and ignore the stick-slip friction, which has a significant effect
on friction torque. In addition, the phenomenon of chattering
occurs due to the nature of VSC with high gain. Chen et al.
[22] investigated the ETC using the back-stepping method,
and proposed guidelines for selecting the controller parameters based on input-to-state-stable (ISS) theory. However, the
designed controller does not consider the unmodeled dynamics and unknown disturbances, which was only considered in
the ISS analysis instead of the controller design. Therefore,
the disturbance in practice would lead to the deterioration of
robustness.
On the basis of optimal control, Vas̆ak et al. [23] presented
the constrained finite-time optimal control method, which addresses the gearbox friction and limp-home nonlinearity by
solving a constrained optimal control problem formulated for
the discrete-time piecewise affine model of the throttle. The
drawback of this approach is that it relies excessively on the
model. Hence, if the model accuracy declines, it would lead
to significant performance deterioration. To address this issue,
Vas̆ak et al. [24] proposed a model predictive control based
time-optimal control strategy to improve the controller performance. Kim et al. [9] proposed a dynamic programming based
optimal controller for the ET valve. It uses dynamic programming to obtain the optimal gear shift and throttle opening angle
and develop throttle/gear maps that satisfy the driver’s power
demand. However, it does not provide enough power since the
maps lack a self-learning capability.
Recently, intelligent control has been widely used in engine
control through controller design, parameter identification and
fault diagnosis. Yuan et al. [25], [26] proposed a neural network
based ETC, which can circumvent the influence of both plant
parameter variations and operation state changes on the ETC
performance. However, the BP algorithm leads to slow training
and also results in a local minimum. Wang et al. [27] suggested
an intelligent fuzzy controller with feedforward closed-loop
configuration to deal with the nonlinear hysteretic behavior of

ET. They also proposed a new closed-loop back-propagation
tuning for the fuzzy output membership function to obtain
better tracking performance. However, the designed fuzzy rule
about the feedforward controller is too simple to illustrate the
condition of nonlinear hysteresis.
The literature review heretofore illustrates that the ETC accuracy and responsiveness challenges arise from the nonlinearities
and uncertainties such as the stick-slip friction, gear backlash
and nonlinear spring. Hence, motivated by the V2V context,
this study seeks to reduce the influence of parametric uncertainties and the nonlinearities. Specifically, an ESO is designed to
estimate the throttle opening angle change and total disturbance
with the consideration of its active disturbance rejection. The
study proposes the double loop integral sliding mode control
(DLISMC) that includes an inner-loop and an outer-loop, based
on the opening angle and corresponding change errors of the
ET valve according to the Lyapunov stability theory.
The primary study objective is to present a novel nonlinear
controller for the ET based on SMC and ESO. The proposed
controller is deployable as it meets the requirements in the
engineering practice context [10]. The study contributions are
as follows. First, in the ET controller design, many previous
studies [10], [14], [18]–[22], [25]–[27] treat only the throttle
opening angle error as feedback, and do not consider the throttle
opening angle change error. To the best of our knowledge, this
study is the first to consider both the throttle opening angle
error and the throttle opening angle change error as feedback.
Accordingly, in our double closed loop controller, the inner
loop controller is based on throttle opening angle change error
and the outer loop controller is based on the throttle opening angle error. Thereby, the controller can track the throttle opening
angle and opening angle change simultaneously to enhance the
accuracy of the proposed controller. Second, the integral term,
which can effectively eliminate the static error of the system, is
incorporated into the sliding mode surface design, resulting in
improved ET system stability. Third, the gear backlash torque
and external disturbance are taken into consideration to reduce
the effects of parametric uncertainties and nonlinearities.
The rest of this paper is organized as follows. In Section II,
the mathematical model of the ET valve system including the
friction and nonlinear spring model is presented. The DLISMC
controller with the ESO is designed in Section III. Section IV
performs numerical simulation experiments and compares the
performance of the proposed controller with those of the backstepping and SMC controllers. The final section provides some
concluding comments.
II. M ODEL
An ET system consists of a dc drive (powered by the
chopper), a gearbox, a valve plate, a dual return spring, and
a position sensor [14], [23], [24]. Fig. 1 shows the functional
scheme of the ET.
According to Kirchhoff’s law, below is the description of the
motor winding circuit [22], [24]
La

dia
+ Ra ia = kch u − kv θ̇m
dt

(1)
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Fig. 2. ETC strategy.
Fig. 1. Schematic of electronic throttle.

where La and Ra are the armature inductance and the overall resistance of the armature circuit, respectively. And ia , u
represent the dc motor armature current and the input control
voltage, respectively. kch and kv denote the chopper gain and
the electromotive force constant, respectively, and θ̇m is the
motor angular velocity.
In terms of the torque balance principle, the kinematic differential equation of ET valve is [22], [24]
Jkl2 θ̈ = kl kt ia − ms − mf − mg

(2)

where θ is the position (opening angle) of ET, J is the overall
moment of inertia referred to the motor side, kt is the motor
torque constant, ms is the throttle return spring torque, mg
is the unknown gear backlash torque, and kl = θm /θ is gear
ratio. mf is the frictional torque caused by Coulomb and sliding
friction as in [22]
mf = ktf sgn(θ̇) + kf θ̇

(3)

where ktf is Coulomb friction coefficient and kf is sliding
friction coefficient.
The throttle return spring torque ms is given by [22]
ms = ksp (θ − θ0 ) + kpre sgn(θ − θ0 )

(4)

where ksp is spring elastic coefficient, kpre is the spring tightening torque coefficient, and θ0 is the default opening angle of
the throttle plate.
The system sampling time is chosen with respect to the
dominant time constant of the linearized ET model and is
set to T = 5 ms [10]. The armature current dynamics can be
neglected since the time constant Ta = La /Ra ≤ T . Therefore,
(1) can be simplified as

1 
ia =
kch u − kv θ̇ m .
(5)
Ra
Based on (2)–(5), the ET model is

 2

kl kt kv
1 kl kt kch
θ̈ = 2
u−
+ kf θ̇ − mg
kl J
Ra
Ra



− ksp (θ − θ0 ) − kpre sgn(θ − θ0 ) − ktf sgn(θ̇) .
(6)
Then, let x1 = θ and x2 = θ̇. By considering the external
disturbance d(t), (6) can be rewritten as
⎧
⎪
⎨ẋ1 = x2
(7)
ẋ2 = a21 (x1 − θ0 )+a22 x2 + bu + κ2 sgn(x2 )
⎪
⎩
+ κ1 sgn(x1 − θ0 ) + κ3 mg + d(t)

Fig. 3. Structure of observer.

where
a21 = −(ksp / kl2 J), a22 = −((kl2 kt kv + kf Ra )/
2
(kl JRa )), b = (kt kch /kl JRa ), κ1 = −(kpre /kl2 J), κ2 =
−(ktf /kl2 J), κ3 = −(1/kl2 J), |d(t)| ≤ L.
(7) can be rewritten as
⎧
⎪
⎨ẋ1 = x2
(8)
ẋ2 = a21 (x1 − θ0 )+a22 x2 + bu + κ2 sgn(x2 )
⎪
⎩
+ κ1 sgn(x1 − θ0 ) + D(t)
where D(t) = κ3 mg + d(t) is total uncertainty of ET, and
D ≤ M .
III. C ONTROLLER D ESIGN
Given the accuracy and responsiveness requirements, and the
practical difficulty in measuring the opening angle change of
ET and the total disturbance [21], [22], ESO is used to carry out
the estimation [28]–[31]. Fig. 2 illustrates the control strategy of

ET, where x 2 is the estimation of the ET opening angle change,


which cannot be measured practically. D(t) is the estimation of
total disturbance D(t) which is a critical factor but neglected in
the high precision controller design.
A. Observer Design
1) Observer Design and Stability Analysis: ESO plays an
important role in the active disturbance reduction controller,
which can estimate the state of control system as well as the
disturbance. The structure of ESO is shown in Fig. 3.
According to (8), the ESO is designed as a variant of


[32]–[34] by additionally considering D
⎧


˙
a1
⎪
⎪
⎨ x 1 = x 2 + ε(x1 − x 1 )


˙
x 2 = bu + D + aε22 (x1 − x 1 )
⎪
⎪
⎩ ˙

D = aε33 (x1 − x 1 )








(9)



where x = [ x 1 x 2 D]T represents the observer states and D
is the estimation of disturbance D(t). In addition, the parameters ε, a1 , a2 , and a3 are designed in the following analysis
to ensure the state error is small as desired. The state error
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ρ = [ρ1 ρ2 ρ3 ]T is defined as the error between the actual

state and the estimated state, i.e., ρ1 = (x1 − x 1 )/ε2 , ρ2 =


(x2 − x 2 )/ε, ρ3 = D − D.
Theorem 1: If the gain parameters a1 , a2 and a3 satisfy the
following conditions: (i) a1 , a2 , a3 ∈ R and ε > 0, a1 , a2 , a3 >
0; (ii) a1 a2 − a3 > 0. then, the state error ρ can converge to
zero in the finite time using linear coordinate transformations.
Proof: For the designed observer [see (9)], the stability
should be guaranteed. The estimation errors of observer are
defined as


Note that D ≤ M , therefore, we have




t

 Āt
Āτ

ρ(t) = e ρ(0) + B̄ Ḋ(τ )e dτ 



0

t



 

 Āt
 
Āτ
≤ e ρ(0) +  B̄ Ḋ(τ )e dτ 



0
 t




 





Āτ
.
≤ eĀt ρ(0) + B̄M  
e
dτ





(16)

0

ρ = [ρ1 ρ2 ρ3 ]T .
Since

⎧
⎪
⎪
⎪ερ̇1 =
⎨

(10)

˙

ẋ1 − x 1
= −a1 ρ1 + ρ2
ε
˙

ε ẋ2 −ε x 2 = −a2 ρ1 + ρ3

(11)

ερ̇2 =
⎪
⎪
⎪

˙
⎩
ερ̇3 = ε(Ḋ − D) = −a3 ρ1 + εḊ
then, the error system is rewritten as

B. Double Loop Integral Sliding Mode Controller Design

ρ̇ = Āρ + B̄ Ḋ
⎤

⎡

Since Ā is stable (Hurwitz matrix),
so ∃Λ,
t
 tς > 0 and Λ, ς ∈
R, s. t. eĀt  ≤ Λe−ςt and  0 eĀτ dτ  ≤ 0 Λe−ςt dτ , which
t
implies if t → ∞, then eĀt ρ(0) → 0 and  0 eĀτ dτ  → 0,
respectively. Note that the convergence time is determined by
Ā. Thus we can adjust the gains parameters a1 , a2 and a3 to
change the convergent speed, which can ensure the estimation
accuracy of the observer.

1
0
−a1
0
1 ⎦, B̄
where Ā = (1/ε) ⎣ −a2
−a3
0
0
The characteristic equation of Ā is


−1
0

 1  λ + a1
λI − Ā = 
λ
−1
a
2
ε 
a3
0
λ

⎡

(12)
⎤

0
= ⎣ 0 ⎦.
1

1) Inner-Loop Sliding Mode Controller Design: The innerloop is designed as the ET opening angle change loop shown in
Fig. 2. Suppose ωd is the desired value of the inner-loop, and
the error of the inner-loop is defined as
ωe = ωd − x2 .




 = 0.



(17)

Let the sliding mode surface be defined as in [37]–[41]
(13)

t
sin = ωe + k1

Then

ωe dt

(18)

0

where k1 ∈ R and k1 > 0. Then

λ3 + a1 λ2 + a2 λ + a3 = 0.

ṡin = ω̇e + k1 ωe = ω̇d − ẋ2 + k1 ωe

If ai (i = 1, 2, 3) is chosen as below

ai (i = 1, 2, 3) > 0
a1 a2 > a3 .

= ω̇d − a21 (x1 − θ0 ) − a22 x2 − bu + k1 ωe
− κ1 sgn(x1 − θ0 ) − κ2 sgn(x2 ) − D.

Ā is a Hurwitz matrix according to Hurwitz theory. Hence,
the asymptotic stability of ρ can be guaranteed, which implies
ρ can converge to zero in finite time using linear coordinate
transformations [35].

To alleviate peaking phenomenon caused by different initial
values of the ESO, the small variable ε is designed as in [36]

100t3 0 ≤ t ≤ 1
1
=
(14)
ε
100
t > 1.
2) Convergent Speed Analysis: Based on (12), the solution
can be obtained
t
Āt

B̄ Ḋ(τ )eĀτ dτ.

ρ(t) = e ρ(0) +
0

(15)

(19)

When the sliding mode of the system approaches the switching
surface, then sin = 0. And, according to (18), we obtain
t
ωe dt = 0.

ωe + k1
0

Then
ωe = η exp(−k1 t)

(20)

where η is a constant determined by initial condition. Since
k1 > 0, if t → ∞, then ωe → 0, where the convergence
 t time is
determined by k1 . Consequently, we also obtain k1 0 ωe dt → 0.
Therefore, the candidate Lyapunov function of inner-loop
controller can be chosen as in [39]–[41]
V1 =

1 2
s .
2 in

(21)
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TABLE I
E T PARAMETERS VALUES

Then
V̇1 = sin ṡin
= sin (ω̇d − a21 (x1 − θ0 ) − a22 x2 − κ2 sgn(x2 )
(22)
− bu − κ1 sgn(x1 − θ0 ) − D + k1 ωe ).
In terms of (22), the inner-loop control law can be designed as
1
u=
ω̇d − a21 (x1 − θ0 ) − a22 x2 − κ1 sgn(x1 − θ0 )
b


− κ2 sgn(x2 ) − D + k1 ωe + λ1 sin + β1 sgn(sin )
(23)
where λ1 and β1 are positive constants, so
V̇1 = sin ṡin



= sin D − D − λ1 sin − β1 sgn(sin ) .
Hence

(24)




V̇1 = D − D sin − λ1 s2in − β1 |sin | .


If V̇1 ≤ 0, we obtain β1 ≥ (D − D).
By replacing the unmeasurable variable x2 with its estimated

value x 2 , we obtain the following inner-loop controller based
on the observer:
1

ω̇d − a21 (x1 − θ0 ) − a22 x 2 − κ1 sgn(x1 − θ0 )
u=
b



− κ2 sgn( x 2 ) − D + k1 ωe + λ1 sin + β1 sgn(sin ) . (25)
2) Outer-Loop Sliding Mode Controller Design: The outerloop is designed as the ET opening angle loop shown in
Fig. 2 and xd is the desired value of outer-loop. The error of
outer-loop is defined as
θe = xd − x1 .

(26)

The sliding mode surface is defined as [37]–[41]
t
sou = θe + k2

θe dt

(27)

0

where k2 ∈ R and k2 > 0. Then
ṡou = θ̇e + k2 θe = ẋd − ẋ1 + k2 θe .

(29)

Based on (29), the outer-loop control law is designed as
ωd = ẋd + k2 θe + β2 sgn(sou )

(30)

where β2 is a positive constant.
Substituting (30) into (29), we have
ṡou = −β2 sgn(sou ) − ξ.

IV. N UMERICAL E XPERIMENTS
Simulation-based numerical experiments are carried out using parameters according to [22] as shown in Table I. To analyze the performance, in terms of accuracy and responsiveness,
of the designed DLISMC controller for the ET valve, it is
compared with the SMC in [21], and the back-stepping control
(BSC) in [22]. For the ESO, the parameters of the observer are
chosen as follows: a1 = 6, a2 = 11, and a3 = 6. In addition,
the parameters of the inner-loop and outer-loop controllers are
given as: k1 = 1, β1 = 1.5, λ1 = 1200, k2 = 0.3, and β2 = 15.
A. Observer Performance Verification

Then
sou ṡou = −β2 |sou | − ξsou .

If the gain is high enough and β2 ≥ ξ, then sou ṡou < 0.
Therefore, the sliding mode tends to converge toward the surface sou = 0 in finite time [42], [43].
To alleviate the undesirable chattering noise caused by
sgn(s), a saturation function sat(s) is used to replace sign
function, which is expressed as [42], [44], [45]
⎧
⎪
s>Δ
⎨1,
sat(s) = s/Δ, |s| < Δ
(32)
⎪
⎩
−1,
s < Δ.

(28)

According to the analysis of inner-loop control law, we obtain
ẋ1 = ωd + ξ when ωe → 0 and ξ ∈ R and ξ > 0. Then
ṡou = θ̇e + k2 θe = ẋd − ωd − ξ + k2 θe .

Fig. 4. Tracking response of the sinusoidal signal.

(31)

In this section, the tracking performance of a sinusoidal
reference signal is analyzed as shown in Figs. 4 and 5. From the
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Fig. 5. Tracking error of the sinusoidal signal.

Fig. 7. Estimation of disturbance.

Fig. 6. Estimation of throttle opening angle change.

Fig. 8. Tracking response of step signal.

viewpoint of response time, the performance of the proposed
controller is better than those of the other two as shown in
Fig. 4. From the accuracy viewpoint, as shown in Fig. 5, the
tracking errors of the SMC and BSC reach the negative and
positive maximums at 0.35 s and 0.68 s, respectively. By contrast, the tracking error distribution of the proposed DLISMC is
relatively steady and its tracking errors are smaller than those
of the SMC and BSC.
Figs. 6 and 7 illustrate the estimation of the ET angular velocity and disturbance, respectively. Fig. 6 shows that the ESO
can estimate the ET angular velocity precisely. Fig. 7 illustrates
the ability of the observer to compensate the influence of the
torque produced by the gear of ET and the influence of external
disturbance.
B. Analysis of Controller Robustness
Fig. 8 shows the step-tracking performance for the three
controllers. The settling time is analyzed due to the requirement
of no overshoot, where the settling time is defined as the time
taken by a signal to reach and stay within a range of 2% of the
step height. The settling times of the SMC, BSC and DLISMC
are about 0.0985 s, 0.1812 s, and 0.0894 s, respectively. Hence,
the tracking response time of the DLISMC is smaller than
those of the SMC and BSC. Therefore, the proposed controller

Fig. 9. Step signal tracking response of parameters change.

can more quickly reach the desired value and become stable
compared with those under SMC and BSC, which indicates that
the ET can respond quickly in the case of parametric variation.
To analyze the robustness performance of these controllers,
simulations with parametric variations are considered here: kt
is varied from 0.016 to 0.0128, ktf from 0.0048 to 0.02964, and
ksp from 0.0247 to 0.0576 according to [22]. Figs. 9 and 10
show the step-tracking performance of the three controllers

LI et al.: ESO-BASED DLISMC OF ET VALVE
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Fig. 12. Setpoint signal tracking error.

Fig. 11. Setpoint signal tracking response.

with these parametric variations. The tracking errors of the
SMC, BSC, and DLISMC are about 0.5 deg, 0.9 deg, and
0.2 deg, respectively. It indicates that the accuracy of the proposed controller is higher than those of the SMC and BSC. In
addition, from Figs. 8 and 9, it can be observed that the performance of SMC and BSC becomes worse under parametric variations, whereas the DLISMC is robust to parametric variations.
The discussion heretofore suggests that the proposed controller has strong robustness relative to parametric uncertainties
and can also satisfy engineering practice requirements [10].
Further, a stable vehicle speed can be guaranteed as the adaptive
controller can adjust the opening angle of the ET valve in a
timely manner when an external disturbance occurs, which can
aid a vehicle platoon under V2V communications to respond
accordingly and improve its robustness.
C. Controller Performance for Setpoint
In practice, sudden changes of the signal are possible from
small to large opening angles or vice versa, which are important
to engine control. Moreover, there exists the phenomenon of
stop-and-go in traffic flow when congestion occurs. Vehicle
speed can change rapidly or slowly under stop-and-go traffic
flows, which implies that the ET valve should be capable of
responding in a timely manner. However, the nonlinear spring

Fig. 13. Performance with sign function: (a) opening angle and opening angle
change, (b) outer and inner control output.

does not allow opening angles below 5◦ and above 80◦ [21].
Hence, the minimum and maximum values of the setpoint
signal are chosen as 10◦ and 70◦ , respectively.
Figs. 11 and 12 show the setpoint signal tracking performance for these three controllers using the rising and falling
times. The rising time is defined as the time taken by a signal
to change from 10% to 90% of the step height. In Fig. 11, the
rising times of the SMC, BSC, and DLISMC are about 0.0398 s,
0.0597 s, and 0.0276 s, respectively. Hence, the rising time with
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Fig. 14. Performance with saturation function: (a) opening angle and opening
angle change, (b) outer and inner control output, (Δ = 0.5).

the DLISMC is smaller than those under SMC and BSC. The
falling time is defined as the time taken by a signal to change
from 90% to 10% of the step height [21]. The falling times
of SMC, BSC, and DLISMC in Fig. 12 are about 0.0400 s,
0.0603 s, and 0.0274 s, respectively. Hence, the falling time
with the DLISMC is also smaller than those under SMC and
BSC. In summary, the performance of the proposed controller
is better than that of the SMC and BSC with respect to accuracy
and responsiveness under sudden non-smooth signal variation.
D. Saturation Function’s Influence on Controller
To address the chattering problem, the sign function is replaced by a saturation function, and numerical experiments
are conducted to analyze the effects of the sign and saturation
functions on the controller, as shown in Figs. 13 and 14 under the sinusoidal reference input within 10s. Figs. 13(a) and
14(a) show the chattering under the throttle opening angle
change with the sign function. The sign function and the
saturation function have little effect on the throttle opening
angle tracking. Moreover, Figs. 13(b) and 14(b) illustrate that
the chattering phenomenon is reduced when the sign function
is replaced by the saturation function.
Figs. 14 and 15 show the control performance under the
saturation function with Δ = 0.5 and Δ = 0.05, respectively.

Fig. 15. Performance with saturation function: (a) opening angle and opening
angle change, (b) outer and inner control output, (Δ = 0.05).

From Figs. 14 and 15, the variation of Δ has little effect on
the throttle opening angle tracking and control input. However,
when Δ decreases, the tracking performance of the throttle
opening angle change deteriorates and a little chattering occurs
in the inner-loop and outer-loop control law.
E. Controller Performance Comparison
Table II summarizes the performance of the three controllers
under different input signals. It illustrates that all three controllers can track step signal without overshoot. However, with
respect to the settling time, the proposed controller can reach
the desired value and become stable more quickly than SMC
and BSC, which implies that the vehicle speed can quickly
become stable as the vehicle speed is associated with the throttle opening angle [4]. Furthermore, when the ET parameters
(kt , ktf , and ksp ) change, the tracking errors of DLISMC,
SMC and BSC are 0.2 deg, 0.5 deg, and 0.9 deg, respectively.
This indicates that the proposed controller has better robustness
than SMC and BSC, which can guarantee the practical string
stability of vehicle platoon under V2V communications and
also satisfy the robustness requirement in engineering practice.
The rising times of SMC, BSC, and DLISMC are 0.0398 s,
0.0597 s, and 0.0276 s, respectively, with the setpoint signal.
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TABLE II
C ONTROLLER P ERFORMANCE C OMPARISON

Hence, the proposed controller can reach the desired value in
the shortest time when the signal amplitude increases suddenly.
While the falling times of SMC, BSC, and DLISMC are
0.0400 s, 0.0603 s, and 0.0274 s, respectively. Hence, these
two controllers cannot track the desired signal accurately when
signal amplitude is changed from high to low.
Based on above discussion, we conclude that the accuracy
and responsiveness of the proposed controller are better than
those of the BSC and SMC with respect to tracking errors and
rising/falling time or settling time under the sinusoidal, step or
setpoint signals.
V. C ONCLUSION
To enhance the accuracy and responsiveness of ETC, an ESO
based double loop integral sliding mode controller is proposed
in this paper. First, the ESO is used to estimate the throttle
opening angle change and disturbance. Then, a DLISMC controller is proposed, including the inner loop based on throttle
opening angle change errors and outer loop based on throttle
opening angle errors. Finally, numerical experiments are conducted with three different reference signals for the DLISMC,
and compared with those for the BSC and SMC. The results
illustrate that the ESO has performed well in terms of estimating the throttle opening angle change and disturbance. Further,
compared with the SMC and BSC, the accuracy and responsiveness of the proposed DLISMC controller are improved with
respect to tracking errors and rising/falling time or settling time
under three different reference signals. Hence, the proposed
DLISMC controller can perform relatively better under the
V2V communications context related to platoon stability.
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