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Received: 10 March 2024 This study examines the effectiveness of an adaptive integral sliding mode controller
Revised: 17 May 2024 (AISMC) for adjusting an electronic throttle valve's (ETV) angular position. An electronic
Accepted: 4 June 2024 throttle is a DC motor-driven valve that controls the flow of air into the engine in modern
Available online: 25 June 2024 cars. Due to the nonlinear dynamical properties of electronic throttle systems, they are

challenging to control using the conventional PID control technique. In the present
investigation, an adaptive integral sliding mode control approach is recommended for
controlling the ETV. First, the dynamical model of the electronic throttle is utilized to
create an integral sliding mode controller (ISMC). The switching control term and the
equivalent control term makes up the ISMC. The permissible minimum switching control
term's gain is determined using the adaptive sliding mode control. The controller's
chattering is reduced as a result. A computer simulation of the suggested control technique
is then conducted, and the simulation results validate that the suggested control method
has a sufficient degree of control performance. Regarding the transient features of the
system, an analysis has been carried out to compare the effectiveness of the AISMC with
alternative controllers. The MATLAB package's environment has been employed to
implement the simulation.
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1. INTRODUCTION required characteristics [6-10].

One of the most important components of an automobile
engine is its throttle valve. During combustion process, the air- Inlenmedisle Gear
fuel ratio is adjusted by changing the valve plate's opening
angle. In traditional car engines, the valve plate is directly Control
controlled by the driver through a wire connection to the signal o
accelerator pedal. Classical technology does not take into u Driver ) DC Motor
consideration external and internal factors such as weather, —
road conditions, fuel efficiency, vehicle emissions, and fuel Valve Plate
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economy. This has a negative impact on the engine's overall /
efficiency and the accuracy of the car's system, particularly 0

because the dynamics of the throttle valve are highly complex \w/
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and nonlinear due to variable stiffness and mechanical
hysteresis. In recent automotive technologies, the ETV has Nonlinear Spring
appeared to solve the problems caused by the previous era's

conventional throttle valve [1, 2]. The ETV is seen in Figure

1[2]. Position

The components of the ETV as it is described in the study Sensor

[2] are as follows: a position sensor, a nonlinear spring, a valve

plate, a motor pinion gear, an intgrmediate gear, a se?ctor gear, Figure 1. The ETV schematic diagram [2]
and a DC motor operated by a driver. The ETV basically acts
as a DC motor-driven valve that regulates the quantity of air
that enters the car's combustion system [1-5]. The mechanism
for controlling of the engine control unit positions the
electronics throttle valve using the reference opening angle.
Throttling angle, which modifies the air mass flow rate to the
engine port, is the primary engine control input that meets the

Sector
Gear

In present vehicles, the electronic throttle has become more
and more prevalent. in an effort to lower emissions, improve
fuel economy, and improve driver comfort. The electronic
throttle exhibits a high degree of parameter uncertainty and
nonlinearity. It is difficult to get an acceptable control
performance when utilizing the conventional PID control
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approach because of the strong nonlinear feature and
parameters uncertainty in the electronic throttle. For
controlling such controlled plants with high nonlinear features
and parameter uncertainty, backstepping controller and sliding
mode control are dependable control techniques. The
Backstepping controller performs well and has good qualities
for controlling the ETV's position [11-16]. Because the
sliding-mode control may asymptotically stabilize the system,
it has been widely used in real-world applications [17-22].

The control law in the studies [23, 24] is the twisting
algorithm based on second order sliding mode control for the
control of an ETV. Additionally, in the study [21], the
electronic throttle was regulated using fuzzy sliding-mode
control, in which the gain of the switching control term was
identified using the fuzzy logic system. As a result, the
controller's chatting is suppressed. In the study [22], the
sliding mode control is implemented using neural networks to
adjust the angular position of the electronic throttle's valve.
Some researchers employ Observer based Sliding-Mode
Control to regulate the opening of the ETV systems [23].

Higher Order Sliding-Mode design and control of an
electronic throttle control system were present in the studies
[24, 25]. An idea for an adaptive sliding mode control
mechanism has been outlined [26-30] to control the position
of the ETV. Furthermore, integral sliding mode control was
implemented in certain works to control ETV's angular
position [31, 32]. This research suggests developing an
adaptive integral sliding mode control approach to control the
position of the ETV. The nominal control part and the
discontinuous control part make up the suggested controller.

The ETV's dynamical model serves as the foundation for
the nominal control part's design. On the other hand, the
adaptive sliding mode control serves to identify the
discontinuous control component. The adaptive sliding mode
control, to put it simply, calculates the switching gain. The
adaptive-integral sliding-mode control approach provided
here can reduce chattering with little time settling period.
Lastly, a computer simulation executes using MATLAB
programming and Simulink, and the results confirm that the
recommended control technique works.

2. MATHEMATICAL MODELS OF ETV

The ETV mathematical models are expressed [16]:

6 =—a,0 —a, 6+ byu +w (1)
where, w represent the disturbance and the parameters
uncertainty.

If one establishes x; = 6, x, = 6, andy = x;, then the
representation of the state space of the variables can be
expressed below [16]:

X =X ()
sz = _alxl - azxz + blu +w (3)
In matrix form Egs. (2) and (3) becomes
X1 0 1 Xq [ 0 ] 0
I:'X‘.Z:I - _al - az [xz] + bl u + [W ] (4)
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And the output can be represented as below:

y=11 0[] 5)

where,
a; = 2.9245 x 1071t |
0.3139, and w = —1.8207.

a, = 29275 x 107 | b,

3. CLASSICAL SLIDING MODE CONTROLLER (SMC)

A well-liked methodology for developing a dependable
controller technique in contemporary control systems is the
SMC. This type of controller is composed of two phases, the
reaching phase and the sliding phase [27]. Figure 2 below
shows these two phases:

X2
/ x(fo)
Sliding Surface 1 Reaching Phase
|
1
A
/ x(f)
Sliding Phase
s=0

Figure 2. The two phases of classical sliding mode [27]

In the reaching phase, the state trajectory will begin from
any initial position and then oriented toward the switching
surface S=0; hence, the sliding phase will be started at this
instant as shown in Figure 2 [33]. In the sliding phase, as
demonstrated in Figure 2, the state trajectory is required to
remain on the switching surface and travel along it until it
reaches the origin in a finite amount of time [33].

The control action in SMC is expressed as below:

u=1u, + ugs (6)
where, u4;s represents the discontinuous control portion and
u, represents the nominal control part. The definition of the
discontinuous control portion, Uy, , is as follows [27]:

Ugis = —k(t) sign(s) (7
where, k(t) is a positive-valued constant. By inserting Eq. (7)
in (6), the control law can be rewritten as:
u=u, —k(t) sign(s) ®)

One of the most significant issues with the sliding mode
control is the chattering phenomenon, which is brought on by
a zigzag motion in the output along the sliding surface. Since
chattering phenomenon excite the un-modeled dynamics of
mechanical systems, it is an undesired attribute. The

Chattering, which is undesirable characteristic, is occures
becauses of using the sign(s) function in discontinuous



control part [33].

To decrease chattering, the saturation function, which is
shown in Figure 3, is used in place of the signum function in
Eq. (8). Eq. (8) will therefore look like this:

u=u, —k(t)sat(s) 9)
where, s represents the sliding surface and it can be
characterized as:

s=Jle+ é (10)
where, A is a positive-valued constant parameter. To keep

things simple, we'll suppose that 4 = 1.
Let x; = e and x, = é, then Eq. (10) will be as below:

s=x1+ x; 11
sat(s /@)
3
AY
Figure 3. The saturation function [27]
_sign(s) ifls|> ¢
sat(s, @) ={ 1 if |s|£(p} (12)

Hence, as shown in Figure 3, ¢ is the thickness of the
saturation function.

4. THE AISMC DESIGN

To create the AISMC design, two components of Eq. (6) are
required. The two components of Eq. (6) are u,, and ug;. This
controller's construction uses u,, in the same way as an integral
sliding mode controller (ISMC) [33]. On other hand, the
discontinuous controller part, uy;s is obtained in the same
manner as an adaptive sliding mode controller (ASMC) is
designed [27].

4.1 The design of u,,

Let the error and its derivatives are defined as below:

z; =e=60—0;10.095 (13)
where, the value 0.095 is the offset value of ETV
6=z +6,;—-0.095 (14)

and,
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(15)

Zzzé:é—gd
0=2z,+ 6, (16)

substitute Egs. (12) and (14) in Eq. (10) and for simplicity let
A = 1. The Eq. (10) will be as below:

So =21+ 2, 17)
Z = =S5, (18)
s=sy+z (19)
7 =17, (20)
Z,=0-0,=¢ (21)
6—-6,— ¢ = (22)

Eq. (3) yields § in the equation above, and é is written [31]:

é+ce+c,e=0 (23)

é=—C1 Zy —Cy 2y (24)

Egs. (3) and (21) can be substituted into Eq. (19) to get this
outcome.

_al(Zl + Hd - 0095) - az(ZZ + gd) + blu +

- (25)
W_gd"l‘ClZl"I'CZzZ:O

And as a result, u can be obtained from the last equation as
below:

1 .
u:zzmga+?d—amﬁ)+a4@4-%)— 26)
w+60,—c2—Cy27,)

The last equation represents nominal control part u, .
Therefore, the last equation can rewrite as following:

u, = bil (al(zl + Bd — 0.095 ) + az(ZZ + Gd) -

. (27)
W40, —¢121—C2y)
4.2 The design of ug;,
The value of k(t) in ASMC could be stated [27]:
u if Kmin < u < Kmax
k(t) = Kmin  if U< Knin (28)
Kmax lf lu' 2 Kmax
k(1)
_ {p. [s(x.t)|.sign(|s(x.0)]) —€) ifk> u} (29)
u ifk<u

where, p > 0 is used to raise or lower the value of k(t), € >
0 is a very small value, and K,;,;, and K,,,,, are the minimum
and maximum gain respectively that must be properly selected
by the designer.

Finally, the complete equation of AISMC can be described
by replacing Egs. (9) and (27) in Eq. (6).



1 .
u= - (ay(z + 84 —0.095) + ay(z, + 6,) —w+ (30)

04— ¢ 21 — ¢ 2,) — k(x) sat(s)

5. THE SIMULATION RESULTS

A computer is used to simulate the suggested controller with
the ETV through the use of MATLAB programming. Figures
4 to 12 display the simulation's results. The intended angle is
depicted with time in Figure 4. Figure 5 displays the actual
angle over time. Figure 6 combined the desired and the actual s
angle with time to illustrate the variation between the two.

Figures 7 and 8, respectively, show the error and the derivative

of the error with time. These figures indicate that the tracking Figure 6. The desired and actual angles with time (degree)
error is significantly smaller than that of the ASMBSC [16], as
shown in Table 1. Conversely, Figure 9 shows the phase plane
that occurs between the error and the error's derivative. The
recommended controller's control action is depicted in Figure
10. This figure reveals that the control action is smooth and
without sharp spikes and within the acceptable range of £24
volts depending on the supply voltage of the DC motor of the
ETV. Figure 11 shows a representation of the sliding surface.
The main feature of the ISMC is that the sliding variable s is
equal to zero from the first instant which means that the system
reaches the sliding surface from the first time of simulation. ol
Lastly, Figure 12 plots the integral term z and sliding variable

s against time. 4

The desired snd actual position (degree)
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Figure 7. The error x; (degree) against time
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Figure 4. The desired angle (degree) against time

Figure 8. The temporal derivative of errors x,

“ (degree/second) against time
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Figure 9. The phase plane that separates the error from the

Figure 5. The actual angle (degree) against time error derivative
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Figure 10. The control measure (volt) against time
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Figure 11. The sliding surface against time
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Figure 12. The sliding variable s and integral term z plotted
against time

Table 1. The controllers' tracking error

Time Tracking Error of Tracking Error of
(Second) AISMC (Degree) ASMBSC (Degree) [16]
0.8 0.192 -0.04
3 3.98x107 0
5 8.17x107 0.001
8 8.57x107 0
10 -1.24x106 0.1

Table 1 demonstrates clearly that, when utilizing the
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recommended controller, the tracking error is significantly
smaller than that of the ASMBSC in the study [16]. Table 2
makes it evident that the recommended controller has a
chattering magnitude of 1.29 volts from peak to peak, where 5
volts is its value in the study [16]. This indicates that, when
compared to the study [16], the suggested controller can lower
chattering to a low number.

Table 2. The controllers' performance

Time Control Action with Control Action with
(Second) AISMC (Volt) ASMBSC (Volt) [16]
0.1 6.55 24
2 6.33 0
2.4 6.29 5
5 6.31 0
6.6 7.58 5
8 6.29 0.1
9.65 7.58 5
10 7.45 3.7

In order to extend this study for future work, different
control techniques can be designed and used to control the
angular position of the ETV system. Moreover, a comparison
study can be conducted between these suggested controllers
and the proposed controller [2, 19, 34-36].

6. CONCLUSIONS

This work introduces an adaptive integral sliding mode
control approach to regulate and stabilize the electronic
throttle valve's angular position. MATLAB software-based
computer simulation has been used to assess the recommended
controller's efficacy. The performance of the suggested
controller (AISMC) in relation to the ASMBSC has been
compared and evaluated, as listed in Tables 1 and 2.

Tables 1 and 2 present the comparison in terms of the
tracking error and the chattering magnitude in the control
signal. This comparison revealed that the controlled system
utilizing the suggested controller performs better than the
controlled system utilizing the ASMBSC in terms of lowering
tracking error to almost (0) degree and chattering magnitude
to (1.29) volt in the presence of an external disturbance and
parameters uncertainty.
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