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Abstract

One of the major components in an automobile enigitiee throttle valve part. It is used to keepaagh emissions
and fuel efficiency low. Design a control systenthe throttle valve is newly common requirement drémautomotive
technology. The nosmoothness nonlinearity in throttle valve model dwe to the friction model and the nonlin
spring, the uncertainty in system parameters am-satisfying the matdhg condition are the main obstacles wil
designing a throttle plate controller.

In this work, the theory of the Integral Sliding M Control (ISMC) is utilized to design a robushtoller for the
Electronic Throttle Valve (ETV) system. From thesfiinstant, the electronic throttle valve dynamicseigresented b
the nominal system model, this model is not afféctey system parameters uncertainty and the-smooth
nonlinearities. This is a consequence of applyhgintegral sliding mode contrcThe ISMC consists of two part; tl
first is the nominal control which is used to cahthe nominal system, while the second is a disoaous part whict
is used to eliminate the effects of the parameatexsertainty and the n-smooth nonlinearities fm system model.
These features for the ISMC are proved mathembtiaald demonstrated numerically via seven numesirallations
and for different desired trajectories. The siialaresults clarify that for different system paeters, the ET)
behavess a nominal system. This enables to freely andgaly select the system response characteristit$he time
required for the throttle angle to reach the desiralue. Moreover the ability to deal with the ¢behg problem i
demonstrated througtihe worked simulation tests, where the chatteisngliminated via approximating the signi
function by arc tan function.

Keywords: Electronic throttle valve, Nonlinear spring modeitegral sliding mode control, N-smooth model.

1. Introduction

One of the key components in an automao
engine is the throttle valve parthrottle valve
consists of a throttle plate, a motor causes
plate to rotate in angular position and ret
spring. Thejoint between the motor and t
throttle plate is considered rigid. The oper
angle of a throttle plate allows the air to flow
the engine. Its function is to adjust the—fuel

ratio during combustion by changing the oper
angle of the valve plate, through which th
exists airflow. Engine efficiency and emissi
are affected by the control of the throttle plae
particularits angular position. Depending on 1
current engine load, the angular position n
track a trajectory as determined by the accele
[1]. The electronic throttling valve is shown
Figure (1).
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Fig. 1. Electronic throttle valve [2].

The electronic throttle valve is an
electromechanical system with a DC motor as the
actuating torque provider. Due to the presence of
the non-smooth nonlinearities in the electronic
throttle valve system model and the uncertainty in
system model parameters the objective of
designing a successful controller is a challenging
problem. Moreover these nonlinearities and the
uncertainty in system model do not lie in the
control input channel which adds another problem
named as the matching condition.

Many authors used the sliding mode control
theory for controlling the throttle control system.
All of them overcome the main problem (model
nonlinearity) using sliding mode control theory as
a robust tool with respect to uncertainty and
nonlinearities in system model. Due to the
existence of nonlinearities including stick—slip
friction, backlash, and a discontinuous nonlinear
spring, the sliding mode control theory is utilized
to design a robust controller that will force the
throttle angle to follow the desired trajectory.[3]

Mercorelli [1] show the robustness of the
tracking the desired angle, is addressed using a
minimum variance control approach. This paper
presents feasible real-time self-tuning of an
approximated  proportional  derivative PD
regulator. The saturation function for the
proportional and the integral terms in the control
law was used by AL-Samarraie [3] to force the
state to slide along the switching manifold. The
benefit of nonlinear integral term is to remove the
chattering and to minimize the steady state error
that happened due to the existence of the external
disturbances. AL-Samarraie and Abbas [4] show
the effectiveness of using a nonlinear PID
controller to force the throttle angle to track the
desired reference. The result showed the ability of
the nonlinear PID controller to work in the
complete system model without simplification and
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showed that the controller is robust to the
variations of system parameters.

An observer-based sliding-mode controller
with specific transient response for the ETV
system was designed by Nakano et. al., [5]. By
using a function-augmented sliding hyper-plane, it
is ensured that the output tracking error converges
to zero in a finite time. Based on a dynamic
LuGre model to represent friction effects, Witty
et. al., [6] developed a dynamic model for an
electronic throttle valve. An adaptive pulse
controller is applied to achieve precise throttle
positioning. Horn et. al., [7] use two control
strategies, the integral sliding-mode controller as
well as the super-twisting algorithm, that, once
tuned, they lead to accurate tracking interpretatio
over the whole range of process. A harmony
search algorithm-based fuzzy-PID controller for
electronic throttle valve was used by Wang et. al.,
[8] to improve the responsiveness of ETC. The
controller gains are identified by using fuzzy
rules.

The model of the ETV is improved and the
discrete-time sliding mode controller together
with the sliding mode observer is designed
Ozguner et. al., [9], to control the ETV which
show the successful rejection of the parameter
uncertainty and external disturbance.  Dagci et.
al., [10] recover non-smooth nonlinearities, stick
slip friction, a nonlinear spring and gear back|ash
to design robust controller to control the ETV.
Pan et. al., [11] utilize a Variable Structure (VS)
controller based on Backstepping approach and a
sliding mode observer with equivalent control to
design a controller for the ETV. It has been
proved that in spite of existing non-smooth
nonlinearities and  unmatched  parameter
uncertainty the (VS) controller with the observer
guaranteed accurate tracking to reference angle
[11].

The main challenging problems in designing a
controller for the electronic throttle valve arg; a
the non-smooth nonlinearity in its model due to
the friction model and the nonlinear spring, b) the
uncertainty in system model parameters and c) the
electronic throttle valve model does not satisfy th
matching condition. The first and second
problems can be solved via the sliding mode
control method, since it can deal with these types
of non-smooth nonlinearity in affecting system
behavior. The third problem which is frequently
arises in the electromechanical system where the
uncertainty in system model and the disturbances
does not appear in the control channel.

The performance of the ETV control system is
the main goal behind the works presented above. By
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performance we mean the dynamic characteristics of
the throttle angle response where it is required to
reach the desired value without overshot and with
minimum time. To do that the integral sliding mode
controller is utilized in this work to preciselyréz

the throttle angle to follow the desired value with
desired dynamic characteristics from the firstanst
and desired time period required to reach the
reference value.

2. Mathematical M odd

The mathematical model for the electronic
throttle valve which considered in the present
work is taken from reference [11]. In terms of the
valve plate position 6, the rotor angular
velocityw, and the currerit induced through the
dc motor windings, the electronic throttle valve

mathematical model is given by [11];
é = (Kglng)w \
) = — Btot K, 1 -1
@= Jtot @+ ]totl Jtot Tf(w) Jtot Tsp 6) !
= K, _RiL Ly J
L L L
..(1)
Where u is the input voltage to the dc motor,

Tr(w) andTs,(0) are the stick—slip friction torque

and the nonlinear spring torque respectively. The
frictional torque and the nonlinear spring torque
are plotted in Figs, (2) and (3) respectively and

defined mathematically as follows [11];
F, w>0
Tr(w) ={ 0, w=0 =F, sgn(w)
-F, w<0
..(2)
And
Tsp ) =

{ D+my(0—6,) if 6,<0<6bnu
—D—my(6,—0) if Opn<6<86,

=my(0 —6,)+ D sgn(0—6,)
...(3)

Fig. 2. Coulomb friction [11].
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Fig. 3. Nonlinear spring [11].

The physical parameters that appear in the

mathematical model are defined in Table (1).

Table 1,

ETV parameters[11].

Parameters Definition

Ky Gear ratio of the intermediate gear
to the pinion gear

Ky, Sector gear ratio to the intermediate
gear

Biot The total ETV system damping

Jiot The total ETV system inertia

K, Motor torque constant

Ky Motor back emf constant

L Motor inductance

R Motor resistance

F, Positive constant in Coulomb
friction

D Spring offset

my Spring gain

m, Spring limit stop gain

Omax Spring maximum position

O min Spring minimum position

8, Spring default position

To write the ETV model in state space form,
define x;, =6 , x; =0 = (K;:K;;)w, and
x3 = i. Accordingly the ETV model, as given in
equation (1), is written as follows;

xl = x2
Xy = Ap1(X) — X10) + A2y + Ap3X3

—psgn(xz) — Bsgn(x; — x1,)
J'C3 = d33Xy + a33X3 + b3u

..(4)
Where the state space model parameters are
Kq1K B,
— 91792 — tot
az1 = my, Gy =—-"2
Jtot Jtot
_ KgiKg Ky _ Kg1Kgo
A3 = — == fss
X K.’tot Jtot
_ Rg1%g2 Ky
B = D, as=
Jrot LKg1Kg>
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R
a33=_z, and b3=_

For these parameters, the maximum and
minimum values are given in Table (2) [2].

Table 2,
The maximum and minimum ETV parameters
values[2].

parameters minimal maximal unite
value value
ayq —69 -95 1/s?
asy, —32 —54 1/s
a3 242.424 250 v.s
Jrad. kgm?
as, -20 -25 v.s /rad.H
ass —1300 —2125 Q/H
by 1000 1250 1/H
B 143.5 157 rad/s®
u 57 76 rad/s?
0, 0.095 0.095 rad

To simplify the ETV model, the motor
inductancel. is ignored (i.e., by considerinig=
0). Accordingly the throttle valve system model in
equation (10) (4) is reduced to a system with
lower dimension as can be noted in the following

steps:
X +(b )x3+u (i)=L

1) . a
()% = (32
b3 3

b ) X2
Oz(@ x2+(ab—)x3+u for L~ 0

Where (“7332) and (“33) are finite values sincé,

occurs in botha;, andas;. Now solving forx
yields:

= — (%2 —
x3 - (a33) xz
Substituting the value of; from equation (5) into
equation (4), yields:
J'Cl - xZ
'X:Z = _al(xl - xlo) - azxz + bu
—usgn(xz) — Bsgn(x; — x1,)

Where al = _a21, az (azz - a23 (a32)> and
ass

b = —a,; (;—3) . By writing equation (6) as a
33

nominal and perturbation term, we get;

Xl = xZ

. (7

Xy = =1 (g (")

where the subscriptt refers to the nominal

parameters values and:

d = —Aa,(x; — x1,) —Aayx, + Abu (8)
—usgn(x;) — psgn(x; — x1,) 7

is the collection of the non-smooth nonlinearity

and the uncertainty in system model. Namely it

() u ..(5)

ass

...(6)

— X1,) — QgnX, + byu + d}

75

consists ofusgn(w) + Bsgn(x; — x1,) as non-
smooth discontinuities due to Coulomb friction
and nonlinear spring and Aa;(x; —xq,) +
Aa,x, + Abu is due to uncertainties in system
parameters. In addition the model parameters
related to their nominal values by the following
inequalities;

lay — anl = [Aay| < 8y,

la; — azn| = |Aay| < 6g,,

|b— byl = [Ab] < 8y, |B = Pl = 1ABI < &g,
lu—,| = Ayl < 6,

In these inequalitie§ y represent the bound
for maximum uncertainty for the parameters. The
parameters of equation (6) are given in Table (3)
below with maximum uncertainty for each of
them.

Table 3,

ETV parametersvaluesin equation (6).
parameters Nominal 1)
names value
a 82 13
az 46.54 12.26
b 177.2 63.2
B 150.25 6.75
U 66.5 9.5

The throttle valve system model given in
equation (6) is a second order system and will be
used later in designing an ISMC that will force
the state to track a certain desired throttle angle
(system output).

3. Integral Sliding Mode Control

The major advantage of sliding mode is low
sensitivity to plant parameter variations and
disturbances which eliminates the necessity of
exact modeling. Sliding mode control enables the
decoupling of the overall system motion into
independent partial components of lower
dimension and, as a result, reduces the complexity
of feedback design [13]. Sliding mode control
implies that control actions are discontinuousestat
functions which may easily be implemented by
conventional power converters with “on-off” as
the only admissible operation mode. Due to these
properties the intensity of the research at many
scientific centers of industry and universities is
maintained at high level, and sliding mode control
has been proved to be applicable to a wide range
of problems in robotics, electric drives and
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generators, process control, vehicle and motion
control.

In the present, the nonlinear system is
described by differential equations in an arbitrary
n-dimensional state space with a scalar control
action:

X =f(x,u)

with x € R", f € R™, u € R, andt denoting the
time. The conditions that will ensure sliding
motion may be obtained from geometrical
considerations: the deviation from the switching
surfaces and its time derivative should have
opposite signs in the vicinity of a sliding surface
s = 0 (or sliding manifold) [12].

limg_y+$ <0 andlimg,,-$ >0
Or
sxs <0

...(9)

Inequality in equation (9) is referred to as
reaching or sliding condition. The control signal
that will ensure sliding motion (satisfying sliding

condition) is selected as a discontinuous function
of the state as follows:

ut(x)ifs>0

u (x)if s<0 --(10)

u( = |
where the scalar functions (x),u™ (x) ands(x)

are continuous and smooth, amtl(x) # u~(x).
Accordingly the sliding mode assumes to occur on
the surface(x) = 0.

A serious obstacle for utilization of sliding
modes in control systems is a phenomenon
referred to as “chattering”. The term chattering
describes the phenomenon of finite-frequency,
finite amplitude oscillations appearing in many
sliding mode implementations [12]. The
chattering in sliding mode control system can be
eliminated by using a smooth function in the
control. The price for this elimination is a steady
state error as proved in reference [14].

As a new sliding mode controller design the
Integral Sliding Mode Control (ISMC) seeks to
eliminate the reaching phase by enforcing sliding
mode throughout the entire system response [12].
In integral sliding mode the order of the motion
equation is equal to the order of the original
system rather than reduced by the dimension of
the control input as in the conventional sliding
mode design. For this reason, it is also named as
the full order sliding mode. As a result, robustnes
of the system can be guaranteed starting from the
initial time instant [12].

To derive the control
following dynamic system;

law, consider the

x=f(x)+gx)u+d(xt) ...(1D)
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where x e R", fER", ge R ueR and
d € Rcollected the unmodeled dynamics, the non-
smooth nonlinearities and external disturbances.
Rewrite Equation (11) in terms of certain and
uncertain dynamics as follows:
x = fn(x) + gn(u + Af (x) + Ag(x)u +

d(x,t) ...(12)

where f,(x), gn(x) and Af(x), Ag(x) are the
nominal and the uncertain system dynamics in
equation (11). In addition let the control law is
redesigned to be

u=u, +u 13)

Whereu,, is the Nominal Control used to stabilize
the nominal system dynamics with the desired
characteristics. The nominal system dynamics is :

x = fr(x) + gn(u, ...(14)

The discontinuous contrat; designed to
reject the perturbation term in equation (12). The
perturbation term and the design of the ISMC are
clarified in the following analysis; equation (12)
can be written as :

X = fn(x) + gn(upn + gn(x)us + 6(x, u) (15)

where 6(x,u) = Af(x) + Ag(x)u + d(x,t)
is the perturbation term. The perturbation
attributable to parameter variations, unmodeled
dynamics, non-smooth nonlinearities and external

disturbances and is assumed to fulfill the
matching condition [12]i.e.,
6(x,u) = gn(x)o(x,u) ...(16)

As a first step in ISMC design procedure, the
sliding variables(x) is defined as:
s(x) =s5,(x) +z, s(x), so(x) &z € R, ...(17)

which consists of two parts: the first part
so(x) may be designed as a linear combination of
the system states, similar to the conventional
sliding mode design; the second paihtroduces
the integral term and will be determined below.
To apply the sliding condition in equation (9)is
differentiated as follows;
. _0s, . . 0sg
S = ax +z= E(fn(x) + gn(x)un

+ gn(us + 5(x, u)) +z
s, s,
=22 (gn(us + 8(x,w) + 2 (fr () +

In(X)un) + 2

By choosing (similar to the derivation of the
integral sliding mode in [12])
. s,

zZ = _ai(fn(x) + gn(x)un)

X

...(18)

$ becomes;
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5= 22 (gu(us + 8(x,w) ...(19)

And accordingly the sliding condition becomes;
9so
% (gn(us + 8(x,u)) .(20)

By selectingus as in the conventional sliding
mode

us = —k(x) sign(s)

Then equation (20) becomes;

sSS=s
...(21)

. as as
s*$§=s a—;gn(x)us +s a—;S(x,u) ,
Since s * sign(s) = |s|, then

s¢ 8= ~Is| 52gn () k() +5 T250x,u)
< —Isl S29a(0) k() +Is] [528(x,w)|
650 s,
< —Is| {32 gn (k) — |32 (e w)|}

< =151 (%290 0) {1 - ';,:,“"(”j'}
@)

where it is assumed th{%gn(x)) > 0. The
discontinuous gaink(x) that will make the
inequality in equation (22) less than zero (skdin
motion) is selected as follows;

as,

| =) (xu)|
k(x) >*Hx——

(x) 20 g ()
or
|as"5(xu)|

k(x) =k, +W k,>0 ...(23)
Where k, is positive constant. Since the right

hand side of equation (19) is discontinuous due to
ug, the sliding variable will reached the origin in
finite time T [15] and the system dynamics then
is in sliding motion. Accordingly the system
dynamics can be determined using the equivalent
control method as follows; whei{t) =0, Vt >

T, s()=0 too and with §(x,u) satisfies
matching condition in equation (16), the
equivalent control can be determined from
equation (19)

0= % (gn(x)us +6(x, u))

= [gn(Dusleqg = —6(x, 1) --(24)

Equation (15) with the equivalent control in
equation (24) is reduced to the nominal system
dynamics as given in equation (14) with a
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dimension equal ta. For this reason, the ISMC is
named as the full order sliding mode because the
dimension in equation (14) is equal to the
dimension of the original system in equation (11).

To eliminate the reaching phase, which is a
special property for the ISMC, the initial
condition for z is selected such that the initial
condition for the sliding variable is zero. This
means that the system dynamics is in sliding
mode from the first instant. Namely by selecting
z(0) = —s,(0) we have s(0) =0 and s(t) =
0, Vvt=0.

The ideal control can now be selected as a
continuous state feedback with the desired
dynamic characteristics [12]. Eventually the
integral sliding mode control law is;

7= =Z2£(2) = 22 g, (W, 2(0) = —5(0)
S=5,tz
u = u, — k(x) *sign(s)

...(25)

4. ISMC Design for Electronic Throttle
Valve

In this section, an ISMC is designed to the
electronic throttle valve that taken into
consideration the uncertainty in system model and
the presence of a non-smooth nonlinearity and
external disturbances. The nominal system for the
reduced mathematical model (equation (6)) is

given by;
.X:l = xz }

. ...(26
Xy = —a1p (X1 — X10) — AapXz + bpuy (26)
Where the sliding variable is defined as;
s=x,+2z z(0)=-x,(0) ..(27)

To determine the control law for the ETV system
we need to define and calculate the following
according to equation (25);

aso x
= [0 1] fn(X) [_aln(xl — leo) - a2an]
= G_;f"(x) = —a1n (X1 — X10) — AznX;

0 s,
9 =, | 222000 = by
From equation (8) the perturbation term is

o(x,u) = [2]

0
= [—ACH (x1 — x10) — Aazx, + Abu
—usgn(x,) — Bsgn(x; — x1,)
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= %S(x, u) = Aaq(x; — x1,) + Aayx,
+Abu — psgn(x;) — Bsgn(x; — x1,)

= %’8(9@ u)| = |Aay (%1 — x1,) + Aayx, +

Abu — usgn(x;) — Bsgn(x; — x1,)|
< |Aaq||xg — x10] + |Aaz|]x,| +
|Ab||u| + Moax T Bmax

= 6a1|x1 - xlol + 6a2|x2| +
Oplun — k(x) = sign(s)| + Mo T Bmax
< 5a1|x1 — X10| + 6a2|x2| +
Oplun| + 6,(x) + Moo Bmax
1
k() = ko + (52) (8a, %1 = X1ol + 8o, o +
lun| + 6pk(x) + Moo Bmax)

Then by solving fok(x) we get

kGO = (525) {ko + () (Bay 121 = 210l +

Sagl2l + Splttnl + Mg + Brar)}  -(28)

In the next step the ideal control is designed as
follows; first lete = x; — x4, and é = x, — x5,
then the nominal model given in equation (26)
becomes
€ = —a1,(X1 — X10) — AanXy — X + byUy

...(29)
Where x;,, and x,, are the reference angular
position and reference angular velocity in state
space, respectively. Accordingly the nominal
control is designed as:
u, = (i) {aln(xl — X10) + AznXz + 552r}

bn —C1e — Cye

...(30)
As a result, the nominal system error dynamics
becomes;

€ =—cie—cye 1,6, >0 ...(31)

The values ofc; andc, are assigned according to
the required system dynamics characteristics.
Finally the ISMC for the ETV system is;
Z=cie+cyé — Xy, z(0) = —x,(0)
S=x,+z

u = u, —k(x)sign(s)

with k(x) andu,, are as given in equations (28)
and (30) respectively.

..(32)
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The integral sliding mode control, as can be
notedfrom equation (32), leaves the electronic
throttle valve with the required system
characteristics equation (30) from the first intan
Note also that the sliding variable, can be
chosen as a linear combinations of states but,
however, it can be chosen in terms of the states
that the control input acts through their channels.
In the ETV, the inputu exists inx, channel,
accordingly we select, = x,.

5. Simulation Results

The simulations which are presented below are
classified into three category. Each of them either
explores the ISMC abilities or explains and
analyzes the integral sliding mode controller
features. The simulations are based on the full
order model as given in equation (4) and the
ISMC is as given in equation (32). Alsa(x)
andu, are given in equations (28) and (30)
respectively.

Let k, = 0.2, while the system parameters, their
nominal values and maximum uncertainties are all
given in Tables (2) and (3). Note that the value of
k, is slected small in order to reduce the
amplitude of the chattering induced in system
response. For the nominal controligy, c¢; andc,

are determined based on pole placement method.
The poles are selected such that the throttle angle
reaches the target without overshot as one of the
main requirement in automotive industry. To this
end, let the characteristic roots for the nominal
system equation (31) are35,—35, then ¢, =

352 andc, = 70.

Throughout the simulations the ability oé th
ISMC are investigated in forcing the throttle valve
plate angle to follow three different desired
trajectories which are described as follows:

Trajectory A (Traj.A): constant reference throttle
angle

6, =70deg.

Trajectory B Traj.B) [3]: the reference angle is
piecewise constant; namely
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0, =5.44deg. for 0<t<1
=70deg. for 1<t<25
= 25deg. for 25<t<4
=45deg. for 4<t<5

Trajectory C Traj.C): the reference angle is a
periodic function given by

2n
0, = (n/180) * (30 + 3 * sin <<?> * t))

In addition the initial conditions employed for all
simulations ar€6, 6,:) = (5.44°,0,0).

5.1. Numerical simulation test 1: Control
system performance with different
system parameters

The first set of simulations in this simulation
test is carried out with the following system
parameters;

a21 = _84‘, azz = _4‘0, a23 = 24‘4‘,
u=65 B =153
43 = =21,  as3 = —1550, by = 1100

Note that the parameters values lie within the
range of parameters as illustrated in Table (2).

Figures. (4), (5) and (6) are the ETV system
time responses for each type of trajectories
presented above. They clarify the ability of the
ISMC in forcing the throttle plate angle to follow
the desired trajectory within an interval of time
not exceed$.25 sec. This time interval is related
directly to the characteristic roots selected ® th
nominal system dynamics equation (31).

89
80+
70
80—
50 !’
40/

0 ;”

20/

[~-Throtte angle |
|—Desired throttle angle |

Throttle angle (deg)

==

01 02 03 04 05 08 07
Time (second)

Fig. 4. Throttle angle versus time (Traj.A & 1t
parameter set).
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| -=-Throttle angle

70+ 7 —Desired throftle angle
3 6 i
T | |
2 50: E 1 il
g | i )
S 40 i { 1
o | { ‘
g 30} ) ]
£ 20 .

10

% 1 2 3 4 5

Time (second)

Fig. 5. Throttle angle & its desired versus time
(Traj.B & 1st parameter set).

&

| ——Throttle angle I
|—Desired throttle angle ‘

5

Throttle angle (deg)
=3
2

0 1 2 3 4 5 6
Time (second)

Fig. 6. Throttle angle versus time (Traj.C & 1t
parameter set).

The main objective for the designed
controller is to regulate the sliding variableto
zero level in finite time. As a main feature of the
ISMC the sliding variable is equal to zero from
the first instant i.e.s = 0, Vt = 0. In fact, this is
the ideal case where an infinite switching process
is assumed. With a finite switching process
around s = 0, the sliding variable oscillates
around s = 0 with a certain bound as can be
shown in Figures (7), (8) and (9). This bound is
function of the switching gaink(x) and the
interval of time used for the simulation process.
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Fig. 7. Switching surface versustime (Traj.A & 1st
parameter set).
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Fig. 8. Switching surface versustime (Traj.B & 1st
parameter set).
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Fig. 9. Switching surface versustime (Traj.C & 1st
parameter set).

It can be also noted that the sliding vagabl
requires less thar0.005 sec. to reach and stay
very close to zero value. This is a direct
consequence of ignoring the electrical system
dynamics when designing the ISMC.

The control signal (in voltage) for the three
trajectory types are shown in Figures (10), (11)
and (12). The figures show, for the sever case,
where the throttle angle is opened 76° and
when considering maximum uncertainty in system
model, its value is less than 15 voltage. Note that
the dark area in Figure (10) represent the high
switching process of the controller due to the
discontinuity nature of the sliding mode control
law (Eq. (32)).
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Fig. 10. Control action (u) versus time (Traj.A &
1st parameter set).
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Fig. 11. Control action (u) versustime (Traj.B & 1st
parameter set).
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Fig. 12. Control action (u) versus time (Traj.C &
1st parameter set).

The second set of simulations in this
simulation use the following system parameters;

a21 = _75, a22 = _47, a23 = 248,
w=72, B =145
Az, = _23, az3z = _2000, b3 == 1200

The aim of this simulation is to show that the
system response is identical to system response
for the first set of simulation demonstrate which
represents the distinguished property for the
integral sliding mode control theory. This
property is clarified later in the numerical
simulation 2. The ETV system response for the
trajectory types A, B and C are shown in Figures
(13), (14) and (15). These figures are very similar
to those in Figures (4), (5) and (6) since the
nominal system dynamics are the same.
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Fig. 13. Throttle angle versus time (Traj.A & 2nd
parameter set).
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Fig. 14. Throttle angle & its desired versus time
(Traj.B & 2nd parameter set).
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Fig. 15. Throttle angle versus time (Tra].C & 2nd
parameter set).

5.2. Numerical simulation test 2. Integral
sliding mode controller characteristics

In this simulation, the characteristics of the
ISMC are analyzed where the trajectory type A is
considered in this simulation and the parameters
used for the simulation are the first set of
parameters in the preceding simulation test.

In the first test, the aim is to show that the
ETV system responses for trajectory A are
identical for different system parameters (firstlan
the second test in the first simulation test) as
shown in Figure (16). The ETV system is
accordingly invariant to the uncertainties in
system parameters and to the non-smooth
nonlinearities.

Throttie angle (deg)
c288858338388
e
=

o7

—First set parameters throttle angle [
Second set parameters throttle ang\e
|~-Desired throttle angle

] 0.2 03 04 05 06 07
Time (second)

Fig. 16. Throttle angle versus time (Traj.A 1st &
2nd parameter set).
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Representing the ETV system by the nominal
system dynamics from the first instant is main
feature for system dynamics when using ISMC.
Figure (17) shows the nominal system of equation
(31) and the ETV response for trajectory A where
the curves appear very close to each other.

|—Actual throttle angle |
Nominal throttle angle
80} ---Desired throttle angle |

3

/70
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20/ Pea e 08 07
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% 0.1 0.2 03 0.4 05 0.6 0.7
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Throttle angle (deg)
o
(=]
™

Fig. 17. Throttle angle versustime (Traj.A actual &
nominal throttle angle).

The final test, it is devoted to plot the time
history for the two terms of the sliding variabig
and z. Figure (18) shows that the term is
updated to maintain the sliding variable equal to
zero. It can be deduced that the ISMC use a
dynamic sliding variable to eliminate the
uncertainty and the disturbances affecting the
system dynamic and leaves it nominal.
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Fig. 18. Terms of diding variables (x,,z) versus
time.

5.3. Numerical simulation test 3:Chattering
problem

When it is required to eliminate the chattering,
the signum function which appears in the sliding
mode control law is replaced by an approximate
function. The arc tan function is used instead of
the signum function as follows:

sign(s) = %tan‘l(h *S) ..(33)

Where h > 1 is a design parameter adjusted in
such a way that the response resembles the sliding
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motion but in a continuous manner. The ETV
system is simulated with approximate signum
function as in equation (33) for trajectory type A
and the first set of parameters as in simulation

test 1.

Figure (19) shows that the throttle valve
response is very close to system response without
approximation. The chattering in Figures (20) and
(21) is greatly reduced compared with these in

Figures (7) and (10).

00 [+ Throttle ar{g\e with app'm;umate'éignum
| —Throttle angle without approximate signum
| ---Desired throttle angle I
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60~

Throttle angle (deg
o
o
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0 0.1 0.2 0.3 0.4 05 0.6 0.7
Time (second)

Fig. 19. Throttle angle versus time (Traj.A signum
& arctan function).
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Fig. 20. Switching surface versus time (Tra.A
signum & arc tan function).
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Fig. 21. Control action (u) versus time (Tra.A
signum & arc tan function).

6. Conclusions

In this work, the integral sliding mode control
theory is utilized to design a robust controller fo
the Electronic Throttle Valve (ETV) system.
ISMC has the ability to cancel the effect of
disturbance and uncertainty from any dynamic
system by partite the control into two part first

the ideal (or nominal) contrai,, which is used to

stabilize the nominal system dynamics with the

desired characteristics and the second part is
discontinuous controlu; which is designed to
reject the perturbation term.

The main results in this work, due to applying
the ISMC for the ETV system, can be
summarized as follows:

1. The robustness of the proposed controller has
been proved for a bounded uncertainty in
system parameters with the presence of a non-
smooth nonlinearity and external disturbances
and validated via numerical simulations for
different parameters values in numerical
simulation 1.

2. The system response for different parameters
(within the uncertainty bound) is identical.
Namely, the ISMC eliminates the perturbation
term and leaves the ETV and behaves as a
nominal system; irrespective to the presence of
the uncertainty in system model and the effects
of the non-smooth nonlinearities. Although
that this property is the main feature of the
ISMC via the equivalent control method it is
also proved in simulation tests 1 and 2.

3. The chattering problem is solved by replacing
the signum function with arc tan function as
approximation. In spite of this approximation,
the time required to reach the target is still
nearly equal (with suitable value for h) as
proved in simulations test 3. The simulation
results show that the chattering is eliminated.
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