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1. Introduction

Physical systems suffer from performance degradation and
instability due to uncertainties existing in nature which can be
broadly classified into matched and mismatched types. Uncer-
tainties acting on the system through the input channel are called
matched uncertainties, whereas perturbations in the system
parameters are termed as mismatched uncertainties. Classical
control techniques like adaptive control [1], optimal control [2],
sliding mode control [3] and intelligent control methods like
fuzzy logic control [4] have been extensively used in control
systems perturbed by matched uncertainty. Among these meth-
ods, sliding mode control has received wide acceptance owing to
its robustness and simplicity. However, designing sliding mode
controllers for systems perturbed by the mismatched type of
uncertainty still remains a challenge to the research community.
The difficulty lies in the fact that the dynamics of the uncertain
system are affected even after reaching the sliding mode.

Active research is continuing in the control community for
developing sliding mode controllers for multi-variable systems
affected by mismatched type of uncertainty [5-8]. One significant
research finding is that the stability of the system is guaranteed if
the system trajectory is driven to a bounded region [9-11]. Hence
to ensure asymptotic stability, restriction of keeping an upper
bound on uncertainties is imposed in most of the research works.

* Corresponding author. Tel.: +91 361 258 2507; fax: +91 361 2582542.
E-mail addresses: m.sanjoy@iitg.ac.in, mondal.sanjoy@gmail.com (S. Mondal),
chitra@iitg.ernet.in (C. Mahanta).

By designing a sliding mode controller for certain states of the
system which are provided as inputs to a reduced order system can
take care of the mismatched uncertainties. However, limitation of
this method is that uncertainties should lie in the range space of
certain matrix of the nominal system [3]. A fuzzy logic-based
sliding mode controller proposed in [11] was successful in achiev-
ing quadratic stability for systems with mismatched uncertainty.
Even this method could handle mismatched uncertainty of a certain
form only provided its bound was known a priori [12-14]. By
introducing two sets of switching surfaces for the subsystems and
hence reducing the rank of the uncertainty, asymptotic stability
was achieved in [15]. Dynamic output feedback sliding mode
controllers were attempted in [16] and nonlinear integral type
sliding surface was used to deal with mismatched uncertainties in
[17]. All these works required prior knowledge about the upper
bound of the mismatched uncertainty which is in general difficult
to obtain. Hence, a strategy to obtain the upper bound of the system
uncertainty or a method that does not require this knowledge is
needed. The adaptive sliding mode controller proposed in [18-20]
provided a solution to this problem. However, this adaptive method
yielded gains which were overestimated in many cases giving rise
to large control efforts and high chattering [21,22].

Although the sliding mode controller guarantees robustness,
chattering is its main drawback. Chattering is the high frequency
bang-bang type of control action which leads to premature wear
and tear or even breakdown of the system being applied to.
Chattering is caused due to the fast dynamics which are usually
neglected in the ideal model utilizing digital controllers with
a finite sampling rate. This disadvantage of chattering could
be reduced by techniques such as nonlinear gains, dynamic
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extensions or by using more recent strategies such as higher order
sliding mode control. In [23,24] an algorithm has been proposed
based on the block control and quasi-continuous higher order
sliding mode techniques for nonlinear systems subjected to mis-
matched uncertainty. The core idea that drives the higher order
sliding mode control is that it keeps the sliding surface as well as its
higher order derivatives to zero. The higher order sliding mode
controller ensures good tracking performance, robustness and finite
time stabilization of the controlled system. Past few decades
witnessed tremendous improvement in the second-order sliding
mode (SOSM) controller. Twisting and super twisting [25], subopti-
mal [26,27], drift algorithm [28-30] are the existing SOSM control
algorithms. Nonlinear sliding surface is mostly used to design a
second-order sliding mode controller for uncertain systems. Wen
and Cheng [19] proposed an adaptive variable structure controller
for a class of dynamic systems with matched and mismatched
perturbations. The controller proposed by Wen and Cheng [19]
achieved asymptotic stability without having prior knowledge about
the upper bounds of perturbations. However, this control scheme
suffered the drawback of severe chattering in the control input.
Similar kind of problem was cited in [20] too.
The major contributions of this paper are the following:

e An adaptive integral sliding mode controller (SMC) is proposed
for stabilization of a class of MIMO systems affected by both
matched and mismatched uncertainties.

e An adaptive tuning law is designed and by using that law the
mismatched perturbations are rejected during the sliding
mode while ensuring asymptotical stability of the overall
system.

e The adaptive tuning law ensures that there is no gain over-
estimation with respect to the unknown uncertainties.

e The proposed controller eliminates chattering in the control
input and hence is suitable for practical applications.

The design procedure can be divided into two steps. The first
step is to build the sliding surface using an adaptive technique
that eliminates the need of prior knowledge about the upper
bounds of system perturbations except for those at the input. In
the next step, a derivative control law is developed which
contains the discontinuous sign function. The actual control is
obtained by integrating the derivative control and thereby the
control becomes continuous, smooth and chattering free.

The outline of this paper is as follows. Section 2 describes the
system and the problem is formulated. The design procedure for
the proposed adaptive integral sliding mode controller (SMC) is
explained in Section 3. Effectiveness of the proposed controller is
demonstrated in Section 4 by performing simulation studies.
Conclusions are drawn in Section 5.

2. System description and problem formulation

Let us consider the following dynamic system:
X(t) = Ax+B[u+£(t,x)]+p(t,x) (1)

where x e R" is the state vector and ueR™ is the control input.
Moreover, A and B are known matrices with proper dimension and B
has full rank. Furthermore, &(t,x) and p(t,x) represent the unknown
matched and mismatched uncertainties, respectively. The objective
of the proposed control scheme is to design an adaptive chattering
free sliding mode scheme for a class of MIMO systems with matched
and mismatched perturbations. The design of the sliding mode
controller involves two key steps, viz. (i) designing the sliding surface
and (ii) designing the control input which obeys the reaching law
property that the sliding manifold approaches zero in finite time.

The sliding surface ¢ is designed as
0 =5x (2)

where Se R™" is a constant matrix designed by selecting the
eigenvalues suitably (all negative) to make the system stable [31].
By using the coordinate transformation [Z]=Mx, where the
transformation matrix M = [‘g;g], Eq. (1) can be transformed to

z =W AWz+ W ABo +Wp(t,x)
¢ = BgAWz+ BgABo +u+£(t,x)+ Sp(t,x) 3)

here S=Bg; and W, B, satisfy BgB=1I,, B;W =0, W;B=0, and
WeW =1I,_mn. The matrix W is chosen in such a way that
J=W_ AW has the desired eigenvalues [32], where J is a sym-
metric matrix. It can be verified that

M~ =W B| )

and it can be observed that x = Wz+Bao.

When the system is in the sliding mode, it satisfies the
conditions ¢ =0 and ¢ =0. Then, the perturbation term in Eq.
(3) becomes Wgp(t,x) =Wgp(t,Wz)=p,(t,z). Now the reduced
order equation becomes

z :]Z+pr(t'z) 5)

If the mismatched perturbation p,(t,z) satisfies lp,(t,2)Il < ¢,lizl,
where ¢, < —Amax(J)), Amax(J) being the maximum eigenvalue of the
J matrix, then by choosing the Lyapunov function V = (1/2)lzII?, it
can be proved that [19,20]

V =Z1z+2"pu(t,2) < 2max(D1Z1% + ¢, 121 = [Amax(D+ ]V <0 (6)

The above condition means that the system will be asymptotically
stable once the sliding mode is reached. However, it is obvious
from the above discussion that the sliding surface design requires
the bounds of the uncertainties to be known a priori [33] which is
extremely difficult practically. Hence, the need arises for design-
ing the sliding surface in such a way that prior knowledge about
the bounds of the uncertainties is not required.

2.1. The adaptive sliding surface design

Let us consider the sliding surface
o =S(t)x 7)

The sliding coefficient matrix S(t) € R™"

S(ty=B* +N(H)W, 8)
where BT =(B'B)"'B" e R™" is the Moore-Penrose pseudo-
inverse [34] of B and N(t) e R™" is designed using an adaptive

technique to be explained later. Let us consider the transforma-
tion

21 _ [ We | e 9
{6}— S(t) x=M(t)x 9

Now defining W(t)= W, —BN(t) e R™"™
(WgW5)~' e R*"™ it can be verified that

can be designed as [19]

T
and W; =W,

M)~ =[W(t) B] (10)
From (9) and (10), it can be observed that

x=W(t)z+Bo an
So, Eq. (1) gets transformed to

z=WgAW(t)z+WABo +Wgp(t,x) 12)
6 = S(OAW(£)z+S(HABG +u+ N(t)z+ E(t,X)+S(t)p(t.X) (13)

When the system is in the sliding mode, it satisfies the conditions
o =0 and 6 =0. Then, the perturbation term in Eq. (12) becomes
Wep(t,x) = Wep(t, W(t)z) =p(t,z) and Eq. (12) transforms into a
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reduced order equation as
z=Az+Bv(t)+P(t,2) (14)

where A=W AW, e R"™ "™ B =W,ABeR"™*" and u(t)=
—N(t)ze R™.

Theorem 1. Let us consider the perturbed dynamic equation (14)
under the assumption that n <2 m. Suppose that B has full rank and
the mismatched perturbations in the domain of interest satisfy
Ip(t,2)ll < ¢, 1zl [35-37], where ¢, is an unknown positive constant.
If the feedback gain N(t) of the controller is designed as [20]

N@©) =Kz +[$5(0)+pIB (15)
where p is a positive constant, K, —B'A ,B"=B'BB') e
R™M=M and ¢, (t) is an adaptive gain given by

~ t ~
qﬁz(t):[ 01z1% dt + d,(to) (16)

with 0 > 0 being a positive constant and (?Jz(to) =0 being the initial
condition, ¢,(t) is bounded and the trajectories z (14) and state x will
be asymptotically stable in the sliding mode.

Proof Let us consider the Lyapunov function Vj(z, (])2) =
5 Llizi? 40~ ¢2(t) ]. Here d)z(t) is the estimation error of the adaptive
gain given by ¢2(t)_¢2(r) ¢(t), where ¢2(t) is the estimated
adaptive gain and ¢,(t) is the actual adaptive gain [19]. Then

Vazdy) = zTZz+zTEv+zTﬁ+9’1<i52<f>2
<7 Az+Z"Bu+1ZII1I+07" by,
< ZTAz+2"Bv+ ¢, 1 ZIP + (o —po)lizI?

<7Z"Az+Z"Bu+¢,zI” < —plzl*> <0 a17)

It is obvious from the above discussion that zel, NL, and
éz(t) eL.. Hence from Egs. (14) and (15) and the fact that
Ip(t,2)Il < quHzH it can be shown that zeL,, as well as V, el
From Barbalat’s lemma [3], it is found that z— 0 as t —» co. The bound
of the adaptation law is 0 < ¢,(t) < (Ilz(to)\|2+¢§)/p. Moreover, it
can be seen from Eq. (15) that N(t) is bounded since $2(t) el and
hence the state x(t) = W(t)z= [Wg+ —BN(t)]z becomes asymptotically
stable as the system reaches the sliding mode. O

Remark 1. However in complex higher order systems it is often
observed that the sliding surface does not converge to zero in the
steady, state but undergoes oscillations within a small bound.
Thus, ¢2 does not become exactly zero in finite time and thereby
increases the adaptive parameter (/52 boundlessly. A simple way of
overcoming this disadvantage is to modify the adaptive tuning
law (16) by using the dead zone technique [3].

3. Design of adaptive integral sliding mode controller

In contrast with conventional sliding mode control, the system
motion under integral sliding mode has dimension equal to that
of the state space. In integral sliding mode control, the system
trajectory always starts from the sliding surface [38-40]. Accord-
ingly, the reaching phase is eliminated and robustness in the
whole state space is promised.

The sliding surface ¢’ is chosen as [18,34]

t
o' =S({t)x—BT(A+BK) | xdt (18)
to
where K e R™" is the design matrix and B* = (B"B)"'B" e R™" is
the Moore-Penrose pseudo-inverse of B [34]. The sliding coeffi-
cient matrix S(t) is designed as explained in Section 2.1. The
design matrix KeR™" is chosen satisfying the inequality

condition

Re[Amax(A+BK) < 0] (19)
Taking the derivative of ¢’ and using Eqs. (7), (11) and (13) yields
¢' = S(H)AW(t)z+S(t)ABo +u—B* (A+BK)YW(t)z+Bo)+d(t,x) (20)
where

d(t,x) = N(6)z+E(t,%)+SO)p(t,x)
= 0IWgxI*B " Wgx+ E(t,X)+S()p(t,X) 1)

The second time derivative of ¢’ can be expressed as

&' = S(OHAW(H)z+S(OHAW (H)z+S(H)AW (t)z + S(t)ABo + S(t)ABG
—B* (A+BK)Y(W (t)z+ W(t)z +B6&) + 11 +d(t,x) (22)

In the above equation, d(t,x) is considered as unknown distur-
bance or perturbation.

Remark 2. The above design procedure assumes that the dis-
turbance or perturbation is continuous, bounded and its
derivatives exist.

Assumption 1. The disturbance d(t,x) in (22) is assumed to be
bounded and satisfy the following condition:

ldce,xl < > ilxl! (23)
i=0

here r is a positive integer determined by the designer in
accordance with the knowledge about the order of the perturba-
tions. For example, if the perturbations contain a term x3, then
one may choose r=3. However, if x{ exists in the perturbation,
then the inequality might not be satisfied for certain domain of x
if one still chooses r=3 [20]. The upper bound of the uncertainty
is termed as f5; which cannot be determined easily in real
environment.

The main idea behind the second-order sliding mode is to act
on the second-order derivative of the sliding variable ¢’ rather
than the first derivative as in conventional sliding mode. The
second-order sliding mode is determined from the basic equality
condition ¢’ = ¢’ = 0 reaches in finite time, whereas the proposed
controller reaches the condition asymptotically.

Let us define the sliding manifold [(t) such that

It)=6"+ko'
Ity=6"+ko’ (24)

where ke diag(ky,kz, ... kn_m) is a diagonal matrix. Using the
above equations (22)-(24) yields

I(t) = S(OHAW ()2 +S(HAW ()24 S(HAW(£)z +S(t)ABG +S(t)ABG
—B* (A+BK)Y(W (t)z+W(t)z +B6)+ 11 +d(t,x)+ k&’ (25)

Assuming that the sliding surface (7) has a relative degree one
implies that the derivative of the sliding manifold I(t) can be
expressed as

i(ty= o(t,z,u)+y(t,2)u (26)

where  ®(t,z,u) = S(OAW (6)z+ S(OAW (£)z-+ S(HAW (£)2 +S(1)ABG +S
(t)ABG —B ™ (A+BK)(W (t)z+W(t)z + Bé)+d(t,x)+ké' collects all the
uncertain terms not involving ¢t and y(t,z) = 1. If it is possible to
bring ¢’ and ¢ to zero by using a discontinuous control signal i1, then
the actual control u obtained by integrating 11 becomes continuous.
The undesired high frequency oscillations which are always present
in the control input of the conventional first-order sliding mode
controllers are thus eliminated in the proposed controller.

From Eq. (25), the equivalent control . for controlling the
nominal system can be designed as

lleg = —[SOAW()z+S(OAW ()24 S(HAW(£)z +S(t)ABo
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+S(t)ABG —B* (A+BK)(W (t)z+W(t)z +B6) + kd'] 27)

In practice, the bounds of the system uncertainty are often
unknown in advance and hence it is difficult to find the error
term d(t,x) in Eq. (22). So an adaptive tuning law is proposed to
estimate d(t,x). Now the proposed adaptive controller for tackling
the system uncertainty is designed as [41]

Uy = — i BixIt sign(l(ty) if I(t) #0
i=0

=0 otherwise (28)

where [?i is the adaptive parameter which is tuned using the
following adaptive rule:

By = 0i(—pif; + IO IxITif I(£) % 0

=0 otherwise (29)
here p; and 0; are positive constants, Bi(O) =0 is the initial
condition for 0 <i<r.

The switching control law tis can be designed as

s = —tl(t)—n sign(t)) if (H)+#0
=0 otherwise 30)

where t and # are positive constants.
Now the control law i1 can be obtained as

U = Ueq +Uqqgp+1s (31)
where 1 is the equivalent control part, i, is the adaptive
control part and t; is the switching control.

Theorem 2. Let us consider the system (1) with the adaptive sliding
surface given by (8) and (15). The trajectory of the closed loop system
(1) can be driven onto the sliding manifold I(t) in finite time by using
the controller given by
Il = —[S(HAW(H)z+S(OAW (H)z+ S AW (£)z +S(t)ABo

+S(t)ABG —B™* (A+BK)(W (t)z+W(t)z +B6) + kd']

— i Bil\xl\i sign(l(t))—tl(t)—n sign((t)) if I(t)#0
i=o

=0 otherwise 32)

Proof. Let us define a Lyapunov function Vj as follows [22,41]:

Vo= S107I0+ 2 3707 Bty 33)
i=0

where Bi(t) = Bi(t)fﬁi(t) are the estimation errors of the adaptive
gains. The time derivative of Vy is obtained as

Vo=l)'it)+ > 07" Bip;
i=0

=IO [S(HAW(t)z+SAW (H)z+S(OAW(t)z +S(t)ABa
+S(HABG —B* (A+BK)Y(W (t)z+ W(t)z +B6)

.
+ké' +u+dexl+ > 0B
i=0

=IO [S(HAW(t)z+SAW (H)z+S(OAW(t)z +S(t)ABa
+S(HABG—B ™ (A+BK)W (H)z+W(t)z +B6)+ k&' +1i

+d 0]+ > 07 (BiO)—B0:(—pi i+ I IIXIY)
i=0

Using the relations from (27)-(32) yields

Vo< |- zr: BxIicey— zr: BilxITIEI =TIl E)I—nlE)
i=0 i=0

+ i Billx ) + i /fﬂxﬂ"t(r)} —pi BB
i=0 i=0

R 2
< —nl(t) sign(l(t))—Tl(t)* —p; <ﬂi_ %.Bi) + %pfﬁf

1
< —nlOI-Tl0? + 5 piff;

It is clear that Vo < 0 if I(t) > \/51 /4Tmin OF II(t)Il > 01/4MN i, Where
n,T are positive design parameters and d; = p,-/i,—z. The decrease of
Vo eventually drives the trajectories of the closed loop system into
I(t) < \/01/4Tmin and ()l < 51/4N i, [41]. Therefore, the trajec-
tories of the closed loop system are bounded ultimately as

dq 1
4Tmm> N (ul(t)u < T > (34)

min

lim [(p e <l(t)<

which is a small set containing the origin of the closed loop
system. In order to guarantee bounded motion around the sliding
surface, the positive parameters # and t are chosen to be large
enough such that Vo <0 when V, is out of the bounded region
which contains an equilibrium point [22]. It can be observed that
Vo < 0 is achievable which implies that the sliding manifold I(t)
will approach zero in finite time. Therefore, the control law given
by (32) guarantees that the sliding mode will be reached in finite
time and sustained thereafter [41]. O

Remark 3. Once sliding mode is established, the proposed gain
adaptation law (29) allows the gain [3,» to decrease. Thus, it is
observed that the proposed gain adaptation law, while maintaining
the sliding mode, keeps the gain [3 ; at the smallest possible value to
ensure a given tracking accuracy in presence of uncertainties.

Thus, the adaptive gain tuning law is modified as
ﬁ,- = —0;p; B+ 0ty — pIIxITif I(t) # 0
=0 otherwise 35)

where 0 <i<r, ¢ is a small positive number and r is a desired
positive integer.

Remark 4. The parameters 7 and # in the controller (32) are very
crucial as these are some of the parameters responsible for
determining the convergence rate of the sliding surface. It is clear
that a large value of T and # will force the system states to converge
to the origin at a high speed. Since high t and # will require a very
high control input which is not desirable in reality, these para-
meters cannot be selected too large. Hence, a compromise has to be
made between the response speed and the control input.

Remark 5. The parameters p, and p,; in (35) determine the
convergence rate of the estimated bounds B, and B;. The design
parameters p,,p; are used to determine the band of the bounded
region and we can choose p, and p; to be small enough in order
to guarantee the motion along the sliding surface. However, a
compromise is made between the band of the bounded region
and the convergence speed of the estimated bounds By and B;.
Too small p, and p; will lead to_a very low convergence rate of
the estimated bounds By and Bj. Thus, the parameters pg,p,
cannot be selected too small. Practically, any positive value of p,
and p, can be used to estimate the uncertainty but a higher value
only is used for faster estimation of uncertainty.

4. Effectiveness

Let us compare the proposed controller with the adaptive
sliding mode controller (SMC) designed by Wen and Cheng [19]
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and given below:

U = Up+ Uggp + Us (36)
where

uf = —S(AW(t)z—S(t)ABG

.
A . 6 .
Ugdp = — Z [)’,-Hxl\'m ifc#0
izo
=0 otherwise

o .
Us=—9 ol if g#0
=0 otherwise 37

The adaptive parameter B,- is tuned using the following adaptive
rule:

Bi=0;xli if %0
=0 otherwise (38)

where 0; are positive constants, [3,(0):0 is the initial condition
forO<i<r.

Implementation of the adaptive SMC (36) and (37) is limited
by the obvious drawback of the gain f; being susceptible to
overestimation and thereby increasing the chattering in the
system. Hence, this approach is not directly applicable but
requires modifications regarding the sign function which needs
replacement by a saturation function. However, the width of the
boundary layer in the saturation function affects the accuracy and
robustness of the SMC. Furthermore, no methodology for tuning
the boundary layer width is provided in [19].

The proposed chattering free adaptive integral sliding mode
control method offers the major advantage that no a priori
knowledge about the bounds of f?i is required as it adaptively
estimates the bounds of ﬁi and also ensures that the adaptive gain
does not get overestimated. Another major benefit of the pro-
posed controller is that the discontinuous sign function is con-
tained in the derivative control input and the actual control is
obtained after integrating the discontinuous derivative control. As
such, the actual control is continuous, smooth and chatterless
which makes the proposed controller superior to the conventional
adaptive SMC proposed in [19].

4.1. Application

The vertical take-off and landing (VTOL) aircraft is a highly
nonlinear complex system whose aerodynamic parameters vary
considerably during the flight. Let us consider the typical load and
flight conditions for a VTOL aircraft at the nominal airspeed of 135
knots [19]. The linearized dynamics of this VTOL aircraft in the
vertical plane can be described as Eq. (1) with

X1
X2 |:u1 :|
X= , u=
X3 (15}
X4
r—0.0366 0.0271 0.0188 —0.4555
A 0.0482 —-1.0100 0.0024 —4.0208
~ | 0.1002 03681 -0.7070 1.4200
L 0 0 1 0
r—0.4422 0.1761
3.5446 -7.5922 —5sin(0.5t) +x3
B= E(tx) =
-5.52 4.49 2 cos(0.2x1)x, +3
L 0 0

sin(0.1x2)(0.1x3 +0.7x4)
—0.3x4 €0s(0.3x41)
—2x1—0.3x,
(0.2x1 +0.4x4) sin(0.4x3)

p(t.x) = (39)

where x; is the horizontal velocity (knots), x, is the vertical
velocity (knots), x5 is the pitch rate (degrees per second) and x4 is
the pitch angle (degrees). Furthermore, u; is the collective pitch
control which alters the pitch angle (angle of attack with respect to
air) of the main rotor blades collectively to provide the vertical
movement and u, is the longitudinal cyclic pitch control which tilts
the main rotor disc by varying the pitch of the main rotor blades
individually to provide the horizontal movement. Moreover, u; and
u, have cross-coupling effects on the horizontal and vertical
velocities, respectively. The matched and mismatched perturba-
tions are represented by &(t,x) and p(t,x), respectively [19].

4.2, Simulation results

The proposed adaptive integral sliding mode controller is
applied to the above VTOL aircraft (39) affected by both matched
and mismatched uncertainties. The simulation is carried out in
MATLAB Simulink platform by using the ODE 4 solver with a fixed
step size of 0.001 s.

4.3. Stabilization of the VTOL aircraft

The reference output is chosen as x; =[0 0 0 0]” since all the
states are to be driven to zero to stabilize the aircraft. For
comparison purpose, the associated design parameters of the
proposed adaptive integral sliding mode controller are chosen
following [19]. As such W, is selected as

0.0666 0.0076 0.0102 0.72

£~ 108879 01010 0.136 —0.028 (40)

Hence, W¢B = 0 [32]. Next, the pseudo-control input, the adaptive
controller and the adaptive gains are designed in accordance with
Egs. (15), (16), (29) and (35), where 0=0.1474, 0, =0.1271,
0, =0.1251, py=p,=1.188, n=2, t=10, k=diag(1.25,1.25),
p=0.1519 and K is so chosen that the eigenvalues are placed at
—-0.5, —0.7, —15, —25 [34]. The initial state is assumed as
x(0)=2-211]".
The adaptive tuning laws used for stabilization are given by

b= 0lzI2
1 =—0.151p,+0,1lE)—plIxI
Bo=—0.151f+ 00l

The initial values of (2)2, f?l and Bo are chosen as 0, 1 and 1,
respectively. The small positive constant g is selected as ¢ = 0.01.

The adaptive first-order sliding mode controller proposed by
Wen and Cheng [19] (36)-(38) is next applied to the VTOL aircraft
system (39). The design parameters are chosen as 6=0.3,
0p=0.21, 6; =0.27, =4 and p = 1. The initial state is assumed
as x(0)=[2 —-211])". From simulation results obtained in
Figs. 1 and 2, it can be observed that although the system states
converge to the equilibrium, the control inputs are not smooth
and contain excessive chattering.

Simulation results obtained by using the proposed adaptive
integral sliding mode controller to the VTOL aircraft system are
shown in Figs. 3-6. It is observed from Fig. 3 that all the states
converge to the origin quickly. Moreover, comparison of Fig. 3
with Fig. 1 reveals that the states converge in lesser time in the
case of the proposed controller as compared to Wen and Cheng’s
controller [19]. From Figs. 2 and 4, it is evident that chattering
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Fig. 3. State responses using the proposed chattering free adaptive integral sliding
mode controller.

present in the control inputs obtained by using the proposed
adaptive integral sliding mode controller is significantly lesser as
compared to that in Wen and Cheng’s method [19]. The bounded
convergence of the adaptive gains [)’0, [31 and (252 is confirmed in
Fig. 5. From Fig. 6, it can be observed that the proportional plus
integral sliding surface ¢’ and the sliding manifold [(t) are smooth
and both approach zero quickly.

Fig. 6. Sliding surface and sliding manifold using the proposed chattering free
adaptive integral sliding mode controller.

5. Conclusion

This paper proposes an adaptive integral sliding mode con-
troller for multi-input multi-output (MIMO) systems affected by
unknown uncertainties of any kind, matched or mismatched. The
proposed controller can effectively overcome perturbations to
achieve quick asymptotical stability. Moreover, the adaptive gain
tuning mechanism ensures that the gain is not overestimated
with respect to the actual unknown value of the uncertainty. The
proposed controller is applied for stabilization of the vertical
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take-off and landing (VTOL) aircraft system which is a highly
complex nonlinear and uncertain MIMO system. From simulation
results, the proposed controller is found to be superior in
mitigating chattering in the control input than the existing first-
order adaptive sliding mode controllers. Faster convergence of the
system states is a remarkable benefit of the proposed adaptive
integral sliding mode controller. For application to uncertain
systems affected by severe matched and mismatched uncertain-
ties, the proposed adaptive integral sliding mode controller
promises to be a suitable strategy. For future study, the case of
n > 2 m is worth considering.
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