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Abstract: An adaptive robust controller for nonlinear and coupling dynamic of
aerial vehicle has been presented. In this paper an adaptive sliding mode controller
(ASMC) is integrated to design the attitude control for the inner loops of nonlinear
coupling dynamic of Unmanned Aerial Vehicle (UAV) in the presence of
parametric uncertainties and disturbances. In the proposed scheme, the adaptation
laws can estimate the unknown uncertain parameters and external disturbances,
while the sliding mode control is used to ensure the fast response and robustify the
control design against unmodeled dynamics with a small control effort. The
synthesis of the adaptation laws is based on the positivity and Lyapunov design
principle. In comparison with other sliding mode approaches, the approach does
not need the upper bound of parametric uncertainty and disturbances. The
navigation outer loops of small UAV instead is based on PIDs to control altitude
and heading. Simulation results demonstrate that the proposed controller can
stabilize the nonlinear system and also it has stronger robustness with respect to
the model uncertainties and gust disturbance.

Keywords: Adaptation laws, Aerial vehicle, Nonlinear dynamic, Sliding mode
control

Reference: Akbari. A. A., Amini, S., “Attitude Control of Unmanned Aerial
Vehicle Based on Sliding Mode Technique with Parameter Estimation™, Int J of
Advanced Design and Manufacturing Technology, Vol. 10/ No. 2, 2017, pp. 49—
60.

Biographical notes: A. A. Akbari received his PhD in Mechanical Engineering
from Chiba University in 2003. He is currently Assistant Professor at the
Department of Mechanical Engineering, Ferdowsi University of Mashhad, Iran.
His current research interest includes robotic and control, intelligent
manufacturing. S. Amini is a graduate MSc student of Mechanical engineering at
the Ferdowsi University of Mashhad, Iran. Her current research focuses on
simulation of dynamic systems, robotic and control and optimization.

© 2017 IAU, Majlesi Branch


mailto:Akbari@um.ac.ir
mailto:amini.samane@ymail.com

50 Int J Advanced Design and Manufacturing Technology, Vol. 10/ No. 2/ June — 2017

1 INTRODUCTION

An unmanned aerial vehicle (UAV) is a powered, aerial
vehicle that does not carry a human operator, uses
aerodynamic forces to provide vehicle lift, can fly
autonomously or piloted remotely, and can carry
payloads [1]. In recent years, micro and small UAVs
have attracted many researchers and developers around
the world since they had the potential to be used in
military and civilian applications, e.g. traffic assistance,
surveillance, mapping, inspection power lines, oil
pipelines and etc. [2-3]. The attitude control system
design of UAVs is a challenging task due to various
difficulties faced when working with them. These
systems are multi-input multi  output (MIMO),
nonlinear, coupled between the longitudinal and lateral
dynamic, and very sensible to external disturbances [4].
Moreover, parametric uncertainties characteristics may
also cause more complications during the design of
such attitude control systems.

In the last few decades, much research effort has been
devoted to the design or improvement of the controller

of uncertain systems. The author of [5] proposed an L,

adaptive controller as autopilot inner loop controller
candidate. Navigation outer loop parameters are
regulated via PID control method. The paper

demonstrates that, if an L, algorithm is considered for

the inner loop, no retuning or gain scheduling is
required, even if a nonlinear complete system is
considered. A robust adaptive terminal sliding mode
control law with adaptive algorithms in [6] is presented
to solve the six-degree-of-freedom tracking control
problem of the leader-follower spacecraft formation.
The proposed control law is proved to be able to drive
the relative translational and rotational motion to the
desired trajectory in finite time despite the presence of
model uncertainties and external disturbances.

The results show that using the presented controllers,
the desired tracking performance in the investigated
problem can be achieved. In [7] an adaptive
backstepping design for a class unmanned helicopters
with parametric uncertainties. The control objective is
to let the helicopter track some pre-defined position and
yaw trajectories. The proposed controller combines the
backstepping method with online parameter update
laws to achieve the control objective. Numerical
simulations demonstrate that the controller can achieve
good tracking performance in the presence of the
parametric uncertainties. In [8], the fuzzy sliding mode
control is proposed to design the altitude hold mode
autopilot for a UAV which is non-minimum phase, and
its model includes both parametric uncertainties and
unmodeled nonlinear dynamics. In [9] the authors
presented an adaptive neural network controller using
backstepping technique for autonomous flight. The
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main feature of [9] is that the adaptive controller is
designed assuming that all of the nonlinear functions of
the system have uncertainties and the neural network
weights are adjusted adaptively via Lyapunov theory.
Sliding mode control has been suggested as a powerful
approach for control systems with nonlinearities,
uncertain dynamics and bounded input disturbances
[10]. The most distinguished feature of SMC is its
ability to provide fast error convergence and strong
robustness for control systems in the sense that the
closed loop systems are completely insensitive to
nonlinearities and uncertain dynamics [11]. However,
the bounds of system uncertainties are required for
sliding mode control and this drawback attenuates the
control system performance [12]. The combined
adaptive sliding mode controllers (robust adaptive
controllers) have been studied in [7-13-14-15] as a
method to overcome the drawbacks of adaptive control
and SMC. The idea is to use the adaptive control to
estimate the unknown parameters of the dynamical
system and to use the SMC to overcome the un-
modelled dynamics and external disturbances. Adaptive
sliding mode control (ASMC), the combination of
adaptive control method and SMC approach, is more
flexible and convenient in controller design than SMC.
In [16] an adaptive robust nonlinear controller is
developed and applied to a quadrotor to attenuate the
chattering effects and to achieve finite time
convergence and robustness aims. In [17] adaptive
sliding mode control has been used for trajectory
following underground effects.

In this paper, a sliding mode control approach based on
adaptive control is investigated for nonlinear coupling
dynamic of the inner loop fixed wing UAV in the
presence of different parametric uncertainties and
disturbances caused by the environment. The
contribution of the present paper is the validation of the
controller parameters when a nonlinear complete
aircraft model is considered (both longitudinal and
latero planes), including model uncertainties and
unmodeled dynamics. In the proposed scheme, sliding
mode control law parameters due to uncertainty are
assumed to be unknown and are estimated via
adaptation laws. The global asymptotical stability of
the closed-loop system is proved by a Lyapunov based
stability analysis. Furthermore, navigation outer loop
parameters are regulated via PID controllers.

In comparison with other control approaches, the
proposed method benefits from high robustness in
presence of different parametric uncertainties, i.e.
aerodynamic  coefficients, inertia moment and
configuration parameters uncertainties and disturbances
caused by the environment such as wind. Furthermore,
the chattering phenomenon in sliding mode control is
avoided by using saturation function [18]. The paper is
organized as follows: In section 2, dynamic and
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kinematic equations of small fixed wing UAV for
dynamic modelling are introduced. In section 3, the
control strategy for nonlinear dynamics of UAV and
the adaptive sliding mode controller theory is
presented. Simulation results are analyzed in section 4.
Finally, conclusions are presented in section 5.

2 MODELING FOR UAV'S MOTION

The air vehicle is modelled as a standard system with
the main assumptions that UAV is a rigid body with a
symmetric geometry and center of UAV mass position
is fixed [19]. The Earth-fixed (XgYgZg) and the

body-fixed (XgYgZg) are two reference coordinate

frames most frequently used to describe the motion of
an air vehicle, as shown in Fig. 1. The Body-fixed
frame is attached to the vehicle. Its origin is normally at
the centre of gravity. The motion of the Body-fixed
frame is described relative to the Earth-fixed frame. In
order to describe the motion of an UAV in 6 DOF, six
independent coordinates representing position and
attitude are necessary. The kinematics can be described
by its position, orientation, linear and angular velocity
over time. The position vector is given by [x,y,z]in
Earth frame, with x pointing to true north, y pointing
east and z pointing downwards. Velocities are
described in body axes with linear velocity[uyv w],
where u is the longitudinal velocity, v is the lateral
velocity and w is the vertical velocity. The major
attitude tracking variables are described by Euler
angles[¢,6,y], with roll angle, pitch angle and yaw
angle respectively. The angular velocity is given
by[p.a.r], where p, g and ris the roll, pitch and
yaw angular velocity, respectively.

e

Ze

Fig.1  The Earth-fixed and the Body-fixed
coordinate systems [20]

Air vehicle equations of motion are derived from
Newton-Euler formulation. They basically describe the
air vehicle as a rigid body moving through the space.
The detailed of these equations is given in many text
books and other studies such as [21-22]. The
mathematical model of an UAV’s translational and
rotational motion can be expressed as follows,
Translational equations of motion:

U=r —qw + % (X —mgsing+T)

V=pw —ru+Y (Y +mgcosdsing)
W =qu - pv +¥ (Z +mg cosdcosg) 1)

Rotational equations of motion:

p Zrlpq —qur +F3L +F4N
q=r5pr—r6(p2—r2)+%y M

r :F7 Pq —qur +F4L +F8N (2)

WhereT is the UAV thrust force, g is the gravitational
acceleration, m is the UAV mass, (XY ,Z)are the
aerodynamic forces and (L,M ,N ) are the aerodynamic
moments. Additionally, T; can be expressed as,

he (e =1y +122)
2 xz {'xx yy 2z
=yl =1y " Ty = >

r
2
FZ_IZZ(IZZ IW)HXZ 3='£ r4:'£
r ’ r’ r’ 3)
1—*5 — IZZ IXX T Ii
r - v
Where Iy represents the inertia moments. The

aerodynamic forces and moments are functions of all
the considered states. Aerodynamic forces and
moments can be calculated by means of aerodynamic
coefficients as,

X Cyx
1.2
Y :EN S CY
z Cy, 4)
L bC|
M :%p/ %S| ee,
N b,

Where V =\u2+vZ+w? is the airspeed and wing
surface area S, the wingspan b, the mean
aerodynamic cord ¢ and the air density p, are
considered constant parameters. In general, the
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aerodynamic coefficients are under look-up table from
wind tunnel data measurements [23]. The
dimensionless coefficients in the force/moment
expressions can be decomposed in the following set of
equations [24],

Cyx =C sina-Cpcosa,

b
Cy =Cy , +Cy , & + - (Ov P +Cv, 1)
Cz =-Cpsina-Ccosa,
b
C| —C|ﬂ,6'+0|5a5a+(:|5r5r +?(C|pp+0|rr), ©)
c

Cm =Cm0 +Cm, @ +Cmy % +?(cmqq +cmdd),

b
Cn :Cnﬂﬁ+Cn665a +Cné,r 5[' +W(Cnp p +Cnrr)

Where the lift (C| ) and the drag (Cp ) coefficients are
calculated using the following equations,

c
CL :CLO +C|_aa+C|_59 66 +Wch,

CL—Curyin
CD :CDO +CD§r é‘r +CD59 59 +W

Where «,p are the attack and the sideslip angles, e is
the Oswalds efficient number and AR is the aspect

ratio calculated as AR :b% [24]. The conventional

aerodynamic control surface deflection variable are
defined by aileron (5, ), elevator (&) and rudder (s;)
which respectively are caused by rolling moment,
pitching moment and yawing moment. It is also
prudent to include a throttle variable, denoted by (¢ ),
that is related to the output magnitude of the UAV
thrust. Euler angles are one of the standard
specifications used for expressing the orientation of the
body-fixed frame relative to the Earth-fixed frame.
Kinematical relationship between Euler angles and
body-fixed angular rates are given as,

¢ =p +tano(gsing + rcosg)
6 =qcos¢ — rsing
y = secO(gsing + rcosg) (6)

Another set of equations, navigation equations which
relate translational velocity components in body-fixed
axes to Earth-fixed axes components are given as,

X =U COSy coSE +V (Cosy Sin &sin ¢ —siny cosy)
+W (costsin@cos¢ + siny sin @)
Y =Usiny cosé +v (siny sin #sin ¢ + cosy cos¢) )
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+W (Sin y sin 6 cos ¢ — coS i Sin @)

h =usin@—v sin ¢cos & —w cos ¢ cos &

3 CONTROL SYSTEM DESIGN

In this section, the control objective is to design a
control strategy that permits the small UAV to track its
desired trajectory. As illustrated in Fig. 2, the
multivariable dynamic control system for a fixed wing
UAV is divided into longitudinal and lateral plans. The
longitudinal plane controls the pitch angle g in the inner
loop and the altitude h in the outer loop by elevator
control surface g, and controls the speed by throttle 5 .

The lateral planes controls the roll angle ¢ in the inner
loop and heads angle w in the outer loop by aileron
control surface s, [25]. In classical SMC approach, the

control effort is designed on the basis of the upper
bounds of system uncertainties, which can guarantee
the reachability of sliding mode, but a conservative
high gain control effort is used in the whole control
process while uncertainties may rarely run on the bonds
in practical [26].

In this paper, the uncertain parameters are estimated
with properly designed adaptive law and the robust
control items related to SMC is used to ensure the fast
response and robustify the control design against
unmodeled dynamics with a small control effort. The
control problem is to design the control input, making
the attitude motion track the command attitude angles
effectively and precisely in the presence of parameter
uncertainty and external disturbance. In this paper, the
adaptive sliding mode controller is chosen to control
the inner navigation loops, those need a faster response
and are more prone to be affected by model
uncertainties due to platform geometric and external
disturbances. Altitude and heading outer navigation
loops are instead controlled by simple PIDs. It should
be noted that although no rudder is used, the response
on the heading angles is still satisfying with aileron
control.

Small UAV

Fig.2  The control scheme of Small UAV
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3.1. Sliding Mode Controller Design

In general, sliding mode controller design is divided
into two steps. The first step is to define the sliding
surface. The second step is to determine a reaching law
such that the system will get to and maintain on the
intersection of the sliding surface [26]. The suitable
sliding surface for inner loops of longitudinal and
lateral planes can be described as,

Slong ®) =€p +Cq (8)
SIaI(t):e¢+C2p (9)

Where ¢;,c, are positive design parameters,
ep=0(1)—6;t)and e, =4¢(t)—¢(t)are the pitch and
roll angle tracking error respectively and also ¢, and
¢y are the desired pitch and roll angle respectively.

The sliding surfaces can then be differentiated with
respect to time as :

S.Iong ®) =é9 +C1q (10)

St (1) =€4 +CoP (11)

Substituting (5) into (4) and then (4) into (2) and also

substituting ¢ and p from (2) into (10) and (11)
respectively yields :

Stong ) =€ +C1(F5pr —Fe(pz —r2)+

(12)
Y 2Sc( cq
Cmo+Cn a+Cmq—+Cmb~eb‘e
21, “ N
2
: . Sb
S,at(t):e¢+c2(rlpq —Tar + ol (Cp/jﬂ+
bp br n
c, —+C, —+C,. ¢,
Pp Pr Py
y ¥ (13)
Where,
C

pﬂ = 1—‘3C|B + F4Cnﬁ ,C = F3C|p + F4Cnp ,

Cpr = 1—‘3(:|r + F4Cnr ,Cpaa = F3C|6a + F4Cn6a

Pp

Another form for the expression of S,ong and S (t) is:

oy 2 pr p2—r2

Siong ) =€ + (O'ZV 7 03 v 2

-0y
o1

—650:—0'6&—56]
v (14)

: .oy 2 ] qr p
Slat (t) =64 + 2 f—75 —
lat 8) =64 7 [TZVZ By 2 Ty

r
+76 —— 5&)
v (15)

Where vectors o;,7; (i =1,2,3,4,5,6) are given as
follows :

[y a2y

CmO Cma CCmq
Cmée Cm5e 2Cm(>~e

(16)
; _[ -2 —2I -2r,
pSbC Psy PShC Psy PShC Do, )
< Ps —C Pp bC Pr
Cos, Los, Lo,

The output signal of the sliding mode controller is
composed of two terms as, u =uUgq +Ug, \Where ug is

the signal of the equivalent part and ug, is the signal of
the switching part. The switching part of sliding mode
control takes the form k sgn(s), in which sgn(s) is a

sign function andk is a positive constant. Now,
consider a sliding mode controller described as :

Ulong =on! Jrklsﬁ'm(slong) (18)
Uat =V +Kosgn(S 4 ) (19)
Where,
2 2

€ pr (p ‘r) q
0 L S S A . 20

cv? v? v 2 Vv (20)

€ pg _ar pr
v pgo_ar 5, P T 21

The stability of the sliding mode control laws will be
reviewed in the following.

Theorem 1. Consider the rotational dynamic of a small
UAYV in equations (2) with sliding surfaces given by
equation (8) and (9) .If the control laws of (18) and
(19) are implemented, the closed-loop system will be
globally and asymptotically stable and the tracking
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error of attitude UAV converge to zero, i.e.

limey=lime, =0.
t oo ¢ t—oo ¢

Proof 1. A candidate Lyapunov positive definite
function v is defined as :

1 2 1 2
V =ZSng €) +=S4 ()
2 long 2 lat (22)

Then, if V' <0, asymptotic Lyapunov stability will be
guaranteed. In view of (13) and (14), calculating the
derivative of v vyields ;

V= Slong (‘)Slong )+ S (t)s.lat ®)

.oV ? pr p2—|’2
:S|0ng (t)[69+ b (0'2\/—2—0'3 v 2 — 0y

o1
2
_o'sa—ae\%—é‘ej]-ksm (t)[% Ve (,Zﬂ

2
KA (20)

qr p r
_TS\/_Z_T4ﬂ_15\/_+T6V__§aJJ

By substituting the control laws (17) and (18)
into g, and ¢, respectively and simplifying the equations
(20), we obtain :

V' <Ky [Siong ()] ~Ko[Sie (1) @1)

Obviously, V <0. Hence, based on the Lyapunov
stability theory, the theorem is proved.

3.2. SMC with Adaptive Method

It is assumed that the components of vectors ¢ and
due to different parametric uncertainties, i.e.
aerodynamic  coefficients, inertia moment and
configuration parameters uncertainties are unknown.
Therefore, the sliding mode control laws that were
designed in the previous section are improved by
means of adaptive laws. Consider adaptive sliding
mode control laws as :

Ujong = oAT + k139n(5|ong ) (22)
Ui =&V +K,50N(S1) (23)

Let 6 and 7 be the estimation for o and z respectively
which are updated using the following adaptation laws :

2 cV 2 .
Oj 2778|0ng (t)lg_lAl i=1:6 (24)
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cy 2

a

Vi i=1:6 (25)

T =4Sy (t)

Where » and p are positive design parameters, A,
and v; are the ith elements of the vectors A, vV and
also & and 7 are defined as :

6=0-0, T=t—-1 (26)

Note that & and 7 are the estimated value of o and r
- can be represented as

respectively, and also & and 7

6 and 7 with an assumption that o and r changes
slowly. According to the above analysis, the following
theorem can be proposed.

Theorem 2. Consider rotational dynamic of a small
UAV described by equation (2) with unknown
parameters. If control laws are designed as equations
(22) and (23) with the adaptation laws (24) and (25),
the trajectory of the system will track the desired
trajectory and the system is globally asymptotically
stable in finite time under the presence of uncertainties
and disturbances.

Proof 2. To prove the robustness and stability of the
proposed controller and to derive the estimation laws
for the unknown parameters, the following Lyapunov
functions are considered :

1 1 6.
Vi1="Siong (t)2+—_20i2
2 2n7i=1 27)
1 1 6.
Vo =Sy () +-— 27
2 2uia (28)

At first consider stability for ASMC method of
longitudinal plane. Therefore calculating the derivative
of v, along the system (13) yields :

. : 16 -
Vi zslong (t )Slong (t)"';iélai Oj

.oV r
:S|0ng (t)[ee+ lo- (O'2Vp—2—0'3
' (29)

q 16. .
—04 —0O50—0g—— 3 ) |+— 2.Gj Gj
v ni=1

Substituting (22) into the expression &, in (29), we
obtain :
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2 .
= L N 7 pr
Vi _Slong (t) o1 [01[01\/ 2J+O-2V 2

2 2 :
p™—r q ~ e
—03 > —0'4—0'505—0'6\/——0-1[_92J
\ cV (30)
2 2
~ pr N ~ A ~ q
—0y)—5 +03——5—+ 0, +050 +0g—
2V2 3 V2 4 5 6V

6

1 ..

—k459N (S jong ))+_ 3 9i0j
r]i=l

Regarding expression (26) as the estimated value of o,
we can rewrite the Eq. (30) as follows :

. ev?[ _(¢€ - pr
Vi =Song (t) 10_ [_O'l[_g ]_02_4‘
1

2 .2
5'3pv;2r+5'4 +&5a+&6\?— (31)
18 . -
—k159n (Song ))"‘_ 2.0 0j
nni=1

By substituting the adaptation laws (24) into the above
equation, we have :

: v [ € - pr
Vlzslong (t)l—[—a{ ; J_ 2V2

(o] C]v
2 2

p - . - q
O'3V—2 +6,4+65 + gev——klsgn (Stong )) +

2
V2o .
—{Usmng _O_ (61A1+(72A2 +O'3A3+U4A4 +(75A5 +O-6A6)
1

Substituting A; from (20) into (31), we obtain :

: Vi ¢ r
Vl:SIong (t)lT[_Gl[_e]_o-Z pz

1 cyV \Y

_pi-r? . q

O3 vE: +cr4+a5a+oﬁv——klsgn(3|ong))+

1 V. € . opro. p2-r2 _ . _q
—| 7S 03———5—-04-050 -0 —
77[ long o [l ]yz 2\/2 3 VZ 4~ 95 GV

Finally, by simplifying the above equation yields :

. cVv 2
Vi ==="—K1Stong (t)59N(S1ong (1)
1

(32)

. ey ?

Vi <=L —Kkq[Song (t
1 o 1| Iong()|

2

The term @
01

on the right hand side of this equation

is positive. Hence Vv, <0, and on account of the

Lyapunov stability theory, the theorem is proved.
Similarly, the derivative of v, along the system (14) is

then calculated as :

1 6
SIaI +;Z~| ‘El

2
=S (t ){%*CZV ( e —5 b (33)
I

p JERN

i=1

V.Z =S Iat

By substituting (23) into the expression s, in (29), we
have :

. cy 2 € r
V2:S|at(t) 22_ {Tl(c\fzj""['zﬂ—fs\?—z
1 2

p r.[ €& | . pq
B -t5—+Tg——T| —— |~ Tr—
f sy ey 1[c2v2] 2y 2

(34)

+53\?—r2+f4ﬂ + fs\/ﬁ - fe\/L— Ko sgn(S 4 ))
6

+— fi ‘[;"i
i-1

Considering expression (26) as the estimated value of
7, We can express the equation (34) as follows :

. ey ? [ € - . qr
V2 :Slat(t) 21_1 [_Tl(c ¢ J—72m+2'3\7—2+ (35)

1 .
FaB+ Tl — Ty Ky SON(Sir) |+~ ZTJ.
V V ﬂ|_

With substituting the adaptation laws (25) yields :

: ey [ € . pq . qr
V2:S|a1(t) 211 [_Tl(c\fZJ_Tz_+T3\/_2+
2

. T
T4ﬂ+75\/£_76\/__k2 sgn(S Iat)j

1 2

cyV
=l S ()2
Al sl

(flvl + szz + fsVs + f4V4 + f5v5 + fGVG)

Substituting v; from (21) into (35), we obtain :

. [V N P - pq qr
V, =8, (t)=2 -7 —Ty—+1T3—= +
2 Iat() 7 [ l[Cz\/zJ 2V2 3V2
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. _p .
T4/3+15V£*fev—*kzsgn(5|ax)j

1 cz\/2~é¢ - pq . qr . - p .
+—| 1S4 (t T + Ty =Ty~ Ty —T5 - —Tg—
ﬂ[ IaI() 7 (1(:2\/2 2Vz 3V2 4 5V 6V

Finally, by simplifying the above equation, we have :

2

. cyV
V,=— ZT KoSa ()sIn(S g (1))
! (36)
. CZV 2
Vo<- Ko[Siat (1))
31
- cV 2. - .
Similarly, as =2— is positive, V', <0 . Therefore, based
7

on the Lyapunov stability theory, the theorem is
proved.

Remark 1. In order to avoid the chattering
phenomenon due to the imperfect implementation of
the sign function in the control laws (22) and (23), the
following saturation function is replaced [27] :

1 S>¢
sat(S)=4 S |<e (37)
-1 S<e¢

In which ¢ is a small constant.

4 SIMULATION RESULT AND DISCUSSION

In this section, we present results of applying the
proposed control scheme to a full 6 degree of freedom
model of UAV. A mathematical model of a small fixed
wing UAV has been derived from [22] and
implemented in Matlab Simulink environment.

Table 1 The Small fixed wing UAV parameters [24]

Parameter Value Unit
Weight 1.595 kg
Span 1.27 m
Wing surface 0.3097 m?
Mean aerodynamic chord 0.25 m
Inertia moment 1yy 0.0894 kg.m2
Inertia moment | vy 0.1444 kg.m2
Inertia moment 1;; 0.1620 kg.m?
Inertia moment 1y, 0.014 kg.m2

A summary of the UAV platform physical properties is
given in Table 1. The initial conditions of the state
variables are :

© 2017 IAU, Majlesi Branch

h(0)=100m,0(0)=¢(0) =y (0)=0deg V (0)=17m /s
p(0)=q(0)=r(0)=0deg /s

In addition, the initial values applied in adaptive laws

are, 6(0)=0.7*c", 7(0)=0.7*z. In order to demonstrate

the performance of the ASMC algorithm, another
configuration based on the PID controllers, for both the
inner and outer loops, is used in the nonlinear
simulation model. Note that the PIDs gains are tuned
by trial and error. As a means to clearly demonstrate
the actual responses of the system variables and the
tracking trajectory, we first simulate the situation
without the disturbances. It is illustrated clearly in Figs.
3 and 4 that the designed adaption laws using
Lyapunov method had been able to estimate unknown
parameters, according to initial values of parameters
and gain of adaptation laws, which are defined by the
operator.

2 04

18 035 —i
wmp 16 ®, 03
14 08 [

0 5 10 1 20 0 5 10 15

025

2 — _’J—'
;3 wy 02
1.5_‘_ 045
1 01

0 5 10 5 2 5 10 13 2

18 05

16 —l 04 1

®s5 14 g 03 —
12 T 02

0 5 10 15 20 0 5 10 15 2
tisec) tisec)
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Results of the ASMC and the PID algorithm for the
inner loops control of small fixed wing UAV are
depicted in Fig. 5. The ASMC controller outputs show
an excellent tracking of the reference signals for the
pitch and roll angles in comparison with the PID
controller. Coupling effect of longitudinal and lateral
plans results in an overshoot in the PID controller,
while the proposed method in this article is free of
these drawbacks. In addition, Fig. 6 shows that elevator
and aileron deflections of both algorithms remain under
the imposed command saturation limit of 20 degrees.
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confrontation

The comparison of the results of the inner loops system
with the ASMC and the PID algorithms in the presence
of 30% and 20% uncertainties in the aerodynamic
coefficients and the Inertia moment, respectively, are
illustrated in Fig 7. In addition, the disturbances are
represented by wind external currents in x, y directions
with a magnitude of 5 m/s at t =8s. The control inputs
are shown in Fig 8.

Pitch Angle (deg)

10 T T T T T T T T T

Roll Angle (deg)
o @
T T
I_i
[
)
:
5
I

&

10 : : : : :
0 2 4 6 8 10 12 14 16 18 20
(b) t(sec)
Fig. 7 Inner loops variables under uncertainties and

disturbance, PID and ASMC algorithm confrontation
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It can be concluded that the ASMC controller provides
a more robust closed loop system against the
uncertainties and disturbances. Fig. 9 illustrates the full
nonlinear dynamic responses of the UAV for the
applied hybrid ASMC algorithm in comparison with
the PID controller. According to this figure, both
controllers are able to track the desired trajectories. As
far as the stability of the angular rates, the elevator and
aileron control surfaces for both controllers in Figs. 10
and 11 confirm this fact. However, the PID controller
shows a poor performance on reference changes due to
the coupling effect of longitudinal and lateral plans,
while the ASMC hybrid model acts better with a more
robust inner loop. To verify the proposed method, the
UAV is tested in the presence of 20% uncertainties and
wind disturbances with a magnitude of 5m/s at t=8s in
x direction. As in Fig. 12 can be seen, the adaptive
sliding mode control acting on the UAV results an
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increase in the robustness of the system against
uncertainties and disturbances, while the poor
performance of the PID linear controller caused the
UAV to diverge from its path. The stability of the
angular rates, the elevator and aileron control surfaces,
presented in Fig. 13 and 14 for the ASMC method,
compared to the PID method, confirm the obtained
results.

5 CONCLUSION

In this paper, an adaptive sliding mode algorithm
employed as the inner loops controller for longitudinal
and lateral plans of small fixed wing UAV is analyzed.
Firstly, the mathematical model of UAV’s attitude
motion is derived from the Newton-Euler formulation,
including the kinematics and dynamics equations. The
modelling of UAV is then implemented in Matlab
Simulink environment. In order to achieve the control
objective, sliding mode control laws are designed and
the unknown parameters of the corresponding
controller are estimated through adaptive laws. The
global asymptotical stability of the closed-loop system
is proved by a Lyapunov based stability analysis. The
ASMC algorithm is designed on the inner loops of the
UAV dynamics which separates the longitudinal and
lateral planes. The ASMC method is chosen for
controlling the inner navigation loops. The control

variables include the pitch angle ¢ and roll angle ¢
Altitude h and heading ¥ outer navigation loops are
instead controlled by simple PIDs. The simulation
results indicate that the attitude and altitude ASMC
algorithm can achieve excellent tracking of the
reference signals and strong robustness with respect to
parametric uncertainties and external disturbance.
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