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Abstract

In this article, Variable Structure — Model Reference Adaptive Control (VS-MRAC)
algorithm with integrator in the feedback loop is proposed called as (VS-MRACI), for
stabilization the attitude of the tri-rotor Unmanned Aerial Vehicle (UAV). The proposed
controller uses control input as a reference, such that translation and rotational velocities
which are used to derive the model of the UAV. The stability of the proposed scheme is
presented using Lyapunov candidate function. The validity of the proposed algorithm for
stabilizing the attitude of UAV is simulated on Simulink/Matlab. The effectiveness of the
proposed algorithm is compared with MRAC. It shows that the proposed algorithm have
fast error convergence, robustness and a zero steady state error in the presence of model
uncertainties.

Keywords: Variable structure, model reference adaptive control, the dual controller
and UAV.

1. Introduction

Autonomous control of flying robots commonly called as Unmanned Aerial Vehicle
(UAV) is a challenging task. Since, the last decade it attracts many researchers of the
world to work on the designing of rotor crafts as well as its control algorithms [1]. It has
an obvious advantage over helicopters due to its rapid direction changing ability, Vertical
Takeoff and Landing (VTOL) capability and simple construction. It is widely used in
different arenas of our daily life like surveillance, rescue, monitoring of traffic,
environmental pollution and for the military secret tasks [2].

UAV’s are classified in two types with respect to its body frame, rotary wings and
fixed wing [3]. As compared to fixed wing UAV’s, rotor craft UAV has two main
advantages, VTOL and rapid change in the direction of flight. However, the controlling of
rotor crafts is quite complex due to Multiple Input Multi Output (MIMO), highly
nonlinear and an under-actuated system along with parameter uncertainties in the dynamic
model of the aircraft [4]. The rotor crafts have a wide range of categories including dual-
rotor, tri-rotor, quad-rotor and hex-rotor. In this paper, our main concern is with the tri-
rotor aerial vehicle that has three rotor fixed at the end of each arm. The tri-rotor aerial
robot is an under-actuated system along with four control inputs (uq,u,, us,u,) to control
the altitude, roll, pitch, yaw and nine outputs: the Euler angles (¢, 6,1 ),the translational
velocity (p,q,r) and rotational velocity (u,v,w) with the six degree of freedom (6
DOF). Real time control of the aerial vehicle is required to ensure the stability of the
UAYV [5]. The tri-rotor aerial vehicle has three motors (actuators) that can be used under
the effect of torque to achieve roll and pitch motion [6].
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In reference [7-10] previously many control algorithms were used to control the
dynamics of UAV, based on Fuzzy Logic Control (FLC), Proportional Integral Derivative
(PID) control, the Linear Quadratic Regulator (LQR) control. In [11] a nonlinear model of
the quadrotor aircraft is controlled by using the adaptive controller which has an ability to
give better performance to control the dynamics of the aircraft in the presence of
saturation and uncertainties in the model of UAV. In [12-14] the MRAC control
algorithm is used to control the model of the quadrotor, in which saturation in the actuator
was considered to amplify the linear controller and the stability of the controller was
guaranteed by Lyapunov stability criteria.

In [15] a dual controller approach for controlling the dynamics of UAV in which
feedback/ feedforward and neural network classifier is designed. A novel scheme is
proposed for searching landmark and detection for the autonomous navigation of UAV,
such that the key contribution in that article is to combine the entropy of an image with a
dual feed-forward / feedback controller for the searching and detection of an object [16].
In reference [17] a nonlinear base dual controller approach is used to control the
formation of flight for multiple UAV’s under rigid environment. However, the dual
controller approach consists of particle swarm optimization (PSO) with state feedback
control for the feasibility and stability of multiple UAV’s formation flight.

Formerly, many hybrid and dual control algorithms were used to stabilize the dynamics
of UAV. In reference [18] gain scheduling PID (GS-PID) with MRAC is used to control
the altitude and attitude of UAV. In [19] a novel fuzzy base hybrid algorithm was
designed to control the dynamics for the stabilization of tri-rotor UAV. It consists of
Regulation, Pole-placement and Tracking (RST) plus Model Reference Adaptive Control
(MRAC) such that the gains of the RST controller are being fine-tuned by the fuzzy logic
controller. Another hybrid approach was designed for controlling the attitude and altitude
of UAV [20]. In which the hybrid controller consists of fuzzy regulation, pole-placement
and tracking (F-RST). To stabilize the nonlinear characteristics of UAV, the adaptive
hybrid controller is utilized, such that the tuning of the RST controller is achieved by the
gains of the adaptive fuzzy logic controller.

In this article, the robustness of VS-MRAC with feedback integrator is compared with
classical MRAC of [21] without feedback integrator. To stabilize the attitude of UAV the
main contributions are as follows.

i. VS-MRAC is designed by adding the feedback integrator in the controller in which
VS-MRAC handles the uncertainties in the system and integrator removes the
external disturbance.

ii. The proposed VS-MRACI controller uses translational and rotational velocities as
an input constraints, which shows more closeness with real world application.

iili. The stability of overall design of the controller is proved by using Lyapunov
stability criteria.

The rest of the article is structured as follows. Section Il, defines the system modeling
& its preliminaries are presented. The complete controller designing is described in
section Ill. Section IV defines the simulation, results and discussion. Lastly, section V,
concludes the whole article.

2. System Modeling & Its Preliminaries

The tri-rotor aerial robot has three arms and at the end of each arm the rotor is placed.
The forces and aerodynamic components of tri-rotor UAV is defined in Figure 1, such
that (X, Y, Z) axis of UAV defines the straight direction from the view, the direction at
the right side and direction downward from the center of gravity.
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Figure 2. The Relationship between Earth’s & the Tri-Rotor Coordinate
System

The tri-rotor aerial robot coordinate system depends on the Earths coordinate system
which defined in Figure 2. The relation between the Earths and the tri-rotor coordinate
system are defined by the rotational matrix “R” of the UAV. The roll, pitch and yaw (the
attitude of the UAV) or Euler angle which is indicated with (¢, 8,1 ) respectively [22].
The rotation of the UAV is applied with respect to the Earth frame and the complete
rotation is done with the roll angle (¢) with X axis, pitch angle (8) with Y axis, and the
yaw angle (1) with the Z axis. Now the rotation matrix is defined as,

( 1 0 0 7ycost 0 —sme cosyp sinp O

l R;RgRjj = [0 cosp sinp|| 0 ] [—smlp cos¢ 0]

0 —sing cospllsing 0 0059 1
cosOcosy cosfsiny —sinf
singsinfcosy — cosypsiny  singsinfsiny — cospcosy sinpcosd
cospcosOcosy + sinpsinyd  cos@sinfsiny — sinfcosy cosypcosl
(01)
The actuators, which is fixed in the triangular frame of the aerial robot which produces
the thrust force, which helps to hover the UAV. Therefore, the blades of the UAV have
fixed rotation angles, such that the direction of the airflow be governed by the rotation of
the blades [23]. The overall force and torque of the aerial vehicle is defined as,
{ fi = kt u? - kt u;|u;]
7, = ktuf - krug|u|
Therefore, i = 1, 2, 3 for the rotors of the aerial vehicle.
The rotational or angular velocities and the tilt angle of the aerial robot will offer the
UAYV to control Us = (uq,u,,us,uy) its four movement: such that three are the rotor
velocities and the last one is the tilt angle of one rotor out of three. Where as u,to control

XY,z __
lR¢ﬂ#’_

(02)
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the roll movement, u, to control the pitch movement, usto control the yaw movement and
u4to control the altitude or yaw movement of UAV. To estimate the tri-rotor as a non-
holonomic, rigid body, and multivariable along with six Degree Of Freedom (6 DOF),
such that the states of the aerial robot is defined as: (u,v,w), (p,q,7) and (¢, 6,y ) are
the linear or translational velocity component, angular or rotational velocity
subcomponent and the Euler angles of the body.

The external forces and mass that can be exerted in a body of aircraft which is,

( F, 0
For =| B :( kt (uqluq|sinuy) )

) E, —kt (urluslcosuy + uzlug| + uslusl)
My (V3/2)L * kt (uz|uy| — uzlus))
Mg, ==| My | = 0.5 % 1 * kt(uy|uy| + uslus|) — U* kt(uq|ug|cosuy) + kt(uq |uq|sinuy,)
\ M, —1 * kt(uq|uq|sinuy) — kt(uq|uqlcosuy) + uy|u,| + uslus|

03
Where " [" is the distance from the center of the body to the arm, (ul,uz,u3,u4)( ar)e
control inputs of the tri-rotor aerial vehicle. The translational and rotational velocity of the
aircraft is described below,
u = (1/m)(Fycos@cosy + F,cosbsiny — F,sind)
v = (1/m)(F;(singsinbcosy — cospsiny) + E, (singsinfsiny + cosOcosy) + F,(singcos0))
w = (1/m)(F(cospsinfcosy + sinpsiny) + F,(cos@sindsiny — sinpcosy) + F,(cospcosh))
(04)
p =y —L/L)*q) + /L3 1/2)(f, - f3)
q=U; = L/ly)r*p) + (1/1,)(1/2)(fz + f3) — L * frcosuy + Tysinu,  (05)
7=y — Iy/I)(q * p) + (/1) (A/2)(f2 + f3) * fisinuy — T1c0SUy — T, — T3
Where "m" is the mass, (F, F,, F;) the external forces which is exerted on the body

(f1, f2, f3) and (74, T2, T3)the forces and torques that is produced by the rotors of the UAV
which is already shown in Figure 1.

3. Controller Designing

The VS-MRAC was proposed by (Hsu) [24], the main advantages of this algorithm is
deal with uncertainties, disturbances and well transient behavior with good robustness.
But in this article, VS-MRACI is proposed to control the altitude and attitude of the tri-
rotor aerial robot. The overall working of the control system is shown in Figure 3.

» Reference Model X

X5
‘ v, & 2 Ys
e VSMRACH |} > ' - UAV Model 1— -

A i

Adaptation Law =

f .

Figure 3. Block Diagram of Control System

Now, the actual model of the system is described as,
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XS = ASXS + BS + US

{ YS = CSXS (06)
The reference model of the system is,

XR =ARXR +BR + US

{ YR = CRXR (07)

The integral base output error is,
e =Ys—Yp (08)
The objective of the controller is to force the actual system output to track the reference
output signal, to regulate the &, to be zero, although observe the close-loop control signals
which are also bounded. Now, the control law which is written as,
Us = @1Ys + 2R (09)
That is same as the classical model reference adaptive control. Furthermore, switching
Laws are designed to enhance the system robustness and transient performance of the
system. If Bg and Ag are known, the ideal parameters to control the roll of the UAV are
(¥, & @) that can be written as using the following condition.
Y;/R =Yr/R (10)
Equation (10) shows that if our controller fulfills the requirements and the desired path
is achieved. Consequently, the controller can be written as,
Us = ¢1Ys + 2R (11)
To analyze the equation (06) & (07) the output of the system can be written as.

}:/S = —As¥s + Us (12)
YR = _ARYR + R
Now using addition and subtraction to make the ideal control parameter of (09).
Us = @1Ys + 2R — ¢1Ys — 2R + @1 Y5 + @R (13)
Grouping the terms of the equation (13),
Us = (01 — Y5 + (92 — P2)R + ¢1Ys + @R (14)
Now,
Us = @1Ys + 2R + ¢1Ys + PR (15)

However, ¢; and {,are the ideal control parameters derivative of ¢ and ¢, . By
substituting (15) in equation (12),

{ Ys = —AsYs + Bs(@1Ys + @3R + §1Ys + $2R) (16)
Ys = —AsYs + Bsp1Ys + Bsp2R + Bs(91Ys + @2R)
which gives,

Yo = —(As + Bs@1)Ys + Bs@aR + Bs(P1Ys + PzR) 17)
Now, from (17) the reference model input can be written as,

R = (Us — ¢1Y5/P2) (18)

By using equation (16) and (18) in the equation (12), we get.

Yp(t) = —AgYs + BrR + (Bg/$2)(#1Ys + @2R) (19)

Moreover, by comparing (17) & (16) using equation (10) the reference controller must
be,

®1 = (As — Agr)/Bs

{ @2 = Br/Bs (20)

Above the constraints of the system shows that the output converges at the desired
state, therefore B; and As are known, the criteria for designing the controller is called
“Matching conditions”. Instead of known conditions our main goal are concerned with
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parameters of the system that are unknown, or with parameters of the system along with
uncertainties, which need the adaptive laws for regulating the parameters of the actual

system.
Now derivate the integral base output error signal of equation (08)
é] = Ys - YR (21)
Now, equation (10) with equations (12), (20) and (21).
e; = —AgYs + BgR + (Br/P2)(@1Ys + P2R) — (—AgYg + BgR) (22)
Rearranging the equation (22),
e = —Ar(Ys — Yg) + (Br/®2)(@1Ys + ®3R) (23)
Thus,
e = —Ag * €, + (Br/P2)(@1Ys + P2R) (24)
By, considering the lyapunov candidate function,
Vi(e) = (1/2) * (&)* >0 (25)
Its derivative is,
Vi(e) =¢e *ée (26)
Now substitute (24) in to (26)
Vi(e) = (—Are)(Br/@2)(@1Ys + P2R)e; (27)
Now, the switching laws for the roll control strategy is written as,
@1 = —Pisgn(e; * Ys)
~ _ (28)
@2 = —Psgn(é; * R)

The (sgn) function can be written as,
—1if (& *Y¥s) <0
wsgn(e xYs) =4 0if (g, *xYs) =0
1if (g *Y¥s) >0
—1if (,*R)<0
~sgn(g;xR) =4 0if (¢,*R)=10
1if (&, *R)>0
To obtain the desired altitude and attitudes of UAV can be written as,
(Vi) = —Are” — (Br/@2)[(Z11€,Ys| + Z18,Ys) + (Z11€R| + Z,€,R)]

Vi(e) = —Are,” — (BR/‘I_’_Z)[(QaﬂéIYﬂ + ?1511’:9) + (P2leR| + ipzéIR)] 2
Vi(e) = —Are,” — (BR/HZ)[(91|3_1YS| + HléIYS) + (6;1€;R| + 6,€,R)] (29)

Vi(e) = —Age,® — (%) [(1[’1|3_1Y5| + lple_IYS) + ($2|9_1R| + lpze_lR)]
If the conditions,
@1 > |p1] & @, > |, | are satisfied for the roll control can be written as,
Vi(e) < —Ap*e? <0 (30)
The same conditions is designed for pitch, yaw and altitude control.
Which guarantees that “é; = 0” (GAS) globally asymptotically stable. Equilibrium
point become (30) is a negative definite function.

4. Simulation Results & Discussion

This section of the manuscript, defines the robustness and efficiency of the proposed
VS-MRACI controller. Moreover, the validity of the designed VS-MRACI controller is
compared with the MRAC controller of [21]. According to the model of UAV, the
parameters for the simulation conditions are shown in table.
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Table 1. Constraints of UAS

Parameters Values Si Units

(Mass)*“m”  0.785 kg
(GF)“g” 9581 m/s’
| 0.3050 m
Iy 0.3105  Kgm?
I, 02112  Kgm?
1, 02215  Kgm?®
K, 0.007  Nms2/rad2
K, 0.0156 Nms2/rad?2

The desired state of the UAV uses the input control commands as a reference signals,
which are constant and the location of UAV is stable, such that the translational and
rotational velocity components are also used to reach the UAV at desired location. The
overall performance of the system is governed by VS-MRACI and the stability is ensured
by Lyapunov candidate function. The initial position of the UAV is zero and it will reach
at the desired height about 1m which is shown in Figure 4.
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Figure 4. The Desired Altitude of UAV
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u, [ped]

Time (sec)

Figure 5. Control Input Commands of UAV

Figure 5, shows the control input (ul, u2, u3, u4) responses of the UAV, initially it has
some oscillations and after that it will converge to the desired (2, 0, 0, and 0) input path
and behaves linearly. Furthermore, u; # 0 which confirms that is time invariant in a finite
period of time. The initial altitude of the UAV is (z = 0) and (-1, -0.01, -0.01) rad, after
that the desired position and attitude are: (z = 1)m and (¢ = 6 = = 0)rad, which is
shown in Figure 6. The proposed algorithm stabilize the UAV at predefined altitude and
attitude in a fair amount of time. The altitude z and yaw rate vy are prominently shows that
it converge to the desired states. Moreover, the altitude z, reaches to the predefined value
at ul. The roll and yaw rates have little oscillations to converge at the referred state,
which is shown in Figure 6.
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Figure 6. The Euler Angle Rotational Rates of UAV
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Figure 7 shows the translation velocity components with the initial values of (u = 0.1
m/s, v = - 0.14 m/s, w = 0.15 m/s) and stabilizes about 5 seconds with little overshoot of
“w” velocity component. Figure 8 shows the rotational velocity components with the
initial conditions are (p = 4 rad/s, q = -0.12 rad/s, r = 1 rad/s) and will converge to zero in
a fair amount of time with any overshoot.

5. Conclusion

In this article, a variable structure-model reference adaptive control with integrator in
the feedback loop is proposed for the tri-rotor aerial vehicle. Moreover, the modified VS-
MRACI controller is used to stabilize the attitude of UAV. The proposed algorithm uses
translation and rotational velocities to derive the system model. The validity of the
controller is illustrated using Simulink/ Matlab and shows that the proposed scheme has
good transient behavior with very zero steady state errors to reach at the desired altitude.
Additionally, proposed algorithm shows fast convergence and better robustness in the
presence of model uncertainties.
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