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The paper presents the design of a mini-UAV attitude controller using the backstepping method.
Starting from the nonlinear dynamic equations of the mini-UAV, by using the backstepping method, the
authors of this paper obtained the expressions of the elevator, rudder, and aileron deflections, which
stabilize the UAV at each moment to the desired values of the attitude angles. The attitude controller
controls the attitude angles, the angular rates, the angular accelerations, and other variables describing
the UAV longitudinal and lateral motions. The designed controller has been implemented in
Matlab/Simulink environment and its effectiveness has been tested with a campaign of numerical
simulations using data from the UAV flight tests.
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1. Introduction
Antecedents and motivations

All over the world, Unmanned Aerial Vehicles (UAVs) have many civil and military applications. A
lot of scientists design UAVs which have to meet some expectations regarding their reliability, low cost,
small size, and so on and so forth. In the domain of small-size UAVs, the majority of systems are still
deployed as prototypes due to their lack of reliability. Their reliability may be increased by improving
their modelling and their flight control systems [1, 2]. Modelling, simulation analysis, and flight testing of
full-size aircrafts or large UAVs are very well presented in lots of scientific works over the past few
decades; there is not too much information regarding the modelling, simulation, and analysis of small
UAYV systems [3].

Many research projects have been done for an integrated framework in recent years [4-9]. The
central paradigm is a model-based development environment for the UAV where different design tools
and techniques can be formulated, deployed, and applied [2]. The development of UAV flight control
(Fig.1 [2]) is based on different tightly-coupled processes and the development process will severely
hindered if each process is tackled as a separate problem. The flight control design involves the dynamic
modeling, the control and model analysis, simulation, control design, real-time implementation, software
and hardware-in-the-loop simulation and flight testing [2].

Most UAV autopilots use classical proportional-integral-derivative (PID) controllers and ad-hoc
methods to tune the controller gains during the flight. This methodology is not the best one because it has
high risks and because there are a lot of limitations in the UAVs performances and robustness. In order to
design good controllers and to improve the system reliability and robustness, simulations through flight
tests have been performed. It is important to obtain an integrated framework which enables it to rapidly
synthesize, implement, analyze, and validate a controller configuration by using iterative development
cycles [4-9].

Most of the times, the equations of the flying object motion are nonlinear. There are a lot of
techniques for the control of flying objects when their flight is described by nonlinear equations: dynamic
inversion, nonlinear predictive control or techniques which use neuronal networks [10]. By using the first
method, the system nonlinearities are cancelled and a closed loop linear system is obtained. The
disadvantage of this method is that we have to be completely aware of all the nonlinearities and their
derivatives. This is a serious problem because the aerodynamic forces and moments, which describe the
system, can not be modelled at a high precision degree [2]. An alternative to the dynamic inversion is the
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backstepping method; it is a simpler method and its most important advantage is that the nonlinearities
need not to be cancelled in the control law.
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Fig. 1 The integrated framework for the flight control development

Feedback linearization, in its various forms, is perhaps the most commonly employed nonlinear
control method; the controllers based on feedback linearization combine the aircraft’s angular rates
(p,q,r), the aerodynamic angles (o, B) or the Euler angles (¢, 6, ) as the command variables [11]. The

time-scale separation means the separation of the plant dynamics into slow states and fast states, with the
fast states used as virtual control for the slow ones [12]. To use the feedback linearization, all parametric
plant uncertainties must appear in the same equation of the state-space representation as the control [13,
14]; this is another disadvantage of the feedback linearization method. That is why a nonlinear control
method that offers relief from these issues must be used; this is the backstepping method. Backstepping
makes use of a recursive procedure that breaks down the control problem for the full system into a
sequence of designs for lower order systems [11, 14, 15]. The traditional backstepping method can be
applied only to plants with unmatched nonlinearities, while the adaptive backstepping method deals with
unmatched parametric uncertainties. The advantages of the backstepping method are: 1) backstepping
relaxes time-scale separation requirements by including transients in the virtual controls explicitly in the
control formulation [2]; 2) the designer may use Lyapunov functions as the design progresses and he may
discriminate between which nonlinearities cancel, and which plant dynamics to exploit [15]. In contrast,
the feedback linearization method cancels all plant nonlinearities indiscriminately. Studies of application
of the backstepping method in aviation can be found in [16, 17].

An early work in the domain of the backstepping method is given by Krstic et al [13]. Polycarpou
obtained an extension of the adaptive backstepping by using neural networks [18, 19]; Lee and Tomizuka
designed a similar method by means of fuzzy logic [20], while Sharma and Calise extended the study of
adaptive backstepping to use a class of nonlinear-in-the-parameters neural network [21, 22].

The control of UAVs is studied, using the backstepping method, in many research papers. For
example, Azinheira and Moutinho present in their paper [23] a backstepping-based controller with input
saturations, applicable for the hover flight of an unmanned aerial vehicle. In order to cope with limitations
due to reduced actuation, saturations are introduced in the control design, and the stability of the modified
control solution is verified. Hemanshu et al. obtained a novel backstepping based velocity control method
for unmanned helicopters; his approach has enabled the inclusion of flapping dynamics [24]. Jung and
Tsiotras consider in their work [25] the problem of path following control for a small fixed wing UAV.
They use the backstepping method to derive the roll angle command by taking into account the
approximate closed-loop roll dynamics. Paw used the backstepping method to the stabilization and
control of a mini-UAV [11] but the used unmanned aerial vehicle has only 2 command surfaces (only two
channels). The UAV presented in this paper has 3 command surfaces and this makes the control design
more difficult.



Main contribution

In this paper the attitude controller is projected for a mini UAV - commercial off-the-shelf (COTS)
Radio-controlled (RC) plane Ultra Stick 25E [2]. The UAV (Fig. 2 [2]) has been made by a research
group of scientists from the University of Minnesota in November 2009. The UAV has a conventional
horizontal and vertical tail and three control surfaces: elevator, rudder, and ailerons. All these control
surfaces are actuated by Hitec servos. The engine of the UAV is 600 watts E-Flite electric out runner
motor driving an APC 12 x 6 propeller [2]. The UAV is instrumented with a suite of avionics for the
flight control development research and testing. The IMU/GPS sensor provides angular rates, linear
accelerations, magnetic fields, airspeed, barometric altitude, GPS positions, and velocities measurement
data [2, 26, 27].

The UAV dynamics, presented in this paper, was borrowed from Paw work [2]. In [2], the
stabilization of the UAV is made by a controller which has been desined by using the H_ technique and
the p synthesis technique. In our paper the design of the controller is achieved by using the backstepping

method. So, the main contribution of this paper is the design of the controller for the stabilization and
control of the mini-UAV. There are a lot of research papers where an adaptive backstepping controller for
UAVs is designed, but there is very little research in the domain of mini-UAV controller design; our work
focuses precisely on this issue. The expressions of the elevator, rudder, and aileron deflections, which
stabilize the UAV at each moment to the desired values of the attitude angles, are obtained; also, the
stability of the controller is demonstrated, for each of the three channels (pitch angle channel, roll angle
channel, and yaw angle channel) by using 6 Lyapunov functions. Our work also includes an analysis of
how the design constants’ choice influences the stability and the performances of the system.

Fig. 2 The mini-UAV (Ultra Stick 25E RC plane)

The paper is organized as follows: the dynamic model of the mini-UAV (six freedom degrees) is
given in section 2; the backstepping controller for the pitch angle stabilization is designed in section 3,
while the backstepping controller for the stabilization of the roll and yaw angles is designed in section 4.
In section 5 the designed controller is implemented in Matlab/Simulink environment and its effectiveness
is tested with a campaign of numerical simulations using data from the UAV flight tests; the influence of
the design constants on the system stability and performances is also analyzed. Finally, some conclusions
are shared in section 6.

2. Dynamic Equations of the mini-UAV
The dynamics of the mini-UAV is described by six freedom degrees [28]. The equations describing
the forces (see Fig. 3 [2]) with respect to frame Oxyz (Ox — the longitudinal axis of the UAV, Oy — the
lateral axis, oriented to the right plane, Oz — the axis perpendicular on the (Oxy) plane and downward
oriented) are [2]:
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where u, v, w are the velocity projections along the UAV frame axes; p, q,r — the projections of the

UAV angular rate & along UAV frame axes; p, =pV2/2—- the UAV dynamic pressure
(\/ =.u? +v? + WZ); T - the UAV thrust force; ¢, 0,y — the attitude angles (roll, pitch, and yaw); S —
the wing area; g — the gravitational acceleration; m — the UAV mass; C,,C,,C, —the dimensionless

coefficients of the aerodynamic forces X,Y,Z. The expressions of the aerodynamic coefficients
C,.C,,C, are[2]:

Cy = C, sina - C cosat, C, = C, B +Cy 8, + %(CYP p+ CYrr), C, = —C, sina — C, coso., (2)

where o, 3 are the attack angle and the sideslip angle, respectively, 5, — the rudder deflection, b — the
wing span, and C,_,C, — the lift and the drag coefficients, respectively; they have the following forms
[29]:
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CL=C +CLa+C 35, +E Ci,0+C0),Cp = Cop + Cpy,0, +Cpy 0, + m-e-AR’ )

3, — the elevator deflection, € — the aerodynamic mean chord.

Yy zw, Z
Fig. 3 Forces and moments in aircraft body axis

The equations describing the projections of the moments along the Oxyz frame axes are [11]:
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with I, 1,1, — the axial inertia moments, I, —the planar inertia moment, I, — the inertia moment of



the propeller, Q, — the propeller angular rate, C,,C,,C, — the aerodynamic coefficients with the
expressions [2]:

b
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The aerodynamic coefficients have been obtained, by the research team from Minnesota, from wind
tunnel tests [30], numerical computational methods [31] or flight tests for identification of the parameters
[2]. To obtain these coefficients, first of all, the research team has approximated the values of the
coefficients by using simulator parameters and some initial values of the coefficients from relevant work
[32]. After that, the values of the coefficients have been refined using parameter identification flight tests
[2]. Equations (4) are equivalent with:
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The cinematic equations of the UAV rotations are [2]:
psine + r cose
coso

® = p + tand - (qsing + r cose), 6 = qcose — rsing,\y = , (8)

0 =1v+ acose + psing. 9)
In equation (9) y is the slope of the flight trajectory.

3. Design of the Backstepping Controller for the Pitch Angle Stabilization

Brief presentation of the backstepping method

The main issue related to the success of autonomous UAV operations is the autopilot system for
mini-UAV control, guidance, and navigation tasks. If we do not have the mathematical model of the
flying object, the design of the attitude controller is difficult to be performed because the designers have
to perform manual tuning of the controller gains during the flight tests with no model available. This is
limited to a classical single-input, single-output (SISO) controller design method, but it may also be a
dangerous and time-consuming process. Some designers prefer the classical controllers because of their
simplicity (the controllers are designed by successive closure of feedback loops from inner angular rate
feedback loops to outer tracking loops). The design process may be difficult when more loops are added
and it requires a significant amount of time for tests and for the error tuning process; this does not
guarantee the obtaining of a controller with the desired performance [2].



The backstepping method is an appreciatively new control method; it is based on the Lyapunov
theory and it offers multiple possibilities for the use of nonlinearities with respect to the dynamic
inversion technique. Thus, some nonlinearities may be maintained while others, that are not necessary,
are to be cancelled [33]; the control law is simpler. The backstepping method is used to make the state
vector, which characterizes a system, to track its desired value. The method uses fictive controls which,
step by step, stabilize some variables to the values of previous fictive controls. To use the backstepping
method, the differential equations describing the system must have a certain structure and, in this case, we
will restrict to the strict feedback structure which is illustrated by a third order differential equation [11]:

X, = fl(xlvxz)vxz = fz(Xl,XZ,X3),)'(3 = fS(Xl,XZ,X3,U), (10)

where f,, f,, f, — nonlinear functions. In the system (10) the state x, is used as a virtual control in order
to control the state x, to zero in the case when the dynamics of X, is not known. To control x, , the state
X, is used as a virtual control and, after that, the system input signal u is used to control the state x,. In

this case, we are having the control in a cascaded form in which a higher state is used as a virtual control
of the lower state [11]. In the stability analysis, for each virtual control, a Lyapunov function is used; the
design of controllers for the pitch, roll, and yaw angles can be represented by the states x,,x,, and x;.

The system input signal u consists of the deflections of elevator, ailerons, and rudder; the pitch, roll, and
yaw angles are to be controlled by means of the angular rates, while the angular rates are to be controlled
by means the control input.

Let us consider a system with the general form [34]:

% = fo(x) + 95(x) 7,,
2, = f(x, 2,)+ 9,(x, 2,)- 2,,
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where x € R", z,, z,,---, z, —scalars, u — the input of the system, f,, f,, f,,..., f, — functions taking the
zero value initially < f,(0,0,...,0)=0;i=0,k, g,,9,,---,9, — non-zero functions in the interest
domain; that is equivalent with g;(x, z,,2,,...,2,) # 0,i = 0,k.

Let us consider that the system described by the first equation (11) is initially stabilized by the control
law u,(x), where u,(0)=0. Also, we should consider a Lyapunov function V,(x) for this stable

subsystem. The determination of u,(x) can be made either by choosing the Lyapunov function V,(x) and
imposing V,(x, z,) < 0 or by means of the Sontag formula [35]. After this step, a control law u,(x, z,) is
designed such that the system described by the second equation (11) is stabilized and z, tracks the desired

control law u,(x); this is done by using the Lyapunov function [34]: V,(x, z,) = V,(x) + %[zl —u,(X)]%

u,(x, z,) is calculated such that V,(x,z,) < 0.  Similarly, another control law u,(x,z,,z,) is designed
such that the system described by the third equation (11) is stabilized and z, tracks the desired control

law u,(x,z,). The Lyapunov function is modified again (Vz(x, 2,,2,) = V,(x, zl)+%[z2 —u,(x, zl)]zj;

u,(x,z,,z,) is calculated such that V,(x,z,z,)<0. The iterative process continues until the
determination of u. Thus [34], u stabilizes z, to the value of the fictive control u, ,(z, —u, ,); the
fictive control u, , stabilizes z,_, to the value of the fictive control u, ,(z,_, = u,_,); ... the fictive



control u, stabilizes z, to the value of the of the fictive control u,(z, — u,); the fictive control u,
stabilizes x (x - 0). The resulted system has its equilibrium point into the origin (i.e.
x—>0,z, >0,z, >0,...,z. — 0)and it is an asymptotic stable system [34].

Design of the controller for the pitch channel

To stabilize the UAV pitch angle, the authors of this paper choose 6 — the imposed (desired) value
of the pitch angle 6 and they define the error [11]:

g, =0-96. (12)

From the above equation, we write ¢, = 6 and, by using the equations (8), we get:

. g, — rsin
€, = qCOSQ — rsing < &, = —p,e, + (q + MJ cosQ, (13)
CoSQ

with p, — positive constant. The only assumption of the method is cose = 0; our aim is e, — 0; this
happens if é, = —u,e, (the proof is based on Lyapunov stability method and it is presented below). As a

Le€ — I Sine

result, the term [q +
COSQ

JCOS(p must be zero no matter how big is the roll angle value; thus, one
yields:

q = (- pye, + rsing)/ cose. (14)
Using the relationship (14), the equation of the error e, becomes:
€ = —1Lo8, - (15)

To demonstrate that the above equation corresponds to a stable system, we choose the Lyapunov
function [11]:

Vyle) = ¢ (16)

and, by computing V, (g, ), it follows:
Vo(eo) = €y = —1o8f < 0,(V)n, > 0. (17)

So, the system (15) is a stable one and it will converge to zero e, — 0. The second error variable is now
chosen as:
eq =q- q’ (18)
where @ has the form:
q = (- u,e, + rsing)/ cose. (19)
As a result, we obtain the following equation system:
€, = —1o&, +€,CoSQ,
S (20)
&, =0-7.

Substituting ¢, with the form (4), into the second equation (20), we find:
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taking into account the expression of C_ (equation (5)), equation (22) becomes:
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Because & has very small values it can be neglected; moreover, substituting the attack angle o in (23)
with the expression that derives from (9):

o =(0—y—Psing)/ cose; (24)
under the assumption cose = 0, the equation (23) has the following form:
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We want to stabilize the error e, to zero, as well. For this, the following Lyapunov function

1 1
VACH q):zeg+§e§ (26)
is chosen. By computing V, (ee, eq), we find:

v, (ee,eq) = €8, + €,6, = & (- 1y, + eqCOS(p)+ e, =

. . (27)
= —1e8 + €, (eeCOS(p + eq) = —1e80 — 1.8 + e, (eecos(p + 1,8, + eq),

with p, — positive constant. The first two terms of the equation (27) are negative and, for this reason, it is
desirable that:

€, (eecos<p + 1,8, + éq) =0 (28)
or

p,SC C +C 9—y—BSIn(p+C

l, moo CoSQ
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The equation of the desired elevator deflection (5,) results:

I p—
5 ——yial—p‘;sc-sﬁs], (30)

y

with

O-y—-Bsing ¢C I -1 | .
5, =—-e,coso-pe 5, =C +C, ———— T4+ " C (,0,=—"-Lpr+2(p2-r?)+q7Q. 31
1 0 (P “q q 2 mg Mg, COS(p 2V mqq 3 Iy p Iy (p ) q ( )



4. Design of the Backstepping Controller for the Stabilization of the Roll and Yaw Angles

The procedure is similar to the one presented above; the authors of the paper choose ¢ — the desired
(imposed) value of the roll angle and defines the error [11, 36]:

For @ — constant, it follows:
€, = ¢. (33)
Introducing the expression of ¢ from the equation (8) in (33), we find:
€, = —H,8, + .8, + P+ tand - (qsing + rcose) = —u e, +|p + (1€, + gtand - sing + r tand - cose)|. (34)
For the convergence of error e to zero, the equation (34) must have the following form:
€ = M€, (35)

where p, — positive constant. As a result, we obtain:

p+ (uq,eq) + Q- tand-sing +r - tanod - COS(p) =0 (36)
or
P =—1,8, —q-tand-sine —r - tanod - cose. (37)
Indeed, for (35), by choosing the Lyapunov function [11]:
V,(e,)= el (39
we find:
V'Q(ew) =e,6, = 1,82 <0,(v)p, >0. (39)

Thus, the system is a stable one and convergent to zero (eq, 00> 6).
The second error variable is chosen as [11]:

ep =p- ﬁv (40)
where p has the form:
p=-n,e, —q-tand-sinp — r - tanod - cose. (41)

Under these conditions, we obtain the following system:

TG T 2)
€, =p-D.
Replacing p, with the form in (4) into the second equation (42), it follows:
I, -1 .
é :Iir‘+pdSbC|— G yqr+||ipq—r) (43)
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or, taking into account the expression of C, (equation (5)),
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Because r has very small values it will be neglected; thus, we write:

-1 | .
ép:pdSb C|B+C,<6r+C,‘8a+L(C,p+C|r)— Lagr+ 2 pg-p. (45)
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One desires e, — 0. For this, the Lyapunov function [11]:
1 1
Vv, (e, e,)= S8 5 (46)

is chosen. By calculating V'p(eq), ep), it results:

V (eq),ep) =e,6, +€.8, = eq,(— Ko, + ep)+ €,6, = 1,82 — e + ep(e(p +u,e, + ep), 47
with p — positive constant. The first two terms of equation (47) are negative and, because it is desirable

that Vp(ew, ep) < 0, we choose:
ep(e(p + 1, +e’p):0. (48)

Replacing ¢, having the form (45), in the equation (48), the relationship (48) becomes:

Sb b I, -1 I, .
p: {C,B[3+C,6r6r+C,836a+E(C,pp+c,rr)}+e¢+upep yqr+|—pq—p=0 (49)
and
C, 8, +C, 8, =— (e —pe, + - rar-tepqap|-[cpr (e prcyr)|  (0)
Isa pd Sb [) I3 p¥p I ; q I ] pq p Ig N Ip p Iy '

For the yaw angle stabilization, the calculus methodology is the same as above. We choose the error
variables:

e, =y-y,e =r-r, (51)
where v is the imposed (desired) value of the yaw angle v, while F has the form:

F=u, cosO _ sing q. (52)
COS(p CoS®

The Lyapunov functions, that have been used, are the following ones:

1 1 1
Vw(ew) zej WV, (ew,er)—5e3,+§ef. (53)
We obtain, like in the previous case (roll angle stabilization case):
Cy, 8 +Cy 8, = E , —He +Iy_lqu+|—xzqr+|* —[C B+£(C p+C r)} (54)
pdSb o 1, 1 L. VA "

The determination of rudder and ailerons deflections (5,,8,) is made by solving the system formed
by equations (50) and (54). Thus, we obtain the system:
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Fig. 4 Structure of the attitude controller for the control of the UAV flight attitude

In conclusion, the authors of this paper have successfully implemented the nonlinear attitude
controller on the non-linear UAV aircraft model. The attitude controller controls the attitude angles, the
angular rates, the angular accelerations and other variables that describe the dynamics of UAV. The block
diagram for the constructing of the attitude controller (Fig. 4) has been obtained by using the equations
(4), (8), (9), (19), (30), (31), (41), (52), (56), and (57).

5. Simulation Results

In this section, we present the obtained results after performing the numeric simulations. The
designed control system has been implemented in Matlab/Simulink environment and its effectiveness has
been tested with a campaign of numerical simulations. A Matlab program has been made by the authors
of this paper; this program appeals complex Matlab/Simulink models for the equations presented in the
previous sections. The data for simulations have been obtained from literature [2]. There are two



important methods for aircraft parameter identification: identification in the time domain or in the
frequency domain [2, 6, 7, 36, 37]. Here, for UAV parameter identification, the Minnesota research team
used the first method because it is physically more intuitive and straightforward as the UAV dynamics is
mostly represented by using time domain state-space models [2]. In Paw’s work [2], the stabilization of
the mini-UAYV is made by using H_ method; this paper uses the backstepping method for the control of
the UAV.

The UAV has small dimensions: the wing span is b =1.2m, the wing surface is S = 0.32m?, the
mean aerodynamic chord is ¢ = 0.3m, and its mass is m = 1.9kg. We denote with H — the UAV flight
altitude and with &, — the throttle control input; the trim conditions are very important because they are
the starting values of the variables; in this simulation the considered trim conditions are [2]:

u=17m/s,v =0.03m/s,w=037m/s,p=q=r =0degs,¢p = 0.1deg, 6 = 0.25deg,

vy = -43.6deg, H =100m, Q_ = 509 rad/s,V =17 m/s,a = 1.24deg, p = 0.1deg, (58)
8, =9.1-10%rad, 5, =1.01-102rad,d, = —6.7 -10% rad, 5; = 42.5%.
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Fig. 5 Matlab/Simulink model of the UAV attitude controller using the backstepping method
The aerodynamic coefficients and the inertia moments are [2]:
C, =0135C, =-15C, =-113C, =-104,C, =-50.8,
C. =0.0344,C, =-0012,C, =-0.0345C, =-0075C, =-0411,
3 5a 5y p r (59)

C, =-0.04,C, =00677,C, =00168C, =-0.414,C, =0.399,

B
|, =894-102,1, =144.10",1, =1.62-10%,1,, =1.4-102,1, =1.3-10“

1 xz

The imposed (desired) values of the attitude angles have been chosen as:

¢ = —1deg, 6 = 3deg,y = 2deg. (60)



The Matlab/Simulink model for the attitude controller (block diagram in Fig. 4) is the one in Fig. 5.
Time evolutions of the most important variables are presented in Figs. 6-10.
In Fig. 6, we present the time evolutions of the variables o(t), 6(t), w(t), p(t), a(t), r(t), 8,(t),

8,(t), 3, (t). We remark the proper function of the backstepping method, because all the angles, which
define the UAV attitude (the roll angle, the pitch angle, and the yaw angle), track their imposed values —
the equation (60). The convergence of the attitude controllers is also confirmed by the time variations of

the errors associated to the angular rates e, e,,e, — Fig. 7.
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Fig. 6 Time variations of the variables of(t), 6(t), w(t), p(t). q(t) r(t). 5, (t), 5, (t) 5, (t)

The choice of the values for the positive constants p,p,, and p, influences the responses of the

system. While the three constants are positive, the system is stable; the bigger the values of constants are,
the better the system properties are (the overshoot and the transient regime period decrease). In Figs. 8-10
we present the time variations of the three attitude angles for different values of the constants ., p,, and

u, (values between 0.2 and 1.4). The best results are obtained for the maximum value (in this case 1.4).
For example, if we consider the case of the roll angle stabilization, for p =0.2, the overshoot is
- 2.657 deg, while, for n, = 1.4, it decreases to the value - 1.7746 deg; that means an overshoot decrease

of 33.21%. The same conclusion may be obtained regarding the transient regime period — the increase of
the constant p, from the value 0.2 to the value 1.4 leads to the decrease of the transient regime period

from 15 seconds to 14 seconds (6.67% decrease).
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The obtained results are very good and they seem to be better than the results obtained by Paw in his
work [2], where the control of the same UAV was achieved by using H_ technique or u synthesis

technique. All these techniques provide very good results; a rigorous comparison, between these control
methods for the same UAV, from the results point of view, can not be made because we don’t know if a
tuning process was taken into account in Paw’s work; on the other hand, the performances of our
controllers (especially the transient regime and the overshoot) can be improved by increasing the values
of the positive constants u,, u,, and p, . However, we may conclude regarding the convergence of our

backstepping controllers and regarding the obtained good results.

In [11], Paw designs a PID controller for a mini-UAV with only 2 command surfaces. He also
designs an adaptive backstepping controller for the same mini-UAV and compares the results. The
superiority of the adaptive backstepping controller is obvious. Our results are similar with the ones
obtained by Paw in [11] for a different mini-UAV. Thus, if we make a briefly comparison between the
controllers obtained by using the backstepping method and the classical controllers (PID controllers) we
remark that a classical controller has a very simple and clean feedback mechanism, whereas for the
backstepping controller there is an explosion of terms in the number of computation and feedbacks of the
sensor data required to implement the controller. Therefore, in order to implement the controller on the
embedded hardware flight computer, there might be difficulties in implementing the backstepping
controller if there is limited computation power available on the flight computer. On the other hand, the
backstepping controller design is a simple and straightforward design and its main advantage is related to
the fact that the nonlinear system (describing the dynamics of UAV) must not be linearised in a trim point.

6. Conclusions

The focus of the backstepping controller synthesis process was the choice of the error variables and
of the Lyapunov functions. The deflections of the control surfaces have been obtained — equations (30),
(31), (56), and (57). The obtained attitude controller may be implemented on UAVS; the technique which
has been used for its design is a general one and may be used to all kind of flying objects, offering very
good operation and characteristics of the output signals.

The backstepping technique has directly used the UAV nonlinear equations and the Lyapunov
analysis. The method has an important advantage with respect to the classical techniques (for example the
design of PID controllers): the nonlinear system must not be linearised in a trim point. This linearization
must be done if we want to design PID controllers. The linearization of the UAV dynamics limits the
applicability of PID controllers.

Using the backstepping method, the authors obtained the expressions of the elevator, rudder, and
aileron deflections, which control the UAV at every moment and stabilize it to the desired values of the
attitude angles and angular rates; viability of the approach is validated by means of complex simulations



in Matlab/Simulink with data from the UAV flight tests. The obtained results are very good - the UAV
attitude angles and the UAV angular rates tend to their imposed values in a proper transient regime
without big overshoots. Also, the choice of the values for the positive constants p ,u,, and p,

influences the responses of the system; the bigger values of constants are, the better the system properties
are (the overshoot and the transient regime period decrease when the positive values of constants are
increased).
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