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Stabilization and Control of a UAV Flight
Attitude Angles using the Backstepping Method

Mihai Lungt

nonlinearities and their derivatives. This is a@es problem

Abstract—The paper presents the design of a mini-UAV atitudbecause the aerodynamic forces and moments, wetride

controller using the backstepping method. Starfiiom the nonlinear
dynamic equations of the mini-UAV, by using the kstepping
method, the author of this paper obtained the asiwas of the
elevator, rudder and aileron deflections, whiclbititee the UAV, at
each moment, to the desired values of the attiamgges. The attitude
controller controls the attitude angles, the angrages, the angular
accelerations and other variables that describé&J#¢ longitudinal
and lateral motions. To design the nonlinear cdietroby using the
backstepping technique, the nonlinear equationsthed.yapunov
analysis have been directly used. The designedattamthas been
implemented in Matlab/Simulink environment and éfectiveness
has been tested with a campaign of numerical stionk&using data
from the UAV flight tests. The obtained results aery good and
they are better than the ones found in previousksvor

Keywords—Attitude angles, Backstepping, Controller, UAV.

|. INTRODUCTION

LL over the world, Unmanned Aerial Vehicles have

board range of civil and military applications. At lof
scientists design UAVs that have to meet some dapens
regarding their reliability, low cost, small sizacaso on and
so forth. In the domain of small-size UAVs, the mggstems
are still deployed as prototypes because of thaedk lof
reliability. Their reliability may be increased bsproving
their modeling and their flight control systems 21,
Modeling, simulation, analysis and flight testing fall-size
aircrafts or large UAVs are very well presentedlats of
scientific works over the past few decades [3].

Fig. 1 The model of the Sekwa UAV

In this paper, the equations of the flying objedition are
nonlinear [2], the backstepping method being usad For the
control of the UAV attitude angles. There are a it
techniques for the control of flying objects whéit flight is
described by nonlinear equations: dynamic inversioon-
linear predictive control or techniques that useurapal
networks [4]. The system nonlinearities are caedetind a
closed loop linear system is obtained by using fingt
method. This method disadvantage is the existente
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the system, can not be modeled at a high precisgnee [5].
An alternative to the dynamic inversion is the tstegping
method; it is a simpler method and its most impurta
advantage is that the nonlinearities must not beessary
cancelled in the control law.

In this paper the attitude controller is projectied the
Sekwa UAV (Fig.1) [6] by means of the backstepping
method. This UAV is characterized by a mobile cemass in
order to minimize the drag force. The design of #titude
angles controller (autopilot) means the determimatf the
three deflections (elevator, ailerons and ruddéedgons) so
that the angles characterizing the UAV attitudedtém their
imposed values. The Defense, Peace, Safety andritgecu
(DPSS) branch of the South African Council for &tifec and
Industrial Research (CSIR) launched, some years Hyo
Sekwa program; the main objective of this resegmgram
avas to demonstrate the advantages of UAVs withatbéei
centre mass [6]. The main characteristics of thdd/lare the
lack of the vertical empennage and the blended wiingse
thinks lead to small drag forces and superior agrachic
performances. The only disadvantage may be thelitatf
the UAV; as a consequence, the designed autopilcst fme
very efficient. The purpose of the flight contrgstem was to
increase the natural UAV stability so that it iscdcterized by
nominal static stability and all its motion variabl are
stabilized toward their desired values.

The main sensors that are used on UAVs are: three
accelerometers (for the measurement of the linear
accelerationsu, v, w, which, by integrating, lead to velocities

u,v, w) three gyrometers (for the measurement of the langu
velocities p, g, r ), sensors for static and dynamic pressure (the

first for the determination of the barometric aitle and the
both sensors for the determination of the flightouiy), a
radio-altimeter or other system for the measurenuénthe
UAV'’s height with respect to the ground and so &;8]9].

In contrast with [6], in this paper, the UAV fligkbntrol is
made by using the backstepping method and theiesftig of
this method will be demonstrated by a campaignusherical
simulations using data from the UAV flight testsosf UAV
autopilots use classical proportional-integral-dative (PID)
controllers andad-hoc methods to tune the controller gains
during the flight. This methodology is not the bese because
it has high risks and because there are a lotnafdtions in
the UAVs performances and robustness. It is importa
obtain an integrated framework that enables it apidly
synthesize, implement, analyze and validate a obetr
configuration by usingerativedevelopmentycles [10-14].
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The mathematical procedure of using the backstgppin B,

method to the stabilization and control of a mimA\Y the
determination of the control laws (deflections loé televator,
rudder and ailerons), which assure the control iofi AV,
and the new controller software implementation espnt the
originality elements of this paper.

The paper is organized as follows: the dynamic gojs of
the Sekwa UAV is given in section Il, the controltkesign for
the pitch angle channel is presented in sectignirilkection
IV and V the author determines the control laws fbe
stabilization and control of the roll and yaw argyllh section
VI, the designed controller is implemented in Mit&imulink
environment and its effectiveness is tested witampaign of
numerical simulations using data from the UAV fliglests;
finally, some conclusions are shared in section VII

Il. DYNAMIC EQUATIONS OF THE SEKWA MINFUAV

There are a lot of methods to define the modehefUWAVs
[15-17]. As one can see in [18], the control systemchitect-
ture can be greatly simplified by judiciously exgsing the
aircraft dynamics and carefully selecting the Malga that
need to be controlled. Thus, the complexity of dutomatic
pilot is greatly reduced and most design techniduesome
very efficient [6].

Fig. 2 The inertial reference system

In order to obtain the mathematical model of th&vwse
UAV, one needs to define three axis systems. Tisé dine is
the inertial reference system and the Newton’s laas be
successfully applied with respect to this frame. uB this
frame, it is assumed that the surface of the Eartitat and
non-rotating. This frame [19] defines a plane ikaangential
to the Earth surface (Fig. 2); the system centmis/eniently
chosen as a point from the runway. The second f(@»& Z)
is the body axis system with its origin in the cenhass of the
fling object. The OX axis is the longitudinal axifthe UAV,
the QY is the lateral axis, pointing out the aiftraght
starboard wing, while OZ axis is the vertical agisd it is
defined to reside within the UAV’s plane of symnyetihe
third frame is the well known aerodynamic frame, dtrigin
being the same with the origin of the inertial fignthe OX
axis has, this time, the direction of the UAV totalocity.
This frame is very important because the deternunatf the
stability derivates is made with respect to this aystem.
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6,

Fig. 3 The command surfaces and the actuatoredd¢hkwa UAV

The UAV has 6 actuators associated to the elevailerons
and rudder deflectionsd,,?d,,d,,9,,0.,0, (Fig. 3), an
actuator for the retractable landing gd& ), an actuator for
the steerable nose Whee(BS) and an actuator for the
command of the trust (propulsion) for¢g, ). Because in the
specialty literature one uses the classical commasfdthe
command surfacesd( — the elevator deflectiond, — the
ailerons deflection andd, — the rudder deflection), it is

necessary to be established some relationshipsebatwhe
classical deflections and the deflections of théwseUAV.
The deflection of a control surface is definedadians with a
positive deflection causing a negative moments ésired to
work with one actuator per wing for control purpsse
therefore 6, and &, should move together and, and &,

should move together, too; thus, = 54,3, = §,,9, = d; [6].
The relationships between the classical deflectignss,, 3, )
and UAV Sekwa deflectionfs, ,3,,3,,3,,3., 8,) are [6]:

(62 +63 +64 +65)/4’
(_62 —53+54+55)/4,
(3, +8,) /2.

66
5, )
6[

To obtain the UAV dynamics, the UAV is consideredbe
a rigid body with six degree of freedom [6,18]. Sioplify the
derivation of the UAV model, a static centre of smia®sition
is assumed. The dynamics of the UAV is consideoeblet the
resultant between the kinematics and the kinetickeo UAV.
Because the purpose of this paper is not to detthecdynamic
equations of the Sekwa UAV, | will concentrate tie UAV
control design using the backstepping method; teewa
UAV dynamics is presented in detail in [6] and [18hus, the
kinematics of the UAV is [6,18]:

o= p+tarﬁ(qsin¢ +rcos¢),
B =qcosp-rsing,

_gsin¢ +r cosd
gp=——>—.
cosO

)

The expressions of the roll, pitch and yaw moments
(L,M,N) are [6,18]:
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L= pslc.GbIT, -C,STIT, - SbIT,),
M= pdsbT, +Cerc,),
N= p48GbIT, - §5 [T, +C,bIT,),

®3)

where p, is the dynamic pressures— the wing surface,
a,B - attack and sideslip angled,— the wing span,c -

mean aerodynamic chord andC, = cosa,C,; = cosp,

S, =sina, § =sinP. In (3), the aerodynamic moment
coefficients C,,C,,,C, (roll, pitch and yaw, respectively)

have the expressions [6]:

b
C = C|BB + Cl(gr o + CI586a + N (C|p p+ C|,r),

(4)

c
Cp=Cq, +Cra +Cp 3, +WC"“q’

Cn :CHBB+CH 6I’ +CI’\ 63+£
5 5a N

(Cnp p+ Cnrr).

while others, which are not necessary, are to beeaiked
[5,20]; the control law is simpler. In order to udbe
backstepping method, the system must be writtereuttae
following form:

Xl = f1()(1’X2)’)‘<2 = fZ(XI’XZ’X3)’X3 = fB(Xl’XZ’XB’u)’ (7)

where f,, f,, f, are nonlinear functionsx, plays the role of
a virtual control for the command of the variabtg toward

zero, without taking into account the dynamicsxgf. Then,

X, is used as a virtual control for the convergemceero of

the variable, . Finally, the input variableu is the one that
stabilizes the variable, .

[Il. CONTROLLERDESIGNFORTHE PITCH ANGLE CHANNEL

To stabilize the UAV pitch angle, the paper autbansiders
6 — the imposed (desired) value of the pitch an§leand
defines the errog, =8 -8 [5]. It is evident thate, = 8 and,
taking into account (2), it yields:

In (4) C,, is the static moment coefficient and it has values

close to zero; that is why, in simulationg ~ will be

considered null. The equations describing the ptimges of
the UAV angular velocities along OXYZ frame axes [8]:

o= lul, -1.)+ nscl

X

qzli[pr(lz_lx)-'- QSCZ]’ (5)
y
= L, -1,)+ nsc]
with
C, =C,GbIT - GSTC, - SbIT,,
C,=SbL +CT[T,, (6)

C, = SCb [T - §ST T, + C,b[T,;

I, 1,1, are the axial inertia moments.

8

+ Ueee B rSinq)JCOS(b,
coso

& = Mo +(q

with pg — positive constant. The design aimds - 0; as a
result, it is desirable that:

oy TSI _ o Mgy +rsing

+ 9
a cosh cosh ®)
Theequatiorof theerror g;, using(9), becomes:
€ = ~He&; (10)

in order to demonstrate that (10) corresponds tstadble

system, the Lyapunov function/y(e,) ;eg has been

chosen [5&nd, by computing/, (e, ), it follows:

Vo(es) = € By = —Hge2 < 0, (0)pg > 0. (12)

For the design of the Sekwa UAV controller, for the

stabilization and control of the attitude an@e,y), the
kinematics equations of the UAV, the equations bé t
aerodynamic moment coefficientsC,,C_,C, and the
equations describing the projections of the UAV wag

velocities along the OXYZ frame (equations (2), &id (5))
are needed.

One of the best controller design procedures is th@ =

backstepping method. The backstepping technigbadsd on
Lyapunov theory and it offers multiple possibilgtior the use
of nonlinearities with respect to the dynamic irsien
technique. Thus, some nonlinearities may be maiathi
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The Lyapunov function is negative and, as a consecg)
the system (10) is a stable one and it convergegeto

e, » 0. The second error variable is now chosen as

e, =04—7, with g having the form (9), i.e.:

“He€ * I Sing

= (12)
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As a result, the following equation system is ated:

5y = —Ug€y + €,c09) ,
{ee He€y + €,CO8p (13)

€& =9-7.

By the substitution ofg, with the form (5), in the second

equation (13), it follows:

& = a; (14)

Lonl, 1)+ pd5bL5, + o) -

taking into account the expression 6f and C, from (4),
(14) becomes:

éq = li pr(lz - lx) + rl‘h;s %b(CIBB + C'a, 6r)-'-
y y
S b
+ ?’y %D[C,Ba N (C,p p+C, r)} + (15)
+ —

S . c
o gc(cmo +Cpa +Cy 3, +WC”‘qu -4,
y

| want to stabilize the errog, to zero, as well. For this, the

following Lyapunov function

1 1
Vq(ee,eq):zeg+§e§ (16)
is chosen. By computiqu (ee, eq), it follows:
V.le.e )= ee& +eg, =

= THe8 ~ Me& * %(ee cost + pqg, + éq)’

with p, — positive constant.

The first two terms in the right side of (17) aegative and,
for stability reasons, it is desirable that:

g (escos + e, +e,) =0 (18)
or
€ COS + 1€, +|i pr(l, —1,)+ ?,S $bG, B +
y y
, hS (19)

b
| sﬁt{qﬁ, 5 +C, 8+ C, p+C.rr)} '

y

+

S . _ c = _ 0.
» CBC(CmO+C%G+Cm§e5e+ECm1QJ‘Q—Of

thus, the first relationship between the defledianf the
elevator, ailerons and rudder is:
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alée + a26a + a36r =A (20)
with

1 _ 1
a = T p,SQ;chSe,a2 = T gS%bC,Ea,

y y

1
3 =1~ RSSLG,

y
A = -g, cosh - H,g, —ipr(lZ -1,)- (21)

y
_ RS b b _
1 %t{c'“ﬁ MPYAL EC"r)

—'i";scpé[cmo +C,a +%c%q] +4.
y

IV. CONTROLLERDESIGNFORTHE ROLL ANGLE CHANNEL

The procedure is similar to the one presented ctigelll;
the author of the paper considefs- the desired (imposed)
value of the roll angle and he defines the errot [5
e, =06 -¢. For § - constant, it followse, = ¢; taking into
account the expression ¢f, it results:

€ = “Hy€ + [p + (u¢e¢, + gtan® [5ing + r tan® Et:os:b)]. (22)

For the convergence of the errgy to zero, (22) must have
the form &, = —,e, ,with p, - positive constant. As a
consequence, the roll angular velocity has theesgion [5]:

p = —H,6 —qtarb[sing —rtarb [cosd. (23)

Choosing the Lyapunov functiow, (e¢) =

N |-

e7 , one gets:

V,(e,) = e, & = -n,e2 <0,(0)y, >0. (24)

Thus, the system is a stable one and convergerteto

6 ~ 0 < ¢ -~ §). The second error variable is now
chosenie, = p-p; p has the form:
P = -Hy& —qtard [sin - r tarb [cosp. (25)
Under these conditions, | obtain the following syst
€, = —M,e, te,,
o (26)
€, = PP

and replacing p, with the form in (5), into the second
equation (26), it follows:
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e, :liqr(l - |Z)—f;+'[I";Scﬂcﬂb[(:I +
" (27)
S
——(C;%CEC +8brT,);
taking into account the expressions Gf,C, and C,, it
results:
. 1
6 = parll, ~1)+ 22 qorepec, )
S Cp. 8+ o (Clpp+C|rr)J—f)—
(28)

_ C
(; %C[Cnb +C,a+ Cméeée + Ecmqu -
(Cnp p+C, r)}

The errore, must be zero. For this, the Lyapunov function

X

_ RS b
T %t{CnBB + Cn5r 6r + Cn536a +

1 1
Vp(e¢,e):ze§+ze§ (29)
is chosen. By computingp(eq,,ep), it results:
\ (e¢, p) o€ - ep( o€ + € ) (30)
where p, is a positive constant. The first two terms in th

right side of (30) are negative and, becausedewrable that
V(. e,) <0, it yields:
tUe te =0. (31)

Replacinge,, having the form (28), in the (31), | obtain:

& tHE lqr(ly—lz)+ Ry
G, 6 +C,, 6 +%(Clpp+clrr):}—
_(Cmo +Cp 0 +Cy 3, +%c%q]_ (32)
- ?ﬂs B+ Co, 3, +Cn635a)-b+
- %SSG%(C%D+C”J)=O;

X

thus, the second relationship between the deflestaf the
elevator, ailerons and rudder is obtained as falow

blae + b26a + b36r = B' (33)
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where

1 . 1
b = -~ RSG§TCy, b, = = QSL‘(CGCBC,BE - sucnéa),

b, = Ii F&St{cucﬁcla, - Sucnér)‘

1 S

B = e¢—upep——qr(ly—lz)— ?j (34)

_ RS b _

I CaCs Z\/(C' p+C,r ) I GSCCn, +

S _ C S
+—?1 G s,c(cnha +EC%QJ +—?1 SbC, B+

QS b2

S,—\C,.p+C.r)+
e preden

V.CONTROLLERDESIGNFORTHE Y AW ANGLE CHANNEL

For the yaw angle stabilization, the approach & gshme
with the one used in sections Il and IV. The enariables

e, =0-T,e =r-7 (35)
are used herefp is the imposed (desired) value of the yaw
angley, while F has the form [5]

co%d
Y CO$ (]

_ S|r¢
cosb

(36)

he Lyapunov functions, which have been used, aee t
ollowing ones:

(37)

| obtain, in this case too, a relationship (thedhtine) between
the deflections of the elevator, ailerons and rudde

3, +¢,0, +¢,8, =C (38)
with
1 _ 1
Cl = _T QS% %cheycz = T psﬁs’cﬁcl% +Cacnéa)’
1
Cs =T ps()acﬁcla, +C"C”5r)'
1
C=-¢, - & T T IX -1 B
v ~ M I pq( y) (39)
Zleprc,r)+ B ssec,, +
. de o+ fc ql-PScpca-
iggc m, O N m, T o nBB
RS~ b?
_ Cc,—Ic +C,r)+
3 zv( p r) r
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The determination of the elevator, ailerons anddeund
ér) is made by solving the system formed

by equations (20), (33) and (38). Thus, it resthlessystem:

deflections(3,, 5

e’ Fa?’

a0, + 3,0, + 3,0
bd, + b0, +byd,
Clée + Czéa + C36r
with g ,h,c

. =

A,
Ba
Cy

AB,C,i = 13 being described by (21), (34)

(40)

° 7 detT
5o L
detT

_ 1
" detT

where

and (39). The equation system (40) has the matricaa:

a a,a| |d

b1 b2 b3 6a
C1 CZ CB 6r
ﬁ,_/

with the solution

1
O w >

5] [aa al [A

3, |=|b b, by B

0, C, C, Cg C
T-1

or

(41)

(42)

(cbs = cb)A+ (ac, - aG)B + (ab; - ab,)c],

8, = ———[(bsc, — chy)A+ (ca, - a,)B + (b, - ab,)c],

(43)

[(bc, - bc)A+ (ac - ac,)B +(ab, - ah)c],

detT = abc, + &b, + hc,a; - abc - hea - ahc;. (44)

[r_| sl Ll e {f ¥ Dl o
g 5 B
3 - q [ E a1 8
2 ) *B Eq. @ L
_50:_ ‘ol r LA -
- = [— g ]—
AP E
c, ;
CM
Eq ) |, - e
Cy [=— 7| a» | .
I g r - 2% ?
5l TS 5 7= (36) [T
et Controller g
design F wlae
5:2
Eq. (43), (44) ‘g
5 | @0, 34,59 v
ap 2 BT

Fig. 4 Attitude controller for the control of thel@va UAV flight

q_der -

r_der
3

—{p  teta_der

o=

teta

(e P i
|:ﬂ ﬂ,derq_bD 180 /pi

<]

-

q

180 /pi

n

e 4
t

delta_r

e delta_a
delta_e

alfa

—e-n heta

UAY angular velocities

r psi_der

UAY kinematics
equations

A A AL T AAA

Aerodynamic
mament coefiicients

b psi
180 fpi
n
1 fi_h
™
e_teta L teta
Tl el et p
i pal
_psi psih
—lpb o fi | .
teta fp—— ep bb
™ o [
—rb M =" wh
e_psi L
—e_r
Block of forming - b
p_b.gb b Errars block

L delta_e

L—delta_a

——deltar

FYYY

C—]

Clock

Deflections forming block

Fig. 5 Matlab/Simulink model of the UAV attituderdooller using the backstepping method
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In conclusion, the paper author has successfulptémen-
ted the nonlinear attitude controller on the nogdin UAV
aircraft model. The attitude controller controlse thttitude
angles, the angular rates, the angular accelesatiod other
variables that describe the dynamics of UAV. Pgttiogether
equations (2), (4), (5), (12), (21), (34), (36)9)3(43), (44)
and the expression of the six errags,e,,€,,€,,€,,€,, the

block diagram for the constructing of the attituctEntroller
has been obtained (Fig. 4).

VI. SIMULATION RESULTS

In this section, | present the obtained resulteraferfor-
ming the numeric simulations. The designed consgatem
has been implemented in a Matlab/Simulink enviromiraand
its effectiveness has been tested with a campdigaroerical
simulations. The Matlab/Simulink model of the sture in
Fig. 4 is presented in Fig. 5.

The UAV has small dimensions: wing spdn= 17m,

wing surface S = 039m?2,

been obtained from literature; thus, the values tlé
aerodynamic coefficients and of the inertia momenés[6]:

C,, 00,C, =-53338(10° + 33094(10* - 1694,
C,, =34010*-01287C, = 12828(10* - 0458
C, =-0484C, = 017,C, =-035C, = 0105
C, = -023809C, =-0.002061C, = -0.035424
C,, =0001833C, =-0.0477§C, = 006581

I, = 019kg (M2, |, = 005kg Cm?, 1, = 025kg M2,

(49)

2
’ iV il
o)
O \ Tt =
5,2 S0 83
= = £
4| - 4 >
-2 25
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=2 29 T
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81 g =70
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Fig. 6 Time variations of the variables

o(t) o(t) wit). plt) alt) r(t) 2. t). &.(t) 2. ()

The trim conditions are very important because treythe
starting values of the variables; the trim conditiare:
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mean aerodynamic chord
€ = 0248m and massm = 3.2kg. The simulation data have

u=18m/sp=qg=r =0deg/s ¢ = 2grd, (46)
0 = -2deg,p = Sdeg,a =1.24deg3 = 0.1deg;

the desired values of the attitude angles have bkesen as:
® = -5deg,0 = 2deg,J = 3deg.

In Fig. 6, | present the time evolutions of theighles
o(t),8(t), wlt), plt)aflt). rt) 3.(t) 3.(t). 3, t). One remarks the
proper function of the backstepping method, becaliséhe
angles, which define the UAV attitude (the roll Bngthe
pitch angle and the yaw angle), track their imposades.

2 T T T
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Fig. 7 Time variation of the UAV roll angle for éi#rent values of
He and i, between 0.4 and 1.4

N

i
.\}m. .

Pitch angle of the UAV [deg]

H
e
|
i
i
i
= T
F 2
In 1
B o
N o
T =
Pl
n o
o
[S2 BN
I

0 2 4 6 é 15 1£ 14 1% 18
Time [s]

Fig. 8 Time variation of the UAV pitch angle forffdrent values of
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ol

A R B B My = 04, =04

D 45 b ——— W, =04y =14
E \\ ,,,,,,,,, M, = 07,1, = 07
<D( R S e [T M, =08y, =14
) 3 =12, =05
S 35\ S MU)—14“ =14
5 \%{ My =141, = 1
[}
2 33— — 2
©
2
©
> 25

2

0 2 4 6 8 10 12 14 16 18
Time [s]
Fig. 9 Time variation of the UAV yaw angle for difent values of
M, andy, between 0.4 and 1.4



International Journal of Mechanical and Aerospace Engineering 6 2012

The choice of the values for the positive constantsased on the connection and adaptive integraticheohano
e Me.H, and p,p,, 1, influence the responses of theand micro inertial sensors in low cost networksthva high

system. While the constants are positive, the syssestable;
the bigger the values of constants are, the b#trsystem
properties are (the overshoot and the transientmegeriod
decrease). In Fig. 7, Fig. 8 and Fig. 9, | preshet time
variations of the three attitude angles for diffé¢realues of
the constantgy,, lg and y, (values between 0.4 and 1.4).12]

The best results are obtained for the maximum véu¢his
case 1.4). For example, if one considers the céagsbeoroll
angle stabilization, foru, = 04,1, = 04, the overshoot is

(1

(3]

2deg, while, for p, = 14,u, = 14, it decreases ten times to

4
the value02deg. The same conclusion may be obtaine([j]
regarding the transient regime period — the in@&eafsthe [5]

constantspl, and p, from the values 0.4 to the values 1.4

6
leads to the decrease of the transient regime ¢gpdram 13 (°l

seconds to 5 seconds (61.53% decrease); same sefoathe

pitch and yaw angles. (71

(8l
VIl. CONCLUSIONS

The focus of the backstepping controller synthesacess
was the choice of the error variables and of thapuyov
functions. The deflections of the control surfatese been
obtained — equations (43) and (44). The obtaindituce
controller may be implemented on UAVs; the techeidbat
has been used for its design is a general one aydm used
to all kind of flying objects, offering very googeration and
characteristics of the output signals.

The design of the three controllers and the bapkiteg
technique has directly used the nonlinear equatens the
Lyapunov analysis. The method has an important radga
with respect to the classical techniques (for exantbe
design of PID controllers): the nonlinear systeras(ibing
the dynamics of UAV) must not be linearised inientpoint.
This linearization must be done if we want to desRID
controllers. The linearization of the UAV dynamiasits the
applicability of PID controllers.

Using the backstepping method, the author obtaithed
expressions of the elevator, rudder and ailerofedibns that
control the UAV, at every moment, and stabilizetdt the
desired values of the attitude angles and angatasr [18]

The paper author made complex simulations in Mhtlab
Simulink by using data from the UAV flight tests. The [19]
obtained results are very good (UAV attitude angled the
UAV angular rates tend to their imposed values ipreper
transient regime without big overshoots).

While the constantsi,, g, 1, andu,, i, |, have positive
values, the system is stable; the bigger the valfiesnstants

are, the better the system properties are (thesbwet and the
transient regime period decrease).

[9]

[10]

[11]

[12]

[13]

[14]

(18]
(16]

[17]

[20]
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