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1. Introduction

High levels of agility, maneuverability and the capability of operating in degraded visual
environments and adverse weather conditions are the new trends of helicopter design
nowadays. Helicopter flight control system should make these performance requirements
achievable by improving tracking performance and disturbance rejection capability.
Robustness is one of the critical issues which must be considered in the control system
design for such highperformance autonomous helicopter, since any mathematical helicopter
model, especially those covering large flight envelope, will unavoidably have uncertainty
due to the empirical representation of aerodynamic forces and moments.

The purpose of this chapter is to present the stabilization (tracking) with motion planning of
a reduced-order helicopter model having 3DOF (Degrees Of Freedom) (see Fig.1). This last
one represents a scale model helicopter mounted on an experimental platform. It deals with
the problem of disturbance reconstruction acting on the autonomous helicopter, the
disturbance consists in vertical wind gusts. The objective is to compensate these
disturbances and to improve the performances of the control. Consequently, a nonlinear
simple model with 3DOF of a helicopter with unknown disturbances is used. Three
approaches of robust control are then compared via simulations: a robust nonlinear
feedback control, an active disturbance rejection control based on a nonlinear extended state
observer and a backstepping control.

Design of control of autonomous flying systems has now become a very challenging area of
research, as shown by a large literature (Beji & Abichou, 2005) (Frazzoli et al., 2000) (Koo &
Sastry, 1998). Many previous works focus on (linear and nonlinear, robust, ...) control,
including a particular attention on the analysis of the stability (Mahony & Hamel, 2004), but
very few works have been made on the influence of wind gusts acting on the flying system,
whereas it is a crucial problem for out-door applications, especially in urban environment:
as a matter of fact, if the autonomous flying system (especially when this system is relatively
slight) crosses a crossroads, it can be disturbed by wind gusts and leave its trajectory, which
could be critical in a highly dense urban context.

In (Martini et al., 2005) and (Martini et al., 2007a), three controllers (nonlinear, H,, and robust
nonlinear feedback) are designed for a nonlinear reduced-order model of a 3 DOF
helicopter. In (Pflimlin et al., 2004), a control strategy stabilizes the position of the flying
vehicle in wind gusts environment, in spite of unknown aerodynamic efforts and is based
on robust backstepping approach and estimation of the unknown aerodynamic efforts.

Source: Robotics, Automation and Control, Book edited by: Pavla Pecherkova, Miroslav Flidr and Jindfich Dunik,
ISBN 978-953-7619-18-3, pp. 494, October 2008, I-Tech, Vienna, Austria
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80 Robotics, Automation and Control

Fig. 1. Helicopter-platform with wind gust

In recent papers, feedback linearization techniques have been applied to helicopter models.
The main difficulty in the application of such an approach is the fact that, for any
meaningful selection of outputs, the helicopter dynamics are non-minimum phase, and
hence are not directly input-output linearizable. However, it is possible to find good
approximations to the helicopter dynamics (Koo & Sastry, 1998) such that the approximate
system is inputoutput linearizable, and bounded tracking can be achieved.

Nonlinear control designs previously attempted include neural network based controllers
(McLean & Matsuda, 1998), fuzzy control (Sanders et al., 1998), backstepping designs
(Mahony & Hamel, 2004), and adaptive control (Dzul et al., 2004). These methods either
assume feedback linearizability, which in turn restricts the motion to be around hover, or do
not include parametric uncertainties, or realistic aerodynamics. Specific issues such as
unknown trim conditions that degrade the performance of the helicopter have not been
addressed. While adaptive control schemes have been proposed in the aircraft and
spacecraft control context, there is a lack of similar work on helicopter control. The non-
minimum phase nature of the helicopter dynamics adds to the challenge of finding a stable
adaptive controller. (Wei, 2001) showed the control of nonlinear systems with unknown
disturbances, using a disturbance observer based control (DOBC). In (Ifassiouen et al., 2007)
a robust sliding mode control structure is designed using the exact feedback linearization
procedure of the dynamic of a small-size autonomous helicopter in hover.

This chapter is organized as follows. In section 2, a 3DOF Lagrangian model of the disturbed
helicopter mounted on an experimental platform is presented. This model can be seen as
made of two subsystems (translation and rotation). In section 3 two approaches of robust
control design for the reduced order model are proposed. The application of three
approaches of robust control on our disturbed helicopter is analyzed in section 4. Section 6 is
devoted to simulation results and the study of model stability is carried out in section 5.
Finally some conclusions are presented in Section 7.

2. Model of the disturbed helicopter

Helicopters operate in an environment where task performance can easily be affected by
atmospheric turbulence. This chapter discusses the airborne flight test of the VARIO Benzin
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Trainer helicopter in turbulent conditions to determine disturbance rejection criteria and to
develop a low speed turbulence model for an autonomous helicopter simulation. A simple
approach to modeling the aircraft response to turbulence is described by using an identified
model of the VARIO Benzin Trainer to extract representative control inputs that replicate the
aircraft response to disturbances. This parametric turbulence model is designed to be scaled
for varying levels of turbulence and utilized in ground or in-flight simulation. Hereafter the
nonlinear model of the disturbed helicopter (Martini et al., 2005) starting from a non
disturbed model (Vilchis, 2001) is presented. The Vario helicopter is mounted on an
experimental platform and submitted to a vertical wind gust (see Fig.1). It can be noted that
the helicopter is in an Out Ground Effect (OGE) condition. The effects of the compressed air
in take-off and landing are then neglected. The Lagrange equation, which describes the
system of the helicopter-platform with the disturbance, is given by:

M(q)i+ Clq,q) + G(q) = Q(q, 4, u, Vras) 1)

where the input vector of the control u = [u; up]Tand g = [z y y]Tis the vector of generalized
coordinates. The first control u; is the collective pitch angle (swashplate displacement) of the
main rotor. The second control input u; is the collective pitch angle (swashplate
displacement) of the tail rotor. The induced gust velocity is noted v, The helicopter altitude

is noted z, p is the yaw angle and y is the main rotor azimuth angle. M € R>? is the inertia

matrix, C € R*® is the Coriolis and centrifugal forces matrix, G Rr® represents the vector of
conservative forces, Q(q, ¢, u, vus) = [f. 7. 1,]T is the vector of generalized forces. The
variables f,, 7. and 7, represent respectively, the total vertical force, the yaw torque and the
main rotor torque in presence of wind gust.

Finally, the representation of the reduced system of the helicopter, which is subjected to a
wind gust, can be expressed as (Martini et al., 2005) :

T = Ia2=3z,
To = ﬁ [('!H";,r"‘z,“'l + f:g;‘}' + 10 — f.";'] B ﬁe’!] f;’}'!_,.',.“f.
Ty = T4 = b,
Ty = ﬁ{ [ese 12 ug — ea(cray® + c1s)]
— f'lf'?—"i (129 + 13 + Ca@’*;"'i-'r-uf]‘l!—1 + {g{‘s) + ffl'.-"l-‘r-uf)'i,-‘f—uf]. (2)
Iy = Ig =",
Tg = ﬁ [e1 1A ug + e1(erad® + e15)]

+—Tmc.ql—c:1 [erca(er2¥ + €13 + ca¥vrag)ur + (€9 + C17Vraf )Vraf)-

k3|

where ¢; (i =0,...,17) are numerical aerodynamical constants of the model given in table 1
(Vilchis, 2001). For example co represents the helicopter weight, ci5 = 2ka1sb1s where ais and by
are the longitudinal and lateral flapping angles of the main rotor blades, k is the blades
stiffness of main rotor.

Table 2 shows the variations of the main rotor thrust and of the main rotor drag torque
(variations of the helicopter parameters) operating on the helicopter due to the presence of
wind gust. These variations are calculated from a nominal position defined as the
equilibrium of helicopter when v,,s= 0: v = —124.63rad/s, uy = —4.588 x 107°, up, = 5 x 107,
Trmo ==77.3N and Cyo = 4.6N.m.
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82 Robotics, Automation and Control

co T.5kg co 0.6004 kgm/s

cr 0.4305 kgm? cio 3.67T9N

co 3% 1071 kgm? c11 —0.1525 kgm

cz  -4.143 c12 12,01 kgm/s

Cy 0.108 kgm? c13 1x10°N

cs  0.4993 kgm® cra 1,206 x 10~ kgm?
e —6.214x 107 kgm® 5 2.642N

cr  —T3.58N e 0.1706 kg

cs 3.411 kg 17 0.2132 N s*/m

Table 1. 3DOF model parameters

Vrag(m/s) | 6Tar(N) | S24% | 6Cp(Nom) | 254 %

T:\qu C.'\.lig
0.68 -14.5 19 % 1.1 25 %
3 -64 83 % 6.5 141%

Table 2. Variation of forces and torques for different wind gusts

Three robust nonlinear controls adapted to wind gust rejection are now introduces in
section 4.1, 4.2 and 4.3 devoted to control design of disturbed helicopter.

3. Control design

3.1 Robust feedback control
Fig.2 shows the configuration of this control (Spong & Vidyasagar, 1989) based on the
inverse dynamics of the following mechanical system:

M(q)g + h(q.q) = u. 3)

Since the inertia matrix M is invertible, the control u is chosen as follows:

uw= M(q)v+ hiq,q). 4)
The term v represents a new input to the system. Then the combined system (3-4) reduces to:
g = . (5)

Equation (5) is known as the double integrator system. The nonlinear control law (4) is
called the inverse dynamics control and achieves a rather remarkable result, namely that the
new system (5) is linear, and decoupled.

u = M(q)v+h(q,q), ()

where M, h represent nominal values of M, h respectively. The uncertainty or modeling
error, is represented by: AM = M(q) — M(q): Ah = h(q,q) — h(q.q)., with system equation
(3) and nonlinear law (6), the system becomes:

Muv+h= Mj+h. 7)
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Fig. 2. Architecture of robust feedback control

Thus ¢ can be expressed as

=M "Mv+M '"Ah=v+ (MM - v+ M~ 'Ah. (8)

Defining E = M ' M —TIand 17 = Ev+M ™' Ah, then in state space the system (8) becomes:

(= AC+ B(v +n), )
P I - g
where.:‘l_{[} “],B_[ } [ ]
Using the error vectors € = [e1 €2]”, €1 = ¢ — qzand €2 = § — qGa, leads to:
é=Ae+ B{v+n-da}. (10)

Therefore the problem of tracking the desired trajectory q4(t) becomes one of stabilizing the
(time-varying, nonlinear) system (10). The control design to follow is based on the premise
that although the uncertainty 7 is unknown, it may be possible to estimate "worst case"
bounds and its effects on the tracking performance of the system. In order to estimate a
worst case bound on the function 7, the following assumptions can be used (Spong &
Vidyasagar, 1989) :

e  Assumption 1: Sllpfz,ollf}‘-dn < (1 < oo,

e Assumption 2: ||E|| = ||_-"'.I_'ﬁ"f— I|| < a < Ifor some @, and for all g eR".

e Assumption 3: ||Ah|| < ¥(e, t) for a known function y, bounded in t.

Assumption 2 is the most restrictive and shows how accurately the inertia of the system
must be estimated in order to use this approach. It turns out, however, that there is always a
simple choice for )/ satisfying Assumption 2. Since the inertia matrix M(q) is uniformly

positive definite for all g there exist positive constants M and M such that:

M<|M (g <M VgeR" (11)

If we therefore choose: M = LI where ¢ = *3"_ it can be shown that: |M "M —I|| <

‘ih; = « < 1. Finally, the following algorithm may now be used to generate a stabilizing

control v:
Step 1 : Since the matrix A in (9) is unstable, we first set:
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84 Robotics, Automation and Control

V= g — Kiep — Kaes + Av, (12)

where K = [K1 K> |;, and : Ky = diag{ @, . .., @ }, Ko = diag{2Gia, . . ., 2 {» y). The desired

trajectory q4(f) and the additional term Av will be used to attenuate the effects of the
uncertainty and the disturbance. Then we have:

¢ = Ae + B{Av + 7}, (13)

where A = A — BK is Hurwitz and 7 = EAv + E(jq — Ke) + M ™' Ah.
Step 2: Given the system (13), suppose we can find a continuous function p(e, t), which is
bounded in ¢, satisfying the inequalities:

Aol < plet), |17l < ple.t). (14)

The function p can be defined implicitly as follows. Using Assumptions 1-3 and (14), we
have the estimate:

7l < ||EAv+ Ejs— EKe+ M™'Ah|| 15
< aple,t) +aQu + |KILlel + (e, 1) = ple, ). (
This definition of p makes sense since 0 < a<1 and we may solve for p as:
: 1 . -
plet) = — {aQ: + | K||.|lel| + M(e, t)}. (16)

Note that whatever Av is now chosen must satisty (14).
Step 3: Since A is Hurwitz, choose a n x n symmetric, positive definite matrix Q and let P be
the unique positive definite symmetric solution to the Lyapunov equation:

AP+ PA+Q=0. (17)

Step 4: Choose the outer loop control Av according to:

Tp, . .
Ay = —plet) ||g‘;-j;e-|| if ||‘{ij(’-|] # 0, (18)

0 if || BT Pe|| =0,
that satisfy (14). Such a control will enable us to remove the principal influence of the wind
gust.

3.2 Active disturbance rejection control

The primary reason to use the control in closed loop is that it can treat the variations and
uncertainties of model dynamics and the outside unknown forces which exert influences on
the behavior of the model. In this work, a methodology of generic design is proposed to
treat the combination of two quantities, denoted as disturbance. A second order system
described by the following equation is considered (Gao et al., 2001) (Hou et al., 2001):

ij = f(y,9,p) + bu, (19)
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where f(.) represents the dynamics of the model and the disturbance, p is the input of
unknown disturbance, u is the input of control, and y is the measured output. It is assumed
that the value of the parameter b is given. Here f{.) is a nonlinear function. An alternative
method is presented by (Han, 1999) as follows. The system in (19) is initially increased:

Ty =x0; do=x3+bu; i3 = f (20)

where 1 =y, x2 = ¢, 3 = f(y. 9, p). f(.)is treated as an increased state. Here f and f are
unknown. By considering f{y, ¥, p) as a state, it can be estimated with a state estimator. Han

in Han (1999) proposed a nonlinear observer for (20):

5.

= A&+ Bu+ Lgle,a, ),
oA @

o2y

where:

A=[0 0 1 |,B=|b|[,C=[1 0 0], L= La |. (22)
00 0 0 Ls

The observer error is ¢ = y — & and:

. e|“signle el >4 .
gf{ﬁ.ﬂ'i_-d)“:i,?.ﬁ == { | I "g ( ) IPI < 8 0>0. (23)

The observer is reduced to the following set of state equations, and is called extended state
observer (ESO):

1 =22 + Ligi(e, o, ),

T3 + Laga(e, a,0) + bu, (24)
= Laga(e, o, 8).

Rre e R
[ +5] b3
]

N ", uit) i
= PD —;{P—bi--- Plant -
'y
I hJ * ¥ Noise
+
s | % '
. A7
X = ESC) ft——

Fig. 3. ADRC structure
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86 Robotics, Automation and Control

The active disturbance rejection control (ADRC) is then defined as a method of control
where the value of f(y,,p) is estimated in real time and is compensated by the control
signal u. Since ¥3 — f, it is used to cancel actively f by the application of: u = (ug — &3)/b.
This expression reduces the system to: i = (f — &) + uo = wuo. The process is now a
double integrator with a unity gain, which can be controlled with a PD controller. uo =
kp(r — &1) — kaZ2, where r is the reference input. The observer gains L; and the controller
gains k, and k; can be calculated by a pole placement. The configuration of ADRC is
presented in fig.3.

4. Control of disturbed helicopter

4.1 Robust feedback control
4.1.1 Control of altitude z
We apply this robust method to control the altitude dynamics z of our helicopter. Let us

remain the equation which describes the altitude under the effect of a wind gust:

g A ; T ;
= —[cg¥ w1 + Go¥ + €10 —¢7) + —C16VUrass (25)
cp <n
with uy = Mi(q)Z+hi(q, G, vray) where Mi(q) = 7 and hi(g, §, Vras) = — ;:E;:g[(‘g“} +e10 —
€7 + €167 Vraf).
Moreover: 4 < 4 <4 and vy f < Vrap € Trag. It is noted that 4ipim = —124,63rad/s

and:

4 = —209.4rad/s 4 = —99.5rad/s; Vras = —0.68m/5 ; Trar = 0.68m/5s. (26)

The value of | vy | = 0.68m/5 corresponds to an average wind gust. In that case, we have the
following bounds: 5 x 10° < M;<22.2 x 107 =2, 2 x 10°< iy <1, 2 x 10~°.
Note: We will add an integrator to the control law to reduce the static error of the system

and to attenuate the effects of the wind gust which is located in low frequency (raf <7rad/s.
We then obtain (Martini et al., 2007b):

t
v = Z4— Kiey — Koes — ﬁ':;/ erdt + Avy, (27)

0

and the value of Av becomes: Avy = — pi(e, t) sign (287e; + 220e; + 62e3). Moreover
p1= 1.7”’()1“ + 184.

4.1.2 Control of yaw angle :

The control law for the yaw angle is:

Uy = m[(f’lfﬁ - i_f)’U + C:i(_(cla?".}:)‘l‘ €13 + C8YVraf )t 08)
+c14%” + €15 + FCoUraf + C17V0 )]

We have:
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Uo = ﬂfg(q)t,: + ha(q, G, Vrar),
|-|) — (lfr—fl
1“:[-{@} e5c1172 ! (29)
ha(q, G, Vrag,u1) = —2=[((e12% + €13 + 85 Vras)1

f‘rf‘llﬁ"

_’_Cllr} 4+ c15 + - C_}’Ifﬂf+(j1?1}r(!f)]

Using (26) and with 2, < w1 < 1, = 0, 4, = —0.0112m, we find the following values :
—2.7 x10™*< Mp< =6.1 x 107 =1.3 x 107 < 1, < 0.16.
We also add an integrator to the control law of the yaw angle (Martini et al., 2007b) :

L
Vo = I,‘{g — Kie1 — Kgeo — K;;f e1dt + Ava, (30)
0

where €1 = ¥ — 14 and e2 = €1, é3 = e1. We obtain : po = 1.7||v2| + 1614.6, the value of Av
becomes: Avy, = —pa(e, t)sign(217e1 + 87ex + 4es).

On the other hand, the variation of inertia matrices Mi(q) and M>(q) from their equilibrium
value (corresponding to y = —124.63rad/s) are shown in table 3. It appears, in this table, that
when 7 varies from -99.5 to -209, 4rad/s an important variation of the coefficients of
matrices Mi(q) and M>(q) of about 65% is obtained.

M, (s* [rad®) “\:.l—}i‘“(}f} My (m.s* [rad?) 3 ”” |{9’)

1.42 x 10~1 65% —1.72 x 1071 b,;{}/i

Table 3. Variations of the inertia matrices M; and M

4.2 Active disturbance rejection control

Two approaches are proposed here (Martini et al., 2007a) . The first uses a feedback and

supposes the knowledge of a precise model of the helicopter. For the second approach, only

two parameters of the helicopter are necessary, the remainder of the model being regarded

as a disturbance, as well as the wind gust.

e Approach 1 (ADRC) : Firstly, the nonlinear terms of the non disturbed model (v, = 0)
are compensated by introducing two new controls v; and v such as:

1
w = m—,\f[u]t'l—({”—u(}—kf—s]
. = aes—d ” - L2 (31)
Uz = oeoiiAd [ ve + {_l{_n_{,j((.lz; + c13)ur + €147y +f.-|.-))]-
Since vy # 0, a nonlinear system of equations is obtained:

. ! .
z = 1w+ 2 €167 Uraf,
.u'; . N {'I‘I(’l”ﬂ"f‘f I [} ],.'i;”.r er—ecyg .‘:} . ) - (32)
L - v2 {rrlfza—r::‘f ¥ U1 cres —rrf [ ¥ + 3C9 + a7 Uraf| -

e Approach 2 (ADRCM): By introducing the two new controls 1 and 7 2 such as:

. Cs .2
= —3 ui,
Co
. CsC11 .2
e = ——7s7 Usg,
105 — C]
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a different nonlinear system of equations is got:

. M 1 . .

z = 1w+ P [ coy + c10 — c7 + Cl(_i"}r"!?r-r_;f] ;

At — A, — (7} ol 4 v Ay cothy -

v uz m[(f'lz"} + c13 + Cc8YVray) 2 T C15 (33)

—|—(‘;]_,.1"'}'2 + gfig_)?_-‘,-ﬂf -+ U]TL"EQIL
The systems (32) and (33) can be written as the following form:

with b =1, u = v; or v, for the approach 1, whether:

. 1 .
For y=2 = f:(y.9,p) = L 16dvrar,
g = " (2 _  _ _C4CVraf .
For y=4¢ = fw(."}': Y. P) (res—<2)3 U (35)
c»lur'uf Cr—£1 5]
- cres—ci [ 5 ¢+ 5C9 + Cu"t!raf] s

and b =1, u =10r (ADRC) #i > for the approach 2, whether:

For y=z2 = f-(y,9,p) = PLU [cod + c10 — €7 + €16YVrar]
FOI' y = Ti{"! = fm'J(y! y‘ p) = - m [(Ciﬁ'ﬁf + C13 + CS’}"'U:-::I) ‘F;% (36)

2, 5 2
+e15 + €14’ + SCovrag + €170, f] -

Concerning the first approach, an observer is built:
e for altitude z:

T = To+ Ligi(es, o .51)3
To = &z + ngz(ﬁ;,&g,ﬁg) + buy, (37)
3 = Lags(e.,as,03),

where e, = z — Z1is the observer error, gi(e; o;, &) is defined as exponential function of
modified gain:

e-|"=sign(e.), |e:| > di,
gi(€s, iz, 0:))i=1,23 = 1"’2 1 le=| < &, (38)
5_ -y —_ L

'F

with 0 <a;<1and 0<§;<1, a PID controller is used in stead of PD in order to attenuate the
effects of disturbance:

t
v1 = Zq — Mi(&1 — za) — Ao(@2 — 24) — )\3/ (z1 — zq)dt — T3. (39)
]

The control signal v; takes into account of the terms which depend on the observer (1, d2).
The fourth part, which also comes from the observer, is added to eliminate the effect of
disturbance in this system.

e for the yaw angle -
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5 + Laga(ey, aq,84),
Ts = 6 + Lsgs(ew, ﬂ.-'j,fj.ﬁj + bws, (40)
I6 = Lege(eyw, as, 06),

T

where e, = 1) — Iy is the observer error, with gi(e,, aiy, 9) is defined as exponential function
of modified gain:

ley | v sign(ey), |ew| > i,
q{[:_f?:,'- [P (‘)’jh:] 5.6 — l[—L ; |ﬂ'l.,-'| E ('i-_! (41)
5J: FliL'
and
as * f’
vy = 1Pg — Ag(F4 — ) — As(E5 — ¥a) — A6 f (x4 — Pa)dt — g, (42)
0

zq and 1) are the desired trajectories. PID parameters are designed to obtain two dominant
we1 = 2rad/s | wee = 5rad/s
, and for ¥
G=1 ' { S2=1
the same observer with the same gain, simply (-"x3) and (—"xs) compensate respectively
f=(y, 9, p) and fy(y. 9, p).

poles in closed-loop: for =z { . The approach 2 uses

4.3 Backstepping control

To control the altitude dynamics z and the yaw angle v, the steps are as follows:

1. Compensation of the nonlinear terms of the nondisturbed model (v = 0) by
introducing two new controls V;and V, such as:

1 7 .
Uy = W[CUL: — Coy — C10 + C?].

Uy = #_T [(cr1e5 — 1)V + ea((cr12 + c13)ur + c1a¥” + e15)), (43)

with these two new controls, the following system of equations is obtained:
= Viddi(¥,vray), (44)
V= Vit da(Vayy,Vrar). (45)

2. Stabilization is done by backstepping control, we start by controlling the altitude z then
the yaw angle 1.

4.3.1 Control of altitude z

We already saw that Z = V., + di(7, v,y ). The controller, generated by backstepping, is
generally a PD (Proportional Derived). Such PD controller is not able to cancel external
disturbances with non zero average unless they are at the output of an integrating process.
In order to attenuate the errors due to static disturbances, a solution consists in equipping
the regulators obtained with an integral action (Benaskeur et al., 2000). The main idea is to
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introduce, in a virtual way, an integrator in the transfer function of the process and t carry
out the development of the control law in a conventional way using the method of
backstepping. The state equations of z dynamics which are increased by an integrator, are
given by:

T =z,
T = 12 = 2,

&2 = x3 + d1(¥, Vraf),
T = U,

(46)

where V. = [w1 = x3. The introduction of an integrator into the process only increases the
state of the process. Hereafter the control by backstepping is developed:

Step 1: Firstly, we ask the output to track a desired trajectory xi45, one introduces the
trajectory error: §; = x14— x1, and its derivative:

‘S.| :ijt]—:if] :.1",7“,{—:1‘.2, (47)

which are both associated to the following Lyapunov candidate function:
Vi = g2 (48)
2

The derivative of Lyapunov function is evaluated: Vi=£&6 =& (T1a — @1) = &1(T1a — 22).
The state x; is then used as intermediate control in order to guarantee the stability of (47).
We define for that a virtual control: a1 = a1§1 + @14, where: & = a1&1 + T14.

Step 2: It appears a new error: {2 = oy — T2 = a1§) +f 1. Its derivative is written as follows:

éz = (11 — ;f?-'g = H|£] - :i‘]“r — Iy — (f1 (49)

In order to attenuate this error, the precedent candidate function (48) is increased by another
term, which will deal with the new error introduced previously:

;1o 1o
Va = 2'51 + 253- (50)

its derivative: Vo = £1£1 - Ezéz = —a1 & + Eo(é — 23 + &) — E2d,. The state x3 can be
used as an intermediate control in (49). This state is given in such a way that it must return
the expression between bracket equal to —asés for dy(%,v,af) = 0. The virtual control
obtained is: s = asfs + dy + & = (1 + ara2)& + (az + a1)é + #14.  its  derivative:
do = (1 + ara2)é; + (a2 + a1)é + :::{1'-:3']4

Step 3: Still here, another term of error is introduced:

3= a2 —1x3
= (l+aiaz)é + (a2 +a1)é1 + & + da, (51)
and the Lyapunov function (50) is augmented another time, to take the following form:
1 o 1o 12
Vs = S& + 56 + 565, (52)
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its derivative:

Vs = 5151 + Egﬁg + ﬁ:ié:a
= —a& +&(a1 —x3+ &) — Ladi (Y, vpay) + Ea(da — dE3)
—a1€7 + Eo(dy + &3 — o + &1) + E3(de — &3) — E2dy (%, Vray) (53)
—a1€7 — a265 + &3(&2 + 2 — @3) — E2di (¥, Vray)
= —a&f — a283 + &(& + do — wy) — Ea2di (¥, Vray).

The control V. should be selected in order to return the expression between the precedent
bracket equal to —a3¢3 for di = 0:

w1 = azfz+ &+ e
TE?IJ + (az + a1az2a3 + “‘1)&. : 9
+(2 + a1az + a1a3 + aza3)&1 + (a1 + az + a3z)é,

with the relation (47), we obtain: & = @14 — @1 = & = #14 — &1. These values, replaced in
the control law, gives for di (¥, vras) = 0:

ﬁ'} = wp
= ;r.g'i‘] + (a3 + ajazas + a1)é (55)

+(2 + a1a2 + ara3 + azasz)é1 + (a1 + az + a3 )é.

If we replace (54) in (53), we obtain finally:

Vi = —a1€] — asfs — as€i — Eady. (56)

Step 4: It is here that the design of the control law by the method of backstepping stops. The
integrator, which was introduced into the process, is transferred to the control law, which
gives the final following control law:

Ve = &1q + Ta(@1a — 31) + Ke(z1ra — 1) + T /(;r.ld —x1)dt (57)

where s is the Laplace variable and: Ty = a1 + a2 +a3; K. =2+ aja2 +ara3 +azas; 1/T; =
a1 + az + a1a2a3.

4.3.2 Control of yaw angle :

The calculation of the yaw angle control is also based on backstepping control (Zhao &
Kanellakopoulos, 1998) dealing with the problem of the attenuation of the disturbance
which acts on lateral dynamics. The representation of yaw state dynamics with the angular
velocity of the main rotor is:

Ts= x5 =1,

T = ¥ =Vy+da(Var¥,Vpay) = w2 + % + d2(Vz, ¥, Vray), (58)
e = F = (V. + fa(A)w2 + da(Vz, ¥, Vray).

The backstepping design then proceeds as follows:
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S_tep 1: We start with the error variable: {; = x4 — x44, whose derivative can be expressed as:
£4 = x5 —i4a, here x5 is viewed as the virtual control, that introduces the following error
variable:

£5 =I5 — (4 (59)

where o04is the first stabilizing function to be determined. Then we can represent f sas:

£1 = g + &5 — dad (60)

In order to design a4, we choose the partial Lyapunov function Vi = 3£7 and we evaluate its
time derivative along the solutions of (60): Vi = €464 = Ea(0q + & — @4a). The choice of:
vy = —as€s + Faq, vields: Vi = —as€] + 46 and &4 = —aafs + &s.

Step 2: According to the computation of step 1, driving & to zero will ensure that V 4 is

negative definite in §. We need to modify the Lyapunov function to include the error
variable ¢5:

R T S
Vs = 5 (€1 + &), (61)
We rewrite § 5!
f', = I", — (.'t.-|
= 'E,-';' — (g (62)

= wa 4% +de — aiés + as€s — Ya.

In this equation, <y is viewed as the virtual control. This is a departure from the usual

backstepping design which only employs state variables as virtual controls. In this case,
however, this simple modification is not only dictated by the structure of the system, but it
also yields significant improvements in closed-loop system response. The new error variable
is & = 4 — a5, and a5 is yet to be computed. Then (62) becomes: & = w2 + d2 — ajés +
as€s — Ya + €6 + o,

Vs = &ifa+EsEs

2 2 63
= —aafi + &5 [wz + &1 —aila +asls —Ya+as +da + (fﬁ] : (65)

From (63), the choice of: a5 = (af — 1)&4 — (aa + a5)és — w2 + 14, provides:
nf-.-’; = —€4 —asls + &6+ da = Vs = —H-flﬁf - El.-',E:-,g + &5&6 + Esda. (64)

Step 3: Similarly to the previous steps, we will design the stabilizing function w» in this step.
To achieve that, firstly, we define the error variable {6: && = 7 — @, its time derivative:

f6 = H—as
FVe + o()ws + 24 — 95 — (asas + ad + af — 1) (65)
—(2a4 + a5 — a})és + (aqa + as3)& + w2 + (aq + as)dz + ds.
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Therefore, along the solutions of f 4 § 5 and f 6, we can express the time derivative of the
partial Lyapunov function Vi = 1(£5 + &3 + &) as:
Ve = nflnfl +{3£1 -F- ff;ée;
= —a4€; — as€s + E5&6 + &sda + E6[[1()V + fa(F)wa
+:—‘~", — (2a4 + a5 — a})€4 — (asaq + a2 + a3 = 1)&s
+(aq + as)&6 + w2 + (aq + as)dz + dz — ?.a'f-if‘;ﬂ (66)
= —a4€; — as€i — apfs + (& + E6(aa + as))d2 + Eeds
+&6[(aa + as + as)ls + fL(F)V: + fa(F)wa + S5 + e

Ch

—(2a4 + a5 — a3)és — (asas + a? + a3 — 2)& — 1_51-':[;“].

In the above expression (66), our choice of @ »is:
we = —fi(Y)Vz — fo(Y)wz — 29 — (a4 + a5 + as)&e
’ 3 2 2  (3) (67)
+(2a4 + a5 — ay)éa + (asaq + a5 + aj — 2)&5 + vy,
Then one replaces (67) in (65), to obtain: €6 = —&5 — aels + (a4 + as)ds + dg, the derivative

of Vgbecomes:

Vo = —aa€i — as€i — aa€ + (€5 + E6(as + as))da + Eads (68)

The integral of (67) provides w> and V,= w2 + 7. In this way, the yaw angle control is

calculated.

5. Stability analysis of ADRC control

In this section, the stability of the perturbed helicopter controlled using observer based
control law (ADRC) is considered. To simplify this study, the demonstration is done with
one input and one output as in (Hauser et al. (1992)) and the result is applicable for other
outputs. Let us first define the altitude error using equations (32) , (37) and the control (39):

[ e e ]T = [ z Z ]T - [ 2d  Zd }! and e3 = [ e1,we can write:

é1 0 1 0 el 0 0 0 é1

é? — —}\l —)ilg —/“.3 hod e2 -+ +-}\l +/\2 1 X 52

é3 1 0 0 €3 0 0 0 €3 (69)
A B

1 =0B(2,1, Vras)

Where A is a stable matrix determined by pole placement, and 77 represents the zero
dynamics of our system, 7 = ¥ — 7 ¢, Where 7 . = —124.63rad/s is the equilibruim of the

main rotor angular speed :

é1 I 11?1
€2 = ro — 9
€3 €3 -'f:i
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is the observer error. Hereafter, we consider the case of a linear observer, so that:

é1 ~Li 1 0] [ é 0
éa | = | —La 0 1 éa | + 0 (70)
és —Ls 0 0 €3 flz,n, Vrar)

which can be written as: é = Aé + f (2,1, Vray). Where A is a stable matrix determined by

pole placement.

Theorem: Suppose that:

e The zero dynamics of the system 77 = f(z, 1, vns) (Where is represented by the 7
dynamics) are locally exponentially stable and

e  The amplitude of v,y is sufficiently small and the function f (z, 11, vrar) is bounded and

small enough (i.e [ < 1/5, see equation (72) for definition of bound [ u)-
Then for desired trajectories with sufficiently small values and derivatives (z4, 24 Za), the
states of the system (32) and of the observer (37) will be bounded.
Proof: Since the zero dynamics of model are assumed to be exponentially stable, a conserve
Lyapunov theorem implies the existence of a Lyapunov function Vi(y) for the system:

1= (0, 1, 0) satisfying k1 |[n||* < Vi(n) < ka|lnll®, G2n(0,7,0) < —kallnl|®, |[ G2 < kallnl|

i ity

for some positive constants ki, ko, k3 and k4. We first show that e, e, n are bounded. To this
end, consider as a Lyapunov function for the error system ((69) and (70)):

Ve, é,1) = e’ Pe+ 8¢ Pé + uVi(n) (71)

where P, P >0 are chosen so that: ATP +PA = ~Tand ATP + PA = -1 (possible since A and

A are Hurwitz), y and § are a positives constants to be determined later. Note that, by
assumption, z; and its first derivatives are bounded: ||z < ||e|| + ba, [|Z[| < [[é]| + [le]| + ba.

The functions, p(z, 1, v.s) and f (z, 1, vnr) are locally Lipschitz (since fis bounded) with

f (0,0,0)=0, we have:

||3>[::I 'Tfl'.?-’il'ﬂf} - -"'3(32\??2! ?-";‘Tuf)” E 'Eff(HEI - :2” + ”7?1 - ﬁgH + ||”r]'af - ﬂrfaf”)

A 72
||‘3‘r}f(2” ?-"F'HJ")” < U
with [, and [ .2 positive reals. Using these bounds and the properties of Vi(.), we have:
ovy | Vi, A% .
—B(z,n Vpar) = 3(0,1,0 —(B(z,1, Vrar) — B(0,7,0
an (2,1, Vrar) o (0,m,0) + an (B(z,m,vrar) — B(0,1,0)) 73)

< —ksllall® + kalgllnll(llell + ba + [[vras]l)

Taking the derivative of V (., ., .) along the trajectory, we find:
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Define: jio = ——%—, §; =

V =¢" Pe + " Pé + 66" Pé + 8¢" Pé + “]"

< - l— u]||e|| [——a+aj-’fu+z

3 2 kalgb. 1 2
- [1#"83 — 4 (pkalg)” + ;fﬁufq] [Inll* + 4 u +35 (éhdfu) +

ka
L 1 2
+ (éiu + S hkaly ) [vrarll

. -~ 4 1] > g
2 5, = 1+4(1 BI|[IPII)
16(kyl, )2 I,'7= 1—5ly

n'{ 10 Upaf)

|B||||P||ﬂ lell?—

| )

and l, < 1/5. Then, for all p < po and

for 8,< 8 < 31, we have:

: el 6,.,2 pkslnl? (kaly)?
T < —Znen? - .
Vs = —liél T
1. )
+§(OE } ] brf + (éflu + 21“:; lgr,l) ||?-1ruf||ﬂ

Thus, V < 0 whenever lell, || €] and ||7|| is large which implies that || € ||, |le|| and ||| and,

hence, ||z||, || X || and ||5|| are bounded. The above analysis is valid in a neighborhood of the

origin. By choosing b;and vy,ssufficiently small and with appropriate initial conditions, we can
guarantee the state will remain in a small neighborhood, and which implies that the effect of

the disturbance on the closed-loop can be attenuated. Moreover, if v,,s/— 0 then [ ,—0and

— oo; 3 —1 + 4(||B|||| P||)? so that the constraint [ ,<15is naturally satisfied for small vy4.

6. Results in simulation

Robust nonlinear feedback control (RNFC), active disturbance rejection control based on a
nonlinear extended state observer (ADRC) and backstepping control (BACK) are now
compared via simulations.

1. RNFC: The various numerical values for the (RNFC) are the following;:

For state variable z: {K; = 84, Ky =24, K3 = 80} for w1 = 2rad/s which is the bandwidth
of the closed loop in z (the numerical values are calculating by pole placement).

For state variable ¢: We have {Ky = 525, K5 = 60, K¢ = 1250} for w, = 5rad/s which is
the bandwidth of the closed loop in ).

2. ADRC: The various numerical values for the (ADRC) are the following:

a.

For state variable z: k1 = 24, k, = 84 and k3 = 80 (the numerical values are calculating
by pole placement ). Choosing a triple pole located in @, such as @ o, = (3 ~ 5) o1,

one can choose wo; = 10 rad/s, a1 = 0.5, 81 = 0.1, and using pole placement method
the gains of the observer for the case |e| <3 (i.e linear observer) can be evaluated:

e = 3 Woz,
1

2+ = 3w, (74)

= U‘:{‘]z 3
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which leads to: L;= {9.5, 94.87, 316.23}, ie [1, 2, 3].
b. For state variable v: ks = 60, ks = 525, k¢ = 1250, wo, = 25 rad/s, '2= 0.5 and a» = 0.025.
And by the same method in (74) one can find the observer gains: L; = {11.86, 296.46,
247 x10%},i € [4, 5, 6].
3. BACK: The regulation parameters (ay; a; as; as; as; as) for the (BACK) controller was
calculated to obtain two dominating poles in closed-loop such as w 1 = 2 rad/s, which

defines the bandwidth of the closed-loop in z, and @ » = 5 rad/s for .
a. The closed-loop dynamics of the z-dynamics with di(y, v ) = 0 is given by

(Benaskeur et al., 2000):
E: 1 —fl 1 0 E 1 f 1
&2 | = -1 —a 1 & [ =Ao| & |. (75)
£3 0 -1 —as &3 &3
Eigenvalues of Agcan be calculated solving;:
|[Is — Ag| = $*+ (a1 + a2 + a3)s® + (a1a2 + a1a3 76)

+asaz + 2)s + a1 + az + arazaz = 0.
If one gives as a desired dynamics specification, one dominant pole in —« and the

two other poles in —10x, one must solve:

Ba(s) = (s + k) (s + 10k)* = s* + 21ks® + 12065 + 100>, (77)

which leads to:

21k = a1+ az + as,
¥
120k = 24 ajaz + ajas + azas,
3
100k = a1+ a3z + ajasas.

For . = @1 = 2 rad/s, and resolving the above equations, we find 4 positive solutions
for every parameter (see Table 1). The solution: a; = 21, a, = 19, a3 = 1.95 has been
used for simulation.

a2 a3 ) a5 g q
19 1.95 | . 49 5
21 1.95 19 51 1.97 19
1.95 21 51 1.97
19 21 To5 |4 1.97 51
| gq 201041 | 20-0.41 |, 0] "5010.54i | 6-0.54i
©9720-0.41 | 204041 | 7Y 50-0.541 | 6-0.54i

Table 1. Regulation parameters of z and -dynamics

b. The closed-loop dynamics of the ¢)-dynamics with d3(V>, ¥, vur) = 0 is given by:
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'E:-'] —{ly 1 [] {.; 64
& | = -1 —as 1 & | =DBo| & (78)
e 0 -1  —asg 6 &6
Eigenvalues of By can be calculated by solving:
[Is — Bo| = s* + (a4 + as + ag)s® + (asas + asae (79)

+asas + 2]5 + a4 + ag + aqgasag = 0.

By using the same development as for z-dynamics, one can write:

a4y +as +ag = 21k,
2+ agas + aq06 + azsag = 12(].*.:2,
a4 + ag + agazag = 100k,

For k= @, = 5 rad/s and resolving the above equations, we find again 4 positive

solutions for every parameter (see Table 1). As justified in annex ?? the solution: a4
=4.97, a5=49, as= 51 has been used for simulation.
The induced gust velocity operating on the principal rotor is chosen as (G.D.Padfield, 1996):

Uraf = Ugm sin(0.042¢4,) 70 <t < 247 + 130 %0
Upaf = —Ugm sin(0.042¢42) 220 < <297 (80)
where t;1 = t = 70 and tp = t — 220, the value of 0.042 represent "}f—‘ where V in m/s is the

height rise speed of the helicopter and v, = 0.68m/s is the gust density. This density
corresponds to an average wind gust, and L, = 1.5m is its length (see Fig.5). The take-off time
at t = t,= 50 s is imposed and the following desired trajectory is used (Vilchis et al., 2003):

=1

- {
::EI
% w e m @ W :
: 42
: Y
2 S hr
=1 - = P p— = - — ] H i : "
e 009 W oW om A
Thma b5 | TR 55}

Fig. 4. Trajectories in z and v

- e
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Fig. 5. Induced gust velocity vy,

0<t<topr,
lojr <1< ta,

ta <t T5,
t > iy,
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where t,= 130s and #, = 20 + 130s,

ey =0, t < tays,

e =1-— exp_“_'"”}gmm. Lo St <t

by = exp*”71“”}2""35“, te <1< g, (82)
ey =-—-1+4 exp_“_mmzﬁﬁu, t > ty,

and t.=120 s and t;= 180 s. The following initial conditions are applied: z(0) = -0.2m, 7 (0) =
0, ¥(0) =0, 0 (0) =0 and + (0) = =99.5 rad/s. A band limited white noise of variance 3mm for
z and 1° for 1, has been added respectively to the measurements of z and ¢ for the three
controls. The compensation of this noise is done using a Butterworth second-order low-pass
filter. Its crossover frequency for z is w., = 12 rad/s and for 1 is wc, = 20 rad/s. Fig.4 shows the
desired trajectories in z and .

One can observe that v — —124.6 rad/s remains bounded away from zero during the flight.
For the chosen trajectories and gains 7 converges rapidly to a constant value (see Fig.7).

This is an interesting point to note since it shows that the dynamics and feedback control
yield flight conditions close to the ones of real helicopters which fly with a constant -y

thanks to a local regulation feedback of the main rotor speed (which does not exist on the
VARIO scale model helicopter). One can also notice that the main rotor angular speed is
similar for the three controls as illustrated in Fig.7. The difference between the three controls
appears in Fig.6 where the tracking errors in z are less significant by using the (BACK) and

(ADRC) control than (RNFC) control. For ¢ it is the different. This is explained by the use of
a PID controller for the (RNFC) and (ADRC) but a PD controller for the (BACK) controller of
¢ (Fig.6). Here, the (ADRC) and (BACK) controls show a robust behavior in presence of

noise.

AN |

sirwalfal

W = 2w w wm = w0 % w W oE m m
Tima 5 Torred (3
Fig. 6. Tracking error in z and in ). Fig. 7. Variations of the main rotor thrust Tm

and the main rotor angular speed - .
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One can see in Fig.7 that the main rotor thrust converges to values that compensate the
helicopter weight, the drag force and the effect of the disturbance on the helicopter. The
(RNEFC) control allows the main rotor thrust Ty to be less away from its balance position
than the other controls, where the RNFC control is less sensitive to noise. Fig.9 represent the
effectiveness of the observer: X3and £(y, y,w) are very close and also Xsand fu(y, y,w).

Observer errors are presented in the Fig.8.

R IRUETTY IER

o P 120 15 x0 = 0

Tirras i
Fig. 8. Observer error in z and in v Fig. 9. Estimation of f, and of fs

If one keeps the same parameters of adjustment for the three controls and using a larger
wind gust (v = 3m/s), we find that the control (BACK) give better results than the two
controls (ADRC) and (RNFC) (see Fig.10).

1]

o
|

5a 100 150 200 250 a0a
Tima il

Fig. 10. Large disturbance v,,s= 3m/s

Fig.11 shows the tracking error in z and ¢ for two different ADRC controls. These errors are

quite simular for approach 1 (ADRC) and approach 2 (ADRCM). Nevertheless ADRCM
induces larger error at the take off, which can be explained by the fact that the control
depends directly on the angular velocity of the main rotor: this last one need a few time to
reach its equilibrium position as seen in Fig.6. The same argument can be invoked to explain
the saturation of ADRCM control u; and u; as illustrated in Fig.12.
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[ 21 T T T
WD R

D 3 00 150 20 30 %0 '3 5 W0 1% @ 20 20
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Fig. 11. Tracking error in z and ¢ for both Fig. 12. Inputs u1 and uz for both approachs
approachs 1 and 2 of ADRC control. 1 and 2 of ADRC control.

7. Conclusion

In this chapter, a robust nonlinear feedback control (RNFC), an active disturbance rejection
control based on a nonlinear extended state observer (ADRC) and backstepping control
(BACK) have been applied for the drone helicopter control disturbed by a wind gust. The
technique of a robust nonlinear feedback control use the second method of Lyapunov and
an additional feedback provides an extra term Av to overcome the effects of the uncertainty
and disturbances. The basis of ADRC is the extended state observer. The state estimation
and compensation of the change of helicopter parameters and disturbance variations are
implemented by ESO and NESO. By using ESO, the complete decoupling of the helicopter is
obtained. The major advantage of the proposed method is that the closed loop
characteristics of the helicopter system do not depend on the exact mathematical model of
the system.

The backstepping technique should not viewed as a rigid design procedure, but rather as a
design philosophy which can be bent and twisted to accommodate the specific needs of the
system at hand. In the particular example of an autonomous helicopter, we were able to
exploit the flexibility of backstepping with respect to the selection of virtual controls, initial
stabilizing functions and Lyapunov functions. Comparisons were made in detail between
the three methods of control.

It is concluded that the three proposed controls algorithms produces satisfactory dynamic
performances. Even for large disturbance, the proposed backstepping (BACK) and (ADRC)
control systems are robust against the modeling uncertainties and external disturbance in
various operating conditions. It is also indicated that (BACK) and (ADRC) achieve a better
tracking and stabilization with prescribed performance requirements.

For practical reasons, the second ADRC approach is the best one because it only requires to
know some aerodynamic parameters of the helicopter (dimensions of the blades of the main
and tail rotor and the helicopter weight), whereas the other approaches (first ADRC
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approach, RNCF and BACK) depend on all the aerodynamic parameters which generate the
forces and the couples that act on the helicopter. For first ADRC control, a stability analysis
has been carried out where boundness of states of helicopter and observer are proved in
spite of the presence of wind gust.

As illustrated in tables 2 and 3, wind gust induces large variation of helicopter parameters,
and the controls quoted in this work can efficiently treat these parameter deviations.

As perspective, this work is carried on a model of a 7DOF VARIO helicopter, where ADRC
and linearizing control will be tested in simulation. The first results using ADRC control on
this 7DOF helicopter have been recently obtained (see (Martini et al., 2008) ). Moreover, our
control methodologies will be also implemented on a new platform to be built using a Tiny
CP3 helicopter.

8. References

Beji, L. and A. Abichou (2005). Trajectory generation and tracking of a minirotorcraft.
Proceedings of the 2005 IEEE International Conference on Robotics and Automation,
Spain, 2618-2623.

Benaskeur, A., L. Paquin, and A. Desbiens (2000). Toward industrial control applications of
the backstepping. Process Control and Instrumentation, 62-67.

Dzul, A., R. Lozano, and P. Castillo (2004). Adaptive control for a radio-controlled helicopter
in a vertical flying stand. International journal of adaptive control and signal processing
18, 473-485.

Frazzoli, E., M. Dahleh, and E. Feron (2000). Trajectory tracking control design for
autonomous helicopters using a backstepping algorithm. Proceedings of the American
Control Conference Chicago, Illinois, 4102-4107.

Gao, Z., S. Hu, and F. Jiang (2001). A novel motion control design approach based on active
disturbance rejection. pp. 4877-4882. Orlando, Florida USA: Proceedings of the 40th
IEEE Conference on Decision and Control.

G.D.Padfield (1996). Helicopter Flight Dynamics: The Theory and Application of Flying
Qualities and Simulation Modeling. Blackwell Science LTD.

Han, J. (1999). Nonlinear design methods for control systems. Beijing, China: The Proc of the
14th IFAC World Congress.

Hauser, J., S. Sastry, and G. Meyer (1992). Nonlinear control design for slightly non-
minimum phase systems: Applications to v/stol aircraft. Automatica 28 (4), 665-679.

Hou, Y., F. J. Z. Gao, and B. Boulter (2001). Active disturbance rejection control for web
tension regulation. Proceedings of the 40th IEEE Conference on Decision and Control,
Orlando, Florida USA, 4974-4979.

Ifassiouen, H., M. Guisser, and H. Medromi (2007). Robust nonlinear control of a miniature
autonomous helicopter using sliding mode control structure. International Journal Of
Applied Mathematics and Computer Sciences 4 (1), 31-36.

Koo, T. and S. Sastry (1998). Output tracking control design of a helicopter model based on
approximate linearization. The 37th Conference on Decision and Control (Florida, USA)
4, 3636-3640.

Mahony, R. and T. Hamel (2004). Robust trajectory tracking for a scale model autonomous
helicopter. Int. ]. Robust Nonlinear Control 14, 1035-1059.

www.intechopen.com



102 Robotics, Automation and Control

Martini, A., F. Léonard, and G. Abba (2005). Suivi de trajectoire d"un hélicoptére drone sous
rafale de vent[in french]. CFM 17éme Congres Frangais de Mécanique. Troyes, France,
CD ROM.N°.467.

Martini, A., F. Léonard, and G. Abba (2007a). Robust and active trajectory tracking for an
autonomous helicopter under wind gust. ICINCO International Conference on
Informatics in Control, Automation and Robotics, Angers, France 2, 333-340.

Martini, A., F. Léonard, and G. Abba (2007b). Suivi robuste de trajectoires d'un hélicoptere
drone sous rafale de vent. Revue SEE e-STA 4, 50-55.

Martini, A., F. Léonard, and G. Abba (2008, 22 -26 Septembre). Robust nonlinear control and
stability analysis of a 7dof model-scale helicopter under wind gust. In IEEE/RS],
IROS, International Conference of Intelligent Robots and Systems, to appear. NICE,
France.

McLean, D. and H. Matsuda (1998). Helicopter station-keeping: comparing LOR, fuzzy-logic
and neural-net controllers. Engineering Application of Artificial Intelligence 11, 411~
418.

Pflimlin, J., P. Soures, and T. Hamel (2004). Hovering flight stabilization in wind gusts for
ducted fan uav. Proc. 43 rd IEEE Conference on Decision and Control CDC, Atlantis,
Paradise Island, The Bahamas 4, 3491- 3496.

Sanders, C., P. DeBitetto, E. Feron, H. Vuong, and N. Leveson (1998). Hierarchical control of
small autonomous helicopters. 37th IEEE Conference on Decision and Control 4, 3629 -
3634.

Spong, M. and M. Vidyasagar (1989). Robot Dynamics and Control. John Willey and Sons.

Vilchis, A. (2001). Modélisation et Commande d’Hélicoptére. Ph. D. thesis, Institut National
Polytechnique de Grenoble.

Vilchis, A., B. Brogliato, L. Dzul, and R. Lozano (2003). Nonlinear modeling and control of
helicopters. Automatica 39, 1583 -1596.

Wei, W. (2001). Approximate output regulation of a class of nonlinear systems. Journal of
Process Control 11, 69-80.

Zhao, ]J. and I. Kanellakopoulos (1998). Flexible backstepping design for tracking and
disturbance attenuation. International journal of robust and nonlinear control 8§, 331-
348.

www.intechopen.com



Robotics Automation and Control
Edited by Pavla Pecherkova, Miroslav Flidr and Jindrich Dunik

Robotics
Automation and
"'Control’

ISBN 978-953-7619-18-3

Hard cover, 494 pages

Publisher InTech

Published online 01, October, 2008
Published in print edition October, 2008

This book was conceived as a gathering place of new ideas from academia, industry, research and practice in
the fields of robotics, automation and control. The aim of the book was to point out interactions among various
fields of interests in spite of diversity and narrow specializations which prevail in the current research. The
common denominator of all included chapters appears to be a synergy of various specializations. This synergy
yields deeper understanding of the treated problems. Each new approach applied to a particular problem can
enrich and inspire improvements of already established approaches to the problem.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Adnan Martini, Francois Leonard and Gabriel Abba (2008). Robust and Active Trajectory Tracking for an
Autonomous Helicopter under Wind Gust, Robotics Automation and Control, Pavla Pecherkova, Miroslav Flidr
and Jindrich Dunik (Ed.), ISBN: 978-953-7619-18-3, InTech, Available from:
http://www.intechopen.com/books/robotics_automation_and_control/robust_and_active_trajectory_tracking_for
_an_autonomous_helicopter_under_wind_gust

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EBMIERFEK6SS LiEEPrREB ARG DA 4058 TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2008 The Author(s). Licensee IntechOpen. This chapter is distributed
under the terms of the Creative Commons Attribution-NonCommercial-
ShareAlike-3.0 License, which permits use, distribution and reproduction for
non-commercial purposes, provided the original is properly cited and

derivative works building on this content are distributed under the same
license.




