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Abstr_act: This paper proposes a novel nonlinear approa_cfperformance of these systems starts to deteriorate due to the
for high performance flight control design. The dynamic un-modeled effects of the strong nonlinearities inherent in

linearization is accomplished via a kind of unknown input the flight dynamics, and the coupling between longitudinal

observer, call_ed Extended State Observer. A non-smoot_land lateral motions, which become significant at high angles
feedback law is employed to achieve the desirable dynami
performances. A Lyapunov function is constructed for the
proposed method. In recent years, extensive literatures have discussed
nonlinear feedback linearization methods, such as nonlinear
transformation, nonlinear inverse dynamics, decoupling

theory, etc., for flight control desigh”, which directly

f attack or rapid rolling.

1. Introduction

Nomenclature incorporate  full nonlinear inertia dynamics and

9 Gravitational acceleration aerodynamics into the design. These nonlinear methods can
m(t) Alrcraft mass offer the potential for providing improved levels of
v Velocity of aircraft center of mass performance over conventional flight control designs.
P Thrust force However, to perform exact nonlinear cancellation, these
%Y.z Position of aircraft center of mass methods assume exact knowledge of dynamic models and
p Density of air aerodynamic coefficients in the entire flight envelop. In
Ma Mach number practice, this assumption is not valid. To improve the
Stet Reference wing area robustness of the aforementioned nonlinear design methods,
3 reference length [8-11] discussed how to combine sliding mode control,
V00 VY IO Moments of inertia and product of inertia adaptive control, neural networks and (or) robust control

with these nonlinear methods. However, since the

My, My, M, Components of aerodynamic moment A = )

. dependence of the model and aerodynamic coefficients is not
Wy, Wy, Wy Angular velocity components fundamentally relaxed in these approaches, only small
VyiVy, Vg Velocity components parameters and/or unmodeled dynamic uncertainties are
XY,z Aerodynamic drag, side and lift force permitted.
Z’Zl”ge’ d, Z;fg?oi?g:j’ez:xrang; arr]j dt;ae?kggﬁéition This paper proposes a novel nonlinear flight control design,

angles the Active Disturbances Rejection Control (ADRC), for the
a,p Attack angle and sideslip angle aircraft attitude control, which also takes into account the

Modern high-performance aircraft often have control nonlinear nature of the problem but is independent of the

difficulties over certain flight regimes, such as high attack nonlinear dynamics models. _The main_ idea is to use the
angle or high angular rates. These difficulties arise fromExtended State Observer, a kind of nonlinear unknown input

highly nonlinear aerodynamic characteristics, from observer (UIO), and a non-smooth feedback design. Then,

undesired coupling between axes, and from control inpuPNlY partial state feedbaclo .y, w,, wy,w,,V ) is needed
saturation and delay. via this technique.

r]’he paper is organized as follows. In Section 2, the aircraft
model and the attitude control problem under consideration

the “small perturbation theory”, which assumes that the briefly d bed. Th he id ‘g ic i A
aircraft dynamics is linear and time invariant around the trim@'€ Priefly described. Then, the idea of dynamic linearization

condition, and that the longitudinal motion is independent of"/@ ESO is outlined in Section 3. In Section 4, the ADRC
the lateral motion. Therefore the equations can be decouple@€S!dn. based on the techniques of ESO and a non-smooth
and treated independerit®. Since the assumptions are continuous control law, is given. In Section S y@punov

only valid for small regions about the trim conditions, set function is constructed for the closed-loop system. The

point designs are needed to be carried out for a large set gfmulation results are presented n Section 6 anq th?
trim conditions in the flight envelop, and then a gain advantages of the proposed technique are summarized in

scheduling is constructed by interpolating gains with respectction 7-
to flight conditions. But in extreme flight conditions, the

Conventional flight control designs are developed based o
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2. Aircraft model and design specification
The model for the motion of an aircraft is given by

X0 &% Gy YG GG +SpSyE@g

iy E% YIY UG PG "Gy
BE By o CCy %&H
0O DO w, —wytUv,0 D‘Sg':l P+ XO
o U g |
S’ym T 0 wx %m*g@ﬁsvﬂ’r 0 Y O
E/za Dwy Wy %’ZH %SCVD a z 5
EDD G0 O  coy -siny D
@CID— egume %) siny/cos9 cosy/co&?D (D]
H/D HoH H sinpgd  cospgd [
EI |]I Z)a)ywz+lxzwxwy+MX a
_ﬁ‘))’[l = I,y + |xz(wz (4))%) +M, 0
@"’Za O (I y)wxwy xzwywz"'Mz O
A N EIX 0 _IXZS
Cq=C0sa, s;=sina, == 0 I, 0
Hlx 0 I8
where
X =C QS My =CppyQSeetC,
_ 1
Y=CpQSer. My =CryQSeS, Q=2pV2, (2)

Z=C,QSet, M, =Cp,QS¢C,

The aerodynamic force coefficient<y,,Cy,Cr,) and

moment coefficients(Cp,,, Crny,Cr;) are assumed to be

linear functions of the ailerordg ), elevator d. ) and rudder
(d, ) deflections:

%3 S [, 0 Edammmx% [c,0 M, 0
g g g
BnyD %ZTZF(M )%eﬂ%myDZ%STZM(Ma)%ﬁeD
Cep ©aF ENEITN TN &,
3)

where  C;(i06) are  nonlinear  functions  of

(@,B.d,B,wywy,@,,yV) , Z.(M,) and Z,(M,) are

function matrixes ofM,
model can be found in [1,2,3,5,10,12].

. Further details about the aircraft

measured directly and thah <o, @ is the maximum
angular velocity.
3. Dynamic linearizationvia ESO

To state the idea clearly, the states of Equation (1) are
rearranged and defined as:

X0 v, 0
Xl-@’mxz %Py[rxs S’DX4 g/y[ru g’eu
Ro.H  EH H.B HE

Then the aircraft equations of motion can be put into the
following form:
X1 =Fi(X)Xo
(Q): Xp = Fp(Xy, Xp, X3, Xa) + B(Xq, X3, X4) U, (4)
X3 = F3(X1, X4),
Xg = Fa(Xq, X2, X3, X4,U),

To allow the nonlinear inverse dynamics technifidbe
applied to the subsystemQ), the nonlinear models
Fo(X1, X9, X3, X4) , B(Xq1,X3,X4) should be exactly
known and full state feedback is needed to perform exact
nonlinear cancellation. Next, the ESO technique is employed
to perform nonlinear cancellation for the subsysténif a
model-free way.

From (1)~(3), it is assumed that
B(xlv X3, X4) = QSefEE_le (M a) (5)

is nonsingular. This is a commonly employed practical
assumption. Define

A
H(t) =F2 (X1, X2, X3, X4) +(B(X1, X3, X4) =Bo(V)U,  (6)

where the nonsingular matrix
1,20 ==
Bo (V) ‘EV SefC= "2 | M, =const

which is a function of the state, is an approximation for
B(X1, X3, X4) . Then system(@) can be rewritten as

Xy =H(t)+Bo(V)U . @)

Similar to the idea of nonlinear inverse dynafiicapplying
the control law

U =-By (V)(H()+U;). (8)

In this paper, we study the attitude control problem. The

output vector to be controlled is selected@ag,y|" . The

control inputis @, ()d. {)d, ¢))with nonlinear saturation

characteristic§ d; [<d,|d; kd (i =aer), whered is the
maximum deflection angle, andl is the maximum

to system Q) leaves it in the integrator-decoupled form:
Xz =Ul'

To obtain a real-time estimation fadd (t
designed:

,)an ESO is

deflection angular velocity. It is assumed for this design that

only the statesv , [9,y,y]" and [wx,wy,wz}r can be
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By = Zy - Fu(E) + B, By = Z, - X, nomi_nal pllant model.. The breakthrough brought .by ESO is
= —FL(E) that it facilitates solutions for a series of challenging control

2, c2\ =1 problems, such as dynamic linearization, disturbance

(Fa11(z11 = %0) O Teon(z-%p D ©) rejection and decoupling control, in an ingenious way.

Fa(Ba) = Jaa(a2 = %2 pFea(B) = Heaal@ia = X2 Remark 2. It is obviously that (10) is in the form of the

Haas(zs %l He2s(zs~ 9 H classical Luenberger observer whégn(e) =e(iOn+1) and
where foij (zg) —%2)(1=12,j =129 are suitably is in a form of a variable structure obserwshen
constructed non-smooth functions. To simplify the design, f () = e+kgsign(e)(iOn+1) 21 However, the nonlinear
ESO (9) is designed to have the form of three second-ordestructure (11) is not a simple substitution for a sliding mode
ESOs with similar structure and parameters arranged irestimator. The state trajectory of ESO does not converge to a

parallel, certain sliding mode but a special region, the self-stable
Oy = 29 — Bow(zg — %o ) +Ui _ regiqn, determined by (11). The advan_tages of the
s =~ Boyfal(zg —Xo.@,0) =123 continuous non-smooth structure in ESO and its convergence
¥2 027 2 R analysis are discussed in [14].
(.0 (Z,,0 W, O (10)

0O_ 2 0_ O~ 0O_ 4. Non-smooth flight control design
%12 0= 4 %22 0" %2: (20 Bo(V)U [15~17] and the references therein discussed the advantages
138 FraaH Hiad of non-smooth feedbacks, especially the fractional power
control (FPC) law for providing excellent capabilities on
fal(e.a,d) = Hef [sgne), Ie#(_S 0<a <15 > 0 (11) dynamic performances, robustness and disturbance rejection.
e|/6", otherwise Next, the non-smooth flight control design is proposed for
system (13).
For appropriate values 08y; >0,80, >0, a and d , the
output Z,(t) approachesH(t) , which is viewed as an
extended stateector of system(}), at a desired rate. Then a
dynamic linearization can be accomplished by replacing
H(t) with Z,(t) in the control law (8), that is:

Since system (13) is in the strict feedback form, non-smooth
backstepping techniqu&8 can be employed. Suppose that
X1 (t) is the command foiX, (t) . Using X, as the control

for X, , the FPC law forX, to follow X; is designed as:

= OJ *_g |01 *_o\ 0O
U =-Bo"(V)(Zo(0) +Uy). (12) a7 -9 1% Bartd” -9) 3
Fi(X1)X2 =Ug = %1(12 g -y ™ Bgng ‘llf)% (14)
* a *
By introducing H(t) , X5 and X, in (4) are viewed as Bkisly -y Banf -y) 5

external disturbances of the subsyste@),(and the ] ) o o
derivatives of the aerodynamic forces with respect to theVNereky >0( =123 are the gain coefficients. C9n3|der|ng”
control surface(d,,d,.d, ), which are very small for most the physical bound for the angular veIothB/, the “command
aircraft configurations, are also considered as disturbance‘?r_l Xp IS designed  as: X; =sat(Fy " (X1)Uo, @)
and are included i (t) . Then system (4) can be simplified Fr (X1) =©7" is nonsingular.
to Then based on (12), the continuous non-smooth control law
. for X, tracking X, is designed as
élxl =F(X1) X2, (13) 2 972 J _
EX 5 = H (t) + By (V)U. U = sat(By (V)(U; - Z,(1)).d)

* _ a * _ D
Next, the ADRC law is designed for system (13) %lewx* “x laz @gn@& @) a (15)
. . . . Up = Kz lwy —wy [2 Sgny - owy)0
Remark 1.Unlike traditional observers (linear or nonlinear), “_a, x 0
. 23l Wy —Wy | @ng@y wy)@
ESO not only estimates the state but also the dynamigs

H(t) can be viewed as theotal disturbancéof the system, whereO<a, <1, ky >0( =1,2,3) are the gain coefficients.

which lumps the “internal disturbance” and thexternal  yence control law (15) is mainly composed of two parts:
disturbancé The former is composed of nonlinear nature of Z,(t) is used to compensate the “nonlinear dynamies?)

the dynamics, the coupling effects, the dynamic uncertaintieg, 4 Uy(X3 - X,) is a non-smooth feedback law to achieve
et al, while the latter includes the unknown factors from thesatisfactory performance.

environment. Disturbance rejection is an old but key

problem for high performance control. A great deal of effort Since the proposed control law can automatically detect and
has been devoted to tackling this difficulty, see [13,19,20]cOmpensate this “total disturbance”, it is called Active
and the references therein. However, these methods usualRisturbance Rejection Control (ADRC) technidtié Fig. 1
assume the knowledge of the disturbance model and/or thehows the diagram of ADRC designed for aircraft attitude
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control.
ADRC ................................................................. B O(V)V
Xy b=
HIR ¢ T <
| Xt D
NgeF [ {Back R I
(14 | |stepping % (13 f (1)
((J))g(x)y,(l)z)'

Fig. 1. Diagram of ADRC for aircraft attitude control

Remark 3. Backstepping technique avoids the state
transformation or higher order derivatives of the controlled
state so that the phase variables can be controlled directly.

Remark 4. To simplify the algorithm and avoid chattering,
the FPC law can be simply substituted by the piecewise
linear (PL) law, for example:
51‘ <o
fpl(x,a,9) = |X|
Ek/(za -t

(16)
otherwise

5. Stability and closed-loop performance analysis

The ADRC law designed for system (13) has nice properties:

high speed, small overshoot and steady errors. Next,
Lyapunov function will be constructed for the closed-loop

From Theorem 4 of [14], the following lemma can be
obtained

Lemma 1. Assuming thatH(t) =[h(t) hy(t) h3(t)Ir is
bounded, that islhi (t)|<W,i:L2,3, for some W>0, if

2
(l+ k) c2 ,C2 >l, then

2
Bor>

C2Boo|f

W.

V; <0, when Bpygp >—2 (18)
c

-1

From (18), an upper bound for the steady estimate error of
ESO (10) can be derived as folloft/8:

0«

i = sup {|ey (o)}

O |[holw

. 0

0 il

0 Bt ke, W Yo k>1 ke, W >3,
H =HBozlc2 —1) Boz(c2 —1)

= D[-,—kczw otherwise (19)
E [Boz(c2 -1’

I:l * * k _l C W
By = sup {|ey (@)} = Bosey #
H ‘h(t)‘ Boi(cz -1)
[er er @3]’ =, i=12

a
which shows that, whegg, > kepW ,

the smaller ther is,

system, and the advantages of the non-smooth structures will

be analyzed. In the following analysis, the saturation
characteristics are ignored.(t) denotes the generalized
derivative of f (t), if the function f (t) is non-smooth.

the smaller the steady estimation erregsand e will be.

It means that the ESO can have better ability for estimating

From (9), (13) and (15), the closed-loop system can behe uncertainties and disturbances. This is one advantage of

described as follows:

Dxl =F (X)X,

sz =H(t) +U; - Z, a7
IIEl =E, -Fu(E)
2 =—H() -Fea(Ey), Ez=Z5-H()

3
Define V. :% Z 93 (eg.€5) , Where
I:

Hrai (e e)). [ (ey )| > 0 (o),
Ebai (&), otherwise

Bo2
f
Borfaley) +—= Bor

92i (&y.€) =

hyi (&,85) = & = feo(en)

o (o) = k‘Z’z ook >1
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the non-smooth structure (11).

Remark 5. Since H(t) is the uncertain part of the angular
acceleration W can be determined by the bound of the
angular acceleration rate, which is usually known in practice.

Define V, =%(x; -X5)T (X3 -X5). Then

Vy = -UJ (X = X) * |22 ~H @)+ X3] (X3 - X5)

3 * 1+a,
= ‘Z kzi‘[xz ‘Xz]i‘

+[E2+X;P(X;— 20

where[A]; means théth element of vector A. Therefore
V, <0, if kZi‘[X; -xz]i“"2 >‘[E2 +X3], ‘ i=1,2,3, (21)

From (14), X, is bounded, if FPC law (14) is replaced by



PL law (16). On the other hand, from (1&), is bounded.
Hence, an upper bound for the steady tracking error

‘[XZ -Xs5 i‘ can be obtained as follows:

[ 1

E2 + X;]I az

= 22
. (22)

‘[X;‘XZH<
2i

It is clear that, wherk, > ‘[EZ + X;]i‘ , the smaller ther, is,
the smaller the steady tracking err‘ 2= X5 i‘ will be.
This is the advantage of the non-smooth structure in (15).

Finally, defineVs :%(x{ ~X)T(X; =X,). Then

Va = -Ug (Xg = X1)+[Uo‘ Fi(X1) X + XI]WXI - Xy)
3 * 1+£71 * - * *
=‘Z k:lj‘[xl _Xl:” +[F1(X1)(X2‘X2)+X1]T(X1 = X1
1=

(23)
Therefore V5 <0, if

kﬁ\[XI -x,) ™ >R G - X2) + X1 =123, (29)

It is assumed thak; is bounded. From (22)}(2 —xz‘_ is
|
bounded. Hence, an upper bound for the steady tracking

error ‘[xl -X; i‘ can be obtained as follows:

1
ay

(25)

‘[XI -X1

]_ ‘ <|[F1(X1)(XZ —X,)+ XI]i
a o

It means that, wherk; >‘[F1(Xl)(x§—xz)+>'({]i‘ , the
smaller thea, is, the smaller the steady tracking error
‘[XI —xl]i‘ will be. This is the advantage of the non-smooth
structure (14).

fine V =V, +V, +V5. Combining (18), (21) and (24), it is
obviously thatV is a Lyapunov function of the closed-loop
system (17).

6. Simulation results
Fig.2 depicts the simulation results under the following
command:

R 0 t=t R 50, t<t .
lll(t)=%J ° 19(t)=éls 0 =2 y =0 ,
Axd,t=t, 150, t>t,

to <ty <ty <tz |d;| <15°, |d'i|s3003 Is.

Fig. 2 and Table 1 show that the system has the performance
of high speed, small overshoot and steady errors. Fig.3

shows that the output of ESO (11) approaches the ‘“total

disturbancesH (t) very well.
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Overshoot Steady error
(Degree) (Degree)
9 0.3 <0.1
Y 2.4 <0.6
y =00

150

Table 1. Dynamic response data

150

w(t)
100} f
50[- 3(t)
ol L Y(®
-50 ' ‘ ‘ ‘ ‘
0 200 400 600 800 1000 1200
B
0
-20f o(t)
“% 200 200 500 300 1000 1200

Fig.2 Attitude response process
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Fig.3 The total disturbance estimation via ESO
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Remark 6. In the simulation, the deflection angles are 10
generated through a second order dynamic process, in which

the saturation constraints are set on the bound of the

deflection angles and the deflection angular velocity (Fig.4)11

7. Conclusions

The paper proposes a novel method directed at the
difficulties of high-performance flight control design. The
major advantages of the method are:

- o < L 12

1) Realizing dynamic linearization by estimating the
unknown nonlinear
essentially independent on the models and aerodynami
coefficients;
2) Non-smooth
performances, such as high speed and high accuracy;
3) Only partial states information is needed. The phasel4.
variables can be controlled directly.

dynamicsH(t) via ESO is

feedback law is used to improve

The paper also provides an analysis for the proposed

approaches. As a first step towards this goal, the saturation
characteristics are ignored in this paper. If they arel®

considered, the results may be local. This problem is still
under investigation.
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