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Abstract: A new robust control method of a nonlinear flight dynamic system with aerodynamic coefficients and ex-
ternal disturbance has been proposed. The proposed control system is a combination of the dynamic surface control
(DSC) and the nonlinear disturbance observer (NDQ). DSC technique provides the ability to overcome the "explo-
sion of complexity” problem in backstepping control. NDO is adopted to observe the uncertainties in nonlinear
flight dynamic system. It has been proved that the proposed design method can guarantee uniformly ultimately
boundedness of all the signals in the closed-loop system by Lyapunov stability theorem. Finally, simulation results
show that the proposed controller provides better performance than the traditional nonlinear controller.
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Nomenclature sophisticated and complex in order to fulfill the

growing requirements for safety, performance

F Aerodynamic forces about the body-fixed and autonomy challenges. Specific interests have

frame been paid to flight dynamic systems due to un-

L.M.N Aerodynamic rolling, pitching, yawing known disturbances existing widely in aerospace

moments engineering, such as wind, friction, coupling

I Moment of inertia effects from other systems, environmental and

p+q:r  Roll, pitch, yaw rates about the body- electromagnetic noise, etc. Therefore, it is cruci-

fixed frame al for a nonlinear control method to handle un-

4q Dynamic pressure known disturbances, as well as to be robust

T Thrust against unmodeled dynamics and variation of vari-
4 Velocity ous aerodynamic derivatives'?!.

asf3 Angle of attack, sideslip angle Feedback linearization is probably the most

dc+0, -0, Elevator. aileron, rudder angles common method employed in nonlinear flight

@0 Roll. pith angles control®* without state transformation. Since it

0 Introduction

With the fast development of aerospace engi-
neering technology over the past few decades, the

modern flight vehicles has become more and more

needs complete and accurate knowledge of the
plant dynamics, an adaptive backstepping design
methods is proposed”®. However, the parame-
ter estimation error is only guaranteed to be

bounded and converging to an unknown constant
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value. Dynamic surface control (DSC) technique
can overcome the problem of complexity in back-
stepping design resulting from the repeated dif-
ferentiations by introducing a first-order filtering
of the synthetic input at each step™*. Nonlinear
disturbance observer (NDO) effectively rejects
model mismatches and external disturbances to
compensate timely for the controller by construc-

L1 Hence it can im-

ting a new dynamic system
prove the performance of the controller by elimi-
nating the effects of uncertainties of controlled
NDO has been widely applied to robot

flight

device.
control™,  missile control™’, con-
trol™ ! and so on.

Accordingly, a new robust control design
method for nonlinear flight dynamic system with
aerodynamic coefficients and external disturb-
ances is proposed in this paper. Firstly, the non-
linear flight model is presented with aerodynamic
coefficients and external disturbances. Secondly,
the design principles of nonlinear disturbance ob-
server are introduced, and the structure of the
composite controller is investigated. Moreover,
the stability of the proposed control system is an-
alyzed. Finally, simulation results demonstrate
that the proposed controller could effectively re-

sist the influence of uncertainties and disturbances

on the flight control system.

1 Problem Description

The control law design is based on the non-
linear model of an F-16 fighter. The controller is

to track the commands of .8, and ¢ when there

exist parameter perturbations and external dis-

turbance. The relevant equations of six-degree

nonlinear model used for the control design can be

written as''”

a = — pcosatanf+ g — rsingtang —
sing cosa
chosﬁ(FT R m Vcos[;’F: T
Vcosﬁ( singsind + cosacos$cosd) @)
B:psina — rcosa — Mlg(FT +F,) +
mV
cosf~ _ singsinf g, o
mVFy Vv F. 4+ % (cosasinfsing +
cosfcosfsing — sinasinfBcos¢cosld) 2)
@ = p + tanf(gsing + rcosg) (3
,'b:Ilqr—Q—Izpq—ﬁ—IgL—‘—hN 4)
g=Lpr—I;(p* —r*)+ LM (5)
r=—DILqg +Ispg+I,L+I,N (6)
('9:qcos¢*rsin¢ D)

The flight dynamic Eqs. (1—7) can be rear-
ranged as an uncertain non-linear multiple-input
multiple-output (MIMO) system considering the
external disturbance and aerodynamic coefficient
perturbations.

X1 =f1(x1,x) + g (x1.x)x, +
X, =f(x1.x) + g (xDu+y,

x5 =f5(x1.x,)

vi =Af1(x,x3) + Ag (x),x3)x, +

[h(x)) + Ah(x)) Ju
v, =Af(x1,x,) + Ag (x)Du+d @)

wherex , u , f ., g, hrepresent the following pa-

(8

rameters, respectively, and x, =[a,8.¢]" , x, =

[PM]H’]T, X3 :[074’&]’1‘9 MZE&,,(‘)\“,&]']‘.

— (sina/cosP [T + C.(a)gS ]+ (cosa/cosB) C.(a)gS

1
fl(xl’X3):W

— (cosasin® [T+ C.(a)gS ]+ cos BC, (B)gS — sinasinBC. (a»BqS | +

0

(1/cosp) (sinasingd + cosacosgcosd)

7

\%
— cosatanf
g1 (x1,x;3) = sing
1

cosasinfsing + cospcosfsing — sinasinfcos¢cosd

0

9

1 — sinatanf
4

0 — cOoSa

singtan  cosgtan(
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0 — S (e S9S0 (g, 0
S cosf3 ¢ cosf ¢
Am COSBC},P ()b — cosasinﬁCxq (@)c— sinasinﬂczq (a)e cosBC, (a)b aon
0 0
_ sing cosa
s cosﬁcx‘% (o) + cosﬂczﬂ‘c (s 0 0
by (x,) = om | cosasinfC, (a) — sinasinBC. (a»@) cospC, (B cospC, (B an
0 0 0
Ligr + 1, pqg + 1,C, (a- R gsb + 1,C, (as R gsh
fz(xlvxZ): I5p7’*15(7)2*7”2)4_17(:,,,(0()&5(? -+
— Lgr +Iypg +1,C(asPgsh + 1,C, (as B gsb
rIng(oz)/)—F I.C, ()b I,C, ()b + 1,C, ()b »
‘OYTS 0 LC, (a)e 0 q (12)
LG (b+1,C, ()b LC (b+ I,C, ()b L7
[ 0 LG, (aspb+ LC, (b 1,C (b + LC, (a:pb
g (x)) =¢S LC,,,SE (a)c 0 0 (13)
O I4C[8’ (asﬁ)b + Igcu& ((19B)b I4C[a ((X?B)b _'_ I{JCHS (aaﬂ)/}
4
fg(xlsxz): [O COS(}S *singS] q (14)
r

where y, and y, are the compound uncertainties in
the model, Af(x) ., Ag(x) , Ah(x) the aerody-
namic coefficients, and d(z) the external disturb-
ance.

The following assumptions are adopted in the
design and analysis processes.

Assumption 1
[a.sB.+¢.]" is bounded as

Ly vy < o (15)

where ¢, € R is a known positive constant and

trix.

The desired trajectory y. =

+ || denotes the 2-norm of a vector or a ma-

Assumption 2 The total velocity and dynam-

ic pressure are constant,

V=0, ¢=0 (16)

Assumption 3 There exist positive constants

@ns B and 0, € R such that the magnitudes and

derivatives of f,,f;.g and g, are bounded for all

as 8 and 4 € R, satislying ‘a‘< a, and \ﬁ\<

B... Furthermore, there exist g, and g, such that
0<gon< llgll <gn.i=1,2.

Remark 1 Note that g, represents the input

matrix of the control u to the dynamics of the an-

gular rates p, g and . Since the control surfaces
of the aircraft are designed to control each axes'
angular rate of aircraft independently, the input
matrix g, is invertible for all cases.

Remark 2 Note that h;, is the aerodynamic
force component caused by the control surface de-
flection. The magnitude of k; is small, compared
to other aerodynamic terms in the dynamic equa-

7]

tion'. Therefore, it can be assumed that h, is

one part of model uncertainties.

2 Nonlinear Disturbance Observer

The dynamic surface control law is designed
by separating the flight dynamics into fast and
slow dynamics''?. So here NDOs are designed in

the inner and the outer loops respectively"*'*,

{;11 :*Ll(xl)l/l\ll +Ll(xl)[.7'€l *fl(xl’X3) -
g (x1,x5)x, ] 17n

l’i/z :*Lz(xZ)l/l\/z +L2(X2)[3’Cz *fz(xl ’xZ) -
g (x)u] (18)
where l;h R I;Ig are the estimates of y,, y, . respec-

tively. L;(x), i = 1,2 is the gain matrix. From
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Eq. (8), the dynamics of the above NDOs can be ¥: =L, (x5)expor — L» (x,)x, =
rewritten as Lg(xz)(lllz *l/l\lg) 7L2(x2)3'52 (26)

l;Il :*Ll(xl)l/l\ll +L1(x1)lI11 :Ll(xl)eN[)()l (19)

v, =—L,(x)y, +L,(x,)y, =L, (x,)exp, (20)
where expo; = W, — I;I,v ,1=1,2.

It is assumed that the uncertainties are slow-
ly time-varying compared with the dynamics of
NDO. Consequently, 1}11 ~ 0, |}12 ~~ 0.

Then Egs. (19,20) can be rewritten as

exvor + Ly (x)expon =0 @D
expoe 1 L (x2) expo; =0 (22)

To avoid the angular acceleration measure-

ment, an auxiliary nonlinear function vector is de-

fined to improve the NDO in the inner loop.

Yzzlilzfpz(xﬂ (23)
where
dP; (x;) :Lz(xz)-"fz (24)
dt
From Eq. (23), one has
’)',2:‘;/2*1.)2()('2) (25)

From Egs. (20,24), the derivative of ¥, can

be expressed as

From Eq. (8), Eq. (26) can be rewritten as
Yo =—L,(x,) (f>(x1,%,) + g (x)Du) —
L, (x,)w, =—L, (x,) (f5(x,,x,) + g, (x)Du) —
L, (x,)(y; + P, (x,)) @27
Hence NDO in the inner loop of the flight
dynamic system can be designed as
v, =7, + P, (x,)
¥, =—L,(x) [y, + P, (x,) + f>(x1,x,) +
g (x)u]
(28)
Remark 3  From the dynamics of NDO
Egs. (19,20), the output of NDOs l;h and l/[\lg will
converge to y, and w, via choosing appropriate

values of L, (x,) and L,(x;).

3 Controller Design

The structure of the two-timescale controller
for flight control system is shown in Fig. 1. In
each feedback loop, control laws x,. and u are de-

signed separately.

8.
/ /u—[éa} F
= S
Y. Command _ X, : Flich X1 Xy, X3
R - |Low pass 1ght
—— | reference () Controller 1 filtor Controller 2 dynamics
model +
X ™
NDO, Disturbances

a,
yf[ﬂ‘ NDO,
o | L)
xlz[ﬂ]
¢

Fig. 1

The dynamic surface control method is used
to design a controller here. The dynamic surface
control method can be viewed as the two-
timescale approach because the fast state x, is
used as control input for the slow state x, inter-
mediately. However, this methodology considers
the transient responses of the fast states and.
therefore, does not require the timescale separa-
tion assumption.

The controller design procedure can be given
as follows.

Step 1  Define error surface §, = x;, — x...,

Structure of the two-timescale controller

=y.. Its derivative is
S =x—x.=fi+gx+y —y =
fi4g (o +e) gy —y.
where x,. is the expected virtual control of the in-
ner loop, e, =x, — x,. . From Eq. (17), one has
Si=fiteaxte)ty tewn —y  (30)
One chooses the virtual control as

X2 =—g|1(k151 +f| +‘;’l _j’r')

where x;.

(29)

W =L (x)9 - L(x)[x —  GD

fl(xl,xa)*gl(xlsxs)xzj
whereklZdiagEkn ki kl.‘i] s ki, >0,i=1,2,
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The parameter x, passes through a first-
order filter with time constant r, > 0 to obtain
the filtering virtual control x,. , which can solve

the computational complexity in each step.

Ty X0 X0 = X005 Xx5.(0) =x,,(0)  (32)
Therefore
= Xy — -;z(-
xg[- -
T2
Step 2 Defining the error surface S, =x, —

X, » its derivative is

*;z(:fz +g2u+l112*;2< (33)
The NDO (Eq. (28)) is used to observe the

uncertainty y, in the inner loop.

SZ =X

Sz :»"Cz*;sz:fz +g2u+|;lz _‘_eNI)(Jz*;zz 340
Choose an actual control u to drive §, — 0 as
follows
u:*g? (k,S; + f> JFl}/z JF-’;z[)
Xy, = X2 T Xa (35)
T2
szf :_gll(klsl +f1 +|;/1 _5’4-)

where k, = diag[k, ks k| is a positive

constant.
4 Stability Analysis

The derivative of the surface errors to repre-
sent the closed-loop system is described as fol-
lows

Si=fi+g S +x) Fy—y (36
S. =—k:S, + exvon (37
Then, the boundary error is defined as
Yo =X0 — X5, =g, (kS + f1 +y — y) +xo
(38)

Using Eqgs. (17,38), Eq. (36) can be rewrit-

ten as

51:*k151+g1(52 +y2)+eNU()1 (39)
Differentiating Eq. (38), one can obtain

yz:*&—Q—F(SmSZ Y2 ,y(-,j’(,')'n.) (40)
T2
where
(98- gt A
1?*<9xl x]+ ng x3>(klsl+f1+llll y()+
- : af. - of, - N .
1 1 1 o
g <k1$1+3x1x1+ax3x3+w1 yo) ¢

And F is continuous.
Consider the following Lyapunov function

candidate

2
V:%[Z (S7S, + elpoenvo) T y:y. ] (42)
i—1

Assumption 4  Assume that the Lyapunov
candidate function Eq. (42) is bounded by any
given positive number A, i.e. , V<A

Theorem 1 Suppose that nonlinear model of
an F-16 aircraft Eq. (8) with aerodynamic coeffi-
cients and external disturbances is controlled by
the proposed controller Eq. (35). In addition, if
the proposed control system satisfies Assump-
tions 1—4, there existk;,L, .t satisfying k, > 31I ,

1
ko> (peh F1)1. L >%I,L2>%I,%>

2
(%—F l) such that the errors of states are uni-

formly ultimately bounded and may be kept arbi-
trary small.

Differentiating the Lyapunov candidate func-
tion Eq. (42) and substituting Egs. (21, 22, 37,

39,40), one can obtain

V:Sf(* kS +g8:+gy: +ewon) +

2
T T
S, (—kySy + exvo) — Ee\ll)(hLieNl)(h +

i=1

y;‘<—§+F> < A kD IS 2+

IS 2.5 I+ 1S Il g1 I+
H S, H H €NDO1 H — Amin (K3) H S, H ? 4

| 2

2
18 11 Il exvor | — ZAm;n<Li) | exvo.:
i=1

1 ,
Z_*H.Vz ‘|Z+H)’z H HFH (43)

From Assumption 1 that [y.,y.,y. 1" is
bounded, and there thus exists a positive constant
I F,
Assumption 3 and applying Young's inequality,

@1 such that < ¢;. Therefore, from

one has

° 2 2 1 2
V<2 kD IS 7+ S| ‘szg%l S, Il >+

g 1 2 2 Z
Fs I+ reh Ly 154 1S 12+

1 5 ; 2
h | exnor | * = Amin Cko) [ S 124 1S, (] 7+

2
1 2
R | expoz | — Ekmin(Ll) | exvoi I —

i=1
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1 2 2 1 2
- 2 2 I — 1 (44)
sy Ay 1+ e
Choose b/ = Amin (k) — 3, by = A (ky) —
Lgi)l 717 '}’2 :iiﬁil? and IJix :Amin(LiX )7
4 T2 4
%, i=1,2 yields

2
V <— E/e,* | S: I —L |l exvo: | —
oy

> 1,
Vol y. |2 JFngT (45)

where £ >0, L >0, v, > 0.

Then, choose the constant y that satisfies the
following condition

0<<p<2min[k’ k; v, L L;](46)

Hence, Eq. (30) can be rewritten as
ng/xv—“%gof 7

This relation implies that V < 0 when V >
o1/ 4p.
The integration of Eq. (45) is multiplied by

e .
Py L
V) < [V 4#]e +oet )

Accordingly, the surface errors S, and S, .
the nonlinear disturbance observer errors expo; and
expoz » the boundary layer error y, are uniformly
ultimately bounded in the following compact set

Q.

0= {Sl +S; s expor senpoz + Y2

2

2 (S;I-S, + eﬁ[)()le\ll)(),) + y',zryz < JZ(&} 49)
i=1 H

where k;, > 3I, k, > (%g:{l+l>19 L, > %I,
L, >l17 i> (ﬁJr 1) . In addition, the com-
4 75 4

pact set Eq. (49) can be kept arbitrarily small by
adjusting k,» k,, L, , Ly, and . That is to say,
the tracking error S, can be made arbitrarily

small.

5 Simulation Results

The simulation results are presented from
the application of the nonlinear disturbance ob-
server-enhanced dynamic surface flight control
approach. The proposed controller is tested in

simulation on the attitude maneuver flight control

system of F-16 aircraft. The following command
values of ay s B4 » and ¢, are applied to the aircraft
in a steady-state level flight of V=200 m/s, h =
4 000 m, Fr =60 kN.
3 0<t<<?2s
10° 2s<<t<5s
as =<0 5s<r<<10s ,
10° 10 s<<t <15 s
0 15 s <<t <C20s
0 01 <<2s
30° 2s<t<5s
$pa =<0 5s<tr<C10s
30° 10s<Ct<15s
0 15 s <<t <20 s

ﬁd =0

The parameter y. can be obtained from y, by

the following command filter

Ly ] _ W’
(yoli 5"+ 2,0, + o)

w, =4, §=0.8,1=1,2,3

It is assumed that the uncertainties are time-

varying. The time-varying aerodynamic coeffi-
cients and external disturbance are given as
C,=[140.5sin(0.57x) JC; j=ux,y.2,l,m.n
d(t)=[0.5 1 1.5]X 10'sin(¢)
where C, ,C,,C%,C;,C,,, and C, are the standard
aerodynamic coefficients.
The final design parameters are chosen as
k, =101 , k, =51 , 7, =0.05, where I represents
the 3 X 3 identity matrix. Nonlinear disturbance
observer gains are chosen as
L (a,3,¢) =diag[2(1 +a*), 21+ ),
21+ ¢ ]
L,(p.q,r) =diag[5(1 4+ p*), 5(1 +¢*),
51 +74)]

Simulation results are shown in Figs. 2 — 7,

Fig. 2 Attacking angle tracking «
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ZAQRED

Fig. 3 Sideslip angle tracking 8

p/((°) s

Fig. 5 Roll rate tracking p

Fig. 6 Pitching rate tracking g

The subscripts "1” "2” represent the simulation re-
sults of dynamic surface controller with and with-
out NDO, respectively. Figs. 2—7 show that un-
der uncertainties, the proposed NDO-enhanced

dynamic surface control method performs better

Fig. 7 Yawing rate tracking r

and can guarantee the boundedness of the signals

in a closed-loop system.
6 Conclusions

A nonlinear disturbance observer-enhanced
dynamic surface flight control approach for non-
linear flight dynamic system with aerodynamic
coefficients and external disturbance uncertainties
has been proposed. The approach can solve the
problem of "explosion of complexity” caused by
the traditional backstepping method and exhibits
the excellent disturbance attenuation ability and
robustness against uncertainties. All the signals
in the closed-loop system are guaranteed to be
globally and uniformly bounded ultimately. And
the tracking error of the system is proven to con-
verge to a small neighborhood of the origin. The
dynamic surface control with the NDO approach
proposed in this paper may also be used in the de-
sign of the controllers for other dynamic systems

with model mismatches and external disturbance.
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