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Abstract: We investigate couplings between variables of attitude dynamics for a hypersonic aircraft, and present a

nonlinear robust coordinated control scheme for it. First, we design three kinds of coordinated factors to restrain

the strong couplings. Then. we use projection mapping to estimate the uncertain nonlinear functions of the air-

craft. Combining the coordinated factors and the designed control laws, we obtain a coordinated torque and assign

it to the control deflection commands by using the allocation matrix. A stability analysis demonstrates that all the

signals of the closed-loop system are uniformly and fully bounded. Finally, the robust coordinated performance of

the designed scheme is verified through numerical simulations.

Key words: hypersonic flight vehicle; attitude control; coordinated control; robustness; adaptive control

CLC number; V448, 2 Document code: A

0 Introduction

Attitude control is critical to stability and
trajectory control for hypersonic aircraft'’*, but
it is challenged by many factors, including strong
couplings, complex nonlinearities, uncertainties,
and limited control surface deflections and
thrusts™®,

Recent studies concentrate on three aspects.
First, accurate control model caught researchers’
attentions. Refs. [ 9-12 ] designed online neural
network adaptive control laws based on feedback
linearization. Feedback linearization methods,
however, heavily depend on model accuracy and
can hardly guarantee good control performance
with model uncertainties and external disturb-
ances. Subsequently, linear robust methods were
introduced. Ref. [13] proposed an intelligent con-
troller based on the fuzzy dynamic characteristic
modeling . Ref. [14 ] presented a robust control
system featuring fixed feedback gains and applied
muti-model eigen structure assignment with re-

spect to the specific tasks of a hypersonic vehicle.

Although these two methods could effectively
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achieve robustness, their linearization steps may
cause considerable modeling errors and uncertain-
ties. Thus, nonlinear robust control methods
emerged. Sliding mode control has good adapta-
bility and high robustness for system disturbances
and parameter perturbations, and has been suc-

controlt?7

cessfully applied to industrial
Ref. [18] designed sliding mode controller to im-
prove the robustness. Then, Ref. [19] presented
a disturbance observer to estimate the unknown
disturbance of a hypersonic vehicle.

Although coupling problems are frequently
mentioned in the above studies, none of them has
proposed theories to directly solve them. Strong
couplings can cause complicated interactions be-
tween variables which consequently lead to more
complex behaviors of aircraft with more varia-
tions and uncertainties. Some scholars have no-
ticed this and started exploratory studies on coor-
dinated controllers’™ 7, Ref. [20] presented a
nonlinear longitudinal model for a hypersonic ve-
hicle, which could describe the inertial coupling

effects between the pitch dynamics. Ref. [ 21 ]
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proposed an assessment of the interactions among
the airframe, engine, and structural dynamics
and designed a highly integrated airframe engine
control system to deal with the strong couplings.
These studies, however, focused on analysis of
strong couplings without any expressions. There-
fore, inspired by previous studies, we present a
nonlinear robust coordinated control scheme for
hypersonic aircraft, which highlights certain priv-
ileges as follows.

(D Inspired by the ideas in Refs. [25-26], we
categorize the coupling relationships of the varia-
bles in three types: Attitude coupling, inertia
coupling and aerodynamic coupling.

(2) Based on the three coupling types, a se-
ries of novel coordinated factors are obtained.

(3) Uncertain parameters are integrated into
a vector for the convenience of online estimation,
so that we can construct an adaptive estimator
and enhance the robustness of the controller. We
also introduce a nonlinear observer to estimate the
disturbance in the control-coefficient matrix.

(4) We introduce designed coordinated fac-

tors to deduce the coordinated moment of force.

1 Hypersonic Aircraft Model

Ignoring the flexibility effects of the struc-
ture, the wind, the earth rotation, and the earth
curvature, the attitude dynamic model of a hyper-
sonic aircraflt®® containing aerodynamic parame-

’

ters” CFD (computational fluid dynamics) data

can be described by the following nonlinear equa-

tions" #7728
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where a, f3, u are the angle of attack, the sideslip
angle, and the bank angle, respectively; p, ¢, r
the roll rate, the pitch rate, and the yaw rate, re-
spectively; M, = g,;u, where g,; € R*® is the
fast loop allocation matrix, u = [4,.0,,0,]",
where 6,,0,,0, are the deflection angles of eleva-
tor, aileron, and rudder, respectively; M is the
vehicle mass; V the velocity; ¢ the dynamic pres-
sure; S, ¢, b are the reference area, the reference
length, and reference width, respectively; I, .
I, ,1I.. the roll, the yaw, and pitch moments of
inertia, respectively; and X, is the longitudinal
distance from the momentum reference to the ve-
hicle. The basic parameters and aerodynamic co-
efficients of the vehicle can be obtained in

Refs. [3, 27-28].

Remark 1 Due to the complicated nonlinear
dynamics of hypersonic aircraft, it is difficult to
study directly the rigid-flexible coupling problem
without the knowledge of the rigid couplings.
Ref. [29] investigated a double-loop coordinated
decoupling control to deal with the couplings, but
it lacks explicit investigation on the effect of the
flexible dynamics on the attitude system. By
using statistical sampling method, a series of cou-

pling degrees were provided based on rigid-body
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If considering the flexible cou-
pling dynamics, the flexibility variables should be
involved in the method"***", and the coupling de-
grees must be calculated online. But the statisti-
cal sampling method"*"*" does not support online
computing. In Refs. [ 32-34 ], the flexible cou-
pling effects were modeled as a kind of unknown
disturbance, then a coupling-observer-based com-
pensator was proposed to restrict the flexible
effects on pitch rate. If considering all flexible
dynamics, the control method may cause high-
frequency oscillations. Based on a rigid-body dy-
namic model, Refs. [ 35-36 ] introduced a novel
coupling analysis index to describe the coupling
relationships among the variables. But if the flex-
ible coupling dynamics was considered, the meth-
0d""*% would not be directly applied to design the
controller, because the couplings of the attitude
channels have positive and negative polarities. To
analyze the strong coupling characteristics of a
hypersonic aircrafts Ref. [25] defined the nonlin-
ear degree based on rigid-body dynamics, and
then introduced it to characterize the rigid-flexible
couplings. Ref. [25] provides a new direction for
further study. Therefore, dealing with the cou-
plings of the flight state variables based on the
rigid-body dynamics is the first step of our re-

search.
2  Coupling Analysis

Obviously, strong nonlinear couplings exist
in the above mentioned attitude systems (1)—
(6), and they can be described as the following
coupling types.
(1) Attitude coupling
To consider the effects of the angular rates
on the attitude angles while neglecting f, in the
first sub-equation of Eq. (1), we describe the at-
titude coupling as
a = —tanf( pcose + rsina)
B = psina — rcosa N
= secB( pcosa + rsina)
(2) Inertia coupling

If the effects of lio s Mucro » uero ON the angular

rates are ignored, the inertia coupling which
among the channels of the roll, the pitch, and the

yaw in Eq. (4) can be described as

fo=C, —Iog —1.p
fo=Ue—Lopr—1I,q 8
fo= = 10pg —1p
(3) Surface deflection coupling
According to Refs. [27-287], it can be known
that there always exists surface deflection cou-
pling due to the complicated aerodynamics of hy-
personic aircraft, then combing the expression of
gss in Refs. [23, 28], the surface deflection cou-
pling can be described as
g =qSh (C/.sa + C/.sr )
gm :qSC (Cm.au + Cm.ar ) (9)
gn :&Sb (Cn.ﬁu + Cn.z?r_ )

Obviously, the above equations show that
there exist complex coupling relationships within
hypersonic aircraft. In hypersonic speed, the
above couplings are more complex, resulting in
aileron reversal operation phenomenon and sys-
tem uncertainties, or even the system instability.
Some scholars have put forward decoupling meth-

ods"*.

personic aircraft, because the decoupling methods

But they are not an effective way for hy-

may change the intrinsic nonlinear characteristics
of the vehicles. Therefore, Ref. [30] presented a
new scheme to describe the coupling relationships
in mathematics, and the linear coupling degree
could be obtained by using statistical sampling
method. However, the coupling matrices provid-
ed in Ref. [30] are linear, which is not accurate
enough to describe the complex couplings of the
hypersonic flight vehicles. Therefore, we propose
a novel method to describe the nonlinear cou-
plings of the aircraft and design a coordinated at-
titude controller to coordinate the attitude dynam-

ics.

3 Design of Coordinated Factors
3.1 Coordinated factors for attitude coupling

For flight dynamics, the sideslip angle may
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cause unstable flight. Therefore, fis set as zero
(Eq. (7)), that is, p sina—rcosa=0. Then r=
p tan a can be obtained. Thus, the coordinated
factor can be designed as

A, =k ptana 10)
where k£, >>0 is a designed parameter.

In contrast to the unavailable coupling be-
tween « and 8, the coupling between a and x can
be regarded as an available coupling when the air-
craft is flying at a very small angle of attack.

Then we have

pcosa + rsina = p a=0
pcosa+rsina<< p+pr a >0 (1D
p—or < pcosa+ rsina a <0

where p is a positive constant and sina<<p, and o a
positive constant, o> |sina|. Then the strong at-
titude coupling relationships in Eq. (7) can be de-
scribed as p —or<<p<< pcosa+ rsina<<p+pr. In
order to increase the damping torque,f is intro-
duced as feedback to the rudder channel. Thus,
the coordinated factor is selected as

p(1 — cosa)
sina + A,

where A, is a designed parameter to avoid the sin-
gularity of Eq. (12), |sina|#A,, and k,,k; >0
are designed parameters.

Combining Eq. (10) and Eq. (12), the atti-

tude couplingcoordinated factor can be described

A, =kt ks (12)

T2

as
A =2, A, =

p(1 — cosa)
sina + A,

3.2 Coordinated factors for inertia coupling

ki ptana + k. B+ ky (13)

The sideslip angle tends to diverge because of
the inertial coupling torques, so the terms (I,, —
I.)gr,(I.— 1..)pr, and (I, —1,,) pq in Eq. (8
cannot be ignored. Taking the yaw inertia as an
example, when the inertia is in critical state,
fo+f .+ f =0, where f, is the yaw inertia cou-
pling torque; f’, the yaw damping torque, and f’,
the yaw steady torque. With the accumulation of
inertia coupling, the inertia coupling torque will
be greater than the damping torque and the steady
torque, which will lead to the sideslip angle un-

stable. To reduce the negative impacts of the in-

ertia coupling, the damping torque and steady
torque should be increased to restrain the trend.
The basic idea of the coordinated control is to in-
troduce f and r into the aileron loop to increase
the damping torque, f8 and g into the rudder loop
to increase the steady torque, and @ and p into the
elevator loop to increase the damping torque.
Thus, the inertia coupling coordinated factors are

designed as

/1( :k4a+/€5p
Ao =keB+ kor 149
/1,.3 :kgﬂ+ k9q

where b, , ks s kssk; s kg >0 are designed parame-

ters.
3.3 Coordinated factors for surface deflection

With consideration of the flight dynamics of
hypersonic aircraft, Ref. [30] provided a method
to describe the coupling degree in mathematics.
But by analysis, the coupling degree should rea-
sonably describe the couplings between the rudder
deflection and aileron deflection" ",

Thus, the surface deflection coupling degree
is chosen as"*"

CS!,
E:C%# X 100 % a5

where E represents the surface deflection degree

between the aileron deflection and rudder deflec-
tion. It indicates that the surface deflection de-
gree is determined by the aerodynamic shape and
flight state. And

_ SewrSew Yewr

Cr = S i3 Ecosy (16)

i (g +D (1_D)h[b+(1—17))f]

1

z 7 +1—2D
17

where S.,,s S.. are the rudder area and the verti-

cal area, respectively;S, L are the reference area

and reference length; y.. is the distance from the

rudder surface center to the vertical axis; y the

sweep back angle; & the correction factor; n the

relative efficiency of the aileron; #.,D are the ex-
posed wing ratio and diameter ratio, respectively;
and f is the ratio between the distance from ex-

posed wing root profile to center pressure and
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wing length. In Eq. (17), S, <S5, S < S yeur <<
L,0<<é<1,0<<cosy=<1, and C}» =1. Thus, the

S (tanysing + tanf)

v, — [(}SBtan}’cospcosﬁ

1

surface coordinated defection strategy is chosen as MV Mv
8, =Es, 0<E<1 (18) ) e
Based on Eqgs. (13), (14),the hypersonic ve- E (1) = [qr —p  qSbB C% (%r} I
hicle attitude coordinated factors are given as ,
= () — N oS qSc’q
A, =ka+ksq =, (x) = | pr q g oV
Ay =2An T An F A (19) X qSsina X qScosa] " 24)
Ao =kiBt Eip :
_ . qSh*p  qSb7r —
.:,.(;):[ —r qSbh XC,S}
where £, >0,i=1,+,7 is designed parameter. o . 4508 A% 2V <458
v, 0 0
4  Coordinated Attitude Controller _
Y—=| 0 v, 0
DeSIgn 01 0 Y, Jaxs
. . . El 05><l 05><l 1
By introducing the uncertain parameters, a
hypersonic aircraft attitude dynamics can be re- E= |00 & O (25)
erttel’l as OGXI 06><1 E% 1 17X3
. - [ gcosycos
Q=7 ¥ 0,1 go o Voot
0o=5"0,+g,M.+d f— gcosysiny (26)
where d is the external perturbation, and 4
0,~(6 6! 6!1l,.0.~[0] o 61}, — geosyeosutan
@D ) S .
Then, the control objective is that the atti-
01 - CL« ’ 02 = CYA,,‘? ’ 03 - [CY.,B ’ CL.JT . .
. tude angle £ can track the desired signal 2., then
I.r.l‘ _ Iyy Iz: Cn,,‘? Cu,p Cn.,z C}/,,S’ T . .
0, = 1 I 1. 1. 1. I the tracking error vector can be defined as e, =
o _ I.—1. I, C,. Cu. Cp. C.17 Q2—,.. In addition, the tracking error of the an-
’ I, I, 1, I, I, I, gular rates is also defined as e, =0 —®,, where
0 [I” I. I. C., C., C,V,} T the desired angular rates @. can be obtained from
' L. L. . I I the controller of the attitude angles. According to
22) the above, a coordinated scheme based on the co-
o o Beosp ordinated factors is given in Fig. 1.
‘I’l (x) =— QS s Xy — qS cos,
MVcosp MV
Coordinated
factors
Q. ~ & Slaw @, ~ e, Fast | M. Coordinated| | Allocation Controlled
loop loop "| moment matrix object
Q Qo

Fig. 1

Coordinated schematic diagram
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4.1 Slow loop controller design

The sliding mode surface is given as

t

0O —¢, +KJ eldt 27

0
where K=diag{K,. K., K;},K,>0,i=1,2,3.
The derivative of the sliding mode function
can be obtained as follows

&:él +Kel -
fLl W 0, teo—Q +Ke, =
fi ¥ 0, +g (et o) —R +Key (28

And, we can obtain

o =—g' ' (xie+fi +¥" 0, f.(.ZL + Ke,)
(29)
Similar to Ref. [32], the adaptation law of 0, is

designed as

8, = Projy, (I (W6 —1,0,))  (30)
where k; >0,I' € R, Ao =diag{A1 45,45, 4, } >
0.

Consider a Lyapunov function candidate as

Vlzéaﬂwé 05T 0} (31)
The time derivative of Eq. (31) is
Vi=6¢"(fi +¥ 0, +g(e;+o)— R +Ke)+
05T Projy, (I, (W6 — 20 0,))
(32)
From Egs. (29), (30), (32), we can obtain
\./1 =—x6'6+c6"g e, +c"V'O, —
o W0, + 5}51“(1 * Projy,(I' (Wo — A, 69)) =
—K6'6+c" g e, *O'T‘.llag +
05T, Projy (I, (W6 — 4, 0,)) <
— K, O'TO'+0'T g_\eziégxggg (33)
4.2 Fast loop controller design
Differentiating e, yields
e&=0—0, =5'0,+g, M +d—o. (3D
Then, the control law M. is designed as
M=—g'(k,e, +E 0, +d+g'c —)
(35)

where d is the estimate output of the disturbance

observer. The disturbance estimation error d is

defined as ;l:d—d. And the adaptation law of 0,

is chosen as

8, =Proj (I (B, —1.0.)) (36
where x,>0,I, €ER"“" >0, and A, €R*'7 >0,
According to Refs. [32—36], the disturb-

ance observer is designed as

;i:z+Q<e)

2=—L(e)x—L(e)(E" 0, +g,M+0Q(e))
(37

where z=d —Q(e),Q(e) =[q) (e)rq (e)soer,

dQ(e)
de

Remark 2 Different from Ref.[33], the de-

g, (e)]"TER",L(e)=

signed observer exists the uncertain parameters

estimation vector 0,, so the convergence of the

observer should be reconsidered. At the origin,

0, is asymptotic stable if 6, is convergent. In

Eq. (37), bw can be written as 0(U+6w , then 0,=
0, and Eq. (37) is simplified as the form of Rel.
[337]. So the convergence of Eq. (37) depends on
the convergence of the adaptive estimator, and
the asymptotic stability of the adaptive estimator
will be proved in the next.

Theorem 1
Eq. (20), under the control laws (29) and (35),
with the adaptive laws (30) and (36), the de-

signed scheme guarantees that all signals of the

For the attitude dynamics in

closed-loop system are uniformly and fully bound-
ed and the tracking errors are asymptotically sta-
ble.

Proof Consider a Lyapunov function candi-

date as follows
V=V, + %(e}ez + 01,0, +d"d) (38)
Then, the time derivative of V is
V=V, +ele,+0.0,0,+d d (39
Substituting Eqs. (33)—(35), (36) into Eq.
(39) and considering that the disturbance’ s

change frequency is very small, that is d=0, we
have
V<—k6'6+c6" g, e,—0,1,0,+
e;(E" 0, +g, M.+
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d—@.) + 0. T, Proj, (I'(Ee, —1,0)) +d"d<
— Kk, 6'6—054,0, K, el e, — 0", l;w +d'd <
— Kk, 66— 55).!2 6_(2 — K, e, e, — Ehﬂlwlg — c}'Lc;

(40)

Denote L(e) =c>1 and Q(e) =ce, it can be ob-
tained that

‘} <—k,6'0— (3;5,19 69 — K, e, e, — Bl‘lwé —

Cc—D lldl*<o (41)

Eqgs. (39), (41) confirm that the signals &, 59,

bw ,:l,ez are bounded since V is negative semi-defi-
nite. From Eq. (27), we know that e; is bound-
ed. Then Eq. (41) can be written as

Vi) <—Gei(t) i=1,2 (42)
where £;>>0, and e, (¢) is the tracking error. By

integrating (42) from 0 to o, we have
Fg,e‘f(t) <— f\'/,m —V.(0) =V, (o0) (43)
0 0

This implies that e; () € L,, since V,;(0) and
V.(o)are bounded. Since ¢;(t1)E L., ¢;(t)EL,,

e; (1) € L,, we can conclude that lime; () =0 by

>

using Barbalat’s lemma. Therefore, the tracking
error ¢; (¢) is ultimately and asymptotically sta-

blev i. €. » 11m61(t):0.

>0

4.3 Coordinated implement

The objective of the coordinated control is
first to calculate the coordinated moment by using
the coordinated factors and the control moment
M, . and then to allocate the coordinated moment
to the deflection angles of the elevator, the ailer-
on, and the rudder, respectively.

Considering the coordinated factor in
Eq. (19), the attitude control moment M., and
the allocation matrix g, of the fast-loop, the co-

ordinated moment can be obtained as follows

M. =gr; 0 (44)
where
grro =&ro TI'=
&ps, T A & 1o, & po,
&q.0, 8qs, T A gq.0, 45)
&r., &rs, 8rs, + A,

By using Eqgs. (44), (45) , we have
d=gr/s * M, (46)
According to Eq. (18), when the control
strategy is using the elevator deflection to imple-
ment the pitch moment and using the coordinated
deflections of the aileron and rudder to implement
the yaw and roll moments, Eq. (47) can be ob-
tained

Ocoe =00 30cn =EO, s Oeor =0, (YD)

S Simulation and Analysis

The initial values of the simulation study are
chosen as V,=2 200 m/s, Hy,=21 000 m,a=1°,
=5 pu=0,p=qg=r=0 °/s, and the desired
flight attitude angles are chosen as a.=5°,8.=0°,
po=4°

Suppose that there are +20% and —20%
uncertainties on the aerodynamic coefficients and
the aerodynamic moment coefficients, respective-
ly. And the unknown external disturbance D is
given as

D(t) =10 X [0. 5sin(1. 52)
0. 5sin(20) "

The design parameters of the attitude con-

, 7, K, =

0. 5cos(2t)

troller are chosen as k£, =1, i =1, *-
K,=K,;=4, and «, =«, =5.

The simulation results of the attitude angles
are shown in Fig. 2. The overshoot of uncoordi-
nated « is 35% and that of coordinated a is 10%.
The overshoot of the coordinated 8 is less than the
uncoordinated . The simulation result of x4 is
similar to 8, which demonstrates that the per-
formance of the coordinated attitude controller is
superior to the uncoordinated one. It is obvious
that the advantages of the coordinated factor in
Eq. (13) lie in the smaller overshoot, less jitter,
faster response, and quicker stabilization process.
From Fig. 3, we can find that the angular rates
can approach the equilibrium more quickly, resul-
ted from the coordinated controller, which shows
that the coordinated factor in Eq. (14) ensures
that the jitter times are kept in a small range. In
Fig. 4.
Eq. (47), it promotes the efficiency of the control

by using the coordinated strategy of
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surface deflection. And this performance im-
provement can enhance the control-ability of the
attitude system and the maneuverability of the

hypersonic flight vehicle.

10
D 5 ==+ Coordinated a
NS i — Uncoordinated &
30 R e . . :

0 1 2 3 8 9 10
AlG g ---goordinatedﬂ
& (5)[ Y - Uncoordinated |

o733 4 5 6 7 8 9 10
& 1(5)’ sm—ce ===Coordinated # |
§ O~ a -_-I‘?;Jcoordinamdl!

N R S B S S S B R 1)

t/s
Fig. 2 Tracking responses of a,f3,u
T, 20

1 =-Coordinated p
Of = Uncoordinated p
o 0| ﬁ ~

0

A% 2 3 4 5 6 7 8 9 10
Ta

20
s 0y J &"r
) I

s T0 1 2 3 4 5 6 7 8 9 10

—.Coordinated ¢

—Uncoordinated ¢

5 p— i
0 . SRR
S
= -5 : . . . . . : . .
~ 0 1 2 3 4 /5 6 7 8 9 10
t/'s

Fig. 3 Tracking responses of p,q,and r

30 " — Coordinated &,
o: 0 [_!kj_ 4r‘/-k e U‘rlx?(.x;;i;:ated LA
<
=30 | ; 5 . y , L L L
0 1 2 3 - 5 6 7 8 9 10
~ 30 = Coordinated .
= ol i «=+ Uncoordinated &,
“Q
=30 \ .
0 1 2 3 4 5 6 7 8 9 10
— 30 = Coordinated &,
(S 0 . +=+ Uncoordinated &,
< f i
-30 |
0 1 2 3 4 5 6 7 8 9 10
t/s

Fig. 4 Tracking responses of d,,0, and &,

6 Conclusions

This study indicates that, although the flight
condition of a type of hypersonic aircraft contains
strong couplings and uncertain disturbances, the
design controllers can effectively compensate the
effect of the compound disturbance and suppress

the coupling phenomena. The definition of the

coordinated factors provides a new solution to
deal with the complex nonlinear relationships of
the coupling variables. The proposed method pro-
vides the coupling analysis based on the flight dy-
namics, as well as analytical expressions, which
can help to achieve satisfied tracking perform-
ance. In further studies, the robust coordinated
control of the longitudinal dynamics of hypersonic

aircraft will be discussed.
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