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Abstract: The large-scale morphing aircraft can change its shape dramatically to perform high flight performance.
To ensure the transient stability of aircraft in the morphing process, a novel gain-scheduled control method is in-
vestigated numerically in this paper. Based on quasi-steady assumption, the linear parameter varying (LPV) model
of the morphing vehicle is derived from its nonlinear equation. Afterwards. by solving a set of linear matrix ine-
qualities along with the bound of the morphing rate via slowly varying system theory, the designed controller which
considers the transition stability during the morphing process is obtained. Finally. the transition process simula-
tions of the morphing aircraft are performed via the changes simultaneously in both span and sweep, and the re-
sults demonstrate the effectiveness of the proposed controller.
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0 Introduction

The conventional aircraft is a compromise
that allows the flight vehicle to fly with a limited
range of flight conditions, which is unable to
complete different types of missions and perform
extreme maneuvers with high performance. Mor-
phing aircraft can change its shape or geometry
during flight to accomplish specific mission better
and provide control authority for maneuvering
and the special requirements of the military™ .
The pattern of morphing are mainly classified into

three types' .

(1) Planform alteration involves
span, sweep and chord; (2) Out-of-plane trans-
formation involves twist, dihedral/gull and span-
wise bending; (3) Airfoil adjustment involves
camber and thickness.

The current morphing aircraft design has

been focused on the investigations of modeling,
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dynamic behavior and flight control®®. For in-

1. ! proposed the methodology

stance, Seigler et a
for modeling the fight control of morphing air-
crafts undergoing large-scale shape change. Zhao
and Hu'™ developed a parameterized structural
model via the substructure synthesis approach
and doublet lattice method. Afterward, Zhao and
Hu''" established the model that govern the dy-
namic behavior of folding wing via the floating
frame method and computational fluid dynamics
(CFD) code, and predicted the transient respon-
ses during the morphing process. Yue et al. 'V
presented the nonlinear dynamic model and the
longitudinal dynamic simulation of a folding-wing
morphing aircraft through the CFD method. Tak-
ing this one step further, Yue et al. "* proposed a
linear parameter varying (LPV) model and a H..

self-scheduled control strategy of the folding

wing. In addition, He et al.**! built a new LPV
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model by using tensor product method and de-
signed a controller via the parallel-distributed
compensation control approach, which did not
need trip map and numerical calculation. Dong et
al. " proposed a H.. control for switched system
via the average dwell time method and linear ma-

YEe-181 - in which the con-

trix inequalities (LMIs
troller could track the angle of attack well during
the morphing process. Shi and Peng!'™ presented
a novel control strategy that involved virtual mor-
phing control surface by employing the active dis-
turbance rejection control. After considering the
morphing parameters as a part of the control in-
put variable, they proved that the energy con-
sumption during the morphing flight will be re-
duced dramatically. However, the above litera-
tures paid less attention to the transition stability
of large-scale morphing aircraft. To determine
the bound of morphing rate in transient stage, Shi
et al. '™ derived the state-space equation in the
term of morphing rate explicitly and obtained the
minimum and maximum values of the morphing
rate via the Hurwitz criterion. On the assump-
tions that the aerodynamic forces depend solely
on the instantaneous configuration of the aircraft,

11 analyzed the transient stability

Seigler and Nea
of large-scale morphing aircraft by slowing var-
ying system theory (SVST)221,

By considering the morphing variables as
scheduled parameters, the morphing aircraft can
be modeled as a parameter-varying system, which
could be analyzed through the gain-scheduled
and LMlIs. In this paper, the LPV

model of the morphing aircraft is established after

method™

introducing the equations of motion (EOM), and
a novel gain-scheduled controller is designed
through the combination of convex hull theory
and SVST. The approach not only proposes an
effective controller with satisfactory robustness,
but also gives the bounds of the rates of variables
and considers the transition stability during the

morphing process.

1 LPV Model of Morphing Aircraft

The flight dynamics of a kind of morphing

aircraft which can change its span and sweep is
considered. The body-axis coordinate system O-
X,Y,Z, and the wind-axis coordinate system O-
X.Y,.Z, are showed in Fig. 1, where a is the angle
of attack and f the slip angle. The aerodynamics
forces are usually specified for wind axis, and the
two coordinate systems can be obtained from each
other via rotation matrices. In the body frame,
the nonlinear equations of the morphing aircraft
can be written as™!

p=mV+S8,+oXSs,

N
H, =S, XV+]J -0+ Z(mis,,, X di‘“ +Ji . coij
i=1 i

QD)

where p is the momentum and H, the angular mo-

mentum. S, :J r X dm is the static moment about
]

the origin, where the integral domain Q is the
whole aircraft. m, V, ® and J are the mass, ve-
locity, angular velocity and inertia matrix of the
morphing aircraft, respectively. The subscript i
denotes the ith morphing part and N is the total

number of the morphing structures.

Z, 7,

Fig. 1 Sketch of morphing aircraft and its coordinate system

The 6-DOF EOM of the morphing aircraft in
the body coordinate system can be derived from
Eq. (1) as follows
F=m(V+oXV)+toXxSs, +20X8,+

o X (X8, +8§,

M,=J+o+] -0otoxX- 0 +

S, XV+S, X(@XV)+ (2)

N

Z{J, co;, +J; -(2),+(0;><(J,‘ c o)+

i=1

i[sm X8, o (s, <800

It is noted that J, J;s» S,» S, and their derivatives

change significantly with the morphing parame-



1082 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 35

ters during the flight, leading to a complex mod-
el. Hence, some assumptions are adopted to sim-
plify the nonlinear EOM™*, Firstly, the inertial
forces, time derivative of inertia and static mo-
ment owing to morphing are ignored. In addition,
the unsteady influence on this kind of morphing

[ and the quasi-steady

aircraft can be negligible
assumption is adopted. In other words, the in-
stantaneous aerodynamic forces are completely
decided by the current shape of the aircraft.
Therefore, one obtains the longitudinal nonlinear
EOM in a general form

x=f(x,u,&) (3
where x =[a 0 ¢ V]

variables, 0 is the pitch angle, g is the pitch angle

is the collection of state

rate and V' is the flight velocity. u=4, is the con-
trol input, where 8, is the aileron deflection. € =
[€ &, ]" is a morphing vector consisted of span
and sweep.

By taking the morphing variables as sched-
uled parameters, Eq. (3) becomes a parameter-
varying system. Several methods, such as Jacobi-
an linearization, quasi-LPV approach, linear {rac-
tional transformation and so on, could be used to
establish the LPV model of the morphing air-
craft. In this work, according to Jacobian linear-

ization technique, one has

2 =Az + BAu 4
J
wherez:x*xo(f),Au:u*uo,A:% ,
ax Loty
af .
Bzﬁ s x,(&) and u, are the vector of equi-

L

libriumpoint. It should be noted that, unlike rigid
aircraft, the equilibrium point and the state-space
matrices A and B are the functions of the mor-
phing variables. Furthermore, the state-space
matrices depend on the aerodynamic forces,

which are

L= %sc,,pvz-, D= %sc boVh s

M, = LScCpVh (5

where p is the density of air, S and ¢ are the
equivalent area and chord of wing; L, D and M,
are aerodynamic lift, drag and moment, respec-

tively. C., Cp and C,, are the corresponding aero-

dynamic coefficients, which can be expressed as
the following form at a low angle of attack
C.=Cy + Cra + Cpde
Cp =Cp + Cpa 4 Cp;.0¢ 6
C,=C, +C,a+C,qg+C,s0e

2  Gain-Scheduled Control Based on
Slowly Varying System Theory

2.1 Gain-scheduled control

Rewriting an LPV plant from Eq. (4) in gen-

eral form yields
P :[A(E) B(E)} D

c& D
where A(E), B(&), C(&), and D (&) depend af-
finely on the time-varying parameter &, for exam-
ple

ACE) =A) +§A +--+EA, €))
where Ay, A, -, A, are the given matrices. &(¢)

varies in a polytope @ of vertices w, sw; »*** w, as

E(t) & @::(b{wuwz 9"'7wk}:
k k
{ZU,(f)w;:Gi(t)20720,(1‘):13k:2”}
i=1 i=1

D)
and the LPV plant P can be expressed as a ployto-

pe of matrices, it reads

{A(@ B(S)}Z’*: A(w) B(w)
c®» D& “Z7Cw) Dw)
A, B,‘
Co i =1,k (10)
e o] |

where £ is bounded as &, € [é, ,é,] si=1,,n. An
LLPV system is called “polytopic” when it satisfies
Egs. (9), (100,

Lemma 17 Consider an LPV system as
Eq. (7), for a prescribed y>> 0, if there exist ma-
trices S§1, S,, Y, and X;> 0 (:=1,++,%k), such

that the following inequalities holds

]
w0 X Y]] L

DT
Y | 0 0 <0
% * — 1T 0
| * * * S, + ST |
an
where
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Then the gain-scheduled controller u(z) =
K,x (¢) could be obtained, where

k k
KJZ(ZG;Y,-) (20,-)(,)71 (12)
and the upper bound of the L,-norm is 7.

Eq. (11) can be solved via LMI skills. It is
noted that o, contained in Eq. (11) is able to re-
duce the conservatism of the controller by emplo-
ying the parameter-dependent Lyapunov func-
tions, however, the introduction of differential
item ¢, complicates the problem. One method to
solve this problem is to find the bound of 5; . In
this paper, o; is the function of the morphing vari-
ables &, hence, the problem is converted into sol-
ving the bound of &, which can be determined via

SVSTH 2,

2.2 Slowly varying system theory "

Considering the linear system of Eq. (4) and
a state feedback controller u = K(&)z , one has
z2=[AE) + B(OKE Jz=AEz  (13)
Suppose that A(&) is continuously differentiable
and Hurwitz for every fixed &, that is
AMAE)) <9p<0 (14)
Furthermore, suppose the elements of A (&) and
their first partial derivatives with respect to & are
uniform bounded, and let @ be a constant and
positive-definite matrix, then there exist a posi-
tive-definite matrix that satisfies the Lyapunov
equation
P(EYAE) +AT(HP(E) =—Q (15
In addition, P(&) satisfies the following con-
ditions for all £ € ¥, where ¥is the domain of
interest,
22 << z2"P(&z < 2"z (16)
d
dé;

where ¢,, ¢; and g; are positive constants inde-

P<§>H < piri=1,n an

pendent of &, Moreover, suppose that ||dx, /&,
< [ and there exists an e such that

s

[

N
C2C3 TﬁLZCzl/Ca

2<€< (18)

where 7 is the upper bound of |z|. and ¢; =

%
/ 2/:,2 . Then the solutions of Eq. (13) are uni-
i=1

formly bounded for all [z(0) || << r /e, /c, .

As showed in Eq. (18), the bound of & de-
pends on a lot of variables. One approach to find
the “best” ¢ is proposed in Ref. [19], which is to
maximize the ratio A,y (P) /AL (P) by finding a
proper Q for all & € W [#7,

The gain-scheduled controller of Eq. (12) can
be solved by combining Eq. (11) and SVST. Fig.
2 shows the flow chart:

(1) Give an initial morphing rate &, firstly;

(2) The corresponding gain-scheduled con-
troller K, can be obtained from Eqgs. (11) and
(12);

(3) The upper bound ¢ of the morphing rate
can be determined via SVST;

(4) If the given morphing rate satisfies

[&]: <e. then &

and corresponding K, is obtained;

=&, is an achieved solution

(5) Otherwise, try different initial morphing
rates to go through the above procedures until a

proper solution is found.

Give the initial
condition &,
Solve K, based on
Egs. (11), (12)

!

Determine the upper bound of
morphing aircraft via SVST

Fig. 2 Flow chart to solve the bound of morphing rate

3 Simulation

A steady andwings-level fight conditions with
constant flight speed are employed, 1. e.
2 é 1 21 é
{ ] v, [ }+ Ve | s
2, M. M 2y M, (19
y=0Cz

where
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=——|D 35 | — 5 —
2 m( + aaj M. J, da
_ 1 IM, _ 1 adL
Mq *Jy aq Ly — m e ’
_ 1 My
M, 7. o c—=1I,

These aerodynamic derivatives are the functions
of morphing variables. In this paper, the vortex
lattice solver Tornado"™* is used to calculate the
steady aerodynamic forces for different shapes of
morphing aircraft, whose span L and sweep & va-
ries from 5.2 m to 7. 2 m and 0° to 30°, respec-
tively.

Note that the aerodynamic derivatives can be
fitted as functions of normalized morphing varia-

bles using the generalized leasts quares method,

namely
— L — (L.t Loin)/2 _
L= L.z €U
*_67(6max+6min>/2 .
O G bz

Then Eq. (19) can be expressed as an LPV sys-
tem, whose parameters are L and 8. The coeffi-
cients in Eq. (9) are set at

_1=L
4 7 4

:1—55_:1+L 1+6
e 4 4

200

It is noted that different convex hull models

(o3| 20y —

can be derived by choosing different coefficients,
if the convex coordinates satisfy Eq. (9™, The
vertices of A; are the values of A(&) at four verti-
ces of the parameter box

w1t = (LinsOmin) s @3t = (Loin s0max) s

w31 = (L ax s0min) s @yt = (L oy s Omax )
According to the flow chart showed in Fig. 2, let
a constant y=1. 05 and an initial morphing rate
I
is 50 s, and the corresponding X;, Y; and K, can
be determined by Eqgs. (11), (12).

, =0.041 8, which means the morphing time

[ 0.5058 —0.2755] [1.4077 1"

X1: ,Y1: [}
| —0.2755  2.3722 | 95,3112 |

[ 0.6075 —0.3246] [1.5936 1"

X2: 3Y2: ’
| —0.3246  4.9197 | 199. 3573 |

[ 0.5503  —0.2826] [1.4128 1"

X3: ,Y3= ’
| —0.2826 2.252 | | 78. 5023 |

[ 0.5806 —o0.3123 v, 1.5062 7"
" l—o0.3123  7.597 |77 [71.1294

Afterward, the upper bound of morphing
rate e=0. 043 2 is obtained via SVST, which indi-
cates that [[& ||, < e is an achieved solution. The
response of the close-loop system is performed as
shown in Fig.3 using the fourth-order Ronge-
Kutta method. It is found that the initial disturb-
ance can be eliminated by using the proposed
gain-scheduled controller, which can stabilize the

slowly varying system.

2 1.0
g —al/()
2 gl o))
ko 0.5
=] DI
g
-
g
< 00F T
) o
° ,
S

_0'5 1 1 1

5 10 15 20

t/s

Fig. 3 Response of the close-loop system

Consider the state-space equation with an ex-
ternal disturbance
2 =A(E)z+ B(&) Au+ Go (1)
where G=[0.1

sine signal w(?) is

0]" and the external disturbance

0 0<<t<<C10
w()=1<—10 10<<Tr<C13.14
0 t=>13.14

Another external disturbance square signal
w(?) is given, reads
0 0<<t<C10
w()=41 10<r<13.14
0 t >=13.14

The responses of the close-loop system with
different external disturbances are shown in
Figs. 4, 5.

In Figs. 4, 5, the effects of different disturb-
ances can be eliminated quickly to make the close-
loop system stable, which indicates a good capaci-
ty of resisting disturbance.

From Figs. 4,5, it is indicated that the de-
signed controller makes the systemt end to zero in
different cases of disturbance. The primary use-
fulness of this approach is that it proposes a
method to solve Eq. (11) with the consideration
of transition stability. Although the introduced
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Fig. 4  Response of the close-loop system with external
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Fig. 5 Response of the close-loop system with external

disturbance square signal

SVST reduces the conservatism of controller, it
could provide criteria to ensure the transition sta-
bility of the slowly varying system, which is a
concerned problem for morphing aircraft. In this
paper, the minimum required time for large-
scalemorphing is less than 1 min, which could

give a reference value for flight testing.

4 Conclusions

An LPV model of a kind of morphing aircraft
which can change its span and sweep is derived via
convex hull theory. To reduce the conservative,
the parameter-dependent Lyapunov functions are
introduced along with the differential term of the
variables, whose bounds are determined by slow-
The gain-scheduled

controller proposed via convex hull theory and

ly varying system theory.

slowly varying system theory is able to eliminate
the influence of initial error and external disturb-
ances quickly, which shows a good robustness of
the close-loop system. Furthermore, the control-

ler can guarantee the transition stability of the

slowly varying system in the morphing process.
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