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ABSTRACT This paper designs a parameter-dependent self-adaption integral sliding mode controller which
converges the system in a finite time while focusing on an uncertain linear parameter varying (LPV) model
of a variant aircraft that has a large-scale variation of the sweep angle and an extension. This design promotes
the robustness and Ly performance of the aircraft’s speed and altitude during the variant process. According
to the longitudinal nonlinear model of a morphing aircraft obtained by the KANE method, the LPV model
with the stretch and the sweep angle as the time-varying parameters is derived, and then, the equivalent
linear time-invariant (LTI) system is obtained by the linear fractional representation (LFR). Furthermore,
the state feedback LFR-H, controller has deduced from the linear matrix inequality (LMI) constraints, and
then, the existing conditions of the integral sliding mode are obtained from the pole assignment. There are
significant uncertainties and disturbances when the linear controller acts on the nonlinear system. Therefore,
an adaptive algorithm is introduced to further improve the robustness of the integral sliding mode controller.
Moreover, a parameter-dependent Lyapunov function analysis shows that the designed adaptive integral
sliding mode control rate can converge the LPV system trajectories to the integral sliding mode surface
in a finite time. The comparative simulation results of the nonlinear model of the morphing aircraft indicate
the robustness and effectiveness of this approach. The method designed in this paper can be extended to

general LPV systems.

INDEX TERMS Morphing Aircraft, robust control, LPV, integral sliding mode, adaptive control.

I. INTRODUCTION

A morphing aircraft is an advanced aircraft that enables the
use of a single aircraft for multitasking capabilities, which
achieves different aerodynamic characteristics by changing
the shape of the structure during flight, promoting optimal
aerodynamic flight under the full range of envelopes. This
type of aircraft not only solves the aerodynamic shape of the
rationally optimized configuration in the early stage but also
can be compared with the later multitask execution [1]-[3].
Hence, morphing is a promising enabling technology for
next-generation aircraft [4]. However, the deformation free-
dom of the variant aircraft brings complex changes to its
configuration parameters and aerodynamic parameters, such
as the exhibition length, chord length, centroid, and moment
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of inertia. Therefore, the flight control system of the mor-
phing aircraft inevitably undertakes an arduous guarantee
mission. For more than a century, the morphing aircraft has
undergone a leap-forward development from simple imple-
mentation to the combination of intelligent materials and
advanced control methods and has achieved fruitful research
results.

The accurate establishment and reasonable form transfor-
mation of the variant aircraft dynamics model play an impor-
tant role in the controller design. In the research of dynamic
modeling of variant aircraft, some researchers have used the
conventional single rigid body modeling method [5], which
considers only the change of aerodynamic parameters with
the morphing process, ignoring the changes such as the mass
distribution and position of the centroid. Therefore, because
of the multiple variant structures, the single rigid body mod-
eling method is unable to accurately describe the dynamic
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characteristics of the variant aircraft. Hence, the nonlinear
model of the variant aircraft obtained by the multibody mod-
eling method can better reflect its real dynamic character-
istics. A flight mechanics modeling method is proposed to
solve the time-varying characteristics of the aerodynamic
parameters, moment of inertia and centroid of a variant air-
craft during the variant process, and flight simulation ver-
ification is carried out with the “gull wing” aircraft [6].
The Kane multibody modeling method is used to establish
a nonlinear dynamic model including the variant structure of
the morphing aircraft [7], [8].

The design of a flight control system is an important
research direction because of its complex characteristics and
uncertainty during the variant process. At present, the method
of controller design is mainly divided into two directions:
the nonlinear controller and the linear controller. From the
aspects of algorithm maturity and design experience, itis very
difficult to directly design a controller for complex nonlinear
systems. However, there are still many studies on controller
design for nonlinear models of morphing aircraft. In [9]-[11],
the continuous change of sweep angle is regarded as the
controller input quantity; furthermore, the adaptive evalu-
ation network structure and the nonlinear dynamic inverse
decoupling method are used to realize the optimized tracking
controller design of the variant aircraft. With the assistance
of morphing capability, the maneuverability of the aircraft
has been significantly improved. For aircraft capable of large-
scale deformation, the attitude stabilization and trajectory
tracking controller for longitudinal motion is designed by cal-
culating the relationship between its dynamic characteristics
and the rate of change for the wing sweep angle [12], [13].
Based on the uncertainty of the morphing aircraft model
and the input-output boundary constraints, an adaptive neu-
ron dynamic surface controller is designed by the barrier
Lyapunov function. Reference [14] computationally solves
the aerodynamic parameters of the morphing aircraft and
obtains its nonlinear model of it the morphing aircraft and
obtains its nonlinear model. The adaptive control system
with the inner ring providing deformation control and the
outer ring providing flight control is designed. Linear con-
troller design methods are more mature and less complex
than nonlinear controller design methods. Therefore, how to
ensure that the established mathematical model conforms to
the dynamic characteristics of the variant aircraft and that
the robust controller designed on this basis can ensure the
smoothness of the dynamic output of the variant process has
become the focus of research on morphing aircraft. Linear
controller designs for morphing aircraft are mostly based
on the LPV model because this model can include defor-
mation parameters and characteristics of the operating point
over time. To date, there has been a substantial amount of
research on the design of morphing aircraft controllers based
on the LPV model. In [15], a gain scheduling controller with
LMI conditions is designed for the LPV model of a type of
spanned morphing aircraft. Based on the speed linearization,
the LPV model of the variant aircraft is established, and a
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robust Hy, feedback controller is designed in [16]. A two-
layer closed-loop system with feedback from the self-tuning
controller is constructed for the LPV model of a folding wing
aircraft [17], [18]. However, to adopt the multibody LPV
model theorem to make the late Hy, controller design elim-
inate infinite constraints, the coefficient matrix of the LPV
model must be constructed as an affine parameter-dependent
form. Therefore, it is impossible to accurately express the
dynamic characteristics of a morphing aircraft in which a
plurality of deformation parameters exist. At the same time,
the above literature does not consider the existence of model
perturbation and interference, and later studies have shown
that the Hoo-type controller has a poor control effect under
this condition [7].

The development of sliding mode controllers has brought
new ideas to solve the controller design of uncertain LPV
systems since the sliding surfaces are insensitive to matched
or mismatched uncertainties [19]. To improve the resistance
of the controller to the perturbation and interference of the
LPV model, the sliding mode controller is designed by the
LMI based on the description of the LTI system to improve
the robustness of the system [20]-[22]. Among those ref-
erences, [21] guarantees the L, performance of the system,
and [22] introduces an adaptive control algorithm. However,
all of those solutions are restricted to the single operational
condition, and most of them are sliding mode observers for
special LPV applications only [23], [24]. To further improve
the problems in the above documents, a class of parameter-
dependent sliding mode controllers with finite time conver-
gence is derived using LMI conditions, which guarantees the
stability of a complex variant aircraft morphing process, and
a detailed theoretical derivation is carried out in [7]. How-
ever, the single selection of its Lyapunov matrix leads to the
sliding surface not achieving a true parametric dependence.
Furthermore, in the absence of model parameter perturbation
and interference, the quality of this sliding mode controller
is lower than that of the Hy, controller with reasonable
parameter selection. It can be seen from the above review
that research on the design of sliding mode controllers for
common LPV systems is limited. Based on the above liter-
ature, the advantages of the integral sliding mode controller
have attracted our attention. The introduction of the integral
term not only changes the sliding surface with the change
of time-varying parameters but also realizes the theoretical
parameter-dependent form of the sliding surface and makes
the output error converge to zero more efficiently.

Inspired by the above research, the robust integral sliding
mode control problem for uncertain LPV systems of a type
of large-scale morphing aircraft is studied in this paper. First,
the nonlinear model based on the KANE multibody model is
transformed to the uncertain LPV model. The convex multi-
body LPV model is further obtained, and then the LTI system
form is derived. The above mathematical model serves as
the basis for the controller design. Second, the existence
conditions of the integral sliding surface that can converge
the LPV system for a limited time are derived. Based on the
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LMI existence condition, the LFR-H, controller, which can
guarantee the stability of the variant process, is designed, and
the integral sliding mode controller, which makes the system
have the same closed-loop pole, is derived by the pole con-
figuration method. Then, in order to further suppress model
perturbation and interference and improve the robustness of
the system, the adaptive rate is introduced into the control
law. Finally, the Lyapunov function proves that the parameter-
dependent robust adaptive integral sliding mode controller
can make the system trajectory converge to the sliding surface
in a finite time to ensure the stability of the system.

The exact contributions of this paper over previous works
are as follows:

o The linearized LPV model of morphing aircraft has

been extended to include a velocity integral term and
a height integral term. The designed controller can not
only maintain the height and speed of the system but also
minimize the Ly gain performance of the system.

o Unlike the cases of [15]-[18], the Hx, controller design
is carried out after converting the nonaffine LPV model
of the morphing aircraft into the LFR form. Surpassing
the limitations of the LPV model in the past literature
requires the use of the affine form.

o Compared with the newly studied sliding mode con-
troller [7], the adaptive integral sliding mode controller
designed in this paper realizes the parameter-dependent
form in the theoretical sense - the introduction of the
integral term causes the sliding surface to change with
the change of the deformation parameters. In addition,
all the closed-loop poles can be arbitrarily placed, not
just those for the reduced system in the sliding mode as
in the prevailing literature. Hence, compared with that of
the sliding mode controller designed in [7], the control
quality is further improved, and the anti-interference
ability and robustness of the system are improved com-
pared with those of the LFR-H, controller.

The sections in this article are organized as follows. Useful
preliminaries are given in Section II. Section III contains the
establishment and transformation of the dynamic model of
a morphing aircraft. Section IV deduces the existence con-
ditions of the integral sliding surface based on the LFR-H
controller. Then, we carry out the Lyapunov stability analysis.
In Section V, numerical simulations are implemented to eval-
uate the performance of the adaptive integral sliding mode
controller. The conclusion is shown in Section VI.

Il. PRELIMINARY RESULTS

Lemma 1 (Vertex Properties of Cellular LPV Systems [25]):
If the LPV system matrix can be described as a convex
combination of vertex matrices (polymorphic structure)

k k
ColAj,i=1,2,... k}:= ZaiAi|oz,-zO,Za,-=1},
i=1 i=1

ey

then the combination of controllers designed at the vertex can
be applied to the whole LPV system.
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Lemma 2 (Boundary Reality Theorem [26], [27]): Con-
sider the system (2)

X =Ax + Bw

2
z=Cx +Dw @

where x, w, and z are the system states, inputs, and outputs,
respectively. Let the constant ¥ > O0; then, the system is
progressively stable, and the transfer function from w to z
satisfies ||T,w(s)lloo < ¥ if and only if there is a positive
definite symmetric matrix P > 0, establishing (3).

ATp+pPA  PB  CT
BTP -yl DT | <oO. 3)
C D —ylI
Lemma 3 (Quadratic Ly Gain Characterization [28]):
Consider the LFR system given in (4)

X = Ax + Byg + Byw

p = Cpx + Dpgn + Dy, w

2= Cxx + Dyyq + Dyyw 4)
q=A0)p

AO) = diagB1s1, . . ., Oplm).

If there exist matrices P € S' and IT € R and a real
scalar y > 0 such that

Qpi+ UL MVp+ Wi TIVp; <0, i=1,....r, (5

where
A'P+PA PB,; PB, CI
Qps = (PB,N-)TT 0 0 DZTq’,.
’ (PB,) 0 —yI DI,
C, qu,i Dy, —yi
Upi = [Cp —I +Dpgi Dpy O]
Vp=[I 0]. (©6)

then system (4) is quadratically stable, and the quadratic L,
gain from w to z is less than or equal to y for all values of the

parameter 6.
Lemma 4 (Schur Complement Lemma [27]): For a given
symmetric matrix
S Si2
S = , 7
|:521 522:| M
the following three conditions are equivalent
S <0
Sit <0, S»—SLS;'Si2<0 (8)

S <0, Sii—8LS5,'S1n <.

Lemma 5 (Controllability Criterion): If the controllable
matrix S, of the linear stationary system (A, B) is defined
as (9), the necessary and sufficient condition for the system
to be fully controllable is (10).

Se=[B AB A’B A1B], ©)
rankS. = n. (10)
81517
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IIl. MODELING AND SYSTEM DESCRIPTION

In this paper, a morphing aircraft with a variable wing
length and sweep angle is chosen as the research object.
The BQM-34 “Firebee” UAV produced by Teledyne-Ryan
Company in the United States was used as the basic platform
of the morphing aircraft design. The Firebee UAV is one
of the most widely used drones and has the advantages of
recyclable use, excellent performance and strong renovabil-
ity. The three views of Firebee are shown in Fig. 1, and part of
the basic configuration parameters are listed in Table 1. Other
parameters can be referred to as described in [29].

FIGURE 1. Three views of the Firebee UAV.

TABLE 1. Basic configuration parameters of the Firebee UAV.

Parameter/Unit Basic Configuration
Length (m) 6.9

Span Length (m) 3.9

Height (m) 2.1

Weight (kg) 907

Maximum Flight Speed (M ach) 0.97

Lift limit (km) 18.3

Engine mounting angle (°) 0

This paper replaces the wings with deformable wings that
have variable sweep lengths and sweep angles. The wing
swept angle can be changed in the range of 0° — 45° smoothly,
and the complete wingspan can be varied from 5 m — 9 m.
Assume that the variant process is performed symmetrically
and simultaneously on the left and right wings. Several typical
appearances are shown in Fig. 2. For example, shape A has
a large wingspan and no sweep angle, which increases the
lift of the aircraft. Hence, this shape is suitable for the takeoff
mission. Shape D is the high-speed profile with fully retracted
wings and the maximum sweep angle.

This part is based on the longitudinal nonlinear model of
the morphing aircraft obtained by Kane modeling. First, lin-
earization is used to build the LPV model and then obtain the
equivalent LTT model through LFR modeling. In this paper,
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FIGURE 2. Some typical appearances of the morphing aircraft.

Bodyl: Airframe
Body2. Body4: Inner wings
Body3. Body5: Outer wings
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FIGURE 3. Depiction of the multibody representation.

TABLE 2. Variable values in the multibody model of the variant aircraft.

Parameter/Unit Parameter values
b (m) 0.3

A (°) 0—45

A (m) 0—2

l1 (m) 2.5

Iz (m) 2.0

only the longitudinal movement of the aircraft is considered.
The altitude is selected as iy = 9144 m and Vy = 0.5 Mach
(Vo =~ 170.15 m/s). Define the sweep angle and wingspan
change rate A = A/45° € [0,1]and § = A/} € [0,0.8],
respectively, where A is the sweep angle, A is the change
quantity of the half wingspan and /; is the length of the inner
wings. The labels for each part of the morphing aircraft are
shown in Fig. 3. Table 2 lists the values of the variables shown
in Fig. 3.

A. NONLINEAR MODEL FOR THE MORPHING AIRCRAFT
The dynamic model of the morphing aircraft is the basis
for the control system design. Changes in the shape of the
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aircraft lead to changes in the mass distribution, moment of
inertia, etc. The conventional aircraft model is modeled as a
single rigid body that cannot obtain an accurate mathematical
model. Therefore, the multibody model based on the KANE
modeling method is used for the nonlinear model of the
morphing aircraft. The morphing aircraft nonlinear model is
as follows [7], [8]

1% F Wi

S D R
BN
o

Vsin(@ — a) 0

where

ny 0 since 0
0 m;V cosae O
= | sinae V cosae E33 0
0 0 0 1
0 0 0 0

Fir=Tcosa — D —m;gsin(@ — «)

, (12)

—_ o O OO

—q2 cosa(myly sin A + 2mpla sin A — mypb)

Fy = —sinaT — L + mygcos(0 — a) + mqV
+q? sina(myly sin A + 2mala sin A — mpb)

F3 =bsinaD + bcosal + M, + gcosé
(Iymy sin A + 2lamy sin A — mpb)
+qV cos a(lymy sin A 4 2mola sin A — mpb),

(13)

Wi = —myl; cos oz(A’2 sin A — A" cos A)

—2my cosa(—3A’A’cos A — A sin A
+2IA A sin A

—A"Ix cos A) — 2gmili A" sina cos A
—my sina(4qA’ sin A + 4gla A’ cos A)

W, = myl; sin Ot(A/Z sin A — A" cos A) + 2my sina
(=3A’A’cos A — A" sin A + 215 A'? sin A
—A"Ip cos A) — 2gmil1 A’ cosa cos A
—my cosa(dgA’ sin A + dgla A cos A)

W3 = —qmllle’ sin A cos A
—2myla sin A(2qA’ sin A
+2gIa A cos A) — 2qgA'(Jy + J3)sin A cos A

(14)
InE,
e = (Iymy sin A + 2mpla sin A — myb)
E33 = mpb? + sin® A[32my + 2mal3 + 2(J2 + J3)]+Jy.
(15)
Among these parameters, m;, my, mp,m; are the quality of
the whole aircraft, Body1, inner wing, and outer wing, respec-

tively. V and h indicate the speed and height of the flight,
respectively, o represents the angle of attack, and 6 and g
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represent the pitch angle and pitch angular rate, respectively.
Jy is the body longitudinal moment of inertia, and J> and J3
represent the inertia of Body2 and Body3, respectively. Other
variables are shown in Fig. 3. This paper considers only the
longitudinal motion of the aircraft.

In (11), T,L, and D are respectively the thrust, lift and
resistance of the aircraft determined by (16)

D = 05,,Cp, ()
L =08,CL = 08(Cp,y + Cr o + Cp,8c)

M = 05,,cCy = 08, c(Cpp,_y + Cpr, 0 + Cpys,8e) (16)
T = Ts, 7.
where

Cp(ar) = 0.0257 — 0.0069¢ — 0.0036
+(0.0014 — 0.0002& — 0.0008A)r

Cr,_, = 0.1417 4 0.0642¢ + 0.0209). — 0.0291&2
—0.03361& — 0.15270% + 0.01591&2
—0.00251%& + 0.056513

Cr, = 0.0979 + 0.0051& — 0.0148x
+0.03421& — 0.063212
—0.154812& — 0.192513 + 0.116423¢
+0.0992.4

Cr,;, = 0.0038 — 0.0027¢ + 0.0012&2

Cwm,_, = 0.0357 — 0.0912& — 0.10261 + 0.0702¢>
—0.22331& + 0.06741% — 0.0264¢&3
—0.0192182 + 0.16721%¢

Cu, = —0.0293 — 0.0024& — 0.0245% + 0.00832
—0.06490& — 0.075812 — 0.09321£2
—0.16841%¢
+0.234423 — 0.358712£2 4 0.185213¢
—0.18492*
—0.305203£2 4 0.0346)%€ + 0.04011°

Cu,, = —0.0142 + 0.0083¢ + 0.00321
—0.0028£% — 0.0011£.

(17)

In (16), Q is the atmosphere dynamic pressure, ¢ is the
average aerodynamic chord length, S,, is the reference area of
the wings, T5, = 129.27N /% is the throttle opening coeffi-
cient, and &, 8 represent the elevator declination and throttle
opening, respectively. In addition, Cr, Cy,Cp are the lift
coefficient, pitch moment coefficient and thrust coefficient,
respectively, which are functions of A and &. Cr, Cy,Cp
are fitted by the data obtained from DATCOM [30], a useful
software package that can provide aerodynamic coefficients
based on aircraft profile parameters.

B. POLYTOPIC LPV MODEL FOR THE

MORPHING AIRCRAFT

In this paper, the LPV model of the morphing aircraft is
chosen as a mathematical model for the controller design.
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The Jacobian linearization method is used to transform the
nonlinear variable parameter model (11) into a small linear
perturbation model (18)

X = A\, E)x + B(A, &)u, (18)
where
[A11(A, &) App(h,8) 0 —g 0 0 0]
0 Ap(X, &)1 0 000
0 Ap(A,E) 0 0 000
AL 8) = 0 0 1 0000
0 Vo 0 Vg 000
1 0 00 00O
2 0 0 _O 0 100 (19)
Bii(L,€) 0.1425
By1(%,8) 0
B31(%,§) 0
B(h, &) = 0 0
0 0
0 0
L 0 (U

A11,A12,A2, A3, B11, Bo1, B3 are function expressions
governed by A and &, whose specific expressions are
describedin[7].In(18),x =[AV Aa Aqg A6 Ah
[evdt  [epdt]” are state quantities; u = [8, 717
are the elevator deflection and throttle control volume; and
ey, ey are the deviations of speed and height relative to the
instruction values, respectively. It is proven that the response
curves of the LPV model and nonlinear model essentially
coincide with each other when the vehicle is in an open-loop
state. Therefore, the LPV model can be used as the basis of
the controller design [7].

Remark 1: To minimize the L, gain performance of the
outputs, the state matrix is extended to include the terms
[ [ et fehdt]T. [ eydt and [ epdt are the error inte-
grals of the speed and altitude, respectively. Considering the
uncertainties and other disturbances of the system matrix,
the system model (18) is extended to the following forms (20)

w AR
W Yy
N , LTI system
LPV model I:/ n Yy m
[
A(E,N)

FIGURE 4. Equivalent graphs of the LPV and LFR systems.

To reduce the complexity of the controller design by
directly applying Lemma 1 in the later work, the equivalent
polytopic structure with k vertices of the LPV model (20) is
obtained by the tensor product conversion method of high-
order singular value decomposition (HOSVD). The specific
decomposition process is described in [31], and the details are
not discussed here. Then, we can obtain (22):

x=(CofA;,i=1,2,...,k} + AA)x
+Co{By;,i=1,2,...,k}u+ Bow (22)
y = Cx+Diu+Dow

where

CofA;,i=1,2,...,k}

k k
S wienz 0w 1}
i=1 i=1

Co{By,i=1,2,...,k}
k k

=1 BBilBi =0,y pi= 1}-
i=1 i=1

C. LFR MODEL FOR THE MORPHING AIRCRAFT

A(X, &) is anonaffine parameter-dependent form of A,&, so the
traditional polytopic design method cannot be used to design
H, controller [26]. This section uses the LFR method [28]
to transform the LPV model (20) into the LTI model as the
basis of the Hy, controller design, as shown in Fig. 4. The
transformation of the equation of state is in (24), as shown at
the bottom of this page.

(23)

. Therefore, the equivalent LFR form of (24) can be
x =AM, &+ AAx + B1(A, &u+ Byw o .
{ B (C ( ‘ED) D) 14 8) 2 (20) expressed as (25), which is the model basis of the Hy, con-
y=Cx+ D+ Daw, troller design.
where X =Ax + B,n + B,u + B,w
C— O 0 0 0 0 1 O m = Cpx + Dyypn + Dyt + Dyyyow
0O 0 0 0 0 O 21 y = Cyx + Dyyn + Dyyu + Dy,w (25)
Dy =022 n=AR,&m
Dy = 02x1. A, &) = diag(M1, §D)
A(r. &) Bi(A.§) By _|A B, By B, B —1
|: C D1 D2 - Cy Dyw Dvu + Dyn X A()\ta E)(I DmnA()\s g)) [Cm Dmu me] (24)
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The specific definitions of the matrices in (25) are given
in the Appendix. In this model, only A(X, &) is a matrix
with variable parameters, and it can be transformed into
a polytopic structure according to the vertex selected in
Section II.B. Hence, A(A, &) can be expressed as Co{A;, i =
1,2,...k}. At this point, the LTI form of this morphing
aircraft is obtained, and the Hy, controller can be designed
based on the model.

IV. ADAPTIVE INTEGRAL SLIDING MODE

CONTROLLER DESIGN

This section designs the adaptive integral sliding mode con-
troller for the morphing aircraft. First, based on the feedback
matrix of the LFR-H, infinite controller of the variant air-
craft, the conditions of the integral sliding mode surface are
derived. Then, the adaptive integral sliding mode control law
with the adaptive rate is derived according to the selected slid-
ing surface. Finally, proof of Lyapunov stability is carried out.

A. CHOOSING THE INTEGRAL SLIDING MODE SURFACE
BASED ON THE LFR-H, STATE FEEDBACK
In the past, it has been found that the Hy, controller can
achieve better control performance than the existing sliding
mode controller when the feedback matrix is adjusted suit-
ably. However, in the case of parameter perturbation, the sta-
bility of the sliding mode controller is much better than that of
the H, controller, whose control effect is obviously reduced.
In this part, the feedback matrix of the LFR-H, controller
is designed first. Then, the integral sliding surface with the
same control function is derived [32].

Theorem 1: Define the integral sliding surface as follows

t
s=—E(X,$)x+F/ edt, (26)
0

where the matrix E(), £) € R2*7 ensures that (E(%, £)B(%, £))
is a nonsingular matrix; F € R?>*? is a full rank weighting
matrix; and e € R**? is the difference between the actual
output y and the given output y.

Considering the polytopic LPV model (22), evaluate the
scalar y > 0. If the LFR model (25) of the same system
satisfies the LMI condition (27) and the integral sliding sur-
face is selected by condition (29), as shown at the bottom of
this page, then the integral sliding surface (26) exists, and
the system has robust stability with L, gain performance.
Furthermore, the closed-loop poles of the integral sliding

mode are exactly the eigenvalues of the desired system with
the LFR-H, controller.

Qo.i+ Ub MW+ W, MUg,; < 0. (27)

For the specific form of Up;, Qp,; and Wp;, see
(28), as shown at the bottom of this page. In (29),
Co{K;,i=1,2,...,k} are the polytopic forms of K(A, &)
solved from (28) by K; = (KQ);/Q, O = 07 > 0and
M=MT
Proof: First, it is proven that the pair (A(§, A), B1(§, 1))

is completely controllable over the entire variable trajectory
A €[0,1]and & € [0, 0.8].

For the polytopic LPV model (22) of the morphing aircraft,
the calculation verification (30) is established:

A1B11 A?B]]] =7
A2B12 ASB1n] =7

rankS.1 = rank [311
rankS¢) = rank [312

rankS.y = rank [Blk Ar Bk AgBlk] =7 (30)

As specified by Lemma 5, the LPV system (20) is completely
controllable at the vertices. Because of Lemma 1, the com-
pletely controllable nature of the vertices can be extended to
the entire LPV system (20) with A € [0, 1] and & € [0, 0.8].

Second, design the H, controller based on the LFR model
to construct a closed-loop system of the LPV model for the
morphing aircraft.

Consider the following form of the LPV model

x =AWE)x + Byw

31
y = Cx+Dyw, D

According to Lemma 2, if and only if there is a real matrix
P = PT > 0 that satisfies the LMI constraint (32) is the
system quadratically stable with an induced L, gain of less
than y.

PAG) +AT(LEP  PBy(ME)  CT

BY(n&)P —yI DI | <0 (32
C Dy —yl
Then, left and right multiply diag(P~' I 1) of (32) and
gain (33) where Q = p1
A0+ QAT(LE)  Ba(nE)  QCT
BY(1.6) —yl DI | <0. (33
co D> —yl

Ugi=[BiAi —I+D),A; DLA; O]
QAT + AQ + B,(KQ); + (KQ)T Bl oCl + (KQ)IDL, oCl+&Q!D!, B,
e C,Qi + Dy (KQ)! 0 —yl Dy,
Bz\: DZ;W DyTw _VI
1
WQ,i = 5 [Cm + DyuKi Dyni+1 Dy 0] »
E ={Cof{A;,i=1,2,...,k}+Co{B1,i=1,2,...,k}Co{K;,i=1,2,...,k}} FC (29)
VOLUME 7, 2019 81521
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Furthermore, we can derive (34)

AQEQ+0AT(LE)  0CT  Ba(hE)
(6/0) —yl Dg <0. (34
B} (1.§) D; -yl

The derivation (31)-(34) shows that system (35) satisfies
Lemma 2 (bounded real Theorem)

x=AT&)x+CTw

y=BY(x, &)x + Diw. (35)

In addition, we can deduce (37), as shown at the bottom of
this page, by (36), as shown at the bottom of this page.
Hence, its LFR form is as follows

)'C:ATx+C,£n+CyTW
m=Blx+DI n+ DyT,nw
y=BlIx+ DI n+ D}T,ww
n=A,&m

A(A, &) = diag(Mly, D).

(38)

Substitute System (38) into Lemma 3 with the selection of
G, H,J in [28] as (39)

1

G = zC,QM
1
H = SMDumAG, & +1D)
1
J = EMDmWa (39)

and then, the variables in (27) can be obtained as shown
in (40)

Thus far, a form of linear inequality that can be directly used
by the LMI toolbox in MATLAB is obtained.

Substitute the Ho control rate u = Kx in the LFR model
(25) of the morphing aircraft, and obtain (41)

X = (A+ B,K)x + Byn + Byyw

m = (Cy;, + Dy K)x + Dy + Dyyyyow
y = (Cy + Dy,K)x + Dyun + Dy, w
n= AR, Em

A(A, §) = diag(rly, §1p).

(41)

The LMI condition (27)-(28) is obtained by (40) and (41)
to satisfy the secondary H., performance. According to
Lemma 1, the feedback matrix of LFR system (18) can be
taken as

k k

Co{Ki,i=1,2,...,k}:= {Z(xiKikxi > 0, Zai = 1} .
i=1 i=1

(42)

The state equation of the closed-loop system after the feed-
back matrix K (A, &) is introduced at this time as (43)

Ad(h,§) = A, §) + B(x, §)K (2, ) (43)

Matrix Ag(A,&) can be arbitrarily assigned, which is
expressed in the controllable canonical form in (44), as shown
at the bottom of this page, where aj, a> ... a7 are the func-
tions of A, £ and 0 ~|—a7s5 +...4+axs+a; = 0is the desired
closed-loop characteristic equation. At this point, the closed-
loop model of the LPV system based on the Ho, controller

Ug,i = [B,{Ai —I + DI A; DyTnAi 0] has been successfully built.
AT A cr cT B Third, we chose the integral sliding surface for the same
QA" +40 0C, 0C, W closed-loop poles with the LFR-H, controller.
CnQ 0 0 Dy Remark 2: To derive the equivalent part of the control law
Qo = 0 0 —yl Dy, when the system response converges to the sliding surface,
T T T assume that there is no uncertainty in the coefficient matrix
B, Dy, Dyw —vI of the system and interference, that is, AA = 0 and w = 0.
Wo.i = l [ Cpn  Dynhi+1 Dy 0] ] (40) The .integral sliding surface selection is as .shown in .(2.6).
2 Assuming that the system can converge to the integral sliding
A 8)  Ba(A,6) A By By, |
=| + X A, )T — Dy AL E) | C D 36
AT e T AT T cr
=" + x A(h, &) — D}, A, €)' [BI DI 37)
[Bg (& DI Bl DI, pr . m [Bx D]
0 1 0 0 0 0 0 ]
0 0 1 0 0 0 0
0 0 0 1 0 0 0
Ag(r,8) =10 0 0 0 1 0 0 (44)
0 0 0 0 0 1 0
0 0 0 0 0 0 1
| —a1(A,§)  —ax(X,§)  —a3(r,§)  —as(r, &)  —as(h,§)  —as(h,§)  —a7(X.§)
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surface in finite time, the linear equivalent control u,., can
make the first derivative of the sliding surface s = 0
§=—E(, §)x + Fe
= —E\, &) [A(L.E)x + Bi(M.§)ueg + Bow] + F(y — )
= —EX, §AME)x — E(, §)B1(X,8)ueq
—EE)By(MEW+ FCx — Fy
(=E(, ©)AXE)+HFC)x — E(, §)B1(X,8)ueq
—E®, §)B2(A,5)w — Fy
=0. (45)

From (45) to (46),

teg = (EO\, ©)BI(LEN T [(—E (L, §)A,E)+FC)x
—EQ, §)By(A.5)w — Fy].  (46)

Substituting # = u., in LPV model (20) and obtain (47)

% = [AQ.8) + BILENEQ.E)B1(ME) " (~E(L.E)AO.§)
+FO — Bi(LEEM.§)B(1,6)) ' Fy

= Acgx — BIOLENE(1,6)B1(.£)) . @7
At this point, the closed-loop system equation under the
integral sliding mode controller is obtained.

Finally, to make the poles of system (47) under the action
of the integral sliding mode controller equal to the that of the
feedback matrix obtained by the LFR-H, controller, the two

closed-loop systems should have the same system matrix.
Hence,

Aeg(A, 8) = Aq(R, §), (48)
which is
AQ, )+ Bi(k, ENE(, £)Bi (1, §))
X (=E®, §)A(R, §) + FC)
=AM, 8+ B1(A, HK((R,8). (49)
Applying (49), we can obtain (50):
E( &) =AM &) + B0, KL, §)'FC. (50)

By Lemma 1, E(X,&) can be chosen as the polytopic

form (51)

E ={ColA;,i=1,2,...,k}+Co{By,i=1,2,...,k}
-Co{Kj,i=1,2,...,k}}JFC. (51)

When (51) is satisfied, the closed-loop system composed of

the integral sliding mode controller obtains all the desired
poles of the LFR-H, controller. That is, the two controllers

have the same effect without parameter perturbation. There-
fore, the integral sliding mode switch surface (26) of this part
is implemented.

This completes the proof.

B. SELF-ADAPTION INTEGRAL SLIDING MODE CONTROL
RATE DESIGN AND STABILITY ANALYSIS

On the basis of Section IV.A, an integral sliding mode
approaching the control rate with finite-time convergence is
designed based on the idea of parameter dependence. Hence,
the uncertain LPV system can converge to the sliding mode
switching surface s = 0 in finite time under this control rate
and subsequently maintain the sliding mode motion.

In this part, by using the Lyapunov stability proof method,
we prove the stability of the system based on the LFR-Hy,
controller first to confirm the effectiveness of its design.
Then, we prove the stability of the system under the action
of the integral sliding mode controller designed based on the
LFR-H, controller.

Theorem 2: Suppose the integral sliding surface exists that
satisfies the conditions in Theorem 1. The uncertain LPV sys-
tem converges to the switching surface in finite time under the
effect of the sliding mode approaching the control rate (52)

u=—(EB)) 'EAx + (EB;) " 'Fe
+(EB)™ | 1+ AAJEN x| + WIIElel] sign(s),  (52)
where

A=CofA;,i=1,2,...,k}

By =Co{Byi,i=1,2,...,k} (53)
E=Co{E;,i=1,2,... k},
sign(s) = 8s. (54)

AA and W are the estimated values of AA and w satisfying
AA(O) = 0, w(0) = 0, respectively. In addition, u,8 > 0
are adjustable gain parameters; sign(e) is the approximate
function of the switching function to improve the chattering
problem. In addition, the adaptive rates are as follows

AA = |Is@)|Il|Ex||

R (55)
w = ¢l|s()]|[|EBa||

Assumption 1: The upper bounds of AA and w(t) are
unknown.
Proof: First, it is proven that the LPV system (20)
is stable under the action of the LFR-H,, controller. The
parameter-dependent Lyapunov function is chosen as (56)

Vi, =xT 00, £)x (56)

Vit = x7 Q.. §) [AG, €)x + BO K G 6)x] + [xTAT G ) +xTK (. 6) B )T | 0. 60
= 27 [ Q0 AR )+ Ok B OK G-, €) + AT, 00 ) + K 0., €) B 6T 00.,8) |«
= 27 [ 00 AL )+ (KO-, )00, EDBG-, €) + AT, )00, ) + (KO, )00, €)TBOL T |+ (58)

VOLUME 7, 2019
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In (56), Q is the inverse matrix of the Lyapunov matrix.
Further,
Vi, = xT Q0 )% + 57 Q(, §)x
= x" 00, E) AL, £)x + B(L, £)u]
+ [x7AT 6. &) + 4T B &) | 06 ), (5T)
Insert u = Kx into (57) to obtain (58), as shown at the bottom

of the previous page.
By Lemma 1

Vi, 227 [QA + (KQ)B+ATQ + (KQ)TBT] x, (59)

where
{Q:Co{Qi,izl,%,...,k} ©0)
(KQ) = Co{(KQ);,i=1,2,....k}.
It is deduced from Lemma 1 and Lemma 4 that
OA +(KQ)B+A"Q + (KQ)'B" <0. (61)
Hence,
Vi, <O. (62)

By (62), the system is stable under the LFR-H, controller.
Therefore, the integral sliding mode controller designed
based on the LFR-H, controller is reasonable and effective.
Next, it is proven that the integral sliding mode controller
designed in this paper can make the uncertain LPV system
(20) converge to the sliding mode switching surface in a
limited amount of time.

s(t) = 0 is chosen as the sliding mode switching surface,
and the parameter-dependent Lyapunov function is chosen as
follows:

1 1 - 1
V = —sT (t)s(t)+— AAZ+—?. 63
R (1)s( )-|-277 +28W (63)

where

AA = AA — AA
{ (64)

W=w-—w
are the errors between the estimated values and the true
values.

Substituting the control rate derived in (65) into (63),
we obtain (66), as shown at the bottom of this page.

u=—(EQ EBIO,E)EM, HAG, &)x
+(EM, £)B1(1, §) " Fe
+(EQ, E)B1(L, €))7 f (1, £)sign(s)
O, &) = p+AAIEQ O|IxI|+OIER, £)B2(n, ),
(65)

The inequalities in (67), as shown at the bottom of this
page, are derived from the following relationship:

m m 2
ofsign(e) = leil =\[>  leil =1lell. (68)

Additionally, by Lemma 1, (65) can be chosen to be in the
form of (52).

At this point, Theorem 2 is proven.

Remark 3: In the control law in (52), the chattering problem
in the sliding mode controller is suppressed by replacing §-(e)

. 1 -~ =z |
V = sT(0)s(t) + —AAAA + —ivw
i &

1 -~ = 1._:
= s (1) (—E(k, €)X + Fe) + —AAAA + gww
n

= sT(W) [=E(h, &) (AQA, E)x + Bi(h, E)u + Bow + AAx) + Fe] + %AAAZ + éww

o 1 -~ = 1_.
= 5O (- = ARIEG, E)xl] = MIEBG ©)llsign(s) = EB2, €w = G )Mx | + - AAAA+ i

= 57 0) [ (= = DANEG £)21] = WIEBG, ©)l)sign(s) — B, €)w — E(r, §)AAx ]

+ISIEQ, &)x][|AA + [Is]|[|EB2(x, €)W

= 5 0) [ (= = DANEG ©)21] = WIEBG., ©)l)sign(s) = B, €)w — E(r, §)AAx ]
HIISIIEC, ©111(AA — AA)+ [ISI[EB2 G, £)II67 — w). (66)
V < 1lsll [ (1 = AAIEG., §)x1| = WIEB2(h, §)I) = EBa(h, §)w — EGr, £)AAx |
HIISIIEC, ©111(AA — A4) + [ISIIEBG, €116 — w)
< 115l [ (=1 = AAIEG., §)x]] = RIEB2(, O + [1EB2G, €)llw + EG, €)x]| A4
+IISIIEC, ©111(AA — A4) + [ISIIEBG, )16 — w)

—ullsl]
0

=
=

81524
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with sign(e), where § is an adjustable scalar. Then, tune the
gain parameters i, 8, 1, € to obtain better robust performance
and reduce the chattering in the simulation.

V. SIMULATION

To verify the effectiveness and advantages of the self-adaptive
integrated sliding mode controller designed in this paper, two
types of simulation experiments are carried out in this part.
First, the effects of the integral sliding mode controller with
self-adaption are compared with that of the integral sliding
mode controller, sliding mode controller and LFR-H, con-
troller when the model parameters are not perturbed. Second,
the advantage in the anti-interference of the self-adaption
integral sliding mode controller is demonstrated by compari-
son with results of the LFR-H, controller when the aerody-
namic parameters have different degrees of perturbation.

First, we use the TP toolbox in MATLAB to decompose the
LPV system (20) to a polytopic model (22) with 4 x 3 = 12
vertices. For the two time-varying parameters A, £ in the LPV
system, take 4 singular values in the A direction and 3 singular
values in the £ direction in consideration of the computa-
tional complexity and accuracy. The specific system matrix
and parameters at the vertices are not listed in this paper.
Second, the LPV model is transformed into the LTI system
form (25) by an LFR transformation with the LMI toolbox in
MATLAB. At this point, all the mathematical model results of
the morphing aircraft required by the simulation in this paper
are obtained. The specific simulation results are shown in the
appendix.

Here, the desired performance is selected as y = 10 to
design the feedback matrix Co {K12,i = 1,2, ..., 12} in The-
orem 1 by using the YALMIP interface with the SDP solver
SeduMi toolbox in MATLAB. Co{Kj,i=1,2,...,12} is
calculated as (69), as shown at the bottom of this page.
In addition, for the convenience of parameter debugging, F
in the integral sliding surface as described in (26) is chosen
as the full-rank identity matrix

F = I747. (70)

Other adjustable constants in the integral sliding mode control
law (52) and adaptive rate (54) are selected as (71)

u =25
§ = 200
n =0.15
e = 0.10. (71)

The simulation considers the following conditions in
Fig. 5. At the initial time, the aircraft is in the full-length
and zero-sweep state (A = 0,& = 0.8) with a fixed speed

AN

H, =9144m [ 1

10s /|
| | = HV,a,q
\
7, =0.5Ma
N

i A
A A
|
v
\

FIGURE 5. Morphing process in the simulation.

TABLE 3. Trimming state under typical shapes of the morphing aircraft.

A=0,£ =028 A=1££=0
Hirim 9144 m 9144 m
Virim 0.5 Mach 0.5 Mach
Qtrim —0.99° . —1.29°
Qtrim 0°/s 0°/s
Serrim 2.16° —2.00°
o1y, 16.75% 12.65%

and height. The morphing aircraft moves to a large sweep
angle and full wing contraction (A = 1, £= 0) in 10 seconds,
gradually starting from the tenth second. The morphing air-
craft is in a constant-speed and constant-height flight state.
The flight conditions are selected as hy = 9144 m and
Vo = 0.5 Mach (Vo =~ 170.15 m/s). The morphing aircraft
completes the variant process in a state of uniform linear
flight.

In this morphing scenario, two cases were evaluated.
In case 1, the integral sliding mode controller and the self-
adaptive integral sliding mode controller designed in this
paper are compared with the LFR-H, controller and finite
time convergence sliding mode controller developed in [7]
while assuming that the LPV model of the morphing air-
craft (20) is established accurately (no disturbance or model
perturbation). In case 2, the adaptive integral sliding mode
controller is compared with the LFR-H, controller with
different degrees of perturbation for aerodynamic coefficients
and other parameters.

Fig. 6 and Fig. 7 are comparison simulation curves of the
four controllers in case 1, where AISMC, ISMC, SMC and
LFR-H, represent the self-adaptive integral sliding mode
controller, integral sliding mode controller, sliding mode con-
troller and LFR-H, controller, respectively. The equilibrium
state of the morphing aircraft before variant implementation
is shown in Table 3.

The simulation results of case 1 show that the four
controllers can maintain the speed and height stability

—24.71
—260.45

—46768.41
Co{Kpp,i=1,...,12} =

VOLUME 7, 2019

653.16
—342399.94 4775.14

55604.98
407138.43

1624.23
11876.38

—159.28

4330.60
—2454.45

31672.12
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FIGURE 7. Case 1: Closed-loop outputs of the four controllers in the morphing process without perturbation.

requirements of the morphing aircraft in the short-time and
large-scale morphing process. While the control quality of
the integral sliding mode controller is improved compared to
that of the sliding mode controller and LFR-H, controller,
the addition of the adaptive rate further suppresses the fluctu-
ations in the speed and height of the morphing process. Under
the action of the adaptive integral sliding mode controller,
|[AVmax| < 0.0004, |AHmax| < 0.014. In this simulation,
after the variant implementation is completed, the speed and

81526

height of the aircraft are consistent with those before morph-
ing, where there are no static differences.

Fig. 7 shows the output curves of controllers during mor-
phing. As the area of wings decreases, the angle of attack is
increased to improve the lift. As the angle of attack increases,
the elevator angle decreases. The increase in the sweep angle
and the reduction in the wing area cause the resistance of
the aircraft to be reduced. Therefore, the throttle opening is
reduced. In addition, the output curves of the integral sliding
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FIGURE 8. Case 2: Closed-loop response of the AISMC controller and LFR-H, controller in the morphing process with perturbations.

mode controller exhibit no high-frequency oscillation, which
indicates that the shaking is well suppressed.

The mathematical model of the morphing aircraft has
strong nonlinearity and uncertainty; hence, the model is
difficult to establish accurately, which places extremely high
requirements on the robustness of the controller. The nonde-
terministic parameters in case 2 are designed in (72)

ACp = ACp = ACy

=0, =£10%, £20%, £30%, £40%, £50%
AQ =0, =£15%,+25%
Am, =0, +£5%. (72)

In what follows, 17 separate simulation experiments are
evaluated with different perturbation parameters for the two
controllers. The closed-loop responses with perturbations of
the AISMC controller and LFR-H, controller are shown

VOLUME 7, 2019

in Fig. 8 during the morphing process. In addition, the outputs
from two controllers are shown in Fig. 9.

The curves in Fig. 8 show that both controllers can con-
verge the flight speed and height to given values when the
aircraft exhibits perturbations during morphing. The sim-
ulation results of case 2 show that the robustness of the
adaptive integral sliding mode controller is better than that of
the conventional H, controller. On the one hand, the static
characteristics of the system have been improved. With per-
turbations in the model of the aircraft, the output variations
of the adaptive integral sliding mode controller are (73)

|AVAISMC_pen‘urbationim,clx ~ 0.0lm/S

|AHAISMC_perturbation|max ~ 0.02m (73)
‘AaAISMC_perturbation|maX ~ 3°
‘AQAISMCjerturbation’max ~ 0.13°/s.
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FIGURE 9. Case 2: Closed-loop AISMC controller and LFR-H, controller outputs in the morphing process with perturbations.

Under the same conditions, the fluctuations of the LFR-H,
controller are (74)

|AVHoo_perturbation|max ~ 0.20m/s

|AHHwJerturbcztion‘max ~ 0.15m

~ 4.50°

max

(74)
| Aag,,_perurbation |

| AgHocJ?erturbation |max ~ 0.13°/s.

On the other hand, the dynamic characteristics of the system
under ASIMC have also been ameliorated. The adjustment
times under the action of the controllers are (75)

Is(AISMC _perturbation) ™~ 1.2s

tS(Hoo_perturbation) ~ 3.8S. (75)

In the case of the same degree of perturbation, the integral
sliding mode controller causes the actuator to activate by
a small amount; hence, the stability of the variant process
can be ensured over a larger perturbation range, and the
antisaturation capability is stronger.

VI. CONCLUSION
This paper researches an adaptive integral sliding mode con-
troller of the LPV model by exploring a morphing aircraft
with variable sweep angles and variable lengths, ensuring the
stability of the morphing aircraft in the variant process.
First, the longitudinal dynamic mathematical model of a
variant aircraft is established and transformed. In the first
step, the longitudinal nonlinear model of the variant aircraft
based on the Kane rigid body modeling method is linearized

81528

to obtain an LPV model with a bounded L, gain performance
capable of describing its dynamic characteristics. In the sec-
ond step, the LPV model is decomposed into a polytopic
form using the polytopic characteristics of the LPV sys-
tem. In the third step, the LFR transformation method is
used to transform the LPV system into an equivalent LTI
model in a special form where the time-varying parameter
is used as a diagonal matrix in the feedback loop of the
LTI system.

Second, the existence conditions of the integral sliding
surface that can keep the variation process stable are derived.
In the first step, an LFR-H, controller based on the state
feedback is derived from a directly applicable quadratic sta-
bility LMI condition for the LFR model. In the second step,
the integral sliding mode surface with the same poles as the
closed-loop system under the action of LFR-H, controller is
obtained from the pole configuration method.

Then, the adaptive laws are used to estimate the perturba-
tion parameters and interference in the system to improve the
robustness of the uncertain system. Furthermore, the designed
AISMC controller can drive the closed-loop system to con-
verge to the switch integral sliding mode surface within
a finite time under the stability analysis of the parameter-
dependent Lyapunov function.

Finally, digital simulation proves that AISMC makes the
morphing process maintain better nominal performance and
robustness with uncertainty in the nonlinear model.

The adaptive integral sliding mode controller design
method proposed in this paper can be extended to cover a
wide range of general uncertain LPV model.
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APPENDIX Bu11 = Bio1 = 03x10
A. THE SPECIFIC DEFINITIONS OF MATRICES IN THE —0.0100 —10.0991 2.1956
LFR MODEL OF THE MORPHING AIRCRAFT
[-0.0229 45881 0 —9.8000 0 0 0] Buz = | =2.00220.0512 1.7958
0 —2.5832 1 0 000 0.0108 0.0658 335.5587
0 243370 0 000 Bu13 = Bn23 = 036
A= 0 0 1 0 000 Buia = Bipa = 03x1
0 ~170 0 170 00 0 By = 033
1 0 0 0 000 (A.3)
L 0 0 0 0 10 0_ Dy, = 02423 (A4)
(A.1)
0.0191 0.1425 Ak, £) = diag | A A E £ (A.5)
—0.1189 0
—14.3633 0 B 10
’ O 0 0 O 0 1 O
B, = 0 0 (A2) C, = (A.6)
0 0 O 0 0 O 0 o0 1
0 O Dyu = 02><2 (A7)
L 0 0 i Dyn = 02x23 (AS)
B, = [Buii Buiz B3 B’”“} (A.9) as shown at the bottom of this page, and (A.10), as
[ B2t Bu2 Bz B4 shown at the top of the next page.
C, — I:lel Cm12 le3 le4 leS Cm16 i|T
" Cm21 GCuo Gz Cw2a  Cuos  Cuoe
0.0038 0.0091 0
Cni1 =
—0.0051 0.7896 —2.0985
[0.0060 0 ~0.0023 |
Cm12 =
0.2912 —-0.1127 0.3233
—0.0014 0.0073 0.0028
Cmiz =
2.5817 —0.6354 —0.0723
0 0 0 0 (A.9)
Cinig =
1.2866 0.9941 —0.2239 —0.0566
c _ [ 1.6593 —0.4958 0.0158 0.0226 0.0087
3T 00194 —0.0690 —0.5841 0.0136  —1.2486
c _ -0.0015 0.0017 —0.0017 0 0
™0 T 47739 35233 —2.6249  0.0324 0
Cm21 = G2z = Gz = 035
Cim24 = O4x5
Cm25 = O5x5
Cim26 = O5x5
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Dmu = [Dmull DmulZ Dmu13 Dmu14 Dmu]S Dmu16]T
D _ [—0.0211  0.0981 —0.2739
mull = i O 0 O
D _ [0.2245 2.9323  0.3906
mul2 = i 0 0 0
D _ [—0.2593 —0.2148 0.0051
mul3 = 0 0 0
- (A.10)
D _10.0128 0 —0.0089 —0.0024
muld = i 0 O O O
D _ [ —0.1638 —0.5074 3.4027 —0.3699 —2.7967
mds =10 0 0 0 0
D _ [0.0618 —0.3212 02666 —0.0322 0
md6 =10 0 0 0 0
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