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Abstract This paper presents a novel adaptive mode switching scheme for hypersonic morphing aircraft
with retracted winglets based on type-2 Takagi-Sugeno-Kang (TSK) fuzzy sliding mode control. For each of
retracting and stretching modes, a specific sliding mode controller has been adopted. Drawing upon input/output
linearization to globally linearize the nonlinear model of the hypersonic aircraft at first, a type-2 TSK fuzzy
logic system is devised for robust mode switching between these sliding mode controllers. For rapid stabilization
of the system, the adaptive law for mode switching is designed using a direct constructive Lyapunov analysis.
Simulation results demonstrate the stability and smooth transition using the proposed switched control scheme.
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1 Introduction

Hypersonic morphing aircraft (HMA) [1] refers to hypersonic aircraft with variable wings to accomplish
specific tasks better. The HMA has the same characteristics as other hypersonic aircraft, including rapid
time-variation, strong nonlinearity, strong coupling, and model uncertainty [2,3], which cause difficulty in
designing flight controller. In practice, hypersonic aircraft always fly within a large flight condition range,
which causes frequent switching of the conditions [4]. The controller that keeps stabilization around a
single nominal flight condition cannot be used any more. Complex nonlinear systems cannot be controlled
easily in the switching process by simple control methods, which increase the difficulty of flight control
for hypersonic aircraft [5-7].

An HMA with retracted winglets needs to retract or stretch its winglets in large flight envelopes. If the
switching control cannot overcome the state saltation phenomenon while switching the modes of winglets,
it is hard to keep the process of retracting or stretching winglets smooth and stable [8,9]. Our purpose is
to construct an appropriate control of mode switching to keep the switching processes smooth and stable.
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Figure 1 An illustration of a typical HMA’s modes based on X-24B configuration. (a) The three views of vehicle in
retracting mode; (b) the three views of vehicle in stretching mode. Modified from [24].

In nonlinear control designs for hypersonic aircraft, sliding mode control (SMC) has been widely
used. The SMC provides a systematic approach to the problem of maintaining stability and consistent
performance in the face of modeling imprecision. For example, terminal SMC was combined with a
second-order SMC approach to solve the parameter uncertainties of a hypersonic vehicle in [10,11]. A
continuous high order sliding mode controller was designed to reject aerodynamic uncertainties in [12,13].
The main advantage of the SMC is that system response remains insensitive to model uncertainties and
disturbances. However, chattering phenomenon is the key drawback involved by using pure SMC [14].
Therefore, SMC is always combined with some filtering and fine-tuning methods for real-life applications.

In switching processes, the factors of uncertainties, such as disturbance, have to be overcome. Interval
type-2 TSK fuzzy approach [15,16], has been proven to overcome such factors in various problems [17,18]
and has been increasingly used in control of uncertain systems. Traditional type-1 TSK fuzzy logic
systems [19-21] have been used to solve such control problems [22,23]; however, as systems become more
complex, the exact fuzzy sets and membership functions are no longer enough to accomplish the task.
Thus, the type-2 fuzzy logic controller has arisen and undergone rapid development because of its ability
to deal with problems of uncertainty more effectively. Moreover, the control format of mode switching
is similar to the type-2 TSK fuzzy tools. Considering the advantages of SMC of nonlinear systems and
the characteristics of type-2 TSK fuzzy techniques, a type-2 TSK fuzzy switching scheme combined with
SMC is proposed for adaptive control of HMA in this paper.

The outline of the paper is as follows. Section 2 presents the model of HMA and gives the aerody-
namic parameters of vehicle in retracting, stretching and switching modes. In Section 3, the switching
mechanism is discussed first, and afterwards, the novel switching control is designed by combining type-2
TSK fuzzy and SMC. Moreover, the adaptive signals are obtained drawing upon a direct constructive
Lyapunov analysis. In Section 4, we conduct two simulation studies to test and verify the effectiveness
of the switching control. Finally, conclusions are presented in Section 5.

2 Model of hypersonic morphing aircraft

A hypersonic flight vehicle with retracted winglets is researched in this paper. The data comes from
an experimental aircraft model. The only difference between retracting mode and stretching mode is
the mode of the winglets which are used to adjust the lift-drag ratio, mean aerodynamic chord and
reference area. Illustrations of typical HMA retracting and stretching winglet modes based on X-24B
configuration [24] are shown in Figure 1.

According to the longitudinal force and moment equilibrium, the longitudinal dynamics model of
HMA [25] can be obtained as follows.
. Tcosa—D sin
Ve B (1)
. L+Tsina (/L*V%”)COS")/
= mV B V2 ’

(2)
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Figure 2 The aerodynamic parameters of vehicle in retracting mode. (a) The lift coefficient; (b) the drag coefficient;
(c) the pitch moment coefficient.

q= 3

)

M,
I,

h:Vsin’y, 5

(3)
a=q-7% (4)
(5)
B = —26wf — W+ w?be. (6)

In this model, V, v, q, a, h are the velocity, flight path angle, pitch rate, angle of attack, and altitude,
respectively; 3, w, £ are the throttle setting, natural frequency, and damping coefficient, respectively;
m, p, v, My, I, are the mass, gravitational constant, radial distance from the earth’s center, pitching
moment, and moment of inertia, respectively. For the lift L, drag D, thrust T', we have

1
L = §pVQSCL, (7)
1
1
T = EpVQSCT, (9)
Crn(8e) = 0.0292(0. — o), (10)
1
M = EpVQSE (Crm + Ci(8e)), (11)
0.02576., if g <1,
Cr = g ’ (12)
0.0224 + 0.003368,  if B> 1,

where Cr, Cp, Cp, C), are lift, drag, thrust and pitch moment coefficients respectively; p, s, R, are the
density of the air, reference area, and radius of the earth, respectively. The applicable control signals
are the throttle setting command S, in (6) and the elevator angle d. in (11). The specific dynamic
coeflicients are from a set of experimental data. Based on the same data set, we have m = 136820 kg,
I, = 9490740 kg - m?.

In the retracting mode, s = 369 m?, ¢ = 27 m, the aerodynamic parameters of lift, drag and pitch
moment coefficients for different Mach and angle of attack values are shown in Figure 2.

In the stretching mode, s = 389 m?, ¢ = 30 m, the aerodynamic parameters of lift, drag and pitch
moment coefficient for different Mach and angle of attack values are shown in Figure 3.

We consider a flight scenario where the aircraft is in retracting mode before time instant ¢;, then
we would like to morph the aircraft within the time interval [¢1, %3], so that it completely switches to
stretching mode after time instant t.

Assumption 1. Any system parameter X(¢), including s, ¢, and all the aerodynamic parameters, is
switched.

X(t) = Xy (£)e 2=t | Xo(p) (1 - e<*a<t*t1>>) : (13)
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Figure 3 The aerodynamic parameters of vehicle in stretching mode. (a) The lift coefficient; (b) the drag coefficient;
(c) the pitch moment coefficient.
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Figure 4 The system structure of switching control.

where X, stands for value in retracting mode, X5 stands for value in stretching mode, X stands for value
in switching mode. When ¢ = ¢1, s, ¢, and all the aerodynamic parameters are retracting mode values.
When t; < t < tg, s, ¢, the weights of values in retracting mode decrease while the weights of values in
stretching mode increase gradually, and eventually, at ¢ = t5, the stretching mode values are reached.

Consequently, in terms of the aerodynamic parameters in retracting mode and stretching mode, we
can obtain the aerodynamic parameters in switching process.

3 Design of adaptive switching control

We consider the problem of tracking desired velocity and altitude trajectories V. and h. for the HMA
described in Section 2. In the literature, there are control design studies for such problem for the case of
fixed structure aircraft. Our focus is to perform the task for the HMA, robustly to the abrupt changes
in the aircraft dynamics due to mode switching. In the problem, similar to the relevant studies in the
literature, we assume that the flight state z = [V, v, a, 8, h]T is available for measurement.

Define U; = [Be1,601]" as the control signal of retracting mode and Us = [Bez, e2]” as the control
signal of stretching mode. When the HMA switches the mode of winglets, the control signal has to be
switched correspondingly. The control of switching process is as follows.

Ul(t)a tg tla
U(t) =1 U(t), t1 <t<ty, (14)
UQ(t), t > ta,

where Uy = [Bet, 0¢¢]T is the control signal of mode switching, which can be expressed as follows.
U, — Bet (t) | ag (t)ﬂcl (t) + bﬁ (t)ﬂc2 (t)
t — - )
et (t) ag5(t)de1(t) bs(t)dea(t)

where ag, a5, bg, bs are the time varying control signal weights to be produced by the switching scheme.

(15)

The system structure of the switching control is shown in Figure 4.
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3.1 Sliding mode control in retracting mode and stretching mode

3.1.1  Input/Output feedback linearization

For the longitudinal nonlinear model of hypersonic aircraft (1)—(5), the third derivative of V' and the
fourth derivative of h are obtained as follows [2,3].

_ Tcosa—D psiny

V - m 7’2 fl($)7
=20 s, (16)
oz
P = TG s — w4 i s,
ox
h = Vsin~,
h =V siny + V4 cos ,
LT myreesy ) (17)
h =Vsiny +2V~4cosy — VA“siny + V4 cos~,
Y = Vsiny + 3V"y cosy — 3‘772 siny + 3V’y cosy — VA3 cosy — 3VA4siny 4+ Vecosy - 7,
where the first, second and third derivatives of 4 are obtained according to (2) as
. L+Tsina (u—V?r)cosy Fol2)
N mV V2 IR
S CO P (18)
x
_Taﬁl . .. . .T .
Y =2 —T+mMIT=mTT+ T M.
ox

Note again that, in (16) and (18), the flight state vector . = [V, v, «, 3, h]T is available for measure-
ment, wy = 0f1(x)/0r, wy = dw1/0x, m1 = Jfs(x)/0x, me = Omy/0x. The linearized model is obtained

as follows.
:[f‘/]"'[bn 512] [&]7 (19)
In ba1 baz | | O

fv= (wl.'fo + .fUJQi) /m, (20)
fn = 3V4cosy — 3V42%siny 4+ 3V4 cosy — 3VA45siny — V43 cosy

i
h4)

where

+ (wido + 2T wod) siny/m + V cosy (mio + & mad) (21)
2. 2
bll — MCOSO{, (22)
2m
2 _.
b12 — 7M(Tsina —+ Da)’ (23)
2mli,
V2s5Cgw?
boy = % sin(a + ), (24)
pV2sé-c. :
bag = ———— [T cos(a+ ) + Ly cosy — Dy sin7] . (25)
2mli,

3.1.2  Sliding mode control

We first consider a pair of SMC designs, one for each of the retracting and the stretching modes, consid-
ering the nominal system parameters for that mode.
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In the SMC design, following Lyapunov approach, we aim to satisfy the condition S S < 0 to have
an appropriate sliding mode selection S converge to zero. Similar to [3], we define the sliding mode
surfaces as

Sy = (d/dt + M) ey (t) =V — Vg + 2Avév + Abey, )
Sp = (d/dt + M)* en(t) = T — Ta+ 3Mnén + 3A2én + Alep.
Then, the derivatives of Sy and S; are obtained as
Sy =V — Va+ 2 \véy + \eéy, (27)
Sp=hD — B £ 3N, E 4 BAZEL + Adén.
In order to avoid chattering phenomenon, we choose the saturation SMC laws
Sy = —kysat(Sy),
v vsat(Sy) (28)
Sh = —khsat(Sh),

where kv, kj, are positive integers, sat(Sy ) and sat(Sy) are saturation functions, defined as sat(x) = x if
|x| < 1 and sat(x) = sgn(x) otherwise. Then, we can get: SySy < 0, Sy S, < 0, which satisfy the sliding
condition. Accordingly, the control signal can be obtained as follows.

-1
Be| | bun bi2
de ba1 b2z
Note that in (29), bi;, fv, fn terms depend on flight conditions. Hence, even if the coefficients Ay,

Ap, are selected the same, the control law (29) will have different coefficients in retracting and stretching
modes, depending on the values of b;;, fv, fn in each of these two modes.

Va—fv —2\véy — A} éy — kysat(Sy)

U — cee .
WY — = 3ALE s — 3A2 — A3¢y, — kpsat(S))

. (29)

3.2 Adaptive mode switching based on type-2 TSK fuzzy sliding mode control

Each of the two SMC laws designed based on the procedure in Subsection 3.1 is valid only for the
corresponding mode. Due to nonlinearity and parametric sensitivity of the model, using a single fixed
SMC law for both modes will not meet the tracking control requirements. To solve this issue by switching
the SMC law from one mode to the other robustly, an adaptive mode switching scheme based on type-2
TSK fuzzy technique is proposed. The structure is shown in Figure 5: (a) depicts the overall adaptive
control scheme based on the type-2 fuzzy logic system with diagram shown in (b). A similar type-2 fuzzy
logic system was used in [26].

In Figure 5, the control signals U, Us are the inputs of the type-2 TSK fuzzy logic controller. After
fuzzy reasoning, type reducer and defuzzication, the crisp output of type-2 TSK fuzzy logic controller
can be obtained. For keeping robustness of controller, the compensation law is used to compensate the
difference between the output of type-2 TSK fuzzy logic controller and the desired solution of control
signal. The estimator is used to estimate some variables of compensation law. The adaptive law is
obtained, following a constructive Lyapunov analysis, as detailed in the sequel.

3.2.1 Type-2 TSK fuzzy logic system

The traditional fuzzy systems based on type-1 fuzzy set has limitation to deal with the uncertainties of
practical plants. In order to enhance the traditional fuzzy system capability of describing and handling
uncertainties, type-2 TSK fuzzy logic approach based on type-2 fuzzy sets is utilized in this paper. For
the block of type-2 TSK fuzzy logic shown in Figure 5(a), Uy, U, are the inputs and Uy is the output.
The structure of type-2 fuzzy logic system [27,28] is shown in Figure 5(b).

In this paper, we use the Gaussian primary membership function with uncertain mean as the input
membership function and the output membership function.

Define:
_ Bcl (t) 0 ﬁc2 (t) 0

Us(t) = [diag(U1(t)), diag(Us(t))] 0 deal(t) 0 dea(t)

(30)
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Figure 5 Block diagram of the closed loop system using the proposed type-2 fuzzy logic base adaptive switching controller.
(a) The system structure of adaptive switching control; (b) the structure of type-2 fuzzy logic system.

We describe the ith-rule of interval type-2 TSK fuzzy logic system (A2-CO case) as
Rule j: If Uy(t) € F{,and Uy(t) € FJ, then Up(t) = Uj(t) = Uy(t)C, (31)

where Us (t) is the control signal of retracting mode, Us(t) is the control signal of stretching mode; Ff is
the interval type-2 fuzzy set of Uy (t), F J is the interval type-2 fuzzy set of Ua(t); Us(t) stands for output
of type-2 TSK fuzzy; €9 = [}, ]T, c’ [cé 1,07 s & = [cé 2,6’ ,] are consequent parameters, what
we want to design as the solutions of ag, as, bg, bs in (15) to obtain the control signal of mode switching.
The type-2 TSK fuzzy sets F J and F J are characterized by type-2 membership function p 7 and 7
respectively.
Suppose that K i 5 and [ fo are lower membership function and upper membership function of u 7 (i=

1,2), respectively. N (m, o) is the normal distribution with mean m and variance 0. The upper member-
ship function fiz; (U;(t)) is given by

N(m{l,ag), U; < mgl’
fipa (Ui(t) = 4 1, mly < U; < mb,, (32)
N(mfé,aﬁ), U; >m52,

and the lower membership function p-;(U;(t)) is given by

Ui(t) = N(mgQ,ag), U; < (m{1 + mgQ)/2,
' N(ml,ol), Ui> (ml +mdy)/2.

Consequently, the membership function which is an interval with lower and upper boundaries is

i U0) = (10 U0), fis (V1)) (34)
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In the type-2 TSK fuzzy logic system we used interval type-2 fuzzy sets and "meet” operation under
product t-norm, so the result of the input and antecedent operations, which are contained in the firing
set H?Zl pii(Ui(t)) = F7(Ui(t)), is an interval type-1 set [29].

FI) = [f/U®), FUum)] = [, F®)], (35)

where 4
()= K (U1(1)) *ﬁpg(U2(t))a
FI(t) = figy (U1(1) * gy (U()).

The type reducer is used to generate a type-1 fuzzy set output, which is also an interval set. We used
center of sets (cos) type reduction, which is expressed as

(36)

Ufcos(t) = [Upi(t), Usr(2)]

:/ / / B /Zy lf] ()’ (37)
U}E[U}I,U},,] UM [UM UM] 1€[i1’f1] fM fM fM J 1fJ

fio

where Uycos(t) is the interval set; Uy(t) is the left-most point of Uy (¢), Uy, (¢) is the right-most point of
Us(t). M is the number of type-2 fuzzy rules. Then we have

Upe(t) = Upn(t) (f,...,iR,fR“,...,fM,U},...,U;VI)
S P OUL) + e P UL

= : _ , 38
SR PO+ e Fi() )

Ufl(t) - Ufl(t) (fla"'v.fLaiL+1a'"7iMaU}7"'7U)]”w)
_ L POUI® + X5 OV ) 59)

S P+ P )

where L and R are the numbers of points which separate Uy;(t) and Uy, (t) into two sides respectively,
one side using lower firing strengths and the other using upper firing strengths.
Consequently, the de-fuzzified crisp output U(t) is

Uy (1)

WUn®) +Upr(0)/ 2 |
1 (z] SO + 50l OV TLL OV + T POV <>> @)
2\ TP O+ Sl 0 ETIUES IFNIONEYA

where f (t) and f7(t) stand for the lower and upper membership functions of F7(t), respectively. Then
the output of type-2 TSK fuzzy logic system in (40) can be rewritten as follows.

M

M
S U ) + 3 UF0E®

j=1

(U, 0)& () + Uy ()& (1) = U ()E(2), (41)

l\D|>—‘

where Ugy(t) = [UH), U3 (t),..... UM (0], €(t) = A(&(t) + & (1) = &(Uy (1)), and

3 — hy (t) 49
§e) S+ P ()
i(t) = e t) (43)

SR+ e @)
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in which, M is the number of type-2 fuzzy rules, and there are

i 7(,5)7 j=1,...,L, 44
l()_ f(t)7 j=L+1,...,M, "
o fi(t), j=1,...,R,

hr(t)_{_j(t), j=R+1,...,M. "

Remark: Note above that Upy(t) = [U}(t), ..., U;‘/I(t)]T = [C,....CM|TUX(t) = CTU[(t). Hence,
Eq. (41) can be rewritten as

Us(t) = Up(1)=(1), E(t) = CE(t) = CE(U (1)) (46)

3.2.2 Type-2 TSK fuzzy sliding mode control

Consider the constructive SMC analysis in Subsection 3.1.2 and the resultant SMC law (29). As mentioned
previously, Eq. (29) will guarantee convergence of V' to Vz and h to hg only for the specific flight condition.
Its coefficients are selected for, depending on the values of b;;, fi-, fr terms at that flight condition.

For a flight scenario involving a switch between retracting and stretching modes of the HMA, we can
consider an ideal or desired control law

— U (02" (1) = U (Us(1)) (47)

that has the same form as (29), but b11, bi2, ba1, baa, and the coefficients of fy/, fn depend on flight
condition, and hence is time-varying.

Due to insufficient flight data, uncertainties, and external disturbances, Eq. (47) cannot be directly
produced during the mode switch. To make the problem tractable, we assume that (47) can be applied
at the full retracting and the full stretching mode using the system parameter information for these
modes. Our approach will focus on approximation of (47) during mode switch by the output Us(¢) =
[Bet(t), der(t)]T of type-2 TSK fuzzy control scheme.

According to the universal approximation theorem, since U* and £ are both considered as functions
of Ub,

U*(t) = A*Te(t) + e(t), (48)

where A* is an ideal constant matrix, €(¢) is the approximation error satisfying |e;(¢)| < E; (i = 1,2) for
any pre-set constant E; > 0, provided that L, R, M are sufficiently large. Let E(t) be the estimate of F,
whose adaptive law will be defined in the sequel, and

E(t)=E(t) - E, (49)
where E(t) = [Es,(t), Es, (t)]. E is constant, and hence E‘(t) = E(t)
We will define another adaptive law to generate the estimate of Uf(t) = A*TE(t) as
N N N T ~p
Us(t) = [Ber(t), 8us(t)] = AT (0EC1). (50)
Therefore, the adaptive switching control of type-2 TSK fuzzy SMC can be expressed as
U(t) = Us(t) + Un(t), (51)

where Uy(t), as the main control signal, is used to mimic the desired control signal U*(t); Un(t) =
[Ben(t), den(t)]T is used to compensate the difference between desired control signal and the output of
type-2 TSK fuzzy SMC.
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According to (48) and (50), Us(t) is defined as

Up(t) = Up(t) = U*(t) = Uyp(t) = U(t) — e(t) = AT(D)E(t) — e (b),

where A(t) = A(t) — A* = [Ap. (1), As, (t)]. A* is constant, and hence fl(t) = A(t)
Therefore, Eq. (19) can be rewritten as

_ lfv] n lbu b12]
In ba1 bag

From (27), (28), and (53), we obtain that:
Sy | |bu bia
Sh ba1 b2o

3.2.3 Stability analysis and adaptive law design

Bcf + ﬁcn

5ef + 5en

i7
h@

Bcf + Ben — B: ‘| _ [szat(SV)‘|

Sef + 6en - 5: k:hsat(Sh)

(52)

For the process of mode switching, in order to establish the stability of the closed loop system depicted
in Figure 5, a Lyapunov stability analysis is adopted. To make the sliding mode variable S, ABC, 14_156,

EBC and Ej5, approach zero, we define the Lyapunov function as

1 1 -+ - 1 -+ 1 _+ - 1 - =
V=c-8STs+_—AT Ay + — AT As. + —FE} Es + —E} Es_,
2 2771 Bc 5c 2772 56 e 2773 Bc BL 2774 56 e

(55)

where S = [SV,Sh]T, A= [ABC,A(;S], E = [EﬂC,E(;e]T, €= [EBC,Ege]T, M, 12, 3, and 74 are all positive

constant. The derivative of (55) with respect to time is obtained as
. T & 1_T; 1_T; 1_T; 1_T;
V=55+ _AﬂCABc + _A65A5e + _EBCEBc + —E(;eE(;e
mn 2 3 "4

Ac + cn T Z
= kaSvsat(Sv) — khShsat(Sh) + [Sv, Sh] Pet + 5 B

bll b12
b21 b22

5ef + 5en - 5;
1 . X 1 /- X
+ . (Eﬂc - Eﬂc) Eg. + " (Eée - Eée) Es,
_ 1 =
= —k’vSVsat(Sv) — k:hShsat(Sh) + AEE |:(va11 + Spba1) € + n—AﬂC:|
1
—_ 1 -
+ Aj [(vaw + Shbaa) £ + gAae} + (Svbi1 + Spba1) (Ben — €5.)

1 A 2 1 N X
+ (va12 + Shbgg) (5en — 656) + % (Egc — E&) Eg, + a (E,;6 — E(;e) Es. .

]_ _ = ]_ —_ =
A ] + —A} Ag. + —Af A,
m 72

(56)

For keeping the system stable, Eq. (56) is required to satisfy V' < 0. Accordingly, the adaptive laws

are designed as follows.

;1/30 = Ag. = =i (Svbi1 + Spbar)E,
As, = As, = —m2(Svbia + Sba)E,
Eg. = n3|Svbi1 + Spbail,

=14 |Svbiz + Spbaal,
Ben = —Eg, sgn(Sy by + Spbar),
Oen = —EaeSgn(vam + Spbaa).
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Figure 6 Simulation results of whole process by using Ui and Uz for full time respectively. (a) Velocity; (b) altitude;
(c) throttle setting; (d) elevator deflection; (e) angle of attack; (f) flight path angle.

From (57)—(62), Eq. (56) can be rewritten as

V = —kySysat(Sy) — knSpsat(Sy) — ep, (Sybi1 + Snba1) — Eg, [Sybi1 + Shboi|

—&5. (Svbiz + Spbaz) — Es, |Svbiz + Snbaa|

—kv Sysat(Sy) — kpSksat(Sn) + |eg. | |Svbi1 + Subai| — Eg, |Svbi1 + Spbai|

+ les. [ [Svbiz + Spbaa| — Es, [Sybiz + Shbasl

—ky Sysat(Sv) — knShsat(Sn) + (les.| — Ep.) [Svbir + Subar| + (les. | — Es. ) [Svbiz + Snbao|

< —ky Sysat(Sy) — knSpsat(Sy) < 0. (63)

N

Hence we establish stability with the adaptive law selection in (57)—(62).
In order to overcome the well-known chattering phenomenon of SMC, the sign function is replaced
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Table 1 The membership function parameters of 5.1 and Be2

Negative Zero Positive
MmN1 mpy2 ON mzi mzz2 oz mpy mp3 op
—0.080 0.080 0.272 0.920 1.080 0.272 1.920 2.080 0.272

Table 2 The membership function parameters of de1 and d.2

Negative Zero Positive
mnN1 mn2 ON mzi mza2 oz mp1 mp2 op
—0.377 —0.321 0.095 —0.028 0.028 0.095 0.321 0.377 0.095

with the saturation function:

Ak it [A/K| < 1,
sat(A/k) = /k it [A/K] (64)
sign(A/k), otherwise.
This leads to replacement of (61) and (62) with the following:
Bon = —Ep,sat(Sybuy + Shbar), (65)
Sen = —Es,sat(Sv b1z 4 Shbao). (66)

Note that the issue for either knowing/measuring/estimating b;; on-line or bypassing the effect of b;;
terms in the constructive analysis can be solved by modifying the Lyapunov function (55) to implement
the adaptive laws (57)—(62). The authors are working on a further enhancement of the proposed scheme
to address this point.

4 Simulation example

U, is the control signal in retracting mode, Us is the control signal in stretching mode. At first, we use
U; and U, for full time to control the whole process. The simulation results are shown in Figure 6.

From Figure 6, we can see that U; cannot control the stretching mode and U, cannot control the
retracting mode. Therefore, we need to use appropriate method to switch the control signal from U
to U2.

In this paper, we proposed a novel scheme of type-2 TSK fuzzy SMC to realize adaptive control of
mode switching for HMA. The initial parameters of membership functions for type-2 TSK fuzzy SMC
are shown in Tables 1 and 2.

In Tables 1 and 2, the linguistic variables ‘Negative’, ‘Zero’, and ‘Positive’ are what we defined to
represent the labels of membership function. my1, my2 are the means of membership function of type-2
fuzzy subset ‘Negative’, my1 < mpye, and oy is the variance of type-2 fuzzy subset ‘Negative’; mz1, mzo
are the means of membership function of type-2 fuzzy subset ‘Zero’, mz1 < mzo, and oz is the variance
of type-2 fuzzy subset ‘Zero’; mpi, mpo are the means of membership function of type-2 fuzzy subset
‘Positive’, mpy < mpo, and op is the variance of type-2 fuzzy subset ‘Positive’.

According to the membership function parameters shown in Tables 1 and 2 and the adaptive switching
signals obtained from (57)—(62) and (65), (66), comparing with the using Uy, Us, 0.5U; + 0.5U3, type-1
TSK fuzzy, general smoother method (GSM) [30] which has the same format with (13), respectively. We
conduct simulation experiments discussing the control effects of mode switching from winglets retracting
mode to winglets stretching mode in 35-40 s. The simulation results are shown in Figure 7.

From the simulation results shown in Figure 7, we can draw the conclusion that when the winglets mode
is switched from retracting mode to stretching mode in 35-40 s, comparing with the other five methods,
the velocity and altitude of the proposed method can maintain good track performance, without the
phenomenon of state saltation. Specially, the velocity of proposed method can switch smoothly from
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Figure 7 Simulation results of whole process by using different methods (note that mode switching is in 35-40 s).
(a) Velocity; (b) altitude; (c) throttle setting; (d) elevator deflection; (e) angle of attack; (f) flight path angle.

35 s, comparing that the velocity of other methods have certain track errors. Furthermore, the other
states of proposed method are also switched smoother than the states of other five methods, which
illustrate that the proposed method has better effects of mode switching for the HMA. For the type-2
TSK fuzzy, the fuzzy sets are also fuzzy, which is more suitable to deal with uncertain problems. In this
paper, we draw upon type-2 TSK fuzzy to distribute the uncertain weights of control signals in retracting
and stretching modes respectively. In theory, the basic type-1 TSK fuzzy design can fulfill the task,
but the effects are unsatisfactory. There are two reasons. First, the fuzzy sets need to be set and they
cannot be changed; while in this paper, the fuzzy sets can be adaptive adjusted according to the flight
states. Second, the membership functions of fuzzy sets of basic type-1 TSK fuzzy are certain, while the
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membership functions of fuzzy sets of type-2 TSK fuzzy have uncertain means, which are more suitable
to deal with uncertain problems.

5 Conclusion

This paper has presented a novel adaptive control of mode switching for HMA based on type-2 TSK fuzzy
SMC, in order to maintain stability and smoothness in the switching process of retracted winglets. First,
the model of HMA and the aerodynamic parameters in retracting mode, stretching mode and switching
mode respectively are given. Then, the switching mechanism is discussed that SMC is used in retracting
mode and stretching mode respectively, and the adaptive control of mode switching is used in switching
process. Furthermore, The combination of type-2 TSK fuzzy and SMC is designed for the switching
process considering that the format of control of mode switching is similar to the type-2 TSK fuzzy.
Afterwards, in order to keep robustness of flight control system and smoothness of mode switching process,
a direct constructive Lyapunov analysis is adopted and the adaptive laws are produced correspondingly.
Finally, two simulation experiments conducted and compared demonstrate that the combined adaptive
control of mode switching based on type-2 TSK fuzzy SMC has good tracking performance.
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