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Abstract. Aaccording to the morphing requirements, this article proposes a morphing glide aircraft
with high environmental adaptability. Based on Kane’s Method, six degree-of freedom dynamic
model is built. The automatic disturbance rejection control technology is adopted to realize stability
control of longitudinal model of MGA, that provides areference for the control technology research
of morphing aircraft.

Introduction

In May 2017, NASA officially reported the second flight test of " the adaptive flexible trailing
edge" project, indicating that flexible morphing wing technology has entered the stage of engineering
application. With the technical traction of "artificial intelligence" and the demand of intelligent
warfare, aircraft needs not only a"smart brain" which can make strategic decisionsin the future, but
also a body which can adapt to changes of complex battlefield environment. The near-space glide
aircraft is the typical representative of hypersonic aircraft, which has the advantages of long range,
quick response, high precision and strong penetration ability. However, the dramatic change of flight
environment and the geometric shape of the big wingspan bring the following technology
difficulties:(1) Poor environment adaptability of entire flight profile. (2) Design difficulties for
control systems and separation systems in large dynamic pressure. (3) Difficulties to meet the
geometric constraints of shipborne launch and airborne launch. The application of morphing
technology to the near space glide aircraft has the following advantages:

(1) Improve the environmental adaptability of the aircraft through morphing to achieve the optimal
performance in large airspace and wide speed range;

(2) Reduce the static instability of the boost flight and the design difficulty of the control system
through morphing;

(3) Reduce the span dimension through morphing, which is convenient for transportation and
launching;

(4) Redlize the redundant attitude control through morphing, which can improve the fault-tolerant
ability of the control system;

(5 Expand mission mode and flight envelope through morphing, which can improve the
penetration capability of aircraft;

(6) Redlize intelligent combat through adaptive morphing and intelligent decision.

A great dedl of fruitful work on morphing aircraft have been done by Scholars. NextGen Airlines
studied the wing shape control and flight control of MFX [1]. Florida University designed a model
tracking control algorithm to maintain optimal flight performance in the four flight stages of the
morphing aircraft: cruising, maneuvering, steeply descending and tracking[2]. Cornell University
studied trgjectory optimization of morphing aircraft [3]. At present, the research on morphing aircraft
is mainly aimed at low speed aircraft, and there are few reports about the related research of
near-space glide aircraft with greater morphing demand.

This paper proposes akind of variable-span morphing glide aircraft (MGA), which is easy to apply
on the engineering. The Kane’s method is adopted to establish MGA’s six degree-of-freedoms (DOF)
dynamic model. And then, for the longitudinal model, the Auto disturbance reection controller
(ADRC) isdesigned to keep stable before, during and after the morphing of MGA.
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Kane's Method

Kane’s Method uses generalized speeds as the independent variables to describe the system’s
movement in replace of the generalized coordinates. For multi-rigid systems, Kane’s Method chooses
f (f is number of system’s DOF) independent generalized velocities as the independent variables to
describe the system. So, any rigid body in the system can be uniquely expressed as a linear
combination of generalized speeds:
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Vi, W, are partial velocity and partial angle velocity of rigid body 9 .
For asystem composed of N rigid bodieswith f degrees of freedom, the Kane equation is expressed
in the inertial reference coordinate system as followd[4]:
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Where K, and K; are generalized applied force and generalized inertial force . K, M, are the
applied force and the applied moment relative to center of mass acting on rigid body i, F~, M. arethe

inertial force and the inertial moment relative to center of mass acting onrigid bodyi. F~,M. can be
obtained by the following formula:

iR =-ma, (i=12L_N) ©
T == 35w (3 ) |

Where J, istheinertiatensor of thebody i, a;isthe acceleration of center of massof rigid body i.

Dynamic M odel

Physical model simplification. The MGA is composed of a fuselage F (body1), inner part of left
morphing wing WL1 (body2), outer part of left morphing wing WL2 (body3), inner part of right
morphing wing WR1 (body4), and outer part of right morphing wing WR2 (body5). The mass of the
bodyl isM. , and the center of mass is O,. Four morphing wings can be simplified into a

parallelogram plate with mass M,, , length |, sweep angle V', center of massOL1 . OL2 . ORL.

OR2. The MGA with total mass M, center of mass O; ,can morph continuously during flight, the
length that body2 stretchs out from body1 is D, , the length that body3 stretchs out from body2 is D,,
the length that body4 stretchs out from body3 is D;, the length that body5 stretch out from body4 is
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D, ,the tota stretch length on the left isD, =D, +D;, the total stretch length on the right is
D, =D, +D,.

-

[oNE

WRI1

WR2

.
OR2

Fig. 1 Morphing glide aircraft

Definition of the coordinate Frames. The frames used in this paper are show in Fig. 2, because the
center of mass of MGA O, will change during the morphing progress, O, is selected as the origin of

the body-fixed frame O, - X,Y,Z, and airstream frame O, - X,Y,Z,. The O X, axis direction of the
airstream frame O, - X,Y,Z, iscorresponding to the velocity of theaircraft. O- X,Y,Z, istheinertia
ground frame .O_, - X,Y,Z,, is fixed to body2 with OL1 as origin; O,- X,Y,Z, is fixed to
body3 with OL2 as origin; Og, - X, YsZr, is fixed to body4 with OR1 as origin; Og, - Xg,YeoZr, iS
fixed to body5 with OR2 as origin. Therelative orientation of framei and frame|j can be expressed by
amatrix Aij.

Earth's Core
Fig. 2 Coordinate system diagram

Deflecting velocity and angular velocity. In this paper, we assume that the wing’s morphing motion
relative to fuselage can be controlled effectively by the morphing control system. The position,
velocity and acceleration of the wing’s span can be controlled to the desired values. Then a given
morphing process can be expressed by a set of constraint equations as follows:
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D = f(D,1),i =(1,2,3,4). (4)

whereD, are the state vector, denote the state of the wing’s morphing motion, and D, are the
desired values of these states. Equation (4) can express the DOF related to the morphing motion, and
the DOF of the MGA is reduced to six ( The coordinate of O, in O- X Y,Z,, which are x, y, z. The
orientation anglesof O, - X,Y,Z, relativeto O- X Y,Z, ,whicharepitchangle q, yaw angleY and
roll anglef ). We choose the six variables U,V:W, P,0,T as the generalized speeds 8,(9 =1,2,L_6) ,

Then, the partial velocity and partial angular velocity of the center of mass can be obtained according
to Equation (1).

Applied Force and Generalized Inertial Force. According to the assumption as Equation (4), the
interactional forces between morphing wings and fuselage, and the interactional forces between the
inner part and the outer parts of the morphing wings can be treated as constraint forces, which will not
be included in the Kane’s equations obvioudly.

The applied forces include gravity and aerodynamic power. The aerodynamic force and moment
acting on the aircraft is completely simplified to the fuselage. The applied moment of the four
morphing wings is zero and the applied force is only gravity.

eMngchosy Dcosb cosa +Lsna - Ysnb cosa u
F _e Mc-g(snqsiny sinf +cosq cosf ) + Dcosb sina + Lcosa +Ysmbsma3
g—MFg(smqsmy cosf - cosgqanf)- Dsnb +Ycosb g
(:i- - M,,gs9nq cosy u
F=F, = Fuy = = & My g(sing siny sinf +cosg cosf ) ! : (5)

g M, g(sngsiny cosf - cosgsinf )

, T
legle I\/Iy MZH
.
Tu=T,=Tu=Te,=[0 0 O

Where D isthe resistance, L isthelift, Y isthe lateral force, M_is the roll moment, M is the
yaw moment, and M_isthe pitch moment.
Generalized inertial force and generalized inertial moment can be cal culated according to Equation

3).
Based on Equation (2), dynamic equations of MGA are achieved, asthe equations (6) - (11), which

arebuiltin frame O, - X,Y,Z,. Equations (6) - (8) express the balance of forces, equations (9) - (11)
express the balance of moment. & isthe angle of attack, b isthe sidedip angle.

=-M;(gsingcosy +6+qw- rv)- Dcosb cosa +Lsina - Ysinb cosa
+4M H(r*+q°)
- M, (- sinh, - cosh (4L, +2g®,) + gL, sinh +r2L, sinh - rpL, cosh)
- M, (- sinh, - cosh (4L, +2g®, ) + 2L, sinh +r?L,sinh - rpL,cosh)
- M, (- sinh, +cosh (4L, +2g®,) + gL, sinh +r2L,sinh +rpL, cosh)
- M, (- sinh®,_ +cosh (4L, + 208, ) + g°L, sinh +r2L, sinh +rpL, cosh)

(6)
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0=-M,(gsngsny snf +goosqcosf +¥- pw+ru)+Dcosbsna +Lcosa
+Ydnbsna - 4M,,H(&+ pa)
- M,, (- sinh(fL, +r®) +cosh (L, +2pb,)- paL sinh - oL, cosh - ri sinh)
- M,, (- sinh(€L, +r®, ) +cosh(fiL, +2pb, ) - pgL,snh - arL, cosh - rb,_sinh) 0
- M,,(- snh(EL, +rB,) - cosh (L, +2pB,)- paL,sinh +qrL, cosh - rb,sinh)
- M,, (- sinh(gL, +rB,)- cosh(fL, +2pby.) - poL,sinh +qrL, cosh - rb.sinh)

0=-M,(gsingsiny cosf - gcosqsinf +W+ pv- qu)- Dsinb +Y cosb

- 4MWH(rp' d)
- M,, (- cosh®, +sinh (4L, +2g®,) - rpL, sinh +(p?+g?)L, cosh)
- M,, (- cosh®_+sinh (gL, +2g®, ) - rpL,sinh +(p?+g?)L,cosh) ®

M, (cosht, +sinh (4L, +2gB,) - rpL,sinh - (p?+g?)L, cosh)
- M,, (cosh®_ +sinh (4L, + 2g®,) - rpL,sinh - (p?+g?)L, cosh)

0=-M,,9(sngsiny sinf +cosq cosf )cosh(L, +L,- L,- L,)+M,
- M, L, cosh (¥- sinh (£L, +rB®,) + HE + cosh (pL, + pb,)
- p(w- B cosh - q(H - L,sinh))+r(u- L coshqg- B, sinh))
- M,, L, cosh (%- sinh (§L, +r®, ) + HE + cosh (L, + pb, )
- p(w- B_cosh - q(H - L,sinh))+r(u- L,coshq- B, sinh))
+M,, L, cosh (- sinh (6L, +rB,) + HE - cosh (L, + pb,) . (9)
- p(w+ b, cosh - q(H - L,sinh)) +r(u+L,coshq- B,sinh))
+M,, L, cosh (%- sinh (&L, +r®_) + H&- cosh (pL, + pB,)
- p(w+B_cosh - q(H - L,sinh))+r(u+L,coshq- B, sinh))
- Bl tar(ly- 1))
- 4(cos’h xpx, +qrcos’h(l,- I,)+sin’h xpl,+grsin’h(l,- 1,))
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0=Mygsinqcosy cosh(L, +L,- L;- L,)
- M g(singsiny cosf - cosgsinf )((L, +L,+L,+L,)sinh - 4H)+ M,
+M,,L, cosh (& - sinhf, - cosh (4L, + gb,)
+q(w- B, cosh - q(H - L sinh))- r(v+r(H - L sinh)+ pL, cosh))
+M,,L, cosh (& - sinh, - cosh (4L, +gb),)
+q(w- B_cosh - q(H - L,sinh))- r(v+r(H - L,sinh) + pL, cosh))
- M,, L, cosh (& - sinh$, + cosh (4L, + gb,)
+q(w+ B, cosh - q(H - L,sinh))- r(v+r(H - L sinh)- pL,cosh))
- M, L, cosh (- sinh, +cosh (4L, + qb,)
+q(w+ @Rcosh - q(H - L,sinh))-r(v+r(H - L,sinh)- pL, cosh))
- M, (L;sinh - H)(W- cosh®, +sinh (4L, +g®,) - H§
+p(v+r(H - Lsinh)+ pL, cosh) - q(u- gL, cosh - B, sinh))
- M, (L,sinh - H)(W- cosh®, +sinh (4L, +qb, )- H§
+p(v+r(H - L,sinh) + pL, cosh) - q(u- qL,cosh - B, sinh))
- M,, (L,sinh - H)(W+cosh, +sinh (4L, +gb,) - H§
+p(v+r(H - Lysinh) - pL;cosh)- g(u+ gL, cosh - @ssinh))
- M, (L, sinh - H)(W+cosh®,_ +sinh (4L, + gqb.) - H§
+p(v+r(H - L,sinh)- pL,cosh)- q(u+qL,cosh - B_sinh))
-4l +rp(l,-1,)
- 4(§l, +cosz2h xpr(l, - 1,))

(10)

0=M,,g(sngsiny sinf +cosq cosf )(((L, +L, +L,+L,)snh - 4H))+M,
- M,,(H - Lsinh)(¥- sinh (L, +r®,) + HE +cosh (pL, + pb,)
- p(w- B, cosh - q(H - L,sinh))+r(u- L, coshq- B sinh))
- M,,(H - L,sinh)(¢- sinh(EL, +r®_) + HE +cosh (L, + pb,)
- p(w- B, cosh - q(H - L,sinh))+r(u- L,coshq- B_sinh))
- My, (H - L,sinh)(¥- sinh (L, +rB®,) + Ht- cosh (L, + pb,) . (12)
- p(w+ B, cosh - q(H - L,sinh)) +r(u+L,coshq- B,sinh))
- M,,(H - L,sinh)(¢- sinh(fL, +rd.) + HE- cosh (L, + pby.)
- p(w+ B, cosh - g(H - L,sinh)) +r(u+L,coshqg- B, sinh))
-8, +pa(l, - 1)
- 4sin’h x4, + pgsin®h (1, - I,)+cos’h ., + pgcos’h(l, - 1,))

In the practical flight, the aircraft’s structure is symmetric about the central plane. So the aircraft’s
dynamic equations can be simplified to a set of simple dynamic equations with  setting
D, =D,;D,=D,.
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0=-M,(gsnqoosy +é+aw- rv)- Daosb cosa +Lsna - YSnb cosa
+2M,[2H - snh(L, +L,))(r* +¢f) +2M, snh (&, +8)
0=-M,(gdnqsny snf +goosgoosf +¥- pw+ru)+Doosbsna +Loosa
+Ysnbsna - 2W,[2H - snh(L, +L,)](k+ po) +4M,,r snh(®, +£))
0=-M,(gsnqsny oosf - goosgsnf +W+ pv- qu)- DInb +Yoosb
- 2V, [2H - sinh(L, +L,)](rp- 6)- 4V, asnh(®, +B)

(12)

p={ar(l,- I,+4cos’h(l,- I;)+4sin*h(l,- |,)+2M,, cos’h (L +L3))
- 4pM,, cos’h (BL +B L)+ M}/ 1,
G={rp[l,-1,- 4cosh(l,- 1,)- 2M,, (L2 +L2)cos2h - 4M,H sinh (L, +L,) +4M,,H?]
- 4M,,q(L B, + LB, ) +4M,,qH sinh (b, + B, )
- 2M,,(gsingsiny cosf - gcosqsinf +W+ pv- qu)((L, +L,)sinh - 2H)+M } /1,
k={pq(l,- I,- 4l,+4sin*hl, +4cos’hl, - 2M,, sin’h (LS + L3) +4M, H sinh (L, +L,)
- 4M, H?) : (13)
- 4M,,rsin’h (LB, + LB, ) +4M,,rH sinh (B, +B))
+2M,,(gsingsiny sinf +gcosq cosf +¥+ur - pw)((L, +L,)sinh - 2H)
+M}H 1
Lo = | +4c0s°h 1, +4sin’hl, +2M,, cos’h (L + L)
Ly =1, + 41, +2M,, (L +12) +4M, H? - 4M, H sinh (L, +L,)
| =1, +4sin?h 1, +4cos’h 1, +4M, H? +2M,, sin?h (L2 + L2) - 4M,,H sinh (L, +L,)

Where |, o | yequ | qu 1S the equivalent moment of inertia of the morphing aircraft. So far, we

have obtained the six degrees of freedom dynamic equation of the morphing aircraft. The equations
are different from the traditional single rigid body dynamic model, contains the additional force and
the additional caused by the change of the position of the center of mass and the change of the moment
of inertia

Controller Design

In this chapter, auto disturbance rejection controller (ADRC) is adopted to design the controller,
because:

The multi-rigid-body dynamic model of MGA is complex and uncertain, While the ADRC
technology which adopts the idea of error feedback control doesn’t need very accurate model [5].

The mass and aerodynamic characteristics of MGA vary significantly, while the ADRC
compensates the total disturbancein real time through the extended state observer. When parameters
of control object change or external disturbance exists, it can keep good control effect and has strong
robustness.

The full dynamic equations of MGA can be simplified into the longitudinal equations by setting
b=0 g=0 p=0 q=0,thenwetransform the equationsinto aform suitable for ADRC design:

&: fa +gl>dz

d=f+gr 9

Where,
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f ={-4M,,rsin’h(L®, + LB )+4M,,rH sinh (b, + B, )
+2M,, (gcosq +¥+ur)((L, +L,)sinh - 2H) +(C,, +C,,, +C,,, )QI}/ 1,
gl = Crnz,dz(gS / Izequ

1
fr =" V(L+MtotanCOS‘J) . (15)
total
9, =1
| o =1, +4sin*hl +4cos’hl; +4M,, H? +2M,, sin’h (L + L)
- AM, H sinh (L, +L,)

The control variableis d,, and the state variableis @, , wherea isasow variableand I isa

fast variable. For easy ADRC design, the control system is divided into fast contro loop (inner loop
control loop) and slow control loop (outer control 1oop), asis shown in Figure 2. In the outer loop, the
controlled variable is @ and the control variable is . The controlled variable is ' and the control

variableis d, in theinner control |oop.

. * Slow Loop r’ Fast Loop d .
_»ERRARl S e > Attitude z | Morphing |
Controller Glide Vehicle
Control Control
A y Iy
r
a
V,q

Figure. 3 Control loop
The extended state observer and nonlinear error feedback law for fast loop and slow loop are both
designed asfollows:

_}_euzzu'a }%12221"’

i ﬁ11:212' b01e11+U1 i ﬁ212222- b1e21+U2

%ﬁiz =- by, fal(ey,8,,dg,) ,{ ,=-b,fal(e,a,,d), (16)
le,=a’-a ley=r-r

| |
iU =bgfa(e,.a,,d,) U, =bsfa(e,.a,,d,)

_i|¢f sign(e),|d >d ,
fal(ea,d) =i do =q - =12L_k).
al(ea,d) Uergre ded 0 =0 - g, (@=12LKk) (17)

Whae b01\ boz\ a01\ d01\ b03\ aOZ\ doz\ bl\ bz\ al\ dl\ ba\ az\ d2 are deSgn
parameter. Compared with PID and other control methods, ADRC needs to set more parameters,

which affects each other and makes it difficult to adjust the parameters. In this paper, particle swarm
optimization (PSO) algorithm is adopted to optimize the controller parametersh, , b,, a,, d,,

Objective function is integration of the error of the extended state observer. Controller parameters
optimized areb, =1063.78 ,- b,=198313, a,=0.2296, d, = 0.004296.
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Simulation Analysis
The aircraft parameters and flight condition parameter are given as follows:
M, =1550kg, M,, =30kg, |, = 2612kg T, |, =50kg T, |, = 20kg X7, |, =50kg T,
S=0.4536n7,| =4.69m|, =0.688, L =1.5968 Ma = 6,h = 30km

The simulation parameters of ADRC controller are given as follows:

d, =0.1a, =1.5,b, = 2000,

d,, =0.0001a,, =0.8,b,, =5,

b, =1063.78,b, =1983.13,a, = 0.2296,d, = 0.004296

b,, =300,b,, =1000,d,, =0.05

Theexpected angle of attack is 3 * = 3sign(sin(t)) + 7- We verify the stability of the control system

when the morphing wings are retracted at a constant speed from the maximum wingspan to minimum
wingspan. The transition time is 2.5 seconds. The tota stretch length D of morphing wing is
expressed as equation(15) and shownin Fig. 4.

11.376,0<t <2
D=10.5504* (t- 2),2<t<4.5, (18)
10,t>4.5

As shown in Fig 5, the ADRC can track the desired command signal almost without overshoot
before, after and during the morphing progress.
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Fig. 4 Deformation curve Fig. 5 Angle of attack curve

As shown in Fig 6, extended state observer can estimates disturbance signals and compensate the
model accurately and ensure that controller has good anti-interference performance.
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Conclusion

This article introduces the morphing requirement of near-space glide aircraft, and proposes a
morphing aircraft which can changeits wingspan. Based on Kane’s Method, dynamic model of MGA
is built. The model can be used as a basis for the morphing aircraft. The automatic disturbance
rejection control technique is used to realize the stability control of MGA longitudinal model. PSO
algorithm is adopted to optimize the control parameters. The simulation results show that the state
observer and the nonlinear error feedback control law can track the input signal quickly and stably
before, during and after morphing progress.
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