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Abstract

In this study, a flight control system is designed for an asymmetric variable-span morphing aircraft. The generic transport
model is used to obtain a morphing aircraft model by incorporating the damage information. The integrated flight control
system is designed based on nonlinear dynamic inversion and time-scale separation. It is shown that asymmetric span
morphing can be used for roll control, while symmetric morphing can be used to either optimize flight performance or
directly control aerodynamic forces. Numerical simulation results demonstrate the effectiveness of the proposed scheme.
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Nomenclature

nL, MR = left and right morphing variables

Nss Na symmetric and asymmetric morphing variables
X, ¥, 2 north, east, and down positions

\%4 true airspeed

X,V horizontal and vertical flight path angles
u,a,f bank angle, angle of attack, and sideslip angle
D, q,r roll, pitch, and yaw rates

XA, YA, Za body-axis aerodynamic forces

Xr, Yr, Zr body-axis thrust forces

Ia, L4, la body-axis aerodynamic moments

Ir, Iy, Ir body-axis thrust moments

g gravitational acceleration

m, J mass and moment of inertia

P S atmospheric density and planform area

¢, b mean aerodynamic chord and wing span
Cx,Cy, Cyz aerodynamic force coefficients

C, Gy, Cy aerodynamic moment coefficients

Xeps Yeps Zep
Xcgs Yegs Zcg

= center of pressure location

center of gravity location

Tr, Tg left and right thrust

T total thrust

0L, Or engine pitch angles

Y, UR engine yaw angles

0t, O, O engine throttle and elevator and rudder deflections
Kp,, K1, Kp, = velocity loop gains

Kp,, K;1,, Kp, = attitude loop gains

Kp,, Ky, Kp,

= angular velocity loop gains
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Figure 1 — Generic transport model tail number T2 [8].

1. Introduction

Morphing aircraft are advanced aerial platforms that are capable of in-flight large-scale shape changes, which
enable them to adapt to mission environment change. Also, morphing can be utilized as an effective way to
control the airframe in addition to the conventional flap-type control surfaces. However, existing studies on the
morphing aircraft have been focused mainly on realizing various morphing mechanisms and demonstrating the
effectiveness of the design. Many practical and theoretical issues have to be addressed for morphing technologies
to be incorporated with integrated flight control systems.

Various morphing strategies and their aerodynamic effects have been investigated in many studies including span,
sweep, camber, pitch, twist, gull, and folding morphing [1]. Telescoping, chord extension, variable-sweep, and
airfoil morphing strategies were compared in [2]. It was demonstrated that morphing can be used for roll control
[3 4] 5 6] [7]. Now, variable-span morphing is known as one of the most cost-effective morphing strategies.

In this study, a flight control system is designed for asymmetric variable-span morphing aircraft. The damage
effects of the NASA generic transport model tail number T2 (GTM-T2), shown in Fig. [1l are adapted to construct
a morphing aircraft model. The integrated flight control system is designed based on nonlinear dynamic inversion
(NDI) and time-scale separation. It is shown that asymmetric span morphing can be used for roll control, while
symmetric morphing can be used to either optimize flight performance or directly control aerodynamic forces.
Numerical simulation results demonstrate the effectiveness of the proposed scheme.

2. Aircraft Model

Based on the GTM-T2 [8], an asymmetric variable-span morphing aircraft model is constructed. The GTM-T2
contains the damage model for the case when the left wingtip is removed. The increments to the centers of
gravity, moments of inertia, and aerodynamic coefficients are given. In this study, a variable-span model is
obtained using the increments and the symmetry of the airframe, where it is assumed that the left and right
wingtips can be telescoped. The morphing variables ny and ng are introduced, which represent each wing’s
telescoping ratio ranging from 0 (0%) to 1 (25%). Then, symmetric and asymmetric morphing variables are
defined for control design as

nL+nr
s = 1
n 7 (1)
nL—NRr
a = 2
n 7 (2)

It is also assumed that the variations in the aerodynamic coefficients between both ends, shortest and longest
version of the variable-span, can be approximated through linear interpolation with acceptable errors. Note that
the center of gravity and the moment of inertia can be exactly obtained using the model information. It can be
shown that the center of gravity is obtained as a linear function of the morphing variables and the moment of
inertia is obtained as a quadratic function of the morphing variables.
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2.1 Equations of Motion

In this study, it is assumed that the variable-span morphing process is slow enough so that the airframe can be
treated as a rigid body. The flight dynamics of a morphing aircraft can be described as follows [9],

X Vcos y cosy
y| =|Vcos ysiny (3)
Z —Vsiny
V % (1) 0 —XA + X7 0
x!=10 mV cosy 0 Tvg | Ya+Yr | +Tyn | O (4)
v 0 0 —# | ZAa+Zr mg
i cosacosf 0 sina | —ysiny| [p
al= sin,B 0 0 —Tgy 0% +1(q ) (5)
B sinacosf 0 —cosa xcosy r
P la+lr P p
q :J_1 ma+mr|—|q X J q (6)
2 na+nr r r
where
cosacosf sin 8 sina cos 8
Tvp :Tgv = |—cosasinfcosu+sinasinu cos5cos u —sinasinScos u—cosasinu (7)
—cosasinSsinu—sinacos u cos SBsin u —sina sinBsin u+cosacos u
COS Y COsy sin y cosy —siny
Tyny =| -siny cosy 0 (8)
cos y siny sin y sinvy cosy

In the above equations, flat-Earth and no-wind conditions are assumed. The equations of motion are represented
in the velocity coordinate, it is focused on the spatial motion of the morphing aircraft when using morphing. In
addition, symmetric morphing can be used for direct force control together with thrust, which can enable partial
position-attitude separation control.

2.2 Aerodynamic Model

The aerodynamic forces and moments are obtained as follows,

Xa 1 Cx
Yal = EpVTzS CY (9)
Za Cyz
la 0 _(Zcp - ch) Yep = Yeg Xa b 0 011G
ma|=| Zep—Zcg 0 —(Xep = Xeg)| [ Ya +§pV2S 0 ¢ 0f|Cn (10)
na _(ycp - ng) Xep = Xeg 0 Za 0 0 bl |C,

The aerodynamic coefficients of the GTM-T2 is composed of three parts: i) the basic airframe, ii) control surfaces,
and iii) dynamic derivatives.
C= Cbasic + ACcontrol + ACdynamic (1 1 )

Each component is given as a 3D table with dependency on the angle of attack and the sideslip angle. The basic
airframe term includes the damage model as

Cbasic = Cbasic + ACdamage (1 2)

In Fig. [2} the damage model of the GTM-T2 shows that how the change in the wing span affects the aerodynamic
coefficients. Note that the rolling moment coefficient increment is highly dependent on the angle of attack. This
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Figure 2 — Aerodynamic coefficient increment ACgamage in case of the loss of the left wing tip
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is because variable-span morphing generates a rolling moment by changing the lifting surface area instead of
the incidence angle as in an aileron. Through linear interpolation, the aerodynamic model can be modified as

C= Cbasic + ACcontrol + ACdynamic + ACmorphing (1 3)

where the last increment ACporpning is obtained as a linear function of the morphing parameter. In this study, the
quasi-static assumption is adopted, and the unsteady effect during the morphing process is not modeled because
the original model does not include the unsteady effect. In Table[d] it is shown that throttle, angle of attack, and
elevator deflection for the trim condition (100 knots TAS at 800 m altitude) can be changed through morphing.
It shows that the symmetric morphing capability provides an additional control input for the longitudinal control
channel, which enables the vehicle to adjust the throttle and the angle of attack for the same flight condition.

2.3 Engine Model
The GTM-T2 is equipped with two Jetcat P70 engines. The detailed thrust model is omitted here for brevity.

Xr cosfy cosyy, cosfOrcosyr
Yr|= SiIl(//L T + Sinl//R Tr (14)
Zr —sinfp cosy, —sinfg cosygr

Note that the engines also generate moments due to the oblique thrust axes and the gyroscopic effect of the
rotors.

2.4 Mass Distribution

The variable-span morphing process involves the change in the airframe mass distribution. Therefore, the shift
in the center of gravity and the increments to the moment of inertia should be modeled. From the values before
and after the left wingtip loss in the damage model, the values for the intermediate positions can be calculated in
an analytical manner. As a result, the shift in the center of gravity is modeled as a linear function of the morphing
parameters, and the increments to the moment of inertia are obtained as a quadratic function of the morphing
parameters. In fact, the variation is not so significant that it can be treated as a disturbance in the control system
design.

3. Control Design

A flight control system is designed based on NDI and time-scale separation. In the control system design, asym-
metric variable-span morphing is used for roll control. Using proportional—integral—derivative (PID) control, the
reference derivatives to follow the reference can be found as

v 1% 1% v v v v
x| =Kp||x| -|x +K11/ X\ —|x(|dt+Kp | x| - |x (15)
Y ref Y ref Y Y ref Y Y ref Y
First, It is assumed that the engines are aligned with the body x-axis. Then, we have
1 Xa+T
V=— [cosacos,B sinf3 sinacosﬁ] Yo |—gsiny (16)
m Za
Solving for the required thrust gives
mVref —(XacosacosB+YsinB+ ZsinacosB)+mgsiny
Treq = (1 7)

cosacosf

Table 1 — Trim conditions at different wingspan lengths.

s Oy a Oc
0% 41.66 % 2.79 deg 2.65 deg

0.5 % 42.01 % 3.16 deg 2.76 deg
1% 43.98 % 3.60 deg 2.99 deg
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Assuming small angle of attack and zero sideslip angle, we have

Href = sin™! V ycosy (18)

m
XAa/— ZA

ref = Vy+ +gcos 19
Wref XAcos,u( 4 mcos u & 7) (19)
If symmetric morphing is included in the velocity loop, the additional degree of freedom allows the vehicle to follow
velocity commands with different angles of attack. Therefore, flight performance can be improved by harmonizing
the flight path angle command and the symmetric morphing command.

Based on the reference angles, Egs. and and By.r = 0, we have

jz M M M M AL M
@l =Kp||a| -—|a +K12/ al —|a d”‘KDzE afl -l (20)
ﬁ ref ﬁ ref ﬁ ﬁ ref ﬁ ﬁ ref ﬁ
The reference angular rate to generate the reference angle rate can be found as
p cosacosff 0 cosa | [ —ysiny
q = sin 8 1 0 @ +Tgy Y (21 )
ey sina cos 8 0 —cosa ﬂ ref X cosy
Again, the reference angular rate derivatives can be found using PID control as
P P p P P] L P
q| =Kp||q| |4 +K13/ q| — 4| |dr+Kps | |a|  —|4 (22)
r ref r ref r r ref 7] r ref r

In the angular velocity control design, it is assumed that the engine moments are small enough. Then, the
required moments can be found as

la ’ p P
ma|  =J|g| +|q|xJ|q (23)
na req ref r r

SRS

The required aerodynamic moment coefficients can be calculated from Eq. (10). If the coefficients are assumed
to be linearly dependent on the control surface deflections, then the coefficients can be represented as

G Ji Na
Col=fi|+G|0de (24)
Cn fn 6r
where
. C,, Cis,
G=|Cn,, Cing, Cins, (25)
L C”na Cnée Cn5r
Finally, the required control surface deflections can be found as
na- G fl
Oe = G_l Cn|— fm ) (26)
Or dreq Cn f"

4. Numerical Simulation

A numerical simulation is performed to demonstrate the effectiveness of the proposed scheme, where actuator
dynamics are considered. Symmetric and asymmetric morphing can be used in different loops. The asymmetric
portion of span morphing can be used to initiate rolling. Therefore, the morphing aircraft can be fully controlled
without the conventional roll control surface. Figure[3|shows roll rate command tracking results with asymmetric
morphing as a primary roll control surface. In Fig. [3| the asymmetric morphing variable continues to vary even
after the commanded roll rate is achieved. This is because the control effectiveness of asymmetric morphing is
affected by the angle of attack.
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Figure 3 — Roll rate command tracking results.

5. Conclusion

In this study, a structure of the flight control system was proposed for an asymmetric variable-span morphing
aircraft based on nonlinear dynamic inversion and time-scale separation. It was shown that asymmetric variable-
span morphing could be used for roll control. The effectiveness of the proposed scheme was demonstrated
through numerical simulation. For further study, symmetric morphing and uncertainties will be considered.
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