
Citation: Xu, W.; Li, Y.; Pei, B.; Yu, Z.

A Nonlinear Programming-Based

Morphing Strategy for a Variable-

Sweep Morphing Aircraft Aiming at

Optimizing the Cruising Efficiency.

Aerospace 2023, 10, 49. https://

doi.org/10.3390/aerospace10010049

Academic Editor: Bruce W. Jo

Received: 19 November 2022

Revised: 29 December 2022

Accepted: 30 December 2022

Published: 4 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

aerospace

Article

A Nonlinear Programming-Based Morphing Strategy for a
Variable-Sweep Morphing Aircraft Aiming at Optimizing the
Cruising Efficiency
Wenfeng Xu 1, Yinghui Li 2, Binbin Pei 2,* and Zhilong Yu 1

1 Graduate College, Air Force Engineering University, Xi’an 710038, China
2 Aeronautics Engineering College, Air Force Engineering University, Xi’an 710038, China
* Correspondence: bbpei@xidian.edu.cn

Abstract: This work develops a morphing decision strategy to optimize the cruising efficiency for
a variable-sweep morphing aircraft, and a simple and practical guidance and control system is
given as well. They can work in tandem to accomplish a cruise mission effectively. To make the
morphing decision accurately, we take into account the equilibrium equations of forces; the variations
in airspeed, altitude, and mass and the optimal configurations for different cruise conditions are
solved based on the nonlinear programming method with the objective of minimum engine thrust.
Considering that a large amount of computational resources are required to solve the nonlinear
programming problems, we establish an offline database of the optimal configurations and design
a database-based online morphing decision process. In addition, the proposed morphing decision
strategy includes an anti-disturbance mechanism, which ensures that the optimal configuration can
be given accurately without chattering under fluctuating airspeed measurements. Comparative
results from the simulations finally validate the effectiveness of the proposed strategy.

Keywords: morphing aircraft; morphing decision strategy; cruising efficiency; nonlinear dynamic
programming; offline database; anti-disturbance

1. Introduction

Morphing aircraft can ensure optimal flight performance in different flight conditions
by changing their shape [1]. Thus, such an aircraft has a larger flight envelope and better
multi-mission capability than a fixed-geometry aircraft. However, historically, the increased
weight and complexity caused by morphing mechanisms have limited the further devel-
opment of morphing aircraft. In recent years, advances in aerospace materials and the
pressure to expand the flight envelope have made morphing aircraft a hot research topic
again [2–6].

Morphing brings parametric time-varying effects and additional control degrees of
freedom, which pose a challenge to the design of flight control systems. In the current
research on the control of morphing aircraft, most of the studies focus on the design
of control laws to maintain the system’s stability and eliminate the time-varying effects
and disturbances caused by morphing [7–12], for a predetermined morphing process.
However, there are few works that regard morphing as a control input, and such works
can be divided into two categories according to their objectives of morphing. The first
category aims to minimize the tracking errors of the reference signals [13–16], and it
usually requires adapting the methods of linearization and control allocation to model the
aerodynamic coefficients as linear functions of the morphing parameters and to allocate
control effects to each rudder surface and morphing mechanism. For instance, in [13],
the aerodynamic coefficients are modeled as linear functions of wing telescopic proportions,
and the sliding mode controller and control allocation method are employed to manipulate
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each control surface and telescopic wing. The second category aims to optimize the long-
range performance of the morphing aircraft [17–23], which usually requires consideration of
both control and optimization issues. It is clear that the optimal control method is a natural
candidate [17,18]. However, the optimal control methods suffer from low flexibility and
poor robustness, and they do not have the ability to make adjustments online. The scope of
this paper belongs to the second category mentioned above; in more detail, it is to optimize
the cruising efficiency for a variable-sweep morphing aircraft through morphing control.
The morphing module should be designed with the capability to make morphing decisions
to save fuel consumption and be able to coordinate with the guidance and control system
of the morphing aircraft without violating the stability and flight performance.

The lift-to-drag ratio is an important parameter to determine cruising efficiency,
and there have been some studies to design the morphing decision strategy with the
objective of maximum lift-to-drag ratio. For instance, in [19], based on the multi-fidelity
Kriging (MFK) model, the configurations with the maximum lift-to-drag ratio for different
flight conditions are calculated, and the trajectory planning for optimal aerodynamic per-
formance is performed. In [20], deep reinforcement learning is employed to determine the
configuration with the largest lift-to-drag ratio to achieve the flight performance optimiza-
tion of the morphing aircraft under different flight conditions. However, it should be noted
that the cruise efficiency is not determined by the lift-to-drag ratio alone; this is because
the fuel consumption depends on the magnitude of engine thrust, which is determined
by the equations of forces balance and is not simply negatively related to the lift-to-drag
ratio, but also related to altitude, aircraft mass, wind velocity, and many other factors.
Currently, there still does not exist a study that can comprehensively take the above factors
into account for the optimal morphing decision process of the morphing aircraft with the
objective of minimum engine thrust. It is extremely important for the improvement of the
cruise efficiency of the morphing aircraft to fill this gap. This was the main motive for
this work.

In this paper, we first give the modeling of the inertial parameters and aerodynamic
parameters of the variable-sweep morphing aircraft, then establish a 6-degree-of-freedom
multi-loop cascaded morphing aircraft model, and design the flight guidance and control
system based on the time-scale separation principle. Then, we establish an offline database
of optimal configurations for different altitudes, Mach numbers, and aircraft masses based
on nonlinear programming, and design a morphing decision process based on this of-
fline database. The primary contributions and novelties of this paper are summarized in
the following.

1. Unlike previous works that aimed to optimize the lift-to-drag ratio [19,20], we optimize
the engine thrust based on the force balance equations and take into account the cruise
conditions at different altitudes, airspeeds, and levels of fuel reduction. Therefore,
the proposed strategy can give a more accurate and reliable result for the optimal
configuration.

2. We take the wind effects and the measurement errors of the airspeed into account,
and design a morphing decision process including an anti-disturbance mechanism,
which can perform configuration optimization with fluctuating airspeed and avoid
high frequency switching of the optimal configuration.

3. The proposed morphing strategy was designed independently of the guidance and
control system, which has high flexibility and can coordinate well with the guidance
and control system to ensure the flight performance. Further, the morphing module, to-
gether with a six-degree-of-freedom cascaded morphing aircraft model and a guidance
and control system, constitutes the closed-loop system (cf. Figure 1) for validating the
effectiveness of the proposed morphing strategy, which contains fewer assumptions
and can cover more mission scenarios.
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Figure 1. Closed-loop system consisting of morphing module, morphing aircraft model, and guidance
and control system.

The rest of this paper is organized as follows. The variations in parameters due to
morphing are presented in Section 2. The dynamic guidance and control of the morphing
aircraft are described in Section 3. The morphing strategy design is depicted in Section 4.
The comparative simulation studies are presented in Section 5, and the conclusion of this
paper is given in Section 6.

2. Variations in Parameters Due to Morphing

The Firebee UAV [24] with the morphing concept proposed by NextGen Aeronau-
tics [25] is used as the model of the variable-sweep morphing aircraft considered in this
study. As shown in Figure 2, the shape and area of its wings vary significantly with the
sweep angle ζ, which ranges between 16 and 55 deg.

(a) ζ = 16◦ (b) ζ = 35◦ (c) ζ = 55◦

Figure 2. The configurations of the Firebee UAV.

2.1. Variations in Inertial Parameters

The inertial parameters, including static moment S, the inertia matrix of the aircraft J,
wing area Sre f , mean aerodynamic chord c̄, and wing span b, can be found in [8]. The values
of these parameters at ζ = 16◦, 25◦, 35◦, 45◦, and 55◦ are used to generate one-dimensional
tables. Further, the values of these parameters can be interpolated from these tables. In this
study, we should focus on the parameter Sre f , because it directly affects the magnitudes of
lift and drag, which affect the cruising efficiency significantly.

According to Figure 3, as the sweep angle increases, Sre f first increases, reaches a
maximum at ζ = 45◦, and then decreases slightly. Note that both lift and drag increase
linearly with Sre f for the same angle of attack, but an increase in Sre f also decreases the
angle of attack of the aircraft in cruise conditions; this in turn leads to a decrease in
drag. Therefore, there is a nonlinear relationship between Sre f and the cruise efficiency of
the aircraft.

Remark 1. In the subsequent optimization and simulation process, the inertial parameters are
calculated based on the linear interpolation method. Another feasible method is the polynomial
fitting method, and the difference between the results obtained by these two methods is very small.
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Figure 3. The variation in the Sre f with respect to ζ.

2.2. Variation in Aerodynamic Parameters

Aerodynamic coefficients under different conditions—altitude h, airspeed V, angle of
attack α, and sweep angle ζ—were obtained by DATCOM [26]. Considering the objective
of optimizing cruise efficiency, we focus on the lift and drag coefficients that directly affect
fuel consumption. To illustrate the aerodynamic performance under various airspeed and
sweep angle conditions, the CL, CD, and CL/CD under h = 7000 m are given in Figures 4–6.

It can be seen that the lift coefficient is positively correlated with the airspeed and
negatively correlated with the sweep angle. Further, the drag coefficient is negatively
correlated with the sweep angle ζ, and it at first decreases with increasing airspeed, but as
the airspeed approaches the transonic region (V = 300 m/s), the drag coefficient increases
sharply, especially for the configurations with small sweep angles. Furthermore, when the
airspeed does not reach the transonic region, the lift-to-drag ratio is negatively correlated
with the sweep angle and positively correlated with the airspeed, whereas in the transonic
region, the lift-to-drag ratio decreases sharply and is no longer negatively correlated with
the sweep angle, and it can be observed that the configuration with ζ = 45◦ has the
largest lift-to-drag ratio. To illustrate the effect of altitude on aerodynamic performance,
the lift-to-drag ratios at different altitudes under α = 2◦ are given in Figure 7.
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Figure 4. The lift coefficients CL for different conditions of V and ζ under h = 7000 m.
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Figure 5. The drag coefficients CD for different conditions of V and ζ under h = 7000 m.
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Figure 6. The lift-to-drag ratios CL/CD for different conditions of V and ζ under h = 7000 m.
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Figure 7. The variation in the CL/CD with respect to altitude.

It can be seen in Figure 7 that the lift-to-drag ratio decreases slightly with increasing
altitude. The variation in the air density with the altitude is more significant than that in
the lift-drag ratio, and this relationship is estimated as ρ(h) = ρ0exp(h/hs) [27], where
ρ0 = 1.225 is the nominal air density at sea level and h−1

s = 9.43× 10−5 is the air-density
decay rate. Obviously, the variation in altitude causes changes in the aerodynamic coeffi-
cient and air density at the same time; among them, the latter has a more significant effect
on the dynamic characteristics of the aircraft.
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Remark 2. In this study, we need to specify the flight state parameters such as altitude, Mach
number, sweep angle, the position of the center of gravity, and the shape parameters of the aircraft’s
fuselage and wings in the DATCOM input document. It should be noted that the wing shape
parameters and center of gravity position vary with the sweep angle, and all the required parameters
can be found in [8,24]. Further, we chose NASA-0010 as the airfoil section of the baseline aircraft
and assumed that it does not change with morphing. In addition, we must admit that the DATCOM-
based aerodynamic model may not be accurate, but it is sufficient to illustrate the morphing
strategy presented in this paper, and the proposed morphing strategy can also be applied to the
aerodynamic models built based on computational fluid dynamics (CFD) or wind tunnel tests
without modification.

3. Dynamics, Guidance, and Control of the Morphing Aircraft

Based on the results in [24,28], we establish the equations of the motion as a cascade
of the position loop, flight-path loop, attitude loop, and angular rate loop. Then, we give a
guidance or control law for each loop; the guidance and control laws of all loops constitute
the guidance and control system, which manipulates the rudders and engine thrust to
accomplish cruise missions under shape-change conditions.

3.1. Dynamics of the Position Loop
3.1.1. Equations of the Motion of the Position Loop

The position of the aircraft is determined by longitude λ, latitude ϕ, and altitude h,
and the position state equations are

ḣ = Ve sin γ,
λ̇ = Ve cos γ cos χ(

a(1−e2 sin ϕ)
− 1

2 +h
) ,

ϕ̇ = Ve cos γ sin χ[(
a(1−e2 sin ϕ)

− 1
2 +h

)
cos ϕ

] .
(1)

where γ is the flight path angle; χ is the kinematic azimuth angle; and a and e are the
semimajor axe and eccentricity of the Earth, respectively. Ve is the ground speed of the
aircraft, and it can be derived from the sum of the airspeed V and the wind velocity Vw as

Ve = V + Vw. (2)

3.1.2. Guidance Law of the Position Loop

To complete the cruise mission, the aircraft needs to reach the target waypoint
[λt, ϕt, ht]; thus, we designed the guidance law for γdes and χdes based on proportional-
integral (PI) control and trigonometric methods, respectively. They can be formulated
as follows:

γdes = f γ
sat
(
kγ

P(ht − h) + kγ
I Ieγ

)
,

İeγ = (ht − h),

χdes =


arccos −(ϕt−ϕ)2√

(λt−λ)2cos2 ϕt+(ϕt−ϕ)2
, (ϕt − ϕ) > 0

arccos (ϕt−ϕ)2√
(λt−λ)2cos2 ϕt+(ϕt−ϕ)2

, (ϕt − ϕ) ≤ 0
.

(3)

where kγ
P and kγ

I are the positive constants, Ieγ is the output of the integrator, and f γ
sat is the

saturation function for γ, which is defined as

f γ
sat(γd) =


γmax, γd ≥ γmax
γd, γmin < γd < γmax
γmin, γd ≤ γmin

. (4)

where γd denotes the input variable of f γ
sat; and γmin and γmax are the upper and lower

bounds, respectively, of the amplitude constraint of γdes.
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3.2. Dynamics of the Flight-Path Loop

To clearly introduce the dynamics of the flight-path loop, the coordinate transforma-
tions among the flight-path coordinate system FH, wind-axes coordinate system FV, Earth-
fixed coordinate system FI, and body-fixed coordinate system FB are given in Figure 8.

Figure 8. The coordinate transformations between FH, FV, FI, and FB.

u can be the position vector, velocity vector, or angular velocity vector of an arbi-
trary point, CBI, CHI, CVB, and CHV are rotation matrices [29], and their expressions are
given below.

CBI=

 cos θ cos ψ cos θ sin ψ − sin θ
sin φ sin θ cos ψ− cos φ sin ψ sin φ sin θ sin ψ + cos φ cos ψ sin φ cos θ
cos φ sin θ cos ψ + sin φ sin ψ cos φ sin θ sin ψ− sin φ cos ψ cos φ cos θ

, (5)

CVB=

 cos α cos β sin β sin α cos β
− cos α sin β cos β − sin α sin β
− sin α 0 cos α

, (6)

CIH=

 cos χ cos γ sin χ cos γ − sin γ
− sin χ cos χ 0

cos χ sin γ sin χ sin γ cos γ

, (7)

CVH=

 1 0 0
0 cos µ sin µ
0 − sin µ cos µ

. (8)

where ψ, θ, and φ denote the yaw, pitch, and roll angle, respectively; and α, β, and µ are the
angle of attack, slip, and back angle, respectively.

3.2.1. Equations of the Motion of the Flight-Path Loop

By ignoring the effect of the crosswind and applying Newton’s second law in the flight
path coordinate system, the equations of motion can be obtained as mV̇e

mVe cos γχ̇
−Vγ̇

 = CT
VHCVB

 fix
fiy
fiz

+

 T
0
0

+ CT
VH

 −D
0
−L

+ CHI

 0
0

mg

. (9)

where T is the engine thrust; fix, fiy, and fiz are the components of inertia in FB, and their
expressions are given below [24]. fix

fiy
fiz

 =

 q̇Sz − ṙSy + 2
(
qṠz − rṠy

)
+ q
(

pSy − qSx
)
− r(rSx − pSz) + S̈x

ṙSx − ṗSz + 2
(
rṠx − pṠz

)
+ r
(
qSz − rSy

)
− p

(
pSy − qSx

)
+ S̈x

q̇Sy − ṙSx + 2
(
qṠy − rṠx

)
+ q(rSx − pSz)− q

(
qSz − pSy

)
+ S̈z

. (10)



Aerospace 2023, 10, 49 8 of 24

where Sx, Sy, and Sz are the components of the static moment on the x, y, and z axes of FB,
respectively. Further, D and L are drag and lift, and they can be formulated as

D=q̄Sre f (ζ)
(

Cα2

D (ζ, V, h)α2 + Cα
D(ζ, V, h)α + C0

D(ζ, V, h)
)

,
L=q̄Sre f (ζ)

(
Cα

L(ζ, V, h)α + C0
L(ζ, V, h)

)
.

(11)

where q̄ = 1
2 ρ(h)V2 is the dynamic pressure.

3.2.2. Control Law of the Flight-Path Loop

The control objective of the flight-path loop is to steer V, χ, and γ to Vdes, χdes, and γdes
by properly designing Tdes, µdes, and αdes. Note that the dynamic characteristics of the
flight-path loop are affected by the time-varying aerodynamic coefficients and additional
inertial forces caused by morphing; thus, the designed control law should have good
robustness. Considering the slow response of the signals in the flight-path loop, the PI
control method is used to design the control law as

µdes = f µ
sat
(
kµp(χdes − χ) + kµI Ieχ

)
,

İeχ = (χdes − χ),
(12)

αdes = f α
sat
(
kαp(γdes − γ) + kαI Ieγ

)
,

İeγ = (γdes − γ),
(13)

Tdes = f T
sat(kvp(Vr −V) + kvI Iev),

İev = (Vr −V).
(14)

where kµp, kµI , kαp, kαI , kvp, and kvI are the positive constants. Further, Ieχ, Ieγ, and Iev are
the outputs of the integrators. Furthermore, f µ

sat, f α
sat, and f T

sat are the saturation functions
for the γ, α, and T, respectively. Their definitions are given below.

f µ
sat(µd) =


µmax, µd ≥ µmax
µd, µmin < µd < µmax
µmin, µd ≤ µmin

, (15)

f α
sat(αd) =


αmax, αd ≥ αmax
αd, αmin < αd < αmax
αmin, αd ≤ αmin

, (16)

f T
sat(Td) =


Tmax, Td ≥ Tmax
Td, Tmin < Td < Tmax
Tmin, Td ≤ Tmin

. (17)

where µd, αd, and Td denote the input variables of the saturation functions. Further, µmin,
αmin, and Tmin are the lower bounds of µdes, αdes, and Tdes, respectively. Furthermore, µmax,
αmax, and Tmax are the upper bounds of µdes, αdes, and Tdes, respectively.

3.3. Dynamics of the Attitude Loop
3.3.1. Equations of the Motion of the Attitude Loop

The equations of motion in the attitude loop are the same as those for a fixed-geometry
aircraft, and they can be described as µ̇

α̇
β̇

 =

 cos α cos β 0 sin α
sin β 1 0

sin α cos β 0 − cos α

−1CT
VBCVH

 −χ̇ sin γ
γ̇

χ̇ cos γ

+

 p
q
r

. (18)

where p, q, and r, denote the roll, pitch, and yaw rate components of the aircraft angular
velocity vector in FB, respectively.
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3.3.2. Control Law of the Attitude Loop

The control law for the attitude loop should steer µ, α, and β to µdes, αdes, and βdes by
properly designing pdes, qdes, and rdes. Note that the dynamics of the attitude loop have
strong nonlinearity, but there are no external disturbances and model uncertainties; thus,
we designed [ pdes qdes rdes ]T based on nonlinear dynamic method [30] as Equation (19)
and Figure 9. pdes

qdes
rdes

 =

 cos α cos β 0 sin α
sin β 1 0

sin α cos β 0 − cos α

 kµp(µdes − µ) + kµI Ieµ

kαp(αdes − α) + kαI Ieα

kβp(βdes − β) + kβI Ieβ


+ CT

VBCVH

 −χ̇ sin γ
γ̇

χ̇ cos γ

,

İeµ = (µdes − µ),
İeα = (αdes − α),
İeβ = (βdes − β).

(19)

where kµp, kµI , kαp, kαI , kβp, and kβI are the positive design parameters. Further, Ieµ, Ieα,
and Ieβ are the outputs of the integrators.

Figure 9. The control block diagram of the attitude loop.

3.4. Dynamics of the Angular Rate Loop
3.4.1. Equations of the Motion of the Angular Rate Loop

By applying the angular momentum theorem in the body-fixed coordinate system,
the equations of motion can be obtained as ṗ

q̇
ṙ

 = J−1

 la + lg + li
ma + mg + mi
na + ng + ni

−
 p

q
r

× J

 p
q
r

, (20)

where J is the inertia matrix of the aircraft, and la
ma
na

 =

 Clββ + Clp
pb
2V + Clr

rb
2V + Clδa δa + Clδr δr

Cm0 + Cmαα + Cmq
qc̄
2V + Cmδe δe

Cnββ + Cnp
pb
2V + Cnr

rb
2V + Cnδa δa + Cnδr δr

 (21)

is the array of the components of aerodynamic moments in Fb. Clβ, Clp, Clr, Clδa , Clδr , Cm0,
Cmα, Cmq, Cmδe , Cnβ, Cnp, Cnr, Cnδa , and Cnδr are all the aerodynamic moment coefficients.
Further,  lg

mg
ng

 =

 Sx
Sy
Sz

×
CB/I

 0
0

mg

 (22)
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is the array of the components of moment caused by gravity in Fb. [ li mi ni ]T is the
array of components of the moment caused by the movement of the centroid, and its
expression is given below [24]. li

mi
ni

 =

 Sx
Sy
Sz

× v̇ +

 Sx
Sy
Sz

×
 p

q
r

× v


− 2

∫
ρi ×

ρi ×

 p
q
r

dmi +
∫

ρi × ρ̈idmi

(23)

where v = CT
V B[ V 0 0 ]T denotes the components of the array of the ground speed

in Fb, and ρi = [ ρxi ρyi ρzi ]T is the position vector relative to the origin of Fb of each
particle in the whole aircraft.

3.4.2. Control Laws for the Angular Rate Loop

The control objective for altitude loop is to steer p, q, and r to pdes, qdes, and rdes
by properly designing δa, δe, and δr. It should be noted that the signals in the angular
rate loop change rapidly, and the change in shape brings time-varying effects and distur-
bances. Therefore, the incremental dynamic inversion method [31] is employed to design[

δa δe δr
]T, which is given below: ∆δa

∆δe
∆δr

 = J−1q̄Sre f

 Clδa 0 Clδr

0 Cmδe 0
Cnδa 0 Clδn


 kpp(pdes − p) + kpI Iep

kqp(qdes − q) + kqI Ieq
krp(rdes − r) + krI Ier

−
 ṗ0

q̇0
ṙ0

,

 δa
δe
δr

 =

 δa0
δe0
δr0

+

 ∆δa
∆δe
∆δr

,

İep = pdes − p, Iep(0) = 0,
İeq = qdes − q, Ieq(0) = 0,
İer = rdes − r, Ier(0) = 0.

(24)

where kpp, kpI , kqp, kqI , krp, and krI are positive design parameters; Iep, Ieq, and Ier are the
outputs of the integrators. p0, q0, r0, ṗ0, q̇0, ṙ0, δa0, δe0, and δr0 are the values of p, q, r, ṗ, q̇,
ṙ, δa, δe, and δr, respectively, in the last control cycle as

p0(t) = p(t− dct),
q0(t) = q(t− dct),
r0(t) = r(t− dct),
δa0(t) = δa(t− dct),
δe0(t) = δe(t− dct),
δr0(t) = δr(t− dct),
ṗ0(t) = ṗ(t− dct),
q̇0(t) = q̇(t− dct),
ṙ0(t) = ṙ(t− dct).

(25)

where dct is the control cycle of the guidance and control system.
To make the control structure clearer and more understandable, the overall control

block diagram of the angular rate loop is shown in Figure 10.
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Figure 10. The control block diagram of the angular rate loop.

3.5. Dynamics of the Morphing Mechanism and Fuel Consumption

Note that the response speeds of the morphing mechanism and the engine thrust are
relatively slow; thus, we model their dynamics as follows.

The actuator dynamic the morphing mechanism is modeled as a first-order dynamic
system as below.

ζ̇ =
(ζdes − ζ)

τm
. (26)

where ζdes is the commanded sweep angle, ζ is the actual sweep angle, and τm is the inertia
time constant of the morphing mechanism. Considering that the response speed of the
morphing mechanism is much slower than that of the rudder surface (the time constant of
the rudder surface is about 1/20), we set τm to 1/1.6 in this study.

Considering the hysteresis effect of fuel on the engine thrust response as a first-order
dynamic system as well, we establish the following fuel consumption model.

Ṫ = (Tdes−T)
τT

,
ṁ = −IT.

(27)

where Tdes is the commanded thrust given by the guidance and control system, T is the
actual engine thrust, I is the specific impulse of the engine, and τT is the inertial time
constant of the engine. By referring to some open sources and the literature [24], τT was set
to 1/5.

Remark 3. To avoid unnecessary complexity, there are some reasonable simplifications in the
equations of motion of the morphing aircraft. We regard the Earth as a standard ellipsoid and
neglect the effect of the Earth’s rotation. In addition, the effect of crosswind is neglected, i.e., we only
consider the component of the wind in the x axis of the wind-axes coordinate system.

Remark 4. The guidance and control system of a morphing aircraft should have stronger robustness
and better environmental adaptability than that of a fixed-geometry aircraft. This is because it
needs to ensure high flight performance in multiple configurations and system stability during the
morphing process. The guidance and control laws given in this paper were designed based on this
principle, and they can be replaced by better performance guidance and control laws that satisfy the
same conditions.

4. Morphing Strategy Design
4.1. Off-Line Configuration Optimization

From Equation (27), it is clear that the objective of optimizing the cruising efficiency
implies minimizing the engine thrust. In the cruising state, the thrust of the aircraft should
satisfy the following equations of force balance.

L−mg + T sin α = 0,
D− T cos α = 0.

(28)
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According to Equations (11) and (28), the value of T can be jointly determined by V,
h, m, ζ, and α; among them, V, h, and m are obtained according to the cruising conditions,
and ζ and α are set as decision variables. Then, we can construct a nonlinear optimization
problem with the objective of minimizing the engine thrust as given below.

J∗(V, h, m) = min
ζ,α

CD(ζ,V,h,α)
cos α ,

subject to L−mg = tan α
2 ρ(h)V2Sw(ζ)CD(ζ, V, h, α),

16◦ ≤ ζ ≤ 55◦,
0◦ ≤ α ≤ 10◦.

(29)

Remark 5. In this study, since the specific impulse of the engine is assumed to be a constant,
the optimization aiming at the minimum fuel consumption is exactly equivalent to the optimization
aiming at the minimum T. In the real world, the specific impulse is affected by various factors
(incoming pressure, temperature, etc.), and in fact, such matters are of less importance in the
current investigation.

To save computational resources, we established a database of the optimal ζ∗ with
respect to V, h, and m by offline computation. We set the values of V, h, and m according
to a three-dimensional grid. In the first dimension, we set the minimum value of V to
100 m/s, the maximum value to 300 m/s, and the value interval to 5 m/s; in the second
dimension, we set the minimum value of h to 3000 m, the maximum value to 12,000 m,
and the value interval to 500 m; in the third dimension, we set the minimum value of m to
750 kg, the maximum value to 1300 kg, and the value interval to 50 kg.

For each grid point i contained in the three-dimensional grid, the NPSOL [32] toolbox
was applied to solve the nonlinear optimization problem, Equation (29), to get the optimal
configuration ζ∗i and record it. We sliced the optimization results according to h and show
the filled contour plot of the optimal configuration in Figure 11.
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Figure 11. Filled contour plot of the optimal configuration.

Remark 6. NPSOL is a popular nonlinear programming solver which uses sequential quadratic
programming, with a positive-definite quasi-Newton approximation of the transformed Hessian of
the Lagrangian function. All functionalities of the NPSOL solvers are available and changeable in
the tomlab toolbox [33]. In addition, to ensure that the solver can find the optimal solution satisfying
the constraint, we can change the initial solution vector several times and judge the convergence of
the solution based on the output of the solver until a converged optimal solution is found. Such an
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approach reflects the advantage of offline computing, i.e., allowing a larger amount of computation
and a certain degree of manual intervention.

As can be seen in Figure 11, the sweep angles of the optimal configurations take values
of ζ = 16◦, 25◦, and 55◦ under m ≥ 110kg; and the optimal sweep angle only takes values
of ζ = 16◦ and 55◦ under m < 110kg. Further, it is clear that the optimal sweep angle
is ζ = 16◦ at low airspeeds, and as airspeed increases, it switches to 55◦, or first to 25◦

and finally to 55◦. Furthermore, with the increasing of altitude and decreasing of mass,
ζ∗ tends to increase—i.e., the area of the large sweep angle region increases in the filled
contour map.

Remark 7. It is worth noting that the optimal configuration of the morphing aircraft model used in
this paper only takes values of ζ = 16◦, 25◦, and 55◦. Therefore, by substituting these values into
Equation (28), the cruising thrust of each configuration can be solved, and the optimal configuration
can be obtained directly by comparing the obtained thrust values, which greatly simplifies the
computation. However, this method can only be applied to the Firebee UAV model used in this
paper, whereas the nonlinear programming-based method proposed in this subsection can be easily
extended to other morphing aircraft models.

4.2. Online Morphing Decision Process

Based on the established offline database, the nearest neighbor interpolation is used to
determine the optimal configurations for different cruise conditions online. The Euclidean
distance from the current operating state [V, h, m] to each grid point is calculated as

di
p =

√(
V −Vi

)2
+
(
h− hi

)2
+
(
m−mi

)2. (30)

where
[
Vi, hi, mi] is the coordinate of the i-th grid point. Then, we find the grid point with

the smallest di
p and take its ζ∗i as the optimal configuration ζ∗.

It should be noted that the airspeed during the cruise is affected by the wind velocity,
and there are errors in the sensor measurements of airspeed. Consequently, the measured
airspeed of the aircraft is a fluctuating value, which may cause the ζ∗ to switch back
and forth between several configurations, thereby compromising the stability and flight
performance of the aircraft. To solve this problem, we must design a proper morphing
decision process that contains an anti-disturbance mechanism to ensure the configuration
optimization can be accomplished and the high-frequency switching does not occur under
fluctuating airspeed measurement.

We first introduce a scoring mechanism to evaluate the score of each configuration.
The offline computation was again adopted to establish a database of the scores of the
configurations. For each grid point of the three-dimensional grid, by substituting ζ = 16◦,
25◦, 35◦, 45◦, and 55◦ into the Equation (28), the engine thrust levels Ti

16, Ti
25, Ti

35, Ti
45, and

Ti
55 can be derived, and they were recorded as the baseline scores for ζ = 16◦, 25◦, 35◦, 45◦,

and 55◦. Therefore, we could derive a score database consisting of the baseline scores for
each grid point. Further, the scores for the configuration with ζ ∈ [16◦, 55◦] were obtained
by the linear interpolation method online.

For each control cycle, the difference between the scores of the current optimization
result ζ∗(t) and the output of the previous time step ζdes(t− dct) is used to measure the
degree of the urgency of the morphing action ζ∗(t). If this difference is greater than a
threshold value thr, ζ∗(t) should be performed immediately; otherwise, the action should
be executed based on the delayed action, rule as given below.
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ζdes(t) =
{

ζ∗(t), i f count(t) ≥ N
ζp(t), i f count(t) < N

,

ζp(t) =
{

ζp(t− dct), i f ζ∗(t)− ζ∗(t− dct) < ∆ζ
ζ∗(t), i f ζ∗(t)− ζ∗(t− dct) ≥ ∆ζ

,

count(t) =


count(t− dct) + 1, i f (ζ∗(t)− ζ∗(t− dct) < ∆ζ)

and(count(t) < N)
1, ζ∗(t)− ζ∗(t− dct) > ∆ζ, i f (ζ∗(t)− ζ∗(t− dct) ≥ ∆ζ

or(count(t) ≥ N)

,

ζdes(0) = ζ(0),
ζp(t) = ζ(0),
count(0) = 1.

(31)

where ζp is the memorized optimization result of the timer, count is the timing’s variable,
∆ζ is the threshold value for timer reset, and N is the number of delayed time steps.

Finally, we summarize the workflow of the proposed database-based online morphing
decision process as follows (Algorithm 1):

Algorithm 1: Database-based online morphing decision process

Parameters: threshold value for timer reset ∆ζ, threshold value for the difference of
scores thr, control cycle dct, the number of delayed time steps N.

1: Initialize t = 0, count = 1, ζdes(0) = ζ(0), ζp(0) = ζ(0).
2: t = t + dct
3: while cruise mission not over do

4: Calculate the Euclidean distance from the current state [V, h, m] to
each grid point according to Equation (30), and find the grid point i
with the smallest di

p. Then, select the optimal configuration ζ∗ from
the grid point i

5: Calculate the scores Sc(ζ∗(t)) and Sc(ζdes(t− dct)) of ζ∗(t) and
ζdes(t− dct) by linear interpolation from [Ti

16, Ti
25, Ti

35, Ti
45, Ti

55].

6: if Sc(ζ∗(t))− Sc(ζdes(t− dct)) < thr, then
7: if ζ∗(t)− ζ∗(t− dct) < ∆ζ, then
8: count = count + 1.
9: else
10: count = 1.
11: ζp = ζ∗(t).
12: end if
13: if count > N then
14: ζdes(t) = ζ∗(t)
15: ζp(t) = ζ∗(t).
16: count = 1.
17: else
18: ζp(t) = ζp(t− dct)
19: ζdes(t) = ζp(t)
20: end if
21: else
22: ζdes(t) = ζ∗(t).
23: ζp(t) = ζ∗(t).
24: count = 1.
25: end if
26: output ζdes to morphing mechanism.
27: t = t + dct.
28: end while
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Remark 8. In algorithm 1, lines 7–20 describe the proposed delayed action rule, which are the
detailed implementation steps of Equation (31). As it is shown, the output ζdes of the morphing
module becomes ζ∗ if ζ∗ can hold for N control cycles without any change beyond ∆ζ. Otherwise,
ζdes stays at the last morphing module’s output ζp.

5. Simulation

In this section, comparative simulations are presented to demonstrate the performance
and effctiveness of the proposed morphing strategy. The control cycle of the guidance
and control system was set to dct = 0.01 s. The specific impulse of the engine was set
to I = 18,000 N·s/kg. The parameter settings of the guidance and control system and
morphing module are listed in Table 1.

Table 1. The parameter settings of the guidance and control system and morphing module.

Name Value Name Value Name Value

kχp 4.5 kγp 3.5 kvp 20,000
kµp 4 kαp 18 kβp 8
kpp 20 kqp 20 krp 20
kχI 1 kγI 0.5 kvI 200
kµI 1 kαI 1 kβI 1
kpI 2 kqI 2 krI 2

γmax 60◦ µmax 60◦ αmax 10◦

γmin −60◦ µmin −60◦ αmin −5◦

Tmax 10, 000 N ∆ζ 1◦ thr 30
Tmin 500 N βdes 0◦ N 200

Remark 9. In Table 1, the parameters in rows 1–6 are the gains of the guidance and control
system, which were determined by trial and error to ensure good flight performance under multiple
configurations and flight conditions. Considering that the aircraft should maintain stable flight
attitude during the cruise mission, we set the limitations of γ, α, µ, and T to relatively small
ranges. Further, βdes was set to zero to enable coordinated turns. Furthermore, the morphing
module parameters ∆ζ, thr, and N were tuned based on trial and error and the numerical results of
offline optimization.

5.1. Comparison with Fixed-Geometry Aircraft

In this subsection, the fuel consumption of the morphing aircraft with the proposed
morphing strategy is compared with that of the fixed-geometry aircraft, which was taken to
be the configuration of the Firebee UAV with ζ = 35◦. In addition, the extra weight brought
by morphing mechanism was taken into account; the empty weight of the fixed-geometry
aircraft was set to 90% of that of the morphing aircraft. The cruise mission was to reach the
waypoints sequentially at the specified velocity. The longitude, latitude, and cruise velocity
of the waypoints are listed in Table 2, and the initial states of the morphing aircraft and the
integrators were set as given in Table 3.

Table 2. Waypoint settings for Section 5.1.

Number ϕ λ h Ve

Point1 50◦ 50◦ 5000 m
Point2 51◦ 50◦ 5000 m 230 m/s
Point3 53.5◦ 50◦ 7000 m 230 m/s
Point4 53.5◦ 51.5◦ 7000 m 180 m/s
Point5 53.5◦ 53.5◦ 6000 m 280 m/s
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Table 3. Initial state settings of the morphing aircraft and the integrators in Section 5.1.

Name Value Name Value Name Value

ϕ0 50◦ λ0 50◦ h0 5000 m
V0 230 m/s χ0 0◦ γ0 0◦

µ0 0◦ α0 0.73◦ β0 0◦

p0 0◦/s q0 0◦/s r0 0◦/s
Iev0 10 Ieχ0 0 Ieγ0 0
Ieµ0 0 Ieα0 0 Ieβ0 0
Iep0 0 Ieq0 0 Ier0 0

T0 1430 N m0
1250 kg (1175 kg for

fixed-geometry aircraft)

According to Figures 12 and 13, the morphing module selected a configuration with
ζdes = 16◦ during the cruise between waypoints 1 and 2. Subsequently, during waypoints
2 and 3, the increase in altitude made the morphing module select a configuration with a
larger sweep angle of ζdes = 25◦, and then the reduction in mass due to fuel consumption
made the optimal sweep angle switch to ζdes = 55◦. Note that the cruise velocity during
waypoints 3 and 4 will be lower, so the morphing mechanis m selected a configuration with
ζdes = 16◦, and the morphing module selected a configuration with ζdes = 55◦ as the cruise
velocity increased to 280 m/s between waypoints 4 and 5.

It can be concluded from Figures 14 and 15 that despite the additional 75 kg added
by the morphing mechanism, the fuel consumption of the morphing aircraft using the
proposed morphing strategy is lower than that of the fixed-geometry aircraft in every cruise
phase, especially in the high-speed cruise phase between waypoints 4 and 5. The fuel
consumption of the morphing aircraft is 22.4% less than that of the fixed-geometry aircraft.
In addition, between the waypoints 1 and 2, 2 and 3, and 3 and 4, the morphing aircraft
using the proposed morphing strategy saved 1.89%, 2.16%, and 3.67% of fuel consumption,
respectively, compared to the fixed-geometry aircraft.

As seen in Figure 16, the guidance and control system given in this paper can ensure
the completion of the cruise mission, and all signals are always stable and bounded. Further,
the morphing control module can work well with the guidance and control system and
will not affect the stability and flight performance.

Figure 12. Flight path of the morphing aircraft with proposed morphing strategy in Section 5.1.
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Figure 13. ζ of the comparative simulation in Section 5.1.
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Figure 14. Engine thrust and fuel consumption of the comparative simulation in Section 5.1.
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Figure 16. The states and rudder sufaces of the comparative simulation in Section 5.1.

5.2. Comparison with the Strategy Aiming at Optimizing the CL/CD

In this subsection, the proposed morphing strategy is compared with the morphing
strategy aiming at optimizing the lift-to-drag ratio as in [19]. We set up the cruise mission
as shown in Table 4, and the initial states of the morphing aircraft and the integrators as
shown in Table 5.

Table 4. Waypoint settings in Section 5.2.

Number ϕ λ h Ve

Point1 50◦ 50◦ 6000 m
Point2 50◦ 51◦ 6000 m 210 m/s
Point3 51.5◦ 51◦ 7000 m 230 m/s
Point4 53◦ 51◦ 7000 m 240 m/s
Point5 53.5◦ 52.5◦ 7000 m 270 m/s

Table 5. Initial state settings of the morphing aircraft and the integrators in Section 5.2.

Name Value Name Value Name Value

ϕ0 50◦ λ0 50◦ h0 6000 m
V0 210 m/s χ0 0◦ γ0 0◦

µ0 0◦ α0 0.73◦ β0 0◦

p0 0◦/s q0 0◦/s r0 0◦/s
Iev0 10 Ieχ0 0 Ieγ0 0
Ieµ0 0 Ieα0 0 Ieβ0 0
Iep0 0 Ieq0 0 Ier0 0
T0 1430 N m0 1250 kg

It can be seen in Figures 17 and 18 that the proposed morphing strategy first gives the
morphing decision ζdes = 16◦, and then switches to ζdes = 25◦, and finally to ζdes = 55◦. It
should be noted that there are significance differences between the decisions given by the
proposed morphing strategy and the morphing strategy aiming at optimizing the CL/CD.
Between waypoints 1 and 4, the morphing strategy aiming at optimizing the lift-to-drag
ratio selected a configuration with ζdes = 16◦, whereas for cruising between waypoints
4 and 5, a configuration with ζdes = 45◦ was selected.
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Figure 17. Flight path of the morphing aircraft with the morphing strategy proposed in Section 5.2.
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Figure 18. ζ of the comparative simulation in Section 5.2.

As seen in Figures 19 and 20, between the waypoints 2 and 5, the fuel consumption
of the proposed method is lower than that of the strategy aiming at optimizing lift-to-
drag ratio. By comparing these two methods, the proposed method saves 2.48% in fuel
consumption throughout the cruise mission. The reasons lie in two aspects: one is that
the proposed strategy fully considers the variation in cruise conditions and equilibrium
equations of forces, and it directly takes the engine thrust as the optimization target; thus,
it can achieve more accurate morphing optimization to save fuel consumption; the other
one is that the optimization of the lift-to-drag ratio under the current angle of attack is not
rigorous enough, because the cruise angle of attack varies with the configurations, as can
be seen in Figure 21, There is a significant difference between the cruise angles of attack
between waypoints 3 and 5 for the configurations with ζ = 16◦ and ζ = 55◦. Therefore,
although the ζ = 16◦ configuration has a larger lift-to-drag ratio, it still needs more thrust
to overcome the drag at a larger cruise angle of attack.
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Figure 19. Engine thrust and fuel consumption of the comparative simulation in Section 5.2.
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Figure 20. Fuel consumption for each cruise phase of the comparative simulation in Section 5.2.
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Figure 21. Cruise angle of attack of the comparative simulation in Section 5.2.

5.3. Comparison with Morphing Decision Process without the Anti-disturbance Mechanism

In this subsection, the effectiveness of the proposed anti-disturbance mechanism is
demonstrated; thus, we compare the proposed morphing strategy with the strategy that
removes the anti-disturbance mechanism, i.e., directly making ζdes = ζ∗. Set the cruise



Aerospace 2023, 10, 49 21 of 24

mission as shown in Table 6 and the initial states of the morphing aircraft and the integrators
as shown in Table 7. Consider a scenario wherein the morphing aircraft suffers from a
fluctuating headwind Vw and an airspeed measurement error d, where the magnitude of
Vw satisfies a Gaussian distribution with a mean of 10 and variance of 4, and d also satisfies
a Gaussian distribution with a mean of 0 and variance of 2.

Table 6. Waypoint settings in Section 5.3.

Number ϕ λ h Ve

Point1 40◦ 40◦ 4000 m
Point2 40.5◦ 40◦ 4000 m 270 m/s
Point3 41.5◦ 40◦ 6000 m 220 m/s

Table 7. Initial state settings of the morphing aircraft and the integrators in Section 5.3.

Name Value Name Value Name Value

ϕ0 40◦ λ0 40◦ h0 4000 m
V0 270 m/s χ0 0◦ γ0 0◦

µ0 0◦ α0 0.73◦ β0 0◦

p0 0◦/s q0 0◦/s r0 0◦/s
Iev0 10 Ieχ0 0 Ieγ0 0
Ieµ0 0 Ieα0 0 Ieβ0 0
Iep0 0 Ieq0 0 Ier0 0
T0 1430 N m0 1250 kg

As seen in Figures 22 and 23, the proposed method selects a configuration with
ζ = 55◦ between waypoints 1 and 2 and ζ = 16◦ between waypoints 2 and 3; the morphing
strategy that does not include an anti-disturbance mechanism induces the chattering of ζ
between waypoints 2 and 3. This is because the fluctuating airspeed measurements lead to
high-frequency switching of ζ∗.

As seen in Figure 24, the chattering of ζ causes high-frequency oscillations in α, q,
and δe, which are not allowed in engineering practice. Based on the above analysis, we can
conclude that it is effective and necessary to introduce an anti-disturbance mechanism in
the morphing decision process.

Figure 22. Flight path of the morphing aircraft with the proposed morphing strategy in Section 5.3.
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Figure 23. ζ of the comparative simulation in Section 5.3.
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Figure 24. α, q, and δe of the comparative simulation in Section 5.3.

6. Conclusions

We have considered the morphing decision problem for morphing aircraft with the
objective of optimizing cruise efficiency. The following conclusions can be drawn:

1. We propose a morphing decision strategy to optimize the cruising efficiency for a
variable-sweep morphing aircraft, which consists of a nonlinear programming-based
offline database and a database-based online morphing decision process. This strategy
takes into account the variations in cruise airspeed, altitude, total mass, and the cruise
angles of attack; thus, it can give the morphing decisions reasonably and accurately.

2. In engineering practice, the effects of wind velocity and sensor errors lead to fluctuating
airspeed measurements, which may cause high-frequency switching of the optimal
configuration. To solve this problem, we introduce an anti-disturbance mechanism
in the morphing decision process, which ensures that the optimized morphing deci-
sion can be given correctly and the high-frequency switching does not occur under
fluctuating airspeed measurement conditions.
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3. The effectiveness of the proposed strategy has been validated by simulation. The results
demonstrate that even after taking into account the additional of 75 kg caused by the
morphing mechanism, the morphing aircraft with the proposed morphing strategy still
has higher cruise efficiency than the fixed-geometry aircraft, especially in high-speed
cruise conditions, where 22.4% of fuel consumption is saved. Further, the results
show that the fuel consumption by the proposed strategy is 2.48% lower than that
of the morphing strategy that aims at optimizing the lift-to-drag ratio. Furthermore,
the proposed method demonstrably has a certain anti-disturbance ability for fluctuating
airspeed measurements.

In the future, we will focus on designing a high-performance, online morphing deci-
sion strategy with a small computational burden and a strong anti-disturbance capability,
and it does not require the support of an offline database. Another potential direction for
the future work is the cruising efficiency optimization for the morphing aircraft model with
more degrees of freedom for shape change.
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