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ABSTRACT
To improve the endurance performance of long-endurance Unmanned Aerial Vehicles
(UAVs), a smart morphing method to adjust the UAV and flight mode continuously during
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flight is proposed. Using this method as a starting point, a smart morphing long-endurance
UAV design is conducted and the resulting improvement in the endurance performance
studied. Firstly, the initial overall design of the smart morphing long-endurance UAV is car-
ried out, then the morphing form is designed and various control parameters are selected.
Secondly, based on multi-agent theory, an architecture for the smart morphing control system
is built and the workflow of the smart morphing control system is planned. The morphing
decision method is designed in detail based on the particle swarm optimisation algorithm.
Finally, a simulation of the smart morphing approach in the climb and cruise stages is carried
out to quantitatively verify the improvement in the endurance performance. The simulation
results show that the smart morphing method can improve the cruise time by 4.1% with the
same fuel consumption.
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NOMENCLATURE
ax acceleration in x-axis direction

az acceleration in z-axis direction

a0 angle-of-attack at zero lift

A wing aspect ratio

C specific fuel consumption

c relative thickness of wing

CD whole UAV drag coefficient

CD0 drag coefficient at zero lift

CDi induced drag coefficient

CPower fuel consumption per unit power per hour

Cy UAV lift coefficient

Ca
yswing wing slope of lift curve

Ca
foil aerofoil slope of lift curve

Ca
yhtail horizontal tail slope of lift curve

Ca
fhtail horizontal tail aerofoil slope of lift curve

Cywing wing lift coefficient

Cyhtail horizontal tail lift coefficient

D drag

E endurance

L/D lift-to-drag ratio

P engine output power

SW reference wing area

sht reference horizontal wing area

sfuselage reference fuselage area

S fuel consumption per hour

T thrust produced by engine

V speed
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V y climb rate

W weight

W i weight before cruise

W f weight after cruise

x x coordinate of mean camber line

Zx Z coordinate of mean camber line

�thTE thickness of trailing edge

Greek Symbols
α angle-of-attack

γ angle-of-climb

ϕ incidence angle

ρ atmospheric density

η engine efficiency

ε downwash angle

ηp engine efficiency

1.0 INTRODUCTION
Long-endurance UAVs play an important role in the military arsenal. They can perform recon-
naissance and surveillance missions in high-threat environments without risking pilot lives(1).
Improving their endurance performance enhances their combat capabilities and has always
been a research focus in the field of long-endurance UAV design.

With the rapid development of Artificial Intelligence (AI) and morphing technology, the
concept of smart morphing aircraft has been proposed. Smart morphing implies that the air-
craft is self-sensing and has an adaptive control ability. The aircraft can thus change shape in
a timely and autonomous fashion depending on the flight task and flight environment, thus
meeting different flight requirements with different wing geometries and achieving optimised
performance across the entire flight envelope(2,3).

The design of such smart morphing control system architectures and planning the corre-
sponding workflow must be considered during the design of smart morphing long-endurance
UAVs. The smart morphing process involves environment perception, morphing decision-
making and maintaining the trim of the UAV. Multi-agent theory in the field of AI provides a
new design approach for the architecture of such smart morphing control systems. A multi-
agent system refers to an agent network consisting of several autonomous, flexible and social
computer systems operating in a certain cooperative mode. Yin et al.(4) designed an intelligent
control system framework for the chassis of an electric vehicle based on multi-agent theory
to realise multi-objective online optimal regulation and control of the vehicle under different
conditions. Similarly, multi-agent theory can be used to design smart morphing control sys-
tems. At the same time, a learning agent can be added to realise independent learning of the
smart morphing control system.

The term ‘smart’ in smart morphing mainly refers to the adjustment of the aircraft con-
figuration and flight operation according to the flight environment. Therefore, how to select
the optimal shape according to the current environment is the emphasis during the design
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of such smart morphing control systems. The use of an appropriate optimisation algorithm
can shorten the decision time and improve the decision efficiency. Particle swarm optimi-
sation has been proposed as an intelligent algorithm to imitate the foraging behaviour of
birds(5). Anlinxue et al.(6) compared the particle swarm optimisation algorithm with the
genetic algorithm and sequential quadratic programming algorithm, finding that the par-
ticle swarm optimisation algorithm exhibited better global search capability and higher
efficiency. Therefore, smart morphing decision-making can be designed based on particle
swarm optimisation.

The ‘morphing’ in smart morphing, in contrast to the traditional control surface deflection
of the wing, refers to continuous deformation of the wing(2), mainly by variation of its camber,
span and sweep angle. Among these, camber is the main factor generating the lift force of the
wing. Changing the camber can improve the flow field and effectively improve the aerody-
namic performance. The use of wings with variable camber has thus become the focus of both
domestic and foreign research. In recent years, the development of shape memory materials
such as piezoelectric materials and other intelligent materials has provided a good materials
basis for such variable-camber wings. Elzey et al.(7) at the University of Virginia used a shape
memory alloy to design a chain-link-type variable-camber wing with a large range of bend-
ing deformation. Wu et al.(8) presented a new morphing aerofoil design concept that combines
compliant runners driven by Linear Ultrasonic Motors (LUSMs) with an innovative morphing
structure using a compliant composite truss. This approach can offer fully controlled multiple
degrees of freedom to provide multiple morphing configurations. Guiler et al.(9) conducted
wind-tunnel tests, and the results showed that, in comparison with a traditional wing with
flaps, the variable-camber wing that deformed smoothly across the wing surface exhibited a
15% higher lift-to-drag ratio while its resistance was reduced by 7%. Therefore, the morphing
form of variable camber can be selected.

In this paper, the morphing form of variable camber is selected, and a preliminary design
for a smart morphing long-endurance UAV is completed. The design work includes the overall
parameter and aerodynamic layout, morphing, the smart morphing control system architec-
ture and finally the morphing decision method. The effects of such smart morphing on the
endurance are verified by simulating the UAV in climb and cruise flight.

2.0 SMART MORPHING CONTROL SYSTEM
ARCHITECTURE BASED ON MULTI-AGENT THEORY

The common multi-agent architecture includes an agent alliance, agent network and black-
board structure. Information sharing between the individual agents is realised through the
blackboard structure(10), which is used herein as the basis for the design of the architecture of
the smart morphing control system and to plan the operation of the smart morphing control
system.

The smart morphing control system is composed of a bulletin board, a perception and
detection agent, a morphing decision agent and a balance control agent, as shown in Fig. 1.
Each agent is an independent computing entity with knowledge, belief, commitment, ability
etc. Each agent shares information and cooperates with the other agents through the bulletin
board.

The perception and detection agent can obtain data from the sensor network that extends
all over the UAV and has the ability for information fusion. The data obtained from the sensor
network can be used for state and parameter estimation. The information obtained by the
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Table 1
The information obtained by the perception and detection agent

Environment information Flight information UAV state

Flight altitude Flight path angle Current weight
Wind speed Angle-of-attack Engine state
. . . Flight speed Morphing state

Acceleration . . .

. . .

Figure 1. Smart morphing control system architecture.

perception and detection agent can then be transmitted to the bulletin board. Table 1 lists
the information obtained by the perception and detection agent by fusing the information
transmitted by the sensor network.

The bulletin board publicises the flight tasks and the information obtained from the per-
ception and detection agent to the other agents and receives the information from all the
agents.

According to the information on the bulletin board, the morphing decision agent decides
the optimal shape and flight mode, aiming to improve the endurance, and also has the ability
for autonomous learning. Figure 2 shows the architecture of the morphing decision agent.
Figure 3 shows the workflow of the morphing decision agent, which includes a database,
learning sub-agent and decision-making sub-agent. The database contains previous flight
data and relevant flight knowledge, which can be updated in real time. According to the
current state, the decision-making sub-agent makes the morphing decision and the corre-
sponding flight mode. The learning sub-agent learns the decisions through the neural network
algorithm, and constructs and updates the decision prediction model. After learning a consid-
erable number of flight data, the decision prediction model can replace the decision-making
sub-agent.

The balance control agent considers the flight mode decision made by the morphing deci-
sion agent as a reference and adjusts the aircraft according to the information given on the
bulletin board to ensure flight stability.

The whole operating process of the smart morphing control system is shown in Fig. 4.
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Figure 2. The morphing decision agent architecture.

Figure 3. The workflow of the decision-making sub-agent.

3.0 THE DESIGN OF THE SMART MORPHING
LONG-ENDURANCE UAV

A smart morphing long-endurance UAV is designed in this section. The configuration lay-
out is based on the existing long-endurance General Atomic MQ-1 ‘Predator UAV’, and the
morphing wing is designed in detail.

3.1 The concept design
The main flight parameters of the smart morphing long-endurance UAV are presented in
Table 2, while the flight profile is shown in Fig. 5.
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Table 2
Flight parameters of the smart morphing long-endurance UAV

Name Value Unit

Operational ceiling 7.5 km
Cruise speed 144–180 km/h
Stall speed 100 km/h
Max. speed 216 km/h
Total weight 1020 kg
Empty weight 500 kg

Figure 4. The smart morphing control system workflow.

Figure 5. The smart morphing long-endurance UAV flight profile.
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Figure 6. The configuration layout of the smart morphing long-endurance UAV.

Figure 7. The morphing wing distribution.

3.2 Configuration layout design
A single 115-hp Rotax 914F/UL turbo-charged four-cylinder engine powers the UAV, and a
large-aspect-ratio wing is adopted to reduce the induced drag with an inverted V-shaped tail to
avoid the influence of the flow of the wing. The Three-Dimensional (3D) configuration layout
of the smart morphing long-endurance UAV is shown in Fig. 6.

3.3 Morphing design
The morphing bends the trailing edge of the wing to change the wing camber while leaving the
thickness distribution unchanged. The distribution of the morphing wing is shown in Fig. 7.
Along the span length, it is divided into the wing–body connection section, the transition
section and the camber-variable section. The camber-variable section accounts for 80% of the
wing span. The morphing is uniform along the span.

The morphing structure is designed with reference to HongDa Lis article(15). The details
of the morphing wing are shown in Fig. 8. The transition section uses a flexible skin. One
end is the rigid wing rib, while the other end is the morphing structure. The morphing struc-
ture includes the rigid structure, the driving skin (which is mainly made of shape memory
alloy), the flexible baseplate that is fixed to the rigid structure and can be deformed by the
driving skin, and the artificial muscles, which are used to hold the flexible baseplate in place.
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Figure 8. The morphing wing design.

Figure 9. The L/D of the original aerofoil.

Thus, by controlling the driving skin, the morphing structure can change the trailing edge on
demand.

The maximum thickness of the initial aerofoil is 13%, distributed at 32.5% of the aerofoil
chord. The relative camber is 4.93% at 30% of the aerofoil chord. The lift-to-drag ratio of this
aerofoil at the cruise Reynolds number is shown in Fig. 9. The maximum L/D of this aerofoil
occurs at 6.5 where its lift coefficient is equal to 1.327. The lift coefficient required for cruise
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Figure 10. The aerofoil change range.

is about 1.32, so this aerofoil is selected as the original aerofoil because of its maximum L/D
at the cruise lift coefficient.

The unit chord aerofoil was parametrised using the CST parametrisation method, based on
the expression(11)

Z(x) = xN1(1 − x)N2
n∑

i=0

AiS(x)i + 0.5x � thTE. · · · (1)

where
∑n

i=0 AiS(x)i is the shape function, Z(x) is the Z coordinate of the mean camber line,
N1 and N2 determine the shape of the aerofoil (for this aerofoil, N1 = 0.5 and N2 = 1) and
Ai are the control parameters. The sixth-order Bernstein function is adopted as the shape
function, that is, n = 6, thus A0–A6 are introduced as seven control parameters to control the
upper and lower wing surfaces. Among these, the change of the sixth control parameter A6
on the leading edge of the aerofoil is small and can be ignored. It can be used as a control
parameter for the shape of the trailing edge. By changing the value of the sixth parameter A6
of the mean camber line expression while maintaining the same thickness distribution, bend-
ing the trailing edge to change the camber without changing the thickness can be simulated.
The sixth parameter A6 corresponding to the initial aerofoil mean camber line is 0.0745. To
ensure the rationality of the aerofoil change, A6’s change range is set as [–0.1, 0.4], and the
corresponding aerofoil change range is shown in Fig. 10.

4.0 MORPHING DECISION-MAKING METHOD FOR
SMART MORPHING LONG-ENDURANCE UAV
DESIGN

To simulate the variation of the smart morphing long-endurance UAV during flight, appro-
priate models should be established. Meanwhile, the morphing decision-making method has
to be designed for the morphing decision agent. The simulation then operates based on these
models and the designed method.

4.1 Balance equation, aerodynamic model and engine model

4.1.1 Balance equation

The balance equations in the climb stage are as follows:

T sin α + L = W cos γ + max, · · · (2)
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T cos α − D = W sin γ + max. · · · (3)

The balance equations in the cruise stage are as follows:

T sin α + L = W , · · · (4)

T cos α − D = max. · · · (5)

4.1.2 Aerodynamic model

According to the ‘Aerodynamics Manual’, the lifting coefficient of a high-aspect-ratio aircraft
can be calculated using Equation (7), assuming that the contribution of the fuselage to the
lift is negligible. In this article, the wing has no twist. Thus, the whole UAV lift calculation
model is established as Equation (8). The coefficients Cα

yswing and Cα
yhtail can be calculated

from the aerofoil correlation coefficient using Equations (9) and (10), assuming an elliptical
lift distribution. Meanwhile, the downwash angle can be calculated using Equation (11)(16).

L = O.5ρV 2SW Cy, · · · (6)

Cy = Cα
yswing(α − α0) + Cα

yhtail(1 − ε)α
sht

SW
, · · · (7)

Cy = Cα
yswing(α − α0) + 0.183Cα

yhtail(1 − ε)α, · · · (8)

Cα
yswing = Cα

foil

1 + 1.5
Cα

foil
πA

, · · · (9)

Cα
yhtail =

Cα
fhtail

1 + 1.5
Cα

fhtail
πA

, · · · (10)

ε = 0.159
Ca

yswing

Cα
foil

. · · · (11)

The drag coefficient of a high-aspect-ratio aircraft is calculated using Equation (13). CD0 is
divided into the wing drag coefficient at zero lift CD0wing and the fuselage drag coefficient at
zero lift CD0fuselage as shown in Equation (14). CD0wing is calculated using Equation (15). CDi

can be calculated using Equation (16), and K1 and K2 are empirical coefficients. The whole
UAV CD0 and CDi can be calculated using Equations (17) and (18)(16).

D = O.5ρV 2SW CD, · · · (12)

CD = CD0 + CDi, · · · (13)

CD0 = CD0wing + CD0fuselage
sfuselage

SW
, · · · (14)
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Figure 11. Change of engine output power with RPM.

CD0wing = 2(1 + 1.44c + 2c2) (1 − 0.09M2), · · · (15)

CDi = K1C2
yswing + K2C2

yhtail, · · · (16)

CD0 = 0.0100633 + 0.0092(1 − 0.09M2), · · · (17)

CDi = 0.936
C2

yswing

47.91
+ 0.183

C2
yhtail

20.7
. · · · (18)

The aerofoil’s aerodynamic coefficient data were generated using Xfoil for various cambers
and flight Mach and Reynolds numbers. The invariable setting used in Xfoil is an ‘Ncrit’ value
of 9, due to its very good correlation with experiment according to research on the eN method
of transition prediction by Smith and Gambeoni(17). The Reynolds and Mach number settings
change with the flight conditions.

4.1.3 Engine model

The variation of the output power of the ROTAX 914F/UL engine with RPM is shown in
Fig. 11(12). The relationship between the RPM and fuel consumption is shown in Fig. 12(12),
where A indicates the engine take-off state and B the engine continuous throttle performance.
The change in the output power of the engine with altitude is shown in Fig. 13(12). The rela-
tionship between the fuel consumption rate s (L/h) and the output power P is obtained as
follows:

s = 10.566 + 0.26P(A), · · · (19)

s = 5.199 + 0.29P(B). · · · (20)
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Figure 12. Change of fuel consumption with RPM.

Figure 13. Change of engine output power with altitude.

4.2 Decision-making method
In the decision-making process, the particle swarm optimisation algorithm is adopted, the
weight factor is 0.8 and both learning factors are set to 1.5. The decision-making process
is shown in Fig. 14. First, the original particle swarm is obtained, then the location of each
particle is adjusted one by one according to the force balance constraint. Second, the fitness
of each particle is calculated using the model established in this article, to determine the best
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Figure 14. Morphing decision method.

fitness of the original particle swarm and the best fitness of each particle. The location of each
particle is then changed according to the location of the particle with the best particle swarm
fitness and the past location corresponding to the best-ever fitness of that particle. Then, the
above steps are repeated until the prescribed number of iterations is reached. Throughout
this process, the smart flight operation can be simulated by adjusting the UAV shape, the
angle-of-attack α and the flight speed V according to the flight environment.

4.3 Decision objectives
The purpose of the climb stage is to climb to the cruise altitude rapidly. Therefore, the mor-
phing decision-making goal in the climb stage is to maximise the rate of climb, expressed as
follows: Max(Vy).
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During the cruise stage, the ‘instantaneous endurance’ and the endurance E are calcu-
lated as follows; the morphing decision-making goal in the cruise stage is to maximise the
endurance E:

dE

dW
= − 1

CT
= − np

CPowerVT
, · · · (21)

E =
∫ Wf

Wi

− 1

CT
dw. · · · (22)

5.0 SMART MORPHING SIMULATION AND STUDY ON
ENDURANCE IMPROVEMENT

Smart morphing simulations are carried out in the climb and cruise flight stages to study the
improvement effect of smart morphing on endurance.

5.1 Flight process simulation
In the climb stage, the true airspeed corresponding to the maximum climb rate changes with
altitude. For the smart morphing long-endurance UAV designed herein, the climb stage starts
at 0km with a flight speed of 127.8km/h and the climb altitude is 7km. During the whole
climb stage, the engine is working at its maximum output power condition.

In the cruise stage, the smart morphing long-endurance UAV cruises at the same altitude of
7km but with a variable angle-of-attack, speed and shape parameter A6, to achieve the goal
of maximum endurance (14).

The initial weight of the long-endurance UAV is 1020kg, and the available fuel for the two
stages is 220kg.

5.2 Smart morphing simulation
In the climb stage, the main variable parameter is the flight altitude. Therefore, the smart mor-
phing simulation is carried out for every kilometre of altitude. The smart morphing objective
is to maximise the climb rate, while the decision factors are the aerofoil shape control param-
eter A6 and the flight angle-of-attack α. The changes of the aerofoil parameter A6 and the
angle-of-attack α during climb are shown in Fig. 15. The corresponding change in the flight
speed V is shown in Fig. 16. Figure 15 shows that, with increasing flight altitude, the optimal
angle-of-attack α and the aerofoil shape control parameter A6 change with altitude regu-
larly and obviously. With increasing altitude, the optimal climb mode exhibits a continuously
reduced angle-of-attack and increased shape control parameter A6.

The main parameter varying during the cruise stage is weight, and the smart morphing
decision-making simulation is carried out for every 20kg of fuel consumed. The smart mor-
phing objective is to minimise the fuel consumption per unit time, s. The decision factors are
the aerofoil shape control parameter A6, the angle-of-attack α and the flight speed V. The
variation of the aerofoil shape parameter A6 and the angle-of-attack α with the UAV weight
is shown in Fig. 17. The corresponding change of flight speed is shown in Fig. 18. It can
be seen that, during the cruise stage, with the consumption of fuel, the optimal cruise mode
is to reduce the aerofoil shape parameter A6, angle-of-attack α and flight speed V continu-
ously. Compared with the climb stage, the variation of the aerofoil shape control parameter
A6 and the angle-of-attack α during the cruise stage is smaller because the weight change has
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Figure 15. Changes of the aerofoil shape parameter A6 and the angle-of-attack α with altitude in the climb
stage.

Figure 16. Corresponding change of flight speed with altitude in the climb stage.

less impact than the altitude. Also, the value of A6 needed for improving endurance is also
larger than during the climb stage. This occurs because reducing the drag can improve the
endurance, so the larger A6 is, the less camber the aerofoil has, which means that CDi can be
reduced.
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Figure 17. Changes of A6 and α with weight in the cruise stage.

Figure 18. Change of V with weight in the cruise stage.

5.3 Smart morphing effect on endurance improvement
The climb rate Vy of the smart morphing long-endurance UAV is compared with the climb
rate Vy0 of the long-endurance UAV without smart morphing technology in Fig. 19, revealing
an increase in the average climb rate by about 0.16%. The fuel consumption rate of the engine
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Figure 19. Change of the smart morphing long-endurance UAV climb rate with altitude compared with the
long-endurance UAV without smart morphing.

in the climb stage is 20.625kg/h. The total fuel consumption in the climb stage is calculated
as follows, where Vy is calculated at every 1km of altitude:

� W =
7∑

i=1

�Wi =
7∑

i=1

20.625

Vy
. · · · (23)

The calculation shows that, in the climb stage, the fuel consumption of the smart morphing
UAV is 11.47kg, representing a reduction by 0.02kg compared with the long-endurance UAV
without smart morphing. The saved fuel can be used in the cruise stage to extend navigation.
This shows that, in the climb stage, the use of smart morphing has a small effect on the climb
rate. At the same time, as the climb altitude is only 7km, the fuel saved by the smart morphing
throughout the whole climb stage is not obvious.

During the cruise stage, the fuel consumption per unit time (kg/h) of the UAV with and
without smart morphing varies with the UAV weight as shown in Fig. 20. It can be seen that
the average fuel consumption per unit time (kg/h) is reduced by 1.3% when adopting smart
morphing. The endurance is calculated as follows, where E is calculated for every 20kg of
fuel consumed:

E =
Wf =749∑
wi=1004

20

dW
. · · · (24)

The calculation results show that, with the 208kg available fuel, the endurance of the UAV
without the smart morphing is 18.1h, while the endurance after adopting smart morphing is
18.85h. The endurance of the long-endurance UAV in the cruise stage increases by 3.7% in
total when using the smart morphing method.
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Figure 20. Change of the smart morphing long-endurance UAV fuel consumption rate (kg/h) with weight
in the cruise stage compared with the long-endurance UAV without smart morphing.

6.0 CONCLUSIONS AND PROSPECTS

6.1 Conclusions

(1) To improve the endurance of long-endurance UAVs, a smart morphing method based on
adjusting the wing shape and flight mode in real time is proposed. Based on this method,
a smart morphing long-endurance UAV is designed.

(2) Focusing on the smart morphing control system design, an architecture for the smart
morphing control system is proposed based on multi-agent theory, which is applicable to
the complex smart morphing process. A workflow for the smart morphing control system
is developed.

(3) For the morphing decision-making problem of the smart morphing control system,
a morphing decision-making method is proposed based on the particle swarm optimi-
sation algorithm, which can obtain the optimal wing shape and flight mode under the
current environment with the goal of endurance improvement.

(4) The simulation results show that the morphing design meets the requirements of the smart
morphing long-endurance UAV by improving its endurance. During the climb stage, with
the same engine working condition, the smart morphing long-endurance UAV has little
effect on the climb rate. As the climb altitude is only 7km, the fuel saving achieved by
introducing smart morphing is not obvious in the climb stage. In the cruise stage, the
average fuel consumption per unit time (kg/h) is reduced by 3.58% when using the smart
morphing method. FOr the same total fuel consumption, the smart morphing method
could improve the endurance by 4.1%. Even though this approach may cause a structural
mass increase, the endurance improvement is significant.
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6.2 Prospects
The implementation of smart morphing technology in hardware still requires a lot of work.
How to sense the wind field and the UAV’s own status rapidly, how to resolve the morphing
wing actuation problem under the precondition of not adding much structural weight and
other issues still need further discussion. Regarding the presented approach, in the morphing
decision-making method design part, further study is also needed on how to establish a model
that is much closer to the true condition and how to make decisions more rapidly. Based on
the results of this study, the smart morphing method has considerable application potential in
the field of long-endurance UAVs. The improvement of the climb rate might have application
potential in the field of near-space vehicles.
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