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Abstract: With the wider use of UAV in various fields. the raising task complexity and the increasing environmen-
tal uncertainties, the higher requirements for UAV technology are put forward. The bionic UAV cluster system
has the potential advantages of good stealth performance, strong environmental adaptability, wide expansion of
task and high operational efficiency. It has excellent prospects in future information warfare, electronic warfare and
conventional combat field. By reviewing the development of bionic UAV cluster technology, this paper summarizes
and analyzes the latest research progresses of the key technologies such as aerodynamic mechanism and aerodynam-

ic configuration design, driving mechanism design, autonomous flight control, adaptive networking and cluster
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control of bionic aircrafts.
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0 Introduction

Micro flapping wing aerial vehicle (MFAV)
is a kind of bionic aircraft simulating the flight of
birds and insects. It has the characteristics of
small volume, light weight, low cost, good flexi-
bility and strong stealth, which can be used in
military and civilian field such as reconnaissance,
collecting intelligence, and aerial photography. It
is an important direction in the development of
UAV.

As the task complexity and environmental
uncertainty arising, a single UAV can no longer
meet the increasing efficiency and quality require-
ments. More and more attention needs to be paid
to the mutual cooperation of multiple UAVs to
achieve group reconnaissance, combat for the fu-
ture anti-terrorism, remote penetration, fighter
escort and other combat missions.

The bionic multi-UAV system has the poten-
tial advantages of good stealth performance,
strong environmental adaptability, wide task ex-

pansion and high operational efficiency. It has ex-
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cellent prospect in future information warfare,
electronic warfare and conventional combat. At
present, the following key technologies exist in
the development of bionic multiple UAV system:

(1) Flapping wing aerial vehicle(FAV) aero-
dynamic mechanism and configuration design.

(2) Flapping wing driving mechanism de-
sign.

(3) Bionic UAV autonomous flight control
technology.

(4) Bionic multi-VAV adaptive networking
technology.

(5) Bionic multi-UAV cluster control tech-
nology.

This paper summarizes the development of

the above technologies in recent years.

1 Aerodynamic Mechanism and Con-
figuration Design of Bionic Flap-
ping Wings

1.1 Unsteady aerodynamics of bionic FAV

The sophisticated flapping movement is the
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key to the efficient, flexible maneuvers of birds
and insects. Since the early 20th century people
began to study the aerodynamic characteristics of
flapping wings, mainly based on the simplified
model of quasi-steady assumption, using the lift-
ing-line theory to analyze the lift-thrust genera-
tion mechanism. But it is not clear that whether
the real mechanism of birds and insects’ high lift
and thrust lies in the “unsteady aerodynamic
effects”.

At present, the numerical aerodynamic re-
search of the bionic flapping wing mainly focuses
on the innovation and breakthrough of the un-
steady CFD method under low Reynolds num-
bers. The difficulties and challenges are as fol-
lows:

(1) Flying organisms with different sizes and
different types of fly in different ways. There are
non-steady high-lift mechanisms waiting to be ex-
plored and found.

(2) The flexible structure of flying creatures
plays an important role in flight and influences
the aerodynamic performance greatly. At pres-
ent, the aerodynamic research of flexible wing is
still in the initial stage, and the coupling effect of
fluid-structure needs further study.

(3) Boundary layer theory at low Reynolds
number needs to be improved. How the boundary
layers of flapping wings dynamically change and
develop under low-Reynolds-number flow is a
new topic and challenge in this area.

(4) The study of low-Reynolds-number un-
steady flow is still insufficient. Calculation meth-
ods of low-Reynolds-number unsteady aerody-
namics still face challenges in the discrete format,
accuracy, dynamic grid processing, turbulence

model and so on.

1.2 Aerodynamic configuration and mechanism of

bionic flapping wing aircraft

According to the different imitated objects,
some flapping wings are birds-shaped with gaps
and valves, some are insect-like with high-

frequency wings, and some are bat-like.

1.2.1 FAYV imitating birds

The earliest FAV imitating birds can achieve
relatively high-speed fly through the upward and
downward motions of the wings cooperating with
the empennage. Such FAVs are relatively easy to
achieve and control, but usually cannot hover and
take off or land vertically, and are generally lar-
ger in size, such as Microbat'!! and DelFly!?).

Birds can adjust the shape of wings. At pres-
ent, in order to obtain the best aerodynamic char-
acteristics, the study of aerodynamic configura-
tion of birds-imitating flapping wings mainly
adopts more sophisticated and complicated flutter
mechanism based on the analysis of the aerody-
namic mechanism of birds, adding asymmetrical
movements and wing torsion along the wingspan
into basic up and down flutter, such as Festo
SmartBird"!, see Fig. 1.

Fig. 1 SmartBird of Festo"]

1. 2. 2 FAV imitating insect wings (or hum-
mingbird)

Unlike birds, insects have very limited use of
gliding. They can fly only through flapping wings
in a high frequency to speed up the air. It is found
that the insect lift obtained by quasi-steady theory
is far from being able to overcome the gravity. At
present, many scholars have explored the high-
lift mechanism of insects M.

By imitating the way insects f{lapping their
wings and using the appropriate drive mechanism
with flexible film wing. ornithopters can produce
enough drag force to hover and to fly. like the
U. S. Nano hummingbird"*! (see Fig. 2), Germa-
ny Festo's BiomicOpter, Korea Konkuk Universi-

ty imitation flapping wing aircraft and Harvard
University of RoboFly [,
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Fig. 2 Nano hummingbir

2 Bionic Flapping Wing Driving

Mechanism Design

The design of driving mechanism of flapping
wings is one of the key factors to realize their
flight. At present, the driving mechanism mainly
includes the traditional mechanical drive, ionic
polymer metal composite (IPMC) drive, piezoe-
lectric drive, electrostatic drive, etc.

(1) Mechanical drive

The mechanical drive mechanism is the cur-
rent mainstream and widely used in traditional
flapping wing design because of its simple design
and manufacturing process. It usually consists of
motors, gears, cranks, rockers and so on. It is a-
dopted in the design of nano hummingbird™",
“Bat Bot”%, and Festo’s smartbird™!. In recent
years, continuously variable transmission has
been gradually applied to the bionic UAV, which
can effectively lessen the number of motors, re-
duce the size of structure and improve the trans-
mission efficiency™®.

(2) IPMC drive

IPMC is an ionic electroactive material,
which is also known as “artificial muscle”. It has
characteristics of light weight, low driving volt-
age, large displacement, fast response, no noise,
good flexibility and high energy density. Under
the drive of a few volts, IPMC can reciprocate to
achieve simple, effective and sophisticated motion
control', which is suitable for flapping wings
fluttering in high frequency™*!°-.

(3) Piezoelectric drive

Piezoelectric materials can deform in an elec-
tric field, and can also generate an electric field

when deforming. When placing the piezoelectric

material in an alternating electric field", tele-
scopic deformation can be produced as a power
source to drive FAVY® | Fig, 3 shows the struc-

ture of a piezoelectric driver.

Flapping wing

Linear actuator

(Movable frame)

Fig. 3 Structure of piezoelectric driver

(4) Electrostatic drive

Electrostatic force is one of the most widely
used driving forces in MEMs. In 2016, Liu et al.
presented artificial electrostatic flapping wings u-
sing the “pivot-spar” brackets to achieve high lift
L9  This micro driver makes the MAV

lighter in mass.

force

Besides, there are electromagnetic material,

chemical muscle and other driving methods.

3 Bionic UAV Autonomous Control

In the past two decades, many scholars have
devoted themselves to the research of autonomous
flight

MFAYV, and some typical research results are e-

control technology of bird-imitating
numerated as follows.

In 2004, Na et al. applied the linear quadrat-
ic Gaussian (LQG) control method to the full
state control of bird-imitating FAV™J). The
method uses the state feedback to realize the con-
troller design, and observes the state variables
that cannot be directly measured by the sliding
state observer. However, the method requires
detailed model information and assumes that the
model parameters are available and accurate.

In 2006, Behal et al.

mode adaptive control method to the full state

applied the sliding

control of bird-imitating aircraft with multi-layer
flapping wing structure®’. The method requires

detailed model information, and assumes that the
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parameters are available and their values are accu-
rate.

In 2010, Chung et al. used the heuristic con-
trol algorithm based on neurobiology to achieve
the control of bird-like MAV, which requires all
geometric and aerodynamic parameters of the air-

craft to be measurable and accurate’®*,

In 2012, Orlowski C T and Girard A R using

the output feedback method based on accurate
model to achieve the longitudinal channel flight
control of bird-like micro-aircraft. The original
strong coupling, highly nonlinear control system
is simplified into a high-order linear model,
though it has ignored a lot of non-linear fac-
torst?,
In 2016, Armanini et al. used system identi-
fication methods to identify linear models from
flight data and used the third order Fourier series
to represent some time-varying parameters*.

Besides, to FMAYV suitable for complex en-
vironment and narrow space, the ability of auton-
omous obstacle avoidance is the key to flight safe-
ty and task performance. Except from detecting
various of obstacles in the surroundings and mak-
ing the real-time planning and implementation of
obstacle-avoiding path correspondingly, the au-
tonomous control system needs to ensure that the
aircraft can carry out the traditional autonomous

trajectory tracking and other tasks.

4 Adaptive Networking Technology
of Bionic UAV Cluster

The basic idea of UAV Ad Hoc network is:
communication of the multi-UAV system is not
entirely dependent on ground control stations or
satellite and other basic communication facilities,
but see each UAV as a network node, and every
node can forward instructions to each other,
gather intelligence, exchange awareness of the
situation and health state, and automatically con-
nect to establish a wireless mobile network.

UAVs communication network mainly have
the following layers: physical layer, medium ac-

cess control (MAC) layer, network layer, trans-

port layer, and their cross-layer interactions™"’,

(1) Physical layer

In the physical layer, the data bits are modu-
lated into sinusoidal waveforms and transmitted
through the antenna to the air. Radio propagation
models and antenna structures are investigated as
the key factors that influence FANET physical
layer design.

(2) MAC layer

Link quality changes and packet latency are
two main design problems for FANET MAC lay-
er design. Directional antenna and full-duplex ra-
dio circuits with multi-packet reception are some
examples of promising technological advance-
ments that can be used in FANET MAC layer™.

(3) Network layer

One of the first flight experiments with FA-
NET architecture was performed in SRI Interna-
tional. Shirani et al. developed a simulation
framework to study the position-based routing
protocols for FANETs™. Geographic position
mobility oriented routing ( GPMOR) was pro-
posed for FANETS in Ref. [28].

(4) Transport layer

The success of FANET design is closely re-
lated to the reliability of the communication archi-
tecture, and setting up a reliable transport mech-
anism is essential, especially in a highly dynamic
environment. The first FANET system operated
on IP-based addressing performs poorly and is un-
suited for FANETs. There are other emerging
standard for messaging between unmanned sys-
tems, such as STANAG 45867,

(5) Cross-layer architectures

Cross-layer architectures are proposed to o-
vercome the performance problems of layered ar-
chitectures in the wireless environment which is
widely used in the FANET. Cross-layer design
can be defined as a protocol design by the viola-
tion of the layered communication architec-
ture”®!. The adjacent layers can be designed as a
super layer and interactions between non-adjacent
layers can be supported. It is also possible to
share protocol state information across all the lay-

ers to meet the specific requirementst®!,
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5 UAYV Cluster Control Theory and
Technology
5.1 Collaborative combat system structure

With the development of UAV cluster theo-
ry. the multi-UAV cooperative combat system
has become a new research field. Taking a n-
UAV system as an example, divide the n UAVs
randomly into i groups as evenly as possible and
select a UAV as the group leader from the group
members. Members of each group constitute a
distributed architecture, and the leaders consti-
tute a distributed architecture as well. Coopera-
tive combat system of UAV clusters is character-
ized by strong information exchange capacity,
mutual coordination and self-decision-making a-
bility.

5.2 Task assignment of UAV clusters

UAVs task assignment is to set a series of
task scheduling such as combat power arrange-
ments, weapons stowage, flight routes, target
attack order, and cooperative air force arrange-
ments to UAVs carrying out the mission.

From a functional view, task planning can be
divided into task allocation and track planning.
5.2.1 Multi-UAV cooperative task allocation

Multi-UAYV cooperative task allocation needs
to consider the competition and cooperation be-
tween the UAVs, apart from considering the or-
der in which a single UAV can complete its mis-
sion. According to different types of tasks need to
be done by the multi-UAV system, task alloca-
tion can be divided into single task allocation and
multiple task allocation.

(1) Multi-UAYV single-task assignment

When UAVs work together to perform a sin-
gle task, the problem is how to allocate the target
sequence to different UAVs, which is mainly
modeled as traveling salesman problem (TSP)
and vehicle routing problem (VRP). The optimi-
zation algorithm to the solution mainly includes
ant colony algorithm, genetic algorithm (GA),
particle swarm optimization (PSO) and other al-

gorithms.

(2) Multi-UAV multi-task assignment

When UAVs need to perform a variety of
tasks, the problem is how to allocate goals and
tasks for each UAV under the constraints of task
timing, which is commonly modeled as multi-di-
backpack
(MMKP) model, dynamic network flow optimi-
zation (DNFO) model, UAV cooperative multi-
task allocation problem (CMTAP) model and

mensional multi-selection problem

mixed integer linear programming (MILP) prob-
lem model. MILP model can be a good coordina-
tion of time constraints. It is the most widely
used model in multi-UAV task assignment re-
searches.

5.2.2 Multi-UAYV track planning

The main purpose of UAVs’ track planning
is to determine the optimal flight path for UAVs
based on mission requirements and various con-
straints, while the spatial and temporal relation-
ship between the multiple tracks is firstly needed
to be coordinated. At present, many scholars try
to use a variety of algorithms to solve this prob-
lem, such as UAV collaborative path planning
method meeting timing constraints, multi-track
planning method based on evolutionary algorithm
or speed-adjusting strategy.

From a topological view, task planning can
be divided into top-down planning and bottom-up
planning™*.

Top-down planning is mainly based on hier-
archical ideas. It can effectively reduce the diffi-
culty of solving the problem, and has become the
mainstream method"*!. Bottom-up planning is
mainly based on the self-organization method,
through the coordination between the underlying
subsystems to achieve an overall organized state
of the upper systems. It has a good self-adapta-

tion towards environmental and task changes™".

5.3 UAY cluster formation control

5.3.1 Formation control method

At present, there are three main control
methods for UAV formation control: leader-fol-
lower method, virtual navigation method and be-

havior control method.
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(1) Leader-follower method

leader-follower is the most commonly used
method for UAVs formation control®!. Select a
UAYV in the formation as a leader to maintain the
main flight path, and other UAVs follow the
leader with some control strategies. This method
is direct and easy to understand, but it has the
problem conducting errors. Once the leader is
disturbed, the entire formation will be affected.

(2) Virtual pilot method

Virtual pilot method sees the formation as a
single virtual rigid body, and set a virtual geo-
metric center according to which movements of
UAVs happen. This method is easy to conduct
error and has a good accuracy. However, because
it is a centralized method, the reliability is rela-
tively poor, and collision among the UAVs is
likely to occur. In November 2014, a research
team of the University of West Virginia success-
fully achieved a formation flight of three YF22
UAVs in the virtual pilot way.

(3) Behavior-based method

Behavior-based control method is a distribu-
ted method. Each of the subsystem in the forma-
tion is given several basic control behaviors, such
as formation, collision avoidance, etc. The be-
havior of the overall system can be considered as
the weighted average of the behaviors of all sub-
systems. This method has good abilities in adap-
tation and collision avoiding. However, behaviors
of subsystems are difficult to define and design.
5.3.2 Formation control algorithm

Given the initial state of a UAV system and
the relative state of the system, the continuous
inputs of each flight unit are piecewise linear by a
control parameterization and time discretization
method. The approximation piecewise lineariza-
tion control inputs are used to substitute for the
continuous inputs. In this way, the multi-UAV
formation reconfiguration problem can be formu-
lated as an optimal control problem with dynami-
cal and algebraic constraints. In recent years, the

commonly used formation control methods in-

I back-

ant colony algo-

clude the annealing algorithm, PS(

stepping algorithm, GAP™,

[38]
’

rithm etc.

6 Conclusions

The bionic UAV cluster system is an inevita-
ble direction of researches for aerotechnics.
Breakthroughs have been made respectively in re-

lated areas such as bionic UAV design, UAVs
formation control, cluster control theory, etc.
But to make a perfect fusion of the bionic UAV
and cluster control theory is a new research area
which has yet to be explored systematically. This
paper analyses and summarizes the contents and
development situation of key technologies of bion-
ic UAV cluster system to offer a reference for

bionic UAV cluster system design.
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