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Flapping-wing flight control is a multi-input and multi-output nonlinear system with uncertainties, which is affected by modeling
errors, parameter variations, external disturbances, and unmodeled dynamics. Parameter uncertainty has a great impact on the
stability control of flapping-wing flight, and gain adjustment is a common means to deal with parameter uncertainty, but it is
complex and time-consuming. Based on the mechanism of flapping-wing flight, a nonlinear dynamic model for flapping-wing
dynamic flight is established by analyzing the forces, moments, and attitude changes of the fuselage and wing in detail. Based on
the constructed dynamic model, a fast robust adaptive flapping-wing flight control method is proposed. The state predictor is
designed to estimate and monitor the uncertain parameters in the flapping-wing attitude control model, and the adaptive law
adjusts the parameter estimation to ensure that the output error between the state predictor and the controlled object is stable in
the Lyapunov sense, and finally the adaptive control law is obtained. At the same time, the Monte Carlo-support vector machine
method is used to optimize the boundary of the control parameters in the flight control to obtain the control parameters that can
meet the control expectations, and the obtained parameters are classified and judged according to the stable level flight conditions.
Based on the adjusted parameters and the predetermined control signal, the control amount is adjusted according to the control
law. When the adaptive gain is large enough, the simulation results show that the system has good transient response

characteristics.

1. Introduction

Flapping-wing flight control is a typical high-order un-
certain nonlinear control problem. Flapping wing relies on
the rapid flapping of wings to generate the power needed for
flight, and the aircraft itself needs to use flexible lightweight
materials to improve flight efficiency. However, the flexible
lightweight fuselage is easily disturbed by external forces,
resulting in unstable flight. At the same time, the rapid
flapping of the wing during flapping flight will cause greater
vibration of the whole system, and its own vibration and
external disturbance will cause the performance of sensors
and actuators to decline and the measurement error of
motion parameters to increase. Therefore, the flapping-wing
flight control needs a control algorithm that matches the

flapping-wing flight characteristics to achieve its system
stability [1].

Traditional flight control algorithms of fixed wing and
rotor cannot meet the control requirements of flapping-wing
flight. The unsteady and strong coupling characteristics of
flapping-wing flight bring great challenges to the modeling
and control of bionic flapping-wing flight robots. At the
same time, the application environment of bionic orni-
thopter with limited load capacity and unstructured and
multi-interference further aggravates the complexity and
difficulty of autonomous flight control of bionic ornithopter.

In order to solve the nonlinear and unsteady flight
control problem of flapping wing, many scholars at home
and abroad have studied it. Based on the hummingbird
model, He [2] et al. used full-state feedback neural network


https://orcid.org/0000-0001-6027-4423
https://orcid.org/0000-0002-0888-9225
mailto:ll408907652@163.com
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/9066127

control and output feedback neural network, respectively, to
adjust the attitude of the ornithopter. The neural network
was used to estimate the uncertainty in the model, and the
disturbance observer was designed to eliminate the influence
of interference. Cheng and Deng [3] adopted a neural
network model to approximate the nonlinear model of the
insect-like flapping-wing flight robot, parameterized the
wing kinematics model of the flying robot, and designed
a neural adaptive controller to control the attitude angle of
the insect-like flapping-wing flight robot. The asymptotic
convergence of system output is proved based on Lyapunov
stability analysis. Rodriguez [4] and others used the ladder
design method based on generalized mixed sensitivity to
model and control the flapping-wing aircraft. Because the lift
generated by the flapping-wing has a certain periodicity, the
average theory was used to transform the nonlinear time-
varying model into a nonlinear time-invariant model, and
then the model was linearized under different flight con-
ditions. A new H-infinity control method based on convex
optimization is proposed to deal with various control pa-
rameters that may conflict with each other, such as the
frequency and time-domain closed-loop characteristics of
the input and output of the system. Chirarattananon et al.
[5, 6] used the adaptive control method to model and control
in order to deal with the nonlinear continuity and model
uncertainty of the system in the flapping-wing flight process
and successfully made the BoboBee flapping-wing aircraft
hover and land. Bluman and Kang [7, 8] and others used the
sliding mode control method to verify the effectiveness of
two different types of sliding mode control strategies in
maintaining the flapping wing hovering in the pitch plane
when the flapping wing was disturbed by external wind and
the wing was damaged. Tahmasian et al. [9, 10] proposed
a longitudinal control method for flapping-wing aircraft.
Based on the control model of conventional aircraft, the
influence of wing inertia on the system model was in-
troduced, and the vibration and feedback control were
combined to control the longitudinal dynamic equation of
flapping wing. Biswal et al. [11] established three nonlinear
flapping-wing flight control models, and the complexity of
the models is increasing. The first model contains only rigid
body dynamics and ignores wing dynamics, the second
model contains rigid body dynamics and wing dynamics,
and the third model contains complete rigid body and rigid
wing dynamics. In order to improve the accuracy of the
model, the linear quadratic regulator (LQR) is used as the
design method of the main control system, combined with
the nonlinear parameter optimization algorithm, and the
flapping-wing flight control algorithm is given.

Through the above analysis, with the continuous
deepening of research on autonomous flight control tech-
nology of bionic flapping-wing aircraft, a variety of control
methods have been applied to the flight control system of
bionic flapping-wing aircraft, including PID control, linear
quadratic control, fuzzy control, genetic algorithm control,
neural network control, and adaptive control. However, the
traditional PID control parameters cannot be adjusted
according to the actual flight state of the ornithopter due to
the characteristics of unsteady, strong coupling and easy to
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be disturbed by environment. Although the intelligent
control methods such as fuzzy control, genetic algorithm
control, and neural network control have the advantage of
less dependence on the precise parameters of the control
model, their control systems are difficult to be described by
accurate mathematical methods, and it is difficult to opti-
mize the controller by system analysis methods. The adaptive
control method relies less on the internal model parameters
and external interference information of the system, can
gradually improve the control during the operation of the
system, and has certain adaptability. In this paper, based on
the model reference adaptive control algorithm, a low-pass
filter is introduced to filter the high-frequency vibration
signal and then reduce the oscillation of the control law, so
that it has good adaptability and good robustness.

Based on the prototype of the bionic ornithopter system,
the flight dynamics modeling of the ornithopter is carried
out in this paper. On this basis, a fast and robust adaptive
control (LIAC) method is used to estimate and monitor the
uncertain parameters in the attitude control model of the
flapping wing by designing a state predictor, and the pa-
rameter estimation is adjusted by the adaptive law, so as to
ensure that the output error between the state predictor and
the controlled object is stable in the Lyapunov sense, and
finally the adaptive control law is obtained. At the same time,
the Monte Carlo-support vector machine method is used to
optimize the boundary of control parameters in flight
control, and the control parameters that can meet the
control expectations are obtained. The obtained parameters
are classified according to the stable level flight conditions,
and the designed controller and optimization algorithm are
verified by simulation.

2. Flapping-Wing Flight Mechanism and
Aerodynamic Force Generation Mechanism

Wings are the main organs for birds to generate lift, and the
movement mode of wings is an important part of the re-
search on the aerodynamic force generation mode of flap-
ping wings. Depending on the movement of wings, birds can
take off, land, turn sharply, hover, level flight, and perform
other flight movements, and the way of wing movement is
different for different movements. Generally speaking, there
are four basic modes of bird wing movement: flapping up
and down, twisting in the chord direction, swinging back
and forth, and bending in the span direction [12, 13], as
shown in Figure 1. Flapping up and down is the main action
of wing movement, which can generate upward lift force,
which mainly overcomes its own gravity to achieve flight.
Wing flapping is accompanied by chord-wise torsional
motion, and the angle of attack of the wing can be timely
changed according to the change of wind speed and wind
direction or the need of flight attitude, which can provide
part of the lift and forward thrust. At the same time, through
the chord-wise twisting motion of the wings, the flight at-
titude can be adjusted to achieve hovering, turning, flying,
and other actions. Forward and backward flapping motion is
the forward and backward motion of wings in the plane of
the fuselage, which is more obvious in small birds and
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FIGUre 1: Breakdown of flapping action process.

insects, and can provide forward thrust during flight. In that
upwelling process of the bird wings, in addition to the re-
duction of the pressure difference due to the fact that part of
the air spread by the feathers passes through the wing
surface, the projection area in the upwelling process is re-
duced through the bending of the wings in the wingspan
direction, and the air resistance in the upwelling is reduced,
and in the downwelling process, the wings are fully spread,
the wing surface area is increased, and the flight lift is in-
creased, so that the lift-drag ratio [14] of the wings is
improved.

Flapping-wing flight is different from the traditional
fixed-wing flight in that the lift and drag generated during
the flapping of the wings are constantly changing, and in
different flapping stages, the flapping angle of attack needs to
be adjusted according to the wind direction in order to
obtain the best aerodynamic characteristics. In the flapping
process, because the wing has certain flexibility, the inner
wing part which is close to the body has greater rigidity and
smaller angle of attack. The outer wing is mainly covered by
feathers and has a certain degree of free movement, so the
angle of attack of the outer wing changes greatly during
flight [15-17]. Figure 2 shows the aerodynamic character-
istics of the inner wing at different angles of attack during the
upstroke and downstroke motions. The relative velocity of
the wing is the resultant velocity of the flight velocity and the
wing flapping velocity, and the resultant aerodynamic force
generated by the wing during flight is perpendicular to the
relative velocity.

3. Establishment of Flapping-Wing Flight
Dynamics Model

3.1. Definition of Coordinate System of Flapping-Wing Flight
Motion Model. In the flapping-wing flight process, the
center of mass and the moment of inertia of the whole flight
system will change due to the flapping up and down of the
flapping wing, and the center of mass and the moment of
inertia of the flight system are time-varying functions.
Therefore, it is necessary to describe the motion equations
of each part of the flapping-wing flight system separately
[18]. When describing the motion model of the system, the
motion parameters of each component are described in
the same coordinate system through coordinate

transformation. For this reason, according to the needs of
flapping-wing flight, a ground coordinate system
(0OX,Y Z,), flight path coordinate system (oxxyxzx), Ve-
locity coordinate system (ox,y,z,), fuselage coordinate
system (0x,¥,2,,), and wing coordinate system (0x,,¥,,2,,)
are shown in Figure 3.

3.2. Analysis of Aerodynamic Parameters of Flapping Wing.
Before establishing the mathematical model of flapping-
wing flight kinematics and dynamics, it is necessary to
analyze the forces acting on the fuselage and wing during
flapping-wing flight. Flapping wing is a complex multi-input
and multi-output nonlinear system, and it is affected by
many external and internal disturbance factors during its
flight [19]. Therefore, in the aerodynamic analysis of the
flapping wing, the following assumptions are made for the
bionic flapping-wing model [20]:

(a) The mass and motion characteristics of each com-
ponent of the bionic flapping-wing system are
measurable and constant.

(b) The wings on both sides flutter symmetrically
around the axis of the fuselage, and the flapping
speed is constant.

(c) The change in the center of gravity and the moment
and product of inertia of the system due to the mass
of the wing during flapping is not considered.

(d) The system is rigid with no flexible deformation and
uniform mass distribution.

The flapping-wing flight system can be divided into two
parts: the fuselage and the wing. The wing is the main source
of lift needed for flight, while the fuselage generates part of
the lift and bears the air resistance. Therefore, when ana-
lyzing the aerodynamic parameters of the flapping-wing
system, these two parts are mainly analyzed.

3.2.1. Force and Moment Analysis of Fuselage

(1) Fuselage Force. During flapping-wing flight, there are
three main external forces on the fuselage: gravity G, ex-
ternal aerodynamic force Q, and the force T exerted on the
fuselage by the flapping wing, as shown in Figure 4.
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FIGURE 2: Analysis of aerodynamic forces generated by wing flapping during flapping flight. (a) Analysis of aerodynamic forces generated by
wing flapping when the flight angle of attack a = 0°. (b) Analysis of aerodynamic forces generated by wing flapping when the flight angle of

attack a #0°.

During flapping flight, the aerodynamic force acting on
the fuselage is proportional to the flight speed, air density,
and windward area of the fuselage, so the aerodynamic force
can be expressed as

Q= %cvpvzsb, (1)
where C, is a dimensionless coeflicient, p is the air density, S,
is the windward area of the fuselage, and V is the
fuselage speed.

The aerodynamic force acting on the fuselage can be
decomposed into the drag force along the ox, direction, the
lift force along the oy, direction, and the side force along the
0z, direction in the velocity coordinate system, which can be
expressed as

r 1

Ecxvp SbV2 -
Qxa
1 2
an = ECWPSbV 5 (2)
Qu
1,08,V
[ > wvPOb ]

where Cy,, Cy,, and C,, are the drag, lift, and side force
coeflicients of the fuselage in the velocity coordinate system,
respectively.

In the ground coordinate system, the gravity of the
fuselage is opposite to OY,, so it can be expressed as
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coordinate transformation relationships obtained earlier, the
gravitational force (G), external aerodynamic forces (Q), and
the propulsive force (Fwgb) exerted by the wings on the body
are unified into the trajectory coordinate system. This en-
ables the establishment of the motion and dynamic equa-
tions for flapping flight. According to the transformation
relationships, we can derive the following:

VW
4

e (s0,209)

1

ka Qxa

k
ka = La (Va) an
sz Qza

-1 -
_vap SbV2
2
1 0 0

. 1
=10 cosy, siny, ECprShVZ

0 -siny, cosy, (5)
1
L Eczvpsbvz ]

0(0)

F1Gure 3: Flapping wing flight coordinate system definition.

- -

1
Ecxap ShV2

! 2 .
= EprV (Cya cosy, —C,, sin ya) >

1
3 prV2 (Cya siny, + C,, cos ya)

where L% (y,) = [Lf (1"

Gxx Qu

Gy [=LE(0,9)| Qu

Gz Qu
[ cos®cos¥Y sin® —cos®sin¥ 0
=|-sin®cos¥ cos® sin®sin¥ || -mg
sin¥ 0 cos¥ 0

[ —mgsin®

Gy 0 = | -mgcosO |.
Gy |=|-mg | (3) L 0
G, 0 (6)

The aerodynamic force on the wing in the flight path
coordinate system is expressed as

At the same time, the driving force generated by the wing
flapping acts on the fuselage, which can be expressed in the

fuselage coordinate system as F¥ F¥
wg wg k wg
Fxb Fyk = La (Ya)LZ (o, ﬁ) Fyb
wg wg
ES=|Fy | (4) F® F® )
Fyy Fi(11)

wg
When calculating the aerodynamic forces acting on =| Fy (12) |,
flapping ﬂ'ight, itis essential to tra.nsform the forces acting on FE(13)
the body into a common coordinate system. Based on the



6 Complexity

where

[ FE(11) = F;vbgcosoccosﬁ—F;vf sinacos B+ F8 sin f3,
F;ng (12) = F'¥(sinacos y, + cosasinfsiny,) + F;Vf (cosacosy, —sinasinBsiny,)
1 -F.f cosBsiny,, (8)

F%(13) = F, (sinasiny, + cosasinfcosy,) + F;,Vf (cosasiny, +sinasinfcosy,)

wg
| —F,, cos fcosy,.

Based on equations (5)-(8), the components of the re-
sultant external force (F¥)) acting on the body in the tra-
jectory coordinate system along each axis are as follows:

Ffot: Fyk
| F?,

[ Qui Gxx F
= Qu |+ |Gy |+ F}"f
L Qy Gk F®
[F2 (11)

= | Fy (12) |,

[ FY (13) ©)

1
Fik (11) = ECxaprV2 -mg sin® + F.¥ cosacosff — F;ng sinacosf + F)%sinf,
b 1 2 s wg /. . .
Fy (11) = szbV (Cya1 cosy, — C,, sin ya) -mg cos® +F(sinacosy, + cosasinfsiny,)
1 +F}s (cosacosy, —sinasinfsiny,) — F cos fsiny,,

1
Fh (11) = EprVz(Cya siny, + C,, cos ya) + F¥ (sinasiny, + cosasinfcosy,)

+Fy (cosasiny, + sinasinfcosy,) — F,’ cos fcos y,.

(2) Moment Acting on the Fuselage. The force acting on the  change the posture of the fuselage. In the velocity frame, the
fuselage will produce a moment on the fuselage, which will ~ body moment can be expressed as
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1
Mh = EpCmVZSbts (10)
The pitching, yawing, and rolling moments in the ve-

locity coordinate can be obtained by decomposing the fu-
selage moments along the three directions as follows:

- 1 -
Epcmxvzsb(sx

(11)

Max

1 2
May = EPCmyV Sb(Sy
Maz

1
L E pcmzvzsb6z ]

M

ax
M, =L} (0 p)| M,

M

az

cosacosf3 sina —cosasinf

=| -sinacosf cosa sinasinf

sin 0

3.2.2. Determination of Wing Aerodynamic Parameters

(1) Wing Force. In flapping-wing flight, the motion of the
wing produces lift F;® and resistance Fp?. At the same time,
due to the friction between the wing and the air in the
flapping process, friction F® will be generated. When the
wing is flapping, there is also an inertial force F}®. Because
the flapping wing can realize the up-and-down flapping
motion and the chord-wise twisting motion, the change of
the motion mode in the flapping process can also cause the
wake flow to compensate the force. Therefore, the resultant
of the instantaneous aerodynamic forces acting on the wing
as it flutters can be written as

Fig=FP+F*+F[®+ F) + F&. (13)

cosf3

r 1
EpVZSb((?meX cosacosf+96,C,,, sina—8,C,, cosasin ﬁ)
1
= EpVZSb(—(Sme sinacos B +6,Cy,y cosa +8,C,,, sinasin ﬁ) .

1
EpVZS (6,Cp sin B +8,C,, cos B)

where C.,x, Ciy» and C,,, represent the rolling moment
coefficient, yawing moment coeflicient, and pitching mo-
ment coefficient, respectively, and 4., §,, and &, are the
corresponding characteristic lengths for calculating the
rolling moment, yawing moment, and pitching moment.
0,=0,=R, §,=0.25c.

According to the conversion relationship between the
velocity coordinate system and the fuselage coordinate
system, the fuselage moment under the velocity coordinate
system can be converted into the fuselage coordinate system,
and the conversion relationship is as follows:

- 1 2 -
Epcmxv Sb6x

1 2
SPCmy V810,
(12)

1
L Epcmzvzsbaz ]

The wing of the flapping-wing flight platform adopts
a light flexible smooth wing surface, the friction coefficient of
the wing surface is very small, and the friction force gen-
erated between the wing surface and the air in the flapping
process is very small. The mass of the wing is not taken into
account before the external force is applied to the flapping
wing, so the inertial force of the wing can also be ignored
when the wing is flapping. Compared with the whole
flapping-wing system, the mass of the flapping-wing flight
platform made of lightweight materials can also be ignored.
The twist angle of the designed wing is small, and the change
of the flapping-wing motion state is small, so the wake
capture force is small and can be ignored. The instantaneous
aerodynamic forces acting on the wing in this way can be
simplified as
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E"8 — F'8 L F"8 (14) In the wing coordinate system, the center of pressure of
tot L D - . . wg wg .
the wing is assumed to be (x,°, 0, z,°); convert it to the
As shown in Figure 5, the instantaneous aerodynamic  fuselage coordinate system and calculate it by time, and the

force acting on the wing is mainly composed of lift and drag, ~ velocity vector of the pressure center in the fuselage co-
which can be expressed in the wing coordinate system as ordinate system can be obtained as
wg 1 2 R
F,® = EPV“’CL c(r)dr, (15)
0
wg 1 2 R
Fy = EPV“’CD Jo c(r)dr. (16)
wg
Vix, cos ¢ —sin ¢ 0 Xy ®
d
ngg; =% singcos® cospcos® sind || 0
Vie —singsin® -sin®cos¢ cos P J| z;®
(17)
_Xwg . .
0 Psing
=| x%p cospcos ® — x:g(b sin ¢ sin ® + z‘ggd) cos®
~x, 8¢ cos ¢ sin @ — x; *D sin ¢ cos D — 7, *D sin O
In the formula, xgg =0.25¢ and z‘(;'g =0.7R. From (14) and (15), the velocity of the wing center of
The components of the fuselage velocity V in the three  pressure in the body coordinate system is
directions on the fuselage coordinate system can be
expressed as
Vix V cosa cos 8
Viy | =| -V sinacosp |. (18)
Vig V'sin 8
_ wg
V‘[:Txg Vbxo Vbx
wg
V‘g’g = be = Vl‘:}i + be
wg wg
L Vbz Vbzo Vbz (19)

V cosacos B — x5 sin ¢

=| -Vsina cosp+ xy°p cosgcos® — x, D sin ¢ sin ® + z,*D cos D |.

V sin B — x, ¢ cos ¢ sin @ — x(V,Vg(i) singcos ® - z(V,ng) sin @

Then, the aerodynamic force generated during the
flapping of the wing can be known as
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F}® =

F1GURE 5: Instantaneous aerodynamic forces acting on the wing.

- Wg
Fbe

w8
F Lyb

wg
LF Lzb

1 wg? R h
szbx Cp Jo c(r)dr

R

c(r)dr

| R—
Epbe CL JO

1 o R
—pVieC d
e, [ erar |

2

gCL (V cos acos B — x, 5 sin ¢) J

R

0

c(r)dr

gVVbVZgZCL(V sin B — xy ¢ cos ¢ sin @ — x; 8D sin ¢ cos D — z, *P sin QD) J

EV‘]:';”ZCL(—V sin a cos B + x; 5¢ cos ¢ cos @ — x; 5D sin ¢ sin © + 7y *D cos D) J

R
c(r)dr
0
R
c(r)dr
0
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- W8
F Dxb
wg Wwg

F D — FDyb
wg

LF Dzb

—1 gz R -
—pV®C J. c(r)dr
2,0 bx “D o (r)

1 o R
=|[zpV tC j d
2p vy Cp 0c(r) r

1 & R
—pV'8 C j d
| 5PVis Co | e(rdr |

The total aerodynamic force F,; due to the wing can be
obtained from (17) and (18).

/E)CD (V cos acos B — x, ¢ sin ¢) J c(r)dr
Py we? . . R
= EVVbVYg CD(—V sin & cos B + x5 cos ¢ cos D — x, 8D sin ¢ sin ® + z, *D cos (D) J c(r)dr |-

2 . . R
gVEVZg CD(V sin 8 — x 8¢ cos ¢ sin @ — x 8D sin ¢ cos ® — zy 5D sin CI)) J c(r)dr
0

Complexity

(20)

R -
0

0

Assuming that the distance between the wing coordinate
origin and the fuselage coordinate origin is ¢, the distance
between the wing pressure center and the fuselage center of

[Fy .
xb mass is
wg wg
Fiot = F yb M
LF)¢ -
- o s
Fi Fpy L L
wg wg _
=|F Lyb |+ F Dyb |- x:;’f’ 0
wg wg — wg
"FLZb FDZb - YOb +]0 (23)
zop €
L Zop
(2) Moment Acting on the Wing. From equation (16), the r we
g 8 q Xo° COS @
center of pressure of the wing is transformed from the wing B wg . © + 2" sin ©
coordinate system to the body coordinate system as S| Xo sSin@cos®+ z,”sin
8 X% cos g L —x;®sin@sin® + z;® cos @ + &
0b 0
g | =1 xp8singcos® +zp®sin® |. (22) The moment produced by the wing is then
AN —xp® sin @ sin @ + z,® cos ®
F;Vf (—xp®singsin @ + zy® cos @ + &) + F.,¥ (x,® sin ¢ cos  + 23 sin D)
M, =F®xl= Fr¥(—xp8singsin® + zy® cos @ + €) + F¥x, % cos ¢ . (24)

wg [ Wg . wg . wg  wg
Fy, (xo° sin g cos @ + z,° sin @) + F{’xy° cos ¢

During flapping-wing flight, the external gust and the
airflow disturbance during flapping will affect the stability of
flapping-wing flight. Therefore, it is necessary to consider
the influence of the moment produced by the external
disturbance force on the flapping-wing attitude when

controlling the flapping-wing flight attitude. Assuming that
the moment generated by the external interference force is
Mg and the components along the body coordinate system
can be expressed as Mgy, Mgy, and Mg,, then according to
the above separation, the total moment on the body is



Complexity 11
M =M, +M, + Mg In the formula,
—be wa MGX
=My | +| Myy | +]| Mgy
—sz sz MGZ (25)
M,
LM,
1
M, = EszSb(émex cosacosf+96,C sina—9,C,,, cosasin ﬁ)
(26)
+ FF (=xg® sin @sin @ + 25® cos @ + ) + Fy7 (x° sin ¢ cos @ + 2 sin @) + Mg,
1
M, = EPVZSb(_amex sinacosf+98,C,,, cosa+8,C,, sinasin [3) 27)
+ Fig (=xg®sin g sin @ + z5® cos @ + ¢) + Fxg® cos 9 + M,
1
M, = EPVZSb (8,Cpoysin B+ 8,C,, cos B) + Ff (xy® sin ¢ cos @ + z® sin D) (28)

wg , Wg
+ FYb Xg°cos @+ Mg,.

3.3. Establishment of Flapping-Wing Dynamic Model

3.3.1. Dynamic Equation of the Center of Mass Motion of
Flapping Wing. When establishing the dynamic model of
the center of mass motion of the flapping-wing flight, the
above established flapping-wing flight mechanics vector
equation needs to be projected into the track coordinate
system oxgypzx to obtain the corresponding dynamic
equation.

The track coordinate system oxyyxz; is a moving co-
ordinate system, which has both displacement motion (its
velocity is V) and rotation motion (its angular velocity is Q)
relative to the ground coordinate system. A dynamic
equation is established in a moving coordinate system, and
the relationship between the absolute velocity of the flapping
wing in flight and the implicated velocity is as follows:

v _av
dt ot
where (dV/dt) is the absolute derivative of the velocity
vector V in the ground coordinate system and (0V/0t) is the
relative derivative of the velocity vector in the track co-
ordinate system.
The equation of motion of the center of mass in flapping
flight can be expressed as
dv

F=m<
4

= m(E)V+ Q ><V>,
ot

+QxV, (29)

(30)

where the projection of each vector on each axis of the track
coordinate system oxgyx2x can be written as

rdV,,
dt

ov dv

— = ya

ot dt

dv,,
L dr A

[ Oy, T (31)

Vv

LV zq 4

According to the definition in the track coordinate
system oxyx2k, the velocity vector V coincides with the axis
of ox, in the track coordinate system, so the projection
component of the velocity vector in the coordinate system
can be written as
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(32)

According to equations (29) and (30), we can get
axv=[0ve, -va,]. (33)

The quasi-change from the ground coordinate system to
the track coordinate system requires two rotations, and the
angular velocities of the two rotations are ¥y, and ©, re-
spectively, so the rotation angular velocity of the track co-
ordinate system relative to the ground coordinate system is
the synthesis of the angular velocities of the two rotations.
According to the transformation matrix between the two
coordinate systems, we can obtain

Q, 0 0
Q, | =LI(©,9)| 7y |+| 0
Q,, 0 0]
. (34)
¥, sin ®
= \i’v cos O |.
0

Substituting the formulas (31) and (32) into (30), the
dynamic equation of the center of mass motion of the
flapping flight is finally obtained as

- md_V -
Fik dt
de
| = v . 35
yk m dt ( )
b
Fy
z v
-mV cos © d—V
L dr -

In the formula, (dV/dt) is the track tangential acceler-
ation, V (d®/dt) is the normal acceleration of the track
V cos ® (d¥y//dt) is the track DF acceleration, and FY,, F? v
and FY, represent each axis component of the resultant force
on the center of mass of the flapping-wing flight platform in
the track coordinate system.

3.3.2. Dynamic Equation of Flapping Wing Rotating around
the Center of Mass. The dynamic equation of flapping wing
rotating around the center of mass is most clearly expressed

Complexity

in the form of scalar in the fuselage coordinate system. The
body coordinate system oxpy,z, is a moving coordinate
system. It is assumed that the angular velocity of the body
coordinate system relative to the ground coordinate system
is w, H is the moment of momentum acting on the center of
mass of the body, and M is the moment at the center of mass.
In the fuselage coordinate system, the dynamic equation of
the flapping wing rotating around the center of mass is

dH aH
dt at

where (dH/dt) and (0H/ot) are the absolute and relative
derivatives of the moment of momentum, respectively.

It is assumed that i, j, and k are unit vectors along the
axes of the fuselage coordinate system, respectively, and p, g,
and r are the components of the rotational angular velocity
along the axes of the fuselage coordinate system. The mo-
ment of momentum of that fuselage can be expressed as

H=J w, (37)

wxH=M, (36)

where J is the inertia tensor, and its matrix expression is

]x _]xy _]xz
T=|Tw T, T | (38)
_sz _Izy ]z

Jo Jy» and J, represent the moments of inertia of the
flapping-wing flight platform with respect to the axes of the
fuselage coordinate system, and J, /., and /. represent the
products of inertia of the flapping-wing flight platform with
respect to the axes of the fuselage coordinate system. In
order to simplify the rotation equation, the product of inertia
of the flapping-wing flight platform to each axis of the fu-
selage coordinate system is zero. Then, the components of
the moment of momentum H along the axes of the fuselage
coordinate system are

Ho 1], 0 07rp

X

H, 0J,01lq

H,] Lo o j llr

(39)
TP
= 1,4q |
L], r
oH dH, dH, dH,
- = i+—=j+—,
dp. . ;94 ar
]"dt +]ydt ]Zdtk
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From formula (38), one obtains
i j ok

woxH=|p q r
H, H, H,

i j k (41)

Jp J,q J.r
=(1,-71,)rqi+(J, - 1.)prj +(J, - J..)apk.

Substituting (39) and (40) into (35), the dynamic
equation for the rotation of the flapping wing around the
center of mass can be expressed as

- dp -
1201,
MX
dq =|m (42)
]ya'i'(jx_]z)pr - yr
MZ
dr
_]ZEJ“(]y_]x)qp_

where M,, M,, and M, are the components of the moment
about the center of mass of all external forces acting on the
flapping-wing flight platform on each axis of the fuselage
coordinate system ox,y,zp, respectively. Formula (41) can
also be written as

-

.1
e (01

1
A q:]_[My_(]x_]x)pr]’ (43)
y

1
#= (M=, =T )ap:
L z
where the expressions of M,, M,, and M, are shown in
equations (26)-(28).

3.3.3. Kinematic Equation of the Center of Mass Motion of the
Flapping Wing. The flapping-wing centroid kinematics
equation describes the real-time coordinate position of
flapping-wing flight. Let u, v, and w be the components of
the flapping-wing velocity vector along each axis in the
ground coordinate system.

13
_dx-
dt
u
dy
=Y 44
v " (44)
w
dz
L dt -

According to the definition of the track coordinate
system 0x,Y,2,, the velocity vector V coincides with the ox,
axis. According to the conversion relationship between the
track coordinate system and the ground coordinate system,
we can get

u \%
v |=LF@©,w)| 0
w 0
[ cos®@cosY sin® —cos@®sinVI[V
sin ® sin ¥ 0 (45)
cos¥V 0

=|-sin®cos¥Y cos®
L sin ¥ 0
[V cos® cos¥

= Vsin®

L-V cos ®sin ¥

According to the above analysis, the kinematic equation
of the center of mass of the flapping wing is obtained as

x=Vcos®cosVY,
y =Vsin®, (46)
z=-Vcos®sinV.

3.3.4. Kinematic Equation of Flapping-Wing Center of Mass
Rotation. In order to determine the attitude, change of
flapping wing in space, it is necessary to establish the ki-
nematic equation of attitude change of flapping wing relative
to the ground coordinate system, that is, to establish the
corresponding relationship between the derivatives of yaw
angle v, pitch angle 6, and roll angle y with respect to time
and the components p, g, and r of angular velocity.

According to the conversion relationship between the
fuselage coordinate system and the ground coordinate
system,
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0 0 0% ) gsiny +rcosy
L)LO| ¢ [+L(p|o]|+|o0 0
0 0 0 vl = ! (gcosy —rsiny) | (48)
e || ot
i cos fcosy + Osiny (47) Y

) . p-tanf(gcosy —rsiny)
L—ycosOsiny + Ocosy
B sin 0 0 y
0 cosfcosy siny ||V |. 3.3.5. Dynamic Model of Flapping-Wing Flight System.
|0 —cosOsiny cosy || 6 According to the above analysis, the dynamic model of the
whole system in flapping-wing flight can be obtained as

After the above equation is changed, the kinematic =~ shown in the following equation:
equation of the flapping wing rotating around the center of

mass is obtained:

. 1/1
V= - (ECXaprV2 -mg sin® + F cosarcos ff — F;vf sinacos f + Fyyf sin /3),

1
EprVZ(Cya cosy, —C,, sin ya) -mg cos® +F ¥ (sinacosy, +cosasinBsiny,)

mV
+F ) (cosacosy, —sinasinBsiny,) - F,’ cos fsiny,
L pS,V2(Cusi C P (sin asi i
I 5P ( vasiny, +C,, cosya) +F2 (sinasiny, + cosasinf cosy,)
Yo ’
V" mVcos®

Wg . . . Wg
+Fy (cosasiny, + sinasin fcosy,) — F,° cos fcos y,
X mx

1
EpVZSb((S Crxcosacosf+6,Cp,y sina —§,C,,, cosa sinﬁ)

P=7 | \F"8 (—x 8 sin @sin ® + z, 8 cos @ + €) + F12 (x; 8 sin ¢ cos O + zp ° sin ©
Ji v ("o ¢ 0 b KXo ¢ 0

+MGx _(]z _]y)rq

L o 5 o o (49)
E'DV Sb(— Crnx sinacos f + 6,C,y cosa + 6,C,,, sin asin /3)

wg

Wi . . Wi Wi Wi
L+ FE (—xp® sin @ sin @ + 2y ® cos @ + ¢) +szgx0gcos<p+MGy -(Jx—TJ,)pr

rl
EpVZSh (8,Crue Sinf + 6,Cpy, cos B) + Forf (xy® sin ¢ cos @ + z;® sin )

=

+F;ngx‘ggc05(p+MGZ—(]y —]x)qp
x =V cos®cosVY,

y=Vsin0®,

z=-VcosOsinVY,

6= gsiny +rcosy,

1
1ll_cos@

(gcosy —rsiny),

| ¥ =p-tanf(qcosy —rsiny).
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4. L1 Adaptive Control of Bionic
Flapping-Wing Flight

In flapping-wing flight, the simplified flapping-wing flight
dynamics model is shown in equation (50), assuming that
the body sideslip angle is $=0".

(d
]xd—f (], = 1,)rq = M%+ M2+ ML+ MC,
b W,
ydt+(} J.)pr = My + ME + M), + M§,
dr b wg I G
]Za+(]y—]x)qp =M.+ M8+ ML+ M,
] (50)
a:qsiny+rcosy,
dy 1 .
AU " s (gcosy —rsiny),
d
d—’;:p—tane(qcosy—rsiny).

<

®
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S

r
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In the equations, MY, Mb, and MY represent the body
moments of the ﬂappmg wmg in three directions, while.
MgE, MYE, and M 2% denote the roll, yaw, and pitch mo-
ments generated by wing flapping during flapping flight,
with their specific expressions given in equations (51)~(52).
M, MI , and MI represent the systematic uncertainty
vectors, respectlvely M, MG, and MY represent the dis-
turbances from external factors during ﬂappmg flight, such
as gusts and turbulence, affecting the wing’s attitude control
model, and when the disturbance is used for constructing
a system simulation model, an incoming flow wind re-
sistance function is applied to the system to simulate the
influence of the gust on the flapping-wing attitude in the
flapping-wing flight process.

rl
EPVZSb(‘Smex cosa +6,C,, sin oc) (51)
I
= —sz Sb((Smex sina —4,C,,, cos oc) >
|
L EPV Sbszcmz ]
-ng
X
wg _ wg
M™ = My
M}®
LYz
r Wg . . Wg . -
X, sin @ sin @ X, ° sin @ cos @
v ] + Mg,
P\ —zp¥cos @ +e +z, ¢ sin © (52)

= —F"¢

g
P (

+2,° sin @

wg . .
Xo° sin ¢ sin ®@
PN\ —z)Bcos @ + ¢

Xo° sin ¢ cos @

) + Fyixg® cos ¢ + Mg,

Wg W8
) +Fyx,° cosg + Mg,
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4.1. Mathematical Description of Flapping-Wing Attitude
Control System. The nonlinear equation for flapping-wing
flight is given by equation (50) as:

X = f(X)+g(X)U, (53)

where X = [x,,%,, X3, X4, X5, X¢]" € RS represents the
state variables, and f(X) and g(X) are functions with re-
spect to variable X. In order to derive the nonlinear attitude
equations for flapping flight, some transformations are re-
quired for equation (50), as outlined. We define

cosy siny 0
_ siny cosy
Ry (x)=] - 0 |- 54
5 () cos 0 cos 0 G4

tanfsiny —tanfcosy 1

Then, equation (53) can be expanded in the form

[ x, =0,
X = Rlxj(x)xz’
x, = 6,
X, = a1X,X6 + a, [ug + G}TM ()x, (£) + 0y (t)],
X3 =1,

§ %= R (0 (55)

Xy =1,
Xy = A3X,X¢ + 0y [uw + 9;2 (H)xy (t) + 0, (t)],
X5 =Ps
X5 = Ray; (x)xs,
Xe = Vs

| X6 = asx,X, + ag [uy + 0;3 ()x6 (t) + 03 (t)].

Complexity

In the equations, Ry, (x), and Ry, (%), R, ; (x) repre-
sent the 1st, 2nd, and 3rd rows in the matrix, while uy, u
and u,, are the control inputs of the system. 9;1 (t) € R* for
i=1, 2, 3, where the two-dimensional elements represent the
unmodeled dynamics related to the wing's flapping-induced
self-oscillation and aerodynamic changes due to wing
flexibility during flapping flight. ¢;(¢) represents external
disturbances caused by gusts and oncoming flow.

The control input of the system can be expressed as

_ pwWg, wg . wg . wg  Wg
ug = Fj (g singcos @ +zy° sin @) + Fi"xy° cos ¢,

_ Wg wg - . wg wg Wg
u, = FJ (=xp°sin@sin @ + z5° cos @ + ) + F°x° cos ¢, (56)

u, =Fy (=xp°sin@sin @ + zg® cos @ + ¢) + F ;7 (x° sin ¢ cos @ + z,° sin D).

In (56), a;, i=1, 2, ..., 6. The normalization parameter
can be expressed in the form
U:-1y) 1
a =——» a, = —,
: J L
- 1
Lol oL (57)
Ty Ty
(71,-1.) 1
as = , Gy =—.
P I«

4.2. L1 Adaptive Control Theory Analysis. The L1 adaptive
control method is based on the model reference adaptive
control algorithm, and a low-pass filter is added to the
control input to filter out the high-frequency interference
signal. It has the advantages of automatically adjusting the
control according to the parameter change of the control
object and has the advantages of resisting high-frequency
interference. It is a fast and robust control method. The L1
adaptive system consists of four parts: controlled object,
state observer, adaptive law, and control law, and its system
structure is shown in Figure 6. The L1 adaptive control
design of controlled objects with time-varying unknown
parameter vectors is emphasized.
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r(t) Control law u (t) Cont.rolled x (t) >
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FIGURE 6: Structure of L1 adaptive control system.

Controlled objects are described in the form of state
space, that is,

X(t) = Ax () + bu(t) + 8" (Dx(1)],

(58)
y(t) =" x (),

where x(t) is the observable system state vector; u(t) is the
control vector; §(t) is a time-varying unknown parameter
vector; y(t) is the output vector; and c is the system output
matrix.

u(t) = u, (t) = h x(t). (59)

The vector h is designed so that A, is the Hurwitz

matrix, whose expression is
A, =A-bh". (60)

According to the above formula, the controlled object
(58) can be simplified as

X (t) = Ayx(t) + b[uy () + 8" (1)x(1)]. (61)
Design state observer:
R(1) = A% () +b[u(t) +?$T(t)x(t)], (62)

where %(t) and &(t) are the estimates of x(f) and 8(f),
respectively.

According to the error value between the estimated value
and the actual value measured by the state observer, the
adaptive law is designed:

3(t) = TProj[(), ~x (%" (£)Pb], (63)
where T is the adaptive gain of the system;
X(t) = %(t) — x(¢); P is a positive definite symmetric matrix
and satisfies AT P+ PA,, = —Q; Proj (*, *) is the projection
operator; and Q= Qr'>o.
Design control vector u, (t):
=T

u (t) =C()|kyr(t) =0 (H)x(t)|, (64)
where C(s) is a low-pass filter; r(t) is the reference input
vector and has

(65)

When designing low-pass filter C(s), the following
conditions must be met:

(1) C(s) is asymptotically stable and strictly regular, and
the low-pass gain C(0) = 1.

(2) C(s)Hy' (s) is  stable
Hy(s) =cTH(s).

(3) IG()lI, L<1, where G(s)=H(s)[1-C(s)], and
L = maxseplldll;, = maxy |6 © is the given
compact convex set.

and regular, where

4.3. Performance Index and Parameter Design of Flapping-
Wing Attitude Control System. In the actual field flight test,
when the flapping wing is flying, the change of its flight
attitude angle changes within a certain range. According to
the attitude angle change of the flapping wing in the actual
flight process, the pitch angle, yaw angle, and roll angle of the
airframe are limited as follows:

0<6<45,
0<y<90°,
0<y<30,

]T

(66)

where X = [0, 0, v, 1,7, 7]" is a system state variable and y =
[0, v, y]" is the output of the system. When the flight en-
vironment and flight attitude change, the aerodynamic
parameters of flapping-wing flight will be perturbed, which
makes the system uncertain. 9;1 (t) represents unmodeled

dynamics of the system. At the same time, the disturbance of
gust and incoming flow cannot be ignored. o;(t) is an ex-
ternal time-varying input disturbance. Therefore, the
flapping-wing attitude control system is a multi-input and
multi-output nonlinear system with disturbances and
uncertainties.

In the control process, the flapping-wing flight control
system actually corrects the attitude angle of the flapping-
wing flight in real time to ensure that the attitude angle
deviation is within a reasonable range. The attitude control
principle is shown in Figure 7.

When the flapping-wing flight control system is con-
structed, for a given initial condition and a given distur-
bance, the time for the system to reach the stable condition
does not exceed 5 s, and the overshoot of the system does not
exceed 5 degrees. It can overcome the interference of ex-
ternal gust, and the external wind speed is assumed to be
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FIGURE 7: Schematic diagram of flapping-wing flight attitude control system.

5m/s. Because the flight parameters of flapping-wing aircraft
of different sizes are different, the parameters are only de-
fined for the bionic flapping-wing aircraft designed by the
team. At the same time, due to the different mechanical
designs, system vibration, and material performance in the
actual flight process, the control performance index will also
change.

5. Simulation Analysis and Calculation

5.1. Flapping-Wing Attitude Control System Parameters.
The parameters used in the flapping-wing attitude control
system are shown in Table 1.

According to the calibration results of reference [21], the
moment of inertia used in the simulation of flapping- wing
flight is selected as J, = 112.57 x 10°° (kg m?), J,=3799.3 x 10°°
(kg'm 2), and J,=3739.4%x107° (kg'm 2). Due to the differences
in the shape, structure, and application environment of various
kinds of flapping-wing aircraft, the design parameters of actual
flapping-wing aircraft will also be different.

5.2. Construction and Simulation Analysis of Flapping-Wing
Control System. According to the above analysis, the L1
adaptive attitude control system of flapping-wing flight is
established. The state equation of the flapping-wing flight
control system is complex. The convergence of the system is
affected by many time-varying parameters. Because of the
slow convergence speed of the flight state, it is necessary to
constrain the input control parameters and predict the
control state while establishing the flight control simulation
system. Therefore, the system comprises a system dynamic
model, an L1 adaptive controller, a flapping-wing flight
controller, and a Monte Carlo-support vector machine
parameter boundary prediction and classification module.
The uncertain vector of the system is set according to the
actual flying condition of the ﬂappmg wing. 6, () =
[0.2°cost 0.15°cost 0.1°cost ]”, the interference Vector of
the system o;(t) = [0.3°sint 0.2°sint 0.1°sint]", flight
speed V,,;=5m/s, setting the target flight state for the
controller as 6, = 0°, y, = 0°, y, = 0°. A simulation system is
established based on MATLAB2018b, and a simulation
system for L1 adaptive attitude control of ornithopter is
established, as shown in Figure 8.

The overall simulation of the system consists of the
flapping-wing flight control simulation system based on
L1AC and the predictive classification simulation of input
control parameters based on Monte Carlo-support vector
machine. The workflow of the complete flapping-wing
aircraft simulation system is shown in Figure 8. At the
beginning of the simulation, the parameters of the simu-
lation system need to be initialized, including the system
parameters of the flapping-wing aircraft, the external en-
vironment parameters, and the simulation control param-
eters. After the initialization is completed, the flapping wing
aircraft’s dynamic module is solved to obtain the minimum
value of the nonlinear multivariate function, thereby
obtaining the initial conditions for stable flapping flight.
Linearize the system model and complete the pole place-
ment, calculate the parameter matrix of the adaptive con-
troller, complete the lateral and longitudinal simulation
analysis of flapping-wing flight, and output the response
curves of the roll, pitch, and heading of the flapping-wing
vehicle with time when the target alignment is achieved, as
shown in Figure 9.

Linearize the system model and complete the pole
placement, calculate the parameter matrix of the adaptive
controller, complete the lateral and longitudinal simulation
analysis of flapping-wing flight, and output the response
curves of the roll, pitch, and heading of the flapping-wing
vehicle with time when the target alignment is achieved, as
shown in Figure 10. From the result curve, it can be seen that
the roll (y), pitch (), and yaw (y) parameters of the LIAC
controller can track the preset target values. When random
interference of control variables is introduced into the sim-
ulation system, the adjustment time of pitch angle, roll angle,
and yaw angle of the system is stable within 5s, the steady-
state error is small, and the overshoot after stability is small,
which can meet the performance requirements of the control
system. Figure 10 also presents the attitude influence curve
obtained when PID controller is adopted. Compared with the
attitude response curve when L1AC and PID control are
adopted, it can be seen that the pitch and roll attitude of the
flapping-wing aircraft cannot be stabilized within 5s under
PID control, and the overshoot of the PID control algorithm
is also relatively large. By comparing the influence curves of
L1AC and PID control algorithms, it can be seen that the
L1AC controller designed in this paper can realize the attitude
stability quickly, and the control performance is robust.
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FIGURE 8: Block diagram of L1 adaptive attitude control system for flapping-wing flight.
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FiGure 9: Simulation flow of flapping-wing attitude control system.
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FiGURE 10: Response curve of flapping-wing flight attitude angle: (a) pitch angle; (b) roll angle; (c) yaw angle.

5.3. Monte Carlo-Support Vector Machine Input Control
Parameter Classification Prediction. The paper proposes
a Monte Carlo-support vector machine parameter boundary
prediction and classification module to address the static
instability of flapping-wing aircraft. This module aims to
screen the control input expected variables under different
flight conditions, ensuring their compliance with stable
flight requirements. Random sampling is performed on the
expected values of control input and various external pa-
rameter variables of flapping-wing aircraft, followed by
calculating the flight status results using L1AC flight control.
Statistical analysis and risk evaluation are conducted
through the discriminant module for the aircraft. Control

input expected variables that fail to maintain proper flight
attitude or meet expectations within specified timeframes
are identified as dangerous control parameters.

Considering the flight control parameter boundary
optimization simulation based on Monte Carlo-support
vector machine, the Monte Carlo method is used to cal-
culate the roll (y)/pitch (6) variable boundary. As shown in
Figure 11, the random function in MATLAB is used to
perform random increment on the roll and pitch target flight
states (target point), and the attitude angle is calculated
through the L1AC controller. When the attitude parameter
output still does not meet any of the following conditions
after 14 s of calculation, the simulation is terminated:



22

inference

theta

\ 4

Manage

: SVM
expectations

\ 4

Complexity

Monte_Carlo analysis

training
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FIGURE 12: Objective function model.

(i) The pitch angle variance is greater than 3.
(ii) The variance of roll angle is greater than 3.

(iii) The elevation difference is greater than 5m.

When the program enters the next iterative calculation,
the pitch angle (theta), roll angle (phi), and altitude dif-
ference parameters that fail to converge beyond 14 seconds
of system stabilization time are defined as exceeding the
flight control redundancy limits for the control preset target
point which is included in the failure parameter set, and the
success dataset of system control parameters is completed in
the same way. Provide a dataset basis for that classification
prediction of the control parameter in the next step.

The support vector machine (SVM) module in MATLAB
is used to classify and train the control input 8 and y states.
Generally, after cross-validation, the kernel function

parameters need to be adjusted to achieve better prediction
accuracy, so the Optimize Hyperparameters variables are
used to optimize the hyperparameters, and the kernel
function scale parameter (Kernel Scale) and the box con-
straint scale are adjusted. It is convenient to find a hyper-
parameter that minimizes the five-fold cross-validation loss.
On the one hand, the geometric sequence of box constraint
parameters is tried here. Increasing the box constraint scale
may reduce the number of support vectors, but it may also
increase the training time. On the other hand, try a geo-
metric sequence of RBF Sigma parameters scaled with the
original kernel. Through the L1AC Simulink simulation
system, in conjunction with the Monte Carlo algorithm, we
generated a total of 10,000 data samples. Among these
samples, 6019 input control expected variables that satisfy
the normal flight safety requirements for flapping-wing
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FIGURE 13: Positive and negative samples and hyperplanes.

aircraft were designated as positive samples, while the
remaining samples were labeled as negative ones. These
samples were subsequently utilized for classifier training
using SVM.

The performance of SVM heavily relies on the setting of
hyperparameters. Therefore, this paper employs random
search to explore the range of regularization parameters and
kernel function parameters within the selection set. Through
iterative calculations and cross-validation, it aims to obtain
a model with minimal classification error. Random search
typically discovers superior hyperparameter settings within
the same time frame, ultimately leading to improved results.
In this study, both BoxConstraint and KernelScale param-
eters in SVM are constrained within the reference range [0.1
10]. The BoxConstraint parameter controls the tolerance
level of the model by penalizing misclassified samples, while
KernelScale parameter facilitates mapping data into a high-
dimensional space for enhanced function separation. Fig-
ures 12 and 13 illustrate the constructed objective function
model along with positive and negative samples as well as
their corresponding hyperplane.

It can be seen that through the training of positive and
negative sample sets of input expected state provided by
Monte Carlo simulation and the adjustment of hyper-
parameters, a clear hyperplane can be found to classify and
judge the target point of flapping-wing aircraft. The current
results demonstrate that after 10,000 rounds of Monte Carlo
simulations and 500 rounds of random search optimization,
the optimal model achieved an accuracy rate of 97.97%.
Furthermore, the classification accuracy reached 97.97%,
with a precision rate of 96.41% and a recall rate of 98.57%.
This provides a theoretical basis for the transplantation and
further development of the flapping-wing flight control
algorithm based on L1AC to the embedded system.

6. Conclusion

Aiming at the characteristics of bionic flapping-wing aircraft
such as unsteady, strong coupling and easy to be disturbed,
L1 adaptive control law is designed in this paper. Through
simulation analysis, when random interference of control
variables is introduced into the system, the adjustment time
of pitch angle and yaw angle of the system can be stabilized
within 5, and the rolling angle can also be stabilized within
10s, with small control steady-state error and small over-
shoot after stability. It can meet the performance re-
quirements of the control system. At the same time, the
Monte Carlo-based support vector machine is used to op-
timize the boundary of flight control parameters. Through
simulation verification, a more distinct hyperplane can be
found to classify and judge the expected control parameters
of the flapping-wing aircraft by inputting positive and
negative sample set training and hyperparameter adjust-
ment. The results show that the designed L1 adaptive control
law has a good ability to resist the change of aircraft pa-
rameters and is robust.

The simulation results show that the L1 adaptive control
law designed in this paper has good ability to resist the
change of aircraft parameters and good control performance
and robustness, but there are still some problems that can be
further optimized. In this paper, the flight dynamics model
of bionic flapping wing is constructed, assuming that the
wing is rigid and the shape of the wing does not deform
during flight. However, in the actual flight process of birds,
the wings will produce a certain degree of flexible de-
formation. When the simulation model is constructed, the
dynamics model of flapping-wing flight is simplified, and the
influence of inertia force on flapping-wing flight is ignored.
At the same time, the flight dynamics model of the whole
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flapping-wing aircraft constructed in this paper and the L1
adaptive control law designed are based on theoretical
derivation and simulation calculation and have not been
experimentally verified on the actual bionic flapping-wing
flight platform, and their reliability and usability need
further research. However, the simulation results presented
in this paper can provide a theoretical basis for the trans-
plantation and further development of L1AC-based
flapping-wing flight control algorithm to embedded systems.
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