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Flapping-wing robots mimic the flight patterns of natural
flying creatures, granting them natural camouflage. They
hold promising applications in the military reconnaissance,
urban surveillance, and various other fields [1-3]. However,
the current limitations in size often restrict the suitability
of existing bird-like flapping-wing robots, such as E-Flap [4]
and USTBird [5], for indoor tasks. Furthermore, while mi-
cro flapping-wing robots such as Delfly and H2Bird excel in
navigating confined spaces, their progress towards attaining
stable autonomous flight capabilities requires further devel-
opment [5]. Accurately following preplanned paths is essen-
tial for enabling micro flapping-wing robots to autonomously
execute tasks. Among the path following algorithms cur-
rently in use, the vector field algorithm stands out for its
ability to minimize cross-track error and control effort in
guiding miniature air vehicles [6], but its application to mi-
cro flapping-wing robots has yet to be explored. This work
presents two primary contributions. First, a novel X-wing
flapping-wing robot capable of hovering and stable flight
was designed. Second, a vector field-based guidance algo-
rithm was proposed for the autonomous straight-line path
following of the robot, and flight experiments verified the
effectiveness of the control system.

Design of the experimental platform. The micro X-wing
flapping-wing robot we designed, depicted in Figure 1(a),
boasts a wingspan of 27 cm and a weight of 18 g. A micro
motor, connected to a gear set, drives the wings to flap pe-
riodically. For turning control, the robot employs a micro
servo to manipulate the T-shaped tail. Additionally, a com-
munication module interfaces with the flight control board,
enabling real-time connectivity with the upper computer.
The robot’s head and tail are equipped with five reflective
markers, aiding recognition by the motion capture system,
as depicted in Figure 1(b). This system swiftly captures po-
sition and quaternion data from the robot in motion, achiev-
ing a delay of less than two milliseconds. Subsequently, this
data is transmitted to the upper computer for additional
processing as shown in Figure 1(c).

Vector field based path following. Vector field guidance is
a widely adopted technique that minimizes cross-track error
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while demanding minimal control efforts compared to other
algorithms. The core aim of vector field path following is
to establish a desired heading field and subsequently guide
the robot to follow this field, enabling it to traverse along
the predetermined path [7]. As vector field guidance oper-
ates on geometric principles, the control law’s calculation
depends on the target path chosen. We opted for the basic
straight-line target path to construct vector fields as shown
in Figure 1(d).
as the angle between the direction of the robot’s velocity
and the positive y-axis, and the desired heading angle )%
is specified by the direction of the vector field. Let v be
the angle between the direction of the target straight path
and the positive y-axis. d represents the cross-track error
denoting the distance of the robot from the target straight

The current heading angle v is described

path. Particularly, we have d = Vj sin(¢) — ~) with V; being
the ground speed [8]. 1°° determines the magnitude of the
desired heading angle when the cross-track error tends to be
infinitely great. The desired heading angle is defined as

p(d) = > 2 axctan(kd) + 7, (1)

where k is a positive constant that controls the rate at which
the desired heading angle changes with cross-track error. We
assume that the current heading angle change rate of the
robot is defined by a first-order system

1:[1 = a(wc - w)v (2)
where ¢ is the commanded heading, and a is a positive con-
stant that characterizes the speed of response of the heading
control. Let i) = o) — wd(cZ) indicate the heading angle error.
Considering a Lyapunov function candidate Wi = 1/ 202,
then we get

k

Wi =1 <0L(1/1C —¥) + wmimvg sin(y — W)) .
(3)

To make W1 < 0, we construct
k

c _ _ ooi
Y= —1 an 15 (k)2

Vgsin( —7) — £sat <f> . (4)
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Figure 1
micro flapping-wing robot.

(Color online) Design, path following control and experiments of the micro flapping-wing robot.
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(a) The designed

Utilizing the X-shaped wing enhances fuselage stability, enabling the robot to hover in an almost

upright position. Meanwhile, by maneuvering the tail rudder to obstruct the airflow generated by wing flapping, rapid, flexible,
and controllable turning becomes achievable. These demonstrate the advanced advantages of our designed flapping-wing robot in
terms of maneuverability and reliability. (b) Experimental setup. (c) The control block diagram of the path following algorithm.
(d) Simulation results. (e) Experimental results. (f) Cross-track errors in the experiments.

where the Sat function is defined as

Sat(z) = { - iflof < 1, (5)

sign(z), otherwise,

p is used to regulate the trajectory of the robot as it ap-
proaches the target route, while € governs the width of the
transition region. ¢ plays a role in mitigating chattering is-
sues in proximity to the sliding surface. Substituting (4)
into (2), the final target heading angle change rate applied
to the robot is defined as

2 K Vg sin(¢ — ) — pSat (1:) . (6)

YT R

It remains to show that the system trajectories asymptot-
ically converge to the origin (d,) = (0,0), another Lya-
punov function candidate is introduced as Wo = 1/2d2 +
1/21/;2. Taking the derivative yields

Wa =dVy sin(y? (d) + ¢ — v) — pdSat (%)
< — pySat <¢

€

) + Vydsin(y?(d) — )
+ Vgld| | sin(¢?(d) + ¥ — ~) — sin(¢? (d) — 7)|

< — pSat <¢) — Vydsin (1/1"0% arctan(kJ))
€

+ 2V d] [4)]. (M
Construct an auxiliary function
2k _
QZ—J% if |d] < M,
~ I
g(d) = (®)
2p°kM - _
2 oldl - a), i 1d) > A,

BTt

where M is an arbitrary constant.  Let fd =
dsin(z/;‘”%arctan(kd)), then f(d) and g(d) are both even
functions. When 0 < d< M , we have

[eS)

f'(d) =sin (w arctan(kd))

n 20> kd cos(zu;:o arctan(kd))
us 1+ (kd)2
>41/;°°ka 1 COS(M;Too arctan(kM))
~ oo 2 14 (kM)2
S 4Y®kd
>'(d) = 2k (9)
B
under the condition of
1 M)?
2(1 + (kM)?) w0

- cos( 2117’:0 arctan(kM))

Since f(0) = g(0) and f'(d) = ¢'(d), we have F(d) = g(d)
when 0 < d < M. Also note that, when d > M, we have

o] 2 oo
g(d) < % < M sin (ZdJ arctan(kM)) < f(d),
(11)
which leads to
Ap>® kM
v (12)

- 7rsi]r1(2wTOO arctan(kM))
To sum up, if

4 kM 2(1 + (kM)?)
7'[sin(2d’Too arctan(kM))’ COS(2d;:O arctan(kM)) |’
(13)
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refer to (10) that for |d| < M, we get

. ~ S~ 2V >k -
Wa < — pypSat <¢> + 2V |d||| — 2Vev Tk
e B
PN = 19
V.,
<=V (101 1d1) |77 yyeen| (5 ) (14)
-1 =52 \ld|
It is negative definite under the condition of
p 2w°°k)
— > 1. 15
eVy ( BTt (15)
For |d| > M, because || < 7, we have
. - ) S 2V kM -
Wa < — pSat <¢> +ov,ldl|d| — D TEM o 3wy
e B
- 2VygYp*kM | -
<avymld - 220 RN g
BTt
WeRMY -
2y (n- 22 1a, (16)
which is less than zero if
> kM
—— > 1. 17
> a7

Based on all the above derivation, we conclude that the sys-
tem controlled by (1) and (6) is globally exponentially stable
as 0 < 9> < (m/2) and

wakmin{ P (18)

MY
o A e

where § satisfies (13). Hence, the theoretical validation of
path following algorithms utilizing vector fields has been es-
tablished. To further reinforce this assertion, we opted for
y = x+1 as the target straight path for simulation purposes.
As depicted in Figure 1(d), the simulation results showcase
the robot’s capability to move in two opposite directions
while adhering to the target line. The ground speed of the
robot is set to be constant at 0.5 m/s. Over the course of a
15-second simulation, the cross-track error d stabilizes at ap-
proximately 0.045 m, while the heading angle error 1) settles
within 5 degrees. These outcomes validate the effectiveness
of the path following algorithm.

Ezperimental setup and results. The feasibility of im-
plementing the vector field-based path following algorithm
in the flapping-wing robot was validated through practical
flight experiments utilizing a motion capture system. Fig-
ure 1(c) outlines the comprehensive control procedure em-
ployed during the experiment. Real-time flight data from
the robot is acquired through the motion capture system and
subsequently processed in the upper computer. The control
law calculates the target heading angle change rate based
on the vector field path following algorithm. Additionally,
a proportion integration differentiation (PID) controller is
employed to swiftly stabilize the heading angle change rate,
ensuring it reaches the target value promptly. The exper-
imental outcomes, depicted in Figure 1(e) with the target
path set as y = 0.5z, exhibit a smooth flight trajectory
of the flapping-wing robot. After the trajectory correction
stage, the robot adeptly adheres to the target path, steadily

advancing in the predetermined direction. Figure 1(f)
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showcases the variation curves of the cross-track error for
both experiments, illustrating a consistent decrease in the
cross-track error throughout. Eventually, the error stabilizes
within 0.2 meters in both experimental runs. It is observed
that the cross-track error exhibits slight oscillations within
the range of [—0.2, 0.2] m. This behavior is attributed to the
temporal delay in data acquisition by the upper computer
from the motion capture system, causing discrepancies in
calculating the robot’s current angular velocity. Addition-
ally, when the servo actuates the tail rudder for rotation,
it might induce slight body vibrations, thereby introducing
inaccuracies in the feedback of position and attitude infor-
mation from the motion capture system. These factors con-
tribute to errors in the path following process.

Conclusion and future work. This study involved the
design of a micro flapping-wing robot capable of stable hov-
ering flight, along with the establishment of a flight experi-
mental platform based on the motion capture system for this
robot. Through indoor flight tests, the feasibility of employ-
ing the proposed vector field algorithm for path following of
the flapping-wing robot along a predetermined straight line
was confirmed. In the future, efforts will concentrate on
bolstering the flight stability of the robot while devising ad-
vanced tracking algorithms capable of navigating complex
paths. This pursuit aims to achieve more precise and prac-
tical control of flapping-wing robots.
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