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Abstract: With the complex aerodynamics, the accurate system model of the flapping-wing micro
aerial vehicle required for precise control is hard to acquire, meanwhile, due to the unique control
strategy, the coupling between the actuators also brings a great challenge to the control of the vehicle.
In this paper, we establish a theoretical model of the vehicle. Based on this model, we propose a
multiaxial adaptive controller with the reference generator for the attitude and altitude control using
the backstepping design method, the stability of this controller is proved by the Lyapunov function.
Moreover, a control allocation algorithm is proposed to coordinate the different actuators such that
they together produce the desired virtual control efforts. In addition, we detail the lightweight design
of the flapping-wing micro aerial vehicle with altitude and attitude sensing onboard. Then, the
effectiveness of the proposed control scheme is verified by the simulation and the flight test with
multi-axis simultaneous control conducted on this lightweight vehicle. The experimental results
show that the controller can maintain hovering flight and ensure the convergence of the adaptive
parameters even when the unilateral thrust of the vehicle is not enough due to manufacturing and
assembly errors. This work provides an idea for us to explore how insects maintain stable flight in
the face of changes in their model parameters.

Keywords: micro aerial vehicle; flapping wing; adaptive control; decoupling control

1. Introduction

The fascination toward excellent flying skill of natural fliers has inspired the devel-
opment of Flapping-wing Micro Aerial Vehicle (FMAV). Researchers have been trying to
uncover the secrets behind its high-lift characteristics by analyzing the aerodynamical and
flow dynamic [1–4]. With the continuous progress and development of manufacturing
technology, it offers us the opportunity to design FMAV to mimic and learn from natu-
ral fliers. The research object of this paper is the tailless FMAV weighing less than 30 g.
From the perspective of flight control mode, this kind of FMAV is more similar to insects
in nature, and 15 g∼30 g is the minimum weight range that would make it possible for
the FMAV to fly for more than four minutes with the propulsion system, sensor system,
battery, and some mission payloads onboard. However, due to the lack of tail, the inherent
instability of the FMAV makes it more difficult to control.

As of now, some flapping wing robots capable of hovering have been designed.
The first ornithopter to achieve stable hovering flight is the two-wing FMAV developed
by the Defense Advanced Research Projects Agency (DARPA) [5] of the United States.
The control torque is generated by adjusting the trailing edge. It realizes the stable flight
and the wireless transmission of images using the onboard camera. The two-wing FMAVs
with similar control mothed include the 22 g Colibri robot [6] and the 21 g KUBeetle [7–9].
Among them, KUBeetle-S [10] generates the control torque by adjusting the stroke plane.
In this way, the direction of the average thrust is changed and the required control torque
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is generated. Moreover, there are also some direct-drive, two-wing FMAVs, such as the
20.4 g hummingbird robot [11–14] and 80 mg Robobee [15], generating the three-axis torque
through wing kinematics modulation. In addition, another category is four-wing FMAV.
Although the four-wing flapping robot is not as closely related to insects as the two-wing
FMAV, it can utilize the clap-and-fling effect to improve aerodynamic efficiency, such as
DelFly series [16–18]. Most of above FMAVs can achieve stable flight with onboard batteries,
control, and attitude sensing systems, but few have more sensors on board to sense states
other than posture due to weight and power constraints. Only with the help of the external
motion capture system, the stable control of 3D position can be implemented [19,20].
The FMAV designed in this paper is a four-wing FMAV equipped with a laser sensor and a
barometer, which can rely only on its sensors to achieve altitude and attitude control.

From the control perspective, since most FMAVs are custom designed and manu-
factured, assembly errors and manufacturing imperfections are unavoidable. Moreover,
depending on the mission requirements, the FMAV will carry different mission payloads,
such as cameras, to accomplish specific tasks sometimes. All of these will make a difference
between the actual model parameters of the FMAV and the theoretical model parameters,
which poses a challenge to the control of the FMAV. Thus, many scholars have tried dif-
ferent controllers to solve these problems. In terms of attitude stability control, the most
popular controller is the PID controller. In [21], a loop shaping compensator is designed
and added to the PD controller to improve the low frequency gain while sustaining the
stability margin. In [22], the attitude stability is achieved by the PD controller with a
reference generator. It seems that a model-free PID controller can achieve attitude stability
of the most FMAV, but when the model parameters of the vehicle change, the controller
whose parameters have been tuned before may not work or has a limited stability margin.
To aovid this problem, many nonlinear controllers have been proposed. In [23], an adaptive
controller was proposed to achieve attitude control with unknown model parameters.
In [24], flying with damaged wings is achieved by a hybrid controller combined with the
adaptive controller and sliding mode control. However, these adaptive controllers do not
include a reference generator that will provide a reasonable trajectory of setpoint which
can reduce the overshoot of the control result and faster the convergence of adaptive pa-
rameters. In our previous works [25], we have designed a model-based Active Disturbance
Rejection Controller (ADRC) for altitude control of the FMAV with internal and external
disturbances. It showed that the ADRC can not only reduce the influence of weight change
on altitude control but also has a good ability to suppress external disturbance. The ADRC
with the Extended States Observer (ESO) was also applied to maintain the stable attitude of
a bird-like flapping wing robot [26] during the automatic landing. However, the flapping
wing produces large-amplitude, low-frequency vibration, which will introduce a lot of
noise to the state measurement, especially to the attitude state perception. Thus, the se-
lection of ESO bandwidth needs to reach a compromise between the tracking speed and
signal-to-noise ratio of the estimators, which poses a great challenge for the application
of ADRC controller on attitude control of the FMAV [27,28]. In addition to the lack of
accurate model information, strong-coupling dynamics between attitude axes are the other
significant feature. Although the decoupling of control torque and force between each
axis is taken into consideration as much as possible during the mechanism design, there
still exists coupling due to the limitation of the actuators’ number and the complexity of
the air force. In most of the above literature, the input of each actuator was assigned as a
linear addition of the relevant controllers’ output [15,16]. This approach is based on the
assumption that the cross-axis coupling effect is not significant near the trim condition
of the hovering FMAV. Although this method is more convenient for implementation,
a reasonable control allocation based on the model is needed to obtain a larger domain of
controllable flights.

In this paper, we concentrate on the control of a FMAV capable of hovering with
unknown or time-varying model parameters relying on onboard sensors alone, the detailed
hardware scheme is presented. Additionally, an adaptive controller designed by the
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backstepping method and a reasonable control allocation are proposed. To reduce the
overshoot of the states controlled, a Tracking Differential (TD) is included as the reference
regulator. The effectiveness of the proposed controller is validated through the real flight
with multi-axes motion control. The main contributions are as follows: (1) A tailless FMAV
capable of hovering with the attitude and altitude control relying on onboard sensors
alone is proposed, which relies on onboard sensors alone. (2) An adaptive controller
combined with the reference regulator is proposed and verified by the flight tests. (3) For
the four-wing FMAV controlled by tilting the flapping plane, a reasonable control allocation
is proposed.

The rest of the article is organized as follows. Section 2 introduces the detailed design
of the tailless FMAV and establishes the rotational and altitude model. Based on this
model, we derive the control allocation. Section 3 discusses the control problem of the
FMAV and designs the adaptive controller based on the backstepping method. In Section 4,
the effectiveness of the proposed controller is verified by the simulation and flight test.
Section 5 summarizes this work.

2. Design and Modeling
2.1. FMAV Platform

The FMAV in this paper is a kind of four-wing flapping wing robot. On either side,
there is a pair of wings that is propelled by a hollow cup motor. It can effectively utilize
the clap-fling mechanism, one of the high lift mechanisms of insects, to improve the
thrust-to-weight ratio. So that, the FMAV can carry more airborne sensors. The FMAV
weighs 29.6 g, has a wingspan of 35.2 cm and a height of 13 cm. As seen in Figure 1, each
flapping-wing mechanism is rotated by a servo separately. The control torque for FMAV is
generated by the tilt of the flapping plane. The pitching moment and the yawing moment
are produced when the flapping plane is tilted in the same direction and the opposite
direction, respectively. The differential in thrust on both sides causes the rolling moment.

To have a higher lift-weight ratio and lift-power ratio, the overall control and sensing
system need to be as light and low power consumption as possible, which makes it difficult
for us to buy off-the-shelf kits in the market. Therefore, we custom-designed the main
autopilot board and sensor board. The main autopilot board is a 4-layer Printed Circuit
Board (PCB) that only weighs 1.17 g (2.3 g when antenna and unessential terminals are
installed). It includes a 32-bit Cortex-M4 MCU (STM32F446ME) operating at a frequency
of up to 180 MHz, an inertial measurement unit, wireless communication circuit, power
regulator circuits, two motor drivers, and SPL06 barometer. As shown in Figure 2, the whole
PCB size has been shrunk to a 24 mm × 19 mm × 4 mm package through the compact
wiring and the reasonable layout. The sensor board shown in Figure 1 includes a Vl53L1x
laser sensor, which is located at the bottom of the FMAV and is used to measure the FMAV’s
altitude. The laser sensor has a relatively high repeat accuracy of 2.5 mm in the range of
0∼4 m. By contrast, the relative accuracy of the barometer is only 0.5 m, but it has a wider
measuring range. As a result, a sensor fusion of a laser sensor and a barometer for altitude
measurement will complement each other. The sensor board only weighs 169 mg, it sizes
are 17 mm × 7 mm. With this lightweight control and sensing system, it is possible to
implement more functionality.
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Figure 1. (a) Illustration of the lightweight FMAV. (b) Explosion diagram of mechanical structure.
(c–e) Schematic diagram of control torque generation. Translucent arrows show the nominal wingbeat-
average thrust vectors before torque generating. Solid arrows show wingbeat-average thrust and
torque after torque generating.
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Figure 2. Illustration of the main autopilot board.

2.2. Modeling and the Control Allocation

To assist the controller design, we establish the dynamics model of the FMAV. Since
the inertia of the wings is small relative to the inertia of the body, we assume that the FMAV
is a rigid body and ignore the change in the body’s moment of inertia when the wings
flap. The coordinate OeXeYeZe defined in Figure 3 is the inertial coordinates. In the body
coordinates ObXbYbZb fixed at the Center of Mass (CoM) of the FMAV, the rotation direction
of the roll, pitch, and yaw angle is assumed to be clockwise about the Xb, Yb, and Zb-axis,
respectively. OsXsYsZs is the flapping-plane coordinates fixed at the intersection of the
fuselage and the rotation axis ( Yb-axis of the body coordinates) of the flapping wing
mechanism, the Ys-axis of the flapping-plane coordinates is parallel to the Yb-axis, and the
Zs-axis is parallel to the trailing edge of the wing. Due to the symmetry of the body,
the inertia matrix J of the FMAV can be assumed to be a diagonal matrix. The main
diagonal of the inertia matrix J can be measured using the Bifilar torsional method [29].
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In this paper, the dynamic model of FMAV is divided into the translational model and the
rotational model as follows in Equation (1):

mp̈ = FT −mg

Jω̇ = τ + τ0 −ω× Jω
(1)

where, ω is the angular velocity of the body, τ represents the torque generated by the flap-
ping wings. τ0 represents the initial offset torque. m is the mass of the FMAV, p = [x, y, z]T

represents the position of FMAV in the inertial coordinates. FT represents the periodic
average thrust vector in the inertial coordinates, which acts on the Center of Pressure (Cop)
of the wing. FT can be obtained by

FT = Rb(RslT l + RsrTr)

= Rb

 cos βl 0 sin βl
0 1 0

− sin βl 0 cos βl

 0
0
fl

+

 cos βr 0 sin βr
0 1 0

− sin βr 0 cos βr

 0
0
fr

 (2)

where Rb is the rotation matrix from the body coordinates to the inertial coordinates, Rsl
and Rsr are the rotation matrix from the left and right flapping-plane coordinates to the
body coordinates, respectively. βl and βr are the rotation angle of the left and right flapping
planes, respectively. fl and fr are the scalar thrust generated by the left and right flapping
wings, respectively. Expanding Equation (2), we can get the vertical component FTz of
the FT :

FT =
[

cos φ cos θ − sin θ cos φ cos θ − sin θ
]

fl cos βl
fl sin βl
fr cos βr
fr sin βr

 (3)

where, φ and θ are the roll and pitch angle, respectively. The τ in Equation (1) is defined by

τ = Lcopl × RslT l + Lcopr × RsrTr (4)

where, Lcopl and Lcopr are the vector of the CoP of the left and right wing in the body coor-
dinates, respectively. When the flapping plane driven by the servo is tilted, the coordinates
of the Cop also change accordingly. As shown in Figure 3, take for example the flapping
wing mechanism on the left side, the coordinates of the Cop can be obtained by:

Lcopl = Rs

 0
ly
lz

+

 0
0
d

 (5)

Since the two wings on one side beat symmetrically about the XsZs-plane, the coordinates
of the Cop can be assumed to be

[
0, ly, lz

]T in flapping-plane coordinates. The actual value
of the ly and lz can be obtained from the relationship between force and torque in the
force and torque test. d is the distance between the CoM and the point Os. Combining
Equation (4), Equation (5), and Equation (3), we can obtain the control allocation as:

τx
τy
τz

FTz

 = CU (6)
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where,

C =


ly 0 −ly 0
0 d 0 d
0 −ly 0 ly

cos φ cos θ − sin θ cos φ cos θ − sin θ



U =


fl cos βl
fl sin βl
fr cos βr
fr sin βr

 =


U1
U2
U3
U4


(7)

According to the above Equation, we can get the relationship between the virtual con-
trol effort U and the thrust f , the rotation angle β of the flapping plane, as shown in
Equation (10). 

fl
fr
βl
βr

 =



√
U2

1 + U2
2√

U2
3 + U2

4

arctan U2
U1

arctan U4
U3

 (8)

So far, based on this control allocation, we obtain the map from the desired force and
torque to the output of actuators, using Equations (6), (7) and (10). If the actuator model
describing the input-output relationship of the actuator is known, we can solve the input
of the actuator according to the required force and torque outputted by the controller.

Xb
Yb

Zb

Xe

Ye

Ze

body

frame

CoM

mg 𝜃

CoP𝛽

CoP

symmetry plane

symmetry 

plane

Figure 3. Illustration of model parameters and coordinates.

However, the actual actuator model contains the lift forces and torque as functions
of instantaneous wing motion, which is very complex. Considering that the wings flap
quickly and with a periodic nature, we make an assumption that the instantaneous lift
forces on the rigid body are approximated by wing stroke average forces. In this scenario,
We can obtain the actuator model by measuring the average force and torque under
different actuator inputs. A 6-axis force/torque test platform (Nano17Ti, ATI) is set up as
illustrated in Figure 4. The actuator model is divided into the thrust model and the servo
model. The thrust model describes the relationship between the input of the motor and the
magnitude of the thrust generated by the wings. The servo model describes the relationship
between the input of the servo and the rotation angle of the flapping plane. The input of
the motor and servo is the Pulse-Width Modulation (PWM) signal with a variable duty
cycle. To obtain the thrust model, the position of the servo is fixed in the middle position,
with the different control inputs of the motor, and the thrust is measured. For the servo
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model, under the condition of fixed motor input, with the different control input of the
servo, we measure the average thrust on three axes, hence the rotation angle of the thrust
can be obtained to get the relationship between the servo input and rotation angle of the
flapping plane. The measured data and fitting results of the actuator model are shown in
Figure 5.

MCU Control Board

NI DAQ

PXIe-6124

Trigger 

Signal
Servo 

Motor Control

Force/Torgue Transducer

Figure 4. Illustration of force and torque test.
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Figure 5. The actuator model. (a) The thrust model. (b) The servo model.

All of the goodness of fits are more than 0.99. So the actuator model can be expressed as{
f = 0.239u2

β = −166.08us + 89.5
(9)

Here, u, us are the duty cycle as the input to the motor and servo respectively, the range
is 0∼1. f represents the thrust in scalar form the unit is N. β is the rotation angle of the
flapping-wing plane.

In summary, we establish the rotational and altitude model of the FMAV and the
actuator model. If the required torque and thrust are given, we can solve for the input
of the motors and servos, using Equations (6)–(9). The physical model parameters of the
FMAV reported in this paper are shown in Table 1:
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Table 1. Parameters of the FMAV’s dynamic model.

Term Definition Value Unit

Jxx the moment of inertia about the X axis 364 g·cm2

Jyy the moment of inertia about the Y axis 294 g·cm2

Jzz the moment of inertia about the Z axis 343 g·cm2

d the distance between the point O and the
CoM

6 cm[
0, ly, lz

]
the coordinates of the Cop (left) in the flap-
ping plane coordinates

[0, 7.289, 4.5] cm

m vehicle mass 29.6 g

3. Flight Control

In this section, to address the control issue caused by the discrepancy between the
practical model and theoretical model, such as thrust imbalance generated during the
processing and manufacturing of FMAV, we propose an adaptive controller designed by the
backstepping method to estimate unknown model parameters, which includes an attitude
controller and an altitude controller. The main goal of these controllers is to ensure that the
FMAV can track the desired trajectory of the attitude and altitude simultaneously, even if
the parameters of the practical model are different due to different prototypes or having the
slow time-varying model parameters during flight, the vehicle can maintain stable flight
and have high control accuracy. The block diagram representing this controller is presented
in Figure 6. Its stability is proved by the Lyapunov stability theorem.

TD

Attitude 

Control Law

Altitude 

Control Law

Control 

Allocation

𝜏

𝐹𝑇𝑧

FMAV

Dynamics
U

Adaptive Law

Adaptive Law

𝜂2𝑑

𝜂2
𝛿2

𝑧2𝑑

𝑧2

𝛿𝑧2

𝑧1

𝛿1𝜂1𝑑

𝜂1

𝑧1𝑑 𝛿𝑧1

+

+

+

+

−

−

−

−

Figure 6. The block diagram of the attitude and altitude controller.

3.1. Tracking Differentiator (TD)

Since the input commands are usually abrupt, resulting in a large and persistent error
before the state catch up with the command. If there is a differential term in the controller,
this abrupt change will often cause saturation of the controller output, so that the system
overshoot occurs with high probability. Therefore, a reasonable transient trajectory of the
command that the system can follow is needed. This paper adopts the TD proposed by [27],
TD’s discrete form is as follows:{

v̇1(t) = v2(t)
v̇2(t) = fhan(v1 − v, v2, r, N0h)

(10)

where v is the command as the input of TD, v1 is the desired trajectory, v2 is the derivative
of v1. N0 is the filter factor of TD, which can be tuned according to the smoothness of
convergence, h is the sampling period. fhan(x1, x2, r, h) is a time-optimal solution in discrete
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form that guarantees the fastest convergence from the desired trajectory v1 to the command
v. The expression of this function can be found in [27]. r is a key parameter, equivalent
to the maximum acceleration of the transient trajectory, which directly determines the
speed of convergence. In this controller, each control channel has a TD, which outputs a
reasonable desired value according to the input command.

3.2. Attitude Controller

Stable attitude control is the essential precondition for position control. From Equation (1),
the attitude dynamics can be described by the following equation:{

η̇1 = η2
η̇2 = J−1(τ + τ0 −ω× Jω)

(11)

where, we define the attitude angle of the vehicle as η = [φ, θ, ψ]T . φ, θ, and ψ are defined
as the roll, pitch, and yaw angle, respectively. Then η2 =

[
φ̇, θ̇, ψ̇

]T are define as the angular
velocity of the vehicle. The tracking error associated with the dynamics of the FMAV can
be represented by

δ1 = η1d − η1

δ2 = η2d − η2
(12)

where, η2d is the desired angular velocity of the FMAV. Let us consider the candidate
Lyapunov function V1 as follow:

V1 =
1
2

δ1
T A1δ1 (13)

where A1 ∈ R3×3 is a positive diagonal matrix, and the derivative of this Lyapunov function
V̇1 is defined by

V̇1 = δ1
T A1δ̇1 = δT

1 A1(η̇1d − η̇1) = δT
1 A1(η̇1d − η2) (14)

We define the desired angular velocity η2d as:

η2d = η̇1d + A2δ1 (15)

where A2 ∈ R3×3 is a positive diagonal matrix. If the angular velocity η2 equals the desired
angular velocity η2d, the V̇1 in Equation (14) can be rewritten as follows:

V̇1 = −δT
1 A1δ1 < 0, ∀δ1 6= 0 (16)

According to the Invariant set theorem, the derivative of the Lyapunov function V̇1 is
negative. That is to say, δ1 will converge to 0 asymptotically.

In attitude control, we take the body’s moment of inertia and bias torque as adaptive
estimators. Then, the candidate Lyapunov function V2 is designed as follows:

V2 =
1
2

δT
1 A1δ1 +

1
2

δT
2 Jδ2 +

1
2

α̃TΓα̃ (17)

where, J is the actual inertia matrix. The adaptive model parameter is defined as
α̂ =

[
Ĵxx Ĵyy Ĵzz τ̂0x τ̂0y τ̂0z

]T. Ĵxx, Ĵyy, and Ĵzz are the components of the esti-
mated moment of inertia in the x, y, and z-axis, respectively. τ̂0x, τ̂0y, and τ̂0z are the
components of the estimated bias torque in the x, y, and z-axis directions, respectively. α̃
is the estimation error defined as α̃ = α− α̂. Γ is a positive diagonal gain matrix. Thus,
the derivative of this Lyapunov function V̇2 is defined by:
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V̇2 = δT
1 A1δ̇1 + δT

2 Jδ̇2 + α̃TΓ ˙̃α

= δT
1 A1(η̇1d − (η2d − δ2)) + δT

2 Jδ̇2 + α̃TΓ ˙̃α

= −δT
1 A1 A2δ1 + δT

2 (A1δ1 + J(η̇2d − η̇2)) + α̃TΓ ˙̃α

(18)

Substituting Equation (11) into Equation (18), Equation (18) can be rewritten as

V̇2 = −δT
1 A1 A2δ1 + δT

2 (A1δ1 + Jη̇2d − (τ + τ0 −ω× Jω)) + α̃TΓ ˙̃α (19)

To make this system asymptotically stable, we design the control law as:

τ = A1δ1 + A3δ2 + Ĵη̇2d − τ̂0 + ω× Jω
= A1δ1 + A3δ2 + Y α̂

(20)

where A3 ∈ R3×3 is a positive diagonal gain matrix, and the matrix Y is:

Y =

 η̇2dx −ωyωz ωyωz 1 0 0
ωxωz η̇2dy −ωxωz 0 1 0
−ωxωy ωxωy η̇2dz 0 0 1

 (21)

Then, Equation (19) becomes

V̇2 = −δT
1 A1 A2δ1 − δT

2 A3δ2 + α̃T
(

Γ ˙̃α + YTδ2

)
(22)

So we can design the adaptive law as

˙̃α = −Γ−1YTδ2 (23)

Thus, the derivative of the Lyapunov function V̇2 is negative. According to the Invariant
set theorem, the system will be asymptotically stable. That is to say, the tracking error δ1
and the estimation error of the model parameters α̂ will converge to 0, and the state of
FMAV can track the command value. This designed controller can not only stabilize the
system through the state feedback control loop but also adapt the parameters of the model
in real-time according to the state error.

3.3. Altitude Controller

The altitude controller is similar to the attitude controller and is designed according to
the dynamic model as shown in Equation (1).{

ż1 = z2
mż2 = FzT −mg

(24)

where z1 and z2 are the altitude and vertical velocity of the FMAV, respectively. Different
from attitude control, the altitude controller chooses the vehicle mass estimator m̂ as an
adaptive parameter to account for misalignment between the theoretical and practical
thrust model or the change in the vehicle’s weight. The difference between the mass
estimator m̂ and the practical mass m is defined as the adaptive parameter error m̃ = m− m̂.
Similar to the attitude controller design, the altitude error δz1 and the vertical velocity error
δz2 associated with the altitude dynamics of the FMAV is defined by:

δz1 = z1d − z1

δz2 = z2d − z2
(25)

where, z1d and z2d are the desired altitude and vertical velocity of the FMAV, respectively.
Then, we define the Lyapunov function Vz1, Vz2 as
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{
Vz1 = 1

2 K1δ2
z1

Vz2 = 1
2 K1δ2

z1 +
1
2 mδ2

z2 +
1
2 Γzm̃2 (26)

So we can get the time derivative of the Lyapunov function V̇z1, V̇z2 as follow:
V̇z1 = K1δz1δ̇z1 = K1δz1(ż1d − z2)

V̇z2 = V̇z1 + mδz2δ̇z2 + K3m̃ ˙̃m

= V̇z1 + δz2(mż2d − (FzT −mg)) + Γzm̃ ˙̃m

(27)

We propose the control law as

z2d = ż1d + K2δz1
FzT = K1δz1 + m̂ż2d + m̂g + K3δz2

(28)

As a result, Equation (27) becomes{
V̇z1 = K1δz1(−K2δz1 + δz2)
V̇z2 = −K1K2δ2

z1 − K3δ2
z2 + δz2m̃(ż2d + g) + Γzm̃ ˙̃m

(29)

To make the system asymptotically stable, we derive the adaptive law as:

˙̃m = −Γ−1
z δz2(ż2d + g) (30)

In this way, Equation (29) can be rewritten as

V̇z2 = −K1K2δ2
z1 − K3δ2

z2 ≤ 0 (31)

which renders the derivative of the Lyapunov function Vz1 and Vz2 to be negative define.
According to the Invariant set theorem, the altitude control will be asymptotically stable.
the height error δz1 will converge to 0. That is, the altitude state of the vehicle can follow
the altitude command.

4. Experiment and Discussion

In this section, we conduct digital simulations and the real flight experiment to verify
the effectiveness of the controller. The purpose of the simulation is twofold: (1) to evaluate
the control effect of the proposed controller when the time-varying control command is
input; (2) to compare the control effect of the proposed adaptive controller and the PID
controller. In addition, a real flight test is implemented on the real FMAV with thrust
attenuation on one side. The magnitude of thrust attenuation is unknown before the
experiment, and this flight experiment is used to evaluate the control effect of the proposed
controller in the presence of uncertain model parameters. The tracking performance in
simulation and flight is evaluated based on the Root-Mean-Square (RMS) errors of tracked
state, system overshoot, and decoupling performance.

4.1. Simulation

The simulation is carried out in Simulink. To make the simulation model closer to
the practical model, the air damping model is added, and the specific modeling method
and parameters can be found in [30,31]. The parameters presented in Table 1 are chosen
as the model parameters of the FMAV. To explore whether the designed controller has a
large enough control domain and good decoupling performance, we take different types of
time-varying control commands, including step command, sinusoidal command, constant-



Appl. Sci. 2022, 12, 9104 12 of 17

valued command, and triangular waveform command, as the inputs to different axes,
simultaneously. Specific commands are shown as follows:

φd = 20× square(πt)

θd = 10

ψd = 20× sin(πt/2)

zd =

{
100, 0s < t < 5 s
100 + 20× sawtooth(2πt/15, 0.5), t ≥ 5 s

(32)

where, φd, θd, ψd, and zd are the reference of the roll, pitch, yaw angle, and altitude,
respectively. The Matlab function square() and sawtooth() generate the square waves
and triangular waveform, respectively. In the simulation, these commands are input to
the vehicle simultaneously. The initial state of the attitude and altitude of the FMAV are
both 0. The ideal outcome of the control task is to enable all states to track the reference
without errors and overshooting. For comparison, we also design a cascade PID controller
in simulation for the identical task. This kind of cascade PID controller is commonly
applied in the quadrotor. The inner loop is the angular velocity or vertical velocity loop,
and the outer loop is the angle or altitude loop. Simple linear control allocation shown in
Equation (33) is adopted. 

PWM f l = Othrust −Oroll
PWM f r = Othrust + Oroll
PWMsl = −Opitch −Oyaw
PWMsr = Opitch −Oyaw

(33)

where, PWM f l and PWM f r are the control inputs of the left and right motors, respectively.
PWMsl and PWMsr are the control inputs of the left and right servos, respectively. Oroll ,
Opitch, Oyaw are the output of the PID controller in the roll, pitch, and yaw axis, respectively.
Othrust is the output of the altitude controller. This kind of control allocation is simple and
more intuitive, but it ignores the coupling dynamics between every axis. Simulation results
of the PID controller are shown in Figure 7.
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Figure 7. Simulation results of the attitude and altitude controlled by the PID controller. (a) Simulation
results of attitude control. (b) Simulation results of altitude control.

As can be seen from Figure 7, all the states can converge to the desired value. However,
the coupling phenomenon among the three attitude axes is obvious. when the reference of
roll angle is suddenly changed, an abrupt change occurs in the pitch angle, resulting in a
big error in pitch angle. In my opinion, the main reason for this phenomenon is that the
interaction between the actuator outputs is not considered. When the reference of the roll
angle changes, the output of the roll-axis controller changes the thrust of the wings on both
sides, and the new output of the actuators cannot produce the required pitch-axis torque,
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resulting in a large error in the pitch angle under the influence of wind resistance. Moreover,
the roll angle control and altitude control have obvious overshoot, which is caused by the
integral term in the PID controller accumulating the significant error during the rising
process. The maximum overshoot in altitude control is 20%. However, the integral term is
also essential to eliminate the steady-state error, especially in the case of persistent wind
disturbance. Compared with the PID controller, the simulation result of the proposed
adaptive controller is shown in Figure 8.
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Figure 8. Simulation results of the adaptive attitude and altitude controller. The dashed lines are
the control references. (a) Simulation results of attitude control. (b) The adaptation of bias torque.
(c) Simulation results of altitude control. (d) The adaptation of mass.

As can be seen from Figure 8a, all states of the FMAV can well track the reference
output by the TD. Thanks to the proper state trajectory planning generated by the TD, there
is almost no overshoot in the control of any states even when the reference of roll angle
is a rectangular wave changing back and forth. At the same time, no obvious coupling
phenomenon is observed. As shown in Figure 8b, the adaptive parameters fluctuate
frequently, because both positive and negative changes in attitude will cause the vehicle’s
velocity to change back and forth. As a result, the air resistance the FMAV encounters will
also change positively and negatively, causing a fluctuation in the bias torque’s adaptation.
It can be inferred that the adaptive process of parameters can well reflect the variation
trend of the bias torque.

Since the references of the states change constantly, the RMS error of the attitude over
the entire process is considered as the index to quantify the control accuracy. For altitude
control, since there is a big gap between the desired altitude and the altitude in the initial
state, the RMS error will be calculated when the height is close to the set value, that is, 5 s
after taking off. The RMS state errors with both controllers are listed in Table 2. Obviously,
the RMS error of the adaptive controller in all axes is smaller than that of the PID controller.
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It can be concluded that the adaptive controller is significantly better than the PID controller
in tracking performance.

Table 2. Comparison of the RMS attitude and altitude errors from the adaptive controller and the
PID controller.

Controller
RMS Error

Roll (°) Pitch (°) Yaw (°) Altitude (cm)

Adaptive controller 1.363 1.484 0.352 0.171
PID controller 6.752 1.726 0.635 2.483

4.2. Flight Test

The proposed controller is also tested on the FMAV shown in Figure 1. The embedded
software is completely developed by us based on the FreeRTOS platform. Since the vehicles
are manually assembled, the consistency of the thrust model on both sides of each prototype
cannot be completely guaranteed. As the number of flights and the severity of wear
increases, the thrust model shows time-varying characteristics. In this flight test, we carried
out the hovering flight test indoors. According to the previous flight experience, the vehicle
in this flight has unilateral thrust deficiency, which was also verified in the subsequent
flight data. The FMAV maintained a stable flight at an altitude of 160 cm after autonomous
take-off. Meanwhile, the desired values of roll angle and yaw angle were set by random
operation of the remote control stick. The difference is that the desired roll angle is directly
determined by the position of the rocker, but the position of the rocker corresponding to
the yaw axis determines the desired yaw rate. The flight results are as follows:

As shown in Figure 9a, on account of the obvious difference in thrust between the
left and right sides, the roll angle is always less than the reference value after the FMAV
takes off. It can be inferred that the thrust of the left side is smaller than that of the right
side, and the vehicle has an bias torque with a negative sign. This is also consistent with
the convergence trend of roll axis torque shown in Figure 9b. The adaptive parameters
converge to a relatively stable value in about 25 seconds. To reflect the change of control
accuracy before and after the convergence of the adaptive parameters, we calculate the
RMS of the attitude error respectively, and the results are shown in Figure 10.

We can see that the RMS roll angular error is reduced by 44%, and the RMS yaw
angular error is reduced by 15% after the convergence of the adaptive parameters. It
can conclude that the adaptive controller can improve the control accuracy and eliminate
steady-state error. For altitude control, the adaptive parameter m̂ in the altitude controller
changes significantly during the ascending process. On the one hand, the ascending process
is short, while the convergence of the adaptive parameter requires time. On the other
hand, wind drag imposed on the vehicle during the ascent will also change the adaptive
parameters, and the size of wind drag varies with movement speed. After reaching the
desired altitude, the m̂ quickly converges to a stable range. We take the output of the TD
in the altitude controller as the reference height and obtain that the RMS of the altitude
error during the entire flight was 4.29 cm. Even if the random change of the attitude angle
causes the thrust change in the vertical direction, the altitude control still maintains high
accuracy, which benefits from the reasonable control distribution design. For example,
when the flapping plane is tilted for the torque required in the yaw axis, according to the
calculation of control distribution, the motor speed will be increased at the same time to
make up for the loss of vertical thrust force due to the change of thrust direction, instead of
waiting for roll angular error or the altitude error to appear. In the overshoot suppression,
the results obtained in the simulation are also verified, both the altitude control and the
angle control essentially have no overshoot. In conclusion, even if the thrust on both
wings is asymmetrical when the attitude and altitude state are controlled simultaneously,
the adaptive controller exhibits better overshoot suppression ability, better decoupling
performance, and higher control accuracy.
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Figure 9. Flight results of the adaptive attitude and altitude controller. The dashed lines are the
control references. (a) Flight results of attitude control. (b) The adaptation of bias torque estimators.
(c) Flight results of altitude control. (d) The adaptation of mass estimator.
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Figure 10. Comparison of RMS angular error before and after adaptive parameter convergence.

5. Conclusions

In this paper, we have introduced the design of a tailless FMAV with a weight of
less than 30 g, which can achieve attitude and altitude control using the onboard sensors.
Meanwhile, we have established the rotational and translational model of the FMAV. Based
on these models, a reasonable control allocation is derived. Compared with the linear
combination of the output of each axis controller as the actuator control input, the new
control allocation takes into account the mutual influence of each actuator, which can
better reduce the coupling effect. In addition, aiming at the problem of model parameter
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changes or unknown model parameters in the process of assembly or flight, we proposed
a multiaxial adaptive controller with the TD as the reference generator. Proper reference
trajectory planning can well reduce the overshoot of the system, especially suitable for
altitude control or the scene where the reference value has the characteristic of sudden
change. In addition, the adaptive parameters in the controller will converge to a stable
range during the flight. By comparing the RMS state error before and after convergence,
we can see that the adaptive controller plays a key role in improving the control accuracy
and eliminating the steady-state error. Even in the case of having unknown bias torque
and inaccurate model parameters, the attitude and altitude state of the FMAV can track the
reference well. The proposed control scheme has been successfully applied to the FMAV
and verified by the simulations and flight. The results show that the designed control
scheme has better performance in reducing the overshoot, decoupling, and control accuracy
compared to the PID controller. The proposed lightweight FMAV design and controller
design provides a new idea for designing more robust flapping wing robots in the future.
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