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a b s t r a c t

Quadrotor unmanned aerial vehicles have become the most commonly used flying robots with wide
applications in recent years. This paper presents a bioinspired control strategy by integrating the
backstepping sliding mode control technique and a bioinspired neural dynamics model. The effects
of both disturbances and system and measurement noises on the quadrotor unmanned aerial vehicle
control performance have been addressed in this paper. The proposed control strategy is robust
against disturbances with guaranteed stability proven by the Lyapunov stability theory. In addition,
the proposed control strategy is capable of providing smooth control inputs under noises. Considering
the modeling uncertainties, the adaptive sliding innovation filter is integrated with the proposed
control to provide accurate state estimates to improve tracking effectiveness. Finally, the simulation
results demonstrate that the proposed control strategy provides satisfactory tracking performance for
a quadrotor unmanned vehicle operating under disturbances and noises.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of ShandongUniversity. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

There has been an increasing trend for the research on un-
anned aerial vehicles (UAVs) over the past decade due to its
xtensive applications in many areas [1–3], such as military re-
onnaissance, disaster monitoring, and traffic recognition. The
volving technology in real-time computing, processing power,
nd remote control capabilities has enabled the development of
odern UAVs, which usually operate in high-risk and compli-
ated environments that pose potential hazards to human be-
ngs. Therefore, considering safety, cost effectiveness, and task
fficiency, UAVs have become one of the most attractive options.
The quadrotor is the most commonly used UAV platform and

as been drawing most of the attention in UAV research. The
ajor advantages of the quadrotor UAV are that it has excel-

ent maneuverability, vertical landing and take-off capability, and
overing capability, and it can operate in indoor or outdoor
nvironments, giving great flexibility to complete the required
asks. Although the quadrotor has these advantages, designing
or efficiency and effectiveness in the controller has become
uite challenging due to its high non-linearity, underactuation,
oupling, and operating conditions, such as disturbances and
oises.
There are many interesting research topics in robotics [4,5],

nd the control design has always been an interesting topic [6,7]
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E-mail address: syang@uoguelph.ca (S.X. Yang).
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667-3797/© 2023 The Author(s). Published by Elsevier B.V. on behalf of Shandong U

(http://creativecommons.org/licenses/by/4.0/).
and extensive research on robust control of the quadrotor UAV
regarding the disturbances has been conducted. The backstepping
sliding mode control is a commonly used method that is robust
to disturbances [8–10]. There are various adaptive sliding mode
control methods are also developed to address the uncertainties
in the dynamics of quadrotor UAV [11–13]. Although these ap-
proaches are capable of reducing the effects that are caused by
disturbances, when there are system and measurement noises,
these sliding mode based approaches still have control input
chattering. The model predictive control is another approach that
can deal with disturbances [14,15], however, this method often
only considers the kinematics of the UAV and does not consider
the dynamic model. Additionally, this method is computation-
ally complex and requires online optimization, which would be
difficult to implement on a real quadrotor UAV for real-world
applications. The machine learning technique such as neural net-
works [16,17] and reinforcement learning approaches [18–20]
are popular methods and robust to disturbances; however the
neural networks requires training and could be computationally
expensive. As for reinforcement learning, the inadequate design
of reward function could result in undesirable behavior in real
world applications, and its trial and error based learning process
could be problematic in the data collection, especially for plat-
forms like quadrotor UAVs. The other approach that addresses
disturbances is observer based control [21–23]; however, this
method often makes the assumption that the disturbances are
continuous and the derivative of the disturbances is bounded as
well. In addition, this method relies on the accuracy of the state
niversity. This is an open access article under the CC BY license
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eedback and high gain, which would provide rapidly changing
stimates that is unreliable. The above methods have made great
ontributions to robot operates under disturbances; however,
t is observed that these methods lack consideration of noise.
t is noted that the backstepping sliding mode technique has
een widely adopted for the control of quadrotor UAVs, due to
ts excellent robustness to disturbances and it is a straightfor-
ard method with guaranteed stability proven by the Lyapunov
tability theory [24–26].
Besides, to address the noises, there are several studies that

onsidered the Gaussian distributed noises [27,28], it is noted
hat the linear quadratic Gaussian method is capable of pro-
iding smooth control inputs for the quadrotor operating under
oises [27]. However, the quadrotor UAV is a highly nonlinear
ystem, and this method requires linearization, thus only guaran-
eeing local stability. For the linear quadratic Gaussian method,
lthough it can address the noises that is Gaussian distributed
hen the disturbances do not satisfy this distribution, the control
erformance and its stability cannot be guaranteed. In addition,
hese methods often integrate with the Kalman filter, which
rovides optimal results with no modeling errors or uncertainties,
nd when there are modeling errors, the accuracy of the state
stimates may have a huge impact on the accuracy of the tracking
ontrol.
Based on the reviewed results above, the main objective of

his paper is to address the limitations of many existing works,
hich mostly focus on either noises or disturbances. Thus, it

s necessary to develop an efficient and robust tracking control
trategy for a quadrotor UAV operating under these two effects.
n addition, accurately obtaining the system matrix is challeng-
ng due to the presence of disturbances, the Kalman filter may
rovide inaccurate state estimates and diverge the tracking error.
hus, to enhance the accuracy during the estimation process,
t is critical to incorporate a robust filtering strategy that can
andle these uncertainties and improves the operational practica-
ility of quadrotor UAVs. Overall, this paper directly tackles these
forementioned issues and develops a backstepping sliding mode
ontroller aided with bioinspired neural dynamics that is suitable
or quadrotor UAVs. The main contribution of this paper is listed
s follows:
(1) The bioinspired backstepping sliding mode controller has

een developed to address the tracking control problem of the
uadrotor UAV that operates under disturbances and noises.
(2) Compared to the conventional approach, the proposed

ethod is not only robust against disturbances but also offers
mooth control inputs under noises by utilizing the character-
stics of the bioinspired neural dynamics in the control. The
roposed bioinspired control method is proved to be stable using
yapunov stability theory.
(3) Considering the noises, the proposed control is integrated

ith the adaptive sliding innovation filter (ASIF) to provide accu-
ate state estimates and robust to modeling error.

The rest of the paper is organized as follows: Section 2 pro-
ides the model of the quadrotor UAV. Then, Section 3 demon-
trates the design procedures of the bioinspired backstepping
liding mode control that is integrated with the ASIF. After that,
ection 4 provides various simulation results that show the ad-
antages of the proposed control method. Finally, Section 5 gives
conclusion and possible future works on the proposed method.

. Modeling of quadrotor UAV

The quadrotor has six degrees of freedom with four rotor in-
uts; therefore, it is an underactuated system. The six degrees of
reedom include its translational motion x, y and z. and rotational
motion φ, θ and ψ . Fig. 1 shows the schematic of a quadrotor
 y

2

Fig. 1. Schematic diagram of a quadrotor UAV.

UAV, in which four rotors generate propeller forces that drive the
quadrotor UAV to move and each rotor is separately controlled by
a motor. In addition, to counter the torque effects of a single rotor
when spinning, the Rotors 1 and 3 spinning direction is opposite
to Rotors 2 and 4. The two coordinates systems, body fixed frame
and inertial frame are represented by ObXbYbZb and OgXgYgZg ,
respectively. The vertical translational motion of the quadrotor
UAV can be achieved by identically changing the rotational speed
of each rotor to provide less propeller force. As for the three
rotational motions, the roll motion p is reached by changing
the rotational speed of Rotors 2 and 4. Similarly, by changing
the rotational speed of Rotors 1 and 3, the quadrotor UAV will
perform a pitch q motion. Lastly, since two pairs of rotors rotate
opposite to each other, the yaw r motion is performed from the
torque differences between the two pairs of rotors.

Although the quadrotor UAV is a complicated system, the
entire system can be divided into translational and rotational
subsystems that strongly couple with each other. To develop the
model of the quadrotor, the following assumption needs to hold.

Assumption 1. It is assumed that the quadrotor UAV is a rigid
body and structurally symmetric.

Furthermore, the pitch and roll angle are bounded between
(− π

2 ,
π
2 ) and the yaw angle is bounded to (−π, π ). Denote η =

ηx ηy ηz
]T and ξ =

[
ξφ ξθ ξψ

]T are respectively the
quadrotor position and rotational angles. In addition, the rotation
matrix from the body fixed frame to the inertial frame is given by

Jr =

[ CψCθ SφCψSθ − CφSψ CφCψSθ + SφSψ
SψCθ SφSψSθ + CφCψ CφSψSθ − SφCψ
−Sθ SφCθ CφCθ

]
(1)

where C and S represent cosine and sine functions, respectively;
φ, ψ and θ are respectively the roll, yaw, and pitch angle of the
UAV in the inertial frame; Jr is an orthogonal matrix, which means
that det(Jr ) = 1 if Jr is nonsingular. In addition, Jr also meets the
condition that J̇r = JrQ (ω), where ω = [p, q, r]T is the angular
elocity with respect to the body-fixed frame for roll, pitch, and
aw motions. Matrix Q (ω) is a skew symmetric matrix, which is



Z. Xu, T. Yan, S.X. Yang et al. Biomimetic Intelligence and Robotics 3 (2023) 100116

d

Q

T
a

ξ

w

R

T
U

m

I

w
i
I
t
e
g
f
o

F

w
e
t

F

w
T

G

w
t

G

w
g

τ

w
b

τ

w
c
t

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

A[
f

3

o
b
w
t
a
i
w
c
s
a
c
i
f
b

3

m
i
m
m
m
w
g

V

w

f

efined as

(ω) =

[ 0 −r q
r 0 −p

−q p 0

]
(2)

he relation between the rotational speed in the inertial frame
nd body fixed frame is given by

˙ = Rrω (3)

here Rr is provided as

r =

[ 1 0 −Sφ
0 Cφ SφCθ
0 −Sφ CφCθ

]
(4)

hen, the translational and rotational dynamics of the quadrotor
AV are given based on Newton–Euler formula as [9,29]

η̈ = JrF + Gg + FD (5)

ω̇ = −ω × Iω + Gf + τM + τc (6)

here m is the mass of the quadrotor UAV, I is the rotary inertia
n the body fixed frame, which is given as I = diag(Ixx, Iyy, Izz) and
xx, Iyy, and Izz are the inertia with respect to Xb, Yb, and Zb; F is
he total thrust; Gg is the gravitational force; τM is the gyroscope
ffects; FD is forced from the gyroscope effects; τc is the torque
enerated by four rotors. In addition, the thrust force generated
rom each propeller is assumed to be proportional to the square
f the propeller speed. Therefore F is defined as

=

[
0 0

4∑
i=1

fi

]T

=

[
0 0 kd

4∑
i=1

Ω2
i

]T

(7)

here kd is called the thrust factor, fi is the thrust generated by
ach rotor, and Ωi is the rotary speed of each rotor. The forces of
he gyroscope effects FD is written as

D =

[
−cdx 0 0
0 −cdy 0
0 0 −cdz

][ ẋ
ẏ
ż

]
(8)

here cdx, cdy, and cdz are, respectively, the air drag coefficients.
he gravitational force Gg of the quadrotor UAV is given as

g =
[

0 0 −mg
]T (9)

here g is the gravitational constant, and the aerodynamic fric-
ion torque Gf is given as

f =

[ kdx 0 0
0 kdy 0
0 0 kdz

]
∥ω∥

2 (10)

here kdx, kdy, and kdz are aerodynamic friction factors and the
yroscope effects τM is given as

M = −

4∑
i=1

IrωT

⎡⎣ 0
0

(−1)i+1Ωi

⎤⎦ (11)

here Ir is the rotor inertia, the control torque that is generated
y four rotors in the body fixed frame is defined as

c =

⎡⎢⎢⎣ l(f1 − f3)

l(f2 − f4)

kp(Ω2
1 +Ω2

3 −Ω2
2 −Ω2

4 )

⎤⎥⎥⎦ (12)

here kp is the drag factors, and l is the distance between the
enter of the mass to the rotor. By considering the fact that rota-
ional angles are within a small neighborhood of their equilibrium
3

points, the resulting perturbed dynamics of the quadrotor UAV is
computed to be [9,29]⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
η̈x = −

1
m

cdxẋ +
1
m

(
CφCψSθ + SφSψ

)
U1 + dx

η̈y = −
1
m

cdyẏ +
1
m

(
CφSψSθ − SφCψ

)
U1 + dy

η̈z = −
1
m

cdz ż − g +
1
m

(
CφCθ

)
U1 + dz

(13)

ξ̈φ = (
Iyy − Izz

Ixx
)θ̇ ψ̇ −

IrΩ̄
Ixx
θ̇ −

kdx
Ixx
φ̇2

+
l
Ixx

U2 + dφ

ξ̈θ = (
Izz − Ixx

Iyy
)φ̇ψ̇ −

IrΩ̄
Iyy
φ̇ −

kdy
Iyy
θ̇2 +

l
Iyy

U3 + dθ

ξ̈ψ = (
Ixx − Iyy

Izz
)φ̇θ̇ − −

kdz
Izz
ψ̇2

+
1
Izz

U4 + dψ

(14)

where Ω̄ = Ω1 −Ω2 +Ω3 −Ω4 which is shown in Fig. 1; dx to
dψ are the disturbances. The input U =

[
U1 U2 U3 U4

]T
is defined as⎡⎢⎢⎢⎢⎣

U1

U2

U3

U4

⎤⎥⎥⎥⎥⎦ =

⎡⎢⎢⎢⎢⎣
kd kd kd kd
0 kd 0 −kd

−kd 0 kd 0

kp −kp kp −kp

⎤⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎣
Ω2

1

Ω2
2

Ω2
3

Ω2
4

⎤⎥⎥⎥⎥⎦ (15)

ssumption 2. The disturbances d1 =
[

dx dy dz
]T and d2 =

dφ dθ dψ
]T are unknown but bounded, such that |di| ≤ γi

or i ∈ {x, y, z} and |dj| ≤ γj for j ∈ {φ, θ, ψ}.

. Design of bioinspired neural dynamic based control

To address the tracking control problem for a quadrotor UAV
perating under noises and disturbances, this section designs a
ioinspired backstepping sliding mode control that is integrated
ith the adaptive sliding innovation filter. Based on the charac-
eristics of the quadrotor UAV, the UAV contains two parts, which
re transitional dynamics and rotational dynamics. Then, the goal
s to design the controller that stabilizes the quadrotor systems
hile remaining its robustness against disturbances with smooth
ontrol inputs. The accuracy of the state estimates is considered
ince the quadrotor UAV could operate in noisy environments. In
ddition, the proposed control strategy aims to provide smooth
ontrol inputs when system and measurement noises occur. Fig. 2
s the schematic of the bioinspired backstepping control strategy
or the quadrotor UAV, in which four control inputs need to sta-
ilize the quadrotor system that contains six degrees of freedom.

.1. Bioinspired neural dynamics

The following control design is heavily based on a membrane
odel that was first proposed by Hodgkin and Huxley [30] to

llustrate a patch of membrane using electrical elements. This
odel was later used to develop the bioinspired neural dynamic
odel by Grossberg [31]. Then, Yang and Meng first applied this
odel to robotic research [32], which was later extended to many
orks and various areas [33–36]. This neural dynamics model is
iven as

˙s,i = −AiVs,i + (Bi − Vs,i)f (ei) − (Di + Vs,i)g(ei) (16)

here ei is the error between the desired state and the estimated
state of the quadrotor, f (ei) and g(ei) are respectively set to be
(e ) = max {e , 0} and g(e ) = max {−e , 0}. From the unique
i i i i
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Fig. 2. Block diagram of a UAV based on the bioinspired control strategy and sliding innovation filter.
characteristics of the shunting model, the output Vs,i is bounded
between the interval [−Di, Bi] with a smooth output. In order to
extend (16) from scalar form to a higher dimension for the control
of quadrotor UAV, (16) is rewritten as

V̇s = −ΛVs + G (17)

where Vs =
[

Vs1 ... Vsn
]T

∈ Rn, Λ and G are respectively
defined as
Λ = A + E
A = diag( A1 ... An )
E = diag

(
|e1| ... |en|

)
G =

{
Biei if ei ≥ 0 for i ∈ {1, . . . , n}
Diei if ei < 0 for i ∈ {1, . . . , n}

(18)

where B and D are defined as B = diag(B1, . . . , Bn) and D =

diag(D1, . . . ,Dn), respectively.

Remark 1. In (16), regarding ei as the input, if ei is bounded,
Vs,i is input to state stable, if ei → 0 as t → ∞, then, Vs,i →

0. In addition, the output of the shunting model is dynamic to
environmental changes, this implies that Vs,i has more consis-
tent behavior under noises. Furthermore, Vs is strictly bounded
within (−Di, Bi). Thus, the following controller design utilizes the
advantages of this bioinspired neural dynamics.

3.2. Translational control design

Considering the disturbances, the proposed bioinspired con-
trol design aims to stabilize the translational dynamics using a
recursive design based on the Lyapunov approach. In addition,
under system and measurement noises, the proposed controller
is capable of providing smooth control input that requires less
control effort to control the UAV compared with conventional
design, which is critical in real-world applications.

First, based on the backstepping control design approach, the
position error is defined as

ep = ηd − ηa (19)

where ηd =
[
ηd,x ηd,y ηd,z

]T
∈ R3 and ηa =[

ηa,x ηa,y ηa,z
]T

∈ R3 are respectively the desired position
and the actual position of the quadrotor UAV. Then, the Lyapunov
candidate function is proposed as

V1 =
1
2
eTpep +

1
2
V T
s1K1B−1

1 Vs1 (20)

here K1 = diag
(
K1,x, K1,y, K1,z

)
and B1 = diag(B1,x, B1,y, B1,z) are

the positive definite diagonal design matrices. Then, by assuming
B1 = D1 and treating A1 = diag

(
A1,x, A1,y, A1,z

)
as a positive def-

nite diagonal design matrix, regarding α1 as the virtual control
nput, the time derivative of V1 is written as

V̇1 = eTp ėp + V T
s1K1B−1

1 V̇s1

= eTp (η̇d − η̇a)− V T
s1K1B−1

1 Λ1Vs1 + V T
s1K1B−1

1 B1ep
T T −1 T

(21)
= ep (η̇d − α1)− Vs1K1B1 Λ1Vs1 + Vs1K1ep
4

Then, in order to stabilize the virtual system, it is designed as

α1 = η̇d + K1Vs1 (22)

By substituting (22) into (21), V̇1 becomes

V̇1 = −V T
s1K1B−1

1 Λ1Vs1 ≤ 0 (23)

Based on (23), it can be found that V1 → 0 as t → ∞, from which
it implies Vs1,i → 0 as t → ∞ i ∈ {x, y, z}. Then, based on the
shunting equation defined in (17), if Vs1,i → 0, then ep,i → 0 as
well. Thus, the equilibrium point ep,i = 0 is asymptotically stable.
After that, the second state tracking error is defined as

ev = α1 − η̇a (24)

The Lyapunov candidate function is proposed as

V2 = V1 +
1
2
eTυeυ +

1
2
V T
s2K2B−1

2 Vs2 (25)

where K2 = diag
(
K2,x, K2,y, K2,z

)
, A2 = diag(A2,x, A2,y, A2,z), and

B2 = diag
(
B2,x, B2,y, B2,z

)
are positive definite diagonal matrices.

Assuming B2 = D2, then, based on (22), the time derivative of V2
is calculated as

V̇2 =eTp (eυ − K1Vs1) + eTυ ėυ +

2∑
i=1

V T
siKiB−1

i V̇si

=−eTpK1Vs1+eTυ (η̈d+K1V̇s1−η̈a + ep) + V T
s1K1ep

+ V T
s2K2eυ −

2∑
i=1

V T
siKiB−1

i ΛiVsi

=eTυ (η̈d+K1V̇s1−f (ηa) + ep + d1 − U)+V T
s2K2eυ

−

2∑
i=1

(V T
siKiB−1

i AiVsi − V T
siKiB−1

i EiVsi) (26)

where f (ηa) ∈ R3 is the nonlinear function in (13) excludes the
control input and disturbances and the control law that stabilize
the position of the quadrotor UAV is defined as

U =
[
Ux Uy Uz

]T
= η̈d,i −f (ηa) +K1V̇s1 + ep +K2Vs2 (27)

Theorem 1. Given the disturbed dynamic model described in (13)
along with Assumption 2, by substituting the proposed control law
(27) into (13), the translational dynamics is input to state stable.

Proof. Define E l
2 = [ |eυ,x| |eυ,y| |eυ,z | ] and L1 =

[ |dx| |dy| |dz | ]
T , by substituting (22) and (27) into (26), V̇2

is rewritten as

V̇2 =−

2∑
i=1

(V T
siKiB−1

i AiVsi+V T
s1KiB−1

i EiVsi)+evTd1

≤ − V T
s2K2B−1

2 A2Vs2 − V T
s2K2B−1

2 E2Vs2 + evTd1
T −1 l

(28)
≤ − Vs2K2B2 E2Vs2 + E2L1
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t follows from the last line of (28), by expanding this equation,
t is calculated that

˙2 ≤

∑
i∈{x,y,z}

|ei|(−
K2,iV 2

s2,i

B2,i
+ |di|) (29)

t is obvious whenever
K2,iV2

s2,i
B2,i

≥ |di|, V̇2 ≤ 0. Consequently, ep, ev
re bounded. It is necessary to note that Vs2,i is bounded between
he finite interval (−D2,i, B2,i), since it is set that D2,i = B2,i. To
ensure the stability of the system, the parameters K2,i and B2,i
have to satisfy K2,iB2,i ≥ |γi|. This proof has completed. ■

Remark 2. Compared to the conventional backstepping sliding
mode control design, all the error terms are replaced by shunt-
ing models, which is robust against disturbances. In addition,
considering the system and measurement noises, the shunting
model acts as a low-pass filter that is capable of providing smooth
control input. Finally, the stability of the control design has been
proved.

From the translational dynamics defined in (13), the control
inputs from (27) in translational dynamics are also defined as⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

Ux =
1
m

(
CφCψSθ + SφSψ

)
U1

Uy =
1
m

(
CφSψSθ − SφCψ

)
U1

Uz =
1
m

(
CφCθ

)
U1 − g

(30)

Then, based on (30), the desired angles are given as⎧⎪⎪⎪⎨⎪⎪⎪⎩
φd = arctan

(
Cθd
(
UxSψd − UyCψd

)
Uz + g

)

θd = arctan
(
UxCψd + UySψd

Uz + g

) (31)

nd the total thrust generated from four propellers are calculated
s

1 = m
√
U2
x + U2

y + (Uz + g)2 (32)

The bioinspired backstepping sliding mode positional control
or a quadrotor UAV is proposed. The bioinspired neural dynamics
hat is integrated with the conventional design provides smooth
ontrol input under the system and measurement noises due to
he filtering capability from the bioinspired neural dynamics. In
ddition, the proposed control offers extra robustness to distur-
ances and the control input is bounded by the shunting model
s well.

.3. Rotational control design

The proposed bioinspired backstepping positional control is
apable of tracking its desired position, however, the controller
as difficulties in realizing its rotation angle. Thus, this section de-
igns a backstepping sliding mode controller for the rotational dy-
amics to ensure the stability of the tracking angle with smooth
ontrol input under the noises and robustness to disturbances as
ell.
Define the angular tracking error as

ω = ξd − ξa (33)

here ξd = [ξd,φ, ξd,θ , ξd,ψ ]
T and ξa = [ξa,φ, ξa,θ , ξa,ψ ]

T are
espectively the desired and actual rotational angles. Then, the
yapunov candidate function is proposed as

3 =
1
eT eω +

1
V T K3B−1Vs3 (34)
2 ω 2 s3 3

5

where K3 = diag(K3,φ, K3,θ , K3,ψ ) and B3 = diag(B3,φ , B3,θ , B3,ψ )
are the positive definite diagonal matrices, Vs3 = diag(Vs3,φ,

Vs3,θ , Vs3,ψ ) is the output of the shunting model with respect to
the input eω . Considering α2 as virtual control input, by setting
3 = D3; then, V̇3 is calculated as

V̇3 =eTω ėω + V T
s3K3B−1

3 V̇s3

=eTω
(
ξ̇d − ξ̇a

)
− V T

s3K3B−1
3 Λ3Vs3 + V T

s3K3B−1
3 B3eω

=eTω
(
ξ̇d − α2

)
− V T

s3K3B−1
3 Λ3Vs3 + V T

s3K3eω

(35)

n order to stabilize the rotational subsystem, the virtual con-
roller αk is designed as

2 = ξ̇d + K3Vs3 (36)

y substituting (36) into (35), V̇3 is rewritten as

˙3 = −V T
s3K3B−1

3 Λ3Vs3 (37)

hus, V̇3 → 0 as t → ∞, which implies Vs3,i → 0 for i ∈

{φ, θ, ψ}. Based on the input output properties of the shunting
model that is defined in (17), if Vs3,i → 0, as t → ∞, ew,i → 0 as
well. Therefore, the equilibrium point ew,i = 0 is asymptotically
table.
The rotational controller follows by a recursive design, the

econd state tracking error is firstly defined as

µ = α2 − ξ̇a (38)

Then, the Lyapunov candidate function is proposed as

V4 = V3 +
1
2
eTµeµ +

1
2
V T
s4K4B−1

4 Vs4 (39)

here K4 = diag(K4,φ, K4,θ , K4,ψ ) and B4 = diag(B4,φ , B4,θ , B4,ψ )
re positive definite diagonal matrices, regarding eµ as the input,
s4 is the output of the shunting model. Setting B4 = D4, the time
erivative of V4 is calculated as

˙4 =V̇3 + eTµėµ + V T
s4K4B−1

4 V̇s4

=−eTωK3Vs3+eTµ(ξ̈d+K3V̇s3−ξ̈a + eω) +V T
s3K3eω

+ V T
s4K4eµ −

4∑
i=3

V T
siKiB−1

i ΛiVsi

=eTµ(ξ̈d+K3V̇s3−f (ξa)+eω + d2 + Uω) +V T
s4K4eµ

−

4∑
i=3

(V T
siKiB−1

i AiVsi − V T
siKiB−1

i EiVsi)

(40)

here f (ξa) is the nonlinear terms in (14) without disturbances
nd control inputs, the corresponding control law that stabilizes
he rotational dynamics of the quadrotor UAV is given as

ω = [U2 U3 U4]T = ξ̈d −f (x) +K3V̇s3 + eω+K4Vs4 (41)

t is noted that in (41), ξd,φ and ξd,θ are calculated from (31),
hich are then taken into second derivative. This second deriva-
ive will cause the so-called term explosion and make the con-
rol input impractical. Thus, to avoid such issue, ξ̈d,ψ is kept in
he controller, while ξ̈d,φ and ξ̈d,θ are removed from the con-
roller, and these two terms are treated as disturbances. The new
otational control inputs are designed as

U2
U3
U4

]
=

⎡⎣ −f (ψa) + K3,ψ V̇s3,ψ + eω+K4,ψVs4,ψ

−f (θa) + K3,θ V̇s3,θ + eθ+K4,θVs4,θ

ϕ̈d−f (ϕa)+K3,ϕ V̇s3,ϕ+eϕ+K4,ϕVs4,ϕ

⎤⎦ (42)

heorem 2. Given the disturbed dynamic model described in (14)
long with Assumption 2, by substituting the proposed control law
41) into (14), the rotational dynamics is input to state stable.
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roof. Define E l
4 = [ |eµ,φ | |eµ,θ | |eµ,ψ | ], L2 =

|dφ | |dθ | |dψ | ]
T , and ξ̈ ld =

[
|ξ̈d,φ | |ξ̈d,θ | 0

]T . By sub-
stituting (41) into (40), V̇4 is rewritten as

V̇4 = −

4∑
i=3

(V T
siKiB−1

i AiVsi − V T
s1KiB−1

i EiVsi)

+ eTµd2 + ξ̈ ld

≤V T
s4K4B−1

4 A4Vs4 − V T
s4K4B−1

4 E4Vs4+ eTµd2 + ξ̈ ld

≤ − V T
s4K4B−1

4 E4Vs4 + E l
4L2 + ξ̈ ld

(43)

By expanding the last line (43), it is calculated that

V̇4 ≤

∑
i∈{φ,θ,ψ}

|ei|(−
K4,iV 2

s4,i

B4,i
+ |di| + ξ̈ ld,i) (44)

Therefore, whenever
K4,iV2

s4,i
B4,i

≥ |di| + |ξ̈d,i| for i ∈ {φ, θ}, based on
he special characteristic of the shunting mode, Vs4,i is bounded
between the finite interval (−D4,i, B4,i). Thus, the parameters K4,i
and B4,i have to ensure K4,iB4,i ≥ |γi| + |ξ̈d,i|. As for K4,ψ and
B4,ψ , using a similar approach as shown in Theorem 1, it needs
to satisfy K4,ψVs4,ψ ≥ |dψ |. Thus, V̇4 ≤ 0 and V4 are bounded,
consequently eω and eµ are bounded. The proof of Theorem 2 is
complete. ■

Then, based on (41) and (14), the rotational controller is writ-
ten as

U2 =
Ixx
l
((
Izz − Iyy

Ixx
)θ̇ ψ̇ +

Ω̄

Ixx
θ̇ +

kdx
Ixx
φ̇2

+ K3,φ V̇s3,φ

+ eω,φ + K4,φVs4,φ)
(45)

3 =
Iyy
l
((
Ixx − Izz

Iyy
)φ̇ψ̇ +

Ω̄

Iyy
φ̇ +

kdy
Iyy
θ̇2 + K3,θ V̇s3,θ

+ eω,θ + K4,θVs4,θ )
(46)

U4 =
Izz
1
((
Iyy − Ixx

Izz
)φ̇θ̇ +

kdz
Izz
ψ̇2

+ ξ̈d,ψ + K3,ψ V̇s3,ψ

+ eω,ψ + K4,ψVs4,ψ )
(47)

fter the controller is designed as shown in (32), (45)–(47), By
ubstituting the control law defined in (34), (45)–(47) into the
uadrotor dynamics in (13) and (14), the input uk that is defined
n (49) is found to be

k =

⎡⎢⎣
η̇a,x,k

η̈d,x,k + K1,x,kV̇s1,x,k + ep,x,k + K2,x,kVs2,x,k
...

ξ̈d,ψ,k + K3,ψ,kV̇s4ψ,k + eω,ψ,k + K4ψ,kVs4,ψ,k

⎤⎥⎦ (48)

emark 3. In the conventional design, the φ̈d, θ̈d are calculated by
he translational controller, which is then taken into the second
erivative. This causes the explosion of control input in the rota-
ional dynamics. Due to the difficulty of computing these second
erivatives, these terms are removed in the controller design and
egarded as disturbances with proven stability.

emark 4. The output of the shunting model is bounded be-
ween (−D4,i, B4,i), thus K4,iVs4,i is ultimately bounded; therefore,
t can reduce the input saturation issue compared to conventional
ethods. In addition, when noises and disturbances occur, the
igh order un-modeled dynamics could potentially make the con-
entional controller generates impractical control inputs, while
he bioinspired backstepping sliding mode controller will provide

ore consistent control inputs because its a dynamic model. o

6

The overall bioinspired neural dynamic based backstepping
liding mode control law is proposed in (32) and (45) to (47),
he progressive stability design through the backstepping design
echnique ensures the stability of the proposed control.

.4. Adaptive sliding innovation filter

The quadrotor UAV often operates in complicated noisy envi-
onments, therefore, having accurate state estimates is crucial to
nsure the tracking performance. In addition, since the quadrotor
perates under disturbances, the accurate system model cannot
e obtained. To address this issue, the newly proposed ASIF is
ntegrated with the control design, this filter is robust against
odeling errors [37]. The basic design of the ASIF is similar to

he sliding mode state observer and Kalman filter; it first goes
hrough a predicting stage, which is illustrated in three main
unctions as

k+1|k = ĀPk|k + B̄uk (49)

¯k+1|k = ĀĒk|kĀT
+ Qk+1 (50)

k+1|k = P̃k+1 − C̄ P̂k+1|k (51)

here P̂k|k and P̂k+1|k are respectively the posterior and priori
tate estimates at time step k; P̃k+1 is the measured states, and
= [ηx, η̇x, . . . , ξψ , ξ̇ψ ]

T ; Ēk+1|k is the state error covariance; C̄
s the measurement matrix; zt+1|t is the innovation. The system
atrix Ā that is used to estimate the state is an identity matrix,
hich is given as I12; B̄ is defined as time step ∆t and uk is the

nput.
After that, these predicted variables are processed through the

pdate stage as

k+1 = C+diag(sat

(
|P̂k+1|k|

ρ

)
) (52)

ˆk+1|k+1 = P̂k+1|k + Kk+1P̂k+1|k (53)

¯k+1|k+1 = (I − Kk+1C)Ek+1|k(I − Kk+1C)T

+ Kk+1Rk+1Kk+1
T (54)

here ρ is the sliding boundary that is manually tuned in the con-
entional design and C+ is the pseudoinverse of the measurement
atrix.
The design of the conventional sliding innovation filter has

een completed, it is noted that the conventional design does not
onsider the system noise covariance, thus it only provides sub-
ptimal results. To improve the accuracy of the state estimates,
he sliding boundary and sliding innovation gain are replaced
y

k+1 = CEk+1|kCT
+ Rk+1 (55)

k+1 = Sk+1(Sk+1 − Rk+1)−1diag|ẑk+1|k| (56)

k+1 = C+diag|ẑk+1|k|ρ
−1
k+1 (57)

here Wk+1 is the innovation covariance. Thus, the overall design
f the ASIF for the quadrotor is presented. It is worth mentioning
hat the design of the controller is based on the state estimates
rom ASIF and its stability has been guaranteed in [38]. The track-
ng error is obtained using the desired state and estimated state,
nder this circumstance, the stability of the proposed control
ethod can be guaranteed by treating the estimation error as part
f the disturbances.
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Table 1
Quadrotor UAV parameters.
Parameter Value Parameter Value
m (kg) 0.486 g (m/s2) 9.810
Ir (kg·m2) 2.830e−5 d (m) 0.250
kp (N·s2) 3.230e−7 d (N·m·s2) 2.980e−5

Ixx , Iyy (kg·m2) 4.856e−3 Izz (kg·m2) 8.801e−3

cdx , cdy (kg/s) 5.560e−4 cdz (kg/s) 6.350e−4

Table 2
Control parameters.
Parameter Value Parameter Value
A1x,y,z 1, 1, 1 A2x,y,z 4, 4, 4
A3φ,θ,ψ 5, 5, 5 A4φ,θ,ψ 2, 2, 2
B1x,y,z 2, 2, 2 B2x,y,z 8, 8, 8
B3φ,θ,ψ 1, 1, 1 B4φ,θ,ψ 10, 10, 10
D1x,y,z 2, 2, 2 D2x,y,z 8, 8, 8
D3φ,θ,ψ 1, 1, 1 D4φ,θ,ψ 10, 10, 10
K1x,y,z 0.1, 0.1, 0.1 K2x,y,z 1, 1, 1
K3φ,θ,ψ 3, 3, 3 K4φ,θ,ψ 5, 5, 5

Fig. 3. The quadrotor position estimates in 3D space.

. Results

This section shows the results that demonstrate the efficiency
nd effectiveness of the proposed bioinspired control strategy
hat is integrated with the ASIF. The sampling time ∆t is set to
e 0.01 s. The quadrotor UAV parameters and control parameters
or the bioinspired backstepping sliding mode control are respec-
ively shown in Tables 1 and 2 with the initial conditions set
o be zeros for all states. As for the backstepping sliding mode
ontrol, the control parameters are the same as shown in Table 2
ith the sign function in the conventional method being replaced
y the saturation function, the limits of the saturation function
re accordingly set to be the same as the upper bound and the
ower bound of the shunting model as Bi and −Di. As for the
uning of the control parameters, it is obvious there are many
ontrol parameters, one main aspect is that the rotational con-
rol parameters need to be higher than the translational control
arameters because if the translational dynamics converges fast
ould result in a large steady state tracking error because the
otational dynamics never converges. The desired path is defined
s xd = 1 + 8 sin(0.1t), yd = −8 + 8 cos(0.1t), zd = 2 + 0.2t , and
ψd = 0.2. The proposed control method is then used to track this
path under noises and disturbances.

4.1. Control performance under noises

In real world applications, the quadrotor usually works under
hard conditions, in which system and measurement noises take
7

critical roles in tracking performance. Therefore, the proposed
control is used to track a helix path, the initial position of the
quadrotor UAV is set to (0, 0, 0) and ψa = 0. The system and
measurement noises are both treated as Gaussian distributed, and
the covariances of the system and the noise of measurement Q ,
R are both treated as diag10−6

[0.1, 1, 0.01, 0.1, 0.01, 0.1, 1, 10,
1, 10, 1, 10].

As seen in Figs. 3 and 4, although both conventional and
bioinspired control methods are capable of tracking the desired
path. However, it can be seen the tracking performance of the
proposed bioinspired control strategy has apparent advantages,
the steady state tracking error has been sufficiently reduced
under the noises. In addition, the shunting model has filtering
capability, which means the control inputs are smooth. As seen
in Fig. 5, the control input for conventional backstepping control
suffers from large chattering issue, especially for U2 and U3, this is
due to the fact that the desired states that are calculated through
the output of translational controller in (31), which suffers from
the effects of the noises. This control smoothness makes the
proposed control a more practical solution for quadrotor UAV
operating under noises in real world applications.

Remark 5. The filtering capability of the bioinspired method is
capable of providing smooth control inputs, this means in order
to track a desired path, the bioinspired backstepping sliding mode
control that requires less control effort compare to conventional
methods. In addition, these control inputs would be converted to
the rotational speed of rotors through (14), this means the large
discontinuities in U2 and U3 make the rotor impossible to reach
such fast changing rotational speed demand under noises, how-
ever, the bioinspired backstepping sliding mode control has effi-
ciently solved the such issue and ensured the smooth transition
of the rotors rotational speeds.

4.2. Control performance under disturbances

Since the quadrotor UAV usually operates in outdoor environ-
ments, the disturbances such as wind is an unavoidable problem
that quadrotor UAV has to face. Therefore, this subsection tests
the performance of the proposed bioinspired control method
under disturbances. The disturbances are defined as dφ = dθ =

0.4, dψ = 0.4 sin(t), dx = dy = 0.1 sin(t), and dz = 0.1 cos(t). The
results are shown in Fig. 6. It is undoubtedly that the proposed
bioinspired control strategy is more robust than the conventional
method, in addition, since there are more parameters that can be
tuned, better results can be achieved.

Remark 6. In order to reduce the effects of disturbances, the con-
ventional method usually requires high gain control to counter
these effects. However, due to the state constraints of the back-
stepping control design, φ and θ have to stay between (−π/2,
π/2). This high gain control in conventional design would make
the quadrotor impossible to achieve and reach quadrotor state
constraints. The proposed bioinspired method is capable of pro-
viding a relatively smoother control command transition, thus
reducing the possibility for a quadrotor UAV reaching its state
constraint.

Remark 7. It is noted that if large initial tracking errors occur, the
conventional design will yield large initial control inputs; how-
ever, this issue is avoided in the bioinspired control design, since
the output of the shunting model is strictly bounded between the
finite interval (−Di, Bi), thus preventing a higher control input
at the initial stage. Again, this is quite important in quadrotor
backstepping based control design because a larger initial control
input would make quadrotor UAV reach its state constraints, thus
impossible for actuator to reach.
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Fig. 5. Control inputs under noises.
.3. State estimates under noises and faulty conditions

The robustness of providing accurate state estimates is another
mportant aspect to ensure that a quadrotor works properly.
ome commonly known filters, such as the Kalman filter (KF)
r extended Kalman filter (EKF), these filters provide accurate
tate estimates only based on the assumption that the modeling
f the system is fully known. Therefore, this paper developed a
8

bioinspired control and ASIF to provide accurate state estimates
under modeling errors. Since there exist disturbances, therefore,
the accurate system model cannot be obtained, in addition, the
quadrotor UAV often operates in complex environments, thus, the
estimator could fail if the UAV is not well maintained or under
electromagnetic inferences. The root mean square error (RMSE) is
used to demonstrate the differences between the estimated states
and the actual states. Under normal working conditions without
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Fig. 6. Tracking error under disturbances.
Table 3
RMSE under normal conditions (Multiply by 10−4).
States ASIF KF States ASIF KF
ηx 7.88 7.88 η̇x 24.8 24.8
ηy 7.75 7.75 η̇y 25.0 25.0
ηz 7.80 7.80 η̇z 24.5 24.5
ξψ 2.52 2.52 ξ̇ψ 7.56 7.56
ξφ 2.47 2.47 ξ̇φ 7.77 7.77
ξθ 2.47 2.47 ξ̇θ 7.66 7.66

Table 4
RMSE under disturbances (Multiply by 10−4).
States ASIF KF States ASIF KF
ηx 7.87 7.89 η̇x 39.3 61.8
ηy 7.82 7.83 η̇y 39.2 53.4
ηz 7.84 7.85 η̇z 37.8 42.1
ξψ 2.49 2.50 ξ̇ψ 15.7 35.9
ξφ 2.49 2.50 ξ̇φ 15.1 50.0
ξθ 2.47 2.50 ξ̇θ 15.1 47.2

noises and disturbances. As seen in Table 3, it is noticed that the
ASIF provides identical state estimates as the Kalman filter does.

However, when the system operates under large disturbances,
uch disturbances has been enlarged by four times. Then, Table 4
learly indicates that the ASIF has successfully provided better
tate estimates than the KF under both disturbances and noises.
t is worth mentioning that when modeling errors occur in the
ilter, such as the mass being wrongly calculated, the ASIF is
till capable of providing more accurate state estimates than
F. It is discovered that under large disturbances or modeling
ncertainties, the filtering would weight to trust measurement
nstead of prediction, thus providing better state estimates.

. Conclusion

In this paper, the bioinspired based backstepping sliding mode
ontrol for quadrotor UAV is proposed, which is then integrated
9

with the ASIF. The proposed control strategy is robust to distur-
bances; meanwhile, under system and measurement noises, the
proposed control is capable of providing relatively smooth control
input with better tracking performances. Thus, this controller
has successfully addressed both noises and disturbances issues
with the aid of the bioinspired neural dynamics with proof of
the stability. In addition, considering the modeling error from
the disturbances, the ASIF is integrated with the proposed bioin-
spired control to provide more accurate state estimates under
disturbances to achieve better control performance.

In future works, the tuning of the control parameters could
be further addressed using optimization techniques and the state
constraints could be considered to improve the tracking perfor-
mance of the proposed control.
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