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Abstract: In order to overcome the influence of internal and external disturbances caused by rotor tilt
motion and gust disturbance on the full flight mode control of a tilt-rotor unmanned aerial vehicle
(UAV), a design method using fuzzy backstepping control based on an extended-state observer
(FBS-ESO) is proposed. In this paper, fuzzy control is used to tune the parameters of the backstepping
control law online, and the extended-state observer estimates the total disturbance of the controlled
system to improve the controller’s robustness and anti-disturbance capability. This paper designs the
attitude control system of a tilt-rotor UAV based on an FBS-ESO controller. The control performance of
the FBS-ESO controller is tested in a hardware-in-loop simulation of the attitude control system. The
simulation results show that changing the rotor tilt angle will destroy the stability of the traditional
backstepping controller and active disturbance rejection controller (ADRC). In contrast, the FBS-
ESO controller maintains good control performance. In addition, the performance of the FBS-ESO
controller is not be significantly affected by adding external gust disturbance or changing the UAV
parameters in the simulation. These disturbances significantly impact the traditional backstepping
controller and ADRC. Therefore, the FBS-ESO controller has better anti-disturbance capabilities and
robustness, as well as higher attitude control accuracy.

Keywords: tilt-rotor; unmanned aerial vehicle; extended-state observer; backstepping control; fuzzy
control; attitude control; hardware-in-loop simulation

1. Introduction

An unmanned aerial vehicle (UAV) has many advantages: low cost, low loss, zero
casualties, reusability, and high mobility [1-3]. Therefore, UAVs are widely used in military,
civil, and scientific research. Compared with a fixed-wing UAV, a tilt-rotor UAV has unique
vertical takeoff and landing characteristics, hovering capabilities, and maneuverability
during flight, and so tilt-rotor UAVs have broader application prospects [4,5]. A tilt-rotor
UAV has three flight modes: fixed-wing, transition flight, and helicopter. The aerodynamic
characteristics of each mode are very different, and the nonlinearity and coupling are severe.
Especially in the transition mode, with the tilt movement of the rotor, a UAV is in a variant
process, and the structure and aerodynamics change significantly. Moreover, the coupling
between the helicopter and the fixed-wing manipulation mechanisms is complex. The use
of a traditional flight control system is challenging for realizing the stable control of the
full flight mode of a tilt-rotor UAV [6-8]. Therefore, the realization of the full flight mode
control of a tilt-rotor UAV is one of the research priorities in the academic community.

Researchers have proposed many flight control design methods for tilt-rotor UAVs.
For example, using linear control, Papachristos et al. [9] designed a proportional integral
derivative (PID) controller based on a transfer function for the pitch, roll, and yaw control
loops. They analyzed the control performance using the root locus method and Bode
diagram. The effectiveness of the PID controller was tested with a hovering experiment
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on an actual flight platform. Houari et al. [10] verified that a linear quadratic regulator
(LQR) is more robust than a PID controller in vertical takeoff and longitudinal motions,
with an overshoot response time performance index and control accuracy as standards.
The design of the linear control method was simple, but its performance was poor in the
face of complex systems with nonlinear coupling and disturbance uncertainty. Moreover,
the parameter tuning accuracy of the linear controller was low, and it was not suitable for
a transition mode with serious disturbance and coupling. Therefore, the linear controller
cannot effectively realize the full flight mode control of a tilt-rotor UAV. Compared with
linear control, a nonlinear controller is effective in a wide range of flight envelopes and
is conducive to giving full play to the advantages of the high maneuverability and high
sensitivity of tilt-rotor UAVs. Cardoso et al. [11] designed an adaptive hybrid framework
and selected a weight function to adjust an H2/Hco hybrid controller to ensure a smooth
transition between full flight modes. However, this controller was very complex, which is
not conducive to engineering applications. Guo [12] divided a tilt-rotor UAV into several
subsystems, established a model and controller for each subsystem, and ensured a smooth
transition between controllers through a model adaptive control strategy. However, this
method needed to design multiple controllers to increase the difficulty of control system
design and depended on an accurate mathematical model, which is not conducive to
engineering applications. Papachristos et al. [13-15] applied a model predictive control
(MPC) to investigate a hovering experiment of a micro tilt-rotor UAV and provided the
experimental results. The control loop was designed as a double-loop structure, and the
inner loop was a PD-dD controller used for the attitude control of the UAV. By comparing
the cost function values of different rotor tilt angles, the sub-model of the minimum
value of the cost function was used as the outer loop MPC position controller. The above
references used an MPC to improve the disturbance suppression in hovering states without
paying attention to the transition or fixed-wing aircraft modes. At the same time, the
prediction model of the MPC was not easy to establish, which increased the difficulty of
the controller design. Liu [16] designed an exponential nonsingular terminal sliding mode
surface, which could estimate and compensate for complex unknown disturbances online
and improve the robustness of attitude control. However, the sliding mode controller
switched back and forth near the sliding mode surface, resulting in a high-frequency
chattering of the system, which seriously threatened the flight safety of the UAV. Balas and
Casavola et al. [17-19] used LPV/qLPV controllers to solve the control problems of many
complex strong coupling systems. The LPV/qLPV controller could fully consider the flight
performance of the UAV, which is conducive to the realization of optimal control. Moreover,
the above nonlinear controller was generally based on an accurate model and suppressed
the system’s internal and external uncertain disturbance by an indirect method. The control
effect was significantly reduced when there was a strong disturbance or mechanical fault
within the allowable range [20].

Therefore, researchers have tried to combine a nonlinear controller with other control
methods to improve control performance. Some researchers have introduced intelligent
control methods into nonlinear control, such as Autenrieb et al. [21], who applied a neural
network to estimate the uncertain disturbance to improve a controller’s performance. Hong
et al. [22] constructed a fuzzy sliding mode controller for a UAV. They verified through
simulation experiments that the stability of the fuzzy sliding mode control system was
better than the pure sliding mode control system in the case of external disturbance. The
intelligent control method could effectively improve the anti-disturbance and robustness of
a nonlinear controller.

Active disturbance rejection control (ADRC) can effectively overcome the influence of
internal and external disturbances [23-25]. The core of ADRC is to treat the internal and
external disturbances of the system as the total disturbance, estimate the total disturbance
through an extended-state observer (ESO), and use the ESO for real-time system compen-
sation. An ESO can effectively track the total disturbance of a system in real-time, with
strong adaptability and a simple structure. Wang et al. [26,27] designed a full mode flight
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control system for a tilt-rotor UAV. The simulation and flight tests showed that the ADRC
could effectively estimate and overcome the influence of the total disturbance of a tilt-rotor
UAV. However, the state error nonlinear control law (SENCL) in the ADRC controller had
a weak dynamic performance and poor rapidity [28]. The backstepping control had better
dynamics and rapidity, which could compensate for the defects of SENCL [29,30]. There-
fore, this paper absorbs the idea of an ESO in ADRC and proposes a fuzzy backstepping
control based on an ESO (FBS-ESO). The disturbance of the external environment and the
aerodynamic coupling between the rotor/wing and other components can be classified
as external disturbance, according to the disturbance characteristics. The changes in its
structural parameters caused by rotor tilt motion can be classified as an internal disturbance.
The backstepping method designs a control law compensating for the internal and external
total disturbances. An ESO is used to estimate the unknown total disturbances to realize
the compensation of the control law. Fuzzy control can adaptively adjust the parameters of
the backstepping control law online to improve the robustness of the controller. The FBS-
ESO controller has the advantages of a simple design, easy implementation, and excellent
control performance. An FBS-ESO controller can effectively overcome the influences of
internal and external disturbances and meet the attitude control requirements of a tilt-rotor
UAV in full flight mode.

The rest of this paper is arranged as follows: the second section describes the design
of the FBS-ESO controller of the second-order nonlinear system. The third section describes
the design of the attitude control system based on the FBS-ESO controller. In the fourth
section, the attitude control hardware-in-loop simulation of the tilt-rotor UAV is described
to prove the effectiveness of the FBS-ESO control method proposed in this paper. Finally,
the fifth section draws the conclusions for this paper.

2. Design of the FBS-ESO Controller for the Second-Order System
2.1. Second-Order Nonlinear Expansion System

The second-order nonlinear uncertain plant including internal and external distur-
bances is as follows:

561 = X2
xp = f(x,w, t)+b(t)u , 1)
y=x1

where 1 and y are the input and output signals, f(x, w, t) is a nonlinear function with an
unknown disturbance, and b(t) is an unknown function.

If welet x3 = f(x,w,t) + (b(t) — bp)u represent the new expanded-state variable, x3
contains an internal disturbance and an external disturbance, by is a constant, and x3 = g(t),
then system (1) becomes an extended system with three state variables, as follows:

5(1 = X2

Xy = x3+ bou

: 2
i = (1) @
y=x

2.2. Fuzzy Backstepping Control Law

The errors between the output of system (2) and the target state (command signal
Xg) are:
e = X1 — Xg 3)

élzjcl—jcg:xz—jcg (4)

[N]

e

(1) Define the Lyapunov function V = -, then

Vi =eer = e (xa — i), )
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and if we can take the virtual control quantity e; = x + c1e; — Xg, then V1 = —C e% + e1ey

whenc; > 0,ep =0, V1 < 0. Therefore, it is necessary to design the control law to make
€y = 0.

. . 2
(2) Define the Lyapunov function V, = V; + %
and differential the virtual control quantity:
ey = x3 + bou + c1e1 — xg 6)
Then, . .
Vo=Vi+ee = —61621 +e1ep +en (X3 + bou + c161 — xg) 7)

To make the system meet the Lyapunov stable, it is required that V, < 0, and the
design control law is:

1 . .
U= b—o(—X3—c1e1+xg—czez—e1). 8)

Then, _
Vo= —c1e?) — c2e?s )

whenc; = ¢ = %, ¢ > 0,and
Vz = —17V2. (10)

If we integrate V%de = —ndt to get

tldV t d 11
— — —ndt,
/OV2 ) /0 n (11)

Vo(t) = Vo(0)e . (12)

then

The formula V,(t) = % + %, Va(t) converges exponentially, and so when t — oo,
e1 — 0,ep — 0, and when e; = x; + c1e; — xg, then xo — x,. Thus, it is ensured that the
system state quantities x; andx; can quickly track the command signals x; and X,.

In the formula ¢; = ¢, = %, for the backstepping control law (8), two parameters 7
and by need to be adjusted, and 7 and by affect the dynamics and stability of the control
system, respectively. At the same time, with the change in the flight state and the external
environment of the tilt-rotor UAV, the fixed # and by cannot meet the control requirements,
resulting in a decline in control performance. Therefore, according to the variation in error
e1 and ey, this paper adopts fuzzy control to adjust 77 and by online automatically so that the
controller can adapt to the variations in flight environment and disturbance. The operation
process of the fuzzy control is shown in Figure 1. The input of the controller is ¢; and e;
and the output is the adjustment Ay and Aby of # and by. Firstly, e1, e, Any, and Aby
are fuzzification, and then the fuzzy parameters of Ay and Aby are obtained by fuzzy
reasoning, according to fuzzy rules. Finally, the actual values of Ay and Abg are obtained
by ambiguity resolution.
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fuzzy rules

[ e | 1 [ &

fuzzification [ u”). [ fuzzification
reasoning

ambiguity
resolution

I

An, Ab,

Figure 1. The 17 and by correction algorithm based on fuzzy control.

The 77 andby of the backstepping control law are:

{ n(t+1) =n(t) + Ay () (13)
bo(f+1) = bo(t)-l-Abo(i‘) ’

(1) Fuzzy Rules

The input and output variables of the fuzzy controller are defined as five fuzzy levels
in their respective domains: negative big (NB), negative small (NS), zero (Zo), positive small
(PS), and positive big (PB). The membership function is triangular, as shown in Figure 2.

(2) Fuzzy Reasoning

Lo INB NS Z0 PS PB|
0.8 9
=4
|
2
'bf 0.6 b
5
=
0.4 b
0.2 T
0.0
-1.0 -0.5 0.0 0.5 1.0
Domain

Figure 2. Triangular membership function.

According to the parameter tuning method of the backstepping controller, the fuzzy
rules of Ay andAb are formulated as shown in Tables 1 and 2.

(3) Ambiguity Resolution

Table 1. Fuzzy rules of Ay.

Ay e
NB NS Z0 PS PB
NB PB PS PS PS ZO
NS PB PS PS ZO ZO
e1 Z0 PS PS Z0O ZO NS
PS PS Z0O NS NS NS

PB ZO ZO NS NS NB
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Table 2. Fuzzy rules of Aby.

e

Abg 2
NB NS 70 PS PB
NB NB NB NS NS PS
NS NS NS 70 70 PS
o 70 NS 70 PS PS PS
PS NS 70 70 PS PB
PB Z0 PS PS PB PB

The membership of Ay andAby under the current input value can be obtained using
fuzzy rules. The center of gravity method is used to calculate Ay and Ab in the domain,
that is:

N N
An,Aby =Y _giSi/ ) S;, (14)

i=1 i=1

where S;, g;, and N are the membership, fuzzy quantitative value, and fuzzy level, respectively.

2.3. Extended State Observer

The control law (8) needs to solve the unknown total disturbance x3. The effective
solution is to design an extended-state observer to obtain the control law variables by
estimating the state variables and the extended total disturbance.

The extended-state observer of the second-order system (2) is [20]:

e =y
551 = 9?2 — ﬁ16
. 15
%2 = 25 — Bafal(e, M, ) + bou (15
923 = —/33fal(e, )\2, g)
e <
— ¢
falteA/8) {evsign(e), ol > 2, 16

where A;(i = 1,2) and B;(i = 1,2,3) are the gain coefficients, ( is the step size, and fal(e, A, {)
is a nonlinear function. The three state variables of the extended state observer (15) can
track the state variables and total disturbances of the system (2) [20] as follows:

.‘)?1 — xl,fz — Xo, )?3 — X3. (17)

The backstepping control law of equation (8) is rewritten as:

1 A . .
u= %<—X3 —Cc1e1 + Xg — €262 — 61)
€1 —= 3?1 — Xg . (18)
e = X +c1e1 — xg

In summary, the block diagram of the FBS-ESO controller is as shown in Figure 3.
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€1,€2
— Fuzzy Control
xg An Abo
il = . U X1 =X
e "=b_(xy‘x3“1€1—fzez—el) x, = f(x,w,t) + b(t)u
X1 X2 X3 _ y=x
FBS
N bo
e=x; —x;
fl = 3'2 + ﬂle b
A =~ ou
Xy = X3 — Bzfal(e,).]; {) 2 bou
i3 = _ﬂ3fal(el Az, () xl

ESO
Figure 3. Block diagram of the FBS-ESO controller.

3. Attitude Control Design of the Tilt-Rotor UAV

The attitude control system of the tilt-rotor UAV is shown in Figure 4, including
the FBS-ESO attitude controller, manipulation strategy, and flight dynamics model. The
FBS-ESQO attitude controller calculates the control quantities of the three loops of roll, pitch,
and yaw according to the input and output information of the system, and then it assigns
the control quantities to each control surface of the tilt-rotor UAV through the manipulation
strategy to act on the flight dynamics model of the tilt-rotor UAV. Under the action of
aerodynamics, the attitude of the tilt-rotor UAV changes.

Collective pitch |[—
Tilt angle f3,

¢9 —> N Longitudinal periodic
—¢> FBS-ESO —— pitch
— Dynamics Model

FBS-ESO Manipulation —
UAV
sl — =
-

Figure 4. Attitude control system of the tilt-rotor UAV.

3.1. Attitude Dynamics Model

According to reference [31], the attitude nonlinear dynamic model of a tilt-rotor
UAV is: o
p+dy
q+dy
r+ dlp
(car +cop)g+csL+eyN |’
espr — ¢ (p* — 1?) + o7M
(cgp — car)q +c4L +coN

(19)

SaRe S
Il
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where:
dy = (rcos¢ + qsing) tan 6
dg = (cos¢p —1)q —rsing

dy = (Zi’,i‘é’ —1)r+qi§;"é
L = Qe Cltté1yy and (20)

M= choncllonélon
N = Qctrcltr(str

Q = 0.50V?

 (L-L)L-l. . (Lh=+L)k
c1 = Co 02 = Co

I I L,—1I I
szciz()/CZIZCLg/CS: Z[yxrc6:ILyz ’ (21)
2

1 _ (Ixfly)lel Xz _ Iy

C7—E,C8—7CO €9 =7,

where ¢, 6, and ¢ are the Euler angles of roll, pitch, and yaw, respectively; p, g, and r are
the angular velocities; L, M, and N are the moments of the components of the whole vehicle
(rotor, fuselage, vertical tail, flat tail, wing, etc., including gravity); Iy, I, I, and I, are the
inertia; Cy = IyI, — %2, Clat) Clon, and ¢y, are the distances between the force and the center
of gravity; Cll"t, Cf‘m, and Clt’ are the moment coefficients; d;,, 5o, and Jy are the control
amounts of roll angle, pitch angle, and yaw angle, respectively; p is the air density; and V
is the relative incoming velocity.

3.2. Attitude Control Law

If we define the following variables:
xi= [P0y, xe=[pqr]"
u= [ O1at Olon Otr ]T
dy = [dpdgdy]T,da=[ &N 0 N " (22)
foo) = [ (ar+ep)q cspr—ce(p>—1%) (csp—car)g '
b= [ QCBClatC;Ht QC7Cloanon QCgCtrC;r ]T

then we can obtain the following by combining Equations (19) and (20):

X1 =xp +d;
. . 2
{ Xsz(X2)+bu+d2 (23)

From Equation (23), we can obtain:

X1 =% +di = f(x2) + bu+dp +dy = f(x2) +dp +di + (b — bp)u + bou, (24)

where by is the attitude control gain matrix and the expanded state quantity x3 is defined as:

X3 Zf(?<2) +d2+&1 + (b —bp)u _ (25)
g(t) = x3

Then, Equation (24) is transformed into a second-order nonlinear expansion system (26)
in the form of Equation (2):

X1 = X

X2 = x3 +bou . (26)
x3 = g(t)

Therefore, the pitch, roll, and yaw attitude control loops can all be designed as a second-

order FBS-ESO control structure. The attitude control loop’s output is superimposed with
the trim base offset to form the | 8j,, 6+ &t | acts on the tilt-rotor UAV.
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From the foregoing analysis, the longitudinal pitch control ¢, is designed as:
6232'1*9,3'?1 2552*,318
%y = %3 — Pafal(e, A1, §) + bogu
X3 = —Bsfal(e, A2, Q) 4
e1 = %1 — Gg, er = %o +cie1 — Gg ’ (27)

y= L1 (_% — 05761 + 05 — 0.5779e2 — €1

bog
bop(t +1) = bog(t) + Abog(t), 176 (t + 1) = 1g(t) + Ang(t)
Ojon = u+ 55r1m

where 0, is the target pitch attitude angle command signal, 6 is the actual pitch angle of
the tilt-rotor UAV, 55”'” is the longitudinal control trim, byy and #y are the attitude control
gains, Abyg and Aryy are the adjustments of byg and 7y for the output of the fuzzy control,
%1 and %, are the estimated values of the angle and differential value, and %3 is the estimate
of the total disturbance.

The design of the roll loop control §;,; and the yaw loop control 4 are similar and will
not be repeated.

3.3. Manipulation Strategy

The manipulation strategy of the tilt-rotor UAV is shown in Table 3. The control weight
coefficient is used to adjust the control influence degree of each control surface in different
flight modes to ensure the smooth transition of the UAV. The control weight coefficient
adopts trigonometric function:

{orzomb 28)

7= t

where wy is the control weight coefficient of the rotor, wj is the control weight coefficient of
the fixed wing’s control surface, and B; is the tilt angle. When ; = 90’ is the helicopter
mode, when B; = 0 is the fixed wing mode, and when the tilt-rotor UAV transitions
from helicopter mode to fixed wing mode, the control weight coefficient of the rotor
gradually decreases from 1 to 0 while the control weight coefficient of the fixed-wing
aircraft gradually increases from 0 to 1 to complete the smooth transition of the tilt-rotor
UAV. The manipulation quantity is as shown in Equation (29):

zxz = OlonWr — Otry
szy = Sjonwr + Sprwy
5zjz = Ocol — Olarwr ’ (29)
5zjy = Ocol + O1arwr, 5fxd = 5t7wq
5fy = 5latwqr 5sjd = 5loan

where 4;x; and ¢, are the longitudinal periodic variation and collective of the left rotor,
respectively; 6zxy andd,;, are the longitudinal periodic variation and collective of the right
rotor, respectively; & Fds 1) Fyr and J jd are the control quantity of rudder, aileron, and elevator,
respectively; and J,; is the collective pitch reference of the rotor.

Table 3. Control strategy of the tilt-rotor UAV.

Mode Roll Pitch Yaw
helicopter mode collective differential longitudinal variation longitudinal variation differential
.. collective differential plus longitudinal variation plus longitudinal variation differential
transition mode .
aileron elevator plus rudder
fixed-wing mode aileron elevator rudder
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4. Attitude Control Verification of the Tilt-Rotor UAV
4.1. Hardware-in-Loop Simulation System

Hardware-in-loop (HIL) systems provide a virtual flight environment and a math-
ematical model of a UAV, but they use the key hardware of flight control systems. HIL
simulation has high credibility. HIL is more reliable than pure digital simulation [32].
Compared with physical simulation, HIL simulation has lower costs and higher efficiency.
As shown in Figure 5, the real-time HIL simulation system of the unmanned helicopter built
in this paper adopts the flight control computer with STM32F405ZGT6 as the core processor.
In the Keil environment, the FBS-ESO attitude control law is written as C code to run in the
flight control computer. The attitude dynamics model of the tilt-rotor UAV is built based
on MATLAB/SIMULINK numerical simulation software. The operation process of the HIL
simulation system is as follows: the ground control station transmits the target attitude
command to the flight control computer via the radio station. The flight control computer
runs the FBS-ESO attitude control law and calculates the manipulation amount of the rotor
and rudder surfaces, according to the target and actual attitude. Then, the manipulation
amount is transmitted to MATLAB/SIMULINK through serial communication. We use
the Serial Receive module in SIMULINK to receive the data of the manipulation amount.
After the data is unpacked, it acts on the attitude dynamics model of the tilt-rotor UAV to
obtain the real-time attitude. Finally, the actual attitude is transmitted to the FlightGear
visual simulation software and flight control computer through the Serial Send module.
FlightGear can display the three-dimensional flight animation of the tilt-rotor UAV in
real-time, and the flight control computer stores the actual attitude and target attitude in
the SD data memory card, which is convenient for subsequent data analysis.

{  Manipulation Data!
coms
Status|

Wired serial Communication module

Radio station Data storage oo . g
communication Manipulation g
" . o
@ » Wired sc.nal' el
aal communication [
SN
SPI » » g
T ! o

Manipulation >

Flight state

\ n{ Target flight order
-

Flight state Flight state

Flight control computer Virtual prototype
Ground control station 4
@ Flight state
Code for flight control laws F.hghtG'ear visual
oM simulation software

= W‘Da\a s |
BVISION® S veegraced
e

Flight state Flight state
Siromma Communication module

L MATLAB/SIMULINK
C language software numerical simulation software
development system

Figure 5. Composition diagram of the HIL simulation system of the tilt-rotor UAV.

4.2. Attitude Control Test

The controlled plant in this paper is shown in the Figure 6. The tilt-rotor UAV changes
the tilt angle of the rotor to realize the transition from helicopter mode to fixed-wing mode.
The basic parameters of the tilt-rotor UAV are shown in the initial values in Table 4. The
attitude controller adopts the BS, ADRC, and FBS-ESO controller designed in this paper.
The initial parameters of the FBS-ESO controller and the parameters of the BS controller
and ADRC controller are shown in Table 5. The above three controllers operate in the
hardware-in-loop simulation system.
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Tilt anglef3, = 90°

-

helicopter mode

Tilt angle0° < 3, < 90°

|

transition mode

Figure 6. Schematic diagram of the tilt-rotor UAV.

Table 4. Parameters of the tilt-rotor UAV.

Tilt anglef3, = 0°

|

fixed wing mode

Parameter Unit Initial Value Modify Value
total weight kg 3000 2400
rotor radius m 3
number of blades - 3
rotor velocity rad/s 70
wing area m?2 10
L kg-m? 7391 5912
Iy 1<g-m2 48,847 39,000
I kg-mz 52,524 42,000
Table 5. Parameters of the controllers.
[¢ 6 9l BS ADRC FBS-ESO
by [411] [102 5] [411]
1 [160 150 120] - [160 150 120]
1) [160 150 120] - [160 150 120]
r - [10 10 10] -
h - [0.50.50.5] -
Bo1 - [20 56 12] -
Boz - [273] -
B1 - [1412] [4 24 50]
B2 - [10 24 28] [65 80 80]
B3 - [10 12 10] [582]
¢ - [0.01 0.01 0.01] [0.01 0.01 0.01]
A1 - [0.25 0.25 0.75] [0.50.50.5]

4.2.1. Stability Test

The initial attitude angle of the tilt-rotor UAV is 0°, the expected target value is 10°,
and the simulation time is 10 s. If we keep the parameters of the attitude controller in
Table 5 unchanged and conduct the attitude control simulation experiments of 90°, 45°,
and 0° of the rotor tilt angle, respectively, then the simulation results are as shown in
Figure 7. The simulation results show that the FBS-ESO controller has the best control effect
under the three flight modes. The rise time of the FBS-ESO controller is short, and the
overshoot, steady-state error, and vibration amplitude are slight. The decreased rotor tilt
angle decreases the ADRC and BS controller performance gradually. The ADRC controller
has obvious chattering and overshoot when switching to fixed-wing mode. In contrast,
the performance of the BS controller decreases more violently. It cannot control the pitch
and yaw angle, indicating that the ADRC and BS controller cannot realize the full mode
attitude control of a tilt-rotor UAV. The performance of the FBS-ESO controller does not
change significantly with the change in tilt angle and has the attitude control ability of full
flight mode.
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Figure 7. Response curves of the steady-state tests. (a) f; = 90° (helicopter mode); (b) Bt = 45°
(transition mode); and (c) B¢ = 0 (fixed-wing mode).

4.2.2. Anti-Disturbance Test

The external wind disturbance will interfere with the flight of a tilt-rotor UAV. A
rectangular wave signal simulates the sudden wind disturbance in a period. At the fifth
second, a rectangular wave with an amplitude of 20 and pulse width of 3 s is added to the
three-axis incoming velocity term of the nonlinear flight dynamics model as the external
disturbance to test the anti-disturbance of the attitude controllers. If we keep the controller
parameters in Table 5 unchanged, then the simulation results are as shown in Figure 8.
When the external disturbance is added to the UAV, the FBS-ESO controller has good
stability in any flight mode. The BS controller fluctuates the most, the roll angle has a
noticeable rectangular jump, and the pitch angle and yaw angle fluctuate obviously. The
results above show that the FBS-ESO controller has a better anti-disturbance ability.
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Figure 8. Response curves of the anti-disturbance tests. (a) B = 90° (helicopter mode); (b) B = 45°
(transition mode); and (c) Bt = 0 (fixed-wing mode).

4.2.3. Robustness Test

We can change the parameter value of the tilt-rotor UAV as an internal disturbance
to simulate the parameter uncertainty of the UAV. The modified values in Table 4 are
controlled plants. The controller parameters in Table 5 are still used, the attitude control
simulation of attitude controllers for the tilt-rotor UAV is carried out again, and the results
are shown in Figure 9. The simulation results show that even if the dynamic characteristics
of the controlled plant change significantly, the FBS-ESO controller can still achieve an
excellent dynamic response curve under full flight mode, and the control performance is
excellent. The ADRC and BS controller performance decrease significantly compared with
the steady-state test. When the rotor tilts, the performance of the BS controller decreases
rapidly, and the BS controller cannot effectively control the attitude angle of the tilt-rotor
UAYV, which shows that the FBS-ESO controller has strong robustness.

Based on the stability test, anti-disturbance test, and robustness test, it can be found
that the FBS-ESO controller can better overcome the internal and external disturbances
encountered by a tilt-rotor UAV in actual flight than a traditional backstepping controller
and ADRC. The FBS-ESO controller is more suitable for the full flight mode control of the
tilt-rotor UAV.
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Figure 9. Response curves of the robustness tests. (a) f; = 90° (helicopter mode); (b) B; = 45

(transition mode); and (c) Bt = 0 (fixed-wing mode).

5. Conclusions

This paper proposes a design method for a fuzzy backstepping controller based on an
extended-state observer. Fuzzy control is used to tune the parameters of the backstepping
control law online, and the extended-state observer estimates the total disturbance of the
controlled system. Through the hardware-in-loop simulation of attitude control of tilt-rotor
UAY, the following conclusions are drawn in this paper:

(1) Changing the rotor tilt angle will destroy the stability of a traditional backstepping
controller and ADRC. In contrast, the FBS-ESO controller maintains good control

performance.

(2) The performance of the FBS-ESO controller will not be significantly affected by adding
an external gust disturbance or changing the UAV parameters in the simulation. These
disturbances significantly impact a traditional backstepping controller and ADRC.
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