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ABSTRACT. To address the problems of parameter uncertainty and susceptibility to dis-
turbances from the external wind field of tilt dual-rotor aircraft, this paper proposes a
control strategy combining the fuzzy adaptive PID and sliding-mode active disturbance
rejection. First of all, according to the Newton-Fuler method, a dynamic model of the
tilt dual-rotor aircraft under the disturbance of the wind field is constructed. The fuzzy
adaptive PID control is adopted for the position outer ring, and the online tuning of the
controller parameters is realized by combining the fuzzy control and the PID control. The
attitude inner ring adopts the sliding-mode active disturbance rejection control, which
combines the sliding-mode control and the active disturbance rejection control. The wind
disturbance on the aircraft is estimated using the expanded state observer, and by com-
bining the nonlinear error feedback with the sliding-mode control, the wind disturbance is
compensated in real time, which can improve the robustness of the system. Then, Lya-
punov is used to prove the stability of the closed-loop system. Finally, the model was
constructed on the Matlab/Simulink platform, and the comparative simulation experi-
ments were carried out. The simulation results show that our designed controller can not
only effectively resist the disturbances from wind in the simulated environment, but can
also achieve stable tracking of position, attitude and flight trajectory, hovering in wind
field environment and stable flight, which presents strong robustness.

Keywords: Tilt dual-rotor aircraft, Wind field disturbance, Fuzzy control, Active dis-
turbance rejection control

1. Introduction. Due to its advantages of strong mobility and vertical take-off and
landing, the aircraft has been widely used in surveying, mapping, aerial photography,
search and rescue and other fields [1-3]. Compared with the traditional four-rotor aircraft,
the dual-rotor aircraft has less rotors, increased battery capacity and longer endurance,
but it has poorer stability. Therefore, it is particularly important to design a controller
with strong anti-disturbance ability and strong robustness [4-7].

When the tilt-rotor aircraft performs tasks outdoors, it is extremely susceptible to
the external disturbances, especially the disturbance from ambient wind. Therefore, the
wind field disturbance should be considered during design of the controller, so as to
improve the controller’s adaptability to complex environments, thereby improving the
control performance of the aircraft [8-10].

The researchers have proposed a variety of anti-disturbance control methods to handle
the disturbance to the aircraft caused by the wind field. For example, [11] proposes an
offline wind field estimation method, and based on analysis of how the rotor lift force

DOI: 10.24507 /ijicic.19.03.941

941



942 L. YANG, Y. TANG AND W. WEI

changes under the windy conditions, a PID controller is designed to maintain the hovering
state of the aircraft. However, this PID controller has poor dynamic performances, which
requires a long adjustment time and involves a large overshoot, and the parameters cannot
adapt to the external disturbance factors. In [12], an adaptive extended Kalman filter
is designed to improve the filtering accuracy of aircraft attitude data by adjusting the
adaptive factor of noise in real time, and the data is fed back to the PID position controller
for anti-wind disturbance control of the aircraft. However, this method involves a high
computational overhead, which will affect its real-time performances. In [13], the sliding-
mode control approach is designed to suppress the influence of the wind field on the four-
rotor aircraft, and back-stepping control is employed to design a stabilization control term.
In this work, it takes a long time for the sliding-mode control to reach the sliding-mode
surface, and the initial chattering is not addressed. [14] designs a bi-power sliding-mode
approach law controller based on the state observer, the state observer is introduced
to estimate and compensate for the wind disturbances in real time, and the attitude
controller is designed by combining the bi-power sliding-mode approach law controller
with small chattering and fast responses. However, this method has a slow convergence
speed, which actually reduces the transition quality at the sliding-mode approach stage.

The tilt dual-rotor aircraft has the characteristics of poor stability and poor wind
resistance. To address these problems and meet the requirements of resistance to wind
disturbances and robustness of the aircraft, a mathematical model of the aircraft under
the wind field is constructed. By adopting the combined control strategy for the inner and
outer rings, with the fuzzy adaptive PID as the position outer ring and the sliding-mode
active disturbance rejection control as the attitude inner ring, a nested inner-outer ring
control strategy is designed to improve the stability under disturbances from the wind
field. Our strategy can realize the position and attitude control, hovering control and flight
trajectory tracking control of the dual-rotor aircraft. The effectiveness and robustness of
the control system are verified by the simulation experiments.

2. Modeling of the Tilt Dual-Rotor Aircraft under Wind Disturbance. The tilt
dual-rotor aircraft consists of a t-bar and two motors with propellers that can be tilted by
90 degrees forward, backward, leftward and rightward. The rotor speed is regulated by
changing the speed w; of 2 motors. The rotation of the two rotors generates the upward
thrust Fj;, and the two rotors move in opposite directions to offset the reactive torque
generated between the rotors. The Euler angles — pitch angle 6, roll angle ¢ and yaw
angle ¢ — are used to describe the motion states of the aircraft body.

As shown in Figure 1, the motor No. 1 rotates clockwise and the motor No. 2 rotates
counterclockwise to establish the body coordinate system x,y,2, and the ground coordi-
nate system z.y.z. of the tilt dual-rotor aircraft. The center of gravity of the aircraft is
selected as the origin O, of the body coordinate system, and the origin O, of the ground
coordinate system has fixed connection with the ground.

To simplify the dynamic model, the following assumptions are made for the aircraft:

1) The fuselage of the aircraft is rigid, and the structure is completely symmetrical;

2) The origin of the aircraft fuselage coordinate system coincides with the mass point;

3) The thrust and resistance are proportional to the square of the rotor speed.

The rotation matrix R between the body coordinate system and the ground coordinate
system is

CpCo  SpSeCy — SyCo  CySeCy + SySe
R = | syCo $4S9Sy + CyCy CyS9Sy — CypSy (1)
—Sp S¢Co CypCo

where c(q), 5(s) Tepresent cos(e), sin(e), respectively.
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F1cURE 1. Physical model of the tilt dual-rotor aircraft

The rotation matrices R,(5;) and R,(c;) are as shown in Equations (2) and (3). By
using the tilt angles (/;) and (), and the z and y axes, the thrust vector is converted
into a force vector applied to the center of gravity G of the body.

1 0 0
R.(Bi)=1| 0 cosB; —sing; (2)
0 sinf; cosp;
cosa; 0 sing;
R,() = 0 1 0 (3)

—sina; 0 cosqy

2.1. Aerodynamic analysis. When there is wind, the aerodynamic analysis of the ro-
tors under the effect of the wind field is shown in Figure 2.

wa
\F}P
< DX )]
BR,
V. -
-
v, ; -
d vV

FI1GURE 2. Force analysis of rotor

In Figure 2, Vj is the induced velocity of the rotor, V,, is the wind velocity, and V is
called the total induced velocity, which can be expressed as

V=Vi+V, (4)
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The induced velocity of the rotor V; is defined as

IVall = \/;Z—Q (5)

where Fr is the pulling force of the rotor, p is the density of the air, and A is the area of
the paddle.
According to the rotor slip flow theory, the lift force of the rotor when there is no wind
can be expressed as
FT() = 2pAU?l (6)
where p represents the air density and A represents the effective area of the paddle.
Under the effect of the wind field, the total lift force of the rotors can be expressed as
Fr = 2pmR*vq [vg + vy| = 2pm R*0g0 (7)

2.2. Dynamic model of tilt dual-rotor aircraft. When a rigid body with mass m is
subjected to the force Fj,; € R3 of the body, and the moment M;,; € R3 acting on the
center of mass is given by the Newton-Eulerian method, its motion equation in the body
coordinate system b and ground coordinate system e can be expressed as
Fe,=mVe+QemV
M., =J0+Q® J (8)
where V' = (x',y,z')T € R3 is the velocity vector of the tilt rotor, and ® is the cross
product.
The total force Ff, acting on the center of gravity G is the sum of gravity F; and
thrust F§, as shown in Equation (9) [15].
Fiy=FS+ F&=(0,0,mg) + R* F}, (9)

The direction of the thrust can be changed by tilting the propeller. The thrust 7;
(i = 1,2) generated by the rotor can be expressed by Equation (10), and the total thrust
FY, can be expressed by Equation (11).

Fl = (Ruy(B, a1 Ty + Ruy(B,0)2T) €3 + wy
sin oy T + sin apTs + wy
= | —sinpBicosa T — sin [y cos anTh + wy (11)
cos 31 cos a1 T} + cos Py cos a1y + wy
where w; is the influence of wind field disturbance.
Therefore, the translation equation can be represented by Equation (12).
mi = (cypco) Fry — (S¢S0Cy — SyCy) Fy + (CoSocy + SySe) Fa + wy
mij = (syco) Fo — (89505y + Cycs) Fy + (cos95y — cypsy) Fr +wy (12)
mz = (—sg) Fy + (sgco) Fyy + (cpco) Fy — mg + wn
The total moment on the tilt rotors is represented by Equation (13), which is composed

of the gyro moment M 5ym, the resisting moment M7, the thrust moment M}, ., the

torque caused by wind field M?, , and the reaction moment M},

react”
Mtbot = Mgl])yro + Mtbhrust + le))mp + MS) - Mb = [Mxv My> Mz]b (13)

ind react —



INT. J. INNOV. COMPUT. INF. CONTROL, VOL.19, NO.3, 2023 945
The rotation equation can be expressed as Equation (14):
Jo =0 (Jy = J2) + My
JO = ¢ (J. — J,) + M} (14)
J =09 (J, — J,) + M
A simplified model is proposed, and the dynamic model is modified into Equation (15):
( mi = CpU [(cyco) o — (5450Cy — SyCo) B+ (CpSaCy + 5454)] + wr
mij = CrUi [(syco) @ — (84505y + CyCo) B+ (C3S05y — CpSe)| + wn
mz = CrUy [(—sg) a — (spco) B+ (cpco) — mg| + wy
Jo = 10 (Jy — J.) — 1oCrUs + aCqUs — BhoCrU; + wo
J,0 = ¢ (J. — J,) — BCQUs — ahoCrlUy + ws
(. =09 (J — Jy) + loaCrUs + ColUs + wy

where J,, J,, J, are the moments of inertia of the axes z, y, z, respectively; [ is the
distance between the rotor and the aircraft’s center of mass; ws, ws, wy represent the
influence of the wind field disturbance.

2.3. Wind field model. In this paper, the Dryden atmospheric turbulence model is
used, and the simulation of atmospheric turbulence is completed by passing the standard
Gaussian white noise sequence through a shaping filter to form a colored noise sequence.
The time spectrum function is

(16)

where o0,, 0,, 0, represent the turbulence intensities in three directions, L, L,, L, refer
to the turbulence scale in three directions, and v represents the flight speed of the aircraft.

Because of the limited flight height of the dual-rotor aircraft, under low altitude (low-
er than 1000 feet), the turbulence intensity and turbulence scale can be calculated by
Equation (17).

( h
L,=2L, =
(0.177 1 0.000823h)12
-
2
Oy = Ow (17)
(0.177 4+ 0.000823h)04
O
oy =

(0.177 + 0.000823h)04

\ O — O.1UQO
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where h represents the flight height, and wyg represents the wind speed at the height of
6.096 m (20 feet).

When Equation (18) is decomposed and simplified into the first-order form, the fixed
frequency filter is

U

| Guls) = Tuf \/> - LT
Guls) = Ts+1 \/7

K 2L
Gu(s) = —2— K, = M/ T, = —=2
L (5) Tys + 1 T\ T V3v

3. Design of the Tilt Dual-Rotor Aircraft Controller. Its control system adopts
cascade control, with the position subsystem as the outer ring and the attitude subsystem
as the inner ring. It is divided into 4 channels: the height channel, the -6 channel, the
y-¢ channel and the yaw channel v. This paper proposes a nested inner-outer ring control
strategy to control the aircraft, with the fuzzy adaptive PID control as the outer ring, and
with the sliding-mode active disturbance rejection control as the inner ring. The block
diagram of the control system is shown in Figure 3.

X, ¥,z
Xa A u,
position ¥
signal 4. | Fuzzy PID | 1, .
Z; | Controller| tilt dual-
— ~ | Attitude rotor
aircraft
SMC+ADRC |
‘ & system
g model

desired yaw angle

F1GURE 3. Structure diagram of control system

3.1. Design of the position controller. The outer ring of the aircraft is a position
ring, which contains three independent loops used to control the motions of the aircraft
in the three axes of x, vy, z, respectively.

3.1.1. Design of the PID controller. The position control includes control in the horizontal
and vertical directions. The vertical position control is height control. The difference
between the actual height z and the expected height z; is used as the control quantity,
and the height control is designed as

k(2 — 2a) 4+ K / (2 — za)dt + koo (i — 20) (19)

where Z is the target height acceleration parameter. The height control quantity can be
obtained as

U, = <kp,z(z — zaq) + ki / (z — za)dt + ka (2 — 2d)> / cos ¢ cos (20)
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For the horizontal position control, set (z4,y4) as the expected target position in the
horizontal direction, compare it with the flight position to obtain the position error, use
the position error as the input, and the horizontal position control is

T = kipﬂ;(fb — ZL‘d) + ki,x / (Q? — {L‘d)dt + k’d@ (l‘ — {L‘d)
(21)

1y = /{:pﬂy(y — yd) + k?i,y / (y - yd)dt + kd,y (y - yd)

3.1.2. Design of the fuzzy adaptive PID controller. Fuzzy control is an automatic control
method that adopts the language control rules, which does not need to construct an
accurate mathematical model of the controlled object, and its realization does not require
abstracting the measured data or expert experience into control rules. The fuzzy adaptive
PID system can be divided into the fuzzy inference part and the PID controller. The error
e and change in error ec are the input of controller, while the PID parameters as the
output. The error e and change in error ec at different moments are fuzzified, and then
the designed fuzzy rules are used for defuzzification. Set Kp, K¢ and Kd as the controller
output values, Kp*, Ki* and Kd* as the basic values of the PID parameters, and AKp,
AK1 and AKd as the online tuning values of the PID parameters. The calculated values
of AKp, AKi and AKd are integrated into the original PID system to establish a new
PID control system. The output PID parameter values are the sums of the basic values
of the PID parameters and the online setting values of the PID parameters, and their
relationships are shown in Equation (22):

Kp=Kp*+ AKp
Ki= Ki*+ AKi (22)
Kd=Kd*+ AKd

The control rule of the fuzzy adaptive PID is

n—1
u(k) = Kpe(k) + Ki ) _e(k) + Kde(k) (23)
i=1
where e(k) is the control error; e.(k) is the control change in error; Kp is the proportional
coefficient; K is the integral coefficient; Kd is the differential coefficient.

3.1.3. Numerical fuzzification. The fuzzy subset is determined for the input e and ec,
and the fuzzy subset {NB, NM, NS, ZO, PS, PM, PB} can be selected as for the PID
control, which are assigned with the variable language of “negative big, negative medium,
negative small, zero, positive small, positive medium, positive big”. The fuzzy set domain
of discourse for e and ec is introduced. After normalization, the domain of discourse is
{—1,1}, the scale factor is set to 3 by using the empirical method, and the domain
of discourse is defined as {—3,3}. Similarly, the same fuzzy subset {NB, NM, NS, ZO,
PS, PM, PB} can be selected for AKp, AKi, and AKd. For the fuzzy set domain of
discourse, AKp € {-0.3,0.3}, AKi € {-0.06,0.06}, AKd € {-0.3,0.3}. According
to the membership, the memberships occupied by the input e and ec can be inferred.
Considering the coverage, sensitivity and adjustment difficulty of the domain of discourse,
the triangular membership functions are selected for all the above fuzzy subsets. The
membership function curves are shown in Figure 4.
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FI1GURE 4. Membership of fuzzy adaptive PID control

3.2. Design of attitude controller. The inner ring of the aircraft is the attitude ring.
The attitude inner ring adopts the sliding-mode active disturbance rejection control, and
the control strategy combining the sliding-mode control and active disturbance rejection
control is adopted to control the rotation angles 6, ¢, ¥ of the aircraft around the three
axes of x, y, z.

The active disturbance rejection control can estimate and compensate for the internal
disturbance and external unknown disturbance to the system in real time, and it consists
of three parts of the tracking differentiator (TD), the extended state observer (ESO),
and the nonlinear state error feedback (NLSEF). Each channel uses ESO to estimate
the wind field disturbance w in real time and compensate for the error caused by the
disturbance, so as to realize the decoupling control of the aircraft. In this paper, the
model-compensation active disturbance rejection control is used to fully utilize the model
information of the aircraft, reduce uncertainty and improve the control performance. As
long as z1, zo can well track the aircraft state, f(z1, 2o) can well track the aircraft, so as
to reduce the estimated value f(z1,22) — f(21, 22) of z3. See Figure 5 for the structure of
the controller.

3.2.1. Tracking differentiator (TD). In this paper, a third-order tracking differentiator
is used to obtain the second-order sliding-mode command signal of the SMC+NLSEF
module. The TD controller can be used to arrange the transition between the given signal
and the controller, which can not only solve the contradiction between overshoot and fast
speed, but also expand the range of error feedback gain and error differential feedback
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FIGURE 5. Structure of active disturbance rejection control

gain. The expression of the third-order tracking differentiator is

@1:U1
@2202

24
P (24)

f=(=r(r(r(vy —vo) + 3vy) + 3v3))

where r is the rapid factor of the tracking differentiator; the r parameter is adjustable,
which determines the tracking speed of the output signal, and the larger r is, the shorter
the transition process.

3.2.2. Combination of the sliding-mode control and nonlinear state error feedback (SMC
+NLSEF). The nonlinear state error feedback is used to generate an initial control vari-
able and eliminate the difference between the error signal of the tracking differentiator
and the disturbance estimated by the extended state observer. The input is the differ-
ence between the transition signal and differential signal output by the TD module and
the z; and z, output by the ESO module, and the current feedback control quantity wu
of the system can be obtained. The final control quantity u is determined according to
the virtual control quantity ug plus the compensation value estimated based on the total
disturbance. The expression is

€1 =01 — 21

€2 = Vg — 22

up = kyfal (e1, a1, o) + kafal (e2, az, 0p) (25)
)
U = Ug b

where k1 and ks affect the response speed of the system: increasing kq, the system response
speed will become faster; increasing ko, the oscillation and overshoot can be suppressed.

The sliding-mode control is introduced into the nonlinear state error feedback for op-
timization, so as to improve the parameter tuning and the control performance of the
controller.
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To derive the above equation, we have

€] = €3 = Uy — 29

ég = bUO (26)
U= "uy — -

b

where f is disturbance.
The linear sliding surface is adopted during design of the set control quantity ug, and
the expression is
s =ce; + ey (27)
c is the sliding surface parameter, which is bigger than 0. Take the derivative of ¢, and
we have
§=ces+ €y (28)
Using exponential approach to make the state variables in the control law close to the
sliding surface, we have
—ksign(s) — qs = ceq + bug (29)
_ —ksign(s) —qs — cey

where k, ¢, ¢ are the exponential approach coefficients, all of which are bigger than 0.
To prove the stability of the sliding-mode set control quantity, the Lyapunov method
is employed for stability analysis.

5% § = [—ksign(s) — qs]s = —k|s|* — qs* <0 (31)

Then, the system stability is proved.

3.2.3. Extended state observer (ESO). The extended state observer (ESO) is used to
estimate the internal and external disturbances to the system, its input is the system
output y and the NLSEF output u, and its output is 27, 29, 23. Its expression is
e=z1—Y
Z1 =2 — Pre
2y = 23 — Pofal(e,a1,0) + f + bu
Z3 = —Psfal(e, az, J)
where o, [1, B2, f3 are a group of parameters to be tuned; f is the total disturbance

observed by the observer; b is the control input scaling factor. The saturated nonlinear
function fal(e, a,d) is

(32)

le|%sgne, |e| >0,

[ ,0) = 33
fa’ (e7a ) 51%’ |€| Sé, 6>0 ( )

4. Simulation and Result Analysis.

4.1. Simulation parameters. According to the mathematical model of the tilt dual-
rotor aircraft established according to Equation (18) and the control system block diagram
as shown in Figure 3, in order to verify the resistance to wind disturbance and robustness
of the aircraft control system in the wind field, a simulation model was constructed in
Matlab/Simulink to perform the simulation experiments. The physical parameters of the
tilt dual-rotor aircraft are shown in Table 1.

The controller parameters of the inner-ring sliding-mode ADRC control are listed in
Table 2. r of TD is an adjustable fast factor, the larger r is, the faster the tracking speed,
and the overshoot is more likely to occur; the smaller r is, the longer the tracking process,
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TABLE 1. Parameters of the aircraft physical model

Physical quantity /unit Numerical value Physical meaning
m/(kg) 1.047 Quality

L/(m) 0.3 Axial distance

Cr/(Nm/rad/s) 0.47 Lift coefficient
g/(m-s?) 9.81 Gravitational acceleration
J./(kg-m?) 0.5% 1074 Rotor moment of inertia
J/(kg-m?) 0.04375 z-axis moment of inertia
J,/(kgm?) 9.6443 x 1072 y-axis moment of inertia
J./(kg-m?) 0.0124 z-axis moment of inertia

TABLE 2. Parameters of the ADRC controller

TD ESO SMC+NLSEF
Roll angle ¢ =100 ! ;10:‘55562, ;20':2 2’08(6,:531 ’ 20000 zf; s
Pitch angle & r =100 “ ;10:55(%2’ ;20':22’()8%’:&;’:5 2:0(%801’ 122::170
Yaw angle v r =100 “ :ﬁ?‘i’ %20,252'2_558%’:5;’_6 520(?60017 kk12:_180

and the real-time performance will become worse. The smaller the «; of ESO is, the
faster the tracking speed, but the filtering effect will degrade. f; is the controller gain
and affects the convergence speed, which will not change due to the change of the control
object. k1 and ky in SMC+NLSEF have a great impact on the control effect, if they are
too large, the system will diverge, and if they are too small, the system will have poor
real-time performance.

4.2. Analysis of simulation results. Without considering the external disturbances,
given the expected position, a comparative experiment was carried out according to the
position ring of the designed controller, and the experiment aimed to verify the correctness
of the outer ring of the designed controller. By considering the wind field disturbances,
given the expected attitude angle, the attitude angle tracking comparative experiment
was carried out. The hovering control was realized in the wind field, and finally, the flight
trajectory tracking experiment was carried out.

4.2.1. Position trajectory tracking. Figure 6 shows the position trajectory tracking curves,
in which z4, y4, 24 are the expected positions. Compared with the position trajectories
in the PID control and the fuzzy adaptive PID control, the sinusoidal signals are added
in this control. The initial simulation conditions are x = 0 m, y = 0 m, 2 = 0 m; the
simulation time is 40 s. After adding the ideal signals to the aircraft, in the x direction,
PID control achieves the first full tracking in 2.75 s, with the maximum amplitude error of
12.15%; the fuzzy adaptive PID control achieves the first full tracking in 2.13 s, with the
maximum amplitude error of 7.3%. The fuzzy adaptive PID control has smaller tracking
error and shorter tracking response time. In the y direction, PID control achieves the first
full tracking in 2.51 s, with the maximum amplitude error of 12.25%; the fuzzy adaptive
PID control achieves the first full tracking in 1.35 s, with the maximum amplitude error
of 6.55%. The fuzzy adaptive PID control has smaller tracking error and shorter tracking
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FIGURE 6. Position trajectory tracking curve

response time. In the z direction, both the fuzzy adaptive PID control and PID control
are fast, and both can accurately track the ideal trajectory. According to the simulated
comparison curves, the fuzzy adaptive PID controller can provide better position control
of the aircraft than the traditional PID control. The fuzzy adaptive PID controller can
better track the expected position trajectory. This controller has a small error and better
steady-state performances and can better follow the signal, which effectively solves the
problem that the parameters cannot be tuned online in the PID control.

4.2.2. Attitude trajectory tracking under wind disturbances. In this simulation, the inter-
nal coupling was removed, but the wind field disturbance was retained. Figure 7 shows
the comparison between the real values and the estimated values of the turbulent wind
field disturbances by the ESO in the attitude loop roll channel ¢, pitch channel 8, and yaw
channel 1. The simulation time was set as 40 s; the turbulence flow wind field parameter
was ugy = 10 m/s; the flight height was 20 m; the wind field parameter scale factors:
L, =143.589 m, L, = 71.794 m, L,, = 10 m; the wind field intensities: o, = 1.930 m/s,
o, = 3.722 m/s, 0, = 1 m/s. The simulation results show that the observation values of
the ESO can accurately track the actual values, and the actual values of the wind field
disturbances can be well estimated and tracked.



INT. J. INNOV. COMPUT. INF. CONTROL, VOL.19, NO.3, 2023 953

0.8 1571
- = thetruevalue ofVu

= = -thetruevalueof vV,

— the estimate value of V
&

06

e thee estimate value Df\.’y

0.4
05

02

£ E o
> g =
05
0.2
0.4 AT
06 : : : : : ‘ ' ) 415 : ' ' : : : ' )
0 5 10 15 20 25 30 35 40 o 5 10 15 20 25 30 3 40
t(s) i(s)
(a) Wind field estimation based on roll angle (b) Wind field estimation based on pitch angle

06

= = .the true value of vV

the estimate value of vV

04

02

Ve_(mfs)
o

02

04
I

06

0 5 10 15 20 25 30 35 40
i(s)

(c) Wind field estimation based on yaw angle

FiGurRE 7. Wind field disturbance estimation of attitude ring

Figure 8 shows the trajectory tracking by the attitude ring under wind disturbances.
04, 04 and 14 are the expected values of the roll, pitch, and yaw attitudes, which are com-
pared with the ADRC attitude trajectory and the sliding-mode ADRC attitude trajectory.
The simulation time was 40 s; the initial conditions of the attitude control simulation:
¢ = 0rad, § = 0 rad, ¥ = 0 rad; the turbulent wind field disturbance signals ws, ws, wy
were introduced to the three channels of pitch, roll and yaw, respectively, and the attitude
angle trajectory tracking experiment was carried out under the wind field disturbances.
The active disturbance rejection overshoot of roll angle ¢ is —48.74%, the response time is
1.62 s, and the maximum steady-state tracking error is 1.59%; the sliding-mode active dis-
turbance rejection overshoot is —12.5%, the response time is 1.07 s, the maximum steady-
state tracking error is 1.07%, and the sliding-mode active disturbance rejection tracking
trajectory is obviously superior to the active disturbance rejection tracking trajectory.
The active disturbance rejection overshoot of pitch angle 6 is —23.68%, the response time
is 0.4 s, and the maximum steady-state tracking error is 9.8%; the sliding-mode active
disturbance rejection overshoot is —10.47%, the response time is 0.385 s, the maximum
steady-state tracking error is 1.67%, and the sliding-mode active disturbance rejection
tracking trajectory is significantly superior to the active disturbance rejection tracking
trajectory. The active disturbance rejection overshoot of pitch angle 6 is —23.68%, the
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FI1GURE 8. Attitude trajectory tracking curves under wind filed disturbances

response time is 0.4 s, and the maximum steady-state tracking error is 9.8%; the sliding-
mode active disturbance rejection overshoot is —10.47%, the response time is 0.385 s, the
maximum steady-state tracking error is 1.67%, and the sliding-mode active disturbance
rejection tracking trajectory is significantly superior to the active disturbance rejection
tracking trajectory. The maximum deviation of the yaw angle v ADRC is 1.112 x 1073,
the maximum deviation of the sliding-mode ADRC is 0.4654 x 1073, the average value
of the ADRC in the time range is —5.947E-07, and the average value of the sliding-mode
ADRC in the time range is —1.317E-07. Obviously, the sliding mode ADRC is superior
to the ADRC. It can be seen that the given value can be well tracked under the wind field
disturbances, indicating that the designed controller can effectively suppress the wind
field disturbance, and effectively control the attitude system of the aircraft with strong
coupling.

4.2.3. Howvering control of aircraft. The hovering trajectory of the aircraft under the wind
field disturbances is shown in Figure 9. The initial position was set to [0,0,0], and the
target hovering position was set to [8,8,8] for the reference trajectory. Under the ideal
hovering and flight trajectory, the hovering trajectory of the designed algorithm was 2 s
faster than the PID-ADRC hovering trajectory, and the aircraft could stably hover at
8,8, 8], and achieve stable hovering and flight. The uncertain external disturbances from
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the wind field can be estimated and suppressed with our algorithm, which can not on-
ly increase the position control accuracy, but also improve the stability of the aircraft
attitude.

4.2.4. Flight trajectory tracking control. Figure 10 shows the 3D flight trajectory tracking
of the aircraft, in which the expected flight trajectory, the flight trajectory obtained
by combining the fuzzy adaptive PID control and sliding-mode ADRC, and the flight
trajectory obtained by combining the PID control and ADRC are compared. Assuming
the initial state of the aircraft was static, the initial position was set to (0 0 0 )T, and

the initial attitude was set to (0 0 0 )T. The yaw angle was set to 0°. The expected
trajectory is
) 2
Tq = 2sin (1—57rt)

2
Ya = 2 €08 (—mt

15
Zd = 0.2t

The simulation time was 40 s, the initial height was 0 m, and the total height was 10 m.
It can be seen from the figure that the flight trajectory obtained by combining the PID

(34)
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control and ADRC shows the maximum offset distance of 0.24 m, and the maximum offset
rate of 12% on the z-axis; the maximum offset distance on y-axis is 0.174 m, and the
maximum offset rate is 8.7%. It also presents a deviation of 2 s from the ideal trajectory,
which also demonstrates certain deviation during the flight. In comparison, the control
strategy combining the fuzzy adaptive PID control and the sliding-mode ADRC designed
in our work shows the maximum offset distance of 0.141 m, and the maximum offset rate
of 7.05% on the z-axis; the maximum offset distance on y-axis is 0.13 m, and the maximum
offset rate is 6.5%. It could quickly track the expected trajectory with relatively small
deviation, and a good flight tracking state was maintained throughout the whole process.
Therefore, it proves the effectiveness of the controller designed in this paper.

5. Conclusion. To address the problems of parameter uncertainty and susceptibility to
disturbances from the wind field, this paper proposes a control strategy combining the
fuzzy adaptive PID and sliding-mode active disturbance rejection control. Our work can
be summarized as follows.

1) The aircraft model under wind disturbance is established. The position ring combines
fuzzy control with PID control to realize the online tuning of controller parameters; the
attitude inner ring combines the sliding-mode control and the active disturbance rejection
control. The expanded state observer is used to estimate the wind disturbance to the
aircraft and compensate the wind disturbance in real time.

2) The simulation experiments were performed to verify the effectiveness of position
ring and attitude ring controller, and their tracking performances and the estimation and
compensation of the wind field are verified. The hovering control and 3D trajectory flight
tracking control are realized in the wind field.
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