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Abstract: In view of the multi-source uncertainty disturbance problem during flight control, the
attitude autopilot based on fuzzy linear active disturbance rejection control (F-LADRC) was proposed.
A second-order linear active disturbance rejection controller was designed to stabilize the attitude
angle of the missiles, and the frequency domain characteristics were analyzed. Firstly, it was proved
that the linear expansion state observer (LESO) is convergent and can achieve the indifference
estimation of the system state variables and total disturbance. Then, it was proved that the linear
active disturbance rejection control (LADRC) possesses disturbance rejection characteristics, and
the influence of the bandwidth parameter on the disturbance rejection performance of the system
was analyzed. The fuzzy control was used to adjust the parameter adaptively. Finally, the tracking,
robustness, and anti-disturbance of the F-LADRC attitude autopilot were verified by performing
simulations.

Keywords: autopilot; linear active disturbance rejection; fuzzy control; robustness

1. Introduction

The core task of the missile control system is to ensure that it accurately and ro-
bustly tracks the input command, so that the missile can generate control force and torque
to achieve stable flight according to the command. The essence of the missile control
system design is autopilot. Recently, with the constant development of the new genera-
tion of advanced missiles, the modern autopilot was proposed, especially for the multi-
functionalization of missiles and the diversification of flight tasks. The main functions of
the autopilot include the following: improving the equivalent damping of the missiles,
maintaining the stability of system, speeding up the response frequency of the missiles,
and improving the anti-disturbance ability. The attitude autopilot is a kind of typical autopi-
lot, which can directly track the attitude angle command of the missile. However, missiles
face interference from various uncertainties during the attitude control process. If the
anti-interference performance is not good, it will seriously affect the missile’s command
tracking accuracy [1–6]. Therefore, the designed controller must ensure the performance
and stability robustness of the system under strong uncertainty.

In recent years, many advanced control theories have been implemented in control
system design, including robust control [7,8], adaptive control [9,10], linear quadratic
regulation [11,12], sliding mode control [13,14] and intelligent control algorithm [15–17],
etc. In [18], a robust adaptive neural network certainty equivalent controller for a quadrotor
unmanned aerial vehicle was proposed. The control method can achieve stable tracking
commands without precise dynamic model and prior information of disturbances. In [19],
the robust backstepping sliding mode control in conjunction with adaptive radial basis
function neural network was applied to the non-linear dynamics of a high fidelity aircraft
model. In [20], hybrid adaptive negative imaginary—neural-fuzzy control for a quadrotor
was proposed, and this paper highlights the effectiveness of a hybrid controller in the face of
some parameter variations. In addition, deep neuromorphic controllers represent an active
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and on-going area of research. Reference [21] demonstrated a deep neuromorphic controller
leveraging dynamic topology for both neural network layers and nodes. The approach
could learn the changes in the tasks without destabilizing the system. Neuromorphic
control based on the divergence of a ventral optic flow field was proposed for the landing
problem [22], and the improved controller was employed as an attitude estimator for
quadrotors [23]. All of these control methods aimed to stabilize the system quickly and
efficiently.

Although PID control has a wide range of application in engineering practice, it has
inherent defects, and the robustness of the system is poor when it is disturbed. In ad-
dition, the combination of PID and feedforward or cascade control also has limitations
and bottlenecks to varying degrees. The main problem is that this passive method of
eliminating errors based on error feedback lags behind the influence of disturbances, which
may cause system oscillation or severe overshoot due to excessive initial control command.
The integral link set in order to eliminate the residual causes lag in the phase angle of
the system, the system characteristics worsen when the disturbance disappears, and the
inhibition effect on the change disturbance is not obvious. PI feedback control is applied to
provide the missile sufficient stability near the equilibrium point while smoothly following
the command. However, when the disturbance torque or the command changes rapidly,
the system cannot compensate for the rapidly changing disturbance, and the quality of the
command tracking deteriorates, which may lead to system divergence in severe cases.

To achieve the goal of stable control and improve the accuracy of disturbance rejection,
disturbance observer-based control [24–28] has been widely proposed. Generally speaking,
this kind of control method based on the disturbance observer can observe the distur-
bance on the one hand, and compensate for the disturbance on the other hand, which can
effectively improve the tracking stability and disturbance rejection of the flight control. Ref-
erence [29] studied state estimation and parameter identification approaches based on the
nonlinear sliding mode observer to obtain an approximation of real parameters of a dynam-
ical system. Based on the idea of actively suppressing disturbances and uncertainties, [30]
systematically proposed active disturbance rejection control (ADRC). Gao [31] applied
the concept of frequency scale, linearized ADRC, and proposed a general linear active
disturbance rejection control (LADRC), which also has a good disturbance rejection effect,
and reduces the number of parameters to be adjusted which makes parameter tuning easier.

For the parameter tuning of LADRC, the empirical method is currently used more
frequently. References [32,33] studied the relationship between the ADRC and the PID
control, and the method of mutual conversion was provided. Reference [34] proposed a
method with which to directly obtain the initial value of the LADRC parameters through
the existing PID parameters. Reference [35] studied the frequency domain analysis method
and gave the relationship between the system dynamic characteristics and the control
parameters. Reference [36] proposed the application of the step response tuning formula in
LADRC, which is convenient to obtain the initial value of the parameters. These methods
provide some guidance for the parameter tuning of LADRC. The limitations of these
methods are that they still require constant manual tuning, and they are not convenient for
engineering popularization and application.

Based on the above discussion, this paper aimed to design attitude autopilot based
on fuzzy linear active disturbance rejection control (F-LADRC) suitable for multi-source
disturbance, which can effectively improve the anti-disturbance ability of the missile
attitude control system. The main contributions of this paper include:

• The suggested control method could be used for the compensation of the total dis-
turbance of the system. The observer can estimate system disturbances without a
transducer to stabilize the system trajectory.

• The second-order LADRC attitude autopilot was designed, and the command tracking
performance of the system was compared under the condition of multi-source distur-
bance, which proves the robustness and stable tracking ability of the second-order
LADRC attitude autopilot.
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• The fuzzy control theory was applied to the LADRC parameter tuning to realize the
parameters’ self-adaptive adjustment and improve the tuning efficiency.

The main difficulty in attitude autopilot based on F-LADRC is the controller design
and its convergence and disturbance rejection analysis. The rest of the paper is structured
as follows. In Section 2, the missile dynamic model and transfer function are provided.
In Section 3, the second-order LADRC attitude autopilot control structure is designed.
The convergence of the extended state observer (LESO) and the disturbance rejection
of LADRC are theoretically analyzed by studying the frequency domain characteristic.
In Section 4, the fuzzy control theory is used for parameter tuning online. In the case of
multi-source disturbance, simulation analysis is used for the PI and the LADRC attitude
autopilot in the case of multi-source disturbance, which verifies the better tracking per-
formance, robustness, and anti-disturbance of LADRC. Lastly in Section 5, conclusions
are drawn.

2. Dynamic Model

In this paper, the configuration of the missile adopts an axisymmetric aerodynamic
layout. The missile adopts skid-to-turn (STT) control technology during flight. Currently,
the coupling of the pitch, yaw, and roll planes are weak, and the control systems can be
independently designed. This paper selected the missile pitch panel control as the research
object.

To obtain the linearized missile dynamic model, the following assumptions are given:

Assumption 1. The angle of attack α is a small angle, that is sin α ≈ α, cos α ≈ 1. The second-
order term is ignored, that is α2 ≈ 0.

Assumption 2. The missile speed changes slowly, and the missile speed is considered to be a
constant value, that is V̇ ≈ 0.

Based on above assumption, the linearized dynamic model can be obtained [37]:{
α̇ = ϑ̇− bαα− bδδ
ϑ̈ = −aδδ− aαα− aω ϑ̇

(1)

where, ϑ is the pitch angle, α is the angle of attack, δ is the deflection angle, ϑ̇ = ωz is the
pitch rate, bα is the lift coefficient caused by angle of attack, bδ is the lift coefficient caused
by elevator deflection, aδ is the coefficient representing the efficiency of elevator deflection,
aα is the coefficient representing stability, and aω is the damping coefficient caused by
pitch rate.

When the initial value of α and ϑ̇ are 0, the transfer function can be obtained by Laplace
transform of (1):

G(s) =
ϑ̇(s)
δ(s)

=
kϑ̇(Tαs + 1)

T2
ms2 + 2ξmTms + 1

(2)

where, δ(s) is the input which represents the elevator deflection angle; and ϑ̇(s) is the
output which represents pitch rate. kϑ̇ is the open loop transfer coefficient from δ to ϑ̇,
and kϑ̇ = − aδbα−aαbδ

aα+aωbα
. Tα represents the missile aerodynamic time constant, and Tα =

aδ
aδbα−aαbδ

. Tm is the time constant of open-loop missile, and Tm = 1√
aα+aωbα

; ξm is damping

coefficient of open-loop missile, and ξm = aω+bα

2
√

aα+aωbα
.

3. Design and Analysis of Controller

To provide the the missile attitude control system with strong robustness under
various uncertain disturbances, the attitude autopilot based on the second-order linear
active disturbance rejection control technology was adopted in this paper. In this section,
the design process and frequency characteristic analysis of the controller are given as follow.
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3.1. Controller Design

In this paper, the attitude autopilot track pitch angle ϑ command. From (1), a second
order plant can be written as :

ϑ̈ = b0u + f (3)

where u = δ is input, b0 = −αδ is control gain. f refers to the generalized disturbance,
which contains the internal and external uncertainty of the model, that is f = −aαα− aω ϑ̇ +
d, and d is external uncertainty disturbance. We selected the following state variables:
x1 = ϑ, x2 = ϑ̇, x3 = f . Then, x =

[
ϑ ϑ̇ f

]T is the expansion state containing the
disturbance. The plant in (3) is written in the form of the following extended state equation:

ẋ1 = x2
ẋ2 = b0u + x3
ẋ3 = ḟ
y = x1

(4)

We can write Equation (4) as a state space model:{
ẋ = Ax + Bu + E ḟ
y = Cx

(5)

where A =

 0 1 0
0 0 1
0 0 0

, B =

 0
b0
0

, C =
[

1 0 0
]
, E =

 0
0
1

.

The state space observer can be constructed as the linear extended state observer
(LESO) [31]: 

ż1 = z2 − β1(z1 − y)
ż2 = z3 − β2(z1 − y) + b0u
ż3 = −β3(z1 − y)

(6)

where z1, z2 are the observation vector of ϑ, ϑ̇ respectively; z3 is the estimator of total
disturbance. β1, β2,β3 are the observer gain. Selecting the appropriate observer gain can
assist in the real-time tracking of various variables in (4). We can write (6) as a state space
model: {

ż = [A− LC]z + [B, L]uc
yc = z

(7)

where L =
[

β1 β2 β3
]T , uc =

[
u y

]T . uc and yc are the observer input and output
respectively. The characteristic equation is:

λ(s) = |sI − (A− LC)| = s3 + β1s2 + β2s + β3 (8)

where, I is the identity matrix. The bandwidth of the observer can be defined as ω0, which
refers to assigning all observer eigenvalues at −ω0, and making β1, β2, and β3 a function
of ω0 [31]. That is,

L =
[

3ω0 3ω0
2 ω0

3 ]T (9)

make
λ(s) = (s + ω0)

3 (10)

The observed gain matrix is uniquely related to the bandwidth of the observer, and the
parameters in L are all functions of ω0 which can be easily adjusted. Selecting the appro-
priate bandwidth ω0 can realize the real-time tracking of the state variables in (4), which
simplifies the LESO design.

The linear state error feedback (LSEF) is constructed as:

u0 = kp(r− z1)− kdz2 (11)
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where r is pitch angle command, kp is the proportional amplification factor, and kd is
the differential amplification factor. Then, the closed-loop transfer function becomes a
pure second-order system without zero. The characteristic polynomial of the closed-loop
system is:

λ(s) = s2 + kds + kp = (s + ωc)
2 (12)

Similar to (9), the controller gain parameters are:

kd = 2ωc, kp = ω2
c (13)

where ωc is the LSEF bandwidth. Selecting the appropriate LSEF bandwidth can make the
system track the command value stably.

With the state observer properly designed, the controller is given as

u =
u0 − z3

b0
(14)

According to the above steps, ee designed attitude autopilot based on LADRC,
as shown in Figure 1. We studied the fined missile in this paper. In Figure 1, the ac-
tuator transfer function is −1, and the plant is missile transfer function (2).

LSEF 1/b0 actuator plant

LESO

c 0u c  

3z

1z2z

1/s

Figure 1. Attitude autopilot design based on linear active disturbance rejection control.

3.2. Convergence Analysis of LESO

In this section, the convergence of LESO is analyzed. In this paper, the Laplace
transform are all carried out under zero initial condition. The Laplace transform of (6) and
(9) can be obtained as:

z1(s) =
3ω0s2+3ω2

0
s+ω3

0

(s+ω0)
3 y(s) + b0s

(s+ω0)
3 u(s)

z2(s) =
(3ω2

0
s+ω3

0)s

(s+ω0)
3 y(s) + b0(s+3ω0)s

(s+ω0)
3 u(s)

z3(s) =
ω3

0s2

(s+ω0)
3 y(s)− b0ω3

0
(s+ω0)

3 u(s)

(15)

By defining the observation tracking error e1 = z1− y, e2 = z2− ẏ and the disturbance
estimation error e3 = z3− f , we can obtain f = x3 = ẋ2− b0u = ÿ− b0u from (4). The error
function is obtained by substituting (15) in e1, e2, e3

e1(s) =
−s3

(s + ω0)
3 y(s) +

b0s

(s + ω0)
3 u(s) (16)

e2(s) =
−(s + 3ω0)s3

(s + ω0)
3 y(s) +

b0(s + 3ω0)s

(s + ω0)
3 u(s) (17)

e3(s) =
−s3(s2 + 3ω0s + 3ω2

0
)

(s + ω0)
3 y(s) +

b0
(
s3 + 3ω0s2 + 3ω2

0s
)

(s + ω0)
3 (18)
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Assuming that u, y are the step signal with the amplitude of K, then y(s), u(s) both are
K/s. Substitute these values into (16)–(18) to obtain

e1(s) =
(
−s2 + b0

)
K

(s + ω0)
3 (19)

e2(s) =
−K(s + 3ω0)

(
s2 + b0

)
(s + ω0)

3 (20)

e3(s) =
−K
(
s2 + 3ω0s + 3ω2

0
)(

s2 + b0
)

(s + ω0)
3 (21)

The error systems in (19)–(21) all have the same characteristic root −ω0, that is,
the closed-loop poles are all located in the left half-plane of complex plane. The steady
state error can be obtained according to the final value theorem.

e1s = lim
s→0

se1(s) = 0

e2s = lim
s→0

se2(s) = 0

e3s = lim
s→0

se3(s) = 0
(22)

We can find that LESO has good convergence in the process of the control system
response, which can achieve the zero error estimation of system state variables and to-
tal disturbance.

3.3. Anti-Disturbance Analysis of LADRC

It can be observed from the LADRC structure that the control system includes two
parts, LESO and LSEF, and it is not convenient to directly analyze the anti-disturbance
characteristic of the whole system. In this section, we will analyze the frequency do-
main characteristic of LADRC to determine the ability of LADRC to suppress external
disturbance.

Combine (11), (13), (14), the controller can be written as:

u =
ω2

c (r− z1)− 2ωcz2 − z3

b0
(23)

Substitute (15) into Equation (23) to get

u(s) = 1
b0

(s+ω0)
3

(s+ω0)
3+2ωcs2+(ω2

c+6ω0ωc)s−ω3
0(

ω2
c r− (3ω2

c ω0+6ωcω2
0+ω3

0)s2+(3ω2
c ω2

0+2ωcω3
0)s+ω2

c ω3
0

(s+ω0)
3 y(s)

) (24)

We can obtain the Laplace transform of the controller according to (4)

u(s) =
y(s)s2 − f (s)

b0
(25)

Substitute (25) into (24) to obtain the output of the control system:

y(s) =
ω2

c r(s)

(s + ωc)
2 +

(s + ωc)
2 + 3ω0(s + 2ωc + ω0)

(s + ω0)
3(s + ωc)

2 s f (s) (26)

where the control system includes the tracking term and the disturbance term. When
ignoring the tracking error of z3, (4) can be simplified to a double-integral series structure:

ÿ = ( f − z3) + u0 ≈ u0 (27)
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The simplified system transfer function can be obtained as:

Gs(s) =
ω2

c
s2 + 2ωcs + ω2

c
(28)

At this time, the system output only contains the tracking item, and the performance
of the control system is only determined by ωc. It can be seen from the above analysis
that the disturbance term is caused by the dynamic observation error of LESO, which has
an important impact on the control performance of the system. Therefore, it is necessary
to carry out the anti-disturbance characteristic analysis of LADRC around the system
disturbance term.

It can be obtained from (26) that the disturbance rejection characteristic of the system
is related to the disturbance terms, which are the bandwidth parameters ωc and ω0. When
ωc = 15, ω0 = 100, 150, 200, the frequency characteristic curve of the disturbance term
can be obtained as shown in Figure 2. When ω0 = 150, ωc = 10, 20, 30, the frequency
characteristic curve of the disturbance term can be obtained as shown in Figure 3. From
Figures 2 and 3, within a certain range, the amplitude of the system decreases with the
increase in ωc and ω0, that is, the disturbance gain decreases, and the system’s ability to
suppress disturbance is enhanced.
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Figure 2. The frequency characteristic curve of the disturbance term for different ω0.
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Figure 3. The frequency characteristic curve of the disturbance term for different ωc.

In particular, assuming that the disturbance f is the unit step signal, the output
response of the disturbance term can be obtained:

y(s) =
(s + ωc)

2 + 3ω0(s + 2ωc + ω0)

(s + ω0)
3(s + ωc)

2 (29)

By applying inverse Laplace transform, we can obtain:

y(t) = (a1t2 + a2t + a3)e−w0t + (a2t− a3)e−wct (30)

where a1 =
w2

0+4ω0ωc+ω2
c

2(ω0−ωc)
2 , a2 = 3ω0(w0+3ωc)

(ω0−ωc)
3 , a3 = 6ω0(ω0+2ωc)

(ω0−ωc)
4 , the limit value can be obtained

lim
t→∞

y(t) = 0 (31)

that is, if there is step disturbance in the system, the steady state error output response is
0, and LADRC has a good ability to suppress external disturbances. It can be seen from
(30) that with the increase in the bandwidth ωc and ω0, the decay speed of y(t) increases,
and the recovery time of the system shortens after disturbance.

4. Simulation Analysis

In this section, attitude autopilot based on fuzzy linear active disturbance rejection
control (F-LADRC) is simulated and analyzed, which is compared with the traditional PI
control. Fuzzy control theory is used for adaptive parameters tuning.A simulation analysis
is used for the PI and the F-LADRC attitude autopilot in the case of multi-source distur-
bance, which verifies the better performance of tracking, robustness and anti-disturbance
of F-LADRC.

4.1. Tuning of Parameters Based on Fuzzy Control

For LADRC, the key to tune parameters is to select controller gain and observer gain.
Through the structural analysis of (23), we can find that the second order LADRC consists of
the following three parts: proportion (ω2

c /b0)z1, differentiation (2ωc/b0)z2 and disturbance
estimation compensation (1/b0)z3. To sum up the above analysis, the parameters to be
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tuned are ωc and ω0, that is, the bandwidth of LSEF and LESO respectively. ωc determines
the tracking performance of the control system and ω0 determines the system’s ability
to compensate for errors. ω0 = (5 ∼ 10)ωc can be set for most common engineering
objects [31]. Therefore, choosing an appropriate bandwidth of LSEF becomes the key to
parameter tuning. In this section, the fuzzy logic control principle is used to tune the
parameter ωc online, and the adaptive ability of the fuzzy control is used to achieve the
purpose of automatic tuning. We selected the tracking error E of the pitch angle and the
error rate of change EC as the input of the fuzzy control system, and the bandwidth ωc of
LSEF as the output. The schematic diagram of the combination of the fuzzy and LADRC
control system is shown in Figure 4.

LADRC
Controlled 

Plant

Fuzzy Logic 

Controller

du/dt

Output

E EC

F-LADRC

Reference 

Signal

Figure 4. Schematic diagram of F-LADRC control system.

The main steps of F-LADRC parameters tuning are as follows:

• Select the input and output variables of the fuzzy controller. This paper selected pitch
angle error E and pitch rate error EC as the input variables, and the tuning parameter
ωc as the output variable.

• Select fuzzy description of input and output variables and membership function.
This paper selected triangle membership function and set the fuzzy description as
follows: NB is negative big; NS is negative small; ZO is zero; PS is positive small; PB
is positive big.

• Select fuzzy rules. The fuzzy rules are based on the technical knowledge and practical
experience of engineers. This paper selected fuzzy rules as shown in Table 1.

• Fuzzy inference. Under the control of the above fuzzy rules, the nonlinear mapping
relationship between input and output can be obtained. The fuzzy inference is com-
pleted by the fuzzy control toolbox in Matlab software. The inference type chosen in
this paper was Mamdani.

• Defuzzification of the fuzzy controller output. After the fuzzy inference is completed,
the output is still a fuzzy variable, and we obtain a fixed value. Simulating with the
Matlab software, the defuzzification is completed through the fuzzy control toolbox,
and the defuzzification method is centroid.

In this paper, we selected the pitch channel of the tail controlled tactical missile as
the simulation case. The missile is at the level phase, its angle of attack approximately
equal to zero, and its speed is a constant. Aerodynamic data of missile are shown in
Table 2 [37]. When tuning parameters of F-LADRC, the basic domains of (E,EC) are
[−0.6,+0.6], [−20,+20]. The parameters of F-LADRC are as follows: ω0 = 240, b0 = −280,
the adjustment range of the fuzzy subset ωc is [30, 40].
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Table 1. ωc fuzzy rules table.

EC
E

NB NS ZO PS PB

NB PB PB PS PS ZO

NS PB PS PS ZO NS

ZO PS PS ZO NS NS

PS PS ZO NS NS NB

PB ZO NS NS NB NB

Table 2. Aerodynamic data.

aα/s−2 aδ/s−2 aω/s−1 bα/s−1 bδ/s−1

250 280 1.5 1.6 0.23

PI controller is widely used in flight controller design [38–40]. In this paper, we
selected the PI controller to compare with F-LADRC. The parameters of the traditional PI
controller were determined using the standard coefficient method [41–43]. The parameters
of the PI controller were as follows: kp = 2.8, ki = 14.54.

4.2. Simulation Results

In this section, the corresponding simulations are performed to validate the command
tracking and disturbance rejection capabilities of F-LADRC. The control systems were built
in the Simulink of MATLAB R2020b. The Fuzzy Logic Controller toolbox was used for the
written fuzzy algorithm. The simulation had set configuration parameters for automatic
solver selection with variable step.

4.2.1. Command Tracking Simulation

Considering the actual flight process, the task of attitude autopilot is to control the
attitude. Therefore, the pitch angle command was used as the input signal for simulation.
We used three kinds of input signals, namely step signal, sine signal and square wave
signal, respectively, and simulation lasted for 5 s, 5 s, and 15 s respectively.The simulation
results are shown in Figure 5. Especially in Figure 5a, in the response curve of the input step
signal, the adjustment time of F-LADRC is 0.47 s, and the overshoot is 1.6%; the adjustment
time of traditional PI control is 1.38 s, and the overshoot is 7.8%. The similar trends can
be seen in Figure 5b,c. In order to facilitate the analysis in a visual manner, we employed
absolute error (AE) and mean absolute error (MAE) as performance indicators, and the
corresponding performance indicators are given in Figure 6. Comparisons of pitch rate
response curves are shown in Figure 7.

According to Figure 5, the adjustment time of F-LADRC is shorter than PI, and there
were a few instances of overshoot in F-LADRC. The AE and MAE in Figure 6 show the
degree of deviation in the tracking process, and it is obvious that the degree of deviation
of F-LADRC is smaller than PI. As can be seen from Figure 7, the floating range of pitch
rate ωz of F-LADRC is smaller than PI. Therefore, the F-LADRC designed in this paper
demonstrated the best performance in terms of command tracking.
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Figure 5. Comparison of pitch angle response curves in command tracking simulation. (a) Tracking
step signal; (b) Tracking sinusoidal signal; (c) Tracking square wave signal.
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Figure 6. Comparison of AE and MAE in command tracking simulation. (a) AE; (b) MAE.
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Figure 7. Comparison of pitch rate response curves in command tracking simulation. (a) Tracking
step signal; (b) Tracking sine wave signal; (c) Tracking square wave signal.

4.2.2. Robustness Simulation

Under the same condition of parameters, a step signal with an amplitude of 10°
was used as the input, and simulation lasted for 5s.The aerodynamic data in Table 2
are appropriately drifty, increased 15%, increased 30%, decreased 15%, and decreased
30% respectively, to simulate the uncertainty of aerodynamic parameters during flight.
The adjustment time and overshoot corresponding to different floats are shown in Table 3.
The simulation results of pitch angle response curves with aerodynamic drift are shown in
Figure 8, and the corresponding AE and MAE are shown in Figure 9.

Table 3. Comparison of response data with different aerodynamic drift.

Aerodynamic Drift
Adjustment Time/(s) Overshoot

PI F-LADRC PI F-LADRC

Increased 15% 1.33 0.48 8.40% 0.04%

Increased 30% 1.29 0.58 9% 0.05%

Reduced 15% 1.42 0.49 7.10% 0.02%

Reduced 30% 1.48 0.51 6.70% 0.02%
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Figure 8. Cont.
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Figure 8. Pitch angle response curves of aerodynamic drift. (a) Aerodynamic data increased 15%;
(b) Aerodynamic data increased 30%; (c) Aerodynamic data reduced 15%; (d) Aerodynamic data
reduced 30%.
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Figure 9. Comparison of AE and MAE in robustness simulation. (a) AE; (b) MAE.

The simulation results show that even if the aerodynamic data are greatly uncertainty,
F-LADRC can keep overshoot small and adjustment time short. It can be seen from Figure 9
that the AE and MAE of the proposed scheme were smaller. Therefore, the proposed
scheme has good robustness.

4.2.3. Disturbance Simulation

Under the same condition of parameters, a step signal with an amplitude of 10°
was used as input, and simulation lasts for 15 s. At 5s and 10 s, 10°/s and −10°/s step
disturbance were added to the pitch rate, respectively, which simulates the disturbance
of the external environment such as gusts in actual flight. The pitch angle and pitch rate
response curves are shown in Figures 10 and 11. As shown in Figure 12, the AE and MAE
of the system are measured as the performance evaluation index. Disturbance estimator z3
of observer is shown in Figure 13.

As shown in Figures 11 and 12, when the gust of wind disturb the flight, the designed
F-LADRC can suppress the disturbance very well, and the pitch angle can quickly converge.
As shown in Figure 13, the observer can estimate the disturbance in real time and implement
compensation, which ensures that the flight recovers to a steady state in a short time.
Therefore, the proposed control scheme has good disturbance compensation ability.
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Figure 10. The pitch angle response curve under gust disturbance.
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Figure 12. Comparison of AE and MAE in disturbance simulation. (a) AE; (b) MAE.
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Figure 13. Disturbance estimator z3 of observer.

5. Conclusions

In this paper, an attitude autopilot based on fuzzy linear active disturbance rejection
control (F-LADRC) was proposed to manage the internal and external multi-source un-
certainties during flight. Compared with the conventional active disturbance rejection
controller, the linear active disturbance rejection controller realized the linear compensation
of uncertain disturbance, and the number of parameters to be adjusted was lower. Applying
the fuzzy control theory to the parameter tuning of LADRC can realize online adjustment of
feedback gain. The simulation results show that, compared with the traditional PI control,
the attitude autopilot using F-LADRC effectively suppressed the multi-source uncertain
disturbance and had strong robustness. It is suitable for scenarios such as aerodynamic
uncertainty and gust interference during flight, which provides a new idea for solving
flight control under the disturbance condition. In future work, we will study the proposed
control method based on the nonlinear dynamic model, which can be suitable for more
complex flight conditions. Additionally, we will attempt to combine the proposed control
method with the simulator for hardware in the loop simulation test.
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