IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received 5 September 2023, accepted 4 October 2023, date of publication 9 October 2023, date of current version 13 October 2023.

Digital Object Identifier 10.1109/ACCESS.2023.3322944

== RESEARCH ARTICLE

Research on Route Tracking Controller of
Quadrotor UAV Based on Fuzzy Logic
and RBF Neural Network

KEJIN JIA™, SIQI LIN™, YUN DU ~, CHAO ZOU, AND MENGYANGLIN LU

School of Electrical Engineering, Hebei University of Science and Technology, Shijiazhuang 050018, China
Corresponding author: Yun Du (yunny7503 @ 163.com)

This work was supported by the Key Research and Development Program Projects in Hebei Province under Grant 19221814D,
Grant 20375801D, and Grant 21375801D.

ABSTRACT A proportional integral differential (PID) trajectory tracking control strategy based on fuzzy
logic and RBF neural network is proposed for the trajectory stability tracking control of the quadrotor
unmanned aerial vehicle (UAV) control system. Firstly, the trajectory tracking problem of UAV is trans-
formed into the command tracking control problem of PID position control loop and PID attitude control loop
by transformation. Then, the fuzzy control theory is used to adjust the PID parameter gain adaptively in real
time, so as to overcome the shortcomings of the traditional PID parameters relying on experience and unable
to adjust in real time according to the change of the system. At the same time, the online compensator of PID
parameter gain is designed by using the attention mechanism of radial basis function (RBF) neural network,
and the disturbance caused by the environmental impact of the system is suppressed by online learning and
adjustment. Finally, the designed controller (RFPID) is compared with the PID controller and the fuzzy-PID
(FPID) controller in three numerical simulation. The experimental results show that the proposed controller
can significantly improve the robustness and accuracy of the trajectory tracking control of the quadrotor
UAV.

INDEX TERMS Unmanned aerial vehicle (UAV), trajectory tracking control, PID, fuzzy logic control, RBF

neural network.

I. INTRODUCTION

In past years, the quadrotor unmanned aerial vehicle (UAV)
has been widely used because of its simple structure, compact
size and high flexibility [1]. In the military, the quadrotor
UAV can be used for reconnaissance, ground attack, etc. [2].
In the civil, it can be used for surveillance [3], pesticide
spraying [4], project inspection [5], etc. The quadrotor UAV
is an essentially nonlinear system with multi-ple highly cou-
pled variables, multiple inputs and multiple outputs. When
performing a specified trajectory tracking mission, the flight
process will be affected by multi-source disturbances such
as external environmental interference, internal aerodynamic
parameter perturbation, and unmodeled dynamics. These fac-
tors bring great challenges to the design of trajectory tracking
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control systems [6], [7]. Therefore, the high-precision tra-
jectory tracking controller is the key to the scheme of the
underlying flight control system of the quadrotor UAV.

In order to overcome the difficulties faced by the trajectory
tracking control of the quadrotor UAV system, researchers at
global have provided many effective underlying flight control
schemes, such as proportional integral differential control
(PID) [8], sliding mode control (SMC) [9], model predictive
control (MPC) [10], robust control [11] and so on. Among
them, the PID control algorithm is simple in control struc-
ture and convenient in debugging. It has become the most
common method in the control design of quadrotor UAV.
The PID controller can complete the UAV tracking trajec-
tory task well to a certain extent. However, due to its weak
anti-interference ability and robustness, the rule accuracy of
the system decreases when the system is disturbed by the
external environment. Therefore, global scholars have done
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a lot of research on how to improve the control accuracy of
PID controller. Reference [12] proposed a modified strategy
to optimize the reinforcement learning PID controller, which
is used to control the open-loop unstable process, and has
good performance in solving the problem of multi-variable
unstable UAV system performance control. Aiming at the
influence of gust disturbance, a non-integer order derivative
and integral PID control scheme is proposed in [13]. The
model results show that the proposed scheme can ensure
the high-precision trajectory tracking of four-rotor UAV
under gust disturbance. With a view to better overcome the
re-tuning gain of the PID controller, Reference [14] proposed
an APIDC system (adaptive proportional integral differen-
tial control) based on parameter uncertainty and unknown
disturbance environment to maintain the position and attitude
stability of the quadrotor UAV. This method uses SMC as
an adaptive mechanism and uses a fuzzy compe-nsator to
eliminate the flutter caused by SMC. Although the above
literature proves that the PID controller ensures the accuracy
of flight trajectory tracking control to a certain extent, the
four-rotor UAV system is essentially a nonlinear system.
Especially in the process of complex trajectory tracking, the
ability of the system to deal with external environmental
interference is limited, and it is difficult to meet the expected
trajectory flight control requirements. In order to determine
the cause of the trajectory tracking error, we analyze the UAV
trajectory tracking process and obtain the following conclu-
sions. The UAV working mode using the PID controller as
the underlying flight control system is to achieve position
and attitude changes by correctly adjusting the controller
parameters (proportional gain, integral gain and differential
gain), thereby controlling the UAV to reduce the error with
the desired trajectory. Therefore, we believe that the key to
reducing the error between the desired trajectory and the
actual trajectory is how to correctly determine the parameters
of the PID controller and how to improve the anti-interference
ability of the PID controller.

In 1974, Mamdani and Assilia first formed a fuzzy con-
troller based on fuzzy control statements and applied it to
the control of boilers and steam engines [15], [16]. This
trailblazing work marked the start of fuzzy controllers. The
main idea of the fuzzy controller is to dynamically adjust
the parameters of the controller according to the output of
the system, so that the controlled object can respond in time.
Compared with other control theory algorithms, fuzzy control
has both systematic theory and a great deal of practical appli-
cations of expert knowledge. It has strong ability to deal with
nonlinear and uncertain problems. Therefore, when the fuzzy
control theory and PID contr-oller are combined to solve the
problem, the controlled system can have stronger robustness
and adaptability. So far, the fuzzy adaptive PID control theory
has been widely used in all walks of life. For example,
Reference [17] intro-duced a fuzzy PID control strategy to
control the trans-planting manipulator, so that the seedling
hydraulic system can be adjusted online and quickly reach a
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stable state. For DC motor speed control, Reference [18] uses
fuzzy cont-roller for PID parameter tuning, which improves
the ability to easily control motor speed and calculation. The
optimal PID parameters are sought by using fuzzy control
gain scheduling and online adaptation of proportional coef-
ficient, so that the maximum power point tracking (MPPT)
controller of photovoltaic system can achieve maximum rate
operation in [19]. Reference [20] proposed a fuzzy adaptive
control law to solve the problem of UAV traje-ctory tracking.
The rotation angle of the UAV is estimated by the fuzzy
controller, and the error of the flight trajectory is significantly
reduced by the adaptive setting angle of the system. The
above literature shows that the combination of fuzzy control
theory and PID controller can make the controlled system
more flexible and stable. However, this compound control
method only enhances the applicability of the deterministic
change of the control system, and the anti-interference ability
of the uncertain change is not significantly improved.

In fact, UAVs are almost always affected by environ-mental
uncertainty when completing trajectory tracking tasks.
In order to reduce the error caused by interference to system
control, many researchers have turned their research to the
attention mechanism of neural networks and adaptive control
based on neural networks [21], [22]. Specifically, the neural
network redistributes the input variables according to the
weight by estimating the state performance of the system at
the current time, and finally realizes the adaptive adjustment
through the regulation of the incentive function. For exam-
ple, a neural network gain scheduling (PD) based attitude
stabilization control method and a model reference PD based
height tracking control method are proposed, which have
good stability and anti-interference in [23]. For the design of
commercial UAV control strategy, Reference [24] proposed
a bidirectional fuzzy brain-like emotion learning controller
(BFBFL) to control the six degrees of freedom of the UAV
to achieve accurate tracking of the trajectory. Reference [25]
proposed a control method of fuzzy neural network (FNN).
This method uses flight data to train the neural network
offline, and conducts flight experiments on the DJI Tello
four-rotor UAV, which has good performance in position
control. The above research shows that the neural network
can effectively adjust the parameters of the PID controller and
greatly enhance the anti-interference ability of the system.
However, the control based on neural network requires a
cornucopia of training data. In special complex scenarios,
due to the lack of training data, the system performance is
seriously affected, so it is particularly important to realize
real-time adaptive adjustment [26]. Radial Basis Function
Neural Network (RBF) is a kind of feed-forward neural
network with excellent performance. Compared with other
neural networks, it has strong self-learning ability and can
obtain the relationship of system control rules through online
learning, so as to enhance the anti-interference ability of the
system [27], [28], [29]. In addition, RBF neural net-work
control has strong robustness and fault tolerance, and can
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adjust and adapt to the changes of the control system in time
to meet the expected control requirements of this paper.

In summary, the key to the efficient completion of the track
tracking task of the four-rotor UAV using the PID controller
as the underlying flight control is to correctly determine
the PID parameter gain and improve the anti-interference
ability of the PID controller. Therefore, this paper proposes
a cascade position and attitude PID control method based
on fuzzy control and RBF neural network. The difference of
this method is that the PID parameter gain can be adjusted
in real time according to the system feedback, so as to
ensure the control accuracy of UAV trajectory tracking. At the
same time, RBF neural network performs online compen-
sation control on the system, which effectively enhances
the anti-interference ability of the system to environmental
changes. The corresponding con-trol strategy is designed for
the shortcomings of the PID controller to ensure that the UAV
can complete the track tracking task safely and stably. The
main contributions of this paper are as follows:

(1) Based on the specific mathematical model of the rigid
body of the four-rotor UAV and the PID cascade control
concept, the trajectory tracking control problem of the UAV
is transformed into a cascade PID command tracking control
problem of the position loop and the attitude loop by transfor-
mation, which simplifies the input number of system control
parameters.

(2) The difference between the expected position and the
actual position and the difference rate are used as the input
of the flight controller. The fuzzy control theory adaptively
adjusts the PID parameter gain in real time according to
the input, which solves the problem that the traditional PID
parameters rely on empirical values and cannot be adjusted
according to system changes.

(3) The RBF neural network learning mechanism is used
to compensate the PID control parameters online. The error
between the expected track and the actual track is reduced by
online learning and adjustment, and the interference of the
external environment change on the system is suppressed.

The rest of this paper is structured as follows. The
Section II describes the modeling of the four-rotor UAV and
the trajectory tracking control strategy of the cascade PID
controller. The section III proposes a fuzzy PID contr-oller to
determine the parameter gain design scheme. The section IV
designs the RBF neural network PID online compensation
controller. The section V provides the controller simulation
results, and the section VI summarizes the research.

Il. SYSTEM MODELING AND CONTROL STRATEGY

A. SYSTEM MODELING

In this paper, the ‘X’ quadrotor UAV is taken as the research
object, and the trajectory tracking control of UAV based on
cascade position PID controller is studied. In this section, the
rigid body control model, control efficiency model and PID
control strategy of UAV are introduced. Then, based on the
hallmarks of the model and the concept of cascade control,
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FIGURE 1. Definition of coordinate system and basic structure of
airframe.

the trajectory tracking control problem is transformed into
a cascade PID command tracking control problem of the
position loop and the attitude loop.

The power of the quadrotor UAV is mainly provided by
four motors, and the rotor speed is changed by adjusting the
speed of the motor, so as to realize the adjustment of attitude
and position [30]. In order to accurately describe the position
and attitude information of the four-rotor UAV, the earth fixed
coordinate system (0, Xe, Ve, Z0) and the body coord-inate
system (0p, Xp, b, 2p) are introduced. The definition of the
body structure and the coordinate system is shown in Fig. 1.

The modeling of the quadrotor UAV is complex. For
facilitate the establishment of the model, the following
ass-umptions are made:

Assume 1: The quadrotor UAV is a rigid body

Assume 2: The mass and moment of inertia of the quadro-
tor UAV do not change.

Assume 3: The geometric center and center of gravity of
the quadrotor UAV are consistent.

Assume 4: UAV is only affected by gravity, propeller
tensi-on and air resistance. Among them, the gravity is posi-
tive along the 0,7, axis, the propeller tension is negative along
the 0pzp, axis, and the air resistance direction is opposite to the
fuselage speed.

Assume 5: The propellers of 1 and 3 labels rotate
counterclo-ckwise, and the propellers of 2 and 4 labels rotate
clockwise.

The position of the UAV in the earth fixed coordinate
system is defined as °p = (X, Ye, ze)T, The angular veloc-
ity of the UAV is by = (ww, Wyp, a)zb)T. Based on the
Newton-Euler model, the UAV rigid body control model is
const-ructed as follows:

p="°
e{/=ge3+RZ~;f
O=W- 0
J-to=-LoxJ-ta)+G,+7
|:1 tanfsing tan6 cos g
W=|0 cos @ —sing @))
0

sing/cos® cosg/cosf
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where, v = (Vxe, Vye, Vze) represents the flight speed of the
drone, g indicates gravitational acceleration, Rj represents
rotation matrix, °f represents the total pulling force of the pro-
peller, © represents the rate of attitude change, J represents
the moment of inertia, G, = [Ga,wGa,@Ga,l/,]T represents
gyroscopic moment, T = [rxryrZ]T represents the torsional
moment generated by the propeller, e3 = [0 0 1]7.
Assuming that the four-rotor UAV hovers in the absence of
wind, its propeller thrust and reverse torque are expressed as:

cupD4 2
U, = L
P A i=1,2,3,4 2
M — cmpr
™ 4x2 i

where, p and D), represents air density and blade diameter
respectively, ¢, and ¢, represents the tension coefficient and
torque coefficient, w; represents the rotation speed of the
propeller.

The variation of the attitude and position of the UAV is
controlled by the rotational speed difference between each
propeller. The effect of the rotational speed of the propeller
on the tension f and the torque 7 can be simplified to the
following equation:

f:a(wf—}—w%—i—w%—i—wf)
SR SO R S

N2 2 N2 2 22
Ty =ra(yop + 5w, — S wy

3

V2.2
2 2 2 2 Tw4)
1, = (o] — @5 + @5 — @)

where, « = U; /@i, B = M;/w;, r denotes the distance from
the motor to the center of the body.

The quadrotor flight rigid body control system is an under-
actuated nonlinear model. So as to facilitate the design of the
position controller, it is necessary to simplify the nonlinear
model according to the flight characteristics of the multi-
rotor. In order to ensure the smooth flight of the UAV during
flight, the Euler angle of the UAV during flight changes little
[31]. Therefore, the following models are established for each
channel of UAVs ¢p = (x,, e, ze)T and ® = (p, 6, w)T:

[Pt =m (R)) ™' T +f+f

Xe = —%f(sinlﬂ sin @ + cos ¥ sin 6 cos @) + d @)
Ve = —%f(— cos ¥ sin @ + sin ¥ sin 6 cos @) + da
Ze=g+ %fcoscpcose + d3
¢ = =109y — J) + 16(w1 + @2 — @3 — @4)

+ ] +dy
b = -4 = Ju) + 10(—1 — @2 + @3 + w4)

+ Tyl +ds
U= JL [@0(yy — J12) + 2] + do

&)

where, J = (Ju, Jyy, Jz), I’ and f; represent the gravity
and aerodynamic force of the aircraft, respectively. I is a
constant, which represents the total rotational inertia around
the rotation axis. di ~ de represents modeling errors and
disturbances.
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B. BOTTOM FLIGHT CONTROL MODEL

Assuming that the system is disturbed very little, let sin¢ ~
@, cosp ~ 1,sin6 ~ 6, cosf ~ 1, the position relat-ionship
of the horizontal channel of the UAV is simplified according
to equation (4):

vy = —gNy O, +D

where, p; = [;Ce Vs = ["“}Nw = [ sin ¢ COW]

e Vye —cosy siny
_|e _ |4

The attitude relationship of the drone’s horizontal chan-nel
is simplified according to equation (5) as follows:

[ O = o ™

[ Ps = Vg 6)

Jsws =15+ D

_ Jxx _ | Wx | T _ dy
Where,Js—[Jyy],ws—[Wyb]r_[ry]D_[ds]

Similarly, the altitude channel design strategy for
quad-copters is the same as the horizontal channel design
strategy, as shown in the following equation:

Psz=V; .
b.=g+L+ds ®
®Sﬂﬁ = Wy

Jpw; = 1+ de

According to equation (6)-(8), the closed-loop control of
the quadrotor UAV is formed. The closed-loop structure con-
trol is shown in Fig. 2. The controller has four indep-endent
inputs, and six outputs are generated by system calculation,
and fed back to the controller in time to make changes at the
next moment.

C. PID CONTROLLER DESIGN

The underlying flight control of the four-rotor UAV is com-
posed of a position PID controller and an attitude PID
controller. Through the change value of the actual value and
the expected value, the UAV is controlled to complete the
elimination of the change difference at the next moment,
so that the UAV can complete the tracking task according
to the route planned by the task. When performing the route
tracking task, in order to better fit the established route, the
deviation control quantity at each moment is set to be related
to the whole past state, so this paper adopts the position PID
controller.

1) HORIZONTAL POSITION CHANNEL

For the horizontal channel model equation (6), the expected
difference ep,_,(t) = ps — pq is designed. In order to make
lim;_s oo ”epﬁ, (t)|| = 0, for the:

Ps = Vg 9
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K. Jia et al.: Research on Route Tracking Controller of Quadrotor UAV

IEEE Access

A 4

Controller

(
Position | Ja
|
|
|
|

indug pajdadxy

Attitude
Controller

Control
Efficiency
Model

Rigid Body
Control

Model

FIGURE 2. Desirable trajectory PID controller design structure diagram.

The proportional (P) controller is designed to obtain the
expected change value vs_g4 of vy, as follows:

Vs—d = Kvp(Ps —Pd) (10)

where, p; and v, represents the actual position and speed
of the system feedback, respectively. p; and v, represents
the desired position input and velocity input, respectively.
In the case of satisfying lim;_, Hevsfd(t)H = 0, then
lim/— oo [[€p,_y ()| = 0, of which e, ,(1) = vy — va.
Equa-tion (9)-(10) together constitute the position variation
P control. Next, for the:

vy = —gNy, O, +D (11)

similar to the above derivation process, a PID controller is
designed.

Os_q = g_lNE/l(K(apevx,d +K®i/evs,d +K(~)dévrd)

(12)
If limy— o0 [[O5(2) — Og(1)|| = 0, then lim;
||€vs, 4 (t)|| = 0, by controlling the difference between the

expected value and the actual value, the output of the actual
value approaches the input of the expected value.

2) HEIGHT POSITION CHANNEL

For equation (8), in order to make lim,_, o5 |[€p,,_, ()] = 0,
the P controller is designed to obtain the expected change
value vz of vz as follows:

Vis—zd = szp(pzs — Pzd) (13)

In the case of lim—o [levs,_, ()| = O, then lim,_
lepz,_ ()| = 0, of which e,;,_,(t) = vzs — v,q, the following
PID controller is used to design the expected tension f;_,.

Ss—a = m(g + kvzpevzsfd + kvzi/evzkd + kvzdévzsfd) (14)

If limy o0 [I/5(0) — fa (@Il = 0, then limy— oo [ ez, , (] =
0. So far, the height position channel control design is com-
posed of equation (13) and (14).
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3) ATTITUDE CONTROLLER

The design goal of the attitude link controller is to design
controller t;_g4, according to the expected attitude angle
value Oy ¢y = [@5, w,T given by the position controller,
such thatlim, s [[e0,_, ()] = O,where eq, (1) = ©;—0y.
Here, 65 is given by the position controller and W, is given
by the task decision. In order to achieve the purpose, the angle
change value P controller is designed for equation (7):

ws—a = Ko (05 — 0g) (15)

When lim;_ o || Cw,_y(1) H = 0, make lim;_ o
[[Ts(t) — T4(t)]| = O, the torque T;_4 of the expected change
value can be designed to satisfy the above inference. The PID
controller is designed as follows:

t1od = JKodeo, , + Kod / eo + Kodéo.,) (16)

where ey, (1) = ws — @y, so as to complete the design of
attitude PID controller based on Euler angle.

Ill. FUZZY PID CONTROLLER DESIGN

The design of PID controller is relatively simple, and its
control effect depends on the selection of parameter gain.
Appropriate parameter selection can make the system reach
the expected state of the system with a small overshoot loss
in a short time, while inappropriate parameters will lead to
oscillation or divergence of the system. The selection of PID
initial parameters is very dependent on the control experi-
ence and professional knowledge of the operator, in order
to ensure that the PID controller parameter value is more
reasonable. Therefore, this paper introduces the fuzzy control
algorithm to change the PID parameter gain in real time. The
fuzzy control algorithm converts the expert’s experience and
knowledge into machine language. Through-out the real-time
detection of the system deviation, the input fuzzy information
is converted into fuzzy output information through fuzzy
rules, and then the output fuzzy variable is defuzzified and
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FIGURE 3. Fuzzy adaptive PID control structure diagram.

converted into a clear parameter gain to the controller for
control.

The center of the fuzzy adaptive PID controller is the
design of the fuzzy control algorithm. It is required to find
the fuzzy relationship between the output parameter &, k; and
kg of the fuzzy controller and the input parameter deviation
e(t) and the deviation signal change rate e.(f) during the
operation of the system. In this paper, fuzzy control mainly
includes three parts: variable fuzzification stage, fuzzy rea-
soning stage and defuzzification stage. As shown in Fig. 3,
for the four-rotor UAV flight control system, the deviation
signal e(¢) is obtained by calculating the actual value and
the expected value, and then the deviation signal e(¢) and
the deviation signal change rate e.(t) are fuzzified, and the
fuzzy control quantity is obtained according to the fuzzy rule
reasoning. Finally, the parameter gain is obtained by precise
clarification of the controlled object, and the kp, kijo and
kqo parameters obtained in real time are transmitted to the
position PID controller for system adjustment.

A. VARIABLE FUZZIFICATION STAGE

The fuzzy controller is designed based on Mamdani reason-
ing. The normalized membership function of the output and
input is shown in Fig. 4. The domain of the deviation signal is
[—5,5], and the fuzzy set is {negative large, negative medium,
negative small, zero, positive small, positive medium, positive
large}, denoted by {NB, NM, NS, Z, PS, PM, PB}, respec-
tively. The universe of variation of the deviation signal is
[—5,5], and the fuzzy setis {negative, zero, positive }, denoted
by {N, Z, P}, respectively. The fuzzy set of PID parameter
gain is set to {very small, small, small-medium, medium,
medium-large, large, very large}, denoted by {ss, s, ms, m,
mb, b, bb}, and the universes are [0 7], [0 1] and [0 0.1],
respectively.

B. FUZZY RULE REASONING STAGE
Before fuzzy reasoning, the establishment of fuzzy rules
is first carried out. The establishment of rules is based on
the result of set division. Combined with online simulation
debugging, some parameters setting basis are listed:

When the values of e(¢) and e (¢) are in the larger area of
the fuzzy set, it shows that the deviation becomes larger, and
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TABLE 1. The fuzzy rules table of k,ok;o and kgq.

INPUT
e
e,
OUTPUT NB | NM | NS | z | PS | PM | PB
N Pbb Pbb | Pmb | Pm | Pms | Pmb | Pb
kpo | z | P | Pb | Pm | Ps | Pm | Pb | Pb
P Pb Pmb | Pms | Pms | Pmb | Pmb Pb
N Is Is Ims Im Im Ims Is
kz‘O Z Iss Iss Is Ib Im Ims Iss
P Is Ims Im Im Ims Is Is
N Dms | Dm Db | Dbb | Dbb Db Dm
kao | z | Dbb | Db | Dm | Ds | Dm | Db | Dbb
P Dmb | Dmb | Dms | Ds | Dms | Dms | Ds

the controller should suppress its change as soon as possible.
It needs ko to be larger, ko and kg0 to be smaller. if it is in
the middle region of the fuzzy set at this time, kpo, kip and k4o
need to remain unchanged.

When e(t)and e.(¢) have different signs, it indicates that the
deviation gradually becomes smaller, and k0, kio, kio,micro-
adjustment is needed to prevent overshoot at the next
moment.

When e(t) # 0, and e (¢) = 0, it shows that the system has
steady-state error, which needs ko and k;p to be large, while
k4o remains unchanged.

According to the above experience, the count of fuzzy
subsets of the two input variables is 7 and 3 respectively, and
the fuzzy rules corresponding to each variable ky, ko, kqo of
are 21.

The form of each fuzzy rule is:

ife(r)is...and e.(¢)is...,

thenk,ois... kois... kgois...

The fuzzy rules table of ko, kip and k4o designed in this
paper are shown in Table 1.

After the above operations, the three-dimensional (3D)
surface relationship between the input and output can be
obtained as shown in Fig. 5.

C. DEFUZZIFICATION STAGE

The methods of defuzzification are roughly divided into three
categories: center of gravity method, maximum membership
degree method and weighted average method. But the center
of gravity method is simpler to operate, compared with other
methods, the center of gravity method has a smoother output
inference control. For the flight control system designed in
this paper, in order to ensure the smooth flight of the four-
rotor, the selection of the deviation is not easy to be large.
The center of gravity method can respond quickly to small
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FIGURE 4. Fuzzy PID input / output membership function.

changes in the input signal and update the PID parameter gain

in time.
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The simple principle of the gravity center method is to
calculate the area enclosed by the membership function curve
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FIGURE 5. Three-dimensional surface relationship diagram.

and the horizontal coordinate axis, and calculate the center of
gravity position of the current enclosed area. The coordinate
of the position is the final output value of the fuzzy system,
and the expression is:

_ fx8(x)dx
[ 8(x)dx

In this process, in order to map the fuzzy domain and the
actual domain, it is necessary to introduce the defuzzification

v(x) (17

111440

FIGURE 6. RBF neural network structure.

factor k. Suppose that the actual domain is [—g, g] and the
fuzzy domain is [—p, p], then the defuzzification factor is
expressed as:

lql

K=—

Ipl

By introducing a defuzzification factor, the fuzzy value is

mapped to the actual value, which can be used as a PID gain
parameter.

(18)

IV. RBF NEURAL NETWORK PID CONTROLLER DESIGN
Since the PID gain of the fuzzy control output is essentially
an accumulated selective output based on expert experience,
when the system is suddenly disturbed by the environment,
the deviation input exceeds the domain of discourse set by the
fuzzy system, and the fuzzy control system cannot provide
the most suitable gain parameter for the controlled system.
Therefore, a composite control system combining RBF neural
network and PID control is introduced. This method draws
on the powerful learning ability of RBF neural network. The
online learning and online adjustment of neural network are
carried out at the same time to enhance the anti-interference
ability of the system and make gain compensation measures
for the sudden phenomenon of the system in time. It ensures
that the flight control system can complete the route tracking
task smoothly and quickly. At the same time, the RBF neural
network control has strong robustness and fault tolerance, and
can adjust and adapt to the changes of the control system in
time.

RBF radial basis neural network is a three-layer feed-
forward network structure. Its central idea is to use RBF
as the ‘basis’ of the hidden unit to form the hidden layer
space. The low-dimensional input is transformed into the
high-dimensional space through projection, and the output is
the sum of the linear weights of the hidden units. As shown
in Fig. 6, the first layer is the input layer composed of
signal source node x = (x1,x3,.. .x,,)T, the second layer
is the hidden layer space composed of the transform radial
basis function h = (hy, hy, .. .hn)T of the hidden unit, and
the third layer is the network output y, which is linearly
weighted and summed by the network weight coefficient w =
(w1, wa, .. .w,,)T.
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The key to realize the optimal performance of RBF neu-
ral network is to determine the optimal number of hidden
layer nodes. In this paper, Gaussian kernel function is used
as the basis function of RBF neural network, as shown in
equation (19), where b; is the basis width vector of j nodes,
and is greater than 0, ¢; = (¢j1, ¢j2, - - -, cjn)T represents the
center vector of j nodes.

2
3(x, hy) = exp(w) i=1,2....m (19
25

From the weight coefficient of RBF neural network, the
neural network output y,, and the network identification per-
formance index function Y can be calculated:

=2 Wi e, ) (20)
T = 50our — ym)* (1)

Among them, y,,; represents the amount of system feed-
back. In this paper, y,,; is the position information of the
current UAV. So as to achieve the optimal tracking control
effect, according to the gradient descent method, the perfor-
mance index will find the optimal solution along the negative
gradient direction, that is, through the iterative update of the
node center vector ¢;, the base width vector b;, the network
weight coefficient w; and the Jacobian matrix identification
sensitivity information of the network is updated to obtain
the excellent value of the network identification index. The
neural network will update the above parameters through
equations (22) to (25), where p represents the network learn-
ing efficiency and o represents the momentum factor.

Awj(t) = uOour(t) — ym(®)h
wit) = wit — 1) + Awj(6) + a(wj(t — 1) — wy(t — 2)
(22)
. 2
Abj(t) = UYour () — )’m(t))hj(t)wj(t)%
bi(t) = by(t — 1) + Abj(t) + a(b(t — 1) — bj(t — 2)
(23)

AGi(t) = 1o (1) = (D)D) L0
J

¢ i) = ¢t — 1)+ Acj (1) (24)
+alc,it — 1) — ¢ i(t — 2))
IV m () — A

o) _ S i P2 0~ AU o5

dAu(t) b(1)

glacabin =

According to the structure of the underlying flight control
system designed in this paper, the ‘5-8-3’ RBF neural network
structure is used to adjust the control gain. According to
equation (26), the network structure input is PID control
three-phase input x;,(1), x;,(2) and x;,(3), the deviation of
the controlled system e(#) and the actual position information
feedback y,,:(¢), and the output of the network structure is
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FIGURE 7. Fuzzy-RBF neural network adaptive PID control structure
diagram.

PID three-phase compensation gain k1 (¢), k;1(¢) and kg1 (2).

Xin(1) = kyo(t) - e(1)
xXin(2) = kio(r) - [ e()dt (26)
xXin(3) = kao(r) - 252

The gradient descent approach is used to adjust the control
parameters kp1(t), k;1(¢) and kq1(1), np, n; and 5y represents
PID gain learning rate, respectively.

0T
kpl(t) = —npe(t) — = npe(t)gjacobinxin(l)
dkpo

Y
kir(t) = —nje(t )m = nie(1)& jacopinXin(2)

i0

oY
ka1(t) = —nde(t)% = Nae(1)§ jacopinXin(3) (27

In the fuzzy control theory, the professional knowledge
and experience of engineering and technical personnel can
be fully utilized to effectively solve the problem of non-
linear and time-varying characteristics of UAVs. However,
the self-learning ability of the fuzzy control system is poor.
The membership function and reasoning rules in the fuzzy
controller are mainly based on the accumulation of expert
experience to make choices, and the subjectivity is relatively
large. RBF neural network has a strong self-learning ability,
can better adapt to the abnormal changes of the system,
through continuous learning to obtain the system rule rela-
tionship, and has the ability of parallel data processing, but
RBF neural network can’t use the existing expert knowledge
and experience to solve the control problem, and the weights
and thresholds in the neural network are difficult to express
in natural language.

As mentioned above, according to the advantages and dis-
advantages of fuzzy theory and RBF neural network control
system in their respective fields, this paper combines the two
control methods, and adopts the compound control method
to adjust and compensate the gain of the system position
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TABLE 2. Some specific parameters of four-rotor UAV.

TABLE 3. Flight distance statistics of UAV route tracking.

Parameter Value Unit
UAV quality 1.5 kg
Fuselage radius 0.225 m
Propeller thrust coefficient 1.105e-5 N/(rad/s)"2
Propeller torque coefficient 1.779e-7 N.m/(rad/s)"2
Moment of inertia X: 2.11e-2 kg.m"2
Y: 2.19e-2
Z: 3.66e-2
Inertia time constant of motor 0.02 s
Moment of inertia of motor propeller 1.287¢-4 kg.m"2
Air resistance coefficient Te-2~7.5e-2 N/(m/s)*2
Air damping torque coefficient X: 3.5e-3 N.m/(rad/s)*2
Y: 3.9¢3
Z: 3.4e-3

PID controller. The structure is shown in Fig. 7. According
to the comparison between the position information of the
system feedback and the position information of the expected
input, the deviation e(¢) at the current time is calculated.
Firstly, through the three stages of fuzzification, fuzzy rea-
soning and anti-defuzzification of the fuzzy control system,
the kpo(t), kio(t) and k,0(2) control system gains in the initial
stage are output. Then, the control quantity u(¢) and the
system feedback value y,,,(¢) of the PID controller gain in the
preliminary stage are introduced into the RBF neural network
system. Through the infinite approximation and autonomous
learning of the radial basis function to the nonlinear system,
the sensitivity information Jacobian matrix of the control
quantity of the controlled system to the input change of
the controller is output. Finally, the system self-learning
algorithm is used to further fit the PID parameters of the
input controller, and the compensation gains k1 (), k;1 (t) and
kq1(t) are obtained. Therefore, the PID gains are k,o(f) +
kp1(1), kio(t) + ki1 (¢) and kgo(t) + ka1 (2).

V. SIMULATION

In order to verify the effectiveness and accuracy of the
four-rotor UAV controller designed in this paper on the route
tracking problem, the fuzzy RBF adaptive neural network
PID controller (RFPID) proposed in this paper is compared
with the standard PID controller (PID) and fuzzy PID con-
troller (FPID) in three different scenarios. The simulation
results show that the four-rotor UAV based on the RFPID
controller can better complete the route tracking task.

In this section, in order to ensure the objectivity and fair-
ness of the controller comparison, the comparative numerical
simulation of the controller is simulated using the Simulink
platform of MATLAB. All numerical simulat-ions are per-
formed on the four-rotor UAV. Table 2 lists some basic
parameter information of the UAV. In this paper, the initial
position ¢Pos = (0,0, 0)T, initial speed ¢V = (0,0, 0)T,
initial Euler angle ® = (¢, 0, %)’ = (0,0,0)T and initial
motor speed RPM = (0,0, 0, 0) of the UAV are set. The
simulation experiment in this paper considers that the exter-
nal interference is the influence of unstable air resistance.
In order to prove the anti-interference ability of the system,
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Case 1 (m) Case 2 (m) Case 3 (m)
INPUT 6.5860 15.7399 92.3035
PID 11.7091 16.6184 104.2573
FPID 13.2769 17.8612 104.7670
RFPID 9.8881 16.0779 101.6529
1.5 T T T

Ry \/ INPUT
PID
FPID
RFPID
15 i i ; i
15 -1 0.5 0 05 1 15

X Im

FIGURE 8. Comparison chart of 8-shaped route tracking.

the air resistance coefficient is randomly selected from the
range of 7e-2~7.5e-2 in the experiment. The PID controller
parameter gain value is selected as the optimal control coef-
ficient after multiple attempts.

In the case 1, this paper sets the reference trajectory as
an approximate 8-shaped figure in the fixed-height two-
dimensional X-Y plane. The difficulty of the 8-shaped
trajectory tracking is that under the premise of ensuring the
flight height, it is necessary to simultaneously control the
pitch angle, roll angle and yaw angle within the controllable
error range. During the flight, the direction of the external
force of the quadrotor UAV always changes, which is a chal-
lenging task for the underlying flight controller.

In this paper, the 8-shaped flight trajectory is taken as the
expected input, and the flight trajectory is composed of

— 1. sin(20
[x(t)_l S}n(lgnt) 08)
y(@#) =1-sin(=+1)

equation (28). The simulation results are shown in Fig.8.
It can be said that the UAV model with RFPID controller
as the underlying flight control can track the given trajectory
well. When the Euler angles of position (0.75,1), (0.75, —1),
(—=0.75, —1) and (0.75,1) change sharply, the UAV with
RFPID controller as the underlying flight control module has
a smaller turning radius. It can be seen from Table 3 that the
flight distance of INPUT input trajectory is 6.586 m, the flight
distance of PID controller is 11.7091 m, the flight distance
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of FPID controller is 13.2769 m, and the flight distance of
RFPID controller is 9.8881 m. The relative error is small.
Fig. 9 (a) is the comparison result of X-axis channel trajectory
tracking. It can be clearly seen that at t = 0 ~ 5Ss, the PID
controller, FPID controller and RFPID controller have made
corresponding adjustments to the change of the desired input
X-axis. However, the response speed of the RFPID controller
is faster, and the control amount can be introduced faster
to produce a rapid response to the X-axis channel. When
t = 5s, the expected input of X channel decreases. Due to
the overshoot phenomenon at the previous moment, the FPID
controller inputs a large amount of control at t = 5s. The
control input of PID controller and RFPID controller remains
stable, but the tracking trajectory of RFPID controller is
closer to the expected input of X channel. Fig. 9(b) shows
the tracking comparison results of the Y channel. Due to the
different frequencies of the input equation (28), the tracking
traje-ctory errors generated by the PID controller, the FPID
controller and the RFPID controller are obvious. Att=2.5s,
7s,12s,15.5 s, when the polarity of the Y-axis input changes,
the PID controller produces 0.1 m, 0.2 m, 0.2 m, 0.2 m errors,
the FPID controller produces 0.4 m, 0.4 m, 0.4 m, 0.4 m
errors, and the RFPID controller produces 0.08 m errors at
t=2.5s. However, whent = 7s, 12s, 15.5s, the error is small,
and the desired input trajectory of the Y channel can be well
tracked. Fig. 10 shows the tracking error of the Euler angle
during the operation of the RFPID controller. It can be clearly
seen from the diagram that the tracking error of the pitch
angle att = 0 ~ 1s is [—2.65,1.4], the tracking error of the
roll angle is [—0.39,0.75], and the tracking error of the yaw
angle is [0,0.042]. When t = 2s ~ 18s, under the action of the
RFPID controller, the pitch angle tracking error is controlled
in the range of [—0.2,0.2 ], the roll angle tracking error is
controlled in the range of [-0.2,0.2 ], and the yaw angle error
is close to 0. It can be shown that the RFPID controller can
track the desired input attitude in a short time.

In the case 2, this paper sets the reference trajectory as
a three-dimensional saddle-shaped trajectory. The difficulty
of saddle-shaped trajectory tracking is that there is a large
difference in the expected input of X channel, Y channel
and Z channel, which leads to a large difference in the Euler
angle of the flight trajectory. The continuous change of flight
direction poses a great challenge to the flight controller.
Equation (29) describes the expected input traje-ctories of X,
Y and Z channels.

x(t) = 1-sin(3F1)
y(t) = 1-sin(3F1) (29)
2(t) = 0.72 - sin(3F 1)

The comparison results of the tracking trajectories gener-
ated by the PID controller, the FPID controller and the RFPID
controller according to the expected input equation (29) are
shown in Fig. 11. It can be seen intuit-ively that the track-
ing trajectory generated by the RFPID controller can better
complete the flight tracking task. According to the statistical
results in Table 3, the flight distance of the INPUT input
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FIGURE 9. Comparison of X/Y axis route tracking.
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FIGURE 10. 8-shaped Euler angles tracking error result.

trajectory is 15.7399 m, the flight tracking distance of the
PID controller is 16.6184 m, the flight tracking distance of
the FPID controller is 17.8612 m, and the flight tracking
distance of the RFPID controller is 16.0779 m. The RFPID
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FIGURE 11. Comparison chart of saddle-shaped route tracking.

controller has a smaller tracking error. The comparison results
of X channel route tracking are shown in Fig. 12(a). It can be
seen that the input of the flight trajectory controller increases
when t = 2s, and the FPID controller produces overshoot. The
PID controller and the RFPID controller can adjust the output
control quantity in time according to the system change, but
the RFPID controller tracks the trajectory better to fit the
desired trajectory. Fig. 12(b) shows the comparison results
of the Y-channel tracking trajectory. It can be clearly seen
from the diagram that t = 2s, 6.8s, 11.5s, 15.8s, the polarity of
the Y-axis channel input changes greatly. The PID controller
produces an error of 0.1m, 0.2m, 0.15m, 0.2m, and the FPID
controller produces an error of 0.4m, 0.4m, 0.4m, 0.4m, 0.4m.
The RFPID controller produces an error of 0.08m at t = 2s,
but when t = 4s, the input can be controlled in time to enable
the UAV to better track the desired flight trajectory. Due to
the different signal frequencies of the trajectory controller, the
PID controller, the FPID controller and the RFPID controller
make timely adjustments to the expected input of the Z-
channel, so that the tracking trajectory of the UAV is kept
within a reasonable error range. It can be seen from Fig.12 (¢)
that from the partial trajectory curve amplification diagram,
it is observed that the RFPID controller has faster response
speed and better error control within a reasonable error range.
Fig. 13 shows the tracking error of the Euler angle during
the operation of the RFPID controller. It can be clearly seen
from the diagram that the tracking error of the pitch angle
is [—0.98,1.96] when t = 0 ~ 2 s, the tracking error of
the roll angle is [—1.36,1.02], the tracking error of the yaw
angle is [0,0.066], and the tracking error of the pitch angle is
controlled in the range of [—0.2,0.2] when t = 2-18 s. The
tracking error of the roll angle and the tracking error of the
yaw angle tend to 0, which further shows that the RFPID
controller has high accuracy for attitude control. The attitude
of the UAV can track the desired input attitude in a short time.
In the case 3, in order to better verify the application
of RFPID controller in the actual situation, the optimal
path planning for urban complex environment proposed in
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FIGURE 12. Comparison of X/Y/Z axis route tracking.

Reference [32] is tracked. In the simulation environment, the
flight space is 80m x 80m x 25m, the starting point and
the end point of the task are [4,4,2] and [60,70,15] respec-
tively, and the environmental obstacle information is 12. The
difficulty of this route tracking is that we follow the initial
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FIGURE 14. Comparison chart of simulation environment route tracking.

conditions described above, set the starting point of the UAV
to ‘Pos = (0,0, O)T, and need the controller to make an
instruction response in a short time. In addition, due to the
uneven spacing between path points and the large distance,
the output of PID gain parameters is unstable, which can
easily affect the stability of the UAV in the tracking process.
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FIGURE 15. Comparison of X/Y/Z axis route tracking.

Fig. 14(a)-(b) shows the front view and top view of the
route tracking comparison results in the complex urban envi-
ronment. Intuitively, in the process of UAV starting point
tracking the starting point of the route (4,4,2), due to the
sudden increase of the deviation of the expected input, the
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PID controller causes oscillation, and the FPID controller
causes overshoot. Although the initial tracking track error
is large, the UAV with RFPID controller as the underlying
flight control can complete the tracking task in a stable state.
The statistical results in Table 3 show that the expected flight
distance of INPUT is 92.3035 m, the tracking flight distance
of PID controller is 104.2573 m, the tracking flight distance
of FPID controller is 104.7670 m, and the tracking flight
distance of RFPID is 101.6529 m. The statistical results of
the X channel are shown in Fig.15 (a). Due to the large X-axis
deviation at the initial time, when t = 3s, each controller
outputs a large control amount, resulting in overshoot, but
the RFPID controller can be adjusted in time to reduce the
error with the desired input X channel. The statistical results
of the Y channel are shown in Fig. 15(b). At t = 4.5s,
each controller almost achieves a zero-error control with the
input error of the Y-axis channel. According to the partial
route amplification diagram, the response speed of the RFPID
controller is lower than that of the PID controller and the
FPID control, but the error between the tracking trajectory
generated by the RFPID controller and the expected input Y
channel is smaller. It can be seen from Fig.15 (c) that when
t = 2s, the PID controller takes the lead in achieving
Z-channel error zero control. However, due to the instan-
taneous increase of the control amount, the Z-channel
oscillation phenomenon is caused. When t = 8s, the PID
controller still does not solve the oscillation problem. When
t = 3 s, the FPID controller and the RFPID controller realize
the Z-channel error zeroing control. When t = 3 ~ 18 s, the
error between the RFPID controller and the Z-channel input
is smaller than the error between the FPID controller and the
Z-channel input. The above data show that the RFPID con-
troller has good stability and adaptability for the irregular
change of track information.

In summary, from the above experimental results, it can
be concluded that the RFPID controller is superior to the
PID controller and the FPID controller in terms of stability,
adaptability and decision-making. We can dete-rmine that the
RFPID controller can better become the underlying flight
control system of the UAV, and can better realize the route
tracking function.

VI. CONCLUSION

In this paper, a fuzzy RBF neural network PID control
idea based on the stable tracking control of the UAV is
proposed. Through the mathematical modeling and analysis
of the UAV, the trajectory tracking problem of the UAV is
transformed into the command tracking control problem of
the PID position control loop and the PID attitude control
loop, thus simplifying the input number of the system control
parameters. Aiming at the problem that the traditional PID
parameters rely on experience value and cannot be adjusted
in real time according to the change of the system, a PID
controller based on fuzzy theory is designed. The controller
adaptively adjusts the PID parameter gain according to the
feedback difference and difference rate of the system, which
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improves the control accuracy of the UAV position and the
robustness of the system. At the same time, the RBF neural
network attention mechanism is used as the PID gain compen-
sator, which reduces the error between the expected track and
the actual track by online learning and adjustment, overcomes
the shortcomings of the PID controller susceptible to envi-
ronmental interference, and enhances the antienter-ference
ability of the system. Finally, the RFPID controller is com-
pared with the PID controller and the FPID controller in
three numerical simulations. The experimental results show
that the error between the tracking trajectory and the desired
trajectory of the proposed controller is smaller, which proves
that the proposed controller can substantially improve the
robustness and accuracy of the trajectory tracking control of
the quadrotor UAV.

Although the controller in this paper has achieved good
results to a certain extent, however, the experimental environ-
ment is only the numerical simulation, and the disturbance
factor is only the air resistance change disturbance based
on the experimental data, which lacks the experience of
application in the actual situation. In the future, we will
focus on the tracking control problem of four-rotor UAV in
the actual environment, and the active disturbance rejection
control considering the influence of disturbance.
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