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Fuzzy neural network PID control design of camellia fruit vibration

picking manipulator
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Abstract

Due to the growth characteristics of the flowers and fruits of
camellia in the same period, the vibrating camellia fruit picking
machine needs to ensure the constant rotational speed of the
vibrating hydraulic motor when the picking mechanism is operat-
ing, to achieve a constant vibration frequency, to ensure that the
camellia fruit can smoothly fall off the branches through vibration.
In contrast, the camellia fruit does not fall off. In this regard, this
paper deduced the state space equation of the camellia fruit pick-
ing machine’s valve-controlled vibrating hydraulic motor system
and designed a fuzzy wavelet neural network PID controller
(FWNN PID controller) based on the traditional incremental PID
control principle. Then the designed vibration picking manipulator
control system was simulated under no-load, 5 s load conditions,
and load start conditions with MATLAB/Simulink, a general PID
controller and a fuzzy RBF neural network PID controller
(FRBFNN PID controller) were used to contrast with it. The
results show that the general PID controller has a slow response
speed and poor robustness, while fuzzy neural network PID con-
trollers (including FWNN PID controller and FRBFNN PID con-
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troller) have a fast response speed and strong robustness, which
can well meet the requirements of a specific vibration frequency.
Finally, a field test was carried out. The results show that the
FWNN PID control is better than the FRBFNN PID control.
Furthermore, the FWNN PID controller obviously reduced the
drop rate of camellia flowers within 6% while ensuring the pick-
ing efficiency above 90%, which can well meet the needs of the
camellia fruit picking operation.

Introduction

Camellia is an important oil crop in China, which has high edi-
ble and medicinal value (Wang et al., 2007). Studies have shown
that using camellia to make food can effectively lower blood pres-
sure and prevent cardiovascular and cerebrovascular diseases. In
addition, camellia is also widely used to make high-end cosmetics.
According to the statistics of the State Forestry and Grassland
Administration of China, the planting area of camellia in China
reached 45.34 billion square metres in 2020, with a total output
value of $17.97 billion, which has driven nearly 2 million people
in rural areas to lift themselves out of poverty. However, manual
picking is the current primary picking method for camellia fruit.
This is because the camellia has the characteristics of the growth
of flowers and fruits in the same period. When picking the camel-
lia fruit, it is necessary to avoid the fall of the camellia flowers in
order to avoid affecting camellia production in the second year.
With the development of China’s economy, the labour cost is get-
ting higher and higher, the labour intensity is high, and the picking
efficiency is low, severely restricting the development of the
camellia industry. Therefore, it is of great significance to realise
the mechanised picking of camellia fruit for the development of
China’s camellia industry.

Currently, the research on mechanised picking of camellia
fruit is in its infancy. The basic research directions are mainly
divided into comb picking (Gao et al., 2013), vibration picking,
rubber roller picking (Huang and Rao, 2019), and clamp picking
(Zhang et al., 2017). Among them, vibration picking has become
the current mainstream mechanised picking operation due to its
high picking efficiency. The vibrating camellia fruit picking
machine mainly relies on the hydraulic motor to drive the vibra-
tion-generating mechanism to generate vibration (Gao et al.,
2019). Due to the different binding force between the camellia
flower and camellia fruit and the branch, keeping the rotational
speed of the hydraulic motor within a specific range during the
picking process can ensure the constant vibration frequency so
that the camellia fruit can fall off the branch smoothly while the
flowers do not fall off. Therefore, controlling the rotational speed
of the hydraulic motor is the key to the design of the vibrating
camellia fruit picking machine. At present, the classic control
method in the control field is to use the PID controller to carry out
closed-loop control of the speed control system, that is, to realise
the control of the system by adjusting the three links of propor-
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tional, differential, and integral (Karaboga and Akay, 2010; Meng
et al., 2016; Ayten, 2019; Ayas and Altas, 2018; Yan, 2020).
However, the traditional PID controller cannot achieve an ideal
control effect for such a complex valve-controlled hydraulic motor
system. According to the opinions of references (Lin et al., 2019;
Wang and Huang, 2019; Kong and Yuan, 2020), fuzzy control does
not require precise mathematical models of the controlled object
and has strong robustness (Tufan and Serhat, 2022; Han et al.,
2022; Xu et al., 2022). According to the research results from Xue
and Fan (2022) and Wu et al. (2022), fuzzy PID control has been
widely used in robot control in complex environments. Its control
effect on PID controllers depends on the richness of experts’ expe-
rience in this area because fuzzy control needs to rely on expert
experience to compile control rules, which becomes a disadvan-
tage of fuzzy PID controllers. Lou and the other researchers (2012)
took the lead in introducing fuzzy neural network PID control into
the field of fluid control in 2012 and designed a gate flow control
system. This controller has advantages of PID controller and fuzzy
neural network self-learning and processing quantitative data
(Zhou and Chen, 2013) and has better control accuracy and effect.
Gong and Yang (2019) began to introduce fuzzy neural network
PID control into the field of hydraulic control and designed an oil
pump control system suitable for outdoor operations in complex
mountainous areas. The controller proved to have good anti-inter-
ference ability and good adaptability. However, the electromechan-
ical-hydraulic integrated robots in agriculture and forestry mainly
use the hydraulic valve control system for their operation control,
and the flow control system of the variable pump is less used due
to its high cost. Therefore, this paper uses the fuzzy neural network
to control the flow of the valve-controlled hydraulic motor system.
First, this paper analysed the vibrating hydraulic system of a
camellia fruit picking machine, clarified the working principle, and
established a mathematical model of the system. Then a fuzzy
wavelet neural network PID controller (FWNN PID controller)
was designed combined with the basic principles of PID control,
fuzzy control, and wavelet neural networks. Finally,
MATLAB/Simulink was used to simulate and analyse the control
system under different working conditions, and field tests were
carried out to verify the effectiveness of the control method.

Introduction of control principle and
mathematical model

Working principle of camellia fruit picking
machine
Introduction of camellia fiuit vibration picking manipulator

The push-shake camellia fruit picking machine is a forest fruit
vibration picking robot designed by our research group to realise
the automatic picking of camellia fruit. This robot integrates
mechanics, electronics, and hydraulics, which is different from the
mechatronic robots (Wang et al., 2015; Gao et al., 2016; Wang and
Li, 2019; Zhang and Li, 2019) designed by our research team
before. As a result, it has a smaller size and structure, lower energy
consumption, and more reliable work in the forest working envi-
ronment. At the same time, the experimental results (Gao et al.,
2019) show that using a hydraulic system greatly improves the
reliability of vibration picking.

The camellia fruit vibration-picking manipulator is the most
critical end effector of the push-shake camellia fruit picking
machine. Its basic structure is shown in Figure 1. The basic princi-
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ple of its work is to realise the opening and closing of the gripper
through the movement of a bevel gear pair and a ball screw in the
clamping mechanism 6 driven by the hydraulic clamping motor 1.
Then, the crank link mechanism in vibration mechanism 5 is driv-
en by the vibrating hydraulic motor 1 to generate a push and shake
movement to make the camellia fruit branches vibrate. When the
exciting force is greater than the binding force between the camel-
lia fruit and the branch, the fruit naturally falls off the branch to
realise its mechanised picking.

The quality of control of the vibration frequency output by the
vibration mechanism during the picking process will directly affect
camellia fruit’s quality and picking efficiency since camellia has
the characteristics of the same period of flower and fruit growth.

The principle of the hydraulic system of the camellia
fruit vibration picking manipulator

The hydraulic system of the camellia fruit vibration-picking
manipulator is displayed in Figure 2. A dual-pump oil supply sys-
tem is designed to meet their respective flow requirements since
the hydraulic oil flow required by the picking manipulator to per-
form positioning and clamping is small, while the hydraulic oil
flow required to perform picking vibration is large. During the pro-
cess of positioning and clamping the camellia trunk by the picking
manipulator, valve 12 will lose power, and pump 4 will be the only
pump working to supply oil to the hydraulic servo system of the
manipulator to realise the movement of the manipulator arm joints.
After the completion of the positioning, the electromagnet on the
right side of valve 7 will be energised, and motor 9 drives a bevel
gear pair to rotate forward, which drives a ball screw to move to
realise the closing of the gripper and clamp the camellia tree. In
order to prevent the clamped camellia trunk from loosening, bidi-
rectional hydraulic locks 8 are designed at both ends of motor 9
since the hydraulic oil flow required by the vibrating hydraulic
motor 15 is relatively large during vibration picking. After clamp-
ing the camellia tree, the hydraulic lock 8 will lock the hydraulic
motor 9’s oil circuit. At the same time, valve 7 will be de-ener-
gised, while valve 12 will be electrified. At this time, pump 3 and
4 simultaneously supply oil to hydraulic motor 15 until the vibra-
tion ends. After the end of the vibration, the energisation of valve
12 and valve 7 will be reversed. The hydraulic motor 9 rotates in
reverse, and the gripper automatically releases the camellia tree
when the hydraulic lock 8 opens.

The opening and closing of the grippers are controlled by the
flow direction of the oil of the hydraulic motor 9, which is
realised by controlling the electrification of the solenoid valve 7.
The vibration frequency of the picker is determined by the rota-
tional speed of the hydraulic motor 15, which is designed by
controlling the degree of valve opening of the electro-hydraulic
proportional flow valve 12.

1.clamping hydraulic motor
2.outer covering
3.vibrating hydraulic motor
4.gripper

5.vibration mechanism
6.clamping mechanism
7.camera

Figure 1. The structure of the vibration picking manipulator.
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1.tank

2. filter of pump

3.large displacement pump
4.small displacement pump
5.check valve

' 6.pilot-operated pressure relief valve

7.three-way solenoid valve

8.bidirectional hydraulic lock

9.clamping hydraulic motor

10.DC motor

11.Small quantitative hydraulic pump(motor)
12.solenoid reversing valve
13.electro-hydraulic proportional flow valve
14.pressure relay

15.vibrating hydraulic motor
16.pilot-operated pressure relief valve
17.one-way oil filter

18.cooler

Figure 2. Hydraulic principle diagram of the vibration picking manipulator.

Establishment of mathematical system model

Establishment of the mathematical model of vibration
picking actuator

The vibration picking actuator of the picking machine can be
considered a crank-slider mechanism which is shown in Figure 3.
The motion centre of the link /; coincides with the shaft of the
vibrating hydraulic motor, and the link /> is combined with the link
/1 through a hinge, which drives slider 3 to realise linear recipro-
cating motion in order to create a vibration on the camellia tree.

In the steady state, the excitation force F' of the vibration gen-
erated by the actuator is proportional to the angular velocity w of
the hydraulic motor. According to the circular motion law of clas-
sical physics, the relationship between the excitation frequency f°
and the motion angular velocity w is obtained as:

i (1)

Establishment of a mathematical model of a
valve-controlled vibrating hydraulic motor system

i) Mathematical model of hydraulic motor: In fluid mechanics,
the fluid has the characteristics of mass conservation, so the conti-
nuity of the flow rate of the hydraulic motor can be obtained as:

dAd V. dAp
Ay =P, —mik Ap f-mow
m st d r cm m i‘: d‘f

m

@

where:
qm , hydraulic motor inlet flow;
Vs , theoretical displacement of hydraulic motor;
Om , rotation angle of hydraulic motor output shaft;
Kem , leakage coefficient of hydraulic motor;
Pm , hydraulic motor inlet pressure;
Vi , hydraulic motor inlet cavity volume;
Ey , elastic modulus of hydraulic oil.
The driving force of the hydraulic motor shaft is balanced with
the inertial force, viscous resistance, and elastic force of the
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Figure 3. Schematic diagram of vibration picking actuator.

hydraulic motor shaft, and the reaction torque of the load on the
hydraulic motor, and the following formula is summarised as:

2
VwmApm = ; d Azb'm +cm daem +Gﬁgm +A? (3)
2T dt dt
where:

Jt, total momentum of inertia on the hydraulic motor shaft (includ-
ing loads);

cm , viscous damping coefficients of hydraulic motors and loads;
G, torsional stiffness of loads;

T, load torque on hydraulic motor shaft.

ii) Mathematical model of actively controlled pilot-operated
electro-hydraulic proportional flow valve: Component A in Figure
2 is an actively controlled pilot-operated electro-hydraulic propor-
tional flow valve, consisting of a DC motor 10, a small quantitative
hydraulic pump (motor) 11 and a pilot electro-hydraulic propor-
tional flow valve 13. Its basic structure is shown in Figure 4. The
control system drives the motor to rotate forward or reverse by
controlling the input voltage signal to realise the oil suction and
pressure of the hydraulic pump (motor). The hydraulic pump con-
trols the flow of hydraulic oil entering the pilot valve, thereby real-
ising the adjustment of the hydraulic oil flow of the main valve,
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which controls the output of the vibrating hydraulic motor. The
advantage of this control scheme is that it can flexibly adjust in
real-time according to the output signal of the vibration sensor and
maintain the stability of the flow rate of the pilot valve, which
reduces the system’s power loss and heat generation. In addition, it
is not necessary to install a differential pressure compensator
(Zhangzhou et al., 2022) or a flow sensor (Tsutsumi et al., 2007,
Shang et al., 2019), which reduces the cost. The working principle
diagram of the valve is shown in Figure 3 in the online Appendix.

The following is the process of establishing the mathematical
model of the actively controlled pilot-operated electro-hydraulic
proportional flow valve.

According to the basic principles of physics, the DC motor
drive circuit satisfies Kirchhoft’s law, and the following equation
is obtained in the DC motor circuit:

. dAi
AU, =RA:+L?;+C8A% “)

where:

Uy, armature voltage on the DC motor;
R , resistance of the load;

i, loop current;

L , inductance of the load;

Ce, back EMF coefficient;

o , angular velocity of the motor.

According to Newton’s law of motion, the output torque of
the output shaft of the DC motor is balanced with the inertia
moment and viscous resistance on it, so there is the following
formula:

The flow of the pilot valve is determined by the flow of the
hydraulic pump (motor), so there is:

_ _ Y
4y =14, =54, 6)

where:

qb , pilot valve flow;

n, rev of DC motor;

qp , pump (motor) flow.

According to Bernoulli’s equation in fluid mechanics, the flow
formula for the main valve port is:

2
Gy = C,;MW.-,;-’C\{%(P,I - ps) @)

The formula for the gain of the main valve opening area is:

W, =ad sina 1-Xsin2a
2d

The main spool displacement equation is:

o qs ’ 14 _5.
Cchr Py P ' (8)

The total flow of the entire hydraulic valve is the sum of the flow

. dA, of the main valve port and the flow of the pilot valve, so there is
AM =C,Ai=J——+BAw, ®) the following formula:
where: q=dqy t+4q, O]
M, motor torque;
Cy, rotational coefficient;
J, moment of inertia of motor and load;
B, viscous damping coefficient on the motor.
E ™
(0
] ump(motor’
i ——
L]
on o
B S — ) 1% )_ i
;g ‘ DC motor [ ==
=l
—
\ hydraulic oil
vibrating hydraulic Ty e 8
motor
i 2
& o
hydraulic oil main valve .g
J

Figure 4. Actively controlled pilot-operated electro-hydraulic proportional flow valve.
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Substitute Egs. (7) and (8) into Eq. (9) to get:

Up, =Py
o

(10)

= ]% =Col,x,
where:

qm, main valve port flow;
Cam, main valve flow coefficient;

qp, pump (motor) flow;

W, main valve opening area gain;

x, displacement of the main spool;

p, density of hydraulic oil;

P4, inlet pressure;

B, outlet pressure;

dm, diameter of the main valve port;

a, valve opening angle;

d, diameter of the main valve spool;

Clc, flow coefficient of feedback throttling slot;

W., gain of the opening area of feedback throttling slot;

xi, the pre-opening amount of feedback throttle slot.

Since the vibration frequency of the vibrating hydraulic motor
is constant within a certain range, the required working flow of the
oil is constant within a certain range. According to Tsutsumi et al.
(2007), the flow equations for the pilot and main valves can be lin-
earised around this operating point as:

{}' [r
Ag, =
Iy Py

Aw, =k Aw, (12)

where:
kw , flow-angular velocity coefficient of the pilot valve;

k,=1+2W, [W, , flow coefficient of the pilot valve;

kqr, flow gain of the main valve;
km, flow-pressure coefficient of the main valve.

iii) Derivation of state space equation of valve-controlled
vibration hydraulic motor system:

A total of 5 variables, which are current increment Ai, motor
angular velocity increment Awo, hydraulic motor angular displace-
ment increment A6y, hydraulic motor shaft angular velocity incre-
ment dA6y/dt, and hydraulic motor inlet pressure pn, are selected
as state variables in the above system. In addition, choose voltage
increment AUy, load torque increment A7, and pre-opening incre-
ment of feedback throttle slot Ax; as input variables. The following
state space equations are derived by simplifying the above Egs.
(2)-(5), (11), and (12).

, @
X, =—IJ&'I —sz +Eh‘|
. C, B
X, = R e
J J
1% =%
x — E X, — c‘i V-‘&x _ Lu
4 3 3 J‘, 4 2-75)(, 5 J’ 2 0
2 k.\'& ku"’:‘m V.tm h‘m (km - K('m )!fm k‘?"\h’" ( )
Xeym———X, =————X, + 5= Hy
Vm Vm Vm Vm
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where:
The input variable matrix is:

u=[u, u, ul]r=[AUf AT Ax,.]‘

The state variable matrix is:

x=[x| Xy X % x5]1'=[Af Aw, A# 458 Ap,

The output equation of the system is:
P Lx
27"

The above state equation and output equation can be written
in matrix form:

X=Ax+ Bu
y=0Cx
where:
B & g 0 0
L L
& B 0 0
J J
4= 0 0 0 1 0
0 g 2 =& Vom
E4 J, 27,
0 "xbkw‘{.“m V.umbur (km = Krm }Lm
VN\I Vm I(,M
3, 0 0
L
0 0 0
p=|0 0 0
0 - 1 0
J,
0 kiE,
l”M'
s 1 ]
C=|0 0 0 — 0
2

Design of control system
Design of PID controller

The control law of incremental digital PID is as follows:
Au(k)=u(k)-u(k-1)
= K, [e(k) - e(k 1))+ K e(k) + K ,[e(k) - 2e(k =1) + e(k - 2)]

In the formula: u(k) and u(k—1) are the kth and &—1th output
values of the controller; Kj is the proportional coefficient; K is the
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integral coefficient; Kp is the differential coefficient; e(k), e(k—1),
and e(k—2) are the kth, &—1th, and &—2th input error values.

It is difficult to achieve the optimal control effect when the
control system of the vibration hydraulic motor adopts a PID con-
troller to adjust the three parameters of proportional, integral, and
differential. Therefore, the fuzzy neural network is used to adjust
these three parameters in PID adaptively. The input and output
function relationship of the fuzzy neural network is shown in the
following formula (13), and the control flow chart of the fuzzy
neural network PID controller is presented in Figure 5.

K.P =J{;{eaé)
K, = fi(e,é) (13)
K, = fi(e,e)

Design of fuzzy neural network

According to the above, this paper needs to design a fuzzy neu-
ral network to adjust the three parameters of the PID system, and
the FWNN can realise the refined control of the frequency, so this
paper chooses the FWNN as the fuzzy neural network for the PID
control. The FWNN designed in this paper is divided into 6 layers:
the input layer, fuzzification layer, fuzzy inference layer, wavelet
layer, wavelet product layer, and output layer. Its structure is listed
in Figure 6.

Input layer. The input layer uses two neuron nodes, represent-
ing the control system’s deviation e and the deviation change rate
de/dt. Its input activation function is fi(x;)=x;.

Fuzzification layer. The role of this layer is to fuzzify the two
inputs. The fuzzy subset of deviation e and deviation change rate
de/dt is set as {NB, NM, NS, ZO, PS, PM, PB}, namely {negative
big, negative medium, negative small, zero, positive small, posi-
tive medium, positive big}, a total of 7 neuron nodes. The designed
fuzzy neural network PID controller adopts incremental PID con-
trol. The fuzzy neural network is used to locally fine-tune the three
parameters of K), Kj, and Kg to determine the basic range of PID
controller parameters. Therefore, the range of the fuzzy set can be
set to be very small. In this paper, the value range of the fuzzy set
is set to [-6, 6] according to Xu et al. (2022). Its input can be
expressed as:

rr}' =X; + Hajrr-]a:j (9)

where:

n, number of iterations;

aij, the weight of recursive feedback connection;
tijn-1 , Gaussian membership function.

The output signal of the second layer is:

£, )= exp(—(’—‘[;—j*;—]

In the formula: i=1,2; j=1,2,...,n; cjj and b; represent the centre
value and width value of the membership function, respectively.

i) Fuzzy inference layer: The main function of this layer is to
perform fuzzy reasoning according to the set fuzzy rule table to
determine the changing trend of PID parameters. In addition, this
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layer completes the matching of fuzzy rules through the connec-
tion with the fuzzification layer and performs fuzzy operations
between nodes. The calculation formula used in this layer is:

N
£ =] [ A6
j_
where:
N = lill n, , sum of neurons.

ii) Wavelet layer: The primary purpose of the wavelet layer is
to perform frequency segmentation on the third layer. Therefore,
each input signal f3(j) from layer 3 is passed through the activation
function of the wavelet node. The activation function is:

.f;(j}=[1_||f=(fj}"f||‘] [ A0S ]

2d}

where:

dj, scaling parameters of wavelet nodes;

¢, translation parameters for wavelet nodes;

wj, the weight of the jth node of the neural network.

iii) Wavelet product layer: This layer is similar to the third layer
of fuzzy inference, which completes matching fuzzy rules through
the connection with the wavelet layer and performs fuzzy opera-
tions between nodes. The main purpose of designing this layer is to
perform fuzzy reasoning on the results after waveletization to deter-
mine a more precise adjustment range of PID parameters.

de/df——Fuzzy Neural
Networks

K, lK,. Ka

——[ PID l:ommller l——[ flow valve }——hydmuhc motud—{-

U

faadhacl

L

Figure 5. Control flow chart of the fuzzy neural network PID controller.

Figure 6. Structure of the fuzzy wavelet neural network.
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The calculation formula used in this layer is:
- N .
fﬁ(}) = H(f4(]))
o
where:
N= ]'—l[nr. , sum of neurons.

iv) Output layer: The role of this layer is to output the three
control parameters of the PID controller. Its calculation formula is:

fuD=we fi= zw(s',f) * £.(J)

which is:

K, = Sw(l, j)* £,0)
KF =zw(2aj)'fs(f}

K, = Swi.)e £()

g=

where:

Among them, w is the connection weight matrix between the
fuzzy inference and output layers.

The gradient descent method is used to adjust the neural net-
work parameters to determine the network weights. The perfor-
mance indicators of the neural network are selected as follows:

£ =2 fe]

Review

The update equations of the fourth layer wavelet scaling d; and
translation parameters ¢ are:

d,(k)=d, (k-1)+Ad, (k) +ald,(k-1)-d, (k-2)]

(k) =1,(k=1)+ At (k) + et (k-1)-1,(k-2)]

The weight update equation of the output layer of the sixth
layer is:

w(k) = w(k =1) + Aw(k) + e[ w(k - 1) - w(k - 2)]

Aa(k) = —qﬁ
dw

where:
7, learning rate;
o, momentum factor.

Field test and simulation analysis

Analysis of the result of the simulation of the
control system with MATLAB/Simulink

A simulation experiment was carried out in
MATLAB/Simulink to verify the effect of the FWNN PID con-
troller designed in this paper to provide a theoretical basis for the
design of the picker control system. The built FWNN PID con-
troller simulation module is shown in Figure 7.

AT

System

@ o
i 1
B :::::_‘@

AXi

Figure 7. Fuzzy wavelet neural network PID controller designed in Simulink.
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The simulation running environment was MATLAB R2018a
with Windows 10 64-bit operating system, while the computer
CPU was Intel Core i5-9400F, whose main frequency was 2.9
GHz, and the memory was 16GB. The parameters used in the sim-
ulation are shown in additional documents.

In the simulation experiment, the step signal was selected as
the simulation input, and the simulation time was set to 10 s. The
general PID controller, fuzzy PID controller, and a fuzzy RBF neu-
ral network PID controller (FRBFNN PID controller) were used in
the simulation to compare to verify the effect of the control strate-
gy selected in this paper.

Simulation condition 1: no-load condition

In the case of no-load, this paper set the step signal input of
12V at 0s. As a result, the step response curve obtained by the sim-
ulation is obtained as shown in Figure 8.

It can be seen from Figure 8 that the general PID controller did
not have the self-tuning capability. When taking the allowable
error /A=2%, it took 4.82 s to reach a steady state, and the maxi-
mum overshoot was 17.28%. The FPID controller had a specific
self-tuning capability, it spent 3.74 s reaching a steady state, and
the maximum overshoot was 9.23%. The FRBFNN PID controller
had a better self-tuning capability. It took 3.18 s to achieve a steady
state, and the maximum overshoot was 4.58%. The entire system
only oscillated slightly. The parameter self-tuning of the FWNN
controller was the best among these four controllers. It spent
2.77 s reaching a steady state, and the maximum overshoot was
2.46%. The system did not oscillate substantially with this kind of
controller. The smaller the system overshoot is, the better the
camellia flower drop rate can be controlled, and the faster the time
response, the higher the picking efficiency. It can be seen from the
analysis of the above results that the fuzzy neural network PID con-
troller has the above advantages, and its time response performance
is good.

Simulation condition 2:5 s load after startup

In this paper, a step input voltage of 12 V was still input to the
four systems at 0 s, and an external load of 45.5 Nm was applied
to the system after 5 s of no-load operation. The simulation results
are presented in Figure 9.

After the 45.5 Nm load was connected, the system instantly
generated a load shock of 53.5 Nm. The system using a general
PID controller succumbed to this effect, causing a frequency fluc-
tuation with a duration of 2.78 s and a frequency drop of 2.46 Hz.
The system using an FPID controller produced a frequency fluctu-
ation of up to 1.15 s and a frequency drop of 1.03 Hz. This impact
brought the system using the FRBFNNPID controller on a fre-
quency fluctuation of up to 0.54 s and a frequency drop of 0.222
Hz, while the system with the FWNNPID controller generated a
frequency fluctuation of 0.48 s and a speed drop of 0.194 Hz under
this impact. It can be seen that the fuzzy neural network PID con-
troller has the characteristics of good load-carrying robustness.

Simulation condition 3: start with load

At 0 s, the control system carried a 45.5 Nm external load
while inputting a 12 V step input voltage to the four systems. The
simulation results are shown in Figure 10.

It can be seen from the simulation results in Figure 10A that
when the vibration was directly started with load at 0 s, the con-
trolled valve-controlled vibration hydraulic motor system with PID
controller could not be able to start immediately but could respond
to drive the camellia tree to vibrate after 1.73 s. The system using
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the FPID controller would not start immediately, but only after
1.01 s would respond to drive the tree to vibrate. The system con-
trolled by the FRBFNN PID controller could quickly respond to
generate the vibration after 0.62 s. The system controlled by the
FWNN PID controller responded after 0.45 s by vibrating the tree.

It can be seen by comparing the simulation results in Figure
10A-C that in the case of starting with load, the error value of the
system controlled by the FWNN PID controller reaches the maxi-
mum at 0.26 s, and the frequency drop value of the vibration
hydraulic motor reaches the maximum at this time. At this time, the
fuzzy neural network quickly adjusts and changes the values of K,
Ki, and Ky, thereby rapidly increasing the PWM duty cycle of the
DC motor drive to change the output flow of the electro-hydraulic
proportional flow valve and adjust the rotational speed of the
vibrating hydraulic motor, so that the error value of the system
decreases rapidly. At 1.84 s, the fuzzy neural network changes the
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Figure 8. Simulation of no-load condition. FRBFNN PID con-
troller, fuzzy RBF neural network PID controller; FWNN PID con-
troller, fuzzy wavelet neural network PID controller.
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Figure 9. Simulation of load condition after 5 s. FRBFNN PID
controller, fuzzy RBF neural network PID controller; FWNN PID
controller, fuzzy wavelet neural network PID controller
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values of Kj, K, and Ky to slightly reduce the PWM duty cycle of
the DC motor to reduce the opening of the valve, thereby reducing
the growth rate of the rotational speed of the vibrating hydraulic
motor and decrease the error rate of the system. At 2.78 s, the over-
shoot of the system reaches the maximum value. The fuzzy neural
network adjusts the parameter Ky, K, and Ky to reduce the PWM
duty cycle of the DC motor. At this time, the valve port of the pilot
valve of the electro-hydraulic proportional flow valve is close to
closing, and the main valve’s flow decreases, reducing the rota-
tional speed of the hydraulic motor. The error value of the whole
system gradually changes from a negative value to a positive
value. At 3.29 s, the system is basically in a stable state, and the
error value of the system is, on the whole, stable within the allow-
able range. At this time, the driver of the DC motor stabilises the
output voltage. The controller no longer changes the duty cycle of
the PWM. The FRBFNN PID controller has a slower response
speed, longer adjustment time, and a larger rotational speed differ-
ence of the vibration hydraulic motor than the FWNN PID con-
troller. The delay time of on-load start-up of the system using the
FWNN PID controller is almost negligible considering the actual
outdoor working conditions in woodland. The camellia fruit pick-
ing machine requires to complete the picking of a tree within two

——PID
16 4 —FPID
—— FRBFNNPID
— FWNNPID
o
=
7 8 9 10 N
A
14 5
12 -
104
84
-
44
24
2 o]
< 5
44
54
8
=104
=124 ] SR =
-14 T T T T T T T T T —
0 1 2 3 4 3 7 8 9 10 1
s
C

Review

minutes. The system adjustment time in 3.29 s is almost negligible
in comparison, and the shorter oscillation time and overshoot are
also beneficial to ensure that the drop rate of camellia flowers is
controlled within a certain range.

A white noise signal with intensity from —3 Hz to 3 Hz was
applied to the end of the control system’s output to simulate the
influence of external disturbances on the control system under the
above simulation condition. The simulation result is shown in Figure
10D. It can be seen from the above simulation results that when the
FWNNPID controller is subjected to the same degree of external
disturbance, its fluctuation amplitude is smaller than that of the
FRBFNNPID controller, and its vibration frequency can basically
keep floating around 12 Hz, of which upper and lower frequency
fluctuation does not exceed +£0.5 Hz. This means that the fuzzy neu-
ral network PID control system can ensure that the vibration fre-
quency of the system is controlled within a specific range when sub-
jected to external disturbances, thereby avoiding the fall of camellia
flowers. Therefore, the fuzzy neural network PID controller can
directly meet the requirements of immediately starting vibration
picking after clamping the camellia tree, greatly improving the pick-
ing efficiency. At the same time, its time response characteristics and
robustness are better compared with PID and FPID controllers.
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Figure 10. A-D) Simulation of start with load condition. FRBFNN PID controller, fuzzy RBF neural network PID controller; FWNN PID

controller, fuzzy wavelet neural network PID controller.
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Analysis of the result of the field test

The above simulation results theoretically prove that the fuzzy
neural network PID controller has a better control effect than
other controllers. Therefore, the camellia fruit picking manipula-
tor controller shown in Figure 1 was designed according to the
above control principle. A field test was carried out to verify
whether the designed controller is adaptable to camellia picking.
Our research team conducted a camellia fruit field test on October
18, 2021, at the experimental base of Xuefengshan Camellia
Society in Wangcheng District, Changsha City, Hunan Province.
The test time was 9:30 a.m., the weather was cloudy, the temper-
ature was 15°C, and the air humidity was 86%. The designed test
prototype is shown in Figure 11. The prototype adopted the PID
controller, fuzzy RBF neural network PID controller, and the
fuzzy wavelet neural network PID controller, to carry out the
picking test. The picking effect is shown in Figure 11.

The control system of the prototype consists of a single-board
computer, a driver, motion controllers, and sensors. The upper

w

computer adopts the single-board computer EasyDL-JetsonNano,
mainly used for receiving sensor signals, image processing, and
motion position calculation, while the lower computer adopts the
single-chip STM32F405RGT6 as the controller of the actuator. A
KSI84 Ax vibration sensor is installed at the end of the shaft end
of the manipulator’s vibrating hydraulic motor to measure the
vibrating hydraulic motor’s output amplitude and frequency.

The prototype of the camellia fruit picking machine first deter-
mined a camellia tree to be picked through its vision system
(monocular camera with FUJINON HF16SA-1 and binocular
CMOS camera) and transmitted the data of the tree to the Jetson
Nano. The Jetson Nano automatically planned the picking manip-
ulator movement trajectory according to the transmitted data and
calculated the joint angles driven by the hydraulic cylinders and
hydraulic motors required for each movement. Then it transmitted
the signal to the lower computer to drive the picking manipulator
to move and hold the target camellia tree. After the sensor trans-
mitted the clamping signal for 5 s, the lower computer controlled

Figure 11. A-C) Field picking test.
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Table 1. Picking test results of PID controller.

Controller Average picking time (s)  Average rate of dropping flowers (%) Average rate of dropping fruits (%)
PID controller 124.8 10.0 83.9
FRBFNN PID controller 97.9 6.8 90.9
FWNN PID controller 92.1 4.8 92.3

FRBFNN PID controller, fuzzy RBF neural network PID controller; FWNN PID controller, fuzzy wavelet neural network PID controller.

the input voltage of the DC motor to control the opening of the
active pilot electro-hydraulic proportional flow valve in order to
realize the control of the frequency of the vibrating hydraulic
motor. After picking, the gripper of the picking actuator opened to
a given angle, and the picking manipulator moved back to the set
initial coordinate position.

The results of the picking test using the PID controller, fuzzy
RBF neural network PID controller, and fuzzy wavelet neural net-
work PID controller are shown in Table 1.

Within the first 5 s after the start of vibration picking, the
leaves and camellia flowers on the camellia trees fell off the bench,
visible by eyes under the prototype controlled by the FRBFNN
PID controller. After the first 5 s, the camellia fruit basically fell
stably from the camellia trees, and the camellia flowers did not fall,
visible to eyes. However, in the first 5 s after picking, the leaves on
the camellia trees picked by the prototype controlled by the FWNN
PID controller fell off the bench visible to eyes, while the camellia
flowers did not fall from the trees significantly, at least from what
it was visible to the naked eye. After 5 s, camellia fruit basically
fell stably from the camellia tree.

It can be seen from the above test results that adjusting the
excitation frequency of the picker to 12 Hz can maintain a low
flower drop rate and a relatively high fruit drop rate. The machine
with the fuzzy neural network PID controller can significantly
shorten the picking time, reduce the falling rate of camellia flow-
ers, and improve the picking efficiency compared with the PID
controller. The average working time of the picking machine con-
trolled by the FRBFNN PID controller is longer than that con-
trolled by the FWNN PID controller. Using FWNN PID controller
can significantly reduce the drop rate of camellia flowers with a
high picking efficiency of fruits. The above experimental results
show that the FWNN PID controller can further meet the needs of
the picking operation of camellia fruits.

Conclusions

In order to solve the problem that the camellia fruit picking
machine needs to ensure that the vibration frequency is controlled
within a specific range, this paper deduced the state space equation
of the valve-controlled hydraulic system of the vibration part of the
machine. On this basis, an FWNN PID controller was designed,
and the simulation verification and experimental verification anal-
ysis were carried out under no-load, 5 s loaded, and start-up load-
ed. The simulation results show that the FWNN PID controller
method has a faster response and better robustness than the general
PID controller, fuzzy PID controller, and FRBFNN PID controller
in the constant speed control of the vibrating hydraulic motor.
Moreover, the field test results show that the FWNN PID controller
can effectively control the falling rate to a lower value while ensur-
ing the picking efficiency and can better meet the control require-
ments of the vibration frequency of the vibrating hydraulic motor.
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