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Abstract: Taking an intelligent trimming device hydraulic manipulator as the research object, aiming
at the uncertainty, nonlinearity and complexity of its system, a trajectory tracking control scheme is
studied in this paper. In light of the virtual work principle, a coupling dynamic model of the hydraulic
system and manipulator system is established. In order to improve the anti-interference and adaptive
abilities of the manipulator system, a compound control strategy combining the adaptive neuro-fuzzy
inference system (ANFIS) and proportional integral derivative (PID) controller is proposed. The
neural adaptive learning algorithm is utilized to train the given input and output data to adjust
the membership functions of the fuzzy inference system, then the PID parameters can be adjusted
adaptively to accomplish trajectory tracking. Based on MATLAB/Simulink, the simulation model is
established. In addition, to prove the effectiveness of the ANFIS-based PID controller (ANFIS-PID),
its performance is compared with PID and fuzzy PID (FPID) controllers. The simulation results
indicate that the ANFIS-PID controller is superior to the other controllers in control effect and control
precision, and provides a more accurate and effective method for the control of agriculture.
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1. Introduction

In recent decades, with the rapid development of agriculture, more and more pieces of
intelligent agricultural equipment has appeared. Among them, manipulators used for fruit
picking and hedge trimming have become a hot research topic nowadays; they reduce labor
costs and improve production accuracy and efficiency. The prerequisite for a manipulator
to complete a task is that it can track the target trajectory more accurately. This paper takes
trimming hedges as the task, designs an automatic manipulator and studies its trajectory
tracking control method. At present, the driving modes of manipulators mainly include
motor drive and hydraulic drive. Hydraulic drive is widely used in the industrial field
because of its small size, large driving force, etc. However, due to the leakage of liquid and
the existence of friction force, the system is highly nonlinear and extremely uncertain. In
addition, when the manipulator performs tasks, there are also great uncertainties, such as
the inaccuracy of sensors and the unpredictability of environment characteristics, etc. These
make it difficult to establish an accurate mathematical model and bring huge challenges
to its control; therefore, a reasonable control method is particularly important. Jaemin
Baek et al. [1,2] proposed an adaptive sliding mode control system to solve the problem of
external parameter uncertainty in the manipulator. Cheng et al. [3,4] evaluated the stability
of the control system by using the Lyapunov theory, and proposed a nonlinear tracking
control method based on the Lyapunov function. Cui [5] established the dynamic model of
hydraulic robot and adopted a fuzzy algorithm for control. Zeng et al. [6] designed a genetic
algorithm based on matrix coding on the basis of fuzzy control to optimize fuzzy variables
and improve the performance of the fuzzy controller. The PID controller has a simple
algorithm, high reliability, fast response and low cost, so it is widely used in industrial
control. However, for complex nonlinear and uncertain systems, its control precision is low.
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Usually, it is combined with other control methods. As a model of intelligent control, the
fuzzy logic controller has a nonlinear linguistic mapping between the input and output
and does not need an accurate mathematical model [7]. Therefore, many scholars combine
PID control with fuzzy intelligent control. Krishna et al. [8-11] put forward a FPID control
strategy to control the manipulator and compared its performance with the conventional
PID controller. The results proved that the FPID controller had higher control precision.
This method, which uses the fuzzy logic algorithm to adjust the PID parameters, improves
the precision of the system to a certain extent. However, the fuzzy controller relies too
much on expert experience and lacks anti-interference ability. Once the fuzzy controller is
determined, the fuzzy rules are also determined accordingly, so it is easy to fall into the
local optimum, which reduces the adaptive ability [12].

An artificial neural network is a mathematical model that imitates the structure and
function of a biological neural network. It can change the internal structure on the basis of
external information and has strong adaptive and learning capabilities. Kumar et al. [13-17]
applied the artificial neural network to the manipulator to solve the uncertainty and strong
interference of the system and obtain a better control effect. However, as the artificial
neural network is similar to a black box and lacks transparency; it cannot well express the
inference function of the human brain. The fuzzy system has strong inference ability but
lacks self-adaptive ability. Therefore, the ANFIS method was proposed by Jang [18], which
consists of a complete collaboration between the activities of a fuzzy system, developed by
Takagi-Sugeno, and a neural system. By using a hybrid learning procedure, the proposed
ANFIS can construct an input-output mapping based on both human knowledge (in the
form of fuzzy if-then rules) and stipulated input-output data pairs. The ANFIS method has
a wide range of applications. Abderrahim et.al applied an ANFIS controller to two 3-DOF
manipulators to achieve cooperative control of handling a common object [19]. Lazreg M
et.al combined the ANFIS method and PSO to optimize the navigation performance of
mobile robots [20].

Therefore, this paper integrates the self-learning ability of the neural network and the
linguistic inference ability of the fuzzy system to adjust the parameters of a PID controller,
and an ANFIS-PID controller is formed to carry on the trajectory tracking control of the
manipulator.

2. Materials and Methods
2.1. The Mechanical Structure of the Manipulator

In this paper, the purpose of designing the trimming manipulator is to accomplish
the trimming of the top and sides of hedges within the range of 1-2 m in height and
0.8 m in width. In order to meet the trimming requirements and make it easy to control, a
four-degrees-of-freedom manipulator is designed, as shown in Figure 1. The manipulator
is composed of four links and an end-effector, which is a trimming tool mounted vertically
with the last link. The joints of the manipulator are all rotary joints. The first joint is driven
by a hydraulic motor which can rotate 360° to trim any plane in the space. The other joints
are all driven by hydraulic cylinders which can be pitched in a certain range.
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Figure 1. Manipulator trimming model.
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The manipulator is installed on a boss 300 mm from the ground at the front of the
tractor, and the driver moves forward at a certain speed to trim the hedges. According
to the distance between the inner wheel and the hedge, the wheelbase of the tractor, the
installation height and the trimming range, etc., the limit position analysis in AutoCAD is
carried out, and the link lengths are 300 mm, 1190 mm, 1037 mm, 330 mm, respectively.

2.2. Hydraulic Drive System of the Manipulator

Considering the problems of simple structure, fast response, low cost, etc., this article
adopts valve-controlled hydraulic drive. The system flow is controlled by a servo valve,
and the oil is supplied through a hydraulic power source; the system mainly includes
hydraulic pumps, electro-hydraulic servo valves, a hydraulic motor, hydraulic cylinders,
etc. The hydraulic motor drives the first joint for rotation, and the hydraulic cylinders
respectively drive the other joints for pitching. The oil circuit of the hydraulic system is
shown in Figure 2.

Link 1
Hydraulic motor

Electro-hydraulic
servo valve

S
O
Hydraulic lock

le)

Electric motor |

Figure 2. Scheme of hydraulic drive system.

Taking hydraulic cylinder drive as an example, the control scheme of the system is
as follows: the controller controls the spool opening and displacement direction of the
electro-hydraulic servo valve through the voltage signal to regulate the output flow and
pressure to control the extension or retraction of the piston rod of the hydraulic cylinder.
The output force of the hydraulic cylinder is used to provide the torque needed to drive
the joint. Finally, the joint angle can be controlled. Angle position sensors are installed
at the joints to feedback the joint angle signals to the controllers. The control diagram of
hydraulic manipulator system is shown in Figure 3.

Angle signal feedback

—»{ Controller

Figure 3. Control diagram of hydraulic manipulator system.
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3. Kinematic Analysis of the Manipulator
3.1. Kinematic Analysis

Kinematics analysis mainly studies the relationship between the joint variables and
the pose of the end-effector in space, including forward kinematics inverse kinematics.

Forward kinematics determine the pose of the end-effector based on the given joint
variables. In this paper, the D-H method is adopted to establish the link coordinate systems,
as shown in Figure 4, where, 6; is the joint angle and O;X;Y;Z; is the coordinate system of
each link. The homogeneous transformation matrix is defined [21]:

i—1 i—1
i—1 _ R; Pi
Ti [ 0 1 (1)

where, Rj_l and Pi"_l represent the orientation and position of {i — 1}th frame with respect
to the {i}th frame.

Figure 4. Setting of the manipulator coordinate system.

By multiplying the matrix from the base frame to the end frame, the pose of the end
effector is obtained, that is, the forward kinematics equation:

Ny 0x ay Px| [c1023a —C1823a 81 Lacicazsa + Lacicos + Lacicr

TO _ 7Opi723 — |My Oy Ay Py||S16234 —S163a —C1 Lasicoss + Lasioas + Losico @
4 1727374 nz 0z Az pz| | S234 234 0 LySo3q + L3soz + Lasy + Ly
0 0 0 =z 0 0 0 1

In Equation (2), c; = cost,s1 = sinby; cpzq = cos(0y + 03 + 64), 5234 = sin(6 + 03 + 04).

The main purpose of inverse kinematics is to solve the joint variables according to the
given pose of the end-effector. In this paper, the algebraic method is utilized to solve the
joint variables as:

tan~! (py/ px)

04 >

93 o tan’l \/4L22L32 - (M2 + N2 — L22 - L32> /(]VI2 + N2 - L22 — L32)> (3)
6|

0, tanfl((L3C3M + LyM — L3ssN)/(LzcsN + LyN + L3ssM))

tan~1(P/Q)

In Equation (3), M = p; — Ly — Lyn;, N = pxc1 + pys1 — Lynyc; — Lynysy, P =
—C1823Px — $1823Py + C23Pz + Lass + Lic23, Q = c1c23px + S1023py + Pz — L — Lacs — L1823.

3.2. Trajectory Planning

Before the manipulator performs the hedge trimming task, it is necessary to plan the
trajectory of each joint to facilitate subsequent control. According to the given initial joint
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angle and target angle, the quintic polynomial interpolation function is adopted to obtain
the joint trajectory. The general form is as follows:

Q(t) = ag + ayt + apt? + azt® + agt* + ast® 4)

In order to make the manipulator move more smoothly, the constraints are set as:

0(0) = 6,0(ts) = 65
0(0) =0,0(tf) =0 (5)

(
0(0) =0,0(t7) =0

where t ¥ is the termination time, 6, 0 ¢ are the initial and target joint angles, and 0 and 6
are the joint velocity and acceleration, respectively.

The joint angle corresponding to the target position of the manipulator can be obtained
using an inverse kinematics algorithm according to the target pose. The trajectory planning
is divided into two working conditions: trimming the top and trimming the side. We can
assume that the position coordinates of the target points are (1050, —300, 1700) and (1050,
480, 500) respectively. Substitute Equation (5) for Equation (4) to obtain the trajectory of
each joint as follows.

Trimming the top:

g1()]  [—0.000017 0.00042 ~0.0028 0 0 0

)| | —0000048| 5 |0.0012| 4, |—00081| 5 |0] » . |0 2.1

(| = |—0000079 | | —0002|* T | 0013 |* T o|* T |o|*T |21 ©)
n(H] | —0.000062 0.0016 —0.01 0 0 “11

Trimming the side:

01 0.000026 ~0.00064 0.0043 0 0 0

()| [-0000057| 5 | 00012 | 4 |-00095| 5 [o] » . |0 2.1

(0| = |=0.000013|* T [0.000032 | ¥ T | —0.0021|F T ot |o|* T |21 @
(1) 0.000013 ~0.0033 0.022 0 0 ~11

4. Hydraulic Manipulator System Modeling and Controller Design
4.1. Mathematical Model of the Manipulator System

The simplified model of the 4-DOF manipulator is shown in Figure 5, where, L1, Ly,
L3, L4, 61, 65, 03, 04 are the link lengths and joint angles and L1y, Lp, L13, Ly3, L14, Los
are installation distances (from the installation position to the corresponding joint) of the
hydraulic cylinders. We assume that the masses of the links are concentrated at the end;
they are my, my, ms, my respectively.

Figure 5. Simplified model of the manipulator.
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According to Lagrange principle [22], the dynamic equation of the 4-DOF manipulator
is as follows: ) N '
M(9)9+C(9,9)9+G(9) +P(9,9) t=1 ®)

where, 6,6,0 € Ry respectively denote the position, velocity and acceleration of the joint,
M(6) € Ryxa is the inertial array of the manipulator, C (9, 0) € Ry is the centrifugal and
Coriolis matrix and G(6) € Ry is the gravity matrix. F € R4 denotes the multiple friction

forces, T; € Ry is the external disturbance and T = [11, 7o, T3, T4] denotes the torque of
each link.

4.2. Mathematical Model of the Hydraulic System

The mathematical model of the hydraulic system mainly includes the fluid flow of the
valve, the input and output flow of the cylinder (motor) and the piston dynamics [23]. The
valve-controlled hydraulic cylinder model is shown in Figure 6; the derivation process of
the kinematics equation is as follows.

y
Cip(pl'pl) -

L 14/-\ Li ——— FBc
7ﬁ _ FL
e " [

v | F

| |
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Figure 6. Valve-controlled hydraulic cylinder model.

The linearized flow equation of the valve is:
QL= kqxv —kcPp )

where x, = ky 1, x, is the displacement of the servo valve spool, k; is the valve gain, u is
the input voltage, Py is the load pressure, k; is the flow gain of the servo valve and k. is the
valve flow-pressure gain.

Ignoring the external leakage, the flow continuity is:

Vi dPp,

_ 4y
QL=A +Ci,P + Boa (10)

dt
where A denotes the effective working area of the piston, C;, denotes the leakage coefficient
in the cylinder, V; represents the working volume of the cylinder and f, is the effective bulk
modulus. y represents the displacement of the piston, and the nonlinear transformation
between it and the joint angle can be obtained from Figure 5:

yi= \/L1i2 + Lpi2 —2L4;Ly; cos(7r — 6;) (11)
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When the spool of the servo valve begins to move, a pressure difference between the
two chambers of the cylinder will be generated, causing the piston position to change. The
force generated on the cylinder is obtained using Newton’s second law [24]:

dy | . dy
F:PLA:mﬁ+BCE+FL+Ff (12)
where m is the mass of the piston, B, is the viscous damping coefficient, F; is the load force
and F ¥ is the friction force, which is composed of static friction, Coulomb friction, viscous
friction and Strobeck effect [25].

4.3. Dynamic Coupling Equation of the Hydraulic Manipulator System

The relationship between cylinder thrust F and joint torque T can be obtained by the
principle of virtual work [26]:
71de = Fldy (13)

where df and dy denote the incremental changes in the joint angle and cylinder displace-
ment, respectively. Therefore, we can obtain:

T=JT(0)F (14)

where J(6) represents the Jacobian matrix between the manipulator and the hydraulic
system. It is defined as:
dy
=7 1
j0) = % (15)
Combining Equations (9)-(14), we can obtain the relationship between the control
voltage u of the hydraulic system and the driving torque T of the manipulator joint:

ABe(ke +Cip) ] 4,JTA2N . (4BeJT Akgk,
+< 7 _IT>'T+< 7 >'x_ vi )" (16)

Therefore, the coupling dynamic equation of the hydraulic manipulator is:

M(e)é+C(9,é)é+G(9) +F(é) ty=1

: 4B, (ke+C; ' 48,JT A2\ . 4B,]T Akoky (17)
T+(W_]IT)'T+('B\]4 ).x:</3]th ),u

4.4. Design of ANFIS Self-Tuning PID Controller
4.4.1. Fuzzy PID Controller

The hydraulic manipulator system studied in this paper is relatively complex, with
high nonlinearity and uncertainty, it is hard to establish a mathematical model accurately,
so that the conventional PID control cannot achieve the ideal control effect. Therefore,
the fuzzy logic algorithm with nonlinear linguistic mapping, fuzzy inference and strong
robustness is combined with the PID controller to adjust PID parameters.

As demonstrated in Figure 7, the FPID controller has two inputs: error e(t) (between
the desired joint angle and the actual joint angle) and error change rate ec(t). Both the
input signals are transformed into fuzzy values E and EC in the fuzzy universe. Then, the
increments of the PID parameters, AK},, AKj, AK; can be obtained through fuzzy inference.
The increments here are fuzzy variables, which need to be clarified and finally added to the
initial values of PID parameters.

In this paper, the fuzzy subsets of E, EC, AK,, AK}, AK; are {NL,NM, NS, ZE, PS,
PM, PL}, which represent negative large, negative medium, negative small, zero, positive
small, positive middle and positive large, respectively. According to the design require-
ments, the domain scopes of E, EC, AK,, AK}, AK; are [-6 6], [-3 3], [-3 3], [-0.03 0.03],
[—0.6 0.6], respectively. The membership functions of all parameters are set in gaussian
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function, and the fuzzy control rule table can be obtained according to the tuning principles
of PID parameters and expert experience.

Rule base Fuzzy inference

Fuzzification H Fuzzy decision H Defuzzification

Okp g Ak, & Bk}

S il PID u() hydraulic 6(t)
: t e(t a
Desired i controller manipulator system
trajectory =

Angle sensor [+

Figure 7. Structure of fuzzy PID controller.

4.4.2. Design of ANFIS-PID Controller

The membership function in FPID control is strongly dependent on expert knowledge
and experience; it lacks self-learning and adaptive abilities. Therefore, this paper introduces
the learning ability of neural network into the fuzzy inference system, uses ANFIS to
adaptively learn, adjusts the membership function and finally adjusts PID parameters to
form an ANFIS self-tuning PID controller.

ANFIS is a fuzzy inference system based on the Takagi-Sugeno model. It implements
three basic processes of fuzzy controller: fuzzification, fuzzy inference and defuzzification
using a neural network. It adjusts membership functions and generates fuzzy rules auto-
matically by training input and output data [27]. For a Sugeno-type fuzzy inference system
with two inputs and one output, if-then rules can be expressed as follows:

If x1 is Ay and xp is By, then fx = prx1 + qix2 + 1%

Where, x1, xp are input variables, Ay, By are the fuzzy linguistic sets corresponding to
the inputs for the k — th rule and f; is the output of the k — th rule.

The ANFIS designed in this paper calculates continuously changing PID parameters
according to the error e and error change rate etc. Its network structure consists of five
layers, as shown in Figure 8. Each layer is explained below.

Layer 1 Layer 2 Layer 3 Layer 4 Layer §

A

NV

)

A
9

Figure 8. Structure of ANFIS with two inputs, one output.

Layer 1: In the first layer, each node j is an adaptive node with a node function:

{ ()]1 = ij(xl)j: 1,2,---7

O} =, ,(x2) | = 8,9, 14 19

where x1, x are the inputs to node ;j; A]-, Bj are the linguistic labels for inputs, with
the number set to 7, respectively, and O} is the output of the j — th node, that is, the
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membership grade of fuzzy set A (say Aj, Bj). The membership function selected in this
paper is Gaussian function [28]:

g

(x—¢)°] .
pa,(x) =exp| ————|j=127 (19)
j

where, 0j and ¢; are referred as premise parameters.

Layer 2: In the second layer, 72 = 49 rules are generated, so there are 49 nodes. Each
node is a fixed node, and its output represents the firing strength of a rule which is the
algebraic product of all inputs:

Ok2 = Wy = “LlA],(Xl)]lBj(Xz) ] = 1,2, "',7,k = 1,2, -'-,49 (20)

Layer 3: In the third layer, each node is a fixed node and the firing strength of each
rule is normalized by calculating the corresponding rule’s firing strength to the sum of all
rules’ firing strengths:

Ok3:wk:ZJ79kk:1,2,-~-,49 1)
L — 1@k

Layer 4: In the fourth layer, each node is an adaptive node, calculating the contribution
of the k — th rule to the overall output:

Ot = @ifr = Wi(prx1 + quexz + 1) (22)

where wy is the output of layer 3, py, gi, i are referred to as consequent parameters.
Layer 5: In the fifth layer, the single node is a fixed node that calculates the overall
output for all the inputs.

49
. 9 Lo @il
O =} Z @kfe=—5—— (23)
L — Wk

In this paper, a hybrid learning algorithm that combines the least-squares and back-
propagation algorithms is utilized. The least-squares method is used to train the consequent
parameters, and the error signals of the output layer are iteratively calculated. Then, the
premise parameters are updated according to the error backpropagation algorithm, and
the modifiable parameters are adjusted so that the system can better simulate the given
sample data.

5. Simulation Results and Analysis

In this section, the trajectory tracking performance of the proposed controller is dis-
cussed. The controller is applied to the hydraulic manipulator shown in Figure 1; each
link adopts a separate controller. Taking the working condition of trimming the top as an
example, the trajectory tracking control is studied, and the expected trajectory is obtained
from Equation (6). The simulation is implemented by MATLAB/Simulink (Ver. R2018a) on
a personal computer, and the Simulink model is shown in Figure 9. The sampling time and
simulation time are set at 1 ms and 10 s, respectively.

In order to prove the superiority of the ANFIS-PID controller, its performance is
compared with FPID and PID controllers. Through the simulation experiment, the trajectory
tracking curve of each link controlled by the above three controllers is obtained, as shown
in Figure 10. Figure 11 is the error graph between the actual trajectory and the expected
trajectory. As we can see from the figures, all three control methods can make the system
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reach the final stable state. When controlled by PID controller, the overshoot of the system is
relatively large, which leads to the poor stability of the system. Each link tracks the expected
trajectory atabout 2.1, 2.5, 2.2, 2.0 s, respectively. The tracking speed is slow and the tracking
error is large. Although the FPID controller can reduce the overshoot of the system, its
tracking error is large, and the tracking speed is still not fast enough. Compared with
other controllers, the ANFIS-PID controller has a smaller angular displacement tracking
error and a smaller overshoot, and can quickly track the desired trajectory. In addition,
the system is more stable. Therefore, the ANFIS-PID controller can better accomplish the
angular displacement tracking task of the manipulator.

S —

o it
R
Fp

theta >}
=
hews O |
1
L
S

- 3 thetas
Bu
i3
Hydraulic_manipulator system

Figure 9. Simulation model of the ANFIS-PID control system.
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Figure 10. (a) Trajectory tracking for joint 1; (b) trajectory tracking for joint 2; (c) trajectory tracking
for joint 3; (d) trajectory tracking for joint 4.
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Figure 11. (a) Angular displacement error for joint 1; (b) angular displacement error for joint 2; (c)
angular displacement error for joint 3; (d) angular displacement error for joint 4.

In order to reflect the trajectory tracking effect more clearly and accurately, the trajec-
tory tracking error of Figure 11 is quantified, and the mean absolute error and root mean
square error of the actual trajectory of each joint are calculated separately, as shown in
Table 1. The quantitative analysis shows that the mean absolute errors of the ANFIS-PID
controller proposed in this paper are 0.36%, 0.88%, 0.63% and 0.86% of the PID controller,
and 1.82%, 2.96%, 1.99% and 1.67% of the fuzzy PID controller, respectively. Similarly, the
root mean square error of the ANFIS-PID controller is 0.56%, 0.90%, 0.69% and 1.10% of the
PID controller and 2.81%, 2.99%, 2.16% and 2.11% of the fuzzy PID controller, respectively.
The above analysis also proves that the control method proposed in this paper can obtain
higher control accuracy compared with PID and fuzzy PID methods.

Table 1. Mean absolute error and root mean square error of trajectory tracking for each joint.

Joint i Mean Absolute Error (rad) Root Mean Square Error (rad)
oint i
PID FPID ANFIS-PID PID FPID ANFIS-PID
1 0.082699 0.016138 0.000294 0.096532 0.019189 0.000539
2 0.031882 0.009513 0.000282 0.040795 0.012259 0.000366
3 0.038149 0.012045 0.000240 0.041039 0.013060 0.000282
4 0.027114 0.013934 0.000233 0.029157 0.015178 0.000320

6. Conclusions

In this paper, an ANFIS-PID controller is proposed and applied to a four-degrees-of-
freedom hydraulic manipulator to improve the trajectory tracking accuracy of the manip-
ulator. Firstly, the mechanical structure and the hydraulic drive system of the hydraulic
manipulator are designed; secondly, the forward and inverse kinematics of the manipula-
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tor are analyzed, the trajectory curves are obtained by the fifth polynomial interpolation
function and the connection between the hydraulic system and the manipulator system is
derived according to the principle of virtual work, so as to establish the coupled dynamics
equations of the hydraulic manipulator system. Finally, for the uncertainty and nonlinearity
of the hydraulic manipulator system, the ANFIS-PID controller is designed, the adaptive
regulation of the PID parameters is accomplished using the autonomous learning and
fuzzy reasoning ability of ANFIS and the simulation is analyzed in Matlab/Simulink. In
addition, the PID and fuzzy PID controllers are applied to the manipulator in a simulation
for comparative performance analysis. The simulation results show that the ANFIS-PID
controller has a smaller tracking error, higher control accuracy and better control effect in
trajectory tracking compared with the PID and fuzzy PID controllers; this is in accordance
with expectations.
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