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Abstract: Because the proportional-integral-derivative (PID) parameters selected by experience are
random, the control effect of fuzzy PID cannot be optimized. In order to improve the accuracy and
stability of robot motion control, an orthogonal-fuzzy PID intelligent control method is proposed.
In this paper, the electric steering gear is used as the actuator, and the mathematical model of
the servo motor joint drive system is established. The simulation analysis of the original control,
PID control, fuzzy PID control, and orthogonal-fuzzy PID control of the manipulator joints in the
Simulink software simulation environment and the motion control experiment of the manipulator
show that using the orthogonal test method to adjust the PID parameters can quickly determine the
appropriate PID parameters and greatly reduce the number of trials. The rise time, adjustment time,
and overshoot of the system are significantly reduced by using fuzzy PID control, which can improve
the adaptability of the system. By comparing and analyzing fuzzy PID and orthogonal-fuzzy PID
control methods, it can be found that the system of orthogonal-fuzzy PID for optimal factor level
combination (K, = 0.1, K; = 30 and K, = 0.02) is the optimal system. The experiment results show that
the orthogonal-fuzzy PID can further improve the accuracy of the system and reduce the oscillation
process of the system near the steady state and make the motion more stable.

Keywords: manipulator; PID; fuzzy PID; orthogonal optimization; orthogonal-fuzzy PID

1. Introduction

With the rapid development of the modern service industry, service robots need to have the
characteristics of fast response, high precision, and good motion stability. In order to satisfy these
conditions, they must be optimally controlled. Proportional-integral-derivative (PID) control is one
of oldest developed control strategies and is widely used in industrial control because of its simple
algorithm and good robustness [1]. However, it also has many defects, such as difficulty in determining
parameters, inability to perform in complex, high-precision control situations, and reduced adaptability
in time-varying systems [2].

Traditional PID control diverges from the optimal steady state due to small changes in the
external environment and is unable to meet the complex high-precision control and stability control
requirements of industrial servo drive systems [3]. Using fuzzy PID control can provide the system
with good static and dynamic characteristics by introducing the traditional PID control method into
the fuzzy controller [4,5]. In 2009, Army et al. considered the force feedback of the manipulator
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and used fuzzy PID technology to control the manipulator at Harbin Engineering University. It has
good dynamic quality, fast rise time, small overshoot, high control precision, and robustness during
simulation [6].

However, the selection of the PID parameters usually does not reach the global optimal solution
in the traditional industrial servo drive system, which means it is difficult for the system achieve the
best results with fuzzy control. The orthogonal test method can obtain PID parameter values resulting
in better control in a limited number of trials. Youming Wang et al. used the orthogonal test method to
adjust the PID parameters of an electro-hydraulic servo system in 2007, which improved the control
accuracy of the electro-hydraulic servo system and reduced the response time and reduced the number
of trials [7]. In 2011, Anhua Peng et al. reduced the overshoot and rise time of the system by optimizing
the PID parameters of a machine tool closed-loop servo system using an orthogonal test method [8].

This paper establishes the mathematical model of the electric steering gear and analyzes the
stability of the closed-loop system. The traditional PID control method is used to analyze the influence
of nonoptimal PID parameter control on the system. Fuzzy control is added to the traditional PID
control can improve the adaptability of the PID control and analyze its impact on system rise time,
adjustment time, and overshoot [9]. Finally, the global optimal PID parameters are analyzed by
orthogonal optimization, and the fuzzy control of the optimal PID parameters improves the system
performance. The effects of the global optimal solution obtained by orthogonal optimization on
the system rise time, adjustment time, and overshoot are analyzed. Simulation and experimental
verification demonstrate the effectiveness of the proposed control method.

2. Drive System Model

The drive system of the electric steering gear is generally composed of a controller, drive, DC motor,
reduction transmission mechanism, feedback potentiometer, and other modules [10].

The DC motor is the core component of the electric steering gear. The mathematical model of
its dynamic process can be established without considering the damping torque and friction torque.
The voltage balance equation of the DC motor loop can be expressed as:

wy = L9 R, +E, M)
dt

In the above formula, u, is the motor loop voltage, i, is the motor loop current, R, is the motor
circuit total resistance, Ej, is the motor back electromotive force, and L is the total motor inductance.

The back electromotive force of a DC motor can be expressed as:

do
E, = Kg— 2
b= Ke— 2
In the above formula, Kg is back EMF (Electromotive Force) coefficient, 6is DC motor rotation angle.

The torque equation and torque balance equation of a DC motor can be expressed as:

M = Kr X1, (3)
M=J28 + My

In the above formula, K7 is the torque coefficient, M is the motor torque, M| is the load torque on
the output shaft of the motor, and | is the total moment of inertia of the motor shaft.
Under no-load conditions (M}, = 0), the transfer function of a DC motor can be expressed as:

0(s) Kr
ua(s)  s(JLs? + JRas + K7KE)

(4)
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Suppose 9y is the output angle of the electric steering gear, and K is the transmission ratio of the

transmission mechanism: )
O(s

o0(s) = X ®)

The transfer function between the output angle of the electric steering gear and the input
voltage [11] can be obtained from Equations (4) and (5), as follows:

oo(s) Kr
ua(s)  Kgs(JLs? + JRas + KrKE)

(6)

Let Te = L/Ry, Ty = JR4/KeK7, T, is the electromagnetic time constant, Ty, is the electromechanical
time constant, then Equation (6) can be simplified to Equation (7):
1
do(s) B KeKg
Ug (S) S(TeTm52 + Tms + 1)

@)

In the linear region, the transfer function of the PWM (Pulse Width Modulation) driver can be
expressed as:

Kpwm = Zi Ei; (8)

According to the principle of the feedback potentiometer, the transfer function of the feedback
potentiometer is usually a constant, which can be expressed as:

©)

In the above formula, K is the rudder surface feedback coefficient, 6 is the output steering angle
of the electric steering gear, and iy is the feedback voltage feedback.

In summary, analyzing the composition and principle of each component of the electric steering
gear, the linear transfer function block diagram of the electric steering gear drive system can be
obtained, as shown in Figure 1.

M, do

S(rad) 5(05

iq —
] P R A T (LIS
L/Rs+1 T Js s K, z
Transmission mechanism
K
L= T
DC motor
Kr *

Figure 1. Transfer function block diagram of the electric steering gear drive system.

The closed-loop transfer function of the electric steering gear drive system gained from Figure 1 is:

6(5) _ 180K Kpwm /KEKgn (10)
ui(s)  S(TeTs® + Tis + 1) + 180KKpwamKr/KeKgmt
Let Ky = KcKpwui, Ko = 180/KgKqm, then Equation (10) can be simplified to Equation (11):
o
(s) KiKy (1)

1i(5)  S(TeTs2 + Tps + 1) + K1 KoKr
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In this paper, the ASMC-03B electric steering gear which has stable power and with a speed
reducer function is used at each joint, as shown in Figure 2.

Transmission mechanism

Driver DC motor -

Figure 2. ASMC-03B electric steering gear.
The technical parameters of ASMC-03B electric steering gear are shown in Table 1.

Table 1. Main parameters of the ASMC-03B electric steering gear.

Main Parameters Value
Electromagnetic time constant (T,/s) 0.0006
Electromechanical time constant (T;,/s) 0.008
Rudder surface feedback coefficient (Kr) 1
Transmission ratio of the transmission mechanism (Ky) 4:1
DC motor back EMF coefficient (Kg) 1.8
Signal drive gain (K1) 45

Substituting all the parameters of Table 1 into Equation (11), the closed-loop transfer function of
the electric steering gear can be obtained as follows:

Gal(s) = o(s) _ 360
BT Ui(s) T 48X 107653 + 8 x 107352 + 5 + 360

(12)

By analyzing the amplitude—frequency characteristics of the closed-loop transfer function in
Simulink’s linear analysis tool, the Bode diagram of the closed-loop transfer function can be obtained,
as shown in Figure 3.

Bode Diagram of Closed-loop Transfer Function of Electric Steering Gear
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Figure 3. Bode diagram of the closed-loop transfer function of the steering gear.
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In engineering practice, in order to ensure the system has a satisfactory stability reserve, it is
generally desirable to have a phase margin in the range of 30 to 60 and an amplitude margin more than
6 dB[12].

The Bode diagram of the closed-loop transfer function has a phase margin value of 28.6 and an
amplitude margin value of 11.2 dB, meaning the closed-loop system is stable.

3. System Design and Simulation Analysis

3.1. Steering Gear Drive Control System

The closed-loop transfer function of the established electric steering gear is packaged into a
submodule, and the unit step signal is used as an input signal for response testing, which is called the
original control. The simulation results of the original control are shown in Figure 4 and the simulation
results are shown in Table 2.

16 T T T T T T T T T T T
144 = QOriginal Control i
1.2 -
R 1.0
@ | |
2 o084 i
< | ]
0.6 |
0.4 -
0.2 -
00 T T T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60
Time/s
Figure 4. Original control Simulink simulation results.
Table 2. Simulation results of original control.
Control Method Rise Time (t,/s) Adjust Time (t,/s) Overshoot (M/%)
Original control 0.0078 0.0504 46.41

Because the electric servo is equipped with a potential feedback device, its interior is a
semiclosed-loop system. When the original control is performed, the system can be stabilized after a
short adjustment. At the same time, ensuring the accuracy of the system adjustment, the rise time and
adjustment time are shorter. However, it has a very large overshoot, the oscillation is strong, and the
system is unstable. Therefore, it is necessary to combine control methods to reduce the overshoot and
oscillation of the system.

3.2. PID Control System

PID control is a typical negative feedback control method. The input value of the system is
subtracted from the output value of the system to obtain the deviation of the system’s output, and then
proportional, integral, and derivative control of the output deviation is performed [13].

In the continuous time domain, the PID control algorithm can be expressed as:

u(t) = Kp[e(t) + % fo e(t)dt + zrddz(:)]

(13)
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In the above formula, K}, is the proportion coefficient, T; is the integral time constant, and T is the
differential time constant.

Because the steering gear drive system has a very large overshoot, this article aims to reduce the
overshoot of the system. According to the PID parameter setting principle [14]: the function of the
proportional coefficient K}, is to speed up the response speed of the system and improve the adjustment
accuracy of the system, the integral time constant T; is to eliminate the steady-state error of the system.
The function of the differential time constant T} is to improve the dynamic performance of the system.

The discrete form of the PID formula can be further derived from Equation (13) as follows:

k

u(k) = Kye(k) +K; ) _ e(j)+Kale(k) — e(k = 1)] (14)
=0

In the above formula, K}, is the proportion coefficient, K; is the integral coefficient, and K; is the
differential coefficient.

It is finally determined that when K}, is within the range of [0.1, 1], K; is within the range of [10, 30],
and Kj is within the range of [0.01, 0.03], the system overshoot is less than 15%. When K,, = 0.1, K; = 30,
and K; = 0.03, PID control of the system uses the unit step signal as the input signal of the model.
The simulation result of PID control is shown in Figure 5, and the simulation data of PID control are
shown in Table 3.

1.6 11— T——T——T—
] —— Original Control ]
1.4 1 —— PID Control .

1.2 4 B

1.0 1

0.8 1 B

Angle/°
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0.4 i

0.2 i

o1 T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60

Time/s

Figure 5. Proportional-integral-derivative (PID) control Simulink simulation results.

Table 3. PID control simulation data.

Control Method Rise Time (t,/s) Adjust Time (4/s) Overshoot (M/%)
Original control 0.0078 0.0504 46.41
PID control 0.0573 0.172 12.56

After the preliminary adjustment of PID control, the simulation results show that the system
became more stable, accurately reached the predetermined position, and ensured the accuracy of the
adjustment by using the original control and PID control. The rise time and the adjustment time of PID
control increased slightly, but the overshoot was reduced by 34.25%. The simulation results show that
the application of traditional PID control technology increases the rise time and adjustment time of the
joint movement but greatly reduces the overshoot and enhances the stability of motion.



Electronics 2019, 8, 1051 7 of 15

3.3. Fuzzy PID Control System

For control objects with large hysteresis, large inertia, and complex signal tracking, PID control is
also very limited, but the fuzzy PID control technology can be used to improve PID control defects [15].

The fuzzy PID controller is implemented on the basis of the conventional PID controller. Generally,
e(t) and de(t)/dt are used as the input quantity of fuzzy control, and the AKj, AK; and AK; are used
as the output quantity of fuzzy control. It is a fuzzy controller with two-input and three-output [16],
as shown in Figure 6.

Fuzzy Controller

de(t)/dt ANKy | AK: [ AKq

; yit)
PID Controller S >

it 4 e(t) T
i Drive System

1q

Figure 6. Fuzzy PID control system.

The new PID control parameters can be formed by adding the fuzzy parameters in the regular
PID parameters:

K/ = K; + AK; (15)
Kd, = Kd + AKd

Use the PID parameters above, K, = 0.1, K; = 30, and K; = 0.03. Add the value of AK},, AK; and
AK; of the fuzzy control output to calculate the new PID parameters.

Determine the basic domain of e(f) as [—1,1], the basic domain of de(t)/dt is [-0.014,0.014], the basic
domain of AKj is [-0.1,0.1], the basic domain of AK; is [-20,20], and the basic domain of AKj is
[-0.02,0.02]. For convenient calculation, we set the fuzzy sets of input and output values as [-2, 2].
The quantization factor of e(t), de(t)/dt, AK,, AK; and AK; respectively, is 2, 0.007, 0.05, 10, and 0.01.
Using the e(t) and de(t)/dt as the fuzzy control input, the AK,, AK; and AK; as the fuzzy control output,
the fuzzy control of the two inputs and three outputs is performed.

According to actual experience, the values of AK,, AK;, and AK; under different error and rate of
error change need to meet the following adjustment principle [17]:

(1) When the error is large, improve the system’s fast-tracking performance. No matter how much
the error varies, it should take a larger value of AK;, and a smaller value of AK;. At the same time,
in order to avoid a large overshoot, the integral link should be limited and take a smaller value of AK;.

(2) When the error is at a medium size, in order to reduce the overshoot of the system response,
the value of AKj, should be smaller. In order to ensure the response speed of the system, the value of
AK; and AK; should be moderate. The value of AK; has a greater impact on the system response.

(3) When the error is small, in order to ensure the system has good steady-state performance,
the value of AK}, and AK; should be larger. At the same time, in order to avoid the oscillation of the
system near the set value and consider the anti-interference performance of the system, the value of
AK; can be larger when the rate of error change is small, the value of AK; should be smaller when the
rate of error change is larger.

Based on experience, the fuzzy control rule table shown in Table 4 was produced through the
simulation experiment.
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Table 4. Fuzzy rule table of three parameters.

AK, fuzzy rule table

de/dt v Ns zo PS  PL
e(t)
NL PL PS PS ZO ZO
NS PS PS 7O ZO 7O
70 PS ZO 7O ZO NS
PS Z0O 7O 7O NS NS
PL ZO 7O NS NS NL
AKi fuzzy rule table
de®/dt v Ns zo PS  PL
e(t)
NL NL NL NS NS 7O
NS NS NS NS ZO PS
70 NS NS ZO PS  PS
PS NS ZO PS PS  PS
PL ZO PS PS PL PL
AKi fuzzy rule table
de®/dt  \y, Ns zo PS  PL
e(t)
NL NS NL NL NL NS
NS NS NL NL NS NS
70 NS NS NS NS NS
PS Z0 7O 7O ZO 70O
PL PS PS PS PS PS

The simulation is performed according to the fuzzy rules of Table 5. The simulation result of the
fuzzy PID control is shown in Figure 7.

Table 5. Fuzzy PID control simulation data.

Control Method Rise Time (t,/s) Adjust Time (£,/s) Overshoot (M/%)
Original control 0.0078 0.0504 46.41
PID Control 0.0573 0.172 12.56
Fuzzy PID Control 0.0468 0.0991 4.86
1.6 —T T T T T T T T T T 1
] —— Original Control
1.4 —— PID Control A
Fuzzy PID Control
1.2 1 -
., 10+ /\
fs)
2 0384 -
<<
0.6 4 -
0.4 - -
024/ .
0.0 AL L UL U AL EELA LA BN BN B B B
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60

Time/s

Figure 7. Fuzzy PID control Simulink simulation results.
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The simulation results show that compared with the PID control, the rise time and the adjustment
time of the fuzzy PID control are further reduced based on the original advantages, and the overshoot
is reduced by 7.70%, which enhances the rapidity and stability of the system adjustment.

3.4. Orthogonal-Fuzzy PID Control System

Due to the randomness of the PID parameters selected by experience, the control effect of the
fuzzy PID cannot be optimal. In this paper, the orthogonal optimization method is adopted for the
setting of PID parameters. The orthogonal optimization method can quickly and accurately select a set
of optimal PID parameters. Therefore, the performance of the system can be further improved by the
fuzzy control of the PID parameters obtained by orthogonal optimization [18].

3.4.1. Traditional Orthogonal Test Procedure

(1) Define the purpose of the test and determining the indicator.

The purpose of the test is to select a suitable set of PID parameters to optimize the accuracy and
stability of the manipulator control system. The most important indicator in the control system is
overshoot and adjustment time. However, the preliminary adjustment of the PID parameters can
greatly reduce the overshoot of the system when performing traditional PID control in this paper,
so only the adjustment time is determined as an indicator of the test.

(2) Determine the factors and levels, and formulate the factor level table.

Obviously, this experiment is to study the influence of three PID parameters on the control index,
so the three parameters determined are K, K; and K. The selection of the horizontal range of the
orthogonal table is closely related to the theoretical level and practical experience of the operators.
The selection of the horizontal range is based on a large amount of practical experience in this paper [19].

(3) Select the orthogonal table for head design and determine the test plan.

When an orthogonal table is selected, the smallest orthogonal table that satisfies the factors and
levels can be selected according to the number of levels and factors. In order to ensure the reliability
of the test, this paper selects the orthogonal table Ly (3%) (four factors and three levels). Single-factor
experiments show that although there are interactions among the three parameters, the significance of
the impact is relatively small, so the interaction is not considered [20].

(4) Analysis and comparison of test data.

This test uses visual analysis to analyze data.

(5) Verification of test results.

Substitute the analyzed optimal data into the system to see if it improves the system’s overshoot
and adjustment time.

3.4.2. PID Control and Simulation Based on Orthogonal Experiments

After the initial PID adjustment, the system can meet the work demand when the overshoot is
less than 15%. Next, aiming at reducing the adjustment time of the system, orthogonal testing was
performed to set the PID parameters. An orthogonal table of four factors and three levels was designed.
The factor level table is shown in Table 6.

Table 6. Factor level table.

Level K, K; K,
1 0.1 10 0.01
2 0.5 20 0.02
3 1 30 0.03

According to the factor level table, the simulation is carried out sequentially with the goal of
adjustment time improvement, and the simulation data are shown in Table 7.
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Table 7. Data table of PID orthogonal experimental results.

Test Number K, K; Ky Empty column Adjust Time (s)
1 1 1 1 1 0.3926
2 1 2 2 2 0.1261
3 1 3 3 3 0.0673
4 2 1 3 3 0.4064
5 2 2 1 1 0.1967
6 2 3 2 2 0.0877
7 3 1 2 2 0.4732
8 3 2 3 3 0.1946
9 3 3 1 1 0.1435

1-level experiment mean 0.1953 0.4240 0.2443
2-level experiment mean 0.2303 0.1725 0.2290
3-level experiment mean 0.2704 0.0995 0.2328

range 0.0751 0.3245 0.0115

As can be seen from Table 7, the range of three parameters K,, K; and K; are Rk, = 0.0751,
Rg; = 0.3245, and Rgg = 0.115, respectively. These values satisfy the relationship Rk; > Rk > Rgy.
It shows that K; is the factor that has the greatest impact on the settling time, followed by K}, and finally
K;. Combined with horizontal experiments of the mean value analysis of each factor, the effect of PID
control is better when K, = 0.1, K; = 30, and K; = 0.02.

The simulation results of the orthogonal-fuzzy PID control are shown in Figure 8, and the
simulation data of the orthogonal-fuzzy PID control are shown in Table 8.

1.6 — T T T T T T T T T T "
— Original Control
14 4 —— PID Control |
) Fuzzy PID Control
—— Orthogonal-fuzzy PID Control 1
1.2 -
. 10- LN
E | ]
2 0.8+ i
< | _
0.6 B
0.4 1 B
02/ i
0.0 —7ftr -~ r -1 -1t~ 1t~ 1t 1T 1T -1t 1r° 1T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60

Time/s
Figure 8. Orthogonal-Fuzzy PID control Simulink simulation results.

Table 8. Orthogonal-Fuzzy PID control simulation data.

Control Method Rise Time (#,/s) Adjust Time (t/s) Overshoot (M/%)
Original control 0.0078 0.0504 46.41
PID Control 0.0573 0.172 12.56
Fuzzy PID Control 0.0468 0.0991 4.86
Orthogonal-Fuzzy PID Control 0.0426 0.0615 0.26

The simulation results show that the system can be stabilized by separately using original control,
PID control, fuzzy PID control, and orthogonal-fuzzy PID control. Compared with the original control,
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the rise time and adjustment time of the PID control increase slightly, but the overshoot is significantly
reduced, which can enhance system’s motion control stability. Compared with the PID control, the rise
time, adjustment time, and overshoot of the fuzzy PID control are reduced. The adjustment speed is
accelerated while enhancing the stability of the system. Compared with fuzzy PID control, the system
of orthogonal-fuzzy PID control with the factor level combination (K, = 0.1, K; = 30 and K; = 0.02) is
optimal, and the rise time and the adjustment time are reduced. The oscillation process of the system
near the steady state is reduced and the stability of the system control is enhanced. According to the
above simulation results, the orthogonal-fuzzy PID control combines the advantages of fuzzy control
and orthogonal optimization, which can realize the real-time setting and control of PID parameters,
and has good regulation performance for the joint drive of the manipulator.

4. Experiment and Analysis

The experimental platform is shown in Figure 9. Joint 3 is equipped with the HK50-D8G type
encoder. The experiment uses the STM32 embedded system for fuzzy PID calculation and robot control
and uses a serial port for data communication and feedback. The robotic arm of the platform shown in
Figure 9 has a total length of about 560 mm.

Computer

e

'Grl;abbt_ng ijcct/?
¥ '. . e ‘
|
I
l ‘
e : Ngddl
J A
Original location 2 e ’

Figure 9. Pick up robot.
4.1. Joint Drive System

When the angle error of the manipulator is measured by the single-joint drive system, the other
joints are locked and a single joint rotates at different angles 0. Original control, PID control, and fuzzy
PID control are used in the joint drive system and the actual rotation angle of the manipulator joint is
measured by the encoder. Experiments were carried out at angles of 30, 60, and 75, and the joint angle
error and average adjustment time of the manipulator were obtained. The measurement results are
shown in Table 9.
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Table 9. Angular error and average adjustment time of the manipulator joint.

Input Angle Average Anele error Average Average
P(“e ) 8 Control Method Angular Error Maxgm ©) Angular Adjustment
2 °) tmum Relative Error Time (s)
Original control —3.224 -3.75 10.746% 2.18
30° Fuzzy PID Control 2.27 293 7.55% 3.56
Orthogonal-Fuzzy PID Control 1.95 2.23 6.5% 3.24
Original control —4.585 —4.69 7.642% 3.28
60° Fuzzy PID Control —2.061. -3.75 3.44% 4.40
Orthogonal-Fuzzy PID Control —1.642 -0.94 2.737% 4.03
Original control 8.208 8.28 9.657% 3.30
75° Fuzzy PID Control 5.015 5.79 5.97% 5.97
Orthogonal-Fuzzy PID Control 2.655 2.78 3.124% 5.31

From the analysis of the measurement results, it can be concluded that:

Compared with the original control, the adjustment time of fuzzy PID control and orthogonal-fuzzy
PID control increase by 1.2 s. Compared with fuzzy PID control, the adjustment time and rise time
of the orthogonal-fuzzy PID control decreased slightly, but the oscillation process near the steady
state was reduced and the stability of the system was enhanced. Compared with the original control,
the average stable angular error of the fuzzy PID control and the orthogonal-fuzzy PID control were
reduced to different degrees, and the average stable angular relative error was reduced by about 4.5%.
It shows that the two control methods play a role in feedback regulation. Compared with the fuzzy
PID control, the average stable angular error of orthogonal-fuzzy PID control was reduced by a small
amount, and the average stable angular relative error was reduced by about 1.5%.

These results show that the inaccuracy of the PID parameters selected by experience result in the
fuzzy control not being optimal. However, the orthogonal-fuzzy PID control can further reduce the
angle control error and increase the accuracy of system adjustment. The robot still has certain errors
with original control, fuzzy PID control, and orthogonal-fuzzy PID control. The reason may be the
influence of the torque generated by the robot’s own weight and the influence of assembly error and
measurement error during the measurement.

4.2. Manipulator Drive Systems

When the manipulator drive system measures the positioning error, the position coordinates of
the end of the manipulator are given and the controller performs original control, fuzzy PID control,
or orthogonal-fuzzy PID control to reach the target position, and calculates the coordinate error of the
theoretical position and the actual position.

The coordinates of X and Z are given when the position coordinates of the end of the manipulator
are on the Y axis (Y = 0), that is, five groups of joint angles of 0, and 03 are given, which are (15,15),
(30,30), (45,45), (60,60), (75,75), respectively. After three experimental tests, the position error of the
manipulator can be measured to get the average position error of each coordinate. The measurement
results are shown in Table 10.

From Table 10, it can be concluded that compared with the original control, the fuzzy PID
control reduces the average position error by about 50%. Compared with the fuzzy PID control,
the orthogonal-fuzzy PID control reduces the average position error by about 30%. It shows that the
uncertainty of the PID parameters selected by experience causes adjustment error of the fuzzy control
system. In the experiment, the system of orthogonal-fuzzy PID control is stable and the manipulator
does not oscillate near the steady state. Orthogonal-fuzzy PID control further reduces the system error
and enhances the accuracy of the system. When the rotation angle of the joint is small, the mechanical
error is small, so the error of original control is smaller. At the same time, fuzzy PID control and
orthogonal-fuzzy PID control have less adjusting force but are more precise. When the rotation angle
of the joint is large, the mechanical error suddenly increases due to the force problem.
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Table 10. Positioning error of the two-degrees-of-freedom manipulator.

13 0f 15

Average Position

Theoretical Angle of Two Control Method Actual Coordinate  Error of Multiple

Coordinate (mm) Joints (65, 03/°) (mm) Measurements
(mm)
Original control (550.06, 0, 85.35) 2.20
(548.75, 0, 85.41) 15,15 lé;iﬁg;;ifgﬂ;z} (549.94, 0, 85.37) 1.19
PID Control (549.59, 0, 85.90) 0.97
Original control (519.97, 0, 164.86) 5.11
(515.79, 0, 165.00) 30,30 giiz Psle_lSEZol (518.63, 0, 167.72) 3.93
PIS’ e Y (513.06,0,167.29) 3.84
Original control (449.85, 0, 257.17) 1591
(463.35, 0, 233.35) 45,45 F(;ﬁg;ﬂfgg;‘;l (460.48, 0, 236.18) 4.03
PID Control (463.64, 0, 234.79) 1.49
Original control (385.53, 0, 296.20) 17.43
(395.00, 0, 285.79) 60, 60 Folﬁl’zlz Polrzglcz)lrll;rzol (393.81, 0, 289.97) 4.18
PIS . Y (397.92,0,286.44) 3.02
Original control (291.51, 0, 344.25) 18.81
(315.41, 0, 318.76) 75, 75 Folﬁlez POIzIC_ISEZOl (304.38, 0, 323.65) 12.07
PIS o Y (31020, 0,316.37) 6.15

4.3. Comparative Analysis

The simulation analysis of fuzzy PID control and orthogonal fuzzy PID control shows that the

response curve enters the error range of 5% of the steady state value at the beginning. Therefore,
the maximum value of the steady-state error of the fuzzy PID control system is 4.86%, and the maximum
value of the steady-state error of the orthogonal fuzzy PID system is 0.26%. The angles of two joints 03,
03 are 15, 45, and 75, and the data and error of the robot’s simulated coordinates are compared with
the coordinates of the actual robot in Table 11.

Table 11. Comparison of simulation and experimental results.

Control Tﬁr:g]lsizis Theoretical g;al;;t:::s Experimental Simulation = Experimental
Method o Coordinate (mm) Coordinate (mm) Error (mm) Error (mm)
(62, 65/°) (mm)
Fuzgy PID 15,15 (548.75,0,85.41)  (547.70,0,89.24)  (549.94, 0, 85.37) 3.99 1.19
‘ézzyt . 45,45 (463.35,0,233.35)  (454.76,0,241.62)  (460.48, 0, 236.18) 8.75 4.03
ontro 75,75 (315.41,0,318.76)  (296.07,0,323.54)  (304.38, 0, 323.65) 19.90 12.07
Orthogonal 15,15 (548.75,0,85.41)  (548.60,0,85.63)  (549.59, 0, 85.90) 0.27 0.97
fuzzy PID 45, 45 (463.35,0,233.35)  (462.87,0,233.82)  (463.64, 0, 234.79) 0.70 1.49
Control 75,75 (315.41,0,318.76)  (314.32,0,319.04)  (310.20, 0, 316.37) 113 6.15

From the analysis of Table 11, the errors of the fuzzy PID and the orthogonal fuzzy PID control
systems increase as the angle of the manipulator increases, and the simulated coordinates are consistent
with the experimental coordinates. Since the maximum error of the fuzzy PID control system near the
steady state of 5% is much larger than the error of the orthogonal fuzzy PID control, the simulation
error is large.

However, compared with the fuzzy PID control system, the simulation error and experimental
error of the orthogonal fuzzy PID control system are significantly reduced, which indicates that the
orthogonal optimization greatly improves the fuzzy PID control effect.
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5. Conclusions

(1) Compared with the fuzzy PID control method, the adjustment time, rise time, and overshoot
of the orthogonal fuzzy PID control are reduced to a certain extent. At the same time, the maximum
value of 0.26% of the orthogonal fuzzy-PID control system is far less than 4.86% of the fuzzy-PID
control system when it has just entered the steady state value of 5%, which reduces the oscillation near
the steady state. The experimental process also revealed that the oscillation of the manipulator near the
steady state was significantly reduced, thus the orthogonal fuzzy PID control can improve the stability
of the system’s motion control.

(2) Compared with the original control, the adjustment time of the fuzzy PID control is increased
by 1.2 s, and the relative error of the average angle is reduced by about 4.5%. However, the system
using orthogonal-fuzzy PID control has a slight decrease in adjustment time and rise time, and the
relative error of the average angle is reduced by about 1.5% and the average position error is reduced
by about 30%. The results show that orthogonal fuzzy PID control can further improve the accuracy of
the system.

(3) Due to the randomness of the empirically selected PID parameters, the control effect of the
fuzzy PID is not optimal. Using the orthogonal test method to adjust the PID parameters can reduce
the number of tests and quickly determine the appropriate PID parameters and thus improve the
accuracy and stability of the fuzzy PID control system. At the same time, compared with the fuzzy
PID control system, the simulation error and experimental error of the orthogonal fuzzy PID control
system are significantly reduced, which indicates that the orthogonal optimization greatly improves
the fuzzy PID control effect.
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