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There are currently many control methods for linear motors, and the focus of controlling the motor should
be different for different application needs. In general applications, simple PID control can meet the
application requirements, but in precision motion situations with high requirements for motion accuracy,
response speed, and stability, PID control is often difficult to achieve satisfactory control results, which
requires the application of more advanced control strategies to complete. At present, combining multiple
control algorithms and concentrating the advantages of each algorithm while trying to overcome each
other's disadvantages has become a major trend in the development of motor control theory. High speed,
high efficiency, high precision become the development direction of the current numerical control equip-
ment, linear motor because of its unique performance, now widely used in a variety of precision position-
ing occasions. Aiming at the requirements of high speed response and high precision of linear motor, the
linear motor system is designed based on LabVIEW software and NI acquisition card, including hard-
ware composition and software algorithm. In the LabVIEW simulation environment and the actual con-
trol system, the conventional PID algorithm and fuzzy PID algorithm are used to control, and the control
results are compared. The experimental results show that compared with the PID control, the fuzzy PID
algorithm has obvious advantages in improving the control accuracy, anti-interference ability, reducing
the overshoot and improving the system response speed.
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1 Introduction example, Jang Hwan Kim et al. introduced a disturb-
ance observer to weaken the influence of time-varying
parameters on the control system [3]; Guo Qingding
et al. used a neural network based IP position control-
ler to adjust the gain of IP online through a recursive
fuzzy neural network, improving its tracking perfor-
mance[4]; Deng Zhongliang applied the self optimiz-
ing digital PID correction control algorithm to the
permanent magnet DC voice coil motor, improving
the response speed and tracking displacement accu-
racy of the linear motor [5].

Worldwide, the application of linear motors is
mainly concentrated in industrial equipment, logistics
systems, information and automation systems, trans-
portation, civil and military areas [6]. In recent years,
the development of linear motor mainly presents the
following characteristics: 1) the performance contin-
ues to improve; 2) the coverage of varieties is becom-
ing more and more extensive; 3) Installation and
maintenance is very convenient, high reliability; 4) de-
creasing costs; 5) high degree of commercialization
[7]. Therefore, in the control system of linear motor,
the displacement and velocity detection components

Traditional control theory, represented by PID
control, is a control strategy based on error elimina-
tion. This control method has a simple structure and
high reliability, so it is currently widely used in indus-
trial control. PID control is a linear approximation
process that requites the mathematical model of the
control object to be determined and the operating en-
vironment to be stable. Its best control object is a sec-
ond-order linear inertial system. Moreover, when the
parameters of the controlled object model change, the
PID control response is relatively slow and the robust-
ness is not very good. In addition, the parameter tun-
ing of PID control is quite complicated, and the inter-
action between parameters makes it difficult to
achieve the most satisfactory control effect [1]. To ad-
dress these issues, many researchers have combined
traditional PID control with other control methods to
form a composite control method. Fu Ziyi combines
PID control with fuzzy control to form fuzzy PID
control, achieving self tuning of PID parameters,
greatly improving the robustness of the motor control
system and improving the control effect [2]; For
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must meet the high resolution and dynamic response
ability, but also hope that the designed controller can
have strong robustness to study the appropriate con-
trol strategy to control stability of the control system.

2 Linear motor servo system

The function of the servo system is to control a
certain state of the object, so that the controlled object
can accurately display the requirements of the system
input command. A servo system whose control quan-
tity is displacement is called a position servo system.
Position commands generally have linear displace-
ment and angular displacement. The main task of the
position servo system is to make the control object
achieve accurate positioning and tracking according to
the given speed and trajectory and can still move reg-
ularly according to the instructions under the action of
sufficient load, and ensure that the error between in-
put and output is kept within a certain range [8].

The linear motor position servo system takes as the
control object. If the linear motor used is a core-free
permanent magnet synchronous linear motor, it is
called an ILPMLSM servo system, which mainly in-
cludes linear motors, motion controllers, servo drives,
position detection components, etc. [9]. Its structure
is shown in Fig. 1.

The movement platform driven by non-core per-
manent magnet linear motor mainly includes single
axis, two axis and multi-axis. Fig. 2 shows a motion
platform linear motor, which is composed of X, Y, Z
and W four axes, designed to meet the requirements
of high precision and high acceleration of linear mo-
tion platform in lead-bond integrated manufacturing

system.

|

| p— <y

: Muotion N Serva :I |

| | controller [TV driver | > |

I ! :

|

: I
|
|
|

Position
detection

W-axis voice

coil motor

X-axis U-
shaped motor
Y-axis U-shaped
motor

Fig. 2 Prototype of the lead bonding machine system

The linear motor platform used in this paper is sin-
gle axis. The sensors often used in the non-core pet-
manent magnet synchronous linear motor platform
are Hall sensors and position sensors. The Hall sensor
is usually installed together with the coil assembly.
When designing the platform, attention should be paid
to leaving enough space for convenient assembly and
protection against collision. To realize the normal
work of the position sensor, the distance between the
reading head and the grating ruler is required to be
within a certain range, so the sensor bracket is gener-
ally installed during the design, leaving the operation
space for convenient adjustment and maintenance.

3 Modeling and identification of linear mo-
tor system

3.1 Principle and structure of linear motor

The structure of the linear motor can be consid-
ered to be obtained by opening the rotating motor
along its radius and expanding its circumference into
a straight line. Therefore, it can be considered that the
structure of the linear motor and the rotating motor is
similar [10]. The stator of a rotating motor is called
primary on a linear motor; A rotor on a rotating motor
is called a secondary on a linear motor.

In addition to the structural similarity, the linear
motor is also similar to the rotating motor in the work-
ing principle [11], as shown in Fig 3. Due to the end
effect caused by the break of the two ends of the ac-
tuator, when this factor is not distribution principle,
except that the linear motor magnetic field is distrib-
uted along a straight line, called the traveling wave
magnetic field. It interacts with the excitation field
generated by the excitation body to produce electro-
magnetic thrust. Under the action of electromagnetic
thrust, the stator is in a fixed position without move-
ment, so the stator and its movement speed is the
same as the linear speed of the rotating magnetic field
on the surface of the inner circle of the stator (called
the synchronous speed) [12].

Fig. 3 working principle of linear motor

Where:

1...Actor (primary),

2...Stator (secondary),

3...Permanent magnet (N, S poles),

4... Traveling wave magnetic field.

The motor is a U-shaped permanent magnet syn-
chronous linear motor without iron core, and its
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working principle is the same as that of general linear
motors. The stator is composed of a permanent mag-
net array with alternating N and S pole permanent
magnets and back iron, and the actuator is mainly
composed of a coil winding. The basic structure is
shown in Fig 4.
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Fig. 4 Structure of U-shaped linear motor

Where:

1...Stator soft iron,
2...Permanent magnet,
3...Actuator coil,

1...Pole distance of motot.

3.2 Derivation of mechanism model

This paper adopts the combination of theoretical
analysis and related identification methods to obtain
the linear motor model, so the theoretical derivation
of the linear motor model is carried out first. For linear
motors, voltage balance equation and dynamic balance
equation are two important equations, which are given
by Equation (1) and equation (2) [13]:

u:L£+Ri+Blv )
dt
F =ma 2
F = NBil 3

Where:

u...The voltage at both ends of the coil,

i...The working current of the linear motor,

L and R...The inductance and resistance of the
coil,

v...The speed of the actuator,

a...The acceleration,

F...The traction force of the motor,

N...The number of turns of the coil,

B...The magnetic field strength,

1... The length of the coil.

Substituting v and in Equations (4), (1) and (2) by
y and y 7, respectively, and applying Laplace transfor-
mation, we obtain:

U(s)=LsI(s)+ RI(s)+ BlY (s) “)

NBII(s) =mY (s)s’ (5)
After derivation, the transfer function of motor
servo system is obtained as follows.
Y(s) 2NBRIh
U(s) LJs®+Jrs> +2NB>R[’s ©

Since the inductance L of the coil is relatively small,
LJs"3 can be omitted, so the above equation can be
simplified as:

Y(s) _ 2NBRIh -
U(s) Jrs> +2NB’R*’s @

At this point, the motor servo system can be re-
garded as a second-order system.

3.3 Model parameter identification

System identification, state evaluation and control
theory are three fields that permeate each other in
modern cybernetics. The functions of establishing
mathematical models of objects to be studied mainly
include: system simulation, system prediction, system
design and control, system analysis, fault diagnosis,
and verification of mechanism models [14]. The so-
called system identification is to determine a model
equivalent to the measured system according to the
characteristics of the input and output information.
To estimate the parameters of the system through ex-
perimental data or to determine the mathematical
model of the system, system identification techniques
are needed. At present, identification technology has
been widely used in many fields, such as chemical pro-
cess, nuclear reactor, power system, aerospace vehicle,
biomedical system, socio-economic system, environ-
mental system, ecological system, etc. [15-17].

The basic steps of system identification are shown
in Fig 5. The essence of identification is the process of
obtaining the mathematical model of the system
through the input signal and output data of the system.

Experimental design

Output
~Jupat Actual process z >

L————3»| Determination of model |(¢————
structure

Prior
information *

Parameter estimation

Y

Model verification

k Final model

Fig. 5 Steps of system identification

4 Control implementation and data acquisi-
tion of LabVIEW

4.1 Identification experiment design

The main role of experimental design is to use the
available data to obtain as much information as possi-
ble about the system. To obtain the real system more
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accurately, it is necessary to conduct effective experi-
ments on the motor. The selection of experimental
methods and experimental signals will directly affect
the effect of identification. When designing an exper-
iment, it is necessary to understand the research ob-
ject, the variables to be observed and the control
method. It is necessary to detect all the relevant varia-
bles as far as possible, and some constraints that may
be encountered in the experiment should also be con-
sidered.

In general, the design content of the system iden-
tification experiment mainly includes: the design of
the input signal, the design of the sampling time and
the scheme of the parameter estimation, and the selec-
tion of the experimental equipment.

In order to obtain a better identification effect,
choosing a reasonable signal is the key. In order to
make the system identifiable, the input signal needs to
meet certain requirements, the most basic of which is
that the input signal must continuously stimulate the
dynamic response of the system during the entire

identification process.

M-sequence signals meet the requirements of the
input signals of the system identification. In the clas-
sical identification, M-sequence is often used, that is,
the two-bit shift register is composed of several flip-
flops with shift function in series. Under the action of
shift pulse, the new state of the flip-flop will be equal
to the original input. The shift register shifts the num-
ber to the right by one bit, and the part of the state of
each level is added modulo 2 and fed back to the input
of the first level.

The M-sequence used in this experiment can be
generated by Matlab/simulink construction, as shown
in Fig 6. It is worth noting that the output obtained
from the shift register is Boolean data and cannot be
used directly, so it needs to be converted to double
type by the data type conversion module before it can
be used. In addition, the conditional switching module
should be used to obtain the desired output signal am-
plitude [18].
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Fig. 6 Procedure for M sequence generation

4.2 Data collection

After the M-sequence is determined, the DSP out-
puts the pseudo-random input signal to the identified
system through DA and feedback the displacement
signal of the linear motor through the position sensor.

o -2

The output signal of the sensor is collected by DSP,
and it is displayed on the program interface designed
by LabVIEW through RS232 to complete the data
collection, that is, the system response signal corre-
sponding to the M-sequence. This is shown in Fig 7.

"
= =

Fig. 7 Data acquisition
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4.3 System identification

After the completion of the previous data collec-
tion, the data processing, that is, the process of model
identification, the process through the system identifi-
cation toolbox provided by Matlab to complete the
corresponding processing and calculation.

Before identification, the system need to be im-
ported into the workspace of Matlab, and then the
program interface of the system identification toolbox
can be opened by inputting ident in the command
window of Matlab. The program interface mainly in-
cludes data storage atrea, data preprocessing area, iden-
tification data area, identification algorithm area,
model output area, etc.

After entering the system identification interface,
click the list box in the upper left corner of the inter-
face, select the Time-domain Data option under the
Import Data column, fill in the Input u and Output y
of the system in the input and output columns, and set
the sampling Time to 0.001s. Click the Import button
to complete the data entry.

In addition, the statistical characteristics of the in-
put and output numbers are required to be independ-
ent of the statistical time starting point, and the mean
value is 0. However, the original data collected may
contain DC components, trend terms, etc., whose in-
fluence on the identification accuracy cannot be elim-
inated by any method. Therefore, it is necessary to
preprocess the experimental data before identifica-
tion. In the Preprocess drop-down menu in the model
identification interface, Remove means and Remove
trends can be used to complete the task of removing
DC components and trend items, and filtering,
resampling and other functions can also be completed
here [19-24].

After the preprocessing step of the data, the next
step is to identify the system model. Drag the obtained
Data to the Working Data area and click the Estimate
menu, where parameter models and process models
can be identified. In this paper, process models are se-
lected [25], and the output of identified model data is
shown in FIG. 8.

Measured and simulated model output
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Fig. 8 The output of the identification model

So far, the linear motor system can be obtained as follows.

1-0.0019201s

G(s)=-173.77

-0.311s +161.647

Through the identified model, we can use different
control algorithms to conduct control experiments on
the motor in the simulation environment and provide
a basis for actual motor control experiments.

5 Linear motor control experiment and anal-
ysis

The simulation model of linear motor in the

(1+2.38665)(1+0.0025925) _ s° +386.2055 + 161.647

(®)

system has been given through system identification.
In the simulation environment of LabVIEW, the po-
sition tracking experiment is carried out on the motor
model under PID control and fuzzy PID control, and
the tracking effect of the system under different con-
trol methods is observed by tracking different dis-
placement curves. The simulation source program for
the step response is shown in Fig 9.

indexced on bip:/ | www.webofscience.com and hitp:/ | www.scopus.com

696



August 2024, 170l. 24, No. 4

ISSN 1213-2489
e-ISSIN 2787-9402

MANUFACTURING TECHNOLOGY

[Fo=rIiC.5] [E]

Fig. 9 Control system simulation program
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Fig. 10 Position step response curves

Fig. 10 shows the position step response curve of
the system, the blue curve is the command value, the
red curve is the tracking effect under PID control, and
the black curve is the tracking effect under fuzzy PID
control. As can be seen from the figure, the adjust-
ment time of position step response under the tradi-
tional PID control is 0.12s, while the adjustment time
under the fuzzy PID control is 0.07s, and there is no
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overshoot and oscillation in the process, the system is
stable and responds quickly.

It can be seen that compared with the traditional
PID control, fuzzy PID control can make the re-
sponse speed of the system faster, and there is no
overshoot and oscillation, the control effect is better
than PID control.
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Fig. 11 Position tracking curve of sinusoidal signal
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Fig. 11 shows the tracking of sinusoidal signals un-
der the two control methods. It can be seen from the
figure that the black curve under the fuzzy PID con-
trol coincides well with the set value curve and the er-
ror is small, while the red curve under the PID control
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is far away from the set value and the error value is
large. This experiment shows that the control accuracy
under the fuzzy PID control is higher than that under
the PID.

Set value
PID control
Fizey PO 7N,

e ——

Fig. 12 Position response curve of square wave signal

Fig. 12 shows the tracking situation of the position
signal of the opposing wave in the system. It can be
seen from the figure that there is no significant differ-
ence in the control effect of the two in the upper part
of the curve, but when the displacement is close to
zero, the red curve under PID control shows a large
overshoot, while the tracking curve under fuzzy PID
control shows a small overshoot, indicating that fuzzy
PID is reducing the overshoot. Improving the control
accuracy is better than PID control, and the control
performance is better.

6 Conclusion

In the LabVIEW simulation environment, control
experiments were conducted on the servo control sys-
tem of linear motors using conventional PID algo-
rithm and fuzzy PID algorithm. Through comparative
analysis of experimental data, the experimental results
showed that compared to traditional PID control,
fuzzy PID algorithm has significant advantages in im-
proving control accuracy, anti-interference ability, re-
ducing overshoot, and improving system response
speed. The research results of this article will be ben-
eficial for applying to precision motion situations with
high requirements for motion accuracy, response
speed, and stability, providing a control strategy for
system identification and control optimization of lin-
ear motors.
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