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Abstract: Electrical discharge machining (EDM) is not limited to the strength and hardness of
conductive materials, and is a non-contact special processing technology. In micro-EDM, there
are problems such as untimely axial positioning, unstable inter-electrode machining voltage, and
difficulty in discharging inter-electrode electric erosion products. This paper considers a magnetic
actuator with fast response and high accuracy as the local actuator for a micro-EDM. By introducing
a domain adjustment mechanism, a variable domain fuzzy PID controller was designed to control the
inter-electrode voltage control system of the magnetic actuator for micro-EDM using an intelligent
control strategy. During the micro-EDM machining process, the controlled magnetic actuator drives
the tool electrode in the axial direction for rapid micro-positioning, thus maintaining effective inter-
electrode machining voltage and achieving a high-speed and high precision EDM. Simulation and
experimental results showed that compared with traditional micro-EDM, the machining efficiency of
the variable domain fuzzy PID control magnetic actuator, and traditional micro-EDM cooperative
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Academic Editor: Kirill Poletkin 1. Introduction
Electrical discharge machining (EDM) is a special machining method that immerses the
workpiece in the working medium and conducts electrical erosion on conductive materials
through non-contact pulse spark discharge between the tool electrode and the workpiece [1].
In the process of EDM, the two stages of the pulse power supply are connected with the
tool electrode and the metal workpiece to provide the required pulse voltage, and the pulse
discharge is used to break down the working medium and form a discharge channel. Since
the pulse discharge time is in the order of microseconds, the discharge channel is narrow,
and the energy at the discharge position is highly concentrated, resulting in instantaneous
high temperature, which leads to the melting of metal materials. Different from traditional
cutting methods, EDM has no macro cutting force, which is especially convenient for
processing complex cavities, and materials with high brittleness, and hardness. EDM has
unique processing advantages that cannot be replaced by traditional cutting methods,
This article is an open access article  and has been widely applied in material processing in aviation equipment, electronic
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conditions of the Creative Commons However, the speed and accuracy of traditional EDM are limited by the discharge
Attribution (CC BY) license (https://  probability and efficiency. To improve the efficiency of EDM, scholars at home and abroad
creativecommons.org/licenses /by / have conducted a lot of research based on EDM mechanisms. The research to effectively
40/). improve the efficiency of EDM includes unconventional electrode designs, electrode rotary

Received: 11 November 2022
Accepted: 7 December 2022
Published: 9 December 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.

Actuators 2022, 11, 371. https:/ /doi.org/10.3390/act11120371 https:/ /www.mdpi.com/journal/actuators


https://doi.org/10.3390/act11120371
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/actuators
https://www.mdpi.com
https://orcid.org/0000-0003-3549-6141
https://orcid.org/0000-0001-6428-0310
https://doi.org/10.3390/act11120371
https://www.mdpi.com/journal/actuators
https://www.mdpi.com/article/10.3390/act11120371?type=check_update&version=1

Actuators 2022, 11, 371

20f17

or vibratory machining, changing the working medium, improving the response speed
of the servo system, and periodic tool electrode lifting. In [6], copper was used as the
electrode material and the traditional design was modified by providing relief angles and a
land at the electrode face. Primarily, three design types were introduced with eighteen sub-
designs by varying the relief angles and the length of the land. Each design type offered a
different sparking area. Experimentation was performed in three stages to identify the most
appropriate electrode design for the EDM of D2-steel. The results of taper angle, MRR, and
TWR were statistically analyzed, and the proposed electrode resulted in an approximately
70% improvement in the MRR, 45-50% reduction in the TWR, and about a 10% decrease
in the hole taper angle. The authors of [7-9] used electrode rotation or vibration for EDM
machining and evaluated the machining performance of EDM. The experimental results
showed that electrode rotation or vibration can effectively improve the machining efficiency
of EDM. The authors of [10,11] improved EDM performance by changing the working
medium for EDM. The experimental results showed that the working medium greatly
influences the material removal rate, electrode wear rate, and surface topography during
EDM. The authors of [12] used electrode jumping motion to remove debris from the machining
gap by determining the optimal electrode machining time and the optimal electrode jumping
height. The experimental results showed that the electrode jumping motion can significantly
improve EDM machining efficiency. To obtain a stable and high-speed EDM process, the
electrode should have a fast enough positioning response to maintain the inter-electrode
voltage’s stability and quickly remove the inter-electrode machining debris products. In the
traditional EDM machine, a conventional motor with ball screw drive is usually used. This
type of drive mechanism has all kinds of intermediate conversion links. There is huge inertia
between the mechanical transmission system, which leads to a slow positioning response.
Due to the inability to respond to the signal for real-time adjustment of the discharge gap
in time, a series of problems, such as unstable discharge between electrodes and difficult
discharge of debris products between electrodes, are caused. This is also the main reason for
the low efficiency of traditional EDM [13].

To solve the above problems, high-speed, high-precision local actuators and tradi-
tional EDM cooperative control have become necessary. As a typical electromechanical
coupling system that converts electrical energy into mechanical energy, electromagnetic
drive technology has the advantages of high precision, fast response, low noise, and no
friction. In precision machining, domestic and foreign scholars have combined the benefits
of electromagnetic drive and apply electromagnetic drive technology as a servo drive
method in precision machining and manufacturing. The authors of [14] designed a five-
degree-of-freedom-controlled, wide-band, and high-precision electromagnetic actuator for
driving precision machining instruments to produce a system with high responsiveness,
high accuracy, and submicron and micro-radius-level positioning resolution. Reference [15]
describes a new linear actuator using electromagnetic suction, which can achieve sub-
millimeter travel. The structure of a displacement amplification mechanism applied to
extend the stroke of the piezoelectric actuator is also described. The experimental results
show that the system has a high response and high accuracy driving performance. The
authors of [16,17] proposed a high response, wide band magnetic levitation spindle system
(MSSS), which was applied to EDM for micro-hole machining of alloy Inconel 718, and
the experimental results showed that the EDM efficiency and accuracy of the system were
higher compared to the traditional EDM. Due to the non-linear and time-varying charac-
teristics of the electromagnetic drive, some defects make it difficult to control and be used
in industrial transformation. In terms of electromagnetic servo drive control, scholars at
home and abroad have also conducted a lot of research. Typical control strategies have
included adaptive control [18], fuzzy control [19], sliding mode control [20,21], neural
network control [22], fuzzy neural network [23,24], and decoupling control [25].

To meet the needs of high-speed and high-precision EDM, the positioning response
speed and processing efficiency of EDM must be improved. This paper introduces a single-
degree-of-freedom controllable magnetic local actuator with a compact structure, fast
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response and high accuracy. The magnetic local actuator was connected with the traditional
EDM device to build an inter-electrode voltage control system of the magnetic actuator for
micro-EDM. A variable domain fuzzy PID controller was designed to attain intelligence
of the control process and improve the performance of the control system. The direct
control of the local actuator effectively avoids the effects of errors and hysteresis due to
various types of intermediate transformation links, making the magnetic actuator respond
in time to drive the electrode for axial micro-positioning and to keep the inter-electrode
discharge gap in real-time within the effective discharge range, thereby improving the
EDM processing efficiency.

2. 1-DOF Controlled Magnetic Actuator for Micro-EDM
2.1. Magnetic Actuator Structure

The design is shown in Figure 1. A single-degree-of-freedom controllable magnetic
actuator is directly connected to the spindle of the EDM machine. The magnetic actuator
mainly consists of a coil, spindle, positioning shrapnel, and housing. The coil consists of
six copper wire coils connected in parallel. The spindle consists of an electrode and two
oppositely placed permanent magnets with a magnetically conductive ring sandwiched
between the two oppositely placed permanent magnets, which controls the direction of
magnetic flux and reduces flux loss. The spindle is connected to the housing by two
positioning shrapnel at the top and bottom, which restrains the radial (X and Y directions)
translation and rotation of the spindle and counteracts the gravity of the spindle. The
uniform magnetic field inside the coil is generated by two permanent magnet rings placed
opposite each other. In such a magnetic field space, a current is applied to the coil of the
magnetic actuator, and the resulting electromagnetic force can drive the electrodes to move
up and down.

Displacement
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Permanent;-
magnet H

Magnetic
field lines

Electromagnetic
force
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Soft iron Coil Spindle
Electrode /

Figure 1. Structure of single-degree-of-freedom controllable magnetic actuator.

In the process of micro-hole EDM, when the inter-electrode voltage is in a broken
circuit, the discharge channel between the tool electrode and the workpiece cannot be
formed at this time, and EDM cannot be performed. Therefore, the magnetic actuator is
required to quickly drive the electrode to move downward slightly, maintain an effective
inter-electrode machining voltage, and promote the normal machining of EDM. When the
inter-electrode voltage is in a short circuit, the electric erosion products between the tool
electrode and the workpiece cannot be discharged in time and the EDM process cannot
be carried out normally. Therefore, it is necessary to quickly drive the electrode to move
upward slightly by the magnetic actuator to promote the discharge of the electric erosion
products and the normal operation of the EDM.

2.2. Dynamic Model of the Magnetic Actuator

Figure 2 shows the dynamics model of the magnetic actuator mover, in which the
moving direction of the mover is the state of downward movement.
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Figure 2. Stress analysis of magnetic actuator mover.

Assume that the downward displacement of the mover of this magnetic actuator in
the axial Z direction is x. When ignoring the external disturbance, according to Newton’s
second law, the axial motion equation of the magnetic actuator mover can be expressed as:

Ma =F — Fy — 2kx — cv — Fy + Mg, D

F_FOZFL (2)

The relationship between the output electromagnetic force of the magnetic actuator
and the input current can be expressed as:

F = 6Kii, 3)

where F is the combined force, F; is the electromagnetic force, Fris the frictional resistance,
Fy is the discharge force, M is the mass of the mover, a is an acceleration of the motion of the
mover, k is the spring constant of the elastic sheet positioning, x is the axial displacement
of the mover, c is the friction coefficient, v is the movement speed of the mover, K; is the
stiffness coefficient of the current, and i is the input current of the coil.

Substituting Formula (3) into Formula (1), a mathematical model of the magnetic
actuator mover can be obtained:

6K;i = Mu+Ff+2kx+cv—Mg, 4)
The Laplace transform of Formula (4) can be obtained:
6K;I(s) = Ms®X(s) 4 2kX(s) + csX(s), (5)

where s is the complex variable.
Then, the transfer function of the mathematical model of the magnetic actuator mover

can be obtained as:

X (S) o 6Kl'

I(s)  Ms2+cs+2k

Table 1 shows the experimental parameters of the dynamic model of the magnetic
actuator mover. Substituting the model parameters into Formula (6), the transfer function
between the output displacement X(s) and the input coil current I(s) is:

G(s) = (6)

X(s) 336

@)
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Table 1. Dynamic model parameters.

System Parameters Symbol Value
mover mass M (kg) 0.27
friction coefficient ¢ (Ns/m) 0
spring constant k (N/m) 5.425 x 10°
current stiffness coefficient K; (N/A) 5.6
frictional resistance Fy (N) 0

3. Magnetic Actuator Inter-Electrode Voltage Control System

Figure 3 shows the block diagram of the inter-electrode voltage control system of
the magnetic actuator for micro-EDM, which is a voltage closed-loop control. The inter-
electrode voltage signal is detected by the average voltage detection device and used as the
feedback signal of the control system. The feedback voltage between the inter-electrode and
the given reference voltage is sent to the controller for processing. The output voltage signal
of the controller obtains the control current on the coil of the magnetic actuator through the
power amplifier and completes the movement of the electrodes of the magnetic actuator.
Through the closed-loop control system, the inter-electrode voltage can be controlled near
the ideal machining voltage, which increases the probability of normal discharge, thereby
effectively improving the efficiency of micro-EDM.

Conventional electrical
discharge machine

Magnetic
actuator

Pulse power supply

i

A/D D/A | Current amplifier Electrode

DSP1104

PC

Inter-electrode voltage
detection device

Figure 3. Block diagram of the inter-electrode voltage control system of the magnetic actuator for micro-EDM.

3.1. Conventional PID Controller

Figure 4 shows the structure diagram of the conventional PID controller. In Figure 4,
V() is the target value, which is the desired value of the inter-electrode voltage of the micro-
EDM. V(t) is the feedback value, which is the current value of the inter-electrode voltage of
the micro-EDM. e(f) is the input signal of the PID controller, which is the difference between
the feedback value of the inter-electrode voltage of the EDM and the desired value of the
inter-electrode voltage. K} is the proportional adjustment coefficient. K; is the integral
adjustment coefficient. K; is the differential adjustment coefficient. u(t) is the output signal
of the PID controller. I(t) is the value of the coil control current of the magnetic actuator.

The proportional adjustment coefficient K;, can improve the system’s control accuracy
and response speed. The integration adjustment coefficient K; can eliminate the steady-state
error of the system and improve the control accuracy. The differential adjustment coefficient
K effectively eliminates oscillations in the regulation process, which affect the steady-state
performance and response speed of the control system, and predicts the dynamics of the
variation of the input deviation value of the controller. The mathematical model can be
described as follows:

de(t)
dt '

u(t) = Kye(t) + K; /O Ce(t)dt + Ky 8)
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The control variables K;, K;, and K; were debugged based on engineering experience.
Based on this, the controller of this micro-EDM control system was further designed.

—{ ]
Input Vr(t) *
P Jr’ ¢ 0 I Output
e(?) . d + u( Current () ['Controlled ~
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Inter-electrode voltage|

detection device [~

Figure 4. Structure diagram of the conventional PID controller.

3.2. Fuzzy PID Controller

In the control process, the parameters of conventional PID control cannot be modified
once they are set. The performance of the controller depends on the three parameters of
PID. Generally speaking, the effect of conventional PID control depends on an accurate
mathematical model of the controlled object, while the magnetic actuator is a nonlinear
system, so an accurate mathematical model of this EDM system is difficult to establish.
Fuzzy control does not depend on the precise mathematical model of the controlled object,
and its corresponding control rules are established based on the characteristics of the
controlled system, expert knowledge, and engineering experience, which can realize the
online adjustment of control parameters within a certain range and have better applicability.
Therefore, we combine fuzzy control and PID control to design a fuzzy PID controller to
realize their complementary advantages.

The fuzzy controller consists of four main modules: the fuzzification module, fuzzy
reasoning module, knowledge base module and the defuzzification module [26,27]. Figure 5
shows the schematic diagram of the inter-electrode voltage control system of the fuzzy PID
control magnetic actuator for micro-EDM.

Fuzzy controller

| Knowledge Base :
|
I \ 4 \ 4 \ 4 |
e E |
g . . > Fuzzy > . . |
| Fuzzification g »| Defuzzification
; de(t) AN | Reasoning 4 |
dedtel—peb—od L —— JRE|
AKp| AK] AKd
Input Vi(?) \4 4 A 4 Output
A u(t) 1) P
> > PID controller » Current amplifier » Controlled object >
e(?)
Vs(2) Inter-electrode voltage|

detection device

Figure 5. Schematic diagram of the inter-electrode voltage control system of the fuzzy PID control
magnetic actuator for micro-EDM.

First, the conventional PID control parameters are adjusted based on engineering
experience. Then, based on this, the fuzzy controller corrects the control parameters of the
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conventional PID online in real-time based on the error value and the rate of change of
the error value during the regulation process. Finally, the fuzzy PID controller determines
the proportional adjustment coefficient K, the integral adjustment coefficient K;, and the
differential adjustment coefficient K;. The calculation formulas are as follows:

K, = KpO + AKP
Ki = Kip + AK; )
Ki = Ky + AKy

where Kj is the initial proportional coefficient, Kjj is the initial integral coefficient, K, is the
initial differential coefficient, AK} is the proportional coefficient correction amount, AK; is the
integral coefficient correction amount, AK; is the differential coefficient correction amount.

Selection of the fuzzy domain needs to be combined with the actual control situation,
and the key point is the fuzzy partitioning of the input variables and control variables.
Since the variables have different ranges of values, the basic domains of each variable
are first mapped to a standardized domain with different correspondences, respectively.
Usually, the correspondence is taken as a quantization factor. Then, the domain is fuzzily
divided and fuzzy subsets are defined. Fuzzy control rules are formulated based on expert
knowledge and engineering experience. In this paper, the two input variables of the fuzzy
control system are the inter-electrode voltage error e and its rate of change ec, and the fuzzy
domain E and EC of the input variables are both set to [—-6, 6]. The three output variables
of the fuzzy control system are AKy, AK;, and AKy, and the fuzzy domain of the output
variables are set to (—3, 3). The corresponding fuzzy language subsets of the input and
output variables of the fuzzy control system are all (negative large (NB), negative medium
(NM), negative small (NS), zero (ZO), positive small (PS), positive medium (PM), positive
large (PB)). The quantization factors of the input variables of the fuzzy control system are
Kep = 6, Keco = 0.3. The scaling factors of the output variables of the fuzzy control system
are Epg = 0.002, E;g = 0.35, Ejzo = 0.0002. The affiliation function is trigonometric, the fuzzy
reasoning is the Mamdani method, and the defuzzification is the centroid method. The
fuzzy rule table of the fuzzy PID control system is shown in Table 2.

Table 2. Fuzzy control rules table of AKy, AK;, AKj.

EC
NB NM NS z0 PS PM PB

NB PB/NB/NS PB/NB/NS PM/NM/NB PM/NM/NB PS/NS/NB ZO/ZO/NM ZO/ZO/PS
NM PB/NB/PS  PB/NB/NS PM/NM/NB PS/NS/NM PS/NS/NM ZO/ZO/NS NS/PS/ZO
NS PM/NB/ZO PM/NM/NS PM/NS/NM PS/NS/NM ZO/ZO/NS NS/PM/NS NS/PM/ZO
E z0 PM/NM/ZO PM/NM/NS PS/NS/NS  ZO/ZO/NS NS/PS/NS NM/PM/NS NM/PM/ZO
PS PS/NM/ZO PS/NS/ZO Z20O/ZO/ZO NS/PS/ZO NS/PS/ZO NM/PM/ZO NM/PB/ZO
PM PS/ZO/PB  ZO/ZO/PM NS/PS/PM NM/PS/PM NM/PM/PS NM/PB/PS NB/PB/PB
PB ZO/ZO/PB  ZO/ZO/PM NM/PS/PM NM/PM/PM NM/PM/PS NB/PB/PS NB/PB/PB

Fuzzy PID control also has limitations. Due to the structure of the fuzzy controller itself,
the determination of the domain of fuzzy control in the control process is limited by expert
experience and cannot be changed once it is set, so the adaptive ability of the fuzzy controller
is limited. If the working conditions of the control system are changed, the control system will
not be effectively controlled according to the original parameter settings.

4. Design of the Domain Adjustment Mechanism

The idea of a variable domain overcomes the above limitations. Based on fuzzy PID
control, a domain adjustment mechanism is introduced, which expands the fuzzy domain
as the error increases and contracts the fuzzy domain as the error decreases while keeping
the number of fuzzy subsets and fuzzy rules unchanged. When the error is small, adding
appropriate number of fuzzy rules indirectly makes the fuzzy control rules more suitable for
the control system and more effective in the whole control process. This solves the problem
of low control accuracy in fuzzy control due to fewer control rules near the zero point.
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4.1. Design of Variable Domain Contraction-Expansion Factor

The adjustment rule of the variable domain relates to the increase and decrease of the
quantization factor being equivalent to the expansion and contraction of the input variable
domain, and the increase and decrease of the scaling factor being equivalent to the expansion
and contraction of the output variable domain. The domain contraction-expansion factor is
the key to the variable domain fuzzy controller design, and plays a crucial role in the control
performance. In this paper, the contraction-expansion factor is selected based on fuzzy control.
In the domain adjustment mechanism, we use two fuzzy controllers for fuzzy reasoning and
obtains the contraction-expansion factor of the adjustment quantization factor and the scale
factor, respectively. In this way, the expansion and contraction of the fuzzy domain of input
and output of the control system can be realized.

Let the input variables in the fuzzy PID controller be the error ¢, its rate of change ec,
and the output variables are AK), AK;, and AK;. Then, the domain adjustment mechanism
can be divided into the input domain adjustment mechanism and the output domain
adjustment mechanism, where the contraction-expansion factors of the input variable fuzzy
domain are a, and «,., and the contraction-expansion factors of the output variable fuzzy
domain are B, B;, and B, respectively.

After the contraction-expansion factor adjusts the initial fuzzy domain, the formulas
for the two quantization factors after control system regulation are as follows:

{ Ke = aeKepo , (10)
Kee = ttecKeco

where K¢ and K, are the initial quantization factors, and K, and K, are the adjusted
quantization factors.
The formulas for the three scaling factors after control system regulation are as follows:

Ep = BpEpo
E; = BiEj , (11)
E; = BaEao

where Epo, Ejo, and Ey are the initial scaling factors, and E,, E;, E; are the adjusted
scaling factors.
The final correction values for the three parameters of the variable domain fuzzy PID
control are as follows:
Ky = Kyo + BpAKy
K; = Kjp + BiAK; , (12)
Ky = Kgo + paAKy

where Ky, Ko, and K are the initial values of proportional, integral, and differential coef-
ficients of conventional PID control, respectively, and K}, K;, and K, are the final corrected
values of proportional, integral, and differential coefficients of fuzzy PID control, respectively.

4.2. Rule Design of Variable Domain Regulator

In the domain adjustment mechanism, the two input variables of the fuzzy control
system are the inter-electrode voltage error e and its rate of change ec, and the fuzzy
domains E and EC of the input variables are both set to (—6, 6), and the fuzzy subset
linguistic values of the fuzzy control system input variables are expressed as (negative
large (NB), negative medium (NM), negative small (NS), zero (ZO), positive small (PS),
positive medium (PM), and positive large (PB)). The contraction-expansion factors to adjust
the contraction-expansion change of the input domain are «, and a,, respectively. Then,
the fuzzy domains ag and agc are both (0, 1.5), and their fuzzy subset linguistic values
are all expressed as (medium compression (M), light compression (S), keep constant (Z),
light expansion (B)). The contraction-expansion factors that adjust the output domain
contraction-expansion change are f, B, and B, respectively, then the fuzzy domains Bp,
B1, and Bp are all (0, 2), and their fuzzy subset linguistic values are all expressed as (large
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compression (CB), medium compression (CM), small compression (CS), keep constant
(Z), small expansion (AS), medium expansion (AM), large expansion (AB)). The variable
domain fuzzy PID controller is established using MATLAB/Simulink, and the membership
function can be selected in the fuzzy control module. Since the triangular membership
function has higher sensitivity, it is chosen to use the triangular membership function, as
shown in Figures 6 and 7, for the membership functions of the input domain contraction-
expansion factors and the output domain contraction-expansion factors, respectively.

—_
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Figure 6. Membership functions of ar and apc.
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Figure 7. Membership functions of Bp, By, and Bp.

Like the fuzzy control in fuzzy PID control, the membership function is a triangular
membership function, the fuzzy reasoning is the Mandani method, and the defuzzification
is the centroid method. The fuzzy relationship between input and output variables can
be determined based on expert knowledge, engineering experience, and the variation
relationship between input and output variables. As shown in Tables 3 and 4, the fuzzy
rule table of the contraction-expansion factor regulates the contraction-expansion change
of the input domain, and the fuzzy rule table of the contraction-expansion factor regulates
the contraction-expansion change of the output domain are shown respectively.

Table 3. Fuzzy control rules table of ., aec.

Eec
NB NM NS Z0 PS PM PB
NB B/B B/B M/M S/S M/M B/B B/B
NM B/B B/M M/S S/S S/M M/M B/B
NS M/M M/S S/S Z/Z S/S M/M M/M
E. Z0O M/M S/S Z/Z Z/Z Z/Z S/S M/M
PS M/M M/M S/S z/Z S/S M/M M/M
PM B/B M/M M/M S/S M/M M/M B/B

PB B/B B/M M/S S/S M/M B/B B/B
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Table 4. Fuzzy control rules table of By, B;, and B;.

E
NB NM NS Z(e)c PS PM PB

NB AB/AB/AS AM/AB/CS AS/AM/CB Z/AM/CB  AS/AS/CB AM/Z/CM  AB/Z/AS
NM AM/AB/Z  AS/AB/CS Z/AM/CB CS/AS/CM Z/AS/CM AS/Z/CS AM/CS/Z
NS AS/AM/Z  Z/AM/CS CS/AM/CM CM/AS/CM CS/Z/CS Z/CS/CS AS/CS/Z

E. Z0 Z/AM/Z CS/AS/CS  CM/AS/CS CM/Z/CS  CM/CS/CS CS/CM/CS Z/CM/Z
PS AS/AS/Z Z/AS/Z Cs/Z/Z CM/CS/Z CS/CS/Z Z/CM/Z AS/CM/Z
PM AM/Z/AB AS/Z/AS Z/CS/AS CS/CM/AS Z/CM/AS  AS/CM/AS AM/CB/AB
PB AB/Z/AB  AM/CS/AM AS/CS/AM Z/CM/AM AS/CM/AS AM/CB/AS AB/CB/AB

5. Simulation Analysis of Magnetic Actuator Control System for Micro-EDM
5.1. Variable Domain Fuzzy PID Control System

Figure 8 shows the inter-electrode voltage control system of the variable domain fuzzy
PID control magnetic actuator. With the variable domain fuzzy PID controller as the core,
the simulation model of the inter-electrode voltage control system of the magnetic actuator
for micro-EDM was established in the MATLAB/Simulink module, and the performance
and effect of the variable domain fuzzy PID controller were tested.

Variable domain fuzzy
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Figure 8. Magnetic actuator inter-electrode voltage control system with variable domain fuzzy PID.

Figure 9 shows the simulation model of the domain regulation mechanism for the
variable domain fuzzy PID control, which mainly consists of the input domain contraction-
expansion factor (a) and the output domain contraction-expansion factor (b).
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Figure 9. Domain adjustment mechanism. (a) Input domain contraction-expansion factor; (b) output
domain contraction-expansion factor.
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5.2. Simulation Results and Analysis

The control system was simulated and analyzed in MATLAB/Simulink module with
the following conditions: inter-electrode reference voltage value V,(f) = 1.50 V, the actual
inter-electrode voltage = 46.5 V, the current amplifier scale factor Ky, = 0.77, the average
inter-electrode voltage detection factor K, = 20000/31, and the PID parameters adjusted to
Ky = 0.15, Kjp = 0.0002, K49 = 0.002. Figure 10 shows the simulation curve of inter-electrode
voltage control of the magnetic actuator for the micro-EDM.
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Figure 10. Simulation curve of inter-electrode voltage control of the magnetic actuator for micro-EDM.

Table 5 shows the comparison of various control performance indexes of conventional
PID control, fuzzy PID control, and variable domain fuzzy PID control.

Table 5. Comparison of simulation parameters.

Control Method Adjustment Time (s) Overshoot (%)
conventional PID 0.07 5.84
fuzzy PID 0.055 0
variable domain fuzzy PID 0.04 0

The simulation comparison analysis showed that increasing the inter-electrode voltage
value by 0.3 V at 0.2 s for this control system was equivalent to increasing the inter-electrode
voltage value by 9 V in the actual EDM process, which was used to simulate the inter-
electrode voltage variation in the non-normal EDM process. Conventional PID control
has overshoot, whereas fuzzy PID, and variable domain fuzzy PID control has a strong
anti-interference ability and steady-state performance. During abnormal processing, the
variable domain fuzzy PID control regulation speed is faster.

6. Experimental Research

To test the actual processing effect of the magnetic actuator control system for micro-
EDM, machining experiments were conducted on the micro-EDM machine tool. The
experimental study was conducted for four cases: traditional micro-EDM, conventional PID
control magnetic actuator and traditional micro-EDM cooperative control, fuzzy PID control
magnetic actuator and traditional micro-EDM cooperative control, and variable domain
fuzzy PID control magnetic actuator and traditional micro-EDM cooperative control.

6.1. Build an Experimental Platform

Figure 11 shows the micro EDM experimental system, which is mainly composed of a
micro EDM machine, magnetic actuator, ASPACE1104, computer, current power amplifier,
switching DC power supply, and an inter-electrode voltage detection circuit. This low-pass
filter with a cut-off frequency of 300 Hz is added after the inter-electrode voltage detection
circuit to filter out the high frequency signal, and the high frequency, high voltage signal
is filtered by the detection circuit to obtain a safe voltage signal after bucking, which is
input to the controller. The basis for using copper as the electrode material for EDM is that
copper has good electrical conductivity, thermal conductivity and high melting point, and
copper electrodes are more suitable for micro-EDM.
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Figure 11. Experimental system of micro-EDM. 1: Micro electrical discharge machining. 2: Mag-
netic actuator. 3: Tool electrode. 4: Machining workpiece. 5: Discharge gap voltage detection circuit.
6: Switching DC power supply. 7: Computer. 8: dSPACE1104. 9: Multimeter. 10: Current power amplifier.

Table 6 shows the parameter settings of the micro-EDM machine tool.

Table 6. Parameters of micro-EDM machine tool.

Voltage

Current

Pulse Rest Pulse Discharge Polarity Electrode =~ Workpiece =~ Working Medium

W0V

3A

16 us 90 ps Positive copper 45 steel Coal oil

6.2. Experimental Process

In micro-EDM, the gap voltage signal is detected and processed by the average voltage
detection circuit. The detected inter-electrode voltage signal is the feedback signal V(t).
The reference voltage V,(t) is set to 1.5 V, which corresponds to the gap voltage between
the electrode and the workpiece of 46.5 V in the actual machining. The inter-electrode
voltage signal detected by the average voltage detection circuit is used as the feedback
signal for the controller. The feedback signal is A/D converted by the dSPACE1104 input
port, and the feedback voltage V(t) is compared with the reference voltage V,(t), and the
inter-electrode voltage error e and its rate of change ec are used as the input signal for the
controller. The voltage signal u,(t) output from the controller is D/A converted by the
dSPACE1104 output port, and the voltage signal u,(t) is converted by the power amplifier
into a current signal I,(t) that is fed into the coil of the magnetic actuator, which drives the
electrode in the axial direction for fast micro-positioning so that the micro-EDM is always
kept within the effective discharge range.

To verify that compared with the traditional micro-EDM, conventional PID control
magnetic actuator and traditional micro-EDM cooperative control and fuzzy PID control
magnetic actuator and traditional micro-EDM cooperative control, the variable domain
fuzzy PID control magnetic actuator and traditional micro-EDM cooperative control has the
advantages of good robustness, high adaptive ability, and anti-interference ability, which
can significantly improve the dynamic and static performance of the control system.

6.3. Experimental Results and Analysis
6.3.1. Comparison of Discharge Status

To monitor the discharge status in real-time during EDM of micro small holes, the
inter-electrode voltage detection circuit detects the feedback voltage V(t), which is then
used for data acquisition by a digital signal processor (ISPACE1104). The feedback voltage
is 0 V when the short-circuit is discharged. When the discharge state is a broken- circuit,
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the feedback voltage is 3 V, and the actual inter-electrode voltage is 90 V. And the effective
discharge range is within the range of 20% (0.6 V) to 80% (2.4 V) of the broken-circuit
inter-electrode voltage. Figure 12 shows the inter-electrode feedback voltage diagram
for the four machining cases. Comparing the above four machining cases, it can be seen
that the variable domain fuzzy PID controlled magnetic actuator can better reduce the
number of short-circuit and broken-circuit of the gap voltage and be more sensitive to the
short-circuit and broken-circuit, thus effectively improving the EDM efficiency.
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Figure 12. Inter-electrode feedback voltage. (a) Traditional micro-EDM. (b) Conventional PID control
magnetic actuator and traditional micro-EDM cooperative control. (¢) Fuzzy PID control magnetic
actuator and traditional micro-EDM cooperative control. (d) Variable domain fuzzy PID control
magnetic actuator and traditional micro-EDM cooperative control.
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6.3.2. Comparison of Processing Efficiency

To better observe the effect of the magnetic actuator control system on the machining
efficiency of micro EDM, four sets of machining experiments were conducted for the above
four machining cases. For each group of EDM experiments, under the same processing
conditions, the small hole processing experiments were conducted with a small hole depth
range of 0~1.5 mm, and the processing time of small holes was recorded every 0.05 mm.
To exclude the small holes affected by larger abnormal discharge, a number of processing
experiments were conducted, and then the average value of their respective times was
taken as the sample data.

Figure 13 shows the relationship between the micro EDM depth and machining time
for the above four machining cases. Analysis of the curve in the figure shows that the
machining speed slows down with the increase of machining depth. The reason is that
when the machining depth is less than 1mm, the machined small hole is very shallow,
the machining electric erosion products are easily discharged, and the electric erosion
products removal effect has little impact on the machining efficiency. However, when
the EDM depth of micro-hole is greater than 1mm, the electric erosion products removal
becomes more and more difficult, and the machining electric erosion products cannot be
discharged in time, resulting in low EDM machining efficiency. The magnetic actuator
can drive the electrodes in the axial direction (Z direction) for rapid micro-positioning,
which can effectively change the state of inter-electrode discharge and promote the
removal of inter-electrode electric erosion products. In conclusion, the variable domain
fuzzy PID control is more effective for this control system, the control system is more
stable, and the machining efficiency is higher.

I T I T I T I T I T I
16 <|—®— Conventional EDM -
|I—®— PID+magnetic actuator+Conventional EDM
14 —&— Fuzzy PID+magnetic actuator+Conventional EDM
—W— Variable fuzzy PID+magnetic actuator+Conventional EDM
12 1 -
=104 -
g
2 3- —
=
6 - .
4 -
2 .
0 - T T T T T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50

Machining depth(mm)
Figure 13. Relationship between micro EDM depth and machining time.

To further observe the effect of the inter-electrode voltage control system of the mag-
netic actuator for micro-EDM on the machining efficiency, four groups of small holes with
a depth of 1 mm were machined in the above four machining cases. The machining speed
of eight small holes was selected as sample data for each group of experiments. Figure 14
shows the comparison of machining efficiency.
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Figure 14. Comparison of micro-EDM efficiency.

Table 7 shows an analysis of experimental results. The experimental results show that,
compared with the traditional micro-EDM, the processing efficiency of the conventional PID
control magnetic actuator and traditional micro-EDM cooperative control was increased by
20%. The processing efficiency of the fuzzy PID control magnetic actuator and traditional
micro-EDM cooperative control was increased by 31.8%. The processing efficiency of
the Variable domain fuzzy PID control magnetic actuator and traditional micro-EDM
cooperative control was increased by 40%.

Table 7. Experimental result analysis table.

Processing Methods Average Processing Speed
traditional EDM 3.371 um/s
PID control magnetic actuator 4.038 um/s
fuzzy PID control magnetic actuator 4.444 ym/s
variable domain fuzzy PID control magnetic actuator 4.714 um/s

6.3.3. Comparison of Machining Surface Quality

Figure 15 shows a physical image of the machined workpiece with a machining
depth of 1 mm. From left to right are traditional micro-EDM, conventional PID control
magnetic actuator and the traditional micro-EDM cooperative control, Fuzzy PID control
magnetic actuator and the traditional micro-EDM cooperative control, variable domain
fuzzy PID control magnetic actuator and the traditional micro-EDM cooperative control. By
comparing the surface quality of the machined workpiece, it can be seen that the variable
domain fuzzy PID control magnetic actuator and the traditional micro-EDM cooperative
control had better machining results. The surface carbon accumulation of the machined
workpiece was significantly reduced, and the surface quality of the machined workpiece
was improved.

Figure 15. Image of machined workpiece.
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7. Conclusions and Future Work

In this paper, a magnetic local actuator with a controllable single degree of freedom,
high precision, and fast response for micro EDM is introduced. The magnetic actuator can
be directly connected to the spindle of a traditional micro-EDM machine tool. Aiming at
the problem of narrow discharge gap servo control, variable domain fuzzy control and PID
control were combined, and a variable domain fuzzy PID controller was designed, which
brought about intelligence of the control process and improved the performance of the
control system. Under the conditions of electrical discharge machining, the system was
used to control the magnetic actuator drive electrode to quickly and accurately position
in the axial direction, improve the effective discharge probability of micro-EDM, and
attain high-speed and high-precision micro-EDM. Simulation and experimental results
showed that compared with traditional micro-EDM machine, the processing efficiency of
the conventional PID control magnetic actuator and the traditional micro-EDM cooperative
control was increased by 20%. The processing efficiency of the fuzzy PID control magnetic
actuator and the traditional micro-EDM cooperative control was increased by 31.8%. The
processing efficiency of the variable domain fuzzy PID control magnetic actuator and the
traditional micro-EDM cooperative control was increased by 40%.

Based on this, in future research, we will consider the use of new type-2 and type-3
fuzzy logic systems to improve this control system, and we will study a multi-degree-
of-freedom magnetic actuator and its control method, as well as verifying the control
performance of the multi-degree-of-freedom magnetic actuator through EDM experiments.
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