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ABSTRACT The traditional method of milling which uses constant spindle speed and feedrate to prevent
machine, workpiece, and machining tool failure. However, this method prevents engineers from further
improving machining efficiency. It is possible to increase machining efficiency by appropriately adjusting
feedrate during the machining process. Although there are plenty of researches regarding adaptive machining
force control, those researches focus on the design of controller, and few of them discuss the relation
between control signals and tool wear for parameters setting. This study presents a method for setting process
parameters in constant load machining, including feedrate upper and lower limits, as well as reference spindle
current. The reference spindle current and feedrate upper limit were selected to sustain cutting force up
to tool strength. The feedrate lower limit was established to maintain tool wear conditions within a given
range, preventing severe and unstable tool wear. The experimental results showed that when the feedrate was
reduced to the lower limit value, the machining parameters setting method presented in this study could keep
the tool wear within the set value, avoiding the risk of tool failure. The strategy for setting the machining
parameters can be used to end milling, slot milling, or a combination of both milling processes. The constant
load machining parameters presented in this study outperformed constant feedrate machining of the identical
milling conditions in terms of tool life and material removal rate. The traditional method estimated tool life
by cutting lengths, but we used the feedrate change to estimate the tool wear for change. The result showed
that this method had better tool life than traditional way.

INDEX TERMS Adaptive machining, constant load machining, force control, spindle current, tool wear.

I. INTRODUCTION

In recent years, CNC (Computer Numeric Control) machin-
ing has been widely used in different industries to manufac-
ture molds and critical parts. In the development stage of
industrial products, CNC machining can quickly manufacture
high-precision metal parts. Therefore, it is often used to
produce aerospace engineering parts. Due to the wide range
of applications and the demand for mass production, the
monitoring technology of the machining process is thriving to
improve processing efficiency [1], [2], [3], [4]. The Internet of
Things is driving Industry 4.0 development [5], [6], [7], and
CNC machining is likewise evolving toward a more advanced
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network of machines and systems. Industry 4.0 has signifi-
cantly increased processing performance; yet, the strategy for
defining CNC machining parameters remains one of the most
fundamental and critical concerns in machining.
Traditionally, constant spindle speed and feedrate have
been widely adopted in milling, most of which are conser-
vative machining conditions, to prevent machine, workpiece,
and cutting tool failure. This method ensures the stabil-
ity and reliability of the milling process, but on the other
hand, prevents engineers to further improving machining
efficiency. Through an adaptive machining force control
system, it’s possible to increase machining efficiency by
appropriately adjusting feedrate during the machining pro-
cess. Koren et al. [8] proposed the concept of ACC (Adaptive
Control with Constraints) to control the processing system
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by using the cutting force. After the sensor captured the
data through signal analysis and visualization processing, a
controller was designed to control the processing parame-
ters and increase processing efficiency, quality, and stability.
Lauderbaugh et al. [9] established a dynamic model for
responding to feedrate changes and processing forces in the
manufacturing process using the ACC system and control
theory tools. Fixed processing parameters may cause poor
processing results when cutting conditions change signifi-
cantly. They used the dynamic model to alleviate the problem.
Koren and Ulsoy’s studies [10], [11] have shown that using
the adaptive control theory to control the cutting force can
improve efficiency and workpiece quality. Liu et al. proposed
to design feedback control and various controllers in ACC
machining to establish an ACC machining control system
[12], [13]. They compared the advantages and disadvantages
of different ACC systems. Yang et al. [14], [15] investigated
several control algorithms to establish an ACC system that
adjusts the spindle current for milling. It has been demon-
strated that altering the spindle current may control the output
of the machining force in a stable manner and has broad
applicability.

When the cutting tool gradually wears away, deterioration
of surface roughness is observed. Tool wear is an impor-
tant factor that influences surface roughness and dimensional
accuracy. Mohamed et al. proposed that the integration of
a tool condition monitoring system with ACC system could
enable optimization of tool remaining life [16]. Huang et al.
[17] used convolutional neural networks for a multi-domain
analysis extracted from cutting forces and vibration in the
dry milling process to create a multi-domain model for tool
wear prediction. Gorka et al. [18] proposed a monitoring
system for the simultaneous recording of machining forces,
accelerations, noise and acoustic pressure. Lacalle et al.
[19], [20] proposed a system for diagnosing the milling pro-
cess by simultaneously collecting cutting forces and cutting
tool positions (coordinates X, Y, and Z). Mohanraj et al.
[21] developed the tool condition monitoring system in the
end milling process using wavelet features and Hoelder’s
exponent with machine learning algorithms. Laboratories
worldwide have developed many tool condition monitoring
systems to detect tool wear, chipping, and breakage. Various
Neuro-Fuzzy technologies for data collection and processing
have been proposed in an attempt to develop surface quality
prediction models [22], [23]. However, these research meth-
ods are not simple and cannot be easily applied to the actual
milling production line. Yuan et al. [24] used the spindle
current signal and the features of the machined surface image
to find a connection between the tool wear condition and the
process signals. Studies also used the fractal analysis of the
spindle current signals as a method for tool condition moni-
toring [25], [26]. Monitoring the tool wear using the spindle
current signal is relatively simple. Lee et al. [27] suggested
using the decrease in feedrate as a basis for evaluating tool
wear when controlling the spindle load. This method is more
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easily applied in actual machining. When the tool gradually
wears out in ACC machining and produces a poor surface
roughness, it is a practical method to lower the feedrate to
maintain the surface roughness and the same cutting force
during the cutting process. Kim et al. [28] successfully devel-
oped a control system to sense cutting forces by measuring
spindle motor current, rather than using an expensive and
impractical tool dynamometer. However, the method and
strategy for setting the ACC system’s parameters still have
to be examined.

Tlusty [29] analyzed the transient response of an adaptive
control servomechanism for constant force milling. Its robust-
ness was affected by system noise or unmodeled dynamics.
Its adaptability and robustness did not maintain a good state
in the case of simultaneous changes in the environment and
system drift. The fuzzy set theory has been successfully
applied to control problems [30], [31]. This method has
good robustness and model-free properties. However, fuzzy
controllers require expert knowledge or operator experience
to establish appropriate control rules and membership func-
tions. Saldago et al. [32] used current and acoustic signals for
in-process tool wear monitoring. Zuperl et al. [33] designed a
neural constant force controller using adaptive regulation of
the feedrate to prevent excessive tool wear, and tool breakage
and maintain a high chip removal rate. But those researches
focus on the design of controllers and their computational
algorithm, and few discuss the relation between control sig-
nals and tool wear for parameters setting. This research will
establish the relationship between feedrate, spindle current,
and tool wear. The relation can be a reference when set-
ting machining parameters and wear monitoring in adaptive
machining force control. To study the method of setting the
ACC system’s parameters, this research uses spindle current
instead of cutting force as input signals to establish constant
load milling. The relationship between feedrate with tool
wear and spindle load current is investigated through constant
feedrate experiments. According to experimental results,
a reasonable strategy for setting process parameters is pro-
posed. The selected processing parameters are applied to slot
milling, end milling, and a combination of slot milling and
end milling to verify the applicability of the proposed method.
Constant load machining is to improve machining efficiency
by adjusting the feeadrate according to the spindle current so
the surface finish could not achieve high quality. Because tool
wear was considered when setting the parameters for constant
load machining, the application of this study targets at semi-
precision machining. The change of feedrate in constant load
milling was used as an auxiliary index to determine the timing
of tool change to reduce the downtime to inspect cutting
tools. The proposed method is also evaluated by examining
the impact on tool life and material removal rate. Surface
roughness was measured in each cutting test. Nevertheless,
there was not any trend of surface roughness regarding to the
cutting parameters in this study. The process quality was not
emphasized.
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Il. CONSTANT LOAD MACHINING

A. THEORETICAL BACKGROUND

The dynamic equation of the machine tool spindle can be
expressed by the following equation:

dw
KtIMZJE‘I-BMCD-i—Tf‘I‘Td ()

K is the spindle motor-torque constant, Iy is the spindle cur-
rent, J is the moment of inertia of the motor, w is the spindle
speed, By is the damping coefficient, Ty is the Coulomb fric-
tion torque, and Ty is the torque produced by the machining
forces on the spindle in machining [15], [34].

The machining experiment in this study used a fixed spin-
dle speed for processing so that the following equation can be
obtained:

dw

— =0 )

The disturbance torque was assumed to be related to the mean
cutting force F. as follows:

Ty =rF, 3)

where r is the tool radius.

Because damping torque and Coulomb friction torque are
dependent on the machine tools, they can be assumed to be
constant for a fixed machine tool as follows:

Byw+ Ty = Cs )
Substituting (2)-(4) into (1), (1) can be simplified as (5) [35]:
Kily =Cs+r - F, (5)

To determine the relationship between cutting force and fee-
drate in an end mill, the cutting tool was divided into disc
elements of thin thickness. In a single disc element, when the
rotational speed of the cutting is sufficiently fast compared to
its feedrate, the motion of the cutting edge can be approxi-
mated as a circular trajectory [36].

The chip thickness tc is approximated by:

t. =fisina (6)

where f; is the feed per tooth (mm/tooth), and is the tool
engagement angular position of a tooth. The instantaneous
resultant cutting force is represented as follows:

N; d,
F = z / Kyf, sinadz @)
0
k=1

where N is the number of flutes of the end mill, d, is the axial
depth of cut, and Ky is the specific cutting coefficient of the
work material.

Since the axial position on the cutter from its end z is
related to the angular position and the cutter radius r by (8),
the instantaneous cutting force can be expressed as (9) by
replacing the integral parameter z with the angular position
o from (7).

tan ory,

a= b4 ©)

r
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Fi = Z / ﬁsmozdoz &)
where 1, is the helix angle of the end mill [36].

Through the integration of the instantaneous cutting force
during one revolution of the tool, the mean cutting force Fc
can be obtained:

2 A .
f i (Zk 1Jo Kf tal:ahft‘”nada) d¢
27 /Ny

where ¢ is the tool rotation angle [36]. Since feed is unrelated
to the integral parameters, it is taken out of the integral as in
(10).

Consequently, the relationship between spindle current and
feedrate can be obtained by substituting (10) into (5):

2 dq
f i (Zk 1J0 ftanahft‘glnada) dd)
27T/Nt

fi o (10)

c =

Kily =Cs +r fr

(11)

Since the machine tool, cutting tool and workpiece material
in the experiments are fixed, (11) can be simplified to (12)
[14]:

Iy=A+B-f (12)

where parameter A is determined by the CNC machine and
parameter B is related to the cutting tool, workpiece, CNC
machine and cutting conditions. When the cutting tool, work-
piece, machine tool and cutting condition are fixed, a simple
linear relationship exists between the spindle current and the
feed per tooth, and the slope is B. Since the feedrate is a
common parameter used in machine tools, (12) is rewritten
as follows:

Iy =A+B-f, (13)

where f, is the feedrate, parameter A is the idle spindle
current when the feedrate is zero, and B is the coefficient
determined by cutting tests [15]. Equation (13) shows a linear
relationship between the spindle current and feedrate, consid-
ering a new tool without wear. When tool wear begins, the
machining force will increase accordingly. Therefore, when
the tool wears, the feedrate must decrease if the constant
cutting load is desired. As a result, the spindle reference
current, the upper limit of the feedrate, and the lower limit of
the feedrate for constant load milling have to be determined
before (13) is applied to the machining processes.

When considering the additional force due to tool wear by
(13), the relationship among tool wear and cutting force is
assumed to be represented as (14) [27]:

Iy =A+Bxfu+k x Vg (14)

where Vp is the flank wear width, k; is the flank wear
coefficient.

According to the purpose of constant load machining when
considering tool wear, the feedrate decreases with respect to
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tool wear can be represented as (15):

Ivy—A Kk
fm: M

Z B x Vp (15)
The constant load control was applied by real-time feedrate
override to the CNC controller. To reduce the effect of signal
fluctuations on feedrate override, the moving average of the
feedrate override was employed.

According to (15), f, is the maximum and upper limit
of feedrate when Vg is zero. As the tool wear increases,
the feedrate should gradually decrease, where Vg and fee-
drate have a linear relationship. And the flank wear can be
used to determine the lower limit of the feedrate [15]. As a
result, after calculating the reference current for constant load
machining and the maximum flank wear when the tool needs
to be changed, constant feedrate wear experiments can be
used to set the lower limit of feedrate. According to (15), f,
is the minimum and lower limit of feedrate when Vg reaches
the maximum.

B. CONTROLLER DESIGN FOR CONSTANT LOAD MILLING
Setting the reference spindle current and feedrate upper
and lower limits are the objectives of this study. A PI
(proportional—integral) controller [37], [38] was used for con-
trol. The controller used in this study was governed by the
following equation:

t
U:U0+K,,xe(t)+K,-x/e(t)dt (16)
0

where U represents the signal under control, Uy is the last
control signal, e(t) is the current error value (set value minus
measured value). Other parameters included the proportional
gain (Kp), and the integral gain (K;).

The spindle load generated during the machining process
was feedback to the controller through the current hook meter
(FLUKE i-200s). After the controller compared the reference
value with this signal, it output a new feed command to
stabilize the spindle load.

C. RESERCH PROCESS
The research flow of setting process parameters for constant
load machining is shown in Figure 1. First, find the rela-
tionship between feedrate, spindle load current, and flank
wear of slot milling and end milling with constant feedrate
experiments. In this study, the spindle reference current and
the upper limit of feedrate were set based on the maximum
cutting force that the tool could bear to achieve the highest
material removal rate. The end of tool flank wear interval
was used for setting the lower limit of the feedrate, and the
feedrate as a real-time signal reference for tool change. Sec-
ond, carry out constant load machining, including slot milling
and end milling experiments, to verify the correctness and
repeatability of the strategy for setting machining parameters.
Third, verify the proposed strategy of process parame-
ter setting by applying mixed machining tool paths of slot
milling and end milling. Perform machining with constant
load milling, and verify tool change timing.
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Constant feederate process

Setting the spindle reference current, and the upper and lower limits of the feedrate

------- % Setting constant load processing parameters ‘

| Constant load machining tests |

Machining stability
Tool wear
Repeatability

| Apply constant load pr ing methods and s to end and slot milling

lConstant load machining in hybrid slot and end milling ‘

FIGURE 1. Research flow for constant load machining.

D. THE CONTROL SYSTEM OF CONSTANT LOAD MILLING
Previous studies [14], [15] have pointed out that the machin-
ing force is closely related to the spindle current. The
machine tool is a five-axis machine developed by the Pre-
cision Machinery Research Center (PMC). The constant load
milling controller is designed using the LabVIEW software
[39] environment. The architecture of the closed-loop control
system and hardware equipment used in this study are shown
in Figures 2(a) and 2(b). The experimental set up is shown
in Figure 2(c). The data acquisition card used was NI USB-
6431. The control system mainly comprised the current hook
meter, the LabVIEW PID controller, and the data acquisition
card (NI USB-6431) to output control signals. The spindle
load current was measured by the current hook meter (Fluke
i-200s) and recorded by the computer. The data acquisition
card output the control signal as Zero-order Hold voltage. The
ADC conversion card converted the analog signal to a digital
signal (SYNTEC TB16IN-2AD). The control signal was sent
to the machine tool PLC (Programmable Logic Controller)
at a frequency of 50 Hz to update the machining feedrate of
the machine tool, when the spindle load was changed. The
parameters of the controller were fixed while the federates
were real-time updated.

E. PROCESSES OF END AND SLOT MILLING

A medium carbon steel S45C was used for the milling experi-
ments. The cutting tool used was a 2.0 mm diameter two-flute
end mill without surface coating (AA238M-0200-D4-ML-
10) produced by Jingming Precision Tools (Taiwan) as shown
in Figure 2(d). The tool material was composed by 0.4
pm ultra-fine grained tungsten carbide particles (WC88%,
Co12%). Length of cut was 5.0 mm. The helix angle was
38°, axial primary relief angle was 3°, and the hardness value
was 55 HRC. The machining length of each pass was 150 mm,
and the axial depth was 200 m. End and slot milling exper-
iments were performed at the spindle speed of 10000 rpm.
The radial machining depth of end milling was 1.4 mm (70%
of the tool diameter), and the down-milling operation was
chosen for end milling tests. In the constant feed experiment,
the spindle load current of each machining test and the flank
wear at the end of the machining tests were recorded. In the
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FIGURE 2. The equipment of the control system: (a) overview,
(b) architecture diagram, (c) main interfaces, (d) cutting tool.

constant load machining test, each machining test’s feedrate,
spindle load current, and flank wear were recorded.

F. PARAMETERS SETTING

In constant load milling, the spindle current was maintained
at the reference current level, and the feedrate was updated
according to the reference current. The reference current and
the upper limit of the feedrate were set based on the strength
of the cutting tool and surface roughness. The lower limit of
the feedrate was based on the tool wear amount. When the
feedrate reached the lower limit, the cutting force resulted
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from material removal and tool wear was expected to be
close to the upper limit that the cutting tool can withstand.
In addition, the tool wear value was expected to be maintained
within the range predetermined in this study. The following
steps were used to set the spindle reference current, feedrate
upper limit, and feedrate lower limit for constant load milling:

1) The maximum spindle current that the tool can bear was
obtained from the constant feed milling tests, and a safety
factor was added to set the spindle reference current.

2) From the relationship between the feedrate and the spin-
dle current, the initial feedrate corresponding to the reference
current was obtained.

3) The lower limit of feedrate was determined according
to (15). fi, was the lower limit of feedrate when Vg reaches
the maximum. The lower limit of federate was also set refer-
ring to the constant feedrate milling tests when the tool was
severely worn and starts to produce unstable wear, such as
chipping. This must be done with a series of constant feedrate
milling tests.

After the processing parameters were formulated, the PI
controller parameters would be designed and verified. The
PI controller was mainly to stabilize the spindle current.
Then the previously set constant load processing parameters
would be verified experimentally to determine whether a
stable milling process can be achieved. It would also be
examined in the experiments if the tool wear remained within
the selected range, which was the time to change the tool
when the feedrate reached the lower limit.

G. FLANK WEAR MEASUREMENT

The method of measuring flank wear was to use a CCD
Camera (SAGE VISION HD4600) to capture the image of
the tool end face and estimated the maximum flank wear on
each edge of the end face. The averages of the maximum wear
of the two tool end faces were recorded. By observing the
tool condition in milling tests, when the wear value of the
tool used in this experiment was around 220 pm to 230 um,
an unstable wear phenomenon began to appear. Therefore,
the maximum tool wear in this study was set as 180 um to
220 pm to prevent unstable tool wear or chipping.

H. SYSTEM IDENTIFICATION

This study used the chirp signals for system identification
[40] to identify the machining system dynamics. The PI
controller for constant load milling was designed based on the
machining system dynamics. This study used LabVIEW [39]
to create the chirp signals and the block diagram of the pro-
gram is shown in Figure 3, where f1 and 2 were the start and
end frequencies of the chirp signals, respectively. The input
signal was the voltage signal for controlling the feedrate.
The output signal of the CNC was the spindle current. After
getting the input and output signals, the ARX Model of MAT-
LAB [41], [42] was used to identify the dynamic equation
between input and output signals. In the PI controller design,
the proper ratio gain K, and integral gain K; were set by the
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PID Tuner module of MATLAB Simulink as the parameters
for constant load milling. For system identification, a new
tool was used, the spindle speed was 10000 rpm, and the
axial depth of cut was 0.2 mm for slot and end milling. In the
experiments of slot and end milling, the feedrates ranged
from 250 to 750 mm/min.

[20} i |
| DAQ Assistant |
£=3

Waveform Chart

Ep-

Sample Rate (Samp/s) 2

FIGURE 3. Chirp signal block diagram.

Ill. EXPERIMENTAL RESULTS

A. PRAAMETER SETTING BY CONSTANT FEEDRATE

1) END MILLING

The relationship between the feedrates and spindle current
of sharp cutters for end milling is shown in Figure 4. Three
cutting tests were carried out for each cutting condition. The
relationship between feedrate and current was linear and can
be estimated by (13).

stest1 etest2 -test3 —Linear Trend

e
N

200 300 400 500 600 700 800 900 1000 1100 1200
Feedrate (mm/min)

FIGURE 4. The relationship between the feedrate of the new tool for end
milling and the spindle current.

In the tool wear experiments of end milling with constant
feedrates of 800, 900, and 1000 mm/min, the spindle current
of these three feedrates were significantly increased when the
spindle current exceeded 0.28A, as shown in Figure 5. The
spindle current of 1000 mm/min feedrate was sharply raised
to 0.298A at the end of the cutting test, and the chipping was
observed, as shown in Figure 6. According to the experimen-
tal results, the maximum spindle current that the worn tool
can withstand was about 0.28 A. For safety reasons, we set a
safety factor of 1.17 to avoid unpredictable tool failure. The
spindle reference current was set to 0.24A by multipling the
maximum spindle current of 0.28A by 0.85. In Figure 4, the
feedrate corresponding to the initial spindle current of 0.24 A
without any tool wear was about 1000 mm/min. Therefore,
the upper limit of the feedrate for end milling was set to
1000 mm/min. If the spindle current exceeds the upper limit,
the feedrate will decrease immediately to avoid tool chipping
or breakage.
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FIGURE 5. Spindle current of end milling with three constant feedrates
(800, 900, and 1000 mm/min).

Chipping

v

FIGURE 6. Flank wear of end milling with constant feedrate
(1000 mm/min) when the current rises to 0.298 A.

The wear experiments for the lower limit of the feedrate
are shown in Figure 7. The experiments were carried out at
feedrates of 600 and 700 mm/min. When the spindle current
at the feedrate of 700 mm/min was close to the reference
current of 0.24 A, the flank wear was 167.3 um, lower than
the desired wear range of 180 um-220 um. As a result, if
700 mm/min was set as the lower limit of the feedrate, the
tool wear may not enter the preset tool change range at the
end of the milling experiment. When the spindle current at
a feedrate of 600 mm/min reached 0.236 A, the tool wear
was 205.1 um, which was in the middle of the wear range
of 180 um-220 pum. Therefore, setting 600 mm/min as the
lower limit of the feedrate would be appropriate.

@
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0.25

X -0.24
0.239A -0 $3di
0.236A 2
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€
g
£0.22
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0.21
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0.20 1 F600
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167.3pm
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o e
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—e— F700

0 300 600 900 1200 1500 1800 2100 2400
Cutting Length(mm)

FIGURE 7. Constant feedrate end milling of 600 and 700 mm/min.
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2) SLOT MILLING

The process of selecting processing parameters for
constant-load slot milling is the same as end milling. The
relationship between feedrate in slot milling and spindle
current for sharp cutting tools is shown in Figure 8. The same
condition was tested three times. The relationship of feedrate
and current in slot milling was also linear.

®

= test1 » test2 « test 3—Linear Trend

Current (A)
o o o o o
NoRoN RS o
N S @ @ w ~N

o
o e
&~

0.16

0.14
200 300 400 500 600 700 800 900 1000 1100 1200

Feedrate (mm/min)

FIGURE 8. The relationship between slot milling feedrate and spindle
current.

A set of constant feedrate experiments from 400 mm/min
to 800 mm/min were carried out every 100 mm/min to record
the spindle current and tool wear status. The experimental
results showed that when the feedrate was 800 mm/min,
the spindle current reached 0.282 A and began to produce
chipping. Therefore, the highest spindle current that the tool
can withstand after tool wear is about 0.28 A, which was
coincidently the same as the maximum current in end milling.
Same as in end milling, a safety factor of 1.17 was set for
the spindle reference current to reduce the risk of chipping
or tool breakage during cutting tests. Then, the maximum
spindle current of 0.28 A was multiplied by 0.85 to obtain the
reference current of 0.24A.

According to the experimental results in Figure 8, the
feedrate corresponding to the reference current of 0.24 A was
600 mm/min. To improve the machining efficiency, the upper
limit of the feedrate for slot milling was slightly increased to
700 mm/min.

Slot milling wear experiments were conducted with fee-
drates of 400 and 500 mm/min and recorded the average
spindle current and the tool wear status at the end of each
cut. When the spindle current reached the reference current
0.24 A at the feedrate of 500 mm/min, the tool wear was about
180~190 um, located at the lower edge of the tool change
interval 180 um — 220 pum. It was a slightly conservative
but reasonable lower feedrate setting value. Therefore, the
lower limit of feedrate for slot milling in this study was set
at 500 mm/min.

B. VERIFICATION OF CONSTANT LOAD CONTROL

1) END MILLING

Before the design of the PI controller, the dynamics of the
machining system are determined by the sine-swept method.

125978

The formula of the chirp sine signal is as follows:

v = A x sin (271 (fo LA sh xT,-) T,-) (17)

27,

where A is the intensity, fy is the initial frequency, f] is the
end frequency, Tk is the target time, Tj is the instantly time,
and y is the output waveform.

In this study, the intensity was 2.5 V, the target time was
15 seconds, and the frequency was increased from 0.1 Hz
to 2 Hz. Observing the system’s response to the input signal,
and using the MATLAB to obtain the transfer function that
best fits the system’s dynamic characteristics, the transfer
function between the feedrate input voltage and the spindle
current output was obtained as follows:

_0.0611z7" —0.1338272 4 0.0752¢ 7
©1-2.0311z7 " 4+ 1.2104z72 - 0.16557

Gcnc is the transfer function of the machining system. After
obtaining the transfer function of the machining system, the
proportional gain and integral gain that meet the system
response requirements were estimated through MATLAB.
According to the experimental results, the K, of the PI
controller was set to 160, K; was set to 0.006, where the
rising time was set to 2 seconds, the settling time was set to
4 seconds, and the settling error was set to 0. An example
of the control signal for constant load end milling (cutting
length = 150~300mm) is shown in Figure 9. The reference
current was set to 0.24 A, and the average of the measured
current was 0.239 A. The difference between maximum and
minimum current during end milling was 7.6%.

The end milling parameters established for the constant
load machining process were set to the reference spindle
current of 0.24A, the upper limit of the feedrate to be
1000mm/min, and the lower limit of the feed speed to be
600mm/min. When the feedrate reached the lower limit in
cutting tests, the controller could not continue to reduce the
feedrate, as shown in Figure 10. The relationships of spindle
current and feedrate (5 different tests in the same condition)
to cutting lengths are shown in Figure 11. The current was
successfully controlled within 1% of the reference current
before the feedrate reached the lower limit. Despite the
slightly different properties of the tools, reflecting in changes
of feedrates during cutting tests, the proposed method always
recommended the proper tool changing time and proved to
avoid severe tool damage.

Gene ( 18)

2) SLOT MILLING

The process to obtain the transfer function of the cutting
system of slot milling is similar to that of end milling. Accord-
ing to the experimental results, the K, of the PI controller
was set to 160, K; was set to 0.006, where the rising time
was set to 2 seconds, settling time was set to 4 seconds and
the settling error was set to 0. The experimental results of
applying PI controller parameters to constant load machining
(cutting length = 150~300mm) is shown in Figure 12. The
reference current was 0.24 A, while the actual processing
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FIGURE 11. Spindle current and feedrate of constant load end milling.

average current was controlled at 0.240 A. The difference
between maximum and minimum current during processing
was 7.5%.
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The machining parameters established in the constant load
machining process were set to the current of 0.24 A, the upper
limit of the feedrate to 700mm/min, and the lower limit of
the feedrate to S00mm/min. The spindle current rose when
the feedrate dropped to the lower limit (cutting length =
1500~2000mm, as shown in Figure 13). The relationships of
the average spindle current and feedrate to cutting lengths for
constant load machining (3 tests in the same condition) are
shown in Figure 14. The current was successfully controlled
within 1% of the reference current before the feedrate reached
the lower limit. The proposed method always recommended
the proper tool changing time and proved to avoid severe tool
damage. The red line (test1) shows that the feedrate is higher
in the initial machining stage, but the spindle current still
maintains an error of +1%. This was because the origin of
the Z axis was manually set, which caused a smaller depth of
cut and as a result of a higher feedrate during constant load
milling in test 1.
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FIGURE 12. Control effect of constant load machining slot milling
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C. VERIFICATION OF TOOL CHANGE TIMING

1) END MILLING

The progresses of flank wear are shown in Figure 15, where
the feedrate were almost falling to the lower limit at the end
of cutting tests. Table 1 summarizes the flank wear measured
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FIGURE 14. Spindle current and feedrate of constant load slot milling.

at the end of cutting tests when the feedrate reached the lower
limit. The results showed that when the feedrate reached the
lower limit, the tool wear did not exceed the upper limit of
the tool change interval. The average value was 197.26 um,
approximately in the middle of the tool change interval. It is
observed in the figure that when the tool wear falled within
the preset range, the total cutting lengths differed. Compared
with the traditional method, which estimated tool life by
cutting lengths, the proposed method can accurately predict
the timing of tool change. The traditional method estimated
tool life by cutting lengths. Based on the characteristics of
constant load machining, the feedrate needs to be decreased
as the tool wear increases. We set a lower limit of feedrate
to reflect the tool wear status. When the feedrate command
touched the lower limit, it is indicated that the tool wear
reaches its limit and it needs to be replaced. This method
works better than the traditional method if there are variations
among cutting tool properties, where estimating tool life by
cutting length does not work well.

TABLE 1. Flank wear results when the feedrate of constant load end
milling reaches the lower limit.

Test The tool wear value (pm) The tool wear value location
(When the feedrate reached the lower limit.)
1 214.30 Locate in the tool change interval
2 175.29 4.71 um Lower than the lower limit of interval
3 192.34 Locate in the tool change interval
4 198.59 Locate in the tool change interval
5 205.80 Locate in the tool change interval
Average 197.26

2) SLOT MILLING

The progresses of flank wear for constant load slot milling are
shown in Figure 16. Tool wear values measured at the end of
machining when the feedrate reached the lower limit were
summarized in Table 2. The results showed that when the
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feedrate reached the lower limit, the tool wear did not exceed
the upper limit of the tool change interval. The average value
was 189.70 pum, within the range of 180 pum to 220 um.

D. MATERIAL REMOVAL RATE AND TOOL LIFE

1) END MILLING

The comparison of tool wear performance between constant
load machining and traditional constant feedrate machining is
shown in Figure 17 (test] to testS were the results of constant
load machining). Because the spindle load current was unsta-
ble during constant feedrate machining with 800 mm/min,
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TABLE 2. The results of tool web wear when the feedrate of constant
load slot milling reaches the lower limit.

Test The tool wear value (zm) The tool wear value location
(When the feedrate reached the lower limit,)

1 194.53 Locate in the tool change interval

2 178.89 1.11 um Lower than the lower limit of interval
3 195.69 Locate in the tool change interval
Average 189.70

as shown in Figure 18 (a) and the chipping phenomenon was
observed as shown in Figure 18 (b), only the experimental
results for constant feedrate machining of 700 mm/min and
600 mm/min were compared.

As shown in Figure 17, the average tool life of con-
stant load end milling was 2250 mm, and the tool life
of constant feedrate of 700 mm/min was 1800 mm. Con-
stant load machining has a 25% increase in tool life. The
material removal rate (MRR) for constant load end milling
was 3.79 mm?/s, while the MRR for constant feedrate
700 mm/min was 3.26 mm?>/s. There was a 16% increase in
material removal rate for constant load milling. The results
are as expected, because most of the time, the feedrate of
constant load machining was higher than that of constant
feedrate machining.

230 >. Al
210 | Wear Upper timie //F/I/%//‘//
g 190 Wear Lower Limit /
Eo
5 150
=130 —— Testl
= —— Test2
c
5 110 —¥— Test3
“ 90 —=— Test4
—4— Tests
70 —e— F600
50 —e— F700

0 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300
Cutting Length(mm)

FIGURE 17. Comparison of flank wear between constant feedrate (F600,
F700) and constant load end milling (5 tests).
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FIGURE 18. (a) Spindle current at constant feedrate end milling of
800 mm/min, (b) Tool chipping phenomenon at constant feedrate of
800 mm/min.

2) SLOT MILLING

Referring to the processing parameters recommended by
the tool manufacturer, this study compared the flank wear

VOLUME 11, 2023

progress of constant feedrate 400 mm/min and constant load
slot milling, as shown in Figure 19. The results showed that
the tool life of constant load machining was longer than that
of traditional slot milling recommended by tool manufac-
turers. The average material removal rate for constant load
processing was 3.93 mm?/s, and the total cutting length was
1950 mm. The average material removal rate for constant
feedrate machining was 2.53 mm?3/s, and the total cutting
length was 1350 mm. Constant load machining has a 44%
increase in tool life. There was a 55% increase in material
removal rate for constant load milling.
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FIGURE 19. Comparison of flank wear between constant feedrate

400mm/min and constant load slot milling (Test).

E. CONSTANT LOAD MACHINING IN HYBRID SLOT AND
END MILLING

The tool paths for a simple microfluidic mold are shown in
Figure 20(a). The designed tool paths were a mixed process-
ing of slot and end milling, as shown in Figure 20 (b). The
machining parameters of constant load slot milling and end
milling were shown in Table 3.

(a) | 150 mm |

50 mm

—_
=
~

45.2mm

Processing Direction

Eagy

@ End Milling @ Slot Milling

FIGURE 20. (a) Machining geometry, (b) Machining length and tool path.

TABLE 3. Parameters for geometry machining.

S . Slot Milling End Milling
Spindle Reference Current (A) 0.24 | 024

Upper Limit of Feedrate (mm/min) 700 1100

Lower Limit of Feedrate (mm/min) 500 600

Machining experiments were carried out on two work-
pieces. In the two experiments, the feedrate reached the lower
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limit of feedrate at different locations for the first cutting tool,
as shown in Figure 21(a). The feedrate and spindle current
signals are shown in Figure 22 (a)~(d). The values of tool
flank wear were 179.48 um and 199.63 um, located in the
tool change interval region. In the two experiments. After the
feedrate reached the lower limit, the wear amount could still
be kept lower than 220 pm until the end of the cut, and then
the tool was changed to finish the processing. The finished
product is shown in Figure 21(b). The two workpieces were
successfully made without defects caused by excessive tool
wear.

(a)

FIGURE 21. (a) The processing pass when the feedrate reaches the lower
limit in two machining verification experiments, (b) The finished product
of the Image of geometry machining verification experiment.

Up limit

Reach low limit

. 1 |
L © uplime

o Reach low limit

o

[ F) =

FIGURE 22. Processing signal before tool change in second machining
verification experiment (a), (c) Feedrate; (b), (d) Spindle current.

IV. CONCLUSION
This work proposes a systematic parameter-setting strategy
for constant load machining. Constant feedrate experiments
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can be used to determine parameters such as spindle reference
current, upper limit of feedrate, and lower limit of feedrate.
The spindle current and feedrate are set based on the tool
strength and tool wear characteristics by understanding the
relationship between tool wear, spindle current, and feedrate.
The suggested process parameters for constant load machin-
ing can reflect changes in tool wear and feedrate during the
machining process. The tool wear falls within the defined
range of tool wear when the feedrate hits the lower limit.
The proposed solution allows the process parameters to be
established systematically without random guesses. When
compared to the manufacturer’s recommended machining
parameters, tool life and material removal rates are effective
and good. Constant load machining increased tool life by 23%
and material removal rate by 16% for end milling. Constant
load machining improves material removal rate by 51% and
tool life by 30% in slot milling. This research also established
the viability of using constant load machining on a mixed path
of slot and end milling.

The machining process is often complex. If we want to
dynamically adjust the federate to keep a constant spindle
current, we need a reference current. In this study, we pro-
posed a methodology to find the reference current, the upper
and lower limit federate for different tools without random
guesses. Compared to traditional method of parameter identi-
fication, i.e., random guesses, the advantages of the proposed
methodology can guarantee better machining efficiency than
machining with fixed feedrates.
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