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CHAPTER 1
INTRODUCTION

The end milling operation is used extensively in the machining and
automotive industries for complex and costly shape machining. In recent
years, automation systems have been attached to many milling machines;
such automation systems have been made possible by the considerable
development of micro-electronic technology. Further automation of
cutting operations in milling machines will continue because of the
potential for increasing productivity, reducing labor cost, avoiding
operator injuries and improving product quality.

To automate the milling operation, it is necessary to monitor the
machining process continuously and accurately by simple techniques.
Measuring the cutting force can be proposed as a monitoring technique for
the milling machine process to produce a desired surface finish. The feed
rate of the tool also affects the productivity, surface finish and waviness
of the product in metal cutting process. Thus, it is important to determine
the proper feed rate and the spindle speed for each part of the workpiece.
It is almost impossible however to determine the optimum feed rate when
the initial shape of the workpiece is complex or when the cutting
condition can vary because of uncertainties. In this case, the operator
responsible for the task of part programming usually takes a conservative

fixed value for the feed rate, which may result in lower productivity.



In order to improve the productivity in the automated manufacturing
environment, it is necessary to implement sensing and corrective devices
that can detect and correct the system’s malfunctions.

One of the most important requirements is to obtain a relationship
between the surface texture and the cutting force. Then, there should be a
model control system, which would give a constant feedback of the
surface texture being obtained and the cutting forces being developed.
The model control system should be capable of comparing the force value
and the surface texture to the required ones. These values are calculated
by the equation that is derived in this research. The model control system
would compare the required value with the produced one and then take

corrective action by changing the feed rate and/or the spindle speed.



CHAPTER 2

LITERATURE REVIEW AND OBJECTIVES

The milling process is one of the most widely used metal cutting
operations in industry with common applications including both rough and
finished machining processes. The cutting force system in milling plays a
central role in determining the process performance by influencing the
machined surface accuracy and texture, the accurate prediction of milling
forces is of fundamental concern. To further understand the milling
process and to improve its efficiency, several different methodologies of
the force system and surface were generated.

The different methodologies are classified under mathematical
models, computer simulations, computer-assisted manufacturing and on-
line sensing and monitoring. Some researchers [12,16] constructed various
mathematical models of operating parameters for the milling process.
They generated mathematical models that predict the forces in the milling
operation and/or the surface texture. Given the current computer
technology and optimization tools, these mathematical models have been
implemented into computer codes that would predict the cutting forces.
The sensing technology and on-line monitoring have been under
continuous development for the last two decades, thus synthesized the
research community to the implementation of adaptive control into the
milling operation. The literature survey focus is on the different

methodologies that researchers have used to understand the phenomena of



the stochastic nature of forces and surface texture. Some studies have
been done on forces, operating parameters and others on surface finish
only. Our objective is to combine the various models together and use the
knowledge and information on milling process. A summary of the research
work and literature is provided in Table 1.

With the rapid development of theorly, adaptive control has drawn
strong interest from many researchers and industrial practitioners and
subsequently has taken many different forms. Such control schemes
include Model Reference Adaptive Control (MIRAC) and Self Tuning
Regulations (STR). Adaptive control has been applied to metal cutting by
e.g. Tae and Jonngwon [24], Pien and Tomizuka [19].

The standard MIRAC scheme deals with the control of an unknown
system in the discrete domain. This scheme incorporates an on-line
parameters adaptation scheme where the estimated parameters are used to
determine the discrete control variables. The dynamics of the controller
attempt to create pole-zero cancellations of the plant dynamics, leaving

the controlled system with a deadbeat response.
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F : Cutting Force

D: Depth of Cut

M: Mathematical Model
N: Neural Network

ACC: Adaptive Control Constrains

ACO: Adaptive Control Optimization
EBC-Empirical Model-Based Control

SF : Surface Finish
H : Heuristic Model
S : Computer Simulation

As shown in Table 1, several research papers have been published

in the literature, in which different models for the cutting force and




machining parameters that affect the surface finish have been proposed.
Other researchers have developed adaptive controls to regulate the cutting
force in the milling process. In the dissertation, empirical relationships,
between surface finish and cutting force versus the milling operating
parameters: spindle speed, feed rate and depth of cut have been
developed. These empirical relations are used in the simulation of the
control model, which generates surface finish close to user specifications.
Some of the research done in this field is described, as follows.

The work of Pien and Tomizuka [19] deals with adaptive force
control of two-dimensional milling processing in which the feed rate was
used to control the cutting force at the desired value. Several methods are
presented for softening large overshoot of cutting force caused by sudden
changes in the work piece geometry.

Cho and Kim [13] developed a new on-line force control scheme
for machining operation by using the Fuzzy Set Theory. Based on this new
control strategy, very complex and uncertain processes can be controlled
more easily and accurately compared with standard approaches for
improving productivity. Experimental work, based on the end milling
operation was carried out to verify that the fuzzy control schemes are
applicable to the force control.

In their paper Lauderbaugh and Ulsoy [16] describe the design and
implementation of a model reference adaptive controller for force

controlling in milling. The adaptive controller was found to be performing



more effective than the fixed gain controller but it is difficult to
implement and tune because of the unmodelled dynamics or measurement
noise resulting from runout on the milling cutter.

The researchers, Ismail and Albestawi [9], generated a
mathematical model for surface generation in peripheral milling that
includes the effect of cutter run out and flank wear. The surface finish
parameters and characteristic features of the surface profile were
examined by using computer simulation. The trend towards unattended
manufacturing emphasized the need for sensing the variables in process
that could affect the state of cutting force and surface finish. The new
trend brought the usage of adaptive control technology and on-line
monitoring. The adaptive control guides the numerical control in
determining the proper speeds and/or the proper feed rates during the
milling process as a function of factors such as work material hardness,
dept of cut, spindle speed.

Abdou and Tereshkovich [1] developed a heuristic model to
determine the optimal parameters in high speed milling operation applied
to magnet brushless dc linear motor as a CNC feed drive. In this work,
relationship has been developed between the spindle speed, the feed rate
versus the cutting force and the surface finish, to incorporate practical
process capabilities of high speed milling operation using a linear motor

feed drive.



Smith and Tlusty [21] claim that it has been shown for many
milling operations that it is desirable to set the tool frequency equal to the
natural frequency. At this spindle speed, the development of resonant
forced vibration is actually inhibited by regeneration of waviness. The
authors have presented an algorithm for automatically selecting the
optimum spindle speed based on the cutting force signal. The authors
concluded that the optimum spindle speed for milling operation is the
speed where the tool frequency is equal to the natural frequency.

Tang and Cheng [25] developed an adaptive control system based
on the fuzzy logic to maintain a constant cutting force under varying
cutting conditions. Their experimental results show that the cutting tool
travel in the cut with fast feed rate moreover, in the case of varying depth
of cut, adjustable feed rates will prevent tool breakage and maintain a
high metal removal rate. As a result, the developed system can
significantly improve cutting performance in machining operations.

Bobe [5] employed a method, which determines the natural
frequencies and vibration modes of milling machines. The method
combined a finite element model and an asymmetric stiffness matrix
system.

Abdou and Yien [2] described the practical effect of the operating
parameters in the milling process. Experiments have been conducted to

measure cutting force and tool life under dry conditions. Based on the



experimental results, a mathematical model relating the cutting force to
the tool life has been developed.

Jang and Seireg [10] presented models for predicting the surface

finish, maximum cutting temperature, and residual stress distribution on
the machined surface based on the parameters of machine tool and the
cutting conditions in rotary machines. They have specified a general
procedure for the selection of machine parameters for a given machine
that would provide the maximum metal removal rate for any specified
surface quality and tool life.
Tseng and Billatos [27] In this paper, the process measurement technique
adaptive control algorithum, system identification and tool breakage
detection algorithum for the milling operation have been developed using
a feed back control system that can predict incipient tool failure and then
retract the tool prior to significant damage needed.

Saturley and Spence [20] described the practical integration of solid
modeling with milling process simulation on line monitoring and
supervisory extension to the solid modeler. The NC program file,
determine the tool/work piece immersion geometry for each motion. The
immersion geometry is then used with machining milling process model to
schedule optimal feed rates.

Liu and Elbestawi [18] developed a geometric adaptive control
system for an end milling based on adaptive state tracking. The control

definition is given by an external trajectory, which represents the desired
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surface finish. The Recursive Prediction Error (RPE) includes flexibility
of both cutter and work piece and is used for joint state and parameters
estimation. In this study, on line assessment of work piece geometry is
considered not realizable in practice, and only the cutting force is
measured.

Wang and Chaojung [34] proposed an optimal controller with two
neural network of different structures for on-line determination of optimal
cutting condition in milling. A back procreation neural network for
modeling is used to learn the appropriate mapping between the input and
output variables of the machining process.

Kolarits and Devries [15] implemented fixed and adaptive
controllers for on-line feed rate manipulation to maintain a constant
cutting force. The controllers have been able to increase the metal cutting
efficiency. The new dynamic model of the end milling force responds to
change the feed rate and/or spindle speed.

Witanabe and Tohru [35] used an adaptive control optimization
scheme and applied to the physical milling process. The model is used for
identifying the actual parameters calculating the temperature of the tool
edges and evaluating of rate wear rate.

Tae Yong and Jonngmon Kim [24] presented an adaptive cutting
force controller for the milling process. The cutting forces are measured

indirectly from the use of currents drawn by A.C. feed drive servomotor.
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2.1 Limitations of Literature Review

A considerable amount of research has been done in the area of
unattended machining, milling operation and various means have been
devised to get the desired cutting forces and surface finish on the milled
products. During the course of the literature survey, despite the research
performed during the past decade, a predictive theory for machinability
has not yet evolved. Current test procedures do not correlate the mach-
inability criteria, such as surface finish, cutting force with the machining
parameters, and the value of cutting force that can control and get the

required surface finish.

2.2 Research Objectives

The main objective of this research is to develop an empirical
model-based control. The proposed model simulates the variation of the
cutting force in the end milling process and provides the required surface
finish. The machining parameters are adjusted in the model, in order to
maintain the cutting force constant.

Interfacing the simulation model with the existing CNC machine
controller, will greatly contribute towards improving the quality and
productivity of the components being machined, eliminating preventive
and corrective measures.

In order to achieve the main objective, the following procedures

have been performed:
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1. Develop a design of experiment using Taguchi’s concepts for
milling operation to evaluate the performance of milling process
parameters in the cutting process and carrying out the most efficient
combination of experimental and analytical techniques. Online
force measurements using Kistler force transducer, amplifier, and
United Electronics Industries (UEI) data acquisition board is made
to provide force performance index relationship for each surface
and set of operating parameters. Offline measurement of surface
finish indices (Ra, Rku, Rq, and Rp) has been obtained using
Taylor-Hobson Surtronic 3-Plus.

2. Develop an empirical model between cutting force and surface
finish versus milling operating parameters namely, spindle speed,
federate, and depth of cut. Simple regression (SR), Multiple
regression, and peak force fitting is conducted to provide the
relationships between the dependent and independent variables. The
dependent variables are the cutting force and surface finish. The
independent variables are spindle speed, feed rate and depth of cut.

3. Utilization of data to develop a performance rating database and
significant factor/optimal level database on mean, variance, and
signal-to-noise ratio for both cutting force and surface finish.

4. Develop an empirical model based control based on the above
empirical modeling relationship.

5. Report final results, conclusions, and recommendations.
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2.3 Dissertation Overview

The flow of the proposed research is illustrated in Figure 1. It
includes the design of experiment, experimentation, force measurement,
statistical technique for surface finish measurement and empirical
modeling, model control algorithm and block diagram, and final results
and recommendation. This research has been compiled in seven chapters
as follows.

Chapter 1: Introduction. It covers all the information that is
included in the succeeding chapters.

Chapter 2: Review of previous research work in the field of milling
operation process such as force, surface finish, adaptive control.
Statement of the objectives and overview of this research was developed.

Chapter 3: The proposed methodology, experimental setup,
hardware and software that was used for this research. This chapter also
describes the method of measurements for both the cutting force and the
surface finish and the analysis procedure.

Chapter 4: Covers the case study that has been performed for the
design of experiment, experiment results, statistical analysis such as
probability plots, significant factors and peak extraction.

Chapter 5: Integrate the previous applications and analysis of the
experimental results for the previous case study. Adequacy of the model

has been conducted; simple regression and multiple regressions were used



14

to drive the empirical relationship between the machining parameters
versus the cutting force and surface finish.

Chapter 6: Presents the major work of the research to achieve the
design of end milling empirical model base control, feed drive system,
transfer function and block diagram. Simulation setup and experimental
results have been presented to confirm the validity of the control model
and its relevance to industry.

Chapter 7: Provides the conclusion and the recommendation for

future research.
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CHAPTER 3

PROPOSED METHODOLOGY

In order to achieve the goals of this research, a design of
experiment of the milling process under different operating parameters is
conducted so that enough data can be collected to determine the system
performance and optimum results.

By setting a quality characteristics for both cutting forces and
surface finish, it was convenient to use Taguchi method to calculate the
signal to noise ratio (S/N) since this will include both averages response
and variation into a single measure. It is a method that will evaluate the
impact of design parameters on the output quality characteristics and will
reveal both the desirable and undesirable features of the adaptive control
performance. The “signal” is the average (or mean) value representing the
desirable characteristic, which will be preferably close to a specified
target value. “Noise” is the measure of variability and it represents the
undesirable aspects of the experimental results.

In this research, two design methods have been selected as follows:

1. Nominal-is-the best

This is the case where the characteristic has a nominal value, the
objective being to reduce the variability around a specified target value.

The S/N measure is expressed by the following equation:

Y
S/N =20 Logm(g) ----------------------------------------- (3.1)

16
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2. Smaller-is-the best

This is the case where the characteristic is optimized and the

response is as small as possible, and this is expressed by

Y
S/N = -10L0g10(§ZY2) ------------------- (3.2)

Where Y is the sampling average and S is the number of samples.

Ra:

Rku:

Rp:

The surface finish characteristics are:

Is universally used as the international parameter for surface finish.
It is the arithmetic mean of the departures (from the mean line) of
the surfaced finished profile. S/N smaller is better (small value
provides better surface quality)

A measure of the sharpness of the surface. A spiky surface will
have a high Kurtosis value and a bumpy surface will have a low
Kurtosis value. Kurtosis will detect if the profile peaks are evenly
distributed and is an indication of non-normality. S/N Nominal is
better.

A measure of the RMS parameter corresponding to Ra. S/N nominal
is better. (Equal spacing between peak & valleys corresponds to
equal wavelengths providing better surface quality

Measure the maximum high of the profile above the mean line
within the assessment. S/N smaller is better. (Small height above
the mean implies closer value to the theoretical one, hence better

surface finish).
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3.1 Experimental Setup

Design of experiment was necessary in order to obtain reliable
results. The empirical relationships, generated for cutting forces and
surface finishes, are formulated according to data collected from these
results. In a milling process, there are three control parameters that affect
the machining process namely, spindle speed, feed rate and depth of cut.

These three parameters are selected to be independent variables of
the mathematical model for the cutting force and the surface texture. A
factorial design is introduced for the formulation of the mathematical
model.

Factorial designs are most frequently employed in engineering and
manufacturing experiments. In a factorial design experiment, several
factors are controlled and their effects upon some response are
investigated at each of two or more levels. The experimental plan consists
of taking an observation at each of all possible combinations of levels that
can be formed from the different factors. Each different combination of
factor levels is called a treatment.

The main advantage of factorial experimentation is that investigate
the effects of each factor over some pre-assigned range that is covered by
the levels of those factors. In other words, the objective is to obtain a
broad picture of the effect of factors in addition to the interaction effects

between levels, in order to maximize response.
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Based on the experimental design, the milling operation is
performed using three levels: low, center, and high, for each machining
condition. There are three control parameters, the spindle speed, the feed
rate, and depth of cut. These three control parameters are selected to be
the independent variable of the mathematical models of the cutting force
and the surface finish.

In the factorial design, two values of each independent variable are
selected and a cubic box is formed. Within, this cubic box, the selected
values of the independent variables are the vertices and the control point
of this box become the set of values to be used twice.

Based on the proposed experimental design and the proposed factorial
design, a total of 36 runs are defined; 12 runs are conducted at each depth
of cut. Each run contains three replicates for each surface.

The proposed straight/taper design and geometry is illustrated in
Figure 2. A three-step polygon deign provides 12 surfaces at three depthes
of cut. There are 36 surfaces and 24 vertices.

A blank size of 4” x 4” x 1.5” allow for 0.53, 0.69, and 0.81 inch in
straight cut through the x-direction and the y- direction and a 0.54, 0.86,
and 1.24 inch cut for each taper direction. Figure 3 shows the tool motion
for each surface at each of the operation setting as described in the

proposed factorial desig
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Experimental Procedure of Milling Operation

After the experiment was setup and all the equipments were integrated,

the following steps were done:

1. The workpiece was fixed with the vice.

2. The data acquisition board was prepared and all the necessary
information entered to the UEI-WIN30.

3. The amplifier was setup after one hour of warm-up period.

4. The CNC milling machine and the NC part program were ready for the

operation.

Experimental Procedure of Surface Finish

The work piece was placed on the load cell after the milling
operation is performed. The surface finish is tested and inspected by
Surtronic 3+. The Surtronic 3+ is connected to a PC-pompatible computer
and the surface analysis software plotted the measured surface finish.

The two graphs of the cutting force and surface finish were
correlated to the same sampling workpiece. Each experiment was repeated
three times under the same operating parameters in order to compare the
results. Each experiment provided three values of surface finish and these
three data were averaged into one value.

The force varies according to the stochastic nature of the process at
each time instant, and it also leads to a variation in the surface finish at

the same time. The operation parameters (spindle speed, depth of cut, feed
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rate) are recorded and they are known. All data is analyzed by using
Table-Curve software that generates empirical relationships in which all
participated data and parameters of the whole system are fit. The Table-
Curve provides a correlation of coefficient parameter (R?) that determines
how well the data are fitting the mathematical function. The higher the
correlation coefficients value, the more accurate is the mathematical

function.

3.1.1 Hardware

The equipment used in the experiments consists of hardware and
software; the hardware are included the following items:

1. A Pentium computer.

2. An analog-to-digital converter board.

3. A data acquisition board.

4. Force transducer.

5. Dual amplifier.

6. Fadal 5-axis milling machine.

7. Four-flutes carbide end mill cutter.

8. Aluminum workpieces; material 6061-T6.

9. Steel workpieces; material AISI C1020.

10.A surface measurement instrument (Surtronic 3+).
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1. Microcomputer

A Pentium compatible with the speed of 120 MHz was used. It
executed the software to collect, process, and store the data. As soon as
the data were processed, a plot of cutting forces was displayed on the
screen. Later, the data were collected for the surface finish and were
plotted and displayed on the screen. It performed statistical calculation

for the surface finish output.

2. Analog-to-Digital Converter Board

(ADC) is a device that converted the analog signals into digital
signals. The analog signals are engaged in continuous process, and it
divided into the following stages until the process is completed:
Sampling
The continuous signal is converted into periodical samples. Each sample
has the same length of time, and the continuous time is broken to a series
of discrete time analog signals.

Quantification

Each discrete time analog value must be assigned to one of a finite
number of different amplitude levels. These amplitude levels consist of
discrete values of voltage ranging over the full scale of the ADC. The
different amplitude levels that were obtained must be converted into a
digital code. If we use the analog-to-digital converter, we must take into

consideration another three characteristics. The characteristics considered



24

are: the sampling rate, the conversion time, and the resolution. The
conversion time is the time that it takes to convert the analog signals into
digital signals. During the conversion, the resolution of an ADC relates to
the precision by which the analog signal is evaluated. In this research, the
ADC interface with on-board memory was used and installed inside the
microcomputer. The board had a conversion rate of 1 MHz and an on-

board memory of 1 MB.

3. Data Acquisition Board

The WIN-30 is a full size board and has a high accuracy analog and
digital I/O board for IBM-PC and compatible series of computers. It is a
multi channel data acquisition for (x,y,z) cutting force directions. The
cutting force data can be displayed in multiple units in either graphical or
text form. A cross-hair system allows for measuring voltage and time.

The UEI WIN-30 data acquisition board is required to provide the
ability to import, analyze, and store the cutting force signals. The WIN-30
board can be inserted into any 16-bit slot of a PC/AT computer and can be
controlled using the STATUS software. Table 2 lists the WIN-30 data

acquisition specifications board.

A/D Subsystem:

The A/D subsystem’s major component is a monolithic analog to
digital converter, which accepts analog voltage inputs sensors, such as

pressure transducer and thermocouples, and converts them into 12 bits
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Table 2. WIN-30 Data Acquisition board Specifications

Number of input Channels 16 Single-Ended
Resolution 12-bit, 1 in 4096

Total System Accuracy +/- 0.06% (+/- 2.5 LSB)
Effective Number of Bits 11.2 (min)

Signal/Noise plus Distorsion Ratio | 69 dB

Gain Error +/- 5.0 LSB, Adjustable to 0.0
A/D Clock Divider
Block Scan Mode

16 Bit 2 x 50 way IDC, one Analog I/0O,
one Digital I/0
256 Channels per Block 0 to 27 Degrees Celsius

digital codes. This code is transmitted to the host processor, which
processes it according to the software in use at the time.

The A/D may be operated in either single conversion or continuous
conversion mode. In single conversion mode the board performs as a
single conversion on the selected input channels and stops on completion
of this conversion. In continuous conversion mode conversions are
performed continuously at a set rate. Programming the WIN-30’s internal
timer or an external clock source sets this rate.

A/D conversions may be monitored by polled I/0, DMA or by
interrupts. In polled I/0 mode the software continuously polls the boards’
status resister to check for completion of the current A/D conversion.

DMA (Direct Memory Access) is used to transfer data direct from the A/D



