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INTRODUCTION

The primary objective of work in the first 12 months (4-15-94 to 4-14-95) of the
project was to develop the analytical fundamentals and to build a joint-research
operational basis in the area of precision machining. There were two subtasks in
this period: to establish the convolution force analysis for runout identification
and to conduct the Meeting for Technology Exchange and Industry Liaison
(MTEIL). These two subtasks have been successfully implemented jointly by
researchers at Georgia Tech and National Taiwan University.

The following sections discuss the project details and impacts. The draft of a
technical paper documenting the findings of the project for Journal publication
purpose is attached in the Appendix. Summary remarks are given in the last
section.

DEVELOPMENT OF FORCE ANALYSIS FOR RUNOUT IDENTIFICATION

The non-intrusive estimation of the magnitude and orientation of cutter axis
offset in multiflute machining processes based on cutting force modeling has been
studied in this subtask. Georgia Tech approached this issue using the
convolution integration scheme, while the National Taiwan University took on a
different methodology based on the predictive machining theory.

The convolution integration scheme decomposes the elemental cutting forces
into a nominal component and an offset-induced component. The convolution of
each elemental local cutting force component and the chip width density provides
an integral expression for the total cutting forces. From the convolution
integration property, the total cutting forces in the frequency domain are derived
as closed-form functions of the cutting pressure constants, various cutting
conditions, as well as the cutter offset geometry. Subsequently, the magnitude
and phase angle of cutter axis offset are solved for in algebraic and explicit terms
of the Fourier series coefficients of cutting forces at the spindle frequency.

Following the theoretical analysis, experimental study was performed at
Georgia Tech to calibrate the implementation procedure for offset estimation.




Frequency domain data were collected and analyzed to verify the analytical
results. By virtue of the explicit nature of the offset magnitude and phase angle
solution, this work can lead to potential industrial applications in the area of in-
process cutter offset monitoring and compensation.

The predictive machining theory utilized by National Taiwan University is
the application of chip thickness topological analysis for the prediction of cutting
forces incorporating the effect of cutter axis offset. By recognizing the patterns of
deviation between the predicted cutting force pulsations and the actual in-process
measurements, the magnitude and phase angle of cutter axis offset can be
identified. Currently this approach has been formulated and its validity is under
repeated experimental confirmation at National Taiwan University.

Through the joint research study it has been made clear that the two
different approaches share the common basis of chip load kinematics. The
Georgia Tech approach attempts to model the runout by using experimentally
measured specific cutting pressure constants, while the National Taiwan
University method quantify the runout by using experimentally cutting forces.
This basic understanding has resulted from the joint effort between the two
research groups.

The findings of this project in the first year is currently being prepared in the
form of a technical paper to be submitted to the ASME Journal of Engineering for
Industry for publication. The paper is jointly prepared by Georgia Tech and
National Taiwan University. The draft of this paper is attached in the Appendix.

In the area of human resource development, there have been three Ph.D.
students involved in this project over the first year period. They are Mr. Keith
Hekman (Georgia Tech, Ph.D. student), Mr. Ismail Lazoglu (Georgia Tech, Ph.D.
student), Mr. Landry Alexander (Georgia Tech, M.S. student),and Mr. Ming
Yuan Karng (National Taiwan University, Ph.D.). The first three students are
supervised by Professor Steven Y. Liang at Georgia Tech and the last by Professor
Hong T. Young at National Taiwan University. Mr. Hekman is currently
studying the real-time aspect of the convolution integration modeling, Mr.
Lazoglu is investigating the effect of ball-end milling on three-dimensional




cutting forces, and Mr. Alexander is performing extensive experimentation to
verify the analytical models.

MEETING FOR TECHNOLOGY EXCHANGE AND INDUSTRY LIAISON
(MTEIL)

The MTEIL devised in the project is a unique mechanism to ensure the
satisfactory progress of research cooperation. The objectives of MTEIL have been
threefold: to exchange recent research results, to facilitate graduate student co-
advising, and to disseminate research deliverable to the industry.

Significant progress was made over the first year through MTEIL. Professor
Steven Y. Liang, PI of the project, traveled to Taiwan, Republic of China, during
the week of November 14, 1994, to conduct the first MTEIL. The Meeting was
hosted by Professor Hong T. Young from National Taiwan University, and it
involved Georgia Tech (team represented by Professor Liang), National Taiwan
University (team represented by Professor Young), Leadwell Machine Tool
Company (team led by Mr. Mike Tseng, Executive Vice President), Taichung
Machinery Works Co., Ltd., (team led by Dr. Kelson Z. Y. Yen, R&D Manager),
and Mechanical Industry Research Laboratories of Industrial Technology
Research Institute (team led by Dr. Spring C. C. Jung, Manager of Machine
Performance Department).

Professors Liang and Young presented the study conducted at Georgia Tech
and National Taiwan University in the MTEIL. The technical results from two
different countries were compared and analyzed. The industry and national
laboratory commented on a broad range of practical issues related to cost,
installability, performance limits, and maintainability of the system. The benefit

of information and technology exchange was maximized by the provision of
MTEIL forum.

Professor Liang and Young were also hosted by the Leadwell Machine Tool
Company, Taichung Machinery Works, and Industrial Technology Research
Institute to tour their manufacturing facilities in Taichung and Chutung
locations. The impression gathered from the tour suggests that Taiwan machine




tool industry currently has unusually strong realization and assembly
capabilities. There are also very competent parts suppliers and subcontractors
who have formed closely-connected networks. The whole industry in Taiwan
functions as a one-stop shopping center for mechanical systems in that almost
any design can be fabricated and any specification met. This situation suggests
that the optimal mechanism to benefit the US manufacturing and machine tool
industry is to utilize the existing strength of Taiwan industry to prototype, at fast
turn around and low cost, the future chip-load servo system. Although critical
high-precision components like the PZT actuators and dynamometers may still
have to be acquired from either Japan or Germany. The technology in relation to
the analysis, design, and iterative tuning of the chip load system can be kept in
the domain of US academic and R & D laboratories.

SUMMARY

The first year study of this project has been completed satisfactorily. At this
stage the research has led to the establishment of the analytical fundamentals of
runout identification from both the convolution integration approach and the
predictive machining approach. The project has also developed strong ties with
the machine tool and manufacturing industry through the organization of
MTEIL by Professor Hong T. Young at National Taiwan University. In the
MTEIL the principal investigator had the opportunity to exchange recent
research results with peer research and development institutions, to identify the
strength and limitations of the industry in Taiwan, to suggest the optimal
mechanism to benefit US machine tool and manufacturing industry, and to
discuss cooperate research opportunities between academy, government
laboratories, and industries.

The successful implementation of the first year project has paved the way for
a smooth progress of the second year. In the second year, Professor Liang and
Young will be working closely on the development of repetitive learning control for
precision enhancement and the demonstration of the concept feasibility as
scheduled.




Appendix:

Draft of a technical paper resulting from this project
to be submitted to ASME Journal of Engineering for Industry for publication

ABSTRACT

This paper presents a methodology of real time runout calculation in end milling
process. This process is based on a convolution model presented in the literature and is
adapted for real time implementation. A windowed discrete Fourier transform is used to
continually update the offset geometry measurement. Experiments of real machining were
designed and implemented in verification of the analytical formulae, and results discussed.
The methodology has been found to successfully measure changes of runout that occur in real
time, which were caused by a step change in depth of cut, and step change in feed rate. The
results of this investigation will benefit the machining industry by increasing the capabilities
of process monitoring and control. This, in turn, will allow for the production of a lower

cost, higher quality milled part.



INTRODUCTION

Milling is one of the most common metal removal operations used in industry. In
milling, a revolving, multi-flute cutter generates the workpiece surface. Computer
numerically controlled (CNC) mills can accurately follow a prescribed path, producing high
tolerances. However, cutter runout limits the surface finish and increases wear rate on the
cutting tool.

Cutter runout refers to the tool rotating about an axis that is offset and/or is tilted
from the axis through the cutters geometric center. Static runout can be induced by spindle
imperfections, thermal deformation, wear, irregularities in insert pockets, cutter size, and
insert setting, Dynamic runout may be caused by cutting force variation, machine/cutter
imbalance, and non-uniform progression of tool wear. [Armarego, er al., 1989] Runout can
lead to increased peak cutting forces and a degraded surface finish.

Relevant Research

The 1980’s saw an increase in research focus in the area of cutter runout, including
modeling of cutting with runout and runout identification. In the area of runout modeling,
most of the research consisted of models where the cutter is discretized into disks. Kline er
al. [1983] developed mathematical models for the cutting geometry, tooth radius, chip
thickness, and entry and exit angles for end milling with cutter offset or runout. Their model
merges these geometry models with previously developed cutting force models to predict
cutting force characteristics with cutter runout for end milling. Sutherland et al. [1986]
created an improved model for the prediction of the cutting force system and surface error in

end milling. This iterative model includes the effect of system deflections on the chip load to



enhance predictive accuracy. Kolarits ez al.[1991] improved the rate of convergence of
Sutherland er al. [1986] model for use in designing adaptive controllers.

In a different approach than numerical integration, Liang et al. [1992] modeled the
forces involved in cutter runout using the convolution integral. This provided a closed form
solution for runout forces in the frequency domain, and can be used to numerically solve for
forces in the time domain. This model does not include system deflections.

Runout identification has been done in both face milling and end milling processes.
The cutter runout was measured by Gu er al. [1991] in face milling and Armarego et al.
[1989] in end milling, by minimizing the RMS difference between predicted and measured
cutting forces in an iterative predictive model. Liang er al.[1992] used the convolution
integral model mentioned earlier to solve for the runout magnitude and orientation in end
milling based of the Fourier series component at the tool passing frequency. This was a
much simpler calculation, with possibilities of calcuiation in real time. Clearly, the next
stage of research should be to produce a methodology for measuring cutter runout in real
time.

The convolution model shows great promise in the ability to measure runout in real
time. To further the potential of the scheme proposed by Liang er al. [1992], it was sought
to develop an on-line method for the calculation of the magnitude and location of the cutter
runout. This methodology would be useful in control applications based on runout, and
in-process monitoring of cutting conditions.

7In this paper, an analytic methodology is developed for on-line measurement of

dynamic runout is presented, including the development of an on-line algorithm, and a



recursive windowed digital Fourier transform. Experiments were performed to verify the
methodology. A discussion of the experimental results is then presented. Finally a summary
of the results and contributions is discussed.
ANALYTICAL STUDY

This section provides the analytic basis for the proposed scheme of runout
identification. First, a brief review of Liang’s model is presented, followed by a scheme for
real time implementation Next, it presents the development of an iterative windowed discrete
Fourier transform. Finally, it presents the complete algorithm for runout calculation.

Review of Runout Identification Method

Liang et al. [1992] provided the convolution model for the calculation of runout
position based on the measured cutting forces. Figure 1 shows the overall end milling
geometry used in the model. There are two coordinate systems defined in this system, one

attached to the workpiece and one attached to the cutter. The rectangular coordinates X, Y
and Z are attached to the workpiece, and the angle 6 is measured in this system as well. The
tip of an arbitrary flute on the cutter defines the origin of the cylindrical coordinate system
attached to the cutter, measured counter clockwise, noted by the angle B as well as p and n.

Figure 2 contains the orientation of the cutter runout in the cylindrical coordinate system.
From the work of Liang, the relationship between the cutter runout and the measured

X and Y components of the cutting force at the cutter rotation frequency is
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The constant K relates the chip thickness to the tangential local cutting force, and the
constant K, relates the tangential local cutting force to the radial local cutting force with the

following form:
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The constants ¢, p, and K, are functions of tool edge geometry, helical angle, rake angle,
and tool/workpiece material properties.

The average values of the cutting force are used to approximate the instantaneous

values of the parameters K, and K, and are calculated using the following relationship:

4.0)

MAap 0K P 0)]
zn[l()*,z() (5)

1. PAOA(0)-P(014,0)
" P(0M (0)-P(0) (0)

where




cos20,,-cos26,,

P (0)
" . 6)
-0, sin20, -sin20
PZ(O > 2:-2 1r 1:1 r

Development of the On Line Algorithm In order to use

Liang’s approach on line, several modifications needed to be made. For calculation in Quick
basic, real and imaginary portions needed to be calculated separately. As much of the
.calculations were done off line, including calculation of sine and cosine functions, to
maximize computation speed. For this reason, the repeated terms were calculated separately,
as well.

With the above strategy, the formula for the runout becomes
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with the following intermediate calculations.
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The algorithm calculates K., K, and the first force component on line, these terms cannot be

precalculated. This gives the runout in its real and complex components. The forces for the

Y force component is calculated in a similar manner except

Cop -k P, (1) Im(P,,(0))
Cyy=-lk Re(P, (1))-Re (P, (1))]

9

The magnitude and phase angle are calculated from the real and imaginary portions of the

runout.

Time-Dependent Fourier Transform

Since the model requires the Fourier transform coefficient at the cutter rotation
frequency, the algorithm must preform the transform in real time. The cutter angle is used
instead of time, to keep the sampling periodic with spindle speed variation. Thus, the
windowed Fourier transform of

X\(e'®) Y w(N-Mx(M)e 7 (10)
Mew
is used to process the data.where w(N-M) is a real "window" sequence which determines the

portion of the input signal that receives the emphasis at a particular discrete angle index, N
and ¢ is the "frequency" in terms of periods per cutter angle instead of periods per time

increment. One can picture the window moving along the data set with the cutter angle,
bringing in a new part of data and leaving out data further in the past.

To allow for a recursive calculation of the Fourier component a windowing function




of
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is used, where I is the total number of data samples in the desired number of revolutions for
the runout model from Liang’s algorithm. Using this windowing function, the coefficient
becomes
X (e/%)- i: x(M)e /%M (12)
M-N-I-1

For runout identification, it is desired to have the transform at the cutter rotation

frequency, i.e. #EB0J/I where J is the total number of revolutions in the window. This

value of ¢ causes the exponential term on the X(N+1) and x(N-I+1) data points to be the

same, due to the periodic nature of the exponential function. This allows for an iterative

way to calculate the fourier transform at the spindle frequency of

X1 (€/9)-X (/D) [x(N-1)-x(N-I-1)Je 79N4-1) (13)

Thus the new value for the transform is only a function of the previous value of the
transform and the difference in the entering and leaving data measurement. Since the
window length is an even period, the discontinuity of the windowing function does not affect
the magnitude of the coefficient at the cutter rotational frequency.
General Algorithm for On-Line Runout Identification
The general algorithm for the on-line identification of runout magnitude and angle

combines the runout calculation method with the time varying discrete Fourier transform.




Wait for angle to trigger force sampling
Sample Cutting Force in X and Y Directions

Calculate Normalized DC and Cutter Frequency
Discrete Fourier Coefficients using equation (15)

Calculate K, and K, using equation (6)
and the Normalized DC Coefficient.

Calculate constants C,, through C, using equations (9) and (10)

Calculate the runout in complex notation in from
the forces in the X and Y directions using equation (8)

Average the two runout measurements

Calculate the magnitude and phase angle from the polar form.
O=Re( &*)*+Im(O &°)?)°*
® =atan2(Im(0d ¢&°),Re(0 &*))

The algorithm performed for each sample of the cutﬁng force is as follows:Before this
process begins, the fourier coefficients need to be initialized. This is done by performing the
first three steps for a total of I samples (the length of the window function) During the
initialization, the X(N-I+1) term is set to zero. Only after the initialization process with the
algorithm produce reasonable results. This algorithm allows for changing conditions in the
cutting constants K, and K, during the cutting process.
EXPERIMENTAL WORK

Three types of tests were done to examine the runout identification characteristics of
the pro-cedure. The first set of tests was used to verify the models ability to identify steady

state runout off line. The second set of tests was designed to compare window lengths and




samples per revolution. The third set of tests was devoted to examining the methodologies
ability to adapt to changing runout conditions.

A two-axis vertical milling machine performed the cutting in the experiments at a
cutter speed was 2.25 Hz during all experiments. Experimentation was done on 7075
Aluminum, mounted on a Kistler three component dynamometer. (Figure 4) A half inch
diameter, four flute, thirty degree helical cutter performed both up and down cuts on the
aluminum. A PC-based data acquisition system collected the cutting force measurements,
and an angular resolver mounted on the spindle triggered the measurements. Programs
written in Matlab and Quick Basic performed the analysis of the data.

To verify the steady state performance of the model, cuts were done on the aluminum
workpiece, with feed rates of thirty mm/min through one hundred mm/min in ten mm/min
increments. At each of these feed rates, cuts of depths 0.5 mm, 1.0 mm, and 1.5 mm were
taken for both up and down cuts. A axial depth of cut of 2.54 mm was used during all cuts.
The MATLAB procedure calculated the values for the runout magnitude, phase angle, K, and
K, based on the sampled forces from seven cutter revolutions.

Two types of experiments were done to explore the algorithm’s capabilities of
tracking runout conditions. The first was to perform a long cut at steady state cutting
conditions. This was done to observe the variation in cutter runout measurement. The
second involved creating a step change in cutting conditions.

The first type of step change involved creating a step change in the feed rate, while
keeping the depth of cut a constant 10.76 mm. During the cutting, the feed was changed

from the starting rate to 150% of the set feed rate by adjusting the feed dial on the machine




pendant. The experiments performed can be seen in Table 1.

Table 1
Step Feed Changes

Milling Type down down down
Starting Feed (mm/min) 40 50

Ending Feed (mm/min) 100 100

The second type of step change consisted of gathering force data when the depth of
cut changed during the cutting process. Figure 5 shows the workpiece for this experimental
section. During the cut, the depth of cut changed from 0.5 mm to 1.5 mm in a short
distance at feed rates of 80 and 100 mm/min and an axial depth of cut of 10.76 mm.. This
change in depth of cut was created by cutting at a depth of 1 mm partially across the

workpiece, and then going back and recutting the workpiece starting at a depth of 0.5 mm.

DISCUSSION

From the steady state cutting forces from test 1, the runout magnitude and phase, as
well as the values for K, and K, were calculated. Figure 6 presents the runout magnitude
found in each of the cutting conditions. From this one can observe that the runout magnitude
is larger for a larger average chip thickness. This occurs with down milling compared to up
milling, as well as when feed rate or radial depth of cut is increased. Gu er al., [1991]
obtained similar results in the area of face milling. One other thing to note is that the runout

magnitude calculated from the Y force component in up milling is erratic. This is because
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the small magnitude of the Y force, so noise hinders accurate measurement.

The angle of the runout also varied with changes in the average chip thickness. With
an increase in chip thickness, the runout angle decreased (i.e. the highest point on the cutter
is further back in the direction of the cutter rotation.) The runout angle trends paralleled the
trends that K, exhibited, as seen in Figure 8. With a smaller K,, the radial local cutting force
is smaller, for the same tangential local cutting force. Because of tool deflection, the radial
local cutting suppressed the cutter runout, while the tangential cutting force induced cutter
runout.

One can also see that K, decreased as the chip thickness increased. The constant K,
relates the chip thickness to the tangential local cutting force (equation (4)). Since the value
of p for aluminum was found to be -0.28 (Liang er al. 1992) this trend is expected.

Dynamic Model Characteristics Examination

From a stored series of measured cutting forces, the instantaneous runout at each
cutter degree was calculated for various window lengths. From Figure 5 (the plot of the
data) one can see that the measurement stabilized more, with a longer window length. This
observation is verified in Table 2 which presents the RMS variation in the runout

measurement, with each window length.

11




Table 2
Measured Runout Variation with Window Length

DFT Window Length
(Revolutions) 1 2 4 7 10

RMS Magnitude 3.14% 2.72% 2.00% 1.36% 0.58%
Variation (%)

RMS Angle 0.42% 0.33% 0.26% 0.19% 0.14%
Variation (%)

Table 3
Measured Runout Variation with Degrees/Sample

Samples/Revolutions o 3 5 9 15

RMS Magnitude
Difference Between 0.20% 0.32% 0.65% 195% 2.43
360 Degrees %

RMS Angle
Difference Between 0.06% 0.12% 0.16% 0.18% 0.49
360 Degrees %

Similarly, for a window length of 1 revolution, the instantaneous runout was
calculated for sampling intervals of every one, two, three, five, nine and fifteen degrees of
the cutter rotation. This corresponds to a sampling frequency of 360, 180 120, 72, and 40
times the cutter rotation frequency of 2.25 Hz. Table 3 presents the RMS difference
between samples every degree, and each of the other sampling rates. One can see that good
results were obtained even up to sampling every five degrees, so sampling frequency is not

as crucial.
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The algorithm’s response to a step change in feed rate was also examined to see if it
would be able to identify a change in the runout conditions. Figure ?? and ?? show a typical
response for both up and down milling. In the runout computation, the feed rate in the
model was changed at the observed calculated runout change. This step change in feed
parameter causes a spike in the curve, and then it settles down to the steady state value.

It can be observed from the plots that the algorithm settled on the new runout
magnitude in the number of revolutions in the DFT window. Also, one can see that during
the transition portion, the model oscillated. This was because the step change caused a
disturbance in the otherwise periodic cutting forces, and the effect of the disturbance lingered
as long as it was in the transform window.

Similar results can be seen for a step change in radial depth of cut. From Figure ??
one can see that the length of the transient response is longer than the window length. This
is because the change in depth of cut is not instantaneous, but occurs over a couple of
revolutions. A similar oscillation takes place from the change in depth of cut. From the
figure it can be seen that the runout magnitude increases with depth of cut, which agrees
with the steady state results.

Therefore, there is a tradeoff between speed of response and fluctuation in the
measured runout. It was seen that the more revolutions contained in the window, the smaller
the steady state variation is, but the longer window also reduces the response rate of a
change in conditions. Thus for tool monitoring conditions, it would be better to have more
revolutions, so noise will not cause a faulty reading. However, for situations that need a

quick response, like control systems, then one or two revolution DFT would be advisable.
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UMMARY

In this work, a methodology for on-line identification of cutter offset has been
presented. The off-line identification scheme proposed by Liang et. al. has been modified
for real time computation. The runout is calculated based on a recursive windowed discrete
Fourier transform of the X and Y cutting force components. Though experimental
verification, the methodology has been shown to be implementable in real time, and that it is
able to adapt to dynamically changing runout conditions.

An analysis of the window size and sampling frequency has been shown as well. It
was found that the length of the window is more critical than the number of samples per
revolution in determining the accuracy in the measurement. A characterization of runout
magnitude and phase angle trends, with the variation of feed rate and dept of cut has also
been done.

Possible future work could include on-line identification for runout trajectory
tracking. Liang ef al. [1992] developed a tracking control system based on off line
identification of cutter runout. This provided a 65%-75% improvement in surface finish

based on RMS roughness measurement.
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