An Integrated Approach to Calibrate an
Untended Machining System

by ].E. Parker, G.M. Zhang,
J.A. Kirk and D.K. Anand

TECHNICAL
RESEARCH
REPORT

Supported by the
National Science Foundation
Engineering Research Center

Program (NSFD CD 8803012),
the University of Maryland,
Harvard University,
and Industry

TR 91-60



An Integrated Approach to Calibrate an Untended Machining System

J.E. Parker, G.M. Zhang, J.A. Kirk and D.K. Anand

Department of Mechanical Engineering and Systems Research Center
University of Maryland
College Park, MD 20742

Abstract

This paper presents a new methodology for the calibration of an untended
machining system. The methodology requires the calibration conducted under both static
and dynamic loading conditions. The transformation matrix method was used to establish
the mapping function between the performance measure of interest (input) and the control
signal (output). A prototype system, building on an CNC machining center equipped with
a magnetic spindle, was developed to demonstrate a strategy for monitoring the tool wear
progress through the cutting force prediction. The effect of phase distortion due to the
presence of time lag on the output prediction was studied. A performance index to
characterize the phase distortion error was suggested for further improvement of untended
machining.

1. Introduction

Today's technological innovations in manufacturing are driven by demands to
maintain a consistent, high level of product quality in the modern manufacturing
environment. At the same time, the ever increasing competition in the world market pushes
the manufacturing industry to reduce production costs and to increase productivity. These
challenges are forcing the manufacturing industry to consider untended machining as one of

the major technical innovations to succeed in the modern manufacturing environment.

The effectiveness of utilizing untended machining has attracted great attention from
the manufacturing industry. Its impact on the improvement of production automation and
machining accuracy are evident. Under untended machining, the operator is not in a
position to sense the operation. To replace the operator, an on-line monitoring system is
used to ensure the product quality. It is expected that the on-line system, as an integral
part, is built in the machine tool. Consequently, the success of an untended machining
system is entirely dependent on the methods to perform sensing and control during
machining. During the past 30 decades, various sensors, based on force, torque, power,
vibration, acoustic emission, and vision, have been developed. Many of them have been
successfully applied in monitoring the machining process. The availability of sophisticated

computers further enables us to incorporate signature analysis techniques into untended



machining for the control of machining processes. The adaptive control system reported in
[1] was used in a CNC milling machine. A dynamometer was attached to the spindle. Its
on-line monitoring of the milling operation was through the detection of cutting force. A
control algorithm was developed to adjust the table movements for keeping the dynamic
variation of the cutting force within a preset level. It was reported in [2] that chipping of
the cutting tool during machining was detected through an on-line monitoring of cutting
force. The detected cutting force at each sampling instant was used as an input to a discreet
autoregressive model that estimated the status of tool wear during machining. A common
characteristic in the previous approaches is that the sensors were attached to the machine
tool and were not built in the machine tool. Consequently, these researchers performed the
calibration process, which is a complex undertaking, on their own. It is felt that the
complexity involved in the calibration process and in the determination of monitoring

strategy has slowed down the wide acceptance of untended machining significantly.

There has been a deterministic trend that a new generation of machine tools should
be built to carry out untended machining. In these machine tools, sensors are built to
function as an integral part for the on-line monitoring of various aspects of machining such
as tool wear, tool breakage, material handling, and in-process inspection. It can be
expected that the success of building these machine tools is heavily dependent on the
availability and capability of the built-in sensors, or the built-in monitoring system. One of
the major issues involved in designing the monitoring system is its calibration because the

calibration data provides a basis for diagnostics of the machining process.

The work reported in this paper is the calibration of an on-line monitoring system
built in a Matsuura CNC machining center. The on-line monitoring system mainly consists
of a S2M magnetic bearing spindle with an Intel based data acquisition system and a control
system [3-4]. During machining, the magnetic bearing spindle is subjected to the cutting
force. The S2M control system reacts to the cutting force by varying the currents in the
built-in electromagnetic coils to maintain the spindle in the center of its air gaps, both
horizontally and vertically. To carry out a specific monitoring target such as tool wear, an
indirect model-based method is used [5-6]. Through the detection of the cutting force
variation, the tool wear progress during machining is retraced. we need to know the
dynamic variation of the cutting force present during machining. Therefore, the calibration
between the cutting force and the coil currents, or the air gaps, or both forms a basis for the
establishment of a quantitative mapping function between them.



In section 2 of this paper, calibration under static loading is presented. The
transformation matrix method used to establish the transfer function between the coil
currents and the cutting force is discussed. Section 3 presents calibration under dynamic
loading to characterize the dynamics of the magnetic bearing spindle in relation to the coil
current variation. The integration of the two calibration processes forms a systematic

approach to perform the calibration of an untended machining system.

2. Calibration under Static Loading

2.1  Description of the Equipment for Untended Machining

In order to carry out an intended machining process, a Matsuura 500 Vertical
Machining Center was retrofitted with an S2M magnetic bearing spindle in place of the
conventional spindle [3]. The basic structure of the S2M spindle is shown in Fig. 1.
There are two sets of magnetic bearing coils located in two horizontal planes and one set in
the vertical axis. When electrical currents flow through these coils, the generated magnetic
forces maintain a uniform air gap around the spindle. During machining, the magnetic
spindle is subjected to the generated cutting force. As a result, the air gap becomes uneven.
At the same time, the position sensors, which are shown in Fig. 1, detect such changes and
send feedback signals to the controller. The controller adjusts the coil currents to recover
the uniform air gap. This monitoring cycle provides the capability of performing an
untended machining process.

2.2 Cutting Force Measurement

During an untended machining process, there is always a need to replace the cutting
tool when it becomes worn. It has been known that direct measurements of tool wear seem
difficult [5]. On the other hand, indirect and model-based measurement methods to retrace
tool wear through the cutting force measurement seem promising [6-9]. It has been
reported that the thrust force acting on the drill during machining is a good indication for
drill replacement [9]. Therefore, it is imperative to study the relation between the cutting
force, such as the thrust force, and the coil currents in order to carry out the untended
drilling process on the retrofitted CNC machining center. The necessity to calibrate this
relation can also be felt when machining composite/steel laminate materials. An on-line
adjustment for feedrate and spindle speed during machining is needed when the drill
reaches the boundary between the composite and steel materials. A reliable signal to
actuate this adjustment would be again the thrust force.



2.3 Calibration under Static Loading

Since the magnetic bearing spindle functions as a sensing system, it is a common
practice to apply a known and static force at the end of the spindle during the calibration
process. When the force is applied, the corresponding changes in the coil currents are
recorded. By increasing, or decreasing, the applied force, the relationship between the
applied force and the coil currents, or the transfer function of the sensing system, can be
established [10].

It should be pointed out that the cutting force generated during machining is a vector
in the three-dimensional space. The cutting force acts on the spindle. Consequently, there
exist reaction forces at the bearing locations. As indicated in Fig. 2, the two reaction forces

at the two radial bearings balance the two components of the cutting force acting in the
horizontal plane (x-y plane), i.e., F, and F, . From the modeling viewpoint, each of the

two reaction forces can be treated as a sum of two components, namely, the pair of F;,
and Fy,, or the pair of Fy, and F,,. In the vertical plane, the reaction force at the thrust
bearing balances the vertical component of the cutting force, F,. Therefore, the calibration
process requires analysis of the force transmission and establishment of the transfer
functions between the applied force and the coil currents. In general, the calibration

process consists of the following four steps.

Step1:  Transfer the cutting force, or the applied calibration force, into the five (5)

components of the reaction forces at the three bearing locations. This means that
the applied force is first decomposed into its three components, i.e., F,, Fy,

and F,. Then, the three components are transferred into Fyy, Fyy, Fy,, Fyy,

and F,
Fl X (dz) 0 0
Fy, 0 @y O F,
sz = al'“ ‘(dl) 0 0 Fy } ( 1 )
Fy, 31 o -dp o F,
. 0 0 ds

where d; and d, are distances between the applied force and the two radial
bearings, and dj is the distance between the two radial bearings. They are

shown in Fig. 2.



Step2:  Identify the transfer function between the corresponding coil current and the
reaction force component for each of the five pairs, i.e.,

(Coil Current) |
TFyx = CApplied Force);, ~ Fy,
_ (Coil Current)y, I,
1y~ (Applied Force);, — Fyy
(Coil Current),, Ix
Ty = (Applied Force)y, = Fpy 2
_ (Coil Current)y, Iy
2y~ (Applied Force),, ~ F,,
(Coil Current), I,
F, = (Applied Force), ~ F,

TF

TF

Step3:  Assemble the five identified transfer functions into a transformation matrix.
The transformation matrix is a diagonal matrix, assuming that there does not

exist any cross-talking among the coil currents when subjected to the cutting

force.
TF,, O 0 0 0
0 TFy, 0 0 0
[TF]= 0 0 TF,, O 0 3)
0 0 0 TF,, 0
0 0 0 0 TF

Step 4: Combine Egs. (1), (2), and (3) to derive the mapping function between the
cutting force components and the coil currents. The mapping function in a
matrix form is given below.

2 9 0
I, TF, 0 0 0 0 ds g
Iy 0 TF, 0 0 0 0 g O |rk
Ly |=| 0 0 TF, 0 0 4y ) {Fy} &)
L, 0 0 0 TF O ds g, F,
L 0 0 0 0 TF 0 5 0
-0 0 1-

In the present work, the calibration process was carried out in three separate

directions. For example, when the applied force is oriented in the x direction, the force



T
vector is equivalent to [ F, 0 O] . This enables us to estimate TF,, and TF,,. Using the
relation indicated in Eq. (1), we identify the two reaction forces in the x-direction, i.e., F;,
and F,,. It has been observed that, among the five magnetic coils, only two magnetic coils

respond to the applied force acting in the x-direction. Through the recording of the two coil
currents, 1.e., I}, and I,, , the two transfer functions can be established by the two ratios,

I 1
TF, = Fl—l’; and TF,, = i%x; where I, and I,, are the recorded coil currents during the

calibration. Figure 1 illustrates the experimental setup of static loading to identify the five
diagonal elements in the transformation matrix. During the calibration process, known
weights were gradually added, from 10 Newtons to 510 Newtons with an interval of 50
Newtons in the x direction. The current changes in the five coils were recorded. Linear
relations between the applied force and the coil currents were observed. The solid line
shown in Fig. 3 is the plot of the applied force in the x direction F, .vs. the coil current I,.
Consequently, the slope of the line through regression analysis characterizes the transfer

function TF,, = —A—F-LL . In a similar manner, we estimate TF,, and TF,, when applying
1x

the static loading in the y direction, and estimate TF, when applying the static loading in the

z direction.

During machining, the detected signals from the on-line monitoring are the five coil
currents. The corresponding three cutting force components can be known from the
following matrix multiplication.

0 0 0 0

TI(:)“ L) 0 hix
e 0
Fy 1010 0 TFy, Ly
Fy —[010-1 ():l 0 0 TE 0 0 Lox
2x
. 000 0 1 o o o L, Iy
0 0 0 TI(:)2y L g
i TF, |

(5)

It is worth noting that special cares have been taken during the calibration under
static loading. First, a mechanical ball bearing was attached to the end of the magnetic
spindle, as shown in Fig. 1. The calibration force was directly applied to the mechanical
ball bearing, then transmitted to the spindle. This attachment allowed the calibration



process to be carried out while the spindle was rotating in order to more closely mimic the
machining environment. Second, the calibration process was duplicated at five different
spindle speeds to study possible effects of the spindle speed on the transformation matrix.
Among the five calibration data sets, three were plotted in Fig. 3. They represent the three
calibration processes where the spindle speeds were set at 1000 rpm, 3000 rpm, and 5000
rpm, respectively. Examining the data shown in Fig. 3, there appears to be only a single
straight line due to the fact that the estimated slope and intercept of each of the three
calibration lines are so closed to each other. The difference among them can be hardly
displayed by the scale used in Fig. 3. Although the three lines are not exactly collinear,
using the calibration line at spindle speed setting 1000 rpm for other spindle speed settings
can be justified from the statistical point of view. Consequently, this observation could
justify using one transformation matrix when the spindle is under operation from 1000 rpm
to 5000 rpm.

3. Calibration under Dynamic Loading

The need to perform a calibration under dynamic loading comes from the need to
identify patterns of the dynamic variation of the cutting force. It has been reported that
methods of using pattern recognition in the frequency domain are effective in detecting the
tool wear progress during machining [9]. In order to perform the dynamic analysis of the
cutting force variation in the frequency domain, and detect the dynamic variation of the
cutting force during machining , the calibration process was also carried out under dynamic
loading. The concern for calibrating the magnetic bearing spindle dynamically arises from
the observation from previous research [8] that tool wear can be detected by monitoring the

frequency components of the cutting force.

The calibration under dynamic loading consists of three parts, namely, the impulse
response test, the frequency response test, and the phase distortion test. Each test is
designed to perform specific tasks, such as identification of natural frequency, damping
coefficient, gain factor, and phase shift. An integration of these test results presents a
comprehensive description of the system dynamics of the magnetic bearing spindle in the

frequency domain.

The impulse response test was used to determine the natural frequency and the
damping ratio of the magnetic bearings. Figure 4 is the plot of the response of the magnetic
bearing spindle to impulsive loading. The response pattern shown in Fig. 4 strongly

suggests that the dynamic characteristics of the magnetic bearing spindle can be modeled as



a second-order system. The recorded time interval for a single cycle is approximately equal
to 0.008 second. The natural frequency of the magnetic bearing spindle is estimated to be
125 Hz. The damping coefficient, equal to 0.13, is also estimated from the decay
envelope.

To perform the frequency response test, a HP Digital signal analyzer and a shaker
amplifier were used. The experimental setup is illustrated in Fig. 5. The signal analyzer
injected white noise into the shaker amplifier to generate an excitation characterized with a
flat frequency spectrum. Figure 6 presents the Bode plot from the signal analyzer. The
response pattern is typical of a second-order system when subjected to white noise
excitation. At the low frequency range from 0 Hz to 80 Hz, the gain factor is almost kept at
a unity (db) level. At the high frequency range, the gain factor decreases as the excitation
frequency increases. At the frequency range between 80 Hz and 200 Hz, the gain factor
changes dramatically, indicating that the excitation frequency is closed to the natural
frequency of the magnetic bearing spindle. As shown in Fig. 6a, the resonance frequency
is about 125 Hz, which matches the experimental results obtained during the impulse
response test. These observations confirm the validity of using a second order model to
predict the response of the magnetic bearing spindle in the frequency domain. Examining
the Bode plot carefully, the gain factor remains close to unity between 0 and 80 Hz. The
gain factor increases significantly when the excitation frequency approaches 125 Hz.
Figure 6b is the phase shift plot. It indicates that the phase shift is relatively constant
between 0 and 80 Hz. The phase shift angle is about 12.50 . This shift angle indicates that
the response of the magnetic bearing spindle, or the dynamic variations of the coil currents,
lag behind the dynamic variation of the cutting force during machining. The time lag is
given by the phase shift angle divided by the angular frequency 2xnf [11]. It is evident that
the time lag in the frequency range from 0 to 80 Hz varies and decreases as the excitation
frequency increases. Consequently, the dynamic variation of the coil currents may not give
an accurate picture of the dynamic variation of the cutting force during machining. This
indicates that the distortion in the wave form of the applied force with respect to the
recorded wave form of the coil currents is likely to occur.

In order to verify just how faithfully the magnetic bearing spindle sensing system
will be recording the dynamic cutting force during machining, the phase distortion test was
designed to quantify the time lag under different excitation frequencies [11]. When the time
lag is known, the difference between the recorded coil currents and the actual cutting forces
can be evaluated. The actual cutting force can be recovered from the recorded coil currents.
Figure 7 shows the experimental set up used. Two function generators were connected in



parallel to the shaker amplifier. They excited the shaker with sinusoidal waves of two
specified and different frequencies. As a result, the excitation force generated by the shaker
amplifier consisted of two frequency components. It was expected that the recorded coil
currents also contained the same frequency components. During the test, the excitation
force acting on the spindle and the resulting coil current signals were recorded by an
Haitachi 20 MHz digital storage oscilloscope, and down loaded into an IBM/AT. The input
and output wave forms were then compared in the time domain. Figure 8 shows the input
wave as a dotted curve and the output wave as a solid curve. The excitation frequencies
were 10 Hz and 30 Hz. The time lag between the input and output was measured through a
shifting process to mate the two patterns. As illustrated in Fig. 8a, the time lag is 10.5 ms.
After shifting the output curve to the left for mating the input pattern, the areas between the
two curves shown in Fig. 8b reflects the distortion between the input and output.

4. Discussion of Results

4.1 A Case Study: On-Line Monitoring of Tool Wear

In order to demonstrate the on-line monitoring of tool wear during machining, a
prototype system was developed using an indirect model-based method. We assumed that
the magnitude of the cutting force would increase as tool wear progressed. In addition, a
sudden drop in the magnitude of the cutting force would also indicate the occurrence of tool
breakage. Therefore, as long as the magnitude of the cutting force varied within two preset
limits during the monitoring, the machining process should continue on. Otherwise, human
intervention should be called in.

Because of the availability of the transformation matrix through the calibration
process, the monitoring of tool wear can be performed through the on-line detection of the
coil currents. The machining process was to mill slots in a composite material. The end
mill diameter was 12.7 mm. The cutting parameters were set at spindle speed = 1000 rpm,
feedrate = 60 mm/min, and depth of cut = 4 mm. Table 1 is a list of the measured coil
currents in a consecutive time order. The three predicted cutting force components are
calculated using the calibrated transformation matrix. As an example, the three cutting
force components listed in row 1 were calculated using Eq. (4).

02.4 0 0 0 0 A1

3.04 1 0-10 0 0 9966 0 O 0 -.15

|: 74.58 :l = (4.45) [ 01 0 -10 } 0 0 158 0O 0 .06
02.4 0 0 0 0 1 0 0 0 151 0 -.21

0 0 0 0 86.5 .24



Figure 9 was the control chart designed for monitoring the thrust force acting on the
end mill. The center line of the control chart was determined by the mean value, -65.12
Newtons, calculated from the 15 detected thrust forces (note: the time period should be
longer for calculating this mean value in a practical application). The upper and lower
control limits were established using the + 30 principle where parameter ¢ stands for the
standard deviation of the thrust force about its mean level and is equal to 229 Newtons
calculated from the 15 detected thrust forces. The decision-making policy was that the
milling should be stopped when the on-line detected thrust force(s) beyond the upper limit,

or below the lower limit.

4.2  Evaluation of Phase Distortion Effect

For an accurate monitoring of the cutting force during machining, it would be
desirable to quantitatively evaluate the effect of the phase distortion on the cutting force
prediction, and, if possible, to compensate the error for the recovery of the true cutting
force signal. A performance index to characterize the phase distortion error was developed
in this research. As shown in Fig. 8a, the displayed input and output signals were
recorded directly from the oscilloscope during the phase distortion test. In Fig. 8b, the
output signal was shifted to the left to match the input signal pattern. The shifted distance
represents the time lag, which indicates that the dynamic variation of the measured coil
currents lags behind the excitation force. By integrating the two curves to get the two
covered areas and subtracting the two areas, a quantitative measure of the phase distortion
error can be obtained. For comparison, the evaluated difference was normalized with
respect to the time period used during the integration process. The normalized difference
was used as the performance index to characterize the phase shift effect. The larger the
difference, the greater the phase shift error. Several calculated normalized difference is
listed below.

Combination
of 5&6 10 & 30 50 & 55
Frequencies
Normalized
Difference 0.1 28.5 0.2

Examining the listed values, it is evident that the normalized difference increases as
the difference between the two combined frequencies. The research is going on at the
University of Maryland, is to compensate the phase distortion error to recover the true
cutting force signal for further improvement of on-line monitoring.
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V.

Conclusions

A CNC machining center equipped with a magnetic bearing spindle was used as a test
bed to perform untended machining. In order to monitor the dynamic variation of the
cutting force during machining, a strategy of measuring the coil currents in the
magnetic bearings was used. The dynamic variation of the cutting force was being
indirectly monitored through the detection of the coil current variation. A calibration
procedure was developed to establish the relationship between the three components
of the cutting force and the coil currents for the purpose of performing untended

machining.

Calibration under static loading was carried out to identify the transfer function
between the statically applied force and the coil currents. The matrix transformation
method was used. The force decomposition matrix establishes the relationship
between the applied force and the reaction force on each of the magnetic bearing
locations. The mapping function matrix establishes the relationship between the
reaction forces and the coil currents. Combination of these two matrices leads to the

identification of the system transfer function under static loading.

Calibration under dynamic loading identified the dynamic characteristics of the coil
current variation in relation to the dynamic characteristics of the magnetic bearing
spindle. It has been found that system dynamics of the magnetic bearing spindle can
be represented by a second order system with a natural frequency equal to 125 Hz
and a damping coefficient equal to 0.13. The most significant finding is the distortion
in the wave form of the applied force with respect to the recorded wave form of the
coil currents. Time lags were experimentally determined to quantify the effect of
phase distortion on the prediction accuracy of the cutting force through the

measurements of the coil currents.

As a demonstration example, a prototype system to perform an on-line monitoring of
the tool wear progress was presented. Using the indirect model-based method, the
coil currents were detected during machining to predict the cutting force, which
retraced the tool wear status during machining. A system performance index, called

normalized phase distortion error, was developed to characterize the phase distortion
effect on the prediction accuracy, showing good promise for further improvement of

monitoring sensitivity.
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Current Measered at Bearings (Volts)

Ix1 Iyl Ix2 1y2 Fz1
0.1 -0.15 0.06 -0.21 0.24
-0.03 -0.03 0.00 0.04 -0.13
0.00 -0.09 0.04 0.09 0.31
-0.04 0.02 0.07 -0.02 -0.02
0.05 0.01 -0.01 0.02 0.10
0.08 -0.01 -0.05 0.07 0.04
-0.05 0.01 -0.07 0.01 -0.28
0.04 -0.09 0.05 0.23 0.34
-0.06 0.03 -0.02 0.03 -0.30
-0.06 -0.05 0.12 0.05 0.14
0.01 0.02 -0.01 0.05 -0.58
0.00 0.02 -0.04 -0.02 0.31
0.07 -0.05 -0.04 0.06 1.37
-0.01 -0.04 -G.02 0.06 0.26
-0.05 -0.16 0.06 0.17 1.05

Calculated Cutting Forces (Newtons)

Fx Fy Fz
-0.48 -51.45 -90.44
11.52 -10.72 48.61

-19.25 -13.26 -118.63
-19.63 5.7 ?.15
-10.17 -11.34 -39.70
3.17 -30.78 -17.15
51.18 -7.49 103.75
-35.45 -81.43 -129.90
28.32 -25.96 116.26
-40.66 -7.71 -52.86
2.19 -29.13 223 .37
18.58 1.86 -17.8.63
-0.27 -13.89 -528.27
15.55 -13.09 -101.71
-13.36 -29.17 -404.25

Table 1: Measured Coil Currents and Predicted Cutting Forces
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Figure 7: Experimental Setup for Testing Phase Distortion




10 Hz and 30 Hz Excilation Freguencies

20 T T T T T T
1S q
10L 4
-4— 10.5 ms
time delay
@ St .
©
>
= o r 1
IS
-5 o 4
-10} 4
—— Output signal
MERY -=== Input signal
-20 1 L i 1 1 L
0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24

Time (sec)

(a) Determination of Shift Time

milli voits

0.12 0.14 0.16 0.18 0.2 0.22 0.24

b) Error Due Lo Phase Distortion
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Consisting of Two Frequencies (10 Hz and 30 Hz)
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