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1. INTRODUCTION

Thermally-induced error, as the term is applied to machine tools, is that error
induced in the cutting or forming process as a result of temperature changes to and the
resulting growth in the structure of the machine. The heat dissipated from motors and
bearings and other heat generating components is almost always unevenly distributed
within the machine structure. This causes structural deformation that is referred to as
thermal growth. Thermal growth is often the major cause of machining errors in computer
numerically controlled (CNC) machining centers. In some cases, thermal growth can
ontribut up to 70% of the total machining error.

As the demand has increased in recent years for better quality control and fighter
manum c ng tolerances, more research efforts have been directed to the understanding
and control of the thermal growth of CNC machining centers. Although various
techniques for monitoring, characterizing and controlling spindle thermal growth have



been developed and demonstrated in a number of universities and research institutes, the
bulk of the work is still too costly and cumbersome to be practical in a production
environment.

Several problems are common for engineers and researchers working with thermal
growth control: (1) a lack of standard equipment to perform quality measurements on
machines, (2) a lack of standard user-friendly software and analysis tools for machine
characterization, (3) too much time required in the characterization and modeling process,
and (4) the model is generally inadequate for dealing with the situations encountered in
actual production processes and environments.

In June 1991, Automated Precision, Inc. (API) obtained a research and
development contract from the U.S. Air Force, Wright Laboratory, Manufacturing
Technology Directorate to develop a commercially viable, robust, and user-friendly
spindle thermal growth characterization and compensation system for production use on
CNC machining centers. Acting as a collaborator and potential end-user of the system,
Monarch Machine Company in Cortland, New York joined the program by providing test
facilities, CNC machining centers and engineering time. The entire program consisted of
the following major tasks:

(1) development of a low-cost, high-performance, non-contact, proximity sensor
subsystem for monitoring the thermally induced growth of the spindle of a
machining center in the X-, Y- and Z-axis directions, plus the thermally
induced pitch and yaw of the spindle,

(2) development of a thermal couple array subsystem to monitor and correlate the
thermal map of the machining center to the spindle growth,

(3) development of a personal computer-based, user-friendly data acquisition and
thermal modeling system to characterize the thermal growth behavior of the
machining center and

(4) testing and demonstration of the system in different production environments.

As a result of this program, an advanced, low-cost, spindle thermal growth
modeling prototype system was developed. The system includes:

(1) a 5-axis capacitance sensing and an integrated circuit-based thermal sensing
subsystem to monitor the spindle thermal growth,

(2) an IBM-PC-based, 14-bit, 64-channel, real-time data acquisition subsystem,
and

(3) a computer-aided sensor correlation (CASC) software system for sensor
optimization, and modeling.

The system was fully tested and demonstrated at a number of locations which
included the National Institute of Standards and Technology (NIST), Pratt & Whitney,
University of North Carolina, Olofsson Corporation, Ford Motor Company and The
Monarch Machine Tool Company.
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Teats indicated that the system hardware was very reliable and very easy to use.
The modeling process generally took less than three days and the modeling accuracy was
about 809A. This required time was only about one-twentieth of the time taken for most
modeling efforts, even when undertaken in a research environment.

These encouraging test results eventually led to the development and introduction
of a new product - the THERMAC (Spindle Thermal Modeling and Compensation
System) by API. Details of the system and the modeling process are described in later
sections of this report.

2. PRIOR WORK

It is generally agreed that the thermal expansion of a machine-tool will
dramatically affect the machining accuracy. After conducting an extensive study, Peklenik
[1] remarked that thermal errors could contribute as much as 70% of the machining error.
Therefore, among all the major machining error sources, the thermally induced error is
considered to be the major problem. There are two methods that are commonly used in
reducing the thermally induced errors on machine tools: error avoidance and error
compensation.

Error avoidance techniques are often implemented at the machine-design stage.
These include designs to minimize the effects of heat generation within the machine
structure and control the gradient of and change in environmentally encountered
temperatures. J.B. Bryan [2] of Lawrence Livermore Laboratory was successful in
achieving thermal stability by immersing the whole machine in a temperature-controlled
"oil bath." However, this method is very expensive and impractical for production
machines. A less expensive and more practical method implemented by some machine-
tool builders on more expensive machines makes use of a temperature-controlled oil
shower applied around the spindle area where the major thermal growth is typically found.
In general, this method can help reduce the thermal growth error by as much as 50%. Of
course the cost of the machine is increased.

Error compensation techniques are based on a knowledge of the thermal growth
characteristics of the machine and use this "thermal model" in real-time to predict the
thermal growth. A digital processor utilizes this model to calculate the error information
which is then sent to the machine's CNC controller to compensate for the sensed error.
This error information is often in the form of tool offset commands.

By using multiple thermal sensors to measure the temperatures of the major heat
sources, and five proximity sensors to measure the spindle thermal growth (in the X-, Y-
and Z-axis directions, and in pitch and yaw), a computer-controlled modeling system will
collect and store the data while the machine spindle is running. After enough data is
collected, the system will establish a thermal model by analyzing the correlation between
the temperatures and the thermal growth of each axis of the machine. As soon as the
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performance of the model is verified, the model can be used in real-time to predict the
thermal growths of the machine by using only the temperature information.

The error compensation technique has raised a lot of interest among machine tool
m t and users. It has the advantages of being low cost, easy to implement and
can be readily retrofitted to existing machines without major design modifications. Real-
time thermal growth compensation can be implemented using today's high speed desk top
personal computers or, alternatively, by using a specially designed single board computer.

Recent research on thermal error compensation conducted by F. Rudder and A.
Donmez [3] of NIST involved the establishment of a real-time geometric/thermal (G-T)
model to characterize the thermal behavior of a vertical spindle machining center and a
turning center. The geometric error data at various thermal states of the machine
conditions were acquired and used to build the G-T model. J.S. Chen and J. Ni [4] of
the University of Michigan (UM) have recently developed a time-variant volumetric error
model which synthesizes both the geometric and thermal errors of a machining center.

In the case of the UM research, a 21 parameter kinematic model was used to
establish the geometric model of the machine. An 11 parameter thermal growth model
was used to establish the spindle growth parallel to the primary axes of the machine. All
together, a 32 parameter G-T model was established. In both cases, tests were conducted
in a laboratory environment under dry, no load conditions. A laser interferometer system
was used for the 21 geometric parameter measurements, and a combination of laser and
capacitance measurements were used for the 11 parameter thermal growth measurements.
The models took 2 to 6 months to establish, far too long to be practical. The accuracy
improvement was about 90/o for simple warm-up and cool-down cycles of the machine.

The strategy adopted by API is somewhat different from that taken by NIST, UM
and others. Instead of establishing a G-T model, the API technique simplifies the entire
process by focusing on the thermal model alone. A new model was developed which
utilizes differential temperature data as input parameters. This model has proven to be
very effective in handling actual production situations involving such things as short
duration speed changes, spindle stops, ramps up and down, etc., as well as the long-term
warm-up and cool-down cycles. By focusing on the thermal model alone, the entire
testing and modeling processes are drastically reduced and the accuracy enhanced.

To establish the geometric model, some well-known techniques and measuring
systems like the API WINNER 2.0 system can be used. Compared to the independent
laser interferometer measurements that were used at NIST and UM, WINNER utilizes
alternative measuring devices such as a telescopic ballbar, electronic autocollimator,
electronic level and others to measure the geometric errors of the machine. In cases like
squareness, straightness and flatness measurements, these alternative devices are much
better suited for the job than the laser interferometer. They are less costly, much easier to
setup and sometimes more versatile than a laser interferometer system. Consequently, the
combination of simplified but advanced modeling procedures, and a better choice of
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mm a uminuts has allowed the API technique to shortened the actual modeling
procm ftom months to a matter of a few days.

3. T NICAL OBJEcTIvE

The program objective was to develop an advanced, commercial, easy-to-use,
inexpensive spindle error characterization and compensation system for production CNC

m achn centers.

To achieve this objective, it is usefid to first consider the spindle of a machine tool
to be a rigid body. Then the spindle's total motion in a three-dimensional machine work
zone can be represented using 6 degrees-of-freedom, i.e., three translation motions along
the X Y and Z axes of the machine slides, plus pitch, yaw, and roll motions around these
three orthogonal axes. See Figure 1. Since roll is the turning axis of the spindle, it is not a
measuring parameter.

In order to accomplish the program objective, the followings major tasks were
pursued:

(1) development of a low-cost, high-performance, non-contact, proximity sensor
subsystem for monitoring the X-, Y- and Z-axis thermal growth of the spindle
of a machining center, plus the associated pitch and yaw growth,

(2) development of a thermocouple array subsystem to monitor and correlate the
thermal map of the machining center to the spindle growth,

(3) development of a PC-based, user-fricadly data acquisition and thermal
modeling system to characterize the thermal growth behavior of the machining
center,

(4) testing, demonstration and evaluation of the system on CNC machining
centers in a production environment.

Figure 2 illustrates the link between the hardware and software of the prototype
system-

4. SENSOR SYSTEM DEVELOPMENT

4.1. Proximity Sensor Selection & Development

Proximity Sensor Requirements
Optical and capacitance sensors are the two most commonly used sensors for high-

precision non-contact measurement in industry. In the early stage of development, efforts
were directed toward the testing of various proximity sensors for that application. Key
factors that needed to be considered were:

(a) Measuring range - Typical spindle drift is between ±0.003" and ±0.010."
Therefore a measuring range of at least +0.015" was required.
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(b) Sensitivity - Sensitivity of the sensor should be 0.000040" (Ipm) or better. This
can cover a wide range of machine accuracy requirements and machine types, and
(c) Robustness - Sensor should be factory hardened and robust enough for production
applications.

Optical Displacement Sensors:
The first non-contact sensor tested was an optical sensor. The sensor was

constructed based on a Hewlett-Packard HBCS-1 100 optical device. Its measuring
principle was based on an image focusing and defocusing effect. See the performance
characteristic shown in Figure 3. By limiting the measuring range on either side of the
focus point of the sensor, absolute displacement measurements could be made with
reasonable accuracy.

Based on the tests, the following were the characteristics of the optical sensor:
range: 2 nun
sensitivity: 1 jin per millivolt
voltage output: 10 volt dc
short-term stability: better than I millivolt

The advantages of the optical sensor were that it was easy to use, it was
inexpensive and it was based on a compact design. The major disadvantage for this
application was that the sensitivity of the sensor changed significantly with different
surface conditions and incident angles. Conditions such as different surface finishes,
surface contamination, and surface angle compared to normal could alter the sensor
calibration very easily.

Two optical sensors were initially tested on a lathe at API. See Figure 4 for setup.
The sensors were mounted on an aluminum rectangular fixture facing to a measuring bar.
Results indicated that while the optical sensors did provide enough sensitivity and range
for the spindle thermal error measurement, their output signals were greatly affected by
the surface conditions, such as contamination, of the measuring bar. By contaminating the
bar surface with a fight film of lubricating oil, the sensitivity of the sensor dropped by as
much as 40%. This indicated that optical sensors were undesirable for use in a production
environment.

Capacitance Proximity Sensors:
Capacitance sensors are very precise, non-contact devices but are often very

delicate. Most commercial capacitance sensors are not suitable for spindle thermal drift
measurement because of:

(1) not having enough measuring range (typically below 0.004")
(2) having significant thermal drift characteristics (most capacitance sensors

drift by as much as 40 g inches per *C), and
(3) being too costly for the application (approximately $5,000 per sensor).

7



7

5 hMended W*I. RWig. 4nvvu Stanidoff

2

0

-1.5 -1 -0.5 0 0.5

(istarme fnvW

Figure 3. Output of an Optical Sensor (HPCS-1100)

Spindle

Measuring bar

Tool Holder

Optical sensor

Figure 4. Optical Sensoi Test Setup on a Lathe

8



The previously expressed concerns about optical sensors, and the problems with
the commercial capacitance sensors just mentioned eventually led to the development by
API of a new, low-cost, thermally stable and robust capacitance sensor.

Figure 5 is the schematic of the API capacitance sensor. The basic difference
between the commercial capacitance gage and the API sensor is that the former uses a
bridge balancing principle while the later uses a differential measurement principle. The
result is that the latter is much simpler, is less costly to build and has a greater operating
range. A drawback is that the sensitivity of the new sensor is about ten times less than
with the bridge versions. Nevertheless, the sensitivity of the new gage is considered
adequate for this application.

Output drift of a capacitance sensor is typically caused by thermal instability of the
amplifier circuits and of the environment. To eliminate the drift problem, a specially
designed compensation circuit was built into the new sensor. By employing as a reference
inside the sensor assembly a matching capacitance circuit and matching measuring
element, the drift effect of the primary sensor element is canceled out. See Figure 6. As a
result, the API capacitance gauges experience only one-tenth the amount of drift that most
commercial capacitance gauges exhibit. With all the basic circuits located within the
gauge head, the API gauge can measure with a much higher dynamic bandwidth and with
better signal-to-noise ratio than most commercial gauges.

Figure 7 depicts a drift test of an API gauge using a I00C temperature variation
over a 2 hour period. The gauge showed a thermal stability improvement often times
over that of any of the commercial units.

Figure 8 shows the setup of five of these API capacitance gauges when used for
machine tool spindle growth measurements.

The following are the characteristics of the API capacitance gauge:
Measuring range: 0.05 mm to 0.8 mm
Resolution: 0.10 pim
Linearity: better than 1% of full range
Thermal drift: less than 100 ppm per *C
Standoff: 0.05 mm nominal
Frequency response: 20 kHz

4.2. Thermal Sensor Selection & Development

After testing and comparing three different types of thermal sensors, i.e.,
thermocouple, thermister and integrated circuit (IC) thermal sensors, the IC sensors were
selected for this program. Reasons for the selection of IC sensors are that they are:

(a) more rugged, stable and accurate than thermisters,
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Figure 5. Schematic Diagram of an API Capacitance Gauge
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Figure 6. Block Diagram of a Capacitance Gauge Circuit
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(b) more suitable for the tempature range and sensitivity needs associd with this
machine tool application than thermocouples and
(c) eay to install.

The following are the haeristics of the IC sensor tested:
Accuracy: *0.1 °C
Linearity: 0.1 OC
Operating range: -25 *C to +105 °C
Supply voltage: +4 Volt to +30 Volt dc

A unique magnetic base design was developed to house each thermal smaor.
Fgure 9 shows an IC thermal sensor embedded inside a magnet. To use the sensor, the
operator simply places the sensor against a ferrous machine tool surface and the magnetic
force omaticlly holds the sensor in place.

4.3. Sewor Interface Controer Development

A high-performanoe computer interfahe controller was developed for the sensor
system. It was incorporates a 14-bit DIA converter, parallel interfice, and an interrupt-
driven DMA (direct memory access) interface driver. Using a multiplexing technique, the
controller is capable of handling as many as 27 thermal sensors and 5 capacitance sensors
simultaneously. Four control lines from the computer are used for the channel select.
Fire 10 is a schematic diagram of the system showing the controller.

4.4. User-Friendly Software Development

User-fiiendly hiteractive software was developed for the sensor interface, system
setup, data acquisition and analysis finctions. Figure 11 illustrates the software structure.
There ae four interactive display screens to facilitate use ofthe system. These screens
facilitate sensor setup, data collection, pr and data analysis. An example of the
sensor setup screen is presented in Figume 12. Sensors 1, 2, 3, 4 and 5 represent the Xl,
YI, z, X2 and Y2 outputs of the five capacitance gmSes. They monitor the distance to
the urface of the test mandrel which is a polished 1" diameter x 8" long steel rod
mounted in the spindle of the machine. During setup, the readouts from all five gauges are
continuously displayed on the screen, thus giving visual feedback to the. user as helshe
adjusts the sensors into position. The total required setup time is about 5 minutes.

The software program provides the following user selectable functions on the main
screen:

One can select the sampling interval, tet rinning time and the output Mlename.
During data collection, the display will show the outputs of all five capacitance
gages and the user-selected thermal sensors To eliminate the in outce of the
spindle vibration causd by off-center chucking of the mandrel, the woutut of the
capatance gauges ae read and averaged 500 times over 10 spindle revolutions

12
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durig each sampling interval. The system is capable of detecting the actual rpm
of the machine spindle and sets the sampling frequency accordingly.

aAmbuis
At the conclusion of the data collection function, the results will be displayed and
analyz-d using the analysis screen. The data points are-computed to yield the X,
Y, Z, pitch (using a combination of the Xl and X2 sensor outputs) and yaw( using
a combination of the Y1 and Y2 sensor outputs) movements of the spindle. Hard
copies of the results can be obtained through use of dot matrix or laser printers.

The system was tested at many plaes, and comments were collected. Overall, the
hardware and software received favorable comments from its users. Suggestions for
improvements were noted and these ideas were incorporated in subsequent versions of the
Spindle Thermal Characterization and Compensation System.

I. THERIMAL MODELING AND THE COMPUTER AIDED SENSOR
CORRELATION SYSTEM (CACS)

5.1. Analytical vs. Parametric Thermal Modeling Approaches

Two classical approaches to modeling the thermal distortion of machining centers
are the analytical (finite element) approach, and the parametric (experimental) approach.
In the analytical approach, it is assumed that the machine structure is homogeneous and
that the heat dissipation throughout the structure follows the laws of thermal conductivity.
These assumptions are then used to establish an ideal analytical model (i.e., finite element
model) of the machine. Users of this model first identify the locations of the heat sources
and estimate the amount of heat dissipated. Then the model predicts the total thermal
distortion [5].

Unfortunately, researchers [6] have found that the boundary conditions of two
mating surfaces, which often gready affect the predicted thermal transmissivity, are very
difficult to estimate with good accuracy. In addition, it is also difficult to estimate the
amount of heat generated and dissipated without making actual measurements on the
machine. The lack of precise knowledge of the many boundary conditions and the
difficulties associated with heat dissipation factors often cause skepticism about the results
obtained from this analytical approach. Consequently, the analytical approach is used
mainly for trend predictions rather than for qualitative predictions.

The work presented in this report has, therefore, been based on the parametric
modeling approach which requires no knowledge of the machine configuration, structure
and boundary conditions. The approach uses actual measurements of the thermal and
growth effects of the machine spindle. Through a sequence of well designed tests and
expedrments, the approach correlates the thermal and spindle growth information and
establishes a mathematical (or parametric) model of the machine. Once verified, the model
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can then be used in real-time with thermal measurements to predict the themmal growth of
the machine and movement of the spindle.

The machine must be exposed to a variety of operating conditions and
environmental conditions during the modeling process in order to build up a robust model.
In addition, the accuracy of the model is very dependent upon the performance of the
measuring instruments. Fortunately, all these are easily controlled with greater certainty
than would be possible with the analytical approach. Because of this, the parametric
approach has become more widely accepted by industry. Based on the results of this
work, the accuracy achieved by the parametric approach was well above 80%, several
times more accurate than could be expected from the analytical approach.

5.2. Spindle Thermal Growth Measurement

Extensive tests of the spindle thermal growth were carried out on various types of
machining centers during and after the development of the initial sensor system. The tested
machining centers included:

"* an Autonumeric MVC-10 vertical spindle CNC machining center,
"* a Monarch VMC-75 vertical spindle CNC machining center,
"* a Sundstrand series 20 Omnimill horizontal spindle CNC machining center,
* a Producto A-1738 vertical spindle CNC machining center, and
* an Olofsson dual-vertical spindle turning center.

Except for the Sundstrand machine, these machining centers are classified as "C"
type vertical machining centers. It was discovered that the major direction of spindle
growth of the "C" type machines is along the Z-axis. This growth is about three to four
times the growth in the direction of the X- and Y-axes. As a consequence, most of the
data shown here are for growth along the Z-axis.

The thermal tests for each machining center typically consisted of:
"* Warm-up run - Running the spindle after the spindle was shut down overnight,
"* Run with various spindle speeds - Running the spindle at different speeds after

the machine is fully warmed-up,
"• Production cycle run - Simulating the production cycle, including starting and

stopping the spindle frequently,
"• Cool-down run - Monitoring the spindle movement after the spindle was

stopped.

Figure 13 shows two observations of the Z-axis warm-up spindle growth of the
Autonumeric machine. Spindle speeds were 1000 and 2000 rpm. Figure 14 shows a
typical warm-up and cool-down test of the Autonumeric machine in both Y- and Z-axes.
It is common to find that the warm-up growth is more rapid than the cool-down
growth/contraction since the former is a result of "forced" heat transfer while the latter is a
result of"natural" heat conduction and convection.
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Evronmental effects can also significantly affect machine growth. This is shown
in Figure 15. The Sundstrand machining center was under a routine warm-up test when
suddenly, at about 180 minutes into the test, a large bay door about 200 feet away from
the machine was opened. The door opening allowed chilled air from outside to rush in
and upset the machine growth pattern. As can be seen from the figure, most temperature
gauges responded to the sudden drop in temperature at 180 minutes. In the meantime, the
capacitance sensors also picked up rapid changes in the spindle position (large dips shown
by SI, S2, S3 and S4). Shortly after the door was closed, both the temperature and the
spindle positions returned to their previous status. Although there was insufficient data to
explain why the Z-axis (monitored by SS) didnt seem to change as much as the other axes,
the effect of the environmental temperature fluctuation on the machine growth was vividly
demonstrated by this incident.

5.3 Thermal Modeling

It was discovered during the many tests on different machines that the heat source
that seemed to influence spindle growth the most was the spindle bearings. Most modem
machines have their spindle motor isolated from the main structure of the machine and,
therefore, the heat generated by the motor has less effect than the heat generated by the
spindle bearings.

Our findings also indicated that environmental effects, residual thermal effects in
the spindle and column, such as embedded heat accumulated during the previous
operations gradually dissipating from the mass, and current operating conditions can also
greatly affect the spindle growth.

Due to the difference in mass between the spindle and column, the spindle
normally heats up and cools down much quicker than the column. This makes thermal
modeling very complicated, especially when the machining center is used in a production
environment. In a typical production environment, the machine is often subjected to the
influence of more complex thermal growth processes, other than simple warm-up and
cool-down cycles, and sometimes uncontrolled environmental conditions. These are often
the causes of failure of the conventional parametric modeling methods.

Based on these findings, API believed that the modeling had to be performed in an
environment that the machine was intended for. As a further consideration, the residual
thermal effect and the speed sensitive effect which could be measured using differential
thermal measurements along the machine spindle and column should be an included
parameter in any newly developed thermal modeling technique.

Subsequently, a new multiple regression, differential thermal parameter model was
developed.
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4 .. .. ..

The general form ofthe model for a single axis is:

FA= Ao.. + A,=AT,. + A2u.AT + A3..ATd + A4.ArA2
Where:

Em = thermal growth errors predicted, where m is machine axis, i.e. X,Y,Z...

Ao., Ai.. A2.% A3,. A4.: coefficients of model,

AT. = t i-ts.

t& is the environment temperature

ta is the selected thermcI sensor,

ATw = ( t1- tI )

l,j = thermal sensor number,
i = time stamp.

The equation calls for the use of multiple thermal measurements for all key heat
sources of the machine. In order to ensure that all key locations are measured, it is
common to find a large number of redundant thermal sensors used initially. At NIST [3],
50 thermal sensors were initially applied to the machine. Aifer days or sometimes weeks
of thermal testing, a special computer algorithm was used to correlate the thermal and
displacement sensor outputs. The results were then used to identify the sensors that had a
high correlation with machine growth, and to eliminate those that had a low correlation.
The elimination decision process was very lengthy and partly done manually. The final
number of sensors selected usually ranged from four to five.

At the University of Michigan (5], approximately 50 thermal sensors were used in
the initial stages of the test. However, the UM sensor elimination process was done in
two steps. The first involved the use of a similar correlation program to identify the key
sensors. The second step was a stepwise regression analysis which identified the cross-
correlation results between thermal sensors before they were further reduced. Both
procedures were tedious and the results often relied on the judgment of the operator.

To be able to automatically and effectively reduce the number of the thermal
sensors on the machine is a necessary part of any commercially viable spindle-thermal
error analysis and compensation system. Users of the system should not find the modeling
process too cumbersome to perform nor the analysis too theoretical to understand.
Consequently, as a part of the analysis and compensation system, API developed a user-
friendly computer-aided sensor correlation (CASC) algorithm to assist in the optimization
(minimization) of the number of thermal sensors. CASC is a real-time user-interface
program designed to help the user to identify the key locations of the thermal sources on
the machine as well as optimize the number of thermal sensors required. The initial
number of thermal sensors used in the API system was 20 and the final number, based on
our many tests, was only4 or 5.
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5.4 Principle of Sensor Correlation

Correlation analysis is a statistical method used to reflect the degree of the linear
relationship between two variables. The correlation coefficient denoted by y is defined as:

Y 2;(xi-x xyi - Y)Ty" ', (x,-- x ,2 y, Y- T,'

Where:

xy - values of variables x and y,

x, y - mean value of xiand y,,

y = correlation coefficient between x and y.

The value of the correlation coefficient y is zero if x and y are random occurrences
and are unrelated to each other. The value of y is 1 if they are totally related, i.e., if y =
f(x). See Figure 16.

In the case of CASC, let y be the correlation coefficient between the thermal
sensors and the spindle-axis growths. Then y has the form:

Y~(a - h )(d*- Yk____

Where:
t= values of thermal sensor ti, I is sensor number from I to 20,

ti mean value of ta,
dia = values of capacitance sensor d&, k is sensor number from 1 to 5,

S= m ean value of d& ,
r, = correlation coefficient between ti and dk,

- time stamp.

CASC calculates the correlation coefficients between the thermal drift as measured
by each capacitance gauge and the temperature as measured by each thermal sensor. It
then prioritizes the thermal sensors (from high to low) based on the y values. Figure 17
illustrates the results of the Z-axis correlation, temperature measurements against Z-axis
growth, produced by CASC on the Monarch machining center. The correlation values are
shown as bars above the horizontal line while the bottom half of the graph shows the
actual temperature range measurements. The sensors were prioritized based on their y
value, and plotted with the highest value sensor on the right. As can be seen, thermal
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sensor #13, which had the highest temperature increase, with +15 *C, also had the highest
y value. It was located at the spindle nose, closest to the lower spindle bearing. CASC
"showed that sensor #13 had the highest correlation to the Z-axis growth of the machine
spindle. Figure 18 illustrates the various thermal sensor locations on the machine.

It is important to realize that higher temperature measurements do not
automatically imply higher y values. As is illustrated back in Figure 17, sensor #7
experienced less temperature increase, but was shown to have a higher y value than that of
#1. This implies that the CASC provides a measure of quality. not quantity.

Automatic sensor selection using purely y values could be misleading since the
locations of the sensors on the machine would not be a factor in the evaluation process. In
other words, there could be sensors that were located at places where they were simply
measuring the same heat source, and both would present a high y value. Such a pair of
sensors would be #13 and #10. To prevent this condition, it is necessary for CASC to
establish a second correlation process to check the correlation between thermal sensors.
This process is referred to as autocorrelation, in other words, correlation between the
same type of variable, in this case thermal variation.

For this purpose the autocorrelation coefficient cc is defined as:

I-O (t- h)(t* - 1*)

Where:
tu = values of thermal sensor ti, 1 is sensor number from 1 to 20,

= mean value of tu,
ta = values of thermal sensor t,, k is sensor number 1 < k • 20,

tk= mean value of ta,
m= autocorrelation coefficient between t, and tk,

i = tone stamp.

If two thermal sensors monitor roughly the same heat source, ca should be close to
unity. Based on experience, we selected 0.97 as the threshold value for oa. In other
words, if two or more sensours had an a equal to or larger than 0.97, then only one would
be selected. The remaining ones would be eliminated in the modeling. As an example, the
autocorrelation coefficient of thermal sensors #13 and #10 was 0.985. As a consequence,
we would eliminate either #10 or #13 from our final setup.

In summary, the operating procedures of CASC are:
(a) prioritize the thermal sensors based on the thermal-to-displacement

correlation coefficient value, y,
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(b) uago"&h a figure-oE&msdt based on the tumlo-hmaI atocorrelationi
coefficient value, a, and

(c) eliminate the redundant thermal sensors that have a values equal to or greater
than 0.97.

Conceivably the number of thermal sensors should be increased in order to
provide a robust enough model. This decision can be made by looking at the residual
value R of the regression analysis. Note that the value of R is unity when a perfect model
is established. An iterative modeling process can be used to ensure that the model is
optimized. This is evidenced by having a value for R that is close to unity. Typically a
second or subsequent noel using the one or two additional sensors having the next
higher y values, ae generated. Then the R values of the models are compared. If the
value of R improves by more than 1% over the previous model, the iterative process will
continue. It is our experience that the optimizing process seldom requires more than five
iterations. As a example of how the process works, the initial CASC model may suggest
the use of only two thermal sensors, such as one for the table and one for the spindle.
After the iterative process, the optimal model may require four sensors, namely one for the
tabl one for the spindle and one differential pair. Since the process is completely
automatic and only deals with data already stored in the system, the whole procedure
usually doem't take more than five minutes.

6. TESTING AND EVALUATION OF THE THERMAL MODELING SYSTEM

Most of the system testing and evaluation was conducted at the program
collaboratores site, at The Monarch Machine Tool Company facility in Cortland, New
York. Some of the testing and evaluation was conducted at the Olofsson Corporation
plant in Laning Micgan.

Figure 18, mentioned previously, shows the sensor configuration on the Monarch
VMC-45B machining center used for the testing and evaluation. The machine was
equipped with a spindle temperature controller, or chiller, capable of delivering
tempraNre controiled oil directly to the spindle bearings and to the axis slides at a
theld to within *2 *C. The mwamum speed of the spindle was 10,000 rpm.

One would think that the inclusion of the chiller in the machine setup might have
complicated the modeling and cn process. We found, however, that when the
spindle speed was above 3000 rpm the chiller became very ineffective. Also, in order to
demonstrt the fiul effect of the modeling system, most of the tests were focused on
operations at speeds of 3000 rpm or higher.

The whole process of modeling and evaluation was conducted in three steps. The
first step was data collection on a vertical machining center at The Monarch Machine Tool
Company. The second was data processing and modeling at API. And the third was
model evaluation on the same machining center back at Monarch.
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With the system initially tested at API and several production facilities, it was then
taken to Monarch for the first step of data collection on the vertical machining center, For
3 days, large amounts of data was collected which included periods of warm-up, cool-
down, random speed tests, short-duration high-speed tests, and short-duration zero speed
tests. This was meant to simulate all the different speeds and operating conditions that
might be experienced on the machining center. The spindle was found to have four to five
times more growth in the Z-axis when compared to the growth along the X- and Y-axes.
Thus, for illustrative purposes, the modeling process was focused on the Z-axis growth.

Next, the data were brought back to API and carefully analyzed. The process of
sensor elimination and model optimization was performed and results were compared to
what would be obtained from the conventional modeling technique, in other words,
without using different sensor information. It was discovered that the new model had an
average improvement of approximately 15% over the conventional technique. In
particular, the new model was able to predict the growth more precisely during random
speed operations. See Figure 19. In this particular case, CASC had identified thermal
sensors 13, 19, 7 and 4, and differential pairs 13/17 and 10/13 as being appropriate for
inclusion in the Z-axis model.

After the analysis and modeling step was completed, the system was brought back
to Monarch and set up on the same machine for the third step of the work. The machine
was once again programmed to perform all the same warm-up, cool-down and random
speed cycles while the system again collected data. However, this time, instead of using
the data to establish a model, they were used to make a comparison with the results
obtained from the model previously established. Figures 20 through 24 show the results
of the comparison at speeds of 3,000, 6,000, 7,000 and 9,000 rpm. As can be seen, the
thermal growth was about 60 jim with the maximum error caused by the model being
71Lm. This was an improvement of 88%!

Figures 25 and 26 show results of the comparison under conditions of random
speed operation. In both situations shown, the machine was fully "warmed-up" using
continuous operation for more than 8 hours. However, as can be seen, even a so called
"warmed-up" machine can experience large thermal growth fluctuations simply due to
varying operating speeds. Figure 25 emulated a typical "on-machine gauging" cycle, a
modern manufacturing process that has generated tremendous interest in the
manufacturing community. The steep downward trends on the graph were created when
the spindle was suddenly run at high speed. The steep upward trends were created when
the spindle was suddenly stopped, a condition that would simulate the start of an on-
machine part gauging operation. This clearly illustrates the fallacy associated with many
on-machine gauging operations being performed day-in and day-out in many
manufacturing facilities, namely, that such measurements consistently provide good data.
To the contrary, the machine geometry can significantly change during the course of an
on-machine gauging operation! Figure 26 also illustrates the limitation or uncertainty of
the present spindle thermal modeling system. The best achievable accuracy is about ±2.5
pIm in a random speed operation.

28



7 M

0.415
DOW

0.41

0.405-

0.4

0.38

0.375

0.37
0 200 400 S00 O0W 1000 1200

Tkh Oy. )

1Figre 19. Effect of Improved Model

THEOdAI GROWD4 Pf&DLTMINW1 Z-AXIS

0.4-

10.34-
0.32

0 10 20 30 40 60 60 70 so

IF*=r 20. Thermal Growth Prediction in Z-axis (3000 rpm)

29



THURA GROWTH P ICTION N ZAXS
(eooo .lm, ama.

0.4

0.3•

0.37--

0.37

0.305

S0.34

0.33

0.32 VN

0.31

0.3 I , I

0 10 20 30 40 s0 00 70

Fig-e 21. Themal Growth Prediction in Z-axis (6000 rpm)

THOgdM. GROWTH PEDCTION4 IN Z-AXIS
(C00 rpm. ro-sem

0.4

0.38•0

=0.36-

10.341

0.32

0 10 20 30 40 so so 70 80
TIME in*P.)

Sdama --- placth

Figure 22. Thermal Growth Prediction in Z-axis (6000 rpm)

30



nYinAL GN)VA PrIcTI0N N Z AXIS

0.4-

0.33-

10.34-
0.32

0.3
0 10 20 30 40 so 60 70 90

TBA O~n.)

]Fig=r 23. Therma Growth Prediction in Z-axis (7000 rpm)

THEMAL GROWTH PRIED=CTIN Z-AXIS

0.4-

0.36-

0.36-

=0.36-I0.35
10.34

ýf 0.33 MIS P4.i 1

0.32

0.31

0.3
0 10 20 30 40 50 s0 70 s0

]Fig=r 24. Thermal Growth Prediction in Z-axis (9000 rpm)

31



THOAL GROWTH MOOSEOG IN Z-AXIS
MONARCH VMC-4581

0.4

0.38 i0.380

-0*37

0.37

0.35

0.34

0.33

0.32 , I I

0 200 400 O00 6O0 1000 1200

TIME (Win.)

- - d --.. . . . m odd

Figure 25. Thermal Growth Modeling in Z-axis

THEF4AL GROWTH PEDICTION IN Z-AXIS
frandown sp,*d

0.38

0.375--

j0.37-

0.365 V VO"' It I.

0.30-,

0.355--

0.35 i 1 i i
0 10 20 30 40 50 60 70 8o

TIME Oin.)

~-data --- pdatiodn

Figure 26. Thermal Growth Prediction in Z-axis (random speed)

32



Thermal growth tests of the spindle at different Z-axis locations were also
performed. It was generally expected that at different spindle positions, the thermal
growth characteristics might be different. To verify this, the spindle was raised by 14
inches, almost the full Z-axis column travel, and similar spindle test runs were performed.
However, as can be seen from Figure 27, the difference in thermal growth characteristics
were not significant at all. This suggests that a uniform model can be successfully applied
for this Monarch machine. If significant differences were observed, individual models
would have to be established at different positions of the machine. However, based on our
testing, this would only apply on some very large machining centers and the improvement
may not be significant enough to warrant the lengthy procedure.

Another factor that might have influence on the thermal growth behavior of a
machining center is the heat generated by the axis drive systems, especially when the
carriages are subjected to near continuous rapid traverse rates. Tests to determine such
effects were carried out on the Monarch machine and the Olofsson machine, however, no
significant changes to the thermal patterns were observed. See Figure 28.

7. CONCLUSIONS AND DISCUSSIONS

The following statements summarize the major achievements of this work:
"* A low-cost, prototype spindle thermal characterization and compensation system for

CNC machining centers has been successfully developed. The system consists of five
high-performance, non-contact capacitance sensors mounted in an appropriate fixture,
a mandrel for mounting in the spindle of the machine, a 20-channel thermal measuring
unit, a series of specially designed thermal sensors capable of being magnetically
mounted on the machine, a PC-based digital processor and sensor interface, and a
suite of user-friendly thermal modeling and sensor optimization software programs,
collectively referred to as CASC.

" The prototype system has been successfully tested and implemented on machining
centers in the plants of several major U.S. manufacturers. The projected accuracy of
improvement is better than 80%.

"* The entire modeling process usually takes less than 3 days. This is significantly less
time than that taken by any other modeling technique. As a consequence, the use of
this system on a machine in a production environment is very practical.

"* The hardware and software developed during this program have been successfully
commercialized by API. Currently API is marketing this system under the trade name
THERMAC. THERMAC is the first low cost, high performance spindle thermal
modeling and compensation system designed specifically for use on machines in a
production environment. Of course it can be used on machines in a laboratory or tool
room setting as well.
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As noted, the hardware and software of the prototype spindle thermal modeling
system was fully tested and implemented on several different machining centers. Most of
the tests were performed in production environments. Some were done in laboratory
environments. Each test typically ran continuously for 3 to 5 days. The hardware proved
to be very robust, reliable, accurate, easy to setup and the software was shown to be very
user-friendly. Besides the tests done at Monarch and Olofsson, some of the initial tests
were also carried out by engineers from Pratt & Whitney and Ford Motor Company.
Thanks is offered to all those involved at each of these facilities for their valuable input
and feedback.

Based on our testing, and for a given machine structure and design, there are three
sets of factors that dominate the thermal growth pattern of a machining center. They are:
(a) the environmental factors, (b) the residual heat factors, and (c) the operating condition
factors such as speed, operating cycle, etc. As was vividly illustrated in Figure 15, die
machine geometry can be significantly distorted due to any change in the ambient or
environmental temperature. Additionally, residual heat inside the machine column and
spindle can cause non-linear growth of the spindle, and thus make the prediction and
modeling of the thermal characteristics of the machine very complicated. The machine's
current and previous operating conditions also significantly affect the thermal growth
pattern. D'fferent spindle speeds cause different rates of growth. Different initial thermal
conditions also affect the growth patterns, even though the machine is subjected to the
vwry same operating cycles.

The numerous tests of spindle thermal growth that were conducted and the
numerous in-depth analyses that followed, led to the introduction under this program of an
expanded thermal modeling technique that includes the use of differential thermal sensors.
The use of differential sensors was found useful in overcoming uncertainties caused by the
three sets of factors noted in the preceding paragraph. Results showed that the new model
was able to improve the modeling accuracy by 15%, even when applied in a production
environment.

Actual machine tool compensation for thermal growth, using the modeling
technique developed here, was not implemented and was not a part of the scope of this
project. However, the accuracy of this modeling technique was verified by testing the
predicted results against actual measurements. Tests showed that the accuracy
improvement of this spindle thermal modeling system is better than 80%. Because of the
uncertainty of the thermal growth of machine structures, the accuracy limit of this
technique is about 5 g~m. In the later stages of this work, particularly relating to the
measurements taken at Ford and at Pratt & Whitney, the entire modeling process took
only 3 days, including the taking of the geometric measurements. Real-time thermal error
compensation can be implemented by interfacing the prototype control unit through a
communications link to the CNC controller. By sending the computed compensation
value to the CNC controller, the controller can offset the tool position and/or orientation
to compensation for spindle growth.
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