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Abstract-The spindle system is the core component of machine tool, And
the spindle bearing temperature directly influences the size and direction of the
spindle thermal error, as well as determines the machining surface quality. A
complete spindle system including cutting force, bearing preload upload sys-
tem, and precise description of bearing temperature field is beneficial to thermal
error study and analysis of machining error. This paper set up a spindle system,
which covers a preload upload system and a cutting force simulation system,
and also a spindle bearing temperature measurement system. Besides, the bear-
ing temperature fields were measured. Results show that optical fiber grating
could be applied to the spindle bearing distribution temperature field measure-
ment very well. It could play a certain role in promoting the development of in-
telligent spindle study.

Keywords—Spindle system, Bearing temperature measurement, Embedded
FBG

1 Introduction

The spindle system has significant influences on the machine tool thermal er-
ror. The heat generated by the cutting force and bearing preload is the main heat
source of the spindle system. Researching on the spindle thermal error has to
construct a spindle system including cutting force simulation system and bearing
preload upload system. And also the cutting force and bearing preload are the
influence factors of bearing running conditions, the temperature rise and the une-
ven distributed temperature field especially.

Bearing temperature rise determines whether bearing is in an excellent running
condition, affects the service life of bearings. In NC machine tool spindle system,
the bearings are the main heat sources, whose high temperature directly affect the
thermal deformation of machine tool structures, impact tools’ offsets, and decide
the size of thermal error. So it is necessary to monitor the rise of bearing tempera-
ture in real-time.

Uneven distribution of spindle bearing temperature, especially the local tem-
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perature rise of bearing[1], leads to a different expansion between the bearing
inner ring and outer ring and changes the bearing radial clearance, thus enlarges
the spindle vibration; inhomogeneous bearing temperature rise causes the spindle
elongate and bend, influences the thermal error of machine tool further. Spindle
bearing temperature rise is connected with tool cutting force, spindle speed and
bearing preload force. The influencing factors are complicated to be analyzed.
The traditional measuring method of spindle bearing temperature was single point
measurement, which could not be engaged on the bearing outer ring temperature
directly either, and data was less inaccurate. Sergei B.glavatskih et al.[2] used
thermocouple to monitor sliding bearing temperature rise and it was far distance
from measuring surface; Shuyun Jiang et al.[3] only used two thermocouples to
measure bearing temperature, which was impossible to obtain the entire tempera-
ture data of the bearing; Chao Jin et al.[4] put sensors on screw instead of bearing.
So it is also necessary to seek a better way to measure the distributed bearing
temperature field.

Spindle bearings have small space for installing sensors, except the uneven
temperature field distribution, its temperature also has problems that hard to pre-
dict and monitor in real-time. This research has been focused on for a long time
and needs to make a big breakthrough urgently. Traditional temperature sensors,
such as thermal resistance, etc., are vulnerable to electromagnetic interference and
exits logging phenomenon, so those sensors are not beneficial to the distributed
temperature measurement, and cannot meet the requirement of the spindle bearing
temperature measurement. Lokesh A.Gupta used wireless temperature sensors to
monitor the temperature field of bearing, but as the limited of the quality and
volume of the sensors, some temperature measuring points cannot react to the
change of the bearing state quickly [5].

Fiber Bragg grating(FBG), which is a new type of sensing components, has
many advantages, such as high sensitivity, small volume, light weight, anti-
electromagnetic interference, high corrosion resistance and high temperature re-
sistance, etc. [6,7]. Spindle bearing running environment exists a large amount of
lubricating oil or grease and electromagnetic interference, but FBG can be suita-
ble for this environment perfectly. The FBG center wavelength can be directly
affected by some factors such as strain and temperature, and has a good linear
response characteristic. It can be utilized for strain and temperature measurement,
especially the temperature [8]. So it is the ideal measuring element in spindle
bearing temperature measurement.

On the basis of the thorough understanding of factors which interfere with the
bearing temperature, this paper set up a spindle system which has a cutting force
simulation system, bearing preload upload system and FBG sensors embedded
into the spindle bearing housing, completing the distributed temperature meas-
urement of spindle bearing outer ring.
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2 Related Works

Fiber Bragg grating (FBG) can withstand both high temperature and low tem-
perature. And FBG sensor arrays are easily made by connecting several Bragg
gratings written at different center wavelengths in one line by using wavelength
division multiplexing (WDM) technology, and the complicated wiring is avoided.
That is why this paper selected FBG sensors. Fig.1 shows the structure and work
principle of FBG.
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Fig. 1. Structure and work principle of FBG

For a change of temperature 47, the corresponding center wavelength shift 445

is given by:
A4,
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Where, &f is the thermal-optic coefficient. FBG temperature sensors have tem-
perature sensitivity approximately about 10.0 pm/°C, which is large enough for
bearing temperature measurement.

As we know, bearing has different temperatures in circumferential direction
when bears radial force especially. In order to describe the entire temperature
field of bearing, this paper caught up with a bearing temperature field measure-
ment method. The FBG sensors are distributed on the bearing outer ring, forming
a ring of FBG sensors, as shown in Fig.2 and Fig.3. Taking full advantage of
FBG WDM technology, the quantity of FBG sensors can be decided by the size
of bearing. In this paper, we put six FBG sensors on the bearing outer ring.
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FBG Signal Demodulator

Fig. 2. Bearing temperature Measurement method

Fig. 3. Installed FBG sensors and the small substrates

And a ring groove is machined at a contact position between the bearing and
the bearing block; FBG sensors lay in the ring groove. Small substrates are used
to fix FBG sensors on the bearing slide ring groove; thermal conductive grease
fills the gap. The heat transfers from thermal conductive grease to the FBG. The
ring of FBG sensors can obtain the distribution temperature field which is impos-
sible before.

After the installation of FBG sensors, because of the influence of thermal
Grease and small substrates, the sensitivity of FBG will be affected by thermal
expansion of the thermal grease and its own bending. Since FBG sensors are nec-
essary to calibrate, this paper placed the whole bearing slider in constant tempera-
ture to calibrate the FBG sensors. The calibration results of one FBG sensor is
shown in Fig.4; all calibration results of FBG sensors are shown in Table 1.
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Table 1. All calibration results of FBG sensors

1538.24 -
1533.23—-
1533.22—-
1538.21 —-
1538.20 —-
153819 —-
1538.18 —-
153817 ;

1538.16

change of FBG center wavelength(pm)

1538.15

T T T T T T T T T T T T T T 1
29 30 53 32 33 34 35 36 3r 38

Temperature('C )

Fig. 4. FBGI1 calibration curve

3 System Descriptions

Bearing types and configuration forms in NC machine tool spindle are varied,
such as angular contact ball bearing or cylindrical roller bearing and the back-to-
back or the face-to-face bearing configuration form. This article mainly studied
about the angular contact ball bearing spindle system which is the most common-
ly used at the present stage.

In this paper, the spindle system can realize the bearing preload force upload-
ing, cutting force simulation and speed adjustment. The spindle system structures
are shown in Fig.5, including: elastic coupling, servo driver, bearing slider and
housing. This whole measurement system is installed on vibration isolation plat-
form.
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Fig. 5. Sectional view of the spindle system
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This paper builds a cutting force simulation device as shown in Fig.6, includ-
ing the adjustment of the axial force and radial force. Spindle taper is connected
with spindle. The function of the sliders (NO. one, two and three) is to fix force
sensors and reduce changes of the display value caused by vibration, and the slid-
ers move along the linear guide rails. Hand-wheels are used to adjust screw to
alter axial force and radial force.

~Slider
Force sensor

Handwheel

Fig. 6. Cutting force simulation device

Optimum preload can control the bearing temperature rise. The spindle system
set up in this paper include the bearing preload upload device, shown in Fig.7.

chamber
Press sensor —— —— - ]

/

Fine tooth thread Pipe joint

Fig. 7. Bearing preload upload device

The press sensor used to measure the oil pressure; the movement of fine tooth
thread reduces the chamber and controls the pressure of the chamber; and the pipe
joint connects the oil hole on the spindle housing, shown in Fig.5.

The distribution of spindle bearing temperature field is mainly influenced by
cutting force, bearing preload and rotating speed, which were contained in the
spindle system. The spindle system is shown in Fig.8. And the spindle bearing
temperature measuring system set up in this paper using the embedded FBG tem-
perature sensors can accomplish the accurate temperature rise measurement and
description of bearing temperature field under different conditions of spindle
speed, axial force, radial force and bearing preload.
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Fig. 8. The spindle system

Experiments Performance

Increasing the spindle rotation speed and feed rate is a method to enhance the
efficiency of machining. Along with the continuous increase of those values,
higher requirements to the spindle bearing are required. In particular, the devel-
opment of motor spindle makes the spindle speed elevated to a new height. A big
feed rate and increase of speed are a huge burden to bearings. Aiming at measur-
ing the bearing temperature fields under the two main factors mentioned above,
this paper carried out experiments on the measurement bearing temperature rise
under situations of different spindle speeds, different cutting forces and different
bearing preloads. Specific results are shown in Fig.9, Fig. 10 and Fig.11.
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Fig. 9. Spindle bearing temperature rise curves at each measuring
point (a:800r/min, b:2000r/min)
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Fig. 10.Spindle bearing temperature rise curves at each measuring point under different axial
force and 800r/min spindle speed (a:lOOON, b: 2000N)
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Fig. 11.Spindle bearing temperature rise curves at each measuring point under different radial
force and 800r/min spindle speed (a: SO0N, b: 1000N)

This paper completed the measurement of spindle bearing temperature rise at
the condition of the 800r/min, 2000r/min; of the 800r/min, axial force 1000N and
2000N; of the 800r/min, radial force under SOON and 1000N. Fig.7 shows that the
FBG sensors have a uniform temperature rise, and the bearing temperature rise of
the spindle has a 2000r/min exceeds the rise of the spindle has a 800r/min speed
at the condition of thermal equilibrium; Fig.8 shows that the FBG sensors also
have a uniform temperature rise , and the bearing temperature rise of the spindle
has a 2000N axial force exceeds the rise of the spindle has a 1000N axial force at
the condition of thermal equilibrium; From Fig.7 and Fig.8, the temperature rise
of spindle bearing under idle operation and axial force curves show a similar
trend, which indicates that axial force were applied on each rolling element even-
ly, and this was consistent with the bearing force analysis.Fig.9 shows when the
spindle radial force, the bearing has local temperature rise, there is a 1°C tempera-
ture difference when the spindle under a S00N radial force and 2°C temperature
difference when spindle under a 1000N radial force; From Fig.7 and Fig.9, spin-
dle bearing under different radial forces, the temperature of FBG1 and FBG®6 is
higher than other FBG sensors, also in accordance with bearing force analysis [9].
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5 Conclusions

This paper set up a spindle system, including a cutting force simulation system,
bearing preload upload device and speed adjustment, also combined with the
unique advantages of FBG, designed a spindle system, a bearing temperature field
measurement system, measured the temperature field of the bearing. The main
research work and conclusions were summarized as follows:

1. A bearing temperature field measurement system based on FBG sensors was de-
signed, including: a spindle system, a bearing preload uploading system and a cut-
ting force simulation system.

2. The measurement experiment results showed the bearing temperature is uniform
when bearing under idle condition and axial force, but non uniform when bearing
under radial force which is in accordance with bearing force analysis.

This paper verified the fact that FBG can effectively be applied to the bearing
temperature field measurement.
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