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Machine tools are an indispensable part of the modern manufacturing industry, by
which many items are produced. In the manufacturing process, machining accuracy is very
important for the precision of products. However, the thermal error accounts for 40-70% of the
machining error. Most of the machine tool heat created during machining originates from the
rotating spindle owing to the internal bearing friction and motor power loss. Cooling systems
are designed to remove the heat generated in the spindle in real time by coolant circulation to
maintain the spindle temperature and improve the machining accuracy of the machine tool. In
this study, the thermal deformation of a spindle was investigated under different rotating spindle
speeds. To adapt to cooling demand variations at different rotating speeds, the cooling capacity
of the cooling system was controlled by changing the supply volume and supply temperature of
the coolant to the spindle. The effects of supply coolant volume, supply coolant temperature,
and ambient temperature on the thermal deformation of the spindle were analyzed. A regression
model for the driving frequency of the coolant pump in terms of the spindle rotational speed
and coolant temperature difference was developed. By changing the supply coolant volume
and coolant temperature difference in accordance with the spindle rotating speed, the accuracy
of the deformation was reduced by up to 25%, and the required time to attain a steady state
was also shortened. The shortest required time of 12 min was attained with a pump driving
frequency of 80 Hz and a coolant temperature difference of 4 °C at a spindle rotating speed
of 24000 rpm. The developed regression model was verified in three dynamical operational
processes with different periods in which the spindle rotating speed was changed.

1. Introduction

Thermal deformation accounts for 40 to 70% of the machining error of machine tools. The
thermal error of a machine is mainly caused by the heat generated during operation, which
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can be divided into external and internal heat sources. Usually, ambient temperature control
is used to remove or stabilize external heat sources.” However, for internal heat sources, the
heat generation is unstable and complicated, and thermal errors of the machine tool structure
are difficult to control. Past studies often used thermal compensation and thermal suppression
to improve thermal accuracy regarding internal heat sources. However, the accuracy of the
thermal compensation method usually depends on the accuracy of the thermal error model and
the ambient temperature stability.” Changes in ambient temperature may reduce the thermal
accuracy of the thermal compensation model.

In general, most precision machine tools adopt cooling systems to remove the heat generated
in the spindle, ball screw, and feed system during machining to maintain high manufacturing

(3-5) ©.7) or thermal

precision. Owing to their mechanical structure design, thermal isolation
balance design® is considered to reduce the thermal errors of machine tools in operation.

In recent years, with the advancement of simulation analysis software, some studies have
adopted simulation methods to analyze the cooling channel efficiency of the spindle. Wu et al®
performed simulation analysis to establish a thermal model for a high-rotational-speed spindle in
a machine tool and analyzed the steady-state thermal performance of the spindle under different
machining feed rates. From the analysis results, the cooling channel design was modified, and
the structural temperature of the spindle decreased significantly. Moorthy et al analyzed
the flow and temperature distributions in a built-in spindle with a dual-spiral cooling channel.
The temperature distribution of the high-speed spindle structure with a maximum rotating
speed of 40000 rpm was analyzed. The effect of heat flux under different cooling water flow
rates was investigated. The results showed that the cooling efficiency of a dual-spiral channel
is better than that of a single-spiral channel. Weber ez al'V performed the computational fluid
dynamics (CFD) simulation analysis of different cooling channel designs for a built-in spindle
and discussed the effect of the surface roughness of the cooling channel on the heat convection
coefficient. It was found that the heat transfer coefficient was increased by increasing the

surface roughness. Li e al1%!)

performed multiphysics simulation analysis on the cooling
channel design of a built-in spindle. The design of experiments (DOE) method was employed
to optimize the dimensions of the cooling channel, and practical machining experiments were
performed to validate the thermal performance of the design. By optimizing the design of
the cooling channel, the bearing temperature was reduced by up to 6.7 °C and the spindle
deformation was also reduced from 53.8 to 30.9 um.

The spindle is one of the most important components of CNC machine tools. In
machining plants, the accuracy and thermal suppression of the spindle strongly affect the
accuracy and quality reliability of machining parts.!¥ Chiang et al'® proposed a novel
proportional-integral-derivative (PID) control logic based on the Smith prediction method
to control the coolant outlet temperature by MATLAB simulation. The simulation results
showed that the proposed control scheme has a higher temperature control accuracy than the
traditional PID control scheme, and the steady-state error of the supply coolant temperature
was controlled within 0.1 °C. Li et al.'® developed a control method based on the variation
in coolant volume for the dynamical machining of a spindle. Under changes in the machining
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load of the spindle, different coolant volumes can be supplied to the spindle to improve the
machining accuracy of workpieces. Huang et al " investigated the temperature increase
of the cooling channel and the thermal deformation of a built-in spindle by experiments and
simulations. A simulation model was used to analyze the effect of the cooling channel. The
results showed that the cooling efficiency of the reciprocating channel type is higher than that
of the spiral channel type. Grama and Badhe!® proposed the cooler trigger model (CTM),
which can significantly improve the cooling efficiency. By controlling the operational on—off
frequency of a cooler in accordance with the cooling load variation, the heat generated in the
spindle can be extracted dynamically, and a steady state inside the spindle can be attained. A
comparison was made between the ambient temperature tracing strategy (ATS) and the CTM
cooling strategy in ambient temperature variation error (ETVE) control. For a wide range of
spindle speeds, the CTM strategy is advantageous for motor and bearing temperature stability,
and it can significantly reduce thermal errors. Mori et al.!”) controlled the on—off operation of
a cooling system compressor in terms of the equilibrium relationship between the heat transfer
rate and the thermal deformation to minimize the thermal deformation of a machine tool, and
experiments were conducted to verify the improved cooling efficiency of the proposed method.

Regarding the thermal suppression methods used in previous studies and applications, a
constant coolant volume and a constant coolant temperature are usually supplied from the
cooling system, which generally cannot provide a real-time response to varying cooling demand
under different machining loads. Therefore, the accuracy of the machine tool cannot be further
improved by the design. The rate of heat removal by the coolant is proportional to the coolant
flow rate and the temperature difference between the coolant at the inlet and that at the outlet
of the cooling channel in the spindle. More heat can be removed by coolant flow with a higher
flow rate and a lower temperature of the supplied coolant at the inlet. However, a constant inlet
coolant temperature and a constant flow rate may lead to either the excessive or insufficient
cooling of the spindle. An excessive supply of coolant may result in the shrinkage deformation
of the spindle due to overcooling. Conversely, an insufficient coolant flow rate may lead to
the deformation of the spindle due to thermal expansion and require a longer warm-up time to
attain the thermal steady state of the spindle. Thus, effectively controlling the supply coolant
volume and coolant temperature in accordance with the cooling load of the spindle is essential
for reducing thermal deformation and enhancing the machining accuracy of the spindle.

The utilization of the variable coolant volume and coolant temperature (VOV/T) method to
adapt to variations in dynamical cooling demand in real time and further increase the spindle
accuracy has never been proposed or investigated in the literature. In this study, the effect of
the proposed VOV/T method on the thermal deformation of a spindle under different rotating
speeds was investigated to establish a coolant supply model for the spindle. The effect of
the developed coolant supply model on the thermal deformation of the spindle in dynamic
operations was validated with different periods in which the rotating speed of the spindle was
changed. Moreover, the VOV/T method was also applied to shorten the required warm-up time
of the spindle.
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2. Experimental Setup and Thermal Deformation Measurement
2.1 Experimental setup

In this study, the built-in spindle of a machine tool (213A370, Setco) was adopted, as shown
in Fig. 1. The maximum rotating speed of the spindle was 24000 rpm. The spindle motor
had a torque of 6 N-m and a rated horsepower of 7.5 kW. Figure 1(a) shows the configuration
and dimensions of the built-in spindle, which consisted of a rear bearing, a built-in motor, and
a front bearing. Figure 1(b) shows the setup of the experimental equipment, which consisted
of a spindle, a test bar, and measurement devices. Figure 1(c) shows the thermal deformation
measurement of the spindle based on the ISO 230-3 specification.?” A test bar was clamped on
the spindle, and eddy current sensors (AEC S-06) were used to measure thermal deformations.
When the spindle operated, the displacements of the spindle in the X-, Y-, and Z-directions were
obtained using the measuring devices.
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Fig. 1. (Color online) Experimental setup: (a) dimensions of built-in spindle; (b) experimental setup; and (c)
measurement devices in test bar.
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Uncertainties in measuring any physical quantity are always present owing to instrumental,
physical, and human imperfections.m) Uncertainty analysis is the procedure employed to
assess the uncertainty from measured variables with known uncertainties. In this study, the
experimental influencing factors and corresponding uncertainties include the following: (1) an
ambient temperature variation of +1 °C; (2) a temperature sensor (Trump NCP02 thermistor)
accuracy of —40-125 °C + 0.01%; (3) a cooling oil flowmeter (NEW FLOW, DPG 3000) error
of £0.5%; (4) a signal-measuring instrument (GL840M) error of +0.002%; (5) an eddy current
sensor (AEC-S06) error of +1%. According to Kline and McClintock, " the total measurement
uncertainty is +4.15% in this study. The overall uncertainty was calculated as the root of the
sum of the square of each uncertainty using the equation Ay = [(Ax1)2 + (sz)2 +..+ (Axn)z]” 2,
where Axi, Ax», ..., Ax, are the uncertainties of the individual variables.

2.2 Spindle cooling system

In this study, a self-made cooling system with a coolant pump was adopted to supply coolant
to the spindle for heat exchange. Figure 2 illustrates the system developed for spindle cooling.
The system consists of two circulation loops: the coolant and refrigerant loops. The left loop is
the coolant loop, which is mainly composed of the spindle, a coolant storage tank, and a coolant
pump. The right loop is the refrigeration loop, which consists of a compressor, a condenser,
an expansion valve, and a plate heat exchanger. In the refrigerant cycle, the liquid refrigerant
driven by the compressor absorbs heat from the circulating coolant in the plate heat exchanger,
evaporates into a gas, and then returns to the compressor. The gas refrigerant is compressed
at a high pressure and then it condenses into a liquid, which dissipates the condensation heat to
the ambient through the condenser. The pressure of the liquid refrigerant after the condenser is
reduced by passing it through an expansion valve, after which the refrigerant returns to the plate
heat exchanger to complete the cycle. The temperature of the circulating coolant is reduced in
the plate heat exchanger, and the low-temperature coolant is pumped to the rotating spindle to
remove the heat generated in the operational process.
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Fig. 2. (Color online) Cooling control system.!>!¥



3694 Sensors and Materials, Vol. 32, No. 11 (2020)

In this study, the ambient temperature was treated as the reference temperature for the
return coolant. The coolant temperature sensor at the inlet of the plate heat exchanger instantly
responds to the inverter of the compressor to adjust the refrigerant flow rate in the refrigeration
cycle in accordance with the cooling load variation of the spindle. The temperature difference
between the ambient and the coolant that returns from the spindle is controlled using an
STM32 PID controller. The refrigerant flow rate in the refrigeration cycle is controlled using a
variable-speed compressor. The signals of the ambient and coolant temperatures are sent to the
STM32 PID controller, and then the PID controller outputs a relative voltage signal to control
the compressor driving frequency and coolant supply temperature.

2.3 Heat source measurement and calculation

In the experiments, the required power of an operational spindle motor was measured
using a HIOKI PW3360 power meter.?? Figure 3 shows a flow chart of the spindle power
measurement. The built-in spindle motor adopted for the spindle was a three-phase motor
with a voltage of 380 V. After the driver of the spindle was initiated, the rotating speed of the
spindle was controlled by adjusting the frequency of the inverter. In the dynamic operation of
the motor, the current, voltage and power factor of the spindle were extracted using the current
digital clamp of the power meter. The measured information was sent to a computer through a
USB communication interface for data analysis and then compared with theoretical values.

2.4 Theory of thermal deformation
The thermal deformation of materials can be calculated using Hooke’s law.?? By using

the principle of superposition, the deformation due to stress and temperature effects can be
obtained. As shown in Fig. 4, when the temperature increases by A7, the elongation in all
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Fig. 3. (Color online) Spindle power measurement process.
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Fig. 4. (Color online) Schematic diagram of thermal deformation.”

directions can be obtained. When the stress and temperature effects are applied at the same
time, the strains in all directions can be obtained using the principle of superposition, where
&xy 18 the strain in the x-direction, &y, is the strain in the y-direction, and & is the strain in the
z-direction. Therefore, when the stress and temperature effects are applied simultaneously, the
strains in all directions can be obtained using the overlapping principle as

Oy —v(O' +O'ZZ)

£, = Eyy +a-AT, 1)
_O'yy—v(axx+azz) AT 5

o, —v\o,., +0
6, =— (” yy)+a-AT, 3)

zZZ E

where £ is Young’s modulus, v is Poisson’s ratio, and ¢ is the stress. ¢ can be obtained from
o = E,. ais the coefficient of thermal expansion and AT is the temperature difference.

2.5 Regression analysis

Regression analysis is a statistical analysis method used to determine whether two or more
variables are related and to build mathematical models to observe and predict specific variables.
Regression analysis can be divided into simple and multiple regressions. Simple regression is
used to explore the relationship between one dependent variable and one independent variable.
Multiple regression is an analytical method that uses two or more independent variables in the
regression equation.(24)

In this study, the coolant volume in the cooling system was evaluated on the basis of the
spindle speed and coolant temperature difference. Therefore, for different cooling requirements
of the spindle, multiple regression was used to obtain a suitable spindle coolant volume. This

multiple regression can be expressed as
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V=B +Bx + Byt t BXy + &, )

where y; is a dependent variable, xy;, ..., X,; are independent variables, f is a constant, f, ..., B,
are regression coefficients, and & is the error.

Coefficient of multiple determination:
The coefficient of multiple determination is used to indicate the goodness of fit of the
regression model and is defined as

RSk B 5)
SST SST

where SSR is the regression sum of squares, SS7 is the sum of squares, and SSE is the residual

sum of squares. R? (0 < R? < 1) indicates the strength of the relationship between the dependent

and independent variables. High R* values indicate that the dependent variables can be well

predicted from the independent variables using the regression equation.

3. Results and Discussion

The spindle speed was controlled using a motor driver (VFD-VE series, Delta). The rotating
speed of the spindle was proportional to the driving frequency of the spindle motor. When the
rotating speed of the spindle was less than a specific value, the operational voltage of the spindle
increased linearly with the driving frequency. After the rotating speed reached a specific value,
the operational voltage of the spindle was almost constant and the operational current of the
spindle decreased significantly, as shown in Fig. 5. The operational voltage increased with
the operational speed of the spindle when the speed was below 17000 rpm. When the speed
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Fig. 5. (Color online) Operational voltage, current, and power consumption of spindle under different operational
speeds.
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was greater than 17000 rpm, the highest operational voltage of the spindle remained at or near
367 V and the current dropped significantly. The heat generated by the spindle varied with the
operational speed. The power consumption of the spindle motor was measured using a power
meter and found to be 118 W at the operational speed of 8000 rpm. As the operational speed of
the spindle gradually increased to 24000 rpm, the power consumption increased to 369 W.

The effects of the coolant supply volume and temperature from the cooling system on the
thermal deformation under different spindle rotating speeds were investigated in this study.
The volume and temperature of the coolant supplied from the cooling system were controlled by
adjusting the driving frequencies of the coolant pump and refrigerant compressor, respectively.
The spindle rotating speed was increased from 8000 to 24000 rpm at intervals of 4000 rpm. At
each spindle rotating speed, the coolant driving frequency was adjusted to 40, 60, and 80 Hz,
and the difference between the temperature of the coolant detected using temperature sensor 2
and the ambient temperature detected using temperature sensor 1 was controlled at 0, —2, and
—4 °C by adjusting the rotating speed of the compressor. The general cooling conditions were
a constant supply coolant volume and a constant temperature difference (COV/T), a driving
frequency of 60 Hz, and a temperature difference of 0 °C. Currently, the COV/T method is
often used in the applications of machine tool spindle cooling. The COV/T method cannot
apply real-time response to the required cooling condition under different machining loads.
Therefore, the cooling method of COV/T causes poor cooling efficiency of the spindle and
produces accuracy errors. To compare the efficiency of the cooling method in this study with
that of the general cooling method (COV/T) and model a general cooling system, the COV/T
from the cooling system were designed at a driving frequency of 60 Hz and a temperature
difference of 0 °C.

From Fig. 6, it can be seen that the thermal deformation in all directions was affected by
the coolant driving frequency and coolant temperature difference at a given spindle rotating
speed. Figure 6(a) illustrates the thermal deformation of the spindle in the X-direction at
8000 rpm under different coolant supply conditions. The maximum thermal deformation in the
X-direction was 8.27 um with a coolant driving frequency of 60 Hz and a coolant temperature
difference of 4 °C. The minimum thermal deformation in the X-direction was 0.13 um with
a coolant driving frequency of 80 Hz and a coolant temperature difference of 4°C. Under
the general cooling control (COV/T) method with a coolant driving frequency of 60 Hz and
a coolant temperature difference of 0 °C, the thermal deformation was —0.54 um, which was
larger than that for a coolant driving frequency of 80 Hz and a coolant temperature difference
of 4 °C. By comparing the best cooling conditions (a coolant driving frequency of 80 Hz and
a coolant temperature difference of 4°C) with general cooling conditions (COV/T, a driving
frequency of 60 Hz, and a coolant temperature difference of 0 °C), the thermal deformation in
the X-direction was observed to decrease to 0.41 pm.

Figure 6(b) illustrates the thermal deformations of the spindle in the Y-direction at 8000 rpm
under different coolant conditions. From the results, the maximum thermal deformation in the
Y-direction was 7.77 um with a coolant driving frequency of 40 Hz and a coolant temperature
difference of 2 °C. The minimum thermal deformation in the Y-direction was 0.42 pm, which
occurred at a coolant driving frequency of 40 Hz and a coolant temperature difference of 0 °C.
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Fig. 6. (Color online) Thermal deformations of the spindle at 8000 rpm under different cooling oil conditions: (a)
X-direction, (b) Y-direction, and (c¢) Z-direction.

In comparison with the COV/T cooling method with a driving frequency of 60 Hz and a coolant
temperature difference of 0 °C, the thermal deformation was —2.70 um. By comparing the best
cooling conditions (a coolant driving frequency of 40 Hz and a coolant temperature difference
of 0°C) with general cooling conditions, the thermal deformation in the Y-direction was found
to decrease to 2.28 um. Figure 6(c) illustrates the thermal deformations of the spindle in the
Z-direction at 8000 rpm under different coolant conditions. From the results, the maximum
thermal deformation in the Z-direction was determined to be 19.87 pm, which occurred at a
coolant driving frequency of 40 Hz and a coolant temperature difference of 4 °C. The minimum
thermal deformation in the Z-direction was 16.83 um with a coolant driving frequency of 60 Hz
and a coolant temperature difference of 2 °C. In comparison with the thermal deformation of
the general cooling method (COV/T, a driving frequency of 60 Hz, and a coolant temperature
difference of 0 °C), the thermal deformation in the Y-direction could be reduced to 2.46 pm.
From the results of the X-direction deformation shown in Fig. 6(a), it can be seen that for
the spindle with the coolant conditions of variable temperature and variable volume (VOV/T)
at a rotating speed of 8000 rpm, the deformation of the spindle was not significantly reduced.



Sensors and Materials, Vol. 32, No. 11 (2020) 3699

However, the maximum thermal deformation in the X-direction was 8.27 pm with a coolant
driving frequency of 60 Hz and a coolant temperature difference of 4 °C. Thus, it can be
seen that unsuitable cooling conditions or a malfunctioning cooling system will decrease the
accuracy of the X-direction. From the results of the Y-direction deformation, as shown in
Fig. 6(b), the thermal deformation in the Y-direction with coolant VOV/T control was observed
to decrease by 84% in comparison with that under the general cooling conditions. In Fig. 6(c),
it can be seen that the thermal deformation of the spindle was mainly in the Z-direction, and its
maximum was close to 20 um. However, the thermal deformation in the Z-direction with the
VOV/T method decreased by nearly 13%.

Figure 7(a) illustrates the thermal deformations of the spindle in the X-direction at 24000 rpm
under different coolant supply conditions. The maximum thermal deformation in the
X-direction was —4.1 um with a coolant driving frequency of 40 Hz and a coolant temperature
difference of 4 °C. The minimum thermal deformation in the X-direction was 0.66 pm with
a coolant driving frequency of 60 Hz and a coolant temperature difference of 2 °C. When the
general COV/T method was used under a coolant driving frequency of 60 Hz and a coolant
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Fig. 7. (Color online) Thermal deformations of the spindle at 24000 rpm under different cooling oil conditions: (a)
X-direction, (b) Y-direction, and (c) Z-direction.
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temperature difference of 0 °C, the thermal deformation was —3.97 um. By comparing the best
cooling conditions (a coolant driving frequency of 60 Hz and a coolant temperature difference
of 2 °C) with general cooling conditions, the thermal deformation in the X-direction was
observed to decrease to 3.31 um. As shown in Fig. 7(b), the maximum thermal deformation
in the Y-direction was 7.57 pm with a coolant driving frequency of 60 Hz and a coolant
temperature difference of 4 °C. The minimum thermal deformation in the Y-direction was 0.05
um with a coolant driving frequency of 40 Hz and a coolant temperature difference of 2 °C.
With the COV/T method under a coolant driving frequency of 60 Hz and a coolant temperature
difference of 0 °C, the thermal deformation was —5.93 pm. As shown in Fig. 7(c), the maximum
thermal deformation in the Z-direction was 33.6 um with a coolant driving frequency of 40 Hz
and a coolant temperature difference of 0 °C. The minimum thermal deformation in the
Z-direction was 29.82 pm with a coolant driving frequency of 80 Hz and a coolant temperature
difference of 4 °C. With the COV/T cooling method under a coolant driving frequency of
60 Hz and a coolant temperature difference of 0 °C, the thermal deformation was 32.08 pum.
By comparing the best cooling conditions (a coolant driving frequency of 80 Hz and a coolant
temperature difference of 4 °C) with general cooling conditions, the thermal deformation in
the Z-direction was observed to decrease to 2.26 pm. Compared with the general cooling
conditions at a spindle speed of 24000 rpm, the accuracies of the X-, Y-, and Z-directions
increased by 83.4, 99.2, and 7.0%, respectively. The maximum thermal deformation in the X-,
Y-, and Z-directions can be reduced by 3.3, 5.9, and 2.3 pm, respectively.

Table 1 gives the thermal deformations of the spindle for different cooling oil supply
frequencies, temperature differences, and spindle rotating speeds in the experiment. From the
table, it can be seen that the thermal deformations in the X- and Y-directions were smaller than
those in the Z-direction at all spindle rotating speeds, and were always less than 10 um and

Table 1
Thermal deformations of spindle for different cooling conditions and spindle rotating speeds.

. X-direction Y-direction Z-direction
Rotating Cooling Cooling Cooling
speed (rpm) Deformation . Deformation .. Deformation ..
conditions conditions conditions
Min. 0.13 80 Hz, 4 °C Min. 0.42 40 Hz, 0 °C Min. 16.83 60 Hz, 2 °C
8000 Max. 8.27 60 Hz, 4 °C Max. 7.77 40 Hz, 2 °C Max. 19.87 40 Hz, 4 °C
COV/T —0.54 60 Hz, 0 °C COV/T 2.7 60 Hz, 0 °C COV/T 19.29 60 Hz, 0 °C
Min. 0.35 80 Hz, 4 °C Min. 0.09 60 Hz, 2 °C Min. 18.48 80 Hz, 2 °C
12000 Max. —6.42 40 Hz, 2 °C Max. 8.22 80 Hz, 4 °C Max. 23.15 40 Hz, 2 °C
COV/T -0.99 60 Hz, 0 °C COV/T -2.75 60 Hz, 0 °C COV/T 21.19 60 Hz, 0 °C
Min. 0.33 80 Hz, 0 °C Min. 0.72 40 Hz, 2 °C Min. 18.85 40 Hz, 4 °C
16000 Max. —5.52 60 Hz, 4 °C Max. 7.78 60 Hz,2 °C Max. 25.05 60 Hz, 2 °C
COV/T -5.33 60 Hz, 0 °C COV/T -2.72 60 Hz, 0 °C COV/Tt 22.88 60 Hz, 0 °C
Min. 0.13 40 Hz, 0 °C Min. 0.18 60 Hz, 4 °C Min. 24.02 60 Hz, 4 °C
20000 Max. 4.82 40 Hz, 4 °C Max. -3.66 60 Hz, 0 °C Max. 28.65 80 Hz, 0 °C
COV/T 2.91 60 Hz, 0 °C COV/T -3.66 60 Hz, 0 °C COV/T 27.87 60 Hz, 0 °C
Min. 0.66 60 Hz, 2 °C Min. 0.05 40 Hz, 2 °C Min. 29.82 80 Hz, 4 °C
24000 Max. —4.1 40 Hz, 4 °C Max. 7.57 60 Hz, 4 °C Max. 33.6 40 Hz, 0 °C
COV/T -3.97 60 Hz, 0 °C COV/T -5.93 60 Hz, 0 °C COV/T. 32.08 60 Hz, 0 °C

Unit of deformation: um
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almost independent of the spindle rotating speed. However, the thermal deformation in the
Z-direction gradually increased with the spindle rotating speed from a low value of 16.83 pm at
8000 rpm to a high value of 32.08 um at 24000 rpm. By adjusting the supply coolant volume
and temperature difference according to the spindle rotating speed, the minimum thermal
deformations in all direction can be attained.

Table 2 illustrates the reductions in thermal deformation in the X-, Y-, and Z-directions
of the spindle upon adjusting the coolant volume and temperature difference in accordance
with the cooling load demand at different spindle speeds. A comparison of the thermal
deformation improvements at different spindle rotating speeds by the VOV/T method revealed
that the thermal deformation improvements were greater in the X- and Y-directions than in the
Z-direction. The average thermal deformation improvements in the X- and Y-directions ranged
from 64 to 99%, while those in the Z-direction ranged from 7 to 17%.

From the relationship among the spindle rotating speed, coolant volume, and coolant
temperature difference in the experiments, the set of cooling conditions for the minimum
thermal deformations in all axes is known to vary with the spindle rotating speed. The greatest
thermal deformation of the rotating spindle in this study occurred in the Z-axis; thus, the set
of cooling conditions for the minimum thermal deformation in the Z-axis is considered in the
following regression analysis. Table 3 shows the cooling conditions for the minimum thermal
deformation in the Z-axis at different spindle rotating speeds. It can be seen that the driving
frequency and coolant temperature difference giving the minimum thermal deformation
gradually increased with the spindle rotating speed. In this study, the set of cooling conditions

Table 2
Thermal deformation improvements in the X-, Y-, and Z-directions of spindle at different rotating speeds.

X-direction Y-direction Z-direction

RPM  Min. Max. COV/T Improvement Min. Max. COV/T Reduction Min. Max. COV/T Improvement

8000 0.13 827 -0.54 75.9 042 777 27 84.4 16.83 19.87 19.29 12.8
12000 0.35 —6.42 —0.99 64.6 0.09 822 275 96.7 18.48 23.15 21.19 12.8
16000 0.33 —5.52 —5.33 93.8 072 778 272 73.5 18.85 25.05 22.88 177
20000 0.13 4.82 291 95.5 0.18 -3.66 —3.66 95.1 24.02 28.65 27.87 13.8
24000 0.66 —4.1 397 83.4 005 757 593 99.2 29.82 33.6 32.08 7.0

Unit of deformation: pm; Improvement: %

Table 3
Cooling conditions for minimum thermal deformation in Z-axis at different spindle rotating speeds.

Cooling conditions

Rotating speed

. Frequenc Temperature difference
of spindle (rpm) (qHz) y P 0)
8000 60 2
12000 80 2
16000 40 4
20000 60 4
24000 80 4
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for the minimum thermal deformation in the Z-axis is subjected to regression analysis to obtain
a regression equation to control the cooling of the spindle.

To obtain a multiple regression model from the results listed in Table 3, the driving
frequency of the coolant pump was defined as a dependent variable and the rotating speed
of the spindle and temperature difference were regarded as independent variables. After the
regression analysis of the experimental results shown in Table 3, the final regression model was
obtained as

F=0.005-N—5-AT? + 40, ©)

where F is the driving frequency of the coolant pump (Hz), NV is the rotating speed of the spindle
(rpm), and AT is the coolant temperature difference (°C).

In the actual machining process, the rotating speed of the spindle is not constant and
varies with the machining product, machining mode, and cutting conditions. To validate the
feasibility of the developed regression model in actual machining processes, three periods in
which the spindle rotating speed was increased to 5, 15, and 30 min were adopted in dynamic
experiments. In the experiments, the thermal deformations obtained from the regression model
and those for the general cooling conditions (COV/T) of a constant driving frequency of 60 Hz
and zero coolant temperature difference were compared. Under general actual machining
processes (COV/T), the period during which the rotating speed of the spindle changed was
varied from 5 to 30 min. The rotating speed of the spindle was increased from 8000 to
24000 rpm at 4000 rpm increments in periods of 5, 15, and 30 min. Figure 8 illustrates the
thermal deformations in the Z-axis of the spindle for different operational periods with the
increase in spindle rotating speed obtained from the regression model and the general cooling
conditions (COV/T, 60 Hz, and a coolant temperature difference of 0 °C).

Figure 8(a) shows the results obtained when the rotating speed of the spindle was increased
beyond 5 min. In comparison with the thermal deformation in the Z-axis under the general
cooling method, the thermal deformation under the cooling conditions of the regression
model was reduced by about 2 um regardless of the spindle rotating speed. Figure 8(b) shows
the results obtained when the rotating speed is increased beyond 15 min. Similarly to the
results in Fig. 8(a), the thermal deformation in the Z-direction under the cooling conditions
of the regression model decreased by 2-3 um at all spindle rotating speeds. By comparing
Figs. 8(a) and 8(b), the reduction in thermal deformation under the cooling conditions of the
regression equation was found to be greater when the rotating speed was varied in a shorter
period. Figure 8(c) shows the results obtained when the rotating speed of the spindle was
increased beyond 30 min. The results of the thermal deformation were close to a straight line
in the 15 min that presented a stable condition, and the amounts of thermal deformation in
the Z-direction were the same under the best cooling conditions (see Table 3). However, by
comparing the best cooling conditions with the general cooling oil supply method (COV/T,
a driving frequency of 60 Hz, and a coolant temperature difference of 0 °C), below the
spindle rotating speed of 12000 rpm, the thermal deformations were consistent, which show
that the changes in the coolant flow rate and temperature have no effect on reducing the
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Fig. 8. Thermal deformations of spindle in Z-axis with cooling conditions obtained from regression equation and
general cooling method with rotating speed increased in different periods: (a) 5, (b) 15, and (c) 30 min.

thermal deformation of the spindle. In the result of Fig. 8(c), the thermal deformation only
slightly differed above 12000 rpm. The thermal deformation in the Z-direction under the
cooling conditions of the regression model decreased by 3—4 um at a spindle rotating speed
of 24000 rpm. This result indicates that the VOV/T cooling control method can adapt to the
cooling demand of the spindle in rapid dynamic operations.

In a built-in spindle, thermal deformation often occurs as a result of the temperature increase
of the front bearing. Therefore, to effectively suppress the generation of thermal deformation,
the temperature of the front bearing must be reduced. As shown in Fig. 9, the temperature
change of the front bearing varied from 1 to 6 °C at different speeds when the temperature
difference was set to 0 °C. The temperature increase of the front bearing was effectively
suppressed at different spindle rotating speeds when the temperature difference was set to 4 °C.
The temperature increase of the front bearing was only about 2 °C at the rotating speeds of
20000 and 24000 rpm.
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Fig. 9.  (Color online) Temperature increases of the front bearing under different spindle rotating speeds.

4. Conclusions

The effects of the coolant volume and coolant temperature on the thermal deformation of
a spindle were investigated in this study. From the experiments, the thermal accuracy of the
spindle was found to be related to the supply coolant volume and coolant supply temperature
under different spindle rotating speeds. By adjusting the supply coolant volume and coolant
temperature according to the required cooling load demand, the thermal deformation of the
spindle could be reduced by 3 pm on average under different rotating speeds. Regarding the
required power for the spindle, it was observed that when the rotating speed of the spindle was
below 17000 rpm, the supply voltage increased with the rotating speed. However, when the
rotating speed was greater than 17000 rpm, the supply voltage was maintained at a value of
367 V. Above a rotating speed of 17000 rpm, the supply current dropped significantly. This
phenomenon means that the torque of the spindle will gradually decrease above a rotating
speed of 17000 rpm. The heat generated by the spindle varied with the operational speed.
The power consumption of the spindle motor was found to be 118 W at the operational speed
of 8000 rpm. As the operational speed of the spindle gradually increased to 24000 rpm, the
power consumption increased to 369 W. This result indicated that the heat generated inside
the spindle increased linearly with the rotating speed of the spindle. By adjusting the supply
coolant volume and coolant temperature in accordance with the variation in cooling load, the
thermal deformations in the X-, Y-, and Z-directions of the spindle were greatly reduced. The
average thermal deformations in the X-, Y-, and Z-directions were reduced by 2.4, 3.3, and
3.1 um, respectively. The maximum thermal deformations in the X-, Y-, and Z-directions were
reduced by 3.3, 5.9, and 4.0 um, respectively. In dynamic experiments, it was found that, under
the developed adaptive control model, the thermal deformation of the spindle in the Z-direction
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was reduced by 3 pm on average in a short period of operation. In particular, the reduction

in thermal deformation under the adaptive control model was greater than that occurring in

longer periods of operation. Finally, it was found that with a greater coolant supply temperature
difference, the temperature increase in the front bearing was also more effectively reduced.
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