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Abstract Dryhobbing is anew gear machining process with high
efficiency and environmental friendliness, replacing traditional wet
hobbing process. However, to get high reliable precision, it is a
critical work for the dry hobbing system to reduce and control the
thermal impact. Even new hobbing machine tool structure with
high thermal stability such as double stand columns was designed
to substitute the traditional structure; some new structures, such as
air extraction and filtration device, air-cooling component, and
magnetic chip conveyor, would affect the thermal energy accumu-
lation of dry hobbing machine tool. In this paper, a multi-variable
thermal energy control model was developed to describe the ther-
mal energy accumulation characteristic of dry hobbing machine
tool. Variables which would affect thermal energy generation and
sink of dry hobbing machine tool are analyzed. A multi-objective
optimization algorithm is proposed for variable optimization, com-
bined with the multi-variable thermal energy control model. An
application method is presented to show the thermal energy control
procedure of dry hobbing machine tool. As aresult, the temperature
variation of interior space air, workpiece column, and anterior end
cover is fluctuated in an acceptable range with optimization.
Furthermore, thermal deformation errors, which range from —7 to
3 um, could meet production requirements. It illustrates that the
multi-variable driving thermal energy control model of dry hobbing
machine tool is available.
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1 Introduction

Gear hobbing is the leading manufacturing technology for mass
production of gears, especially for automobile gears. However,
the widely used wet gear hobbing process, which consumes lots
of metalworking fluids, leads to environmental pollution and
healthy risk of workers. In recent years, dry hobbing becomes
available. And it would replace wet hobbing in the coming
future quickly, due to its high efficiency and environmental
friendliness. According to Bryan [1], thermal errors, which
make up 40-70% of the total machine tool errors, are the
greatest contributors to machine tool errors. Significant research
has been done on thermal behavior and thermal errors of ma-
chine tool. Holkup et al. [2] presents a finite-element-method-
based thermomechanical model of spindles with rolling bear-
ings. Kim et al. [3] investigated important heat sources and
resulting thermal errors in a machine tool equipped with linear
motors when the machine tool was operated at high speed.
Huang et al. [4] presents a novel method for measuring real-
time temperature field of a heavy-duty machine tool.
Nevertheless, few researchers focused on modeling and con-
trol of thermal energy accumulation of hobbing machine tool as
a system. In traditional wet hobbing, the implementation of
flood metalworking fluids in machining process reduces the
generation of frictional heat and makes the temperature of chips,
hob, and workpiece close to metalworking fluids’ temperature,
the variation of which is little, by convective cooling. Thus,
researches about machine tool thermal models are mainly fo-
cused on machine tool spindle units [5—8], which are the main
components whose temperature is relatively high and needs to
be controlled. Generally, the modeling method of spindle units
is based on motor efficiency and heat transfer [9, 10]. According
to Sreejith and Ngoi [11], there are more friction and adhesion
between the hob and the workpiece in dry hobbing, since they
will be subjected to higher temperatures. And without
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metalworking fluids, the cutting heat makes the temperature of
chips, hob, and workpiece relatively high [12], which would
lead to thermal energy accumulation and temperature rise of
machine tool components. In order to reduce and control the
thermal impact of dry hobbing, new hobbing machine tool
structure with high thermal stability such as double stand col-
umns was designed to substitute the traditional structure.
However, in dry hobbing, the worse cooling condition [13]
makes the machine tool components’ temperature sensitive to
relevant parameters and ambient temperature. Furthermore,
some new structures, such as air extraction and filtration device,
air-cooling component, and magnetic chip conveyor, would af-
fect the thermal energy accumulation of dry hobbing machine
tool. Without a thermal energy control model, which is used to
calculate the value of thermal energy accumulation and optimize
relevant parameters, it is hard to make the temperature of dry
hobbing machine tool components constant, which would lead
to bad machining precision [14—16], decrease of hob life, etc.
[17, 18]. Thus, a thermal energy control model of dry hobbing
machine tool is needed to optimize relevant parameters and
make the temperature variation of machine tool components
fluctuate in an acceptable range.

This paper proposes a multi-variable thermal energy con-
trol model of dry hobbing machine tool, which is based on the
first law of thermodynamics. The thermal energy generation
and sink of dry hobbing machine tool, as well as effect of air
extraction and filtration device, air-cooling component, and
magnetic chip conveyor, are analyzed. The relevant parame-
ters, which would affect the thermal energy accumulation of
dry hobbing machine tool, are presented. With this model, the
thermal energy change of dry hobbing machine tool over a
time interval could be calculated. An application method,
which incorporates the multi-variable driving thermal energy
control model and the multi-objective optimization algorithm,
is presented to show the procedure of thermal energy control
of dry hobbing machine tool. With application, temperature
variation of interior space air, workpiece column, and anterior
end cover is fluctuated in an acceptable range. Furthermore,
thermal deformation errors of the dry hobbing machine tool is
presented to evaluate whether the optimization could meet
production requirements. The result shows that the multi-
variable thermal energy control model of dry hobbing ma-
chine tool is effective.

2 Preliminary study

In this paper, a kind of dry hobbing machine tool is taken as
the research object. The method that is proposed in this paper
is suitable for other kinds of dry hobbing machine tool
generally.

In wet hobbing, implementation of flood metalworking
fluids, whose mass flow rate and specific heat capacity are
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relative high, reduces the generation of frictional heat in ma-
chining process and decreases temperature by convective
cooling. The temperature of chips, workpiece, and hob is close
to the temperature of metalworking fluids, the variation of
which is small. The cutting heat that transfers to other machine
tool components is too little to cause the temperature rise.

In dry hobbing, the cutting heat is mainly taken away from
dry hobbing machine tool by compressed cold air and chips.
Compressed cold air is used to cool the cutting zone and
benefit chip removing. Due to the low specific heat capacity
of compressed cold air, the temperature of chips, workpiece,
and hob is higher than in wet hobbing. The thermal energy
that accumulated in chips, workpiece, and hob will transfer
into interior space air, hob holder, workpiece holder, machine
tool bed, etc. The temperature of compressed cold air will rise
after it passes through the cutting zone. As dry hobbing ma-
chine tool is not well ventilated, the high-temperature air ex-
changes heat with other components whose temperature is
relative low. Heat exchange in dry hobbing machine tool is
slow and complex. The characters of dry hobbing compared
with ordinary wet hobbing are mainly:

1. When compressed cold air is used instead of metalwork-
ing fluids, the cooling effect is much less pronounced than
that of metalworking fluids. The worse cooling condition
makes temperature of chips, workpiece, and hob higher
than in wet hobbing.

2. Some of the thermal energy that is stored in chips, interior
space air, hob, and workpiece will transfer to other ma-
chine tool parts. Heat exchange in dry hobbing machine
tool is slow and complex.

3. In dry hobbing, the temperature of chips is much more
higher than ambient temperature commonly. Thus, the
thermal energy of chips will transfer to the interior space
air.

As dry hobbing machine tool eliminates the using of met-
alworking fluids, the structure of dry hobbing machine tool is
different from ordinary wet hobbing machine tool. Some new
structures, such as air extraction and filtration device, air-
cooling component, and magnetic chip conveyor, that are used
in dry hobbing machine tool, would affect the thermal energy
accumulation of dry hobbing machine tool. The machine tool
bed is designed with inclined surface to make sure that the
chips could fall on the magnetic chip conveyor below the
machine tool bed, as shown in Fig. 1. Air extraction and fil-
tration device, which is used for dust filtering, could also
affect the airflow between ambient and interior space of dry
hobbing machine tool.

For a dry hobbing machine tool system, the main compo-
nents, which are placed out of the machine tool, are commonly
electric control cabinet, motor coolant station, part of the chip
conveyor, chip container, lubricating station, pneumatic
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Fig. 1 New structures of dry hobbing machine tool (front view and back view)

station, hydraulic station, automatic feeding component, and tool, the thermal energy that is generated in it would not con-
CNC panel, as shown in Fig. 2. In the electric control cabinet  duct to the dry hobbing machine tool. The motor coolant sta-
are mainly control system and high-voltage electronic parts.  tion is mainly used for motor cooling. During process, chips
As there is a temperature control device in the electric control ~ are falling on the chip conveyor, that blows the cutting zone,
cabinet, and it is out of touch with the dry hobbing machine  and removed from machine tool to the chip container. The

Fig. 2 Sketch of components of Lubricating station
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(top view) and filtration coolant and Puenmaticstation
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]
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lubricating station is mainly composed of a lubricating oil
container, filter, lubricating grease pump, motor, etc. The hy-
draulic station is mainly composed of a hydraulic oil contain-
er, filter, hydraulic pump, solenoid valve, motor, etc. The au-
tomatic feeding component, which is close to the manipulator,
is used to load and unload workpiece. The pneumatic station
could dry and cool the compressed air, which is supplied by a
workshop compressed air station. As components that are
mentioned above are out of touch with dry hobbing machine
tool, thermal energy change of them would not affect the dry
hobbing machine tool. Thus, it is the dry hobbing machine
tool except for the above components, which are shown in
Fig. 2, that was analyzed as an open thermodynamic system.

3 Multi-variable driving thermal energy control
model

According to the first law of thermodynamics, over a time interval
[19], the amount of energy increase of a machine tool is equal the
amount of energy that enters the machine tool, minus the amount
of energy that leaves the machine tool. The total energy, E, is
consist of kinetic energy, Fj, gravitational potential energy, E,,
and internal energy, U. And the internal energy is consist of sen-
sible energy, latent energy, chemical energy, and nuclear energy.
For dry hobbing machine tool, the main part that leads to temper-
ature variation is sensible energy, which refers to thermal energy.
Hence, for dry hobbing machine tool, it follows that

AE = AE + AE, + AU (1)

where AE is the total energy change of dry hobbing machine tool,
AE, is the kinetic energy change of dry hobbing machine tool,
AE, is the gravitational potential energy change of dry hobbing
machine tool, and AU is the internal energy change, i.e., thermal
energy change of dry hobbing machine tool.

The energy that is supplied to dry hobbing machine tool is
mainly converted to thermal energy and strain energy at last.
In dry hobbing, the main heat generation is caused by cutting
work and movements of machine tool parts, which are driven
by motors. Thus, the electrical energy that is supplied to dry
hobbing machine tool motors is considered as the energy input
of dry hobbing machine tool. Electrical energy that is supplied
to other electrical parts such as electronic control parts and
lighting parts is neglected. The thermal energy sink of dry
hobbing machine tool is mainly caused by chip removal,
workpiece removal, airflow, lubricating oil convection, motor
coolant convection, hydraulic oil convection, convection be-
tween dry hobbing machine tool and ambient, radiation, etc.
Thus, Eq. (2) can be obtained.

ET—AEL—AEMC—AEH—AEA—AEC—ER—AEWP—AECh
= AE+ AE, + AU (2)
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where Et is the thermal energy that is generated in dry hobbing
machine tool, AEy is the thermal energy of dry hobbing machine
tool which transfers into lubricant by convection, AEy is the
thermal energy of dry hobbing machine tool which transfers into
motor coolant by convection, AEy is the thermal energy of dry
hobbing machine tool which transfers into hydraulic oil by con-
vection, AFE, is the thermal energy change of dry hobbing ma-
chine tool that is caused by airflow, Ec is the thermal energy that
outflows by convection between dry hobbing machine tool sur-
face and ambient, Ey is thermal energy that outflows by radiation,
AEy, is the thermal energy increment of processed workpieces
when they are removed out of the dry hobbing machine tool, and
AE¢y, is the thermal energy increment of chips when they are
removed out of the dry hobbing machine tool.

Dry hobbing machine tool needs to be adjusted after test
hobbing. Then, the spindles need to be warmed up before
process. Thus, the time point that the spindles are warmed
up should be the starting point of thermal energy accumulation
of dry hobbing machine tool. The thermal energy generation
and sink of dry hobbing machine tool are shown in Fig. 3.

3.1 Electrical energy supplied to motors

The main movements of dry hobbing machine tool compo-
nents, which are driven by motors, are the following:

1. Rotation of hob, which is shown as B in Fig. 4

2. Radial feed movement of tool post, which is shown as X in
Fig. 4

3. Axial feed movement of tool post, which is shown as Z in
Fig. 4

4. Tangential feed movement of tool post, that is, shifting of
hob, which is shown as Y in Fig. 4

5. Rotation of tool post, which is shown as A in Fig. 4

Rotation of worktable, which is shown as C in Fig. 4

7. Axial feed movement of workpiece holder, which is
shown as Z2 in Fig. 4

o

During processing, the angle of hob is remained unchanged
in general. And the tangential feed movement only happens
when hob shifting is needed. Thus, the process is going with
other five movements mainly, that is, rotation of hob, radial
feed movement of tool post, axial feed movement of tool post,
tangential feed movement of tool post, and rotation of work-
table. The electrical energy that is supplied to the correspond-
ing five dry hobbing machine tool motors, Eyy, is produced by

5 t
Ev=3% [ Pdt (3)

i=

where ¢ is the time interval from the time point that the spin-
dles are warmed up to the time point that is picked at the time
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Fig. 3 Thermal energy generation and sink of dry hobbing machine tool

when the hob and workpiece are stilland P; (i =1, 2, 3,4, 5) is
the supplied electrical power of corresponding motors.

The electrical energy that is supplied to dry hobbing ma-
chine tool motors is converted to kinetic energy that is used for
cutting work and thermal energy that is generated in rotors,
stators, bearings, guides, ball screw pairs, and transmission
gears. It is a widely used assumption that almost all the energy
required for machining is converted to thermal energy in the
deformation zones and at the tool—chip interface while some
studies showed that 85-95% of the total work is converted to
thermal energy [20]. The other is converted to latent energy
and kinetic energy of chips. Thus, when the workpiece and

Fig. 4 Main movement of dry hobbing machine tool components

process parameters are keep unchanged, the thermal energy
that is generated in dry hobbing machine tool, E, could be
expressed as a constant coefficient, n, of Ey;, that is,
B !
Er =nEv=n% [oPidt (4)
When the workpiece and process parameters are keep un-
changed, 7 could be gained with an experiment that the value
of Ey and Et is measured and calculated. The thermal energy
that is generated in the cutting zone could be gained by using a
water-based calorimeter [21]. The method that is proposed by
Chen et al. [22] could be used to calculate the thermal energy
that is generated in motors. The method that is proposed by
Kauschinger and Schroeder [23] could be used to calculate the
thermal energy that is generated in bearings. The thermal en-
ergy that is generated in ball screw pairs could be gained by
using the method that is proposed by Shi et al. [24]. The
thermal energy that is generated by slide guide motion and
gear transmission is mainly caused by friction [25]. Thus, Et
and E\ could be gained with the above method in the exper-
iment. Then, 7 could be calculated with Eq. (4).

3.2 Thermal energy change caused by removing
of workpieces

As there is no metalworking fluids in dry hobbing, the tem-
perature of chips and processed workpiece is higher than that
in wet hobbing. Some thermal energy is accumulated in proc-
essed workpiece and chips, which will be removed out of the
dry hobbing machine tool. Figure 5 shows the thermography
of processed workpiece; the temperature variation of points on
the same cylinder of hobbed workpiece is less than 0.7 °C. It
demonstrates that the temperature of hobbed workpiece is
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Fig. 5 Thermography of processed workpiece

approximately symmetric. Table 1 shows the temperature of
points from Al to A17, the maximum difference of which is
1.6 °C. Thus, the temperature field of processed workpiece
can be simplified to even steady-state temperature field, in
order to simplify the thermal model. The average value of
those 17 points is defined as the value of workpiece tempera-
ture in this paper.

The thermal energy lost which is caused by removing of
processed workpiece, ALy, that is, thermal energy incre-
ment of processed workpieces when they are removed out of
the machine tool, is produced by

n

AEw, = ZICWmep (Twp2=Twp1)) (5)
=

where n; is the number of processed workpiece, ¢y, is the
specific heat capacity of workpiece, m,,, is the mass of one
processed workpiece, T,,p1 ;15 the temperature of the jth work-
piece when it is moved in dry hobbing machine tool, and
Typ2; is the temperature of the jth workpiece when it is re-
moved out of machine tool.

3.3 Thermal energy change caused by removing of chips

During hobbing, chips are falling on the chip conveyor and re-
moved out of the machine tool. The kinetic energy and potential
energy of chips are converted to thermal energy due to windage
and collision. Potential energy change of chips is produced by

AEp,ch = n1meg2 (6)

where my, is the mass of chips that move out from one workpiece
and z is the altitude variation value of chips.

According to the thermography of chips, the temperature of
chips from one workpiece when they are removed out of the
machine tool fluctuates in a small range. Thus, in order to
simplify calculation, the average temperature could be used
in Eq. (7). And the thermal energy lost which is caused by
removing of chips, AE¢y, is produced by

ny

1Cchmch (Tchz,j—Twpl,j) (7)
=

where cg, is the specific heat capacity of chips and Ty, is the
average temperature of chips from the jth workpiece when they
are removed out of the machine tool.

Equation (7) provides a method to calculate the thermal
energy lost which is caused by removing of chips. Before
chips are removed out of the dry hobbing machine tool, part
of thermal energy of chips is conducted to interior space air.
Changing corresponding parameters will affect the amount of
thermal energy of chips which is conducted to interior space
air and cause the variation of AE¢,. For a chip, the Reynolds
number, Re;, which is used to determine the appropriate con-
vection correlation for computing average Nusselt number,
Nu,, is determined as

L
Re, = UccLich (8)
v

where u, is the velocity of chip on chip conveyor which could
be regarded as the velocity of airflow over chip, v is the kine-
matic viscosity of air around the chip conveyor, and L, is the
characteristic length of chip.

As the flow is laminar over the entire chip, the average
Nusselt number is given by

Nu; = 0.664Re;'/*Pr!/3 (9)

The average heat convection coefficient (W/(m?* °C)) for
the entire chip surface, Z, is defined as

Nuzk
Lch

z:

(10)

Thus, for a chip, the heat transfer rate can be expressed as

- 0.664kuce *Pr' B A (Ten—Tha)
gen = hAan(Ten=Tia) = = vl/le/zc -

(11)

where Ay, is the surface area of chip, Ty, is the temperature of
chip, and T, is the temperature of interior space air that is close

Table 1 Temperature of points

on hobbed workpiece Number of points Al

Temperature (°C) 61.1
Number of points Al10
Temperature (°C) 60.4

A3 A4 AS A6 A7 A8 A9
61.0 61.1 61.4 61.7 61.5 61.1 60.7
Al2 Al3 Al4 Al5 Al6 Al17
60.7 60.5 60.3 60.4 60.1 60.2
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to the chip. The interior space air which is far from the cutting
zone could be seemed as quiescent with the same temperature.

Chen et al. [26] reveals the geometry behavior in cylindri-
cal gear hobbing with mathematical model, as shown in Fig. 6,
which leads to the conclusion that mathematical geometric
configuration of undeformed chips could be divided into spe-
cific kinds. Moreover, CAD-based simulation of the hobbing
process [27] provides the whole geometrical information of
chips. Thus, for continuous processing, whose cutting param-
eters remain unchanged, the kinds and quantity of chips from
different workpiece are regarded as the same. And the chips’
geometry of prescribed kind could be regarded as the same,
too. For chips from one workpiece, the heat that transfers to
interior space air could be calculated as

QCh = ZngthAch,r.p(Tch_Tia)dt
rp

e 0.664kuic.'/*Pr' P Ach . (Ten—Tha)
N rp 0 VI/ZLI/Z

dt (12)

where p is the number of cutting tooth,  is the repeated cutting
times of pth cutting tooth, and #.y, is the time required for a chip
to be removed out of the dry hobbing machine tool by the chip
conveyor, and

o = (13)
where L. is the chip moving length on the part of the chip
conveyor which is under the dry hobbing machine tool bed, as
shown in Fig. 7.

Since there is no change in Re; or Pr associated with a
change in T, for constant properties, the local Nusselt num-
ber is unchanged. Moreover, since L and £ are also unchanged,
the local convection coefficient remains the same. Thus,
Eq. (12) could be expressed as

Ocn = f (Uee; teny Ten, Tia) (14)
Edge -13 -12 -11 -10 -9 -8 7
number | iy
Undeformed \ Al \
chip ins v \
B o r
Edge 1 2 3 4
number | AR v AR

Undeformed
chip

Fig. 6 The shape of undeformed chips removed by each effective cutting edge during gear hobbing [26]

When u. is a certain value, the value of Q¢ could be
gained by using a water-based calorimeter [21]. Thus, Ocp,
could be gained with the experimental value and Eq. (14).

3.4 Thermal energy change caused by airflow

In dry hobbing machine tool, compressed cold air is used
instead of metalworking fluids. Air extraction and filtration
device, which is used for dust filtering, could also affect the
airflow between ambient and interior space of dry hobbing
machine tool. As shown in Fig. 8, airflow in dry hobbing
machine tool is mainly:

1. Compressed cold air that is supplied by the air-cooling
component

2. Airflow between interior space and ambient that is caused
by compressed cold air supply and air extraction

Air-cooling component is composed of compressed air
source, refrigerated air dryer, control parts, tubes, nozzles,
etc. The compressed air enters the refrigerated air dryer and
be refrigerated. Then, the compressed cold air is separated into
some parts to enter the dry hobbing machine tool:

1. One part of compressed air is used for the pneumatic door
control component. As this part of compressed air is little,
and the state of machine tool door is changed only when the
processing is finished, the thermal energy change of dry hob-
bing machine tool that is caused by this part could be neglected.

2. Other n, parts of compressed cold air is used for cooling
and chip removal.

The compressed cold air, which goes through tubes and
nozzles to cool the cutting process, advantages cooling and

chip removal. In dry hobbing machine tool, there are at least

-6 -5 -4 -3 2 -l 0

10 11 12 13 14

W\
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Fig. 7 Sketch of chip conveyor
and chip container of dry hobbing
machine tool (top view)

Inclined surface of
machine tool bed

Chip-conveyor

two nozzles generally: one is hanged above the hob and the
other one is hanged above the workpiece.

Compressed cold air is sent to the cutting zone during hob-
bing. After one workpiece is processed, in a certain time, a
specific part of compressed cold air, which is far from the
cutting zone, will be in steady state. That means its macro-
scopic velocity approaches nearly zero, and its temperature
approaches T;,. Considering the first law of thermodynamics,
when compressed cold air comes out of the nozzles, its energy
is calculated as

Ex=Up+Exa+Epa (15)

where U, is the internal energy of compressed cold air, E 4 is
the kinetic energy of compressed cold air, and £, 4 is the
gravitational potential energy of compressed cold air.

The energy change of machine tool, AU,, that is caused by
compressed cold air, could be gained by calculating the

e Ventilating duct of air
T | | extraction and

filtration device

| Tubes and nozzles
| 1 ofair-cooling system

//
d
|

Air flow between interior
| — space and ambient

/
[1H Il

)

1 1

Fig. 8 Schematic of airflow in dry hobbing machine tool (front view)
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difference of thermal energy between compressed cold air
and the same mass of interior space air in steady state, that is,

AUy = hzlﬁ)CAth,h (Tia=Tan)dt (16)

where c4 is the specific heat capacity of compressed cold air,
is the no. of corresponding nozzles, m, 4 is the mass flow rate
of compressed cold air in corresponding nozzle, and T 4 is the
temperature of compressed cold air when it comes out of the
corresponding nozzle.

The mass flow rate of ambient air that flows into dry hob-
bing machine tool, mp, is produced by

ny

mp = me— Ymay (17)
h=1

where mpg is the mass flow rate of air which flows into the air
extraction and filtration device.

The thermal energy change of dry hobbing machine tool
that is caused by airflow between interior space and ambient is
calculated as

ny
y . .
AUD = IOCA (mE ZmAJ,) (Tia*Ta)dl‘ (18)
h=1

where T, is the ambient temperature.

When the macroscopic velocity of compressed cold air
approaches nearly zero, the kinetic energy change of it can
be determined as

n
AEia == Y000.5mam? dt (19)
h=1

where v, is the velocity of compressed cold air when it
comes out of the corresponding nozzle.
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The change of gravitational potential energy could be
neglected, that is,

AEyp =0 (20)
The thermal energy change of dry hobbing machine tool
that is caused by airflow, AE,, can be calculated as

AEA = AUD + AUA + AEk7A + AEp,A

(21)
ny ny ny

= H) |:CA (mE* ZmA,h> (Tia=Ta) + Teaman(Tia=Tan)— Y0.5ma V4,
=1 =l =1

dt

3.5 Thermal energy change caused by motor coolant

The major thermal energy sink in motor component is mainly
caused by motor coolant flow and bearing lubricant flow.
Commonly, motor cooling system is based on a closed-loop
cooling system where the coolant is cooling down in an ex-
ternal refrigeration and then pumped back into the motor. The
motor coolant fluids are forced to circulate through various
zones of the headstock and spindle structure to cool the spin-
dle. Figure 9 shows the frame of FANUC synchronous built-in
spindle motor which is used as the tool spindle. The cooling
groove is placed at some kind of phase on the periphery of the
stator jacket. The motor coolant moves at a flow rate in the
cooling groove. Convection heat transfer occurs at the surface
of the cooling groove on the stator jacket.

The motor coolant enters dry hobbing machine tool in 73
circulations. Thermal energy that convects into motor coolant,
AEy, is found as

n3

’ :

AEMc = ZIOCMmM,g (TM.g‘o_TM,g,e)dt (22)
g=1

Fig. 9 Example of a motorized Inlet port

spindle sketch

stator unit

Part of a 4
stator unit \

where g is the no. of corresponding motor coolant circulation
in dry hobbing machine tool, ¢y is the specific heat capacity
of motor coolant, ny, is the flow rate of motor coolant in
corresponding circulation, Ty 4, is the temperature of motor
coolant when it comes out of corresponding circulation, and
T, is the temperature of motor coolant when it enters cor-
responding circulation.

3.6 Thermal energy change caused by lubricating oil

The lubricating station, which is placed at the outside of the
dry hobbing machine tool, is mainly composed of cooling
device, lubricating oil container, filter, motor, control parts,
pressure and flow detection parts, etc. The lubricating oil that
comes out of the lubricating station separates into n,4 circula-
tions to enter the dry hobbing machine tool components, such
as spindle component and workpiece table component. The
thermal energy that transfers into the lubricating oil by con-
vection, AE;, is found as

ng

AE = kzljchmL,k(TL,kﬁofTL,k@)dt (23)
where k is the no. of lubricating oil circulation, ¢y is the spe-
cific heat capacity of lubricating oil, my 4 is the flow rate of
lubricating oil in corresponding circulation, 77 4, is the tem-
perature of lubricating oil when it comes out of corresponding
circulation, and Ty ;. is the temperature of lubricating oil
when it enters corresponding circulation.

3.7 Thermal energy sink caused by hydraulic oil

The hydraulic station, which is placed outside of dry hobbing
machine tool, is mainly composed of cooling device,
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hydraulic oil container, filter, hydraulic pump, electromagnet-
ic valve, solenoid valve, motor, etc. The hydraulic oil that
comes out from the dry hobbing machine tool is cooling down
in the hydraulic station and then enters the dry hobbing ma-
chine tool to form a loop system. The main hydraulic parts in
dry hobbing machine tool are the following:

1. Hob arbor cylinder, tailstock cylinder, hob head swivel
cylinder, etc.
2. Workpiece clamp cylinder

The thermal energy that is generated by hydraulic parts in
dry hobbing machine tool is relatively small, so that it could
be neglected to simplify the model. The thermal energy sink
that is caused by hydraulic oil is mainly thermal energy that
transfers into the lubricating oil by convection. Hydraulic oil
comes out of the hydraulic station through one tube and is then
divided into ns circulations to enter the dry hobbing machine
tool. Thermal energy that transfers into the hydraulic oil by
convection, AEy, is found as

ns
AEy = ZJ:)CHmHJ(T o~ Thye)dt (24)
=

where / is the no. of corresponding circulation, ¢y is the spe-
cific heat capacity of hydraulic oil, myy, is the flow rate of
hydraulic oil in corresponding circulation, 7y, is the temper-
ature of hydraulic oil when it comes out of outlet port of
corresponding circulation, and Ty, is the temperature of
cooling medium when it enters corresponding circulation.

3.8 Heat convection through dry hobbing machine tool
surface

The thermal energy that is lost by convection between dry
hobbing machine tool surface and ambient air should be taken
into consideration. For most dry hobbing machine tool, the
shape of them could be simplified to a cuboid. And the surface
thermal energy is lost by free convection from vertical sides,
horizontal top, and horizontal bottom. As the ambient air
could be seemed as quiescent, the thermophysical properties
of air at atmospheric pressure are as follows [28]:
k=263x10"° W/mK, v=1589 x 10°° m?/s,
a=225x10"°m%s, Pr=0.707, and 8 = 1/Ty= 2T, + T).
The Rayleigh number is determined as

gﬁ(Ts_Ta)L3
(63
- 9.8 x 2 x (Ty—T,) x L?
225 x107° % 15.89 x 107 x (T + T,)

T~T
=548 x 1010 ==~
A S

RaL =

L (25)
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where Tj is the temperature of dry hobbing machine tool sur-
face; the temperature of dry hobbing machine tool surface or
ambient air could be regarded as uniform.

For the four sides of dry hobbing machine tool, L in
Eq. (25) refers to H which is shown in Fig. 10.

Generally, T, ranges from about 263 to about 313 K and the
difference between 7 and T, ranges from about 0 to about
20 K, according to actual production experience. Thus,
Eq. (26) could be obtained.

RaL
Ra, .

> 1 (26)

where Ra, . is the critical Rayleigh number of vertical plates
and Ra, .= 10°.

From Eq. (26), it follows that transition to turbulence oc-
curs on the four sides. Thus, for the four sides, the average
Nusselt number is then given by [29].

2
0.387Ra, '/
)9/16:| 8/27

Nuzs = { 0.825 +

(27)
[1 +(0.492/Pr

1, \"\
0.825 + 19.956H'/2 (7)
Ts+ T,

For the top plate and the bottom plate, the characteristic
length is calculated as [30].

Asl La'Lb
L=l b 28
P T+ (28)

where Ay ; is the surface area of the top plate or bottom plate
and P is the perimeter of the top plate or bottom plate.

Fig. 10 Schematic diagram of dry hobbing machine tool dimension
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And the average Nusselt number for the top plate is then
given by Reflection Irradiation
Gk,rcf Gk

o TT, 1/3
Nu,; = 0.15Ra, '3 = 569.820H( > (29)  Semitransparent AR

’ Ts+T, Medium > Absorption

Gk,abs

As the bottom of machine tool has a certain distance with
the ground, heat transfer by convection between the bottom
and ambient air could be calculated by the similar method.
The average Nusselt number is given by

Nuz, = 0.27Ra, '/* = 130.647H°/* (Tsiﬁ (30)

S+ a

The convection coefficient is calculated as

U.L'k

Nu
=263 x 10*3% (31)

The rate of heat transfer by free convection from one plate
to ambient can be obtained from Newton’s law of cooling.

_ NuyAg(T—T.
g = hA(T—T,) = 26.3 x 1073 %

(32)
The rate of thermal energy loss of dry hobbing machine
tool surface is calculated as

v = 2(951 +99) + 41 + 4> (33)

=52.6 % 103 (Ly + Lu)(T~T4) (mﬁs +Nuzs + m‘z)

Thus, the thermal energy that is lost by convection between
dry hobbing machine tool surface and ambient, AE¢, can be
calculated as

AEc = Jygudt = F(Ty, T, H, Ly, Ly, 1) (34)

3.9 Radiation

As shown in Fig. 11, from a radiation balance on the medium,
it follows that [19]

G\ = Girer + Graps + Gopr (35)

where spectral irradiation G, (W/m* pm) is the rate at which
radiation of wavelength, J, is incident on a surface per unit
area of the surface and per unit wavelength interval d\ about
A, G et 18 the absorbed portion of G, G) s 1 the absorbed
portion of G, and G, 4 is the transmitted portion of G).

For opaque medium, there is no transmitted portion of G,
that is, G4 = 0. In dry hobbing machine tool, there is a
massive metal shield, which is opaque. And the semitranspar-
ent medium, window of machine tool gates, is relatively

Transmission
Gl,lr

Fig. 11 Absorption, reflection, and transmission processes associated
with a semitransparent medium [19]

small; thus, the part of radiation energy that is lost by trans-
mission can be neglected.

Thus, thermal energy that is lost by radiation is mainly
caused by the radiation between dry hobbing machine tool
shell and workshop walls. The surface emissive power can
be found as

oA (T*~T>*)

®ET AT
oA (— )
where A is the surface area of dry hobbing machine tool shell,
€1 1s the emissivity of dry hobbing machine tool shell, A; is the
surface area of workshop walls, 75 is the temperature of work-
shop walls, ¢, is the emissivity of workshop walls, o is the
Stefan—Boltzmann constant, and o = 5.670 x 108 W/m? K*.

Under the condition that A, » A, and 75 is close to T,
thermal energy that is lost by radiation can be found as

(36)

Eg = lyqrdt = [yoA 1 (TS4-T, ) dt (37)

3.10 Multi-variable thermal energy control model

In this paper, ¢ is the running time of dry hobbing machine tool
from starting to a point that is picked at which hob and work-
piece are still. Thus, Egs. (38) and (39) could be obtained.
AE, = —AEy (38)
AE, =0 (39)
According to Egs. (4), (5), (6), (7), 21), (22), (23), (24),
(34), 37), (38), and (39), the thermal energy change of dry
hobbing machine tool, that is, the multi-variable driving ther-
mal energy control model, is produced by
AU = Er + AE, ;—AEc—AEw,—Ex (40)
—(AEL + AEpe + AEy + AEA + AECh)
The thermal energy control model shows the heat generation

and sink of the dry hobbing machine tool. It is a kind of real-
time model which is suitable for the calculation of thermal
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accumulation energy of dry hobbing machine tool. In recent
years, monitoring sensors, such as thermal sensors, flowmeters,
and power monitor, are mounted on dry hobbing machine tool
for condition monitoring. Thus, temperature variables, mass
flow rate variables, power variables, etc. are used in the thermal
energy control model, in order to make the required variables’
value that could be measured in a convenient way. The simpli-
fication of this model is for purpose of easier application.

4 Application method and optimization of control
variables

4.1 Application method

An application method is proposed to optimize control vari-
ables according to the time history of the thermal energy that
accumulated in dry hobbing machine tool in real time, with
the thermal energy control model. The method incorporates a
multi-objective optimization algorithm, which is used for op-
timization of control variables.

The thermal energy control model shows the control vari-
ables of dry hobbing machine tool. When the type of work-
piece and process parameters remain unchanged, the follow-
ing parameters could be seemed as constant: ca, ¢\, €1, Ch,
Cwps> Cehs H, La, L, Leg, 2, Myyp, Meh, N2, 13, N4, and ns. And the
following kinds of parameters are variable:

1. P;

2. mi, g, ML &k, MA [, MA  h,ME

3. TM,g,e’TM,g,osTL,k,eaTL,k,o’TH,l,e’TH,l,o»TA,h,
TiasTsa Ta’ Twp2,js Twpl NE T;:h2,_/"Tch

4. t,ny, U

The control variables are as follows: Tnvige, Tt jer Thijes
Tan» Mg ML Mypg, M j, ME, and ue.. Equation (40) can
be expressed as

AU = AEnea=AEcon (41)
AEc, = AEL + AEw + AEy + AEA + AEcy (42)
AEme = Er + AE, 7= AEc—AE,—ER (43)

where AE,,, is the part of AU that could be adjusted by
changing the value of control variables.

In this paper, the optimization cycle, 7, is integral multiple
of production cycle, #,. Thus, when optimization is applied, ¢
can be expressed as

t = bty +ts = baty, + t5 (44)

where a is an integer, b is an integer variable, and #; is the time
interval from the time point that the spindles are warmed up to
the time point that the process is started.

@ Springer

Equation (41) can be expressed as
AUb = AEmea,bfAEcon,b (45)

where AUj, is the thermal energy accumulation value of dry hob-
bing machine tool when ¢ = bt, + t5, AE eq 1S the value of AE e,
when ¢=bt, +t5,and AE,, , is the value of AE,.,, when t=bt, + 1.
The flowchart of the application method is shown Fig. 12.
During processing, the following variables are measured
by thermal sensors: Tnviger TMgor Tike ILkor THie THion
Tans Tias T, Tos Tap2js Twpt o Tenzyo Tone Mivg, ML ks M, MA b
and my are measured by flowmeters, and P; is measured by a
power analyzer. When ¢ = bt, + t5, AU, is calculated using the
thermal energy control model and measuring data. The aim of
optimization is to make AU}, , | approaches 0, that is,

AEmea,b+17AE<:011.b+1 = AEme:a,b + (AEmea.b+17AEmea,b)7AEcon,b
_(AECOn‘b#»]_AEcon‘b): AUy + (AEmeﬂ‘}H»]_AEmea‘b) (46)

- (AEcon,b+l_AEcon.17) =0

where AU, . i is the thermal energy accumulation value of
dry hobbing machine tool when t= (b + 1) t, + t5, AEpeap + 1
is the value of AE, ., whent= (b + 1) t, + t5, and AE o5+ 1 18
the value of AE.,, whent= (b + 1) t, + t;.

AS AEpeas + 1 — AEpeay 18 obtained by measuring after
optimization, AEeap — AEmeas — 1 18 used as the

t=t+t, |

v

Sensors and measuring
instruments

v

/ Data of variables

v

Heat accumulation
model

v
/ AUyt AEmeap-1 —AEmeap /

——|

Multi-objective
optimization algorithm

v

Value of control
variables

v

’ Ajust cooling parameters ‘

t, adaption

Process End

Fig. 12 Flowchart of the application method
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approximate value of AEeap + 1 — AEmeas Thus, Eq. (47)
can be obtained.

AEcon,b-!—l7AEcon,b = AEmea,bfAEmeaﬁb*I + Aljb (47)

The value of Ty g 0, Tt ko» Tris0o and Tia, When ¢ = bt,, + 15,
is used as the approximate value of those variables during the
next optimization cycle.

The thermal energy lost which is caused by removing of
chips from one workpiece, AEcy, 1, is produced by
AEcn1 = cenen(Teno1~Twpi 1) (48)

For another workpiece, the thermal energy lost which is
caused by removing of chips, AEcy,», could be calculated as

AEchy = OcnoOch1 + AEch, (49)
Thus, in Eq. (47), there is
AEchp1=AEchy = a(Ocnp=Ocnp1)
+ AEchp—AEchp-1 (50)

4.2 Optimization of control variables

A multi-objective optimization algorithm is proposed to deter-
mine the value of control variables, combined with the thermal
energy control model. Due to its growing economic relevance
and the related environmental impact, power consumption is a
major issue in both politics and companies nowadays [31].
Optimization is realized by changing the value of control var-
iables, which will lead to power cost change and cooling me-
dium consumption cost change. Thus, the corresponding pow-
er cost and cooling medium consumption cost are considered
as objectives. The power cost of corresponding device, Cp, is
calculated as

Cp Zf(t;Ce(PL+PM + Py + Pad + Pac + Pcn)dt (51)

where C, is the electricity price per kilowatt-hour, Py is the
power of lubricating oil cooling device which is the function
of Tt e T xo-and myy, Py is the power of motor coolant
cooling device which is the function of Tyige, Thgo. and
Mg Pu is the power of hydraulic oil cooling device which
is the function of Ty, ;e THy0, and myy, Pagq is the power of
refrigerated air dryer which is the function of T, , and ma 4,
P, is the power of air extraction and filtration device which is
the function of mg, and Pcy, is the power of chip conveyor
which is the function of u.

As the makeup rate of motor coolant, lubricating oil, and
hydraulic oil is relatively little, the change of cooling medium
consumption cost is mainly caused by consumption of com-
pressed air, C., which could be calculated as

Ce = IgCpe-Vadt (52)
where C,,. is the price of compressed air per cubic meter
and V is the volume consumption rate of compressed air
which is the function of m4 .
The corresponding power cost and cooling medium con-
sumption cost, C, could be calculated by

C=Cp+C, (53)

The aim of cooling parameter optimization is minimizing
thermal energy accumulation of dry hobbing machine tool and
the corresponding power and cooling medium consumption
cost. Thus, the objective is denoted by

AECOn,b+l_AECOH,b = AEmca,b_AEmca,b—l + Aljb
min C = Cp+ C,

Decision variables, i.e., control variables, are as follows:
Tmger Tike Trie Tam Mg MLk Mg Map, Me, and i
The constraints of decision variables can be obtained as fol-
lows:

TMﬁg,e,minSTM,g.eSTM,gA,e,max (56)
TL.k,e.minSTL,k,eSTL,k,e,max (57)
TH,l,e,minSTH,l,ei TH.l,e,max (58)
T A pmin <TAn<T A hmax (59)
”;IM,g,min S”’.l]\/[‘g S”’-IM,gﬁmax (60)
iﬁL,k,minSIhL,k Sth,k,max (61)
VﬁH.l,min SmH,lifﬁH,l,max (62)
”’IlAﬁh,min SW.lA,h Sn/‘lA‘h,max (63)
mE,min SmE Sn:lE,max (64)
Uce,min =Uce SUce,max (65)

In the application of control variable optimization problem of
dry hobbing machine tool, limitations of control variables are
emanating from the technical view points. For example, the
allowable liquid velocity in the tube should be within a range
to prevent fouling and erosion, respectively. In industrial pro-
duction, the constraints of control variables are affected by dry
hobbing machine tool status, cooling device parameters, tube
parameters, temperature limitation, ambient temperature, etc.

5 Verification
Experiments were carried out on a dry hobbing machine tool

to verify the effect of the application of thermal energy control
model. The workpiece is a kind of gear that is used in car
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transmission. Measuring instruments are shown as follows:
Pt-100 thermal resistances, infrared camera, flowmeters, pow-
er analyzer, data acquisition device, computer, timer, etc.
Before the experiments, those sensors and device were cali-
brated. The material emissivity of workpiece and chip, which
would be used to set the parameter of the infrared camera, was
calibrated too. The data acquisition device was composed of
National Instruments data acquisition system. The data acqui-
sition software was programmed in LabVIEW.

In the experiment that the model was applied, the dry hob-
bing machine tool kept running about 3 h. The timer was
started when the spindles have been warmed up. The optimi-
zation cycle is 360 s, which is five times of production cycle.
The following kinds of data were recorded during experi-
ments: P, Tvge TMgor ke [Lkos THie THio Tan Tia
T5, Ta, Twp2jp Twpt o Tenzyjs Tens Mg, ML > M1 MARs ME, 1, 11,
and u... Those data were recorded and used to calculate AU
with the thermal energy control model every 360 s. Values of
control variables, that is, Tviger 71 kes THier TA > MM.gs ML o
My, Map, Mg, and u.., were determined using the multi-
objective optimization algorithm.

n.
¢ 1800

= g=

1800 .2 2 1800
+.[1440 |:CA (mE_ ZmA,h> (Tia_Ta):| dt + ZJ144ocAmA,h (Tia_TA,h)dt_ ZJIMOO-SmA.hV?\‘hdI
h=1 h=1 :

Fig. 13 Locations of thermal resistances that are used for validation

For example, when ¢ = 1440 S, AElnea,l440 - AEmea,lOSO +
AU 449 could be calculated according to Egs. (40) and (43).
Thus, Eq. (47) could be expressed as

ns

1800

n3
1800
S agocLm i (TLkoTLke)dt + S as0CMmv (Tmgo~Tmge)dt + S aaoCrmm (Twi0~The)
=1 I =

ny

1800 (66)

h=1

+5(Ocn.1440~Cch.1080) + AEch, 1440~ AEch 1080 = AEmea 1440~ AEmea,1080 + AU 1440

As value of Tt o, Tvg.or Th0o and Ty g, during the next
optimization cycle are obtained by measuring after optimiza-
tion, the values of them, when ¢ = 1440 s, are used as the
approximate value of those variables during the next optimi-
zation cycle. Then, value of decision variables could be ob-
tained using Eq. (66) and the multi-objective optimization
algorithm.

For comparing, in another experiment, the same dry hob-
bing machine tool kept running for about 3 h without control
variable optimization.

Four thermal resistances were mounted on the dry hobbing
machine tool to validate the effect of the thermal energy con-
trol model and the application method. The locations and cor-
responding temperature variables of those thermal resistances
are shown in Fig. 13, where T#1 is the temperature of ambient,
T#2 is the temperature of thermal resistance that was
suspended in the machine tool (close to machine tool shield),
T#3 is the temperature of thermal resistance that was mounted
on the surface of workpiece column, and 7#4 is the tempera-
ture of thermal resistance that was mounted on the surface of
anterior end cover of the hob spindle. Infrared thermal camera
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was used to obtain the thermography of dry hobbing machine
tool. Though the thermography was taken in dark environ-
ment to improve the measurement accuracy, the difference
of emissivity of different materials still leads to the tempera-
ture measurement error. Thus, thermography analysis was ori-
ented toward qualitative analysis to show the characteristics of
temperature field of dry hobbing machine tool under the con-
dition that processes with optimization and without optimiza-
tion. Thermal resistances, whose uncertainty of measurement
is 0.2 °C, were calibrated based on international primary stan-
dards of measurement.

When the dry hobbing machine tool was processed without
optimization, the temperature of measurement points rises
with fluctuation. As shown in Fig. 14, T#I ranges from 21.0
to 22.5 °C, T#2 ranges from 21.5 to 31.9 °C, T#3 ranges from
21.81027.4 °C, and T#4 ranges from 23.3 to 35.1 °C. Infrared
camera was used to obtain the thermography of dry hobbing
machine tool, as shown in Fig. 15. The thermography, which
is taken when the dry hobbing machine tool is running about
168 min, shows the temperature gradient of dry hobbing ma-
chine tool components.
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Fig. 14 Temperature of validation points without optimization

Figure 16 shows the temperature of measurement points
during the processing with optimization. The fluctuation range
of T#2 is 4.0 °C, the fluctuation range of 7#3 is 2.0 °C, and the
fluctuation range of 7#4 is 2.1 °C. The temperature difference
between the beginning and the end of 7#2, T#3, and T#4 is
2.2, 1.0, and 1.4 °C, respectively. With optimization, the tem-
perature variation of those points is fluctuated in an acceptable
range. The thermography, which is shown in Fig. 17, is taken
when the dry hobbing machine tool is running about 168 min.
The result shows that, with optimization, temperature of com-
ponents that are close to the cutting zone is lower than without
optimization. Furthermore, temperature of other components
and interior space air is fluctuated in an acceptable range.

Periodic optimization and heat conduction lead to temper-
ature fluctuation of measurement points. Thus, the tempera-
ture data, which fluctuates in a small range, illustrates that the
thermal energy control model and the optimization method are
effective. However, the temperature data is hard to be a crite-
rion to judge whether the optimization could meet production
requirements. The value of accumulated thermal energy is
hard to measure. Furthermore, the thermal energy control
model, which is used to calculate the thermal energy that ac-
cumulated in dry hobbing machine tool, is beneficial to

L 48.6
- 44.6
- 40.6
L 36.6

32.6

-/

28.6

-24.6
C

Fig. 15 Thermography of dry hobbing machine tool without
optimization

26

—T#1 —TH#2 —T#3 —T#4
25 4 Machining

A: Suspend machining
Machining

Temperature(C)

Time(h)

Fig. 16 Temperature of validation points with optimization

decrease thermal deformation errors in industrial application.
Consequently, thermal deformation errors of the dry hobbing
machine tool, dy;, are presented to evaluate whether the opti-
mization could meet production requirements. dy;, which is
the variation of distance between centers of the hob spindle
and workpiece spindle in x direction, is measured during pro-
cess. Figure 18 shows the thermal deformation errors with
optimization and without optimization. Without optimization,
the maximum thermal deformation error is —29.1 um. That
means sampling inspection of workpiece and adjustment is
needed in industrial production, which would decrease the
production efficiency. With optimization, the thermal defor-
mation errors range from —7 to 3 pwm, which is within the
tolerance.

6 Conclusions and outlook

In this paper, a multi-variable driving thermal energy control
model of dry hobbing machine tool has been developed. New
structures of dry hobbing machine tool, such as air extraction
and filtration device, air-cooling component, and magnetic
chip conveyor, which would affect the thermal energy accu-
mulation were analyzed. The proposed model shows the

rsi.1
46.2
-42.2
-38.2
F34.2
-30.2
-26.2

F22.2

-18.2
C

Fig. 17 Thermography of dry hobbing machine tool with optimization
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Fig. 18 Thermal deformation errors of dry hobbing machine tool with
optimization and without optimization

factors and variables that influence the thermal energy accu-
mulation of dry hobbing machine tool. It provides a method to
reduce the thermal energy accumulation by optimizing control
variables. With application of the system and the model, the
temperature variation and the thermal deformation error vari-
ation of dry hobbing machine tool components are fluctuated
in an acceptable range, which illustrates that the system and
the model are available.

Some kinds of energy change that are caused by hydraulic
parts, lighting parts, etc., which have little influence on the
thermal energy accumulation of dry hobbing machine tool,
are neglected. The thermal energy control model could also
be used for cooling device selection under the circumstance
that the kind of workpiece is changed, processing parameters
are changed, or a new type of dry hobbing machine tool is
developed. In this paper, the multi-objective optimization al-
gorithm is a kind of typical example for implementing the
multi-variable thermal energy control model. The decision
that which kind of optimization algorithm is suitable is affect-
ed by complex industrial condition. In summary, to further
improve the optimization algorithm, the accuracy of thermal
energy control model will be part of future work.
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