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Abstract Dry hobbing is a new gear tooth forming process,
which would replace the traditional wet hobbing process due
to its high efficiency and environmental friendliness.
However, due to the absence of metal cutting fluid in dry
hobbing, temperature of hobbed workpiece is relatively high,
which will lead to the increase of dimension errors, especially
tooth thickness errors. In this paper, the features of workpiece
thermal deformation errors are identified and an error com-
pensation model is developed to compensate both machine
tool thermal errors and tooth thickness errors which is induced
by workpiece thermal deformation. In this model, the repre-
sentative temperature variables of a dry hobbing machine tool
are obtained based on experimental data with fuzzy clustering
method. A compensation model is proposed to map the rela-
tionship between representative temperature variables and
compensation value. In a series of experiments, the tooth
thickness errors ranged from −22 to −59 μm. After
implementing compensation of machine tool thermal errors,
the tooth thickness errors ranged from −18 to −28 μm, which
demonstrates that workpiece thermal deformation has a great
influence on tooth thickness errors in dry hobbing. Furtherly,
the tooth thickness errors ranged from −4 to 8 μm, after
implementing compensation of both machine tool thermal er-
rors and workpiece thermal deformation errors, which dem-
onstrate that the compensation model is effective.

Keywords Thermal errors .Dryhobbing .Workpiece thermal
deformation . Compensationmodel . Tooth thickness errors

1 Introduction

Gear hobbing is the leading manufacturing technology for
mass production of gears, especially for automobile gears.
Considering that an average number of 15 gears are hobbed
per car [1], and 86 millions of cars were produced in 2014,
gear hobbing produced 1290 millions automobile gears per
year. That means gear hobbing is a large-scale industrial pro-
duction activity. However, the widely used wet gear hobbing
process, which consumes lots of metal cutting fluid, leads to
the environmental pollution and healthy risk of workers. In
recent years, dry hobbing process becomes available, and it
would replace wet hobbing process in the coming future
quickly, due to its high efficiency and environmental
friendliness.

According to Bryan [2], thermal errors, which make up 40–
70 % of the total machine tool errors, are the greatest contrib-
utors to machine tool errors. With continuous development of
industry, the requirement for processing precision becomes
higher. In recent years, researches on machine tool thermal
errors are focus on precision machining [3–5]; however, few
of them take workpiece thermal deformation into consider-
ation when it refers to hobbing machine tool [6]. Because
hobbing is a semi-finishing process, and in wet hobbing, good
cooling and lubricating characteristics of metal cutting fluid
makes the temperature variation of hobbed workpiece too lit-
tle to affect workpiece accuracy. Whereas in dry hobbing,
there are more friction and adhesion between hob and work-
piece, which would increase the temperature variation of
hobbed workpiece due to the absence of metal cutting fluid
[7]. The increased temperature of workpiece usually enlarge
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workpiece dimensional errors and tooth profile errors, es-
pecially for low width-radius ratio gear. In practical pro-
duction of dry hobbing, unstable ambient temperature and
machine tool state, which would lead to the bad consisten-
cy of temperature of hobbed workpiece, makes the tooth
thickness of some hobbed workpiece cannot meet the de-
sign requirements.

There are generally three ways to reduce thermal errors:
thermal error avoidance, thermal error control, and thermal
error compensation [8]. Compared with thermal error avoid-
ance and thermal error control, thermal error compensation
technique is cost-effective relatively [9]. It is demonstrated
that the machine tool thermal error compensation model could
be established using experimental measurements with multi-
ple regression analysis techniques [4, 10, 11], artificial neural
networks [5, 12, 13], grey system theory [14], etc. This paper
proposes a thermal error compensation model of dry hobbing
machine tool, which is used for mass production of external
gear, with consideration of workpiece thermal deformation.
The compensation model is divided into two parts: workpiece
thermal deformation error compensation model and machine
tool thermal error compensation model. The relation between
hobbed workpiece temperature and workpiece thermal defor-
mation errors is analyzed. Then, representative temperature
variables of a dry hobbing machine tool are obtained based
on experimental data with fuzzy clustering method. The pre-
diction model of hobbed workpiece temperature, as well as
machine tool thermal error compensation model, is developed
by multiple regression method. And, the workpiece thermal
deformation error compensation model is obtained based on
the prediction model of hobbed workpiece temperature. A
series of experiments were carried out on the dry hobbing
machine tool to evaluate the validity of the model. As a result,
the tooth thickness errors ranged from −18 to −28 μm, after
implementing compensation of machine tool thermal errors
only. And, the tooth thickness errors ranged from −4 to
8 μm, after implementing compensation of both machine tool
thermal errors and workpiece thermal deformation errors. The
result shows that workpiece thermal deformation has a great
influence on tooth thickness errors in dry hobbing, and the
compensation model is effective.

2 Thermal errors of machine tool and workpiece

The errors, which affect the machining accuracy, can be di-
vided into several groups as follows [15]:

(1) Geometric and kinematic errors;
(2) Thermal errors;
(3) Cutting-force induced errors;
(4) Errors induced by tool wear and errors induced by as-

sembling and chattering [16, 17].

In wet machining, thermal errors, which make up 40–70 %
of the total errors, are the largest contributor to the dimension-
al errors of a workpiece. In dry hobbing, the workpiece ther-
mal deformation enlarges the dimensional errors of workpiece
that caused by thermal deformation.

Due to the characteristics of hobbing, thermal errors in y
and z directions are infinitesimal comparedwith thermal errors
in x direction. So, thermal errors in x direction are analyzed in
this paper. In this situation, the machining accuracy of hob-
bing machine tool is influenced by the accuracy of distance
between centers of the hob spindle and workpiece spindle in x
direction. Eddy current displacement sensor is mounted on the
machine tool for measuring the variation of distance between
centers of hob spindle and workpiece spindle in x direction,
which is equal to the machine tool thermal errors in x
direction.

In dry hobbing, the thermal deformation of workpiece lead
to the variation of workpiece parameters. As shown in section
2.2, workpiece thermal deformation errors compensation, as
well as machine tool thermal error compensation, can be real-
ized by adding an extra movement to the hob spindle. So, the
compensation value, δ, could be divided into two parts: ma-
chine tool thermal error compensation value, δM, and work-
piece thermal error compensation value, δT.

2.1 Analysis of machine tool thermal errors

Temperature rise in a machine structure start from a few heat
sources, which cause the uneven temperature distribution. The
temperature gradient, which induced by the uneven tempera-
ture distribution, makes the components of machine tool, such
as lathe bed and columns, deformed. It leads to the variation of
the distance between centers of the hob spindle and workpiece
spindle in x direction, which is equal to the machine tool
thermal errors in x direction and themachine tool thermal error
compensation value, δM, as shown in Fig. 1.

Empirical models have been demonstrated to show that it
has a satisfactory prediction accuracy for application.Multiple
regression method can be used to map the relationship be-
tween the thermal errors and temperature variables. The com-
mon method to choose locations of temperature sensors is to

Fig. 1 Schematic diagram of compensation value of machine tool
thermal errors
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preset a large number of sensor locations. Then, the represen-
tative ones, which will be used in the final thermal error com-
pensation model, can be chosen based on fuzzy clustering
method. In this paper, machine tool thermal error compensa-
tion model is established based on multiple linear regression
method, that is, δM can be expressed as follows:

δM ¼ a0 þ a1ΔT 1 þ⋯þ apΔTp þ ε ð1Þ

Where ΔT1; …; ΔTp are the temperature variation of
the temperature variables, a0 ;…; ap are regression coef-
ficients, ε is called the residual, or noise.

The procedures of machine tool thermal error compen-
sation are as follows. Firstly, the thermal error compensa-
tion model is established based on experimental data of
machine tool thermal errors and thermal resistances’ tem-
perature and stored in SCM. Then, during machining pro-
cess, the thermal error compensation model is used to cal-
culate the compensation value in accordance with the tem-
perature of representative thermal resistances. Finally, the
compensation value is sent to the CNC of the machine tool,
and an extra movement is added to the hob spindle to
compensating thermal errors.

2.2 Analysis of workpiece thermal deformation errors

In dry hobbing, the thermal deformation of workpiece lead to
the variation of workpiece parameters. The following param-
eters are mainly affected by workpiece thermal deformation:
tooth profile, tip diameter, root diameter, face width, etc. The
thermal deformation of tooth profile will deteriorate the ma-
chining precision of next process, shaving or grinding, if the
tooth thickness cannot meet the design requirements. So, the
purpose of compensating workpiece thermal deformation er-
rors is to make sure that tooth thickness value of hobbed
workpiece is larger than the minimum design requirements
on the same Y-circle. That is, Δsy>0, as shown in Fig. 3.

In ordinary wet hobbing, the good cooling effect of metal
cutting fluid makes the temperature of workpiece that just
hobbed, Ta, close to the temperature of metal cutting fluid.
While in dry hobbing, Ta is susceptible to ambient temperature
and machining time due to the bad cooling condition, that is,
the variation of Ta is in a large range. So, it is hard to control
the parameters of workpiece when it is cooled to the design
temperature, Tb. In order to realize the compensation of work-
piece thermal deformation errors, the prediction model of Ta
should be established. In this paper, setting 20 °C as the value
of Tb.

ΔTw ¼ Ta−Tb ð2Þ

According to the character of hobbing, temperature of
points on the same cylinder of hobbed workpiece are
approximatively equal. A series of experiments were taken

to figure out the temperature field of hobbed workpiece.
The experimental apparatus are shown in section 4. As
shown in Fig. 2, 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
approximately symmetric. Table 1 shows the temperature
of points from A1 to A17, the maximum difference of
which is 1.6 °C. So, the temperature field of hobbed work-
piece can be simplified down to even steady-state temper-
ature field. The average value of those 17 points is defined
as the value of Ta in this paper.

In order to figure out the relation between δT and workpiece
thermal deformation errors, the variation of workpiece param-
eters that resulting from compensation and workpiece thermal
deformation should be analyzed. Figure 3 shows the schemat-
ic diagram of gear in S1, S2, and S3. Where S1 is the design
state, S2 is the state that the workpiece is just hobbed with
compensation, and S3 is the state that the workpiece is cooled
to Tb.

The compensation of workpiece thermal deformation
errors makes the profile of hobbed workpiece shift from
S1 to S2, as shown in Fig. 3. The profile shift coefficient, x,
is found as

x ¼ δT
m

ð3Þ

Hobbing process would not change the tip diameter of
workpiece, da3, which means

da3 ¼ da1 ð4Þ

The tip diameter of workpiece in S2; da2; is found as

da2 ¼ 1þΔTwλð Þda1 ð5Þ

The tooth thickness half angle at Y-cylinder in S1; ψy1;

is found as

ψy1 ¼ ψ1 þ invα−invαy1 ð6Þ

Fig. 2 Thermography of hobbed workpiece

Int J Adv Manuf Technol (2016) 86:1739–1751 1741



The tooth thickness on the Y-cylinder of gear in S1; sy1;
is produced by

sy1 ¼ dy1ψy1 ¼ dy1 ψ1 þ invα−invαy1

� �

¼ dy1
π
2z

þ invα−invarccos
r

ry1
cosα

� �� �
ð7Þ

The tooth thickness half angle of the reference circle of
workpiece in S2; ψ2; is found as

ψ2 ¼
π
2z

þ 2tanα
mz

δT ð8Þ

The tooth thickness on the Y-cylinder of workpiece in
S2; sy2; is produced by

sy2 ¼ dy2ψy2 ¼ dy2 ψ2 þ invα−invαy2

� �

¼ dy2
π
2z

þ 2tanα
mz

δT þ invα−invarccos
r

ry2
cosα

� �� �

ð9Þ

Workpiece thermal deformation makes workpiece profile
shift from S2 to S3, as shown in Fig. 3. For Ypoint on the tooth
profile of workpiece in S2, the position change, which result
from workpiece thermal deformation, is divided into two di-
rections: tooth thickness direction and radial direction. So,
when workpiece is cooled to Tb, the diameter of Y-circle is
produced by

dy3 ¼ 1−ΔTwλð Þdy2 ð10Þ

The variation of tooth thickness half angle of Y point is
found as

Δψ ¼ ΔTwλsy2
1−ΔTwλð Þdy2 ¼ ΔTwλ

1−ΔTwλð Þ ψy2 ð11Þ

Tooth thickness half angle at Y-cylinder of workpiece in S3
is produced by

ψy3 ¼ ψy2−Δψ ¼ 1−2ΔTwλ
1−ΔTwλ

ψy2 ð12Þ

Tooth thickness on the Y-cylinder of workpiece in S3 is
produced by

sy3 ¼ dy3ψy3 ¼ 1−ΔTwλð Þdy2 1−2ΔTwλ
1−ΔTwλ

ψy2

¼ 1−2ΔTwλð Þsy2 ð13Þ

On condition that dy1=dy3, the difference between sy3 and
sy1; Δsy; is calculated using

Δsy ¼ sy3−sy1 ¼ 1−2ΔTwλð Þdy2 π
2z

þ 2tanα
mz

δT þ invα−invarccos
r

ry2
cosα

� �� �

− 1−ΔTwλð Þdy2 π
2z

þ invα−invarccos
r

1−ΔTwλð Þry2 cosα
� �� �

ð14Þ

Table 1 Temperature of points
on hobbed workpiece Number of points A1 A2 A3 A4 A5 A6 A7 A8 A9

Temperature (°C) 61.1 61.3 61.0 61.1 61.4 61.7 61.5 61.1 60.7

Number of points A10 A11 A12 A13 A14 A15 A16 A17

Temperature (°C) 60.4 60.6 60.7 60.5 60.3 60.4 60.1 60.2

Fig. 3 Schematic diagram of
workpiece in three states
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In order to make sure that the machining allowance
is qualified, the following condition should be satis-
fied:

Δsy > 0 ð15Þ

According to Eq.(14), there is a positive correlation be-
tweenΔsy and dy2, that means the following condition should
be satisfied:

sa3−sa1 ¼ 0 ð16Þ

The crest width of gear in S2; sa2; is produced by

sa2 ¼ da2ψa2 ¼ 1þΔTwλð Þda1 π
2z

þ 2tanα
mz

δT þ invα−invarccos
r

1þΔTwλð Þra1 cosα
� �� �

ð17Þ

The crest width of gear in S3; sa3; is produced by

sa3 ¼ 1−2ΔTwλð Þ sa2
¼ 1−2ΔTwλð Þ 1þΔTwλð Þda1 π

2z
þ 2tanα

mz
δT þ invα−invarccos

r

1þΔTwλð Þra1 cosα
� �� � ð18Þ

In S1, tooth thickness on the Y-circle, whose diameter is
da2,, is produced by

sa1 ¼ da1ψa1 ¼ da1
π
2z

þ invα−invarccos
r

ra1
cosα

� �� �
ð19Þ

δT can be calculated from Eq. (16), Eq. (18), and Eq. (19):

δT ¼ m

2tanα

π þ 2zinvα−2zinvarccos
r

ra1
cosα

� �

2 1−2ΔTwλð Þ 1þΔTwλð Þ −
π
2
−zinvαþ zinvarccos

r

1þΔTwλð Þra1 cosα
� �2

664
3
775 ð20Þ

Equation (20) shows the relationship between δT and ΔTw.
According to Eq.(2) and Eq. (20), δT can be written as

δT ¼ F Tað Þ ð21Þ

3 Experiments

Experiments were carried out on a YE3120CNC7 dry hob-
bing machine tool that manufactured by Chongqing Machine
Tool Group Co Ltd. During machining, the hob spindle speed
was set at 900 rpm. The external involute gear, whose module
was 2.5 mm, was hobbed by one time feeding. Parameters of
the hob and the workpiece are shown in Table 2.

Measuring instruments for experiments are as follows: Pt-
100 thermal resistances, infrared camera, eddy current dis-
placement sensor, data acquisition device, computer,
Klingelnberg Gear Measuring Center, calculagraph, etc.

Before experiments, thermal resistances and eddy current dis-
placement sensor were calibrated in national authorized com-
putation & attestation centers. And the material emissivity of
workpiece, which would be used to set the parameter of infra-
red camera, was calibrated too. The data acquisition device
was composed of National Instruments data acquisition sys-
tem. The data acquisition software was programmed in
LabVIEW. The following kinds of data were recorded during
experiments: temperature of thermal resistances, displacement

Table 2 Parameters of hob and workpiece

Hob

Heads: K= 3 Diameter: D= 70 mm Aperture: d= 32 mm

Length: L= 160 mm

Gear

m= 2.5 mm z = 36

Reference pressure angle: αf= 20°
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variation value that measured with eddy current displacement
sensor, temperature of hobbed workpiece that measured with
infrared camera, tooth thickness of workpiece that measured
with Klingelnberg Gear Measuring Center, NO. of hobbed
workpiece, time, etc. As the machine tool need to be adjusted
after test hobbing, the number of workpiece for test hobbing
was not counted into the hobbed workpiece.

Veldhuis and Elbestawi [18] did some researches to find
the optimal number of thermal resistances for five-axis ma-
chine tool. Mou [19] mounted 40 thermal resistances on the
CNC machining center to estimate and correct time-varying
machine tool errors with desired accuracy. In this paper, 14 Pt-
100 thermal resistances were mounted on the dry hobbing
machine tool. The locations of thermal resistances, which
are shown in Table 3 and Fig. 4, are close to the main heat
sources including:

(1) Cutting zone;
(2) Air cooling system;
(3) Hydraulic oil and lubricating oil;
(4) Motors;
(5) Bearings, guides;
(6) Drives and clutches;
(7) Rotary device of double worm gear and worm pair;
(8) Environment.

In those experiments, the dry hobbing machine tool kept
running for about 4 h, until 145 workpieces were hobbed. The
machine paused for 12 min after machining for 66 min. A

series of experimental temperature data of thermal resistances
are shown in Fig. 5. The ambient temperature, which ranged
from 23.6 to 28 °C, is shown in Fig. 5a. Figure 5b–d show that
the temperature of measurement points T#2-T#14 rise with
fluctuation when machining. Figure 6 shows the thermal er-
rors of the dry hobbing machine tool in x direction. The abso-
lute variation value of machine tool thermal errors, which
range from 0 to 29 μm, increase with the machining time.
Figure 7 shows that the temperature of hobbed workpiece,
Ta, which ranges from 53 to 68 °C, increase with the machin-
ing time. And, Ta become steady as the number of hobbed
workpiece increasing.

4 Modeling

4.1 Modeling algorithm

The procedures of modeling are shown in Fig. 8. The number
of temperature variables has a critical impact on the accuracy
of the error compensation model. An excessive number will
increase the amount of calculation and costs, and the interac-
tion of various temperature variables will reduce the accuracy
and robustness of the model. So, the temperature variables
must be optimized before modeling. Fuzzy clustering method
is used to dividing variables into some clusters. The similarity
of temperature variables was described by similarity coeffi-
cient, rTT ij, as shown in Eq. (23). Temperature variables were

Table 3 Locations of thermal
resistances Thermal

resistance’s
number

Location of thermal resistances Thermal
resistance’s
number

Location of thermal
resistances

T#1 Environment T#8 Workpiece column

T#2 Machine bed T#9 Inside space of machine tool

T#3 Anterior end cover of hob spindle T#10 Inlet pipe of lube oil

T#4 Rear end cover of hob spindle T#11 Outlet pipe of lube oil

T#5 Bearing end cover of hob spindle T#12 Inlet pipe of hydraulic oil

T#6 Bearing end cover of hob shifting spindle T#13 Outlet pipe of hydraulic oil

T#7 Bearing end cover of workpiece spindle T#14 Workpiece clamping cylinder

Fig. 4 Locations of thermal
resistances. a T#3, T#4, T#8. b
T#5, T#6, T#7, T#9. c T#14 d
T#10, T#11, T#12, T#13
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classified into some clusters according to the similarity
coefficient.

Then, a representative temperature variable is selected from
each cluster according to its correlation with the machine tool
thermal errors or workpiece temperature. In this paper, ma-
chine tool thermal errors model is established by multiple
linear regression method. According to the researches of cut-
ting temperature [20], the main factors that affect the cutting
temperature are as follows:

(1) Material of cutting tool and workpiece;
(2) Cutting speed, feed speed, cutting depth, shear angle;
(3) Cutter rotation angle;
(4) Cooling condition.

On the condition that workpiece parameters and machining
parameters are unchanged, the factors that influence Ta are
cooling conditions, such as ambient temperature, cutting zone
temperature, etc. So, in this paper, multiple linear regression

method can be used to establish the prediction model of Ta, as
well as machine tool thermal error compensation model. And,
the prediction model of Ta is verified available in section 5.
Workpiece thermal deformation error compensationmodel can
be established with the prediction model of Ta and Eq. (21).

As the compensation of both machine tool thermal errors
and workpiece deformation errors are realized by adding an
extra movement to the tool spindle to change the distance
between centers of hob spindle and workpiece spindle in x
direction. The compensation value, δ, could be calculated by

δ ¼ δM þ δT ð22Þ

4.2 Fuzzy clustering of temperature variables

The similarity of temperature variables is described by simi-
larity coefficient, rTT ij, which be used to estimate the

Fig. 5 Temperature of thermal resistances. a T#1. b T#3-T#7. c T#2, T#8, T#9. d T#10-T#14

Fig. 6 Machine tool thermal errors in x direction Fig. 7 Temperature of hobbed workpiece
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correlation between the temperature variables. In this paper,
rTT ij is calculated by Eq. (23).

rTT i j ¼
X n

k¼1
Tik−Ti

� 	
T jk−T j

� 	
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX n

k¼1
Tik−Ti

� 	2
r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX n

k¼1
T jk−T j

� 	2
r ð23Þ

Where Ti (i=1, …, p) is the temperature variable of T#i

(i=1, …, p), Ti ¼ 1

n
∑n

k¼1Tik

� �
; T j ¼ 1

n
∑n

k¼1T jk

� �
Table 4 shows the similarity matrix that is calculated from a

set of data of temperature variables. Figure 9 shows the cluster
tree of temperature variables.

Avariety of clusters can be obtained from the tree diagram.
According to the machine tool structure, those temperature
variables are clustered to six clusters as follows: T5; T 6; T7;f
T9; T12; T13g; T10f g; T3; T 4f g; T8; T11; T14f g; T 1f g; T 2f g:

4.3 Machine tool thermal error modeling

The correlation coefficient, rTδm, which is used to estimate the
correlation between temperature variables and thermal errors,
is calculated using

Fig. 8 Procedures of modeling

Table 4 Similarity matrix of temperature variables

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14

T1 1.000 0.904 0.891 0.905 0.951 0.953 0.951 0.915 0.937 0.923 0.947 0.965 0.944 0.950

T2 0.904 1.000 0.852 0.871 0.951 0.943 0.941 0.913 0.906 0.839 0.950 0.935 0.878 0.916

T3 0.891 0.852 1.000 0.972 0.958 0.961 0.964 0.918 0.980 0.935 0.898 0.921 0.949 0.923

T4 0.905 0.871 0.972 1.000 0.965 0.971 0.970 0.896 0.981 0.940 0.901 0.934 0.952 0.920

T5 0.951 0.951 0.958 0.965 1.000 0.999 0.999 0.945 0.987 0.954 0.958 0.983 0.973 0.957

T6 0.953 0.943 0.961 0.971 0.999 1.000 1.000 0.942 0.990 0.960 0.954 0.983 0.978 0.958

T7 0.951 0.941 0.964 0.970 0.999 1.000 1.000 0.940 0.990 0.961 0.950 0.983 0.979 0.957

T8 0.915 0.913 0.918 0.896 0.945 0.942 0.940 1.000 0.946 0.895 0.971 0.931 0.918 0.953

T9 0.937 0.906 0.980 0.981 0.987 0.990 0.990 0.946 1.000 0.957 0.938 0.963 0.972 0.951

T10 0.923 0.839 0.935 0.940 0.954 0.960 0.961 0.895 0.957 1.000 0.886 0.947 0.976 0.921

T11 0.947 0.950 0.898 0.901 0.958 0.954 0.950 0.971 0.938 0.886 1.000 0.950 0.919 0.968

T12 0.965 0.935 0.921 0.934 0.983 0.983 0.983 0.931 0.963 0.947 0.950 1.000 0.981 0.952

T13 0.944 0.878 0.949 0.952 0.973 0.978 0.979 0.918 0.972 0.976 0.919 0.981 1.000 0.935

T14 0.950 0.916 0.923 0.920 0.957 0.958 0.957 0.953 0.951 0.921 0.968 0.952 0.935 1.000
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rTδm i ¼
X n

k¼1
Tik−Ti

� 	
δM k−δM

� 	
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX n

k¼1
Tik−Ti

� 	2
r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX n

k¼1
δM k−δM

� 	2
r ð24Þ

Where Ti ¼ 1

n
∑n

k¼1Tik

� �
; δM ¼ 1

n
∑n

k¼1δM k

� �
Table 5 shows the correlation coefficients which are calcu-

lated from the data of temperature variables and machine tool
thermal errors. The temperature variable, whose correlation
with the thermal errors is bigger than others in the cluster, is
chosen from each cluster as the representative temperature
variable. As a result, the representative temperature variables
are T1, T2, T4, T10, T13, T14.

The general form of multiple regression analysis models is
as follows:

δM ¼ a0 þ a1ΔT 1 þ a2ΔT2 þ⋯þ apΔTp þ ε ð25Þ

The multiple linear regression model of δM can be calculat-
ed as follows:

δ ¼ ΔΤAþ ε
ε∼Nn 0;σ2In

� �
ð26Þ

Where In is the identity matrix;

A7 1 ¼ a0 a1 ⋯ a6½ �T; δn ¼ δM0 δM1 ⋯ δMn½ �T; εn ¼ ε0 ε1 ⋯ εn½ �T ;

ΔTn 7 ¼
1 ΔT1 1 ⋯ ΔT 1 13 ΔT1 14

1 ΔT2 1 ⋯ ΔT 2 13 ΔT2 14

⋮ ⋮ ⋱ ⋮ ⋮
1 ΔTn 1 ⋯ ΔTn 13 ΔTn 14

2
664

3
775⋅

The least-square estimation of A7 1 makes residual sum of
squares SE

2(A) to a minimum, that is,

δ̂n 1 ¼ ΔT̂n 7⋅Â7 1

∂
∂A

S2E Â
� 	

¼ 0

8><
>: ð27Þ

Where Â7 1 = [â0 â1 ⋯ â6]
T is the estimator of A. In con-

clusion, Â7 1 can be calculated using

Â7 1 ¼ ΔΤ̂
T

n 7ΔΤ̂n 7

� �−1

ΔΤ̂
T

n 7δ̂n 1 ð28Þ

Â7 1 can be obtained by substituting experimental data of
representative temperature variables into Eq. (28), the result is

Â7 1 ¼ −0:90;−1:18; −7:12; −0:03;−1:94;−0:26; 2:43½ �T ð29Þ

So, δM can be expressed as follows:

δM ¼ H ΔT1;ΔT2;ΔT 4;ΔT 10;ΔT 13;ΔT14ð Þ
¼ −0:90−1:18ΔT1−7:12ΔT 2−0:03ΔT4−1:94ΔT 10−0:26ΔT13

þ 2:43ΔT 14

ð30Þ

4.4 Workpiece thermal deformation error modeling

Similarly, the similarity coefficient, rTTa, which is used to es-
timate the correlation between temperature variables and Ta, is
calculated using

Fig. 9 Cluster tree of temperature variables

Table 5 Correlation coefficient between thermal resistance temperature and machine tool thermal errors variables

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14

rTδm 0.956 0.862 0.903 0.948 0.958 0.963 0.962 0.818 0.946 0.990 0.864 0.961 0.983 0.908
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rTTa i ¼
X n

k¼1
Tik−Ti

� 	
Tak−Ta

� 	
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX n

k¼1
Tik−Ti

� 	2
r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX n

k¼1
Ta k−Ta

� 	2
r ð31Þ

Where Ti ¼ 1

n
∑n

k¼1Tik

� �
; Ta ¼ 1

n
∑n

k¼1Ta k

� �
Table 6 shows the correlation coefficient that was cal-

culated from the data of temperature variables and hobbed
workpiece temperature, Ta. The temperature variable,
whose correlation with the hobbed workpiece temperature
is bigger than others in the cluster, is chosen from each
cluster as the representative temperature variable. As a re-
sult, the representative temperature variables are T1, T2, T4,
T6, T10, T14.

The machining accuracy is usually adjusted before machin-
ing. Thus, it is the variation of temperature that affect machine

tool thermal errors, that is,ΔT1,ΔT2,ΔT4,ΔT10,ΔT13,ΔT14
could be used to establish the machine tool thermal error com-
pensation model. While in modeling of Ta, the temperature of
hobbed workpiece is influenced by the initial temperature of
environment and machine tool components, so temperature of
hobbed workpiece are expressed with the following tempera-
ture variables: T1, T2, T4, T6, T10, T14. That is, Ta can be
expressed as follows:

Ta ¼ b0 þ b1T1 þ b2T2 þ⋯þ bpTp þ ε ð32Þ

The prediction model of Ta can be calculated as follows:

Τa ¼ TΒþ ε
ε∼Nn 0;σ2In

� �
ð33Þ

Where In is the identity matrix;

B7 1 ¼ b0 b1 ⋯ b6½ �T ; Τa n ¼ Τa 0 Τa 1 ⋯ Τa n½ �T; εn ¼ ε0 ε1 ⋯ εn½ �;

Tn 7 ¼
1 T1 1 ⋯ T 1 10 T 1 14

1 T2 1 ⋯ T 2 10 T 2 14

⋮ ⋮ ⋱ ⋮ ⋮
1 Tn 1 ⋯ Tn 10 Tn 14

2
664

3
775;

The least-square estimation of B7 1 makes residual sum of
squares SE

2(B) to a minimum, that is,

Τ̂an 1 ¼ T̂n 7⋅B̂7 1

∂
∂B

S2E B̂
� 	

¼ 0

8<
: ð34Þ

Where B̂7 1 ¼ b0 b1 ⋯ b6½ �T is the estimator of B.

In conclusion, B̂7 1 can be calculated using

B̂7 1 ¼ Τ̂
T

n 7Τ̂n 7

� �−1

Τ̂
T

n 7Τ̂a n 1 ð35Þ

Substitute Τ̂n 7 and Τ̂a n 1 into Eq. (35), the result is

B̂7 1 ¼ 56:80; 0:11; 2:02;−1:01; 2:14; 1:67;−5:09½ �T ð36Þ

As a result, Ta can be expressed as follows:

Ta ¼ G T 1; T2; T4; T 6; T10; T14ð Þ
¼ 56:80þ 0:11T1 þ 2:02T2−1:01T4 þ 2:14T 6

þ 1:67T10−5:09T14 ð37Þ

Table 6 Correlation coefficient between thermal resistance temperature and hobbed workpiece temperature variables

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14

rTTa 0.987 0.923 0.952 0.976 0.990 0.992 0.991 0.891 0.982 0.969 0.936 0.982 0.985 0.963

Fig. 10 Implementation of
thermal error compensation
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Experiments were carried out in section 5 to validate that
the prediction model of Ta is effective. Substitute Eq.(37) into
Eq.(21), the result is

δT ¼ F G T1; T2; T 4; T6; T10; T 14ð Þð Þ ð38Þ

4.5 Thermal error modeling and implementation
of compensation

As the compensation of both machine tool thermal errors and
workpiece thermal deformation errors is realized by adding an
extra movement to the hob spindle to change the distance of
centers of hob spindle and workpiece spindle in x direction,
the thermal error compensation value, δ, could be calculated
using

δ ¼ δM þ δT

¼ H ΔT1;ΔT2;ΔT 4;ΔT10;ΔT 13;ΔT14ð Þ
þ F G T 1; T2; T4; T 6; T10; T14ð Þð Þ ð39Þ

Figure 10 shows the compensation procedures of thermal
errors. Duringmachining, the temperature variations of T1, T2,
T4, T10, T13, T14 and temperature of T1, T2, T4, T6, T10, T14 are
measured with thermal resistances, and the data are sent to the
SCM. Then, the compensation model, Eq. (39), is used to
calculate the compensation value, δ, in accordance with the
temperature data. Finally, the compensation value is sent to
the CNC of the dry hobbing machine tool, and an extra move-
ment is added to the hob spindle to accomplish the
compensation.

5 Validation

Some experiments were carried out to evaluate the perfor-
mance of the compensation model. The machining parameters
and the locations of sensors are same as previous case in
section 3. Those experiments were carried out in summer,
and the ambient temperature range from 26 to 35 °C. In those

experiments, the dry hobbing machine tool kept running for
about 4 h, until 145 workpieces were processed.

Comparison between the measured value of machine tool
thermal errors and the predicted value of machine tool thermal
errors that calculated using machine tool error compensation
model, Eq. (30), is represented in Fig. 11. It can be observed
that the model predicts the machine tool thermal errors well,
and the residual error range from −4 to 6 μm. Figure 12 shows
the measured value of hobbed workpiece temperature and the
predicted value of hobbed workpiece temperature that calcu-
lated using Eq. (37). The predicted value of hobbed workpiece
temperature is fit well with measured value of hobbed work-
piece temperature, and the residual error range from −2.5 to
2.4 °C, which is acceptable. It shows that the prediction model
of Ta is effective.

As shown in Fig. 3, the tooth thickness errors,Δs, could be
calculated by sy1 and sy3, where sy1 is the tooth thickness of
gear in S1, sy3 is the tooth thickness of gear in S3 on the same
Y-cylinder. sy3 was measured by Klingelnberg Gear
Measuring Center, while the hobbed workpiece was cooled
to Tb. Comparison between tooth thickness errors,
Δs1; Δs2 and Δs3, is presented in Fig. 13. Where Δs1 is

Fig. 11 Predicted value and measured value of machine tool thermal
errors

Fig. 12 Predicted value and measured value of workpiece temperature

Fig. 13 Predicted values and measured values of tooth thickness errors
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the tooth thickness errors of gears, which are hobbed with
compensation of δM and δT. Δs2 is the tooth thickness errors
of gears, which are hobbed with compensation of δM. Δs3 is
the tooth thickness errors of gears, which are hobbed without
compensation.

It can be observed that the measured value of Δs2
ranges from −18 to −28 μm, and measured value of Δs3
ranges from −22 to −59 μm. It illustrates that the work-
piece thermal deformation has a great influence on tooth
thickness errors. The profile deviation of hobbed work-
piece is mainly caused by the factors as eccentricity of
hob spindle and work table, vibration, geometric precision
of hob, feed rate, et al. According to ISO 1328-1, the total
profile deviation tolerance of the workpiece is 16.0 μm, on
condition that the hobbed workpiece can reach precision
IT7. After compensation,Δs1 ranges from –4 to 8 μm. The
workpiece that hobbed with compensation could reach the
demand of next process, which demonstrates that the com-
pensation model is effective.

6 Conclusions

In this paper, a thermal error compensation model of dry hob-
bing machine tool considering workpiece thermal deforma-
tion has been developed. And, an experimental system for a
kind of dry hobbing machine tool is constructed to develop the
compensationmodel. The following conclusions are drawn by
this study:

(1) In dry hobbing, workpiece thermal deformation has a
great influence on tooth thickness errors. The compensa-
tion of workpiece thermal deformation errors, as well as
machine tool thermal errors, could be realized by adding
an extra movement to the hob spindle to change the
distance between centers of hob spindle and workpiece
spindle in x direction.

(2) The compensation model of workpiece thermal deforma-
tion errors could be obtained by the prediction model of
hobbed workpiece temperature, which is obtained using
an appropriate linear combination of representative tem-
perature variables.

(3) The fuzzy clustering method is able to find the represen-
tative temperature variables for prediction model of
hobbed workpiece temperature and compensation model
of machine tool thermal errors.

(4) Some verification experiments show that the proposed
method can reduce tooth thickness errors that induced
by both machine tool thermal deformation and work-
piece thermal deformation significantly. Furthermore,
this model can be applied to ordinary error compensation
system conveniently.
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