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Abstract:

The accuracy of the RP (RP) is a significant factor in the vacuum pump performance. However,
the manufactured RP deviates from this theoretical form due to cumulative machine-tool errors—such as
temperature changes, humidity, and nearby vibrations. Therefore, a cutter-correction method is proposed
to improve the accuracy of the manufactured profile by accounting for RP errors during cutter design. A
mathematical model of the design end-milling cutter profile, accounting for compensated cutter parameters,
is first proposed. The effect of the compensated cutter parameters on the RP error is investigated and
summarized in a sensitivity matrix. The correction cutter profile is established using the correction cutter
parameters, which are solved by applying the sensitivity matrix and Levenberg-Marquardt algorithm. The

numerical example is provided to validate the proposed approach for reducing RP error.
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Nomenclature

A,  center distance of screw rotors
M, transformation matrix from S, to S,
n number of points

n unit normal vector

N normal vector

r position vector

r inner radius of the rotor

r pitch radius of the rotor

T, tool radius

S coordinate system

s, helix parameter

t curve parameter

t tangential vector

p pitch helix angle of the rotor

ASS

longitudinal parameter of the screw surface

[ rotation angle
Subscripts

c cutting tool

s screw surface
Superscripts

T matrix transpose
t cutting tool.
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1. Introduction

A vacuum pump is the primary device in
vacuum-environment generation systems and is
widelyused across industries such as semiconductors,
electronics, and food processing. [1], [2]. The pump
operates by meshing two rotors within the housing;
therefore, the profile accuracy of these rotors is
a critical factor governing the pump’s efficiency
[3]. Consequently, enhancing the manufacturing
precision of vacuum pumps is a pressing challenge
for researchers and production engineers.

End milling has proven well-suited to
producing screw rotors (SR), especially the vacuum
pump rotor, spurring extensive research into cutter
design methods. Tang ef al. [4] used the meshing
principle between the cutter and workpiece to
design the cutter profile based on the discrete points
of the rotor profile, an interpolation method, and
innovated with the form-position geometric method.
By a different approach, Popa et al. [5] presented
the design cutter profile method from discrete points
of the RPbased on the principle of the “substitute
circle family”. Kim et al. [6] proposed an end-mill
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design process in which the cutter’s solid model
is generated, and cutting is simulated via Boolean
operations between a specified grinding wheel
and a cylindrical blank; key geometric features
are validated by interrogating sectional profiles.
The study analyzes parameter interdependencies
and introduces an iterative scheme to derive the
specified wheel geometry and alignment/CL data
to meet the design targets, implemented via API
programming in a commercial CAD system and
currently deployed by an industrial toolmaker.
These previous studies can generate the theoretical
cutter profile in full. However, no study has yet
proposed a design methodology for end-milling to
compensate for machining errors.

To enhance the RP accuracy of the SR profile
manufactured by the end milling cutter, Shen ef al.
[7] presented the compensated design method of
the cutter profile based on the compensated rotor,
based on the profile error and the theoretical rotor
profile. In the same approach, Tao et al. [8] present
the design of the cutter profile process, accounting
for error measurements of the manufactured RP
to enhance machining accuracy. By a differential
approach, Hoang and Wu [9] used the sensitivity
matrix and the Levenberg-Marquardt algorithm to
modify the cutter profile for reducing the RP error.
However, the methods mentioned above may render
the cutter deformation non-continuous when errors
are introduced into the nominal (theoretical) tool or
the rotor.

To address the limitations of previous studies, this
study proposed a method to reduce machining errors
in milled SR by correcting the end-milling profile.
A mathematical model for designing an end-milling
cutter with compensated parameters is presented. The
sensitivity matrix and Levenberg-Marquardt algorithm
are used to obtain the compensated parameters based
on the measurement error of the milled rotor profile.
The numerical example illustrates the effectiveness of
the proposed method.

2. Cutter profile generation method

In the theory of surface design [10], the SR
surface is generated by sweeping the 2D profile
along the z-axis and rotating it about the rotation
axis. Therefore, the position vector of the SR
surface r,, normal vector N, and the unit normal
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vector n_, are described as follows:
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where ¢ is the longitudinal parameter of the SR;
s, is the helix parameter of the SR surface, and it is
calculated as s, =r, cot 8; r, is the pitch radius of
the SR; S is the helix angle of the SR.

In practical manufacturing, the SR of the
vacuum pump is machined using a high-speed
end-milling cutter that rotates about its axis to
generate the cutting speed and translates along the
screw rotor axis to machine the entire SR surface.
At the same time, the rotor rotates about its axis,
helping the cutter mill rotor as a whole. Therefore,
the general coordinate system for defining the
manufacturing SR process by an end milling cutter
is illustrated in Figure 1, where in S (O, —x,y,z,)
and S, (O, —x,y,z,) are the coordinate systems of
the SR surface and the cutter surface, respectively,
S, (O/ -X, yfzf) is the fixed coordinate system,
S, (0, = x,y,z,) is the auxiliary coordinate system.

The position vector of the end milling cutter r,
and its unit normal vector n_ are described as follows:

r.(o.0.u) =[x (9.0.u). v, (9.0.1).2. (9. p.u).1]
=M, (), (4u)
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Where M is the transformation matrix from S, to
S., L, is a sub-matrix of the first upper-left 3x3

Journal of Applied Science and Technology



Screw rotor

End milling cutter

p-ISSN 3030-4830

Figure 1. General coordinate system of the designing end milling profile.

elements of M, ¢ is the rotation angle of the rotor,
r, is the outer radius of the side cutting tool, 7 is
the inner radius of the rotor profile, ¢, (i=x,y,z)
is the compensated parameters along the x, y, and z
axes, respectively. In the theoretical cutter profile,
the compensated parameters are set equal to zero.
According to the enveloping method, the
meshing condition can be written as an equation:

fi(g.du)=n_-t =
a[xc (¢’¢7u)’y¢ ((p:¢au):zc ((/),¢,u)]
Op

n | kx

c

=0

(®)
where k = [0, O,I]T is the unit normal vector of the
z-axis, symbol 7 denotes the matrix transposition.

To evaluate the instantaneous contact line
between the end mill and the screw-rotor surface,
set the rotor’s rotation angle to zero, since the tool
profile does not influence rotation about the z-axis.
Next, obtain the longitudinal parameters of the screw
surface ¢ by solving Eq. (8) after substituting the
curve parameter u. Finally, substitute these results
into Egs. (5) and (6) to define the position vector
and the corresponding unit normal at each contact
point.

3. Cutter correction method for reducing the
milled RP error

In theory, the SR can be milled without the RP
error using the theoretical cutter profile. However,
the actual RP may not match the theoretical profile
due to machining tool errors, including those
arising from humidity, temperature, and vibration.
Therefore, this section presents a cutter-correction
method to improve the machining accuracy of
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the milled SR using the end-milling cutter. The
proposed method’s calculation pipeline, shown in
Figure 2, includes the following steps:

1. The theoretical cutter profile is generated
from the RP by applying the design end milling
cutter profile method presented in Section 2 with
the compensated parameters of zero.

2. The RP error of the manufactured rotor
o0, is calculated by comparing the theoretical and
actual rotor profiles.

3. The sensitivity matrix M, is generated
by collecting the RP error as each compensated
parameter is incrementally changed by a small value.

4. The compensated parameters ¢, are estimated
by applying the Levenberg-Marquardt algorithm with
the sensitivity matrix M and the profile error of the
manufactured rotor in Step 2. The formula can be
described as follows:

{e}=(MIM )M {5} )

5. The corrected cutter profile is generated
by applying the cutter design method presented in
Section 2 with the compensated parameters solved
in Step 4.

6. The RP error is calculated by comparing the
theoretical RP and the simulated RP manufactured
by the corrected cutter generated in Step 5.

7. The process is stopped when the maximum
is smaller than the allowable error

X

profile error o,
|6] or the difference profile error between the two
loops is smaller than the tolerance ¢ .

8. If the condition does not satisfy, the output
of RP error at the loop i is set as the input of RP
error at the loop i+1.
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Figure 2. Diagram of the cutter correction process

4. Numerical Example

The RP used in this example is an industry-
standard product from Hanbel Co., Ltd., the
Kashiyama profile. The outer and inner radii of the
RP are 64.87 mm and 40.98 mm, respectively. The
center distance between the two rotors is 105.85
mm. The lead of the screw rotor is 72 mm. The cutter
diameter in this example is 30 mm. The theoretical
cutter profile is first generated based on the discrete
RP in the following example, as shown by the
dashed line in Figure 3. The profile error of the rotor
manufactured by the theoretical cutter is calculated,
as indicated by the dashed line in Figure 5.

A sensitivity matrix is first constructed
through the profile error between the theoretical
and simulated rotor profiles, obtained by perturbing
each compensated parameter by 0.01 mm. The form
of the sensitivity matrix is described as follows:

1 2 3089 90
133 133 132 0.10 0461

M =|-1.53 -153 -152 -1.15 -1.14)2
-1.53 -1.53 -1.52 -1.15 -1.54]3

(10)

To apply the closed loop presented in
Section 3, the compensated parameters are
obtained as ¢, =0.0072 mm , ¢, =-0.0247 mm, and
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¢, =—0.0247 mm . The corrected cutter profile is
generated using the compensated parameters, and
the result is shown in Figure 3. Figure 4 illustrates
the normal deviation between the theoretical and
corrected cutter profiles. The minimum value is
unchanged at the top and bottom of the cutter, and
the maximum value is at the middle of the cutter.
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Figure 3. Comparing the theoretical and corrected
end milling profile

The profile error of the RP manufactured by the
corrected cutter profile is calculated and illustrated in
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Figure 4. Comparison of the normal deviation between the theoretical and corrected end milling profile
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Figure 5. Machining error of rotor profile manufactured by cutter correction

Fig. 5. The mean absolute deviation of the RP reduces
from 0.088 mm to 0.0415 mm. The maximum value
reduces from 0.12 mm to 0.0912 mm. Besides, the
minimum value reduces from 0.0613 mm to -0.054
mm. Therefore, the result shows that machining
accuracy is enhanced by modifying the cutter profile
using the compensating method.
5. Conclusion

This
framework to enhance RP accuracy in vacuum

work proposes a cutter-correction
pumps by embedding error-compensated parameters
directly into an end-milling cutter geometry model.
Parameter—profile couplings are quantified through
a sensitivity matrix that links minor variations in
cutter design to resulting rotor deviations, enabling
systematic compensation.

these a corrected
cutter profile is obtained by solving an inverse

identification problem with the

Using sensitivities,

Levenberg—
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Marquardt algorithm, which provides robust, stable
convergence. The numerical example showed that
the maximum profile error decreased by about 24%,
and the mean absolute deviation of the RP decreased
by about 52.84%.
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PHUONG PHAP HIEU CHINH DUNG CU CAT PE NANG CAO PQ CHINH XAC GIA CONG
ROTOR TRUC ViT BANG DAO PHAY NGON

Tém tat:

PG chinh xdc ciia bién dang rotor la yéu t6 quyét dinh dén hiéu sudt ciia bom. Tuy nhién, bién dang
gia thuc té cia rotor khé cé thé dat dvuoc nhu bién dang li thuyét do cac sai s6 gia cong nhu nhiét do, sai
6t ciia nguwoi thwe hién, dao déng... Do d@6, phwong phdp hiéu chinh dung cdt dwoc trinh bay nham néing
cao dé chinh xdc gia céng ciia bién dang rotor théng qua viéc bii sai sé trong qud trinh thiét ké dung cu cdt.
M6 hinh todn hoc cho qud trinh thiét ké dao phay ngén c6 xét dén cdc yéu té bii sai s6 dwoc dwa ra. Cdc
Yéu 16 anh huong ciia cdc thong sé bi sai s6 dén sai sé bién dang rotor dwoc phan tich va tong hop thanh
ma trdn do nhay. Bién dang hiéu chinh cia dung cu cat dwoc tao ra dwa vdo thong $6 bl sai s6 duoc giai
dva vao ma tran do nhay va thudt toan Levenberg-Marquardt. Vi du s6 dwoc sir dung aé chung minh tinh
diing ddn ciia phwong phdp dé xudt trong viéc giam sai sé ciia bién dang rotor.

Tir khéa: rotor truc vit, dao phay ngén, bii sai sé, sai sé bién dang rotor:
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