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Abstract The relative position and orientation deviation be-
tween grinding wheel and workpiece caused by geometric
errors affect the machining accuracy of five-axis CNC gear
profile grinding machine tools directly. Therefore, geometric
error modeling and compensation are presented according to
homogeneous transformation and differential motion matrix
based on the multi-body system theory for the accuracy en-
hancement of the machine tools. Firstly, the open kinematic
chain and the ideal homogeneous transformation matrix from
workpiece to grinding wheel are established according to the
topological structure of the CFXZAY-type, five-axis gear pro-
file grinding machine tools and the basic homogeneous trans-
formation matrix between coordinate frames. Secondly, the
homogenous transformation matrices of linear pairs and rotary
pairs with geometric errors are calculated, and the relation-
ships of the error propagation from workpiece to grinding
wheel are acquired as well on the basis of 37 geometric error
components analysis. The geometric error models including
position and orientation errors of grinding wheel in workpiece
coordinate system are obtained with matrix multiplication by
using small-angle approximation and ignoring the second-
order and high-order error terms. Then, the Jacobian is obtain-
ed by using transforming differential motion matrix of each
motion axis to compensate the integrated error components of
the grinding wheel, which can make the compensation
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effective and convenient with using the corresponding homo-
geneous transformation matrix. Finally, error measurement,
error compensation, and machining experiments are carried
out on a five-axis CNC gear profile grinding machine tool
SKMC-1200W/10 to verify the applicability and effectiveness
of the proposed error modeling, error compensation, and re-
search approach.

Keywords Geometric errors - Profile grinding - Error
components - Error compensation - Topological errors

1 Introduction

With the rapid development of technology and science, con-
tinuously improved product, the demands of machining pre-
cision requirements are increasingly high. Precision machin-
ing and ultra-precision machining technology have become
the research hot spot of manufacturing technology and one
of the most important development directions. As the typical
high-precision machining equipment, five-axis CNC gear pro-
file grinding machine tools are widely used in gear machining
that needs high precision and high efficiency. Nevertheless,
the machining accuracy of the machine tools is influenced by
many factors, such as geometric errors, thermal errors, servo
tracking error, and vibration error. Research showed that geo-
metric errors and thermal errors take part in 60% of the ma-
chining errors [1]. Because of the stability, repeatability, and
measurability, modeling and compensation of geometric er-
rors are an effective way to improve the machining accuracy
of machine tools [2].

Recently, many scholars have conducted a number of stud-
ies in regards to the geometric error modeling of machine tools
and developed many theories and methods, such as screw
theory, product of exponential method (POE), multi-body
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system theory, differential transform theory, matrix summa-
tion approach, and orthogonal polynomials. Zhao et al. pre-
sented a linear geometric error model expressed as error twists
of every axis and proposed the position errors and orientation
errors of five-axis machine tools based on screw theory,
though the squareness errors were not included in the model
[3]. He et al. presented a generic error model for serial-robot
calibration in explicit form based on POE formula, which was
proved to be complete, minimal, and continuous by simula-
tion [4]. Fu et al. established an integrated POE model of
multi-axis machine tools, which combines the method based
on the definition of geometric errors to obtain the three twists
of each axis and the adjoint matrix through coordinate system
transformation, and verified the effectiveness and accuracy of
the model by experiments [5]. Chen et al. proposed a geomet-
ric error model with differential transform theory for multi-
axis CNC machine tools, and they applied a Jacobian matrix
to describe the relationship between the tool pose and the
compensation error vector for compensation on a five-axis
machine tool to test and verity the model [6]. Lin et al. imple-
mented the kinematic equation into six components with clear
physical meaning using the matrix summation approach for
geometric error model of five-axis machine tools to reduce the
calculations substantially and make model manageable and
understandable [7]. Fan et al. presented a model that included
thermal error and geometric error of five-axis machine tools
based on orthogonal polynomials and transformed the poly-
nomial regression into multiple linear regressions with the
application of the orthogonal polynomials to calculate it easily
[8]. However, the monohydric orthogonal polynomial table
and the variance table were needed in this method.
Moreover, the 30 basic error components of the machine tools
are confronted with large computational quality in the model-
ing process.

Among them, homogeneous transformation matrices of
multi-body system theory are popular used for the modeling
of machine tools [9]. Multi-body system theory is highly ef-
fective for the major approaches of geometric error modeling,
which is established with the multiplication of homogeneous
transformation matrices. The modeling process is convenient,
intuitive, and universal to the matrices which contain ideal and
actual error matrices of every axis. What is more, the model
could reflect the geometric error influences of every axis on
the integrated errors with homogeneous coordinate transfor-
mation according to the kinematic transmission chain of ma-
chine tools. Thus, the error models are realistically significant
to the design, manufacture, and machining accuracy of ma-
chine tools. Kong et al. developed an integrated kinematic
error model for ultra-precision raster milling by using the sur-
face generation mechanism based on HTM of multi-body sys-
tem theory, which made the machining error budgets of multi-
axis machining systems more convenient and applicable [10].
Okafor et al. established a geometric error model by using
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homogeneous coordinate transformation according to rigid
body kinematics and small-angle approximation of the errors
for three-axis machine tools with linear error, angular error,
and squareness error [11]. Jun et al. provided a parameterized
geometric error model using the homogeneous transformation
matrices based on the rigid body kinematics to analysis the
errors and the methodology of online measurement to improve
the machining accuracy acceptably [12]. Chen et al.
established a volumetric error model including 37 error com-
ponents based on homogeneous transformation matrix and
rigid body kinematics with high accuracy and effectiveness
for five-axis machine tools design [13]. Zhu et al. regarded
five-axis machine tools as rigid multi-body system and pre-
sented an effective and applicable integrated geometric error
model, which did not require special measurement instru-
ments, including 21 translational error parameters associated
with linear-motion axes and 6 angular error parameters for
each rotation axis [14]. The corresponding prototype software
system was also developed to validate the model. Fan et al.
developed a universal kinematic error modeling method and a
corresponding analysis method for NC machine tools based
on multi-body system and derived the essential condition for
precision machining through mathematical equations. [15].
Geometric errors of machine tools are the major contributor
of'total errors, and error compensation technique is one of the
most effective methods to improve the machining accuracy.
Lei and Hsu presented a spherical test algorithm to estimate
the measured link errors, analyzed the singularity problems,
and investigated a real-time error compensation method to
improve the overall position accuracy of five-axis CNC ma-
chine tools dramatically [16]. Huang et al. merged iterative
compensation algorithm into the post-processor through NC
code modification, which was calculated by utilizing the
Newton method, and generated an effective geometric error-
compensated NC program of a specific five-axis machine tool
[17]. Ahn et al. developed a volumetric error compensation
method to minimize the overall volumetric error in simulta-
neous cutting using weighted least squares for a multi-axis
machining center [18]. Khan et al. put forward an efficient
algorithm with the systematic error model using recursive
method to compensate the overall effect of all position-
independent and position-dependent geometric errors of
five-axis machine tools by modifying the NC codes [19].
Habibi et al. selected tool deflection estimation model and
geometrical error analyzing methods to develop complemen-
tary algorithms for the errors compensation and then generat-
ed compensated tool path NC program by tracing the initial
tool path to compensate geometrical errors and improve the
accuracy of machined features using the software [20]. Cui
et al. investigated the framework of error compensation soft-
ware system and the algorithms related to error prediction as
positioning, linear, and circular interpolation movement error
compensation to improve the movement accuracy of CNC
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machine tools [21]. Peng et al. proposed a geometric error
compensation of universal post-processing algorithm with it-
eration methods to reduce the difficulty of inverse kinematic
models and improve the calculation speed and the accuracy of
compensation [22]. However, besides singularity problems,
the differential calculation including is also huge and
complex.

Homogeneous transformation between different coordinate
frames, which is used to compute the error contribution of
every axis to the position and orientation accuracy of end
effector, is popular for geometric error modeling of multi-
axis milling machine tools. Moreover, it is also used to build
Jacobian matrix for error compensation of the machine tools
with the models. While in the field of multi-axis gear profile
grinding machine tools, the researches and studies on the cor-
responding theory and method for geometric error modeling
and compensation are way out of sufficiency. It not only pro-
motes the machining quality of workpiece but also improves
the processing technology progress significantly [23].

Therefore, a systematic error model is established to in-
tegrate the geometric errors with homogeneous transforma-
tion between different frames based on multi-body system
theory to improve the machining accuracy of CNC gear
profile grinding machine tools. First, the transforming matri-
ces of every axis in ideal status between coordinate frames
will be established according to the theory of homogeneous
transformation. Next, the geometric error components of
CNC gear profile grinding machine tools will be analyzed,
and the transformation matrix of linear pairs and rotary pairs
sequentially can be proposed based on the topological struc-
ture and forward kinematics of the tools. So, the integrated
geometric error model of the machine tools in workpiece
coordinate system, including position errors and orientation
errors of grinding wheel, will be established according to
forward kinematics. Then, Jacobian matrix of the machine
tools will be calculated to compensate the error components
in grinding wheel coordinate frame based on the integrated
geometric error model. Finally, experiments will be demon-
strated on a five-axis CNC gear profile grinding machine
tool to verify the accuracy of the error modeling and
compensation.

2 Geometric error modeling with homogeneous
transformation

2.1 Homogeneous transformation matrix
between coordinate frames

There are two spatial coordinate systems S,, and S,,,, as shown
in Fig. 1. The coordinates of an arbitrary point P in coordinate
systems S, and S,,, are (x,,, ¥,,, 2,,) and (x,.., Vo Zm), respectively.
When the coordinate system S, translates along its X, axis by

5. Ya

Fig. 1 Homogeneous transformation between coordinate frames

0, to coordinate system S, the relationship between (x,,, v,,, Z,,)
and (x,,;, Vm» Zn) Of point P can be represented as

Xn 1 0 0 4 Xm Xm
Yol |0 10 00 |yl _mympyy. | Vm
Zn o 0 0 1 0 Zm oo M (X) Zm (1)
1 0 0 0 1 1 1

where "M " (X) is the homogeneous transformation matrix of
S, translates along its X, axis by §, to S,,..

That is,
1 0 0 6,
w01 0 0
0 0 0 1

Similarly, the homogeneous transformation matrices '/ "
(Y) and "M " (Z) of S, translate along its ¥, axis and Z, axis by
d, and 0, to S,,,, respectively, can be represented as

1 0 0 O
ma g {0 1 0 o
00 0 1
[1 0 0 O
. 01 0 0
M2 =10 g s (4)
(00 0 1

When coordinate system S,, rotates around its X, axis by 6,
to coordinate system S,,,, the relationship between (x,,,, ¥, Zn)
and (x,,, V., z,) of the point P can be represented as

X 10 0 071 [x X

Yo| _ |0 cosf, —sinfy 0 Y | _mym | Vm

| |0 sinfy cosf, O | " M'(4) - (5)
1 0 0 0 1 1 1

where "M " (A) is the homogeneous transformation matrix of
S, rotates around its X, axis by 6, to S,,,.
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That is, cosd, —sinf, 0 O
o | sinf, cosf, 0O 0O
cos —sin
MAM(A) = x x 0 0 0 1
nM"(4) 0 sinf, cosf, O (6)
0 0 0 1

Similarly, the homogeneous transformation matrices ' M "
(B)and "M " (C) of S,, rotates around its Y, axis and Z, axis by
0, and 0, to S,,, respectively, can be represented as

cost, 0 sing, 0

i | 0100

"M(B) = —sinf, 0 cosf, 0O (7)
0 0 0 1

T = (X

cost),, - cost,
sind, - sinf,, - cosd; + cosb, - sinf,
sinfy - sin,—cos0, - sinf,, - cosd,
0 0

In a word, the coordinate system S,, translates along X, axis,
Y, axis, and Z, axis by d,, 6,, and ¢, respectively. Then, it
rotates around X, axis, Y, axis, and Z, axis by 0,, 0,, and 0,
to coordinate system S,,, respectively. So, the homogeneous
transformation matrix can be obtained as follows:

MY M (Z) - PMY(A) - M (B) - M (C)
—cosb), - sinf,

cosfy - cost,—sinb; - sind,, - sind,

cosfy - sinf,, - sind; + sinf, - cosd,

sinf,, Oy

—sinf, - cost), 0, 9)
cosfy - cost), 9,
0 1

When 6., 0,, 0, are small enough, the second-order and
high-order minuteness can be ignored by using small-an-
gle approximation. After that, Eq. (9) can be represented
as

1 -6, 6, 6

wo Lo, 1 o s,
M= 1 s (10)
0o 0 0 I

Generally, "M " represents the homogenous transformation
matrix of coordinate system S, relative to S,, and it is an
important matrix used for geometric error modeling of ma-
chine tools.

2.2 Forward kinematics of five-axis CNC gear profile
grinding machine tools

Forward kinematics is widely used to devote the kine-
matic relationship between tool and workpiece of ma-
chine tools. As a typical five-axis machine tool, CNC
gear profile grinding machine tool can be treated as an
open kinematic chain from workpiece to grinding wheel.
The topological structure of CFXZAY-type gear profile
grinding machine tool, which consists of three linear ax-
es and two rotary axes, is shown as Fig. 2. The order of
its open kinematic chain is workpiece — C axis —
framework — X axis — Z axis — A axis — Y axis —
grinding wheel.
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According to Fig. 2 and Eq. (8), the homogenous transfor-
mation matrix SM” of C axis relative to framework in ideal
status can be represented as

cosy —siny 0 O
siny cosy 0 O
0 0 1 0
0 0 0 1

CmF _
FM_

where symbol v represents the ideal rotation angle of C axis
relative to its zero position.

Thus, the transformation matrix FCM ¥ of framework rela-
tive to C axis can be represented as

£nC = (Su7)”!

Similarly, the homogenous transformation matrices of X
axis relative to framework, Z axis relative to X axis, A axis
relative to Z axis, and Y axis relative to A axis in ideal status
can be obtained as follows:

1 0 0 x 1 0 00
x /|0 1 00 Zix |01 0 0 4, 7
M= 0 0 1 0f M= 0 0 1 z » M
|0 0 0 1 0 0 0 1
10 0 0 1 0 0 0
|0 cosa —sinaw 0 Y 01 0y
T 10 sina cosa O[’AT T [0 0O 1 0
0 0 0 1 0 0 0 1
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Fig. 2 The geometrical structure
(a) and the topological structure
(b) of the CFXZAY-type, five-
axis gear profile grinding
machine tools

where symbols x, y, and z represent the ideal movement dis-
tance of X axis, Y axis, and Z axis relative to their zero posi-
tions, respectively, and symbol « represents the ideal rotation
angle of A axis relative to its zero position.

Therefore, based on the kinematic chain order of the ma-
chine tool, the ideal homogenous transformation matrix of
grinding wheel relative to workpiece can be obtained as

gagw _ Cagw FasC XasF ZysX ApagsZ YagsA gagY
MY = MY EMC S ME M A MR M

cosy  cosa-siny —sinq - siny - cosa - siny + x - cosy
—siny  cosa - COSy —Sina - COSY ) - COSQ - COSY—X - siny
1 0 sina cosa z+y-sina
0 0 0 1

(11)

where SM™ represents the forward kinematics of the machine
tool, which can obtain the ideal grinding wheel position and
M and
EMY are identity matrices because of the workpiece and the
grinding wheel are attached with C axis and Y axis,

respectively.

orientation in coordinate system of workpiece, and

2.3 Geometric error modeling for the machine tools

According to the structure and components of the machine
tools, there are 33 geometric error components for three linear
axes and two rotary axes, which are defined based on ref. [17]
and shown as Table 1. Moreover, Fig. 3ac—shows the six basic
error components of X axis and C axis, three squareness errors
of linear axis, respectively. Ay and e (j=x,», 2, k=X, 3,2, a,
¢) are the linear errors and angular errors of axis & along the j
direction, respectively.

Based on the homogenous transformation matrix, geomet-
ric error modeling of every axis could be transformed to grind-
ing wheel coordinate system. In this way, the error effect of
every axis to geometric errors of the machine tool can be
obtained, and then, the integrated error of it in grinding wheel
coordinate system can be calculated by accumulating the er-
rors together. After that, to obtain the grinding wheel position

and orientation errors, forward kinematics is integral to trans-
form the integrated errors to workpiece coordinate system.

2.3.1 Homogenous transformation matrix of linear pairs

When geometric errors of X axis exist, the homogenous trans-
formation matrix M *, of X axis relative to framework with
errors can be represented as
X X
XpsF R P
FMe:|:F 3x3 F3><I:| (12)
O1x3  Tix

where 4.R3.3 and %P5, are the rotary and translation trans-
formation matrices of X axis relative to framework, respective-
ly. They are represented as

I —en &pn
);R3><3 = | &x 1 “Exx (13)
“Eyx Exx 1

);'PSXI :x+6x'sx (14)
where symbol x presents the given motion of guide rail of the
machine tool along X axis, x = [x, 0, O]T; symbol 9, is the
linear error of X axis along the X, ¥, and Z directions respec-
tively, 0, = [0xr, Oy 5.7 and symbol s, is the squareness error
of linear axis to the reference axis planes Y-X and Z-X; s, = [0,

T
Sy)a SZ)(] *

Table 1  Geometric error components of the machine tools

Motion axis Linear error Angular error Squareness error

X 6xxs (syxs 5zx Exxr Eywsr Exx

Y Ox Oyys Oy Ex» Exps Exp Sxp» Szy
VA 6xza 6}z= 61: Exz> Eyzs €2z Sxz

A Oxas (Sy(n 61(! Exas Eyas Ezar

c 6:(1;7 5yc’ 6Zc Exer Eyes Eze
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Fig. 3 a The six basic error
components of X axis. b The six
basic error components of C axis. 7
¢ The three squareness errors of !
linear axis

Actual trajectory [\

of Z axis

Actual trajectory of X axis

Equations (13) and (14) into Eq. (12) can be obtained as

1 “Ex  Ep X+ Oxx

XasF _ Ex 1 “Exx dwr

M. = G 1 . (15)
0 0 0 1

Due to the existence of squareness error s.,, there is a dis-
placement error xs., in the minus X direction when the move-
ment distance of Z axis from its zero position is z, including
six basic error components of Z axis. Therefore, similar to
Eq. (15), the transformation matrix )Z(MC,X of Z axis relative
to X axis with geometric errors is represented as

1 €z Eyp XSt O

ZagX €z 1 “Exz 5yz

WM = €z Exz 1 2+ 0z (16)
0 0 0 1

When the movement distance of Y axis from its zero posi-
tion is y, the displacement errors in the minus X and Z direc-
tions are y-s,, and y-s.,, respectively. So, the transformation
matrix ¥ M. of Yaxis relative to A axis with geometric errors is
represented as

I -y &y —V-Syt+iy
Y A €z 1 “Exy V4 by
Mi=| "7 v ~ 17
A ey &y 1 sy tiy (17)
0 0 0 1

2.3.2 Homogenous transformation matrix of rotary pairs

The transformation matrices with geometric errors of C axis
relative to framework with geometric errors can be represent-
ed as

CraqF_C C
FMe = R]XFRZ

(18)
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Actual trajectory
of Y axis

where GR, and &R, are the rotary and prismatic transfor-
mation matrices of C axis relative to framework, respectively.
SR =CM".

According to Eq. (10) and the components of the machine
tool, the matrix %R, can be represented as

1 € Eye e
Cp _ Ezc 1 “Exe 5yc
ZR2 - _Syc Exc 1 520 ( 1 9)

0 0 0 1

Then, the error homogenous transformation matrix of C
axis relative to framework with geometric errors is obtained as

COSY—E8INY  —€,,CO8Y—SINY  £,,CO8Y + ExeSINY  ycCOSY—0)cSiNY
SINY + £,,C08Y  —€,SINY + COSY  £),SINY—ECOSY  OyeSiNy + 6y ccO87Y
—€pe Exe 1 Oz

0 0 0 1

CagF _
FMef

(20)

Thus, the transformation matrix gM Ce of framework rela-
tive to C axis with geometric errors can be presented as

gMCe = (FCMF8)71

Similarly, the transformation matrix }‘M ZL of A axis relative
to Z axis with geometric errors is calculated as

0 0 0 I —€a &a b
appz — |0 cosa —sine 0| | exq I —€w O
27 ¢ 10 sina cosa 0 €a  Exa 1 20
0 0 0 1 0 0
1 €20 Era Oxa

£:aC08Q0 + €SN COSA—E,SINY  —g,,CO8—Sin 0y0,COSQ—0,Sincr
E:0SINO—E,,COSQ  SINQY + £,,COSQ —EoSINQ + COS Gy SiNax + FqCO8x

0 0 0 1

(21)
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2.3.3 Grinding wheel position and orientation error

As an end effector of open kinematic chain for the machine
tool, grinding wheel influences the machining accuracy of
workpiece directly. The integrated errors—position and orien-
tation errors of grinding wheel relative to workpiece—can be
obtained by geometric error modeling. In the ideal situation,
there are no geometric errors between the grinding wheel co-
ordinate system S, and the workpiece coordinate system S,,.
According to the order of kinematic chain, the homogenous
transformation matrix of grinding wheel relative to workpiece
can be obtained as Eq. (11). However, because of the existence
of geometric errors, the homogenous transformation matrix
£"WM, of grinding wheel relative to workpiece with geometric
errors can be represented as

w Fasw F
MY, = M". - EM",
Crgw Fjy C
= (sM" - EMC,)

(M MY M MR, - ML) (22)

In other words, $M", can be treated as an error motion

> w

matrix superimposed on the ideal motion in practice. That is,
1§MW€ = v%EW : v%MW (23)

where SE" is the integrated error matrix of grinding wheel
relative to workpiece. According to the theory of small error
assumption and Eq. (10), 2E" can be represented as

L=, n p

1, 1 T Dy (2 4)
_ny nx 1 p z

0 0 0 1

grw —
wE -

where py, p,, and p_ are the position errors and 7, 7,, and 7, are
the orientation errors of grinding wheel in workpiece coordi-
nate system.

As a result, by using small-angle approximation and ignor-
ing the second-order and high-order error terms, the geometric
errors of the machine tool can be obtained as follows:

Py = (Oux + Guy + Guz 4 Oxa + Oxc) - €087 (6 + by + Gy) - siny + [ (e + 0a) - sina—(8yy + 6,0 ) - cosa] - siny + x

e+ e+ (B + ) - COSQ 4 (6 + &) - sina] - siny + y - [(e575y) - cosy—(ey + 5y2) - sin - siny|—z

< [Eyz - cosy= (e + €20) - Sinr - cOSY + (£ + Eyq) - COSQ - €OSY + (Exy + Exz + Exa) - SINY

Py = (&a + 0y + Oz + Oy + 6XC) - siny + (‘Syx + 6y + 6),(,) - cosy + [6),(, - cosa— (Ezy + (52(1) . sina} - COSY—X

. [6.7;: + e+ (6),}, + Em) - sina + (82,, + 6m) . cosa} -cosy+y- [(Ezyfsxy) - siny + (exy + syz) - sina - cosq/]

+z- {(5”. + e+ 6m) - COSY—Ey, - Siny + [(87}, + sw) . sina*(ew + s'm) . cosa] . sinw—}—(ea +e,+ EZA,) - sinev - cosa - sinw}

P, =05+ 0+ 0 + ((5yy + 5y(},) - sina + (szy + (5”) - COsQ—X - [su—syx—z-:yz— (5yy + sya) - cosa + (szy + €m) : sina} -y

* (eva + 52 - cOSQY)

Ne = [~(Ex + &ye + &)= (6 + €1a) - COSQ + (4 + E20) - SIN] - SiNY + (£ + Exy + Exz + Eva + Exc) - COSY

n, = [(ny + &y + eyc) + (eya + SW) - cosa— (sm + szy) -sina | - cosy + (z—:m. + &g+ e+ Exa + €xc) - siny

N, = (e + €+ &) + (e + &) - sina + (g + €20) - cOSO=[(Eyx + &z + Eyc) * SINY—(Exx + Exp + Exz + Exa + Exc) - COSY] - sina - sin(a—y)

3 Error compensation for geometric errors

On the basis of the geometric error model, error compensation
is the compulsory method to improve the machining accuracy
of five-axis CNC gear profile grinding machine tools. As

hardware compensation method has many defects, software
compensation method, which has gradually replaced the tra-
ditional hardware compensation, costs lower, and it is easier to
realize. Compared to the traditional software compensation
methods, Jacobian has the advantages of easy to use, fast
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calculation speed, high precision, good application, etc.
Jacobian of the machine tools can be obtained by using
transforming differential motion matrix of every motion axis
relative to grinding wheel based on the analysis of error
modeling process. After that, the integrated error components
of grinding wheel can be compensated by the Jacobian instead
of geometric errors relative to workpiece with much superior-
ity and practical value.

Differential transformation between different coordinate
systems, which can be represented as a 6 X 6 motion matrix,
is an important basis of robotics [2]. Based on homogenous
transformation matrix between different coordinate systems,
the transforming differential motion matrix of coordinate sys-
tem m relative to coordinate system 7z can be represented as [24]

Differential motion matrix can be used for calculating the
influence of differential errors of grinding wheel, including
differential translational errors and rotational errors, in work-
piece coordinate system.

In accordance with the open kinematic chain order of the
machine tools and Eq. (11), the homogenous transformation
matrices of grinding wheel relative to the other motion parts
also can be represented as

gMC _ FMC_;(MF.XZMX_?MZ.AYMA_YgMY
EMT = EME MY M Tt
EMY = EMY g ME M M
ZgMZ _ AMZ.AYMA.}gMY
M = IMAEMY

}g MY — }g MY
ne n, n;, (pxn), (pxn), (pxn),
oc o, 0. (pxo), (pxo), (pxo), Based on Eqgs. (25) and (26), differential motion matrix of
DM = | % @ (pxa), (pxa), (pxa), (25)  everyaxis relative to the grinding wheel can be calculated read-
n 0 0 0 7y ny, 7z ily and conveniently. Therefore, the differential motion matrix
0o 0 O Oy oy o, . . N .
0 0 0 a a a. of C axis relative to grinding wheel can be obtained as follows:
cosy —siny 0 (—ysina + zcosay)siny  (—ysina 4 zcosa)cosy  —ycosa—zsinaw
COSQXCOSY COSQCOSY —Sina xsinasiny—zcosy xsinacosy + zsiny Xcosa
D[ gMC] _ sinasiny  sinacosy cosa  —xcosasiny + ycosy —xcosacgsv—ysinw xsino
¢ 0 0 0 cosy —sinvy 0
0 0 0 cosasiny COSQCOSY —sinco
0 0 0 cosasiny sinacosy cosq

Similarly, the differential motion matrices of other axes
relative to grinding wheel can be calculated as follows:

1 0 0 0 —ysina + zcosaw  —ycosa—zsina
0 cosa —sina -z 0 0
D[}Z'MX] _ 8 siga coga )l/ 8 g
0 0 0 0 cosa —sina
0 0 0 0 sinq cosa
10 0 0 -ysina —ycosa
0 cosa —sinae 0 0 0
7 0 sin cosa y 0 0
D[sM’] = 0 0 0 1 0 0
0 0 0 0 cosa —sinco
100 0 0 sina cosa
(1 0 0 0 0 —y
01 0 0 0 O
A 001 y 0 O
DEMT=10 001 0 o
00 0 0 1 O
10 0 0 0 0 1
D[$M"] = Isys (27)

@ Springer

It is generally known that only the motion axes of machine
tools can be controlled for error compensation. After that, the
influence of motion error of Y axis to grinding wheel can be
calculated as

$EY =D[gM"] -[0, oy, 0, 0, 0, 0]"
:[07 6Ya 07 07 Oa O]T

where Jy represents the motion error of Y axis and £E” is the
corresponding influence of the error on grinding wheel.

Similarly, the influences of the other motion axes to grind-
ing wheel can be calculated as follows:

SEA =D[fM*]-[0, 0, 0, e, 0, 0]
= [07 0) 07 Yea, E€a, O]T

$E” = D[$M”]-[0, 0, 0z, 0, 0, 0]
=[0, —dzsina, dzcosa, 0, O, O]T

/g\’EX = DL{?MX] : [6)(’ Oa Oa 07 07 O]T

=[dx, 0, 0, 0, 0, 0]
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¢EC =D[gMC] -[0, 0, 0, 0, 0, ec]"

. . . T
= [~ec(ycosa + zsinar), xeccosa, xecsina, 0, —ecsina, eccosa|

Therefore, the integrated error component matrix £ of
grinding wheel in its coordinate system caused by the motion
errors of axes can be represented as the sum errors of the axes;
that s,

E=SE" +§E* + SE” + SEX + LEC

1 0 0 0 —ycosa—zsina 5
0 1 —-sine O XCos( 6X
0 0 cosaa O xsina Y
o0 0 0 ‘gz (28)
00 0 1 —sino A
00 0 0 cosa | L°€

=Ju-[0x, Oy, 0z, ea, ec]’

where J), represents the Jacobian matrix of the machine tools,
which is obtained by using the differential motion matrices of

the axes relative to grinding wheel to compensate the integrat-
ed error components of grinding wheel conveniently.

Though J), is a non-square matrix, the inverse of it can be
calculated directly by using the pseudo-inverse method. In this
way, Eq. (28) can be rewritten as

[0x, Oy, Oz, €a, EC]T = (-]MT : JM)fl Iy’ E (29)
Moreover, based on Eq. (27) and the influences of the
motion axes to grinding wheel, £ is represented as

E=[0x, Oy 0z, Exg &g Ezg]T (30)

where symbols d.q, 9,0, 0.4, Exg» €ye» and e, represent the
integrated error components of grinding wheel along the X,
Y, and Z directions, respectively.

So, the compensation values for integrated error compo-

nents of grinding wheel with Eq. (29) can be obtained as

Sy = 0ug+ [V (Exg V- Evg) - SiN + 56 - (¥ + 1) - cosa] - (- cosa + 2 - sinoz)/(y2 + cos’a)

dy = )¢ + 0z¢ - tana—x - [y~ (sxg +y- syg) -tana—e - (y2 + 1)] : /(y2 + cosza)

07 =0z cscax- [y (e + 1 Epg) - tana—ezg - (¥ +1)] - sina/ (4* + cos’a)

ea =[x + (g + €2 - tana) - cos’ /(y2 + cos’ar)
ec= [y (g ) -sina + g4 - (4 + 1) - cosal /(y2 + cos’a)

It can be seen that compensation values can be obtain-
ed conveniently and effectively with the Jacobian matrix
based on differential motion matrix. Then, the geometric
error model with homogeneous transformation matrix and
the error compensation with differential motion matrix for
five-axis CNC gear profile grinding machine tools are
shown as Fig. 4.

4 Experiments and results

To verify the accuracy and effectiveness of the geometric
error model based on homogenous transformation matrix
and the error compensation based on differential motion
matrix, grinding and compensation experiments are car-
ried out on a five-axis CNC gear profile grinding machine
tool SKMC-1200W/10, whose strokes are
X900Y400Z800 (unit mm) and A[—45, 45] C[0, 360] (unit
deg) for linear axis and rotation axis, respectively. And
the repetitive positioning precisions of the motion axes
are 3 um and 1 mdeg, respectively.

The position errors and straightness errors of nine-line
of the three linear motion axes are measured based on the

nine-line method [25] by using Renishaw XL-80 laser
interferometer system to calculate the 21 geometric error
components. Furthermore, the geometric error compo-
nents of the two rotary motion axes, A axis and C axis,
are identified based on the six-circle method [2] by using
Renishaw QC10 ball bar. Then, the identified six basic
geometric error components of the five motion axes are
shown as Figs. 5, 6, 7, 8, and 9, respectively.

The geometric error component measurement of the
machine tool is for the error modeling and error compen-
sation. Generally speaking, five-axis CNC milling ma-
chine tools are widely used for machining arbitrary free-
form surface. The machining methods of milling profile
surface conclude spot-contact fabrication for cured face
and surface-contact fabrication for flat surface. However,
the five-axis CNC gear profile grinding machine tools are
mainly used for the machining of cylindrical helical gear
or spur gear based on line-contact machining method. The
precision of workpiece is directly dependent on the ma-
chining accuracy of the machine tools. So, a cylindrical
involute right-hand helical gear workpiece is selected for
grinding test to verify the accuracy and effectiveness of
the proposed geometric error model and compensation.

@ Springer
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Fig. 4 The flowchart of
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The basic dimension parameters of the gear workpiece are
shown as Table 2.

In five-axis milling machining, the arbitrary free-form sur-
face of workpiece with high accuracy is machined by five-axis
linkage CNC milling machine center, whose geometric struc-
ture and processing method are quite different from five-axis
CNC gear profile grinding machine tools. When the surface of
gear workpiece is ground, A axis of the machine tools is
moved to the corresponding angle, which is equal to the helix
angle of the workpiece, and then held in the position. The
grinding can be realized through the X axis, Y axis, Z axis,
and C axis linkage. Because the geometric error of the grind-
ing wheel path can be obtained by using the error model, the
corresponding correction values for the position and orienta-
tion errors of the grinding wheel are calculated by using the

—_ )
= o =)

—
o

Geometric errors (um/mdeg)

-20 900

750

0 150 300 450 600

Fig. 5 Geometric error components of X axis

@ Springer

constructed Jacobian to compensate the integrated error com-
ponents of the grinding wheel.

The measurement and assessment of the grinded tooth
surface errors are also quite different from free-form sur-
face. The machining errors of tooth surface are obtained
by comparing the spatial normal distance between theo-
retical and actual tooth surface in accordance with inter-
national standard /SO 1328—1:2013 [26]. Moreover, a vir-
tual mesh, which forms corresponding grind points, is
built on the theoretical tooth surface to facilitate the con-
trast and analysis. On the same side of the tooth surface,
the vertical and horizontal curves formed by grind points
are named as tooth alignment and profile curves, respec-
tively. Furthermore, the virtual mesh and the errors be-
tween theoretical and actual tooth surface are named as
topological mesh and errors, respectively.

5. 0y ey
0y gy
10 &y

Geometric errors (um/mdeg)

300

200
Position (mm)

Fig. 6 Geometric error components of Y axis
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Fig. 7 Geometric error components of Z axis

According to the current evaluation standard, the ma-
chining accuracy of tooth surface can be evaluated by the
topological errors conveniently and efficiently. Therefore,
each tooth surface of the workpiece is represented using
seven tooth alignment curves and nine tooth profile
curves, and the machining topological errors of them are
measured on the three coordinate measuring machine
(CMM), WENZEL LH1512. The 1st and the 18th tooth
are typically selected to represent the gear workpiece. The
machining and the error measurement scene are shown as
Fig. 10. The machining topological errors are shown as
Figs. 11 and 12, respectively. The maximum values of left
and right surface topological errors of the 1st and the 18th
tooth are —40.6 and —41.4 um, 56.9 and 57.4 um without
compensation, respectively. After error compensation, the
errors of them are significantly reduced to —7.2 and
=7.3 um, —8.4 and —8.2 um, respectively. The tooth sur-
face accuracy is improved more than 80% on average. In
order to show the effects of the error compensation more
clearly, the middle curve among the seven tooth alignment
curves of each surface of the Ist and the 18th tooth is
selected, and the corresponding topological errors of them
are shown in Fig. 13. The topological error values of

Geometric errors (um/mdeg)

45 30 -5 0 15 30 45
Position (deg)

Fig. 8 Geometric error components of A axis

20

—_
=]
T

Linear errors (um)
=)

0 90 180 270 360
Position (deg)

Angular errors (mdeg)

0 90 180 270 360
Position (deg)

Fig. 9 Geometric error components of C axis

point 1 on left and right tooth surface are reduced from
—36.3 and —36.5 um, —55.1 and —=55.3 um to —7.0 and
—7.2 pm, —8.0 and —8.2 um, respectively. Meanwhile, the
values of point 9 on left and right tooth surface are also
reduced from —40.5 and —41.0 um, —56.6 and —57.2 um
to —7.1 and —7.0 um, —8.2 and —7.9 pm, respectively.
Moreover, in the direction of tooth alignment, the topo-
logical error values of left and right surface without com-
pensation decrease rapidly from end face to middle face
and then increase rapidly from middle face to the other
end face. The values after error compensation become
much smaller, which represent the improvement of tooth
surface precision. Furthermore, the results also show that

Table 2 Basic
dimension parameters of
the gear workpiece

Parameter Size

Normal modulus 14 mm
Tooth number 35
Pressure angle 20°
Helix angle 30°
Modification coefficient 0.274

@ Springer
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Fig. 10 The machining and the
measurement of workpiece

the variation of tooth profile is much less than that of
tooth alignment. The deviations of tooth profile slope
and tooth thickness are improved a lot. So, it can be seen
that the proposed geometric error model and compensa-
tion can greatly enhance the machining accuracy of the
gear profile grinding machine tool. All in all, the geomet-
ric error modeling and compensation-based homogeneous
transformation and different motion matrix, the adopted
research method, and technical route have the positive
consequence of improving the accuracy of five-axis
CNC gear profile grinding machine tools.

5 Conclusions

Geometric error is one of the most important factors
which affect the machining accuracy of gear profile grind-
ing machine tools, as well as for the precision of work-
piece. In view of this situation, homogeneous transforma-
tion and differential change between coordinate frames
based on the multi-body system theory are employed for
geometric error modeling and compensation of five-axis

CNC gear profile grinding machine tools. Firstly, the ba-
sic homogeneous transformation matrix between coordi-
nate frames is derived for the following modeling process.
Secondly, the open kinematic chain from workpiece to
grinding wheel is built according to the topological struc-
ture of the CFXZAY-type, five-axis gear profile grinding
machine tools. And the ideal homogeneous transformation
matrix from workpiece to grinding wheel is established to
lay the foundation of geometric error modeling. Based on
the analysis of 33 geometric error components of the ma-
chine tools, the homogenous transformation matrices of
linear pairs and rotary pairs with geometric errors are
calculated, and the relationships of the error propagation
from workpiece to grinding wheel are also acquired at the
same time. The position and orientation errors of grinding
wheel in workpiece coordinate system are obtained with
matrix multiplication by using small-angle approximation
and ignoring the second-order and high-order error terms
on the basis of the above analysis. Then, the Jacobian of
the machine tools is obtained by using transforming dif-
ferential motion matrix of every motion axis relative to
grinding wheel based on the analysis of modeling process

Fig. 11 The machining -33% 40.2 - 73
topological errors of tooth surface o 1 :
of the first tooth without 39.9-414 F FF , ﬂ 71
compensation (a) and with NN F <A Z ﬁ Pg
compensation (b) (unit pm). Note NN q Py d
that in this figure, the theoretical NN N d |1
and the actual topological mesh of § § 3 h N g d §
tooth surface are represented as “g NN E € N N d 4 =
S @ 2 2 N o 2
black and blue solid lines, @ N pd
X k= < = N " | |- <
respectively § NJe g ‘g’ \\: N dilyr g g
G Addendum %0 = "N | Addendum //Y %D
- 2 = N N N d P 1 =
=4
N -
N “
N -
N N 1 A
N x //
N A
N -
N ™ d =
\\\ f’/J
-40.3<< -39.1 7.0 LLtL[\ ”’JJJ -6.9
=72 7.0 J
(a) 406 387 (b)
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Fig. 12 The machining -54.8 56.5 78 3.1
topological errors of tooth surface ' r 2 ;r ’
of the 18th tooth without 532-57, Fﬁﬁ 8.0 82 ﬁﬁ
compensation (a) and with NN F - - A
compensation (b) (unit um). Note N g A q
that in this figure, the theoretical N N 4 Py
and the actual topological mesh of § § 3 NN L1 §
tooth surface are represented as “‘g L‘g £ NG "N <l |1 E
black and blue solid lines, z 2 E NN rd e
. S L |-< = N LS
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— \‘ }/ 2 - \\\ /// =
\\\ ///
N Py
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N 9
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to compensate the integrated error components of the Acknowledgements This work is supported by the Key Program of

grinding wheel. Finally, error measurement, error com-
pensation, and machining experiments are carried out on
a five-axis CNC gear profile grinding machine tool
SKMC-1200W/10. The results not only show that the
tooth surface precision of the gear workpiece is improved
significantly but also indicate that the proposed error
modeling, error compensation, and research approach are
applicable and efficient for five-axis CNC gear profile
grinding machine tools.

Besides geometric errors, the other error components,
such as grinding force errors, thermal errors, grinding
wheel wear errors, vibration errors, and controller system
errors, also affect the machining accuracy of machine
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nism, modeling, and compensation of the errors need to
be researched and discussed in depth to further improve
the accuracy.
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