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Abstract: Abbe error is an important factor affecting high-precision machine tools, and the traditional 

modeling method does not consider Abbe error. Aiming at this problem, based on the traditional error 

model of machine tools and the formation mechanism of Abbe error, this paper establishes a machine 

tool spatial error model that considers Abbe error. Then combined with a specific machine tool, based 

on the measurement of 21 geometric errors of the machine tool to obtain relevant error data, through the 

combination of qualitative and quantitative accuracy evaluation methods, two models of traditional error 

model and error model considering Abbe error are analyzed. The accuracy of the machine tool is 

compared, and the comparison of the compensation effects of the two error models after compensation 

is also analyzed. The example verification shows that the machine tool spatial error model considering 

Abbe error is effective and feasible, and the compensation effect is better. It provides an important 

modeling method for improving the machining accuracy of precision machine tools. 
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0 introduction 

With the continuous developments in science and technology, higher requirements are placed on 

the machining accuracy of mechanical products[1,2]. As widely used equipment in the manufacturing 

industry, CNC machine tools are facing new challenges and opportunities in the current age. 

The measurement of machine tool error is a key step in the improvement of machine tool accuracy 

and determines the effect of error compensation. There are many classic methods for measuring machine 

tool errors. Such as a laser tracker [3-5], laser displacement sensor [6], touch-trigger probe [7,8], non-contact 

optical components [9], R-test device [10], ball plate [11,12]. Among the many volume  error modeling 

methods, due to the advantages of simple understanding and wide application range, the homogeneous 



coordinate transformation matrix method based on multi-body system theory[13-15], referred to as HTM 

method, is widely used in three-axis machine tools, five-axis machine tools and In the derivation of the 

volume error compensation model for multi-axis machining or measuring equipment such as coordinate 

measuring machines[16]. Kim et al. established volume error compensation models for three coordinate 

measuring machines and three-axis machine tools based on the theory of rigid body kinematics[17]. In 

2017, Chen and others have attempted to establish a total of 12 polynomial error models for the three-

axis linkage of the machine tools based on the error measurement data of the entire working volume of 

the machine tools, and initially discussed the error prediction methods of the machine tools at different 

volume positions [18]. In 2019, Zuo and others have proposed a method to change the trajectory of the 

cue working space, and based on this method, carried out volume error modeling, which can accurately 

solve the rotation error elements of the tool coordinate system and the workbench coordinate system[19]. 

In 2019, Zhang Yueming has established the error-free motion equations between adjacent bodies 

employing the multi-body theory. Using the adjacent body kinematics theory, he has established the 

topological structure relationship of each moving part and the low-order body array, and completed the 

error modeling of the machine tools grinding system, and realized the prediction of the machining 

accuracy of the machine tools [20]. The current measurement and modeling methods for machine tool 

errors have greatly promoted the improvement of machine tool error compensation technology, but the 

above-mentioned documents do not consider the positional relationship between the measurement point 

and the actual processing point. When the center line of the motion axis is inconsistent with the moving 

direction of the working point of the measuring system, Abbe deviation will occur [21-24], and the main 

cause of the error source is the deflection error will be amplified by the Abbe deviation. That is, the Abbe 

error caused by the Abbe deviation will seriously restrict the improvement of the compensation effect of 

the CNC machine tool. 

Based on the analysis of Abbe principle, this paper proposes a machine tool spatial error model that 

considers Abbe error. By comparing the error data obtained by traditional measurement methods with 

the error data considering Abbe error, the influence of Abbe error on linear error is analyzed and 

developed Error compensation module. Finally, an example is verified on the machine tool, and the 

compensation effect of the traditional error model and the spatial error model of the machine tool 

considering the Abbe error is analyzed and compared through the quantitative evaluation of the diagonal 

line and the qualitative evaluation of the matlab simulation. 

1 Modeling method 

As a traditional modeling method, the homogeneous coordinate transformation method has been 

widely used in the spatial error modeling of machine tools[25-27]. The use of homogeneous coordinate 



transformation to derive a comprehensive mathematical model of machine tool error first needs to 

establish a Cartesian coordinate system on the tool, worktable, spindle, and workpiece. Then, according 

to the principle of homogeneous coordinate transformation, the description of the dynamic characteristics 

of each movement pair error and the chain conversion between each movement pair are carried out, and 

the coordinate conversion matrix between each coordinate system is established. Finally, according to 

the situation that the tool tip and the cutting point are located at the same point in space, the relationship 

between the tool coordinate system and the workpiece coordinate system is established, and the equation 

is solved to obtain a comprehensive mathematical model containing various errors. 

In the formula, Δx, Δy and Δz represent the position error of the actual cutting point of the tool 

relative to the ideal cutting point. Furthermore, δxm(x), δym(x), and δzm(x) are the moving errors in 

the X direction. εxm(x), εym(x), and εzm(x) are the angle errors generated when the work bench is 

moved along the X-axis in the X, Y and Z-directions, respectively. αxy , αxz and αyz  represent the 

verticality error of the X- to Y-axis, X- to Z-axis and Y- to Z-axis. 

2 Optimizing the comprehensive error model based on Abbe principle 

To establish the machine tool error model it accurately is the key to Perform error compensation. 

What the laser interferometer measures the error of the machine tool is the movement error of the laser 

head on the worktable, not the tool tip point error. At the same time, due to the Abbe error, there is a 

certain difference between the measuring point and the tool tip point error. So, it is more reasonable to 

consider the comprehensive error modeling of the Traditional error model of Abbe error. 

2.1 Measurement error conversion 

Traditional error model modeling is derived from the kinematics of the mechanism. When using the 

Traditional error model error compensation model to perform comprehensive error compensation on the 

machine tool, it is necessary to ensure that the cutting point of the machine tool coincides with the 

coordinate origin of the workpiece coordinate system and the tool coordinate system. But when using 

the laser interferometer to measure the geometric error of the machine tool, the position of the tool cutting 

point is not coincide with the error measuring point in the space. The offset between the two points is 

shown in Figure 1. 

 𝛥𝑥 = −𝛿𝑥𝑚(𝑥) − 𝛿𝑥𝑚(𝑦) + 𝛿𝑥𝑚(𝑧) − 𝑦𝜀𝑧𝑚(𝑥) − 𝑧𝜀𝑦𝑚(𝑥) − 𝑧𝜀𝑦𝑚(𝑦) + 𝑦𝛼𝑥𝑦 − 𝑧𝛼𝑥𝑧 𝛥𝑦 = −𝛿𝑦𝑚(𝑥) − 𝛿𝑦𝑚(𝑦) + 𝛿𝑦𝑚(𝑧) + 𝑧𝜀𝑥𝑚(𝑥) + 𝑧𝜀𝑥𝑚(𝑦) − 𝑧𝛼𝑦𝑧 𝛥𝑧 = −𝛿𝑧𝑚(𝑥) − 𝛿𝑧𝑚(𝑦) + 𝛿𝑧𝑚(𝑧) + 𝑦𝜀𝑥𝑚(𝑥) 
 

（1） 



 

Figure 1 Error measurement point and tool cutting point deviation 

On a machine tool with a grating ruler as the position control unit, the position of the motion axis is 

obtained by real-time feedback of the grating ruler. During processing, the cutting point of the tool and 

the grating ruler are not on the same axis. There is an Abbe offset in space and an angular error in the 

machining process. So Abbe error will be introduced at the cutting point of the tool. The true position 

error of the cutting point of the tool is composed of the positioning error and angle error at the grating 

ruler and the Abbe error caused by the Abbe deviation. 

Assuming that the offset between the cutting point of the tool and the X-axis grating ruler in the Z 

direction is 𝐿𝑧(𝑥), the pitch angle error of the X-axis during movement is 𝜀𝑦𝑚(𝑥), so the Abbe error in 

the X direction caused by the X-axis pitch angle error at the cutting point of the tool is: 𝜀𝑦𝑚(𝑥) × 𝐿𝑧(𝑥) 
which is shown in the Figure 2. 

 

Figure 2 Abbe deviation introduces Abbe error 

In actual processing, the cutting point of the tool and the reading head of the grating scale are offset 

in three directions in space. As shown in Figure 3, the yaw angle error of the motion axis will also 

introduce Abbe error at the cutting point of the tool. Therefore, the geometric error in the X direction 

introduced by the X axis at the cutting point of the tool should be composed of three parts: the reference 

positioning error at the grating ruler, the Abbe error introduced by the pitch angle error, and the Abbe 



error introduced by the yaw angle error. The calculation formula is: 

Among them: x
 

represents the reference positioning error at the X-axis grating scale reading 

head, ( )
xm

x
 

represents the positioning error measured when the measuring axis is the X-axis. ( )
z

L x
 

and ( )
y

L x is respectively the offsets in the Z and Y directions between the X-axis grating scale reading 

head and the cutting point of the tool. 

 

Figure 3 Offset between the cutting point of the tool and the reading head of grating 

2.2 Error model optimization 

It can be seen from the analysis that although the positioning errors obtained from different 

measurement positions are different, the reference positioning errors at the reading head of the grating 

ruler contained are all the same. The positioning error measured by the above formula instrument is 

converted into the reference positioning error at the reading head of the grating ruler and substituted into 

the compensation model. 

When deriving the error model based on the multi-system theory, the six geometric errors of the 

motion axis must be located at the same position. So when converting the positioning error, it should 

base on the Bryan principle to convert the straightness error from the measuring point to the grating scale 

reading head. Since the motion axis can be regarded as a rigid body, the angle error does not need to be 

converted. The conversion formula of X axis positioning error and straightness error is as follows: 

 𝛿𝑥𝑚(𝑥) = 𝛿𝑥𝛼(𝑥) + 𝜀𝑦𝑚(𝑥)𝐿𝑧(𝑥) − 𝜀𝑧𝑚(𝑥)𝐿𝑦(𝑥) 𝛿𝑦𝑚(𝑥) = 𝛿𝑦𝛼(𝑥) − 𝜀𝑥𝑚(𝑥)𝐿𝑧(𝑥) + 𝜀𝑧𝑚(𝑥)𝐿𝑥(𝑥) 𝛿𝑧𝑚(𝑥) = 𝛿𝑧𝛼(𝑥) + 𝜀𝑥𝑚(𝑥)𝐿𝑦(𝑥) − 𝜀𝑦𝑚(𝑥)𝐿𝑥(𝑥) 
 

（3） 

Among them:, x
, y

 
and z  respectively represent the error value of x, y, z direction at the 

reading head of the grating ruler.  

In the same way, the conversion formula of Y-axis, Z-axis positioning error and straightness error 

 𝛿𝑥𝑚(𝑥) = 𝛿𝑥𝛼(𝑥) + 𝜀𝑦𝑚(𝑥)𝐿𝑧(𝑥) − 𝜀𝑧𝑚(𝑥)𝐿𝑦(𝑥) （2） 



can be obtained. 

And the optimized XYTZ type machine tool comprehensive error model is: 

 𝐸𝑥 = −𝛿𝑥𝛼(𝑥) − 𝛿𝑥𝛼(𝑦) + 𝛿𝑥𝛼(𝑧) − 𝑦𝜀𝑧𝑚(𝑥) − 𝑧𝜀𝑦𝑚(𝑥) − 𝑧𝜀𝑦𝑚(𝑦) + 𝑦𝛼𝑥𝑦 − 𝑧𝛼𝑥𝑧 𝐸𝑦 = −𝛿𝑦𝛼(𝑥) − 𝛿𝑦𝛼(𝑦) + 𝛿𝑦𝛼(𝑧) + 𝑧𝜀𝑥𝑚(𝑥) + 𝑧𝜀𝑥𝑚(𝑦) − 𝑧𝛼𝑦𝑧 𝐸𝑧 = −𝛿𝑧𝛼(𝑥) − 𝛿𝑧𝛼(𝑦) + 𝛿𝑧𝛼(𝑧) + 𝑦𝜀𝑥𝑚(𝑥) 
 

（4） 

3 Application verification 

The research object of this paper is the XHK714 three-axis vertical machining center produced by 

Hubei Jiangshan huake digital equipment technology co., LTD. The characteristic dimensions of the 

overall structure of the machining center are: 1800mm travel in the X axis direction, 1500mm travel in 

the Y axis direction, 1200mm travel in the Z axis direction. 

3.1.1 Machine errors’ data collection 

In the case of non-collision and considering the rationality of the experiment, the travel of three 

axes is selected as follows: X-axis: 0~1500, Y-axis: -2550~-1050, z-axis: -900~200. In the case of 

meeting the relevant measurement requirements of the country, the measurement spacing is selected to 

be 150mm, 150mm, 110mm, and the X, Y, and Z axes are all divided into 11 segments. Six geometric 

errors of X, Y and Z axis were measured with laser interferometer successively, the measurement site is 

shown in Figure 4. The measurement results are shown in Figure. 4. 

 

Figure 4. measurement site 

 



(a)                          (b)                        (c) 

Figure 5. Machine tool error measurement data 

As shown in Figure. 5(a), the measuring travel of X axis is [0,-1500]mm, and the measuring distance 

is 150mm. The positioning error is between -40.2μm~-65.6μm. The straightness error is between -

14.4μm~11.9μm, and the angle error is between-7.1μm~9.7μm.   

As shown in Figure. 5(b), the Y-axis measurement stroke is [-2550,-1050]mm, and the measurement 

interval is 150mm. The positioning error is between -0.2μm ~ -24.1μm. The straightness error is between 

-18.5μm ~ 22.5μm. The angle error is -41.4μm ~2.7μm. 

As shown in Figure. 5(c), the Z-axis measurement stroke is [-900,200]mm. The measurement 

interval is 110mm. The positioning error is between 0.2μm ~ 41.7μm. The straightness error is between 

-77.2μm ~ 68.8μm. The angle error is -5.7μm ~ 68.9μm. 

3.1.2Analysis of machine tool geometric error data considering Abbe error 

Since the 21-item geometric error data measurement process of the machine tool uses a laser 

interferometer, the axis of the displacement sensor installed in the laser interferometer is not on the 

extension line of the motion axis of the measuring head, resulting in an Abbe error, According to formula 

10, the linear error data of the machine tool considering the Abbe error are： 

 

(a)                         (b)                       (c) 

Figure 6. X, Y, Z axis linear error 

As shown in Figure.6, the positioning error of X axis is between -62.4μm~8.3μm. The straightness 

error is between -32.1μm~4.5μm. The positioning error of Y axis is between -0.1μm ~ 16.3μm. The 

straightness error is between -8.7μm ~ 26.1μm. The positioning error of Z axis is between -63.8μm ~ 

1.4μm. The straightness error is between -30.8μm ~ 44.2μm. 

Through the comparative analysis of the machine tool error measurement data and the linear error 

data considering the Abbe error, it is found that due to the existence of the Abbe arm and the influence 



of the angle error, the linear error considering the Abbe error is significantly different from the laser 

interferometer measurement error data. Therefore, it is more accurate to use the traditional error model 

optimized based on Abbe error. 

3.2 Simulation evaluation 

By linearly fitting the error data measured by the laser interferometer, the 18-item geometric error 

data model is obtained, and the error data is substituted into formula 1, and the comprehensive error 

model of the machine tool based on Traditional error model is obtained. By using the MATLAB 

simulation method, the machine tool comprehensive error model is imported into the error calculation 

program for calculation, and the volume error (∆𝑥、∆𝑦、∆𝑧) of the characteristic points in the volume 

error field is obtained. Using matlab simulation tool to perform error interval color separation on the 

volume error (∆𝑥、∆𝑦、∆𝑧), and we obtain the color separation diagram of the error field as shown in 

Figure 7.  

 

(a)                         (b)                     (c) 

Figure 7. Simulation of XYZ three-dimensional volume error field before compensation. The column 

(a) represents the simulation of X-direction error field. The column (b) represents the simulation of Y-

direction error field. The last column (c) represents the simulation of Z-direction error field. 

Figure. 7. (a) reflects the x-direction error Ex of the machine tools in the whole space. The volume 

error of X (-1500~0) mm, Y (-2550~-1050) mm, Z (-130~200) mm is within 20μm. The volume error of 

X (-1350~-1500) mm, Y (-2550~-1200) mm, Z (-900~-790) m has reached 80μm. 

Figure. 7. (b) reflects the machine tools Y-direction error Ey in the entire space. The volume error 

of X (-1500~0) mm, Y (-2550~-1050) mm, Z (-900~200) mm is within 10μm. One of the few volume 

errors is between 10μm~35μm. The volume error of X (-1500~0) mm, Y (-1650~-1050) mm, Z (-900~-

680) m exceeds 20μm. 

Figure. 7. (c) reflects the machine tools Z-direction error Ez in the entire space. The volume error 

of X (-1500~0) mm, y (-1350~-1050) mm, z (-900~200) mm is within 40μm. The volume error of X (-

1500~0) mm, Y (-2550~-1950) mm, Z (-900~200) mm volume exceeds 60μm. 



Based on measurement data considering Abbe error through linear fitting，the optimized functions 

are substituted into formula (4), and the x, y, z's machine tool comprehensive error model is obtained. 

Use the optimized machine tool space error model, calculate the error data (Ex, Ey, Ez) of each space 

point of the machine, and use the color separation chart to indicate the error interval range. 

 

(a)                         (b)                         (c) 

Figure 8. Simulation of XYZ three-term spatial error field after optimization of Abbe error before 

compensation. The column (a) represents the simulation of X-direction error field. The column (b) 

represents the simulation of Y-direction error field. The last column (c) represents the simulation of Z-

direction error field. 

Figure. 8. (a) reflects the x-direction error Ex of the machine tools in the whole space. The volume 

error of X (-1350~-1500) mm, Y (-2550~-1050) mm, Z (-130~200) m has reached 90μm. 

Figure. 8. (b) reflects the machine tools Y-direction error Ey in the entire space. The volume error 

of X (-1500~0) mm, Y (-1050~-1500) mm, Z (-350~200) m exceeds 20μm. 

Figure. 8. (c) reflects the machine tools Z-direction error Ez in the entire space. The volume error 

of X (-1500~0) mm, Y (-1500~-1050) mm, Z (-900~200) mm volume exceeds 60μm. 

By analyzing Figures 7 and 8, it can be seen that in the spatial error diagram obtained by the 

traditional error model simulation, the maximum error in the X direction is about 80μm, the maximum 

error in the Y direction is about 35μm, and the maximum error in the Z direction is about 70μm. In the 

spatial error map obtained by the traditional error model simulation based on Abbe error optimization, 

the maximum error in the X direction exceeds 90μm, the error in the Y direction exceeds 30μm, and the 

maximum error in the Z direction exceeds 80μm. This shows that the Abbe error has a greater impact on 

the machine tool space error. From the space error cloud chart, it can be seen that in most of the machine 

tool space, the space error obtained by simulation based on the traditional error model optimized by the 

Abbe error is larger than the traditional error model. 

3.3 Error compensation 

3.3.1 Development of compensation system software 



After obtaining the compensation data of the execution end of the machine tools, Based on the 

machine tools volume error model and measured data characteristics, this paper developed a machine 

tools volume error compensation module on the Huazhong 8 CNC system platform. This module contains 

basic X, Y and Z axis measurement intervals, grid spacing and grid point settings and compensation file 

reading functions, and adds volume error compensation parameter settings in the setting parameters, 

including compensation ratio, compensation switch, etc. . The interface of the compensation module is 

shown in Figure. 9. 

 

Figure 9. Compensation module interface 

3.3.2 Precision Evaluation after Compensation 

3.3.2.1 Simulation qualitative evaluation 

After the system compensation software compensates the machine tool space error based on the 

Traditional error model error model, the compensation effect is simulated qualitatively evaluated. The 

machine tool space error field is shown in the Figure 10. 

 

(a)                         (b)                         (c) 

Figure 10. Simulation of XYZ three-dimensional space error field after traditional error compensation 

model compensation. The column (a) represents the simulation of X-direction error field. The column 

(b) represents the simulation of Y-direction error field. The last column (c) represents the simulation of 

Z-direction error field. 

Figure. 10. (a) reflects the x-direction error Ex of the machine tools in the whole space. The volume 

error of X (0~-1500) mm, Y (-2550~-1950) mm, Z (-900~200) m is between 6μm~14μm. 



Figure. 10. (b) reflects the machine tools Y-direction error Ey in the entire space. The volume error 

of X (-1500~0) mm, Y (-2550~-1050) mm, Z (-240~200) m is between 0μm~5μm. 

Figure. 10. (c) reflects the machine tools Z-direction error Ez in the entire space. The volume error 

of X (-750~0) mm, Y (-2550~-1050) mm, Z (-900~200) mm is between 7μm~15μm. One of the few 

volume errors is within 7μm. 

The system compensation software performs spatial error compensation on the Traditional error 

model comprehensive model considering the optimization of Abbe error, and performs simulation and 

quantitative evaluation of the compensated machine tool space error. The machine tool space error field 

is shown in the Figure 11. 

 

(a)                         (b)                         (c) 

Figure 11. Compensation model based on Abbe error optimization and XYZ three-dimensional spatial 

error field simulation after compensation. The column (a) represents the simulation of X-direction error 

field. The column (b) represents the simulation of Y-direction error field. The last column (c) represents 

the simulation of Z-direction error field. 

Figure. 11. (a) reflects the x-direction error Ex of the machine tools in the whole space. The volume 

error of X (-1500~0) mm, Y (-2550~-1500) mm, Z (-570~90) m is within 10μm. 

Figure. 11. (b) reflects the machine tools Y-direction error Ey in the entire space. The volume error 

of X (-1500~0) mm, Y (-1050~-1500) mm, Z (-350~200) m is between 5μm~10μm. 

Figure. 11. (c) reflects the machine tools Z-direction error Ez in the entire space. The volume error 

of X (-1500~0) mm, Y (-1200~-1050) mm, Z (-790~-570) mm volume exceeds 15μm. 

3.3.2.2 Quantitative Evaluation of Body Diagonal 

At present, the evaluation of the spatial accuracy of machine tools is usually based on the diagonal 

precision index. In a three-axis CNC machine tool space, there are four body diagonals, the body 

diagonals can reflect the overall spatial accuracy of the machine tool. In general, the accuracy of the 

machine tool can only be indicated when the diagonal accuracy indexes of the four bodies are 

simultaneously high. At present, there is no international standard for body diagonal accuracy. Our 



team ’s previous research showed that the accuracy index of four body diagonal accuracy of a CNC 

machine tool can be controlled within 20um at the same time, and the accuracy of the machine tool is 

very high. In order to evaluate the spatial accuracy of the machine tool, the laser doppler measuring 

instrument and the step diagonal measuring mirror group are used to measure the whole travel space of 

the machine tool. The measurement travel plan is shown in Figure 12. 

 

Figure 12.  Body diagonal error measurement 

The size of the working space of the machine tool for measuring the diagonal of the laser step by 

step body is 1500×1500×1100mm, divided into n=11 grids. X, Y and Z are measured step by step in each 

lattice, and the corresponding moving vectors of each step are (150,0,0), (0,150,0) and (0,0,110). The 

traditional error model, the measurement result of the volume diagonal error is shown in the Figure. 

 

Figure 13.  Diagonal error of traditional error model. NPP、NPN、PPP and PPN represents the 

compensation for the diagonal errors before compensation. NPP’、NPN’、PPP’ and PPN’ represents 

the body diagonal errors after compensation 

Before compensation, the maximum positioning error of PPP body diagonal is -77.2μm. The 

maximum positioning error of NPP body diagonal is -62.5μm. The maximum positioning error of PPN 

body diagonal is -74.6μm, and the maximum positioning error of NPN body diagonal is -66.7μm. 

After compensation, the maximum positioning error of PPP’ body diagonal is -7.7μm. The 



maximum positioning error of NPP’ body diagonal is -17.4μm. The maximum positioning error of PPN’ 

body diagonal is -14.3μm, and the maximum positioning error of NPN’ body diagonal is -18.7μm. 

The compensation system uses a Traditional error model error model optimized based on Abbe error 

to compensate the machine tool's spatial error, and uses a laser interferometer to measure the machine's 

diagonal error and quantitatively evaluate the machine's spatial error. The measurement results are shown 

in Figure 14. 

 

Figure 14.  Diagonal error of Traditional error model optimized based on Abbe error. NPPα、

NPNα、PPPα and PPNα represents the compensation for the diagonal errors before compensation. 

NPP’α、NPN’α、PPP’α and PPN’α represents the body diagonal errors after compensation 

Before compensation, the maximum positioning error of PPPα body diagonal is -76.5μm. The 

maximum positioning error of NPPα body diagonal is -65.5μm. The maximum positioning error of 

PPNα body diagonal is -79.7μm, and the maximum positioning error of NPNα body diagonal is -78.3

μm. After compensation, the maximum positioning error of PPP’α body diagonal is -4.2μm. The 

maximum positioning error of NPP’α body diagonal is 9.4μm. The maximum positioning error of 

PPN’α body diagonal is -7.1μm, and the maximum positioning error of NPN’α body diagonal is -6.6μ

m. 

The Abbe error is a factor that is not considered in the traditional error model, but it affects the 

linear error measurement data, and then affects the accuracy of the traditional error model, and finally 

has an impact on the compensation effect based on the traditional error model. The specific effects are 

shown in Table 1. 

 

 

Table 1 Comparison table of error compensation data before and after Abbe error optimization 



 
Before 

compensation(um) 

After 

compensation(um) 

Traditional 

error model 

X, Y, Z axis linear error（max) 

δm(x) 65.6 -15.3 

δm(y) 24.1 -12.8 

δm(z) -77.2 -19.2 

Body diagonal error(max) 

NPP -62.5 -17.4 

NPN -66.7 -18.7 

PPP -77.2 -7.7 

PPN -74.6 -14.3 

Traditional 

error model 

optimized 

based on 

Abbe error 

X, Y, Z axis linear error(max) 

δα(x) -62.4 -16.7 

δα(y) 26.1 -14.2 

δα(z) -63.8 -16.5 

Body diagonal error(max) 

NPPα -65.5 9.4 

NPNα -78.3 -6.6 

PPPα -76.5 -4.2 

PPNα -79.7 -7.1 

In terms of linearity errors, the maximum linear errors of each axis of the traditional error 

measurement data are 65.6μm, 24.1μm, and -77.2μm respectively, and the actual maximum linear 

errors of each axis considering the Abbe error are -62.4μm, 26.1μm, and -63.8μm respectively. 

In terms of machine tool body diagonal error: Before error compensation, the maximum body 

diagonal error in the traditional error measurement data is -77.2μm, and the actual maximum body 

diagonal error data considering the Abbe error is -79.7μm. After error compensation, the maximum 

volume diagonal error in the traditional error measurement data is -18.7μm, and the actual maximum 

volume diagonal error data considering the Abbe error is 9.4μm. 

Through the comparison and analysis of the specific error data, it can be seen that the Abbe error 

has a greater impact on the linear error, which in turn has an impact on the compensation effect. 

Compared with the traditional model, the traditional error model considering the Abbe error has a better 

compensation effect, and the maximum error of the body diagonal is reduced by 9.3μm. 



4 Conclusion 

At present, traditional error modeling methods do not consider the influence of Abbe error on the 

measurement results of linear error data. In order to overcome the above shortcomings, based on the 

influence of the Abbe arm and the angle error on the linear error data measurement result, a machine tool 

spatial error model considering the Abbe error was established. Secondly, according to the model, a 

quantitative accuracy evaluation method for the diagonal of the machine tool workspace and a simulation 

qualitative evaluation method using matlab analysis software are proposed. In addition, in order to verify 

the compensation effect of considering the Abbe error model, a spatial error compensation system with 

functions of original error analysis, high-precision modeling, diagonal error calculation and error field 

simulation was developed. In order to evaluate the influence of the Abbe error on the traditional spatial 

error model of the machine tool, we introduced an example analysis. For a three-axis machine tool, before 

compensation, the maximum three-axis linear error without considering the Abbe error is 65.6μm, 24.1

μm and -77.2μm, the maximum diagonal errors of the four bars are -62.5μm, -66.7μm, -77.2μm 

and -74.6μm, and the maximum three-axis linear errors considering the Abbe error are -62.4μm, 26.1

μm and -63.8μm, four The maximum body diagonal error is -65.5μm, -78.3μm, -76.5μm and -79.7

μm respectively. After compensation, without considering the Abbe error, the maximum three-axis 

linear errors are -15.3μm, -12.8μm and -19.2μm, and the maximum diagonal errors of the four bars 

are -17.4μm, -18.7μm, -7.7μm and -14.3μm respectively. The maximum values of the three-axis 

linear errors considering the Abbe error are -16.7μm, -14.2μm and -16.5μm, and the maximum values 

of the four-bar diagonal errors are 9.4μm, -6.6μm, -4.2μm and -7.1μm, respectively. The 

experimental results show that considering the machine tool error model of Abbe error, the evaluation of 

machine tool accuracy is more reasonable and the compensation accuracy is higher. 
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