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Thermal error modeling of high-speed motorized spindle based on ANFIS
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Abstract: To reduce the influence of thermal error on the machining accuracy of the electric spindle, it is necessary to establish a thermal
error compensation system for the electric spindle. Its performance mainly depends on the accuracy of the thermal error prediction model
and the temperature quality of the model input. To ensure the temperature quality of the input model, a comprehensive algorithm that
fuses fuzzy C-means clustering and gray correlation analysis is used to optimize the temperature measurement points. The number of
temperature measurement points is reduced from 10 to 3. The main spindle of the electric spindle is the test object. The temperature
variable of the electric spindle speed of 7 000 r/min is used as the input, and the thermal error variable is the output. The adaptive
neural fuzzy inference system is used to establish the thermal error prediction model of the electric spindle. The experimental data of
5 000 and 9 000 r/min are used as evaluation. Experimental results show that the formulated ANFIS thermal error prediction model can
effectively predict the thermal error of the electric spindle. The residual error of the prediction model is less than 1 pum. Finally,
compared with the back propagation neural network, results show that the prediction model has higher accuracy and anti-interference
ability.
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Fig. 1 Modeling process of thermal error
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Table 1 Operating conditions of motorized spindle
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remin”" min min min min

5 000 60 10 60 130
7 000 60 10 60 130
9 000 60 10 60 130
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Table 2 The location of temperature measuring points
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Fig.2 Site installation drawing of front end temperature sensor
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Fig.3 Site installation drawing of the axial temperature sensor
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Fig. 4 Site installation of the displacement sensor
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Fig.5 Temperature measuring point curve of motorized
spindle at 5 000 r/min
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Fig. 6 Temperature measuring point curve of motorized

spindle at 7 000 r/min
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Fig. 7 Temperature measuring point curve of motorized

spindle at 9 000 r/min
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Table 3 Statistical table of average temperature of

motorized spindle
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(remin"") LBz °C WL/ C L/ C LBz C
5 000 32.1 33.9 26.9 25.7
7 000 32.6 34.7 27.8 26.6
9 000 33.4 35.7 27.9 26.9
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Fig. 8 Axial thermal drift curve of motorized spindle
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Table 4 Clustering results of different temperature

measurement points
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Table 5 Grey correlation between temperature

measurement points and thermal error
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Fig.9 Network structure diagram of ANFIS model
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Fig. 10  Prediction results of ANFIS model at different

rotating speeds
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Fig. 11  Scatter-point fitting results of the ANFIS model

at different speeds
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Table 6 Statistical results of the ANFIS model performance
at different speeds

/1 - min~! R R? RMSE MAE
5 000 0.998 6 0.997 1 0.6125 0.4213
9 000 0.996 7 0.993 5 0.908 1 0.702 4
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Fig. 12 MSE training performance graph of BP neural network
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Fig. 13 Prediction results of BP neural network model
at different speeds

40

60 80 100 120
i 1) /min
(a) 5 000 r/min

= 15t

104 10 60 80 100 120
if &) /min
(b) 9 000 r/min
ANEVELHT BP 20 ) 255 R8T ) T 2%

=0.996 9x+0.400 9
R2=0.9729
HIXRER-09870

50
45
40t

8357
2301

i 25

=20

=

Bist
10}
5_

15 20 25 30 35 40 45
SEPIME - B/ um
(a) 5 000 r/min

y=1.049 4x+0.216 1
R2=0.938 1
X ZHR-09853

0

5 10 15 20 25 30 35 40 45 50

SEHE - HERE /um
(b) 9 000 r/min

ARV R BP 12 o0 2 A5 T (R I 4005 2 R

Fig. 14 Scatter-point fitting results of BP neural network
model at different speeds



% 6 1 9

B 25 LT ANFIS (14757 18 e 3 il bvis 22 E AR 5% 57

BP #hZ: (AR TN 45 5 . ANFIS #EAUFN BP #h 22 K
HARRFEAN R R T ARSI, ik 7 M1 8 A,

50
40t
30}
g -
2 —— BPHAL
ot /0 ANFIS Bl
® — —- ANFISH: %
10}
” /rnl
"‘/ “\ N AN R
g A S A B R A T
-10 : - . , .
20 40 60 80 100 120
it [ /min
(a) 5 000 r/min
60
501
40
g
2 30f e
b —— ANFIS Bl
i
- - - BPRY
- -- ANFISRRZ
10t
R N R I . .
N VAT NN UL {15 VAN S,
-10
0 20 40 80 100 120

60
i i) /min
(b) 9 000 r/min
K15 R[RIFEET ANFIS AELH BP [0 25 A5 f FoTil 25 3R
Fig. 15 Prediction results of the ANFIS model and the BP

neural network model at different speeds
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Table 7 Performance statistics of the ANFIS model and

the BP neural network model at 5 000 r/min

TR R R* RMSE MAE
ANFIS 0.998 6 0.997 1 0.612'5 0.4213
BP 0.987 0 0.972 9 1.883 5 1.241 0
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Table 8 Performance statistics of the ANFIS model

and the BP neural network model at 9 000 r/min

Y R R* RMSE MAE
ANFIS 0.996 7 0.993 5 0.908 1 0.702 4
BP 0.985 3 0.938 1 3.019 6 2.430 7
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