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The cutting force closely reflects the physics of material removal processes,
therefore, much attention has been paid to its measurement. Various sensors have
been examined and their feasibilities have been analyzed by many researchers.
This study proposes an indirect cutting force estimation method with spindle
loads acquired from computer numerical control (CNC). The characteristic of a
spindle motor is carefully investigated and the tangential cutting forces are
estimated based on spindle loads. Experiment results show that estimation errors
depend on the spindle rotation speed and the magnitude of the cutting force. The
proposed method can be practically applied to the field, where the magnitude of
cutting force is needed but sensors cannot be attached.
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Table 1 Spindle motor torque chart (Fanuc built-in spindle motor

bil 112S/20000 series descriptions)

(a) Low speed winding

Speed (min-1) | 1000 | 1750 | 2300 | 3000 | 4000 | 5000 | 6000
Power (kW) | 33 | 57 | 7.5 | 7.5 | 75 | 75 | 75
Torque (Nm) | 31.1 | 31.1 | 31.1 | 239 | 179 | 143 | 11.9
Load (%) 76 76 | 100 | 100 | 100 | 100 | 100
Load ratio 23 | 133 | 133 | 133 | 133 | 109 | 9.1
(b) High speed winding
Speed (min-1) | 5000 | 6000 | 10000 [ 12000 | 15000 | 18000 | 20000
Power (kW) | 9.2 11 11 11 11 11 11
Torque (Nm) | 17.5 | 17.5 | 10.5 | 8.75 7 5.84 | 525
Load (%) 100 | 100 | 100 | 100 | 100 | 113 | 123
Load ratio 109 | 9.1 9.1 9.1 9.1 | 103 | 11.2
FANUC FANUC FANUC =
i - Ethernet
TCP/IP
Fig. 2 Spindle load acquisition (Focas2 interface)
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(b) Average idle spindle load regard to spindle RPM
Fig. 3 Idle spindle load experiment

Table 2 Idle spindle load

Idle spindle load

0.0001 * RPM - 0.2892

0.0014 * RPM - 14.917
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(Tool radius)o.2 U4
force)o] Lozt

X Hkakg]

B A& (Tangential cutting

TF = (SL—IL)+~ LR~ RPM~+ TR
Cutting Load
Power
Torque
Force

(M

where, TF : Tangential Force (N)
SL : Spindle Load (%)
LR : Load Ratio

TR : Tool Radius (mm)
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Table 3 Cutting force coefficients
Coefficient Definition

K Tangential cutting force coefficient
K Radial cutting force coefficient
Kac Axial cutting force coefficient
Ke Tangential edge force coefficient
Kre Radial edge force coefficient
Kae Axial edge force coefficient
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Table 4 Experimental cutting conditions and Measured data

(a) AL6061
Tangential Average
Feed per MRR Spindle | Force | Normal Force
No tooth load (Spindle (Tool
Load) | Dynamometer)
mm/tooth | mm’/min | % N N
1 0.023 9,000 1.0 28.0 479
2 0.046 18,000 32 93.7 73.9
3 0.069 27,000 5.4 157.0 100.1
4 0.093 36,000 5.8 167.9 122.5
5 0.116 45,000 7.8 226.3 150.4
6 0.139 54,000 7.8 226.3 174.3
7 0.162 63,000 8.9 258.5 190.7
8 0.185 72,000 8.9 258.8 213.1
(b) AL7075
Tangential Average
Feed per MRR Spindle | Force | Normal Force
No tooth load (Spindle (Tool
Load) | Dynamometer)
mm/tooth | mm?*/min % N N
1 0.023 9,000 1.0 51.1 61.1
2 0.046 18,000 32 109.5 91.3
3 0.069 27,000 5.4 167.9 123.6
4 0.093 36,000 5.8 200.2 154.8
5 0.116 45,000 7.8 247.8 179.9
6 0.139 54,000 7.8 280.1 207.3
7 0.162 63,000 8.9 3172 227.6
8 0.185 72,000 8.9 347.6 252.1
(c) SM45C
Tangential Average
Feed per MRR Spindle | Force | Normal Force
No tooth load (Spindle (Tool
Load) | Dynamometer)
mmv/tooth | mm?*/min % N N
1 0.014 1,350 1.0 43.6 54.2
2 0.027 2,700 1.0 43.6 71.6
3 0.041 4,050 2.0 87.2 114.6
4 0.055 5,400 2.0 88.3 116.1
5 0.068 6,750 4.0 1743 1524
6 0.082 8,100 4.0 1743 155.0
7 0.096 9,450 5.0 217.9 191.1
8 0.109 10,800 5.0 217.9 193.3
3.5 TS MAIGS} BBAKE BT
ZY3 Ao FUT A9 dgolsol T2 24 23 of
o] 7teAddE To AT AAASE AESdE 4 itk
Fig. 65 AL60612] 82] /1348014 248 22229 Bagt
S YRS 71F0R HolRn glow), 2HRee By
SYol$Tte JUWAS FAEHOR 3 g W Holx
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—Normal Feed

Fig. 5 Measured cutting force (AL6061, No. 3)
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Cutting force (N)
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0.185

Fig. 6 Regression of average normal cutting forces (AL6061)
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specific cutting forces
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Table 5 Estimation errors

Tangential cutting force| Specific cutting force
) coefficient from tool from Spindle load | Error
Material dynamometer (Ky) (Ke) (%)
(N/mn??)
AL6061 682 578 15
AL7075 786 714 9
SM45C 2008 1454 28
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