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Abstract

Automating machining processes require the functions of high-accurate process

monitoring. However, additional sensors have problem that they lead to high-cost

and reduce stiffness and reliability of mechanical systems. Authors proposed the

sensor-less and real-time cutting force estimation methodology based on the

disturbance observer theory, whose system is called cutting force observer. There

are possibilities that control methods using the cutting force observer enhance the

productivity in turning. One of the parameter which significantly-affects the cutting

process is shear angle. Determining the shear angle is very important that it leads to

minimum energy machining. The final goal of this study is to develop the automatic

optimum cutting condition determining system. In this study, external sensor-less

monitoring system of shear angle in turning is developed and its performance is

evaluated. It remains possible that the developed turning system enable a shear angle

to be controlled by adjusting the depth of cut and the cutting speed.

1 Introduction

The cutting force is most basic process information to monitor the machining

process. Monitoring cutting force can detect tool wear, tool breakage, chatter

vibration which lead to low productivity. For monitoring cutting force, generally the

additional sensors such as dynamometer are used. However, the high-cost and the

reduction of mechanical stiffness is problem. We proposed cutting force observer

which accurately estimates a cutting force using both current reference and position

data acquired in the control system. Moreover, when an estimated cutting force by

the observer is fed back to the controller, cutting force in the feed direction can be

controlled without additional sensors.

Shear angle is one of parameters that significantly affectes the cutting process. From

the Merchant’s minimum energy method, the shear angle is decided with the rate of
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principle cutting force and thrust force. Therefore, monitoring these forces in real

time and controlling these forces will lead to shear angle control.

This paper propose the shear angle monitoring method without using external sensors.

The validity of this method is verified through lathe turning test with the developed

tuning machine.

2 Cutting force/torque observer without external sensors

Figure 1 shows the cutting force observer which is developed on the basis of the

disturbance observer theory[2]. Cutting force Fcut is obtained by deducting the

influence of friction force Ffricfrom the estimated disturbance. Force-sensorless

cutting force control is enabled by feeding back the obtained cutting force to the

controller. Cutting torque observer(Figure 2) and cutting torque control control

system can be built the same way.
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Figure 1: Cutting force observer(CFOB) Figure 2: Cutting torque observer(CTOB)
Fl [N]: load force, M[kg]: moving table mass, Jn [kg/m2]: inertia moment
Fcut [N]: cutting force, Ffric [N]: friction force, Ia [A]: torque current,
Kt [N/A]: thrust force coefficient

3 Development of lathe tuning system

Figure 3 shows the developed turning machine using work spindle supported by

aerostatic bearing and the linear motor driving carriage in order to enhance the

accuracy of the torque and force estimation.Cutting force and torque observer are

installed in the turining machine contorl system. Control parameter of the turining

machine is shown in Table1. Figure 4 shows the result of comparison between

dynamometer and each observer to evaluate the performance of each observer. It is

confirmed that the developed observers can estimates the cutting force and torque

with high accuracy and responsibility.
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Figure.3 The developed turning machine
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Table1:Control parameters

Sampling 200 μs

Mass Y, Z 1.07 kg, 0.66 kg

Inertia moment C 0.0016 kg/m 2

Thrust force coefficient Y, Z, C
11.076 N/A 1.45 N/A

5.0 N/A

Cutoff frequency of
disturbance observer

500 rad/s

Cutoff frequency of cutting
force observer for monitoring

2000 rad/s

Cutoff frequency of cutting
torque observer

500 rad/s

Encoder resolution Y, Z, C
100nm, 500nm

2048 pulse/round
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(a) Cutting force observer(CFOB) (b) Cutting torque observer(CTOB)
Figure 4: Performance of cutting force/torque observer

4 Shear angle monitoring using the cutting force/torque observers

From the Merchant’s minimum energy method, when the principle cutting force is Fp ,

thrust force is Ft and the rake angle is , shear angle  and friction angle  are

obtained by following equation.

)(
2

1

4



 






tan

tan
tan

tp

pt

FF

FF




 (1)

The monitoring of the shear angle is enabled by measuring the principle cutting force

and thrust force by using cutting force/torque observer. Figure 5 shows the schematic

of the turining test.

Feed direction

Principle cutting force

Thrust force

Turning direction

Figure.5 Schematic of turning test

Cutting tool Carbide tool

Work piece Aluminum

Cutting depth 10 μm

Feed rate 0.4 mm/s

Rotating speed 900 rpm

Rake angle 3 deg

Table 2: Cutting condition
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Figure 6: Shear angle monitoring Figure 7: Appearance of the turning test

Shear angle monitoring experiment was carried out using the developed turning

system through cutting condition listed in Table2. The monitored shear angle using

cutting force /torque observer is shown in Figure.6.

Using the card model of Piispanen[3], the chip made in this experiment(Figure.7)

was analyzed and shear angle was calculated to verify the precision of the shear

angle monitoring. When the cutting depth is h, the chip thickness is hc , and rake

angle is , shear angle  is obtained by following equation.
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From the equation (2) the shear angle was approximately 21-26 degree. The

maximum error from the average value of shear angle was 4 degrees.

5 Conclusion and future outlook

Monitoring methodology of shear angle was developed by installing cutting

force/torque observer in turning control system. For the future outlook, control of

the shear angle will be done by applying the proposed method. Shear angle control

will be the key to the development of method to find the optimum cutting condition

automatically.
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