UDC 621.91.01
Antony Waiyaki, supervisor Petrakov Y.
KPI named after Igor Sikorsky, Kiev, Ukraine
tonywaiyaki@yahoo.com, ypetrakov.86@gmail.com
SIMULATION OF SPINDLE SPEED VARIATION IN END MILLING

Introduction

Any cutting process is accompanied by fluctuations (chatter) in the technological processing system (TOS), the consequence of which is the deterioration of the roughness of the surface and to a certain level leading to the loss of stability, resulting in breakage of the tool and other elements of the TOS. Chatter is an unstable vibration in machining due regenerative effects that are originally triggered by internal and external perturbations. Regenerative effect is the effect of waviness created on a machined surface due to perturbed dynamic interaction between the tool and the workpiece.
Generally, there are four mechanisms that explain the occurrence of chatter [1]. Firstly, chatter may be caused by the variable friction between a tool and a workpiece [2]. Secondly, mode-coupling chatter occurs when vibrations in e.g. the feed direction generate vibrations in the direction normal to the feed direction [3]. Thirdly, chatter occurs due to thermo-mechanical effects on the chip formation [4]. In attempt to control chatter, HEIDENHAIN (a German numerical tool manufacturer) proposed two solutions [5]: 1) Active Chatter Control (ACC): this option reduces chatter tendencies and permits greater in-feeds; 2) Adaptive Feed Control (AFC): This option controls the feed rate depending on the machining situation.
Active chatter control, one the most effective methods used in regulating chatter, is a method that incorporates the use of spindle speed variation (SSV). This method is often used for turning [6] and can therefore be effective in end milling if well integrated in the cutting process.

Purpose and objectives of the study
To develop a mathematical model that can be used to create an application program for modeling the cutting process with regenerative oscillations and then perform a computerized simulation of  SSV in order to demonstrate the effectiveness of SSV as a method of controlling chatter in end milling.

Statement of the main material

Mathematical modelling, for the simulation of any technological process, is an integral part of designing and improving the process with minimal use of material resources. A model of the real process can include factors of different degree of importance and the results of the modeling can be used to draw conclusions on the process and to give recommendations on its improvement or optimization.
Since the dynamics of machines explain the emergence of auto oscillations due to the presence of complex multi-coordinate relationships in the elastic system, it is not possible to limit the design of an adequate mathematical model to just one coordinate. However, for theoretical study of the conditions of stability and the occurrence of auto oscillations, it is necessary, at least, to consider an elastic system presented in the form of an interconnected one coordinate functional scheme (Fig. 1). The elastic system of the machine is represented as a mass dynamic system with one degree of freedom (on the X axis). On the functional scheme, the cutting process is represented by a block where by the input is the actual feed per tooth (Sz)r and the output is the horizontal component Fx of the cutting force acting on the X-axis.
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Fig.1. Functional representation of the milling process
        The cutting force Fx, acting on the elastic system (ES), leads to the deformation of the system caused by the ‘feedback’ effect which in turn provokes a change in the actual feed per tooth:
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In addition, it is necessary to consider the cutting ‘trail’: when every subsequent tooth of the cutter cuts away a layer distorted by the previous tooth resulting into the fluctuation of the dynamic system. Thus, the real feed per tooth can be represented as:
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        Where: (Sz)a – the feed per tooth, 
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 - the time spent between two adjacent teeth, s – Laplace operator. 
The mathematical model of the motion of the system can be represented as a differential equation of the second order:
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where: m - the mass of the workpiece, Fx - the horizontal component of the cutting force, C - the rigidity of the connection, 
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 - the viscous friction.
         To simulate the milling processing with SSV (cutting speed V is variable), the mathematical model is complemented by the following equations:
                         
[image: image7.wmf])

5000

/(

60

V

t

=

d

,
[image: image8.wmf]w

d

dj

t

=

, 
[image: image9.wmf](

)

(

)

f

a

z

zn

S

S

/

=

,

                                  (4)
where: 
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 - spindle speed of rotation, Df – diameter of mill, 
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 - time step of the simulation, 
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 - angular step of the simulation, z – number of teeth of the end mill.

         The cutting speed V can be represented by the harmonic law:
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where: V1 – initial cutting speed, A – amplitude, T – period.
Simulation
To model the effect of SSV, an application program [7] was used and the code was supplemented with the SSV mathematical model described above. 
The interface of the application program allows to observe the simulation results, both in the graphic window of the process animation and on the oscilloscope, where the graphical representations of the deformation, cutting force and the cutting speed are shown. The process input data is specified in the left part of the interface’s window and can be adjusted according to the specific requirements.
The program allows for the modeling of the milling process with a constant and variable cutting speed in accordance to the developed mathematical model (1) - (5).
To confirm the hypothesis of the effectiveness of the SSV method in suppressing system chatter and controlling the stability of the cutting process, an experiment was conducted to model the milling under the same conditions at a constant cutting speed and under SSV control.
The interface (Fig. 2, a) shows the milling process after 0,3 s with a constant cutting speed and cutting depth of 5,5 mm. In the graphics window, the workpiece 1 and the milling cutter 2 are shown. In the oscilloscope window, line 3 is the cutting force, line 4 is the ES deformation and line 5 is the cutting speed (increased by 6 times). The simulation of the milling process with the same input data and for the same time 0,3 s but with SSV is shown in Fig. 2, b. The SSV parameters - amplitude and period are set in a special window (see Fig. 2, b). It can be seen that the amplitude of the cutting force is significantly reduced (by a half). Thus, it is possible to control the oscillations of the system with the help of SSV.
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a)                                                                                   b)
Fig.2. Application program’s interface: 
a) - Simulation of milling with a constant cutting speed, b) - Simulation of milling with SSV control on
Conclusions
1. The possibility of suppressing ES chatter by SSV control for end milling has been proven.

2. An application program has been created that allows the choosing of the optimal control parameters of SSV - amplitude and period.
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