Development of a control system for Vibration-Assisted Grinding
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Abstract

Grinding is a finishing process, and hence any deviation in the quality of the output product such as
geometrical errors and/or surface finish cannot be tolerated. It is classified as a machining process
that removes material from the workpiece using similar principles to that of milling and turning,
however, instead of having a one large cutting edge, there are numerous small cutting edges (or grits)
on the surface of the grinding wheel working collectively at high speeds.

A major problem in the grinding process is the growing vibration (Chatter) between the the wheel and
workpiece which affecfs the overall performamnce and compromises the output quality. Studies have
been made in the past in order to detect and alliviate the effect of this dynamic phenomenon which
adversley affects number of process parameters including wheel wear and surface finish quality.

A new innovative solution to this problem is to apply a periodic disengagement between the wheel and
the workpiece by applying a linear vibration on the jig on which the workpiece is fitted, a process known
as vibration-assisted grinding.

This paper presents a review of this vibratrion assisted-grinding method; a development of a feed-back
controller for a single-axis vibration is revealed. A system calibration together with experimental
results including cutting forces, power, grinding coefficient, specific removal rate and specific energy
using data collection software are presented.
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1. Introduction:

Grinding is a material removal process in which the cutting tool is wheel bonded with hard
abrasive particles. Being a major process in the manufacturing industry, grinding accounts for
about 20-25% of the total expenditures on machining operations in the industrialized countries
(Malkin, S., 1989). Grinding is often used as a finishing machining process which requires
smooth surfaces and fine tolerances (Oberg, E. Jones, Franklin D. 2000). Vibration is used in
various technological processes to improve the performance of the machines by exploiting
intelligently the synergy of the oscillation. Classic examples are vibration conveyers, ultrasonic
assisted turning of aerospace materials, ultrasonic grinding, and vibro-impact drilling in
offshore technology. Vibration provides several benefits for various technologies, such as
manufacturing, medical, communications, transport industries, etc., and recently, vibration-
assisted machining techniques are becoming an attraction for many engineering applications.
In machining processes, besides the original relative motion between the cutting tool and the
workpiece, vibration can be applied either to the cutting tool or to the workpiece and can lead
to improved cutting performance (shamto et al, 1991).

A number of different experiments has been set up to simplify this process for machining brittle
and hard-to-machine materials, however, they tend to give a wide range of machining processes
to machine (Matsumura, 2005). Grinding technology does not generally exploit the positive
aspects of superimposed vibration. The avoidance of vibration (chatter) is a main concern due
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to its’ effect on accuracy. However, chatter is a persisting problem regardless of the measures
taken and a list of techniques is provided in (Marinescu, 2005) to reduce vibration. A self-
excited vibration that leads to an undulation of cutting force with subsequent uneven wear of
the grinding wheel causes wheel-regenerative chatter. A possible solution to this type of chatter
is to apply a periodic disengagement of the wheel from the workpiece; and periodic variation
of the work speed, which has been reported to increase the grinding ratio up to 40% and the
productivity up to 300%, by extending the time between wheel sharpening (dress) (Gallemaers
1986).

The basic element of vibration assisted marching is the oscillation that can be generated using
a range of methods; however, piezo actuators are commonly used. Different designs of actuators have
been developed for various applications such as vibration assisted turning, milling, drilling, grinding,
and recently the combination of electric discharge micro-milling with vibration assisted machining has
been reported (Brehl, 2008).

The fundamental feature of vibration assisted machining is that the tool face is separated from the
workpiece repeatedly at short periods. This technique was first employed in the precision drilling of
wood and low carbon steel (Cerniway, 2005). There are a number of cutting processes with vibration
devices using diamond tools. However, the existing vibration machining process does not effectively
cut in hard and brittle materials because of the excessive wear of the diamond tool due to high chemical
activity with iron (Bonifacio et al. 1994).

(Chern et al, 2006) applied vibration in ultra-precision micro drilling at higher frequencies and
observed a direct effect on tool life with the amplitude having the highest influence on the
interaction between the cutting tool and workpiece. In vibration assisted machining, a number
of advantages were reported in processing hard-to-machine material. Considerable extended
tool life was observed in diamond machining, (Shamoto and Moriwaki, 1992 and 1999).
Weber (1984) showed that 2-D vibration provides a longer tool life for the same machining
configuration. Surface roughness in vibratory machining was better than the quality achieved
by conventional machining and can reach the nanometre range depending on process
configuration. In large part machining, the superimposed vibration secures a degree of
precision with limited tool wear and provides surface roughness about 10pum RMS with 1 mm
depth of cut. Shamoto, Suzuki, Tsuchikya and Hori, (2005).

In precision diamond turning, Robenach, (2003) achieved surface finishes in the range of 10-
30 nm RMS, where Brehl and Dow, (2006) reported some economical machining distances of
hundreds to several thousand meters in hardened steels.

Tsiakoumis, (2011) showed that due to the lapping effect, the application of vibration to the
grinding process reduced cutting force and grinding power and improved the surface finish
quality. The interrupted contact was intended to allow for better coolant delivery over the entire
contact zone with trapped coolant between successive oscillations which is impossible in
continuous grinding. A self-sharpening process was observed because the grains operate in two
directions securing longer wheel life.

2. Applying Vibration to Grinding:
Tsiakoumis, (2010) developed various designs of devices that can produce micro-vibrations.
The dimensions have been chosen carefully and they were based on the maximum distance
between the table and the wheel of the grinding machine.

The following assumptions were considered and are also implemented in the current study.



Using these assumptions, the vibratory jig can be reduced to a single degree of freedom system
which is schematically illustrated in Figure (1) below, this system is a forced- vibrating one-
degree-of-freedom (1-DOF) system driven by a piezo actuator:
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Figure (1): Schematics of Self-Contained Vibrating Jig (Tsakoumis, 2020)

3. Control systems:
The vibro-assisted grinding process is controlled by a closed-loop control system which
attempts to evaluate and manage the response by considering a mathematical-based model for
the plant. The feedback regulates the output variable based on information from the output
variable itself. Changes in the plant input will have an effect on the output, however, there are
some inputs over which there will be no control action, and they tend to deflect the plant’s
outputs from their expected values, (Burns, 2001).

4. System Modelling:
The control system has input and output variables, for which the response is described as a
function of the of the output variable. A mathematical model of response can be estimated
using the experimental results. This provides better understanding of the system and its’
behaviour (Giordano, Fox, and Horton, 2008).

In this study, the closed-loop control system is modelled using a one degree-of-freedom mass-
spring-damper system. Here the displacement and acceleration of the system are denoted by
y(t) and y (t) respectively, the systems model is shown below in Figure (2):



F(t) = Fp,(t) - F.(t)

y (t) y(t)
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m= my, + m,

k= ky, +k, |:_ C= Cp, +C,

Figure (2): Simplified 1 DOF Mass-Spring-Damper model of the system

The equivalent damping (C), equivalent stiffness (k), equivalent mass (m) and the equivalent
excitation force of this modelling consists of two parts: one part is for the component itself and
the other part is for a piezo-electric translator which generates the vibratory motion:

C= Cp+C,
Cpz and C, are the damping coefficients of the piezoelectric translator and the spring
respectively.
k= kp, +k;
k,, and k, are the stiffness of the piezoelectric translator and the spring respectively.
m= my, +m,
my, and m,. are the mass of the piezoelectric translator and the mass of the moving part in the
workspace table respectively.
F= sz - E’

E,, and F, are the force generated by the piezoelectric translator and the tangential grinding

force respectively.

The system’s equation of motion is given by:

(M, +m,) 5 (©) + (Cpp +Cr)y (©) + (kp, + k) y(©) = (sz t) — Ft(t)) ...... (1)
One can rewrite this equation in the following format:

(my, +m,) ‘;ZTZ +(Cp, +C,) % + (kp, + k) y() = By (1) —F(8) ... (2)

4.1 Simulation:

A model of the control the system was built in MATLAB and SIMULINK, a PID controller
was added to the model and the simulation was run. For the input range and initial conditions,
the behaviour of the system and its’ stability was tested to predict the behaviour of the actual
system. The block diagram and the simulation output are given below in Figures (3).
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Figure (3): System simplified mathematical model; a: Block Diagram; b:- output

5. Experimental work:

The vibration-assisted machining system was built with four main parts: output data system
(using a desk top computer), a data acquisition (DAQ) card, a vibration generating device (the
piezo-actuator) and the machine tool. The DAQ system measures a real-world signal (such as
the voltage and/or frequency) and bringing information into a computer for storage, processing
and analysis, and/or other data manipulation processes, Travis (1998).

In the experimental work, a series of experiments were conducted in two different materials:
hard steel (EN31-64HRC) and soft steel (mild steel), the ABTWOOD grinding machine was
set to employ depth-of-cuts of 10, 15, 20, 25 and 30 um. The Peizo-Actuator was fitted to the
system and the function generator supplied the workpiece with different frequences of 100,
150, 200, 250 Hz. For a cutting speed N = 2660 rpm (34.8 m/s), a 3-axis KISTLER
dynamometer type 9257A was mounted under the workpiece to record the forces F,, F, and F,

during the experiments and results were compared with conventional grinding.



5.1 System Calibration:

The dynamometer was calibrated for force measurements; the calibration was done for values
of force up to 400 N and the charge amplifier was set at sensitivity of 8.015 pC /N with the
scale set at 50 units per volt. For the normal force component, the sensitivity was set at
3.755pC/N and the scale was 50 units per volt. As for the Z component of force,
measurements were done up to 400 N and the sensitivity and scale were also set at
8.015 pC/N 50 units per volt respectively.
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Figure (4): Experimental Calibration Set-Up
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Figure (5): Calibration; a:- normal Force; b:- tangential force:

5.2 Cutting force:

The cutting force model of a 2D Vibration-Assisted Machining (VAM) in grinding is based on
the models of conventional precision grinding operations, an important parameter of this model
which affects the output quality of the workpiece is the cutting force. Different parameters such
as cutting tool geometry, cutting speed, depth of cut, workpiece material properties, and the
use of grinding fluids influence the magnitude of cutting forces.

The grinding force F is the resultant of the tangential and the normal force components. The
normal Force F, has an influence on the surface deformation and tangential Force F; affects
the power consumption of the process and the service life of the wheel, in addition to that, the



ratio (g) determines the interfacial friction coefficient (u) between the wheel and the

F

= (Fn>
5.3 Cutting Force Measurement:
In the experiments, with a step increase of 5 microns, seven depth-of-cut were investigated: 10,
15, 20, 25, 30, 35 and 40pum. While the grinding wheel was engaged with the workpiece, forces
were developed, and the magnitudes of these forces can be controlled by a number of input
variables such as work speed, dressing speed, amount of material removed, material removal
rate, dry/lubricated grinding etc., also, the age and type of the machine can be considered as
fixed variables that can only vary form one machine to another.
For each specimen material, the experiments were repeated twice and values were averaged
out to keep experimental errors to the minimum. Figure (6) below shows a real-time profile of
the cutting force.
Figure (7) shows the measured values of the three components of the forces: F,
E, (or F¢) and F, (or F,) for different depth of cuts, and it is remarkable that the value of the
tangential force F; was approximately half of the value of the normal force F,throughout the
experiment.
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Figure (6): Typical Cutting Force Profile
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Figure (7): Example of measured cutting Forces in 3-axis.

5.4 Effect of 100 Hz vibration on Normal Force

In all frequencies, and all depth of cuts, for the same grinding conditions, the average values
of the normal and tangential forces were compared with their corresponding values without
vibration; for 100 Hz, sample plots of the normal and tangential forces are given below in
Figure (8) and Figure (9), and it is remarkable that, in hard steel, the applied vibration at 100
Hz has reduced the normal and tangential forces by an average of 42% and 34% respectively.
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Figure (8): Effect of 100 Hz vibration on normal Force (hard Steel)
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Figure (9): Effect of 100 Hz vibration on Tangential Force

6. Developed Control System:

Using LABVIEW software, Series of tests were run with the system fully assembled and initial
data were recorded for each run. The data was used to develop one-axis controller at the first
stage. A typical recorded data for a sinusoidal excitation is depicted in Figure (10) below:

100hz-30m
T

r r r r r r r r r
o 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
time (s)

Figure (10): Time Response of the Control System
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7. Discussion and Conclusion:

A mathematical model of the control system along with the actual vibrating jig were developed,
Initial results from the actual jig revealed a design problem. The workpiece holder to which the
accelerometer was attached did not perform a full-harmonic motion when excited with a
sinusoidal wave force. It was expected that a sine wave excitation force would lead to a
sinusoidal harmonic motion of the system. It was observed that the system performed only a
half sine wave and stayed stationary during the second half. This was caused by zero-position
of the oscillator, which seemed to be too close to the wall and therefore, a full motion is
restricted. The problem could be solved by two approaches: one was relocating the zero-
position to allow full symmetrical motion, or alternatively the workpiece holder could be
redesigned to give more space to allow for full sine-wave oscillation.

A PID controller was designed and added to the system. A simulation was done for the system
with and without the PID controller and the response characteristics was improved with PID
controller. Optimal values for controller parameters were obtained by tuning; this was an
effective way to enhance the stability of time domain performance of the system.

The effect of applying low frequency vibration to the grinding process of the same operating
conditions was studied focussing on two important parameters: cutting forces and the tool wear,
and the very first observation was the remarkable reduction of at least 50% of cutting forces
when vibration was applied compared to tradition grinding, and hence reduced tool wear and
increased tool life was expected.
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