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Fuzzy Knowledge Base Controller to Condensate The
Roundness Error in the Cylindrical Plunge Grinding
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ABSTRACT

The paper describes theoretical and experimental analysis of dynamics of
system: grinding wheel- workpiece external cylindrical plunge grinding process to
study the effect of workpiece previous profile on the ground workpiece roundness. The
study has been carried out theoretical model taking contact stiffness of system
{workpiece and machine), grinding wheel and workpiece wear into consideration. The
results showed that mode shape vibration errors are strongly depends on amplitude of
initial workpiece profiles. The mode shape vibration errors increases with the increase
of initial workpiece profiles amplitudes and workpiece length.

Experiments had been carried out on identical specimens. These specimens
were turned first with different cutting conditions to obtain different profiles. Then a
cylindrical plunge grinding operation with the same cutting conditions was applied for
the resulted specimens. The vibration signals existing during grinding were recorded.
The resulted roundness error before and after grinding were compared for each
specimens.

The results showed the root mean square (RMS) of vibration level, roundness
error and undulation number of the ground workpiece are dependent on the initial
workpiece profile. The comparison between theoretical and experimental results
showed as good agreements.

To compensate roundness error within an acceptable range, fuzzy knowledge
base controller (FKBC) was proposed. The proposed fuzzy controller predicts the work
piece shape error more accurately, and reduces it by about 20%
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Plunge grinding, vibration, roundness, initial profile, undulation, flexibility,
fuzzy controller.

1- INTRODUCTION

Grinding is a high specific energy finish machining process that is used widely
in the manufacturing of components requiring fine tolerances and smooth finish [1].

As it is known, out of roundness is a complex error resulting during grinding
process. It refers to deviation from a perfect circle. In a conventional plunge grinding
operation, the grinding wheel is fed radially into a rotating workpiece by a wheel head
system as shown 1n figure 1. Since the wheel head and the workpiece supports are not
infinitely rigid, the deflection takes place as soon as the wheel contacts the workpiece
and the normal force is developed. This will result in grinding wheel position to falls
behind the nominal position of the wheel head system. Due to the variation in the
deflection of the system during a grinding cycle, a relative motion between workpiece
and grinding wheel is initiated.

The previous publication (e.g. [2]) in this field reported that, the roundness of
the workpiece depends on the motion of the wheel relative to the workpiece which is
cabled vibration. Vibration in the system: grinding wheel-workpiece changes the local
cutting conditions which can result in non-homogeneous characteristics of mechanical
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properties of machined surface. These disadvantages are the reason of searching the
way of avoiding of harmful phenomenon of vibration. It can be performed in two ways
[3l:

— Tdentifying and removing vibration sources from the grinder,

- Minimization the influence of vibration on grinding workpiece.

This relative motion (vibration) originates from many sources such as wheel
imbalance, self excited vibration, etc. The major source of roundness error during
grinding is the spindle radial error motion (SREM) [4]. Hyum-seumg C. [5] presented
a machining error compensation system for cylindrical grinding based on genetic
algerithm

The present paper discusses another source which affects the roundness error
during grinding. The study puts importance to the effect of previous workpiece profile
on the wheel motion relative to the workpiece during grinding. The vibration signals
existing during grinding are used to describe this relative motion. Fuzzy knowledge
base controller was proposed to compensate the roundness error.

2-MATHEMATICAL MODEL AND SIMULATION

In the external cylindrical plunge grinding process the wheel is fed radially into
the workpiece. The cutting process takes place along the interference between the
wheel and the workpiece by a number of abrasive grains on the wheel surface.

To study the effect of workpiece previous profile on the ground workpiece
roundness; a grinding process model will be used. Liao and Shiang [6] derived a
model, which includes grinding wheel and workpiece regenerative effects. The model
takes contact stiffness, grinding wheel and workpiece wear into consideration. Since
this mode! can describe the grinding process more completely than others [2, 7], it is
adopted for simulation and modified for our purpose in this research.

As shown in Figure 2 the total infeed of the grinding wheel at the time instant
t, denoted by Uy( t ) is equal to the sum of the wear of the grinding whee!, wear of the
workpiece and the elastic deformation at the contact area and the machine tool
structure That is,

Uo{t) =Wy (1) +Wg (1) + Xem {1
Xem=Xe()+Xin(t)

Where W, (1) is the total amount of wear of the workpiece,
W, ( t) is the total amount of wear of the grinding wheel,

Xem (1) is the elastic deformation at contact area, and elastic deformation of
machine tool structure. '

The effect of forced vibration on the system must be taken into consideration.
Let us consider one case of process forced vibrations when the workpiece surface is
not smooth. This happens when the workpiece initial contour has waviness. This
would result in a periodic force Fp. Now for 2 well trued and balanced grinding wheel
the grinding force F(t} is the sum of the static force Fgand periodic force Fe. The static
force component is a function of grinding conditions such as infeed, wheel speed and
width of cut. Consider the number of waves on workpiece surface is n with amplitude
a, . Because the workpiece is rotating with angular velocity ® the increase in the total
infeed of the wheel due to the periodic force Fp can be written as:
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Xp=a, cos nwt 2)
Bascd on the discussion given above, eq. (1) should be modified as follow:
Us(t)+a, cos not=W, (t)+W, (t) + X (3

As depicted in figure (3), the elastic deformations Xcm are dependent on the
grinding force F (1), workpiece geometry, and machine stiffness especially head and
tail stock. This can be modeled and represent different cases

1- Workpiece with rigid head and tail stoke

_ S —-x) it ()
- 3ELF
where
/s the grinding force
L is the workpiece length
E is the modulus elasticity
I is the second moment of area

2- workpiece with flexible head and tail stoke
3.6
IR Bl 3
m=f(L X} x y L) L (5)
3ELT K, K

raid

where
Kpeoa stiffess of the head stock
Kair stiffness of the tail stock

Eq.(3) shows that the total infeed of the grinding wheel at any time depends on
dynamic displacement which is produced by the previous waves on the workpiece
contour.

The dynamic displacement in the left hand side of eq. (3) will produce a
dynamic compornent of the grinding force which atfects the quantities in the right hand
side of the equation. The grinding force F(t) is assumed to be related to the
instantaneous amount of wear of the wheel AW, (t} and that for workpiece AW,, (1} by
the following equations:

F(ty=k, AW, (t) (6)
F(t) =k AW, (1) (7)
Where k, , k. are the grinding wheel and workpiece wear stiffness, respectively.

Egs. (4) and (5) with eq. (3) show that the instantaneous wear of both grinding
wheel and workpiece will be varied with the vanation of the grinding force or in other
words variation of total infeed which vary periodically. Because the wear of the
grinding wheel 1s far smaller than that of the workpiece, so it can be neglected for this
study. It is noted that the wear rate of the workpiece depends on the wearing stiffness
k. . The elastic deformation at contact area X.( t ) and the elastic deformation of
machine tool structure Xn( t ) will be varied also periodically according to eq. (3).
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The amount of this variation depends on the contact stiffness and static stiffness of the
machine tool structure.

Since the vibration of the grinding wheei relative to workpiece depends on the
depth of cut, the dynamic displacement which adds to the total infeed in eq. (3) will
cause the grinding wheel to move away from or to the workpiece according to the
displacement sign. Then relative vibration between the workpiece and grinding wheel
DCeurs.

Figure 4 shows how the workpicce previous waviness influences the dynamic
normal force. The component F,, appears when over grinding a smooth workpiece
surface, a component F,, which from real wavy surface and the resultant dynamic
normal force F,. As shown in the figure, the previous waves on the workpiece surface
cause the grinding wheel to be subjected to varying force. This force itseif produces
vibration in the system. The vibration causes a new wave to be produced on the
workpiece surface.

The wave left on the workpiece surface is neither sinusoidal in form nor having
the same amplitude as the vibration. This is due to the effect of the wheel removing
material from the workpiece over an arc of contact rather at a single point [9].

Figure5 shows the workpiece shape error using rigid head and tail stock at
different initial profiles. The workpiece material is steel and length is 100 mm while
workpiece diameter is 50 mm. The applied grinding force is 200 N. Figure 6 shows
the shape error for the same workpiece using flexible head and tail stock, Theé results
show that the ground workpiece profile and shape error depends on workpiece rigidity
and workpiece initial profile. Introducing the flexibility of head and tail stock
improved the shape error

The above analysis of the grinding wheel workpiece motion during cylindrical
plunge grinding indicates that: the vibration existing during the operation depends on
the workpiece initial profile which results from the underlying process. This vibration
will have a considerable effect on the final ground workpiece profile and shape error.

J-EXPERIMENTAL WORK AND RESULTS

The experimental work was carried out to study the effect of initial workpiece
profile on the cylindrical plunge grinding process. The study related the previous
roundness error to the variation of the actual interference between the wheel and
workpiece. The efTect of this variation on the final workpiece profile was also studied.

First a turning operation was carried out using different conditions to produce
specimens from the rolled steel bar of 30mm diameter. The composition of this steel is
0.483%C. 0.25%S4, 0.8%Mn and 0.018%S. The roundness of the machined specimens
was measured and the roundness profile was plotted on polar graph.

A plunge cut grinding test was conducted on four specimens selected from the
turned specimens. These specimens are chosen such that, they had difterent roundness
profiles as shown in figure 7. A cvlindrical grinding machine type Jones & shipman
model 1300 was used for the grinding test.

The grinding wheel used for the test was AGOKV7 with 400 mm outside
diameter, 127mm bore and 25mm thickness. The dressing operation was applied to the
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wheel before grinding each specimen with 20um depth of dresser and 0.125mum/rev.
feed rate, with four passes. ’

The grinding conditions were constant for all specimens as follow:

wheel speed 1600 r.p.m.
workpiece speed 140 r.p.m.
infeed 0.025 mm /rev.
width of grinding 20 mm

The specimens were mounted between two centers and each workpiece was
machined for 8§ Sec.

The variation of the actual interference between the workpiece and the grinding
wheel surface was monitored by means of vibration. The portable vibration analyzer B
& K 2515 was used to measure the vibration signals exists during grinding. Because of
the workpiece form errors determined by the relative displacements of the grinding
wheel in direction normal to the ground surface, the vibration accelerometer is to be
fixed on a horizontal plan on the workpiece head [8]. The vibration was monitored
through the analyzer in frequency domain and the root mean square (RMS) in
acceleration of the signal for each workpiece was recorded.

The root mean square (RMS) of vibration signals existed during grinding was
used as a vibration measuring parameter so it relates the overall intensity of vibration
signal. The (RMS} values recorded during grinding are given in table {1).

Table (1) Root mean square of vibration level during grinding

Workpiece No. 1 2 3 4
RMS (m/sec” ) 2.195 2.360 2.961 3.761

Measurement of out-of-roundness was carried out for each workpiece after it
had been ground on a precision roundness measurement instrument (Talyround 250).
The polar plot of the roundness profile are shown in Figure 7

As it is known, out of roundness is a complex periodic error which can be
resolved by Fourier's sinusoidal harmonics. The amplitude spectra of roundness
profile are calculated for all workpeices and plotted for different harmonics as shown
in figure8. The undulation number on the workpieces profile is calculated. The results
are given for each workpiece in figure 7.

4 -FUZZY CONTROLLER

Fuzzy proportional integral (PI) controiler is proposed to compensate the
grinding error this controller is based on fuzzy knowledge base controller (FNBC).
The equation of PI controller is

K
U=KP+—TiJed: (8)

hence
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. K
AU =Kpﬂ€+—T—pE

This PI controller is inference to the following fuzzy logic approximate reasoning
1F e is (premise) and Ae is (premise)
THEN AU is (conclusion)

Table (2) illustrates the rule base of such PI fuzzy controller in tabular form,
the cell defined by the intersection of row and column represents a rule such as

IF efk) is Zo and Ae(k) ts Zo
THEN AU(k) is Zo

The member ship function of the error signal is shown in figure (9}

Table (2) Rule Base of Fuzzy Knowledge Base Controller (FNBC)

1 NB NM | NS ZO PS PM PB
NB NB NB NB NB NM NS o)
|
NM NB. | NB NB NM NS Z0 PS
T %‘l
[ NS NB | NB *T NM - NS 4} Z0 PS PM
Z0 NB | NM NS Z0 PS PMAJ PB
PS NM | NS Z0 PS PM PB | PB
| |
PM NS Z0 Ps:] PM PB PB PB
PB Z0 PS PM AJ’ PBE | PB PB PB |
Uy
Where;

NB=Negative Big, NM=Negative Medium, NS=Negative Small, ZO=Zero,
PS=Positive Small, PM=Positive Medium, and PB=Positive Big.
To find the physical quantity, center of area defuzzification method is adopted

as follows
IR
Uzz.nim
Z/Uu (1)
Where;

.4, is a variable in the universe of discourse U
U, is the member ship of variabie u, in the universe of discourse U

Figurel0 shows the workpiece shape error afier introducing fuzzy controller.

5-DISCUSSION OF THE RESULTS

The tests results are given in figs. 7 and 8. Figure 7 shows the roundness
profile, the roundness error and average undulation number for the workpieces before
and after grinding. Figure 8 shows the roundness spectrum for the same workpieces.
The vibration signals that had been picked up during grinding showed a periodical
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fluctuation of vibration amplitude for different frequencies in the zone (2.33-60Hz)
which relative to the workpiece and wheel rotational frequencies and their harmonics.
It is found that: when the average undulation number of the previous surface was
small, the amplitudes of vibration at low frequencies (2.33-60Hz) were high. But the
amplitudes at the higher frequencies (2.33-100Hz) were high when the average
undulation number was high. However it was difficult to find a quantitative
correspondence between the vibration amplitude and the height of undulation.

With referring to figure 7 and table (1) it can be seen that, the roundness error
{0) of the workpiece resulted from grinding and RMS of vibration level that recorded
during the operation are dependent on the initial workpiece roundness error. This can
be described by the fact that, the initial roundness error affects the dynamics of the
system and works exciter for it. This resulted in increasing of RMS of vibration.

The increase of vibration level (i.e, wheel-workpiece relative motion) caused
the roundness error on the new profile. Figure 7 shows that also, the dependence of
roundness error on the initial profile is high when this profile has a low undulation
number. This is clear in case of workpieces No.3 and 4. It can also be seen from the
same figure that, the undulation number resulted from grinding process depends on the
initial undulation number on the workpiece circumferential and not only on the wheel
workpiece speed ratio as reported before by liao and shiang [6].

The effect of initial workpiece profile on the ground profile is obvious when
the amplitude spectra are considered as a parameter for roundness measurement as
shown in figure8. It can be noted from the same figure that, the dominant harmonics
before grinding are almost the same after grinding. The amplitudes at different
harmonics also depend on their values before grinding process.

Referring to Figurel( that shows the workpiece shape error after introducing
fuzzy controller. It can be noticed from the figure that, shape error can be compensated
and reduced by about 20 % using fuzzy controller with a suitable eapaecitive transducer
and actuator coupled with grinding wheel motion. The effeet of initial profiles can be
reduced or eliminated using such controller.

6-CONCLUSIONS

According to the given results and discussions, the following eonclusions can
be drawn for the cylindrical plunge grinding process:-

|. The initial workpiece profile has a considerable effect on the process as it
disturbs the process and changes the wheel-workpiece dynamic interference.

2, The RMS of vibration signal exists during the process depends on the initial
specimen roundness error. The amplitudes of vibration at different frequencies in
the range up to 100 Hz. were found 10 be dependent on both roundness error and
undulation number of initial specimen surface.

3. The roundness error of the ground workpiece depends on the roundness error and
undulation number of the workpiece before grinding.

4. The undulation number on the ground workpiece circumference depends not
only on the wheel-workpieee speed ratio, but also on undulation before grinding.
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5. The effect of the initial workpiece profile on the ground one is obvious with the
amplitude spectra of the profiles. The amplitude at different harmonics is
corresponding ‘to that before grinding.

6. Introducing the proposed fuzzy controller predicts the work piece shape error
more accurately, and reduces it by about 20%
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NOMENCLATURE
an the wave amplitude.
Fp the periodic force.
Fg the static force.

F(t) the grinding force.

k¢, ko the grinding wheel and workpiece wear stiffness respectively.
N undulation number on workpiece profile.

n number of waves on workpiece profile.

U t) the total infeed of the grinding wheel at the time instant t.
W, (t) total amount of wear of the workpiece.
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W, (t)
X (1)
Xn (1)
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total amount of wear of the grinding wheel.
elastic deformation at contact area.

elastic deformation of machine tool structure.
total infeed of the wheel due to the periodic force Fp.
instantaneous amount of wear of the wheel.
instantaneous amount of wear of the workpiece.
is the grinding force

is the workpiece length

is the modulus elasticity

is the second moment of area

stiffness of the head stock

stiffness of the tail stock
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Fig. I The grinding wheel-workpiece Fig. 2. The total infeed of the grinding

interaction in cylindrical plunge wheel at the time instant 1

grinding operation
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Fig.3 Workpiece during grinding Fig. 4. The effect of initial waviness

on dynamic normal force [7].
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Turned specimens Grounded specimens

Figure 7. Polar plot of roundness profile
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