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Abstrad : Gdnding-is one of the most ImporIan1 finishing operailons a d  'il -&'very uselul in our automobile 
industries. The paper presmnk,a mntrol syslem for grinding process using neufo-fuzzy technique.The maximum 
grinding temperalure is very Important since tw high termperahrm wlll Lead to surface burns snd themal damage 
W the grinding wheel as well as the workpiece maferlal. Neur+luuy model was used to analyze the grinding 
wheel performance index as it affects the general grinding aperations of the grinding process. The research work 
can be applled to any other grinding pmess, whether it Is a wet or dry glindhg process. However, ihe work is 
new as It appears io be the first appllcatlon of neur+luzzy grinding operations. 

1. Introduction 
Grinding is one of the most versatile methods of removing material from machine parts by 

the cutting aclion of the countless hard and sharp abrasive particles of a revolving grinding 
wheel to prov i \I- precise geometrv. Grinding or abrasive machining tl~erefore, refers to processes 
for removing materia1 in the f )f smal  chips by the mechanical action of irregularly shaped 
abrasive grains char are I~eid I , ,  $lace by a bonding material on a moving wheel or abrasive 
belt, (Diniz et al 2000). The grinding wheel is made of vary smil'il,'iharp and hard abrasive 
particles o: grits held together by strong porous bond and during grinding. a small tiny chip 
is CUL by each of these aciive grains that comes in contact with the work piece as the grinding 
wheel whirls pas; it (Odior, 2002) The size of the chip being cut by each microscopic active 

. grain is so small t h a ~  i t  is less than t micrometer which is on a nuno scale. 
The t~mpemture reached by  he tip of the abrasive particles when cutting is extremely 

high nnd higher than the melting point of &el which is l,5OO0C. However, no melting of 
grains occurs due to brief time of eontact, yhich is ofien less than 100x104 sec. (Ridford, 
et al. 1978). The different depths of cur an work piece deformation had been discovered to 
nffecr the hardness of [he abrasive wheel. (Crawford, 1979), However, the Inas[ generally 
recog~~jzed characteristic whwl hardness is the ability of the wheel to rerain dulled abrasive 
grains. The duller the retai~led grains, the harder the wheel. 
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A neumfuuy model combines the fuzzy-logic md neural network principles to germate 
model that wwiil result in the evnluation of specified desired output. While fuzzy logic prforms 
an inference mechanism under cognitive uncertainty (Zadeh, 198 81, computational . neural 
networks offer exciting ndvnntages, such as learning, adaptation, fault-tolerance, parallelism 
and generalization (Wassehm, I999), To enable a system to deaI with cogiiitive unctrhintiei 
in n manner more like humans, we incorporate the concept of fuzzy logic inio neural networks 
to evuluate the performance characteristics of a grinding wheel md the resulting hybrid system ' 
is d l e d  fuzzy neural, neural fmy, neuro-fuzzy or fuzzy-new network. 

;@~n#ng :@mtio~ is ~ p p l e x  gnce i@$~&&q&&b~ a-number of design-paramel$ts'& 
'tikiab;lk+ ( .  such- ns gi&biIi tx of w o r m  .,?.:. Lrmtga$+Ipi&le -. size disuibution, malerial holhp: 

r o ~ o n a l  . s a  $ h e  ?grinding wkkr and kork$6ce speed (Li. ernlUX)5). ~onvkdunal 
grinding is &mct&ed by grinding with small depth of cut and high work sped. The grinding 
processes consist of t h r ~  sws : sliding stage, plow stage and chip-fmtion state. These st~gcs 
 re energy corisuming 'withithe'cdrrespona<n ~ ~ d i c - g r i n d i n ~  enerb consisting of sliding 
energy (U,), plow energy (Up) and chipformation energy (U,). 

MAXltWM GRINDING .,I TEMPERATURE I .  .. = . . A. +. . I .  

- .  . 
'The grinding parameters of &nluation the m n x i ~ u m  acceptable grinding temperature 

' 

' indude, cimmferenciai.spaxi~~uf a grkndlng segrnknr"(v')';"dorkpiece -,s : . - . velocity (vw) and work 
depth of cut. (a). Th& 6t+tb'rtlf~ritdh!s@&d 6f  < )$inding $ei&ent (vJ is close to constant 
for a grinding machine fd;'t&l 'w'hkin and Rittq 1989). The parameters of workpiece 
velocity (vJ and depth of cut -(a] ire input parameters of the grinding process, so they are 
outpula of the fuzzy controller. Therefore, two grinding parameters are obuined by fuuy  
controller at time I, and are defmed by U,(a, 8,) and U2(vw, S2) at this moment. 

The empirical formula for ~naximum grinding tempereature is (Mnlkin, 1989), 

Where Qm = the mnximurn temperature 
a = the thermal conductivity, 
a = the depth of grinding, vw = the workpiece velocity, 
v = the specific grinding energy. u,, = the chip-formsfion energy. 
k = the thermal diffusivity. 
d = the equivalent wheel diameter. 

We define U = (u - 0m45u,), so U, a, k are unknown parameters needed to be estimated. 
Taking the natural logarithm of both sides of equation 1 above, we have ; 

:. ln Qln - In I = 0.5 In a + In  U - In k 

Qrr d:' Assume Y = In ,,, , ,5 ,  cp = (0.5 1 - 1) and x = ( Ina  InU Ink]=, 
1.1% v 

Equation 3 can be written in the form Y = #x 
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: M i g  to the theorem of Recursive least-squares estimahon (RLS), w e  have ; 

k , , p  ~fl,*,(l+rp~,+,~fl,,,r' ..:...:f61 
.. , . 

' .. - - .  . 
' - I T  p PN;; =:@-P&M+i(l+(pj;+lP~N+.l) (pNII --*.. (7) 

*. . . I .  ' ' :# I ' 

in abou$.fqmoloe q',,, =!(U:5 1': lj, P, = [BT, @]-I; In this way, we can .obtain the 
estimaqiun, at time t :) ., 

:?: . ' . ,:- =I (In a, mu, Ink? ..... (8) , 

~ h d n  $ih.x *es$rnatedr.bX.&gk &rrnuGe and defining Qm = T'C 
whete T'C is th k "'given t&peraturk for avoiding work piece distortion in the grinditlg 

process. . . , ,  , 

~ d i ~ ?  - ;;e' can' .hev4bp the: foilowiig eqbntion : a 

I.. 
. . . ' <  ' .  d . . 

" .  . -!, - , . , \ . - ~ b y & - ~ ~ f l ~  - o.4kIIb 
. . 

' 4PS 
5 PC* 

. - 
which can be further expressed . .  as ;: . . &75$5 w5 T"C=A, 

.. . . . -. . . . , Ll kPS(u - 0.4.45y,)[ 
This impf i& that, we should. mkirnize the metal pmoval rate (MRR) without ailbjjectifig ' . - -. 

the grinding pmc&s to ovgi- hcpting 'and distortion while the machine is working with . 

efficiency ashighas possible. . 
But ' MRR = bavw .... (10) 

where. b is the width of wheel. 
We need to maximize the metal rerrioval rate at an acceptable temperature level. 
The control of above .equation becomes ; 

MRR = maxlBavJ 
Such that ; a0.75vE5 5 Ai 

s.t. a ~ U , ( a .  6,) 
s.1. v w  E U2(yF.. BI) 

Solving above equatrons (3.1 1 - 3.14) gives the control laws as follows : 

where a, = min ( x E U,(U. St)), 
1 -312 We reduce the control law rl,,, <As a, to the form V' 5 A*o' for the neuro - fuzzy 

model. 
wl.iere V = vw, A' = A? and a' = a;"'. 
The model gives three sets of conditions : 

( I )  V'- A'a' = 0 
C2) V* - A'a' 2 0 
(3 )  V' - A'a' 5 0 

Cor~sidering the output parameters from the model, we have the following 
( i )  V' - A'a' = Zero (2) = Optimistic (0 

( i i )  V' - A'a' = Negarive (N) = Normal ( d 1 
(iii) V* - A'a' = Positive (P) = Pessimistic (Pe) 
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The neuro - fuzzy model mognizes the above output parameters as input parameters and 
then process them to arrive at the specified desired output of maximum metal removal rate 
at acceptable ternperam level in the grinding process. 

The neuro - fuzzy model structure is now given in Figure-1. It should be noted that,X,, 
X,. X,. mpksent input .parameters, layers 1,2,3 and N,, N,. N, and N, represent connections 
between the inpul and output parametus, while y ,. y,, y, repremt the output parametera and 
y, represent the desired output. 

Fig. .a ::, The Struclum of a Neura Fuzxy .Model. 
. . 

, The neqefuzzy model ip 5gure. 1 is now reduced to thq followi.ng form for simplicity. . ... I _ :-:. , , . . . . . ' . # ' :  , 

'Y* 

Fig. 2 : A Simplified Layout or Neum - Fuzzy Model. 

To process the parameters to arrive ar the specified desired output, the following base 
.rules are employed ; 

(1) IF (V' - A'd) = Z, AND (V' - A ' i )  = Z continues, THEN output = O,,. 
12) IF (V' - A'a') = N, AND (V' - A'd) = N continues, THEN output = Nil. 
(3) IF (V' - A'a') = PC, AND (V' - A'a') = Pr continues, 'MEN output = Nil. 
Our desired output is Op, a condition of optimistic, where the metnf removal rate is 

maximized at nn acceptable temperature level. 

3.4 : PERFORMANCE INDEX OF A GRINDING WHEEL. 

The performance index is used to chacterize wheel wear mistance is the wheel grinding 
ratio or G ratio and is defined as the d o  of the change in vollime of the workpiece p u n d  
IAVJ to the change in the volume of the grinding wheel removed IAVJ, and i s  
expresse'd as 

11 .should be noted .that a very hi& grinding ratio (G) is desirable for high grinding 
efficiency and this mans that grinding ratio should be much, much greater than one. 

ie G >>>>>I. UNIV
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Figure-3 shows the components of grinding wheel performance index for high grinding 
.=  , ' k , :  ,, 

efficiency." ' 

'Grinding Wheel 
Perfomzanoe 

. . . m .. ' . , i : , -  . a 

F& 3 : Companml ot Grindi~g ~ ~ , 5 c i r ~ m a n c e  h c k x  
: Three conlli~at& -are. appiutntn is this case ; . ' 

AV 
(1) G s ! ie --a > 1 which is desirable. A t  

AV (2) G = I ie L= 1 which is normal. 
*V, 
AV 

(3) G < I ie -< 1 which is not desirable. 
AX 

Considering the output parameters from the modd, we have the follow conditions : 

AV 
( I )  - 3  1 = High (H) = Optimistic (O,), 

*I, 

A 1' 
(2) -= Av,, f =Normal (N] = Normal (Id), 

AV 
(3) A < 1 = Low (L) = Pessimistic (PJ. av, 

The neuro-fuzzy,model is now used for the above parameters and the model recognizes 
the above output parameters as input pwameters, which are processed to arrive nt the 
specified desired output of high grinding emciertcy, which consists of very high volume of 
workpiece material removed with very 10 ' i  volume of grinding wheel material removed. 

In other to process the above parameters to arrive at the specified desired output, the 
following base rule are employed : 

( 1 )  (AVtv - &Ift) = Positive (P) = High (H) = Optimistic (02. 
(2) (AVtP - AVf) = ZeFO CZ) = Nofmal (N) = Normal IN), 
( 3 )  (AV, - AV) = Negative (N) = Low (L) = Pessimistic (PJ. 
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So we have the folIowihg results : 
(1 )  IF (AV - AV) G P AND (AV lr - AV) = P continues, THEN output OP. 
(2) IF (A; - AV) =.Z AND (AVw - AV;) F N  continues, THEN output Nil. 
(3) I F  ( h f  R" - A<~.:;;.N.AND fAy Y +.AVt)!=.L continues, THEN output Nil. 

, 06r dcsiced output is %,a. condition of optimistic, where.the+ change in volume of 
workpiem wtaial 'removed is ..higher than:.&. af -the. .grinding wheel material removed. 4- 

The specifted:desired output of high grinding ~efkiency is not for just a high grinding 
ratio but for. n- very high grinding ratio. In his,-aaw+ we need to have the following output 
parameters : . . .. . , .  , . >  

(I} (AV,; - AV) >>>5 1 =. Very High Positive (VHP). 
(2) (Al!r - AV) = 0 = Very High Normal (VHN). - 
(3). (AV,, -; AV) <<-< 1 = Very Low Negative (VLN). 

Sa we 'hove the folbwing resulm : . . . 

( I ) (AV,,, - AVJ = P. = Very High Positive (VHP) = Optimistic (OJ ; 
12) (AV,,. AV) = Z = Very E g h  Noqnal (VHN) = Mosl Lilrely (M,) ; 
(3) (A V - - A V ) = N. = Very Low Negative (VLN)- = pPessimisric (Pel. 

3A.1 :. ~ h e ~ ~ ~ o m ~ o n e n t s  of F , w q  Logic Model. - #  ' 
I 

The cornpolients of the fuzzy logic control mdbl l;bt C e  grinding wheel performince 
index can now be represented with mewbedhip functions as presented in Table 1. 

Table 1 : Components of Fuzzy h g i e  Model. 

Level Interpretation Fuzzy Output Linguistic Variables 
Number 

3 Optimistic Positive 

The neuro - fuzzy model now uses the following output pai.'ametem as input parameters 
to arrive ar rhe specified desired output, 

(1) IF (AV,,, - All) = P AND (AV,,+ - AV) = VHP continues. THEN outpul Opt 
(2) IF (Alf,,, - AVr) = Z AND (AV,,, - At/,) = VHN continues, THEN ourput Nil. 
(3) If (AVm, - AVt) = N AND (A\/ A' - AVI) = VLN continues, THEN output Nil. 

3.4.2 : Grinding Wheel System Operating Rules. 
INPUT No I : ("lnput", Positive (0 ) Negative (Pel, Zero (PI)}. 

P: 
INPUT No. 2 ( GP - Getting Positive (9 1, ~ ~ - & a i n ~  Negative (PJ, GZGening Zero 0 ) . 

P 

The system response with its output becomes : 

Output Or = Optimistic, \ = Nil, nnd N = Nil. 
The degree of  lat ti on ship between fumy output and membership functio~l ranges from 

0 to 1.0. The graphical iliustrntion of Table-l is presented-in Figure-2. 
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denoles possitive .* denotes negative . tltnotes zero 
Figure -2 : Graph, of Fuzzy Logic Can~rot Model 

, The inte~pretation of the graph shows that : 1 . . . 
I .  When the change in volume of workpiece ground is higher than the chn~ge in ylurne , , I  

of grinding wheel renioved tho model prompts positive ~o~l i rn id i c '  output) . 

i i .  When the change in volume of workpiece ground is lower than the change ill volume 
of grinding wheel removed the model prompts negative (pessimistic output) ; and 

iii. When the chnage in volume of workpiece ground and the chnage in volume of 
grinding wheel removed are equal the model prompts zero (Most Likely output) 

CONCLUSION 
Grinding is one of the most versatile methods of removing from machine parts by 

ab~-asion. Tt i s  an important finishing operation which is very useful in our automible 
industries, As a result of the complexity of grinding operation, it was more convenient to 
use neuro fuzzy models to control the grinding process. The process was carefully controlled 
to ger the desired output with maximum metal removal rate at an acceptable temperature 
level that wiII not lend to workpiece burns. Also the performance index which characterizes 
the wheel wear resistance was also modeled and it was discovered that the wheel grinding 
ratio should always be very high for effective control of the grinding, process. 
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