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Unified summation equations and their applications
in tribology wear process
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Abstract. This paper presents some applications of summation equations with regard to the calculation prognosis of micro-bearing wear
parameters. Summation equations are presented in a new form of difference and recurrence equations where the unknown micro-bearing
wear function occurs as the argument of the reciprocal unified operator of summation (UOS). In this paper the properties of the UOS
and reciprocal UOS as well as the unitary translation operator (UTO) are defined and applied to a micro-bearing wear determination. The
approach of both dual and interaction between summation and recurrence equations and micro-bearing wear determination, makes this paper

unique.
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1. Preliminaries

Information on summation equations is very scarce. Many
more papers have been published on difference equations [1—
6].

The result of an increased interest in recurrence equa-
tions is among others the fact that differential equations can
be simulated by means of summation and recurrence equa-
tions, and some linear summation and recurrence equations
can be reduced to those differential equations that are equiva-
lent with respect to solutions to recurrence equations. It is to
be noted that those phenomena are described with summation
equations whose results or values change in a discrete man-
ner. A completely different description of phenomena with the
aid of differential equations concerns dependencies and val-
ues with continuous changes, which as we know are a large
approximation of the surrounding reality [7-9].

In the presented paper the summation or recurrence equa-
tions are applied for solving the problems connected with
the wear prognosis during the HDD-microbearing Seagate
Barakuda exploitation [10-13].

Owing to a constant growth of the potential of comput-
ers, a development of those methods that are approximate in
the area of partial differential equations is being observed. In
this research area, recurrence equations are becoming more
and more widely applied. Initially, differential methods were
developed. Further, the methods by Runge-Kutta, W. Ritz and
B.G. Galerkin were created together with many other analyti-
cal and numerical methods, where the solutions of recurrence
equations were required [9, 14].

Another Finite Elements Method is to be noted [15-20].
The advantage of this method is obtaining solutions of dif-
ferential or recurrence equations in areas with very complex
shapes. A disadvantage of this method is obtaining approxi-
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mate solutions which do not strictly satisfy the equation which
governs the process, or its satisfaction with a very low degree
of the shape function. In order to obtain a small error, the
area needs to be divided into many thousands of elements.
The result of this division, however, is a large propagation of
computational errors and lengthening of time required for cal-
culations. The initial and boundary conditions in this method
are satisfied in nodes only. This drawback is usually eliminat-
ed by means of a condensation of the network of numerical
calculations. The recent achievements [15-20] have been done
in Finite Elements computation modeling involving both val-
idation of mathematical models and verification of numerical
schemes with an error propagation.

The result of an improvement of the Finite Elements
Method with the use of recurrence equations is an application
of E. Trefftz functions as base functions in the Finite Elements
Method [5]. The Trefftz function method cannot be omitted
when discussing the solutions of recurrence equations [5]. The
idea of E. Trefftz method consists in the determination of the
system of the functions of polynomials which satisfy strictly
the differential equation in question [5].

The presented paper is devoted to both mathematical theo-
ry of solutions of summation or recurrence equations and ap-
plications to HDD micro-bearing wear process determination
and its convergences in succeeding time units of operation.

2. Some properties of the unified operator

Let S be a general operator of summation. We define general
operator S and its properties in the following form [6, 11]:

Selp(...) = S5(....) +ep(...), (1)
where

()= S5(fn) = fas: 2)
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We denote: € = +1 or ¢ = —1 and f,, — complex functions
defined on the natural numbers, €p — basis of the unified op-
erator of summation S, p — complex number of the complex
variable, m = 1 — the first rank as an upper index of the
operator S™ of unified summation.

Operation S on the function f,, is known as the unified
summation. The particular case of operation S presented by
the relation (1) for p = 0, has the form S} and can be denoted
in the form Sy and is known as unitary translation operator
(UTO). The operation of the UTO on the function f, was
univocal defined by the Eq. (2)-.

It is easy to see that the unified operation of summation
(UOS) defined by the Eq. (1) in particular case for ¢ = —1,
p = z leads to the classical difference and the reciprocal dif-

ference operator, namely [6]:
Sto=A,, Sl=A7t (3)

Unified operation (1) for ¢ = 41, p = z describes a new form
of summation. Both forms are as follows [6, 11]:

sl sl )

The properties of UOS (the unified operator of summation)
will be now presented. At first we show some particular op-
erator properties for p = 0 namely:

SE(.). ©)
It is easy to see that the following operation is true [1, 6]:
S(%(S(%fn) = S(% (fnt1) = foyo. (6)

If the operator S has rank k, defined in the following recur-
rence form [1, 6]:

S(O)(fn) = fn,
k 1[gk—1 7
S() (fn) - S() I:So (fn)} for k' - 17 2, 37
then is easy to prove the following dependences [1, 6]:
Sk n) = Jn+k;
0(fn) = fatr ®

Sg(fngn) = fotkn+k,
From equations: (8) follows the multiplicative property of the
UTO. Let be k = 0. In this case the unitary translation opera-
tor has order zero. For arbitrary natural number k the operator
has order k. The UTO of the order k, is linear i.e. is simulta-
neously additive and homo-geneous, hence we can written as
the following equation:

S (aufn + Bfn) = @S5 (fn) + BS5 (), ©)
where «, (3 are two arbitrary constants independent of n.
Moreover the UTO for two arbitrary natural orders s and
k satisfies the following iterative summation law [1, 6]:
Sécsg(fn) = S§+s(fvb)- (10)

The properties from (6) to (10) refer to the UTO of the
order k£ where £ = 0,1,2,3,.... Now we go to define the
recurrent form of UOS of order k [1, 16, 17]:

S2(fa) = fnr  SE(fa) =82, [SE1 (f2)]

11
for k=1,2,3,.... (b
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From the definition (11) implies the following iterative equa-
tions are implied [1, 6]:

k
Sfp(fn)z (Sé—i—gp) In
for k=1,2,3,....

(12)
which is easy to prove in a mathematical induction way.

3. Reciprocal unified operator of summation

The reciprocal UOS regarding the unified operator of summa-
tion defined in Eq. (1) is denoted by the following description
[1, 2,6, 11]:

SZL(.).

ep

13)

Reciprocal unified operator of summation will be defined in
the following form [1, 2, 6, 11]:

Sz} (fn) = Fn, because SH'(F,) = fa, (14)

where F),, f, are the functions determined for the natural
numbers n = 1,2,3,....

Reciprocal unified operator of summation is denoted by
the upper index (—1) and is not always univocal. To explain
such a property we define the following.

Lemma 1

If function F}, presents a result of operation of reciprocal
unified operator of summation S;pl on the function f,, then
each function [6, 11]:

F,+C- (_Ep)n (15)

is also a consequence of the operation of reciprocal UOS on
the function f,, where C' is the arbitrary constant (independent
of n).

Proof of Lemma 1

Let the UOS operate on the expression (15) and we need
its linear and multiplicative properties defined by Eqgs. (8),
(9). After operation we obtain [1, 2, 6]:

S Fa+C - (—2p)”]

(16)
= fatC(=ep)"™ +C - (ep) (—ep) = fa-

Calculation (16) completes the proof of Lemma 1.

Now we show some selected characteristic properties of
reciprocal UOS. At first we assume that the following opera-
tions [1, 6]:

S, () S, (17)

with the same basis ep are for the two functions f,,, F}, recip-
rocal in following sense [1, 2, 6]:

S:;)l [Ss_pl (fn)} = fn,

18
S S (Fa)] = Fu+C - (—ep)". (18)

Equations (18) follow from the Definition (14) and are pre-
sented as the law of rank reduction.
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4. Characteristic examples of a reciprocal
operator of summation

In Table 1 we show some characteristic reciprocal transfor-
mations occurring in wear values summation [6, 11]. Now
the UOS and the reciprocal UOS operator will be needed for
the calculations of the sums of finite series and the sums of
infinite quantity of terms in convergent series. Before the be-
ginning the calculation process of the finite and infinite terms
of the convergent series in a classical sense, first will be for-

or o
fn =Fx - F
nz::l 1 (20b)
= lim [T} (fw)] — lim [S7} (£a)] -

Proof of Lemma 2
On the grounds of the assumption (19), the following as-
sumption is true [2, 7]:

mulated the following lemma: Z [ St F,)] = Z f. 1)
Lemma 2 n=Fk n=k
If the following operation is valid: By virtue of UOS definitions (1), (2) we can write:
1
Sﬂ (Fn) = fn, (19) [5—1 (Fn) = Fny1 — Fn} =
hen th £ seri ih fini d infini m . m (22)
then the sums of series with finite m terms and infinite Z (ST (F)] = Z (Fpy1 —F,) .
m — oo terms for natural numbers k, m where k£ < m, el el
have the following form of the limits of subtracts [1, 6, 11]: . . .
From simple calculations we have:
> fn=Fnyi - F m(F fF)fm(F )—m(F)
n+1 n) — n+1 n
. (202) Z::k n; n; (23)
o -1 T -1 _
=t (570 ()] = Jim S0 ()] = Pt = B = (RS0
Table 1

Characteristics reciprocal UOS transformations with arbitrary summation constants C' for arbitrary constants K and a and natural numbers k, s, n

fn Sgﬁ(fn) ep m
K
1 K C-(—ep)” € -1 -1
T (—¢p) p#
2 K Kn+C ep=—1 —1
n
3 a™ +C - (—ep)™ ep # —a -1
a+ep
4 a™ na™ "' 4+ C - (a)" ep=—a -1
5 na™ wa"JrC for a#1 ep=—1 —1
(a—1)
an+n—a
6 na'™ ———a"+ C(—=1)" for a# -1 ep=+1 -1
(a1 17 (=1 # P
1
7 arctgn arctg (m) ep=-—1 -1
1 U(n)+C B
8 n W — Psi-Euler Function ep=-—1 -1
9 n nJ —J2+C - (—ep)” for =J ep=-—1 -1
1+ep
—1
10 n MJrC ep=—1 -1
11 1 2=k ¢ (—1)"C ep=+1 -k
_ Arbitre
12 U X Sgp(un) UpVn — SEP1 [un+1Sf11 (vn)] rslpdry -1
() p(r—s)
! risin
oy _ o ‘
13 n\") = k) ep=-—1 S
rEn(r=5) =0 fors>r
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If we combine equation (21), the result of implication (22)
with the first and last hands side of Eq. (23), then we obtain:

S o= (BT =
n=k
Imposing the reciprocal UOS operations on the assumption
(19) leads to the following formula:

Fo=S"1(fn), n=12,.. (25)

If we put discrete function F;, obtained in formula (25) into
the last r.h.s. of equation (24), then Lemma 2 is completed
described by formula (20a) for finite series. If m tends to in-
finity for infinite series, then formula (20a) tends to formula
(20b) and is completed Lemma 2 described by formula (20).

lim
n—m+1

(Fa] = lim [F]. 24)

5. Linear summation equations

A difference equation, where unknown function f,, with real
or complex discrete values determined on natural numbers 7,
occurs as the argument of a reciprocal unified m-order oper-
ator of summation Sgpm, will be referred to as the m-order
summation equation. In the general case, the linear summa-
tion equation in technical applications has the following form

[11, 13]:
amSE_pm (fn) + afmflsg_pm—i_1 (fn)
+am72s‘;pm+2 (fn) +ot alsﬁ;l (fn) + a()fn = Av

where a,, — coefficients of linear summation equations, A
— free term of a linear summation equation, f,, — unknown
function of a linear summation equation.

Equation (26) describes the micro-bearing wear values se-
quence f, in succeeding time units n = 1,2, 3, during the
operating process [10, 11]. At first we consider the following.

(26)

Lemma 3
A non-homogeneous second order summation equation of
the second and first kind with constant coefficients:

a25f2(fn) +a157 (fa) + aofa = A4, (27a)
asS=3(f) + a1SZ1 (fa) +aofn = A, (27b)

where ay, as, ag, A are real numbers that are independent

from n = 1,2.3, ..., can always be transformed to equivalent
linear second order recurrent equations with constant coeffi-
cients. Function f,, describes micro-bearing wear changes in
operating time units n = 1,2, .. ..

Proof of Lemma 3

A summation equation is equivalent to the recurrence
equation if both equations have the same particular solutions.
At first we assume the summation equation of the first kind
(27a). On both sides of Eq. (27a), we operate with a unified
operator of summation S; with basis one, hence we obtain
[1, 6]:

asST (fn) + arfo + a0 (fasr + fo) = A+ A (28)
On both sides of Eq. (28), we again operate with a unified

operator of summation Sll with basis one, thus we obtain:
azfrn+ a1 (fnr1 + fo) +ao (fnr2 +2fns1 + fn)

29
=2A+2A. 29)
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Equation (29) after ordering has the form:
a0 fnv2 + (2a0 + a1) frr1 + (a0 + ar +az) fr = 4A. (30)

Obtained Eq. (30) presents a linear, non-homogeneous recur-
rent equation of the second order with constant coefficients.
Symbol f, denotes the discrete unknown function. Now we
assume the summation equation of the second kind (27b). On
both sides of Eq. (27b), we operate with the unified operator
of summation Sll with basis minus one, hence we obtain:

a2S~{ (fn) + a1fn + a0 (fay1 — fn) =A— A (31)

On both sides of Eq. (31), we again operate with the unified
operator of summation S*; thus we obtain:

a2fn+a1 (fn-i—l - f7L)+a0 (fn+2 - 2fn+1 + fn) =0. (32)
After ordering, Eq. (32) gives:

ag frnto + (—2a9 + a1) fn41+ (ap — a1 + a2) fr = 0. (33)

Equation (33) presents a linear homogeneous second order
recurrent equation with constant coefficients. Symbol f,, de-
scribes the discrete unknown function.

Expressions presented in Eqs. (30), (33) completes the
proof of Lemma 3.

Theorem 1

Linear non-homogeneous summation equations of the sec-
ond order and the second kind with variable coefficients in the
form of a first degree polynomial presented in the following
form [6, 10, 11]:

(ao2 + a12m) Sy 2 (fa) + (ao1 +a11n) Syt (fn)

(34)
+ (aoo + a1on) fn = Ao + A1n,

we can always transform the following to an equivalent linear
recurrent equation:

1° of the third order if agy # 0 or ajg # 0,

2° of the second order if agg = 0, a9 = 0,
and if simultaneously ag; # 0, a11 # 0,

3° of the apparent third order transformable to the sec-
ond order if a1o = a11 = a1g = 0, i.e. coefficients of the
summation equations are constant.

Proof of Theorem 1
On both sides of Eq. (34), we operate with a unified op-
erator of summation Sll with basis one, hence we obtain [6]:

agaS1 [S77 (fn)] + @1251 [n - S72 (f2)]
+an St [S71 (fa)] +a1157 [n- 571 (fn)]
+agoSt (fn) + 1051 (n- fn)
= 57 (Ag) + 51 (n- Ay).

After operations and applying iteration low (10), Equation
(35) obtains:

(35)

ao2 Sy (fn)
+arz [(n+1)- ST (fag1) +n-S72 (fn)] + ao1fn
+a11St [(n4+1) - ST (fas1) £ ST (fa)] +
+aoo (fry1 + fu) +aro [(n+1) fny1 +nfn]
=Ao+Ao+ A (n+1)+n-A;.

(36)
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After ordering the terms in Eq. (36), we obtain:

aO2Sl_1 (fn)
tara (n+ 1) S7% (fas1 + fn) — 1257 (fn)
+ai (n + 1) S1_1 (fn+1 + fn) - (11151_1 (fn)
+ (ao1 + ago +n - aio) fn
+ (ago + a0 + 1 - a1o) frt1 =240 + A1 (2n +1).

(37)

Now we require the following evident transformations[6]:

ST (farr + fu) = ST [ST ()] =S (fa) s (38)
ST (fair + fo) = STH[ST(F)] = far (B9)
If we put relations (38), (39) into Eq. (37), we obtain:
0287 (fn) + 12 (0 +1) ST (fn) = a1257 (f)
+aii(n+1) fn— a1151_1 (fn)
+ (a1 + ago + n - a10) fn (40)

+ (ago + a1o + n - ap) frnt1
=240+ A1 (2n+1).

After ordering the coefficients by the operators and functions
Sf2, Sfl, fn+1s fns Eq. (40) tends to the form:

—a1257% (f)
+ [aoz + a1z (n +1) —a11] ST (fn)
+[aoo + (n + 1) aio] frs1

+ [ao1 + aoo +n - a1 + a1 (n +1)] fr
= 2A() + A1 (2TL+ 1)

(41)

On both sides of Eq. (41), we operate two times with a uni-
fied operator of summation Si, and in following steps we
utilize the relations (38), (39). After ordering we attain the
recurrence equation following form:

[aoo + (n + 3) aio] frui3
+ [ap1 + 3ago +3(n+2) - a10 + (n + 3) a11] frt2
+ [2a01 + 3ago +3(n+ 1) - a10 + ao2
+ (2n+3) a1 +aiz (n +3)] fatr
+ [ao1 + ago + 1 - @10 + a2 + naiz + nan] fr
— 84g +4(2n + 3)Ay.

(42)

Expression (42) presents in general a non-homogeneous, third
order recurrent equation with variable coefficients in the form
of polynomials of first degree. Symbol f,, denotes the un-
known function. It can be easily seen that the coefficient by
discrete function f, 13 is different from zero if agy # 0 or
a19 # 0 and if both coefficients agg, a1 are different from
zero. This fact completes the proof of Theorem 1 in Point 1°.

The coefficient by discrete function f, 3 is equal to ze-
ro if ago = 0 and ajp = 0. In this case, recurrent Eq. (42)
attains the second order but only in the case if ag; # 0 or
a11 # 0 and if both are different from zero. Such conditions
give in recurrent Eq. (42) the coefficient by function f, o
which is different from zero. This fact completes the proof of
Theorem 1 in Point 2°.

Bull. Pol. Ac.: Tech. 61(2) 2013

Now we take into consideration the case where a1 =
ai1 = ayja = A; = 0. In this case, the second order sum-
mation equation (34) leads to the second order summation
equation of the type (26) with constant coefficients. Recur-
rent Eq. (42), transformed from the summation Eq. (34) now
takes on the form:

aoo - frnt3 + [ao1 + 3aoo] frte
+[2a01 + 3aoo + aoz] frt1
+ [ao1 + ago + ao2] frn = 84o.

In principle, we obtain a third order recurrent equation. It can
be easily seen that the third order is apparent because the
recurrent equation (43) can be written in the following form:

aoo - (f7L+3 + fn+2)

(43)

+ (ao1 + 2a00) (fot2 + fot1) (44)
+ (ao1 + aoo + ao2) (fnt1 + fn) = 84o.
Using the UOS operator, we can write:
fn+3 + fn+2 = Sl1 (fn+2)7
fn+2 + fn+1 = Sll (fn-i—l) 5 (45)
fn+1 + fn - Sll (fn)
If we put Expressions (45) into Eq. (44), we obtain:
aoo * St (fat2) + (ao1 + 2ago) - S1 (fat1) 46)

+ (ao1 + ago + ao2) - St (fn) = 84o.

On both sides of Eq. (46), we operate with the reciprocal uni-
fied operator of summation. Hence, we obtain the following
second order recurrent equation with constant coefficients:

aoo - fnt2 + (@01 + 2a00) - frat1
+ (ap1 + ago + ao2) - frn = 44Ao.

Assuming that agg = ag, ag1 = a1, ap2 = as, Eq. (47) is
identical with Eq. (30). If coefficient aq is different from ze-
ro, then the second order of Eq. (47) will be kept. The second
order recurrence equation (47) is equivalent to the third or-
der recurrence equation (43). This fact completes the proof of
Theorem 1 in Point 3°.

(47)

Corollary 1
If in summation equation (34) we assume that [6, 11]:

apy = 0, a1 = 0, apgr = 07 a1] = 07

(48)
ago #0, aip#0, Ag=0, A1 =0,
then we obtain the following equation:
(ago + aion) fn = 0. (49)

In the case of assumption (48), recurrent Eq. (42) being equiv-
alent with summation Eq. (34) leads to the following third
order recurrent equation [6, 11]:
[aoo + (n + 3)aio] fn+s
+ [3ago + 3(n + 2)a1o] fnr2

(50
+ [3ago + 3(n + 1)aio] fri1
+ [aoo 4 naio] fr + 0.
Equation (50) is equivalent with Eq. (49).
409
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Proof of corollary 1
To prove that equation (50) leads to Eq. (49), we show
that recurrent equation (50) can be written in the following
form [1, 6]:
S {laoo + (n+ 2)aio] fry2}
+51 {[2a00 + 2(n + 1)a1o] fas1}
+51 {[aco + naxg] fn} = 0.

(5

Imposing operator S; * on both sides of (51), we obtain:

[aoo + (n + 2)aio] frt2

+ [2a00 + 2(n + 1)aio] fri1 (52)
+ [aoo + naio] fn = 0.
Equation (52) can be written in the following form:
St {laco + (n + 1)aio] fa+1} 53)

""Sl1 {[GOO + nam] fn} =0.

Imposing operator S| ! on both sides of (53), we obtain:

[aoo + (n + 1)a10] fug1 + [aco +naio] fn =0.  (54)
Equation (54) can be presented in the following form:
Sll {[aoo + ’Ila10] fn} =0. (55)

Imposing operator .S; 1 on both sides of Eq. (55), we obtain
Eq.(49). Hence, the proof of Corollary 1 is completed.

6. Uniform mega- algorithm of solutions
for ordinary recurrence equations

The results of applied mathematical achievements are present-
ed in the form of the Uniform Mega- Algorithm elaboration
for linear independent particular solutions uLl], e uw, u%’] of
the determination of an ordinary, linear n-order homogeneous
and non-homogeneous following difference or recurrent equa-

tion occurring in wear process determination [6, 11]:

Pr(N)Untk 4+ Pr—1(N)Untk—1 + oo + P2(N)Upto

56
+p1(n)tnt1 + po(n)u, = b(n), 0)

where coefficients p;, b for j = 0,1, ...,k depend on variable
n in neighborhood of regular or non-regular points. Equa-
tion (56) describes the micro-bearing wear values sequence
fn in succeeding time units n = 1,2, 3, during the operating
process [1, 6, 11].The linear independent particular solutions
of the recurrent equation are presented in the sequence form
and are satisfying the imposed boundary conditions. If coef-
ficients p; and b are independent of n, then equation (56) has
the following general solution [2, 6]:

wt = Crull + ...+ Crul? 4wl

vs—1

. b-n
= Z Xs Z Com -n™ | + 1
s=1 m=0 T

T Q=T

where Cy,,, C are constants; n = 1,2, 3, .... Associated poly-
nomial @ and symbol y, for s = 1,2,3,...,7r; r < k denotes

(57)

410

the successive different, roots of characteristic algebraic equa-
tions [1, 2, 6, 11]:

P(x)
Qx) = ,
W (x — 1) (58)
p(x) = PeX" + pe1xXF T+ +pix +po =0,

with multiple v, attributed to the roots ys; whereas the sum
of manifolds of roots is equal to the order of the recurrence
equation, namely [11]:

mtuve+...+v 1+, =k (59)
Number ¢ is the multiplicity of the root x = 1 in characteristic
equation p(y).
Conclusion 1

Linear, non-homogeneous, first order recurrent equations
with variable coefficient a,, and variable free term b,, [1, 2, 6]:

Un+1 + Apln = bnv (60)

have the following general solution [1]:

n—1 n—1 b
b=t L ad e 32—

=1 B=1 1 (=1)F Ill(as) 61)

s=
for n=2,3,4,..
Uy = C,

where u,, — an unknown discrete function, C'-an arbitrary con-
stant, indexes j and k belong to set 1,2,...,n — 1 whereas
s=1,2,...,k.

Analytical proof of conclusion 1
If we divide both sides of Eq. (60) by the product
aiasas - - - a,, we obtain [1, 2, 6, 11]:

n nYn bn
Untl  Onln _ Do (62)
[Ta; Tla; Tla;
j=1 j=1 j=1
By reducing a second fraction by a,,, we obtain:
UnJrl U, bn
n o R (63)
[Taj Tla; Ila
Jj=1 j=1 Jj=1
Now we take into account the following assumption [1]:
_ Up
gn = n—1 9
I1
]:
T (64)
n>1= In+1 = — s
I1 q;
j=1
g1 = uz, (65)
b, b
B,=—" = B,=—~ (66)

n k
H a; H a;
Jj=1 j=1

By using the formulae (64), (65), (66) we can write the re-
currence equation (64) in following form [1, 2]:

In+1+ gn = B,. (67)
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By virtue of the particular solutions of Eq. (60) for a,, = 1,
the general solution of the recurrence Eq. (67) has the follow-
ing form [1, 2, 6]:
n—1
gn=C-(=1)" > ()" B, (68)
k=1
where C' denotes the arbitrary constant.
If we replace By, in the r.h.s. of Eq. (68) with the expres-
sion (66), we obtain [1, 2, 6]:

n—1

gn=C (-1 L4 3 (cynht.
- o g
for n=2,3,4,..
g1 =C.

If we replace g,, in the r.h.s. of Eq. (69) with expressions (64),
(65), we have [1, 2, 6]:

u n—1 bk
n o n—1 n—k—1
= =C- (=" (- E
a; k=1 a;
= }31 70
for n=2,3,4,..
Uy = C.

It is easy to see that after conformal transformations the ob-
tained formula (70) is identical with the general solution pre-
sented in formula (61) which completes Conclusion 1.

Conclusion 2

The linear, non-homogeneous, k-order recurrence equa-
tion with constant coefficients p; and variable exponential
free term [1, 6, 11]

k
> pitinyy =b-a", a,b#0, (71)
§=0
has the following general solution:
ul =y, +ul,
n—a .. (72)
for ul = a o

¢ Q(x=a)

where function w,, describes wear process values and de-
notes a general solution of the homogeneous, k-order recur-
rence equation created from the non-homogeneous Eq. (71)
for b = 0, and moreover u® presents a certain particular so-
lution of the non-homogeneous equation, whereas number ¢
is the multiplicity of the root x = a of characteristic equation
p(x) = 0. The associated polynomial is defined in following
form [1, 2]:

(73)

Proof of conclusion 2
If we put solution (72) into Lh.s. of Eq. (71), then we

obtain [1, 2]:
a" 4. b .nd

1 = n

-~

(74)

Bull. Pol. Ac.: Tech. 61(2) 2013

Taking into account the polynomial translation operator and
the properties of (UTO) unitary translation operator (9) for
example additive properties, we can write the proved equality
(74) in following form [1, 2, 6]:
a"~1.h.n4
p(Sp)un + p(Sp {7

The first term on the Lh.s. of the proved equation (75) equals
zero, because u,, is the solution of the homogeneous recur-
rence equation. Taking into account the property of the ho-
mogeneity of the polynomial operator of translation, we can
exclude outside the operator all the constant terms indepen-
dent of n occurring in the second term on the Lh.s. of Eq. (75),
and then we obtain [1, 2, 6]:

b
a?-q¢!-Q(x=a)
If in Eq. (73) we insert in the place x the unified operator of
summation, then we have [1, 2]:

p(x) = (x = a)'Q(x) = p(S) = (So — @)* - Q(Sp). (77)
If the result of implication (77) is put into lLh.s. of
Eq. (76),then we obtain [1, 2]:

b
a?-q!-Q(x=a)
The operators on the Lh.s. of Eq. (78) can be transposed on

the grounds of multiplicative property of the unified operator
of translation (8). Hence the expression (78) attains the form:

b
at-q'-Q(x =a)
By virtue of the formula (12), we have [1, 2, 6]:

]?b~a". (75)

p(S§)a"n? b an. (76)

(S8 —a)?-Q(Sh)a™ - n?=b-a". (78)

Q(SH(SE —a)?-a™-n4 Lp.an. (79)

(S —a)' =81,. (80)
By using the (80) in Eq. (79), we obtain:
QS-S (@ ) Zhan (8D

ai-q'-Q(x = a)
By using the formula [1, 2, 4]:
n? =d; n +din® + L dl,_n Y 4l (82)

and Sterling numbers d; ; of the second kind we can write
the equation (81) in the following form [1, 2, 4]:
b Q(Sl) . {d* Sq |:an . n(l)i| 4
aqqu(X:a) 0 q,1~ —a
e Hdy 157, {a” -n(qfl)} +57, [a" . n(q)} } Zb.am
(83)
By virtue of the transformation indicated in row 13 of Table 1,

we can determine the values of the following g-repeated sum-
mation operator [1, 2, 4, 6]:

Sza[a"-n(r)} for r=1,23..q—1.q  (84)

Therefore we can obtain the values of the terms in the braces
occurring in Eq. (83) for indexes r from 1 to ¢. It is easy to
see, that only for r = ¢ the value mentioned is different from
zero. In the case for a = 1 and g = r expression (84) is equal
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to g!. After calculations in the braces occurring in Eq. (83),
we finally obtain [1, 2, 6]:
b
a?-q!-Q(x=a)
Because factor ¢! and a? are independent of n, hence these
factors we can exclude outsider the operator, and taking into

account the properties of polynomial operator p(S}), we get
[1, 2, 6]:

Q(Sol)~(q!~aq~a")ib~a”. (85)

Q(Sp) - a" = a"Q(a). (86)
By using Eq. (86) in equation (84), we obtain:
b-al-q! 1 "
Sy,
aq.q!.l?(xza)@( 0)-(a") 87)
BT A

The result (87) completes the proof of Conclusion 2.

7. Wear prognosis for HDD bearing system

Problem formulation

Differences of the surface wear of some HDD micro-
bearing system between the next and foregoing year of the
operating time during the succeeding years numbered n =
1,2,3,... are as follows [6, 11, 13]:

Fn:fnJrl*fna for

Determine the differences of wear F,, if we know, that the
wear in the succeeding years is described by the sequence
{fn} forn =1,2,.... It follows from experimental measure-
ments [13] that wear in each year f, increased by the double
difference of wear F),, in two successive years is equal to a
journal diameter decrease by 3000 pm multiplied by number
2", For this problem boundary conditions are imposed de-
scribing the fact, that the difference of wear F; = fo — f1
between the second and first years of the exploitation equals
to 10000 pm.

n=123,.. (88)

Solution of the problem
From Eq. (88) it follows, that wear surface can be pre-
sented in the form:

STiE, = S™H(fag1 — fn) = STHSTE (Fu)] = fon-

The solved problem can be described by the following, non-
homogeneous, first order summation equation with a variable
free term {compare Eq. (60)}:

(89)

S™1F, +2F, =3000-2" for n=1,2,3,... (90)
with the following boundary condition:
Fy = 10000. oD

The unknown of summation equation (90) is the sequence
with the general term F},. Imposing the UOS operator Si‘%
on the both sides of Eq. (90), we obtain:

F, +2S8*H(F,) = 3000 - 51 (2)

92
for n=1,2,3,.... ©2)

412

After simple and known operations performed in Eq. (92) we
attain the following, non-homogeneous, first order recurrence
equation with a constant coefficient and a variable free term:
1 n

Foi1 — §Fn =1500-2" for n=1,2,3,...  (93)
It is easy to see, that the recurrence equation (93) has the form
(60) for a,, = a = —0,5, b, = 1500 - 2". Utilizing the solu-
tion (61), we can write general solution of the equation (93)
in the following form:

1 n—1
F,=C-(—1)"1'. <5> +

n—1 1 n—k—1

k-1 % .ok

00 S (<5) 2 o

k=1

for n=2,3,...

I = Ca

where C' denotes the arbitrary summation constant.

The general solution (94) after simple terms ordering, at-
tain the following form:

C 3000 2
F, = + Y2k for n=2,3,..
k=1

gn—1 on
P =C.

95)

Taking into account the sum of n — 1 terms of geometrical
sequence on the r.h.s. of Eq. (95), we obtain:

C 3000 41 —1
F, = 4
T on 1 T Tom 4-1
C 1000
= (4" — 4 (96)
gn—1 + on ( )

1
= om (2C —4000) 4+ 1000 - 2", for n=1,2,..
Imposing the boundary condition (91) for n = 1 on the gener-
al solution (96b), we obtain the following unknown constant
value:

C = 10000. 97
Hence, the particular solution i.e. the general term of the se-
quence of the differences of the wear surface in succeeding
years, has the following form:

F, = 16000 + 1000 - 2", for

on n=12,..

(98)
From the formula (98) it follows, that in the succeeding years
the differences of the wear surfaces for the considered HDD
micro-bearing system, between the next and the foregoing
year, are as follows [11, 13]:

{F,};-, =10 nm, 8nm, 10 nm,

99)
32,5 nm 64,25 nm, ...

17 nm,
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8. Convergences of the wear prognosis

8.1. Problem formulation. The sequence of wear values
{fn} ie. the values of a decrease in nm of the HDD micro-
bearing journal diameter equal to sum of wear in two forego-
ing successive months multiplied by dimensionless average
coefficient 0 < a < 1,0 plus some exponent dimension-
al function bD™ where b > 0, D-real number. Coefficients
D, a, b obtained in experiment depend on the micro-bearing
material, the journal angular velocity and standard deviation.
The wear in two first time units attains dimensional values
f1 = Wi, fo = W5 in nm. Determine the unknown analyt-
ical formula {f,,} for a sequence of wear values numbered
for n = 1,2,3,... operation time units if we know the di-
mensionless values D[1], a[1] and dimensional values b [nm],
Wi [nm], Wy [nm].

8.2. Principles of solution. The problem is defined by the
following difference equation [10, 11, 13]:

fo+2 =a(fny1 + fn) + D" for n=1,2,3,.... (100)
From formulae (57), (72) it follows that the general solution
of the recurrence equation (100) for two arbitrary constants
C1, Cs has the following form:

fa=CIX§ +Caxs + f. (100

The characteristic equation (58) for the recurrence equa-
tion (100) has the form:

x> —ax—a=0 (102)
and has always the following two real roots:
a a?
X1,2:§j: a+I, for 0<a<l,
(103)

1++5
D172: .

Dy < x12 < Du, 5

Imposing the boundary conditions on the general solution
(100) we obtain the following system of equations:

Cix1 + Caxa + f2 =W,

(104)
Cixi + Caxz + f3 = Wa.
The roots of the system (104) are as follows Cy, Cs:
01:_W2—X2W1 f3 = x2f?
xi(xe—x1)  x1(xe—x1)’ (105)
Cy — Wo —xaWi  f3 —xaft
x2 (X2 —x1)  x2 (x2—x1)

The region of considered parameters of considered wear
process has the form: [0 < D < D; =1,618] x [0 < a < 1]
and is presented in Fig. 1.
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,a
1.00 =
0.50
0.00, D
=} = =3 =
= 3 3 25
S =) — - T
I

Fig. 1. Region of the wear consideration process for 0 < a < 1,
0<D< D

8.3. Particular non-homogeneous solution for wear
process for two dimensional sub-region. For the following
assumptions:

1 1
O<a<§, 5<G<1,0§D§D1,
D2
a# D—Hv ie. X1 X2 #Da (106)

_ay / +a2
X1,2—2 a 4

and by virtue of Eq. (72) a particular solution of non-
homogeneous equation (100)has the form presented below:

,  bD"

"T D2 _aD —a for x1,x2 # D,
D2 (107)
O0<a<l, ie. —, Dy <D< D,.
a 1. G#D+1 2 1

The sum of non-homogeneous solution (101) i.e. sum of wear
values in the IV time units has the following form:

N N N
1 1-— 1—
Zf"A_(X21 Xi —at Xz)Wl
n=1 X — X1 — X2
11Xy 1X{V)
+,— — Wo+
AX<1_X2 1-x1 2
R O
Axy D?2—aD—a
1—x7 1—xY¥ 1-DV
x[m )T - D) T -
Ax=x2—x1; n=1,23, ., N.

(108)

8.4. Two dimensional sub-region of convergent micro-
bearing wear process. For following assumptions:

#+ D? 0<a< !
“TDy1 “s3 (109)
0<D< 1, ie. |X172| <1,

we consider the following two dimensional sub-region of
micro-bearing wear process presented in Fig. 2a.
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For infinitely many time units, sum of wear (108) for each
point including in presented sub-region, by virtue of (20b)
tends to the following limit value presented in (110):

if _ 1—x1—Xx2
— " (1 =x1) - (1—x2)
1
1%
+(1*X1)'(1*X2) ’
D <1+DX1X2 1 )
D*—aD—a\(1-x1) -(I-x2) D-1)" 4y

Wi

D2
D
X15X27é ; G#D+17
1
0<a< 3 Ix1.2] <1,
0<D<1.

Calculation example. In two first successive time units HDD
micro-bearing journal attains diameter decreases W; and
W5 nm. Determine the wear after infinite time units using
measurements and stochastic data presented by a[l] = 1/6,
D[1] = 1/3 for arbitrary b [nm].

Solution. From formulae (106), (109) we obtain following
micro-bearing exploitation parameters:
D? 1
“F D11
1 1
. Ty

(111)
X1 =
Putting data (111) in formula (110) the convergent sequence

of sums of wear after successive time units attain the form

presented by the formula (112):
for N = ]., f1 :Wl,

for N =2, fi+ fo=W1+ Wy,

3
for N =3, fn=116(6)W + 1.16(6)W, + 0.3(3)b,
n=1
10
for N =12, ) fn =1.2492W; + 1.4976W; + 0.7453b,
n=1

o0
for N = oo, Z fn = 1.25W7 + 1.50W5 + 0.75b.

n=1

(112)
The graphical illustrations of results obtained in sequence
(112) are presented in Fig. 2b.
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a)
a
100+ ‘ Nt
%
%
%
%
%
0.50
0.00 Ll 2
o S
2 Z g 25
O' o — —_—
b)
] 51\
O IBSan
: —x W
1.3 2
- / L
1.2 T
* X Wl =
1.1 / o
1.0 T E
0.9 — -
0.8 fl+"‘+fN_='N+ON+ wo e
. LL-*”
07 = .
0.6 ‘\: " il
e S Lo}
0.5 x =
' =
0.4 =)
1
0.3 ; ; N —
dimensionless time units

012345678 910N

Fig. 2. a) sub-region of the wear convergent process for a #

D?/(D+1),0 < a < 1/2,0 < D < 1; b) convergent process

of the sum of the wear after N time units if /N tends to infini-

ty fora # D?/(D+1),0<a<1/2,0<D< 1= x#D,

|x| < 1 where, in particular case presented in this picture is a = 1/6,

D = 1/3. Here are assumed arbitrary dimensional values Wi [nm],
Wy [nm], b [nm]

8.5. Two dimensional sub-region of divergent micro-
bearing wear process. For assumptions:

D% /1
A:a#D—H,<§<a<1)x(1<D<D1),maX|x|>1,

1
B: <O<a<§)x(1<D<D1),max|x|<1,

1
C: (5 <a<1)><(O<D<1),maX|X|>1,

(113a)
we consider the following two dimensional sub-region of
wear process presented in Fig. 3a.
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a)
A a
100 =
C ’ﬁ
0.50 :
%k
%k
% * B
% T
0.00 % % % * ‘ . D
o o
g 2 8 23
o‘ O p— p— —
b)

A
L]
3.00 N
2.80[ ) .y W110 +W10 +b10™ _/]L
"
. y

2.40

2.00

1.60

1.20

0.80;

0.40

common logarithm of dimensionless wear

0'000’2 i 6 8§ 10 12

dimensionless time units
Fig. 3. a) sub-region of the: A) wear divergent process for all com-
ponents where a # D?/(D+1),1/2 <a<1,1< D < 1.618,
B) wear divergent process for stochastic properties function of ma-
terials only (coeff. b) where a # D?*/(D +1), 0 < a < 1/2;
1.00 < D < 1.618, C) wear divergent process for stochastic av-
erage tendencies only (coeff. W1, W2) where a # D?/(D + 1);
0.5 < a < 1.0; 0 < D < 1; b) divergent process of the sum of the
wear after N time units if N tends to infinity for a # D?/(D + 1),
1/2 < a < 1.0; 1.0 < D < 1.6180 = x # D,|x| > 1 where
in particular case presented in this picture is ¢ = 0.90, D = 1.25.
Here are assumed arbitrary dimensional values Wy [nm], W2 [nm],
b [nm].

»
o ”

Calculation example. Using measurements and stochastic da-
ta presented by a[1] = 9/10, D[1] = 5/4 for arbitrary b [nm]
then we obtain:

3
X1:5>17 X2 = —
- (113b)

— =2 .

“# By = B/

In this case from formula (110) follows that if time unit
N = 1,2,3,... increases, then wear always increases. The

Y

3
5)
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sequence of sums of wear values in successive time units is
divergent and has the following form:

for N=1, [f{ =W,
for N=2, fi+f5=W+W,
for N=3, fi+/f+/fi=

= 1.900W; + 1.900W + 1.2500,

Zf

= 74.0147W; + 122.3168W2 + 466.7707b,

(114)

for =12,

The graphical illustrations of results obtained in sequence
(114) is presented in Fig. 3b.

8.6. Particular non-homogeneous solution for wear
process in curvilinear one dimensional sub-region. For the
following assumptions:

P Vafo<a<t
‘D11 “=3

1
><(0<D<1)U(5<a<1>><(1<D<D1)

(115)
a a?
=>X1,2=§i\/a+z,
D
:D = ——
X1 ) X2 D+1

and by virtue of Eq. (72) the particular solution of non-
homogeneous Eq. (100) has the form:

D"
- 2D?2 — 4D’

The sum of solution (101) i.e. sum of micro-bearing wear
values in the IV time units has the following form:

an—

£ (116)

1+D
2+ D

1-DN¥  1+D -p\V
' Iy PR Wi
1-D2 " 1+2D D+1
14+ D 14+ D -D\"| 1-DV W
D(2+D) )| 1+2D D+1 1-D (2

b (1+D\*( 3+2D N
(==} {-2==(1-D

5 (57p) {1 0P

1+D | ( -D\V
D+1

172D
(2+D)}

DN(ND—-N-1)+1
(1-D)*(1+ D)
n=1,23,..N.

(117)
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8.7. Curvilinear one dimensional sub-region of divergent
wear process. For assumptions:

_ N l< <1l|x(1<D<Dy)=
“TD¥1 2 = ¢ !

a / a? D
= — 4+ — =D [ ——
X1,2 9 a—+ 4) X1 X2 D+1’

we consider the following curvilinear sub-region of wear
process presented in Fig. 4.

(118)

A b

1.00 ¥
0
0.50
%
sk
*
%
sk

0.00 52 % * D

o (= (=3 (=]

g = g S 2z

= =) — —_ =

Fig. 4. Sub-region of the wear divergent process for a = D?/(D+1),
1/2<a<1;1.00 < D < 1.618

8.8. Curvilinear one dimensional sub-region of convergent
wear process. For assumptions:

- Nnio< <1 x(0<D<1)=
““ D1 €3

2

a a
= — + — =D = -
X1,2 9 a+ 4) X1 ) X2 D—f—l’

we consider the following curvilinear sub-region of wear
process presented in Fig. 5.

(119)

A a
1.00 SR
0.50 e
0.00 A SRR L,
oo} S
g 7 g 23
O, o p— p— p—

Fig. 5. Sub-region of the wear convergent process for a=D?/(D+1),
0<a<1/2,0<D<1

Taking into account assumptions:

0<D<1, (120)

1
0<a<§, |X172|<1,

416

then after infinitely many time units, sum of wear process
(117) is convergent and tends to the following limit value:
—,  2+3D-D>-D?
nz::lf” ~ (1-D)(2+D)(1+2D)
1+D b(1+ D)D
TaoDyasen) Pt o120 +2D)

Wi+
(121)

Wy +

8.9. Singular point as a sub-region for divergent wear
process. For the following assumptions:

1 1
(D:l,a:i):<>(1:1, X2:—§>, (122)

we consider the following one singular point sub-region of
wear process presented in Fig. 6a.

a)
A a

1.00

0.50 .

0.00 L L D
8 = g Sz
=) o — —_— —

b)
Ao
| ]

3000 ‘ — ‘—‘—}Jo S
§ 2.80 ) ... =W10 +W,10°N +b10°N
= ;
£ 240 |
E il
e |l
Z 2.00 ;
2 7
g 160 ol
K <b 10™N I
£ 120 >
E A WL107N
2080
=1 =
£ 040 —
: S ‘

00045 s 10 1o =

dimensionless time units
Fig. 6. a) one point sub-region of divergent wear process for D =
1,0, a = 0, 5; b) divergent process of the sum of the wear after N
time units if N tends to infinity for @ = D?/(D + 1), a = 0.50,
D =100= x1 =D, x2 = —-D/(D+1), |x|] < 1. Here are
assumed arbitrary dimensional values W5 [nm], W2 [nm], b [nm]
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By virtue of Lemma 2 and Eq. (20a), sum of solu-

tion (101) i.e. sum of micro-bearing wear values in the N
time units, has the following form:

;f;;zclg 1+CQZ(_§) +27a Zn

n=1 n=1
B 1 Ny b N(N+1)
=GN 50 (‘5) ‘%*f
1.4 Ny
P
2 4 1\
+W2{§ "9 (—5) —1”

10, 8
bl ——N - —
+{ 9 27

for N =1,2,3,....

In this case the increases of the wear has not limit in

succeeding time limits during the exploitation and we obtain
larger and larger wear values. The graphical illustrations of
results obtained in the sum (123) is presented in Fig. 6b.

9. Final remarks

1.

The presented paper seeks to join the gap between theo-
retical ideas of the summation or recurrence equations and
the problem of wear determination during the HDD micro-
bearing operating time. Moreover, this paper presents the
transformation method of summation equations to recurrent
equations. This method is constituted by the Lemma and
Theorem where in the proof the properties of the solutions
of the obtained recurrence equations are indicated.

. The application of the presented theory in this paper con-

tains the numerical solutions referring to the wear values
of the HDD micro-bearing system in the considered period
of the operating time.

. The presented unified algorithm constitutes a useful tool

for the solution of summation equations applied to the wear
estimation of HDD micro-bearings [13].
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