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Abstract

In view of the limitations that the optimal examining item do not have dynamic real-time speciality
and can't reflect the actual state of devices in the traditional preventive maintenance(PM) model of
repairable devices, in this paper a real-time control project on the checking rate of PM is proposed based
on the state of devices. The differential equations used to describe the dynamic behavior of the system are
established, and some performance indexes of maintenance systems including the steady-state
availability, and the mean time to failure (MTTF), and as well as the average time of staying in each state
are calculated. The control strategy on the checking rate is then proposed and the adaptability and the
stability of the corresponding control system are analyzed. The essence of the method is to achieve the
expected steady-state behavior by controlling the dynamic behavior of the system, which will ensure
reliable completion of the task and reduce the maintenance cost meantime. Researches indicate that the
proposed method is very effective to improve the utilization of devices and provide theoretical support for
the practical applications.
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1. Introduction

The equipment maintenance is the important safeguard to keep it in a good state. To
improve its utilization and prolong its service life, the maintenance transformation to aim at
precise guarantee objectively requires that relevant system in operation must be changed from
fixed periodic preventive maintenance (PM) to dynamic maintenance strategy based on
equipment actual state [1].

At present, preventive maintenance strategy has regular maintenance and maintenance
based on state (CBM) [2-6]. The shortcoming of regular maintenance is that the optimal
examining times or frequency will not change once determined in advance. It isn't dynamic and
real-time and can't reflect the actual state of equipment. And among the CBM models, the
information data is difficult to collect, and the actual state of equipment is difficult to estimate
and the model to be resolved is more complicated, so that they are difficult to be practically
applied.

In view of the above issues, the paper starts from analyzing the state of maintenance
system, and then establishes the dynamic equations used to describe the operation process of
the system, and analyzes the behaviour of the system based on state transition matrix. The
performance indexes of maintenance system that include the steady-state availability, the mean
time to failure (MTTF) and the average time of staying in each state are given out. The checking
rates are selected as control variable and control the dynamic behaviour of the system to
achieve the expected steady-state aims. In the end, the adaptability and the stability of the
corresponding control system are analyzed.

2. Model Description

In order to establish the lifecycle model of repairable devices, we do the following
assumptions [7-8].

Hypothesis 1: Whether device is in working state or storage state, it is not existed for
the failure that can’t be detected out.

Hypothesis 2: The probability of device from state S; at time ¢ to state S; at time ¢+ At
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is only proportional to the time interval Az, the transfer rate is a constant which does not depend
on the timerand At.

Hypothesis 3: Maintenance will not change failure rate of the devices.

Hypothesis 4: PM will not cause the failure of system—during PM system can still work
normally.

Based on above assumptions, the lifecycle model of repairable device can be denoted
using the state transition diagram as shown in Figure 1. Its symbolic meaning is below.

Figure 1. State Transition Diagram of Repairable Devices

In Figure 1, S; denotes that device is in good state in the warehouse; S, denotes that
device is in working state; S; denotes that device is in preventive maintenance state; S, denotes
that device is in corrective maintenance state. . is the maintenance rate of device. Among
them, u, is the maintenance rate of device in preventive maintenance state; u,is the
maintenance rate of device in corrective maintenance state; pu, is the transfer rate from
preventive maintenance state to storage state; (1-p )u, is the transfer rate from preventive
maintenance state to working state; p,u, is the transfer rate from corrective maintenance state
to storage state ; (1-p,)u, is the transfer rate from corrective maintenance state to working
state. }, is the state transition probability during the time interval [¢,¢+ At ]. Among them, j, is
the probability from working state to storage state; ,, is the probability from storage state to
working state. Let j;=v,+u, , J,=v,+u, , v and u, denote respectively the failure rate and the
checking rate of the stored device, v, and u, denote respectively the failure rate and the
checking rate of the working device.

3. Reliability Analysis
According to Figure 1 and reliability theory [9-10], we have:

dxi(z)
dt
dx2()
Cdr
dors(z)
Cdr
dxa(r)
dr

=—(La+ Aa)xa(t) + Axa(r) + poaxs(t) + p o xa(t)
= 2x1(t) = (Ay+ Aa)x2(8) + L= p) uea(t) + (L= p,) pxa(t) 1)

= uyx1(t) +u,x2(t) — pyxa(t)

= vxu(t) + v,x2(t) — pxa(t)

x1(£) + x2(¢) + xs(¢) + x4(2) =1; t=0 (2)
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where xi(¢t) denotes the probability of being in the state S; at time ¢, and x2(r) denotes the
probability in S,, and x3(¢) is the probability in S; and xs(¢) is the probability in S,.
Conducting the Laplace transformation on (1), then we have:

sxlis) =—(l,+ ,13)x1(s) + AleZs) + pﬂulxsis) + p2u2x4zs) + x1(0)
sxa(s) = 201(5) — (2 + Aa)xa(s) + (L p)ayxals) + (L p,) g xa(s) + x2(0) @)

sx3is) =u, x1is) +u, xzis) - ,ulxsis)

sx4ks) = le1is) +v, xzts) - ,upc!(s)

Theorem 1: As the checking rate is constant, the steady-state availability of the system

is:
Ao = lim A(t) = x1(o0) + x2(0) = Haltyds )
o Hpdot ihds+ i, das
Where di=lt Aot st pl, +pv, —pihy —pYi, do=U g T Uy Uy Lo+ UV UV, p,— Uy p,,
d3=VidatVy do+Volly + ViV, UV py =gV, Py d g = Ayt Jat U pli iy pitvip’,+vyp,
Proof: From (3), we can have:
xsis) = ! (u1x1€s)+u2 xzis))
Ny . (5)
* 1 x N
xa(s) = (v1x1(s)+v2xz(s))
S+ U,
From (3) and (5), then:
Sxks) = Ax(s) + x(0) (6)
Where,
a  az . xlﬁs) x1(0) , , PlU PV
A:|: i|' x(s) = . ) x(O):{ ol p1=1—p1, Pz=1—P2. al:—iz—ﬂ.s‘F#"‘ﬁ
as as xo(s) x2(0) S+ S+,
Canm gy PR PRV P P P Pl
St St St St St St
Then,
(s — a4)x1(0) + a2x2(0)
. det|sZ — 4| @)
x =
) asx1(0) + (s — ar)x2(0)
det|sI — A
det|sI—A| = 5% — (a1+ as)s + mas - azas (8)
According to Laplace transformation, and we have:
x(o) = I_ingsxks) . 9)
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Combining (7), (8) and (9), we can obtain:

)= oty Qo+ pity + pv,) xo(o0) = ity Ao+ A= pity — p2y)
tod 2+ tyds+ i d s Hod o+ ihds+ tutods

x1(o0

According to (4), the system steady-state availability can be proven, immediately.
Theorem 2: As the checking rate is constant, the mean time to failure (MTTF) of the
system is:

[ﬂ1h1+”1(/11+/14)+”2/12]X1(0)+[,“1h2+”2(/12+/13)+“1/11)]XZ(0)
/11[(/12+/13_P1”1)(/11+/14_/)'1”2)_(/11"‘/71”2)(/12‘*‘/7’1”1)]

MTTF = (10)

Where fy= A1+ Ao+ Ao+ p i —p 'ty ho=da+ do+ ds+ pit, — pty -
Proof: Let S, be the absorbing state, and R(¢) = x1(¢) + x2(¢) + x3(¢) , u2=0, and then,

S=0

MTTF = J? R(#)dt = R(s)|s:o = (xlis) + xzis) + xzis))

Then the formula (10) can be obtained, immediately.
Theorem 3: As the checking rate is constant, the total average time that system stay in
state S; and state S, before entering the absorbing state is:

_ (Jat Aot ot p'pty = p' ;) x1(0) + (Ju+ Ao+ s+ pt, — paty ) x2(0)
(’12 + 3~ p1u1)(/11+ As— p’f’lz) - (/11+ pf/lz)(iz + p’1u1)

T (11)

Proof: Let X be the total time of staying in state S; and S, before entering the
absorbing state. To get the distribution of X, we must deduct the time of staying in state Ss.
According to the physical meaning of derivative, let the derivative on ¢ in the differential
equation of state Sz be zero [11], then:

dbea(r)
Cdr
dhea ()
A

= (22 + Ag)xa(t) + Apva(t) + pyxa(t)

= 220(0) = (A, + Aa)xa(t) + (L= p ) upxa(r) (12)

0 = uyxa(t) + uyx2(t) — gy x3(t)
After Laplace transformation we have:

Sx1is) =—(),+ /13))(1&5‘) + ,hxz(iv) +p1,ulx3x(s) + x1(0)
sxzts) = 12x1is) —(A+ 14)x2(;)+(1— pl)ﬂlxzis) + x2(0) (13)

0= ulx&s) +u, xz*(s) - ulxais)
Writing as matrix formula, and then:

sx‘(s) = Cx(s) + x(0) (14)

c3 ca x2(s) x2(0)

3= o+ ppy, ca=—(A+2=p'y,) .

Where c:[c1 ”] x('s):[xlfs)], x(O):{M(O)}, cr=—(d,+ Ja—pit), 2= Ji+ pity,
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Then we can get:

(s — c4)x1(0) + c2x2(0)

A det|sI - C| -
X =1 a(0) + (5 — ) x2(0) (15)
det|s7 —C|
det|sI—C| = 5% —(c1+ ca)s +cica - cacs (16)

Let 7(¢) = P(X > t) = x(¢) + x2(¢) , then, the total average time of staying in state S; and
state S, before entering the absorbing state is:

_ (c3—ca)x1(0) + (c2— c1)cax2(0)

C1C4—C2C3

§=0

T= j: T(t)dt = T(s)‘s:o = (x1is) + szs))

After related parameters are substituted into the formula above, the formula (11) is proven.

4. Control Strategy Design

To make the dynamic behavior of the system achieve the expected steady-state aim,
we may control the checking rates of maintenance system, which are the inverse of mean time
between checks. This control mode is different from the traditional methods [12].
According to (1) and (2), we have:

doa(?
B0 st )+ G g0 + (ot ) =1 000) +
dx2(t
%() = (o= 't )5a(t) = (a4 vy + ' )320) + ('t = ') xa(e) =y ()020) + ' (17)
dx(;t(t) = v,x(t) + v,x2(r) — pyxa(t)
Writing (17) as the Matrix form, then:
dx(7)
e = Aix(t) = Uo(t) x(t) + b = Ax(¢) — X ()uo(t) + b (18)
Where,
ay G dg —(l2+v +ppy) A= Pty Pty Pty x1(?)
Ai=|ay a, ay|= Aa= Py (v, +p'y) pla,—py |, x(0) =] xa(0) |
a3 Q3 Ay Vi V, —H, xa(?)
x(t) 0 O u, () w(@ 0 0 b1 Py
X@)=| 0 x(r) O, wo(t)=|u,(@)|, Ust)=| O w,(t) O, b=|be|=|p' s |.
0 0 1 0 0 0 O bs 0
Projecting the system (1) onto a plane of x1 and x2, we then have:
xit) +x2(f) <1; 120 (19)

As x1 or x2 tends to zero, to ensure the boundness of u(z) , where u(t):[ul(t) uz(t)]T,
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we divide the area of x1 and x: into four sets which are denoted with O ~ @ as shown in
Figure 2, where 0<p<1.

Figure 2. Valid Areas of Control Variable

Theorem 4: In the area @, p<xi<l-p,p<x2<1-p, and x1+x2<1. We do the rule
control for u(r) below.

1
—((an + k) xa(t) + (ag, + k) x2(2) + (ag; + kg ) xa(t) + ba—ky X1 — kX2 — k13f4)
u(t) = {“l(t)} _|mo (20)

(1) i((an ey )X0(0) + (@ + Fiyy ) X2(8) + (g + Fegg ) xa(£) + b2 — kg X1 — hipy X2 — kg X4

x2(t)

x1 ky ko kg
where |x2|=X, |k, k, ky|=K, x is the expected steady-state probability, K matches
X4 ky ko ke

(I+K) is nonsingular and (I - K)(I+K)™ is convergent, I is unit matrix.
Under the action of the control rule (4.4), the steady-state availability of the system is:

Ao = x1(0) + x2(0) = X1+ X2 (22)

Proof: Known from the Theorem 1, the desired state equation should possess the
following form.

dx()

= Amlx(t) + bm (22)
dr

And so, the steady-state value of the system can be written as:

x(o)=x= ()71 X2 )_64)T = Xm1

Where xm is the expected steady-state probability, xs= i(vl;?l+ V,X2) .
Mo
Let Am=-K, bmu= Kx and Combining (4.2) and (4.6), we can get (4.4), and (4.5) by
combining (4.2), (4.4) and (4.6). To ensure that the system is asymptotically steady, K must
match that (7 + K) is nonsingular and (I - K)(I + K) is convergent [13-14], and k,, , k,, and k,,

match the following condition.
(ag, + kg )x1(£) + (agy + kg ) x2(8) + (agz + kg ) x4(2) + b2 — kg X1 — kX2 — kx4 =0 (23)

End.
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In the area @), in order to ensure that u,(¢) is bounded, we let u,(¥) be constant, but

u,(¢) remain unchanged. So, the control rule for u(¢) is:

a, +1(a_|2562+0137c4+b1)
(24)

u(t) =|:”1(t):|: X1
0] | L (0 iy 0l0)+y +p o)+ o))+

x(0)

So, the dynamic behavior of the system becomes

dx(z
D) _ fax(t) + b (25)
dr
Where,
1 _ —
;(alzx 24 a,x4+ bl) —a, —ag, Pitly
Amz = — k,, kyy  kyy |y bm2 = ky X1tk Xo+kyXa
kyy ky kg kg X1+ kg, X2+ kyyxa

ky . ks, and k;; match (23). In order to ensure that the system is asymptotically steady, Am:

matches that (I — Amz2) is nonsingular and (I + Am2)(I — Am2) ™" is convergent.
Thus, the steady-state value of the system is:

x(@)=X=(%1 T2 X4) =Xm
In the same way, In the area ®), we set u,(¢) as constant, but () remain unchanged.

So, we have:

n ;%«%+@ympﬁb+@pﬂpﬁ%+@ywp¢h@@r@h-@h)
e (26)
%@}

u(t) :{
1, _ _
ayy +—(ayX1+azxs+be)
X2

So, the dynamic behavior of the system becomes:

M = Am3x(t) + bm3 (27)
dt
Where,
sy . kia s ky X1+ kX2 + kX4
Amz=—| —a,, _—(aﬂ)_u—i- ApXa+ bz) —Qyy |, b= p'
X
’ ey Tt ke, X2+ ey

kSl k32 k33

ky ks, and k,, match (23). In order to ensure that the system is asymptotically steady, Ams

matches that (I — Ams) is nonsingular and (I + Ams)(I — Am3)™* is convergent.
Thus, the steady-state value of the system is:

Control Strategy Analysis on Preventive Maintenance (Hongsheng Su)
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x(@)=X=(% T2 X4) =Xns.

In the same way, In the area @, we set the control rule for u(¢) as:

= * (28)

l ey -_—
_|m(@) all+rl(a12x2+al3XA+b1)
0 L (r)}

1 - —
ay, + = (a21x1 + Ay Xa+ bz)

So, the dynamic behavior of the system becomes:

dx(z)

—_— = Am4x(f)+bm4 (29)
d¢
Where,
— (alzf 24 a;, x4+ b1) —a, —a;,
X1 Pty
1 _|
Ama=— —ay _—(a21)71+ ApXa+ bz) —Qyy | bma=1 p'yy
2 kg X1+ kg, X2+ kyxa
ks ks, ks

ky . ks, and k,; match (23). In order to ensure that the system is asymptotically steady, Ams

matches that (I — Ams) is nonsingular and (I + Ams)(I — Ams)™" is convergent.
Thus, the steady-state value of the system is:

x(o)=x= ()_Cl X2 f4)T = Xm4

Under the action of the control rules (20), (24), (26) and (28), the form of the motion equation of
the system is as follows.

% = Anx()+bm (i=12,3,4)

Then, solving the above equation, we get:
x(t) = exp(Amit) x(0) + jo exp (Ami(t — ) )t - b

According to Am: , we can know that the system is asymptotically steady. So,
x(£) = exp(Amit) (x(0) + Ani b ) — Ami b

Thus, the steady-state value of the system is:
X(0) = —Am "bmi = X

Then, we have:

x(t) = exp(Amit) (x(0) — Xmi) + Xmi
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Under the condition that the initial value x(0) and the expected steady-state value xm

are given out, it is quite obvious that the motion equation of the system is only related to
exp(Amit) . S0, we use the method of resolvent matrix to solve exp(Ami) [13]. Thus, we have:

exp(Amt) = L™ ((sI - Am)™)

Firstly, we conduct the following definitions.

1 _ _ 1 _ _
wi=—(a,X2+aXa+b), w2=—(a,X1+a,xs+b2)
X1 X2

Pl(s) =57 +s° (kll + k22 + k33) + S(k11k33 + k11k22 + k22k33 - k12k21 - k23k32 - k31k13) +
k11k22k33 + k12k23k31 + k13k32k21 - k13k31k22 - k12k21k33 - k32k23k11
pa(s) = s°+s° (W1+ kg, + ks ) +s (Wl(kzz thkgg) + kypkay + ok —kysky, + ai3ky ) +
wikyokyy — kspkys) — iy (Kpgkyy — by ks ) — ayg (kapkyy — kesyheyy )
pa(s) = 5° +57 (hyy + kg +w2) 5 (walkyy +kyg) + hyhegy + iy, + kg, — ey ) +
wa(kyykay = kigka) = agy (kihsy — kspkyy) — @y, (Kigksy — kipky)
pa(s) = $+ 52 (m+w2+ky)+s {m(k33 +W2) + Wekyy — @,y + kpylyy + a13k31} +
Wz(a13k31 +wikyy ) + gy Wi— iy gy + sk + ay3kpay
qu(s) = 8%+ 5(kyy +kag) + kpphag —kyshsy,  q2(s) = 5% 45 (kyy + higg) + hyhigg — gy
q3(s) = 8% + s(kyy +hypy) +hyykyy —kiokyy s qa(s) = —kyy (s + kg ) + kph
qs(s) = —ky, (s + k) + kg, qe(s) ==k, (s +ky3) + K5k,
qi(s) = —ka, (s + kyy) + kipkyy o qe(s) = =k (s + k) + kypkeyg
qo(s) = —kyy (s +hyy) +kighy s f1(s) = ay, (s + k) — a5k
fals) = +s(Witkyy )+ wikyy +aysky , f3(s) = —ky, (s+w1) —ayky
Sals) =ay(s+hky)—apky, [f5(s)=—ky (S + Wl) —ay5ky
Fols) = s> +s(witky, )+wiky, +apky ,  gus) =5 +s(wa+ky )+ weky + dyoks,
g2(s) = ay (s+kyy) —ayksy,  ga(s) = —ky (s+w2)—a,ks,
ga(s) =~k (s+w2)—ayky,,  gs(s) = ay(s+ky)—ayk,
go(s) =5 +s(wetkyy )+ wekyy +ayky, ,  h(s) = ay (s+w2)+ay,a,

ha(s) = ay (s+wi)tayay, ha(s) =s" +s(wi+w2)+wiwe—ay,a,, .

And then, we have:

qu(s) qa(s)  q(s) qu(s)  Suls)  Sfals)
pus)  pis)  pa(s) pas)  pas)  pas)
exp(Amit) = L qa(s) gqs(s)  gs(s) |, exp(Amat) = L qa(s)  Sfas)  fs(s) |,
pus)  pis)  pa(s) pas)  pas)  pas)
q3(s)  gs(s)  ga(s) qa(s)  fa(s)  fe(s)
L pi(s)  pi(s)  pa(s) | L p2(s)  pas)  pas)
gi(s)  qa(s)  ga(s) gi(s)  fi(s)  ha(s)
pa(s)  pa(s)  pa(s) pa(s)  pa(s)  pa(s)
exp(Amat) = L gas) gs(s)  gs(s) |, exp(Amat) = L ga(s)  Sfas)  has)
pa(s)  pas)  ps(s) pa(s)  pa(s)  pals)
g3(s)  gqs(s)  gels) ga(s)  Sfals)  hs(s)
L pa(s)  pa(s)  pa(s) | L pa(s)  pals)  pa(s) ]
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Based on the above discussions, under the condition that the initial value x(0) and the
expected steady-state value xm are given out, we can get the motion equation x(¢) of the
system by combining x(0) = —Am 'bmi = Xm: and exp(Ami) .

5. Stability Analysis
As the checking rate is constant, we have the linear system as follows.

w = Ax(t) (30)
dr
Where,
~(A2+ v+ ot +uy) A= Pty Patls = Pty
A= Aa= Pty —(A v, +p' +uy)  plop,—ply

N V2 —H,

According to the linear control theory [13] and [14], if all eigenvalues of the matrix A4 possess
the negative real parts, and then system (5.1) is asymptotically steady. In other words, the
matrix 4 must match the following conditions.

(1) (I - A) is nonsingular.

(2) (I+A4)I-A)" is convergent.

As the checking rate is not constant, we have the linear time-varying system as follows.

dx(z)

—==A(t)x(t 31
iy (#)x(?) (31)
Where,
—(22+W, +p1/11+u1(t)) A= Paly Polly = Pty
A(t) = /12_,0'1/“1 _()“1+V2 +/)’1:“1 +u,(t)) p’zluz_p’llul
v, v, -1,

u, () and u,(¢) are bounded for ¢ €[0,) , the real numbers 61 and ¢J2 are existent and satisfy:
0<u(t)<di<w; 0<u,(t)<od2<m.

In order to quote lemmas, we conduct definitions as follows.

0

A(t) : It denotes the matrix that is made up of the elements that are the derivative of
everyone element on t in the matrix A(r).

| O It denotes the norm of vectors or matrices.

A’ It denotes the gone transposition matrix of matrix A4 .
Re(D : It denotes the real part.

According to [15], [16] and [17], we have the following lemmas.
Lemma 1: If the eigenvalue of the n order square matrix A(z) that are 2,(f), 1,(),---

A.(2) match:

|Re(1,(0)+ 2,(0)|226 >0 (i,j=1,2,+-n)
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And | A4(7)| <k, then, for anyone n order nonsingular Hamilton symmetric square matrix C,
having Hamilton symmetric square matrix G(¢) makes:

A ()G +G)At)=C (32)
If C=—1,then |G(1)|<ko;if |C|<S,then |G(1)]| < koS, where:

(n+2)(n-1)
2

n-1
ko= 225 (1+% (33)

Lemma 2: If the eigenvalue ,,(¢) of the n order square matrix A(z) not only match the
conditions in lemma 1 but also match:

Re(1(t))<~0<0 (i,j=12,n)

then G(¢) as showed in lemma 1 is positive definite.

Lemma 3: If A(r) matches the conditions in lemma 1 and ||A(t)||sk1, then having
Hamilton symmetric square matrix G(z) makes:

1) AOG@H)+G)A(l)=-1 .

(2) ||G(z)|| < 2kiko? , Where ko as defined in Lemma 1.

Definition 1: Let the linear time-varying system be:

dx(r)

—= = Au(t)x(t 34
P (6)x(2) (34)
Where,
—(2+W, +p1ﬂ1+u1(t)) A= Poly Polly = Pty
Au(t) = A= Py (v, +p' ) plp,—pl
K V2 —H

| Au(e)|| < ke, ||A11(t)||:|ul’(t)|£c5s and the eigenvalue /() of the matrix Au(z) match:
(1) [Re(7.(0)+,(8)| 2 201> 0, (i,j=1,2,3).

(2) Re(i,-(t)) <-ou<0, (1=123).
If this system is asymptotically steady, then we call Au(¢) a strong stable matrix and

10
call the system (5.5) a strong stable system. Let g01=%(1+ Zk%) -
11 11

Theorem 5: If ga<1, then system (5.5) is a strong stable system.
Proof: According to Definition 1, we know that matrix Au(#) matches the conditions in
Lemma 1, Lemma 2 and Lemma 3. And therefore we establish LyaPunov function as follows.

V(x,1)=x"Gx
Where G(z) is determined by Lemma 3, and is positive definite by Lemma 2. So, we have:

V(x,t)>0

Control Strategy Analysis on Preventive Maintenance (Hongsheng Su)
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According to Lemma 3, we get:
A’ ()G (1) + G(t) An(t) = —1
0
|6@)| < gor
The derivative of V(x,t) on ¢ is:

d V(g;c,t) _ xu G()x+xG(t)x+x"G(t)x=x" |:A11* O)G()+G(@t) + G(t)AM(Z)] x

=x [—I + G(I)] x= —||x||2 +x'G(r)x <

X' GO [+ < (G| -0«

If goi<1, then

&f’t) <0, we can easily know that system (5.5) is asymptotically steady.

Definition 2: Let the linear time-varying system be:

% = (Au(t) + 81U1(t)) x(?) (35)
0 0 0

Where Ui(r) =0 -u,()+u, O, ||[Usr)|<m, Au(r) is a strong stable matrix, eW(r) is a
0 0 0

disturbance matrix about Au(¢), and &1 is disturbance coefficient. This system is called a

5
disturbance system of strong stable system. Let gu = 2mika, where k01=£(1+ 2k 511 ] :
1 11

1-gn
gu
Proof: According to Definition 1, we know that matrix 4u(z) matches the conditions in
lemma 1, lemma 2 and lemma 3. So, we establish LyaPunov function as follows.

Theorem 6: If |81| <

, then system (5.6) is asymptotically steady.

V(x,t)=x Gx

Where G(¢) is determined by Lemma 3.
Known from the proof process in Theorem 5,

V(x,t)>0
A (1)G(t) + G(t) Au(t) = -1
16| < go:

The derivative of V' (x,t) on ¢ is:

dV(x?) _
dt

=X [-1+G()+a[ U (060 +G0U() ] |x =¥ |G() +2] U 0G0+ GOU) || x|

X GOx+xG)x+xGH)x=x" {Alf (OGO +G(0) + G(1) An(t) +& U ()G() + G(t)U(t)]} x

< ‘x* [G0+a[U 060)+60UE | x‘ " < (|G| + 2led [u@ GO -9 | < (gor+]e gu—D) |
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1-gn

gn
Definition 3: Let the linear time-varying system be

, then

<0, itis known that system (5.6) is asymptotically steady.

I [ef < arix.n)
de

dx(¢)

= = An(d)x() (36)
dr
Where,
(Aot vy + py, +uy) A= Py Pally = Pifty
Aw(t) = A= p' iy ~(A+v, +p'yy +uy (1)) p = p gy
1 v, —Hy

|Az2(0)| < k12, and ||A12(t)|| =|uy (1) < 6s. Setting goz =%(1+2k%]10 The eigenvalue 1) of the
12 12

matrix Aw(¢) match:
(1) |Re(,1,-(t)+ g_,.(t))| >2012>0, (i, j=12,3).
(2) Re(1,(t))<-012<0, (i=12,3).
Theorem 7: If go2 <1, then system (5.7) is a strong stable system. The proof is similar

to Theorem 5, and so the proof process can be ignored.
Definition 4: Let the linear time-varying system be:

% = (Alz(t) + 82U2(t)) x(?) (37)
t

-u,(t)+u, 0 O
Where, Ua(t) = 0 0 0|, |UxAr)|<me, Au(r) is a strong stable matrix, eU2(r) is a

0 00
disturbance matrix about Aw(¢), &2 is disturbance coefficient. Let gi2=2m2ko2, where

5
ko2 zi(l-i- feiz j .
12 2012

1-go

g2
The proof is similar to Theorem 6, here the proof process is ignored.

Theorem 8: If |e7 < , then system (5.8) is asymptotically steady.

6. Conclusion

In this paper, the dynamic behavior of maintenance system based on state transition is
analyzed, the differential equations that are used to describe the dynamic behavior of the
system is established, and the performance indexes of the system are calculated and given out.
We control the dynamic behavior of the system to achieve the expected steady-state
performance by selecting checking rate as control variable. And its adaptability and the stability
of the corresponding control system are analyzed. The results indicate that the method is more
objective and accurate than the traditional method so as to be able to provide the theoretical
support for management problems of the large complex equipment by using this method.
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