Marek Sgeserbiiski

PRINCIPIES OF THE ELBCTRIC INSULATION ‘DESIGN BASED
" 0N THE RELIABILITY THEOEY

1, Introductien

'The scope of this paper is Vo premsnt the principles of the ingulstion
degign methodology which leads to the best reliability cherscteristic ua-
der existing cmﬂitions. It we plan that the ipsulation will be exploited
11 tha na‘hu-l de-tructim, we have an intarest in the azpectod value
of the life~time B {1'} Anong-8ll posaibilities such design 1s choosed
which gives the maxisus value £ {1} . o

‘On the ot:ne:- hnnd‘, we not seldom plan the prwentiva replneuent after
the 11H1hdwaﬂ:periadt. Inunehmevehanmintanatint}mmlw
bility ftmetm H{t}. Hw, among 311 ‘possibilities we chodse the insula-
tion ﬂum which ieads to the maxisum value B(%,), '

In oo-plianoe with the reliab:l.litwr theory, the - e:peeted valus of the
life-tine may be presentsd with the Tollowing formula [1]:

E {1}';- fx(t) eﬁ | - | ' (1)
o : . : . ) : |

ﬁhnms_ . L . _
kR(j) - ezp[ fl (t} d!."] : o (2)
The hazard Tunction k(t) ip defined as £ollows:
A(E) = 1im w&w Y

ot-+0 - AE
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wheres: T ~ life-time cf the objecy,

Pt <TLt+ At | 2> t) - the conditional probability that
the object, efficient till t moment will be destructed
during the period (t, t+At]

The reliability function R(t) is the probability that the object wor-
king under the spec!.fiéd conditions ¥ fulfillg all reguirements of effi-
ciency i at the moment t: ' '

R(t) = P (T > t;'m,\)_} _' _ {4)

With regard to the foregoing consideratione let us define the working
conditions and the duties of the electric insulntim.as an object of the
reliability theory. Of couree, 1ts fundsmental job is to limit the current
between the eleaents of various potentisls, The limit current value re-
pults from the techno-aconomic ebaracteristics of the cbject or gystem un-
der consideration, Usually, the choose of the limit lemkage current value
is more or 1e§u arbitrary. 'Hmver, the breskdown of electric mmatioh
is, a8 a rule, a catastrofies procesa. conmqu’ent;s, the breakdown cwrrent
increnses from the evidently mccepted value to the evidently ungoseptsd
one during a very short period 4, thet the arbitrary choiove any moment in
the range of this period has no influence on the reliability characteris-
tica, ' ' | |

The electric insulation may do some additional jobs; for example it o=
metimes worke as A supporting structure or as a cooling medium, However,
the following analysis is concerned exclusively n the fundamental-insula-
tion duty. So, the requirements will be reduced to the demand thl.t the le-
skage current has to be bolow a certain critical wvilue,

Sometimes, the destruction of the electric insulation occcure by the
other way: for sxample the insulation ey be brokes, displaced, flowa cut
etc. Howsver, the following analysis will be limited to the breakdown phe-
nomenon, It occurs when the slectric field value exvesds the electric
‘strength of the inmulation, (Of course, the electrie utrangﬁ: Bay decrespe
versus time ss a result of the aguing phenomena ),

So, from the standpeint of working conditions, we have. an interest in
the working voltage and mlhges influencing the insulation, The

set of parsmeters conalstes of the working voltage velus U y the over-
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voltage frequency u and the probability density function of the mml—
tagen d(i} ). ¥e asmme, that the werroltage series is the Poisson’s
type prmn and the electric strength oh;ramti.tios of the ingulation
!h{t} are mvoeany detsrmined, :

negeneous insulation choows

The tloctrode ayatu and n dislactric materinla dea‘.:.ned with the ele~
ptric strength &nracmiuﬁ,u EM(ﬂ, Ebz(t}.--.,EM(t)... Ebn(t) are
givan, The prablﬂ is to choose such dielectric material from this set
which 'm'hng a8 a hoaogsneous insulation leads %o the maximum value
E {'!!} or, in the other case, to the maximus value R(t_).

If the voltage between the electrodes U udrk = conat (without any over-
rolmgu} ﬂu solution of the problem is self-svident (aee Pig.1), The
1ife-time of each dlelectric saterial T and the reliability function R(t)
are univosally deterained; 80, in this cass, the idea of E {'r} is need-
leen. ' :

On the other hand, AY the mmlmu are pnmt, th- design analy-
sie is as follows: One mugt determine the probability density function
for the saximus slectric fisld created with overvoltages in the interior
of the insulation. This function has the seme ghape as the probability
density function of the cvervoitages d(U, ) tul:

8 - - Uov
or max f{elactrods geometry)
where: E_ ___ - slsctric field crested with overvoltages in this point
ingide ths insulation where it reachss maximum value

(field hehmgmiw ingids the homogeneous diehctric
remlts from the chotmdn curvaiure },

r(olecm geametry) - racm of mportimliw bstween the
voltage on ‘the slectrodes and the maxinum tloctrl.c
Tiala ina.,do the d:l.tllcﬂ‘ic,

¥axt, the designer determines (for each dhlootri.o mntll;) the time
characteristic of these overvoltsges which destruct the insulation. The
freguency «f the destructive overvoltages Byogtruct't) 18 connected with
the frequency of all overvoltages n(t) by méans of the following forgulat
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L - Igt)-lu;- n Jdn - {5)
lb{%t)

Port-t (whers t, i the solution of ‘the eq-timkb(t) = B ﬂ)the
bazard functiom A{t) —>*= _

1 em

Ework mox

Mg.1, Lifo-time a&h:-uitm (a) and the p:-abuh.fnv function {b) for
the homogeneons dlectrie insulation
o .

(Em' - —york = )
max T{eleotrods geoneiry)
Eft)

£, )

glfqt) *:5--- ‘I
' o
i
| T, ¥ ' : ,:
jl 4 . : —
. - l i . :
illl&') | X : oy
i 3 ,
. | :
] "'__'_—:_'—-'i—— -—
. I | :
L . ] . )
a-ftesat i/
Bit) - L/ [ .,

Pig.2.Determination of the m function x(t) Tor the homogensous slee,
wic insnlation infloenced with working voltage and ovearvoltagey
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On the beais of A (t) function end the formulae (1),:(2), (3), the .de-
signer mey determine E {r} and B(t,) values and choose- the dielectric ma-
terial of saxtmun value E {r} or R(t ). '

The design methodics will be pressnted for ‘the cape of 2 layer insu~
lation aystem between coaxisl cylinder slectrodes (sse Fig,3), Two diew
lectric materiala of known chumcteristioal;,l (t) and ‘B, ,{t) are given:
the problea is %o mn.atmct the :l.nmlation qsm which leads to the ma-
xis valus B{T}or B(t,).

»

Pig.3. Two - layers electric imsulation for coaxial cylinder electrodes

If the voltage botween the eleotrodes Upork ™ const (without eny over-
voliages) the beginning of the analysis ie close to the typical case when
Em(t) and Eba(t) are constant[2].The maximun electric £ield values insi-
de the inauletion layers are

-—-'g'_- B -—'—'3'—'——':‘..

E1 nax ¥ 2 mAX
271 g,x _ 2MWLES
To . +pa the maximum life-time wvalue of the 1.naulation gystem one

nuet choeoge such radiue ? that



Fak-]

B (®) 1m.. Eg

f’%hz(t) T By pex  EAT e
thus .
- r b ) ‘ | (M
TR ER® «
The broakﬂm oenurn at ﬂnmm lb1{t) fenntion dinimishes to
the E,mulm {o cm,lttmmt, %2(1:) Ez _ too). So,the

lﬁo-ﬁnﬁmmﬁum—vhuthmorthefoh
lowing formula o

u .
___52__&;____‘..
‘tﬂh) - l‘1 nax :

,r(t‘: 1“9 +E,21n£)

Sclving the omtim '(7) ‘and (8) one mey determins the radins for the
neximum life-time of the inmlation system and the value of its marisua
life-tine &= B

(8

The abowe ana}.ynu 1 valid on condition thet im(t} and Ehz(t) are RO
notonic functicns., This is true becenss of irreveramibility of the ageing
procegses, - '

Fow, htmmmmnmmm mctﬂrMbeth!
frequency B and the prodability density funectiion E(UO'). The imsulation

wetnmhmwmdmmlmnhfm the EM funo-
uonuinmnth-x,mmm.-

If the ratlo
B r - -
EZ..!IE g’ x - (9}
1max  t2F o

then, in accordance with Fig.4., thn elsctric si:rength af the insulation
system is Getwrmined by mesns of Eb.!(t} raz' tha pcr:.oﬁ (0, %, } and with
E (%) for £ t.

Sa, mmmﬂt)mudmmmmrors time
perioda as roll.ou

SINEL N FLE 4

N = A () = 6, ‘ Lo
- & = N ! = N —— ds (10)
. | Gestruct I{“) r{E ln_; +£ ln

2 ter 4 %t Kty €
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aqu_)
A(t) = A(t) = n - f 2T ' dE (11)
2 destruct 1n % + €. 1o 3 )

3). and for t > %,
MNE) = l (t)—#m (12)

Now, let ue datemina the radfus ¢ which gives the maximum value of
the reliability fuaction R(t Yo Using the eq.uatione (2}, (10) and {11),
taking into coneiderations that ¢, regults from the (6) ws Treceive the

following formuls
t t
o

~ e .
R(t) = exp ~L [ A(D) d‘t-I A, aTl= Ry(§) (13,

%

(for self - evident reasons <t <t1)

In accordance with de «1'Hospital theorem, the radius ¢ determined by
means of the equation

B = O - (14)

gives the maximum value of R(te) function

he radius § leading to the maximun E{T]value may be determined si-
ailariy. The life-time expected value is connected with the reliability
function by means of formula (1) while R(t} results from (13). The radiusy
determined by means gr the equation |

[fn1(9) ag]’ = (15)

gives the marimum valus of E {T}

4. Smag

The presented methodics leads to the insulating gystems of maximun
poasible relisbility function B(te) or of maximum expected value lifeti.
ze E {’1‘} under imposed conditions, These conditions are as follows: the
alectrode geometry, the dielectrics of known dielectrie susceptibilities Iy
and breakdowh voltage characteristics Ebl(t), working voltage U, . and
the probability density function of the overvoltages d(U .).
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P:Lg.4. Detemmination af the hazard funetion for m-:layer electrj.e in-
suhtion 1n:r1uanaad with working mltage and overvoltages

However, the above considerations are based on the sinpm:.ed model of
ageing phenomenon and ought to be developed, Particularly, the detarmini~
stic function E (1) may be replaced with the stocastic ons which takes

into socount the dependence of the ageing processen upon. the mimmm-
don verishlps,
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