TRANSFORMER MAINTENANCE, LOADING
AND RELIABILITY

A DISSERTATION

submitted in partial fulfilment of the
requirements for the award of the degree

of

MASTER OF ENGINEERING
in

ELECTRICAL ENGINEERING
(System Engineering and Operation Research)

By g
TEJ BAHADUR SINGH

DEPARTMENT OF ELECTRICAL ENGINEERING
"UNIVERSITY OF ROORKEE
ROORKEE-247 667 (INDIA)
April, 1986



CERTIFICATE

Certified that the dissertation entitled
"TRANSFORMER MAINTENANCE, LOAD ING-, ‘AND RELIABILITY"™ which
i8 being submitted by Shri.T.B, Singh in partial fulfil-
ment for the award of Master of Engineering degree in
"System Engineering & Operation Research" of the University
of Roorkee, Roorkee, is a record of student's own work
carried out by him under our supervision and guidance,
The matter embodied in this dissertation has not been
submitted for the award of any other degree or diploma,

This is to further certify that he has worked for
a period of one and half year from October, 1984 to March,

1986; .
¢ ' ' @/&_ RV E-4 ("—"t/i)
| R e
( DR. H. UPTA ) ( D.V. SUBBARAO )
, ~ Reade} | Manager (Designs)
Electrical Engineering Deptt., Planning, Technical & Designs,
University of Roorkee P & E Organisation,
ROORKEE ~ 247 667 Bhilai Steel Plant,

BHILAI - 490 001

Dated: 4th April, 1986,



AKNQWLEDGEMENT

Aauthor taXing en oéportunity to express his sincerce
gratitude and heesrtly thenks to Dr. H,O0, Gupta, Reader in
Department of Electrical Engineerincg, University'of Roorloae,
Roorkee and Shri D.V. Bubbarao, Manager (Design) in .
Degpartment of Flanning, Technical and Designs Bhilai Steél
Plant, Bhilai for their invaluable guidance, rendered help

and timely suggesticns during the preparation of this work,

Auther would like to thanks to the management of
. .
Bhilai Steel Plant for thelr permission to submit this
dissertation and utilize the facilities availlahble in

department during this work,

by

(T.2. SINGH)



ABSTRACH

The substation is serving a load demand of
a geographical defined area. When load demand of the
area is increased, substation modification is required,
The substation planner is having two alternatives,
either existing facilities may be over loaded or extra
facilities may be added earlier before load growth,
Since transformer is a costly piece of equipment in a
substation, transformer loading, maintenance and
reliabillty should be studied carefully, so that
maximum benefit is derived from the investment on the
transformer,

Transformer loading limits are mainly due to
thermal limits, In practice, these limits are not
experienced most of the time and ambient temperature
conditions are less most of the period. So there is
always a margin available to overload the transformer.,
When overloading is done proper maintenance is required
and health of the transformer can be estimated by
conducting tests recommended by manufacturers and users,

Optimal transformer loading has to be decxded
after quantifying and analysing the cost' structure for
the available alternatlve. The costs involved are
capital cost of the transformer, repair and replaceaent
cost, maintenance and testing cost, failure cost, ‘energy
loss cost, interest on capital, depreciation and salvage
value, The mathematical optimization technique i.e,,
Dynamic programming is used for making decision at each
stage (year). Finally the optimal transformer loading
policy, for a given example, is found to be 110% of the
name plate ratinge

% k%



NOTATIONS

a ’ Age of transformer
An Addition of transformer in year n

Cn(Xh,An)Tbtal cost of owing and operating transformer in ycar n

CC(n) Capital cost in year n
d Ratio of load loss to no load loss
FC(n) Failure cost in year n
IR Interest rate
K Load MVA in Fraction of rated MVA
LI(t) Life loss in time t |
- Lmin Miniqum loading limit
Lmax Maximum loading limit
LL Load loss in KW/transformer
MC(n) Maintenance cost in year n
n . Year of study
N The horizon period
PE Pfice escal ation

PRF(n,a) Probability of fallure in year n of age a

Q,(%,,3,)Total cost upto year n

(2]

Replacement cost in fraction of capital cost

To Rated oil temperaturé;rise '
Tw Rated hot-spot temperatufe rise |
v Relative rate of using life
Xa Available éapacity in year n
2 Failurc rate due to insulation loss of life
) Failure rate due to other causes
. Weighted ambient temperature
eoa Rise of o0il temperature over ambient
e Rise of winding temperature over ambient
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CHAPTER T

INTRODUCTION

' An electric power substation usually serves a
geographically defined.area, As the load grows in an aréé.
transformers and other associated eguipmeénts may load to
a limit when substation and area modification arelrequired,l
If this growth phenomenon is congidered from a substation ?7'
view point, two primary alﬁernétives are aVailéﬁle to the “

planners which is described ast

(a) The existing statioﬁ facilities may be loaded higher
reducing the reliability of equipment and increasing
the probability (risk) of suddenly curtailing the
load.

(b) Facilities may be édded earlier such as new.transformei
capacity more spares,. faster repaif#and.installation
facilities new station resulting higher availability
and lower risk environment with assocliated penalty

of additional investment.

Therefore, for alternagtive selection it is regquired
to determine the economic consequences of various loading
policiés and to minimize the total cost of owing & operating
transformers to meet demand with acceptable levels of service
reliability. Transformer life is malnly considered since
transformer usvally represents the most costly piece of’

equipment in a substation.

The thermal loading limits of electrical transformers

are determined by the hot-spot winding temperature.generated
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through power losszses within a transformer., Guidelines
for loading and relationship between overloads and expected
service life, are reported in several published standards

and the technical papers.

Beavers | 4 | had reported in 1964 that Amwmerican
8t andards Association loadihg gulde are conservative for
distribution transformers. Thils is also generally confirmed
by users and manufacturers based on field experience, He
reported that a rore realistic life versus temperature relation
ship would be represented by chemical reaction.theory i.e.
Arrhenius relationship.Using this relationship and the
transient temperature or commulative aging procedures the
estimated loss of life is approximately one-half to one-sixth
that obtained by assuming the constant temperature, peak
dur ation and using ASA 1055 of life curve, ¥Which is based on
expectancy of 7 years at a contineous 95°C hot--spot temperature
and load time combinations were based, en the assumptions
that c¢ach of these combinations produces the same amount of

aging per cycle as 1 day at 95°¢,

acker [ 17 had reported in September 1964 loading
guide for 65°C rise distribution transformers. He had taken
transformer loss of life expectancy of 30 years at a
contineously sustained hot-spot temperature of 120°C. Hot.-
spot temperature curves were calculated for loads from
S0% tb 280% in ambient temperatures from o°c to SOOC. ' The

change in time constant with ¢hanging loads was considered.



Thus Hot-spot temperature curves were converted to aging
factor curves. He compared area under the aging factor

curve with a standard area representing a hot-spot temperature
of 120°¢C contineously sustained for 24 hours. Thus

transformer load capability table was presented.

Again in 1969, Beavers {2] had reported the equation -
for life expectancy, of loss of life Vs temperature relate
ionship based on aArrhenius Law for thermal aging. He
formulated a relationship for calculating a constents of
Arrhenius law which is preﬁiously supplied by charts or

graphse.

Ohéman and his colleague fej had reported in 1969
the analytical and probability techniques for evaluation of
substation expansion plan and transformer loading policies.
They developed a meﬁhod.for calculating the probhabilities of
exceeding of maximum transformers temperatures and the
expected loss of ﬁransformer life utilizing local historiCai
substation load and ambient temperatures environmental
conditions. Alternate substation expansion plans to meet
forecast of area load demand were compared on the hasis of

Ccost versus reliability.

Blake&Kelly | 5] had develope a mathematical relation
for calculation of overload of a oil immersed power trans—
former. They had given comprechensive discription of the
philosophy of overloading, transformer 1life curves, and

a working method@ of calculation incorporating these factors
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with inCreased accuracy and reduced time. Recommendations
are made regarding life curves, anbient temperature selection,
resistance correction for temperature variation =nd daily

load cycle evaluation.

Bae,Adkins and Bree [2] had develop a method which
quantitatively define the total cost of owing and operating
the transfomel where the tdtal cost includes both the capital
cost =nd loss cost as well as cost incurred due to increased
loss of life of transgormerwdue to overloading throughout
the expected life of transformer. They framed the problem
in state transition matrix and cslculate the probability
of failur@,for each state. They were using a hit aﬁd.tréil“
method for decidinq the policy cost using different 1oading
limits (i, e. IMIN & IMAX) .and for different type of cooling.
They had suggested that to increase the minimum peak load

level and loading the transformer more than this value.

In chapter'IIvﬁor iﬁlculéting the hot-spot temperatur
rise for overloads with specified load cycle curve and
other limiting factors. Normal life of transformer is taken
40 years on the basis of Acker [ 1] suggestion and aging
of insulation slightly modiéied by Arrhenius to Mongginger

relation which is based on field experience,

The maintenance and test recommendations rather than
normal routine maintenance when transformer being overloaded

i1s described in chapter III, The test results are useful
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for predictions of transformer health before going to

sudden failure.

A method to determine t‘né optimal loading of the
transformers has becn developed in chapter IV, Dynamic
programming has been used for determining the optimal policy
for adding the transformer during the course of time and

their over loadinde.



CHAPTER ITI

TRAISFORMER LOADING
2.1 INTRODUCTION

The transformer installed in a substation usually
serves a arca which having the different types of loads like
residential and incdustrial load. As the load damand grows
in that area the transformers and othér associlected equipments
may bc loaded beyond a limit for which they are designed for
normal operation. Since transformer is costly pieée of

equipment so more attention is given on transformer loading.

) The transformers are designed—to carry continuously
the rated load at certain specified.émbient tamperature

and ouvtput is almost limited by hot-spot winding temperature.
Whereas accessories like tape changers and bushing etc. are
having mechanical and electrical limitations. Before going
to overload a2 transformer its accessories is capable to
withstand this overloading. The selection of the permissible
maximum safe operating temperatures for transfogmers would -
be comparatively simple indeed, if transfomer insulation
possessad a critical temperaturc above which very rapid
deterioration takes place., However, since d@terioration
takes place practically at all temperatures and amount of
deterioration is a function of time and temperature. It

is impractica®le to fix the exact allowable temperature

above which transformers should not be allowed to operate.

When insulation of transformexr is subjected to high
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temperature for long duration the reducpion of 1if@'of
insulation is more. Therefore, insulation can be subjected
to relativély high tempcreture provided theat thelr duration
is sufficiently short., It is this fact that make it possiﬁle
to operate transformer at frequent but short intervals, such
as emergencies, transformer insulation can be subjected

to still hicher temperatures without any damage to insulation. .
'Transformer can safely carry, for few seconds, short circuit

currents with resulting temperature as hich as 250°¢ [9}

In this chapter a procedure to .determine the hot-
spot wiﬁding temperatvre ©¢  and relative rate of using
life of insulation is described. Some practical considerm
ations for overloading are discussed. Lastiy the merits

of overloading and guidelines are given.

2.2 THERIAL LOADING LIMITS

Tﬁe thermal loading limit of clectrical transformers
are determined by hot=spot winding temperature ﬁhrough POWCY
losses within the transformer. The hot-spot winding temp--
erature should not increase more than 14OOC. This temoer.-
ature is calculated ~ccording to the load curve of the
transformer. The hot-spot temperature of the winding is

the sum of the oil temperature rise, hot..spot Eemperature

of the winding above oil and ambient temperature i.e.

-

ec = eoa + e‘m + @a ...(2.1)



The steady state top oil risc for constant load K

is given by following relation:

oa o ...(2.2)»

Where
x = 0.8 for self cooled transformer

0.9 for forcaed air cooled transformer

il

1.0 for forced oil forced air cooled transformer

The steady state of hot-spot rise above oil for

.

constant load K is given by

O = (Ty - Tp) (K2)x' seof2.3)

The top 0il temperaturc at any time t after the

change in load is given by

Qmu)=[QmM)~qmmﬁ(ugm%)+qmm)
000(2.4)

Now the hot-spot winding temperature Oc is calcu~
lated form equations (2.1 to 2,3). The value of the Oya
- s0 Calculated should not exceed the prescribed limit of

140°cC, : .
2,3 LOSS OF LIFE OF INSULATION

- Experience shows that insulation subjected to
temperature over prolonged Periods losses its elasticity,
gets brittle and crackes even under low mechanical stresses

which always tskes place when a transformer is in operastion.
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It results in & failure of electrical insulation
and danage to the transformer. The meCchanical strength of

insulation is-measured by a tensile or bending test.

The lift of insulation as affected by deterioration

due to temperature and time is given by the Arrhenius as

. ., . B ' . '
Life = (3 +3) - cee (2.5

Where A and B are constants and T- is the hot-spot
. o) le) .
temperature in Ok . In the range of 80 C to 140°C this
law can be expressed by the more convenient Montsinger

raelation as

p °c
Life = e ves(2.6)

Most of the investicators agree that over the
rénge of 80°C tb 14OOC, the ratces of using life of trans-
former is doubled for cevery temperature incCrease of 6OC
and that insulation deterioration occurs at normal rate at
the winding hot.spot tempereture of 980C. The periods of
accelerated ageing when the hot-spot temperature is greater
than 98°C are compensated by the periods of slow aging when

the hot..spot temperature is less than 980C.

The relative rate of using life at any hot-spot
temperature compared with the normal rate of using life at
rated hot-spot temperature of 98°¢ can bhe written by using

equation (2.5) as follows:
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Rate of u usi) -i llfe at 8¢
Rate of using life at 98%

o 04693 (Qg - 98)

T A mTE:

6

0,.1155 (ec.g 98)
ee 0(207)

~Therefore the life consumed in time t is given
by

t

. i o
LL(e) = | & 0.115 | eelt) - 98 at

0 ' V es.(2.8)
8c(t) is the hot-spot winding temperature at time
which depends upon the loading. From ecuation 2.6 and 2.7,
the relative rate of usirg life for any hot-spot teﬁperature
and trangformer life consumed in time t can be calculated.
Also the relative rate of using life can be ébtained by

using a graph as shown in Figure!2.l.

2,4 PRACTICAL CONSIDERATIONS FOR THE OVF‘R. LOADING

Durin¢g actual operation of tre nsfonnora in field,
there are many site factors,thése are a2llowed to over.
loading the transformer. It has been noticed that failure
due to overloading is not more than 1 to 2% of total
failure causcd by other reasons.like lichtning, shoft-
circuits, mal'operations and poor maintenance. The following
_practical considerations are utilized to overload the

transformer continiously or during selected periods when

the system roeguires so.
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2.4.1 Explo esign Margins

T . e e T ST WITA, ke AT Mt

The transfomer ratings are generally somewhat
conservatively'based on hot-spot winding temperature. The
85, and O, in many cases observed to be less than the
permitted value. Taking advantage of thase margins it is
possible to over-load a transformer depending upon the.
.actual conditions obtained in practice. As an example in
case of a 220/11 KV, iOO MVA transformers, the actual oil
end winding temperature rise at full rated load is 33°C
and 47°C against the guarnteed desicn figures of 55°C and

66°C.respectively.

Further fhe differencé in actual ambient temperaiure
or cooling medium temperature, as the case mavy »e and the
corresponding figures asstmed in design calculation can
bé used to AGfinite advantagc. 2s per 133 2026, it is 0oss-
ible to operate a trénsformor at load abovebits ratoed KVa

A
by 1% por degree centigraote less in cooling medium temper-
ature with reférence to =ambhient temver~turse =nd thus
maximum limit of over loading being 10%. AIEE standard
committee carried out the studies on standard trensformers
éubjGCted to loading cycle with hot-spot temperatufe upto
220°C, and periodically these are subjected to over potential
impulse test and short circuit test and finally found that
transformer did not bresk down under the severe conditions.
These transformers continued to work for 6 to 8 years

without. failure continiously at hot-spot winding temperature



of 125°C. From these results, it can be concluded that
maximun temperature limit adopted by ISI are within the safe

1imit.

While considering the ageino effects due to operation
of transformers at high tempcrature it is to be kept in mind
that the insulating oil also deteriorateé leading to increasé
in its acidity level, As soon as acidity tends to increase
beyond 0.2 mgy KOH per gram of vil, the sludge formation
starts. fThe sludge so formed derosite on the winding and
métal parts which hampers the rate of heat dessipatidn from
these components. Its commulative effect is to increase the
working tempefature of the transformers therchy accelerating
the aging process. But in actual\practice, so high temper-
ature are not experienced and there is alwavs a margin for
over loading a transformer without substaintially enhance

the aging rate of insulating oil.
2.4.2 gyelic Loading

Taking advaentage of the fact that consumption
requirement of any systam largely varies during 24 hours
of a day. It means that transformer will work at uprated cevae-
city during the peak load hours and at redvced load at
low periods of the day. It has observed that for a distri.
'bution’substation whrich having a load mostly residential
and lighting as campared to industrial load, the ambient
temperature during peak load hours i.e. 6 to 12 P.M, is

less than the design limit specially during winter scasons.
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The peak load hours are differed from peak temperature
hours. VUnder such a favourable duty cycle the transformers

¢/ be considered for overloading.

2,4.2.1 Transient Temperature Considerations

Another more readlistic approach in cestimating aging
of insulation by means of actual tempcrature variation
thfoughout entirc daily load cycle rather than the éssumpn
tion that all of the aging takes place only and completely
during the peak load dﬁration and at the maximum temperature

for the peak duration.

2 mathanatically accurate approach would be to
integrate the effects of aging due to the heating and cooling

- through out the entire 24 hours period.

The actual variation of top oil and hot.-spot windincg
temperature is shown in figure 2.2 . The température rises
due to oil and winding are depends upon the thermal time
constant (U) of the transformer, in practice, the for oil
is 2 to 3 hours and for winding 10 to 30 minutes are mostly
founds. It is obvious from figure the final orvsteady
temperature of hot..spot winding is not reachad during the
peac load due to thermal time constant and actual rise of
hot-spot temperature is always less than the mathematically
calculated by relation 2.1 , Thus it is apparant that
a large portion of the conservatism ih the loading guide

may be attributable to an overconservative loss of life
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curve and to thc oversimplified assumptions that-the maximum
temperesture exists throughout the peak duration. These

considerations seaus to provide logical reasons why the

loading schedules are basically conservative.
2.4.3 Merits of Over-Loading

, In cesc the mergins available ior short time over-
loading the transformer on account of high aging rate at .
hot-spot winding tamperatuvre more than 980C and below
14OOC, therc are some merits and demerits asaoéiated with
this decision which is describéd belows:

(i) It will help planners in choosing rated XVa of
transformers new installation so as to draw maximum
possible benefit out of the investment made.. At
present it is practice to insteall transfeormers of
sufficiently large capacity or to keep\spare trens~
formmers to meet any anergency reguiranent or future

increase in load, By availing overload margins,

lower installed cavacity can serve the purpose.

(ii) Future augmentations can be differed or reduced,

thus resulting in saving of capital expenditure.

(iid) Switching of feedcrs on account of limitations
of the transformer capacity can be avoided by short
time overloading of transformer as an when need

arises,
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(iv) Saving in additional core losses during lean periods

by eliminating sparce transformers.

2.5 GUIDELINES FOR OVER LOADING

The KVA rating is a conventional referencé fOr *iMim
interrupted continious operation for any transformer with
normal expected life. Indian standard €600 .. 1972 lavs
down the limitations for overloading the oil immeresed
transformers, which is similar ﬁo other standards adopted

in other countries, these are. described as follows:

(a) Unéer no circumstances, a hot-spot of winding temp-
‘ o}
er ature should not be allowed te go beyond 1407°C
because deterioration of o0il and winding insulation

after this tempersture is greatly enhanced,

(b) At winding hot-—spot temperatures of 980C the deter-
ioration of insulation is considered to be occuring
at normal rate and rate of deterioration at other
temperature is compared with this normeal rate.

(c) With winding hot--spot temperaturcs helow 80°C the
use of life can be considered as negligibie, whereas
over the range of 80O to 14OOC the rate of using
life of transformer is douvbled for every temperaéure

. o)
increcase of 6 °C,

(@) The pericds of accelerated aging when the winding

hot-spot tempaerature is greater thon 980C are



compensated for, by periods of slow 2ging when

winding hot-spot temperature is less than 980C.

(e) For normal cyclic cduty, the current>does not exceed
1.5 times the rated valve, If current go beyond
this value and dﬁration permitted,by I8: 6600, are
carried by terminal outlets like tap changers

bushing and similar attachments with safety.



CHAPTER IITI

MAINTENANCE 2ND TEST RECOMMENDATIONS

3.1 INTRODUCTION

The failurce of a transformer may be attributed due
to many causcs starting from the commissioning stage te the
operation and mainteﬁance. Many a times it is difficult to
pin point the causes of danage after the fallure has taken
place. Inséite of this, the bad maintenance or not proper
maintenance may e one major cause of trensfommer failure.
The maintenance prescribed by manufacturers and standards
should be followed strictly, which gives better life and

performance,

When transformers are overloaded, it is necessary
to periodically chack and ascertain the condition of trans-
former from time to time. By this, any tendency for rapid
deterioration can be stopped and corrective measures taken.
Thus the transformer being overloaded, needé more attention
and quantum of maintenance. It is possible tec monitor the
health of the transformer by carrying out periodical tests on
the transformer or its cooling medium.v The corrective action
to rastore the health of transformer may be taken as when

tests reveal abnormalitye

The transformer oll is a very complex mixture of
over 200 different compounds which can be broadly grouped
. !
into aromatic, amd paraffinic hydrocarbons. The transformer

0il which has been accepted is essentially a non-polar



petroleum liquid. The analysis of oil is done by many
instrument 2l method in the laboratories, to determine its
cempositicn and minor constituents thermal characteristics

and many other data required to study the properties and quality

of transfomer oil.

In this chgpter, it is proposed to discuss the
maintenance ancd tests recommendations for transformer. Main
emphasis is given on the oil testing, its analysis and

maintenance,

3.2 MAINTENANCE OF TRANSFORMER

Maintenance means routine inspection, testing
cleaning and adjustments which are carried on a transformer
in service to avoid its break down. The maintenance should not
be confused with repair work which is Carried-out after the

breskdown of transformer in service, This basically covers

the following:

(i) Pericdical tightening of nuts and bolts.

(ii) Leakage of o0il or low oil level - inadequate quantity
of oil level results in overheating thus causcs

failure.

(iid) Oil testing - the transformer, oil should be periodi~
cally checked for prescnce of moisture in oil,acidity of oil
dielectric strength (40 XV for 1 minute with 4 mm. gap)e-

Hhen ecidity below 0.5 mg. KOH/gm, no action should



(v)

(vi)

(vii)

(viii)

be taken end between 0.5 mg. KOH/gm. and 1.0 mg.

KOH/gm. 0il) must be kept under ohservation.

The transfomer must be subjected to -~dissolved gas

analysis once in a year,
Checking connection of grounding.

Colour of silicagel, i€ it is vwhite or »ink., It

requires replacement,

7’
i

Any transfomer in service for a period of 4 to 5
vears is expected to have deficiencies like shrinkage
of windings, loose clkmping, 1ocalized insulation
failure etc, Henceo once in a four yvears the core

and winding must De inspected.

The insvlation resistance should not be less than

2

the value is given below for a transformer measurced

with 1 KV or 5 XV meogar.

Voltage of Minimum safe resistance in Mega Ohm.
winding
30°¢c 40°¢c 50°%¢ 60°
11 XV 400 200 100 50
LV, 200 100 50 25




3.3 TEST RECOMMENDATIONS FOR OTL AND WINDING OF TRANSFORME

During schedule maintenance, it is necessary to check
all data like condition of 0il and windings by suitable teste
ings and rectify any adnormalities found before failure. Thepe
tests are framed on the bésis of the different transfommer
manufactur's and user lﬂcq Philai Steel Plant and M, P,E.B,

The tests required to be carried out are described.

3,23.1 Testing of Insvlating 0il

a7 el e . ey

The health of transformer greatly depends on how
the c¢il is maintained, it is necessary, thercfore, to carry
out periodical tests of oil samples. The following tests

. [ 4

are normally carried outs

. Phe - 2.5 mm. gap betwegn cylindrical electrodes
according to IS: 335. This test is carried out once in a
‘year for transformeré of capacities uvpto 10 MVA and twice
in a year in case of transformer more than 10 MVA., Minirmum
value of B.D.V. for different voltage classes of transfor.
mers which arc in service, upto which the transformer can

be allowed in service as followst

Upto 15 XV class _ 25 XV
15 -~ 35 XV 30 XV

60 - 220 KV : 40 XV



3.3.1.2 2acidity

Acidity of new oil is less than 0,02 mg. XOH eg/gm.
of 0il according tc I3: 335, During service the acidity
value can be permitted upto 0.4 mo./gm. 0il 2lthough there
gre practices whfch allow higher va;ues. Thefreqnency~'
of the testing oil for acidity could be once in two years
for transformer upto 15 XV class and 2 MVA and once in a
year larger transformer. The acidity of the oll goes up
due to formation of fatty acids which is accelerated at
high tempe?atﬂfes, as élse in the presence of meisture. As
acidity goes up, the volume résistiVity\comes down and conse-
quently insulation resistamce of thé transformer. Fatty

acide affcects the cellulose insulaticn also.

-

3.3.1.3 Moisture Content

|

Moisture gets into oil in‘a transformer through
mainly three paths. (i) Throucgh breathing action’of tr ansformer,
(ii) Through sludging action of oil, and (iii) Throuch

. _ .
thermal disintegration of paper used as insulation. The
electric strength of oil.drésticélly reduces with moistvure
contents-exceeding S - 10 PFPM especially in the prescnce
of particle imgurities as shown in figure 3,1 ., It requires
sophisticated equipment to measure moiéture contents at |
levels lower than 5 - 10 PPM, There are some field tests

like crackle test whicﬁ\can roughly indicates the extent of

moisture present in oil.
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3.3.1.4 HMechanical Impuritics

The impurities arc generally estimated as Benzene
insolublés, particles of dust, metal and fibres which may find
their way into oil and-reduce the electric strength as is
evident from figure 3,2 . The presence of these particles
lower the part}sl discharge inception voltage leading to

‘break down.
3.3.1.5 [FElash Point

The flash voint of new oil according to IS: 335,
shall not'be‘less‘than 140°¢C, However; the flash point goes
down during the service life of the t.ransformer due to the
evolution of gases and their absorbtion of oil. The value
of flash point of oil for transformers in serﬁice Qhould not
go below 125°C. Even at this level if there is a sudden
lowering of flash point, it calls for investications. The
condition of transformer Can De estimated Dy analysing the
gases present in oil. The gases usually present gare H,, <O,
4’ C2H6 etc. From the gvantities of these gases

present, the deteriorating part in the transformer can be

C,H,, CH

identifies.

To maintain the stability and quality of oil in a
transformer,.- it is necessary toc prevent entry of moisture
into it. There are practices to filter the oil veriodically
once in a yecare. Th;s is mostly due to the high temperatures‘
obtained at the surface of immersion hecal@ts uséd in the filter
machines, The filterastion of o0il should be done only if the

test results indicate.



N
.

7% ELECTRICAL STREN-GTH
(1MT WITH STAND VALVWE

% ELECTRICAL STRENGTH

(IMT WITH STAND VALVE

AT POWER FREQ)

AT POWER FREQ.)

- 40 |

MOISTURE CONTENT

100 4
80 |
60 .
40 | x.
20 e | — T ‘ Y ~r ]

o 20 30 40 50 60

? WATER CONTENT IN OIL (PPM)
FiGH
MECHANICAL IMPURITIES

80 _

60 |

Zot

WITH 05 PPM PARTICLE
IMPURITIES

ANITH50 PPM
RARTICAL IMPURITIES

20 40 60 80 loo

WATER CONTENT INOIL (PPM)
 F1G32 :




3.3.1.6 QOther Test of Oil

b O o =p

The work has been done in direction to evaluate vari-
ous accelerated life test foi the transformer oil, These
tests will help to evaluate the degradation of the oill It
will also be possible to compare various oils and their
combinations to recommend the transformer oil to the particulear
operation. .Thesg day many‘laboratoriés tosts heas# béen
developed to analyse the composition and,qualit§ of oil.

By instrumental method which offers good scope in determining
the quality, composition, performance reliability, deteri-

oration rate and oxtent of stahility [14],

The e¢ffect of c¢chlorinated solvents on eleétrical
and chemical properties of transformer oil is described [15].
The experiment conducted with carbontetra chloride, chloro-
form and tetrachloro ethvlene and found that tetra chloro
ethylene is best.suiéed.ﬁor possible addition'to increase
fl ash point-and reduce viscosity. P*so when added to the
extent of 1 part to 4 parts in the transfommer oil, it does
not affect electrical propverties. Thus, there is enough
scope in the development of transformers wifh the above

admixture in fire hazardoys arcae.

The effect of transformer materials on the
degradation of transformer oil under semiactive condition
has Decn observed [ 167, The above oﬁserVations indicate
that in a transformer with temperature stressces alone, water

content should come cdown to 4 ppm. if suitable breathing
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arrangenents and proper menufacturing practices are adopted.
Electrical strength should not deteriorate. Oils with
lower arromatic content perform better. It is also seen
that around 60 to 70% of inCrease in neﬁtralization value

take place withing the 5 months itself,

-~

It is recommended that various accelerated life
tests be develcped for the evaluation of quality of trans-

foxmer oil,

3.3.2 Testing of Magnetic Circuit

-

!

There has been a vast ﬁmprovemenﬁ in the quality of
steel used and in methods of construction in the last two
decades. Theé no load losses of trahéformer have come down
drasticelly in this period. As an example, a 132/7.2 KV,
40.5 MVA transformer manufactures in early 60's had an
iron losses of 120 KW according to the test at the manufacte-
ures factory. After 20 years of working this figure has risen
to about 250 KW, As against this the iron losses of prasent
day transformecr of the same rating may be aboutrzo - 25 KW.
The changes in construction has also brought about
reduction in maintenance nceds. The praCtice_has been
to tighten the core bolts etc., once in 6 - 10 years which

may not be necessary for present day transformers.

It is difficult to asses the condition of the
magnetic circuit thoroughly without dismantling it. 2An

emperical test to assess the health of magnetic circuit



may,beFCarried out. After reamowving earth connection of the

core, the resistence 'R! between the two extraome limitations
may be measured and the coefficient of msistance may be

calculated from the following formul a:

Where

K, is the coefficient of resistance,

R is the resistance betweon extreme laminations

in ohm,
. oy

A 3 ac + 3A,

As 1s mean surface area of core limb laminations
in szo

RY is mean surface area of yoke laminations in cm2

— ) , Core width
n is number of laminatic = ic e > 1 emi
s 5 tions thickness of one lemina-

tion.

For magnetic circuits in good conditions, this value
can be higher than 100, For'a working transformer;if the
value goes below 15, it indicate high losses and extensive

damege to insulation of the laminations.

The present day CRGO laminations with chemically
applied insulation, generslly give good service in their
life timece In a working trensformer, the indication of
a deteriorated magnetic circuit are higher top oil temper-
ature at no 1oéd.and even evolution of gases operating

the Bulchholtz's rclay. It is necessary to disconnect



the transfomer in such cases inmediately and take out the
core and windings for investicaticns. The effect of
moistﬁre oﬁ a paper is well known., Papér insulation of
windings cuickly absor» moisture from the conling medium

and attain a state of equallibrium. Some investigétors have
studied this phenomeﬁon and have shcown the relationship
between moigture content in dilland moisture in paper.

Fig-. 3.3 illustrates this point, fig, 3.4 illustrate the
effcect of moisture in oil imprognated paper. This relation
holds good when paper does not have particle impurties,

the presence of which brings down the electric strength further

in the presence of moisture,

There are no. of tests that arc usuelly carried out

to asscss the health of transfomer.

3.3.2.1 Insulation Resistance & aAbsorption Rati

e e T T L e T MEA ks e i e N )

Insulation resistance measvraement is a very simple
test and goes a long way to monitor the health of transfor- -~
mer if carried out at regular intervals, The value obtained
have to be corrected for temperature before comparison.

The following relationship can bé usad for this purpose
“and these relations hold goed if the acidity of ¢il in

the transformer is not high as given in table (3.1).
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Table (3.1)

LM N BB b 2ol bt W SPLIM . A AR WA AL . B B A v Bns - — - S

Temp. 7C 5 . 10 15 20 25 30 35 40 45

Factor 1,23 1.5 1,34 2,25 2,75 3.4 4,15 5,1 6.2

- —— L r— s A

' Temp.®C 50 55 60 65 70

L I . - U A AR .. A A S UL S T A e I S Ty

Factor 7.5 9.2 11.2 13.9 1.7

\

SR B T o T e T

[
The minimun irsulation resistance required for

eonnaecting 2 transformer in circuit may be tsken as 7% of
the factory velue or the following valuce whichever is less,

as given in Table (3.2).

v

AY

Voltage Class Temperature °c ’
KV 20 30 40 50 60 70
3 . 10 200 130 80 50 . 35 25
20 .. 35 300 200 130 90 60 40
110 ~ 120 600 400 . 260 180 120 80
(Not larger ' ‘
than 10 MVA)

—— . o o

During the course of operation, the insulation resis-
tance of the trahsformer_tends to go down, if this value

is beldw 70% of the commissioning value, an investigation

R
is called for an remedial actiscn tasken. The ratio 20

Rys

2



i.e. the ratic of insulaticn resistance after applvina the
voltage for 60 scc. to 15 sec. valuve called the absorpticn
coefficient should not be leéss then 1.3 for transformers
in service. However, for new transformer or thuse after

repairs, a value not less than l.4 can be permitted.

3.3.3.2 Meaguremen

PR e

o

PN 7 TP P e

This test is frequently done for extra high voltage
.transformers. It indicate the prescnce of moisture,
particle impurities and deterioration due to part;ial dis-
charges etc. The maximum values that can be taken as

given in Table (3.3).

. Table (3.3)
Temp.'C 10 20 30 40 50 60 70

Trf. CapaCe-'

ity Upto 2.5 1.5 2.0 2.6 3.4 4.6 6.0 8.0
MVA .

——————- i g s

4 bond 6.5 MVA 102 1.5 200 2.6 . 3.4 4.5 6.0

A s e S AR I A M 4 BIGE . WM MM MR W5 T

Above 10 0.8 1.0 1.3 1.7 2.3 3,0 4,0

/
o~ P coh e L~ Y Az a0 - PN

For transformer in service 30% higher values can

be permitted.



3.3.2.3 Megsurement of Moisture Ratio

S S e S ——

The moisture ratio is a very dependable tost. The
ratio C2/Cgp which is the ratic of capacitance of windinos
measured with 2 HZ and &0 Hz supplies is termed as moisture
ratic. This ratio is very useful in assessing whether the
windings are dry or not. The maximum permissible values are

given in Table (3.4).

Table (3.4)

Temp.°C 10 20 30 40 50 60 70

Upto 35 KV a* 1,25 1.30 1,40 1,50 1.60 1.80 1.80
& 10 MVa
B* 1,20 1.25 1.30 1,40 1.45 1,57 1.70

A A T T L R S A TR T B T BT ST T LT M L T T O T AR TR b 1A W A g R e

110 KV ' a* 1,15 1,20 1.30 1,40 1.50 1.60 1.70
cr 10 MvVa
5% 1,12 1.16 1.20 1,30 1,40 1.50 1.60

e e =
e T L T K N o WE M e ST € M 3 T A 42 A i

A* = Maximum values in service,

B* = Maximum value for commissioning.

e

This test to‘indicate the moisture and particle
impurities in windings. The insulation resistance is measured
at two different voltages. The relationship between the
insulation resistance (R 60 value) and voltage of measufemont
is shown in fig, (3+5.a). This test is normally done with

two voltages in the ratioc 1:5 and the value obtained with
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‘higher veoltage should not be less than 25% of the value

obtained at lower voltage as Clear from £ig.(3, 5-b),

.....

In an cil immersed transformer insulétion system

is the weskest link, and hence the functional life of insu-
.1ation is very important for manufactures and users both,
Normal life expentency figures ate determined on the hasis
of accelérated ageing test at three elevated temperatures'

of the oil paper combinations in a sealed glass tube, testinc
for tensile strength of paper as an end point critefia and

extra-polarity the results for ageing at normal temperature.

In this test, the transformer are subjected to accel- -
erated ageing ot @ minimum of three test temperatures. The
test temperature being produced by circulating the a.c.
current of a rated frequency through the windings of transe
former. Depending upon the value of the test temperature,
this current will »e higher (1.2 to 1.75 timeS) than the
noxrmal fall load current of the transformer and it has to he
engured that the termination, bushings and other peripheral
equipmenté are capawle of withstanding these currents on

continmious basis.

At each of the hotwspot temperature, the transformer
is to be aged thrcugﬁ overloads for a total period, which
is five times the expected life expentancy period, at that
temperature. This perind is divided into SO equals test

periodse.



The life of the transfcimer is considered to have
ended when the thermnal decradation has progressed to a point
that the unit_Can not withstend anyone of the serics of

test as given bélecw which simulatcs the abnormal currents

and voltage commonly experienced in service,

(a) Short circuit teést at 25 times the ratad current

for 2 sec,

(b} Full wave impulse test at 65% of the value specified

fcr new transformer.

(c) Induced potentizl test that at 130% of rated voltace

for 7200 cycles.

The trensformer under scceleratced ageing is subjeqted
to the above test pericd. The life of the transformer at
the elevated tempefature 80 neesured is than extra polated
by standard methods to determine the life expentancy in

- normal service,

In some western countries, this test have been used
by manufacturers with great success to evaluate new materials
for use in transfomer, for instance a thermally upgraded
collulose paper Vs a standard Kraft paper, aci€ refined
cils Vs hydrorcefined oil and new f£ilm insulated wire versus

standard proven wire.

For users, this test mean 2 realistic estimate of

life expectancy of various designs and comparstive evaluation



of designs for quality and reliability and e correlation
«f the above factors,with price., It als® implics that
since a design is functionally tested and proved, respons-
ibility for any faiiure in system will have to be borne by

the user.

There arce several other tests to monitor the heerlth
of transformer such as measurament of polarizestion ratio,
and . impulse sketching which mey be recommended for

only large sized transformer.



CHAPTER VI
OPTIMAL TRANSFORMER LOADING
4.1 INTRODUCTION :

It may De more economical to overload some transfor.-
mers already in service and accept the pénality of prohable
shorter liféArather than to relieve them with a@ditioﬁal
vnits. Similorly, it sometimos may e justified to install
new units ~nd deliberétely reduce copper losses since eneroy
costs go up every yvear. In either case, considerable saving
in present capital outlay arce weichted acainst a probablg
increase in future replacement. The result establish an
appropriate transformgr loading policy in terms of minimum
operating cost is known as optimal transformer loading.
Howe;er} no systamatic methods, tﬁarefore, oxisted for.
systamatic evaluation of traHSformer loading policy. Bae,
Adkins and.Bree had dohe work in this field but they had
decided the policy hit and trail method taking into account

the total cost of owing and operating.

Optimal transformer loading prob®lan is formulated
to detemmine the addition of transformer in cach year with
growing load of the systean considering the failure cost
maintenanCe cost, enerqy cost, interest on capital ipvestment
and price escalation of the transformer. To determine the
optimal policy, the problem is converted to the dynamic
pProgr=mming problem. The examplc is solved using dynamic

programmimg to determinc optimal transformer loading policy.



4.2 PROBLEM

The problan is to determine addition and therefore
loading of transformaor every vear in the substation to scrve
the given load relizgbly and economically with constraints

- over maximum loading and capital investment.

4.2.1 System Load Growth

The system load growth can be obtained by any
forecasting method. After having the load growth, svstem
planner can take a decision about the guantity of the

addition of a transformer each year with specified substation

minimum and maximun loading limits (Imin & Imax).
4.2,1.)1 Daily Ioad Curve

The loading guide gives clear instruction for
loading é transformer to the short intervel., Also daily
loéd.cYcle ﬁlay.important role in overloading. The actual
fluctﬁating load cycle shall he converted to 2 sinmple

equivalent reactangular load cycle as shown in figure 2.2(a) .

-

4.2.1.,2 Ambient Temperature

The ambient temperature is not constant for
throughout a year. The annual weighted tanperature is
considered for calculation which is 32°C as spocified by

I3: 2026 Part-I.



4,2,2 Transformer State Matrix

The transformer state meotrix is shown in figure (4.1).
(The state (I, J) represent veéar I, age J.). AN arrow repe
resents an event (transition from one state to another) in’
life of cach transformer. Arrows directed up and to the
right represents survival, such as event in year 4; a'two
year old trensformer .state (4, 2) = year 4, age 3 survines
to vear 5 and becomes 3 years old state (5, 8) , Arrows
directing to the right and downward represénts transformer
failures. In year 4, trensformer in 2, 3, 4-year old states
may fail and be replaced DY a new transformer and become

l-year old transformer state (5, 1) in the next year.

4.2.3 Transformer Failure Probability

T e e A

Transformer failure probability for given period
is defined as chance of transfomer failure during continuous
operation. The failuré rate of the transforher comprises,
a component duc to insulation deterioration (Ai) ané’one due
tc all other causes, The fallure rate,gl is determined
by the life remaining in the tr~nsformer insulation. Tﬁe
life consumed in a year is a function of hourly loading
and anbient temperature condition under which the transfomer

has operated and determines by using Monstinger relation.

n
Thus the failure rate Al , due to insulation loss

of life is written as follows:
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STATE I

GE |
PRF (1,1)

ExT (l,l)

YERR |

STATE 1J

ACE A
PRE(I)
|Exr(zy)

STRTE 3,3
RGE '3
PRF (3.3)
EXT(3.3)
STR7E 2.2 STRTE 3.2
|mee 2
PRF(3.2)
lexrce,2) £EXT(3:2)
STATE 2,1 STRTE 3,/
RGEI RGE ]
PRF(C2.1) ax(3:1)
EXT (2:1) &xr (31)
YEAR 2 YEAR 3

STRTE 5.5
AGE S
PRF(5,5)
ExX7(5.5)
STATE bk STATE 54
|RGE 4 RGE 4
PRF (b,de) PRE ( 5,4)
EXT (hle) EXT (54)
STRTE 4,3 srave 53
RGE 3 RGE 3 o
PRF(4:3) PRE(5:3)
exr (4.3 &xr(537|
STATE .2 STATE 5.2
AGE 2 : AGE 2 _
PRF (4,2) RE (5.2) |
Ex7 (1) Exr (5:2)
STA7TE 41 STRTE &, v
(7 ¥ RGE |
PRE (41l |l s (5:17).
YEARY YEAR §

PROBABILITY OF FRILURE /N STRTE (1)) EXPEETED

NUMBER OF TRANSFORMER v STRTE (/) .

FIG 4| SUBSTATION STATE TRANSITION DIRGRAM.




n . . .
A - Life consumed in year n
i Remaining life eee (4.1)
The failure rate duc to all other causcs are framed
ass
K memea s e o o oo
2 Maximum life of a transformer eee (4,2)

Thus the transformer will fail after certain specified

life, however, it is loaded or not. The total failure rate

‘

A=Ay R, | | .oo(4.3)

The provebility of failure of transformer is taken

as exponential dependéncy and written as:

3%

=t
(;;a

Ppp (n,a) =1 - ce(48)

4.2.4 Cost Functions

e v

In policy decision making cost is essential factor
which are used to examine the trade off hetwecn saving in
installed capacity and expected loss of life due to overload-
ing. The cost functions which are dominant in system operation

for owing and operating the trensformers are as followss

For our model the capital cost is defined as owing
and installation cost of transformer and other accessorics.
The price escalation is also taken into account. The

capital cost for adding A . transformer capacity ih year

i

n is given by:
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cé(n) = (1 +PE)™ " uer(y) Ap cea(d4.5),

A

4,2,4.2 Maintenance Cost

-

Maintenance cost covers all the running cost like
changes of oil, reoutine maintenance, small repairs and
salarics of maintenance staff which are spend every ycar
on the total installed capacity. The maintenance cost for

any year n is given Dys$

MC(n) = M (1 + PE)nml UcCT(1) Xn ' .{(4.6)

M = 0,03 to 0.07 i.e. maintenance st is 3 to 7%

of capital investment,

ct

Loss Cos

Fnetngfiey . T, v

4.2.4.3 Energy.

Due to shortage of energy, those days vower supplicrs
are taking mbre attention about the wastage of energy.%
For transformer, therc is slways a no load loss and load
loss varying acoording to load of the transformer. This
cost is play major rolc of deciding the addition of new unit

or over-load the existing substation capacitye.

The energy ¥nss cost in year n is written by following

relations

ELC(n) = 8760. EC. [ NLL + LL (K) 2] Zpp (4.7)
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4.2,4.3 Failure (ost

The failure cost is defined as the cost of replace-
ment of feiled transformers due to cver loading, It is
calculated by multiplying - the probability of failure of each

transformer and replacement cost per transformer,

The failure cost in year~n is given by

Fe(n) = (1 - 8) (1 + POY™L-T p__ (n,a)
L2, “rF

E:{T(n,a)} ucT(l) . (4.8)

4,2.5 Total Cost

Total cost for operating the transformers in year n

with addition A, is given by:

C, (¥, Ag) = CC(n) + MC(n) + ELC(n) + FC(n)

(1 + IR) (4. 0)

Using the equation (4.6 to 4.8) can be obtained

4,2.6 [The Objective Function

The objective function consists of the cost associated
with intercst on capital investment, maintenance cost,

energy loss cost and feailure cost.

The total cost of owing and operating the transformer
in year n with A, additions and total avallable capacity

X, is given by:
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M
0 Ry B = T Gl

0-0(4'0]~O)

Thus our chjuective 1o to determine the minimum cost

-

of owing =nd oparating in «ach yoar and

obtain the total

¢ .
optimal cost of owing and operating for certain gpecified

heorizon N. Our constraints arce witten ass

2 o ey a
Lmax + 1 5:A1+A2 ~ - Lmin
Ln
LN . - L

Ll, Lz sase o an; O

Ay, A, e.... Ap are integers only.

ees(4.11)

..0(4‘tl2)

S S )
ceo(4.14)
ee(4.15)

...{4.,16)

Thus the constraints are limited no. of additions

each vear possikle and thus limited resources are available.

4,3 OPTIMIZATION BY DYNAMIC PROGRAMMING

The dynamic progranming is a mathematical optimization

technigue used for making the decision at each stage of

serially interrelated decision and give final optimal value.

Thus our objective function iss



Minimize the cost function

Fh(Xh) = Minimize Qn(Xn; An) forn=1, 2 ... N
/ A

Where

il

o, (X, A) =¢, (X, &) forn =1

me G (K A = G €, A % By Chips Anl)

1l

.with Xn.;.l:}in'*'kn '\.nzzl seas N,

The constraints are otalned Dy ecuation 4.11 to 4.16

The flow ch~rt of solving above problem is shown in Figure (4.2).

4.4 EXAPLE

)

. A distribution substation is sﬁpplying a load to
the area which load danand is 10 MVa initially and loadgrowth
expected is 1 MVA each year. The daily load cyéle éurve is
having a 6 hours peak load and rest is normal cﬁnstant lcad
of 40% of its rated capacity. 311 transformers installéd in
a substation is equally loaded. The allowable minimum loading
of the each transformer is 80% and.maximum is 130% of the

reated capacitye.

Then obtain a minimum no. of transformers in sube
station each year to serve the load demand of area with
reliably and eccnomicelly for a 5 years planning period on

the based of the following datas | :

The rated capacity of cach transformer = 1 MVa

No load loss = 240 KW/transformexr

i

Copper loss 10,0 KW/feyansformer



Compute E 1 |

Q,(Knr 2p)
=C1'1(Xn' kn)

* ‘ Ch (%n, An.). i

\.-w

i

I

A

=l
Ay

Yes /F\ No
;”——-*v

Qp (%0 2n)=Cp (Xp,2n) +
Fp-1{Xn-1)
Where ‘Xn_‘l = Xpn = 2n

i\
v

Fp(Xy) = Min 0%, 2n)

- Séve Py (%)

i

Figure (4,2):

Flow Chart for solving dynamic programming

problem.



Thermal time constant for oil Z"O = 3 hours.

Themal time constant for winding Zw,= 20 minutes.

Capital cost = Rs. 3 X lO5 per transformer
/ .
Maintenance cost = 5% of capital cost per transformer

Replacement cost of transformer = 50% of capital cost
per transformer.
The price escalation of transformer = 5% per year,

Intervest rate on total cost = 15% pcer year,
4.4.1 Solution

The problem is snlved and cost functions of each
- year is given in the table.(241),  Ewvery stage optimal value

is shown with * mark.

Year Load of Addition Available Total cost of owing

the system Capacity end opcrating the

An MVA 2

oL, wa n MVA  transformer :
' Cx‘l(:({rll %)0 RS. eve X lo
U S

1 10 g 10.5049

(¢

1 10

I\O

o 7.9159%

1 10 10 10 749392
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2 11 0 9 10.8653
2 11 1 10%* 8.,9712*

2 11 2 11 9.0439
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3 12 - o 10 10.5235
3 12 1 11% 10,1884 %

3 12 2 12 10,4806
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contd..
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3 3 3 z o
4 13 o 11 12,4837
4 13 1 12% 11.1204*%
4 13 13 11,1535
5 14 0 12 12,4381
& 14 1 13% 12,3175%
5 14 2 14 12,3175

The final result is shown in the Table (4,2).

Table (4.,2)

. A A T A e T

o i

Year Ioad of the Addition Cagpacity of Capital

% overloa-

n sy ctem A, Ma the system investment ding of the

L, MVa X Wa in year n ¢ transformer
Rs, .. x 10

1 10 9.0 9.0 ' 7.9159 11.11

2 11 1.0 10,0 8.9712 10,00

3 12 1,0 11.0 10,1884 9.09

4 13 1.0 12,0 11,2040 8,33

5 14 1.0 13.0 12.317% 7 .69

The total cost of owing and operating the system is

RSQ 5005134 X 1050

-~



CHAPTER V

CONCIA STON

The tranéformer should be ove£10aded for a short
term interval., The only limitation on the transformer lacding
is that the hot-spot winding temperature should not go bheyond
140°C. The failure of the transformer is not due to over-
loading. The life-of the transformer can be maintained by
proper maintenancé and test recommendation supplied by manuf-
acturers. The result of this study show that there is no
longer any economic incentive to overlozd transformers
significantly abové 1%0 percent of'name palte rating, ﬁhenu
ever, overloading of transfomer is done sbowe 110 percent
energy lossicost play important role and not allow to go
beyond this liﬁit. Failure cost also increases as loading
is more than 110 percent, Thus the higher cost 2f copper
losses of the transformar offsets saving in capital outlay

associated with overloading.

This study sugdests a cohcerted effort that trans-
former in the system should be loaded upto 110 percent of
name plate rating-' . énd minimum peak load 1evé1 should be
inCreased to name plate rating avoiding wastace of energy due
to ne load loss 6f'transformer and increase in capital
investment. Thus, more emphasis should be put on increasing
the minimum peszk loaé level because of the relatively larger

mst penalties .associated with under-utilization.



Transfonmer loading problem can be framed as intecgerx
prograwing problem considering more realistic daily load
curve and ambient tiémporsture variatinone. The various cost
can be further subwdivided into sub.commonent to make the
cost structyre more realistic, The load curve and ambient

, '
temperature variation cen be taken probabilistic and stochastic
cptimization problem can e framed which is expected to give

more realistic results.
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