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AB STRACW 

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 
reliability 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 decided 
after quantifying and analysing the cost structure for 
the available alternative. The costs involved are 

-capital cost of the transformer, repair and replacezent 
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 rating. 



NOTATIONS 

a 	'age of transformer 

An 	7 ddition of transformer in year n 

Cn(X,7 )Total cost of owing and operating transformer in year n 

CC(n) 	Caital 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 MV74 in fraction of rated MVA 

LL(t) 	Life loss in time t 

Lmin 	Minimum loading limit 

Lm ax 	Maximum loading limit 

LL 	Load loss in KW/transformer 

MC(n) 	Maintenance cost in year rn 

n 	Year of study 

N 	The horizon period 

PE 	Price escalation  

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

Qn(~ , -,)Total cost upto year n 

S 	Replaccnent cost in fraction of capital cost 

Tp 	Rated oil temperature-rise 

Tw 	Rated hot--spot temperature rise 

V 	Relative rate of using life 

Xn 	,Available capacity in year n 
n 
1 	Failure rate due to insulation loss of life 

2 	Failure rate due to other causes 

Na 	Weighted ambient temperature 

E)oa 	Rise of oil tkmpe ,ture over ambient 

ewo 	Rise of wiandinc, temperature over a-nbient 
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CHAPTER I 

INTRODUCTION 

An electric power substation usually serves a 

geographically defined area. As the load grows in an area 

transformers, and other associated equipments may load to 

a limit when substation and area modification are reavired. 

If this growth phenomenon is considered from a substation 

view point, two primary alternatives are available to the 

planners which is described as: 

( a) 	The existing station facilities may be loaded higher 

reducing the reliability of equipment and increasing 

the probability (risk) of suddenly curtailing the 

load. 

(b) 	Facilities may be added earlier such as new transformer 

capacity more spares.,  faster repair and installation 

facilities new station resulting higher availability 

and lower risk environment with associated penalty 

of additional investment. 

Therefore, for alternative selection it is required 

to determine the economic consequences of various loading 

policies and to minimize the total cost of owing &-operating 

transformers to meet d nand with acceptable levels of service 

reliability. Transformer life is mainly considered since 

transformer usually 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 losses 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 tr 4] had reported in 1964 that kmrmerican 

Standards Association loading guide are conservative for 

distribution transformers. This is also generally confirmed 

by users and manufacturers based on field experience. He 

reported that a more r alistic life versus temperature relation 

ship would be represented by chemical reaction-.theory i.e. 

►rrheriius relationsbi_p.Using this relationship and the 

transient temperature or commuletive aging procedures tl; e 

estimated loss of life is approximately one-half to one- sixth 

that obtained by assuming the constant temperature, peak 

duration and using ASA loss of life curve, Mich is based on 

expectancy of 7 years at a contineous 95°C hot--spot temperature 

and load time combinations were based! #*ri the assumptions 

that each of these combinations produces the same amount of 

aging per cycle as 1 day at 950C. 

Acker [1J had reported in September 1964 loading 

guide for 650C rise distribution transformers. He had ten 

transformer 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 

90% to 280% in ambient temperatures from 00C to 500C. 'The 

change in time constant with changing loads was considered. 
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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, or loss of life Vs temperature relat~ 

ionship based on Arrhenius Law for thermal aging. He 

formulated a relationship for calculating a constants of 

►rrhenius law which is previously supplied by charts or 

graphs. 

O49man and his colleague [ 6] had reported in 1969 

the analytical and proh&cillty techniques for evaluation of 

substation expansion plan and transformer loading policies. 

They developed a method for calculating the probabilities of 

exceeding of maximum transformers temperatures and the 

expected loss of transformer life utilizing local historical 

substation load and ambient temperatures environmental 

conditions. Alternate substation expansion plans to meet 

forecast of area load demand were compared on the basis of 

cost versus reliability. 

B1 'ce& Kelly (A 51 had develope a mathematical relation 

for calculation of overload of a oil immer..sed power trans- 

former. They h a d given comprehensive discrintion of the 

philosophy of overloadincg, transformer life curves, and. 

a working method of calculation incorporating these factors 
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with increased accuracy and reduced time. llecommend.ations 

are made regarding life curves, ambient temperatture selection, 

resistance correction for temperature variation and daily 

load cycle evaluation. 

Bae, Atkins and Bree f2] had develop a method which 

quantitatively define the total cost of owing and operating 

the transformer where the t`dtal cost includes both the capital 

cost and loss cost as well as cost incurred due to increased 
kj 

loss of life of transformer due to overloading throughout 

the expected life of .transformer. They framed the problem 

in state transition matrix and calculate the probability. 

of failur-.for each state. They were using a hit and tr 'ill-

method for deciding the policy cost using different loading' 

limits (i.e. iMIN & ix) and for different type of cooling-. 

They had suggested that to increase the minimum peek. load 

level and loading the transformer more than this value. 

In chapter .11 for ciculating the hot--spot temper_ atur 

rise for overloads with specified load cycle curve and 

other limiting factors. Normal life of transformer is ten 

40 years on the basis of #.cker (1) suggestion and aging 

of insulation ,slightly modified by Arrhenius to Montsinger 

relation which is based on field experience. 

The maintenance and test recommendations rather than 

normal routine maintenance when transformer being overloaded 

is described in chapter Ill. The test results are useful 
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for predictions of transformer health before going to 

sudden failure. 

A method to determine the optimal loading of the 

transformers has bean 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 loading. 



CHAPTER II 

TR'2N 	Fd4ER LOADING 

2.1 IN TROLIJ CTION 

The transformer installed in a substation usually 

serves a area which h avincr the different types of loads like 

residential and industrial load. As the load dean .nd grows 

in that area the transformers and other associated equipments 

may bo loaded beyond a limit for which they are designed for 

normal operation. Since transformer is costly piece of 

equipment so more attention is given on transformer loading. 

The transformers are designed to carry continuously 

the rated load at certain specified em:nient temperature 

and output 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 a transformer its accessories is capable to 

withstand this overloading. The selection of the permissible 

maximum safe operating temperatures for transformers would 

be comparatively simple indeed, if transformer insulation 

possessed a critical temperature above which very rapid 

deterioration t&ces place. However, since deterioration 

takes place practically at all temperatures and amount of 

deterioration is a function of time and temperature. It 

is impracticable to fix the exact allowable temperature 

above which transformers should not be allowed to operate. 

When insulation of transformer is subjected to high 
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temperature for long duration the reduction of life: of 

insulation is more. Therefore, insulation can be subjected 

to relatively high temperature provided that their duration 

is sufficiently short. It is this fact that ma},.e it possible 

to operate transformer at frequent but short intervals, such 

as emergencies, transformer insulation can be subjected 

to still higher temperatures without any d~-nage to insulation. 

Transformer can safely carry, for few seconds, short circuit 

currents with resulting temperature as hicch s 250°C [g] 

In this chapter a procedure to .determine the hot-

spot winding temperature 0u and relative rate of using 

life of insulation is describec7. Some practical consider 

ations for overloading are discussed. Lastly the merits 

of overloading and cruidelines are given. 

2.2 T IEPH.AJ LOADING LIMITS 

The thermal loading limit of -electrical transformers 

are determined by hot-spot winding temperature through power 

losses within the transformer. The hot-spot winding temp-

erature should not increase more than 1400C. This temper. 

ature is calculated according to the load curve of the 

transformer. The hot-snot temperature of the winding is 

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

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

eC = ®oa + ®z,,~o + 0a 	 ...(2.1) 



The steady "state top oil rise for constant load K 

is given by following relation: 

© 	_ T 	i+dK .( 
as o l+d .?  

Where 
x = 0.8 for self cooled transformer 

0.9 for forced air cooled transformer 

= 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  

emo  = (Tw  - To) (j< 2x  ) 	 ... (2.3) 

The top oil temp. r ture at any time t after the 

change in load is given by 

Ooa ( t) 	eoa('`)  _ eoa(0)'; (l..et/t)  + ®oa(0)  

..,(2.4) 

Now the hotmspot winding tunperature Cc  is calcu- 

l gated form ecni ations (2.1 to 2.3) . The value of the ®wa 

so calculated should not exceed the prescribed limit of 

1400C. 

2.3 LOSS OF LIFE OF D SULATION 

Experience shows that insulation subjected to 

temperature over prolonged periods losses its elasticity, 

gets brittle and crackes even under low mechanical stresses 

which always takes pl. co where a transformer is in oper':tion. 
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It results in a failure of electrical insulation 

and damage to the transformer. The mechanical strength of 

insulation is•moasured 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 

Life= e( 7~ + 	) 
C 

... (2.5) 

'.here A and B are constants and TC is the hot-spot 
temperature in OR . In the range of 80°C to 140°C this 

law can he expressed by the more convenient Montsinger 

relation as 

Y'ife = e-P 
0C  

... (2.6) 

Most of the investigators agree that over the 

range of 80°C to 140°C, the rates of using life of trans-

former     is doubled for every temperature increa se of 6°G 

and that insulation deterioration occurs at normal rate at 

the winding hot.- sot temperature of 98°C. The periods of 

accelerated ageing when the hot-spot temperature is greater 

than 9f3°C are compensated by the periods of , slow aging when 

the hot.spot temperature is less than 98°C. 

The relative rate of using life at any hot-spot 

temperature compared with the normal rate of using life at 

rated hot-spot temper2rture of. 98°C can be written by using 

equation (2.5) as follows: 



s 10 t 

_ 2, to ~of usin life at OC 
Rate of using life at 98°C 

e 0.693 t!C 	9 ) 
6 

e 0.1155 (®C..~ 98) 

...(2.7) 

Therefore the life consumed in time t is given 

by 
t 

LL(t) = ~ e 0.115 1c(t) - 987 dt 
p 	 ..J2.8) 

e(t) is the hot., spot winding temperature at time 

which depends upon the loading. From equation 2.6 and 2.7, 

the relative rate of using life for any hot-spot temperature 

and transformer life consumed? in time t can be calculated. 

Also the relative rate of using life can be obtained by 

using a graph as shovin in Figure 2.D. 

2.4 PRACTICAL A COIN ,SIDER7TIOI`?SFOR THE OVER° ALO, DTTG 

Durinc, actual operation of transformers in field, 

there are many site factors, these are allowed to over-

loading the transformer. It has been noticed that failure 

clue to overloading is not more than 1 to 2% of total 

failure caused by other rea sons,likc lightning, 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 rcauires so. 





 • :• 12 a• 

2.4 1 Ext 9 tin th }~Dcsic~n rear ins . ......ter. _M_,. 

The transformer ratings are generally some•,A~iat 

conservatively based on hot 	 The winding temperature. ~.he 

e 	.nd e in many cases observed to be less than the 

permitted value. Taking advantage of these margins it is 

possible to over-load a transformer depending upon the. 

actual conditions obtained in practice. 7s an example in 

case of a 220/1.1 KV, 100 MVA transformers, the actual oil 

and winding tern perature rise at full rated load is 330C 

and 470C against the guarnteed, design figures of 55°C and 

66°C-respectively. 

Further the difference in actual ambient temperature 

or cooling medium temperature, as the case may be and the 

corresponding figures asstmod in design calculation can 

be used to definite advantage. As per 131 2026, it is posse 

ible to operate a t.L ,.nsform,, : at load above its rated KV21, 

by 1% per degree centigr<ate less in cooling medium temper-- 

ature with reference to ambient tempar,-turn end thus 

maximum limit of over loading 'being 10°x. AIEE standard 

committee carried out the studies on standard transformers 

subjected to loading cycle with hot --spot temp-nature upto 

220°C, and periodically these are suhjected to over potential 

impulse test and short circuit test and finally found that 

transformer did not 'hre clown under the severe conditions. 

These transformers continued to work for 6 to 8 years 

without. failure continiously at hot~spot winding temperature 
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of 125°C. From these results, it can be concluded that 

maximum temperature limit adopted by SSI are within the safe 

`limit. 

While considering the ageing effects due to operation 

of transformers at high temperature it is to be kept in mind 

that , the insulating oil also deteriorates 1cading to increase 

in its acidity level. As soon as acidity tends to increase 

beyond 0.2 mg ~ KOH per gram of vi], the sludge formation 

starts. The sludge so formed deposite on the winding and 
metal parts which hampers the rate of heat clessipation from 

these components. Its commulative effect is to increase the 

working temperature of the transformers thereby accelerating 

the aging process. But in actuzal ,practice, so high temper, 

ature are not experienced and there is always a margin for 

over loading a transformer without substaintially enhance 

the aging, rate of insulting oil. 

2.4.2 tactic I,o 7d ng 

Tecing ac?vantage of the fact that consumption 

requirement of any systc~n largely varies during 24 hours 

of a day. It means that transformer will work at uprated capa-

city during the pe c load hours and at reduced load at 

low periods of the day. It has observed that for a distri••. 

bution substation which having a load mostly residential 

and lighting as cc~mpare'd to indt,strial load, the ambient 

temperature during peals. load hours i.e. 6 to 12 P.M. is 

less than the design limit specially during winter seasons. 



: 14 s 

The peak load hours are differed from peat: temperature 

hours. Under such a favourable duty cycle the transformers 

c -,n be considered for overloading. 

2.4.2.1 Trinsieent Tc~ eratiure Consider at Ion s 

Mother mor.-) realistic approach in estimating aging 

of insuletiori`by means of actual temperature variation 

throughout entire daily load cycle rather than the assump~~ 

tion that all of the aging tares place only and completely 

during the neap; load duration and 6t the maximum temperature 

for the pe duration. 

A mathematically 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 winding 

temperature is shown in figure 2.2 . 	The temperature rises 

due to oil and winding are depends upon the thermal time 

constant (l') 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 or steady 

temperature of hot-spot winding is not reaches during the 

pea: 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 in the loading guide 

may be attributable to an overconservetive loss of life 
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curve and to the aor_ simplified ssumptions that-•the maximum 

temperature exists throughout the pec duration. These 

considerations scans to provide logical reasons why the 

loading schedules are basically conservative. 

2.4.3 rlerits o ovtr-,Loadi~ 

In case the margins available or short time over~- 

loading the transformer on account of hicrb aging rate: at . 

hot--spot winding tc'nporature more than 98°C and below 
1400C, there are some merits and demerits associated with 

this decision which is described below: 

(i) It will help planners in choosing rated KV of 4 

transformers new installation so as to draw maximum 

possible benefit out of the investment made. 	t 

present it is practice to install transformers of 

sufficiently large capacity or to :peep\spare trans---- 
formers to meat any (nrgency requir on nt or future 

increase in load. ^y availing overload margins, 

lower installed capacity can serve the purpose. 

(ii) Future auc~-ment ations can be differed or reduced, 

thus resulting in saving of capital expenditure. 

(iii) Switching of feeders on account of limitations 

of the transformer capacity can be avoided by short 

time overlozac~tng of transformer as an when need 

arises. 
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(iv) 	Saving in additional core losses Charing lean pt.riocis 

by eliminating spare transformers. 

2.5 GUIDELINES FOR OVER LOADfI\TG 

The IMA rating is a convcntional roferonce for 

interrupted continious operation for any transformer with 

normal expected life. Indian standard 5600 .-p 1972 lays 

down the limitations for overloading the oil immeresed 

transformers, which is similar to other standards adopted 

in other countries, these are . described as follows: 

( a) 	Under no circumstances, a hot-.spot of winding temp- 

erature should not be a 	to go beyond 	° allowed o c~ ~ :~~yor. c 14C C 

because deterioration of oil and winding insulation 

after this temperature i., greatly enhanced. 

('.o) 	At winding hot.-.spot temperatures of 98°C the deter- 

ioration of insulation is considered to be occurinq 

at normal rate and rate of deterioration at other 

temperature is compared with this normal rate. 

(c) With winding botspot temperatures below 80°C the 

use of life can be considered as negligible, whereas 

over the range of 600 to 140°C the rate of using 

life of transformer is doubled for every temperature 

increase of 6°C. 

(d) The periods of accelerated aging when the winding 

hot-spot temperature is greater than 98°C are 
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compented for, by periods of slow aging when 

winding hot~spo t temperature is less than 98°C. 

(e) 	br normal cyclic duty, the current does not exceed 

1.5 times the rates, value, If current go beyond 

this value and duration permitted by IS: 6600, are 

carried by terminal outlets like tap ch ancgers 

bushinO and similar attachments with safety. 
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CH TER III 

M.INTNXNCE XTD TEST RECOMMENDATIONS 

3 ,1 INTRODUCTION 

The failure of a transformer may be attributed due 

to many causes starting from the commissioning stage to the 

operation and maintenance. Many a times it is difficult to 

pin point the causes of damage after the failure has taken 

place. Inspite of this, the bad maintenance or not proper 

maintenance may be one major cause of transformer 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 check 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 beinc overloaded, needs more attention 

and quantum of maintenance. It is possible to monitor the 

health of the transformer by carrying out periodical tests on 

the transformer or its cooling medium. The corrective action 

to restore the health of transformer may be taJ-en. as idien 

tests reveal abnormality. 

The transformer oil. is a very complex mixture of 

over 200 different compounds which can be broadly grouped 

into aromatic, erd parafjini.c hydrocarbons. The transformer 

oil which has been accepted i essentially a non-polar 
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petroleum liquid. The analysis of oil is done by many 

ir_strumental method in the laboratories, to determine its 

composition and minor constituents thermal char cteristic s 

and many other data required to study the properties and quality 

of transformer oil. 

In this chapter, it is proposed to discuss the 

maintenance and tests recommendations for transformer. Main 

emphasis is given on the oil testing, its analysis and 

maintenance. 

3.2 MAINTENANCE OF TR7 $FORMER 

Maintenance means routine: inspection, testing 

cleaning and adjustments which are carried on a transformer 

in service to avoid its bro lc down., The maintenance should oat 

b confused with repair work,  which is carried out after the 

breakdown of transformer in service. This basically covers 

the following: 

(i) Periodical tightening of nuts and bolts. 

(ii) Leacage of oil or low oil level inadequate quantity 

of oil level results in overheating thus causes 

failure. 

(iii) Oil testing - the transformer_ oil should be periodim 

cally chocked for presence of moisture in oil, :acidity of oil 

dielectric strength (40 KV for 1 minute with 4 mm. gap). 

*ien acidity 'claw 0.5 mg. KOH/gm, no action should 
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be taken end between 0.5 mg. KOH/gm. and 1.0 mg. 

KOH/gm. oil must be kept under observation. 

(iv) The transformer must b(.: subjected to --diwsolved gas 

analysis once in a year. 

(v) Checking connection of grounding. 

(vi) Colour of silicagel, i c it is white or pink. It 

requires replacement. 

(vii) 2ny transformer in service for n period of 4 to 5 

years is expected to have deficiencies like shrinkage 

of windings, loose ck-tmping, localizccd insula.ti2n 

failure etc. Henc once in a_ four years the core 

and winding must be inspected. 

(viii) The insulation resistance should not be less than 

the value is given below for a transformer measured 

with 1 KV or 5 XV mogoer. 

Voltage of Minimum safe resistance in Mega Ohm. 
win cling 

30°C 	400C 	500C 	600C 

11 ?CV 	400 	200 	IOO 	50 

L.V. 	200 	100 	50 	25 
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3.3 TEST RF'COMN DI~TIONS FOPa OIL VWD Wll\!'Dli,?G OF TRM.iSFOR0~DR 

During schedule maintenance, it is necessary to check 

all data like condition o f oil and windings by suitable test.. 

incus and rectify any abnormalities found before failure. These 

tests are frrned on the basis of the different transformer 

manufactur' s and user lime Bhilai Steel Plant and M.P.E.3. 

The tests required to be carried out are described. 

3.3.1 Testing of Insvlatin 

The health of transformer greatly depends on how 

the oil is maintained, it is necessary, therefore, to carry 

out periodical tests of oil samples. The following tests 

are normally carried. nuts 

3.3.1.1 B.D.V. 

2.5 mm. gap between cylindrical electrodes 

according to IS: 335. This test is carried out once in a 

year for transformers of copacities upto 10 MVA and twice 

in a year in case of transformer more than. 10 MVA. Minimum 

value of B.D.V. for different voltage classes of transfrr-. 

mers which are in service, unto which the transformer can 

be allowed in service as follows t 

Upto 15 KV cl ass 25 KV 

15 - 35 1(V 30 KV 

60 220 KV 40 KV 
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3.3.1.2 	&L1 

Acidity of new oil is less than 0.02 mg. KOM eq/gm. 

of oil according to IS: 335. During service the acidity 

value: can bo permitted upto 0.4 mcg./gm. oil although there 

are practices which allow higher values. The fregtienCy ' 

of the testing oil for acidity, could he once in two years 

for transformer upto 15 KV class and 2 MV:. arid once in a 

year larger transformer. The acidity of the oil goes up 

due to formation of fatty acids which is accelerated at 

high temperatures, as also in the presence of moisture. As 

acidity goes up, the volume resistivity comec3 clown and conse-

quently insulation resistance of the transformer. Fatty 

acide affects the collulo>e insulation also. 

3.3.1.3 Moisture Cont=ent 

Moisture gets into oil in a transformer through  

mainly three paths. (1) Through :breathing action of transformer, 

(ii) 'Through sludging action of oil, and (iii) Through 

thermal disintegration of ?aper used as insulation. The 

electric strength of oil drastically reduces with moisture 

contents exceeding 5 - 10 PPM especially in the presence 

of particle impurities as shown in figure 3.1 . It requires 

;ophistic-ated equipment to measure moisture contents at 

levels lower than 5 - 10 PPM. There are some field tests 

like crackle test which can roughly indicates the extent of 

moisture present in oil. 
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3.3.1. 	i,? Bch Vinic ] Imi?uritie 

The impurities are generally estimated as 'benzene 

insoluh1es, particles of dust, metal and fibres which may find 

their way into oil and reduce the electric strength as is 

evident frora figure 3.2 . The presence of these particles 

lower the part.l discharge inception voltage leading to 

?breve down. 

3.3.1.5 Flash Point 

The flash point of new oil according to IS: 335, 

shall not be . less than 140°C. However, the flash point goes 

dawn during the service life of the transformer due to the 

evolution of gases and their ebsorbtion of oil. The value 

of flash point of oil for tr-nnsformers in service should not 

go below 1250C. Even at this level if there is a sudden 

lowering of flash point, it calls for investigations. The 

condition of transformer car be estimated by analysing the 

gases present in oil. The gases usually present are H2, Cq, 

C2H2, CIi4, C2H6  etc. From the quantities of these gases 

present, the deteriorating part in the transformer can be 

identifies. 

To maintain the stability and quality of oil in a 

transformer,- it is necessary to prevent entry of moisture 

into it. There are practices to filter the oil periodically 

once in a year. This is mostly due to the high temperatures 

obtained at the surface of immersion heat s used in the filter 

machines. The filteratio>n of oil should be done only if the 

test results indicate. 
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3.3.1.6Other Test of OBJ., 

The work has been done in direction to evaluate va:: i-• 

ous accelerated life test for the transformer oil. These 

tests will help to evaluate the degradation of the oil. it 

will also be possible to compare various oils and their 

combinations to recommend the transformer oil to the particular 

operation. These day many laboratories tests ha E been 

developed to analyse the composition and quality of oil. 
By instrumental method which offers good scope in determining 

the quality, composition, performance reliability, deteri-

oration rate and extent of stability ~l4] . 

The effect of chlorinated solvents on electrical 

and chemical properties of transformer oil is described. 

The experiment conducted with carbontetra-a chloride, chloro~- 

form and tetrachloro ethylene and found that tetra chloro 

ethylene is best suited- for possi'b1e .clition to increase 

flash point and reduce viscosity. 	so when adddeG to the 

extent of 1 part to 4 parts in the transformer oil, it doe& 

not affect electrical properties. Thus, there is enough 

scope in the development of transformers with the above 

admixture in fire hazardo=us area. 

The effect of transformer materials on the 

degradation of transformer oil under semiactive condition 

has been observed [16}. The above observations indicate 

that in a transformer with temperature stresses alone, water 

content should come down to 4 ppm. if suitable breathing 
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arrangements and proper manufacturing 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 neutralization value 

take place withing the 5 months itself. 

It is recommended that various accelorated life 

tests he developed for the evaluation of quality of trans-

former oil, 

3.3. 2 Testin _o f M net c C? rcuit 

There h<.,s been a vast improvement in the, quality of 

steel used and in methods of oonstriuction in the last two 

decades. The no load losses of transformer have come down 

drastically in this period. As an example, a 132/7.2 a:V, 

40.5 MVA transfo per mu  factures in early 60' s had an 

iron losses of 120 KW according to the test at the manufact-

ures factory. .After 20 years of marking this figure has risen 

to about 250 k(W. As against this the iron losses of present 

day transformer of the same rating maybe about 20 25 KW. 

The changes in construction has also brought about 

reduction in maintenance needs. The practice has bei 

to tighten the core bolts etc., once in 6 10 years which 

may not he necessary for ;resent day transformers. 

It is difficult to asses the condition of the 

magnetic circuit thoroughly without di mm~tntling it. An 

emperical test to assess the health, of rnagnstie circuit 
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i4 ay _be carried out. ►,fter removing earth connection of the 

core, the resistance 'R' between the two extreme limitations 

may be measured and the coefficient of msistance may be 

calculated from the following formula: 

Where 
Kl is the coefficient of resistance. 
R is the resistance between extreme laminations 

in ohm. 

is mean surface area of core limb 12minations 
in cm2. 

A; is mean surface area of yoke 1inations in cm2. 

I 	 core width _ 	_ n is number of laminations =  
thickness of one lamina- 

tion. 

For magnetic circuits in good conditions, this value 

ce.n be higher than 100. For' a working transformer,if the 

value goes below 15, it indicate high losses and extensive 

damage to insulation of the laminations. 

The present day CRGO larnin4tions with chemically 

applied insulation, generally give good service, in their 

life time. In a v &rking transformer, the indication of 

a deteriorated rnagnt_tic circuit are higher top oil tempor~-- 

ature at no load and even evolution of gases operating 

the Bulchholtz's relay. It is necessary to disconnect 
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the trannsfoxmer in such cases immediately and take out the 

core and windil3cis for investigations. The effect of 

moisture on a pamper is wc11 known. Paper insulation of 

windings quickly absorb moisture from the, cooling medium 

and attain a state of equallibrium. Some investigators have 

studied this phenomenon and have shown the relationship 

between moisture content in oil end moisture in paper. 

Fig, 3.3 illustrates this point, fig, 3.4 illustrate the 

effect of moisture in oil impregnated. 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 are usually carried out 

to assess the health of tr .  ansfoi-mer. 

3.3.2.1 Insulation Resistance & b r tion al~~t o 

Xnsulati000n resistance: measurement is a very simple 

test and goes a long way to monitor the health of transfor-
mer 

 
 if carried out at requl-,r intervals.. The value obtained 

have to be corrected for temperature before comparison. 
The following relationship can be used for this purpose 

and those relations hold good. if the acidity of oil in 

the transformer is not high as given in table (3.1) . 
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Table (3. 1) 

Temp.°C 5 30 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 

Temp.°C 50 	55 ' 60 ++  65 	70 _ 

Factor 7.5 9.2 11.2 13.9 1.7 

The minimum insulation resistance required for 

eonnecttna *•transformer in circuit may be taken as 70%  of 

the factory value or the following value whichever is less, 

as given in Table (3.2) . 

t 
	 Table (3.2) 

u 

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) 

During the course of operation, the insulation resis-

tance of the transformer tends to go c'z-wn, if this value 

is below 70% of the commissioning value, an investigation 

is called for an rem 	iedial actbn taken. The ratio R- 
R15 

n 
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i.e. the ratio of insulation resistnc after applvind the 

voltage for 60 sec. to 15 sec. value called the absorption 

coefficient should not ho loss thn 1.3 for transformers 

in service. However, for new transformer or those after 

repairs, a value not less than 1.4 can be permitted. 

3.3.3.2 	jiçp,t. 	P Jp .ig.1TI 

This test is frequently done for extra high voltage 

transformers. It indicate the presence of moisture, 

particle impurities and deterioration due to partial dis-

charges etc. Thc maximum values that can be taken as 

given in Table 3.3). 

Table (3.3) 

Ternp.°C 	10 	20 	30 	40 	50 	60 	70 

Trf. Capec 
ity upto 2.5 1.5 2.0 	2.6 	3.4 	4.6 	6.0 	8.0 
MVI 

4 - 6.5 MVA 1.2 1.5 	2.0 	2.6 	3.4 	4.5 	6.0 

Above 10 	0.8 1.0 	1.3 	1.7 	2.3 	3.0 	4.0 
MVA  

For transformer in service 30% higher values can 

be permitted. 
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3.3. .3 	 o 	 czstur:~. -, 

The moisture ratio is 3 very dependable test. The 

ratio C2/C50 which is the r tic of capacitance of winclir_as 

measured with 2 Hz and kJ Hz supplies is termed ns moisture 

r.ntio. This ratio is very useful in assessing 4iether 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 	SO 	60 	70 

	

Upto 35 KV A* 1.25 	1.30 1.40 	1.50 	1.60 	1.80 	1.90 
& 10 MV , 

	

13* 1.20 	1.25 1.30 	1.40 	1.45 	1.57 	1.70 

110 KV ' 	A* 1.15 	1.20 1.30 	1.40 	1.50 	1.60 	1.70 
or 10 VIVA 

 

6* 1.12  1.16 1.20  1.30  1.40  1.50  1.60 

A* = Maximum values in service. 

3* = Maximum value for commissioning. 

3.3.2.4 !tE Yi:ciT Jest 

This test to indicat 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 measurement 

is shown in fig', (3.5.a). This test is normally done with 

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

obtained at lower voltage as clear from fig .(3.5..h). 

3.3.2.5 Punct n l Life ,Test 

In an oil immersed transformer insulation system 

is the weakest link, and hence the functional life of insuw 

lation is very important for manufactures and users 'lith. 

Normal life expentency figures are determined on the basis 

of accelerated ageing test at three elevated temperatures 

of the oil paper combinations in a sealed glass tube, testing 

for tensile strength of paper as an end point criteria and 

extra.-polarity the results for ageing at normal temperature. 

In this test, the transformer are subjected to accel-

erated ageing at a minimum of three test temperatures. The 

test temperature beinc produced by circulating the e.c. 

current of a rated frequency through the windings of transe. 

former. 	Depending upon the value of the test temperature, 

this current will be higher (1.2 to 1.75 times) than the 

normal fall load current of the transformer and it has to be 

ensured that the termination, ,bushings and other peripheral 

equipments are capable of withstanding these currents on 

continuous basis. 

At each of the hospot temperature, the transformer 

is to be aged through overloads for a total period, which 

is five times the expected life expentancy period, at that 

temperature. This period is divided into 50 equals test 

periods. 
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J 
The life of the transformer is considered to have  

ended when the tiierTnal deera.da.tion has progressed to a point 

that the unit can not withstand anyone of the series of 

test as given blow which simulates the abnormal currents 

and voltage commonly experienced in service. 

( a) 	Short Circuit test at 25 times the rated current 

for 2 sec. 

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

for new transformer. 

(c) Induced potential test that at 130% of rated voltage 

for 7200 cycles. 

The transformer under accelerated ageing is subjected 

to the above test period. The life of the transformer at 

the elevated ten ora.ture so measured is than extra poi ted 

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 transformer, for instance a thermally upgraded 

collulose paper Vs a standard Kraft paper, acid refined 

oils Vs hydrorefined oil and new film insulated wire versus 

standard proven wire. 

For users, , this test mean a realistic estimate of 

life expectancy of various designs and comparative evaluation 
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of designs for quality and rcli~ ility and a correlation  

of the above fnctors.,r•Tith price. It als , implies that 

since a design is functionally tested. and proved., res.rx,-ns.. 

ibility for any f .ilurQ- in system will have to be borne by 

the user. 

Where are several other tests to monitor the he<.lth 

of transformer such as mea,sur(nent of polarization ratio, 

impulse s'{etchinc which may he recommended for 

only large sized transformer. 



CHAPTER VI 

OPTIM_ L TR • SFOPMER LOADIJNG 

4,1 INTRODUCTION 

It rnzy be more economical to overload some transfor-

mers already in service and accept the penality of probable 

shorter life rather than to relieve thEni with additional 

units. Similarly, it sometimcs may be justified to install 

new units and deliberately reduce copper losses since energy 

costs go up every -year. In either case, considerable saving 

in present capital outlay are weighted against a probable 

increase in future replacement. The result establish an 
appropriate transformer loading policy in terms of minimum 

operating cost is known as o.?timal transformer loading. 

However, no systo .atic methods, therefore, existed for. 

systematic evaluation of transformer loading policy. Bae, 

Adkins and Bree had cane 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 prohlcjii is formulated 

to determine the addition of transformer in each year with 

growing load of the sy st ~-n considering the failure cost 

maintenance cost, energy cost, interest on capital investment 

and price escalation of the transformer. To determine the 

optimal policy, the problem is converted to the dynamic 

programming problem. The example is solved using dynamic 

programmir to determine optimal, transformer loading policy. 
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4.2 PROBLEM 

The problem is to determine addition and therefore 

loading of transformer every year in the substation to serve 

the given load reliably and economically with constraints 

over maximum loading and capital investment. 

4.2.1 §Xst e Load Groyath 

Th - system load growth Can be obtained by any 

forecasting method. After havinn the loac1 growth, system 

planner can take a decision about the ruentity of the 
addition of a transformer each year with specified substation 

minimum and maximum to ailing limits (Lmjn & T n ) . 

4.2.1.1 D,i . Lo d Curve 

` h0 loading guide gives clear instruction for 

loading a transformer to the short interval. Also daily 

load cycle play important role in over'oadin,. The actual 

fluctuating load cycle shall be converted to - simple 

equivalent r e ct arciui ar load cycle as shown in figure 2.2(a) . 

4.2.1.2 Ambient .,,Tem~r:stre 

The ambient temperature is not constant for 

throughout a year. The annual weighted temperature is 

considered for calculation which is 32°C as specified by 
IS: 2026 Part-I. 
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4.2.2 Transformer Stater~gtrix 

The transformer state matrix is shown to figure (4.1) . 

(The state (I, J) represent year I, gage J.) . An arrow rep-

resents an event (transition from one state to another) in 

life of each transformer. Arrows directed up and to the 

right represents survival, such as event in year 4; a two 

year old transformer_ . state (4, 2) = year 4, age 3, survives 

to year 5 and becomes 3 years old state (5, £I) . 'Arrows 

directing to the right and downward represents transformer 

failures. In year 4, transformer in 2, 3, 4-year old states 

may fail and be replaced by a new transformer and become 

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

4.2.3 Traizsformer Failure Probability 

Transformer failure probability for given period 

is defined as chance of transformer failure during continuous 

operation. The failure rate of the transformer comprises, 

a component due to insulation deterioration (Ar ) and one due 
Fx 

to all other causes. The failure rate ).1 is determined 

by the life remaining in the transformer insulation. The 

life consumed in a year is a function of hourly loading 

and an! ient temperature condition under which the transformer 

has operated and determines by using Monstinger relation. 

n 
Thus the failure rate ?~ l , due to insulation loss 

of life is written as follows: 
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n L f consumed in. .,.yearn 
i Remaining life . . . (4.1) 

The failure rate duo to all other causes are framed 

as: 

2 	Maximum l i fe of. -a t r an s fo rm cr 	... (4,2) 

Thus the transformer will fail after certain specified 

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

P 

...(4.3) 

The probability of failure of transformer is taken 

as exponential dependency and written as: 

PRF  (n, a) = l 	 ...(4.4) 

4.2.4 	ct.ion 

In policy decision making cost is essential factor 

which are used to examine the trade off between saving in 

installed capacity and expected loss of life due to overload. 

ing. The cost functions which are dominant in systF operation 

for owing and operatinc; the transformers are as follows: 

4.2.4.1 Canitgl  Gost  

For our model the capital cost is defined as owing 

and installation cost of transformer and other accessories. 

The price escalation is also taken into account. The 

capital cost for adding Ah 	transformer capacity ih year 

n is given by: 
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CC(n) = (1 + PE) n"3- UCT(].) 

4.2.4.2 M E.i. n t en, c e Cost 

, EaintenFnce cost covers all the running cost like 

chancres of oil, routine maintenance, small repairs and 

salaries of maintenance staff which are spend every year 

on the total installed capacity. The maintenance cost for 

any year n is given by: 

MC(n) = Nl (1 + P )1 UCT(l)  

Where 

H = 0.03 to 0.07 i.e. maintenance cost is 3 to 7% 

of capital invcstment. 

4.2.4.3 Energy Loss Co tt~ 

Due to shortage of energy, those days cower suppliers 

are taking more attention Ut the west age- of enorgy. 

For transformer, there is always a, no load loss and load 

loss varying according to load of the transformer. This 

cost is play major role of deciding the addition of new unit 

or over.-.load the existing. substation capacity. 

The energy I:r'ss cost in year n is written by following 

relation: 

ELC(n) = 8760. EC. [ NLL + ISL (K) 2] Xn~~ 	... (4•7) 
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4.2.4.3 Failure ,_Co st 

The failure cost is defined as the cost of ript,ce~. 

merit of failed transformers due to over 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 

FC (in) = (1 	s) (1 + PE) 	,y_. n p P F (n, a) 

EXT(n,a) L?CT(l) • 	...(4.?) 

4.2.5 Total Cost 

Total cost for op. ranting the transformers in year n 

with addition ; is given by: 

Cn ( c, An) = CC(n) + NC(n) + ELC(n) + FC(n) 

(1 + IR)..(4,9) 

U sino the equation (4.6 to 4.8) can be obtained 

total cost C,,.1 (x.  

4-, 2.b The O'D_jective . nction 

The objective function consists, of the cost associated 

with interest on capital investment, maintenance cost, 

energy loss cost and failure cost. 

The total cost of owing and operating the transfornor 

in year n with An additions and total availaoie capacity 

X is given' by: 
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fi( (x A) 	L  Cn (  n•An).  n n 	 ...(4.1.0) n=1 

Thus our c'aj cctivo i.^ to determine the minimum cost 

of owing; and operatinc; in 	cb yc ar and obtain the total 

optimal co st of owing and operating for certain specified 

horizon N. Our constraints arc, Witten as: 

L 	 La 
Lmax  + 1 0  A1+;A2  < Amin 

Ln L Lm 1+A2+ .... +..ti 	- 
Lin 

Lm a x Lm in 0 

All A2  ....  

LZ. L2 .... L7 0 

Al, A2, ..... •to are integers only. 

Thus the constraints are limited no. of additions 

each year possible and thus limited resources are available. 

4.3 OPTTMI'ZATION 13Y DYN WITC PROGR;ANM NG 

The dyn mic programming is a mathematical optimization 

technique used for making the decision at each stacre of 

serially interrelates' decision and give final optimal value. 

Thus our ohjectivcc function is: 
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Minimize the cost function 

Fn (3+'n) .Minimize Q( X ; A) 
	for n = 1, 2 ... N 

for n = I 

and 
	On (x, 	) = c (Xn, An) + Fn-1 (Xn-l. Ana l) 

with 

The constraints are obtained by eczu.atibn 4.11 to 4.16 

The flow chart of solving above problem is shown in Figure (4.2). 

4.4 --'rXIPI,F 

A distribution substation is supplying a load to 

the area which load demand i s 10 MVA initially and to adgrowth 

expected. is 1 MVS each year. The d.~,ily load cycle curve is 

having a 6 hours peg~ load and rest is normal constant load. 

of 40% of its rated capacity. All transformers installed in 

a substation is equ al 7 y loaded. The allowable minimum loading 

Of the each transformer, is 80% and maximum is 130% of the 

rated capacity. 

Then obtain a minimum no. of transformers in sub. 

station each year to serve the load demand of area with 

reliably and economically for a 5 years planning period on 

the based of the following data; 

The rated. capacity of each transformer = 1 MVA 

No load loss = 2,.0 KW/transformer 

Cnp.per loss _ 10.0 KW/tz rrsformer 
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PRINT 

Figure (4, 2) : Flow Ch art for salving dynamic programming 
problem. 
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'Thermal time constant for oil -( p = 3 hours. 

Thermal time constant for winding ~ W = 20 minutes. 

Capital cost = Rs. 3 x 10 per transformer 

Maintenance cost = 5% of capital cost per transformer 

Replacement cost of transformer = 5O% of capit7,l cost 
per transformer. 

The price escalation of transformer = 5% per year. 

Interest rate on total cost = 15% per year. 

4.4.1 Solution 

The problem 1.s  solved and cost functions of each 

year is given in the tabl :. ( .i). Every stage optimal value 
is shown with * mark. 

Tahl (4.1) 

Year Load of Addition i,v ail mole Total cost of owing 
n the systc n V capacity and operating the 

Ln MV7. `gin MVA transformer 
C1z (X. 	) . 	Rs.... 	x 105 

ss 1 -.. 2  _._ 3 4 5 1 10 
S 8 10.5049 

1 10 9 9* 7.91_59* 

1 10 10 10 7.9392 

2 11 0 9 10.8653 

2 11 1 10* 8.9712* 

2 li 2 11 9.0439 

3 12 0 10 10.5235 

3 12 1 11* 10.1834* 

3 12 2 12 10.4806 

contd.. 
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1 	,_..~ ..._._. 3 ,...~.~ ._._ ..__ 4  .....  _... 	~,.~.. 5.~.  ~,. __. 	.... 

4 13 0 11 12.4037 

4 13 1 12* 11.1204* 

4 13 2 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) 

Year Load of the 	Addition Capacity of Capital % overloa-a- 
sy item 	An MVA the system investment ding of the 

n 	Ln MA Xn NVA in year n 	5 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 12.31.75 7.69 

The total cost of owing and operating the system is 

Rs. 50.S134 x 105. 
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CONCLUSION 

The transformer should he overloaded for a short 

term interval. The only limitation on the transformer laoding 

is that the hot-spot winding temperature should not go beyond 
1400C. The failure of the transformer is not due to over-

lo ading. The life cif. the transformer can be maintained by 

proper maintenancd and test recommendation supplied by manuf-~ 

acturers. The result of this study show that there is no 

longer any economic incentive to overload transformers 

significantly ave 110 percent of name palte rating. When-- 

ever, overloading of transformer i s done above 110 percent 

energy loss cost play important role and not allow to go 

beyond this limit. Failure cost also increases as loading 0 

is more than 110 percent. Thus the higher cost of copper 

losses of the transformer offsets saving in capital outlay 

as )ciated with overloading. 

This study suggests a concerted effort that trans<- 

former in the system should be loaded upto 110 percent of 

name plate rating - ..'.. .. and minimum pe a'c load level should be 

increased to name plate rating avoiding wastage of energy due 

to no load loss of transformer and increase in capital 

investment. Thus, more emphasis should be put on increasing 

the minimum peek load level because of the relatively larger 

a)st penalttes...associated with under-utilization. 
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Tr ~n sfco n-n ;r 10 ding problem can be fr ani od as integer 

proc;riming prcbJ.en cc;nsid.erirng more realistic daily load 

curve and ambient temperature vari tinnn. The various cost 

can be further sub .divided into suba.componont to me the 

cost structure more r_ e li stic, The load curve and ambient 

temperature variation can be taken probabilistic and stochastic 

optimization problem can be framed i hich is erected to give 

more realistic results. 
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