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Analyzing and Comparing the Hot-spot Thermal
Models of HV/LV Prefabricated and Outdoor
Oil-Immersed Power Transformers
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Abstract—The most important parameter in transformers lifdot-spot temperature in a transformer winding & thsult of

expectancy is the hot-spot temperature level wihictelerates the
rate of aging of the insulation. The aim of thiperis to present
thermal models for transformers loaded at prefalteit MV/LV
transformer substations and outdoor situations. Thia-spot
temperature of transformers is studied using togiroil temperature
rise models. The thermal models proposed for hot-spd top-oil
temperatures of different operating situationscamapared. Since the
thermal transfer is different for indoor and outddeansformers
considering their operating conditions, their hpbtsthermal models
differ from each other. The proposed thermal modetsverified by
the results obtained from the experiments carriedan a typical
1600 kVA, 30 /0.4 kV, ONAN transformer for both mof and
outdoor situations.

summing the ambient temperature, the top-oil teatpee rise,
and the hot-spot temperature rise over the topeaiperature.
It is assumed that during a transient period, tloéspot
temperature rise with respect the top-oil tempeeataries
instantaneously with transformer loading, more dbpthan
the top oil temperature.In the proposed hot-spat tp-oil
thermal models which are based on the thermalrédatt
analogy, the ambient temperature and its variatiomimes
have been considered. In the proposed models,hirenal
resistance of air ventilation of the cabinet, thHeermal
resistances and thermal capacitances of differart pf the
cabinet (ceil, walls, door) are considered [2]. Tinethod
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|. INTRODUCTION

breakdown of its insulating medium [1, 8]. The ilagion

aging phenomenon has been well documented as maher

deterioration process in the literature. The maspdrtant
parameter that should be taken under control isofferating
temperature of transformer. For this purpose, degivand
study of the thermal model of a transformer isiggtmore
importance. The thermal model of a transformer Iso a
important when it is aimed to manage the load fafif a
power transformer [2, 3, 6] and to program its lagd In
power systems the usage of indoor transformer ostait
preferred due to several reasons such as safety
environmental problems.The variation of the tempeeais

temperature rise of oil immersed transformers i@doord with
the IEEE Std C57.91-1995 Annex G and is suitabtebfath
aluminum and copper windings [9].

GING of equipment is predominantly due to a thermal

Il. FUNDAMENTAL THEORY OFTHERMAL-ELECTRICAL
ANALOGY

The analogy between thermal and electric procebsedy
given below to analyze the thermal behavior of ittede of
the power transformer [2, 6, 9, 10]. A thermal msx can be
defined by the energy balance given in Eqgn. 1.

1)
and
Egn. 2 is similar to Eqn. 1 corresponding to a $mp

described by an exponential equation based on ithe t electric RC circuit.

constant of the transformer top-oil
temperature of the winding is not uniform and teal dimiting

factor is actually the hottest section of the wirgdcommonly
called winding hot-spot. This hot-spot area is teda

temperature. e Th

dv
dt

Vv
+—

i=C,
Ry

)

somewhere toward the top of the transformer, and no

accessible for direct measurement with usual methble
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The analogy between thermal and electrical prodsss
shown in Fig. 1-a and b, respectively.
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(a) RC circuit (b) analogous thermal circuit

Fig. 1 The electric and thermal—electric circuiyskectric RC circuit,
(b) analogous thermal circuit

Power losses are converted into heat in a transforirhe
losses are composed of no-load losses and loagkloEke no-
load losses are comprised of eddy-current and teg@selosses
of the core. The load losses are comprised oftiesitosses
(losses of windings, joint points and connectonéiding eddy
current losses and the stray losses.

The heat generated in a transformer transfers (fineat
source to oil, from oil to surface and from surfaceexternal
environment) by three different heat transfer madm as i-
convection ii-conduction and iii-radiation. The thmal model
is based on the energy balances for the windings;are and
tank, cooling equipment and cooling environment.

THERMAL MODELING

A.Top oil thermal modeling of outdoor situation

The thermal equivalent circuit of an ONAN/OFAF (oil

natural air-natural/oil-forced air-forced) powerarisformer
includes thermal resistance, thermal capacitor #retmal
current source. The extended top-oil thermal cirand model
of a power transformer is presented in [2].

For a power transformedlg, G . . o, are the heats

generated by the stray losses, the core lossesprit@ry
winding losses and the secondary winding lossepeively.

Cun» Cher
including the other metal components, the core,ptimary
winding conductor, and the secondary winding cotmhic
respectively. R, R Rio: Ry are the thermal

resistances of the tank including the other mededgonents to
oil, core to oil, the windings to oil, and the dib air,

The thermal capacitancé€C(_ ;) of power transformer top-
oil equivalent circuit can be written as [2]:

Cthfoil = Ctm + Cfe + Cpri + Csec + Coil (4)

The top-oil thermal model introduced by IEEE iswhdoy
a first order differential equation as given beld

o Y=g, +g,
dt (5)
qf,o,f 90:? th—oﬂ—air
L |
e ar Cbb-oii oamb
ORI @
Fig. 2 The simplified equivalent top-oil thermal deb
The top-oil temperature rise is obtained from Egas;
—_ _(tlrlo)
gtor _(gu _Q)(l_e )+g| (6)

Eqgn. 7 gives the top-oil thermal model suggestedBBE
[1].

n
K2B+1 dAg
{ﬁ} B =T =g bk

)

The top-oil time constant at rated power (kVA) tsaned

Cui C,.. are the thermal capacitances of the tanitom Eqn. 8 [1, 11].

Tto = Cin-oit Rihoil -air (8)

The thermal capacitance of power transformer tbpsoi
obtained from Eqn. 9 [9].

respectively. g, and g, are the top-oil and the ambient

temperatures, respectively [2, 9].
The load losses can be considered as sum of vesestid
stray losses:

ql = qpri + qsec + qs (3)

The thermal resistanc&,_, R._,, andR,_, which are

Cth—oi' = 0.1323 (weight of core in kilograms)

+0.1323 (weight of copper conductorsin kg)

+0.3162 (weight of aluminum conductors in kg)

+0.0882 (weight of tank and fittings in kg)
+0.3513 (liters of ail) 9)

The thermal resistanc&®, _;,_,, is given by Eqn. 10 [6,

in range of 5x10°K/W are very low with respect to
Ri—oii—air [2, 6]. Therefore, the equivalent thermal modeP!
given in [2] can be simplified as Fig. 2.
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R . = AG,, where c, = 132|-F|2hydsy using 6,,, =R, xR given in
q
e (10) [2] the thermal resistance of air ventilation idabed as Eqn.
15.

The transformer top-oil thermal model given in FRy.is
derived from the thermal-analogy and heat trartbieory. The
mathematical model corresponding to Fig. 2 is as; Ret = 1/ Ceon/ O,ex (15)

dé, . (6, —6.) . o
Qe G =Cyg ¥ gl 4 Aol amb Thermal resistance between the cabinet insidendittze
dt R il —air (11) cabinet wall and ceiling is as:
d
= + “w&c
B. Top oil thermal modeling of indoor Situation Rindoor e %i Sicc AW&CS\N&C (16)

Due to limited ventilation in indoor operation tkteermal
resistance and thermal capacitance of indoor artdoou Thermal resistance between the cabinet wall aduhgetith

transformers are different. outside ambient is as:
The heat transfer between bodiesis as follows:
1. From winding to oil R —
2. From oil to surrounding air wéc-amb %OSN&C (17)
3. Ar inside the room is cooled by natural verile and  1hermg| resistance between the cabinet insidendittee
convection heat transfer from the air to room partsgpinet door is as:
(door, walls and ceiling).
4. The heat transfer through the door d
The extended model and analogues circuit is predeint R ndoor—door :%-S +d 1.S
[2]. According to presented model, the first coglsomponent 1~ d-d (18)
which is dominant is represented by thermal restsiaof room _ _ .
to ambient, R . _.., - The initial form of this thermal lgebri?r?tl i;ezstance between the cabinet door witkida
resistance is derived from the Hoppner formulagR, This _ ;
formula (Eqn. 12) gives the relationship amoRg (power R oor —amb _%Osd (19)

transferred by natural ventilationRhyd (hydraulics resistance

of air circulation),H (cabinet height), and_, (temperature The outer heat transfer coefficient can be caledlas Eqn.

difference between inlet and outlet holes air). 20.
a, = 3958+ 4304/, (20)
S= (12) The inner heat transfer coefficient can be caledlats Eqn.
21.
From Eqn. 12P, is derived in terms of the other parameters?; = 3958+ 4304, (21)

as given in Eqgn. 13.

The velocity inside of prefabricated substation dam

P = H o gis calculated as Eqn. 22.
132Rhyd (13)

V= gH O,

For the given ventilation hole area, cabinet heigirid ' 273+ 6, + 6,1,
hydraulics resistance of air circulation the expi@s under the
root sign is constant and the Eqn. 13 can be dieghlas Eqn.
14,

(22)

The extended model of [2] can be simplified as Hg.
Using the given model Egn. 23 is derived.

— 15
R - CCOI"I 9&@( (14) Fioomfamb = R/en ”( F%ndoorfw&c + Rm&cfamb) “( F%ndoorfdoor + Rdoovfamb) (23)
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Cindgoor 1S equal to 0.022 times of weight of the prefabricated

transformer substation [2]. Rh 0|I>> Rh wdg
From solving thermal model given in Fig. 3 the daling

equations are derived.

(27)

I:ih—oil >> I:ih—ins (28)

Qu+q =Cp . dg, N (81 = 6. -room) Fig. 5 is derived considering the simplified thetrmzdel
fe = M th-oil = 4t Rioiroom 24 of hot-spot temperature obtained from Fig. 4 arel above
(24) given thermal correlations [6]. Thus, the final atjon for the
winding to oil thermal resistance is as;
+ + - =C X dgajr—room + (gajr—room _earrb) (25)
qfe ql qcabm indoor d
t Rroom—amb
Ri-ns-oi = Ri-ai (29)
901- 7 Rz}z—oif—mom R room-amb
G, R th-hs-oil
. )
qﬁoz Czk—ox’f C"mdoor 60‘*‘”53‘ 6
oil
q:’:u CT) Chmnd
. -

Fig. 3 The equivalent top-oil thermal model foramd situation
Fig. 5 Simplified Hot-spot temperature model
C.Hot-Spot Temperature rise modeling
Similar to the theory given for the top-oil tempera The result obtained from applying the energy badanc
model, the hot-spot temperature model is also semted as a theorem to the thermal circuit shown in Fig. 5 is:
thermal circuit (Fig. 4)

” Rt (Ghs — 1)
[ #I th-oil d, =C,. g dhs +Whs — Yit/ 0||
t I%h—hs—oil (30)
azi
qcuCD Chsoumd —— Fig.6. shows the hot-spot and top-oil models foro tw
different situations of outdoor and indoor.
[ Riehs-oit ) e{u Riwhs-oit

Fig. 4 Hot-spot temperature model 4. 8.

deu C) Chswna ~— (D [/ p— _‘,

In this model, the heat generated by load losses
represented as an ideal heat source and the topagilerature
forms an ideal temperature source [6]. The themmsistance

0.y Riwsitraom  Rroomans

is defined by the heat transfer theory, which Hesady been Bt O iq
applied to the top-oil thermal model as explainetbty. The wl @ l Ouy | %o, G|
winding to oil thermal resistance is given by thldwing ®® ® T
equation:
L= + U )
R[h-hS-O" R[h-de th-lns R[h-o" (26) Fig. 6 Hot-spot temperature model a) Outdoor sibaab) Indoor
situation

where R, _ is the winding thermal resistanc®, . _ is
Ry wdg Bins IV. EXPERIMENTAL TEMPERATURERISE TESTS

resistance. transformers the experiments were carried out waresformer
Comparing the resistances given in (26) the foltmwi under indoor and outdoor situations. The tempeeatise
correlations can be considered [6]. results obtained from experimental tests and thieatestudy
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for indoor and outdoor transformers are shown @ Fj 8 and
9. In these tests, power injected to the primamndirvigs of the
transformer (secondary windings are short circjifdd 4, 7]

are equal. The figures verify the fact that for aene load and

the same conditions, the top-oil and hot-spot teatpees of
indoor transformer are higher than those for
transformer.

Fig. 7 shows the experimental results for top-aild a

ambient temperatures and the results obtained tisintpp-oil
and hot-spot thermal models for outdoor situatitm.this
figure, the top oil experimental results are alempared with
simulation results of the derived model.
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Fig. 7 Comparing experimental and theoretical tesofl the top-oil
and hot-spot temperature rise for outdoor situation

Fig. 8 shows the experimental results for top-ailda
ambient temperatures and the results obtained tisintpp-oil
and hot-spot thermal models for indoor situationthiis figure,
the top oil experimental results are also compavéth
simulation results of the derived model.
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Fig. 8 Comparing experimental and theoretical tesofl the top-oil

and hot-spot temperature rise for indoor situations

The top-oil and hot-spot results for indoor and doat
situations are compared in Fig. 9.
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Fig. 9 Comparing results of the top-oil and hotigemperature rise
for outdoor and indoor situations

outdoc

The temperature difference between the hot-spot@mail
temperatures for two different situations of indaod outdoor
are shown and compared in Fig. 10.
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Fig. 10 Comparing hot-spot rise over top oil tenapere for outdoor
and indoor situations

V. CONCLUSION

The hot-spot thermal models of oil immersed power
transformer are derived for indoor and outdooraditn. In the
hot-spot models proposed for both situations, tugation of
ambient temperature is also considered. For theooind
situation, the thermal resistance and the thermphcitances
of different parts of the cabinet, the capacitagifect of “ring
main unit” (RMU), and also the power losses ofealtlosure
components used in service are considered.

An important difference between the top-oil and-$pot
temperatures for two different operating cases d@mdand
outdoor) is that, for the same input power, thedgd@nd hot-
spot temperature of indoor transformer is highantthat for
outdoor (Fig. 9). The difference between the haitgmd top-
oil temperatures for two different situations arsarty equal
for steady state duration but the correspondingpteature
difference is lower for indoor situation than tHat outdoor
operation for load starting duration or transidfig( 10).

Another important point is that, in loading manageinof
transformers the hot-spot temperature should bsidered as
reference instead of the top-oil temperature. Titislue to
lower thermal time constant of the hot-spot tempeeawith
respect to thermal time constant of the top-oilgerature.
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