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A New Method for the Calculation of the Hot-Spot
Temperature in Power Transformers
With ONAN Cooling

Zoran Radakovic and Kurt Fesdwrellow, IEEE

Abstract—in the previous work of the authors, an original Oy, il
thermal model of transformers with ONAN cooling was devel- L] > L H
oped. The model takes into account the influence of nonlinear Aj Az
thermal characteristics in transient thermal processes; instead
of exponential functions and time constants, the numerical e T e
solution of differential equations is used. The model delivers T T

one characteristic temperature in copper (solid insulation) and

one characteristic temperature in oil. In this paper, the anal-

ysis stresses the definition of the hot-spot temperature of the
solid insulation by using easily measurable quantities. Then,
the parameters of the model can be precisely determined from Fig. 1. Thermal network with two nodes.

inexpensive measurements in a short-circuit heating experiment

and the model can deliver the hot-spot temperature. The experi-

mental base of this research are the measurements on a 630-kVA, mine the thermal model parameters for a specific transformer
3 X 10 kV/3 x 6 kV ONAN transformer equipped with 112  tyne without complicated and expensive tasks (in contrast to the
temperature sensors (102 inside the central positioned 10-kV models from [3] and [4])

winding). )

The algorithm is till now proofed on different transformers
loaded in short circuit heating tests and in normal operation, but
was never verified by direct hot-spot temperature measurement.
This verification is done and is presented in this paper. A new
I. INTRODUCTION way of the characteristic temperature definition, compared to
6@? previously used one [2], is proposed in order to reduce the

HE hot spot insulation temperature represents the rnerrorinthe hot-spot temperature calculation. Besides the natural
important limiting factor of a transformer loading. The P P '

hot-spot temperature has to be under a prescribed limit valuer?S\Ed to check the precision of the hot-spot temperature calcula-

cumulative effect of insulation aging, depending on time chan%?n’ this work is also inspired by the new draft of relevant IEC

of hot-spot temperature, should be less than a planed val g\_ndard [5].

That is why there exists an interest to know the hot-spot tem-

perature in every moment of a real transformer operation in tHé SHORT DESCRIPTION OF THEORIGINAL THERMAL MODEL
conditions of variable load and ambient air temperature. Pos- . .
sible approaches are to measure the hot-spot temperature (uEir;r e thermal model is based on thermal network shown in
fiber-optics technique) or to calculate it, using a thermal mod |9- L L
of power transformer. Due to the complexity of the phenomen%} power loss In windings;

there exists no exact thermal model. A thermal model can he power loss in core and tank; o
created to deliver [1]: a) the temperature distribution over tH& heat conductance of the heat transfer from windings

whole winding, or b) the temperature values at the character- to oil; i i
A heat conductance of the heat transfer from oil to air;

Index Terms—Hot-spot temperature, power transformer
thermal factors, thermal modeling.

istic points. 2 -t !

The originally developed algorithm (thermal model) for tem& winding heat capacity;
perature calculation [2] is based on characteristic temperature®. heat capacity of oil, core, and tank;
The algorithm is established on the following two fundamef.c« copper characteristic temperature rise;
tals: 1. To describe as much as possible the real physic of héat oil characteristic temperature rise.

transfer: first of all the influence of nonlinear heat transfer char- 1émperature increases (rises) are calculated with respect to

acteristics to the transient thermal behavior and 2. To detdi€ temperature of the air surrounding the transformer.
The system is nonlinear due to the temperature dependent

t@ermal conductances. The most convenient and commonly
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The parameter&’y, n1, Ko, no, Cq, andCs are determined heat transfer coefficient over the winding height, and edge ef-
by the developed procedure [2] from the values of measurtstts of oil streaming at winding ends. The precise definition of
characteristic temperatures in a short-circuit heating expettie hot-spot factor requires complicated calculations of the tem-
ment. The characteristic temperatures can be adopted liberglgrature distribution over the whole winding or/and demanding
but preferably by using easily measurable temperatures: loeapensive measurements. A constant approximate value could
values outside the tank and average winding temperature; Heeapplied (as recommended in [5] and [6]) if it does not cause
method for continuous average temperature measuremend lsigh calculation error. This factor influences the steady state

exposed in [7]. hot-spot temperature value. The second factor is the different
Temperature rise%-,, andfdo,;; in discrete time moments (pe-dynamic characteristic of measured top temperatures (oil in the
riod At) can be calculated from the equations pocket and at the top of the radiators) from that determining the
At winding-oil heat exchange (oil at the top of the winding).
Ocuk+1 =0cur + = (Pr — AL k(Ocur — Ooiuk)) In addition, it is known [5] that the hot-spot minus oil in the
i pocket temperature difference has an overshoot when the load
=Ocur + At (Py — Ki(fcur — gou_k)nﬂrl)(g) increases rapidly. Overshoot means that the temperature differ-
’ Ch i i ence in transient process reaches a higher value than the value
B0it ki1 = 00ik + % (Py 4 A k(0cur — Boi) in steady-state with the same load level. High overshoot values
2 could be expected: for ONAN transformers between 1.4 and
—A2 kb0 k) 2 [5]. Although functional dependence (1) shows that the heat
- At (P2 + K1 (B — Bom i) transfer from copper to oil increases quicker than copper tem-

Cs perature P = Ay(0cy — 00ir); n1 > 0), it cannot model the
Ko™t (4) temperature difference overshoot. The functional dependence
of thermal conductancd; cannot be easily defined to result
The power loss distribution in a short-circuit heating experwith such a high overshoot. Consequently, an attempt with some
ment and during normal operation is considered in [1]. other characteristic oil temperature, instead the top oil in the
pocket temperature should be made.
Ill. SELECTION OF COPPER ANDOIL CHARACTERISTIC
TEMPERATURES IV. EXPERIMENTAL RESEARCH

It is natural to choose the most critical temperatures: solid in- The positions of sensors built inside the central positioned
sulation hot-spot and top oil. In a previous work of the authod-kV winding are shown in Fig. 2. Additional ten measuring
[1], [2], these values were used, where the hot-spot temperatpgnts are: the oil entering (top) and exiting (bottom) the radi-
(945) was calculated based on the following measured tempater, the top oil (two positions—in the pocket and in the cen-
atures: mean winding temperatyré:.... ), top-oil temperature tral horizontal position), five positions at different height of
(9+,), and temperatures of the radiator outer surface—at the tiye radiators outer surface, ambient temperature. The principal
(9,+) and the bottonis,; ). The formula, expressed by temperelectrical schema of the experiment is given in [7]. During the
ature rise values, to calculate the hot-spot is transient thermal processes, the following 15 local temperatures

were measured: 11 positions denoted in Fig. 2 [three positions

0. =0, + H <€Cw _ <9t0 — M)) . (5) atwhich the hot-spot could be expected—sensors S1-S3, il in
2 the cooling channel between the inner and the outer winding

parts—sensors S4 and S5, oil near (3 mm) the outer surface of
t}ge winding—sensors S6 and S7, oil at 10 mm from the other
winding surface—undisturbed oil mass—sensor S8, two posi-
tions at the winding top—sensors S9 and S10, one position at
" Ort— 0 the winding bottom—sensor S11], the top and the bottom of the
Ons" = Ovotbre —Ory+H <HC“"'_ (9”°+ 2 )) ®) radiator, the top pocket oil, and the ambient. The values of the

) ) o other temperatures were measured only in thermal steady-states

From the easily measured temperatures in short-circuit heatiydjifferent constant transformer loads.

experiment, the time change 6f,” can be defined and after- The series of heating experiments was done with different
wards the thermal circuit parameters can be calculated. Usjggq profiles [2]. Steady states were reached at nine different
such defined thermal model and data of load and ambient aiq&lds' ranging from 27.4% to 124.2% of power loss due to rated

real operation, the values @f,,* andd,, can be calculated in current—Pc,, » = 8790 W; rated iron (no-load) power loss
every moment. It is shown [2] that the procedure delivers higfyounts toPy, , = 1875 W.

accurate results for temperaturgs ™ andd,,. It is of essential

importance to check the precision of expression (5), comparing vy CopperRMINUS OIL TEMPERATURE DIEFFERENCE

thed,* value with the real hot-spot temperatytk, ;). For that

purpose, direct measurements of the hot-spot temperature Are>teady-State Values

needed. Two factors could disturb the precision of the expres-The value of the hot-spot factor is analyzed in this section.
sion (5). The first one is the hot-spot fact@lf ), taking into Table | contains characteristic temperatures registered under
account nonuniform power losses in windings, change of locstkady-state conditions at different transformer loatls,.1

H represents the hot-spot factor, adopted to be equal 1.1.
Instead of using top-oil temperature, the bottom oil could
used. Then, the previous formulae turn into
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Fig. 2. Positions of temperature measuring sensors.
TABLE | 1.1). Since the error is in the range 2.08,4+-1.62) K the selec-
CHARACTERISTIC TEMPERATURESUNDER STEADY-STATE CONDITIONS tion of the constant factakl is acceptable. In the last column,
o e— e T——e the values of factof?, calculated by
a't6kV loss |JAmbienty Hot- | Hot— A?'erfige Top |RadiatorRadiator| Botfom Dhse — H /l9hsml _ ({ﬂbo + /1971 _ /l9rb)
side (A)| (W) ¥, spot spot |winding| pocket | top |bottom | oil Shom2 H = 9 3 (8)
rt —Vrb
Short | Ohmz | Bus |0l Bp| O | B | ho Dcua — (Ipo + =572)

32 2347 | 16.8 | 458 | 47.7 | 384 | 376 38.2 233 | 247 | -1.44 | 1.02

are exposed. Using these valuegtbfformula (6) delivers the
3427 | 2671 | 19.5 505 | 515 | 410 | 414 422 25.5 272 | -1.60 | 1.21

T e T T He a0t taa tae s €Xact steady—state_ temperature 101_‘ the hpt—spot measured by
437 | 4441 | 16.6 64.7 67.4 53.8 50.7 53.0 29.8 342 | -0.54 |0.849 sensor S:(/l?h-sml); in SUCh a Way itis pOSSIbIe to Separate the
2661 [4992 | 184 | 69.1 | 704 | 560 | 556 | 589 | 346 | 349 | 146 | 1.12 influence of the specific dynamic of a radiator top temperature
5254 (6333 111 | 703 | 726 | 546 | 530 | 558 | 265 | 306 | 208 | 108  tO the hot-spot temperature, discussed in the next section.

60.00 | 8667 | 14.0 | 91.1 946 | 738 69.6 74.1 38.3 442 | -1.73 |0.949

63.79 [ 9686 | 5.02 | 893 | 90.1 [ 714 [ 67.1 [ 71.9 | 339 | 381 | 1.62 [0.930 B. Transients
65.6 |10636] 104 | 1004 | 1038 | 828 | 739 | 803 | 403 | 468 | 038 [0.861

1) Hot-Spot Minus Top-Oil Temperature Differenckt
Fig. 3, the difference hot-spot temperature measured by the
is the temperature measured by the sensor S1, appearingesor S1 minus top pocket oil temperature is shown. The
the hottest measured copper temperature of those recortizebrd is valid for the short-circuit heating experiment with
during transient thermal processes a@hd,..» is the maximum constant loss equal to the power loss due to rated current
registered copper temperature (by the sensors SH1 or SH8Y90 W), starting at transformer temperature equal to ambient
Column ¥,,. — Yrsme contains the differences of hot-spotemperature.
temperature calculated by the expression There exists the temperature differericed) overshoot. The
G d further investigation ofAd is done in different tests. For the
Ohse =Upo+ Pt —Pp+1.1 <190,m, — <q91,0+ u)) (7) comparison, normalized temperature difference values are used
2 A, = (A — AG;) /(MG — AF;), whereAd; is the starting
and measured hot-spot temperatéirg,,». This error expresses value andA#; is the steady-state value corresponding to a new
the influence of approximate adopted value of fadtqfH = load. In the procedure from [5], it is supposed that the time
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Fig. 3. Hot-spot minus top pocket oil temperature. Fig. 4. Hot-spot minus top channel oil temperature.
TABLE I ]
DATA OF THE HOT-SPOT TOTOP POCKET OIL TEMPERATUREDIFFERENCE o 14 |
Max A6y | A6, | A6 | M 2 n [T —
Power from / to ax Abre i s ax 2 1 / VeV ooy
w reachedat | (K) | (K) | ABu g
0/3769 W 0.55h 0 122 | 139 g . /
0/6333 W 0.48 h 0 173 | 148 e 8
0/8667 W 0.45h 0 21.5 | 1.35 '3 l I
6333/9686W | 0.58h 173 | 222 | 112 15 6 I
4441/10636 W |  0.5h 14 | 265 | 115 Loy
2 ]
= 2
change ofAd,..; is always the same, meaning also the maximui = ]
A#b,..; value is constant. Some results of the tests are shown 0 d : " T
Table ” 0.0 1.0 2.0 3.0 4.0 5.0
The overshoot valuémax A#d,.;) changes with the change Time (h)
gf thz |0$d.fAtt|eaSt tvr\1/0 dlﬁfrentf values. hlaved t(é ?e mtrqlfi . 5. Hot-spot minus top oil 3 mm from the winding temperature.
uced—the first one when a transformer is loaded from co
conditions (temperatures equal to the ambient temperatu 50+ I I
and the second one when the load changes from lower va _ ] /’"‘W:A AR lemre s A
to higher value or opposite. If the value of m&a¥,.., = 1.4 % 0 s
would be used for the calculation at the load increase, tl 2
overestimation of the overshoots of 6.1 K (for 6333/9686 W g ]
and 6.6 K (for 4441/10636 W) would be made. The expose £ *
results lead to the conclusion that the procedure from [5] canr :s'
deliver transient hot-spot temperature with high precision. g 204/
As explained in Section lll, the original thermal model of %
the authors is not suitable to describe the overshoot of hot-s| < |,
minus top pocket oil temperature difference. That is why tr g
results of other top oil temperatures values were investigate é .
In Figs. 4 and 5, the results of using oil at the channel top a1 = 0o 10 20 30 40  s0

oil 3 mm from the winding surface at its top are shown. Th
records are given for the same test as for Fig. 3.

For the top oil 3 mm from the outer winding surface, the oveFig. 6. Hot-spot minus bottom oil temperature.
shoot of the temperature difference amounts to 27%—Fig. 5,
which is less than for the top pocket oil (35%—Fig. 3), but stills shown in Fig. 6. The shape is “promising” since it contains no
substantial. For oil at the channel top, the overshoot does meershoot. The additional three transients are shown in Fig. 7 in
exist at all. Unfortunately, the measurement of this temperarder to confirm a general validity of the conclusion. Since the
ture is connected with huge practical problems and the calavershoot does not exist, the bottom oil temperature is conve-
lation procedures should not be based on this temperature. Dient to be used as characteristic oil temperature in the original
to the quoted facts and since the top oil temperature is strongiermal model.
variable from point to point, the idea of using the bottom oil 2) Hot-Spot Temperature Based on Easy Measurements:
was proven. The hot-spot to bottom oil temperature differen@rie to the exposed results, (6) is used to calculate the hot-spot

Time (h)
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Fig. 7. Hot-spot minus bottom oil temperature at constant loads. Fig. 9. Error in the calculation of the oil vertical temperature difference.
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—
)
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. . . Fig. 10. Components of the top to bottom oil temperature difference.
Fig. 8. Error in hot-spot temperature calculation by (6).

1) The steady-state top minus bottom radiator temperature
temperature. The difference of the hot-spot temperature cal- difference is calculated

culated by (6) and the one obtained by direct measurements

(the same test as for Fig. 3) is shown in Fig. 8. In this transient Abrt.rostac = Ortstac = rbstac: (10)
thermal process, the maximal deviation amounts-820 K. 2) The functionf(t) is defined

In other short-circuit tests with increasing or decreasing loads, Bcua — Obo

high deviations also appeared (maximal absolute deviations in f(t) = owe — o) (11)
the range 3.7-8.2 K). Cua ™ Ybo/stac

It will be shown that the error is caused by the time delay of 3) The oilatwindings top minus bottom oil temperature dif-
the calculated oil at the top of the winding to bottom oil temper-  ference is equal to
ature difference. Equation (6) can be written in the form Abro o = Ayt rpstac f(1) (1 _ ew*—t) _ (12)

X H : .
0% = Oy + <1 _ ?) (B — 03) + H(Bcwa — 050)  (9) 4) The hot-spot temperature is equal to

H}Ls**:0b0+A0t0,bo+H <0Cua_ <0bO+A0tO,bO >> . (13)
where the supposed error is extracted in the term 2

(1 — H/2)(0,+ — 6.4). In Fig. 9, this value is compared The dynamics of oil at windings top minus bottom oil temper-
with the corresponding one calculated using measured tempaure difference contains the following two components: copper
ature at the top of cooling chanr(@l,.): (1—H/2)(0:0c. —6s,). minus bottom oil delay and oil at windings top minus copper
The result shows the error in oil at windings top temperatudelay. The second component can approximately be described
calculation is of similar shape as the error in hot-spot tempeitay an exponential function with the time constant 10 min. This
ture calculation using (6). value is estimated from the measurements at the same test as for
To eliminate the quoted error, the following idea for hot-spdtig. 3, shown in Fig. 10. It can be expected that this time con-

temperature definition during one-step load increase or decreatant does not change significantly from one transformer type to
has appeared. another.
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% IS R S TABLE IV
© | /VM g T STEADY-STATE CHARACTERISTIC VALUES
o Measured, I [ Puc | Prau | Prowsr | O | O | O Oho
wl 7 Wl w | wmlwml O]l ®K | ®
— 1 /Calculated 32 2347 2177 169.6 46.3 7.9 21.6
S 0 / 3427 | 2671 | 2501 | 1700 | 49.9 7.7 227
‘g 40 / 41.18 | 3769 3600 | 168.9 54.9 11.7 30.0
2 43.7 4441 4254 | 186.9 66.3 17.2 32.8
§ 20.] 46.61 4992 4842 150.5 68.9 16.5 34.0
| 52.54 | 6333 6181 152.2 70.5 19.5 39.9
104 Deviation 60.00 | 8667 8553 114.0 92.9 30.2 48.7
0 i e 63.79 | 9686 9580 106.4 91.7 33.08 53.6
¥ " i " ¥ 65.6 10636 | 10530 | 1059 | 104.2 36.4 574
0.0 10 2.0 3.0 4.0 50
Time (h) s hot-spot temperature, defined by (&; = 1.1;

0bo temperature rise of the bottom oil;

. . Vns—0ho hot-spot minus bottom oil temperature difference.
Fig. 11. Result of the proposed hot-spot temperature calculation method.

TABLE Il 40
RANGES OF THEHOT-SPOT CALCULATION ERROR 35 e
-~
‘ & 3 -'/.'.'/
Experiment 0 0 0 6333 0 0 =g /
Q 1 =z
From/to power (W)| /8667 13769 /6333 /9686 12671 12347 E 25 gt
Variable hot-spot |-3.3+3.7]-1.8+0.8|-29+17[-23+26[-26+16|-27+48 g 20 Calculated /’:4 4
factor (see Tab. 1) g 4 /:)_“/ Measured
Constant hot-spot | 1.6+ 5.5 |13+ 14| 2.7+2 |-03+53|-1.6+35|-23+39 & o -
factor H=1.1 o} 10 o
= e
o}
g 5
g ] ——
The result of the method proposed for the same test as g 0f-a " A Deviatonssiz
Fig. 3 is shown in Fig. 11. The ranges of the hot-spot tempet 5 : : : , ,
ture calculation error, during different experiments, are expos 2 3 4 3 6 7 8 o o1
in Table IlI. Short-circuit power losses (kW)
@
VI. DETERMINATION OF THERMAL MODEL PARAMETERS
60 e — —
As exposed in Section I, parameters of thermal conductanc _ : //"
(two parameters for both of the conductances) and two thern % 50 > o
. ) ==
capacitances should be calculated. E Calculated__-=~
After defining the change of the temperatures associated § % oz
the nodes of the thermal circuit during the complete transie g o o~ Msasured
process of heat experiment, the procedure of the thermal | 5 >
rameters determination [2] can be applied. The temperature g 20 o
sociated to the node 2 is simple bottom oil temperature a %
the temperature associated to the node 1 is calculated from < 1o
easily measured temperatures, as described in Section V, us g ) Deviation
the value of the hot-spot factdf = 1.1. é 0= - e
Thermal conductances define the steady-states and their = } LA A A | SR AR

rameters can be determined from the measuring results recor

in at least two thermal steady-states. Due to a very sensitive
functional form of thermal conductances, it is desirable to have ()
more measurements in order to minimize the error in the caldtig. 12. Steady-state temperature rises.
lation of parameters. In the case of using only two steady-states,

the measuring error could cause a high error in the exponegjg, Vs average winding temperatutgthe current load, and
(n1 andny). .. . . 0.65405Q the 50-Hz winding resistance at20.

The calculation procedure of power loss distribution is given 1,0 powerP, represents the power loss in construction parts
in [1]. Even in the short-circuit heating experiment, a part of ths the transformer due to induced CUITENt3 o1, ) and is
power loss is located iff,. The power?’; is equal to the COPPer gqy 4| to the difference of total, directly measured value of short-
loss, calculated by the expression circuit power losg P,s¢) and the copper power loss

Total winding losses (kW)

235 + Jcua

Py = Pycy =3-0.65405 - 955

2
1 (14) P, = P'ySC - P’yC’u~ (15)
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60 - ) TABLE V
1 porgrearr PRI Ay MAXIMAL DEVIATIONS OF CALCULATED FROM MEASURED

50| Calculated . TEMPERATURE VALUES (K)
2 / Measured i
e 40 : “ Experiment 0 0 0 6333 0 0
S / (based on the easily From/to power (W) /8667 | 13769 | 16333 | 19868 | /2671 | /2347
& 30 measurements) Hot--spot temperature, basedon | 6.03 | 249 | 541 | 450 | 2.56 | 3.06
2 the easily measured temperatures
g Bottom oil 4.54 | 1.66 | 2.70 | 3.61 1.90 | 3.33
= 20
B
=%
e
g 10

Deviation TABLE VI
0 ATy M " " A e AR AN MAXIMAL DEVIATIONS OF CALCULATED FROM DIRECTLY MEASURED
ol Ao AT Vv S AN Y
. TEMPERATURES(K); ONE-STEP LOAD CHANGE

0 1 2 3 4 5 6 7 8 9

Time (h) Experiment 4441 (10636 O 0 0 6333 0 0
@) From/to power (W) |/10636| /5662 | /8667 | /3769 | /6333 | /9686 | /2671 | /2347

Hot-spot 420 | 6.71 | 507 | 1.93 | 321 | 2.69 | 1.49 | 3.13
Bottom oil 543 | 430 | 453 | 1.61 | 2.71 | 3.65 | 1.96 | 3.38

TABLE VII
MAXIMAL DEVIATIONS OF CALCULATED FROM DIRECTLY MEASURED
TEMPERATURES(K); COMPLEX LOAD CHANGE

Bottom oil temperature (OC)

Experiment| Type [Short—time [Short-time [Intermittent [Intermittent [Intermittent [Complex daily
pverload |overload |duty duty duty diagram
Para- |P,=4992 |P,=4992 |P,=6333 |P;=6333 |P,=6333 [See Fig. 14
5 meters [P; = 12750 |P;= 12750 |t = 30 it =60 =15
oty =15 it; = 60 P, =12750 |P,=12750 |P,=12750
Deviation I = 30 I = 30 =15
WWM “'M ““z W“““‘W Mt Hot-spot 6.58 6.62 6.18 6.33 4.87 749
: : — - Bottom oil 391 3.77 3.90 4.33 463 [1.03
2 3 4 5 6 7 8 9
Time (h)
(b) 16000 \
Fig. 13. Experiment used for thermal capacitances estimation. 14000 l
. 12000
The results are shown in Table IV. . ]
Based on these results, the parameters of thermal cond & 10000
. . . . . 1 "
tances were determined by minimization of the sum of me: 2 5000
square deviation of calculated to measured temperatures. Val 5 200 ] ]
of 8, and¥,,, — ¥y, obtained by measurement and calculatio £ 1] L
. . . . . [
are shown in Fig. 12. The obtained functional dependencies 4000 ..
A} =16.224 (V45 — V)54 5% and 2000
_ 0 __ 0
Ay =294.302 (6y,)° = 294.30 : T T s r T 7,
result with maximum deviations of calculated from measure Time (h)

values
Fig. 14. Complex daily load diagram.
Aﬁbo =211K and A(’I9hs — 191,0) =097 K.

It is interesting to note that although the transformer is
with ONAN cooling, thermal conductancé, appeared to be
constant. L ,

Applying Nelder-Mead simplex (direct search) method [8]to The results of appI|F:at|on of the completel.y deﬂneq thermal
the thermal capacitances estimation, the following values wéR@del to other tests, in the form of the maximal deviations of
obtained:C; = 185.6 kJ/K andC, = 2631.2 kJ/K. For calculated from measured temperatures, are shown in Table V.
the calculation, the data recorded during the heating experimen®ince the final goal of the developed procedure is to calculate
with constant power loss, amounting to 3769 W were use#e real insulation hot-spot temperature, the results delivered
Maximum deviations of calculated from “measured” tempeby the model are compared with the directly measured hot-spot
ature values in this test were for the hot-spot 2.49 K and ftgmperature. The comparison is made for a series of short-circuit
the bottom oil 1.66 K. The calculated and the values predefinbdating tests. An overview of the results is exposed in Table VI
based on the easy measurements are shown in Fig. 13. and Table VII: Table VI contains the results for one-step load

VII. TESTRESULTS
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120 ——— — 18 — — — —
o] . 6 i Using draft IEC 70076-7
1 ﬂ E;/ ] S k
100 ! ! i Using IEC 60354
90 f \" 9 % ]2.. | B # {
O & 2 aCalculated £5 ] i al
S I A Y F 2 £ 10 | o
o 70 o g & , !
2 wl) N S 58
g s0] Directly measured e 9 £
4 - = : .....
§ cRRSLY AN VR
= 30 =2
é‘ 20 8 g
2 10 — : o L
] Us riginal d
Ty - ww,-'a'm‘ ot Deviation _: sing original procedure
10 o 4 s 12 16 20 4 o 4 5 1 1 0
Time (h) Time (h)
@ _ . , .
Fig. 16. Comparison of different calculation methods.
454
10 JMeasured ﬁh\\
~ 35 A i Ao, step is to define the hot-spot temperature change during the
OU 1 7/ \M \'W,.mr.d' . . . . .
< 30 2 . short-circuit heating experiment with constant power loss based
5 _“‘ icniate M on easily measured temperatures: the local ones outside a trans-
< . .
g 207 former tank and the average winding temperature. The second
g 157 step is to determine the parameters of the thermal equivalent cir-
2 "] cuit with two nodes. After this step, the thermal model is fully
g defined. The third step is to calculate the hot-spot temperature
b= Deviation hadtien i g in conditions of real operation. The input quantities are power
M losses, precisely calculated and distributed between nodes, and
s 1 15 o 5 ambientairtemperature. The calculation of temperatures corre-
Time (h) sponding to the nodes of the thermal circuit performs through
®) the numerical solution of the system of two nonlinear differ-

ential equations. The test of the complete procedure proposed
Fig. 15. Results of temperature calculation for the complex daily load diagrg& done on a 630-kVA ONAN transformer. The maximal error
(Fig. 14). of the hot-spot temperature calculation in the series of tests ap-
peared to be 7.5 K.

change tests and Table VII for more complex test load pat-

terns [2] (short-time overload: basic lo&J(W) and increased

load P;(W) of durationt;(min), intermittent duty: lower load

P,(W) of durationt;(min) and higher load?,(W) of duration

tn(min); real complex daily diagram, shown in Fig. 14). [1] Z. Radakovic, “Numerical determination of characteristic temperatures
Fig. 15 shows calculated and directly measured temperatures in directly loaded power oil transformeZur. Trans. Elect. Powewol.

~ A : 13, pp. 47-54, Jan./Feb. 2003.
O,f the hot spot and, the bOttor_n oil for_ the complex d_ally load [2] Z.Radakovic and D. Kalic, “Results of a novel algorithm for the calcula-
diagram test from Fig. 14. In Fig. 16, different calculation algo- tion of the characteristic temperatures in power oil transformé&iggt.

rithms are compared: the originally developed one, the one from  Eng, vol. 80, pp. 205-214, June 1997.

valid IEC standard. and the one from draft of the new standard [3] L. W. Pierce, “An investigation of the thermal performance of an oil
. ! . *filled transformer winding,"IEEE Trans. Power Deliveryvol. 7, pp.
Maximal calculation errors are: for the one from valid standard  1347_1358, July 1992.

14.75 K and for the one from draft: 18.26 K. It should be noted [4] J. Aubin and Y. Langhame, “Effect of oil viscosity on transformer

that the algorithm from the new IEC draft delivers high calcu- loading capability at low ambient temperatureEFEE Trans. Power
Delivery, vol. 7, pp. 516-524, Apr. 1992.
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