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KURZFASSUNG

Dieser Beitrag beschreibt einen Ansatz, mit dem die Fihigkeit zur Uberlast bei o6lgekiihlten
Transformatoren in Abhéngigkeit von der Umgebungstemperatur bestimmt werden kann. Hierfiir
wurde ein vereinfachendes, empirisch gestiitztes Modell entwickelt, welches Verdnderungen der
Oltemperatur mit hoher Genauigkeit prognostizieren kann. Entsprechend den Vorstellungen des
sogenannten Einkorpermodells wird darin der gesamte Transformator als ein homogen temperierter
Korper mit einer bestimmten Wérmekapazitét betrachtet. Zudem werden alle elektrischen Verluste als
die Summe der lastabhingigen Verluste und Leerlaufverluste angesetzt und als Eintrag gleichméBig
verteilter Warme beriicksichtigt. Im Gegensatz zu frilheren Ansédtzen wird der Warmeaustausch mit
der Umgebung iiber ecine komplexe Funktion abgebildet, die in erster Linie von der
Temperaturdifferenz zwischen dem Transformator und der Umgebung abhéngt. Darliber hinaus
werden zeitabhidngige Grofen, wie beispielsweise die anliegende Last, das vorliegende
Temperaturniveau sowie die zugehorigen Temperaturgradienten neben temperaturabhéngigen
Materialeigenschaften als Einflussfaktoren fiir die Bestimmung des Warmeaustauschs beriicksichtigt.

Um das Verhalten eines bestimmten Transformators modellieren zu kdnnen, werden im vorgestellten
Modell mehrere empirische Faktoren verwendet. Fiir deren Bestimmung hat sich ein représentativer
Betriebszeitraum iiber zwei bis vier Wochen eines zu untersuchenden Transformators bereits als
ausreichend erwiesen. Um das entwickelte Modell validieren und dessen Zuverléssigkeit untersuchen
zu konnen, wurden Messdaten von mehreren ONAN-und ONAF-Transformatoren herangezogen. Die
zugehorigen Datensitze umfassen die Ol- und Umgebungstemperatur, sowie die anliegende Last und
den Zustand der Kiihlanlage. Dariiber hinaus wurden die Daten der entsprechenden Typenschilder
integriert. Im Anschluss an die Berechnung der Oltemperatur, wird die maximale Belastbarkeit
bestimmt, welche auch bei dauerhafter Beanspruchung in einer Hot-Spot-Temperatur unterhalb
kritischen Niveaus resultiert. Hierfiir wurde auf die IEC 60076-7 [1] zuriickgegriffen. Auf Basis der
gewonnen Ergebnisse konnte schlieSlich fiir jeden untersuchten Transformator eine charakteristische
lineare Funktion abgeleitet werden, welche die maximale Uberlastbarkeit in Abhingigkeit der
Umgebungstemperatur angibt. Im Fall der untersuchten ONAN- und ONAF-Transformatoren der
Leistungsklasse zwischen 31,5 und 63 MVA zeigten sich erhebliche Uberlastungspotenziale.



1 INTRODUCTION

The integration of renewable energy technologies into present power grids implicates significant
challenges for the network operators. Due to its unsteady character, the commonly provided output of
a wind park often results in peak loading of the connected network components. Furthermore, the
ongoing extension of established wind farms and the assembly of new wind parks amplify the
emerging peak loads for the existent technical resources. This development might induce network
operators to tolerate temporary loading levels beyond name plate rating. Nevertheless, long term
consequences concerning the ageing of the equipment have to be taken into account.

The lifetime performance of a power transformer strongly depends on the temperatures its materials
have been exposed to. Because of their significant effect, a profound knowledge about these
temperatures is of great interest. While a current state may also be derived from measurements,
prospective developments can only be obtained by modelling. Due to transient load conditions,
changing ambient conditions, adjustable cooling systems and their design and operation principles,
transformers represent a rather complex thermal system. In addition, the particular design of a certain
transformer, with its applied materials and installed components, complicates precise simulations
tremendously. However, knowledge about the exact temperature distribution inside a transformer may
not be necessary within the scope of every desired application. For instance, the determination of a
constant, non-critical level of overload might already be achieved by means of a simplified thermal
model.

2  THERMAL TRANSFORMER MODEL

The applied thermal model bases upon the idea of an one-body-
model (Figure 1). Consequently, the entire transformer is considered C
as a single, homogenous tempered body with the thermal capacity . + th 5
Cy. All electrical losses Py, are perceived as an input of the equally Qin T -1 R
distributed heat ,, and assumed to be the sum of the load losses P,
and the no-load losses Py, as stated in equation (1). For the nominal
load losses Pi.,, the middle position of the on-load tap-changer is Figure 1: One-body-model
applied. The time-dependent load factor k(%) is thereby determined by

the ratio of the actual current /(?) to the nominal current /,.
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The heat flow rate €., coming out of the transformer's cooling system is assumed to be proportional
to the reciprocal value of the thermal resistance R, and to the temperature gradient of the top-oil
temperature # and the ambient temperature #,,;. This concludes in
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While A describes the heat transferring surface, o represents the corresponding heat transfer
coefficient. The energy balance finally factors in the thermal capacity Cy, resulting in

Pross (0= (81 = €y V(1) with €= Zme ‘G 3)

Equation (3) shows, that the thermal inertia of the transformer is modelled proportional to the
changing rate of the top-oil temperature. The total thermal capacity Cy, of the modelled transformer is
calculated from the sum of all considered thermal masses (tank, windings, core and oil) multiplied
with each corresponding specific thermal capacity.



Combining equation (2) and (3) leads to
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Solving the differential equation (4) provides an approximation for the temperature change along the
time step from ¢ to #+A4¢ in the form of
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All properties in equation (5) carrying a bar refer to the averaged value of the corresponding property
during the time step from¢to 7+4¢. The only remaining unknown in this equation is the thermal
resistance Ry, that can be either taken out of standards or be determined empirically by a set
measurements.

Instead of assessing R, by a constant value

as in earlier investigations [2], a more Bodg 910 Smb
complex approach was chosen. Figure 2 | I I
displays the underlying principle, that was : | .

applied to model the physical conditions of | . R raq 10-amb I
the heat exchange between the transformer = Reoavwdg-19
and its surroundings. It subdivides the | . |

Rmﬂum.amb
thermal resistance into three parts, I
representing  different principles and
locations of heat transfer. Although the Figure 2: R;-Modelling
thermal model, according to equation (5),
takes only one temperature for the entire transformer into account (#4), Figure 2 also refers to the
temperature of the windings &5, This necessitates a transformation that will be described in detail

below (see equation (8)). To model the transport of heat from the locations of heat generation to the
ambience, in a first step Reomwae-70 takes the heat convection between the windings and the oil into
account. Subsequently, R,.s70- .m» includes the heat transfer between the tank and the ambience due to
heat radiation. Finally, R.ou,70-am» factors in the heat convection between the transformer's radiators
and the ambience. Neglecting the thermal resistance of the convecting oil at the heat transferring
surfaces of the tank as well as at the radiators results in identical temperatures of the oil, the tank and
the radiators. According to the calculation rules for thermal resistances , the overall thermal resistance
R 1010 then can be calculated with

Rt??,-tﬁ-tﬂ? = Rﬂﬁ-nb‘m‘dﬂ:-fﬂ + 1 1 !

ﬁmdfﬂ— amb R': ol 0=l (6)
or with H; = 13",:&!_&'1#
1 1

- + - .
("“1 ' “:I:wm.\rﬁ‘g-fﬂ E"‘{' ’ “.Imifﬂ-zmh + ("1 ’ '#:IIFNH-I_G-EFFTE (7)

Rencorat

However, the corresponding heat flow rate of Ry would refer to the temperature gradient
éﬁ,mg_ﬁmh. To avoid a contradiction with the equations (1)-(5), Ry, o 1 transformed to
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Beside the heat transfer coefficients a; and the corresponding areas of heat transfer 4; , also the applied
winding temperature .z, has to be modelled appropriately. The latter is accomplished by

By (8] = Vo (8] 2y (R(EV)50 ©)

with the empirical factors xg; and x4, . Equation (9) therefore assumes that the temperature gradient
between oil and windings depends on the loading rate k(z). To model the heat transferring areas,
additional empirical factors have to be applied. It would be possible to apply three empirical factors
for three unknown values directly, nevertheless the presented results rely on correlations displayed in
equation (10). This offers the opportunity to keep the resulting values of the empirical factors within
reasonable boundaries with respect to their physical equivalent. The factor x, refers to the geometrical
height of the winding while x; resembles the sum of all wetted perimeters formed by the vertical
cooling channels inside the windings. Finally, x, can be interpreted as the number of applied radiator
plates.
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The purpose of the roughly estimated constant values in equation (10) is to couple the empirical
factors within the calculation of the heat transferring surfaces in a physical reasonable manner without
introducing new empirical factors. Nevertheless, values differing from the chosen ones might very
well lead to similar simulation results. The heat transfer coefficients for the natural convection of oil
inside the windings @ waq- 70 and air inside the radiator panels o ro- . are modelled on basis of
correlations given by the VDI Heat Atlas [3]. In case of oil, a scenario of a vertical annular gap with
the characteristic height of x;, and a gap width of x, is chosen. A scenario of vertical sets of plates with
a characteristic height of x, and a plate distance of &'z is selected for the natural convection of air.
As mentioned before, a value differing from the roughly estimated value of 5 might very well lead to
similar simulation results. Furthermore, temperature dependent material properties for oil and air are
applied. To cover forced convection (e.g. for ONAF or OFAF cooling systems), a linear extension
depending on the number of active fans/ pumps 7, um, is applied. With the additional empirical
factors xy; follows

Foomut = Fact T Transpump " Frar - (11)

As a possible future development, instead of this strongly simplifying approach, elaborated functions
or correlations for forced convection could be applied alternatively. Finally, the heat transfer
coefficient of the heat radiation is given by
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with an approximated emission coefficient g = {8 and the Stefan-Boltzmann constant 6. In summary,
the presented model pursuits the goal to cover the basic thermal kinetics of a transformer sufficiently.
To make it as applicable as possible, the amount of required information is kept as little as possible.
Consequently, since the introduced model depends on additional specifications and data, the lack of
information is covered empirically. To validate the capabilities of this approach, the following sections
will present modelling results that could be gathered applying the presented thermal model.



3 MODELLING RESULTS

To point out the advantage of a variably modelled thermal resistance in comparison to a constant
thermal resistance, Figure 3 shows the corresponding modelling results for a 31.5 MVA ONAN
transformer. In case of a constant thermal resistance, the top-oil temperature is overestimated in
periods with a high loading rate while in times with a low loading rate the top-oil temperature is
underestimated. In comparison, the presented thermal model covers both loading states very well. The
consulted evaluation period to determine the empirical parameters was thereby set to one week.
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Figure 3: Modelling results for a 31.5 MVA ONAN transformer

Figure 4 shows the influence of the evaluation period on the modelling results for a 40 MVA ONAF
transformer. It can be seen that an evaluation period of four weeks is already sufficient to achieve
expedient results. Accordingly, a longer evaluation period provides only little improvement.

4 ASSESSMENT OF OVERLOAD CAPABILITIES

The loading guide for oil-immersed power transformers IEC 60076-7 [1] provides an equation to
determine the resulting hot-spot temperature s at a given constant loading rate £ depending on the
emerging temperature gradient between the top-oil temperature and the ambient temperature at
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with the hot-spot factor H, the averaged temperature gradient between the windings and the oil g,, the
oil-exponent x and the winding-exponent y. Equation (4) delivers at constant conditions
Ao omin = Piossw " Ben = Py + Pgcn)t* Bew - Applied in equation (1) follows
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In case of ONAN- and ONAF-transformers, IEC 60076-7 [1] provides a set of possible values for the
introduced factors with x =0.8, y=1.3, H=1.3 and g, =20 K. Moreover, it recommends a hot-spot
temperature of 9ys =98 °C to maintain a nominal aging rate. Consequently, applying the validated



thermal resistance of a certain transformer can permit the determination of a maximum, non-critical
loading rate k., that results in a nominal aging rate. Figure 5 displays the results of the described
proceeding for the investigated transformers approximated with linear functions in the form of

IE'Emnzr:r = q"ﬂﬂmh + h‘ ' (3)
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Figure 4: Influence of the evaluation period on the results for a 40 MVA ONAF-transformer

All transformers show a significant overload potential of at least 20 % at ambient temperatures below
10 °C. Moreover, the results attest ONAN transformers higher overload capabilities compared to
ONAF transformers. Figure 6 shows the influence of the various parameters in equation (2). Each
graph represents the derived results for a 31.5 MVA ONAN transformer with one altered parameter
out of x, y, g,, H and 9y in comparison to the previously applied factors. For example, it can be seen
that an increase of the hot-spot factor from H = 1.3 to H = 1.6 results in a decrease of almost 15 % of
the maximal loading rate k,, independent of the ambient temperature. An increase of g, from
2,=20K to g,=25K causes similar consequences. Hence, the displayed correlations underline that
the presented approach strongly depends on the hot-spot temperature calculation.
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investigated transformers with x = 0.8, y=1.3, ONAN transformer
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5 CONCLUSION

The assessment of overload capabilities of ONAN and ONAF transformers by means of thermal
modelling offers network operators a profound insight into the correlation between the ambient
temperature and the maximal applicable loading rate. However, the exact value of the maximal
loading rate at a certain ambient temperature strongly depends on the calculation of the hot-spot
temperature. Nevertheless, the provided certainty of the presented approach might be sufficient to
allow network operators a responsible assessment of overloading potentials.

In reference to the illustrated results in Figure 5 and 6 it should be noted that IEC 60076-7 [1]
explicitly limits the loading rate at standard operating conditions to k. = 1.3. In addition, the
presented results don't take the performance limits of attached accessories like the on-load tap-changer
and bushings into account. For application of the introduced approach, also the specific condition
concerning the service life (e. g. moisture content, DGA) of a certain transformer has to be regarded.
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