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Abstract— This paper emphasizes the factors to be considered
when designing power connectors used in the load and
temperature tests of power transformers. External conductors
used to perform load and temperature tests in transformers are
referred as power connectors in this contribution. Electrical
and thermal investigations of a single-phase shell-type, 300
MVA, 400 kV-21.5 kV power transformer connector were
performed. To analyze the behavior of the connector, a
harmonic analysis to calculate losses by Joule effect generated
in the electrical connector was first performed, followed by a
thermal, finite element based analysis to determine
temperature distribution. As heat sources, harmonic losses
analyses were performed. Temperature distribution obtained
by the finite element simulation was compared with
measurements recorded by an infrared camera during the tests.

Keywords-Load test, temperature test, contact area, finite
element method, electrical conector.

L

Power transformer is a very important element in any
power system or any particular substation. Transformer
manufacturers perform various tests to determine the thermal,
mechanical and electrical integrity of the equipment. Tests are
also performed to determine the equivalent circuit parameters,
which enable implementing them within an electrical system
(1], [2].

Among the routine tests that are performed on transformers,
load and temperature tests are two of the typical ones. Load
test determines the copper losses of the transformer. In this
test, voltage is applied to the high voltage terminals,
maintaining the low voltage terminals short-circuited.
Temperature test determines the temperature rise of the
transformer [3], [4]. The duration of temperature test is 12
hours. This test applies a voltage below the nominal voltage at
the high voltage terminals, thereby achieving the nominal
current in the short-circuited terminals. To short-circuit the
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low voltage terminals of the transformer, an -electrical
connector, in which high currents flow (10 to 32 kA) was
used. These sills are assembled with stainless steel screws to
prevent hot spots and form a solid conducting body that allows
short-circuiting the low voltage bushings.

Proper design of connectors allows avoiding high losses by
Joule heating and therefore high temperatures rise during
transformer tests. Authors in [8]-[15] emphasized the various
factors affecting the performance of a good or bad connection
of conductive materials, as well as mitigation measures to be
taken into account when choosing conductive materials for
electrical connectors. To the best of our knowledge, no studies
related to electrical connectors used in transformer tests have
been published. No information about their design
construction, electromagnetic and thermal effects, failures,
costs, etc. are available.

The aim of this paper is to discuss the main factors to be
considered for the design of electrical connectors suited for
transformers tests. The selection of the type of conductive
material of the connector should take into account their
mechanical, electrical, thermal, chemical properties.

The electrical properties of materials used in the connectors
design are very important. Electrical contact between pieces of
conductive material depends on the way the surface is
finished, on the contact area and the force with which the
connection is made. Another factor to be considered in the
design is the type of connection. During transformer tests,
joints with stainless steel screws (non-magnetic) are used.
Recommended torque of screws (190 Nm) should be
considered to obtain a good connection without temperature
increases in the areas of the joints and screws.

One way to check if a connection is working properly is to
monitor its temperature, since temperatures higher than
expected values would indicate problem.

Transformer manufacturers expect connector temperatures
below 90°C, during transformer test. It is not advisable to have
temperatures above 90°C due to overheating of the parts close



to the connector, such as low voltage bushings, tank wall,
gaskets, and dielectric oil.

Furthermore, connector design should also enable easy
disconnection. This is necessary because at the end of the
temperature test, the available disconnection time is less than
60 seconds, since at the end of the test, we performed
temperature cuts.

II.  DESIGN CONSIDERATIONS FOR AN ELECTRICAL
CONNECTOR

A good connector design will ensure transformer tests
reliability. For the design of an electrical connector, several
factors including connector material, contact area, and
connection types must be considered. In the section, a brief
explanation of each of these factors is provided.

A. Material electrical connector

Conductors used not only for connectors (end for any
electrical element) are made of copper and aluminum [8]-[15].
We use these conductors because they have many advantages
over others in terms of their chemical, thermal and electrical
properties, availability and cost. The best practice for this type
of connection is to design connector in the same material as
the conductors to be joined, since this eliminates galvanic
corrosion.

B. Contact area

Braunovic [11] advocates that for the good performance of
the connector, it is essential to ensure that the contact area is
large enough, since, (as shown in Fig. 1), the electric current
only passes through the contact points, which will be achieved
during connection, to reduce the actual contact area. As the
contact force increases, the surface contact points of these
metal-metal will increase as a result of the breakdown of the
oxide layer and the metal extrusion through ruptures.
However, it should be noted that a large force may change the
properties of materials and may result in an increased
temperature and resistance.

C. Connection type

The bolted connectors are used because of their versatility,
reliability, low cost and easy to assemble and disassemble.
Bolted connections screws should be tightened with a torque
wrench to proper torque. Inappropriate torques will increase
the temperature of the contact area.

III. FINITE ELEMENT SIMULATIONS OF ELECTRICAL
CONNECTOR

Harmonic analysis of the electrical connector at 60 Hz
using ANSYS Maxwell software was performed. In this
analysis, transformer bushings, copper adapters, sill screws
and sill presses were not taken into account.
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Fig. 1. Real contact area (copyright © 2002 [EEE [11], reprinted with
permission).

Sills that form the electrical connector are made of copper
with a conductivity 6 = 5.8 x 107 S/m; this value was taken
from the library of Maxwell ANSYS software.

The peak current value / of the low voltage side of the
transformer is:

1=(ﬁ)(§)=(ﬁ)£w}19.73 kA (D
14 215 kV

The transformer connector has 8 copper terminals at each
ends because each low voltage bushing also has 8 copper
adapters, so that the peak current calculated in (1) is divided
by 8. A peak current of 2.47 kA was injected into each of the
electrical connector terminals as shown in Fig. 2.

2.47kA

Fig. 2. Load condition of a 300 MVA transformer connector.

The connector model was enclosed in a rectangular
parallelepiped whose permeability is u, = 4n x 10”7 H/m. In
the outer sides of the rectangle is placed a Dirichlet boundary.
Fig. 3 shows the connector enclosed in the rectangle of air.

A total of 270,293 pyramidal finite elements throughout the
model were used. A fine mesh in each of the sill of the
connector was created to take into account the skin effect
factor § that for copper at 60 Hz is 8.53 mm.



Fig. 3. Connector enclosed in a rectangular parallelepiped.

Fig. 4 shows the finite element mesh used in the electrical
connector.

Fig. 4. Finite element mesh of the connector

Fig. 5 shows losses distribution (in W/m’) obtained in the
300MVA transformer connector.
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Fig. 5. Loss distribution on the electrical connector (in W/m?)

It may be observed that there is a maximum loss of 4 x 10*
W/m? in the connector sill just before the contact zone. Also in
the contact zone of the sill, there is a loss of 2 x 10* W/m”.
There is less losses in the contact area due to the low current
density area and due to the high resistance of the contact zone.

The loss on each connector sill was calculated using [16]:

P= %l ay )
4

where J is the current density, J* is the complex conjugate of
the current density, o is the conductivity of copper and V' the
volume of each connector sill [16]. Applying (2) to all the
connector sills provides a total loss of 1098 W.

Losses produced by each of the connector sills were used as
heat sources for the static thermal analysis. A simulation was
carried out on the connector using Comsol Multiphysics
software, specifically using the 3D heat transfer module.
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In these simulations, connector sills made of copper
(thermal conductivity £ = 400 W/m°K, density p = 8700 kg/m3
and specific heat ¢ = 385 J/kg © K) were considered. These
thermal properties of copper were taken from the material
library of Comsol Multiphysics software. A convection
boundary was furthermore applied to all faces upon connector
sills. This type of convection boundary was applied to
simulate the effect of air cooling by natural convection. A
convection coefficient # and ambient temperature 7,,, were
assigned to this boundary. In the two large square sills at the
ends of the connector, a larger convection coefficient (larger
than the other sill coefficients) was used since these sills
dissipate more heat with larger contact area.

Table I shows the values considered for the convection
boundary of the electrical connector.

TABLE L Values of the convective boundary

Connector sills h (W/m*C) | T (°C)
2 Large square sills 11 25
All other sills 0.05 25

Frank et al. [17] considered values of natural convection of
air in the range of 2 to 25 W/m® °C.

Figure 6 shows the temperature distribution of the
connector. The maximum temperature was located around the
central-long connector sill, where the average temperature is
around 74°C. Due to Eddy currents, higher temperature
appeared near the sills, as shown by the result of the finite
element simulation. Furthermore, one can see that there is a
high temperature in the contact zone where the joints are made
from all copper sills. This area depicts a maximum
temperature of 79°C. It is right here that the higher
temperature was expected. In large-square sills, we found an
average temperature of 68°C.

°C
78

66

Fig. 6. Temperature distribution of the connector.

Fig. 7 shows the thermal image obtained with the infrared
camera for the connector during the temperature test on the
300 MVA transformer.

In fact, the convection coefficients were adjusted in the
simulations in a way to achieve a good agreement with the
results of the infrared measurement. This is because a static
thermal analysis was carried out. For a more complete
modeling, an analysis taking into account air to obtain more



accurate values of convection coefficient of the connector
model should be considered. This will be challenge of future
work.
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Fig. 7. Connector temperature distribution obtained with the infrared camera.

The temperatures in the finite element simulation are very
close to the temperatures measured with the infrared camera.
The error between the measured temperature values during the
load test of the transformer and those obtained from finite
element simulation are less than 5%. This means that the finite
element simulation provides a good approximation of actual
behavior of transformer connector during the temperature test.

IV. CONCLUSIONS

An electro-thermal study of electrical connector used in
load and temperature tests of a 300 MVA single-phase shell-
type transformer was carried out. The simulations results by
finite element method and measured values are acceptable
from the viewpoint of engineering. Temperatures measured on
the electrical connectors are less than 90°C as desired by the
transformer manufacturer. We obtained good results using the
finite element simulation and the temperature distribution
obtained with the infrared camera during the actual test of the
transformer. The percentages of error between the temperature
values measured during the transformer test and those
obtained from the finite element simulation were less than 5%.

This paper showed the factors to be considered for the
design of electrical connectors. In a future work, it is planned
to compare the advantages and disadvantages of
manufacturing connectors with sills and stranded conductors,
using both copper and aluminum. It is also planned to apply
the methodology to higher transformers ratings.
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