Transformer mechanical stress caused by external
short-circuit: a time domain approach
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Abstract-- This paper presents the results of an investigation
carried out on the field of short circuit effects upon transformers
electromechanical forces calculation. A time domain transformer
model based on magnetomotive forces and reluctances is used.
This model allows for simulating the transformer transient and
steady state behaviors regarding electric, magnetic and
mechanical variables. The methodology is applied to a typical
power transformer operating under nominal and short circuit
conditions. For comparison purposes a due to the lack of
accepted performance values, a finite element program is utilized
for similar studies and the results are compared to the time
domain ones.
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1. INTRODUCTION

URING normal lifetime, transformers are submitted to a

variety of electrical, mechanical and thermal stresses.
One of the most critical situations is that caused by external
short circuits, which produces high currents in the transformer
windings and hence high internal forces in the windings.
These forces are potential sources for damaging transformers
and techniques to mitigate the impacts of these are considered
in[l,2].

For this paper purposes, a time domain transformer model
based on magnetomotive forces and reluctances is proposed to
evaluate the electromechanical forces occurring in the
transformers. This method gives a good insight to achieve a
comprehensive view of the overall transformer magnetic and
electrical behaviors under distinct conditions. Parameters of a
three-phase 100 MVA transformer are used to illustrate the
methodology potentiality.

Due to difficulties in finding reference values to validate
the calculations, the time domain analytical results are
compared to corresponding results extracted from a traditional
and well-accepted finite element approach, known as Finite
Element Method Magnetics program (FEMM). This software
is dedicated to the resolution of electromagnetic problems
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using 2D domain [3]. This methods works well when the
equipment has a core of permeability significantly greater than
1, what is the present case.

II. ELECTROMAGNETIC FORCES WITHIN TRANSFORMERS

It is known that the electromagnetic forces in transformer
windings are generated by the interaction between current
density and leakage flux density. These forces can be
calculated by (1). The expression is given in [4].

f=JXB M)

Where: / is the force density vector, Jis the current

density vector and B is the leakage flux density vector.

Fig. 1 illustrates a typical leakage flux distribution within
the transformer. Near to the winding ends, the leakage flux
bends towards the core, making shorter its return path. It can
be seen that, at the top and bottom ends of the windings, the
main leakage flux has both axial and radial components and in
the throughout the winding length it is practically axial.

Fig. 1. Typical flux distribution in a transformer with concentric windings.

In a transformer with concentric windings, the axial
component of leakage flux density (B,) interacts with the
current in the windings, producing a radial force (F,). This is a
well known phenomenon responsible for the mutual axial
repulsion between the inner and outer windings. The radial
flux component (B,) interacts with the windings currents,
producing an axial force (F,) which acts in such a way to
produce an axial compression or expansion of the winding
coils [2].



With the transformer operating under normal conditions,
the forces are small. However, during external fault situations,
the currents and fluxes reach high values, producing extreme
electromagnetic axial a radial forces. As the leakage flux can
be expressed as a function of the current, the resultant force
will be proportional to the squared current, independently of
the type of transformer windings arrangement [5].

In general, transformers are designed to withstand the
maximum current peak of three-phase short circuits calculated
as if the transformers were connected to an infinite busbar [5].

The equation to determine the short circuit current level
(L) is given by expression (2). This is in accordance with [6].
The variable k is related to the asymmetry factor, S, is the
transformer rated power in MVA, V is the rated voltage and Z
the transformer impedance in pu.
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A. Radial Forces in Concentric Windings

The radial forces within a transformer with concentric
windings are calculated as given in [6]. Fig. 2 shows the
resultant forces at the inner and outer windings. In addition to
the forces, it is also shown the axial field density (B,). This
field is considered as being constant all over the space
between the windings. Hence, the force, in per unit of length,
throughout the length of the coils, remains practically
constant.
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Fig. 2. Cross section of a transformer with concentric windings - axial field
density (B,) and radial force (F,).

By neglecting the flux spreading out effect at the winding
ends, the instantaneous ampere-turns (ni) of each winding is
responsible for producing the leakage field density (B,) given
by:

47 (ni
Ba = # T (3)
10
This flux density will interact with the current, producing
the mean radial force (F,) given by:
27 (ni)’D, .
F = %10 N @)

Where: i, n and h refer, respectively, to the current, the
number of turns and the length of the transformer winding.
The variable D,, is the mean winding diameter to which the
radial force is calculated.

This force will act in such a way to produce a hoop stress

upon the outer windings and a compressive stress on the inner
winding pushing it towards the limb. These forces are
illustrated in Fig. 3.

Fig. 3. Forces producing hoop stress and compressive stress in concentric
windings.

The mean hoop and compressive stress in the concentric
windings are calculated considering that the winding has n
turns with a cross section a. [6], 1. e.:
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B. Axial Forces in Concentric Windings

The analytical calculation of the radial leakage field, and
therefore, the axial force, is not as simple as the axial
calculations [6]. Nevertheless, a well-accepted approach to
achieve the above uses the Residual Ampere-turns Method.
This is based on the principle that any arrangement of
concentric windings can be split into two groups, each one
having balanced ampere-turns relationship. The first group
produces the axial field and the other the radial one [5].

Fig. 4 shows the radial field distribution and the axial
forces in an arrangement with asymmetrical windings, with
the height of the outer winding shorter than that of the inner
winding. This winding asymmetry causes a large radial flux
density in the region where the imbalance of ampere-turns
occurs [7].

To calculate the axial force by the mentioned method, it is
necessary to known the effective path length of the radial flux
hey 5 the average radial flux density B, and the average value
of ampere-turns (//2)a(ni). The variable a is the length of the
section that causes the asymmetry expressed as a fraction of
the total length of the winding. This section could be
considered as being a group of short-circuited coils in the



windings.
The average radial flux density is given by:
_ara(ni),
r 104 A~z
10* 2h,,
To determine the axial force (F,) for a transformer with

asymmetry in one end of the external winding, the following
equation is used:

(6)
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Reference [6] provides expressions to calculate
electromagnetic forces for various asymmetric conditions,
including specific tap arrangements.

The axial forces cause bending between radial spacers [7]
and, in this case, the axial stress related to axial forces is given
by:

(7
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Where: Fax is distributed axial force (N/m); L is distance
between stampings (m); b conductor axial dimension (m) and t
is the conductor radial dimension (m).

III. TIME DOMAIN MODEL

Different approaches have been traditionally used to obtain
time domain transformer models. These methods are mainly
based on electric equations (duality, equivalent electric
circuit), electric/magnetic equations (equivalent electric-
magnetic circuit) and, also, on magnetomotive force
/reluctance models [8, 9]. In this paper, the representation of
three-phase core type transformer will be carried out through
mmf/reluctance model used in a time domain simulator. The
choice of the mmf/reluctance model is particularly
advantageous as it allows the interactions between the
magnetic fluxes of different phases and the distinct
connections of the windings can be done easily. Using this
simulator, a 100 MVA transformer having four concentric
windings per phase was implemented. Fig. 5 shows the
equivalent magnetic circuit for this transformer.
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Fig. 5. Transformer equivalent electromagnetic model.
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In Fig. 5: R, and R, (box in black) are the non linear
reluctances corresponding to the core legs and yokes; R,, R,

and R, are the linear reluctances corresponding to the air
paths between the core and internal winding, between the
inner and outer windings and that due to the air space outside
the windings; and 7, %, T and F; are the magnetomotive
forces produced by the windings.

Fig. 6 illustrates the physical parameters required to
evaluate the area (4;..) used to calculate the leakage fluxes
and, consequently, the axial and radial electromagnetic forces
[10].
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Fig. 6. Concentric windings physical parameters.

The required area (A4;.,) can be calculated by (9).

ALeak = Im (% + dO + %j m2 (9)

Where: [, is the average length of the winding
circumference; d; and d, are the thickness of the outer and the
inner windings, respectively, and d, is the space thickness
between the windings.

IV. TIME DOMAIN AND FEMM RESULTS

The study results to be presented in this paper consist in
two situations concerning transformer operation: normal
operation (rated load) and short circuit conditions. The results
obtained using the time domain model is compared to those
obtained by the Finite Element Method Magnetics (FEMM)
approach.

Case A. Time-Domain Results

The results achieved with the normal (rated load) operating
conditions are given in Fig 8§ (only those variables at the outer
winding are illustrated).

Fig. 7(a) gives the load currents and Fig. 7(b) shows the
leakage magnetic flux in the space between the windings. The
values shown are relatively low in comparison to the flux
density peak. The peak flux is around 0.2 T.
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Fig.7. Transformer normal operation: (a) Current waveforms (b) Leakage flux
density.

Once the short circuit is established a new set of results are
obtained. Fig. 8(a) provides the current waveforms and shows
that the phenomenon occurs at 200 ms. The related leakage
flux is given in Fig. 8(b). It can be noticed that the peak value
for this variable is about 3.6 T. This is within standard values
during short-circuit conditions.
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Fig. 8. Short circuit condition: (a) currents waveforms; (b) leakage flux
density.

By knowing the time domain current and leakage magnetic
flux density, the radial force can be calculated by expression
(4). The results associated to the highest current, for both the
normal and short-circuit conditions are given in Figs. 9 and
10, respectively, for the external and internal winding.
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Fig.9. Radial force at normal operation. (a) external winding; (b) internal
winding.
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Fig.10. Radial force in short-circuit: (a) external winding; (b) internal
winding.

By comparing the results it can be seen that the radial force
during the short circuit increases dramatically, being about
338 times the peak force during normal operation for the
external winding.

The mechanical stresses associated to the radial force are
shown in Fig. 11, as given by equation (5). Due to explained
reason only the hoop and compressive stress are considered.
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Fig.11. Mechanical stresses during short-circuit.

The maximum value found for the mechanical stress was
9,173 N/cm2.

Case B. FEMM Results

The results here discussed are associated to the use of the
well accepted FEMM (Finite Element method Magnetics)
finite element software. Further considerations about this

software can be found in [3].

Following standard procedures, the effect of applying an
external short-circuit was represented by an injection of 6,510
A atthe HV and 11,061 A at the LV windings. The results are
shown in Fig. 12. This figure provides the flux density pattern.
In this condition, the leakage flux is relatively large in
comparison to the rated flux leakage. The short circuit current
level was determined in accordance with (2) using an
asymmetry factor of 1.6.
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Fig.12. Magnetic flux density with short circuit conditions.

Fig. 13 shows the leakage flux distribution along the
winding extension. It can be observed that, during the short
circuit, the leakage flux density reaches values of about 3.6 T.
With normal conditions the value was 0.2 T.
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Fig.13. Leakage flux density along the winding height: normal and short
circuit conditions.

Table I synthesizes the main results obtained from the Time
Domain and the FEMM approach.

TABLEI
RESULTS SUMMARY WITH NORMAL AND SHORT-CIRCUIT CONDITIONS

Normal Operation

Time domain FEMM
Leakage magnetic flux density [T] 200x10° 200x10°
Magnetic flux density [T] 1.6 1.6
Radial force [N]
OQuter winding 36.4x10° 36.9x10°
Inner winding 20.3x10° 20.6x107
Short Circuit Condition
Leakage magnetic flux density [T] 3.5 3.6
Magnetic flux density [T] 1.23 1.32
Radial force [N]
Outer winding 12.3x10° 13.5x10°
Inner winding 7.0x10° 7.5x10°




It can be clearly seen that the results derived from the two
methods are in close agreement. By taking the FEMM
calculations as reference values, the time domain software
performance has shown to be appropriated to calculate
internal forces and to obtain equipment mechanical stress
information.

V. CONCLUSIONS

This paper was concentrated on the use of a time domain
program using reluctance and fmm models to calculate
mechanical stresses occurring in transformer windings during
short-circuit conditions. Using typical data for a 100 MVA,
230 kV transformer studies were carried out to highlight the
method potentiality.

Due to the lack of reference values for validation purposes,
the time domain results were then compared to corresponding
ones obtained from a well established software based on finite
elements. The values obtained from both strategies have
demonstrated the methodology here proposed provided similar
performance with both normal and short-circuit conditions.
This indicates that the time domain approach can be assumed
as a good procedure to evaluate transformer internal forces
and mechanical stresses.

The investigations were carried out only for radial forces.
The software use to achieve the stresses caused by axial force
is to be developed in the sequence.
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