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Abstract:  The use of coupled electromagnetic-thermal finite
element methods to estimate the thermal impact of power system
harmonics on transformers is illustrated. At first, the magnetic
modelling of transformers is outlined with attention for the core,
windings and the externa source or loads. Particular attention is
paid to the foil windings. The loss computation and the thermal
modelling is discussed. The calculation of the globa coupled
problem using a mixed frequency and time domain approach, for the
steady-state as well as for along-term transient evolution, is treated.
These methods are applied to a 30 kVA distribution transformer.
The results are compared with measurements. A derating procedure
based on the simulated hot spot temperature is presented.
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[. INTRODUCTION

Transformers carrying power system harmonics exhibit
additional load losses, yielding higher hot spot temperatures.
Reducing the maximum apparent power transferred by the
transformer, often called derating, is required when such
power quality related problems occur [1-5]. To estimate the
impact of a harmonic load already in the design stage, afinite
element method (FEM) field calculation can be employed.
The FEM models can be applied in a derating produre or to
estimate the time evolution of the thermal overload under
certain conditions.

The behaviour of an electromagnetic device, and in
particular a transformer, are best modelled using coupled
electromagnetic-thermal numerical field models. On one
side, the electromagnetically based losses are the source
terms for the thermal problem. On the other side, the specific
electromagnetic material  parameters are temperature
dependent. It can be noted that there are large differencesin

time constants of the magnetic and thermal field. Thisyields
a ‘diff’ transient problem, requiring a specia solution
approach.

1. MAGNETIC FIELD MODELLING
A. FEM frequency domain computation

1) Single frequency magnetic fields: The magnetic fields
are simulated using the magnetic vector potential A [6]:

B(t)=V x At) ()

After substituting (1) in the Maxwell equations, the following
equation for a 2D time dependent magnetic field is obtained:

V(ANA)- oM B =3 =0T, (@

with A the z-component of the vector potential
T  temperature
v magnetic reluctivity (non-linear dueto
ferromagnetic saturation)

o €lectrical conductivity (thermally dependent)
Js  source current density
Vs sourcevoltage

The temperature dependence of several parameters in the
magnetic field equation may cause significant changes in
their solution, for instance in the skin effects and loss
distributions. Therefore, this equation is inherently coupled
to the thermal field distribution.

To compute quasi-periodic AC magnetic fields, it is
interesting to substitute the vector potential Ain (2) by:

Alt)= Alt)e!?t = Alt)e! ©)

Here, the magnetic vector potential is split into a time
dependent phasor and an oscillating harmonic function. The
frequency of the oscillation f is the fundamental mains
frequency. Then, the phasor describes the long-term
magnetic field evolution related to slow time constants, e.g.
due to thermally coupled effects. A similar substitution is
obtained for the source quantities. Eg. (2) becomes a
complex equation:
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The remaining dynamic phenomena in this equation take
place on the dow (thermal) time scale; the fast oscillations
have been eliminated. The reason for this substitution is to
avoid numerical problems due to stiffness when the small
magnetic and large thermal time constants are to be combined
in a coupled ssimulation. For the steady-state field, the time
derivative of the phasor is omitted.

2) Multi-harmonic magnetic fields. When the currents
and/or voltages involved are not sinusoidal, but still quasi-
periodic, the magnetic field will contain harmonic
components as well. In that case, it is better to substitute the
time-dependent magnetic vector potential by a sum of
harmonic components:

N
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Substituting (5) in (2) yields a set of equations of the form
(4), as the frequency components are orthogonal. These
equations are then theoreticaly coupled through the
ferromagnetic non-linear reluctivity [7].

3) Magnetic saturation: In real power systems, the internal
impedance of the supply system is low enough to keep the
voltage distortion relatively limited, even when high current
distortion is found. Since the magnitude of the magnetic flux
is inversely proportional to the frequency, the fundamental
component dominates the transformer’'s magnetic field
evolution. As a consequence, it is reasonable to assume that
the saturation of the ferromagnetic core is determined by the
fundamental field component. The set of equations obtained
by substituting (5) in (2) can then be splitinto [7]:
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with h>1

Eqg. (6) is non-linear and has to be solved first to fix the
saturation level for the remaining linear equations (7), which
can be solved in parallél.

In the derivation of these frequency domain magnetic field
equations, it is assumed that the saturation level remains
constant, which is an approximation. Alternatively, a far
more complicated harmonic balance algorithm can be used

[7].

The finite element discretisation methodology is applied on
the equations (4) and (6-7). The time derivative is generally

approximated by a first order difference. Eventualy, the
algebraic system to be solved in every time step is obtained.

B. Transformer model

In general, the magnetic field model of the transformer can
be distinguished into three parts: the core, the windings and
the surrounding ‘air’.

1) Air: In principle, the surrounding air is entirely to be
included in the model as it contains the leakage flux. In
practice, aKelvin transformation is applied to the domain at a
certain distance, yielding an ‘ open boundary’ [8].

2) Core: The ferromagnetic iron core can be modelled
using an anisotropic reluctivity. It is possible to include the
effect of iron losses by using a complex reluctivity with a
phase angle due to the delay between the B and H vector [9].

3) Winding: The representation of the winding is related
to the modelling of skin effect. Therefore, a stranded
winding is represented using a uniform scaled current
density. The induction term in the magnetic field equation,
representing the eddy currents, is neglected. This
approximation is not correct for massive windings, such as
foils. They exhibit eddy currents and a non-uniform current
density distribution even for the fundamental frequency. The
skin effect imposes the necessity to mesh the foil winding
cross-sections individualy using elements having a size
which is smaller than this skin depth. Especialy in the
models with higher current harmonics, this may yield large
finite element.

C. External circuit model

The current source densities at the right-hand side of the
magnetic field equations are associated to another set of
equations, the circuit equations [6]. For a transformer,
typically two parts have to be represented in this way: the
supply side and the load. The supply is modelled by a
voltage source with the fundamental frequency and an
internal impedance. At harmonic frequencies, the voltage
source is replaced by a short circuit (Fig. 1). Theload, e.g. a
bridge rectifier, is modelled by a set of current sources, one
for each harmonic frequency (Fig. 2). The magnitude and the
phase of each current source are determined by the complex
spectrum of the load current.
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Fig. 1. Circuit model for fundamental frequency
(the part in the frame isincluded in the FEM modél).

Fig. 2. Circuit model for harmonic frequencies.



I1l. THERMAL FIELD MODELLING
A. Thermal field computation

The transient thermal field is calculated by means of a
Poisson-like differential equation:

V-(AVT)- pC% =—q(AT) (8)

with temperature

thermal conductivity

mass density

heat capacitance

heat source density (often anon-linear and

coupled expression)
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It is to be extended with mixed boundary conditions,
representing convective cooling:

oT
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The determination of the heat transfer coefficients h. towards
the medium with temperature T,, can become troublesome as
it requires the knowledge of the cooling fluid flow regime.
Based on the estimation of this state, modelled by a Reynolds
number associated with the relevant geometrical
configuration, a Nusselt number is calculated, which is a
dimensionless heat transfer coefficient [10]. Thus, the air
must not be meshed in the thermal problem.

The equations (8) and (9) are discretised in space and time
by means of the FEM.

B. Transformer model

It depends on the cooling system, which construction parts
have to be considered in the thermal model. For instance, for
air-cooled transformers, the core and the windings can be
treated almost separately. The core can be represented as an
anisotropic solid part due to the laminations.

The windings, being a complicated composite of insulation
and conductors, are usually represented by means of
equivalent (anisotropic) conductive materials.  Several
options exist:
¢ |sotropic composite:  Some types of conductors, such as

dense stranded windings can be represented by a single

isotropic thermal conductivity, calculated using a weighted
average, based on volume fractions:

Acondvcond + /1insulvinsul
Vcond +Vinsu|

Aeg =

(10)

Similar formulae are to be used for p and c.
¢ Anisotropic composite: Other types of conductors, such as
dense foil windings are better represented by an

anisotropic thermal conductivity. Two main directions are
distinguished for this type of coil, namely in the foil plane
(axial Ajtangential A;) and perpendicular to it (radia A,).
In the foil plane directions, the conductor and insulation
layers with thickness d are in paralel. The conductor
value dominates:

ﬂconddcond + ﬂinsul dinsul
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In the perpendicular direction, the conductor and insulation
layers with thickness d are in series. The insulator value
dominates:
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¢ Alternatively, a special type of element relations can be
used, in which the thin insulation layers are modelled as a
thermal contact resistance layer [11]. This approach
increases the number of degrees of freedom.

IV.LOSS COMPUTATION

The transformer losses are distinguished into the no-load
losses and the load losses. The no-load losses are amost
entirely coreiron losses. These are calculated by the FEM by
the summation of the uniform loss densities within the
eements. The loss density distribution is obtained by
estimating the iron loss values as a function of the magnetic
flux density.

The load losses, which are mostly Joule losses, can be split
into three types[3]:

e DClosses

e Additional AC losses

e Additional stray losses (in structura parts)
Current harmonics cause an increase of the additiona AC
losses and the stray losses. For a stranded winding, with a
non-prominent skin effect, the additional AC losses rise
proportionally to the square of the harmonic order, which led
to the traditional definition of the K-factor [4]. The stray
losses are very much construction dependent.

The Joule losses in the windings are calculated by the
summation of the integrated loss densities in the different
finite elements in the windings. However, a different
approach is chosen for the massive (foil) windings and
stranded windings.

e Foil windings: Both source and eddy current densities are
present in the FEM magnetic field model. The total Joule
loss is obtained by:
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e Stranded windings. Since the eddy currents are neglected
in this type of winding, only the DC losses are modelled.
The contribution of the additional AC losses is to be
estimated separately. This is accomplished by calculating
thelossesin an individual strand, subject to a leakage flux,
modelled as a small massive conductor in additional FEM
caculations. By varying the leakage flux strength, the
additional loss function f. can be estimated and added
[12]. This set of separate limited FEM calculations has to
be performed only once for a certain strand dimension.

2
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V. COUPLED PROBLEM COMPUTATION

The most flexible way to solve the global coupled problem
consisting of the multiple magnetic field equations (6-7), the
loss calculation routines (13-14), the thermal field equation
(8) and the material characteristic corrections in every time
step by means of the FEM, is block iteration (Fig. 3). This
means that the subproblems are solved independently using
specific efficient solvers with immediate re-use of the
obtained intermediate results, until convergence.  An
aternative would be the construction of a Jacobian matrix in
a Newton method. This yields a large ill-conditioned system
to solve, in particular when several harmonics are involved.
It is not always possible to derive the required partial
derivatives.

Because of the diverse physical nature of the subproblems,
not all the subproblems are solved on the same mesh. For
instance, in the magnetic fields, air is meshed, whereas in the
thermal field it is replaced by convective boundary
conditions. To transfer the results from one mesh to another,
projection or interpolation routines are used.

For steady-state problems, only the inner loop of the flow
chart in Fig. 3 hasto be solved. Transient problems require
both loops. To overcome stiffness problems due to the
difference in typical time constants of the magnetic and
thermal problem, the ‘transient frequency domain approach’,
as outlined above, has be used. As an approximation, the
time derivative term could be skipped and a sort of quasi-
steady-state problem is solved in every time step. However,
this may lead to an unstable algorithm for large time steps as
this implements a local extrapolation to a steady state, with
the danger of overestimating loss values.

Solve magnetic
field problem(s)

Calculate
losses
Solve thermal
problem

Update material
properties

conver-
gence?

y
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state ?

n
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Fig. 3. Coupled problem computation flow chart.
VI. APPLICATION
A. Transient heating simulation

A 30kVA transformer with 50 foil conductors as its
secondary winding (closest to the core) is modelled in the
described way. The primary winding is constructed of
strands. The first order magnetic FEM model (Fig. 4) is
constructed using adaptive refinement after domain based
error estimation [13]. The real component of the magnetic
field solution of the simulated short-circuit test is shown in
Fig. 5. Fig. 6 shows adetail of the leakage field.
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Fig. 5. Real part of the final magnetic field solution
of asimulated short circuit test.
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Fig. 6. Detail of the leakage flux; thefield lines péssi ng through the foil

conductors in the top the coil are associated with additional eddy currents
and |osses at that location.

A short-circuit test simulation of the transformer operated
by a sinusoidal voltage at 50Hz is used to verify the
approach. Due to the low core flux, saturation effects are
negligible. inside the foils closest to the core high eddy
currents are generated, shielding the outer foils. The
surrounding air and the air between the windings is replaced
by appropriate convection boundary conditions in the thermal
model. Anisotropic materials are used for the foils. A detail
of the solution is shown in Fig. 7, clearly indicating the
location of the hot spot in the top of the foil winding coil.
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Fig. 7. Isothermal lines of the upper part of acoil set;
on the |eft the foil conductor; on the right the wire coil.

To validate the transient simulations, measurements were
performed and compared. Fig. 8 shows a good agreement.
The difference between the steady-state temperature and the
heating rate in the measurements and the simulation is
explained by the difficult modelling of the natural convection
cooling, especialy for the coil parts within the yoke.
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Fig. 8. Comparison of measured and calculated heating of the transformer
in a short-circuit situation.

B. Thermal derating calculation

Simulations for different harmonic frequencies allow the
determination of the additional losses due to power system
harmonics. With this information, the increase of the hot
spot temperature in the coilsissimulated. This is illustrated
by estimating the impact of a harmonic current spectrum
(Fig. 9) on the transformer. The spectrum is obtained from
measurements on high power electrical drive systems. It is
limited to the 19™ harmonic.
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Fig. 9. Magnitude spectrum of the current harmonics.

In this ‘hot spot derating test’, in fact an optimisation
problem, the steady-state temperature is calcul ated for several
harmonic current magnitudes. The temperatures at the
known locations of the hot spots is retrieved and plotted in
Fig. 10 (the rightmost points indicate the non-derated current
heating; the hot spots have a more than doubled temperature).
The current magnitude for which the rated heating known
from simulations with sinusoidal currents is reached, is
interpolated. For load currents with the spectrum in Fig. 9,
this is about 3.0 A; a thermally defined derating of amost
50 % is applicable.

The transient coupled algorithm can be used to study the
heating effects under temporarily higher harmonics loads: in
this way probable damage due to overload can be predicted.
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Fig. 10. Course of the hot spot temperatures as function of the fundamental
current in the spectrum of Fig. 9; rated temperatures for a pure sinusoidal
current are indicated.



VII. CONCLUSIONS

The coupled electromagnetic-thermal computation of
transformers subject to power system harmonics is outlined.
The calculation of the magnetic field in a mixed frequency
and time domain approach is discussed, along with the
thermal modelling and loss computation procedures. The
solution of the constructed coupled problemis treated.

The methods are applied to a 30kVA three-phase
distribution transformer with a mixed stranded/foil winding.
The transient heating up is compared with measurements. A
thermal derating procedure, applicable in the design stage,
using the computation model, is presented.
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