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Abstract: A method is presented to determine the alditional |oad
losses in transformers caused by harmonic aurrents. Severa black-
box short circuit tests at different harmonic frequencies have to be
conducted on existing transformers or have to be smulated in the
design stage. A 'K-factor-related formula dlowing for the
estimation of the tota augmented losses in the transformers is
derived. This approach is dso valid for transformers containing
windings of the foil type. It is snown by means of measurements
and smulations that the rise of the losses does not foll ow a squared
dependency as it is the case with traditional wire winding
transformers. An dternative K-factor definition to be used with
these transformers seems to be necessary and is provided here.
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I. INTRODUCTION

Transformers carying current harmonics or supplied by
non-sinusoidal voltages, exhibit additiona load losss, often
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 ocaur. To estimate the derating of the
transformer, the load's K-factor may be used. This factor
refleds the additional load losses and is derived for
traditiona wire wound transformers[1-7].

Nowadays however, alternative winding designs such as
foil windings or mixed wireffoil windings are applied in
transformers, such as distribution transformers.  For these
transformers, the standardised K-factor does not refled the
additional load losses anymore. The actual K-factor proves
to be strongly construction dependent. Therefore, it is
imposshble to define the K-factor of the load as such and it

should be determined at the design stage of the transformer
by the given load data, using field simulation methods [3], or
measuring techniques guch as the method proposed here.
This approach is explained and ill ustrated in this paper using
exigting foil -winding transformers.

II. ADDITIONAL LOSSFACTOR 'K’

To define the frequency dependent additi onal lossfactor, a
resistancefactor ‘K,g' isdefined:

RAC(f )_RDC
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with Rpc the euivalent series DC-resistance and Rac the
series AC-resistance  This AC resistance depends on the
frequency due to the arrent redigtribution in the winding and
other additional loses. Hence this factor indicating the
relative increase of the transformer’s sries resistance is, a
function of the mnsidered frequency. This dependence
differsto a major extent according to the mnstruction and the
placement of the windings.

Finally, the frequency dependent additiona loss factor
'Kap' is determined by (2), which requires the knowledge of
therelevant harmonicsin the load current’s spedrum.

If
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with K, addtional lossfactor
Kup resistancefactor
I current a harm. frequency f
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To determine this factor for a given transformer, prototype
or computation model, the series resistances or short circuit
resistances have to be determined, either by measurement or
by numerical smulation and post-processng of the resulting
fidds.

. MEASURING METHOD

The load losses and asciated resistances are determined
by performing a series of short circuit tests at different



frequencies, during which the transformer is considered as a
'black box'. In these tests, the no-load |osses can be negleded
and the transformer is supposed to behave linealy as the flux
level is very low. The short circuit test is performed at the
relevant harmonic frequencies. It is important that the
transformer is brought to its rated operationa temperature
first, since the resistances are temperature dependent. In
particular the resigance of the foil windings often has a
higher temperature in the regions with the highest current
densities.

The driving source for these tests is a rotating generator
suited for higher speedsfrequencies or a set of power
amplifier(s)/converters in combination with accurate signa
generators both with a very low harmonic content. The
sources do not have to be of the same power rating and
voltage levels as the transformer, as only the losses have to
be supgied during the est. When suppying the highvoltage
winding, the required current magnitude remains moderate.
The DC-resistance is obtained by extrapolation of the low-
frequency resistance values obtained from the set of AC
measurements or can be measured separately.

V. COUPLED ELECTROMAGNETIC-THERMAL
SIMULATION METHOD

A. Magnetic field simulation

When applying appropriate smulation tedniques, the
magnetic field in and around the @reis for instance obtained
by using time-harmonic finite éement methods (FEM). It is
important that the eldy currents and leakage fields are
considered in the simulation since they determine the
frequency dependency of the load loses. In the finite
element method, this means that conductors with dimensions
larger than the skin depth, have to contain elements snaller
than the skin depth. The ‘air’ included in the model hasto be
modelled sufficiently large, which can be accomplished by
means of transformations [8]. To define the loads and
sources and to describe the @il connedions, the 2D magnetic
FEM modd is extended with externa circuit equations.
Often a partiad 2D mode is sufficient. 3D models can be
used for special coil arrangements, or to determine the
concentrated circuit parameters of the externa eedric
circuit.

The magnetic field B is slved, using the magnetic vector
potential A[8]:

B=0OxA 3)

In 2D, equation (4) is obtained wsing this vedor potential in
the Maxwell equationsin the time domain:

0 (A)DA)—ag—tA =-J, (4)

with o the dedricd conductivity and v the saturable
magnetic relucitivity. However, to study the steady state, itis
more interesting to transform this equation to the frequency

domain by assuming that the solution can be written in the

form (5). The resulting equation (6) has to be solved for
every frequency w=2T1f of interest.
Alt) = Aexdjat) €)
0. (A)DA)- jawoA =-J, (6)

The aim of the simulation is to calculate the field in the
short circuit test. The most easy way is to apply current
sources Js carying the rated current. Because the field
magnitudes are not large, saturation is relatively unimportant
and the numerical solution is obtained relatively fast. The
magnetic reluctivity v remains approximately constant.

B. Losscalculations

Saturation and iron losses can be negleded in the short
circuit test. In this case, the set of equations of the type as
found in (6), each having a different (harmonic) frequency, is
linea and can be decoupled to calculate the joule losses. In
the post-processing step, the losses are determined by adding
the individual lossintegrals ge of the finite dementse. The
principal losses in fail windings are due to joule losses
associated with the source and the eddy currents:

(9, + jwoAy
g

Poi = RAC(f)I 2= g% ZEJ aQ  (7)

e

The aldy current losses in wire windings may play an
important role aswell and have to be added separately, after a
set of linea calculations. These losses do not follow diredly
out of the FEM result, since the @nductors are not modell ed
individually — as in the @se of fail conductors. For these
conductors, the eldy current terms jcwogA are not included
diredly. These losss are generated by externally imposed
leakage fluxes, but do not cause asignificant change in these
leakage fluxes as long as the size of the conductor is snaler
than the local skin depth. So superposition of these eldy
current and the other lossesis all owed.
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calculation
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Fig. 1. Wire winding under externally impaosed flux.

This eddy current lossvalue for wire windings of a given
size can be alculated by a separate set of short FEM
calculationsin which a unity flux isimposed on a completely
modelled individual wire (Fig. 1) of the exact size, followed
by a loss calculation sep. For flat wire onductors, small
changes in the loss value might occur depending on their
orientation towards the flux which requires additiona
calculations for different orientations towards the leskage
flux.

This yields the graph of Fig. 2 in which the typica
quadratic dependency can be reagnised up to the point
where the skin effed begins to ocaur. From this point on, a
more linea characteristic is found. This graph describes the
increased loss compared to the loss due to external leskage
fluxes at fundamental frequency.
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Fig. 2. Eddy current lossin the winding wire of Fig. 1
under unity flux asa function of frequengy.

Together with the winding's filling factor, the function
fodf) plotted in Fig. 2 is used as a weighting function for the
local eddy current lossin a wire winding element subject to
the FEM-calculated leakage flux. This yields the formula (8)
describing the lossin a wire winding, which is an adapted
version of (7):

Pue = R =S 0, :z% w11 )-Bzﬁoe ®

C. Coupling to the thermal field

One has to be areful to take the mrred eledrical
conductivity in (4), (6) and the lossformulae (7-8), sincethis
material parameter depends on the local temperature: a(T).
To determine this temperature, the thermal field associated
with the local lossvalues is computed by (9), extended with
appropriate thermal boundary conditions, such as convetion.

T
0(kaT)- e =0 9)

with A thermal conductivity
o) massdensity
c hea capacity

Particular attention has to be paid to the modéling of the
insulation layers in the FEM models. Speda types of
elements are proposed for this purpose [9] and used in this
approach.

Likewise, the magnetic equation is coupled to the thermal
equation by the function describing the temperature
dependency, expresed by factor a, of the dedricd
conductivity:

(10)

ofr)=—r°
1+a(T-T,)



The solution of this coupled problem set may be obtained
by smply iterating over the non-linea set of steady-state
equations (6) and (9) without the time derivative, using a
block GaussSeidel algorithm [10]. Often the @mnvergence of
this approach is dow and difficult, espedaly when
troublesome | arge conductive areas such asfoil crosssedions
areinvolved. In these regions, serious temperature gradients
of up to a difference of 50°C between the hottest point and
the average value @n be identified. These gradients
destabili se the numericd solution process If convergenceis
problematic, other iteration methods may be required, such
as:

*  Full coupled Newton-Raphson method : In thiscaseit is
necessry to derive all partia derivativesin the Jacobian
matrix. This can become a difficult approach when
different meshes are used and advanced loss calculation
techniques are required [9,10]. Moreover, since the
therma and magnetic material parameters differ several
orders, the wefficientsin the large Jacobian matrix show
several orders of difference as well. Therefore, in
practice the Jacobian equation usually is ill -conditioned
and demands for a robust, but expensive solver such as
GMRES. Fortunately this approach can be simplified by
employing differences to dbtain the (approximate)
Jacobian.

e Caculate by means of a more stable transient solution
processinstead o iterating on the steady state eguations:
In the FEM equations, the presence of a transient term
containing the time derivative, has a stabilising effect
(strong diagonal dominant matrices). It can be observed
that the transent cdculation process converges better
than the dired steady-state approach. However, it is not
possble within a reasonable time to calculate the full
sinusoidal waveforms based on equations (4) and (9).
The only solution of interest here is in fact the sow
dynamic change of the fields, induced by the slow time
constants related to the temperature changes. This
evolution can be extracted by solving a newly derived
adapted formulation of (4) in which only the time
evolution of the fidd amplitude ad its phase are
calculated. This novel formulation is obtained by
replacing the mnstant complex phasor in (5) by a time
dependent complex phasor in (11), yielding the time
dependent complex equation (12):

Alt) = Alt)expljt)
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V. MEASUREMENT APFLICATIONS
A. Single-phase wire winding transformer
The additional loss factor of a commercial, sngle-phase

dry-type transformer (1.6 KVA, 230400 V) with a wire
winding on the primary and semndary is determined by

measurements. During the short circuit tests, the transformer
is suppied by a power amplifier. As predicted theoreticdly,
the resulting K-factor follows the harmonic order
quadratically (Fig. 3).

- o= K=h?

600 p
==K from measurements
500

0 200 400 600 800 1000 1200 1400

Fig. 3. Additional lossfactor of awirewinding transformer.

B. Threephase transformer with low voltage foil winding
andhigh voltage wire winding

A dry type, threephase distribution transformer (30 kVA,
400V/3 kV, connedion Yy) was experimentally assessed as
well. A high-speed synchronous generator was used as the
threephase suppy. The low voltage winding of the
transformer consists of a fifty layer foil winding in which a
significant current redistribution was found. The outer high
voltage winding is constructed as a conventional wire
winding.

Due to the presence of the fail s, the frequency dependency
of the eddy current and stray field lossesis not quadratic (Fig.
4), asisfound in the shape of the additional lossfactor curve.
When fitted, the exponent of the arveis 0.74, so a quadratic
‘K-factor’ relation is not appropriate for this type of
transformer. Thenumericd values of the factor are generally
lower than the values obtained with corresponding wire
wound transformers.
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Fig. 4. Additional lossfactor of a three phase foil winding transformer.



V1. DESIGN APRLICATION USING FEM SIMULATIONS

Thetransformer isdesigned as an aternative for the single-
phase transformer in V.A. It containswith a low voltage foil
winding and highvoltagewirewinding. The method is
applied to a FEM mode of this snal single-phase
transformer.  The foils have to ke fully discretised by
trianguar finite dements in order to be able to model the
internal eddy current distribution with the necessary accuracy
[10]. The strands in the high voltage wire winding are not
modelled individually. The stray and eddy currents losses
occurring there ae computed by different FEM models with
individual strands in an externa (leakage) field. These
values are superposed in a post-processng step. A detail of
the modd isshownin Fig. 5.

low voltage
foil winding

high voltage

ironyoke wirewinding

Fig. 5. Detail of the finite dement mesh,
used to compute the load losses at harmonic frequencies.

The FEM model allows determining the load losses for the
different foil layers. Fig. 6 illustrates that layers close to the
core show an amost linea frequency dependency, whereas
the outer layers rather show a square-roat like characteristic.
This behaviour can be eplained by the shidding effects,
leading to stronger internal eddy currents, of the inner foil
layers towards the enforced leakage flux. A graph such as
Fig. 4 is obtained by appropriately adding and averaging the
curvesin Fig. 6.
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Fig. 6. Additional lossfactor ohtained from FEM simulations for the
different foil layers; thelower curves originate from the outer layers.

VIlI. CONCLUSIONS

A practical method to determine the frequency-dependent
additional loss factor for transformers, subject to a
harmonicdly distorted load current, is presented. Only short
circuit tests at harmonic frequencies have to be performed
experimentally or smulated.

The approach is applied to a transformer with a
conventional wire winding, showing a quadratic frequency
dependency. The applicaion to a transformer with the low
voltage winding manufactured as a foil winding showed that
the K-factor can not be calculated with quadratic, but with
rational exponents. With this approach in the design stage,
using field smulations based on the finite dement method,
the lossesin the different foil layersin alow voltage winding
show different frequency dependencies, ranging from linea
to squareroat characteristics. These loses are @lculated
with great detail to allow an accurate modelling of the eldy
current lossesin bath foil aswell aswire windings.
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