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Future grids will experience a strong growth
of harmonic currents due to the increase of
non-linear loads leading to increased tempera-
tures and accelerated degradation of trans-

formers

ABSTRACT

Due to the increasing number of elec-
tronic devices with non-sinusoidal
power supplies applied in today’s
grids, transformers are being subject-
ed to enhanced internal heating. Also,
additional heating of transformer
coils is caused by current waveform
distortions due to non-linear loads,
which in turn induce additional har-
monic components to the fundamen-
tal (power frequency) current. The
additional heat production, together
with the normal heat from the trans-
former under load, leads to accelerat-
ed insulation degradation and reduc-
tion of the transformer lifespan. This
paper discusses possible mitigation
solutions for harmonics on trans-
formers, ranging from specification
of the transformer to monitoring and
operational measures.
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1. Introduction

Among various power quality problems, it
is mainly the presence of harmonics in the
network that interacts adversely with the
network components and causes incon-
veniences to the network operators and
consumers or producers connected to the
grid. The operation of power electronic
devices produces harmonic currents that
lead to additional harmonic power flow
and increase the network’s total apparent
power demand while decreasing the true
power factor of the network. Large har-
monic currents can also cause overloading
and additional power losses in network

components. It may lead to high thermal
stresses and early aging of the transformer.

In the future electricity infrastructure,
which is characterized by the usage of
multiple power electronics devices, har-
monics can become a problem for the
network manager. Various costs due to
harmonics include operational costs (e.g.
increased power losses), aging costs (e.g.
reduced lifetime cost) and costs due to
equipments maloperation. This paper
presents the sources of harmonic loading,
the impact of harmonics loading on the
losses of a transformer, the additional rise
of the transformer temperature and the
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additional loss of life due to the elevated
temperature. Also, mitigation of the im-
pact of harmonic loading on the trans-
former is discussed.

2. Harmonics sources

In the last decade, there has been a
growing concern about harmonic
distortion and the effects of harmonics
in power systems. In Europe, the
transmission and distribution  grids
are designed to carry the fundamental
50 Hz frequency current. Harmonic
frequencies are integer multiples of
the fundamental supply frequency, i.e.
for a fundamental of 50 Hz, the third
harmonic would be 150 Hz and the fifth
harmonic would be 250 Hz.

When talking about harmonics in power
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installations, it is the harmonic currents
that cause most of the concern, because
they are responsible for the detrimental
consequences. Although it would be more
useful to analyze the impact of the spec-
trum of the current harmonics, it is com-
mon to include only the total harmonic
distortion (THD) figures.

Harmonic currents have been occurring
in the electricity supply system for many
years. Initially they were produced by the
mercury arc rectifiers used to convert AC
to DC current for railway electrification
and for DC variable speed drives in indus-
try. More recently, the range of equipment
types and the number of equipment units
causing harmonics have risen sharply
(e.g. due to electrical vehicle charging, PV
farms and windfarms), and will continue
to rise, so a careful study of the impact is
to be considered [2].

Harmonics are generated by non-linear
loading. Typical non-linear loads are
caused by [1]:

+ computers

+ UPS systems

« variable speed drives

« inverters

« magnetization current of transformers

Harmonic currents cause additional los-
ses in the transformer, resulting in a high-
er temperature, and a reduction of the
transformer lifetime. The additional losses
depend on the harmonic spectrum of the
load current, and on the transformer de-
sign.

The triple harmonics (3, 9%, 15%, etc.) are
the major cause of heat production be-
cause the phase currents add in the neu-
tral conductor. The magnitude of the har-
monic current produced by the triples can
cause the neutral conductor to overheat.
Distribution transformers are configured
with a delta-wye (Dy) connection to re-

The growing impact of harmonics on trans-
former degradation calls for mitigating mea-
sures in the specification, design, operation
and monitoring of transformers
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duce the effects of harmonics. The triple
harmonics are trapped and circulate in
the delta primary of the transformer. Thus
the harmonic content reflected back to
the source (the medium-voltage network)
is reduced. The circulating harmonics in
the delta connected winding of the trans-
former create heat because of their higher
frequencies.

Next to problems with the triple harmo-
nics, a transformer feeding a converter
or inverter can also experience problems
with other harmonics. The typical harmo-
nics (h) in a semiconductor bridge can be
calculated by using the formula: h=p-k+1.
Here p is the pulse number of the bridge
(6,12) and kisan integer (1,2 ..., n).

For a 6 pulse bridge the typical harmonics
are:5,7,11,13,17,19, 23, 25, etc. Fora 12
pulse bridge the typical harmonics are: 11,
13,23, 25, etc.

3. Transformer losses

Losses in transformers can be separated
into three categories:

a. no-load losses
b.load losses

c. cooling losses (caused by fans or pumps
for the cooling of the transformer)

In the following, we will discuss the no-
load losses and the load losses in more
detail.

3.1. No-load losses

Even without feeding a load, a trans-
former experiences losses. A magnetizing
current is required to compensate for the
losses due to energy dissipation while the
alternating flux in the core is being main-
tained. This loss is known as the core loss,
no-load loss or iron loss. The core loss
is present whenever the transformer is
energized, and represents a constant and
therefore significant energy drain on any
electrical system. In addition, the alternat-
ing fluxes also generate alternating forces
in the iron core and thereby acoustic
noise.

The core loss consists of two components:
the first one, the hysteresis loss, is pro-
portional to the frequency and depends
on the area of the hysteresis loop in the
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Figure 1. Extra losses due to harmonics

Current harmonics cause additional eddy
current losses in the winding and conduc-
tive structural elements, while core losses
are affected by harmonics only in relation to

voltage distortion

B-H diagram. It is therefore typical for the
materials used, and depends on the peak
flux density. The second component is the
eddy current loss that is dependent on the
square of the frequency, the square of the
thickness of the material and the resistiv-

ity.

Minimizing hysteresis losses therefore
implies application of a material having a
minimum area of hysteresis loops, while
minimizing eddy current loss is achieved
by building a laminated core with thin lay-
ers of high resistivity.

3.2. Load losses

The load loss of a transformer is the
part generated by the load current, and
it varies with the square of the load
current. It consists of three contributing
causes:

« resistive loss within the winding con-
ductors and leads
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« eddy current loss in the winding con-
ductors

« eddy current and stray losses in the
tanks and structural steelwork

The latter two categories are also referred
to as “extra losses”

Resistive loss follows Ohmss law and can
be decreased by reducing the number of
winding turns, by increasing the cross-
sectional area of the turn conductor, or
by a combination of both.

Eddy currents arise from the fact that
not all the flux produced by one winding
is captured by the other winding.
This leakage flux also adds to the
short-circuit reactance or impedance
of a transformer. The transformer
impedance is a valuable tool for the
system designer to determine system
fault levels to meet economic limitations
of the connected plant.

The path of eddy currents in winding
conductors is complex. The magnitude
and location of this leakage flux depends
on the geometry and construction of
the transformer. Leakage flux in the
transformer windings results in radial
and axial flux changes at any given point
in space and any moment in time. These
fluxes induce voltages which cause
currents to flow perpendicular to the
original fluxes. The magnitude of these
currents can be reduced by increasing
the resistance of the path through which
they flow, and this can be effected by
reducing the total cross-sectional area of
the winding conductor, or by subdividing
this conductor into a large number of
strands insulated from one another (in
the same way as laminating the core steel
reduces eddy-current losses in the core).
However, the former alternative increases
the overall winding resistance and
thereby the resistive losses. Conversely,
if the overall conductor cross-section
is increased in order to reduce resistive
losses, it results in an increase of the eddy
current losses. This can only be mitigated
by a reduction in strand cross-section
and an increase in the total number of
strands. Itis costly to wind a large number
of conductors in parallel and therefore
a manufacturer may wish to limit the
total number of parallel strands. Also, an
increased number of strands increases
the amount of insulation material, thus
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yielding a less favorable winding-space
factor. It is evident that in a transformer
with a low reactance, winding eddy
currents are less of a problem than in high
reactance transformers.

At very high currents (e.g. >1000 A),
fluxes generated at the main leads can
give rise to eddy current losses in the ad-
jacent tank structure.

Higher frequency components in the
load current (harmonics) cause addition-
al losses because harmonics do not fully
penetrate in the conductor due to the
skin effect. This causes the effective cross
sectional area of the conductor to de-
crease, thereby increasing the resistance
and the I’R losses, which in turn heats up
the conductors and anything connected
to them.

Harmonic currents also increase the
eddy current losses in transformers.
In case of harmonics, the eddy current
losses are of prime cause of concern be-
cause they increase approximately with
the square of the frequency. The no-load
losses are transformer core losses, which
are affected by harmonics only in relation
to voltage distortion, but not in relation
to current distortion. Consequently, the
increase in no-load losses due to har-
monics is usually negligible. Load los-

Top winding

Bottom winding

Figure 2. Loading guide thermal diagram
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Advanced thermal modeling fine-tuned by
measurement or augmented by incorporat-
ing a hotspot sensor may be used to esti-
mate the effects of harmonic currents on

the loss of lifetime

ses, on the other hand, are significantly
affected by harmonic currents.

As described earlier, load losses consist
primarily of resistive (or I°R or ‘copper’)
losses and extra (eddy current) losses.
Due to harmonics, not only the eddy
current losses but also the resistive losses
increase. By definition, the loss increase
due to the presence of harmonics is usu-
ally also designated as “extra losses’, Fig. 1.

4. Calculation of the hot spot
rise

The insulation system of a transformer
consists of paper and oil. Both suffer from
(thermo-chemical) aging, but paper de-
gradation is usually considered more cri-
tical because it is (virtually) irreversible.
Any (unexpected) increase in the load
results in a rise of the temperature and
consequently affects the thermal decom-
position of the paper. Due to the fact that

Average oil

Bottom oil

the temperature distribution in a winding
is not uniform, the hottest section of the
transformer (the so-called “hotspot”) will
subsequently be suffering the most.

The hotspot temperature cannot be
measured if no hotspot sensor is built
in beforehand, and is usually estimated
from a thermal model, the loading guide
(as described in IEC 60076-7 (3] or IEEE
C57.91-2011 [4]). The estimation is
based on the thermal diagram shown in
Figure 2.

The model calculates the relevant
oil temperatures and the hotspot
temperature as a function of load
(current) and ambient temperature using
a number of transformer characteristics.
These characteristics may be derived
from the transformer heat run test or, if
not available, default values for different
transformer designs may be taken from
the standard.

Hot spot

Temperature rise
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Table 1. K-factor for different types of loads

K factor Load type

1

Resistance heating, motors, distribution transformers

4 Welders, induction heaters, fluorescent lighting
13 Telecommunication equipment
20 Mainframe computers, variable speed drives, desktop
computers
For new-build transformers, harmonic load- and lifetime  several  mitigation

ing should be incorporated in the specifica-
tion and design of transformers

In case harmonic currents are present,
their effect on the hotspot temperature
is accounted for by adjusting the
load current, thus yielding a hotspot
temperature including the effect of
harmonics.

5. Thermal aging of
transformers

The actual lifetime of a transformer de-
pends on a number of parameters and
possible events such as over-voltages,
short-circuit currents and emergency
overloading. In this contribution we pri-
marily focus on the additional aging due
to harmonic currents as compared to
power frequency currents. The presence
of harmonics introduces an additional
thermal input, thereby causing the hot-
spot temperature to rise above the power
frequency value.

In the loading guide thermal model, the
hotspot temperature is used to determine
the aging rate of the insulating paper and,
consecutively, the loss-of-life of the trans-
former.

As a matter of fact, the loading guide
thermal model does not estimate the ac-
tual lifetime but the relative loss-of-life; in
other words: the loss-of-life as compared
to a reference. There are two references,
one for Kraft paper and one for thermally
upgraded paper:

1. The reference for Kraft paper assumes
an indicative lifetime of about 30 years
at a continuous hotspot temperature of
98 °C, and is stipulated by IEC.
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2. The reference for thermally upgraded
paper assumes an indicative lifetime of
about 20 years at a continuous hotspot
temperature of 110 °C, and is stipulated
by IEEE,

Recent insights indicate that 110 °C is a
realistic value for all kinds of paper under
optimum conditions, whereas 98 °C is
considered a more practical and realistic
temperature considering that conditions
are never optimal due to the presence of
water and oxygen. It should be noted that
there is agreement to the model as such,
but there is still a debate about the indica-
tive lifetimes.

Since harmonics introduce additional
losses and therefore additional heat dis-
sipation in transformers, harmonics may
have a large influence on the lifetime of
the transformer, resulting in an increased
loss of life, or lifetime consumption. With
the thermal model it is possible to esti-
mate the additional loss of lifetime due to
harmonics.

The consequence of an increased
hotspot temperature in the winding,
caused by harmonics and resulting in
an increased loss of life poses a risk of
premature failure. This risk may either
be of an immediate short-term nature
or may only be evident after cumulative
deterioration of the transformer over
many years.

6. Mitigation

To reduce the effect of harmonic
currents on transformer degradation

measures can be taken. During the
specification or selecting of the
transformer, harmonic loading must be
considered, and transformers may be
designed so that they can manage the
additional heat production. For trans-
formers loaded with harmonics, a factor
K representing the increase in eddy
current loss can be used. In the US
practice, the K-factor is used to account
for the eddy current losses when driving
non-linear and linear loads:

h
K:;ﬁw (1)

The presence of harmonics increases the
K-factor indicating that the transformer
must be designed to sustain additional
heating. Table 1 gives indicative values for
difterent types of loads.

Next to purchasing a transformer with
an adequate K-factor, it is also possible
to specify the harmonics spectrum of the
current at the rated load and demand
from the manufacturer that the design is
able to handle that.

During the design of the transformer,
it is possible to calculate the influence
of harmonics by calculating the
additional losses caused by harmonic
transformer loading. As described
carlier, the load losses in transformers
are subdivided into DC (I?R) losses,
eddy current losses in windings
and connections, and stray losses in
conductive structural parts of the
transformer.

The design can contribute to the reduc-
tion of additional transformer losses due
to harmonics e.g. by the choice of mate-
rial used in the transformer (copper vs.
aluminum windings, iron construction
vs. non-ferro metal or stainless steel con-
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struction). For large transformers, often
the wires in the windings are separated
into small sections in parallel. The smal-
ler the wire, the lower the extra losses will
be. To reduce the effect of transformer
aging, one may use thermally upgraded
paper and/or reduce the temperature
rise within the transformer. A particular
point of interest is field control near the
hotspot in order to avoid multi-factor
stress.

When harmonics are expected during
operation, the risk may be monitored
by incorporating a hotspot sensor in the
design, in order to monitor the hotspot
temperature and predict the additional
loss-of-life. A special point of attention
in that case is to ensure that the sensor
itself does not introduce field non-
uniformities. If a hotspot sensor is used,
it is also possible to use that information
for a more accurate thermal model of the
transformer.

Normally losses are measured at the
power frequency (50 Hz). To find out
whether harmonics have a significant
impact, it is recommended to measure
transformer losses both at DC, at the
standard sinusoidal power frequency
current and at a frequency higher than
power frequency. By combining these
three measurements, it is possible to
establish the eddy current losses in the
windings and in the structural parts. This
information can be used to fine-tune
the thermal model of the transformer
and calculate the hotspot temperature
during operation. Fine-tuning the
model does however require a heat run
test to establish the proper transformer
characteristics for such a fine-tuned
thermal model.

For transformers already in operation
it is, of course, not possible to adjust
the design or perform additional tests.
In case harmonics are likely to occur,
it is recommended to monitor the
(harmonic) loading and adjust loading
limits accordingly.

Further monitoring may be used
to observe whether heat induced
degradation effects are occurring at
higher rates than expected. Dissolved gas
analysis (DGA) may be applied to track
thermal defects, and furfural analysis
may provide evidence for accelerated

paper aging.
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For transformers in service, the impact of
harmonics may be mitigated by a combina-
tion of load control and transformer moni-

toring

Concluding remarks

In the future grid, transformers will in-
creasingly be subjected to harmonic load-
ing (e.g. due to the growth of PV- and
windfarms, power electronics, power
storage systems, and loading facilities for
electrical vehicles). If no preventive ac-
tion is taken, this will lead to enhanced
degradation, a shorter life time expecta-
tion and, eventually, an increased failure
rate.

For new-build transformers, harmonic
loading should be increasingly
incorporated in the specification
and design of transformers. In the
manufacturing process more focus may
be needed on controlling the hotspot
temperature, with the aid of advanced
thermal modeling techniques. Also the
use of built-in hotspot sensors may be
considered, but care must be taken to
avoid detrimental effects.

For transformers in service, advanced
thermal modeling may be used to esti-
mate the effects of harmonic degradation,
and the impact of harmonics may be miti-
gated by a combination of load control (to
prevent overheating), and on transformer
monitoring (to timely detect temperature
defects and enhanced thermo-chemical

aging).
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