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On-Load Tap-Changers for
Distribution Transformers
as a Means to Connect More
Renewables to the Grid
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On-Load Tap-Changers for Distribution
Transformers as a Means to Connect
More Renewables to the Grid

Manuel Sojer, Thomas Smolka
Maschinenfabrik Reinhausen GmbH, Germany

Abstract On days when large amounts of

distributed renewables feed into the
Many nations have defined ambitious  distribution network challenges arise.
goals for the future share of renewa- Voltage band violations are the primary
bles in their power generation. The problem. In line with the 50160 standard,
consequent increase in photovoltaic  DNOs are required to maintain a voltage
installations and wind mills will also  within a band of +10 % around the

create a paradigm shift in the network rated voltage in the distribution network.
infrastructure since renewables have a  Traditional remedies to ensure stables
volatile profile, are usually installed in a  voltages despite a growing proportion
distributed fashion and thus connected of renewables are grid expansion

to medium and low voltage networks. measures like deploying additional cables.
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Common to all these traditional

remedies is that they are quite costly.

The use of on-load tap-changers in

distribution transformers is an alternate
solution to these traditional measures.
This concept is derived from power
transformers including on-load tap-
changers as they are used in primary

substations.

A distribution transformer with on-load
tap-changer decouples the voltage in
the medium voltage network from the
voltage in the low voltage network in
such a way that the complete voltage
band of +10 % is available in the low
voltage network. This can lead to a
capacity increase for the connection of
renewables by the factor four in the
low voltage grid allowing the economic
connection of photovoltaic installations.
Moreover, as soon as a complete medium
voltage ring is equipped with voltage
regulated  distribution  transformers,
there is a similar positive effect for the
economic connection of wind based
renewables in the medium voltage

network.

While traditional on-load tap-changers
are too expensive and too large to be
deployed in distribution transformers,
recent developments of special distri-
bution level on-load tap-changers can
fill this gap.

Introduction: turned

upside down

Energy

Stopping or at least slowing global

warming requires the large-scale

integration of renewable energies. As a

consequence, many nations have
defined ambitious goals concerning the
future share of renewable energies in
their power consumption in the 20-20-20
targets and have introduced measures
to achieve these goals such as incentives
and subsidies. Germany is particularly
ambitious and plans to double the share
of renewable energies in its power
consumption by 2020, ultimately striving
to cover 80 % of its demand for power
with renewable energies in 2050. From
what can be seen today, most nations
have had a successful start with their
programs and the share of renewable

energies is growing.

However, the resulting paradigm shift
in energy generation will also lead to a
paradigm shift in the underlying grid
infrastructure. Renewable energies have
a volatile feed-in profile and are usually
installed in a distributed manner. They
are thus in stark contrast to traditional
sources of energy which used to be
placed closely to large loads and which
could be controlled in accordance with
the loads they supply. The existing
grid infrastructure has been optimized
for a unidirectional distribution of energy
from a few large controllable power
plants to many consumers, passing
from high voltage grids to low voltage
grids. In consequence, the existing
grid infrastructure has a hard time coping
with the ever growing number of
distributed, volatile renewable energies
that supply to the grid on all voltage
levels available and that cannot be
turned on or off in synch with power
consumption. Germany alone has more
than 2.3 million of PV systems and
over 20 thousand wind turbines

installed today already.
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Voltage band constraints as the
primary technical challenge in
distribution grids

Two primary technical challenges result
in the grids from the transition to a
low carbon power supply: Thermal
overload of assets, mainly affecting the
transmission network, and maintaining
stable voltages within the specified
bands, being the key challenge in the
traditional

distribution network. The

and proven, yet costly, remedy for
both topics is grid extension. For Germany
alone, simulations project between
50,000 and 60,000 additional kilometers
of cable in the low voltage grid, between
70,000 and 120,000 additional kilometers
of cable for the medium voltage grid,
and between 10,000 and 20,000
additional kilometers of cable for the
high voltage grid until the year 2030.
The financial equivalent to these
numbers are investments between 25
and 40 billion Euros over the next two

decades.

The distribution grid challenge of main-
taining stable voltages within the specified
bands relates to the respective norms
covering which voltages are acceptable
at network connection points. For Europe,
EN 50160 mandates a voltage within
a band of 10 % around 230 V. Today,
the entire resulting tolerance range of
20% is spread over both medium and
low voltage grid since there are no
further voltage regulation devices after
the primary substation with its transformer
equipped with an on-load tap-changer.
As Figure 1 shows, this leaves only
limited room for voltage rises from the
feed in of renewable energies. A large

portion of the 20% range is consumed



by voltage drops during load, regulation
bandwidth of the transformer in the
primary substation and imprecision of
the transformer in the secondary sub-
station.

Distributing the remainder of 5 %
between medium voltage and low
voltage grid leaves only very limited
headroom for voltage rise from the
feed-in of renewable energies into these
two voltage levels. In consequence,
the thermal capacity of the network
assets are usually far from being
reached when voltage band concerns
constrain the integration of additional
renewable energies and necessitate
the deployment of additional equipment

such as cables or transformers.

Since distribution network operators in
most countries are legally obligated on
the one hand to connect distributed
generation systems to their grid without
delay and on the other hand must con-
tinue to ensure a reliable supply of
voltage, they are currently forced to

invest heavily into their grids.

On-load tap-changers in distri-
bution transformers as an alter-
native

On-load

transformers are an alternative solution

tap-changers in distribution
to such network expansion measures
with economic advantages. The under-
lying technology is known from high
voltage grids. It has been industrialized
more than 80 years ago by Maschinen-
fabrik Reinhausen and relies on chang-
ing the number of active windings of a
transformer with an on-load tap-chang-
er to control its voltage.
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substation

Low waltage grid

I voltaae tise (toen beed-in

Figure 1:

Voltage band in accordance with EN 50160

Figure 2 shows how this concept can
be applied to the distribution grid. A
secondary substation connecting the
20 kV grid with the 400 V grid is
equipped with a special distribution
transformer that comes with an actuator
such as an on-load tap-changer that
allows changing the voltage of the
transformer dynamically under load.
The market offers different technological
concepts for such actuators. Advanced
solutions allow an actuator to be

installed without having to change the
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dimensions of the transformer. This is
the only way to ensure that a voltage
regulated distribution transformer can
be used in all existing secondary
substations. Particularly with regard to
the large installed basis of compact
stations, this requirement is a central
point for almost all distribution network
In addition,

lifespan that corresponds to that of the

operators. an actuator
transformer with no or only minimum
maintenance is usually a primary,

economically based requirement. This
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Figure 2: Concept of voltage regulated distribution transformer
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requirement is frequently hard to fulfil
for concepts based on power electronics.
Moreover, advantageous concepts
facilitate a large regulation bandwidth
in that they can significantly alter the
voltage of the transformer while at the
same time allowing for fine-grained
regulation steps in order to avoid

network effects such as flicker.

In order for the actuator to facilitate
the voltage changes required to stabilize
that grid some intelligence needs to
determine when which actions are
appropriate. This is the role of the
controller which relies on algorithms to
determine the right reactions given the
current state of the grid. To assess the
latter it relies on sensors which in the
most simple setup measure values on
the low voltage bus bar of the secondary
substation. In more complex setups
there can also be sensors deployed
deeper in the low voltage grid, e.g. at
the end of the most critical feeders.
For most situations classical bus bar
control is sufficient. In case of remote
sensors being deployed they can com-
municate with the controller via GSM

or Broadband Power Line.

In comparison to other conceivable
solutions for voltage control in the
distribution grid such as distributed energy
storage or inverters providing reactive
power, voltage regulated distribution
transformers seem advantageous since
the technology they are based on has
proven itself over many decades in the
high voltage grids. Moreover, they
seem highly economical since they
facilitate a high degree of compatibility
with existing network infrastructures

and the processes of network operators.

Lijm) 2
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Figure 3: Distribution transformer with on-load
tap-changer

When a network operator selects an
appropriate technical concept there is
basically no difference between the
operation of a regulated or an unregu-
lated distribution transformer. Figure 3
shows a photograph of a distribution
transformer with an on-load tap-changer
which on the outside is hard to distinguish
from a regular distribution transformer.
The only visible difference is the blue
block between the bushings. It contains
a motor unit required to move the on-load
tap-changer integrated in the transformer
tank.

The effect an on-load tap-changer in a

ELECTRICAL ENGINEERING

distribution transformer has on the grid
can be seen in Figure 4: It decouples
the voltage of the medium voltage grid
from that of the low voltage grid in
such a way that the complete voltage
band of #10 %

voltage levels. This is realized by its

is available in both

functionality to “reset” the voltage in
the secondary substation, i.e. no matter
what the voltage of the medium voltage
grid, the voltage regulated distribution
transformer can ensure that the voltage
of the low voltage grid is set to a
predefined reference value. If the voltage
of the medium voltage grid is relatively
“too high” it can be regulated down. If
it is relatively “too low” it can be regu-
lated up.

In Figure 4 the exemplary reference
voltage is set slightly below 400V, i.e.
below 100% of the rated voltage of
the grid. In this example there is now
headroom of 11% for voltage rise from
the integration of renewable energies
instead of 3% as depicted in Figure 1.
This quadruples the grid capacity for
integrating renewable energies in the
low voltage grid such as PV systems.
As soon as a complete medium voltage

ring is equipped with voltage regulated

-

f

Primary
substation

Medium woltage grid

Sevcondary

substatian
L - L m

Low vodtage grid

1148 voitage rise from
feed-in

Figure 4: Voltage band in accordance with EN 50160 with a voltage regulated distribution transformer
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distribution transformers, from a technical
perspective the limitation of a maximum
voltage rise of 2% in the medium voltage
grid can be omitted since each secondary
substation now has the capability of
the voltage regulated distribution trans-
former to regulate the voltage back to
the range required by the norm. This
would facilitate a much larger potential
for the integration of renewable energies
in the medium voltage grid such as

wind energy systems.

Effectiveness

Distribution transformers with on-load
tap-changer have been trialled by various
distribution network operators in Euro-
pean grids since 2010. By late 2012
the first technical concepts have
matured and are available for regular
deployment. In 2014 there are about
500 installations of voltage regulated
distribution transformers with technology
from several providers installed in
Europe - largely in Germany. The trials
over the last years have proven that
voltage regulated distribution trans-
formers can indeed help to maintain
stable voltages within the specified
bands and are thus an economic
alternative to classical grid expansion
measures. Secondly, the trials have
proven that voltage regulated distribution
transformers can be operated reliably
with the standard asset processes
employed by distribution network
operators. To fully tap the potential of
this new technology distribution
network operators are currently revising
their network planning guidelines to
ensure that voltage regulated distribu-
tion transformers can be employed

whenever possible to accommodate

additional renewable energies in the
distribution grid.

The additional capacity for renewable
energies a voltage regulated distribution
transformer created in a distribution
grid always depends on the specific
characteristics of the grid. In the following
the additional capacity is calculated for

two exemplary grids.

The first example shown in Figure 5 is
a rural grid with a low population density.

The secondary substation of the grid is

ELECTRICAL ENGINEERING

equipped with a 400 kVA distribution
transformer. The grid consists of five
feeders with a length of 400 m and
seven connection points each. Four
feeders are cables (NAYY-4x150), one
is an aerial feeder (70-AL1/11-ST1A9).
In addition to that feeder one is a
pure load feeder. The other four feed-
ers are equipped with PV feed-in which
differs between installations in every
second household in the first feeder
and only one installation in the middle
or at the end of the other feeders.
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Without use of a voltage regulated
distribution transformer 278 kWp of PV
can be integrated with different
potentials for each feeder. The limiting
factor for each feeder is the maximum
voltage rise of 3 % in the feeders. In
consequence the utilization of the feed-
ers ranges between 12 and 50 %.
With the use of a voltage regulated
distribution transformer the PV capacity
increases by a factor of 1.9 for feeder
number two and by a factor 2 for
feeder number three. For feeders
number four and five the use of a
voltage regulated distribution transformer
offers the possibility to integrate 3.6
times and 3.7 times more PV, respec-
tively. Depending on the position of the
PV installations in the feeder a voltage
regulated distribution transformer can
increase the potential for integration of

PV by a factor of at least 2 to even 4.

Figure 6 also shows a rural grid. But in
this example a 1,200 m long extension
in the load-only feeder is added for a
consumer like an agricultural business
with a load of 14.5 kW in the simulation.
With a voltage drop of 7 % the
voltage spread is further raised so that
only 1 % instead of the usual 3 % can
be used for local feed in. In this
configuration the integration of PV
installations is limited to 98 kWp and
the different line loads are between 5
% and 17 % without using a voltage
regulated distribution transformer. The
use of a voltage regulated distribution
transformer enhances the integration
potential in this extreme situation by a

factor between 5.7 and 8.
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Figure 6: Effectiveness of voltage regulated distribution transformers — example 2

Conclusion

The continuously growing share of
renewable energies in the energy
consumption keeps challenging the
In the

distribution grid voltage band violations

existing grid infrastructure.

are the primary reason for costly gird
expansion measures. Distribution trans-
formers with on-load tap-changer are
an economic alternative to such measures.

They rely on technology proven over
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decades in the high voltage grids and
by dynamically controlling the voltage
of a distribution transformer under load
facilitate significant additional headroom
in the distribution grid to connect
renewable energies without having to
deploy additional cables or other addi-
tional assets. After having been trialled
in Europe since 2010 voltage regulated
distribution transformers have by now
reached maturity and are being deployed
by multiple distribution network operators.
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Abstract

The paper presents a study and analysis of power quality from
a PV rooftop, which was connected to the power distribution
system of the PEA of Thailand. The measurement was installed
at the Point Common Coupling with 22 kV. The power quality
was measured to feed produced power to the distribution
system of the PEA. Digsilent program was applied to support
for this investigation. The measurement indicated that the PV
system could produce electrical power with the highest average
supply of 778.125 kW. Based on the EN50160 standard criteria
of the measured and found that the power quality was considered
to pass the PEA regulations of power network connecting
system. Analysis Program Digsilent short circuit voltage rating
is at 0.5 < V < 0.9 pu within 2 seconds to break out of the
distribution system. Results economics cost of solar PV rooftop
is equal to 4.27 baht/unit time payback period is 9.34 years,

bearing interest at 8%.

Keywords: Power Quality, Point Common Coupling, Solar PV
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ALLEVIATING COMPATIBILITY AND
MISCIBILITY CONCERNS

Compatibility and miscibility are not the
same. Two fluids are miscible if they
form a clear fluid when they are mixed.
Compatibility goes much further than this.
Obviously, compatible fluids have to be
miscible, but to be compatible they must
have no negative effects on each other.
One fluid's performance must not be
diminished by the other’s.

When testing for compatibility, pairs of
fluids are mixed and observed under
different conditions to see if they are
miscible. Then, using performance fests,
they are assessed to see whether any
pair behaves differently. Incompatibility
can show itself through the formation

of deposits, the worsening of oxidation
stability or differences in any of the
electrical properties of the fluid pairs.

Shell has commissioned a series of fests
on miscibility, compatibility and solvency
issues, and has concluded that GTl-based
transformer oils can be used alongside

traditional hydrocarbon oils [Figure 6).

Source: Shell

Moreover, it is also possible to see positive
effects, as appears to be the case when
GTl-based fluids are added to aged oils.
Some improvement is expected when
adding a fresh fluid to an aged one.
However, with the GTl-based fluids a
bigger improvement is realised than would
seem likely from the proportion of fluid
added (see right: GTL fluids: Enhanced
miscibility and compatibility characteristics).

“Laborelec has tested and evaluated
Shell Diala $4 ZX-1 and can confirm
that it meets and exceeds the inhibited
transformer oil specification IEC
60296:2012 Edition 4, including the
requirements for Section 7.1 in terms
of highest oxidative stability and low
sulphur. These characteristics can have
a positive effect on the lifespan and
reliability of the transformer.”

Steve Eeckhoudt, Technology Manager,
Insulating Fluids and Lubricants (Oils),
Laborelec (GDF Suez)

Figure 6: GTl-based transformer oils can be used alongside fraditional oils. The photo shows a blend of
Shell Diala S4 ZX (GTL) after 164 hours at 100°C: left: aged with copper and sealed, centre: aged without

copper; right: aged with copper and unsealed.
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GTL FLUIDS: ENHANCED
MISCIBILITY AND COMPATIBILITY
CHARACTERISTICS

To evaluate the effect of mixing
transformer oil types in service, the
properiies of several mixed inhibifion and
unmixed inhibition test oils, both aged
and unaged, and in different ratios and
combinations, were fested. Table 1 shows
the results for 15% aged uninhibited
naphthenic oil mixed with 85% GTL
inhibited oil. The mixture of 85% GTL
fluid with 15% aged naphthenic oil sfil
shows the highest oxidation stability. The
Gll-based product compensates for the
decreased performance of the aged oil:
more than if the test had been conducted
using a conventional inhibited oil.

For a copy of the complete paper on
this issue, please contact Shell.




FROM OUR FRIENDS

SHELL DIALA S4 ZX-| CAN BE ADOPTED EASILY BECAUSE IT IS MISCIBLE AND COMPATIBLE

WITH TRADITIONAL HYDROCARBON OILS. ADDING IT TO SOME MINERAL OIL GRADES
CAN EVEN HELP TO IMPROVE THEIR PERFORMANCE.

15% 100% GTL
phthenic;
85% GITL
Oxidation stability IEC 62535 164-hour test
Total acidity mg KOH/g 0.81 <0.01
Sludge % mass 0.27 0.01
Dielectric dissipation factor 90°C 0.070 0.002
Oxidation stability IEC 62535 500-hour test
Total acidity mg KOH/g 0.02 0.02
Sludge % mass <0.01 <0.01
Dielectric dissipation factor 90°C 0.013 0.001
Source: Shell

Table 1: Adding Shell Diala $4 ZX il can boost other conventional mineral fransformer oils’ performance.

INHIBITED VERSUS UNINHIBITED

In chemical terms, an inhibitor is a synthefic antioxidant added to a transformer oil o slow
down the process of oxidative degradation. If allowed to proceed unchecked, this process
would shorten the fluid’s life and decrease its performance.

Depending on the level of refining, the mineral oils produced from crude ails contain sulphur
based chemical species that can act as mild inhibitors for oxidation. These are exploited

in so-called “uninhibited” oils. Strictly speaking, they are not uninhibited oils but they do not
have any added synthefic inhibitor.

Very highly refined mineral oils and synthetic oils contain no natural inhibitor, so are prone fo
oxidation if chemical inhibitor is not added. This may appear fo be a disadvantage but it is
actually a benefit: the complete system is more consistent and behaves in a more predictable
and measurable way when ageing occurs than do uninhibited (naturally inhibited) mineral
oils. Furthermore, inhibited transformer oils, with their greater purity and predictability, are
made fo be far more oxidation resistant than uninhibited oils. This is becoming essential,

as the combination of longer ol life expectancy and transformer design and operation (for
example, smaller fransformers and higher voliages and loads) dramatically increases the
stress on the fluid.

“Our laboratory and field testing of transformer oils show that inhibited oils offer enhanced performance compared with uninhibited oils.”

Ivanka Hoehlein, Manager, Material Testing Laboratory, Siemens
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FROM OUR FRIENDS

PERFORMANCE ADVANTAGES
OF SHELL GTI-BASED TRANSFORMER OILS

Transformer oils based on GTL
technology offer some clear
improvements over traditional
mineral-based products.

These include:

m increased reliability. Because GTI-
based transformer oils are free from
sulphur,* the risk of oil-related corrosive
sulphur causing copper corrosion is
minimised. In addition, modelling predicts
good to superior cooling in service.
longer life. They have exceptional
resistance fo ageing and degradation
and perform more than five times better
than the highest industry standard
oxidation fest requirements. They have
an excellent ability to withstand severe

voltage fransients.

simple implementation. They are
miscible and compatible with traditional
hydrocarbon transformer oils. In fact,
adding them to some mineral oil grades
can help to improve their performance.

consistency. They have a consistent,
narrow molecular structure range that
provides predictable performance, and
they are globally available. They contain
only GTL base oil and antioxidant. They
do not require and so are free from other
additives such as copper passivators and
dibenzyl disulphide.
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Nowadays, inhibited oils typically have
greater purity and predictability than
uninhibited oils. This is becoming essentidl,
as the combination of longer oil life
expectancy and transformer design and
operation (for example, smaller transformers
and higher voltages and loads) dramatically
increases the stress on the fluid.

Consequently, Shell's GTl-based transformer
oil, Shell Diala S4 ZX, is gaining fraction
worldwide. The number of original
equipment manufacturer approvals is
growing and utilities around the world are
selecting the oil for their transformers.

“Below detection limits, according to ISO 14596/ASTM D2622




FROM OUR FRIENDS

SHELL DIALA S4 ZX1 IS GAINING TRACTION WORLDWIDE. THE NUMBER OF

ORIGINAL EQUIPMENT MANUFACTURER APPROVALS IS GROWING, AND UTILITIES
AROUND THE WORLD ARE SELECTING THE OIL FOR THEIR TRANSFORMERS.

“When considering
safety, environment
and economic
impacts, the
implications of a
transformer failure
can be extremely
severe for a power
utility, especially one that owns, operates
and maintains a population of ageing
transformers. Therefore, it is of vital
importance to understand transformer
reliability and the influence of oil on
ageing and reliability characteristics.
The University of Manchester, a centre

of excellence in transformer research,

is delighted to work with a group of
world-leading technological companies,
including Shell, on advancing technology
and knowledge in this field. GTL inhibited
oil is one of the oils we have chosen

to include in our research programme
and we see its potential to enhance
transformer reliability.”

Zhongdong Wang, Professor of High
Voltage Engineering, University of
Manchester, UK

Resource : Shell Diala_white_paper

“GTL technology is
the product of some
40 years of research
and technology
driven by Shell. The
company holds more
than 3,500 patents
for it. Earlier this year
(2014), Shell introduced the first transformer
oil to be based on Shell GTL technology -
Shell Diala $4 ZX-I. It is extremely exciting
because this fechnology offers so much
value for our customers and the new oil

is gaining traction worldwide. It confinues
to gain equipment manufacturers’
approvals and reference projects.
Numerous tests are demonsirating that it
offers major advantages compared with
conventional oils.”

Selda Gunsel, Shell Vice President for
Lubricant Technology

APPROVALS

Shell Diala S4 ZX-| meets the requirements
of most major European original equipment
manufacturers and utility companies. It has
been validated and approved by, among
others:

m Siemens

m ABB

m Alsfom

m CG Power Systems

m Hyundai Heavy Industries (Bulgaria)

m Maschinenfabrik Reinhausen (MR)

m Starkstrom-Gerdtebau (SGB.
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Big Give No.1™
“Give Happiness”
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Big Give No.2™

“Give Heart”
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Big Give No.3™
“Give Helping Hand”
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Ukraine
Slovakia
Austria

- Amikor ambicio vége, boldogsag kezdddik.
When ambition ends, happiness begins.
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